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ABSTRACT

The inheritable modifications that occur during activation enable memory T
cells to mount a faster and stronger immune response than naive cells upon
re-encounter with the same antigen. Memory CD4 T cells do not require
MHC class |l contact for survival, but previous analyses from our lab have
underlined important differences between CD4 T cells transferred in MHC

class || competent or deficient hosts that question the complete

independency of memory cells from signals derived from MHC class Il

contact in terms of functionality.

In this study, resting memory CD4 T cells generated in MHC class Il
competent or deficient hosts were characterised at the molecular level by
analysis of gene expression with the aim to identify potential mechanisms to
explain how MHC class Il molecules preserve memory CD4 T cell function.
Candidate molecules highlighted by analysis of gene expression were further
investigated using FACS analysis and in vitro and in vivo experiments. As
the phenotypic and functional characteristics of memory CD4 T cells
generated in MHC class Il deficient hosts were found established already in
the early stages of the memory phase, the analysis was extended to the
effector phase. The results obtained indicated that CD4 T cells may not
achieve an optimal differentiation into effector cells in MHC class Il deficient
hosts suggesting that CD4 T cells require non-cognate interactions with
MHC class Il molecules during activation. Therefore, a universal role of MHC

contact with non-antigen presenting MHC molecules during the initial



activation step may be instrumental in shaping the functional competence of

memory T cells.
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1. INTRODUCTION

1.1 Overview of the immune system

Multicellular organisms have evolved an immune system to protect
themselves from pathogens. The immune system has two major

components: innate immunity and adaptive immunity.

1.1.1 Innate immune system

The innate immune system is composed of various cell types of myeloid and
lymphoid lineage. Eosinophils, neutrophils, mast cells, Natural Killer cells
(NKs), macrophages and Dendriitc Cells (DCs) are the first line of defence of
the organism and they rely on a limited number of germline encoded
receptors, Pattern Recognition Receptors (PRR), to recognise conserved
molecular patterns on the surface of infectious agents, Pathogen Associated
Molecular Patterns (PAMPs). This mechanism allows the discrimination
between the infectious non-self from the non-infectious self .

For example, macrophages are able to recognise a variety of bacteria and
fungi through their Macrophage Mannose Receptor (MMR) 2, while murine
DCs can express up to 10 Toll-Like Receptors (TLRs), each of them able to
bind in a specific and non redundant manner bacterial proteins. Recognition
of the cognate ligand alerts the cells of the innate immune system to danger
3 and initiates various mechanisms such as opsonisation, triggering of the

complement and coagulation cascade, phagocytosis and inflammation. The
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goal of this response is to kill the infectious agents, to contain the damage
and to induce maturation of the cells specialised in antigen presentation.

The direct recognition of PAMPs induces the maturation and migration DCs.
The maturation enables DCs to secrete inflammatory cytokines and
chemokines that recruit circulating DC precursors and other immune cells to
the site of infection. Consequently, the maturation of the DCs leads to the
loss of tissue adhesive molecules and the expression of receptors for
lymphoid chemokines, like the Chemokine (CC) motif Receptor 7 (CCR?7)
and co-stimulatory molecules *.

Although very efficient, the innate immune system is often not sufficient to

clear the host from infectious agents.

1.1.2 Adaptive immune system

The adaptive immune system adds to the immune system the plasticity
needed to respond to new and evolving pathogens and gives the advantage
of being able to select and maintain a repertoire of new antigen specificities.
At the same time, the cells of the adaptive immune system can switch on the
innate immune system whenever pathogens manage to evade detection.
The two major classes of lymphocytes of the adaptive immune system are B
cells and T cells.

B lymphocytes, first identified in the Bursa Fabricii in birds, develop in the
bone marrow and are the cells responsible for humoral immunity. Each B cell
is programmed to make a unique cell surface receptor able to recognise
antigens. Antigens that bind to the receptor are internalised into endosomes

that can fuse with vesicles carrying Major Histocompatibility Complex (MHC)
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class Il directed to the cell surface. B cells complete maturation through

hypermutation, isotype switching and affinity maturation, which is carried out

in the lymph nodes °

. Activated B cells undergo proliferation, which
originates a clone that differentiates into an antibody secreting plasma cell.
Circulating antibodies bind to microbes and synergise with the complement
cascade, activating the classical pathway which culminates in the production
of the Membrane Attack Complex (MAC). Moreover, small amounts of
antibody added to complement-coated organisms enhance their
phagocytosis.

T lymphocytes differentiate in the thymus from bone marrow-derived
progenitor cells, reviewed in . The TCR is a membrane-bound molecule
composed of two chains. There are three classes of TCRs. T cells resident in
the intestinal tract, as well as in the skin, bear a receptor formed of the
rearrangement of y and & genes (TCR1). An additional lineage of
lymphocytes is represented by the NKT cells, which express a restricted a
TCR repertoire in association with markers characteristic of NK cells, such
as Cluster of Differentiation (CD)161 (NK1.1) and CD122 (InterLeukin-
2Receptor B, IL-2RB) .

The vast majority of the T lymphocytes bear a TCR that is formed from the
rearrangement of a and B genes (TCR2).

T cells and B cells are able to generate different receptors that allow them to
recognise a vast number of antigens. This is achieved through the T Cell
surface Receptor (TCR) and_B Cell surface Receptor (BCR) which provide
an immense polyclonal repertoire 8 TCR and BCR have a similar structure

with constant and hypervariable regions. The random rearrangement of the

variable (V), jointing (J) and diversity (D) regions by the enzymes produced
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by the Recombination Activating Genes (RAG-1 and RAG-2) generates the
somatic variations that enable T and B cells to bind different antigens ° '°.

The TCR recombination is initiated when a complex of RAG-1 and RAG-2
binds to specific recognition sequences, called Recombination Signal
Sequences (RSS) in the TCRB gene locus (an analogous mechanism
operates in B cells) ' 2 '3 ' '3 The recombinases mediate the excision of
DeoxyriboNucleic Acid (DNA) fragments at the RSS sequences, while DNA-
repair enzymes rejoin the fragments. Lack of functional RAG-1 or RAG-2
genes results in the absence of T and B cells. Additional diversity is created
by the addition of nucleotides in a template-independent manner to the N
regions at the V-D and D-J junction by the Terminal-deoxynucleotide

transferase (Tdt) '°.

Successful rearrangement of the TCR p-chain
transiently turns off the recombination process, thus allowing the presence of
a single TCR B-chain in each T cell. This process is called allelic exclusion
7 TCR a-chain rearrangement can commence only after successful TCR B-
chain rearrangement.

T cells that have successfully rearranged the TCR undergo two selection
steps '®. The selection is made on the basis of the interaction with MHC
molecules. Positive selection ensures that only T cells bearing a receptor
able to recognise self-MHC differentiate to mature T cells, while cells that
bear receptors that recognise self-MHC fail the positive selection and die by
apoptosis " In negative selection, cells bearing high affinity receptors for
self-peptides are deleted °. The result of this process is the selection of a

mature T cells repertoire with an intermediate affinity for self-peptide: MHC

complexes.
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1.1.3 MHC molecules

MHC molecules are highly polymorphic transmembrane glycoproteins
encoded by a cluster of genes localised in chromosome 17 of the mouse
genome 2. Two major classes of MHC molecules can be found in an
organism: MHC class | and MHC class Il. MHC class | molecules are present
in the surface of all cells of the body, while MHC class Il molecules are
expressed on Thymic Epithelial Cells (TECs) and professional Antigen
Presenting Cells (APCs) such as DCs, macrophages, and B cells. In addition
fibroblasts, astrocytes, endothelial and epithelial cells express MHC class ||
molecules if they are exposed to specific stimuli (InterEeroN (IFN)-y, signals
of inflammation, infection, and trauma).

The peptide: MHC complex is recognised by the TCR and its co-receptor.
The co-receptor CD8 recognises invariable regions of MHC class |
molecules, while the co-receptor CD4 recognises invariable regions of MHC
class Il molecules %2. The mechanisms that regulate the choice to express
one or other co-receptor during T cell development seem to be related to the
“strength of signal”, such as the intensity and/or the duration of the stimuli
received by the TCR with or without one of the co-receptor 2° % %,

MHC molecules play a crucial role not only in thymic selection, but also in
delivering signals for survival and activation to peripheral T cells. In the
periphery, CD8 T cells are programmed to kill infected cells upon
engagement of the TCR with antigen loaded MHC class I. MHC class |
molecules present peptides that have been synthesised by the cellular

ribosomes and that reach the Endoplasmatic Reticulum (ER). Transporters

associated with Antigen Processing (TAP) proteins guide the synthesised
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peptide to the antigen-binding groove during MHC class | synthesis 2® %7, As
a consequence, the vast majority of peptides presented in this way are
endogenous peptides derived from defective nascent proteins 2 and viral
products.

CD4 T cells have the role of secreting cytokines to help B lymphocytes to
produce antibody and macrophages to release bactericidal molecules upon
engagement of the TCR with antigen loaded MHC class Il. In the mouse,
MHC class |l expression is regulated by a single regulatory factor, the Class
Il TransActivator (ClITA), a non-DNA-binding co-activator which regulates
the SXY module (S, X, X2 and Y boxes) up-stream of the encoding region of
the a-chain and B-chain of class Il H2-A and H2-E isotypes. CIITA is
encoded by the C2ta gene, under the control of 3 different promoters, pl, plll
and plV. The use of various knocked out murine transgenic lines have
indicated that TECs rely on plV for MHC class Il transcription, while B cells
and plasmacytoid DCs need the expression of plil. In conventional DCs and
macrophages, CIITA expression is regulated by plV promoter.

Differentiation of B cells into plasma cells or maturation of DCs is
concomitant with shut down of de novo MHC class Il synthesis, by
inactivation of the C2ta gene by a global repression mechanism which
involves histone deacetylation of the domain that spans the regulatory region
of the gene %. The presentation of only the antigens that have specifically
induced APC maturation is promoted by their prolonged surface expression
by MHC class |l molecules, the up-regulation of co-stimulatory molecules
and the reduction of further endocytosis.

MHC class || molecules present foreign antigens that APCs acquire by

endocytosis. The degradation of foreign antigens into peptide fragments is
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carried out in lysosomes by means of acidification and activation of
proteases. The loading of processed antigens into the MHC class |l peptide

binding groove, requires the fusion of lysosomes with MHC class Il-rich

vesicles (Fig. 1).

Figure 1: antigen acquisition and degradation by proteases.

The antigen is endocytosed and loaded into MHC class Il molecules upon degradation into
peptides by proteases. From Immunobiology, the immune system in health and disease, 6"

edition by Janeway, Travers, Walport, Shlomchik (Chapter 5, page 177)

ap class Il molecules newly synthesised in the ER are escorted through the
biosynthetic pathway by the Invariant chain (li), resulting in aBl complexes.
Due to its short amino terminal cytoplasmatic domain which occupies the
peptide-binding groove of class Il (Class ll-associated li peptide, CLIP), i
blocks the loading of any peptides into the peptide-binding groove of the
MHC class Il molecule during its synthesis. As shown in Fig. 2, four
pathways of antigen loading have so far been hypothesised **: 1. from the
Trans-Golgi Network (TGN), class |l apl complexes traffic direct to
lysosomes and do not pass through endosomes or pre-lysosomal

intermediates ' *%; 2. from the TGN, class Il afl complexes traffic to the
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plasma membrane and are then internalised into protease-rich lysosomes *,
process regulated by the two di-leucine endocytosis signals present in the
cytosolic domain of the li **; 3. from the TGN, class II apl complexes traffic to
early endosome and then to lysosome where the peptides are loaded into

the groove of ap dimers > % 4.

in addition to the three pathway described
above, mature a3 peptide complexes can recycle from plasma membrane to
early endosomes *" ** % 3_All these different pathways are likely to occur in
vivo, although the main compartment for antigen loading seems to be the
lysosomal antigen-processing compartment as it is the most denaturing for

foreign antigens, the most proteolytic, and it contains the highest

concentration of the CLIP-removing proteases.

"Ny oy

Currant Opiion in immunology

Figure 2: Pathways of antigen loading into MHC class Il molecules.
Newly synthesised MHC class Il molecules are: 1. directed to lysosome where the li is
degraded and antigen is loaded; 2. exposed to the cell surfaces and secondarily internalised

to merge with antigen containing endosomes; 3. directed to endosomes that then fuse with
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lysosomes. 4 recycled from the cell surface to the endosomal compartment and re-exposed

on the cell surface *°

Various cell types can deliver antigenic stimulation to T cells, but the main
cell type responsible for T cell priming are DCs. DCs represent the critical
link between innate and adaptive immunity. In their immature phase, DCs
reside in peripheral tissues (skin and mucosal surfaces) where they act as
sentinel cells ready to capture antigens by means of macropinocytosis,
phagocytosis or through receptors such as mannose receptors (C-type
lectins) or Fcy receptors type | and lll. Antigen loaded DCs migrate from the
periphery to the secondary lymphoid organs where they instruct T cells and
probably B cells and NK cells to induce an effective immune response 4 The
role of APCs other than DCs in T cell priming is controversial . For
instance, B cells can act as APCs, but it is believed that their secondary role
in vivo is due to the low frequency of antigen specific B cells (1 in 10%-10°
cells) *'. In addition, B cells do not reside in any of the physical barriers of
the body and they depend on help from activated CD4 T cells 42,
Nevertheless, it has recently been published that T cells require antigen
specific cognate interaction with B cells during activation for optimal
induction and maintenance of T cell division and differentiation **. Recently, it

has been suggested that regulatory B cells may function as a second line

APC that can support or dampen ongoing T cell responses initiated by DCs

44

1.1.4 Organs of the immune system
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During the life span of an organism, various organs are of immunological
relevance.

As far as haematopoiesis is concerned, during embryogenesis the
generation of the blood cells occurs in the yolk sac and then in the fetal liver,
while in the adult this function is carried out by the bone marrow *°. The bone
marrow is in fact the organ responsible for the generation of the vast majority
of the mature cells of the immune system, with the exception of T cells which
mature in the thymus “.

The lymphoid system, together with the circulatory system, constitutes the
network that allows the co-operation between the different cell types of the
immune system. Vast surfaces of the body are exposed to antigens, for
example, the lungs or the digestive tract. These vulnerable areas are
monitored and protected by the Mucosal-Associated Lymphoid Tissue
(MALT), which forms a net of cells dedicated mainly to antibody secretion.
Antibodies and cells continuously re-circulate between blood, tissues,
lymphatic ducts and secondary lymphoid organs, such as lymph nodes and
the spleen. The structure of lymph nodes and spleen allows the drainage of
lymph and blood. Pathogens as well as dead cells are trapped in the
meshwork of draining lymph nodes and spleen, where they are promptly
disposed by phagocytic cells. In both lymph nodes and spleen, B cells and T
cells reside in different areas. In the lymph node, B cells are found in the
cortex, while T cells are found in the paracortical areas. In the spleen, T cells
are present in the PeriArteriolar Lymphoid Sheath (PALS) of the white pulp,
where interaction with DCs and passing B cells can be made. Activated B
cells move from the white pulp to the red pulp, where plasmablasts and

plasma cells secrete antibodies into the blood stream *”.
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1.2  Peripheral T cells

CD4 and CD8 T cells that have passed positive and negative selection
checkpoints exit the thymus. In the periphery, T cells can further differentiate
if exposed to infectious agents. Peripheral T cells are organised in two pools
of small resting populations: naive and memory cells. T cells that have not
encountered an antigen are defined as naive, while antigen experienced
cells that persist in a resting state after antigen clearance are called memory
cells. In normal conditions, i.e. in the absence of chronic inflammation or
autoimmunity, the formation of memory is preceded by a short lived effector
phase. Effector cells are not a stable population, but are normally eliminated

as soon as the pathogen is cleared.

1.2.1 Naive T cells

CD4 or CD8 T cells expressing adhesion and homing molecules, such as
CD62L and CCR7, exit the thymus and reach the secondary lymphoid
organs. Naive T cells continuously re-circulate between blood and secondary
lymphoid organs maintaining a quiescent metabolic state “®. Long term
survival of naive T cells requires two factors: TCR interaction with self-
peptide-MHC complexes (sp:MHC) and interleukin-7 (IL-7). The question if
naive T cells require sp:MHC interaction for survival still remains
controversial, but experiments carried out in murine models strongly suggest
that CD4 and CD8 naive T cells survive for long periods of time when

transferred into MHC class Il or class | deficient hosts, respectively 4° 0 31 52

53
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As most of the experiments carried out to investigate the role of sp:MHC
have been conducted by adoptive transfer of T cells into lymphopenic hosts,
it has been difficult to discriminate between survival and sp:MHC driven
homeostatic proliferation of naive T cells. In fact, higher number of cells
recovered from adoptive transfers in MHC competent hosts could originate
from proliferative signals delivered by MHC > % Recently it appears
possible that, depending on the environment, different answers can be
obtained, as survival of naive CD4 T cells seems to be independent from
MHC class |l derived signals in a lymphopenic environment, but requires
those signals in a full host *®. One group studying CD4 T cells reported that
naive CD4 T cells showed a substantial reduction in the level of TCR { chain
phosphorylation when losing MHC class Il contact . The reduction
observed in the level of TCR { chain phosphorylation was further correlated
to reduced responsiveness of these cells to antigen stimulation measured by
proliferation, IL-2 production and cell size determination *®. These results
suggested that MHC class Il continuous contact may be necessary not only
for naive CD4 T cells survival but also to preserve their functionality.

Adoptive transfers of naive T cells into IL-7 deficient mice %9 as well as into
normal mice treated with anti-IL-7 antibody *® have shown that IL-7 signalling
is essential in the maintenance of this pool. In the absence of Lymphocyte
cell-specific protein-tyrosine kinase (Lck) and protein-tyrosine kinase fyn
(Fyn), two molecules downstream of TCR signalling, IL-7 was shown to
sustain the half-life of naive T cells up to 26 days in CD4 T cells and 18 days
in CD8 T cells ®', in contrast with ~ 6 months in the presence of TCR

signalling .
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1.2.2 Effector T cells

The stages that follow the recognition of antigen are clonal expansion, during
which naive T cells proliferate and acquire those effector functions that allow
them to clear the organism from the pathogen, and clonal contraction, during
which 90-95% of the cells generated in the previous phase die, leaving
behind a resting memory population ®. These two mechanisms regulate the
effector phase and aim to limit the persistence of the infection on one side

and immune pathology on the other.

1.2.2.1 Expansion phase

The idea that a few antigen responding T cells can generate a large number
of antigen specific T cells through proliferation was introduced by Burnet . T
cell activation starts with the recognition of an antigen presented in the
context of MHC molecules on the cell surface of APCs. Various correlations
between antigen dose, number of T cells recruited as well as proliferation
rate have been found depending on the model used. While some groups
have indicated that the dose of antigen presented by DCs positively
correlates with both the number of CD4 T cells recruited and their level of
proliferation ®, others have shown that there is no such correlation in CD8 T

. . . 7
cell expansion in vivo % ®

. In particular, considering the duration of the
antigenic stimulus required to initiate the differentiation toward the effector
phenotype, naive CD4 T cells seem to require prolonged interactions with

antigen loaded APCs to start division and differentiation . As indicated by

the examples above, differences in the kinetics of the commitment to effector
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functions have been observed between CD4 and CD8 T populations & ©°.
CD8 T cells seem to follow an ‘autopilot model’ " ', In this model, a short
antigen interaction (up to 2 h) has been shown to be sufficient to induce a
complete transcriptional program for CD8 T cells differentiation, without
further need for antigenic stimulation ’.

In vitro activation of naive CD4 T cells follows a biphasic pattern. In the
antigen dependent phase, activated CD4 T cells prepare to enter into cell
cycle. This process requires up to 10 hours and it is followed by a second
phase, which is cytokine dependent and during which activated CD4 T cells
divide at a slightly higher pace (6-8 hours per division) .

Persistence of antigen, like in chronic viral infections, leads activated T cells
to exhaustion and to the inability to eliminate the pathogen. In this respect, it
has been recently shown that CD8 T cells do not become irreversibly
dysfunctional, but can revert back to functional T cells by the blockade of the
Programmed Death-1 (PD-1)/PD-L1 inhibitory pathway s

With activation, naive T cells modify the expression of various surface
molecules. The down-regulation of CCR7 and CD62L enables activated T
cells to leave the secondary lymphoid organs and to reach peripheral
tissues. CD25 (IL-2Ra) synthesis occurs within a few hours of activation and
regulates the consumption of IL-2, the growth factor necessary for the
initiation of many effector functions. CD25 as well as CD69 are early markers
of activation and their up-regulation is transient, while other markers, like
CD44, remain stable throughout activation and are retained in the

subsequent memory phase.

1.2.2.2 Contraction phase
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The mechanism that limits the extensive effector cell proliferation triggered
by antigen recognition is the induction of apoptosis via the Tumor Necrosis
Factor (TNF), B Cell Leukemia-2 (Bcl-2) families, and Transforming Growth
Factor B (TGF-B), reviewed in ° 7®.

As mentioned above, activated T cells up-regulate IL-2R, which sustains
proliferation and survival during activation, but also sensitises the cells to
Fas mediated Activation Induced Cell Death (AICD). Fas (CD95) is
expressed on the surface of activated cells and initiates cell death through
the caspase pathway ’’. Mutations of Fas (Jor mice) or FasL (g/d mice) lead
to accumulation of abnormal numbers of T cells in the periphery by week
eight of age "®. Other reports have shown that activated T cells die normally
in the absence of Fas or its ligand and may indicate that multiple pathways
can result in the death of activated cells ",

For example, the Bcl-2 family also has a role in the contraction phase. There
is evidence that cell death depends on the ratio of pro-apoptotic and anti-
apoptotic members of this family. A key role in maintaining the balance
seems to be attributed to Bcl-2, whose expression is down-regulated during
activation at the messenger RiboNucleic Acid (mRNA) and protein levels ®.
It has been proposed that Bcl-2 reduction is controlled by the levels of
Reactive Oxygen Species (ROS) produced during T cell activation ' *, but
also by IL-2 and IL-7 # 8 In the mitochondria, Bcl-2 is associated with Bim,
one of the pro-apoptotic members of the Bcl-2 family. Following activation,
low Bcl-2 levels free Bim, which can either associate with Bcl-x., reducing the
cellular availability of this anti-apoptotic molecule 8 or activate pro-apoptotic
proteins Bax and Bad 8 The ultimate consequence is metabolic dysfunction

of the mitochondrion and consequent cell death ™.
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Another important molecule that plays a role in the contraction phase is TGF-
B. In fact, TGF-B has been reported to have a role in restoring normal T cell
numbers in response to activation, probably by controlling the transcription of
pro-apoptotic molecules via SMAD proteins ¥ Interestingly, the release of
TGF-B from apoptotic cells may ensure the removal of such cells avoiding

the release of inflammatory signals.

1.2.2.3 Subsets of effector T cells

TCR and co-stimulatory signals drive T cells to synthesise and secrete IL-2,
to divide extensively and to undergo a series of epigenetic changes, such as

DNA de-methylation % 8 reduce histone acetylation *

and enhance the
ability to bind transcription factors °'. While effector CD8 T cells exert mainly
cytolytic functions, CD4 T cells can differentiate into a variety of effector

cells.

Cytolytic CD8 T cells

It is not clear which is the master transcription factor for acquisition of
effector function of CD8 T cells upon antigen encounter, but some have
reported that naive CD8 T cells undergo a genetic remodelling program that
starts with T-Box Expressed in T cells (T-bet) and EOMESodermin (EOMES)
expression which is followed by IFN-y production and acquisition of lytic

activity 92 %,
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T helper (Th) 1, Th2, Th17, Tregs, and Tr1

Two transcription factors, T-bet and GATA binding protein 3 (GATA-3),
define the commitment of naive CD4 T cells to Th1 or Th2 lineage
respectively * °°. Th1 or Th2 differentiation is induced by various factors,
such as cytokine environment and TCR signalling as well as the cell type
that delivers the stimulus. Type | and Il IFNs, IL-12 and IL-27 are cytokines
secreted by the cells of the innate immune system and they can signal
through Signal Transducer and Activator of Transcription 1 (STAT1)-
associated cytokine receptors which, together with TCR signalling, promotes
T-bet up-regulation. T-bet enhances Ifny gene expression and the up-
regulation of the inducible chain of the IL-12R. The signalling through the IL-
12 receptor activates STAT4 and drives effector T cells to sustain the
production of IFN-y and therefore Th1 differentiation %* %. In addition, it has
been proposed that Th1 responses are also favoured by strong interactions
between MHC class Il and TCR. Therefore, MHC class Il enhanced level of
expression % as well as increase in antigenic peptide availability and binding
9 100 determine a Th1 type response, while a weaker interaction would
favour a Th2 type response. Moreover, the differentiation into Th1 or Th2
effectors has been shown to depend on the APC presenting the antigen. In
fact, B cells have been shown to directly influence the differentiation of T
cells into Th2 response '°' while different DC subsets have been reported to
direct naive T cells towards Th1 or Th2 effectors '®2. Moreover, different
DCs, like classical and plasmacytoid DCs, have been shown to elicit the
same CD4 T effector population once activated via the same TLR %

Interestingly some have suggested that memory CD4 T cells may shape the
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activation of naive CD4 T cells by means of educating DCs, which in this
scenario would act as ‘temporal bridges’ between memory and naive T cells
104

Th1 differentiated cells produce pro-inflammatory cytokines, in particular
IFN-y, IL-2 and TNF which induce macrophage activation and provide
protection against intracellular pathogens. TCR signalling together with IL-4
receptor signalling induces up-regulation of GATA-3 via STAT6 and
expression of the Th2 cytokines cluster (//4, 5, 13), which suppress Th1
differentiation * %”. Th2 cells are characterised by secretion of IL-4. IL-5 and
IL-3, cytokines essential for promoting high affinity antibody responses
against extra-cellular pathogens.

In addition to the Th1 and Th2 lineages, Th17 is another population of CD4 T
cells that has recently been described. There are six IL-17s (IL-17A to IL-
17F) and of these only IL-17A (IL-17), IL-17E (IL-25) and IL-17F have been
reported to be produced by CD4 T cells ', Naive CD4 T cells can be
polarised to Th17 in the presence of IL-1, IL-6, TNF-a and TGF-B '®. |L-23,
previously reported to induce Th17 differentiation, is now thought to have a
role in the maintenance of this population ® . The transcription factor that
characterise this lineage has not been identified yet although the activation
of STAT3 by IL-6 and its ability to bind IL-17 and IL-17F promoter indicate its
possible involvement in Th17 differentiation '%’.

