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Abstract

The guanine nucleotide binding protein Rho has essential functions in the
development of T lymphocytes in the thymus. Rho is thus important for the survival of
pre-T cells. Activation of RhoA also regulates the efficiency of thymocyte selection:
positive selection is more efficient in thymocytes expressing active RhoA and less
efficient in thymocytes that have lost Rho function. To explore the mechanisms used by
RhoA to control thymocyte biology the role of RhoA in the regulation of integrinmediated cell adhesion and migration was examined. The cells used for these experiments
were primary T cells from transgenic mice expressing either an active allele of RhoA in
the T cell compartment or T cells expressing Clostridium botulinum C3 transferase which
selectively ribosylates Rho and prevents its function. In primary T cells it was seen that
RhoA activation is sufficient to stimulate |31 and (32 integrin-mediated adhesion.

Integrin function is important for two aspects of T cell biology: the interaction of
T cells with antigen-presenting cells (ARC) and the ability of cells to migrate. In the
present study the role of RhoA in these two processes was compared. It was seen that the
level of RhoA activity was critical for thymocyte migration to chemokines. In contrast,
activation of RhoA did not potentiate the ability of T cells to form antigen specific
conjugates with APCs nor was Rho function absolutely required for this process. The
regulatory actions of RhoA on integrins thus have a selective role on T cells, they do not
facilitate and stabilize contacts between the T cell and cells presenting antigen/MHC
complexes (APCs), rather they are important for lymphocyte motility.
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Chapter 1

Introduction

1.1

T cell Development

1.1.1 The T cell Lineage in Haematopoiesis
All blood cells arise from a type of cell called the haematopoietic stem cell (HSC).
Haematopoiesis is the formation and development of red and white blood cells. Stem
cells are self-renewing. In foetal life HSC localize to the yolk sac, later they migrate to
the foetal liver and then to the spleen. After that, the differentiation of HSCs in the bone
marrow becomes the major factor in haematopoiesis, and by birth there is little or no
haematopoiesis in the liver and spleen.
On receiving differentiation signals, HSC commit to either the lymphoid or the
myeloid lineage, thereby losing their pluripotency. Whereas lymphoid cells are important
for both, the adaptive and innate immunity, myeloid cells essentially belong to the innate
immune system.

The most immature lymphoid committed progenitors identified to date are called
‘common lymphoid progenitors’ (CLP). CLPs differentiate into T, B and NK lineages but
not into myeloid lineages.

T cell development occurs preferentially in the thymus, from CLP precursors
imported from the bone marrow. Once inside the thymic microenvironment,
developmental cues from the thymic stroma induce these CLPs to execute an ordered and
tightly regulated differentiation program (Akashi et al., 2000; Zuniga-Pflucker and
Lenardo, 1996).
1

1.1.2 T cell Development in the Thymus is Defined by the Specific
Expression of Cell Surface Molecules
T cell development in the thymus follows a highly ordered series of
phenotypically and genetically distinct stages defined by the specific expression of cell
surface molecules (Figure 1.1).

Initially, the cells are named double negative (DN) because they are negative for
the expression of the receptors for class I and II major histocompatibility molecules CDS
and CD4. The DN cells constitute about 2-3% of all thymocytes and can be further
subdivided into four subsets, according to the expression of CD25 (IL-2 receptor a-chain)
and CD44 (phagocytic glycoprotein-1). The most immature thymocytes are CD44‘"CD25'
(termed DNl); then they go on to acquire CD25 (DN2), when they become committed to
the T cell lineage and begin to rearrange T cell receptor (TCR)-(3 chain loci. The definite
molecular marker of commitment to the T cell lineage is the rearrangement of the gene
loci that encode the T cell receptor. The cells then lose CD44 expression and continue
TCR|3 chain rearrangements to completion (DN3). At the DN3 pre-T cell stage, cells that
successfully rearrange their TCR(3 locus express a functional receptor complex known as
the pre-TCR complex (Aifantis et al., 1999; Kruisbeek et al., 2000; Michie and ZunigaPflucker, 2002). This comprises the pre-TCRa chain associated with the TCRp chain and
the CD3 signalling complex. DN3s that express the pre-TCR proliferate rapidly,
downregulate CD25, and differentiate into DN4 cells (Borowski et al., 2002). Immature
DN thymocytes differentiate into either yôTCR- or a(3TCR T cells; only 1-2% of the DN
population commit to the yb lineage (Hayday, 2000).

The transition of DN4 cells to double positive (DP) cells is characterized by co
expression of CD4 and CDS (Zuniga-Pflucker et al., 1991). DN4 cells start to express
CD4 and CDS at the mRNA level, and if removed from the thymus and cultured for 24
hours in medium without added differentiation factors, they spontaneously develop into
DP thymocytes.
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Figure 1.1. Summary of the main stages of thymocyte development
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T cell development at the DN stage is regulated by the combined action of
cytokines and signals regulated by the pre-TCR (Fehling et al., 1995; Spits, 2002).

1.1.3 Cytokines and Thymoycte Development
Thymocyte proliferative expansion at the early stages of DN cell development, is
regulated by both the stem cell factor receptor (c-kit/CDl 17) and interleukin (IL)-7/IL-7R
signalling (Di Santo et al., 1995; Maraskovsky et al., 1997; Sohn et al., 1998; Thomis and
Berg, 1997; von Freeden-Jeffry et al., 1997). C-kit is expressed on DNl (CD44^CD25 )
and DN2 (CD44^CD25^) cells and is downregulated at the DN3 stage (CD44 CD25^. Ckit is absent on DN4 cells (CD44 CD25) (Godfrey et al., 1992). The receptor for IL-7 is
composed of the IL-7Ra chain and the common cytokine receptor gamma (yj chain,
shared by the IL-2, IL-4, IL-9, and IL-15 receptors. Mice deficient for IL-7 or one of the
components of its receptor demonstrate a strongly impaired T cell development (Cao et
al., 1995; von Freeden-Jeffry et al., 1995; Zeng et al., 1994).

Defects in the IL-7 receptor a or y chains ( y j in humans result in a severe
combined immunodeficiency syndrome (SCID) characterized by a complete lack of T
cells (Leonard, 2001). An important function of IL-7 appears to be the promotion of
survival and proliferation of immature thymocytes (Spits, 2002). The signals that couple
IL-7 to its effect on survival, proliferation and differentiation of T cell precursors are not
fully elucidated. Binding of IL-7 to IL-7R results in activation of tyrosine kinases from
the Janus family, JAKl and JAK3 (Foxwell et al., 1995). In the quest for signalling
molecules that couple these kinases to the T cell developmental program it was found that
the lipid kinase phosphatidylinositol-3 kinase (PI3K) is activated after being recruited by
the IL-7Ra chain (Spits, 2002). PI3K is composed of an 85-kDa regulatory subunit and a
110-kDa catalytic subunit (Ward and Cantrell, 2001). The p85 component associates with
receptors and is tyrosine phosphorylated in a ligand-dependent fashion by growth factors
and cytokines, suggesting an involvement of PI3K in growth regulation. One downstream
cellular effector of PI3K is protein kinase B (PKB), which seems to play a central role in
PI3K mediated cell cycle progression (Brennan et al., 1997). Interaction of IL-7 with the
IL-7R chain has also been shown to activate STAT5 in human thymocytes and it has been
suggested that STAT5 isoforms are required for regulation of thymocyte differentiation
(Pallard et al., 1999).

1.1.4 The pre-TCR
The importance of the T cell receptor genes in early thymocyte development
became evident from analysis of SCID (severe combined immunodeficiency disease)
mice which cannot efficiently rearrange their TCR (and BCR) genes (Blunt et ah, 1995),
RAG (recombination activation gene) deficient mice (Mombaerts et al., 1992b) and from
TCRp ‘knockout’ mice (Mombaerts et al., 1992a). In these murine models, T cell
differentiation is severely impaired, with complete (SCID, RAG ) or partial (TCRp'^‘)
developmental blocks at the DN3 stage, and therefore none or very few DP thymocytes
are produced.

The pre-TCR is composed of the pre-TCRa chain that is associated with the
TCRp chain. The pre-TCRa chain is expressed in all DN subsets. At the DP stage the
pre-TCRa chain is displaced competitively by the mature TCRa chain, thus allowing
mature TCRa(3 to take the place of the pre-TCR at the cell surface. To develop beyond
the DN3 stage, thymocytes must traverse a checkpoint known as ‘^-selection’, contingent
on successful rearrangement of the TCR(3 chain. ‘(3-selection’ is accompanied by a
process termed ‘allelic exclusion’. Allelic exclusion is a process that permits expression
of only one, either the maternal or the paternal allelic form of a gene, per cell. As soon as
one allele is rearranged into a functional (3 chain, this shuts off any further rearrangement
of the other allele. That is, a single T cell will express only one functionally rearranged (3
chain per cell which is either of maternal or paternal origin. (Khor and Sleckman, 2002;
Kruisbeek et al., 2000; Michie and Zuniga-Pflucker, 2002; von Boehmer et al., 1999). As
a consequence of ‘(3-selection’ there is intense proliferation and rapid progression to the
DP stage. Cell survival, proliferation and differentiation at the DN3

DN4 (-> DP)

transition are consequences of signals triggered by the pre-TCR. As is the case for the
mature TCR, the pre-TCR relies on association with CD3(Y,ô,8(2),C(2))-inolecules for
signal transduction (Hayes et al., 2003). Unlike the TCR, the pre-TCR does not seem to
require a ligand for initiation of signalling. The ‘surface expression model’ hypothesis
suggests that accumulation of completely assembled pre-TCR complexes on the cell
surface is sufficient to induce pre-TCR signalling.

1.1.5 Precursor Movement Through the Thymus: An Encounter with
Specific Microenvironments Provides Signals Responsible for
Lymphoid Development
The thymus is subdivided into a cortex and medulla. As it is known that T cell
development in the thymus is controlled by T cell interactions with thymic stromal cells
(Anderson et al., 2000a; Anderson and Jenkinson, 2001), there has been an interest in the
precise histologic location of each stage of lymphopoietic development.

Studies by Petrie et al. have looked in detail at T cell precursor migration in the
thymus (Lind et al., 2001; Plotkin et al., 2003; Prockop and Petrie, 2000; Prockop et al.,
2002). Early DN precursors arrive in a narrow region of the perimedullary cortex,
followed by outward migration across the cortex to the subcapsular zone (SCZ) of the
thymus. The earliest DNl precursors predominate in a region corresponding to the inner
15-20% of the cortex. The main function of this thymic stromal region appears to be
proliferative expansion of cells arriving from the blood. Consequently, production of
cytokines and growth factors by stromal cells in this region is strongly implicated. DN2
cells are found throughout the mid- to outer cortex. DN3 cells begin to predominate in the
outer third of the cortex. The key developmental event that correlates with migration into
this region is the rearrangement of the TCRp locus and thus the commitment to the T cell
lineage. DN3 cells that express a functional pre-TCR continue to accumulate in number
in the SCZ, proliferate rapidly and differentiate into DN4 cells and subsequently into the
DP stage.

DN precursors move exclusively in the direction of the capsule after entry into the
thymus, never in the opposite direction. This polarized migration of DN precursors
(chemotaxis) is regulated by the presence of chemoattractive stimuli emanating from
thymic stromal elements in the cortex, capsule and/or SCZ, as well as receptors for these
chemoattractants on DN cells. In this context chemokines such as S D F -la (stromal cell
derived factor-la), TECK (thymus expressed chemokine), and respective receptors
CXCR4 and CCR9 are expressed in the thymus and have been shown to be important for
intrathymic migration (Campbell et al., 1999; Norment et al., 2000; Wurbel et al., 2001).

In particular, it has been shown recently that CX CR4/SDF-la signalling is
absolutely required for proper direction/localization of early progenitors arriving from the
blood into the cortex where they encounter the differentiative and proliferative signals
necessary for T cell differentiation in the postnatal thymus (Ara et al., 2003; Plotkin et al.,
2003).

Cells that are actively transmigrating the cortex (mainly DN2 cells) must express
receptors that allow them to adhere to a stable matrix and move in the direction of
chemoattractive signals. Recent work proposes that DN2 migration is mediated via
adhesion of a4-containing integrins (a4 p i and a4p7) to matrix composed of cytokeratin^
cortical epithelial cells that express the a 4 integrin ligand VCAM-1 (Prockop et al.,
2002). This study underscored the importance of VCAM-1 in intrathymic T cell precursor
migration. This study further suggests that migrating lymphoid progenitors use a cellular,
rather than an extracellular matrix for adhesion and migration and demonstrates a close
association of early lymphoid progenitors in the thymus with the stromal elements on
which their differentiation depends. Migration along a matrix of the very cells that
generate the signals that induce cellular differentiation would ensure the efficiency of
required interactions. Ultimately, cells that undergo successful TCR-MHC interactions
migrate into the medulla.

Importantly, besides the stromal cell network, the thymus also contains
mesenchymal fibroblasts that interact with thymocytes and play a role in their
development (Banwell et al., 2000). These fibroblasts provide extracellular matrix (ECM)
components such as fibronectin (FN), laminin and collagen to thymocytes. The best
characterized ECM receptors on thymocytes are the p i integrins VLA-4 and VLA-5
(Crisa et al., 1996; Salomon et al., 1994; Sawada et al., 1992; Takayama et al., 1998;
Utsumi et al., 1991).

The interaction between ECM with its respective integrin receptor will be
discussed in detail in the subsequent chapters.

1.1.6 Positive and Negative Selection in Thymocyte Development
The CD4 CD8' (DN) to CD4‘"CD8'' (DP) transition coincides with the termination
of pre-TCR chain expression, and initiation of rearrangements at the mature TCRa locus.
T C R a rearrangements are completed at the DP stage, which allows the expression of a
TCRaP complex (Hogquist, 2001; Jameson and Bevan, 1998; Sebzda et al., 1999). The
next developmental stage is the differentiation of immature DP thymocytes to mature
CD4 and CD8 single positive (SP) thymocytes. This process is controlled by a functional
apTCR-CD3 antigen complex and subjects DP thymocytes to the stringent processes of
positive and negative selection which ensures that only cells bearing a receptor capable of
recognizing ‘foreign’ antigen in the context of ‘self’ class I or class II major
histocompatibility complex (MHC) molecules pass into the peripheral circulation.

Only very few (estimates are -1% ) DP T cells actually encounter peptide-MHC
expressed on thymic antigen-presenting cells (APCs) in a manner that qualifies them to
undergo the selection (positive or negative) process. This might be explained by the
ability/inability of their TCRs to bind to peptide-MHC presented by the APC at an
appropriate strength or quality to trigger the selection process. Therefore the vast majority
of DPs die by neglect (lack of signal). Appropriate encounter of the TCR with peptideMHC yields two very different outcomes: it either induces negative selection (cell
deletion due to apoptosis/programmed cell death) or positive selection for survival and
further differentiation.

The current and widely accepted model to explain positive and negative selection
is the strength of signal hypothesis model: affinity and/or avidity mechanisms influence
the signal strength between the TCR and peptide-MHC on thymic antigen-presenting
cells (Hogquist, 2001; Jameson and Bevan, 1998; Sebzda et al., 1999). This model
predicts that a lack of TCR signalling, or signalling below the threshold required for
positive selection of thymocytes results in death by neglect (estimates are > 90%), a
strong signalling triggered by high avidity/affinity interactions results in negative
selection, and a weak-moderate signalling triggered by low/intermediate avidity/affinity
binding of thymocytes to self-peptide-MHC results in positive selection and
differentiation into either mature CD4 SP or CD8 SP T cells which are allowed to exit
from the thymus into the periphery. However, the intracellular pathways downstream of
the TCR that lead to positive or negative selection are not yet fully defined. The evidence

collected so far suggests that unique signalling aspects of positive versus negative
selection do exist, and a point of divergence has been identified at the level of MAPK
pathways (Rincon, 2001). Positive selection is blocked in thymocytes expressing a
catalytically inactive form of MAPK kinase (MEK-1/MKK1-), thus demonstrating that
the signalling cascade through p21Ras^Raf->M EK-l->ERK-l/2 is crucially involved in
mediating positive selection. TCR signalling to negative selection was shown to be
mediated via the MEK-6-^p38 pathway (Alberola-Ila et al., 1995; Alberola-Ila et al.,
1996; Werlen et al., 2000).

Recent data has emphasized the critical role of antigen-presenting cell types in
mediating TCR signalling strength. Thymic cortical epithelial cells have been implicated
in positive selection (Anderson et al., 2000a; Anderson and Jenkinson, 2001; Hare et al.,
2003) and ‘professional’ APCs (e.g. dendritic cells) have been implicated in negative
selection (Klein et al., 2001; Volkmann et al., 1997). Depending on the APC cell type,
TCR signal strength may be modified by peptide-MHC molecule density or by variations
in

C O - stimulatory

molecule (e.g. T cell/CD28-APC/B7) or cell adhesion molecule (CD2,

LFA-1) expression levels (Kishimoto and Sprent, 1999). Moreover, TCR signal strength
may be influenced by the type of co-receptor (CD4 or CD8) engagement and TCR
density on developing DP thymocytes (TCR density increases as thymocytes mature)
(Sebzda et al., 1999).

The recent discovery that a subset of stromal cells expresses peripheral tissue
restricted antigens (Kyewski et al., 2002) in the thymus has emphasized the essential
contribution of the antigen-presenting cell in determining whether a T cell becomes
deleted or is positively selected. Moreover, the importance of presentation of self
antigens in the thymus has become clear from the discovery of the function of the
molecule AIRE (autoimmune regulator). The gene encoding AIRE is mutated in humans
with autoimmune polyendocrinopathy-candidiasis-ectodermal dystrophy who are prone to
a wide variety of autoimmune disorders (Bjorses et al., 1998; Peterson et al., 1998).
Studies of AIRE function in mice have shown that deletion of the AIRE gene prevents
ectopic expression of peripheral tissue-restricted antigens in medullary epithelial cells of
the thymus which is associated with an increase in the susceptibility of these mice to
autoimmune disease (Anderson et al., 2002).

This finding has also highlighted the importance of thymically imposed “central”
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tolerance in controlling autoimmunity. Because T cell antigen-specific receptors (TCR)
are encoded by genes assembled through random somatic DNA rearrangement (a and p
chain rearrangements, respectively) the emerged repertoire of receptors inevitably
includes specificities capable of reacting to self-constituents. Presentation of peripheral
self-antigen by the thymic APC allows the detection of autoreactive T cells and their
subsequent removal from the repertoire (negative selection).

DP cells which are positively selected go through a lineage commitment decision
(Basson and Zamoyska, 2000). They differentiate either to the CD4 SP or CDS SP T cell
lineage. SP thymocytes constitute the most mature thymic subset. Approximately 10% of
all thymocytes are CD4 SP, whereas CDS SPs account for 5% of the thymocytes.

CD4 SP and CDS SP T cells leave the thymus and enter the periphery through a
chemokine-controlled process termed thymic emigration (Scollay and Godfrey, 1995).
The chemokines SDF-1 and CCL19 have been implicated in this emigration process
(Poznansky et al., 2000; Ueno et al., 2002; Zlatopolskiy and Laurence, 2001). The
proposed mechanism by which thymocyte emigration is believed to occur will be
discussed in more detail in the result chapters. Peripheral T cells control the mature
immune response. They enter the circulation as resting cells of the cell cycle. As they
have not yet encountered antigen, they are considered naïve T cells. Naïve T cells
continually re-circulate between the blood and lymph systems (Cyster, 1999; Cyster,
2003). If a naïve T cell does not encounter antigen in a secondary lymphoid organ (e.g.
lymph node), it exits through the efferent lymphatics, ultimately re-joining the blood.

Naïve T cells have generally been thought to survive only about 5-7 weeks in the
absence of antigen. If a naïve T cell recognises an antigen-MHC complex on an antigenpresenting cell or target cell, it will be activated, and initiate a primary response. About
36-48 hours after activation, the naïve T cell enlarges into a blast cell and begins to
undergo repeated rounds of cell division. Activation signals trigger entry of the T cell into
the cell cycle and induce transcription of the gene for IL-2 and the a chain of the highaffinity IL-2 receptor. Secretion of IL-2 and its subsequent binding to the high-affinity
IL-2 receptor (Cantrell and Smith, 1984) induces the activated naïve T cell to proliferate
and generate a large clone of progeny cells.

Depending on the type of activation signals received, which are determined by the
10

type of antigen, co-stimulatory signals and cytokine stimuli, CD4 SP T cells further
differentiate into either T helper-1 subtype cells (CD 4^hi) or T helper-2 subtype cells
(CD4 'T"h2) (Murphy and Reiner, 2002; Szabo et al., 2003). CD4 SP T cells that are
activated by antigen and costimulatory signals provided by antigen-presenting cells
(APC) in the presence of IL-12 further differentiate into T helper-1 subtype cells
(CD4T’hi)

are characterized by the secretion of IFN-y. IL-2, TNF-p and LT. In the

presence of IL-4, CD4 SP T cells differentiate into T helper-2 subtype cells (CD 4 T ’h2)
that are distinguished by the different panel of cytokines they secrete: IL-4. IL-5, IL-6 ,
IL-10 and IL-13. Activated CDS SP T cells become cytotoxic T-lymphocytes (CDS'T’ctl)
which develop cytotoxic killing activity. Effector T cells are short-lived cells (Kaech et
al., 2 0 0 2 ).

The memory T cell population is derived from both, naïve T cells and effector T
cells after they have encountered antigen (Seder and Ahmed, 2003). Memory T cells are
long-lived and respond with heightened reactivity to a subsequent challenge with the
same antigen, generating a secondary response.

1.2

T-cell Antigen Receptor Signal Transduction

1.2.1 Initiation of T cell Receptor Signalling: Tyrosine Kinases

T cell activation is induced by the interaction of the T cell antigen receptor (TCR)
with foreign peptide bound to major histocompatibility complex (MHC) molecules
presented on the surface of antigen-presenting cells (APCs) such as dendritic cells (DC).
Peptide-MHC is recognised by the a|3 subunits of the TCR which is dependent on the
associated CD3 complex subunits y, ô, E(2),

for signal transduction (Figure 1.2). The

CD3 molecules contain immuno-receptor tyrosine-based activation motifs (ITAM) within
their cytoplasmic domain. ITAMs are present as a single copy in CD3 y, ô, and e and as
three copies in Ç (Hayes et al., 2003). Signal transduction pathways initiated by the TCR
are also influenced by the interaction between costimulatory molecules on the T cell (e.g.
CD28) and APC (e.g. B7) (Acuto and Cantrell, 2000). T cell activation results in T cell
clonal expansion and differentiation.
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IT AM s are phosphorylated by activated Src-family protein tyrosine kinases
(PTK). In particular the involvement of T-lymphocyte-specific tyrosine kinase p56Lck in
the transmission of TCR signals has been documented. Both, p56Lck-deficient and
dominant negative p56Lck transgenic mice have a profound block in thymocyte
development (Anderson and Perlmutter, 1995; Molina et al., 1993; Penninger et al.,
1993). Fyn deficiency alone had no major impact on pre-T cell development. However,
the combined deficiency of Lck and Fyn caused a complete block in thymocyte
development at the DN3 stage suggesting that Lck/Fyn have redundant roles in pre-TCR
signalling (van Oers et al., 1996). Mature SP T cells from Fyn-deficient mice show
impaired proliferation in response to TCR triggering (Appleby et al., 1992).

Src PTKs are activated by the phosphatase CD45, which dephosphorylates their
C-terminal regulatory tyrosine residues (Src PTKs are inactive in the phosphorylated
state) (Acuto and Cantrell, 2000). CD45 deficient mice show an accumulation of DN3
cells and a reduction in DP and SP numbers (Alexander, 2000; Byth et al., 1996).

Src kinase activity is negatively regulated by carboxy-terminal Syk kinase, Csk
(Chow et al., 1993). Csk'^' mice generate TCR(-) DP and SP cells, thus bypassing the need
for the pre-TCR and TCR in T cell development (Schmedt et al., 1998).

Phosphorylation of ITAMs of CD3 subunits by Src PTKs creates docking sites for
SH2-domain containing PTKs ZAP-70 and Syk (Chu et al., 1998). Similar to Lck and
Fyn, there seems to be a redundancy in the function of ZAP-70 and Syk downstream of
the pre-TCR. Whereas single ‘knock out’ mice exhibit none (Syk'"' ) or only very small
(Zap-70'^') defects in T cell differentiation, double ‘knockout’ animals show a complete
arrest at the DN3 stage of development (Cheng et al., 1997).

1.2.2 Signalling After Tyrosine Kinases in T cells
The main substrates for antigen receptor regulated tyrosine kinases are adaptors
such as LAT (linker for activation of T cells) or SLP-76 (Koretzky and Myung, 2001;
Leo and Schraven, 2001; Peterson et al., 2001; Samelson, 2002). These adaptors form
scaffolds to assemble signal transduction molecules in the correct intracellular location to
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execute their function. LAT and SLP-76 are crucial for pre-TCR signalling and thus T
cell development. In both mouse ‘knockout’ models, thymocyte development is
completely blocked at the DN3 stage (Koretzky and Myung, 2001; Peterson et al., 2001;
Samelson, 2002). Adaptors link the TCR to a cascade of signalling pathways during T
cell activation: the key ones are the activation of Ras- and Rho family GTPase signalling
networks (Cantrell, 2003b; Cantrell, 2003c). Adaptors also couple antigen receptor
tyrosine kinases to the inositol phospholipid metabolism which regulates both
intracellular calcium and the activity of serine/threonine kinases including members of
the PKC family and phosphatidyl-inositol-3 kinase (PI3K) controlled serine kinases.

How adaptors work to couple tyrosine kinases to downstream effectors was first
established for the activation of the guanine nucleotide binding protein Ras. Ras has a
critical role in controlling cytokine gene induction (Cantrell, 2003b) . Ras is active when
bound to GTP and inactive when bound to GDP. The guanine nucleotide binding cycle of
Ras is controlled by guanine nucleotide exchange factors (GEF) which promote transition
from the inactive GDP-bound to the active GTP-bound state. The inactive GDP-bound
state is a consequence of GTP hydrolysis that is promoted by the activity of GTPase
activating proteins (GAP) which stimulate the intrinsic GTPase activity of Ras.

One conserved GEF for Ras is SOS, the mammalian homologue of the Drosophila
‘Son of Sevenless’ protein which forms a complex with the adaptor Grb2 via interaction
with two Src homology (SH)3 domains on Grb2. The single SH2-domain on Grb2 can
then bind to tyrosine phosphorlyated receptors or adaptors thereby recruiting SOS to the
plasma membrane. In TCR-activated cells, the Grb2 SH2-domain interacts with tyrosine
phosphorylated residues in the cytoplasmic tail of the adaptor LAT (Samelson, 2002)
thereby forming complexes that regulate the membrane localization and catalytic activity
of SOS. LAT, an integral membrane protein, is a substrate for ZAP-70 and Syk and is
critical for Ras activation (Samelson, 2002).

LAT, in the tyrosine phosphorylated state, interacts with the phospholipase Cyl
(PLCyl) SH2-domain thereby recruiting this enzyme to the plasma membrane (Samelson,
2002).
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1.2.3 Inositol Lipid Metabolism In Lymphocytes
The TCR induces inositol phospholipid metabolism by the regulation of PLCyl.
TCR stimulation of PLCyl results in the hydrolysis of phosphatidyl-inositol-4,5biphosphate (PtdIns(4 ,5 )P2) and the production of inositol-1,4,5-triphosphate which
initiates an increase in intracellular calcium. PtdIns(4 ,5 )P2 breakdown simultaneously
produces diacylglycerol (DAG), which binds to specific domains in a number of
signalling proteins. The sustained elevation of intracellular calcium and the production of
DAG are key events of antigen receptor triggering (Cantrell, 2002b).

DAG-binding proteins involved in lymphocyte activation include serine/threonine
kinases of the protein kinase C family (PKC), the serine kinase protein kinase D, and the
Ras GEF, GRP (Cantrell, 2003c; Dower et al., 2000; Priatel et al., 2002). The potency of
PKC signalling pathways for lymphocyte activation is underlined by the observation that
phorbol esters, pharmacological agents which activate PKC, can mimic many aspects of
antigen receptor triggering. Proximal targets for PKCs in antigen receptor mediated
responses include the transcription factor NF kB (Bi and Altman, 2001; Sun et al., 2000).
Recent studies have found a role for DAG-regulated PKC isoforms in controlling the
activity of PKD (Matthews et al., 2000b). Antigen receptor activation of PKD is a rapid
and sustained response. PKD is active at the plasma membrane during the initial phase of
lymphocyte activation but disseminates away from the plasma membrane into the interior
of cells where it remains active during the sustained phase of lymphocyte activation
(Marklund et al., 2003; Matthews et al., 2000a).

Antigen receptor activation of PLCyl requires three classes of PTKs: p56Lck,
ZAP-70 and Tec kinases Rlk and Itk in T cells (Cantrell, 2003c). There is also a
requirement for LAT and SLP-76: tyrosine phosphorylated LAT interacts with the PLCyl
SH2-domain thereby recruiting this enzyme to the plasma membrane (Samelson, 2002).

1.2.4 Ras Family GTPases in T cells
One very important signal transduction pathway in T cells is mediated by the
GTPase p21Ras which rapidly accumulates in its active, GTP-bound form in antigen
receptor activated T cells. Once Ras is activated, it is able to regulate diverse cellular
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processes in peripheral T cells and thymocytes by coupling to multiple biochemical
effector signalling pathways including the Raf-1/MEK/ERK1,2 kinases and signalling
pathways controlled by the Rac/Rho GTPases (Genot and Cantrell, 2000; Genot et al.,
1996).

Ras function has been shown to be essential for positive selection of thymocytes
and in mature lymphocytes (Alberola-Ila et al., 1996). Ras cooperates with
calcium/calcineurin signals to regulate cytokine gene expression (Genot and Cantrell,
2000; Genot et al., 1996). The guanine nucleotide binding cycle of Ras is controlled by
guanine nucleotide exchange factors (GEFs), which promote the transition from the
inactive GDP-bound state to the active GTP-bound conformation. GEFs involved in Ras
activation in T cells include SOS and RasGRP which is activated by DAG binding
(Dower et al., 2000; Priatel et al., 2002). The relative contribution of SOS versus Ras
GRP to Ras activation in T cells seems to vary in different T cell subpopulations and also
varies depending on the cell stimulus (Cantrell, 2003b).

