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Summary

A proper control of T cell activation, proliferation and differentiation, and of
antigen responsiveness is central to the development of protective immunity.
Activation of CD4" T cells requires that the T Cell Receptor (TCR) and a
costimulatory receptor, such as CD28, are simultaneously engaged. This initiates a
number of intracellular events that lead to cell cycle entry and to the production of
the autocrine growth factor IL-2. Following IL-2/IL-2R interaction, the cells
proliferate and acquire effector capabilities. Several studies have indicated that in
the absence of costimulation, and/or cytokine-initiated signals, T cells fail to
proliferate and to differentiate. In particular, the engagement of the T cell receptor
in the absence of proliferation has been shown to mediate the induction of clonal
anergy, which has been proposed as one of the mechanisms by which peripheral
tolerance to self-antigens is maintained.

Following antigen re-encounter anergic T cells fail to transcribe the IL-2
gene, and to proliferate and are specifically arrested in the G1 phase of the cell
cycle. It was suggested that the failure of these cells to respond to optimal
stimulation could be attributed to the presence of a putative anergic factor, uniquely
expressed by the engagement of the TCR in the absence of proliferation. This model
predicted that forcing proliferation, or G1 to S transition of anergic T cells would
lead to dilution/degradation of the putative anergic factor, and by that restore the
ability of the cells to properly respond to antigenic re-challenge. In the hope to
restore antigen responsiveness, proliferation of anergic cells was forced by anti-

CD3 and anti-CD28 mAbs. In contrast to antigenic stimulation, which failed to

II



bypass the G1 cell cycle arrest, CD3/CD28 mAbs-mediated activation of anergic T
cells resulted in T cell proliferation. Indeed, optimal engagement of CD3 and CD238
elicited up-regulation of cyclin D3, of p21°P, hyperphosphorylation of Rb,
downregulation of the cell cycle inhibitor p275" and cell proliferation. However by
following the fate of individual T cells, we showed that, in spite of several rounds
of cell division, clonal anergy was maintained. In contrast, anergic T cells allowed
to proliferate in response to exogenous IL-2 re-acquired the ability to further
proliferate upon antigenic rechallenge. Interestingly, while Rapamycin, an inhibitor
of the Serine/Threonine kinase mTor (mammalian target of Rapamycin), only
partially blocked IL-2-mediated proliferation, it completely abolished the ability of
IL-2 to restore antigen responsiveness. This indicated that clonal anergy could be
maintained in spite of both G1-S transition and cell proliferation, and thus that
antigen responsiveness and cell cycle progression are independently regulated, and
revealed a critical role for mTor. Indeed, mTor proved not only to be involved in the
cell growth response, but also to be critically needed for proper regulation of
antigen responsiveness. |

While both CD3/CD28 and IL-2/IL-2R activate mTor-dependent events

05%) in normal T cells, only IL-2 was capable of

(namely, phosphorylation of the p7
the Rapamycin-sensitive anergy reversal. Most likely the failure of CD3/CD28 to
restore antigen responsiveness could be attributed to the inability of this stimulation
to properly activate mTor-dependent pathways in anergic cells. Indeed, while
CD3/CD28 and IL-2-driven T cell stimulation of control cells elicited Rapamycin-

sensitive p70°®* phosphorylation in several residues, only IL-2, but not CD3/CD28

stimulation, induced optimal activation of this mTor substrate in anergic cells.
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These findings indicated that antigen responsiveness is uniquely regulated by an IL-
2/IL-2R-induced signalling event, which is delivered independently of IL-2-driven
cell proliferation, and relies on intact mTor signalling.

To further investigate the role of mTor, we exploited a model of in vitro
antigen driven T cell differentiation, and analyzed the effect of mTor blockade by
Rapamycin. In our model, antigen driven CD4" T cell activation resulted in both T
cell proliferation and differentiation of type 1 (IFN-y-producing), or type 2 (IL-4-
producing) effector Th cells. The addition of Rapamycin at the time of T cell
activation allowed comparable T cell expansion, but completely prevented
polarization of effector cells. Indeed, T cells activated in the presence of Rapamycin
produced IL-2 and proliferated as effector cells upon re-stimulation, but failed to
produce either IFN-y or IL-4. Moreover, Rapamycin completely impaired
differentiation of antigen-specific CD8" T cells towards IFN-y-producing cytotoxic
T cells, without preventing their expansion.

Together our results indicate that the intracellular events that dictate T cell
proliferation are distinct from the intracellular signals that modulate the functional
phenotype of activated T lymphocytes and suggest that, while mTor-dependent
signalling is dispensable for T cell proliferation, it is primarily involved in the
acquisition of proper T cell effector functions, and in the maintenance of functional

responsiveness.
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Abstract

The intracellular events that regulate lymphocyte proliferation upon antigen
encounter and the ability of the cells to respond to subsequent stimulation and to
differentiate into effector cells remain largely to be understood. Several studies have
linked T cell proliferation with the maintenance of antigen responsiveness and with
the ability of the cells to differentiate and to acquire proper effector functions.

The aim of my Ph.D. research project was to investigate the role of the TCR,
CD28, and IL-2 generated intracellular events dictating CD4" T lymphocyte
proliferation and differentiation.

In a model of CD3-induced clonal anergy, we have shown that antigen
responsiveness was uniquely regulated by an IL-2/IL-2R-induced signalling event,
which was delivered independently of IL-2-driven cell proliferation, and which was
Rapamycin-sensitive. This indicates that proliferation and antigen responsiveness
are independently regulated and that the latter specifically requires intact signalling
through mTor, the mammalian target of Rapamycin.

OS6k, one the known

Moreover, we have shown that proper activation of p7
target of mTor, might play a crucial role in the maintenance of T lymphocyte
responsiveness.

We have also investigated the role of mTor in a model of in vitro antigen
driven naive T cell differentiation. In this model, blocking mTor activity by the
addition of Rapamycin during T cell activation, allowed comparable T cell
expansion, but completely prevented polarization of effector cells.

Together our results indicate that the intracellular events that dictate T cell

proliferation are distinct from the intracellular signals that modulate the functional

v



phenotype of activated T lymphocytes and suggest that, while mTor-dependent
signalling is dispensable for T cell proliferation, it is primarily involved in the

acquisition of proper T cell effector functions.
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1. Introduction

1.1 The development of an immune response: general features

The immune system is a multiparameter and multicellular complex system
whose physiologic function is to protect the organism against foreign (non-self)
aggressions, such as bacteria, viruses, parasites, while not reacting harmfully to
individual’s own (self) structures. The balancing between effective immunity and
tolerance is a crucial feature of the immune system, and a number of regulatory

mechanisms are in place to maintain this equilibrium.

Upon encounter with an infectious agent or a foreign body, several coordinated
events occur with the final aim of eliminating the pathogen. Schematically, one can
distinguish between the early reaction of the so-called innate immunity, which
represents the first line of defense of the organism, and the later response of the
adaptive immunity. These two types of responses are very different in term of
cellular components, anatomical organization, specificity and timing of
development, but are strictly coordinated, regulating each other at different levels.
Indeed, the innate immune response to pathogens stimulates the adaptive immune
response and influences its nature, while, in turn, the adaptive immune response
uses many of the effector mechanisms of the innate immunity to eliminate
pathogens, and often amplifies its response.

The principal components of innate immunity are: 1) the physical and chemical

barriers, such as epithelia and antimicrobial substances produced at the epithelial
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surfaces, 2) phagocytic cells (neutrophils, macrophages), and natural killer (NK)
cells, 3) blood proteins, including members of the complement system, and other
mediators of inflammation, such as cytokines and chemokines that mediate and
coordinate many cellular functions.

The innate immune response is rapid, does not distinguish fine differences between
foreign substances, and reacts in essentially the same way to most infectious agents
and to repeated infections.

In contrast, the adaptive immune response represents a more evolved defense
mechanism characterized by high specificity and the ability to develop a memory of
the antigenic encounter, which ensures that the system can perform a more rapid
and effective response at subsequent challenges with the same antigen. The major
players of the adaptive immune response are T and B lymphocytes, regulating cell-
mediated and humoral immunity, respectively. These cells express unique surface
receptors able to recognize a given antigen (Ag) (the T cell receptor, TCR, for T
cells, and the B cell receptor, BCR, for B cells), which confer the cells a single
specificity.

Lymphocytes originate in the bone marrow from hematopoietic stem cells
precursors. During maturation, a tightly regulated program of sequential gene
expression leads to changes in the phenotype of the developing cells, to the
generation of a diverse repertoire, to the acquisition of functional competence, and
to selection events, which ensure that most of the lymphocytes that enter peripheral
tissues are useful, in that they respond to foreign antigens, but not to many self
antigens. The lymphocyte repertoire is extremely diverse, indeed it is estimated that

it can discriminate 10° to 10'' distinct antigenic determinants. The frequency of



lymphocytes specific for any given antigen is extremely low (= 1/100,000), and for
this reason the immune system has evolved to allow rapid clonal expansion of
antigen-specific effector cells (see below). Once matured, lymphocytes leave the
primary lymphoid organs and recirculate between blood and lymph with
intermediate stops in secondary lymphoid tissues, such as the lymph nodes and the
spleen, where the initial encounter with the specific foreign antigen occurs and
where the adaptive immune response initially develops.

At the time of infection, the breaking of natural physical barrier, such as skin
and mucosal surfaces, by pathogen entry represents the first danger signal for the
immune system. Indeed, this event elicits the activation of cells of the innate
immune response, such as neutrophils and macrophages, and of dendritic cells
(DCs). This event leads to secretion of soluble factors, such as pro-inflammatory
mediators (interleukin (IL)-1, and tumor necrosis factor (TNF)-), cytokines and
chemokines that mediate the recruitment of circulating cells toward the site of
inflammation. Among the cells recruited are natural killer (NK) cells, which are
able to lyse infected cells. At the site of infection, antigens are captured and
internalized by resident antigen presenting cells (APCs), such as macrophages,
dendritic cells, and B lymphocytes. Among these, DCs are the most effective, and
commonly referred to as professional APCs. Upon Ag internalization, DCs are
activated, mature and migrate through the lymph and the blood towards secondary
lymphoid organs, where they get in contact with T lymphocytes. Antigen and Ag-
bearing APCs draining to the secondary lymphoid tissues increase the possibility
that any given antigen is recognized by the small numbers of specific T and B

lymphocytes, and thus that an adaptive immune response is initiated. Internalized



Ags are degraded by different enzymatic or chemical processes, that lead to the
generation of peptides able to be displayed on the surface of APCs in association
with class I or class II major histocompatibility complex (MHC) molecules.
Antigenic peptides presented in the contest of MHC molecules are recognized by T
lymphocytes expressing an appropriate T cell receptor (TCR), and either the CD8
coreceptor (CD8" T lymphocytes) in case of Ag/MHC class I molecule, or the CD4
coreceptor (CD4" T lymphocytes, or helper T lymphocytes) in case of Ag/MHC
class I complexes.

Ag recognition by T cells expressing the appropriate TCR, elicits T cell
activation and proliferation. The selective clonal expansion of the small number of
T cells that share specificity, but express unique TCRs, is a critical feature in the
development of the adaptive immune response. During Ag-driven T cell
proliferation in the peripheral lymphoid tissues, T cells also differentiate and
acquire effector function capabilities. CD4" T cells acquire the ability to secrete a
number of soluble factors and up-regulate surface molecules critical for their helper
function. CD8" T cells also acquire the ability to produce and secrete several
soluble factors, such as interferon (IFN)-y and TNF- q, or perforin and granzyme B
through which they exert their cytolytic function.

Ag recognition by B cells, via their specific Immunoglobulin B Cell
Receptor, and the interaction of the B cells with Ag-specific CD4" T cells cause the
B cells to proliferate and differentiate into memory B cells and plasmacells. At the
stage of plasmacells, B cells secrete immunoglobulins that disseminate into the
biological fluids (blood and lymph) of the organisms allowing pathogen

neutralization at long distances.



Following proliferation and differentiation, T and B lymphocytes acquire the
ability to migrate out from the lymphoid organs and to reach the peripheral tissues
where they then recruit and interact with components of the innate response, thus

allowing the complete development of protective immune responses.

1.2 The central role of CD4" T lymphocytes

CD4" T lymphocytes are crucial for the development of both adaptive and innate
immunity. Indeed, by direct cell-cell interaction and by secreting soluble factors,
they can amplify and modulate the activity of distinct cell types of the immune
system. For instance, during the development of adaptive immune responses, CD4"
T cells can mediate APC activation (APC licensing), which results in the
upregulation of costimulatory ligands and in the production of inflammatory
cytokines (1, 2). This facilitates the activation of CD8" T cells that get in contact
with the activated APCs. Furthermore, CD4" T cells, by direct interaction with
CD8" T cells, can favor their proliferation and differentiation, participating to
cytotoxic and inflammatory reactions (3). Moreover, interaction of CD4" T cells
with B lymphocytes is necessary for immunoglobulin secretion by B cells, and for
the generation of an effective humoral immune response (4). Finally, through
ligand/receptor interaction and through secretion of chemokines and effector
cytokines, CD4" T lymphocytes are also able to interact with and regulate the
activity of the cells of the innate immunity, among which macrophages, NK cells,

eosinophils, and mast cells (5).



Given such a crucial role played by CD4" T lymphocytes in coordinating the
immune response, understanding the molecular mechanisms that regulate their
activation and differentiation is critical to clarify how adaptive immunity develops,
and to design new immunotherapeutic approaches for clinical conditions, such as

organ transplantation, autoimmunity, cancer.

1.3 CD4" T cell activation

1.3.1 The “two-signal” model

CD4" T cell activation is a dynamic process, involving the interaction of
several surface proteins, expressed by T cells, with their specific ligands expressed
on the surface of APCs. These interactions initiate integrated intracellular signalling
cascades, collectively defined as the commitment phase, which eventually induce
the expression of an orderly sequence of genes whose products are necessary for
cell-cell interaction, proliferation, immune functions, cell death and memory.

The critical requirement for CD4" T cell activation is the engagement of the
TCR by the specific antigenic peptide bound to MHC class II molecules expressed
on the surface of professional APCs (6). Studies initiated by Schwartz and co-
workers provided, however, the initial evidence that TCR engagement alone (signal
1) was not sufficient to induce proper T cell activation, and that the simultaneous
engagement of another cell surface receptor, defined as costimulatory receptor
(signal 2), was required for proper T cell activation. These studies originated the

“two-signal” model of T cell activation (7).



The two-signal concept of lymphocyte activation was originally proposed to
explain discrimination between self and non-self, and has proven to explain in

several instances either T cell activation, or T cell tolerance.

1.3.2 T cell costimulation: the central role of CD28

Over the past decade, a number of T cell costimulatory proteins and their
ligands on the surface of APCs have been identified. These costimulatory receptors
can be divided in two groups on the basis of ligand specificity and structural
similarities. The first group includes members of the immunoglobulin superfamily
such as CD28, the T cell inducible costimulator (ICOS), and PD-1 (8, 9). The
counter-receptors for these costimulatory molecules are members of the B7 protein
superfamily, which are expressed on the surface of APCs: B7.1 (CD80) and B7-2
(CDS86) are ligands for CD28, B7-H2 is the ligand for ICOS, and B7-H1 for PD-1
(8, 9) (Fig. I). While CD28 is constitutively expressed by naive T cells, ICOS is
rapidly induced upon T cell activation. Thus, while CD28 might be critically needed
for naive T cells, ICOS might provide co-stimulatory signals to activated T cells
(9). Similarly to ICOS, also PD-1 is not expressed by naive T cells, but it is up-
regulated following T cell activation (9).

The second group of costimulatory molecules includes members of the TNF
receptor family: CD40L, 4-1BB, 0X-40, CD30, CD27 and HVEM (herpes-virus
entry mediator) (10). Their ligands CD40, 4-1BBL, OX-40L, CD30L, CD27L, and
LIGHT are found to be constitutively expressed, or up-regulated following

activation by professional APC (Fig. II). While CD27 and HVEM are expressed at
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low levels in naive T cell, CD40L, OX-40, 4-1BB, and CD30 are up-regulated
following both TCR and CD28 engagement (10).

In addition to these factors, several molecules, known to regulate cell
adhesion, have been proposed to have costimulatory activity. For instance, LFA-1
(CD11a/CD18) and LFA-2 (CD2) integrins, which respectively bind to ICAM-1
(CD54) and to LFA-3 (CD58), are expressed on the surface of both hematopoietic
and non hematopoietic cells, land rapidly and transiently promote cell adhesion upon
TCR engagement (11-15).

Among the above mentioned costimulatory molecules, the best characterized
is CD28, a disulphide-linked homodimeric glycoprotein, constitutively expressed on
the surface of naive T cells, and able to bind, as previously mentioned, to B7-1 and
B7-2 membrane proteins on the surface of APCs.

The engagement of CD28 does not elicit a physiological response in the absence of
TCR signalling, but it is critically needed to enhance and sustain TCR-initiated T
cell responses. For instance, it has been shown that CD28 can synergize with the
TCR to mediate the upregulation of several growth factor receptors, including IL-2
receptor (IL-2R) «, B3, and y chains (16, 17), to increase the transcription and the
stability of cytokine mRNAs, in particular those encoding for IL-2 and IL-4 (18-
20), and to enhance T cell proliferation (8, 21, 22). Moreover, CD28 signalling is
capable of preventing apoptosis in activated T cells. Indeed, it has been reported
that CD28 costimulation upregulates the expression of anti-apoptotic gene products,
such as Bcl-x;, able of protecting lymphocytes from Fas-induced cell death (23).
TCR/CD28 stimulation also induces the expression of CTLA-4 (Cytotoxic T

lymphocyte-associated antigen-4), a molecule highly homologous to CD28, which



binds to B7-1 and B7-2 with much higher affinity than CD28, and which inhibits
further T cell activation (24). This suggests that CD28 might not only positively
regulate T cell activation, by promoting T cell expansion and survival, but might
also play a critical role for the termination of the T cell response.

The crucial role of CD28-mediated costimulation in T cell priming in vivo is
demonstrated by the observation that CD4" T cell responses are greatly impaired in
CD28” mice (25, 26), or when B7-CD28 interactions are prevented by the use of
monoclonal antibodies, or of a CTLA-4-Ig fusion protein (8, 27, 28). For instance,
blocking B7 in vivo prevented autoimmunity and graft rejection (27, 29-31), while
triggering of CD28 greatly enhanced anti-tumor immune responses (32-34).

In addition to the in vivo generated evidences, a number of other studies have
underlined a critical role for CD28-induced signals. Indeed, the engagement of the
TCR in vitro, in the absence of CD28 costimulation, rather than T cell activation,
induces a long-lasting state of T cell unresponsiveness (clonal anergy) (7, 35, 36)
(see section 1.6). Moreover, it was shown that, while T cells required a very high
TCR occupancy and a prolonged stimulation in the absence of CD28 engagement,
they responded more rapidly to lower levels of TCR occupancy when costimulated
through CD28 (37, 38). These studies indicated that CD28 costimulation could be
critically needed when the level of antigenic stimulation is limiting, such at low
antigen doses, or in the presence bf low affinity TCR ligands. Consistent with this
possibility is the finding that only repeated injections with high doses of antigen
elicited a T cell response in CD28-deficient mice (25, 26, 39). Altogether the

existing data support the possibility that CD28 costimulation might lower the



threshold needed for T cell activation, thus providing a quantitative contribution to
increase the intensity and/or duration of TCR-mediated signals.

Lanzavecchia and coworkers first analyzed the contribution of CD28 to the
kinesis and stoichiometry of the TCR-peptide-MHC interaction, and to the lowering
of T cell activation threshold. By measuring intracellular calcium elevations to
monitor sustained TCR signal (see section 1.4.1), and TCR downregulation as
reliable readout of the number of TCRs triggered, these authors discovered a
dynamic type of interaction between the T cell and the APC. Indeed, at the level of
T/APC contact site, they showed that a large number of TCRs could be serially
engaged, triggered and downregulated by a few specific peptide-MHC complexes
(40). This process of serial TCR triggering resulted in the generation and
maintenance of a sustained level of second messengers that was required to initiate
and maintain transcription at specific loci. Sustained signal for optimal T cell
activation required continuous engagement of TCRs by peptide/MHC complexes on
APC, demonstrating that the signal emanating from triggered TCRs was short lived
(41, 42). These authors calculated that, irrespective of the nature of the triggered
ligand, T cells count the number of triggered TCRs, and respond when a threshold
of approximately 8000 TCRs is reached (37). Costimulation by CD28 lowered the
activation threshold to approximately 1500 TCRs, thus making T cells more
sensitive to antigen stimulation (37). In addition, in these studies, CD28
costimulation also decreased the time required to have full T cell commitment (43).

From all these experiments it is believed that CD28 costimulation, by

sustaining the signal inside the T cell and by increasing response longevity, allows a
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lower number of triggered TCR and a shorter duration of T cell/APC contact to be

effective for full T cell activation.

1.4 CD4" T cell commitment

The simultaneous engagement of the TCR and of CD28 initiates a complex
network of intracellular signals, which render the cell competent to proliferate and
eventually to differentiate. This initial phase of T cell activation has been defined as
“the commitment phase”.

A number of studies, mostly performed in vitro on transformed T cells and long-
term T cell clones, and identified by the use of agonistic anti-receptor antibodies
(Abs), have generated important information of the intracellular signalling pathways
activated upon TCR and CD28 stimulations. Much of this information has now
been validated in vivo by analyses performed on primary T cells, and on genetically

modified mice.

1.4.1 TCR-induced signalling

The engagement of the TCR elicits an intracelluiar signal transduction
cascade, which can be schematically divided in an early phase, that involved
sequential tyrosine phosphorylation events, and a later phase of a complex network
of downstream events, such as the activation of small GTPases and of

serine/threonine kinases (44, 45) (Fig. III).
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Figure IIl. TCR-induced signalling. Schematic representation of the
main intracellular signalling pathways activated upon TCR/CD3
crosslinking.

Adapted from Pitcher et al., 2003 (47).



The early tyrosine kinases cascade

The T cell antigen receptor complex comprises the polymorphic TCR o and
B subunits, that recognize peptide/MHC complexes, and the tightly associated v, 9,
g, and C signal transduction subunits, which form the CD3-{ complex.

The capacity of the TCR to transduce signals across the T cell membrane
relies on the cytoplasmic tails of the CD3-{ subunits that contain common motifs,
called immunoreceptor tyrosine-based activation motifs (ITAMs) that are
phosphorylated upon TCR triggering (45-47). Even though phosphorylated ITAMs
pre-exist in resting T cells, ITAMs phosphorylation is the earliest known event in T
cell signalling, and is regulated by a pool of active Src protein tyrosine kinases
(PTKSs) (mostly Lck), and by protein tyrosine phosphatases (PTPs), such as CD45
(45, 46). It has been suggested that the binding of TCR with peptide-MHC complex
favours ITAM phosphorylation not only by recruiting the kinases to the receptor,
but also by mediating the exclusion, on a size-base, of phosphatase molecules away
from the TCR-ligand complex (48).

ITAMs phosphorylation initiates the early PTK signalling cascade. Indeed
phosphorylated ITAMs recruits ZAP-70, a Syk family PTK, which binds to the
ITAMs via its tandem Src-homology 2 (SH2) domains (49). ITAM-bound ZAP-70
is then tyrosine phosphorylated and bound by the SH2 domains of Lck (50). It has
been shown that the physical interaction between Lck and ZAP-70 and the Lck-
mediated phosphorylation of ZAP-70 greatly increases ZAP-70 catalytic activity
(51, 52). The Lck/ZAP-70 complex is critical for TCR-induced activation (53).

Indeed it amplifies TCR-induced signalling by promoting continued ITAMSs
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phosphorylation with subsequent additional recruitment of ZAP-70 and other Lck
substrates such as the Tec PTK Itk (54).

Stable ITAM phosphorylation is only led to completion when the Ag/MHC-TCR
interaction has a sufficient half-life. This is achieved by strong TCR-ligand
interactions or by the help of CD4 coreceptor (55). It has been shown that Lck binds
a cysteine motif present in the tail of the CD4 coreceptor (56), and by that it
stabilizes the association of Lck with ZAP-70, with consequent amplification of
phosphorylation reactions that create a positive feedback loop between the TCR and

the intracellular signalling pathways (44).

