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Abstract/Zusammenfassung

ABSTRACT

Immunization with Glucose-6-phosphate isomerase (G6PI), a ubiquitously expressed
glycolytic enzyme, induces arthritis in susceptible strains of mice. Depletion of regulatory
T cells (Tregs) prior to immunization switches the usually acute, self-limiting course to a non-
remitting, destructive arthritis. This provides a possibility to study molecular switches for the
transition from acute, self-limiting to chronic, destructive arthritis within one mouse model.

To examine the role of fibroblast-like synoviocytes (FLS), which are known to modulate
immune responses via the production of pro- and anti-inflammatory mediators, the
phenotype and function of FLS from mice with either acute, self-limiting or non-remitting,
destructive arthritis was studied.

FLS from DBA/1 mice that developed either the acute or the chronic form of arthritis were
isolated from joints over a time course of 56 days. The cellular composition of isolates and
cultures was determined by flow cytometry. To investigate the phenotype of the FLS ELISA
studies as well as zymography were performed. For the functional examination of these cells
the matrix-associated transepithelial resistance invasion (MATRIN) assay and a cartilage
attachment assay were used. Furthermore, FLS were transferred in vivo into the knee joints
of immunodeficient mice and the joints were scored histologically. Clinical studies aiming at
the identification of the FLS’ instruction were performed with an anti-IL-17 treatment.

The cellular composition of isolates and cultured cells was found to be stably comprised
mainly of fibroblasts and fibrocytes. The secretion of cytokines and chemokines did not differ
significantly between FLS from nondepleted and Treg-depleted mice after in vitro
stimulation. Furthermore, the secretion and activity of matrix metalloproteases (MMPs) was
enhanced in the FLS from mice with chronic arthritis compared to samples from the ones
with the acute form. Additional functional differences include the collagen-destructive
potential and the potential to attach and eventually invade wild type cartilage. Here, FLS from
Treg-depleted chronic arthritic mice showed a higher invasive and destructive potential. This
aggressive phenotype could be reversed by the preventive and therapeutic treatment of the
animals with anti-IL-17A. Ultimately, FLS from Treg-depleted mice were able to destroy
cartilage and bone in vivo upon transfer into immunodeficient mice.

The results are compatible with the hypothesis that uninhibited inflammation in the early
phase of Treg-depleted mice causes the acquisition of an autonomously aggressive phenotype
of synoviocytes mediated via IL-17 which contributes to the switch from acute to chronic
arthritis even in the absence of late support from T and B lymphocytes.




Abstract/Zusammenfassung

ZUSAMMENFASSUNG

Arthritis kann in suszeptiblen Mausstimmen durch die Immunisierung mit Glukose-6-
Phosphatisomerase, einem ubiquitar exprimierten Enzym der Glykolyse, induziert werden.
Die Depletion regulatorischer T-Zellen vor der Immunisierung verandert den sonst akuten,
selbst-limitierenden Krankheitsverlauf in einen destruktiven, nicht remittierenden. Dadurch
eroffnet sich die Moglichkeit molekulare Schalter beim Ubergang von akuter, selbst-
limitierender zu destruktiver, chronischer Arthritis in ein und demselben Mausmodell zu
studieren.

Fir die Untersuchung der Rolle fibroblastenartiger Synoviozyten (FLS, engl. fibroblast-like
synoviocytes), die dafiir bekannt sind Immunantworten durch die Produktion von pro- und
anti-inflammatorischen Mediatoren zu modulieren, wurden Phanotyp und Funktionen
solcher FLS aus entweder akut oder chronisch arthritischen Mausen verglichen.

FLS von DBA/1-Mausen, die entweder den akute oder den chronischen Krankheitsverlauf
zeigten, wurden aus den Gelenken iiber einen Zeitraum von 56 Tagen isoliert. Die zelluldre
Zusammensetzung der Isolate sowie der Zellkulturen wurden durchflusszytometrisch
analysiert. Um den Phanotyp dieser Zellen ndher zu bestimmen, wurden diverse ELISA-
Versuche sowie zymographische Untersuchungen durchgefiihrt. Im Rahmen funktioneller
Analysen wurde der MATRIN (engl. Matrix-associated transepithelial resistance invasion)
Assay sowie ein Knorpelanlagerungsversuch benutzt. Desweiteren wurden isolierte FLS in
vivo in die Kniegelenke von immundefizienten Empfiangermdusen transferiert und
anschliefdend die Gelenke histologisch analysiert. Klinische Studien, die Aufschluss iiber die
Instruktion der FLS geben sollten, wurden mit Hilfe von anti-IL-17 Behandlungen
durchgefiihrt.

Die zellulire Zusammensetzung der FLS-Isolate und FLS-Zellkulturen erwies sich als
konstant. Hauptsachlich Fibroblasten und Fibrozyten wurden als Bestandteile identifiziert.
Die Sekretion von Zytokinen und Chemokinen zeigte keine Unterschiede zwischen FLS von
nicht depletierten und Treg-depletierten Mdusen nach in vitro Stimulation. Dariiber hinaus
war die Sekretion aktiver Matrixmetalloproteasen (MMPs) in den Proben von Treg-
depletierten Mausen deutlich erhéht gegeniiber denen aus nicht depletierten Individuen.
Zusatzliche funktionelle Untersuchungen umfassen das Potential Kollagen zu zerstéren sowie
an Knorpelgewebe anzuhaften und moglicherweise anschliefRend einzuwandern. Dabei
erwiesen sich die FLS der Tiere mit chronischem Krankheitsverlauf als wesentlich invasiver
und destruktiver. Dieses aggressive Verhalten konnte sowohl durch praventive als auch
therapeutische anti-IL-17 Behandlungen in den Ursprungszustand zurilick versetzt werden.
Schlussendlich waren transferierte FLS von Treg-depletierten Tieren in der Lage Knorpel und
Knochen in immundefizienten Empfangerméausen abzubauen.

Diese Resultate sind mit der Hypothese vereinbar, dass es durch ungehemmte Inflammation
in der frithen Phase in Treg-depletierten, arthritischen Mausen zum IL-17 vermittelten
Erwerb eines autonom-aggressiven Phdnotyps synovialer Fibroblasten kommt, was zum
Umschalten von akuter zu chronischer Arthritis sogar in Abwesenheit von spéaterer Hilfe
durch B- und T-lymphozyten fiihrt.
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1. INTRODUCTION

1.1 RHEUMATOID ARTHRITIS

1.1.1 EPIDEMIOLOGY AND CLINICAL FEATURES OF RHEUMATOID ARTHRITIS

Rheumatoid arthritis is an autoimmune disease which affects about 1% of the world’s
population. It is 2,5-times more common in female than in male and occurs in the 4th decade
of age although several cases are reported amongst younger individuals.! It is geographically
distributed in a worldwide manner. RA patients have a higher mortality rate than the general
population with a decrease of expected survival of 3-10 years! and an increased comorbidity
of coronary heart diseases and infections.2-

Rheumatoid arthritis is a multifactorial disease, influenced both by genetic and
environmental factors. There are factors increasing the risk of developing arthritis, known as
risk factors, and those believed to be beneficial for the patients.5-7

Twin and family studies revealed a genetic predisposition as one risk factor.5¢8 There have
been several studies showing an association of the HLA-DRB1 alleles, coding for MHC class II
molecules, with RA.9-12 Those alleles encode a common stretch of amino acids in the peptide
binding groove, known as the shared epitope?19, which confers particular susceptibility to RA.
The consequences of this allelic risk factor are discussed and include a predisposed T cell
repertoire selection, antigen presentation, alterations in peptide affinity, the induction of
T cell senescence by shared epitope-containing HLA molecules, and potentially a pro-
inflammatory signaling function.8 Other risk alleles include those important for T cell
stimulation, activation and functional differentiation, such as PTPN22, CTLA4, GZMB, and
PRKCQ.813 Moreover, associations with immune regulation pathways, such as the NF«B or the
TNF pathway have been implicated to the disease.813 In general, approximately 60 % of a
population’s predisposition to RA can be accounted for by genetic risk factors.!

Since the concordance rate in monozygotic twins is described to be around 15-30% a strong
contribution by environmental factors is suggested.61* It is believed that at least one third of
susceptibility to RA is due to environmental influences.6 For example, the fact that RA
incidence is higher in women?!s suggests a hormonal influence on the onset.6 There are also
certain aspects of lifestyle that contribute to the development and severity of RA. The most
prominent one is smoking.1617 There has been evidence for a link between smoking and
genetic risk factors. Carriers of the shared epitope that are smokers have an 8-fold higher risk
to develop RA. This risk increases further to almost 16-fold if the smokers are homozygous
carriers of the share epitope.1819 Additionally, a synergistic effect of smoking and HLA-DRB1
alleles on the formation of anti-citrullinated protein antibodies (ACPAs) has been suggested.8

Rheumatoid arthritis onset is in most cases very insidious and diagnosis is often ascertained
only after several months.! Patients often suffer from joint swelling, pain and stiffness,
weakness, fatigue, weight loss and depression. Articular characteristics include tenderness
on palpation and synovial thickening, effusion and erythema during the early stage, as well as
decreased range of motion and ankylosis during the later phase. Symptoms are mostly
symmetrical distributed and can affect distal (more commonly) as well as proximal joints.!
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However, also other organs can be affected in a multisystem inflammation situation. This
includes organ systems such as the respiratory, cardiac, neurological, hematological and
vascular system often leading to profound morbidity and mortality.!

1.1.2 PATHOGENESIS OF THE DISEASE

The pathogenesis of rheumatoid arthritis is a very complex process and despite great
research efforts still insufficiently understood. Characteristic events are the inflammation of
the synovium, pronounced angiogenesis, cellular hyperplasia, the infiltration of the synovial
compartment by leukocytes, the production of autoantibodies (such as rheumatoid factor or
ACPAs) and subsequently the degradation of cartilage and the destruction of subchondral
bone.182021 The early phase is mainly characterized by tissue edema and fibrin deposition
resulting in joint swelling and pain. Later, the synovial sublining becomes hyperplastic and
transforms from a single-cell layer to a lining of >10 cells depth. This layer is mainly
comprised of macrophage-like (MLS) and fibroblast-like synoviocytes (FLS). The sublining
gets infiltrated by mononuclear cells, including T cells, B cells, macrophages and plasma
cells.® Synovial-vessel endothelial cells transform into high endothelial venules to facilitate
the transit of leukocytes from the blood stream into the tissue.22 The increased expression of
adhesion molecules and chemokines in the synovial compartment supports the infiltration
even more.8 Further on, there is the formation of a histologically distinct locally invasive
synovial tissue, called the pannus, which penetrates the cartilage.23 This cellular pannus is
later replaced by a fibrous pannus with a minimally vascularized layer of pannus cells and
collagen overlying cartilage.?4 (see Figure 1)

(a)

Osteoclast

) ~
’,’ - Fibroblast
Capsule —— ~—Macrophage
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I S a7 cel
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/ angiogenesis
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Figure 1: Schematic view of a normal joint (a) and a joint affected by RA (b)
(from Choy E Rheumatology 2012;51:3-11.)
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The adaptive immunity is believed to be important during the early pathogenesis although
the functional role of T cells is incompletely understood.825 Even though the efficacy of T cell-
depleting therapy is as limited?¢ as others (see 1.1.3 Treatment of patients) there is evidence
for the role of T cells in RA pathogenesis. As described above, genes important for T cell
activation and function such as the HLA-DRBI1 alleles or the PTPN22 and CTLA4 gene are
amongst the most prominent genetic risk factors.20.25 Furthermore, the inflamed synovium of
RA patients shows a high number of T cells which were also shown to be necessary in various
animal models of arthritis.26 Moreover, the presence of autoreactive T cells against
citrullinated self-proteins has been demonstrated.? Initially, RA was thought to be a Th1-
driven disorder characterized by cytokines and chemokines such as IFNy, LT and TNF
family members.2” But, only low levels of I[FNy were found in the synovium of RA patients.28
Instead, Th17 cells came into focus because they were also found in the rheumatoid synovial
membranes, though at low numbers.2° The inhibition or overexpression of IL-17 in the joints
of animals could reduce or worsen the joint inflammation and damage, respectively.3? Their
differentiation is supported by macrophage-, synovial fibroblast- and dendritic cell-derived
TGFB, IL-1, IL-6, IL-7, IL-12, IL-15, IL-21 and IL-23.820 Those cell types are also found in the
synovial compartment. At the same time, these cytokines can suppress the differentiation of
regulatory T cells (Tregs). Although Tregs were detected in the RA synovium their regulatory
function seems to be impaired.31-33 Thus, RA patients show an imbalance of Th17 cells and
Tregs towards the IL-17 producing cells. The site of effector cell differentiation is mainly
unknown.2? Yet, the great abundance of T cells in the inflamed synovium is widely believed to
be due to migration and not proliferation in the joint.8 Furthermore, there are indications
both for antigen-specific as well as antigen-independent effects of T cells during synovitis.
There is a decreased diversity of the T cell receptor (TCR) repertoire, changes in the receptor
selection and clonal outgrowth of certain CD4 subsets in the synovial compartment
observable.34 These facts together with observations of germinal-center reactions and B cell
somatic hypermutations support the ongoing antigen-specific T cell-mediated B cell help.35-37
Synovial T cells and B cells form aggregates resulting in ectopic lymphoid follicles similar to
lymph nodes or Peyer’s patches.3839 However, also antigen-nonspecific T cell contact-
mediated activation of MLS and FLS via CD40/CD40L, CD200/CD200L and ICAM-1/LFA-1
interactions takes place.40

The importance of B cells during pathogenesis is strengthened by findings after B cell
depletion. It prevents germinal center formation and subsequently T cell activation.#! The
depletion of CD20* B cells (but not plasma cells) with Rituximab leads to a significant clinical
benefit.#2 The survival of synovial B cells is supported by DC-derived APRIL and MLS/FLS-
derived BAFF.3943 B cells cannot only contribute to arthritis pathogenesis by the production
of autoantibodies and ACPAs but also by the secretion of cytokines and chemokines, e.g. IL-6,
IL-10 and LT.20 Those in turn are thought to contribute to regulatory feedback loops for the
interaction between T cells and macrophages as well as T and B cells. Furthermore, the
formerly mentioned formation of ectopic germinal centers is believed to lead to local affinity
maturation and receptor editing of B cells resulting in self-reactive ones with high
autoantibody production.2044 There is also increasing evidence that autoantibodies itself can
directly activate osteoclasts and their precursors independent from inflammation to
facilitate bone resorption.4s

The role of Tregs in rheumatoid arthritis or other arthritic diseases is highly controversial.
Different studies determining Treg populations and their functions in RA came up with
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various and sometimes conflicting results. In many studies the frequency of circulating Tregs
was reported to be decreased*¢4%, but some others show increased frequencies>0-52,
Surprisingly, all studies report elevated numbers of Tregs in the joints of RA patients*6-48.52-56,
This seems paradoxical in the first place. However, the expression of FoxP3 and CD25 and
thereby the function of Tregs can be modulated by inflammation and T cell activation.5?
Results for the suppressive capacity of circulating Tregs are again heterogeneous. While some
studies report impaired suppressive functions325658 others show the opposite505253, Again,
most studies agree on the fact that local Tregs in the inflamed joints are fully suppressive at
least in vitro.46:52-5¢ Yet, the highly inflammatory synovial milieu is suspected to alter the Treg
activity in vivo.55 Cytokines such as TNFa or IL-7 which are known to be important for
arthritis pathogenesis, found in high concentrations in RA patients, and expressed by immune
cells involved in the disease were shown to be partly responsible for the Treg activity
suppression in in vitro experimentsss. Also IL-6 was shown to repeal the Treg-mediated
suppression.5? Thus, it seems that either impaired suppressive capacity of Tregs or resistance
of effector cells against Treg modulation is taking place in the inflamed joints of RA patients.
Another controversial part is the fact that Tregs were found to prevent bone erosion by the
inhibition of differentiation and activation of osteoclasts by unknown modes of action.60-64
Still, the exact mechanisms by which Tregs contribute beneficial or harmful to the disease are
mainly unknown but most likely depend on the local inflammatory milieu. Moreover, it is
unclear if Tregs can also directly interact with and modulate other cells apart from immune
cells, especially fibroblast-like synoviocytes.

The synovium is not only infiltrated by adaptive immune cells but also by innate effector
cells. Macrophages, mast cells and NK cells can be found in the synovial membrane;
neutrophils reside mainly in the synovial fluid.8 Currently, macrophages are amongst them
regarded as the central effectors of synovitis. Effective biologic agents can reduce the
macrophage infiltration in the synovium.s> Their effector functions include the production of
cytokines, ROS, NO intermediates, matrix metalloproteases (MMPs), phagocytosis and
antigen presentation.8 Their activation occurs most likely via toll-like receptors (TLRs) and
NOD-like receptors (NLRs) recognizing PAMPs and DAMPs.6¢ Other activation mechanisms
encompass cytokines, cognate T cell interactions (as described above), immune complexes
and lipoprotein particles.6? Differentiation, maturation and activation of neutrophils are
driven by IL-17 leading in turn to additional cytokine release.t8 Moreover, activated
neutrophils start to secrete prostaglandins, proteases and R0S.6° Mast cells in the synovium
produce vasoactive amines, cytokines, chemokines and proteases.’®’! Some ACPAs present in
the serum of RA patients are of the IgE isotype pointing towards a possible involvement of
mast cells.”2 IL-17 drives not only the activation of neutrophils in the synovial compartment
but also of FLS. This leads to cytokine, chemokine, prostaglandin and MMP release.68 This
activation also occurs at low concentrations of IL-17 in synergy with TNFa and IL-1.73 The
loss of normally protective effects of the synovium (e.g. due to reduced expression of
lubricin) promotes the adhesion and invasion of FLS.7* The MMP production by FLS together
with the limited ability of cartilage to regenerate leads to biomechanical dysfunction of the
joints.”> An IL-1/IL-17 triggered apoptosis of chondrocytes results in the loss of
physiologically regulated matrix formation and subsequently to surface cartilage
destruction.8

The following bone erosion is often very rapid affecting 80% of the patients already in the
first year after diagnosis’¢. This is accompanied by prolonged and increased inflammation.””

10
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The bone erosion is primarily conducted by osteoclasts populating the synovial membrane of
RA patients.’879 Osteoclast differentiation, maturation and invasion are mediated by M-CSF
and RANKL mainly derived from macrophages, FLS and also activated T cells.788081 A possible
involvement of B cells via the expression of RANKL has just recently been discussed.82 These
processes can be amplified by TNFq, IL-1, IL-6 and IL-17.7883 The central and unique role of
RANKL for osteoclastogenesis is validated by findings that the blockade of RANKL is
beneficial to stop bone erosion but unable to interfere with joint inflammation and cartilage
degradation.84 This is justified by the fact that osteoclasts have an acidic enzymatic machinery
which enables the destruction of mineralized tissue (mineralized cartilage and subchondral
bone) resulting in deep resorption pits which can be and are filled by inflammatory tissue.8
However, there is also RANKL-independent osteoclastogenesis from PBMCs via M-CSF, IL-6
and IL-11.85 In the end, the osteoclast-mediated bone resorption leads to breach of cortical
bone permitting synovial access to the bone marrow.8 Finally, medulla ossium flava (yellow
marrow) is gradually replaced by aggregates of T and B cells causing inflammation of the
bone marrow, called osteitis.8¢ Under normal physiological conditions there is a balance
between bone resorption and bone formation. This balance is shifted towards bone
resorption in RA patients. However, it is not only due to enhanced osteoclastogenesis and
activation but also caused by reduced, almost absent osteoblast function. The mechanisms
are not well understood but evidence is available showing an involvement of cytokines.20 A
prominent example is TNF which was shown to inhibit osteoblast differentiation and
function.8” Furthermore, indirect pathways of TNF-mediated inhibition of bone and cartilage
formation via inhibition of WNT signaling have been described.s8

The interplay between adaptive and innate immune cells as well as resident cells of the joint
seems to be a very complex process involving numerous different pathways and feedback
mechanisms. So far, none of those interactions are fully understood. It is also hard to
determine which of the measured mediators and functions are cause or consequence of
alterations. The assignment of findings to certain cell types is also not always assured.
Nevertheless, research efforts have focused more and more on those processes in the past
years leading to new therapeutic strategies.

The inflammation of the joints and bone marrow of RA patients does also have systemic
consequences. This is mainly caused by circulating inflammatory pathways mediated by
cytokines (e.g. [IL-6 and TNFa), acute-phase reactants, immune complexes and altered lipid
particles.8 It causes for example an increased rate of cardiovascular diseases, i.e. myocardial
infarction, cerebrovascular defects and heart failure.89-9! Acute-phase reactants, as the C-
reactive protein, have been described as important risk factors for cardiovascular disorders.92
Increased endothelial activation, insulin-resistance of muscle and adipose tissue, and
atheromatous lesions are also a consequence of the systemic inflammation.9394 Other affected
organs are the brain (fatigue and depression), the liver (elevated acute-phase response),
lungs (inflammatory and fibrotic diseases), muscles (sarcopenia), and bones (osteoporosis).8
Cytokines like IL-1, IL-6 and TNFa which are highly abundant in RA patients can dysregulate
the hypothalamic-pituitary-adrenal axis? causing fatigue and high rates of depression. RA-
related osteoporosis is mainly driven by IL-6.96¢ RA patients show also an increased risk of
lymphomas most likely resulting from clonal selection of B cells, impaired regulatory function
of Tregs, and dysfunctional NK cells.97.98

11
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1.1.3 TREATMENT OF PATIENTS

Rheumatoid arthritis patients are treated with so called disease modifying anti-rheumatic
drugs (DMARDs) which impede both inflammatory and destructive processes. Their mode of
action mostly starts after several weeks or month after the first medication and reduces both
pain and swelling, and halts the progression of destruction.?® However, only 20-25 % of the
patients show complete remission. A continuous administration of DMARDs is indispensable
since stopping DMARDs results in a significant risk of flares.10 DMARDs are divided into two
groups; small-molecule DMARDs and biological DMARDs (see Table 1).

Small-molecule DMARDs have been used since the 1920s. The most commonly one is
methotrexate (MTX) which was first used in the 1950s and is considered to be the gold
standard for DMARD therapy.?? All small-molecule DMARDs have in common that they act in
an anti-inflammatory manner. However, strong side effects are always accompanying the
beneficial effects. Those include liver toxicity, cytopenia, mucositis, teratogenicity and
nodulosis.%

Biological DMARDs were and are developed as highly specific agents to target pro-
inflammatory cytokines and different cell types that play important roles in RA pathogenesis
(see 1.1.2 Pathogenesis of the disease). Three different strategies are pursued: 1) the
inhibition of pro-inflammatory cytokines and their receptors by monoclonal antibodies,
soluble receptors, binding proteins or receptor antagonists; 2) the use of anti-inflammatory
cytokines such as IL-4, IL-10 or IL-13; 3) the target of cell surface antigens by monoclonal
antibodies.?

