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Introduction

Rheumatoid arthritis

Rheumatoid arthritis (RA) is a complex, chronic, autoimmune disease that affects 
approximately 1% of the population and has a higher incidence in women1. The pri-
mary manifestations are joint pain, stiffness and swelling, and when it is not adequa-
tely treated the synovial inflammation leads to erosion and destruction of cartilage, 
bone and periarticular structures. The lining of the synovium, which is adjacent to 
the joint space and is composed of differentiated macrophages and fibroblast-like 
synoviocytes (FLS), attaches to the joint at the bone–cartilage junction, and forms 
a destructive pannus. The synovium in patients with RA is characterized by cellu-
lar hyperplasia, prominent angiogenesis and an influx of inflammatory leukocytes, 
mainly consisting of T and B lymphocytes, macrophages and plasma cells2. These 
cells contribute to the perpetuation of inflammation by producing pro-inflammatory 
cytokines, such as interleukin (IL)-1β and tumor necrosis factor (TNF)-α, that to-
gether with secreted chemokines, promote the infiltration and activation of more 
leukocytes into the joints. Locally expressed degradative enzymes, including matrix 
metalloproteinases (MMPs), digest the extracellular matrix and destroy the articu-
lar structures. Although the mechanisms involved in the initiation of RA are still 
unknown, increased knowledge on the pathogenesis of this disease has implicated 
several cell types as key players in autoimmune inflammation.

T lymphocytes

One of the strongest pieces of evidence for the involvement of T cells in RA is the in-
creased frequency of expression of specific major histocompatibility complex (MHC) 
alleles in patients with RA. Shared epitopes present on HLA-DR1 and HLA-DR4 
alleles are thought to present arthritogenic peptides to lymphocytes, which might 
initiate RA3. The presence of the shared epitope might also influence the severity 
of disease, as the risk of extra-articular and erosive disease is greater in patients 
that have the genes, and is further increased by homozygosity4. A number of possi-
ble auto-antigens have been identified including citrullinated proteins, heavy chain 
binding proteins, human cartilage glycoprotein 39 (GP39), heat shock proteins and 
type II collagen5. In experimental arthritis models, T cell-dependence has also been 
demonstrated. Animal models of arthritis, such as collagen-induced arthritis (CIA) 
or adjuvant arthritis, are clearly T cell dependent and transfer of CD4+ T cells from 
sick animals into healthy recipients is enough to trigger the development of disease, 
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while CD4 depletion is able to diminish inflammation6;7. T cells are also important 
for the production of auto-antibodies, as they provide help for B cell activation. Li-
gation of CD154 (CD40L) on activated T cells with CD40 on B cells stimulates the last 
to proliferate, produce antibodies and switch isotype8.
Recently, Th17 cells characterized by the production of the highly inflammatory IL-
17 cytokine have been implicated in RA. Several studies have described the presence 
of high levels of IL-17 in RA synovial fluid (SF)9;10 and the spontaneous production 
of IL-17 by RA synovial tissue (ST) T cells11;12. Also, increased numbers of Th17 cells 
in RA SF and ST have been found when compared to healthy donor and disease con-
trols11;12. However, different studies have shown the predominate presence of Th1, 
rather than Th17, cells in inflamed joints, raising the possibility that other cells in the 
synovium are responsible for local IL-17 production13;14.
The hypothesis that RA synovial T cells have defective TCR signaling cascades is still 
controversial. Synovial T cells are highly differentiated CD45RO+ T cells, and pre-
sent markers of recent activation such as CD69 and HLA-DR15;16. However, chronic 
exposure to cytokines and/or oxidative stress has been proposed to downregulate 
TCRzeta expression17-19 and displace linker for activation of T cells (LAT) from the 
plasma membrane20. In this case, T cells would no longer be able to respond to TCR 
ligation and would contribute to inflammation by TCR-independent mechanisms.
In normal immune responses, regulatory T cells (Tregs) are important for the suppres-
sion of abnormal and excessive inflammation. However in RA, studies have showed 
that defective Treg function and/or resistance of effector RA T cells to Treg-mediated 
suppression may contribute to the persistence of chronic inflammation21;22.
Besides specific antigen-driven activation, T cells may also contribute to synovial in-
flammation via cell-contact interactions with neighboring macrophages, FLS and B 
cells, thereby promoting their activation. Activated T cells are able to induce macro-
phage TNF-α, IL-1β and MMP production via cell-cell contacts23-26 and interaction 
with FLS induces IL-6, IL-8 and MMP-1 production27;28.

B lymphocytes

The first clue that B cells may play an important role in autoimmunity came from 
the identification of antibodies specific for IgG in the blood of RA patients, known 
as rheumatoid factors (RF). Up to 75% of RA patients are seropositive for RF, and its 
presence predicts a more aggressive and destructive course of disease29. Anti-citru-
linated protein antibodies (ACPA) have also been identified, and these can be detec-
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ted years before clinically onset of inflammatory arthritis. ACPA are directed against 
epitopes in which the L-arginine amino acid has been postranslationally modified to 
L-citruline30. While RF can also be detected in other autoimmune diseases, systemic 
infections and even 5% of healthy individuals, the presence of ACPA is very specific 
to RA, so its detection is an important diagnostic tool in RA29.
In the synovium, lymphoid neogenesis can be found in one third of RA patients31. 
Up to 20% of these patients display lymphoid aggregates with germinal centers 
(GC)32. Although the presence of synovial lymphoid neogenesis is associated with 
the degree of synovial inflammation, it does not support antigen-driven clonal B 
cell expansion or antibody affinity maturation33;34. Additionally, no relation is found 
between synovial lymphoid neogenesis and the levels of RF or ACPA, so the rele-
vance of these organized structures in the synovium to the severity  of clinical signs 
and symptoms is uncertain. 
Besides auto-antibody producers, it is thought that B cells in the joints play an im-
portant role in antigen presentation, as B cell depletion prevents the formation of 
ectopic germinal centers and impairs T cell activation35. It is therefore not surprising 
that B cell directed therapies, such as the anti-CD20 monoclonal antibody Rituxi-
mab, has shown promising results. This antibody depletes all B cell subsets, except 
plasma cells, which lack CD20 expression. Besides a possible role in diminishing 
antigen presentation, Rituximab may exert its effects by an indirect effect on anti-
body producing plasma cells as well36. Since B cells are precursors of plasma cells, 
B cell depletion may indirectly result in a decrease in numbers of the short-lived 
plasma cells. In agreement, treatment with anti-CD20 monoclonal antibody reduces 
the levels of serum RF and ACPA, inducing significant clinical benefit in patients 
with RA36;37.

