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Background and Aim of the Project

Primary immunodeficiency (PID) diseases are heritable disorders of the
immune system (1). The field of the clinical description, genetic
characterization, and immunological investigation of novel PIDs was born in
the 1950s, but remains in its infancy, with considerable potential for growth
(2). One can even predict that most specialties in human medicine will benefit
considerably from the expansion of PIDs, as immunity at large is central to
physiology and pathology, because most tissues are subject to environmental
assaults and contain myeloid and lymphoid cells (2).

In this context my PhD program has been focused to the study of some of
these diseases in order to clarify “Novel Aspects in Immunodeficiencies”.

Disruption of any part of the orchestrated immune response can result in
an inability to control infections and subsequent illness. Apart from physical
barriers, the immune response is composed from a diverse network of
defenses, including cellular components and soluble mediators. A proper
immune response relies on the innate immunity, characterized by a rapid and
nonspecific initial response to infections and later on the adaptive immunity,
characterized by a specific response to a particular antigen. The innate
immune response involves three major cell types: phagocytic cells, such as
neutrophils and macrophages, natural killer (NK) cells and antigen presenting
cells (APC), which are also involved in the induction of an adaptive immune
response. The adaptive immune system includes T and B lymphocytes
responsible for cellular and humoral responses, respectively. However, these
components of the immune system act in a well orchestrated and integrated

unique system in order to maintain a normal resistance to infections.



In the last 5 decades, since the first human genetic defect was identified
more than 200 PID syndromes have been described. PIDs can be divided into
subgroups based on the component of the immune system that is
predominantly affected, including T, B, NK lymphocytes, phagocytic cells
and complement proteins. The antibody deficiencies (B -cell or humoral
immunodeficiencies) are characterized by genetic lesion, that selectively
affects antibody production, but a normal cell-mediated immunity. In the
cellular deficiencies, cellular effector mechanisms are compromised, whereas
antibody production is largely normal in that B-cell intrinsic machinery is
intact. The combined immunodeficiencies are characterized by an impairment
of both effector arms of the specific immunity, which results in a more severe

clinical phenotype. However, since an efficient B-cell antibody response also
depends on T-cell activation of B lymphocytes, defects in either cell type

have the potential to affect both cellular and humoral immunity to varying
degrees. Of note, most of the diseases within the last category are due to

genetically determined blocks in the T-lymphocyte differentiation program.
In the absence of mature T-cells, adaptive immunity is abrogated, thus
resulting in a broad - spectrum susceptibility to multiple pathogens also

including opportunistic microorganisms. Overall, irrespectively of the
pathogenic mechanism of the individual form of severe combined
immunodeficiencies (SCIDs), a common hallmark of these diseases is the
feature that bacterial, viral and fungal infections are often overwhelming. The
discovery of a so wide number of distinct clinical entities which differ in
either the genetic cause or the altered immunological function led to an

incomparable increase in the knowledge of the intimate mechanism by which



a proper immune response is generated. Intriguingly, most of the genes whose
alterations underlie PIDs are selectively expressed in hematopoietic precursor
cells (HPC) with a few exceptions as, for example, Ataxia Telangiectasia
Mutated (ATM) gene, also expressed in Purkinje cells and Adenosine
Deaminase (ADA) which is ubiquitous. This dogma, however, led to
underestimate those novel immunodeficiencies, which have different features
involving other nonhematopoietic tissues.

This thesis reports the results I obtained during my PhD course in “Human
Reproduction, Development and Growth” (XXII Cycle) from 2006 to 20009.
During the past 3 years, my research has been focused in the study of the
following 5 lines of research:

Role of common gamma chain (gc) (X-SCID causing gene) in
Growth Hormone Receptor signaling defining the basis of the physiological
interaction between Endocrine and Immune Systems;

Intrinsic property of gc as a key molecule in the cell cycle
progression, spontaneous or GH-induced, its role being strongly related to its
cellular amount;

Molecular and clinical characterization of the human
Nude/SCID phenotype and identification of clinical signs suggesting a
previously unappreciated functional role of FOXNL1 transcription factor in the
development and differentiation of the central nervous system;

Effects of steroid treatment in patients affected with Ataxia
telangiectasia and the role of oxidative stress in its beneficial consequence;

New insights in the T-cell ontogeny defects, studying different
mechanisms or molecular alterations influencing both positive and negative

selection processes.
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CHAPTER 1

The X-linked Severe Combined Immunodeficiency

Severe Combined Immunodeficiencies (SCIDs) represent a wide spectrum of
ilinesses, which differ in either the qualitative or quantitative alterations of T,
B and NK cells (1). Most forms of SCID are associated with molecular
alterations of genes selectively expressed in hematopoietic cells and
implicated in cell differentiation/activation process. Mutations in nine
different genes have been found to cause the human SCIDs.

The products of three genes, such as interleukin-2 receptor gamma
(IL2RG), Janus associated kinase 3 (JAK3), and IL7R are components of
cytokine receptors, while the products of RAG1, RAG2 and ARTEMIS are
essential for antigen receptor gene rearrangement.

The most common form of SCID accounting for approximately half of all
cases, with an estimated incidence of 1:150000 to 1:200000 live births is the
X-linked severe combined immunodeficiency (X-SCID) (2-3).

This form of SCID is characterized by the absence of mature T and NK
lymphocytes and absent immunoglobulin synthesis, despite the presence of a
normal or sometime elevated number of B cells. In X-SCID patients, T cells
are absent not only in the peripheral blood but also in the central and
peripheral lymphoid organs suggesting an early block in the T-cell
differentiation pathway (4). Furthermore, although peripheral B cells exhibit
a normal phenotype, X-SCID patients B cells are not functional, even after T-

cell reconstitution by means of bone marrow transplantation (5-6).



8§11 X-linked Severe Combined Immunodeficiency:

the gamma chain transducing element

The most common form of SCID is the X-linked form that accounts for 40—
50% of all cases. This form is frequently caused by alterations of the IL2RG
gene that encodes for the common cytokine receptor gc, a shared component
of several cytokine receptors.

A wide range of cytokines have been molecularly recognized. They are
soluble elements that control the immune and the hematopoietic system (7).
Their pleiotropic and redundant functions are due to the various receptors
expressed on multiple target cells, so, cytokines’ specific rules are closely
dependent on the recognized targets. Therefore, for appreciating such
cytokine functions, a lot of cytokine receptors have also been molecularly
studied and characterized. These are classified into five families, created on
the bases of extra- and intra-cellular domains structure affinity: the cytokine
receptor superfamily, interferon receptor family, TNF (Tumor Necrosis
Factor) receptor family, TGF (Tumor Growth Factor)-b receptor family, and
IL-8 (Interleukin-8) receptor family (8). The cytokine receptor superfamily is
the largest family, containing no less than 18 different receptor molecules, a
quantity of which may be included among multiple cytokine receptors; the
receptors for IL-6, IL-11, OSM, CNTF, and LIF contain the common gp130,
and the receptors for IL-3, IL-5, and GM-CSF enclose the common gc.
Essentially, gc and gp130 contribute to increase the ligand-binding affinity

and to establish an intracellular signal transduction (8-9).



The gc is a component of several receptors such as for 1L-2 receptor (IL-
2R), IL-4R, IL-7R, IL-9R and IL-15R. To our knowledge, an
extrahemopoietic role of gc has not yet been demonstrated, although the
abundance of the protein in nonhemopoietic cells would imply additional
functions for this element (10-11).

The signals, that are dependent on gc, have been shown to be important for
various immunological function. The characterization of cytokine-activated
genes, including genes regulated by gc-dependent cytokines, has long been an
area of considerable interest, although only few systematic studies have been
conducted. These studies have now allowed the identification of gene
expression programs involved in complex biological processes including
studies regarding genes induced by gc-dependent cytokines (12-13) and of
changes in gene expression that take place during T-cell differentiation either
in Thl or Th2 conditions (14).

Even though the role of different cytokine-dependent signaling pathways
in the regulation of gene responses is still unresolved, there are a wide variety
of evidences that the common cytokine receptors gc cytokines control the
immune response at different as well as overlapping checkpoints, and their
expression levels are diversely controlled during an immune response (Table
2). In fact, IL-2, IL-7 and IL-15 were reported to regulate a highly
overlapping set of more than one hundred genes, exerting diverse effects
correlated to T-cell survival, activation and clonal expansion, and to the
development and preservation of cell memory. Moreover, IL-7 regulates
lymphocyte development and homeostasis. Furthermore, an important role
for IL-7 in T- and B-cell development was first suggested by experiments in

which B- and T-cell development was abrogated when mice were injected
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with antibodies to either IL-7 (15-17). In fact, IL-7 has an action based on an
increase of cell survival correlated to an induction of Bcl-2 gene expression.
However, other cytokines such as IL-15 and IL-2 may be more important. In
fact, although IL-7R is highly expressed on resting T cells, it is rapidly
downregulated by T cell Receptor (TCR) stimulation as well as by IL-2,
further supporting the idea that other cytokines are more relevant for effector
functions (18). In particular, both IL-2 and IL-15 are T-cell growth factors in
vitro, and they can stimulate the proliferation of NK cells as well as induce
NK cell cytolytic activity. However, important in vivo differences in the
actions of these two cytokines have emerged, particularly, in regard to NK cell
development and CD8b T-cell homeostasis (19). As noted, IL-2Ra deficient
mice show generally normal T, B and NK cell development. However, 1l-2rb-
deficient mice have profoundly decreased numbers of NK cells and g/d T
cells, suggesting that IL-15 but not IL-2 is necessary for the
development/differentiation of these cells. Indeed, mice deficient in either Il-
15 or I1-15ra lack NK cells, confirming the distinctive role for IL-15 in NK
cell development (20-21). Thus, IL-15 is essential for the homeostatic
proliferation of memory CD8+ T cells and maintenance of the steady-state
level of CD8+ T-cell memory, exerting, furthermore, direct effects on
memory CD8+ T cells and on other cell types, which subsequently control
memory T-cell proliferation. On the other hand, IL-9 is a mast cell growth
factor and was first identified as a late-acting T-cell growth factor and mast
cell growth factor. [1-9-deficient mice have also been generated, and the
lymphoid compartment develops normally in these animals. However, these
mice exhibit excessive mucus production and mast cell proliferation (22).

But, such abnormalities have not been reported in humans with X-SCID,
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suggesting that the gc isn’t responsible of this phenomenon. Interestingly, 11-9
transgenic mice develop thymic lymphomas, consistent with the presence of
11-9 receptors in the thymus and with the ability of thymocytes to respond to
II-9. Instead, roles of IL-4 and IL-21 in Th-cell differentiation and
immunoglobulin (Ig) Synthesis Gene knockout models of different gc-
dependent cytokines have revealed roles for IL-4 and IL-21 in the regulation
of Ig production. Early work had indicated a role for IL-4 in B-cell Ig class-
switch to IgG1 and IgE (23).

It is now clear that gc cytokines regulate several aspects of immune
activation, they play an important role in supporting survival, proliferation and
effector functions of activated immune cells. Clearly, regulation of cell
survival and cell apoptosis is a delicate teamwork and a balanced act of all gc-
dependent cytokines is of central importance. Thus, abnormality of either one
of them can have a profound impact on the homeostasis of the immune
system. Undoubtedly, a balanced act of gc-cytokines is critically important in
this regard. However, given the widespread use of gc among cytokine
receptors, this pathway is likely to have implications for anti-apoptotic
signaling in a variety of contexts (24).

Ursini et al. in 2002 reported on a patient affected with X-SCID, due to gc
alteration, who received a bone marrow transplantation late at 5.2 years of age
(25). In this patient, short stature became evident and a peripheral growth
hormone (GH) hypo responsiveness associated with abnormalities of the
protein phosphorylation events that occur following GH receptor (GHR)
stimulation was demonstrated.  After this observation, since that the

abundance of gc in non hematopoietic tissues was largely demonstrated, we
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hypothized that the GH hypo responsiveness was due to the hematopoietic
alteration.

The potential role of gc in GHR signalling was assessed using B cell lines
(BCLs) from healthy control and gc-negative X-SCID patients. In particular,
the authors demonstrated the impairment of gc in various GH-induced events.
At first, the role of gc became evident, by proliferation assay, in the functional
response of both kinds of cells to GH in a dose-dependent manner. In fact,
GH enhanced proliferation of control BCLs in a dose-dependent fashion. By
contrast, the functional response to GH of the BCLs of gc-negative patients
was severely impaired despite a comparable cellular expression of GHR
molecules.

Furthermore, the signal transduction properties of GHR in X-SCID
patients and control BCLs following GH stimulation was also examined by
analyzing the pattern of protein tyrosine phosphorylation. The activation of
JAKs and STATSs represents a prominent biochemical event during GH-
dependent proliferation of lymphoid cell lines (26). Other signaling pathways
also contribute to a full GHR response, in fact, GH has been shown to activate
the PI3K protein kinase B signaling (27), MAPKSs, and ERKSs 1 and 2 (28-30).
In contrast to what observed in control BCLs, in X-SCID patients GH
stimulation failed to induce phosphorylation of one of the STAT family
molecules, involved in the signal transduction through GHR. In particular,
after GH stimulation no phosphorylation of STAT5 protein was observed in
the cell lines of gc-negative patients in contrast to the control cells, in which a
rapid activation of STAT5 occurred. To define whether the blockage in GHR
signaling was specific of STAT5 or involved other molecules as well, JAK2,

STAT1, ERKSs, and STAT3 phosphorylation were studied. No difference in
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the phosphorylation events between the BCLs of patients and controls was
appreciable and the expression of the molecules was comparable in control
and patient cells.

Moreover, as a strongly support of the interaction between GHR and gc,
the reconstitution of X-SCID cells with the wild-type gc gene corrected the
functional and biochemical abnormalities resulting in an appropriate nuclear
translocation of STATS, instead functional silencing of gc, obtained using a
neutralizing Mab, causes a decrease in cellular response to GH.

So, these data suggest that the gc is a necessary subunit of the GHR
signaling complex in BCLs, where it is required for STAT5 phosphorylation
and nuclear translocation, and not for the activation of other molecules of
GHR signalling apparatus.

These data have been published on The Journal of Immunology and
reviewed on Current Signal Transduction Therapy, for the manuscripts see

below.

14



The Journal of Immunology

Functional Interaction of Common y-Chain and Growth
Hormone Receptor Signaling Apparatus’

Marsilio Adriani,* Corrado Garbi," Giada Amodio,* Ilaria Russo,* Marica Giovannini,*
Stefania Amorosi,* Eliana Matrecano,* Elena Cosentini,’ Fabio Candotti,® and
Claudio Pignata®*

‘We previously reported on an X-linked SCID (X-SCID) patient, who also had peripheral growth hormone (GH) hyporesponsive-
ness and abnormalities of the protein phosphorylation events following GH receptor (GHR) stimulation. In the present study, we
examined a potential role of common cytokine receptor y-chain (7y,) in GHR signaling using EBV-transformed lymphocytes from
healthy subjects and vy,-negative X-SCID patients. We demonstrated that the proliferative response to GH stimulation of the B cell
lines of y.-negative patients was impaired despite a comparable cellular expression of GHR molecules to controls. In patients, after
GH stimulation, no phosphorylation of STATS was observed. In addition, the molecule localization through confocal microscopy
revealed that in B cell lines of patients no nuclear translocation of STATSb following GH stimulation occurred differently from
controls. Biochemical analysis of the nuclear extracts of y.-negative cell lines provided further evidence that the amount of
STATS5b and its phosphorylated form did not increase following GH stimulation. In patients, cells reconstituted with wild-type v,
abnormal biochemical and functional events were restored resulting in nuclear translocation of STATS. Confocal experiments
revealed that GHR and vy, were colocalized on the cell membrane. Our study demonstrates the existence of a previously unap-
preciated relationship between GHR-signaling pathway and vy,, which is required for the activation of STATSb in B cell lines.

These data also confirm that growth failure in X-SCID is primarily related to the genetic alteration of the IL2RG gene. The

Journal of Immunology, 2006, 177: 6889-6895.

evere combined immunodeficiencies represent a wide

spectrum of illnesses, which differ in either the qualitative

or quantitative alterations of T, B, and NK cell (1). Most
forms of SCID are associated with molecular alterations of genes
selectively expressed in hemopoietic cells and implicated in the
cell differentiation/activation process. Thus, classical symptoms
are generally considered those related to the immunological im-
pairment that results in increased susceptibility to infections. Be-
cause patients usually die by the first year of age without an ef-
fective treatment, the clinical phenotype is predominated by the
life-threatening problems.

X-linked SCID (X-SCID)? is the most common form of the
disease accounting for approximately half of all cases (2, 3). The
gene responsible for X-SCID is /L2RG that encodes for the com-
mon cytokine receptor y-chain (), a member of the cytokine
receptor class | superfamily. The molecule represents a shared
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component of several receptors critical for the development and
function of lymphocytes (3). To our knowledge, an extrahemopoi-
etic role of vy, has not yet been demonstrated, although the abun-
dance of the protein in nonhemopoietic cells would imply addi-
tional functions for this element (4, 5).

We previously reported on a patient affected with X-SCID who
received a bone marrow transplantation late at 5.2 years of age. In
this patient, short stature became evident, and a peripheral growth
hormone (GH) hyporesponsiveness associated with abnormalities
of the protein phosphorylation events that occur following GH
receptor (GHR) stimulation was demonstrated.

The GHR was the first identified member of the cytokine re-
ceptor class 1 superfamily, which includes receptors for erythro-
poietin, G-CSF, GM-CSF, 1L-2-7, IL-9, IL-11, IL-12, and many
other cytokines. Due to the lack of intrinsic kinase activity, mem-
bers of the cytokine receptor superfamily recruit and/or activate
cytoplasmic tyrosine kinases to relay their cellular signal. The
JAK2 represents the predominant nonreceptor tyrosine kinase re-
quired for the initiation of GH signal transduction upon ligand
binding to the receptor (6, 7). However, GH also stimulates ty-
rosine phosphorylation of JAK1 (8, 9) and JAK3 (10) in certain
cell lines. Signal transduction through GHR also involves a wide
array of molecules, such as STATs 1, 3, and 5, ERK 1 and 2, and
PI3K-protein kinase B (7). Activation of STATS5b is considered a
prominent event in GH signaling and is crucial for the regulation
of transcription of GH-responsive genes, including the gene en-
coding for insulin-like growth factor (IGF)-I, which mediates
many of the GH biological functions (11-13). In our previous
study, mutational screening and expressional analysis failed to re-
veal any molecular alteration of GHR, JAK2, and STAT5A/B genes in
the patient with X-SCID and peripheral GH hyporesponsiveness (14).

Because we hypothesized a role for the y. in GHR signaling, in
this study, we evaluate the functional interaction between GHR

0022-1767/06/$02.00
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and the common 7y element in either freshly isolated or EBV-trans-
formed lymphocytes from X-SCID patients and healthy subjects.
In particular, the functional response to GH stimulation, the pattern
of GHR-induced protein tyrosine phosphorylation and GH-in-
duced translocation from the cytoplasm to the nucleus of STATS
were evaluated. We demonstrate the existence of a previously un-
appreciated functional interaction between 7y, and GHR. This in-
teraction leads to the activation and intranuclear translocation of
the STATSb protein.

Materials and Methods

Reagents

Recombinant human GH (rGH) was obtained from Serono (Saizer 4). The
ECL kit was purchased from Amersham Biosciences. The Abs anti-
STATS5b, anti-STATSa, anti-STATI, anti-STAT3, anti-ERK (recognizing
both ERK1 and ERK2), anti-phosphotyrosine ERK, anti-GHR and anti-v,
and the mAbs anti-phosphotyrosine were purchased from Santa Cruz Bio-
technology. The Ab anti-JAK2 was purchased from Cell Signaling Tech-
nology. The neutralizing IgG1 anti-y, mAb was purchased from R&D
Systems. An IgG1 isotype-matched anti-CD3 mAb (Leu 3, UCHTI clone)
was purchased from BD Biosciences. Epidermal growth factor was pur-
chased from BD Biosciences and used at the concentration of 100 ng/ml.
Acrylamide and bisacrylamide were obtained from Invitrogen Life Tech-
nologies. Prestained molecular mass standards were obtained from Bio-
Rad. Except where noted, other reagents were of either reagent or molec-
ular biological grade from Sigma-Aldrich.

Cells and cell cultures

Mononuclear cells (PBMC) were obtained from four X-SCID patients and
normal donors and heparinized peripheral blood by Ficoll-Hypaque (Bio-
chrom) density gradient centrifugation. Upon informed consent, lympho-
blastoid cell lines (BCLs) were generated by EBV immortalization of pa-
tients and control PBMC using standard procedures (15). In all cases, v,
mutations led to the absence of protein expression. Cells were maintained
in RPMI 1640 (Biochrom) supplemented with 10% FBS (Invitrogen Life
Technologies), 2 mM/L 1-glutamine (Invitrogen Life Technologies), and
50 pg/ml gentamicin (Invitrogen Life Technologies), and cultured at 37°C,
5% CO,. In BCL transduction experiments, the pGC2Ry retroviral vector
(16) was used to transduce X-SCID BCLs with wild-type (WT) v, as pre-
viously described (17). Transduced cells were selected in the neomycin-
analog G418 (Cellgro). NIH 3T3 fibroblasts were used in a few
experiments.

Proliferative assay

BCLs (1 % 10° cell/200 ! well) were cultured triplicate in 96-well U-
bottom microtiter plates (Falcon; BD Biosciences) with or without rGH at
reported concentrations for 4 days. The proliferative response was evalu-
ated by thymidine uptake from cultured cells pulsed with 0.5 pCi of
[KH]lhymidine (Amersham Biosciences) 8 h before harvesting (18). In neu-
tralization experiments, control EBV cells were preincubated with the neu-
tralizing mAb 284 at the concentration of 6 ng/ml for 3 h or with the IgG1
isotype-matched Ab (Leu 3).

Flow cytometry

The expression of GHR was detected using specific rabbit Abs (Santa Cruz
Biotechnology) by indirect immunofluorescence using a second-step incu-
bation with FITC-conjugated donkey anti-rabbit Abs (Pierce). After wash-
ing in PBS, cells were incubated for 20 min with the specific Abs and 30
min with secondary Abs. After staining, all samples were washed in PBS
and acquired on the FACScan flow cytometer (BD Biosciences) using Ly-
sis I software.

Cell stimulation and protein extraction

Before hormone treatment, the cells were made quiescent through incuba-
tion in RPMI 1640 minus serum for 8—12 h. GH was used at 37°C at a
concentration of 500 ng/ml in RPMI 1640 for the reported time. Incuba-
tions were terminated by washing cells with ice-cold PBS (BioWhittaker)
followed by solubilization in 100 wl of lysis solution containing 20 mM
Tris (pH 8), 137 mM NaCl, 1% Nonidet P-40, 10 mM EDTA, 1 mM
PMSF, 1 mM sodium orthovanadatum (Na;VO,), 5 pg/ml leupeptin, and
S pg/ml aprotinin. The cell lysates were stored at —80°C for Western blot
analysis. Nuclear extracts were prepared by the method of Andrews et al.
(19) and were subsequently mixed with sample buffer.

FUNCTIONAL INTERACTION BETWEEN . AND GHR

Western blot

Immunoblotting using phosphotyrosine mAb was performed as previously
reported (14). Immunoblotting using specific Ab was performed according
to the vendor protocols. In brief, protein samples separated by SDS-PAGE
were transferred onto Mixed Cellulose Esters membranes (Immobilon-NC
Mixed Cellulose Esters 0.45 wm; Millipore). The membrane was incubated
at room temperature for 1 h in blocking buffer consisting of 10% BSA in
wash buffer (10 mM Tris (pH 7.5), 100 mM NaCl, and 0.1% Tween 20).
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 1gG HRP-
conjugated secondary Ab was used for the second incubation. 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).

Confocal microscopy

After appropriate stimulation, quiescent cells were rinsed in ice-cold PBS
and fixed in 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.0) for
30 min at room temperature. After four rinses of 5 min in PBS, the cells
were 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. The cells were then incubated for 1 h at room temperature with rabbit
Abs against STATSb diluted 1/100 in PBS containing 1% BSA. After four
washings for 5 min in PBS, the cells were incubated for 1 h at room
temperature with a 1/200 dilution of FITC-conjugated donkey anti-rabbit
IgG (Pierce) in PBS. After washing in PBS, the glass slides were mounted
under a coverslip in a 50% glycerol/50% PBS solution. The slides were
analyzed by laser scanning confocal microscopy, using a Zeiss LSM 510
version 2.8 SP1 Confocal System.

Results
Effect of GH on the proliferative response of EBV-transformed
cell lines from normal subjects and vy .-negative X-SCID patients

It has been reported that GH enhances EBV-transtormed cell line
proliferation in vitro, its effect being direct and not mediated by
IGF-I (18). Thus, to evaluate a biological role of vy, in GHR sig-
naling, we evaluated the response of EBV-transformed lympho-
cytes (BCLs) from 7y.-negative X-SCID patients and normal con-
trols to GH stimulation. As shown in Fig. 14, GH enhanced
proliferation of BCLs of control subjects in a dose-dependent fash-
ion. Significant enhancement of [*H]thymidine uptake was ob-
served at a GH concentration of 50 ng/ml, and the maximal effect
was achieved at 200 ng/ml. In contrast, y.-negative BCLs did not
respond at any GH concentration. To rule out that the observed
phenomena were due to different numbers of the receptor mole-
cules on the cell membrane, GHR expression was evaluated by
flow cytometry analysis of the cells of controls and patients (Fig.
1B). No difference was found in the mean fluorescence intensity
(130.99 = 28.19 vs 139.88 * 33.49 in patients and controls, re-
spectively; p = NS) and in the percentage of positively stained
cells (99.6 vs 99.7% and 99.8 vs 99.9%, respectively).

Moreover, to demonstrate a link between the y. and GHR, we
used a neutralizing mAb in the proliferative assay. As shown in the
Fig. 1C, the neutralizing mAb inhibited by 64% the proliferative
response to GH. A nonspecific effect of the Ab was ruled out,
because the IgG1 anti-CD3 isotype-matched Ab was ineffective in
inhibiting cell proliferation.

To define whether PI3K had a role on GH-induced cell prolif-
eration of BCLs to GH, the kinase inhibitor wortmannin was used.
As shown in Fig. 1D, no inhibitory effect was appreciable. By
contrast, in the positive control wortmannin was able to inhibit
fibroblast proliferation to EGF by 85%.

To ascertain whether vy, was linked to GHR, we then assessed by
confocal microscopy the plasma membrane expression of these
two molecules. As shown in Fig. 1D, by indirect immunofluores-
cence using specific Abs, as previously detailed, colocalization of
. and GHR was observed on the cell surface of normal BCL cells.
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Pattern of protein tyrosine phosphorylation induced through
GHR engagement in patients and controls cells

We next investigated the overall signal transduction properties of
patients and control BCLs following GHR ligation by analyzing
the number and the timing of the proteins phosphorylated on ty-

20000
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g
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T 4000
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MAB 284
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50 100 200 400

Concentration of GH (ng/ml)

Ye - GHR

rosine residues. Fig. 2 illustrates a representative immunoblot with
anti-phosphotyrosine Abs of whole cell lysates from BCLs of pa-
tients and controls BCLs following stimulation with GH for 5, 15,
or 30 min. In contrast to what was observed in control cells, in
patients, GH stimulation failed to induce phosphorylation of
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Minutes 0 5

FIGURE 2. Pattern of protein tyrosine phosphorylalion induced through
GHR engagement. BCLs from X-SCID patients and healthy subjects were
starved of serum for 8—12 h and then stimulated with GH (500 ng/ml) at
37°C for the indicated time. Stimulation was stopped with cold PBS and
BCLs were resuspended in lysis buffer. After SDS-PAGE and Western
blot, membranes were incubated with anti-phosphotyrosine Abs.

97.4—

proteins of ~90 kDa, presumably corresponding to STAT mole-
cules involved in the signal transduction through GHR. This pat-
tern of protein tyrosine phosphorylation was also observed in
freshly isolated PBMC from a healthy subject and a patient stim-
ulated with the same concentration and for the same time, thus
confirming the observation on BCLs (data not shown).

GHR signal transduction pattern

The three main signal modules by which signal transduction
through GHR occurs involve MAPK/ERKI and 2, JAK2, STAT1,
STAT3 and STATS and the PI3K-protein kinase B signaling (7).

To evaluate whether the y. was involved in GHR-signaling
events, we first focused on STATS molecule. As shown in Fig. 3,
in the BCLs of controls, tyrosine phosphorylation of STATS5 was
evident, with a peak of activity observed between 5 and 15 min
after GH stimulation. By contrast, in the BCLs of patients, no
phosphorylation of STATS was detectable after stimulation. In all
cell lines examined, STAT5b and STAT5a protein expression was
comparable in patients and controls.

To define whether the blockage in GHR signaling was specific
of STATS5 or involved other molecules as well, we then studied
JAK2, STATI1, ERKs, and STAT3 phosphorylation (Fig. 4). No
difference in the phosphorylation events between the BCLs of pa-
tients and controls was appreciable. As shown, the expression of
the molecules was comparable in control and patient cells.

STATS nuclear translocation after GHR triggering

Recently, it has been reported that tyrosine phosphorylation of
STATs molecules was not sufficient for the activation of the pro-
tein (20, 21). Because the activated STATS translocates into the
nuclei, confocal microscopy was initially used to test the subcel-
lular localization of STAT5b in control and patient y_-negative
cells under resting conditions and after stimulation with GH.
BCLs of patients and controls were stimulated with GH for 30
min, fixed, and incubated with antiserum against STATSb. As

Paticnt Caontrol
I 1T 1

Minutes 0 5 15 30 0 s 15 30
pSTATS L B

STATSh e SN Bee S8 s S 0
SIAISa [#% S o ww r— $= == =

FIGURE 3. STATS phosphorylation induced through GHR stimulation.
rGH stimulation failed to induce STATS tyrosine phosphorylation in .-
negative BCLs. BCLs from X-SCID patients and healthy subjects were
starved of serum for 8—12 h and then stimulated with GH (500 ng/ml) at
37°C for the indicated time. After SDS-PAGE and Western blot, mem-
branes were incubated with anti-pSTATS, anti-STATSb, or anti-STAT5a Abs.

FUNCTIONAL INTERACTION BETWEEN . AND GHR

A Patient Control B Patient Control
r u | T I
Minutes 0 5 30 0 5 30 Minutes 0 5 30 0 5 30
PIAKD o o e — PSTATI " mam s st o et
JAKD - o S M — STATI == e v~ == wu
Patient Control D Patient Control
. T | r " |
Minutes 0 5 30 0 5 30 Minutes 0 5 30 0 5 30

PERK e e = 35 DPSTATS S -

g ——— STATI s s mw = v v
FIGURE 4. Phosphorylation events induced through GHR stimulation.
BCLs from X-SCID patients and healthy subjects, starved of serum for
8-12 h, were stimulated for the indicated time with rGH at the concen-
tration of 500 ng/ml. After SDS-PAGE and Western blot, membranes were
incubated with (A) anti-pJAK2 or anti-JAK2, (B) anti-pSTATI or anti-
STATI, (C) anti-pERK or anti-ERK2, (D) anti-pSTAT3 or anti-STAT3.

shown in Fig. 4, under basal conditions all cells displayed fluo-
rescent staining of the cytoplasm indicating the presence of
STATSb in this compartment, and only a negligible staining of
nucleus indicating absence of STAT5b in this compartment. Stim-
ulation with GH for the time indicated induced nuclear transloca-
tion of STATSb in the BCLs of controls, as demonstrated by the
marked increase in STATSb immunoreactivity within the nucleus
and not in y.-negative BCLs.

We next evaluated by immunoblot of nuclear and cytoplasmic
extracts the amount of STATS5b translocation and compared it with
the tyrosine phosphorylation of the molecule. As shown in Fig. 5,
in control cells, GH stimulation determined a rapid increase of
nuclear STATSb amount. The translocation occurred early being
evident 5 min after GH stimulation. Moreover, it still persisted 30
min after stimulation. The translocation paralleled the amount of
the tyrosine-phosphorylated form of the protein into the nuclei.
This was inversely correlated with the amount of the cytoplasmic
form of the molecule. However, after 30 min, the reconstitution of
the cytoplasmic aliquot became evident. In the patient cells, no
changes were observed (Fig. 6).

Medium rGH

Control

Patient

FIGURE 5. STATS5b subcellular localization. Control cells of X-SCID
patients and healthy subjects were cultured in the absence or presence of
500 ng/ml rGH for 30 min at 37°C. Unstimulated or stimulated cells were
analyzed by confocal microscopy for STATSb (green) distribution in the
cell, focusing particularly on whether this protein was present in the nuclei.
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FIGURE 6. Nuclear fraction of the overall STATSb amount and of the
phosphorylated form of STATS in resting or rGH-stimulated BCLs, Patient
and control BCLs were stimulated with rGH (500 ng/ml) or medium alone
at 37°C for the indicated time. Stimulation was stopped with cold PBS and
nuclei were isolated as described in Marerials and Methods. After SDS-
PAGE of nuclear and cytoplasmic extracts and Western blot, membranes
were incubated with anti-STATSb or anti-pSTATS Abs.

GH-induced signaling and STATSb nuclear translocation in
X-SCID EBV cells transduced with the WT vy, gene

We next evaluated whether reconstitution of X-SCID cells with
WT 7, led to a functional recovery. As shown in Fig. 74, pGC2Ry
cells expressed <y, at a normal extent. These cells proliferated in a
comparable fashion to control cells following GH stimulation (Fig.
7B). Moreover, in WB experiments using an anti-phospho-STAT5
Ab, a phosphorylation of the molecule was observed in pGC2Ry
cells (Fig. 7C). Finally, in reconstituted cells, GH stimulation induced
a normal nuclear translocation of STATS5b, as shown in Fig. 7D.

Discussion

In the present study, we examined a potential role of the 7y, chain
in GHR signaling using BCLs from healthy control subjects and
y.-negative X-SCID patients. At a functional level, GH enhanced
proliferation of control BCLs in a dose-dependent fashion. By con-
trast, the functional response to GH of the BCLs of -y.-negative
patients was severely impaired despite a comparable cellular ex-
pression of GHR molecules.

The overall signal transduction properties of GHR in X-SCID
patients and control BCLs following GH stimulation was also ex-
amined by analyzing the pattern of protein tyrosine phosphoryla-
tion. In contrast to what was observed in control BCLs, in patients,
GH stimulation failed to induce phosphorylation of proteins of 90
kDa identified as belonging to the STAT molecules family, in-
volved in the signal transduction through GHR. In particular, after
GH stimulation no phosphorylation of STATS5 protein was ob-
served in the cell lines of y_-negative patients in contrast to the
control cells, in which a prompt activation of STATS occurred. Of
note, reconstitution of X-SCID cells with the WT v, gene cor-
rected the functional and biochemical abnormalities resulting in an
appropriate nuclear translocation of STATS. These findings
strongly support an essential role of vy, in GHR signaling.