Table 1: Biological DMARDs in clinical use
(modified from Smolen ]S et al Nature Reviews Drug Discovery 2003;2:473-488 and Vivar N et al F1000 Prime
Reports 2014;6:31).

Agent

Format

Mechanism

anti-TNF therapies
Etanercept

Adalimumab

Infliximab
Golimumab

Certolizumab-pegol

IL-1 blocking agent
Anakinra
IL-6 blocking agent

Tocilizumab
Cell-targeting agents
Rituximab (B cells)

Abatacept (T cells)

recombinant human fusion
protein of TNF receptor and the
Fc part of IgG1

human IgG1 monoclonal antibody
chimeric murine/human IgG1
monoclonal antibody

human IgG1 monoclonal antibody

humanized pegylated anti-TNF
Fab’ fragment

recombinant human IL-1ra

humanized recombinant IgG1
monoclonal antibody

chimeric murine/human IgG1
monoclonal antibody
recombinant human fusion
protein of extracellular domain of
CTLA-4 and Fc part of IgG1

decoy receptor capturing soluble
TNF preventing it from binding to
TNF receptor

binding of TNF

binging of soluble and membrane-
bound TNF

binging of soluble and membrane-
bound TNF

binding of TNF

binding of IL-1 type I receptor

binding of soluble and membrane-
bound IL-6 receptor

binding of CD20, depletion of CD20*
B cells

high affinity binding of CD80/86,
inhibition of T cell costimulation

12
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Since TNF is one key cytokine in the pathogenesis of RA anti-TNF therapy is widely used.
There are antibodies directed against TNF and TNF signaling available. All of them have one
thing in common, patients observe a clinical improvement. Their function-related quality of
life is also significantly enhanced. Moreover, radiographic progression is significantly
reduced. Nevertheless, there is still a prominent proportion of patients not responding to this
treatment. Remissions are very rare and the treatments do have side effects.101-105

Another approach is targeting IL-1 as another key cytokine. Under physiological conditions
IL-1 binds to the IL-1 receptor (IL-1R) allowing the engagement of the IL-1R accessory
protein (IL-1RacP) which is necessary for the signaling cascade. A natural inhibitor called
IL-1 receptor agonist (IL-1ra) competes with IL-1 for the receptor. Upon binding of IL-1ra the
engagement of IL-1RacP and thereby signaling is inhibited.1%6 The so far only IL-1 blocking
drug is a recombinant form of IL-1ra called anakinra. However, the effects of anakinra seen in
clinical trials seem to be more modest than those of other drugs.

There are currently two biological DMARDs directed against pathogenesis-involved
lymphocytes. Rituximab is a chimeric murine/human monoclonal antibody against CD20. The
surface antigen CD20 is express by several B cell differentiation stages ranging from pre-B
cell to mature B cells. Hematopoietic stem cells and plasma cells lack CD20. Thus, rituximab
depletes B cells and thereby inhibits the production of autoantibodies, B cell - T cell help and
subsequently the production of pro-inflammatory cytokines.10? It is commonly used as a
second-line defense if anti-TNF therapy failed. Studies showed a relative benefit of rituximab
over anti-TNF agents but the radiographic erosion progression was similar.198 Seropositive
RA patients (which have autoantibodies in the serum) show a better response to rituximab
than seronegative RA patients (which have no autoantibodies in the serum).10® The second
biological DMARD against lymphocytes is called abatacept, a fusion protein consisting of the
extracellular domain of CTLA-4 and the Fc portion of human IgG.110 T cell activation is usually
a two-step process; first the recognition of presented antigen on the MHC of an APC via the
TCR complex and second the costimulation of the T cell via CD80/86 on the APC and CD28 on
the T cell surface. This fully activates the T cells but also triggers a feedback loop leading to
the expression and surface presentation of CTLA-4. The CTLA-4 also interacts with CD80/86
but with a higher affinity than CD28 inhibiting the costimulation. Thus, T cell activation is
shut off and an overshooting immune reaction is prohibited. Abatacept acts similarly through
binding with its CTLA-4 part to CD80/86 hampering the T cell activation by outcompeting the
costimulatory CD28.110

In summary, most treatments so far are focusing on the containment of the inflammation in
the joint by interfering with the inflammatory processes and signaling cascades. However,
this is just partially beneficial and often accompanied by heavy side effects.

DMARDs targeting other cell types and processes involved in the RA pathogenesis are under
development or subject of current research. For example, several small-molecule DMARDs for
the inhibition of MMPs have been tested both in animal models and also in clinical trials.
However, their efficacy so far was not very promising and safety issues lead to a
discontinuation in several cases.?? The interference with intracellular signaling leading to the
induction of MMP or cytokine production is also discussed and investigated. But again, there
are numerous side effects due to toxicities of the compounds. Possible further targets are
chemokines secreted by resident cells of the joint, cell surface antigens on several involved
cells, adhesion molecules for example on FLS as well as the direct inhibition of cartilage and
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bone erosion by the interference with osteoclast differentiation and activation. However,
most strategies still focus on anti-inflammatory instead of anti-destructive mechanisms and
so far, none of the last mentioned possibilities has been successfully addressed.

1.2 THE G6PI-INDUCED ARTHRITIS MOUSE MODEL

In 1996 researchers of Diane Mathis lab coincidentally found a new mouse model for
rheumatoid arthritis. Initially, they were aiming to study the selection of a certain T cell
receptor (TCR) specificity which recognizes a peptide of bovine pancreas ribonuclease, R28.
Therefore, they generated a R28 TCR transgenic mouse line. This KRN mouse line turned out
to be useless for their purpose because transgene-encoded TCRs were ineffective at
promoting allele-specific positive selection.!1! Fortuitously, they crossed this KRN strain to
the already existing NOD mouse line. Surprisingly, this mouse strain, referred to as K/BxN,
developed an interesting phenotype with pronounced joint inflammation. They observed
several deformations such as hyperextension of the ankle, valgus deviation of the knee,
hyperpronation of the toes as well as compromised animals’ mobility. Histology of the joints
showed neovascularization, extensive synovitis, hyperplastic synovium, a massive immune
cell infiltration, fibrosis, exudation of neutrophils from the synovium into the articular cavity,
formation of a pannus-like structure which was able to invade the cartilage and subchondral
bone, and remodeling of the joint architecture all of which are reminiscing of symptoms seen
in RA patients. The underlying mechanism was postulated as an alloreactive recognition of
antigen-presenting cells (APCs) derived from the NOD mice via the MHC class II molecule
[-Ag7 by R28 transgenic T cells leading to systemic autoimmunity.11! Thereby, they showed for
the first time, that a systemic autoreactivity can provoke an organ-specific immune response
breaking with the former dogma of joint-specific antigens for arthritis development. Further
studies revealed an imbalance in cytokines (especially TNFa and IL-6) as well as B cell
hyperactivity accompanied by hypergammaglobulinemia and autoantibody production as
hallmarks of the K/BxN arthritis model.112 Tolerance against the initial R28 specificity was
evoked by clonal deletion of thymocytes, diminished levels of TCR clonotypes and a clonal
anergy of peripheral T cells.112 The self-peptide recognized by the KRN T cells was identified
as glucose-6-posphate isomerase (G6PI)!13, a ubiquitously expressed enzyme of glycolysis.
This lead to the interaction of T and B cells via TCR:I-Ag” and CD40:CD40L which further
stimulated the T cells, activated the B cells and resulted in autoantibody production.112 Those
immunoglobulins could then bind together with complement components and other
unknown factors in the joint to form immune complexes and elicit a local inflammation.
Further experiments showed that even the transfer of serum from K/BxN mice or a pool of
several anti-G6PI antibodies was able to induce arthritis when transferred into healthy
recipients.112114 However, the transfer with the pooled antibody mix against G6PI could never
be reproduced. Still, the serum-transfer even worked in rag2~- recipients indicating that T
and B cells only play an important role in the induction phase of the K/BxN arthritis model
and that they are dispensable once autoantibodies are produced.115

After the discovery of G6PI as the antigen in this model the question arose whether this could
also be a relevant antigen in human RA patients. There was an initial study reporting that
64% of RA patients had increased concentrations of anti-G6PI IgG in serum and the synovial
fluid.11¢ However, this could not be reproduced by other studies. Sera of patients with RA,
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collagen tissue disease, or other chronic arthritides did not contain elevated levels of anti-
G6PI antibodies.115 Later it could be proven that this discrepancy was due to a contamination
of the commercial detection Kit in that first survey.!1” Nevertheless, the concept of systemic
autoimmunity with local inflammatory responses as seen in RA patients is very good
mirrored by that mouse model. Other mouse models for arthritis such as the antigen-induced
arthritis where an inflammation is triggered by a local injection of an antigen fail to
reproduce this hallmark of RA. Further models having local effects of systemic autoimmunity
include fibrinogen-induced!18 arthritis, TNFal19 or IL-1a120 transgenic mice, IL-1ra/- micel2!
and the recently published A20 mice with a TNFAIP3-deficiency in myeloid cells!22, Thus, the
murine system showing a local inflammation in the joints evoked by the systemic antigen
G6PI is a very good tool to study mechanisms of the human autoimmune disease where a
local inflammation in the joints is also evoked by systemic autoimmunity as seen by the
presence of ACPAs and the rheumatoid factor.

Several years later Schubert et al published another mouse model where they used
recombinant human G6PI (rhG6PI) emulsified in complete Freund’s adjuvant (CFA) to
immunize several mouse strains.!23 They found one strain to be susceptible to G6PI-
immunization bearing the MHC haplotype H-29, named DBA/1. The incidence of arthritis was
almost 100% and characterized by redness and severe swelling of hind and front paws. The
first clinical symptoms started to appear 9 days after the immunization, reached a maximum
at around day 15 and then slowly resolved until day 40. The histopathology of G6PI-
immunized DBA/1 mice showed severe symmetric arthritis of distal joints which affected
wrist, metacarpal joints, and proximal and distal interphalangeal joints at the front limbs as
well as tarsal, ankle and knee joints at the hind limbs. The spine and other joints including
elbow, shoulder or hip joints were not compromised.123 Resembling symptoms found in RA
patients the G6PI-immunized animals showed severe synovitis, tenosynovitis, sometimes
even rupture of the tendons, destruction of bone and cartilage as well as fibrin extravasation
during their peak of the disease. At later time points inflammation was almost absent and
regeneration and fibrosis occurred (see Figure 2). The same results could be obtained using
recombinant murine G6PI and denatured rhG6PI suggesting that the biologic functions of the
enzyme are irrelevant for the disease.l23 Immunization with other components of the same
expression system as G6PI such as creatine kinase or fructose-1,6-bisphosphatase in CFA did
not induce any signs of arthritis. The analysis of T cells from immunized DBA/1 mice showed
that they proliferated strongest after in vitro G6PI restimulation at day 9 and day 12 post
immunization. Furthermore, CD4+ cells from draining lymph nodes and spleens produced
TNFq, IL-6 and IL-17. Almost no secretion of IFNy, IL-2, [L-4 or IL-10 was detectable.123 To
check the importance of Th cells during the different disease stages the investigators
depleted CD4+ cells with a monoclonal antibody at different time points and analyzed the
clinical outcome. Arthritis development could be completely prevented when anti-CD4
antibodies were applied either before the immunization (day -3, day 0 and day 5 relative to
immunization) or in the induction phase (day 6 and day 9 relative to immunization). The CD4
depletion at later time points, i.e. right after disease onset (day 8 and day 11 relative to
immunization) as well as around the disease peak (day 11 and day 14 relative to
immunization), was able to ameliorate the arthritis and lead to a rapid and stable
resolution.123 Thus, it was concluded that Th cells are both required for induction and during
the effector phase in G6PI-induced arthritis. Antibodies against G6PI were found from day 6
on with a peak at day 9. Thereafter, the antibody titers were almost constant up until day 30
when clinical symptoms already declined. The first immunoglobulin isotypes detectable were
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IgM and IgG1 at day 6. From day 9 on additional IgG2a, IgG2b and IgG3 were measured. The
isotypes IgG1l (which is the pathogenic one in K/BxN arthritis) and IgG2 (which is the
pathogenic one in collagen-induced arthritis) were found to have the highest concentration of
all.123 The early CD4 depletion also diminished the production of G6PI-specific antibodies.
However, although late CD4 depletion ameliorated and cured the disease, antibody titers
against G6PI were not reduced. Furthermore, a serum transfer from G6PI-immunized animals
to naive recipients did not induce arthritis. On the other hand, DBA/1 mice deficient for the
FcyR common y-chain immunized with rhG6PI had a much lower incidence of arthritis with a
much less severe clinical outcome. In contrast, DBA/1 mice deficient for the inhibitory
FcyRIIB showed an exacerbated arthritis pathogenesis. Thus, it was concluded that
antibodies against G6PI are necessary but alone not sufficient for arthritis development in
this mouse model.123

Clinical score
S
1

Figure 2: Clinical course and histopathology of G6PI-induced arthritis.

A-D shows picture of non-immunized (A,C) or G6PIl-immunized (B,D) DBA/1 mice. E shows the clinical evaluation
of G6PI-immunized mice for 30 days. F-K show histological analyzes of G6PI-immunized DBA/1 mice. F: Severe
synovitis. Dense inflammatory infiltrates consisting of lymphocytes, plasma cells, and granulocytes within the
synovial membrane (arrows) accompanied by strong activation of resident cells (fibroblasts, macrophages). G:
Tenosynovitis. A dense inflammatory infiltrate around a tendon (arrows). H: Periarthritis with strong
inflammatory reaction in s.c. tissue adjacent to the talocalcanean joint. Arrow, sebaceous gland; arrowhead, hair
follicle. I: Periostitis with strong stroma activation and moderate inflammatory infiltrate inside the periost
(between arrows) adjacent to the shank (arrowheads). J: Bone destruction (arrowheads) mediated by pannus
(arrows), consisting of strongly activated fibrous tissue. K: Regenerative process with fibroblastic synovial tissue
containing small blood vessels (arrows) and osteoblasts repairing bone destruction (arrowheads). (from Schubert
et al123)

Another important finding resulted from the treatment with Etanercept. Administration of
the TNFa-blocking agent to G6PIl-immunized mice resulted in a dose-dependent block of
arthritis development showing a TNFa-dependency of G6PI-induced arthritis pathogenesis.
Further studies revealed that the effector T cells were mainly of the Thl and Th17
phenotype.124125 The most abundant cytokines produced during the early phase were IFNy
and IL-17. A treatment of G6PI-immunized mice with anti-IL-17 mAb early on resulted in a
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reduction of disease severity.12¢ However, no effect on antibody titers was measurable. In
addition, a supportive role of IL-6 to IL-17 production was shown. Anti-IL-6R treatment
before the peak of the disease lead to a block or at least significant reduction of severity
depending on the time point of administration which was accompanied by a reduction of
IL-17 producing CD4+ T cells. Additionally, also anti-G6PI antibodies were reduced after the
blockade of the IL-6R124 suggesting a supportive role of Th17 cells for antibody production by
B cells in this context. Yet, a blockade of the IL-6R after the maximum of arthritis severity did
not have any effect, indicating that the IL-6/IL-17 axis is mainly important during the
induction phase of G6PI-induced arthritis.

To determine the role of B cells during arthritis pathogenesis in this mouse model
researchers conducted two different approaches. In the first scenario Tanaka-Watanabe et al
performed a transfer of splenocytes from G6PI-immunized DBA/1 mice into SCID mice
together with 100 pg of rhG6PI. Thereby, they could show that arthritis was transferable.126
More importantly, they depleted the splenocytes either of CD19+ or CD4+ cells and repeated
the experiment. Then, arthritis induction by splenocyte transfer in conjunction with G6PI
administration did not work anymore. Neither CD4 depleted nor CD19 depleted splenocytes
were able to evoke any sign of arthritis. But, when CDD19 depleted splenocytes were
inoculated into SCID mice together with immunoglobulins purified from G6PI-immunized
DBA/1 mice arthritis was efficiently induced.'?6 Those findings were confirming the
arguments that T and B cells are important for the induction of G6PI-induced arthritis and
that autoantibody production is crucial. Furthermore, they could shed some light on the
previously hypothesized mechanism for the induction of an organ-specific immune response
by a systemic autoreactivity. Kamradt et al already described in a review from 2005 that anti-
G6PI antibodies were localized to peripheral joints.115127.128 This was already suggested in the
initial description of G6PI-induced arthritis since it was known that cationic agents can bind
to negatively charged structures of joints!29.130 and thereby could probably provoke a locally
higher concentration of the autoantigen. Matsumoto et al could then show a deposition of
G6PI together with immunoglobulins and C3 of the complement system in arthritic joints.131
Those immune complexes could be a possible explanation for the organ-specificity of the
systemic autoimmunity. The same was shown in the splenocyte inoculation experiments into
SCID mice. They nicely depicted the colocalization of IgG and C3 on the cartilage surface after
splenocyte transfer and G6PI administration.’2¢6 Thus, complement activation by immune
complexes in the joint seems to be a likely scenario for local inflammation. The second
approach for investigating the role of B cells in the pathogenesis of G6PI-induced arthritis
was a B cell depletion via CD22.132 Since the antibody they used only reacts with CD22 in
strains with the Lyb-8.2 alloantigen they first had to switch to a different mouse strain. They
found a similar disease progression with a more chronic course compared to DBA/1 in the
strain SJ/L. Immunologic parameters such as immune cell infiltration and the generation of
G6PI-specific T cell responses and antibodies was also likewise. The B cell depletion in this
strain using their anti-CD22 antibody was long lasting. Lymph nodes, spleens and bone
marrow were comprised of fewer cells and B cells were virtually not detectable in secondary
lymphoid organs up to 2 weeks. B cell depletion prior to the immunization (at day -6 and day
-1 relative to G6PI-immunization) resulted in a delayed onset with a reduced incidence and
much lower clinical severity. Also in the induction phase (day 3 and day 8 relative to
immunization) absence of B cells resulted in a diminished incidence and a lower disease
severity. However, clinical symptoms were already more pronounced than in early treated
animals. Most strikingly, a late B cell depletion (day 15 and day 20 relative to the
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immunization) had no effect at all demonstrating that B cells are crucial during the early
phase but dispensable for the effector stage.!132 A reconstitution of reduced immunoglobulin
levels after B cell depletion with serum from G6PI-immunized mice could not restore the
disease. Furthermore, G6PI-specific Th cells were almost 10-fold reduced after B cell
depletion. Although the remaining G6PI-specific Th cells produced more cytokines the total
number of cytokine producing effector T cells was also diminished. Concluding, the major
role of B cells is taking place during the induction phase by autoantibody production and via a
priming of Th cells.132

The next major breakthrough of the model followed in 2010 with a publication by
Frey et al.133 They tested the influence of regulatory T cells (Tregs) on the clinical progression
of G6PIl-induced arthritis. Therefore, DBA/1 mice were treated with anti-CD25 antibodies
prior to the immunization with rhG6PI/CFA. This resulted in a reduction of FoxP3* Tregs to
10% of normal levels at the time point of immunization. This reduction was at least 50% until
day 15 and thereafter Treg frequencies inclined again. After 35 days relative to the
immunization the Treg pool was filled again to the normal level. Surprisingly, anti-CD25
treatment did not only deplete the CD25* but also CD25- Tregs most likely due to the
interference with IL-2 signaling in general which is crucial for Treg survival. Recapitulatory,
Treg depletion was incomplete and transient. Nevertheless, it had a dramatic effect on the
clinical progression of the disease. Anti-CD25 treated mice did not as usual resolve after the
maximum until day 40 but remained their clinical symptoms of inflammation for more than 6
weeks. Even worse, they developed heavy deformations and ankylosis. The destructive
changes already occurred after 30 days indicating that this was not only resulting from
prolonged inflammation. Histologic analysis revealed a denser infiltration of neutrophils,
lymphocytes and macrophages. Even after more than 80 days joints were still inflamed by
mononuclear cells and the pannus was densely packed with fibroblasts. This pannus had the
ability to cover and invade articular cartilage and destroy subchondral bone. Thus, Treg
depletion prior to G6PI immunization results in a switch from normally acute, self-limiting to
non-remitting, destructive arthritis. Beyond that, anti-G6PI autoantibody titers were also
enhanced to maximal at around day 80. The Treg depletion therefore also lead to a prolonged
and persistent humoral autoreactivity. The generation of G6PI-specific T cells started much
earlier. Already at day 3 post immunization G6PI-specific Th cell frequencies were 4-fold
higher in Treg-depleted mice compared to nondepleted counterparts. Additionally, those
pathogenic Th cells produced much more cytokines, such as TNFa, IL-2 and RANKL.
Considering the increased absolute number of lymph node cells together with the higher
frequency of G6PI-specific Th cells that on top showed an enhanced cytokine production one
gets a summation of those effects leading to an almost 20-fold enhancement of the G6PI-
specific T cell response in Treg-depleted mice at that early time point. Thereafter, the pool of
G6PI-specific Th cells was expanding similarly in both experimental animal groups with a
maximum around day 9. However, this pool was always larger in Treg-depleted mice. Th cells
from both groups produced likewise IL-17, [FNy and GM-CSF. Thereafter, T cell responses
slowly reduced indicating that this is not solely the cause of chronicity. G6PI-specific Th cells
producing TNFa and RANKL were even detectable in non-immunized, Treg-depleted mice.
Thus, Treg-depletion alone is sufficient to mount an autoantigen-driven T cell response.
However, this was not strong enough to induce inflammation. To elucidate the role of the
pathogenic effector T cells after G6PI-immunization in the course of the chronic arthritis CD4
cells were additionally depleted at different time points relative to the immunization. As
before, anti-CD4 treatment before the immunization prevented the disease, both in

18



1 Introduction

nondepleted and Treg-depleted individuals. Remarkably, this CD4 depletion which was
usually curative in G6PI-immunized DBA/1 mice after the disease onset turned out to be
ineffective in the Treg-depleted subjects. Hence, Th cells are dispensable in the effector phase
of the destructive, non-remitting course of G6PI-induced arthritis. On the contrary, a
therapeutic depletion of monocyte/macrophage/osteoclast cells using chlodronate liposomes
cured the mice regardless of Treg-depletion. Thus, the hypothesized model includes an early
burst of pathogenic Th cells enabled by Treg-depletion which causes the activation of an
unknown effector cell population which uninfluenced by CD4 depletion and restoration of the
Treg pool drives the chronicity of the disease.

