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Introduction

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 primary manifestations are joint pain, stiffness and swelling, and when it is not adequately 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 cellular 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 together 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 articular 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 increased 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 possible 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. Ligation 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 IL17 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 controls11;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 present 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 suppression 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 inflammation via cell-contact interactions with neighboring macrophages, FLS and B
cells, thereby promoting their activation. Activated T cells are able to induce macrophage 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-citrulinated 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 relevance 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 important 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 Rituximab, 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 antibody 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 proinflammatory 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 secrete 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 antigen. Cell-cell contacts between macrophages and FLS elicits the production of IL-6,
granulocyte macrophage colony-stimulating factor (GM-CSF) and IL-842, while interaction 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 clinical trials, as their numbers decrease in response to successful anti-rheumatic treatment43;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 ultimately 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 proposed to explain the hyperplastic growth of FLS in RA synovium. Exposure to cytokines 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 proliferation. 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

14

Introduction

as Akt), are found in RA FLS51. PKB is an important protein in the phosphatidylinositol 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 intracellular signaling pathways involved in inflammation, cell proliferation and survival. Targeting these pathways and restoring normal cellular behavior seems therefore 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 receptors to regulate the immune response. Small GTPases control fundamental biological 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 interact with downstream effectors and thereby initiate downstream signaling pathways,
which regulate many important biological processes. Two main classes of regulatory 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 GTPase 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, proliferation, differentiation and survival, primarily through the modulation of gene expression59.

Ras GTPases
The Ras proteins are ubiquitously expressed 21-kDa proteins. The three homologues 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 homologues, as well as the differential coupling of activating GEFs, such as Son-ofsevenless (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 detailed cell biology studies were able to demonstrate that differential subcellular localization of each Ras homologue confers to them distinct signaling properties61;62.
Biochemical studies have demonstrated the different specificity of the three Ras homologues 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 experiments 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 GTPase 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 additional phosphorylation events promote full Raf kinase activation67. Once active, Raf
phosphorylates and activates MEK (MAPK/Erk kinase), a dual specificity tyrosinethreonine 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 GTPbound, 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, predominantly 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 expression 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 inflammation has been underscored by several studies. Activation of Ras effector pathways, 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-negative Ras has been shown to suppress RA FLS proliferation, IL-6 production and IL-1induced 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 experimental 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 activated by cyclic AMP (EPAC) and calcium diacylglycerol regulated guanine nucleotide

18

Introduction

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 families81. Members of the RapGAP family include RapGAP1A, RapGAP1B and RapGAP2. 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 serine-threonine kinase Mst1 (mammalian sterile twenty-like-1)86. This allows the spatial 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 junctions89. 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 integrin clustering.
Rap1 regulation of integrin activation has important consequences in the immune
system, as effective T cell responses are critically dependent on appropriate T cellantigen 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 oxygen species (ROS) production. ROS are proposed to act as important second messengers 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 inflammatory 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-inflammatory cytokines, which will contribute to the perpetuation of synovial joint inflammation102.
In T cells from the SF of RA patients, a high rate of endogenous ROS production correlates 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 before, 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 positive 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-dependent 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 responses 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 extracellular-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 microspikes and filopodium formation and Rac1 lamellipodium formation and membrane 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 lethality121, so conditional gene disruption has been used to unravel the role of Rac1 in different cell types. Rac1 is important for the optimal reconstitution of the hematopoietic 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 inflammatory recruitment in vivo, migration to chemotactic stimuli, and chemoattractant-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 expression of both Rac1 and Rac2 show defective cytoskeletal re-arrangements, migration 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 investigate 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 hyporesponsive 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 TCRdependent 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 susceptibility 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.
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Competent TCR signaling is maintained in RA SF T cells

Abstract
Genetic associations and the clinical success of compounds targeting TCR costimulatory proteins suggest an active role for TCR signaling in the initiation and perpetuation of rheumatoid arthritis (RA). Paradoxically, T cells isolated from affected joints
in RA show impaired proliferative and cytokine responses following stimulation
with mitogens and recall antigens, attributed in part to chronic T cell exposure to
oxidative stress and inflammatory cytokines. Therefore, it is uncertain how local
autoreactive TCR signaling contributes to pathology in established RA. Using single
cell analysis, we show that in contrast to results obtained in bulk culture assays, T
cells from the synovial fluid (SF) of RA patients proliferate and produce cytokines
(IL-2, TNF-α and IFN-g) as efficiently, if not more so, than T cells isolated from healthy donors and RA patient peripheral blood following TCR/CD28 stimulation. RA
SF T cell hyporesponsiveness observed in bulk cultures can be attributed to spontaneous apoptosis ex vivo, which is associated with altered ratios of pro-apoptotic
Noxa and anti-apoptotic Mcl-1 expression. The absence of RA synovial T cell proliferation and cytokine production in situ, despite the capacity of these cells to support productive TCR signaling, suggests that T cells contribute to local pathology in
established RA by TCR-independent mechanisms.
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Introduction
T lymphocytes are thought to contribute to synovitis and joint destruction in rheumatoid arthritis (RA) through multiple mechanisms. These include the pleiotropic
activation of other synovial cells, such as macrophages and stromal fibroblast-like
synoviocytes (FLS) via cell-cell contacts and interleukin IL-17 production, stimulation of B lymphocytes producing autoimmune Abs, and promotion of osteoclast differentiation1. Human genetic studies, experimental animal models of arthritis, and
recent clinical experience have provided evidence consistent with a role for improper engagement of auto-reactive TCRs in the initiation and progression of disease
in RA1. However, our inability to detect significant T cell proliferation or cytokine
production at sites of inflammation in RA, combined with observed defects in TCRproximal signaling and TCR-dependent functional responses of RA synovial T cells,
has raised questions regarding the role of TCR signaling in established RA, and the
mechanism of action of therapies targeting TCR costimulatory pathways2-4.
The strongest evidence supporting an active role for TCR engagement in the initiation, if not the perpetuation, of disease in RA is data underlying the “shared epitope”
hypothesis. Expression of specific HLA- DR1 and DR4 shared epitope alleles enhances the risk of the development of RA and contributes to disease severity5-8. Additionally, polymorphisms in T cell gene products which influence the quality of TCR
responses, such as PTPN22, PD-1, CTLA-4, TRAF1-C5 and CD40, have also been
identified as candidate susceptibility genes in RA1;9-12. Finally, evidence consistent
with an active role for TCR engagement in established arthritis is observed in clinical
trials using soluble CTLA-4Ig fusion protein (abatacept) to disrupt interaction of the
TCR costimulatory protein CD28 with CD80/CD86 ligands expressed on synovial
APCs and FLS. Initial clinical trials using abatacept to treat RA have demonstrated
clear clinical benefits, even in patients refractory to therapy with biologicals that
block TNF-α signaling13-15.
T cells derived from both RA synovial tissue and synovial fluid (SF) display similar phenotypic and functional abnormalities. These T cells express surface markers
characteristic of recent TCR stimulation, including CD44, CD45RO, CD69, HLA-DR,
and VLA-43;16-20. These cells are primarily of a Th1 phenotype, and resistant to Th2
polarization ex vivo21-24. Despite this, little direct evidence is available demonstrating that the TCR is functionally engaged in RA. Proliferation of synovial tissue T
cells is not observed in situ, and the relatively low levels of IL-2 and IFN-g which can
be detected in RA synovial T cells are inconsistent with a contributory pathological
role for TCR signaling in established RA25-29. Ex vivo, RA synovial tissue and SF
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T cells are hyporesponsive to stimulation by pharmacological mitogens and recall
antigens, both in terms of proliferation and cytokine secretion2;3;25;30-32. This may be a
consequence of chronic T cell exposure to inflammatory cytokines and/or oxidative
stress, which can lead to altered expression or mis-folding of critical TCR signaling
proteins, such as the CD3z chain30;33 and LAT31;32;34.
The inability to provide evidence of direct TCR engagement in RA synovium, in
combination with identified TCR-proximal signaling defects in RA synovial T lymphocytes in vitro, has led to the suggestion that these cells contribute to pathology
through TCR-independent mechanisms2;3. Many properties of RA T cells, including
surface expression of activation markers and cell-cell contact–dependent activation
of macrophages and FLS, can be recapitulated by peripheral blood (PB) T cell exposure to IL-15 or a combination of inflammatory cytokines19;35;36. Similar effects are
observed in PB T cells chronically exposed to TNF-α20;30. Additionally, stimulation
of PB T cells with a number of inflammatory cytokines, in combination with CD28
ligation, can reproduce oxidative stress observed in synovial T cells37.
Here, we report the unexpected finding that TCR signaling is functionally intact
in freshly isolated RA SF T lymphocytes, and fully capable of initiating cytokine
production and T cell proliferation. Previously observed RA SF T cell hyporesponsiveness in bulk culture assays is due to spontaneous apoptosis of these cells ex vivo,
associated with changes in the relative expression of the pro-apoptotic protein Noxa
and anti-apoptotic Mcl-1. Our results suggest that the inability to detect evidence of
TCR engagement in RA synovial tissue is unlikely a result of defects in TCR signaling, but rather, lack of TCR engagement.

Materials and Methods
Patients
Paired PB and SF samples were obtained from patients attending our out-patient
clinics, with clinically active RA fulfilling the American College of Rheumatology
(ACR) revised criteria for RA38. Patient characteristics are presented in Table I. At
the time of sample collection eleven patients were receiving methotrexate (2.5-25
mg/week), four prednisolone (2.5-10 mg/day), one leflunomide (20 mg/day), five
TNF-a antagonist therapy (adalimumab, 40 mg/2 weeks; etanercept, 25 mg twice a
week or 50 mg/week; infliximab, 3 mg/kg intravenously [iv] every 8 weeks), one had
received rituximab treatment, and one patient was not receiving any medication at

39

Chapter 2

the time of arthrocentesis. All patients provided informed written consent, and the
study was approved by the Medical Ethics Committees of the Academic Medical
Center, University of Amsterdam, Amsterdam, The Netherlands and the Institute of
Rheumatology, Warsaw, Poland.

Cell isolation and culture
PB mononuclear cells (PBMCs) from healthy volunteers and PBMC and SF mononuclear cells (SFMCs) from RA patients were isolated by Ficoll-Isoplaque density gradient centrifugation (Nycomed, Pharma, Oslo, Norway). PB and SF T cells were purified from PBMC and SFMC using a negative isolation procedure (T Cell Negative
Isolation Kit, Dynal Biotech, Oslo, Norway) in accordance with the manufacturer’s
instructions. Purified T cells were >95% CD3+ as assessed by FACS analysis (see below). T cells were cultured at 1x106/ml in IMDM medium supplemented with 10%
FCS, L-glutamine, 25 mM HEPES, streptomycin (100 ng/ml) and penicillin (10U/
ml) (all from Gibco, Invitrogen, Carlsbad, CA). T cells were stimulated with either
1 µg/ml anti-CD3 (clone 1XE) and 1 µg/ml anti-CD28 (clone 15E8) mAbs (both from
Sanquin, Amsterdam, The Netherlands) or 1 ng/ml PMA and 1 µg/ml ionomycin (I)
(both from Sigma-Aldrich, St. Louis, MO).

Measurement of T cell proliferation
T cell proliferation in bulk cultures was assessed by culturing T cells for 72 hours in
a 96-well plate in the absence or presence of activating Abs. During the last 20 hours
of culture, cells were pulsed with 1 mCi [3H] thymidine (Amersham Biosciences, Piscataway, NJ). Cells were harvested and incorporated radioactivity measured using
a 1450 Microbeta Plus Liquid Scintillation counter (Perkin Elmer, Waltham, MA).
For single-cell analysis of T cell proliferation, PBTC and SFTC were resuspended
at 5-10x106 cells/ml in PBS and labeled with 2.5 mM CFSE (Molecular Probes Europe BV, Leiden, The Netherlands) for 10 minutes at 37°C. Cells were washed and
subsequently resuspended in complete culture medium. T cells (1x106/ml) were
left unstimulated or stimulated for 72 hours at 37°C with anti-CD3 and anti-CD28
Abs. Proliferation was detected using a FACSCalibur flow cytometer (BD Biosciences, San Jose, CA) and CellQuest Pro software (BD Biosciences). The precursor
frequency (percentage of cells in the initial population that underwent one or more
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divisions), and the mean number of divisions per proliferating cells were calculated
as previously described39.

Detection of cytokine production
T cell culture supernatants were collected for cytokine analysis 24h (for IL-2) or 72h
(TNF-α, IFN-g) post-stimulation, and cytokine concentrations measured using a BioPlex Human 27-plex panel (Bio-Rad Laboratories, Hercules, CA) according to the
manufacturer’s instructions. For single-cell analysis of T cell cytokine production,
T cells were stimulated for six hours with anti-CD3/CD28 Abs or PMA/I, with 10
µg/ml Brefeldin A (Sigma-Aldrich) included for the last four hours of stimulation.
Cells were fixed with 4% (w/v) paraformaldehyde/PBS and permeabilized with 0.5%
(w/v) BSA/PBS containing 0.1% (w/v) saponin (Sigma-Aldrich). Cells were then incubated with conjugated anti- IL-2-APC, IFN-g-PE, or TNF-α-APC Abs (all from BD
Biosciences). The percentage of positively stained cells and the mean fluorescent
intensity of staining were measured by flow cytometry as above.

Apoptosis detection
Cells were washed in ice-cold HEPES buffer and incubated with APC- or FITC- labeled Annexin-V (IQ Products, Groningen, The Netherlands) for 30 minutes. Propidium iodide (PI; 5 mg/ml, Sigma-Aldrich) was added prior to analysis, and the
percentage of viable cells quantified by flow cytometry.

RT-MLPA Procedure and Analysis
Total T cell mRNA was isolated using a GenElute RNA isolation kit (Sigma-Aldrich).
Reverse transcription multiplex ligation-dependent probe amplification (RT-MLPA)
of pro- and anti- apoptotic genes was performed as previously described40. Briefly,
RNA was reverse-transcribed using a gene-specific probe mix (MRC Holland, Amsterdam, The Netherlands). The obtained cDNA was annealed to MLPA probes and
covalently linked with Ligase-65 (MRC Holland). Ligation products were amplified
and fluorescently labeled by PCR using one unlabeled and one 6-carboxy-fluorescein-labeld primer. PCR products were applied to an ABI 3100 capillary sequen-
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cer (Applied Biosystems, Warrington, United Kingdom), and data processed with
Genescan and Genotyper software (both from Applied Biosystems). Final analyses
were conducted with Microsoft Excel spreadsheet software (Microsoft, Redman,
WA). The sum of all peak data was set at 100% to normalize for fluctuations in total
signal between samples. Individual peaks for each gene product were then calculated relative to the total value.

SDS-Page and Western Blotting
T cells were washed with ice-cold PBS and lysed in buffer containing 1% Chaps, 20
mM Tris-HCl (pH 7.4), 135 mM NaCl, 1.5 mM MgCl2, 10% glycerol, 1 mM EGTA,
2 mM Na3VO4, 10 mM NaF, 2 mg/ml leupeptin, 1 mM PMSF, 0.1 mM TLCK, and 2
mg/ml trypsin inhibitor. Lysates were cleared by centrifugation at 13k rpm for 15
minutes, and protein expression analyzed by standard western blotting procedures
as previously reported in detail37. Proteins were resolved by SDS-PAGE, transferred to PVDF membrane (Bio-Rad Laboratories), and blots probed with antibodies
against Noxa (Imgenex, San Diego, CA), Bim (Chemicon, Temecula, CA), Bcl-2
(Alexis, San Diego, CA), Bcl-XL (BD Transduction Laboratories, Lexington, KY), Mcl1 (BD Biosciences Pharmingen, San Diego, CA), b-actin and ERK 1/2 (Santa Cruz
Biotechnology, Santa Cruz, CA).

Statistical Analysis
Values between groups were compared using one-way ANOVA followed by Dunnett’s post hoc test using RA SF T lymphocytes as the reference group. Variables
that were not normally distributed were rank transformed prior to the analyses.
Comparisons within groups were done using a t-test or Mann-Whitney test where
appropriate. To correct for multiple testing, overall p-values were corrected using
the False Discovery rate (FDR) and p-values < 0.05 were considered statistically significant.
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Table I. Clinical features of RA patients (n=13) included in the study.
Characteristic

Median (range)

Age (years)
Male:female
Disease duration (years)
Erythrocyte sedimentation rate (mm/hour)
C-reactive protein (mg/L)
Rheumatoid factor (kU/L)
Anticitrullinated peptide Abs (kAU/L)

52 (25-85)
3:10
9 (1-17)
57 (23-120)
64 (2-117)
102 (<1-438)
2438 (2-15951)

Results
RA SF TCR is competent to support T cell proliferative responses

3H-thymidine inc (cpm)

In initial analyses of RA SF T cell responses to TCR ligation, we first attempted to
confirm previously published reports that RA SF T lymphocytes were refractory to
TCR/CD28-induced proliferation. Freshly isolated HD PB, and paired RA PB and
SF T cells were stimulated for 72 hours in the presence of anti-TCR/CD28 Abs, and
proliferation measured by incorporation of [3H]-thymidine during the last 20 hours
of culture (Figure 1). In the absence of TCR/CD28 stimulation, [3H]-thymidine incorporation was barely detectable in all samples, and did not differ statistically between
HD PB, RA PB, and RA SF T cell populations. In accordance with previous inde-

180000
150000
120000

HD
RA PB
RA SF

*
*

90000
60000
30000
0
medium

TCR/CD28

Figure 1. RA SF T lymphocyte proliferative
responses are depressed in bulk cultures.
HD PB, RA PB, and RA SF T lymphocytes were
cultured in the presence of anti-TCR/CD28 antibodies for 72 hours, pulsed for an additional 20
hours with [3H]-thymidine, and [3H]-thymidine
incorporation quantified (n=3). Mean values of
counts per minute (cpm) +/- SEM are indicated.
* p < 0.05.
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pendent observations, RA SF T lymphocyte proliferation was significantly reduced
following TCR/CD28 stimulation, compared to HD (82% reduction, p < 0.05) or RA
PB T cells (79% reduction, p < 0.05).
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Figure 2. Single cell analysis fails to reveal defects in RA SF T lymphocyte proliferative
responses. T cell proliferative responses were assessed by FACS analysis of T cell CFSE dilution following stimulation with anti-TCR/CD28 antibodies. A, Representative histograms of CFSE labeled T
cells cultured in the absence (left panels) or presence (right panels) of activating anti-TCR/CD28 for 72
hours (n=5). B, Representative histograms of CFSE dilution in CD4+ (n=2) and CD8+ (n=2) T lymphocytes in the absence (broken line) and presence (solid line) of anti-TCR/CD28 stimulation. C, Precursor frequency and D, mean number of HD PB (white bars), RA PB (gray bars) and RA SF (black bars)
T cell divisions calculated after anti-TCR/CD28 stimulation. Mean values +/-SEM are indicated.

We next attempted to confirm RA SF T cell proliferative hyporesponsiveness at the
single-cell level, and determine whether residual proliferative responses might be
limited to specific T cell subpopulations. To accomplish this, HD PB, RA PB, and
RA SF T cells were labeled with CFSE, and cultured in the absence or presence of
anti-TCR/CD28 Abs for three days prior to analysis by flow cytometry. Surprisingly,
in contrast to results from bulk T cell analysis, CFSE dilution in total RA SF CD3+
T lymphocytes was not reduced compared to HD PB T lymphocytes (Figure 2A).
Indeed, proliferation was most robustly observed in RA SF T lymphocytes, followed
by RA PB T lymphocytes. This relative enhanced TCR/CD28-induced proliferation
of RA SF T cells was observed in both CD4+ and CD8+ T cell subsets (Figure 2B). After
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calculating the percentage of T cells in the initial populations that underwent one or
more cell divisions, we found that the precursor frequency of RA SF T cells was not
depressed compared to HD or RA PB T cells (Figure 2C). Rather, the precursor frequency of RA SF T cells (45%) was increased compared to HD T cells (27%), although
this difference did not reach statistical significance (p = 0.152). Again, this trend was
observed in both CD4+ and CD8+ T cell subsets (Figure 2C). No differences were
observed between HD PB, RA PB and RA SF T cells in terms of the mean number
of cell divisions achieved following TCR/CD28 stimulation, either in total CD3+ T
lymphocytes or in CD4+ and CD8+ T cell subsets (Figure 2D). Differences in RA SF
T cell proliferation observed between bulk cultures and single cell analyses were
unlikely due to patient heterogeneity or drug treatment, as RA SF T cells from two
of the three patients studied in [3H]-thymidine incorporation experiments (Figure 1)
were assessed in parallel by CFSE dilution. Thus, in contrast to observations made
in analyses of bulk T cell populations, single cell analysis of RA SF T cell responses
to TCR/CD28 stimulation reveals that these cells can proliferate as well, if not better,
than their HD PB or RA PB counterparts. This may be due to an increased frequency
of precursors competent to initiate proliferation.

RA SF T cells display increased cytokine production following TCR stimulation
Given the discordance of our results with previous observations regarding RA SF
T cell proliferative responses to TCR/CD28 stimulation, we next assessed SF T cell
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TNF-α
*

HD
RA PB
RA SF

*

140000

8000

60000
40000

6000
4000

20000

2000

0

0

medium

*

10000

TCR/CD28

pg/ml

pg/ml

80000

pg/ml

100000

IFN-γ

105000
70000
35000
0

medium

TCR/CD28

medium

TCR/CD28

Figure 3. IL-2 and TNF-α production is decreased in cell culture supernatants of TCR/
CD28-stimulated RA SF T lymphocytes. HD PB (white bars), RA PB (gray bars) and RA SF T
lymphocytes (black bars) were left unstimulated or stimulated with anti-TCR/CD28 antibodies, and
medium collected for cytokine analysis by ELISA. Cells were stimulated for 24 hours to detect IL-2 production (left panel, n=3) and for 72 hours to detect TNF-α (middle panel, n=3) and IFN-g (right panel,
n=3) production. Values represent the mean and SEM of cytokine concentrations (pg/ml). * p < 0.05.
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Figure 4. Single cell analysis reveals robust TCR-dependent cytokine production by RA SF T
lymphocytes. Representative histograms of IL-2 (top row), TNF-α (middle row) and IFN-g production
(bottom row) in HD, RA PB and RA SF T lymphocytes, following T cell stimulation in the absence (dashed
black lines) or presence (red solid lines) of PMA/I or anti-TCR/CD28 antibodies. Cells were stimulated
for 6 hours and Brefeldin A included for the last 4 hours of culture. Cells were fixed, permeabilized, stained
with anti -IL-2, -TNF-α , and -IFN-g antibodies, and cytokine-producing cells detected by FACS analysis.

cytokine responses. In agreement with previous reports, following TCR/CD28 stimulation, IL-2 production in supernatants of bulk RA SF T cell cultures was severely
impaired compared to autologous RA PB T cells (p< 0.001) (Figure 3). Additionally,
TNF-α production in RA SF T cells was decreased compared to RA PB T cells (p <
0.005). A similar trend was observed when comparing RA SF T cells with HD PB
T cells. In contrast, HD PB, RA PB, and RA SF T cells all produced similar levels of
IFN-g.
We next analyzed TCR/CD28-induced cytokine production by intracellular staining
and flow cytometry (Figures 4 and 5). In line with previous reports22;24, pharmacological stimulation of HD PB, RA PB, and RA SF T cells with PMA/I resulted in
IL-2 production in a similar frequency of cells, while the frequency of TNF-α- and
IFN-g- producing T lymphocytes was elevated in RA SF (Figure 5A). Unexpectedly,
following TCR/CD28 stimulation, RA SF T cell IL-2 production was significantly increased when compared to TCR/CD28-stimulated RA PB (p < 0.005) or HD T cells (p
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< 0.005) (Figure 5B). Also TNF-α and especially IFN-g production was significantly
increased in SF T cells compared to HD or RA PB T cells. The frequency of IFN-g
producing T cells after TCR/CD28 stimulation was as high as 13 times that of HD T
cells (p < 0.005). The same pattern of cytokine production observed in the CD3+ T cell
population could be observed in both CD4+ (Figure 5C) and CD8+ cells (Figure 5D).
The mean fluorescent intensity of cytokine staining in RA SF T cells was similar to or
higher than that observed in HD PB and RA PB T cells (data not shown), indicating
that decreased cytokine production observed in RA SF T cell bulk cultures was not
due to inefficient cytokine production by responding cells. Additionally, differences
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in cytokine production observed between ELISA analysis of bulk cultures (Figure 3)
and single cell analysis were not attributable to patient heterogeneity or drug treatment, as all three of the patients assessed by ELISA were studied in parallel single
cell analyses. Together these results demonstrated that at the single cell level, the
frequency of TCR-responsive lymphocytes is elevated in RA SF.
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RA SF T cell hyporesponsiveness in bulk cultures is secondary to spontaneous
ex-vivo apoptosis
One possible explanation for the observed discrepancy between RA SF T cell proliferative and cytokine responses in bulk cultures and single cell analyses could be
changes in RA SF T cell viability, as these cells have been reported to quickly undergo apoptosis ex vivo41;42. Assays using [3H]-thymidine incorporation and tissue
culture supernatant ELISA analyses can not accurately account for apoptosis which
may occur during extended cell culture. Initial examination of live cell gating of HD
PB, RA PB and RA SF T lymphocytes 72 hours after isolation and CFSE labeling suggested a significant loss of viability of RA SF T cells under these culture conditions
(Figure 6A). We confirmed this by performing Annexin-V/PI stainings on HD PB,
RA PB, and RA SF T cells. Apoptosis was measured immediately after T cell isolation and after 24 hours (Figure 6B). Immediately following T cell isolation, similar
percentages of apoptotic cells were observed in all samples. However, after 24 hours
in culture, RA SF T cells displayed almost four times higher levels of apoptosis as
compared to HD T cells (p < 0.001) and to RA PB T cells (p < 0.001). RA SF T cells
continued to undergo apoptosis at a higher rate than the other T cell populations
after 48 and 72 hours in culture (Figure 6C), and remained elevated compared to HD
(p < 0.001) and RA PB (p< 0.001) controls in the presence of TCR/CD28 stimulation
(Figure 6D).