IL-25 is another cytokine of the IL-17 family that is now receiving some
attention. Although there is very little known about it, the Th25 population
seems to have more features in common with the Th2 population as it limits
Th1 induced inflammation and supplies a protective role in host defence to

pathogens like N. brasiliensis '°.
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In addition to these new subsets of pro-inflammatory CD4 T cells, regulatory
CD4 T cells have the role of suppressing T cell responses and maintaining
tolerance. Two main classes of regulatory T cells have been described: the
naturally occurring CD25+CD4 suppressor T cells (or Tregs) and the Tr1 (or
Th3). Tregs were first described as ‘small CD4CD25+ cells’ to discriminate
them from the newly activated, and therefore blasting, large CD25+ effector
CD4 T cells '® '®_ The vast majority of Tregs are produced in the thymus as
a distinct and mature population. This unique population constitutes 5-10%
of the peripheral CD4 T cells in normal naive mice. Phenotypically, Tregs
share with activated CD4 T cells the expression of high levels of Cytotoxic T-
cell Lymphocyte-associated Antigen 4 (CTLA-4 or CD152) in the cell surface,
but distinctively, only Tregs express the transcription factor

Mo 1M 12 Tregs act as

Forkhead/winged-helix p3 (Foxp3 or Scurfin)
immunoregulators in a variety of immune processes from responses to
pathogens to the induction of tolerance. Although not yet characterised, the
mechanism by which Tregs suppress the immune response is thought to rely
on cell contact in vitro ''?, but it seems to be mediated by cytokines such as
IL-10 and/or TGF-B in vivo '™ . Interestingly, Tregs express high levels of
TGF-B on their cell surface and this cytokine has a well known role in the
inhibition of T cell differentiation affecting processes such as IL-2 synthesis
and cell proliferation ''®. Other models of suppression suggest that Tregs
may act as competitors for specific MHC/peptide complex binding or as ‘sink’
for IL-2 due to their high IL-2R expression. Tregs are crucial in maintaining
self-tolerance as demonstrated by the fact that animals that lack this T cell
compartment (due to a mutation in the transcription factor Foxp3) develop

autoimmune diseases and die in the early stages of life '"° """
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Contrary to the thymic origin of Tregs, Tr1 are thought to originate in the
periphery from naive T cells. This ‘adaptive’ regulatory T cell population
derives from naive T cells activated in low co-stimulatory conditions (e.g. by
immature DCs) or naive T cells activated in the presence of cytokines such
as IL-10, or immunosuppressive drugs such as vitamin D or dexamethasone
in vitro. Another difference between Tr1 and Tregs is that Tr1 are negative
for Foxp3. Tr1 suppress the immune response by secretion of IL-10 and
TGF-B and are thought to represent an important response to those
pathogens that promote their differentiation ''® '1°.

Like the protection to different infectious agents that has given rise to
dichotomy between Th1 and Th2, Tregs and Th17 may represent the
dichotomy the immune system has developed to cope with inflammation.
This hypothesis is supported by the fact that Tregs and Th17 both can
differentiate in the context of inflammation in the presence of TGF-B alone or

TGF-B plus IL-6 respectively '%°.

1.2.3 Memory T cells

Immunological memory can be defined as a faster and stronger immune
response upon re-encounter with the same pathogen. Memory T cells
achieve this goal through various mechanisms briefly summarised here.

Memory T cells are present in an elevated precursor frequency in immunised
animals compared to non immunised animals. One of the intrinsic
characteristics of memory T cells is to have undergone a process of
maturation that increases their affinity and functional avidity for antigen. The

consequence of this selection process is that only highly relevant clones
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from an antigen-selected repertoire are retained in the memory pool.
Moreover, memory T cells have increased sensitivity to low antigen doses
and need low or no co-stimulatory signals to become effectors. One of the
most relevant characteristics of memory T cells is to gain immediate effector
function, such as the quick entrance into the cell cycle and fast cytokine
production '?' % 22 Memory T cells acquire the expression of surface
molecules that enable them to reach non-lymphoid organs '2.

Memory T cells are small and metabolically inactive cells which cycle at a
low rate. Despite their resting status, analysis of the gene expression of
memory T cells has demonstrated that they express similar numbers of
genes compared to activated cells. However, the spectrum of the genes
expressed is very different ' 12,

Phenotypically, most of the murine memory CD4 T cells are CD62L" and
CD44". This phenotype is not unique to CD4 T memory cells but it identifies
also effector cells. In CD8 T cells the expression of CD62L (L-selectin
receptor) is only transiently down-regulated during the effector phase and it
is re-expressed in the memory phase. In humans, the kinetic of expression of
this adhesion molecule in combination with the CCR7 has been used to
distinguish ‘effector memory’ cells (Tewm), which are CD62L"° CCR7 and are
found preferentially in non-lymphoid organs, from ‘central memory’ cells
(Tcwm), which are CD62L" CCR7" and reside in lymph nodes. Along with
different homing properties, the two cohorts have been shown to differ in
their functional properties, with Tem being more efficient than Tcwm in the
secretion of effector cytokines upon stimulation '?°. Although this model has
been repeatedly challenged 27 this view has highlighted the heterogeneous

and dynamic nature of memory T cells.
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In terms of survival factors, memory T cells do not require interaction with
MHC molecules '®. Nevertheless, the absence of MHC class |l interaction
compromises the quality of memory CD4 T cell responses upon TCR
stimulation and therefore indicates that memory CD4 T cells are not
completely independent of MHC class |l signalling for the maintenance of
their intrinsic properties '%.

Survival of memory T cells depends on cytokines signalling. For CD8
memory T cells, it has been established that IL-15 and IL-7 are both required
for their survival and homeostatic proliferation '*°. The key cytokines for CD4
memory T cell survival remain to be defined '. While IL-15 has been ruled
out as possible candidate ' '*?, the data in favour of a role for IL-7 as the
cytokine for memory CD4 T cells survival are not clear as some groups have
found data in support of such a role for IL-7 '3 "% while others could not
confirm it '*°.

In the absence of clone specific antigenic stimulation, memory T cells persist
in a quiescent state throughout the life span of an organism, although in
contrast to CD8 memory T cells, memory CD4 T cells numbers have been
described as declining in certain experimental models of viral infection, as
reviewed in '?'. These observations could be biased by the fact that memory
CD4 T cell may be more heterogeneous and composed of smaller clone
sizes than memory CD8 T cells. Moreover, low numbers of memory CD4 T
cells could be enough to activate and direct the responses of CD8 T cells

and B cells, reviewed in .

1.2.3.1 Theories on generation of memory T cells
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There are various hypotheses that describe the mechanism by which a
population of memory T cells emerge from the contraction phase of an
immune response. As a universal mechanism of memory generation be
excluded, it is also possible that the differentiation of effector CD4 and CD8
T cells into a resting memory population follow different patterns. The current

models proposed for generation of memory T cells are summarised in Fig. 3.
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Figure 3: Proposed pathways of memory differentiation.

Upon antigen encounter, naive T cells differentiate either into effector or memory cells (a);
effector cells become resting following antigen clearance (b); the duration of antigen
exposure either determines the generation of different subsets of memory T cells (c) or

causes a reduction of the quality of the memory T cells generated (d) o

In the model for a divergent pathway of effector and memory, after antigen
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encounter T cells diverge either into effector or memory cells 2 With respect
to CD8 T cells, one group showed that a small population of IL-7Ra™ cells
that give rise to the memory pool can be identified 8 days after immunisation
37 Another group working again on CD8 T cells could not find such a
correlation and concluded that selective expression of the IL-7R by effector T
cells should not be used to identify the generation of an antigen specific
memory population *®. Finally, it has recently been suggested that different
requirements for IL-7 signalling during the formation of CD8 memory T cells
could depend on the environment, being crucial in a full host and being
dispensable in a lymphopenic host '>°.

In contrast, in the linear model of development from effector to memory it is
proposed that most of the properties of the memory population are pre-
determined during the generation of effector cells, which become memory
just by entering into a resting status as a consequence of antigen clearance
140 122 \wnjithin this model, IL-7 has been implicated as a major factor
promoting the transition of CD4 effector T cells into memory, mainly via
enhancement of T cell survival # ' while no role was found for MHC class
Il ' The role of IL-7 as a master cytokine for memory T cell generation is in
disagreement with previously published data, where it has been shown that
none of the cytokines of the IL-2 family seem to have a relevant effect in
memory cells survival '*°.

From the linear model of memory development stems the model of formation
of different memory T cell subsets and the decreasing-potential hypothesis
69 |n the model of formation of different memory T-cell subsets, a short

duration of antigenic stimulation would give rise to ‘early effector’ cells that

would differentiate into central memory cells without requiring more contact
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with antigen. Long antigenic stimulation would induce the differentiation of
the ‘early effector’ cells into ‘late effector’ cells that, in the absence of
antigen, could become effector memory cells and ultimately acquire central
memory properties ®°. Also for the decreasing potential-hypothesis the length
of the exposure to the antigen is the discriminating factor that determines the
cell fate, but in this case the prolonged exposure to antigen could gradually
reduce the potential of effector cells to generate a functional memory
population till the complete loss of such memory forming potential, review in
2 In line with this hypothesis, it has been reported that in adoptive transfer
experiments, the degree of differentiation of Th1 CD4 T cells into effectors
inversely correlates with the potential of such cells to develop a resting

memory population .

1.3 T cell signalling

1.3.1 The Immunological Synapse

The need for cell-cell interaction during an immune response was first
highlighted in delayed hypersensitivity reactions '* and transplant rejection
145 Antigen recognition and signalling events that lead to T cell activation
take place at the APCs-T cell interface, called the Immunological Synapse
(1S) "*® or SupraMolecular Activation Cluster (SMAC) '’ In the course of an
immune response, activated DCs migrate to paracortical areas of secondary
lymphoid organs. Here T cells are recruited to form large clusters of T cells
interacting with DCs . As shown in Fig. 4, T cells scan the APC surface,

docking on the peptide:MHC complex when an antigen is recognised and
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adjusting the TCR conformation to the peptide:MHC complex. At this point
the signalling cascade is triggered and the initial activation promotes the
formation of the IS with the TCR-CD3-CD4 complexes in the centre of the T
cell-APC interface. In addition to the cognate peptide:MHC and TCR
complexes recruited in this area it has also been shown that an estimated
20% of endogenous peptide:MHC complexes participate to the IS ™9 150
TCRs are clustered in a central supra-molecular activation cluster facing the
peptide:MHC on the APC. This phase is followed by a consolidation phase,
during which the CD4 co-receptor moves out of the centre of the IS. In the
consolidation phase, the activation signals continue for hours shaping the

amount of cytokine secretion and the proliferation of T cells '’

Models of initial activation

Figure 4: Models of CD4 T cell activation.
CD4 T cells scan the DC surface and dock on cognate:MHC complexes, initiating the
activation which promotes the formation of the IS. This process, called consolidation phase,

leads to cognate:MHC/TCR clustering and the exclusion of CD4 )
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Each DC engages a number of T cells via peptide:MHC and TCR. The
cognate:MHC and TCR interaction is highly specific although it can have a
very low affinity (in the order of micromolar Kd), therefore various molecules
are necessary to stabilise and prolong the contact between T cell and APCs.
In addition to peptide:MHC interaction with the TCR, co-stimulatory and
adhesion molecules participate in the IS, and enable APC and T cells to

exchange information through the TCR and through the release of cytokines

152

1.3.2 Co-stimulatory molecules

TCR signalling is enhanced by the interaction with co-stimulatory molecules
up-regulated on the activated APC, reviewed in *.

The two signal hypothesis proposes that T cells need a signal through the
TCR (signal one) followed by a second wave of stimulation through soluble
or membrane bound molecules, such as cytokines or co-stimulatory
molecules (signal two) "> %%,

CD4 T cells rely more than CD8 T cells on co-stimulatory molecules such as
CD28, Inducible T-cell COStimulator (ICOS), CD40L and OX40 to provide
the second signal, as indicated by impaired activation observed in the
responses of CD4 T cells from mice deficient for these molecules '*°.

The B7 family and their receptors represent the most important group of
proteins necessary for co-stimulatory signals '*° '*’. B7-1/B7-2:CD28 is one
of the most studied interactions because CD28 engagement allows IL-2

transcription, CD25 expression, cell cycle progression and survival of

activated cells through Bcl-x. 58 CD28 is constitutively expressed on T cells,
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while the expression of CTLA-4, the inhibitory counterpart, is up-regulated
after activation. CTLA-4 acts as negative regulator of T cell co-stimulation
and has a higher affinity receptor for B7.1/B7.2 than CD28 '*’.

ICOS is another co-stimulatory molecule, which is up-regulated on activated
cells '*° Ligation of both CD28 and ICOS can induce expression of CD40L
(CD154), a co-stimulatory molecule particularly important for the interaction
of CD4 T cells with CD40 expressing B cells.

Moreover, sustained co-stimulation through OX40 provides survival signals
to the antigen primed population via Akt signalling as demonstrated by
impaired survival observed in activated CD4 T cells from OX40 deficient

mice '%°.

1.3.3 TCR mediated signalling

1.3.3.1 TCR-CD3 complex structure

The TCR is formed of two highly polymorphic heterodimeric chains, the a-
and B-chains and the four components of the CD3 invariant chain,
CD3y,CD3d, CD3¢ and ¢ which bear Immunoreceptor Tyrosine-based
Activation Motifs (ITAM) in the cytoplasmatic domains and are
phosphorylated following receptor activation '°' 192 163 164 185 The gagsembly
of the TCR-CD3 complex takes place in the ER. Invariant subunits of the
CD3 heterodimers are assembled in a specific order CD3b¢, CD3ye and {-C.
This is followed by the association of the a- and B-chains, which prevents
their degradation. Unassembled TCR a- and B-chain are retained in the ER

and rapidly degradated following synthesis '® 7. The TCR-CD3 complex is
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most likely formed of one copy of each of the four dimers (monovalent

model) 68 169

, although some have reported that the receptor is composed of
2 copies of the aBTCR (bivalent model) '7°.

The TCR-CD3 complex is held together by nine basic/acidic residues
present in the TransMembrane (TM) domains. If the TCR chains fail to
assemble the basic residues are exposed and promote degradation.
Degradation is avoided by dynamic equilibration of the TM domain of a
nascent polypeptide between the lipid and the aqueous phases depending
on the hydrophobicity of its sequence '’ 2. The correct assembly of the
TCR-CD3 complex is necessary to direct the complex to the cell surface.
This information depends on the masking by the { chain of a di-leucine motif
in the CD3y cytoplasmatic tail. The di-leucine motif in the CD3y
cytoplasmatic tail also directs the internalisation of the TCR-CD3 complex
from the cell surface into early endosomes via interaction binding of Adaptor
Proteins-1 (AP-1) and AP-2 which direct clathrin-coated sorting vesicles. The
TCR-CD3 complex degradation depends on ubiquitination of the CD3 and (
cytoplasmatic tails by Casitas B-lineage Lymphoma (Cbl) proteins recruited
during TCR signalling 3. The half-life of assembled TCR complex is ~ 10-12

hours in steady state T cells '*

. In addition to de novo synthesis, TCR
complexes are dynamically internalised and re-expressed '’°. The synthesis
and recycling processes maintain ~ 30.000 TCR complexes on the cell

surface of resting T cells.

1.3.3.2 Proximal signal transduction
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Following TCR triggering by cognate peptide:MHC complex, Lck, a member
of the Src-family protein tyrosine kinases, is recruited in the proximity of the
CD3-associated  chain. Perhaps reflecting the presence of mature T cell
populations such as CD8 and CD4, two main models have been proposed to
explain the mechanism by which the CD3 invariant chain is phosphorylated
by Lck 176

The heterodimerisation model has been formulated to explain the data
obtained from studies on CD8 T cells. In this model, TCR signalling is
initiated by the heterodimerisation of the TCR and the co-receptor CD8. As
Lck is associated with the co-receptor, the heterodimerisation brings Lck in
the proximity of CD3 allowing its phosphorylation ', Therefore in this model,
the ‘activating’ unit is represented by one TCR interacting with one antigen
loaded MHC class | molecule.

To explain the data on CD4 T cells, the pseudodimer model suggests that
the CD3 of the TCR engaged with a single MHC molecule loaded with an
antigen could be cross-linked by a CD4 co-receptor from another TCR
engaged with an MHC molecule loaded with a self-peptide '° '7®.

In addition to the two models proposed for CD8 and CD4 T cell activation,
the ‘T cell priming by self-peptide’, the ‘spatial and temporal summation
model’, and the ‘kinase promisquity model have been proposed. Non-
cognate interactions seem to play a role not only in CD4 T cell during
activation, as proposed in the pseudodimer model, but also in maintaining
naive CD4 T cell responsiveness to antigen encounter, as suggested by the
‘T cell priming by self-peptide’ theory '"® '7°. In the experiment that inspired
the ‘T cell priming by self-peptide’ model, it was shown that naive CD4 T

cells that loose non-cognate MHC class Il interaction by experimental
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conditions, such as resting in culture, as well as physiological conditions by
travelling into the blood stream, are less responsive than naive CD4 T cells
freshly isolated from secondary lymphoid organs that maintain their
interaction with MHC class Il *®. Therefore merging the pseudodimer mode!
and the ‘T cell priming by self-peptide’ theory, it may be possible to consider
that weak signals generated by low affinity ligands, such as endogenous
peptides, are necessary to maintain naive CD4 T cell responsiveness to
cognate peptide and can enhance the signal delivered by the cognate
peptide during activation. From the observation that the process of T cell
commitment to cytokine production and proliferation requires several hours
of TCR signalling, the model of ‘temporal and spatial summation’ has been
proposed which states that cells reach full activation by counting the serial
engagements of the TCR '®°. In addition, the ‘kinase promiscuity’ model
proposes that co-stimulation through CD28 could biochemically supply
additional activated SRC kinases that amplify TCR signalling '>*.

The signal transduction pathway downstream of the TCR is tightly regulated
by phosphorylation and dephosphorylation reactions carried out by Protein
Tyrosine Kinases (PTKs) and Protein Tyrosine Phosphatases (PTPases).
Minor changes in the PTK/PTPase balance can have a major impact on
tyrosine phosphorylation and thereby on the activation and proliferation of T
cells '®'. For example, Lck activation is positively regulated by CD45 and
negatively regulated by COOH-terminal Scr kinase (CSK). Positive
regulation by CD45 is achieved by the dephosphorylation of the COOH-
terminal tyrosine, while the phosphorylation of this tyrosine by CSK keeps

Lck in an inactive conformation. The over-expression of CSK in T cells

54



causes reduced TCR-induced tyrosine phosphorylation and IL-2 production
182'

Lck phosphorylates the ITAMs on the { chain of the TCR which, once
phosphorylated, can function as docking sites for the tandem Src Homology
2 (SH2) domains of the PTK Zeta-chain (TCR) Associated Protein Kinase 70
kDa

(ZAP-70). The important role of Lck during activation is demonstrated by Lck
Knocked Out (ko) cell lines as well as primary T cells from mice lacking Lck.
In this condition T cells fail to become activated as indicated by inhibition of
calcium flux, reduced up-regulation of activation markers, reduced
proliferation and IL-2 production '®. Paradoxically, in human CD4 T cells, it
has been reported that memory T cells show decreased levels of
phosphorylated ZAP-70 and downstream molecules compared to naive T
cells, perhaps suggesting that memory T cells have developed a short-cut

where fewer biochemical events are required to trigger activation ">

1.3.3.3 Distal signal transduction

The phosphorylation of ZAP-70 propagates the signal through linker/adapter
molecules like Linker for Activation of T cells (LAT) '® towards second
messengers such as Mitogen-Activated Protein Kinase (MAPK) "%, vav '®
and PhosphoLipase Cy-1 (PLCy-1)'®’, which activates Protein Kinase C
(PKC), leading to cell proliferation and differentiation, reviewed in '®.

TCR engagement also results in the phosphorylation of the T cell Receptor

Interacting Molecule (TRIM) 189 which recruits Phosphatidyl-Inositol-3-Kinase

(PI3K) to the TCR .
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Distal signalling pathways can be initiated by linker/adapter molecules and
PI3K such as Erk1/2 MAP kinases, which are activated via the Ras pathway
191192 "and the c-Jun NH-terminal Kinase (JNK), which are activated via the
Rac pathway '® ' In mammals, three members of the JNK have so far
been identified. JNK 3 is expressed only in the brain, testis and heart. Both
JNK1 and JNK2 have been implicated in Th1/Th2 differentiation '®°. In
addition, the disruption of the genes Mapk8 and Mapk9, the genes coding for
JNK1 and JNK2 respectively, have suggested that deregulation of these two
kinases may play a role in development of autoimmunity '* '%’. JNK1 and
JNK2 are ubiquitously expressed proteins whose function is regulated by
phosphorylation. The observation that the level of expression of these
molecules is undetectable in naive CD4 T cells has suggested the possibility
that a transcriptional regulation of JNK expression could represent a novel
mechanism to control JNK activity in addition to phosphorylation . Both
Erk1/2 and the JNK pathways lead to IL-2 production. In addition, p38 MAP

kinases are activated by small Guanosine DiPhosphate (GDP)-binding

proteins '%.

1.3.3.4 P13K and Akt pathway

As mentioned above, antigen recognition through the TCR results in the
activation of the PI3K regulated pathway. The regulation of cell growth,
differentiation, survival, proliferation and metabolism through this pathway is
evolutionary conserved throughout organisms and cell types 2.

The PI3K family is divided into several classes depending on their structural

characteristics. In particular the members of PI3K Class la are involved in
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signalling by antigen and co-stimulatory receptors as well as cytokine
receptors via tyrosine-kinase-associated receptors. Four isoforms belong to
class IA and they are formed by a catalytic subunit (p110a, B, y, 8) and a
regulatory subunit (p85 a, B and p55 y), reviewed in ?°'. Functionally, PI3K is
activated by receptors with intrinsic or associated tyrosine kinase activity
therefore this pathway can be initiated by phosphorylation of cytokine
receptors (as discussed in the next section) as well as by kinase activities
downstream the TCR signalling.

It is not completely clear how the signal through the MHC:TCR complex is
propagated to reach PI3K % but it is likely that adaptor molecules could
transduce the signal. The importance of this pathway has been shown in T
cells from transgenic mice. Cells from mice deficient in the regulatory subunit
p85 of the PI3K have been shown to have impaired proliferation and survival
20 The catalytic subunit p110d is expressed only in T cells and mice
carrying a mutation in this subunit exhibit a higher proportion of cells with a
naive phenotype compared to wild type mice, reduced proliferation as well
as reduced IL-2 production in response to anti-CD3 stimulation. Interestingly,
full recovery of function was achieved when cells were activated in the
presence of anti-CD28, indicating that the needs for PI3K activation during T
cell stimulation may be dependent on the strength of the stimulus %%, PI3K |
catalyses the enzymatic reaction to convert Phosphatidyl-Inositol 4,5-
bisphosphate (PtdinsP2) to PtdinsP3 and its action is inhibited by
Phosphatase and Tensin homologue (PTEN) . PtdinsP3 acts as binding
site for numerous intracellular enzymes; one of the most important is

Akt/PKB 2%,

57



By using different fluorescent proteins associated with the CD3Z chain and
the Pleckstrin Homology (PH) domain of Protein Kinase B or cellular
homology to the retroviral oncogene viral Akt (PKB or AKT) to monitor early
signalling activity and TCR-derived signal respectively, it was possible to
establish the causal relationship between TCR engagement and PI3K
activation ?*. Thanks to the technology used in these experiments, it has
been possible to follow in detail the kinetic of APC T cell interaction that
leads to T cell activation. Following the early burst in signalling, 70% of the
TCR was internalised within 30 minutes. Despite TCR internalisation, PI3K
activity was sustained up to 10 hours, but ceased within 2 minutes from the
addition of monoclonal antibodies to block MHC:TCR interaction. Lower
levels of IL-2 production were observed when the blocking antibody was
added early during activation, corroborating the notion that acquisition of
optimal effector function requires prolonged T cell.APC contact. In line with
the requirement for sustained PI3K/Akt signalling for full T cell activation and
differentiation another study showed that active signalling through Akt is
crucial for commitment to long term survival and proliferation of activated T
cells **°.

Studies carried out using the PI3K pharmacological inhibitor LY294002 have
shown that the Akt and the ribosomal Single 6 Kinase 1 (S6K1), two serine
kinases with a crucial role during T cell activation, are phosphorylated upon
TCR engagement in a PI3K dependent manner 2%

Akt is a serine/threonine protein kinase with three highly homologous
members found in mammals: PKBa/Akt1, PKBR/Akt2, PKBy/Akt3 2. Akt is a
well established downstream molecule of PI3K and it is often used as the

surrogate read-out of PI3K activity 2%’
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Akt has been demonstrated to have an important role in the signal
transduction pathway in response to growth factors and insulin and to play a
role in metabolism, cell growth, transcriptional regulation and cell survival 2%,
Growth factors withdrawal result in a catabolic state characterised by atrophy
and decline of mitochondrion potential due to loss of surface transporters for
glucose, amino acids, low-density lipoprotein and iron. It has been
demonstrated that a constitutively active form of Akt can prevent the down-
regulation of glucose, amino acids and iron transporters in a mammalian
Target Of Rapamycin (mTOR)-dependent manner 2% TOR was first
identified in yeast where it controls cell growth in response to nutrients
availability. The molecules upstream of TOR are not yet known in the yeast,
but in mammalian cells there are indications that PI3K and Akt are the
upstream molecules that regulated mTOR ?® mTOR has various
downstream of molecules such as STAT3 and S6K 27

The role of S6K is related to cell metabolism as it concerns protein synthesis,
cell size and glucose homeostasis 2'°. There are two isoforms for S6K, S6K1
and S6K2. S6K1 ko and S6K1 ko / S6K2 ko mice are smaller and have a

mild glucose intolerance ' 2'2

. In T cells, the phosphoryation of S6K1
occurs within 10 minutes of TCR triggering and it is essential to allow small,
metabolically inactive T cells to increase protein synthesis and reach the size
required to perform optimal effector function and to proliferate 2%°. Once
phosphorylated, S6K activates the small ribosomal protein S6, one of the
members of the Pre-Initiation Complex (PIC) 2" 2% Although S6 seem to be

mainly phosphorylated by S6K an alternative activating pathway catalysed

by a MAPK-dependent kinase has been described in S6K1 ko / S6K2 ko cells

215
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Another important role of Akt in T cell activation is to inactivate the Glycogen
Synthase Kinase-3 (GSK-3) by phosphorylation. The inactivation of this
enzyme allows the nuclear retention of the Nuclear Factor of Activated T
cells (NFAT), which promotes cytokine production %'®. Akt has also been
demonstrated to promote glucose uptake upon activation %'. Glucose
metabolism is very important not only in maintaining cellular ATP levels
necessary for cell survival but also for cell growth and activation #'®. Resting
lymphocytes do not have large internal glycogen stores, therefore they have
to up-regulate the expression of transporters to import glucose into the cell,
when the demand arises. T cell expression of MRNA coding for the Glucose
transporter 1 (Glut1), the predominant glucose transporter in T cells, has
been demonstrated to be increased by 6 hours following TCR mediated
stimulation in vitro %'°. The level of expression of Glut1 is synergistically
enhanced by engagement of TCR and CD28 28,

During the resting state PI3K and Akt pathway may control T cell quiescence
by targeting the members of the FOrkhead boX O (FOXO) family that
regulate cell cycle arrest at the transcriptional level ?°. The PI3K/AKt/FOXO

201

signalling module appears to be highly conserved during evolution <", In

activated lymphocytes FOXO nuclear exclusion following its phosphorylation
by Akt is crucial to allow cells progression into cell cycle 2.