1.3 FIBROBLAST-LIKE SYNOVIOCYTES

Fibroblast-like synoviocytes (FLS) or Type B synovial cells are mesenchymal, CD45-negative
cells found in the intimal lining layer of joints.!3* In normal synovium under physiological
conditions those cells serve as providers of nutrients and lubricants for the joint cavity and
adjacent cartilage.134135 This includes for example the expression of uridine
diphosphoglucose dehydrogenase which enables the FLS' expression of hyaluronan, one
important component of the synovial fluid and extracellular matrix (ECM).136 Furthermore,
the secretion of lubricin facilitates joint lubrication. Another physiological function of FLS is
the regulation of the flux of cells that pass into the synovial fluid spacel36 by expressing
surface adhesion receptors such as ICAM-1, VCAM-1 and CD44. The architecture of joints and
joint homeostasis are (at least partly) mediated by FLS via their ECM remodeling function
due to the expression of matrix components like collagen and hyaluronan as well as the
expression of matrix-degrading enzymes.135137 FLS exclusively express cadherin-11 in the
synovial lining?38139 which is essential for maintaining the integrity of the normal
synovium.140 Mice deficient for cadherin-11 had a hypoplastic synovial lining!38 and
cadherin-11 expression in FLS alone was sufficient to induce an organization into a lining
layer of synovium-like structure in vitro.139

In RA patients instead, FLS change their phenotype leading to an expansion of the intimal
lining from 1-2 cells to 10-20 cells depth!34 as well as the promotion of inflammation, and
cartilage and bone destruction.!40 The following sections will describe some of the most
prominent phenotypic and functional changes of FLS in RA patients contributing to the
arthritis pathogenesis (see Figure 3).

First of all, the imbalance of proliferation and apoptosis of FLS in the hyperplastic rheumatoid
pannus leads to an overabundance of them.14% Although the increased proliferation of FLS in
the RA synovium has not been directly proven yet the appearance of distinct clonal cell lines
of cultured RA FLS strongly argues for a substantial growth ability of FLS in the inflamed
synovium.141142 Furthermore, cultured FLS show an accelerated proliferation in vitro upon
stimulation with growth factors (e.g. FGF or TGFp), cytokines (e.g. IL-1 or TNFa), and
chemokines (e.g. RANTES).143144 The resistance of FLS to apoptosis was shown by several
criterial®s and is even maintained in vitro.146 Stimulation with TNFa as well as the activation
of the NFkB pathway could reduce FLS apoptosis via resistance of FasL-induced signaling and
upregulation of the expression of anti-apoptotic genes of the Bcl-2 family.147 The apoptosis
resistance together with growth properties like increased migration, reduced contact
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inhibition and reduced attachment-dependent growth!3¢ as well as the ability to spread
arthritis to distant joints in vivol48 argue for a tumor-like behavior of RA FLS.

A second very important property of FLS in RA pathology is their ability to invade and
destroy cartilage. The usual balance between matrix-degrading enzymes such as MMPs and
aggreacanases and their inhibitors such as TIMP-1 is tipped towards the degradation.140
Moreover, there is a synergy between protease production and adhesion molecule
expression. Mice deficient for cadherin-11 for example were shown to be protected from
cartilage destruction.!38 Different factors including pro-inflammatory cytokines (especially
IL-1 and TNFa), ROS and RNS as well as growth factors and ECM components can trigger the
invasive phenotype of RA FLS in patients.1%0 For example, MMP gene expression by FLS can be
induced by exposure to IL-1 or TNFa. This can be even enhanced via a synergistic effect of
IL-1 or TNFa with the Th17 cytokine IL-17.149 The ability to erode cartilage is thought to
result from intrinsic changes based on the findings in a SCID mouse model.137 RA FLS were
co-implanted with human cartilage under the kidney capsule of SCID mice. Histology revealed
FLS-mediated cartilage erosion.1s0 But FLS serve not only to destroy cartilage; they also
mediate bone erosion by differentiation and activation of osteoclasts.151152
Osteoclastogenesis is induced by the binding of RANKL to RANK on the surface of osteoclast
precursor cells. At sites of bone erosion, a high expression of RANKL on RA FLS has been
shown.152 The RANKL expression of FLS was further shown to be upregulated by activated T
cells.153 Furthermore, RANKL expression was found to be relatively restricted to sites of
bone-erosion whereas the expression of osteoprotegerin (the antagonist of RANKL) was
expressed at sites away from erosions. Thus, osteoclast activity is regulated by local
expression pattern of those two mediators.!5¢ An additional effect of RA FLS on bone erosion
was just recently found. They were shown to inhibit osteoblast activity via the inhibitor
DKK-1.88 Thus, FLS can actively invade and destroy cartilage and indirectly influence bone
erosion by the activation of eroding osteoclasts and the inhibition of bone-forming
osteoblasts.

A third change of the phenotype of RA FLS in patients is the alteration of their ability to
secrete proinflammatory cytokines, chemokines and proangiogenic factors.140 FLS are the
primary source of IL-6 in the joint implying a therapeutic role for FLS since IL-6 inhibition
was shown to decrease disease severity dramatically.!3¢ The IL-6 production of cultured RA
FLS can be increased by stimulation with proinflammatory cytokines like IL-1, IL-17 or
TNFoa.155 TGF was shown to induce IL-6 production by RA FLS as well, but also the secretion
of VEGF.156 Colony-stimulating factors, such as M-CSF or GM-CSF, can also be produced by RA
FLS and lead to the activation of innate and adaptive immune cells in the RA joint.140 The
chemokine synthesis by FLS in the RA joint determines mainly the cellular composition of the
rheumatoid synovium.!34 For example, chemokines MIP-1a/3 and RANTES produced by FLS
can attract T cells and B cells (harboring CXCR3 and CCR5).157-159 Numerous other
chemokines secreted by RA FLS including RANTES, IP-10, MCP-1 and MIP-1a/f3 lead to the
recruitment of cells of the monocyte/macrophage lineage as well as neutrophils into the
joint.13¢ The stimulation of FLS in the joints of RA patients is facilitated by multiple mediators
produced by other infiltrating cells as well as FLS themselves. Most important here are IL-1
and TNFa produced by macrophages?6?, [L-17 and IFNy secreted by T cells!¢1, and TGF3 and
IL-6 sequestered by FLS162,
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Figure 3: Diverse role of FLS in RA.

FLS can contribute to many processes by various kinds of mechanisms. Reduced apoptosis leads to the formation
of a pannus. The Invasion and destruction of cartilage is mediated by the secretion of MMPs and other matrix-
degrading enzymes. Bone erosion is facilitated by the activation of osteoclasts and the inhibition of osteoblasts.
Secreted growth factors serve to enhance angiogenesis and FLS’ own growth. The secretion of other
immunoregulatory factors induces, maintains and enhances inflammatory responses and chemokines recruit
more cells of the innate and adaptive immunity to the joint. (from Bottini and Firestein140)

Most of the insights into the role and involvement of FLS contributing to RA pathogenesis
arose from studies using isolated FLS from RA patients. Mouse models for those studies are
rare. Furthermore, until now there is no other mouse model apart from the G6PI-induced
arthritis that allows the comparison of an acute, self-limiting with a destructive, non-remiting
course.

Taken together, FLS in rheumatoid arthritis in the literature are nowadays seen as both
passive responders to inflammatory stimuli and also active aggressors involved in the
maintenance of inflammatory responses as well as contributors to cartilage destruction and
bone erosion. However, underlying mechanisms inducing the activated phenotype of RA FLS
are still poorly understood. Moreover, it is not known which cells provide those signals and
at which stage during the arthritis pathogenesis these changes occur. Most important, it has
not yet been addressed and shown if activated FLS alone can drive the chronicity of RA
without the help of the adaptive or innate immunity.
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1.4 AIM OF THIS STUDY

As introduced in 1.2 G6PI can induce an acute, self-limiting course of arthritis in susceptible
DBA/1 mice. This can be switched to a non-remitting, destructive one by Treg-depletion prior
to the immunization. Furthermore it was shown that B cells and antibodies are necessary for
the arthritis induction but alone not sufficient. In the effector phase the B cells seem to play a
minor role. An early depletion of CD4+ cells can prevent the arthritis development in both
nondepleted and Treg-depleted animals. However, after the onset of symptoms this CD4+ cell
depletion is ineffective in Treg-depleted mice whereas it rapidly resolves the signs of
inflammation in the nondepleted ones. Moreover, Treg-depletion leads to an early burst of
G6PI-specific effector T cells with enhanced cytokine production.

Thus, despite an incomplete and transient depletion of Tregs, the obvious independence from
CD4+ cells during the chronic effector phase, and the dispensability of B cells during a later
stage of the disease Treg-depleted mice develop a destructive, non-remitting course of G6PI-
induced arthritis. Hence, some other cells have to act as effector cells.

The working hypothesis for this study was the following:

The absence of Tregs during the induction phase of the disease allows the differentiation and
activation of a large pool of G6PI-specific effector T cells which then instruct resident cells in
the joint to become activated effector cells. Those activated effector cells which are most
likely FLS gain subsequently independence from the help of adaptive immune cells to
autonomously drive the chronicity of the disease.

To test this hypothesis the following topics were addressed:

1. Do FLS from Treg-depleted and nondepleted G6PI-immunized DBA/1 mice display
phenotypic and functional differences and do FLS from Treg-depleted animals gain an
activated phenotype?

2. Ifyes, do they also gain independence from the adaptive immunity and can they drive
an immune reaction autonomously?

3. Ifyes, how are those activated FLS instructed?

The long-term goal of the project would then be to translate this information into causative
and, in perspective, curative therapeutic strategies.
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2. MATERIALS

2.1 BIOLOGICAL MATERIAL

2.1.1 MICE

Mice of the strains DBA/1 Ola Hsd, DBA/1 DEREG, DBA/1 Ragl-~/- and B6.NQ were used. All
mice were bred and maintained in our animal facility. All experiments were approved by the
appropriate governmental authority (Thiiringer Landesamt fiir Lebensmittelsicherheit und
Verbraucherschutz; registration number 02-002/10) and conducted in accordance with

institutional and state guidelines.

Animals were used at the age of 7 - 14 weeks, both male and female. Only one type of sex was

used for each experiment.

2.1.2 CELLS

All cultured cells were either primary cultures isolated from murine organs or immortalized

cell lines according to Table 2.

Table 2: Cell cultures

Cell type Source
Splenocytes, primary culture murine spleens
lymphocytes, primary culture murine lymph nodes

fibroblast-like synoviocytes, primary culture | small joints of the paws and ankle joint

MDCK-C7 cell line canine kidney epithelial cells

2.2 KITS AND CHEMICALS

This section lists chemicals and kits that are not listed in any other section.

Table 3: Kits

Kit

Source

Anti-Rat and Anti-Hamster Ig x /Negative Control Compensation
Particles Set

BD Biosciences, USA

LIVE/DEAD® Fixable Aqua Dead Cell Stain Kit, 405 nm excitation

life technologies, USA
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Table 4: Chemicals

Chemical Source
0,25 % trypsin/EDTA Sigma-Aldrich, USA
0,4 % trypan blue Sigma-Aldrich, USA

70 % ethanol

University hospital pharmacy

Mayer’s haemalaun

Merck Millipore, Germany

0,9 % NacCl

B.Braun, Germany

2.3 ANTIBODIES, STANDARDS AND CYTOKINES

2.3.1 IN VIVO PROTEINS, ANTIBODIES AND TREATMENTS

Table 5: List of compounds used for in vivo experiments

Compound

Source

recombinant human G6PI

in house production

Complete Freund’s adjuvant

Sigma-Aldrich, USA

diphtheria toxin Merck Millipore, Germany
anti-1L-17A in house production, clone MM17F3
IL-18 Peprotech, USA

2.3.2 ELISA ANTIBODIES AND STANDARDS

Table 6: List of ELISA antibodies and standards

Compound Source Concentration
IL-6 capture antibody ebioscience, USA 4 pg/ml

IL-6 detection antibody ebioscience, USA 1 pg/ml
recombinant IL-6 (standard) | Peprotech, USA 5000 - 19,5 pg/ml
Streptavidin-POD Roche, Switzerland 50 ng/ml

Table 7: List of ELISA Sets

Mouse Total MMP-3 DuoSet

R&D Systems, USA

Mouse Total MMP-9 DuoSet

R&D Systems, USA

Mouse TIMP-1 DuoSet

R&D Systems, USA

Mouse CCL3/MIP-1 alpha DuoSet

R&D Systems, USA

Mouse CCL4/MIP-1 beta DuoSet

R&D Systems, USA

Mouse CCL5/RANTES DuoSet

R&D Systems, USA
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2.3.3 FLOW CYTOMETRY ANTIBODIES

Table 8: DEREG typing staining

Compound Source Dilution
CD4 - PacificBlue in house production, clone GK1.5 1:200
CD25 - Dy647 in house production, clone PC61.5 1:100
anti - CD16/CD32 in house production, clone 2.4G2 1:100
rat IgG Jackson Immunoresearch, USA 1:200
Table 9: T cell staining

Compound Source Dilution
CD4 - APC/Cy7 ebioscience, USA 1:200
CD154 - APC Miltenyi biotec, Germany 1:40
IL-17 - Alexa488 ebioscience, USA 1:200
IFNy - PE ebioscience, USA 1:200
TNFa - eFluor450 ebioscience, USA 1:200
anti - CD16/CD32 in house production, clone 2.4G2 1:100
rat IgG Jackson Immunoresearch, USA 1:200
Table 10: Joint cell staining

Compound Source Dilution
CD45 - AF700 Biolegend, USA 1:200
CD4 - PE/Cy7 ebioscience, USA 1:600
CD8 - PE/Cy7 ebioscience, USA 1:300
B220 - PacificBlue in house production, clone RA3-6B2 1:200
Ly6G - APC ebioscience, USA 1:200
CD11b - FITC ebioscience, USA 1:400
CD11c - Pe/Cy5.5 ebioscience, USA 1:500
CD90 - APC eFluor780 ebioscience, USA 1:200
anti - CD16/CD32 in house production, clone 2.4G2 1:100
rat IgG Jackson Immunoresearch, USA 1:200
Table 11: FLS staining

Compound Source Dilution
CD90 - APC/Cy7 ebioscience, USA 1:200
CD11b - AF700 ebioscience, USA 1:800
CD54 - APC Biolegend, USA 1:300
CD106 - PE/Cy7 Biolegend, USA 1:250
anti - CD16/CD32 in house production, clone 2.4G2 1:100
rat IgG Jackson Immunoresearch, USA 1:200
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2.3.4 CELL CULTURE ANTIBODIES, CYTOKINES AND TREATMENTS

Table 12: List of cell culture compounds

Compound Source Concentration
recombinant human G6PI | in house production 20 pg/ml
anti - CD28 in house production, clone 37.51 3 ug/ml
anti - CD3 in house production, clone 154-2C11 3 pg/ml
Brefeldin A Sigma-Aldrich, USA 5 pg/ml
IL-18 Peprotech, USA 10 ng/ml
IL-17A Peprotech, USA 50 ng/ml
IL-33 Peprotech, USA 50 ng/ml
TNFa Peprotech, USA 10 ng/ml
poly(I:C) Sigma-Aldrich, USA 10 pg/ml
peptidoglycan (PGN) Sigma-Aldrich, USA 1 pg/ml
FGF-2 Peprotech, USA 10 ng/ml
ascorbic acid Sigma-Aldrich, USA 100 ng/ml

2.4 DEVICES, EQUIPMENT AND SOFTWARE

Table 13: devices

Device

Model, company

table-top centrifuge

Megafuge 1.0R; Heraeus, Germany

sonicator

Sonopuls HD 60; Bandelin, Germany

mouse restrainer

self-made

ELISA plate washer

Hydroflex 96-well microtiter plate washer; Tecan, Switzerland

ELISA plate reader

Spectra 96-well microtiter plate reader; Tecan, Switzerland

Humidified incubator

Hera cell240; Heraeus, Germany

laminar flow hood

Hera safe, Heraeus, Germany

water bath

julabo U3; julabo, Germany

flow cytometer

LSR II; BD Biosciences, USA

orbital shaker

Easia shaker; Thermo Fisher Scientific (Medgenix diagnostics), USA

bidirectional rotator

HS 260 basic; IKA, Germany

TEER device EVOM?2; WPI, USA
electrophoresis chamber | Mini PROTEAN® 3 Cell; Bio-Rad, USA
Power supply EV261; Consort, Belgium

Table 14: equipment

Equipment

Model, company

70 um cell strainer

BD Falcon, USA

Cell counting chamber

Neubauer chamber; BRAND, Germany

FACS tubes

round-bottom tubes, 5 ml, 12 x 75 mm; BD Falcon, USA

15 ml/ 50 ml tubes

greiner bio-one, Austria

cell culture plates, dishes
and flasks

greiner bio-one, Austria

cryo-tubes

greiner bio-one, Austria
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Continuation of Table 14: equipment

culture inserts (MATRIN) | BD Falcon, USA

6-well plates (MATRIN) BD Falcon, USA

ELISA plates

Maxisorp 96-well microtiter plates; Thermo Fisher Scientific, USA

blood lancet

B.Braun, Germany

hematological test tube Sarstedt, Germany

syringes

Single-use syringes Omnifix®-F, 1ml; B.Braun, Germany
Omnican® F Fine dosage syringe, 1 ml; B.Braun, Germany
Omnican® 20 Insulin syringe; B.Braun, Germany

needles Disposable needle 0,50 x 16 mm/25 G x 5/8” (B.Braun, Germany)
Disposable needle 1,20 x 40 mm/18 G x 1%” (B.Braun, Germany)
animal disinfectant Softafept® N, B.Braun, Germany

2.6 CELL CULTURE MEDIA, BUFFERS AND SOLUTIONS

2.6.1 CELL CULTURE MEDIA

Table 15: Cell culture media

Medium

Components

T cell medium

IMDM with 25 mM Hepes and w/o L-glutamin (Lonza, Switzerland)
10 % FCS (Sigma-Aldrich, USA)

100 U/ml Penicillin/Streptomycin (Jena Bioscience, Germany)

50 uM 2-Mercaptoethanol (Gibco, life technologies, USA)

FLS medium

DMEM with 4,5 g/1 glucose, L-glutamine, NaHCO3 (Sigma-Aldrich, USA)
10 % FCS (Sigma-Aldrich, USA)

100 U/ml Penicillin/Streptomycin (Jena Bioscience, Germany)

10 mM Hepes (Serva, Germany)

MDCK medium

MEM with Earl’s salts, L-glutamine and NaHCOs3 (Sigma-Aldrich, USA)
10 % FCS (Sigma-Aldrich, USA)

100 U/ml Penicillin/Streptomycin (Jena Bioscience, Germany)

10 mM Hepes (Serva, Germany)

2.6.2 BUFFERS AND SOLUTION

Table 16: Flow Cytometry

Buffer

Components

10x Phosphate buffered saline (PBS) | 137 mM NacCl (Carl Roth, Germany)

2,7 mM KCI (Carl Roth, Germany)

1,5 mM KH,PO4 (Merck, Germany)

7,9 mM Na;HPO. x 2 H,0 (Applichem, Germany)
dissolved in ddH-O0, diluted to 1x PBS in ddH,0
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Continuation of Table 16: Flow Cytometry

erythrocyte lysis buffer

0,01 M KHCOs (VWR, USA)

0,15 M NH4CI (Carl Roth, Germany)

0,1 mM EDTA (Sigma-Aldrich, Germany)
dissolved in ddH,0

pH adjusted to 7,5

filter-sterilized

PBA

0,25 % BSA (Albumin Fractin V; Carl Roth, Germany)
0,02 % sodium azide (Sigma-Aldrich, USA)
diluted in 1x PBS

4 % PFA stock solution

40 g PFA (Sigma-Aldrich, USA)

dissolved in 11 1x PBS stirring at 50°C over night
cleared with NaOH

filter-sterilized

diluted to 2 % PFA in 1x PBS

PBA-S 0,5 % saponine (Carl Roth, Germany)
diluted in PBA
PBA-E 1 mM EDTA (Sigma-Aldrich, USA)
diluted in PBA
Table 17: ELISA
Buffer/Solution Components
10x PBS see Table 16
PBS-T 0,05 % Tween 20 (Carl Roth, Germany)
dissolved in 1x PBS
blocking solution 2 % BSA (Albumin Fraction V; Carl Roth, Germany)
dissolved in PBS

substrate buffer

0,2 M Na;HPO. x 2 H,0 (Applichem, Germany)
0,1 M citric acid (Carl Roth, Germany)
dissolved in ddH:0

pH adjusted to 5,0

substrate solution

10 mg OPD (Sigma-Aldrich, USA)
5 pl of 30% H:0; (Sigma-Aldrich, USA)
dissolved/diluted in 5 ml substrate buffer

stop solution

1,5 M H,S04 (Carl Roth, Germany)
diluted in ddH,0

Reagent Diluent (for R&D DuoSets) | 1 % BSA

dissolved in 1x PBS

Table 18: Zymography

Buffer/Solution Components
10 % APS 5 g ammonium persulfate (Sigma-Aldrich, USA)
dissolved in 50 ml ddH,0

4 x seperation gel buffer

1,5 M Tris-HCI (Carl Roth, Germany)
0,4 % SDS (Carl Roth, Germany)
dissolved/diluted in ddH,0

pH adjusted to 8,8

4 x stacking gel buffer

0,5 M Tris-HCI (Carl Roth, Germany)
0,4 % SDS (Carl Roth, Germany)
dissolved/diluted in ddH,0
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Continuation of Table 18: Zymography

10x running buffer

250 mM Tris (Tris base; Carl Roth, Germany)
2 M glycin (Carl Roth, Germany)

1 % SDS (Sigma-Aldrich, Germany)
dissolved/diluted in ddH,0

6x native sample buffer

375 mM Tris (Tris base; Carl Roth, Germany)

12 % SDS (Sigma-Aldrich, Germany)

30 % glycerol (Carl Roth, Germany)

0,001 % bromophenol blue (Applichem, Germany)

washing buffer

2,5 % Triton-X100 (
diluted in ddH;0

incubation buffer

100 mM Tris-HCI (Carl Roth, Germany)
30 mM CaCl; (

0,02 % sodium azide (Sigma-Aldrich, Germany)
dissolved/diluted in ddH,0

Coomassie blue staining

10 % acetic acid

50 % methanol

0,25 % Coomassie blue G250
dissolved/diluted in ddH,0

destainer

25 % methanol
7 % acetic acid
diluted in ddH-0

Table 19: cell culture, in vivo, others

Buffer/solution

Component

collagen IV solution

1 mg/ml collagen type IV
dissolved in FLS medium

freezing solution 10 % DMSO
diluted in FCS (Sigma-Aldrich, USA)
MDCK buffer 0,2 gEDTA

0,2 g KCI (Carl Roth, Germany)

0,2 g KH,PO4 (Merck, Germany)

8 g NaCl (Carl Roth, Germany)

1,15 g Na;HPO4x 2 H20 (Applichem, Germany)
dissolved in 11ddH»0

filter-sterilized

MATRIN coating solution

10 pl sodium bicarbonate
20 pl 10x MEM with Earl’s salts and 1-glutamin
75 ul PureCol

5,5 % formalin solution

125 ml 40 % Formaldehyde (Carl Roth, Germany)
875 ml ddH,0

8 g Na;HPO. x 2 H20 (Applichem, Germany)

3,75 g KH,PO4 (Merck, Germany)
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3. METHODS

3.1 METHODS OF CELL BIOLOGY

3.1.1 ISOLATION OF CELLS

3.1.1.1 spleen and lymph nodes

Spleens and lymph nodes (axillary, brachial, inguinal) were carried in T cell medium after
dissection. Afterwards, the organs were smashed through a 70 pm cell strainer with a syringe
plunger. The strainer was then washed with 10 ml T cell medium. Cells were pelleted by
centrifugation at 300 x g for 6 min at 4°C. Supernatants were discarded. Spleen cell samples
were resuspended in 1 ml erythrocyte lysis buffer and incubated for 4 min at room
temperature. Lysis was stopped by the addition of 10 ml T cell medium and cells were
centrifuged as above. Cell pellets (both spleen and lymph node) were resuspended in 5 ml
T cell medium and counted in a Neubauer chamber using trypan blue for dead cell
discrimination. The single cell suspensions were adjusted to the desired cell concentration by
the addition of the according volume of T cell medium.