Downstream signalling pathways: Ras/Rho, PLCyl, and PI3K

Upon the early tyrosine kinase reactions, a cascade of downstream signalling
events is induced. This is initiated by phosphorylation of adapter molecules, such as
LAT (linker of activated T cells) and SLP-76 (SH-2 domain containing lymphocyte
protein of 76 kDa) (57, 58), mediated by ITAM-bound ZAP-70. Tyrosine
phosphorylation of these adaptors represents the link between antigen receptors and
downstream signalling pathways. Indeed, upon phosphorylation in tyrosine
residues, adaptors act as scaffolding proteins, which recruit to the plasma membrane
important signalling molecules, and assemble them with their regulatory partners.
This leads to the activation of different pathways that disseminate TCR signals from
the plasma membrane to the cytosol and the nucleus (44).
The key pathways assembled and activated by phosphorylated LAT and SLP76 are
the Ras-and Rho-, and the inositol lipid-dependent networks. The induction of the

latter requires activation of two key enzymes, the phospholipase C gammal
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(PLCy1) and the phosphatidyl inositide-3 kinase (PI13K), which in turn regulate the
intracellular calcium concentration, and the activity of several serine-threonine
kinases

Ras plays a crucial role in T cell activation, regulating both cytokine gene
transcription and cellular proliferation (59). Ras is a guanine nucleotide binding
protein with GTPase activity, which cycles between an active GTP-bound and an
inactive GDP-bound form (60). The guanine nucleotide binding cycle of Ras is
controlled by guanine nucleotide exchange proteins (GEFs), that promote transition
from GDP-bound to GTP-bound form, and thus activate Ras, and by GTPase
activating proteins (GAPs), that stimulate the intrinsic GTPase activity of Ras, and
lead to Ras inhibition. GTP-bound form of Ras accumulates in T cells upon
activation (44). One important GEF for Ras is Sos, the mammalian homologue of
the Drosophila “Son of Sevenless” protein. Sos forms a complex with the adaptor
Grb2, which is able to bind, through its SH2 domain, to phosphorylated tyrosines in
the LAT tail, thus recruiting Sos to the plasma membrane. This leads to the
recruitment and the activation of Ras at this site (60). Activated GTP-bound Ras in
turn regulates the mitogen-activated protein kinase (MAP kinase) pathway, a kinase
cascade that transmits signals from the membrane to the nucleus, activating several
transcription factors involved in cytokine gene induction (60, 61). The first kinase
recruited to the plasma membrane and activated by GTP-bound Ras is the
serine/threonine kinase Raf-1, a MAP kinase kinase kinase (MKKK). Activated
Raf-1 in turn phosphorylates and activates MAP kinase kinases (MEK 1, 2), which
then directly activate the two MAP kinases, Erkl and Erk2 (extracellular signal-

regulated kinase 1 and 2) (62). One of the known functions of Erks is the
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phosphorylation of the transcription factor Elk-1, which in turn regulates the
transcription of the Fos gene (63). Fos transcription factors are members of the AP-
1 (Activator Protein-1) complex and are required for /L-2 gene expression (see
section 1.4.3).

TCR-mediated PLCy1 activation initiates a cascade of lipid metabolism,
generating several phosphatidylinositols endowed with signalling capabilities.
Indeed, PLCyl allows the hydrolysis of phosphatidylinositol (4,5) biphosphate
(P1(4,5)P,), and controls the production of inositol 1,4,5-triphosphate (IP3) and
diacylglycerol (DAG). PLCyl activation by the TCR requires the PTKs activated
during the early phases of T cell activation (Lck, ZAP-70 and Tec kinases, such as
RIk, and Itk), and the LAT and SLP76 adaptors (64-67). It has been proposed that
LAT, which binds to SLP76, acts as a scaffold for the assembly of the PLCyl
signalling complex with SLP76, thus allowing activation of the phospholipase by a
Tec family kinase that is associated with SLP76 (44, 57)].

The products of PLCy1 activity, IP3 and DAG, play key roles in T cell
activation because they mediate an increase in the intracellular calcium
concentration and activate serine/threonine kinases of the PKC family, respectively.
The rapid and sustained IP3-dependent elevation of intracellular calcium
concentration, that occurs within few seconds upon TCR triggering, is absolutely
critical during the initial phases of T cell activation (46, 68). Indeed, calcium
regulates PKCs activity, the activity of the phosphatase calcineurin, required for
proper activation of the Nuclear Factor of Activated T cells (NFAT) transcription
factor (see section 1.4.3), and the stabilization of the T cell/APC contact zone

required for the formation of the immunological synapse, which then allows proper
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signalling (69, 70). The production of DAG is critical for the activation of the
different PKC isoforms expressed by T cells and activated upon TCR engagement.
The PKC isoforms can be divided into two groups, one composed by the classical
PKCs (o, BI, BII and ), which are regulated by calcium, DAG and phospholipids,
and novel PKCs (9, €, and 6), which are Ca2+-independent and are regulated by
DAG and phospholipids (71). Even though different members of the PKC protein
family can activate different target molecules and hence regulate distinct biological
functions, the contribution of the different isoforms to TCR-mediated activation
events is only partially known. In T cells the relevant PKC appears to be PKC8 (72,
73). This protein is the only known member of the PKC family to localize in the T-
cell supramolecular activation complex (SMAC), a region of membrane and
cytoplasmic polarization formed at the contact site between a T cell and an APC
during recognition of cognate antigen (73). Correct localization of PKCO is
critically needed for T cell activation (74). PKCO cooperates with Ca*" and MAPK-
dependent signals for the activation of NFAT, AP-1 and NF-kB transcription
factors, required for IL-2 gene induction (see section 1.4.3). PKCBO activation is Ca”"
independent, and is regulated by binding to DAG. In addition, a tyrosine kinase-
stimulated Vav/Rac pathway (see below) also mediates selective membrane
translocation and activation of PKC8 (75). In addition to mediate PKC activation,
PLCyl-generated DAG links the lipid metabolism to the Ras pathway. Indeed,
DAG can bind to RasGRP, a GEF for Ras, and localize it at the plasma membrane,
where it can activate Ras (76).

In addition to PLCy1, TCR-dependent signalling activates the PI3K and thus
stimulates the inositol lipid turnover. PI3K phosphorylates PI(4,5)P2 on the D-3
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position of the inositol ring to produce PI(3,4,5)P3 (77). Through binding to
different target molecules, PIP3 regulate many cellular events, such as cell growth
and survival, and cytoskeletal remodelling (PI3K-dependent signalling will be also
discussed in section 1.5.2).
There are multiple isoforms of PI3K, but the form biochemically linked to T cell
activation comprises a regulatory 85-kDa (p85) subunit and a catalytic 110-kDa
(p110) subunit (78). While the stimulatory effect of the TCR alone on PI3K activity
is small, the combined triggering of the TCR and CD28 optimally activates the
enzyme (79). It is believed that the p85 regulatory subunit, via its SH2 domains,
binds to tyrosine phosphorylated LAT (80), and brings the enzyme to the plasma
membrane. PI3K-generated PI(3,4,5)P3, in turn, serve as plasma membrane-
associated docking sites for pleckstrin homology (PH) domain-containing proteins,
and favour their relocalization to the plasma membrane where they can be activated
(81). Among the PH domain containing proteins recruited following PI3K
activation, are members of the Tec tyrosine kinases (82), two serine/threonine
kinases, the phosphoinositide-dependent protein kinase (PDK) 1, and protein kinase
B (PKB), also known as Akt (83, 84), and the GEFs for Rac, Rho and Cdc42 (85).

PDKI1 regulates the activity of many serine/threonine kinases, including
members of the PKC family, the p70 ribosomal protein S$6 kinase, p70°%, and PKB
(84, 86), which play very important roles in T cell activation. p7056k, for example,
catalyzes the phosphorylation of the 40S ribosomal subunit protein S6, and
regulates protein synthesis and cell growth (87, 88).

PKB, also known as Akt, controls cell cycle progression by activating E2F

transcription factors, and promotes cell survival (89-92). It exerts its functions by
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shuttling between the plasma membrane, where it gets activated, the cytosol and the
nucleus, where it gets in contact with its substrates. In addition to its role in cell
proliferation and survival, PKB plays also a role in the glycogen metabolism.
Indeed it phosphorylates and inactivates glycogen synthase kinase-3 (GSK3) (93).
Furthermore, PKB activity has also been shown to regulate, through GSK3, the
nuclear export of NFAT transcription factor (94).

The best characterized GEF for the Rho family of GTPases in lymphocytes is
Vav-1, that binds via its PH domain to PIP3, and is recruited to the plasma
membrane where it is activated by TCR induced tyrosine kinases, such as Lck (95).
Rho GTPases regulate several T cell functions by interacting with multiple
effectors. One of the key events regulated by this class of GTPases upon TCR
engagement is the dynamic reorganization of actin cytoskeleton (44). This is a
crucial event that occurs during the formation of T cell/APC conjugate, required for
the formation of a stable contact, which is needed for sustained T cell signalling and

proper T cell activation.

1.4.2 CD28-induced signalling

A number of intracellular signalling pathways activated upon CD28 cross-
linking, and in some instances distinct from signals generated by TCR/CD3
engagement, have been defined (96). These pathways integrate and enhance TCR
signals both during the early phases of tyrosine phosphorylations and also
downstream, at the level of gene expression (Fig. IV). For instance CD28-mediated

costimulation increases the phosphorylation of the { chain of the TCR and of ZAP-
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70, and by that it possibly lowers the TCR activation threshold (97). Moreover,
CD28 signalling promotes T cell activation by facilitating the recruitment of
intracellular lipid rafts that contain kinases and adapter molecules to the site of TCR
engagement (98, 99).

Even though CD28 contains a 41 amino-acid-residue cytoplasmic domain,
which lacks an obvious catalytic capacity, upon ligation by specific Abs or by its
natural ligands, it becomes phosphorylated on tyrosines by Src family kinases such
as Lck and Fyn, and by Tec family kinases such as Itk, which can be found
associated with the receptor at a very low stoichiometry (100, 101). Lck and Fyn
mediate phosphorylation of a specific tyrosine that is found within a single YMNM
motif in the cytoplasmic domain of CD28 (102). Phosphorylation of the YMNM
motif permits recruitment of the signalling proteins PI3K and Grb2, which bind to
the receptor via their SH2 domains (103). PI3K plays a central role in CD28-
induced intracellular signalling (104, 105). Its binding to the cytoplasmic tail of
CD28 anchors the enzyme to the inner face of the plasma membrane, and by that it
facilitates its interaction with its specific substrates. Overexpression of the PI3K
target PKB/Akt in T cell lines mimics CD28 costimulatory signal and increases
transcription of the IL-2 gene (106). Moreover, CD28-dependent signalling directly
elicits phosphorylation of p70°®® and 4EBP-1, through Rapamycin-dependent
pathways (107, 108). This has been correlated with the role of CD28 costimulation
in increasing IL-2 mRNA stability and IL-2 production (108). It remains to be
determined whether these signalling pathways induced by CD28 are downstream to

PI3K activation.
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The recruitment of Grb2 to the phosphorylated YMNM motif of CD28,

allows the recruitment of Sos, of p85, and of Vav, thus connecting CD28 to a
number of downstream signalling events (102, 103).
Upon binding to CD28, Vav-1 is rapidly phosphorylated in tyrosine residues. This
can occur in the absence of simultaneous ligation of the TCR, and leads to the
activation of Rho family members, such as Rac-1 (102). CD28-dependent Rac-1
activation might also be mediated by the CD28-dependent phosphorylation and
inhibition of the Rac-inhibitor p62%°* (109). Vav-1/Rac-1 activation links CD28 to
actin remodelling events and contributes to the tightening and stabilization of the T
cell/APC conjugate (44). In addition to cytoskeleton rearrangements, Rac-1-
dependent signalling also regulates activation of the stress-related Jun N-terminal
kinase (JNK) signalling pathway (110). This provides the link between CD28
costimulation and gene expression during T cell activation (102). Indeed, through
activation of the MAP kinase kinases MKK4, and MKK7, JNK is activated, and in
turn it phosphorylates the transcription factor c-Jun. This leads to an increase of AP-
1 transcriptional activity (111, 112), thus regulating IL-2 gene expression. As in the
case of PI3K, also activation of the JNK kinases is optimal only upon simultaneous
TCR and CD28 engagement, thus representing a point of convergence for TCR and
CD28 signalling pathways.

CD28-mediated costimulation might not only favor T cell activation, but also
participates in the shut down of the T cell response. Indeed, CD28-mediated
recruitment of, and phosphorylation by Itk, at a site which is distinct from the

YMNM motif, negatively regulates the amplitude of the CD28-induced proliferative

20



responses, thus suggesting that Itk could provide a means to modulate the strength

and potentially the outcome of T cell activation (113).

1.4.3 IL-2 gene transcription

The simultaneous deployment of the signalling cascades described to be
activated by TCR/CD3 and CD28-mediated stimulations results in the transcription
of genes encoding for cytokines and cytokine receptors, which promote
proliferation and differentiation of mature T lymphocytes (114, 115). One of the
first and most important cytokine-encoding gene regulated by the simultaneous
activation of the TCR and of CD28, is the IL-2 gene. The expression of the IL-2
gene cannot be induced by single intracellular signalling pathways, but requires that
the critical transcription factors are simultaneously induced and assembled at the 5’
promoter/enhancer region of the /L-2 gene, and that stable activation complexes are
formed. Among the required transcription factors are AP-1, NFAT, NF-kB, and
Oct-1 (116, 117).

The AP-1 complex is composed by members of the Fos (c-Fos, FosB, Fra-1,
Fra-2), and Jun (c-Jun, JunB, JunD) families of bZip dimeric nuclear factors. These
factors bind specific DNA sequences either alone (as dimers at AP-1 site) or
complexed with another nuclear factor, such as NFAT (at the NFAT site) or
octamer proteins (at OCT/OAP site), and enhance transcription (118). The activity
of the AP-1 complex is regulated by Ras-, INK-, and PKCO-dependent pathways
both at the level of gene transcription, and by post-translational modifications of its

gene products (111, 119, 120). Ras, for instance, elicits Erk-dependent
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phosphorylation of the ternary complex factor Elk-1, which in turn can bind and
transactivate the c-Fos promoter, thus regulating c-Fos transcription (121, 122).
Similarly, Ras-dependent signals also regulate the JunB promoter through Erk
(123).

Similarly to Erk, also JNK participates to AP-1 activation. Indeed, CD28-dependent
JNK activation, mediates phosphorylation of c-Jun augmenting its transcriptional
activity (124). Moreover, JNK increased activity also augments Elk-1 dependent
transcription at the c-Fos gene (125). Interestingly, the JNK pathway has also been
implicated in the enhancement of IL-2 mRNA stability mediated by CD28
costimulation (126).

Finally, PKC6, regulates AP-1 activation probably at the level of ¢-Fos or c-Jun
transcription (120).

NFAT proteins are cytosolic in quiescent T cells, but they translocate into the
nucleus in TCR-activated cells, where they bind to AP-1 family members to form a
functional transcriptional complex at the /L-2 enhancer region (127). Cooperation of
NFAT with AP-1 is required for IL-2 gene transcription, as apparent from studies
using a mutant NFAT protein unable to interact with Fos/Jun heterodimers (128).
The IL-2 gene promoter contains at least four NFAT binding sites, of which two are
composite NFAT/AP-1 binding elements (129). Each NFAT/AP-1 composite
binding site is needed for /L-2 gene transcription. Binding sites for NFAT are found
in the enhancer of a number of cytokine genes including IL-2, IL-4 and TNF-«
(127), demonstrating a key role of those transcription factors in regulating several T

cell responses.
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Nuclear translocation of NFAT factors is mediated by a calcium-dependent
signalling pathway, induced by TCR/CD3-mediated PLCy activation, and involves
the activation of the phosphatase calcineurin (130). Upon calcium-dependent
targeting of calcineurin to the regulatory domain of NFAT proteins, the phosphatase
dephosphorylates NFAT proteins mediating their nuclear translocation (129).
Because of the presence of constitutively active intracellular kinases that re-
phosphorylate and inactivate NFAT, calcineurin, and sustainded calcium signal are
continuously needed to maintain NFAT proteins in an active state. Both nuclear
translocation of NFAT and its activation of gene transcription are reversed by
treatment of T cells with the calcineurin inhibitors Cyclosporin A (a cyclical
undecapeptide), and FK506 (a macrolide antibiotic) (129). Once translocated into
the nucleus, NFAT proteins bind to AP-1 family members and to the /L-2 enhancer
region. Thus, NFAT-dependent transactivation is not only regulated by Ca®" signals,
but also by Ras activation (105, 131). NFAT transcriptional activity is also
increased by PKC activation (132).

Thus, during optimal T cell stimulation through TCR/CD3 and CD28, the
coordinate activation of calcium and MAP kinase/PKC signalling pathways leads to
the formation of the transcriptionally active NFAT/AP-1 complexes, which then
bind to the JL-2 promoter and regulate /L-2 gene transcription.

NF-kB (nuclear factor-kB) transcription factors are regulated by PKC6 (133),
and, like NFATs, they can associate with AP-1 complexes at specific composite
binding sites within the 5’ regulatory regions of the /L-2 gene. In resting cells, NF-
kB factors reside in the cytoplasm as dimeric proteins, associated with specific

inhibitors, known as IkBs, that retain NF-kB in an inactive state in the cytoplasm
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(134). It has been proposed that, upon TCR cross-linking, PKCO is activated and
induces IKK (IkB kinase) complex-mediated serine phosphorylation of IkBs.
Phosphorylation of IkBs targets the protein to the proteasome for degradation (133).
Once released from IkB inhibitors, NF-kB transcription factors can enter into the
nucleus and bind their specific target sequences, such as those within the /L-2
promoter. Vav-dependent signals can synergize with PKCO for NF-kB activation
(135). CD28 costimulation seems to be required for NF-kB activation, since it can
mediate binding of this transcription factor to the CD28 response elements
(CD28RE) found in the /L-2 promoter (136).

Finally, in peripheral T lymphocytes and in several T cell lines, both the
ubiquitous Octamer family factor Oct-1, and the lymphocyte-specific factor Oct-2
are expressed and bind to the IL-2 promoter. Prominent octamer binding sites of /L-
2 promoter act as inducible enhancers in T cells, and their induction is inhibited by
the immunosuppressant Cyclosporin A (CsA). The binding of AP-1 and octamer
factors to the IL-2 promoter, and the tight association and functional cooperation of
octamer with AP-1 factors is of crucial importance for the inducible transcription of
the IL-2 gene. Moreover, also NFAT and Oct factors, by binding simultaneously to
the IL-2 promoter, and by tightly associating with AP-1 factors, enhance the activity

of the IL-2 promoter (137, 138).

1.5 CD4" T cell proliferation

One ultimate effect of TCR/CD28§ and IL-2 generated signals is to initiate cell

proliferation, and influence the rate at which T lymphocytes divide. Stimulation of
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resting T lymphocytes by TCR/CD28 initiates cell cycle entry (139), and renders
the cells competent for subsequent proliferation by inducing IL-2 production and
the expression of the high affinity IL-2 receptor (IL-2R) (140). Binding of IL-2 with
its newly expressed IL-2R mediates the coordinated activation of several
intracellular signalling events, and eventually induces cell division (141). Because
of this, IL-2 can be considered as the third signal that, in addition to TCR and

CD28, is required for T cell proliferation.

1.5.1 Cell cycle regulation

The sequence of events that occur during the cell cycle have been divided
into four phases, designated G1 (gap 1), S (synthesis of DNA), G2 (gap 2), and M
(mitosis). Cell cycle regulation takes place mainly at the transition points, or
boundaries, between the different phases, which serve as checkpoints. In mammals,
most variation in cell cycle timing is due to variation in the length of G1, and the
G1/8S transition is tightly regulated. There are three main classes of proteins directly
involved in checkpoint regulation: the cyclins, whose levels rise and fall in specific
phases of the cell cycle; the cyclin dependent kinases (Cdks), a class of serine-
threonine kinases that are activated by the cyclins, and the Cdk inhibitors (CKIs),
which inactivate Cdks. The sequential formation, activation and subsequent
inactivation of a series of cyclin-Cdk complexes govern cell cycle entry and
progression. The main cyclin-Cdk complexes are cyclin D-Cdk4 (and cyclin D-
Cdké), Cyclin E-Cdk2, cyclin A-Cdk2, and cyclin B1-Cdc2 (now renamed Cdk1),

acting in G1, at G1/S, in S, and at G2/M, respectively (Fig. V). Formation and
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Figure V. Cell cycle regulation. Schematic representation of cell
cycle progression in mammalian cells. Cyclin-Cdk complexes (in red),

and cell cycle inhibitors (in blue) regulating progression through the
different phases of the cell cycle are indicated.



activation of these complexes depend on cell cycle-regulated expression and
assembling of cyclins with pre-existing Cdks (142-144). Cyclin-Cdk activity is both
positively and negatively regulated by phosphorylation. Activation of cyclin-Cdk
complexes requires phosphorylation of threonine residues of Cdks by constitutively
expressed cyclin-activating kinases (CAKs). Cdks can also be negatively regulated
by interaction with a group of proteins collectively termed Cdk inhibitors (CKIs).
CKI levels, like cyclin levels, vary during the cell cycle and thus contribute to the
periodicity of Cdk activation (145). Two classes of CKIs have been described: the
INK proteins (p15, pl16, pl8, and p19), which associate with Cdk4 and Cdk6, and
the Cip/Kip proteins (p21 and p27), which bind to cyclins D, E and A, and Cdks
4/6/2 containing complexes (146, 147).

Progression through the G1 phase of the cell cycle is also marked by the
accumulation of specific transcription factors, including the proteins Fos, Jun and c-
myc, which act on genes required for DNA replication (148, 149). A critical balance
between cyclin/Cdk complexes and transcription factors is required for proper G1-
to- S progression. If this balance is not achieved, the cells stop dividing, and either
enter the GO resting state, or die by apoptosis. In some instances, GO resting phase
can also be induced by high levels of CDKIs.

A number of other factors can also inhibit progression through the G1/S
boundary (150). One of the most important is DNA damage. When the
chromosomal DNA integrity is compromised, the CDKI p21” is induced via
pathways depending on tumour suppressor protein p53, and this blocks G1/S
progression until the damage is repaired (151). Moreover, there are pathways that

ensure that DNA replication is complete before mitosis begins (152), and others that
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ensure that the mitotic apparatus has been properly assembled before the cells
attempts the completion of mitosis (153, 154).

Entry and progression into the cell cycle by resting cells mostly depend upon
extracellular growth-controlling stimuli, such as mitogens. In most eukaryotic cells,
these extracellular signals have their most profound effects on the transition from
the G1 to the S phase, an event also referred to as “restriction point” (139, 155).
Beyond G1/S restriction point, the cell cycle is largely insensitive to external factors

(140).

Regulation of G1/8§ transition
Addition of mitogens to G0/G1 quiescent cells induces the expression of the
D-type cyclins (cyclins D1, D2, and D3) which assemble with their partners Cdk4

and Cdké6. Mitogenic stimulation also mediates downregulation of A

, a
Cip/Kip protein that accumulates in quiescent cells, and that interacts with and
inhibits the function of cyclin D/E-Cdk complexes (156-159). D-type cyclin
complexes are activated in response to growth factors, and mediate phosphorylation
of the anti-oncogene product Retinoblastoma (Rb). Rb, p107, and p130, the so-
called pocket proteins, interact with various E2F family members and repress their
transcriptional activity in G0/G1 quiescent cells (160). Hyperphosphorylation of
pocket proteins, initially mediated by cyclin D-Cdk4/6, disrupts their association
with E2F transcription factors, which are then able to induce the transcription of a
series of genes whose activities are necessary for DNA synthesis, and for cell cycle

regulation, such as cyclin E (161-164). As levels of cyclin D rise, it is thought that

p275"®! is titrated away from cyclin E-Cdk2 complexes. This allows cyclin E-Cdk2
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to phosphorylate p27<"*', leading to its ubiquitin-targeted degradation (165, 166).
As molecules of p27°"! are degraded, increasing numbers of cyclin E-Cdk2
complexes are released, and further phosphorylate Rb in late G1 (167), thus creating
a positive feedback autoregulatory loop.

Thus, the hyperphosphorylation of pocket proteins and the subsequent E2F

activation represent a key step for transition through the G1/S restriction point.
1.5.2 G1/S transition in T cells

In T lymphocytes cell cycle entry is initiated by TCR-generated signals. TCR
ligation induces the expression of cyclin D2 and D3 (T cells do not express cyclin
D1), of Cdk4 and Cdk4 kinase activity (168). This occurs independently of IL-2 and
mediates entry into early/mid G1 phase of the cell cycle. TCR-induced signals are
however insufficient to promote exit from the G1 phase of the cell cycle. This is due
to the fact that, while inducing expression of G1 cyclin-Cdk complexes, these
signals fail to mediate their activation, because of the inability to inactivate the CKI
p27%P, Which is found expressed at high levels in quiescent lymphocytes. Studies
performed on T cell lines and on primary T cells have shown that IL-2-mediated
signalling elicits the further upregulation of cyclin D2, D3, the expression of cyclin
E and, importantly, the downregulation of the CKI, p27%"*. This allows the
activation of cyclin D/E-Cdk complexes, the phosphorylation of critical Cdk
substrates and progression through the S phase of the cell cycle (140, 156, 168-

170). Among the Cdk substrates associated with cell cycle progression are pRb and
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p130, whose hyperphosphorylation allows transcriptional activation of E2F factors,
which regulate IL-2-driven S phase entry (89, 90).

Although IL-2 plays a critical role in controlling T lymphocytes proliferation, the
intracellular signals responsible for IL-2-induced proliferation are still not fully
understood. In addition, several evidences for IL-2 independent T cell proliferation

have recently been provided.

IL-2R-dependent G1/S transition

The IL-2 receptor is comprised of three distinct transmembrane subunits,
o, B, and y chains (171). The high affinity IL-2R contains all three chains, and, as
mentioned above, it is up-regulated following TCR/CD28-mediated T cell
activation (172). IL-2Ra. chain contributes to IL-2 binding affinity but not to the
recruitment of signalling molecules, and expression and heterodimerization of the 3
and y chains (which represent the intermediate affinity IL-2R) is sufficient to
mediate IL-2 signalling (141, 171) (Fig. VI).