It is important to underline that most of the effects described above are
obtained also through cytokine signalling and that different stimuli can result
in overlapping responses. For example, during T cell activation the
succession of temporal events would point to the TCR signalling to initiate

cell growth, protein synthesis and the metabolic changes that could then be

sustained by IL-2 signalling during later stages of the antigenic response.
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1.3.4 Cytokines

Cytokines are low molecular weight proteins that are made by one cell and
act on another cell ?' and play a critical role in T cell development,
proliferation, activation and survival. Cytokines transmit intracellular signals
in autocrine fashion (one cell produces it and responds to it) and/or paracrine
fashion (one cell produces it, but it acts on another). Cytokines are
distinguished into two major groups, type | and type Il, on the basis of their
structure. Type | cytokines are defined by a four a-helical bundle structure
and by the fact that they signal through the type | cytokine receptors. IL-2, IL-
3, IL-4, IL-5, IL6, IL-7, IL-9, IL-11, IL-12, IL-13, IL-15, Granulocyte
Macrophage Colony Stimulating Factor (GM-CSF) together with other
molecules such as growth hormone, prolactin, leptin, thrombopoietin belong
to type | cytokines 2% 22% 224 Type || cytokines include IFN-a, IFN-B, IFN-y

and IL10.

1.3.4.1 Common y-chain

Type | cytokines are divided into long chain cytokines, which have helices of
25 amino acids, and short chain cytokines, which have helices of 15 amino
acids. An important group of cytokines belonging to the type | short chain is
the ‘IL-2 family’ of cytokines, reviewed in ?%°. IL-2, IL-4, IL-7, IL-9, IL-15 and
IL-21 are all members of the IL-2 family. The receptors for these cytokines
are formed by the common y chain, which is shared by all of them, and one
or two distinctive chains. Mutations in the common y chain result in Severe

Combined ImmunoDeficiency (SCID). The most common form of SCID is
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caused by a mutation in the chromosome X, and therefore it is called X-
linked SCID (XSCID). Humans and mice affected by this condition have
defects in the generation or function of T, B and NK cells and generally die of

infection in the early stages of life %,

unless treated with bone marrow
transplantition or gene therapy. Signalling through the receptor of the IL-2
family activates the Jak/STAT, PI3K/AKT and Ras-MAPK pathways 2°. This
section will concentrate on the Jak/STAT pathway and on the parts of the

PI3BK/AKT and Ras-MAPK pathways that have not been treated in the

discussion of the TCR signalling.

1.3.4.2 Jak/STAT

Janus Kinase (Jak) 1 is constitutively associated with the IL-2RB and IL-7Ra
chains of the IL-2 and IL-7 receptors respectively, while Jak3 is constitutively
associated with the common y chain %?°. With the ligation of IL-2 or IL-7, the
chains that form the cytokine receptors are brought together. Due to this
close proximity, Jak1 and Jak3 increase their enzymatic activity (through
cross-phosphorylation) and phosphorylate the tyrosine residues in the
intracellular domain of the cytokine receptors creating a docking site for
STATS. The binding of STATS to these sites followed by its phosphorylation
by Jak1/Jack 3 allows STATS dimerisation, its translocation into the nucleus
and DNA binding to target genes, such as cyclins D1, D2, p21WAF/Cip1 and
anti-apoptotic molecules such as Bcl-2 and Bcl-x, ?®. Although STATS
phosphorylation is mainly described as the outcome of cytokine ligation %,
one report suggested that also TCR signalling can induce STATS

phosphorylation 28, There are two STAT5 isoforms: STAT5a and STATS5b.
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Due to the high degree of homology, single knocked out mice do not show a
clear impairment in lymphoid development and T cell activation, but the
disruption of the genes for both isoforms has highlighted that STATS5a and
STATSDb play a key role in these processes 2% 2%

In addition to STATS, other adaptor signalling proteins containing the SH2
domain such as Shc, Growth factor Receptor-Bound protein 2 (Grb2) and

Cbl, can dock on the cytoplasmatic tail of the cytokine receptors and

transduce the signal to diverse pathways 2",

1.3.4.3 PI3K/Akt

There are indications that cytokine signalling is propagated to the PI3K/Akt
pathway via the recruitment of the catalytic subunit p110 to the cytoplasmatic
tail of the cytokine receptor via high affinity binding of the SH2 domain of the
regulatory subunit p85 to the receptor *? 2. Alternatively, engagement of
the cytokines receptor could result in the activation of PI3K via the Jak3
phosphorylation. Jak3 has been demonstrated to associate with the
regulatory subunit p85 of PI3K, inducing its activation 234 Therefore cytokine

signalling could result in the activation of PI3K via multiple pathways.

1.3.4.4 Ras-MAPK

The activation of the Ras/MAP pathway seems to be elicited by only some
members of the IL-2 family such as IL-2 and IL-15 2*° 2. Adapter molecules
such as Shc, Grb2, and SHP-2 have been shown to link the cytokine

receptors to Ras, and therefore to activate the Raf-MEK-MAP kinase
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pathway “**, that culminate with the activation of transcription factors such as

c-myc or c-fos in the nucleus 2%

1.3.4.5 Role of IL-2 and IL-7 in T cell signalling

IL-2 and IL-7 are two very important cytokines during T cell activation and for
T cell survival and for this reason they are going to be discussed here.

The IL-2 receptor is formed of three chains: IL-2Ra (CD25), IL-2RB (CD122)
and the y chain (CD132) **%; IL-7R is composed of IL-7Ra chain (CD127)

and the y chain (CD132).

IL-2

IL-2 is a growth factor 240 produced mainly by CD4 activated T cells and to a
lesser extent by activated CD8 T cells. The simultaneous engagement of
TCR and co-stimulatory molecules on T cells promotes the synthesis and
secretion of IL-2 and the expression of IL-2R. Optimal TCR stimulation in the
presence of un-limiting antigen and APC availability induces biallelic
expression of the IL-2 genes, while in suboptimal conditions the expression

241 Therefore, the

is monoallelic, with fewer cells expressing IL-2 gene
gradient of TCR successful engagment correlates with the gradient of IL-2
production and shapes the immune response in the periphery.

The IL-2 promoter is regulated by 3 factors: Activating Protein-1 (AP-1),
Nuclear Factor of Activated T cells (NF-AT) and Nuclear Factor — kappa B

(NF-kB), which associate with c-Rel promoted by CD28 and which are

necessary for continuous expression of the IL-2 gene. The transcriptional
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program driven by IL-2 enables T cells to enter into the cell cycle and to
proliferate 2*2. Addition of recombinant IL-2 to in vitro activated T cells
increases their rate of proliferation of ~1000 fold 2*. Surprisingly, mice
deficient of IL-2 or of its receptor do not show a major impairment in T cell
clonal expansion upon antigen challenge questioning the role of IL-2 as
master of T cells proliferation in vivo '*°. A recent study that may offer an
explanation to this observation has shown that clonal expansion can be
sustained by prolonged CD3 and CD28 stimulation, bypassing the need for
IL-2 2*. Alternatively, other factors could be responsible for CD4 T cell
proliferation. IL-2 has been implicated in sensitising activated T cells to AICD
by preventing the activation of Fas-associated death domain-like IL-1
Converting Enzyme (FLICE), a protein that inhibits Fas signalling 245 Mice
deficient of IL-2 develop autoimmunity due to the lack of functional Tregs.
Tregs do not need IL-2 for their generation in the thymus, but they depend
on IL-2 for their maintenance in the periphery *. For this reason IL-2 is
considered a non redundant cytokine with an essential role in the
maintenance of T cell tolerance 2** as well as activation of NK cells, B cells,

cytotoxic T cells and macrophages 2*.

IL-7

247 248 and

IL-7 is secreted by various cell types, such as thymic stromal cells
bone marrow 2. IL-7 is essential for T and B cell development %*°. In mature
T cells, IL-7 plays a role in cell survival, proliferation, and metabolism #". IL-

7 signalling has been demonstrated to regulate various members of the Bcl-2

family to promote T cell survival. In fact, IL-7 induces Bcl-2 mRNA synthesis
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as well as Bax phosphorylation and Bad cytoplasmatic retention 2°2. All these
events account for T cell survival because they maintain intact the function of
the mitochondrion "°.

IL-7 maintains metabolism through activation of PI3K which phosphorylates
Akt 253 2% The proposed binding site for PI3K to the IL-7R is the Tyr449 on
the cytoplasmatic tail of the a-chain of the receptor 2.

IL-7 also maintains glucose metabolism 2'® ?*_|n one study, naive peripheral
T cells were cultured in vitro in the presence or absence of IL-7 and the
effect on survival, cell size and metabolism were assessed. As far as survival
was concerned, lack of IL-7 signalling did not show to have an immediate
effect on the viability of cultured cells as assessed by Bcl-2 and Bax
expression, but cells cultured in the absence of IL-7 showed a decrease in
size and eventually died in a caspase-independent manner. Neglect and
atrophy affected T cell physiology and delayed response to mitogenic stimuli.
Although addition of IL-7 restored cell size, this did not recover function of
neglected cells as measured by anti-CD3 and anti-CD28 induced
proliferation. It is possible that neglected cells need additional growth

requirements before they can proliferate and acquire effector functions 255,

1.4 T cell homeostasis

The term ‘homoestasis’ was introduced by W. Cannon to describe the
tendency of an organism to restore its original status in the face of
unexpected disturbances, and homeostasis is now a concept which is
considered of major importance in immunology, as infection and

lymphopenia are disturbances that often challenge the original composition

66



of the immune system and to which the immune system respond in order to
restore its original status 2*°.

In the periphery, the number of cells of the immune system remains constant
although perturbations of various nature occur all the time. For example, in
the mouse the thymus exports ~ 1 x 10° T cells per day ?’. As the number of
T cells remains constant, it is logical to conclude that an equal number of T
cells die daily in the periphery. A major and relatively frequent perturbance is
represented by the response of the immune system to pathogens. As during
the clonal expansion of the effector phase antigen responding T cells
proliferate extensively - up to five-fold in CD8 T cells during infection 2°¢ -
homeostatic control of such proliferation has to guarantee that the numbers
of peripheral T cells regain a sustainable size.

This is achieved through T cell competition for space. T cells are aware of
the space available for their survival and expansion and are able to adapt to
it. As a consequence of their sense for space, T cells proliferate when
transferred into the ‘empty’ space represented by a lymphopenic animal,
where survival factors are largely available and there are not other
competitor cells, while in a ‘full’ host, competition with other cells for survival
factors does not allow an expansion of the transferred cells '*'.

Different pools of cells perceive the space in different ways. In fact, naive
and memory T cells are thought to occupy different ‘niches’ on the basis of
their requirements for survival. The two main hallmarks that define the space
are cytokines and MHC availability >*®. For naive T cells, signals from both
these components, self peptide/MHC complexes on the surface of APC and
the cytokine IL-7, are important for their survival *® **. While naive CD4 and

CD8 cells do not compete for the same MHC molecules, they do compete for
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the same cytokine and thus occupy the same ‘niche’. An ‘altruistic’
mechanism has been proposed to explain how the largest number of naive T
cells could share the limited amount of IL-7 available ?*. According to this
study, the transcription of IL-7Ra would be down-regulated after cytokine
ligation. In this way, signalled cells will not compete with cells that have not
received the cytokine mediated survival signal.

Homeostatic maintenance of memory T cells is thought to depend on
cytokines. CD8 memory T cells are positively regulated by IL-15, but it is still
to be clearly determined which is the cytokine fulfilling this role for CD4
memory T cells. IL-7 has been proposed to be the survival factor for CD4
memory T cells, but the joint usage by naive and memory CD4 T cells, as
well as naive and memory CD8 T cells ® seems to indicate in IL-7 a general
lymphocyte survival factor more than the specific factor responsibie for
maintaining CD4 memory T cells. IL-7 as possible sole regulator of the naive
and memory T cells compartments is not compatible with the idea that
different pools occupy different ‘niches’ and are therefore regulated
independently.

The CD4/CD8 ratio in peripheral T cells is maintained constantly at about
2/1, even though CD8 T cells expand to a greater extent in the presence of
antigen than CD4 T cells. Since activated CD4 T cells can amplify the
immune response due to their strategic helper function that induces
expansion of B cells, CD8 T cells or macrophages, it is conceivable that
smaller numbers suffice for their function. Possibly due to the vigorous
expansion following activation, memory CD8 T cells are more subjected to
‘attrition’ than CD4 T cells. ‘Attrition’ can be defined as the decrease in

frequency of memory T cell specific clones for one antigen due to
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competition with newly generated memory T cells %°. On the other hand,
attrition could be compensated by the higher plasticity shown by CD8 T cells

in response to a diverse range of pathogens ''.

1.5 The role of MHC class Il in maintaining immunological memory

A series of experiments was previously carried out in our lab to analyse the
role of MHC class Il molecules in the maintenance of the quality of memory
CDA4 T cells. A summary of the main findings is reported here, as that work is
at the basis of the research developed in this project. To analyse the role of
MHC class Il in maintaining memory CD4 T cells, H-Y specific memory CD4
T cells were generated by transferring naive CD4 T cells isolated from lymph
nodes of transgenic TCR A1 Rag1 ko female mice and H-Y peptide pulsed
syngeneic DCs into adoptive hosts expressing either an allogeneic MHC
class Il or lacking MHC class Il molecules. In both systems, antigen
presentation depended exclusively on the syngeneic DCs co-injected with A1
naive CD4 T cells, which have been shown to disappear within 3 weeks of
transfer . In the absence of antigenic stimulation CD4 T cells became
resting memory cells. The experiments, performed on memory CD4 T cells
recovered 6 weeks after transfer, confirmed that memory CD4 T cells survive
in the absence of MHC class |l because similar number of cells were
recovered from both hosts, although in MHC class |l deficient hosts memory
T cells were shown to divide at a higher rate in vivo. Further tests showed
that memory CD4 T cells surviving in the absence of MHC class Il signal had
compromised function. Comparable levels of IL-2 production were found in

response to optimal stimuli such as peptide pulsed DCs or anti-CD3 and
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anti-CD28, but stimulation with only anti-CD3 failed to fully activate memory
T cells from MHC Il deficient hosts indicating a reduced signalling capability
in the absence of co-stimulation in memory CD4 T cells generated in MHC
class Il deficient hosts. The difference was further confirmed using non-
professional APC such as naive B cells. Naive B cells can act as APC for
memory T cells, while naive T cells do not respond to such activation.
Memory CD4 T cell proliferation, IL-2 production and MHC class Il up-
regulation on B cells as read-out of T cell activation indicated that cells
recovered from MHC class Il deficient hosts were functionally impaired. The
loss of function in memory cells surviving in MHC class |l deficient hosts was
observed also in in vivo experiments where only cells from MHC class Il
competent hosts were able to expand and help B cells for the production of
class-switched antibody. Finally, memory CD4 T cells generated in MHC
class Il competent or deficient hosts were secondarily transferred into MHC
class |l competent recipients, which were grafted with syngeneic skin grafts
from male and female mice 24 hours before receiving the memory CD4 T
cells. In this case graft rejection depended on recognition of H-Y antigen
expressed in the male skin graft presented by the donor DCs. While
recipients that received memory CD4 T cells from MHC class || competent
hosts rejected the male skin graft by day 14, hosts that received memory
CD4 T cells from MHC class |l deficient hosts were unable to reject the male
graft. The differences in memory cells described here indicate that MHC
class Il signals are important for memory CD4 T cells to maintain effective

immunocompetence.

1.6 Aim of the project
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The aim of the project was to define the underlying differences between
memory cells maintained in the presence or absence of MHC class |l contact
at the molecular level and, using the information obtained at the molecular
level, identify a potential mechanism to explain how MHC class Il molecules
preserve memory CD4 T cell function. To achieve this goal, the gene
expression profile of resting memory CD4 T cells generated in MHC class |l
competent and deficient hosts were analysed using microarray analysis.

The study then focused on the verification of the involvement of the
candidate molecules identified by gene expression analysis in the process of
memory generation using FACS analysis, in vitro and in vivo experiments.

By means of FACS analyses and in vitro experiment aiming to activate CD4
T cells recovered from MHC class |l competent or deficient hosts, it has been
established that the defect in functionality of CD4 T cells is an event that
occurs in the early phases of the memory generation.

On the other hand, the in vivo experiments aimed to rescue the functionality
of memory CD4 T cells generated in MHC class Il deficient hosts making use
of bone marrow chimeric hosts as well as providing MHC class |l contact by
continuous injection of cells expressing non-cognate MHC class |l
molecules, such as DCs. These experiments have suggested that the
contact with non-cognate MHC class || molecules is required by effector cells
to completely acquire effector function and to be able to differentiate into

functional memory cells.
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2. MATERIALS AND METHODS

2.1 Mice

The following mouse strains were used in this thesis: as donor of naive CD4
T cells were used either A1 Rag1 ko (H-2*) *® or A1 Ly5.1 Rag1 ko (H-2%
mice, which are specific for a peptide from the Dby-encoded H-Y epitope
antigen %"; allogeneic adoptive hosts were either Rag2 ko II-2 ry ko (H-2%),
MHC class Il competent hosts, or Rag2 ko II-2 ry ko I-AP ko (H-2°), MHC
class Il deficient hosts. For the purpose of simplification, from now on MHC
class Il competent hosts will be referred to as MHC+ hosts and MHC class |l
deficient hosts will be referred to as MHC- hosts. CBA (H-2*) were used to
generate bone marrow DCs and RAG1 ko B6 (H-2°), RAG1 ko (H-2%), and
TCR a ko (H-2° as donors for bone marrow transplants in the chimera
experiments. In appendix 1 are shown the mice used in the thesis.

All mice were bred in Specified Pathogen Free (SPF) conditions.
Experiments were conducted in conventional, but pathogen-free, animal
facilities at the National Institute for Medical Research (London, U.K.). All
mouse experiments were done according to institutional guidelines and

Home Office regulations.

2.1.1 Generation of bone marrow chimeras

Chimeric animals were generated by intra-venous (i.v.) injection of 10 x 10°
bone marrow donor cells per mouse into MHC+ and MHC- hosts. Rag1 ko

(H-2%) bone marrow cells were injected into MHC+ hosts, referred to as Rag1
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ko — MHC+, and MHC- hosts, referred to as Rag1 ko — MHC-, 28 days
prior to co-transfer of A1 naive CD4 T cells and H-Y peptide pulsed DCs.
Rag1 ko B6 (H-2°) bone marrow cells were injected into irradiated MHC+
hosts, referred to as Rag1 ko — MHC+, and irradiated MHC- hosts, referred
to as Rag1 ko — MHC-, 30 days prior to co-transfer of A1 naive CD4 T cells
and H-Y peptide pulsed DCs. The adoptive hosts were sub-lethally irradiated
at 800 rads and let to rest for 8 hours before the bone marrow transplant.
TCR a ko (H-2°) bone marrow cells were injected into MHC+ hosts, referred
to as a ko - MHC+, and MHC- hosts, referred to as a ko — MHC-, 4 days

after co-transfer of A1 naive CD4 T cells and H-Y peptide pulsed DCs.

Table 1. Bone marrow chimeras used in this study.

Chimera Abbreviation Irradiation Day of transfer
Rag1 ko (H-2%) Rag1 ko — no -28
MHC+ or MHC-
Rag1 ko B6 (H-2°) Rag1 ko — 800 rads -30
MHC+ or MHC-
TCR a ko (H-2°) a ko — no +4
MHC+ orMHC-

2.2 Culture media

The culture medium used was Iscove’s Modified Dulbecco’s Medium (IMDM,
Gibco BRL) supplemented with 5% heat inactivated Fetal Calf Serum (FCS,
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Gibco BRL), 2 x 10° M L-glutamine, 100 U/ml penicillin, 100 Hg/ mi
streptomycin and 5 x 10° M B-mercaptoethanol (all Sigma).

Medium for washing cells was Air Buffered IMDM (AB medium) containing
25 mM HEPES and L-glutamine and supplemented with 0.21% NaCl, 100

U/mi penicillin, 100 pg/ ml streptomycin and 12.5 mM NaOH.

2.3 Single cell suspension

Spleens were harvested and gently pressed through a 70 ym strainer (BD
Falcon™) using AB medium for resuspension. Alternatively, spleens were
infused with 2 ml of Liberase Cl Purified Enzyme Blend (Roche) at 0.4 mg/mi
final concentration in AB medium and incubated at 37°C for 30 minutes.
Reaction was stopped by adding 5 ml FCS 5%. Cells were washed once,
and erythrocytes were removed by resuspending in 1 mi/spleen Red Blood
Cell (RBC) lysis buffer (0.15 NH4CIl, 1mM KHCO3, 0.1 mM EDTA, pH 7.2-
7.4) for 5 minutes at Room Temperature (RT). Cells were washed, clumps
were removed by passing the cells through a 70 pym strainer and viable cells

were counted.

2.4 Determination of cell viability and numbers

Trypan blue (Sigma) at a final concentration of 0.08% in Phosphate Buffered
Saline (PBS) (10.1 g NaCl, 0.362 g KCI, 0.362 g KH2PO4, 1.449 g Na,HPO,
in 11 H,0) was used to determine the viability of cells. Cells were counted in
a 1:1 mixture of Trypan blue using a Neubauer counting chamber (BDH Ltd.,

UK) under the light microscope. Dead cells, stained blue, were excluded.
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2.5 Generation of Bone Marrow derived DC

As in %2 femurs and tibia from female donors were flushed with culture
medium, and 3 x 10° bone marrow cells were cultured for 7-8 days at 37° C
in 9 cm Petri-dishes (NUNC, Denmark) in 10 mi culture medium containing
10% supernatant of Ag 8653 myeloma cells transfected with murine
Granulocyte Macrophage Colony Stimulating Factor (GM-CSF) cDNA (25
U/ml).

2.6 In vitro T cell activation

Anti-CD3 antibody (clone 145-2C11) and 10 ug/ml of plate-bound anti-CD28
antibody (clone 37-51) were coated onto U-bottom 96-well plates (Becton
Dickinson) in PBS by overnight incubation at 4°C. 1 x 10*well memory CD4
T cells were stimulated with the indicated concentrations of plate-bound anti-
CD3 alone or in the presence of 10 pg/ml of plate-bound anti-CD28. IL-2

production was assessed by a CTLL-2 assay at day 2.

2.7 B cell depletion

Splenocytes were labelled with anti-B220 (RA3-6B2) biotinylated antibody at
1 x 10’/ml total cells. Cells were washed in PBS and 10 pl of Dynalbeads®
M-280 streptavidin (Dynal) were added per 1 x 10’ cells and incubated for 30

minutes at 4°C on a shaker. B cells were depleted using magnets (Dynal).

2.8 CTLL-2 Assay
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50 ul of supernatant from in vitro activated T cells were transferred to fresh
flat-bottom 96-well plates together with 5 x 10%well IL-2-dependent CTLL
cells (ATCC cat No TIB 214) to assess IL-2 production. An AlamarBlue™
(Biosource) assay was used to measure cell proliferation based on detection
of metabolic activity ?°. The system incorporates an oxidation-reduction
indicator that changes in colour in response to chemical reduction of growth
medium resulting from cell proliferation. Data were collected by monitoring
fluorescence at 590 nm using a Luminescence Spectrometer LS50B (Perkin
Elmer Life Sciences, UK) and analysed with FL WinLab software (Perkin
Eimer). Results were calculated from a standard curve of human
recombinant IL-2 (Sigma) to give units of IL-2/ml produced. One unit of IL-2
biological activity is defined as the value at which 50% of maximum
incorporation of [>H)-tritiate-thymidine is achieved by CTLL cells in a period

of 24 h %,

2.9 FACS analysis and cell sorting

Cell suspensions were pre-incubated at a concentration of 2 x 10° cells/ml
on ice for 30 minutes with unlabelled monoclonal Antibody (mAb) to
FcyRIV/II to minimise unspecific staining. Stainings were performed with
fluorescein isothiocynate- (FITC-), phycoerythrine- (PE-), Peridinin
chlorophyll protein- (PerCP-) and PE-Texas Red, allophycocyanin- (APC-) or
biotin (Bio)-conjugated mAbs, followed by a second staining with streptadivin

APC or FITC. All stainings were performed on ice and cells were washed
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with FACS washing buffer (PBS, 2% FCS, 0.1% azide) in between staining.
Cells were stained for isotype control whenever possible.

For determination of intracellular proteins, cells were fixed on ice in 100 pl
3% paraformaldehyde in PBS for 15 mins, and permeabilised with 0.1%
Nonidet-P40 (NP40) in PBS for 3 mins, followed by staining with specific
antibodies.

For determination of intracellular IL-2 production, cells were stimulated with
50 ng/ml 4-beta-phorbol-12,13-dibutyrate (PdBU) (Sigma), 50 ng/ml
ionomycin (Sigma), and 10 pg/ml Brefeldin A (Sigma, Poole, UK) for 4 h at
37°C in the presence of labelling anti-CD4 (GK1.5) and anti-TCR antibodies
(H57-597). For determination of intracellular levels of phosphorylated S6,
cells were stimulated with 50 ng/ml PdBU (Sigma), 50 ng/ml ionomycin
(Sigma) or with anti-CD3 (2C11) for 30 minutes at 37°C in the presence of
labelling anti-CD4 (GK1.5) and anti-TCR antibodies (H57-597). Cells were
washed, fixed and permeabilised on ice before staininig them with the
specific antibody.

Analytical flow cytometry was conducted using a FACSCalibur (Becton
Dikinson), and the data were processed using FlowJo software (Tree Star
Inc.). Cell sorting was done on a MoFlo cell sorter (Cytomation, Fort Collins,

CO).