Another Ras family GTPase, Rapl, is also activated by PLC/DAG pathways in
lymphocytes (McLeod et al., 1998; Reedquist and Bos, 1998; Reedquist et al., 2000;
Sebzda et al., 2002). Rapl was initially identified as a protein capable of reverting the
morphological phenotype of Ras-transformed fibroblasts (Bos et al., 2001 ; Zwartkruis
and Bos, 1999). Rapl has an effector-binding domain homologous to that of Ras, and its
ability to compete for target proteins such as Raf-1 was thought to explain its ability to
reverse Ras-mediated transformation (Zwartkruis and Bos, 1999). Thus, it was proposed
that Rapl antagonizes the actions of p21Ras by preventing Ras activation of the Rafl-^M A P K ^E rk l/2 pathway. This model became immunologically interesting when it
was shown that anergic T cells express high amounts of active Rapl A (Boussiotis et al.,
1997). Ras signalling and Erk activation were defective in these cells, which supported
the concept of Rapl A as a negative regulator of TCR mediated responses. On the other
hand, studies with models of mitogen stimulation reported that Rapl activation occurs
concurrently with robust stimulation of the Raf-l->M EK -^Erkl/2 pathway (Zwartkruis
et al., 1998). It was therefore quite controversial as to whether Rapl A functioned as a
positive or negative regulator in T lymphocytes. This issue seems to be resolved with
most evidence supporting that the main function of Rapl in T cells is to regulate integrin
avidity and cell migration (Bos et al., 2001; de Bruyn et al., 2002; Katagiri et al., 2000;
Katagiri et al., 2002; Katagiri et al., 2003; Reedquist et al., 2000; Sebzda et al., 2002;
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Shimonaka et al., 2003; Tohyama et al., 2003).

An important set of tools to probe Rapl A function in a physiological model for T
cell activation includes transgenic mice that express an active mutant of Rapl A,
V12RaplA, within the T cell lineage (Sebzda et al., 2002). In these mice analysis of
thymocyte selection revealed no evidence that Rapl antagonized TCR-mediated functions
in vivo, instead it revealed the opposite: activation of Rapl A potentiates TCR-mediated

responses in vivo. Rapl A was also seen to enhance TCR mediated responses in vitro
(Sebzda et al., 2002).

The impact of Rapl A activation on Pj integrin and P2 integrin-mediated adhesion
was also examined. Thymocytes that expressed VI2Rapl A showed enhanced Pj integrinmediated adhesion to the ligand fibronectin and the Rapl A induced adhesion was
maximal as it could not be augmented further by treatment with phorbol ester. P2 integrinmediated adhesion to ICAM-1 the ligand for LFA-1, was also markedly increased in
V12RaplA thymocytes. The mechanism for V12RaplA activation of LFA-1 was
mediated via an avidity-modulation mechanism (Sebzda et al., 2002).

Parallel studies in T cell lines, in vitro, confirmed that Rapl activates integrins
and showed, that Rapl function was necessary for antigen receptor induced integrin
activity (Katagiri et al., 2002).

1.2.5 PI3K in T cells
TCR triggering stimulates the activity of PI3K, which phosphorylates
PtdIns(4 ,5 )P2 to produce PtdIns( 3 ,4 ,5 )P3 . In this context it has been shown that
PtdIns(3,4,5)Pg accumulates in the T cell-APC contact zone and the production of
PtdIns(3,4,5)Pg is sustained for hours as T cells respond to antigen (Costello et al., 2002).

There are multiple isoforms of PI3K and antigen receptors are thought to
stimulate the activity of a PI3K complex that comprises a regulatory p85 and a catalytic
pllO subunit (Cantrell, 2001). Models for PI3K activation imply p85 binding to adaptors
that recruit the enzyme to the plasma membrane. The products of PI3K, PtdIns(3 ,4 )P2 and
PtdIns(3,4,5)Pg, bind to the pleckstrin homology (PH) domains of proteins and typically
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induce relocalization of the protein to defined areas of the plasma membrane where
activation can occur. Targets for the binding of PtdIns(3 ,4 ,5 )P 3 are Tec family tyrosine
kinases (Cantrell, 2001). There are also two serine/threonine kinases that bind
PtdIns(3,4,5)Pg, the phosphoinositide-dependent protein kinase PDKl and protein kinase
B (PKB) (Cantrell, 2002a). PDKl phosphorylates key residues in the activation loops of
many AGC superfamily serine kinases including members of the protein kinase C
superfamily of kinases such as PKC a and

the ribosomal S6 kinase, S6K1 and PKB

(Cantrell, 2002a; Cantrell, 2003c). S6K1 isimportant for the regulation of protein
synthesis and the control of cell growth and PKB controls T cell cycle progression and
cell survival (Brennan et al., 1997).

1.3

Chemokine Signalling

This subject has been extensively reviewed (Curnock et al., 2002).The chemokine
superfamily consists of low-molecular-weight proteins involved primarily in leukocyte
migration. Members of the chemokine superfamily are classified by structure (according
to the number and spacing of conserved N-terminal cysteine residues) into four major
groups: CC, CXC, C and CX3C chemokines, respectively.

Chemokines engage seven-transmembrane G-protein coupled receptors (GPCR).
The heterotrimeric G-protein coupled receptors are generally (but not exclusively)
members of the G ai subfamily of G proteins and are pertussis toxin-sensitive.

The expression pattern of chemokine receptors is heterogeneous among
leukocytes and leukocyte subpopulations. Chemokine receptor engagement with their
respective ligand(s) regulates cytoskeletal rearrangement that translates into binding and
detachment of cells from their substrate. This occurs in a co-ordinated manner, with
extension and retraction of pseudopods to execute directional migration (Montoya et al.,
2002).

The precise mechanism through which cells respond to a chemotactic gradient has
yet to be determined. One particular chemokine signalling pathway that has been the
focus of attention is that controlled by the lipid kinase phosphatidylinositol-3 kinase
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(PI3K). PI3K are a family of proteins that catalyse the phosphorylation of the 3-OH
position of inositol head groups of phosphoinositide (PI) lipids, namely
phosphatidylinositol (Ptdlns), phosphatidylinositol(4)phosphate (PtdIns(4)P) and
phosphatidylinositol(4,5) biphosphate (PtdIns(4 ,5 )P2) (Ward and Cantrell, 2001). This
results in the formation of PtdIns(3)P, PtdIns(3 ,4 )P2 and PtdIns(3 ,4 ,5 )P 3 , respectively,
collectively termed 3’-phosphoinositide lipids (Vanhaesebroeck et al., 2001). PI3K has
recently been implied in being a key mediator of chemokine-stimulated cell migration
(Vicente-Manzanares et al., 1999).

1.3.1 Evidence for a Role of PI3K in Cell Migration
The very first evidence for the involvement of PI3K in chemokine-stimulated cell
migration was the demonstration that chemotaxis and polarization of T cells, induced by
RANTES/CCL5 (regulated on activation, normal, T cell expressed, and secreted) could
be inhibited by PI3K inhibitors such as wortmannin and LY294002 (Turner et al., 1995a;
Turner et al., 1995b). Studies have shown that the CXC chemokine SDF-1 stimulates
wortmannin-sensitive chemotaxis in T-Lymphocytes (Curnock et al., 2002).

Some of the best evidence that PI3K is activated during migration comes from
studies of D ictyostelium . Studies using green fluorescent protein-tagged (GPP) PH
domains that bind selectively with PtdIns(3,4,5)Pg and PtdIns( 3 ,4 )P 2 revealed that
PtdIns(3 ,4 ,5 )P3 accumulated at the leading edge of chemoattractant-stimulated cells
(Meili et al., 1999). The leading edge of a migrating cell is generally characterized by the
accumulation of chemoattractant receptors that detect a chemokine gradient (Montoya et
al., 2002; Serrador et al., 1999).

One of the most extensively investigated chemokines with regard to signal
transduction mechanisms is SDF-1 (CCL12) (Curnock et al., 2002). SDF-1 binds
exclusively to CXCR4. SDF-1 stimulates the transient accumulation of PtdIns(3 ,4 ,5 )P3 in
leukaemic T cell lines and peripheral blood-derived T lymphocytes. In both cell types the
elevation of PtdIns(3 ,4 ,5 )P 3 is rapid and transient, being detectable within 15 seconds
after stimulation and returning to basal levels within 5 min after chemokine
treatment(Cumock et al., 2002).
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1.3.2 Other Signalling Molecules in Chemokine Signal Transduction
1.3.2.1 Rho family GTPases

Given that Rho GTPases Rho, Rac and Cdc42 are regulators of the actin
cytoskeleton and cellular polarity, there has been much interest in the role of the Rho
GTPases in chemokine signalling (del Pozo et al., 1999).

Indeed, there is considerable evidence that Rho family GTPases are regulated by
PI3K in several systems. For example expression of active mutants of PI3K in fibroblasts
can induce actin reorganization in the form of Rac-mediated lamellipodia and focal
complexes and Rho-mediated stress fibres and focal adhesions (Reif et al., 1996). PI3K
also stimulates membrane ruffling in T cells (Arrieumerlou et al., 1998).

1.3.2.2 Protein Kinase B

Protein kinase B (PKB/Akt), a serine/threonine kinase, is the best characterized
downstream effector of both PI3Ky and PI3K(p85/pl 10). Several GPCRs, including those
activated by SDF-1 and RANTES, have been shown to activate PKB in a PI3Kdependent manner (Murga et al., 1998; Sotsios et al., 1999; Tilton et al., 1997).

Although PKB is a key mediator of cell survival a study has implicated PKB to be
required for efficient chemotaxis in response to chemoattractants in Dictyostelium (Meili
et al., 1999). In mammalian cells, however, it has not been shown that PI3K-mediated
cytoskeletal reorganizations are dependent on PKB activation.

1.3.3 Cell Migration: A Process that is Dependent on Cell Adhesion
Chemokine receptor engagement with their respective ligands regulates cell
motility which is dependent on continuous binding and subsequent detachment of cells
from their substrate.
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Cell arrest under flow occurs within seconds, therefore signaling events triggered
by physiological lymphocyte pro-adhesive agonists must be very efficient. Chemokines
presented on the endothelium in lymphoid and inflammatory tissues induce rapid and
transient integrin receptor-mediated adhesion of circulating lymphocytes to the
endothelium and thereby facilitate transmigration across the endothelium (Lawrence et
al., 1995; Springer, 1994; Springer, 1995).

It has been shown that chemokines (SLC, ELC and SDF-1) trigger both a highaffinity state and lateral mobility of LFA-1 that can coordinately determine the vascular
arrest of circulating lymphocytes under physiological conditions (Laudanna et al., 2002).
Chemokine-triggered PI3K activity and protease activity control rapid LFA-1 lateral
mobility but are not involved in LFA-1 affinity triggering.

Several studies provide evidence that GTPases mediate integrin activation
triggered by chemokines in lymphocytes. It has been shown in mouse pre-B lymphocytes,
transfected with human chemokine receptors, that inactivation of Rho by treatment with
C3-transferase blocks p i integrin-stimulated adhesion to VCAM-1 (Laudanna et al.,
1996). C3-transferase also blocked chemoattractant-stimulated p2 integrin-mediated
adhesion of neutrophils to fibrinogen (Laudanna et al., 1996).

One GTPase now seen to be very important for T cell migration is the GTPase
Rapl. Rapl was shown to be rapidly (within seconds) activated in response to secondary
lymphoid tissue chemokine (SLC) and stromal cell derived factor-1 (SDF-1) treatment in
primary mouse lymphocytes (lymph node cells, LN) (Shimonaka et al., 2003). Expression
of active Rapl (V12Rapl) in T-lymphocytes induces cell polarization, and redistribution
of CXCR4 to the cell leading edge. Activation of Rapl by chemokine stimulation (SLC)
induces LFA-1-mediated adhesion of lymph node cells to immobilized intracellular
adhesion molecule-1 (ICAM-1). Moreover, V 12Rap 1 was shown to stimulate cell
migration on ICAM-1 in T lymphocytes. Chemokine (SLC) stimulated activation of Rapl
also stimulated adhesion and cell migration on VCAM-1. It was further demonstrated that
chemokine (SLC) induced activation of Rapl was necessary to stimulate T cell arrest on
endothelial layers and transmigration across vascular endothelium under shear flow
(Shimonaka et al., 2003).
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1.4

Integrin-Mediated Cell Adhesion in the Life of a T cell

Adhesive interactions mediating cell-cell contacts or cell-extracellular matrix
(ECM) contacts are important at various stages in the life of a T cell. Adhesive
interactions coordinate the migration of T cells during their development in the thymus
and when they circulate peripheral tissues. Adhesive interactions between the T cell and
APC are important to ensure the contacts required for T cell activation. T cells are
activated when they recognise (self)-peptide-MHC on the surface of a stromal cell in the
thymus or when they encounter antigen-MHC presented on the surface of a professional
antigen-presenting cell in the periphery or a target cell (Bromley et al., 2001 ; Hare et al.,
2003; Van Der Merwe and Davis, 2003).

The multistep process known as extravasation is a well-characterized example of
cell adhesion regulation in the immune response. Selectins, transmembrane proteins of
the C-type lectin family, expressed on the surface of T cells, mediate initial transient
interactions of the recruited T cell on the vessel wall by interaction with their respective
tissue ligands (step 1). Chemokine receptors signal to transiently activate |3i and p 2
integrins (step 2). The integrins respond to the chemokine receptor signals to mediate
arrest on the postcapillary venule wall under flow conditions (step 3) which is followed
by extravasation of the T cell into sites of inflammation (step 4) (Springer, 1994).

The importance of integrins for the immune system is emphasized by the clinical
consequences of losing integrin function. For example, LAD (lymphocyte adhesion
deficiency) patients have lost P2 integrin expression and they suffer from recurrent
bacterial infections and high mortality. One explanation for these problems is that there
are defects in neutrophil cell adhesion to endothelial cells which prevents the neutrophils
from entering the sites of inflammation (Hogg et al., 2003; McDowall et al., 2003).

1.4.1 Adhesion Receptors in the Immune System
Members of the integrin family are widely expressed on leukocytes (Hogg et al.,
2003). Integrin family members are important for leukocyte interactions with cells and
22

the extracellular matrix. Integrins are noncovalently linked a|3 heterodimers where the a
and (3 subunits are both transmembrane proteins with large extracellular domains and
short, but functionally essential, cytoplasmic domains.

The subfamilies of integrins are identified by three major (3 subunits: (3] (CD29,
very late activation, VLA), pj (CD 18) and P3 (CD61). These p subunits each associate
with multiple a subunits. Only one of these families is leukocyte specific, the p^
subfamily. There have been four P2 integrins described to date: GDI 1a/CD 18

LFA-

1, leukocyte function associated antigen-1), GDI lb/CD 18 (a^Pa, MAC-1), CDllc/CD18
(oixPi) and C D lld/C D 18 (a^Pz). LFA-1 is expressed on all leukocytes, and MAC-1,
GDI 1c/CD 18 and GDI 1d/CD 18 are expressed on myeloid cells. The term VLA (very late
antigen) was given because a number of integrins are expressed late (within days or
weeks) after T cell activation. The major integrins expressed on thymocytes are LFA-1
(QlP2), VLA-4 (a^ p j and VLA-5 (a ^ p j (Crisa et al., 1996; Hogg et al., 2003; Sawada et
al., 1992).

1.4.2 Integrin Ligands of the Immunoglobulin Superfamily
Many of the integrin ligands are members of the immunoglobulin superfamily
(IgSF): ICAM, JAM, VCAM, CD2, CD4, CD 8 , CD28, CD80, CTL-4, CD 8 6 .
Intercellular adhesion molecules (ICAM) -1,-2 and -3 and junctional adhesion molecule1 (JAM-1) bind to LFA-1. JAM-1 is found in the tight junctions between endothelial or
epithelial cells. The ligand for cell surface VLA-4 is vascular cell adhesion molecule-1
(VCAM-1). The IgSF member CD2 that is expressed on T cells has an adhesive function
when interacting with its ligand CD58 (LFA-3 in humans) or CD48 (mouse) (Brown et
al., 1989; Monostori et al., 1991). The T cell co-receptors CD4 and CD 8 may also play a
role in adhesion in some contexts by interacting with major histocompatibility complex
(MHC) proteins. Other IgSF family members, like the costimulatory molecules CD28 and
CTL-4 and their ligands CD80 and CD 8 6 , are not effective adhesion molecules, but have
a more important role in co-signalling after T cell antigen receptor engagement by
peptide-MHC on the antigen-presenting cell (Van Der Merwe and Davis, 2003).
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1.4.3 Extracellular Matrix (ECM)
Leukocytes express adhesion receptors that interact with the extracellular matrix.
The ECM of secondary lymphoid tissues is collagen-based, but is unique in that the
collagen fibres are bundled together and surrounded by reticular fibroblasts. Thus, T cells
do not appear to come in contact with collagen but are in contact with other lymphocytes
and dendritic cells within the secondary lymphoid organ (Dustin and de Fougerolles,
2001). In contrast, lymphocytes that extra vas ate in skin or other tissues will come into
immediate contact with collagen fibres. The VLA-1 and -2 molecules are collagen
receptors. VLA-3 and VLA - 6 are receptors for the ECM ligand laminin and VLA-4 and 5 interact with different domains of fibronectin (FN). Fibronectin and laminin are both
major components of the thymic microenvironment; QyPg is a vitronectin receptor (Crisa
et al., 1996; Dustin and de Fougerolles, 2001; Takayama et al., 1998; Utsumi et al., 1991;
Yanagawa et al., 2001). Matrix proteins can be constitutively present as is the case for
collagen, tissue FN and laminin or they can be induced during injury or vascular leakage
in the case of serum FN and vitronectin.

1.4.4 Integrin Regulation
Integrins are regulated through conformational changes (affinity regulation) and
receptor clustering (avidity regulation) which are mediated by associations with
cytoskeletal proteins. Integrins may also be regulated by their cell surface expression
levels and are dependent on divalent cations for their activation (Constantin et al., 2000;
Hogg et al., 2003; Sims and Dustin, 2002).

Initially, two basic models of integrin regulation were proposed:

Tnside-out’ signalling involves an activating complex that changes the
conformation of the integrin cytoplasmic domains, and this conformational change is then
transmitted to the extracellular domain. The cytoplasmic signal in inside-out signalling
can be triggered by a chemokine, antigen receptor, cytokine receptor or by cell
differentiation.
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‘Outside-in’ signalling involves interaction of ligands with the integrin to induce a
conformational change that is transmitted to the cytoplasmic domains, allowing for
signalling.

In recent years a more complex multi-step model has evolved which reflects the
current and widely accepted understanding of integrin activation:

Integrins are immobile on the surface of resting cells; upon activation, integrins
are released from the cytoskeleton such that they can diffuse laterally and ligand binding
can occur; as a consequence integrins undergo ligand-induced conformational changes
that increase the affinity for the ligand and transduce signals to the cytoplasm;
membranes are locally organised so that stable integrin clusters form at the sites of initial
interactions.

1.4.5 T cell Activation by Antigen-MHC Presented on AntigenPresenting Cells (APC) in the Thymus and Periphery: The
Immunological Synapse
T cells are activated in response to binding of the T cell antigen receptor to
peptide presented by major histocompatibility (MHC) molecules on the surface of
antigen-presenting cells (APCs) (Tseng and Dustin, 2002).

T cell-APC adhesion is essential in the formation of the immunological synapse
(IS) (Bromley et al., 2001; Dustin, 2002a; Sims and Dustin, 2002). The IS can be broadly
defined as any T helper cell-APC or cytotoxic- or NK T cell-target cell interface that is
involved in ‘information transfer’. The T cell-APC immunological synapse is a long-lived
structure that can be stable over many hours and incorporates a migratory stop signal that
‘arrests’ the T cell upon encounter with the antigen-presenting cell to allow signalling and
T cell activation to occur (Dustin, 2002b; Sims and Dustin, 2002).

IS formation is a multi-step process with two major morphologically defined
stages: the nascent or immature IS and the mature IS. In the nascent IS the integrins are
initially engaged in the centre of the contact area, and TCRs are engaged in the periphery
of the contact. This TCR ring of the nascent IS is the site of robust Lck and ZAP-70
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activation. The mature IS has two major features. First, the pattern of the LFA-1 and TCR
are inverted compared to the nascent IS, such that the TCR is clustered in the centre.
Second, this central cluster of TCR-MHC interactions is stabilized. The cytoskeletal
protein talin remains associated with the active form of LFA-1; talin is a defining
component of the LFA-1 ring in the IS (Bromley et al., 2001 ; Sims and Dustin, 2002).

The first evidence that an active cytoskeletal mechanism is involved in driving
receptor accumulation at the T cell-APC interface during T cell activation stems from
studies by Wulfing and Davis; they showed that this mechanism requires the engagement
of the major costimulatory receptor pairs B7-CD28 and ICAM-1-LFA-1 and is dependent
on myosin motor proteins (Wulfing and Davis, 1998). Myosin motor proteins move
molecules that are linked to the actin cytoskeleton toward the T cell-APC interface. This
study suggested that this active cytoskeletal movement is a central part of costimulation,
as it would effectively amplify TCR-mediated signals as a result of the increased receptor
densities.

While stable IS formation may not be essential for T cell activation, this stable
structure achieves the important goal of stopping the T cell by coordinating the antigen (MHC-APC) recognition process with migration, and thereby facilitating signalling to
occur (Dustin, 2002b). The antigen-dependent stop signal, inherent to the stable IS, may
be the primary mechanism by which APCs retain antigen-specific T cells in the secondary
lymphoid tissues that have been exposed to antigen; antigen-specific T cells stop re
circulation but subsequently re-initiate migration.

Interestingly, T cells are able to interact with the APC also through antigenindependent mechanisms prior to TCR interaction with MHC-peptide complexes; this
interaction can be seen as scanning, in which it is likely that TCR will interact with
peptide-MHC complexes; LFA-1 may be involved in this scanning interaction (Sims and
Dustin, 2002). Scanning is thought to be an important first step in antigen recognition. If
agonist MHC-peptide complexes are detected in the interface between the T cell and
APC, then LFA-1 may be activated. This combination of signals from LFA-1 and the
TCR leads to polarization of the T cell towards the APC (Ardouin et al., 2003). The
response of T cells to MHC-peptide complexes is extremely rapid (minutes) (Hailman et
al.,

2002

).
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Very recently, for the first time, the formation of an active signalling complex in
thymocytes undergoing positive selection as a result of a TCR-MHC-dependent
interaction with thymic epithelial cells has been described (Hare et ah, 2003). The
observation that thymocyte-epithelial cell interactions that increase thymocyte
intracellular calcium levels, induce phosphotyrosine accumulation and polarization of
CDS, CD4, CDS, CD45, and the key signalling molecules p56Lck and LAT, to the point
of thymocyte-epithelial cell contact, also take place during the initial stages of positive
selection, provided evidence for similarities between thymocyte selection and T cell
activation during mature T cell-APC interactions.

1.4.5.1 LFA-1

LFA-1 plays a key role in the structure of the IS; LFA-1 adhesion to surfaces
coated with ICAM-1 is low on resting T cells, but is induced in response to activation by
a large number of signalling pathways that include the TCR and chemokine receptors
(Ardouin et ah, 2003; Hogg et ah, 2003; Krawczyk et ah, 2002; Sims and Dustin, 2002).

This inside-out signalling enhances both interaction with ICAM-1 and with
cytoplasic proteins like talin that are associated with integrin cytoplasmic domains.

The P2 subunit of LFA-1 has been implicated in signalling events thought to be
associated with adhesion. Recent work has shown that during T cell activation, the p 2
integrin chain CD 18 becomes phosphorylated on serine and functionally important
threonine residues located in the intracellular C-terminal tail (Fagerholm et ah, 2002).

Using a peptide corresponding to the cytoplasmic tail of the integrin P2 (CD 18)
chain, the sites phosphorylated in vitro were identified as Ser-745 and Thr-758. Catalytic
domain fragments of protein kinase C (PKC)ô and PKCpI/II have been identified as the
major protein kinases in leukocyte extracts that are responsible for this phosphorylation.
14-3-3 proteins present in the cytoplasm of T cells bound to the C-terminal peptide of
CD18 in vitro when the peptide was phosphorylated at Thr-758. Thus, PKC-mediated
phosphorylation of CD 18 at Thr-758 after cell stimulation could lead to the recruitment of
14-3-3 proteins to the activated integrin. 14-3-3 proteins are adaptor proteins that bind to
phospho-serine- and phospho-threonine-containing-motifs and are known to be involved
in regulating a number of signalling molecules. 14-3-3 proteins could therefore be
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involved in the initiation of signalling complex formation (recruitment of Vav or other
secondary messengers) ‘downstream’ of the phosphorylated integrin molecules which
may play a role in regulating its adhesive state and/or ability to signal. Truncation or
mutation of the p 2 cytoplasmic tail inactivates adhesion and stimulation through phorbol
ester (PMA). The requirement or contribution of this particular phosphorylation sites,
Thr-758 and Ser-745, to integrin activation/adhesion has not been answered yet.

The modifications of the tail that take place in response to integrin activation may
be very important for cytoskeletal remodelling.

LFA-1-deficient mice have a severe defect in the ability of their T cells to arrest
on high endothelial venules (Berlin-Rufenach et al., 1999). Studies using LFA-1-deficient
mice have further demonstrated that LFA-1 facilitates T cell activation by lowering the
amounts of antigen necessary for T cell activation (Bachmann et al., 1997).

In the absence of LFA-1, 100-fold more antigen was required for T cell/antigenpresenting cell (APC) interaction and all subsequent events of T cell activation, including
TCR down-regulation, Ca^"’-flux, T cell proliferation and lytic effector cell induction.
Another cell surface molecule that has been implicated in T cell-APC interactions and
TCR signalling is the costimulatory molecule CD28. CD28 interacts with B7-1 and B7-2
on antigen-presenting cells and T cell responses are greatly impaired in the absence of
B7-CD28 interaction, which may result in T cell anergy (Appleman and Boussiotis,
2003). Nevertheless, it has been shown that high affinity ligands could activate T cells in
the absence of CD28.

In summary, the study proposed that LFA-1 facilitates the functional triggering of
TCR by promoting adhesion of T cells to APCs. In contrast, CD28 has been shown to
reduce the number of TCRs that had to be triggered for T cell activation, which allowed
activation of T cells by low affinity ligands.
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1.5

Rho GTPases

1.5.1 The Rho family GTPases Rho, Rac and Cdc42 Regulate Specific
Cytoskeletal Effects: The Assembly of Actin Stress Fibres,
Lamellipodia and Filopodia, respectively.
The discovery that many human cancers contain oncogenic mutations in Ras
genes stimulated interest in the biological roles of Ras and Ras-related GTP-binding
proteins. GTPases related to Ras have been identified that regulate a diverse range of
cellular processes (Genot and Cantrell, 2000). Based on sequence homology, the Rho
family GTPases have been identified as a subfamily of the Ras superfamily (EtienneManneville and Hall, 2002; Hall and Nobes, 2000). 20 Rho family members have been
identified. The three GTPases Rho, Rac and Cdc42, each of which can be further divided
into different subgroups and isoforms are part of the mammalian Rho family. Highly
related isoforms of Rho are RhoA, RhoB, and RhoC.

Rho GTPases are characterized by their molecular weight (18-28kDa),
their C-terminal polyisoprenylation and their regulation by a GTPase cycle (EtienneManneville and Hall, 2002; Hall and Nobes, 2000; Schmidt and Hall, 2002). Similar to
G-proteins, the small GTP-binding proteins are inactive in the GDP-bound form and are
activated by a GDP/GTP exchange. In the GDP-bound form, Rho GTPases are localized
in the cytoplasm complexed with the guanine nucleotide dissociation inhibitor (GDI).
Cell stimulation triggers the translocation of Rho from the cytosol to the plasma
membrane. There, the Rho proteins dissociate from the GDI (stabilizes the inactive GDP
bound form) and GDP/GTP exchange is catalyzed by guanine nucleotide exchange
factors (GEF) resulting in the active GTP-bound form. The activated state for Rho
proteins is terminated by the action of GTPase-activating proteins (GAPs), which
stimulate the GTP hydrolysing activity of Rho. It has been shown that the Rho intrinsic
GTPase activity is very low but can be stimulated by GAP proteins (Cantrell, 2003b).
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1.5.2 Tools to Study Rho family GTPase Function
There has been a large body of work on the role of Rho family GTPases (EtienneManneville and Hall, 2002; Hall and Nobes, 2000). These studies have been successful
because there are very good tools to inhibit GTPase function inside cells based on the use
of bacterial toxins (Aktories and Just, 1995; Barbieri et al., 2002). There are also good
active and inhibitory mutants of GTPases (Cantrell, 2002c).

1.5.2.1 Active and Inhibitory Mutants of GTPases

It has been shown that GTPases can be rendered constitutively active by amino
acid substitutions that either decrease their intrinsic GTPase activity and/or make them
unresponsive to the GAPs. Mutation of the amino acid 14 from Gly to Val, in the case of
V14Rho or the amino acid 12 from Gly to Val in the case of V 12Rac-1 are well
characterized examples of active GTPase mutants. In contrast, dominant-negative (DN)
mutants act by binding to the respective GEF(s) of the GTPase, thereby preventing GEF
interaction with the GTPase and nucleotide exchange which is necessary for GTPase
activation (Cantrell, 2002c).

1.5.2.2 Inactivation of Rho Proteins by ADP-ribosylation by C3 Exoenzyme

Bacterial pathogens utilize several strategies to modulate the organization of the
actin cytoskeleton. Some bacterial protein toxins catalyze the covalent modification of
actin or Rho GTPases, which results in the specific and stable alteration of the actin
cytoskeleton, whereas other bacterial toxins modulate the nucleotide state of the Rho
GTPases by acting as a GEF or GAP to activate or inactivate the Rho proteins,
respectively (Barbieri et al., 2002). This latter group of toxins provides a temporal
modulation of the actin cytoskeleton.

For unknown reasons, all bacterial ADP-ribosylating toxins so far studied modify
nucleotide-binding proteins. For example, cholera and pertusiss toxins modify G-proteins
involved in signal transduction. Diphteria toxin ADP-ribosylates elongation factor 2,
which is also a GTP-binding protein. C.botulinum C2 toxin ADP-ribosylates actin; actin
is not a GTP-binding protein but it binds ATP.
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C3 exoenzyme from C.botulinum was the first bacterial toxin shown to catalyze
the covalent modification of a Rho GTPase by ADP-ribosylation of Rho on Asn41
(Aktories and Just, 1995; Barbieri et al., 2002).

NAD^ + Rho ->

A DP-ribose-Asn41-Rho + nicotinamide +

(ADP-

ribosyltransferase).

C3 exoenzyme was identified by serendipity during the screening for strains of
C.botulinum that produced C2 toxin, the actin ADP-ribosylating toxin (Barbieri et al.,

2002). The production of C3 exoenzyme is specific for C.botulinum strains C and D. C3
like exoenzymes are basic proteins (pi > 8.5) of about 25 kDa that are secreted from the
bacterium.

Typical bacterial toxins are characterized by a catalytic domain and a
translocation and receptor-binding domain, the latter being responsible for cell binding
and translocation of the catalytic domain into the cell. The C3 exoenzymes are unique in
that they possess a catalytic activity, but lack a translocation domain. Generally, cell
intoxication in experimental systems requires concentrations in the range of 10-50 p,g/ml
of C3 exoenzyme (most bacterial toxins are active at ng/ml concentrations) and
incubation times of 24 to 48 hr (Barbieri et al., 2002). Thus members of the C3-family
were termed exoenzymes. To optimize the utilization of C3 exoenzyme, chimeric forms
of C3 have been engineered that retain the specificity of the C3 exoenzyme, but are fused
to a translocation domain. Alternatively, microinjection of the C3 protein into the
cytoplasm or the C3 exoenzyme-encoding expression vector into the nucleus or cellspecific expression of the C3 exoenzyme using specific targetting vectors, turned out to
be the most successful methods applied.