IL-2 binding to the IL-2R induces the heterodimerization of the cytoplasmic
domains of the IL-2RP and Y., and initiates an intracellular signal transduction
cascade. Indeed, heterodimerization of the IL-2R activates the preassociated
tyrosine kinases, Janus kinase (Jak) 1 and 3, which phosphorylate key tyrosines on
IL-2RB. These sites serve as docking sites for downstream signalling molecules,
including Stat5 (signal transducer and activator of transcription 5) (Stat5a and
Stat5b) and the adapter She, which coordinately induce the expression of a variety
of genes, including c-myc, bcl-2, and bcl-x, critical for cell proliferation and

survival (173-176). Upon binding to the IL-2R, Stat5 is phosphorylated by activated
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Figure VI. IL-2-dependent G1/S transition. Schematic representation of

the IL-2-induced intracellular signalling pathways involved in T cell
proliferation.



JAKs (177). The phosphotyrosines of Stat preferentially bind to Stat SH2 domains
(178), causing Stat molecules to dimerize, release from the receptor, and entry into
the nucleus. There, Stat5 dimers directly regulate transcription of target genes (176,
177). A critical role for Stat5 in IL-2-mediated mitogenesis has been suggested by
the observation that TCR-stimulated T cells from mice lacking both the Stat5a and
Stat5b genes have impaired proliferation in response to IL-2 (179). Moreover IL-2
activation of Stat5 has been suggested to be important for IL-2 induction of DNA
synthesis (180).

Similarly to Stat 5, also the recruitment of the adapter Shc initiates a series of
intracellular events. Thus, once recruited to phosphorylated IL-2Rf3 chain, Shc
recruits two important protein complexes: Grb2/Sos, which activates the Ras/Erk
pathway, and Grb2/Gab-2, which activates the PI3K pathway (175, 181-183).
Although the role of Ras/Erk signalling in the regulation of cell cycle progression is
well established in non-lymphoid cells (184), its role in IL-2R-mediated
proliferative response remains largely to be clarified. In contrast, PI3K-induced
signalling have been largely characterized and shown to play a pivotal role in IL-2-
dependent regulation of cell growth and proliferation (89). To exert these important
functions, PI3K-mediated signals integrate with nutrients-sensitive pathways, and
result in a tightly coordinated series of both transcriptional and translational
activation events. Indeed, it has been shown that PI3K-dependent signals are
required for the IL-2-induced upregulation of cyclin D3, for the downregulation of
p27%®, and for the hyperphosphorylation of Rb and p130 (89). Moreover, PI3K
activity has been shown to be necessary and sufficient for E2F transcriptional

activity (89). Interestingly, while PI3K is sufficient for the induction of E2F
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activation, it is not sufficient for DNA synthesis, and so for cell cycle progression
into the S phase. This supports the idea that several signalling networks cooperate
for cell cycle progression in T cells (89).

Following IL-2-dependent PI3K activation, the enzyme activates two
serine/threonine kinases, PKB and the p70°% (185). In addition, IL-2-induced PI3K
signalling has also been shown to directly regulate the MAP kinase pathway,
probably at the level of MEK (186).

Activation of both PKB and p70°®* is initiated by PI3K-induced translocation
of these proteins to the plasma membrane, where they can get phosphorylated and
activated by Ser/Thr kinases, such as PDK1 and PDK2 (187-190). Overexpression
of a constitutive active form of PKB in T cell lines, is sufficient to drive E2F
transcriptional activity, thus providing a link for PI3K to E2F activation (89). In
addition, PKB directly phosphorylates Forkhead factors on several sites, causing
their retention in the cytoplasm (191). These factors regulate transcription of the
cyclin inhibitor p27Kip and of the pocket protein p130 (191, 192). PKB-dependent
phosphorylation and thus retention in the cytoplasm, reduces the transcription of
these inhibitors and promotes progression through the cell cycle. Finally, it has been

OS6k

shown that PKB can also directly regulate p70™" activation (185).

p705%is one of the two isoforms encoded by the S6K gene, the other being

SS6k OS6k

p85°7". p70°™", the shorter isoform, is largely cytoplasmic and it is the most well
studied, while p85°%, the larger isoform, appears to be exclusively nuclear, having
an additional 23-aminoacid sequence residing at its amino terminus, which has been
shown to function as a nuclear localization signal (NLS) (193-196). With the

identification of a highly homologous gene product, S6K2, p70°*/p85°¢ have been
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collectively terméd S6K1 (197). Activation of p705%, results in the phosphorylation
of the 408 ribosomal protein S6, and elicits the translation of 5° TOP (terminal
oligopyrimidin tract) mRNAs (198). These mRNAs constitute a small family of
abundant transcripts (up to 20% of cellular mRNA) that encode primarily ribosomal
proteins and components of the translational apparatus (199). These are critically
needed to satisfy the increased anabolic demand that occurs during the growth
response (200). Since it has been demonstrated that the expression of many of the
components of the protein synthetic apparatus is regulated at the translational level,
as occurs in the case of 5> TOP mRNAs (201, 202), p70°% happens to play a crucial
role during cell growth and proliferation.

Activation of p70°® not only depends on PI3K/PKB-induced signalling, but
also on signalling induced by the serine/threonine kinase mTor (the mammalian
target of Rapamycin), which, similarly to PI3K, plays a critical role in IL-2-driven
T cell proliferation. Tor proteins were first identified in Saccharomyces cerevisiae
through mutants that confer resistance to growth inhibition induced by Rapamycin
(203). Yeast Tor proteins (Tor1/2) control a variety of processes contributing to cell
growth, in response to nitrogen availability, including translational initiation and
early G1 progression as well as the regulation of transcription, amino acid uptake,
cytoskeletal organization, and protein degradation through autophagy (204).

mTor, the mammalian ortholog of Tor, is a member of the PIK
(phosphoinositide kinase-related) family of kinases, and has homology to protein
and lipid kinases (205). mTor is considered to be a central controller of cell growth,
it is conserved throughout evolution, and regulates cellular responses to nutrient

levels (particularly those of aminoacids) and growth factors (206). Although several
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factors have been described to modulate mTor activity, the precise molecular
mechanism responsible for the activation of this enzyme remains largely to be
defined. For instance, mTor function seems to be regulated by the glucose,
aminoacid and ATP levels (207, 208). Indeed, when aminoacids are limiting,
uncharged tRNA pools accumulate in the cell and inhibit mTor signalling (207).
Recently, two members of the nutrient sensing machinery, the tumour suppressor
proteins of the tuberous sclerosis complex (TSC1 and TSC2) were identified as
potential upstream negative regulators of mTor (209). Growth factor-dependent
PI3K/PKB mediates mTor activation, probably through phosphorylation and
inactivation of TSC2 (210). Similarly to TSCs proteins, Raptor (regulatory
associated protein of mTor), a recently discovered 150 kDa protein containing
HEAT and WD40 repeats, forms a nutrient-dependent complex with mTor, and
regulates its enzymatic activity positively and negatively, perhaps depending on
nutrients levels (211, 212).

Also the tumour suppressor protein p53 has been shown to inhibit mTor-dependent
signalling, by a still unknown mechanism of action (213).

Finally, recent data indicate that, following growth factor stimulation, the p85

OS6k

regulatory subunit of PI3K forms a ternary complex with mTor and p70°™, and by

that it mediates p70°®* activation, providing another potential pathway for growth

factor-dependent mTor signalling (214).

OS6k

In addition to phosphorylation of the p70°™", mTor activation also elicits

phosphorylation of the initiation factor 4E binding protein 1 (4EBP1) (215). While

OS6k

p70°™ regulates translation of Top mRNAs (see above), 4EBP1 mainly controls the

translation of cap-containing mRNAs (206). Indeed, 4EBP1 is a translational
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inhibitor that acts by binding and repressing the activity of the eukaryotic initiation
factor 4E (eIF4E). mTor-dependent phosphorylation of 4EBP1 mediates its release
from eIF4E, thus allowing the initiation factor to mediate translation of cap-
containing mRNAs (206). eIF4E function is also important in the translation of
mRNAs containing a highly structured 5’ untraslated region (UTR), such as the
transcripts encoding for the c-myc oncogene (216). This demonstrates that also
4EBP1 could play a very important role in the regulation of cell proliferation.

mTor is the only known target of the immunosuppressive drug Rapamycin.
Rapamycin acts by associating intracellularly with the immunophiﬁn FKBP12, and
this complex negatively regulates mTor activity (217, 218). The use of Rapamycin
has allowed to comparing the signalling initiated by nutrients, to the one initiated by
growth factors. Indeed, Rapamycin blocks growth factors-dependent p70°°*
activation to extents that are similar to the one found in limiting nutrient conditions
(219).

In T cells, Rapamycin blocks IL-2-induced G1/S transition, and inhibits IL-
2-dependent kinase activation of Cdk2 and Cdc2 (169), and downregulation of
p27%" (170). Moreover, as mentioned above, Rapamycin completely blocks IL-2-
induced activation of p70°®* (185). Importantly, Brennan et al. (90) observed that
the IL-2-dependent PI3K/PKB- pathway, which regulates E2F activity, was
Rapamycin-sensitive, and was rendered Rapamycin-insensitive by the expression of

OS6k

a p7 Rapamycin-resistant mutant (90). Together these data indicate that, in T

cells, p7OS6k represents a link between IL-2, PI3K/PKB, and mTor signals for the

OS6k

regulation of E2F transcriptional activity, and that indeed p7 regulates a G1

checkpoint in T lymphocytes. However, expression of a p70°®* Rapamycin-resistant
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mutant was not able to rescue Rapamycin inhibition of T cell cycle entry (90). This
demonstrates that other pathways, controlled by Rapamycin, and independent from

p705% activity (such as, for example, 4EBP1), could be involved in IL-2-mediated

cell cycle regulation.

IL-2-independent G1/S transition

As mentioned above, TCR-dependent signalling is not sufficient to promote
exit from the G1 phase of the cell cycle, an event that was historically attributed to
IL-2-dependent signalling. However, in the past years, evidences for IL-2-
independent T cell proliferation were obtained both in vivo and in vitro, and a new
picture on the role of CD28-mediated costimulation in cell cycle regulation has
emerged. Thus, several studies have indicated that CD28 costimulation, particularly
at suboptimal levels of TCR engagement, increases the frequency of cells entering
the proliferative pool and the number of mitotic events that responding cells
undergo (220). This was previously attributed to the ability of CD28 to enhance IL-
2 production. However, the observation that T cells from IL-2-deficient mice have
reduced, but significant, proliferative T cell responses (221) support the existence of
IL-2 independent T cell proliferation. In contrast to IL-2-deficient T cells, CD28-
deficient T cells have dramatically impaired proliferative response. Moreover, while
proliferation of the former can be fully restored by the addition of exogenous
recombinant IL-2 (rIL-2) (222), proliferation of the latter is only partially increased
by rIL-2 (25). This indicates that the failure of CD28-deficient cells to proliferate
might not simply be due to the lack of IL-2 production, but rather to the absence of

a CD28-dependent mitogenic signal. Accordingly, Ag/LPS-induced in vivo
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expansion of Ag-specific T cells did not require IL-2, but CD28 expression on T
cells (221). These findings, together with the observation that the massive T cell
expansion observed in CTLA-4-deficient mice could not be correlated with
increased IL-2 production (223), but rather to unlimited CD28-mediated
costimulation, indicate that CD28-dependent signals might drive T cell proliferation
directly and independently from IL-2.

Quite recently several reports have demonstrated a direct role of CD28 in cell cycle
progression (224-227). Boussiotis and co-workers (226, 227) have shown that, in
vitro, CD28 costimulation could induce downregulation of the CKI p275? via
PI3K/PKB-dependent pathways in the absence of IL-2-mediated signalling. This
CD28-mediated p27<"-downregulation resulted in the activation of cyclin D2-
associated Cdk4/Cdké and cyclin E-associated Cdk2, and subsequent progression
into the S phase. Thus, in the absence of IL-2, CD28 mediates initial entry into the
cell cycle rendering the cells competent for progression into the S phase (226).
Whether this would be sufficient in vivo, or require the synergy with cytokines other

than IL-2 remains to be established.

1.6 CD4" T cell anergy

1.6.1 The establishment of T cell anergy: the role of costimulation

Antigen encounter in the presence of costimulation allows T lymphocytes to
undergo intense and prolonged proliferation, ensuring that the initial small number
of Ag-specific T cells is increased, and that the immune response is initiated. In

contrast, antigen encounter in the absence of costimulatory signals, leads to T cell

36



activation, but not to T cell proliferation and induces T cells to enter a state of long-
term antigen-specific unresponsiveness, defined as clonal anergy. This is
characterized by the inability of the cells to produce IL-2, and to proliferate upon
antigen restimulation (7), thus resulting in antigen-specific T cell tolerance.
Generally, tolerance to self-antigens is first established in the thymus
(primary lymphoid organ) through negative selection of autoreactive T cell
precursors (228, 229). However, some antigens are not represented in the thymus
(developmentally regulated antigens), or do not reach the concentration required to
effectively delete reactive T cells. In these instances, several peripheral
mechanisms, such as ignorance, peripheral deletion, clonal anergy and suppression
have evolved to regulate, and possibly inhibit, the activation of mature T cells
potentially able to recognize self-antigens (and thus auto-reactive) (230). Among
these mechanisms, antigen-specific clonal anergy has been proposed to play a major
role in controlling peripheral tolerance to self antigens, and its disregulation has
been involved in auto-immune manifestation, graft rejection and, in some instances,
in tumour escape. Thus, many efforts were and are being made to understand the
molecular mechanisms regulating the induction of clonal anergy to either induce it,
or overcome it in the many different clinical conditions (auto-immunity, organ

transplantation, tumours).

The term “clonal anergy” was originally created to describe the functional
phenotype of B cells derived from mice that were immunized with a soluble
antigen, which were shown to be unable of responding to antigen restimulation

(231). Antigen-induced T cell clonal anergy was first demonstrated in vitro. Indeed,
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Feldmann and co-workers (232) showed that the stimulation of T helper clones with
low amount of the specific antigenic peptide, in the absence of autologous APCs,
hampered the ability of the cells to further respond to APCs pulsed with the same
antigen. These results suggested for the first time that professional APCs possessed
special characteristics necessary for the productive presentation of antigen that T
cells themselves lacked. It was indeed hypothesized that a ‘second signal, distinct
from the one generated by TCR-MHC/peptide interaction, was transduced from
APC to the T cell, and the “two-signal” model of lymphocyte activation was
proposed (7). The possibility that TCR-generated signals were not sufficient to
drive optimal T cell activation was later supported by the observation that
stimulation of CD4" T cells with purified MHC/peptide complexes immobilized in
artificial lipid bilayers, (233), or with chemically fixed Ag-pulsed APCs (234),
induced unresponsiveness rather than T cell activation. Moreover, it was shown that
the addition of untreated syngeneic APCs to these cultures restored optimal T cell
activation, thus supporting the existence of a second signal molecularly distinct
from that mediated by TCR-MHC interaction (235).

Similar results were also obtained by stimulating CD4" T cell clones with
immobilized anti-TCR, or anti-CD3 mAbs (236). In these cases, T cells were
activated, but failed to produce IL-2 and to proliferate. Again, these cells resulted to
be incapable of producing IL-2 upon optimal stimulation, mediated by either Ag-
bearing APC or by anti-CD3 and anti-CD28 mAbs.

In contrast to IL-2, the production of IFN-y or IL-4 seemed to be unaltered in
anergic T cell clones. Moreover, anergic T cells remained viable for extended

period of time and showed to be capable of proliferating to exogenous IL-2 (237),
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thus suggesting that anergic cells failed to proliferate upon rechallenge because of a
highly specific defect in IL-2 production.

Even though clonal anergy was first described in vitro, several evidences are
now in place to support the idea that Ag stimulation of T lymphocytes, in the
absence of costimulation, results in anergy induction algo in vivo. For instance, the
injection of bacterial superantigens (BSAgs), which bind to the lateral surfaces of
TCRP polypeptides and MHC glycoproteins, and is believed to be insensitive to
CD28 costimulation, was shown to lead to potent activation and proliferation of a
large proportion of T cells, but also to cause their rapid cell death, and the
persistence of unresponsive T cells. Indeed, when optimally restimulated in vitro,
these cells were unable to respond to antigenic rechallenge resembling the cells
anergized via CD3-mediated stimulation (238-240). The establishment of clonal
anergy has also been demonstrated in mice adoptively transferred with a
monoclonal population of TCR transgenic antigen-specific CD4" T cells, and
immunized with the specific Ag in the absence of adjuvant, which is required for
the upregulation of costimulatory ligands on the surface of APC (241). In this
model, intravenous injection of soluble antigen induced a transient accumulation
and loss of adoptively transferred TCR transgenic T cells, among which some
survived and persisted for several months but remained profoundly unresponsive to

antigenic restimulation (221, 241-243).
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1.6.2 Molecular features of anergic CD4" T cells

Several efforts have been made to characterize the molecular mechanisms
that are in place in anergic T cells, and that prevent their activation upon optimal
restimulation. The observation that anergic T cells seem to be selectively unable of
producing IL-2 has generated intense investigation on the molecular mechanisms
responsible for this functional defect. Data obtained in different laboratories
throughout the years, and mostly regarding anergic T cell clones, have altogether
demonstrated that anergic cells are unable to transcribe the mRNA coding for IL-2,
because of molecular defects at different levels along the TCR-induced intracellular
signal transduction pathways.

Kang et al. (244) first demonstrated that the failure to transcribe the /L-2 gene in
anergic T cell clones was associated with defective AP-1-dependent DNA binding
and transactivation. This was later shown to be due to the defective induction of the
AP-1 family members c-Fos, FosB, and JunB proteins, which impaired DNA-
protein interaction and transactivation at both AP-1 and NFAT DNA enhancer
elements (245). Defective TCR and CD28 induced AP-1 protein expression
correlated with defective activation of the Ras pathway in these cells (246), and
with reduced phosphorylation and catalytic activity of members of the MAPK
family, such as Erkl, Erk2 and JNK (247). In addition to AP-1, the altered
expression of NF-kB transcription factors was also reported in anergic T cells in
vivo (248). Furthermore, data against a loss-of-function signalling defect as the sole
basis for clonal anergy induction were generated, which demonstrated the presence

of a dominant-acting repressor molecule that inhibits signal transduction to the IL-2
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gene within viable anergic T cells (249-251). Indeed, Powell et al. (250) showed
that the DNA binding activity of the cAMP-response element-binding
protein/cAMP-response element modulator (CREB/CREM) transcriptional
inhibitory complex to enhancer elements in the IL-2 gene was increased in anergic
T cells. Moreover, Telander et al. (251) demonstrated that the fusion of anergic
murine T cells to human Jurkat T leukaemia cells, and formation of heterokaryons
failed to result in a complementation of the signalling defect of anergic cells and
restoration of murine IL-2 mRNA inducibility. Instead, signal transduction to the
human /L-2 gene became disrupted, demonstrating the existence of a negative
regulatory factor in anergic cells.

In support of this, it has been shown that anergy induction is inhibited by the
addition, at the time of the anergizing stimulus, of Cyclosporin A and
cycloheximide, demonstrating that the establishment of anergy is an active
mechanism, which requires TCR-induced signalling, and new protein synthesis
(233, 236, 252).

Defective IL-2 gene transcription might be due to altered upstream TCR-
induced signalling events, which have been réported in anergic T cells. Gajewski et
al. (253) have revealed increased basal levels of intracellular free calcium and
phosphatidylinositol 1,4,5-triphosphate (IP3) in anergic T cells compared to control
cells, and showed that these levels failed to increase significantly upon subsequent
restimulation. These authors also reported an alteration in net tyrosine kinase
activity in anergic cells, with preferred activation of the Src-family PTK Fyn (253).
Quill et al. (254) also found a constitutively reduced amount of Lck, and

constitutively elevated levels of Fyn in anergic T cell clones. These data might
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suggest that an unbalanced TCR-linked Lck and Fyn kinases activation might
determine the fate of T cell activation. Thus, while Lck might be the predominant
kinase involved in productively activated cells, Fyn might dominate the response in
anergic T cells (255).

Selective TCR-induced intracellular events have not only been described
when comparing responsive and unresponsive (anergic) T cells, but also when
analyzing the intracellular signalling of optimally (TCR/CD28) or suboptimally
(TCR, ionomycin, altered peptide ligands) stimulated cells. For instance,
stimulation of T cells by altered peptide ligands resulted in suboptimal
phosphorylation of the TCRE chain, and lack of association with ZAP-70 (256,
257). Moreover, while TCR engagement in the absence of costimulation was shown
to result in preferential association of the TCR/CD3 complex with Fyn, co-ligation
of the TCR and CD28 resulted in the recruitment of Lck (258).

These data, together with the observation that the establishment of the
anergic phenotype requires TCR-generated signalling and new protein synthesis,
suggest that anergy induction could represent an alternative type of activation. This
could be initiated by selective signalling pathways resulting in a unique gene
expression profile, which eventually accounts for the maintenance of the anergic
phenotype.

Recently, Macian and co-workers (259) have compared the gene expression profile
of control and ionomycin-induced anergic T cells. They found that, during
ionomycin stimulation (anergy induction), a limited set of genes, distinct from those
activated following productive stimulation, was induced. In particular, these authors

demonstrated that ionomycin-induced anergy is mediated primarily by NFAT-
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dependent expression of a new set of genes, which are independent of NFAT/AP-1
cooperation, and which include genes encoding phosphatases, proteases, and
transcriptional repressors (259). They defined these genes as anergy associated
genes, and further proved their unique expression also upon in vivo anergy
induction. Similarly, Soares and co-workers (260), examined early changes in gene
expression after TCR-induced signalling in the presence (activation) or absence
(anergy) of B7-mediated costimulation, and found that some genes were uniquely
expressed in anergizing stimulation. Among these, for instance, is the ubiquitin E3
ligase GRAIL (gene related to anergy in lymphocytes), whose activity correlated
with the inhibition of cytokine gene expression, and which was uniquely expressed
in T cells activated in the absence of costimulation (260).

In addition to /L-2 gene transcription, some reports have indicated that the
posttranscriptional regulation of IL-2 is differentially regulated by anergizing
stimuli. Indeed, Garcia-Sanz et al. (261) have shown that, following ionomycin
stimulation, IL-2 mRNA was transcribed to somehow detectable levels but failed to
associate with active ribosomes, and thus failed to be translated. These authors also
showed that in anergic cells, IL-2 mRNA remained detectable but failed to be
loaded on ribosomes upon restimulation (261).

Thus, many evidences indicate that the absence of T cell costimulation, at the
time of T cell activation, might be responsible for the induction of selective
intracellular signalling events dictating the establishment of peculiar genetic

programs that later regulate antigen responsiveness.
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1.6.3 Anergy and proliferation

Several in vitro and in vivo evidences suggest that, in some instances, T cell
anergy can also be induced in the presence of costimulation. It was shown that
clonal anergy could be induced in the presence of both TCR- and CD28-mediated T
cell activation, by preventing IL-2/IL-2 receptor interaction (262), or IL-2-
dependent T cell proliferation (263). Sloan-Lancaster et al. (256) similarly reported
that partial agonists caused T cell activation, but failed to elicit proliferation, in spite
of the presence of CD28 costimulation, and induced clonal anergy. Similarly,
TCR/CD28 optimally stimulated T cells became unresponsive when n-butyrate
(264) or Rapamycin (265), which block G1-to-S transition, were provided at the
time of stimulation. In all these conditions, the addition of exogenous IL-2 induced
extensive T cell proliferation and resulted in either prevention or reversal of clonal
anergy (263, 266).

These data supported the possibility that negative regulatory factors could be
normally produced, but also degraded during IL-2-driven G1-to-S phase transition.
In the case that IL-2 is not produced (suboptimal T cell stimulation), or IL-2 driven
proliferation is prevented, these anergic factors might accumulate inside the cells
and inhibit subsequent T cell responses (263, 267). The addition of exogenous IL-2
could drive extensive T cell proliferation, dilution or degradation of the anergic
factors, and by that it could restore antigen responsiveness. A number of reports
have indicated the G1 cyclin-dependent kinase inhibitor p27<” as a putative anergic
factor, since its deregulated expression directly correlated with T cell

unresponsiveness (268, 269). Boussiotis and co-workers (268) showed that sub-
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optimal stimulation with costimulatory deficient APC, which results in T cell
anergy, failed to down-regulate p27Kip , and elicited cell cycle arrest in early Gl.
Moreover, over-expression of p27<' not only prevented G1-to-S transition upon
optimal stimulation (269), but also inhibited /L-2 transcription (268). Thus,
deregulated expression of p27<”*, or more generally the failure to progress from the
Gl to the S phase of the cell cycle, might result in the establishment and

maintenance of the anergic phenotype.

1.7 Aim of the project

Anergic T cells fail to transcribe the /L-2 gene, and to proliferate, and are
specifically arrested in the G1 phase of the cell cycle. It has been suggested that the
failure of these cells to respond to optimal stimulation could be attributed to the
presence of a putative anergic factor, uniquely expressed by the engagement of the
TCR in the absence of proliferation. This model predicted that forcing proliferation,
or G1 to S transition of anergic T cells would lead to dilution/degradation of the
putative anergic factor, and by that it would restore the ability of the cells to
properly respond to antigenic rechallenge.

Several reports have recently indicated that optimal engagement of the TCR
and of CD28 drives IL-2 independent cyclin/Cdks activation, p27~” degradation,
and thus G1-to-S phase transition.