2.9.1 Antibodies

All antibodies were purchased from e-Bioscience with the exception of
PeTexasRed anti-CD4 from Caltag Laboratories (Burlingame, Ca); biotin

anti-mouse H-2K*, PE anti-IL-2, PE anti-D0O.11.10, Bio anti-CD19 from BD
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Pharmingen™; Phospho-S6 ribosomal protein (Ser235/236), Phospho-Stat5
(Tyr694), and Phospho-Akt1 (Ser473) primary antibodies from Cell Signaling
Technology, FITC labelled goat anti-rabbit Ig from BD Pharmingen™ as
secondary antibody; Streptadivin, allophycocyanin, crosslinked, conjugated
from Molecular probes, Invitrogen. Feylll/ll R, MHC Il I-E *®  MHC Il I-A/I-E

were purified and labelled here.

Table 2. Clone name, specificity and labelling of the Abs used in this study.

Clone name Specificity Conjugated
14.4.4 anti-MHC Il I-E*¢ FITC
A19-3 anti-Bcl-2 isotype FITC

(Ar Ham 1gG1, «)

3F11 anti-Bcl-2 FITC

polyclonal (goat anti- | Goat anti-rabbit Ig FITC

serum)

KJ1-26 anti-DO11.10 PE
A7R34 anti-IL-7Ra PE
SG31 anti-CD49d PE
H1.2F3 anti-CD69 PE
N418 anti-CD11c PE
JES6-5H4 anti-IL-2 PE
RM4-5 anti-CD4 PerCP
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GK1.5 anti-CD4 PE-Texas Red

H57-597 anti-TCR APC

36-7-5 anti-MHC | H-2* (K*) | Bio

R17217 anti-CD71 Bio

IM7 anti-CD44 Bio

1D3 anti-CD19 Bio

M5/114.15.2 anti-MHC I Bio/FITC
I-A/I-EP- 99

RA3-6B2 anti-B220 Bio/PE

2.4G2 FcyRIINI

- Anti-phospho-Stat5

Tyr694

- Anti-phospho-Akt ---

Ser473

--- Anti-phospho-S6 ---

Ser235/236

2.9.2 CFSE labelling

5(-6) CarboxyFluorescein diacetate Succinidyl Ester (CFSE) is a fluorescein
based dye that allows the analysis of the history of individual cells that have
undergone multiple rounds of division %5 CFSE, a fluorescein molecule
containing a succinimidy! ester functional group and two acetate moieties,

diffuses freely into cells where intracellular esterases cleave the acetate
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groups converting it to a fluorescent and membrane impermeant dye. CFSE
is retained by the cell in the cytoplasm and does not compromise cellular
functions. During each round of cell division, the relative intensity of the dye
is decreased by half. For determination of in vivo proliferation, single cell
suspensions of memory CD4 T cells were washed and resuspended at a
concentration of 1 x 10’ cells/ml and incubated with CFSE (Molecular
Probes, Eugene, OR) at a final concentration of 2.5 uyM for 10 minutes at
37°C. Cells were then washed three times with ice cold 5% FCS medium,

resusoended in AB medium and injected i.v. into adoptive hosts.

2.9.3 Pl staining

Propidium lodide (Pl) is a dye that intercalates into cellular DNA. The
intensity of the Pl signal is directly proportional to the DNA content 2%
Memory CD4 T cells were purified using MoFlow to a level of purity of 95%.
Sorted cells were washed and resuspended in PBS at a concentration of 1 x
107 cells/ml. Cells were fixed with ice cold 70% EtOH and left at RT for 20
min. The reaction was stopped adding ice cold PBS. Cells were washed
twice and finally resuspended in PBS. Pl was added at a final concentration
of 10 pg/ml and cells were incubated on ice for 3 minutes before FACS

analysis.

2.10 Generation of effector and memory T cells

Naive CD4 T cells were isolated from lymph nodes of A1 RAG1 ko (H-2) or

A1 Ly5.1 RAG1 ko (H-2%) female mice. Syngeneic bone marrow derived DCs
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were pulsed in vitro for 3 hours at 37°C with an H-Y peptide at a final
concentration of 10 pM. After incubation, DCs were washed in AB medium
and mixed to naive CD4 T cells in a 1:4 ratio. The mix was co-injected i.v.

into allogeneic adoptive hosts, either MHC+ hosts or MHC- hosts.

2.11 Analysis of gene expression

2.11.1 RNA isolation and In Vitro Transcription (IVT)

Spleens from mice of the same experimental group were pooled, gently
mashed and the resulting single cell suspension was treated with RBC lysis
buffer. Cells were stained with anti-CD4 and FACS sorted obtaining > 97%
purity. Total RNA was extracted from FACS sorted CD4 T cells using Triazol
(Invitrogen) or RNeasy Mini Kit (Qiagen) following the manufacturer's
instructions. For glass arrays, linear amplification was performed using
MessageAmp™ aRNA Kit (Ambion). Briefly, cDNA was generated from 400-
700 ng of total RNA obtained from 1-2 x 10® FACS purified CD4 T cells,
using T7 Oligo (dT) primers. After purification, the ¢cDNA was incubated
overnight with T7 polymerase at 37°C, DNase | treated, purified using
columns and eluted in RNAse free water (Eppendorf). For Affymetrix, 600 ng
of total RNA were in vitro amplified using GeneChip® Two-Cycle cDNA
Synthesis Kit (manufactured by Invitrogen for Affymetrix). RNA quantity and
quality was assessed by 2100 BioAnalyzer (Agilent Technologies) using
RNA 6000 Nano LabChip® Kit (Agilent) following manufacturer’s instructions
or by spectrophotometry using a Bio Spec-Mini (Shimadzu) and RNase free

cuvette (UVette 220-1600nm, Eppendorf). Alternatively, samples were run
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on a 1% agarose gel (Sigma) in 1 x Tris-Acetate-EDTA buffer (TAE: Tris
0.04 M, NaEDTA 0.001 M, acetic acid 0.02 M). Size was assessed

comparing RNA with RNA Markers (Promega).

2.11.2 Glass arrays

2 ug of aRNA and Random primers (Perkin Elmer) were used to generate
¢DNA using LabelStar Array Kit (Qiagen). Direct dye incorporation was
performed using dCTP-Cy3 or dCTP-Cy5 (Amersham Bioscience). For each
experiment a dye swap was performed. Briefly, 5 ug of cDNA from each of
the two samples labelled with Cy3 and Cy5 were combined and denaturated
at 95°C for 10 minutes. After adding 10 pl of mouse Cot1DNA (10 ug/ ul
Invitrogen), 12 upl 20x SSC, 3.6 pl 5% Sodium Dodecyl Sulfate (SDS)
(BioRad) and 15 pl of ArrayHyb Microarray Hybridisation Buffer (Sigma) to
the denaturated cDNA, the samples were loaded onto the glass array and
covered with a coverslip (Lifter Slips, VWR). Hybridisation was performed at
62°C overnight. Glass arrays were washed in 1x SSC/ 0.25% SDS at 60 °C
for 5 minutes and twice with 1x SSC for 5 minutes. Images were acquired at
the wavelength of 535 nm and 632 nm using the software GenePix 5.0 in a
GenePix 4000A Scanner (Axon Instruments).

The set of glass arrays used was: National |nstitute for Aging (NIA) Clone
Set Arrays version 2 (~15k cDNAs on 2 slides) from Human Genome
Mapping Project (HGMP). Data, analysed with GeneSpring 6.2 (Silicon
Genetics), were normalised (Locally WEighted Least Squares (LOWESS)

40% and cut off 0.1, dye swap applied), filtered on flags (presence of
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signal/hybridisation), error (error type Standard Deviation 0-1.4), and -fold

expression of 1.5 was set as the cut-off value.

2.11.3 Affymetrix

GeneChip analyses were performed using the facility at the NIMR. Briefly,
complementary RNA (cRNA) was hybridised on Mouse 430 A plus chip
(Affymetrix) overnight at 45° C and 60 rpm in a GeneChip® Hybridization
Oven 640 (Affymetrix). Chips were then washed using GeneChip® Fluidics
Station 450 (Affymetrix). Images were acquired using Affymetrix® GeneChip®
Scanner 3000 and GeneChip® Operating Software (GCOS) software and the
quality of the arrays was assessed using BioConductor. The results were
analysed with GeneSpring 7.1 (Silicongenetics). Data were normalised (per
chip: normalised to 50" percentile, and per gene: normalised to median cut-
off value 0.01) filtered on flags (presence of signal/hybridisation) and -fold

expression of 1.5 was set as the cut-off value.

2.11.4 Real Time Polymerase Chain Reaction (PCR)

RNA was extracted from FACS sorted memory CD4 T cells obtained from
pooled spleen from > 10 mice per experimental group using Triazol
(Invitrogen). Similarly, RNA was obtained also from FACS sorted A1 naive
CD4 T cells from pooled spleen from 3 mice as a reference. Reverse
Transcription from total RNA was performed using GeneAmp® RNA PCR
Core Kit (Perkin Elmer) according to the manifacturer’s instructions. The

cDNA served as template for the amplification of genes of interest and the
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houskeeping gene Hypoxanthine guanine phosphoribosyl transferase
(Hprt1). 12 (Mm434256_A1), Mapk9 (Mm00444231 A1), FoxO1
(MmO00490672_m1), Glut1 (Mm00441473_A1) and Hprt1 (Mm00446968_ A1)
gene expression was assessed using Assays-on-Demand™ Gene
Expression Products (Applied Biosystems) on the ABI-PRISM 7000
Sequence detection system (Applied Biosystems, Foster Dity, CA). Level of
expression of target gene was calculated using the 22°“ method 2%’. Briefly,
a fluorogenic probe enable the detection for a specific transcript as it
accumulates during the PCR. The fluorescence is low at the beginning of the
reaction and it sets the baseline. Threshold Cycle, C; value, is defined as the
number of cycle at which the fluorescence of amplified target reaches a fixed
threshold. The threshold was set in the region of exponential growth of the
PCR products. C; values from target genes were normalised to Hprt gene
expression as endogenous reference, AC; = (C; target gene - C; Hprt). For
112, Mapk9, and FoxO1, the AC, values were then normalised to A1 naive
CD4 T cells AC; values, AAC; = (AC{ memory - AC; naive). Given that the
efficiency of the amplification is comparable over the primers used and that
the size of the amplicons is < 150 base pairs, the amount of input is
calculated as 2°°¢' | The data are presented as -fold change in gene

expression relative to gene expression of A1 naive CD4 T cells.

2.12 Statistical analyses

Means and Standard Deviations were calculated using Excel 2003.
p-values, obtained using Mann-Whitney’s two tailed T test, were calculated

in experiments where > 3 mice per group were used.
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3. RESULTS

3.1 Molecular and phenotypic characterisation of memory T cells

maintained in the absence of MHC class |l molecules

3.1.1 Microarrays

Microarray analysis of gene expression represents a powerful tool for the
elucidation of functional differences between cells at various stages of
differentiation. One of the main advantages of this technology is that from a
relatively small amount of RNA it is possible to obtain the gene expression
profile of a cell population. Microarray analysis was used with the aim to
identify genes differentially expressed in antigen specific memory CD4 T
cells that survived in different environments. As in vitro and in vivo
experiments previously done had shown that memory CD4 T cells
maintained in the absence of MHC class Il were functionally impaired '%, we
decided to perform microarray analysis to identify candidate molecules that

may be involved in the functional impairment.

3.1.1.1 Experimental design and Memory CD4 T cell recovery

Memory CD4 T cells were generated by adoptive transfer of naive CD4 T
cells from the A1 TCR transgenic strain ?*°, specific for a peptide from the
Dby-encoded H-Y epitope antigen ?°', with syngeneic DCs into two different
hosts. Both hosts lacked the cytokine common gamma chain and RAG-2

genes (RAG2 ko yc ko), but one of them also lacked MHC class Il gene
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expression. For the purpose of simplification, the MHC class Il competent
hosts will be referred to as MHC+ and MHC class Il deficient hosts as MHC-.
DCs disappear about 2 weeks after transfer into the adoptive hosts & and at
this time CD4 T cells, having gone through the effector phase, enter into a
resting memory state (Fig. 5a). For all microarray experiments memory CD4
T cells were recovered 6 weeks after the co-transfer of naive CD4 T cells
and H-Y antigen pulsed syngeneic DCs.

Fig. 5b shows an example of memory CD4 T cell recovery. In these
experiments, A1 naive CD4 T cells and H-Y peptide pulsed bone marrow
derived DCs per mouse in a ratio 4.1 were injected i.v. into 16 MHC+ hosts
and 12 MHC- hosts. Confirming previous data '?°, the average number of
memory CD4 T cells recovered from MHC+ and MHC- hosts per mouse was
not different. Total splenocytes from individual mice were pooled and
memory CD4 T cells were isolated by FACS sorting. The purity of sorted
memory CD4 T cells was >97%. High level of purity was necessary to
guarantee that the gene expression profile truly reflected the memory CD4 T
population. Nevertheless, as illustrated in Fig. 5b right, the rigorous FACS
sorting necessary to obtain such pure populations drastically reduced the

yield of viable memory CD4 T cells.

Four microarray experiments on memory CD4 T cells from MHC+ and MHC-
hosts were performed using 2 different platforms. Three biological replicates
were analysed on glass arrays using the Mouse NIA Clone Set Arrays from
the HGMP, while the RNA from one biological experiment was hybridised to

the Mouse Genome 430A 2.0 chip from Affymetrix.
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In this experimental set up, RNA quantity was a limiting factor. This was
expected considering the number and the resting state of the memory CD4 T
cells recovered. In the periphery, memory T cells persist in a quiescent state,
characterised by low cycling and metabolic rate. Although the maintenance
of quiescence requires the active expression of a similar number of genes as
are expressed during activation, the total amount of RNA in resting cells is
half the amount of RNA synthesised by activated cells '**. The mRNA
isolated from memory CD4 T cells recovered from MHC+ and MHC- hosts
was not sufficient to perform the chip hybridisation and therefore it was
necessary to amplify the starting material in vitro as described in the

following parts.

3.1.1.2 Glass Arrays: RNA and IVT

For the glass arrays, the mRNA was amplified by reverse transcription
performed on total RNA using a modified poly(dT) primer coupled with the T7
promoter. After first-strand synthesis, the reaction was treated with RNase H
to cleave the mRNA into small fragments, which served as primers during a
second-strand synthesis reaction that produced a double-stranded cDNA,
the template for transcription. Using the T7 polymerase, cDNA was in vitro
transcribed into aRNA. The linear amplification of RNA first described in %
permitted the synthesis of enough aRNA to complete microarray analysis.

RNA quality is a critical parameter in obtaining reliable gene expression data.
RNA quality was assessed by spectrophotometer, gel electrophoresis and

Bioanalyser. Fig. 6a reports an electropherogram as example of the RNA
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quality used in microarray experiments. In this assay, fluorescently labelled
RNA is electrophoretically separated through a microchannel. Plotting
fluorescence in function of time, the software creates an electropherogram.
When the RNA quality is poor, high levels of degraded RNA are registered
between the ribosomal 28S and 18S peaks and the 28S:18S rRNA ratio is
less than 1. Total RNA from memory CD4 T cells recovered from MHC+ and
MHC- hosts tested with this technique showed clear 28S and 18S peaks with
low levels of noise between the two peaks. Following in vitro amplification,
aRNA quality was assessed on 1% agarose gels. The average size of in
vitro amplified RNA was ~ 1 kb, indicative of the good quality of the starting

material as well as efficient in vitro amplification (Fig. 6b).

3.1.1.3 Glass arrays

The microarray platform initially used to analyse the transcriptome of
memory CD4 T cells maintained in the presence or absence of MHC class |l
molecules was the Mouse NIA Clone Set Arrays from the HGMP. The Mouse
NIA Clone Set Arrays consisted of two glass arrays that contained 15,000
PCR products generated from a cDNA clone set amplified from the NIA. The
PCR products had a 5’ C6 modification that allowed covalent binding to the
glass array. The clones were obtained from a mouse cDNA library from pre-
and peri-implantation embryos, E12.5 female gonads/mesonephros, and
new born ovaries. An estimated 50% of these transcripts represented novel
genes.

Three biological replicates were analysed with the Mouse NIA Clone Set

Arrays version 2. Equal amounts of aRNA from memory CD4 T cells from
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MHC+ and MHC- hosts were used for cDNA synthesis. The single stranded
cDNA used for the hybridisation was generated with random primers. During
this process, one cDNA sample was labelled with Cy5 dye, and the other
with Cy3. Equal amounts of both samples were loaded on the array, where
they competitively hybridised to the set of genes spotted on the glass.
Different intensities of the dyes were registered in cases of differentially
expressed genes, while equal intensity was registered for genes equally
expressed. Due to its bigger size, Cy5 is less efficiently incorporated into
cDNA than Cy3, a fact that can potentially introduce bias (false negative). To
overcome this problem, for each biological replicate the hybridisation was
repeated swapping the dyes (technical replicate). Images were acquired
using a GenePix 4000A Scanner and the slides were edited to guarantee
optimal overlapping of the grid that represents the array within each slide.
Editing the slide was an important step because the software was not always
able to discriminate real spots from background. After image acquisition, the
raw data from the 3 biological replicates were loaded into Genespring
version 6.2. Here samples were subjected to LOWESS normalisation and a
series of filtering steps. Spots which hybridised poorly, or which had
significant variations in intensity values between replicates were eliminated.
The remaining genes were filtered on -fold change. The genes differentially
expressed with a cut-off of 1.5 -fold represented only 2% of the sequences
printed on the glass array.

Within the 272 sequences differentially expressed in the Mouse NIA Clone
Set Arrays, more than 53% were sequences with unknown function
(Expressed Tag Sequences (ESTs) RIKEN and c¢DNAs from various

libraries). These sequences are likely to be revealed to be the coding region
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of known or putative proteins in the future, so they represent useful
information when considering new molecules as candidates for further
investigation.

10% of the differentially expressed sequences seemed interesting in an
immunological context and were listed in Table 3. They are listed in
descending order according to -fold change in memory CD4 T cells
recovered from MHC- hosts compared to memory CD4 T cells from MHC+
hosts. Genes with -fold change 2 1.5 were over-expressed in CD4 T cells
from MHC- hosts, while values = 0.6 were down-regulated in the same
group. The Gene name refers to the number of the clone in the NIA library.
The common name, Genebank accession number and description are

reported as well.

Table 3: Glass arrays: gene differentially expressed.

The 30 differentially expressed sequences are listed in descending order
according to -fold change of CD4 T memory cells recovered from MHC -
hosts. Genes with -fold change 2 1.5 are over-expressed in CD4 T cells
recovered from MHC " hosts, while values < 0.6 are down-regulated in the
same group. In the case of down-regulation the fold change can also be

expressed as (1/reported value).

Fold Common
Gene Name | Change | Name Genbank | Description
H3059F 12 3.3273 | Tgtp BG067921 | T-cell specific GTPase
H3023B11 2.5623 | Hspd1 BG064728 | heat shock protein 1 (chaperonin)
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M.musculus DNA for growth hormone

hhhhhZ46663 | 2.5340 | Gh 246663 gene and promoter.
H3020C05 2.4044 | Rab18 BG064483 | RAB18, member RAS oncogene family
H3053E12 2.3707 | Atf3 BGO067364 | activating transcription factor 3
H3005H12 2.3140 | Donson BG063337 | downstream neighbor of SON
H3031E05 2.2617 | Catnb BGO078748 | catenin beta
H3117F06 2.2501 | Rbbp7 BG073015 | retinoblastoma binding protein 7
H3088G10 2.0501 | Mina BG070573 | myc induced nuclear antigen
myeloid/lymphoid or mixed lineage-
leukemia translocation to 3 homolog
H3088C04 2.0370 | MiIit3 BG083516 | (Drosophila)
H3008H04 1.8071 | Sp3 BG076933 | trans-acting transcription factor 3
H3131E06 1.6820 | Rab6 BG074166 | RAB6, member RAS oncogene family
H3071C06 1.6248 | Gbas BG068968 | glioblastoma amplified sequence
H3018D04 1.6057 | Rap1b BG064333 | RAS related protein 1b
kangai 1 (suppression of tumorigenicity
H3139E03 0.5288 | Kai1 BG087428 | 6, prostate)
pleckstrin homology, Sec7 and coiled-
H3057G10 0.5233 | Pscd2 BG080814 | coil domains 2
membrane bound C2 domain
H3022E01 0.4780 | Mbc2 BG064664 | containing protein
H3007C09 0.4699 | Sh3bgri3 | BG063442

SH3 domain binding glutamic acid-rich
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protein-like 3

cell line NK14 derived transforming

H3017FO01 0.3984 | Mel BG077618 | oncogene

transforming growth factor beta
H3004A05 0.3815 | Tbrg4 BG063180 | regulated gene 4
H3073G07 0.3771 | Gzmm BG082217 | granzyme M (lymphocyte met-ase 1)
H3033A07 0.3432 | Mkrn1 BGO078870 | makorin, ring finger protein, 1
H3073E02 0.3417 | Pttg1 BG069168 | pituitary tumor-transforming 1
H3072H12 0.2235 | E2f5 BG082143 | E2F transcription factor 5

Ras and a-factor-converting enzyme 1
H3035F09 0.1017 | Rce1 BG065824 | homolog (S. cerevisiae)
H3001A02 0.0650 | Sct BG062929 | secretin

v-crk sarcoma virus CT10 oncogene
H3083A04 0.0219 |Crk BG069956 | homolog (avian)

Within this list, 30% of the genes can be related to biological processes such

as signaling, stress and cell cycle. Ultimately, we could not find in these

results suitable candidate genes or networks that would have potentially

explained the loss of function of memory CD4 T cells recovered from MHC-

hosts.

For this reason we decided to analyse the transcriptome of resting memory

CD4 T cells using the Mouse Genome 430A 2.0 chip from Affymetrix, which

offered a comprehensive coverage of the mouse genome.
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3.1.1.4 Affymetrix: RNA and IVT

As previously discussed, RNA quantity was a limiting factor in our
experimental setting up. For this experiment, RNA was isolated from FACS
sorted CD4 T cells from 12 MHC+ hosts and 16 pooled MHC-. 0.7 ug of total
RNA were isolated from memory CD4 T cells from MHC+ hosts and 0.5 ug
from MHC- hosts. RNA quality was assessed by a Bioanalyser (Fig. 7a). The
amount of RNA isolated was not sufficient to perform the hybridisation
directly, therefore it was necessary to introduce two amplification steps in
order to carry out microarray analysis. The RNA in vitro transcription
generated 85 pg of cRNA from memory CD4 T cells from MHC+ hosts and
81 ug from MHC- hosts. The electropherograms in Fig. 7b show that the
biotin-labelled cRNA from memory CD4 T cells from MHC+ hosts (left) and
MHC- hosts (centre) have similar size distribution. The average size for both
samples is approximately 850 bases as shown in the gel image generated
from the assay (Fig. 7b, right), as expected from good quality mRNA. As the
probes for the transcripts on the chip have a size of 21 nucleotides, cRNA
has to be fragmented to obtain optimal chip hybridisation. RNA
fragmentation is obtained by metal-induced hydrolysis carried out at 94°C for
35 minutes. Fig. 7c shows that the RNA from memory CD4 T cells recovered
from MHC+ (left) and MHC- (centre) hosts was successfully fragmented into
small RNA molecules with a size distribution from 35 to 200 bases, as

represented by the virtual gel generated by the program (Fig. 7c, right).

3.1.1.5 Affymetrix: array quality controls
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To obtain a brighter signal, two cycles of IVT amplification were performed.
RNA was biotin-labelled during the second round of amplification by adding a
synthetic biotinylated nucleotide. The biotin-labelled anti-sense RNA was
hybridised to the Mouse Genome 430A 2.0 chip, which contains more than
22,000 probes, representing 15,000 transcripts of which 10,000 are well
characterised genes. The array therefore is representative of approximately
1/3 of the mouse genome.

After staining the biotinylated cRNA in a 3 step process using StreptAvidin R-
PhycoErythrin (SAPE), which binds to biotin and anti-streptavidin antibody,
images were acquired using a Gene Array Scanner and the gene expression
was calculated as function of the fluorescence intensity for each probe. The
quality of the chip hybridisation was assessed using BioConductor. This
program generated a representation of the overall intensity for each array.
The graphical comparison allows the identification of possible differences in
the distribution of the intensities and densities between arrays. Fig. 8a shows
the kernel density estimates of Perfect Match (PM) intensities for the arrays
hybridised with RNA from memory CD4 T cells from MHC+ hosts (1, black
line) and MHC- hosts (2, red dashed line). Both chips present a good
distribution of intensity and importantly, their density profiles have
overlapping shapes. Any arrays with low average intensity or significantly
different shaped density should not be considered for comparisons, as this
indicates that technical problems have occurred at some stages during chip
hybridisation or staining. We have generated images of the arrays hybridised
with RNA isolated from memory CD4 T cells from MHC+ and MHC- hosts
respectively using the log transformed intensities. These images are very

useful to detect spatial artefacts such as areas of uneven stains or spots. If
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not noticed, such artefacts could be wrongly interpreted as differentially
expressed genes and cost a lot of time and effort to be rectified. As
illustrated in Fig. 8b, arrays from memory CD4 T celis generated in MHC+
hosts (left) and MHC- hosts (right) show a homogeneous hybridisation and

there is no evidence of artefacts.

3.1.1.6 Affymetrix: differentially expressed genes

The aim of the microarray experiment was to identify, at the molecular level,
genes that were differentially expressed in memory CD4 T cells as a
consequence of their maintenance in the presence or absence of MHC class
ll. Due to the fact that the 3 glass array experiments previously performed
did not provide the output of information we had hoped for, the Affymetrix
experiment was performed in the hope that this would give us candidate
molecules for follow-up studies. Due to technical factors (numbers of mice
needed for each replicate) as well as cost considerations (Affymetrix chips
exceeded consumable budget available), only one Affymetrix experiment
was performed. The data were used as starting point for further functional
analysis of parameters that were likely to affect memory function.

Affymetrix data were normalised as described in Materials and Methods. All
normalised transcripts are shown in Fig. 9a. Here, as well as in the following
graphs, normalised intensities of genes expressed by memory CD4 T cells
from MHC+ hosts are plotted along the x axis, while that from memory CD4
T cells from MHC- hosts are plotted along the y axis. Each dot represents
one transcript and its expression in relation to the other memory population.