 
Macrophages

Macrophages are important players in joint inflammation. They are present in high 
numbers in the inflamed synovium and display signs of cellular activation, such 
as expression of MHC class II molecules. They are also important sources of pro-
inflammatory cytokines, including TNF-α and IL-1β, as well as chemokines and 
MMPs38. Moreover, a positive correlation has been found between the degree of 
synovial macrophage infiltration, TNF-α expression and clinical features, such as 
radiological progression of joint destruction39;40.
In the synovium, macrophages are important components in the recruitment and 
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activation of inflammatory cells. They produce chemokines that will attract other 
cells to the joint such as T and B cells, neutrophils and other macrophages, and se-
crete cytokines that will activate these newly arrived cells41. Additionally, cellular 
contacts between macrophages and T cells, FLS, and endothelial cells, constitute an 
important component of macrophage effector responses, even in the absence of anti-
gen. Cell-cell contacts between macrophages and FLS elicits the production of IL-6, 
granulocyte macrophage colony-stimulating factor (GM-CSF) and IL-842, while in-
teraction with activated T cells can induce TNF-α, IL-1β and MMP production23-26.
Importantly, ST macrophages are used as biomarkers of clinical response in RA cli-
nical trials, as their numbers decrease in response to successful anti-rheumatic tre-
atment43;44.

 
Fibroblast-like Synoviocytes

In normal synovium, fibroblast-like synoviocytes (FLS) are mesenchymal cells that 
produce extracellular matrix and secrete hyaluronan and lubricin, key components 
of synovial fluid and important for joint lubrication45. However in RA, FLS in the 
synovial lining layer display numerous features of cellular activation that ultima-
tely contribute to their aggressive and invasive behavior. In the lining, layer FLS 
increase in number, thickening the synovial lining layer into a hyperplastic tissue. In 
vitro, they grow in an anchorage-independent manner and lack contact inhibition46. 
Activated FLS contribute to the degradation of extracellular matrix. They attach to 
cartilage and release matrix degrading enzymes, particularly MMPs, allowing them 
to deeply invade the extracellular matrix45. Both MMP-1 and MMP-3 are elevated in 
the synovial fluid and serum of RA patients, and their production has been mainly 
attributed to FLS47;48. 
In vitro studies have showed the capacity of RA FLS to divide more rapidly than 
cells from normal or osteoarthritic joints49. Different mechanisms have been pro-
posed to explain the hyperplastic growth of FLS in RA synovium. Exposure to cy-
tokines and growth factors in the synovium are thought to play a crucial role in 
this process. Furthermore, FLS have a high expression of transcription factors and 
molecules that regulate cell cycle, which might be involved in their increased proli-
feration. Proto-oncogene products of ras, myc, and others can be found abundantly 
in FLS, especially at sites of invasion into cartilage and bone50. Another mechanism 
that may underlie synovial hyperplasia is a decline of cells undergoing apoptosis. 
In this context, high levels of phosphorylated protein kinase B (PKB, also known 
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as Akt), are found in RA FLS51. PKB is an important protein in the phosphatidy-
linositol 3-kinase (PI3K) signaling cascade, which in turn regulates processes such 
as cell growth, differentiation, survival and proliferation52. The fact that PKB levels 
can be further increased by TNF-α stimulation, together with the findings that RA 
synovium lacks expression of the tumor suppressor PTEN (PI3K inhibitor) at sites of 
invasive FLS growth53, might explain in part the impaired apoptosis associated with 
the proliferating synovium in RA.

Clearly, there are many pieces of evidence in RA pointing to a de-regulation of in-
tracellular signaling pathways involved in inflammation, cell proliferation and sur-
vival. Targeting these pathways and restoring normal cellular behavior seems there-
fore an elegant and promising manner of reducing cellular inflammation and joint 
destruction. To accomplish this, a detailed examination of how signaling pathways 
might be de-regulated in RA is necessary.

Small GTPases: Key regulators of cellular functions

The Ras superfamily of small GTPases constitutes a large group of structurally and 
functionally related proteins. They are important components of signal transduction 
pathways used by antigen receptors, costimulatory, cytokine and chemokine recep-
tors to regulate the immune response. Small GTPases control fundamental biologi-
cal processes including cell division, differentiation, shape changes, and survival. 
The Ras superfamily of proteins is divided into five major subfamilies on the basis 
of their sequence and functional similarities: Ras, Rho, Rab, Ran and Arf54.
Despite a high level of homology, members of the Ras GTPase superfamily display 
major differences in their signaling specificity. These functional differences can be 
explained in part by their different cellular localization, which is mainly determined 
by the hypervariable domain at their C-termini and specific effector domains, which 
bind to and regulate downstream signaling proteins55;56.

Regulation of GTPase activation

Small GTPases are highly conserved throughout all eukaryotes, and their activity 
is regulated by common biochemical mechanisms. All Ras-related proteins cycle 
between an inactive guanosine diphosphate (GDP) and an active guanosine trip-
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hosphate (GTP) bound form, operating as binary switches that control cell activation 
in response to environmental cues57. GTPases adopt different conformations when 
binding GTP vs. GDP. The active GTP-bound conformation allows GTPases to inter-
act with downstream effectors and thereby initiate downstream signaling pathways, 
which regulate many important biological processes. Two main classes of regula-
tory proteins control this cycle: guanine nucleotide exchange factors (GEFs) promote 
the exchange of GDP for GTP, and GTPase-activating proteins (GAPs) stimulate the 
otherwise slow intrinsic GTPase activity, promoting the formation of the inactive 
GDP-bound configuration. Canonical mutations that affect the GTPase cycle lead to 
constitutively- active or dominant-negative molecules58. Mutations that abolish GT-
Pase activity (e.g., glycine 12 to valine; G12V), such as RasV12 or RapV12, result in 
constitutive activation of the small GTPase, and mutations that affect interaction of 
the GTPase with its GEFs and effectors (e.g., threonine 17 to asparagine; T17N) result 
in dominant-negative molecules. Both activated and dominant- negative GTPases 
can dominantly perturb cellular processes in which the GTPases are involved.

The Ras subfamily of small GTPases

Members of the subfamily of Ras GTPases include the Ras proteins (H-, K-, and 
N-Ras), R-Ras, M-Ras, Rap, Ral and Rheb proteins. These have been recognized for 
their involvement in signal transduction cascades that regulate cell growth, prolife-
ration, differentiation and survival, primarily through the modulation of gene ex-
pression59. 

Ras GTPases 

The Ras proteins are ubiquitously expressed 21-kDa proteins. The three homolo-
gues of Ras, H-Ras, K-Ras, and N-Ras, share a high degree of sequence homology 
(>85%), especially in the effector domain that directly couples them to downstream 
signaling proteins60. As all members of the Ras GTPase family, these proteins are 
regulated by GEFs and GAPs. The selectivity of GEFs in activating distinct Ras ho-
mologues, as well as the differential coupling of activating GEFs, such as Son-of-
sevenless (Sos) and Ras guanine nucleotide-releasing factor (RasGRF) 1 to tyrosine 
kinase-dependent and G protein-coupled receptors, respectively, contributes to the 
signaling specificity of each Ras homologue. All three homologues are important 
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in activating intracellular downstream pathways such as mitogen-activated protein 
kinase (MAPK) cascades, PI3K and Ral family GTPases. However, genetic and de-
tailed cell biology studies were able to demonstrate that differential subcellular lo-
calization of each Ras homologue confers to them distinct signaling properties61;62. 
Biochemical studies have demonstrated the different specificity of the three Ras ho-
mologues in activating downstream signaling pathways. While K-Ras was shown to 
be a more potent activator of Raf-1 and the downstream MAPK cascade than H-Ras, 
H-Ras seemed to be more efficient in activating PI3K63. Furthermore, targeting expe-
riments have showed that whereas h-ras and n-ras single or double knock-out mice 
are completely viable, targeted disruption of the k-ras gene leads to lethality64-66. In 
addition, different ras genes are found mutated in different types of tumors.