3.1.1.2 blood

A volume of 100-500 pl of mouse blood was mixed with 1 ml erythrocyte lysis buffer and
transferred into 5 ml FACS tubes which already contained 1 ml of erythrocyte lysis buffer.
The cell suspension was incubated for 4 min at room temperature. Lysis was stopped by the
addition of 2 ml PBA. Samples were centrifuged for 6 min at 4°C and 300 x g. The
supernatants were discarded. Samples were washed twice by centrifugation as above with
1 ml PBA and used for further experiments.

3.1.1.3 joint cells

The skin as well as muscle tissue and tendons of dissected fore and hind limbs were removed.
The foremost toe segment was removed by overexpansion of the interphalangeal joint. Paws
were retrieved by overexpansion and torsion of the ankle joint. Extreme care was taken not
to damage the bone. Paws were stored in ice cold PBS until all samples were prepared.
Subsequently, paws were digested in collagen IV solution for 90-100 min in a 37°C water bath
with vigorous stirring. Last, the solution was transferred to 50 ml tubes and centrifuged at
250 x g for 10 min at room temperature. Cell pellets were resuspended in FLS medium and
plated for culture.
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3.1.2 CELL CULTURE

All cell culture work was performed under sterile conditions. All tools and materials were
autoclaved before usage. Additionally, tools were sprayed with 70 % ethanol prior to their
usage. All work was performed under a sterile laminar flow hood. All cells were cultured at
37°C and 5% CO; in their appropriate cell culture media.

3.1.2.1 In vitro restimulation of G6PI-specific T cells

Single cell suspensions of spleens and lymph nodes were adjusted to 5 x 10¢ cells /ml in T cell
medium. 1 ml of the cell suspension was plated into 24-well plates. Samples were stimulated
with 20 pg/ml of rhG6PI and 3 pg/ml of anti-CD28. Remaining samples were pooled and used
as positive and negative controls. The negative control was only stimulated with 3 pg/ml of
anti-CD28. The positive control was additionally stimulated with 3 pg/ml of anti-CD3. All
samples were incubated for 2 h in a humidified incubator at 37°C and 5% CO,. Subsequently,
5 pg/ml of Brefeldin A was added to each sample to block the secretion of cytokines by the
ER-golgi system. After additional 4 h incubation time, samples were harvested for further
analysis.

3.1.2.2 Culture of fibroblast-like synoviocytes

Fibroblast-like synoviocytes were plated in FLS medium in 15 cm petri dishes with periodic
medium exchange based on the medium’s indicator. Cells were grown until confluence was
reached. Then, cells were splitted 1:2 by removal of the old medium, flushing the plate with
prewarmed PBS and detaching the cells using trypsin/EDTA. After washing the cells by
centrifugation at 250 x g for 10 min at room temperature cells were plated again und
cultured further. After the third passage FLS were detached as described and cell pellets were
resuspended in FCS with 10% DMSO. Cell solutions were transferred into cryo-freezing tubes
and stored for two days at -80°C. Finally, tubes were transferred into liquid nitrogen tanks
and stored for future experiments.

For restimulation analysis FLS were counted and adjusted to 105 cells/ml. 1 ml of the cell
suspension was seeded into the wells of a 24-well plate. Stimuli were added according to
Table 12. Cultures were incubated for 24 h and supernatants were harvested for further
analysis.

3.1.2.3 Culture of MDCK-C7 cells

MDCK-C7 cells were cultured in T75 flasks in MDCK medium until confluence was reached.
Then, cells were splitted 1:10 by incubation in MDCK buffer for 45 min at 37°C, detachment
by incubation in trypsin/EDTA for additional 5 min and washed by centrifugation in MDCK
medium.
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3.1.3 FLow CYTOMETRY

All flow cytometry measurements were conducted on a BD LSR II flow cytometer with proper
compensation using the Anti-Rat and Anti-Hamster Ig x /Negative Control Compensation
Particles Set. The flow cytometer was regularly calibrated using the instrument’s software
(BD FACS Diva 5) for baseline calibration (four times per year) and performance check
(monthly) as well as maintained according to the manufacturer’s advice (cleaning of the
whole system). Analysis of the recorded samples was performed using the Flow]Jo VX
software and calculations have been made with Microsoft Excel 2010. The generation of
graphs was done with SigmaPlot 12.5.

3.1.3.1 Determination of G6PI-specific T cells

For the determination of G6PI-specific T cells the expression of CD154 on in vitro G6PI-
restimulated splenocytes and lymph node cells was measured. Therefore, restimulated
samples were harvested into labeled 5 ml FACS tubes containing 1 ml of PBS. After a
centrifugation at 300 x g for 6 min at 4°C supernatants were discarded. Pellets were
resuspended in the remaining liquid. LIVE/DEAD® Fixable Aqua Dead Cell Stain was diluted
1:250 in PBS and 25 pl of the dilution was added to each sample. After an incubation of
30 min at 4°C in the dark samples were washed twice by centrifugation in PBS. Subsequently,
samples were fixed for 20 min in 200 pl of 2 % PFA on ice followed by an additional washing
step. Then, cells were stored up to 3 days in the fridge. Thereafter, samples were washed
twice in 1 ml PBA-S by centrifugation to permeabilize the cell membrane. Next, unspecific
binding was blocked by the addition of anti-CD16/CD32 and rat IgG in PBA-S for 10 min at
4°C followed by the staining of the samples with anti-CD4, anti-CD154, anti-IL17A, anti-IFNy
and anti-TNFa in PBA-S for 20 min at 4°C. At last, samples were washed and resuspended in
200 - 500 pl PBA for analysis on the flow cytometer.

3.1.3.2 Staining of fibroblast-like synoviocytes

Cells isolated directly from the joints as well as cultured FLS were washed twice in PBA-E by
centrifugation at 250 x g for 10 min at room temperature. Afterwards, samples were blocked
with anti-CD16/CD32 and rat IgG and stained with anti-CD90, anti-CD11b, anti-CD45,
anti-CD4, anti-CD8, anti-Ly6G, anti-CD54 and anti-CD106 in PBA-E for 20 min at 4°C in the
dark. Last, samples were washed once by centrifugation in PBA-E and resuspended in 500 pl
PBA-E for analysis on the flow cytometer.

3.1.4 CARTILAGE ATTACHMENT ASSAY

To determine the ability of FLS to attach to wild type articular cartilage femoral head
cartilages (“caps”) were dissected as described by Stanton et al63. Prepared caps were placed
in the wells of a 96-well u-bottom plate and incubated for 24 h in FLS medium supplemented
with 100 pg/l ascorbic acid at 37°C and 5% CO,. After three washing steps with serum-free
FLS medium cartilages were incubated additional 24 h in serum-free FLS medium
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supplemented with 1 ng/ml IL-13 at 37°C and 5% CO;. Subsequently, the medium was
removed and replaced by 200 pl fresh FLS medium containing 6 x 105 FLS. Samples were
incubated for 2 h at 37°C with rotation (160 rpm) on an orbital shaker. Thereafter, an
additional incubation of 12 h at 37°C and 5% CO; was done. Next, the medium was removed
and samples were fixed in 4 % PFA for 20 min at room temperature. Last, samples were
washed three times with PBS and stained with Mayer’s haemalaun for 1 min at room
temperature. After several washing steps with tap water, samples could be analyzed under a
stereo microscope. Pictures were taken at several z-layers with a camera and stacked for a
complete picture using the ProgRes Capture Pro v2.8.0 software. Those pictures were then
used to count attached FLS.

3.1.5 MATRIX-ASSISTED TRANSEPITHELIAL RESISTANCE INVASION (MATRIN) ASSAY

To measure the destructive potential of FLS the MATRIN assay was performed as described
by Wunrau et al'¢4. Cell culture inserts for 6-well plates were incubated for 90 min at 37°C
and 5% CO: after apical coating with MATRIN coating solution. Next, inserts were placed
upside-down onto petri dishes and 500 ul of MDCK-C7 cell solution were applied on the basal
side of the cell culture inserts and incubated for 4 h at 37°C and 5% CO.. Afterwards, cell
culture inserts were placed back into the 6-well plate and filled with 2,5 ml MDCK medium.
The wells of the 6-well plate were also filled with 2,5 ml MDCK medium. The plates were kept
in a humidified incubator with daily medium exchange until the electrical resistance on the
membrane of the cell culture insert reached at least 2,5 k(). At that time, FLS were diluted in
FLS medium to 1,2 x 106 cells/ml and 500 pl of medium in the cell culture insert was replaced
by 500 pl of FLS suspension. Thereafter, no more medium exchange was possible due to the
sensitivity of the system. The transepithelial electrical resstance (TEER) was measured with
the EVOM? and the according electrode every 4-5 h for up to 5 days. Therefore, the electrode
was sterilized with 70% ethanol and stored in 0,9% NaCl while not in use. The 0,9% NaCl
solution was also used to determine the blank. The values were noted and TEER break-down
was calculated using SigmaPlot 12.5.

3.2 METHODS OF MOLECULAR BIOLOGY

3.2.1 ENZYME-LINKED IMMUNOSORBENT ASSAY (ELISA)

For all ELISA experiments supernatants were used that had been stored at -20°C. All
supernatants were never thawed and frozen again but were only for single use.

The IL-6 ELISA was performed using matching-pair antibodies. Therefore, NUNC maxisorb
96-well plates were coated over night at 4°C with the IL-6 capture antibody diluted in PBS.
Then, plates were washed three times with an automated plate washer using PBS-T. Next,
plates were blocked for 2 h at room temperature with 200 ul/well of PBS with 2% BSA
followed by three washing steps. Standard (recombinant murine IL-6) as well as samples
were diluted in FLS medium and filled in a total volume of 50 pl as duplicates into the wells.
Plates were incubated for 2 h at room temperature. After additional three washing steps the
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detection antibody diluted in PBS-T with 1% BSA was applied into the wells and incubated
for 2 h at room temperature. Again, plates were washed three times as before and incubated
for 40 min with 100 pl/well of streptavidin-POD in PBS-T with 1% BSA at room temperature.
Then, plates were again washed three times. Last, 50 pl/well of substrate solution was added
and the reaction was stopped after 2-5 min with 100 pl/well of 1,5 M H,SO4. Finally, the
absorbance at 492 nm with a reference wavelength of 620 nm was recorded using a TECAN
microplate reader with the Magellan software. Calculations were done with Microsoft Excel
2010 and graphs were plotted using SigmaPlot 12.5.

The chemokine and MMP ELISA experiment were performed using R&D Systems ELISA
DuoSets. Basically, all steps were similar to the IL-6 ELISA with some exceptions. Incubation
with the capture antibody was not at 4°C but at room temperature. Blocking of the plates was
only 1 h in PBS with 1% BSA. Detection antibody was diluted in PBS with 1% BSA. As
conjugate a streptavidin-HRP provided by the kits was used at a 1:200 dilution n PBS with
1% BSA and incubated for only 20 min. The incubation with the substrate solution was done
for 5-10 min. Measurement and analysis of the samples was exactly the same as for the IL-6
ELISA.

3.2.2 LUMINEX MULTIPLEX ASSAY

The cytokine levels in the supernatants of cultured FLS were measured using the Luminex-
based multiplex technology by collaboration partners from Hannover (Prof. Chr. Falk). The
assay was performed according to the manufacturer's instructions. Briefly, 25 pl of culture
supernatant was diluted with 25 pl of sample diluent and incubated with color-coded beads
covered with capture antibodies for the respective cytokines and chemokines. After 1 h
incubation and washing, bead-bound cytokines were quantified by biotinylated detection
antibodies followed by streptavidin-PE staining. Concentrations were measured by parallel
standard curves for each parameter and the 5 parameter logistic plot for linear regression
based on the MFI of 50-100 beads per cytokine per sample using the BioPlex Manager 6.1
software. Data was plotted using SigmaPlot 12.5.

3.2.3 GELATIN-ZYMOGRAPHY

For gelatin zymography a separation gel and a stacking gel were prepared according to the
Table 20. The water was supplemented with 2 mg/ml gelatin; final concentration in the gel
was 0,8 mg/ml. A volume of 10 pl of supernatants was mixed with 2 pl of 6x native sample
buffer and pipetted into the slots of the stacking gel. A molecular weight marker was run in
one lane. Electrophoresis was run at 15 mA/gel until the 50 kDA band of the molecular
weight marker reached the end of the gel. Afterwards, the gel was washed twice for 20 min
on a bidirectional rotator in 2,5% Triton-X100. Gels were incubated in incubation buffer over
night at 37°C. The next day, gels were stained with Coomassie blue staining solution for
45 min on a bidirectional rotator. Finally, gels were destained until white bands were visible,
dried in a frame and scanned for analysis. Quantification of the bands was conducted using
the Image] software and Microsoft Excel 2010. Plots were generated with SigmaPlot 12.5.
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Table 20: Zymography gels

Gel Components

8 % separation gel 4,7 ml ddH20/gelatin solution

2,7 ml Rotiphorese Gel 30 (Carl Roth, Germany)
2,5 ml 4x separation gel buffer

100 pl 10 % APS

8 ul TEMED

5 % stacking gel 1,16 ml ddH,0/gelatin solution

0,33 ml Rotiphorese Gel 30 (Carl Roth, Germany)
0,5 ml 4x stacking gel buffer

10 pl 10 % APS

1 pyl TEMED

3.3 ANIMAL EXPERIMENTS

3.3.1 BLEEDING OF ANIMALS

Mice were held at the neck skin fold with the thumb and the forefinger and the tail was
gripped between the third finger and the ball of the thumb. The facial vein was pricked with a
lancet. Blood was collected into EDTA-containing hematological test tubes.

3.3.2 GENOTYPING OF DEREG MICE

Blood was used to genotype DBA/1 DEREG mice and prepared for staining as described
above. Cells were stained with anti-CD4 and anti-CD25 antibodies for 20 min at 4°C.
Afterwards, cells were washed by centrifugation at 300 x g for 6 min at 4°C and resuspended
in 200 pl PBA. Analysis of the cells was performed on a BD LSR II flow cytometer recording at
least 20000 cells. The fluorescence of eGFP by CD4+ CD25* cells was used to determine the
genotype of the mice. Transgene positive animals showed an eGFP fluorescence in the CD4+
CD25+ cell compartment whereas transgene negative ones did not.

3.3.3. IMMUNIZATION OF MICE

For immunization of mice a standard emulsion containing 400 pg/ml rhG6PI in CFA was
prepared. Therefore, rhG6PI resuspended at a concentration of 4 mg/ml in PBS was
emulsified at a ratio of 1:1 with CFA by sonification (70 % power, 70 % cycles). The emulsion
was filled into a syringe using a 18 G x 1%2” needle. Then, the needle was exchanged to 25 G x
5/8”. Mice were firmly placed into a mouse restrainer. The tail base was disinfected with
Softasept® N. A total volume of 200 pl of the emulsion was injected each left and right of the
tail base subcutaneously. Afterwards, the tail base was cleaned from remaining emulsion and
disinfected again. Thus, all mice received 400 pg of rhG6PI in CFA.
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3.3.4 INTRAPERITONEAL TREATMENT OF MICE

The administration of DTx or anti-IL-17A was performed intraperitoneally in PBS. Therefore,
mice were held in a supine position. The syringe was inserted into the abdomen almost
parallel to the vertebral column and pushed in at an approximate angle of 10°.

The DTx treatment was done 2 and 1 days before as well as 4 and 5 days after the
immunization. Each mouse received 0,5 pug of DTx in a total volume of 50 pl per injection

The anti-IL-17A was administered in 100 pl at a concentration of 3 mg/ml. Preventively
treated animals received injections at day 0, 3 and 6. Therapeutically treated mice received
injections at day 10, 13 and 16.

3.3.5 CLINICAL SCORING OF MICE

For clinical scoring of G6PI-immunized DBA/1 mice each paw was divided into three sections
a, b, and c. Section a includes the fingers/toes. Section b comprises the middle region of the
paw, i.e. the region from the metacarpophalangeal (MCP) joints including metacarpals and
metatarsophalangeal (MTP) joints including metatarsi. Section c is the region around the
carpal-metacarpal/tarsal-metatarsal joints (see Figure 4).
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Figure 4: Clinical scoring of inflammation in the paws.

A) Hind paw showing the three sections for clinical scoring; namely a for finger/toe region, b for MCP/MTP and ¢
for wrist/ankle. B) Inflammation in the joints of fore and hind paws, reflected by swelling and redness, can be
graded according to a macroscopical score ranging from 0-3 for Wrist/Ankle and MCP/MTP joints. Furthermore,
the absolute number of fingers and toes with inflamed phalangeal joints is determined.
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In section a swollen toes/fingers were counted. Each swollen toe/finger got a score of 0,5.
The score of all four paws was summated. In sections b and ¢ there was a discrimination of
three steps. Redness and mild swelling received 1 point, medium to strong swelling got 2
points and severe swelling with edema was scored with 3 points. Again, the values of all four
paws were summated. At the end, the scores of all three regions were added up, and plotted
using SigmaPlot 12.5.

3.3.6 DISSECTIONS

Mice were sacrificed by cervical dislocation and disinfected with 70% ethanol.

For the dissection of spleens and lymph nodes animals were fixed in a supine position on a
soft plate with needles through the paws. The peritoneum was opened with a scissor and
inguinal, brachial and axillary lymph nodes as well as the spleen were prepared with forceps.

For FLS isolation all four extremities were prepared. Therefore, the skin was cut at the ankle
joint and peeled off in proximal direction. The limbs were amputated and stored in FLS
medium until cell isolation.

For the cartilage attachment assay femoral head cartilage was dissected as described by
Stanton et all¢3. Briefly, the skin was removed from the leg and the hip joint. Muscle tissue
was removed around the hip joint and the femoral head was gently pulled out from the joint.
The cartilage cap was then lifted with a forceps and placed into a 96-well plate.

3.3.7 TRANSFER OF FIBROBLAST-LIKE SYNOVIOCYTES INTO KNEE JOINTS OF RECIPIENTS

Fibroblast-like synoviocytes from the third passage were cultured as described before. Cells
were in vitro restimulated with anti-1L-17/anti-TNFa for 24 h (concentrations as described in
Table 12). During the same time, knee joints of the DBA/1 Rag1-/- mice were pretreated with
100 ng IL-1pB. Thereafter, cultured FLS were detached as described before using PBS and
trypsin/EDTA. Cells were counted with trypan blue for dead cell discrimination in a
Neubauer chamber and adjusted to 1,3 x 107 cells/ml. A total volume of 37,5 ul (equating to
5x 105 cells) was injected into the right knee joint of the animals. The left knee joint was
treated with PBS only as a control. After 2 weeks, mice were sacrificed and knee joints were
dissected. After an incubation of 24 h in 5% formalin solution and a transfer to sterile water,
samples were shipped to a collaborator in Erlangen (Prof. G. Schett) for histological analysis.

3.3.8 HISTOLOGY OF KNEE JOINTS

All histological experiments were conducted by collaboration partners at the University
hospital Erlangen (Prof. G. Schett). Knee joints were decalcified in EDTA (Sigma-Aldrich).
Serial paraffin sections (2um) were stained with hematoxylin-eosin or for tartrate-resistant
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acid phosphatase (TRAP) using a Leukocyte Acid Phosphatase Kit (Sigma) according to the
manufacturer’s instructions. All analyses were performed using a microscope (Nikon)
equipped with a digital camera and an image analysis system for performing
histomorphometry (Osteomeasure; OsteoMetrics). Scoring was done by an experienced
investigator (Prof. G. Schett) blinded to the treatment groups. At least three sections were
scored for each individual animal. Synovitis was scored on hematoxylin-eosin stained knee
sections and graded according to the intensity of synovial inflammation (0, normal synovium,
no inflammation; 1, mild inflammation with small and localized synovial infiltrates; 2,
moderate inflammation with diffuse synovial infiltrates; 3, severe inflammation with synovial
infiltrates and hyperplasia). Presence or absence of osteoclasts and bone erosions was
assessed on TRAP-stained tissue sections.
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4. RESULTS

4.1 SWITCH FROM ACUTE, SELF-LIMITING TO CHRONIC, NON-REMITTING ARTHRITIS
AFTER TREG-DEPLETION IN THE DEREG MOUSE MODEL

Immunization of susceptible DBA/1 mice with the ubiquitously expressed glycolytic enzyme
glucose-6-phosphate isomerase (G6PI) emulsified in complete Freud’s adjuvant (CFA)
induces a severe polyarthritis characterized by joint and paw swelling starting at day 9 after
immunization. Following a rapid aggravation the clinical signs reach a maximum after about
2 weeks and then slowly resolve!23. However, it has been previously reported that treatment
with anti-CD25 antibodies prior to the immunization leads to an incomplete and transient
depletion of regulatory T cells (Tregs), thereby switching the normally self-limiting course of
arthritis to a chronic, non-remitting one!33. Nevertheless, the application of anti-CD25 can
potentially itself also interfere with the IL-2 signaling in general thereby affecting effector Th
cells expressing the IL-2Ra chain.