To date the Rho family of GTPases comprises 20 members. All C3 exoenzymes
efficiently ADP-ribosylate RhoA, RhoB, and RhoC, with marginal or no modification of
Rac and Cdc42 (Barbieri et al., 2002). One reported exception is C3stau2, which also
modifies RhoE/Rnd3. The specificity of C3 exoenzyme for the ADP-ribosylation of
RhoA, B, and C has classified this toxin as an indispensable tool in the study of the cell
biological functions of Rho.
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The C3 exoenzyme ADP-ribosylates Rho on Asn41. In in vitro studies ADPribosylated RhoA retains the ability to bind GTP, possesses intrinsic GTPase activity, can
undergo nucleotide exchange, and its affinity for downstream effectors is comparable to
that of native RhoA. Therefore, although the target amino acid residue Asn41 is located
near the effector region of Rho, ADP-ribosylation of Rho proteins by C3 exoenzyme does
not block the Rho interaction with its effector in vitro (Genth et ah, 2003). ADPribosylation at Asn41 also does not interfere with RhoGAP (GTPase activating protein)
stimulation of GTPase activity. However, RhoGEF stimulation of nucleotide exchange on
ADP-ribosylated Rho is severely impaired relative to native RhoA. Moreover, the
membrane binding of ADP-ribosylated Rho is impaired, and the interaction with GDI
(guanine nucleotide dissociation inhibitor) appears to be enhanced (Genth et al., 2003).

Not many details are known about the intracellular localization of Rho proteins,
but it is accepted that membrane attachment is important in the biological activation of
Rho proteins. In the GTP-bound form, Rho translocates to the plasma membrane where it
interacts with effectors to transduce signals downstream. In the inactive GDP-bound
form, Rho is complexed by the guanine nucleotide dissociation inhibitor (GDI), thereby
localized to the cytosolic fraction. It is poorly understood how Rho is released from the
GDI complex.

Since ADP-ribosylated Rho is able to interact functionally with its effectors,
inhibition of Rho-effector coupling seems not to be the mode of how ADP-ribosylation
inactivates Rho (Genth et al., 2003). Detailed studies on the influence of ADPribosylation on the Rho-GDI interaction and on the subcellular distribution of Rho
revealed that ADP-ribosylation prevents membrane binding of Rho and traps Rho in the
GDI complex thereby blocking Rho cycling between cytosol and membrane. In C3
treated cells, ADP-ribosylated Rho accumulates in the cytoplasm. Rho requires
translocation to the plasma membrane to become activated. The ezrin, radixin and moesin
proteins are suggested to act as membrane ‘receptors’ for Rho, releasing Rho from the
GDI complex and exposing it to its GEF thereby allowing nucleotide exchange (GDP
GTP) and activation to occur (Takahashi et al., 1997). In summary, the best idea of how
ADP-ribosylation of Rho blocks Rho function is that this modification impairs the
interaction with, and subsequent activation of Rho by its GEF. By trapping Rho in the
cytosol, ADP-ribosylation prevents Rho from colocalising with its effectors.
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1.5.3 Rho GTPase Regulation of Actin Structures
When C3-transferase is introduced into fibroblasts they show dramatic changes in
their actin cytoskeleton e.g. Swiss 3T3 cells lose their actin stress fibres and round up
(Paterson et al., 1990; Ridley and Hall, 1992). More direct evidence that Rho acts on the
actin cytoskeleton came from microinjecting cells with recombinant Rho proteins or
plasmids expressing Rho cDNAs. Rho was found to induce a rapid reorganization of actin
into stress fibres in a variety of cell lines (Paterson et al., 1990; Ridley and Hall, 1992).
These results suggested that Rho proteins are involved in regulating the organization of
actin.

A role for the actin cytoskeleton has been implicated in many cellular functions,
including motility, chemotaxis, cell division, endocytosis and secretion. Precise temporal
and spatial control of actin filament organization is essential for these activities. In
fibroblasts, actin filaments exist principally in three types of structure, the cortical actin
network, actin stress fibres, and cell surface protrusions including membrane ruffles and
microspikes. Stress fibres emanate from distinct areas of the plasma membrane known as
focal adhesions, where clusters of integrin receptors bind to extracellular matrix proteins
such as fibronectin and collagen. A number of cytoskeletal proteins are found associated
with focal adhesions at the intracellular face of the plasma membrane, including vinculin,
talin, tensin, and a-actinin (Montoya et al., 2002; Nobes and Hall, 1995; Serrador et al.,
1999).

To explore the molecular mechanism of the interactions between the actin
cytoskeleton, cytoskeletal proteins, and integrin receptors and to elucidate the molecular
mechanisms controlling focal adhesion and stress fibre formation, initial studies focused
on analyzing growth factor stimulation (FCS/LPA, PDGF, EGF) induced changes in actin
organization in fibroblast models (Ridley and Hall, 1992). Two major types of alteration
were observed: the assembly of stress fibres accompanied by the formation of focal
adhesions, and increased actin polymerization at the plasma membrane where membrane
ruffles are formed. Selective inhibition of Rho proteins in Swiss 3T3 fibroblasts either by
microinjection of C3-transferase or by microinjection of ribosylated RhoA that acted as a
dominant negative inhibitor of endogenous Rho proteins, has shown that Rho function is
required specifically for the formation of focal adhesions and stress fibres induced by
extracellular factors. Rho function was not required for the induction of membrane
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ruffles, instead, the GTPase responsible for this effect turned out to be another member of
the Rho family, Rac.

Microinjection of a constitutively active mutant of Rac, V 12Rac-l, into
subconfluent fibroblasts showed that active Rac-1 localized to the plasma membrane of
the cells with a pattern of staining that indicated that the membrane itself was not smooth,
but consisted of ruffles (Ridley et al., 1992). Active Rac-1 also localized to the surface of
cellular vesicles and based on the observation that membrane ruffling and the formation
of pinocytotic vesicles are closely linked processes, it was proposed that that V12Rac-l
induced ruffling leads to pinocytosis.

Since membrane ruffling is normally driven by actin polymerization, it was tested
whether Rac-1 expression led to alterations in the actin cytoskeleton. V12Rac-l
recombinant proteins that were microinjected into the cytoplasm of confluent, serumstarved Swiss 3T3 cells caused an accumulation of polymerized actin in ruffles at the
plasma membrane beginning within 5 min of injection (Ridley et al., 1992). Following
this initial accumulation of actin in membrane ruffles, an increase in actin stress fibres
was observed, beginning 20-30 min after microinjection and accompanied by the
formation of focal adhesions. These fibres never accumulated to the density observed
following microinjection of active Rho. When V12Rac-l was co-injected with the
Clostridium botulinum exoenzyme C3-transferase, which inactivates Rho function,

membrane ruffling remained unaltered, but stress fibre assembly was severely
diminished, or eliminated. From this experiment it was concluded that in fibroblasts,
V 12Rac-1 induced stress fibre formation was dependent on Rho function (Ridley et al.,
1992).

Rac-1 appears to mediate the actions of growth factors on actin structure (Ridley
et al., 1992). Hence, a dominant negative mutant of Rac-1, N17Rac-l, blocked growthfactor induced membrane ruffling. Studies further suggested that the accumulation of
stress-fibres in response to PDGF, EGF and insulin is dependent on the initial activation
of Rac, whereas the immediate response to FCS and LPA occurs via a different
mechanism and is independent of Rac activity. This was based on the finding that
immediate stress fibre formation elicited by serum and LPA is not sensitive to N17Rac-l,
whereas the delayed stress fibre response observed after treatment with PDGF, EGF and
insulin was not inhibited by N17Rac-l.
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The third member of the Rho family GTPase subgroup of the Ras superfamily,
Cdc42, has initially been shown to be required for bud site assembly in the yeast
Saccharomyces cerevisiae, and for polarized cell growth and organization of the actin

cytoskeleton in this organism (Adams et al., 1990). Microinjection of active, V12Cdc42
protein into Swiss 3T3 fibroblasts resulted in the rapid formation of filopodia (Nobes and
Hall, 1995). This study further demonstrated that the polymerized actin in Rac-induced
lamellipodia and in Cdc42-induced filopodia was associated with focal complexes that
contain vinculin, paxillin and focal adhesion kinase (FAK), but are morphologically
distinct from Rho-induced focal adhesion complexes. Based on the observation that co
injection of active, V12Rac-l and Clostridium botulinum C3-transferase resulted in loss
of Rac induced stress fibre formation in fibroblasts, and the finding that microinjection of
dominant negative NlTRac into fibroblasts resulted in block of focal complex formation
stimulated by V12Cdc42, a sequential relationship between the three GTPases was
postulated: Cdc42 -> Rac

Rho (Nobes and Hall, 1995).

1.5.4 Rho-lnduced Reorganization of the Actin Cytoskeleton is
Mediated by the Rho Effectors mDia and ROCK
The isolation of Rho-binding proteins has provided clues to help to resolve the
molecular mechanisms downstream of Rho that are responsible for Rho effects on the
actin cytoskeleton (Bishop and Hall, 2000). Among these putative Rho effectors, protein
kinases of the ROCK family have been suggested to be mediators that link Rho to stressfibre formation (Riento and Ridley, 2003; Watanabe et al., 1999). Clues for how ROCK
regulates actin structures came from studies using the ROCK inhibitor Y-72632. For
example, Y-72632 treatment suppressed LPA-induced formation of stress fibres and focal
adhesions in Swiss 3T3 cells (Tsuji et al., 2002). ROCK proteins induce the formation of
structures comprising thick actin fibres in cultured cells, most likely through enhancing
the phosphorylation of the myosin light chain (Watanabe et al., 1999). However, the
ROCK induced actin phenotype was not identical to Rho-induced stress fibres, indicating
a requirement for other effector(s).

Another effector that connects Rho to the actin cytoskeleton is mDial. This
protein was the first identified mammalian homologue of Drosophila Diaphanous, which
is essential for cytokinesis, and belongs to a family of formin-homology (FH) proteins
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(Castrillon and Wasserman, 1994). FH proteins share structural features, including the
tandemly aligned FHl and FH2 domains in their C-terminal halves (Wasserman, 1998).
The FH l domain contains repetitive polyproline sequences, which interact with an actinmonomer-binding protein, profilin (Schluter et al., 1997). FH proteins regulate cellular
morphogenic events, most likely in collaboration with profilin. Rho may regulate the
subcellular assembly of filamentous actin (F-actin) through mDial signalling (Geneste et
al., 2002; Watanabe et al., 1999). Narumiya and colleagues have shown that an active
mDia mutant can induce the formation of stress fibres. Morphologically, these do not
look exactly like RhoA induces stress fibres and it has been proposed that the full RhoA
stress fibre response needs both mDia and ROCK signals (Watanabe et al., 1999).

1.5.5 Rho - Actin Signalling Elicits Multiple Intracellular Signalling
Pathways
In addition to its roles in cytoskeletal reorganization, RhoA-induced signalling has
been implicated in gene transcription, cell-cycle progression, cell survival and cell
transformation (Cleverley et al., 2000; Costello et al., 2000; Galandrini et al., 1997; Olson
et al., 1998; Sahai et al., 1998; Sahai et al., 2001).

Functional RhoA is required for serum- and LPA-induced activation of the
transcription factor serum response factor (SRF), and an active mutant of Rho can
activate SRF in the absence of external stimuli (Hill et al., 1995). SRF is a transcription
factor, which controls growth-factor-regulated genes (c-fos) and cytoskeletal actin, and
numerous muscle-specific genes. At the c-fos promoter, SRF interaction with members of
the ternary complex factor (TCF) family of proteins allows control of transcription via
MAP kinase signalling. SRF activity is regulated independently of its interaction with
TCF by a signalling pathway controlled by Rho-family small GTPases (Hill et al., 1995).
Alterations in actin dynamics are necessary for the activation of SRF by extracellular
signals and sufficient for its activation in the absence of signal (Copeland and Treisman,
2002; Geneste et al., 2002; Grosse et al., 2003; Miralles et al., 2003).

Activation of Rho induces actin polymerization through two effector pathways:
the ROCK-LIM kinase-cofilin pathway stabilizes F-actin, while the mDial pathway
promotes its assembly (Geneste et al., 2002). Clues to the mechanism by which Rho-actin
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signalling controls SRF activity came from recent studies that identified MAL as a Gactin-associated SRF coactivator, which is redistributed from the cytoplasm to the
nucleus in response to Rho-induced actin polymerization (Miralles et al., 2003).

In addition, functional RhoA is required for the Gl-S transition in fibroblasts and
in pre-T cells (Galandrini et al., 1997; Olson et al., 1998). RhoA is required for Rasmediated transformation (Jaffe and Hall, 2002). Moreover, mutated derivatives of several
Rho family guanine nucleotide exchange factors (GEFs) have been isolated in different
screens for transforming genes (Jaffe and Hall, 2002). Although it is tempting to
speculate that the ability of RhoA to activate transcription is related to its role in the
regulation of cell-cycle progression and transformation, there is no direct evidence to
support this view since the signalling pathways involved remain unclear.

Binding of GTPases to their effectors is mediated by a sequence known as the
effector loop (Bishop and Hall, 2000). Mutations in this region can selectively disrupt its
interactions with different effectors, thereby allowing the functional consequences of the
particular interactions to be distinguished. In this context, RhoA effector-loop mutants
have been investigated for their ability to induce cytoskeletal rearrangements, SRF
activation and transformation (Sahai et al., 1998). The findings show that RhoA-induced
stress fibre formation in fibroblasts requires interaction with ROCK-I, and that RhoAinduced signalling to SRF does not correlate with its activity in transformation.
Moreover, it was shown that signalling to SRF can occur in the absence of stress
fibre formation, and that changes in cell morphology are not a prerequisite for
potentiation of SRF activity (Sahai et al., 1998).

1.5.6 Rho Regulates the Formation of Epithelial Cell Junctions via its
Effectors ROCK and mDia
The integrity of epithelia relies on the formation and organization of epithelial cell
junctions, adherens junctions (AJ) (Yap et al., 1997). Adherens junctions are often
disrupted during tumour progression. RhoA and RhoC have recently been found to be
overexpressed in more advanced tumours, a finding that supports the observation that
Rho family proteins regulate adherens junctions (Sahai and Marshall, 2002a). Studies that
have investigated the effect of inactivating and overexpressing RhoA and RhoC in
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tumour cells, have delineated two pathways downstream of Rho; Dial stabilizes adherens
junctions whereas activation of ROCK disrupts cell-cell junctions through the generation
of acto-myosin contractile force (Sahai and Marshall, 2002b). These counteracting
pathways may enable remodelling during the development and maintenance of normal
epithelia. In tumours, the effect of Rho overexpression or activation on adherens
junctions is likely to depend on the balance of these two pathways.

1.5.7 Rho Activity Regulates the Formation and Orientation of
Microtubules
Microtubules are essential for the polarization of many cell types. When
microtubules are depolymerised by drugs, cells loose their polarity and retract their
processes (Gundersen and Cook, 1999).

Despite the central role of microtubules in cell polarization, relatively little is
known about the molecular mechanisms by which microtubules exert their polarizing
activity. One key event is supposed to be the formation of stabilized micro tubules. In
most cells there are at least two pools of micro tubules: dynamic micro tubules, which are
instable and have half-lives of 5-10 min, and stabilized micro tubules which persist for
hours (Schulze and Kirschner, 1986).

It is not fully understood how the cell determines when and where stable
microtubules are formed and what factors are involved in stabilizing only a subset of
microtubules. Lysophosphatidic acid (LPA) has been identified as a serum factor that
induces stable microtubule formation and Rho GTPases have been shown to be necessary
and sufficient for selective stabilization and orientation of microtubules in serum-starved
3T3 fibroblasts (Cook et al., 1998; Nagasaki and Gundersen, 1996). Rho does not bind
directly to microtubules, but by screening Rho-effector domain mutants for their ability to
induce formation of stable microtubules, evidence has been provided that, in fibroblasts,
the formation and orientation of stable microtubules is regulated by a class of Rho
effectors known as the diaphanous-related formins (DRFs): mDial and mDia2 (Palazzo et
al., 2001). Microinjection of constitutively active mDia2 induced the formation of stable
microtubules, and activation of endogenous mDial stimulated the formation and
orientation of stable microtubules in serum-starved NIH3T3 cells (Palazzo et al., 2001).
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This study further showed that mDia co-localized with stable microtubules when
overexpressed and associated with microtubules in vitro. ROCK was not necessary for the
formation of stable micro tubules.

1.5.8 Rho Family of Small GTPases and their Function in Lymphocytes
The study of Rho family GTPases in lymphocytes was started by the recognition
that upstream regulators of these molecules were important for lymphocyte function; e.g.
PI3K activation is activated by antigen receptors, costimulatory molecules, cytokines and
chemokines and among the important targets for the products of PI3K are the GTPases
Rac and Rho (Cantrell, 2001; Cantrell, 2002b). Activation of these molecules is
stimulated by (GEF), which comprise a catalytic DEL homology domain flanked by a
pleckstrin homology (PH) domain that is critical for GEF function (Schmidt and Hall,
2002). The binding of PI(3,4,5)P3 to PH domains of GEFs is reported to activate them
(Welch et al., 2002). Moreover, it has been shown that IL-2 induction of membrane
ruffling in T cells is mediated by a PI3K/Rac dependent pathway (Arrieumerlou et al.,
1998). As well, experiments with constitutively active PI3K mutants have shown that
activation of PI3K is sufficient to induce Rac-mediated cytoskeletal responses in T
lymphocytes, presumably by PI3K-mediated recruitment of a GEF, such as Vav-1, to the
plasma membrane, followed by tyrosine kinase mediated activation of the GEF (Reif et
al., 1996).

There has also been accumulating information about the function of Rho family
GTPases in lymphocytes from studies on mice deficient in Rac GEFs. The first Rac GEF
studied was Vav-1 (Tybulewicz et al., 2003).

Vav-1 is a guanine nucleotide exchange factor for the Rho family GTPases Rac-1,
Rac-2 and RhoG (Tybulewicz et al., 2003). The involvement of Vav-1 in lymphocyte
signal transduction was first indicated by the finding that Vav-1 becomes rapidly tyrosine
phosphorylated in response to antigen receptor ligation, suggesting that it transduces
signals from the TCR; Vav-1 is also tyrosine phosphorylated in response to CD28
triggering, implying its involvement in costimulation (Cantrell, 2003a; Tybulewicz et al.,
2003).

39

Vav-1 has two close relatives Vav-2 and -3. While expression of Vav-1 is limited
to haematopoietic lineages, Vav-2 and Vav-3 have a more ubiquitous expression. The
role of Vav-1 in vivo has been addressed by the generation of Vav-1-deficient mice
(Fischer et al., 1995; Tarakhovsky et al., 1995; Turner et al., 1997). Vav-1-deficient mice
have a marked reduction in thymic cellularity, a consequence of a developmental block at
the DN3 stage that suggests that Vav-1 is important in pre-TCR signalling. This block is
incomplete and residual DP cells are able to develop but these are defective in positive
and negative selection, presumably because of defective TCR signalling, resulting in very
few mature SP T cells. Vav-1 deficient peripheral T cells are defective in their ability to
proliferate (Costello et al., 1999); this is most likely due to a failure to efficiently initiate
activation induced TCR signalling pathways. In this context, Vav-1 deficient T cells have
been shown to be defective in a number of TCR responses including TCR induction of
intracellular calcium flux, in the activation of ERK and NFkB transcription factors and
subsequently in the upregulation of the IL-2 cytokine gene (Costello et al., 1999).

The fact that, although at severely reduced numbers, a few mature T cells can
develop in Vavl'^' mice suggests that other proteins can carry out Vav-1 function,
although at less efficiency. Candidates for such a functional redundancy are the Vav-2
and Vav-3 proteins. T and B lymphocytes develop normally in mice lacking Vav-2
(Doody et al., 2001). Mice deficient in both Vav-1 and Vav-2 are no more affected in T
cell development than Vav-1 deficient mice, suggesting that Vav-3 or a combination of
Vav-2 and Vav-3 may be covering for the lack of Vav-1. Resolution of this issue awaits
the generation of Vav-3 deficient mice. In contrast, Vav-1'^'Vav-2'^' double-deficient mice
are defective in B cell maturation resulting in 30-50% of the usual numbers of B cells
(Doody et al., 2001).

Vav proteins are GEFs for Rac GTPases (Tybulewicz et al., 2003). Two Rac
GTPases, Rac-1 and Rac-2 are expressed in haematopoietic cells. Rac-1 and Rac-2 are
highly homologuons and are thought to have some redundant functions. Deletion of Rac1 results in embryonic lethality whereas deletion of Rac-2 has no effect on T cell
development and a minimal effect on early B cell development (Croker et al., 2002;
Sugihara et al., 1998; Walmsley et al., 2003). Conditional deletion of Rac-1 and Rac-2 in
B cells has shown that both GTPases are required to transduce BCR signals leading to
proliferation and survival, and as a consequence B cell development is almost completely
blocked (Walmsley et al., 2003). This phenotype is more severe than the B cell phenotype
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of Vav-1/2 double ‘knock outs’ implying that there are other exchange proteins for Rac
GTPases in lymphocytes other than members of the Vav family. One good candidate is
DOCK2 which can act as a GEF for Rac and loss of DOCK2 results in defective TCR
activation of Rac (Reif and Cyster, 2002).

1.5.8.1 Transgenic Mice Expressing Active Rac-1

The interest in studying Rac-1 function in the thymus was triggered by the finding
that mice lacking Vav-1, a guanine nucleotide exchange factor (GEF) with selectivity for
Rac have defective thymocyte development (Fischer et al., 1995; Tarakhovsky et al.,
1995; Turner et al., 1997). To further explore the role of Rac-1 in T cells, transgenic mice
that express active mutants of Rac-1 in the thymus were made (Gomez et al., 2000). Rac1 can bind to proteins containing a motif termed the Cdc42-Rac interactive binding
(CRIB) motif (Burbelo et al., 1995). Effectors containing the CRIB domain include FAK
family serine kinases and allow active Rac-1 to stimulate the Jun N-terminal kinase
(JNK) and p38 mitogen activated protein (MAP) kinases (Bagrodia and Cerione, 1999).
Rac-1 also has a well documented ability to regulate the actin cytoskeleton (EtienneManneville and Hall, 2002; Hall and Nobes, 2000; Nobes and Hall, 1995; Ridley et al.,
1992). This function of Rac-1 is independent of direct interactions with CRIB domain
containing effectors. A Tyr"^° to Cys^° (Y40C) mutation in the Rac-1 effector domain
abrogates CRIB domain and PAK binding yet leaves the ability of Rac-1 to regulate the
actin cytoskeleton intact (Lamarche et al., 1996; Westwick et al., 1997). Thus the Y40C
mutation of Rac-1 generates a mutant that has selective actions on the actin dynamics.
Accordingly, transgenic mice have been made that express the active Rac-1 mutants,
L61 Rac-1 or L61Y40CRac-l, respectively, under the control of human CD2 promoter
and locus control region (Gomez et al., 2000).

The CD2 promoter expresses in early T cell progenitors at the DN2/3 stage and
analysis of the active Rac-1 transgenic mice indicated that Rac-1 potentiated pre-TCR
responses and rescued the pre-T cell developmental defects caused by loss of Vav-1
(Gomez et al., 2000) Figure 1.3. Vav-1 deficient thymocytes that show defects in pre-T
cell development are defective in actin polymerization (Fischer et al., 1995; Holsinger et
al., 1998). It was determined next whether L61Y40CRac-l could rescue the pre-T cell
developmental defects caused by loss of Vav-1. Analysis of L61Y40CRac-1/ Vav-1 mice
showed that expression of the active Rac-1 mutant could fully reconstitute the cellularity
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in Vav-l'^' thymi (Gomez et al., 2000). The results identified a subset of Rac-1 functions
involving actin dynamics that can substitute for loss of Vav-1 in pre-T cells.

RAG^ mice are defective in antigen receptor gene rearrangements and show a
block in thymocyte development at the DN3 stage because of failed pre-TCR expression
(Mombaerts et al., 1992b). The expression of active Rac-1 could partially overcome the
differentiation block caused by failed expression of the pre-TCR in Rag'^' thymocytes;
however, L61 Rac-1 could not fully substitute for the pre-TCR complex and initiate
thymocyte proliferation (Gomez et al., 2000). The failure of activated Rac-1 to fully
rescue thymocyte cellularity in Rag^' mice shows that Rac-1 signals alone are not
sufficient to drive pre-T cell proliferation.

Interestingly, thymi from mice expressing active Rac-1 in T cells lack CD4 SP and
CDS SP thymocytes but contain CD4^CD8^ DPs and DNs (Gomez et al., 2001). As a
consequence, L61 Rac-1 and L61 Y40CRac-l transgenic mice have severely reduced (10fold) numbers of mature peripheral a p T cells. The failure to generate normal numbers of
CD4 and CDS SP thymocytes could be due to decreased positive selection or increased
negative selection. To examine the Rac-1 mice further they were bred onto the HY TCRtransgenic mice. The HY TCR is specific for the male HY antigen presented in the
context of MHC class I (H-2D^) (Kisielow et al., 19SS). Thymocytes expressing the HYspecific TCR are negatively selected in male H-2D'’ mice and undergo massive deletion
resulting in very few DP and SP T cells which results in a strong reduction in overall
thymic cellularity. Thymocytes from female HY TCR-transgenic mice are positively
selected on an H-2D*’ background and develop into mature CDS SP T cells. The results
were that expression of L61 Rac-1 has no influence on the negative selection of male HY
TCR-transgenic thymocytes. Strikingly, the phenotype of L61Rac-l/HY TCR female
double-transgenic mice was markedly different from the normal phenotype of HY TCRtransgenic female mice. L61 Rac-1 prevented development of CDS SP T cells in female
HY TCR-transgenic mice; there was a severe reduction (>90%) of overall thymocyte
cellularity which revealed massive deletion of DPs. This result indicated that L61 Rac-1
causes negative selection of the HY TCR in a positively selecting background.

42

TCR-p-chain
selection

ap TCR
selection

Thymus

i
DN2

DN1
Haematopoietic
stem cell (HSC)

>
CD44+
CD25-

•••
CD44+
CD25+

-

% •
CD8+SP

A
CD44*
CD25+

I

I

CD44CD25-

CD4+CD8+
DP

%
CD8+SP

# CD4+SP

Rac-1 regulates
differentiation
and proliferation

Periphery

CD4+SP

Rac-1 participates in
the signalling pathways
that determine the
outcome of selection
(postive vs negative)
in DP thymocytes

Figure 1.3. Rac-1 in thymocyte development: based on analysis of transgenic mice expressing constitutively active Rac-1

A similar result was seen when active Rac-1 was expressed in the F5 TCRtransgenic model. The F5 TCR recognises an influenza nuclear protein peptide in the
context of MHC I (H-2D’"), and thymocytes are positively selected to CDS SP T cells in
mice with an H-2D^ background (Mamalaki et al., 1993). Thymocytes that co-express the
F5 TCR transgene and L61 Rac-1 show a strong reduction in thymocyte cellularity as
compared to normal F5 TCR-transgenic mice. If Rac-1 activation diverts positive
selection to negative selection, the ability of Rac-1 to induce DP deletion in TCR
transgenic mice requires the TCR to be triggered by endogenous positively selecting
ligands and is not due to an intrinsic effect of Rac-1. In this respect it was seen that Rac-1
activation could not induce deletion of F5 TCR-expressing thymocytes in (MHC)(32 -m'^'
mice. The ability of Rac-1 to induce deletion thus needed functional TCR signalling.
These results indicate that activation of Rac-1 causes a T cell that should be positively
selected to switch to a pathway of negative selection. The mechanism that Rac-1 uses to
do this is not known but the response can be triggered by the L61 Rac-1 Y40C mutant
indicating that it has something to do with the way Rac-1 activates actin. It was also seen
that activation of Rac-1 resulted in high basal integrin activity in T cells which might
promote T cell contacts with thymic epithelial cells and hence potentiate weak positively
selecting TCR signals so that the thymocyte interprets them as a strong signal i.e. Rac-1
acts like a strong costimulatory signal.

1.5.8.2 The Role of RhoA in the Thymus

Information about the role of Rho in T cells has come from a combination of
experiments in cell lines and in transgenic mice that have looked at the consequences of
Rho inhibition or activation on T cell function (Cleverley et al., 1999; Cleverley et al.,
2000; Costello et al., 2000; Galandrini et al., 1997; Henning and Cantrell, 1998a;
Henning and Cantrell, 1998b; Henning et al., 1997). Transgenic mouse studies have been
especially important to probe Rho function in thymocyte development (Cantrell, 2002c).

Two sets of transgenic mice that express C. botulinum C3-transferase in T cell
progenitors have been made. LckC3 mice that express C3-transferase under the control of
the p56Lck promoter and CD2-C3 mice that express C3-transferase under the control of
the CD2 promoter (Cleverley et al., 1999; Henning et al., 1997). The difference between
these two promoters is that the Lck promoter expresses slightly earlier in development
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(DNls) than the CD2 promoter ( DN2/3). In both these mice there are severe defects in
thymocyte development. In CD2-C3 mice there is a complete block in thymocyte
development at the DN3 stage. In LckC3 mice T cell differentiation still occurs and
LckC3 thymi have DNs, DPs and SPs but at very reduced cell numbers (10-fold reduced).

Studies of LckC3 mice showed that Rho regulates survival and cell cycle
progression in DN thymocytes (Galandrini et al., 1997; Henning et al., 1997) Figure 1.4.
Without Rho function early CD25^ thymocyte progenitors undergo massive apoptosis at
the DN2 and DN3 stage, which leads to a severe depletion of these and subsequent
thymic subpopulations. There is a second defect in LckC3 mice: the few DN4 cells that
do develop show decreased rates of cell cycle progression that contribute to the failed
expansion and development of CD4/8 DP and SP thymocytes.

The cell death that occurs in LckC3 mice can be overcome by ectopic
overexpression of Bcl-2 with a resultant increase in thymocyte numbers in LckC3/Bcl-2
double transgenic mice (Costello et al., 2000). Thus the loss of cellularity caused by loss
of Rho function in the thymus can be restored by ectopic expression of a Bcl-2 transgene.
Cell survival is controlled by a delicate balance between proapoptotic and antiapoptotic
signals; overexpression of Bcl-2 pushes the balance in favour of survival but does not
mean a priori that the original cellular defect was loss of Bcl-2. Indeed, it has been shown
that loss of Rho function does not prevent induction of Bcl-2 in pre-T cells.

There is however a link between Rho function and the function of the tumour
suppressor p53 in the thymus (Costello et al., 2000). A model has been proposed in which
p53 acts as a sensor for correct (3 selection. Cells can only move forward from the DN3
stage when p53 is removed genetically or physiologically inactivated. Signalling through
the pre-TCR complex, a process absolutely dependent on successful rearrangements of
the TCRp locus, is crucial to prevent p53-mediated apoptosis.
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Interestingly, loss of p53 prevents apoptosis in LckC3 DNs and restores the DN
compartment in LckC3 mice. This would seem to mean that Rho is part of the pre-TCR
signals used to counter the proapoptopic functions of p53 in the thymus. Interestingly,
loss of p53 rescues cell death in LckC3 DNs but the DPs still die. In contrast Bcl-2
rescues cell death in both DNs and DPs. The picture to emerge from these studies is that
Rho is a crucial component of survival signalling pathways in at least two different
thymocyte subpopulations: Rho controls the p53 survival checkpoint in pre-T cells and is
also crucial for p53-independent survival signalling pathways in CD4/8 DPs.