Ras GTPase effectors and signaling

In the active GTP-bound conformation, Ras GTPases can activate a large panel of 
downstream effectors in response to diverse extracellular stimuli. Members of the 
Raf family, the PI3K and members of a family of exchange factors for the small GT-
Pase Ral, e.g., RalGDS, have been established as Ras effectors. 
One of the best studied effectors of Ras is the serine-threonine kinase Raf. Raf is 
involved in a signaling pathway where activation of the MAPK cascade culminates 
in the regulation of cell proliferation. In this signaling pathway, active Ras binds 
to and promotes the translocation of Raf to the plasma membrane, where additi-
onal phosphorylation events promote full Raf kinase activation67. Once active, Raf 
phosphorylates and activates MEK (MAPK/Erk kinase), a dual specificity tyrosine-
threonine kinase, which in turn phosphorylates and activates the Erk1/2 MAPK. 
Activated ERK translocates to the nucleus, where it phosphorylates transcription 
factors involved in cell proliferation and differentiation59. In this way, signals arising 
from an extracellular growth factor or cytokine are transmitted from the cell surface 
to the nucleus, ultimately changing the activity of nuclear transcription factors.

Ras GTPases and tumors

Ras proteins have been the subject of intense research, partly because of their critical 
roles in human oncogenesis. A high frequency of ras mutations has been detected 
in a variety of tumors. The commonly occurring mutations (at codons 12, 13 and 61) 
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make the GTPase insensitive to the action of GAPs and thereby lock it in the GTP-
bound, active state68. The highest incidence of ras mutations is found in pancreatic 
adenocarcinomas where almost 90% of the tumors are associated with a mutation 
in kras. Also, in 50% of colon, lung and thyroid tumors, mutations in ras genes have 
been observed68.

Ras GTPases and rheumatoid arthritis

In RA synovial tissue, abundant expression of Ras proteins can be found, predo-
minantly in synovial lining cells attached to cartilage and bone at the site of joint 
destruction50. In systemic lupus erythematosus (SLE) T cells, de-regulated Ras ex-
pression has also been observed. In a subset of patients, Ras expression and function 
is reduced, while mice defficient for the Ras GEF Ras guanine nucleotide-releasing 
protein 1 (Ras GRP1) develop a spontaneous SLE-like disease69-71. 
In arthritic synovium, point mutations in h-ras were initially described72. However, 
when assessing higher number of samples in later studies, no activating mutations 
could be found73. However, the relevance of Ras signaling pathways in synovial in-
flammation has been underscored by several studies. Activation of Ras effector pa-
thways, including MAPK, PI3K, and nuclear factor-kappa B (NF-kB), is enhanced in 
RA compared to disease controls51;74;75. In vitro, over-expression of dominant-nega-
tive Ras has been shown to suppress RA FLS proliferation, IL-6 production and IL-1-
induced ERK activation76. Moreover, RA FLS stably expressing a dominant negative 
version of c-Raf, which can bind to and interfere with signaling of Ras GTPases, 
have reduced MMP-1 and MMP-3 production77. In these cells c-Raf inhibition also 
decreases ERK and JNK phosphorylation as well as FLS invasiveness. Importantly, 
inhibition of Ras family function in vivo has been shown to be protective in experi-
mental arthritis models76-78.  

Rap1 GTPase

In mammals there are two isoforms of Rap1, Rap1a and Rap1b, which are encoded 
by distinct genes but share 95% amino acid identity79. In T cells, Rap1 is transiently 
activated upon TCR ligation80, and like other GTP-binding proteins its activation is 
dependent on the action of GEFs. C3G, PDZ-GEF, exchange protein directly activa-
ted by cyclic AMP (EPAC) and calcium diacylglycerol regulated guanine nucleotide 
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exchange factor (CalDAG-GEF, RasGRP) are some of the GEFs identified for Rap179. 
Two groups of GAPs regulate inactivation of Rap1, the RapGAP and the Spa1 fa-
milies81. Members of the RapGAP family include RapGAP1A, RapGAP1B and Rap-
GAP2. The Spa1 family of GAPs, consists of Spa1 and E6TP1. 

Rap1 and the regulation of cell adhesion

One of the best characterized functions of Rap1 is the regulation of cell adhesion. 
Integrin activation82, cadherin-mediated adhesion83 and cell-cell junction formation84 

are adhesion processes regulated by Rap1. Several studies have investigated the 
mechanisms by which Rap1 controls integrin activation. In its active state, bound 
to GTP, Rap1 can associate with RAPL (regulator of adhesion and cell polarization 
enriched in lymphoid tissues)85, which in turn, associates with and activates the se-
rine-threonine kinase Mst1 (mammalian sterile twenty-like-1)86. This allows the spa-
tial distribution of LFA1 to the leading edge, or to the immunological synapse, and 
integrin clustering85. Other Rap1 effectors include PKD1 (protein kinase D1)87 and 
RIAM (Rap1-interacting adaptor molecule)88. Association of active Rap1 with these 
effectors has also been demonstrated to induce cellular adhesion. In vitro studies 
have demonstrated that afadin (AF-6) can also act downstream of Rap1 activation, 
inhibiting endocytosis of E-cadherin, and allowing the maintenance of cellular junc-
tions89. Many studies have tried to unravel the mechanism of regulation of integrins 
by Rap1, but it is not clear yet whether RAPL, PDK and RIAM control separate 
pathways that are required for Rap1-induced integrin activation, or whether they 
participate in the same pathway that leads to Mst1 function, and ultimately to inte-
grin clustering.
Rap1 regulation of integrin activation has important consequences in the immune 
system, as effective T cell responses are critically dependent on appropriate T cell-
antigen presenting cell (APC) interactions. The formation of a stable immunological 
synapse requires proper integrin activation. Upon TCR triggering Rap1 becomes 
rapidly activated and induces conformational changes in integrin structure, which 
increases their avidity (clustering) as well as ligand affinity, thereby potentiating 
T cell-APC interactions90;91. Ligation of chemokine receptors is also able to activate 
Rap1, which in turn enhances integrin function. This allows T cell trafficking and 
migration to lymphoid organs and sites of inflammation91;92.
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Rap1 and the regulation of ROS production

In T lymphocytes, Rap1 activation is able to suppress Ras-dependent reactive oxy-
gen species (ROS) production. ROS are proposed to act as important second mes-
sengers in T cell activation93. TCR triggering results in transient ROS production, 
and scavenging intracellular ROS with antioxidants has been shown to suppress 
TCR-induced NF-kB, AP-1 and IL-2 promoter transcription94. On the other hand, 
chronic oxidative stress can lead to constitutive activation of NF-kB-dependent in-
flammatory gene products95. 
The intracellular production of ROS involves the activation of the small GTPase Ras 
and its downstream target Ral96. Simultaneous activation of Rap1 is able to attenuate 
ROS production, distally from Ral, and in a PI3K-dependent manner. When both 
Ras and Rap1 are transiently activated, limited ROS production is used as a second 
messenger, optimizing Ras-dependent activation of ERKs and transcription factors.

