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GENERAL INTRODUCTION






GENERAL INTRODUCTION | 9

ADAPTIVE IMMUNE SYSTEM

The main purpose of the immune system is to protect the human body from invasion by
microorganisms that cause disease including bacteria, viruses, fungi and parasites. The
immune system consists of two parts to assure this protection: the innate and the adaptive
immune system. The innate immune system provides the first line of defense against an
invading pathogen reacting fast but nonspecific. The adaptive immune system reacts slower,
but is highly specific and generates memory resulting in a fast and specific immune response

upon a second infection with the same pathogen. The adaptive immune system includes
humoral responses and cell-mediated responses provided by T cell and B cells. Both cell types
express T or B cell receptors, which are highly specific receptors recognizing a wide variety of
antigens providing protection to a very large diversity of pathogens?.

T cells

T cells can be divided in two types with distinct effector mechanisms. CD8+ T cells recognize
processed intracellular antigens presented by human leukocyte antigens (HLA) class |
molecules and subsequently kill infected cells. CD4+ T cells recognize peptides from an
extracellular source presented by HLA class Il molecules expressed by antigen presenting
cells (APCs). In addition to the recognition of their cognate antigen and HLA molecule, T cells
need costimulation to be activated. APCs express, amongst a range of other costimulatory
molecules, CD80 and CD86 on their surface, which binds to CD28 expressed by the T cell
providing the second signal needed for activation (Figure 1)'. As a third signal the APCs
produce cytokines directing the differentiation into the different T helper subsets. The main
effector function of CD4+ T cells is production of cytokines that help the activity of other
immune cells. CD4+ T cells are important in the activation and growth of CD8+ T cells, attract
other immune cells to the site of infection or inflammation and suppress immune responses.
They are also essential for the activation of B cells as B cells need binding of their CD40 to
CD40L on the T cell and the cytokines produced by the T cell to be able to perform antibody
class switching and differentiate into highly effective antibody producing cells (plasma cells)**.

Figure 1. The three APC-
derived signals required
for T cell activation. Signal
1 is the antigen-specific
signal mediated by the TCR
on the T cell recognizing
processed peptides from
pathogens presented by HLA
class Il molecules. Signal 2
is the co-stimulatory signal
provided by CD28 binding
to CD80 or CD8&6. Signal 3 is

SIGNAL 2
CD28 (CD80/CD86

SIGNAL1

SIGNAL3

() ... () ) the polarizing signal that is
(O %o © mediated by soluble factors

Cytokine like cytokines.
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CD4+ T helper subsets

CD4+ T cells can be divided in several T helper subsets based on their cytokine profile and
function (Table 1)°. T helper 1 cells (Th1) produce IFNy, IL-2 and TNF and are involved in
the elimination of intracellular viral and bacterial pathogens. IFNy is essential for activation
of phagocytes including macrophages resulting in enhanced phagocytosis and pathogen
clearance®. T helper 2 cells (Th2) are essential for the clearance of extracellular pathogens
and produce IL-4, IL-5 and IL-13. T helper 17 cells (Th17) are responsible for the immune
response against extracellular bacteria and fungi and produce IL-17, IL-21 and IL-22 as their
main effector cytokines. T follicular helper cells (Tfh) are the T cells that mediate humoral
immunity by providing help to an antigen-primed B cell, which subsequently differentiates
into an Ig-producing plasma cell*’.

In addition to T cell subsets that are pro-inflammatory, there are anti-inflammatory T cell
as well. Regulatory T cells (Tregs) suppress the immune response after clearance of the
pathogen, thereby protecting from tissue damage due to the inflammatory response. They
are also responsible for the maintenance of immunologic tolerance against self and foreign
antigens®’.

Table 1. CD4+ T helper subsets

CD4+ subset Signature cytokines Transcription Function
factors
Thl IFNy, TNF, IL-2 T-bet Intracellular pathogens
Th2 IL-4, IL-5, IL-13 GATA3 Extracellular pathogens
Th17 IL-17, IL-21, 1L-22 RORyt Extracellular bacteria and fungi
Tfh IL-6, IL-21 Bcl6 Help to B cells
Treg IL-10, TGFB Foxp3 Suppress immune response

T and B cell selection

Due to the strong potency of T and B cells to elicit a specificimmune response, it is of utmost
importance to prevent their activation in response to self-antigens. The specificity of T and
B cell receptors is generated by random gene rearrangements and amino acid insertions
creating T cell receptors and antibodies directed against antigens the host has never
encountered, which is a powerful tool in the defense against evolving pathogens. However,
the random rearrangements can also lead to the recognition of an antigen derived from the
host itself by chance. Therefore, B cells are selected in the bone marrow by negative selection
and only B cells that do not recognize self-antigens are allowed to enter the periphery. B cells
that do recognize self-antigen die and are thereby eliminated from the B cell repertoire. T
cell selection occurs in the thymus and is more stringent than B cell selection. T cells are first
selected on their recognition of HLA molecules (positive selection), subsequently, they are
selected on the recognition of self-antigens (negative selection) to generate a peripheral T cell
repertoire recognizing self-HLA molecules, but not self-antigens®. Nonetheless, this selection
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is not absolute and self-reactive T cells can escape to the periphery causing inflammation and
autoimmune disease®.

RHEUMATOID ARTHRITIS

Rheumatoid arthritis (RA) is a systemic inflammatory autoimmune disease characterized by
synovial inflammation leading to cartilage and bone destruction®°. In developed countries,
0.5-1% of the adults are affected with this disease and the disease is three times more

frequent in women compared to men®*, Prevalence rises with age resulting in an average age
of onset of 55 years. The bone destruction and deformities resulting from the inflammation
in the joints lead to progressive disability and a large disease burden. The cause of RA is
unknown, however, important studies on the drivers of the inflammatory process have
resulted in the development of therapeutics that greatly enhanced the quality of life of RA
patients. Despite novel therapeutics and identification of important pathways, little is known
about the initiation of RA.

ACPA

One of the characteristics of RA is the presence of autoantibodies such as rheumatoid
factor (RF), anti-citrullinated protein antibodies (ACPA) and the recently identified anti-
carbamylated protein antibodies®?. ACPA can be detected in 50-70% of the RA patients and is
highly specific for RA™>. Therefore, ACPA status was included in the new 2010 classification
criteria for RA in addition to RF levels (that were already included in the 1987 criteria)*®?’.
Intriguingly, ACPA-positive RA patients present with more severe joint destruction and disease
progression compared to ACPA-negative patients and therefore ACPA-status can be used
as a predictive biomarker'®2, Since ACPA-positive disease is also associated with different
genetic and environmental risk factors than ACPA-negative disease, it is believed that they
are two separate diseases with different underlying pathophysiological mechanisms, but
with a similar clinical profile at first diagnosis®*2>. ACPA recognize the non-classical amino
acid citrulline®, which is a non-encoded amino acid that is generated by the conversion of
the positively charged amino acid arginine to the uncharged citrulline by protein-arginine
deiminase enzymes (PADI)?. This post-translational modification occurs during a variety of
biological processes including inflammation. ACPA can recognize a diversity of citrullinated
peptides and proteins, including citrullinated fibrinogen?®, citrullinated vimentin?,
citrullinated type Il collagen®, citrullinated a-enolase?® and can be crossreactive®. ACPA
can already be detected in the serum of patients up to 10 years before clinical symptoms
develop®'??, however, the titers are low and the peptide reactivity is restricted®:. A spread
of peptides recognized by ACPA (epitope spreading) and an increase in titers is observed
as the individual approaches disease onset®34 This ‘maturation’ of the ACPA response also
includes an increase in isotype-usage® and the number of ACPA isotypes has been described
to predict radiographic damage®. Different isotypes can activate different immune effector
mechanisms, like stimulation of osteoclast precursors and osteoclastogenesis®’, formation
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of immune complexes and activation of inflammatory cells through Fcy receptors® and
complement activation®®, which suggest involvement of ACPA in the inflammatory response
using multiple effector pathways.

Risk factors

Over the vyears, several risk factors for the development of RA have been identified. Twin
studies have estimated the relative contribution of genetic factors to be around 50% and the
rest is determined by environment and chance®*.. The biggest environmental risk factor is
cigarette smoking, however, only for autoantibody-positive RA patients carrying the high-risk
HLA-DR alleles****. The most important genetic risk factor for autoantibody-positive RA is the
HLA class Il locus. HLA class Il molecules consist of two chains, an alpha and a beta chain,
and are encoded by the HLA-DRA1 gene and the HLA-DRB1 gene respectively. The site of
interaction between these two chains forms the peptide-binding groove in which peptides
are presented. The HLA-DR genes are in linkage disequilibrium with the genes encoding
HLA-DQ, another classical HLA class Il molecule, and these genes are inherited together in
haplotypes. In 1976, it was described for the first time that the presence of HLA-DRB1*04
strongly predisposes to RA%*. Subsequent studies reported that several HLA-DR alleles are
associated with RA leading to the postulation of the shared epitope (SE) hypothesis*’. This
hypothesis is based on the fact that all HLA-DR alleles that predispose to RA share a similar
amino acid sequence (shared epitope) at position 70-74 of the HLA-DRB1 molecule (QRRAA,
QKRAA or RRRAA). These positions are located in the peptide-binging groove of the HLA
molecule and are therefore potentially involved in peptide binding and T cell recognition?’.
Further investigation led to the conclusion that the SE alleles were specifically associated with
and therefore predispose to ACPA-positive RA, but not to ACPA-negative disease*®. Reports on
the ability of SE HLA molecules to bind and present citrullinated peptides showed a possible
association between ACPA and the SE alleles**°. Recently, the association between ACPA-
positive RA and the HLA-DRB1 variants has been refined using a statistical approach®’. The
amino acids at position 11 and 13 of the HLA-DRB1 chain were identified with the strongest
association alongside position 71 and 74, which are all part of the peptide-binding groove.
However, because these positions show the most variation in the HLA class Il locus, it
is conceivable that position 11 and 13, rather than being involved in the presentation of
arthritogenic peptides, associate best with RA because they tag the susceptible haplotype
the best (i.e. higher p-value). Because of the strong linkage between HLA-DR and HLA-DQ it is
difficult to identify which molecule is responsible for the association with RA. Therefore, it is
possible that the HLA-DQ genes are involved in the association as well?3.

In addition to predisposition to RA, several other HLA-DRB1 alleles are associated with
protection against RA. Protection against ACPA-positive disease is most strongly associated
with HLA-DRB1*1301 and this allele is also protective in the presence of SE alleles®. Protection
can also be transferred from a mother with a protective allele to a child without a protective
allele, suggesting that protection is an active and dominant process®.
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The HLA class Il locus is not the only genetic risk factor associated with ACPA-positive disease.
Genes involved in nuclear factor kB (NF-kB)-dependent signalling, for example TRAF1-C5 and
c-REL, and genes involved in T cell activation, e.g. PTPN22 and CTLA4, are also identified as
risk alleles as is PAD/ 5+,

THERAPY FOR RA
Unfortunately, there is no cure for RA, however, current treatment strategies are very

effective in controlling the inflammation. They are aimed at remission or sustained low
disease activity, also known as treat to target®. RA patients are usually first treated with
disease-modifying antirheumatic drugs (DMARDs), a group of drugs that reduce joint
swelling and pain, limit progressive joint damage and improve function by incompletely
understood mechanisms. The most frequently used DMARD is methotrexate and is thought
to work through inhibition of adenosine metabolism and T cell activation®®*’. Sulfasalazine,
leflunomide and hydroxychloroquine are also DMARDs and can be used as monotherapy.
However, clinical trials have shown that the combination of methotrexate, sulfasalazine and
hydroxychloroquine is more effective than monotherapy>®*°. In addition to conventional
DMARDs, biological DMARDs have been developed that target specific molecules and
pathways in the pathogenesis of RA. If a patient does not respond adequately to conventional
DMARDs, the treatment regimen can be changed to a biological DMARD. The first biological
agents that were developed and approved as treatment for RA were TNF inhibitors (infliximab,
etanercept, adalimumab)®®%!, Subsequent studies indicated that the different monoclonal
antibodies against TNF were most effective when combined with methotrexate®®. After the
success of TNF blockade several other biological drugs were developed. Anakinra blocks IL-1
signalling by inhibiting binding of IL-1 to its receptor, however, it was not as effective as TNF
blockade®. Tocilizumab, a monoclonal antibody directed against the IL-6 receptor, is efficient
in reducing both inflammation and erosion®. Drugs specifically targeting T and B cells have
been developed as well. Rituximab is a monoclonal antibody that binds to CD20 expressed by
B cells and depletes them from the circulation®. This drug is very effective in autoantibody
positive RA patients. Abatacept is thought to target T cells by inhibiting T cell costimulation.
Abatacept is a fusion protein of human cytotoxic T lymphocyte associated protein 4 (CTLA-4)
and the Fc region of IgG1. It can bind to CD80 and CD86 expressed by APCs and therefore
CD28 on the T cell is not able bind to CD80 or CD86 anymore and the T cell cannot receive
the costimulation needed for activation (Figure 2). When a patient does not respond to a TNF
inhibitor, the regimen can be switched to another TNF inhibitor or to a different biological like
Abatacept. Abatacept is effective in RA patients with moderate to severe RA, however, the
effectiveness has also been studied in early erosive RA%7,

These treatment options are effective in decreasing disease activity, however, they all
modulate the immune response in a non-specific approach. New treatments that are
currently in development are antigen-specificimmunotherapies that target autoantigens.
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A
cD2g CD80/CD86
° cb28 CD80/CD86
CTLA4
Abatacept
C

CD80/CD86

Figure 2. Working mechanism of Abatacept. (A) T cells bind with their TCR to the HLA-peptide complex presented
by the APC upon recognition of their cognate antigen. For full activation of the T cell costimulation is provided by the
APC through the expression of CD80/CD86, which binds to CD28 expressed by the T cell. (B) CTLA4 expressed by T
cells can bind to CD80/CD86 as well providing an inhibitory signal to the T cell. (C) Abatacept is a fusion protein of
CTLA4 and the Fc region of IgG1 and binds to CD80/CD86 on the APC, thereby blocking the binding of CD28 to CD80/
CD86 and inhibiting costimulation of T cells.
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SPONDYLOARTHRITIS

Another autoimmune disease with a very strong association with HLA is spondyloarthritis
(SpA). Around 80-90% of the SpA patients is positive for HLA-B27 and HLA-B27 positivity is
also part of the classification criteria’»’>. Spondyloarthritis is a group of diseases of which
ankylosing spondylitis (AS) is the prototypic and best studied disorder. AS is characterized
by inflammation in the sacroiliac joints (Sl joints) and vertebrae causing severe back pain.
The inflammation can lead to bone formation in the Sl joints, decreasing spinal mobility

and impairing daily function. In addition to spinal features, peripheral arthritis, enthesitis
(inflammation of the site where tendons and ligaments insert into the bone) and extra-
articular features like uveitis can be involved in the disease. To diagnose AS, conventional
radiographs are used to detect sacroiliitis, however, sacroiliitis is detected at a rather late
stage of the disease on radiographs, as they detect only structural damage as a consequence
of inflammation and not the inflammation itself. Early detection of AS is important since
the new bone formation is irreversible and a sign of advanced disease. Therefore, the new
Assessment of SpondyloArthritis International Society (ASAS) classification criteria were
developed covering both radiographic axial SpA (AS) and nonradiographic axial SpA, which
identifies patients with axial SpA without structural changes in the Sl joints’*. Patients with
nonradiographic SpA can either show inflammation of the Sl joints on MRI with one SpA
feature or they are HLA-B27 positive with two additional SpA features.

To investigate the possibilities to diagnose SpA in the early stages of the disease and start
treatment as early as possible to reduce the structural damage the SPondyloArthritis Caught
Early (SPACE) study was started. In addition to the use of radiographic techniques such as
MRI, the identification of biomarkers could contribute to early diagnosis as well.

THESIS OUTLINE

The general aim of this thesis was to provide a better understanding of the role of the adaptive
immune system in the development, treatment and diagnosis of rheumatic diseases. The
studies were divided in three parts.

In PART I, we studied the association between HLA class Il and RA. As discussed previously,
HLA class Il is a risk factor for the development of (antibody-positive) RA*. However, the
molecular basis of this association has been unknown. In Chapter 2, we investigated the
contribution of predisposing and protective HLA class Il molecules in the HLA-RA association.
We identified (citrullinated) vinculin as a new autoantigen recognized by ACPA and CD4+ T
cells in individuals carrying predisposing HLA molecules. The core sequence recognized by
these vinculin reactive CD4+ T cells is present in many microbes and the protective HLA-
DRB1*13 molecules. We described crossreactivity between the vinculin- and microbe-
derived epitopes, however, these CD4+ T cells were not detected in HLA-DRB1*13-positive
donors. This indicates that the epitope derived from the protective HLA molecule induces
tolerance in these donors explaining the protective effects associated with HLA-DRB1*13.
These results indicate the involvement of pathogen induced CD4+ T cells in the association
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between HLA and RA and provide a molecular basis for the contribution of protective and
predisposing HLA molecules.

In PART I, we focused on the therapeutic treatment of RA and in particular the biologic
DMARD Abatacept. Abatacept is thought to block costimulation of CD4+ T cells by binding
to CD80 and CD86 expressed by APCs”. In Chapter 3, we showed that Abatacept was still
effective in the absence of CD4+ T cells in a mouse model of arthritis indicating that there is
another mode of action in addition to blockade of costimulation of T cells. In Chapter 4, we
investigated the effect of Abatacept in a cohort of early RA patients by performing post hoc
analysis onthe AGREE study (Abatacept trial to Gauge Remission and joint damage progression
in methotrexate-naive patients with Early Erosive rheumatoid arthritis)”*. We focused on
patients that were positive for autoantibodies at the start of treatment with methotrexate
and Abatacept, but converted to autoantibody negative patients after treatment.

In PART Ill, we explored the use of the adaptive immune system as a potential biomarker for
early diagnosis of spondyloarthritis by investigating IL-17 producing CD4+ T cells in patients
with early, active axial spondyloarthritis in Chapter 5. In Chapter 6, we focused on a different
cytokine, I1L-27, and its production by CD4+ T cells.

Finally, in Chapter 7 we discuss the importance and the implications of the results obtained
in the different chapters and the future directions towards the ultimate understanding of
the role of the adaptive immune system in the development, treatment and diagnosis of RA.
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ABSTRACT

The HLA locus is the strongest risk factor for anti-citrullinated protein antibody (ACPA)+
rheumatoid arthritis (RA). Despite considerable efforts in the last 35 years, this association
is poorly understood. Here we identify (citrullinated) vinculin, present in the joints of ACPA+
RA patients, as an autoantigen targeted by ACPA and CD4+ T cells. These T cells recognize an
epitope with the core sequence DERAA, which is also found in many microbes and in protective
HLA-DRB1*13 molecules, presented by predisposing HLA-DQ molecules. Moreover, these T
cells crossreact with vinculin-derived and microbial-derived DERAA epitopes. Intriguingly,
DERAA-directed T cells are not detected in HLA-DRB1*13+ donors, indicating that the DERAA
epitope from HLA-DRB1*13 mediates (thymic) tolerance in these donors and explaining the
protective effects associated with HLA-DRB1*13. Together our data indicate the involvement
of pathogen-induced DERAA-directed T cells in the HLA-RA association and provide a
molecular basis for the contribution of protective/predisposing HLA alleles.
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INTRODUCTION

Rheumatoid arthritis (RA) is a chronic autoimmune disease affecting synovial joints that
can lead to severe disability. Pivotal pathophysiological insight has been obtained by the
identification of anti-citrullinated protein antibodies (ACPA)2. These autoantibodies target
proteins that have undergone a post- translational conversion of arginine to citrulline,
catalysed by peptidylarginine deiminases (PAD enzymes)®. ACPA are highly specific for RA,
enriched in the joints of patients and can crossreact between citrullinated antigens that are
expressed in the inflamed joints*®. It is clear now that RA represents two main syndromes,
ACPA+ and ACPA- disease, each with distinct genetic and environmental risk factors and
disease outcome®?®?. Characteristics of ACPA (for example, isotype usage and epitope
spreading) indicate the involvement of CD4+ T cell help in shaping the ACPA response®.

The most important genetic risk factor for ACPA+ RAis the HLA class Il locus and risk is confined
to a region with genes encoding for the beta chain of HLA-DR and the alpha and beta chain
of HLA-DQ that are in tight linkage disequilibrium (LD) and inherited in haplotypes'**. An
understanding of the HLA class Il association and the relative contribution of the HLA-DR and
HLA-DQ locus has been lacking for the last 35 years.

Next to the association of the predisposing alleles to ACPA+ RA, other HLA molecules are
associated with protection. These protective HLA alleles, mainly HLA-DRB1*13, carry the five
amino-acid sequence DERAA at positions 70-74 of the beta chain and protect also in the
presence of predisposing alleles!®?. Intriguingly, protection by these alleles is transferred
from mother to child, supporting an active protective role of these alleles, possibly via
microchimeric cells influencing thymic selection of CD4+ T cells, and indicating a dominant
role of HLA-DRB1*13 in disease protection®®.

HLA-derived peptides are a dominant peptide source presented by HLA class Il molecules. We
therefore proposed that the protective effect of HLA-DRB1*13 is explained by presentation
of an HLA-DRB1*13-derived peptide in the context of other (predisposing) HLA class I
molecules®®?,

It was previously shown that the degradation of HLA-DRB1*13 can result in the presentation
of a peptide with the core sequence DERAA by other HLA class Il molecules to CD4+ T cells?2.
This could allow for the negative selection of such ‘DERAA-directed’ CD4+ thymocytes.
Interestingly, the DERAA sequence is also found in many microbes and in the self-protein
vinculin. Vinculin is expressed in the synovium and was recently shown to be citrullinated in
the synovial fluid of an RA patient®?. Likewise, T cells directed to vinculin are found under
certain infectious conditions, indicating that T cell tolerance to vinculin is not absolute?*?.
Molecular mimicry of self-proteins with pathogenic proteins was proposed as an important
mechanism to break T cell tolerance?®?’. Therefore, we postulate that on priming of DERAA-
directed T cells by microbes expressing DERAA-containing proteins, T cells crossreactive to
vinculin would be able to provide help to B cells reactive to citrullinated vinculin. This would
ultimately result in the production of ACPA. In HLA-DRB1*13-positive donors, these T cells
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are conceivably deleted, leading to protection against ACPA+ disease.

Here we show that citrullinated vinculin is novel autoantigen for ACPA antibodies. In addition,
we demonstrate the presence of a T cell population in HLA-DRB1*13-negative donors that
specifically recognize a DERAA-containing vinculin epitope and that crossreact with DERAA
sequences derived from pathogens.

METHODS

Cells and sera

HLA-typed buffy coats from healthy volunteers were obtained from the blood bank (Sanquin,
The Netherlands). PBMCs and sera from RA patients were derived from patients participating
in the Leiden Early Arthritis Clinic cohort®. All RA patients fulfilled the American College of
Rheumatology (formerly the American Rheumatism Association) 1987 revised criteria for the
classification of RA. A total of 178 RA patients were used in the current analyses. Patient
samples were compared with 80 control samples from healthy individuals also living in the
Leiden area. PBMCs were isolated using a standard Ficoll procedure. The protocols were
approved by the Leiden University Medical Center ethics committee and informed consent
was obtained.

Peptides
Peptides were synthesized according to standard Fmoc (N-(9-fluorenyl)methoxycarbonyl)
chemistry using a Syroll peptide synthesizer (Multi- SynTech, Witten, Germany). The integrity
of the peptides was checked using reverse-phase high-performance liquid chromatography
and mass spectrometry. For vinculin ELISPOT experiments, HLA class ll-binding studies and
22636 (VCL-DERAA; REEVFDERAANFENH)
was used. To determine the peptide-binding register, the VCL

T cell activation studies 15-mer vinculin epitope VCL
20635 PEPTIde was modified:
Truncated on the N- or C terminus or alanine-/arginine-substituted at different positions. For
ELISPOT assays against common pathogens, pathogenic peptides were used derived from
measles virus (SSRASDERAAHLPTS), influenza A virus (VFEFSDERAANPIVP), human herpesvirus
7 (LAARADERAAFPDVG), Bordetella pertussis (SPNLTDER- AAQAGVT), Staphylococcus aureus
(ODMNDDERAALTMAM),  Haemophilus influenzae (RFHGDDERAAKVYEN), Salmonella
enteritidis (PLMMDDERAAKVYEN) and Propionibacterium acnes (EEVFTDERAARLSHV). For

the generation of T cell lines, these eight pathogenic peptides were pooled.

Cell lines

The following Epstein-Barr virus-transformed lymphoblastoid B cell lines were used: BSM
(DRB1*04:01;DQA1*03:01;,0QB1*03:02, IHW9032), BOLETH (DRB1*04:01;DQA1*03:01;
DQB1*03:02, [IHW9031), BM21 (DQA1*05: 01;DQB1*03:01, [IHW9043), JSM
(DQA1*03:02;DQB1*03:01), APD (DRB1*13:01; DQA1*01:03;DQB1*06:03, IHW9291), BC34
(DRB1*13:02;DQA1*01:02;DQB1 *06:04), WT8 (DQA1*01:02;DQB1*06:02, IHW9017),
KAS116 (DRB1*01:01; DQA1*01:02; DQB1*05:01, IHW9003) and 721.82 (DR/DQ-negative)*®.
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Cells were maintained in IMDM (Lonza) supplemented with 10% heat-inactivated fetal calf
serum. JSM and BC34 cells are derived from healthy HLA-typed donors that were Epstein-
Barr virus transformed.

HLA class Il competitive peptide-binding assay

Peptide-binding assays were performed, as described previously®. In short, cell lysates from
HLA class I homozygous B-lymphoblastoid cell lines were incubated on SPVL3- (anti-HLA-DQ)
or B8.11.2- (anti-HLA-DR) coated (10 pg/ml3) FluoroNunc 96-well plates at 4 °C overnight.
Titration ranges of the tested peptides (0 to 300 uM) were mixed with a fixed concentration
(0.6 uM) of biotinylated indicator peptide and added to the wells. Bound indicator peptide

was detected using europium-streptavidin (Perkin Elmer, Boston, MA) and measured in a
time-resolved fluorometer (PerkinElmer, Wallac Victor2). IC50 values were calculated based
on the observed binding of the test peptide against the fixed concentration indicator peptide.
The IC50 value depicts the concentration of test peptide required for a loss of 50% of the
indicator peptide signal.

Enzyme-linked immunosorbent spot assay

PBMCs were incubated in 96-well Multiscreen HA plates (Millipore) precoated with 5 pug/ml
anti-IFNy capture antibody (clone 1-D1K; Mabtech) at 5 x 10° cells per well and stimulated
in X-VIVO medium (LONZA) with 5 ug/ml peptide or with a mix of recall anti- gens consisting
of 0.75 Lf/ml tetanus toxoid (Netherlands Vaccine Institute), 5 ug/ml tuberculin purified
protein derivative (Netherlands Vaccine Institute) and 0.005% Candida albicans (HAL allergy).
After 24 h incubation at 37 °C, plates were extensively washed and incubated with 0.3 pg/ml
biotin-labelled anti-IFNy detection antibody (clone 7-B6-1; Mabtech) for 2h at RT, with 1,000
x diluted ExtrAvidin-Alkaline phosphatase (Sigma-Aldrich) for 1h at RT and with 5-Bromo-
4-chloro-3-indolyl phosphate/Nitro blue tetrazolium (Sigma-Aldrich). Spots were analysed
using the BioSys Bioreader 3000pro. Circular spots with a size of 80-450 um were included.