RA SF T cells have altered expression levels of Noxa, Bcl-2, and Bcl-XL
To investigate in more detail the mechanisms which might be responsible for the
increased susceptibility of RA SF T cells to apoptosis ex vivo, we quantified the relative expression of gene products known to be direct regulators of apoptosis. To
accomplish this, total mRNA from freshly isolated HD PB, RA PB, and RA SF T
lymphocytes was subjected to a RT-MLPA assay, allowing simultaneous quantification of expression of 34 important regulators of apoptosis. Expression profiles of
HD PB, RA PB, and RA SF T cells were remarkably similar (Figure 7A). However,
mRNA expression of the pro-apoptotic BH3-only family member Noxa was increased approximately two-fold in RA SF T lymphocytes compared to HD (p < 0.05)
and RA PB (p < 0.05) T cell populations (Figure 7B). The expression of Bim, NIP3
and Puma, three other pro-apoptotic Bcl-2 family members known to regulate T
cell apoptosis was equivalent between RA SF and other T cells (Figure 7A). Among
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Figure 7. Expression of pro- and anti-apoptotic proteins is altered in RA SF T lymphocytes.
A, MLPA analysis of gene expression in mRNA from HD PB (n=4), RA PB (n=3) and SF T lymphocytes
(n=3). The results were calculated and expressed as percentage of the total signal (relative expression) of
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anti-apoptotic gene products associated with T cell survival, we saw no differences
in the expression levels of Bcl-XL or the Noxa-binding partner Mcl-1 (Figure 7B). An
approximately 50% reduction in Bcl-2 expression was observed, but did not reach
statistical significance.
As many Bcl-2 family members are also subjected to post-translational modifications
affecting protein stability, we examined protein expression of pro- and anti- apoptotic proteins in whole cell lysates (Figures 7C and 7D). Consistent with mRNA
data, Noxa protein expression was elevated in RA SF T cells compared to HD PB
T cells. Surprisingly, protein expression of Noxa was even higher in RA PB T cells.
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Mcl-1, which antagonizes Noxa-induced apoptosis, was only detectable in RA PB T
cells, but not HD PB or RA SF T cells. Although previous analysis of RA SF T cells
by intracellular FACS staining identified elevated Bcl-XL expression as a proposed
compensatory pro-survival mechanism in RA SF T cells41, we found that Bcl-XL was
hardly detectable by western blotting (Figure 7C). Anti-apoptotic Bcl-2 protein expression in RA SF T cells was severely depressed (Figures 7C and 7D), but this occurred in parallel with decreased expression of the pro-apoptotic Bcl-2 binding partner
Bim (Figure 7D).

The ratio of Noxa and Mcl-1 expression in RA SF T cells ex vivo favors apoptosis
Our collective data suggested a link between the susceptibility of RA SF T cells to
apoptosis, and the relative expression levels of Noxa versus Mcl-1. However, while
the relative balance of expression of these proteins has been previously shown to regulate T cell apoptosis under various conditions, including environmental stress, cytokine withdrawal, and antigen stimulation43;44, we noted no differences in apoptotic
rates of HD PB, RA PB and RA SF T cells immediately post-isolation. Therefore, we
performed a comparative analysis of HD PB, RA PB, and RA SF T cell gene expression immediately following isolation, and after 24 hours in culture. Ex vivo culture
of HD PB T cells led to a significant down-regulation of Noxa mRNA expression as
compared to RA SF T cells (p < 0.05) (Figure 8A). A trend towards down-regulation
of Mcl-1 expression was observed in RA SF T cells, while Bcl-XL expression remained
comparable in each T cell population after 24 hours (Figure 8A). Paired analysis of
the ratio of Noxa expression relative to Mcl-1 in each sample immediately after isolation and after 24 hours culture demonstrated that apoptosis in RA SF T cells was
associated with an inability of RA SF T cells to down-regulate the Noxa/Mcl-1 ratio
(Figure 8B, left panel). Relative expression levels of Bim to Bcl-2, especially in the
context of Fas signaling, have recently been demonstrated to regulate T cell survival
and prevent autoimmunity in mice45-48, so we therefore assessed potential changes in
HD PB, RA PB and RA SF T cell expression of Bim and Bcl-2 over time (Figure 8A).
After 24 hours in culture, little differences were observed in the relative expression
of Bim. However, significant down-regulation of Bcl-2 expression was observed in
HD PB (p < 0.05) and RA PB T cells (p < 0.05), and a similar trend observed in RA SF T
cells. Ratios of Bim mRNA expression relative to Bcl-2 increased by a similar degree
in HD PB, RA PB and RA SF T cells (Figure 8B, right panel). Thus, within the context
of general increases in Bim/Bcl-2 ratios in T cells during culture, the failure of RA SF
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T cells to down-regulate Noxa expression relative to Mcl-1 may promote selective
apoptosis of this T cell population ex vivo.

Discussion
Here, we demonstrate that at the single cell level, RA SF T lymphocytes produce
IL-2 and proliferate as well as, if not more so, than HD and RA PB T cells. Our studies provide evidence that the intrinsic capacity of T lymphocytes to undergo TCRdependent activation and proliferation remains intact in the SF of RA patients. This
finding stands in sharp contrast to currently held notions regarding the cellular and
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molecular mechanisms underlying our inability to detect T cell cytokine production
and proliferation in RA SF and synovial tissue. Initial studies characterizing the responsiveness of RA SF and synovial tissue T cells to TCR triggering, recall antigens,
and pharmacological mitogens presented clear evidence of depressed IL-2 production and proliferation in these lymphocytes (reviewed in2;3). However, the accuracy
and reliability of thymidine incorporation measurements, as well as cytokine determination in supernatants, are critically dependent upon the comparison of equivalent cell numbers. Our data suggest that previous reports of RA SF TCR signaling
defects, at least in terms of proliferation and cytokine production, reflect limitations
of the experimental systems used in these studies in accounting for apoptosis, and
not the functional capacity of RA SF T cells. Although previous studies have demonstrated that T cells derived from RA synovial tissue, like those derived from SF, are
hyporesponsive to TCR and mitogenic triggering, further studies will be needed to
reassess the functional capacity of RA synovial TCR signaling in situ.
Productive TCR engagement of autoreactive T lymphocytes should readily lead to
detectable local T cell cytokine generation and proliferation in RA synovial tissue.
However, in established RA, no significant synovial tissue T cell cytokine production or proliferation has been observed in situ27;28;49, and no significant spontaneous
production of IL-2, IFN-g or TNF-α has been observed in freshly isolated RA SF T
cells (this manuscript and22-24;49). Spontaneous IL-17 production has been observed
in RA synovial tissue T cells50;51, although the presence of spontaneous IL-17 production in RA SF T cells is controversial49;52. Similarly contradictory reports exist regarding whether IL-17 levels are elevated in RA SF compared to disease controls29;36;51;52.
The lack of obvious T cell cytokine production and proliferation in established RA
has led to the idea that TCR signaling is repressed in the presence of chronic inflammatory mediators, and that at this stage of disease, synovial T cells contribute to
pathology by TCR-independent mechanisms2;3. A number of TCR-independent in
vitro model systems have been developed, each of which recapitulates at least some
phenotypic characteristics of RA synovial T cells. In both human PB T cells and in
murine T cell hybridomas, chronic TNFa or cytokine cocktail exposure results in decreased CD3z protein expression and concomitant diminished proliferative responses to CD3/CD28 stimulation, yet promotes T cell activation of monocytes by cellcell contact19;30;33. Additionally, coincubation of RA SF T cells with IL-15 can induce
IL-17 production36, while a subset of RA synovial tissue and SF T cells respond to
cytokine cocktails by producing IFN-g53. Studies in model systems may thus benefit
most from functional readouts distinct from TCR-dependent cytokine production
and proliferative responses.
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The balance between survival and apoptosis in T lymphocytes, under homeostatic
or inflammatory conditions, is tightly regulated by expression and post-translational
modification of Bcl-2 family proteins. Bcl-2 family proteins known to regulate T cell
survival include pro-apoptotic Bax, Bim, NIP3, Noxa, and Puma, and anti-apoptotic
Bcl-2, Bcl-XL, and Mcl-154. Specific association of Bim to its anti-apoptotic binding
partners, Bcl-2 and Mcl-1, and Noxa binding to Mcl-1, has been demonstrated55.
Therefore, shifts in expression levels of these interacting Bcl-2 members are expected
to affect the threshold for T cell apoptosis. Although no significant apoptosis of RA
synovial T lymphocytes is observed in situ or immediately following isolation from
tissue or SF (data presented here and41;42), previous studies indicated that RA synovial T cells display a phenotype favoring rapid apoptosis. Using intracellular FACS
staining, it was observed that synovial T cells expressed low levels of anti-apoptotic
Bcl-241. Under these circumstances, it was proposed that synovial T cell apoptosis
in situ was actively suppressed by cell-cell contacts, signaling of IL-2 and IL-15 via
the IL-2 receptor common g chain, and/or CD28 costimulation, each of which could
enhance Bcl-XL protein expression41;42;56. In our analysis of mRNA expression in RA
SF T cells, we did observe a modest decrease in Bcl-2 expression, but no differences
in Bcl-XL expression, compared to HD and RA PB T lymphocytes. Consistent with
mRNA data, Bcl-2 protein expression was selectively down-regulated in RA SF T
cells. Surprisingly, Bcl-XL protein expression in RA SF T cells was hardly detectable,
in contrast with previous reports. Although the reason for this discrepancy is unknown, Bcl-XL expression in RA SF T cells was previously assessed by intracellular
FACS staining without independent verification by western blotting. mRNA expression of the pro-apoptotic Bcl-2 binding partner Bim was similar in freshly isolated
HD PB, RA PB, and RA SF T cells, but at the protein level was depressed in RA SF T
cells.
During T cell culture ex vivo, we observed a dramatic increase in the ratio of Bim
mRNA to that of Bcl-2, although this occurred to a similar degree in HD PB, RA PB,
and RA SF T cells and could not be clearly linked with the selective induction of
apoptosis in RA SF T cells. However, we did note a significant increase in expression
of pro-apoptotic Noxa, which is up-regulated following TCR triggering or IL-7/IL-15
stimulation and determines the apoptosis susceptibility of T cells exposed to environmental stress43. Also in line with mRNA data, we readily detected elevated Noxa
protein expression in RA SF T cells as compared to HD PB T cells. However, Noxa
protein was even more elevated in RA PB T lymphocytes, although apoptosis of
these cells ex vivo was no greater than observed in HD PB T lymphocytes. The rea-
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son for this inconsistency may lie in the observation that RA PB T cells, unlike their
SF counterparts, also express elevated levels of Mcl-1, protecting them from Noxamediated apoptosis. In murine T cells, Mcl-1 plays a general role in protecting T
cells against apoptosis during development, activation, and differentiation44. While
HD and RA PB T cells quickly down-regulated transcription of Noxa ex vivo, this
process was delayed in RA SF T cells, leading to a persistently increased Noxa/Mcl-1
ratio. This specific failure to decrease Noxa/Mcl-1 ratios in RA SF T cells, in combination with general increases of Bim/Bcl-2 ratios in T cells during culture, might
push RA SF T cells into apoptosis. In CLL, increases in the ratio of Noxa/Mcl-1 when
Bcl-2 expression is limited also drive cellular apoptosis57.
Although numerous studies noting the clinical efficacy of abatacept in RA are now
available, there are no reports describing the direct effects of this compound on T
cell function in RA4. At least implicitly, clinical benefits are usually interpreted in
terms of the ability of abatacept to block requisite costimulatory signaling of CD28
during the TCR-dependent activation of autoreactive T cells. Given that TCR signaling is intact in SF T cells, it will be of interest to determine if abatacept exerts its
effects through the inhibition of rare TCR-dependent activation events, currently
below our detection threshold, or suppresses inflammation in RA by alternative mechanisms, such as reverse signaling to CD80/86-expressing antigen presenting cells
and FLS58, direct targeting of RA synovial and SF T cells, which abundantly express
CD80/8659;60, or effects on peripheral mononuclear cell populations. Continued efforts to understand the molecular mechanisms by which abatacept achieves clinical
efficacy in RA may identify additional immune-mediated inflammatory diseases to
which this compound might be applied therapeutically.
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T cell Rap1 activation prevents collagen-induced arthritis

Abstract
The small GTPase Rap1 plays a critical role in T lymphocyte trafficking and integrindependent adhesion to antigen presenting cells. Genetic inactivation of Rap1 in murine T cells leads to the accumulation of potentially auto-reactive T cells in lymphoid
compartments, and Rap1 signaling is blocked in synovial T cells from rheumatoid
arthritis (RA) patients. As these data imply that Rap1 inactivation might contribute
to T cell-mediated autoimmunity, we examined the consequences of maintaining T
cell Rap1 activation in an experimental murine model of rheumatoid arthritis. We
find that disease incidence and severity of collagen-induced arthritis (CIA) is dramatically reduced in mice expressing active RapV12, an active mutant of Rap1, in T cells.
Protection against pathology in CIA is accompanied by defective TNF-α production
in CD8+ T cells, reminiscent of clonal T cell exhaustion observed during chronic viral
infection. Additionally, B cell immunoglobulin class switching of auto-antibodies is
diminished in RapV12 mice. Defects in qualitative T cell immune responses during
CIA are paralleled by inadequate up-regulation of the T cell co-stimulatory molecules ICOS and CD40L. Our results suggest that modulation of T cell Rap1 signaling
may be beneficial in attenuating pathologic contributions of T cells to RA and other
immune-mediated inflammatory diseases.
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Introduction
T cells contribute to synovitis and joint destruction in rheumatoid arthritis (RA), a
prototype immune-mediated inflammatory disease, through the pleiotropic activation of macrophages and synovial stromal cells via cell-cell contacts and interleukin-17 production, the stimulation of B cells producing autoimmune antibodies,
and the promotion of osteoclast differentiation1. An active role for the T cell antigen
receptor (TCR) in the initiation and perpetuation of disease in RA is suggested by
associations between expression of specific MHC HLA-DR1 and DR4 epitope alleles
with enhanced disease risk and disease severity in RA patients2. T cells derived from
RA synovial tissue or synovial fluid (SF) display characteristics suggestive of recent
TCR stimulation, including surface expression of CD45RO, CD69, CD154, HLA-DR,
ICOS and VLA-4 proteins1;3. These T cells are primarily pro-inflammatory Th1 and
Th17 cells, and display hyperresponsive cytokine responses to TCR/CD28 stimulation. In established RA, inflammatory cytokines present in the synovial tissue, such
as IL-6, IL-12, IL-8 and TNF-α, rather than antigen stimulation, may drive T cell
contributions to the perpetuation of inflammation4;5.
Although the molecular mechanisms underlying altered T cell function in RA are
unknown, recent studies have indicated that inactivation of the small GTPase Rap1
may contribute to the pathogenic behavior of T cells in the synovium6-8. TCR stimulation results in the activation of guanine nucleotide exchange factors, such as C3G
and CalDAG-GEFs which promote accumulation of Rap1 in an active GTP-bound
form9;10. TCR-dependent Rap1 activation is exquisitely sensitive to costimulatory signals provided by antigen-presenting cells (APCs) such as CD28, which acts through
the Rap1 GTPase activating protein RapGAP1 and suppresses Rap1 activation10;11.
Conversely, CTLA-4 ligation, which opposes CD28 signaling, promotes accumulation of GTP-bound Rap112;13. Once activated, Rap1 regulates several distinct signaling
pathways predicted to contribute to the quality of T cell immune responses in vivo.
Activation of Rap1 by TCR ligation, chemokines and adhesion molecules promotes
remodeling of the cytoskeleton and integrin activation, needed for T cell trafficking
and adhesion to APCs14. Additionally, under certain experimental conditions, Rap1
suppresses TCR-dependent ERK activation and IL-2 production, either directly,
through blocking Ras-dependent Raf kinase activation9;11, or indirectly, through diminishing TCR-dependent reactive oxygen species production6.
Genetic manipulation of Rap1 signaling pathways in vivo has provided further evidence that the activation status of Rap1 in T cells can have qualitative effects on
immune responses. Mice deficient for Spa-1, a RapGAP expressed in T cells, demon-
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strate age-dependent defects in T cell proliferative responses to stimulation by the
TCR, mitogens, and recall antigen15. Transgenic mice expressing an active Rap1E63
mutant in T cells exhibit defects in both primary and secondary T cell proliferative
responses, as well as defects in B cell immunoglobulin (Ig) class switching16. Defective T cell responses in these mice is attributed to both suppression of ERK activation in effector cells, as well as increases in the frequency and functional capacity of
CD103-expressing regulatory T cells (Tregs). Conversely, transgenic expression of
RapGAP1 in T cells, suppressing Rap1 function, leads to an accumulation of T cells
in lymph nodes17. These T cells express high levels of CD69 under homeostatic conditions, possibly reflecting an autoreactive phenotype. Alternatively, accumulation
of activated T cells in lymph nodes of RapGAP1 transgenic mice may indicate defects in T cell trafficking, a phenotype displayed in Rap1A knockout mice18;19.
Despite these studies, it is still unclear if Rap1 T cell functions are relevant to immune
responses in human disease. We have previously demonstrated that Rap1 activation
is suppressed in T cells obtained from the synovium of RA patients, likely a result
of CD28-dependent interactions with synovial APCs6;7. Moreover, suppressed Rap1
function in RA synovial T cells was associated with enhanced T cell ROS production and TCR-dependent cytokine responsiveness, indicating that defects in Rap1
signaling may contribute to T cell-dependent pathology in RA7;8. To determine if
maintenance of T cell Rap1 signaling might protect against autoimmunity, we here
examined the effects of transgenic expression of active Rap1 on pathogenesis in the
murine collagen-induced model of RA (CIA). We find that transgenic expression
of an active mutant of Rap1, RapV12, in murine T cells potently suppresses disease
incidence and severity. Protection against disease was not associated with general
defects in lymphocyte trafficking or immune responsiveness, but rather specific defects in TNF-α production by CD8+ T cells and ineffective upregulation of the costimulatory proteins ICOS and CD154 on T helper cells, needed for Ig class-switching
by autoimmune B cells. Indeed, production of autoantibodies was also reduced in
RapV12 transgenic mice. These results suggest that strategies aimed at enhancing T
cell Rap1 function may be beneficial in the treatment of human immune-mediated
inflammatory diseases.

67

Chapter 3

Materials and methods
Animals
RapV12 transgenic C57BL/6 mice were kindly provided by Dr. D. Cantrell (University of Dundee, Dundee, U.K.)20. RapV12 and WT littermate control mice were housed
under conventional conditions at the animal facility of the Academic Medical Center
(Amsterdam, The Netherlands). Feeding was ad libitum. The animal ethical committee of the Academic Medical Center approved all experiments.

Cell staining and flow cytometry
Single cell suspensions were obtained from spleen and axial lymph nodes (LN) by
grinding tissue over 40 μm cell strainers (BD Biosciences). Erythrocytes were removed using erylysis buffer (155 mM NH4Cl, 10 mM KHCO3, and 1 mM EDTA, pH
7.4). Cells were surface stained with the indicated fluorochrome-conjugated antibodies for 30 minutes at 4°C in PBS containing 0.5% BSA. For Foxp3 intracellular stainings cells were stained according to manufacturer’s instructions. For assessment of
T cell cytokine expression, splenocytes and LN cells were stimulated for 1 hour with
PMA (10 ng/ml, Sigma-Aldrich) and ionomycin (1 µM, Sigma-Aldrich) or anti-CD3
(10 μg/ml) and anti-CD28 (4 μg/ml) antibodies (kindly provided by Dr. L. Boon,
Bioceros BV, Utrecht). Brefeldin A (10 µg/ml, Sigma- Aldrich) was added for the final 4 hours of stimulation, and cells were harvested and stained with CD4 and CD8
antibodies. Cells were then fixed and permeabilized using Cytofix/Cytoperm (BD
Biosciences) and labeled for intracellular cytokines using specific antibodies listed in
Supplemental Materials and Methods. For examination of T cell surface molecules
following in vitro activation, splenocytes and LN cells were stimulated for 24 hours
in the presence of 10 μg/ml anti-CD3 and 4 μg/ml anti-CD28 antibodies. Surface
marker and cytokine expression were monitored using FACSCalibur or Canto flow
cytometers (BD Biosciences).

In vitro T cell differentiation
For T cell isolation, splenocytes were incubated 30 min at 4°C with a saturating mix-
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ture of hybridoma culture supernatants of the following rat anti-mouse antibodies:
anti-CD11b (clone M1/70), anti-Ly6G (clone RB6-8C5), anti-CD45R (B220; clone RA36B2), anti−MHC class II (clone M5-114) and anti-TER119. After washing, cells were
incubated with goat-anti-rat Ig microbeads (Miltenyi) and isolated by MACS. Purified T cells were stimulated with plate-bound anti-CD3 and anti-CD28 antibodies as
above for 3 days in 96 well round-bottom plates (Greiner Bio-One, Frickenhausen,
Germany) in the presence of 50 U/ml recombinant murine IL-2 (Invitrogen) supplemented with 3 ng/ml human TGF-β and 20 ng/ml murine IL-6 (both from R&D
Systems) when indicated.

Induction and assessment of CIA
Chicken collagen type II (cCII) (Sigma-Aldrich, St. Louis, MO) was dissolved overnight at 4oC with 0.1 M acetic acid at a final concentration of 2 mg/ml and then
mixed with 4mg/ml complete Freund’s adjuvant (CFA) (Chondrex, Inc., Redmond,
WA). 10- to 12- week old mice were injected intradermally on day 0 at the base
of the tail with 100 μl of the cCII-CFA emulsion (133 μg cCII and 133 ug CFA in a
total volume of 100 μl emulsion). The immunization was repeated on day 21, and
animals monitored 3 times weekly through sacrifice at day 60. Methodologies for
the scoring of arthritis severity, paw swelling, synovial infiltration, cartilage erosion
and radiological damage, as well as determination of serum anti-cCII antibodies, are
described in detail in Supplemental Materials and Methods.

Statistical Analysis
Statistical significance was determined using a two tailed Student’s t-test. P values <
0.05 were considered statistically significant.

Supplemental Materials and Methods
Assessment of CIA disease scores and paw swelling
Arthritis severity was assessed in a blinded manner, using a semi-quantitative sco-
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ring system (0 to 4): 0, normal; 1, redness and/or swelling in one joint; 2, redness
and/or swelling in more than one joint; 3, redness and/or swelling in the entire paw;
and 4, deformity and/or ankylosis. Hind paw ankle joint swelling was measured
using a dial caliper (POCO 2T 0- to 10-mm test gauge; Kroeplin Längenmesstechnik,
Schlüchtern, Germany).