Rap1 and rheumatoid arthritis

In a number of human autoimmune diseases, including RA97, multiple sclerosis 
(MS)98 and SLE99, chronic oxidative stress triggered by ROS is thought to underlie 
the pathogenic T cell behavior. In RA, destructive proliferative synovitis has been 
related to oxidative stress100;101. In SF T lymphocytes, chronic oxidative stress derived 
from increased intracellular ROS production may induce constitutive activation of 
NF-kB-dependent gene transcription. This results in the upregulation of pro-inflam-
matory cytokines, which will contribute to the perpetuation of synovial joint inflam-
mation102.
In T cells from the SF of RA patients, a high rate of endogenous ROS production cor-
relates with a constitutive activation of Ras and an inhibition of Rap1 activation. In 
vitro experiments have showed that a restored redox balance could be achieved in 
RA SF T cells by introduction of a dominant-negative form of Ras96, indicating that 
deregulated Ras and Rap1 signaling underlies the chronic oxidative stress observed 
in RA SF T cells.

Function of Rap1 in vivo

Genetic manipulation of Rap1 signaling has been of great importance to under-
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stand the role of Rap1 in the regulation of the immune system. As mentioned be-
fore, Rap1 is an important mediator of integrin activation, and this is confirmed in 
Rap1 knockout mice, where T cell polarization and integrin-dependent adhesion is 
impaired103;104. Previous in vitro studies have also suggested that Rap1 regulates po-
sitive and negative thymocyte selection105 and in agreement, transgenic expression 
of Spa1 renders animals with a defect in α/β thymocyte development at the double 
negative stage106.
An accumulating amount of evidence suggests Rap1 as a critical mediator of T cell 
responses. RapGAP1 transgenic mice display an age-dependent accumulation of 
activated T cells107. On the contrary, mice lacking Spa1 expression exhibit age-de-
pendent defects in T cell responses108. B cell responses are also diminished in these 
animals due to reduced T helper cell function. Similarly, transgenic mice expressing 
the active Rap1E63 mutant show decreases in T helper and effector cell functions, 
although LFA-mediated adhesion is increased109. In these mice the defective respon-
ses correlate with increased numbers and function of CD4+CD103+ regulatory T cells. 
Finally, RapV12 transgenic mice, expressing constitutive active Rap1 in the T cell 
compartment, show that increased Rap1 -dependent adhesion can enhance T cell 
function in conditions where TCR-MHC interactions are of low affinity110.

The Rho subfamily of small GTPases

Like Ras, Ras homologous (Rho) proteins also serve as key regulators of extracellu-
lar-stimulus-mediated signaling networks that regulate actin organization, cell cycle 
progression and gene expression111. Most studies on this family have been focused 
on three of the 22 mammalian Rho GTPases: Rac1, RhoA and Cdc42. 
Rho GTPases have been shown to control cellular motility and polarity in migrating 
cells by regulating actin and myosin organization. In this context, RhoA was shown 
to promote actin stress fiber formation and focal adhesion assembly, Cdc42 actin mi-
crospikes and filopodium formation and Rac1 lamellipodium formation and mem-
brane ruffling111. In this thesis we will focus on one of the Rho GTPases: Rac1.

 
Rac1 GTPase

Rac1 is a key protein in the regulation of cell migration, as well as in the adhesion of 
cells to the underlying protein matrix, or to other cells. It is ubiquitously expressed 
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and found activated at the leading edge of migrating cells112. Rac1 is activated by the 
action of distinct GEFs including Vav-1, Tiam1 and β-Pix113-115. Once bound to GTP, 
Rac1 can interact with target effector proteins, such as Pak and PI3K, and regulate 
several signaling pathways including JNK, p38, NF-κB and PKB, in different cell 
types116-120. 
Genetic studies in mice have showed that rac1 deletion provokes embryonic letha-
lity121, so conditional gene disruption has been used to unravel the role of Rac1 in dif-
ferent cell types. Rac1 is important for the optimal reconstitution of the hematopoie-
tic system, having roles both in the engraftment and retention of hematopoietic stem 
cells (HSCs) in the bone marrow. This GTPase is essential for the entry of HSCs into 
cell cycle upon extracellular stimulation, as well as for their progression through S 
and G2/M phases122. In neutrophils, deficiency for Rac1 makes them defective in in-
flammatory recruitment in vivo, migration to chemotactic stimuli, and chemoattrac-
tant-mediated actin assembly123. Upon monocyte activation, Rac1 is used to assemble 
the activated NADPH oxidase complex124, and its deficiency in macrophages leads 
to defects in cell spreading and membrane ruffling125. Rac1 activation is also of great 
importance in the formation of immunological synapses. Dendritic cells lacking ex-
pression of both Rac1 and Rac2 show defective cytoskeletal re-arrangements, migra-
tion and antigen presentation that, as a result, prevent adequate T cell priming126. 
Finally in B cells, Rac1, together with Rac2, plays an important role in BCR-induced 
activation, transducing BCR signals that control survival and cell cycle entry127. 
Many of the pathways regulated by Rac1 seem to be involved in the inflammatory 
process that occurs in RA. In agreement, in vitro inhibition of Rac1 signaling is able 
to reduce FLS proliferation, invasiveness and JNK activation. In the same way, Rac1 
has been found to regulate both in vitro and in vivo osteoclastogenesis and bone 
resorption128;129.
 
Outline of this thesis

In this thesis we analyse the involvement of distinct small GTPases in RA, and in-
vestigate the consequences of their activation or inhibition in vitro and in vivo, in a 
murine model for arthritis.
T cells from the synovial fluid (SF) of RA patients are believed to behave in a hypo-
responsive manner and signaling abnormalities that impair T cell activation have 
been extensively described. In chapter 2 we perform single-cell analysis of these 
T cells to evaluate where de-regulated small GTPase function might impair TCR-
dependent responses.
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Previous studies in RA SF T cells have demonstrated a constitutively block in Rap1 
activation. In chapter 3 we explore the consequences of Rap1 activation in vivo in a 
collagen-induced arthritis model. We induce arthritis in transgenic mice expressing 
a constitutively active form of Rap1 within the T cell lineage, and assess susceptibi-
lity and severity of arthritis.
Chapter 4 describes how the expression of inactivators of Rap1, the RapGAPs, is 
regulated upon T cell activation.
In chapter 5 we examine the expression of an important Ras GEF, RasGRF1, in RA 
synovial tissue, and evaluate the influence of RasGRF1 expression and function on 
RA FLS and synovial tissue MMP and pro-inflammatory cytokine production.
In chapter 6 we investigate the in vivo effects of blocking Rac1 signaling in arthritis.