STAT-dependent pathways are generally believed to be used in
cellular events such as cell proliferation, differentiation, and apo-
ptosis (22, 23), even though the overall role of the STAT mole-
cules in GHR signal transduction has not been fully elucidated. At
least three different STAT family members (STAT1, STAT3, and
STATS) are activated following GHR perturbation (24-29), even
though STATS seems to play a prominent role in receptor signal-
ing. Rodent models of STAT knockouts (30) and the recent iden-
tification of a patient with a homozygous missense mutation of the
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FIGURE 7. GHR signaling in patient BCLs reconstituted with WT v,
(pGC2Ry cells). A, Membrane expression of 7, in patient or pGC2Ry cells
by flow cytometry. B, Proliferative response in control, patient, or recon-
stituted BCLs. Cells were cultured in the presence of various concentra-
tions of GH for 4 days and pulsed with [*H]thymidine as previously de-
scribed. Results are expressed as increase of cpm from the background.
Vertical bars indicate 1 SD. C, STATS phosphorylation induced through
GHR stimulation for the indicated time in pGC2Ry cells. Membranes were
incubated, as indicated, with anti-pSTATS, anti-STAT5a, or anti-STATSb
Abs. D, STATSb subcellular localization through confocal microscopy
analysis in control or pGC2Ry cells unstimulated or stimulated with 500
ng/ml rGH for 30 min at 37°C.

STATS5b gene indicate that STATSb is essential for a normal post-
natal linear growth (31). Furthermore, the patient with STATSb
mutation also had clinical features of immune deficiency such as
chronic diarrhea and severe infections, including interstitial pneu-
mopathy. Immunologic studies showed hypergammaglobulinemia
and markedly decreased IL-2Ra-chain expression in response to
IL-2 stimulation, suggestive of a T cell activation defect. Thus, a
few features are similar to y.-negative X-SCID patients.
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Although the activation of JAKs and STATS represents a prom-
inent biochemical event during GH-dependent proliferation of
lymphoid cell lines (32), other signaling pathways also contribute
to a full GHR response. GH has been shown to activate the PI3K-
protein kinase B signaling (33), MAPKs, and ERKs | and 2 (34—
36). In both STATS knockout mouse and in the patient with
STATS mutation, these pathways are fully functional. In keeping
with this observation, also in our experimental model, no alteration
was observed in ERK 1 and 2 expression and phosphorylation
events involving JAK2, ERKs, STAT1 and 3 molecules that occur
following GHR triggering. Moreover, in this study, the involve-
ment of PI3K in GH-induced proliferation of BCLs was ruled out
because the kinase inhibitor wortmannin was ineffective in block-
ing the proliferative response. Similarly, IGF-I expression has
been reported to be dependent on STATS b, but not on the PI3K
pathway (37). Taken together, these observations imply that GHR,
as well as other receptors, is able to integrate different pathways
which are individually differentially regulated. In support of this, it
has been recently shown that GHR signaling and the subsequent
IGF-I transcription regulation are under different regulatory con-
trols in hepatocytes, fibroblasts, and myoblasts (38). This could
lead to a hypothesis of differential functions of an individual re-
ceptor exerted in different tissues. A cell type-restricted STAT ac-
tivation has been reported (39—41). STATS is not activated fol-
lowing GH stimulation in human fibrosarcoma cells even though
these cells express the STATS protein (41), thus implying that a
selectivity in the involvement of specific STAT subset seems to be
a general feature of GHR signal transduction.

Overall, activation of STATS5b is considered a prominent event
in GHR signaling and is crucial for the regulation of transcription
of GH-responsive genes, including the gene encoding for IGF-I.
This process relies on an appropriate phosphorylation and nuclear
translocation of the molecule (7, 42). Recently, it has been pro-
posed that STATSs tyrosine phosphorylation and nuclear transloca-
tion are two events that are regulated separately (21). In particular,
Giron-Michel et al. (43) demonstrated in the hybrid receptor y./
GM-CSFR§ that the y/JAK3 complex controls the nuclear trans-
location of pSTATS rather than STATS phosphorylation itself.
Hence, to address the issue of defining the functional implication
of vy, mutation on STATSb activation, in our study, the subcellular
localization of STATS5b was investigated by analyzing cytokine-
induced translocation of STAT5b from the cytoplasm to the nu-
cleus with confocal microscopy. Stimulation with GH induced nu-
clear translocation of STATSb in the control cells, whereas no
efficient nuclear translocation occurred in +y.-negative cells. Fur-
thermore, immunoblot of nuclear and cytoplasmic extracts showed
in control cells a rapid increase of the nuclear fraction of the
STATS5 molecule after GH stimulation, which paralleled the mol-
ecule phosphorylation, differently from what was observed in pa-
tient cells. Moreover, through confocal microscopy studies, we
demonstrated that GHR and vy, colocalize, as expected in that both
molecules are type I hemopoietin receptors. A physical interaction
may be hypothesized as well, even though conclusive data are still
lacking.

Our data suggest that the vy, chain is a required signaling subunit
of the GHR complex in B cell lines. In particular, in this cell line,
it is selectively required for STATS phosphorylation and nuclear
translocation, and not for the activation of other molecules as ERKs.

Our study demonstrates the existence of a previously unappre-
ciated relationship between individually well-studied elements,
such as GHR and vy,, and signaling pathways. Cross-talk between
receptor signaling systems is now emerging as an important and
exciting area of signaling research. Whether the participation of y,
to the GHR confers some additional properties to the receptor in
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hemopoietic cell differentiation and functioning remains to be elu-
cidated. Of note, in CD34™" progenitors, v, participates in hemo-
poietic cell differentiation by interacting with GM-CSFR. This
interaction does not occur in normal NK cells or nonhemopoietic
cells (43). Hence, the complexity of receptor signaling relies not
only on the possibility that individual receptors interact one with
each other, but also on a differential array of distinct subunits that
may represent a hallmark of that specific cell type.

Our current study also explains what we previously reported on
an atypical X-SCID phenotype and severe short stature associated
with GH hyporesponsiveness and abnormal GHR-induced protein
tyrosine phosphorylation (14), and indicates that growth failure in
X-SCID is directly related to the genetic alteration.
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Abstract: The rapid expansion in the past two decades in the understanding of the molecular basis of a large variety of novel congenital
immunedeficiencies has provided valuable information on the signal transduction general mechanisms, that gees far beyond the compre-
hension of the individual disease. In most cases, the atered moleculs are exelusively expressed in haematopaictic cells, while in ofher
cases they are not restricted o a certain cell type. This leads © mone complex clinical phenotypes, which contribute to unravel previoushy
unappreciated non-haematopoietic functions of signaling proteins and the mechanism of coordination and integration of several path-
ways. Moreover, this knowledge will help define potential new therapeutic strategies through novel molecular mrgets, drive stem cell de-
velopment into the desired differentistion path and ameliorate our comprehension of tissue engineering. This review focuses on the mul-
tiple reles in haematopodietic and non-haematopoictic receptors of the gamma signaling element with a special atiention paid to the par-
ticipation of gamma to growth hormone receptor signaling, confirming the presence of an interplay between endocrine and immune sys-

em.
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L INTRODUCTION

Endocrine and immune systems participate to an integrated
network of soluble mediators that communicate and coond inate
responsive cells to achieve effective functions in an appropriade
fashion. Cytokines and growth factors tran smit signals through cdl-
surface receptors o the nudeus, activating intracvioplasmatic sig-
naling molecules, ultimately resulting in the activation of specific
transcnp tion factors.

In the recent vears, the description of complex phenotypes, in
which immunodeficiency and growth failure were assodated at a
different extent greatly contributed to define that several signaling
molecules play a role in both Growth Hormone (GH prelated and
cytokines” signaling pathways. In fact, mutations of gamma chain
(ye), Signal Transducers and Activators of Transcription 5 b
(STATSh), Nuclear Factor-kB (NF-kB) gene have heen observed in
patients with short stature due to GH insensitivity {GHI} and im-
munodeficiencies [1-7].

Becently, Adriani et al demonstrated that the commen eytokine
receplor Yo is required for a proper GH mediated STATSb activa-
tion in B cell lines (BCLs) [8]. This study suggests a novel depend-
ence of GH signaling on the common eytokines receptor ye in car-
tain cell types, consistent with the presence of v in non-hemato-
poistic tissues and underlines that immune and endocring svstams
share signaling molecules,

This review, taking advantage of these complex human disor-
ders, will focus on the relationship between different receptors that
share common transducing elements and on potential diagnostic
and therap eutical implications of such interctions,

1. THE GAMMA CYTOKINE TRANSDUCING ELEMENT,
A SHARED COMPONENT OF SEVERAL CYTOKINE RE-
CEFTORS

A wide number of cyvtokines have been molecularly recognized.
They are soluble elements that contml the immune and the haema-
topoietic system [9]. Their pleiotropic and redundant functions are
due to the various receptors expressed on multiple target cells, Cy-
tokinegs " specific roles are, in fact, closely depandent on their recog-
nized targets. A contribution to a better understanding of such eyto-
kine functions came out from the molecular charactenzation of a
numhber of eytokineg receptors. These receptors are classified into
five families, created on the basis of extra- and intra-cdlular do-
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mains structure affinity: the cytoking mesptor superfamily, Inter-
feron (IFN) receptor family, Tumor Necrosis Factor (TNF) receptor
family, Tumaor Growth Factor- (TGF)-Preceptor family, and Inter-
leukin (IL)- 8 receptor fimily. The cytokine receptor superfamily is
the lanzest ane, containing not less than 18 different receptor maole-
cules. The common cvtokine receptor w i a shared component of
several of these receptors, such as those for IL-2, TL-4, IL-7, 1L-9,
IL-15 and IL-21 [9] Essentially, the w and gpl30 molecules con-
tribute to increase the ligand-binding affinity and to establish an
efficient intracellular signal trnsduction (Fig. 1).

Muost of the information so far available on the role of ¢ came
aut from studies on X-Linked Severs Combined Immunodeficiency
(SCID-X1) in humans and in mice carrying mutations in the y gene
[10.9,11]

The signals, that are dependent on ye, have been shown o me-
diate various immunological functions. The dharacterization of
cytoking-activated genes, including genes regulated by yo-depen-
dent cvtokines, has been for a long time an area of considemble
mterest, although anly few svstematic studies have been conducted
[12]

Even if the role of differemt cvtokine-dependent signaling path-
ways in the regulation of gene responses is still unresolved, there is
substantial svidencs that ¢ controls the immune responss at differ-
ent, but ofien ovedapping, checkpoints, 1L-2, IL-7, and IL-15 were
reported to regulate a highly overdapping set of more than one hun-
dred ovedapping genes, exerting different effects correlated o T-
cell survival, activation and clonal expansion, and to the develop-
ment and prasarvation of e2ll memaory [13], Morsover, [L-7 regu-
lates lvmphogyte development and homeostasis and it has effects on
both T- and B-cell biology [14-16], Although IL-7 receptor {IL-TR)
15 highly expressed on resting T cells, it is rapidly down-regulated
by T-cell receptor (TCR) stimulation as well as by IL-2, thus sup-
porting the idea that ather cytokines are more relevant for effector
functions [17]. In particular, IL-2 and [L-15 exed an important
effect on promating T-cell growth in vitro, In the effector phase of
mmmune response, they can stimulate the proliferation of Natural
Killer (NK) cells as well as induce the NK cell eytolytic activity,
However, an important difference in the actions of thess two cyto-
kings has emerged in vive, in paticular, with mgard to NE-cell
development and CDE™ T-cell homeostasis [18]. In fact, mice defi-
cient in IL-2Ra or IL-2Rb have almost normal number of T, B and
NE eells, thus indicating that IL-2 does not play a necassary mls in
cell development. Indeed, mice deficient in either [L-15 or IL-15Ra
lack MK cells, confimning the role of IL-15 in NE-cell development
[19.20]. Similarly, TL-15 is assential for the homeostatic prolifera-
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Fig. (1). Signaling pathway of IL-2 receptor.

tion of memory CD8™ T cells and the maintenance of the steady-
state level of CD8™ T-cell memory.

IL-9 is a mast-cell growth factor. In IL-9-deficient mice, the
lymphoid compartment develops normally. However, these mice
exhibit excessive mucus production and mast cell proliferation [21].
But, such abnormalities have not been reported in humans with
SCID-X1, suggesting that the y¢ is not responsible per se of this
phenomenon.

Gene knockout (KO) models of ye-¢ ining receptors for [L-4
and IL-21 have revealed a le in the regulation of immunoglobulin
(Ig) production. Previous studies indicated a role for IL-4 in B-cell
Ig class-switch to IgG1 and IgE [22].

It is now clear that cytokines acting through ye-containing re-
ceptors regul | aspects of i activation and play an
important wle in supporting either survival and proliferation or
effector functions of already activated immune cells. To date, the

regulation of cell survival and apoptosis can be idered a deli-
cate teamwork and a balanced act of all yc-dependent cytokines
seems to play a crucial role, as revealed by the profound impact that
their abnomal function can have on the h isof the i
system.

The most important function shared between all ye-containing
receptors seems to be the mitogenic effect. It is presumable that,
given the widespread use of y¢ in different tissues, this pathway
exerts its mitogenic and anti-apoptotic functions in a variety of
distinet contexts (Table 1) [23].

3. PARTICIPATION OF yC TO GH-R SIGNALING

Recent evidence indicates that yc participates to growth hor-
mone ptor (GH-R) signaling, as well [8]. A previous observa-
tion was reported on a patient affected with SCID-X1 due to muta-
tion of ye¢, who also had peripheral GH hypo-responsiveness associ-
ated with abnormalities in the protein phosphorylation events that

Table 1. Main Immunological Features of ye-Dependent Cytokines/R eceptors

Knockout Mice Immunological Features
-2 IL-2, IL-2Rax Normal Tand B and NK cell development; defects in the function of T-regulatbory cells
4 14 Normal T and B cell development; impaired Th-2 type responses
-7 IL-7, IL-TRee Reduction in the number of thymocytes, bone marrow B cell precursors, and peripheral B, CD4 and CD8 Teells
-9 1L-9 Normal development of lymphoid compartment. Increased mast cell proliferation
IL-15 IL-15, IL 15Ra Reduction of number of NK cells, intestinal intracpithelial lymphocytes (IELs), memory CD8 Tcelk.
IL-21 IL-21Re Normal number of NK, T and B celk. Decreased levels of IgG 1
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normally occur following GH~R stimulation [7] This observation,
along with the ¢ in non-h ietic tissues, led
to hypothesize that the GH R signaling also involved . Taking
advantage of this observation, our group extensively studied the
potential role of y¢ in GH-R signaling using BCLs from healthy
control and y-negative SCID-X | patients. In particular, we demon-
strated that various GH-induced events were impaired in yc-
negative BCLs. First, while GH enhanced pmlnfcmlwn of control
BCLs in a dose-dependent fashion, the functional response to GH
of the BCLs of y-negative patients was severely impaired despite a
comparable cellular expression of GH-R molecules. Furthermore,
the signal transduction properties of GH-R following GH stimula-
tion in SCID patients was abnormal as compared to control BCLs
and, in particular, in the pattern of protein tyrosine phosphorylation.
In fact, in contrast to what observed in control BCLs, in patients
cells GH stimulation failed to induce phosphorylation of STATS
molecule [8]. This blockage in GH-R signaling was specific of
STATS in that other molecules, as Janus kinase (JAK) 2, STATI,
extracellular signal-regulated kinase (ERKs) and STAT3 were
normally phosphorylated following GH stimulation of B cells,
thus suggesting the presence of pathways independently regu-
lated. In support of this, transduction of patients” cells with the
wild type & gene corrected the functional and biochemical abnor-
malities, resulting in an appropriate nuclear translocation of STATS
after GH stimulation. These data suggest that the yc is an important
subunit of the GH-R signaling complex in BCLs, where it is re-
quired for STATS phosphorylation and nuclear translocation, and
not for the activation of other molecules of GH-R signaling appara-
tus (Fig. 2).

It is to note, that the immunological reconstitution of SCID-
X1 patient through bone marrow transplantation pamalleled the re-

Pignata etal

staring of GH-R functionality, which resulted in a normal produc-
tion of Insuline Growth Factor I (IGF-I) [24]. This would also im-
ply that haematopoieticderived cells represent an important source
of those intemmediate molecules that play a role in the GH-R func-
tionality.

Whether the involvement of y¢ to the GH R apparatus confers
some additional properties to this Pl L cells
and the specific functions in immune cells remain to be elucidated.
In CD347 progenitors, yc participates in haematopoietic cell differ-
entiation by inteacting with Gmnulocyte Macrophage-Colony
Stimulating Factor (GM-CSF) receptor-f3 (GM-CSFRP)[25]. This
interaction does not oceur in nomal NK cells or non-haemato-
poietic cells. Hence, the complexity of receptor signaling relies not
only on the possibility that individual receptors interact ane with
each other, but also on a differential array of distinct subunits that
may represent a hallmark of that receptor apparatus in a specific
cell type.

4. GROWTH HORMONE RECEPTOR SIGNALING

4.1.Signal Transduction Through GH Receptor

Endocrine and immune systems participate to an integrated
network of soluble mediators that communicate and coordinate
responsive cells to achieve effective fi
fashion.

Cytokines and growth factors transmit signals through specific
cell-surface receptors to the nucleus by activating intracytoplasmic
signaling molecules. This process ultimately results in the activa-
tion of transcription fictors.

in an app ,_idle

GH is an important regulator of somatic growth, cellular me-
tabolism, fertility and immune function. More than 400 functions

Fig. (2). Signaling pathway of GH-R: a role forvyc.
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linked to GH are long mecognized. These are mediated by an amay
of distinet signals triggered by an individual receptor, thus implying
that diverse signaling pathways may be activated separately and in
the context of a function-specific coordinating network [26]. The
GH-R was the first member of the eytokine receptor superfumily to
he cloned [27]. Tt consists of a transmembrane protein and an ex-
tracellular domain that contains six cysieines linked by disulfide
bonds and ons free cysteine [28]. Similady to other members of the
evtokinghematopoietin meeptor superfamily, the mtracellular re-
gion contains two motifs. A proline rich motif, referred to as box 1,
is situated in the proximity of the membrane and consists of sight
aming acids, The other cvtoplasmic motif (referred o as box 2)
mainly consists of hydrophobic amino acids along with addic
amino acids. Like other members of the family, GH-R lacks intrin-
sic kinase activity and signal transduction is mediated by receptor
associated evtoplasmic tymsing kinasss, A prominent role is played
by the JAKZ that associates to the box | in the proximity of the
GH-R eytoplasmic domain [29]. JAKZ belongs to the Janus fimily
of eyvtoplasmic tyrosine kinases that includes JAKL JAK2, JAKD,
and tvmosine kinase 2 (TYK2) JAKZ activation is initiated by GH-
induced receptor dimerization'oligomerization, which induces con-
formational changes resulting in JAK2 transphosphorylation and
activation. The central role of JAKZ in this pathway is supparted by
the studies in which mutated GH-Rs fail to bind or activate JAKZ,
as clearly shown in several cell lines expressing truncated or mu-
tated receptors [2930], These mutants il o elicit GH dependent
tyrosing phosphorylation of S homologous and  collagene-like
(SHC) protzins, milogen-activated protein kinses (MAPEK), also
designated as extracellular signal regulated kinases. Afler phos-
phorviation of JAKZ, the receptor itself and several intracytoplas-
mi¢ molecules are promptly phosphorylated on key tymsine resi-
dues. Further signaling proteins recruited to JAK2Z/GH-R complex
and/or activated in response to GH include: (1) SHC proteins that
presumably lead to the activation of Ras/MAP (Rat sarcoma viral
oncogens homolog/ Mitogen Activated Protein) kinase pathwoay; (2)
insulin meceptor substrates that have been implicated in the activa-
tion of phosphatidvlinositol-3-kinase and the kinase AKT/PKBE
(Akt-F retroviral oncogeng/Protein kinase B): (3) phospholipases
that lead to formation of diacylglyesrol and activation of protein
kinase C (PEC); and (4) a variety of proteins that are involved in
the regulation of the cvtoskeleton, including focal adhesion kinase,
paxillin, tensim, Crkll, ¢-5re, o-Fyn, ¢-Chl and Nek. GH is able to
activate NF-kB pathways, leading to the expression of cell cvele
mediators [31], This process ultimately results in the activation of
multiple transeription factors as STATI, STATI, STATSa, and
STATSh, as detailed in the next paragraph. The tyrosine-phospho-
rylated STAT proteins dimerize and translocate into the nuclans,
where they bind 10 spedfic DMNA responsive elements of GH target
genes, eventually inducing the activation of gene transcript [32].

The dumtion of GH-activated signals is a key fudor in nzlation
to the biological actions of the hormone. Removal of cell surface
GH-Rs by endocytosis is an early step in the termination of GH-
dependent signaling. Furthermore, suppressors of cytoking signal-
ing proteins (SOCS) act as negative regulators of the main cyto-
kine-activated signaling pathway, the JAK/STAT signal cascade.
However, since the activation of GH-dependent signaling pathways
is mainly based on protein phosphorylation on tyrosine, serine, or
threoning residues, the obvious mechanism for deactivation of this
procass is the recruitment of a protein tyrosine phosphatase to GH-
R/JAKZ signaling complex [33]. This phosphatase would dephos-
phorvlate GH-E, JAKZ, or the STATs themselves leading to signal-
ing down-regulation. Several studies documented that there are at
least three different phosphatases involved in the specific down-
regulation of GH-R signaling: (1) SH2 domain-containing protein-

tyrosine phosphatase | {S!I?l also known as PTP-1); {2]'PTP[b;
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and (3) PTP-HI [34]. Taking into consideration tha a so huge
number of GH actions ars direct, a desp undemstanding of the regu-
latory mechanisms that control in an integrated fushion, presuma-
bly, distinet signaling pathways related to the same receptor
through activation/down-regulation processes is mandatory. This
knowledge would help understand tissue specificity of GH action
and would allow to devise strategies to enhance individual fune-
tions of GH.

Thus, phammacological targeting of specific negative regulators
of GH signaling would have a remarkable potential to enhance or
inhibit the beneficial effects of GH [33].
4.2.8TAT Family

STATs factors represent a family of cytoplasmic protems that
participate in gene control in response w czll stimulation with vari-
ous extracellular polypeptides [34]. S0 far, seven mammalian
STATs: STATI, STAT2, STAT3, STAT4, STATSa, STATSh, and
STATA have been chamcterized [34]. These transcrption fictors
mediate several functions by regulating the expression of effector
genes involved in cell differentiation, survival, and apoptosis. All
the STAT family members share in their structuml] arrangement
functional maotifs, and, in particular, the amino terminus that has a
role in STAT dimerization. In addition, other motifs are a coilad-
coil domain, involved in interactions with other proteins, a central
DMA-binding domain, a SRC homology 2 (SH2) domain, a con-
served single tyrosine residue that is phosphorvlated following
activation, and a carboxyl terminus that fcilitates transeription al
activation,

In the el biology, STAT proteins are essential regulators of
cell proliferation, differentistion and survival in different cellular
contexts, thus revealing their eritical role in malignant transforma-
tion, Dyvaregulated STAT activation leads to incrased angiogenssis
and enhanced survival of malignant cells [35]. Knockout studies
have also highlighted the function of STAT proteins in the devel-
opment and function of the immune system and of their wles in
maintaining peripheral immune wlemnee and tmour surveillan e,

Recent studies have shown that JAK-S5TAT signaling can be
regulated through distinet mechanisms. Studies on STATs 1, 3 and
5 have elegantly demonstrated that unphosphorylated STATs shut-
tle between the eytoplasm and the nucleus in the absencs of cyio-
kine activation. Differently, the phosphorylated STATs are netained
in the nuclens and are only meleased upon dephosphorylation
through nuclear phosphatases [32]. STATS are activated by a num-
her of eytokings, including interferons and interleuking, as well as
growth factors and harmones, STATI is inducible by IFN -/ and
IFN-¢, and is mvolved in anti-viral and anti-bactenal rasponse, n
growth inhibition, apoptosis, and tumor suppression [34] STATI
mediates the anti-viral and mmmune/inflammatory effects of [FNs
through the induction of immune effector and inflammatory genes,
such as major histocompatibility complex (MHC), costimulatory
molecules, ii'lc:mukinc:.lifc:urnplmncn’l, inducible nitric oxide syn-
thase, and Fey receptor [ {FeyRI) genes. STATI is also important
in host anti-tumor responsss and 15 also imvolved in non-immune
functions, such as the regulation of bone formation and destruction.
STATS is mainly activated by cytokines and growth factors, includ-
ing IL-6 family members and epidermal growth factor (EGF), and
is involved in mitogenesis, survival, anti-apoptosis, and oncogene-
sis. STATI 15 also required for optimal [L-2-induced T-cell prohif-
erative msponses by up-remlating the expression of IL-2Ra, a
component of the high-affinity IL-2 receptor [36]. STATI is re-
quired for early development, as STAT? mull alterations in mice
were embrvonically lethal, Subsequent tissue-specific gene larget-
ing showed STAT3 functions in wound healing in keratinocytes,
regeneration of liver, mammary involution, and survival of many
cell types [36]. Recently, tissue-specific deletion of STATI in
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bronchiolar and alveolar epithelial cells resulted in enhanced apop-
tosis in these cells following adenoviml infection, suggesting a
eytoprotective finction of STATs, STAT4 is pradominantly stimu-
lated by IL-12 and is involved in Thi (T helper 1} development in
humans. STAT4 15 activated by [L-23 in munne cells as well, and,
additionally, by IFN-u in human cells, being recruited w type TIFN
receptor through interaction with STATZ [34]. As it may be ex-
pected, STATHdeficiant mice exhibil an impaired Thi differentia-
tion, IFN-y production, and cell-mediated immune responses.
STAT6 molecule is activated by IL-4 and paticipates in Th2 (T
helper 23 development [35]. STATSA and STATSB are involved in
prolactin and growth hommone signaling, respactiv ely.

Multiple inhibitory mechanisms down-regulate cytokine-JAK -
STAT signaling. Down-regulation of this pathway is likely o be
important for homeostasis and the prevention of chronic inflamma-
ton or autommunity, Both constitutive inhibitory pathways and
mducible mechanisms have been descrbed. These mechanisms can
act at several levels in evtokine signaling, targeting or the receptors,
or JAK proteins, or the STATs themselves, Constitutive inhibitory
mechanisms include proteolysis, dephosphorylation, and interaction
with inhibitory molecules termed Protein Inhibitors of Activated
STATs (PIAS). Three major regulated or inducible inhibitory
mechanisms have been identified, mediated by down-regulation of
receptor expression, thmugh the induction of inhibitory molecules
temmed SOCS proteins, and by rapid MAPK or PEC-dependent
modification of pre-existing signaling componznts, Ong proposed
mechanism for degrading cytokine signaling companents, in which
STATs are mostly involved, is the coupling of signaling proteins to
proteasomes by S0CS molecules. SOCS family of proteins consists
of eight members, These SOCS proteins are generally expressed at
low levels in unstimulated cells and become mpidly induced by
cytokines, thereby inhibiting JAK-STAT signaling and formming a
classic negative-fesdback loop [33]. Finally, the modulation of
JAKs and STATs by various protein modifications and the cross-
talk between different JAR-STAT pathwayvs and other cellular
sigmaling pathways provide additional levels of regulation of cellu-
lar homeostasis [33].

A potential novel pharmacological strategy may be to develop
specific drugs that can specifically target the JAK-STAT regulators
ar the motifs implicated in such intemolecul ar intaractions,

Onee GH-R signaling is activated, GH participates 1o an inte-
grated network with other mitogenic fictors, as hepatocyte growth
factor in liver cells, basic fibroblast growth factor in cartilage, epi-
dermal growth factor in kidney, estrogen meceptors in the utems,
bone morphogenetic proteins in varions tissues, all of them being
involved in tissue growth.

The effects of GH on growth are mostly medisted by intermedi-
ate factors, of which the IGF-I is the most studied [37]. GH upon
binding to its cognate receptor initiates the signaling cascade, which
culminates in the ragulation of multiple genes, including IGF-1 and
its major binding protein the IGF binding protein-3 (IGFBP-3). The
hinding protein and the acid labile subunit (ALS) prolong the half-
life of IGF-I and regulates its tissue distribution and bioavailability
at the cellular level [38]. The linsar growth is a complex process.
GH and IGF-I participate as combined factors or separately to this
process [39]. The double KO IGF-L + GH-E mouse revealed that
35% of body growth was due to IGF-I aleme, 14% 1o GH alone and
34% 1o a combined eMect of GH and 1GF-1 [40]. Despite the close
relationship betwesn GH and IGF-1, GH appears o have many
cellular & fects that are independent of 1GF-1, and are most probably
direct effects of GH mediated by its cognate receptor [319]. Moreo-
wer, all tissues but the liver express IGF-I trmnscripts in the absence
of a functional GH-R, thus indicating that the molecule has addi-
tional biologic effects that are GH independant [39].

Pignata ef al

In addition, evidence supporls a mle for GH acting as a eyto-
kine in the immune systemn under conditions of stress, counteracting
immunosuppression by glucocorticoids [31]. Lymphoid cells ex-
press the GH-R and GH can be produced by immune tissues, sug-
gesting an autocring/paracring mode of action of GH. Morsover,
GH can, directly or indirectly by the production of IGF-1, promote
cell eyele progression and prevent apoptosis of lymphoid cells as
well as a wide vandy of other calls,

A so huge number of distinet biologic functions of the GH/IGF-
I axis may be expressed through the existence of many separately
regulated signaling pathways, as above described. Baixems e al
have recently demonstrated that both GH and IGF-l are able o
promuote cell survival and proliferation through independent and
different pathways, thus indicating a potential function related
specificity of an individual pathway [41]. The effeds on the prolif-
eration were shown to be mainly mediated by the PI-3 kinase /Akt
pathway and the transcription factor NF-KB. Morover, GH megu-
lates the expression of several cell cycle mediators, such as Bel-2,
eMyve and eyelin proteins [31]. The transcrption factor NF-KB is
involved in the regulation of many functions of the immune system,
and its activation by GH would be one of the keys explaining the
evtokine-like effects of GH on the immune sysiem. Since NF-KB is
related w the transduction of survival signals by GH, Jeay er al
suggested that GH treatment may partially protect immune cells
against apoptosis mduced by stress conditions and deregulated ex-
pression o f GH may particpate to the development of malignancies
of immune czlls, such as leukemias or lymphomas [31].

In addition to GH, also FGF-1, in tum, activates specific cellular
pathways, through tyrosine kinase activation and phosphorylation,
leading 1o the various biological actions. IGF- exerts many hio-
logic effects, as induction of cell growth through the activation of
cell evele machinery, maintenance of cell survival by acting on the
Bel family members, and nduction of cellular differentiation
through poarly characterized mechanisms [42]. Ovemll, 1GF-I in-
hibits apoptosis as well, thus acting as czll survival factors [38].
The antiapoptotic function of IGF-1 s mediated by GF-1 receplor
(IGF-I-R). Many studies have cleady illustrated that IGFBPs can
affect cell eyele progression and apoptosis by preventing 1GF-1-R
activation [38]. Thus, IGFBP-3 can also modulate the antiapoptotic
effect of IGF-1 by regulating the IGF-1GF-LR interaction. Modu-
lating IGFBPs by protenlysis also plays a role in regulating their
proliferative effect. There 18 also evidence that IGFBP-3 can induce
apoplosis on its own [3I843].

The liver is thought to be the major source of KGF-1. Liver defi-
cient IGF-1{LID 1 mice show a major (75%) reduction in circulating
IGF-I levels, whersas the expression in non-hepatic tissues was
normal [44]. However, thess mice are similar to wild4vpe mice
with respect to body weight, body length or famoral length, thus
indicating that the normal growth is mediated by autocrine/paracring
actions of IGF-1 combined with non-hepatic sources of circulating
IGF-I [44]. In humans, we documented that stem cell transplanta-
tion, performed to treat a severe combined inmunodeficiency asso-
ciated with a remarkable peripheral hyporesponsivensss o GH, was
capable to restore IGF-T levels o nomal values, thus adding in
favour of alymphocyte source of the mediator [24].

5. COMPLEX CLINICAL PHENOTYPES AFFECTING
BOTH IMMUNE AND ENDOCRINE SYSTEMS

5.1, Murine Models
The Murine Model of SCID-XT

KO mice for the o of the IL-2R represent the human counter-
part of the SCID-X1 phenotype. These animal modsls show signifi-
cant reduction of T, B, and NK cells associated with nomal thymic
architecture but reduced thymic cellularity. Thymic cellulanty is
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controlled by yw-dependent eytokines at the level of pro- and pre-T-
cell development. In particular, each stage during pro- and pre-T-
cell development involves e eytokines for a proper T-lymphocvte
production. Among T-cell developm ental stages, the transition fom
stage 2 (CDH4CD25 ) o stage 3 (CD447 CD257) pro-T-cell, seems
to be the critical stage for . In fact, in ye-deficiant mice a higher
number of pro-T cells is observed . Momover, the few thymocyies
in ye-deficient mice exhibit a rslatively normal pattern of CD4 and
CDR expression. However, an elevated number of CD47 T cells is
seen in periphery differently from CDE™ T cells that are expressed
at low level, This observation suggests that e could be implicated
in the regalation of thymic export andfor in the homeostasis of the
peripheral T, as well.

Even if human and mice models of SCID-X1 are similar in the
decrease of T and NK cells, there is marked difference in B-cell
development. In fact, differently fom what observed in the animal
model, human SCID-X1 shows normal or high level of B cells, as
also observed in IL-7 deficient mice. However, in spite of such
differences, SCID-X1 mice represent an important model to hetter
understand the pathophysiology of the human disease.

The Murine Model of STAT 5 Knock COur

Muost of the current knowledge about the hiological function of
STAT family members has been achieved through disruption ap-
proaches and studies of KO mice [45]. In particular, all seven
mouss STAT genes have been disrupted in transgenic animals [46].
Most of these animals have been studied and the results obtained
have reinforeed the notion that STAT protsins are a critical point of
eytokine ‘-i_?ndlME specificity [47]. Unlike most of the STATs, the
two STATS proteins are activated in reply to a variety of cytokines
as well as tyrosine kinase receptors, Then, it was kup‘puwi that
STATSah would have very fundamental functions in regulating
cell growth.

Differently from the other STATs, the study of the STATS
function in vive has been more difficult because there are 2 iso-
forms, STATSa and STATSh, very close on the chromosome 11
[7]. This position made guite difficult to create a double KO, In
particular, these two protens are 96% related at the ammo acid
level, but diverge, principally, at the carhoxyl terminus, Howewver,
the diversities led to different DNA-binding specificities related w a
single amino acid variation in the DNA- bl.ndmL field Nevertheless,
thess two proteins contmol the expression of common as well as
distinet genes. Moreover, slight differsnce in the tissue allocation of
their mRENA has been found, thus contributing to their functional
specificity. At first, STATS and STATSh KO were individually
produced and examined.

STATS5a gene targeting in mice confirmed its principal role in
mammopoietic and lactogenic signaling [46]. In fact, the phenotype
of STATSa deficient mice showed impaired mammary gland devel-
opment and lactogenesis. STATSa KO mice developed normally
and were indistinguishable from hemizygous and wild-type litter-
mates in size, weight and ferility [47]. Unlikely STATSa KO,
STATSh KO mice have a most mmportant failure of several re-
sponses associsted with growth hormone secretion. In particular,
the deletion of STATSh alone g gives a phenotype analogous to that
observed in growth hormone receplor deficient mice, predomi-
nantly resulting in failure of postnatal  growth dm'clupmtmi.
STATSh medistes the sexuval dimorphic effects of GH pulses in
liver and other target tissues. This comes out from the observation
that in STATSb KO males body growth rates and male-specific
liver gens expression were decreased to the levels ohserved in wild-
tvpe females. On the contrry, female-predominant liver gene prod-
ucts wers increased o a level intermediate o those of wild-tvpe
male ad female levels. A recent study, analyzing mice which

lacked STATSa andior STATSb gene, confirmed these findings
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[48]. In addition, STAT %a/b double KO mice were found to have a
defect in the development o f finctional comoral lutea in the ovary
resulting in fmale infertility. Female infertility is not observed in
the STATSa or STATSh KO mice along, demonstrating the fune-
tional redundancy of the STATS proteins [46].