1.5.8.2.1 V14RhoA Transgenic Mice

Despite the evidence that Rho function is essential for thymocyte development, it
was not clear if Rho signalling is sufficient for thymocyte survival, differentiation and
proliferation. One way to probe Rho function was to examine the effects of a gain of
function mutation of Rho in the thymus. The human CD2-LCR was used to express a
constitutively active mutant of Rho, V14RhoA, in T cells of transgenic mice (Corre et al.,
2001). This allowed the study of the consequences of Rho activation in primary
thymocytes and peripheral T lymphocytes. Thymocyte numbers in V14RhoA thymi were
normal and all thymocyte subsets (DNs, DPs, SPs) were present in these mice and
activation of RhoA had no discernible effect on pre-T cell biology. To probe the actions
of RhoA in more detail, the effects of active RhoA on thymocyte development were
examined in a model of defective pre-T cell differentiation, the Rag-T^' mice. In Rag
deficient mice thymocyte development is blocked at the DN3 stage because of the
absence of pre-TCR signalling in this mice, and subsequently, CD4^CD8^ DP cells and
mature CD4 SP and CD 8 SP subsets are not generated (Mombaerts et al., 1992b).

Activation of RhoA was not able to rescue the Rag-1 ‘knock out’ phenotype. The
studies show that Rho function is necessary but not sufficient to allow pre-T cell survival
and differentiation in the absence of normal pre-TCR function.

It was further examined if activation of RhoA has any effect on TCR-induced T
cell activation. Accordingly, the proliferative response of V14RhoA T cells to TCR
triggering with CD3 antibodies was monitored, and it was found that V14RhoA T cells
are hyper-responsive to CD3 induced proliferation. A proximal signalling response in
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response to TCR triggering is an increase in the levels of intracellular calcium (Cantrell,
2002b). The calcium responses of V14RhoA T cells were indistinguishable form normal
cells. The ability of V14RhoA to potentiate T cell responses thus occurs at a point distal
to the immediate signals triggered by antigen receptors. To examine the effects of RhoA
signalling on TCR mediated responses in vivo, the effect of V14RhoA on positive and
negative selection of thymocytes expressing TCR transgenes was examined. The HY
TCR is specific for the male HY antigen presented in the context of MHC class I (H-2D^)
(Kisielow et al., 1988). Thymocytes expressing the HY-specific TCR are negatively
selected in male H-2D'' mice and undergo massive deletion. The expression of active
RhoA did not change this phenotype. Thymocytes from female HY TCR-transgenic mice
are positively selected on an H-2D'' background and develop into mature CD 8 SP cells.
Interestingly, thymocytes from female mice that co-expressed the HY TCR and
V14RhoA, showed a marked increase in the numbers of positively selected HY TCRtransgenic T cells. These results were further confirmed in the F5 TCR-transgenic model
(Mamalaki et al., 1993).

A large body of work has shown that RhoA regulates changes in the actin
cytoskeleton in epithelial cells and fibroblasts (Etienne-Manneville and Hall, 2002; Hall
and Nobes, 2000; Nobes and Hall, 1995; Ridley and Hall, 1992). There were no
discernable changes in the actin cytoskeleton in V14RhoA T cells but there was evidence
that V14RhoA was sufficient to stimulate (3, integrin-mediated thymocyte adhesion to the
ligand FN.

In many cell types there are links between the actions of the GTPases Rac-1 and
RhoA (Ridley et al., 1992; Sander et al., 1999; Zondag et al., 2000). For example the
ability of Rac-1 to induce stress fibres in fibroblasts is Rho dependent. There is also
evidence that Rac-1 negatively regulates Rho activity.

There has been some exploration of the links between Rac-1 and RhoA in the
thymus. To examine the Rho dependency of Rac-1 induced pre-T cell differentiation, the
L61 Rac-1 mice were bred onto mice in which the CD2 promoter was used to express C.
botulinum C3-transferase selectively in pre-T cells (Gomez et al., 2000). In CD2-C3

transgenic mice, pre-T cell receptor expression occurs normally but further development
is blocked at the DN3 cell stage (Cleverley et al., 1999). The analysis of L61 Rac-1/CD2C3 double transgenic mice showed that Rac-1 can not induce pre-T cell differentiation in
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the absence of Rho function (Gomez et ah, 2000). The actions of Rac-1 in pre-T cells are
thus dependent on functional Rho signalling pathways. However, not all the functions of
Rac-1 are mediated by RhoA. Thus transgenic expression of the active mutant of Rac-1,
L61 Rac-1, is able to rescue pre-T cell developmental defects in Rag'^' and Vav-T^' mice
but activation of Rho is not sufficient for either of these responses. It remains to be
determined whether Rac-1 and RhoA operate in linear or parallel pathways in the
regulation of thymocyte development.
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1.6 Aims of this Thesis

The starting point for the work presented in this thesis is the finding that Rho
family GTPases are key mediators of signal transduction pathways that regulate T cell
development in the thymus. In particular, Rho function is important for thymocyte
survival, and thus for the establishment of an efficient immune system.

Rho GTPases are known to be key modulators of the actin cytoskeleton. The
present understanding of how cell adhesion and cell migration, two actin cytoskeletal
dependent processes, are regulated in T cells, is by far not complete.

Therefore the aim of the present thesis was to understand the role of Rho GTPases
in T cell adhesion and migration which would allow important insights into how Rho
GTPases control T cell development.

To address these questions transgenic mice will be used that either express a
constitutively active mutant of Rho, V14RhoA specifically in T cells, or have lost Rho
function in T cells due to transgenic expression of the toxin C3-transferase which
ribosylates and inactivates Rho from early stages on in T cell development.

The specific aims of the work are as follows:

1.

To explore whether activation of RhoA stimulates integrin-mediated adhesion of
primary T cells.

2.

To explore the consequences of loss of Rho function on integrin function in T
cells.

3.

To explore the role of RhoA in T cell migration.

4.

To explore the role of RhoA in regulating the ability of T cells to make contacts
with antigen-presenting cells.
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CHAPTER 2

Materials and Methods

2.1

Materials

2.1.1 Solutions
Phosphate Buffered Saline Dulbecco’s A (FBS^): 137 mM sodium chloride, 3.3
mM potassium chloride, 1.7 mM potassium dihydrogen orthophosphate (anhydrous),
adjusted to pH7.4 with HCl. RPMI-1640: was produced by Cancer Research UK Central
Cell Services. DMEM; was produced by Cancer Research UK Central Cell Services.
Flow Cytometry Buffer (FACS Buffer): DMEM minus Phenol Red, 25 mM Hepes
(pH7.4 with HCl), 1% Foetal Calf Serum.

2.1.2 Chemicals and Reagents
Proteinase K was purchased from Boehringer Mannheim. Deoxynucleotides
(dNTPs) were purchased from Amersham Pharmacia Biotech. BC E C F/A M was
purchased from Calbiochem. lonomycin. Calcium Salt was purchased from Calbiochem.
Foetal Calf Serum was from Gibco. Concanavalin A (ConA) was from Sigma.
Recombinant IL-2 was from Proleukin. Phorbol 12, 13-dibutyrate (PdBu) was from
Sigma Aldrich. RedTaq DNA Polymerase, lOX RedTaq PCR Buffer minus MgClj,
lOX MgCh (25 mM) were purchased from Sigma. Calibrite Beads for Flow Cytometry
were from Becton Dickinson. 7-amino actinomycin D (7AAD) was from Calbiochem.
Carboxyfluorescein Diacetate Succinimidyl Ester (CFSE) was purchased from
Molecular Probes. Propidium Iodide was from Sigma. Hoechst 33342 was purchased
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from Molecular Probes.

2.1.3 Cell Adhesion Ligands and Chemokines
Recombinant Mouse IC A M -l/Fc Chimera, recom binant Human SDFla/PBSF/CXCL12, recombinant Mouse VCAM -l/Fc Chimera, recombinant Mouse
TECK and recombinant Mouse MIP-3p/CCL19 were purchased from R&D Systems.
Human Plasma Fibronectin was purchased from Sigma. Purified Human Fibronectin a Chymotryptic Fragment 120kDa was purchased from Chemicon International.

2.1.4 Flow Cytometry Antibodies
The following antibodies were used for flow cytometry. All antibodies were
purchased from Pharmingen:

Rat Anti-Mouse CD4: clone RM4-5, isotype: Rat IgG2a,

k

.

Rat Anti-Mouse CD 8 a: clone 53-6.7, isotype: Rat IgG2a,

k

.

Hamster Anti-Mouse a^TCR: clone H57-597, isotype: Armenian Hamster IgG2, X I .
Hamster Anti-Mouse CD3e: clone 145-2C11, isotype: Armenian Hamster IgG l,
Rat Anti-Mouse Thy 1.2: clone 53-2.1, isotype: Rat IgG2a,

k

k

.

.

Hamster Anti-Mouse CD69: clone H1.2F3, isotype: Armenian Hamster IgGl, X.
Rat Anti-Mouse CD5: clone 53-7.3, isotype: Rat IgG2a,

k

.

Rat Anti-Mouse CD2: clone RM2-5, isotype: Rat IgG2b, X.
Rat Anti-Mouse GDI la (LFA-1): clone 2D7 or M17/4, isotype: Rat IgG2a,
Rat Anti-Mouse CD49d (VLA-4; a4): clone Rl-2, isotype: Rat IgG2b,

k

k

.

.

Rat Anti-Mouse CD49e (VLA-5; a5): clone 5H10-27 (MFR5), isotype: Rat IgG2a,
Hamster Anti-Rat CD29d (pi): clone Ha2/5, isotype: Armenian Hamster IgM, k .
Mouse Anti-Mouse Vp 8 : clone F23.1, isotype: Mouse IgG2a,

k

.

Rat Anti-Mouse Va2: clone B20.1, isotype: Rat IgG2a, X.
Rat Anti-Mouse B220: clone RA3-6B2, isotype: Rat IgG2a,

k

.

Rat Anti-Mouse CD24 (heat stable antigen): clone M l/69, isotype: Rat IgG2b,
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k

.

k

.

2.1.5 Peptide Synthesis
The P14 TCR recognises LCMV GP (33-41; KAVYNFATM) in the
context of H-2D*' (Pircher et al., 1989). This peptide was synthesized and purified
in the Cancer Research UK Protein Production Laboratory.

2.1.6 Oligonucleotide Synthesis
Oligonucleotides for PCR screening of transgenic mice were synthesized by the
Oligonucleotide Synthesis Laboratory at Cancer Research UK.
The oligonucleotides used are listed below.

2.1.7 Sequences
Actin 1

5’

Actin 2

5’

M ol42

5’

C3 C-term.

5’

ROl

5’

Vah4

5’

U46

5’

Vahl

5’

rt-TA 1

5’

rt-TA2

5’

GFP Rev2

5’

GFP 2361-81

5’

LI

5’

R9

5’

Rap 1/primer 2a

5’

El/primer 2 b

5’

U47

5’
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2.1.8 Transgenic Mice
The following lines of transgenic mice used are detailed below:

p56LckC3 Transgenic Mice:
Dr D. Cantrell; Cancer Research UK
Reference: (Costello et al., 2000; Galandrini et al,, 1997; Henning et al., 1997)
CD2 V14RhoA Transgenic Mice:
Dr D. Cantrell; Cancer Research UK
Reference: (Corre et al., 2001)
CD2 HA V12RaplA Transgenic Mice:
Dr D. Cantrell; Cancer Research UK
Reference: (Sebzda et al., 2002)
CD2 L61 Rac-1 Transgenic Mice:
Dr D. Cantrell; Cancer Research UK
Reference: (Gomez et al., 2001; Gomez et al., 2000)
P14 TCR Transgenic Mice:
Reference: (Pircher et al., 1989)

2.2

Methods

2.2.1 Isolation and Preparation of Lymphoid Organs
Thymi, spleens and lymph nodes were obtained by dissection from 4-8 week old
mice. Tissue was disaggregated by using a fine mesh filter to obtain a single cell
suspension. Cell numbers were adjusted according to subsequent application (1-10 x 10^
cells/ml).
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2.2.2 Cell Culture Cell Preparation
For growing up murine T-Lymphoblasts, splenocyte and thymocyte cell numbers
were adjusted to 5x10^ cells/ml for splenocytes and 1x10^ cells/ml for thymocytes,
respectively, in RPMI / 10%FCS (heat inactivated) / (3ME 50 piM final concentration. The
cells were stimulated with ConA (5 ug/ml) for 36 hr. After 36 hr ConA was washed off
and the T-Lymphoblasts were grown in IL-2 (20 ng/ml).

2.2.3 Migration Assay
On the day before the experiment transwell membranes (costar #3421) were
coated over night at 4°C with 100 p.1 of the particular ligand in PBS (e.g.
fibronectin/PBS). The subsequent day the ligand was removed from the transwell by
pipetting and 100 p.1 of blocking solution (2% BSA/PBS) was added to the transwell
membrane for 1 hour at 37°C. Depending on the application, either thymocytes,
splenocytes or lymph node cells were isolated freshly. The cells were adjusted to 1 x 10^
cells/ml in assay medium (RPMI/0.5 % BSA). 100 \x\ which equals 1 x 10^ cells were
added in total to the top of the transwell (INPUT) after removing the blocking solution.
600 yd of the particular chemokine diluted in assay medium were added to the bottom
well. The transwell plate was transferred to the 37°C/5 % CO 2 incubator and cells were
left to migrate across the fibronectin coated membranes for 4 hours. After 4 hours the top
well was discarded and only the cells that have migrated to the bottom well (migrated
cells) are analysed further: 300 \d of the migrated cells were pipetted into FACS tubes for
counting and the remaining 300 p.1 were pipetted into duplicate FACS tubes for staining.
For quantifying the cell numbers of migrated cells FACS calibrite beads were used
(#340486 Becton Dickinson). First a beads containing solution was prepared at
approximately 1000 beads/p,l in FACS buffer (DMEM minus Phenol Red, 25 mM Hepes
pH7.4, 1 % FCS) using the Neubauer chamber. Subsequently 50 p,l of this solution
(equals 50 000 beads) were added to one set of the duplicate FACS tubes for counting;
whether this set of samples was also stained with Thy 1.2 (T cell marker) or 7AAD (dead
cell exclusion) for the subsequent analysis was optional. However, to avoid any cell loss,
the FACS samples for counting the migrated cells were not subjected to any wash steps.
The cells of the remaining duplicate FACS tubes for staining were ineubated with anti55

CD4, anti-CD8, anti-Thyl.2 and 7 A AD for apoptotic/dead cell exclusion.

To be able to quantify the assay, 100 pil of the INPUT cells that were added to the
top of the transwells at the beginning of the assay were also pipetted into triplicate
separate FACS tubes. Beads were added to this triplicate INPUT samples and whether
Thy 1.2 and 7A AD were added was dependent on the application. Again no was steps
were carried out to avoid any cell loss in samples used for quantification.

In addition, 100 pil of this start population were pipetted into a FACS tube for
staining; anti-CD4, anti-CD 8 , anti-Thyl.2 and 7AAD. This equals the INITIAL
POPULATION and the percentages obtained were used to determine the subpopulation
input numbers.

All the samples were subjected to flow cytometric analysis on a FACS Calibur
(Becton Dickinson). 3000-10000 events of beads were collected in the samples for
counting the input and migrated cells and at least

1 0 .0 0 0

events were collected for all

other samples.

Quantification of total cell numbers was carried out using cell quest software. The
ratio of cells per bead was determined: number of events of cells versus number of events
of beads in a two dimensional dot plot. By referring to the total amount of beads that had
been added to each sample, the total amount of cells of each sample was determined.

2.2.4 Static Adhesion Assay
Nunc flat - bottomed 96 well MaxiSorp Elisa plates were either left uncoated or
were coated over night 4°C with 50 yd of different concentrations of the specific ligand
(human fibronectin, mouse ICAM-1, mouse VCAM-1) in PBS. The subsequent day the
liquid was shaken off and the plate was washed once with PBS (150 [xl). After washing,
the plate was blocked by adding 100 p.1 of 2% BSA in PBS and incubating the plate for 1
hour at 37°C. The blocking solution was removed after 1 hour and the plate was washed
once (150 p,l) with PBS and once with DMEM/25 mM Hepes prior to adding the cells.
Freshly isolated thymocytes, lymph node cells or T-Lymphoblasts, respectively, were
adjusted to 5 x 10^ cells/ml in DMEM/ 25 mM Hepes (Gibco) and stained with the
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fluorescent dye BCECF-AM (Calbiochem) at a final concentration of 2.5 |iM for 30 min
at 37°C. Subsequently the cells were collected (5 min 1400 rpm) and washed once in
DMEM/ 25 mM Hepes before adjusting the cell concentration.

Thymocytes and lymph node cells were adjusted to 1 x 10^ cells/ml in DMEM/ 25
mM Hepes and 100 pi (equals 1x10^ cells) were added to each well and a triplicate (300
pi) of this INPUT was pipetted into a separate eppendorf tube. If T-Lymphoblasts were
used, they were adjusted to 5 x 10^ cells/ml and 100 pi (equals 5 x 10^ cells) were added
to each well. The cells were collected at the bottom of the well by brief spinning (800
rpm 15 seconds). PdBu was added at a final concentration of 50 ng/ml were required. The
plate was transferred to a 37°C/5 % CO 2 incubator and the cells were left to adhere for 30
min. Subsequently the plate was filled up by gently adding 310 pi of RPMI/25 mM Hepes
(37°C). The plate was sealed using a plate sealer (costar#3095). The sealed plate was
turned upside down for 15 min at 37°C and the non- adherent cells could float down by
gravity. While leaving the plate turned upside down, the plate sealer was removed and the
non-adherent cells were shaken off. 50 pi of PBS were added to the adherent cells left on
the plate. The triplicate INPUT sample (prepared previously) is washed once by
collecting the cells (3000 rpm 2 min) and resuspending them in 150 pi PBS. The INPUT
cells were distributed into separate wells each containing 50 pi.

Cell adhesion was quantified by recording emission at 530 nm after excitation at
485 nm using a Fluoroscan II (Labsystems, Inc.). The fluorescence is proportional to the
amount of attached cells. The values obtained from the wells containing the INPUT cells
correspond to the maximal fluorescence in the case of 100 % attachment. Specific
adhesion was obtained by subtracting background adhesion (mean reading for wells
coated with 2 % BSA) from the reading for each well. This specific adhesion is expressed
as a percentage of the total cell INPUT (fluorescence reading of the INPUT wells).

2.2.5 FACS-based Adhesion Assay
Nunc flat - bottomed 96 well MaxiSorp Elisa plates were either left uncoated or
were coated over night 4°C with 50 pi of different concentrations of the specific ligand
(human fibronectin, mouse ICAM-1, mouse VCAM-1) in PBS. The subsequent day the
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liquid was shaken off and the plate was washed once with PBS (150 pil). After washing,
the plate was blocked by adding 100 pi of 2 % BSA in PBS and incubating the plate for 1
hour at 37°C. The blocking solution was removed after 1 hour and the plate was washed
once (150 pi) with PBS and once with DMEM/25 mM Hepes prior to adding the cells.
Freshly isolated thymocytes were adjusted to 1 x 10^ cells/ml in DMEM/25 mM Hepes
(Gibco) and 100 pi (equals 1 x 10^ cells) were added to each well. To be able to quantify
the assay 100 pi (1 x 10^ cells) of thymocytes were also pipetted into duplicate FACS
tubes as INPUT and as INITIAL POPULATION reference samples, respectively. The
cells were collected at the bottom of the Nunc Elisa plate wells by brief spinning (800
rpm 15 seconds). PdBu was added to the wells at a final concentration of 50 ng/ml where
required. The plate was transferred to a 37°C/5 % CO 2 incubator and the cells were left to
adhere for 30 min. Subsequently the plate was filled up by gently adding 310 pi of
RPMI/25 mM Hepes (37°C). The plate was sealed using a plate sealer (costar #3095).
The sealed plate was turned upside down for 15 min at 37°C and the non-adherent cells
could float down by gravity. While leaving the plate turned upside down, the plate sealer
was removed and the non-adherent cells were shaken off. 50 pi of PBS/2 mM EDTA
were added to the plate. The cells were left to detach for 20 min on ice. 110 pi of FACS
buffer were added to the plate. The cells were resuspended off the plate by pipetting and
split onto duplicate FACS tubes for quantification and staining, respectively.

A beads-containing solution was prepared at approximately 1000 beads/pl in
FACS buffer using FACS calibrite beads (#340486 Becton Dickinson). Subsequently 50
pi of this solution (equals 50 000 beads) were added to one set of the duplicate FACS
tubes for counting; whether this set of samples was also stained with Thy 1.2 (T cell
marker) or 7A AD (dead cell exclusion) for the subsequent analysis was optional.
However, to avoid any cell loss, the FACS samples for counting the adherent cells were
not subjected to any wash steps. The cells of the remaining duplicate FACS tubes for
staining were incubated with anti-CD4, anti-CD 8 , anti-T hyl.2 and 7 A AD for
apoptotic/dead cell exclusion.

To be able to quantify the assay, 50 pi of beads were also added to each of the
triplicate INPUT samples; whether Thy 1.2 and 7AAD were also added was dependent on
the application. However, no wash steps were carried out to avoid any cell loss in the
samples used for quantification. The samples referred to as INITITIAL POPULATION in
separate FACS tubes were stained with: anti-CD4, anti-CD 8 , anti-Thyl.2 and 7AAD. The
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percentages obtained from this initial population were used to determine the
subpopulation input numbers.
All the samples were subjected to flow cytometric analysis on a FACS Calibur
(Becton Dickinson). 3000-10000 events of beads were collected in the samples for
counting the input and adherent cells and at least

1 0 .0 0 0

events were collected for all

other samples.
Quantification of total cell numbers was carried out using cell quest software
(Becton Dickinson). The ratio of cells per bead was determined: number of events of cells
versus number of events of beads in a two dimensional dot plot. By referring to the total
amount of beads that were added to each sample the total amount of cells of each sample
was determined.

2.2.6 Conjugate Assay
B cells were purified from BL 6 /J splenocytes by column sorting: CD45R (B220)
MicroBeads column purification system (Miltenyi Biotec #495-01). The purity of the B
cell sorting was determined by flow cytometry (anti-B220 staining). 500 p,l of purified B
cells at 2x10^ cells/ml were seeded in RPMI/10 % PCS/ (3ME (50 |biM) into separate wells
of a 24 well plate, activated with LPS (Sigma) at 30 p.g/ml and pulsed with the required
concentrations of the specific peptide (P14 TCR: gp33-41). The next day LPS and excess
peptide were washed off (3 washes) and the B cells were re-seeded into the 24 wells at
2x10^ cells/ml (500 p-1 per well).
CDS SP T cells from P14 TCR transgenic mice were purified using CDS subset
purification columns (R&D systems #MCDSC-1000). The purity of the CDS SP T cell
sorting was determined by flow cytometry (anti-CDS staining). 500 p.1 of the purified
CDS SP T cells at 2x10^ cells/ml were added to the B cells in the 24 wells at a 1:1 ratio. T
and B cell conjugate formation was analysed >15 min: the cells were stained for B220
and Thy 1.2 and analysed by flow cytometry.

2.2.7 Preparation of DNA from Mouse Ear Discs
Ear discs were placed in an eppendorf tube and 50 \xl of ear buffer (28 mM NaCl,
55 mM Tris/Cl pHS, 0.1 % SDS) and 5 |l i 1 of 10 mg/ml Proteinase K were added. Ears
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were digested overnight at 55°C. Following digestion, samples were mixed and collected
(14 000 rpm 10 seconds). 150 pi of dHjO was added. The Proteinase K was inactivated
by heating to 100°C for 10 min. Finally the undissolved material was pelleted by spinning
the sample for 3 min at 14 000 rpm.

2.2.8 Preparation of DNA from Mouse Tails
Mouse tail snips were placed in an eppendorf tube and 500 pi of tail buffer (50
mM Tris pH8.0, 100 mM EDTA, 100 mM NaCl, 1 % SDS) and 5 pi of 10 mg/ml
Proteinase K were added. Tails were digested overnight at 55°C. Following digestion
samples were collected for 1 min 14 000 rpm) and the supernatant was transferred to a
new tube. The Proteinase K was inactivated by heating to 100°C for 10 min. The samples
were stored on ice and 400 pi of cold isopropanol were added. DNA was precipitated for
1 hour at -20°C. Subsequently DNA was collected at 14 000 rpm 10 min, 4°C. The
supernatant was removed by pipetting. 600 pi of cold 70% ethanol were added and
removed again after spinning the sample. The DNA pellet was left to air dry. The DNA
pellet was resuspended in

100

pi of dHgO.

2.2.9 PCR Screening of Transgenic Mice
Transgene carrying mice were identified by PCR employing the specific primers
shown below. In all cases 2 pi of genomic DNA prepared from mouse ear snips or tails
was used as a template.

Actin and LckC3 PCR were performed in Ix RedTaq PCR Buffer (lOx Stock: 10
mM Tris/HCl pH8.3, 500 mM KCl, 0.1 % gelatine. Sigma), 2.5 mM MgCl2 , 1 U RedTaq
DNA Polymerase (Sigma), 4.5 mM dNTPs, 1 mM of each primer. The reaction was made
up to a final volume of 25 pi by adding dHzO.

V14RhoA PCRs were performed in Ix RedTaq PCR Buffer (lOx Stock: 10 mM
Tris/HCl pH8.3, 500 mM KCl, 0.1% gelatine. Sigma), 1.25 mM MgClj, 1 U RedTaq
DNA Polymerase (Sigma), 5.25 mM dNTPs, 1 mM of each primer. The reaction was
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made up to a final volume of 2 0 |li1 by adding dHjO.

L61Rac-l PCRs were performed in Ix RedTaq PCR Buffer (lOx Stock: 10 mM
Tris/HCl pH8.3, 500 mM KCl, 0.1 % gelatine, Sigma), 1.5 mM MgClj, 0.25 U RedTaq
DNA Polymerase (Sigma), 0.2 mM dNTPs, 1 mM of each primer. The reaction was made
up to a final volume of 2 0 pi by adding dHjO.

V12RaplA PCRs were performed in Ix RedTaq PCR Buffer (lOx Stock: 10 mM
Tris/HCl pH8.3, 500 mM KCl, 0.1 % gelatine. Sigma), 1 mM MgClj, 1 U RedTaq DNA
Polymerase (Sigma), 0.2 mM dNTPs, 1 mM of each primer. The reaction was made up to
a final volume of 25 pi by adding dH2 0 .

Primer Combinations and Annealing Temperature

Actin:

Actin 1 & Actin 2

5TC

LckC3 mice:

Mo 142 & C3 C-term.

51°C

CD2 V14RhoA mice:

ROl & Vah4

5TC

CD2 V14RhoA mice:

U46 & Vahl

5TC

CD2 HA V I2 RaplA mice:

Rap 1/primer 2a & El/primer 2b

5TC

CD2 L61 R a d mice:

U47 & Vahl

55°C
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2.2.10 Agarose Gel Electrophoresis
Resolution of DNA fragments for analysis or preparative purposes was done by
agarose gel electrophoresis in standard agarose in 1 x TAE buffer (0.04 M Tris-acetate, 2
mM EDTA pH8.0). Agarose was melted in 1 x TAE buffer, allowed to cool and Ethidium
Bromide was added at 50 pg/ml final concentration. The agarose was poured into a gel
casting tray with an appropriate gel comb to form loading wells.

DNA samples were loaded with one sixth volume of 6 x loading buffer (30 %
glycerol (v/v), 0.25 % bromophenol blue (w/v). Gels were electrophoresed at 5 volts/cm.
DNA was visualised by ultra violet illumination.

2.2.11 Screening of P14 TCR Transgenic Mice
P I4 TCR transgenic mice were screened by flow cytometric analysis of TCR Vp 8
chain expression on peripheral (tail bleeds) blood T-Lymphocytes. 50 pi of blood were
transferred into FACS tubes and subjected to red blood cell lysis by adding 300 pi of
ACK lysis buffer (4.145 g NH4CI, 0.5 g KHCO 3 , 0.018 g EDTA) and incubation at RT
for 10 min or until the solution goes clear. The cells were washed once in FACS buffer
(Materials) and were stained using saturating concentrations of anti-Vp 8 , anti-Va2, antiCD4 and anti-CD 8 . Expression of the transgenic TCR Vp8Va2 and the CD4 SP to CD 8
SP T cell ratio were determined by flow cytometric analysis.

2.2.12 Flow Cytometric Analysis
Antibodies were obtained conjugated to either fluorescent isothiocyanate (FITC),
phycoerythrin (PE), Allophycocyanin (APC) or biotin. Biotinylated antibodies were
revealed using either streptavidin-TRICOLOUR or streptavidin-APC. Prior to staining,
Fc Receptors were blocked with an anti-FcyRII blocking monoclonal antibody, were
required. Cells were then stained with saturating concentrations of antibody at 4°C for 20
min at 1-5x10^ cells/ml in FACS tubes in FACS buffer (DMEM minus Phenol Red, 25
mM Hepes (pH7.4 with HCl), 1 % Foetal Calf Serum). Cells were washed with this
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buffer between incubations and were resuspended in this buffer prior to aquisition on a
FACS Calibur (Becton Dickinson).

2.2.13 Carboxyfluorescein Diacetate Succinimidyl Ester (CFSE)
Labelling
Freshly isolated thymocytes or spleenocytes were resuspended in RPMI at 4°C
and adjusted to 5x10* cells/ml for splenocytes and 1x10^ cells/ml for thymocytes. The
cells were labelled with 1.25 \xM Carboxyfluorescein Diacetate Succinimidyl Ester
(CFSE, Molecular Probes) by incubation at 37°C for 12 min whilst continuously mixing.
After incubation, excess CFSE was quenched by washing in RPMI/10 % ECS. The
efficiency of CFSE labelling was determined by flow cytometry analysis of CFSE
fluorescence. For CFSE analysis of cell division, CFSE labelled cells were seeded in 24well plates at 5x10* cells/ml for splenocytes and 1x10^ cells/ml for thymocytes in
RPMI/10 % ECS. The plates were either left uncoated or were coated over night with
CD3 antibody 2C11 (10 p,g/ml). Cells in uncoated wells were either left untreated or
stimulated with PdBu (10 ng/ml) and ionomycin (1 ng/ml). After culturing for 48 hr or 72
hr, respectively, the cells were collected, stained with anti-CD4 and anti-CDS and
analysed by flow cytometry for CD4 and CDS expression and CFSE fluorescence.

2.2.14 Time Lapse Videomicroscopy
T-Lymphoblasts were adjusted to 1x10* cells/ml in RPMI and 2 ml (2x10* cells)
were added to a 3 cm diameter plastic dish (Falcon) that had been coated with fibronectin
(50 |Lig/ml/PBS, one hour at 37°C). Cells were left to adhere for 30 min at 37°C. Non
adherent cells were removed by washing several times with RPMI at 37 °C. The adherent
cells were filmed in 2 ml RPMFIO % FCS.