Flow cytometry

Polyclonal CD4+ T cell lines were generated by stimulating 3 x 10° PBMCs per well in a 24-
well plate with 5 pg/ml peptide for 7 days in IMDM supplemented with 5% human serum
(Sanquin). After 7 days, 1.5 x 10°autologous PBMCs per well were plated in 24-well plates for
2h. After 2h, nonadherent cells were removed and adherent cells were pulsed with 5 pug/ml
peptide and used as feeders for 10° T cells. After 1h, 10 pg/ml brefeldin A was added. Cells
were incubated overnight and used forintracellular cytokine staining. The cells were incubated
with fluorochrome-conjugated antibodies recognizing CD4, (Clone RPA-T4; BD biosciences),
CD14 (Clone 61D3; eBioscience) and CD25 (Clone M-A251; BD biosciences), after which they
were permeabilized using CytoFix CytoPerm Kit (BD Biosciences). After washing, cells were
incubated with PE-labelled anti-IFNy or matching isotype control. Cells were taken up in 1%
paraformaldehyde until flow cytometric acquisition. Flow cytometry was performed on FACS
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Calibur (BD biosciences) or LSR Il (BD biosciences). Analysis was performed using FACS Diva
(BD biosciences) and FlowJo software.

T cell cloning

JPT57 was generated from an HLA-DRB1*04:05/01:01;DQ8/DQ5 donor. PBMCs were cultured
for 7 days in the presence of 10 pug/ml of VCL-DERAA peptide and restimulated with VCL-
DERAA-pulsed antigen-presenting cells. After 1 week, cells were restimulated with 150 U/
ml rlL-2. After two rounds of restimulation, T cell lines were tested for their specificity. The
wells responding to VCL-DERAA peptide were cloned in a limiting dilution of 0.3 cells per well
resulting in the isolation of clone JPT57.

T cell clone D2C18 was generated from an HLA-DRB1*04:01;0Q2/DQ8-positive donor. CD4+
T cells and CD14+ monocytes were isolated from PBMCs using antibodies bound to magnetic
beads from, respectively, Dynal and Miltenyi. CD4+ T cells were labelled with 1 pM CFSE
(Invitrogen) and incubated in a 2:1 ratio with CD14+ monocytes with 30 pg/ml PathMix.
After 6 days, Cb3 D4 (CD25 CD14  DAPI _CFSE cells were sorted by FACS aria (BD).
Isolated CD4+ T cells were rested in medium containing 20 IU/ml rIL-2 (Peprotech). After 3
days, the cells were cloned in a limiting dilution of 0.3 cells per well resulting in the isolation
of CD4+ T cell clone D2C18.

T cell activation

To determine IFNy production by T cell clones in response to peptide stimulation, 50,000 T
cells were incubated in a 1:1 ratio with B-LCL lines pulsed with 10 pug/ml of peptide for 3-6h.
After 3 days, the supernatant was collected and an IFNy ELISA (eBioscience) was used to
determine the concentration of IFNy. For measurement of T cell proliferation, 50,000 T cells
were incubated in a 1:1 ratio with radiated (3000RAD) autologous PBMCs pulsed with 10 pg/
ml of peptide for 3-6h in IMDM supplemented with 5% human serum. After 3 days, cells were
cultured for 16-20h with [*H]thymidine (0.5 uCi per well). *H incorporation was measured by
liquid scintillation counting (1450 MicroBeta TriLux; PerkinElmer). Blocking experiments were
performed by preincubating antigen-presenting cells for 1h with 20 ug/ml anti-DQ_ (SPVL3),
anti-DR (B8.11.2) and anti-DP (B7.21) blocking antibodies.

Detection of anti-citrullinated vinculin antibodies

Citrullinated vinculin was generated by incubation of 50 pg vinculin protein (Sanbio) in a
volume of 200 pl containing 0.1 M Tris-HCl pH 7.6, 0.15 M CaCl,, and 10 U PAD4 (Sigma)
for 4h at 37 °C. Unmodified vinculin protein was generated by incubation of vinculin with
PAD4 without CaCl,. Citrullinated and unmodified vinculin were loaded onto 10% SDS-
polyacrylamide gels and transferred onto blotting membranes. Blots were blocked, washed
and incubated in 1:500 diluted serum overnight at 4 °C. The sera were either ACPA+ or ACPA-
as determined by ELISA. Blots were incubated with horseradish peroxidase-labelled rabbit
anti-human IgG (Dako) and visualized with chemiluminescence (ECL, Amersham). To analyse
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reactivity to vinculin by a monoclonal ACPA (anti-cFIB1.1, citrullinated fibrinogen), vinculin- or
citrullinated vinculin-coated Nunc plates were incubated with 0.2 ug/ml anti-cFIB1.1 for 2h
at room temperature?. Bound antibody was detected using horseradish peroxidase-labelled
rabbit anti-human IgG (Dako) and visualized with ABTS. Peptide ELISA was performed as
described previously using biotinylated peptides coated on streptavidin-precoated plates®.

B cell activation by JPT57 cells

B cells were isolated from PBMCs of HLA-DQ8-positive healthy donors or ACPA-positive
RA patients by magnetic anti-CD19 beads (Invitrogen). B cells were cultured in IMDM
supplemented with 10% fetal calf serum, penicillin, streptomycin and glutamax. From healthy

subjects, 30,000 B cells were co-cultured with different number of JPT57 cells in the presence
of 5 ug/ml anti-IgM (Jackson Immunoresearch Laboratories) and with 10 pg/mlVCL-DERAA
or 1 pug/ml PHA in round-bottom 96-well plates. After 7 days, 1gG production by B cells was
determined using a total IgG ELISA (Bethyl laboratories). From RA patients, 20,000 B cells
were pulsed with 10 pg/ml VCL-DERAA peptide and co-cultured with 20,000 JPT57 cells in the
presence of 5 ug/ml anti-IgM in round-bottom 96-well plates. After 7 days, ACPA production
was determined by ELISA measuring reactivity against the CCP2-peptide in individual wells
(EuroDiagnostica).

Energy minimization

Molecular simulations of HLA-DQ8 (A1*0301/B1*302) and HLA-DQ7.3 (A1*0302/B1*0301)
complexed with various peptides, experimentally shown to bind to these molecules, were
carried out as previously described using the Discover Suite (programmes Insightll and
Discover) of Accelrys (San Diego, CA, release of 2005) on a Silicon Graphics Fuel instrument,
using a minimization approach previously described*!, that is, 1,000 steps of the steepest
gradient method, followed by 1,000 steps of the conjugate gradient method. Records of the
energy of every step showed a continuous decrease in energy without any local minima and
an energy asymptote for the last 300-400 steps of the conjugate gradient method. The base
molecule was the crystal structure of HLA-DQ8 (A1*0301/B1*0302) with bound the insulin
B11-23 peptide®. The region HLA- DQB105-112 for which full coordinates were not available
in the original data, was constructed by molecular replacement of the respective region
from HLA-DR1%, after superposition of the B-plated sheet regions of the two molecules in
the 11 domains. The binding registers of the vinculin and the bound microbial peptides
were decided from the binding of truncated peptides as well as Arg-substituted peptides
in presumed anchor positions; energy minimization of successive registers confirmed the
registers predicted from the binding data. The rotamers for the peptide residues were chosen
from a library of rotamers provided by the software database, to have no molecular clashes
with the residues of HLA-DQS8. Minimizations were carried out either at pH 5.4 (endosomal
pH) or 7.4 (extracellular). There are no similarly charged residues (for example, Glu-Glu)
with their charged groups so close to each other as to require that one of the residues be
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uncharged. Occasionally runs were performed on a Silicon Graphics Octane instrument with
previous releases of the same software with very similar results. Figures are drawn using
the WeblabViewer v.3.5 and DSViewerPro software of Accelrys, the latter currently freely
available on the web. In the figures a side view of the bound peptide with the eye level placed
at the level of the peptide backbone and parallel to the HLA-DQ B-sheet floor is visualized
with an atomic colour code as in the respective figure legend. In the Supplementary Figures,
the a1p1 domains of the modelled HLA-DQ molecules in complex with given bound peptides
are depicted in van der Waals surface representation, with colour and depiction conventions
identical to those for the other figures. Several visible residues from the HLA-DQ molecule
in contact with the antigenic peptide and potential contact with a cognate TCR in canonical
orientation are shown in stick form with a transparent surface (atomic colour code: oxygen,
red; nitrogen, blue; hydrogen, white; carbon, orange; sulfur, yellow). The antigenic peptide
in the groove is shown in space filling form with the same atomic colour code as in Figure
6D-G. Coordinates of all complexes shown in the various figures have been deposited in the
Figshare repository under accession codes 1294716.

MD simulations

The simulated system consisted of the entire DQ8 molecule and the 13-residue peptide with
the vinculin sequence Glu-Glu-Val-Phe-Asp-Glu-Arg-Ala-Ala-Asn-Phe-Glu-Asn. Titratable
residues were assigned their most common ionization state at physiological pH, with the
exception of DQ8 residue aGlu31, which was protonated. In the crystallographic structure
of the DQ&:insulin complex, residues aGlu31 and BGlu86 are in direct contact** and their
geometry and interactions with nearby residues and a crystallographic water suggest that
at least one of them is protonated. A similar conclusion was reached for a pair of Glu and
Asp residues in the pocket P6 of DR and I-E molecules*. We used the empirical model
Propka* and a constant-pH Monte Carlo approach implemented in the program PROTEUS*
to compute the pK of titratable groups in the crystallographic structure of HLA-DQS, both in
the absence and the presence of the peptides insulin and VCL-DERAA. Both methods agreed
that the residues aGlu31 and BGIlu86, near pocket P1, are strongly correlated; the predicted
pKa values suggested that one of them should be protonated, most probably aGlu31.

The initial coordinates of the protein heavy atoms were taken from the crystallographic
structure of the DQ8&:insulin complex (PDB accession code 1JK8)*. The peptide main chain
heavy atoms were placed at the corresponding coordinates of the insulin main chain.
Hydrogens were positioned by the HBUILD algorithm of the CHARMM programme?’. The
peptide side chain initial conformations were optimized with the program PROTEUS*. An
additional control simulation studied the DQ8&:insulin complex; for this system, the initial
coordinates of the protein and peptide were taken from the corresponding crystallographic
structure (PDB accession code 1JK8)%*.

The initial set-up of the simulation system was performed with the CHARMM- GUI interface®.
Atotal of 70 crystallographic waters of the DQ8:insulin complex were retained. For the vinculin
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complex, crystallographic waters were minimized for 100 steps before the simulation, with the
protein and peptide atoms kept fixed. The ligand complexes were immersed in a periodically
replicated water box with the shape of a 117-A truncated octahedron. Overlapping water
molecules were omitted and 17 potassium anions were added (14 ions in the insulin complex),
to neutralize the total charge. The final complex had 120,324 atoms (6,166 protein- ligand
atoms); the insulin complex had 120,504 atoms (6,172 protein-ligand atoms).

The simulations employed the molecular mechanics program CHARMM c37b2 (ref. 47).
Protein atomic parameters were taken from the CHARMM?36 all-atom force field with a CMAP
backbone phi/psi energy correction**°. Water parameters corresponded to the modified
TIP3P water model**2, Electrostatic interactions were calculated without truncation by the
particle-mesh Ewald method®3, with a parameter k = 0.34 for the charge screening, and sixth-

order splines for the mesh interpolations. The Lennard-Jones interactions between atom
pairs were switched to zero at a cutoff distance of 12A. The temperature was kept at T =
300 K by a Nose-Hoover thermostat> with a mass of 2,000 kcal mol-*ps-2for the thermostat.
The pressure was maintained at P = 1 atm with a Langevin piston®>*®, The piston mass was
set to 1/20 of the total mass of the system and the collision frequency was set to 20 ps-'.
The classical equations of motion were solved by the leap-frog integrator. Bond lengths to
hydrogen atoms and the internal water geometry were constrained to standard values via the
SHAKE algorithm®’, implemented into CHARMM.

The structure was initially optimized by 100 energy minimization steps with the steepest-
descent and adopted-basis Newton-Raphson algorithms. This was followed by an equilibration
run, consisting of three 200-ps segments, in which the harmonic force constants were
gradually lowered from 10 to O kcalmol™A2. The production simulation had a duration of 3
ns (vinculin complex) and 4 ns (vinculin complex with ionized aGlu31 and insulin complex).
A total of 300 and 400 snapshots were analysed for the vinculin- and insulin-DQ8 complex,
respectively, extracted every 10 ps. All simulations were conducted with version c37b2 of the
CHARMM programme®’. Hydrogen bond occupancies and averaged intermolecularinteraction
energies were computed by in-house scripts. Molecular visualization was performed using
the program VMD®,

The interaction energies of selected peptide-protein residue pairs were computed by the
following equation®¥,

SRONNCRESOWIETPIT
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AGpolar ADnunpolar
RR’ RR’

The first and second group of terms on the right-hand side of equation (1) describe,
respectively, polar and non-polar interactions between R and R’; ‘Coul’” denotes Coulombic
interaction, ‘GB’ denotes generalized born interaction, AS, is the change in the solvent
accessible surface area of atom on binding and & is a surface tension coefficient. The residue-
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pair interaction energies of equation (1) include solvent-mediated effects via the above GB
and surface area terms. In the calculations of Supplementary Figure 15, R and R’ are distinct
ligand and protein residues.

We employed the GBSW Generalized Born model®“?, as implemented in the CHARMM
programme. The coefficient ¢ was set to 0.005 kcal mol-*A-2, for consistency with the GBSW
parameterization. To compute the GB contributions, we removed all waters and ions from the
simulation system and set the charge to zero for protein and peptide atoms other than those
belonging to residues R and R’, respectively. The last term contains the difference in solvent
accessible surface areas of groups R and R” in the complex and unbound states. Coordinates
of all complexes shown in the various figures have been deposited in the Figshare repository
under accession code 1294716.

RESULTS

Citrullinated vinculin is a novel target for ACPA

We speculate that the protective effects of HLA-DRB1*13 on the development of ACPA+ RA
are related to a T cell response reactive to a sequence that is commonly present in the HLA-
DRB1*13 molecule, microorganisms and self-proteins that are targeted by ACPA. Indeed, a 5
amino acid long HLA-DRB1*13-derived sequence (DERAA) is present in many microorganisms
and a few self-proteins. Of these self-proteins, the citrullinated protein vinculin attracted
our attention. Therefore, we first analysed whether citrullinated vinculin is recognized by
ACPA. To this end, we citrullinated vinculin in vitro with PAD enzymes and tested both native
and citrullinated vinculin for recognition with serum of an ACPA+ RA patient. We observed
citrulline-specific recognition of vinculin by serum of an ACPA+ RA patient, but not with an
ACPA- patient (Figure 1A). We further confirmed that citrullinated vinculin is a target of ACPA
using an ACPA monoclonal antibody (Figure 1B)%.

Recently, several reports showed the presence of citrullinated vinculin in the synovial fluid
of ACPA+ RA patients. In addition, three sites of in vivo citrullination on this protein were
identified: Arg285, Arg622 and Arg823 *?*. When we studied antibody responses to these
citrullination sites, we could show recognition by 34% of tested sera from ACPA+ RA patients
versus 5% of sera from ACPA- patients (Figure 1C). Sera of ACPA+ RA patients are highly (cross-)
reactive towards multiple citrullinated antigens. Indeed, when we quantified responses to
citrullinated alpha-enolase, fibrinogen, vimentin and myelin basic protein in patient sera that
react to citrullinated vinculin peptides, we could readily demonstrate additional reactivities
indicating at ACPA are not exclusively directed against citrullinated vinculin as expected
(Figure 1D).

Together these data show that citrullinated vinculin is a self-protein recognized by RA
autoantibodies in a citrulline-dependent fashion.
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Figure 1. Citrullinated vinculin is a novel autoantigen targeted by ACPA. (A) Western blot (Supplementary Figure
22) of native and citrullinated vinculin protein, stained with the serum of an ACPA+ or an ACPA- RA patient. (B)
Enzyme-linked immunosorbent assay (ELISA) of vinculin- or citrullinated vinculin protein-coated plates stained
with ACPA monoclonal antibody anti-citFib1.1. Two-sided statistical analysis was performed using a Student’s t-test
with ** indicating P<0.001. Error bar is S.E.M (C) ELISA of citrullinated vinculin peptides VCL-CIT285 VCL-

277-293/
CIT6 22, ..., VCL-CIT82 3, ... in serum of anti-CCP2" (n = 140) versus anti-CCP2" (n = 38) RA patients. Plot depicts

the percentage of patient sera positive for one or more citrullinated vinculin peptides. (D) Heat map depicting all
patients positive for one or more citrullinated vinculin epitopes (n = 49) and their serum reactivity towards different
citrullinated epitopes derived from vimentin, fibrinogen and alpha-enolase. Red, positive; green, negative; black,
undetermined. Error bars are S.E.M.

Vinculin is recognized by T cells from HLA-DRB1*13 negative donors

We next wished to determine whether the DERAA sequence from vinculin is recognized
by human CD4+ T cells. To this end, peripheral blood mononuclear cells (PBMCs) were
stimulated with a 15-mer vinculin-peptide (VCL,,, .., REEVFDERAANFENH) (VCL-DERAA) for
24h. We observed a clear reactivity towards this epitope as determined in an interferon-y
(IFNy)-ELISPOT-assay (Supplementary Figure 1). HLA-DRB1*13, especially HLA-DRB1*13:01,
is strongly associated with protection against ACPA+ RAY. We hypothesize that HLA-DRB1*13
protects against ACPA+ disease by affecting the generation of DERAA-directed T cells.
Therefore, we stratified donors for HLA-DRB1*13:01 status. We observed a striking difference
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in IFNy-producing cells depending on HLA-DRB1*13:01-status. The lack of reactivity in HLA-
DRB1*13:01-positive donors was not due to a hampered ability of such donors to respond
to T cell antigens as we observed strong response to microbial antigens in both HLA-
DRB1*13:01 carriers and non-carriers when stimulated with recall antigens (Figure 2A). We
further confirmed this finding in PBMCs stimulated for 4 days (Supplementary Figure 2). The
differential ability of HLA-DRB1*13:01-positive donors to respond to VCL-DERAA is most likely
not due to a general deficiency to present the VCL-DERAA epitope as these donors were
heterozygous and thus expressed other HLA molecules that could potentially present VCL-
DERAA. Nonetheless, to further confirm that HLA-DRB1*13:01 affects the ability to generate
VCL-DERAA-directed T cell responses, we repeated the experiments in a set-up stratified
for HLA using PBMCs from HLA-DRB1*04, HLA-DRB1*13:01 and HLA-DRB1*04/*13:01
heterozygous donors. A significant reduction in IFNy-producing cells was observed in both
HLA-DRB1*13:01 carriers and DRB1*04/*13:01 heterozygous donors as compared with
HLA-DRB1*04 carriers. Again, no difference was observed for recall antigens (Figure 2B).
These data indicate that the lack of detecting VCL-DERAA-directed T cells is not explained
by the inability of HLA-DRB1*13 molecules to present VCL-DERAA, but rather the result of a
dominant effect associated with the presence of HLA-DRB1*13.

Thus, vinculin is an autoantigen recognized by circulating VCL-DERAA-directed CD4+ T cells.
In HLA-DRB1*13:01 carriers these T cells are absent. This effect, like the protective effects
of HLA-DRB1*13:01 on the development of ACPA+ RA, was present in a dominant fashion,
consistent with the notion that HLA-DRB1*13 affects the generation of DERAA-directed T
cells, possibly during thymic selection.
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Presentation of Vinculin-DERAA by RA-predisposing HLA-DQ molecules

HLA-DRB1 alleles predisposing to ACPA+ RA in the Caucasian population are collectively called
HLA shared epitope (SE) alleles!*?*?, The most common HLA-SE alleles are HLA-DRB1*04:01
and HLA-DRB1*01:01. Using HLA-DR-binding assays, we examined the ability of VCL-DERAA
to bind to these HLA molecules, but we could not detect any binding of VCL-DERAA to these
alleles (Table 1, Supplementary Figure 3A, 3B). The HLA class Il region is known for its strong
LD. Genes that encode for the HLA-DR-beta chains are inherited in haplotypes with genes
that encode for the alpha and beta chain of HLA-DQ. The predisposing HLA-SE alleles are in
tight LD with HLA-DQ5 (DQA1*01;DQB1*05:01), HLA-DQ7.3 (DQA1*03:02;DQB1*03:01) and
HLA-DQ8 (DQA1*03:01;DQB1*03:02) (Figure 3A, 3B). In Figure 3B, the distribution of HLA-
DQ molecules in SE+ healthy donors is depicted, showing that these donors are HLA-DQ5-,
HLA-DQ7.3- or HLA-DQ8-positive. We therefore next studied the binding of VCL-DERAA to
these HLA-DQ alleles and observed binding of the VCL-DERAA peptide to HLA-DQ5, DQ7.3
and DQS8 (Table 1, Supplementary Figure 3C-E). These data indicate that VCL-DERAA can be
presented by HLA-DQ molecules in LD with predisposing HLA-SE alleles.

To obtain an indication whether the VCL-DERAA can be presented by more HLA molecules,
we also studied the ability of additional HLA-DR and HLA-DQ molecules encoded by HLA
haplotypes that protect or have no influence on the development of ACPA+ RA. We could
not detect binding of VCL-DERAA to these HLA class Il alleles (Table 1, Supplementary Figure
3F-K). Likewise, using an IFNy ELISPOT, VCL-DERAA-directed T cells were absent in donors
negative for predisposing HLA-DQ molecules (Supplementary Figure 4).

These data indicate that HLA-DQ molecules that predispose to ACPA+ disease present the
VCL-DERAA peptide, whereas the analysed HLA-DQ and HLA-DR molecules not associated
with disease do not present VCL-DERAA.
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Table 1. Presentation of vinculin-
DERAA-directed T cells is restricted to
RA-predisposing HLA-DQ molecules.
Affinity of VCL-DERAA for associated

Table 1 | Presentation to vinculin-DERAA-directed T cells is
restricted to RA-predisposing HLA-DQ molecules.

Assocation Subtype HLA allele IC50 (uM) .
P HLA class Il molecules. Affinity was
Susceptibility haplotypes HLA-DR 8221:8110011 >§88 determined by a competitive binding
HLA-DQ DQ5 ' - 39 assay using high-affinity biotinylated
DQ7.3 n peptides. Results are depicted as IC50
DQ8 14 value, the concentration of test peptide
Non-susceptibility HLA-DR  DRBI3:01 =300 | (WM)where50% of biotinylated peptide
haplotypes DRB1*13:02 ~300 is bound. Experiments were performed
HLA-DQ DQ6.2 ~300 at least three times and the average IC50
DQ6.3 =300 value between the different experiments
DQ6.4 =300 is shown.
DQ75 >300

Affinity of VCL-DERAA for associated HLA class |l molecules. Affinity was determined by a
competitive binding assay using high-affinity biotinylated peptides. Results are depicted as IC50
value, the concentration of test peptide (uM) where 50% of biotinylated peptide is bound.
Experiments were performed at least three times and the average IC50 value between the
different experiments is shown.

HLA-DQ-restricted recognition of VCL-DERAA by T cells

To further confirm the presence of VCL-DERAA-directed T cells and their HLA-restriction,
we isolated CD4+ T cell clone JPT57, which was specific for VCL-DERAA. As shown in
Supplementary Figure 5, this clone proliferated readily and produced large amounts of IFNy
when stimulated with the VCL-DERAA peptide.

When cultured with B cells from ACPA+ RA patients pulsed with the VCL-DERAA epitope, the
clone not only upregulated CD40L, but also enhanced the production of ACPA in culture,
indicating that such T cells have a phenotype compatible with the ability to provide ‘help’ to
ACPA-producing B cells (Supplementary Figure 6).

To further confirm that HLA-DQ molecules present the VCL-DERAA peptide, we stimulated
the clone with VCL-DERAA-pulsed HLA-typed antigen-presenting cells preincubated with
HLA class Il blocking antibodies (Supplementary Figure 7). In concordance with the binding
studies, anti-HLA-DQ antibodies abrogated T cell recognition. Interestingly, we observed that
JPT57 can recognize VCL-DERAA, presented by both HLA-DQ7.3 and HLA-DQS8 suggesting that
this epitope is presented in a similar binding register by these HLA molecules (Supplementary
Figure 8).

Together HLA class Il presentation and T cell recognition of VCL-DERAA was restricted to HLA-
DQ molecules that are associated with RA susceptibility.

Identification of microbe-specific T cells targeting DERAA epitopes

We next investigated the presence of the DERAA sequence in microorganisms. A Blast search
showed that DERAA is found in 66% of bacteria and 4% of viruses (Figure 4A). This large
number represents a major challenge to identify potential ‘crossreactive microorganisms’. To
select for relevant microorganisms, we restricted the search to those microorganisms that can
cause disease or symptoms in humans and are present in the western world. This approach
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Figure 4. Identification of pathogen-specific T cells targeting DERAA epitopes in HLA-DRB1*13 negative donors.
(A) Frequency of bacteria or viruses positive for a DERAA-containing protein as identified using the NCBI BLAST. List of
all bacteria or viruses in blast database was generated and for three random sets of 50 bacteria/viruses a blast search
for DERAA was performed. Error bars indicate the S.D. between the three analysed sets. (B) Competitive binding of
pathogen-derived DERAA epitopes to HLA-DQ7.3 or HLA-DQ8. Binding experiments were performed at least three
times and plots show pooled experiments, the error bars show the variation between the different experiments.
(C) Flow cytometry staining of PathMix-directed T cell lines restimulated with PathMix pulsed or unpulsed antigen-
presenting cells. Plots are gated on CD14neg/CD4pos/CD25pos T cells. (D) ELISPOT of PBMCs of healthy individuals
of HLA-DRB1*13:01 donors (n = 5) and HLA-DQ7.3/DQ8 donors (n = 8) stimulated for 24h with DERAA-containing
peptides and recall antigens. Error bars indicate the variation between different donors. Error bars are S.E.M.

left us with 219 candidate sequences. We then synthesized eight DERAA-containing peptides
from common recall microbes including several bacteria (P acnes, S enteritidis, B. pertussis,
S. aureus) and viruses (measles virus, influenza A and human herpesvirus 7). Interestingly,
all of these peptides were presented by HLA-DQ7.3 and DQ8 molecules showing that these
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HLA molecules can efficiently accommodate both the VCL-DERAA epitope as well as microbe-
derived DERAA epitopes (Figure 4B).

To determine whether these microbial-derived epitopes are recognized by human T cells, we
generated T cell lines by stimulating PBMCs from three healthy HLA-DQ8-positive donors for
7 days with a pool of the eight pathogen-derived peptides (PathMix). Next we determined
the presence of PathMix-specific CD4+ IFNy-producing T cells. As shown in Figure 4C, such T
cells were readily detectable. Using limiting dilutions, we isolated T cell clone D2C18, further
confirming the presence of ‘microbial-DERAA-directed’ T cells (Supplementary Figure 9). Next
we also analysed the presence of ‘microbial-DERAA- directed’ T cells by ELISPOT directly ex
vivo, allowing the analyses of more donors at higher throughput. Interestingly, PBMCs from
HLA-DRB1*13:01 carriers displayed a significantly reduced reaction against these peptides,
indicating that the presence of HLA-DRB1*13 also affects the formation of T cell responses
against DERAA epitopes from microbes (Figure 4D).

Together these data indicate that HLA-DQ alleles associated with ACPA+ RA efficiently present
both VCL-DERAA and microbe-derived DERAA epitopes and that microbe-specific T cells
directed to DERAA epitopes are readily detected. The presence of HLA-DRB1*13:01 affects
the formation of these T cell responses.