Introduction



24

Chapter 1

References

Sangha O. Epidemiology of rheumatic diseases. Rheumatology.(Oxford) 2000;39 1. 
Suppl 2:3-12.
Tak PP, Bresnihan B. The pathogenesis and prevention of joint damage in rheu-2. 
matoid arthritis: advances from synovial biopsy and tissue analysis. Arthritis 
Rheum. 2000;43:2619-2633.
Gregersen PK, Silver J, Winchester RJ. The shared epitope hypothesis. An ap-3. 
proach to understanding the molecular genetics of susceptibility to rheumatoid 
arthritis. Arthritis Rheum. 1987;30:1205-1213.
Weyand CM, Hicok KC, Conn DL, Goronzy JJ. The influence of HLA-DRB1 ge-4. 
nes on disease severity in rheumatoid arthritis. Ann.Intern.Med. 1992;117:801-
806.
Blass S, Engel JM, Burmester GR. The immunologic homunculus in rheumatoid 5. 
arthritis. Arthritis Rheum. 1999;42:2499-2506.
Banerjee S, Webber C, Poole AR. The induction of arthritis in mice by the car-6. 
tilage proteoglycan aggrecan: roles of CD4+ and CD8+ T cells. Cell Immunol 
1992;144:347-357.
Klimiuk PA, Yang H, Goronzy JJ, Weyand CM. Production of cytokines and 7. 
metalloproteinases in rheumatoid synovitis is T cell dependent. Clin.Immunol. 
1999;90:65-78.
Lee BO, Moyron-Quiroz J, Rangel-Moreno J et al. CD40, but not CD154, expres-8. 
sion on B cells is necessary for optimal primary B cell responses. J.Immunol. 
2003;171:5707-5717.
Ziolkowska M, Koc A, Luszczykiewicz G et al. High levels of IL-17 in rheuma-9. 
toid arthritis patients: IL-15 triggers in vitro IL-17 production via cyclosporin 
A-sensitive mechanism. J.Immunol. 2000;164:2832-2838.
Kotake S, Udagawa N, Takahashi N et al. IL-17 in synovial fluids from patients 10. 
with rheumatoid arthritis is a potent stimulator of osteoclastogenesis. J.Clin.In-
vest 1999;103:1345-1352.
Shahrara S, Huang Q, Mandelin AM, Pope RM. TH-17 cells in rheumatoid 11. 
arthritis. Arthritis Res.Ther. 2008;10:R93.
Chabaud M, Durand JM, Buchs N et al. Human interleukin-17: A T cell-derived 12. 
proinflammatory cytokine produced by the rheumatoid synovium. Arthritis 
Rheum. 1999;42:963-970.
Raza K, Falciani F, Curnow SJ et al. Early rheumatoid arthritis is characterized 13. 
by a distinct and transient synovial fluid cytokine profile of T cell and stromal 



25

Introduction

cell origin. Arthritis Res.Ther. 2005;7:R784-R795.
Yamada H, Nakashima Y, Okazaki K et al. Th1 but not Th17 cells predominate in 14. 
the joints of patients with rheumatoid arthritis. Ann.Rheum.Dis. 2008;67:1299-
1304.
Afeltra A, Galeazzi M, Ferri GM et al. Expression of CD69 antigen on synovial 15. 
fluid T cells in patients with rheumatoid arthritis and other chronic synovitis. 
Ann.Rheum.Dis. 1993;52:457-460.
Thomas R, McIlraith M, Davis LS, Lipsky PE. Rheumatoid synovium is enriched 16. 
in CD45RBdim mature memory T cells that are potent helpers for B cell differen-
tiation. Arthritis Rheum. 1992;35:1455-1465.
Cope AP, Londei M, Chu NR et al. Chronic exposure to tumor necrosis factor 17. 
(TNF) in vitro impairs the activation of T cells through the T cell receptor/CD3 
complex; reversal in vivo by anti-TNF antibodies in patients with rheumatoid 
arthritis. J.Clin.Invest 1994;94:749-760.
Isomaki P, Panesar M, Annenkov A et al. Prolonged exposure of T cells to TNF 18. 
down-regulates TCR zeta and expression of the TCR/CD3 complex at the cell 
surface. J.Immunol. 2001;166:5495-5507.
Maurice MM, Lankester AC, Bezemer AC et al. Defective TCR-mediated signa-19. 
ling in synovial T cells in rheumatoid arthritis. J.Immunol. 1997;159:2973-2978.
Gringhuis SI, Leow A, Papendrecht-van der Voort EA et al. Displacement of lin-20. 
ker for activation of T cells from the plasma membrane due to redox balance 
alterations results in hyporesponsiveness of synovial fluid T lymphocytes in 
rheumatoid arthritis. J.Immunol. 2000;164:2170-2179.
Ehrenstein MR, Evans JG, Singh A et al. Compromised function of regulatory T 21. 
cells in rheumatoid arthritis and reversal by anti-TNFalpha therapy. J.Exp.Med. 
2004;200:277-285.
van Amelsfort JM, Jacobs KM, Bijlsma JW, Lafeber FP, Taams LS. CD4(+)CD25(+) 22. 
regulatory T cells in rheumatoid arthritis: differences in the presence, pheno-
type, and function between peripheral blood and synovial fluid. Arthritis Rhe-
um. 2004;50:2775-2785.
Isler P, Vey E, Zhang JH, Dayer JM. Cell surface glycoproteins expressed on acti-23. 
vated human T cells induce production of interleukin-1 beta by monocytic cells: 
a possible role of CD69. Eur.Cytokine Netw. 1993;4:15-23.
Lacraz S, Isler P, Vey E, Welgus HG, Dayer JM. Direct contact between T lymp-24. 
hocytes and monocytes is a major pathway for induction of metalloproteinase 
expression. J.Biol.Chem. 1994;269:22027-22033.
McInnes IB, Leung BP, Sturrock RD, Field M, Liew FY. Interleukin-15 mediates 25. 



26

Chapter 1

T cell-dependent regulation of tumor necrosis factor-alpha production in rheu-
matoid arthritis. Nat.Med. 1997;3:189-195.
Sebbag M, Parry SL, Brennan FM, Feldmann M. Cytokine stimulation of T lymp-26. 
hocytes regulates their capacity to induce monocyte production of tumor necro-
sis factor-alpha, but not interleukin-10: possible relevance to pathophysiology of 
rheumatoid arthritis. Eur.J.Immunol. 1997;27:624-632.
Burger D, Rezzonico R, Li JM et al. Imbalance between interstitial collagenase 27. 
and tissue inhibitor of metalloproteinases 1 in synoviocytes and fibroblasts 
upon direct contact with stimulated T lymphocytes: involvement of membrane-
associated cytokines. Arthritis Rheum. 1998;41:1748-1759.
Yamamura Y, Gupta R, Morita Y et al. Effector function of resting T cells: activa-28. 
tion of synovial fibroblasts. J.Immunol. 2001;166:2270-2275.
De RL, Peene I, Hoffman IE et al. Rheumatoid factor and anticitrullinated pro-29. 
tein antibodies in rheumatoid arthritis: diagnostic value, associations with ra-
diological progression rate, and extra-articular manifestations. Ann.Rheum.Dis. 
2004;63:1587-1593.
Schellekens GA, de Jong BA, van den Hoogen FH, van de Putte LB, van Venrooij 30. 
WJ. Citrulline is an essential constituent of antigenic determinants recognized 
by rheumatoid arthritis-specific autoantibodies. J.Clin.Invest 1998;101:273-281.
Klimiuk PA, Goronzy JJ, Bjor nJ, Beckenbaugh RD, Weyand CM. Tissue cy-31. 
tokine patterns distinguish variants of rheumatoid synovitis. Am.J.Pathol. 
1997;151:1311-1319.
Wagner UG, Kurtin PJ, Wahner A et al. The role of CD8+ CD40L+ T cells in the for-32. 
mation of germinal centers in rheumatoid synovitis. J.Immunol. 1998;161:6390-
6397.
Cantaert T, Kolln J, Timmer T et al. B lymphocyte autoimmunity in rheuma-33. 
toid synovitis is independent of ectopic lymphoid neogenesis. J.Immunol. 
2008;181:785-794.
Thurlings RM, Wijbrandts CA, Mebius RE et al. Synovial lymphoid neogene-34. 
sis does not define a specific clinical rheumatoid arthritis phenotype. Arthritis 
Rheum. 2008;58:1582-1589.
Takemura S, Klimiuk PA, Braun A, Goronzy JJ, Weyand CM. T cell activation in 35. 
rheumatoid synovium is B cell dependent. J.Immunol. 2001;167:4710-4718.
Thurlings RM, Vos K, Wijbrandts CA et al. Synovial tissue response to rituxi-36. 
mab: mechanism of action and identification of biomarkers of response. Ann.
Rheum.Dis. 2008;67:917-925.
Edwards JC, Cambridge G. B-cell targeting in rheumatoid arthritis and other 37. 