If thymocytes were used, they were adjusted to 1x10^ cells/ml in DMEM/25 mM
Hepes and 2 ml (2x10^ cells) were added to ligand-coated 3 cm diameter plastic dishes
(Falcon). Human fibronectin was used at 50 p.g/ml in PBS or mouse ICAM-1 was used at
5 |Lig/ml in PBS. Thymocytes were left to adhere for 30 min at 37°C and unbound cells
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were removed by washing several times with DMEM/25 mMHepes 37°C. The adherent
cells were filmed in 2 ml DMEM/25 mM Hepes/10 % FCS.

Time-lapse phase-contrast films were acquired on a Nikon Diaphot 300 low light
microscope for 2 or 4 hours, respectively. This system acquires the images with Kinetic
Acquisition Manager AQM2001 software (Kinetic Imaging Ltd., Bromborough, UK) and
an ORCA Hamamatsu camera. The acquisition interval was 30 seconds over a period of
either 2 or 4 hours (in the transmission channel) resulting in time-lapse sequences of
either 240 or 480 frames. The objectives used were a 40x LWD DL phase-contrast (N/A
0.55, 160/collar 0 to 2) and a 60x Plan LWD DL phase-contrast (N/A 0.7, 160/collar 0.7
to 1.7). During recording, cells were placed in an humidified environmental chamber
provided with 10 % C 02 in balanced air, and the hotboxes surrounding the microscope
bodies maintained at 37°C. These digital sequences were subsequently converted into
AVI movies (normally 10 frames per second playback, Microsoft Video 1 compressor)
for display purposes using the AQM2001 software referred to above. If required, cells
were tracked using Motion Analysis software (Kinetic Imaging Ltd.), and the resultant
data were further analysed and quantified using a Mathematica software (Wolfram
Research Europe Ltd, Long Hanborough, UK) notebook developed by Dr. Daniel Zicha
(Cancer Research UK, London). During the interactive tracking process, 10 individual
cells were randomly selected at the start of each film and their migration tracked until the
end of the film sequence.

2.2.15 Confocal Microscopy
Glass coverslips were placed in a 24-well plate and coated overnight with 0.5 ml
of murine ICAM-1 (5 pig/ml in PBS) or human FN (50 |Lig/ml in PBS). T-Lymphoblasts
were adjusted to 2.5 x 10^ cells/ml in DMEM/25 mM Hepes. 18 ml of this cell suspension
were stained for 30 min at 37°C with the fluorescent lipophilic membrane stain dye DIE
(#v-22885 Molecular Probes) by adding 5 p,l of dye per ml of cell suspension. The cells
were washed once in DMEM/25 mM Hepes and adjusted to 1 x 10^ cells/ml in
DMEM/25 mM Hepes. The coating solution was removed from the 24 well and the
coverslip containing well was washed once. 0.5 ml (5 x 10^ cells) of the stained cell
suspension were added to the coverslip and the cells were left to adhere for 30 min at
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37°C. The coverslip was repeatedly washed in DMEM/25 mM Hepes to remove non
adherent cells. A dherent cells were fixed for 15 min at RT with 3 %
Paraformaldehyde/PBS. The coverslip was washed three times in PBS and finally three
times in dH2 0 and mounted onto glass slides (Moviol). Samples were covered with
aluminium foil and dried over night at RT before storing them at -20°C. Specimens were
analysed with a Carl Zeiss LSM510 confocal imaging system (Zeiss, Jena, Germany)
equipped with a 63x NA 1.4 Plan Apochromat lens. Confocal images were acquired in a
z-series with 0.3 p,m separation.
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CHAPTER 3

Rho Stimulates Integrin-Mediated Adhesion

3.1

Introduction

Integrin activation is very important for T cell biology because integrin-mediated
cell adhesion to extracellular matrix proteins expressed by endothelium is necessary for T
cell motility and migration (Hogg et al., 2003). Integrin function is also a requisite for the
activation of T cells because T cells encounter antigen in a physiological context when it
is presented to them on the surface of specialised antigen-presenting cells (APC) (Tseng
and Dustin, 2002). The T cell is known to form a tight contact with the APC known as the
immunological synapse (Bromley et al., 2001; Sims and Dustin, 2002). Integrin-mediated
cell adhesion is necessary for the formation of the immunological synapse and hence for
T cell activation. The importance of integrins for T cell function is thus clear. There is
however only incomplete understanding of how integrin activity is regulated in T cells.
There is a general belief that changes in the actin and microtubule cytoskeleton will be
important in regulating integrin function. Key regulators of actin dynamics in many cell
lineages are the Rho family GTPases (Etienne-Manneville and Hall, 2002). As discussed
in chapter 1 Rho GTPases have essential functions in T cell biology, especially in T cell
development in the thymus (Galandrini et al., 1997; Henning et al., 1997). An interesting
hypothesis is that the effects of Rho family GTPases on integrin function may explain
why inhibition or activation of these GTPases has such an impact on thymocyte
development.

In this respect, several studies have used in vitro models to explore the role of
RhoA in regulating integrin clustering, adhesion and spreading in leukocytes (Etienne66

Manneville and Hall, 2002; Montoya et al., 2002).
The typical approach is to examine the consequences of RhoA inhibition with
Clostridium botulinum C3-transferase on integrin activation (Aktories and Just, 1995;

Barbieri et al., 2002). Experiments that look at the effects of expression of constitutively
active RhoA mutants have also been carried out (D'Souza-Schorey et al., 1998).
Typically, expression of active RhoA has not been seen to activate integrins in in vitro
cultured lymphocyte cell lines. Explorations of the role of RhoA using C3-transferase
have yielded conflicting conclusions about the role of RhoA in regulating integrin
activity.

There are thus a series of experiments where inhibition of RhoA inhibits integrin
adhesion. For example, in T cell hybridoma cells RhoA has been shown to be required for
G protein-induced LFA-1 activation (Soede et al., 2001). Blockade of RhoA function by
C3 exoenzyme was also reported to inhibit P2 integrin-dependent chemoattractantstimulated neutrophil adhesion (Laudanna et al., 1996). In mouse pre-B lymphocytes C3transferase blocks chemoattractant and PM A induced (3, adhesion (Laudanna et al., 1996).
It has further been reported that, in Jurkat cells, cell spreading in response to stimulation
of the CD3 complex of the TCR requires Rho function (Borroto et al., 2000).

There are also examples where inhibition of Rho seems to have no effect on cell
adhesion: treatment with C3 exoenzyme did not affect P2 integrin-dependent adhesion of
neutrophils (Anderson et al., 2000b) or Pi integrin-dependent adhesion of peripheral
blood T cells (Woodside et al., 1998) or LFA-1 induced adhesion to ICAM-1 in pro-B
cells (Katagiri et al., 2000). In T cell hybridoma cells, activation of RhoA was not
necessary for PMA-induced LFA-1 activation (Soede et al., 2001). Inactivation of Rho by
treatment with C3-transferase did not inhibit the constitutively high adhesion of the T cell
lines HPB-ALL, CEM, PBL to fibronectin (Woodside et al., 2003). It has further been
reported that in Jurkat cells R apl, not RhoA, is critical for mediating phorbol esterstimulated P] and P 2 integrin-dependent adhesion (Liu et al., 2002b). Finally, it was
reported that in Jurkat cells, activation of Rac-1 but not activation of RhoA was required
for integrin-mediated adhesion to FN (Van Aelst and D'Souza-Schorey, 1997).

These data are all quite contradictory and even more confusing are the recent
observations that inhibition of Rho might actually promote cell adhesion. Thus in the T
cell line HSB-2 and in human T-Lymphoblasts derived from peripheral blood, inhibition
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of Rho leads to increase in the LFA-1 mediated adhesion to ICAM-1 (RodriguezFemandez et al., 2001). Similarly, inhibition of RhoA/ROCK increased PMA-stimulated
Jurkat cell adhesion to FN and PMA or bacterial chemoattractant peptide p 2 integrin
dependent neutrophil and endothelial cell adhesion to serum-coated plastic (Liu et al.,
2002

a).

The reason that these in vitro experiments have given discrepant results about the
importance of RhoA as a regulator of integrins is not always clear but many of the cell
lines used have been transformed cell lines that may not be good models for primary
lymphocytes. It is also possible that different mechanisms may control integrin activity in
different leukocyte subsets.

The specific interest of the present thesis chapter is the role of RhoA as an
activator of integrins during thymocyte development. To address this issue, integrin
activity in mouse thymocytes that express a constitutively active mutant of RhoA,
V14RhoA, under the control of the human CD2 promoter and locus control region (LCR)
(Corre et al., 2001) was investigated. The consequences of RhoA activation on integrinmediated adhesion of thymocytes, primary T cells and T-Lymphoblasts is described in the
present chapter.

3.2

Results

3.2.1 Activation of RhoA Stimulates pi Integrin-Mediated Adhesion
To study the role of RhoA in T cell adhesion, transgenic mice that express a
constitutively active mutant of RhoA, V14RhoA, under the control of the human CD2
promoter and locus control region (CD2-LCR) were used (Corre et al., 2001).
Thymocytes were isolated from 4-8 week old normal and V14RhoA transgenic mice and
tde effect of activation of RhoA on p, and p2 integrin-mediated cell adhesion was studied.
In all these experiments levels of basal adhesion to different integrin ligands were studied
but as a positive control for the presence of active integrins cells were activated with the
phorbol ester, phorbol 12,13-dibutyrate (PdBu), which is well established as a potent
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stimulus for integrin activation.

It has been shown that the major (3i integrin receptors on thymocytes are VLA4(a4|31) and VLA5(a5|31) (Crisa et al., 1996; Prockop et al., 2002; Salomon et al., 1994;
Sawada et al., 1992; Takayama et al., 1998; Utsumi et al., 1991). These can both bind to
the extracellular matrix protein fibronectin (FN); VLA-4 recognizing the CS-1 sequence
on the FN molecule and VLA-5 recognizing the RGDS sequence. Initial experiments
therefore compared the ability of normal and V14RhoA thymocytes to bind to FN.

Figure 3.1 shows the basal adhesion levels of normal thymocytes to FN which
could be markedly increased if the cells were activated by exposure to PdBu.
Experiments with blocking antibodies confirmed that this thymocyte adhesion to FN was
mediated by both VLA-4 and VLA-5 (M. Gomez, unpublished data). The basal adhesion
of V14RhoA thymocytes was higher than normal littermate control thymocytes and this
enhanced adhesion was observed over a range of different concentrations of the pj
integrin ligand FN. The increase in thymocyte adhesion induced by activation of RhoA
was not maximal as it could be further augmented by treatment with PdBu.

FN can be engaged by VLA-4 and VLA-5 and therefore it was investigated if both
integrin receptors participated equally in RhoA mediated adhesion. To determine the
impact of active RhoA on each integrin receptor, thymocyte adhesion to specific ligands
for VLA-4 and VLA-5 was examined. To look at VLA-4 activity, thymocyte adhesion to
VCAM-1, the VLA-4 ligand which is expressed by stromal cells of the thymic cortex was
studied whereas to look at VLA-5 adhesion the 120 kDa chymotryptic fragment of FN
was used as a ligand because this comprises the RGDS binding site of FN that is
recognised only by VLA-5.
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Figure 3.1. V14RhoA stimulates thymocyte adhesion to
Fibronectin. Data show cell adhesion of freshly isolated
thymocytes from V14RhoA transgenic mice and normal littermate
controls (NLC) to increasing concentrations of Fibronectin. Cell
adhesion was assayed in the presence or absence of 50 ng/ml
PdBu. Specific adhesion is expressed as the percentage of total cell
input. Background adhesion to 2% BSA (24% NLC unstimulated,
29% NLC PdBu; 11% V14RhoA unstimulated, 12% VM RhoA
PdBu) was subtracted. This result is representative of >3 individual
experiments that have each been carried out in triplicate.

Figure 3.2 shows that normal thymocytes had a low basal adhesion to the 120kDa chymotryptic fragment of FN. In contrast, thymocytes expressing active RhoA had
higher basal levels of adhesion to the VLA-5 ligand. Activation of normal thymocytes
with PdBu strongly induced cell adhesion to the 120kDa chymotryptic fragment of FN
(Figure 3.3); adhesion of V14RhoA thymocytes could also be further enhanced when
cells were activated with phorbol ester.

The results in Figure 3.4 show that, as reported previously, normal thymocytes
had relatively high basal levels of adhesion to the VLA-4 ligand VCAM-1. At limiting
concentrations of ligand this adhesion could be stimulated further by PdBu treatment. The
already high levels of basal adhesion to VCAM-1 observed in normal thymocytes were
also enhanced by expression of V14RhoA; this enhanced response was only visible when
cells were analysed binding to low concentrations of VCAM-1. At high doses of VCAM1 the already high amounts of basal adhesion could not be increased further by treatment
with PdBu.

3.2.2 Activation of RhoA Stimulates p2 Integrin-Mediated Adhesion
LFA-1 (lymphocyte function associated antigen-1) is a cell adhesion molecule
that belongs to the P2 integrin subfamily (Hogg et al., 2003; Sims and Dustin, 2002). The
consequences of transgenic expression of constitutively active RhoA on the interaction
between LFA-1 (aLp2) with intercellular adhesion molecule-1 (ICAM-1) was examined
next. Normal thymocytes showed low amounts of attachment to ICAM-1 (Figure 3.5),
but this could be strikingly increased when cells were activated with phorbol esters
(Figure 3.6). Thymocytes expressing active RhoA (V14RhoA) had higher levels of basal
adhesion to ICAM-1 than normal thymocytes (Figure 3.5). V14RhoA induced adhesion
to the p 2 integrin ligand was not maximal as it could be stimulated further with phorbol
ester (Figure 3.6).
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Figure 3.2. V14RhoA stimulates integrin VLA-5 (aSpl) mediated
adhesion to the 120kDa chymotryptic fragment of Fibronectin.
Data show relative cell adhesion of freshly isolated thymocytes from
V I 4 RhoA transgenic mice and normal littermate controls (NLC) to
increasing concentrations of the 120kDa chymotryptic fragment of
Fibronectin. Input cells were labelled with the fluorescent dye
BCECF. Data show fluorescence of cells attached to the plate which
is directly proportional to the number of attached cells. Specific
adhesion was obtained by subtracting background adhesion to wells
coated with 2% BSA (NLC, 3914 fluorescent units; V14RhoA, 9893
fluorescent units). This result is representative of two individual
experiments that have each been carried out in triplicate.
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Figure 3.3. V14RhoA stimulates thymocyte adhesion to the
120kDa chymotryptic fragment of Fibronectin. Data show cell
adhesion of freshly isolated thymocytes from V14RhoA transgenic
mice and normal littermate controls (NLC)
to increasing
concentrations of the 120kDa chymotryptic fragment of Fibronectin.
Cell adhesion was assayed in the presence or absence of 50 ng/ml
PdBu. Specific adhesion is expressed as the percentage of total cell
input. Background adhesion to 2% BSA (3% NLC unstimulated, 5%
NLC PdBu; 5% V14RhoA unstimulated, 9% V14RhoA PdBu) was
subtracted. This result is representative of two individual
experiments that have each been carried out in triplicate.
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Figure 3.4. Adhesion of V14RhoA and normal thymocytes to
the VLA-4 ligand VCAM-1. Data show cell adhesion of freshly
isolated thymocytes from V14RhoA transgenic mice and normal
littermate controls (NLC) to increasing concentrations of VCAM-1.
Cell adhesion was assayed in the presence or absence of 50 ng/ml
PdBu. Specific adhesion is expressed as the percentage of total cell
input. Background adhesion to 2% BSA (6% NLC unstimulated, 4%
NLC PdBu; 4% V14RhoA unstimulated, 7% V14RhoA PdBu) was
subtracted. This result is representative of two individual
experiments that have each been carried out in triplicate.

Thymocytes

100 1
80 c
o
’(/)
0)
.c
"O

o NLC
• V14RhoA

60 40 -

(0

o

20

-

-O

-20

Figure 3.5. Adhesion to ICAM-1 is enhanced in thymocytes
expressing constitutively active RhoA. Data show cell adhesion
of freshly isolated thymocytes from V14RhoA transgenic mice and
normal littermate controls (NLC) to increasing concentrations of
ICAM-1. Specific adhesion is expressed as the percentage of total
cell input. Background adhesion to
2% BSA (3% NLC; 6%
V14RhoA) was subtracted. This result is representative of 2
individual experiments that have been carried out in duplicate and
triplicate, respectively.
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Figure 3.6. V14RhoA stimulated adhesion to ICAM-1 is not
maximal, it can be further stimulated by phorbol ester (PdBu).
Cell adhesion of freshly isolated thymocytes from V14RhoA
transgenic mice and normal littermate controls (NLC) to increasing
concentrations of ICAM-1 was assayed in the presence and
absence of PdBu (50 ng/ml). Specific adhesion is expressed as the
percentage of total cell input. Background adhesion to 2% BSA
(5% NLC unstimulated, 9% NLC PdBu; 10% V14RhoA
unstimulated, 14% V14RhoA PdBu) was subtracted. This result is
representative of two individual experiments that have been carried
out in duplicate and triplicate, respectively.

3.2.3 Activation of RhoA Stimulates pi- and p2 Integrin-Mediated
Adhesion in Peripheral T cells and a Variety of Thymocyte
Subsets
The results presented above show that expression of activated RhoA in
thymocytes was sufficient to stimulate activity of Pi and P2 integrins. Previous studies in
the leukaemic T cell line, Jurkat, have not found that RhoA activation was sufficient for
integrin activation which raises the possibility that the actions of RhoA on integrin
activity may be restricted to certain cell populations (D'Souza-Schorey et al., 1998). The
previous experiments in this chapter looked at the impact of RhoA activation on the
adhesion responses of total thymocytes. However, the thymus is a mixture of T cells at
different stages of development/maturation. Accordingly, it was decided to look at the
impact of RhoA on cell adhesion of different thymocyte subsets.

Thymocytes can be classified into individual subpopulations which are
distinguished phenotypically on the basis of CD4 and CDS co-receptor expression:
immature CD4 CDS double negative (DN) cells make the transition to mature CD4^ or
CDS^ single positive (SP) cells via an intermediate CD4^CDS^ double positive (DP)
stage. It was therefore relevant to investigate if active RhoA preferentially promoted
adhesion of a particular subset, or alternatively increased adhesion in all thymocyte
subpopulations equally. The results in Figure 3.7A show that activation of RhoA
stimulated adhesion in CD4^ and CDS^ SP thymocytes and CD4^CDS^ DP thymocytes to
FN. Normal DN thymocytes had high levels of basal adhesion to FN which could not be
augmented further by expressing active RhoA. Phorbol ester treatment resulted in a clear
increase in the attachment of all normal and V14RhoA transgenic thymocyte subsets
compared to the basal adhesion levels (Figure 3.7B). Interestingly, the high basal
adhesion of DNs to FN could be stimulated when cells were treated with Pdbu indicating
that integrin activity on DNs although high, was not maximal; it was refractory to further
stimulation by activation of RhoA but could be activated by phorbol ester (Figure 3.7A
vs Figure 3.7B).
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Figure 3.7. Activation of RhoA stimulates adhesion in CD4 SP,
CD8 SP and DP thymocytes. Cell adhesion of freshly isolated
thymocytes from V14RhoA transgenic mice and normal littermate
controls (NLC) to Fibronectin (50 ng/ml) was assayed in the
absence (A) and presence of PdBu (50 ng/ml) (B) and evaluated by
FACS analysis. Specific adhesion is expressed as the percentage
of the total cell input. Background adhesion to 2% BSA (1% NLC
unstimulated, 1% NLC PdBu; 1% V14RhoA unstimulated, 2%
V14RhoA PdBu) was subtracted.This result was obtained in two
individual experiments, each carried out in duplicate.

To determine if V14RhoA could increase adhesion also in primary peripheral T
cells, lymph node cells were isolated from normal and V14RhoA transgenic mice and
adhesion to ICAM-1, the ligand for LFA-1 was examined. Figure 3.8 shows that normal
primary peripheral lymph node cells had low levels of adhesion to ICAM-1 and
expression of active V14RhoA was able to stimulate this p 2 integrin receptor mediated
adhesion.

Previous studies that failed to see integrin stimulation in response to RhoA
activation were carried out in transformed lymphoid cell lines growing exponentially in
tissue culture (D'Souza-Schorey et al., 1998). It is possible to activate primary T cells
polyclonally and expand them exponentially short term in vitro as T-Lymphoblasts.
Accordingly, it was decided to probe if VI4RhoA was able to induce integrin activity in
these non-transformed in vitro maintained T-Lymphoblasts. Therefore, splenocytes from
normal or VI4RhoA transgenic mice were activated polyclonally with ConA and then
expanded for 5 days in IL-2. The data in Figure 3.9 compare cell adhesion of normal and
V14RhoA T-Lymphoblasts to FN. The basal adhesion to the |3, integrin ligand FN was
low in normal T-Lymphoblasts but high in blasts expressing V14RhoA. It is noteworthy
that V14RhoA induced adhesion was not maximal and could be further stimulated by
treatment with phorbol ester (Figure 3.10).

3.2.4 Activation of RhoA does not Regulate Surface Expression Levels
of Integrin Receptors
In an effort to understand how RhoA regulates adhesive events in T cells it was
relevant to analyse the expression levels of adhesion receptors on V14RhoA T cells. As
shown in Figure 3.11 and 3.13 the surface expression levels of the p 2 integrin, LFA-1
were comparable in normal and V14RhoA thymocytes and peripheral T cells. Similarly
levels of the adhesion molecule CD2 were unchanged by RhoA activation (Figure 3.11
and 3.13). Analysis of different thymocyte subsets, -DN, -CD4^CD8^ DP and CD4^ SPs
and CD8^ SPs, (Figure 3.12) revealed that the levels of integrins VLA-4 (a4|31) and
VLA-5 (a5|31) were similar on normal and V14RhoA thymocytes.
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Figure 3.8. V14RhoA stimulates adhesion of peripheral
lymph node T cells to ICAM-1. Data show cell adhesion of
freshly isolated lymph node cells from V14RhoA transgenic mice
and normal littermate controls (NLC)
to increasing
concentrations of ICAM-1. Specific adhesion is expressed as the
percentage of total cell input. Background adhesion to 2% BSA
(32% NLC; 59% V14RhoA) was subtracted. The data in this
Figure are from one experiment carried out in duplicate.
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Figure 3.9. V14RhoA promotes adhesion of T-Lymphoblasts.
Data show cell adhesion of V14RhoA and normal littermate control
(NLC) T-Lymphoblasts to increasing concentrations of Fibronectin.
Specific adhesion is expressed as the percentage of total cell input.
Background adhesion to 2% BSA (3% for NLC and 4% for
V14RhoA) was subtracted. This result is representative of three
individual experiments, each carried out in triplicate.
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Figure 3.10. V14RhoA promotes adhesion of T-Lymphoblasts.
Data show cell adhesion of V14RhoA and normal littermate control
(NLC) T-Lymphoblasts to Fibronectin (10 ^ig/ml). Cell adhesion was
assayed in the presence and absence of 50 ng/ml PdBu. Specific
adhesion is expressed as the percentage of total cell input.
Background adhesion to 2% BSA (3% for NLC and 4% for
V14RhoA unstimulated, and 14% for NLC and 19% for V14RhoA
PdBu) was subtracted. This result is representative of three
individual experiments, each carried out in triplicate.
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Figure 3.11. LFA-1 and CD2 levels on thymocytes expressing
V14RhoA and normal littermate control thymocytes (NLC) are
comparable. Cells were stained for CD4, CD8, CD2 and LFA-1
(C D 11a). Overlay histograms are gated on total thymocytes.
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Figure 3.12. Integrin receptor levels on V14RhoA transgenic
mice and normal mice are comparable. Histograms show
expression of VLA-4 (a4p1) and VLA-5 (a5pi) on thymocyte
subsets of V14RhoA transgenic mice and normal littermate control
mice (NLC). Total thymocytes were stained for CD4, CD8, CD49d
(a4), CD49e (a5) and CD29d (pi).
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Figure 3.13. CD2 and LFA-1 levels on peripheral TLymphoblasts from V14RhoA transgenic mice and normal
littermate control (NLC) mice. Overlay histograms show
expression of CD2 and LFA-1 in T-Lymphoblast subsets. Cells were
stained for CD4, CDS, CD2 and LFA-1 (GDI la).

3.2.5 Activation of RhoA causes Morphology Changes in TLymphoblasts
Analysis of the ability of V14RhoA T cells to adhere to ligands for

and P2

integrins revealed that RhoA was able to induce integrin activation in DP and SP
thymocytes, in mature peripheral T cells and in T-Lymphoblasts. Activation of Rho
family GTPases has been shown in many cell lines to induce changes in cell morphology
associated with Rho regulation of the actin and micro tubule cytoskeleton (del Pozo et ah,
1999; Montoya et ah, 2002). In context with these findings it was of interest to determine
if activation of RhoA had an impact on T cell morphology. The data in Figure 3.14 show
thymocytes adhering to FN and reveal that the gross morphology of thymocytes
expressing active RhoA was indistinguishable from normal thymocytes. In contrast, the
morphology of T-Lymphoblasts expressing active RhoA was quite different to that of
normal littermate controls (Figure 3.14). One striking difference between normal and
V14RhoA T-Lymphoblasts was that of cell size. Figure 3.15 shows FACS analysis of
forward- and side scatter profiles of normal and V14RhoA T-Lymphoblasts and these
data show that V14RhoA T cells were very large granular cells compared to normal cells.
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Figure 3.14. Cell morphology of V14RhoA and normal
T cells attached to Fibronectin. Panels show phase
contrast images of freshly isolated thymocytes and TLymphoblasts from normal littermate control (NLC) and
V14RhoA I cells. Bar, 10 pm for thymocytes and 15 pm
for T-Lymphoblasts.
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Figure 3.15. Data show FACS analysis of cell size of normal
(NLC) and V14RhoA T-Lymphoblasts. (A) Two dimensional dot
plots: cell forward scatter (FSC; cell size) and cell side scatter
(SSC; cell surface granularity). (B) Overlay histograms of forward
scatter profiles (FSC; cell size).

3.3

Discussion

The present results show that activation of RhoA in the majority of thymocytes
and peripheral T cells is sufficient to induce T cell adhesion mediated via

and P 2

integrins. The acquisition of adhesive function by integrins may be a consequence of
conformational changes that result in an increased ligand binding affinity. More usually
lymphocytes control integrin-mediated adhesion through cytoskeleton-dependent receptor
clustering (Sims and Dustin, 2002). This mechanism is also known as avidity regulation
and increases integrin binding to their ligands without altering the affinity of the receptor.
It has not been explored yet how RhoA activates integrins in the thymus but a large body
of work has established the role of Rho GTPases as key participants in the regulation of
actin dynamics in many cell lineages (Etienne-Manneville and Hall, 2002). Therefore one
issue considered was whether activation of RhoA caused a change in actin
content/distribution in thymocytes and peripheral T cells. In the thymus and in primary
cells the answer appeared to be no. Measurements of total cell content of polymerised
actin using a phalloidin stain found no difference in the content of polymerised actin in
cells expressing active RhoA (I. Corre unpublished data). Similarly, the morphology of
VMRhoA thymocytes was indistinguishable from normal cells. These results exclude
gross effects of VMRhoA on actin structures in T cells but of course they do not address
whether there are more subtle changes in actin dynamics. It could be suspected that there
are, but they are not detectable by the techniques used. One experiment that was not done
but would have been very useful would have been to use the confocal microscope to look
at the effects of active RhoA on integrin clustering.

The TCR signals via Rho family GTPases to the actin cytoskeleton and thereby
may control release of LFA-1 from the cytoskeletal anchor, and its actomyosin motordirected movement to the immunological synapse or its eventual re-association with the
cytoskeleton (Hogg et al., 2003; Sims and Dustin, 2002). There are several possibilities
for how Rho might be involved in this process of integrin activation: First it might do so
via transducing signals to an intracellular calcium flux. This flux in turn could activate the
calcium-dependent protease calpain, which is required for LFA-1 clustering. Second,
since phorbol esters induce LFA-1 clustering, Rho might utilize a pathway that involves
the activity of protein kinase C. Third, chemokines induce LFA-1 clustering via PI3K

89

(Constantin et al., 2000). The signalling network downstream of PI3K that inter-connects
with Rho activation in primary T cells is currently not known.

The present results that RhoA activation is sufficient for integrin activity conflicts
with earlier studies in the literature that looked at RhoA actions in transformed cell lines.
This discrepancy may arise because cell lines in vitro have aberrant Rho signalling
pathways. For example, Jurkat cells, one of the most commonly used in vitro models for
T cell signalling lack expression of two inositol lipid phosphatases: 3’-phosphatase and
tensin homolog deleted on chromosome 10 (PTEN) and SH2-containing inositol
polyphosphate 5’-phosphatase (SHIP) (Astoul et al., 2001). Consequently in Jurkat cells
there are very high basal levels of the p h o sp h o in o sitid e lip id PI(3,4,5)P3 and
constitutive activation of downstream effectors of this lipid. PI(3,4,5)P3 is normally
produced as a consequence of activating phosphoinositide-3 kinases (PI3Ks) and in
fibroblasts activation of PI3K alone is sufficient to induce Rac- and Rho-mediated
dynamic reorganization of the actin cytoskeleton and the assembly of associated integrin
structures (Reif et al., 1996). This implies the possibility that RhoA is already active in
transformed cells such as Jurkat cells, which would explain reports that fail to see any
further stimulatory impact on T cell adhesion by active RhoA. The novelty of the present
study is the use of transgenic mice that express a constitutively active mutant of RhoA,
VMRhoA, under the control of the T cell specific human CD2 promoter and LCR to
examine the effect of RhoA activation on integrin-mediated adhesion in primary
thymocytes, primary peripheral T cells and T-Lymphoblasts. This approach allows
investigation of the role of Rho in modulating T cell adhesion in primary cells thereby
circumventing the limitations of T-leukaemic cell lines.

Analysis of the actions of RhoA in different thymocyte populations revealed that
VMRhoA stimulates adhesion in all thymocyte subpopulations except DNs which
comprise the earliest T cell precursors (Figure 3.7A). These cells have high basal levels
of adhesion but it is possible to stimulate their integrin activity further by treatment with
phorbol ester (Figure 3.7B). The promoter that expresses VMRhoA in the thymus is well
expressed in DN pre-T cells so the failure to see an effect of Rho is not due to a trivial
failure to express the active GTPase. VMRhoA may fail to activate integrins in DNs
because these cells already have active endogenous Rho. In this respect, the DNs are in
contact with thymic stromal cells and endogenous Rho could be activated by cytokines
and chemokines produced by stromal cells. Furthermore, DNs have active pre-TCR
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mediated signalling pathways ongoing.