Histological analysis
Animals were sacrificed and hind paws fixed in 10% buffered formalin for 48 hours,
decalcified in 15% ethylenediaminetetraacetic acid, and embedded in paraffin. Tissue sections (5 μm sagittal serial sections) were stained with haematoxylin and eosin. Inflammation was graded on a scale from 0 (no inflammation) to 3 (severely inflamed joint) based on infiltration by inflammatory cells in the synovium. Cartilage
erosions were scored using a semi-quantitative scoring system from 0 (no erosions)
to 3 (extended erosions and destruction of bone).

Radiological analysis
Joint destruction of hind paws was analyzed by radiological assessment of x-rays by
two observeres blinded to mouse genotype, using a semi-quantitative score (0-4): 0,
no damage; 1, minor bone destruction observed in one enlightened spot; 2, moderate
changes, two to four spots in one area; 3, severe erosions afflicting the joint; and 4,
complete destruction of the joints.

Antibodies for FACS analysis
The following antibodies from eBiosciences were used: anti-CD3 -FITC, -APC,
-Alexa 700; anti-CD8 -PE, -FITC, -Alexa 750; anti-CD69-PE; anti-CD44 -FITC; antiCD62L -APC; anti-CD103 -PE; anti-Foxp3 -PE, -APC; IL-17 –Alexa 488; anti-TNF-α
-APC and anti-IFN-γ - APC, -PerCP Cy5.5. Anti-CD4 –FITC, -PE, -PECy7; anti-CD25
–FITC; anti-TNF-α –PE; anti-IL-4 –PE and anti-IL-10 –PE were purchased from BD
Biosciences.
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Determination of anti-collagen antibodies by ELISA
Maxisorb 96-well plates (Nunc, Roskilde, Denmark) were coated with 5 µg/ml of
chicken collagen type II (cCII) (Sigma-Aldrich, St. Louis, MO) in 0.1 M sodium
carbonate buffer (pH 9.7) overnight at 4°C. After blocking for 1 h with 2% milk in
phosphate-buffered saline (PBS) at room temperature (RT), sera were added at an
initial dilution of 1/100 in 2% milk in PBS and 1/3 serial dilutions, and incubated
overnight at 4°C. Plates were subsequently washed and incubated with 1 µg/ml
biotinylated rat anti-mouse Ig (Southern Biotechnology Associates, Birmingham,
Alabama) of the indicated isotype in 2% milk in PBS for 1 hour at RT. After washing, plates were incubated with streptavidin-conjugated alkaline phosphatase
(AP) (Jackson ImmunoResearch, Newmarket, Suffolk, UK) for 1 hour at RT, washed,
and developed with p-Nitrophenyl Phosphate (pNPP) substrate (Sigma-Aldrich, St
Louis, MO). The reaction was stopped with 2M H2SO4, and the optical density (OD)
was measured at 415 nm.

Results and discussion
In RA, a block in synovial T cell Rap1 activation is associated with their pathogenic
behavior6-8. To determine if maintenance of T cell Rap1 signaling might limit inflammation and joint destruction in an experimental model of RA, we examined the
influence of T cell-specific expression of active RapV12, driven by the human CD2
promoter, in murine CIA20. We chose to examine RapV12 transgenic mice for several
specific reasons. RapV12 is expressed in T cells of these mice at levels equivalent
to endogenous Rap1A, and Rap1 activity contributed by the transgene product is
similar in magnitude to that obtained by PMA/I-stimulated endogenous Rap1A.
Although RapV12 T cells have enhanced integrin function, no defects are observed
in TCR-dependent ERK activation or proliferative responses, and unlike Rap1E63
and RapGAP1 transgenic mice, RapV12 mice have no obvious alterations in T cell
homeostasis12;16;20. Finally, unlike the active Rap1E63 mutant, RapV12 can still cycle
between active and inactive states, albeit at a highly reduced rate21. We therefore
reasoned that responses of RapV12 mice in CIA might most closely mimic therapeutic interventions aimed at restoring the function of endogenous T cell Rap1.
As phenotypes of genetically modified mice can be strongly influenced by differences in housing conditions, we examined thymocyte development and T cell maturation in RapV12 mice housed in our facilities. Consistent with previous studies20,
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we observed no differences between RapV12 mice and wild-type (WT) littermates
in terms of percentages of double negative (DN), double positive (DP), or CD4 and
CD8 single positive thymocytes (Supplementary Figure 1A). Additionally, within the
DN thymocyte compartment, RapV12 failed to influence CD44 and CD25 expression
(Supplementary Figure 1B), as previously described20. As thymocyte development
and T cell maturation appeared normal in RapV12 mice, we extended our analyses
to peripheral T cell compartments. CD4+ and CD8+ T lymphocytes were represented
at normal percentages in both spleens and lymph nodes (LN) of RapV12 mice (Figure 1A). RapV12 failed to influence the activation status of splenic and LN T cells
under homeostatic conditions, as assessed by CD25 and CD69 staining (Figure 1B).
Normal proportions of naive, effector/memory (EM), and central memory (CM) T
cells were also observed (Figure 1C). Moreover, we detected no influence of RapV12
on the frequency of CD4+FoxP3+ Tregs or activated CD4+ CD103+ T cells (Figure 1D).
Additionally, RapV12 T cells were capable of producing similar amounts of IL-2,
TNF-α, IFN-γ and IL-17 following TCR/CD28 in vitro stimulation (Figure 2A). To
rule out the possibility that RapV12 may regulate the induction of peripheral Tregs
and/or Th17 cells, we isolated T cells from the spleens of healthy WT and RapV12
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n=10) and LN (Foxp3 n=10; CD103 n=8) of 8-10 weeks old animals. Values are expressed as mean ± SEM.

72

T cell Rap1 activation prevents collagen-induced arthritis

IL-2

12
8
4
0

CD4
CD8
medium

3.5

30
25
20
15
10
5
0

CD4
CD8
CD3/CD28

B

CD4
CD8
medium

CD4
CD8
CD3/CD28

IFN-γ

3.0
2.5
2.0
1.5
1.0
0.5
0

CD4
CD8
medium

CD4
CD8
CD3/CD28

C
WT
RapV12

Foxp3

4

% Positive cells

40

% Positive cells

TNF-α

35

% Positive cells

% Positive cells

16

% Positive cells

A

30
20
10
0

medium

TGF-β

TGF-β+IL6

WT
RapV12

IL-17

3
2
1
0

medium

TGF-β

TGF-β+IL6

Figure 2. RapV12 Tg mice have normal cytokine production and induction of regulatory
and Th17 T cells in vitro. (A) Splenocytes from WT and RapV12 mice were stimulated for 5h with
anti-CD3/CD28 and analyzed for the intracellular expression of IL-2, TNF-α and IFN-γ (n=3). (B,C)
T cells were isolated from spleens and stimulated with anti-CD3 and anti-CD28 antibodies for 3 days
in the presence of the indicated cytokines. (B) Percentage of Foxp3+ expressing and (C) IL-17 producing
T cells induced in the different conditions. Values are expressed as mean ± SEM (n=3).

mice. In vitro stimulation of these cells with TGF-β induced a robust increase in
FoxP3+ T cell numbers, equivalent to that observed in WT T cells (Figure 2B). RapV12
Th17 cells could also be induced in vitro at frequencies equivalent to those observed
in WT mice (Figure 2C). Thus, unlike RapGAP1 transgenic, Rap1E63 transgenic and
Spa-1 knockout mice, RapV12 mice display no apparent alterations in the T cell compartment. We concluded from these results that potential differences in responses
of RapV12 mice in CIA would not be secondary to altered T cell homeostasis, but
rather, specific influences of active Rap1 in this disease model.
Following induction of CIA, all WT mice developed clinical signs of disease within two weeks (Figure 3A). Remarkably, only 20% of the RapV12 Tg mice developed arthritis, while the rest remained disease free until the end of the experiment.
Throughout the experiment, clinical arthritis scores of RapV12 mice were dramatically lower than those of WT mice (P < 0.0005) (Figure 3B), and paw swelling in
RapV12 mice was almost completely suppressed compared to WT mice (P < 0.005)
(Figure 3C). Histologic analysis of murine hind paws by hematoxylin staining re-
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vealed that unlike WT mice, RapV12 mice displayed an almost complete absence of
joint infiltration by white blood cells (Figure 3D). This was confirmed by semi-quantitative analysis of synovial cell infiltration (Figure 3E) (P < 0.001). RapV12 mice also
escaped destruction of cartilage (Figures 3E) (P < 0.001) and erosive bone damage,
as determined by radiology, which was reduced by approximately 75% compared to
WT mice (Figure 3F) (P < 0.001).
To better characterize how sustained Rap1 activation in T cells protected against
disease induction, we sacrificed mice 42 days after primary immunization, prior
to the peak of clinical arthritis in WT mice, and examined splenic and LN T cells.
RapV12 mice displayed normal numbers of CD3+CD4+ and CD3+CD8+ T cells (Figure 4A) as well as naive (N) (CD44-CD62L+), effector memory (EM) (CD44+CD62L-)
and central memory (CM) (CD44+CD62L+) T cells (Figure 4B). We also examined
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potential influences of RapV12 on the Treg compartment. However, no significant
differences in the numbers of FoxP3+ T cells or CD4+CD103-CD62L+ naive T regs and
CD4+CD103+CD62L- activated/EM Treg subsets were observed (Figure 4C).
We next examined the quality of T cell responses in WT and RapV12 mice during
disease onset. Splenocytes and LN cells were harvested from mice at day 42 and restimulated in vitro with PMA/I. Production of Th1 and Th17 cytokines involved in
the pathology of CIA was measured by intracellular staining and FACS analysis. No
differences in the number of CD4+ and CD8+ T cells producing IFN-γ were observed
between RapV12 and WT mice, either in the spleen or LN (Figure 5A). Remarkably,
hardly any CD8+ T cells producing TNF-α were detected in RapV12 LN compared to
WT mice (P < 0.05) (Figure 5B). A similar trend toward reduced TNF-α production
was also observed in RapV12 LN CD4+ T cells, but did not reach statistical significance. In contrast, similar numbers of TNF-α-producing T cells were detected in
WT and RapV12 splenocytes. Depressed TNF-α production by LN CD8+ T cells
from arthritic RapV12 mice appeared to be dependent on in vivo inflammatory con-
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ditions, as no such defect was observed in T cells isolated from the LN of healthy
mice (data not shown). Defects in RapV12 LN T cell TNF-α production were highly
selective, as in addition to IFN-γ, no differences were observed between WT and
RapV12 mice in regards to IL-17 (Figure 5C) or IL-10 production (Figure 5D). Thus,
qualitative analysis of arthritic WT and RapV12 mice T cell responses indicates that
the protective effects of RapV12 are not a result of generalized T cell anergy or unresponsiveness, but rather a selective defect in T cell TNF-α production.
As previous studies have demonstrated that chronic T cell Rap1 activation can suppress B cell antibody production and Ig class switching15;16, we examined anti-chicken collagen type II (c-CII) production in arthritic WT and RapV12 mice. We found
a significant reduction in the serum levels of anti-cCII IgG2a and IgG2b in RapV12
mice relative to WT mice (relative IgG2a: WT 100% ± 6.4, RapV12 60.5% ± 8.5; P <
0.005; relative IgG2b: WT 100% ± 6.7, RapV12 65.8% ± 9.7; P < 0.05) (Figure 6A). In
Rap1E63 transgenic mice and Spa-1 knockout mice, defects in Ig class switching are
associated with increased Treg function and accumulation of anergic CD44high CD4+
T cells, respectively15;16. However, we did not observe these altered T cell phenotypes in arthritic RapV12 mice (Figures 4B and 4C).
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Recent studies have demonstrated essential roles for the T cell costimulatory proteins
ICOS and CD40L expressed by follicular Th cells in effective B cell activation and Ig
class switching22. ICOS, a CD28-related protein which is upregulated on activated T
cells and provides costimulatory signals distinct from CD28, is required for effective
T cell-dependent immune responses23. ICOS may contribute to Ig class switching
directly, or indirectly by promoting CD40L expression on T cells24. CD40L binding to
B cell CD40 in turn induces proliferation, Ig production, isotype switching and upregulation of B cell costimulatory molecules, important for T cell activation. Blockade
of ICOS signaling in murine CIA or knock down of ICOS renders mice resistant to
disease, with decreased anti-CII antibodies and decreased T cell cytokine production25;26. Notably, disruption of ICOS signaling in CIA results in defective follicular
A
2.5

Average OD

Figure 6. RapV12 Tg mice
have defective anti-collagen
antibody production. (A)
Serum from WT (white bars)
or RapV12 Tg mice (black bars)
was collected at day 60 and the
levels of specific anti-collagen
IgG detected (n=10). Represented values (mean ± SEM) were
obtained within linear regions
of the serum dilution curve. *P
< 0.05. (B, C) T cells were isolated from spleens and stimulated
with anti-CD3 and anti-CD28
antibodies for 24 hours, followed
by analysis of the expression levels of CD69, ICOS and CD40L
surface molecules Values are expressed as mean ± SEM (n=5).
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Th function27. Interference with CD40L signaling in CIA also blocks development
of disease and production of anti-CII antibodies28. To examine if RapV12 expression
may influence activation-dependent expression of proteins required for functional
interactions with B cells, we isolated splenocytes and LN cells from non-arthritic
WT and RapV12 mice. Cells were stimulated for 24 hours in the presence of activating TCR/CD28 antibodies, and T cells analyzed for expression of CD69, ICOS, and
CD40L. In line with previous studies, RapV12 had no influence on Ras-dependent
expression of CD69 (Figure 6B and 6C)20. In contrast, TCR/CD28-dependent upregulation of both ICOS and CD40L (Figure 6B and 6C) was specifically suppressed
in both CD4+ and CD8+ RapV12 T cells.
ICOS and CD40L signaling are required for induction of pathology in murine models of arthritis, and are also thought to contribute to T cell pathogenic behavior
in RA. RA synovial T cells have increased ICOS expression compared to disease
controls29. Several studies have shown the ability of ICOS signaling to enhance CD8
effector T cell responses. Importantly, in vivo studies have shown that ICOS delivers important signals for TNF-α production30. In this context, decreased TNF-α
production in RapV12 Tg CD8+ T cells, and to a lesser extent in CD4+ T cells, could
be a consequence of decreased ICOS expression. Similarly, CD40L is also frequently
expressed on RA synovial T cells31. Although CD40L expression on RA synovial T
cells has historically been interpreted as an indication of recent antigen-dependent
stimulation, it is now recognized that inflammatory cytokines present in RA synovial fluid and the synovium are sufficient to induce T cell CD40L expression3;4. T
cell CD40L expression might not only promote auto-antibody production in RA, but
also promote antigen-independent, cell contact-dependent activation of macrophages and stromal cells32-34.
Decreased activation-dependent expression of ICOS and CD40L on RapV12 T cells
offers a possible explanation for the protective effects of T cell Rap1 activation in CIA.
However, the magnitude of disease resistance in RapV12 mice suggests that other
mechanisms may be at play. Previous studies have predicted that Rap-dependent
effects on T cell trafficking and anergy induction might influence T cell-dependent
responses in vivo. However, although Rap1 regulates T cell trafficking in vivo19, we
observed no overt changes in effector T cell or Treg numbers in the spleen or LN of
RapV12 mice. Our data are also in discordance with other models suggesting that
Rap1 promotes T cell anergy. Elevated Rap1 activity has been observed in anergized
murine and human T cells9;35. Additionally, Spa-1 knockout mice display an age-dependent accumulation of CD44high T cells which are unresponsive to antigen and mitogen stimulation15. However, in RapV12 T cells, where Rap1 activity approximates
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that of pharmacological activation of endogenous Rap1, no defects are observed in
antigen-dependent IL-2 production or T cell proliferation20. In vitro, we found that
RapV12 and WT T cells also produce similar amounts of IL-2, TNF-α, IFN-γ, and
IL-17 following TCR/CD28 stimulation. In vivo, RapV12 T cell defects are limited to
TNF-α production. Together, these data argue that T cell anergy is not the underlying mechanism in regard to protection against CIA. A more likely possibility might
be that we are detecting the deletion or exhaustion of specific auto-antigen –specific
T cell clonal populations. Elegant studies in vitro have previously illustrated that
sustained Rap1 activation can promote Fas-dependent apoptosis of antigen-specific
T cells36. Interestingly, the specific loss of TNF-α production by CD8+ cells is also
observed during chronic viral infection. LCMV infection of mice results in the clonal
exhaustion of antigen-specific CD8+ T cell clones. Here, this process is accompanied
by a hierarchal loss of cytokine responses, in which TNF-α defects precede loss of
IFN-γ production37;38. A similar phenomenon has been observed in human CD8+ T
cells following HIV infection39.
Here we show that maintenance of T cell Rap1 activation decreases arthritis incidence and severity in the CIA model, and provide the first evidence that T cell Rap1
function is important in the regulation of inflammatory disease. Strategies disrupting CD28 co-stimulation, such as CTLA4-Ig therapy, have proven clinical efficacy
in the treatment of RA40. The pathogenic behavior of synovial T cells is associated
with a block in Rap1 activation, which is dependent upon synovial cell stimulation
of CD28 and can be disrupted by CTLA4-Ig6;7. We propose that the development of
specific therapies that prevent Rap1 inactivation in RA T cells might be of clinical
benefit for RA and other auto-immune diseases driven by improper activation of T
cells.
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from WT (white bars) or RapV12 Tg mice (black bars) were collected and analyzed for cell surface
expression of (A) CD4 and CD8 and (B) CD25 and CD44 cell surface markers. Values are expressed
as mean ± SEM (n=3).

80

T cell Rap1 activation prevents collagen-induced arthritis

References
1.

Lundy SK, Sarkar S, Tesmer LA, Fox DA. Cells of the synovium in rheumatoid
arthritis - T lymphocytes. Arthritis Research & Therapy 2007;9:
2. Gourraud PA, Boyer JF, Barnetche T et al. New classification of HLA-DRB1 alleles differentiates predisposing and protective alleles for rheumatoid arthritis
structural severity. Arthritis and Rheumatism 2006;54:593-599.
3. Clark J, Vagenas P, Panesar M, Cope AP. What does tumour necrosis factor excess do to the immune system long term? Ann.Rheum.Dis. 2005;64 Suppl 4:iv70iv76.
4. Zhang ZL, Gorman CL, Vermi AC et al. TCR zeta(dim) lymphocytes define
populations of circulating effector cells that migrate to inflamed tissues. Blood
2007;109:4328-4335.
5. Sattler A, Wagner U, Rossol M et al. Cytokine-induced human IFN-gamma-secreting effector-memory Th cells in chronic autoimmune inflammation. Blood
2009;113:1948-1956.
6. Remans PH, Gringhuis SI, van Laar JM et al. Rap1 signaling is required for suppression of Ras-generated reactive oxygen species and protection against oxidative stress in T lymphocytes. J.Immunol. 2004;173:920-931.
7. Remans PH, Wijbrandts CA, Sanders ME et al. CTLA-4IG suppresses reactive
oxygen species by preventing synovial adherent cell-induced inactivation of
Rap1, a Ras family GTPASE mediator of oxidative stress in rheumatoid arthritis
T cells. Arthritis Rheum. 2006;54:3135-3143.
8. Abreu JR, Grabiec AM, Krausz S et al. The presumed hyporesponsive behavior of rheumatoid arthritis T lymphocytes can be attributed to spontaneous
ex vivo apoptosis rather than defects in T cell receptor signaling. J.Immunol.
2009;183:621-630.
9. Boussiotis VA, Freeman GJ, Berezovskaya A, Barber DL, Nadler LM. Maintenance of human T cell anergy: blocking of IL-2 gene transcription by activated
Rap1. Science 1997;278:124-128.
10. Reedquist KA, Bos JL. Costimulation through CD28 suppresses T cell receptordependent activation of the Ras-like small GTPase Rap1 in human T lymphocytes. J.Biol.Chem. 1998;273:4944-4949.
11. Carey KD, Dillon TJ, Schmitt JM et al. CD28 and the tyrosine kinase lck stimulate
mitogen-activated protein kinase activity in T cells via inhibition of the small G
protein Rap1. Mol.Cell Biol. 2000;20:8409-8419.
12. Dillon TJ, Carey KD, Wetzel SA, Parker DC, Stork PJ. Regulation of the small

81

Chapter 3

13.

14.

15.

16.

17.

18.
19.

20.

21.
22.
23.
24.
25.

26.

GTPase Rap1 and extracellular signal-regulated kinases by the costimulatory
molecule CTLA-4. Mol.Cell Biol. 2005;25:4117-4128.
Schneider H, Valk E, da Rocha DS, Wei B, Rudd CE. CTLA-4 up-regulation of
lymphocyte function-associated antigen 1 adhesion and clustering as an alternate basis for coreceptor function. Proc.Natl.Acad.Sci.U.S.A 2005;102:12861-12866.
Menasche G, Kliche S, Bezman N, Schraven B. Regulation of T-cell antigen receptor-mediated inside-out signaling by cytosolic adapter proteins and Rap1 effector molecules. Immunol.Rev. 2007;218:82-91.
Ishida D, Yang H, Masuda K et al. Antigen-driven T cell anergy and defective
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
cell function and promotes the generation of CD4+CD103+ regulatory T cells in
vivo. J.Immunol. 2005;175:3133-3139.
Dillon TJ, Carey KD, Wetzel SA, Parker DC, Stork PJ. Regulation of the small
GTPase Rap1 and extracellular signal-regulated kinases by the costimulatory
molecule CTLA-4. Mol.Cell Biol. 2005;25:4117-4128.
Duchniewicz M, Zemojtel T, Kolanczyk M et al. Rap1A-deficient T and B cells
show impaired integrin-mediated cell adhesion. Mol.Cell Biol. 2006;26:643-653.
Li Y, Yan J, De P et al. Rap1a null mice have altered myeloid cell functions suggesting distinct roles for the closely related Rap1a and 1b proteins. J.Immunol.
2007;179:8322-8331.
Sebzda E, Bracke M, Tugal T, Hogg N, Cantrell DA. Rap1A positively regulates
T cells via integrin activation rather than inhibiting lymphocyte signaling. Nat.
Immunol. 2002;3:251-258.
Brinkmann T, Daumke O, Herbrand U et al. Rap-specific GTPase activating protein follows an alternative mechanism. J.Biol.Chem. 2002;277:12525-12531.
Reinhardt RL, Liang HE, Locksley RM. Cytokine-secreting follicular T cells shape the antibody repertoire. Nat.Immunol. 2009;10:385-393.
Yoshinaga SK, Whoriskey JS, Khare SD et al. T-cell co-stimulation through B7RP1 and ICOS. Nature 1999;402:827-832.
McAdam AJ, Greenwald RJ, Levin MA et al. ICOS is critical for CD40-mediated
antibody class switching. Nature 2001;409:102-105.
Iwai H, Kozono Y, Hirose S et al. Amelioration of collagen-induced arthritis
by blockade of inducible costimulator-B7 homologous protein costimulation.
J.Immunol. 2002;169:4332-4339.
Nurieva RI, Treuting P, Duong J, Flavell RA, Dong C. Inducible costimulator is

82

T cell Rap1 activation prevents collagen-induced arthritis

27.

28.
29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

essential for collagen-induced arthritis. J.Clin.Invest 2003;111:701-706.
Hu YL, Metz DP, Chung J, Siu G, Zhang M. B7RP-1 blockade ameliorates autoimmunity through regulation of follicular helper T cells. J.Immunol. 2009;182:14211428.
Durie FH, Fava RA, Foy TM et al. Prevention of collagen-induced arthritis with
an antibody to gp39, the ligand for CD40. Science 1993;261:1328-1330.
Ruth JH, Rottman JB, Kingsbury GA et al. ICOS and B7 costimulatory molecule
expression identifies activated cellular subsets in rheumatoid arthritis. Cytometry A 2007;71:317-326.
Gonzalo JA, Delaney T, Corcoran J et al. Cutting edge: the related molecules
CD28 and inducible costimulator deliver both unique and complementary signals required for optimal T cell activation. J.Immunol. 2001;166:1-5.
MacDonald KP, Nishioka Y, Lipsky PE, Thomas R. Functional CD40 ligand is
expressed by T cells in rheumatoid arthritis. J.Clin.Invest 1997;100:2404-2414.
Cho CS, Cho ML, Min SY et al. CD40 engagement on synovial fibroblast
up-regulates production of vascular endothelial growth factor. J.Immunol.
2000;164:5055-5061.
Foey AD, Feldmann M, Brennan FM. CD40 ligation induces macrophage IL-10
and TNF-alpha production: differential use of the PI3K and p42/44 MAPK-pathways. Cytokine 2001;16:131-142.
Brennan FM, Hayes AL, Ciesielski CJ et al. Evidence that rheumatoid arthritis
synovial T cells are similar to cytokine-activated T cells: involvement of phosphatidylinositol 3-kinase and nuclear factor kappaB pathways in tumor necrosis
factor alpha production in rheumatoid arthritis. Arthritis Rheum. 2002;46:3141.
Morton AM, McManus B, Garside P, Mowat AM, Harnett MM. Inverse Rap1
and phospho-ERK expression discriminate the maintenance phase of tolerance
and priming of antigen-specific CD4+ T cells in vitro and in vivo. J.Immunol.
2007;179:8026-8034.
Katagiri K, Hattori M, Minato N, Kinashi T. Rap1 functions as a key regulator of
T-cell and antigen-presenting cell interactions and modulates T-cell responses.
Mol.Cell Biol. 2002;22:1001-1015.
Wherry EJ, Blattman JN, Murali-Krishna K, van der MR, Ahmed R. Viral persistence alters CD8 T-cell immunodominance and tissue distribution and results in
distinct stages of functional impairment. J.Virol. 2003;77:4911-4927.
Fuller MJ, Khanolkar A, Tebo AE, Zajac AJ. Maintenance, loss, and resurgence of T cell responses during acute, protracted, and chronic viral infections.