To circumvent this problem one can make use of the DEREG mouse model. Those mice are
genetically altered in a way that they harbor a diphtheria toxin receptor and an eGFP
construct under the control of the FoxP3 promoter on a BAC165. This transgenic mouse model
was previously only available on the (non-susceptible) C57BL/6 background. In order to use
this Treg-depletion system with the (susceptible) DBA/1 strain the DEREG construct was
introduced into DBA/1 wild type mice by speed congenic breeding with C57BL/6 DEREGs.
Afterwards it was tested, if the Treg-depletion with DTx in DBA/1 DEREG mice is consistent
to the published data for Treg-depletion with anti-CD25 in DBA/1 wild type mice.

Wild type DBA/1 mice as well as DBA/1 DEREG mice were immunized with 400 pg G6PI in
CFA s.c. at day 0. Prior to the immunization one group of wild type DBA/1 mice received two
injections of 500 pg anti-CD25 at day -11 and day -8. One group of DBA/1 DEREG mice was
treated with 0,5 pg DTx at days -2, -1, 4, and 5. The appearance of clinical symptoms was
monitored from day 8 until day 54. The Treg-depletion was measured in the blood of animals
by flow cytometric analysis of FoxP3+ cells. The appearance of G6PI-specific Th cells was
analyzed from spleen and lymph nodes.

As depicted in Figure 5A the clinical progression did not differ between anti-CD25 treated
wild type DBA/1 and DTx treated DEREG mice. As expected, all groups showed an increase of
symptoms characterized by redness, swelling and erythema starting at day 9 after
immunization and peaking at around day 14. The nondepleted control group recovered until
around day 30 whereas animals from both Treg-depleted groups did not. They still showed
arthritic symptoms after more than 50 days. Furthermore, the severity of arthritis was much
higher in the Treg-depleted animals compared to the nondepleted counterparts. Differences
between the nondepleted group and the Treg-depleted groups started to be highly significant
(p<0,001) after approximately two weeks post immunization. Further observations that were
made but do not appear in the clinical score are the malformation of the joints during the
chronic phase of the Treg-depleted animals which were generally not seen in the nondepleted
ones. Those Treg-depleted animals suffered from a symptom typical for rheumatoid arthritis
patients called ulnar deviation, where the swelling of the metacarpophalangeal joints induces
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a displacement of the fingers/toes towards the ulna. In addition to that, the ankle joints were
stiff later than 30 days after immunization in some cases.

As already published by our group for the anti-CD25 model!33, also the Treg-depletion with
DTx is only transient and incomplete. At the time of immunization Treg-frequencies are
reduced to approximately 0,5 % of CD4+ T cells whereas in the nondepleted animals Treg-
frequencies are about 8 % throughout the whole time course (Figure 5Bi). The reduction of
Tregs in DEREG mice is transient and already at day 2 the frequency is increasing again.
Therefore, a second depletion step at days 4 and 5 was included. Regarding the FoxP3
staining Tregs are repopulating the pool of T cells until day 8 when they reach levels equal to
the nondepleted animals. Though, comparing FoxP3 stainings and analysis of eGFP in CD4+*
T cells in the DEREG animals reveals a difference in Treg frequencies. Whereas the FoxP3+*
CD4+ cells recover early until day 8, the eGFP+ CD4+ cells remain reduced in the blood of those
mice until day 18 (Figure 5Bii). Thus, the DTx treatment efficiently depletes the transgenic
Tregs but the Treg pool is quickly repopulated by nontransgenic FoxP3+ CD4+ cells.
Nevertheless, the Treg-depletion with DTx in DEREG mice is also transient and incomplete
and leads to the switch from acute, self-limiting to chronic, non-remitting arthritis as already
published using the anti-CD25 depletion. The reduced presence of Tregs is associated with an
early burst of G6PI-specific Th cells in the depleted animals (Figure 5C). To determine their
number and frequency some of the animals of each group were sacrificed at day 3 after
immunization. Spleens and draining lymph nodes were ex vivo analyzed for the presence of
antigen-specific Th cells by an in vitro restimulation with G6PI and the flow cytometric
measurement of CD154 expressing T cells as a marker for antigen-specificity¢¢. Thus, it was
found that already non-immunized animals have a certain proportion (less than 0,2 % in
spleens and less than 0,05 % in lymph nodes) of T cells that are specific for G6PI, probably
due to the fact that this is an auto-antigen. However, immunization of non-depleted DBA/1
mice lead to an enhancement of this proportion to approximately 0,4 % in spleens and 0,2 %
in lymph nodes (Figure 5C). The Treg-depletion further allowed the generation of even more
G6PI-specific Th cells of almost 1 % in spleens and 0,6 % in lymph nodes. The same could be
seen regarding the absolute numbers of G6PI-specific Th cells in the spleen and draining
lymph nodes. Immunized mice showed a higher number than non-immunized ones but the
highest cell number of CD154 expressing CD4+ T cells was achieved by the Treg-depletion.
Thus, the missing regulation by Tregs allowed an elevated generation and clonal expansion of
Th cells specific for the antigen G6PL.

Those findings proof that the DTx-treated DBA/1 DEREG mice showed a similar behavior
regarding their immune response and clinical progression as the anti-CD25 treated DBA/1
wild type animals. This makes the DBA/1 DEREG mouse model a valuable tool to examine the
role of FLS in the contribution to the chronicity of arthritis in the G6PI-induced arthritis
mouse model without affecting effector Th cells.
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Figure 5: The G6PI-arthritis model in DBA/1 DEREG mice.

A) Clinical score of G6PI-immunized DBA/1 wild type mice without (e) or with (©) anti-CD25 treatment prior to
immunization compared to DTx treated DBA/1 DEREG mice (V). Each group consists of at least 5 animals and the
experiment has been repeated 3 times. B) Treg-kinetic of DTx treated and untreated DBA/1 DEREG mice. Blood
was drawn at the indicated days from at least 6 animals of each group. Tregs were analyzed by FoxP3 staining (i)
and eGFP expression (ii) C) Early burst of G6PI-specific Th cells after DTx treatment in comparison to non-
immunized and G6PI-immunized, nondepleted animals 3 days after immunization. Both frequency and absolute
cell number of CD154+ T cells were determined in samples from organs of 3 animals per group. This experiment
has been performed twice.
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4.2 CHARACTERIZATION OF MURINE FIBROBLAST-LIKE SYNOVIOCYTES

4.2.1 CELLS IN THE JOINT DURING ARTHRITIS PROGRESSION

To analyze the role and contribution of resident cells in the joint to the chronicity of the Treg-
depleted, G6PI-immunized mice in this model phalangeal, metatarsal/metacarpal as well as
ankle joints were digested at several time points during the disease progression both from
nondepleted and Treg-depleted animals. Those cellular isolates were used for further
experiments.

To elucidate which cell types are present in the joint during disease progression cells of
inflamed joints from immunized as well as Treg-depleted, immunized animals were flow
cytometrically analyzed.

Approximately a third of the isolated cells in the joints were positive for CD90 (Figure 6A).
This marker has been suggested by Armaka et al to be characteristic for FLS67. The frequency
was about 30 % of all isolated cells during the whole time course with one exception. There
was a drop of CD90* cells during the peak of clinical symptoms at day 14 to almost 10 %. At
the same time, CD11b+ cells that were usually only present to an extent of less than 10 % did
rise to almost 50 % of all cells during that time (Figure 6B). Thus, there is a shift of the
proportion of cells in the joint during the disease’s peak from CD90* to CD11b* cells. To
further investigate what type of cells those CD11b expressing ones are, this population was
analyzed for their hematopoietic origin by staining for CD45 and for the expression of Ly6G
which is characteristic for neutrophils in combination with CD11b (Figure 6C and D). Indeed,
almost all of the CD11b* cells were originating from hematopoietic stem cells expressing
CD45. Approximately 10 % of them were neutrophils. Remarkably, at day 14 when the
frequency of CD11b* cells peaked, the expression level of Ly6G increased from the usual
10-15 % to more than 60 % representing a massive infiltration of the joints by neutrophils.
CD90 is also known to be expressed by CD4+ and CD8+* T cells. Thus, the CD90+ cells were also
further analyzed for the expression of CD45 (Figure 6E and F). Here, only a small proportion
of the CD90 expressing cells were from hematopoietic origin (5-10 %). Only in the sample
from Treg-depleted animals at day 14 there was an increase to almost 20 %. This minor
population of CD45 expressing CD90+ cells was further analyzed for the expression of CD4 or
CD8. It is noticeable that the appearance of T cells in the joint follows the clinical progression.
Whereas only 25-30 % of CD90+ CD45+ cells were expressing the T cell surface molecules CD4
and/or CD8 at day 0, this amount increased until day 14 to more than 50 % but dropped
again to the initial level at the late time point (day 56).
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Figure 6: Cells isolated by joint digestion.
Representative graphs of flow cytometric analysis of freshly isolated cells from small joints of arthritic paws at
several time points after immunization. The experiment has been repeated at least 3 times. CD11b+ cells (A) were
further analyzed for the presence of CD45 (B) and subsequently for Ly6G (C). The frequency of CD90* cells was
determined (D) and further analyzed for presence CD45 (E). The CD45* CD90+ cells were more closely analyzed
for the surface expression of CD4 and CD8 (F). A representative example of the gating is shown in panel G.
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Summarizing, the majority of cells in the joints were CD90* the number of which dropped at

day 14 and was replaced by infiltrating neutrophils. A minor population was comprised of

T cells whose presence follows the clinical progression. In general, there was no difference

between nondepleted and Treg-depleted animals with one exception. The frequency of CD45

expressing CD90~ cells was double as high in samples from Treg-depleted mice compared to
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the counterparts from nondepleted ones at day 14 resembling the missing control by Tregs
during the inflammatory response.

4.2.2 CULTURES OF FIBROBLAST-LIKE SYNOVIOCYTES

Cells from the joints were isolated and cultured over three passages and further analyzed for
their characteristic expressions of surface molecules. In their isolation protocol Armaka et al
suggest that the majority of FLS carries the CD90, ICAM-1 and VCAM-1 on their surfacel®’.
CD11b~ cells should be less than 10 % (personal correspondence with Armaka M167),
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Figure 7: Fibroblast-like synoviocytes in culture.

Flow cytometric analysis of cultured FLS from several isolation time points. The cultures from nondepleted (A)
and Treg-depleted (B) animals were stained for common markers such as ICAM-1, CD90 and CD11b. The stability
of those was determined over the three passages shown in a samples from day 14 (C).

As expected, the major population of cells in the cultures expressed CD90 (Figure 7A and B).
Those cells were exclusively CD45- (data not shown). Nevertheless, there was a population of
CD11b~ cells, which was almost as frequent as the CD90* ones at day 14 but negligible at
day 0 and day56 (Figure 7A and B). None of the CD11b* cells expressed markers
characteristic for macrophages, namely F4/80 and MHC class II (data not shown). The surface
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molecule ICAM-1 was expressed on almost all of the cells in the culture, regardless of the
expression of CD90 or CD11b. However, the expression of VCAM-1 was very inconsistent
between independent experiments. Mostly, the expression levels were about 50-100 % of all
cells but in some cases it was not detected at all. Therefore, VCAM-1 was regarded as not
specific for FLS. Again, there was no difference between cultures from nondepleted and Treg-
depleted animals. Yet, there was a slight tendency of a somewhat higher frequency of CD90
expressing cells in the samples from Treg-depleted animals.

The stability of the cellular composition of the isolates was monitored over the three
passages. The expression of all analyzed markers was stable from the time of isolation until
the end of the third passage (Figure 7C). The initially isolated cells (passage 0) consisted of
the same amount of CD90+ cells (approximately 40-50 %) and CD11b* cells (approximately
30 %) as they did in the following passages 1, 2 and 3. Likewise, the frequency of ICAM-1
expressing cells did not change and was approximately 80 % over the whole culture. A
difference between samples from nondepleted and Treg-depleted mice was not found.

During a Bachelor’s thesis by Anne Machate under the supervision of the present study
performed in this institute also working with FLS it was found that the cellular composition
of isolates and the expression pattern of surface molecules did not change after cryo-freezing
as well as after stimulation with cytokines and/or growth factors. CD90, CD11b and ICAM-1
were found with similar frequencies after the storage in liquid nitrogen for several weeks as
well as after stimulations with different cytokines (i.e. IL-1, IL-17, IL-33, and TNFa) and
growth factors (i.e. TGFB and EGF) for 6 - 48 h.

4.3 PROPERTIES OF FIBROBLAST-LIKE SYNOVIOCYTES DETERMINED BY IN VITRO
EXPERIMENTS

4.3.1 PHENOTYPIC ANALYSIS

4.3.1.1 The secretion of cytokines

The isolated FLS cultures from nondepleted and Treg-depleted DBA/1 mice were further
used to examine them for differences between the two groups. First, their inflammatory
potential was of interest since it has been published that FLS can possess immunomodulatory
and inflammatory functions13s.

A common read-out for the inflammatory capacity of FLS is the measurement of secreted
cytokines. Therefore, FLS from nondepleted and Treg-depleted, immunized mice were
isolated at several time points and stimulated with numerous cytokines, growth factors and
TLR ligands. The supernatants were then subjected to the analysis by sandwich ELISA and
luminex assay.

Several publications have shown that stimulation with TLR ligands!¢8-170 as well as
cytokines161171172 and growth factors!73 can induce the secretion of different inflammatory
mediators by RA FLS via different pathways. Hence, different single and double stimulations
were tested to induce the secretion of cytokines and chemokines by the FLS from acute and
chronic arthritic mice at different time points during the disease progression.
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Figure 8: Inflammatory phenotype of fibroblast-like synoviocytes.

Phenotypic analysis of FLS from early (day 0, 7 or 14) and late (day 35 or 56) isolation time points. A) Secretion of
IL-6 after single stimulations. B) Secretion of IL-6 after double stimulations with cytokines. C) Increase of
secretion of IL-6 after single stimulation with cytokines. D) Increase of secretion of IL-6 after double stimulations
with cytokines. E) Secretion of IL-6 after stimulation with FGF-2 and/or IL-17A. All experiments have been done in
triplicates and at least 3 times.

The Toll-like receptors (TLRs) 2 and 3 were stimulated with peptidoglycan and poly(I:C)
respectively. For cytokine-induced stimulations the cytokines IL-1, IL-17A, IL-33 and TNFa
were chosen based on published data. As a model growth factor for fibroblasts FGF-2 was
used. Double stimulations of IL-1/IL-17A, IL-1/TNFq, IL-17A/TNFa as well as FGF-2/IL-17A
were also applied. Supernatants were collected after a 24 h stimulation period.
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Figure 8A and B show that stimulation with TLR ligands as well as cytokines and
combinations of them could potently induce the secretion of proinflammatory IL-6 by the FLS
in general. There was a massive increase of IL-6 in the supernatants from only some hundred
pg/ml in unstimulated controls to some thousand pg/ml in the stimulated ones. However,
neither at early (day 7) nor at late time points (day 35) there was a significant difference in
the concentration of secreted IL-6 between samples from nondepleted and samples from
Treg-depleted mice. Moreover, there was also no difference between day 7 and day 35, the
levels of IL-6 in the supernatants were all similar. This applies both for single and double
stimulations. Nevertheless, the comparison of stimulated samples with the unstimulated
control revealed some differences (Figure 8C and D). IL-6 levels were elevated in samples
from nondepleted individuals to 800 - 900 % of unstimulated controls at day 7 and
approximately 400 - 500 % at day 35. In comparison to that those IL-6 secretion levels were
enhanced to more than 2000 % of unstimulated control at day 7 and approximately 1000 %
at day 35 in samples from Treg-depleted subjects. There were just two exceptions, namely
[L-33 and TNFqa, which did not induce such a dramatic increase in samples from Treg-
depleted mice but still caused a stronger elevation of secreted IL-6 compared to the
nondepleted counterparts (Figure 8C). Thus, at day 7 the ability to respond to stimulation
was 1,5 and 2 times higher in TNFa and IL-33 stimulated samples from Treg-depleted
animals compared to their nondepleted equivalents, respectively. In all other tested single
stimulations from the early time point there was a more than 2-fold higher stimulatability of
the FLS from Treg-depleted mice than in those from nondepleted ones. Similar observations
were made with the samples from day 35. FLS from Treg-depleted mice were at least 2-fold
more stimulable than the ones from the nondepleted animals. The double stimulations with
cytokines had an even stronger effect on the stimulatability (Figure 8D). In the samples from
day 7 from nondepleted subjects the IL-6 production was elevated to approximately 3000 %
of unstimulated control. That was even more pronounced in the Treg-depleted samples with
more than 5000 % of the initial value. Although there was a drop of those values at the later
time point (day 35), there was still an enhancement of approximately 2500 % and 3500 % in
samples from nondepleted and Treg-depleted mice, respectively. Thus, the stimulation
properties were always about 1,5-fold higher in supernatants generated by FLS from Treg-
depleted mice compared to the ones from the nondepleted under those conditions.

In an additional approach, the effect of the costimulation of a relevant cytokine with a growth
factor was of interest. Here, FGF-2 and IL-17A were used at very low concentrations either
alone or in combination (Figure 8E). FGF-2 as a growth factor was chosen because it is known
that this growth factor can act in an autocrine loop on FLS!35. The single stimulation with
FGF-2 had almost no effect on the secretion of IL-6 in all samples. None of the samples
showed a remarkable increase of IL-6 in the supernatant. As expected and seen before, the
single stimulation with IL-17A was a potent inducer of IL-6 secretion in all samples.
Strikingly, this induction could be boosted by the double stimulation using FGF-2 and IL-17A
to more than twice as much secreted IL-6 than under IL-17A single stimulation conditions.
However, there was no significant difference between samples from nondepleted and Treg-
depleted animals. There was just a small tendency showing a slightly stronger effect of the
double stimulation on samples from Treg-depleted mice.

At the same time, supernatants were also screened for other mediators that could be relevant
for the inflammatory and immunomodulatory role of FLS. There was one more protein found
to be secreted by the isolated FLS under stimulatory conditions, which was VEGF. However,
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this was only found at very low levels with no difference between time point of isolation and
group of experimental animal. Additional tested molecules including IL-1, IL-4, IL-5, IL-12,
IL-13, IL-15, IL-17, IL-23, IFNy, TNFa, SCF and RANKL were not detected in an ELISA. To
enhance the sensitivity of the measurement supernatants from IL-17A/TNFa stimulated
samples were subjected to a luminex multiplex assay by collaboration partners from the
Hannover Medical School (Prof. Chr. Falk). This revealed an upregulation of the secretion of
IL-1, IL-2, IL-3, IL-5, IL-6, IL-9, IL-10, IL-12, IL-13, Eotaxin, G-CSF, GM-CSF, IFNy and TNFa
into the culture medium of stimulated FLS compared to unstimulated ones. However, this
enhancement was very minor and did not show any difference between isolation time points
or samples from FLS of nondepleted and Treg-depleted mice.

Summarizing, the stimulation of FLS isolated at different time points during arthritis
progression from nondepleted and Treg-depleted mice lead to an enhanced secretion of IL-6
both with single and double stimulatory regimen. Although there was no difference in the
absolute concentration of IL-6 in the supernatants between samples from nondepleted and
Treg-depleted animals there was a difference in the stimulatability. FLS isolated from Treg-
depleted mice were more susceptible to the tested stimulations than the corresponding ones
from nondepleted subjects.

Since IL-17A and TNFa in combination turned out to be potent stimuli and those cytokines
have been described as relevant molecules during arthritis pathogenesis, this double
stimulation was further used in subsequent experiments.

4.3.1.2 The secretion of chemokines

As mentioned above, supernatants from FLS isolated at different time points from Treg-
depleted and nondepleted arthritic mice were screened in a luminex assay at the Hannover
Medical School. Two independent experiments showed that the secretion of three
chemokines was highly elevated after stimulation with IL-17A/TNFa, namely CCL3 (MIP-1a),
CCL4 (MIP-1pB) and CCL5 (RANTES) (Figure 9A). Those three chemokines are known to
attract and activate monocytes, macrophages and NK cells as well as eosinophils and
basophils!74176, [n the unstimulated controls those chemokines were barely measurable.
Upon stimulation the secretion was highly increased in all cases. There was a tendency of a
higher chemokine secretion in samples isolated at day 56 from Treg-depleted animals in
comparison to those from the nondepleted ones.

Therefore, additional experiments were conducted in ELISA approaches to find if this
tendency was significant or not (Figure 9B). The luminex results could be confirmed. The
stimulation of FLS supernatants with IL-17A/TNFa was able to induce the secretion of CCL3,
CCL4 and CCL5. Furthermore, there was still the same tendency of an elevated secretion by
FLS isolated from Treg-depleted animals. However, these differences did not reach statistical
significance.
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Figure 9: Chemokine-secretion by fibroblast-like synoviocytes.

Phenotypic analysis of FLS from early (day 14) and late (day 56) isolation time points. Secretion of chemokines
after double stimulation with IL-17A/TNFa in a luminex assay (A) and sandwich ELISA (B). All experiments have
been done in triplicates and at least 2 times.

4.3.1.3 The secretion of Matrix-metalloproteinases

A major function of fibroblast-like synoviocytes in healthy individuals is the modulation of
extracellular matrix and the maintenance of internal joint homeostasis by e.g. providing
nutrients to chondrocytes and by the secretion of matrix degrading enzymes, such as matrix
metalloproteinases (MMPs)137. However, a dysregulation in the secretion of those proteins
during joint inflammation contributes to the pathogenicity of rheumatoid arthritis134135,
Therefore, the secretion of MMPs was examined after stimulation of isolated FLS from Treg-
depleted and nondepleted, G6PI-immunized mice in several ELISA studies. Additionally,
gelatin-zymography was performed to determine the biological activity of the gelatinases
MMP-2 and MMP-9.

In ELISA experiments the stromelysin MMP-3, the gelatinase MMP-9 and the inhibitor TIMP-1
as representative examples for the long list of MMPs were measured. Both MMP-3 and
TIMP-1 were secreted already at high levels of about 50 - 70 ng/ml in the unstimulated
controls whereas MMP-9 was almost undetectable (Figure 10A-C). The stimulation with
IL-17A/TNFa caused a very strong increase of the MMP-3 and MMP-9 secretion to about
550 - 750 ng/ml and 20 - 30 ng/ml respectively in all samples. In contrast, the secretion of
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TIMP-1 was barely induced upon stimulation and reached only 1,5-fold higher levels than in
unstimulated controls.