When the expression of one gene is the same in the two cell populations, the
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transcript is located on the regression line (MHC-=MHC+, dark blue and thick
line). Genes over-expressed by memory CD4 T cells from MHC- hosts fall on
the left of the regression line (MHC->MHC+), while genes over-expressed in
memory CD4 T cells from MHC+ hosts are found on the right of the
regression line (MHC-<MHC+). Transcripts that are differentially expressed
at values greater than 1.5-fold are represented outside the thin blue lines.
Additional information is given by the color of the dots. Precisely, the level of
the expression of the transcripts correlates with the color bar on the side of
the graph. Therefore, the green dots indicate that those transcripts are
expressed at low level, while red dots correspond to transcripts with high
levels of expression.

A cut-off of 1.5-fold difference between the two cell populations was set.
Although this was an arbitrary choice, it was justified by the observation that
such a cut-off included the over-expression of the transcript for CD5 in
memory CD4 T cells from MHC- hosts compared to MHC+ hosts, which was
previously described as one of the phenotypic characteristics of memory
CD4 T cells from MHC- hosts at the protein level using FACS analysis '%°.

At a cut-off of 1.5-fold difference, 360 sequences were found differentially
expressed (Fig. 9b and Appendix 1). We decided to concentrate only on the
transcripts which coded for known proteins. Within this group, most of the
transcripts, approximately 80%, were differentially expressed with a range of
variability between 1.5- and 3-fold difference. The remaining 20% of the
genes showed more pronounced differences up to 21-fold up-regulation and
14.9-fold down-regulation in memory CD4 T cells from MHC- hosts
compared to MHC+ hosts. None of these genes were T cell specific, being

involved in general biological processes. The small difference in the level of

96



expression found for the majority of genes may be explained by the fact that
the two cell populations were in a quiescent state. 10% of the genes
differentially expressed seemed particularly relevant in an immunological
context and therefore appeared to be a good and justifible starting point for
further analyses. In addition, as will become clearer later, some of these
genes are part of a common signalling pathway, and for this reason we
valued their difference in expression as a strong indication that the signalling
pathway in itself was impared in one of the two memory populations. These
genes were organised in categories according to their biological function in

immunological processes as discussed in the following sections.

Surface molecules

This category contains the transcripts that code for molecules expressed on
the cell surface (Fig. 10a). At the RNA level, 2 chemokine receptors, Cxcr4
and Cxcré showed 1.97 and 1.88-fold increase in memory CD4 T cells from
MHC- hosts compared to MHC+ hosts. In addition, 3 probes for Ccr2 were
over-expressed at similar levels of -fold difference in memory CD4 T cells
from MHC- hosts: 2.11, 1.94 and 1.84. These 3 transcripts are likely to be
different splicing variants. Two isoforms of CCR2 which differ only in the
untranslated region were recently described **°. CCR2 is not expressed on
naive T cells, but it has been shown to be expressed on effector and
memory T cells 2° where it may play a role in T cell differentiation ?"'. CD5, a
negative regulator of TCR signalling, was 1.92-fold over-expressed in
memory CD4 T cells from MHC- hosts compared to MHC+ hosts in

agreement with its known under-expression as seen by FACS analysis 29 In
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addition, Cd224 and Cd24a were 356 and 3.01-fold up-regulated
respectively in the memory CD4 T cell population from MHC- hosts
compared to MHC+ hosts. CD224 is an N-glycosylated protein which so far
has not been reported expressed on CD4 T cells, but is expressed on NK

cells, y5 cells and a subset of CD8 T cells 272

, while CD24a (also known as
heat stable antigen) is a cell surface glycosyl-phosphatidylinositol-anchored
protein which is down-regulated when T cells reach maturity 2’3, but it is
rapidly up-regulated upon TCR engagement * #’°_ The function of CD24 in
T cells is not completely clear ?® ¥’ Three genes coding for surface
molecules were down-regulated in CD4 T cells from MHC- hosts compared
to MHC+ hosts: Cd157 and Cd5/ were 2.09-fold and 1.93-fold down-
regulated in CD4 T cells from MHC- hosts compared to MHC+ hosts
respectively, while Integrin a4, Itga4 also known as Cd49d, was 1.92-fold
down-regulated in CD4 T cells from MHC- hosts compared to MHC+ hosts.
Gene name, Common name, Genbank accession number and gene
description are listed in Fig. 10b, where data are sorted in a descending

order according to -fold change in memory CD4 T cells from MHC- hosts

compared to memory CD4 T cells from MHC+ hosts.

Genes potentially involved in cellular senescence

The term ‘cellular or replicative senescence’ was introduced to describe the
characteristic of somatic cells to enter a non-replicative stage by arresting
irreversibly at the G1 stage of the cell cycle, after a defined number of
divisions 8. We identified 3 transcripts potentially involved in cellular

senescence (Fig. 11a). In particular, Killer cell Lectin-like Receptors, Kirk1
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(NKG2D) and Kird1 (CD94) were up-regulated 2.6 and 2-fold respectively in
memory CD4 T cells from MHC- hosts compared to MHC+ hosts. In addition
to Kirs we found that Mortality Factor 4 like 2 (Morf412) transcript was 2.6-fold
over-expressed in memory CD4 T cells from MHC- hosts compared to
memory CD4 T cells from MHC+ hosts. Gene name, Common name,
Genbank accession number and gene description are listed in Fig. 11b,
where data are sorted in a descending order according to -fold change in
memory CD4 T cells from MHC- hosts compared to memory CD4 T cells
from MHC+ hosts. Kirs molecules are a family of glycoproteins expressed on
NK cells and bind MHC class |I. On NK cells, Kirs are involved in recognition
of abnormal cells ?° and their engagement can result in NK activation as
well as in inhibition of activation 2. In particular, Kird1 (CD94) belongs to the
inhibitory MHC class | receptors, which are involved in maintaining NK cell
tolerance 2'. CD94 forms heterodimers with NKG2 molecules and provides
an inhibitory signal to NK activation ?®>. Due to the lack of the common y
chain in both our hosts, we can exclude that the expression of Kirs is due to
NK cell contamination in the cell preparate. Along with the described function
on NK cells, the complex CD94/NKG2C has been shown to represent an
alternative pathway for the activation of a CD8 T cells subset **%. Of interest
is the observation that viral infections induce abundant numbers of
senescent CD8 T cells. Senescent CD8T cells could be identified by their

high levels of expression of KLRG1 2

, another member of the Kir family.
Therefore, although there are no data suggesting that a similar mechanism
could be found in CD4 T cells, it is possible that Kirs may be expressed also

on CD4 T cells. Unfortunately, no antibodies are available for these

molecules and therefore the data have not been validated by FACS analysis.
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Moreover, Morf4/2 was 2.6-fold over-expressed in memory CD4 T cells from
MHC- hosts. MORF4 molecules are members of a new family of transcription
factors, the MORF4 Related Genes (MRG) family, that is thought to play an
important role in senescence pathways or/and cell growth control 2%, The
involvement of these molecules in CD4 T cell function has not been reported

so far.

Cytokines and cytokine receptors

Fig. 12a shows the transcripts for cytokines and cytokine related genes
differentially expressed in memory CD4 T cells from MHC+ and MHC- hosts.
Four transcripts were over-expressed in memory CD4 T cells from MHC-
hosts: 3 transcripts controlled by/related to interferon, Interferon-related
developmental regulator 1 (/frd7), Interferon induced transmembrane protein
1 (/fitm1) and [fitm2 were 1.76, 4.99 and 1.83-fold up-regulated respectively;
Growth Arrest and DNA-Damage-inducible 45 alpha (Gadd45a) was 3.5-fold
over-expressed in memory CD4 T cells from MHC- hosts compared to MHC+
ones. [nterferon-induced protein with tetratricopeptide repeats 1 (/fit1),
another protein regulated by interferon, was 2.17-fold down-regulated in
memory CD4 T cells from MHC- hosts compared to MHC+ hosts. The
transcript for the cytokine receptor //117rb was 2.96-fold down-regulated in
memory CD4 T cells from MHC- hosts versus (vs) MHC+ hosts. In addition,
the transcript for //2 was 3.17-fold under-expressed in memory CD4 T cells
from MHC- hosts compared to memory CD4 T cells from MHC+ hosts. This
result suggested that memory CD4 T cells from MHC- hosts do not express

large amounts of pre-stored transcripts for IL-2 compared to memory CD4 T
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cells from MHC+ hosts. Gene name, Common name, Genbank accession
number and gene description are listed in Fig. 12b, where data are sorted in
a descending order according to -fold change in memory CD4 T cells from

MHC- hosts compared to memory CD4 T cells from MHC+ hosts.

Signalling and survival

In this category we grouped the transcripts that belong to signalling
cascades reported to be relevant for T cells (Fig. 13a). By investigating the
role of the genes reported in this group, we realised that a considerable
number of these genes belong to the same pathway. Among the over-
expressed transcripts in memory CD4 T cells from MHC- hosts, Stat4 and
Map3k1 were 2.02 and 2.09-fold up-regulated. Ten genes were down-
regulated in memory CD4 T cells from MHC- hosts. Stat3, 5a and 5b were
2.03, 2.11 and 1.99-fold down-regulated in the CD4 T cells from MHC- hosts
compared to MHC+ ones. Akt1 and Bcl-2 were 2.4 and 1.93-fold down
respectively. Two transcription factors, FoxO1 and Gsk3b were 1.94 and
1.84-fold down-regulated in CD4 T cells from MHC- hosts compared to
MHC+ hosts. In addition, Mapk9 and Map4k4 were 2.05 and 1.82-fold down-
regulated in memory CD4 T cells from MHC- hosts vs MHC+ hosts. Gene
name, Common name, Genbank accession number and gene description
are listed in Fig. 13b, where data are sorted in a descending order according
to -fold change in memory CD4 T cells from MHC- hosts compared to

memory CD4 T cells from MHC+ hosts.

3. 2 Validation of Affymetrix results
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Validation of differentially expressed genes identified by Affymetrix analysis
was carried out by real time PCR and by FACS analysis. Using real time
PCR we tested the reliability of the data generated by Affymetrix at the RNA
level. Once the reproducibility of the information obtained by Affymetrix was
assured, wherever possible the validation was continued at the protein level.
Some of the transcripts identified by microarray and further verified by FACS
turned out to be particular relevant in the biological context of our

experiments.

3.1.2.1 Validation by Real Time PCR (Quantitative PCR)

cDNA was generated from FACS sorted resting memory CD4 T cells from
MHC+ hosts, MHC- hosts and from naive CD4 T cells. The level of
expression of each gene was calculated relative to the expression value of
A1 naive CD4 T cells, to which the value of 1 was arbitrarily assigned. By
real time PCR, //2 was 3-fold under-expressed in memory CD4 T cells from
MHC- hosts compared to MHC+ hosts (Fig. 14a), data consistent with the
3.5-fold under-expression obtained by Affymetrix. Memory CD4 T cells from
MHC- hosts under-expressed Mapk9 (Fig. 14b) and FoxO1 (Fig. 14c)
compared to MHC+ hosts. The difference in the level of expression of the 3

genes tested fully supported the resuits previously obtained by Affymetrix.

3.1.2.2 Validation by FACS analysis ex vivo
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FACS analyses were performed on memory CD4 T cells from MHC+ hosts,
MHC- hosts and A1 naive CD4 T cells. Memory CD4 T cells were generated

as previously described and recovered by week 4 after transfer.

The expression of CD24a and Itgad on memory CD4 T cells from MHC+ and
MHC- hosts was further validated by FACS analysis. In contrast with
microarray data, resting memory CD4 T cells from MHC+ hosts and MHC-
hosts did not express different amounts of CD24a on the cell surface
(Fig.15a, left). Instead both resting memory populations showed a down-
regulation of this molecule compared to A1 naive CD4 T cells. The level of
expression of Itga4, CD49d, was higher in memory CD4 T cells recovered
from MHC+ hosts compared to memory CD4 T cells recovered from MHC-
hosts (Fig.15a, right). This result confirmed the data obtained by analysis of
gene expression. Fig. 15b shows the Mean Fluorescence Intensity (MFI) for
CD24a and itga4 on memory CD4 T cells from MHC+ and MHC- hosts.

Values for A1 naive CD4 T cells are reported as reference.

By microarray analysis StatS and Akt1 were indicated as genes under-
expressed in memory CD4 T cells from MHC- hosts vs MHC+ hosts. Their
under-expression at mRNA level suggested that their activity could be
reduced, but differences in the mRNA are not necessarily meaningful when
protein activity is regulated by phosphorylation as it is in the case of these
two proteins. However, the availability of antibodies that can discriminate
between phosphorylated and unphosphorylated molecules made it possible
to validate the array results. Akt1 was 2.4-fold down-regulated in memory

CD4 T cells from MHC- hosts vs MHC+ host at the mRNA level. Similarly, ex
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vivo the level of Akt1 phosphorylated at serine 473 was lower in memory
CD4 T cells from MHC- hosts than in memory CD4 T cells from MHC+ hosts
(Fig. 16a, right), as assessed by intracellular staining. According to the
microarray data, the two isoforms for Stat5, Stat5a and Stat5b, were both
down-regulated in memory CD4 T cells recovered from MHC- hosts vs
MHC+ hosts. The level of phosphorylated Stat5 from freshly isolated memory
CD4 T cells was assessed by FACS analysis using an antibody able to
identify both phosphorylated isoforms. Memory CD4 T cells from MHC- hosts
showed reduced levels of phosphorylated Stat5 compared to the levels
observed on memory CD4 T cells recovered from MHC+ hosts (Fig. 16a, left
and Fig.16b). Therefore, along with a reduction in the level of transcription,
memory CD4 T cells generated in MHC- hosts showed a decrease in the
level of phosphorylation of Stat5 and Akt1 compared to memory CD4 T cells
recovered from MHC+ hosts and displayed an intermediate phenotype
between the level of expression observed in naive A1 CD4 T cells and the
level of expression observed in memory CD4 T cells generated in MHC+

hosts.

The analysis of Bcl-2 by FACS showed that memory CD4 T cells from MHC-
hosts express reduced amount of Bcl-2 compared to memory CD4 T cells
from MHC+ hosts (Fig. 17a, left). Akt1 and Bcl-2 are two important molecules
for cell survival. The differential level of expression of these two molecules
suggested a subtle but important reduction in survival signals in resting
memory CD4 T cells from MHC- hosts compared to resting memory CD4 T

cells from MHC+ hosts.
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Another molecule that is connected with T cell survival is IL-7Ra, CD127,
which together with the common y chain forms the IL-7 receptor. As IL-7 is
constitutively expressed by various cell types, the use of this cytokine by T
cells is regulated by the expression of its receptor. IL-7Ra up-regulation has
been proposed as the selective factor for memory CD8 T cells differentiation
and survival '¥, while an ‘altruistic’ down-regulation of the receptor after IL-7
exposure has been proposed for naive T cells in order to maximise the
number of cells receiving the survival signal through the IL-7 receptor 2.
Although there were no direct indications from microarray data that IL-7Ra
was differentially expressed on the two resting memory CD4 T cell
populations, the level of expression of this molecule was analysed by FACS
analysis because both the Akt and the Stat5 pathways are down-stream of
the IL-7 receptor 2" and because IL-7Ra level of expression on T cells has
been reported to parallel the level of expression of Bcl-2 2% In line with
these observations, resting memory CD4 T cells recovered from MHC- hosts
expressed a reduced level of IL-7Ra compared to memory CD4 T cells
recovered from MHC+ hosts (Fig. 17a, right), showing again an intermediate
phenotype between that of A1 naive and memory CD4 T cells from MHC+
hosts. Fig. 17b shows the MFI for Bcl-2 (left) and IL-7Ra (right) on memory
CD4 T cells from MHC+ and MHC- hosts. Values for A1 naive CD4 T cells
are reported as reference.

Microarray analysis of gene expression highlighted several transcripts
differentially expressed in memory CD4 T cells recovered from MHC+ and
MHC- hosts. Among all the interesting genes, some candidates appeared to
be particularly relevant as they were likely to be involved, directly or

indirectly, in processes that could be linked to the functional impairment
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observed in memory CD4 T cells generated in the absence of MHC class II.

Whenever possible, those candidates were further validated by an

alternative method, such as real time PCR or FACS analysis. The results

obtained by real time PCR and FACS analysis supported in general the data

generated by microarray (with the exception of CD24), as summarised on

table 4.

Table 4: summary of the validation of the data obtained from analysis of

gene expression.

Genes differentially expressed by analysis of mMRNA levels were tested either

at mRNA levels by real time PCR or at protein levels by FACS analyses on

ex vivo cells or upon in vitro activation. The accordance of results between

different methods of analysis is reported.

Gene Validation Accordance
Affymetrix method

IL-2 Real time PCR ex vivo v

FACS upon in vitro stimulation v

Mapk9 Real time PCR ex vivo v

CD24a FACS ex vivo x

Itgad FACS ex vivo v

Stat5a/b FACS ex vivo v
(on phosphorylated form)

Akt1 FACS ex vivo v
(on phosphorylated form)
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Bcl-2 FACS ex vivo 4

Overall, memory CD4 T cells generated in MHC- hosts appear to have
reduced expression of several key molecules implicated in T cell survival
compared to memory CD4 T cells recovered from MHC+ hosts. In respect of
all the molecules evaluated so far memory CD4 T cells from MHC- hosts
exhibit an intermediate phenotype between the A1 naive CD4 T cell

population and the memory CD4 T cell population recovered from MHC+

hosts.

3.1.2.3 Functional analysis of memory T cell responses with respect to

candidate molecules.

In accordance with the data presented above, in steady-state conditions,
memory CD4 T cells generated in MHC- hosts compared to memory CD4 T
cells generated in MHC+ hosts showed reduced levels of molecules known
to affect memory T cell survival, such as Bcl-2 and IL-7Ra, reduced levels of
molecules crucial during T cell activation, such as IL-2, and reduced levels of
molecules with central roles in T cell survival as well as in T cell activation,
such as Akt1 and Stat5.

The differential expression of molecules likely to shape T cell responses
upon activation suggested a link between the resting and the activation
status which might explain the functional differences observed in the two cell

populations of this study.
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The following experiments were devised to evaluate the functional
impairment of memory CD4 T cells generated in MHC- hosts upon re-
stimulation focussing on IL-2 expression and Akt1 activity as read-outs of
memory T cell responses.

One of the characteristics that distinguishes memory T cells from naive T
cells is their ability to produce a faster and stronger immune response upon
antigen encounter. IL-2 production is a good example to illustrate this
property of memory T cells as the memory T cell population, in contrast to
the naive one, rapidly makes elevated IL-2 upon TCR triggering. Memory
CD4 T cells recovered from MHC- hosts expressed reduced amounts of IL-2
at the mRNA level according to analysis of gene expression. To evaluate if
the difference observed in steady-state at the RNA level was still present
upon cells stimulation, IL-2 synthesis and secretion were analysed upon in
vitro activation. Memory CD4 T cells recovered from MHC+ and MHC- hosts
and A1 naive CD4 T cells were stimulated in vitro for 6 hours using PdBU
and ionomycin in the presence of brefeldin A and IL-2 synthesis was
assessed by intracellular staining (Fig. 18a). In line with the result obtained
at the mRNA level, memory CD4 T cells from MHC- hosts showed reduced
percentages of IL-2 producing cells compared to those detected on memory
CD4 T cells from MHC+ hosts. As PdBU and ionomycin activate CD4 T cells
bypassing the TCR, this strong stimulation highlighted an intrinsic difference
between the two cell populations, but not necessarily reflected different
properties in a physiological context. In fact, the higher percentage of IL-2
producers in the CD4 T cell population recovered from MHC+ hosts could
well reflect their higher amount of mRNA. To verify if memory CD4 T cells

from MHC- hosts showed an impairment in IL-2 production upon TCR
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triggering or whether the two memory CD4 T cell populations simply followed
different kinetics, memory CD4 T cells from both hosts were stimulated in
vitro with plate-bound anti-CD3 (Fig. 18b, left) in the presence or absence of
plate-bound anti-CD28 (Fig. 18b, right) in a 48 hours assay. In line with the
previous results, memory CD4 T recovered from MHC- hosts secreted lower
amounts of IL-2 than memory CD4 T recovered from MHC+ hosts. The data
indicated that the ability to secrete IL-2 was truly compromised in memory

CD4 T cells from MHC- hosts, confirming the data already published '%°.

According to the microarray results, the Akt pathway was down-regulated in
memory CD4 T cells recovered from MHC- hosts compared to memory CD4
T cells recovered from MHC+ hosts. Akt activity affects multiple aspects of T
cell survival and activation. We decided to focus directly on the study of
some of the molecules that, being down-stream Akt can be used as read-out
of successful signalling through the pathway itself. For this purpose, the level
of phosphorylation of the small ribosomal protein S6 and the mRNA levels of
Glut1 were analysed during in vitro re-stimulation of memory CD4 T cells
generated in MHC+ and MHC- hosts. S6 is one of the members required for
the assembly of the ribosomal complex necessary for protein synthesis 213
In T cells, S6 phosphorylation is mainly due to S6K1 activation which is
induced by the TCR in an Akt dependent manner. As a result, small and
metabolically inactive T cells increase protein synthesis and reach the size
required for proliferation and for optimal effector functions 25 Glut1 is the

main glucose transporter in peripheral T cells %’

and its up-regulation is
induced upon TCR activation ?'°. Akt has a major role in glucose metabolism

as it not only regulates Glut1 gene transcription ® but also Glut1 cellular
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localisation 2*°. By FACS analysis, memory CD4 T cells generated in MHC-
hosts showed reduced S6 phosphorylation after a short (30 minutes) in vitro
activation period (Fig. 19a) with PdBU and ionomycin (left) or anti-CD3 (right)
compared to memory CD4 T cells generated in MHC+ hosts. Moreover, the
analysis of Glut1 mRNA expression from FACS sorted memory CD4 T cells
recovered from MHC+ and MHC- during a 3 day in vitro stimulation with anti-
CD3 and anti-CD28 showed that memory CD4 T cells from MHC- hosts were
not able to sustain the same level of expression of Glut1 expression than
memory CD4 T cells from MHC+ hosts (Fig. 19b).

Therefore, along with the functional impairment observed in IL-2 synthesis in
response to stimulation, the reduction in the metabolic rate assessed by the
level of S6 phosphorylation and Glut1 up-regulation upon activation
suggested that the quality of the response of memory CD4 T recovered from

MHC- hosts was compromised at several levels.
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3.1.3 Survival of memory T cells

The reduction of the expression of molecules involved in T cells survival
such as Akt1, Bcl-2 and IL-7Ra suggested that memory CD4 T cells
maintained in the absence of MHC class Il molecules might have a survival
defect in vivo. This at first glance contradicted the finding that similar
numbers of memory cells are recovered from both hosts. However, previous
analysis of BromoDeoxyUridine (BrDU) incorporation showed that memory
CD4 T cells divided at a higher rate in the absence of MHC class |l
interaction in vivo '®. This suggested that increased cell proliferation
compensates for increased death in the MHC- hosts. Two experiments were
set up to further investigate these resuits. In one experiment memory CD4 T
cells in MHC+ and MHC- hosts were compared in respect to their turnover in
vivo in the memory phase. In another experiment, memory CD4 T cells from
MHC- hosts were challenged to compete with memory CD4 T cells from

MHC+ in the same environment to analyse the extent of their survival defect.

3.1.3.1 Decreased survival of memory CD4 T cells in the absence of

MHC class Il molecules

To study the turnover of memory CD4 T cells generated in MHC+ and MHC-
hosts, we decided to assess their DNA content by Pl staining (Fig. 20). Pl is
a dye that intercalates into cellular DNA. The intensity of the Pl signal directly
correlates with the DNA content, such that cells that are actively dividing
show twice the intensity of the Pl signal as result of DNA duplication than

resting cells, while cells that are in apoptosis show lower DNA content as
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result of active DNA fragmentation and degradation. In steady-state
condition, the majority of the CD4 T cells in the periphery are found arrested
in the Go/G, phase of the cell cycle. Nevertheless, a small fraction of memory
CDA4 T cells cycle to maintain the normal homeostasis. While the percentage
of dividing naive CD4 T cells is negligible in the periphery, the percentage of
cycling T cells in the thymus is reported to be ~ 10%. The analysis of the
DNA content of sorted naive CD4 T cells and total thymocytes showed as
expected, a very low percentage of cell with high DNA content (cycling cells)
within the naive CD4 T cell population and a high proportion of cycling cells
within the thymocytes (Fig. 20a and b). Memory CD4 T recovered from
MHC- hosts showed a slightly higher percentage of cycling cells compared to
memory CD4 T cells from MHC+ hosts (Fig. 20c and d). Interestingly,
memory CD4 T cells from MHC- hosts showed a substantial percentage of
cells with decreased DNA content indicative of apoptosis which was not seen
in memory CD4 T recovered from MHC+ hosts. This result indicated that
memory CD4 T cells in MHC- hosts die at a higher rate compared to memory
CD4 T cells in MHC+ hosts. Increased cell death is compensated by
accelerated division and thus recovery of cells appears to be the same for

both populations.
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3.1.3.2 Memory CD4 T cells from MHC+ hosts do not have a competitive

advantage in co-transfer experiments

According to the analysis of various parameters such as expression of
several survival molecules and DNA fragmentation, memory CD4 T cells
from MHC- hosts showed a reduced survival capacity compared to memory
CD4 T cell from MHC+ hosts. In order to assess whether memory CD4 T
cells from MHC+ hosts would have a competitive advantage over memory
CD4 T cells from MHC- hosts with respect to homeostatic equilibrium,
memory CD4 T cells from both hosts were challenged in co-transfer
experiments. The percentage and absolute numbers of both cell populations
were assessed after transfer into lymphopenic hosts either alone or together.
For this experiment, naive A1 (Ly5.2) CD4 T cells were used to generate
memory CD4 T cells in MHC+ hosts, while naive A1 (Ly5.1) CD4 T cellis
were used to generate memory CD4 T cells in MHC- hosts. The use of Ly5.2
and Ly5.1 as allotypic markers allowed the identification of each memory
CD4 T cell subset in the co-transfer. Memory CD4 T cells were recovered 6
weeks after immunisation and cells were transferred into syngeneic MHC+
H-2* secondary hosts. We decided to use syngeneic MHC+ mice as
secondary adoptive hosts in order to enhance possible difference in T cell
homeostatic expansion and survival. In fact, homeostatic proliferation of
memory CD4 T cells has been shown to be higher in syngeneic selecting
MHC hosts than non selecting allogeneic MHC hosts ?*°. The homeostatic
proliferation was assessed by CFSE staining. CFSE is a dye that binds to
cytoplasmatic proteins. Every time a labelled cell divides, the CFSE content

of the daughter cells is halved. Following CFSE dilution it is therefore
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possible to establish how many divisions a population of cells has gone
through. One group of MHC+ hosts received CFSE labelled memory CD4 T
cells from MHC+ hosts (Ly 5.2), another group received CFSE labelled
memory CD4 T cells from MHC- hosts (Ly 5.1) while a third group was
injected with CFSE labelled memory CD4 T cells from MHC+ hosts (Ly5.2)
and from MHC- hosts (Ly 5.1) mixed in a 3:1 ratio (Fig. 21a and b upper
line). The ratio chosen for the co-transfer aimed to enhance a possible
disadvantage of memory CD4 T cells generated in MHC- hosts. Two mice
per group were killed 7 and 49 days after the secondary transfer and the T
cell recovery as well as the ratio memory CD4 T cells from MHC+: MHC-
hosts was analysed by FACS.