83

Chapter 3

J.Immunol. 2004;172:4204-4214.
39. Appay V, Nixon DF, Donahoe SM et al. HIV-specific CD8(+) T cells produce antiviral cytokines but are impaired in cytolytic function. J.Exp.Med. 2000;192:6375.
40. Genovese MC, Schiff M, Luggen M et al. Efficacy and safety of the selective costimulation modulator abatacept following 2 years of treatment in patients with
rheumatoid arthritis and an inadequate response to anti-tumour necrosis factor
therapy. Annals of the Rheumatic Diseases 2008;67:547-554.

84

4
Antigen receptor and costimulatory signals differentially regulate RapGAP
family protein expression
in human T lymphocytes

Joana RF Abreu1, Marjolein E Sanders1, Silvia Ariotti1,
Tania C Cruz1, Albert P Smolenski2, Paul P Tak1, and Kris
A Reedquist1

Division of Clinical Immunology and Rheumatology, Academic
Medical Center, University of Amsterdam, Amsterdam, The Netherlands. 2UCD Conway Institute, University College Dublin,
Dublin, Ireland

1

Manuscript in preparation
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Abstract
The quality of T cell immune responses is exquisitely regulated by the coordinated
triggering of the T cell antigen receptor (TCR) and costimulatory proteins, such as
CD28-like proteins and TNF family ligands. Costimulatory proteins are differentially expressed depending on the activation and differentiation status of the T cell.
Recent independent observations have suggested that T cell costimulatory proteins
may exert their effects via Rap1GAP-dependent regulation of Rap1 activation. However, little is known regarding the regulation of distinct Rap1GAPs in human T
cells during T cell activation and differentiation. Here, we provide evidence that
each of the five Rap1GAPs is expressed in human T lymphocytes in both lineage- and
activation- dependent manners, regulated at both transcriptional and post-translational levels. Our results indicate that control of Rap1 function is tightly orchestrated
during both T cell differentiation and activation, and each of the Rap1GAPs plays a
role in this process.
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Introduction
Antigen-specific T cells are activated following T cell receptor (TCR) engagement by
antigenic peptide complexed to major histocompatibility (MHC) proteins on antigenpresenting cells (APCs). Resultant effector T cell cytokine secretion, proliferation,
differentiation into effector and memory T cells, and contraction of the T cell pool
by apoptosis are tightly regulated processes1;2. Signaling by co-stimulatory cues,
especially ligands of the CD28-like and tumor necrosis factor receptor family members, dictate the difference between antigenic unresponsiveness, successful immune
responses, and chronic inflammatory responses. Specific T cell functional responses
are coupled to these co-stimulatory cues via intracellular signaling pathways.
The intracellular signaling protein Rap1, a member of the Ras superfamily of GTPases, has emerged as playing a central role in interpreting TCR and co-stimulatory
signals to coordinate T cell immune responses in vitro and in vivo. Like other small
GTPases, Rap1 is activated by guanine nucleotide exchange factors (GEFs) which
catalyze dissociation of the GTPase from GDP3. Subsequent binding of Rap1 to cytosolic GTP activates Rap1, allowing it to interact with downstream effector proteins4.
A large number of potential Rap1 effectors have been identified, including adaptor proteins involved in integrin function, exchange factors for Rho family GEFs
which mediate cytoskeletal rearrangements, and components of Ras signaling pathways such as Ras GEFs and Raf kinases4. Rap1 signaling is ultimately terminated
by GTPase-activating proteins (GAPs) which enhance the intrinsic GTPase activity
of Rap1, converting GTP to GDP and returning Rap1 to its inactive state3. Known
GAPs for Rap1 include Rap1GAP1A, Rap1GAP1B, Rap1GAP2, Spa-1, and E6TP1
(Spa-L1/SPAR)3;5;6.
Activation of Rap1 by chemokines drives polarization of T cells and activates integrins needed for chemotaxis and initial attachment to APCs7. TCR-dependent
activation of Rap1 also drives cytoskeletal rearrangements and integrin activation
required for establishment of a productive immunological synapse with the APC8;9.
T cell co-stimulatory receptors, such as CD28 and CTLA-4, coordinate with the TCR
to modulate Rap1 activity, which in turn influences TCR-dependent ERK activation
10-12
and reactive oxygen species production13;14. These latter functions of Rap1 are
needed for optimal T cell cytokine transcription and proliferative responses, and
two transcription factors sensitive to Rap1 signaling in T cells are NFAT and Elk10;12.
CD28 and CTLA4 may modulate Rap1 activation by, respectively, stimulating and
inactivating Rap1GAP1A15-17.
Influences of Rap1 on T cell function in vitro have suggested that Rap1 might regu-
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late the quality of T cell responses in vivo, and this has largely been confirmed in studies utilizing genetic manipulation of Rap1 signaling in mice5. Atlhough Rap1 participates in positive and negative selection of thymocytes, expression of constitutively
active Rap1 in the T cell compartment has little overt effect on thymocyte development, but can enhance positive selection for low affinity antigens11;18;19. Transgenic
expression of the active Rap1 mutant Rap1E63, but not the weaker RapV12 active
mutant, decreases T helper cell function and increases the frequency and function
of CD103-expressing regulatory T cells11;19. A similar phenotype is observed in mice
lacking Spa-1, where thymocyte development appears normal20. However, if endogenous Rap1 is further activated by exogenous expression of a Rap1 GEF, Spa1 –deficient mice display expanded DP thymocyte populations and develop T-cell
leukemia21. Spa-1 –deficiency also results in an age-dependent acquisition of T cell
hypo-responsiveness to mitogens and antigen recall challenges20, and in human T
cells, elevated Rap1 activation has been linked to T cell anergy10;22. Reciprocally,
genetic ablation of Rap1A has no observable effect on T cell development, but does
impair T cell polarization and integrin-dependent adhesion23;24. More severe phenotypes are observed in mice transgenically over-expressing Rap1GAPs in the T cell
compartment. Spa-1 transgenic mice display a block in α/β thymocyte development
at the DN stage25. Rap1GAP1A transgenic mice display normal thymocyte development and peripheral T cell populations, but accumulate activated, hyper-responsive
lymph node T lymphocytes during aging17. A similar effect of T cell Rap1 inactivation with pathological consequences may occur in humans. In patients with rheumatoid arthritis, a block in Rap1 activation in observed in synovial fluid T cells13;14,
associated with enhanced TCR-dependent cytokine and proliferative responses26.
Coupling of extracellular stimuli to Rap1 activation in T cells is mediated primarily
by two Rap1 GEFs, C3G and CalDAG-GEFI. In general, GEF activity is modulated
by inducible conformational changes in GEFs3. TCR stimulation recruits Crk-bound
C3G to the TCR27, which in turn stimulates GEF activity of C3G28;29. The conformation and activity of CalDAG-GEF I is regulated by the soluble second messengers calcium and diacyl glycerol (DAG), both of which are generated following phospholipase C γ1 activation30. CalDAG-GEF is required for TCR and chemokine -dependent
Rap1 activation in human T cells30;31. In contrast to GEFs, Rap1GAPs are thought to
be constitutively active3, and their ability to inactivate Rap1 is instead regulated by
changes in expression levels and recruitment to the site of activated Rap132. Three
Rap1GAPs have been reported in T lymphocytes, RapGAP1A, RapGAP1B, and Spa133;34. TCR-dependent Rap1 activation is inhibited by co-ligation of CD2815, which is
RapGAP1A-dependent16;17. RapGAP1B can bind to G-coupled receptors34. Spa-1 is
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expressed in proliferating lymphoid cells33;35 and its participation in TCR signaling is
suggested by its recruitment to the immunological synapse during antigen-specific
stimulation of T cells36. Variation in phenotypes of mice transgenically expressing
different Rap1GAPs raises the possibility that each Rap1GAP family member may
make distinct contributions to T cell activation. Here, we find that Rap1GAPs are
differentially expressed in resting and TCR/CD28-stimulated human T lymphocytes, and that expression of Rap1GAPs is regulated by both transcriptional and
post-translational mechanisms. Distinct Rap1GAPs may thus differentially couple
external stimuli to Rap1 regulation, or inactivate Rap1 in distinct cellular subcompartments, dependent upon the activation status of the T cell.

Results
Differential expression of Rap1GAP family member mRNA in resting and activated human T lymphocytes
We initiated our studies by investigating mRNA expression of each of the Rap1GAP
family members in freshly isolated resting and CD3/CD28-stimulated human peripheral blood T lymphocytes. In unstimulated T cells, Spa-1 mRNA was expressed
at low to undectable levels, but increased following CD3/CD28 stimulation (Fig. 1).
Rap1GAP1A mRNA was readily detected in resting T cells, and increased further
following activation. A similar pattern of expression was observed for Rap1GAP1B.
In contrast, Rap1GAP2 and E6TP1 mRNA, both expressed in unstimulated T cells,

CD3/CD28
Spa-1
RapGAP1A
RapGAP1B
RapGAP2
E6TP1

24 72

C

W

Figure 1. Rap1GAP family member mRNA expression is differentially regulated by CD3/CD28
stimulation. Qualitative PCR analysis of Spa-1, Rap1GAP1A, Rap1GAP1B, Rap1GAP2 and E6TP1 mRNA
expression in freshly isolated unstimulated (-) human T
lymphocytes, and lymphocytes stimulated for 24 or 72
hours with anti-CD3/CD28 antibodies. Positive controls
(C) consisted of mRNA from COS-7 cells transfected with
10 ng of expression plasmid for the appropriate Rap1GAP,
while water (W) served as a negative control. Results are
representative of three independent experiments.
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were down-regulated within 24 hours of CD3/CD28 ligation. Together, these results suggested that each of the Rap1GAP family members could be expressed in
T lymphocytes, and that regulation of specific Rap1GAPs was a dynamic process
dependent upon T cell activation status.

Spa-1 protein expression is specifically up-regulated in activated CD4+ T lymphocytes
We next examined if changes in Rap1GAP family member mRNA expression following T cell activation resulted in changes in protein expression. Purified CD3+
T lymphocytes were cultured in medium alone or stimulated with activating antiCD3/CD28 antibodies for up to 72 hours, and cellular lysates examined for Spa-1
protein expression by immunoblotting (Fig. 2). Consistent with mRNA expression,
Spa-1 protein was also detected at low levels in freshly isolated T cells (Fig. 2A).
Following CD3/CD28 stimulation, Spa-1 protein expression increased in a timedependent manner throughout the time course of activation (Fig. 2A). We further
investigated if Spa-1 expression was similarly regulated in CD4+ T helper cells and
CD8+ cytotoxic T cells. Purified T cell subsets were isolated by negative selection,

A

Figure 2. Spa-1 protein protein is
selectively up-regulated in CD4+
+
+
+
CD3/CD28:
T lymphocytes following CD3/
CD28 stimulation. (A) Total T
Spa-1
lymphocytes were left unstimulated
(-) or stimulated (+) for the indicated
actin
number of hours with anti-CD3/CD28
antibodies and Spa-1 and actin expresB
C
sion determined by immunoblotting
CD3/CD28
medium
CD3/CD28
of cell lysates. (B) Immunoblotting of
+
+
total and purified CD4+ T lymphocyte
lysates with Spa-1 antibodies after 72
hour incubation in medium alone or
Total CD4
Total CD4
Total
CD8 CD8
in the presence of anti-CD3/CD28 antibodies. (C) Immunoblotting of total
and purified CD8+ T lymphocyte lysates with Spa-1 antibodies after 72 hour incubation in the absence
(-) or presence (+) of anti-CD3/CD28 antibodies. Results shown are representative of 3-6 independent
experiments. Experiments shown are representative of three to five independent experiments.
24h

48h
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and cultured in the absence or presence of anti-CD3/CD28 antibodies for 72 hours.
Remarkably, Spa-1 protein expression was up-regulated only in stimulated CD4+ T
lymphocytes (Fig. 2B), but not CD8+ cytotoxic T cells (Fig. 2C). Spa-1 thus represents a lineage and activation status –specific regulator of Rap1 function in human
T lymphocytes.
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Figure 3. Spa-1 up-regulation requires CD28 costimulation and involvement of PI3-kinase
and NF-kB signaling pathways. (A) Immunblotting of lysates from total T lymphocytes with
anti-Spa-1 and anti-tubulin antibodies following 72 hours culture in medium alone (-), or medium containing anti-CD3 and anti-CD28 antibodies, alone or in combination. (B) Immunoblotting of lysates
from total T lymphocytes with anti-Spa-1 and anti-actin antibodies following 72 hours culture in the
presence of increasing concentrations of anti-CD3 and anti-CD28 antibodies. (C) Immunoblotting of
lysates from total T lymphocytes with anti-Spa-1 and anti-CrkL antibodies following incubation for the
indicated number of hours in the absence (-) or presence (+) of anti-CD3/CD28 antibodies and vehicle
control (med), LY294002 (LY, 20 μM), PD98059 (PD, 50 μM), or CAPE (40 μM). Experiments
shown are representative of three to five independent experiments.
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T lymphocyte Spa-1 expression requires CD28 costimulatory activation of PI3kinase and NF-κB signaling pathways
To further dissect the signaling requirements needed for induction of Spa-1 expression in T cells, we examined the relative contributions of CD3 and CD28 stimulation. Purified T cells were cultured for 72 hours in medium alone, or anti-CD3 and
anti-CD28 antibodies, alone or in combination (Fig. 3A). Stimulation via CD3, or
CD28 ligation in the absence of CD3 stimulation, failed to induce Spa-1 expression.
Dose-dependency experiments, titrating in increasing amounts of anti-CD3 and anti-CD28 antibodies, demonstrated that induction of Spa-1 expression was sensitive
to the strengthes of both CD3 and CD28 signals (Fig. 3B). To gain insight into which
CD3 and CD28-dependent intracellular signaling events might contribute to Spa-1
induction, isolated T lymphocytes were pre-incubated with pharmacological inhibitors of PI3-kinase catalytic subunits (LY294002), the MEK/ERK pathway (PD98059),
and NF-κB activation (CAPE) (Fig. 3C). Inhibition of either PI3-kinase or NF-κB signaling pathways almost completely abolished Spa-1 induction, while suppression
of MEK/ERK signaling components had no effect. As both PI3-kinase and NF-κB
signaling pathways are known important downstream mediators of CD28 signaling,
this may explain the requirement for CD28 costimulation in the induction of Spa-1.

Mitogenic stimuli and homeostatic cytokines fail to induce Spa-1 expression
Initial descriptions of Spa-1 characterized it as a protein expressed specifically in
proliferating lymphoid cells33;35. To examine if there was a strict relationship between
T cell proliferation and Spa-1 expression, we compared Spa-1 protein expression in

Figure 4. Homeostatic cytokines and
mitogenic stimuli fail to induce Spa1 expression. Total and CD4+ T lympSpa-1
hocytes were stimulated for 72 hours with
anti-CD3/CD28 antibodies, or 7 days
ERK
with IL-15 (10 ng/ml), IL-7 (10 ng/ml),
or PHA (1 ng/ml) + IL-2 (50 U/ml). CelTotal CD4
Total Total CD4
Total
CD4
lular lysates were prepared and Spa-1 expression detected by immunoblotting. Experiments shown are representative of three independent experiments.
CD3/
CD28

IL-15

IL-7

PHA + IL-2
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CD3/CD28-stimulated T cells with T cells exposed to homeostatic cytokines and mitogens. Total purified T cells and CD4+ T cells were treated for 72 hours with antiCD3/CD28 antibodies, or for seven days with IL-7, IL-15, or PHA+IL-2 (Figure 4).
Of these stimuli, only CD3/CD28 antibodies induced Spa-1 expression. IL-7, IL-15,
and PHA+IL-2 also failed to upregulate Spa-1 expression in CD8+ T cells, and Spa-1
induction was not evident at shorter time points tested, including 48 and 96 hours
(data not shown). Thus, in freshly isolated T lymphocytes, Spa-1 induction appears
to be exquisitely dependent upon CD28 costimulatory signals, rather than associated with T cell proliferation.

CD3/CD28 stimulation promotes degradation of Rap1GAP1 and Rap1GAP2 proteins
Finally, we turned our attention to potential protein expression of other Rap1GAP
family members in T cells. Total purified T cells were left unstimulated or stimulated
for 24 and 72 hours in the presence of anti-CD3/CD28 antibodies, and cellular lysates
prepared for immunoblotting. Although E6TP1 mRNA expression was detected in
resting T cells (Figure 1), and the E6TP1 antibodies used for immunoblotting could
detect exogenous E6TP1 in transfected COS cells, we could not detect any endogenous E6TP1 protein expression in T lymphocytes (data not shown). mRNA analysis
indicated that both Rap1GAP1A and Rap1GAP1B expression was induced following CD3/CD28 stimulation (Figure 1). Surprisingly, using an antibody recognizing both Rap1GAP1A and Rap1GAP1B, we observed that expression of Rap1GAP1
proteins was suppressed in a time-dependent manner following CD3/CD28 stimulation (Figure 5A). This was accompanied by the appearance of apparent degradation
products of Rap1GAP1 proteins recognized by the antibody. Similar results were
also observed in purified CD4+ and CD8+ T cell subsets following stimulation. Rap1GAP2 protein expression, like Rap1GAP2 mRNA, also decreased following CD3/
CD28 stimulation (Figure 5B). At 24 hours post-stimulation, decreases in full-length
Rap1GAP2 expression were already observed, accompanied by an upward shift
in gel motility of the remaining proteins. This may indicate activation-dependent
phosphorylation and/or ubiquitination of Rap1GAP2. Additionally, disappearance
of full-length Rap1GAP2, like Rap1GAP1s, was also associated with the appearance
of degradation products. Activation-dependent mobility shifts and degradation of
Rap1GAP2 occurred in both CD4+ and CD8+ T lymphocytes. Together, our results
indicate that post-translational modifications play an important role in the suppres-
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Figure 5. CD3/CD28
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noted by dotted arrows. Experiments shown are representative of three independent experiments.
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sion of Rap1GAP1 and Rap1GAP2 expression in activated T lymphocytes.

Discussion
Our results demonstrate that expression of Rap1GAP family members is dynamically regulated by both transcriptional and post-translational mechanisms in human
T lymphocytes. Previous studies have independently but collectively provided evidence for the expression or potential expression of Spa-1, Rap1GAP1A, Rap1GAP1B,
Rap1GAP2 and E6TP1 in murine or human T lymphocytes6;20;33;34;37. However, comparative analysis of Rap1GAP expression within the T cell lineage has been confined
to analysis of Rap1GAP1A and Spa-1 expression in murine thymocytes and splenic T
cells20. Here, both GAPs were expressed in thymocytes, while Spa-1 was relatively
enriched in peripheral T lymphocytes. In human T lymphocytes, we find that expression of each Rap1GAP is dependent upon T cell lineage and activation status.
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Spa-1 was originally identified in proliferating murine lymphoid cells and T cell
hybridomas33;35. Spa-1 expression in lymphoid cells was suppressed following IL-2
withdrawal, associated with cell cycle arrest. In T cell hybridomas, stimulation with
anti-CD3 antibodies also suppressed Spa-1 expression, again accompanied by cell
cycle arrest. Conversely, mitogenic stimulation of splenic cells with concanavalin A
stimulated Spa-1 expression35. However, it is unclear as to how far these observations can be extended to normal murine and human T lymphocytes, as subsequent
studies from the same group found that Spa-1 could be readily detected in freshly
isolated peripheral murine T lymphocytes, only a small percentage of which would
be expected to be actively cycling20. Here, we find that in human T lymphocytes,
Spa-1 is expressed at low to undetectable levels in resting cells, and upregulated only
in CD4+ T lymphocytes following CD3/CD28 stimulation. Spa-1 expression requires
specific input from both CD3 and CD28, signals which can not be recapitulated by
homeostatic cytokines and mitogens used in our studies. Two signaling pathways
which are cooperatively activated by CD3 and CD28, PI3-kinase and NF-κB, appear
to be important in the induction of Spa-1 expression. The requirement for CD28
co-stimulation in the induction of Spa-1 expression may be relevant for reports of a
role for elevated Rap1 activity in anergic T cells. One common model for inducing
anergy or tolerance in mature T cells is to stimulate naive cells with antigen in the
absence of appropriate co-stimulatory input, such as that provided by CD28. Induction of anergy in human T cells in vitro is associated with constitutive activation of
Rap110. Similarly, CD4+ T lymphocytes isolated from mice following in vivo antigen
tolerization also display elevated levels of Rap122. As T cells from mice lacking Spa-1
develop age-dependent hyporesponsiveness to mitogens and recall antigen20, it may
be the case that up-regulation of Spa-1 expression, and subsequent dampening of
Rap1 activity, may be a necessary element of appropriate T cell costimulation.
Although we could detect increased mRNA expression of Rap1GAP1A and Rap1GAP1B in T lymphocytes following CD3/CD28 stimulation, this did not correlate
with changes in protein expression. Instead, Rap1GAP1 protein expression was
suppressed in activated T cells, accompanied by protein degradation. Post-translational regulation of protein stability has appeared as an emerging theme in Rap1GAP expression. Thyroid-stimulating hormone (TSH) stabilizes Rap1GAP1A protein in thyroid cells by inactivating glycogen synthase kinase 3β, which otherwise
phosphorylates Rap1GAP1A and promotes its proteasomal degradation38. Gαo and
Gαi –coupled receptors can also promote Rap1GAP1B proteasomal degradation39.
Finally, E6TP1 is targeted by the papilloma virus E6 oncogene for degradation37;40.
Here, we extend these studies to show that both Rap1GAP1 and Rap1GAP2 proteins
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are degraded following CD3/CD28 stimulation in T cells. The mechanism(s) leading
to degradation of these Rap1GAPs in T cells remains to be determined. In platelets,
cAMP and cGMP can promote phosphorylation of Rap1GAP26;41. However, these
events do not appear to affect Rap1GAP2 stability, but rather inhibits suppression of
Rap1GAP2 by 14-3-3 proteins42. The c-Cbl and Cbl-b proto-oncogene products have
previously been indentified as E3 ubiquitin ligases regulating Rap1 function in T
cells. However, these proteins suppress Rap1 activation by promoting degradation
of the Crk-bound Rap1 GEF C3G43;44.
It has been generally thought that diversity in Rap1GAP expression represented
tissue-specific enrichment of enzymes performing redundant functions in the inactivation of Rap1. Indeed, in over-expression systems Rap1GAP1A, Rap1GAP1B,
Spa-145 and E6TP1 (our unpublished observation) can each effectively suppress
integrin-dependent adhesion in T cells. However, mice transgenically expressing
RapGAP1A and Spa-1 have distinct phenotypes17;25. Inappropriate expression of
Rap1GAP1A, driven by the β-actin promoter, has no obvious effect on thymocyte
development, but leads to accumulation of T cells with an activated phenotype in
peripheral lymph nodes46. In contrast, transgenic expression of Spa-1 under control
of the lck promoter, expressed early in thymocyte development, blocks thymocyte
maturation at an early CD4-CD8- stage. Delaying Spa-1 over-expression until later in development, using a CD4 promoter, failed to modulate further thymocyte
maturation25. These observations, along with our findings, suggest that each Rap1GAP may make distinct contributions during T cell development and activation.
One possibility is that each Rap1GAP may couple to distinct cell surface signaling
proteins. In vitro studies have indicated that Rap1GAPs inactivate Rap1 primarily
at the cell membrane32. This may be due to specific recruitment of GAPs to cellsurface proteins. Initial evidence supporting this model has already been provided.
For example, Rap1GAP1A is regulated directly or indirectly by CD28 and CTLA-4
ligation in T cells16;17. Rap1GAP1B, which compared to Rap1GAP1A, contains an
N-terminal amino acid extension encoding a GoLoCo motif, can bind to Gi and Ga
subunits of G-coupled receptors34. Indirect evidence that Spa-1 interacts with cellsurface proteins in T cells is seen in observations that Spa-1 is recruited to the T cell
immunological synapse following antigen stimulation36. A second possibility is that
in addition to inactivating Rap1, each Rap1GAP may also serve independent functions. In the case of Spa-1, protein-protein interactions with Brd447 and aquaporin-248
have been observed, although the relevance of these interactions to T cell function
remains to be investigated. The wealth and variation of co-stimulatory proteins
and other signaling receptors expressed on distinct T cell subsets during activation
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and differentiation, in conjunction with the differential expression of Rap1GAPs we
observe in T cells, raises the possibility that Rap1 function can be therapeutically
modulated in distinct T cell populations to clinically enhance or suppress T celldependent immune responses.