Predicting crossreactive microbes by modelling vinculin-DERAA presentation

The data presented above demonstrate the presence of microbial- and VCL-DERAA-directed
T cells, but do not show if a single T cell receptor (TCR) can react with both epitopes. To
facilitate the search for possible ‘crossreactive’” DERAA epitopes out of all microbe-derived
DERAA sequences, we first determined the binding register of VCL-DERAA using HLA class
lI-binding assays with amino (N)- and carboxyl (C)- terminally truncated and amino-acid-
substituted VCL-DERAA peptides as detailed in the Supplementary Note and in Supplementary
Figures 10-14. Together these experiments support VFDERAANF (anchors in bold) as the
core binding register for both HLA-DQ7.3 and HLA-DQS8. All-atom molecular dynamics (MD)
simulations showed that residues Val625 (P1), Glu628 (P4) and Phe633 (P9) make numerous
intermolecular polar and non-polar interactions in the respective pockets. In Figure 5A-F,
we highlight key intermolecular interactions between the VCL-DERAA epitope and the HLA-
DQ8 molecule. A detailed discussion of the MD results and a quantitative assessment of
the intermolecular interactions can be found in the supplementary data (Supplementary
Figures 15 and 16, Supplementary Table 1 and Supplementary Note). The MD simulations
also indicated that the long protruding side chains of Glu623 (P-2) Glu624 (P-1), Phe626
(P2), Asp627 (P3), Arg629 (P5), Asn632 (P8), Glub34 (P10) and Asn635 (P11) are exposed
and could potentially interact with crossreactive TCRs (Figure 5G). Subsequently, we also
further confirmed the obtained model using a second type of molecular modelling: energy
minimization, which further confirmed possible TCR-contact residues (Supplementary Figures
17 and 18).
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Figure 5. Molecular modelling of HLA:VCL-DERAA complexes identifies critical TCR-contact residues. (A-C) Non-
polar contacts between the VCL-DERAA peptide and HLA-DQS8 in pockets P1 (A), P4 (B) and P9 (C). Protein residues
are depicted in a surface representation, in distinct colours. (D-F) Hydrogen bonds between the VCL-DERAA peptide
and HLA-DQS8 in pockets P1 (D), P4 (E) and P9 (F). Peptide and protein groups are shown, respectively, in thick and
thin licorice representation and water molecules as small spheres. Hydrogens are omitted, with the exception of
the extra hydrogen in protonated aGlu31. (G) TCR view of the DQ8:VCL-DERAA complex. The peptide main chain
is shown in licorice; domains a and B are shown in a surface representation, coloured, respectively, in blue and
red. Side chains P-2E, P-1E, P2F, P3D, PSR, P8N, P10E and P11N are facing towards the TCR-binding site. The P2F
and aPhe58 side chains and the non-polar moiety of P5R form a non-polar cluster, which faces towards the TCR-
binding site; the average P2F ring-aPhe58 ring distance is ~8A. (H-J) IFNy ELISA on supernatant of T cell clone JPTS7
stimulated with unpulsed HLA-DQ8-positive antigen-presenting cells and N-truncated (H), C-truncated (1) or alanine-
substituted (J) VCL-DERAA peptides. (K) Competitive binding of the VCL-DERAA peptide, and alanine-substituted
VCL-DERAA peptides to HLA-DQ8. Binding experiments were performed at least three times and plots show pooled
experiments, the error bars show the variation between the different experiments. Experiments involving JPT57
were performed three times and show a representative experiment. Two-sided statistical analysis was performed
using a Student’s t-test with ** indicating p<0.001. Error bars are S.E.M.
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To functionally confirm whether a TCR would indeed interact with (some of the) potential
TCR-contact residues within the VCL-DERAA peptide, we next determined how the epitope
is recognized by the VCL-DERAA-directed T cell clone JPT57. Phe626 (P2) interacts with the
JPT57-TCR as its removal results in a large decrease in recognition without affecting HLA-
DQ8 binding. (Figure 5H, Supplementary Figure 12). C-terminal truncations resulted in a large
decrease in T cell recognition after the removal of Glu634 (P10), showing that this residue is
also important for JPT57-TCR interaction (Figure 51). Thus, the data obtained using the VCL-
DERAA-directed T cell clone as a functional read-out, are in line with the HLA-binding and
molecular modelling studies indicating the sequence VFDERAANFE (anchors in bold) as the
minimal epitope required for activation of JPT57. Next we performed alanine substitutions
within the minimal epitope to remove critical TCR-interacting residues. Substituting Asn632
(P8) and Phe633 (P9) dramatically impacted T cell recognition, without affecting the binding
affinity of VCL-DERAA (Figure 5J, 5K).

Together these data indicate VFDERAANF (anchors in bold) as the most likely core binding
register for HLA-DQ7.3 and HLA-DQ8 and Asn632 and Phe633 as important residues for
JPT57-TCR recognition.

TCR crossreactivity between vinculin and bacterial antigens

Identifying microbes that crossreact with vinculin was challenging due to the large number of
potential candidates. Therefore, we used the data presented above to determine if a single
TCR can crossreact both to DERAA sequences from microbes and the self-protein vinculin.
As we identified the Asn632 and Phe633 at P8 and P9, respectively, as important for JAT57-TCR
interactions, we use the molecular modelling to predict which viral and bacterial epitopes are
likely to bind to HLA-DQ8 and harbor P8Asn or P9Phe and are thus likely to crossreact with
JPT57. From the 15 peptides identified (Supplementary Table 2), three were able to activate
JPT57 in a T cell stimulation assay at concentrations similar to those used for the vinculin
peptide. These epitopes were derived from Campylobacter coli, Lactobacillus curvatus and
Lactobacillus sakei and crossreacted with JPT57 in an HLA-DQ-dependent manner (Figure
6A). Peptide-binding studies revealed that these three peptides bind with an intermediate
binding affinity to HLA-DQ7 and HLA-DQS (Figure 6B-6C). Molecular models of these bacterial
peptides in HLA-DQS illustrate the similarities with VCL-DERAA (Figure 6D-G, Supplementary
Figures 19-21).

Thus, these data show that the RA-susceptibility alleles HLA-DQ7 and HLA-DQS8 can present
both VCL-DERAA and related microbe-derived epitopes to T cells and that such T cells can
be crossreactive to vinculin and bacterial epitopes, thereby providing an explanation for the
presence of activated self-reactive CD4+ T cells directed to vinculin in peripheral blood.
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Figure 6. TCR crossreactivity of vinculin and bacterial DERAA epitopes. (A) IFNy ELISA on supernatant of T cell clone
JPT57 stimulated with HLA-DQ8-positive B-LCLs and alanine-substituted VCL-DERAA peptides. This experiment was
performed three times, the plot shows a representative experiment. Two-sided statistical analysis was performed
using a Student’s t-test with * indicating p<0.05 and ** indicating p<0.001. (B-C) Competitive binding of HLA-DQ7.3 (B)
and HLA-DQS8 (C) to a non-binding negative control peptide, an unbiotinylated positive control peptide and epitopes
from Lactobacillus curvatus, Lactobacillus sakei and Campylobacter coli. Binding experiments were performed three
times. The error bars show the variation between the different experiments. (D-G) Side views of HLA-DQ8 complexed
with the vinculin-DERAA peptide (D) and peptides derived from Lactobacillus curvatus (E), Lactobacillus sakei (F) and
Campylobacter coli (G) in space-filling mode at pH 7.4 (extracellular), obtained by energy minimization as described
in the methods section. Each peptide is shown in atomic colour code: oxygen, red; nitrogen, blue; hydrogen, white;
carbon, green; sulfur, yellow. Error bars are S.E.M.

DISCUSSION

The strong connection between the HLA locus and RA has been known for more than 35
years. The complex HLA class Il associations and the diverse ACPA responses in RA patients
suggest the presence of multiple aetiological pathways. To unravel these pathways, identifying
the relevant autoantigens is crucial. We here present evidence favouring the involvement of
vinculin in the emergence of ACPA+ disease. This cytoskeletal protein was recently found to
be citrullinated in vivo in the synovial fluid. We now show that it is recognized by ACPA as well,
thereby adding it to a still selective list of targets. Moreover, we identified an epitope from
vinculin recognized by CD4+ T cells restricted to HLA-DQ molecules predisposing to ACPA+
RA. The core amino-acid sequence (DERAA) is also present in many pathogens and in HLA-
DRB1*13, a molecule encoded by an HLA locus associated with protection against ACPA+ RA.
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We have also shown that a single TCR can recognize both a vinculin-DERAA epitope as well as
DERAA epitopes from microbes, indicating the crossreactive nature of ‘DERAA’-directed T cell
responses. More importantly, such T cell responses appear absent from donors carrying HLA-
DRB1*13 as DERAA-directed T cell responses to either pathogen- or vinculin-derived DERAA
epitopes were lacking in these subjects. Even donors that harboured HLA-DRB1*13 next to
predisposing HLA alleles were unable to respond to vinculin-DERAA.

Together these data indicate a novel pathway that explains several of the protective and
predisposing HLA-effects associated with ACPA+ RA (Figure 7). In short, recognition of
citrullinated vinculin by B cells will lead to the presentation of the ‘VCL-DERAA’ epitope
in the context of HLA class Il molecules. The HLA-DQ molecules genetically linked to the
predisposing HLA-SE-molecules are particularly good in presenting DERAA-containing
peptides. The DERAA-directed T cells primed against various pathogens harbouring DERAA-
containing proteins cross-react with the VCL-DERAA peptide and provide help to the B cells,
ultimately leading to a strong ACPA response. Subjects born with HLA-DRB1*13, will present
the HLA-DRB1*13-derived DERAA-peptide in the thymus, leading to tolerization of the
DERAA-directed T cell response and hence the inability to provide help to ACPA-producing B
cells via this pathway and thereby the emergence of ACPA+ RA (Figure 7).

The variation of HLA-DR and HLA-DQ molecules in the human population is enormous. We
have shown that predisposing HLA-DQ molecules are particularly good at presenting the VCL-
DERAA epitope. Interestingly, the absence of VCL-DERAA affinity for a wide variety of other
tested HLA-DR or HLA-DQ molecules could indicate a selective presentation by these HLA risk
molecules. Next to a role of predisposing haplotypes, we also focussed on the protective effect
of HLA-DRB1*13 alleles. However, the DERAA sequence can also be found in other HLA-DRB1
alleles (*04:02, *11:02, *11:03), which are rare in Caucasian populations. These alleles have
previously been implicated in protection from ACPA+ RA, but their allele frequency hampers
functional studies®®32. Interestingly, it has been previously reported that the processing of
these alleles results in the generation of a similar HLA-DERAA epitope suggesting that these
alleles could all protect via the pathway that we have described?.

The place in time at which HLA-DR13 mediates protection from the development of ACPA
and/or ACPA+ disease, or its relation to epitope spreading of the ACPA response is currently
not known and would be relevant to determine in future studies. Recent evidence showed
that the ACPA response matures before disease onset and that the HLA system could be
involved in this'23, It is intriguing to speculate that infections such as by DERAA-containing
microbes are involved in this expansion. Molecular mimicry of self-proteins with pathogenic
proteins was proposed as a mechanism to break T cell tolerance, allowing the development
of autoimmune disease?®?’. Interestingly, the DERAA sequence is also present in proteins
from many (common) microbes allowing priming of DERAA-directed T cells. In mouse
models, it was shown that low-avidity T cells to tissue-restricted antigens can persist without
signs of anergy and unresponsiveness. Infection lowers the threshold for T cell activation
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resulting in the induction of autoimmunity and memory formation®. Infection could also
induce autoimmunity via molecular mimicry of microbial proteins with self-proteins. We now
identified crossreactive epitopes from the gut-residing bacteria L. sakei, L. curvatus and C.
coli. It was shown that acute gastrointestinal infections can induce loss of T cell tolerance
to (commensal) gut microbes, resulting in the activation of microbiota-specific T cells, their
differentiation to inflammatory effector cells and formation of memory T cells®>. A recent
study on the fecal microbiota of RA patients compared with controls demonstrated a
significant increase in Lactobacillus species, together providing a rationale for a role of such
bacterial species in the formation of DERAA-directed T cell responses®.

Together our study provides a mechanistic clue on the HLA-RA connection, including both
predisposing and protective HLA effect, and warrants further studies addressing the possibility
to target DERAA-directed T cells in the prevention of ACPA+ RA.
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Figure 7. Schematic representation of the proposed role of DERAA-directed CD4+ T cells in ACPA+ RA. DERAA-
directed T cells are restricted to RA-predisposing HLA-DQ5,-DQ7.3 and-DQ8 molecules. In carriers of these HLA-
DQ molecules, DERAA-directed T cells can become activated on contact with microbes. These activated T cells can
subsequently crossreact with a DERAA epitope derived from vinculin resulting in the activation of citrulline-directed
B cells and the production of ACPA directed to citrullinated vinculin or vinculin-linked proteins. Citrullinated vinculin
is present in the synovial compartment and is a target of ACPA. Binding of ACPA to its target can induce antibody-
mediated effector mechanisms thereby contributing to synovial inflammation. In HLA-DRB1*13-positive individuals,
a HLA-DRB1*13-derived DERAA epitope is presented by predisposing HLA-DQ molecules to CD4+ T cells resulting in
their negative selection, thereby protecting against the development of ACPA+ RA.
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Supplementary Figure 1. Vinculin is an autoantigen recognized by circulating CD4+ T cells. IFNy ELISPOT of
PBMC from healthy individuals (n=21) stimulated for 24h with VCL-DERAA peptide REEVFDERAANFENH. Each dot
represents a unique donor.

e HLA-DRB1*13:01 pos

500 - 600 7 ¢ HLA-DRB1*13:01 neg
S 400 - ° § 500 *
m @ @
o o 400 - e
o 300 - e © )
> o° 2 300 - o
@200 - ° 3 .
3 s Q@ 200 - ‘e
°q L [ L)
> 1004  0ee® e o
z e I 100 oo
0 -—m— = 0 '+m_
VCL-DERAA VCL-DERAA

Supplementary Figure 2. Vinculin is an autoantigen recognized by circulating CD4+ T cells of HLA-DRB1*13-
negative donors. IFNy ELISPOT of PBMC from healthy individuals stimulated for 4d with VCL-DERAA peptide
REEVFDERAANFENH (Left panel). Stratification of donors in two distinct groups based on the presence or absence of
HLA-DRB1*13:01 (Right panel). Each dot represents a unique donor (n=46). Two-sided statistical analyses of ELISPOT
data were performed using a Mann-Whitney U test with * indicating p > 0.05.
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Supplementary Figure 3. Presentation to vinculin-DERAA-directed T cells is restricted to RA-predisposing HLA-
DQ molecules. Competitive binding of a non-binding negative control peptide, an unbiotinylated positive control
peptide and the VCL-DERAA peptide to HLA-DRB1*01:01 (A), HLA-DRB1*04:01 (B), HLA-DQ5 (C), HLA-DQ7.3 (D),
HLA-DQS (E), HLA-DRB1*13:01 (F), HLA-DRB1*13:02 (G), HLA-DQ6.2 (H), HLA-DQ6.3 (1), HLA-DQ6.4 (J) or HLA-DQ7.5
(K). 1C50 is the concentration of test-peptide (pM) where 50% of biotinylated peptide is bound, ND = non-detectable
(IC50 > 300 pM). All experiments were performed at least three times and bars show pooled experiments, the error
bars show the variation between the different experiments in S.E.M.
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Supplementary Figure 4. Vinculin is not recognized by circulating CD4+ T cells of donors negative for predisposing
HLA-DQ molecules. IFNy ELISPOT of PBMC from healthy individuals negative for HLA-DQS5, HLA-DQ7.3 or HLA-DQ8
(n=6) stimulated for 24h with VCL-DERAA peptide REEVFDERAANFENH or PHA. PBMC from an HLA-DQ8+ individual
was used as a positive control (Gray dot).
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Supplementary Figure 5. T cell clone JPT57 specifically recognized the VCL-DERAA epitope. *H-thymidine
incorporation and IFNy production upon stimulation of T cell clone JPT57 with unpulsed and VCL-DERAA pulsed
autologous APCs. Data are representative of at least three independent experiments. Two-sided statistical analysis
was performed using a student’s t-test with ** indicating p < 0.001. Error bar is S.E.M.
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Supplementary Figure 6. Activated JPT57 cells can activate ACPA-producing B cells. (A) Flow cytometry analysis
of CD40L expression on JPT57 cells stimulated with VCL-DERAA-pulsed APCs, CD40L-transfected fibroblasts and
EBV-transformed B cells. (B) Co-culture of VCL-DERAA-pulsed HLA-DQ8-positive B cells from healthy subjects with
increasing numbers of JPT57 cells in the presence of anti-lgM. The experiment was repeated three times and the
plot shows a representative experiment. (C) Co-culture of VCL-DERAA-pulsed HLA-DQ8-positive B cells from three
ACPA-positive RA patients with JPT57 (1:1) in the presence of anti-IgM. Activation of ACPA-producing B cells was
determined by CCP2 ELISA. Each dot represents a different well. Statistical analysis was performed using a student’s
t-test with ** indicating p > 0.001. Error bars are S.E.M.
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Supplementary Figure 7. Vinculin-DERAA-directed T cell clone JPT57 is HLA-DQ-restricted. *H-thymidine
incorporation of JPT57 stimulated with feeders, pulsed or unpulsed with VCL-DERAA in the presence of HLA class Il
blocking antibodies. Data are representative of at least three independent experiments. Two-sided statistical analysis
was performed using a student’s t-test with ** indicating p < 0.001. Error bars are S.E.M.
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Supplementary Figure 8. Vinculin-DERAA-directed T cell clone JPT57 is restricted to HLA-DQ7.3 and HLA-DQ8.
IFNy production by JPT57 cells stimulated with HLA-DQ7.3 or HLA-DQ8 homozygous EBV-transformed B cells. Data
are representative of at least three independent experiments. Two-sided statistical analysis was performed using a
student’s t-test with ** indicating p < 0.001. Error bars are S.E.M.
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Supplementary Figure 9. Identification of a Pathmix directed T cell clone in an HLA-DRB1*13 negative donor.
3H-thymidine incorporation upon stimulation of T cell clone D2C18 with unpulsed and salmonella-DERAA-pulsed
autologous monocytes. The experiment was repeated two times and the plot shows a representative experiment.
Two-sided statistical analysis was performed using a student’s t-test with ** indicating p > 0.001. Error bar is S.E.M.
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Supplementary Figure 10. Truncation of Phe633 results in loss of binding to HLA-DQ8. Competitive binding of
HLA-DQS8 to an unbiotinylated positive control peptide and C-truncated VCL-DERAA peptides. The experiment was
repeated three times and plots show a representative experiment.



56 | CHAPTER 2

Percentage of binding

1004
757
501

254
0

-¥ Negative control
-o-Vin 15 mer
- Phe633 to Arg

0.01

01 1 10

Testpeptide

(M)

100 1000

Supplementary Figure 11. Arginine substituting Phe633 negatively impacts binding affinity to HLA-DQS8.
Competitive binding of a negative control peptide, the native VCL-DERAA peptide and the VCL-DERAA peptide
with Phe633 substituted to arginine. Experiments were performed three times and plots show a representative

experiment.
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Supplementary Figure 12. N-terminal truncation of Val625 lowers the binding affinity to HLA-DQ8. Competitive
binding of HLA-DQ8 to an unbiotinylated positive control peptide and N-truncated VCL-DERAA peptides. The
experiment was repeated three times and plots show a representative experiment.
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Supplementary Figure 13. Arginine-substitutions of residues implicated to interact with binding pockets
negatively impacts binding to HLA-DQ8. Competitive binding of a negative control peptide, the native VCL-DERAA
peptide and the VCL-DERAA peptide with Glu628, Ala630 and Ala631 substituted to alanine or arginine. Experiments
were performed three times and plots show a representative experiment.
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Supplementary Figure 14. HLA-DQ7.3 presents VCL-DERAA in a similar binding register as HLA-DQ8. Competitive
binding of HLA-DQ7.3 to an unbiotinylated positive control peptide and C-truncated and N-truncated VCL-DERAA
peptides. The experiment was repeated three times and plots show a representative experiment.
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Supplementary Figure 15. Interaction free-energies (in kcal/mol) for selected peptide-ligand residue pairs,
averaged over the MD trajectories. The left and right panels correspond, respectively, to polar (GB+Coulomb) and
non-polar (VW + SA) interactions, computed with Eq. (1) of the methods. Rows from top to bottom correspond,
respectively, to the DQ8:VCL-DERAA and DQ8:insulin complexes.
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Supplementary Figure 16. Hydrogen bonds between the VCL-DERAA peptide mainchain and DQ8. The peptide
mainchain is shown in thick licorice and its sidechains are displayed in blue lines. DQ8 groups are shown in thin
licorice. Hydrogen bonds with occupancy smaller than 20% are omitted. A comprehensive list of all hydrogen bonds
is included in Supplementary Table 1.
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Supplementary Figure 17. TCR view of the complex of HLA-DQ7.3 with the VCL-DERAA epitope in the groove at pH
7.4 (extracellular). The a1B1 domain of the modelled HLA-DQ molecule is in van der Waals surface representation,
colored according to atomic charges (negative = red, positive = blue, neutral = gray, partial charges shades in-
between). Several visible residues from the HLA-DQ molecule in contact with the antigenic peptide and potential
contact with a cognate TCR in canonical orientation are shown in stick form with a transparent surface (atomic
color code: oxygen, red; nitrogen, blue; hydrogen, white; carbon, green; sulfur, yellow). The antigenic peptide in
the groove is shown in space-filling form, with identical colour conventions as in Figure 6D-G. Anchors p1V and p9F
point into the plane of the paper (screen) and are only partly seen. In vivo, p5R may not interact with p2F (cation-nt
interaction) because the former might more favorably interact with water molecules from the solvent. In this allele
p4E makes an even weaker anchor than in DQ8, because of B13Gly-->Ala and B26Leu-->Tyr substitutions (DQ8
-->DQ7) that leaves less space available at the base of pocket 4.

Supplementary Figure 18. TCR view of the complex of HLA-DQ8 with the VCL-DERAA epitope in the groove at
pH 7.4 (extracellular). Depiction and colour conventions as in Suppl. Figure 16. Anchors P1V and P9F point into the
plane of the paper (screen) and are only partially seen. In vivo, PSR may not interact with P2F (cation-t interaction)
because the former might more favorably interact with water molecules from the solvent.
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Supplementary Figure 19. TCR view of the complex of HLA-DQ8 with the L. curvatus epitope in the groove at
pH 7.4 (extracellular). Depiction and colour conventions as in Suppl. Figure 16. Anchors P1P and P9F point into the
plane of the paper (screen) and are only partially seen.

Supplementary Figure 20. TCR view of the complex of HLA-DQ8 with the L. Sakei epitope in the groove at pH 7.4
(extracellular). Depiction and colour conventions as in Suppl. Figure 16. Anchors P1P and P9F point into the plane of
the paper (screen) and are only partially seen.
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Supplementary Figure 21. TCR view of the complex of HLA-DQ8 with the C. coli epitope in the groove at pH 7.4
(extracellular). Depiction and colour conventions as in Suppl. Figure 16. Anchors P1P and P9F point into the plane of
the paper (screen) and are only partially seen.
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Supplementary Figure 22. Unedited blot of Figure 1A.
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Donor Acceptor Occupancy (%)
Water P-2E (sc) 381
P-2E (Nter) Water 188
PArg88 (sc) P-2E(sc) 165
aArg53 (mc) P-2E (mc) 427
aArg53 (sc) P-2E (sc) 41.3
aPhe51 (mc) P-2E (sc) 29.8%
aPhe51 (mc) P-2E (Nter) 18.1%
Water P-1E(sc) 535
Water P-1E (mc) 62.9
P-1E (mc) Water 56.7
BAsn82 (sc) P-1E(mc) 20.5*
PHis81-Side P-1E(mc) 16.6*
Water P1V (mc) 79.3
P1V(mc) cArg53 (mc) 76.9
P2F(mc) pAsn82 (sc) 85.6
PAsn82 (sc) P2F (mc) 68.5
Water P3D(sc) 301
Water P3D (mc) 64.2
dAsnNG62 (s¢) P3D (sc¢) 46.9%
aTvyr22 (sc) P3D (sc) 36.6%
Water P4E(sc) 269
PArg70 (sc) P4E (sc) 160.4
PThr71 (sc) E6 (sc) 64.7%
PThr28 (s¢) E6 (sc) 38.5%
aAsn62 (sc) P4E(mc) 36

(Continued)
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(Continued)

Donor Acceptor Occupancy (%)
P5R (sc) Water 118
Water P5R (mc) 98.3
P5R(sc) oThr6l (sc) 76.9
P5R (sc) oPhe58 (mc) 74.1
Water P6A(mc) 118
P6A(mc) 0Asn62 (sc) 88.5
P7A(mc) PTyr30 (sc) 65.4
P8N (mc) Water 70.4
Water P8N (sc) 70.4
Water P8N (mc) 47.5
PTrp6l (s¢) P8N(mc) 41.9
P8N (s¢) Water 38.7
P8N (sc) 0Asn69 (sc) 35.0
oHis68 (sc) P8N (sc) 19.2
Water P9F (mc) 65.6
PO9F(mc¢) 0 Asn69 (s¢) 38.8
Water P10E (sc) 555
Water P10E (mc) 62.8
P10E (mc) Water 48.6
Water P11N (Cter) 461
Water P11N (sc¢) 117.5
P11N (mc) Water 54.7
P11IN (sc) Water 44.0
P11N(sc) oHis68 (sc) 21.3
0Arg76 (sc) P11IN(sc) 332

Supplementary Table 1. Statistics of intermolecular hydrogen bonds in the DQ8:VCL-DERAA complex. Hydrogen
bonds were considered present if the D-A distance /,, was smaller than 3.5 A, and the angle 0,,, , was larger than
150°. The (*) denotes water-mediated interactions; “sc” and “mc” denote side-chain and main-chain groups.
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p-2 | p-1 pl p2 pd | p4 | pS (p6 | p7 | p8 | p% | pl0 | pll

VCL-DERAA E E v F D E R A A N F E N
Aspergillus fumigatus v T A E D E R A A|M| F F R
Bacillus cereus v A v P D E R A AN A I A
Campylobacter coli L E F D D E R|A| G |N|F E P
Influenza A virus F E F S D E R A AN P I v
Influenza A virus F E L S D E R A AN P I v
Influenza A virus F E L S D E R A AN P A% v
Lactobacillus brevis L v T D D E R [ A A I F K A
Lactobacillus curvatus F Y P L D E R A A |D F E T
Lactobacillus sakei F Y P I D E R A A |D F E T
Mycobacterium tuberculosis A L P F D E R A AV F L R

Mycobacterium tuberculosis A M P F D E R|A| A |V ]| F L R

Nocardia brasiliensis A L P F D E R A A I F L R
Nocardia farcinica A L L A D E R A A L F A R
Proteus mirabilis v I T D D E R A A v F Y G

Proteus penneri
Proteus stuartii
Vibrio parahaemolyticus Y D E L D E R A A |W| F Y E

Yersinia enterocolitica L E D Y D E R A A N G Y D

Supplementary Table 2. Microbe derived epitopes with molecular mimicry to vinculin-DERAA.
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SUPPLEMENTARY NOTE 1

Functional Identification of the primary binding register of VCL-DERAA in HLA-DQ7.3 and
DQs.

To establish the primary binding register of VCL-DERAA in HLA-DQS8, we performed HLA class
Il binding assay with N- and C-terminal truncated VCL-DERAA peptides. Upon C-terminal
truncations, we observed a dramatic drop in binding affinity upon removal of Phe633
(Supplementary Figure 9). This observation made us speculate that this residue is interacting
with the p9 pocket of HLA-DQS8. The p9 pocket of HLA-DQS8 is shaped by several different
amino acids including a68His and a76Arg. Due to the presence of these positively charged
amino acids, the pocket has a preference for negatively charged amino acids. Therefore, we
substituted Phe633 for an arginine and observed a drop in binding capacity (Supplementary
Figure 10).