We thus set out to investigate whether optimal engagement of the TCR and of

CD28 on the surface of anergic T cells, could force cell cycle entry, and T cell
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proliferation. This would allow the dilution/degradation of the putative anergic

factor and the reversal of clonal anergy.
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2. Material and Methods

2.1 Mice and cells

Mice

B10.BR (H-2%) mice were purchased from Harlan Laboratories (Milan, Italy)
and used as donors of splenic APCs for the maintenance of the A.E7 Th clone.
BALB/c mice (H-2%) (Charles River Breeding Laboratories) were used as donors of
splenic APCs for the maintenance of DO11.10 T cell lines, and for the stimulation
of DO11.10 primary T cells. C57BL/6 mice (H-2°) (Charles River Breeding
Laboratories) were used as donors of splenic APCs for the stimulation of OT-1
primary T cells.

DO11.10 mice (H-2d) were obtained from Dr. Luciano Adorini (Bioxell,
Milan, Italy). These mice express a transgenic (Tg) of3 TCR specific for the CD4-
restricted chicken ovalbumin (OVA) derived peptide (OVAj3y3.339.) on the majority
of the CD4" T cells (270). OT-1 mice (H-2") were generously provided by Dr.
Matteo Bellone (DIBIT, Milan). These mice express a Tg aff TCR specific for the
CD8 restricted OVA peptide (OVAjs7.264) on the majority of the CDS8" T cells (271).
The transgenic mice were bred and maintained in the SPF animal facility according
to the Institutional Guidelines. The animal usage was approved by the Ethical

Committee of the San Raffaele Scientific Institute.
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Cells

The A.E7 T cell clone is a H-2%-restricted Th1 clone, specific for the pigeon
cytochrome ¢ derived 81-104 peptide (PCCgi.104) (272). A.E7 cells (O.leO6 T
cells/well/24 well plates) were maintained in RPMI medium supplemented with 2
mM L-glutamine, 100 U/ml streptomycin, 100 U/ml penicillin, 20 mg/ml
gentamicin, and 50 pM B-mercaptoethanol (B-ME) (Invitrogen Life technologies,

Milan, Italy), and 5% heat-inactivated fetal bovine serum (FBS, Euroclone, Milan,
Italy) (complete RPMI medium) at 37°C in a 5% CO7 atmosphere, by periodic

stimulation with irradiated syngeneic splenocytes (3.5x10° cells/well) pulsed with
PCCsi104 (0.5pM) (Primm, Milan, Italy). Forty-eight hours (h) after antigenic
stimulation, exogenous recombinant IL-2 (rIL-2; 10 IU/ml) (Roche, Milan, Italy)
was added to the cultures.

The OVA specific DO11.10 and IL-2" DO11.10 T cell lines were generated
by stimulating LN cells, respectively derived from DO11.10 and DO11.10/IL-27"
mice (221), with irradiated syngeneic splenocytes and OVAs;3.339 (0.5 uM)
(Primm). The cells (0.5x10° T cells/well/24 well plates) were maintained in
complete RPMI medium, and stimulated weekly with Ag and BALB/c splenocytes
(3.5x10° cells/well), and rIL-2 (10 IU/ml) . The peptides used to stimulate the cells
were commonly referred to as “antigen” (Ag) in the text. All the experiments were
performed at least 10 days from the last antigen exposure. At this time, the cells

appeared to be in the GO/G1 stage of the cell cycle.
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Primary T cell cultures

Single cell suspensions were derived from peripheral LNs of 6-8 weeks-old
DO11.10 and OT-I TCR Tg mice, by smeshing the organs on sterile nylon filters
(Falcon, Milan, Italy).

In selected experiments, CD4™ T cells were purified from the DO11.10 LN
suspension. Purification was performed by negative selection (Dynal Biotech LTD.,
UK). Briefly, LN cells (10x10° cells/ 100ul) were incubated 1h at 4°C, with anti-
B220 (clone TIB 146), anti-CD8 (clone 53.6.72), anti-I-A/I-E (clone 2G9), and anti-
MAC-1 (clone M1/70) rat Abs (final concentration of each Ab, 10 pg/ml), in RPMI
medium containing 2% FBS, and 5 mM EDTA (Sigma, Milan, Italy). The cells
were then washed and resuspended in complete RPMI medium in the presence of
goat anti-rat-coated magnetic beads (20x10° beads/10x10° cells), and incubated
under rocking 20 min 4°C. Beads-coated cells were then removed using the Dynal
magnet (Dynal Biotech LTD.). The purity of the preparation was analyzed by flow-
cytometry after staining of the cells with anti-CD4 mAb (BD Pharmingen, Milan,

Italy). In all the experiments CD4" cells were selected to a purity of >95%.

2.2 Anergy induction

Where indicated A.E7 cells were cultured for 16 hours on plate bound anti-
CD3-& mAb (clone 145-2C11, 4ug/ml) (273) (25-30x10° cells in 150 mm dishes).
The cells were then removed from the Ab, and rested for additional 5 days in fresh
medium (referred to as “anergic” T cells) (262). At the same time a similar number

of A.E7 cells was harvested and rested in fresh medium (referred to as “control” T
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cells). Both control and anergic cells appeared to be in the GO/G1 phase of the cell
cycle. Thereafter, viable cells were separated on a Lympholyte-M (Cederlane,
Hornby, Ontario, Canada) density gradient and restimulated as indicated in the

different experiments.
2.3 T cell activation

Where indicated control and anergic A.E7 cells were stimulated with Ag (0.5
uM) and irradiated syngeneic splenocytes (1:4, T:APC ratio), with immobilized
anti-CD3 mAb (2 pg/ml) and anti-CD28 mAb (clone 37.51) (5 ug/ml) (274), or
with rIL-2 (10 IU/ml), in the absence or in the presence of Rapamycin (200 nM,
Calbiochem, Merck, Milan, Italy), 1 Y294002 (20 uM, SIGMA, Milan, Italy), or .
Cyclosporin A (0.5 pg/ml, Sandimmun; Novartis, Milan, Italy). Thereafter the cells
were removed from the Abs, rested in fresh medium for 10 days, and then re-
stimulated with Ag/APC, or with rIL-2. At the time indicated in each experiment,
the cells were either left untreated or restimulated as indicated in the figures, and
analyzed by flow cytometry or by Western Blot analyses.

Wild type and IL-2"" DO11.10 T cells were stimulated for the indicated
periods of time with immobilized anti-CD3 mAb (0.1 pg/ml) and anti-CD28 mAb
(5 pg/ml), or with immobilized anti-CD3 mAb (0.01 pg/ml) and rIL-2 (10 [U/ml),

and then analyzed by flow cytometry, or by Western blot (see below).
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2.4 T cell differentiation

DO11.10 and OT-1 LN cells (0.5x10° CD4* or CD8* TCR Tg T cells/well/24
well plates) were cultured for 3-7 days in RPMI complete medium in the presence
of irradiated syngeneic splenocytes (3.5x10%well) and either the CD4-restricted or
the CD8-restricted peptide (OVAj323.339 and OV Ajs7.064, respectively, 0.5 uM)
(referred to as Ag in the text). Rapamycin (100 nM) was provided to some of the
wells at the time of Ag stimulation.

In some experiments, purified DO11.10 CD4" T cells were stimulated for 7
days with latex beads (diameter around 5 uM) (Interfacial Dynamic Corporation,
Oregon) coated with anti-CD3 (0.05 pg/ml) and anti-CD28 (5ug/ml) mAbs
(2.5x10° beads/1 x10° cells). Coated beads were prepared as follows: beads were
incubated with the antibodies in PBS (pH 7.4-7.6; Euroclone, UK) at a
concentration of 20x10° beads/ml, for 20 min at 4°C, under rocking. The beads
were then washed twice in PBS containing 2% FCS, and resuspended in RPMI
complete medium containing 5% FCS, under rocking for 30 min at room
temperature (RT). The beads were eventually pelleted and added to the cells.

Where indicated purified CD4"DO11.10 T cells cells were cultured with
anti-CD3/CD28 coated beads, in Thl or Th2 polarizing conditions. Briefly, rIL-12
(0.5 ng/ml, Bender MedSystem, Milan, Italy), and neutralizing anti-IL-4 mAb (5
ug/ml, BD Pharmingen), or rIL-4 (1 ng/ml, Bender MedSystem), and neutralizing
anti-IL-12 mAb (5 pg/ml, BD Pharmingen) were provided to the cultures at the time

of stimulation.
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2.5 Western blot analysis

Analysis of cell cycle proteins

Control and anergic A.E7 cells were stimulated with anti-CD3/CD28 mAbs
(2 mg/ml and 5 mg/ml respectively), or with rIL-2 (10 IU/ml) for 30 min. The cells
were then harvested, washed twice with ice cold PBS, and lysed in Lysis buffer 1,
containing 50 mM Tris-HCI] pH 7.4, 0.5% Nonidet P-40, 150 mM NaCl, 10 mM
MgCl,, | mM DTT, 1 pg/ml PMSF, 1 pg/ml aprotinin, 5 pg/ml leupeptin (Sigma,
Milan, Italy). Samples were incubated in the lysis buffer for 20 min on ice. The
soluble fraction was separated by centrifugation at 13,000 rpm for 15 min at 4°C
and the protein content was determined by the Bradford assay (Bio-Rad, Milan,
Italy). Samples containing an equal amount of proteins (10-20 mg) were mixed with
an equal volume of 2X Laemmli buffer (275), boiled, and separated on a standard
SDS-PAGE. Proteins were then transferred onto nitrocellulose membranes (Protran,
Schleicher & Schuell, Milan, Italy). Non-specific binding sites were blocked by
incubating the membranes in PBS containing 5% non-fat dry milk and 0.05%
Tween-20. Immunodetection was accomplished by incubating the membranes with
primary antibodies (1 pg/ml) first, and then with horseradish peroxidase-conjugated
secondary antibodies directed against mouse IgG or rabbit IgG (1:5000 dilution)
(Amersham Biosciences, Milan, Italy) diluted in PBS pH 7.4, containing 1% dry
non fat milk, 1% bovine serum albumine (Sigma) and 0.1% Tween-20. The
immunocomplexes were then detected by chemiluminescence (SuperSignal, West
Dura Extended Duration Substrate, Pierce, Milan, Italy). Expression of cyclin D3,

p275%P, p21°P was analyzed by 12% SDS-PAGE (acrylamide:bis-acrylamide 29:1;
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Euroclone, UK). Expression and phosphorylation of Rb were analyzed by 6% SDS-
PAGE (acrylamide:bis-acrylamide 29:1) as described (268). The following
antibodies were used: cyclin D3 (C-16), p27%? (C-19), p21°P (F-5), and Rb (C15)

antibody (Santa Cruz Biotechnology, Milan, Italy).

Analysis of p70°%* phosphorylation

Control and anergic A.E7 cells were stimulated with anti-CD3/CD28 mAbs
(2 pg/ml and 5 pg/ml respectively), or with rIL-2 (10 IU/ml) for 30 min. Where
indicated the cells were pre-treated with Rapamycin (200 nM) for 30 min at 37°C,
and then stimulated in the presence of the drug. The cells were then harvested,
washed twice with ice cold PBS, and lysed for 20 minutes on ice in Lysis buffer 2,
containing 50 mM Tris-HCI pH 7.4, 1% Triton X-100, 150 mM NaCl, 10 mM
MgCl,, 1 mM DTT, 1 pg/ml PMSF, 1 pug/ml aprotinin, 5 ug/ml leupeptin, ImM
NaF, 1 mM NaOv; (Sigma). Protein extracts were quantified by the Bradford assay.
Where indicated, the samples were treated for 1h at 37°C with alkaline phosphatase
(2 U enzyme /25 ug of extract) (Sigma). Samples containing an equal amount of
proteins (20-40 ug) were mixed with an equal volume of 2X Laemmli buffer,
boiled, and separated on a standard 10% SDS-PAGE (acrylamide:bis-acrylamide
10:0.16) (Sigma), as previously described (90). Western Blot analysis was
performed as described above, by using an anti-p705* (C-18) Ab (0.5 pg/ml) (Santa

Cruz Biotechnology).

389 OS6k

For the analysis of phospho-Thr , control and stimulated T cells

_p7
were harvested, washed twice with ice cold PBS, and lysed in SDS sample buffer,

containing 62.5 mM Tris-HCI pH 6.8, 2% w/v SDS, 10% glycerol, 50 mM DTT,
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0.01% w/v bromophenol blue (Sigma). The extracts were sonicated for 10-15
seconds to shear DNA and reduce sample viscosity, and then boiled for 5 minutes.
Proteins from 2x10° cells were separated on a standard 10% SDS-PAGE
(Acrylamide:bis-acrylamide 10:0.16), transferred onto nitrocellulose membranes,
and analysed by Western blot with an overnight incubation at 4°C with the primary
anti-phospho-p70S6k (Thr’®) Ab (1:1000) (Cell Signaling Technology, Milan, Italy).

Where indicated, protein bands were quantified by densitometric analysis

using the Image Quant analysis software (Amersham Biosciences).

2.6 2-D electrophoresis (2DE)

Cells were washed extensively with ice cold PBS, and lysed in Lysis buffer
2. 400 pg of total proteins were resolved onto preparative 10% SDS-PAGE
(acrylamide:bis-acrylamide 10:0.16). The portion of the gel corresponding to the
p70S6k (revealed by Western blot analysis of an electrotransferred lane from the
same gel) was excised, and the contained proteins were eluted by an overnight
incubation with 0.1% SDS. Proteins were then precipitated using 80% acetone.
Where indicated, eluted proteins were concentrated by Vivaspin Concentrator
(30000 MWCO) (Sartorius, Germany), treated for 1h at 37°C with alkaline
phosphatase (2 U/25 pg protein), and then heated for 15 minutes at 65°C.
Eventually, samples were acetone precipitated. The pellet was resuspended in 2DE
buffer (9 M Urea, 10 mM Tris, 4% CHAPS, 65 mM DTT, 2% IPG buffer

ampholine pH 3-10, protease inhibitor cocktail; Sigma), and samples were applied

to 7 cm IPGstrips pH 3-10NL (Amersham Biosciences) by in-gel rehydration at
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20°C. Focusing was performed with an IPGphor system (Amersham Biosciences) at
50 WA max per IPG strip with a gradient voltage (5000 V max) for a total of 25
KVh. Strips were equilibrated for 15 min in 50 mM Tris-HCI buffer pH 8.8,
containing 6 M urea, 30% glycerol, 2% SDS and 2% DTT, then for 15 min in the
same buffer replacing DTT by 2.5% iodoacetamide. The strips were then transferred
onto 12% acrylamide SDS-PAGE gels for the second dimension separation. 2-D
gels were transferred onto nitrocellulose membranes and analyzed by Western blot
with the anti-p70°®* Ab (see above). Densitometric analyses of protein spots were
performed by using the Image Master 2D Elite analysis software (Amersham

Biosciences).

2.7 Analysis of T cell proliferation

[ HJ-Thymidine incorporation assay

Control and anergic A.E7 T cells were stimulated in flat-bottomed 96-well
plates (2x10* cells/well) with increasing amounts of the PCC-derived peptide and
irradiated syngeneic splenocytes (5x10° cells/well), with immobilized anti-CD3
mAb (2 ug/ml) and anti-CD28 mAb (5ug/ml), or with rIL-2 (10 IU/ml), until the
total time of culture reached 48 h. Then, [*H]-Thymidine (1 mCi/well) was added,

and the plates were harvested and counted 16 hr later.

Propidium iodide staining
T cells were stimulated as indicated in the figures, washed with PBS,

counted and fixed overnight at 4°C in 70% ethanol. Cells were then pelleted,
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resuspended at a concentration of 1x10° cells/ml in DNA staining buffer containing
0.1% sodium citrate, 0.05% Nonidet P-40, 50 pg/ml propidium iodide, and 50
pug/ml Rnase A (Sigma), and incubated for at least 1 h at room temperature. PI
contents were assessed by flow cytometry (FACScan, Becton Dickinson, Milan,

Italy) using standard Cell Quest™ acquisition/analysis software.

Analysis of CFSE dilution

T cells were washed twice with PBS, and resuspended at a density of 2x10’
cells per ml in PBS. An equal volume of a PBS solution containing 1.25 uM of the
fluorescent dye 5-(and 6-) carboxy-fluorescein diacetate, succinimidyl ester
(CFDASE; Molecular Probes, Inc., Milan, Italy) was added, and the cells were
gently mixed for 8 min at room temperature. In the case of A.E7 T cells, the final
concentration of CFDASE used was 2.5 uM. Unbound CFDASE, or the
deacetylated form, CFSE, was quenched by the addition of an equal volume of FBS.
The labelled cells were washed twice in complete medium, and stimulated as
indicated in the figures. When indicated, at the time of harvest, CFSE-labelled cells
were washed twice in PBS, and the vital dye TO-PRO-3 (Molecular Probes, Inc.)
was added to each sample (1 nM final concentration) before acquisition to
distinguish live and dead cells. Cell division analysis was performed on a Becton
Dickinson System (Milan, Italy) FACSCalibur® dual-laser cytometer using
standard Cell Quest™ acquisition/analysis software. CFSE-labelling remained

stable for up to three weeks in our cell cultures.
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2.8 Analysis of cytokine production

ELISA assay

The presence of IL-2 in culture supernatants of activated T cells was
determined 24 h after stimulation by standard capture ELISA assay (BD
Pharmingen). Functional assay was performed in 96-well plates using 1x10° cells
per well. The ELISA standard curve was generated using recombinant murine IL-2

(BD Pharmingen), and the level of detection was 1 ng/ml.

Intracellular cytokine staining

The cells (0.5x106 cells/ml) were either left untreated or stimulated for 4h
with PMA (Phorbol 12-myristate 13-acetate) (50 pg/ml) and Ionomycin (1pug/ml)
(Sigma). Following surface staining with anti-CD4 or anti-CD8 mAb, the cells were
fixed in 2% formaldehyde (Sigma) for 20 min at RT, then permeabilized by
washing them in saponin buffer, containing PBS, 2% FBS, 0.2% sodium azide, 2%
rat serum, and 0.5% saponin (Sigma). After fixation the cells were incubated for 20
min in saponin buffer either with isotype control, or with anti-IL-2, anti-IFN-y, or
anti-IL-4 mAbs (BD Pharmingen). The cells were then washed twice with saponin

buffer, and twice with staining buffer, and analyzed by flow cytometry.

2.9 In vitro cytotoxic assay

OT-1 cells were tested for cytolytic activity in a standard 4 h *'Cr release

assay (276). RMA cells, a H-2" Rausher virus-induced thymoma (277), were used
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as target cells. Target cells were labelled with °'Cr, and left unpulsed or pulsed with
1 uM OVA257_264 for 30° in ice-cold RPMI complete medium. After extensive
washing, target cells (1000 target/well) were seeded with OT-1 cells at effector to
target ratios ranging from 6:1 to 50:1. The percentage specific *'Cr release of
triplicates was calculated as [(average experimental cpm - average spontaneous
cpm)/(average maximum cpm-average spontaneous cpm)] x 100. *'Cr release of
target cells alone (spontaneous release) was always < 25% of maximal *'Cr release

(target cells in 0.25 M HCI).

2.10 Analysis of surface markers expression

At the indicated time, the cells were harvested and stained with anti-CD4
mAb (Pharmingen). In the indicated experiments T cells were also stained with anti-
CD69, CD25, CD44, CD62L, and CD132 (common Y.;) mAbs (Pharmingen). The
cells were incubated in staining buffer (PBS, 2% FBS, 0.2% sodium azide) with the
Ab for 15 minutes on ice. The cells were then analyzed by flow cytometry
(FACScan, Becton Dickinson) using standard Cell Quest™ acquisition/analysis

software.

2.11 RNase Protection assay (RPA)

DO11.10 LN cells were stimulated for a week with Ag and irradiated
splenocytes in the absence or in the presence of Rapamycin (see section 2.4).

Thereafter the cells were harvested and either left untreated or restimulated with
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PMA (50 ng/ml) and Ionomycin (1 mg/ml) for 1-4 h. Total RNA was then obtained
using the Total RNA Isolation Reagent (TRIZOL, Life Technologies, Milan, Italy).
Briefly, 10x10° cells were lysed in 500 ul TRIZOL, for 5 minutes at RT. Total RNA
was extracted by phase separation with chloroform, precipitated with isopropyl
alcohol, rinsed in ethanol and then solubilized in water. The presence of the
messages for different cytokines in the cells was analyzed using the multi-probe
RNase protection assay (RPA) as previously described (278-280). Briefly, probe
synthesis was driven by T7 bacteriophage RNA polymerase with -[**P]JUTP as the
labelling nucleotide. The subsequent steps of probe purification, RNA-probe
hybridization, Rnase treatment, purification of protected RNA duplexes, and
resolution of protected probes by denaturing PAGE were performed as described
(278). Probe bands were visualized by autoradiography, and were quantified by
phosphor imaging analysis, using the Image Quant analysis software (Amersham
Biosciences). The relative abundance of mRNA species was obtained dividing the
values of each specificity by the relative L32 value of the same sample, in order to
obtain a relative expression value for each individual mRNA species. The
expression of IL-2, IFN-y and IL-4 mRNAs in each group of cells and in the
different stimulation conditions was displayed as fold induction over the

unstimulated condition (set as 1).
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3. Results

3.1 mTor signalling regulates CD4" T cell antigen responsiveness

3.1.1 Optimal engagement of CD3/CD28 bypasses G1 cell cycle block and

drives proliferation of anergic T cell

The engagement of the TCR in the absence of either costimulation or cell
proliferation, elicits a state of T cell unresponsiveness defined as clonal anergy.
Upon optimal restimulation anergic T cells fail to produce IL-2 and to proliferate,
and appear to be selectively blocked in the G1 phase of the cell cycle (7, 35, 36,
268, 269).

Starting from the observation that TCR- and CD28-generated signals mediate
G1-to-S phase transition via IL-2-independent mechanisms (224, 226, 227), we set
out to investigate whether a combination of anti-CD3 and anti-CD28 mAbs would
overcome the G1 cell cycle block reported for anergic T cells, and by that would
cause reversal of clonal anergy.

T cell anergy was induced in cloned CD4" T helper (Th) lymphocytes by
chronic TCR engagement in the absence of costimulation as previously described
(262). Non-proliferating A.E7 T cells were harvested and rested in fresh medium
(referred to as “control” T cells), or cultured for 16 hours on plate bound anti-CD3
mADb, removed from the Ab and rested for additional 5 days in fresh medium
(referred to as “anergic” T cells) (Fig. 1A). At the end of the resting time control

and anergic T cells appeared to be in the G0/G1 phase of the cell cycle (refer to Fig.
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Figure 1. Chronic TCR engagement results in the establishment of T cell clonal
anergy. A) Schematic representation of anergy induction. B) Control (CT) and
CD3-treated (anergic, AN) A.E7 T cells were challenged with irradiated splenic
APC and the indicated amount of the pigeon cytochrome ¢ derived peptide
(PCC) (Ag/APC), with immobilized anti-CD3/anti-CD28 mAbs (2 and 5 pg/ml,
respectively) (CD3/CD28), or with recombinant IL-2 (rIL-2) (10 IU/ml). After
48h, [3H]-Thymidine was added to each well, and the cells were harvested and
assayed for proliferation after an additional 16h of culture. C) IL-2 production
was measured in the supernatants of CD3/CD28-stimulated T cells after 24
hours of culture by capture ELISA. The standard deviations of triplicate cultures
are reported. The figure shows one of several (>5) independent similar
experiments.
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2 and 4). In addition, control and anergic cells expressed similar surface levels of
the TCR (VPB3, MFI: 41.66+0,34 vs. 41.35+0,12), of CD3 (MFI: 27.01£1.39 vs.
23.83+3.66, see also (245)) and of CD25 (MFI: 23.87+0.07 vs. 26.54+0.17). To
investigate the functional capabilities of these cells, control and anergic T cells were
restimulated with either antigen-pulsed APCs (Ag/APC), or with a combination of
anti-CD3 and anti-CD28 mAbs. Proliferation and IL-2 secretion were then
measured by [*H]-Thymidine incorporation and by capture ELISA, respectively.
Upon antigen rechallenge, anergic A.E7 T cells proliferated to much lower extents
when compared to control T cells (Fig. 1B), and showed defective IL-2 production
even in response to optimal TCR and CD28 engagement (Fig. 1C), as previously
described (245, 262). Interestingly, despite the failure to produce IL-2, control and
anergic T cells produced comparable amounts of IFN-y (not shown). Most
importantly, anergic cells proliferated to similar extents to control cells in response
to immobilized anti-CD3/CD28 mAbs (Fig. 1B).

The observation that anergic cells proliferated to larger extents when
stimulated with CD3/CD28, than when stimulated with Ag/APC, prompted us to
investigate whether these types of stimulation could differentially regulate G1-to-S
transition in control and anergic T cells.