27

Introduction

autoimmune diseases. Nat.Rev.Immunol. 2006;6:394-403.
Hamilton JA, Tak PP. The dynamics of macrophage lineage populations in in-38. 
flammatory and autoimmune diseases. Arthritis Rheum. 2009;60:1210-1221.
Mulherin D, Fitzgerald O, Bresnihan B. Synovial tissue macrophage populati-39. 
ons and articular damage in rheumatoid arthritis. Arthritis Rheum. 1996;39:115-
124.
Tak PP, Smeets TJ, Daha MR et al. Analysis of the synovial cell infiltrate in early 40. 
rheumatoid synovial tissue in relation to local disease activity. Arthritis Rheum. 
1997;40:217-225.
Kinne RW, Stuhlmuller B, Burmester GR. Cells of the synovium in rheumatoid 41. 
arthritis. Macrophages. Arthritis Res.Ther. 2007;9:224.
Chomarat P, Rissoan MC, Pin JJ, Banchereau J, Miossec P. Contribution of IL-1, 42. 
CD14, and CD13 in the increased IL-6 production induced by in vitro monocyte-
synoviocyte interactions. J.Immunol. 1995;155:3645-3652.
Haringman JJ, Gerlag DM, Zwinderman AH et al. Synovial tissue macropha-43. 
ges: a sensitive biomarker for response to treatment in patients with rheumatoid 
arthritis. Ann.Rheum.Dis. 2005;64:834-838.
Bresnihan B, Gerlag DM, Rooney T et al. Synovial macrophages as a biomarker 44. 
of response to therapeutic intervention in rheumatoid arthritis: standardization 
and consistency across centers. J.Rheumatol. 2007;34:620-622.
Muller-Ladner U, Ospelt C, Gay S, Distler O, Pap T. Cells of the synovium in 45. 
rheumatoid arthritis. Synovial fibroblasts. Arthritis Res.Ther. 2007;9:223.
Lafyatis R, Remmers EF, Roberts AB et al. Anchorage-independent growth of sy-46. 
noviocytes from arthritic and normal joints. Stimulation by exogenous platelet-
derived growth factor and inhibition by transforming growth factor-beta and 
retinoids. J.Clin.Invest 1989;83:1267-1276.
Klimiuk PA, Sierakowski S, Latosiewicz R et al. Serum matrix metalloproteina-47. 
ses and tissue inhibitors of metalloproteinases in different histological variants 
of rheumatoid synovitis. Rheumatology.(Oxford) 2002;41:78-87.
Walakovits LA, Moore VL, Bhardwaj N, Gallick GS, Lark MW. Detection of 48. 
stromelysin and collagenase in synovial fluid from patients with rheumatoid 
arthritis and posttraumatic knee injury. Arthritis Rheum. 1992;35:35-42.
Mohr W, Beneke G, Mohing W. Proliferation of synovial lining cells and fibro-49. 
blasts. Ann.Rheum.Dis. 1975;34:219-224.
Trabandt A, Aicher WK, Gay RE et al. Expression of the collagenolytic and Ras-50. 
induced cysteine proteinase cathepsin L and proliferation-associated oncogenes 
in synovial cells of MRL/I mice and patients with rheumatoid arthritis. Matrix 



28

Chapter 1

1990;10:349-361.
Zhang HG, Wang Y, Xie JF et al. Regulation of tumor necrosis factor alpha-medi-51. 
ated apoptosis of rheumatoid arthritis synovial fibroblasts by the protein kinase 
Akt. Arthritis Rheum. 2001;44:1555-1567.
Okkenhaug K, Vanhaesebroeck B. PI3K in lymphocyte development, differenti-52. 
ation and activation. Nat.Rev.Immunol. 2003;3:317-330.
Pap T, Franz JK, Hummel KM et al. Activation of synovial fibroblasts in rheu-53. 
matoid arthritis: lack of Expression of the tumour suppressor PTEN at sites of 
invasive growth and destruction. Arthritis Res. 2000;2:59-64.
Colicelli J. Human RAS superfamily proteins and related GTPases. Sci.STKE. 54. 
2004;2004:RE13.
Hancock JF, Paterson H, Marshall CJ. A polybasic domain or palmitoylation is 55. 
required in addition to the CAAX motif to localize p21ras to the plasma mem-
brane. Cell 1990;63:133-139.
Omerovic J, Prior IA. Compartmentalized signalling: Ras proteins and signal-56. 
ling nanoclusters. FEBS J. 2009;276:1817-1825.
Bos JL, Rehmann H, Wittinghofer A. GEFs and GAPs: critical elements in the 57. 
control of small G proteins. Cell 2007;129:865-877.
Bourne HR, Sanders DA, McCormick F. The GTPase superfamily: conserved 58. 
structure and molecular mechanism. Nature 1991;349:117-127.
Mor A, Philips MR. Compartmentalized Ras/MAPK signaling. Annu.Rev.Im-59. 
munol. 2006;24:771-800.
Omerovic J, Prior IA. Compartmentalized signalling: Ras proteins and signal-60. 
ling nanoclusters. FEBS J. 2009;276:1817-1825.
Castellano E, De Las RJ, Guerrero C, Santos E. Transcriptional networks of 61. 
knockout cell lines identify functional specificities of H-Ras and N-Ras: sig-
nificant involvement of N-Ras in biotic and defense responses. Oncogene 
2007;26:917-933.
Hancock JF. Ras proteins: different signals from different locations. Nat.Rev.62. 
Mol.Cell Biol 2003;4:373-384.
Yan J, Roy S, Apolloni A, Lane A, Hancock JF. Ras isoforms vary in their ability 63. 
to activate Raf-1 and phosphoinositide 3-kinase. J.Biol Chem. 1998;273:24052-
24056.
Esteban LM, Vicario-Abejon C, Fernandez-Salguero P et al. Targeted geno-64. 
mic disruption of H-ras and N-ras, individually or in combination, reveals the 
dispensability of both loci for mouse growth and development. Mol.Cell Biol 
2001;21:1444-1452.