Materials and Methods
Reagents
Recombinant human cytokines used in these studies included IL-2 (Dreiech, Germany), IL-7 (Strathmann Biotech GMBH, Germany), and IL-15 (R&D, Abingdon,
UK). PHA was purchased from Sigma, LY294002 (used at 20 μM), and PD 98059 (50
μM) from Calbiochem, and CAPE (40 μM) from Biomol.

T cell isolation and culture
Peripheral blood mononuclear cells (PBMC) were isolated from healthy volunteers
by Ficoll-Isopaque density gradient centrifugation (Nycomed, Pharma, Oslo, Norway). CD3+ T lymphocytes were purified from PBMC using a negative isolation
procedure (T Cell Negative Isolation Kit, Dynal Biotech, Oslo, Norway) according
to the manufacturer’s instructions. In some experiments, purified CD4+ and CD8+
T lymphocytes were also obtained using negative isolation procedures (MACSisolation kits, Miltenyi). T cells and T cell subset purity was greater than 95% as assessed by FACS analysis (described below). T cells were cultured at 37°C under
5% CO2 at a density of 1x106/ml in IMDM medium supplemented with 10% FCS,
200 μM L-glutamine, 25 mM HEPES, streptomycin (100 ng/ml) and penicillin (10
U/ml) (all from Invitrogen, Carlsbad, CA). T cells were cultured in medium alone
or stimulated for up to 72 hours with activating anti-CD3 antibodies 1XE (Sanquin,
Amsterdam, The Netherlands) or 16E9 (provided by Dr. R. van Lier, our institute),
and/or anti-CD28 antibody (clone 15E8, Sanquin) antibodies. Alternatively, T cells
were stimulated for up to 7 days with IL-7 (10 ng/ml), IL-15 (10 ng/ml), or PHA (1
ng/ml) + IL-2 (50 U/ml).
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Flow Cytometric Analysis
Purity of T cell populations was assessed by staining with anti-CD3 antibody. Effects of antibodies and cytokines on T cell proliferation was assessed by CFSE dilution analysis. T cells were resuspended at 5-10x106 cells in PBS and labeled with 2.5
μM CFSE (Molecular Probes Europe BV, Leiden, The Netherlands) for 10 minutes
at 37°C. Cells were then washed, resuspended at 1x106 cells/ml in complete culture
medium, and left untreated, or stimulated with anti-CD3 and anti-CD28 antibodies,
alone or in combination, for up to 72 hours, or PHA+IL-2, IL-7 or IL-15 for 7 days.
Proliferation was measured using a FACSCalibur flow cytometer (BD Biosciences,
San Jose, CA) and CellQuest Pro software (BD Biosciences).

RNA extraction and PCR analysis
T lymphocytes were left untreated or stimulated for 24 or 72 hours with anti-CD3/
CD28 antibodies. T lymphocytes were then harvested, washed with PBS and total
RNA isolated using a GenElute RNA isolation kit (Sigma-Aldrich). RNA was reversetranscribed using SuperScript™ II Reverse Transcriptase (Invitrogen) and cDNA
amplified by polymerase chain reaction (PCR) using primers specific for GADPH
(Eurogentec, Philadelphia, PA), Rap1GAP1a, Rap1GAP1b, Rap1GAP2, Spa-1 and
E6TP1α (all synthesized by Invitrogen). RapGAP primer sequences and PCR conditions were as previously described6. Positive controls used were total RNA isolated
from COS-7 cells transfected with 10 ng pCMV-myc-E6TP1 (kindly provided by Dr.
V. Band, Northwestern University, Chicago, IL), pMT2HA-Rap1GAP1A, pMT2HARap1GAP1B, pSR-His-Spa-1, and pCDNA3-Rap1GAP2 expression vectors37;45 using
Lipofectamine 2000 transfection reagent (Invitrogen). PCR products were separated
by electrophoresis and visualized using a Gene Flash imaging system (Westburg,
Leusden, The Netherlands).

Western blot analysis
Cells were counted, equivalent numbers of T lymphocytes were lysed in 1x Laemmli’s buffer, and clarified protein lysates were resolved by electrophoresis on 3-8%
gradient Bis-Tris SDS NuPAGE® gels (Invitrogen). Proteins were then transferred to
polyvinylidene difluoride (PVDF) membranes (Bio-Rad Laboratories, Hercules, CA)
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using a semi-dry transfer apparatus (Invitrogen). Membranes were washed in Trisbuffered saline (pH 8.0) containing 0.05% Tween-20 (Bio-Rad) (TBS/T), blocked in
2% milk (Bio-Rad)/TBS/T, and incubated overnight at 4°C in primary antibody diluted in TBS/T. Primary antibodies used included antibodies specific for Rap1GAP1a,
Rap1GAP1b, E6TP1, actin, CrkL (all from Santa Cruz Biotechnology, Santa Cruz,
CA), Spa-1, ERK 1/2 (Cell Signaling, Beverly, MA), and tubulin (Sigma-Aldrich).
Rap1GAP2 rabbit anti-serum and purified rabbit anti-Rap1GAP2 antibodies have
been previously described6;42. Following incubation with primary antibodies, blots
were washed in TBS/T and then incubated in TBS/T containing IRDye 680 or IRDye
800 -conjugated anti-rabbit or anti-mouse immunoglobulin antibodies (LI-COR, Bad
Homburg, Germany) and staining detected using an Odyssey Imager (LI-COR) and
Odyssey 3.0 software.
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RasGRF1 promotes MMP-3 production in rheumatoid arthritis synovial tissue

Abstract
Introduction
Fibroblast-like synoviocytes (FLS) from rheumatoid arthritis (RA) patients share
many similarities with transformed cancer cells, including spontaneous production
of matrix metalloproteinases (MMPs). Altered or chronic activation of proto-oncogenic Ras family GTPases is thought to contribute to inflammation and joint destruction in RA, and abrogation of Ras family signaling is therapeutic in animal models
of RA. Recently, expression and post-translational modification of Ras guanine nucleotide releasing factor 1 (RasGRF1) was found to contribute to spontaneous MMP
production in melanoma cancer cells. Here, we examined the potential relationship
between RasGRF1 expression and MMP production in RA, inflammatory osteoarthritis (OA), and reactive arthritis (ReA) synovial tissue and FLS.

Methods
Expression of RasGRF1, MMP-1, MMP-3, and interleukin (IL)-6 was detected in
synovial tissue by immunohistochemistry and stained sections were evaluated by
digital image analysis. Expression of RasGRF1 in FLS and synovial tissue was also
assessed by immunoblotting. Double staining was performed to detect proteins in
specific cell populations, and cells producing MMP-1 and MMP-3. RasGRF1 expression was manipulated in RA FLS by cDNA transfection and gene silencing, and
effects on MMP-1, TIMP-1, MMP-3, IL-6, and IL-8 production measured by enzymelinked immunosorbent assay (ELISA).

Results
Expression of RasGRF1 was significantly enhanced in RA synovial tissue, and detected in FLS and synovial macrophages in situ. In cultured FLS and synovial biopsies, RasGRF1 was detected by immunoblotting as a truncated fragment lacking
its negative regulatory domain. Production of MMP-1 and -3 in RA but not non-RA
synovial tissue positively correlated with expression of RasGRF1 and colocalized in
cells expressing RasGRF1. RasGRF1 over-expression in FLS induced production of
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MMP-3, and RasGRF1 silencing inhibited spontaneous MMP-3 production.

Conclusions
Enhanced expression and post-translational modification of RasGRF1 contributes
to MMP-3 production in RA synovial tissue and the semi-transformed phenotype
of RA FLS.
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Introduction
Inflammation of affected joints in rheumatoid arthritis (RA) is characterized by infiltration of the synovial sublining by macrophages, lymphocytes, and other immune
cells, and intimal lining layer hyperplasia due to increased numbers of intimal macrophages and fibroblast-like synoviocytes (FLS)1 . Initial in situ and in vitro studies
of invasive RA FLS revealed striking similarities with transformed cells expressing
mutated proto-oncogene and tumor suppressor gene products2. Hyperplastic FLS
invading the joints of RA patients resemble proliferating tumor cells and in vitro,
RA FLS proliferate more rapidly than FLS from inflammatory non-RA patients or
healthy individuals3. Characteristic of transformed cells, they spontaneously secrete
autocrines and matrix metalloproteinases (MMPs), display anchorage-independent
growth, and are resistant to contact inhibition of proliferation4;5. While transforming
mutations in gene products involved in cellular transformation, such as Ras and
PTEN, have not been detected in RA FLS6;7, it is appreciated that signaling pathways
regulated by proto-oncogene and tumor suppressor gene products are constitutively activated due to stimulation by inflammatory cytokines, chemokines, growth
factors, and oxidative stress in RA synovial tissue8.
Ras superfamily small GTPases are expressed throughout mammalian tissue, and
play essential roles in coupling extracellular stimuli to multiple downstream signaling pathways9. Cellular stimulation results in the activation of guanine nucleotide
exchange factors (GEFs), which catalyze the exchange of GDP on inactive GTPase
for GTP. The binding of GTP to Ras superfamily GTPases leads to a conformational change in the GTPase, allowing signaling to downstream effector proteins10. Of
these small GTPases, Ras family homologues (H-, K-, and N-Ras) are important in
coupling extracellular stimuli to activation of a shared set of signaling pathways regulating cell proliferation and survival, including mitogen-activated protein (MAP)
kinase cascades, phosphoinositide 3-kinase (PI3K) and Ral GTPases9;11. The related
but distinct family of Rho GTPases (including Rac, Cdc42 and Rho proteins) regulate
cellular polarization and chemotactic responses, MAP kinase cascades, and oxidative burst machinery12;13. Specificity in GEF activation of GTPase families, and even
GEF selectivity in activating different Ras homologs, as well as differential coupling
of GEFs to specific types of cellular receptors, such as Son-of-sevenless to tyrosine
kinase-dependent receptors, and Ras guanine nucleotide-releasing factor (RasGRF)
1 to G protein-coupled receptors, achieves specificity in Ras superfamily GTPase
signaling.
Previous studies have demonstrated that Ras family homologs are present in RA
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synovial tissue, and preferentially expressed in the intimal lining layer14;15. Activation of Ras effector pathways, including MAP kinases, PI3K, and nuclear factor
(NF)-kB, is enhanced in RA compared to disease controls16-18. In RA synovial fluid
T cells constitutive activation of Ras, in conjunction with inactivation of the related
GTPase Rap1, contributes to persistent reactive oxygen species production by these
cells19;20. In RA FLS, ectopic expression of dominant-negative (DN) H-Ras suppresses interleukin (IL)-1-induced extra-cellular signal-regulated kinase (ERK) activation and IL-6 production21. DN Raf kinase, which broadly binds to and inhibits Ras
family members and related GTPases, suppresses epidermal growth factor-induced
ERK and c-jun N-terminal kinase (JNK) activation in RA FLS, and reduces constitutive expression of MMPs22. Additionally, strategies which broadly inhibit Ras family
function in vivo are protective in animal models of arthritis21-23.
Evidence is now emerging that altered expression of Ras GEFs may contribute to
autoimmune diseases. Mice lacking expression of the Ras GEF Ras guanine nucleotide-releasing protein 1 develop a spontaneous systemic lupus erythematosis (SLE)like disease, and similar defects are observed in a subset of SLE patients24-26. Recent
evidence has shown that expression levels of the GEF RasGRF1 regulate constitutive
MMP-9 production in human melanoma cells27. RasGRF1 displays in vitro and in
vivo exchange activity against H-Ras28, as well as the Rho family GTPase Rac29;30.
RasGRF1 activity can also be regulated by protease-dependent post-translational
modification, as calpain-dependent cleavage of RasGRF1 enhances its Ras-activating
capacity in vitro and in vivo31. Given similarities between FLS and transformed
cancer cells, we examined the expression of RasGRF1 in RA and non-RA synovial
tissue and FLS, providing evidence that elevated RasGRF1 expression and posttranslational modification of this protein in RA synovial tissue may contribute to
joint destruction by stimulating MMP-3 production.

Materials and Methods
Patients and synovial tissue samples
Synovial biopsy samples were obtained by arthroscopy as previously described32
from an actively inflamed knee or ankle joint, defined by both pain and swelling,
of patients with RA (n=10)33, inflammatory osteoarthritis (OA) (n=4)34, or reactive
arthritis (ReA) (n=7)35. Patient characteristics are detailed in Table 1. All patients
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Table I. Clinical features of RA, ReA and OA patients included in the study.
Characteristic

Diagnosis

Median (range)

Rheumatoid arthritis

Age (years)
Male:female
Disease duration (months)
Erythrocyte sedimentation rate (mm/hour)
Rheumatoid factor (kU/L)

55 (30-68)
6:4
84 (2-360)
64 (2-107)
21 (0-138)

Reactive arthritis

Age (years)
Male:female
Disease duration (months)
Erythrocyte sedimentation rate (mm/hour)
Rheumatoid factor (kU/L)

33 (22-39)
4:3
2.5 (1-14)
5 (0-14)
0 (0-1)

Osteoarthritis

Age (years)
Male:female
Disease duration (months)
Erythrocyte sedimentation rate (mm/hour)
Rheumatoid factor (kU/L)

72.5 (54-83)
2:2
66 (6-180)
9.5 (5-43)
0 (0-1)

provided written informed consent prior to the start of this study, which was approved by the Medical Ethics Committee of the Academic Medical Center, University of
Amsterdam, The Netherlands.

Immunohistochemical analysis
Serial sections from six different biopsy samples per patient were cut with a cryostat
(5 mm), fixed with acetone, and endogenous peroxidase activity blocked with 0.3%
hydrogen peroxide in 0.1% sodium azide/phosphate-buffered saline. Sections were
stained overnight at 4oC with monoclonal antibodies against MMP-1 (MAB 1346)
and MMP-3 (MAB 1339) (both from Chemicon International, Temicula, CA) and rabbit polyclonal antibodies recognizing RasGRF1 (SC-863) (Santa Cruz Biotechnology,
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Santa Cruz, CA), and anti-IL-6 (Department of Nephrology, Leiden University Medical Center, Leiden, The Netherlands). For control sections, primary antibodies were
omitted or irrelevant immunoglobulins were applied. Sections were then washed
and incubated with goat anti-mouse horseradish peroxidase (HRP)-conjugated- or
swine anti-rabbit-HRP-conjugated antibodies (from Dako, Glostrup, Denmark), followed by incubation with biotinylated tyramide and streptavidin-HRP, and development with amino-ethylcarbazole (AEC, Vector Laboratories, Buringame, CA)36.
Sections were then counterstained with Mayer’s hematoxylin (Perkin Elmer Life
Sciences, Boston, MA) and mounted in Kaiser’s glycerol gelatin (Merck, Darmstadt,
Germany).

Digital image analysis
For quantitative analysis of protein expression, stained slides were randomly coded by an independent observer, blinded to antibodies used and clinical diagnosis.
Stained sections were analyzed by computer-assisted image analysis using the Qwin
analysis system (Leica, Cambridge, UK) as previously described in detail37. Values
of integrated optical densities (IOD)/mm2 and number of positive cells/mm2 were
obtained for both the intimal lining layer and the synovial sublining, and corrected
for total number of nucleated cells/mm2.

Immunohistochemical double staining
To detect potential cell-specific expression of RasGRF1 in synovial tissue, tissue
sections were incubated with anti-RasGRF1 antibodies overnight at 4oC, followed
by serial incubation with swine anti-rabbit-HRP antibodies, biotinylated tyramine,
and streptavidin-HRP. Sections were then labeled for one hour at room temperature with FITC-conjugated antibodies to detect T lymphocytes (anti-CD3, clone SK7,
Becton Dickinson, San Jose, CA), FLS (anti-CD55, mAB67, Serotec, Oxford, UK), and
macrophages (anti-CD68, clone DK25, Dako), followed by incubation with alkaline
phosphatase (AP)-conjugated goat anti-mouse antibody (Dako). HRP staining was
developed as above, and AP staining was developed using an AP Substrate III kit
(SK-5300, Vector Laboratories) according to the manufacturer’s instructions.

116

RasGRF1 promotes MMP-3 production in rheumatoid arthritis synovial tissue

FLS culture and transfection with cDNA and locked nucleic acids (LNA)
RA FLS and OA FLS were cultured as previously described38. FLS were used between
passages 4 and 9 and cultured in medium containing 10% fetal calf serum (FCS). To
examine the influence of RasGRF1 overexpression on FLS MMP production, 2 x 105
RA FLS were plated overnight in 6-well plates and then transfected with 7.5 mg control pCDNA3 or pCDNA3 encoding full-length human RasGRF1 (provided by Dr.
R. Zippel, University of Milan, Milan, Italy) using Lipofectamine 2000 transfection
reagent (Invitrogen, Verviers, Belgium) as per the manufacturer’s instructions. Culture medium was replaced with medium containing 1.0% FCS after 24 hours, and
cells harvested 48 hours post-transfection.
RasGRF1 expression in FLS was silenced using RasGRF1-specific and control LNA
designed with on-line software (https://rnaidesigner.invitrogen.com/rnaiexpress/
design.do) (synthesized by Exiqon A/S, Vedbaek, Denmark). LNA oligonucleotides
used were RasGRF1 (TTGcgttaccttTGCt – LNA nucleotides in capital letters, DNA
nucleotides in lower case letters), and as a negative control, a scrambled RasGRF1
sequence (GTAcagcaagatTGGg). LNA transductions were performed with Lipofectamine 2000 transfection reagent and 50 nM LNA. Culture medium was replaced
with starvation medium (1% FCS in DMEM) after 24 hours and cells harvested after
an additional 24 hours.

Protein preparation and immunoblotting
FLS were lysed in Laemli’s buffer. Frozen synovial biopsies were homogenized and
proteins solubilized using a ReadyPrep™ Sequential Extraction Kit (BioRad, Hercules, CA) and protein content quantified using a BCA Protein Assay Kit (Pierce,
Rockford, IL). Equivalent amounts of protein were resolved by electrophoresis on
NuPage 4-12% Bis-Tris gradient gels (Invitrogen) and transferred to polyvinylidene
difluoride membrane (BioRad). Proteins were detected by immunoblotting with
anti- RasGRF1 (SC-863 and SC-224, Santa Cruz), actin (Santa Cruz) or tubulin (Sigma Aldrich, St. Louis, MO) antibodies, followed by extensive washing, incubation
with HRP-conjugated anti-rabbit or anti-mouse immunoglobulin antibodies (BioRad) and enhanced chemiluminescence detection (Pierce). For quantitative analysis
of RasGRF1 expression, staining was detected using IRDye 680 or 800 –labelled antibodies and an Odyssey Imager (LI-COR, Bad Homburg, Germany), and quantified
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using Odyssey 3.0 software.

Measurement of MMP-1, MMP-3, TIMP-1, IL-6 and IL-8 production by FLS
Medium was removed from FLS 24 hours after introduction of cDNA or LNA, and
replaced with starvation medium. After 24 hours, cell-free tissue culture supernatants were harvested and analyzed using ELISA kits for MMP-1, MMP-3, TIMP-1 (all
from R&D Systems Europe Ltd., Abingdon, UK), IL-6 and IL-8 (both from Sanquin
Reagents, Amsterdam, The Netherlands), according to the manufacturer’s instructions.

Immunofluorescence staining
Synovial tissue sections were incubated with primary anti-RasGRF1 antibodies overnight at 4oC, followed by incubation for 30 minutes with Alexa-594-conjugated goat
anti-rabbit antibodies (Molecular Probes Europe, Leiden, the Netherlands). Sections
were then incubated with mouse monoclonal antibodies against MMP-1, MMP-3, or
IL-6, followed by incubation with Alexa-488-conjugated goat anti-mouse antibody
(Molecular Probes Europe), mounting in Vectashield (Vector Laboratories) and analysis using a fluorescence microscope (Leica DMRA) coupled to a CCD camera and
Image-Pro Plus software (Media Cybernetics, Dutch Vision Components, Breda, the
Netherlands).

Statistical analysis
Wilcoxon’s nonparametric signed ranks test was used to compare protein expression between intimal lining layer and the synovial sublining layer within diagnostic groups. As no trend towards a difference in RasGRF1 expression was found
between inflammatory OA and ReA synovial tissues, these two non-erosive groups
were combined as non-RA for further analyses. The Mann-Whitney U test was used
for the comparison of RasGRF1 expression between diagnostic groups. Correlations
between RasGRF1 expression and MMP-1, MMP-3 and IL-6 expression in synovial
tissue were assessed by Spearman’s rank correlation coefficient. ELISA results were
examined using Student’s t-test. P values less than 0.05 were considered statistically
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Figure 1. Detection of RasGRF1 protein expression in RA and non-RA synovial tissue.
(a) Representative stainings of RA synovial tissue
with control and anti-RasGRF1 antibodies. (b)
Representative stainings of RA and OA synovial
tissue with anti-RasGRF1 antibodies. Stainings
were developed with AEC (red), and counterstained
with Mayer’s hematoxyline. Magnification x 100.
(c) Quantitative analysis of Ras signaling protein
expression in RA and non-RA (OA and ReA) synovial tissue. Integrated optical densities (IOD)/
mm2, corrected for nucleated cells, for staining of
synovial sublining (sub) and intimal lining (lin)
layer of 10 RA and 11-non-RA (4 inflammatory
OA, 7 ReA) patients with anti-RasGRF1 antibodies. IOD were calculated by computer-assisted
image analysis. Box plots represent the 25th to
75th percentiles, the lines within each box the
median, and lines outside the boxes designate the
10th and 90th percentiles. Bars indicate statistically significant differences in protein expression
between sublining and intimal lining layer tissues
within diagnostic groups and between diagnostic
groups. * P < 0.05, ** P < 0.01, *** P < 0.005.

significant. There was no correction for multiple comparisons due to the exploratory nature of the study.