We first analyzed the expressioh of GI cell cycle proteins by Western blot
(Fig. 2). While antigen-depeqdent stimulation of control cells resulted in the up-
regulation of cyclin D3, and of p21°P in the down-regulation of p27Kip levels, and
in the hyperphosphorylation of Rb (Fig. 2A), it failed to induce G1-related events in

anergic T cells. Thus, as also reported elsewhere (264, 269), anergic A.E7 T cells
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Figure 2. CD3/CD28-, but not Ag/APC-mediated stimulation, drives anergic cells
to exit from the G1 phase of the cell cycle. T cell anergy was induced as described
in Fig. 1. Control (CT) and anergic (AN) T cells were stimulated with either Ag-
pulsed irradiated syngeneic splenocytes (Ag/APC) (A) or with anti-CD3/CD28
mAbs (CD3/CD28) (B) for 24 hours. As a positive control the cells were stimulated
for 24 hours also with rIL-2. Thereafter, the cells were lysed and protein expression
was analyzed by SDS-PAGE and Western blot analysis with the antibodies
indicated in the figure. p27%iP and p21CP were detected on the same membrane filter
by sequential hybridization. The relative mobility of the proteins is indicated in the
figure by the arrows.
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were unable to progress through the G1 cell cycle checkpoint upon Ag/APC
encounter.
In contrast, stimulation with anti-CD3/CD28 mAbs elicited comparable up-
regulation of cyclin D3 and of p21", down-regulation of p27%" expression, and
hyperphosphorylation of Rb (Fig. 2B), in control and anergic T cells. Moreover, this
stimulation also induced up-regulation of cyclin D2 and cyclin E levels in both
groups of cells (not shown). These results indicate that optimal engagement of TCR
| and CD28 drives the transition through the G1/8S restriction point in anergic T cells.
To determine the fraction of anergic T cells able to proceed from G1 to S,
and then to G2/M phases of the cell cycle upon CD3/CD28-mediated stimulation,
we measured DNA content by Propidium Iodide (PI) staining. This technique
allows to discriminate cells in GO/G1 phase, recognized by a typical DNA content
equal to IN, from cells in S/G2M phases which have a DNA content > 1IN (2N for
cells in the M phase). Preliminary experiments indicated that by 48h of both
Ag/APC and CD3/CD28-mediated stimulations, 20-40% of control A.E7 T cells
had entered the S/G2M phase of the cell cycle (Fig. 3).
Control and anergic T cells were therefore stimulated with either Ag/APC or
immobilized anti-CD3/CD28 mAbs for 48 hours, fixed, stained with PI, and
analyzed by flow-cytometry (Fig 4). As expected, while control cells increased their
DNA content upon Ag/APC-stimulation, anergic T cells failed to do so (Fig. 4A). In
contrast, upon CD3/CD28 stimulation, both control and anergic cells had a sizable
fraction of cells with a DNA content >IN, and thus in S/G2M phases
(23.83%+3.92% and 34.89%+5.68% respectively, Fig. 4B). After 48 hours of

stimulation, no differences were detected in the total number of live cells or in the
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Figure 3. Analysis of cell cycle entry in control cells. Control T cells were
stimulated with either Ag/APC (A) or with anti-CD3/CD28 mAbs (B) for the
indicated times. Thereafter the cells were counted, fixed, stained with propidium
iodide, and analyzed by flow cytometry. The percentage of cells in G1 (DNA
content =1N) or S/G2M (DNA content >1N) phase of the cell cycle is reported.
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Figure 4. CD3/CD28-mediated stimulation of anergic T cells bypasses G1 cell
cycle block and results in G1-to-S phase transition. T cell anergy was induced as
described in Fig. 1. Control (CT) and anergic (AN) T cells were then stimulated
with either Ag/APC (A) or with anti-CD3/CD28 mAbs (B) for 48 hours. Thereafter
the cells were counted fixed, stained with propidium iodide, and analyzed by flow
cytometry. Representative FACS histograms of the DNA content of unstimulated
(untreated or stimulated with APC only), Ag/APC-stimulated and CD3/CD28-
stimulated control and anergic T cells are reported. C) The graph reports the
percentage of cells in the S/G2M phase (DNA content >IN) in resting (untr.) and
stimulated (Ag/APC, CD3/CD28) control (empty bars) and anergic (filled bars) T
cells calculated in four independent experiments (mean + SD).
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fraction of the cells with DNA content <IN (sub-G1, apoptotic cells), suggesting
that anergic T cells were not preferentially dying in our cell culture conditions (see
below).

To demonstrate that CD3/CD28-mediated stimulation could promote cell
division, we labelled the cells with the fluorescent dye carboxyfluorescein
succinimidyl ester (CFSE). This dye passively diffuses into the cells, it is retained at
the cell surface, and segregates equally between daughter cells upon cell division,
resulting in the sequential halving of cellular fluorescence intensity with each
successive generation, and allowing one to trace the fate of single cells by flow-
cytometry (281). Thus, control and anergic T cells were labelled with CFSE,
stimulated with Ag/APC or with anti-CD3/CD28 mAbs, and analyzed five days
later by flow-cytometry. While only control cells divided upon Ag/APC-mediated
stimulation, both control and anergic T cells completed several cycles of cell
division upon CD3/CD28-mediated stimulation (Fig. 5). Interestingly, a comparable
fraction of control and anergic cells proliferated on immobilized anti-CD3/CD28
mAbs, despite IL-2 was undetectable in culture supernatants of anergic T cells
(refer to Fig.1).

Altogether these results suggest that optimal cross-linking of the TCR and of
the CD28 costimulatory receptor is able to overcome the G1 cell cycle block, and to

drive anergic T cell proliferation, in an IL-2-independent manner.
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Figure 5. CD3/CD28-mediated stimulation drives comparable proliferation of
control and anergic T cells. T cell anergy was induced as described in Fig. 1.
Control (CT) and anergic (AN) T cells were then labeled with the fluorescent dye
CFSE, and left untreated or stimulated with Ag/APC, or with anti-CD3/CD28
mAbs for 5 days, and then analyzed by flow cytometry. A) Representative FACS
histograms reporting the degree of CFSE dilution are shown. B) The graph reports
the percentage of control and anergic T cells which divided more than once (and
thus falling in the indicated M2 gate) calculated in four independent experiments
(mean + SD).
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3.1.2 CD3/CD28-induced signals drive IL-2 independent cell proliferation

To better define whether anti-CD3/CD28 mAbs could drive Gl-to-S
transition and cell proliferation in the absence of IL-2, we used a T cell line derived
from DO11.10 TCR transgenic IL-2 deficient mice (221), and analyzed the ability
of these cells to respond to CD3/CD28 stimulation. Wild type and IL-2" T cells
were stimulated with immobilized anti-CD3 and anti-CD28 mAbs for 48 h.
Thereafter, the cells were harvested and lysed, and protein extracts were analyzed
by Western blot. Following stimulation, up-regulation of cyclin D3 and of p21Cip,
and down-regulation of p27<" were detected in both wild type and IL-2"" T cells
(Fig. 6A), suggesting that optimal TCR/CD28 engagement can normally regulate
G1 cell cycle proteins in the absence of autocrine IL-2. Interestingly, cyclin D3 up-
regulation was less pronounced in both anergic (Fig. 2B) and IL-2" (Fig. 6A) T
cells when compared to the control and wild type populations. This could be due to
the fact that activation of both anergic and IL-2" T cells occurs in the absence of
IL-2, which has been shown to elicit and sustain cyclin D3 expression (140, 282).
We next asked whether anti-CD3/CD28 mAbs could drive complete cell cycle
progression and could elicit cell division in the absence of IL-2. To this aim, wild
type and IL-2"" T cells were labelled with CFSE, stimulated with immobilized anti-
CD3/CD28 mAbs, and analyzed by flow cytometry 5 days later (Fig. 6B). As
control, T cells were stimulated with rIL-2 normally used to propagate this clone in
culture. Results show that similarly to wild type T cells (not shown), IL-2""
DOI11.10 T cells completed several rounds of cell division as detected by serial

CFSE dilution upon either CD3/CD28- and IL-2-mediated stimulation.
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Figure 6. CD3/CD28 engagement drives exit from the G1 phase of the cell cycle,
and elicits proliferation of IL-2 7~ T cells. A) Wild-type and IL-2* DO11.10 T
cells were either left untreated (-) or stimulated with immobilized anti-CD3 and
- anti-CD28 mAbs (0.1 and 5 pg/ml, respectively) for the indicated times. Western
blot analysis of total cell lysates were then performed with the Abs indicated in the
figure. p27%i and p21P were detected on the same membrane filter by sequential
hybridization. B) IL-27- DO11.10 T cells were labeled with the fluorescent dye
CFSE, and either left untreated (thin line) or stimulated with anti-CD3/CD28
mAbs (CD3/CD28) or sub-optimal anti-CD3 mAb (0.01 pg/ml) and rIL-2 (IL-2)

for 5 days and then analyzed by flow cytometry.
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Together these results support the idea that CD3/CD28 can regulate cell cycle

related events and induce T cell proliferation via IL-2 independent mechanisms.

3.1.3 CD3/CD28-induced T cell proliferation does not restore Ag

respon siveness

-Since IL-2-dependent G1-to-S transition was previously shown to prévent
and reverse clonal anergy (263, 266), we next investigated whether proliferation
induced by anti-CD3/CD28 mAbs could restore antigen responsiveness in anergic T
cells.

Control and anergic T cells were first allowed to proliferate in response to
immobilized anti-CD3 and anti-CD28 mAbs or to rIL-2 (“First stimulation”, refer to
Fig. 7A for a schematic representation of the experiment). Proliferation during this
time was monitored by CFSE dilution in separate samples (not shown). Thereafter,
the cells were rested for 10 days, labelled with CFSE and restimulated with
Ag/APC or rIL-2. CFSE dilution in response to Ag/APC rechallenge was then used
to compare antigen responsiveness in untreated, CD3/CD28- and IL-2-treated cells.
As expected, only untreated control cells proliferated in response to Ag/APC, and
completed up to four rounds of cell division, while untreated anergic T cells did not
divide in response to Ag/APC (Fig. 7B, left panels). Surprisingly, similar results
were obtained also with cells allowed to proliferate in response to immobilized anti-
CD3/CD28 mAbs (Fig. 7B, middle panels). Indeed, only CD3/CD28-stimulated
control T cells, and not CD3/CD28-stimulated anergic cells, divided in response to

Ag/APC restimulation (Fig. 7B, middle panels, and Fig. 7C). This indicates that, in
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Figure 7. Proliferation of anergic T cells induced by optimal CD3/CD28
engagement does not restore antigen-responsiveness. A) Schematic representation
of the experimental design. T cell anergy was induced as described in Fig. 1.
Control (CT) and anergic (AN) T cells were then allowed to proliferate in response
to immobilized anti-CD3/CD28 mAbs for 5 days as described in Fig. 4, and rested
for the following 10 days. In parallel, the cells were also stimulated with rIL-2.
Thereafter control and anergic T cells were labeled with CFSE, and either left
untreated, or stimulated with Ag/APC or with rIL-2 (IL-2), and analyzed by flow
cytometry 5 days later. B) Representative FACS histograms reporting the degree of
CFSE dilution in the absence (thin line) and in the presence (thick line) of
stimulation are depicted. C) The graph reports the percentage (mean + SD of three
independent experiments) of control and anergic cells pretreated as indicated in the
figure (First stimulation), dividing to secondary rechallenge with Ag/APC (Second
stimulation).
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spite of completing several rounds of cell division, anergic T cells still fail to
respond to antigenic rechallenge.

In contrast to anergic T cells which had divided in response to immobilized mAbs,
anergic T cells allowed to proliferate in response to rIL-2, re-gained, at least in part,
the ability to respond to Ag/APC (Fig. 7B, right panels and Fig. 7C). The IL-2-
dependent anergy reversal was detected, although to variable extents, in several
independent experiments (the average proliferative response to Ag/APC rechallenge
of rIL-2-treated anergic T cells was 77.81%+36.42% of control cells).

IL-2-driven proliferation not only restored the ability of anergic T cells to
proliferate in response to an antigen rechallenge, but also to produce IL-2 (data not
shown). Thus, while the IL-2 produced by CD3/CD28-stimulated anergic cells
represented only 2.5% of the IL-2 produced by control cells, the amount of IL-2
produced by anergic T cells allowed to proliferate in response to rIL-2 was
87.5%=+22.5% of the amount produced by control T cells. By contrast, IL-2 was
never detected upon restimulation of anergic T cells allowed to proliferate on
immobilized anti-CD3/CD28 mAbs (not shown).

Finally, all the cells proliferated to similar extents in response to rIL-2 (dotted lines
in Fig. 7B) indicating that untreated and CD3/CD28-stimulated anergic cells were
viable in our cultures, but specifically unable to respond to Ag/APC.

In spite of several rounds of cell division, the total number of viable cells
recovered from the cultures of CD3/CD28-stimulated control and anergic T cells
was only 100-200% of the one recovered from the untreated population. To exclude
the possibility that CD3/CD28-activated anergic T cells could die shortly after

activation, and that an unresponsive population could be selected by this

66



stimulation, cell survival was monitored by flow cytometry over time in two
independent sets of experiments.

In the first set of experiments, control and anergic T cells were labelled with
CFSE, stimulated with anti-CD3/CD28 mAbs or rIL-2, and then stained with the
fluorescent dye TO-PRO-3 at the time of the flow cytometric analysis (Fig. 8). This
dye has been previously used to identify viable and dead cells in each pool of
divided cells (283). Although a higher fraction of TO-PRO-3" cells was detected in
CD3/CD28 stimulated cells when compared to IL-2-stimulated cells (~30% and
~2% respectively), the fraction of TO-PRO-3" cells was similar in CD3/CD28-
stimulated control and anergic cells (30.52% and 20.24%, respectively). This
indicated that the majority of the cells that proliferated in response to immobilized
mAbs were viable at the end of the culture, and that there was no preferential loss of
proliferating cells over non-responding cells.

In a second set of experiments, control and anergic T cells were labelled with
CFSE, rested in fresh medium or allowed to proliferate on immobilized anti-
CD3/CD28 mAbs, and then restimulated with either Ag/APC or with rIL-2 (Fig. 9).
A further dilution of the CFSE content during the second stimulation would
measure antigen responsiveness of cells that proliferated during the first
stimulation. As shown above (Fig. 7), while control cells proliferated to Ag/APC
and to rIL-2, anergic T cells failed to respond to Ag/APC and instead proliferated to
rIL-2 (Fig. 9, left panels). As also shown above, while both control and anergic T
cells proliferated in response to CD3/CD28 during the first stimulation (Fig. 9, right
panels, thin lines), only control cells, and not anergic cells further diluted their

CFSE contents upon Ag/APC restimulation (right panels, thick lines). By contrast
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Figure 8. Survival of control and anergic T cells undergoing CD3/CD28-induced
stimulation. T cell anergy was induced as described in Fig. 1. Thereafter control
(CT) and anergic (AN) cells were labeled with CFSE, and then, either left
untreated, or allowed to proliferate in response to immobilized anti-CD3/CD28
mAbs (CD3/CD28) or rIL-2 (IL-2) for 5 days. Right before the analysis, TO-
PRO-3 was added to each sample. Representative dot plots reporting the degree of
CFSE dilution (proliferation) and TO-PRO-3 staining (cell death) are depicted.
The percentage of TO-PRO3* cells are reported.
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Figure 9. Control, but not anergic T cells expanded to CD3/CD28, further
proliferate upon Ag re-encounter. T cell anergy was induced as described in Fig. 1.
Control (CT) and anergic (AN) T cells were labeled with CFSE, and cultured for 5
days in fresh medium (left panels), or on anti-CD3/CD28 mAbs-coated plates
(CD3/CD28, right panels). Thereafter the cells were rested for 10 days, and either
left untreated (thin lines), re-stimulated with Ag/APC (thick lines) or with rIL-2
(dotted lines). Representative FACS histograms of one out of two similar
experiments (performed with duplicates) are reported in the figure. The overlays
demonstrate that the cells, which proliferated during the first stimulation, are still
able to divide upon rechallenge, as indicated by further dilution of their CFSE
content.
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all the cells further diluted their CFSE content in response to rIL-2 (right panels,
dashed lines), supporting the idea that anergic T cells, which proliferated to
CD3/CD28, remain viable and able to respond to rIL-2, but incapable of responding
to Ag/APC.

Together these results indicate that antigen unresponsiveness can be
maintained in spite of several rounds of cell division, demonstrating that
proliferation per se is not sufficient to reverse clonal anergy, and that instead anergy

reversal specifically requires an IL-2-generated signal.

3.1.4 IL-2-induced mTor-dependent signalling, and not IL-2-induced T cell

proliferation, regulates CD4" T cell antigen responsiveness

Previous findings and our own data indicate that IL-2-generated signals are
important in preventing the induction of T cell anergy (263, 266, 284), and in
restoring antigen responsiveness in already anergized T cells (Fig. 7). It has been
shown that the ability of IL-2 to prevent the induction of T cell anergy was
completely prevented by the addition of the immunosuppressive agent Rapamycin
(265). This drug blocks the function of the serine/threonine kinase mTor (the
mammalian target of Rapamycin), which is considered a central controller of cell
growth since it regulates translational activity of the cell in response to nutrients and
mitogens levels (206). We therefore investigated whether Rapamycin, beside its
role in anergy induction, would also prevent the ability of IL-2 to reverse clonal
anergy. Control and anergic T cells were thus labelled with CFSE, and either left

untreated or stimulated with IL-2, in the absence or in the presence of Rapamycin
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(200 nM) for 15 days (refer to Fig.10A for the experimental plan). Thereafter the
cells were collected, washed and either left untreated or restimulated for 5 days with
Ag/APCs. We first analyzed the ability of Rapamycin to block IL-2-driven
proliferation. While Rapamycin partially blocked control T cell division in the first
5 days of culture (Fig. 10B, left panels), no differences between IL-2- and IL-
2+Rapamycin-treated cells could be observed after 20 days of culture (Fig. 10B,
right panels). The same result was obtained with anergic T cells (Fig. 10B). The
failure of Rapamycin to block T cell proliferation was not due to drug inactivation,
since the same effect was observed when Rapamycin was added to the culture every
day (data not shown). Even though the inefficacy of Rapamyciﬂ to prevent cell
cycle progression was initially surprising, this result is consistent with the
possibility that Rapamycin does not completely prevent, but only delays, entry into
the cell cycle (285).

We then compared the ability of untreated, IL-2 and IL-2+Rapamycin-
treated cells to respond to antigen rechallenge. As shown above (Fig. 7), while the
vast majority of untreated control T cells proliferated in response to Ag/APC, only a
fraction of the anergic T cell population responded to the antigenic stimulation (Fig.
10C, left panels). As also shown above (Fig. 7), antigen unresponsiveness was lost
upon IL-2-driven cell proliferation. Indeed, both control and anergic T cells
stimulated for 20 days in IL-2 responded to a similar extent to Ag/APC (Fig. 10C,
middle panels). By contrast, anergic T cells stimulated with IL-2 in the presence of
Rapamycin failed to further dilute their CFSE content upon Ag/APC rechallenge
(Fig. 10C, right panels). This indicates that, while Rapamycin does not block T cell

proliferation, it completely prevents IL-2 mediated reversal of clonal anergy. Thus,
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Figure 10. Rapamycin prevents IL-2-mediated reversal of clonal anergy, and not
IL-2 driven proliferation. T cell anergy was induced as described in Fig. 1. A)
Schematic representation of the experimental design. B) CFSE-labeled control (CT)
and anergic (AN) T cells were either left untreated (thin lines) or stimulated with
rIL-2 in the absence (IL-2, thick lines) or in the presence of Rapamycin (200 nM)
(IL-2+Rap, dotted line). Cell proliferation was determined by flow cytometry after
5 (left panels) and 20 days (right panels). Representative histograms are shown. C)
CFSE-labeled untreated (medium), and IL-2 or IL-2+Rapamycin-treated cells were
left unstimulated (untreated; thin line), stimulated with Ag/APC (thick line), or with
rIL-2 (dotted line) for 5 days. Representative FACS histograms reporting CFSE
content are shown (top, middle panel: the CFSE profile obtained with rIL-2 is
underneath the profile elicited by Ag/APC). The overlays demonstrate further
dilution of CFSE content upon secondary stimulation. A representative experiment
(performed with duplicates) out of three independent experiments is shown.
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altogether our results indicate that IL-2-induced mTor signalling, independently of
IL-2-driven proliferation, is absolutely required to reverse clonal anergy and thus to

regulate lymphocyte responsiveness.

3.1.5 CD3/CD28-induced T cell proliferation involves mTor-dependent

signalling

In addition to IL-2, also CD28 elicits mTor-dependent signalling pathways.
Indeed, it has been shown that Rapamycin blocks CD28-dependent phosphorylation
of p70°** (107) and 4EBP-1 (108). Thus we sought of investigating whether
CD3/CD28 could activate mTor in anergic T cells, and whether functional
differences between CD3/CD28- and IL-2/IL-2R-generated signals might explain
the different functional outcome elicited by these stimuli.

First we investigated whether CD3/CD28-induced T cell proliferation was sensitive

to Rapamycin inhibition. To this aim, CFSE-labelled control and anergic A.E7 T

cells were stimulated for 5 days with immobilized anti-CD3 and anti-CD28 mAbs,

in the absence (Fig. 11, left panels) or in the presence (Fig. 11, right panels) of

Rapamycin. Proliferation of both control and anergic T cells was inhibited by the

presence of Rapamycin. Even though control cells produced IL-2, the amounts were -
not sufficient to drive Rapamycin-insensitive proliferation (see section 3.3). This

supports the idea that CD3/CD28 can induce IL-2 independent cell proliferation,

and that to do so it requires proper mTor-dependent signalling.

To further investigate this possibility, similar experiments were performed

with wild type DO11.10 and IL-2" T cell clones. To this aim the cells were labelled
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Figure 11. CD3/CD28 stimulation relies on mTor activity to drive IL-2-
independent T cell proliferation. A) Control (CT) and anergic (AN) A.E7 cells,
DO11.10 IL-2", and DO11.10 wt cells were labeled with CFSE, and either left
untreated or stimulated with anti-CD3/CD28 mAbs in the absence or in the
presence of Rapamycin (Rap) (200 nM) for 5 days, and then analyzed by flow
cytometry. Representative FACS histograms reporting the degree of CFSE
dilution are shown.
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with CFSE, and stimulated for 5 days with immobilized anti-CD3 and anti-CD28
mAbs, in the absence (Fig. 11, left panels) or in the presence (Fig. 11, right panels)
of Rapamycin. While Rapamycin-insensitive CD3-CD28-initiated proliferation was
observed in IL-2 sufficient DO11.10, it was completely absent in IL-2 deficient
cells.

Together these results indicate that CD3/CD28-mediated stimulation, in
functionally (anergic) or genetically (IL-27) IL-2-deficient T cells, drives T cell
proliferation in a Rapamycin sensitive manner, thus involving mTor in TCR/CD28-

induced intracellular signalling pathways

3.1.6 CD3/CD28-induced signals fail to restore Ag responsiveness even in the

presence of Cyclosporin A

The observation that CD3/CD28-mediated proliferation was sensitive to
Rapamycin, indicated that either the TCR or CD28 elicited mTor activation.
However, CD3/CD28 stimulation failed to restore Ag responsiveness. Thus, while
IL-2-induced mTor activation restored Ag responsiveness, CD3/CD28-induced
mTor activation did not. Thus, we investigated the reasons for the failure of
CD3/CD28-mediated stimulation to reverse clonal anergy.

First we investigated the possibility that the failure of CD3/CD28-mediated
stimulation to reverse clonal anergy could be attributed to chronic engagement of
the TCR by the immobilized anti-CD3 mAb. Indeed, this was previously
hypothesized to induce the continuous production of a putative anergic factor,

possibly able to maintain the anergic phenotype. Since the addition of Cyclosporin
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A, at the time of TCR stimulation, can inhibit CD3-induced T cell anergy (233, 236,
252), we asked whether the addition of Cyclosporin A to CD3/CD28-stimulated
anergic cells would allow anergy reversal. In a preliminary experiment we verified
the ability of Cyclosporin A to prevent CD3-induced T cell anergy (Fig. 12). To this
aim, we stimulated A.E7 T cells with immobilized anti-CD3 mAb for 16 hours (see
“anergy induction” in Fig. 1), in the absence or in the presence of Cyclosporin A
(0.5 ug/ml). Thereafter the cells were rested in fresh medium for 5 days, labelled
with CFSE, and restimulated for 5 days with Ag/APC or with rIL-2. A fraction of
the cells was similarly treated with the exception of the initial CD3 stimulation. At
the end of the restimulation, the CFSE content was determined by flow cytometry.
As expected, while control cells proliferated in response to antigen stimulation
(Fig.12, upper panel), CD3-treated cells failed to do so (Fig.12, middle panel). In
contrast, cells stimulated with anti-CD3 mAb in the presence of Cyclosporin A, did
proliferate to the antigen (Fig.12, lower panel), indicating that, also in our hands,
Cyclosporin A actively prevents the induction of clonal anergy.