29

Introduction

Johnson L, Greenbaum D, Cichowski K et al. K-ras is an essential gene in the 65. 
mouse with partial functional overlap with N-ras. Genes Dev. 1997;11:2468-
2481.
Koera K, Nakamura K, Nakao K et al. K-ras is essential for the development of 66. 
the mouse embryo. Oncogene 1997;15:1151-1159.
Morrison DK, Cutler RE. The complexity of Raf-1 regulation. Curr.Opin.Cell 67. 
Biol. 1997;9:174-179.
Minamoto T, Mai M, Ronai Z. K-ras mutation: early detection in molecular di-68. 
agnosis and risk assessment of colorectal, pancreas, and lung cancers--a review. 
Cancer Detect.Prev. 2000;24:1-12.
Layer K, Lin G, Nencioni A et al. Autoimmunity as the consequence of a sponta-69. 
neous mutation in Rasgrp1. Immunity. 2003;19:243-255.
Cedeno S, Cifarelli DF, Blasini AM et al. Defective activity of ERK-1 and ERK-2 70. 
mitogen-activated protein kinases in peripheral blood T lymphocytes from pa-
tients with systemic lupus erythematosus: potential role of altered coupling of 
Ras guanine nucleotide exchange factor hSos to adapter protein Grb2 in lupus T 
cells. Clin.Immunol. 2003;106:41-49.
Yasuda S, Stevens RL, Terada T et al. Defective expression of Ras guanyl nucleo-71. 
tide-releasing protein 1 in a subset of patients with systemic lupus erythemato-
sus. J.Immunol. 2007;179:4890-4900.
Roivainen A, Jalava J, Pirila L et al. H-ras oncogene point mutations in arthritic 72. 
synovium. Arthritis Rheum. 1997;40:1636-1643.
Roivainen A, Zhu F, Sipola E, Yli-Jama T, Toivanen P. Failure to verify H-ras 73. 
mutations in arthritic synovium: comment on the article by Roivainen et al. 
Arthritis Rheum. 2001;44:2705.
Schett G, Tohidast-Akrad M, Smolen JS et al. Activation, differential localiza-74. 
tion, and regulation of the stress-activated protein kinases, extracellular signal-
regulated kinase, c-JUN N-terminal kinase, and p38 mitogen-activated protein 
kinase, in synovial tissue and cells in rheumatoid arthritis. Arthritis Rheum. 
2000;43:2501-2512.
Tak PP, Firestein GS. NF-kappaB: a key role in inflammatory diseases. J.Clin.75. 
Invest 2001;107:7-11.
Yamamoto A, Fukuda A, Seto H et al. Suppression of arthritic bone destruction 76. 
by adenovirus-mediated dominant-negative Ras gene transfer to synoviocytes 
and osteoclasts. Arthritis Rheum. 2003;48:2682-2692.
Pap T, Nawrath M, Heinrich J et al. Cooperation of Ras- and c-Myc-dependent 77. 
pathways in regulating the growth and invasiveness of synovial fibroblasts in 



30

Chapter 1

rheumatoid arthritis. Arthritis Rheum. 2004;50:2794-2802.
Na HJ, Lee SJ, Kang YC et al. Inhibition of farnesyltransferase prevents colla-78. 
gen-induced arthritis by down-regulation of inflammatory gene expression 
through suppression of p21(ras)-dependent NF-kappaB activation. J.Immunol 
2004;173:1276-1283.
Bos JL, de RJ, Reedquist KA. Rap1 signalling: adhering to new models. Nat.Rev.79. 
Mol.Cell Biol. 2001;2:369-377.
Amsen D, Kruisbeek A, Bos JL, Reedquist K. Activation of the Ras-related GT-80. 
Pase Rap1 by thymocyte TCR engagement and during selection. Eur.J.Immunol. 
2000;30:2832-2841.
Minato N, Kometani K, Hattori M. Regulation of immune responses and hema-81. 
topoiesis by the Rap1 signal. Adv.Immunol. 2007;93:229-264.
Bos JL. Linking Rap to cell adhesion. Curr.Opin.Cell Biol. 2005;17:123-128.82. 
Fukuhara S, Sakurai A, Sano H et al. Cyclic AMP potentiates vascular endothe-83. 
lial cadherin-mediated cell-cell contact to enhance endothelial barrier function 
through an Epac-Rap1 signaling pathway. Mol.Cell Biol. 2005;25:136-146.
Knox AL, Brown NH. Rap1 GTPase regulation of adherens junction positioning 84. 
and cell adhesion. Science 2002;295:1285-1288.
Katagiri K, Maeda A, Shimonaka M, Kinashi T. RAPL, a Rap1-binding molecule 85. 
that mediates Rap1-induced adhesion through spatial regulation of LFA-1. Nat.
Immunol 2003;4:741-748.
Katagiri K, Imamura M, Kinashi T. Spatiotemporal regulation of the kinase Mst1 86. 
by binding protein RAPL is critical for lymphocyte polarity and adhesion. Nat.
Immunol 2006;7:919-928.
Medeiros RB, Dickey DM, Chung H et al. Protein kinase D1 and the beta 1 inte-87. 
grin cytoplasmic domain control beta 1 integrin function via regulation of Rap1 
activation. Immunity. 2005;23:213-226.
Lafuente EM, van Puijenbroek AA, Krause M et al. RIAM, an Ena/VASP and 88. 
Profilin ligand, interacts with Rap1-GTP and mediates Rap1-induced adhesion. 
Dev.Cell 2004;7:585-595.
Kooistra MR, Dube N, Bos JL. Rap1: a key regulator in cell-cell junction forma-89. 
tion. J.Cell Sci. 2007;120:17-22.
Mueller KL, Daniels MA, Felthauser A et al. Cutting edge: LFA-1 integrin-90. 
dependent T cell adhesion is regulated by both ag specificity and sensitivity. 
J.Immunol 2004;173:2222-2226.
Kinashi T. Intracellular signalling controlling integrin activation in lymphocy-91. 
tes. Nat.Rev.Immunol 2005;5:546-559.