One way to explore this issue further would be to use biochemistry to directly
measure Rho activity in DNs. However this would not be technically possible with
primary thymocytes because they are expressed at such a low percentage in the thymus.
Another way would be to see if basal adhesion in DNs requires Rho function. For this
experiment one could look at adhesion in DNs that express C3-transferase which blocks
Rho function, e.g. in LckC3 transgenic mice or CD2-C3 transgenic mice. This experiment
has not been done and indeed in LckC3 transgenic mice would be impossible to do
because the majority of DNs in the LckC3 mice are apoptopic. It would however be
possible to look at DN adhesion in CD2-C3 mice.

One other possibility for the different effects of VMRhoA on adhesion in DNs
versus other T cell subsets is that different T cell populations may vary in their
downstream effectors for RhoA. DP and SP thymocytes and peripheral T cells clearly
have RhoA effectors that allow them to activate integrins and this effector(s) may not be
expressed in DNs. At present not much is known about the RhoA effectors that are
utilized by RhoA to stimulate T cell adhesion. However, there is more information
available on downstream effectors of RhoA that are known to be expressed in T cells and
are involved in actin reorganisation (Bishop and Hall, 2000). In this context proteins
generally thought of as RhoA effectors include the serine kinases PRK1,2, the p i 60 Rhocoiled coil kinase (ROCK) and the 140-kDa protein mDia, the mammalian homologue of
Drosophila melanogaster diaphanous. The ROCK kinases play several roles in RhoA-

induced actin reorganization. They control actin filament bundling by phosphorylating
MLC and inhibiting MLC phosphatase (Amano et al., 1996; Kimura et al., 1996) and
promote F-actin accumulation by activating LIM kinases (LIMKs), which phosphorylate
and inactivate the actin filament depolymerizing/severing factor cofilin (Arber et al.,
1998; Maekawa et al., 1999; Ohashi et al., 2000; Sumi et al., 1999; Yang et al., 1998).
mDia proteins also induce F-actin assembly and cooperate with ROCK kinases to
promote actin stress fibre formation (Nakano et al., 1999; Tominaga et al., 2000;
Watanabe et al., 1999).
mDia belongs to the family of formins, proteins that possess two or three formin
homology (FH) domains and binding of active Rho appears to relieve an auto inhibitory
interaction between the mDia NHi- and COOH-terminal sequences that allows their
conserved formin-homologous domains to promote F-actin assembly (Alberts, 2001;
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Mammoto et a l, 2004; Meng et al., 2004; Palazzo et al., 2004; Tominaga et al., 2000;
Watanabe et al., 1999).
Biochemical studies have identified mDia as the predominant Rho binding protein
in T cells (PhD Thesis Steven Cleverly). Active RhoA complexes isolated from T cells
also include PRK1,2 (PhD Thesis Steven Cleverly). ROCK is also expressed in T cells
and its function has been studied using the inhibitor Y-27632 (Amano et al., 2000; Smith
et al., 2003). It should be emphasised that the positioning of ROCK as a RhoA effector in
T cells is not based on biochemistry showing that active RhoA actually binds to ROCK or
activates the kinase. Rather it stems from experiments that show that RhoA inhibition and
inhibition of ROCK have the same consequence for some aspects of lymphocyte function.
For example, stimulation of lymphocytes with the chemokine SDF-1 induced activation
of RhoA and pl60ROCK, and phosphorylation of myosin light chain (MLC) (VicenteManzanares et al., 2002). Inhibition of either Rho or plbOROCK caused a dramatic
change in the lymphocyte morphology and the blocking of chemotaxis induced by SDF-1
(Vicente-Manzanares et al., 2002). MLC kinase (MLCK) inhibition also impaired
chemotaxis (Vicente-Manzanares et al., 2002). Together these results indicate that Rho,
plbOROCK, and MLCK are required for the establishment of a normal polarized
lymphocyte shape, and for the chemotactic response.

In terms of RhoA and mDia and T cells overexpression of an activated mutant of
mDia has been shown to inhibit both spontaneous and chemokine-directed T cell motility
but did not block integrin adhesion (Vicente-Manzanares et al., 2003). mDia activation
also blocked antigen receptor and phorbol ester induced spreading (Vicente-Manzanares
et al., 2003). These effects of mDia were explained by its ability to increase polymerized
actin levels, resulting in the blockade of chemokine-induced actin polymerization by
depletion of monomeric actin (Vicente-Manzanares et al., 2003). It has not been analysed
if an active mDia is sufficient to activate integrins or if blockade of mDia prevents
integrin activation.

In the context of ROCK, the actions of the ROCK inhibitor Y-27632 on
VMRhoA induced adhesion in the mouse T cells has not been looked at. However, in
human T lymphoblasts, the ROCK inhibitor has been used in motility studies which do
give some insights as to the contributions of ROCK as an integrin activator (VicenteManzanares et al., 2002). Cells move by coordinating the production of and adhesion of
lamellipodia at the cell leading edge with detachment and retraction of previous
92

adhesions at the rear of the cell. The ROCK inhibitor Y-27632 did not block T cell
attachment to ICAM but it did block cell detachment (Liu et al., 2002a). These results
argue that ROCK is not involved in regulating integrin activity in T-Lymphoblasts. It
should however be emphasised that C3 transferase which blocks Rho function also failed
to prevent integrin-mediated cell attachment in human T-Lymphoblasts and cell lines
(Rodriguez-Femandez et al., 2001; Woodside et al., 2003). One can thus conclude that
Rho and ROCK are not universally necessary for integrin function. However, this returns
to the topic that the actions of Rho as an integrin regulator are not universal in different
cell lines in vitro and a simple experiment addressing whether ROCK mediates Rho
action in the thymus is needed. It is evident from the results presented in this chapter that
activation of RhoA in the thymus is sufficient for integrin activation. It is not known
whether RhoA activation is essential for integrin activation, this topic will be addressed in
Chapter 4.

Finally, one interesting observation was that T-Lymphoblasts expressing active
RhoA had a different morphology than normal T-Lymphoblasts. The procedure to make
lymphoblasts involves activating primary T cells from the spleen or thymus with ConA
and then expanding these cells polyclonally with IL-2. The morphology change in the
V I4 RhoA T cells developed slowly as the cells were cultured in IL-2. Therefore it is not
a simple response to active RhoA but a complex phenotype that arises in synergy with IL2 induced signalling pathways. Another possibility considered was that active RhoA
might be regulating cytokinesis thereby generating multiploidy in the population.
However, analysis of cellular DNA content revealed VMRhoA T cells to have a normal
diploid DNA content with no evidence for any cells accumulating in the G2 phase of the
cell cycle as would be expected if cytokinesis was blocked (Isabelle Corre unpublished
observations). The molecular basis for the large size of VMRhoA T lymphoblasts has not
been looked at in detail and it needs to be determined if it is explained solely by an
increase in protein content of the cell or whether it reflects some change in cell
osmolarity.

In this respect there are some reports in the literature that consider the
consequences of RhoA activation for cell size/osmolarity although these all conclude that
RhoA activation makes cells smaller (Pedersen et al., 2002). In one example, where the
role of Rho in cell osmolarity was examined, it was seen that NIH3T3 cells expressing
VMRhoA initially shrink from their original isotonic volume suggesting that RhoA may
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be involved in modulation of the volume set point. In essentially all mammalian cells,
osmotic cell swelling triggers a chain of events leading to cell volume recovery, a process
known as regulatory volume decrease (RVD). When a constitutively active RhoA mutant,
RhoAV14, was expressed in NIH3T3 cells, the rate of RVD was increased about four
fold causing the cell to shrink. This is the opposite of what was seen in the studies of this
chapter in T-Lymphoblasts (Figure 3.14 and Figure 3.15).

In another example it was seen that mice lacking the Rho-inhibitory protein, pl90B RhoGAP, are 30% reduced in size (Sordella et al., 2002). Embryo-derived cells which
contain abnormally high levels of active Rho protein, are reduced in size. As well, in
wild-type cells, expression of activated Rho results in reduced cell size. These effects of
Rho on size are thought to be mediated by CREB and it is suggested that the activity of
the Rho GTPase modulates a signal from insulin/IGFs to CREB that determines cell size
and animal size during embryogenesis.

There is thus some idea in other cell lineages that Rho might regulate cell size but
there have been no previous suggestions that RhoA activation increases cell size as seen
in T-Lymphoblasts (Figure 3.14 and Figure 3.15). This illustrates the point that the
actions of RhoA may be very different in different cell lineages.
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CHAPTER 4

Analysis of the Impact of the Loss of Rho Function on
Integrin-Mediated Cell Adhesion

4.1

Introduction

A number of earlier studies reported that RhoA could not induce integrin
activation and rather implicated other GTPases notably RaplA and Rac-1 in this role
(D'Souza-Schorey et al., 1998; Katagiri et al., 2000; Katagiri et al., 2002; Katagiri et al.,
2003; Liu et al., 2002b; Shimonaka et al., 2003; Tohyama et al., 2003). These earlier
studies of RhoA can be criticised because they used in vitro maintained cell lines that
may not mimic what happens under physiological conditions in primary cells. The results
presented in the previous chapter thus clearly demonstrate that activation of RhoA results
in integrin activation in primary thymocytes and peripheral T cells.

The ability of RhoA to activate integrins raises a number of issues not least what
relationship is there between the effects of RhoA on integrins and the actions of other
GTPases such as Rac-1 and Rapl. In this context it has been shown that the guanine
nucleotide exchange factor for Rac-1, Vav-1, which is activated in response to TCR
signalling is important in T cell-APC interaction (Ardouin et al., 2003; Fischer et al.,
1995; Krawczyk et al., 2002; Tarakhovsky et al., 1995; Turner et al., 1997). Studies by
Ardouin et al. in Vav-1 deficient T cells have shown that Vav-1 is required for efficient
TCR-induced polarization of the T cell towards the APC (Ardouin et al., 2003). This
study has also shown that Vav-1 is required for activation of LFA-1 in response to
triggering of the TCR complex using CD3 antibodies. A study by another group
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concomitantly found that Vav-1 is required for TCR induced (3, and p2 integrin activation,
but in contrast, this study implies that T cells are not able to form conjugates with APCs
in the absence of Vav-1 function (Krawczyk et al., 2002).

It has further been shown that Rac-1 regulates thymocyte development via Rho
dependent and independent pathways (Corre et al., 2001). It has not been addressed
which category Rac-1 activation of integrins belongs to. Similarly, Rapl has emerged
recently as an important regulator of integrins in a variety of cell lineages including
primary T cells but its links to Rho have not been explored (Katagiri et al., 2000; Katagiri
et al., 2002; Katagiri et al., 2003; Liu et al., 2002b; Sebzda et al., 2002; Shimonaka et al.,
2003; Tohyama et al., 2003). Accordingly, the aim of the studies presented in this chapter
is to explore potential cross talk between RhoA and the GTPases Rac-1 and R aplA for
integrin regulation using primary T cells as a physiologically relevant model. Thymocytes
from LckC3 mice were investigated for their ability to adhere to different substrates and
the results show that loss of Rho function decreases the ability of DP thymocytes to
adhere to VCAM-1. The results further show that loss of Rho function decreases phorbol
ester stimulated adhesion of primary thymocytes. Finally it is demonstrated that in
primary thymocytes, integrin activation induced by activation of Rac-1 or RaplA requires
Rho function.

4,2

Results

4.2.1 Impact of Loss of Rho Function on the Basal Adhesion of
Thymocytes
Transgenic mice that express C3 transferase under the control of the T cell
specific Lck promoter have lost Rho function from early stages on in T cell development
(LckC3 mice) (Henning et al., 1997). Thymocytes from LckC3 mice were investigated
for their ability to adhere to different substrates and the results showed that loss of Rho
function clearly reduced the basal adhesion of thymocytes to VCAM-1, the ligand for the
pi integrin VLA-4, which in known to be a very potent ligand for thymocytes to adhere
to (Figure 4.1).
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Figure 4.2 shows a direct comparison of the basal adhesion of normal thymocytes
and thymocytes from transgenic mice that have lost Rho function to different Pi and p 2
integrin ligands. The unstimulated adhesion of normal thymocytes to the LFA-1 ligand
ICAM-1 was very low already which limited the possibilities of studying the effects of
loss of Rho function to this ligand. The low basal adhesion of thymocytes to the Pi
integrin ligand FN, which binds both VLA-4 and VLA-5, was increased relative to
ICAM-1. The data show that loss of Rho function reduced the adhesive capacity of
thymocytes to FN. Similar results were found when comparing adhesion of normal and
LckC3 thymocytes to the very potent ligand VCAM-1 which specifically binds to the
integrin VLA-4. In accordance with the data in Figure 4.1 it was found that loss of Rho
function reduced the basal adhesion of thymocytes to VCAM-1. Figure 4.2 also shows
that the basal adhesion to the non-specific ligand BSA was increased in LckC3
thymocytes, this latter phenomenon was observed repeatedly.

4.2.2 The Effect of Rho Inhibition on Thymocyte Adhesion to VCAM-1
To analyse the observed reduction in LckC3 thymocyte adhesion to VCAM-1 in more
detail, it was decided to carry out a titration of the ligand. The data in Figure 4.3A show
that there was little difference in the adhesive capacity of normal and LckC3 thymocytes
at suboptimal concentrations of VCAM-1. At increasing concentrations of VCAM-1 the
reduced ability of thymocytes that lack Rho function to adhere to the VLA-4 ligand
became clearly apparent. Figure 4.3B shows that the basal adhesion of LckC3
thymocytes to VCAM-1 was reduced without any preference for a particular subset; the
ratio of the subsets to each other remained unchanged.
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Figure 4.1. Data show adhesion of CD4*CD8"^ DP thymocytes
from normal littermate control (NLC) and LckC3 transgenic
mice to VCAM-1. The specific adhesion to different concentrations
of VCAM-1 (merged: 0.5, 1, 2, 5 iig/ml) is shown. Each dot
represents an individual experiment. Specific adhesion is expressed
as a percentage of total cell input and is obtained by subtracting
background adhesion to 2% BSA.
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Figure 4.2. Effect of loss of Rho function on thymocyte
adhesion. Cell adhesion of freshly isolated thymocytes to ICAM-1
(5 ng/ml), Fibronectin (50
and VCAM-1 (5 ng/ml) was
assayed and evaluated by FACS analysis. Specific adhesion was
obtained by subtracting background adhesion (mean values for
wells coated with 2% BSA). This specific adhesion is expressed as
a percentage of total cell input. Values for unspecific adhesion are
shown (BSA control). NLC (white boxes) and LckC3 (black boxes).
The parallel comparison of ligands has been carried out in one
experiment performed in triplicate.

DP Thymocytes

60 1
50 c
g 40 (Â
Q)
JC
^ 30^

o NLC
• LckC3

20-

0

2

4

6

VCAM-1 ng/ml
B
Thymocyte subpopulations
NLC

c
o
(%
Q>
£L
%

LckC3

□

CD4
CD8
DP
DN

LckC3

5 pg/ml VCAM-1

BSA

Figure 4.3. Effect of loss of Rho function on thymocyte
adhesion. (A) Cell adhesion of freshly isolated thymocytes to
different concentrations of VCAM-1 was assayed and evaluated by
FACS analysis by gating on the DP subset. (B) Cell adhesion of
thymocyte subsets to 5 |xg/ml VCAM-1. Specific adhesion was
obtained by subtracting background adhesion (mean values for
wells coated with 2% BSA). This specific adhesion is expressed as
a percentage of total cell input. Values for background adhesion are
shown (titration graph: 0 pig/ml point, block diagram: BSA control).
This result has been obtained in two separate experiments, each
carried out in duplicate.

4.2.3 The Impact of Rho Inhibition on Phorbol Ester Induced IntegrinMediated Adhesion of T cells
Next it was interesting to look at the effect of phorbol ester on LckC3 thymocyte
adhesion to VCAM-1. Phorbol 12,13-dibutyrate (PdBu) is well established as a potent
activator of integrin receptors and it was therefore interesting to investigate if loss of Rho
function had any effect on VCAM-1 adhesion stimulated by phorbol ester. As shown in
Figure 4.4 PdBu could clearly increase adhesion of LckC3 thymocytes but phorbol ester
stimulated adhesion of thymocytes that lack Rho function was clearly reduced when
compared to PdBu stimulated adhesion of normal thymocytes.

In line with the previous findings it was relevant to investigate the consequences of Rho
inhibition on phorbol ester stimulated T cell adhesion to FN. Figure 4.5A shows that cell
adhesion of normal thymocytes to different concentrations of FN could be markedly
enhanced by phorbol ester treatment. The data in Figure 4.5B further show that PdBu
stimulated adhesion of thymocytes was dependent on Rho function.

4.2.4 Rac-1 and RaplA Stimulate Thymocyte Adhesion
It is well established that GTPases of the Ras/Rho family play an important role in
regulating the actin cytoskeleton (Etienne-Manneville and Hall, 2002; Hall and Nobes,
2000). The actin cytoskeleton has an important role in regulating cell adhesion (Hogg et
al., 2003). The impact of Rac-1 and RaplA activation on T cell adhesion has been
demonstrated (Gomez et al., 2001; Sebzda et al., 2002). Both Rac-1 and RaplA have
been shown to enhance T cell adhesion.

The data in Figure 4.6 summarize the effect of transgenic expression of
constitutively active mutants of Rac-1 and RaplA. Thymocytes that express L61 Rac-1,
showed a clear enhancement in their basal adhesion to the (3^ integrin ligand FN (Figure
4.6B) and constitutively active V12RaplA (Figure 4.6A) was an even more potent
activator in stimulating thymocyte adhesion.
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Figure 4.4. Effect of loss of Rho function on thymocyte
adhesion. Cell adhesion of freshly isolated thymocytes to different
concentrations of VCAM-1 was assayed in the presence and
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Figure 4.5. Effect of loss of Rho function on phorbol ester
induced adhesion. A) Phorbol ester (PdBu) stimulates thymocyte
adhesion. Cell adhesion of freshly isolated thymocytes from normal
mice (NLC) to different concentrations of Fibronectin was assayed
in the presence and absence of PdBu (50 n g /m l). B) Cell adhesion
of freshly isolated thymocytes from normal mice (NLC) and LckC3
transgenic mice to increasing concentrations of Fibronectin (FN)
was assayed in the presence of PdBu (50 ng/ml). Specific adhesion
was obtained by subtracting background adhesion (mean reading
for wells coated with 2% BSA). This data are representative of one
experiment carried out in duplicate.
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Figure 4.6. Activation of Rac-1 and RaplA stimulates
thymocyte adhesion. Cell adhesion of freshly isolated thymocytes
from normal mice (NLC) and transgenic mice that A) express a
constitutively active mutant of R aplA (V12Rap1A)
or B) a
constitutively active mutant of Rac-1 (L61 Rac-1) to Fibronectin was
assayed. Specific adhesion was obtained by subtracting
background adhesion (mean reading for wells coated with 2%
BSA). Data shown are representative of >3 experiments.

4.2.5 The Effect of Rho Inhibition on RaplA Mediated T Cell Adhesion
It has been demonstrated that active RaplA stimulates thymocyte adhesion to pi
and P2 integrin ligands (Katagiri et al., 2000; Katagiri et al., 2002; Katagiri et al., 2003;
Liu et al., 2002b; Sebzda et al., 2002; Shimonaka et al., 2003; Tohyama et al., 2003). It
has been shown in the present chapter that loss of Rho function reduced thymocyte
adhesion to the pi integrin ligands FN and VCAM-1.

In accordance with this observations and based on the large body of work that
links the two GTPases Rho and Rapl to the actin cytoskeleton it was interesting to
investigate a potential crosstalk between Rho and R apl. To be able to address this
question the LckC3 transgenic mice were breed onto transgenic mice that express a
constitutively active mutant of Rapl, V12RaplA under the control of the T cell specific
CD2 promoter to create mice that were double transgenic for C3-transferase and active
RaplA (V 12Rap 1A/LckC3). The data in Figure 4.7 show the effect of loss of Rho
function on V12RaplA mediated adhesion to different concentrations of FN. The low
basal adhesion of normal thymocytes to FN was markedly increased in T cells that
expressed active RaplA. Thymocytes that expressed active RaplA on a Rho negative
background (V12RaplA/LckC3) showed a clear reduction in their ability to adhere to FN
when compared to V12RaplA-expressing thymocytes. The finding that integrin
activation induced by activation of RaplA required Rho function was further verified in
the scatter profile comparison of three independent experiments as shown in Figure 4.8.

4.2.6 The Effect of Rho Inhibition on Rac-1 Mediated T Cell Adhesion
It has been demonstrated that a constitutively active mutant of Rac-1, L61 Rac-1 is
able to stimulate thymocyte adhesion to the Pj integrin ligand FN, and expression of
another active Rac mutant, V12Rac, causes LFA-1 mediated spreading and clustering of
Jurkat cells (D'Souza-Schorey et al., 1998; Gomez et al., 2001). It has also been shown
that the actions of Rac-1 in the thymus are dependent on Rho signalling (Corre et al.,
2001). Therefore it was relevant to investigate if Rac mediated adhesion of T cells was
dependent on Rho function.
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Figure 4.7. Effect of loss of Rho function on V12Rap1A
mediated adhesion. Cell adhesion of freshly isolated thymocytes
from normal (NLC), constitutively active R aplA (V12Rap1A) and
V12Rap1A/LckC3
double
transgenic
mice
to
different
concentrations of Fibronectin was assayed. Specific adhesion was
obtained by subtracting background adhesion (mean reading for
wells coated with 2% BSA). This specific adhesion is expressed as
a percentage of total cell input. Values for background adhesion are
shown (0 ng/ml point). This result is representative of 4 separate
experiments.
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Figure 4.8. Effect of loss of Rho function on V12Rap1A
mediated adhesion. Cell adhesion of freshly isolated thymocytes
from normal (NLC), constitutively active V12Rap1A (Rap1A) and
V12Rap1A/LckC3 double transgenic mice (Rap1A/C3) to 50 ^g/ml
of Fibronectin was assayed. Specific adhesion was obtained by
subtracting background adhesion (mean reading for wells coated
with 2% BSA). This specific adhesion is expressed as a percentage
of total cell input.

To be able to address this question the LckC3 transgenic mice were bred onto
transgenic mice that expressed a constitutively active mutant of Rac-1, L61Rac-l under
the control of the T cell specific CD2 promoter to create mice that were double transgenic
for C3-transferase and active Rac-1 (L61Rac-l/LckC3).

The scatter profile comparison of three separate experiments (Figure 4.9) shows
the impact of loss of Rho function on Rac-1 mediated adhesion of thymocytes to the |3i
integrin ligand FN. The data clearly demonstrate that Rac-1 mediated adhesion of DP
thymocytes was dependent on Rho function. Figure 4.10 further shows that the basal
adhesion of normal thymocytes to FN was very low but could be strongly enhanced by
phorbol ester treatment; transgenic expression of constitutively active Rac-1 markedly
increased the basal adhesion of thymocytes to FN; adhesion stimulated by L61 Rac-1 was
not maximal, it could be further stimulated by PdBu; thymocytes that expressed active
Rac-1 but had lost Rho function (L61Rac-l/LckC3) showed a clear reduction not only in
their basal but also in their phorbol ester-stimulated adhesion to FN.
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Figure 4.9. Effect of loss of Rho function on L61 Rac-1
mediated adhesion. Cell adhesion of freshly isolated thymocytes
from
normal
(NLC),
constitutively active
L61 Rac-1
and
L61Rac1/LckC3 double transgenic mice (L61 Rac-1/C3) to 50 \ig/m \
of Fibronectin was assayed and analysed by flow cytometry.
Analysis was gated on the DP thymocyte subset. Specific adhesion
was obtained by subtracting background adhesion (mean reading
for wells coated with 2% BSA). This specific adhesion is expressed
as a percentage of total cell input.
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Figure 4.10. Effect of loss of Rho function on L61 Rac-1 mediated
adhesion. Cell adhesion of freshly isolated thymocytes from normal
(NLC), constitutively active Rac (L61 Rac-1) and L61 Rac-1/LckC3
double transgenic mice (L61 Rac-1/C3) to 50 jmg/ml Fibronectin was
assayed in the presence and absence of PdBu (50 ng/ml) and
evaluated by FACS analysis. Adhesion for the double positive (DP)
thymocyte subset is shown. Specific adhesion was obtained by
subtracting background adhesion (mean values for wells coated with
2% BSA). This specific adhesion is expressed as a percentage of the
total double positive (DP) cell input. Values for background adhesion
are shown (BSA controls). This result is representative of three
separate experiments, each carried out in duplicate.

4.3

Discussion

Integrins play essential roles in lymphocyte trafficking and in mediating cell/cell
contacts (Hogg et al., 2003; Sims and Dustin, 2002). The major (3j and p 2 integrins
expressed on T cells, VLA-4, -5 and LFA-1 are not constitutively active and upregulation
of their avidity/affinity for their ligands is induced by external stimuli such as cytokines,
chemokines, or antigens (Constantin et al., 2000; Hogg et al., 2003; Laudanna et al.,
1996; Shimonaka et al., 2003; Sims and Dustin, 2002). These stimuli generate
intracellular signals that result in integrin activation via a process that is referred to as
‘inside-out’ signalling. Intracellular signalling molecules shown to be involved in integrin
activation include the GTPases RaplA, Rac-1 and adapters such as Fyb/ADAP-1 and
serine/threonine kinases of the PKC family (Hogg et al., 2003).

In the present chapter the consequences of loss of Rho function on integrin
activation were examined. DP thymocytes have very high basal levels of VLA-4 activity
presumably reflecting activation of this integrin by signals received while in situ in the
thymus (Salomon et al., 1994). It has been suggested that migrating lymphoid progenitors
use a cellular matrix consisting of a subset of cytokeratin^ cortical stromal cells, that
express the integrin ligand VCAM-1, for intrathymic precursor adhesion and migration
(Prockop et al., 2002). The stimuli that activate VLA-4 in DPs are not known but the
present chapter shows that in DPs lacking endogenous Rho function there is a
reproducible reduction in the adhesion to VCAM-1, implicating Rho as part of the
signalling pathways used to activate integrins in thymocytes.

Consequences of this reduced integrin-mediated cell adhesion will be addressed in
a subsequent chapter where the impact of Rho activity on cell motility will be explored. It
should also be noted that LckC3 DP thymocytes are more apoptopic than normal DPs
indicating that they are failing to receive appropriate survival signals from thymic stroma
(Costello et al., 2000). Loss of integrin function could easily be responsible for this
survival defect as there is an abundance of work linking integrins to the regulation of cell
survival in a variety of cell lineages (Frisch and Screaton, 2001; Miranti and Brugge,
2002).
Ill

In vitro, one well established mechanism to activate integrins is via triggering of

diacylglycerol (DAG) -binding molecules using phorbol esters as pharmacological
mimics of DAG. The predominant DAG binding proteins involved in this process are
serine kinases of the PKC family. Phorbol-12,13-dibutyrate (PdBu) is thus well
established as a potent activator of integrin receptors and is known to increase cell
adhesion by inducing integrin receptor clustering (Katagiri et al., 2000). Herein it is
shown that Pdbu activation of integrins is partially regulated by Rho. Hence loss of Rho
function strikingly reduces thymocyte adhesion to FN but does not totally abrogate it.
This leaves open the possibility that phorbol esters activate integrins by both Rho
dependent and independent pathways. In this context, it was noted that in thymocytes
expressing active V14RhoA it was still possible to further activate integrins with Pdbu.
Indeed, V14RhoA and Pdbu were additive in their effects on integrins. These data favour
the idea that Pdbu can also activate integrins by Rho independent mechanisms.

One other GTPase important for integrin activity in thymocytes is RaplA. Hence,
expression of active R aplA causes constitutive activation of integrins in thymocytes
(Sebzda et al., 2002). The results presented in this chapter show that RaplA mediated
integrin activation requires Rho function and is clearly reduced in cells expressing C3transferase. RaplA is known to induce integrin clustering with a resultant increase in
integrin avidity (Sebzda et al., 2002), therefore it could be predicted that loss of Rho
function prevents this response. Confocal analysis of integrin distribution in C3
thymocytes would resolve this point but has not yet been done. The RaplA effector that
mediates spatial regulation of LFA-1 and integrin activity is thought to be a protein
known as RapL (Hogg et al., 2003; Katagiri et al., 2003). This protein is enriched in
lymphoid tissues and when ‘triggered’ by active R aplA associates with LFA-1 and
causes integrin clustering. It is possible that Rho function might be required for
expression of RapL or it might regulate the intracellular localisation of this molecule
thereby preventing its interaction with LFA-1. The clustering of integrins is regulated in
part by their lateral diffusion and this may be regulated by changes in actin and
microtubule dynamics. Actions of Rho on these processes might also be expected to
regulate integrin function.

A second GTPase Rac-1 is also able to regulate integrin activity in T cells
(D'Souza-Schorey et al., 1998; Gomez et al., 2001). Rac-1 is activated by the guanine
nucleotide exchange protein Vav-1 (Cantrell, 2003a; Tybulewicz et al., 2003). T cells
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lacking this protein have defects in integrin function (Ardouin et al., 2003; Krawczyk et
al., 2002; Tybulewicz et al., 2003). Transgenic mice expressing constitutively active Rac1 (L61 Rac-1) in the thymus have been used to explore the consequences of Rac-1
activation for T cell function (Gomez et al., 2001; Gomez et al., 2000). These studies
have shown that Rac-1 is necessary and sufficient for pre-T cell differentiation and can
potentiate proliferative responses in pre-T cells. Moreover, T cells that express active
Rac-1 as a transgene have high basal levels of integrin activity. Previous work has shown
that the actions of Rac-1 in pre-T cells are dependent on Rho function but active RhoA
cannot substitute for Rac-1 and is necessary but not sufficient for pre T cell
differentiation and proliferation (Corre et al., 2001). This has led to the conclusion that
Rac-1 regulates thymocyte development by both, Rho dependent and independent
pathways. This raised the question of whether the ability of Rac-1 to activate integrins is
mediated by Rho. The present results show that high basal integrin activity is lost when
active Rac-1 is expressed in the LckC3 transgenic mice. Thus the ability of Rac-1 and
R aplA to activate integrins is dependent on Rho function. Loss of Rac-1 and RaplA
mediated integrin activation correlates with pre-T cell survival/proliferation defects in
L61Rac-l/LckC3 and V12RaplA/LckC3 mice as judged by the decreased recovery of
thymocyte cell numbers in these mice. Interestingly there was one Rac-1 induced
phenotype that was not prevented by C3 expression. L61 Rac-1 transgenic mice fail to
make SPs due to increased negative selection. In contrast, despite their proliferation and
survival defects, T cell differentiation and the production of SPs takes place in LckC3
mice. However, L61Rac-l/LckC3 mice fail to make SPs indicating that the ability of Rac1 to induce negative selection is not Rho dependent. Since Rac-1 activation of integrins is
Rho dependent, this argues that the ability of Rac-1 to activate integrins is not responsible
for the L61 Rac-1 induced switch from positive to negative selection. This would be
consistent with the fact that transgenic expression of V12RaplA, which is a very potent
activator of integrins, does not prevent production of SP thymocytes.

Integrins can be activated by diverse stimuli and in the present chapter the role of
Rho in only a limited set of responses has been addressed. Activation of integrins by the
TCR is essential to allow T cells to form stable contacts with antigen-presenting cells and
hence is crucial for TCR mediated activation of lymphocytes (Ardouin et al., 2003; Hogg
et al., 2003; Krawczyk et al., 2002; Sims and Dustin, 2002; Tseng and Dustin, 2002). The
role of Rho in this process will be the focus of Chapter 7.