Next, we performed N-terminal truncations. We performed a slight drop in binding affinity
upon removal of Val625. The removal of Phe626 had no further effect, but removal of Asp627
resulted in a complete loss of binding affinity (Supplementary Figure 11). The N-terminal
truncation of Val625 does not result in a complete loss of binding affinity. This is in agreement
with previous data on binding of truncated peptides to HLA-DQ molecules and their mouse
homologues H2-A, where pl and p2 positions may be empty, provided the C-terminus of
the peptide extends to p11 or beyond® 2 Indeed, upon truncation of Asp627, the residue
proposed to interact with p3, we did observe a complete loss of binding affinity.

Finally, we performed alanine and arginine substitutions of Glu628, Ala630 and Ala631 that
are proposed to interact with respectively the p4, p6 and p7 pocket further confirmed the
proposed core register (Supplementary Figure 12).

Together this data supports VFDERAANF (anchors in bold) as the primary binding register
of the VCL-DERAA epitope in HLA-DQS8. Next, we also examined the binding register of this
epitope in HLA-DQ7.3 using N- and C-terminal truncated VCL-DERAA epitopes. We observed
striking similarities with the previously performed binding assays to HLA-DQS (Supplementary
Figure 13).

Together these data indicate that VCL-DERAA binds in a similar binding register to both HLA-
DQ7.3 and HLA-DQS.

Molecular Dynamics simulations of HLA-DQ:VCL-DERAA complexes

We studied the structure and interactions of the HLA-DQ8:VCL-DERAA complex in the binding
register determined above via atomic-detail MD simulations. Figure 5 shows important
hydrogen-bonding patterns and intermolecular nonpolar contacts in pockets P1, P4 and
P9. Supplementary Figure 14 displays interaction free energies of selected protein-peptide
residue pairs. These values are averaged over the MD trajectories and include solvent effects
(see Methods).

The peptide P1V side chain forms nonpolar contacts with several surrounding residues
(aTyr9, aHis24, aPhe32, aVal43, aArg52, aArg53, aPhe54, BVal78, BHis81, BAsn82, BLeu85)
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at the P1 pocket (Figure 5 and Supplementary Figure 14). Residues aArg52, fGlu86, aGlu31l,
aTyr9 and aHis24 form the same dense network of interactions, as in the crystallographic
DQ8&:insulin complex® and additional MD simulations of the DQ8&:insulin complex; oHis24
replaces a water-mediated interaction with the insulin P1E side chain by a water-mediated
interaction with the BGIlu86 side chain. In the second anchor pocket, the PAE side chain is
surrounded by a large number of water molecules (on average, 6 waters are positioned
with their oxygen atom within 4 A of the side chain), and makes a strong interaction with
aArg70. Pocket P9 has a preference for negatively charged residues, which can form a salt
bridge with aArg76 *°. In the VCL-DERAA complex this pocket accepts a Phe residue. The
P9F side chain is placed between BTrp61 and alle72, and makes several additional nonpolar
contacts with residues aHis68, aAsn69, aVal73, aArg76, BTyr37, BAla57, and BTyr60. The
0Arg76 side chain interacts with the C-terminal residue P11Asn (Supplementary Figure 14

and Supplementary Table 1).

The protein interactions with VCL-DERAA anchor residues P1V, P9F are weaker than the
interactions with insulin residues P1E and P9E, in the DQS&:insulin complex (Supplementary
Figure 14). In the latter, residues P1E and P9E form salt bridges with aHis24 and BArg76,
respectively; similarly, insulin residue P4Y forms stronger nonpolar contacts with the protein,
relative to VCL-DERAA residue P4E (Supplementary Figure 14)3. These differences are in line
with the weaker, relative to insulin, VCL-DERAA affinity for DQS8.

The interactions described so far involve the side chains of anchor residues. The peptide
backbone makes several additional intermolecular hydrogen bonds (Supplementary Table
1 and Supplementary Figure 15) which are consistent with the conserved peptide-protein
interactions of the MHCII binding motif®®. Furthermore, the N- and C-terminal residues form
salt bridges with the protein (P-2E- BArg88, P-2E- BArg53, P11N- alArg76).

As discussed above, our IFN-y ELISA measurements suggest that residues P2F, P8N, P9F and
P10E are important TCR contacts, as they affect T cell recognition. The P2F side chain packs
against the a-helix of the B1 domain of HLA-DQ8 and makes direct contacts with several of
its residues (Figure 5G and Supplementary Figure 14). Its opposite side is exposed to solvent,
and is positioned near the side chain ring of aPhe58. During the simulation, the two rings
remain approximately parallel to each other, at an average mutual distance of ~ 8 A. The P2F
and aPhe58 rings and the nonpolar moiety of P5R form a hydrophobic cluster (Figure 5G),
which could play a role in TCR recognition. The side chains of the important TCR contact
residues P8N and P10E side chains are also solvent-exposed and make few interactions with
the protein. Among the other residues of the DERAA sequence, the P3D and P5R side chains
face also toward the TCR binding region and form a stable salt-bridge interaction.
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ABSTRACT

Introduction Abatacept is a fusion protein of human CTLA-4 and the Fc portion of human
lgG1. It is believed to be effective in the treatment of rheumatoid arthritis by inhibiting co-
stimulation of T cells via blocking CD28-B7 interactions as CTLA-4 binds to both B7.1 (CD80)
and B7.2 (CD86). However, the interaction of CD28 with B7 molecules is crucial for activation
of naive cells, whereas it is unclear whether the action of already activated CD4+ T cells,
which are readily present in established disease, also depends on this interaction.

The aim of this study was to determine whether the mode of action of Abatacept depends
solely on its ability to halt T cell activation in established disease.

Methods Arthritis was induced in thymectomized male DBA/1 mice by immunisation with
bovine collagen type Il. The mice were subsequently depleted for CD4+ T cells. Abatacept
or control treatment was started when 80% of the mice showed signs of arthritis. Arthritis
severity was monitored by clinical scoring of the paws and anti-collagen antibody levels over
time were determined by ELISA.

Results Treatment with Abatacept in the absence of CD4+ T cells resulted in lower disease
activity. This was associated with decreasing levels of collagen specific IgG1 and IgG2a
antibodies while the antibody levels in control or CD4+ T cell-depleted mice increased over
time.

Conclusion These results show that Abatacept decreased disease activity in the absence of
CD4+ T cells indicating that the mode of action of Abatacept in established arthritis does not
entirely depend on its effects on CD4+ T cell activation.
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INTRODUCTION

Rheumatoid arthritis (RA) is a chronic inflammatory autoimmune disease affecting the joints
in approximately 1% of the world population'?. Patients with RA can be treated with non-
steroidal anti-inflammatory drugs (NSAIDs) or with disease-modifying anti-rheumatic drugs
(DMARDs). NSAIDs can alleviate disease symptoms, but do not impede the underlying
inflammatory events or inhibit joint destruction, however, DMARDs do affect the disease
process in all these respects®. Abatacept, a fusion protein of human CTLA-4 and the Fc portion
of human IgG1, is a (biological) DMARD and is an effective therapy for established RA*>. It
is believed to be effective by blocking the co-stimulation of T cells through disruption of
CD28-B7 interactions as CTLA-4 binds to B7.1 (CD80) and B7.2 (CD86) on antigen presenting
cells (APC)®.

CTLA-4-1g has been tested in the collagen induced arthritis (CIA) model in mice and rats as a
preventative treatment and on the first day of clinical onset resulting in lower clinical scores
and reduced joint damage’®. However, Abatacept is used to treat RA patients that failed

anti-TNF treatment. It is likely that, in this phase of disease, the underlying autoimmune
response is fully matured. Likewise, it is conceivable that the action of Abatacept does not
fully depend on its ability to inhibit T cell responses as fully developed T cell responses are
less dependent on CD28 co-stimulation. Indeed, CD28-B7 interactions are important for
the activation of naive T cells, but this is less well-established for the activation of memory
CD4+ T cells'®. CD28-B7 costimulation of memory CD4+ T cells has been described to disturb
IL-2 production and proliferation, however, production of other cytokines and expression of
activation markers CD25 and CD69 are not affected indicating an incomplete dependence on
this pathway!!. Therefore, it is of interest to study the effect of Abatacept in the established
phase of arthritis models as it is more alike the human situation with respect to the
developmental phase of the underlying auto-immune response. In addition, much can be
learned about the pathogenesis of human disease by understanding the mode of action of
therapeutic interventions. The latter is exemplified through the use of e.g. anti-TNF or IL-6R
blocking agents showing the pivotal role of these cytokines in inflammation. Nonetheless, the
exact mode of action of several DMARDs used in RA treatment is still largely unclear, such as
methotrexate or sulfasalazine.

A recent study described the comparison of anti-TNF treatment (Adalimumab) and Abatacept
in a head-to-head study revealing similar efficacy in time based on clinical, functional and
radiographic outcomes®. Intriguingly, anti-TNF therapy is thought to have a quick mode of
action as it directly inhibits inflammation by blocking TNF, while Abatacept is thought to be
effective after a longer time period as the effect of costimulation blockade will not become
apparent directly. Consequently, similar efficacy of Adalimumab and Abatacept indicates a
different mode of action of Abatacept in addition to costimulation blockade. Therefore, we
now investigated whether the mode of action of Abatacept solely depends on its ability to
halt T cell activation. We report a decrease in disease progression and activity after Abatacept
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treatment in the absence of CD4+ T cells indicating that the mode of action of Abatacept in
established arthritis does not entirely depend on its effects on CD4+ T cell activation.

METHODS

Mice

Male DBA/1 mice were obtained from our own breeding colony (originally obtained from
Charles River). Thymectomized DBA/1 mice were purchased from Harlan. All mice were
housed under specific pathogen-free conditions in individually ventilated cages at the animal
facility of LUMC. All experiments were performed in accordance with national legislation
and approved by the Ethical Committee for Animal Experimentation of Leiden University
(approval number 11085 and 12217).

Induction of CIA and evaluation of arthritis

CIA was induced in 8-10 week old male DBA/1 mice as described before®. A clinical score
was assigned based on a scoring protocol were each swollen or red phalanx was given 0.5
point and 1 point per toe. A red or swollen knuckle was given 1 point as well as a red or
swollen footpad and a swollen ankle/wrist was given 5 points. The maximum score for each
paw is 15 points resulting in a maximum score of 60 points per mouse. Disease progression
was monitored till a maximum of 90 days after induction of CIA. Change in clinical score was
calculated by subtracting the clinical score at start of treatment for every scoring time point
after start of treatment till the end of follow up to correct for the difference in clinical score
at start of treatment as the mice did not develop arthritis at the same time.

Treatment

Treatment was started when 80% of the mice showed signs of arthritis. The mice were
randomized over the different treatment groups according to their score to assure that the
mean clinical score of all groups was comparable at start of treatment. On day O of treatment,
100 ug GK1.5 (rat anti-mouse CD4 mAb), was administered intraperitoneally to the mice
that received CD4+ T cell depletion to acquire CD4 depletion at start of treatment. This was
weekly continued till the end of the experiment. For the different treatment regimens, mice
were injected intraperitoneally with 500 pl PBS, 100 ug GK1.5, 1 mg Abatacept (Bristol-Myers
Squibb), 100 pg GK1.5 in combination with 1 mg Abatacept, 1 mg isotype for Abatacept
(Roche) or 1 mg isotype in combination with 100 ug GK1.50onday 1, 3,5, 8, 12 and 19.

Evaluation of CD4+ T cell counts

To confirm that CD4+ T cell depletion after GK1.5 treatment was complete, blood was
collected on day 0, 12, 22, 35 and at the end of the experiment. The blood was lysed and
subsequently stained with CD3 PerCP Cy5.5 (145-2C11), CD4 FITC (RM4-4), CD8 APC (Ly 2 53-
6.7) from BD Pharmingen and CD45 efluor 450 (30-F11) from eBioscience. All samples were
evaluated by a BD LSRFortessa cell analyser (BD Biosciences) and analysed using BD FACSDIVA
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software (BD Biosciences) and FlowJo version 7.6.5 (Tree Star Inc).

Measurement of serum antibodies by ELISA

Anti-collagen type Il and total IgG antibody levels were determined as described before!.
In short, Nunc Maxisorp plates (Thermo Scientific) were coated with 2 pug/ml bovine type
Il collagen (Chondrex) or 3 ug/ml murine type Il collagen (Chondrex) for antigen specific
antibodies or with 0.5 pg/ml goat anti-mouse 1gG (Southern Biotechnology) for total
antibodies. 1gG, 1gG1 and IgG2a were detected using goat anti-mouse 1gG HRP, goat anti-
mouse IgG1 HRP and goat anti-mouse IgG2a HRP respectively (all Southern Biotech). Enzyme
activity was visualized using ABTS. Serial dilutions from pooled sera of arthritic mice were
used as standard to calculate arbitrary units (AU).

Measurement of supernatant antibody titers
At sacrifice bone marrow and spleen cells were isolated and 200.000 cells per well were
cultured in IMDM (Lonza) containing 10% fetal calf serum (Gibco), glutamax, penicillin,

streptomycin (Invitrogen) and 2-mercaptoethanol. After 7 or 14 days of culture supernatant
was harvested and total IgG levels were determined by ELISA.

Statistical analysis

Statistical analysis was performed using GraphPad Prism version 5 (GraphPad Software Inc.).
The Abatacept and CD4 depletion combination treated group and control treated group were
compared using the Student’s T-test or the Mann-Whitney U test as appropriate according to
data distribution. p-values <0.05 were considered to be significant.

RESULTS

Abatacept decreased disease activity in mice depleted of CD4+ T cells by GK1.5
CTLA-4-Igtreatment has been usedinthe CIA model as a preventative intervention’?. However,
CTLA-4-Ig has not been tested in established disease where most of the disease-associated T
cells are thought to be already activated or to have differentiated into memory T cells. Hence,
it is not known whether its mode of action is also mediated through T cell inhibition in this
disease phase. To investigate this, CIA was induced and treatment was started when 80%
of the mice showed signs of arthritis. One day before start of treatment, CD4+ T cells were
depleted by intraperitoneal administration of the CD4+ T cell depleting mAb GK1.5 and GK1.5
treatment was continued weekly until the end of follow up. Intriguingly, mice treated with the
combination of CD4 depletion and Abatacept showed a significant decrease in disease activity
compared to the mice treated with GK1.5 only or PBS control (Figure 1B and 1C). In contrast,
CD4 depletion only did not significantly alter arthritis development compared to the control
group (Figure 1B and 1C). Abatacept treatment in combination with CD4 depletion did not
result in a lower number of affected paws, however, combination treatment did reduce the
number of severely affected paws (clinical score >=5) (Figure 1D and 1E). In addition, novel
paws that developed inflammation after start of therapy, displayed a lower disease score.



76 | CHAPTER 3

A Bovine collagen Bovine collagen

in CFA Kgls;% in IFA ég% Abatacept treatment
) N A T-cell depleti
g//g / g«/g / cell depletion &
‘ «.—»(( ) ! c‘\/ L\\ )
[ Ll
|| 1

L L_LLI1 [ (|
| | Il | 1
Day 0 Day21 Day35 36,38, 40,43, 47,54 Score for artritis Day 81
Day after start treatment Day0 1,3,5,8,12,19 Day 39
B 50+ Clinical score C Change in clinical score
404 % -+ PBS
© » & CD4 depletion
5 304 g - Abatacept
g £ atacep
3 ° =¥~ Abatacept + CD4 depletion
2 20 £
£ [}
© 2
2
104 S
0- T T T T T T 1
0 10 20 30 40 5 60 70 80 45
Day after first immunisation Day after start treatment
D Number affected paws E ; Number severe affected paws
@ @
H H
g g 3 - PBS
2 2o & CDA4 depletion
E E
E Pl E © 24 -o- Abatacept
s 5 9 =% Abatacept + CD4 depletion
3 I
a a .
E1 E 1L * % Kk *
= =
z =z
0 0
T T T T T T T T T 1 T T T T T T T T 1
0 5 10 15 20 25 30 35 40 45 5 10 15 20 25 30 35 40 45
Day after start treatment Day after start treatment
F - -
125, Arthritic paws 125 Non arthritic paws
ok Kk kK k% %
10.0] "3 10.0]
o @ - PBS
s 1 s
375 - 3 75 -= CD4 depletion
8 8 -e- Abatacept
£ 5.04 £ 5.0
o o =¥~ Abatacept + CD4 depletion
2.5 2.5
0.0 T T T T T T T T 7 0.08 T T T T T 1
5 10 15 20 25 30 35 40 45 5 10 15 20 25 30 35 40 45
Day after start treatment Day after start treatment

Figure 1. Abatacept decreased disease activity in mice depleted of CD4+ T cells by GK1.5. (A) Collagen induced
arthritis was induced in male DBA/1 mice and when 80% of the mice showed signs of arthritis, treatment was
started. One day before start of treatment CD4+ T cells were depleted by intraperitoneal administration of GK1.5
and the depletion was continued until the end of follow up. Treatment was administered by intraperitoneal injection
of either PBS (diamonds), GK1.5 (CD4 depletion) (squares), Abatacept (circles) or the combination of GK1.5 and
Abatacept (triangle). The mice were scored 3 times per week for inflammation in the paws to monitor disease
progression. (B) Clinical score over time of the different treatment groups. (C) Change in clinical score from day of
start of treatment over time of the different treatment groups. (D) Number of affected paws per treatment from the
day of start of treatment over time. (E) Number of affected paws with a clinical score of 5 or higher (considered as
severe affected paws) per treatment from the day of start of treatment. (F) Clinical score of paws that showed signs
of arthritis at start of treatment over time per treatment. (G) Clinical score of paws that did not show signs of arthritis
at start of treatment per treatment over time. Values are mean + SEM, n=11 per treatment group. Statistical analysis
was performed using the Student’s T-test. * p<0.05 Abatacept + CD4 depletion vs CD4 depletion
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Thus Abatacept treatment did not prevent arthritis development in non-affected joints, but
it did reduce clinical score of affected joints (Figure 1F and 1G). Similar results were also

obtained in an independent replication experiment (data not shown).
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Figure 2. Incomplete CD4+ T cell depletion by GK1.5 over time. The presence of CD4+ T cells in the blood was
monitored over time using flow cytometry. Blood was collected by tail incision during the experiment or cardiac
puncture at sacrifice. After red blood cell lysis, blood mononuclear cells were cell-surface stained for CD45, CD3, CD4
and CD8. Cells were gated on CD45 and subsequently on CD3 and CD4. (A) Dotplots of representative mice of each
treatment group on day 12 and day 53 after start of treatment (end of experiment). (B) Summary of the percentage
of CD4+ T cells per treatment at the end of follow up is depicted for the blood, spleen and inguinal lymph node
(LN). Each symbol represents 1 mouse. (C) Summary of CD4+ T cells in the blood over time as a percentage of the
PBS treated group. Values are mean + SEM, n=11 per treatment group. Statistical analysis was performed using the
Student’s T-test. * p<0.05 Abatacept + CD4 depletion vs CD4 depletion, ns=not significant
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To confirm complete CD4+ T cell depletion CD4+ T cell frequencies were evaluated in blood of
GK1.5-treated mice. On day 12 after start of treatment CD4+ T cells were correctly depleted as
expected. However, on day 53 CD4+ T cell depletion was not complete anymore. In contrast,
mice receiving the combination of Abatacept and CD4 depletion were still depleted of CD4+
T cells (Figure 2A). This was also the case in the spleen and inguinal lymph node (Figure 2B).
Examining the frequency of CD4+ T cells over time indicated that from day 12 onwards the
CD4+ T cell frequencies gradually increased until the end of the experiment. Nonetheless, at
this time point CD4+ T cell frequencies were still significantly lower compared to the groups
that did not receive GK1.5 (Figure 2C). In contrast, CD4+ T cells in the mice receiving the
combination of GK1.5 and Abatacept treatment remained depleted (Figure 2C), conceivably
as a result from the prevention of the development of an anti-rat antibody response against
GK1.5 by Abatacept. Together, these results show that Abatacept is also effective in a
situation where CD4+ T cell number is greatly reduced, suggesting a T cell-independent effect
of Abatacept that inhibits the progression of arthritis.

Abatacept decreased disease activity in thymectomized mice depleted of CD4+ T cells
Although the data presented above point to a CD4+ T cell independent effect of Abatacept in
the treatment of arthritis, they do not show such effects in a conclusive manner as CD4+T cells
returned after initial depletion. To ascertain that the CD4+ T cells were completely depleted
during the treatment, a more stringent method of CD4+ T cell depletion was implemented.
CIA was induced in mice that were thymectomized at 6 weeks after birth. After immunisation
with collagen type Il and arthritis development, CD4+ T cell depletion was performed using
GK1.5. Because the mice were thymectomized, no new T cells could reappear in CD4+ T
cell-depleted mice. Again, we observed that treatment with Abatacept resulted in reduced
disease activity in CD4+ T cell-depleted mice (Figure 3B). Likewise, a reduced clinical score
of paws that were not arthritic at the start of treatment was observed (Figure 3C) as well
as a reduced number of severely affected paws, but Abatacept treatment did not prevent
arthritis development in joints not affected at start of therapy (data not shown). Abatacept
only treatment did not modulate the clinical score compared to PBS treatment (data not
shown). To confirm that CD4+ T cells were completely depleted, CD4+ T cell frequencies were
monitored over time by flow cytometry. Contrary to treatment with GK1.5 only (Figure 2),
thymectomy in combination with GK1.5 treatment resulted in complete depletion of CD4+ T
cells in mice receiving CD4 depletion (alone or in combination with Abatacept) (Figure 3D).
These results indicate that Abatacept treatment results in decreased disease activity in the
absence of CD4+ T cells.

Reduced antibody levels after treatment with Abatacept in the absence of CD4+ T cells
Collagen type Il specific antibodies play a crucial role in the development of CIA™. Therefore,
collagen type Il specific and total I1gG levels were determined over time in serum of the
thymectomized mice by ELISA. Treatment with Abatacept in the absence of CD4+ T cells
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Figure 3. Abatacept decreased disease activity in thymectomized mice depleted of CD4+ T cells. (A) Collagen
induced arthritis was induced in male DBA/1 mice 2 weeks after they were thymectomized. When 80% of the mice
showed signs of arthritis, treatment was started. One day before start of treatment CD4+ T cells were depleted by
intraperitoneal administration of GK1.5 and the depletion was continued till the end of follow up. Treatment was
administered by intraperitoneal injection of PBS (diamonds), GK1.5 (squares; CD4 depl) or the combination of GK1.5
and Abatacept (triangle; Aba + CD4 depl). The mice were scored 3 times per week for inflammation in the paws to
monitor disease progression. (B) Clinical score and change in clinical score from day of start of treatment over time of
the different treatment groups (Experiment 1). n=10 per treatment group. The same experiment was independently
repeated in another 10 mice per treatment group and an isotype for Abatacept was used as control treatment
(diamond; iso) and in combination with CD4 depletion (cross; iso + CD4 depl) (Experiment 2). Change in clinical score
from day of start of treatment is depicted. In C the clinical score of the paws that did not show signs of arthritis at
the start of treatment is depicted for Experiment 1 and 2. The frequency of CD4+ T cells in blood at the end of follow
up was determined by flow cytometry depicted in D. Abatacept only treatment is not depicted for readability of the
graphs. Values are mean + SEM. Statistical analysis was performed using the Student’s T-test. * p<0.05 Abatacept +
CD4 depletion vs control group, ns=not significant

resulted in decreased total IgG2a levels over time compared to control (Figure 4). More
importantly, also a decrease in bovine collagen type Il (immunisation antigen) and murine
collagen type Il (autoantigen) levels was detected after treatment with Abatacept and GK1.5
(Figure 4). This result was not specific for the 1gG2a isotype as decreased IgG1 levels were
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observed as well (Figure 4). Together, these results indicate that Abatacept treatment leads
to a reduction in disease activity as well as collagen specific antibody levels in the absence of
CD4+ T cells.
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Figure 4. Reduced antibody levels after treatment with Abatacept in the absence of CD4+ T cells. Antibody levels
were determined by ELISA over time. Serum samples were collected on day 0, 12, 21-22, 35 and 47-48 after start
of treatment and total IgG2a and IgG1 levels were determined in the thymectomized mice. In addition, bovine and
mouse collagen type Il specific IgG2a and IgG1 levels were determined. Levels are depicted as percentage of day
0in A. Figure B depicts an independent experiment including the isotype for Abatacept. Abatacept only treatment
is not depicted for readability of the graphs, but showed comparable results to Abatacept + CD4 depletion. Levels
are depicted as percentage of day 0. Values are mean + SEM, n=10 per treatment group. Statistical analysis was
performed using the Mann-Whitney U test. * p<0.05 Abatacept + CD4 depletion vs control group

Reduced antibody levels in supernatant of ex vivo cultured spleen and bone marrow cells
after treatment with Abatacept in the absence of CD4+ T cells

The data presented above suggests that Abatacept treatment could directly affect the number
and/or activity of antibody-secreting B cells. To study whether Abatacept in addition to the
inhibition of costimulation of T cells also affected the antibody producing capacity of spleen
and bone marrow derived B cells, we next isolated spleen- and bone marrow cells from



ABATACEPT IN THE ABSENCE OF CD4+ T CELLS IN CIA | 81

treated animals. Total IgG levels in the supernatant of ex vivo cultured, but not stimulated,
spleen and bone marrow cells were subsequently analysed by ELISA (Figure 5). Spleen cells
of mice treated with Abatacept and CD4 depletion produced lower IgG levels after 7 and
14 days of culture compared to spleen cells of mice receiving only CD4 depletion, although
the percentage of B cells and plasma cells, as analysed by flow cytometry, was comparable
between the different treatment groups (data not shown). This reduction in IgG production
was also observed in the supernatant of cultured bone marrow cells indicating a loss of
antibody producing capacity after Abatacept treatment in the absence of CD4+ T cells.

A Spleen Day 7 50+ Spleen Day 14
30+ * *
= |
° u 40+
° L1 ] °
204 [}
Q S, 304 u
= ° LL] = Ny
] v 8
K ° u K
s u 204
2 m 2 ]
< 104 - v L
P m N Yoy a_m
Py _=..I_ v 0] o ® L= |
TTo6" n L]
o L i —=ony —”‘-r. e '."11'.'. v
. ° m o e%ee ._% AT
L4 \AAMS Aasas L g T
PBS CD4 depletion Abatacept + CD4 depl PBS CD4 depletion Abatacept + CD4 depl
B Bone Marrow Day 7 Bone Marrow Day 14
901 *
60- . * .
804 °
50 70-
L] | ]
© %01 [YS - ©
= um 2 50
£ 30- 3 ]
e . - Y P 407 ° [ ]
= [ u 2 [ ] n
2 204 ° L] < 30 ° u
20 ... EEgyl vY .o .... v
L -Illf— v 204 ° ]
10 ooV au® v ke LA
%e® = A I Ty L Tt
® e u vYY 'y 8 ) 2
(] L1 ™1 1] Yyvw L] vyyyV
T —T— T \d T
PBS CD4 depletion Abatacept + CD4 depl PBS CD4 depletion Abatacept + CD4 depl

Figure 5. Abatacept decreased antibody levels detected in supernatant of ex vivo spleen and bone marrow cells
in the absence of CD4+ T cells. At sacrifice spleen and bone marrow cells were collected and cultured without
stimulation for 7 or 14 days and 1gG production was measured in the supernatant by ELISA. (A) Summary of the IgG
levels detected in supernatant of spleen cells of Experiment 1 and 2. The IgG levels of the PBS and isotype treated
mice are combined and depicted as ‘PBS” and the CD4 depletion and combination of isotype and CD4 depletion
treated groups are combined and depicted as ‘CD4 depletion’. (B) Summary of the IgG levels detected in supernatant
of bone marrow cells cultured for 7 or 14 days of Experiment 1 and 2. Statistical analysis was performed using the
Mann-Whitney U test. * p<0.05 Abatacept + CD4 depletion vs control group

DISCUSSION

Abatacept is an effective treatment in RA and is thought to block costimulation of T cells by
inhibiting CD28-B7 interactions as Abatacept binds to both B7.1 and B7.2°. The interaction of
CD28 with both B7 molecules is crucially important for the activation of naive T cells whereas
its role in the activation of already activated/memory CD4+ T cells is less clear. As such CD4+
T cells are readily present in established disease, we investigated whether Abatacept is still
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effective in the absence of CD4+ T cells in the established disease phase of the CIA model. Our
study revealed that Abatacept treatment is able to decrease disease activity in the absence of
CD4+ T cells, indicating that the mode of action mediated by Abatacept in CIA does not solely
depend on its ability to block costimulation of T cells. In addition, Abatacept treatment is also
capable of reducing collagen-specific and total antibody levels in a T cell independent setting.
To evaluate the mode of action of Abatacept in established disease, CD4+ T cells were depleted
using the rat anti-mouse CD4 antibody, GK1.5. Remarkably, after 12 days of depletion the
CD4+ T cells gradually reappeared in mice treated with GK1.5 only. Interestingly, the CD4+
T cells remained properly depleted in mice treated with the combination of Abatacept and
GK1.5. This observation is most likely explained by the notion that mice treated with GK1.5
develop an anti-rat antibody response ultimately neutralizing the CD4 depleting antibodies.
This illustrates that Abatacept is also capable of blocking costimulation and thereby the
activation of naive T cells, preventing the development of the anti-rat response. Therefore,
the depletion of CD4+ T cells by GK1.5 in mice treated with Abatacept resulting in the
complete and sustained depletion of CD4+ T cells until the end of follow up. For this reason,
we also depleted CD4+ T cells in thymectomized mice to prevent the reappearance of new T
cells when the GK1.5 treatment became less effective and we obtained similar results.