A difference between the samples from nondepleted and Treg-depleted arthritic animals was
not ascertainable. Both unstimulated controls as well as IL-17A/TNFa stimulated samples
contained similar concentrations of secreted MMP-3, MMP-9 and TIMP-1. Furthermore, no
differences were found between samples that were isolated at different time points after
arthritis induction.

However, the ELISA assay only allows the detection of MMPs by their structure and does not
account for biological activity. MMPs are initially generated as inactive forms harboring a
pro-peptide domain that has to be cleaved off before the enzyme is activel??. Most ELISA
antibodies do not distinguish between active enzyme and inactive pro-form. Therefore, a
gelatin-zymography was conducted. Using gelatin as a substrate in a native SDS-PAGE allows
the detection of the two gelatinases MMP-2 (72 kDa) and MMP-9 (92 kDa). It has been
published that MMP-2 is constitutively expressed in FLS and the synovium!’8, Also here,
MMP-2 was found to be highly secreted by all tested samples. In fact, the secretion and
biological activity was so high that a quantitation of the digestion bands in the gel was not
possible. Therefore, MMP-2 has been excluded from the analysis. Nevertheless, the digestion
of gelatin by MMP-9 could be visualized and quantified in the separate samples. Since it
turned out that the gelatin-zymography is not sensitive enough to detect MMP-9 activity in
unstimulated samples only IL-17A/TNFa stimulated FLS supernatants were further used for
analysis. Both FLS from nondepleted and Treg-depleted mice isolated at day 14 and day 56
showed an enzymatic activity for MMP-9 after the stimulation (Figure 10D). This clearly
showed that the detected MMP-9 in the ELISA exhibits a biological activity. Furthermore,
there were differences between the samples from nondepleted and Treg-depleted animals.
The relative amount of active MMP-9 was higher in the samples from Treg-depleted subjects
at day 14 and with significance at the late FLS isolation time point (day 56).

As for the cytokines, also for MMPs it was of interest, if the combination of a cytokine and a
growth factor, namely IL-17A and FGF-2, could influence the secretion of them (Figure 10E).
Regarding MMP-3 IL-17A stimulation alone resulted in just a minor increase of its secretion
to about 1,5-fold of the unstimulated control. FGF-2 alone was more potent to do so but the
difference to the unstimulated control was still not large. Here, the induction was
approximately 3-fold. In contrast, the double stimulation enhanced the secretion of MMP-3 to
more than 6-fold. Again in the unstimulated controls, there was almost no MMP-9 detectable.
The stimulation with IL-17A alone resulted in a likewise minor induction of MMP-9 secretion
as for the MMP-3. Also, the single stimulation with FGF-2 was a little more potent but still not
striking. The double stimulation had by far the strongest effect on the secretion of MMP-9
with FGF-2 and IL-17A. The secretion of TIMP-1 was not affected at all, neither by the single
stimulation with IL-17A or FGF-2 nor by the double stimulation of them. TIMP-1 stayed at the
same level in the supernatants as in unstimulated controls.

Nonetheless, it has to be stated that there were again no differences observable between
neither the different isolation time points of the FLS nor the two different experimental
groups of animals. In all cases, the effects of the stimulation on the secretion of MMPs were
similar on FLS isolated at early and late time points from nondepleted and Treg-depleted,
G6PI-immunized mice.
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Figure 10: Destructive phenotype of fibroblast-like synoviocytes.

Phenotypic analysis of FLS from several isolation time points. A) - B) Secretion of collagenases MMP3 and MMP9
after stimulation with IL-17A/TNFa. C) Secretion of the inhibitor of matrix metalloproteinases TIMP1 after
stimulation with IL-17A/TNFa. D) Relative amount of active MMP9 after IL-17A/TNFa stimulation determined by
gelatin-zymography. E) Secretion of the collagenases MMP3 and MMP9 after stimulation with FGF-2 and/or
IL-17A. All experiments have been done in triplicates and at least 3 times.

4.3.2 FUNCTIONAL ANALYSIS

Since the phenotypic analyses showed a tendency to a more proinflammatory and destructive
phenotype of FLS from Treg-depleted animals compared to FLS from nondepleted ones it was
of great interest if the FLS differ in other functions. Therefore, the invasive and destructive
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potential of the different FLS samples were tested in two different in vitro approaches. First,
the attachment of FLS to wild type femoral head cartilage was measured. Second, the
destruction of an artificial cartilage matrix in the MATRIN assay was assessed.

4.3.2.1 Attachment of fibroblast-like synoviocytes

Cartilage destruction in vivo involves two compartments, the cartilage on the one hand and
the synovial membrane on the other hand. To analyze this interaction in vitro FLS isolated at
different time points from nondepleted and Treg-depleted mice were applied to wild type
femoral head cartilage pretreated with IL-1 as published by Korb-Pap et al?”?. This allows to
determine the potential to invade and eventually destroy cartilage and subchondral bone.

o8]

180 p =0,0039
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0 T T
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time of FLS isolation [d]

# of attached FLS

Figure 11: Attachment of fibroblast-like synoviocytes to wild type cartilage.

The potential of FLS to invade cartilage was determined by an attachment assay. A) Representative image of a wild
type femoral head cartilage with attached FLS isolated at day 14 from nondepleted DBA/1 mice. B) Number of FLS
from different isolation time points attached to wild type femoral head cartilage. The experiment has been
performed with n=6 in 5 independent runs. Significance was determined by Mann-Whitney-U-Test.

After femoral head cartilages had been pretreated with IL-1 to induce a proteoglycan loss
which is necessary for FLS to attach!7? different FLS were applied on them. After an
incubation time of 14 h the cartilage caps were stained with Mayer’s hemalaun to make the
attached FLS countable under a stereo microscope. Since the femoral head cartilage has a
large 3-dimensional structure several Z-stacks were aligned to produce a complete picture
for the counting of the cells (Figure 11A). As depicted in Figure 11B FLS isolated at day 14
from nondepleted and Treg-depleted mice attached equally good. In both cases
approximately 100 cells were counted on the cartilage cap. In contrast, at the late time point
of isolation (day 56) FLS from the Treg-depleted group attached much better to the wild type
cartilage than the ones from the nondepleted animals. This difference in the ability to attach
to cartilage is highly significant (p=0,0039). Thus, the invasive potential of the FLS resembled
the clinical progression of both experimental groups. During the peak of inflammation both
types of FLS had an equal potential to invade. While this potential decreased in the samples
from nondepleted mice it increased with the FLS from the Treg-depleted animals.
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4.3.2.2 Destructive potential of fibroblast-like synoviocytes

Although the attachment assay reveals the invasive potential of FLS it cannot tell if the cells
are really invading or destroying the cartilage. Therefore, another in vitro method using
artificial cartilage resembled by a collagen matrix was performed. Briefly, the matrix-assisted
transepithelial resistance invasion (MATRIN) assay uses the breakdown of electrical
resistance on a semipermeable membrane of a cell culture insert coated with a collagen gel
on the inner side and an epithelial cell layer (MDCK-C7 cells) on the outer side to test the
destructiveness of cells (Figure 12A).

140 - day 0
1204
__ 100 4
semipermeable electrode § 80 -
cellinsert %
E 60
Synoviocytes, 40 e nondepleted 3 N 3
collagen matrix Ohm- 20 J° Treg-depleted 8§~

MDCK-C7 Meter v medium control 8
0 T T T T T T T T 1

0O 10 20 30 40 50 60 70 80 90

time [h]
140 - day 14 140 -
120 4 ! .............. M 1204 33§
v , .
100 + v 100 +
SR v X &0
o 4 o 4
H 60 | E 60
= 40 A » = 40 A <,\\
20 4°® nondepleted | 20 4°¢ nondepleted \Q
o  Treg-depleted b _F——— o Treg-depleted = T————— o
0 4v  medium control 0 4v  medium control
T T T T T T T T 1 T T T T T T T T 1
0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90
time [h] time [h]

Figure 12: Functional analysis of fibroblast-like synoviocytes’ destruction of cartilage.
The destructive potential of FLS to degrade cartilage was determined by the MATRIN assay A) Schematic of the
experimental setup of the MATRIN assay. B) - D) Transepithelial electrical resistance (TEER) in the MATRIN assay
using FLS from different isolation time points. Shown is one representative experiment with at least triplicates of
the samples. This MATRIN assay has been performed 4 times with independent FLS isolates.

The initial high electrical resistance between inner and outer chamber results only partly
from the collagen-matrix and is mainly produced by the MDCK-C7 cell layer which is an
epithelial cell line harboring extremely “tight” tight junctions due to the lack of endogenous
claudin-2180, If the cells of interest are destructive they will first degrade the artificial
cartilage layer on the inner side of the membrane. Subsequently, eventually produced
cytokines can then induce the upregulation of claudin-2 expression in the MDCK-C7 cells8!
resulting in “leaky” tight junctions and/or facilitate their internalization!82. This leads in the
end to a breakdown of the transepithelial electrical resistance (TEER) representing the
destructiveness of the applied cells, here the FLS. Two factors stand for the destruction, first
the time point of the breakdown and second the steepness.

Comparing the FLS isolated from naive (day 0) or G6Pl-immunized (day 14 and day 56)
either nondepleted or Treg-depleted DBA/1 mice in the MATRIN assay revealed some
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important differences. At day 0 FLS from both experimental groups were similarly
destructive. Both induced the TEER breakdown approximately 50 h after the start of the
experiment with the same intensity (represented by the steepness of the decline) (Figure
12B). This started to change already at the early time point during disease progression, day
14. Whereas the induction of the TEER breakdown was again similar at around 50 h after FLS
application, the intensity differed. FLS from Treg-depleted mice created a steeper decline
than FLS from the nondepleted ones (Figure 12C). Strikingly, at the late time point during the
chronic phase, FLS from both experimental groups were completely different in their ability
to destroy cartilage (Figure 12D). Fibroblast-like synoviocytes from Treg-depleted
individuals were still almost as destructive as on day 14. The TEER breakdown started again
at about 50 h post FLS addition and the decline was almost as steep as during the disease’s
peak. In contrast to that, the FLS from nondepleted mice showed a much lower cartilage
destruction potential. The TEER breakdown began later than 80 h after the FLS addition and
with a decreased decline of the slope. In fact, those FLS were even less destructive than the
ones from naive mice at day 0. After 90 h of measurement the experiment had to be stopped
due to the fact that the method allows no medium exchange and eventually the MDCK-C7
cells lack nutrients and start to die off.

Thus, the MATRIN assay revealed an aggressive, destructive phenotype of FLS from Treg-
depleted mice during the chronic phase which was not seen by FLS from nondepleted
animals. Instead, those seemed to fall into some kind of a hypoactive state.

4.4 IN vIVO ANALYSES OF FIBROBLAST-LIKE SYNOVIOCYTES

The functional in vitro studies demonstrated a significant difference between FLS from
nondepleted and Treg-depleted mice during the late stage of the disease progression (d56
after immunization) when the clinical data also diverged. The synovial fibroblasts isolated
from Treg-depleted animals displayed an aggressive, destructive phenotype which allowed
them to invade and destroy wild type cartilage. This aggressiveness was also seen by FLS
from nondepleted animals during the inflammatory stage at around day 14 but was lost again
later on in the course of disease progression.

Furthermore, this study hypothesizes that the FLS from the Treg-depleted animals gain an
independence from the adaptive immunity and become the drivers of the chronicity. To
ultimately test this, FLS isolated from both experimental groups before the immunization
(day 0), during the peak of the disease severity (day 14) and at a late stage of disease
progression (day 56) were transferred into the knee joint of ragl-deficient DBA/1 mice
lacking mature B and T cells. 2 weeks later, knee joints were dissected and histologically
analyzed for inflammation and cartilage- as well as subchondral bone destruction.
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Figure 13: In vivo function of fibroblast-like synoviocytes.

FLS isolated at different time points were transferred into the knee joint cavity of DBA/1 rag1-deficient recipients
and histologically analyzed for inflammation and destruction after 2 weeks. A) Histological inflammation score of
analyzed knee joints. Shown are the mean values of at least 7 animals per time point and group obtained in 3
independent experiments. B) Representative histology slide of cartilage (left) and sunchondral bone (right)
destruction in a sample with FLS from Treg-depleted animals isolated at day 56 (chronic phase).

The histological scoring of the inflammation in the joint demonstrated that FLS from arthritic
mice are in general able to induce an inflammation in the joint of the recipient (Figure 13A).
FLS from naive mice (day 0) induced almost no inflammation in the joint. The histological
value was comparable to that of the PBS control. The transfer of FLS isolated at day 14 from
both experimental groups resulted in a histological score between 0,8 and 1,3. This
demonstrated that the FLS from this early peak phase of the disease progression can induce
infiltration of leukocytes into the knee joint of the rag1-deficient recipient without the help of
the adaptive immunity. However, at this stage there was no difference between samples from
nondepleted and Treg-depleted animals. That changed in the later stages. Though there was a
higher histological score observable for both FLS from nondepleted and Treg-depleted mice
from day 56 the difference between day 14 and day 56 samples was not significant for the
nondepleted group but highly significant for the Treg-depleted one. Moreover, the highest
inflammation score (approximately 2,5) was caused by the transfer of day 56 FLS from Treg-
depleted animals. That score was significantly lower in the case of transferred day 56 FLS
from nondepleted animals. Thus, the by far strongest inflammatory infiltration of the knee
joint of DBA/1 Ragl/- was generated by FLS isolated at day 56 from Treg-depleted donor
mice. Ultimately, destruction of the cartilage and subchondral bone was exclusively seen in
samples from recipients that received FLS from Treg-depleted animals isolated at day 56
during the chronic stage of the arthritis progression (Figure 13B) most likely due to the
secretion of MMPs (Figure 13B left panel) and the induction of osteoclasts (Figure 13B right
panel).
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4.5 INSTRUCTION OF FIBROBLAST-LIKE SYNOVIOCYTES TO OBTAIN AN AGGRESSIVE,
DESTRUCTIVE PHENOTYPE

The experiments in the previous chapters revealed that FLS from Treg-depleted, G6PI-
immunized DBA/1 mice obtained an aggressive phenotype characterized by the elevated
potential to invade and destroy cartilage in vitro and the ability to potently induce joint
inflammation and destruction (cartilage and bone) in vivo in a B and T cell independent
manner. That gives rise to the question how are those aggressive FLS instructed.

Published datal24133.161 a5 well as results from this study have demonstrated that IL-17 plays
an important role in the G6PI-induced arthritis model. It is highly produced by antigen-
specific T cells before the onset of symptoms!33 and is a potent inducer of IL-6 production by
FLS both alone and in combination with other cytokines and growth factors. Furthermore,
[L-17 is a cytokine that is not exclusively expressed by CD4 T cells but also y8 T cells, NK cells,
NKT cells and mast cells. Hence, it was of interest if IL-17 is in any way involved in the
instruction of FLS during the pathogenesis of the chronic (Treg-depleted) G6PI-arthritis.
Therefore, clinical data using IL-17A blocking antibodies was collected. Furthermore, FLS
were isolated from G6PI-immunized animals that were either nondepleted or Treg-depleted.
A subgroup of the animals of both groups received either a preventive (day 0, 3, 6) or
therapeutic (day 10, 13, 16) anti-IL17A treatment. Those FLS were then subjected to the
MATRIN assay to assess their destructive potential and clarify if the IL-17A treatment
possibly could reverse the aggressiveness and destructive potential.

The influence of the anti-IL-17A treatment is depicted in Figure 14A and B representing
preventive and therapeutic administration respectively. The preventive treatment of
nondepleted DBA/1 mice resulted in a lower peak score and a faster resolution of the disease.
In the Treg-depleted animals the symptoms were not completely resolved by the preventive
anti-1L-17A administration but the overall score was significantly lower after the peak of the
disease until the end of measurement. Moreover, the significant difference between
nondepleted and Treg-depleted animals from around day 20 on was also observable between
both preventively IL-17A-treated groups. Thus, the preventive treatment could ameliorate
the disease course in both experimental groups but was not sufficient to cure the Treg-
depleted ones. The therapeutic injection of anti-IL17A into nondepleted and Treg-depleted
DBA/1 mice lead to a drop of the clinical score right after the treatment had started
(day 10-13). Since the peak of the severity is usually reached at around day 14, such treated
mice did not develop a clinical arthritis score peak as high as the untreated ones. Instead the
maximum was lower and the resolution earlier. Nevertheless, the maximum of Treg-depleted
mice was still higher compared to nondepleted ones also when they were therapeutically
treated with anti-IL-17A. Furthermore, the decrease of clinical symptoms happened slower
and to a lower extent. Thus, anti-IL-17A treated, Treg-depleted mice had a clinical score
lower than the untreated, Treg-depleted ones but still higher than the nondepleted mice until
the end of measurement. Nonetheless, the difference between nondepleted and Treg-
depleted animals is again significant from day 30 on also in the therapeutically anti-IL-17A
treated individuals.
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Figure 14: Anti - IL-17A treatment.

Clinical progression after preventive (A) and therapeutic (B) treatment of G6PI-immunized mice with anti -
IL-17A as well as a the measurement of the destructive potential by MATRIN assay from FLS isolated at day 14 and
day 56 from untreated and therapeutically alL-17A treated animals (C). Clinical analysis has been repeated three
times and the MATRIN assay has been done twice.

To assess if the changes/differences in the clinical course after the treatment with anti-
[L-17A could also have an influence on the FLS, cells isolated early (day 14) or late (day 56)
from therapeutically anti-IL-17A treated animals were subjected to the MATRIN assay
(Figure 14C). As seen before (in 4.3.2.2 Destructive potential of fibroblast-like synoviocytes),
FLS from nondepleted and Treg-depleted animals were similarly destructive when isolated at
the early time point (day 14) but not during the later stage (day 56). Then, FLS from Treg-
depleted animals showed a higher destructive potential. However, the therapeutic
administration of anti-IL-17A was able to affect the destructive behavior of FLS from Treg-
depleted animals. The change is already observable in samples from day 14. Whereas the
time point of the TEER breakdown and the slope of the curve were similar to those from
untreated nondepleted and Treg-depleted mice, the overall extent of the destruction was less.
The measurement of samples from untreated animals resulted in a TEER after the breakdown
of less than 10% compared to the initial value. In contrast, the TEER in the wells with the FLS
from anti-IL-17A treated mice was just going down to approximately 40 % of the initial value.
Thus, the destruction of the collagen as well as the breakage of the integrity of the MDCK-C7
cell layer were not as complete as seen with the FLS from nontreated mice. Furthermore, the
therapeutical anti-IL-17A treatment could cause the reverse of the functional phenotype of
FLS from Treg-depleted animals to that of nondepleted ones during the late phase (day 56).
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The time point of the TEER breakdown as well as the slope of the decline of FLS from Treg-
depleted, anti-IL-17A treated mice are no longer equal to the ones from untreated, Treg-
depleted animals but to that from nondepleted individuals. The TEER breakdown happened
later and the decline was more moderate. Thus, the FLS from the Treg-depleted animals that
were therapeutically treated with anti-IL-17A resemble the functional phenotype of the
nondepleted, acute arthritic mice rather than the Treg-depleted, chronic ones.

4.6 OUTLOOK: G6PI-INDUCED ARTHRITIS IN OTHER MOUSE STRAINS

As already shown by Schubert et al'23 only DBA/1 mice are susceptible to G6PI-induced
arthritis due to their H2-haplotype q. There have been other publications showing that the
G6PI-induced arthritis mouse model also works in other strains like SJL132 and B10.Q183,
However, on all those backgrounds only a few knockout strains are available. This makes
functional in vivo studies of genetically manipulated mice very difficult in the G6PI-induced
arthritis model. The only solution so far is the back-crossing and breeding of susceptible
DBA/1 mice with knockout animals from other strains. Since this is a very time consuming
and often error-prone procedure one would wish to have the possibility to induce arthritis
with G6PI in more commonly used mouse strains such as C57BL/6 or BALB/c. However,
those strains do not have the H2-haplotype q but H2-b and -d, respectively. Thus, they are not
susceptible123,

Recently, a new strain has been generated by cross-breeding approaches by collaboration
partners from the Karolinska Institute in Stockholm (Prof. R. Holmdahl). This strain is on the
C57BL/6N background (an NIH subline from C57BL/6 from 1951) but harbors the H2-
haplotype q originating from B10.Q mice. It was therefore named B6.NQ. Those mice were
tested in the present study to check if they were applicable for the future experiments on
functional involvements using knockout animals.

—&— DBA/
—&— B6.NQ
—o— B6.NQ pep

clinical score [max:33]

10 20 30 40

time after immunization [d]

Figure 15: G6PI-arthritis in B6.NQ mice.

Wild type DBA/1 mice as well as B6.NQ mice were immunized with 400 pg G6PI in CFA. Additionally, B6.NQ mice
were also immunized with 10 pg of a G6PI peptide (as 325-339) as suggested by Holmdahl (personal
correspondence). Animals were clinically scored for arthritis severity.
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For the comparison, DBA/1 wild type mice as well as B6.NQ mice were immunized with
400 pg of G6PI in CFA intradermally. Additionally, a group of B6.NQ mice was immunized
with 10 pg of G6PI peptide 325-339 in CFA as suggested by Holmdahl (personal
correspondence).The immunization of B6.NQ mice both with the full-length G6PI protein as
well as the G6PI peptide induced a polyarthritis similar to that seen in DBA/1 wild type
animals (Figure 15). Symptoms started to appear around day 10 and increased until 2 weeks
post immunization. Afterwards, clinical signs decreased and arthritis resolved. It made no
difference if B6.NQ mice were immunized with the full-length protein or the G6PI peptide.
However, the severity of arthritis in B6.NQ mice did not reach the level of DBA/1 wild type
animals. While DBA/1 mice had a clinical score of approximately 25 at their peak the B6.NQ
mice had a maximum of about 13.

Summarizing, B6.NQ mice can be immunized with G6PI to induce arthritis. The clinical
progression is similar to the one in DBA/1 but the severity is milder. That makes the B6.NQ
strain a G6PI-susceptible strain which might be useful for further knockout studies. However,
it has to be tested if the arthritis progression in B6.NQ mice can be switched from acute, self-
limiting to chronic, non-remitting by Treg-depletion.
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5. DISCUSSION

5.1 REGULATORY T CELLS CONTROL THE SWITCH FROM ACUTE, SELF-LIMITING TO
CHRONIC, NON-REMITTING ARTHRITIS IN THE G6PI-INDUCED ARTHRITIS MOUSE MODEL

At the beginning of this study a new mouse model for the depletion of regulatory T cells on
the DBA/1 background was tested for its suitability to study the impact of fibroblast-like
synoviocytes on the chronicity of arthritis. The so called DBA/1 DEREG mice were obtained
by a speed congenic approach from the previously published C57BL/6 DEREG mice!8* at the
Hannover Medical School (Prof. T. Sparwasser). Those mice had been generated by the
introduction of a bacterial artificial chromosome (BAC) containing a diphtheria toxin
receptor - eGFP construct under the control of a foxp3 promoter into fertilized C57BL/6
oocytes. Thus, all regulatory T cells express the diphtheria toxin receptor at high levels which
allows their specific depletion by the administration of DTx. The eGFP serves as a reporter
protein both to genotype the mice and monitor the depletion.