The mle of STATS in the immune system was also extensively
analyvzed. Splenocytes from STATSa KO mice have a partial defect
in anti-CO3-induced proliferation that can be overcome by high
doses of IL-2 [49]. This is because STATSa activation is responsi-
ble for IL-2-induced IL-ZRo exprassion in T lymphocytes, Al-
though [L-2Ro expression is also defective in STATSh KO mice, it
cannot be corrected by administration of high doses of IL-2. Sple-
noeytes from STAT5b KO mice exhibited greatly diminished pro-
liferation in response to [L-2 and [L-15. Basal as well as IL-2- and
IL-15-mediated angmentation of NE ovtolytic activity was also
greatly diminished in STATSh KO mice. The percentage of NK
cells expressing IL-2RB as well as the levels of IL-2- and IL-15-
induced perforin expression in splenocyles were also significantly
diminished in STATSh KO mice. These data indicate that STATSh
is essential for potent NK cell-mediated proliferation and cviolytic
activity. In addition, bone mamow-derived macrophages from
STATSa KO mice have a defect m GM-CSF-induced proliferation
as well as in the expression of GM-CSF<dependent genes such as
CIS and a bel-2 like gene Al [50]. One of the surprising results
from disruption siudies of sither STATS5a or STATSh was the ob-
servation that in either cases the development of the hasmatopoietic
svatem ook place apparently normally, in spite of the many studies
showing STATS activation in response to several haematopoistic
cytokines as erythropoieting 1IL-2, IL-3, IL-5, GM-CSF, IL-7, and
CSF-1. Of note, a few of these cytokines are implicated in haema-
topoietic development and differsntiation. However, an mmpaired
proliferation of peripheral T lymphocvies was obsaved in STATS
a'h KO mice, even if this characteristic is due, probably, to a defect
in the cell ¢vele entry rather than to a decreasing of IL-2 receptor
expression. In fact, while lvmphopoiesis was normal, T cells from
double KO mice showed a matked failure to undergo cell ovele
progression and a diminished acpression of proteing fundamental
for proliferation [47].

Thus, it is clear how STATS proteins are strongly comelated
with some oncogenic events, such as proliferation and apoptosis
[47]: s0, the therapeutic inhibition of these transcription fictors may
be proven helpful for those dissases characterized by an alteration
of cllular homeostasis,

5.2. Human Models
The Human Model of SCID-X !

Primary immunodeficiency syndromes represent a group of
distingt genetic disorders inherited in an autosomal recessive or X-
linked mode. It has become evident that most of the mmunodefi-
clencies are disorders of the intra- or inter-cellular communication
network, The most common form of SCID accounting for approxi-
mately half of all cases, with an estimated incidence of 1:150000 0
1:200000 live hirths, is the SCID-X1 [51,52]. This form of SCID is
characterizad by the absence of mature T and NE lymphocytes and
abgent immunoglobulin synthesis, despite the presence of o nomal
or sometime elevated number of B cells, In SCID-X1 patients, T
cells ane absent not only in the peripherl blood but also in the cen-
tral and peripheral lvmphoid onzans suggesting an eardy block in the
T-cell differentiation pathway [53], Furthermore, although periph-
eral B cells exhibit a nommal phenotype, SCID-X1 patients B cells
are not functional, even afier T-cell reconstitution by means of bone
marrow transplantation [54.55]. Mutations of the yc gene are re-
sponsible for the SCID-X 1 [56]. As above mentioned, the SCID-X1
is also assodated with GH hyporesponsivenesss that results in the
impairment of linear growth [7].
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The Human Model of STATS Mutations

STATSb is involved in GH mediated IGF-I gene transcription
and production of IGF-I and in transcription and produdtion of
IGFBP-3 and the Acide Labile Subunit (ALS) as well [57]. This
came out from the observation of pati carrying i of
STATSb gene. To date, a total of six patients carying genetic ab-

Pignata etal
degradation and releasing of NF-kB. Free NF-kB translocates into
the nucleus and activates transcription of targel genes.

6. GH/IGF-1 AXIS AND RISK OF CANCER

As for the relationship between the GH/AGF-I axis and the risk
of developing cancer, no lusive data are available. The risk of

normalities of STATSb have been identified [2,4,5]. Interestingly,
five of the six cases are female, indicating that in humans, unlike
mice, STATSb is crucial in the growth of both males and females.
Serum concentrations of IGF-I, IGFBP-3 and ALS were strikingly
reduced, while basal and stimulated GH concentrations were either
normal or increased. The clinical phenotype of these patients was
characterized by growth failure and immunodeficiency. Recurrent
pulmonary infections, chronic diarrhoea, severe eczema, hempes
keratitis, severe vancella, juvenile arthritis, lymphoid interstitial
pneumnonia with fibrosis, were reported in these patients [1-5]. Sev-
eral immune deficiencies, such as decreased number and function
of CD4°CD25™ regulatory T cells, reduced up-regulation of CD25
and of the common y¢ cytokine receptor and perforin in response to
IL-2 were documented, thus suggesting that STATSb propagates an
important [L-2-mediated signal for the in vivo accumulation of
functional regulatory T cells [42]. However, the relationship be-
tween endocrine and immune dysfunctions in patients with
STATSb alterations are not yet completely defined, in that one male
patient with a homozygous mutation of STATSb with severe short
stature did not suffer from any in fection and did not show any im-
munological abnormality [58]. Of note, this patient was the only
male described with STATSh deﬁclency. thus suggesting the possi-
bility that the phenotype is sex-dependent.

On the contrary, no immunodeficiency was observed in patients
with low IGF-I due to GH-R mutation, IGF-I gene alterations
[59.60], or mutations in the IGF-I-R gene [61] This finding would
mean lhal a number of dmmct palhways under separate regulatory
in an integ ion to achieve a specific

¥

function.

As a matter of fact, gene disruption of additional signaling
molecules implicated in GH-R signaling does not lead to a com-
bined endocrinological and immunological disorder, thus implying
that the integration of distinet pathways are responsible for a full
expression of a certain function. For istance, targeted disruption of
ERKI in rodent models results in mice that are of narmal size but
defective in thymocyte maturation. In keeping with this, in humans
normal GH-induced ERK signaling seems to be insufficient to

the reduced IGF-I expression due to ab of
STATSb or GH-R mutations [2,62]. Certainly, STATSb seems a
shared component between signaling pathways implicated in both
immunological and endocrine functions. Many cytokines, as IL-2,
IL-7, IL-21 and IFN-y, can activate STATSb. Hwa ef al. have re-
cently demonstrated the cytokine IFN-y, like GH, could not activate
mutant STATSh, resulting in a markedly reduced expression of the
IGF-I gene [3]. It is, therefore, likely that ¢y tokines, important for
cellular immunity such as IL-2 and IFN-y, require STATSb for
efficient regulation of multiple genes, also including IGF-I [3].

The Human Model of N F-xB Mutation

As a further example of complex disease involving both endo-
crine and immune system, it has been recently documented that a
heterozygous mutation of the Inhibitor of NF-xB (I-kBax) gene was
implicated in a clinical phenotype characterized by severe immu-
nodeficiency and clinical signs ofpartial GHI [6]. The NF-kB sig-
naling pathway plays a crucial le in many phys:ologu.al process,

ping cancer is determined by a combination of genetic fac-
tors 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 and the devdopmenl of cancers lhmugh lhe
regulation of narmal cell proliferation, differentiation and ap
[64].

Recently, several epidemiological reports have been systemati-
cally reviewed to define the association between circulating IGF-1
and IGFBP-3 concentrations and the risk of developing cancer [65].
Elevated serum levels of IGF-I have been associated with an in-
creased nisk of breast, prostate and colorectal cancer in humans in
severl epidemiological studies [66,67]. In the transformed cell,
there are abundant data showing that IGF-I-R regulates cancer cell
proliferation, survival and metastasis [68]. Targeted disruption of
the IGF-I-R results in almost complete resistance of mouse embry-
onic fibroblasts to transformation, while inhibition of the IGF-I-R
almost completely blocks colony formation by melanama cells in
soft agar and sub fally redu for in a
xenograft model [66]. IGF-I is mitogenic and exerts an important
antiapoptotic effect, whereas IGFBP-3, which is thought to inhibit
gmwlh through ligand sequestration, is supposed to also have anti-

ive and proapoptotic effects, thus interfering with tumor
gmwlh [65]. However, the association between elevated concentra-
tions of IGF-I and the increased nisk of cancer is modest and varies
between different sites.

On the opposite site, | studies have d d that other
cancer risk factors, including diet and lifestyle factors, have an ef-
fect on IGF-I and IGFBP-3 concentrations [65].

Differently from IGF-I and IGFBP-3, the involvement of GH in
the physiopathology of cancer is still questionable. As matter of
fact, GH treatment positively influences in parallel both IGF-I and
IGFBP-3, contributing to the maintenance of the balance between
thae two molu:ulw GH, lhmugh its receptor-linked signal trans-

the expression of several genes
whose significance in the development of cancer is still unknown.
Overall cancer incddence is not increased in acromegaly.

STAT molecules and, in patticular, STAT3 and STATS, have
been demonstrated to directly par(u.lpate in tmnordcvclopmm( and
progression [69,70]. STATs pa- "r in is th h up-
regulation of genes di is inhibitors and cell cyele
regulators such as Bel-x,, Mol~ , cyclins DI/D2, and c-Myec.
Moreover, tumor cells possessing activated STAT3 or STATS are
predicted to be resi to chemoth ic agents that may utilize
similar apoptotic pathways pathwuy It has been clearly docu-
mented that inhibition of constitutively active STATs result in
growth inhibition and induction of apoptosis in tumor cells [70,71].

7. THERAPEUTIC PERSPECTIVES

As a matter of fact, the expression of more than 400 biologic
effects functionally related to an individual receptor-ligand,
GH/GH-R, may occur based on the assumption that an array of
distinct pathways may be integrated in a tightly coordinated fash-
mn A primary aim of nowl theraplm should be to increase our

ding of the relati between inhibitory and stimula-
tory actions of GH-related slgmlml, pathways. The GH-R signaling
pp also involves potent mitogenic molecules such as yc and

such as the innate and adapuuve and
inflammation [63]. NF-kB is bound to I-kB and his acuvanon in-
volves the phosphorylation of the inhibitor, which results in [-xB

STATS that play a role in the cell proliferation and, in general, in
cell homeostasis. Thus, in principle it is conceivable to hypothesize
a pharmacological intervention in tissue engineening and remodel-
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ling by interferng in such pathway s, The dissection of individual
signaling pathways and the identification of the specific molscale
implicated in that certain function remain the major goal of such
novel therapeutic approaches.

The development of tanzeted therapeutics o activale growth
inhibition {¢.g. cancer) or stimulation {e.g. lssue engineering) rep-
resents the major issue,

Progress in defining the pathogenic implications of 1GF-1/IGF-
I-R and downstream molecules in nzoplasia might lead to the de-
velopment of novel Largeting strategizs to fight thoss cancers that
may bhe proven responsive. Drugs to disrupt IGF-I-R have been
developed. Most of the anti-IGF-I-R strategies have been directed
against the receptor itself’. A different mpproach may he the removal
of the ligand, or the use of tyrosine kinase inhibitors. This class of
reagents are good candidate for the treatment of a number of differ-
ent cancer types. However, becanse of the ubiguitous nature of
IGFI-R expression and action, blockade of IGF-I-R could affect
multiple tissues, Therefore, carsful attention to future clinical trials
of these therapeutic targsting in combination with chemotherapy
will be necessary [72],

The most potent therapy for reducing seram IGF-L levels is
Pegvisomat, the GH-R antagonist. The potential role of this com-
pound in the trantment of IGF-Finfluenced cancers is intriguing. In
animal maodels of metastatic colon cancer, Pegvisomat in combina-
tion with conventional chemotherapy vintually abolishes the metas-
tatic disease [64]. It has also been reported to exert inhibitory ef-
fects agamst breast cancer cell lings implanted into athymic mice
[73].

As above discussed, abemrant STAT activation is also associated
with incogenesis, Thus, the development of selective inhibitors of
STAT activation may be a pramising area in the fisld of novel anti-
cancer therapeutics [70]. However, whether this can be translated
mto the clinical setting and used for the treatment of human cancers
remain o be extensively proved. In the near future the first goal of
studies in this field will be the identification of the individual mole-
cule implicated in that specific GH related function. This may lead
o tageted therapy aimed at potentiating or abolishing only that
hiologic effect.

The participation of ¢ o several receplors implicated in the
mmmune response would also suggest potential effect of GH in im-
mung response, even though the precise role of the hommone is not
completely defined. It should be noted that oversxpression of y¢ in
engingered lvmphocytes, used for gene correction of SCID-X 1 and
mutation of ye resulted in neoplastic transformation in 3 cases,
Even though this side effect was interpreted as due to insertional
oncogenesis, it is also conceivable w hypothesize that overexpres-
sion of the molecule exerts an oncogenic effect per se.
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ABBREVIATIONS

AKT = AKL-E retroviral oncogens

ALS = AddeLabils Subunit

BCLs = B ezl lines

EGF = Epidermal Growth Factor

EREK = Extracellular signal-regulated kinase
FeyRI = Fey receplor ]

E = Gamma chain

GH = Crowth Hormone

GHI = Crowth Hormon e Insensitivity
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GH-R = Growth Hormone Receptor

GM-CSF = Granulocyte  Macrophage-Colony  Stimulating
Factor

GM-CSFRE = Gmnulocyte Macrophage-Colony Stimulating
Factor receptor-[

IFN = Interferon

Ig = Immunoglobulin

IGFBP = Insuline Growth Factor Binding Protein

IGF-I = Insuling Growth Factor

IGF-I-R = IGF-I receptor

JAK = Janus Kinass

IL = Interleukin

LID = Liver deficient IGF-1

MAPK = Mitogen Activated Protein Kinase

MHC = Major Histocompatibility Complex

NF-kB = Nuclear Factor-kB

MK = Natural Killer

PIAS = Pmtein Inhibitors of Activated STATs

PL3 kinase = Phosphatidylinositol-3-Kinase

PKB = Pmotein Kinse B

PEC = Pmotein Kinase C

PTP = Protein Tyrosing Phosphatase

Ras = Rat sarcoma viral onoogens homolog

SCID-X1 = X-linked Severe Combined Immunodeficiency

SH2 = SRC hamology 2

SHC = Src homaologous and collagene-like

SHP = SHI domain-containing proteindy msine  phos-
phatase

S0CSs = Suppressors of eytokine signaling

STAT = Sigmal Transducers and Activators of Transcrplion

TGF-p = Tumor Growth Factor- i

Th = T helper

TNF = Tumor Necrmosis Factor

E = wchain

TCR = T Cell Receptor
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Conclusive remarks

The involvement of gc to the GHR apparatus confers some additional
properties to this receptor in hemopoietic cells, but the specific functions
remain to be elucidated. Of note, in CD34+ progenitors (HPC), gc
participates in hematopoietic cell differentiation by interacting with GM-
CSFRb. This interaction does not occur in normal NK cells or nonhemopoietic
cells (31). Hence, the complexity of receptor signaling relies not only on the
possibility that individual receptors interact one with each other, but also on a
differential array of distinct subunits that may represent a hallmark of that
specific cell type.

In conclusion, the evaluation of the existence of a previously
unacknowledged link between individually well-studied elements, such as
GHR and gc, confirm the cross-talk between receptor signaling systems as an
emerging as well as important and exciting area of signaling research.

In lymphocytes, several functions have been attributed to GH. They
include a mitogenic effect on T and B lymphocytes, help in cell development
and lymphopoiesis of immune system (32) and potentiation of several
functions, including NK activity. GH also plays an anti-apoptotic effect on
peripheral lymphocytes (33-34).  Thus, in principle it is conceivable to
hypothesize a pharmacological intervention in tissue engineering and
remodelling by interfering in such pathways. The dissection of individual
signaling pathways and the identification of the specific molecule implicated
in that certain function remain the major goal of such novel therapeutic
approaches. The development of targeted therapeutics to activate growth

inhibition (e.g. cancer) or stimulation (e.g. tissue engineering) represents the
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major issue. Progress in defining the pathogenic implications of GHR
downstream molecules in cell growth might lead to the development of novel
targeting strategies to fight those cancers that may be proven responsive.

The participation of gc to several receptors implicated in the immune
response would also suggest potential effects of GH in immune response, even

though the precise role of the hormone is not completely defined.
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8§12 The common g chain provides spontaneous and GH-

dependent cell cycle progression, related to its cellular amount

As already mentioned above, mutations of the IL2RG gene encoding the gc
lead to the X-SCID (35-36). The severity of this disease makes it a medical
emergency, which without any treatment leads to death in the first months of
life. Bone marrow transplantation represents in this context the conventional
therapeutic strategy for this form of immunodeficiency. This therapeutic
approach confers to children affected by SCID at least a 70% chance of cure
in the presence of a fully HLA-matched donor. Unfortunately, a fully
compatible donor is not always available, thus limiting the successful use of
this therapy. Moreover, the use of a not-fully HLA-matched donor increases
the immunological complications such as Graft-versus-host-disease (GVHD)
associated to a potential long-term decline in immune cell functions. These
difficulties encouraged gene therapy trials (37). This strategy using ex-vivo
retroviral vectors has been proven as a corrective therapeutic approach for X-
SCID in humans (38-43). Immunological reconstitution has been documented
in 17 out of 20 patients enrolled in two distinct clinical studies (37, 41).
Unfortunately, 5 of these patients developed a lymphoproliferative disorder
(44-46), not observed in gene therapy trials for SCID due to ADA deficiency
(47). This event was attributed to upregulated expression of the LMO2
oncogene, as a consequence of insertional mutagenesis (48). However, it was
clearly documented only in 2 cases. Even though the other patients may have
the vector integration near LMOZ2 or other oncogenes (48), it is also

conceivable that the transgene could have a role per se in cell cycle
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progression. In keeping with this hypothesis, overexpression of gc transduced
through a lentiviral vector into stem cells in a 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 (49). 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 gc control
of cell cycle (50). These results suggest that insertional mutagenesis may not
be the only cause of laeukemogenesis and that the expression level of IL2RG
could influence the cell cycle progression directly or its effect being mediated
by cytokines triggers.

It has been documented that gc interleukin receptors activity enhance
leukemogenesis (51). In turn, this subunit activates several key signaling
molecules, as JAK3, whose constitutive activation is frequently associated to
autonomous cell growth and malignant transformation of lymphoid cells (52-
53). Recently, as above mentioned, we demonstrated that gc subunit is also
involved in GHR signaling in B lymphoblastoid cell lines (BCLs) (54).

In this second part of the study, we show trough gc silencing experiments
that the molecule is actively involved in a concentration dependent manner in
self-sufficient growth and GH-induced cell cycle progression of BCLs, its
activation being mediated by STATS5 phosphorylation and nuclear
translocation.

In particular, to define an intrinsic mitogenic property of gc dependent on
the amount of the protein, we used in vitro cellular models containing
different amounts of gc. In particular, BCLs from normal subjects, cells

transduced with lipid vector containing nontargeting short interfering RNA
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(SiRNA), BCLs transduced with siRNA to knockdown gc expression and
BCLs from X-SCID patients were used. Since self sufficiency in growth has
been suggested as one of the six acquired capabilities of cancer phenotype
(55), we examined the abilities of these previously mentioned BCLs to grow
in serum-deficient conditions and showed that gc silencing inhibits self-
sufficient growth. Moreover, since JAK3 is essential for autonomous
proliferation being physically linked to gc, we further investigated the role of
gc in self-sufficient growth, evaluating JAK3 activation. We found that the
reduction of the protein down-regulates constitutively activated JAK3 in
BCLs.

It has been reported that GH enhances BCLs proliferation in vitro (56) and
that gc is functionally linked to GHR (54). Moreover, it has been described
the association between lymphoproliferative events and supra-physiological
doses of GH, both in mice and humans (57). Since growth factors may
participate in autocrine or paracrine loops that affect tumor cells growth or
survival and autocrine production of GH is able to induce cellular
transformation (58), we evaluated the response to GH stimulation of X-SCID
BCLs, control cells and gc-silenced BCLs to assess whether gc amount could
influence GH response. We found that gc silencing also inhibits GH-induced
cell proliferation. In this context, since the activation of JAKs and STATSs
represents a prominent biochemical event during GH-dependent proliferation
of lymphoid cell lines (29, 59-62) and STATS is considered a transforming
agent in lymphoma and other cell types (63), we then evaluated whether gc-
silencing had effect on GH-induced STAT5 subcellular localization. The
result showed that the reduction of gc amount also inhibits STAT5 activation

and the subsequent its nuclear translocation, that follows GHR perturbation.
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This study has been published on The Journal of Immunology, see the

manuscript below.
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The Cellular Amount of the Common y-Chain Influences
Spontaneous or Induced Cell Proliferation’

Stefania Amorosi,* Ilaria Russo,* Giada Amodio,* Corrado Garbi,” Laura Vitiello,™
Loredana Palamaro,* Marsilio Adriani,* Ilaria Vigliano,* and Claudio Pignata®*

Mutations of the IL2RG encoding the common y-chain (y,) lead to the X-linked SCID disease. Gene correction through ex vivo
retroviral transduction restored the immunological impairment in the most of treated patients, although lymphoproliferative
events occurred in five of them. Even though in two cases it was clearly documented an insertional mutagenesis in LMO2, it is
conceivable that y, could have a role per se in malignant lymphoproliferation. The vy, is a shared cytokine receptor subunit,
involved also in growth hormone (GH) receptor signaling. Through short interfering RNA or using X-linked SCID B lympho-
blastoid cell lines lacking y_, we demonstrate that self-sufficient growth was strongly dependent on +y, expression. Furthermore,
a correlation between vy, amount and the extent of constitutive activation of JAK3 was found. The reduction of vy, protein
expression also reduced GH-induced proliferation and STATS nuclear translocation in B lymphoblastoid cell lines. Hence, our
data demonstrate that vy, plays a remarkable role in either spontaneous or GH-induced cell cycle progression depending on the

amount of protein expression, suggesting a potential role as enhancing cofactor in lymphoproliferation. The Journal of Immu-

nology, 2009, 182: 3304-3309.

utations of the /L2RG gene encoding the cytokine re-

ceptor common y-chain (')ac)1 lead to the X-linked

SCID (X-SCID) disease (1. 2). The severity of this
disease makes it a medical emergency. which without any treat-
ment leads to death in the first months of life. Bone marrow trans-
plantation represents in this context the conventional therapeutic
strategy for this form of immunodeficiency. This therapeutic ap-
proach confers to children affected by SCID at least a 70% chance
of cure in the presence of a fully HLA-matched donor. Unfortu-
nately, a fully compatible donor is not always available, thus lim-
iting the successful use of this therapy. Moreover, the use of a not
fully HLA-matched donor increases the immunologic complica-
tions such as graft-vs-host disease associated with a potential long-
term decline in immune cell functions. These difficulties encour-
aged gene therapy trials (3). This strategy using ex vivo retroviral
vectors has been proven as a corrective therapeutic approach for
X-SCID in humans (4-9). Immunological reconstitution has been
documented in 17 of 20 patients enrolled in two distinct clinical stud-
ies (3, 7). Unfortunately, five of these patients developed a lympho-
proliferative disorder (10-12), not observed in gene therapy trials for
SCID due 1o adenosine deaminase deficiency (13). This event was
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attributed to up-regulated expression of the LMO2 oncogene, as a
consequence of insertional mutagenesis (14). However, this event was
clearly documented only in two cases. Even though the other patients
may have the vector integration near LMO?2 or other oncogenes (14},
it is also conceivable that the transgene could have a role per se in cell
cycle progression. In keeping with this hypothesis, overexpression
of vy, transduced through a lentiviral vector into stem cells in a
murine model of X-SCID led to T ¢ell 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 (15). 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 vy, control of cell cycle (16).
These results suggest that insertional mutagenesis may not be
the only cause of leukemogenesis and that the expression level
of IL2RG could influence the cell cycle progression directly or
its effect being mediated by cytokines triggers.

The vy, is a transducing element shared among several IL recep-
tors, whose activity was documented to enhance leukemogenesis
(17), and is part of the intermediate- and high-affinity receptor of
IL-2, that is essential for ligand internalization (18). In turn, this
subunit activates several key signaling molecules such as JAK3, in
which constitutive activation is frequently associated to autono-
mous cell growth and malignant transformation of lymphoid cells
(19, 20). Recently, we demonstrated that . subunit is also in-
volved in growth hormone (GH) receptor (GHR) signaling in B
lymphoblastoid cell lines (BCLs) (21). GH in BCLs obtained from
X-SCID patients was unable to induce cell proliferation and
STATS activation (22). IL2RG gene transduction of X-SCID BCLs
promptly restored these functional and biochemical events, even-
tually resulting in STATS nuclear translocation (21).

In this study, we show through v, silencing experiments that the
molecule is actively involved in a concentration dependent manner
in self-sufficient growth and GH-induced cell cycle progression of
BCLs. its activation being mediated by STATS phosphorylation
and nuclear translocation.
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Materials and Methods

Reagents

Recombinant human GH was obtained from Serono, The ECL kit was
purchased from Amersham Biosciences. The Abs anti-y,, anti-JAK3, anti-
B-actin, anti-histone 3 (H3), anti-phosphotyrosine, anti-STATS were pur-
chased from Santa Cruz Biotechnology. The neutralizing anti-IL-2 and
anti-IL-4R mAbs were purchased from R&D Systems. Acrylamide and
bisacrylamide were obtained from Invitrogen. Prestained molecular mass
standards were obtained from Bio-Rad. The small interfering RNA
(siRNA) duplexes specific for y. and the control nontargeting siRNA were
obtained from Invitrogen. The control nontargeting pool contains nontar-
geting siRNAs with guanine cytosine content comparable to that of the
functional siRNA but lacking specificity for known gene targets. Except
where noted, other reagents were from Sigma-Aldrich.

Cells and cell cultures

Mononuclear cells (PBMC) were obtained from four X-SCID patients and
six normal donors of heparinized peripheral blood by Ficoll-Hypaque (Bio-
chrom) density gradient centrifugation (21). BCLs were generated by EBV
immortalization of patients and control PBMC using standard procedures.
Cells were maintained in RPMI 1640 (Biochrom) supplemented with 10%
FBS (Invitrogen), 2 mM/L 1-glutamine (Invitrogen), and 50 pg/ml genta-
micin (Invitrogen), and cultured at 37°C, 5% CO,. In self-sufficient growth
experiments, BCLs were cultured in DMEM/F12 without FBS and sup-
plemented with 2 mM/L L-glutamine.

In neutralization experiments, BCLs were cultured in 96-well plates,
preincubated with the neutralizing mAbs 202 or 230 at the indicated
concentrations.

siRNA transfection

Preparation of the cells before Lipofectamine 2000 transfection was per-
formed according to the manufacturer’s recommendations. Briefly, for
each transfection 1 > 10° BCLs in 1 ml were treated with 20 pl of 50 uM
siRNAs specific for the y. or equal amount of the control nontargeting
siRNA. The siRNAs were solubilized and formed complexes separately
with the lipid-based transfectant, Lipofectamine 2000. The siRNA-lipo-
fectamine complexes were transfected into the cultured cells in a 24-well
plate and incubated for the time indicated in the text. Throughout the ex-
periments, cell vitality was monitored continuously by trypan blue exclu-
sion assay. Furthermore, 96 h after the transfection, the ce
placed in fresh culture medium and used for further analysis

CFSE labeling

Cell proliferation was measured by the cell surface stain CFSE, BCLs (1 X%
10%) were labeled with 1.7 pM CFSE in PBS just before culturing for the
indicated times using a serum-free medium. After 2 min at room temper-
ature, BCLs were washed in FBS and PBS and cell division accompanied
by CFSE dilution was analyzed on a FACSCalibur flow cytometer using
CellQuest software (BD Biosciences).

[*Hthymidine incorperation assay

Cell number was assessed by counting cells after trypan blue dye exclusion
staining. BCLs were cultured for different time ranging between 6 h and 4
days at a density of 1 X 10° viable cells/200 pl well in triplicate wells
(96-well microtiter plates, Falcon; BD Biosciences). Cultures were pulsed
with 0.5 pCi [*H]thymidine for 8 h (or 6 h in the short-term cultures)
before harvesting and the incorporated radioactivity measured by scintil-
lation counting. Where indicated (see Fig. 5), recombinant GH was added
to the culture at 50 ng/ml. The results are expressed as mean cpm for
triplicate cultures.

Immunoprecipitations and Western blotiing

Following transfection and appropriate recombinant GH stimulation, BCLs
were lysed in 100 pl of lysis solution (20 mM Tris (pH 8), 137 mM NaCl,
1% Nonidet P-40, 10 mM EDTA, 1 mM PMSF, | mM sodium orthovana-
date, 5 pg/ml leupeptin, and 5 pg/ml aprotinin) on ice for 45 min. Protein
concentration was determined by Bio-Rad protein assay. The cell lysates
were stored at —80°C for Western blot analysis. Nuclear extracts were
prepared by the method previously described (21). Proteins were electro-
phoretically separated on 10% Tris glycine SDS-PAGE gels. Proteins were
transferred onto nitrocellulose transfer membranes (Schleicher & Schuell).
Membranes were incubated with the specific primary Abs. Immune com-
plexes were detected using the appropriate anti-rabbit or anti-mouse per-
oxidase-linked Abs., ECL detection system was used for visualization.
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FIGURE 1. The v, silencing by siRNA induced a reduction in protein
amount. A, After 96 h of culture, control BCLs transfected with nontar-
geting siRNA (si control), y, siRNA (si v,), or nontransfected (NT), and
X-SCID BCLs (patient) were lysed and . total amount was measured by
Western blotting. Membranes were incubated as indicated with Abs anti-y,
and anti-B-actin, used as loading control. B, Densitometric analysis of the
above Western blot. Imagel program was used to generate the data.

Equal loading was confirmed after stripping and reprobing with anti-g-
actin or anti-histone 3 Abs.

For immunoprecipitation, lysates were normalized for either protein
content or cell number and precleared with protein G-agarose beads (Am-
ersham Biosciences). The supernatant was incubated with 2 pg/ml anti-
JAKS3 or polyclonal serum, followed by protein G-agarose beads. The im-
munoprecipitates were separated on density gradient gels, followed by
‘Waestern blotting. Proteins were detected using Ab for phosphotyrosine.,

Densitometric analysis was performed on a Windows personal com-
puter, using the public domain Java image processing program Imagel]
(developed at the National Institutes of Health and at (http:/rsb.info.nih.
gov/ijfindex.html). Each signal has been evaluated in comparison with the
control lane 1 and equalized for the loading control, applying the following
formula: (sample lane/control lane)/loading control ratio.

Confocal microscopy

After appropriate stimulation, as indicated, cells were fixed in 4% para-
formaldehyde 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 (21). BCLs were incubated for 1 h at room temperature
with rabbit anti-STATS Ab in PBS containing 1% BSA. After four wash-
ings for 5 min in PBS, the cells were incubarted for 1 h at room temperature
with FITC-conjugated donkey anti-rabbit 1gG (Pierce) in PBS. After wash-
ing 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). At
least 100 cells per condition were analyzed in each experiment to deter-
mine the rate of STATS nuclear translocation.

Results
Common vy, silencing inhibits self-sufficient growth and
down-regulates constitutively activated JAK3 in B cell lines

To define an intrinsic mitogenic property of vy, dependent on the
amount of the protein, we used in vitro cellular models containing
different amounts of .. In particular, BCLs from normal subjects,
cells transduced with lipid vector containing nontargeting siRNA,
BCLs transduced with siRNA to knockdown v, expression and
BCLs from X-SCID patients were used. The transfection efficiency
was tested using fluorescent oligonucleotides under fluorescent mi-
croscope. Levels of vy, were evaluated by Western blotting of
whole cell lysates. The vy, expression was reduced to 50% of the
control in y.-silenced BCLs and completely undetectable in X-
SCID BCLs (Fig. 1A). Densitometric analysis is shown in the his-
togram in Fig. 18,
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FIGURE 2. The y, was involved in self-sufficient growth of BCLs. A,
After 12 hof starvation, BCLs transfected with control nontargeting siRNA
(si control) or y. siRNA (si yc) and X-SCID BCLs (patient) were stained
with 1.7 pM CFSE and cultured in the absence of serum. After 6 h, cells
were harvested and cell proliferation was assessed using cytofluorimetry
for CFSE intensity. CFSE dilution profiles are shown. Histograms show on
gated cells the number of events (v-axis) and the fluorescence intensity
(x-axis) 6 h following the start of the culture. Dashed lines represent the
start of the culture. B. Mean fluorescence intensity (MFI) of gated CFSE-
positive cells maintained in the same conditions as described in A.

Because self sufficiency in growth has been suggested as one of
the six acquired capabilities of cancer phenotype (23). we exam-
ined the abilities of these previously mentioned BCLs to grow in
serum-deficient conditions, upon trypan blue exclusion assay. We
labeled BCLs, after 12 h of starvation, with CFSE, a dye that
allows proliferative history to be visualized, and assessed the
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FIGURE 3. The vy, protein depletion had effect on spontaneous cell pro-
liferation and on activated JAK3 levels. A, BCLs transfected with control
nontargeting siRNA (si control) or -y, siRNA (si ye) and X-SCID BCLs
(patient) were tested for their ability to proliferate in serum-free medium.
Cultures were maintained in serum-free medium for 4 days and pulsed with
[*H]thymidine for the final & h. Radioactive incorporation was counted.
Error bar indicates 1 SD. B, Unstimulated BCLs, after 12 h of starvation,
were immunoprecipitated with anti-JAK3 Ab and tested in Western blot
with anti-phosphotyrosine mAb. Equivalent loading was controlled by
reprobing the membrane with JAK3 Ab. Nontransfected (NT) BCLs
were also tested. C, Control BCLs, transfected with nontargeting siRNA
(si control) and v, siRNA (si yc), were lysed and v, total amount was
measured by Western blotting. D, Densitometric analysis of Western
blot shown in B.
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FIGURE 4, The y_activating cytokines did not affect self-sufficient
growth of BCLs. A, Control BCLs were treated with the indicated concen-
tration of Anti-human IL-2, were stained with 1.7 pM CFSE and cultured
in the absence of serum. After 6 h, cells were harvested and cell pro]ifcr—
ation was assessed using cytofluorimetry for CFSE intensity. B, Control
BCLs were treated with the indicated concentration of anti-human IL-4R

and analyzed as described in A. The percentage of cells that divided is
shown. Error bar indicates 1 SD.