Our results indicate that CD4+ T cells are not required for disease progression once arthritis
is established, since the mice treated with GK1.5 only showed comparable or a trend towards
more severe disease progression as compared to the control groups. These observations are
in line with the observation by Morgan et al. describing that lethal irradiation of mice with CIA,
followed by syngeneic bone marrow transplantation, results in continuation of the disease
even though the T cells were depleted?®. Thus, CD4+ T cells are not required for arthritis
progression once the disease has become clinically manifest in the CIA model. The presented
results are obtained in a mouse model, however, it is not known whether Abatacept has a
direct effect on other cell types in addition to T cells in the human situation. Nonetheless,
a recent study in RA, comparing head-to-head anti-TNF and Abatacept treatment reported
comparable efficacy based on clinical, functional and radiographic outcomes??. Intriguingly,
no difference in the rate of response was noted as similar improvements were observed over
time. As one could speculate that a T cell targeting drug would require more time to mediate
its beneficial effects compared to a TNF inhibitor, this observation could be compatible with
the notion that Abatacept has a different mode of action in addition to the blocking effect on
T cell costimulation in humans as well.

The observation that Abatacept is capable of decreasing disease activity in the absence of
CD4+ T cells does not contradict with the ‘dogma’ that the mode of action of Abatacept
is mediated through blockade of costimulation and thereby activation of (naive) CD4+ T
cells. However, our results do indicate that Abatacept also has another mode of action in
addition to its effects on costimulation. A limitation of our study is that we did not elucidate
the mechanism responsible for the inhibitory effect of Abatacept on arthritis. In this respect
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Abatacept is no different from other DMARDs as methotrexate for which the exact mode of
actionis also not elucidated. Nonetheless, it would be interesting to delineate these additional
modes of action?” as it could allow for a more refined targeted therapy and additional insights
into the etiological pathways of disease.

Recently, Rozanski et al. have described that CD28 serves as a survival factor for long lived
plasma cells. Loss of CD28 or B7.1 (CD80) and B7.2 (CD86) caused significant loss of long lived
plasma cells resulting in decreased antibody titers'®. As Abatacept prevents the binding of
CD28 to CD80/86, this survival signal could be abrogated leading to loss of plasma cells and
consequently a decrease in antibody titers. Indeed, this would be in line with our observation
of decreased antibody levels after Abatacept treatment, reduction of clinical scores as well as
our observation of decreased antibody production by cultured spleen and bone marrow cells
from CD4+ T cell depleted mice treated with Abatacept. Likewise, in the BXD2 mouse model
of autoimmune disease it has been reported that elevated expression of activation induced
cytidine deaminase (AID) in recirculating follicular CD86+ B cells and increased germinal

centre activity are associated with the production of autoantibodies'®. Treatment with
CTLA-4-Ig resulted in normalization of AID expression in the B cells and suppression of IgG
autoantibodies, which could explain the decrease in IgG titers we observed after Abatacept
treatment in the absence of CD4+ T cells.

The CD4+ T cell independent effect of Abatacept could also be explained by the induction
of nitric oxide synthase (NOS) or indoleamine 2,3-dioxygenase (IDO) by antigen presenting
cells®®22 /DO is an enzyme that degrades the essential amino acid tryptophan resulting in local
depletion of tryptophan?, which leads to cell cycle arrest?*? and thereby inhibition of T cell
proliferation and expansion of the immune response?28, IDO has been implicated in disease
aetiology as, for example, it has been reported that CTLA-4 on regulatory T cells can induce
IDO in APCs?, but that regulatory T cells from RA patients fail to induce such expression
due to low CTLA-4 expression®. In addition to the suppressing effect of IDO on proliferating
effector T cells, IDO expressing dendritic cells are able to promote the activation of regulatory
T cells®* and the differentiation of naive T cells to regulatory T cells**32 which could explain the
inflammation suppressing effects of Abatacept. However, Davis et al.* reported inhibition of
naive and memory T cell proliferation and effector function in the absence of IDO induction,
indicating that Abatacept could also have other mechanisms of action.

Abatacept could also have an effect on osteoclast precursors explaining the anti-erosive
effects of Abatacept®3 or on monocytes by modulating their migratory capacity)®*. Direct
effects on macrophages have also been described resulting in decreased cytokine production
and reduction of the inflammatory reaction®”-*° which could account for the beneficial effects
in the treatment of RA.

In conclusion, Abatacept is thought to block costimulation of T cells by blocking the interaction
between CD28 and B7 resulting in inhibition of T cell activation. However, Abatacept reduced
disease progression and activity in the absence of CD4+ T cells in the CIA mouse model
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indicating that Abatacept can exert its action in established arthritis independent from its
effects on CD4+ T cell activation. Since a head-to-head comparison of anti-TNF and Abatacept
treatment resulted in comparable efficacy with a similar time course, it is tempting to
speculate that Abatacept could have an effect on other cell types in addition to T cells in
human RA as well.

ACKNOWLEDGEMENTS

We would like to thank Martine Baarse, Ellen van der Voort, Joanneke Kwekkeboom and
Daniél van der Velden (Department of Rheumatology, LUMC) for technical assistance. This
work was supported by a VICI grant from the Netherlands Organization for Scientific Research,
the Dutch Arthritis Foundation and the IMI funded project BeTheCure, contract no 115142-2.



ABATACEPT IN THE ABSENCE OF CD4+ T CELLS IN CIA | 85

REFERENCES

1. Silman AJ, Pearson JE. Epidemiology
and genetics of rheumatoid arthritis. Arthritis Res
2002;4 Suppl 3:5265-S72.

2. Gabriel SE. The epidemiology of
rheumatoid arthritis. Rheum Dis Clin North Am
2001;27:269-81.

3. Smolen JS, Steiner G. Therapeutic
strategies for rheumatoid arthritis. Nat Rev Drug
Discov 2003;2:473-88.

4, Kremer JM, Westhovens R, Leon M, et
al. Treatment of rheumatoid arthritis by selective
inhibition of T-cell activation with fusion protein
CTLA4Ig. N EnglJ Med 2003;349:1907-15.

5. Genovese MC, Becker JC, Schiff M, et
al. Abatacept for rheumatoid arthritis refractory
to tumor necrosis factor alpha inhibition. N Engl J
Med 2005;353:1114-23.

6. Emery P. The therapeutic potential
of costimulatory blockade with CTLA4lg in
rheumatoid arthritis. Expert Opin Investig Drugs
2003;12:673-81.

7. Webb LM, Walmsley MJ, Feldmann M.
Prevention and amelioration of collagen-induced
arthritis by blockade of the CD28 co-stimulatory
pathway: requirement for both B7-1 and B7-2.
Eur J Immunol 1996;26:2320-8.

8. Knoerzer DB, Karr RW, Schwartz BD,
Mengle-Gaw LJ. Collagen-induced arthritis in the
BB rat. Prevention of disease by treatment with
CTLA-4-Ig. J Clin Invest 1995;96:987-93.

9. Kliwinski C, Kukral D, Postelnek J, et
al. Prophylactic administration of abatacept
prevents disease and bone destruction in a rat
model of collagen-induced arthritis. J Autoimmun
2005;25:165-71.

10. Boesteanu AC, Katsikis PD. Memory
T cells need CD28 costimulation to remember.
Semin Immunol 2009;21:69-77.

11. Ndejembi MP, Teijaro JR, Patke DS, et
al. Control of memory CD4 T cell recall by the
CD28/B7 costimulatory pathway. J
2006;177:7698-706.

Immunol

12. Schiff M, Weinblatt ME, Valente R, et
al. Head-to-head comparison of subcutaneous
abatacept versus adalimumab for rheumatoid
arthritis: two-year efficacy and safety findings
from AMPLE trial. Ann Rheum Dis 2014;73:86-94.

13. Stoop JN, Liu BS, Shi J, et al. Antibodies
specific for carbamylated proteins precede the
onset of clinical symptoms in mice with collagen
induced arthritis. PLoS One 2014;9:102163.

14. van Duivenvoorde LM, Han WG, Bakker
AM, et al. Immunomodulatory dendritic cells
inhibit Th1 responses and arthritis via different
mechanisms. J Immunol 2007;179:1506-15.

15. Luross JA, Williams NA. The genetic
and immunopathological processes underlying
collagen-induced arthritis.

2001;103:407-16.

16. Morgan  ME, Flierman R, wvan
Duivenvoorde LM, et al. Effective treatment of
collagen-induced arthritis by adoptive transfer
of CD25+ regulatory T cells. Arthritis Rheum
2005;52:2212-21.

17. Cutolo M, Nadler SG. Advances in CTLA-
4-lg-mediated modulation of inflammatory cell
and immune response activation in rheumatoid
arthritis. Autoimmun Rev 2013;12:758-67.

18. Rozanski CH, Arens R, Carlson LM, et al.
Sustained antibody responses depend on CD28
function in bone marrow-resident plasma cells. J
Exp Med 2011;208:1435-46.

19. Hsu HC, Wu Y, Yang P et al
Overexpression of activation-induced cytidine

Immunology

deaminase in B cells is associated with production
of highly pathogenic autoantibodies. J Immunol
2007;178:5357-65.

20. Deppong CM, Parulekar A, Boomer
JS, Bricker TL, Green JM. CTLA4-Ig inhibits
allergic airway inflammation by a novel CD28-
independent, nitric oxide synthase-dependent
mechanism. Eur J Immunol 2010.

21. Grohmann U, Orabona C, Fallarino F, et
al. CTLA-4-Ig regulates tryptophan catabolism in
vivo. Nat Immunol 2002;3:1097-101.




86 | CHAPTER 3

22. Munn DH, Sharma MD, Mellor AL.
Ligation of B7-1/B7-2 by human CD4+ T cells
triggers indoleamine 2,3-dioxygenase activity in
dendritic cells. J Immunol 2004;172:4100-10.

23. Mellor AL, Munn DH. IDO expression
by dendritic cells: tolerance and tryptophan
catabolism. Nat Rev Immunol 2004;4:762-74.

24. Munn DH, Sharma MD, Baban B, et al.
GCN2 kinase in T cells mediates proliferative arrest
and anergy induction in response to indoleamine
2,3-dioxygenase. Immunity 2005;22:633-42.

25. Lee GK, Park HJ, Macleod M, Chandler
P, Munn DH, Mellor AL. Tryptophan deprivation
sensitizes activated T cells to apoptosis prior to
cell division. Immunology 2002;107:452-60.

26. Mellor AL, Keskin DB, Johnson
T, Chandler P, Munn DH. Cells expressing
indoleamine  2,3-dioxygenase inhibit T cell

responses. J Immunol 2002;168:3771-6.

27. Mellor AL, Baban B, Chandler P, et
al. Cutting edge:
dioxygenase expression in dendritic cell subsets

induced indoleamine 2,3
suppresses T cell clonal expansion. J Immunol
2003;171:1652-5.

28. Terness P, Bauer TM, Rose L, et al.
Inhibition of allogeneic T cell proliferation
by indoleamine  2,3-dioxygenase-expressing
dendritic cells: mediation of suppression by
tryptophan metabolites. ) Exp Med 2002;196:447-
57.

29. Fallarino F, Grohmann U, Hwang KW,
et al. Modulation of tryptophan catabolism by
regulatory T cells. Nat Immunol 2003;4:1206-12.

30. Cribbs AP, Kennedy A, Penn H, et
al. Treg cell function in rheumatoid arthritis is
compromised by ctla-4 promoter methylation
resulting in a failure to activate the indoleamine
2,3-dioxygenase pathway. Arthritis Rheumatol
2014;66:2344-54.

31. Sharma MD, Baban B, Chandler P, et al.
Plasmacytoid dendritic cells from mouse tumor-
draining lymph nodes directly activate mature
Tregs via indoleamine 2,3-dioxygenase. J Clin

Invest 2007;117:2570-82.

32. Chen W, Liang X, Peterson AJ, Munn
DH, Blazar BR. The indoleamine 2,3-dioxygenase
pathway is essential for human plasmacytoid
dendritic cell-induced adaptive T regulatory cell
generation. J Immunol 2008;181:5396-404.

33. Davis PM, Nadler SG, Stetsko DK,
Suchard SJ. Abatacept modulates human
dendritic cell-stimulated T-cell proliferation and
effector function independent of IDO induction.
Clin Immunol 2008;126:38-47.

34. Bozec A, Zaiss MM, Kagwiria R, et
al. T cell costimulation molecules CD80/86
inhibit osteoclast differentiation by inducing
the IDO/tryptophan pathway. Sci Transl Med
2014;6:235ra60.

35. Axmann R, Herman S, Zaiss M, et al.

CTLA-4 directly inhibits osteoclast formation. Ann
Rheum Dis 2008;67:1603-9.

36. Bonelli M, Ferner E, Goschl L, et al.
Abatacept (CTLA-4IG) treatment reduces the
migratory capacity of monocytes in patients

with rheumatoid arthritis. Arthritis Rheum
2013;65:599-607.
37. Cutolo M, Soldano S, Montagna P,

et al. CTLA4-Ig interacts with cultured synovial
macrophages from rheumatoid arthritis patients
and downregulates cytokine production. Arthritis
Res Ther 2009;11:R176.

38. Cutolo M, Soldano S, Contini P, et
al. Intracellular NF-kB-decrease and IKBalpha
increase in human macrophages following CTLA4-
Ig treatment. Clin Exp Rheumatol 2013;31:943-6.

39. Wenink MH, Santegoets KC, Platt AM,
et al. Abatacept modulates proinflammatory
macrophage responses upon cytokine-activated T
cell and Toll-like receptor ligand stimulation. Ann
Rheum Dis 2012;71:80-3.

40. Brizzolara R, Soldano S, Montagna P, et
al. [CTLA4-Ig interferes and downregulates the
proinflammatory activities of rheumatoid synovial
macrophages in Reumatismo
2011;63:80-5.

monoculture].



ABATACEPT IN THE ABSENCE OF CD4+ T CELLS IN CIA | 87







CHAPTER 4

CONVERSION TO SERONEGATIVE STATUS AFTER
ABATACEPT TREATMENT IN PATIENTS WITH
EARLY AND POOR PROGNOSTIC RHEUMATOID
ARTHRITIS IS ASSOCIATED WITH BETTER
RADIOGRAPHIC OUTCOMES AND SUSTAINED
REMISSION

Diahann T.S. L. Jansen, Paul Emery, Josef S. Smolen, Rene
Westhovens, Manuela Le Bars, Sean E. Connolly, June Ye,
Rene E. M. Toes & Tom W. J. Huizinga

Submitted



90 | CHAPTER 4

ABSTRACT

Introduction This post hoc analysis evaluated the effects of the T cell co-stimulation blocker
abatacept on anti-citrullinated protein antibodies (ACPA) and rheumatoid factor (RF) in early
rheumatoid arthritis (RA), and the association between changes in serological status and
clinical response.

Methods Data from a double-blind, randomised and controlled phase Il study (AGREE) in
methotrexate (MTX)-naive patients with early RA with poor prognostic factors were used in
this analysis. Patients were randomised to abatacept (¥10 mg/kg intravenously according
to weight range) or placebo, plus MTX over 12 months followed by open-label abatacept
plus MTX for a further 12 months. Autoantibody titres were determined by enzyme-linked
immunosorbent assay at baseline and 6 and 12 months of the double-blind phase. Conversion
to seronegative status was evaluated and its association with clinical response was assessed
at months 6 and 12.

Results Patients receiving abatacept plus MTX showed a greater decrease in ACPA (but
not RF) titres and higher rates of both ACPA and RF conversion to seronegative status
than patients treated with MTX alone. A higher proportion of patients converting to ACPA
seronegative status receiving abatacept plus MTX achieved remission according to Disease
Activity Score in 28 joints (C-reactive protein) or Clinical Disease Activity Index than patients
who remained ACPA seropositive. Patients who converted to ACPA seronegative status
treated with abatacept plus MTX had a greater cumulative probability of achieving sustained
remission and less radiographic progression than those receiving MTX alone or patients in
either treatment arm who remained ACPA seropositive.

Conclusions Compared with MTX alone, treatment with abatacept plus MTX was more
likely to induce conversion to ACPA/RF seronegative status in patients with early, erosive RA.
Conversion to ACPA seronegative status was associated with better clinical and radiographic
outcomes.
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INTRODUCTION

Rheumatoid arthritis (RA) is characterised by the production of autoantibodies, in particular
rheumatoid factor (RF) and anti-citrullinated protein antibodies (ACPA). An estimated
50-70% of patients with RA present with detectable ACPA titres, which are mainly of the
immunoglobulin (Ig)G isotype and directed against post-translationally modified proteins®3.
RF autoantibodies are primarily of the IgM isotype and directed against the Fc-portion of the
IgG isotype?. RF and ACPA can be present without clinical symptoms for up to 10 years before
the onset of RA*%, and as such make interesting early biomarkers for the disease. Both RF and
ACPA are moderately correlated with markers of inflammation, although the correlation is
greater for RF°. ACPA is particularly sensitive for diagnosis and is a better prognostic indicator
than RF for more severe RA and more rapid disease progression®2. In an early RA cohort, ACPA
positivity was associated with a higher rate of joint destruction?®. Hecht et al. demonstrated
that both erosion number and size were highest in patients with concomitant ACPA and RF,
and that their effects were additive!*. On the other hand, the presence of RF compared with
its absence is associated with higher disease activity in ACPA+ patients®?, in line with the
amplifying role of RF'3. In addition, RF- and ACPA-producing B cells are detectable at high
levels in the synovial fluid of patients with RA, suggesting a direct contribution to synovial

inflammation*?,

Arecent report from Rombouts et al. provides evidence for a role of T cells in ACPA production.
The authors reported that, unlike other autoantibodies or non-reactive IgG, ACPA IgG
undergo N-linked glycosylation of the Fab variable domains*®. The authors hypothesize that
this glycosylation requires consensus sites not present in the germline Fab domain sequence,
and that these sites are introduced by somatic hypermutation of the Ig variable region?®.
Somatic hypermutation occurs during the process of B-cell proliferation and differentiation
thatis regulated in part by activated T cells®. In addition, the strong association between ACPA
and human leukocyte antigen class Il genes suggests a role for antigen-specific CD4+ T cells in
the immune response against citrullinated proteins®.

Abatacept is a soluble fusion protein consisting of the extracellular domain of human
cytotoxic T lymphocyte-associated antigen-4 (CTLA-4) linked to the modified Fc portion of
human IgG1. Abatacept binds to CD80/CD86 on antigen-presenting cells (APCs), thereby
blocking the interaction between CD80/CD86 and CD28 on T cells and inhibiting T cell co-
stimulation?*?, In addition to peptide—major histocompatibility complex recognition between
APCs and T cells, co-stimulation is required for (naive) T cells to become fully activated®. Thus,
if co-stimulation is blocked, B cell differentiation into antibody-producing cells will likely be
inhibited and antibody production impaired. Treatment with abatacept, through inhibition
of T cell co-stimulation, might therefore be expected to impact on antibody production by B
cells.

Abatacept is an effective treatment for both established?? and early RA*%, and early
treatment of RA has been shown to prevent disease progression and joint damage?*?’. The
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Abatacept trial to Gauge Remission and joint damage progression in methotrexate-naive
patients with Early Erosive rheumatoid arthritis (AGREE) was a 2-year, phase IlI study with a
1-year, double-blind phase that assessed the efficacy, safety and tolerability of intravenous
abatacept plus methotrexate (MTX) compared with placebo plus MTX, in MTX-naive patients
with early erosive RA and poor prognostic indicators®?. The primary results of the study
demonstrated that treatment with abatacept plus MTX resulted in significantly greater and
more sustained clinical and radiographic benefits than treatment with placebo plus MTX.

Since abatacept’s mode of action includes inhibition of T cell co-stimulation, it was
hypothesized that patients who converted to a seronegative status might have a better
clinical response to abatacept treatment than those who remained seropositive. This post-
hoc analysis of the AGREE study investigated the effects of abatacept in combination with
MTX versus MTX alone on conversion to seronegative status in ACPA-seropositive and RF-
seropositive patients, and the relationship between seroconversion and clinical response.

METHODS

Patient population and study design

This was a post hoc analysis performed using data from the previously published AGREE study
(ClinicalTrials.gov identifier NCT00122382)%%. Briefly, MTX-naive patients with early RA (<2
years since diagnosis) who were positive for RF and/or ACPA antibodies and had evidence of
erosion were randomised 1:1 to receive abatacept (~¥10 mg/kg intravenously according to
weight range) plus MTX or placebo plus MTX (hereafter referred to as ‘MTX alone’) over a
12-month double-blind period followed by open-label abatacept plus MTX for an additional
12 months?®?°, At baseline, all patients had high disease activity based on a tender joint count
of 212, a swollen joint count of 210 and C-reactive protein (CRP) levels of >0.45 mg/dL.

Determination of autoantibody titres

Serum samples to assess levels of second-generation anti-cyclic citrullinated peptide-2
(a surrogate of ACPA) antibodies and RF were taken at screening and at 6 and 12 months
of the double-blind period. Anti-cyclic citrullinated peptide-2 and RF antibody titres were
determined by enzyme-linked immunosorbent assay (ELISA). The cut-off for ACPA positivity
was 5 AU/mL and 15 IU/mL for RF positivity.

Outcome measures

ACPA and RF seroconversion was determined by comparing baseline antibody titres with
titres at months 6 or 12 of the double-blind phase. All patients were positive for RF and/or
ACPA at baseline. Those with antibody titres below the limit of detection by ELISA at months
6 or 12 were considered to have converted to a seronegative state.

Disease activity was measured using the Disease Activity Score in 28 joints (CRP) (DAS28
[CRP]) or the Clinical Disease Activity Index (CDAI). Remission was defined as DAS28 (CRP)
<2.6 or CDAI £2.8. First remission was defined as the first visit at which a patient met the
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requirements to achieve remission. Sustained first remission was defined as the first visit
at which remission was reached and subsequently maintained for every visit up to month
12. First remission was determined after 6 and 12 months and sustained first remission was
determined after 12 months of treatment.

Radiographs of the hands and feet were taken at screening, at 6 and 12 months and at the
discontinuation visit. The Genant-modified Sharp scoring method was used to assess the
mean change from baseline in total Sharp score (TSS), and erosion and joint space narrowing
(JSN) scores at months 6 and 12.

Statistical analysis

In the original study, DAS28 (CRP)-defined remission was evaluated for the intent-to-treat
population, with patients who discontinued considered to be non-responders. For the
purpose of this report, analyses were based on patients with DAS28 (CRP) and CDAI data
available at baseline and months 6 and 12. The proportions of patients achieving remission
according to DAS28 (CRP) and CDAI were analysed as point estimates with 95% confidence
intervals (Cls). Cumulative probability of time to achieve first remission and sustained first
remission according to DAS28 (CRP)-defined and CDAI criteria were evaluated based on
Kaplan—Meier estimates with 95% Cls. Patients who lost remission status were censored at

the time of remission loss.

Mean changes from baseline in ACPA and RF titres were evaluated by analysis of covariance
with treatment, baseline score and disease status as covariates. The adjusted mean change,
treatment differences and corresponding 95% Cls were presented for months 6 and 12. In
addition, the proportion of patients with conversion to ACPA and RF seronegative status
at months 6 and 12 were analysed using point estimates with 95% Cls. The relationship
between DAS28 (CRP) or CDAI remission and conversion to ACPA or RF seronegative status
was investigated by determining the proportions (95% Cls) of patients in remission by
seroconversion status at months 6 and 12, and between-group comparisons were made
using the chi-square test. Mean changes from baseline in TSS, erosion and JSN scores were
evaluated by analysis of covariance with treatment, baseline score and disease status as
covariates. The adjusted mean change, treatment differences and corresponding 95% Cls
were presented for months 6 and 12.