Seven days after secondary transfer, both memory CD4 T cell populations
recovered from syngeneic MHC+ secondary hosts had divided at least 7
times as demonstrated by the fact that it was not possible to detect the
CFSE dye by FACS analysis (data not shown). As shown by numbers of
CD4 T cell recovered (Fig. 21a, middle panel), no differences were observed
between memory CD4 T cells from MHC+ and MHC- hosts transferred into
MHC+ hosts whether they were transferred alone or co-transferred. Memory
CD4 T cells from MHC+ hosts expanded to a larger extent than memory CD4
T cells from MHC- hosts either when secondarily transferred into MHC+
hosts alone or co-transferred with memory CD4 T cells from MHC- hosts as
judged by the CD4 T cell recovery 7 days after transfer. In contrast, memory
CD4 T cells from MHC- hosts did not expand significantly when transferred
alone into MHC+ hosts, but seemed to proliferate to a larger extent when co-
transferred with memory CD4 T cells from MHC+ hosts. At a later time point

(49 days, Fig. 21a lower panel) the total number of cells recovered from the
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recipients that received memory CD4 T cells from MHC+ hosts and those
that received the co-transfer were comparable, while a slightly reduced
number of CD4 T cells was recovered from MHC+ hosts that received CD4 T
cells from MHC- deficient hosts. In the co-transfer, the maintenance of the
ratio MHC+:MHC- as 3:1 from the initial transfer to the recovery 7 and 49
days later suggests that memory cells from MHC+ hosts did not out-compete

those from MHC- hosts during equilibration for homeostasis (Fig. 21, right).

A similar experiment was repeated, but using MHC+ H-2° hosts as
secondary adoptive hosts and analysed the number of T cells recovered and
CFSE profile 7 days after transfer. One group of MHC+ hosts received CFSE
labelled memory CD4 T cells from MHC+ hosts (Ly 5.2), another group
received CFSE labelled memory CD4 T cells from MHC- hosts (Ly 5.1) while
a third group was injected with CFSE labelled memory CD4 T cells from
MHC+ hosts (Ly5.2) and from MHC- hosts (Ly 5.1) mixed in 3:1 ratio (Fig.
22a, left). Seven days after the secondary transfer, memory CD4 T cells from
MHC+ hosts expanded to a larger extent than memory CD4 T cells from
MHC- hosts either when secondarily transferred into MHC+ hosts alone or
co-transferred with memory CD4 T cells from MHC- hosts (Fig. 23a). In
contrast, memory CD4 T cells from MHC- hosts did not expand significantly
when transferred alone into MHC+ hosts or when co-transferred with
memory CD4 T cells from MHC+ hosts. In this experiment cell divisions were
still detectable by CFSE dilutions because the avidity for H-2° is lower than
that for syngeneic H-2* and as a consequence cell proliferation is reduced
2% Memory CD4 T cells from MHC- hosts divided at a higher rate than

memory CD4 T cells from MHC+ hosts when transferred on their own into
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lymphopenic hosts (Fig. 22b, left). In co-transfer the division rate was only
marginally higher in memory CD4 T cells from MHC- hosts than memory
CD4 T cells from MHC+ hosts (Fig. 22b, right). The higher rate of cell
division observed in memory CD4 T cells from MHC- hosts vs MHC+ hosts
did not correlate with an increase cell recovery, pointing again at impaired

survival of memory CD4 T cells generated in MHC- hosts.

Although these experiments were limited by the small number of mice
assessed for each time point and were only done once, we concluded that
the preservation of the ratio of the two memory subsets from initial transfer to
recovery 49 days later suggests that memory cells from MHC+ hosts do not
have a competitive advantage over those from MHC- hosts during

equilibration for homeostasis.

3.2 Early establishment of phenotypic and functional defects in
memory CD4 T cells in the absence of non cognate MHC class Il

interactions

To assess at what stage in memory formation MHC class Il absence
accounted for the functional defect observed in memory CD4 T cells from
MHC- hosts, A1 naive CD4 T cells were co-injected with H-Y pulsed
syngeneic DCs as previously described and recovered 14, 28 and 42 days
after transfer. At each time point, CD4 T cell recovery was assessed along
with phenotypic and functional analysis. Again the number of CD4 T cells
recovered from MHC- hosts at all three time points was not significantly

different from the numbers of CD4 T cells recovered from MHC+ ones (data
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not shown). Already 14 days after immunisation and throughout the duration
of this time course experiment, CD4 T cells transferred into MHC- hosts
showed an intermediate phenotype in terms of Bcl-2 expression between the
level of expression observed in A1 naive CD4 T cells and the level of
expression observed in CD4 T cells generated in MHC+ hosts (Fig. 23, left).
As discussed above, IL-7Ra expression on T cells parallels the level of
expression of Bcl-2 28 and occupies a central role in the debate on memory
T cell generation. Moreover, the level of expression of IL-7Ra provides
additional information in terms of the activation status of T cells, as activated
cells typically down-regulate the surface expression of this molecule. At day
14 after immunisation, the level of IL-7Ra expression in CD4 T cells from
MHC- hosts was slightly lower than the level of expression of this molecule
observed in naive CD4 T cells and CD4 T celis transferred into MHC+ hosts,

but gained an intermediate position between naive and memory from MHC+

hosts at later time points (Fig. 23, right).

To assess the quality of the memory generated in the two hosts, memory
CD4 T cells recovered from MHC+ and MHC- hosts 14 days after
immunisation were re-stimulated in vitro and their response in terms of pS6
and IL-2 synthesis were analysed by intracellular staining. Memory CD4 T
cells generated in MHC- hosts showed reduced S6 phosphorylation after a
short (30 minutes) in vitro activation period (Fig. 24a) with PdBU and
ionomycin (left) or anti-CD3 (right) compared to memory CD4 T cells
generated in MHC+ hosts. Similarly to what observed at later time points,
memory CD4 T cells from MHC- hosts were not able to equal the percentage

IL-2 producing cells reach by memory CD4 T cells from MHC+ hosts after 6
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hours using PdBU and ionomycin in the presence of brefeldinA (Fig. 24b).
Memory cells were also activated in vitro with anti-CD3 with or without anti-
CD28. Reproducing the results observed at later time points, 14 days after
immunisation memory CD4 T recovered from MHC- hosts showed an
impairment in IL-2 production upon plate-bound anti-CD3 stimulation alone

(Fig. 24c, left) or in the presence of plate-bound anti-CD28 (Fig. 24c, right).

Taken together these results showed that since the early stages of the
memory phase, CD4 T cells from MHC- hosts exhibited compromised
phenotypic and functional properties which persisted in later time points. The
difference observed already at the early stages of the memory phase
suggested that CD4 T cells injected into MHC- hosts followed a different
pattern of differentiation that precluded the acquisition of full memory
properties. To verify this hypothesis, the development of the effector phase

in the two hosts was analysed.

3.3 Effector phase in MHC+ and MHC- hosts

In order to evaluate events in the effector phase, A1 naive CD4 T cells were
co-injected with H-Y peptide pulsed DCs into either MHC+ or MHC- hosts
and mice were analysed 4, 8, and 14 days after.

As shown in Fig. 25, similar numbers of CD4 T cells were recovered from
both hosts at day 4, but at day 8 CD4 T cells seemed to have expanded to a
lesser extent in MHC- hosts. At day 14 after transfer into adoptive hosts, the
numbers of CD4 T cells recovered reflected the numbers usually recovered

in the memory phase, in agreement with what was previously observed.
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The activation status achieved by transferred T cells was assessed by
measuring the expression of various activation molecules. There was no
significant difference in the level of expression of the early activation marker
CD69 at any of the time points tested (Fig. 26). In both hosts, CD4 T cells
up-regulated the expression of CD44 throughout the effector phase, although
CD4 T cells from MHC- hosts followed a slower kinetic than those from
MHC+ hosts (Fig. 27). IL-7Ra expression was down-regulated to a similar
degree in CD4 T cells from both hosts during the acute effector stage of the
immune response in accordance with reduced expression of this marker
following activation (Fig. 28). CD71, the transferrin receptor and CD98 (4F2
antigen or Ly-10), the common heavy chain subunit component of the
aminoacid transporter, were expressed at lower levels in CD4 T cells from
MHC- hosts vs MHC+ hosts (Fig. 29 and 30). These data indicated that
metabolic activity, which is necessary to sustain activation (and possibly
proliferation) was reduced in these cells. However CD71 and CD98 up-
regulation were transient since the expression of both molecules was down-
regulated at day 8 and 14. Stat5 phosphorylation on day 4 of the effector
phase was only evident in a subset of CD4 T cells transferred into MHC-
hosts whereas virtually all CD4 T cells transferred into MHC+ hosts
displayed phosphorylated Stat5 at this stage (Fig. 31). Again Statd

phosphorylation was only detected early after activation.

At each time point, CD4 T cells recovered from MHC+ and MHC- hosts were
analysed for IL-2 production upon a short re-stimulation in vitro with PdBU
and ionomycin in the presence of brefeldinA (Fig. 32). Effector cells

recovered at day 4 of the immune response were refractory to re-stimulation

119



and no intracellular IL-2 was detected. By day 8 and 14 after transfer, CD4 T
celis from MHC+ hosts showed a high proportion of IL-2 producers
comparable with that seen in established memory CD4 T cells. In contrast,
CD4 T cells from MHC- hosts showed impairment in IL-2 production already
on day 8 after activation. As expected, this reduced capability to synthesise
IL-2 was sustained at day 14 and it was similar to that observed at later time
points in the memory phase. The reduced levels of activation observed in
CD4 T cells recovered from MHC- hosts compared to CD4 T cells from
MHC+ hosts at day 4 after activation was surprising, since at that stage co-

transferred antigen presenting cells were still present.

The survival of the transferred DCs population was assessed using the H-
2K* antibody which is specific for the haplotype of the donor DCs (Fig. 33a).
The number of adoptively transferred DCs recovered from MHC+ and MHC-
hosts was similar at all three time points (Fig. 33b) indicating that there was
no difference in their survival in MHC+ and MHC- hosts.

Thus, it appeared that another factor than antigen presentation was
responsible for the reduced level of activation observed in CD4 T cells
transferred into MHC- hosts. We hypothesised that the presence of non-
cognate MHC class I, which is not directly involved in antigen presentation,
may play an important role in the functional differentiation of activated CD4 T

cells.

3.4 Rescue experiments
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To address the question whether the loss of function in memory CD4 T cells
residing in MHC- hosts was reversible or could be prevented, a series of
experiments using bone marrow chimeras was started with the aim of
reconstitute class |l expression in MHC- hosts. MHC- and MHC+ hosts were
reconstituting with bone marrow cells from donor mice of H-2* as well as H-
2° backgrounds as both MHC class |l molecules equally maintain memory
CD4 T cell functionality '®. RAG1 ko mouse transgenic lines were used as
bone marrow donors to provide MHC class |l expressing DCs. Due to a
modification in the RAG-1 gene, these mice do not develop T nor B cells. To
increase the amount of MHC class Il available as well as the diversity of the
cell subsets supplying MHC class Il molecules, chimeras were also
generated using TCRa ko transgenic strains as bone marrow donors. In this
case, the reconstituted hosts were deficient in T cells, due to a modification
on the gene encoding the a chain of the TCR, but developed normal B cells

expressing additional MHC class Il to the MHC class Il supplied by DCs.

3.4.1 Bone marrow chimeras: reconstitution with DCs from MHC +

donors

In these experiments, we considered that a period of time of 10 days was
necessary for the bone marrow to establish and provide MHC class Il
expressing peripheral cells.

To determine whether MHC class |l interactions provided by DCs were
sufficient to prevent CD4 T cell loss of function in memory T cells generated
in MHC- hosts an experiment was set up, which allowed time for the bone

marrow transplant to establish before the co-injection of 2 x 10° naive CD4 T
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cells and H-Y pulsed DCs. 10 x 10° bone marrow cells from Rag1 ko H-2*
mice were transferred into MHC+ and MHC- hosts 28 days before
immunisation and mice were analysed 35 days after immunisation (Fig. 34a).
Matching control MHC+ and MHC- hosts that only received the adoptive co-
transfer of naive CD4 T cells and H-Y peptide pulsed DCs were set up as
well. Similar numbers of memory CD4 T cells were recovered from MHC+
and MHC- hosts that received the bone marrow chimeras and the controls
MHC+ and MHC- hosts (Fig. 34b).

Memory CD4 T cells transferred into MHC- hosts reconstituted with bone
marrow chimeras from RAG1 ko mice resumed the phenotype characteristic
of memory CD4 generated in MHC- hosts in terms of IL-7Ra (Fig. 35). When
analysed for function by in vitro activation with anti-CD3 in the absence or
presence of anti-CD28 (Fig. 36, left and right respectively), memory CD4 T
cells from MHC- hosts that received the bone marrow cells from RAG1 ko
donors did not produce levels of IL-2 comparable to memory CD4 T cells
from MHC+ hosts or MHC+ hosts that received the bone marrow transplant
from RAG1 ko mice. This result showed that the function of memory CD4 T

cells transferred into MHC- hosts was not rescued in the chimeras.

As the animals that received the bone marrow transplant from MHC class ||
positive donors were not irradiated prior to the transfer, it was possible that
the establishment of the DCs population from the transplanted bone marrow
had to compete with the endogenous DCs precursors for space (survival and
maturation factors). In this scenario, a partial reconstitution of the host could

have failed to provide enough MHC class Il molecules to rescue memory

122



CD4 T cell function. For this reason a new experiment was set up where

mice were irradiated prior to bone marrow transplant.

MHC+ and MHC- hosts were sub-lethally irradiated (800 rads) prior to the
injection of 15 x 10° bone marrow cells from Rag1 ko (Fig. 37). As the
background of the donors was H-2°, the reconstitution of irradiated MHC+
and MHC- hosts resulted in the generation of hosts expressing MHC class |i

of the H-2° background.

Thirty days after the irradiation and injection of bone marrow cells, one
mouse per group was killed and analysed for DC chimerism. As the donor
bone marrow had successfully engrafted and produced mature DCs
detectable in the spleen of the adoptive hosts (Fig. 38), the mice were
immunised by co-injection of 2 x 10° naive CD4 T cells with H-Y peptide
pulsed bone marrow derived DCs and the kinetics of the establishment of the

CDA4 T cells population in the bone marrow chimeras was followed.

Only one mouse per group was analysed at day 4 of the effector phase. At
this time point, the number of CD4 T cells recovered from the MHC+ and
MHC- chimeras was similar to the number of CD4 T cells recovered from
MHC+ and MHC- hosts (Fig. 39, upper line), but at day 8 CD4 T cells
recovered from both MHC+ and MHC- chimeras were strongly reduced
compared to recovery at day 4 (Fig. 39, lower line). Both MHC+ and MHC-
hosts are on a y chain knockout background, which means that they lack NK
cells. For this reason, the rejection of H-2* cells injected into H-2° adoptive

hosts has never been a matter of concern in our experimental setting up.
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Nevertheless, the same principle did not apply in this case where a clear
drop in the recovery of CD4 T cells from both RAG1 ko H-2° chimeras
compared to the recovery from MHC+ and MHC- hosts was observed 8 days
after the adoptive transfer. The loss of more than 90% of the cells in a period
of 4 days suggested that NK cells derived from both Rag1 ko H-2° chimeras
had rejected the CD4 T cells adoptively transferred, due to their differences

in the MHC haplotypes.

3.4.2 Bone marrow chimeras: reconstitution with B cells and DCs from

MHC+ donors

In the previous experiments MHC+ and MHC- hosts were reconstituted with
bone marrow cells from RAG1 ko donors, which provided expression of MHC
class Il molecules from DCs only. To determine whether MHC class I
expression on B cells in addition to DCs would rescue the function in
memory CD4 T cell generated in MHC- hosts, we used TCRa ko H-2° mice
as bone marrow donors which provided the establishment of a normal B cells
compartment in the MHC+ and MHC- recipients. As the hosts lacked an
endogenous B cell population, it was not necessary to create space for the B
cells from the bone marrow transfer and therefore the hosts were not
irradiated. On the other hand, the DCs from the transplanted bone marrow
would have had to compete with the endogenous precursors cells for DCs
possibly diluting the strength of MHC class Il reconstitution in this
compartment. To prevent NK rejection of H-2* cells by H-2° NK from the

bone marrow graft, ~ 6 x 10° bone marrow cells from a ko H-2° donors were
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injected into MHC- and MHC+ hosts 4 days after the adoptive co-transfer of
A1 naive CD4 T cells and H-Y peptide pulsed DCs (Fig. 40a). Because of
the presence of some mature B cells in the donor bone marrow at the
moment of the transfer, a certain amount of MHC class Il could already be
provided to the CD4 T cells at the moment of transplantation. Matching
control MHC+ and MHC- hosts that only received the adoptive transfer of
naive CD4 T cells and H-Y peptide pulsed DCs were set up as well. To
check for the establishment of the bone marrow transplant, mice were bled
14 days after the injection of bone marrow cells from a ko and analysed by
FACS for presence of circulating B cells. Similar percentages of mature B
cells were detected in blood samples from MHC+ and MHC- hosts, indicating
that the bone marrow transfer had successfully engrafted (Fig. 40b). Memory
CD4 T cells from the 4 groups of adoptive hosts were analysed 5 weeks after
transfer. As expected, due to the bone marrow transplant, the spleen
cellularity was significantly increased to similar levels in both hosts that
received the bone marrow compared to the hosts that did not (Fig. 40c, left).
The numbers of CD4 T cells recovered were similar in all groups (Fig. 40c,
right). As shown by the FACS histograms (Fig. 41a) and by the MFI (Fig.
41b), memory CD4 T cells from both a ko H-2° chimeras showed a reduction
of the expression of Bcl-2 (left, lower line) and IL-7Ra (right, lower line)

compared to memory CD4 T cells from MHC+ (upper line).

Memory CD4 T cell functionality was checked by in vitro activation. To
assess memory CD4 T cells function upon activation, it was necessary to
deplete the B cells from the total splenocytes of the bone marrow chimeras

as, in their presence, CD4 T cells from both bone marrow reconstituted hosts

125



showed an enhanced IL-2 secretion upon in vitro stimulation with anti-CD3 in
the absence or presence of anti-CD28 (Fig. 42a), presumably due to
increased antibody binding via B cell Fc receptors. When the experiment
was repeated depleting the B cells, the level of IL-2 secreted by memory
CD4 T cells recovered from the MHC- a ko bone marrow chimeras were
similar to those secreted from memory CD4 T cells from MHC- hosts (Fig.
42b), indicating that the experiment did not succeed in its purpose to prevent

the loss of function in MHC- reconstituted hosts.

3.4.3 Continuous injection of bone marrow derived DCs

Since all rescue experiments with bone marrow chimeras were complicated
by various technical problems, a final set of experiments aimed to assess the
potential rescue by MHC class Il in a more direct manner. Effector CD4 T
cell showed reduced levels of activation in MHC- hosts compared to MHC+
hosts already 4 days after the start of the immune response, when the co-
transferred antigen presenting cells were still present in similar numbers. As
previously mentioned, one factor that may have been responsible for the
difference in T cell activation observed in the two hosts was that in addition
to the H-Y peptide loaded MHC class || molecules, non-cognate interactions
with endogenous MHC class |l molecules were available in the MHC+ hosts
but not in the MHC- hosts. It has been proposed that the basic unit for CD4 T
cell activation is an heterodimer of cognate peptide-MHC and endogenous

149 291 These results well fitted with data

peptide-MHC complexes
suggesting a role for endogenous (non-cognate) MHC class |l interactions in

maintaining naive CD4 T cell antigenic sensitivity ®® and indicate that such
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interaction is important also for successful CD4 T cell activation. While there
are no reasons to question CD4 T cell accessibility to such complexes in
MHC+ hosts, CD4 T celis interactions with non-cognate MHC class II
molecules would be completely absent in the MHC- hosts, where most if not
all the syngeneic MHC class |l molecules on transferred DCs would be
occupied by H-Y peptide and where the endogenous DCs would not express
any MHC class |l molecules.

Therefore, 2-4 x 10° bone marrow derived DCs from the MHC class I
competent mice were injected every three days into both MHC+ and MHC-
hosts. This protocol offered the advantage not only to test if the interaction
required by CD4 T cells was dependent on non cognate MHC class Il
signalling but also whether DCs were sufficient to provide such signals.
Three days prior to immunisation, 5 x 10° bone marrow derived DCs were
injected into MHC+ and MHC- hosts. 2 x 10° CD4 T cells, 0.5 x 10° H-Y
peptide pulsed syngeneic bone marrow derived DCs and 2.5 x 108
allogeneic bone marrow derived DCs were co-transferred into MHC+ and
MHC- hosts. Control MHC+ and MHC- hosts received only the co-transfer of
CD4 T cells with H-Y peptide pulsed bone marrow derived syngeneic DCs.
All mice were analysed 14 days after immunisation.

As illustrated in Fig. 43, the numbers of CD4 T cells recovered from MHC+
and MHC- hosts that received fresh bone marrow derived DCs every three
days were slightly lower than the numbers of CD4 T cells recovered from

control MHC+ and MHC- hosts.

CD4 T cells recovered from all adoptive hosts up-regulated CD44 to a similar

extent (Fig. 44, left). IL-7Ra was down-regulated in MHC- hosts compared to
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MHC+ hosts, whether they had received fresh bone marrow derived DCs
every 3 days or not (Fig. 44, right). CD4 T cells were challenged in a 2 days
in vitro activation with anti-CD3 in the presence or absence of anti-CD28
(Fig. 45). Memory CD4 T cells from MHC+ hosts that received fresh bone
marrow derived DCs every 3 days were not as efficient as memory CD4 T
cells from MHC+ hosts, as if the continuous injection may had worsened
their functionality. Memory CD4 T cells from MHC- hosts that received fresh
bone marrow derived DCs every three days secreted |IL-2 to a similar level
than memory CD4 T cells from MHC- hosts. In summary, CD4 T cells from
MHC+ and MHC- hosts did not benefit from the supply of fresh bone marrow
derived DCs. Once again, the failure of this experiment maybe due to
technical difficulty to control the various parameters involved in such
complicated issue, such as the co-localisation of the injected un-pulsed DCs
in the areas occupied by the T cells '*® and the timing of DCs and T cells

interactions.
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Fig. 5 a) and b)
a) Generation of memory CD4 T cell
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Figure 5 a) and b)

a) Experimental design; b) CD4 T cells recovery: T cell recovery was
calculated from percentages of CD4+ H57+ cells from the lymphocyte gate.
Mean values + standard deviation of CD4 T cell per mouse recovered ex vivo
(left) and total number of memory CD4 T cells recovered after FACS sorting
(right) from 16 pooled MHC+ hosts (white bars) and 12 pooled MHC- hosts
(grey bars). Data representative of 5 independent experiments. 130



Fig. 6 a) and b)

Glass arrays: Assessment of RNA quality

a) b)
2 13

" Sampe &

[] =fmarker ]
=t | 5000 bp ---
ol | 188 3640 bp ---
o 28S
* I'¢

e - K

M o ‘

i . | 1000 bp ---
- o SRR

1 sssssse vy

w S —

R4 Concertration 41 TEnghe

#  Name SwtTime BndTime ComAres % of total Area

- =
1 nx» 10 812 we
2 - e %25 1007 bag

Figure 6 a) and b)

a) Example of electropherogram of total RNA from FACS sorted memory
CD4 T cells isolated from MHC+ hosts. b) Efficiency of in vitro transcription
amplification assessed on 1% agarose gel. RNA Markers (lane 1), aRNA
generated from FACS sorted memory CDA4T cells from MHC+ hosts (lane 2)
and aRNA generated from FACS sorted memory CD4 T cells from MHC-
hosts (lane 3). 131



Fig. 7 a), b) and c)

Affymetrix: Assessment of RNA quality
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Figure 7 a), b) and ¢)

a) Electropherograms of total RNA from memory CD4 T cells from MHC+ (left)
and MHC- (right) hosts; b) electropherograms of cRNA generated from FACS
sorted memory CD4 T cells from MHC+ hosts (left) and MHC- hosts (centre);
image gel (right) of cRNAs generated from FACS sorted memory CD4 T cells
from MHC+ hosts (lane 1) and MHC- hosts (lane 2) and RNA 6000 Ladder (L).
c) electropherograms of fragmented cRNA generated from FACS sorted
memory CD4 T cells from MHC+ hosts (left) and MHC- hosts (centre); image
gel (right) of cRNAs generated from FACS sorted memory CD4 T cells from
MHC+ (lane 5) and MHC- (lane 6) hosts and RNA 6000 Ladder (L).
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Fig. 8 a) and b)

Affymetrix: Array quality controls
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Figure 8 a) and b)

a) Kernel density estimates of Perfect Match (PM) intensities of arrays
hybridised with cRNA generated from FACS sorted memory CD4 T cells from
MHC+ hosts (1, open histogram black line) and MHC- hosts (2, open histogram
red dash line). b) Image of the log intensities of array hybridised with cRNA
generated from FACS sorted memory CD4 T cells from MHC+ hosts (left) and
MHC- hosts (right). Data generated using BioConductor. 133



Fig. 9 a) and b)

Affymetrix results: all normalised genes and genes
differentially expressed in memory CD4 T cells
from MHC+ and MHC- hosts
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Figure 9 a) and b) MHC+ host

Normalised intensities of genes expressed by memory CD4 T cells from
MHC+ hosts (x axis) and by memory CD4 T cells from MHC- hosts (y axis).
Genes expressed equivalently in both memory populations fall on the
diagonal regression line (MHC-=MHC+). Genes over-expressed by memory
CD4 T cells from MHC- hosts fall on the left of the regression line (MHC-
>MHC+), while genes over-expressed in memory CD4 T cells from MHC+
hosts fall on the right of the regression line (MHC-<MHC+). The level of the
expression of the transcripts correlates with the colour bar on the right side of
the graph. Light blue lines represent 1.5-fold cut-off point. a) All genes,
normalised data; b) differentially expressed genes.
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Fig. 10 a) and b)