The G6PI-induced arthritis mouse model was first published by Schubert et al'23 as a model
for rheumatoid arthritis with an acute, self-limiting course of clinical signs and symptoms in
2004 in the DBA/1 mouse strain. In 2010 Frey et al'33 published that a depletion of
regulatory T cells with an anti-CD25 antibody could switch that course to a chronic, non-
remitting one. However, since an immunization with an antigen in CFA induces the
generation of effector T cells which also carry the CD25 surface molecule it could not be
excluded that the anti-CD25 treatment also affected the Th cells although the treatment
happened prior to the immunization. More important, targeting CD25 to deplete Tregs is not
possible close to or after the immunization. This regimen only allows the administration of
anti-CD25 several days before immunizing the mice. Therefore, one would prefer to use the
more specific and time point-independent depletion of Tregs in the DEREG mice. This allows
the determination of the impact of Treg-depletion both prior and post immunization during
different phases of the disease, i.e. induction, effector or chronic phase. However, the present
project was still focused on the Treg-depletion before immunization. DTx treatment at later
time points is currently under investigation in other projects. Additionally, the DBA/1 DEREG
depletion system allows the identification and tracking as well as sorting of Tregs due to the
simultaneous expression of the eGFP reporter.

Initial experiments were done to exclude general differences in the properties of the G6PI-
induced arthritis of anti-CD25 treated DBA/1 wild type and DTx treated DBA/1 DEREG mice.
The clinical progression of DTx treated animals was very much similar to the situation seen
by anti-CD25 administration confirming the results by Frey et al?’33. It is indeed the Treg-
depletion that switches the clinical course of arthritis from acute to chronic and leads to the
prolonged inflammation in the joints. In the same publication!33 the authors showed that the
Treg-depletion with anti-CD25 was incomplete and transient but still sufficient to induce the
clinical switch. That is why in this work the Treg-depletion with DTx in DBA/1 DEREG mice
was also measured both by intranuclear staining for FoxP3 and by the endogenous
expression of eGFP in the transgenic Tregs. It turned out that the first depletion prior to the
immunization lasted only until about day 4 and that Tregs were already repopulating after
that short period. In this case mice did not develop a chronic, non-remitting disease course
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(data not shown). Therefore, a second depletion after the immunization was introduced. This
caused a longer depletion of Tregs and the clinical switch. However, differences emerged
when comparing the frequencies of cells positive in the intranuclear FoxP3 staining and
frequencies of endogenous eGFP expressing cells. While the frequency of eGFP expressing
CD4+ CD25* cells in the blood of DTx treated DBA/1 DEREG mice remained reduced the
frequency of FoxP3* CD4+ CD25+ cells increased much faster. Moreover, most of the FoxP3+
CD4+ CD25+ cells occurring in the DTx treated DEREG mice did not express eGFP anymore.
Thus, after the depletion the Treg pool is repopulated by nontransgenic Tregs that cannot be
depleted any more by a second DTx administration. Such a phenomenon was recently
published using the DEREG mouse model in an infection experiment by Berod-Sparwasser et
al as well!85. Reasons that explain this finding are just speculative. It is possible that the
DBA/1 DEREG mice produce nontransgenic cells from the beginning due to the loss/excision
of the BAC from the murine genome by an unknown mechanism. Thus, there would be a
population of Tregs that has no DTx receptor. This population must be rather small compared
to the transgenic ones since genotyping of the mice did not reveal such a population.
However, the treatment with DTx could serve as a selective advantage for the nontransgenic
Tregs allowing them to expand in the absence of the transgenic counterparts. Another, more
likely possibility is the presence of Tregs with a very low FoxP3 expression. This extremely
low FoxP3 expression is then insufficient to induce the foxp3 promoter of the transgene
resulting in transgene negative Tregs. Upon DTx depletion of the transgene positive Tregs,
the transgene negative ones are rapidly filling the niche. However, there are hints that those
repopulating Tregs are not fully suppressivel65. This competition of eGFP+ and eGFP- Tregs
for the Treg niche in both described scenarios is supported by the fact that the proportion of
eGFP- FoxP3* Tregs is again decreasing further on in the disease progression (data not
shown). In fact, the reason for the emergence of transgene negative Tregs after the DTx
treatment of DBA/1 DEREG mice cannot be concluded from the present experiments. This
phenomenon must be further studied to elucidate the origin and/or generation of those eGFP-
FoxP3+ cells. Nevertheless, for the present project this fact can be disregarded since the
incomplete and transient Treg-depletion is still sufficient to switch the clinical course from
self-limiting to non-remitting. Moreover, the absence of Tregs before the onset of symptoms
leads to an early burst of G6PI-specific T cells in the DTx treated DBA/1 DEREG mice in a
similar manner as shown by Frey et al?33 for the anti-CD25 treatment. Both in spleen and
lymph nodes the frequency and cell number of G6PI-specific T cells are enhanced after the
Treg-depletion. These pathogenic effector T cells are hypothesized to instruct resident cells in
the joint to drive the chronic progression. This is supported by the published data from
Frey et al!33 showing that an early CD4 depletion (before the onset of symptoms) but not a
late one (around the peak of the disease) can ameliorate the disease progression in Treg-
depleted animals. Accordingly, CD4 cells play an important role during early disease
progression but not later on.

The present experiments showed that the properties of the disease progression as well as the
inflammation in DBA/1 DEREG mice are very similar to DBA/1 wild type mice when the
Tregs were depleted either with DTx or with anti-CD25 respectively. Due to the advantages of
the DEREG system described earlier in this section all following experiments were performed
using the Treg-depletion via DTx in the DBA/1 DEREG mice.

In general, Tregs are able to suppress T cell effector functions and are crucial to maintain
peripheral tolerance.'8¢ The absence of Tregs was shown to lead to fatal autoimmune
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disorders both in human and in mice.187-19 [n the scurfy mouse the gene of the master
transcription factor of Tregs (FoxP3) is mutated leading to the absence of FoxP3 in those
mice.188 The result is a lack of Tregs which finally leads to a lymphoproliferative disorder due
to the lack of immune regulation.!8? Those mice display an early lethality (after 3-4 weeks of
age) due to extensive multi-organ infiltration and enhanced cytokine production, both
mediated by uncontrolled CD4+ T cells. The human equivalent of that disease was
phenotypically and functionally identified as the X-linked neonatal diabetes mellitus,
enteropathy and endocrinopathy syndrome (IPEX).190 A possible discussed general
mechanism by which Tregs can prevent autoimmunity and maintain peripheral tolerance is
the expression of self-reactive T cell receptors on Tregs.!91 Mice deficient for FoxP3 were
shown to house a lot of activated T cells with self-reactive TCRs usually expressed by
Tregs.192 Thus, in the absence of FoxP3 most cells expressing (self-reactive) Treg-associated
TCRs are not deleted and instead enter the normal T cell pool. Furthermore, most of the self-
reactive T cells escaping negative selection are turned into Tregs under normal conditions.193
This could in fact explain the early burst of G6PI-specific Th cells after Treg-depletion in the
DBA/1 mice. Hypothetical it is possible that the absence of Tregs allows that a usually
negatively selected autoreactive T cell against the ubiquitous enzyme G6PI escapes thymic
and peripheral selection. Under normal physiological conditions however, Tregs would be
suspected to express the TCR against the self-peptide(s) of G6PI and thereby inhibit G6PI-
specific Th effector cells. To clarify this hypothesis one would have to determine if Tregs in
wild type DBA/1 mice (either immunized or non-immunized) indeed express G6PI-specific
TCRs. The present project was not addressing this question and thus, the molecular
mechanism remains unknown.

The current literature suggests either an impaired suppressive capacity of Tregs or resistance
of effector cells against Treg modulation is taking place in the inflamed joints of RA patients
(see 1.1.2 Pathogenesis of the disease). A similar scenario is conceivable in the mouse model
of the present study. Despite the recurrence of Tregs after the depletion animals still develop
a chronic course of the disease. This could be at least partly due to the reversal of Treg
suppression by T cell- and macrophage-derived TNFa and IL-7 during the early phase and
FLS-derived IL-6 during the chronic progression. Ongoing experiments are aiming to
elucidate the interplay between FLS and Tregs and the role of Tregs in the instruction of the
FLS’ aggressive phenotype seen in chronic arthritic mice. Additionally, it is also thinkable that
activated, aggressive FLS can influence Tregs as shown by the conversion of CD25w FoxP3+
Tregs into Th17-like cells in an IL-6 dependent manner in autoimmune arthritis.194

5.2 THE ROLE OF FIBROBLAST-LIKE SYNOVIOCYTES FOR THE CHRONICITY OF ARTHRITIS

Having the DBA/1 DEREG mouse model at hand, it was now possible to study differences
between nondepleted and Treg-depleted animals at the cellular level. The main focus was the
elucidation of phenotypic and functional properties of resident cells in the joint, namely
fibroblast-like synoviocytes, as potent candidates for drivers of the chronicity. Those cells are
known to exhibit immunomodulatory as well as cartilage and bone remodeling/resorbing
functions in the pathogenesis of arthritis!34. However, little is known about their impact on
the chronification of this autoimmune disease. Therefore, FLS from nondepleted and Treg-
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depleted mice were isolated at different time points during the disease and compared
concerning phenotype and functions in vitro as well as immunogenicity in vivo.

5.2.1 CELLULAR COMPOSITION OF ISOLATES AND PURITY OF FLS CULTURES

Until now, there is almost no reliable and often controversial data on specific surface markers
for FLS in micel67.195-197, Publications on FLS in murine arthritis models often only rely on
their appearance under the microscope as fibroblast-like shaped cells. Some groups have
tried to identify specific markers for the FLS but published data is contradictory. Since the
isolation method of FLS for the present project was based on the published protocol by
Armaka et al'67 their suggestion for markers was applied in this study as well. They showed
that their FLS isolated from the knee joints of C57BL/6 mice were predominantly CD90+ and
CD11b-. In a personal correspondence with Armaka it turned out that up to 10% of the
isolated cells can express CD11b. Moreover, the majority of their FLS expressed the adhesion
molecules [CAM-1 and VCAM-1. Another group compared an invasive murine fibroblast cell
line (LS48) with conventional noninvasive 3T3 fibroblasts and found that the LS48 cells also
predominantly expressed CD901%5. However, they also found CD11b expressing cells.
Additionally, they showed that VCAM-1 but not ICAM-1 was highly expressed on the invasive
fibroblasts. The expression of CD90 by FLS has been further described by other groups!3+19,
Additionally, the genetic profile of FLS has been shown to be stable in vitro at early passages
(passage 2-5) and during freezing but seems to be altered if FLS are used at later passages
(after passage 7)197. Therefore, cells isolated from the joint as well as cultured isolates were
flow cytometrically analyzed for the expression of CD90, CD11b, ICAM-1 and VCAM-1.
Furthermore, cells were monitored for their surface marker expression after each passage.

Differences in the composition of isolated cells from nondepleted and Treg-depleted mice
were not found. The cellular composition of the joints of arthritic mice consisted mainly of
nonhematopoietic CD90* cells and to a minority of hematopoietic CD11b* ones. During the
peak of the disease there was an infiltration of the joint by neutrophils and T cells which
afterwards decreased again. However, the cell isolations were very stable regarding cell
frequencies from experiment to experiment.

After culturing the cells it was important to ensure that the FLS cultures were pure and that
the cellular composition was stable over time. The majority of cells expressed again CD90 and
a minority was CD11b*. One would initially suspect those CD11b* cells to be macrophages.
However, stainings both for F4/80 and MHC class Il were negative but almost all of them
stained positive for CD45. Thus, it is likely that the CD11b* cells are blood-born fibrocytes, a
newly emerged leukocyte subpopulation!98. This cell population has already been described
to play a role in arthritis pathogenesis!?®, other diseases??® and wound healing
processes201.202, [t was also shown that they express the surface molecules CD45 and
CD11b198203, After all, the frequency of CD90+, CD11b* and ICAM-1+ cells in the cultures did
not change during the passages. Therefore, it was concluded that the FLS cultures are a
heterogeneous population as described by others before with the majority of CD90+
fibroblasts and a minority of CD11b* fibrocytes. Thus, FLS isolated for this project could serve
as reliable material since no fluctuations in the cellular composition were found.
Unfortunately, the lack of a specific surface marker for FLS excludes this possibility as a
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mutual target for anti-FLS therapy. The importance of targeting FLS in rheumatoid arthritis
will be discussed more detailed in some of the following sections.

5.2.2 IMPACT OF PHENOTYPIC PROPERTIES OF FIBROBLAST-LIKE SYNOVIOCYTES

After the clarification that FLS cultures were stable regarding cellular composition cells were
studied for differences between nondepleted and Treg-depleted experimental groups.

The initial focus lay on the elucidation of the inflammatory properties of the FLS and if there
are differences in the susceptibility to stimulation and/or the secretion of inflammatory
mediators which could explain the chronic progression in Treg-depleted animals. Therefore,
several stimuli were tested based on published data. The most common read-out for the
inflammatory phenotype of FLS is the measurement of secreted IL-6.

Both the stimulation with TLR ligands as well as with cytokines known to activate FLS
(see 1.3 FIBROBLAST-LIKE SYNOVIOCYTES) could induce a massive IL-6 secretion by them.
However, no major differences between samples from nondepleted and Treg-depleted mice
were observed.

The same could be found in an additional approach using FGF-2, IL-17A or the combination of
both for stimulation. The amount of secreted IL-6 did not differ between FLS from
nondepleted and Treg-depleted mice. Yet, this experiment showed something else, namely
the synergistic effect of a growth factor together with a cytokine. FGF-2 alone was not able to
induce an IL-6 secretion but in combination with IL-17A there was an enhancement of the
secreted IL-6 concentration induced by IL-17A alone. It was published that FLS can express
FGF-2 themselves which then acts in an autocrine manner2%4, Thus, it is possible that the
basal expression of FGF-2 by the FLS serves as a platform to boost the effect of inflammatory
cytokines (such as IL-17A) when an inflammation in the joint is ongoing. Thereby, the
expression of FGF-2 by FLS could be further enhanced since FLS harbor several receptors for
FGFs205, Moreover, FGF-2 is also involved in bone destruction processes by the induction of
osteoclast maturation. It was shown that FGF-2 can induce the expression of RANKL on FLS in
a heparan sulfate proteoglycan-dependent manner?206,

Taken together, IL-6 can be highly produced both by FLS from nondepleted and Treg-
depleted arthritic mice. However, since there is no significant difference in the capability to
secrete this proinflammatory cytokine it is most likely not the relevant factor leading to the
switch from acute, self-limiting to chronic, non-remitting arthritis.

Fibroblast-like synoviocytes are not only able to produce and secrete cytokines but also
chemokines174-176, Therefore, the secretion of several chemokines was screened in a luminex
approach and with ELISA. Three candidates, namely CCL3, CCL4 and CCL5, were highly
secreted upon IL-17A/TNFa stimulation. In general, it is widely accepted that the chemokine
expression by FLS is to a certain extent responsible for the cellular composition of the
rheumatoid synovium.134 For instance, the here shown secretion of CCL3 and CCL5 allows for
the recruitment of CD4+ T cells since those express the specific receptors CXCR3 and CCR5.134
As already described in the introduction, FLS can secrete an array of chemokines, three of
which are the here tested CCL3, CCL4, and CCL5, that are responsible for recruiting cells of
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the monocyte/macrophage as well as the granulocyte lineage.134 Here, it was found that CCL3,
CCL4 and CCL5 are equally high secreted by FLS from nondepleted and Treg-depleted
animals both at early and late stages in the arthritis progression. This implies an equal ability
to attract and retain other immune cells to and in the inflamed joints. Thus, those chemokines
play for sure an important role for joint infiltration by other leukocytes during the
inflammation but are probably also not alone leading to the chronicity.

In normal, healthy tissue FLS as well as other resident cells in the joint function during joint
homeostasis by maintaining ECM integrity. This changes during arthritis development and
progression leading to cartilage degradation and bone erosion!34137. This is at least partly
mediated by the overproduction of matrix metalloproteases (MMPs) and the reduction of
their specific inhibitors, tissue inhibitors of metalloproteases (TIMPs). Therefore, it was also
tested in the present study if there were changes in MMP and TIMP secretion between FLS
samples from nondepleted and Treg-depleted mice.

The ELISA experiments revealed a very strong upregulation of MMP-3 and -9 but not TIMP-1
secretion after in vitro stimulation with IL-17A/TNFa. However, there were again no
significant differences between samples from nondepleted and Treg-depleted animals,
regardless from which time point. Nevertheless, the fact that the stimulation of FLS increases
the MMP secretion very strong and is almost not affecting the TIMP-1 secretion strengthens
the role of MMPs during arthritis progression. Moreover, ELISA antibodies do often not
distinguish between inactive pro-form and active form of the MMP. To circumvent this issue a
gelatin-zymography was performed. Gelatin is the major substrate of the two gelatinases
MMP-2 and MMP-9207. However, since it is known that MMP-2 is constitutively expressed in
the synovium178 and less important for joint invasion and cartilage degradation78208 only the
secreted MMP-9 was quantified. It was found that FLS from Treg-depleted animals secreted
significantly more active MMP-9 when isolated during the chronic stage (day 56) of the
disease. This is a first hint of a difference between FLS from nondepleted, acute arthritic and
Treg-depleted, chronic arthritic mice. Of note, it is known that RA FLS upregulate adhesion
molecules such as VCAM-1 upon binding to the ECM.209 This interaction in turn can than
trigger intracellular signaling cascades regulating the cell cycle and the expression of MMPs.
Thus, it is possible that full MMP activity cannot be provoked by such a simple in vitro
experiment and needs a more complex milieu to mirror the in vivo situation.

Here again, an additional experimental step was included to determine the synergistic effect
of cytokine and growth factor stimulation on the secretion of MMPs. While FGF-2 alone was
already able to induce an increase of MMP-3 and -9 secretion by FLS, IL-17A alone could not.
However, the double stimulation with FGF-2/IL-17A heavily boosted this secretion. Those
findings taken together with the IL-6 secretion after FGF-2/IL-17A stimulation demonstrate
an immunological concept seen in other inflammatory processes as well, namely the
synergistic effect of a growth factor and a cytokine?10-213, Normal dermal fibroblasts from
rabbit or human were shown to boost the upregulation of MMP-9 when stimulated with
PDGF or FGF-2 in combination with IL-1 or TNFa.211 MMP-1, MMP-3 and MMP-9 are also
synergistically induced in dermal fibroblasts after IL-1/TGFa stimulation.212 Studies on
synergistic effects of cytokines and growth factors on FLS however are very rare. One study
described the synergistic effects of PDGF or TGFf in combination with IL-1 or TNFa on the
secretion of MMP3 and other proinflammatory mediators in RA FLS.213 The present study
elucidated that IL-17A stimulation alone could induce the secretion of proinflammatory IL-6
but not the matrix degrading MMPs. In contrast, the single stimulation with FGF-2 did not
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affect the IL-6 secretion but was able to enhance the secretion of MMPs. Both factors together
elevated both the secreted IL-6 and MMP-3/-9 concentrations to a very high extent. This
demonstrates that FGF-2 might act as a basal inducer of MMPs, IL-17A as a basal inducer of
cytokines and that both together work in a synergistic manner supporting their important
role for inflammatory and destructive processes during the arthritis progression. This
concept of boosting the FLS’ response to inflammatory cytokines by growth factors may
provide a therapeutic approach by targeting fibroblast-specific growth factors.

Summarizing the phenotypical analyses it has to be stated that differences in the
inflammatory and destructive phenotype of FLS isolated from nondepleted and Treg-depleted
animals at different time points during the disease course were just marginal and did not
reach statistical significance in most cases. Only the secretion of active MMPs by FLS from
Treg-depleted animals at day 56 was significantly enhanced. Thus, looking at inflammatory
cytokines, chemokines and matrix-degrading enzymes one by one does not elucidate the
impact and role of FLS for the switch to and the maintenance of chronicity in this arthritis
mouse model. However, it is still possible that the interplay of the measured factors as well as
other additional ones not included in this project may make a difference in FLS phenotype
and function.

5.2.3 IMPACT OF FUNCTIONAL PROPERTIES OF FIBROBLAST-LIKE SYNOVIOCYTES

To further investigate the role of FLS during the chronic phase of arthritis in a more complex
and comprehensive setup functional assays were performed. This allows the study of the FLS’
properties in a broader context not only looking at single molecules, mediators and effects
one by one.

Two compartments are involved in cartilage (and subsequent bone) destruction/erosion in
vivo99.179, the cartilage itself and the synovial membrane consisting of macrophage-like (type
A) and fibroblast-like (type B) cells®. In order to achieve destruction in the joint, cells from
the synovial membrane need to attach to and invade into the articular cartilage.

The present study made use of two in vitro methods to study this interaction. The first
approach was a cartilage attachment assay as published by Korp-Pap et all7®. Wild type
femoral head cartilage was incubated with isolated FLS and the number of attached FLS could
be counted. This allowed the determination of the FLS’ capacity to attach to cartilage as a first
step of joint invasion. The experiment showed that FLS from nondepleted and Treg-depleted
animals have the same capacity to attach to wild type cartilage when isolated during the peak
of the disease (day 14). It changes dramatically using FLS from the late, chronic phase. While
FLS from nondepleted mice lose their attachment capacity the FLS from Treg-depleted ones
gain an even higher ability of attaching to wild type articular cartilage. This difference
between both experimental groups is highly significant. The capability of the FLS to attach to
the wild type femoral head cartilage is the first requirement to damage a joint2%°. The more
cells attach to articular cartilage the higher the possibility to eventually invade the cartilage
and subsequently erode it. Since the attachment of FLS to cartilage is facilitated by cell
surface adhesion molecules2% it is likely that FLS from Treg-depleted mice upregulate their
adhesion molecules stronger than those from nondepleted ones. However, this method does
not elucidate if the FLS are really destructive. Yet, in connection with the data about MMPs
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after in vitro stimulation one would suspect that the attached FLS will all invade the cartilage.
So far, previous publications have shown that FLS from hTNFtg mice (a transgenic mouse
model spontaneously developing chronic arthritis!19) are able to attach and eventually invade
wild type articular cartilage.l’ However, the focus there lay on the elucidation of
prerequisites that have to be fulfilled on the cartilage side in order to allow FLS attachment.
Moreover, until now there is no evidence that FLS from chronic arthritic animals or RA
patients show a higher ability for potential cartilage destruction than those from acute
arthritic mice or OA patients, respectively. Therefore, this is the first time showing an
improved cartilage invading potential represented by enhanced attachment to cartilage of
FLS when they acquired their activated phenotype in a chronic disease progression directly
compared to counterparts from acute arthritic subjects.