CFSE dilution profile at different time points ranging between 6 h
and 7 days to establish the rate of spontancous cell proliferation
(data not shown). Informative data on differences between previ-
ously described BCLs were appreciable as soon as 6 h from the
start of the culture, presumably because of the high proliferation
rate of BCLs as compared with normal mononuclear cells. At this
time, only 14% of control cells retained the dye, indicating a high
proliferation rate, compared with 26% of y_-silenced cells and to
50% of X-SCID BCLs (Fig. 24). In addition, the final mean flu-
orescence intensity, reflecting CFSE-derived fluorescence per cell,
were 1378 units in control, 1825 in y.-silenced, and 2866 in X-
SCID, thus confirming that only in control cells a substantial dye
dilution occurred (Fig. 2B).

We then cultured viable cells for 4 days in a serum free medium
and 0.5 uCi of [*H]thymidine were added 8 h before harvesting.
y.-silencing reduced cell proliferation of unstimulated BCLs by
69% as compared with control cells. In X-SCID BCLs the extent
of the reduction was higher corresponding to 97% of control BCLs
(Fig. 3A). These data were, therefore, in keeping with the results of
CFSE experiments. Moreover, to prove that the effect observed in
the CFSE experiments in the 6 h cultures were really indicative of
cell proliferation, several time-course experiments with both tech-
niques were performed at the beginning of the study. These data
indicate that the proliferation rate of these cells is comparable us-
ing the two methods in the first 12 h (see supplemental materials
S1 and §2).% indicating that the CFSE dilution reflects a real cell
division. Furthermore, the addition of mitomycin prevents staining
dilution, providing further evidence that CFSE signals reflect a real
cell division. In particular, after 6 h of culwure 12, 31, and 59% of
the control, silenced or SCID patient cells, respectively, retained
the dye as compared with the 100% of stained cells at the begin-
ning of the culture (see supplemental material $3).*

Because JAK3 is essential for autonomous proliferation being
physically linked to ., we further investigated the role of vy, in
self-sufficient growth, evaluating JAK3 activation. Of note, JAK3
proteins are constitutively phosphorylated in EBV-immortalized B
cells and other malignant cells (24). Thus, we evaluated the effect
of different amount of vy, on the levels of constitutively phosphor-
ylated JAK3 protein (phospho-JAK3). After 12 h of serum-free

""The online version of this article contains supplemental material.
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FIGURE 5, Silencing of vy, inhibited GH-induced proliferation. Cell
proliferation of BCLs transfected with control nontargeting siRNA (si con-
trol) or . siRNA (si yc) or nontransfected (NT) stimulared with recom-
binant GH (50 ng/ml) was evaluated through [*H]thymidine incorporation
assay. Error bar indicates 1 SD,

culture, whole cell lysates were immunoprecipitated with anti-
JAK3 Ab and the obtained membranes were immunoblotted with
anti-phosphotyrosine mAb. A higher constitutive activation of
JAK3 was found in control BCLs, whereas a decrease in phospho-
JAK3 levels was observed in y.-silenced and in X-SCID BCLs,
despite a comparable amount of the whole protein (Fig. 38). The
amount of pJAK3 paralleled the amount of .. shown in Fig. 3C.
The densitometric analysis of phospho-JAK3 equalized for total
JAK3 is shown in a histogram in Fig. 3D.

Evidence is available that y.-dependent cytokines, as IL-2 and
IL-4, may be secreted in EBV-infected B cells (25-27). Thus, to
define whether the mitogenic effect of . was independent or de-
pendent from receptor engagement of these endogenous -y -acti-
vating cytokines, we used neutralizing mAbs anti-IL-2 or anti-
IL-4R in the CFSE-based proliferative assay. As shown in the Fig.
4, the neutralizing mAbs did not reduce at any concentration spon-
taneous cell proliferation.

The vy, silencing inhibits GH-induced cell proliferation and
subsequent STATS activarion

It has been reported that GH enhances BCLs proliferation in vitro
(28) and that +y, is functionally linked to GHR (21). Moreover, it
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has been described the association between lymphoproliferative
events and supraphysiological doses of GH. both in mice and hu-
mans (29).

Because growth factors may participate in autocrine or paracrine
loops that affect tumor cells growth or survival and autocrine pro-
duction of GH is able to induce cellular transformation (30), we
evaluated the response to GH stimulation of X-SCID BCLs, con-
trol cells and +y.-silenced BCLs to assess whether vy, amount could
influence GH response. Recombinant GH at a concentration of 50
ng/ml enhanced proliferation of control BCLs. In vy -silenced or
X-SCID BCLs, recombinant GH induced proliferation at a much
lower extent, corresponding to 28% and 5% of the control, respec-
tively (Fig. 5).

Because the activation of JAKs and STATSs represents a prom-
inent biochemical event during GH-dependent proliferation of
lymphoid cell lines (31-35) and STATS is considered a transform-
ing agent in lymphoma and other cell types (36). we then evaluated
whether y-silencing had effect on GH-induced STATS subcellular
localization. Nuclear and cytoplasmic extracts from BCLs, un-
stimulated or treated with 500 ng/ml recombinant GH, were eval-
uated by immunoblot for the overall amount of STATS. Recom-
binant GH induced a rapid decrease of the eytoplasmic amount of
STATS in control BCLs and in BCLs treated with control nontar-
geting siRNA, differently from vy, -silenced BCLs, in which no ef-
fect on the protein amount was observed (Fig. 64). This finding
was inversely correlated with the amount of the nuclear form of the
molecule. In fact, in control BCLs and in BCLs treated with con-
trol siRNA, an increase of nuclear STATS5 amount was observed
after recombinant GH stimulation, differently from what observed
in y.-silenced BCLs, in which no change was observed (Fig. 6C).
These data, representative of different experiments, reflect a real
subcellular redistribution of the molecule in that no difference in
the cytoplasmic B-actin and nuclear histone H3 expression was
observed. The densitometric analysis normalized for the house-
keeping molecules is shown in Fig. 6, B and D.

Furthermore, we looked at STATS subcellular localization using
confocal microscopy. In control unstimulated BCLs, only 10% of
cells showed a nuclear localization of STATS, being the protein
mainly concentrated in the cytoplasm. GHR perturbation through
recombinant GH stimulation at a concentration of 500 ng/ml

si
A NT control si ye C NT control st ye
FIGURE 6. Silencing of v, influenced -+ + - + GH -+ - + - + GH
STATS nuclear translocation in B cell lines,
Cells from BCLs transfected with control STATS -—-ﬂ.. STATS o e - — -

nontargeting siRNA (si control) or y, siRNA
(si ye) and X-SCID BCLs (patient) were an-
alyzed for subcellular localization of
STATS. Cells were stimulated with 500
ng/ml recombinant GH for 30 min. A, Cyto-

plasmic amount of STATS. Equivalent load- 2
ing was controlled by reprobing the mem-
brane with B-actin. C, Nuclear fraction of
STATS. Equivalent loading was controlled
by reprobing the membrane with histone H3. 1

B and D, Densitometric analysis of the West-
ern blots from BCLs in A and C. E, Control
BCLs, transfected with nontargeting siRNA
(si control) and y, SIRNA (si yc), were lysed 0
and v, total amount was measured by West-
ern blotting.
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FIGURE 7. The v, silencing impairs recombinant GH-induced STATS
subcellular redistribution. A, Evaluation of STATS subcellular localization
through confocal microscopy. Control or y.-silenced BCLs (si yc) were
cultured in the absence or presence of 500 ng/ml recombinant GH for 30
min. Arrows indicate exemplificative cells with nuclear STATS staining.
Nucleoli are not stained. B, The percentage of STATS nuclear translocation
is shown, These data represent an analysis of independent observations,

induced STATS nuclear localization in the 70% of cells. Dif-
ferently, recombinant GH stimulation of vy, -silenced BCLs had
negligible effects on nuclear STATS migration, resulting in a
5% increase of positively stained cells as compared with un-
stimulated cells (Fig. 7).

Discussion

Our results indicate that silencing of vy, induces a substantial de-
crease of protein amount in BCLs, that allowed us to demonstrate
a direct involvement of vy, in self-sufficient growth of BCLs in a
concentration dependent manner. Moreover, we documented that
the amount of 7y, also influences the response of BCLs to GH-
induced proliferation and STATS subcellular redistribution that
follows GHR perturbation. These data add new evidence for a
possible intrinsic mitogenic role of <. related to its cellular
amount. This biologic effect could be either direct. thus related to
the molecule per se. or indirect and mediated by the participation
to cytokine-receptors signaling.

The intrinsic property of v, in cell cycle progression has been
long debated. In fact, although gene therapy trials have been
proved as a beneficial alternative approach to cure X-SCID pa-
tients carrying mutations of 7y.. a malignant lymphoproliferation
occurred in 5 of 20 patients enrolled into the trials, alarming the
scientific community (3). To explain these adverse events, studies
were conducted to define whether the retroviral insertional mu-
tagenesis could have played a role. In two cases, an aberrant tran-
scription and expression of LMO2 was clearly documented (14).
However, for the remaining patients there isn’t any evident dem-
onstration of LMO2 alteration due to random insertions that could
be causative in transformation. An in vivo expansion of cell clones
has also been documented in other gene therapy trials. Two pa-
tients treated with gene therapy for X-linked chronic granuloma-
tous discase developed myeloid proliferation. Of note, in these
cases cell clones didn’t exhibit any self-renewal capacity. This
observation would imply that there is no evidence of continued
abnormal growth of clones containing insertionally activated
growth-promoting genes (37). Of note, development of leukemia,
similar to other cancers. requires multiple genetic changes caused
by a diverse group of genes that inhibit apoptosis or provide
growth advantage to the leukemic cells (38). In this study, we
demonstrate that vy, exerts a role in cell cycle progression in a
strictly concentration dependent manner. We, also, found that the
amount of constitutively activated JAK3 parallels the extent of y,.
expression. This finding is intriguing, in that constitutively active
or hyperactive JAK proteins have crucial roles in hematopoietic
malignancies, by promoting oncogenic transformation and uncon-

trolled blood cell production (17). In particular, JAK overexpres-
sion can be considered as one of the main biologic events leading
to the constitutive activation of the JAK-STAT pathway, that con-
tributes to oncogenesis (20). In lymphoid cells, the involvement of
the JAK/STAT pathway in several cellular processes, such as pro-
liferation and protection from apoptosis, has also been well doc-
umented (39, 40). Moreover, the role of JAK3 in cell destiny is
emphasized by the finding that JAK3 mutations cause a SCID
phenotype, thus implying its role in lymphoid development (41).
JAK3 has also the capacity to activate DNA synthesis and pro-
tooncogenes, such as c-myc and c-fos (42).

In this study, we also observed that the participation of vy, in
GHR signaling apparatus and, in particular, in GH-induced STATS
activation and nuclear translocation was also dependent on the
extent of its molecular expression. Thus, the concentration-depen-
dent mitogenic effect of .. could be favored by the participation of
ye in GHR signaling. Of note, it should be mentioned that exper-
imental studies document a role for GH in the initiation or pro-
motion of tumorigenesis, raising the possibility that patients
treated with GH might be at increased risk of cancer (29). More-
over, a putative role of GH as a cofactor in tumor growth is plau-
sible because several carcinomas express GHR (43). In animal
models, GH increase the incidence of leukemia and solid tumors,
and in humans, at supraphysiological doses, it can promote lym-
phoproliferative events (44).

Our data would imply that the expression levels of . in hema-
topoietic cells are crucial for the maintenance of cell growth con-
trol. Whether our data may have direct implications in the under-
standing of the pathogenesis of the lymphoproliferative cevents
occurring during gene therapy trials for X-SCID remains to be
clarified. Even though. under ordinary conditions, v, is expressed
at a normal extent in cells, transduced with retroviral vectors con-
taining wild-type v,. our data indicate that altering the expression
levels of the protein could be important in moditying cell cycle
control mechanisms. Our findings are in keeping with a recent
study, which demonstrates that in X-SCID murine model. T cell
lymphomas and thymic hyperplasia occur in a third of the cases
treated with lentiviral vectors containing wild-type vy, (15). This
event was independent from common integration sites and, thus,
not attributable to insertional mutagenesis, but rather to an intrinsic
oncogenic property of the transgene and, presumably, to the over-
expression of the molecule (15). Furthermore, by searching in
Mouse Retroviral Tagged Cancer Gene Database, integration in
112rg has been found in two cases of retrovirally induced leuke-
mias (45).

In conclusion. our data demonstrate a direct relationship be-
tween the amount of . expression and its role in cell cycle pro-
gression. Therefore, because results of gene therapy trials for X-
SCID have been very promising, to achieve safer results, the
madulation of the transgene expression could help reduce the risk
of undesirable events.

Acknowledgment

We thank Dr. Fabio Candotti, from the Genetics and Molecular Biology
Branch. National Human Genome Research Institute, National Institutes of
Health, Bethesda, MD, for his help in providing B cell lines from X-SCID
patients.

Disclosures
The authors have no financial conflict of interest.

References

1. Leonard, W. J. 1996. The molecular basis of X-linked severe combined immu-
nodeficiency: defective cytokine receptor signaling. Annu. Rev. Med. 47
229-239,

41



The Journal of Immunology

2. Notarangelo, L. D.. S. Giliani. C. Mazza. P. Mella. G. Savoldi.
C. Rodriguez-Perez, E. Mazzolari, M. Fiorini, M. Duse, A. Plebani, et al. 2000
Of genes and phenotypes: the immunological and molecular spectrum of com-
bined immune deficiency: defects of the ¥-JAK3 signaling pathway as a model.
fmmunol. Rev. 178: 3948,
Cavazzana-Calvo. M., F. Carlier. F. Le Deist, E. Morillon. P. Taupin. D. Gautier.
I. Radford-Weiss, S. Caillat-Zucman, B. Neven. S. Blanche, et al. 2007. Long-
term T-cell reconstitution after hematopoietic stem-cell transplantation in primary
T-cell-immunodeficient patients is associated with myeloid chimerism and pos-
sibly the primary disease phenotype. Blood 109: 4575-4581.
Avilés Mendoza, G. J., N. E. Seidel, M. Otsu, S. M. Anderson, K. Simon-Stoos,
A. Herrera, S. Hoogstraten-Miller, H. L. Malech. F. Candott, I. M. Puck, and
D. M. Bodine. 2001. Comparison of five retrovirus vectors containing the human
IL-2 receptor -y chain gene for their ability to restore T and B lymphocytes in the
X-linked severe combined immunodeficiency mouse model. Mol Ther. 3:
565-573.
. An, D. S, S, K. Kung, A, Bonifacino, R. P. Wersto, M. E. Metzger,
B. A. Agricola, S. H. Mao. I 8. Chen. and R. E. Donahue. 2001. Lentivirus
vector-mediated hematopoietic stem cell gene transfer of common y-chain cyto-

bl

=

wh

il

Cavazzana-Calvo, M., S. Hacein-Bey, G. De Saint Basile, F. Gross, E. Yvon,
P. Nusbaum, F. Selz. C. Hue, S. Certain, J. L. Casanova, et al. 2000. Gene therapy
of human severe combined immunodeficiency (SCID)-X1 disease. Science 288:
669-672.

Gaspar, H. B.. K. L. Parsley. S. Howe. D. King. K. C. Gilmour, J. Sinclair,
G. Brouns, M. Schmidt, C. Von Kalle, T. Barington, et al. 2004, Gene therapy of
X-linked severe combined immunodeficiency by use of a pseudotyped gamma-
retroviral vector. Lancer 364: 2181-2187.

Schmidt, M., S, Hacein-Bey-Abina, M. Wissler, F. Carlier, A, Lim, C. Prinz,
H. Glimm, L. Andre-Schmuiz. C. Hue. A. Garrigue. et al. 2005. Clonal evidence
for the transduction of CD34 " cells with lymphomyeloid differentiation potential
and self-renewal capacity in the SCID-XI gene therapy trial. Blood 105
2699-2706.

Hacein-Bey-Abina, S., F. Le Deist. F. Carlier. C. Bouneaud,
1. P De Villartay, A. J. Thrasher, N. Wulffraat, R. Sorensen, S, Dup

~

&

b

et al. 2002, Sustained correction of X-linked severe combined immunodeficiency
by ex vivo gene therapy. N. Engl J. Med. 346: 1185-1193.

10, Marshall, E. 2003. Gene therapy: second child in French trial is found to have
leukemia. Science 299: 320.

11. Check, E. 2005. Gene therapy put on hold as third child develops cancer. Nature
433 561,

. Ferrari, and U. Griesenbach. 2007. Progress and prospects: gene

ical trials (part 1). Gene Therapy 14: 1439-1447.

13, Aiuti, A, 8. Slavin, M. Aker, F. Ficara, S. Deola, A. Mortellaro, S. Morecki,
G. Andolfi. A. Tabucchi, F. Carlucci. et al. 2002. Correction of ADA-SCID by
stem cell gene therapy combined with nonmyeloablative conditioning. Science
296: 24102413,

14. Hacein-Bey-Abina, 8., C. Von Kalle. M. Schmidt, M. P. McCormack.
N. Wulffraat, P. Leboulch, A. Lim, C. 8. Osborne, R. Pawliuk, E. Morillon, et al.
2003, LMOZ2-associated clonal T cell proliferation in two patients after gene
therapy for SCID-X1. Secience 302: 415-419.

15. Woods. N. B.. V. Bottero. M. Schmidt. C. von Kalle, and . M. Verma. 2006.
Therapeutic gene causing lymphoma. Natire 440: 1123,

16. Pike-Overzet, K., M. van der Burg. G. Wagemaker. J. J. van Dongen. and
F. I. Staal. 2007. New insights and unresclved issues regarding insertional mu-
tagenesis in X-linked SCID gene therapy. Mol Ther 15: 1910-1916.

17. Kohn. D. B.. M. Sadelain. and I. C. Glorioso. 2003. Occurrence of leukaemia
following gene therapy of X-linked SCID. Nar. Rev. Cancer 3: 477488,

18 Schumann, R. R, T. Nakarai, H. J. Gruss, M. A Brach, U. von Arnim,
C. Kirschning. L. Karawajew. W. D. Ludwig. J. C. Renauld. J. Ritz. and
F. Herrmann. 1996. Transcript synthesis and surface expression of the interleu-
kin-2 receptor {a-, B-, and y-chain) by normal and malignant myeloid cells.
Biood 87: 2419-2427.

19. Knoops, L., and I. C. Renauld. 2004. IL-9 and its receptor: from signal trans-
duction to wmorigenesis. Growrh Facrors 22: 207-215,

20. Knoops. L.. T. Hornakova. Y. Royer. S. N. Constantinescu. and J. C. Renauld.
2008, JAK kinases overexpression promotes in vitro cell transformation. Onco-
gene 27: 1511-1519.

21. Adriani, M., C. Garbi, G. Amodio, 1. Russo, M. Giovannini, S. Amorosi,
E. Matrecano, E. Cosentini, F. Candotti, and C. Pignata. 2006, Functional inter-
action of common y chain and growth hormone receplor signaling apparatus.
J. Immiunol. 177 6889—6895

22, Ursini, M. V., L. Gaetaniello, R. Ambrosio, E. Matrecano, A. 1. Apicella,
M. C. Salerno, and C. Pignata. 2002. Atypical X-linked SCID phenotype asso-

[
o

41.

42

hs]

43

pre}

. Kindler, V., T. Matthes, P. Jeannin, and R. H. Zubler. 1995. Interle

. lohansson-Lindbom,

. Dave, U,

3309

ciated with growth hormone hyporesponsiveness. Clin. Exp. Tmmunol. 129:
502-509.

. Hanahan, D.. and R. A. Weinberg. 2000. The halimarks of cancer. Cell 100:

57-70

. Murata, T, and R K. Puri, 1997, Comparison of IL-13- and IL-d-induced sig-

naling in EBV-immortalized human B cells. Cell. Imniunol. 175: 3340,

25. Tang. H.. T. Matthes, N. Carballido-Perrig. R. H. Zubler, and V. Kindler. 1993.

Differential induction of T cell cytokine mRNA in Epstein-Barr virus-trans-
formed B cell clones: constitutive and inducible expression of interleukin-4
mRNA. Eur. J. Inmunol. 23: 899903

2 secre-
tion by human B lymphocytes occurs as a late event and requires additional
stimulation after CD40 cross-linking. Eur. J. Inpnunol. 25: 12391243,

B., and C. A. K. Borrebaeck. 2002, Germinal center B cells
constitute a predominant physiological source of IL-4: implication for Th2 de-
velopment in vivo. J fmmunel. 168: 3165-3172.

. Kimata, H.. and A. Yoshida. 1994, Effect of growth hormone and insulin-like

growth factor-I on immunoglobulin production by and growth of human B cells.
J. Clin. Endocrinol. Merab. 78: 635-641.

. Swerdlow, A, J. 2006, Does growth hormaone therapy increase the risk of cancer?

Nat. Clin. Pract. Endocrinol. Metab. 2

0-531.

. Waters, M. I, and B. L. Conway-Campbell. 2004. The oncogenic potential of

autocring human growth hormone in breast cancer. Proc. Nail Acad. Sci. USA
101: 14992-14993.

. Bowman, T.. R. Garcia, J. Turkson, and R. Jove. 2000. STATs in oncogenesis.

Oncogene 19: 24742488,

. Wang, Y. D., and W. 1. Wood. 1995. Amino acids of the human growth hormone

receptor that are required for proliferation and Jak-STAT signaling. Mol Endo-
crinal. 9: 303-311.

. Battle, T. E.. and D. A. Frank. 2002. The role of STATs in apoptasis. Curr. Mol.

Med. 2: 381-392,

. Calu. V.. M. Migliavacca, V. Bazan. M. Macaluso, M. Buscemi. N. Gebbia, and

A, Russo. 2003. STAT proteins: from normal control of cellular events to tu-
morigenesis. J. Cell Physiol. 197: 157-168.

. Lin, T.S.. S. Mahajan, and D. A, Frank. 2000, STAT signaling in the pathogen-

esis and treatment of leukemias. Oncogene 19: 2496-2504.

Conway-Campbell, B. L.. I. W. Wooh, A. I. Brooks, D. Gordon, R. L. Brown,
A. M. Lichanska, H. S. Chin, C. L. Barton, G. M. Boyle, P. G. Parsons, et al.
2007. Nuclear targeting of the growth hormone receptor results in dysregulation
of cell proliferadon and wmorigenesis. Proc. Narl. Acad. Sei. USA 104:
13331-13

. Ou, M. G., M. Schmidt, K. Schwarzwaelder, S. Stein, U. Siler, U. Koehl,

H. Glimm, K. Kuhlcke, A. Schilz, H. Kunkel, etal. 2006, Correction of X-linked
chronic granulomatous disease by gene therapy. augmented by insertional acti-
vation of MDSI-EVII. PRDM16 or SETBP1. Nar. Med. 12: 401-409

. Davenport. J.. G. A. M. Neale. and R. Goorha. 2000. Identification of genes

potentially involved in  LMOZ-induced leukemogenesis. Leukemia  14:
1986-1996.

. Gires, O, F. Kohlhuber, E. Kilger, M. Baumann, A. Kieser, C. Kaiser, R, Zeidler,

B. Scheffer, M. Ueffing. and W. Hammerschmidt. 1999. Latent membrane protein
1 of Epstein-Barr virus interacts with JAK3 and activates STAT proteins, EMBO
J. 18: 30643073,

Catlett-Falcone, R., T. H. Landowski. M. M. Oshiro, J. Turkson, A. Levitzki,
R. Savino. C. Ciliberto. L. Moscinski. J. L. Fernandez-Luna, G. Nunez. et al.
1999. Constitutive activation of Stat3 signaling confers resistance to apoptosis in
human U266 myeloma cells. Immunity 102 105-115.

Macchi, P., A. Villa, S. Giliani, M. G. Sacco, A. Frattini, F. Porta, A. G. Ugazio,
1. A Johnsion, F. Candotti, J. 1. 0'Shea. et al. 1995 Mutation of Jak-3 gene in
patients with autosomal severe combined immune deficiency (SCID). Nafure
377: 65-68.

Kawahara, A., Y. Minami, T. Miyazaki, 1. N. Ihle, and T. Taniguchi. 1995.
Critical role of the interleukin 2 (IL-2) receptor y-chain-associated Jak3 in the
IL-2-induced c-fos and c-miye, but not bel-2. gene induction. Proc. Nail. Acad.
Sci. USA 92: 87248728
Cabanas, P.. T. Garcia-Caballero, J. Barreiro, L. Castro-Feijoo. R. Gallego,
T. Arévalo. R. Canete, and M. Pombo. 2005. Papillary thyroid carcinoma after
recombinant GH therapy for Turner syndrome. Eur. J. Endocrinel. 153:
499-502.

Ogilvy-Stuart, A. L., and H. Gleeson. 2004. Cancer risk following growth hor-
mone use in childhood: implications for current practice. Drug Saf. 27: 369-382.
N. A. Jenkins, and N. G. Copeland. 2004. Gene therapy insertional
mutagenesis insights, Science 303: 333,

42



Conclusive remarks

These data add new evidence for a possible intrinsic mitogenic role of gc
related to its cellular amount. This biologic effect could be either direct, thus
related to the molecule per se, or indirect and mediated by the participation to
cytokine-receptors signaling.

The intrinsic property of gc in cell cycle progression has been long
debated. In fact, although gene therapy trials have been proved as a beneficial
alternative approach to cure X-SCID patients carrying mutations of gc, a
malignant lymphoproliferation occurred in 5 out of 20 patients enrolled into
the trials, alarming the scientific community (37). To explain these adverse
events, studies were conducted to define whether the retroviral insertional
mutagenesis could have played a role. In 2 cases an aberrant transcription and
expression of LMO2 was clearly documented (48). However, for the
remaining patients there isn’t any evident demonstration of LMO?2 alteration
due to random insertions that could be causative in transformation. Anin vivo
expansion of cell clones has also been documented in other gene therapy
trials. Two patients treated with gene therapy for X-linked chronic
granulomatous disease developed myeloid proliferation. Of note, in these
cases cell clones didn’t exhibit any self-renewal capacity. This would imply
that there is no evidence of continued abnormal growth of clones containing
insertionally activated growth-promoting genes (64). Of note, development of
leukemia, similar to other cancers, requires multiple genetic changes caused
by a diverse group of genes that inhibit apoptosis and/or provide growth
advantage to the leukemic cells (65). Here, we demonstrate that gc exerts a

role in cell cycle progression in a strictly concentration dependent manner.
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We, also, found that the amount of constitutively activated JAK3 parallels the
extent of gcexpression. This finding is intriguing, in that constitutively active
or hyperactive JAK proteins have crucial roles in hematopoietic malignancies,
by promoting oncogenic transformation and uncontrolled blood cell
production (51). In particular, JAK overexpression can be considered as one
of the main biologic events leading to the constitutive activation of the JAK-
STAT pathway, that contributes to oncogenesis (53). 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
(66-67). Moreover, the role of JAK3 in cell destiny is emphasized by the
finding that JAK3 mutations cause a SCID phenotype, thus implying its role
in lymphoid development (68). JAKS has also the capacity to activate DNA
synthesis and protooncogenes, such as c-myc and c-fos (69).

In this study, we also observed that the participation of gc in GHR
signaling apparatus and, in particular, in GH-induced STAT5 activation and
nuclear translocation was also dependent on the extent of its molecular
expression. Thus, the concentration-dependent mitogenic effect of gc could
be favoured by the participation of gc in GHR signaling. 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 (57). Moreover, a putative role
of GH as a cofactor in tumor growth is plausible, since several carcinomas
express GHR (70). In animal models, GH increase the incidence of leukemia
and solid tumors, and in humans, at supraphysiological doses, it can promote

lymphoproliferative events (71).
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Our data would imply that the expression levels of gc in hematopoietic
cells are crucial for the maintenance of cell growth control. Whether our data
may have direct implications in the understanding of the pathogenesis of the
lymphoproliferative events occurring during gene therapy trials for X-SCID
remains to be clarified. Even though, under ordinary conditions, gc is
expressed at a normal extent in cells, transduced with retroviral vectors
containing wild-type gc, our data indicate that altering the expression levels of
the protein could be important in modifying cell cycle control mechanisms.
Our findings are in keeping with a recent study, which demonstrates that in X-
SCID murine model, T-cell lymphomas and thymic hyperplasia occurr in a
third of the cases treated with lentiviral vectors containing wild-type gc (49).
This event was independent from common integration sites and, thus, not
attributable to insertional mutagenesis, but rather to an intrinsic oncogenic
property of the transgene and, presumably, to the overexpression of the
molecule (49). Furthermore, by searching in Mouse Retroviral Tagged
Cancer Gene Database, integration in I12rg has been found in 2 cases of
retrovirally induced leukemia (72).

In conclusion, our data demonstrate a direct relationship between the
amount of gc expression and its role in cell cycle progression. Therefore,
since results of gene therapy trials for X-SCID have been very promising, to
achieve safer results, the modulation of the transgene expression could help

reduce the risk of undesirable events.
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CHAPTER 2

The Nude/SCID phenotype

In 1966, S.P. Flanagan identified a new mouse phenotype that spontaneously
appeared in the Virus Laboratory of Ruchill Hospital, Glasgow, UK,
characterized by loss of the hair. This mouse showed an abnormal
keratinization in hair fibers, with follicular infundibulum unable to enter the
epidermis (1). These affected mice also showed an inborn dysgenesis of the
thymus resulting in a compromised immune system lacking T cells (1).

Subsequently, the molecular nature of the nude defect was characterized
and attributed to a genetic alteration of the transcription factor Forkhead box
(Fox) Foxnl (also called Whn or Hfh11), mainly expressed in thymus and
skin (2-4). In addition, spontaneous mutations in the Foxn1 gene also occur in
rats (4). The rat “‘Whn’ locus is located on chromosome 10, and homozygous
nude rats are phenotypically comparable to nude mice (5). The analysis of the
genomic sequence of the nude mouse revealed the presence of a single base-
pair deletion in exon 3, absent in the wildtype allele. This deletion led to a
frameshift that resulted in an aberrant protein prematurely terminating in exon
6 and the loss of the postulated DNA-binding domain.

To verify that mutations of the identified gene were responsible for the
nude phenotype Su et al. generated a Foxnl allele, termed Foxnl-delta, that
encoded a transcript lacking exon 3, resulting in a 154-amino acid deletion
from the 285-residue N terminus of the protein (6). Mice homozygous for this
allele showed abnormal thymic architecture, lacking cortical and medullary
domains. In contrast to thymi from nude mice lacking Foxnl, thymi from

mice homozygous for Foxnl-delta promoted T-cell development but with
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specific defects at both the double-negative and double-positive stages. Su et
al. concluded that initiation and progression of thymic epithelial cell (TEC)
differentiation were genetically separable functions of FOXN1 and that the N-
terminal domain is required for cross-talk-dependent TEC differentiation.

The mouse nude mutation led to an abnormal development of the skin and
thymus (1, 7) and a severe alteration of the nails (8). Later studies
demonstrated that both defects, as lack of fur development and agenesis of the
thymus, are pleiotropic effects of the same gene (9-10). In particular, the skin
of the nude mouse contains the same number of hair follicles as a wild type
control, but these follicles result in an uncomplete hair, that could not enter
skin surface (1, 8). Flanagan analyzed carefully nude mouse skin and
observed that at birth the hair follicles were normal, but by 6 days after birth
the hair started to twist and coil, failing to penetrate the epidermis (1). This
hairless condition could be reverted by oral administration of cyclosporine A
or recombinant keratinocyte growth factor (KGF or FGF-7), that influence the
number of hair follicles or the cyclic hair growth (11). Furthermore, the nude
mouse epidermis shows failure in differentiation and a reduced number of
tonofilaments are observed in spinous, granular and basal layers (8). The
nude Foxnl gene doesn’t affect the growth of hair follicles, but the epidermal
differentiation process, regulating the balance between proliferation and
differentiation of keratinocytes in the hair follicle (12-13).

In addition to these cutaneous abnormalities, nude animals develop an
abnormal thymus, resulting in a severe T-cell deficiency and an overall
severely impaired immune system. In fact, thymus morphogenesis is stopped
at the first stages with no subcapsular, cortical, and medullary regions

formation, which characterizes a normal mature organ (10). In addition, the
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observation that thymus restoration doesn’t lead to hair growth demonstrated
that the lack of the hair and the athymia were not related one with each other
(9-10).

Furthermore, nude phenotype is characterized by nail malformations and
poor fertility. The first condition is, probably, due to an abnormal production
of filaggrin protein in nail matrix and nail plate, subsequent to a loss of
Keratin 1 protein. Instead, the second condition may be the result of changes
in hormonal status, as demonstrated by altered serum levels of estradiol,
progesterone and thyroxine (8).

In nude mice the thymic agenesis is congenital and it closely resembles
thymic agenesis of newborns affected with DiGeorge syndrome (11).
DiGeorge syndrome occurs spontaneously and children with this syndrome
are characterized by thymic hypoplasia or aplasia. Unlike the association of
hairlessness in the nude mouse, DiGeorge syndrome was found to be often
associated to neonatal tetany and major anomalies of great vessels. These
latter defects, 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 emerged. Children with the DiGeorge
syndrome also manifest lymphopenia, reduced number of T cells, poorly
responsive to common mitogens (14). These similarities led to an erroneous
interpretation of DiGeorge syndrome as the human counterpart of nude mouse
phenotype for many years until the first description of the human equivalent
of the Nude/SCID phenotype, which represents the real athymic human

model.
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8§21 Novel immunodeficiencies: the model of the human

Nude/SCID phenotype

More than 30 years from the original description of spontaneous murine
disease, the first human equivalent of the Nude/SCID phenotype was
described in 1996. The identification of the human counterpart of nude mouse
phenotype began with identification of two sisters, whose clinical phenotype
was characterized by congenital alopecia, eyebrows, eyelashes, nail dystrophy
and a several T-cell immunodeficiencies, inherited as an autosomal-recessive
disorder (15). The T-cell defect was characterized by severe functional
impairment, as shown by the lack of proliferative response. The functional
abnormality occurred in spite of the presence of a few phenotypically mature
T cells, thus suggesting the qualitative nature of the defect (15). Since
alopecia and nail dystrophy are also found in other syndromes, such as
dyskeratosis congenita (DC) (16-17), other signs of this disease were
investigated.  Differently from DC, major signs, such as abnormal
pigmentation of the skin and mucosal leucoplakia, were lacking in
Nude/SCID and the immunological abnormalities were different from those
reported in patients with DC in both severity of clinical course and type of
alterations (18-19). Moreover, both patients showed alopecia at birth and in
one sib it still persisted after bone marrow transplantation, thus ruling out that
it was secondary to acquired skin damage. This finding suggested that the
alopecia in this patient was primitive in nature (20). Furthermore, these
features were similar to those reported in athymic mice, that completely lack
body hair and in which restoration of a thymus did not lead to hair growth

(21). Taken together, these observations suggested an association between
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alopecia and the immunodeficiency reported in the 2 sisters, linked to a single
gene defect (15).

In humans, “FOXNL1” is located on chromosome 17 (22) and it encodes a
transcription factor mainly expressed in the epithelial cells of the skin and
thymus, maintaining the balance between growth and differentiation. Later, a
molecular analysis in these patients was performed and revealed the presence
of a C-to-T shift at 792 nucleotide position in the sequence of the FOXN1
cDNA that leads to a nonsense mutation R255X in exon 5, with a complete
absence of a functional protein (22) similar to the previously described rat and
mouse Foxnl mutations (23-25).