We thus asked whether addition of Cyclosporin A during CD3/CD28-
mediated restimulation of anergic cells, would allow the reversal of clonal anergy
(Fig. 13). Control and anergic A.E7 T cells were either left untreated (medium in
the figure), or stimulated for 5 days with immobilized anti-CD3/CD28 mAbs, rIL-2,
in the absence or in the presence of Cyclosporin A, or Rapamycin. The cells were
then rested for 10 days, labelled with CFSE, and restimulated with Ag/APC, or with
rIL-2 to determine their functional responsiveness. While untreated and CD3/CD28-
stimulated control cells proliferated in response to the antigen, untreated and

CD3/CD28-stimulated anergic cells failed to do so (Fig. 13, upper panels), as also
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Figure 12. Cyclosporin A prevents CD3-induced T cell anergy. A.E7 cells were
either left untreated or stimulated with anti-CD3 mAb (a-CD3), in the absence or
in the presence of Cyclosporin A (CsA) (0.5 pg/ml). After 16h the cells were
removed from the Ab, and rested for an additional 5 days. Thereafter, the cells
were labeled with CFSE, restimulated with Ag/APC or rIL-2, as indicated at the
bottom of the figure, and analyzed by flow cytometry. Representative FACS
histograms reporting the degree of CFSE dilution are shown.
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Figure 13. CD3/CD28 stimulation fails to restore Ag responsiveness even in the
presence of Cyclosporin A. A.E7 cells were either left untreated (CT) or induced
into anergy (AN) as described in Fig.1. The cells were cultured for an additional 5
days with medium only, with anti-CD3/CD28 mAbs, or with rIL-2, in the absence
or in the presence of either CsA (0.5ug/ml), or Rapamycin (Rap) (200nM) (First
stimulation). Thereafter, the cells were rested for 10 days in fresh medium, then
labeled with CFSE and re-stimulated with Ag/APC, or with rIL-2 (Second
stimulation). A representative experiment out of three independent experiments is
shown.
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shown above (Fig. 7). Similarly to CD3/CD28-stimulated anergic cells, also the
cells stimulated with CD3/CD28 in the presence of Cyclosporin A failed to respond
to Ag restimulation, suggesting that the presence of Cyclosporin A did not allow
CD3/CD28-dependent signalling to restore antigen responsiveness. As expected,
IL-2 stimulated anergic T cells re-acquired the ability to proliferate in response to
Ag stimulation, and this was insensitive to the presence of Cyclosporin A, but
sensitive to Rapamycin (Fig. 13, last panels).

Altogether these results demonstrate that mTor activation by CD3/CD28-
mediated signals is not sufficient to induce reversal of clonal anergy, and that this
event specifically requires IL-2/IL.-2R-induced mTor activation.

3.1.7 The engagement of CD3/CD28 elicits Rapamycin-sensitive p705®*

phosphorylation in control, but not in anergic T cells

Starting from the observation that both CD3/CD28 and IL-2 stimulations
induced a Rapamycin sensitive proliferation, but only IL-2 restored antigen
responsiveness, we asked whether TCR/CD28 and IL-2R could differentially
regulate mTor functions. To address this question, we investigated the
phosphorylation/activation status of the mTor target p70°%,

A.E7 cells were either left untreated or stimulated with immobilized anti-

CD3/CD28 mAbs or with rIL-2 for 30 min (Fig. 14). Thereafter the cells were
lysed, and equal protein amounts were separated on SDS-PAGE, and analyzed by
Western blot using an anti-p70°* Ab. Both CD3/CD28 and IL-2 stimulations

OSék

induced a shift in the molecular weight of p70°°%, revealed by a retarded
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Figure 14. CD3/CD28 and IL-2-mediated stimulations induce p7056k
phosphorylation. A.E7 cells were either left untreated (-) or stimulated with anti-
CD3/CD28 mAbs (3/28) or rIL-2 (IL-2) for 30 min. The cells were then lysed,
and the protein extracts were analyzed by Western blot with anti-p705¢% Ab.
Where indicated, the extracts were treated with alkalin phosphatase (AP) before
the electrophoretic separation.



- +AP

- 3728 IL-2  3/28 IL-2

p7086k

Figure 14



electrophoretic mobility of the protein. This shift was previously reported to
correlate with p705°* phosphorylation in multiple Ser and Thr sites (286).
Accordingly, when the extracts were treated with alkalin phosphatase (AP), the
mobility of the protein was comparable in untreated and stimulated cells. Thus, as

previously reported (107), also in A.E7 cells CD3/CD28 engagement results in

k
OS6

p70>™" phosphorylation.

We next investigated whether, also in anergic T cells, CD3/CD28 and IL-

2/IL-2R could drive p70S6k phosphorylation. To this aim, control and anergic T cells

S6k
0

were stimulated, and p70°™" phosphorylation was analyzed by Western blot (Fig.

15A). As described before, while both CD3/CD28 and IL-2 stimulations induced a

OS6k

shift in the electrophoretic mobility of p7 in control cells, only IL-2, and not

CD3/CD28, did so in anergic T cells. Indeed, in these cells, CD3/CD28 stimulation
induced only a partial shift in the electrophoretic mobility of the protein. As

expected, in all stimulation conditions, the addition of Rapamycin at the time of

S6k
06

stimulation reduced the electrophoretic mobility of p7 to the one observed in

unstimulated cells (Fig. 15B). This indicates that mTor signalling is required in both

CD3/CD28- and IL-2- driven p70S6k phosphorylation.

3.1.8 CD3/CD28 stimulation fails to elicit proper Thr’® phosphorylation and

S6k
0

post-translational modifications of p7 in anergic cells

Phosphorylation of the threonine in position 389 was previously shown to be

086k

absolutely required for proper activation of p70™" (287). Thus, we analyzed protein

extracts derived from untreated and stimulated control and anergic cells by Western
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Figure 15. CD3/CD28 and IL-2 stimulations differentially regulate p705¢ in
anergic cells. Control (CT) and anergic (AN) cells were either left untreated, or
stimulated for 30 min with anti-CD3/CD28 mAbs (3/28), or with rIL-2, in the
absence (A) or in the presence (B) or Rapamycin (+Rap) (1uM). The cells were
then lysed, and the protein extracts were analyzed by Western blot with anti-
p705¢k Ab.
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blot with an Ab specific for the phospho-Thr389(pThr389)-p70S6k (Fig. 1.6). The
results obtained show that, while both CD3/CD28 and IL-2 elicited the appearance
of pThr**®-p70°%* in control cells, only IL-2 did so in anergic cells. Indeed,
CD3/CD28 stimulation of anergic cells failed to elicit significant phosphorylation of
this residue. As expected from previous findings (288), in all stimulation conditions,

389

the addition of Rapamycin completely abrogated Thr™™ phosphorylation (data not

shown).

389 optimal activation of p70°°* involves the ordered

In addition to Thr
phosphorylation of several residues, which are positioned within distinct
intramolecular regulatory domains of the protein. To study in further details the

03¢k post-translational modifications under different stimulation

nature of p7
conditions, we analyzed protein extracts of control and anergic T cells by two-
dimensional electrophoresis (2DE) (Fig. 17-20). This technique allows to resolve
proteins in a gel on the basis of both their isoelectric points (pI) and their molecular
weight (MW), and by that it allows the discrimination of protein variants, deriving
from different post-translational modifications, such as phosphorylation (289).
Brieﬂy, untreated and stimulated cells were lysed, and the proteins (400 pug) were
separated on SDS-PAGE. Proteins with an apparent molecular weight of 60-80 kDa
were then eluted from the gel, acetone precipitated and resolved by 2DE (see
Materials and Methods). The proteins were then transferred to nitrocellulose

056k

membrane, which were developed with an anti-p70°™" Ab, and analyzed by Ifnage

Master 2D Elite analysis software. First we analyzed protein extracts from
056k

unstimulated control A.E7 cells (Fig. 17). The signal corresponding to p7

appeared as a train of spots (pl ranging between 5.67 and 6.06 pH values), each of
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Figure 16. CD3/CD28 stimulation fails to elicit p705¢k-Thr3% phosphorylation in
anergic cells. A) Control (CT) and anergic (AN) cells were either left untreated, or
stimulated for 30 min with anti-CD3/CD28 mAbs (3/28), or with rIL-2. The cells
were then lysed, and protein extracts were analyzed by Western blot with anti-
phospho Thr38°-p703¢ Ab (p- p7036%). The filter was then stripped and re-probed with
anti-actin Ab. Densitometric analysis was performed and the graph in panel B
reports the relative optical density (OD) of phosphoThr?%-p705% specific bands
normalized to the OD of actin on the same lanes.
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Figure 17. Rapamycin-sensitive phosphorylation of p705% in resting A.E7 T cells.
A.E7 T cells were either left untreated (CT), or treated for 30 min with Rapamycin
(1uM) (CT+Rap). The cells were then lysed, and the protein extracts were separated
by SDS-PAGE. The proteins with an apparent molecular weight of 60-80 kDa were
eluted from the gel, and resolved by 2D-PAGE, shown in the figure, by using an
anti-p705% Ab (see Materials and Methods). Where indicated, cell extracts were
treated with the alkalin phosphatase (CT+AP). 2D maps were analyzed by Image
Master 2D Elite analysis software. Densitometric graphs are reported: the values on
the X axis indicate the relative pixel position, expressed in arbitrary units, while the
values on the Y axis indicate the optical density (OD) units. The pl range of the spots
is indicated by the arrows. IEF: isoelectrofocusing.
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them corresponding to a differentially modified protein variant (Fig. 17, upper
panel). Treatment of the extracts with AP reduced the number of p705% specific
spots and revealed a more basic pl (pl range: 5.84-6.25). A similar picture was
obtained when proteins were derived from control cells treated for 30 min with
Rapamycin. When compared to the two-dimensional (2-D) maps obtained from
control extracts, 2-D maps obtained from Rapamycin-treated cells showed a
reduced number of p70S6k specific spots with a lower pI (pI range: 5.79-5.98) (Fig.
17, lower panel). These data demonstrate that, in the absence of stimulation, the

electrophoretic profile of p705%

is consistent with constitutive phosphorylation of
the protein (responsible for its acidification), which is controlled, at least in part, by
mTor-dependent activity.

We thus compared, by 2-D analysis, protein extracts derived from control and
anergic cell. The cells were either left untreated, or stimulated with CD3/CD28 or
rIL-2, lysed and analyzed as described above (Fig. 18). When compared to
untreated cells (CT), both CD3/CD28 and IL-2 stimulations resulted in an acidic pl
shift of p705% specific spots in control cells (Fig. 18, upper panels). Even though
the p70°% specific spots pl range was comparable in CD3/CD28 and IL-
2—stimulated extracts (plI range for CD3/CD28: 5.72-5.87; pl range for IL-2: 5.64-
5.89), densitometric analyses revealed that IL-2 stimulation induced a preferential
accumulation of p70°% specific spots towards the more acidic pH values (refer to
the densitometric graphs on top of each 2-D map). The addition of Rapamycin at the
time of stimulation inhibited acidification of p70°®*, and instead rendered the

protein even more basic (pI range: 5.80-5.98) (Fig. 19). These data indicates that

both CD3/CD28 and IL-2 stimulations of control cells elicit an overall acidification

76



Figure 18. 2D analysis of post-translational modifications of p705¢k. Control (CT)
and anergic (AN) cells were either left untreated, or stimulated with anti-
CD3/CD28 mAbs (CD3/CD28) or with rIL-2 for 30 min. Thereafter protein
extracts were prepared as described in Fig. 17, and 2D-PAGE analysis was
performed by using an anti-p7056k Ab. 2D maps were analyzed by Image Master 2D
Elite analysis software. Densitometric graphs and pl range of the spots are reported.
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Figure 19. Rapamycin prevents post-translational modifications of p7056 in
control T cells. Control (CT) cells were either left untreated, or stimulated with
anti-CD3/CD28 mAbs (CD3/CD28), in the absence or in the presence of
Rapamycin (I pM) (+Rap) for 30 min. Thereafter protein extracts were prepared
as described in Fig. 17, and 2D-PAGE analysis was performed by using an anti-
p705% Ab. 2D maps were analyzed by Image Master 2D Elite analysis software.
Densitometric graphs and pl range of the spots are reported.
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of p705%%, which most likely reflect a number of phosphorylation events (see
below), which require intact mTor- signalling capabilities.

We next analyzed p70S6k electrophoretic profile in anergic cells (Fig. 18,
lower panels). The distribution pattern of p70°°* specific spots in unstimulated
anergic cells (pI range: 5.68-6.04) was similar to that obtained in untreated control
cells (pI range: 5.67-6.06). In anergic cells, the more basic spots were more
abundant than in control cells, suggesting that in these cells p705% may be
hypophosphorylafed. Upon CD3/CD28 stimulation, no significant acidification of

0°% was detected in anergic cells (pl range: 5.68-6.18), and instead some of the

p7
more acidic spots detectable in the unstimulated counterparts were lost. Thus, while
CD3/CD28 elicited p70SGk acidification in control cells, it failed to do so in anergic
cells. In these cells, instead, IL-2 stimulation induced a clear acidic pl shift of
p703% specific spots (pI range: 5.62 —5.88), which resulted comparable to the one
obtained in control cells. Addition of Rapamycin to anergic cells at the time of

stimulation (Fig. 20), similarly to control cells, induced a basic shift in the p70°%

pl
(pI range: 5.79-6.05), compared to untreated cells. Together these data support the
possibility that, while IL-2-mediated signals drive acidification, probably due to
phosphorylation, of p70°%, CD3/CD28-mediated signals fail to properly induce this
kind of post-translational modification in the protein.

Altogether the results reported in sections 3.1 and 3.2 indicate that mTor-
signals are involved in both T cell proliferation and in T cell antigen
responsiveness, and that the inability of CD3/CD28 to reverse clonal anergy, in

spite of driving mTor-dependent T cell proliferation, could be correlated with its

inability to properly activate p705%,
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Figure 20. Rapamycin prevents post-translational modifications of p705¢% in
anergic T cells. Anergic (AN) cells were either left untreated, or stimulated with
anti-CD3/CD28 mAbs (CD3/CD28), in the absence or in the presence of
Rapamycin (+Rap) (1 uM) for 30 min. Thereafter protein extracts were prepared as
described in Fig. 17, and 2D-PAGE analysis was performed by using an anti-
p705¢% Ab. 2D maps were analyzed by Image Master 2D Elite analysis software.
Densitometric graphs and pl range of the spots are reported.



AN- AN+CD3/CD28

—
(=2

16

IS

R

o
o
o
=)

=
N
<

0 50 100 150 200 0 30 100 150 200
p70S5k.
el , AZ
pl 568—> <« 6.04 5.68—» «—6.18 2
>
o)
ws}
IEF
AN-Rap AN+CD3/CD28+Rap
50 50
Q — —
o ,, X
0.0 ey W0
0 50 100 150 0
p7086k‘, S
pl 5.79—>4— 6.05 5.78 —>€—6.12 2
z
M

IEF

Figure 20



3.2 mTor and PI3K-dependent signals synergize to drive CD4" T cell

proliferation

3.2.1 IL-2-driven T cell proliferation is only delayed, and not inhibited, by

Rapamycin

The observation that T cell expansion was still detected in the presence of
Rapamycin challenged the original idea that Rapamycin inhibits T cell responses by
blocking T cell proliferation. To better investigate the ability of Rapamycin to
regulate cell cycle progression in T cells, we labelled A.E7 T cells with CFSE and
analyzed IL-2-induced T cell proliferation in the presence or in the absence of
Rapamycin at different times (Fig. 21). After 3 days of stimulation, control cells had
already performed two-three division cycles. In contrast, in the presence of
Rapamycin, the cells failed to divide at this time (Fig. 21, upper panels). After 4
days of culture, control cells had completed another 2 rounds of cell division. At
this time, the cells stimulated in the presence of Rapamycin started to divide (Fig.
21, middle panels) and by day 10 they showed a CFSE profile indistinguishable
from that of control cells (Fig. 21, lower panels).

Increasing the concentration of Rapamycin, or providing the drug to the cells every
day, did not prevent T cell expansion (data not shown), meaning that the failure of
the drug to block cell cycle progression was not due to drug inactivation. These
results suggest that, rather than inhibiting T cell proliferation, Rapamycin might

only delay cell cycle entry. Once performed the first G1/S transition, Rapamycin-
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Figure 21. Rapamycin delays, but does not inhibit, T cell division. Control A.E7 -
cells were labeled with the fluorescent dye CFSE, and either left untreated, or

stimulated with rIL-2 (10 IU/ml) in the absence (IL-2; left panels) or in presence of

Rapamycin (200 nM) (IL-2+Rap; right panels) for the indicated days and then

analyzed by flow cytometry. Representative FACS histograms reporting the degree

of CFSE dilution are shown.
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treated cells could then be able to progress into the cell cycle and to divide as much
as untreated cells. These findings are consistent with previously published
observations demonstrating that Rapamycin induced a prolongation of the G1 phase

of the cell cycle in mitogen stimulated T lymphocytes (285).

3.2.2 mTor-dependent signalling is required when IL-2 is limiting

We next investigated whether Rapamycin insensitive T cell expansion could
be observed also in the presence of limiting amounts of IL-2. To this aim, CFSE-
labelled A.E7 cells were stimulated for 5 days with different doses of IL-2 in the
absence or in the presence of Rapamycin (Fig. 22). The percentage of dividing cells
and the number of cell cycles performed by the T cell population varied depending
on the dose of IL-2 in culture (Fig. 22, left panels). At the lowest dose of IL-2 tested
(0.4 TU/ml), the percentage of dividing cells was about 20%, and increased to 70%
and almost to 100% in the presence of 2 IU/ml and 10 IU/ml of IL-2, respectively.
In addition, while at the lowest dose of IL-2 the cells performed only one division
cycle, in the presence of 2 IU/ml and 10 IU/ml of IL-2, the cells performed two and
more than four cell cycles, respectively.

In the presence of Rapamycin (Fig. 22, right panels), no cell division was observed
at 0.4 IU/ml of IL-2. At 2 IU/ml, 50% of the cells failed to enter the cell cycle and
the remaining 50% completed only one division cycle. At 10 IU/ml of IL-2, only
10% of the cells were still undivided, and the dividing cells had performed a
number of cell cycles comparable to the one observed in cells stimulated in the

absence of Rapamycin.
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Figure 22. Rapamycin inhibits IL-2-mediated proliferation only at low doses of IL-2.
Control A.E7 cells were labeled with the fluorescent dye CFSE, and either left
untreated or stimulated with the indicated amounts of rIL-2 (indicated beside the
panels) in the absence (IL-2; left panels) or in presence of Rapamycin (200 nM) (IL-
2+Rap; right panels) for 5 days, and then analyzed by flow cytometry.
Representative FACS histograms reporting the degree of CFSE dilution are shown.
The percentages of dividing cells is reported.
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These results indicate that, while mTor-induced signalling is required in the
presence of limiting amounts of IL-2, it is dispensable at saturating concentration of
IL-2. In this latter situation, mTor-independent IL-2-dependent signalling pathways
driving cell cycle progression are induced, and allow Rapamycin insensitive T cell
proliferation.

IL-2-driven T cell proliferation has been previously shown to involve PI3K
activity (89). To investigate the role of PI3K in our model, we stimulated CFSE-
labelled A.E7 T cells for 5 days with rIL-2 (10 IU/ml) in the absence or in the
presence of the PI3K inhibitor LY 294002 (LY), Rapamycin, or a combination of
the two drugs (Fig. 23). As shown above (Fig. 21, 22), the CFSE profiles of
untreated and Rapamycin- treated cells after 5 days of culture were very similar. In
contrast, inhibition of PI3K activity by LY treatment, almost completely inhibited
IL-2-driven T cell proliferation. The residual proliferation observed with LY
treatment was completely inhibited by the addition of Rapamycin (Fig. 23, last
panel). These data indicate that, at high doses of IL-2, T cell proliferation is mostly
driven by PI3K-dependent, mTor-independent signalling. The observation that the
combination of Rapamycin and LY is more potent in blocking IL-2-mediated T cell
proliferation, than either of the two drugs alone, suggests that an mTor-dependent

signal, activated independently of PI3K, is also required for cell cycle progression.
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Figure 23. PI3K and mTor signals synergize to drive optimal IL-2-induced T cell
proliferation. Control A.E7 cells were labeled with the fluorescent dye CFSE, and
either left untreated, or stimulated with rIL.-2 (10 IU/ml), in the absence or in the
presence of Rapamycin (200 nM) (IL-2+Rap), LY294002 (20 mM) (IL-2+LY), or
the combination of the two drugs (IL-2+Rap+LY) for 5 days, and then analyzed by
flow cytometry. Representative FACS histograms reporting the degree of CFSE
dilution are shown.
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3.3 mTor-dependent signals are required for T cell differentiation

The results obtained with A.E7 T cell clones indicated that mTor-dependent
signals were critically required by CD3/CD28 to induce T cell proliferation, and by
IL-2/IL-2R to maintain and restore antigen responsiveness.

To further analyze the role of mTor during T cell responses, we investigated the
effect of Rapamycin on Ag-driven proliferation and differentiation of naive CD4"
and CD8" T cells. As model antigens, we used the chicken ovalbumin-derived class
IT and class I-restricted peptides, OVAps;3339 and OVAp;s7.264 (ref_erred to as
“Ag”), respectively recognized in the context of JA® and K®, by TCR Tg T cells of

DO11.10, and OT-I mice (270, 271).

3.3.1 mTor signalling is dispensable for Ag-driven T cell proliferation

To analyze the effect of Rapamycin on naive T cell proliferation, LN cells
derived from DO11.10 TCR Tg mice were labelled with the fluorescent dye CFSE
(281), stimulated with Ag and irradiated syngeneic splenocytes in the absence or in
the presence of Rapamycin (200 nM), and analyzed by flow cytometry after 3 and 7
days of culture. By 72 hours of stimulation (day 3), most of the CD4" T cells
acquired an activated phenotype (CD69"&" CD44"&") in both control and
Rapamycin-treated cultures (not shown). At this time, however, while Ag-driven
stimulation of CD4™ T cells induced a fraction of the cells to complete up to three
cell divisions, most of the cells derived from the Ag+Rapamycin treated cultures

remained undivided (Fig. 24A, left panels). In contrast, by seven days of culture, the
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Figure 24. Rapamycin delays, but does not inhibit antigen-driven naive T cell
proliferation. A, C) CFSE-labeled DO11.10 LN cells were cultured with Ag and
irradiated syngeneic splenocytes, in the absence (Ag), or in the presence of
Rapamycin (100 nM) (Ag+Rap), and in the presence of Rapamycin and rIL-2 (10
[U/ml) (Ag+Rap+IL-2). After 3 (A; left panel, and C) and 7 (A; right panel) days, the
cultures were harvested, and analyzed by flow cytometry following staining with anti-
CD4 mAb. The histograms in A and C were obtained after gating on CD4*/CFSE*
cells. B) DO11.10 LN cells were stimulated with Ag and irradiated syngeneic
splenocytes (Ag), or with anti-CD3/CD28 mAbs (CD3/CD28), in the absence (-) or in
the presence of Rapamycin (100 nM) (+Rap). Twenty-fours hours after stimulation,
culture supernatants were recovered and IL-2 was measured by capture ELISA. Data
+ SD of triplicate cultures are indicated.
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CFSE profile of control and Rapamycin-treated cells was mostly indistinguishable
(the average number of cell divisions in the absence and in the presence of
Rapamycin, calculated over 7 independent experiments, was 7.5 + 1.1 and 5.9 = 1.1,
respectively) (Fig. 24 A, right panels). Thus, Rapamycin failed to prevent Ag-driven
T cell proliferation. Even though this finding seems to contradict previously
reported results, it should be noted that most of the previous studies measured
proliferation by [’H]-Thymidine incorporation 72 hours following Ag stimulation.
In our own experiments Rapamycin prevented T cell proliferation at this time by
either CFSE-dilution (Fig. 24A), or by [3H]-Thymidine incorporation (140,842 +
17,077 cpm and 40,516 + 6,498 cpm, control and Rapamycin-treated cultures,
respectively), but failed to do so at later times (Fig. 24A). Repeated additions of
Rapamycin did not prevent T cell division (not shown), suggesting that inactivation
of the drug could not account for its failure to block T cell expansion. Moreover,
even though Rapamycin reproducibly inhibited IL-2 secretion (Fig. 24B), the
addition of exogenous rlIL-2 failed to restore Ag-driven T cell expansion (Fig.
24C).

Thus, our results are consistent with the possibility that Rapamycin only
delays cell cycle entry (285), and indicate that, as shown for T cell clones, also

naive CD4" T cells are capable of mTor-independent T cell expansion.