Affymetrix results: surface molecules differentially
expressed in memory CD4 T cells from
MHC+ and MHC- hosts
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Gene Name|Fold Change |Common |Genbank Description
1449991_at 3.60|Cd244 NM_018729| natural killer cell receptor 2B4
S [1416034_at 3.01|Cd24a__|NM_009846] antigen
1421188 _at 2.11|Ccr2 BB148128 |chemokine
1448710_at 1.97|Cxcr4 D87747 chemokine
1421187 _at 1.94|Ccr2 BB148128 |chemokine
1418353 _at 1.92|Cd5 NM_007650 |antigen
1422812_at 1.88|Cxcré NM_030712|chemokine
1421186_at 1.84|Ccr2 BB148128 |chemokine
c 1427525_at 2.09|Cd151 L35549 cold shock domain
g 1449193 _at 1.93|Cd5l| NM_009690] antigen-like
O |1421194_at 1.92 Itga4 NM_010576 |integrin alpha 4

Figure 10 a) and b)

Surface molecules differentially expressed by memory CD4 T cells from
MHC+ hosts (x axis) and by memory CD4 T cells from MHC- hosts (y axis).
The level of the expression of the transcripts correlates with the colour bar on
the right side of the graph. a) The plot shows normalised intensities of 11
differentially expressed transcripts coding for surface molecules; b) table
showing Gene name, Common name, Genbank accession number and gene
description listed in a descending order according to -fold change in memory
CD4 T cells from MHC- hosts compared to memory CD4 T cells from MHC+

hosts. 1 35



Fig. 11 a) and b)

Affymetrix results: genes potentially involved in
cellular senescence differentially expressed in
memory CD4 T cells from MHC+ and MHC- hosts
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Gene Name|Fold Change |Common |Genbank | Description
1450495 _a 2.68|Kirk1 AF039026 |killer cell lectin-like receptor
~ 1415778 _at 2.66|Morf4l2  |[NM_019768 |mortality factor 4 like 2
1460245 _at 2.07|Kird1 NM_010654 |killer cell lectin-like receptor

Figure 11 a) and b)

Genes potentially involved in cellular senescence differentially expressed by
memory CD4 T cells from MHC+ hosts (x axis) and by memory CD4 T cells
from MHC- hosts (y axis). The level of the expression of the transcripts
correlates with the colour bar on the right side of the graph. a) The plot
shows normalised intensities of 3 differentially expressed transcripts coding
for molecules potentially involved in senescence; b) table showing Gene
name, Common name, Genbank accession number and gene description
listed in a descending order according to -fold change in memory CD4 T cells
from MHC- hosts compared to memory CD4 T cells from MHC+ hosts.
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Fig. 12 a) and b)

Affymetrix results: cytokines and cytokine related
genes differentially expressed in memory CD4
T cells from MHC+ and MHC- hosts
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Gene Name|Fold Change (Common |Genbank  |Description
1424254 at 4.99Ifitm1 BC027285 |[interferon induced protein 1
S 1449519 at 2.31|Gadd45a |[NM_007836 |growth arrest and DNA-damage-inducible 45 alpha
1417460 _at 1.83Ifitm2___|NM_030694IFN induced transmembrane protein 2
1416067 _at 1.76|Ifrd1 NM_013562]IFN-related developmental regulator 1
 [1449990_at 317|112 AF065914 [interleukin 2
g 1420678 _a 2.95[l117rb _ [NM_019583interleukin 17 receptor B
O [1450783_at 2.17Hfit1 NM_008331[IFN-induced protein with tetratricopeptide repeats 1

Figure 12 a) and b)

Cytokines and cytokine related genes differentially expressed by memory CD4

T cells from MHC+ hosts (x axis) and by memory CD4 T cells from MHC-

hosts (y axis). The level of the expression of the transcripts correlates with the

colour bar on the right side of the graph. a) The plot shows normalised

intensities of 7 differentially expressed transcripts coding for cytokines or

cytokine related genes; b) table showing Gene name, Common name,

Genbank accession number and gene description listed in a descending order
according to -fold change in memory CD4 T cells from MHC- hosts compared

to memory CD4 T cells from MHC+ hosts. 137



Fig. 13 a) and b)

Affymetrix results: signalling and survival molecules
differentially expressed in memory CD4
T cells from MHC+ and MHCS hosts
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Gene Name|Fold Change ICommon Genbank  |Description
1424850 _at 2‘09|Map3k1 L13103 mitogen activated protein kinase kinase kinase 1
> 1448713 _at 2.02|Stat4 NM_011487 [signal transducer and activator of transcription 4
1416657 _at 2.40|Akt1 NM_009652 {thymoma viral proto-oncogene 1
1421469 _a 2.11|Stat5a_ [U36502 |signal transducer and activator of transcription 5A
c 1421878 _at 2.04|Mapk9  |BC024514 |mitogen activated protein kinase 9
=1460700_at 2.03[Stat3  |AK004083 |signal transducer and activator of transcription 3
S [1422103 a 1.99|Statsb_ [BC024319 |signal transducer and activator of transcription 5B
1416982_at 1.94|Foxo1  |Al462296 |forkhead box O1
1422938 _at 1.93|Bcl2 NM_009741|B-cell leukemia/lymphoma 2
1448050 s 1.82[Map4k4 [BF450398 |mitogen-activated protein kinase kinase kinase kinase 4

Figure 13 a) and b)

Signalling and survival molecules differentially expressed by memory CD4 T
cells from MHC+ hosts (x axis) and by memory CD4 T cells from MHC- hosts
(y axis). The level of the expression of the transcripts correlates with the colour
bar on the right side of the graph. a) The plot shows normalised intensities of
12 differentially expressed transcripts coding for molecules involved in
signalling and survival, b) table showing Gene name, Common name,
Genbank accession number and gene description listed in a descending order
according to -fold change in memory CD4 T cells from MHC- hosts compared
to memory CD4 T cells from MHC+ hosts. 138



Fig. 14 a), b) and c)

Real Time PCR validation of Affymetrix data
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Figure 14 a), b) and c)

mRNA from FACS sorted memory CD4 T cells of > 10 pooled mice per
biological replicate recovered from MHC+ hosts (2 biological replicates),
MHC- hosts (3 biological replicates) and A1 naive CD4 T cells from 3
pooled mice (1 biological sample) was reverse transcribed and the message

for the genes of interest was amplified and analysed as described in
Material and Methods. The mRNA relative expression of memory CD4 T

cells from MHC+ hosts (open bars) and MHC- hosts (grey bars) was
normalised to the level of expression of naive CD4 T cells set to 1 (black
bars). Mean values + standard deviation are shown. a) 112, b) Mapk9 and c) 139
FoxO1.



Fig. 15 a) and b)

Ex vivo FACS analysis of resting memory
CD4 T cells from MHC+ and MHC- hosts:
CD24a and Itga4
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Figure 15 a) and b)

White histograms and bars show memory CD4 T cells from MHC+ hosts. Grey
histograms and bars show memory CD4 T cells from MHC- hosts. Stippled
lines histograms and black bars show A1 naive CD4 T cells as reference (one
mouse). a) FACS histograms and (b) MF| for CD24a (left), 3 mice per group,
and Itga4 (right), 4 mice per group. Expression was assessed on CD4+ H57+
cells from the lymphocyte gate. Mean values + standard deviation are shown.
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Fig. 16 a) and b)

Ex vivo FACS analysis of resting memory
CD4 T cells from MHC+ and MHC- hosts:
pStat5 and p437 Akt1
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Figure 16 a) and b)

White histograms and bars show memory CD4 T cells from MHC+ hosts.
Grey histograms and bars show memory CD4 T cells from MHC- hosts.
Stippled lines histograms and black bars show levels of expression on naive
CD4 T cells as reference (one mouse). a) FACS histograms and (b) MFI for
pStat5 (left), 3 mice per group, and p473 Akt (right), 3 pooled mice per group.
Expression was assessed on CD4+ H57+ cells from the lymphocyte gate.
Mean values + standard deviation are shown. 141



Fig. 17 a) and b)

Bcl-2 and IL-7Ra expression on memory
CD4 T cells from MHC+ and MHC- hosts
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Figure 17 a) and b)

White histograms and bars show memory CD4 T cells from MHC+ hosts.
Grey histograms and bars show memory CD4 T cells from MHC- hosts.
Stippled lines histograms and black bars show levels of expression on naive
CD4 T cells (one mouse) as reference as well as isotype control antibody
(light green histograms). a) FACS histograms and (b) MFI for Bcl-2 (left), 4
mice per group, and IL-7Ra (right), 4 mice per group. Expression was
assessed on CD4+ H57+ cells from the lymphocyte gate. Mean values +
standard deviation and p-values, obtained with two-tail Mann-Whitney test,
are shown. Similar results were obtained in 3 independent experiments.
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Fig. 18 a) and b)

IL-2 production by memory CD4 T cells
upon in vitro activation
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Figure 18 a) and b) pg/mi

a) Percentage of IL-2 producing cells on memory CD4 T cells from MHC+
hosts (left), MHC- hosts (centre) and A1 naive CD4 T cells (right) upon in vitro
stimulation with PdBU and ionomycin in the presence of Brefeldin A assessed
by intracellular staining. Expression was assessed on CD4+ H57+ cells from
the lymphocyte gate. b) IL-2 secretion by memory CD4 T cells from MHC+
hosts (black diamonds) and MHC- hosts (red squares) upon stimulation with
plate-bound anti-CD3 (left) and anti-CD3 + anti-CD28 (right). IL-2 was
detected as proliferation of the IL-2 dependent cell line CTLL-2 and results

were calculated from a standard curve of recombinant IL-2 to give units of IL- 143

2/ml produced.



Fig. 19 a) and b)

Metabolic impairment of memory CD4 T cells
in the absence of MHC class Il
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Figure 19 a) and b)

a) Intracellular staining for pS6 after stimulation with PdBU and ionomycin (left)
or soluble anti-CD3 (right) of memory CD4 T cells from MHC+ hosts (white
histograms) and memory CD4 T cells from MHC- hosts (grey histograms).
Stimulated A1 naive CD4 T cells (stippled lines histograms) and non-
stimulated A1 naive CD4 T cells (green histograms) are shown as reference.
Expression was assessed on CD4+ H57+ cells from the lymphocyte gate.
Data representative of 3 independent experiments. b) Glut1 mRNA relative
expression (y axis) assessed over the course of 3 days (x axis) of in vitro
stimulation with anti-CD3 and anti-CD28. Expression was assessed on FACS
sorted memory CD4 T cells pooled from 3 MHC+ hosts (black diamonds) and
3 MHC- hosts (red squares). Glut1 mRNA expression was normalised to hprt
house keeping gene.
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Fig. 20 a) - d)

Turnover of CD4 T cells in vivo
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Figure 20 a) _ d) DNA content

FACS histograms of CD4 T cells recovered 6 weeks after memory generation.
Cells were FACS sorted, fixed and PI stained. The figure shows percentages
of cells in GO/G1 (middle peak), S phase (right of GO/G1 peak, bar
percentages) and apoptotic cells (left of GO/G1 peak, circle percentages). a)
Naive CD4 T cells and b) thymocytes from 2 pooled A1 naive mice; c) memory
CD4 cells from 8 pooled MHC+ hosts; d) memory cells from 9 pooled MHC-
hosts. Data representative of 2 independent experiments.
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Fig. 21 a) and b)

Assessment of competition between memory
CD4 T cells in MHC+ H-2ksecondary hosts
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Figure 21 a) and b)

Memory CD4 T cells generated in MHC+ (Ly5.2) or MHC- hosts (Ly5.1) were
transferred into MHC+ hosts alone or mixed in a ratio MHC+MHC-=3:1. a)
MHC+ secondary hosts received 2 x 106 memory CD4 T cells generated in
MHC+ (Ly5.2), 2 x 106 memory CD4 T cells generated in MHC+ (Ly5.2) plus 0.7
X 106 memory CD4 T cells generated in MHC- hosts (Ly5.1) or 0.7 X 106
memory CD4 T cell generated in MHC- hosts (Ly5.1). CD4 T cell recovery from
MHC+ secondary hosts that received memory CD4 T cells from MHC+ hosts
(white bars), mix of memory CD4 T cells from MHC+ hosts (white bars) and
MHC- hosts (grey bars) or memory CD4 T cells from MHC- hosts only (grey bars)
(top panel) was assessed at day 7 (middle panel) and day 49 (lower panel) after
transfer. b) Top panel: FACS plots show percentages of Ly5.1+ CD4+ H57+ cells
injected into MHC+ hosts that received memory cells from MHC+ hosts (left), the
mix MHC+:MHC-=3:1 (centre) and memory cells from MHC- hosts (right). FACS
plots show percentages of Ly5.1+ CD4+ H57+ recovered from MHC+ hosts that
received memory cells from MHC+ hosts (left), the mix MHC+:MHC-=3:1 (centre)
and memory cells from MHC- hosts (right) at day 7 (middle panel) and at day 49
(lower panel). Percentages of Ly5.2+ CD4+ H57+ cells were calculated from
percentages of Ly5.1- CD4+ H57+. Data from 2 mice per group are shown at
each time point.

10
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Fig. 22 a) and b)

Homeostatic proliferation of memory CD4 T
cells in MHC+ H-2 secondary hosts
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Figure 22 a) and b) CFSE

Memory CD4 T cells from MHC+ or MHC- hosts transferred into MHC+ hosts
alone or mixed in a ratio MHC+:MHC-=3:1. a) MHC+ secondary hosts
received 0.3 x 106 memory CD4 T cell generated in MHC+, 0.3 x 106
memory CD4 T cell generated in MHC+ plus 0.1 X 106 memory CD4 T cell
generated in MHC- hosts or 0.1 X 106 memory CD4 T cell generated in
MHC- hosts. CD4 T cell recovery from MHC+ secondary hosts that received
memory CD4 T cells from MHC+ hosts (white bars), mix of memory CD4 T
cells from MHC+ hosts (white bars) and MHC- hosts (grey bars) or memory
CD4 T cells from MHC- hosts only (grey bars) was assessed at day 7. b)
Overlay of the CFSE profiles of memory CD4 T cells from MHC+ hosts (open
histograms) and from MHC- hosts (grey histograms) transferred alone (left)
or co-transferred (right) assessed 7 days after secondary transfer. Data
representative of 2 mice per group are shown. 147



Fig. 23
Kinetics of memory T cell defect
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Figure 23

FACS histograms for Bcl-2 (left) and IL-7Ra (right) expression on memory
CDA4 T cells generated in MHC+ hosts (open histogram) and MHC- hosts (grey
histogram) recovered 14, 28 and 42 days after immunisation. A1 naive CD4 T
cells (stippled lines histograms) and isotype control antibody (light green
histogram) are shown as reference in some plots. Expression was assessed
on CD4+ H57+ cells from the lymphocyte gate. 3-5 pooled mice per group

were used.
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Fig. 24 a), b) and c)

Functional defects are established early
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Figure 24 a), b) and c)

a) Intracellular staining for pS6 after stimulation with PdBU and ionomycin
(left) or soluble anti-CD3 (right) of memory CD4 T cells from MHC+ hosts
(white histograms) and memory CD4 T cells from MHC- hosts (grey
histograms). Non-stimulated memory CD4 T cells (green histograms) are
shown as reference. Expression was assessed on CD4+ H57+ cells from the
lymphocyte gate. b) Percentages of IL-2 producing cells detected by
intracellular staining for memory CD4 T cells from MHC+ (left), MHC- (centre)
and naive CD4 T cells (right). Expression was assessed on CD4+ H57+ cells
from the lymphocyte gate. c) IL-2 secretion by memory CD4 T cells from
MHC+ hosts (black diamonds) and MHC- hosts (red squares) upon stimulation
with plate-bound anti-CD3 (left) and anti-CD3 in the presence of anti-CD28
(right). IL-2 was detected as proliferation of the IL-2 dependent cell line CTLL-
2 and results were calculated from a standard curve of recombinant IL-2 to
give units of IL-2/ml produced. Mean values + standard deviation are shown.
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Fig. 25

CD4 T cell recovery during the effector
phase in MHC+ and MHC- hosts
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Figure 25

3 x 108 A1 naive cells were co-injected with 0.7 x 106 H-Y peptide pulsed
DCs into MHC+ hosts (white bars) and MHC- hosts (grey bars). CD4 T cell
recovery was assessed at day 4, 8 and 14 of the effector phase. T cell
recovery was calculated from percentages of CD4+ H57+ cells from the
lymphocyte gate. Mean values + standard deviation and p-value, obtained
with two-tail Mann-Whitney test, are shown. 3-5 mice per group were used. 150



Fig. 26 a) and b)

% CD69+ CD4 T cells during the effector
phase in MHC+ and MHC- hosts
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Figure 26 a) and b) .

a) Representative FACS plot showing percentages of CD69+ cells of CD4 T
cells assessed at day 4 and 8 of the effector phase in MHC+ hosts (left) and
MHC- hosts (centre). Percentages of CD69+ cells of A1 naive CD4 T cell (right)
are shown as reference. b) Percentages CD69+ CD4 T cells recovered from 3
MHC+ hosts (white bars) and 3 MHC- hosts (grey bars) at day 4 and 8 of the
effector phase. Expression was assessed on CD4+ H57+ cells from the
lymphocyte gate. Mean values + standard deviation are shown.
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Fig. 27

CD44 expression on CD4 T cells during the
effector phase in MHC+ and MHC- hosts
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FACS histograms (left) and MFI (right) of CD44 expression on CD4 T cells at
day 4, 8 and 14 of the effector phase in MHC+ hosts (open histograms and
bars) and MHC- hosts (grey histograms and bars). A1 naive CD4 T cells
(stippled lines histograms, black bars) are shown as reference (one mouse).
Expression was assessed on CD4+ H57+ cells from the lymphocyte gate.
Mean values + standard deviation and p-values, obtained with two-tail Mann-
Whitney test, are shown. 3-5 mice per group were used. Similar results were
obtained in 3 independent experiments. 152



Fig. 28

IL-7Ra expression on CD4 T cells during the
effector phase in MHC+ and MHC- hosts
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Figure 28 w° 10' 0% 10® 10f

FACS histograms (left) and MFI (right) of IL-7Ra expression on CD4 T cells at
day 4, 8 and 14 of the effector phase in MHC+ hosts (open histograms and
bars) and MHC- hosts (grey histograms and bars). A1 naive CD4 T cells
(stippled lines histograms, black bars; one mouse) and isotype control antibody
(light green histogram) are shown as reference. Expression was assessed on
CD4+ H57+ cells from the lymphocyte gate. Mean values + standard deviation
are shown. 3-5 mice per group were used. Similar results were obtained in 3
independent experiments. 153



Fig. 29

CD71 expression on CD4 T cells during the
effector phase in MHC+ and MHC- hosts
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Figure 29 v 0

FACS histograms (left) and MFI (right) of CD71 expression on CD4 T cells at
day 4, 8 and 14 of the effector phase in MHC+ hosts (open histograms and
bars) and MHC- hosts (grey histograms and bars). A1 naive CD4 T cells
(stippled lines histograms, black bars) are shown as reference (one mouse).
Expression was assessed on CD4+ H57+ cells from the lymphocyte gate.
Mean values + standard deviation are shown. 3 mice per group were used.
Similar results were obtained in 2 independent experiments. 154



Fig. 30
CD98 expression on CD4 T cells during the
effector phase in MHC+ and MHC- hosts
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FACS histograms (left) and MFI (right) of CD98 expression on CD4 T cells at
day 4, 8 and 14 of the effector phase in MHC+ hosts (open histograms and
bars) and MHC- hosts (grey histograms and bars). A1 naive CD4 T cells
(stippled lines histograms, black bars; one mouse) and isotype control
antibody (light green histogram) are shown as reference. Expression was
assessed on CD4+ H57+ cells from the lymphocyte gate. Mean values *
standard deviation are shown. 3-4 mice per group were used. Similar results
were obtained in 2 independent experiments.
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Fig. 31

pStat5 expression on CD4 T cells during the
effector phase in MHC+ and MHC- hosts
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FACS histograms (left) and MFI (right) of pStat5 expression on CD4 T cells at
day 4, 8 and 14 of the effector phase in MHC+ hosts (open histograms and
bars) and MHC- hosts (grey histograms and bars). A1 naive CD4 T cells
(stippled lines histograms, black bars) are shown as reference (one mouse).
Expression was assessed on CD4+ H57+ cells from the lymphocyte gate. Mean
values + standard deviation are shown. 3-4 mice per group were used. Similar
results were obtained in 2 independent experiments. 156



Fig. 32

IL-2 expression upon in vitro stimulation of
CD4 T cells recovered during the effector
phase in MHC+ and MHC- hosts
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Figure 32

Percentage of IL-2 producing cells on CD4 T cells upon in vitro stimulation
with PdBU and ionomycin in the presence of brefeldinA assessed by
intracellular staining at day 4 (upper row), 8 (middle row) and 14 (lower row)
of the effector phase in MHC+ hosts (left), MHC- hosts (centre) and A1
naive CD4 T cells (right, one mouse). Expression was assessed on CD4+
H57+ cells from the lymphocyte gate. Pooled cells from 3-5 mice per group
were used. 157



Fig. 33 a) and b)

Recovery of donor DCs recovery during the
effector phase in MHC+ and MHC- hosts
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Figure 33 a) and b)

a) FACS plot show percentages of donor DCs (CD11c+ H-2k+) recovered 4
days after transfer into MHC+ hosts (upper line, left) and MHC- (upper line,
right). Negative control staining for H-2k DCs from MHC+ (lower line, left)
and MHC- (lower line, right) hosts are shown as reference. b) Absolute
numbers of donor DCs recovered at day 4 (left), 8 (centre) and 14 (right) of
the effector phase from MHC+ hosts (white bars) and MHC- hosts (grey
bars). Mean values + standard deviation are shown. 4 mice per group were
used.
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Fig. 34 a) and b)

Generation of MHC class Il expressing DCs in
Rag1 ko — MHC+ and Rag1 ko — MHC-
chimeras and T cell recovery
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Figure 34 a) and b)

a) Experimental design; b) CD4 T cells recovery from 3 MHC+ hosts (white
bars), 3 MHC- hosts (grey bars), 6 Rag1 ko = MHC+ chimeras (black
diagonal bars) and 6 Rag1 ko — MHC- chimeras (grey diagonal bars) 35
days after transfer. 159



Fig. 35 b) and c)

IL-7Ra expression on memory CD4 T cells generated in
MHC+ and MHC- hosts and Rag1 ko — MHC+
and Rag1 ko — MHC- chimeras
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Figure 35 a) and b)
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a) FACS histograms of IL-7Ra expression on memory CD4 T cells generated in
MHC+ hosts (open histogram), MHC- hosts (grey histogram) upper line, and from
memory CD4 T cells generated in Rag1 ko = MHC+ chimeras (open histograms
dashed line) and in Rag1 ko = MHC- chimeras (grey histograms dashed line).
Isotype control antibody (light green histogram) is shown as reference. b) MFI for
IL-7Ra from 3 MHC+ hosts (white bars), 3 MHC- hosts (grey bars), 6 Rag1 ko —
MHC+ chimeras (black diagonal bars) and 6 Rag1 ko = MHC- chimeras (grey
diagonal bars). Expression was assessed on CD4+ H57+ cells from the
lymphocyte gate. Mean values + standard deviation and p-values, obtained with

two-tail Mann-Whitney test, are shown.
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Fig. 36

IL-2 secretion upon in vitro activation by memory
CDA4 T cells generated in MHC+ and MHC- hosts
and Rag1 ko — MHC+ and Rag1 ko — MHC-

chimeras
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Figure 36

IL-2 secretion by memory CD4 T cells from 3 pooled MHC+ hosts (black
diamonds), 3 pooled MHC- hosts (red squares), 6 pooled Rag1 ko = MHC+
chimeras (open black diamonds) and 6 pooled Rag1 ko -+ MHC- chimeras
(open red squares) upon stimulation with plate-bound anti-CD3 (left) and
anti-CD3 in the presence of anti-CD28 (right). IL-2 was detected as
proliferation of the IL-2 dependent cell line CTLL-2 and results were
calculated from a standard curve of recombinant IL-2 to give units of IL-2/ml 161
produced.



Fig. 37

Generation of bone marrow chimerasRag1 ko
— MHC+ and Rag1 ko — MHC- chimeras in
sub-lethally irradiated hosts
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Figure 37

Experimental design of generation of Rag1 ko -+ MHC+ and Rag1 ko —
MHC- bone marrow chimeras. 162



Fig. 38 a) — d)

Reconstitution of MHC class Il expressing DCs
in Rag1 ko — MHC+ chimeras and
Rag1 ko — MHC- chimeras
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Figure 38 a) - d)

FACS plot show percentages of DCs expressing MHC class || molecules
(CD11c+ I-Ab+) from Rag1 ko =+ MHC+ chimeras (a) and Rag1 ko = MHC-
chimeras (b). DCs from MHC+ hosts (c¢) and MHC- hosts (d) are shown as

reference.
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Fig. 39

CD4 T cell recovery from MHC+ and MHC- hosts
and Rag1 ko — MHC+ and Rag1 ko —» MHC-
chimeras during the effector phase
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Figure 39

CD4 T cells recovery from MHC+ hosts (white bars), MHC- hosts (grey bars),
Rag1 ko = MHC+ chimeras (black diagonal bars) and Rag1 ko = MHC-
chimeras (grey diagonal bars) at day 4 (1 mouse per group) and day 8 (3
mice per group) of the effector phase. T cell recovery was calculated from
percentages of CD4+ H57+ cells from the lymphocyte gate. Mean values +
standard deviation are shown.
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Fig. 40 a), b) and c)

Reconstitution of MHC class Il expressing B cells
in TCRa ko — MHC+ chimeras and
TCRa ko — MHC- chimeras
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Figure 40 a), b) and c)

a) Experimental design. b) Percentages of B cells in ako #MHC+ chimeras
(left) and ako = MHC- chimeras (centre). An example of splenocytes from
MHC+ hosts (right) stained for B cells is reported as a negative control.
Percentages of B cells were obtained from B220+ CD19+ cells from the
lymphocyte gate of blood sample. c) Spleen cellularity (left) and CD4 T cell
recovery (right) from 3 MHC+ hosts (white bars), 3 MHC- hosts (grey bars), 5
ako =+MHC+ chimeras (black diagonal bars) and 5 ako -+ MHC- chimeras
(grey diagonal bars). Mean values + standard deviation are shown.
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Fig. 41 a) and b)

Bcl-2 and IL-7Ra expression on memory CD4 T cells
generated in MHC+ and MHC- hosts and TCRa ko —
MHC+ chimeras and TCRa ko — MHC- chimeras
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Figure 41 a) and b)

a) FACS histograms of Bcl-2 (left) and IL-7Ra (right) expression on memory CD4

T cells generated in MHC+ hosts (open histogram), MHC- hosts (grey histogram)
upper line, and in ako =MHC+ chimeras (open histograms dashed line) and ako
—+MHC- chimeras (grey histograms dashed line). A1 naive CD4 T cells (stippled
lines histograms) and isotype control antibody (light green histogram) are shown

as reference. b) MFI for Bcl-2 (left) and IL-7Ra (right) from 3 MHC+ hosts (white
bars), 3 MHC- hosts (grey bars), 5 ako +MHC+ chimeras (black diagonal bars)

and 5 ako +MHC- chimeras (grey diagonal bars). Expression was assessed on
CD4+ H57+ cells from the lymphocyte gate. Mean values + standard deviation1 66
are shown.