The FOX gene family comprises a diverse group of ‘winged helix’
transcription factors that are involved in development, metabolism, cancer and
aging. These transcription factors share the common property of being
developmentally regulated and of directing tissue specific transcription and
cell fate decisions (26). They were first recognized in Drosophila, but later
they were also identified in other organisms, from yeasts to humans. The term
FOX is now used to refer to all chordate forkhead transcription factors. A
phylogenetic analysis led to classify all known FOX proteins in at least 15
subfamilies (named from A to Q) (27) on the basis of their structure; in each
subfamily (or class), an individual gene is identified by a number. The crystal
structure of the forkhead DNA binding domain is a ‘winged helix’ motif,
consisting of three a helices flanked by two ‘wings’ of b strands and loops
(28). The structure and the amino acids sequence are highly conserved within
species and family members. The functional effect of all FOX proteins can be
either the activation (transactivation) or the inhibition of gene transcription33

in a wide range of context. Fox gene mutations can be associated with diverse
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phenotypes as cranio-pharyngeal developmental defect (FOXE1), speech and
language abnormalities (Foxp2) and hearing loss (Foxjl) (29). Moreover,
most of these winged helix proteins play crucial roles in several aspects of
immune regulation. In particular, genetic alterations of at least four FOX
family members, FOXP3, FOXJ1, members of the FOXO subfamily and
FOXN1, result in paradigmatic immune disorders and well defined novel
clinical entities (30).

FOXP3 (scurfin, sf, IM2) is the most studied forkhead family member in
immunology, because of its role in the pathogenesis of autoimmunity
associated with immunological functional disorders (31-33). FOXP3 was

found to be expressed in CD4+ CD25+ regulatory T -cells (Treg), that
represent a subset of CD4+ T-cells bearing high levels of CD25 (the IL-2
receptor a-chain), whose role is to maintain self-tolerance by downregulating
the reactivity of conventional CD25- CD4+ helper T-cells (32, 34). Foxp3 is

also expressed in lymphoid organs, such as spleen and thymus, where it plays
an essential role during development, allowing the differentiation of the Treg
population. The study of scurfy mice (mice with X-linked recessive mutation
in Foxp3) revealed an overproliferation of activated CD4+ T-cells, resulting
in dysregulation of lymphocyte activity (35-36). The lack of DNA binding
domain of the protein leads to death of hemizygous males at 16-25 days after
birth (35-36) and in the surviving mice in a great exacerbation of the
autoimmune phenotype (37).

The  corresponding  human  disorder is  represented by

Immunodysregulation Polyendocrinopathy Enteropathy X-linked syndrome

(IPEX; also known as X-linked autoimmunity and allergic dysregulation
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syndrome, XLAAD). This fatal recessive disorder is due to truncated protein
or inhibition of DNA binding domain. It develops in early childhood and is
associated with protracted diarrhoea, thyroiditis, dermatitis, allergic
manifestations, insulin - dependent - type 1 diabetes and anaemia, besides
massive T-cell infiltration into the skin and gastrointestinal tract and high
serum levels of autoantibodies, as a sign of autoreaction. Recent studies have
shown that the expression of FOXP3 and the subsequent conversion of human
and mouse peripheral naive T-cells in Treg is induced by TGF-f (38-39).
Most probably, this event is mediated by activation of Small Mothers Against
Decapentaplegic (SMAD) transcription factors. Generally, the inhibition of
TGF-B-mediated signaling involves SMAD?7 in an autoregulatory loop, but it
was also shown that FOXP3 can inhibit it, as well. The induction of FOXP3
expression by Treg results in a prolonged TGF--mediated signaling perhaps
allowing the stabilization or expansion of the Treg pool (30).

FOXOs are the mammalian homologues of the Caenorhabditis elegans
dauer formation mutant 16 (DAF-16) and, in this organism, they seem to be
involved in longevity regulation. FOXOl1 (FKHR, forkhead in
rhabdomyosarcoma), FOXO3A (FKHRL1, FKHR-like 1), FOX04 (AFX,
mixed lineage - leukemia (trithorax homolog) translocated to 7 homolog,
MIIt7) and FOXO644 are the most studied members of this family for their
implication in the regulation of apoptosis, cell cycle, metabolism and
resistance to oxidative stress (40-42). Gene targeting experiments in mice
have demonstrated that FOXO1 regulates insulin sensitivity (43-44),
adipocyte differentiation (44) and angiogenesis (45), while FOXO3A

regulates ovarian development and fertility (46-48) and FOXO4 appears to be
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largely dispensable for gross organismal homeostasis (48). FOXO proteins
are ubiquitously expressed, even if there is a tissue specific expression for the
diverse isoforms. While FOXO1 is ubiquitous, FOXO3A is expressed in
lymphocytes and it appears the dominant isoform of the mammalian family.
Cellular stimulation by mitogens or cellular stress, leads to activation of
several intracellular kinases such as phosphatidyl inositol 3 kinase (PI3K),

serum/glucocorticoid - regulated kinase (SGK) and protein kinase B (PKB,

Akt), resulting in the phosphorylation of the FOXOs. This makes FOXO
unable to bind DNA and renders it susceptible to nuclear export and/or
proteasome mediated degradation (IkB kinase (IKK)) thereby preventing

FOXO - mediated transcription (49-50). In resting cells, unphosphorylated

forms of the FOXOs are localized in the nucleus, where they are
transcriptionally active and regulate several biologic processes, including
proliferation, apoptosis and response to cellular stress. To date, there is no
evidence that an altered FOXO activity is associated with a human
immunological disease. However, in mice a significant diminished FOXO

activity in T -cells is associated with autoimmune lupus syndrome, thus

leading to hypothesize a possible relationship between the FOXO genes and
inflammation in humans (50). Differently, FOXO gene dysregulation has
been well documented in human cancer.

The FOXJ1 (hepatocyte nuclear factor/forkhead homolog -4, HNF -4,
FKHL-13) transcription factor plays an important role in the development of

ciliated epithelia (51). Thus, FOXJ1 is expressed in all structures containing
ciliated cells, such as the lungs, spermatids, oviducts and choroid plexus (52).

The loss of FOXJ1 results in lethality in uterus or soon after birth as
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demonstrated by observations of Foxjl-/— mice that die during embryonic

development (53-54). In fact, Foxjl-deficient mice are characterized by

absence of cilia and, subsequently, suffer from significant developmental
abnormalities including heterotaxy and hydrocephalus (30). Besides its role
in the differentiation of ciliated cells, recently a new role for FOXJ1 has been
discovered in the differentiation of other cell types. It was observed that Foxjl
is downregulated in lymphocytes isolated from mice affected with systemic
lupus erythematosus (SLE); this evidence suggests that FOXJ1 might prevent

autoimmune reactions (55). FOXJ1 is expressed in naive T-cells and its
downregulation occurs after IL-2 and/or TCR stimulation (55). FOXJ1,
similarly to FOXOS3A, is required in vivo to modulate NF-KB activity,
upregulating IkBp and maintains T - cell tolerance, but unlike FOXO3A

deficiency, FOXJ1 deficiency is much more severe, affecting a different
spectrum of organs and Thl cytokine production. Thus, these two forkhead

members play either overlapping or clearly distinct roles in helper T-cells,

even though the intimate mechanisms remain to be elucidated (56).

Foxnl, a highly conserved transcription factor, has been previously
extensively mentioned. It exerts its function after activation through
phosphorylation that promotes its nuclear translocation (57-59). 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 (28, 60). FOXN1 expression is
strongly regulated by wingless (Wnt) proteins (61) and bone morphogenetic
proteins (BMPs) (62) in both autocrine and paracrine fashions (56) and its

expression is restricted to epithelial cells in the skin and in the thymus. There
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are no data available on FOXN1 mRNA expression in liver, spleen, testis,
lung, heart and brain, but murine choroid plexus (63). During embryogenesis,
FOXNL1 is expressed in several mesenchymal and epithelial cells, including
those of the liver, lung, intestine, kidney and urinary tract. In adult life, its
expression is limited to epithelial cells of the intestine, spermatocytes of the
testis and thymus (64). In particular, on the basis of the observation that nude
mice keratinocytes do not differentiate in a normal fashion, FOXN1 could be
considered as a key regulator of the balance between keratinocytes growth and
differentiation. It suppresses the involucrin and locrin expression, both
components of the cornified envelope and the profilaggrin, involved in the
aggregation of the intermediate filaments.

Other factors have been identified as Foxnl target. In fact, recent studies
have shown that Foxnl is linked to Akt (PKB) expression (65), thus giving a
possible explanation of FOXN1 involvement in epidermal layer regulation.
FOXNL1 also controls follicular formation, influencing the expression of two
hair keratins, mHa3 and mHb5 (3).

All these findings associated with an extensive review of the literature
have been the bases for a Book Chapter published by Landes Bioscience, that
has received a great echo in the editorial and scientific communities and so it
has been co-published by Springer and cited in Pubmed, for the chapter see

below.
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CHAPTER

Human Clinical Phenotype Associated
with FOXN1 Mutations

Claudio Pignata,* Anna Fusco and Stefania Amorosi

Abstract

n bumans, a proper immune response relies ontheinnate immunity, characterized by a rapid
Iand nonspecific initial response to infections and later on the adaprive immunity, character-

ized bya specific response to a particularantigen. Disruption of any part of the orchestrared
immune response results in the inability to control infections and, subsequently, in illness. An
impairment of both effectorarms of the specific immunity characterizes the clinical phenotype,
known as severe combined immunodeficiency (SCID), which represents a heterogencous group
of inherited disorders duc to abnormalities of T, B and NK cells. The first congenital SCID
was described as spontancous immunodeficiency in 1966 in mice and referred as Nude/SCID,
based on the association of athymia with complete hairless. In 1996, the human equivalent of
the murine Nude/SCID phenotype (MIM #601705) wasreported. As in mice, also in humans
this form is characterized by an intrinsic defect of the thymus, congenital alopecia and nail
dystrophy and is duc to mutations of the FOXNI gene, as well. FOXN1 is mainly expressed in
the thymus and skin epithelial cells, where it plays a critical role in differentiation and survival.
FOXNI belongs to the forkhead box (FOX) gene family that comprises a diverse group of
‘winged helix’ transcription factors involved in development, metabolism, cancer and aging.
These transcription factors share the common property of being developmentally regulated and
of directing tissue specific transcription and cell fate decisions. In immune system, alterations
of FOXNT1 result in a thymus anlage that lacks the capacity to generate mature and functional
thymocytes. Because the significant expression levels of FOXNI1 in skin clements, keratinocytes
have been successfully used to support a full process of human T-cell development in vitro,
resulting in the generarion of mature T-cells from hematopoietic precursor cells (HPCs). This
finding would imply a role for skin as a primary lymphoid organ. Thus, the present chapeer
will focus on the information that came out from the original description of the human Nude/
SCID phenotype and on the role of FOXNI1 and of the other members of FOX subfamilics
in those immunological disorders characterized by abnormal T-cell development or abnormal
T-cell regulatory homeostasis.

Introduction: Severe Combined Immunodeficiencies

Primary immunodeficiency (PID) discases are heritable disorders of immune system.’
Disruption of any part of the orchestrated immune response can result in an inability to control
infectionsand subsequent illness. Apart from physical barriers, the immune response is composed
from a diverse network of defenses, including cellular componentsand soluble mediarors. A proper

immune response relies on the innate immunity, characterized by a rapid and nonspecific initial
*Corresponding Author: Claudio Pignata—Department of Pediatrics, Unit of Immunology,
“Federico II” University, via S. Pansini, 5, 80131, Naples, Italy. Email: pignata®unina.it

Forkhead Transcripsion Facsors: Vital Elemenss in Biology and Medicine, edited by Kenneth Maiese.
©2009 Landes Bioscience.

60



2 Forkbead Transcription Factors: Vital Elements in Biology and Medicine

Table 1. Different genotypic forms of SCID classified on the basis of the

immunological phenotype

Lymphocyte Phenotype Form of SCID

T-B*NK- X-linked (deficit of yc)
Deficit of Jak 2
Deficic of CD45

T-B-NK* Deficit of IL-7Rex chain
Deficit of CD25 chain

T-B-NK- Deficit of Adencsine Deaminase

T-B-NK* Deficic of RAG1 or RAG2
Deficit of Artemis

T'=*B*NK- Deficit of FOXN1

response to infections and later on the adaptive immunity, characterized by a specific response
to a particular antigen. The innate immune response involves three major cell types: phagocytic
cells, such as neutrophils and macrophages, natural killer (NK) cells and antigen presenting cells,
which are also involved in the induction of an adaptive immune response. The adaptive immune
system includes T and B lymphocytes responsible for cellular and humoral responses, respectively.
However, these components of immune system to maintain a normal resistance to infections act
in a well orchestrared and integrated unique system.

In the last 5 decades, since the first human genetic defect was identified more than 200 PID
syndromes have been described. PIDs can bedivided into subgroups based on the component of the
immune system that is predominantly affected, including T, B, NK lymphocytes, phagocytic cells
and complement proteins ( Table 1). The antibody deficiencies (B-cell or humoral immunodeficien-
cies)are characterized by agenetic lesion, that selectivelyaffectsantibody production, buta normal
cell-mediated immunity. In the cellular deficiencies, cellular effector mechanisms are compromised,
whereas antibody production is largely normal in that B-cell intrinsic machinery is intact. The
combined immunodeficiencies are characterized by an impairment of both effector arms of the
specific immunity, which results in a more severe clinical phenotype. However, since an efficient
B-cellanribody response also depends on T-cell activation of B lymphocytes, defectsin cithercell
type have the potential to affect both cellular and humoral immunity to varying degrees.

Of note, most of the diseases within the last category are due to genetically determined blocks
inthe T-lymphocyte differentiation program. In the absence of mature T-cells, adaptive immunicy
is abrogated, thus resulting in a broad-spectrum susceptibility to multiple parhogens also includ-
ing opportunistic microorganisms. Overall, unrespectively of the pathogenic mechanism of the
individual form of severe combined immunodeficiencies (SCIDs), a common hallmark of these
diseases is the feature that bacterial, viral and fungal infections are often overwhelming.

The discovery of a so wide number of distinct clinical entities which differin cither the generic
cause or the altered immunological function led to an uncomparable increase in the knowledge
of the intimate mechanism by which a proper immune response is generated. Intriguingly, most
of the genes whose alterations underlie PID are selectively expressed in hematopoictic cells with
a few exception as, for example, Araxia Telangicctasia Mutated (ATM) gene, also expressed in
Purkinje cells and Adenosine Deaminase (ADA) which is ubiquitous. This dogma, however, led
to underestimate those novel immunodeficiencies, which have different fearures involving other
nonhematopoietic tissues.

In 1996, a novel form of SCID (MIM 601705; Pignara guarino syndrome) was described and
referred as the human equivalent of the well known murine phenotype named Nude/SCID.? This
disease is the first example of SCID not primarily related to an hematopoictic cell abnormality,
buc rather to an intrinsic thymic epithelial cell defect
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The Nude/SCID Phenotype

In 1966, SP. Flanagan identificd a new mouse phenotype that spontancously appeared in the
Virus Laboratory of Ruchill Hospital, Glasgow, UK, characterized by loss of the hair. This mouse
showed an abnormal keratinization in hair fibers, with follicular infundibulum unable to enter the
epidermis.® The mice also showed an inborn dysgenesis of the thymus® resulting in acompromised
immune system lacking T-cells.

Subsequently, the molecular nature of the nude defect was characterized and attributed to
a genctic alteration of the transcription factor FOXN1 (also called WHN or HFH11), mainly
expressed in thymusand skin.®* The analysis of the genomic sequence of the nude mouse revealed
the presence of a single base pair deletion in exon 3, absent in the wild-type allele. This deletion
led to a frameshift that resulted in an aberrant protein prematurely terminating in exon 6 and the
loss of the postulared DNA binding domain.

The mouse nude mutation led to an abnormal development of the skin and thymus* and asevere
alterarion of the nails."® Larer studies demonstrated thatboth defects, as lack of fur development and
agenesis of the thymus, are pleiotropic effects of the same gene.”* In particular, the skin of the nude
mousc contains the same number of hair folliclesasawild-type control, but these follicles result inan
uncomplete hair, thar could not enter skin surface.*'° Flanagan analyzed carefully nude mouse skin
and observed that ar birth the hair follicles were normal, bur by six days after birth the hair started
to twistand coil, failing to penetrate the epidermis.® This hairless condition could be reverted by oral
administrarion of cyclosporine A or recombinant keratinocyte growth factor (KGF or FGF-7), that
influence the number of hair follicles or the cyclic hair growth.™" Furthermore, the nude mouse
epidermis shows failure in differentiation and a reduced number of tonofilaments are observed in
spinous, granular and basal layers."” The nude Foxn{ gene doesn'raffect the growth of hair follicles, but
the epidermal differentiation process, regularing the balance between proliferarionanddifferentiation
of kerarinocytes in the hair follicle.”*'* In addition to these curancous abnormalities, nude animals
develop an abnormal thymus, resulting in a severe T-cell deficiency and an overall severely impaired
immune system. In fact, thymus morphogenesis is stopped at the first stages of development with no
subcapsulag, cortical and medullary regions formation, that characterizes a normal mature organ.'®
In addition, the observation that thymus restoration doesn’t lead to hair growth demonstrared that
the lack of the hair and the athymia were not related one to cach other

Furthermore, the nude phenotype is characterized by nail malformations and poor fertility.
The first condition is artributed to an abnormal production of filaggrin protein in nail macrix
and nail plate, subsequent to a loss of keratin 1 protein. Differently, the second condition may be
the result of changes in hormonal status, as demonstrated by the altered serum levels of estradiol,
progesterone and thyroxine.'

For many years the human counterpart of nude mouse phenotype has been erroncously consid-
cred the DiGeorge syndrome, which occurs spontancously and is mainly characterized by thymic
hypoplasia or aplasia. However, several lines of evidence argue against the analogy between these
two disorders. In fact, DiGeorge syndrome is often associated with nconatal tetany and major
anomalies of grear vessels. These defects are due to malformarion of the parathyroid and heare,
derived from a major embryologic defect in the third and fourth pharyngeal pouch from which
the thymus primordium emerged. In addition, in this syndrome hairlessness is missing and gross
abnormalities in skin annexa are not found. Children with DiGeorge syndrome also have lym-
phopenia, with a reduction of T-cells, that are poorly responsive to common mitogens.'®

The discovery of the human phenotype completely equivalent to the nude mouse phenotype
began with the identification of two sisters, whose clinical phenotype was characterized by con-
genital alopecia, eyebrows, eyelashes, nail dystrophy, as shown in Figure 1 and several T-cell im-
munodeficiencies, illustrared in Table 2.% The two parients were born from consanguineous parents
who originated from a small community of South of Italy that may be considered geographically
and genetically isolated, as below detailed. This led to consider the syndrome as inherited as an
aurosomal recessive disorder. The T-cell defectwas characterized by a severe functional impairment,
as shown by the lack of proliferative response to mitogens.
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Figure 1. A,B) Alopecia of scalp, eyebrows and eyelashes in two sisters in whom the human
Nude/SCID phenoty pe was first described. C) Nail dystrophy in human Nude/SCID. Reprinted
with permission from: Pignata C, Fiore M, Guzzetta V et al. Congenital Alopecia and nail
dystrophy associated with severe functional T-cell immunodeficiency in twosibs. Am | Med
Genet 1996; 65:167-170.

Alopecia and nail dystrophy are also found in other syndromes, such as dyskeratosis congenita
(DC)."** However, this novel syndrome profoundly differed from DC, in thar major signs, such
asabnormal pigmentarion of the skin and mucosal leucoplakia, were lacking in the Nude/SCID.
Moreover, the immunological abnormalities were different from those reported in patients with
DC in cither the severity of clinical course or type of alterarions.**** Both Nude/SCID patients
showed alopeciaat birth and in one sib it still persisted after a bone marrow transplantation, thus
rulingour that itwas seccondary to an acquired skin damage. This finding suggested that the alopecia
in this patient was primitive in nature.? Furthermore, these features were similar to those reported
in athymic mice, that completely lack body hairand in which restoration of a thymus did not lead
to hair growth." Taken together, these observations suggested that the association berween alopecia
and the immunodeficiency reported in the two sisters were linked toa single gene defect.?

Due to the similarities between the human clinical features and the mouse Nude/SCID phe-
notype, a molecularanalysis of the FOXN gene was performed in these patients and revealed the
presence of a C-to-T shiftat 792 nucleotide position in the cDNA sequence. This mutation leads
toanonsense mutation R255X in exon §, with a complete absence of a functional protein® similar
to the previously described ratand mouse Foxnt mutations.®** In humans, FOXNI is located on
chromosome 17* and encodes a transcription factor mainly expressed in the epithelial cells of the
skin and thymus, where it maintains the balance between growth and differentiation.

Since the first description of these Nude/SCID parients, other patients with a similar pheno-
typewere identified. In particular, a Nude/SCID patient was diagnosed in Portugal. The newborn
presented with alopecia and nail dystrophy associated with severe infections. The screening for
R255X mutation of FOXNT gene revealed thar the patient was homozygous for the mutarion. It
should be noted that the patient was born to consanguineous parents, both from Lisbon (com-
municated to European Society for Immunodeficiencies, 2006).
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Table 2. Major clinical and immunological features of the first identified human
Nude/SCID patients. For more details see reference 3.

Patient 1 Patient 2
Clinical features
Alopecia + +
Nail dystrophy - +
Growth failure - -
Omen-like syndrome + -
Severe interstitial pneumopathy ! +
Immunological features
Percentage of positive cells
Tcells (CD3) 32 25
B-cells (CD19) 63 37
NK cells (CD56) 23 25
Proliferative response to mitogens Absent Absent
Serum immunoglobuling
1gG (gh) 494 6.10
IgA (g/L) 0.49 0.42
IgM (g/L) 0.80 1.25
IgE (KL/L) N.T. 2760
Specific antibody response
Tetanus toxoid Absent Absent
Allohemoagglutinins Absent Low
HbsAg Absent Absent
WHN mutation R255X R255X

Reprinted with permission from: Pignata C. A lesson to unraveling complex aspects of novel im-
munodeficiencies from the human equivalent of the nude/SCID phenotype. | Hematather Stem Call
Res 2002; 11:409-414.

In the village where the patients originated, additional patients of previous generations were
affected with congenital alopecia and dicd carly in childhood because of severc infections®

A population study aimed to identify an ancestral founder effect for this phenotype was con-
ducted inthe village andin particulara genetic screening for the presence of the R255X mutation was
performed. The study led to identify 55 subjects, corresponding to 6.52% of the studied popularion,
who carried the mutation in heterozygosity?” The identification of the haplotype for the FOXNI
locus, by analysing 47 chromosomes carrying the muration R255X, led to identify the single ances-
tral event that underlies the human Nude/SCID phenotype. All the affected cases belonged to an
extended seven-generational-pedigree, founded by a single ancestral couple born atthe beginning of
the 19th century from which four family groups originated. The pedigree analysis revealed thar 33.3%
of heterozygotes inherited the mutant allele from their mother, whereas 66.7% from their father.
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Figure 2. Nail dystrophy patterns in subjects heterozygous for the FOXNT mutation: A)
koilonychia; B) canaliform dystrophy; and C) leukonychia. Reprinted with permission from:
Auricchio L, Adriani M, Frank | et al. Nail distrophy associated with a heterozygous mutation
of the Nude/SCID human FOXNT (WHN) gene. Arch Dermatol 2005; 141:647-648; ©2005
American Medical Association. All rights reserved.

Morcover, this pedigree was also characterized by a high rate of consanguincous marings, typical of
a small community. In fact, 14 of 1 51 marriages were berween consanguineous subjects.””
Subsequently, the identified heterozygous subjects were examined with a particular regard to
ectodermal alterarions, namely of hair and nails, in order to define whether the heterozygosity was
associated with mild clinical signs. The examinarion revealed noassociarion between grossaleeration
of the hairand heterozygosity, while 39 of the 55 heterozygous subjects showed a nail dystrophy.* OFf
note, thisalterarion was not found in other control subjects and was not relared to an acquired form
of mail dystrophy. The mostfrequent phenotypic alteration affecting the nails was koilonychia (“spoon
nail’), characterized by a concave surface and raised edges of the nail plare, associated with significant
thinning of the platc itself. Less frequently, a canaliform dystrophy and a transverse groove of the nail
plate (Beau line) was also observed (Fig. 2).** However, the most specific phenotypic alteration was
leukonychia, characterized by a typical arciform pattern resembled to a half moon and involvingthe
proximal part of the nail plate. These alterations of digits and nails were also reported in afew strains
of nude mice.”” FOXN1 is known to be selectively expressed in the nail matrix where the nail plare
originates, thusconfirming that this transcription factor is involved in the maturation processof nails
and suggesting nail dystrophy as an indicarive sign of heterozygosity for this molecular alreration.*
As this form of SCID is severe due to the absence of the thymus and the blockage of T-cell
development, a screening program for prenaral diagnosis in this population was conducted for the
identification of fetuses carrying the mutation. The genetic counselling offered to couples ar risk led
to identify two affected female fetuses during the first trimester of pregnancy, thus indicating the
importance of this cffort. Both fetuseswere homozygous for the R255X mutation and the autoprical
examination revealed the absence of the thymusand a grossly abnormal skin which was tighter than
usual and which showed basal hyperplasia and dysmaturity, suggestive of an impaired differentiation
program. Of note, one of the two fetuses also showed multiple-site neural tube defects, including
anencephaly and spina bifida that could explain the high rate of mortality in utero observed in the
described population. Intrigningly, the other forms of SCID become clinically evident in postnaral
life, when the protection of the newborn by the mother immune system declines. In the community
where the Iralian parients originated, a high rate of prenatal mortality was observed. Moreover, there
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was an evidence that the mouse Foxnt gene is also expressed in epithelial cells of the developing
choroids plexus, a structure filling the lateral, third and fourth ventricles of the embryonic brain.*
Even though no formal demonstrarion isavailable, a possible explanation for the prenatal morealicy
could be that FOXNI genctical aleeration is also implicated in more severe development defects at
least in the conditions of highest clinical expressivity. This could also explained the surprising long
interval of time thar clapsed between the description of mouse and human discases.

Fox Family Members and Immune System

The forkhead box (FOX) gene family comprises a diverse group of ‘winged helix” transcrip-
tion factors that are involved in development, metabolism, cancer and aging. These transcription
factors share the common property of being developmentally regnlated and of directing tissue
specific transcription and cell fate decisions.® They were first recognized in Drosophila, buc later
they were also identified in other organisms, from yeasss to bumans. The term FOXis now used to
refer toall chordate forkhead transcription factors. A phylogenctic analysis led to classify all known
FOX proteins in at least 15 subfamilies (named from A to Q)% on the basis of their structure;
in each subfamily (or class), an individual gene is identified by a number. The crystal structure of
the forkhead DNA binding domain is a “winged helix’ mortif, consisting of three o helices lanked
by two “wings’ of B strands and loops.3* The structurc and the amino acids sequence are highly
conserved within specics and family members.

The functional effect of all FOX proteins can be cither the activation (transactivation) or the
inhibition of gene transcription® in a wide range of context. Fox gene mutations can beassociated
with diverse phenotypesascranio-pharyngeal developmental defece (FOXET), speech and language
abnormalities (Foxp2) and hearing loss (Foxjl).** Morcover, most of these winged helix proteins
play crucial roles in several aspects of immune regulation. In particular, genetic alterarions of at
least four FOX family members, FOXP3,FOX]J1, membersof the FOXO subfamilyand FOXN1,
result in paradigmatic immune disorders and well defined novel clinical enrities.*

FOXP3 (scurfin, sf, JM2) is the most studied forkhead family member in immunology, be-
cause of its role in the pathogenesis of autoimmunity associated with immunological functional
disorders.3*¥ FOXP3 was found to be expressed in CD4* CD25* regulatory T-cells (Treg), that
represent a subset of CD4* T-cells bearing high levels of CD25 (the IL-2 receptor ci-chain), whose
role is to maintain self-tolerance by downregularing the reactivity of conventional CD25- CD4*
helper T-cells.*** Foxp3 is also expressed in lymphoid organs, such as spleen and thymus, where it
playsan essentialrole during development, allowing the differentiation of the Treg population. The
study of scurfy mice (mice with X-linked recessive murtation in Foxp3) revealed an overproliferation
of activated CD4* T-cells, resulting in dysregulation of lymphocyte activity.* The lack of DNA
binding domain of the protein leads to death of hemizygous males at 16-25 days after birth*4°
and in the surviving mice in a great exacerbation of the autoimmune phenotype®

The corresponding human disorder is represented by Immunodysregu lation Polyendocrinopathy
Enteropathy X-linked syndrome (IPEX; also known as X-linked autoimmunity and allergic
dysregulation syndrome, XLAAD). This faral recessive disorder is due to truncated protein or
inhibition of DNA bindingdomain. It developsin early childhood andis associated with protracted
diarrhoea, thyroiditis, dermatitis, allergic manifestations, insulin-dependent-type 1 diabetes and
anaemia, besides massive T-cell infiltration into the skin and gastrointestinal tract and high serum
levels of autoantibodics, as a sign of autoreaction.

Recent studies have shown that the expression of FOXP3 and the subsequent conversion of
human and mouse peripheral naive T-cells in Treg is induced by Transforming Growth Factor-f3
(TGF-f).24 Most probably, this event is mediated by activation of Small Mothers Against
Decapentaplegic (SMAD) transcription factors. Generally, the inhibition of TGF-f-mediated
signalinginvolves SMAD?7 in an autoregulatory loop, but it wasalso shown that FOXP3 caninhibit
it,aswell. The induction of FOXP3 expression by Tregresultsina prolongation of TGF-B-mediated
signaling, perhaps allowing the stabilization or expansion of the Treg pool.**

FOXOsare the mammalian homologuesofthe Caenorbabditis elegars daver formation mutant
16 (DAF-16) and, in this organism, they scem to be involved in longevity regulation. FOXO1
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(FKHR, forkhead in rhabdomyosarcoma), FOXO3A (FKHRL1, FKHR-like 1), FOXO4 (AFX,
mixed lineage-leukemia (trithorax homolog) translocated to 7 homolog, Mllt7) and FOXOG&*
are the most studied members of this family for their implication in the regulation of apoprosis,
cell cycle, metabolism and resistance to oxidative stress.*** Gene targeting experiments in mice
have demonstrared that FOXO1 regulates insulin sensitivity,*%* adipocyte differentiation*” and
angiogenesis,” while FOXO3A regulates ovarian development and fertilicy™* and FOXO4 ap-
pears to be largely dispensable for gross organismal homeostasis.®* FOXO proteinsare ubiquitously
expressed, even if there is a tissue specific expression for the diverse isoforms. While FOXO1 is
ubiquitous, FOXO3A is expressed in lymphocytes and it appears the dominant isoform of the
mamma lian family. Cellular stimulation by mitogens or cellular stress, leads to activation of several
intracellular kinases such as phosphatidyl inositol 3 kinase (PI3K), serum/glucocorticoid-regulated
kinase (SGK) and protein kinase B (PKB, Akt), resulting in the phosphorylation of the FOXOs.
This makes FOXO unable to bind DNA and renders it susceptible to 14-3-3-mediated nuclear
export™*¥ and/or proteasome mediated degradarion (IkB kinase (IKK))®# thereby preventing
FOXO-mediated transcription. In resting cells, unphosphorylated forms of the FOXOsare local-
ized in the nucleus, where they are transcriptionally active and regulate several biologic processes,
including proliferation, apoptosis and response to cellular stress.

To date, there is no evidence that an aleerated FOXO activity is associated with a human
immunological discase. However, in mice a significant diminished FOXO activiry in T-cells is
associared with autoimmune lupus syndrome, thus leading to hypothesize a possible relarionship
between the FOXO genes and inflammarion in bumans Differently, FOXO gene dysregulation
has been well documented in human cancer.

The FOX]J1 (heparocyte nuclear factor/forkhead homolog-4, HNF-4, FKHL-13) transcrip-
tion factor plays an important role in the development of ciliated cpithelia #*#¢ Thus, FOX]1 is
expressed in all structures containing ciliared cells, such as the lungs, spermatids, oviducts and
choroid plexus.” The loss of FOX]1 results in lethality in utero or soon after birthasdemonstrared
by observations of Foxf -~ mice thar dic duringembryonic development.* In fact, Foxjl-deficient
miceare characterized by absence of cilia and, subsequently, suffer from significant developmental
abnormalities including heterotaxy and hydrocephalus.®* Besides its role in the differentiation of
ciliared cells, recently a new role for FOX]J1 has been discovered in the differentiation of other
cell types. It was observed thar Foxj! isdownregulated in lymphocytes isolated from mice affected
with systemic lupus erythematosus (SLE); this evidence suggests thar FOX]J1 might prevent
autoimmune reactions.®

FOX]1 is expressed in naive T-cells and its downregularion occurs after interleukin-2 (IL-2)
and/or T<ell recepror (TCR) stimulation *® FOX]J1, similarly to FOXO3A, is required invivo to
modulate NF-kB activity, upregulating IkBf and maintains T-cell tolerance, bur unlike FOXO3A
deficiency, FOX]1 deficiency is much more severe, affecting a different spectrum of organs and Th1
cytokine production. Thus, these two forkhead members play cither overlappingor clearly distinct
roles in helper T-cells, even though the intimare mechanisms remain to be elucidated

Foxnl, a highly conserved transcription factor, has been previously extensively mentioned. It
exerts its function after activation through phosphorylation, that promotes its nuclear transloca-
tion.*% Into the nuclei it interaces 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 clucidated ™ FOXN1 expression is strongly regulated by wingless (Wit proteins™
and bone morphogenetic proteins (BMPs)™ in both autocrine and paracrine fashions® and its
expression isrestricted to epithelial cells in the skin'® and in the thymus. There are no data available
on FOXN1 mRNA expression in liver, spleen, testis, lung, heart and brain, but murine choroid
plexus.® During embryogenesis, FOXN1 is expressed in several mesenchymal and epithelial cells,
includingthose of the liver, lung, intestine, kidney and urinary tract. In adule life, its expression is
limited to epithelial cells of the intestine, spermatocytes of the testis and thymus.™ In particular,
on the basis of the observarion thar nude mice kerarinocytes do not differentiare in a normal fash-
ion, FOXNI1 could be considered as a key regulator of the balance between keratinocytes growth
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and differentiation. It suppresses the involucrin and locrin expression, both components of the
cornified envelope and the profilaggrin, involved in the aggregation of the intermediate filaments.
Other factors have been identified as Foxnl target. In fact, recent studics have shown that Foxnl
islinked to Akt (PKB) expression,™ thus giving a possible explanation of FOXN1 involvementin
epidermal layer regulation. FOXN1 also controls follicular formation, influencing the expression
of two hair keratins, mHa3 and mHb5.7

Moreover, FOXN1 transcription factor regulates thymus epithelial cells differentiation. Null
mutation of this protein led to an immature thymus, but the molecular mechanism used by FOXN1
in this context remains still unclear.

The human and mouse clinical phenotype associated with FOXIN1 genetical alteration has
been extensively described above.