RESULTS

Patient population

In the original study, 509 patients were randomly assigned to receive abatacept plus MTX
(n = 256) or MTX alone (n = 253)%2. Of these, 459 patients completed year 1 and 433
completed year 2 2. Demographic data and baseline characteristics have been previously
published?>%, Of the 434 patients who had ACPA status measures at baseline, month 6 and
month 12, 21 (4.8%) were seronegative at month 6. Of the 461 patients who had RF status
measures at baseline, month 6 and month 12, 61 (13.2%) were seronegative at month 6.
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Table 1. Patient demographic data and baseline disease characteristics by conversion to ACPA and RF seronegative
status at month 6
Conversion to ACPA Persistent ACPA seropositive Conversion to RF Persistent RF seropositive
seronegative status seronegative status

Abatacept + MTX alone Abatacept + MTX alone Abatacept + MTX alone Abatacept + MTX alone

MTX MTX MTX MTX
(n=15) (n=6) (n=212) (n=202) (n=39) (n=22) (n=191) (n =209)

Age, years 50.7 (11.1) 61.2 (11.4) 49.8 (12.3) 48.8 (12.7) 51.6 (10.3) 49.5 (14.4) 49.6 (12.6) 49.7 (12.8)
Female, n (%) 13 (86.7) 6 (100) 157 (74.1) 159 (78.7) 29 (74.4) 18 (81.8) 145 (75.9) 170 (81.3)
Weight, kg 65.6 (17.0) 68.8 (16.6) 72.3(17.8) 72.7 (17.9) 71.2(17.2) 68.1(16.1) 71.9 (18.3) 73.5(18.1)
Race, White, n 14 (93.3) 4 (66.7) 167 (78.8) 173 (85.6) 34 (87.2) 20(90.9) 147 (77.0) 179 (85.6)
(%)
Region, n (%)

N. America 2(13.3) 0 40 (18.9) 27 (13.4) 9(23.1) 3(13.6) 32(16.8) 34(16.3)

S. America 5(33.3) 0 83(39.2) 87 (43.1) 7(17.9) 9(40.9) 88 (46.1) 88 (42.1)

Europe 7(46.7) 4(66.7) 72 (34.0) 75 (37.1) 20 (51.3) 8(36.4) 56 (29.3) 74 (35.4)

ROW 1(6.7) 2(33.3) 17 (8.0) 13 (6.4) 3(7.7) 2(9.1) 15(7.9) 13 (6.2)
Duration of RA, 8.9 (8.8) 1.7 (1.5) 6.0 (7.4) 7.0(7.1) 3.7(5.0) 6.9 (8.0) 7.1(8.0) 7.0(7.1)
months
Tender joints 30.0(16.2) 203 (6.9) 31.1(149)  30.3(13.7)  24.6(143)  29.8(150)  32.9(151)  30.9(14.0)
swollen joints 232 (10.3) 15.8(7.6) 22.9(11.7) 22.4(10.4) 20.9(9.6) 20.4(10.1)  23.7(11.9)  22.4(10.4)
patient pain 625(255)  566(27.4) 67.2(222)  668(22.5)  646(24.9)  614(223)  67.9(224)  67.6(228)
assessment
HAQ-DI 1.4(0.7) 1.7 (0.6) 1.7(0.7) 1.7 (0.7) 1.6 (0.5) 1.7 (0.6) 1.7 (0.7) 1.7 (0.7)
patient global 61.7(257)  50.3(282)  66:3(213) 64.3 (23.6) 67.5(22.0) 61.5(22.9) 65.4 (22.6) 63.7 (24.3)
assessment, 100-
mm VAS
Physician global 50.4(163)  567(17.4) 679(182)  654(19.1) 64.1(18.5)  61.9(16.0)  68.2(18.3) 66.1(19.4)
assessment, 100-
mm VAS
DAS28 (CRP) 6.2(0.9) 59(0.7) 6.3(1.0) 6.3(1.0) 6.1(0.9) 6.0 (1.1) 6.4 (1.0) 6.3 (1.0)
DAS28 (ESR) 7.2(0.6) 6.2(0.7) 6.9 (1.0) 6.7 (1.1) 6.7 (0.8) 6.4(1.3) 6.9 (1.0) 6.8(1.1)
ESR, mm/h 44.4(180)  555(343)  49.5(2838) 49.8(32.9) 48.5(21.3) 41.2(243)  49.4(29.9) 51.1(32.7)
CRP, mg/dL 2.4(2.0) 47 (3.4) 3.3(3.3) 3.8(5.4) 3.0(3.0) 2.6(3.2) 3.2(3.1) 3.8(5.4)
Baseline RF 14 (93.3) 6(100) 204 (96.2) 197 (97.5) 39 (100) 22 (100) 191 (100) 209 (100)
positive, n (%)
Baseline ACPA 15 (100) 6(100) 212 (100) 202 (100) 34 (87.2) 15 (68.2) 179 (93.7) 185 (88.5)
positive, n (%)
Total Sharp score 7.1(8.7) 15.4(17.1) 7.7(9.8) 6.7 (8.6) 6.6 (10.6) 5.7(5.9) 7.6(9.3) 6.5 (8.6)
JSN score 2.5 (4.6) 5.8(9.7) 2.1(4.1) 1.8(3.9) 2.0(4.8) 1.5(2.5) 2.1(3.9) 1.9 (4.1)
Erosion score 4.6 (5.0) 9.6(8.1) 5.6 (6.3) 4.9 (5.5) 4.6(6.2) 4.2(3.9) 5.5(6.1) 4.6(5.2)

Data are mean (SD) unless stated otherwise. Conversion to ACPA or RF seronegative status at month 6 meant that
patients who were ACPA or RF seropositive at baseline, respectively, became seronegative at month 6; persistent
ACPA or RF seropositive meant that patients were ACPA or RF seropositive at both baseline and at month 6.

ACPA anti-citrullinated protein antibody, CRP C-reactive protein, DAS28 Disease Activity Score in 28 joints, ESR
erythrocyte sedimentation rate, HAQ-DI Health Assessment Questionnaire-Disability Index, JSN joint space
narrowing, MTX methotrexate, N. America North America, RA rheumatoid arthritis, RF rheumatoid factor, ROW rest
of world, S. America South America, SD standard deviation, VAS visual analogue scale
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Patient demographic data and baseline disease characteristics by conversion to ACPA and
RF seronegative status at month 6 are shown in Table 1. The baseline disease activity in the
patients who seroconverted was DAS28-CRP 5.9 for the MTX treated patients compared to
6.2 in the Abatacept + MTX arm.

RF and ACPA titres following treatment with abatacept plus MTX or MTX alone

A decrease in autoantibody levels after 6 and 12 months, compared with baseline, was
observed for all study groups. Mean ACPA and RF titres decreased from baseline following
treatment with abatacept plus MTX and MTX alone (Figure 1). Whereas similar decreases
in RF titres were observed in both treatment groups, treatment with abatacept plus MTX
resulted in a larger decrease in ACPA titres versus MTX alone at both 6 and 12 months (the
95% Cl of the estimate of difference did not cross 0; Figure 1).
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Figure 1. ACPA and RF titres in patients with early RA treated with abatacept + MTX compared with MTX alone.
Antibody titres were determined by ELISA at baseline and month 6 and 12. Baseline to month 6 and baseline to
month 12 were carried out as separate analyses. Baseline means (SD) for: *abatacept + MTX vs MTX alone were 305
(469) vs 273 (342); **abatacept + MTX vs placebo were 305 (534) vs 272 (514); "abatacept + MTX versus placebo
were 297 (426) vs 272 (344); *fabatacept + MTX versus placebo were 300 (537) vs 270 (524). ACPA anti-citrullinated
protein antibody, C/ confidence interval, ELISA enzyme-linked immunosorbent assay, MTX methotrexate, RA
rheumatoid arthritis, RF rheumatoid factor, SD standard deviation

Conversion to RF and ACPA seronegative status following treatment with abatacept plus
MTX or MTX alone

A numerically larger proportion of patients converted to become RF or ACPA seronegative in
response to treatment with abatacept plus MTX versus MTX alone after 6 and 12 months of
treatment. At 6 months, 17.0% (39/230) and 6.6% (15/227) of patients treated with abatacept
plus MTX were RF and ACPA seronegative, respectively, compared with 9.5% (22/231) and
2.9% (6/208) of patients treated with MTX alone. At 12 months, 18.5% (41/222) and 7.1%
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(15/212) of patients treated with abatacept plus MTX were RF and ACPA seronegative,
respectively, compared with 14.6% (32/219) and 4.6% (9/198) of patients treated with MTX
alone. The proportion of patients who converted to seronegative status was numerically
higher in the abatacept plus MTX treatment group than in the MTX group. Estimated
differences (95% Cls) between treatment groups for conversion to RF and ACPA seronegative
status were, respectively, 7.4% (0.8—-14.1) and 3.7% (—0.8 to 8.2) at 6 months, and 3.9% (-3.5
to 11.2) and 2.5% (2.5 to 7.6) at 12 months; only the estimate of difference (95% Cl) for RF
seroconversion at month 6 did not cross O (Figure 2), indicating that abatacept plus MTX may
have a particularly prominent effect on RF in the early treatment course.

30 - Month 6 Month 12
3.9% (-3.5,11.2
7.4% (0.8, 14.1) 6 ( ) m Abatacept + MTX
O MTX alone
20 4 18.5
17.0
3.7% (-0.8, 8.2) 14.6 2.5% (-2.5, 7.6)

9.5
10 +
6.6 7.1
4.5
2.9
0 n/N 22/231 6/208 32/219 9/198

RF ACPA RF ACPA

Proportion of patients (%)

Converted to seronegative status

Figure 2. Conversion to ACPA and RF seronegative status in patients with early RA treated with abatacept +
MTX compared with MTX alone. The proportion of patients with conversion to ACPA and RF seronegative status
at months 6 and 12 and estimates of difference (95% Cls) between treatment groups are shown. Baseline to month
6 and baseline to month 12 were carried out as separate analyses. ACPA anti-citrullinated protein antibody, C/
confidence interval, ELISA enzyme-linked immunosorbent assay, MTX methotrexate, N total number of patients in
respective analysis, n number of patients that showed seroconversion, RA rheumatoid arthritis, RF rheumatoid factor

Clinical and radiographic responses by conversion to seronegative status

In the abatacept plus MTX arm, a higher proportion of patients who converted to ACPA
seronegative status achieved DAS28 (CRP) and CDAI remission at 6 months compared with
patients who were persistently ACPA seropositive (Figure 3); the estimate of difference
(95% Cl) between converters to seronegative status and those who were persistently ACPA
seropositive did not cross 0 for DAS28 (CRP)-defined remission at month 6. The proportions
(95% Cls) of patients who converted to ACPA seronegative status in the abatacept plus MTX
arm and achieved DAS28 (CRP) and CDAI remission were 66.7% (42.8-90.5) and 46.7% (21.4—
71.9) at 6 months, and 73.3% (51.0-95.7) and 46.7% (21.4—71.9) at 12 months, respectively.
In comparison, the proportions (95% Cls) of patients who were persistently ACPA seropositive
and achieved DAS28 (CRP) and CDAI remission were 32.6% (26.2—38.9) and 20.8% (15.3—
26.2) at 6 months, and 48.7% (41.8-55.7) and 34.5% (27.9—-41.2) at 12 months, respectively.
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A higher proportion of patients treated with abatacept plus MTX achieved DAS28 (CRP)
or CDAI remission at 6 and 12 months compared with patients treated with MTX alone,
regardless of whether they converted to seronegative status or not. In the MTX alone arm,
the proportions (95% Cls) of patients achieving DAS28 (CRP) and CDAI remission were 16.7%
(0.0-46.5) and 16.7 (0.0-46.5) at 6 months, and 22.2% (0.0-49.4) and 11.1% (0.0-31.6) at
12 months, respectively, for patients who converted to ACPA seronegative status; and 21.8%
(16.1-27.5) and 13.4% (8.7-18.1) at 6 months, and 31.8% (25.1-38.4) and 20.1% (14.4—-25.8)
at 12 months, respectively, for patients who were persistently ACPA seropositive.
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Figure 3. Percentage of patients achieving remission by conversion to ACPA seronegative status. Antibody titres
were determined by ELISA at baseline and months 6 and 12. Baseline to month 6 and baseline to month 12 were
carried out as separate analyses. ACPA anti-citrullinated protein antibody, CDA/ Clinical Disease Activity Index, CRP
C-reactive protein, DAS28 Disease Activity Score in 28 joints, ELISA enzyme-linked immunosorbent assay, MTX
methotrexate

In the abatacept plus MTX treatment arm, numerically, there was a higher cumulative
probability of reaching sustained first DAS28 (CRP)-defined remission among patients who
converted to seronegative status compared with those who remained ACPA seropositive
(Figure 4). This difference was not observed among patients who received MTX alone. In
patients who remained ACPA seropositive, there was a statistically significant benefit in the
abatacept plus MTX group compared with MTX alone (p =0.001; log-rank test). The proportion
of patients who achieved sustained remission was consistently higher in the abatacept plus
MTX treatment group versus MTX alone.

In both treatment groups, patients who underwent conversion to ACPA seronegative status
showed less radiographic progression, as indicated by a smaller mean change from baseline
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in Genant-modified TSS, erosion and JSN scores at both 6 and 12 months, than patients who
were persistently ACPA seropositive (Figure 5). The estimate of difference (95% Cl) between
those who converted to seronegative status and those who remained ACPA seropositive
did not cross 0 only for TSS and erosion score in the abatacept plus MTX group at month
12. Differences in TSS and erosions scores, but not JSN scores, between converters to ACPA
seronegative status and patients who were persistently ACPA seropositive were larger among
patients treated with abatacept plus MTX compared with those who received MTX alone.

1.0 1 ---- Abatacept + MTX: persistent ACPA positive
09 | — Abatacept + MTX: converted to ACPA seronegative status
' ---- MTX: persistent ACPA positive
0.8 1 —— MTX: converted to ACPA seronegative status
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Figure 4. Cumulative probability of time to achieve first sustained DAS28 (CRP) remission by conversion to ACPA
seronegative status. The cumulative probability of the time to achieve sustained first DAS28 (CRP) remission over 12
months in all patients treated with abatacept + MTX or MTX alone who underwent conversion to ACPA seronegative
status compared with those who remained ACPA seropositive was evaluated based on estimated Kaplan—
Meier curves with corresponding 95% Cls. In patients who remained ACPA seropositive, there was a statistically
significant benefit in the abatacept plus MTX group compared with MTX alone (p = 0.001; log-rank test). There
were no significant differences between the abatacept plus MTX versus MTX alone treatment groups in patients
who underwent conversion to ACPA seronegative status, or within treatment groups between converters to ACPA
seronegative status compared with those who remained ACPA seropositive. Antibody titres were determined by
ELISA at baseline and months 6 and 12. Baseline to month 6 and baseline to month 12 were carried out as separate
analyses. ACPA anti-citrullinated protein antibody, CI confidence interval, CRP C-reactive protein, DAS28 Disease
Activity Score in 28 joints, ELISA enzyme-linked immunosorbent assay, MTX methotrexate

DISCUSSION

In the AGREE study, patients with early, poor prognostic RA (erosions, highly active disease
and seropositivity; 96.5% and 89.0% of patients were RF or ACPA seropositive), who were
treated with abatacept plus MTX for 12 months achieved sustainable clinical, functional
and radiographic benefits compared with patients treated with MTX alone?®®. The present
posthoc analysis investigated the effect of abatacept in combination with MTX on RF and ACPA
titres and the potential association between ACPA titres and clinical response. Combined
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treatment with abatacept and MTX led to a decrease in both RF and ACPA titres over 6 and
12 months, and conversion to RF and ACPA seronegative status in 17.0-18.5% and 6.6—7.1%
of patients, respectively. In those patients who converted to an autoantibody negative status
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Figure 5. Radiographic outcomes in patients with early RA treated with (A) abatacept + MTX or (B) MTX alone by
conversion to ACPA seronegative status. Antibody titres were determined by ELISA at baseline and months 6 and
12. Baseline to month 6 and baseline to month 12 were carried out as separate analyses. Error bars represent 95%
Cls. ACPA anti-citrullinated protein antibody, C/ confidence interval, ELISA enzyme-linked immunosorbent assay, JSN
joint space narrowing, MTX methotrexate, RA rheumatoid arthritis, 7SS total Sharp score

the remission rates were higher than in those patients who did not seroconvert.

Abatacept inhibits T cell co-stimulation by binding to CD80 and CD86 on APCs and blocking
the binding of CD28 to CD80/86 %°. B cells proliferate and differentiate into antibody-
producing cells and switch from production of IgM to IgG antibodies in response to stimuli
from activated CD4+ T cells, e.g. increased cytokine production®. Thus, abatacept has the
potential to indirectly impact IgG isotype switching by inhibiting the co-stimulation and
activation of T cells.

In the present study, after 6 and 12 months, a greater decrease in ACPA titres was observed
with treatment with abatacept plus MTX compared with MTX alone, whereas mean
decreases from baseline in RF titres were similar for the two treatment arms. However, in
observational studies independent of the use of biological agents reductions in RF as well as
ACPA levels have been observed and, indeed in line with the present study, more frequent RF
seroconversion than ACPA seroconversion was observed. Reductions of both autoantibodies
were linked to a reduction of disease activity and associated with reductions in disease
activity®!. RF autoantibodies are primarily of the IgM isotype whereas ACPA are primarily of
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the IgG isotype. B cells do not require T cell help to produce IgM isotype antibodies, whereas
switching from IgM to IgG isotypes is a feature of B-cell somatic hypermutation, which occurs
during proliferation and differentiation of B cells —in part regulated by activated T cells®. Thus,
the difference in effect of abatacept plus MTX compared with MTX alone on RF versus ACPA
titres might be explained by this difference in autoantibody isotype. In contrast, treatment
with abatacept plus MTX led to higher rates of conversion to RF or ACPA seronegative status
compared with treatment with MTX alone. Although abatacept inhibits T cell activation, it
also exerts anti-inflammatory effects in a T cell independent way??, potentially through direct
effects on B cells** and macrophages**.

Current treatment strategies for RA employ a targeted approach aimed at reaching
remission or low disease activity®>*®. The present analysis showed that in the abatacept
plus MTX treatment arm the proportion of patients who achieved DAS28 (CRP)- or CDAI-
defined remission was higher among those who converted to seronegative status than those
who remained persistently ACPA seropositive. Furthermore, the cumulative probability of
achieving sustained first remission according to DAS28 (CRP)-defined criteria was higher
among patients who converted to ACPA seronegative status treated with abatacept plus MTX
than in those who remained ACPA seropositive. The small proportion of patients who were
converters to ACPA seronegative status showed less radiographic progression over 12 months
than patients who remained ACPA seropositive, regardless of treatment.

These findings are in line with previous studies of abatacept in patients with early RA. In the
ADJUST trial®®, patients with undifferentiated arthritis or very early RA treated with abatacept
for 6 months had delayed disease progression and prolonged inhibition of radiographic
progression after cessation of treatment versus placebo, with a decrease from baseline in
RF and ACPA titres®. In the AVERT study?*, compared with patients treated with MTX alone,
patients treated with abatacept plus MTX showed significantly higher rates of remission and
a higher number of patients achieved sustained drug-free remission after withdrawal of all
therapy, as well as reduced inflammation and structural damage progression as assessed
by changes in MRI scores (synovitis, osteitis and bone erosions)®’. Furthermore, in a post
hoc analysis of the AVERT study (MTX-naive patients with early RA and highly active and
erosive disease; 100% and 95.2% of patients were ACPA and RF positive, respectively), a
higher proportion of patients receiving abatacept plus MTX underwent conversion to ACPA
seronegative status compared with those receiving MTX3®. In addition, a numerically higher
proportion of patients treated with abatacept plus MTX who became seronegative (ACPA
IgM isotype) achieved clinical remission at 12 months compared with those who did not
seroconvert, differences that were not seen for patients treated with MTX alone.

On the other hand, a post hoc analysis of the AMPLE trial suggested that, despite a similar
clinical response over 2 years between the two treatment groups, only abatacept plus
MTX produced a continuous decline in the median levels of most ACPAs beyond 1 year of
treatment; an effect that was not sustained with adalimumab plus MTX?.
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In the abatacept plus MTX group, a link between conversion to seronegative status and
remission/inhibition of structural damage was noticeable, while this link was less obvious
in the MTX group. Taken together, these data demonstrate that abatacept is an effective
treatment in patients with early RA and that, by modulating T-cell responses at very early
stages of the disease, it might be possible to alter underlying autoimmune processes; i.e.
slowing or halting disease progression with the potential for sustained drug-free remission.
There are limitations to post hoc analyses, which should be considered when interpreting the
data presented here. The present post hoc analysis was a completers-only analysis, carried
out on a subset of patients included in the original AGREE study who had complete data sets.
The study was not designed or powered to detect differences between the treatment groups
based on seroconversion status, thus statistical testing in this analysis should be interpreted
with caution. Moreover there are no formal corrections for multiple testing. Finally, this post
hoc analysis was carried out in a relatively small population; as such, only some of the findings
reached ‘significance’, particularly in larger subgroups of patients. The findings would benefit
from validation in a larger patient population.

In conclusion, the present post hoc analysis demonstrated that treatment with abatacept in
combination with MTX led to a decrease in autoantibody titres, resulting in some patients
undergoing conversion to RF and ACPA seronegative status. Conversion to ACPA seronegative

status was associated with higher rates of remission, an increased likelihood of achieving
sustained remission and less radiographic progression.
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ABSTRACT

Introduction Increased numbers of IL-17-producing CD4+ T cells have been observed in
ankylosing spondylitis. However, it is not known if these CD4+ T cells are already present in
early disease or if this is a late disease phenomenon only. Therefore we aimed to investigate
whether IL-17-producing CD4+ T cells are involved in early active axial spondyloarthritis
including patients without imaging abnormalities, by determining the frequency and
phenotype of IL-17-producing CD4+ T cells in these patients.

Methods Flow cytometry was used to analyse the cytokine production and surface marker
expression of peripheral blood mononuclear cells from 31 patients suffering from early
active HLA-B27-positive axial spondyloarthritis fulfilling the Assessment of SpondyloArthritis
International Society (ASAS) criteria with or without MRI abnormalities and 21 healthy
controls.

Results Patients with early active axial spondyloarthritis showed an increased percentage
of IL-17-producing CD4+ T cells compared to the healthy controls (mean 1.1% vs 0.4%
respectively, p=0.013). The percentage of IL-17-producing CD4+ T cells was equally increased
in patients with and without MRI abnormalities (1.2% vs 1.1% respectively, p=0.81). These
IL-17-producing CD4+ T cells expressed the af T-cell receptor but not the yd T-cell receptor,
exhibited a memory phenotype and expressed CD161, but only sporadically expressed killer
cell immunoglobulin-like receptor 3DL2 (KIR3DL2).

Conclusion IL-17-producing CD4+ T cells are increased in patients with early active axial
spondyloarthritis both with and without MRI abnormalities. This finding shows that the
frequency of IL-17-producing CD4+ T cells is enhanced in the early stages of disease.
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INTRODUCTION

Axial spondyloarthritis (SpA) is a common chronic disease involving the sacroiliac (Sl) joints
and the axial skeleton. The most well-known form of axial SpA is ankylosing spondylitis (AS)
which is characterized by sacroiliitis on conventional radiographs. However, radiographs
become positive for sacroiliitis at a rather late stage, as they detect only structural damage as a
consequence of inflammation and not the inflammation itself. The term nonradiographic axial
spondyloarthritis (nr-axSpA) has recently been introduced to identify patients with axial SpA
without structural changes in the sacroiliac joints. The new Assessment of SpondyloArthritis
International Society (ASAS) criteria were subsequently developed as classification criteria for
axial SpA covering both radiographic axial SpA (AS) and nr-axSpA?. Patients with nr-axSpA can
either show inflammation on MRI of the Sl joints with one SpA feature (imaging arm) or be
HLA-B27-positive with two additional SpA features (clinical arm).

SpA is an HLA-B27-associated inflammatory disease and several lines of evidence suggest
that the pro-inflammatory cytokine interleukin 17-A (IL-17) is involved in the pathogenesis
of AS. In animal models it has been described that IL-17-producing CD4+ T cells are expanded
in SpA-prone HLA-B27 transgenic rats? and that IL-17-producing CD4+ T cells are increased in
regional lymph nodes of male BXSB x NZB F1 mice that spontaneously develop seronegative
ankylosing enthesitis in the ankle or tarsal joints®. In humans, an increase in the number
of IL-17-producing CD4+ T cells in the blood of patients with AS compared with healthy
controls has been reported*®. However, other studies have not been able to reproduce these
findings”®. In addition, AS is associated with genetic polymorphisms of the IL-23 receptor

with the susceptibility-conferring R381Q allele variant characterized by enhanced Th17
responses®, Finally, an anti-IL17A monoclonal antibody has shown promising results in the
treatment of AS patients®. Irrespective of all the evidence for the involvement of IL-17 in the
pathogenesis of AS, the underlying mechanism connecting HLA-B27 and IL-17 production
is incompletely understood. Bowness et al. showed that HLA-B27 is capable of forming
homodimers and that these homodimers are able to bind the killer cell immunoglobulin-
like receptor 3DL2 (KIR3DL2)®. Furthermore, they showed that AS patients have increased
levels of IL-17-producing CD4+ T cells that express KIR3DL2 and that binding of KIR3DL2 to
HLA-B27 induces proliferation and production of IL-17 by these CD4+ T cells, potentially
linking HLA-B27 to IL-17 production®*.

It is not known whether IL-17-producing CD4+ T cells play a role in disease initiation or
maintenance. Furthermore, the expression of KIR3DL2 on IL-17-producing CD4+ T cells
early in disease has not been examined. To investigate whether IL-17-producing CD4+ T cells
are already involved at the onset of disease, we set out to determine the frequency and
phenotype of IL-17-producing CD4+ T cells in early active axial SpA (axial SpA).
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METHODS

Patients

Peripheral blood was obtained from patients visiting the outpatient clinic of the Leiden
University Medical Center, Leiden, the Netherlands, classified with axial spondyloarthritis
according to the ASAS criteria®. Fourteen patients had a negative MRI of the S| joints and
17 patients had a positive MRI with bone marrow oedema highly suggestive of sacroiliitis
according to the ASAS definition. None of the MRI-negative patients had sacroiliitis on
radiographs compared with 6 out of 17 patients with a positive MRI. All patients were HLA-
B27-positive and on average had a high Ankylosing Spondylitis Disease Activity Score (ASDAS;
Table 1). Median back pain duration was 16 months. The median number of SpA features in
the MRI-negative patients was four (range three to six) and also four in MRI-positive patients
(range two to six). Five patients used DMARDs because of an extra-axial manifestation;
sulfasalazine was used in two patients for IBD and in two patients for peripheral arthritis. One
patient used methotrexate for arthritis. Two patients used a TNF blocker (both adalimumab),
one for IBD and one for psoriasis.

The average number of days between the MRI being performed and peripheral blood
mononuclear cell (PBMC) isolation was 2.4 days (range 0-21). Written informed consent was
obtained from all participating patients. The study has been reviewed and approved by the
medical ethical committee of the Leiden University Medical Center.

Controls consisted of 21 healthy blood donors of which buffy coats were obtained from
the blood bank (Sanquin, the Netherlands). Of these healthy controls, 12 individuals were
HLA-B27 positive and 9 individuals were HLA-B27 negative to investigate the influence of
HLA-B27 on the frequency of IL17-producing CD4+ T cells. Detailed patient and control
characteristics are provided in Table 1.

Intracellular cytokine and surface staining

PBMCs were isolated from peripheral blood of buffy coats using Ficoll Paque gradient
centrifugation (Leiden University Medical Center Pharmacy). Cells were stimulated with
50 ng/ml phorbol 12-myristate 13-acetate (PMA) (Sigma, St Louis, MO, USA) and 1 pg/ml
jonomycin (Sigma) for 5 hours, in the presence of 5 pug/ml Brefeldin A (Sigma) during the
final 4 hours of the incubation. After stimulation surface staining was performed using the
following antibodies; CD3 PE-Cy7 (SK7), CD4 APC-Cy7 (RPA-T4), CD8 AlexaFluor 700 (RPA-TS),
CD14 Pacific Blue (M5E2), CD28 FITC (CD28.2), CD45R0 PE-CF594 (UCHL1), T cell receptor-af3
(TCRap) AlexaFluor 488 (WT31) and TCRyS PE (B1) all purchased from BD Biosciences (San
Jose, CA, USA), CD56 Brilliant Violet 605 (HCD56) and CD161 Brilliant Violet 421 (HP-3G10)
purchased from Biolegend (San Diego, CA, USA) and KIR3DL2 PE (DX31) from the University of
California San Francisco (San Francisco, CA, USA). Intracellular staining was performed using
the Cytofix/Cytoperm Fixation/Permeabilization Solution Kit from BD Biosciences and IL-
17A AlexaFluor 647 (eBio64CAP17; eBioscience, San Diego, CA, USA) and IFNy PE (4S.B3; BD
Biosciences). All samples were measured on a BD LSRFortessa cell analyser (BD Biosciences)
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and analysed using BD FACSDIVA software (BD Biosciences) and FlowJo version 7.6.5 (FlowJo,
Ashland, OR, USA).

Statistical analysis

All statistical analysis were performed using GraphPad Prism version 5 (GraphPad Software,
LaJolla, CA, USA) including regression analysis. The different patient and control groups were
compared using a Mann-Whitney test. p-values <0.05 were considered to be significant.