3.3.2 Rapamyecin inhibits Ag-driven Thl and Tcl T cell polarization

Preliminary experiments indicated that Ag-driven T cell activation of

DO11.10 T cells in our culture conditions favoured differentiation of the CD4" T
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cell population into IFN-y-producing cells (Th1). Thus, after a week in culture, a
fraction of DO11.10 T cells showed to be able to produce IFN-y, and in some
experiments also IL-4, upon restimulation with PMA and Ionomycin. Thus, we set
to investigate whether Rapamycin could have an effect on T cell differentiation
(Fig. 25). To this aim, LN cells from DO11.10 mice were labelled with CFSE,
stimulated with Ag and irradiated syngeneic splenocytes for a week in the absence
(Ag) or in the presence of Rapamycin (Ag-Rap), and then either left untreated, or
restimulated with PMA and Ionomycin (PMA/Iono). After 4 hours, intracellular
cytokine release was assessed by flow cytometry. As shown above, by seven days
of culture the CFSE profiles of control and Rapamycin treated cells were mostly
indistinguishable (Fig. 25). Moreover, both control and Rapamycin-treated cultures
were able to produce IL-2 upon restimulation. Thus up to 52.2% and 67.9% of
CD4" T cells were IL-2" in control and Rapamycin treated culture, respectively
(Fig. 25A and 25C). In contrast, while up to 65.3% of the cells found in control
cultures secreted IFN-y, only 12.0% of the cells in the Rapamycin-treated cultures
were capable of doing so (Fig. 25B and 25C). The failure to produce IFN-y was also
revealed by measuring the presence of the cytokine in culture supernatants by
capture ELISA. Indeed, while IFN-y was detected between 24 and 72 hours in the
culture supernatant of cells cultured in the absence of Rapamycin and restimulated
with PMA and Ionomycin, this cytokine could never be detected in culture
supernatant of restimulated Rapamycin-treated cells (data not shown). While IL-4
was detected in some experiments in the culture supernatants of restimulated control
cells, neither IL-4 nor IL-10 could ever be found in culture supernatants of

Rapamycin-treated cells (data not shown).
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Figure 25. Rapamycin prevents antigen-driven Th1 cell differentiation, independently
of cell proliferation. CFSE-labeled DO11.10 LN cells were cultured for 7 days with
Ag and irradiated syngeneic splenocytes in the absence (Ag), or in the presence of
Rapamycin (100 nM) (Ag-Rap). Thereafter, the cells were restimulated for 4 hours
with medium only (-) or with PMA and Ionomycin (PMA/Iono), and analyzed
following staining with anti-CD4 mAb, and either anti-IL-2 (A) or anti-IFN-y mAbs
(B). Dot plots show events upon gating on CD4*/CFSE* cells. The percentage of IL-2*
or IFN-y* cells is reported. The quadrants were defined based on the CFSE/cytokine
content of undivided/unstimulated cells (not shown). C) The mean percentage & SD of
naive D011.10 T cells, and of cells expanded for 7 days in Ag, Ag and Rapamycin
(Ag-Rap), and Ag, Rapamycin and rIL-2 (Ag/IL-2-Rap) able to produce IL-2 or IFN-y
upon PMA/Iono restimulation, calculated over 5 independent experiments, is reported
in the graphs.
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To verify that Rapamycin was inhibiting T cell polarization by blocking
mTor signalling directly in T cells, and not in other cells present in the LN cultures,
CD4" T cells were purified, labelled with CFSE and stimulated for a week with
anti-CD3/CD28 mAbs immobilized on latex beads, in the absence or in the
presence of Rapamycin (Fig. 26). As shown for Ag stimulation, also CD3/CD28-
driven T cell expansion was insensitive to the presence of Rapamycin. Thus, all the
cells diluted their CFSE content in response to CD3/CD28 and completed up to 9
cell division cycles. Moreover, as in the case of Ag stimulated cultures, CD3/CD28
cultured cells acquired the ability to secrete IFN-y upon PMA/Iono restimulation,
which was prevented by Rapamycin. Thus, while up to 22.4% of the cells derived
from CD3/CD28 cultures produced IFN-y upon rechallenge, only 8.7% of the cells
derived from the Rapamycin-treated cultures did so. These results indicate that
Rapamycin prevents a cell autonomous Thl1 differentiation program, revealing a
critical role for mTor in T cell activation.

Similarly to CD4" T cells, also OVA-specific CD8" T cells failed to acquire
proper effector functions when activated in the presence of Rapamycin (Fig. 27).
Thus, CFSE-labelled OT-I T cells, stimulated for a week with the specific Ag,
proliferated to similar extent in the absence or in the presence of Rapamycin, and
completed up to seven cell divisions (Fig. 27A). However while up to 83.0% of
CD8" T cells in control OT-I cultures produced IFN-y upon restimulation with PMA
and Ionomycin, only 21.5% of the cells derived from Rapamycin-treated cultures
did so (Fig. 27A). Furthermore, while OT-I T cells expanded in Ag were able to
recognize and kill OVA-pulsed target cells, no specific lytic activity was detected in

cells derived from Rapamycin-treated culture (Fig. 27B).
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Figure 26. Rapamycin prevents cell-autonomous Th1 cell differentiation. A) CD4*
DO11.10 T cells were purified, labeled with CFSE and cultured for 7 days with anti-
CD3/CD28 mAbs coated latex beads, in the absence (CD3/CD28) or in the presence
of Rapamycin (100 nM) (CD3/CD28-Rap). Thereafter the cells were restimulated for
4 hours with medium only (-) or with PMA and Ionomycin (PMA/Iono), and analyzed
following staining with anti-IFN-y mAb. Dot plots show events upon gating on viable
cells. The percentage of IFN-y* cells is reported. B) The graph reports the mean
percentage £ SD of IFN-y* cells calculated over 3 independent experiments. The
significance of differences in cytokine production by T cells expanded in the absence
or in the presence of Rapamycin was tested with a two-tailed Student’s # test.
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Figure 27. Rapamycin prevents CD8* T cell differentiation, independently of cell
proliferation. A) CFSE-labeled OT-I LN cells were stimulated with Ag and irradiated
syngeneic splenocytes in the absence (Ag) or in the presence of Rapamycin (100 nM).
(Ag-Rap). After seven days of culture, the cells were harvested and analyzed for their
ability to secrete IFN-y upon restimulation (A), or to kill OV A-pulsed target cells (B).
A) The cells were restimulated for 4 hours with medium only (-) or with PMA and
Ionomycin (PMA/Iono), and analyzed following staining with anti-CD8 mAb, and
anti-IFN-y mAb. Representative dot plots of events gated on CD8*/CFSE* T cells are
shown in the figure. The percentage of IFN-y producing cells is reported. B) Ag, and
Ag-Rap cells were tested in a standard cytotoxicity assay against unpulsed (RMA) or
OVA-pulsed (RMA+OVA) target cells. Data are means £ SD of triplicates of the
percentages of specific 3!Cr release at the indicated E:T ratios.
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Altogether these results indicate that Rapamycin, rather than blocking T cell

expansion, prevents effector T cell polarization.

3.3.3 Rapamyecin fails to establish T cell unresponsiveness

Results derived from in vitro and in vivo studies suggested that Rapamycin,
by preventing IL-2/IL-2R signalling and IL-2-driven T cell expansion, induced a
state of T cell antigen unresponsiveness (265, 290). To investigate this possibility,
we compared the surface and functional phenotype of DO11.10 T cells expanded in
the absence or in the presence of Rapamycin. To this aim, control and Rapamycin-
treated cells were analyzed by flow cytometry following staining with anti-CD4"
and anti-CD44, CD25 and CD62L mAbs (Fig. 28). After a week in culture with the
specific Ag, the vast majority of CD4™ T cells in either control, and Rapamycin-
treated cultures, had undergone more than five cell divisions and had up-regulated
the surface expression of CD44 to similar extents (Fig. 28, upper panels). Similarly,
in both control and Rapamycin-treated cultures, a comparable fraction of the cells
showed increased surface expression of CD25 (Fig. 28, middle panels). However,
Rapamycin-treated cells showed suboptimal CD25 expression, as revealed by the
MEFT of these cells, which was reduced by 50% when compared to the MFI derived
from control cells. Furthermore, while up to 84.7% of control cells had
downregulated surface expression of CD62L, only 42.4% of Rapamycin-treated
cells expressed low levels of this LN homing molecule. These data support the
possibility that, in the presence of Rapamycin, Ag-stimulated T cells do not fully

differentiate.
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Figure 28. Surface phenotype of Rapamycin-treated cells. CFSE-labeled DO11.10
LN cells were cultured for 7 days with Ag and irradiated splenocytes in the absence
(Ag) or in the presence of Rapamycin (100 nM) (Ag+Rap). Thereafter, the cells
were harvested and analyzed by flow cytometry following staining with anti-CD4,
and either anti-CD44, -CD25 or -CD62L. mAbs. The percentage of cells with
increased expression of CD44, and CD25, or with downregulated expression of
CD62L is reported in the plots.
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To better characterize the state of differentiation of cell expanded in the
presence of Rapamycin, we analyzed the expression of several cytokine mRNAs.
To this aim, DO11.10 cells cultured for a week with Ag, in the absence or in the
presence of Rapamycin, were restimulated with PMA and Ionomycin for 0, 1 and 4
h. Total RNA was then obtained and analyzed by Ribonuclease protection assay
(RPA) (Fig. 29) (see Materials and Methods). Interestingly, in the unstimulated
condition (Oh PMA/Iono), the level of expression of all mRNAs analyzed were very
low in both groups of cells. Expression of the mRNAs for IL-2, TNF-a and 3 were
induced to similar extents upon PMA/Iono restimulation, in control and
Rapamycin-treated cells. In contrast, while control cells up-regulated the expression
of the mRNAs for IFN-y, IL-4 and IL-5 upon restimulation, these mRNAs failed to
be expressed in Rapamycin-treated cells. This indicates that, while Ag driven
differentiation confers the cells the ability to rapidly up-regulate mRNAs coding for
effector cytokines (such as IFN-y and IL-4), this fails to happen if Rapamycin is
present at the time of activation. Thus, Rapamycin-treated cells appear to be Ag-
experienced cells, lacking a fully differentiated effector phenotype.

We then investigated whether these cells could expand upon Ag-re-
encounter. To this aim, DO11.10 T cells cultured for a week with Ag, in the absence
or in the presence of Rapamycin, were labelled with CFSE, and restimulated with
Ag and irradiated syngeneic splenocytes (Ag/APC) (Fig. 30). Dilution of the CFSE
content was then analyzed after 7 days of culture by flow cytometry. As
comparison, naive T cells were also used. Interestingly, DO11.10 CD4™ T cells
stimulated for a week with Ag demonstrated higher proliferative potential when

compared to naive DO11.10 CD4" T cells, as demonstrated by the increased
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Figure 29. Analysis of cytokine genes transcription upon Rapamycin treatment, by
RNAse protection assay. A) DO11.10 LN cells were cultured for 7 days with Ag and
irradiated splenocytes in the absence (Ag), or in the presence of Rapamycin (100 nM)
(Ag-Rap). Thereafter, the cells were harvested, restimulated for 0, 1, and 4 hours with
PMA and Ionomycin (PMA/Iono), and total RNA was obtained and analyzed by
RNase protection assay (RPA) as described in Material and Methods, by using a probe
set specific for the indicated cytokine RNAs. Protected RNAs were then visualized by
autoradiography. B) The relative amounts of the indicated cytokine RNAs were
quantified by phosphor imaging analysis and normalized to the amount of the
housekeeping mRNA encoding the ribosomal protein L32. The graph reports the
relative amount of the indicated RNAs expressed as fold induction over the
unstimulated condition (Oh = 1). The experiment is representative of two independent
experiments.
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Figure 30. Rapamycin-treated cells optimally expand upon Ag re-encounter.
DO11.10 LN cells were cultured for 7 days with Ag and irradiated splenocytes in
the absence (Ag) or in the presence of Rapamycin (100 nM) (Ag+Rap). Thereafter,
the cells were harvested, and either left untreated (-), or restimulated for 5 days with
Ag and irradiated splenocytes (Ag/APC). Naive CD4* T cells were similarly
stimulated as comparison. At the end of the culture, the cells were stained with anti-
CD4 mAb, and analyzed by flow cytometry for their CFSE content. The histograms
reports the CFSE content of CD4*/CFSE* gated cells.
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numbef of cell divisions. No differences in the proliferative capacity could be found
after qomparing CD4" T cells previously cultured with Ag, or with Ag and
Rapamycin. This indicates that Ag stimulation in the presence of Rapamycin does
not hamper the ability of the cells to further proliferate upon Ag re-encounter.

To further analyze the functional capabilities of T cells previously expanded
in the presence of Rapamycin, we investigated whether the addition of exogenous
polarizing cytokines at the time of Ag restimulation could drive these cells to
differentiate into Th1 or Th2 effector cells. To this aim, DO11.10 T cells were first
stimulated with Ag for a week in the presence of Rapamycin, and then restimulated
for another week with Ag, with Ag and rIL-12 (and neutralizing anti-IL-4 mAb;
Thl polarizing condition), or with Ag and rIL-4 (and neutralizing anti-IL-12 mAb;
Th2 polarizing condition) (Fig. 31). At the end of the second week, T cells were
restimulated with PMA and Ionomycin, and IFN-y and IL-4 release was measured
by intracellular cytokine staining. A very small fraction of Rapamycin-treated CD4"
T cells, restimulated during the second week only with Ag/APC, produced IFN-y
(4.3%) and almost no cells produced IL-4 (0.9%) after PMA/Iono restimulation. In
contrast, stimulation of Rapamycin-treated cells during the second week with
Ag/APC and rIL-12, or with Ag/APC and rIL-4, drove 17.3% and 10.3% of CD4™ T
cells to secrete detectable amounts of IFN-y and IL-4, respectively.

Together these results indicate that Ag encounter in the presence of
Rapamycin does not hamper the ability of CD4" T lymphocytes to either proliferate
or to differentiate upon Ag re-encounter. Thus, rather than resulting in T cell
unresponsiveness (265, 290), Rapamycin determines the accumulation of

unpolarized Ag-experienced T cells.
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Figure 31. Rapamycin-treated cells are capable of differentiating when cultured in
Th1 or Th2 polarizing conditions. A) Schematic representation of the experiment.
DOI11.10 LN cells, cultured for 7 days in the presence of Ag/APC and Rapamycin
(AgtRap) (First stimulation), were re-stimulated for an additional week with
Ag/APC (Ag), Ag/APC and rIL-12 (and anti-IL-4 mAb) (Ag+IL-12), or with
Ag/APC and rIL-4 (and anti-IL-12 mAb) (Ag+IL-4) (Second stimulation).
Thereafter, the cells were harvested, re-stimulated for 4 hours with medium only
(not shown) or with PMA and Ionomycin (PMA/Iono), and analyzed by flow
cytometry after staining with anti-CD4, anti-IL-4, and anti-IFN-y mAbs (B). Dot
plots represent events after gating on viable CD4* T cells. The percentage of
cytokine producing cells is reported in the figure. In the absence of restimulation
the % of cytokine producing cells was < 2%. The experiment shown is
representative of two independently performed experiments.
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3.3.4 Rapamycin prevents IL-4-driven T cell differentiation: a role for the

common Y chain

Polarization of Thl and Th2 cells is normally initiated by TCR/IL-2
generated signals, and then sustained by polarizing cytokines, such as IL-12 and IL-
4, respectively (291, 292). It was of interest to investigate whether Rapamycin could
also prevent T cell differentiation in the presence of polarizing conditions. To this
aim, CFSE-labelled DO11.10 purified CD4" T cells were stimulated with
CD3/CD28 latex beads, in the presence of rIL-12 (and neutralizing anti-IL.-4 mAb),
or rIL-4 (and neutralizing anti-IL-12 mAb). After a week, the cells were harvested,
restimulated with PMA and Ionomycin, and analyzed by flow cytometry for IFN-y
and 1L-4 production, respectively (Fig. 32). The results reported in Fig. 32A and
32B indicate that, in the presence of Rapamycin, Thl cell differentiation could
occur if rIL-12 was added to the culture. In contrast, IL-4-driven Th2 cell
differentiation was inhibited by Rapamycin treatment (Fig. 32C, D). Thus, while up
to 45.5% of the cells expanded in Ag and rIL.-4 differentiated into IL-4-producing
cells, only 12.7% of the cells cultured in the presence of Rapamycin did so (Fig.
32C).

Interestingly, IL-2 and IL-4 are both required for optimal Th2 T cell
differentiation (293-295), and IL-2 is required for proper Thl differentiation (221,
282). These cytokines share the common Yy, (CD132) of the cytokine receptor to
proper signal into the cells (296). We thus investigated whether Rapamycin could

influence CD132 expression, and by that hamper cytokine-driven T cell
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Figure 32. Rapamycin prevents IL-4-, but not JL-12-induced T cell polarization.
CD4* T cells were purified from the LNs of DO11.10 mice, labeled with CFSE and
cultured for 7 days with anti-CD3/CD28 mAbs-coated latex beads in Thl
(CD3/CD28/1IL-12) or Th2 (CD3/CD28/IL-4) polarizing conditions in the absence (-)
or in the presence of Rapamycin (100 nM) (Rap). Thereafter, the cells were
harvested, restimulated for 4 hours with medium only (not shown) or with PMA and
Ionomycin (PMA/Iono), and analyzed by flow cytometry after staining with anti-
CD4, anti-IL-4, and anti-IFN-y mAbs. A, C) Dot plots represent events after gating
on viable cells. The percentage of cytokine producing cells is reported in the figure.
B, D) The graphs report the mean percentage + SD of cytokine producing cells
calculated over 3 independent experiments. The significance of differences in
cytokine production by T cells expanded in the absence or in the presence of
Rapamycin was tested with a two-tailed Student’s ¢ test.



CD3/CD28/1L-12

Rap

63.5%

102 103 104

T 100 - =i
10° 100 102 10® 10 10° 10!
CFSE
C CD3/CD28/1L-4
- Rap
10% -
. 45.5% 12.7%

Baem

g
1004
100

Figure 32

T T
10" 102 10% 104
CFSE

- Wb IR

109 10!

1 1
102 10 10*

B

%IFN-y" cells

D

%IL-4% cells

CD3/CD28/IL-12

80,

604 o -

40 " Rap

PMA/Iono

CD3/CD28/IL-4

80.

60 g -

404 " Rap

204

0

PMA/Iono



differentiation. CFSE labelled purified CD4™ T cells were stimulated with
CD3/CD28 latex beads, with or without rIL-4, in the absence or in the presence of
Rapamycin, and analyzed by flow cytometry, either after 3 days or after 7 days of
culture (Fig. 33). While stimulation of DO11.10 CD4" T cells was able to elicit
optimal up-regulation of CD132 on the surface of the cells by day 3, suboptimal
surface expression was detected in Rapamycin-treated cells. The same effect was
observed with addition of rIL-4 to the culture. Indeed, as shown for CD25, also
CD132 was expressed to levels that were only 50% of those observed on control
cells (MFI control cell: 37.3, MFI Rapamycin-treated cells: 16.9). By day seven,
both control and Rapamycin-treated cells expressed CD132 at the same level.
Similar results were obtained in Th2 polarizing condition (MFI control cells + rIL-
4: 42.0; MFI Rapamycin-treated cells + rIL-4: 24.7). These results suggest that the
ability of Rapamycin to prevent optimal common ¥, up-regulation during the early

phases of T cell activation, might explain its ability to impair T cell polarization.

Altogether the results reported in this thesis indicate that proper mTor
signalling is required for T cell proliferation, Ag responsiveness, and differentiation.
In the absence of proper mTor activation, T cells lack the ability to proper respond

to either cytokine or Ag driven T cell activation.
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Figure 33. Rapamycin inhibits optimal upregulation of the y, (CD132) expression.
CD4* T cells were purified from the LNs of DO11.10 mice, labeled with CFSE and
cultured for 3 and 7 days with anti-CD3/CD28 mAbs-coated latex beads
(CD3/CD28) or anti-CD3/CD28 m Abs-coated latex beads and rIL-4 (CD3/CD28/IL-
4), in the absence (-) or in the presence of Rapamycin (Rap) (100 nM). Thereafter,
the cells were harvested, and analyzed, together with freshly isolated purified CD4*
DO11.10 T cells (naive), by flow cytometry after staining with anti-CD4 mAb,
isotype control (not shown), and anti-CD132 mAb. Dot plots represent events after
gating on viable cells. The Mean Fluorecence Intensity (MFI) of the total viable
population is reported. The experiment is representative of three independently
performed experiments.
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4. Discussion

The results obtained during my thesis generated a number of new findings
contributing to the current understanding of the molecular mechanisms dictating T
cell activation, proliferation, and differentiation. Indeed these studies indicate that
proper activation of the mammalian target of Rapamycin (mTor) is absolutely
required for (1) IL-2 mediated signalling in the reversal of clonal anergy, (2)
CD3/CD28-dependent, IL-2-independent T cell proliferation, and (3)
CD3/CD28/IL-2 or IL-4-induced CD4" and CD8" T cell differentiation (Fig. VII).

Thereafter I will discuss our results in light of the previously published data.

4.1 The role of mTor signalling in the regulation of T cell antigen

responsiveness

While the simultaneous engagement of CD3 (TCR) and CD28 elicits T cell
activation and proliferation, chronic TCR engagement in the absence of
costimulation and proliferation results in the establishment of clonal anergy (7).
Anergic T cells are characterized by the inability to transcribe and produce IL-2,
and to proliferate upon Ag re-encounter, and are arrested in the G1 phase of the cell
cycle (7, 268, 269).

It was suggested that defective anergic T cell responses could be caused by
the presence of a putative anergic factor, induced at the time of TCR engagement
and accumulated in the cells in the absence of proliferation. This model predicts that

forcing proliferation or G1 to S transition of anergic T cells might lead to
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dilution/degradation of the putative anergic factor, and by that it might restore the
ability of the cells to properly respond to antigenic rechallenge (263, 267). Since
optimal engagement of TCR/CD28 was reported to elicit G1-to-S transition via IL-2
independent mechanisms (226, 227), we investigated whether CD3/CD28
stimulation of anergic T cells would elicit cell cycle progression or proliferation,
and by that restore antigen responsiveness.

We show here that optimal occupancy of the TCR and of CD28 overcomes
G1 cell cycle block and drives anergic cell proliferation, but fails to restore antigen
responsiveness. Indeed, while antigenic stimulation of anergic T cells failed to
properly regulate the G1-associated events required for S phase transition, optimal
engagement of the TCR and of CD28 by plate-bound agonistic mAbs overcame G1
cell cycle arrest and elicited the up-regulation of the cyclins D2, D3 and E, the
downregulation of the inhibitor p27%", and the hyperphosphorylation of Rb to
extents which were found to be similar in control and anergic T cells. Furthermore,
comparable numbers of control and anergic T cells entered the S phase (as detected
by DNA content) and completed several rounds of cell division (as detected by
CFSE dilution) upon stimulation with plate-bound anti-CD3 and anti-CD28 mAbs.
CD3/CD28-induced G1-to-S transition and proliferation occurred in the absence of
IL-2. Indeed, plate-bound anti-CD3/CD28 mAbs drove proliferation of anergic T
cells and of IL-2-deficient DO11.10 T cells, which are respectively functionally and
genetically incapable of producing IL-2. Appleman et al. (226) recently found that
ligation of CD28, in the presence of TCR engagement, resulted in p27~'®
ubiquitination and degradation, and in subsequent activation of cyclin D2-Cdk4/6

and of cyclin E-Cdk2 complexes. In our hands CD3/CD28 ligation elicited
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comparable down-regulation of p27%" in IL-2 sufficient (control A.E7 cells, wild
type DO11.10 T cells) and IL-2-deficient (anergic A.E7 and DO11.10 L2 T
cells. In our cultures, down-regulation of p27*"* in CD3/CD28-activated DO11.10
IL-27" T cells, was accompanied by the up-regulation of cyclin D3 and by cell
proliferation. In contrast to this finding, Powell et al. (297) reported that CD3/CD28
stimulation of IL-2" cells induced downregulation of p27*?, but failed to elicit T
cell proliferation. It is possible that the discrepancy can be attributed to the fact that
these authors used soluble and not plate-bound anti-CD3/CD28 mAbs, and only
looked at p275" expression early after stimulation. Thus, either stronger receptor
cross-linking, or longer stimulation might need to be provided to elicit complete
p27%" degradation and cell division. In spite of this discrepancy, our finding
indicate that CD3/CD28 either directly, or through secretion of a yet to be defined
cytokine, different from IL-2, directly control cell cycle progression, via an IL-2-
independent mechanism.

The reason for the failure of Ag/APC to elicit cell cycle progression in anergic cells
remains to be elucidated. It is possible that the establishment of T cell anergy lowers
the sensitivity of the TCR or of CD28, or that only optimal receptor engagement
provided by anti-CD3/CD28 mAbs elicits the intracellular signals required for IL-2
independent cell cycle progression. Even though these possibilities require further
investigation, they seem unlikely since normal Ca®*’-dependent responses were
detected following Concanavalin A and Ag stimulation of anergic T cells, thus
indicating a normal TCR sensitivity ((245) and unpublished data). Furthermore IL-2
independent, CD28-dependent T cell proliferation was described during antigen

recognition in vivo, indicating that, in addition to anti CD3/CD28 mAbs, also Ag
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stimulation drives IL-2 independent T cell proliferation (221, 298). It is _interesting
that, while maximal TCR and CD28 ligation bypassed the G1 cell cycle block, it
failed to elicit detectable IL-2 production in anergic T cells. Boussiotis et al. (268)
previously showed that the over-expression of p27*" sequestered JAB-1, a co-
activator of Jun transcription factors (299), and by that inhibited AP-1-dependent
IL-2 gene transcription. For this reason these authors suggested the augmented
expression of p275" to be responsible for defective IL-2 transcription in anergic T
cells (268). Our results do not support a role for p27<" in defective IL-2 production
in anergic A.E7 T cells. Indeed, in spite of CD3/CD28-dependent efficient p27%iP
downregulation ((297), and the results reported in Fig. 2), IL-2 was barely
detectable in culture supernatants of anergic T cells (Fig. 1). This suggests that the
signals involved in IL-2 gene transcription and in the regulation of the Gl
checkpoints might be of a different nature in our anergized Th clone.

Regardless of the final mechanism that dictated CD3/CD28-dependent
anergic T cell proliferation, this was not sufficient to elicit reversal of clonal anergy.
As mentioned above, the idea that proper cell cycle progression and proliferation
upon activation was requifed to maintain lymphocyte responsiveness, was originally
proposed by Jenkins and Schwartz (234, 237, 300). These authors showed that TCR
engagement in the absence of costimulation elicited T cell activation, but not
proliferation, and resulted in the establishment of clonal anergy. In this model,
CD28 costimulation was proposed to promote escape from anergy by eliciting IL-2
production and cell division. It was, however, later shown that proliferation was not
the critical event required for escaping anergy induction, but that G1-to-S transition

had to occur to preserve lymphocyte responsiveness. Indeed, anergy was induced
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only if the cells were blocked in early G1 (G1,) at the time of stimulation, but not in
GO0, Gly, or S/G2 phases (264, 265). Our results expand these original observations
and further indicate that neither G1-to-S phase transition, nor cell proliferation,
elicited by CD3/CD28, is sufficient to obtain anergy reversal.