113

The question of whether Rho function is required for integrin-mediated adhesion
has been controversial. For example, Liu et al. have reported that inhibition of the
RhoA/RhoA kinase pathway increased cell adhesion by preventing lymphocyte
detachment (Liu et al., 2002a). This group also reported that RhoA inactivation by C3transferase increases cell spreading and that increased spreading consequently increases
integrin receptor avidity by increasing the number of integrin-ligand interactions, which
in turn enhances and strengthens cell adhesion. The limitation of this work is that it was
carried out in Jurkat cells not in primary T cells. In many instances the differences
between results in primary cells and results in leukaemic cell lines may be due to the
presence of abnormal signal transduction pathways in transformed cells (Astoul et al.,
2001).

However, a number of experiments have looked at Rho function in human TLymphoblasts and it is much harder to dismiss these experiments as artefacts of working
with cell lines. For example. Cabanas and colleagues report that inhibition of Rho or the
putative Rho effector ROCK, causes activation of LFA-1 and increases adhesion of
human T-Lymphoblasts (Rodriguez-Fernandez et al., 2001). This increased adhesion was
not seen by Hogg and colleagues using an apparently identical cell model (Smith et al.,
2003). Hogg and colleagues concluded that Rho was not necessary for integrin-mediated
cell adhesion but was required for detachment of T cells from an integrin matrix during
migration.

Some increase in the basal adhesion of thymocytes expressing C3-transferase was
noted, but this was not a considerable effect nor was it specific to integrins: LckC3
thymocytes have slightly higher basal adhesion to plastic and BSA. One relevant
difference between primary thymocytes and T-Lymphoblasts is that basal levels of
integrin activity are much higher in T-Lymphoblasts than in primary T cells. The basal
rate of adhesion of thymocytes to integrin ligands is generally very low and it is not
possible to witness much of an effect of loss of Rho function on de-adhesion if the cells
have not adhered sufficiently in the first place. Frequently, in T-Lymphoblast experiments
the cells are exposed to Mg^^/EGTA buffers in the presence of immobilized ligand. This
is an established protocol that switches the integrins into a conformation that binds ligand
with high affinity and causes integrin attachment to ligand and F-actin reorganisation
(Hogg et al., 2003). Under these conditions there is a high basal rate of adhesion in TLymphoblasts, hence, anything that prevents de-adhesion is more readily detected. Thus
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when Hogg et al. conclude that Rho is not needed for integrin activation in TLymphoblasts what they mean is that Rho is not needed for integrin adhesion induced by
Mg^^/EGTA buffers (Smith et al., 2003). It should be noted that all thymocyte adhesion
assays shown were done in RPMI where Mg^^ concentration is 5 mM. This would favour
the high affinity integrin conformation but in thymocytes this is not sufficient for
integrin-mediated cell adhesion as it is with T-Lymphoblasts. The explanation for this
fundamental difference between a T-Lymphoblast and a primary T cell probably resides
in differences in basal actin and microtubule turnover between the two T cell populations.
Primary T cells are very small inactive cells whereas T-Lymphoblasts are maintained in
the growth factor IL-2 that triggers a number of signalling molecules that regulate actin
dynamics (PI3K, Rac-1).

In summary, the data in Chapter 3 showed that RhoA activation was sufficient for
integrin activation in thymocytes. In the present chapter it is shown that Rho is necessary
for integrin activation induced by the GTPases Rac-1 and RaplA. Rho was also shown to
be required for optimal adhesion of thymocytes to VCAM-1 and for optimal integrin
activation in phorbol ester activated thymocytes. The finding that Rac-1 and RaplA
mediated adhesion is dependent on Rho function implies that Rac-1, R aplA and Rho
operate in a linear or convergent pathway to control integrin function.

115

CHAPTER 5

Analysis of the Impact of the Loss of Rho Function on
Thymocyte Motility and Chemotaxis

5.1

Introduction

The development of T lymphocytes involves dynamic cellular movement of
lymphoid precursor cells from haematopoietic organs into the thymus (Lind et al., 2001;
Prockop et al., 2002). During the complex maturation process which involves positive
and negative selection of immature T cells, proliferation and differentiation steps, the
developing lymphocytes migrate through the defined architecture of the thymus (Lind et
al., 2001; Prockop et al., 2002). When the maturation program is complete, T cells
emigrate from the thymus and begin a pattern of recirculation from blood to lymph to
blood in search for the specific antigen in peripheral tissues (Cyster, 1999; Cyster, 2003).
Cell migration is a multi-step cycle that includes the formation of filopodia to explore the
external milieu, followed by the extension of a lamellipodium in the direction of cell
movement, consolidation of cell adhesion in the vicinity of the leading edge, translocation
of the cell body forward, and, finally, retraction of the rear part of the cell (Hogg et al.,
2003; Montoya et al., 2002). Filopodium and lamellipodium formation at the leading edge
requires active actin polymerization. Therefore, at the leading edge of migrating cells
intracellular signals are translated into actin polymerization, which requires
chemoattractant receptors that are connected to the actin polymerization machinery
(Hogg et al., 2003; Montoya et al., 2002; Ridley, 2001; Vicente-Manzanares et al., 2003).

Chemokines are a class of signalling molecules that govern immune cell
localization through receptors spanning the membrane seven times. These chemokine
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receptors are coupled to heterotrimeric G proteins and induce cell movement towards a
concentration gradient of the cognate ligand (Ward et al., 1998; Ward and Westwick,
1998).

The chemokine SDF-1/CXCL12/PBSF (stromal cell derived factor-1/CXC
chemokine ligand 12/pre-B cell growth stimulating factor) signals cell movement via the
Gj protein-coupled receptor (GPCR) CXCR4 (Curnock et al., 2002). CXCR4 has been
shown to be the primary physiologic receptor for CXCL12. SDF-1 is highly conserved in
mammals (with a homology of more than 95% between human and mouse). SDF-1 is a
widely expressed chemokine that is highly expressed by bone marrow stromal cells and
thymic stromal cells in the cortex constitutively expresses high levels of SDF-1 RNA
(Plotkin et al., 2003). Most thymocytes are responsive to SDF-1 and this chemokine has a
crucial role in thymocyte development (Campbell et al., 1999; Uehara et al., 2002). In this
context it has been shown recently, that SDF-1/CXCR4 signalling is absolutely required
for proper localization of early thymocyte progenitors into the thymic cortex and
subsequent T cell differentiation in the thymus (Plotkin et al., 2003). Thymus-specific
deletion of CXCR4 in vivo results in failed cortical localization and developmental arrest.

Another chemokine known to regulate the trafficking of thymocytes is CCL25
(Teck; thymus expressed chemokine). CCL25 mRNA is specifically expressed in the
thymus and small intestine (Wurbel et al., 2000). In the thymus, CCL25 is produced by
cortical and medullary epithelial cells, and induces the migration of thymocytes but not
mature peripheral T cells. CCL25 is the only known ligand for CCR9. In a(3T lineage
cells, CCR9 expression is developmentally regulated, and CCL25 responsiveness is
influenced by activation through the TCR (Uehara et al., 2002). CCR9 surface expression
starts and is maximal at the DP stage and is downregulated on mature SP thymocytes. DP
thymocytes that have received activating signals through their TCRs exhibit enhanced
CCL25-induced migration, suggesting that CCR9 may function in the process of
intrathymic trafficking during positive selection. Interestingly, mice lacking CCR9 show
only a mild impairment in aPT-lineage cell development; it was noted that there was a
one day lag in the appearance of DP thymocytes in foetal ontogeny (Wurbel et al., 2001).
This result suggested that CCR9 is, however, dispensable for T cell development.

The CC chemokine CCL19 also known as ELC, MIP-3(3, Exodus-3 attracts
mature T cells out of the foetal thymus organ culture (FTOC) (Ueno et al., 2002). In the
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thymus, CCL19 is present at higher levels in the medulla than in the cortex, and most
endothelial venules in the medulla are positive for CCL19, suggesting that CCL19 in the
medulla attracts mature T cells generated within the thymus, guiding thymic emigration
through the venules.

The results presented in earlier chapters show that RhoA is able to activate (3^ and
p2 integrins and reveals that Rho function is necessary for integrin activation controlled
by the GTPases Rac-1 and RaplA. Integrin activity is an important determinant of cell
migration, notably, integrins are involved in leukocyte trafficking both during immune
system development and during inflammation (Hogg et al., 2003). In the present chapter
the impact of losing RhoA function on thymocyte migration was studied. T cell
maturation in the thymus is tightly coordinated with the directed movement of T cell
precursors (Lind et al., 2001; Prockop et al., 2002). In context with the significant
importance of the ability of thymocytes to migrate it was next relevant to ask whether loss
of Rho function has any effect on thymocyte motility.

5.2

Results

5.2,1 Basal Motility of Normal and LckC3 Transgenic Thymocytes
The data in Table 5.1 show videomicroscopy analysis of the migration speed of
thymocytes from normal mice filmed on the ECM (Extracellular Matrix) protein FN. The
migration velocity of LckCS transgenic thymocytes could not be analysed because 80%
of the LckCS thymocytes did not migrate at all; they remained stationary on the
fibronectin matrix over the complete period of the time-lapse film. Hence, Rho function
regulated basal thymocyte motility.
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Thymocytes

NLC

Speed Units

1 ± 0.2 p,m / min

Table 5.1. Time-Lapse videomicroscopy of thymocyte
migration. Thymocytes from normal mice (NLC) were left to
migrate over a Fibronectin coated (50 ^g/mi) surface, images were
collected every 30 seconds for a period of in total 120 minutes.
Each film was analysed using Motion Analysis Software: 10
individual cells were randomly selected at the start of each film and
their migration was tracked until the end of the film. The tracking
data were subsequently analysed using Mathematica software. The
data are representative of one experiment and shows the mean
migration speed (^im/min) of 10 individual cells over the duration of
the time-lapse film.

5.2.2 The Effect of Loss of Rho Function on Thymocyte Migration to
SDF-la and Teck
To be able to study the effects of loss of Rho function on thymocyte migration in
more detail it was necessary to establish a system that allowed analysis of directed
movement of T cells. Thymocytes were therefore analysed for their chemotactic activity
to S D F -la (stromal cell derived factor-la) and Teck (thymus-expressed chemokine)
using transwell chambers where the membrane of the upper chamber was coated with FN
(Figure 5.1) As shown in Figure 5.2, normal thymocytes showed a marked chemotactic
activity to the chemokines SD F-la and Teck in transwells that were coated with FN. The
basal migration of thymocytes across a transwell membrane was low if the membrane
was not coated with FN or if thymocytes were not given a chemotactic signal.

It was next investigated if Rho had a role in T cell migration. Therefore
thymocytes from LckCS transgenic mice were tested for their ability to undergo directed
movement across FN coated membranes in an in vitro transwell assay. The results in
Figure 5.3 show that inhibition of Rho by transgenic expression of C3-transferase
resulted in a clear impairment of thymocyte migration in LckCS transgenic mice. The
inhibitory effect of loss of Rho function was observed for SD F-la and Teck.
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Figure 5.1. Schematic of a transwell migration assay
chemotactic chamber. Total thymocytes are loaded to the top of
the chemotactic chamber. The porous membrane of the upper
chamber may be coated with FN or if required may be left
uncoated. The chemokine containing medium is added to the
bottom well of the transwell chamber by pipetting through the gap
between the top well and the bottom well. The cells added to the
top well are left to migrate across the transwell membrane for a
period of 4 hours at 37°C before they are collected from the bottom
well. Only the migrated cells from the bottom well are collected and
analysed by flow cytometry. This allows quantification of the
migration of lymphocyte subpopulations within a heterogenous mix
of cells.
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Figure 5.2. Thymocytes migrate across Fibronectin coated
membranes in response to the chemokines S D F-la and Teck.
Thymocytes from normal mice were left to migrate across
Fibronectin coated (2 ug/ml) transwell membranes (4 hrs) in
response to the chemokines Teck (3 ng/ml) and SDF-1 a (10 nM),
respectively. Numbers of thymocytes migrating to the lower well are
expressed as the percentage of input thymocytes added to the
upper well at the start time of the chemotaxis assay. This data are
representative of > three experiments.
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Figure 5.3. Effect of loss of Rho function on thymocyte
migration. Thymocytes from normal mice (NLC) and thymocytes
from transgenic mice that have lost Rho function (LckCS) were left
to migrate across Fibronectin coated (2 ug/ml) membranes (4 hrs)
in response to the chemokines Teck (3 ug/ml) and SDF-1 a (20 nM),
respectively. Numbers of thymocytes migrating to the lower well are
expressed as the percentage of input thymocytes added to the
upper well at the start time of the chemotaxis assay. The data for
migration to SDF-1 a are representative of three experiments, each
performed with duplicate samples. The data for migration to Teck
are representative of 2 experiments, each performed with duplicate
samples.

5.2.3 LckC3 Transgenic Mice have Severely Restricted Numbers of the
Migratory Mature CD4 SP and CDS SP Thymocyte Subsets

It has been shown previously that T cells that lack Rho function in the thymus
show striking proliferative and cell survival defects during development that severely
impair the generation of normal numbers of T cells (Galandrini et al., 1997; Henning et
al., 1997). The data in Figure 5.4B show the numbers of thymocytes in normal mice and
LckCS transgenic mice of 5-8 weeks of age. In spite of the loss of thymus cellularity
thymocyte differentiation seemed to occur and mature SP thymocytes could develop
(Henning et al., 1997). As shown in Figure 5.4A all normal CD4/CD8 subsets were
present in Rho negative thymi, although at altered frequencies. The drop in total thymic
cellularity reflected a reduction in cell numbers of all subsets but this reduction was
shown to be particularly striking in the CD4^CD8^ DP subset (Costello et al., 2000).

Previous analysis has shown that in the absence of Rho function SP thymocytes
could develop, although at a strikingly reduced rate as a consequence of the massive cell
death that occured in early T cell progenitors (Henning et al., 1997). The data in Figure
5.5A show the absolute numbers of the mature CD4 SP and CD8 SP thymocyte subsets in
normal and LckCS transgenic mice of 5-8 weeks of age.

To examine the consequences of this striking reduction of cell numbers of mature
thymocyte subsets in transgenic mice that have lost Rho function, it was next decided to
determine the numbers of SP T cells in peripheral compartments. Spleen, lymph nodes
and peripheral blood from normal and LckCS transgenic mice were analysed for their T
cell content. The data in Figure 5.5B show absolute numbers of SP T cells in each
peripheral compartment. Transgenic mice that had lost Rho function had CD4 SP and
CD8 SP T cells in the periphery but at markedly reduced numbers.

124

Thymocyte CD4/CD8 Profiles and Cellularity
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Figure 5.4. Comparison of normal (NLC) and LckCS transgenic
(LckCS) mice. (A) CD4/CD8 profiles. Thymocytes were stained
with anti-CD4 and anti-CD8 and analysed by flow cytometry. This
profile is representative of > 3 transgenic mice analysed. (B)
Absolute thymocyte cell numbers.
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Figure 5.5. Absolute numbers of CD4 and CD8 single positive
(SP) T cells of normal mice (NLC) and LckC3 transgenic mice
(C3) that have lost Rho function. (A) In the thymus and (B) In
different peripheral compartments. Thymi, spleens (axillary and
inguinal), lymph nodes and peripheral blood (sample of 300 |il)
were analysed for their T cell content by flow cytometry. Samples
were stained for Thy1.2, CD4 and CDS and accurate cell numbers
were determined. Tymus data (0) are representative of > three
experiments.

5.2.4 The Effect of Rho Inhibition on Thymocyte Migration to CCL19

It was shown that LckC3 transgenic T cells show a marked reduction in their
migration to the chemokines SD F -la and Teck. In an effort to understand further the role
of the GTPase Rho in regulating T cell migration it was decided to investigate if LckCS
thymocytes are defective in their ability to migrate in response to the chemoattractant
CCL19 which binds to the chemokine receptor CCR7. This chemokine has been shown to
regulate T cell emigration out of the thymus (Ueno et al., 2002). Therefore T cells from
transgenic mice that had lost Rho function were tested for their ability to migrate to the
chemokine CCL19. Normal mouse thymocytes were added to the upper chamber of
transwells that were either coated with FN or left untreated and migration was analysed in
the presence or absence of CCL19 in the bottom chamber. The data in Figure 5.6 show
that CCL19 selectively promoted migration of mature CD4 SP and CDS SP thymocytes.
Next, LckCS thymocytes were analysed for their chemotactic activity to CCL19. Figure
5.7A shows that CDS SP thymocytes from transgenic mice that lacked Rho function had a
clearly reduced ability to migrate to CCL19. The data further show that this reduction was
evident at suboptimal as well as saturating concentrations of CCL19. The impaired ability
of LckCS thymocytes to migrate to CCL19 could be observed in the CD4 and CDS
mature thymus subpopulations, as shown in Figure 5.7B.
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Figure 5.6. CCL19 is a chemokine that preferentially
attracts CD4-, and CD8 SP T cells. Thymocytes from
normal mice were left to migrate across Fibronectin coated
(2 ug/ml) membranes (4 hrs) in response to the chemokine
CCL19 (50 nM). Cells that have migrated to the lower well
were stained for CD4 and CD8 expression and analysed by
flow cytometry. Numbers of CDS SP T cells migrating to the
lower well are expressed as the percentage of input CDS
SP T cells in the upper well at the start time of the
chemotaxis assay. This result has been repeated three
times.
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Figure 5.7. Thymocytes that have lost Rho function show a
reduction in migration to CCL19, a chemokine that
preferentially attracts single positive (SP) T cells.
Thymocytes from normal mice (NLC) and transgenic mice that have
lost Rho function (LckCS) were left to migrate across Fibronectin
coated membranes (4 hrs) in response to the chemokine CCL19.
(A) Titration of CCL19: 0 nM; 1.5 nM, 2 ug/ml FN; 3 nM, 2 ug/ml
FN; 6 nM, 2 ug/ml FN; 12.5 nM, 2 ug/ml FN; 25 nM, 2 ug/ml FN.
Data are shown for the CDS SP subset. (B) Loss of Rho function
decreases migration in both, CD4- and CDS SP thymocytes (1.5 nM
CCL19, 2ug/m l FN).
Cells that have migrated to the lower well were stained for CD4,
CDS expression and analysed by flow cytometry. CD4 SP and CDS
SP T cells migrating to the lower well are expressed as a
percentage of input CD4 SP and CDS SP T cells, respectively, in
the upper well, at the start time of the chemotaxis assay. The data
are representative of one experiment performed with duplicate
samples.

5.2.5 Evidence that Rho Inhibition Blocks Thymocyte Emigration i n
v iv o l

The defective migratory capacity of C3 transgenic SP T cells raised the possibility
that these cells had problems emigrating from the thymus. If this was the case then it
might be expected that there would be an accumulation of mature SPs in the thymus. In
this context, in terms of percentage, there was relative enrichment for SPs in the thymus
which would be consistent with some retention of SPs in the thymi of C3 transgenic mice
(Figure 5.4A). To look at this issue more closely the maturity of LckC3 SPs was
examined. Heat-stable antigen (HSA) is a well characterized marker for assessing the
maturation status of T cells (Godfrey et al., 1993; Wilson et al., 1988). HSA is a marker
that is low or absent on the surface of most murine peripheral T cells but present on
thymocytes. HSA levels are high on immature thymocytes and are downregulated as cells
mature as summarized in Figure 5.8. Normal mouse thymocytes were stained for CD4,
CD8 and HSA and analysed by flow cytometry. HSA levels were very high in DN
thymocytes. DP thymocytes began to downregulate HSA and downregulation was
continued in CD4 and CD8 SP thymocytes. In mature peripheral T cells heat-stable
antigen levels were lowest.

HSA levels on LckC3 thymocytes were investigated subsequently. The results in
Figure 5.9 show that double negative (DN) and double positive (DP) thymocytes from
Rho negative mice expressed similar levels of heat-stable antigen as DN and DP
thymocytes from normal mice. In mature CD4 SP and CD8 SP thymocytes, respectively,
a striking difference in HSA expression could be observed in LckC3 T cells. SP
thymocytes from mice that had lost Rho function had markedly downregulated their
levels of HSA.
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In context with these results it was relevant to confirm that LckCS SP thymocytes
expressed normal surface levels of TCR/CD3 complex and to check whether they
appeared like normal SPs that had upregulated TCR complexes (Henning et al., 1997).
TCR levels were assessed by flow cytometry using an antibody against the CDSe chain of
the CDS complex of the a(3TCR. In normal mice, three main subpopulations of
thymocytes can be defined by immuno-fluorescence analysis with antibodies specific to
the CDS antigen or the a p subunits of the TCR. There is a subpopulation with low levels
of TCR expression that corresponds to the majority of DP; there is a subpopulation with
high levels of TCR expression that corresponds to SP cells; and there is a population of
cells with intermediate levels of TCR complexes that corresponds to cells that have
initiated TCR signalling and selection and are transitional between the DP and SP stage.
DP thymocytes that express a functional a^TCR/CDS complex and are positively
selected after being subjected to a selection process further upregulate their TCR levels
and emigrate into the peripheral circulation. CD4 SP and CDS SP peripheral T cells
express high levels of TCR. Figure 6.2 (Chapter 6) compares TCR/CDS expression
levels on thymocyte subpopulations from normal mice and transgenic mice that lack Rho
function. The data reveal no significant differences in TCR expression levels between
normal control and Rho negative LckCS thymocytes; LckCS SPs expressed high levels of
the TCR.

5.2.6 RhoA Activation is Not Sufficient for Thymocyte Motility and
Chemotaxis
Lymphocyte chemotaxis is dependent on integrins (Hogg et al., 200S; Montoya et
al., 2002). It was shown in Chapter S that RhoA activation was sufficient to activate
integrins. Therefore the consequences of RhoA activation on lymphocyte chemotaxis
were explored in response to S D F -la (stromal cell derived factor-la) and Teck (thymusexpressed chemokine). Normal thymocytes showed a chemotactic activity to the
chemokines S D F -la and Teck in transwells, coated with FN (Figure 5,2). The basal
migration of thymocytes across a Transwell membrane was low if the membrane was not
coated with FN or if thymocytes were not given a chemotactic signal. Activation of RhoA
did not induce cell motility or promote chemotaxis, rather the opposite effect was
observed: thymocytes expressing active RhoA showed reduced chemotaxis to either SDFl a or Teck (Figure 5.10).
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Figure 5.10. Effect of activation of RhoA on thymocyte
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5.3

Discussion

The results presented in this chapter show that the GTPase Rho plays a role in the
regulation of T-Lymphocyte migration. Time-Lapse videomicroscopy revealed that
thymocytes that have lost Rho function show a strong impairment in their mobility when
left to migrate over a FN coated surface. Analysis of directed cell movement towards a
chemokine gradient of either SDF-1 or Teck showed that Rho function is also required
for efficient chemotaxis.

Pre-T cells that lack Rho function show proliferative and cell survival defects
during thymocyte development that severely impair the generation of normal numbers of
T cells (Galandrini et al., 1997; Henning et al., 1997). Petrie and colleagues have shown
that T cell precursors migrate across stromal cells in response to SDF and in the absence
of this chemokine thymocyte numbers are greatly reduced and thymocyte development
impaired accordingly (Plotkin et al., 2003). It is reasonable to speculate that Rho may be
required for pre-T cell development because it is needed for T cell migration. If migration
does not occur normally then pre-T cells may not be able to move into the correct
environment to make contacts with stromal cells to receive cytokine signals for survival.

In LckCS thy mi, SP thymocytes can develop, although at reduced numbers
(Henning et al., 1997). There is evidence that the SPs that do develop in LckCS mice may
fail to emigrate into the periphery. Hence, as a percentage, there is a higher frequency of
SPs in LckCS thymi than normal. Moreover, LckCS SPs have a more mature phenotype
that normal, as judged by HSA expression. The emigration of thymic SPs is induced
within 24 hours after positive selection and has been shown to be controlled by the
chemokine CCL19 (Lee et al., 2001; Ueno et al., 2002). In vitro cell migration to this
chemokine is clearly reduced in LckCS thymi, and the reason why mature T cells
accumulate in the thymus of LckCS mice may thus be that these cell are unable to migrate
efficiently into the periphery. In this context, chemokine signal transduction can be
mediated by pertussis toxin sensitive heterotrimeric G proteins, and it has been shown
that transgenic mice that express the catalytic subunit of pertussis toxin in thymocytes
accumulate mature T cells in the thymus, which results in failure of T cells to populate
peripheral lymphoid organs (Chaffin and Perlmutter, 1991). It has also been shown that
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thymocyte emigration can be blocked by Clostridium difficile toxin B, an inhibitor of the
Rho family of small GTPases (Rho, Rac, and Cdc42) (Lee et ah, 2001).

The present study did not explore why RhoA function is needed for thymocyte
motility and migration. By analogy with studies of other leukocyte populations it is likely
that Rho is needed for thymocytes to polarize in response to chemoattractants (VicenteManzanares et al., 2002). As well, work by Laudanna and colleagues has demonstrated
that Rho participates in the signalling pathways triggered by chemoattractant receptors
that allow leukocyte adhesion mediated by integrins (Laudanna et al., 1996). During
chemokine induced migration, leukocytes undergo shape changes, forming a protrusion
or lamellipodium at the leading edge, and a retracting area or uropod at the trailing edge
(Hogg et al., 2003; Montoya et al., 2002). Migration requires that cells are able to form
new attachments at their leading edge and are able to retract their trailing edge. Adhesion
induced by chemokines is very transient, most likely to allow release of the cell, after
initial attachment, from the matrix as the cell body moves forward in the direction of the
chemoattractant (Constantin et al., 2000; Laudanna et al., 2002). The fact that cell
migration is a multi-step process and dependent on the ability of a cell to attach to a
particular surface, and subsequently, to detach from it probably explains why loss of Rho
function and RhoA activation have the same effect and prevent migration. Without RhoA
function cells might not be able to make new attachments whereas the reduced motility of
V14RhoA-expressing T cells may be due to the increased adhesiveness of these cells
which might prevent the cells detaching from the ECM during migration. It can be
imagined that RhoA activity during cell migration is dynamically and spatially
coordinated. It has been proposed that Rho GTPases are activated in the lymphocyte
leading edge where chemokine receptors are concentrated, regulating the actin
polymerization required for cell advance, and inactivated in the posterior pole (del Pozo
et al., 1999). Rac is believed to act at the leading edge where it regulates the formation of
lamellipodia whereas Rho is believed to mediate actomyosin dependent cell body
contraction and detachment of the cell trailing edge (Ridley, 2001; Smith et al., 2003).
Expression of active RhoA will destroy any spatial and temporal sequence of Rho activity
and hence interfere with the coordinated migration process. Moreover, transfection of T
cell lines with an active mutant of RhoA has been shown to inhibit cell polarisation (del
Pozo et al., 1999). It was hard to discern polarisation of thymocytes but in TLymphoblasts, expression of V14RhoA clearly makes cells take on a rounded less
polarized phenotype (Figure 3.14 in Chapter 3).
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One other question is the nature of the RhoA effectors involved in controlling cell
migration. Here it has been shown that interaction of the chemokine S D F -la with its
receptor CXCR4 activates RhoA and the plbO Rho-associated kinase (Rho
kinase/ROK/ROCK) (Vicente-Manzanares et al., 2002). ROCK is believed to regulate
cell contractility. ROCK phosphorylates and inhibits the enzyme myosin light chain
phosphatase and also directly phosphorylates the myosin light chain (MLC), which
altogether results in an increase in phosphorylated MLC and formation of actin-myosin
contractile fibres leading to actomyosin contraction and tail retraction. Another target of
ROCK is LIM kinase (LIMK), which phosphorylates and inhibits the protein cofilin,
leading to the stabilization of F-actin (Hogg et al., 2003; Ridley, 2001).

Another effector of Rho that is known to be expressed in T cells is the 140kDa
protein mDia, the mammalian homologue of drosophila m elanogaster diaphanous
(Alberts, 2001; Nakano et al., 1999; Tominaga et al., 2000). mDia localizes at the T cell
leading edge with its effector profilin and also colocalizes with F-actin (VicenteManzanares et al., 2003). Recent studies demonstrate a role for mDia in regulating
lymphoid motility as overexpression of an activated mutant of mDia resulted in inhibition
of T cell motility (Vicente-Manzanares et al., 2003). This is similar to the effects of active
RhoA. mDia is believed to regulate the F-actin/G-actin balance, thus being required for
all actin-dependent processes. In this context it has been shown that mDia activation
increases polymerized actin levels (Vicente-Manzanares et al., 2003). RhoA therefore
might be able to control the filamentous actin/monomeric actin balance through mDia. It
remains to be investigated if the effects of active RhoA on primary T cell migration,
presented in this chapter, are mediated by the Rho effectors plbOROCK and/or
pl40mDia.
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CHAPTER 6

Thymocyte Selection In LckC3 Transgenic Mice

6.1

Introduction

Data presented in earlier chapters indicate that RhoA can activate integrins and
that loss of Rho function by expression of Clostridium botulinum C3-transferase can
inhibit thymocyte migration and block integrin activation by the activated GTPases Rac-1
and RaplA. Cell/cell contacts mediated by integrins have been suggested to provide a
selective boost to signalling for positive selection of SPs in the thymus (Lucas and
Germain, 2000). The mature a (3 TCR which initiates signalling for selection is thus
triggered by antigen/MHC complexes present on the surface of thymic epithelial cells
(Hare et al., 2003). For a single T cell expressing a given TCR, the outcome of positive or
negative selection is dependent on the strength of the signalling response (Sebzda et al.,
1999). Insufficient signalling results in cell death by neglect; signalling in the optimal
range allows positive selection; any signalling that goes above this signalling threshold
results in negative selection of thymocytes so that potentially self-reactive cells are not
exported into the periphery. The signalling events that determine thymocyte selection are
determined not only by the strength of the TCR trigger but are also strongly influenced by
cell adhesion and by cosignals given by antigen-presenting cells (APCs) in the thymus
(Bachmann et al., 1997; Lucas and Germain, 2000).

RhoA activation is able to promote cell adhesion in DP thymocyte populations
and this might facilitate and stabilize contacts between the T cell and cells presenting
antigen/MHC complexes and hence promote SP differentiation. In this context it was
shown that in transgenic mice that express active RhoA (V14RhoA mice) there is
increased efficiency of positive selection (Corre et al., 2001). This raises the issue of
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whether positive selection occurs normally in LckCS transgenic mice. It is thus
reasonable to think that loss of Rho function might decrease the kinetic and/or overall
duration of the interaction between DP T cells and antigen-presenting thymic epithelial
cells thereby blocking thymocyte selection. In this context, the guanine nucleotide
exchange factor Vav-1 which activates Rac GTPases is required for positive and negative
selection events in the thymus and it has been proposed that this is because integrin
activation in T cells is mediated by Vav-1/Rac-1,2 (Ardouin et al., 2003; Fischer et al.,
1995; Krawczyk et al., 2002; Turner et al., 1997). The results in Chapter 4 have shown
that Rac-1 can activate integrins in T cells and that this is a Rho-dependent response.
Accordingly, if Rac is necessary for positive selection because it activates integrins, then
it is likely that Rho would also be required.