FOXNI1 Skin Specific Expression and T-Cell Development

So far, the thymic tissue has been considered the only organ with a unique capacity to support the
generation ofa functional population of human manure T-cells, thus expressing adiverse repertoire of
antigen receprors.”®” In particular within the manareand functional thymus, marure T-lymphocytes
derive from the interaction between the thymic epithelial cells, thatare the main component of the
stroma and the T<ell precursors originated in the bone marrow.”™” Thymic epithelial cellsare impli-
caredin citherthymus organogenesis or in most stages of maturation of thymocytes.™™ Theabsence
of FOXN1, as in Nude/SCID phenotype, results, as previously extensively mentioned, in a thymus
anlage thar lacks the capacity to interact with the hematopoietic progenitor cells, thus precluding
the maruration of thymocytes™#! and leading to the immunodeficiency.’®

FOXNI gene spans abour 30 kilo bases (kb)® and it is composed of nine exons.™ Interesting,
an extensive screening of cDNA clones obtained from skin cells revealed the presence of two dif-
ferent first exons which are noncoding,™ the exons 1a and 1b, that undergo to alcernative splicing
to cither 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 1a and 1b.* The alternarive usage of the
exon la or 1b scems to be tissue specific,” in that promoter 1a is active in thymus and skin, while
promoter 1b is active only in skin.

In the interfollicular epidermis, FOXNI expression parallels the onset of terminal differentia-
tion. It is primarily expressed in the first suprabasal layer chat contains kerarinocytes in the carly
stages of differentiation, thar haveleft the cell cycle and initiated terminal differentiation.'® In the
hair follicle, FOXN1 expression is restricted to aspecific compartment, the supramatrical region,'*
where the cells stop to proliferate and begin terminal differentiation.® On the basis of these obser-
vations, FOXN1 could be considered a marker of transition from proliferation to a postmitotic
state and an important regularor of the initiation of terminal differentiarion.’

Of note, significant expression levels of FOXN1 were found in cultures containing skin cells
along with hematopoietic precursor cells (HPCs), suggesting a role of human skin in supporting
a full process of human T-cell development.® Although thymus and skin arc different in their
three-dimensional structure, experiments performed with keratinocytesand fibroblasts of the skin
and HPCs obrtained from bone marrow; reconfigured in a different three-dimensional arrangement,
demonstrated the capacity of this “surrogate” organ to generate mature and functional T-cells from
precursors.® Of note, these cells show the same characteristics of recent thymic emigrants such
as the T-cell surface markers, including the CD3/TCR complex® and the TCR rearrangement
excision circles {TRECs),derived from the recombination of TCR genes. These cellsalso possess a
diverse TCR repertoire and can be considered marure and functional because they have full capaciry
to proliferate, express the activation antigen CD69 and produce cytokines in response to TCR/
CD3 stimulation.®* Thus, it is conceivable that skin and bone marrow derived cellscan be potentially
used to generate de novo mature, functional, diverse and self-tolerant T-cells. These data would
imply cheir potential future therapeutic usage in patients with immunological disorders.

The present chapter contains information of the recent works that came out from the original

description of Nude/SCID phenotype. For the first time, only recently, a carcful description of
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clinical manifestations associared with an alteration of the FOXN gene hasbeen provided, thus
leading to identify the human equivalent of the well studied spontancous murine Nude/SCID
immunodeficiency. In this context, alterations of FOXN1 and of other members of FOX sub-
families are now emerging as intriguing causes of immunological disorders mainly characterized
by abnormal T-cell development or abnormal T<ell regulatory homeostasis.

Eventually, it should be underlined that the Nude/SCID phenotypeis the only form of SCID
associared with an alteration of a gene that is not expressed in the hemaropoietic cell.

Novel knowledge in this field would be very helpful in the comprehension of the intimare
mechanisms underlying T-cell ontogeny process in bumans and in discovering novel clinical enri-
tics related to abnormalities of the process.
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Conclusive remarks

The cited work contains recent information that came out from the original
description of Nude/SCID phenotype. For the first time, only recently, a
careful description of clinical manifestations associated with an alteration of
the FOXN1 gene has been provided, thus leading to identify the human
equivalent of the well studied spontaneous murine Nude/SCID
immunodeficiency. In this context, alterations of FOXN1 and of other
members of FOX subfamilies are now emerging as intriguing causes of

immunological disorders mainly characterized by abnormal T - cell
development or abnormal T -cell regulatory homeostasis. Eventually, it

should be underlined that the Nude/SCID phenotype is the only form of SCID
associated with an alteration of a gene that is not expressed in the
hematopoietic cell.

Novel knowledge in this field would be very helpful in the comprehension
of the intimate mechanisms underlying T-cell ontogeny process in humans
and in discovering novel clinical entities related to abnormalities of the

process.
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8§22 FOXN1 homozygous mutation associated with anencephaly

and severe neural tube defect in human athymic Nude/SCID fetus

In the village where the first Nude/SCID patients were identified a genetic
counselling was offered to couples at risk. The prenatal diagnosis by direct
genetic analysis of FOXNL1 led to identify an affected female fetus during the
first trimester of pregnancy, thus indicating the importance of this effort. The
fetus was homozygous for R255X mutation and the autoptical examination
revealed the absence of the thymus and a grossly abnormal skin which was
tighter than usual and which showed basal hyperplasia and dysmaturity,
suggestive of an impaired differentiation program. These signs confirmed that
FOXN1 is involved in thymic development and skin differentiation in
humans. Of note, the fetus also showed multiple-site neural tube defects,
including anencephaly and spina bifida that could explain the high rate of
mortality in uterus observed in the described population. During our study,
we also showed that while there have been no prior studies of FOXNL1 activity
in the nervous system, we observed that the mouse Foxnl gene is expressed in
epithelial cells of the developing choroid plexus, a structure filling the lateral,
third, and fourth ventricles of the embryonic brain.

Another aspect that led to consider the Nude/SCID mutation and
anencephaly causally related is the fact that the other forms of SCID become
clinically evident in post-natal life, when the protection of the newborn by the
mother immune system declines.

Moreover, the expression of Foxnl in the embryonic choroid plexus is
consistent with a possible role for Foxnl in the development of the central

nervous system. The expression in choroid plexus is intriguing, suggesting
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that disturbances in cerebrospinal fluid (CSF) secretion may play a role in the
pathogenesis of defects at both ends of the neural tube.

After this first observation, we identified a second fetus belonging to the
same family that carried the R255X homozygous mutation in FOXN1. This
fetus was examined for the presence of central nervous system (CNS)
developmental anomalies. Prenatal diagnosis, performed by villocentesis at
11 weeks of gestation, led to a diagnosis of Nude/SCID syndrome. At 16
weeks of gestation, the abdominal sonography of the Nude/SCID fetus
revealed a morphologically normal brain, but with absence of cavum septum
pellucidum (CSP), in that only medial wall of the frontal horn was observed.
At this age, CSP is a fluid-filled cavity situated between the membranes which
form the septum pellucidum and bounded superiorly and anteriorly by corpus
callosum and inferiorly by the fornix and is considered a marker of a normal
anatomy (66). However, this structure is seen in the 40% of cases at 15
weeks, 82% at 16-17 weeks, and 100% after the 18th week of gestation (66).
After parents decision, the termination of pregnancy was performed at 18th
week and the fetus was further examined postmortem after obtaining informed
consent. At autopsy, the brain weight was 35 g and a first gross examination
revealed an enlargement of the interhemispheric fissure. A magnetic
resonance imaging (MRI) of the extracted brain showed the integrity of major
structures, but some mechanical damages due to extraction procedures.
Cerebellum, brainstem, midbrain and thalami were normally formed and
ganglionic eminence could be clearly defined. Convexity sulci and lamination
of brain parenchyma were normal for gestational age (67-68). On the
contrary, corpus callosum could not be identified in any section. Furthermore,

in keeping with this, subsequent autopsy failed to reveal any macroscopic
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abnormality of brain structures, but the abnormality in the development of
corpus callosum.

The first of these 2 observations has been published on Clinical Genetics,
while the other one has been submitted to the Journal of Neurology and it is

under review, for the manuscripts see below.
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The forkhead, Fox, gene family comprises a diverse group of ‘winged-
helix” transeription factors that play mmportant roles in development,
metabolism, cancer and aging. Recently, several forkhead genes have
been demonstrated to play critical roles in lymphocyte development and
effector functions. Alterations of the FOXNI gene mn both mice and
humans result in a severe combined immunodeficiency caused by an
intrinsic defect of the thymus associated with congenital alopecia (Nude/
severe combined immunodeficiency phenotype). FOXNI is a member of
the class of proteins involved in the development and differentiation of
the central nervous system. We identified a human fetus homozygous for
a mutation in FOXNI pene who lacked the thymus and also had
abnormal skin, anencephaly and spina bifida. Moreover, we found that
FOXNI gene 15 expressed in mouse developing choroid plexus. These
observations suggest that FOXN] may be involved in neurulation in
humans.
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The forkhead (Fox) gene family comprises a large
and diverse group of transcription factors that
share a ‘winged-helix’ DNA-binding domain,
consisting of three alpha helices flanked by two
‘wings' of beta strands and loops (1-3). The
name forkhead is derived from the Drosophila
melanogaster forkhead (fkl) gene product, which
is required for terminal pattern formation of the
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embryo (4). The increase in complexity of the
organisms with evolution has provided the driv-
ing force for the expansion of this family of pro-
teins. Over 100 proteins with forkhead domains
grouped in at least 17 subclasses, FoxA through
Fox(Q, have been found (5). All of them play
critical roles in multiple biological processes,
including development, metabolism, aging and
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cancer (6). The forkhead family is important in
patterning the midline of the neural tube and is
expressed as early as the neural placode.

FOX gene mutations have been found to be
responsible for diverse phenotypes, ranging from
alterations of craniopharyngeal development
(FOXEI!) to speech and language abnormalities
(FOXP2) or hearing defects m mice {Foxil) (7).
Foxnl (hepatocyte nuclear (factor/forkhead
homolog-11, Hih-11, FKHL20, Whn, nude, nu)
is implicated in cutaneous and thymic epithelial
cell development (8, 9). It is best known immu-
nologically for its association with the mouse
and human rude (nu) mutations, which result in
severe combined immunodeficiency (SCID) syn-
drome associated with congenital alopecia and
nail dystrophy (Nude/SCID phenotype; MIM
601T05) (10, 11).

SCIDs are disorders of both cell-mediated and
humoral immunity, characterized by high sus-
ceptibility to develop severe and sometimes fatal
infections (12). These syndromes do not affect
pre-natal life because of the maternal protection
and, usually, become clinically evident by the
first months of post-natal life. In most cases,
these diseases are caused by molecular altera-
tions of genes expressed in hematopoietic cells.
Different from the other forms, this novel form
of SCID is caused by an intrinsic defect of the thy-
mus. Recently, we carried out a genetic screening
of the village population from which the two pa-
tients with Nude/SCID phenotype originated,
which led to the identification of 55 heterozygous
subjects for the FOXNI mutation (13).

Here, we report on a female human fetus who
was homozygous for the R255X mutation of the
FOXNI gene and had a severe neural tube defect.

Materials and methods
Genetic counseling

During the past 5 years, a genetic counseling
program was offered to the village population
from which the two Nude/SCID patients origi-
nated. Because FOXNI mutation is particularly
devastating as it leads to the absence of the thymus
and SCID, pre-natal diagnosis by direct genetic
analysis was performed for couples at risk. The
genetic counseling also included taking a detailed
family history and drawing a family tree.

Mutational analysis

After written informed consent was obtained from
parents and upon approval of the Institutional
Ethical Committee, genomic DNA was extracted

Severe neural tube defect in human Nude/SCID fetus

following standard procedures from amniocytes
and processed anonymously (14). This procedure
was performed in a laboratory with *Clinical Lab-
oratory Improvement Amendments certification’,
and FOXN] DNA analysis was performed accord-
ing to a polymerase chain reaction (PCR) assay
previously described (13). Briefly, a PCR frag-
ment containing exon 5 of the FOXN1 gene was
amplified using the primers exon 35F: 5§'-
CTTCTGGAGCGCAGGTTGTC-3" and exon
5R: 5 -TAAATGAAGCTCCCTCTGGC-3'. Ali-
quot of the samples to be studied were digested
with the restriction enzyme Bs¢l and the product
was electrophoresed on 1.5% agarose gel. PCR
fragments positive to the digestion with Bsrl
were then purified on Edge Centriflex columns
{Edge BioSystems, Gaithersburd, MD) and se-
quenced directly with POP-6 polymer using an
ABI Prism 310 Genetic Analyzer from Applied
Biosystems (Perkin Elmer, Waltham, MA). After
informed consent, fetus underwent physical
examination by our pathologist in order to define
whether FOXNI! homozygous alteration was
associated with defects in the differentiation pro-
cess and fetus development.

Results

Genetic counseling and identification of the Muds/
SCID fetus

During genetic counseling, a female fetus homo-
zygous for the R255X mutation of the FOXNI
product was identified at 15 weeks of gestation.
The FOXNI mutation was a C792T transition in
exon 5 upstream of the DNA binding and trans-
activation domain and is the same as that previ-
ously described by Frank et al. (11). This led to
termination of pregnancy.

Pathologic examination

Identical to the Nude/SCID phenotype of mice,
this fetus lacked a thymus (Fig. la), confirming
that FOXNI is essential for thymic development
in humans. The skin appeared grossly abnormal,
being tighter than usual and showing basal
hyperplasia and dysmaturity, suggestive of an
impaired differentiation program. In addition,
the fetus had multiple-site neural tube defects,
including anencephaly and spina bifida (Fig. |
b,c). While there have been no prior studies of
FOXNI activity in the nervous system, we
observed that the mouse Foxnl! gene is expressed
in epithelial cells of the developing choroid
plexus, a structure filling the lateral, third, and
fourth ventricles of the embryonic brain (Fig. 2).
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Discussion

These observations suggest that FOXNI may be
involved in brain and neural tube development
and function in a similar fashion to other mem-
bers of the forkhead/winged-helix class proteins,
such as mouse HNF-3f and BF-1 (15) and

Fig. 2. Foxnl expression in the brain murine embryos. A
B-galactosidase reporter gene was inserted into the Foxnl
locus by homologous recombination (27). Heterozygous
embryos (Foxnl*/Foxnl®%), which are phenotypically
normal, were stained for B-galactosidase activity (blue) as
described (28). Foxnl is expressed throughout the epithelium
of the developing choroid plexus (scale bar represents 50 pm).
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Fig. 1. Morphological  phenotype
of FOXNI™/~ human. Pregnancy
was interrupted at 15 weeks. The
skin was tight, shiny and smooth.
(a) Ventral view of the fetus show-
ing the absence of thymus in the
chest. The arrow indicates the usual
thymus location. (b) Dorsal view
showing the skull of the FOXNI™'~
fetus. Complete anencephaly char-
acterized by the absence of scalp,
calvarium and brain. (¢) Dorsal
view showing the craniospinal ra-
chischisis. nt®, open neural tube
(spina bifida).

human FOXP2 (16). Mice defective in HNF-3f
through gene targeting technology lack a noto-
chord, which results in severe defects of neural
tube organization (15). In addition, other mem-
bers of the FOX family, such as Foxjl, have
already been identified as important molecules
for development of choroid plexus epithelium,
thus implying a potential role for these proteins
in the nervous system development. It has been
recently observed that in Xenopus laevis, another
FOXN factor, FOXN4, is expressed in brain
and retina at the earliest stages of maturation.
FOXN4 is also expressed in the pallium, optic
tectum, isthmus, reticular formation, and in cells
lining the ventricle of the tadpole brain (17). In
humans, alterations in the FOXP2 gene are asso-
ciated with neurodevelopmental disorders, sug-
gesting that the molecule has a key role in neural
functioning (16). Thus, different from Foxp2 that
is expressed later as a regulator gene, Foxnl seems
to be implicated as an organizer in neurulation.
Furthermore, as the choroid plexus modulates
the composition of the cerebrospinal fluid (CSF),
transporting or secreting key molecules into the
brain’s environment, it is thought that plexus
cells have profound effects on the morphogenesis

of neural structures (18). Thus, the expression of

Foxnl in the embryonic choroid plexus is con-
sistent with a possible role for Foxn! in the
development of the central nervous system. The
expression in choroid plexus is intriguing, sug-
gesting that disturbances in CSF secretion may
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play a role in the pathogenesis of defects at both
ends of the neural tube. As previously described,
the mechanism of delay or failure of neuroepi-
thelial curvature that leads to neural tube defects
in curly tail embryos involves abnormalities of
neuroepithelial-mesenchymal interactions that
may be initiated by abnormal cellular function
within the neuroepithelium. So, it is not surpris-
ing that the absence of a factor expressed in cho-
roid plexus could lead to neural tube defects
(19). In addition, choroid plexus epithelium is
a specialized ependyma whose secretory proteins
are important in several developmental pro-
cesses. Alterations of its immunocytochemical
profile have also been found in certain cerebral
malformations (20). A prominent feature of
human anencephaly is the development of the
area cerebrovasculosa, a fibrovascular prolifera-
tive phenomenon generally attributed to an ence-
phaloclastic response of the toxic effects of
chronic direct exposure of neural tissue to amni-
otic fluid. The ROXNI genetic mutation could
play a role in the development of this unique his-
topathological feature. A possible explanation of
the reported features is that an impaired ectoder-
mal development with a consequent defective
epidermis overlying the neural folds differentia-
tion may have prevented the neural folds from
coming together to form the neural tube causing
anencephaly and spina bifida.

How FOXNI regulates its functions is largely
unknown. There have been relatively few studies
on its molecular pathways and its own targets.
Recently, it has been shown that phospholipase
C-delta 1 is an essential molecule downstream of
Foxnl in normal hair formation, suggesting
a possible explanation of hairlessness in nude
mice caused by insufficient expression of this
molecule (21).

There are a few considerations that suggest
that the association between the Nude/SCID
mutation and anencephaly may be causally
related. First of all, other forms of SCID become
clinically evident only after the first 3—4 months
of post-natal life, when the protection of the
newborn by the mother immune system declines.
Owerall, congenital SCIDs are not related to
increased spontaneous interruption of preg-
nancy. In the community where the human
Nude/SCID was discovered, there is a high rate
of abortions in the first trimester in the mar-
ringes between subjects heterozygous for the
FOXN! mutation. This finding suggests that
FOXNI may also be implicated in the develop-
ment because the first trimester mortality is not
justified by the SCID per se. Although there is
no demonstration that there are gross brain mal-

Severe neural tube defect in human Nude/SCID fetus

formations in mice, a reduced number of Pur-
kinje cells of the cerebellum has been reported in
Nude/SCID mice, which is in addition reduced
in size (22). Furthermore, perinatal death was re-
ported in the spontaneous strain ‘nude Yurlovo’
{23). It is to note that organogenesis In mice lasts
throughout the pregnancy, while in humans, it
mainly occurs in the first 3 months. The associa-
tion herein reported in man, indicating that the
human phenotype is more severe than in mice,
could explain the reason as to why the human
counterpart of the mouse Nude/SCID, described
in 1966, has only been identified 30 years later
(10). As for the variability of clinical expression
of the same gene mutation, this is not unusual in
neurodevelopmental disorders (24, 25). A similar
observation has been reported in lathosterolosis
where the same enzymatic alteration led to mul-
tiple organ malformations in one living sibling
and severe neural tube defects in a fetus from the
same parents (26). A possible explanation is that
a more severe clinical expression of the Nude/
SCID may lead to pre-natal lethality and a milder
one to a newborn with Nude/SCID.
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Abstract A critical role of the FOX transcription factors in the development of different tissues
has been shown. Among these genes, FOXNI encodes a protein whose alteration 1s responsible for the
Nude/SCID phenotype. Recently, our group reported on a human Nude/SCID fetus, who also had
severe neural tube defects, namely anencephaly and spina bifida. This led to hypothesize that FOXN1
could have a role in the early stages of central nervous system development. Here we report on a
second fetus that carried the R255X homozygous mutation in FOXN]1 that has been examined for the
presence of CNS developmental anomalies. At 16 weeks of gestation. the abdominal ultrasonography
of the Nude/SCID fetus revealed a morphologically normal brain, but with absence of cavum septum
pellucidum (CSP). Moreover, after confirmation of the diagnosis of severe Nude/SCID, the fetus was
further examined postmortem and a first gross examunation revealed an enlargement of the
mnterhemispheric fissure. Subsequently, a magnetic resonance mmaging failed to identify the corpus
callosum 1n any section. In conclusion, our observations did not reveal any gross abnormalities 1n the
CNS anatomy of the Nude/SCID fetus, but alteration of the corpus callosum. suggesting that FOXNI
alterations could play a role as a cofactor in CNS development in a sumilar fashion to other FOX family
members.

Keyv wards brain development - FOXNI - corpus callosum - SCID - thymic aplasia
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Dear Sir

A cntical role of the Forkhead box (FOX) transcription factors in the development of different
tissues has been shown in a number of studies where FOX genes have been inactivated by gene
targeting or mutations [1]. In particular. among these genes. FOXNI encodes a protein selectively
expressed in the epithelial cells of the skin and thymus of mice. rats and humans [2]. Its alteration is
responsible for the Nude/SCID phenotvpe, charactenized by congenital alopecia, nail dvstrophy and
severe combined immunodeficiency due to a profound T-cell defect [3].

Recently, our group reported on a human fetus affected with Nude/SCID phenotype due to
FOXNI gene mutation who also had severe neural tube defects, namely anencephaly and spina bifida.
The affected fetus was identified during a prenatal genetic counselling program offered to couples at-
risk in a village. This led to hypothesize that FOXN1 could have a role in the early stages of central
nervous system (CINS) development [4], as shown for other FOX fanuly members.

Case Report

We report on a second fetus belonging to the same famuly, that carned the R255X homozygous
mutation i FOXNI, examined for the presence of CNS developmental anomalies. Prenatal diagnosis,
performed by villocentesis at 11 weeks of gestation. led to a diagnosis of Nude/SCID syndrome. At 16
weeks of gestation, the abdomunal sonography of the Nude/SCID fetus revealed a morphologically
normal brain, but with absence of cavum septum pellucidum (CSP). in that only medial wall of the
frontal horn was observed (Fig. la). At this age, CSP 15 a flmd-filled cavity situated between the
membranes which form the septum pellucidum and bounded superiorly and anteriorly by corpus
callosum and inferiorly by the fornix and is considersd a marker of a normal anatomy [5]. However,
this structure (Fig. 1b) is seen in the 40% of cases at 15 weeks, 82% at 16-17 weeks, 100% after the
18th week of gestation [3]. After parents decision, the termination of pregnancy was performed at 18th
week and the fetus was further examined postmortem after obtaining informed consent. At autopsy,
the brain weight was 35 g and a first gross examination revealed an enlargement of the
interthemispheric fissure. A magnetic resonance mmaging (MRI) of the extracted brain showed the
mtegrity of major structures, but some mechanical damages due to extraction procedures. Cerebellum,
bramnstem. midbrain and thalami were normally formed and ganglionic eminence could be clearly
defined. Convexity sule1 and lamination of brain parenchyma were normal for gestational age [6, 7]
On the contrary, corpus callosum could not be identified i any section (Fig. 2a-e). Furthermore, m
keeping with this. subsequent autopsy failed to reveal any macroscopic abnormality of brain structures,
but the abnermality in the development of corpus callosum (Fig. 21f).

Discussion

In conclusion, our observations did not reveal any gross abnormalities in the CNS anatomy of the
Nude/SCID fetus. As compared to our previous observation this would imply that FOXN! alterations
are not sufficient to induce neurnlation anomalies. However, the presence of an alteration of the corpus
callosum would suggest that FOXN! alterations could play a role as a cofactor in CNS development in
a stmilar fashion to other FOX family members, such as FoxP1, that helps Hox proteins to regulate the
genes that control motor-neuron diversification [8, 9]. It should be noted that the zebrafish orthologue
of the mouse nude gene Foxnl 1s observed in the developing eye and several other brain structures
[10]. In addition. we previously found that FOXN! gene 1s expressed in mouse developing choroid
plexus. Recently. it has also been shown that Foxnl 1s required to maintain the expression in the hair
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follicle matrix of Notchl [11], whose signaling 1s known to regulate cell fate specification and pattern
formation m the developing nervous system [12]. Nevertheless, the precise role of the FOXNI
transcription factor in CNS development remains to be fully clarified.

Our case should encourage physicians and pathologists to search for FOXN1 alterations m
congenital brain development abnormalities.
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Legend to figures

Fig. 1 a Abdominal sonography does not reveal any structure on the cerebral midline to refer as CSP.
Only medial wall of the frontal horn (FH) 1s evident. b Sonography of a normal fetus at 16 weeks of
gestation. The arrows indicate CSP.

Fig. 2 a, d Axial (cerebellum, ganglionic eminence, mesencephalon and dorsal fronto-parietal cortex)
and e coronal MRI sections showing the integrity of major structures, but corpus callosum could not be
identified 1 any section. f Coronal view of the brain at autopsy.
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Figure 1
Click here to download high resolution image
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Figure 2
Click here to download high resolution image
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Conclusive remarks

The reported observations open a new window in the comprehension of the
role of FOXN1 in the development of different tissues, such as CNS,
confirming former observations related to other FOX family members (29).
Although our reports revealed 2 distinct CNS phenotypes associated to the
same FOXN1 gene mutation (R255X), they would suggest that FOXN1
alterations could play a role as cofactor in CNS development in a similar
fashion to other FOX family members, such as FoxP1, that helps Hox proteins
to regulate the genes that control motor-neuron diversification (69-70).

It should be noted that mice defective in HNF-3b through gene targeting
technology lack a notochord, which results in severe defects of neural tube
organization (71). In addition, other members of the FOX family, such as
Foxjl, have already been identified as important molecules for development
of choroid plexus epithelium, thus implying a potential role for these proteins
in the nervous system development. It has been recently observed that in
Xenopus laevis, another FOXN factor, FOXN4, is expressed in brain and
retina at the earliest stages of maturation. FOXN4 is also expressed in the
pallium, optic tectum, isthmus, reticular formation, and in cells lining the
ventricle of the tadpole brain (72). In humans, alterations in the FOXP2 gene
are associated with neurodevelopmental disorders, suggesting that the
molecule has a key role in neural functioning (73). Thus, different from
Foxp2 that is expressed later as a regulator gene, Foxnl seems to be
implicated as an organizer in neurulation. Moreover, the zebrafish orthologue
of the mouse nude gene Foxnl is observed in the developing eye and several

other brain structures (74). Recently, it has also been shown that Foxnl is
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required to maintain the expression in the hair follicle matrix of Notchl (75),
whose signaling is known to regulate cell fate specification and pattern
formation in the developing nervous system (76).

Nevertheless, the precise role of the FOXNL1 transcription factor in CNS
development remains to be fully clarified. Our cases should encourage
physicians and pathologists to search for FOXN1 alterations in congenital

brain development abnormalities.
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CHAPTER 3

The Ataxia Telangiectasia

Among those PIDs whose causing genes are not selectively expressed in the
hematopoietic compartment there is Ataxia-telangiectasia (A-T), a rare
autosomal recessive disorder, characterized by progressive neurological
dysfunction, especially affecting the cerebellum, oculo cutaneous
telangiectasia, high incidence of neoplasms and hypersensitivity to ionizing
radiations (1-2).

Immunodeficiency is present in 60-80% of individuals with A-T, it is
variable and do not correlate well with the frequency, severity or spectrum of
infections (3). The immunodeficiency is progressive and the most consistent
immunodeficiency reported is poor antibody response to pneumococcal
polysaccharide vaccines (3).  Moreover, serum concentration of the
immunoglobulins IgA, IgE and 1gG2 may be reduced. Approximately 30% of
individuals with A-T who have immunodeficiency have T-cell deficiencies.
At autopsy, virtually all individuals have a small embryonic-like thymus.
Unlike most immunodeficiency disorders, the spectrum of infection in
individuals with A-T does not comprise opportunistic infections. Some
individuals develop chronic bronchiectasis and the frequency and severity of
infections correlates more with general nutritional status than with the
immune status. Individuals with frequent and severe infections appear to
benefit from intravenous immunoglobulin (IVIG) replacement therapy (3);
however, longevity has increased substantially even in individuals not

receiving IVIG.
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The disease is associated with mutations in the ataxia telangiectasia
mutated (ATM) gene encoding for a 370 kDa serine/threonine kinase, that
shares sequence similarities with the catalytic subunit of phosphatidyl-
inositol-3-kinase (4). Most of its substrates appear to be involved in cell cycle
checkpoints and DNA double-strand break (DSB) response (5). Thus, the
disease is considered the prototype of the DNA-repair defect syndromes (6).

The clinical course of the disease is severe, and the median survival of A-
T patients is actually 19-25 years with a wide range (7). A variable immune
defect has been long recognized in patients with A-T (8). Immunological
abnormalities mainly include impaired antibody responses, T-cell
lymphopenia, primarily affecting CD4+ lymphocytes, and impaired
proliferative response to mitogens and antigens (3). However, severe
infections are uncommon in A-T (3). On the contrary, clinical signs related to
the progressive neurodegeneration are overwhelming and dramatically affect
the quality of life. Purkinje cells are thought to be selectively depleted, then
resulting in the progressive cerebellar atrophy of the cortex associated with
significant thinning of the molecular layer, as revealed by autopsy and biopsy
studies (9-10). Unfortunately, currently there is no effective treatment for A-
T, but supportive care of neurological symptoms, as physical, occupational
and speech/swallowing neurorehabilitation. Eventually, the progressive
neurodegeneration and pneumonia are a frequent cause of death in patients

with A-T.
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8§31 Effects of steroid treatment in patients affected with Ataxia

telangiectasia

A recent clinical observation reported on a dramatic improvement of
neurological symptoms following a short course of oral betamethasone in a
child affected with A-T (11). Due to the importance of the topic, this study
aimed to extend such an observation to additional A-T patients referred to a
single Immunodeficiency Center.

In this part of the study, we reported on the amelioration of neurological
signs, assessed by Scale for the Assessment and Rating of Ataxia (SARA),
during short-term treatment with oral betamethasone. Of note, this effect was
observed not only in very young A-T patients, but also in older ones. The
clinical response was observed as soon as 48 h following the beginning of the
therapy and was transient, in that it disappeared soon after therapy
withdrawal. The highest clinical improvement was on speech disturbance,
stance, and finger chase items.

This study has been published on The European Journal of Neurology, for

the manuscript see below.
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A recent clinical observation reported on a dramatic improvement of neurological
symptoms following short-term betamethasone administration in a child affected with
ataxia-teleangiectasia (A-T). The aim of this study was to extend this observation to
additional A-T patients followed at a single Immunodeficdency Center. Six consecutive
patients (three males; mean age 16.3 years, range 5-30 vears) were enrolled into this
monocentric before—after trial. A cycle of oral betamethasone at the dosage of 0.1 mg/
kg/day was administered for 10 days. The neurological evaluation was performed
through the Scale for the Assessment and Rating of Ataxia. Overall, five of the six
patients exhibited a clear amelioration of the neurological performances. Only in two
patients, a slight amelioration persisted 7 days after the therapy withdrawal, whilst in
the other patients the score reached approximately the pre-treatment value at the end
of the therapy. Twenty-eight of the 46 evaluated neurological items (60%) improved
during therapy. The speech disturbance, finger chase and nose—finger test showed the
moere significant improvement. The clinical amelioration was inversely correlated with
the level of cerebellum atrophy, as revealed by the magnetic resonance. Our data
indicate that neurological signs in A-T are susceptible of beneficial pharmacological

intervention even years after the disease onset.

Introduction

Ataxia-telangiectasia (A-T) is a rare autosomal reces-
sive disorder, characterized by progressive neurological
dysfunction, especially affecting the cerebellum, oculo-
cutancous  telangiectasia, immunodeficiency, high
incidence of neoplasms and hypersensitivity to ionising
radiations [1,2]. The disease is associated with muta-
tions in the ataxia telangiectasia mutated (ATM) gene
encoding for a 370 kDa serine/threonine Kinase, that
shares sequence similarities with the catalytic subunit of
phosphatidyl-inositol-3-kinase [3]. Most of s sub-
strates appear to be involved in cell cycle checkpoints
and DNA double-strand break response [4]. Thus, the
disease 15 considered the prototype of the DNA-repair
defect syndromes [5].

The clinical course of the disease is severe, and the
median survival of A-T patients is actually 19-25 years
with a wide range [6]. A variable immune defect has
been long recognized in patients with A-T [7]. Immu-
nological abnormalities mainly include impaired anti-
body responses, T-cell lymphopenia, primarily affecting
CD4+ lymphocytes, and impaired proliferative re-
sponse to mitogens and antigens [8]. However, severe
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infections are uncommon in A-T [8]. On the contrary,
clinical signs related to the progressive neurodegenera-
tion are overwhelming and dramatically affect the
quality of life. Purkinje cells are thought to be
selectively depleted, then resulting in the progressive
cerebellar atrophy of the cortex associated with signif-
icant thinning of the molecular layer, as revealed by
autopsy and biopsy studies [9,10].

Unfortunately, currently there is no effective treat-
ment for A-T, but supportive care of neurological
symptoms, as physical, occupational and speech/
swallowing neurorchabilitation. Eventually, the pro-
gressive neurodegeneration and preumonia are a fre-
quent cause of death in patients with A-T.

A recent clinical observation reported on a dramatic
improvement of neurological symptoms following a
short course of oral betamethasone in a child affected
with A-T [11]. Due to the importance of the topic, the
aim of this study was to extend such an observation to
additional A-T patients referred to a single Immuno-
deficiency Center.

Subjects and methods

Six consecutive patients (three males) of 5, 6, 14,15, 27
and 29 years of age, respectively (mean age 16.3 years,
range 5-29 years), affected with A-T were enrolled in
this monocentric study. The patients received a
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Tahlke 1 Clinical and lahoratory data of patients affected with A-T

Pl P2 P P4 Ps PG
Sex F F M F M M
Age | years) 9 n 14 15 5 [
Age at onset of unsteadiness of gait (years) [ [ 2 2 2 2
Loz of ambulatory skills (years) Still ambulant Btill ambulant 9 9 Still ambulant Still ambulant
Cerebellar ataxia FEE +++ +++ +++ ik FeF
Resting tremar +++ +++ +++ +++ + +
Tnceased AFP levels Present Present Present Present Present Present
ATM mutation IFTHG=A 576 G=A 1463 G= A MNA e 97delC T78CCTC

2 2113deT

A-T, ataxia telangicctasia; MA, data not available; AFP, alpha fetoprotein; = borderling; + +, moderate; + + + | severe.

diagnosis of A-T according to the European Society of
Immunodeficiencies (ESID) criteria. Table | shows that
the four patients (P3, P4, P'5, P6) had an early onset of
symptoms, whilst two a later onset. A previous molec-
ular study revealed a mutation in all patients and ab-
sence of the protein, but in P4, in whom the mutation
was not yet identified. even though the ATM gene was
not completely sequenced. However, the ATM protein
level in this patient was approximately 20% of controls,
indicating that the pathogenesis also involves ATM
protein [12]. Brain MRI was performed at 1.5 tesla. The
neurological evaluation was performed through the
Scale for the Assessment and Rating of Ataxia (SARA)
[13). This scale was selected both to ensure specificity
for ataxia and to utilize standardized procedures. The
scale consists of eight items that vield a total score of 0
(no ataxia) to 40 (most severe ataxia). These items in-
clude the following: gait, sitting, heel-shin slide, stance,
finger chase, nose-finger test, fast alternating hand
movements and speech disturbance. Limb kinetic
functions (items 5-8) are rated independently for both
sides, and the arithmetic mean of both sides is included
in the SARA total score (see appendix El1 on the
Meurology Web site at http:/ f'www.neurology .orgleg/
content/full/66/11/1717/DC1). Each clinical neurologi-
cal examination was videotaped in the presence of two
pediatric neurologists. A third physician reviewed the
videotape blinding, thus without knowing whether that
specific meurological evaluation was recorded before,
during or after the treatment. The final results were
obtained through the comparison of the individual
evaluator's scores.