Results
Expression of RasGRF1 in RA and non-RA synovial tissue
To gain insight into potential involvement of RasGRF1 in RA, immunohistochemical
staining was performed on RA synovial tissue using RasGRF-1 specific antibodies.
While no specific staining was observed with irrelevant control rabbit antibodies, robust staining was observed in RA synovial tissue with anti-RasGRF1 antibodies (Figure 1A). RasGRF1 staining was most apparent throughout the intimal lining layer,
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CD3/RasGRF1

CD55/RasGRF1

CD68/RasGRF1

Figure 2. Representative double stainings of RA synovial tissue with antibodies against RasGRF1 and cell-specific markers. Synovial tissue sections were stained overnight with antibodies against
RasGRF1, followed by antibodies against CD3, CD55, and CD68. After biotin tyramide enhancement, staining was developed with AEC (red, RasGRF1) and Fast blue (blue, cell-specific markers). Magnification x 100.

but was also observed in infiltrating mononuclear cells found in the synovial sublining. Initial qualitative analysis of RasGRF1 expression in RA and inflammatory
OA synovial tissue suggested that RasGRF1 expression was elevated in RA synovial
tissue (Figure 1B). We therefore compared RasGRF1 expression in RA and non-RA
(inflammatory OA and ReA) synovial tissue quantitatively, using digital image analysis (Figure 1C). Preliminary analyses indicated no differences in RasGRF1 expression between inflammatory OA and ReA synovial tissue, either in the intimal lining
layer (mean integrated optical density [IOD]/mm2 ± standard error of the mean OA,
259.0 ± 131.6; ReA, 263.4 ± 77.0) or the synovial sublining layer (OA, 113.3 ± 55.7;
ReA, 135.6 ± 51.9) (data not shown). Therefore, these two non-erosive groups were
combined as non-RA for further analyses. Comparing RA with non-RA synovial
tissue, RasGRF1 expression was elevated in RA (P < 0.05) and non-RA (P < 0.01) intimal lining layer as compared to the synovial sublining. RasGRF1 expression was
enhanced in the synovial sublining of RA tissue as compared to non-RA synovial
tissue (P < 0.01), and a trend towards enhanced RasGRF1 expression was observed
in the RA intimal lining layer. Correction of RasGRF1 expression for the number of
RasGRF1-positive cells, confirmed that RasGRF1 expression was enhanced in both
the synovial sublining (P < 0.005) and intimal lining layer (P < 0.05) of RA patients
compared to non-RA patients (data not shown). Qualitative double labeling of RA
synovial tissue with antibodies recognizing RasGRF1 and markers for T lymphocytes (CD3), FLS (CD55), and macrophages (CD68) revealed that RasGRF1 expression
was restricted to FLS and macrophages (Figure 2).
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RasGRF1 expression in RA and non-RA FLS
To independently confirm RasGRF1 expression in synovial tissue and FLS detected
by immunohistochemistry, we performed immunoblotting experiments on lysates
derived from intact RA and OA synovial biopsies, and RA and OA FLS. In protein
lysates derived from intact RA and OA synovial biopsies (Figure 3), we were unable
to detect full-length 140 kDa RasGRF1. However, we did observe prominent expression of a 98 kDa truncation product, and lower and variable levels of 75 and 54
kDa truncation products. These C-terminal fragments are thought to be generated
by calpain-dependent cleavage, resulting in constitutive activation of RasGRF127;31.
In analyses of FLS lysates, full-length 140 kDa RasGRF1 was detected by immunoblotting in only one of six RA FLS lines (RA FLS5), and neither of two OA FLS lines
tested (Figure 4A). In contrast, a 54 kDa RasGRF1 C-terminal fragment was detected
in all RA and OA FLS lines, a 75 kDa fragment in three of five RA FLS and both OA
FLS lines, and a 98 kDa C-terminal fragments in four of six RA and both OA lines.
Quantitative analysis of RasGRF1 protein expression in 5 RA and 5 OA FLS lines
revealed no significant difference in total RasGRF1 expression (Figure 4B). With the
exception of the 74 kDa RasGRF1 fragment, which was detected at lower levels in
RA FLS (P < 0.05), other RasGRF1 truncation fragments, as well as full-length RasGRF1, were expressed at similar levels in RA and OA FLS.
To verify that the observed truncation products were derived from RasGRF1, rather
than non-specific interactions with the antibodies, we performed additional experiments. First, RA FLS were transfected with cDNA encoding full-length RasGRF1
(Figure 4C and Figure 4D). Quantitative analysis of proteins detected by immunoblotting demonstrated that transfection of RA FLS with RasGRF1 cDNA encoding
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Figure 3. RasGRF1 is expressed
as a truncated protein in synovial
tissue. Immunoblot analysis of RasGRF1 and actin in RA and OA synovial biopsy lysates. 98, 75 and 54 kDa
proteins reacting with RasGRF1 antibodies, and expected position of fulllength 140 kDa RasGRF1, are indicated on the left by arrowheads. Relative
mobility of molecular weight standards
(kDa) are indicated to the right.
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Figure 4. RasGRF1 is expressed as a truncated protein in FLS. (a) Immunoblot analysis of
RasGRF1 in RA and OA FLS. 140, 98, 75 and 54 kDa proteins reacting with RasGRF1 antibodies
are indicated on the left by arrowheads. Relative mobility of molecular weight standards (kDa) are
indicated to the right. (b) Expression of 140, 98, 75, and 54 kDa RasGRF1 polypeptides, as well as
total RasGRF1 signal, normalized to tubulin expression was quantified in RA (n = 5) and OA (n = 5)
FLS lines, and expressed as mean optical density ± SEM. (c) Overexpression of RasGRF1 in RA FLS.
RA FLS were treated with transfection reagent alone (mock) or transfected with empty (control) vector
or vector encoding RasGRF1, and cell lysates immunoblotted with antibodies against RasGRF1 (upper panel) and tubulin (lower panel). Expression of full-length and truncated RasGRF1 polypeptides
is indicated with arrows, and a 60 kDa polypeptide with an asterisk. (d) Expression of 140, 98, 75,
and 54 kDa RasGRF1 polypeptides following transfection of RA FLS with empty vector or RasGRF1,
normalized to tubulin expression, was quantified and expressed as mean optical density ± SEM (middle
panel) (n=4). (e) Silencing of RasGRF1 expression with LNA. RA FLS were treated with transfection
reagent alone (mock) or transduced with control or RasGRF1 LNA and lysates assessed for expression
of RasGRF1 (upper panel) and tubulin (lower panel) by immunoblotting and (f) quantitative analysis
as in (d). * P < 0.05, ** P< 0.01 compared to controls.
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full-length RasGRF1 resulted in the enhanced expression of the 140 (P < 0.01), 98, 75
(P < 0.05), and 54 kDa (P < 0.05) forms of RasGRF1. Second, we silenced RasGRF1
expression by transduction of RA FLS with RasGRF1-specific LNA. LNA are antisense nucleotide analogs containing methylene bridges which mimic RNA monomer
structure, disrupt gene expression by promoting mRNA degradation and/or preventing gene product translation39. RasGRF1-specific LNA decreased RasGRF1 expression in RA FLS compared to control scrambled LNA (Figure 4E), while leaving tubulin expression unaffected. Significant decreases in the expression of full-length 140
kDa RasGRF1 (P < 0.05), and 98 (P < 0.01), 75 (P < 0.05) and 54 kDa (P < 0.01) forms
were achieved (Figure 4F). Exposure of FLS to transfection reagent alone resulted
in the generation of an additional 60 kDa polypeptide (mock-treated FLS in Figures
4C and 4E, noted by an asterisk next to figures) not observed in synovial biopsies or
untreated FLS, possibly due to activation of an unidentified cellular protease.
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Figure 5. Effect of RasGRF1 over-expression on RA FLS MMP and cytokine production.
Tissue culture supernatants from RA FLS transfected with empty vector or RasGRF1 were harvested
and assessed for production of (a) MMP-1, (b) TIMP-1, (c) the ratio of TIMP-1 to MMP-1, (d) MMP3, (e) IL-6 (n = 4 each) and (f) IL-8 (n = 3) by ELISA. * P < 0.05 compared to controls.
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Effects of changes in RasGRF1 expression on RA FLS MMP-3 production in vitro
As RasGRF1 expression levels regulate MMP production in cancer cell lines27, we
examined if modulation of RasGRF1 expression in RA FLS might also regulate constitutive MMP and cytokine production. Quantitative analysis of FLS tissue culture supernatants demonstrated that RasGRF1 over-expression had no effect on FLS
production of MMP-1 (Figure 5A) or TIMP-1 (Figure 5B). Additionally, the ratio of
TIMP-1 expression relative to MMP-1 was unaffected (Figure 5C). However, forced
expression of RasGRF1 induced an approximately 150% increase in MMP-3 production (27.99 ng/ml ± 5.62) (mean ± SEM) compared to FLS transfected with empty
control vector alone (11.47 ng/ml ± 2.02) (P < 0.05) (Figure 5D). Enhancing RasGRF1
expression had no effect on spontaneous IL-6 production by RA FLS (Figure 5E),
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124

RasGRF1 promotes MMP-3 production in rheumatoid arthritis synovial tissue

but did increase spontaneous IL-8 secretion by approximately 2-fold (P < 0.05) (Figure 5F). To determine if RasGRF1 was required for spontaneous MMP or cytokine
production, we silenced RasGRF1 gene expression using LNA. Again, modulation of RasGRF1 expression failed to influence MMP-1 and TIMP-1 production, or
the ratio of TIMP-1 relative to MMP-1 (Figure 6A-C). A significant suppression of
spontaneous MMP-3 production was observed in tissue culture supernatants of FLS
transduced with RasGRF1-specific LNA (Figure 6D) (P < 0.05), as compared to FLS
treated with transfection reagent alone or in combination with control scrambled
LNA. Although over-expression of RasGRF1 in RA FLS failed to enhance basal IL-6
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Figure 7. Association of RasGRF1 expression with MMP production in RA synovial tissue.
(a) Representative stainings of RA synovial tissue with control and anti- MMP-1, MMP-3, and IL-6
antibodies (magnification x 100). (b) Correlation of Ras signaling protein expression with MMP-1
and MMP-3 production in RA synovial tissue. Pearson R values (R) and P values are indicated.
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Figure 8. Double immunofluorescence labeling of RasGRF1, MMP-1 and MMP-3 in RA
synovial tissue. RA synovial tissue was stained with combinations of anti-RasGRF1 and either antiMMP-1 (upper panels) or anti-MMP-3 (lower panels). Sections were then stained with fluorochromeconjugated anti-rabbit Ig (red) and anti-mouse IgG (green) antibodies to visualize RasGRF1 and MMP
expression, respectively. Colocalization of RasGRF1 with MMPs is visualized by yellow staining in
merged images (right panels).

production (Figure 5E), IL-6 levels were significantly decreased following silencing
of RasGRF1 expression (Figure 6E) (P < 0.05). An apparent 67% reduction in spontaneous IL-8 production was also noted, but this did not reach statistical significance
(P = 0.069) (Figure 6F).

Relationship between RasGRF1 expression and MMP production in RA synovial
tissue
Our in vitro data indicated an important role for RasGRF1 in regulating MMP-3
expression in RA FLS. We therefore examined if expression of RasGRF1 was associated with MMP-3 production in RA synovial tissue. Immunohistochemical analysis
demonstrated that MMP-1, MMP-3, and IL-6 were readily detected in RA synovial
tissue (Figure 7A). RasGRF1 expression demonstrated a strong positive correlation
(R= 0.81, P = 0.022) with MMP-1 in the RA synovial sublining, but not in the intimal
lining layer (Figure 7B). Instead, a positive correlation between RasGRF1 and MMP-

126

RasGRF1 promotes MMP-3 production in rheumatoid arthritis synovial tissue

3 expression was observed in the intimal lining layer (R = 0.70, P = 0.043). In non-RA
patients, no association between RasGRF1 and MMP-1 (synovial sublining: R = 0.17,
P = 0.703; intimal lining layer: R = -0.89, P = 0.083) or MMP-3 (synovial sublining: R
= 0.83, P = 0.058; intimal lining layer: R = -0.20, P= 0.917) expression was observed
(data not shown). No correlation was observed between RasGRF1 expression and
IL-6 expression in either RA or non-RA patient cohorts (Figure 7B, and data not
shown). Double immunofluorescent staining revealed colocalization of RasGRF1
with MMP-1 and MMP-3 in RA synovial tissue (Figure 8). Colocalization of RasGRF1 with MMP-1 was observed in the synovial sublining (Figure 8, upper panels),
while RasGRF1 colocalization with MMP-3 was restricted to the intimal lining layer
(Figure 8, lower panels). Together, these data indicate that RasGRF1 may contribute
to RA FLS MMP-3 production in vivo.

Discussion
Our results demonstrate that RasGRF1 regulates spontaneous MMP-3 production in
RA FLS, and suggest that over-expression of RasGRF1 sensitizes signaling pathways
promoting MMP-3 production and joint destruction in RA. RasGRF1 specifically activates H-Ras, but not other Ras homologues in vivo28, and RasGRF1 activation of HRas induces constitutive MMP-9 production in human melanoma cells27. RasGRF1
can also activate the Rho family GTPase Rac129;30, and a role for Rac1, potentially via
activation of JNK, has been recently shown in the regulation of RA FLS proliferation
and invasiveness40. Data has been reported indicating that RasGRF1 can also stimulate GTP exchange on R-Ras in vitro, although this GEF activity has yet to be verified
in vivo41;42.
Our data raise the possibility that changes in expression of GEFs, such as RasGRF1,
or negatively regulatory GAPs, may be more relevant to the pathology of RA than
GTPase expression levels. We observe a strong positive correlation between RasGRF1 expression in RA synovial tissue on one hand, and production of MMP-1 and
MMP-3 on the other. Such an association is not clearly observed in non-RA synovial tissue. Consistent with the notion that RasGRF1 is involved in the regulation
of MMPs, we find that RasGRF1 expression colocalizes to synovial cells producing
MMP-1 and MMP-3 in situ, and modulation of RasGRF1 in RA FLS in vitro regulates
spontaneous MMP-3 production by these cells. The inability of RasGRF1 modulation to regulate MMP-1 production in RA FLS, despite the positive association
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of expression of these proteins in the synovial sublining in vivo, may indicate that
other RasGRF1-expressing cells, namely macrophages, are a more important source
of MMP-1 in vivo. Consistent with this, we observe a relationship between RasGRF1
and MMP-1 in the synovial sublining, rather than the intimal lining layer where FLS
predominate. Additionally, co-localization of cells expressing RasGRF1 and MMP-1
is most apparent in the synovial sublining layer. Further direct studies will be needed to examine if RasGRF1 regulates MMP-1 production in synovial macrophages.
Alternatively, RasGRF1-dependent secretion of IL-8 or other as yet unidentified inflammatory cytokines may indirectly promote MMP-1 production in vivo through
the recruitment and/or activation of leukocytes.
We provide additional in vitro evidence that although many FLS stimuli regulate
both MMP-1 and MMP-3 expression, regulation of these two proteases is not requisitely coupled. For instance, adhesion of RA FLS to laminin-111 in the presence of
tumor growth factor-b induces expression of MMP-3 but not MMP-143. Inhibition
of JNK can partially block TNF-a -induced MMP-1 production by RA FLS, MMP-3
production is independent of JNK44. Reciprocally, mitogen-activated protein kinaseactivated protein kinase 2 (MK2) regulates MMP-3 secretion, but not MMP-1, in OA
chondrocytes45. That regulation of MMP-1 is uncoupled from that of MMP-3 likely
reflects differential utilization of NF-kB, AP-1, Ets, and hypoxia-inducible factor-1a
transcription factors by the promoters of the MMP-1 and MMP-3 genes43;46;47. Similarly, we find that RasGRF1 is necessary for spontaneous IL-6 production by RA FLS,
but over-expression of RasGRF1 is not sufficient to augment IL-6 secretion. This
may reflect a necessary coordination of RasGRF1 signaling with other signaling pathways, such as previously reported cooperative effects between Ras GTPase and
c-myc pathways in the regulation of RA FLS activation22. Further definition of pathways by which RasGRF1 modulates MMP and cytokine production will require
identification of the immediate downstream target(s) of this GEF in FLS.
While RasGRF1 expression is sufficient and required for spontaneous MMP-3 production in RA FLS, similar effects of RasGRF1 on MMP-1, TIMP-1 and IL-6 are not
observed. Stimuli which activate RasGRF1 include ligands for both tyrosine kinase
receptors and G-protein-coupled receptor48. Examples of receptors known to regulate RasGRF1 and expressed in RA synovial tissue include those for lysophosphatidic acid and muscarinic acid, NMDA, and nerve growth factor49-52. In preliminary
studies, we have found that silencing of RasGRF1 in RA FLS has no effect on TNF-a
or IL-1b -induced MMP-3 production (data not shown). RasGRF1 activity can also
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be regulated by post-translational modification, as calpain-dependent cleavage of
RasGRF1 enhances Ras-activating capacity in vitro and in vivo27;31. Enhanced expression of RasGRF1 in RA compared to non-RA may sensitize RA FLS to produce
MMPs in response to extracellular stimuli. This would result from disease-specific
extracellular stimuli activating full-length RasGRF1, as well as constitutive signaling
from post-translationally modified RasGRF1, such as the predominantly expressed
96 kDa carboxy-terminal fragment we observe in synovial tissue. Identification of
the protease(s) responsible for RasGRF1 cleavage in vivo may lead to new therapeutic strategies in the treatment of arthritis.

Conclusions
RasGRF1 expression and post-translational modifications regulate spontaneous
MMP-3 production in RA FLS, and is associated with MMP-3 production in RA synovial tissue. Contributions of RasGRF1 to MMP-3 production in RA and other
forms of arthritis will likely depend upon 1) RasGRF1 expression levels, 2) the extent
of activating post-translational modifications of RasGRF1, and 3) the strength of extracellular stimuli leading to activation of residual full-length RasGRF1. Our data
suggest a molecular mechanism by which Ras signaling pathways might contribute
to the semi-transformed and invasive phenotype of RA FLS in the absence of oncogenic mutations in Ras superfamily GTPases.
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Rac1 inhibition suppresses antibody production and paw swelling in CIA

Abstract
Introduction
The Rho family GTPase Rac1 regulates cytoskeletal rearrangements crucial for the recruitment, extravasation and activation of leukocytes at sites of inflammation. Rac1
signaling also promotes the activation and survival of lymphocytes and osteoclasts.
Therefore, we assessed the ability of a cell-permeable Rac1 carboxy-terminal inhibitory peptide to modulate disease in mice with collagen-induced arthritis (CIA).

Methods
CIA was induced in DBA/1 mice, and either in early or chronic disease, mice were
treated three times per week by intraperitoneal injection with control peptide or
Rac1 inhibitory peptide. Effects on disease progression were assessed by measurement of paw swelling. Inflammation and joint destruction were examined by histology and radiology. Serum levels of anti-collagen type II antibodies were measured
by enzyme-linked immunosorben assay (ELISA). Results were analyzed using unpaired Student’s t-tests.

Results
Treatment of mice with Rac1 inhibitory peptide resulted in a decrease in paw swelling in early disease and to a lesser extent in more chronic arthritis. Of interest,
while joint destruction was unaffected by Rac1 inhibitory peptide, anti-collagen type
II antibody production was significantly diminished in treated mice, both in early
and chronic arthritis.

Conclusions
The data suggest that targeting of Rac1 with the Rac1 carboxy-terminal inhibitory
peptide may suppress autoantibody production in autoimmune disease. Whether
this could translate into clinically meaningful improvement remains to be shown.
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Introduction
Rheumatoid arthritis (RA) is marked by de-regulated recruitment, activation, and
retention of inflammatory white blood cells in affected joints1. Subsequent autoantibody production, release of cytokines and cell-cell contacts may perpetuate inflammation and lead to joint destruction through activation of stromal fibroblastlike synoviocytes (FLS) and osteoclasts2. Many of the cellular processes required
for perpetuation of inflammation and joint destruction in RA are regulated by Rac
GTPases, members of the Rho-like family of small GTPase signaling proteins3.
Rac1 is ubiquitously expressed in mammalian tissues, while expression of Rac2 is
limited to cells of hematopoietic lineage4;5. Rac GTPases are activated by a broad
array of extracellular stimuli relevant to RA, including chemokines, lymphocyte antigen receptor ligation, inflammatory cytokines, and cell-cell adhesion6-11. Following
activation, Rac proteins initiate multiple signaling pathways that regulate cytoskeletal rearrangements, kinase cascades needed for gene transcription, and assembly
of the NADPH oxidase6-12. Transfection of active and dominant-negative mutants of
Rac1, as well as genetic studies, have demonstrated that lymphocytes and neutrophils require Rac1 signaling for efficient polarized chemotactic responses and trafficking in vivo13-19. Although macrophages do not require Rac1 and Rac2 function for
chemotactic responses, macrophage invasion of tissue is dependent upon Rac1 and
Rac220. Rac signaling is also important for productive interactions between lymphocytes and antigen presenting cells (APCs). After antigen recognition by T-cells,
ezrin-radixin-moesin (ERM) proteins are dephosphorylated through a Rac1-dependent pathway, favoring relaxation of the cytoskeleton and subsequently promoting
T-cell −APC conjugate formation21. Reciprocally, Rac activity in dendritic cells is required for effective antigen presentation to T-cells and subsequent T-cell priming22.
Antigen receptor-dependent activation of Rac signaling also stimulates activation of
mitogen-activated protein kinase, phosphatidylinositol 3-kinase, and NF-κB signaling pathways important for lymphocyte activation, proliferation, and survival8-10.
Many of these downstream signaling pathways are now being explored as potential
therapeutic targets in RA23. Rac proteins also serve additional important functions
in cells of myeloid lineage which contribute to inflammation and joint destruction
in RA. Oxidative bursts of macrophages and neutrophils rely upon Rac1-dependent assembly of the NADPH oxidase machinery12. Additionally, in vitro studies of
osteoclasts transfected with plasmid encoding dominant-negative Rac, and in vivo
studies in Rac-deficient mice have identified essential but redundant roles for Rac1
and Rac2 proteins in osteoclastogenesis, osteoclast motility, and bone resorption24;25.
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Together, these studies indicate that therapeutic strategies targeting Rac1 function
may be of clinical benefit in RA. However, pre-clinical assessment of Rac1 inhibition has been hampered by a lack of compounds specifically targeting Rac1, and
limited analyses of Rac1 in animal models of arthritis, a consequence of early findings demonstrating that genetic deletion of Rac1 in mice results in early embryonic
lethality26. NSC23766, a pharmacological compound which inhibits all Rac GTPases, suppresses RA FLS proliferation and invasiveness in vitro, effects mimicked by
siRNA silencing of Rac1 expression in these cells27. This may indicate that specific
inhibition of Rac1 may be therapeutically beneficial in RA. However, mice in which
Rac1 has been conditionally deleted in mature neutrophils and macrophages, on
a Rac2-deficient background, show a complex phenotype in a Chlamydia-induced
infection model of arthritis28. In these animals, Rac1 has a bimodal effect on disease
progression. In the acute phase, Rac1-deficiency delays recruitment and activation
of inflammatory neutrophils in the joint, while in the chronic phase, disease is exacerbated due to an inability of neutrophils to clear the pathogen. In this study, we
targeted Rac1 in mice with CIA, using a Rac1-specific cell-permeable carboxy-terminal inhibitory peptide which we have previously shown to block Rac1 function in
human lymphocytes, endothelial cells and epithelial cells11;29;30.

Materials and methods
Animals
Male DBA/1 mice were purchased from Harlan (Horst, The Netherlands), housed
under conventional conditions at the animal facility of the Academic Medical Center
(Amsterdam, The Netherlands), and fed ad libitum. The animal ethical committee of
the Academic Medical Center approved all experiments.

Peptide synthesis
For this study, peptides encoding a protein transduction domain31 alone (indicated
as control, Ctrl throughout the manuscript) or fused to the carboxy-terminal domain
of Rac1, excluding the Rac1 CAAX box (indicated as Rac1 throughout the manuscript), were synthesized using N-(9-fluorenyl)methoxycarbonyl (fMoc) solid phase
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chemistry30. Peptide synthesis was performed using a Syro II (MultiSynTec GmbH,
Bochum, Germany).
T-cell isolation
Murine spleens were crushed through a 40-μm cell strainer (BD Pharmingen, Franklin Lakes, NJ) to obtain single cell suspensions. Erythrocytes were lysed with icecold isotonic NH4Cl solution (155 mM NH4Cl, 10 mM KHCO3, and 100 mM EDTA,
pH 7.4). To purify T-cells, splenic cell suspensions were incubated with anti-murine CD4 and CD8 antibody-coated magnetic microbeads (Miltenyi Biotec, Bergisch
Gladbach, Germany) for 20 min at 4°C and positively selected by magnetic separation with MACS. Purified T-cells were >90% CD3+, as analyzed by flow cytometry.

Actin polymerization assays
Actin polymerization assays were performed as previously described32. Briefly, purified T-cells were pre-incubated for 15 minutes in medium containing 200 µg/ml
Ctrl or Rac1 peptide. T-cells were then exposed to 100 ng/ml SDF-1, and at the indicated time points 100 µl aliquots of cell suspensions were transferred to an equivalent volume of fixation solution (Intraprep Fixation Reagent, Coulter Immunotech,
Marseille, France). After 15 minutes, cells were washed in 0.5% bovine serum albumin/phosphate-buffered saline (PBS) and resuspended in 100 µl of permeabilization reagent (Coulter Immunotech) for 5 minutes. Cells were stained for 20 minutes
with 1 unit/ml Alexa 488 Phalloidin (Invitrogen, Molecular Probes, Eugene, OR) to
visualize F-actin. The mean fluorescence intensity (MFI) of polymerized actin was
measured by FACS (BD Biosciences), and the fold increase in actin polymerization
was calculated by dividing the MFI generated at a particular time point by the MFI
at t = 0 of that particular condition.