The analysis of thymocyte selection in LckC3 mice is not straight forward
because survival defects and failed proliferation of T cell progenitors greatly reduces the
numbers of T cells that reach the stage where they undergo the selection process.
However, as shown previously in chapter 5 and summarized in Figure 6.1, SP T cells do
develop in LckC3 transgenic mice indicating that with a polyclonal repertoire positive
selection of thymocytes occurs. In the present chapter, the expression of activation
markers CD5 and CD69 on the DPs that do develop in LckC3 transgenic mice was
examined. Any problem in TCR signal transduction would likely be reflected in
decreased expression of these antigens.
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CD4/CD8 Staining Profile of Thymocytes from
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Figure 6.1. CD4/CD8 staining profile of thymocytes from
normal and LckCS transgenic mice. LckCS transgenic mice have
all CD4/CD8 thymocyte subsets although at altered frequencies. 2dimensional dot plots show flow cytometric analysis of total
thymocytes from normal (NLC) and LckCS transgenic mice stained
with anti-CD4 and anti-CD8.

The process of thymocyte selection is difficult to explore in mice with a
polyclonal T cell repertoire, but can be studied in more detail in thymi that express a TCR
complex with known specificity. Accordingly, to test more carefully the effect of loss of
Rho function on the outcome of thymocyte selection, the LckC3 transgenic mice were
tested in TCR-transgenic models. An advantage of using a TCR-transgenic system is that
it ensures that all DPs express a TCR with proven capacity to be positively selected by
self-ligands. Thymocyte selection in LckCS transgenic mice has been previously looked
at using the HY TCR-transgenic model (Henning et al., 1997). The HY T cell receptor is
specific for the male HY antigen presented by major histocompatibility complex (MHC)
class I H-2D‘’ molecules (Kisielow et al., 1988). Thymocytes expressing the HY-specific
TCR are negatively selected in male H-2D'' mice and undergo massive deletion resulting
in very few detectable DPs and SPs with a strong reduction in overall thymic cellularity.
Thymocytes from female HY TCR-transgenic mice are positively selected on a H-2D*’
background and develop into mature CD8 SP cells. In the HY TCR model, expression of
active RhoA potentiates positive selection (Corre et al., 2001); whereas on an LckCS
background positive and negative selection occurred normally (Henning et al., 1997). It
would therefore seem that the ability of RhoA to regulate integrins is not relevant in the
context of selection of the HY TCR.

It was however decided to explore this point further by looking at selection of
another TCR complex. The P14 TCR (Va2 and V|38.1) is specific for the lymphocytic
choriomeningitis virus (LCMV) glycoprotein peptide LCMV GP (SS-41) presented by the
major histocompatibility complex (MHC) class I molecule H-2D*' (Pircher et al., 1989). In
the P14 TCR-transgenic system, thymocyte maturation is skewed towards the CD8
lineage, which reflects MHC class I mediated positive selection. Moreover, TCRtransgenic thymocytes undergo efficient positive selection within the P 14 mouse model,
which makes it an ideal system for detecting subtle inhibitory effects on T cell
maturation. It has also been shown that P I4 TCR-transgenic T cell responses are sensitive
to changes in integrin-mediated cell adhesion (Bachmann et al., 1997). It was thus
perceived that the P14 model would be a good one for examining if loss of Rho function
impacts on TCR function in vivo.
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6.2

Results

6.2.1 TCR Expression in Normal and LckC3 Thymocytes
In normal mice, thymocytes can be divided into three subpopulations according to the
expression of TCR complexes. There is a population of cells with low levels of TCR that
corresponds to the majority of DP thymocytes; there is a population of cells with
intermediate levels of TCR complexes that corresponds to cells that have initiated TCR
signalling and selection and are transitional between the DP and SP stage; the third
population represents cells that express high levels of TCR and which are represented by
the mature CD4 SP or CDS SP subpopulation of the thymus. F ig u re 6.2 shows
expression of the CD3e chain of the CD3 complex of the a(3TCR in immature CD4^CD8^
DP thymocytes and mature CD4 SP or CDS SP thymocytes, respectively. The data
confirm that there were no significant differences in the TCR levels between normal
control and LckC3 thymocytes. The presence of thymocytes with intermediate and high
TCR levels in DPs and SPs was an indication that positive selection of thymocytes
occurs.

6.2.2 CDS Expression in Normal and LckC3 Thymocytes
CD5 antigen expression is upregulated in response to TCR signalling during
positive selection in normal CD4^CDS^ DP thymocytes (Azzam et al., 199S). High-level
expression of CD5 on DP and CD4 SP or CDS SP thymocytes is induced by engagement
of the apTCR by (positively or negatively) selecting ligands. It has been shown that loss
of Vav-1, which regulates the activity of the GTPases Rac-1 and Rac-2 results in failed
CD5 upregulation in DPs associated with failed positive and negative selection (Fischer
et al., 1995; Tarakhovsky et al., 1995; Turner et al., 1997).
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Figure 6.2. LckCS transgenic mice show normal levels of
CDSe/TCR expression in all CD4/CD8 thymocyte subsets.
Overlay histograms show expression of CDSe in thymic
subpopulations of normal (NLC) and LckCS transgenic mice. Total
thymocytes were stained for CD4, CDS and CDSe.

Therefore it was relevant to investigate if loss of Rho function interfered with the
ability of T cells to upregulate CD5. Analysis of CD5 levels on CD4^CD8^ DPs and CD4or CDS SPs from normal mice and transgenic mice that had lost Rho function (LckCS)
showed that Rho negative thymi were able to upregulate CD5 in vivo and hence were
receiving TCR mediated signals in vivo (Figure 6.3).

6.2.3 CD69 Expression in Normal and LckC3 Thymocytes
One other marker of effective TCR signalling in the thymus is the surface marker
CD69 (Hare et al., 1999; Swat et al., 1993; Yamashita et al., 1993). If there is ineffective
TCR signalling, then thymocytes fail to upregulate this activation marker normally.
Typically, a small percentage of DPs express the CD69 activation marker, and these
correspond to cells that have been positively selected in response to TCR signalling. The
CD69 staining profile of LckC3 transgenic thymocytes as shown in Figure 6.4 looked
normal in comparison to non-transgenic littermate controls. The conclusion from these
data was that LckC3 thymocytes, that had lost Rho function, were able to initiate and
undergo this phenotypic change that marks initiation of positive selection.
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Figure 6.S. Thymocytes from transgenic mice that have lost
Rho function are still able to upregulate CDS. Overlay
histograms show CDS expression in CD4/CD8 thymocyte subsets
of normal mice (NLC) and transgenic mice that have lost Rho
function (LckCS). Total thymocytes were stained for CD4, CDS and
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Figure 6.4. Thymocytes from transgenic mice that have lost
Rho function are able to upregulate CD69 in v i v o . Overlay
histogram shows CD69 expression gated on total thymocytes from
normal mice (NLC) and transgenic mice that have lost Rho function
(LckCS). Thymocytes were stained for CD4, CD8 and CD69.

6.2.4 Effect of Loss of Rho Function on the Selection of Thymocytes
Expressing the P14 TCR Transgene
The P14 TCR (Va2 and V|38.1) is specific for the lymphocytic choriomeningitis
virus (LCMV) glycoprotein peptide LCMV GP (33-41) presented by the major
histocompatibility complex (MHC) class I molecule H-2D*’ (Pircher et ah, 1989). In the
P14 TCR-transgenic system, thymocyte maturation is skewed towards the CD8 lineage,
which reflects MHC class I-mediated positive selection. Moreover, TCR-transgenic
thymocytes undergo efficient positive selection within the P14 mouse model, which
makes it an ideal system for detecting subtle inhibitory effects on T cell maturation.
Accordingly, LckC3 transgenic mice were bred with the P I4 TCR transgenic mice and
subsequent progeny was analysed for the production of T cells bearing the P I4 TCR.

It has been shown previously that the introduction of a transgenic TCR can not
rescue the survival defect of T cell progenitors in LckC3 transgenic mice (Henning et ah,
1997). It was thus not surprising that LckC3/P14 TCR double transgenic mice had a -10fold reduction in total T cells in the thymus and in the periphery compared with normal
control P14 TCR transgenic mice (Figure 6.5).

Thymocytes from P14 TCR transgenic mice are positively selected on a H-2D^
background and develop into mature CD8 SP cells (Pircher et ah, 1989). Because the P14
TCR recognises antigen only in the context of MHC I a strong skewing of differentiation
towards the CD8 SP lineage is seen in P I4 TCR-transgenic mice. This skewed
differentiation towards the CD8 lineage was still seen in LckC3/P14 TCR doubletransgenic mice (Figure 6.6).
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Figure 6.5. Absolute cell numbers of total thymocytes from
normal TCR-transgenic mice (P14 TCR BL6) and TCRtransgenic mice that have lost Rho function (P14 TCR LckCS).
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Figure 6.6. Thymocyte CD4/CD8 profiles of normal TCRtransgenic mice (P14 TCR BL6) and TCR-transgenic mice that
have lost Rho function (P14 TCR LckCS). Total thymocytes were
stained for CD4 and CD8 and analysed by flow cytometry.

The periphery of LckC3/P14 TCR double-transgenic mice was also examined for
T cells expressing the P I4 TCR (Va2 and V(38.1). As shown in Figure 6.7, in normal
P14 TCR-transgenic mice, the vast majority of mature CD8^ T cells expressed the
transgenic TCR. Analysis of peripheral T cells revealed that mice that co-express the P14
TCR and C3-transferase, also had a high frequency of positively selected P I4 TCRexpressing CD8 SP peripheral T cells, but the percentages were reduced compared to
normal. It was also noted, that peripheral P I4 TCR/LckC3 T cells had low levels of TCR
expression (Figure 6.8). Thus, blockade of RhoA function by expression of C3transferase did not prevent positive selection of the P 14 TCR, but it occured with lower
frequency. Moreover, T cells with low levels of TCR complexes were selected.
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6.3

Discussion

The molecular mechanisms that mediate T cell selection have been the subject of
intensive investigation. A central question in these studies is how the developing
thymocyte chooses between a fate of cell survival or cell death, processes that are decided
by the interaction of the TCR with self-peptide presented by self-MHC. Upon detecting
an agonist MHC/peptide complex, the TCR induces signals which activate the integrins
and a stable contact site is formed between the T cell and the ARC (Sims and Dustin,
2002). At this contact site, the immune synapse forms, which is an organised assembly of
receptors and signalling molecules required for T cell activation (Bromley et al., 2001;
Sims and Dustin, 2002). This model was first described in the context of the function of
peripheral T cells but it has also been shown to occur as thymocytes are positively
selected on thymic epithelial cells (Hare et al., 2003).

In the experiments in this Chapter the ability of LckCS DPs to induce TCR
signalling in vivo was assessed. One way to gauge the efficiency of TCR function in vivo
in DPs is to look at the ability of thymocytes to upregulate cellular levels of the TCR,
CD5, and CD69 (Azzam et al., 1998; Hare et al., 1999; Swat et al., 1993; Yamashita et
al., 1993). The data show that C3 thymocytes are able to upregulate cellular levels of the
TCR, CD5 and CD69 in DPs. The normal levels of TCR, CD5 and CD69 levels on
LckC3 thymocytes argues against inefficient TCR function. Thus in LckC3 thymi, DPs
must make relatively efficient contacts with thymic epithelial cells to recognise self
antigens and initiate the selection process.

The effect of loss of Rho function on positive selection of thymocytes expressing
a defined TCR was also examined. Previous studies have shown that Rho function is not
necessary for positive and negative selection processes in the HY TCR model, but the
results presented in this chapter show that loss of Rho function does reduce the efficiency
of positive selection in the P I 4 TCR-transgenic model. Thus in P14 TCR/LckC3
transgenic mice, blockade of RhoA function by expression of C3-transferase does not
prevent positive selection of the P I4 TCR but it occurs with lower frequency. Moreover T
cells with low levels of TCR complexes are selected. The reduced frequency of selection
of the P I4 TCR could be due to inefficient positive selection, but if this is the case the
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failure does not seem to be one of reduced TCR signalling (as judged by the upregulated
expression of CD5 and CD69). It was moreover striking that only cells with low TCR
levels were selected in LckC3/P14 TCR double-transgenic mice. This could reflect
increased negative selection, such that only cells with a low level of TCR can ‘escape’ to
the periphery. Negative selection is not just determined by the strength of the TCR trigger
but is also strongly influenced by cosignals given by antigen-presenting cells in the
thymus (Kishimoto and Sprent, 1999; Lucas and Germain, 2000). Generally it is thought
that positive selection is mediated by cortical thymic epithelial cells whereas negative
selection is mediated by dendritic cells and/or a subset of medullary epithelium
(Jenkinson et al., 1992; Klein et al., 2001; Volkmann et al., 1997). These two cell types
differ from positively selecting cortical epithelium in their expression of costimulatory
molecules of the B7 family (Reiser et al., 1992). A number of scenarios could explain the
increased negative selection in LckCS thymi. One possibility is that loss of Rho function
changes the migration pattern of thymocytes such that the cells become more likely to
encounter antigen in a ‘negatively’ selecting context. It should also be remembered that
loss of Rho function has been shown to prevent T cells detaching from their integrin
ligands (Liu et al., 2002a). This, coupled with the decreased migratory capacity, may
mean that LckC3/P14 TCR DPs make prolonged contact with APCs presenting self
peptides in the thymus, resulting in augmented costimulation. There have been no
detailed studies of thymocyte migration in LckC3 thymi although generally the thymic
structure in LckC3 mice is very disorganised and there is no clear delineation of cortex
and medulla.

Finally, it is interesting to consider links between the GTPases Rac and Rho in the
context of thymocyte selection. It has been shown in Chapter 4, that Rac-1 activation of
integrins is Rho dependent. It is also known that Rac-1 function is required for both
positive and negative selection (Gomez et al., 2001). The fact that Rho is not necessary
for either positive or negative selection makes it unlikely that the role of Rac-1 in
regulating thymocyte selection can be explained by its actions on integrins or by its
effects on Rho. This reinforces the idea that Rac and Rho do not work in a simple linear
pathway to control thymocyte development.
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CHAPTER 7

The Effect of RhoA Activation and Inactivation on the
Ability of T cells to Form Conjugates with AntigenPresenting Cells

7.1

Introduction

T cell activation is initiated when T cells recognise antigen/MHC complexes on
the surface of specialised antigen-presenting cells (APC) (Tseng and Dustin, 2002).
During antigen recognition, a specific molecular organization is observed at the T
cell/APC interface. This specialized junction, which results from the clustering of TCRs,
adhesion-, signalling- and cytoskeletal molecules, has been termed the ‘immunological
synapse’ (Figure 7.1) (Bromley et al., 2001; Sims and Dustin, 2002). The synapse is
currently viewed as a concentric structure and synapse-associated signalling results in the
spatial segregation of the TCR, CD28, leukocyte function associated antigen-1 (LFA-1)
and other surface molecules into supramolecular activation clusters. The central
supramolecular activation cluster (cSMAC) enriched in TCR, CD2 and CD28, is
surrounded by the peripheral SMAC (pSMAC), which is enriched in LFA-1.
Immunological synapse formation requires active cytoskeletal rearrangements (Anton van
der Merwe et al., 2000; Wulfing and Davis, 1998).
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T cell - APC (Antigen Presenting Cell) Interaction:
The Molecular System

T cell

Peptide Antigen

AntigenPresenting
Cell
(APC)

Tcell -APC
Conjugate Formation

Figure 7.1. Schematic of the molecular basis of conjugate
formation between a T cell and an antigen presenting cell
(APC).

T cell activation during antigen recognition causes a rapid avidity change in LFA1 converting the

integrin into its high-avidity state followed by T cell polarization

towards the APC, and adhesive T cell spreading on the counterpart surface (Dustin et al.,
1997; Wulfing et al., 1998). During synapse formation the T cell not only polarizes its
cytoskeleton, also membrane receptors and selected cytoplasmic signalling effectors
move towards the T cell/APC interface. Although not required for TCR signal initiation,
synapse formation has been associated with the induction of T cell proliferation, cytokine
production, lytic granule release and thymocyte selection (Bromley et al., 2001; Montoya
et al., 2002; Tseng and Dustin, 2002).

There is some debate in the literature about the stability of the T cell synapse. It is
clear that naïve T cells need sustained contacts with antigen pulsed APCs to ensure an
optimal activation response (Tseng and Dustin, 2002). There is some evidence that this
involves a tight conjugate between a single T cell and a single APC, which can be either
stable or dynamic with the T-Lymphocyte actively crawling along the stromal cell
(Bousso et al., 2002; Stoll et al., 2002). An alternative view, based on experiments using
collagen gel matrices in vitro, is that T cells make multiple transient (<15 min) sequential
contacts with APCs, that eventually lead to lymphocyte activation (Gunzer et al., 2000).

Integrin activation has been shown to play an important role in T cell interactions
with antigen-presenting cells (APC). A number of GTPases have been shown to be
involved in this interaction including Rapl and Rac-1 (Cantrell, 2003b). In Chapter 4 it
was shown that integrin activation by the GTPases Rapl A and Rac-1 requires Rho
function. In the present chapter the impact of RhoA activation or Rho inactivation on the
ability of T cells to form conjugates with antigen-presenting cells is examined. The T
cells used for these experiments were freshly isolated, mature, primary peripheral CDS
SP T cells that were purified from the spleen of normal P14 TCR-transgenic mice or P14
TCR-transgenic mice that have lost Rho function (P I4 TCR/LckC3 double-transgenic
mice) or P14 TCR-transgenic mice expressing active RhoA (P14 TCR/VI4RhoA doubletransgenic mice).
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7.2

Results

7.2.1 In Vitro System to Study T cell/Antigen-Presenting Cell Contact
Formation (Conjugate Assay)
To be able to study the effects of loss of Rho function on the interaction between
T cells and antigen-presenting cells an established in vitro system to evaluate T cell/APC
contact formation was applied as outlined in Figure 7.2. T cells expressing the P14 TCR,
which is specific for the lymphocytic choriomeningitis virus (LCMV) glycoprotein
peptide LCMV GP(33-41) and which recognises antigen in context of MHC I/H-2D'',
were purified by negative selection from the spleen of TCR transgenic mice. To obtain
APCs, B-Lymphocytes were purified from the spleens of C57BL/6 mice by positive
selection and then activated with lipopolysaccharide (LPS) and loaded with the specific
peptide LCMV GP(33-41). These activated B cells were mixed with column purified
mature peripheral CDS SP T cells from the spleen of P I4 TCR transgenic mice.

After the indicated timepoints samples were taken from the B cell-T cell co
culture and analysed by flow cytometry for the formation of T/B cell conjugates. Figure
7.2 shows that T cells made very few conjugates with B cells that were not loaded with
the P14 TCR specific peptide GP(33-41). On the contrary, T cells made conjugates very
efficiently with B cells that were pulsed over night with the specific LCMV glycoprotein
(33-41).
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Figure 7.2. In vitro conjugate assay: CD8 SP T cells from TCRtransgenic mice (P I4 TCR) form conjugates with antigen
presenting cells (APC). Purified B cells were activated with LPS,
and were either left untreated or were pulsed with the specific
peptide (100 nM: gp 33-41) over night. Subsequently the B cells
were mixed with purified CD8 SP peripheral T cells from P I4 TCR
transgenic mice. After 135 min the cells were stained for B220 and
Thy1.2 and analysed by flow cytometry. Dot plots show B cell and
T cell conjugates: cells that stain positive for both, B220 and
Thy1.2.

7.2.2 Analysis of the Ability of LckC3 T cells to Form Conjugates with
Antigen-Presenting Cells
To test whether Rho function was required for conjugate formation between
antigen-presenting cells and T cells, peripheral CDS SP T cells were isolated freshly from
the spleen of normal P14 TCR transgenic mice and P14 TCR/LckC3 double-transgenic
mice. Subsequently, these purified CDS SP T cells were mixed separately with LPS
activated B cells from normal C57BL/6 mice that had been pulsed with the P14 TCR
specific peptide LCMV GP(33-41). After the indicated incubation time samples were
taken from the P14 TCR CDS SP T cell/B cell co-culture and the P14 TCR LckC3 CDS
SP T cell/B cell co-culture, respectively, and analysed by flow cytometry. The data in
Figure 7.3 show that Rho-negative P14 TCR CDS SP T cells were able to interact with
antigen-loaded B cells in the suspension culture and formed antigen-specific conjugates
with B cells. From this result it may be concluded that Rho function is not necessary for T
cell/APC conjugate formation. These results were particularly striking given that P14
TCR LckC3 CDS SP T cells expressed approximately 2-fold lower levels of TCR
complexes compared to normal T cells.

It should be emphasised that these experiments were technically difficult because
it was very difficult to isolate sufficient numbers of P I4 TCR LckC3 T cells. This
problem was increased by the fact that LckC3 mice had to be used at a very young age
because loss of Rho function is associated with the early death of LckC3 mice due to the
development of thymic lymphomas. The ideal experiment would have been to carry out a
detailed kinetic study of conjugate formation using LckC3 and normal T cells. It would
have further been relevant to carry out a peptide dose response for conjugate formation to
allow more accurate comparison of the efficiency of LckC3 T cells and normal T cells.
The logistics of obtaining enough T cells from P14 TCR LckC3 mice prevented these
experiments.
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Figure 7.3. CDS SP I cells from TCR-transgenic mice that have
lost Rho function (P I4 TCR LckC3) are still able to form
conjugates with antigen presenting cells (APC). Purified B cells
were activated with LPS, pulsed with the specific peptide (100 nM:
gp 33-41) over night and were mixed with purified CDS SP peripheral
T cells from P14 TCR transgenic mice: P14 TCR NLC or P14 TCR
LckC3, respectively. After 135 min the cells were stained for 8220
and Thyl .2 and analysed by flow cytometry. Dot plots show B cell
and T cell conjugates: cells that stain positive for both, B220 and
Thyl .2.

7.2.3 Analysis of the Effects of A Gain of Function Mutation of Rho
(V14 RhoA) on T cell/APC Conjugate Formation
The finding that loss of Rho function did not prevent T cells from making contacts
with antigen-presenting cells and the finding that activation of RhoA increased integrin
receptor mediated cell adhesion of T cells, raised the question whether T cell specific
expression of a constitutively active mutant of RhoA (V14RhoA) had any effects on T
cell/APC interaction.

To address this question, P14 TCR transgenic mice that expressed a constitutively
active mutant of RhoA (V14RhoA) were used. The data in Figure 7.4A compare the
ability of normal control P14 TCR CDS SP T cells and P14 TCR CDS SP T cells from
V14RhoA mice in the formation of T cell/APC conjugates over a time course. The data in
Figure 7.4B evaluate conjugate formation in response to increasing concentrations of the
specific LCMV peptide GP (33-41).
The data show that for normal T cells, conjugates were only formed when APCs
were pulsed with the specific peptide. Conjugates could be detected within 1 hour of
mixing the T cells with the APCs and the percentage of T cells that formed conjugates
with APCs increased up to a 5 hour time point. At a 24 hour time point the numbers of
conjugates were decreased. Figure 7.4 shows that V14RhoA-expressing T cells did not
form conjugates in the absence of the specific antigen but they did make conjugates if the
APCs were pulsed with the specific peptide. Activation of RhoA was able to promote
integrin-mediated cell adhesion in primary T cell populations and this increased adhesion
was expected to promote contacts between the T cell and APC. However, the peptide
dose response curves (Figure 7.4B) showed that V14RhoA T cells were less efficient in
conjugate formation than normal cells; they were also slower in conjugate formation than
normal cells (Figure 7.4A). In an effort to understand why V14RhoA T cells were less
efficient in conjugate formation the TCR expression levels were compared in normal and
V14RhoA T cells. P14 TCR/V14RhoA T cells showed a subtle reduction in TCR
expression levels (Figure 7.5) but this effect was minimal and seems unlikely to be the
reason for the decreased conjugate formation, especially since a much larger reduction in
TCR levels was observed in P14 TCR/LckC3 T cells and was not associated with any
major defects in conjugate formation.
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Figure 7.4. CDS SP T cells from TCR-transgenic mice that
express a constitutively active mutant of Rho (P I4 V I4 RhoA)
form conjugates with antigen presenting cells (APC) less
efficiently than normal T cells . Purified B cells were activated
with LPS, pulsed with the specific peptide (100 nM: gp 33-41) over
night and were mixed with purified CD8 SP peripheral T cells from
P14 TCR transgenic mice: P14 TCR NLC and P14 TCR V14RhoA,
respectively. After the indicated time-points the cells were stained
for 8220 and Thyl .2 and analysed by flow cytometry for cells that
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Figure 7.5. TCR levels on peripheral blood CD8 SP T cells
from normal TCR transgenic mice (P14 TCR NLC) and TCRtransgenic mice that express a gain of function mutation of
RhoA (P14 TCR V14RhoA). Peripheral blood cells were stained
for CD4, CDS and Vp8 and analysed by flow cytometry. Overlay
histogram shows expression of the V(38 chain of the apTCR, gated
on CD8 SP T cells.

7.3

Discussion

T cells are activated by antigen presented on the surface of antigen-presenting cells
and the formation of stable contacts between T cells and APCs is necessary for T cell
activation (Tseng and Dustin, 2002). T cell interactions with APCs are mediated by a
number of different adhesion molecules including integrins (Sims and Dustin, 2002). In
particular, for the P14 TCR, LFA-1 has been shown to be crucial (Bachmann et al.,
1997). Thus when the P14 TCR is expressed on an LFA-1 null background the resultant T
cells do not activate efficiently. For integrins to function during the formation of stable
conjugates between T cells and APCs it is necessary that they are activated. The current
model for how this happens is that initial triggering of the TCR by antigen/MHC results
in integrin activation and the active integrins then allow a stronger adhesion of the T cell
to the APC, thereby stabilizing the T cell/APC conjugate (Sims and Dustin, 2002). A key
finding of the present chapter is that Rho function is not absolutely required for T
cell/APC conjugate formation, and that activation of RhoA actually decreases the
efficiency of T celFAPC conjugate formation. A conclusion from these data is that Rho is
not part of the signal transduction pathways used by the TCR to activate integrins.

Previous studies have shown that when the TCR cannot activate integrins or T cells
which fail to express LFA-1, activate and proliferate very poorly in antigen dependent
systems (Bachmann et al., 1997). T cells lacking the adapter FYB/ADAPl which is
critical for integrin activation activate poorly in response to TCR triggering (Griffiths et
al., 2001; Peterson et al., 2001). Similarly, loss of function of the GTPase Rap-1, another
key activator of integrins in T cells, causes T cells to activate poorly in response to
antigen/MHC (Katagiri et al., 2002).

Adhesion studies with purified matrix proteins have shown that Rho function is
necessary for Rac-1 and Rapl A integrin-mediated cell adhesion (Chapter 4). The failure
to find an involvement for Rho in the ability of T cells to form conjugates with APCs was
thus surprising, because studies have suggested both Rac-1 and Rapl A are required for T
cell conjugate formation with antigen-pulsed APCs (Ardouin et al., 2003; Katagiri et al.,
2002; Krawczyk et al., 2002). Hence, loss of Rapl function by expression of a dominant
negative N17Rapl or by overexpression of the Rapl GTPase activating protein SPA-1
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totally abrogates T cell/APC conjugate formation (Katagiri et al., 2002). The Rac-1
guanine nucleotide exchange factor Vav-1 has also been shown to be required for a
normal T cell/APC conjugate formation (Ardouin et al., 2003; Krawczyk et al., 2002).
The formation of the T cell/APC synapse is followed by polarization of the cell, as
exemplified by the movement of the microtubule-organizing centre (MTOC) within the T
cell to face the APC. A greatly reduced fraction of Vav-1 deficient thymocytes showed
polarization with the MTOC facing the contact site. Thus, Vav-1 is required to transduce
TCR signals, leading to the reorientation of the MTOC to face the APC, suggesting that it
may participate in signalling pathways that control the dynamics of the microtubule
cytoskeleton. This activity may be due to Vav’s GEF activity, as a number of reports have
implicated Rho-family GTPases in the regulation of microtubules (Palazzo et al., 2001;
Vicente-Manzanares et al., 2002). In this context MTOC reorientation in LckC3 T cells
was not looked at specifically in the studies presented in this Chapter. The only way to
resolve this point would be to do detailed analysis of T cell/APC conjugates using
confocal microscopy.

Expression of active RhoA or active Rapl A results in integrin activation in T
cells. Studies in pro-B cells have described that expression of the active Rapl mutant
V12Rapl can cause LFA-l/lCAM-1 dependent cell aggregation (Katagiri et al., 2000). In
this chapter it is shown that expression of constitutively active Rho did not cause T cells
to spontaneously aggregate with APCs rather it decreased the efficiency of T cell/APC
conjugate formation (Figure 7.4). The explanation for this decrease is not known. It was
noted that activated V14RhoA T-Lymphoblasts are very round and do not polarize
normally (Figure 3.14 Chapter 3), this could impair their ability to make contacts with
APCs.
Interestingly, despite the fact that V14RhoA T cells appear to be less efficient in
making conjugates with APCs, these cells are hyper-responsive in the context of TCRinduced responses in vivo and in vitro (Corre et al., 2001). For example, in the context of
defined TCRs, V14RhoA causes an increase in positive selection. In vitro, V 14RhoA T
cells are also hyper-proliferative to CD3 antibodies. The apparent discrepancy between
decreased conjugate formation but increased TCR responsiveness could be explained if
active RhoA could substitute for some of the costimulatory signals normally provided by
APCs. It is normal for T cells to dissociate from APCs once they are activated, but the
molecular basis for this dissociation is not clear. One possibility is that active RhoA
mimics the signals that activated T cells generate to initiate the dissociation process.
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Final Summary of Results

The results presented in this study are as follows:

1. Expression of activated RhoA stimulates (3, and p2 integrin-mediated adhesion of
primary thymocytes and peripheral T cells.
2. Expression of activated RhoA did not induce any discernible morphology changes
in primary thymocytes whereas T lymphoblasts expressing active RhoA are large
granular cells.
3. Rho function is necessary for efficient pj integrin-mediated adhesion of
thymocytes.
4. Investigation of potential signalling networks in integrin-mediated thymocyte
adhesion revealed an existing cross-talk between Rho and the GTPases Rac-1 and
Rapl A. It was shown that in thymocytes activation of Rho is necessary for
enhanced p, integrin-mediated adhesion induced by activated Rapl A and further
for Pi integrin-mediated adhesion induced by activated Rac-1.
5. The level of Rho activity is critical for T cell migration. Rho function is necessary
for chemokine-induced migration in vitro and the results further imply that Rho
function is also required for peripheral emigration of mature SP thymocytes in
vivo.
6. Activation of RhoA did not potentiate the ability of T cells to form antigen

specific conjugates with APCs nor was Rho function absolutely required for this
process. The regulatory actions of RhoA on integrins thus have a selective role on
T cells: they do not facilitate and stabilize contacts between the T cell and cells
presenting antigen/MHC complexes (APCs), rather they are important for
lymphocyte motility.
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