Table 1. Characteristics of patients with axial spondyloarthritis with and without imaging abnormalities and
healthy controls

MRI negative MRI positive Controls

(n=14) (n=17) (n=21)
Age median (range), years 29 (19-47) 30 (23-50) 47 (29-60)
Males, n (%) 5(36) 14 (82) 12 (57)
Duration of back pain, median (range), months 17 (4-45) 16 (6-36) n/a
Family history of SpA, n (%) 3(21) 7 (41) n/a
Inflammatory backpain, n (%)? 13 (93) 12 (71) n/a
Heel pain, n (%) 3(21) 3(18) n/a
Anterior uveitis, n (%)° 6 (43) 1(6) n/a
Arthritis, n (%)° 4 (29) 5(29) n/a
Dactylitis, n (%)° 1(7) 2(12) n/a
Psoriasis, n (%)° 1(7) 0(0) n/a
Inflammatory bowel disease, n (%) 2 (14) 0(0) n/a
HLA-B27 positive, n (%) 14 (100) 17 (100) 12 (57)
Elevated CRP or ESR, n (%) 3(21) 9 (59) n/a
Sacroiliitis on MR, n (%) 0(0) 17 (100) n/a
Sacroiliitis on X-ray, n (%) 0(0) 6 (36) n/a
Current NSAID use, n (%) 9 (64) 14 (82) n/a
Current DMARD use, n (%) 3(21) 2(12) n/a
Current TNF-blocker use, n (%) 1(7) 1(6) n/a
ASDAS-CRP, median (range) 3.1(1.5-5.3) 3.0 (2.0-5.0) n/a

2According to ASAS definition. "Physician observed. ASAS: Ankylosing SpondyloArthritis International Society; ASDAS-
CRP: Ankylosing Spondylitis Disease Activity Score with CRP; n/a: not applicable.

RESULTS

Increased frequency of IL-17-producing CD4+ T cells in patients with axial SpA irrespec-
tive of imaging abnormalities

Flow cytometry was used to determine the intracellular expression of IL-17 by PBMCs from
31 patients with axial SpA and from 21 healthy controls after stimulation with PMA and
jonomycin (patient and control characteristics are provided in Table 1). Patients with axial
SpA exhibited a higher percentage of IL-17-producing CD4+ T cells compared with healthy
controls (Figure 1A and 1B; mean 1.1% vs 0.4% in controls; p=0.013). The percentage of IL-17-
producing CD4+ T cells was equally increased in axial SpA patients with (n= 14) and without
(n=17) MRI abnormalities (mean 1.2% vs 1.1%, p= 0.81). Moreover, this increase was disease
related and not HLA-B27 specific as the healthy controls positive (n= 12) and negative (n=9)
for HLA-B27 showed comparable percentages of IL-17-producing CD4+ T cells (mean 0.4% vs
0.3%, p= 0.45; Figure 1B). IL-17 production by CD8+ T cells was determined as well, however,
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Figure 1. Increased percentage of IL-17-producing CD4+ T cells in patients with axial SpA irrespective of imaging
abnormalities. PBMCs of 31 axial SpA patients and 21 healthy controls were stimulated with PMA and ionomycin
for 5 hours and subsequently surface stained with CD3, CD4, CD8, CD14 and CD56 and intracellularly stained with
IL-17A or IFNy. The monocytes and natural killer cells were excluded by gating on the CD14- and CD56-negative cells
and subsequently the T cells were selected by gating on CD3 and CD4 double-positive cells. Then the production
of IL-17A and IFNy by these CD4+ T cells was analysed. (A) Dot plots of a representative patient and control. (B)
Overview of the IL-17-producing CD4+ T cells in axial SpA patients either with (MRI+; n= 17) or without (MRI-; n= 14)
MRI abnormalities and healthy controls either positive (HLA-B27+; n= 12) or negative (HLA-B27-; n=9) for HLA-B27.
(C) Overview of the IFNy-producing CD4+ T cells in axial SpA patients either with (MRI+) or without (MRI-) MRI
abnormalities and healthy controls either positive (HLA-B27+) or negative (HLA-B27-) for HLA-B27. *p < 0.05. ns =
not significant. PBMCs: peripheral blood mononuclear cells; PMA: phorbol 12-myristate 13-acetate.
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IL-17+ CD8+ T cells were not detected in patients irrespective of imaging abnormalities nor
in the healthy controls irrespective of their HLA-B27 status (data not shown). In addition to
the intracellular expression of IL-17, the intracellular expression of IFNy by CD4+ T cells was
determined as well. The frequency of IFNy-producing CD4+ T cells was higher in axial SpA
patients compared with healthy controls, although no statistical significance was reached
(mean 13.9% vs to 10.7%, p= 0.07; Figure 1C). Together, these data indicate an expansion
of IL-17- and possibly IFNy-producing CD4+ T cells in the PBMC fraction of axial SpA patients
already early in the disease.

As controls were on average older than patients, we analysed whether the increased
percentage of IL-17-producing CD4+ T cells in patients was correlated with age. In both patients
and controls there was no correlation between age and the number of IL-17-producing CD4+
T cells as linear regression analysis correlating age versus percentage of IL-17-producing
CD4+ T cells showed that the slope of the fitted line was not significantly different from zero
(p=0.64 for patients and p= 0.68 for controls; data not shown). Moreover, using the median
age to dichotomize groups showed that the mean percentage of IL-17-producing CD4+ T cells
was not significantly different between young or old patients compared with controls (mean
0.7% vs 1.5%, p=0.15 and mean 0.3% vs 0.4%, p= 0.65, respectively; data not shown).

In addition, we investigated whether the presence of extra-axial manifestations or the use
of DMARDs and biologicals in patients explained the finding. Both DMARD/biological use
and a history of extra-axial manifestations was associated with a higher percentage of IL-17-
producing CD4+ T cells compared with patients without (mean 1.9% vs 1.0% and mean 1.4

vs 1.0%, respectively), however, neither was significant (p= 0.17 and p= 0.98, respectively;
data not shown). Of note, when the blood sampling for this study was performed, according
to the clinical assessment of the treating physician, none of the patients with extra-axial
manifestation had signs of activity of that manifestation except the one patient with psoriasis.

IL-17-producing CD4+ T cells in patients with axial SpA express TCRaf and CD161 and
exhibit a memory phenotype, but sporadically express KIR3DL2

IL-17 production by TCRaB- and TCRyd-positive CD4+ T cells in AS has been described”?.
Therefore the expression of TCRaB and TCRyd by the IL-17-producing CD4+ T cells of 11
axial SpA patients was evaluated using flow cytometry after stimulation with PMA and
ionomycin. The IL-17-producing CD4+ T cells in patients with axial SpA did not express TCRyS,
but they did express TCRaf (Figure 2A). To further characterize the IL-17-producing CD4+ T
cells in axial SpA patients, the expression of CD161 was evaluated. CD161 is a marker of IL-
17-producing T cells induced by RORC. Indeed, CD161 expression was observed on a large
proportion of IL-17-producing CD4+ T cells. On average 50.8% of the IL-17-producing CD4+ T
cells expressed CD161 in patients (Figure 2B). Since IL-17-producing CD4+ T cells are thought
to reside within the memory pool, the memory status of the IL-17-producing CD4+ T cells was
evaluated using the expression of CD28 and CD45R0. As expected, IL-17-producing CD4+ T
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cells showed an expression pattern compatible with early memory (CD28+ CD45R0+) and
memory phenotype (CD28-CD45R0+). On average 83.0% of the IL-17-producing CD4+ T cells
were positive for CD28 and CD45R0O and 10.8% of the IL-17-producing CD4+ T cells were
CD28-CD45R0+ (Figure 2C).
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Figure 2. IL-17 is produced by TCRap-positive CD4+ T cells that exhibit a memory phenotype and show a
heterogeneous expression of CD161. TCR expression of IL-17-producing CD4+ T cells of axial SpA patients was
evaluated by determining the expression of TCRaf and TCRyS and subsequently the IL-17 production by these
cells using flow cytometry. (A) Dot plots of a representative patient (top). Summary of 11 patients with each dot
representing one patient (bottom). The expression of CD161 by IL-17-producing CD4+ T cells was also determined by
flow cytometry. (B) Dot plot of a representative donor (top). Cells were gated on CD3+CD4+ IL17+ T cells and their IL-
17 production (x-axis) and CD161 expression (y-axis) is depicted. A summary of 11 patients is depicted in the bottom
graph. (C) Memory phenotype of the IL-17-producing CD4+ T cells. The cells were gated on CD3+CD4+ T cells positive
for IL-17 and subsequently the memory phenotype was determined by different combinations of expression of CD28
and CD45R0. CD28+CD45R0- cells were considered to be naive T cells, CD28+CD45R0+ cells were considered to
be early memory T cells, CD28-CD45R0- cells were considered to be memory T cells and CD28-CD45R0- cells were
considered to be late memory cells. Representative dot plot of CD45R0 and CD28 expression by IL-17-producing
CD4+ T cells (top). Summary of 11 patients is depicted in the bottom graph.

HLA-B27 has been described to bind to KIR3DL2 expressed by CD4+ T cells in AS patients,
thereby stimulating IL-17 production®. Therefore, the expression of KIR3DL2 on the IL-
17-producing CD4+ T cells of patients with axial SpA was determined by flow cytometry.
Expression of KIR3DL2 was detected on a small percentage of CD4+ T cells, on average
0.8% of the CD4+ T cells expressed KIR3DL2 (Figure 3A and 3B). Of these KIR3DL2+ CD4+
T cells, on average 2% produced IL-17 after stimulation. Thus, although a relative increase
in IL-17-producing cells was observed within the KIR3DL2+ CD4+ T cells versus the total
CD4+ T cell population (i.e. 2% vs 1.2%), only 0.02% of CD4+ T cells were double positive
for IL-17 and KIR3DL2 (Figure 3C) as a result of the relative infrequency of KIR3DL2+ CD4+ T
cells in peripheral blood. The expression of other KIRs was also evaluated using an antibody
that recognizes KIR2DL2, KIR2DL3 and KIR2DS2 (KIR2DL2/3). Expression of KIR2DL2/3 was
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detected on average on 0.1% of the CD4+ T cells (Figure 3D and 3E). Unexpectedly, a relative
large fraction of these cells produced IL-17 as, on average 11.9% of the KIR2DL2/3+ CD4+ T
cells stained positive for IL-17. Nonetheless, KIR2DL2/3 is expressed by a minority of CD4+ T
cells, as only 0.01% of the total CD4+ T cells were IL-17 and KIR2DL2/3 positive (Figure 3F).
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Figure 3. A small minority of IL-17-producing CD4+ T cells express KIRs. Killer cell immunoglobulin-like receptor
(KIR) expression of IL-17-producing CD4+ T cells of patients with axial SpA was analysed using FACS. Cells were gated
on CD3+CD4+ T cells and subsequently KIR and IL-17 expression was determined. Representative dot plots of IL-17
and KIR expression are depicted: (A) KIR3DL2 and (D) KIR2DL2/3. Summary of expression of (B) KIR3DL2 and (E)
KIR2DL2/3 on CD4+ T cells of 11 patients. (C) and (F) represent the percentage of double-positive CD4+ T cells; either
(C) IL-17 and KIR3DL2 or (F) IL-17 and KIR2DL2/3 double-positive cells.

DISCUSSION

Increased levels of IL-17-producing CD4+ T cells have been described in patients with AS
with long disease duration and in animal models for SpA2#15 Whether this T cell population
is already present in early disease is not known. Therefore, patients with axial SpA with
short disease duration were tested for IL-17-producing CD4+ T cells and compared with
healthy controls either positive or negative for HLA-B27. Patients with axial SpA showed an
increased percentage of IL-17-producing CD4+ T cells compared with healthy controls. The
percentage of IL-17-producing CD4+ T cells was similar in patients with and without MRI
abnormalities. This increased percentage of IL-17-producing CD4+ T cells was disease related
and not HLA-B27 specific as the healthy controls positive and negative for HLA-B27 exhibited
comparable percentages of IL-17 producing CD4+ T cells. The IL-17-producing CD4+ T cells
expressed TCRaf and CD161 and exhibited a memory phenotype consistent with previous
reports*>#,

In contrast to our results, Appel et al.° reported no increase of IL-17-producing CD4+ T cells
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in peripheral blood in SpA patients. Furthermore, a recent published study performed in
Spain reported a decreased percentage of Th17 cells in patients with non-radiographic axial
SpA compared with healthy controls®. Selection of patients could explain these differences.
Compared with our patients, the Spanish patients had on average low disease activity based
on the BASDAI, only a few patients had increased CRP and the number of SpA features was
low?. In addition, despite a relatively short disease duration with a median back pain duration
of only 16 months, already 6 out of 17 patients (36%) with a positive MRI showed signs of
sacroiliitis on radiographs in our study. There are also technical differences, as the Spanish
study used different isolation and stimulation of the cells and in particular a much longer
stimulation of cells with PMA and ionomycin for 16 hours. Collectively, these data suggest
that IL-17-producing CD4+ T cells are elevated only in active disease, which would limit the
potential diagnostic use of measuring IL-17-producing CD4+ T cells in the peripheral blood of
axial SpA patients. Moreover, increased levels of IL-17-producing CD4+ T cells have also been
reported in rheumatoid arthritis***?* and in most reports the levels correlated with disease
activity, demonstrating that this is not a disease-specific finding, but a general inflammation-
related phenomenon. On the other hand, IL-17-producing CD4+ T cells were elevated
irrespective of the presence of MRI abnormalities, making our results relevant to patients
fulfilling both the imaging and the clinical arm of the ASAS classification criteria.

Our results were obtained from the peripheral blood compartment. However, the site of
interest is the primary site of inflammation and the frequency of IL-17-producing cells in this
compartment could be different from the peripheral blood compartment®?2. Biopsies of the
affected target tissue in the spine are difficult to obtain in patients suffering from SpA which
represents a clear limitation of the current study.

SpA is strongly associated with HLA-B27 and several hypotheses have been proposed to
explain the role of HLA-B27 in the disease pathology?. One of these hypotheses proposes
that HLA-B27 heavy chains can form homodimers that are able to bind KIR3DL2*3%*, KIRs are
typically expressed by natural killer (NK) cells, however, a subset of CD4+ T cells has been
found to express KIR3DL2% consistent with our findings. CD4+ KIR3DL2+ T cells have been
reported to be increased in AS patients and reportedly proliferate and produce IL-17 upon
binding to HLA-B27 homodimers*. We found expression of KIR3DL2 by IL-17-producing CD4+
T cells in only a small minority of cells. This indicates that an interaction between KIR3DL2
and HLA-B27 is not required for induction and expansion of IL-17-producing CD4+ T cells in
early disease. In addition, the higher frequency of KIR3DL2+ CD4+ T cells reported in later
stages of disease suggests that these KIR3DL2+ CD4+ T cells expand as the disease becomes
more chronic and since our patients suffered from active disease argues against a role in
disease initiation. Nonetheless, given the relatively low frequency of KIR3DL2+ CD4+ T cells
in peripheral blood, it would be interesting to investigate the absolute number of IL-17-
producing KIR3DL2+ CD4+ T cells in peripheral blood in patients with established disease.
Likewise, it would be interesting to study whether IL-17-production is confined to the
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KIR3DL2+ CD4+ T cell pool or whether other KIR-expressing T cells, as surrogates for T cells
with an activated/memory phenotype, are also more often IL-17 positive, as suggested by the
data presented in the current article.

In summary, we report an increased frequency of IL-17-producing CD4+ T cells in axial SpA
patients compared with healthy controls irrespective of MRI abnormalities. These results
demonstrate that the frequency of IL-17-producing CD4+ T cells is enhanced in the early
stages of disease.
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ABSTRACT

Introduction IL-27 is a cytokine belonging to the IL-12 cytokine family. It is composed of
the subunits p28 and Epstein-Barr virus-induced gene 3 (EBI3) and is mainly produced by
macrophages and dendritic cells. I1L-27 was initially described as a Th1l promoting factor
as it facilitates differentiation of naive CD4+ T cells into Th1 cells. However, conversion of
activated T cells towards Tr1-like cells and suppression of Th2 and Th17 differentiation have
been described as well.

Methods Considering the interesting capabilities of IL-27, we investigated whether also T
cells are able to produce IL-27 in humans.

Results Intracellular staining of PBMCs for IL-27 showed that in addition to monocytes, CD4+
T cells expressed IL-27 upon stimulation with anti-CD3 and anti-CD28, while CD8+ T cells did
not. Blocking of the staining with the IL-27 cytokine indicated that the staining was specific for
IL-27. To investigate the CD4+ T cells in more detail we isolated the cells via different isolation
methods. mMRNA data showed almost no IL-27 p28 mRNA (specific subunit of IL-27) without
stimulation, while a strong increase in mRNA levels was observed after stimulation with
anti-CD3 and anti-CD28 indicating that IL-27 is produced by CD4+ T cells upon stimulation.
Intracellular FACS staining of the isolated CD4+ T cells showed IL-27 positive CD4+ T cells after
stimulation. However, we observed IL-27 positive CD4+ T cells without stimulation of the cells
as well.

Conclusions Our data indicates that CD4+ T cells are capable of expressing IL-27 after
activation. Since IL-27 is implicated in a variety of inflammatory diseases, CD4+ T cells could
be an interesting source of this cytokine and potential biomarker or therapeutic target.
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INTRODUCTION

IL-27 is part of the IL-12 cytokine family and is a heterodimeric cytokine composed of p28 (IL-
27 p28) and Epstein-Barr virus-induced gene 3 (EBI3), mainly produced by activated antigen
presenting cells'®. The receptor of IL-27 consists of gp130 (also part of the receptor of the
IL-6 family cytokines) and WSX-1 (the alpha subunit of the IL-27R complex) and activates
STAT1 and/or STAT3°. As a result of the STAT 1 activation, IL-27 was initially described to
promote Th1 differentiation, since STAT 1 activation leads to the induction and activation
of T-bet, which induces the expression of IL-12R2 making naive CD4+ T-cells reactive to IL-
12 stimulation for IFNy production*>”?. However, IL-27 has also been described to suppress
IL-23 mediated Th17 differentiation and IL-4 mediated Th2 differentiation and therefore IL-
27 has immunosuppressive effects as well**12, In addition, IL-27 has been described to act
on activated or differentiated helper T-cells by converting them into IL-10 producing Tr1-like
cellst*,

Since IL-27 possesses pro- and anti-inflammatory effects, its therapeutic potential has
been investigated in several animal models for immune-related disorders. The pro-
inflammatory properties of IL-27 could be applied to augment anti-tumor responses®,
while the anti-inflammatory effects are interesting in inflammatory/autoimmune diseases.
Local administration of IL-27 into the ankles of mice with collagen induced arthritis (CIA)
ameliorated inflammation and bone erosion in addition to reduction of serum and joint IL-
17 levels®®. In a separate study, recombinant IL-27 was intraperitoneally administered to CIA
mice resulting in reduced incidence and number of arthritic paws'’.

Considering the interesting properties of IL-27, we investigated whether, in addition to
antigen presenting cells, T cells can produce IL-27 in humans.

METHODS
Isolation of cells

Peripheral mononuclear cells were isolated from buffy coats obtained from healthy
volunteers (Sanquin Bloodbank, Leiden, the Netherlands) using Ficoll Paque density gradient
centrifugation (Leiden University Medical Center Pharmacy, Leiden, the Netherlands).
Subsequently, CD4+ T cells were either positively (Dynabeads FlowComp Human CD4,
Invitrogen, California, USA) or negatively (CD4 Human Isolation Kit Il, Miltenyi Biotec,
Germany) isolated using magnetic separation.

Flowcytrometric analysis of IL-27 expression

Total PBMCs or isolated CD4+ T cells were stimulated with 5 ug/ml anti-CD3 (clone OKT3,
eBioscience, California, USA) and 1 ug/ml anti-CD28 (Sanquin, The Netherlands) overnight
and incubated with 10 ug/ml Brefeldin A (Sigma, St Louis, USA) for the last 4 hours. After
stimulation, staining for dead cells (Fixation and dead cell discrimination kit, Miltenyi Biotec)
and surface markers were performed using the following antibodies; CD3 Alexa Fluor 700
(UCHT1), CD4 PE-Cy7 (SK3), CD8 PerCP (SK1), CD14 Pacific Blue (M5E2) all purchased from
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BD Biosciences (San Jose, California, USA). Intracellular staining for IL-27 was performed
using the Cytofix/Cytoperm Fixation/Permeabilization Solution Kit from BD Biosciences
and the anti-IL27 PE or APC antibody (307426) from R&D Systems (Minnesota, USA). In
addition to IL-27, intracellular staining for several other cytokines was performed using the
following antibodies; IL-4 (MP4-25D2), IL-10 (JES3-9D7), IFNy (45.B3), TNFa (MAb11) (all
from BD Biosciences), 1L.-22 (142928) from R&D Systems and IL-6 (MQ2-13A5) and IL-17A
(eBio064DEC017) from eBioscience. All samples were measured on a BD LSRFortessa cell
analyser (BD Biosciences) and analyzed using BD FACSDIVA software (BD Biosciences) and
FlowJo version 7.6.5 (FlowJo, Ashland, USA).

mRNA expression of IL27 p28

Isolated CD4+ T cells were stimulated with anti-CD3 and anti-CD28 or left unstimulated as
control overnight. Subsequently, RNA was isolated using the RNAEasy kit (Qiagen, Germany)
according to the supplier’s protocol and converted to cDNA with Superscriptlll (Invitrogen,
USA). QPCR for the unique chain of IL-27, IL27p28, was performed and GAPDH was used as
housekeeping gene to normalize the expression.

RESULTS

IL-27 is expressed by CD4+ T cells

To investigate whether human T cells are capable of producing IL-27, PBMCs were stained
with different surface markers to discriminate CD4+ and CD8+ T cells and monocytes
in combination with intracellular IL-27 staining using flow cytometry. The PBMCs were
stimulated with anti-CD3 and anti-CD28 overnight and after stimulation IL-27 expression was
detected by monocytes as expected (Figure 1A). Gating on the CD8+ T cells revealed a very
low percentage of IL-27 positive CD8+ T cells (Figure 1B). However, IL-27 expression was
detected in CD4+ T cells. Even in the unstimulated PBMCs, a small percentage of CD4+ T cells
was positive for IL-27, but after stimulation a considerable percentage of the CD4+ T cells
stained positive with the anti-IL-27 antibody (Figure 1C).

Since IL-27 has been described to have several effects on T cells, but not to be produced by
CD4+ T cells in healthy humans, we blocked the anti-IL-27 antibody with recombinant IL-27
to confirm that the antibody binds specifically to IL-27. As IL-35 shares a subunit with IL-27
(EBI3), we also blocked the anti-IL-27 antibody with recombinant IL-35. The IL-27 positive
signal provided by the anti-IL-27 antibody was completely abolished when 100 pg/ml or
higher concentrations of IL-27 was added to the staining (Figure 1D and 1E). Addition of
recombinant IL-35 did not abrogate the IL-27 positive signal indicating that the anti-IL-27
antibody specifically binds to IL-27 and not to the related IL-35.

Together, these results indicate that human CD4+ T cells can express IL-27.

Isolated CD4+ T cells expressed IL-27 p28 mRNA
To further investigate and confirm the IL-27 expression by CD4+ T cells, CD4+ T cells were
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Figure 1. IL-27 is expressed by CD4+ T cells. PBMCs were stimulated overnight with anti-CD3 and anti-CD28 and
stained for flowcytometric analysis with surface markers to identify, CD4+ T cells, CD8+ T cells and monocytes and
intracellular to detect IL-27 expression. (A) Monocytes were identified by their CD14 expression and dot plots
represent the gating strategy for monocytes and the IL-27 expression with and without anti-CD3 and anti-CD28
stimulation. (B) Cells double positive for CD3 and CD8 were identified as CD8+ T cells and dot plots depict the gating
strategy and IL-27 expression of CD8+ T cells with and without stimulation with anti-CD3 and anti-CD28. (C) CD4+
T cells were identified by double positivity for CD3 and CD4. The dot plots display IL-27 positive CD4+ T cells with
and without overnight stimulation with anti-CD3 and anti-CD28. (D) Dot plots showing IL-27 positive CD4+ T cells
after stimulation with anti-CD3 and anti-CD28 with no recombinant IL-27 added (left), with 100 pg/ml IL-27 added
(middle) or with 100 pg/ml recombinant IL-35 added (right). (E) Summary of the percentage of IL-27-positive CD4+
T cells in the different blocking conditions.
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isolated using magnetic separation techniques and their IL-27 expression was again
determined using flow cytometry (Figure 2A). CD4+ T cells were isolated using positive
magnetic separation as well as negative magnetic separation. Both isolation procedures were
utilized for confirmatory purposes. The purity of the cell populations was typically between
96% and 99%.
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Figure 2. Isolated CD4+ T cells expressed IL27 protein and 1L27 p28 mRNA. CD4+ T cells were isolated using positive
or negative magnetic separation and stimulated overnight with anti-CD3 and anti-CD28 to analyze protein and
MRNA expression of IL-27. (A) Flowcytometric analysis of the intracellular expression of IL-27 by positively (left) or
negatively (right) isolated CD4+ T cells with (bottom) and without (top) stimulation. Percentage CD3+CD4+ T cells
depicted is calculated from the total living cell population. The percentage IL27+CD4+ T cells is calculated from the
CD3+CD4+ T cell population. (B) Isolated total CD4+ T cells populations were stimulated overnight with anti-CD3 and
anti-CD28 and mRNA expression of the unique chain of IL-27, 1L27 p28, was determined by qPCR. Relative expression
to housekeeping gene GAPDH is depicted of four different donors.
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To confirm the IL-27 expression by CD4+ T cells, we next performed mRNA expression
analysis. Expression of the unique subunit of IL-27, IL27 p28, was analyzed by qPCR in CD4+
T cells isolated by either positive or negative magnetic separation. Intriguingly, high IL27 p28
expression was detected in the CD4+ T cells stimulated with anti-CD3 and anti-CD28, while
the unstimulated CD4+ T cells showed low or no expression of I1L27 p28 (Figure 2B). These
results indicate that IL27 p28 mRNA expression is induced by activation of the CD4+ T cells.

IL27-positive CD4+ T cells did not express other T-helper subset cytokines

Over the years, several T helper subsets have been described producing their own signature
cytokines?®, To determine whether the IL-27 expressing CD4+ T cells are a part of one of these
T helper subsets staining for IL-27 was combined with either T helper 1 cytokines IFNy and
TNFa, T helper 2 cytokine IL-4, T helper 17 cytokines IL-17, IL-6 and IL-22 and regulatory T cell
cytokine IL-10 (Figure 3). IL-27-positive CD4+ T cells did not co-express one of these signature
T helper subset cytokines, indicating that IL-27 positive CD4+ T cells are separate from one of
the previously described T helper subsets.

— TNF
— IFNy
— L4

— IL-10
— IL-17
— IL-22

— IL-27 — IL-27 — IL-27

Figure 3. IL-27-positive CD4+ T cells did not express other T helper subset cytokines. CD4+ T cells were intracellular
stained for the expression of IL-27 and several other known T helper subset cytokines after stimulation with anti-CD3
and anti-CD28. Dot plots show CD3+ CD4+ double positive cells and their expression of IL-27 in combination with
either, TNFo,, IFNy, IL-4, IL-6, IL-10, IL-17 or IL-22.

DISCUSSION

IL-27 is an interesting cytokine as it has been described to possess pro- and anti-inflammatory
propertiest. It is produced by antigen presenting cells and has well described effects on CD4+
T cells. Our results indicate that [L-27 not only has an effect on CD4+ T cells, but that CD4+ T
cells can also produce it in non-inflammatory conditions. After stimulation with anti-CD3 and
anti-CD28, IL-27 production could be detected using flow cytometry and mRNA expression
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analysis. Interestingly, the IL-27 producing CD4+ T cells did not produce any of the signature
cytokines identifying the different T helper subsets indicating that they are not part of the
well-defined T helper subsets.