Induction and assessment of CIA
Bovine collagen type II (bCII) (2 mg/ml in 0.05 M acetic acid, Chondrex, Inc., Redmond, WA) was mixed with complete Freund's adjuvant (CFA) (2 mg/ml of Mycobacterium tuberculosis, Chondrex, Inc.) and injected intradermally on day 0 at the
base of the tail with 100 µl of emulsion into 8- to 11-week old mice. On day 21, mice
received an intraperitoneal (ip) booster injection with 100 μg of bCII in PBS. To in-
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vestigate the treatment efficacy of Rac1 peptide at disease onset, mice were treated
at day 20 with either 2mg, 1mg or 0.5mg of Ctrl or Rac1 peptide, three times weekly
until sacrifice. Alternatively, to explore the effect of Rac1 peptide treatment in chronic disease, the animals were randomly assigned at day 29 to one of two groups, and
treated ip with 4 mg Ctrl, or Rac1 peptide. Treatments were continued three times
weekly until sacrifice at day 39. The severity of arthritis was assessed in a blinded
manner, using a semi-quantitative scoring system (0 to 4): 0, normal; 1, redness and/
or swelling in one joint; 2, redness and/or swelling in more than one joint; 3, redness
and/or swelling in the entire paw; and 4, deformity and/or ankylosis. Hind paw
ankle joint thickness was measured using a dial caliper (POCO 2T 0- to 10-mm test
gauge; Kroeplin Längenmesstechnik, Schlüchtern, Germany). Experiments were
performed using 8–16 mice per group.

Histologic analysis
Hind paws were fixed in 10% buffered formalin for 48 hours and decalcified in 15%
ethylenediaminetetraacetic acid (EDTA). The paws were then embedded in paraffin,
and 5-μm saggital serial sections of whole hind paws were cut. Tissue sections were
stained with hematoxylin and eosin. Inflammation was graded on a scale from 0 (no
inflammation) to 3 (severely inflamed joint) based on infiltration of the synovium by
inflammatory cells. Cartilage erosion was scored using a semi-quantitative scoring
system from 0 (no erosions) to 3 (extended erosions). The tissue was examined by
microscopic evaluation in a blinded manner by two independent observers (JA and
MV).

Radiological analysis
Hind paws were used for radiographic evaluation. Two observers without knowledge of the treatment groups scored the X-rays. Joint destruction was scored on a
scale from 0 to 4: 0, no damage; 1, minor bone destruction observed in one enlightened spot; 2, moderate changes, two to four spots in one area; 3, severe erosions
afflicting the joint; and 4, complete destruction of the joints.
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Determination of anti-collagen antibodies by ELISA
Maxisorb 96-well plates (Nunc, Roskilde, Denmark) were coated with 5 µg/ml of
bCII in 0.1 M sodium carbonate buffer (pH 9.7) overnight at 4°C. After blocking
for 1 h with 2% milk in PBS at room temperature, sera were added in serial dilutions in 2% milk/PBS, and incubated overnight at 4°C. Plates were subsequently
washed and incubated with 1 µg/ml biotinylated rat anti-mouse immunoglobulin
(Ig) (Southern Biotechnology Associates, Birmingham, AL) of the indicated isotype
in 2% milk/PBS for 1 h at room temperature. After washing, plates were incubated
with streptavidin-conjugated alkaline phosphatase (Jackson ImmunoResearch, Newmarket, Suffolk, UK) for 1h at room temperature, washed, and developed with
p-nitrophenyl phosphate substrate (Sigma-Aldrich, St Louis, MO). The reaction was
stopped with 2M H2SO4, and optical density (OD) at 415 nm was measured.
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Figure 1. The Rac1 carboxy-terminal peptide efficiently blocks actin polymerization in murine cells. Representative histograms of F-actin staining in T-cells isolated from mice spleens that
were exposed for 15 min to 200 ug/ml of Ctrl or Rac1 peptide followed by SDF-1 stimulation (a). Fold
increase in F-actin (b). Data are depicted as mean fold increase of F-actin ± standard error of the mean
(SEM) (n=3); *P < 0.05.
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Statistical analysis
To evaluate the effects of different treatments, we determined the change in paw
swelling scores (delta) of each mouse from the start of treatment until the end of the
experiment. Areas under the curve (AUC) were calculated for the delta paw swelling. The significance of the differences between the means of delta paw swelling,
radiological, and histologic scores between groups was determined by using the
unpaired Student’s t-test. P values ≤ 0.05 were considered statistically significant.

Results
The Rac1 inhibitory peptide blocks murine T-cell actin polymerization
The Rac1 peptide is able to block endogenous Rac1 signaling within minutes by
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Figure 2. Reduced paw swelling after treatment with 2mg of Rac1 carboxy-terminal peptide.
Mice were treated with 2 mg, 1 mg or 0.5 mg Ctrl (□) or Rac1 (■) peptide at the indicated time points. Paw
swelling and inflammation of the four limbs were determined for each mouse. Delta hind paw ankle joint
swelling was calculated by subtracting the paw diameter on the day of initiation of treatment from the
measured diameter (a). Values are depicted as mean ± SEM (n=8). Area under the curve (AUC) was calculated for the delta paw swelling in each mouse (b). Values are depicted as mean AUC ± SEM. * P < 0.01.
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competing with Rac1 effector proteins, and in vitro has been demonstrated to possess a potent capacity to block actin polymerization and migration of human cells
stimulated with SDF-111;29;30. The biological activity of the peptide batches used for in
vivo experiments, and their ability to influence murine cellular responses, was first
examined in an actin polymerization assay using murine splenic T-cells. Pre-treatment of murine T-cells with Rac1 peptide, but not Ctrl peptide, completely blocked
actin polymerization following SDF-1 stimulation, as measured by increases in T cell
F-actin content (Figures 1A and 1B). This indicated that the Rac1 peptide was effective in blocking Rac1 signaling not only in human cells, but murine cells as well.

Rac1 inhibitory peptide treatment reduces paw swelling and anti-bCII antibody
production in early arthritis
After confirming the in vitro efficiency of the Rac1 peptide in inhibiting murine Rac1
Figure 3. Treatment with the Rac1
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2
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were collected and the levels of specific anti-collagen IgG detected (d). IgG levels in the serum of Ctrltreated mice were set to 100% and the levels obtained in the serum of Rac1 -treated mice were then
calculated relative to Ctrl, and expressed as mean ± SEM. Represented values were calculated within
linear regions of the serum dilution curve. *P ≤ 0.05.
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Figure 4. Effect of Rac1 carboxy-terminal peptide treatment of mice with chronic arthritis
on paw swelling. Hind paw swelling was monitored during the course of disease using calipers. Delta hind paw ankle joint swelling of mice treated at day 29, three times weekly, with 4 mg Ctrl or Rac1
peptide (a). Values are depicted as mean ± SEM and are representative of two independent experiments
(n= 16 per group). AUC calculated as in Figure 2b (b).

signaling, we examined the in vivo potential of this peptide when mice are treated
at the onset of disease. One day before the booster, at day 20, we started treatment
of the animals with 2 mg, 1 mg or 0.5 mg Ctrl or Rac peptide, three times weekly,
until sacrificing. Treatment of animals with Rac1 peptide at all doses failed to influence disease incidence, clinical scores of disease severity or animal weight (data not
shown) but animals treated with 2 mg of Rac1 peptide showed a highly significant
decrease in paw swelling when compared to treatment with Ctrl peptide (61% reduction, P = 0.009) (Figures 2A and 2B). The effect was dose-dependent; treatment
with lower doses of Rac1 peptide showed a trend towards improvement, which did
not reach statistical significance (Figures 2A and 2B).
We next examined the influence of Rac1 peptide on synovial inflammation, cartilage
degradation, and bone destruction. Quantification of synovial inflammation revealed a minor decrease in cellularity, which did not reach statistical significance, possibly due to the relatively small number of mice (Figure 3A). Treatment with Rac1
peptide did not protect against joint destruction (Figures 3B and 3C).
Finally, we examined the influence of Rac1 peptide on anti-bCII antibody production. We collected sera from mice at the time of sacrifice and measured specific antibCII antibody levels by ELISA. Mice treated with Rac1 peptide showed a significant
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Figure 5. Rac1 carboxy-terminal peptide treatment of mice with chronic arthritis does not
protect against joint destruction. Mice were treated with Ctrl (white bars) or Rac1 peptide (black
bars). Paraffin-embedded sections of the hind paws were stained with haematoxylin and eosin and analyzed for synovial inflammation and cartilage destruction. X-rays were analyzed for bone damage (n
= 16 per group). Representative pictures of joints showing extensive cellular infiltration and cartilage
erosions (a). Cellular infiltration scores (b). Cartilage erosion scores (c). X-rays from mice paws were
taken and scored for bone damage (d). Values are depicted as mean ± SEM.

reduction in the serum levels of anti-bCII IgG1 (Ctrl 100% ± 12.9; Rac1 62.1% ± 11.8;
P < 0.05) and IgG2a (Ctrl 100% ± 2.7; Rac1 83.3% ± 6.8; P = 0.05) antibodies compared
to mice treated with Ctrl peptide (Figure 3D).

Treatment of chronic CIA with Rac1 peptide reduces anti-bCII antibody production
We next investigated the effect of Rac1 peptide treatment of mice with chronic
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arthritis. For this we performed an independent CIA experiment wherein 29 days
after the initial immunization, mice having clinical signs of arthritis were randomly
assigned to one of two groups. Mice within groups were treated with 4 mg of Ctrl or
4 mg of Rac1 peptide, three times weekly, until sacrificing. Administration of Rac1
peptide had no influence on clinical disease severity (data not shown). However,
we observed a clear trend towards reduced paw swelling in mice treated with Rac1
peptide (Figure 4A and 4B) in two independent experiments, although the differences did not reach statistical significance (experiment 1: 49% reduction, P = 0.528;
experiment 2: 22% reduction, P = 0.193) (Figure 4B).
We also analyzed the effects of the Rac1 peptide on synovial inflammation, cartilage
degradation, and bone destruction. Consistent with the trend towards reduced paw
swelling, there was a trend towards decreased histologic signs of inflammation and
cartilage destruction, which did not reach statistical significance (Figure 5A, 5B and
5C). Analysis of X-rays taken from the mice paws revealed that Rac1 peptide treatment did not protect against erosive disease (Figure 5D). However, Rac1 peptide
treatment of mice with chronic arthritis resulted in a significant reduction in the serum levels of anti-bCII IgG2a (Ctrl 100% ± 5.6; Rac1 81.6% ± 6.5; P = 0.05) and IgG2b
(Ctrl 100% ± 10.9; Rac1 56.0% ± 6.7; P < 0.005), whereas no differences were observed
for IgG1 or IgG3 (Figure 6).
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Discussion
In this report we provide evidence that the inhibitory Rac1 carboxy-terminal peptide suppresses anti-collagen antibody production in mice with CIA, associated with
reduced paw swelling. We have found that the administration of Rac1 peptide in
vivo, either as an early treatment or as treatment of mice with more chronic arthritis,
results in a significant reduction of circulating levels of anti-bCII IgG1 and IgG2a or
IgG2a and IgG2b antibodies, respectively, dependent on the stage of the disease. In
both early and chronic arthritis, there was an effect on IgG2a levels. In many murine
in vivo model systems, IgG2a and IgG2b antibodies display greater pro-inflammatory properties than IgG1 and IgG333. Genetic studies indicate that the suppressive
effect of Rac1 peptide on anti-collagen antibody production observed in our studies
is unlikely to be due to direct effects on B-cell trafficking or activation. Rac1, together with Rac2, is critical in transducing B-cell receptor signals required for both
survival and efficient cell cycle entry9;34. Rac2 deletion in mice results in decreased
B-cell maturation and T-cell -independent antigen responses13;14. In contrast, conditional deletion of Rac1 in the B-cell compartment has no observable effect on B-cell
maturation or function unless Rac2 is simultaneously deleted34. Similarly redundant
but critical roles for Rac1 and Rac2 are observed in T-cells17. In addition, antibody
production is critically dependent on efficient T-cell priming. Deletion of Rac1, but
not Rac2, inhibits migration of CD8α+ dendritic cells (DCs) to secondary lymphoid
organs22. Moreover, Rac-deficient DCs fail to establish stable contacts with naïve Tcells, leading to suboptimal T-cell priming22. DCs from mindin-/- mice, which have
reduced expression of Rac1 and Rac2, also have impaired priming capacity due to
inefficient engagement with T-cells, in turn leading to defective humoral responses
to T-cell -dependent antigens in these mice35. This may suggest that Rac1 peptide
suppresses anti-collagen antibody production in CIA via inhibition of lymphocyte
interactions with antigen presenting cells.
Surprisingly, we observed little if any effect of Rac1 peptide on cartilage and joint
destruction in murine arthritis, although a significant decrease in paw swelling was
observed in mice when treated at the onset of disease, and a reproducible trend towards reduced paw swelling was noted in mice treated with Rac1 peptide at a more
chronic phase of disease. There was only a limited effect of Rac1 peptide treatment
on synovial cellularity, which might be in part due to the often redundant roles of
Rac1 and Rac2 in lymphocytes and myeloid lineage cells, and the high specificity of
the Rac1 peptide for interfering with signaling from Rac1 but not other Rho family
GTPases30. Murine neutrophils express both Rac1 and Rac2, and genetic deletion of
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each GTPase has revealed their important but redundant contributions to neutrophil
chemotactic responses in vitro and in vivo16;19. Rac1-deficient murine neutrophils
retain chemokinetic responses, but are unable to orient and migrate towards chemokine gradients. In contrast, Rac2 is required for efficient neutrophil migration19.
Although similar direct comparative analyses have not been performed on B and T
-cells in these mice, initial studies indicate that lymphocyte trafficking is regulated
primarily by Rac213. Lack of effect of Rac1 peptide on joint destruction in CIA may
reflect a redundant role for Rac2 in supporting osteoclastogenesis24;25.
Decreases in paw swelling after treatment with Rac1 peptide which we observed
might be due to effects on the formation of edema. Experiments conducted in vitro
have demonstrated that exposure of human endothelial cells to reactive oxygen species, or engagement of the integrin ligand VCAM, leads to Rac1 dependent loss of
cadherin-mediated endothelial cell-cell adhesion. In the presence of the Rac1 peptide, endothelial cell-cell adhesion is maintained (data not shown)11;36. A role for Rac1
in maintaining vascular endothelial integrity in vivo is also indirectly suggested in
studies of c-Jun knockout mice, where inhibition of c-Jun, a downstream target of
Rac signaling, suppresses edema, paw swelling and inflammation in an experimental model of arthritis37. Our results suggest that future studies should also consider
the potential contributions of Rac2, independently or in conjunction with Rac1, to
pathology in CIA. Structure-based studies have recently led to the development
of small molecular weight compounds which can specifically prevent interaction
of Rac1 and Rac2 with activating guanine nucleotide exchange factors27;38. These
compounds can block RA FLS growth and matrix invasion in vitro, although their
efficacy in the treatment of arthritis in vivo remains to be established.

Conclusions
We demonstrate that a cell-permeable inhibitory Rac1 carboxy-terminal peptide can
reduce paw swelling and antibody production during murine experimental arthritis.
Conceivably, Rac1 peptide treatment could augment the pharmacologic activity toward B-lineage cells of other immunosuppressive therapies, like rituximab or atacicept, which may theoretically increase therapeutic activity. An alternative approach
that might perhaps result in a beneficial effect both on clinical signs and symptoms,
as well as joint destruction could be the suppression of Rac signaling in RA by compounds targeting both Rac1 and Rac2 signaling. The present study supports the
rationale for future studies exploring these approaches.
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General discussion and summary

Rheumatoid arthritis (RA) is an auto-immune disease for which no cure is yet available. Recent insights into the pro-inflammatory cytokines and cells present in the
inflamed joint, and their contributions to pathology in RA, have led to the development of biological therapies aimed at their neutralization. Anti-TNF-a blockade for
example, is one of the most widely used and successful biological therapies1. There
is a large group of patients however, that don’t respond sufficiently to treatment.
Also, therapies with biologicals can have serious side effects as the immune system of treated patients become less efficient in clearing pathogens and opportunistic
infections. Therefore, there is still the need for the development of new and more
specific therapies.
Cellular activation, proliferation, survival and migration are tightly regulated at the
intracellular level by Ras-superfamily small GTPases. Small GTPases are important
modulators of cellular responses and crucial mediators of effective immune responses, and initial evidence has suggested these enzymes may contribute to pathology
in RA. Ras family GTPase effector pathways such as MAP kinases, PI3K and NF-kB
are highly activated in RA synovial tissue (ST)2-4. Moreover, strategies that block Ras
function are able to suppress fibroblast-like synoviocyte (FLS) proliferation, invasiveness and pro-inflammatory cytokine production in vitro, and exert protective effects in animal models of arthritis in vivo5-7. Similarly, blockage of Rho family small
GTPases reduces FLS proliferation, invasiveness, JNK activation and IL-6 production in vitro8;9. Finally, inactivation of the Ras-related small GTPase Rap1 in synovial T
cells is associated with increased intracellular oxidative stress10. Modulation of small
GTPase signaling may therefore be an attractive tool to inhibit the inflammatory process in RA. In this thesis we analyzed the in vitro and in vivo effects of manipulating
the activity of representative small GTPases in respect to inflammatory activation of
cells relevant to RA, and animal models of this disease.

Much evidence indirectly suggests an active involvement of T cells in RA. Most importantly, the expression of the shared epitope (SE), thought to present self antigen(s)
to autoreactive T cells, is one of the strongest indications of TCR involvement in
RA11. Synovial T cells have a highly differentiated CD45RO+ phenotype, promote
the activation of other synovial cells through cell-cell contacts, and in many animal
models T cell dependency has been shown12;13. The clinical success of CTLA-4Ig therapy has suggested that TCR engagement may take place in RA, as disruption of the
T cell costimulatory CD28 protein with its ligands CD80/86 is of clinical benefit14.
However, despite this evidence, whether there is TCR triggering in RA is still a mat-
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ter of debate. Several studies have described impaired T cell responses in RA due
to deficiencies downstream of the T cell receptor (TCR). Increases in intracellular
oxidative stress due to Rap1 inactivation10, impaired phosphorylation of the adaptor
protein linker for activation of T cells (LAT)15 and chronic downregulation of TCRzeta expression16 are some of the defects described. Based on the inability to detect
significant T cell cytokine production and proliferation in the synovium, together
with the reported defects in TCR-proximal signaling responses, several studies have
proposed that TCR signaling in RA is impaired17. In chapter 2 we analyze synovial
T cell responses at a single cell level, and demonstrate that TCR signaling is fully
functional and completely capable of initiating T cell proliferation and cytokine production. We provide evidence that the reported hyporesponsiveness in RA synovial
T cell bulk cultures is secondary to ex vivo spontaneous apoptosis. Additionally, we
find that the increase in susceptibility to apoptosis ex vivo is associated with altered
ratios of pro-apoptotic Noxa and anti-apoptotic Mcl-1 expression. These data indicate that although there is no evidence of T cell apoptosis in vivo, once isolated from
the synovium T cells are extremely susceptible to apoptosis. It will be interesting
to address which soluble factors or specific cellular contacts are responsible for the
in vivo inhibition of synovial apoptosis, as abrogation of these signals might exert
a therapeutic benefit by selectively promoting T cell apoptosis at the site of inflammation.
The data in chapter 2 clearly shows that synovial T cells are capable of supporting
productive TCR signaling. Our results suggest that the inability to detect T cell cytokines and proliferation in the synovium of established RA might be due to the
absence of TCR engagement, rather than a consequence of TCR signaling defects.
In early stages of disease, where T cell cytokines are observed, TCR engagement
may play a prominent role, as autoreactive T cells could initiate inflammation. However in the effector phase of disease, T cells may contribute to inflammation by
TCR-independent mechanisms. In this context it will be interesting to investigate
the specific mechanism of action by which CTLA-4Ig therapy exerts its effects. In
light of our results we propose that alternative mechanisms, independent of effects
on classical TCR costimulation, might be responsible for the clinical improvements
observed in treated patients. One of these mechanisms could be upregulation of immunomodulatory IDO on CD80/86 expressing cells. Besides antigen presenting cells
(APC), T cells in the synovium have also been shown to express functional CD80/86
costimulatory molecules18;19. In vitro studies have shown that triggering of CD80/86
on T cells by CTLA-4 ligation is capable of upregulating IDO expression, reducing
their capacity to respond to antigen triggering20. Whether T cells in the synovium,
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APCs, or both are targeted in this manner by CTLA-4 Ig therapy remains to be determined.

The small GTPase Rap1 is transiently activated upon TCR triggering and is an important regulator of immune responses. In RA synovial fluid (SF) T cells a block in
Rap1 activation is believed to underlie the altered T cell behaviour in this disease10.
While RA synovial T cells were first described as hyporesponsive, we demonstrated
in chapter 2 that T cells from the SF of RA patients are hyper-responsive to TCR triggering. In chapter 3 we investigate whether inactivation of T cell Rap1 might play
an inflammatory role in RA. To accomplish this we used transgenic (Tg) mice that
express constitutively active Rap1a, RapV12, within the T cell lineage. We performed a collagen-induced arthritis (CIA) experiment and evaluated the effect of Rap1
activation during experimental arthritis. We observed that arthritis incidence was
decreased more than 70% in RapV12 mice and that both paw swelling as well clinical signs of disease were significantly decreased. Histological evaluation of the paws
revealed that cellular infiltration and cartilage destruction were significantly reduced in Tg mice, as was joint damage. Different animal models in which the activity
of Rap1 has been genetically modulated have also found defects in T cell responses.
In mice expressing the active mutant Rap1E63 defects in T cell responses have been
attributed to increased numbers of regulatory T cells (Tregs)21. In RapV12 mice we
found no differences in the numbers of Tregs either under homeostatic conditions or
after CIA induction, and Il-10 production was equivalent in RapV12 and WT mice.
We found however, that TNF-α production was severely impaired in RapV12 mice,
particularly in cytotoxic CD8+ T cells. Defective T cell responses have also been noted
in mice lacking Spa1 expression (Spa1-/-)22. In the absence of this GAP, Rap1 activity
is elevated in T cells of these mice. These mice show an age-dependent accumulation
of unresponsive CD44high T cells that drive defective T helper cell responses. Young
Spa1-/- mice with normal primary T cell responses display impaired T cell responses
to recall antigens, with reduced antibody production. We investigated whether this
was also the case for RapV12 mice. CD44 expression levels in RapV12 mice were
comparable to WT mice and no differences were observed between naive, effector
memory or central memory populations. We found however, that the circulating
levels of specific anti-collagen antibody production were significantly decreased in
RapV12 mice. We further investigated the mechanism underlying the defective antibody production and found that RapV12 T cells were impaired in their capacity to
upregulate CD40L and ICOS co-stimulatory molecules, which could explain why
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RapV12 T cells are less effective in providing help for B cell activation and antibody
production. Analysis of B cell responses in experimental models where T cells are
dispensable for B cell activation (TNP Ficoll) and in T cell-dependent assays (TNP
KLH) may be useful to confirm the defective T helper phenotype of RapV12 mice.
Additionally, as CIA is a model of a chronic immune stimulation, it will be of interest
to determine if the defective T cell responses in RapV12 Tg mice (lower TNF-α and
antibody production) occur only in a chronic setting, or also in primary and secondary acute immune responses. Finally, it is as yet uncertain if the ability of RapV12
to protect against autoimmune disease is specific for CIA, or will be a general effect
in other immune-mediated inflammatory models such as EAE.