Immunological studies included the evaluation of
serum immunoglobulin levels and of the in virro pro-
liferative response to mitogens with standard proce-
dures. Phytohemagglutinin (PHA), phorbol myristate
acetate (PMA) and poke weed mitogen (PWM) were
used. The proliferative response was evaluated by thy-
midine uptake from cultured cells pulsed with 0.5 mCi
[3H][hymidinc (Amersham International, Brussels,
Belgium) 8 h before harvesting.

The patients, upon written consent, received a cycle
of oral betamethasone at the dosage of 0.1 mg/kg/day
for 10 days divided every 12 h. The clinical and labo-
ratory evaluations were carried out before therapy (TO),
48 h from the beginning (T48), at the end of the therapy
(T10d) and, eventually, 7 days from the withdrawal
(T + 7). The adverse effects were monitored through
routing laboratory tests, including blood cell count,
serum levels of transaminases, plasma electrolyte levels,
and renal functionality. Furthermore, weight and blood
pressure were measured. The protocol was formally
approved by the local Ethical Committee.

Results

At the beginning of the study. the neurological evalu-
ation in our A-T patients revealed severe cerebellar
ataxia and resting tremor in four patients (P1, P2, P3,
P4} and moderate neurological alterations in the
remaining. Four patients could walk, either autono-
mously (P5, P6) or with support (P1, P2). All patients
showed instability of gait. posture, seating and head,
diminished postural tone, dysmetria, and dysarthria.
Cognitive status was normal in all patients. Table 2
summarizes the total SARA score in each patient.
Owerall, five of the six patients exhibited a clear
amelioration of the neurological performances. In one
patient, (P6) the improvement persisted 7 days after the
therapy withdrawal, whilst in the remaining patients,

Tahle 2 Total SARA score in A-T patients

Time Pl P2 P3 P4 P3 PG
O 25 32 2 26 17 16
T48 27 k1) 27 24 14 [
Tiod 28 27 24 21 11 @
T+7 k1) n 27 25 17 11

A-T, ataxia telangiectasia; SARA, Scale for the Assessment and
Rating of Ataxia; T, beFare therapy; T4E, 48 b from the beginning of
therapy; T10d, end of therapy; T + 7, off therapy.
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Table 3 Changes of mdividual tems of the SARA score during steroid thaapy in AT patients

Pl P2 P3 P Ps Pé

CCSs~ CCS8+ OCS- OGS+ COCS- OGS+ COCS- OGS+ CGCs- OGS+ CCs- COCs+
Gait 6 6 NA NA 6 6 6 6 2 1 2 1
Sitting 1 2 1 1 1 1 2 2 1 0 1 0
Heel shin shide 1 1 NA NA 1 1 2 1 1 1 1 [
Stanae 5 5 6 5 6 5 5 3 2 1 1 0
Finger chase 2 2 4 3 3 2 3 2 3 1 2 0
Nose finger 3 3 3 1 2 1 2 2 1 1 1 (1]
Fast altrming hand movements 3 3 3 3 3 3 4 3 3 2 4 3
Speech disturbance 4 4 4 2 4 2 4 2 4 2 4 1

A-T, ataxia telangiectasia; NA, data naot availablle SARA, Scale far the Assessment and Rating of Ataxa; OCS—, bedfore steroxd tharapy; CCS +,

during steroxl therapy.

the score reached approximately the pre-treatment vilue
at the end of the therapy. Table 3 shows the changes
of the SARA score for eachitem on an individual basis.
In our study, we totally evaluated 46 parameters. Eight
items were evaluated for each patient, except in P2 in
whom items 1 and 3 could not be evaluated because of
an accidental tibia and fibula fracture of the left leg
treated by Hoffman external fixation. However, the
assessment was carried out under parents' request. We
observed that 28/46 variables (60%) improved during
steroid therapy. In particular, three items showed the
most significant improvement. Speech disturbance im-
proved in all patients, occurring as soon as 48 h after
the beginning of therapy, and persisted all over the
trial. However, the most significant improvement was
observed at T10d. Stance and finger chase lests
ameliorated in five patients at different time. Stance
ameliorated in four of the five patients (P2, P3, P4, P6)
at T48 and at T10d in the other one (P5). Finger chase
test ameliorated in three patients (P2, P3, P4) at TI0d
and in the others (PS5, P6) at T48.

Brain MRI revealed no cerebellar abnormalities in
P5 and P6. In the remaining patients the following
patterns of cerebellar atrophy were detected: moderate
cerebellar atrophy with a more marked atrophy of the
vermis than cerebellar hemispheres in P3 and P4, and
severe and marked diffuse atrophy of wermis and
hemispheres in Pl and P2 (Fig. 1). When the results
of the neurological improvement during the steroid
therapy were compared with the pattern of cerebellar
atrophy at MRI, an inverse correlation between the
degree of cerebellar atrophy and the extent of
amelioration was found.

Lymphocyles count was evaluated at the different
times (Fig. 2). In five of the six patients, the number of
lymphocytes increased, in four by T10and in one patient
the increase occurred at T + 7 (P6). However, only in
twopaltients the increase in the cell count was remarkable
(1170 vs. 1960 cells/mm®, 1990 vs. 3350 cells/mm?).

2008 The Aunor(s)

Figure 1 Bram structural MRI in six alaxa-leleangeclasa (A-T)
patients. (2, b) T2 sequence on axial sections showing marked
cerebellar atrophy in P1 and P2, (¢) T1-weighed sagittal seclion
showing moderate cerebellar and vermian atrophy. (d) T2
sequence on axial sections showing moderate cerebellar and
vernuan atrophy. (e, 1) Nomal cerebellum in PS5 and Pa.

Moreover, the proliferative response Lo mitogens was
evaluated at the same time points to define whether the
increase in lymphocyte count paralleled an increase in
the cell proliferation. In most cases, the proliferative
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Figure 2 Lymphocyte count in six slaxia-lekangectsia (A-T)
patients. Graph showing lymphocyle count, expressed a3
cellgimm’, in the patients before, during and 7 days off therapy.

response Lo the common mitogens, PHA, PMA, PWM,
decreased by 7-97% after 48 h from the beginning of
the therapy (Fig.3). However, in four of the six
patients, the proliferative response to PHA increased
later on during the therapy, reaching the pre-treatment
value. Of note, in two cases the post-treatment value
was higher than the TO value (36060 vs. 26486 cpm and
12866 ws. 3157 cpm, respectively). The proliferative
response Lo PMA or PWM was similar to the PHA

response.

Discussion

Ataxia-teleangiectasia is primarily a neurodegenerative
disorder, whose underlying pathology consists of a
progressive cerebellar degeneration, mainly involving
Purkinje and granule cells, assodated with immunode-
ficiency [14]. In this study, we report on the ameliora-
tion of neurological signs during short-term treatment
with oral betamethasone. Of note, this effect was ob-
served not only in very young A-T patients, but also in
older ones. The clinical response was observed as soon
as 48 h following the beginning of the therapy and was
transient, in that it disappeared soon after therapy
withdrawal.

The clinkcal phenotype of A-T is quite heterogeneous
with a surprising, and still unexplained, different impact
of the pathogenic mechanism on the severity of
immunological and neurological signs. Differently from
lymphocytes, whose turn-over is continuous and char-
acterized by the release into the peripheral stream of
fully differentiated mature cells from bone marrow, the
placement of Purkinje neurons occurs relatively early in
human development [1]. This would suggest that early
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alerations in cell development during mid-gestation
underlie the A-T-related ataxia [15,16]). Thus far, the
worst aspect in the Follow-up of A-T patients is the lack
of an elfective speafic treatment for the neurclogical
impairment.

In our study, the clinical evaluation was performed
through the gquanuttative and wellvalidated SARA
scale [13]. The highest clinical improvement was on
speech disturbance, stance, and finger chase items. OF
note, it should be pointed out that besides these
paramelers, in almost all patients, we could document a
clinically objective improvement in the quality of motor
coordination, an item not evalpated in the SARA
assessment.

Magnetic resonance imaging of our A-T palients
revealed several degrees of cerebellar atrophy, espe-
clally in wermian regions, which correlated, at some
extent, with the disease duration, as previously reported
[17]. In our study, the clinical benefit of therapy was
inversely correlated with the degree of cerebellar atro-
phy, thus indirectly confirming that the loss of Purkinje
celb correlates with the severity of the phenotype.
However, the observation that two further patients,
despite moderate grade atrophy, exhibited a clear
amelioration of the neurclogical features provides good
evidence that abnormalities at the molecular level pre-
cede gross morphological changss. Thus, we could
argue that, during the initial phase of cell loss, bio-
chemical and functional cerebellar abnormalities may
still be modified, by interfering in the biochemical
pathways,

As for the intmate molecular mechanism by which
betamethasone led to this effect, thus Far it is nol pos-
sible 1o give a definitive interpretation, Meither the
normal function of ATM in the nervous svstem nor the
biological basis of the degensration in A-T s known
[15). Although ATM seems Lo be neuroprotective in the
tissue undergoing oxidative stress and apoplosis, the
intimate mokcular mechanism of its property is stll
uncertain [18]. As the effect of betamethasone was
transient in nature, it should be argued that the intima e
mechanism of this pharmacological action regards
some still unidentified steroid-dependent biochemical
evenl. This is nol surprising, because a4 permanent
reversion of the molecular alteration is not expectad,
and the drug presumably acts on the damage derived
from ATM dysfunction. ATM also plays a role in the
signal transduction network that modulates cell cycle
checkpoints, genete recombination, apoplosis, and
other cellular responses o DMA - damage [5,1920].
Recently, increasing attention is being paid o the roke
of oxidatve stress in the pathophvsiology of A-T and
other inherited ataxias [5]. In fact, whilst tumorigenesis
in A-T ssems Lo be linked Lo genetic instability, oxida-

@ 2008 The Author(s)
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live stress seems Lo play a major rele in neuropathology
[15,21,22]. The cerebellum has been proven to be a
target for oxygen damage resulting in neurodegenera-
tien. In ATM=/= mice, enhanced oxidative stress ne-
duces hfe span and eells are more sensitive Lo
radiations, thus sugeesting that free radicals are
important colfactors in the expression of a few A-T
chnical features [23]. In keeping with this observation,
administration of an antiexidant clearly prevented
Purkinje cell death in A tm-defident mice [9,18]. Taken
together, these data provide evidence that oxidative
stress contributes 1o the clinical phenotype of the dis-
ease [24). 1t 15, therefore, concewvable o hypothesize
that the observation herein reported might be linked 1o
a biochemical alteration of such a balance.

As for the immunological alterations observed during
the betamethasone treatment, the increase of lvmpho-
cyle count is nol surprising, in that it may be presum-
ably linked to a direct effect of the drug on the bone
marrow, favouring the dismission of mature cells into
the peripheral blood. Agmn, the decrease in the prohf-
eralive response o mitogens of penpheral  blood
monenuclear cells may be explamed on the basis of the
immunosuppressive effect of steroids [25].

In conclusion, our ebservation confirms what re-
cently reported on a single patient, and clearly indi-
cales that for many vears from the disease onsel,
neurclogical symptoms in A-T patients are susceptible
of benefigal pharmacological intervention. However,
due to the number of well-known adverse effects of
corticosteroids, this therapy should be undertaken only
after a careful consideration of the individual case,
Most imporiantly, the rescue of the neurological
function, at some extent, sugeests that cell loss is an
ultimate featurs in A-T and that bochemical altera-
iens, presumably reversible, precedes for a long tme
cerebellar atrophy. Further studies on the mmplicated
mechanisms may open an important window on novel
therapeutic agents capable of controlling neurological
symploms in A-T.
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Conclusive remarks

The clinical phenotype of A-T is quite heterogeneous with a surprising, and
still unexplained, different impact of the pathogenic mechanism on the
severity of immunological and neurological signs.  Differently from
lymphocytes, whose turn-over is continuous and characterized by the release
into the peripheral stream of fully differentiated mature cells from bone
marrow, the placement of Purkinje neurons occurs relatively early in human
development (1). This would suggest that early alterations in cell development
during mid-gestation underlie the A-T-related ataxia (12-13). Thus far, the
worst aspect in the follow-up of A-T patients is the lack of an effective
specific treatment for the neurological impairment. This observation confirms
what recently reported on a single patient, and clearly indicates that for many
years from the disease onset, neurological symptoms in A-T patients are
susceptible of beneficial pharmacological intervention. However, due to the
number of well-known adverse effects of corticosteroids, this therapy should
be undertaken only after a careful consideration of the individual case. Most
importantly, the rescue of the neurological function, at some extent, suggests
that cell loss is an ultimate feature in A-T and the biochemical alterations,
presumably reversible, proceed for a long time cerebellar atrophy. Further
studies on the implicated mechanisms may open an important window on
novel therapeutic agents capable of controlling neurological symptoms in A-

T.
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§3.2 In Ataxia Telangiectasia patients betamethasone response is
inversely correlated to cerebellar atrophy and directly to

antioxidative capacity

As above mentioned, neurological symptoms in A-T patients are susceptible
of beneficial pharmacological intervention obtained trough betamethasone
therapy.  Conversely, the intimate molecular mechanism by which
betamethasone led to this effect remains unclear, thus it is not possible to give
a definitive explanation of this finding. However, the normal function of
ATM in the nervous system nor the biological basis of the degeneration in A-
T is known (12). Although ATM seems to be neuroprotective in the tissue
undergoing oxidative stress and apoptosis, the intimate molecular mechanism
of its property is still uncertain (14). As the effect of betamethasone was
transient in nature, it should be argued that the intimate mechanism of this
pharmacological action regards some still unidentified steroid-dependent
biochemical event. This is not surprising, because a permanent reversion of
the molecular alteration is not expected, and the drug presumably acts on the
damage derived from ATM dysfunction.

ATM also plays a role in the signal transduction network that modulates
cell cycle checkpoints, genetic recombination, apoptosis, and other cellular
responses to DNA damage (6, 15-16). Recently, increasing attention is being
paid to the role of oxidative stress in the pathophysiology of A-T and other
inherited ataxias (6). In fact, while tumorigenesis in A-T seems to be linked
to genetic instability, oxidative stress seems to play a major role in
neuropathology (12, 17-18). The cerebellum has been proven to be a target

for oxygen damage resulting in neurodegeneration. In Atm-/- mice, enhanced
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oxidative stress reduces life span and cells are more sensitive to radiations,
thus suggesting that free radicals are important cofactors in the expression of a
few A-T clinical features (19). In keeping with this observation,
administration of an antioxidant clearly prevented Purkinje cell death in Atm-
deficient mice (9, 14). Taken together, these data provide evidence that
oxidative stress contributes to the clinical phenotype of the disease (20). It is,
therefore, conceivable to hypothesize that the reported observation might be
linked to a biochemical alteration of such a balance.

With this regard, in the second phase of this study we evaluate whether the
beneficial effect of betamethasone therapy could be mediated by interference
in reactive oxygen species (ROS) generation/neutralization process. Thus, we
measured in this small cohort of A-T patients direct markers of ROS
production, during a short-term steroid treatment.

Of note, ATM protein, after its autophosphorylation, activates multiple
substrates involved in cell cycle regulation, such as p53 and, eventually, leads,
cooperating with other DNA repairing factors, to cell cycle arrest. ATM is
also involved in sensing and modulating intracellular redox status, even
though it is not clear whether ATM itself is directly involved in ROS
production (16, 21). However, ATM deficiency causes oxidative damage to
proteins and lipids in brain, testes and thymus. Furthermore, Atm-deficient
mice exhibit genomic instability and hypersensitivity to ionizing radiation and
other treatments that generate ROS (22).

In keeping with this, in Atm-deficient mice the overexpression of
superoxide dismutase 1 (SOD), an enzyme involved in hydrogen peroxide
production, exacerbated certain features of the A-T phenotype (23). These

observations point to additional roles for ATM in cellular metabolism other
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than its direct role in the response to DSBs induction, such as its involvement
in ROS balance.

Cells have developed a wide array of protective mechanisms against ROS,
including small reducing molecules, antioxidative enzymes and damage/repair
systems (24). One of the small reducing molecules is glutathione (GS), which
appears in the cells in both its oxidized and reduced (GSH) forms. It works in
detoxifying specific ROS by itself or in combination with other enzymes, such
as SOD, which converts superoxide radicals into H,O, and O,, catalase,
glutathione peroxidase (PHGPx) and glutathione-S-transferases. Oxidants
overproduction and/or 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. The CNS is particularly vulnerable to oxidative stress due to
its high rate of metabolism and to the disproportionately low levels of its
oxidative defense mechanisms (25). The increased and unopposed ROS
production can lead to neurotoxicity resulting in neural damage and eventually
in cell death.

Within the observation of the neurological amelioration during steroid
treatment in A-T patients, we found that this improvement was inversely
correlated with the age and severity of cerebellar atrophy and that the highest
basal GSH values were present in PBMC from those patients who better
responded to the betamethasone therapy. Furthermore, it is interesting to note
that the behaviour of ROS levels in the patient, who better responded to the
treatment, correlated with the clinical improvement. In particular, ROS levels
decreased during the phase of the improvement and returned to normal seven

days off the therapy, paralleling the clinical worsening. During this study, we
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analyzed also lipid peroxidation and found that this phenomenon occurred
only in the patient who did not exhibit any clinical improvement during the
therapy and, importantly, that it was associated with the most severe
cerebellar atrophy. These findings suggested that the antioxidative protective
GSH system plays a role in the protection from the cerebellar atrophy and
may be implicated in the improvement of cerebellar functions during short-
term betamethasone therapy.

This work has been published on The European Journal of Neurology, for

the manuscript see the attached file below.
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Background and purpose: Ataxia-telangiectasia (A-T) is a rare autosomal recessive
disorder caused by alterations of the A-T mutated (ATM) gene. Although A-T is a
noncurable disease, we, previously, documented a clear improvement of cerebellar
functions during a short-term betamethasone trial. The aim of this study was to define
the underlying biochemical mechanism.

Methods: In six A-T patients receiving a short-term steroid therapy, intracellular
glatathione (GSH) levels were evaluated with a colorimetric assay. The lipid peroxi-
dation level and reactive oxygen species (ROS) production were evaluated using
commercial assays. All the parameters were compared with the improvement of cer-
ebellar functions expressed as delta (A) of the Scale for the Assessment and Rating of
Ataxia (SARA).

Results: We observed an inverse correlation between A SARA and the severity of
cerebellar atrophy and between the latter and basal GSH wvalues. Four of the five
patients with the highest A SARA also had the highest GSH values. Moreover, even
though basal ROS values were comparable in patients and controls, in the only patient
studied at different time-points of therapy. a remarkable reduction in ROS levels was
documented.

Conclusion: We suggest that antioxidative mechanisms play a role in favouring the
improvement of cerebellar functions observed in A-T patients receiving a short-term
betamethasone trial.

Introduction

cycle amest. ATM is also involved in sensing and
maodulating intracellular redox status, even though it is

Ataxia-telangiectasia (A-T) is a human genetic disease
whose hallmarks are neurodegeneration, immunodefi-
ciency, genomic instability and cancer predisposition
[1]. A-T is caused by mutation of A-T mutated gene
product (ATM) [2]. ATM is a protein kinase, that
regulates those responses required for cell survival in
response to DNA double-strand breaks (DSBs) caused
by ionizing radiation, DNA damage agents and DNA
recomhbination [3]. ATM protein, after its autophos-
phorylation, activates multiple substrates involved in
cell cycle regulation, such as p53 and, eventually, leads,
cooperating with other DNA repairing factors, to cell
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not clear whether ATM itself is directly involved in
reactive oxygen species (ROS) production [4.5]. How-
ever, ATM deficiency causes oxidative damage to pro-
teins and lipids in brain, testes and thymus.
Furthermore., ATM-deficient mice exhibit genomic
instability and hypersensitivity to ionizing radiation
and other treatments that generate ROS [6].

In keeping with this, in ATM-deficient mice the
overexpression of superoxide dismutase 1 (SOD), an
enzyme involved im hydrogen peroxide production,
exacerbated certain features of the A-T phenotype [7].
These observations point to additional roles for ATM
in cellular metabolism other than its direct role in the
response to DSBs induction, such as its involvement in
ROS balance.

Cells have developed a wide array of protective
mechanisms against ROS, including small reducing
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molecules, antioxidative enzymes and damage/repair
systems [8]. One of the small reducing molecules is
glutathione (GS), which appears in the cells in both its
oxidized and reduced (GSH) forms. It works in detox-
ifying specific ROS by itself or in combination with
other enzymes, such as SOD, which converts superox-
ide radicals into H.0, and O, catalase, glutathione
peroxidase (PHGPx) and glutathione-S-transferases.
Oxidants  overproduction  andfor dysfunction  of
endogenous antioxidant defenses result in oxidative
stress induced imjury with damage to all the major
classes of biological macromolecules, such as nucleic
acids, proteins, lipids and carbohydrates. The central
nervous system is particularly vulnerable to oxidative
stress because of its high rate of metabolism and to the
disproportionately low levels of its oxidative defense
mechanisms [9]. The increased and wnopposed ROS
production can lead to neurotoxicity that results in
neural damage and eventually in cell death.

Even though A-T is a noncurable disease. recently,
we demonstrated an improvement of cerebellar func-
tions in a few A-T patients after a short-term beta-
methasone therapy [10]. Aim of this study is to evaluate
whether the beneficial effect of betamethasone therapy
could be mediated by interference in ROS generation/
neutralization process. Thus, we measured in this small
cohort of A-T patients direct markers of ROS pro-
duction, during a short-term steroid treatment.

Subjects and methods

Patients

Blood samples were obtained from six consecutive pa-
tients (three males), of 5, 6, 14, 15, 27 and 29 years of
age, respectively (mean age 163 years; range 35—
29 years), affected with A-T. The patients, upon written
consent, received a cycle of oral betamethasone at the
dosage of 0.1 mg/kg/day for 10 days divided every
12 h. No antioxidants, as N-acetyl cysteine, vitamin E
or alphalipoic acid, were given to the patients during
the 2 vears preceding the trial. The clinical evaluations
were carried out before therapy (T0), 48 h from the
beginning (T48), at the end of the therapy (T10d) and,
eventually, 7 days from the withdrawal (T7 off ther-
apy¥). The neurological evaluation was performed
through the Scale for the Assessment and Rating of
Ataxia (SARA) (see appendix E1 on the neurology Web
site at http://www.neurology .org/cgi/cintent/full/66,11/
1717/DCTY [10]. In particular, in this study we utilized
the variation in SARA Score (A), considering that the
higher A is the higher amelioration. Cerebellar atrophy
score was calculated as follows: 0 score, absence of
cerebellar atrophy; | score, absence of cerebellar atrophy

with moderate pontocerchellar angle cisterns enlarge-
ment; 2 score, moderate atrophy involving mostly both
superior and inferior portion of the vermis and, at a lesser
extent, the cerebellar hemispheres with moderate
enlargement of periquoral spaces; 3 score, severe atrophy
of superior portion of vermis and moderate atrophy of
inferior part of vermis; severe atrophy of superior and
lateral portion of cerebellar hemispheres and moderate
atrophy of inferior hemispheres; 4 score, global and
severe atrophy of the superior and inferior part of
vermis and the whole cerebellar hemispheres with
marked fourth ventricle enlargement.

Cell isolation and treatment

Peripheral blood mononuclear cells (PBMC) were
obtained from A-T patients and normal donors hepa-
rinized peripheral blood by Ficoll-Hypaque (Cambrex,
Milan, Italy) density gradient centrifugation. Cells were
maintained in RPMI 1640 (Cambrex) supplemented
with 10% FBS (Cambrex), 2mM/l vr-glutamine
(Invitrogen Life Technologies, Milan, Italy), and 50 ug/
ml gentamicin (Invitrogen Life Technologies), and
cultured at 37°C, 5% CO, without stimuli or stimulated
for 48 h with phytohemagglutinin (PHA) (8 pg/ml) and
then collected.

Determination of lipid peroxidation

Cells (0.8 3 10°) were lysed by freeze and thaw in
10 mM TRIS pH 7.5 and the lipid peroxides were as-
sessed with Cayman Chemical Company assay kit (Ann
Arbor, MI, USA), according to the manufacturer's
instruction. This kit measures malonaldehyde and 4-
hydroxyalkenals that result from peroxidation of
polyunsaturated fatty acids. The samples were nor-
malized for cell number.

Evaluation of intracellular glutathione

The cells were lysed by freeze and thaw. Cellular levels
of GSH were determined using DIGT-250 GSH col-
orimetric assay kit (BioAssay Systems, CA, USA). Cells
(0.8 % 10°) were treated for 48 h with various agents
and collected by centrifugation at 1300 g for 10 min at
4°C. All the samples were analysed following manu-
facturer’s instructions. Optical density (OD)-values
were read at 412 nm. The samples were normalized for
cell number.

Measurement of intracellular ROS

The cellular ROS accumulation was measured using the

Y, Tdichlorofluorescein  diacetate (DCFH-DA)
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method. DCFH-DA is a nonfluorescent compound,
and it can be enzymatically converted to highly fluo-
rescent compound, DCF, in the presence of ROS [11].
After and before exposure to betamethasone, 1 x 10°
cells were treated with 5 uM DCFH-DA at 37°C for
20 min, at 5% CO,, washed with PBS, collected and
analysed immediately on a FACScan flow cytometer
(Becton Dickinson, Franklin Lakes, NI, USA) equip-
ped with an argon laser emitting at 488 nm. CeLL
Quest software (Becton Dickinson) was used to acquire
and evaluate all the events.

Results

Evaluation of the relationship between GSH levels and
neurological amelioration during steroid therapy

Glutathione (GSH) is a prominent reducing molecule
that is implicated in the first line of defense from oxi-
dative stress with other antioxidants or scavenger pro-
teins as vitamin E (a-tocopherol), vitamin C (ascorbic
acid), uric acid, carotene [5]. In our previous work, we
reported an indirect correlation between age and
improvement of cerebellar functions. As shown in
Fig. 1a, an indirect correlation between the extent of
improvement of cerebellar functions during betameth-
asone treatment, evaluated through A SARA Score and
the severity of cerebellar atrophy was observed
(R = -0.873; P < 0.05). We next evaluated the cor-
relation between cerebellar atrophy and basal GSH
levels in unstimulated cells. An indirect correlation be-
tween these two parameters was noted (R = —0.07344;
P < 0.05) (Fig. 1b).

The existence of a link between basal GSH levels
and A SARA Score was also evaluated. Of note, a
trend to a correlation between improvement of cere-
bellar functions during the therapy and GSH levels at
TO was noted. In fact, four of five patients, who had
a significant clinical amelioration (A SARA Score 24),
had the highest GSH values (0.084, 0.102, 0.086 and
0.079 OD-values respectively). The only patient
(P6) who did not have any improvement of cere-
bellar functions had negligible GSH value (0.011
OD-value).

As in the physiology of immune response, lympho-
cytes are committed to proliferate in response to anti-
genic stimulation. We previously documented that the
proliferative response to PHA decreased during steroid
treatment. Thus, in this study we evaluated the effect of
PHA stimulation on the GSH levels and observed that
in five of six patients PHA stimulation induced a sig-
nificant decrease of GSH levels, suggesting that the
lower proliferative capability parallels a reduction of
the protective GSH system (Fig. 2).

© 2000 Blackwel Publishing Lid
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Figure 1 Correlation between neurological amelioration during
steraid therapy, cerebellar atrophy and glutathione levels. (a)
Indirect correlation between cerebellar atrophy score and the
improvement of cerebellar functions, expressed as A SARA score,
in ataxia-telangiectasia patients. (b) Indirect link between basal
glutathione levels, evaluated by DIGT-250 colorimetric assay and
cerchellar atrophy score.
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Figure 2 Cellular levels of glutathione in peripheral blood
mononuclear cells, unstimulated or stimulated with PHA, ob-
tained from ataxia-telangiectasia patients. In five of six patients
PHA stimulation induces a significant decrease of glutathione
levels.
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The effect of ROS hyper-production on lipid
peroxidation

To further evaluate the role of oxidative injury in A-T,
we also have quantified the lipid peroxidation as a
direct effect of a potential abnormal ROS production.
Lipid peroxidation results in the formation of highly
reactive and unstable hydro-peroxides of both saturated
and unsaturated lipids. In our study, lipid peroxidation
levels were not detectable in five of six patients either
before or during the therapy (data not shown). Only the
patient (P6), who had lipid peroxidation levels above
the threshold of detection (detection limit 0.14 nm), did
not show any clinical response to steroid therapy.

Evaluation of intracellular ROS levels in lymphocytes

Before entering into the study, we evaluated in all pa-
tients the DCF-DA, a direct marker of oxidative status,
to define whether the clinical response to therapy was
correlated with the pretreatment ROS levels. DCF-DA
is a nonpolar compound that readily diffuses into cells,
where it is hydrolysed to the nonfluorescent polar
derivative DCFH and thereby trapped within the cells.
In the presence of ROS, DCFH is oxidized to the highly
fluorescent 2",7"-dichlorofluorescein DCF. No signifi-
cant difference between patients and controls in ROS
levels before therapy was observed and no correlation
between ROS levels and the clinical response to treat-
ment was noted. In one patient (P1) the determination
of ROS was carried out at all time-points of the clinical
trial. As depicted in Fig. 3, although ROS values at TO
were comparable to the controls, a substantial decrease
in ROS during the steroid therapy was observed,
reaching half of the starting value. Of note, this patient
was the patient who exhibited the highest improvement
of cerebellar functions during therapy.
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Figure 3 Intracellular reactive oxygen species (ROS) kevels in
peripheral blood mononuelear cells derived from the better chinical
der (P1) to bet h treatment. A substantial de-
crease in ROS levels is observed during steroid therapy.

Discussion

Previously, we observed in a small cohort of A-T pa-
tients an improvement of cerebellar functions evaluated
through the SARA scale during a short-term beta-
methasone treatment [10]. This improvement was in-
versely correlated with the age and severity of cerebellar
atrophy. Here, we report that patients with the more
severe cerebellar atrophy had the lowest GSH levels.
GSH is a molecule implicated in the first line of defense
from ROS production along with other protein scav-
engers or low molecular weight antioxidants. Neuronal
antioxidant defenses mainly rely on the cellular levels of
GSH [12-14]. In particular, as matter of fact, the main
aim of this study is to compare the clinical ameliora-
tion, defined as A Sara Score, with cerebellar atrophy
and anti-oxidative capacity of the cells, measured
through the GSH evaluation.

There is evidence indicating a direct relationship be-
tween excessive ROS production and the pathogenesis
of A-T. It has been documented that in ATM knock-
out mice, GSH levels were significantly higher in the
cerebellum, as a compensatory mechanism induced by
over-production of ROS [6]. Of note, in this study we
observed that the highest basal GSH values were pres-
ent in PBMC from those patients who better responded
to the betamethasone therapy. Several lines of evidence
indicate that neurons degeneration parallels T-cell loss,
thus implying that both systems share common tran-
scription factors, receptors and cytokine signalling
molecules. Thus information obtained on PBMC may
also be relevant to understand cerebellar pathology [15].
However, we couldn’'t demonstrate that ROS levels
were higher in patients than in controls. This is not
surprising in that in a previous study no significant in-
crease in oxidative stress biomarkers was found in A-T
patients [16]. The comparable ROS levels between pa-
tients and controls do not necessarily rule out that the
effect of betamethasone is because of interference on
ROS homeostasis. Even though no conclusive data are
available on a direct effect of steroids on ROS levels,
there is evidence suggesting opposite effects in different
systems. In platelets, an inhibitory effect of glucocor-
ticoids in the generation of ROS has been documented
[17]. Similady, in mononuclear cells steroids have been
shown to exert their anti-inflammatory role also by
down-modulating ROS levels [18]. On the contrary, an
increase in ROS production has been observed in
endothelial cells and considered involved in the patho-
genesis of steroid-induced hypertension [19].

It should be noted that in the only patient studied at
different time-points for intracellular ROS levels, beta-
methasone therapy induced a significant reduction in
ROS levels. It is interesting to note that the behaviour
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of ROS levels in this patient, who better responded to
the treatment, correlated with the clinical improvement.
In particular, it is remarkable that the ROS levels de-
creased during the phase of the improvement and re-
turned to normal 7 days off the therapy, paralleling the
clinical worsening. This finding confirms that steroid
induced improvement of cerebellar function is drug
dependent and not long-lasting, even though this issue
requires a further ad hoc study due to the importance of
potential clinical implications. Furthermore, we found
that lipid peroxidation occurred only in the patient who
did not exhibit any clinical improvement during the
therapy and, importantly, that it was associated with
the most severe cerchellar atrophy.

As for the molecular mechanisms of action of beta-
methasone, several lines of evidence indicate that ste-
roids have remarkable effects through both genomic
and nongenomic mechanisms, the latter well docu-
mented also in neural system [20]. In our study, we also
examined the modification of GSH levels after the
induction of massive oxidative stress through PHA
stimulation. The reduction of GSH level observed in
five of six patients supports the hypothesis that the
GSH protective antioxidant apparatus represents the
major limiting factor in the maintenance of redox
homeostasis in A-T PBMC.

Another possible explanation, however, is that the
lowest GSH levels found in patients with maost severe
cerebellar atrophy are only related to the extent of
cerebellar damage rather than to the response to ther-
apy. With this regard, we do not have a clear demon-
stration that betamethasone really exerts a disease
modifying role rather than only a symptomatic effect.