To clarify if the enhanced capacity of FLS from Treg-depleted mice to attach to cartilage is
resulting in stronger destruction the MATRIN assay!¢* was performed. This assay uses the
measurement of the breakdown of an electrical resistance on a barrier when destroyed by
the cells of interest, in this case the FLS. The barrier is comprised of a collagen-matrix on the
one side of a semipermeable cell insert and an epithelial cell layer on the other side. This
allows the indirect measurement of the destructive potential of the FLS. The first step of the
breakdown is the destruction of the collagen-matrix, most likely due to the secretion of
MMPs. If the collagen is degraded it allows other mediators secreted by the FLS to migrate
through the semipermeable membrane to disintegrate the epithelial cell layer. This is
facilitated by secreted cytokines and MMPs acting on the epithelial cells. The epithelial cells
used in this assay are MDCK-C7 cells, a variant of Madin-Darby canine kidney cells that has
especially “tight” tight junctions due to the lack of endogenous claudin-2 expression!80. After
encountering cytokines, those cells however start to express claudin-2 which then leads to
the replacement of the “tight” tight junctions by “leaky” tight junctions8l. Moreover, it also
induces their internalization!82, Those events result in the breakdown of the transepithelial
electrical resistance (TEER). Thus, if the FLS are destructive, the resistance will break down.
There are two parameters of the measurement that are most important. First, the time point
after which the breakdown happens represents the destructive potential in general. Second,
the steepness of the decrease represents the continuous production of MMPS and cytokines
and thereby the speed of destruction by the FLS. Comparing the destructive capacity of FLS
from nondepleted and Treg-depleted mice in the MATRIN assay revealed that FLS in general
have the potential to destroy cartilage. Already the FLS from naive, non-immunized animals
induced a breakdown of the TEER, regardless if isolated from nondepleted or Treg-depleted
mice. Yet, that potential increased using FLS isolated during the peak of the disease being
most prominent with the FLS from Treg-depleted mice. The most dramatic change and
difference was observed with FLS isolated during the late stage of the disease. While FLS from
Treg-depleted animals remained almost as destructive as during the peak phase, the ones
from nondepleted mice seemed to lose their initial destructive capacity being less destructive
than the naive ones. These results demonstrate two very important findings: 1) FLS from
chronic arthritic mice gain an aggressive phenotype which remains stable throughout the
whole disease course being completely in contrast to the FLS from the acute arthritic animals.
2) FLS from acute arthritic mice seem to fall in some kind of a refractory/repressed phase
after an initial activation having a lower activity for cartilage destruction than naive FLS.
Those findings are very important for explaining the switch from acute to chronic arthritis
after Treg-depletion. It clearly demonstrates that the FLS in the Treg-depleted mice gain an
aggressive phenotype which persists over the whole time of investigation. However, the
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underlying mechanism by which the FLS from Treg-depleted animals gain this aggressiveness
remains unclear. From the in vitro stimulation experiments regarding cytokine, chemokine
and MMP secretion one would expect that FLS from nondepleted and Treg-depleted mice are
likewise destructive. However, those ELISA approaches only look at one phenomenon at a
time. The functional examination of the FLS in the attachment and MATRIN assay have a
much more complex setup allowing the interplay of several factors that could contribute to
the pathogenicity. For example, it has been published that the attachment of FLS to cartilage
induces MMP expression and secretion2?® through cell surface adhesion molecules which
interact with signaling cascades resulting in MMP expression enhancement209214, This can
just not be mimicked in the in vitro stimulation assay for the measurement of cytokines,
chemokines and MMPs which might explain the lack of differences between FLS from
nondepleted and Treg-depleted arthritic mice in those assays. In the cartilage attachement
assay and the MATRIN assay instead FLS have access to wild type cartilage or artificial
cartilage, respectively. This might possibly result in the activation of intracellular signaling
via their surface molecules leading to the observed results.

One important notion of these MATRIN experiments results from the fact that FLS from acute
arthritic mice (which resolve the disease) show a much less destructive capacity than their
naive counterparts. Accounting for the fact that FLS are thought to be one of the major cell
types involved in cartilage destruction and induction of bone erosion in RA patients one
would wish to elucidate the mechanism by which the FLS from the nondepleted animals gain
this refractory/repressed behavior. Thereby, it would eventually be possible to discover
targets to trigger this “switch-off” and revers the phenotype of the aggressive ones to
nonaggressive. RA patients could highly benefit from it since anti-inflammatory therapies as
applied nowadays do not prevent cartilage and bone erosion. Unfortunately, such a
phenomenon has not been seen in any earlier experiment and therefore never been
addressed. It could be a very valuable aim of research in order to really cure patients from
rheumatic diseases.

5.2.4 TRANSFER OF ARTHRITIS BY IN VIVO FLS-TRANSFER

To ultimately test if the FLS in the present chronic arthritis mouse model gain an
independent, aggressive phenotype acting autonomously without the help of the adaptive
immunity to become the drivers of the inflammation, isolated and in vitro restimulated FLS
from nondepleted and Treg-depleted arthritic mice were transferred into knee joints of rag1-
deficient recipients. After 2 weeks of incubation the knee joints were histologically analyzed
for inflammation and cartilage/bone erosion by a simple H&E and TRAP staining in
cooperation with Prof. G. Schett from Erlangen. This allowed the pathological quantification
of inflammation/synovitis and an estimation of cartilage destruction as well as bone erosion.

There had been earlier approaches by several researchers using an engraftment model in
SCID mice as an in vivo model for cartilage destruction!50.215.216, Synovial tissue or fibroblasts
from RA patients were implanted together with normal human cartilage under the renal
capsule or subcutaneously. Afterwards, cartilage erosion was examined by light and electron
microscopy as well as histology. As a result the researchers found that RA synovial cells can
erode normal human cartilage in this in vivo system. However, the implantation of human
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material into a murine host makes the setup rather artificial. Moreover, the incubation time
was comparatively long; depending on the study between 60 and 100 days. Furthermore,
there were no signs of inflammation detected; indicating that the implant was its own closed,
isolated system in a host organism. Thus, those previous studies were able to show erosion
and cartilage invasion by RA synovial cells into normal human cartilage and did not indicate a
transfer of arthritis in vivo. This engraftment SCID mouse model for RA is therefore a nice tool
to study certain properties of RA synoviocytes regarding cartilage destruction but it is unable
to give a comprehensive view of the RA synoviocyte’s capabilities in the arthritic
inflammatory context. In contrast, the transfer of FLS into ragl-deficient mice enables the
examination of a broader range of functions and properties of the transferred cells
simultaneously in a living organism. Instead of having a closed, isolated system this transfer
allows a comprehensive view on the role and importance of the FLS during arthritis
pathogenesis.

The FLS-transfer experiments showed that it is possible to transfer arthritis by simply
injecting isolated FLS from arthritic mice into rag1-deficient recipients. The transfer of naive
FLS (from day 0) was not inducing an inflammatory reaction in the joint but FLS isolated at
day 14 and day 56 from nondepleted or Treg-depleted mice lead to an infiltration of the joint
by innate immune cells, most likely monocytes/macrophages and neutrophils. However,
while FLS from nondepleted mice were just marginally immunogenic, the ones from Treg-
depleted subjects induced heavy synovitis. Especially the FLS isolated at day 56 from the
Treg-depleted mice were very potent inducers of immune cell infiltration. Moreover, those
FLS from the chronic phase were exclusively able to induce cartilage and bone erosion, most
likely by the secretion of MMPs and the differentiation and induction of osteoclasts.
Undoubtedly, FLS are capable of secreting MMPs which results in the degradation of
cartilage!78217, Additionally, it has also been published that fibroblast-like cells can itself
resorb bone independently of osteoclasts by the secretion of acidic components2!8, Moreover,
fibroblasts from RA patients as well as FLS from mouse models are known to express RANKL,
the inducer of osteoclastogenesis20.219.220, Furthermore, IL-6 which is highly produced by FLS
can induce RANKL expression by other resident cells in the joint, e.g. osteoblasts?20. In line
with those findings, the inhibition of the IL-6R can inhibit the formation of osteoclasts in vitro
and in vivo?21, Additionally, osteoclast formation/differentiation as well as activation can also
be achieved independent of RANKL222223,

Taken together, a possible mechanism of action in this setup is the recruitment of innate
immune cells to the joint by aggressive, destructive FLS (derived from day 56 Treg-depleted
mice) via the secretion of chemokines and cytokines, the degradation of cartilage and erosion
of bone by the FLS itself via the secretion of MMPs and the release of acidic components?218,
and the induction of bone resorbing osteoclasts by RANKL expression and IL-6 secretion.
Until now, this is the first time showing that FLS from chronic arthritic mice alone can drive
an immune reaction and lead to cartilage as well as bone erosion in a B- and T-cell
independent manner which makes them autonomous drivers of the arthritis. The remaining
question is how those FLS are instructed and why the Treg-depletion can induce this switch
of the FLS phenotype. Nevertheless, these experiments underline the importance to expand
the therapies for RA patients from only anti-inflammatory also to anti-FLS treatments.
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5.3 INSTRUCTION OF FIBROBLAST-LIKE SYNOVIOCYTES BY [L-17

In the past years there have been several publications from different research groups
showing that IL-17 plays an important role for arthritis pathogenesis. It was found to be
highly abundant in the synovium of RA patients?® being a potent stimulator for
osteoclastogenesis?24225. On the one hand, IL-17 can induce the expression of RANKL on
fibroblasts and osteoblasts224, on the other hand it also serves as a stimulus for the secretion
of proinflammatory cytokines such as IL-6 and TNFa by fibroblast-like and endothelial
cellst61.226, JL-17 is also able to induce osteoclastogenesis independent of RANKL by
osteoblasts and synoviocytes22s. Initially, the main source of IL-17 was always believed to be
the Th17 cells. Animal models for arthritis, including the G6PI-induced arthritis mouse model,
have shown an important role for Th17 cells!23124227, However, little was known about the
origin of IL-17 in the RA synovium. In fact, it has been found that mast cells in the synovium
of RA patients were the major source of that cytokine demonstrating the importance of the
innate immunity for arthritis pathogenesis’!. Nevertheless, IL-17 is up to now thought to be
mainly responsible for the osteoclastogenesis, either directly or indirectly. So far, there have
been no efforts to elucidate the role and impact of IL-17 on the phenotype and function of
FLS. Yet, there was a recent publication by Wu L et al showing an importance of IL-17A for
fibroblasts in a mouse model of inflammatory dilated cardiomyopathy (DCMi)228. They
demonstrated earlier that IL-17A is the essential factor to develop DCMi after a
myocarditis?2? but the mechanism was unclear. Now, they found that IL-17A could potently
induce chemokine and cytokine secretion by cardiac fibroblasts being a critical step in the
development of DCMi. Thus, a similar mechanism could be acting here in the setup of G6PI-
induced arthritis to lead to the aggressive, destructive phenotype of FLS.

It turned out that both preventive as well as therapeutic treatment of nondepleted and Treg-
depleted, G6PI-immunized mice with anti-IL-17A antibodies could ameliorate the disease. In
the case of the preventive treatment it seems rational since the original publication about the
G6PI-induced arthritis mouse model as well as the report about the Treg-dependent switch
from acute to chronic arthritis showed the involvement of Th17 cells during the induction
phase!23.133, Moreover, the preventive administration of anti-CD4 antibodies prohibited the
disease!33. Yet, this anti-CD4 treatment was no longer curative when administered after the
onset of symptoms in the Treg-depleted mice suggesting the participation of other immune
cells apart from Th17 cells as the source of IL-17. It is very likely that those IL-17 producing
cells during later stages of the disease are mast cells since they have been shown to be a
major source of IL-17 in the synovium of RA patients”t. Unfortunately, there is no antibody or
compound available to specifically deplete mast cells for a clinical investigation. Besides, a
more elegant way to study the role of mast cells as IL-17 producing cells would be the use of
an inducible mast cell knockout. Sadly, there is not such a mouse strain available, especially
not on the DBA/1 background. Another possible cell type producing IL-17 are the
Y8 T cells230.231, They have been shown to be the predominant source of IL-17 in another
arthritis mouse model232, Thus, one would also wish to perform a clinical study with G6PI-
immunized mice depleting the y§ T cells preventively or therapeutically to determine their
role for the disease progression. There is an antibody, called GL3, available against the T cell
receptor of y8 T cells. Unfortunately, this antibody does not deplete the cells but rather makes
them invisible by triggering TCR internalization233. This does not necessarily mean that IL-17
production by y6 T cells is thereby inhibited. The production of IL-17 by y6 T cells has been
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reported to be largely independent of their TCR activation231. This is probably also the reason
why a conducted experiment in the scope of this project with preventive and therapeutic GL3
administration showed no effect on arthritis progression (data not shown). Thus, a
“depletion” using the GL3 antibody is not a useful tool for this issue. In the end, the source of
[L-17 after the onset of symptoms in this mouse model remains unknown.

Further studies isolating FLS from the therapeutically anti-IL-17 treated mice shed some light
on the instruction of those joint resident cells. In the MATRIN assay the FLS from Treg-
depleted, chronic arthritic animals were shown to be still highly aggressive and destructive at
the late stage of the disease as seen in earlier experiments. This was completely in contrast to
the FLS from the nondepleted animals. But, this aggressive, destructive behavior could be
reduced and even reverted to normal levels by the therapeutic treatment of the Treg-
depleted animals with anti-IL-17A. Those findings demonstrate that IL-17A (from which
source ever) is one major important factor to transform the FLS to the destructive drivers of
the arthritis. Yet, it remains to be elucidated if the IL-17 is acting directly or indirectly on the
FLS. However, clarifying the role of IL-17 on the FLS’ instruction provides another possible
target to interfere with for a feasible therapy.

5.4 CONCLUSION AND OUTLOOK

Based on the previously published findings from Schubert et al'?3 and Frey et al'33 together
with the results of the present study the following model can be postulated:

The absence of Tregs during the early phase of the disease progression enables the
generation of a larger population of G6PI-specific effector T cells with a Th17-like phenotype
which is able to instruct resident cells in the joint, most likely fibroblast-like synoviocytes, at
least partly by the secretion of IL-17. This instruction leads to a transformation of the FLS’
phenotype towards a more aggressive, destructive one with the capability to autonomously
drive the arthritis progression without the help of the adaptive immunity and facilitate
cartilage and bone erosion directly and indirectly via osteoclast induction.

This knowledge should be taken into account when designing novel therapies for RA patients.
So far, RA patients are mostly treated with compounds or antibodies to suppress the
inflammation (such as TNFa antagonists), induce anti-inflammatory proteins (e.g. via
glucocorticoid administration), slow down the joint damage (by biological DMARDs) and
improve the patients daily life (e.g. by pain relievers). However, all therapies used up-to-date
aim only at reducing the symptoms and the inflammation and are not directed against the
causes of them because those are still largely unknown. Therefore, it is important to intensify
the research efforts to clarify the certain roles of adaptive and innate immune cells as well as
resident cells in the joint to develop new combinatorial treatment strategies.

Despite the fact that the present study revealed some interesting facts about FLS and shed
more light on their independent role during arthritis progression in the G6PI-induced
arthritis mouse model there are still open questions that need to be addressed in future
experiments.
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[t remains unclear if and how the Tregs are influencing the FLS indirectly or directly. Ongoing
experiments using coculture approaches with FLS and Tregs are aiming to elucidate if the
Tregs can suppress the aggressive, destructive phenotype (using the MATRIN assay) and if
the FLS in turn can push the Tregs towards a more Th17-like phenotype as indicated by
published data from Komatsu et al'%. Moreover, in vivo experiments by colleagues showed
that reconstituting Treg-depleted, G6PI-immunized mice with isolated Tregs from naive
animals during the chronic phase is able to ameliorate the disease severity.

Also, the source of IL-17 during the different stages of the disease (i.e. before the onset of
symptoms, during the peak phase and during the late, chronic progression) remains to be
elucidated. Therefore, depletion experiment using antibodies against potential cell types
could be used. However, not in all cases specific antibodies are available. A more elegant way
would be the utilization of cell-type specific (ideally inducible) knock-out animals for IL-17
and/or IL-17 receptors. For the present project only complete IL-17 knock-out mice were
available. But as expected, they hardly developed any symptoms of arthritis (data not shown).
Unfortunately, on the rarely used DBA/1 background only a few more knock-out strains are
available. In contrast, on the widely used C57BL/6 background almost all desirable knock-out
strategies have been already generated. The newly available B6.NQ mice harbor the H2-
haplotype g, thereby making those mice susceptible to G6PI-induced arthritis. This strain
could serve as a very valuable tool to conduct further knock-out studies, not only restricted to
the role of IL-17. Yet, it has to be tested if the disease progression of these mice can be
switched from acute, self-limiting to destructive, non-remitting by Treg depletion as well.

Last but not least, the cellular mechanisms that induce the aggressive, destructive phenotype
in the FLS need to be decoded in order to develop efficient and specific treatments.
Ultimately, those results could lead to the treatment of RA patients not only improving the
patient’s daily life but actually really eliminating the causes of the symptoms so that a long
time, continuous medication is no longer necessary and complete remission is achieved.
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ABBREVIATIONS
ACPA anti-citrullinated protein antibody
APC antigen-presenting cell
APRIL a proliferation-inducing ligand
APS ammonium persulfate
BAC bacterial artificial chromosome
BAFF B cell activating factor
Bcl-2 B-cell lymphoma 2
BSA bovine serum albumin
CaCl, calcium chloride
CCL CC chemokine ligand
CCR C-C chemokine receptor
CcD cluster of differentiation
CFA complete Freund's adjuvant
Co, carbon dioxide
CTLA4 cytotoxic T-lymphocyte-associated protein 4
CXCR C-X-C chemokine receptor
DAMP danger associated molecular pattern
DC dendritic cell
DCMi inflammatory dilated cardiomyopathy
ddH,0 double-distilled water
DEREG depletion of regulatory T cells
DMARD disease modifying anti-rheumatic drug
DMEM Dulbecco's modified Eagle's medium
DMSO dimethyl sulfoxide
DTx diphteria toxin
e.g. exempli gratia (for example)
ECM extra cellular matrix
EDTA ethylenediaminetetraacetic acid
eGFP enhanced green fluorescent protein
ELISA enzyme-linked immunosorbent assay
ER endoplasmic reticulum
etal et alii (and others)
FACS fluorescence-activated cell sorting
FasL Fas ligand
FCS fetal calve serum
FGF fibroblast growth factor
FLS fibroblast-like synoviocytes
FoxP3 forkhead box P3
g acceleration
G6PI glucose-6-posphate isomerase
GM-CSF granulocyte/macrophage colony-stimulating factor
GZMB granzyme B
H,0, hydrogen peroxide
H,SO, sulfuric acid
HCI hydrogen chloride
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HLA
hTNFtg
i.e.

ip.
ICAM-1
IFNy

Ig

IL

IL-1R
IL-1ra
IL-1RacP
IL-6R
IMDM
IPEX
KCl
KH,PO,
KHCO;
LFA-1
LTB
mAb
MATRIN
MCP
MCP-1
M-CSF
MDCK
MEM
MFI
MHC
MIP-1a/B
MLS
MMP
MTP
Na,HPO,
NacCl
NaHCO;
NaOH
NFkB
NH,CI
NK cell
NLR

NO

OA

OPD
PAGE
PAMP
PBMC
PBS

human leukocyte antigen

human TNF transgenic

id est (that is)

intraperitoneal

intercellular adhesion molecule 1
interferon gamma

immunoglobulin

interleukin

IL-1 receptor

IL-1 receptor agonist

IL-1R accessory protein

IL-6 receptor

Iscoves' modified Dulbecco's medium
immunodysregulation polyendocrinopathy enteropathy X-linked syndrome
potassium chloride

potassium dihydrogen phosphate
potassium hydrogen carbonate
lymphocyte function-associated antigen 1
lymphotoxin beta

monoclonal antibody

matrix-associated transepithelial resistance invasion
metacarpophalangeal

monocyte chemotactic protein 1
macrophage colony stimulating factor
Madin-Darby canine kidney cell

minimal essential medium

mean fluorescence intensity

major histocompatibility complex
macrophage inflammatory protein 1a/B
macrophage-like synoviocytes

matrix metalloprotease
metatarsophalangeal

disodium hydrogen phosphate

sodium chloride

sodium hydrogen carbonate

sodium hydroxide

nuclear factor kappa-light-chain-enhancer of activated B cells
ammonium chloride

natural killer cell

NOD-like receptor

nitroc oxide

osteoarthritis

o-phenylenediamine

polyacrylamide gel electrophoresis
pathogen associated molecular pattern
peripheral blood mononuclear cell
phosphate buffered saline
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PFA
PGN
POD
PRKCQ
PTPN22
RA

rag
RANK
RANKL
RANTES
rhG6PI
RNS
ROS
rpm

s.C.

SCF
SCID
SDS
TCR
TEER
TEMED
TGFB
Th
TIMP
TLR
TNF
TNFAIP3
TRAP
Treg
unstim
VCAM-1
VEGF

paraformaldehyde

peptidoglycan

peroxidase

protein kinase C theta

protein tyrosine phosphatase, non-receptor type 22
rheumatoid arthritis

recombination activating gene

receptor activator of nuclear factor k B
receptor activator of nuclear factor kappa-B ligand
regulated on activation, normal T cell expressed and secreted
recombinant human G6PI

reactive nitrogen species

reactive oxygen species

revolutions per minute

subcutnaeous

stem cell factor

severe combined immunodeficiency

sidoum dodecyl sulfate

T cell receptor

transepithelial electrical resistance
tetramethylethylenediamine

transforming growth factor beta

T helper cell

tissue inhibitor of metalloproteinases

Toll-like receptor

tumor necrosis factor

tumor necrosis factor, alpha-induced protein 3
tatrate-resistant acid phosphatase

regulatory T cell

not stimulated

vascular cell adhesion molecule 1

vascular endothelial growth factor
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