TCR engagement in the presence of CD28 costimulation is a critical step in the initiation of effector T cell responses, while CTLA-4 ligation is essential at the end of an
immune response to dampen cellular activation. Costimulation is therefore a crucial step in determining the fate of T cell responses, however the specific processes downstream of costimulatory molecule ligation are not yet clear. Accumulating
studies have shown the involvement of the small GTPase Rap1 in this process. Rap1
is transiently activated upon TCR triggering and further enhanced by CTLA-4 engagement, whereas CD28 ligation blocks Rap1 activation23-25. These data suggests
Rap1 as a central regulator of T cell responses to co-stimulatory cues. Rap1 is activated by guanine nucleotide exchange factors (GEFs) and inactivated by GTPaseactivating proteins (GAPs)26. CD28-dependent inactivation of Rap1 is believed to
be the result of Rap1GAP activation, while CTLA-4-dependent Rap1 activation the
result of Rap1GAP inactivation23-25. In vivo studies have confirmed the idea of Rap1
as a critical mediator of T cell responses27. Different phenotypes of transgenic (Tg)
Rap1 GAP animals suggest that each Rap1 GAP may contribute differentially to T
cell activation24;28. In chapter 4 we show that the five mammalian Rap1 GAPs are
differentially expressed in resting and TCR/CD28 activated T cells. We found Spa-1
to be upregulated both at the mRNA and protein levels after TCR/CD28 stimulation
in CD4 but not CD8 T cells. We found this upregulation to be PI3-kinase and NF-κB
dependent, as inhibitors for each signaling pathway were able to block Spa-1 upregulation. We show that rather than dependent on proliferation, Spa1 upregulation
is dependent on TCR/CD28 specific signals, as stimulation with IL-15, IL-17 or IL-2/
PHA were able to induce proliferation but not Spa1 expression. Additionally, we
found Rap1GAP1A and Rap1GAP1B mRNA to be equally upregulated upon TCR/
CD28. Surprisingly we found the opposite at the protein level, suppression of Rap-
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1GAP1 expression accompanied by protein degradation. Rap1GAP2 was detected at
the mRNA level in rested cells, and downregulated upon TCR/CD28 stimulation. At
the protein level Rap1GAP2 expression followed the same pattern as Rap1GAP1, expression in rested cells followed by suppression and protein degradation upon TCR/
CD28 ligation. Distinct studies have described that post-translational regulation of
Rap1GAP protein stability is necessary to avoid proteasomal degradation29-31. The
mechanism through which Rap1GAP proteins are degraded during T cell stimulation, and the consequences of inhibiting this process, remains to be determined.
It will be interesting to address which Rap1 GAP regulates Rap1 inactivation in CD8
T cells upon TCR/CD28, as Spa-1 upregulation occurs in CD4 T cells only. RAP1GAP1 would be a good candidate, as it becomes upregulated at the mRNA level.
Although we observed RAP1GAP1 protein degradation after 24h of TCR/CD28 stimulation, shorter time-course stimulations may elucidate on the dynamics of RAP1GAP1 activation and degradation.
The findings presented in this chapter suggest that each Rap1 GAP may differentially contribute to T cell activation. Each Rap1 GAP may couple distinct extracellular stimuli to Rap1 regulation, associate to different costimulatory molecules and/
or inactivate Rap1 in distinct cellular subcompartments. In this chapter we study
how TCR/CD28 stimulation modulates Rap1 GAP expression. It will be interesting
to evaluate how other co-stimulatory molecules, either positive (ICOS) or negative
(CTLA-4 and PD-1) regulators of T cell activation influence Rap1 activation. Investigating the activation patterns of each Rap1GAP may allow to the development of
compounds that will be able to specifically regulate Rap1 activation in distinct T cell
compartments, with potential application to diseases like RA where a constitutive
block in Rap1 expression is observed.

Fibroblast-like synoviocytes (FLS) from RA patients display proliferative and invasive properties reminiscent of malignant tumor cells32. Ras small GTPases play important roles in tumor cell proliferation and invasion. Although no transforming
mutations have been detected in RA FLS33;34, pathways mediated by Ras GTPases
are known to be de-regulated7;35;36. Recent evidence suggests that changes in GEF
expression or activity might be relevant to disease. This is the case in human melanoma cells, where expression levels of Ras guanine nucleotide-releasing factor
(RasGRF) 1 regulates constitutive MMP-9 production37. In chapter 5 we analyze the
expression patterns of RasGRF1, a specific H-Ras activator38, in RA and non-RA ST
and FLS. RasGRF1 expression was significantly increased in RA ST and found to
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positively correlate and co-localize with MMP-1 and MMP-3 producing cells. Additionally, we found that in vitro modulation of RasGRF1 expression in RA FLS was
able to regulate spontaneous MMP-3 production. We could not find an association
between RasGRF1 expression and MMP-1 production in RA FLS, which could imply
that maybe other cell types, such as macrophages might be more important sources
of MMP-1 production. It will therefore be interesting to analyze the effects of knock
down and overexpression of RasGRF1 in macrophages in terms of MMP-1 production. In lysates from FLS and ST we observed the expression of post-translationally
modified RasGRF1. These truncated fragments are known to be derived from protease-dependent cleavage and these fragments have been shown to have enhanced
Ras-activating capacity39. The results presented in this chapter suggest that enhanced RasGRF1 expression and activating post-translational modifications in RA FLS
sensitize signaling pathways that promote MMP-3 production and consecutively
joint damage. It is not yet known which stimuli present in the joint promotes the
post-translational modification of RasGRF1, but approaches targeting these activating stimuli may prove of clinical interest in reducing RasGRF1 activation and
MMP-3 production.

Cellular migration, proliferation, activation and immunological synapse formation
are processes tightly regulated by Rho family Rac small GTPases40. In RA these cellular processes are thought to be de-regulated as high numbers of activated immune cells are observed in the synovium, reflecting increased migration into the
joints, local proliferation or both41. In chapter 6 we investigated whether treatment
of arthritic mice with inhibitory Rac1 C-terminal peptide, which specifically blocks
Rac1 signaling, would ameliorate disease severity. Different studies have reported
the involvement of members of the Rho GTPase family in the pathogenesis of RA.
Inhibition of Rac1 signaling in vitro is able to reduce FLS proliferation and invasiveness8 while modulation of Rho activation regulates FLS proliferation and IL-6
secretion9. In vivo, in a model of reactive arthritis, Rac signaling in neutrophils has
been shown to regulate joint inflammation42. In this chapter we treated arthritic mice
during early or chronic disease, with Rac1 C-terminal peptide and found that inhibition of Rac1 signaling in vivo significantly reduces anti-collagen antibody production. The reduction in levels of immunoglobulin (Ig) G1 and IgG2a (early treatment)
or IgG2a and IgG2b (treatment during chronic arthritis) correlated with an amelioration of paw swelling in treated animals. Decreased antibody production could be
the result of defective T cell priming, as B cell responses are critically dependent on
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proper T cell activation. In order to provide help for B cell activation, T cells need
to have a productive engagement with APC. Studies in vivo have shown that Rac
deficient dendritic cells (DC) have defective migration to secondary lymphoid organs and fail to establish stable contacts with naive T cells43. In this case, suboptimal
T cell priming leads to defective humoral responses to T cell-dependent antigens44.
Rac1 peptide may similarly inhibit anti-collagen antibody production by disturbing
T cell-APC interactions. Further studies addressing antibody production in T cell
-dependent and -independent assays may elucidate whether treatment with Rac1 Cterminal peptide targets T cell priming or the antibody producing B cells directly. In
the first case, it will be interesting to address whether also T cell effector responses,
besides T helper, are impaired.
The observed effect on the reduction of paw swelling could be due to effects in
edema formation, as inhibition of Rac1-mediated signaling leads to a decrease in
leukocyte extravasation45. However, although in vitro Rac1 C-terminal peptide was
able to inhibit actin polymerization, we found no evidence for a decrease in cellular
infiltration or joint destruction in vivo. The limited clinical effect of Rac1 peptide
treatment may reflect the redundant role of Rac2 in promoting osteoclastogenenesis46;47 and cellular migration48, as the inhibitory peptide we used is highly specific
for Rac1 and does not interfere with Rac2 signaling49. Although the data presented
in this chapter shows that treatment of arthritic mice with Rac1 peptide can safely be
used to reduce paw swelling and the circulating levels of anti-collagen antibodies,
future studies will need to directly evaluate the relative contributions of both Rac1
and Rac2 in CIA.

In conclusion, the work presented in this thesis shows that modulation of small
GTPase signaling might have good therapeutic potential in the treatment of RA.
Strategies aimed at the inhibition or maintenance of small GTPase signaling could
be applied at different levels of intracellular signaling cascades and tested for their
efficacy in the amelioration of arthritis.
Several compounds targeting effectors of small GTPases are already available, and
some have been tested in clinical trials with successful results. In cancer clinical trials, blockage of the Raf/MEK/ERK pathway with compounds targeting Raf (BAY 439006, ISIS 5132) and MEK (PD184352, PD0325901 and ARRY-142886) have showed
promising results50. In RA clinical trials, the use of VX-702 and RO-440-2257 as p38
inhibitors have showed only limited success51;52, and further analysis of the distinct
contributions of Ras effector pathways to RA is urgently needed.
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Direct targeting of small GTPases has also been investigated in different disease settings. We have shown in chapter 6 the possibility of using C-terminal peptides to
interfere with specific small GTPase signaling in vivo for the treatment of CIA. In
chapter 5 we used locked nucleic acid (LNA) as a tool to efficiently inhibit RasGRF1
expression in vitro. Compounds that interfere with small GTPase post-translational
modification, such as farnesyl transferase inhibitors (FTIs), have received special attention in cancer settings. The FTIs Tipifarnib and lonafarnib are currently under
clinical investigation with encouraging results in the treatment of hematological
malignancies and breast cancer53. Although not yet tested in clinical trials, bacterial toxins have also been shown to target individual small GTPases. Clostridium
difficile toxin A and B specifically glucosylate Rho proteins, while bacterial C3-like
ADP-ribosyltransferase induces ADP-ribosylation of RhoA, both inhibiting in a specific manner small GTPase downstream signaling54;55. Maintenance or activation of
small GTPases may also be interesting to modulate inflammation in RA. We have
shown in chapter 3 that maintenance of Rap1 signaling ameliorates disease in CIA.
8-(4-chloro-phenylthio)-2'-O-methyladenosine-3',5'-cyclic monophosphate (8CPT2Me-cAMP) is a cAMP analog that can selectively activate Epac, a Rap1 GEF56. Although not yet tested in a disease setting, it would be interesting to analyze the effect
of this analogue in mice with CIA.
Finally, targeting cell surface receptors upstream of the small GTPases may allow
specific modulation of GTPase activity, through the regulation of GEFs and GAPs.
One such candidate may already be in the clinic. CTLA-4Ig (abatacept), which disrupts the interaction between the co-stimulatory CD28 molecule and CD80/86 on
APCs, has shown clinical benefit in RA patients. In vitro, this compound has been
shown to prevent T cell Rap1 inactivation by synovial fluid adherent cells57. Future
work will need to determine how restored T cell Rap1 function may contribute to
the clinical benefit of CTLA-4Ig therapy. In sum, the data presented in this thesis
provides strong pre-clinical evidence that targeting Ras superfamily GTPases may
be beneficial in the treatment of RA, a potential awaiting the development of compounds specifically targeting these enzymes in the clinic.
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Summary
Rheumatoid arthritis (RA) is a chronic autoimmune disease for which no cure is yet
available. At the moment therapies achieving clinical success are not effective in all
patients, and occurrence of undesirable side effects may lead to the discontinuation
of treatment. Therefore, there is still a need to develop novel therapies which may
result in clinical benefit in patients who do not respond well to current therapies.
In this context, investigating cellular mechanisms that are altered in RA may contribute to the development of these new therapeutic strategies.
Small GTPases are important mediators of the immune system. When a cell receives
an external trigger, small GTPases are transiently activated and transmit signals that
result in a cellular response. Abnormal GTPase function may thus alter proper cellular function. In this thesis we analyzed the contributions of representative small
GTPases to inflammation and joint destruction in cells from RA patients and animal
models of arthritis.
Previous studies in RA synovial T cells have shown several defects downstream of
the T cell receptor (TCR) such as constitutive inactivation of the small GTPase Rap1,
chronic downregulation of TCRzeta expression and impaired phosphorylation of
TCR downstream proteins. While many of those reports described T cell responses
in RA to be defective, we demonstrate in chapter 2 that T cells isolated from RA synovial fluid are fully functional and capable of initiating proliferation and cytokine
production upon TCR triggering. We show that previous studies concluding that
there were defects in RA synovial T cells were compromised by increased spontaneous apoptosis of these cells upon removal from the joint. We show that there are
no defects in RA synovial T cell TCR signaling. Furthermore, we found that altered
ratios of pro-apoptotic Noxa and anti-apoptotic Mcl-1 expression were associated
with the increased susceptibility of these cells to apoptosis. These findings suggested two important conclusions. First, the previously noted defects in TCR pathway
components, such as Rap1, might contribute to disease in RA. Second, since only
low levels of T cell cytokines are found in the joints of established RA, our findings
suggest that in the effector phase of disease, T cells might contribute to inflammation
by TCR-independent mechanisms.
T cells derived from the synovial fluid of RA patients have a block in Rap1 activa-
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tion. In chapter 3 we evaluated whether constitutive T cell Rap1 activation would be
able to suppress disease in an animal model of RA. Using transgenic (Tg) mice expressing constitutively active Rap1 we performed collagen-induced arthritis (CIA)
experiments and observed that Tg mice were significantly protected from arthritis
development and severity. We found that Tg T cells with constitutive active Rap1
had defective production of the pro-inflammatory cytokine TNF-α. Additionally, Tg
T cells were not capable of providing proper help for B cell activation and production of pathogenic anti-collagen antibodies. This was associated with diminished
up-regulation of ICOS and CD40L T cell co-stimulatory molecules. The results from
this chapter show that enhancement of T cell Rap1 activation might be an attractive
strategy for therapy in RA.
The small GTPase Rap1 is inactivated by GTPase-activating proteins (GAPs). In
chapter 4 we show that the five Rap1GAPs are differentially expressed in resting
and TCR/CD28 -activated T cells. We demonstrate that Spa-1 upregulation occurs
after TCR/CD28 specific signals and is PI3-kinase and NF-κB dependent. The data
in this chapter suggests that each Rap1GAP protein may differentially contribute to
T cell activation. We propose that modulation of distinct Rap1GAPs may allow the
specific regulation of Rap1 activation in diseases such as RA, where a block in Rap1
is observed.
Small GTPases are activated by guanine nucleotide exchange factors (GEFs). Changes in the expression patterns of these activators might therefore result in altered
cellular responses. In chapter 5 we explored the expression levels of Ras guanine
nucleotide-releasing factor (RasGRF) 1, a specific activator of the GTPase H-Ras, in
RA synovial tissue (ST) and fibroblast-like synoviocytes (FLS). We found RasGRF1
expression to be significantly increased in RA ST and to co-localize with matrix metalloproteinase (MMP)-1 and MMP-3 expression. In vitro modulation of RasGRF1
expression in RA FLS was able to regulate MMP-3 production. These findings indicate that modulation of GEF activation or expression levels might be of interest in
protecting against joint destruction in RA.
The small GTPase Rac1 regulates many of the cellular processes required for the perpetuation of inflammation and joint destruction in RA. In chapter 6 we treated animals with Rac1 inhibitory peptide and analyzed effects of this peptide on arthritis
development. Treated animals displayed less swelling of the paws and reduced circulating levels of anti-collagen antibodies. We found, however, no amelioration in
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bone damage. These results suggest that while Rac1 inhibitory peptide may be used
to reduce auto-antibody production, additional studies targeting Rac2 as well, for
instance, might achieve greater therapeutic efficacy.
In conclusion, the studies provided in this thesis show that modulation of small GTPase function regulates cellular activation and inflammation in RA and animal models of the disease. Small GTPases are therefore emerging targets in RA and further
studies should explore the development of novel small GTPase modulators and evaluate their potential in the treatment of patients with RA.
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Reumatoïde artritis (RA) is een chronische auto-immuunziekte; dit is een ziekte
waarbij het afweersysteem zich tegen het eigen lichaam keert. Hierbij worden door
chronische ontsteking de gewrichten van RA patiënten zo aangedaan dat er, zonder
medisch ingrijpen, onherstelbare schade aan de gewrichten ontstaat. Dit gaat gepaard met hevige pijnen in de aangedane gewrichten. Ook kunnen de gewrichten
door het chronische ontstekingsproces vervormd raken.
Momenteel zijn er goede medicijnen beschikbaar voor patiënten met RA, maar helaas
hebben ze niet bij alle patiënten een voldoende effect. Bovendien krijgen patiënten
soms last van ernstige bijwerkingen waardoor de behandeling moet worden beëindigd. Er is dus nog steeds behoefte aan nieuwe medicijnen waarmee ook patiënten
die niet reageren op de huidige therapie behandeld kunnen worden. Momenteel
vloeien veel nieuwe medicijnen voort uit onderzoek naar processen die zich afspelen in de cellen. Ook in cellen van RA patiënten blijken er allerlei processen anders
te verlopen dan in cellen van gezonde personen. Een bepaalde groep moleculen, de
zogenaamde kleine GTPases, lijkt een belangrijke rol in deze veranderde processen
te spelen. Dit zal nader worden toegelicht in de volgende alinea’s.
Kleine GTPases zijn belangrijke signaalmoleculen binnen het afweersysteem. Zij
kunnen zich in twee toestanden bevinden: geactiveerd of inactief. Hun werkingsmechanisme is als volgt: wanneer een cel een signaal van buitenaf ontvangt, leidt
dit tot voorbijgaande activatie van kleine GTPases; na deze activatie worden zij snel
weer geïnactiveerd. Hierdoor wordt een signaal van buitenaf vertaald in een reactie binnen in de cel. Het is dan ook goed voor te stellen dat processen binnenin de
cel anders verlopen wanneer kleine GTPases abnormaal functioneren. In dit proefschrift wordt de rol van specifieke kleine GTPases in het proces van ontsteking en
gewrichtsbeschadiging geanalyseerd. Hiervoor werden zowel patiëntmateriaal als
proefdiermodellen gebruikt.
Bevindingen van andere onderzoeksgroepen suggereren dat verschillende signaleringsprocessen in T cellen (een bepaald soort witte bloedcellen) die zich in de
gewrichtsvloeistof van RA patiënten bevinden, verstoord zijn. Hierdoor zouden T
cellen van RA patiënten minder goed in staat zijn te reageren wanneer ze worden
geactiveerd via een belangrijk molecuul op hun oppervlak, de T cel receptor (TCR).
Deze hypothese wordt ondersteund door het feit dat moleculen die het signaal van
de TCR moeten doorgeven binnenin de cel (waaronder kleine GTPase Rap1) min-
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der activiteit vertonen in T cellen uit gewrichtsvloeistof van RA patiënten. Wij laten
echter in hoofdstuk 2 zien dat uit gewrichtsvloeistof van RA patiënten geïsoleerde
T cellen volledig normaal functioneren. Dit blijkt uit het feit dat ze gaan delen en
verschillende soorten signaalstoffen (zogenaamde cytokines) gaan produceren wanneer ze worden geactiveerd via de TCR. Deze bevindingen lijken dus volledig in
tegenspraak met de bevindingen van andere onderzoeksgroepen. De verklaring
hiervoor ligt in het feit dat dit op een geheel nieuwe manier hebben onderzocht vergeleken met eerder onderzoek. In ons onderzoek toonden wij aan dat T cellen van
RA patiënten meteen nadat zij uit het gewricht zijn afgenomen spontaan sterven (in
apoptose gaan). De overlevende cellen produceren samen dus minder cytokines dan
verwacht, maar omdat wij de opbrengst per cel konden meten lieten wij zien dat ze
per cel een normale hoeveelheid cytokines produceren na activatie via de TCR. De
sterke neiging tot apoptose blijkt samen te hangen met een verlaagde hoeveelheid
Mcl-1 (een molecuul dat celdood remt) en een verhoogde hoeveelheid Noxa (een
molecuul dat celdood stimuleert) in T cellen uit het gewricht van RA patiënten.
Zoals hierboven al kort genoemd werd, is Rap1 activatie in T cellen uit de gewrichtsvloeistof van RA patiënten verminderd of zelfs geblokkeerd. In hoofdstuk 3 hebben
we daarom getest of een gemuteerde vorm van Rap1 die continu actief is artritis kan
voorkómen. Hiervoor gebruikten wij een proefdiermodel met genetisch gemanipuleerde muizen die een continu actieve vorm van Rap1 in hun cellen hebben. In deze
muizen probeerden wij artritis te veroorzaken door ze in te spuiten met collageen
(dit proefdiermodel wordt vaak gebruikt om RA na te bootsen). Het bleek inderdaad
dat deze muizen beschermd waren tegen het krijgen van artritis en dat wanneer zij
de ziekte wel kregen deze veel minder ernstig verliep. Dit ging gepaard met verminderde productie van een ontstekings-bevorderend cytokine (TNF-a). Bovendien
bleken T cellen van deze muizen minder goed in staat hulp te bieden aan B cellen,
waardoor deze minder artritis-bevorderende antilichamen produceerden.
Hiermee laten wij zien dat het beloop van RA mogelijk kan worden beïnvloed door
medicijnen te ontwikkelen die Rap1 activatie in T cellen van RA patiënten bewerkstelligen.
Het lijkt dus alsof inactivatie van Rap1 cruciaal is voor het ontstaan van artritis.
Inactivatie van Rap1 gebeurt door GTPase-inactiverende eiwitten, in het Engels ook
wel GAPs genoemd. Voor ieder klein GTPase zijn er specifieke GAPs; voor Rap1
zijn dit er vijf. Wij keken daarom in hoofdstuk 4 wat er gebeurt met deze GAPs na
stimulatie van T cellen via de TCR. Allereerst blijkt dat de vijf Rap1-GAPs verschil-
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lend reageren op TCR stimulatie: van sommige (zoals Spa-1) neemt de concentratie
in de cel toe, terwijl deze van andere juist afneemt. Hoewel nog niet geheel duidelijk
is wat de exacte rol van ieder van de vijf Rap1-GAPs in de inactivatie van Rap1 is, is
het wel voor te stellen dat het manipuleren van ieder van deze GAPs uiteenlopende
gevolgen kan hebben. Door in de toekomst nader te bestuderen wat het exacte effect
van ieder van deze GAPs op Rap1 activatie is, zou bekeken kunnen worden welke
van deze GAPs een mogelijke rol speelt in RA of andere ziekten waarin Rap1 geïnactiveerd is. Hopelijk wordt het met die verworven kennis in de toekomst mogelijk
specifieke medicijnen te ontwikkelen die aangrijpen op een van de Rap1-GAPs.
De activatie van kleine GTPases wordt verricht door zogenaamde guanine nucleotide uitwisselingsfactoren, in het Engels afgekort tot GEFs. Naast GAPs zouden
veranderingen in activiteit van GEFs dus ook een rol kunnen spelen in het ziekteproces van RA. In hoofdstuk 5 onderzochten wij een van de GEFs die betrokken is bij
activatie van klein GTPase H-Ras, RasGRF1. Wij keken hierbij naar de expressie van
RasGRF1 in weefsel afkomstig uit gewrichten van RA patiënten en in specifieke cellen uit het gewricht, de zogenaamde fibroblast-achtige synoviocyten (FLS). RasGRF1
bleek in duidelijk verhoogde concentratie aanwezig te zijn in het gewrichtsweefsel
van RA patiënten. Bovendien bevindt het zich op dezelfde plek in het gewricht als
twee gewrichtsbeschadigende enzymen, matrix metalloproteinase-1 (MMP-1) en
MMP-3. Vervolgens bevestigden wij in celkweken van FLS dat via RasGRF1 de productie van MMP-3 is te reguleren. Hiermee toonden wij aan dat, naast manipulatie
van GAPs, ook manipulatie van GEFs een interessante optie is voor het ontwikkelen
van nieuwe behandelingen voor RA.
Tot slot werd een ander belangrijk klein GTPase in RA, Rac1 onderzocht in hoofdstuk 6. Het is bekend dat Rac1 veel van de cellulaire processen reguleert die essentieel zijn voor het in stand houden van de ontsteking en de uiteindelijke beschadiging
van het bot in gewrichten van RA patiënten. Daarom onderzochten wij wat het effect
zou zijn van het toedienen van een klein eiwit (peptide) dat Rac1 remt op de ontwikkeling van artritis bij proefdieren. Tijdens deze experimenten bleek dat proefdieren
die met het Rac1 remmende peptide behandeld waren minder gezwollen gewrichten hadden en minder artritisbevorderende antilichamen in het bloed hadden dan
proefdieren die niet behandeld waren met het peptide. Er was echter geen effect
op beschadiging van het bot in de gewrichten. Deze resultaten suggereren dat er
een gunstig effect op artritisbevorderende antilichamen bereikt zou kunnen worden
door patiënten met RA te behandelen met een Rac1 remmend peptide. Daarnaast
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zou kunnen worden onderzocht of simultane remming van een ander GTPase, Rac2,
een sterker anti-artritis effect heeft dan alleen remming van Rac1.
De in dit proefschrift beschreven experimenten tonen aan dat kleine GTPases de activering van cellen en de ontsteking in gewrichten van RA patiënten en in proefdiermodellen voor artritis reguleren. Daarmee zijn kleine GTPases interessante doelwitten voor de ontwikkeling van nieuwe behandelingen voor RA. Toekomstige studies
moeten uitwijzen of er inderdaad een rol is weggelegd voor stoffen als het Rac1
remmende peptide in de behandeling van RA.
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