Fig. 42 a) and b)

IL-2 secretion upon in vitro activation by memory CD4
cells generated in MHC+ and MHC- hosts and
TCRa ko — MHC+ and TCRa ko — MHC- chimeras
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Figure 42 a) and b)

IL-2 secretion by memory CD4 T cells from MHC+ hosts (black diamonds),
MHC- hosts (red squares), ako +MHC+ chimeras (open black diamonds) and
ako =MHC- chimeras (open red squares) upon stimulation with plate-bound
anti-CD3 (left) and anti-CD3 in the presence of anti-CD28 (right) either in co-
culture with B cells (a) or after B cell depletion (b). IL-2 was detected as
proliferation of the IL-2 dependent cell line CTLL-2 and results were calculated
from a standard curve of recombinant IL-2 to give units of IL-2/ml produced.
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Fig. 43

CD4 T cell recovery from DC injected hosts
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Figure 43

CDA4 T cell recovery at day 14 from 4 MHC+ hosts (open bars) and 3 MHC-
hosts (grey bars) as well as 4 MHC+ hosts (black diagonal bars) and the 4
MHC- hosts (grey diagonal bars) that received additional DCs every 3 days
until the experiment was concluded. T cell recovery was calculated from
percentages of CD4+ H57+ cells from the lymphocyte gate. Mean values +
standard deviation are shown.
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Fig. 44 a) and b)

CD44 and IL-7Ra expression on memory CD4 T
cells from DC reconstituted MHC+

and MHC- hosts
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Figure 44 a) and b)
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a) FACS histograms and (b) MFI of CD44 (left) and IL-7Ra (right) expression on
CDA4 T cell 14 days after immunisation from 4 MHC+ hosts (open histograms), 3
MHC- hosts (grey histograms) as well as 4 MHC+ hosts (black diagonal bars)
and 4 MHC- hosts (grey diagonal bars) that received additional DCs every 3
days until the experiment was concluded. A1 naive CD4 T cells (stippled lines
histograms) and isotype control antibody (light green histogram) are shown as
reference. Expression was assessed on CD4+ H57+ cells from the Iymphocyte1 69
gate. Mean values + Standard deviation are shown.



Fig. 45

IL-2 secretion upon in vitro activation of
memory CD4 T cells generated in DC
reconstituted MHC+ and MHC- hosts
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Figure 45

IL-2 secretion upon stimulation with plate-bound anti-CD3 (left) and anti-CD3
in the presence of anti-CD28 (right) by memory CD4 T cells from 4 pooled
MHC+ hosts (black diamonds) and 3 pooled MHC- hosts (red squares) as well
as 4 MHC+ hosts (open black diamonds) and 4 MHC- hosts (open red
squares) that received additional DCs every 3 days until the experiment was
concluded. IL-2 was detected as proliferation of the IL-2 dependent cell line
CTLL-2 and results were calculated from a standard curve of recombinant IL-2
to give units of IL-2/ml produced. 170



DISCUSSION

MHC contact with TCR plays a crucial role in the survival of naive T cells *°
0 51 52 53 Memory T cells have been shown to be less reliant on MHC
contact for survival, although some exceptions have been reported % 2%,
Our lab previously showed that CD4 T cells lose their functional memory
characteristics in the absence of MHC class || molecules, despite no obvious

impairment in survival '%.

The experimental system used in those
experiments consisted of an adoptive transfer model in which naive CD4 T
cells were co-transferred with antigen pulsed DC into MHC allogeneic H-2°
lymphopenic hosts or hosts lacking MHC class Il due to the absence of I-A
chain “*. In addition, the H-2° mice used carry a mutation in the I-E® gene
promoter, and as a consequence they do not express E complex on the cell

surface %%

. It has, however, been shown that these mice express non
conventional heterodimers constituted of I-E? and I-A® chains 2. While these
heterodimers could stimulate polyclonal T cells, they are not recognised by
transgenic T cells used in the system used here. These T cells are neither

positively nor negatively selected by H-2° 2%

and do not see antigen
presented in the context of H-2°. The advantage of using an allogeneic
system was the generation of a pure population of memory T cells which was
not contaminated by naive T cells that escaped stimulation, as naive T cells
do not survive in the absence of syngeneic MHC ®. Moreover, as the hosts
lacked NK cells due to the absence of the cytokine common y chain 2*8, no
rejection was possible on the basis of differential MHC haplotype expression

on the donor cells. A potential disadvantage of this system was the transfer

of cells in lymphopenic hosts, which is thought to cause artificially high cell
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expansion. However, it should be noted that T cell expansion in response to
antigen is far higher and faster in kinetics than the expansion observed in
response to lymphopenia alone 2*°.

The experimental system described and used here therefore allowed us to
study the influence of MHC interactions on a pure CD4 T cell memory
population.

In order to define underlying mechanisms that caused the functional defects
of memory CD4 T cells described before '*°, memory CD4 T cells generated
in MHC+ hosts and memory CD4 T cells generated in MHC- hosts were
compared by means of microarray analysis. The rationale was not to achieve
necessarily a complete gene comparison, but to pinpoint candidate
molecules that could be involved in the maintenance of memory function.
Analysis of gene expression by microarray is a powerful tool which
generates an enormous amount of information. Despite the numerous
advantages, the technique has some limitations which are briefly discussed
here. For example, the amount and the relevance of the information
retrievable by analysis of gene expression is restricted to the probes
represented on the chip. This became clear during the analysis of the gene
expression profiles from memory populations using glass arrays, as the
genes displayed on those arrays turned out to be not relevant to the
biological question posed. In addition, only in the case of molecules that
have an active biological function as RNA molecules, differences in gene
expression can directly correlate with their biological significance. In all the
other cases, differences in gene expression do not necessarily correlate with
biological relevance, as often cellular mechanisms are tightly regulated at

many different stages in addition to gene transcription (i.e. proteins post-

172



translational modifications). Consequently, once it has been established by
real time PCR that the Afiymetrix data were a reliable representation of the
molecular profiles of the two memory populations, the efforts and resources
were concentrated in verifying and developing those data with other
techniques and experiments instead of repeating the Affymetrix experiments
the numbers of times necessary to achieve statistical significance. Moreover,
as the cell populations under investigation were ex vivo and not
synchronised in vitro cell cultures, the number of replicates necessary to
overcome the biological variability would have been unaffordable.

Microarray analysis was performed using in vitro amplified RNA. The choice
was dictated by the limited number of cells recovered and the extensive cell
sorting required to achieve the purity needed to perform analysis of gene
expression. This decision implied the possibility of artefacts introduced by
preferential amplification of some transcripts rather than others. For this
reason, some of the transcripts indicated as differentially expressed in the
two cell populations by the microarray analysis were validated on total RNA
without in vitro amplification. For the genes that were validated by real time
PCR, the results obtained were consistent with those obtained by chip
analysis. Clearly this does not allow to conclude on the level of expression of
all the genes in the array, but nevertheless it improved the confidence in the
data generated.

Basic data analysis was applied which aimed to identify genes that were
differentially expressed in the two populations in one condition only (resting
status). Even in this simple scenario, arbitrary choices were made in the data
analysis and an example is given by cut-offs. The cut-off for the difference in

the level of expression between the two cell populations was set at 1.5-fold.
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As there are no right or wrong choices in this respect, this value was
selected as relevant for the dataset based on the fact that such a cut-off
included the over-expression of the transcript for CD5 in memory CD4 T cells
from MHC- hosts compared to MHC+ hosts, which was previously described
as one of the phenotypic characteristics of memory CD4 T cells from MHC-
hosts at the protein level '%°.

At the stage of data management, the differentially expressed genes were
classified into categories relevant for T cells. This ‘tailored’ grouping was
preferred to the ‘already made’ categories offered by the software for
analysis of gene expression, as, at the moment, ‘T cells' specific gene
ontologies are not available. The organisation of the genes differentially
expressed according to the categories proposed here offered the advantage
of bringing together all the information generated and putting it into context.
Some of the genes differentially expressed were involved in common
pathways or similar biological functions that were relevant for the physiology
of the memory response. Interestingly, the transcripts that were involved in
common processes all pointed in the same direction, enhancing the strength
of the biological significance of their differential expression.

Relevant and interesting genes highlighted by microarray analysis are
discussed in the following section.

From the gene expression profiles generated, transcripts for various surface
molecules were differentially expressed in memory CD4 T cells from MHC-
hosts vs MHC+ hosts. For example, the over-expression of CD224 and the
under-expression of CD151 in memory CD4 T cells from MHC- hosts
suggest once again a higher rate of proliferation in memory CD4 T cells from

MHC- hosts. Although these molecules were not further analysed using other
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techniques, it is interesting to report that they were both associated with

lymphoproliferation. In fact, signal transduction through CD224 has been

300

implicated in the human X-linked LymphoProliferative (XLP) disease
although so far CD224 has not been reported to be expressed on CD4 T
cells ?’2. In addition, the analysis of T cells from CD151-null mice showed
that lack of CD151 induces a hyperproliferative phenotype in response to
TCR stimulation **'.

An interesting set of molecules are the 3 chemokine receptors Ccr2, Cxcr4
and Cxcr6, although more questions than answers arise when looking into
the intricate world of chemokines. There is an increasing body of evidence
indicating that specific patterns of chemokine receptors characterise T cells
subsets %, In this context, the over-expression of CCR2 in memory CD4 T
cells from MHC- hosts seems curious as CCR2 has been associated with a
Th2 phenotype 2" and CD4 T cells from the A1 strain tend to be ‘skewed’
towards a Th1 phenotype. In addition, memory CD4 T cells from MHC- hosts
also show an over-expression of Cxcr6 (also known as Bonzo), which

303

characterise a small subset of activated CD4 T cells ™, preferentially

secreting |IFN-y 34 CXCR6 expression has been reported to inversely

4 305

correlate with the expression of CXCR , another molecule expressed on

activated memory T cells (and one of the co-receptors for Human
Immundeficiency Virus (HIV) %), which was again over-expressed in
memory CD4 T cells. It is possible that the apparent contradictions could be
explained by further studies, and therefore these data are still worth
mentioning. As from our data there was no indication of a different

anatomical distribution or migratory pattern between the two memory CD4 T

175



cell populations, this set of data generated by Affymetrix was not further
analysed.

The over-expression of CD5 in the memory CD4 T cells from MHC- hosts vs
MHC+ hosts could be seen as the validation at the RNA level of the FACS
data already described for this cell population '?°. Similarly, we analysed the
surface expression of CD49d, another molecule in which our lab had
previously shown an interest in the context of the characterisation of different
memory CD4 T cell subsets . In that study, memory CD4 T cells were
found to express CD49d in correlation to their anatomical localisation, rather
than in correlation to functional differentiation. FACS profiles confirmed the
down-regulation of CD49d in the memory population recovered from MHC-
hosts reported by microarray analysis, but in the context of our experiment
we could not find an interesting angle to pursue the study of this molecule.
By microarray analysis, 3 genes involved in cellular senescence were over-
expressed in memory CD4 T cells from MHC- hosts compared to memory
CD4 T cells recovered from MHC+ hosts. The terms ‘cellular or replicative
senescence’ was introduced to describe the characteristic of somatic cells to
enter a non-replicative stage by arresting irreversibly at the G1 stage of the
cell cycle, after a defined number of divisions 2’8 |t has been reported that T
cells can divide up to 56 times before becoming senescent *®. Senescent T
cells are metabolically active, but are unable to proliferate or to generate

Ca2+ fluxes upon stimulation 3% 31°

. It is interesting to note that T cell
senescence is a phenomenon that increases with aging and that larger
numbers of senescent T cells are found in the elderly compared to the young

31* The role of cellular senescence was evaluated as a potential explanation

for the functional impairment upon activation observed in memory CD4 T

176



cells maintained in the absence of MHC class |l interaction. Considering that
memory CD4 T cells divide at a higher rate in the absence of MHC class I
compared to memory CD4 T cells that maintain contact with MHC class I
and that memory CD4 T cells from MHC- hosts show a functional
impairment, it is possible to hypothesise that the loss of function could be the
consequence of extensive proliferation in the absence of MHC class I
interaction. A point that would need clarification in this case is the lack of
accumulation of senescent cells, unless it is assumed that T cells that reach
the senescent status may have a disadvantage in terms of survival
compared to those that are still cycling. This assumption is not in line with
the concept of senescence, which so far has pointed to an inability to
produce daughter cells and not to an impairment in survival. Nevertheless, it
is not possible to exclude that different homeostatic mechanisms regulate
the turnover of memory T cells in the absence of MHC class Il, which could
somehow limit the accumulation of senescent T cells. In addition, the
molecules identified by analysis of gene expression can only provide a
possible indication that senescence could affect memory CD4 T cells in the
absence of MHC class Il. The lack of good antibodies and limited knowledge
about the functional mechanisms of these molecules did not allow further
investigation of these results.

Some of the genes differentially expressed in the two memory populations
were validated by real time PCR. The choice to validate Mapk9, the genes
coding for JNK2, by a second method based on RNA expression, was
related to a recent report in which JNK was shown to be undetectable in
naive CD4 T cells prior to activation. The interpretations that were proposed

for this observation suggested that the absence of the JNK pathway may
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protect cells from cell death induced by activation or alternatively may
prevent the expression of cytokines by naive cells before proliferation in
response to antigen, reviewed in ' JNK2 is a ubiquitously expressed
protein whose function is regulated by phosphorylation, but these new
findings indicate that this molecule is also regulated at the transcriptional
level. In the context of our experiments, the down-regulation of the mRNA
expression by memory cells may be indicative of an incomplete
differentiation status achieved by memory CD4 T cells from MHC- hosts. In
fact, the amount of mMRNA for Mapk9 expressed by memory CD4 T cells from
MHC- hosts was reduced compared to memory CD4 T cells from MHC+
hosts and very similar to the level expressed by A1 naive CD4 T cells.

Differential amounts of mRNA for IL-2 were detected between the two
memory CD4 T cell populations. From these data, one can conclude that
memory CD4 T cells from MHC- hosts store lower amounts of the transcript
for /12 than memory CD4 T cells from MHC+ hosts, but higher levels than
those observed in A1 naive CD4 T cells. These findings paralleled the
results obtained by a short in vitro stimulation of the three populations,
suggesting a direct correlation between the amount of mRNA detected and
the percentage of memory CD4 T cells able to synthesise IL-2 when
challenged with PdBU and ionomycin. Using PdBU and ionomycin T cells
were activated in a ‘un-physiological’ way, bypassing the TCR and acting
directly on PKC and inducing calcium fluxes. Therefore, in this assay the
potential of T cells to respond to the stimulus was tested rather than the TCR
signalling capacity. The findings showed that a decreasing gradient in the
efficiency of IL-2 response existed between memory CD4 T cells from MHC+

hosts, memory CD4 T cells from MHC- hosts and A1 naive CD4 T cells,
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which reflected the mRNA results. The same effect was observed upon in
vitro activation by TCR triggering using anti-CD3 with or without anti-CD28,
as already described '®°. The data on mRNA and short in vitro stimulation
indicate that the impairment in memory CD4 T cells from MHC- hosts in IL-2
production is not only related to a defect in the signalling upon activation, but
also to an intrinsic defect that is already present and defined at the mRNA
level during the resting memory phase. it is not possible to discriminate
whether the differential mMRNA content for IL-2 was due to a difference in the
basal synthesis of this cytokine in the memory phase or to a difference in the
stability of the mRNA in the two hosts. Interestingly, it has recently been
shown that signalling through the PI3K/Akt pathway sustains IL-2 synthesis
by promoting IL-2 mRNA stabilisation at the 3’ UnTranslated Region (UTR),
specifically in the late stage of T cell activation *'2. In light of these findings, it
can be consider that CD4 T cells from MHC- hosts may fail to undergo a
complete program of differentiation due to the lack of signals that sustain and
prolong IL-2 production during the development of the effector phase. Such
sustained signals through the Akt signalling pathway could affect IL-2
production as well as the survival of activated T cells, as recently suggested
180 compromising both effector and memory differentiation. To further define
the possible involvement of a deficient Akt signalling pathway during
activation, two molecules down-stream Akt were monitored in in vitro
activation of memory CD4 T cells. S6 and Glut1 are two molecules that can
be used as a read-out of Akt activity. S6 phosphorylation is required to allow
the assembly of the ribosomal machinery and therefore to initiate protein
synthesis necessary to sustain cell growth and effector functions 2'* 2%,

Using the TCR induced phosphorylation of S6 to verify the impairment in the
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PI3K/Akt pathway, memory CD4 T cells from MHC- hosts were not as
efficient as memory CD4 T cells from MHC+ hosts in starting protein
synthesis upon TCR triggering. The expression of the glucose transporter,

Glut1, is also controlled by Akt 2%

, @ master regulator of glucose metabolism
89 Memory CD4 T cells from MHC- hosts showed impaired Akt signalling as
they synthesised lower levels of Glut? mRNA during activation compared to
memory CD4 T cells from MHC+ hosts. The defect in glucose metabolism in
response to activation may indicate that a metabolic impairment could
account for the inability of memory CD4 T cells from MHC- hosts to fully
respond to stimulation.

Freshly isolated resting memory CD4 T cells from MHC- hosts expressed
reduced amounts of phosphorylated Akt1 as well as reduced amounts of Bcl-
2, corroborating the results from microarray analysis and strengthening the
data in favour of a reduced survival potential of memory CD4 T cells in the
absence of MHC class |l interactions. In addition, by FACS analysis, a
consistent down-regulation of IL-7Ra expression in the memory CD4 T cell
population from MHC- hosts vs MHC+ hosts was detected, which correlates
with Bcl-2 down-regulation as well as Stats down-regulation. The lower
expression of IL-7Ra in memory CD4 T cells from MHC- hosts could not only
point to a reduced survival capacity of these cells in the absence of MHC
class I, but perhaps also to an incomplete process of memory differentiation
of which IL-7Ra could count as an indicator. In this view, full IL-7Ra up-
regulation following activation could be considered a marker of CD4 memory
T cell differentiation that parallels the ability of cells to promptly acquire
effector function upon activation. The indication of an incomplete

differentiation towards a memory phenotype is supported also by the fact
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that IL-7Ra expression in memory CD4 T cells recovered from MHC- hosts
was lower than that observed in memory CD4 T cells recovered from MHC+
hosts but higher than that detected in effector or A1 naive cells. This may
indicate that in the MHC- hosts, CD4 T cells fail to acquire all the
characteristics of memory cells. Alternatively, memory CD4 T cells in MHC-
hosts may regulate IL-7Ra in an ‘altruistic’ way to enable the largest number
of cells to receive survival signals as shown in naive CD4 T cells %%, due to
an increase in the reliance in this survival signal in the absence of MHC
class |l.

The latter observation does not fit with the down-regulation of Stat5 in
memory CD4 T cells in MHC- hosts compared to MHC+ hosts. In fact,
resting memory CD4 T cells from MHC- hosts did not show an increase in
Stat5 phosphorylation due to an increase in the signalling through the IL-7
receptor, but on the contrary, showed a reduction of the phosphorylated
protein compared to memory CD4 T cells from MHC+ hosts. In this respect,
the impairment in cytokine signalling in the quiescent state may suggest a
reduction in survival potential in memory CD4 T cells recovered from MHC-
hosts compared to MHC+ hosts that find further evidence in the down-
regulation of other crucial molecules that promote T cell survival such as Bcl-
2 and Akt1.

These findings can explain why, despite a higher rate of cell division,
memory CD4 T cells from MHC- hosts do not accumulate in comparison to
those from MHC+ hosts. The turnover of memory CD4 T cells generated in
MHC+ and MHC- hosts was analysed by Pl staining. Complementing
previous data showing a higher level of BrDU incorporation during a period

of time of 12 days in vivo in memory CD4 T cells from MHC- hosts compared
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to MHC+ hosts '?°, a higher proportion of memory CD4 T cells from MHC-
hosts was found in the G2/M-S phase of the cell cycle than in the memory
CD4 T cells from MHC+ hosts. Moreover, 10 times more apoptotic cells were
detected in the memory CD4 T cell population from MHC- hosts than from
MHC+ hosts. The higher rate of cell cycling seemed to be an acquired
characteristic of memory CD4 T cells generated in MHC- hosts, which was
retained when cells were secondarily transferred into MHC+ lymphopenic
adoptive hosts. Seven days after the secondary transfer, memory cells from
MHC- hosts underwent 7 divisions compared to the 4 divisions showed by
memory CD4 T cells from MHC+ hosts, as assessed by CFSE dilution.
Similarly to what was previously observed, higher rates of cell division
observed in memory CD4 T cells from MHC- hosts did not correlate with
expansion of the cell population, implying that higher cell division was again
balanced by higher cell death. Nevertheless, the higher proliferation and cell
death of memory CD4 T cells from MHC- hosts did not result in a competitive
disadvantage when memory cells from MHC- and MHC+ hosts were
secondarily co-transferred into the same recipients. In these secondary
hosts, the ratio between the two cell populations remained constant
throughout a period of 49 days showing that, despite the fact that memory
CD4 T cells from MHC- hosts showed an impairment in survival over

memory CD4 T cells from MHC+ hosts, they were not out-competed.

During a time course experiment that aimed to follow the development of
memory in the two hosts, it became clear that the differences observed in
CD4 T cells recovered from late stages of the memory phase were already

detectable 14 days after immunisation. This result indicates an early
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establishment of a survival and functional impairment in CD4 T cells
recovered from MHC- hosts. In light of this result, earlier time points were
analysed. CD4 T cells from MHC- hosts showed an impaired activation in
vivo compared to CD4 T cells transferred into MHC+ hosts during the
effector phase. This result was particular evident in terms of CD71 and CD98
up-regulation and Stat5 phosphorylation at day 4 of the effector phase. The
reduced ability of CD4 T cells to metabolically sustain their activation, and a
possible impaired capacity to synthesise IL-2 suggested by the reduced
percentages of Stat5 phosphorylation, may explain the decreased expansion
in terms of CD4 T cell recovery observed at day 8 in MHC- hosts vs MHC+
ones.

This suggests that normal memory may never be established in MHC- hosts

due to an impaired primary response in the first instance.

Data previously generated in our lab have shown that DCs transferred into
adoptive hosts persisted for a period of 2-3 weeks ® In those experiments,
the C5 antigen was continuously presented by the DCs, as it was present in

the serum of the hosts &

. In the experiments described here, antigen
presentation was achieved by pulsing the DCs with the H-Y peptide.
However, a limitation in antigen presentation seems an unlikely explanation
because donor DCs were recovered in similar number from both hosts.

Therefore, one has to consider the hypothesis that the presence of
allogeneic MHC class Il, unable to provide any antigen presentation, may

offer a ‘tonic’ signal that actively promotes the development of a full immune

response.
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Although there was no difference in the availability of the interaction with the
syngeneic antigen presenting MHC class Il molecules in the two hosts, CD4
T cells transferred into an MHC class Il competent environment appear to
receive additional signals from the allogeneic MHC class Il molecules
provided by endogenous host APCs. Non-cognate interactions may be
required by effector CD4 T cells to fulfil their programme of differentiation
during the immune response. In this case, the delivery of a ‘tonic signal’ in
the form of self-peptide: MHC would be necessary for successful effector
and memory generation. As the syngeneic DCs were antigen pulsed before
injection, we can imagine that the vast majority of the MHC class I
molecules exposed on the DCs surface would have been loaded with H-Y
peptide. In this case, a ‘tonic signal’ could have been delivered by the
endogenous DCs only in MHC class Il competent hosts. It has been
demonstrated that such ‘tickling’ of the TCR by self-peptide:MHC complex is
important in naive CD4 T cells to maintain their sensitivity to antigen >®. Non-
cognate interactions have also been suggested to participate to CD4 T cell
activation in the pseudodimer model where cognate and non-cognate:MHC
molecules form the basic unit for T cell activation %' ™.

Chimeric animals were used to try to address the role of non-cognate
interactions. In these experiments, antigen presentation was restricted to the
H-Y peptide pulsed DCs co-transferred with A1 naive CD4 T cells, and non-
cognate interaction was offered by the reconstitution of the adoptive hosts
with bone marrow cells from MHC competent donors.

MHC- hosts, as well as MHC+ ones, were reconstituted with bone marrow

cells from donors that provided MHC class Il interaction on DCs or DCs and

B cells at various stages of effector or memory generation. None of these
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experiments was able to prevent loss of function in memory CD4 cells from
MHC- hosts. In the case of non irradiated hosts transplanted with bone
marrow cells to provide DCs, the competition for space with the endogenous
DCs population may have reduced the efficiency of the reconstitution of the
MHC class Il signal. In the case of non irradiated hosts transplanted with
bone marrow cells to provide DCs and B cells, the timing of the reconstitution
may not have been optimal to supply a significant number of mature B cells
expressing MHC class |l during the effector phase, compromising the
following stages. Also host irradiation prior to bone marrow transplantation
did not allow us to answer our question as it resulted in the rejection of the
CD4 T cells during the effector phase. The alternative approach used to
provide additional MHC class Il was to inject every three days bone marrow
derived DCs. The failure of this experiment highlighted the complexity and
difficulty in controlling all the factors involved, such as the migration and
homing of the delivered DCs in relation to their co-localisation and

interactions with CD4 T cells "%,

Overall, the results presented in this thesis suggest a universal role of MHC
contact with non-antigen presenting MHC molecules during the initial
activation step, which is instrumental in shaping the functional competence

of memory T cells.
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