31

Introduction

Laudanna C, Kim JY, Constantin G, Butcher E. Rapid leukocyte integrin activa-92. 
tion by chemokines. Immunol Rev. 2002;186:37-46.
Tatla S, Woodhead V, Foreman JC, Chain BM. The role of reactive oxygen spe-93. 
cies in triggering proliferation and IL-2 secretion in T cells. Free Radic.Biol Med. 
1999;26:14-24.
Goldstone SD, Fragonas JC, Jeitner TM, Hunt NH. Transcription factors as tar-94. 
gets for oxidative signalling during lymphocyte activation. Biochim.Biophys.
Acta 1995;1263:114-122.
Hehner SP, Breitkreutz R, Shubinsky G et al. Enhancement of T cell receptor 95. 
signaling by a mild oxidative shift in the intracellular thiol pool. J.Immunol 
2000;165:4319-4328.
Remans PH, Gringhuis SI, van Laar JM et al. Rap1 signaling is required for sup-96. 
pression of Ras-generated reactive oxygen species and protection against oxida-
tive stress in T lymphocytes. J.Immunol 2004;173:920-931.
Maurice MM, Nakamura H, van d, V et al. Evidence for the role of an altered 97. 
redox state in hyporesponsiveness of synovial T cells in rheumatoid arthritis. 
J.Immunol 1997;158:1458-1465.
Gilgun-Sherki Y, Melamed E, Offen D. The role of oxidative stress in the patho-98. 
genesis of multiple sclerosis: the need for effective antioxidant therapy. J.Neurol. 
2004;251:261-268.
Fernandez D, Bonilla E, Phillips P, Perl A. Signaling abnormalities in systemic 99. 
lupus erythematosus as potential drug targets. Endocr.Metab Immune.Disord.
Drug Targets. 2006;6:305-311.
 Tak PP, Zvaifler NJ, Green DR, Firestein GS. Rheumatoid arthritis and p53: how 100. 
oxidative stress might alter the course of inflammatory diseases. Immunol To-
day 2000;21:78-82.
 Fairburn K, Stevens CR, Winyard PG et al. Oxidative stress and its control: a pa-101. 
thogenetic role in inflammatory joint disease. Biochem.Soc.Trans. 1993;21:371-
375.
 Bowie A, O'Neill LA. Oxidative stress and nuclear factor-kappaB activation: a 102. 
reassessment of the evidence in the light of recent discoveries. Biochem.Pharma-
col. 2000;59:13-23.
 Li Y, Yan J, De P et al. Rap1a null mice have altered myeloid cell functions sug-103. 
gesting distinct roles for the closely related Rap1a and 1b proteins. J.Immunol. 
2007;179:8322-8331.
 Duchniewicz M, Zemojtel T, Kolanczyk M et al. Rap1A-deficient T and B cells 104. 
show impaired integrin-mediated cell adhesion. Mol.Cell Biol. 2006;26:643-653.



32

Chapter 1

 Amsen D, Kruisbeek A, Bos JL, Reedquist K. Activation of the Ras-related GT-105. 
Pase Rap1 by thymocyte TCR engagement and during selection. Eur.J.Immunol. 
2000;30:2832-2841.
 Kometani K, Moriyama M, Nakashima Y et al. Essential role of Rap signal in 106. 
pre-TCR-mediated beta-selection checkpoint in alphabeta T-cell development. 
Blood 2008;112:4565-4573.
 Dillon TJ, Carey KD, Wetzel SA, Parker DC, Stork PJ. Regulation of the small 107. 
GTPase Rap1 and extracellular signal-regulated kinases by the costimulatory 
molecule CTLA-4. Mol.Cell Biol. 2005;25:4117-4128.
 Ishida D, Yang H, Masuda K et al. Antigen-driven T cell anergy and defec-108. 
tive memory T cell response via deregulated Rap1 activation in SPA-1-deficient 
mice. Proc.Natl.Acad.Sci.U.S.A 2003;100:10919-10924.
 Li L, Greenwald RJ, Lafuente EM et al. Rap1-GTP is a negative regulator of Th 109. 
cell function and promotes the generation of CD4+CD103+ regulatory T cells in 
vivo. J.Immunol. 2005;175:3133-3139.
 Sebzda E, Bracke M, Tugal T, Hogg N, Cantrell DA. Rap1A positively regulates 110. 
T cells via integrin activation rather than inhibiting lymphocyte signaling. Nat.
Immunol. 2002;3:251-258.
 Jaffe AB, Hall A. Rho GTPases: biochemistry and biology. Annu.Rev.Cell Dev.111. 
Biol. 2005;21:247-269.
 Kraynov VS, Chamberlain C, Bokoch GM et al. Localized Rac activation dyna-112. 
mics visualized in living cells. Science 2000;290:333-337.
 Michiels F, Habets GG, Stam JC, van der Kammen RA, Collard JG. A role for Rac 113. 
in Tiam1-induced membrane ruffling and invasion. Nature 1995;375:338-340.
 Crespo P, Schuebel KE, Ostrom AA, Gutkind JS, Bustelo XR. Phosphotyrosine-114. 
dependent activation of Rac-1 GDP/GTP exchange by the vav proto-oncogene 
product. Nature 1997;385:169-172.
 ten Klooster JP, Jaffer ZM, Chernoff J, Hordijk PL. Targeting and activation of 115. 
Rac1 are mediated by the exchange factor beta-Pix. J.Cell Biol. 2006;172:759-
769.
 Genot EM, Arrieumerlou C, Ku G et al. The T-cell receptor regulates Akt (pro-116. 
tein kinase B) via a pathway involving Rac1 and phosphatidylinositide 3-kinase. 
Mol.Cell Biol. 2000;20:5469-5478.
 Hashimoto A, Okada H, Jiang A et al. Involvement of guanosine triphosphata-117. 
ses and phospholipase C-gamma2 in extracellular signal-regulated kinase, c-Jun 
NH2-terminal kinase, and p38 mitogen-activated protein kinase activation by 
the B cell antigen receptor. J.Exp.Med. 1998;188:1287-1295.



33

Introduction

 Jacinto E, Werlen G, Karin M. Cooperation between Syk and Rac1 leads to sy-118. 
nergistic JNK activation in T lymphocytes. Immunity. 1998;8:31-41.
 Marinari B, Costanzo A, Viola A et al. Vav cooperates with CD28 to induce NF-119. 
kappaB activation via a pathway involving Rac-1 and mitogen-activated kinase 
kinase 1. Eur.J.Immunol. 2002;32:447-456.
 Montaner S, Perona R, Saniger L, Lacal JC. Multiple signalling pathways lead to 120. 
the activation of the nuclear factor kappaB by the Rho family of GTPases. J.Biol.
Chem. 1998;273:12779-12785.
 Sugihara K, Nakatsuji N, Nakamura K et al. Rac1 is required for the formation 121. 
of three germ layers during gastrulation. Oncogene 1998;17:3427-3433.
 Gu Y, Filippi MD, Cancelas JA et al. Hematopoietic cell regulation by Rac1 and 122. 
Rac2 guanosine triphosphatases. Science 2003;302:445-449.
 Glogauer M, Marchal CC, Zhu F et al. Rac1 deletion in mouse neutrophils has 123. 
selective effects on neutrophil functions. J.Immunol. 2003;170:5652-5657.
 Zhao X, Carnevale KA, Cathcart MK. Human monocytes use Rac1, not Rac2, in 124. 
the NADPH oxidase complex. J.Biol.Chem. 2003;278:40788-40792.
 Wells CM, Walmsley M, Ooi S, Tybulewicz V, Ridley AJ. Rac1-deficient macro-125. 
phages exhibit defects in cell spreading and membrane ruffling but not migra-
tion. J.Cell Sci. 2004;117:1259-1268.
 Benvenuti F, Hugues S, Walmsley M et al. Requirement of Rac1 and Rac2 expres-126. 
sion by mature dendritic cells for T cell priming. Science 2004;305:1150-1153.
 Walmsley MJ, Ooi SK, Reynolds LF et al. Critical roles for Rac1 and Rac2 GTPa-127. 
ses in B cell development and signaling. Science 2003;302:459-462.
 Fukuda A, Hikita A, Wakeyama H et al. Regulation of osteoclast apoptosis and 128. 
motility by small GTPase binding protein Rac1. J.Bone Miner.Res. 2005;20:2245-
2253.
 Wang Y, Lebowitz D, Sun C et al. Identifying the relative contributions of Rac1 129. 
and Rac2 to osteoclastogenesis. J.Bone Miner.Res. 2008;23:260-270.