These findings suggest that the antioxidative protec-
tive glitathione system plays a role in the protection
from the cerebellar atrophy and may be implicated in
the improvement of cerebellar functions during short-
term betamethasone therapy. The importance of our
data mostly relies on the absence of a curative therapy
for A-T at present.
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Conclusive remarks

Even though A-T is non-curable we had previously demonstrated an
improvement of the cerebellar functions in 6 A-T patients after a short-term
betamethasone therapy (0.1 mg/kg/day for 10 days) (26). Although the
clinical response to betamethasone was evident, there was no evidence
indicating the intimate mechanism of action of this drug in A-T. In this
second study, on the basis of our finding, we concluded that betamethasone
response in A-T patients is inversely correlated to cerebellar atrophy and
directly to antioxidative capacity. The importance of this study relies
principally on the severity of the neurological signs. In fact, this childhood
disease is characterized by progressive impairment of gait and speech,
oculomotor apraxia (inability to move the eyes from one object to another),
oculocutaneous telangiectasia (dilated blood vessels), cerebellar atrophy,
sterility and radiosensitivity (12). Approximately, 10%-15% of A-T patients
develop cancer, most frequently acute lymphocytic leukemia and lymphoma.
The prognosis for survival is poor, and individuals with this disease usually
die in their teens. The earliest clinical manifestation of A-T is ataxia (2). By
approximately 4 years, deterioration of gross and fine motor skills occurs; eye
movements are characterized by a series of small jumps rather than in a single
smooth motion (oculomotor apraxia); choreiform movements of the hands and
feet are observed, difficulty with chewing and swallowing occur and drooling
is common. A-T is primarily a syndrome of progressive cerebellar ataxia but
more diffuse changes to the CNS are also evident. Cerebellar degeneration in
A-T manifests as dystrophic changes involving the dendrites and axons of

Purkinje cells and ectopic Purkinje cells are evident. Of all the features of A-
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T the progressive cerebellar neurodegeneration is the most debilitating. By
the end of the first decade ataxia has progressed to the extent that the child is
confined to a wheelchair and may have poor control of head and torso leading
eventually to spinal muscular atrophy. Thus, any effective treatment for A-T
would ideally involve prevention or at least slowing of the progressive
neurodegeneration. As mentioned above, at present there is no therapy
available to cure or prevent the progress of A-T, but it is possible to alleviate
some of the symptoms associated with immunodeficiency and deficient lung
function but neither the cancer predisposition nor the progressive
neurodegeneration can be prevented. In conclusion, this multisystem disease
requires intervention to: (i) halt progressive neurodegenerative changes; (ii)
reduce the risk or treatment of tumours; (iii) correct immunodeficiency; (iv)
alleviate bronchial complications. There is no cure for the progressive
neurodegeneration with conventional therapies but some promise exists. Most
importantly, the rescue of the neurological function, at some extent, suggests
that cell loss is an ultimate feature in A-T and those biochemical alterations,
presumably reversible, proceed for a long time cerebellar atrophy.

This study on the implicated mechanisms may open an important window
on novel therapeutic agents capable of controlling neurological symptoms in

A-T.
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CHAPTER 4

The T-cell ontogeny: from positive to negative selection

A normal T-cell ontogeny and the generation of a heterogeneous
peripheral T-cell pool are essential for a normal immune response. To
date, the “primary” organ for the differentiation and selection of T cells is
represented by the thymus that, providing a complexity of specialized cells
as epithelial and dendritic cells, macrophages and fibroblasts of the stroma
(1), influences each stage of T-cell precursor maturation program (2).

One of the important regulators of thymic epithelium, whose integrity
is crucial for T-cell maturation, is represented by the product of the nude
gene locus, FOXNL1, above extensively described.

During the maturational process, first HPCs emerge from bone marrow
and reach the thymus where a complex series of maturational proceedings
take place, an event known as positive selection (3).

Within the thymus, recently formed T cells also undergo negative
selection, or central tolerance, whose hallmark is the clonal deletion of
self-reactive T clones, being this process efficiently mediated by bone-
marrow derived dendritic cells (DCs). In the thymus, the negative
selections distinguishes T cells with low or high affinity for self-antigens,
whose transcription is induced by the autoimmune regulator (AIRE) gene
product, and self-MHC and eliminate those clones with more affinity for
self. Really, some autoreactive clones could escape thymic control; these
cells are however controlled in the periphery. The establishment of the
peripheral tolerance is attributable to the induction of functional anergy,

deletion by apoptosis, and the suppressive actions of regulatory T
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lymphocytes (Treg). Each of these pathways is essential for maintaining
self-tolerance.

Mutations in the AIRE gene lead to defective clonal deletion and to the
multi-organ syndrome known as autoimmune — polyendocrinopathy —

candidiasis — ectodermal distrophy syndrome (APECED).
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8§4.1 FOXN1 mutation abrogates pre-natal

T-cell development in humans

The genetic study of human SCID has unravelled in the last 2 decades
important issues concerning the rules that govern lymphocyte
development and function (4). The thymus has been long and
unanimously considered the unique primary lymphoid organ where
ontogeny of T cells, which are the essence of the cellular immune system,
occurs (5). However, although an extensive knowledge exists about
thymus role in T-cell development, a fully comprehension of this
mechanism remains unexplained. In particular, important issues remain
unclear about the involvement of different non-lymphoid tissues such as
skin, gut, or liver in T-cell ontogeny. A second thymus-like organ able to
support T-cell full maturation and to reconstitute T-cell compartment in
athymic nude mice was found (6). In humans, the DiGeorge syndrome
has been long considered the prototype of an athymic disorder, even
though in these patients some mature type T cells are present making
waver the dogma of the thymus as the unique fundamental organ in T-cell
ontogeny. In mice and rats, spontaneous mutations FOXNL1 transcription
factor gene, mapping on chromosome 17, revealed that Foxnl is essential
for thymic and skin epithelial differentiation and hence thymopoiesis (7-
9). In 1966, this athymic animal model was referred as the Nude/SCID
phenotype due to the presence of congenital alopecia (10-11). However,
this spontaneous animal disease profoundly differs in the immunological
aspects from the human DiGeorge syndrome. In 1996, the human

equivalent of the mouse Nude/SCID has been described in a small
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geographically isolated community in south Italy in 2 sisters with the
R255X homozygous mutation in FOXN1 gene (12-13). In this
community, the identification of a number of heterozygotes for the same
mutation suggested the need to offer to the population a pre-natal
diagnosis program for the disease.

During the genetic counselling, a fetus at risk has been identified.
FOXN1 gene sequence analysis revealed the homozygous C-to-T
transition at nucleotide position 792, leading to the nonsense R255X
mutation. Protein expression analysis by immunohistochemistry on fetal
skin fragments revealed the absence of FOXNL1 protein as expected on the
basis of the molecular alteration. Since in certain circumstances, such as
immunodeficiencies (14), maternal cells may cross the placenta and
engraft into the fetus in utero, all samples were analyzed after exclusion of
maternal cell contamination.

The study of the immune system in this Nude/SCID fetus gave the
unique opportunity to gain further insights into the development of T
lymphocytes in humans in the absence of the thymus and in the absence of
the FOXNL1 transcription factor.

Because T cells originate from common multipotent HPC, to
exclude a direct involvement of HPC the presence of CD34" cells at
biochemical level was evaluated. CD34" cells were comparable to the
control fetus, 1% of CD45" hematopoietic cells and, consistently with this,
no abnormalities in the development of B (65%) and NK (25%) cells were
found.

The concomitant assembly of CD4 and CD8 molecules on thymocyte

surface or their putative individual expression in conjunction with CD3 are
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markers of discrete stages of T-cell development. The evaluation of nude
cord blood cells revealed that the lack of the thymus led to a complete
absence of CD4" cells (0.3%) compared to 72% of the control fetus.
Differently, CD8" lymphocytes were present (10.3%), although among
this population cells co-expressing CD3 were considerably low (2.6%),
whereas CD3"CD8" in the control were 13.7%. Of note, approximately
40% of these cells displayed a naive phenotype as assessed by the
expression of CD45RA isoform.

T cells are also distinguished by their cell surface TCRs. A substantial
reduction of T cells bearing TCRab (1.6% vs 93% of the control) was
observed. Differently, 6.5% of cells expressed TCRgd, but the majority of
these cells were CD3" cells. Moreover, 74% of TCRyd bearing cells
expressed CD8ab heterodimer. Again, the diversity of the repertoire was
ensured at some extent by the few CD8" cells. The evaluation of Vb
usage among CD4" and CD4" cells revealed that the generation of TCR
diversity was consistently impaired. Inthe CD4" and CD4 subsets only 3
and 1 families, respectively, had a gaussian profile. Inthe CD4" subset 4
families predominated, accounting for more than 10% of the total. In this
subset, the bV25 was monoclonal and represented 10% of the entire
repertoire. As expected, FOXN1” cord blood mononuclear cells showed
absent proliferative response after stimulation with anti-CD3 or
phytohemagglutinin (PHA).

To define the extrathymic site of lymphopoiesis of these few CD8"
cells, gut mucosa was studied, as the best candidate of primordial
lymphopoiesis.  In the intestine CD3" and CD8" cells but no CD4"

lymphocytes in the human athymic fetus were found. As shown in the
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figure, CD3" cells in the gut of FOXN1" fetus were normally distributed
across the gut mucosa, even though not uniformly as expected. This
finding argues in favour of a non thymic origin of intestinal lymphocytes.
This study is ready to be submitted to Nature, due to the importance of
the finding to study the immune system in humans in the absence of a

functional thymus.
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Conclusive Remarks

This study provide a direct evidence of the crucial role of FOXN1 in T-
cell ontogeny in humans, in that its alteration leads to a total blockage of
CD4" T-cell maturation and a severe impairment of CD8" cells with an
apparent bias toward gd T-cell production. Since FOXN1 is only
expressed in the thymus and skin, our data strongly indicate that skin
epithelial cells play a necessary role in T-cell ontogeny, thus explaining
the reason of the presence of a considerable number of mature T cells in
DiGeorge syndrome. These findings also argue in favour of gut mucosa
as an extrathymic site of CD8" cell development, thus confirming former
observations (15-16). Remarkably, the development of this subset occurs

in a thymus independent fashion.
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8 4.2 High intrafamilial variability in APECED syndrome: a

peripheral tolerance study

The genetic cause of many rare autoimmune diseases have been already
identified and most of these disorders are a result of an intricate
relationship between environmental and genetic factors, resultant in a
deregulation of central and peripheral tolerance, that led to auto reactive
pathogenetic T and B clones.

The intriguing evidence that the genetic background predisposes to the
autoimmunity, but it doesn’t define the specific target of the disease,
demonstrate that there are several factors that influence the phenotypical
characteristics (17-20).

Autoimmune Polyendocrinopathy — Candidiasis — Ectodermal -
Distrophy (APECED; MIM 240300), or autoimmune polyglandular
syndrome type I, is a rare autosomal recessive disease characterized by a
set of three abnormal features: chronic mucocoutaneous candidiasis,
hypoparathyroidism, and adrenal insufficiency. However, most patients
also routinely exhibit a variable number of other autoimmune diseases.
APECED is caused by mutations of a single gene, named autoimmune
regulator (AIRE), which maps to 21g22.3 (21) and encodes a 55-kDa
protein that acts as a transcription factor (22). Animal models of
APECED have revealed that AIRE plays an important role in T cell
tolerance induction in the thymus, mainly by promoting ectopic expression
of a large repertoire of transcripts encoding proteins normally restricted to
differentiated organs residing in the periphery. Thus, the absence of AIRE

results in impaired clonal deletion of self-reactive thymocytes (23). Over
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60 mutations have by now been localized in the AIRE genes of different
APECED patients but the different mutations have not to date been
convincingly associated with particular disease manifestations (23).

Although the disease is monogenic in transmission, APECED patients
show a variable range of pathological manifestations, with each patient
presenting a different constellation of affected organs and auto-antibodies
specificities. However, certain targets of the autoimmune attack are near
constant, such as the adrenal and parathyroid glands, while other
manifestations are less frequently observed (e.g., thyroiditis or T1D,
which are present in 2-12% of cases) (24). Recent analysis have revealed
that an effect of additional genetic loci, in particular the human leukocyte
antigen (HLA) complex, is restricted only to few disease manifestations
(25-26). Moreover, recent evidences indicate that also a defect in the
regulatory T cells compartment (Treg) could be involved in the
pathogenesis of APECED (27). So far, the reasons of the high
phenotypical variability of APECED remain still unclear.

This study was aimed to evaluate whether genetic, immunological and
environmental factors may be involved in the modulation of the disease in
two siblings, born from consanguineous parents, with identical genotype
and extremely different phenotype by studying the exposure to
infectivological triggers, the HLA aplotype and several mechanisms of
peripheral tolerance.

Subjects
Case 1
The boy first presented at the age of 5 years with severe asthenia, alopecia,

and an urticaria-like erythema during a fever.  Physical examination
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revealed the presence of vitiligo, alopecia, nail dystrophy, oral candidiasis
hypertransaminasemia and hepatosplenomegaly. Autoimmune hepatitis
(AIH) was scored as probable (score 12) on the basis of the
recommendation of the international AIH group.2 Laboratory
investigations  showed hypocalcaemia (1.3 mmol/l) and
hyperphosphatemia (2.3 mmol/l) with undetectable levels of PTH, leading
to the diagnosis of hypoparathyroidism. He was started on calcium and
calcitriol therapy. Over the next three months the patient developed
autoimmune thyroiditis with severe hypothyroidism (TSH 251 mlU/L,
Free-T4 6.3 pmol/l) and he started L-Thyroxine therapy. An increase in
plasmatic renin levels (216 pg/ml, normal range 1.8-33 pg/ml) in the
presence of adrenal auto-antibodies, confirmed the diagnosis of adrenal
insufficiency.  He also presented gastrointestinal symptoms with
abdominal distension accompanied by alternating diarrhea and
constipation and presence of auto-antibodies against TPH and AADC,
commonly associated with gastrointestinal alterations in APECED
patients.  Atrophic gastritis was diagnosed on the basis of persistently
elevated levels of gastrinemia (765 pg/ml, normal range 0-80 pg/ml),
presence of parietal cells Abs (PCA) and histological findings of gastric
body mucosa atrophy.

Six months after the onset of this accelerated phase, the patient
suddenly developed a severe neurological symptomatology with
neuroradiological  findings  suggestive of  Posterior  Reversible
Encephalopathy Syndrome (PRES), a life-threatening event never
described before in APECED patients.

Case 2
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The girl, the younger sister of case 1, presented at the age of 4 years with
hypoparathyroidism, diagnosed on the basis of hypocalcaemia,
hyperphosphatemia and undetectable levels of PTH, and chronic
mucocutaneous candidasis. No other signs or symptoms of APECED were
revealed at physical examination or biochemical investigations. During
her follow-up, through the next two years, she did not develop any other
features of the disease.

Direct sequencing of the patients’ AIRE gene revealed in both the
siblings the presence of the same complex homozygous mutation in intron
1 consisting of a substitution of IVS1 + 1G by C accompanied by a single
nucleotide deletion at 1VS1 + 5G residue (IVS1 + 1G>C; IVS1 + 5delG).
The parents were both heterozygous for the same mutation and had no
features of autoimmunity. This mutation represents an uncommon
mutation of AIRE and, so far, has been described in heterozygous state
with the R257X in a single individual from Poland.

The direct sequencing of the patients’ AIRE gene revealed in both the
siblings the presence of the same complex homozygous mutation in intron
1 consisting of a substitution of IVS1 + 1G by C accompanied by a single
nucleotide deletion at 1VS1 + 5G residue (IVS1 + 1G>C; IVS1 + 5delG).
The parents were both heterozygous for the same mutation and had no
features of autoimmunity. This mutation represents an uncommon
mutation of AIRE and, so far, has been described in heterozygous state
with the R257X in a single individual from Poland.

As previuosly described, circulating auto-antibodies paralleled in each
patient the clinical phenotype, and strongly supporting the autoimmune

mechanism at the basis of the pathogenesis of APECED. Moreover, the
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evaluation of specific response to infectivological triggers, showed no
substantial differences that could influence the severity of the disease in
that the younger sister, which presented a milder phenotype, was more
exposed to viral infections.

To define the possible contribution of distinct peripheral tolerance
mechanisms in the high variability observe in the two patients, we also
analyzed the resistance to Fas-induced apoptosis and the number of
CD4+CD25+ cells indicative of the presence of Treg population. In
particular, cell death assay after Fas stimulation revealed that the
resistance to Fas-induced apoptosis was comparable between the siblings
and normal as in the controls. Flow cytometric assays revealed a
comparable number of CD4+CD25+ T cells in the two siblings, but in
both cases reduced as compared to controls.

Being NK cells involved in the autoimmunity attributable to failure in
deletion by cytolitic protein such as Perforin (PRF1), we analyzed NK
cells activity that resulted comparable to controls in both the cases.
Moreover, no mutations in the coding region of PRF1 gene were identified
in both the siblings. It was notable that the molecular study of the PRF1
gene disclosed a heterozygous nucleotide substitution in PRF1 exon 3
resulted in the Ala273Ala silent mutation. This substitution was only

found in the Case 1.
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Conclusive Remarks

Here we reported the case of two siblings affected with APECED that
showed a high intra familiar variability of phenotype despite the same
genotype of the AIRE gene. Although APECED is generally considered a
monogenic disorder, it is characterized by a wide variability of expression
with each patient presenting a different constellation of affected organs
and autoAb specificities.

As other autoimmunity disease, APECED is the result of alterations at
different levels, as demonstrated by the remarkable north/south gradient in
the susceptibility to autoimmune diseases that suggests that environmental
factors could be involved (28).

Studies of Aire knockout mice have provided direct evidence that Aire
has a vital role in preventing autoimmunity. In particular, APECED
animal models revealed that Aire plays an important role in T-cell
tolerance induction in the thymus, mainly by promoting ectopic expression
of a large repertoire of transcripts encoding proteins normally restricted to
differentiated organs residing in the periphery. Thus, the absence of AIRE
results in impaired clonal deletion of self-reactive thymocytes, which
escape into the periphery and attack a variety of organs (23).

The extreme variability of APECED presentation, even between
siblings with the same genotype, leads to speculate that other mechanisms,
beyond AIRE itself, could be involved in the clinical expression of the
disease.

We observed two siblings patients with the same genetic AIRE

mutations, but with a spectrum of target organs completely different.

133



Although it is well known that APECED is characterized by extreme
variability of phenotype, the reasons of this phenomenon remain still
unclear.

In particular, being the infectious agents represent a potent stimulus for
the immune system and may contribute to select auto reactive T cells in
susceptible subjects, through molecular mimicry (29-31), bystander
activation (32-33) and epitope spreading (34), we examined the associated
infections in both patients, but they show an identical infective story.
Moreover, we analyzed NK activity and eventual genetic alterations in
PRF1 gene. The results of this analysis showed a comparable NK activity
any alterations in PRF1 gene for both patients. It is likely that a not-
screened mutation in the intronic or in the promoter region of PRF1 gene
could influence the different phenotype observed in the siblings.

Furthermore, on the other side of the central tolerance there are other
mechanisms that maintain tolerance to self, such as the induction of
functional anergy, deletion by apoptosis, and the suppressive actions of
Treg. On the bases of these mechanisms we analyzed in particular the
resistance to apoptosis by cell death assay with Fas, the number and the
functionality of Treg, attributable to a normal expression of the
transcription factor Foxp3. During this analysis we didn’t note any
variations between the two sibling patients.

In summary, we found a high intrafamiliar variability in two siblings
affected with the same mutation of AIRE gene. The results imply that the
analyzed mechanisms did not influence the phenotypic spectrum of

APECED.
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Technologies

Reagents

Recombinant human GH (rGH) was obtained from Serono (Saizer 4). The
enhanced chemiluminescence (ECL) kit was purchased from Amersham
Biosciences. The Abs anti-gc, anti-JAK3, anti-b-actin, anti-
phosphotyrosine ERK, anti-histone 3 (H3), anti-phosphotyrosine, anti-
STATS5 were purchased from Santa Cruz Biotechnology. Acrylamide and
bisacrylamide were obtained from Invitrogen. Prestained molecular mass
standards were obtained from Bio-Rad. The small interfering RNA
(SIRNA) duplexes specific for gc and the control nontargeting sSiRNA were
obtained from Invitrogen. The control nontargeting pool contains
nontargeting SiRNAs with guanine cytosine content comparable to that of
the functional sSiRNA but lacking specificity for known gene targets. The
Ab anti-JAK2 was purchased from Cell Signaling Technology. The
neutralizing 1gG1 anti-gc mAb was purchased from R&D Systems. An
IgG1 isotype-matched anti-CD3 mAb (Leu 3, UCHTL1 clone) was
purchased from BD Biosciences. Epidermal growth factor was purchased
from BD Biosciences and used at the concentration of 100 ng/ml. Except

where noted, other reagents were from Sigma-Aldrich.

Cells and cell cultures

Mononuclear cells (PBMC) were obtained from four X-SCID patients and
normal donors and heparinized peripheral blood by Ficoll-Hypaque
(Biochrom) density gradient centrifugation. Upon informed consent,

lymphoblastoid cell lines (BCLs) were generated by EBV immortalization
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of patients and control PBMC using standard procedures. In all cases, gc
mutations led to the absence of protein expression. Cells were maintained
in RPMI 1640 (Biochrom) supplemented with 10% FBS (Invitrogen Life
Technologies), 2 mM/L L-glutamine (Invitrogen Life Technologies), and
50 microg/ml gentamicin (Invitrogen Life Technologies), and cultured at
37°C, 5% CO2. In BCL transduction experiments, the pGC2Rg retroviral
vector was used to transduce X-SCID BCLs with wild-type gc as
previously described. Transduced cells were selected in the
neomycinanalog G418 (Cellgro). NIH 3T3 fibroblasts were used in a few

experiments.

siRNA transfection

Preparation of the cells before Lipofectamine 2000 transfection was
performed according to the manufacturer’s recommendations. Briefly, for
each transfection 1 X 10° BCLs in 1 ml were treated with 20 microl of 50
microM of siRNAs specific for the gc or equal amount of the control
nontargeting SIRNA. The siRNAs were solubilised and formed complexes
separately with the lipid-based transfectant, Lipofectamine 2000. The
siRNA-lipofectamine complexes were transfected into the cultured cells in
a 24-well plate and incubated for the time indicated in the text.
Throughout the experiments, cell vitality was monitored continuously by
trypan blue exclusion assay. Furthermore, 96 h after the transfection, the
cells were washed, placed in fresh culture medium and used for further

analysis, as described.
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Proliferative assay
BCLs (1x105 cell/200 microl well) were cultured triplicate in 96 well
Ubottom microtiter plates (Falcon; BD Biosciences) with or without rGH
at reported concentrations for 4 days. The proliferative response was
evaluated by thymidine uptake from cultured cells pulsed with 0.5
microCi of [3H]thymidine (Amersham Biosciences) 8 h before harvesting.
In neutralization experiments, control EBV cells were preincubated with
the neutralizing mAb 284 at the concentration of 6 ng/ml for 3 h or with
the 1gG1 isotype-matched Ab (Leu 3). Where indicated for proliferative
assay were used common mitogens.

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.

CFSE labelling

Cell proliferation was measured by the cell surface stain
carboxyfluorescein diacetate succinimidyl ester (CFSE). BCLs (1 X 10°
were labelled with 1.7 uM CFSE in PBS just before culturing for the
indicated times. After 2 min at room temperature, BCLs were washed in
FBS and phosphate-buffered saline (PBS) and cell division accompanied
by CFSE dilution was analyzed on a FACS Calibur flow cytometer using

CellQuest software (Becton Dickinson).

Flow cytometry
The expression of GHR was detected using specific rabbit Abs (Santa

Cruz Biotechnology) by indirect immunofluorescence using a second-step
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incubation with FITC-conjugated donkey anti-rabbit Abs (Pierce). After
washing in PBS, cells were incubated for 20 min with the specific Abs and
30 min with secondary Abs. After staining, all samples were washed in
PBS and acquired on the FACScan flow cytometer (BD Biosciences)

using Lysis | software.

Cell stimulation and protein extraction

Before hormone treatment, the cells were made quiescent through
incubation in RPMI 1640 minus serum for 8-12 h. GH was used at 37°C
at a concentration of 500 ng/ml in RPMI 1640 for the reported time.
Incubations were terminated by washing cells with ice-cold PBS
(BioWhittaker) followed by solubilization in 100 microl of lysis solution
containing 20 mM Tris (pH 8), 137 mM NaCl, 1% Nonidet P-40, 10 mM
EDTA, 1 mM PMSF, 1 mM sodium orthovanadatum (Na3VvO4), 5
microg/ml leupeptin, and 5 microg/ml aprotinin. The cell lysates were
stored at -80°C for Western blot analysis. Nuclear extracts were prepared
by previous described method and were subsequently mixed with sample

buffer.

Western blot and immuneprecipitation

Immunoblotting using phosphotyrosine mAb was performed as previously
reported. Immunoblotting using specific Ab was performed according to
the vendor protocols. In brief, protein samples separated by SDS-PAGE
were transferred onto Mixed Cellulose Esters membranes (Immobilon-NC
Mixed Cellulose Esters 0.45 _m; Millipore). The membrane was incubated

at room temperature for 1 h in blocking buffer consisting of 10% BSA in

140



wash buffer (10 mM Tris (pH 7.5), 100 mM NaCl, and 0.1% Tween 20).
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 1gG
HRPconjugated secondary Ab was used for the second incubation. 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.

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 111 (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-STATS 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 1gG (Pierce) in

PBS. After washing in PBS, the glass slides were mounted under a
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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 STAT5 nuclear translocation.

Genetic counseling

A genetic counseling program was offered to the village population from
which the 2 probands affected with the Nude/SCID phenotype were
originated. Since FOXN1 mutation is particularly devastating, because it
leads to the absence of the thymus and SCID, prenatal diagnosis by direct
genetic analysis was performed for couples at risk. The genetic
counseling also included taking a detailed family history and drawing a

family tree.

Mutational Analysis

After written informed consent was obtained from parents and upon
approval of Institutional Ethical Committee, genomic DNA was extracted
following standard procedures from amniocytes and processed
anonymously.(Miller, 1988 #1130) This procedure was performed in a
laboratory with “CLIA certification” and FOXN1 DNA analysis was
performed according to a polymerase chain reaction assay previously
described. (Adriani, 2004 #1235) Briefly, a PCR fragment containing exon
5 of the FOXN1 gene was amplified using the primers: Exon 5F: 5'%-
CTTCTGGAGCGCAGGTTGTC-3' and Exon 5R: 5-
TAAATGAAGCTCCCTCTGGC-3'. Aliquot of the samples to be studied

were digested with the restriction enzyme Bsr | and the product was
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electrophoresed on 1.5% agarose gel. PCR fragments positive to the
digestion with Bsr | were then purified on Edge Centriflex columns (Edge
BioSystems) and sequenced directly with POP-6 polymer using an ABI
Prism 310 Genetic Analyzer from Applied Biosystems Inc. (Perkin
Elmer). After informed consent fetus underwent physical examination by
our pathologist in order to define whether FOXN1 homozygous alteration
was associated with defects in the differentiation process and fetus
development.

For AIRE mutation analysis genomic DNA was isolated from
peripheral blood lymphocytes of both patients. Primers were designed to
amplify each of the 14 exons of the AIRE gene and its intronic flanking
sequences (GenBank accession no. AB006684). PCR conditions were
optimized using various magnesium concentrations and annealing
temperatures. 40 ng of genomic DNA was run in each PCR reaction. PCR
products were then purified from agarose gel by a QIAquick Gel
Extraction kit (Qiagen, Hilden, Germany), automatically sequenced using
Big Dye terminator (Applied Biosystems, Foster City, CA), and then run

on an ABI 3100 machine (Applied Biosystems).

A-T Patients

Blood samples were obtained from six consecutive patients (3 males), of
5, 6, 14, 15, 27 and 29 years of age, respectively (mean age 16.3 years,
range 5-29 years), affected with A-T. The patients, upon written consent,
received a cycle of oral betamethasone at the dosage of 0.1 mg/kg/day for
10 days divided every 12 hours. No antioxidants, as N-acetyl cysteine,

vitamin E or alphalipoic acid, were given to the patients during the two
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years preceding the trial. The clinical evaluations were carried out before
therapy (TO), 48 h from the beginning (T48), at the end of the therapy
(T10d) and, eventually, 7 days from the withdrawal (T7 off therapy). The
neurological evaluation was performed through the Scale for the
Assessment and Rating of Ataxia (SARA) (see appendix E1 on the
neurology Web site at

http://www.neurology.org/cgi/cintent/full/66/11/1717/DC1). In particular,

in this study we utilized the variation in SARA Score (D), considering that
the higher D is the higher amelioration. Cerebellar atrophy score was
calculated as follows: O score= absence of cerebellar atrophy; 1 score=
absence of cerebellar atrophy with moderate pontocerebellar angle cisterns
enlargement; 2 score= moderate atrophy involving mostly both superior
and inferior portion of the vermis and, at a lesser extent, the cerebellar
hemispheres with moderate enlargement of periquoral spaces; 3 score=
severe atrophy of superior portion of vermis and moderate atrophy of
inferior part of vermis; severe atrophy of superior and lateral portion of
cerebellar hemispheres and moderate atrophy of inferior hemispheres; 4
score= global and severe atrophy of the superior and inferior part of
vermis and the whole cerebellar hemispheres with marked fourth ventricle

enlargement.

Cell isolation and treatment in redox studies

Mononuclear cells (PBMC) were obtained from A-T patients and normal
donors heparinized peripheral blood by Ficoll-Hypaque (Cambrex, Milan,
Italy) density gradient centrifugation. Cells were maintained in RPMI

1640 (Cambrex, Milan, Italy) supplemented with 10% FBS (Cambrex,
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Milan, Italy), 2mM/L L-glutamine (Invitrogen Life Technologies, Milan,
Italy), and 50 pg/ml gentamicin (Invitrogen Life Technologies, Milan,
Italy), and cultured at 37°C, 5% CO, without stimuli or stimulated for 48 h

with PHA (8mg/ml) and then collected.

Determination of lipid peroxidation

Cells (0.8x10°) were lysed by freeze and thaw in 10 mM TRIS pH 7.5 and
the lipid peroxides were assessed with Cayman Chemical Company assay
kit (Ann Arbor, Michigan, USA), according to the manufacturer’s
instruction. This kit measures malonaldehyde (MDA) and 4-
hydroxyalkenals that result from peroxidation of polyunsaturated fatty

acids. The samples were normalized for cell number.

Evaluation of intracellular glutathione

The cells were lysed by freeze and thaw. Cellular levels of GSH were
determined using DIGT-250 GSH colorimetric assay kit (BioAssay
Systems, California, USA). Cells (0.8x10°) were treated for 48 h with
various agents and collected by centrifugation at 1300 g for 10 min at 4°C.
All the samples were analyzed following manufacturer’s instructions.
Optical density (OD)-values were read at 412 nm. The samples were

normalized for cell number.

Measurement of intracellular ROS
The cellular ROS accumulation was measured using the 2/, 7'-
dichlorofluorescein diacetate (DCFH-DA) method. DCFH-DA is a non-

fluorescent compound, and it can be enzymatically converted to highly
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fluorescent compound, DCF, in the presence of ROS. After and before
exposure to betamethasone, 1x10° cells were treated with 5 uM DCFH-
DA at 37°C for 20 min, at 5% CO2, washed with PBS, collected and
analyzed immediately on a FACScan flow cytometer (Becton Dickinson,
New Jersey, USA) equipped with an argon laser emitting at 488 nm. Cell
Quest software (Becton Dickinson, New Jersey, USA) was used to acquire

and evaluate all the events.

Cell death assay

Fas-induced cell death was evaluated, as previously reported, on T-cell
lines obtained by activating PBMCs with phytohemagglutinin (PHA) at
days 0 (1 mg/mL) and 13 (0.2 mg/mL) and cultured in RPMI 1640
medium p 10% fetal bovine serum (FBS) p recombinant interleukin-2
(rIL-2) (2 U/mL) (Biogen). Fas function was assessed at day 19. Cells
were incubated with control medium or anti-Fas MAb (1 mg/mL) (CH 11
clone, UBI) in the presence of rIL-2 (2.5 U/mL) to minimize spontaneous
cell death. Cell survival was evaluated after 18 h by counting live cells in

each well by trypan blue exclusion test.
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Summary

The field of the clinical description, genetic characterization, and
immunological investigation of novel PIDs, born in the 1950s, in the last
twenty years of the 20th century has revealed a formidable numbers of
scientific discoveries. Many scientific papers have been published on the
molecular and cellular basis of the immune response and on the
mechanisms involved in the correct ontogeny of immune system
components. Although today we know the genetic and molecular basis of
those principal mechanisms involved in the immune response, this field
retains a great potential for growth.

During the three years of my PhD program | have contributed in some
measure to clarify some “Novel aspects in Immunodeficiencies”, through
the combination of clinical, cellular, functional and molecular approaches.

In particular, studying a group of atypical patients with X-SCID |
contributed to demonstrate for the first time a previously unappreciated
functional interaction between the GHR apparatus and the gc.
Furthermore, this knowledge helped me to reveal a prior unidentified
property of the common gc trasducing element. | could demonstrate, in
fact, that this subunit is able to influence the cell-cycle progression,
spontaneous or GH-induced, in a concentration dependent manner.

Moreover, | spent my PhD also to better characterize at both molecular
and clinical levels the human Nude/SCID phenotype. In this context, |
could suggest for the first time a functional role of FOXN1 transcription
factor in the development and differentiation of the central nervous

system.
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In addition, among those PIDs whose causing genes are not selectively
expressed in the hematopoietic compartment, | contributed to the study
first of the effects of steroid treatment in patients affected with Ataxia
telangiectasia, currently without an effective treatment, and after of the
role of oxidative stress in its beneficial therapy.

During my PhD 1 also paid a particular attention to T-cell ontogeny
defects affecting both the positive and negative selection processes. In
this field | had a unique opportunity to study T-cell development in
humans in the absence of a functional thymus; this study led to the
identification of some subsets of T-cell able to mature in extrathymic sites.
In the context of the negative selection process, | studied the role of
peripheral tolerance mechanisms in the high phenotypic intra-familiar
variability existing in the APECED syndrome.

Overall, all my studies were designed in order to clarify some unknown
mechanisms underlying the functionality and the development of the
immune system well as to study the basis of some regulatory networks
governing the interactions existing between the immune and other

systems.
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Appendix |

Abbreviations

ADA = Adenosine Deaminase

APC = Antigen Presenting Cells

A-T = Ataxia Telangiectasia

ATM = Ataxia Telangiectasia Mutated
APECED = Autoimmune — Polyendocrinopathy — Candidiasis — Ectodermal Distrophy
AIRE = Autolmmune REgulator

BCL = B Cell Line

BMP = Bone Morphogenetic Proteins
CSP = Cavum Septum Pellucidum
CNS = Central Nervous System

CSF = CerebroSpinal Fluid

gc = Common Gamma Chain

DCs = Dendritic Cells

DSB = Double-Strand Break

DC = Dyskeratosis Congenita

FOX = Forkhead bOX

GS = Glutathione

PHGPx = Glutathione Peroxidase
GVHD = Graft-Versus-Host-Disease
GH = Growth Hormone

GHR = Growth Hormone Receptor
HPC = Hematopoietic Precursor Cell
IKK = kB Kinase

IPEX = Immunodysregulation Polyendocrinopathy Enteropathy X-linked
Ig = Immunoglobulin

IL = InterLeukin

IVIG = IntraVenous ImmunoGlobulin
JAK = Janus Associated Kinase

KGF = Keratinocyte Growth Factor
MRI = Magnetic Resonance Imaging
NK = Natural Killer

PRF = Perforin

PI3K = Phosphatidyl Inositol 3 Kinase
PHA = Phytohemagglutinin

PID = Primary ImmunoDeficiency
PKB, Akt = Protein Kinase B

ROS = Reactive Oxygen Species
GSH = Reduced Glutathione
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Treg

SARA
SGK
SCID
SiIRNA
STAT
SMAD
SOD
SLE
TCR
TEC
TGF
TNF
Wnt

regulatory T lymphocytes

Scale for the Assessment and Rating of Ataxia
Serum/Glucocorticoid-Regulated Kinase
Severe Combined ImmunoDeficiency

Short Interfering RNA

Signal Trasducer and Activator of Trascription
Small Mothers Against Decapentaplegic
Superoxide Dismutase 1

Systemic Lupus Erythematosus

T cell Receptor

Thymic Epithelial Cell

Tumor Growth Factor

Tumor Necrosis Factor

Wingless
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