The possibility that anergy reversal and proliferation are independently regulated is
also supported by the finding that the addition of Rapamycin at the time of IL-2
stimulation failed to prevent T cell expansion, but completely prevented the ability
of IL-2 to restore Ag responsiveness (Fig. 10). Altogether these data show that,
rather than cell proliferation, an mTor driven signalling event seems to specifically
regulates Ag responsiveness in T cells.

Rapamycin not only prevented IL-2 mediated anergy reversal, but also
inhibited CD3/CD28 induced T cell proliferation (Fig. 11). This indicates that mTor
is a common effector shared by either CD3/CD28 and IL-2R induced signalling.
Indeed, we also found that, as previously reported (107), the engagement of CD3
and CD28 induced the phosphorylation of the p70°®*, one of the known mTor
substrates, in a Rapamycin sensitive way (further discussed below). In spite of this,
CD3/CD28-induced signalling was not sufficient to restore Ag responsiveness.

We reasoned that this could be due to several reasons. For instance, it was possible
that chronic TCR engagement provided by the immobilized anti-CD3 Ab, in the
absence of IL-2, could result in the continuous production and in the accumulation
of the putative anergic factor(s), and by that it could prevent mTor-dependent
reversal of clonal anergy. Our results indicate that this does not seem to be the case.

Indeed, the addition of Cyclosporin A, previously shown to inhibit anergy induction
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in Th cells (233, 236, 252), did not allow CD3/CD28 stimulation to restore antigen
responsiveness in anergic cells (Fig. 13). |

It was also possible that CD3/CD28 and IL-2 could activate mTor, or mTor-
dependent signalling, through different pathways. Our analysis of the mTor-
dependent post-translational modifications of p70S6k indicate that this could be
partially true (discussed below). However, more detailed analysis will have to be
performed to correctly address this possibility.

Finally, it was also possible that, specifically in anergic T cells, only IL-2,
and not CD3/CD28, could elicit optimal activation of mTor. To address this
possibility we analyzed the mTor-dependent post-translational modifications of
p70°%. The current model proposed for p705°* activation has been derived from
studies mostly performed on mitogen-activated cell lines, and involves an ordered
sequence of phosphorylation events mediated by different kinase activities. p70°* is
comprised of at least three distinct functional domains, containing the crucial
residues for its activation: a C-terminal autoinhibitory domain (or pseudosubstrate
domain), a linker region, and an N-terminal catalytic domain (286, 288). Four
proline-directed sites have been identified in the autoinhibitory domain (Ser*!,
Ser*®, Thr*?', Ser*?*) (301), they are rapidly phosphorylated upon mitogenic
stimulation, possibly by a Ras’sMAPK-dependent pathway (302), are not sufficient

0°% activation, but are required to modulate its kinase activity (303). Upon

for p7
phosphorylation of the autoinhibitory domain, the catalytic domain is released, and
this permits subsequent phosphorylation of Thr’®® and Ser®”!, which are located in

the p70°% linker region, and have to be phosphorylated for full p70°®* activation

(286, 287, 303). Once Thr'® is phosphorylated, PDK1 directly phosphorylates
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Thr*®, lying within the catalytic domain (188, 189). Phosphorylation of Thr*® and
Thr** is induced by growth factors and is prevented in the presence of Wortmannin
(a PI3K inhibitor) and Rapamycin (the inhibitor for mTor) (303, 304). Even though

3% phosphorylation is directly mediated by

it remains controversial whether Thr
mTor (287, 305, 306), or by the NEK6/7 kinases, which belong to the NIMA
(never-in-mitosis-Aspergillus)-like family kinases (307), phosphorylation of this
residue correlates with p705%* activation (287). The activity of p70°°* is also
modulated by thé activity of phosphatases, such as PP2A, which directly binds and
dephosphorylates p70°® (308). It has been shown that this event is inhibited by an
mTor-dependent signalling, suggesting that mTor could allow p7056k
phosphorylation by protecting the protein from PP2A activity (308).

0%°* was found to be constitutively

In our unstimulated A.E7 cells, p7
phosphorylated, as demonstrated by the observation that, either the treatment of the
cells with Rapamycin, or the treatment of the cell extracts with alkalin phosphatase,
reduced the mobility of the protein in both mono and bidimensional SDS-PAGE
analyses. This indicates that, as reported for other cell types (309), also A.E7 T cells
have a constitutive level of mTor activity, possibly linked to normal nutritional
conditions. CD3/CD28 and IL-2-driven T cell stimulation elicited Rapamycin-

38 and in several additional residues, as

sensitive p70°%* phosphorylation in Thr
detected by either mono and bi-dimensional analyses (Fig. 14-19). This finding
confirms that, as reported by others (286), also in our control cells, mTor is
involved in stimulation-dependent p70°%* phosphorylation. Interestingly, IL-2

elicited the appearance of several spots with a more acidic PI (possibly indicative of

additional phosphorylations), compared to the ones found upon CD3/CD28
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stimulation, suggesting that IL-2 and CD3/CD28 might activate p70S6k through
different pathways.
In contrast to control cells, only IL-2 stimulation induced Rapamycin-sensitive
p703% phosphorylation in anergic cells. Indeed CD3/CD28 stimulation of anergic
cells failed to elicit either Thr'®® phosphorylation, or general acidification of p7086k,
and instead it induced the accumulation of the more basic variants éf the proteins
(Fig. 15, 16, 18, 20). Thus, together these results indicate that the failure of
CD3/CD28 to restore Ag responsiveness could be attributed to the failure of this
stimulation to optimally activate an mTor-dependent event involved in anergy
reversal.

The failure of CD3/CD28-mediated stimulation to induce proper

phosphorylation of p7OS‘6k

could be due to several reasons. First, it is possible that
the previously reported defect in the Ras/MAPK dependent pathway in anergic cells
(247) hampers the MAPK-dependent phosphorylation of the p7056k catalytic
domain. Furthermore, it is possible that, in anergic cells, CD3/CD28-induced
signalling fails to optimally activate the kinase activity of mTor, which is required

for initial p705%*

phosphorylation. Similarly, CD3/CD28 might also fail to activate
the NEK6/7 kinases, and thus fail to elicit phosphorylation of Thr*®. Since mTor
and the NEK6/7 kinases can be both regulated by PI3K activity (90, 210, 307), it is
also possible that anergic cells have defective PI3K-dependent signalling. Finally, it
is possible that anergic cells have a deregulated phosphatase activity. A possible
candidate could be a member of the PP2A phosphatase family, which has been

shown to bind to the cytoplasmic domain of CD28 (310). PP2A association to

CD28 is inhibited by Lck-dependent CD28 phosphorylation (310). Since it has been

97



reported that Lck activity is reduced in anergic T cells, in favour of Fyn activity
(253, 254), it is conceivable that, in these cells, the CD28/PP2A complex might be

OS6k

more represented, thus impairing proper p7 phbsphorylation. Interestingly, we

have preliminary results indicating that, in anergic cells, the addition of okadaic
acid, an inhibitor of PP2A, at the time of CD3/CD28 stimulation, increased Thr’®
phosphorylation.

Regardless of the reasons for the failure of CD3/CD28 stimulation to induce
proper phosphorylation of p70S6k in anergic cells, this correlates with the inability of
CD3/CD28 stimulation to reverse clonal anergy. Even though, the proof that p70°%
might directly control T cell anergy is still missing, given its crucial role in the
regulation of the translational machinery, it is conceivable that its defective
activation might account for the peculiar phenotype of anergic cells. Thus, the

future characterization of the mTor-dependent p70°** activation will shed some light

on the molecular mechanisms regulating antigen responsiveness.

4.2 The role of mTor signalling in the regulation of T cell proliferation

Proliferation of CD4" T lymphocytes is controlled by both TCR/CD28 and
IL-2/IL-2R-initiated signals. It was believed that the stimulation of resting T
lymphocytes by TCR/CD28 initiated cell cycle entry (139), and rendered the cells
competent for proliferation by eliciting the production of the T cell growth factor
IL-2, and the expression of its high affinity receptor. The binding of IL-2 to its
receptor would then mediate the coordinated activation of several intracellular

signalling events, and would eventually induce cell division (140, 141). A number
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of studies, however, recently indicated that the engagement of the TCR and of
costimulatory receptors results in the activation and in proliferation of T cells,
independently of IL-2 (221, 222, 224-227, 282, 311). Here we showed that, in
addition to IL-2, also CD3/CD28 could elicit G1 to S transition by directly
regulating the critical cell cycle proteins such as cyclin D3, Rb, p21°, and p27%"®
(Fig. 2, 6). |

While both TCR/CD28 and IL-2/IL-2R-driven proliferation were similarly
sensitive to the PI3K inhibitor LY294002 (LY), only TCR/CD28 driven T ceil
proliferation was completely abrogated by the presence of Rapamycin. Given the
crucial role attributed in the past to mTor signalling in the regulation of IL-2-
mediated T cell proliferation, it was surprising to discover that IL-2-induced
proliferation of A.E7 cells could occur also in the presence of Rapamycin (Fig. 10).
Indeed, we found that Rapamycin blocked cell division up to the third day of
culture (Fig. 21). After this time Rapamycin-treated cells started to proliferate and
by the end of the culture they have performed the same number of cell divisions of
their untreated counterparts. These findings are not consistent with the previous idea
that Rapamycin inhibits G1-to S transition and T cell expansion (312). However, it
should be noted that the previously reported ability of Rapamycin to prevent T cell
proliferation mostly derived from studies detecting proliferation by standard [*H]-
thymidine incorporation assays, which measure cell proliferation after 48-72 hours
of culture. Instead, by following single cell history over time, we found that, as
previously suggested at the molecular levels (285), also at the functional level, T

cells are capable to proliferate in the presence of Rapamycin.
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The finding that Rapamycin only delays, and does not inhibit cell division
supports the idea that Rapamycin prolongs IL-2-induced G1-to-S phase transition.
Indeed Terada et al. (285) showed that Rapamycin induced a prolongation of the G1
phase of the cell cycle, and attributed this effect to the ability of the drug to inhibit
the translation of ribosomal protein mRNAs, and thus the synthesis of total cellular
proteins, and to delay the cell growth response. These authors also showed that
Rapamycin-treated cells initiated DNA synthesis and entered the cell cycle as soon
as they reached the size of the untreated counterparts (285), supporting a role for
mTor in the cell growth response, rather than in the regulation of cell cycle proteins.
Accordingly, we found that Rapamycin prevented proliferation at day 3 after
stimulation, but failed to do so at later times, when cells stimulated in the absence
or in the presence of Rapamycin had performed the same number of cell divisions.

The peculiar sensitivity of either CD3/CD28 and IL-2/IL-2R-induced
proliferation to Rapamycin, might either indicate that these receptors use different
intracellular signalling for the regulation of cell cycle progression, or that, in the
presence of saturating amounts of IL-2, mTor-independent pathways are induced.
Our results partially support both these possibilities. Indeed, while the
downregulation of p27*" induced by CD3/CD28 was Rapamycin-insensitive, IL-2-
induced p27Kip downregulation was prevented by this drug (data not shown), thus
suggesting that, at least for p27<", the intracellular signals induced following
CD3/CD28 and IL-2/IL-2R are distinct. Moreover, while IL-2 driven T cell
proliferation was Rapamycin-insensitive in the presence of saturating IL-2

concentration, it was Rapamycin-sensitive in the presence of limiting amounts of
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IL-2 (Fig. 22). These findings indicate that Rapamycin-insensitive pathways might
be uniquely induced upon maximal IL-2R occupancy.

The IL-2-induced mTor-independent T cell proliferation was still sensitive to the
PI3K inhibitor LY. Indeed, the addition of LY prevented IL-2-dependent
proliferation either early (three days) (not shown) or late (seven days) (Fig. 23)
after stimulation. The fact that both LY and Rapamycin were sufficient to prevent T
cell proliferation at day 3, could either indicate that PI3K regulates mTor function
as proposed elsewhere (90), or that both PI3K and mTor-generated signals are
required to enter the cell cycle. Upon cell cycle entry, mTor could then become
dispensable (Rapamycin-resistant proliferation was detected by day 7, and cell cycle
progression was previously observed in spite of Rapamycin-dependent inactivation
of the p705% (313), while PI3K-dependent signals might still be required to sustain
IL-2 mediated T cell proliferation. In support of this, Slavik et al. (314) recently
reported that freshly isolated CD8" T cells and CD8" T cell clones were capable of a
Rapamycin-resistant proliferation, which was inhibited by the PI3K inhibitor LY.
Even though IL-2R f and y chain-generated signals, involving Bcl-2, ¢-Myc, and
JAK3/STATS5-dependent transcription, have been shown to contribute to T cell
proliferation (175, 180), no residual proliferation was observed in A.E7 T cells
stimulated in the presence of both Rapamycin and LY, suggesting that proliferation
of these cells critically requires PI3K-PKB-mTor pathways. It is interesting that in
lower eukaryotes (such as Cenorabditis elegans), mTor and PI3K pathways are
distinct and regulate in parallel the response to nutrients and growth factors,
respectively. In higher eukaryotes, such as mammals, these two pathways seem to

have converged at the level of PI3K, being mTor a downstream effector target of
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this lipid kinase (90, 210), but still might regulate only partially overlapping
intracellular signalling pathways. Indeed, our results showed that, in the presence of
LY, a residual proliferation was observed, which was completely inhibited by the
concomitant treatment with Rapamycin. Even though much more work needs to be
done, the available data indicate that both PI3K and mTor play a crucial role in T
cell proliferation, but that, while the former is absolutely required for T cell
expansion, the latter might be dispensable.

Altogether, these findings contribute to the current understanding of the
molecular mechanisms that regulate TCR/CD28 and IL-2/IL-2R-induced
proliferation, and underline the importance of performing additional investigation
on the immunosuppressive activity of Rapamycin. Indeed, the finding that
Rapamycin was unable to block T cell expansion is in contrast to the previously
reported immunosuppressive function of this drug, which was historically attributed
to its ability to prevent the expansion of the pathogenic T cells. Our data instead
indicate that the immunosuppressive activity of Rapamycin could not be explained
by inhibition of proliferation, but rather by its ability to prevent the mTor-induced
signalling involved in the regulation of T cell antigen responsiveness (section 4.1),

and T cell polarization (discussed in the following section).

4.3 The role of mTor signalling in antigen-driven T cell polarization

Following antigen stimulation, naive T cells not only proliferate, but,
provided that several conditions are in place, they also undergo a program of

differentiation that commits the cells to a specific effector function (292, 315). Our
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data indicate that, in addition to control T cell antigen responsiveness, and to some
extent T cell proliferation, mTor signalling also controls T cell differentiation.
Indeed, by using an in vitro model of antigen driven T cell differentiation, we
showed that, in the presence of Rapamycin, T cells proliferated, but fail to
differentiate into cytokine-producing effector T cells.

CD4" T lymphocytes most commonly differentiate into Th1 and Th2 effector
cells (292, 315, 316). Thl cells are mainly capable of producing IL-2, IFN-y,
TNFB and lymphotoxin, they orchestrate cell-mediated immune responses, and can
protect against intracellular pathogens. Th2 cells are mainly capable of producing
IL-4, IL-5, IL-6, IL-10, and IL-13, and sustain both humoral immune responses and
protection against extracellular infections (317-319). Several factors have been
described to influence the fate of CD4" T cell differentiation at the time of antigen
encounter. Among these are: the dose of antigen, the strength of TCR stimulation,
the presence of pro-inflammatory cytokines, and, in some instances, the ability of
the cells to proliferate (294, 320-322). For instance, while high antigen doses drive
the development of Thl-like cells producing increased amounts of IFN-y, low
antigen doses induce T cells to switch to Th2-like cells mainly capable of producing
IL-4 (323, 324). Moreover the presence of IL-12 at the time of Ag recognition
elicits Thl T cell differentiation, a mechanism that requires the induction of the
Th1-specific transcription factor T-bet. Similarly, the presence of IL-4 favours Th2
T cell differentiation, and the expression of the Th2-specific transcription factor
GATA-3 (291, 292, 294, 325, 326). Finally, also cell proliferation plays a major
role in regulating T cell differentiation (321, 322). Indeed, Bird et al. (321)

demonstrated that, while the expression of IL-2 by antigen activated T cells was cell
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cycle independent, the expression of effector cytokines was acquired as a function
of the number of cell divisions. In particular, IL-4 production occurred only in cells
that had undergone at least three cell divisions, while IFN-y production required
only one round of cell division.

In our cultures Ag-driven T cell expansion induced Thl T cell
differentiation. Indeed, DO11.10 ovalbumin-specific CD4" T cell cultured for a
week with Ag and irradiated syngeneic splenocytes, were mainly capable of
producing IFN-y upon restimulation. Similar results were obtained by using purified
CD4" T cells optimally stimulated by CD3/CD28-coated beads, suggesting that, in
the presence of optimal TCR/CD28 engagement, ovalbumin-specific CD4" T cells
naturally differentiated to IFN-y producing cells through a cell autonomous
mechanism. In some experiments, a small fraction of the cells also spontaneously
polarized to IL-4 producing cells (data not shown).

The addition of Rapamycin at the time of stimulation only delayed and did not
inhibit either Ag/APC or CD3/CD28-induced T cell proliferation, as in the case of
IL-2-stimulated A.E7 T cell clones, but drastically prevented T cell polarization.
Indeed, when cells stimulated in the presence of Rapamycin were optimally re-
stimulated, they failed to secrete IFN-y (and IL-4 whenever this was detected in
control culture). Similar results were obtained with CD8" T cells. Indeed, while Ag-
specific CD8" T cells proliferated in response to antigenic challenge and acquired
both the ability to produce IFN-y and to lyse target cells upon restimulation, cells
cultured in the presence of Rapamycin optimally expanded but lacked effector
capabilities. These results indicate that, in the absence of proper mTor signalling, T

cells fail to acquire effector function capabilities.
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It is now recognized that T cell differentiation occurs through different
phases. Initially, the engagement of the TCR activates an immediate and global
chromatin derepression program, which results in a low, but readily detectable
transcription of both IL-4 and IFN-y genes (327). This transcriptional activity is
associated with increased histone acetylation in both the IL-4 and IFN-y loci (328-
330). As differentiation proceeds, cytokine-induced signals specifically determine
the final commitment to one of the two Th subsets. This is determined by the
silencing of the IL-4 gene in Thl cells, and of the JFN-y gene in Th2 cells, and by
the maintenance of histone acetylation, and thus transcriptional competence, of the
specific cytokine genes (IL-4 gene for Th2 cells, and /FN-y gene for Thl cells)
(292, 294, 325, 326). It is interesting that Rapamycin-treated cells not only failed to
express the cytokine proteins, but they were also unable to transcribe the mRNA for
IFN-y and IL-4. In contrast to IFN-y and IL-4 mRNAs, the mRNA for IL-2 and
TNF-o0 were normally induced, suggesting that Rapamycin-treated cells have a
specific defect in the up-regulation of effector cytokine mRNAs. Moreover, in
addition to IL-4, also the mRNA for IL-5 failed to be induced in the Rapamycin-
treated cells. Since the /L-5 and /L-4 genes are located in the same gene cluster, it is
tempting to speculate that activation in the presence of Rapamycin prevents the
establishment of transcriptional competence for entire genomic regions. Even
though Rapamycin prevented T cell polarization, it did not result in T cell
unresponsiveness. Indeed, CD4" T cell activated and expanded in the presence of
the drug, showed to be able to produce IL-2, and to proliferate upon Ag
restimulation, and a fraction of the cells differentiated towards a Thl or a Th2

phenotype, when restimulated in the presence of rIL-12 or rIL-4, respectively.
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When compared to naive T cells, célls expanded in Rapamycin showed an increased
surface expression of CD44, of CD25, and reduced surface levels of CD62L.
Moreover, cells expanded in the presence of Rapamycin showed a faster kinetic of
TNF-0o. and IL-2 production (data not shown), and of proliferation (Fig. 30) when
compared to naive cells, suggesting that the cells are no longer naive, but express a
surface and functional phenotype consistent with Ag-experienced unpolarized T
~cells.

Several reasons might account for the ability of Rapamycin to inhibit T cell
differentiation. In our cell cultures mTor-dependent signalling could interfere with
either TCR/CD28-induced early differentiation (as proven by the fact that both of
these receptors elicit phosphorylation of the p7OS6k via an mTor-dependent
pathway), or at the level of the cytokine-induced signalling. The ability of
Rapamycin to interfere with TCR/CD28-induced signals is supported by the
observation that the drug inhibited both the production of IL-2, as also reported
elsewhere (108), and the proper up-regulation of the o and y chain of the high
affinity IL-2R. It is also conceivable that Rapamycin might interfere with the poorly
defined initial phase of TCR-induced chromatin remodelling events, which is
required for rendering effector cytokine genes accessible for subsequent
transcription (327, 328). This possibility is supported by the recent finding that the
Tor pathway is linked to Esal histone acetylase pathway, which leads to
transcriptional activation of ribosomal protein (RP) in response to nutrient levels
(331). Along the same line is the possibility that Rapamycin might inhibit
TCR/CD28-mediated expression of the essential lineage specific transcription

factors, such as T-bet and GATA-3, which in turn regulate chromatin remodelling
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events on cytokine loci (292). Indeed, it was shown that T-bet is readily induced in
naive T cells by TCR triggering and by IFN-y-induced STAT1 signalling (332,
333). T-bet expression leads to chromatin remodelling of the /FN-y gene, to the
stabilization of its own expression (332, 334), and to suppression of IL-4 and IL-5
production (335, 336). In addition to T-bet, also GATA-3 is rapidly induced by
TCR triggering and by IL-4-induced STAT6 signalling (337). Once expressed,
GATA-3 leads to chromatin remodelling of the /L-4 gene, establishing
transcriptional competence (338-340), it stabilizes its own expression (338, 339),
and suppress Thl polarization (341). Our preliminary findings indicate that the
addition of Rapamycin at the time of Ag-stimulation reduces, albeit to different
extents, the transcription of both T-bet and GATA-3 mRNAs (data not shown),
suggesting that proper mTor-signalling might indeed be required for the expression
of the polarizing transcription factors. The reduced transcription of T-bet and
GATA-3 might also be due to the reduced up-regulation of the IL-2R and IL-4R
common Y, on the surface of the T cells at day 3, which support the possibility that
Rapamycin prevents T cell differentiation by inhibiting the final cytokine-mediated
T cell commitment. Indeed, even though Rapamycin prevented IL-2 secretion,
neither the addition of recombinant IL-2, nor the addition of recombinant I1L-4
restored the cell autonomous Thl T cell differentiation, and the IL-4 driven Th2
differentiation. In contrast, the suboptimal IL-2R common Y, expression directly
correlates with the functional impairment of the cells. Indeed, in the absence of the
high affinity IL-2R, T cells might fail to receive the IL-2 driven signals enabling
them to respond to cytokine-dependent expansion and polarization. Indeed, several

data support the role for IL-2/IL-2R in T cell polarization. For instance, in the
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absence of IL-2, or IL-2RB-generated signalling, T cells fail to differentiate into
IFN-y producing cells and to acquire CTL capabilities, both in vivo and in vitro
(221, 282). Moreover, IL-2RB'/' T cells failed to respond to several recombinant
cytokine in vitro, supporting the idea that IL-2 generated signals are required for
proper T cell growth and maturation into functional effector T cells (282).
Similarly, IL-2 has been shown to be crucial also for Th2 differentiation (293, 342).
Furthermore, activation of STATSA, a downstream target of the IL-2R, was linked
to Th2 differentiation, via IL-4 and GATA-3 independent pathways (295). Since
STATS and GATA-3 seem to favour Th2 polarization by distinct mechanisms
(295), it is possible that Rapamycin, by inhibiting the early expression of the high
affinity IL-2R, might prevent STATS activation, and by that might hamper T cell
polarization. Consistent with the possibility that Rapamycin prevents T cell
polarization by inhibiting y, up-regulation is the finding that Rapamycin failed to
control IL-12-induced Thl differentiation, which occurs through a common ¥,-
independent (343), but STAT4—dependent pathway (344).

Finally, it is possible that Rapamycin, by delaying cell proliferation might prevent
terminal differentiation. To this respect, Reiner and co-worker (321) reported that,
to induce proper Th2 T cell differentiation, T cells had to complete at least three cell
divisions. Our results dissociate cell cycle progression from differentiation. Indeed,
in spite of completing the same number of cell divisions, cells expanded in the
presence of Rapamycin still failed to produce either IFN-y or IL-4. It is however
possible that, by delaying cell cycle entry and the up-regulation of the common ¥,
Rapamycin might uncouple TCR and cytokine generated signals, which have to be
delivered in close proximity to elicit proper T cell differentiation (345).
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Altogether these results indicate that progression through the cell cycle might
be necessary, but not sufficient to drive T cell polarization, and that an mTor-

dependent signal is critically required to elicit T cell polarization.

4.4 Concluding remarks

The results reported in this thesis demonstrate that mTor signalling plays a
central role in T cell proliferation, antigen responsiveness, and differentiation,
which are tightly regulated events during the development of protective immunity.
Moreover, by tracing the fate of single cells activated in the presence of the mTor
inhibitor Rapamycin, we revealed a new mechanism at the base of the clinical
activity of this drug. Indeed, even though additional studies will have to be
performed in vivo to validate these in vitro generated findings, it is possible that the
immunosuppressive activity of Rapamycin relies on the ability of the drug to

modulate, rather than suppress, adaptive immune responses.
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