Production of IL-27 by CD4+ T cellshasbeen described beforein pleural effusions of tuberculosis
patients'®?°. However, Yang et al. described very high percentages of IL-27-positive CD4+ T
cells. On average 46.8% of the CD4+ T cells produced IL-27, which is not comparable to our
results. This difference could be explained by the difference in diseased pleural effusion and
healthy peripheral blood. In a subsequent study?’, the same group reported that the IL-27
producing CD4+ T cells are memory T cells separated from Th2, Th17 and Th22 cells based
on their cytokine secretion and transcription factor profile which corresponds to our data.
Recently, Kimura et al. reported IL-27 positive CD4+ T cells in a malaria parasite infection
mouse model?!. They also described IL-27-positive CD4+ T cells to be distinct from Th1 or
regulatory Tr1 cells, in line with our data.

To verify the observation that CD4+ T cells produced IL-27 when stimulating PBMCs with anti-
CD3 and anti-CD28, CD4+ T cells were isolated using positive magnetic selection. Intriguingly,
unstimulated isolated CD4+ T cells already showed IL-27 positive cells. In unstimulated PBMCs
a small percentage of the CD4+ T cells were positive for IL-27, however, a significant increase
was observed after stimulation. To exclude the possibility that positive selection pre-activated
the CD4+ T cells, negative isolation was performed as well. As observed for positively sorted
cells, unstimulated negatively isolated CD4+ T cells showed IL-27 positivity as well. This is in
contrast to the mRNA expression data, which indicate that unstimulated CD4+ T cells, either
positively or negatively isolated, do not express IL-27, while there is a good expression of
IL27p28 after stimulation. Future studies are required to clarify this apparent discrepancy.
The finding that CD4+ T cells are capable of producing IL-27 themselves is very interesting,
however, the function and further characterization of these T cells would be the topic for
future studies. It would be interesting to investigate the transcription factors expressed
by these cells as their cytokine profile indicated that they most likely are not part of the
already well-described T helper subsets. Since IL-27 has been reported to have beneficial
effects in mouse models for rheumatoid arthritis**?’, it would be interesting to enumerate
and phenotype IL-27 positive CD4+ T cells in patients compared to healthy controls and
potentially identifying a new biomarker. In addition, increased levels of IL-27 in synovial fluid
of rheumatoid arthritis patients has been reported? and a polymorphism of IL27p28 has
been described to be associated with severity of the disease?* making IL-27 an interesting
target for therapy.

In conclusion, CD4+ T cells are capable of producing IL-27 after activation via the T cell
receptor making them a source of IL-27 and potential biomarker or therapeutic target.
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THE ADAPTIVE IMMUNE SYSTEM

The adaptive immune system protects the human body from invading pathogens by
providing a highly specific immune response facilitated by T and B cells and by generating
memory, which results in a fast and specific response upon a second infection with the
same pathogen. To provide protection against a wide variety of pathogens, T and B cells can
recognize a wide variety of antigens. This widespread recognition of antigens is achieved
by random gene rearrangements in the T and B cell receptors. To ensure these random
gene rearrangements do not generate self-antigen reactive cells, T and B cells are selected
by their recognition pattern before they are allowed to enter the periphery!. However, this
selection is not absolute and self-reactive T and B cells can escape to the periphery causing
autoimmune disease like RA. This thesis focused on the role of the adaptive immune system
in the development, treatment and diagnosis of rheumatic disorders.

PART | MOLECULAR BASIS FOR THE HLA-RA ASSOCIATION

In the first part of this thesis we focused on the longstanding association between the HLA
locus and RA. ACPA autoantibodies separate RA patients into two distinct disease subsets,
ACPA-positive and APCA-negative RA?. These two patient subsets differ in disease progression
and risk of radiographic damage, but also in the associated HLA class Il haplotypes®>. In
Chapter 2, we focused on ACPA-positive RA and the association with HLA-DRB1*0401, one
of the shared epitope molecules which predisposes to APCA-positive RA and their linked
HLA-DQ molecules as well as the protective HLA-DRB1*1301 allele. The molecular basis for
this association is incompletely understood. Studies have shown that the association could
be explained by the difference in binding and presentation of arthritogenic peptides as the
residues responsible for the association are located in the antigen binding groove of the HLA-
molecule®’. We identified a new autoantigen, vinculin, recognized by ACPA from RA patients
and by CD4+ T cells from HLA-DRB1*1301-negative individuals. We focused on a specific
epitope of vinculin containing the amino acid sequence DERAA, which is also present in the
HLA-DRB1*1301 molecule and in a large number of pathogens. Intriguingly, this vinculin-

DERAA epitope and pathogen-derived DERAA-epitopes are only presented by the HLA-DQ
molecules that are linked to the RA predisposing HLA-DR molecules and not by the HLA-DR
molecules itself, indicating that also HLA-DQ molecules could explain the HLA-RA association.
We further investigated the CD4+ T cells that recognize DERAA-epitopes and identified
pathogen-derived DERAA epitope specific CD4+ T cells in addition to vinculin-DERAA specific
CD4+ T cells in HLA-DRB1*1301 negative individuals. We identified epitopes from three gut-
residing bacteria (Campylobacter coli, Lactobacillus curvatus and Lactobacillus sakei) to be
recognized by the same TCR as the vinculin-DERAA self-epitope. These data are important as
they show that a single TCR can crossreact between both DERAA-sequences from pathogens
and self-protein vinculin. This molecular mimicry or crossreactivity between pathogen-derived
and self-protein-derived epitopes provides an explanation for the presence of activated
self-reactive CD4+ T cells directed to vinculin. These activated self-reactive CD4+ T cells can
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provide help to B cells to produce ACPAs, which subsequently leads to the maturation of the
ACPA response and acceleration of the autoimmune response®*°. This reaction will be absent
in HLA-DRB1*1301 individuals, since the HLA-DRB1*1301-derived DERAA peptide will be
presented in the thymus, which will lead to tolerization of the DERAA-reactive T cell response,
the absence of help to B cells and protection against the development of an autoimmune
response. These data provide an explanation how self-reactive T cell responses are induced
and how the predisposing and protective HLA-alleles are involved in shaping such responses.
In Chapter 2, we only focused on the protective effect of HLA-DRB1*1301, however, the
DERAA sequence can be found in other protective HLA-DRB1 alleles (*0402, ¥*1102, *1103)
as well, but their low frequency in Caucasian populations impede functional studies™.
Intriguingly, processing of these alleles generates a similar HLA-DERAA epitope suggesting
that these alleles could protect through the same pathway as HLA-DRB1*1301*. Additional
studies are required to further delineate the protective effect of HLA-DRB1*1301 and the
potential use as therapeutic strategy.

The presence of activated self-reactive CD4+ T cells through molecular mimicry indicates a
break of T cell tolerance and a role for CD4+ T cells in the development of RA by shaping the
B cell response to citrullinated proteins. This is in line with previous evidence for a role for
T cells in the ACPA response, including the observation that ACPAs contain all IgG subtypes,
that ACPAs show extensive somatic hypermutation and that shared epitope alleles influence
ACPA levels and fine specificity?**>. However, T cells most probably do not contribute to the
initial break of B cell tolerance. The presence of ACPA can be detected up to ten years before
disease onset and at that point the ACPA titers are low with restricted peptide reactivity®,
A recent study using over 12,000 twins showed that environmental and stochastic factors are
more important in the development of ACPA than the shared epitope alleles since the HLA-
alleles predisposing for ACPA-positive RA, do not predispose to ACPA in healthy subjects®.
Likewise, a study in a large cohort of healthy controls showed that almost 2% of this healthy
cohort was positive for ACPA and that shared epitope status did not correlate with ACPA
positivity?°. This suggests that a ‘first hit’ is responsible for the loss of B cell tolerance to
citrullinated self-proteins and the development of ACPA. A ‘second hit’ is subsequently
required to progress from ACPA positivity to ACPA-positive RA. This second hit most likely
involves help from T cells to B cells and subsequent maturation of the ACPA response?*?2,
The trigger of the ‘second hit’ is not known, however, it is conceivable that infection with a
pathogen leads to activation of pathogen-directed T cell responses that crossreact with self-
antigens resulting in activation of self-reactive B cells and expansion of the ACPA response.
Since the shared epitope alleles are mainly associated with progression from ACPA positivity
to ACPA-positive RA, protection from the development of self-reactive CD4+ T cells by HLA-
DRB1*1301 is suggested to protect from the ‘second hit’. Indeed, a recent study has shown
that the protective HLA-DR13-alleles do not protect against formation of ACPA, but rather to
ACPA-positive disease?®. The time between the “first hit” and the ‘second hit” might provide a
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window for therapy to prevent the development of ACPA-positive RA. Inhibiting the pathogens
triggering crossreactivity, targeting DERAA-directed T cells or exploring the protective HLA-
DR1*1301 effect could potentially be an effective therapeutic strategy to prevent progression
from ACPA-positivity to ACPA-positive RA.

PART Il THE MODE OF ACTION OF THE BIOLOGICAL ABATACEPT

The goal of current treatment strategies for RA is to treat to remission. Most RA patients
cannot be cured from their disease, however, the development of biological DMARDs has
made a tremendous contribution in controlling inflammation and disease progression. When
RA patients respond well to their therapy, sustained low disease activity or remission can
be achieved and in some cases even drug-free remission is accomplished®*. Remission can
be achieved by different biological DMARDs that target a specific pathway in the immune
response. One of these biological DMARDs is Abatacept, a fusion protein of human CTLA-4
and the Fc region of human IgG1. Abatacept is thought to block costimulation of T cells by
inhibiting binding of CD28 on the T cells to CD80 or CD86 on the APC as CTLA-4 binds to
CD80 and CD86 with a higher affinity than CD28 (Figure 1)>?’. In the AMPLE study Abatacept
was head-to-head compared to the TNF inhibitor Adalimumab in patients on a stable
background of methotrexate. This study showed similar efficacy based on clinical, functional
and radiographic outcomes?®. Interestingly, TNF inhibitors are thought to have a rapid mode
of action as they directly inhibit inflammation by blocking TNF, whereas Abatacept is thought
to have a slow mode of action as the effect of costimulation blockade does not become
apparent directly. Consequently, similar efficacy of Adalimumab and Abatacept indicates a
different mode of action of Abatacept in addition to inhibition of costimulation. In Chapter
3, we investigated whether the mode of action of Abatacept depends solely on its ability to
inhibit T cell activation. We showed that Abatacept is still effective in the absence of CD4+
T cells in a mouse model of arthritis, indicating that Abatacept has another mode of action
in addition to costimulation blockade. Further studies are required to specify this different
mode of action, however, a wide range of possible targets of Abatacept have been described.

Since we observed a decrease in serum antibody titers after Abatacept treatment and a
decrease in antibody titers in the supernatant of ex vivo cultured spleen and bone marrow
cells from mice treated with Abatacept and depleted of CD4+ T cells, Abatacept could have a
direct effect on B cells. This observation is in line with the report of Rozanski et al. showing that
CD28 serves as a survival signal for long lived plasma cells. Loss of CD28 or its ligands CD80
and CD86 caused significant loss of long lived plasma cells resulting in decreased antibody
titers®. As Abatacept prevents the binding of CD28 to CD80 and CD86, this survival signal
could be abrogated leading to loss of long lived plasma cells and consequently a decrease
in antibody titers corresponding with our observations presented in Chapter 3. Likewise, it
has been reported that elevated expression of activation induced cytidine deaminase (AID)
in recirculating follicular CD86+ B cells and increased germinal center activity are associated
with the production of autoantibodies in the BXD2 mouse model of autoimmune disease®.
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Treatment with CTLA-4-lg (Abatacept) resulted in normalization of AID expression in the
B-cells and suppression of IgG autoantibodies, which could explain the decrease in IgG titers
we observed after Abatacept treatment in the absence of CD4+ T cells.

The CD4+ T cell-independent effect could also be explained by the induction of nitric oxide
synthase (NOS) or indoleamine 2,3-dioxygenase (IDO) by APCs33. In an allergic airway
inflammation model, CTLA-4-Ig was described to suppress inflammation in CD28/BLTA-double
deficient mice and this suppression could be reversed by treatment with a NOS inhibitor.
In addition, CTLA-4-Ig treatment was ineffective in NOS2-deficient mice indicating that the
suppressive effect of CTLA-4-Ig on inflammation is mediated by NO®.. IDO is an enzyme that
degrades the essential amino acid tryptophan resulting in local depletion of tryptophan3:.
This depletion is sensed by neighbouring T cells inducing GCN2 kinase expression leading to
cell arrest and thereby inhibition of T cell proliferation and inhibition of the expansion of the
immune response3>*, In addition to the suppressing effect on proliferating effector T cells,
IDO expressing dendritic cells are able to promote the activation of regulatory T cells and the
differentiation of naive T cells to regulatory T cells*4%41, Ligation of CD80 and CD86 by CTLA-4
induces IDO activity in dendritic cells and as CTLA-4-Ig binds to CD80/86, it is capable of IDO
induction potentially explaining the inflammation suppressing effects of Abatacept3?32,

In addition to effects on T-cells, IDO has been described to affect other cell types as well. A
recent study reported on IDO expression by osteoclast precursors after CTLA-4-Ig challenge.
In this study it was shown that CTLA-4-Ig could induce apoptosis and a reduction in frequency
of osteoclast precursors and osteoclastogenesis®. In RA patients treated with Abatacept, a
reduction in the frequency of osteoclast precursors was described after treatment, indicating
that Abatacept could reduce the number of osteoclast precursors and therefore the number
of osteoclasts. This could explain the reduction in bone erosion after Abatacept treatment in
RA patients. Together, these and other studies describing the promotion of bone formation
by CTLA-4-1g, point to the anti-erosive effects of Abatacept independent of its role on T cells*.
Likewise, Abatacept has also been described to have a direct effect on monocytes and
macrophages. For example, Bonelli et al. reported a decreased expression of adhesion
molecules and a reduction in endothelial adhesion and transendothelial migratory capacity
of monocytes after Abatacept treatment in RA patients*. Decreased cytokine production and
reduction of the inflammatory reaction by macrophages have been reported as a result of
Abatacept treatment as well, which could account for the beneficial effect in the treatment
of RA%48,

Abatacept could exert its effectiveness through all the pathways and targets explained
above and summarized in Figure 1. The different observed clinical effects do suggest the
use of multiple modes of action. The direct anti-inflammatory effects on monocytes and
macrophages could account for the rapid effects that are observed through similar efficacy
compared to TNF-inhibitor Adalimumab?. Moreover, the effects on the T and B cells as part
of the adaptive immune could explain the observed achieved remission after Abatacept
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treatment as the underlying autoimmune response is targeted and inhibited***. All these
different modes of action make Abatacept an interesting treatment option for early RA.

In Chapter 4, we reported that Abatacept treatment in early RA could induce conversion from
being autoantibody positive to being autoantibody negative and that this conversion was
associated with remission. This is in line with previous reports on the AGREE study, in which
high remission rates and less radiographic damage were described**°. Two other studies
evaluating the effect of Abatacept in early RA (ADJUST and AVERT) reported robust efficacy as
well, and in some cases even drug-free remission was achieved®*2. In conclusion, Abatacept
is an effective treatment for RA®4. This widespread effectiveness might be explained by the
different modes of action Abatacept can exert (Figure 1) making Abatacept (in combination
with methotrexate) an effective drug that can be used when synthetic DMARDs fail to control
RA.

T cell costimulation

CD28 CD80/CD86

T cell proliferation
via IDO

AT

Abatacept

Survival of long-lived
plasma cells

Monocyte adhesion

\( | \/ and migration

Cytokine production
by macrophages

Osteoclastogenesis

Figure 1. Possible modes of action of Abatacept. Abatacept is thought to block costimulation of T cells by inhibiting
the binding of CD28 to CD80/CD8&6. In addition, several other mechanisms have been described as well. Abatacept
could block survival of long-lived plasma cells as CD28 serves as a survival signal for these cells. Abatacept is also
capable of decreasing the expression of adhesion molecules on monocytes and therefore their migration capacity.
Abatacept has been described to reduce the cytokine production and inflammatory response of macrophages.
Inhibition of osteoclastogenesis after Abatacept treatment has been described as well. Abatacept can also induce
IDO production, which inhibits the proliferation of T cells by degrading the essential amino acid tryptophan.
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PART 11l CYTOKINE PRODUCING CD4+ T CELLS IN DISEASE AND HEALTH

Advances in understanding the pathogenesis of RA have led to the development of new
therapeutics with improved outcomes. However, current conventional and biologic DMARD-
based therapies are not successful in reaching remission in all rheumatic disease patients
and early diagnosis is still challenging. Not every patient responds to methotrexate or TNF
inhibitors and a change in treatment strategy to another biologic DMARD is consequently
required to control the inflammation®®. However, it takes a few months to evaluate whether
a DMARD is effective in a patient and if the DMARD is not effective the inflammation has the
chance to progress causing more damage. Therefore, it is important to be able to determine
which patients are going to respond to a specific therapeutic and which patients are not.
Biomarkers could be a helpful tool in determining diagnosis and predict response to therapy.
Cells of the adaptive immune system, such as CD4+ T cells, could be a good candidate to
function as biomarker. CD4+ T cells can be divided in several subsets based on their function
and cytokine production as discussed in Chapter 1°%°7. In Chapter 5 and 6, we have attempted
to determine whether certain CD4+ T cell subsets are specifically increased in disease and
can function to identify patients in an early stage of disease. In Chapter 6, we focused on
IL-27-positive CD4+ T cells and in Chapter 5 we were interested in IL-17-producing CD4+ T
cells. Early diagnosis of ankylosing spondylitis is important as current diagnosis is based on
structural damage on radiographs, however, this bone formation is irreversible and a sign of
advanced disease. The anti-IL-17A monoclonal antibody, secukinumab, has shown promising
results in the treatment of ankylosing®®°. Therefore, we investigated whether IL-17-
producing CD4+ T cells were already increased in patients with early, active spondyloarthritis
to potentially use this population as a diagnostic biomarker. Despite the observed increase in
IL-17-producing CD4+ T cells in early spondyloarthritis patients compared to healthy controls,
the potential to use this population as biomarker was limited, as the population appeared to
be increased only in active disease. Since increased levels of IL-17-producing CD4+ T cells are
also detected in RA patients®®®?, this increased population is not disease-specific, but rather
a general inflammation-related phenomenon.

Autoantigen-specific CD4+ T cells are potentially a more suitable biomarker as they represent
a disease-specific cell population. They can be identified using peptide-HLA multimers, which
also allows for phenotypic and single-cell analysis®®®*. Autoantigen-specific CD4+ T cells have
been identified in RA patients as well as in healthy controls. However, in RA patients these
cells exhibit a proinflammatory phenotype, while they appear to be regulatory in healthy
controls”®>®, Therefore, phenotypic analysis should be combined with the peptide-HLA
multimers to be implemented as a disease specific biomarker. Current strategies to treat RA
that are under development are focused on antigen-specific tolerance induction leaving the
anti-pathogen and anti-tumor responses unimpaired. These strategies include administration
of low or escalating doses of relevant antigenic peptides, exposure of tolerogenic dendritic
cells to relevant peptides and strategies targeting dendritic cells?*¢’. However, the diversity
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of autoantigens in RA makes the choice of antigen for immunotherapy challenging.
Nonetheless, it is important to develop tools to monitor the effects of immunotherapy on
the number, phenotype and function of antigen-specific T and B cells in conjunction with
the development of the immunotherapies itself. Peptide-HLA multimers have great potential
utility for the enumeration and phenotypic analysis of autoantigen-specific CD4+ T cells in
response to therapy. They could also be employed as a selection tool to predict response
to antigen-specific therapy by identification of the specific CD4+ T cell response against the
antigen used in the antigen-specific therapy. Moreover, the use of peptide-HLA multimers in
RA patients, healthy controls and their first degree relatives could also provide more details
on the pathogenesis of RA. Good biomarkers will be very helpful in early diagnosis, predicting
response to therapy and therefore treatment choice and monitoring response to therapy
and the cells of the adaptive immune system are potentially good candidates to serve as
biomarkers. However, more research is required to identify these disease specific biomarkers
and their involvement in the disease development.

In conclusion, the adaptive immune system plays a very important role in the development
of RA as crossreactive CD4+ T cells are involved in the autoreactive inflammatory response
helping B cells to develop into autoantibody producing cells leading to the maturation of
the ACPA response and ACPA-positive RA. Targeting the adaptive immune response with
Abatacept helps to reduce inflammation and disease severity by possibly targeting several
players in the adaptive immune system and potentially the innate immune system as well.
Given that not every therapy is effective in every patient, monitoring progression and
response to therapy would be very helpful and could be established using selective parts
of the adaptive immune system. The data presented in this thesis indicate that the adaptive
immune system is an important player in the development, therapy and diagnosis of arthritis
with important implications for the development of future therapeutic strategies.
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Het immuunsysteem

Het immuunsysteem beschermt het menselijk lichaam tegen ziekteverwekkers zoals
bacterién, virussen, schimmels en parasieten. Het bestaat uit twee delen om deze
bescherming te waarborgen: het aangeboren en het verworven immuunsysteem. Het
aangeboren immuunsysteem is de eerste lijn van bescherming tegen een indringer, die ziekte
veroorzaakt, en reageert snel, maar is niet specifiek voor de ziekteverwekker die op dat
moment het lichaam aanvalt. Het verworven immuunsysteem reageert langzamer, maar is
zeer specifiek. Dit systeem onthoudt hoe het bij een aanval moet reageren en zorgt voor een
snelle en specifieke immuunreactie tijdens een tweede infectie met dezelfde ziekteverwekker.
Deze specifieke afweerreactie wordt uitgevoerd door T- en B-cellen die via hun T- en B-cel
receptor een grote variéteit aan ziekteverwekkers kunnen herkennen en opruimen. Om te
voorkomen dat deze T- en B-cellen reageren tegen lichaamseigen eiwitten, moeten ze een
strenge selectie ondergaan voordat ze de bloedcirculatie in mogen. Echter, deze selectie is
niet altijd perfect waardoor T- en B-cellen die lichaamseigen eiwitten herkennen, kunnen
ontsnappen en een auto-immuunziekte zoals reumatoide artritis (RA) kunnen veroorzaken.

Reumatoide artritis

RA is een systemische ontstekingsziekte die gekenmerkt wordt door ontsteking van de
gewrichten wat leidt tot afbraak van kraakbeen en bot. Van de wereldbevolking is 0,5-1%
aangedaan en de prevalentie is hoger naarmate de leeftijd stijgt. Een van de kenmerken van
RAis de aanwezigheid van autoantilichamen, zoals reumafactor en anti-citrulline antilichamen
(ACPA). Deze autoantilichamen worden gemaakt door B-cellen en herkennen lichaamseigen
eiwitten in plaats van ziekteverwekkers. ACPA kan gedetecteerd worden in 50 tot 70% van
de RA patiénten en is zeer specifiek voor RA. Daarom wordt de aanwezigheid van ACPA en
reumafactor gebruikt in de criteria voor de diagnose van RA. ACPA kan tot 10 jaar voordat
klinische symptomen ontwikkelen, gevonden worden in het serum van patiénten. Daarnaast
hebben ACPA-positieve patiénten ernstigere gewrichtsafbraak en ziekteprogressie dan ACPA-
negatieve patiénten, waardoor ACPA-status gebruikt kan worden als een voorspellende
biomarker. Meerdere risicofactoren voor de ontwikkeling van RA zijn over de jaren heen
geidentificeerd. Zowel omgevingsfactoren, zoals roken, als genetische risicofactoren zijn

beschreven. De grootste genetische risicofactor voor ACPA-positieve RA is de HLA klasse
Il locus. HLA-moleculen zijn verantwoordelijk voor de presentatie van eiwitfragmenten
(peptiden) van ziekteverwekkers aan T-cellen. Herkenning van het HLA-peptide complex
resulteert vervolgens in de activatie van de T-cel en de bijbehorende effectormechanismen.
De genen die coderen voor de HLA-moleculen zijn verschillend tussen individuen. Deze
verschillen bevinden zich vooral in het deel van het HLA klasse Il molecuul dat betrokken
is bij het presenteren van peptiden, waardoor verschillende HLA-moleculen verschillende
peptiden kunnen presenteren. Dit verschil in peptide-repertoire is mogelijk de verklaring
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waarom bepaalde HLA klasse Il moleculen beschermen tegen de ontwikkeling van een ziekte
en andere HLA-moleculen leiden tot een hoger risico.

De oorzaak van RA is onbekend, maar studies naar de drijfveren van de ontstekingsreactie
hebben geleid tot de ontwikkeling van therapieén die de kwaliteit van leven van RA
patiénten zeer hebben verbeterd. Deze therapieén zijn gericht op het verminderen van de
ontstekingsreactie en hebben daardoor moleculen of cellen van het immuunsysteem als
doelwit.

Dit proefschrift bestudeert de rol van het verworven immuunsysteem in de ontwikkeling,
behandeling en diagnose van reumatische aandoeningen.

Onderzoek beschreven in dit proefschrift

Het eerste deel van dit proefschrift beschrijft de associatie tussen de HLA klasse Il locus
en RA. Het is al vele jaren bekend dat bepaalde varianten van het HLA klasse Il molecuul
geassocieerd zijn met een hogere kans op het ontwikkelen van ACPA-positieve RA, zoals HLA-
DRB1*04, en dat andere varianten geassocieerd zijn met bescherming, zoals HLA-DRB1*13.
Echter, de moleculaire basis van deze associatie is onbekend. Hoofdstuk 2 beschrijft de
studies naar de bijdrage van de HLA klasse Il moleculen die leiden tot hoger risico, en de HLA
klasse Il moleculen die beschermen tegen de ontwikkeling van RA, aan de associatie tussen
HLA en RA onderzocht. We hebben een nieuw (lichaamseigen) autoantigen geidentificeerd,
genaamd vinculine, dat herkend wordt door ACPA en CD4+ T-cellen in individuen die HLA
klasse Il moleculen dragen, die leiden tot een hogere kans op de ontwikkeling van RA. De
kern van de sequentie van het vinculine peptide, dat herkend wordt door de CD4+ T-cellen
die vinculine herkennen, bevat 5 opeenvolgende aminozuren, die in dezelfde volgorde
voorkomen in vele ziekteverwekkers en het beschermende HLA klasse Il molecuul HLA-
DRB1*13. Deze vinculine-specifieke CD4+ T-cellen kunnen ook reageren op peptiden
afgeleid van ziekteverwerkers, ook wel kruisreactie genoemd. Deze cellen herkennen dus
zowel ziekteverwekkers als het lichaamseigen vinculine. Echter, deze kruisreagerende CD4+
T-cellen konden we niet detecteren in individuen die het beschermende HLA-DRB1*13
molecuul dragen. Dit resultaat toont aan dat het peptide afgeleid van het beschermende
HLA molecuul tolerantie induceert in deze individuen wat het beschermende effect van HLA-
DRB1*13 verklaart. Doordat deze individuen geen CD4+ T-cellen hebben die kunnen reageren
op vinculine, zal er geen afweerreactie tegen het lichaamseigen vinculine gestart worden
en zullen er geen vinculine-herkennende ACPAs geproduceerd worden, wat vervolgens
tot de ontwikkeling van RA kan leiden. Deze resultaten impliceren dat CD4+ T cellen die
ziekteverwekkers herkennen en vervolgens ook lichaamseigen eiwitten kunnen herkennen,
betrokken zijn bij de associatie tussen HLA en RA en een moleculaire basis voor de bijdrage
van beschermende en predisponerende HLA moleculen leveren.

Het tweede deel van dit proefschrift beschrijft het geneesmiddel Abatacept. Abatacept
is een fusie-eiwit bestaande uit CTLA-4 en het constante deel van de antilichaamvorm
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immunoglobuline G1 (lgG1). Het veronderstelde werkingsmechanisme is dat Abatacept
de costimulatie van T-cellen blokkeert door te binden aan CD80 en CD86 op antigen-
presenterende cellen. T-cellen hebben naast herkenning van het HLA-peptide complex
extra signalen nodig voor activatie. Een van deze signalen is de binding van CD28 op de
T-cel aan CD80 of CD86 op de antigen-presenterende cel. Doordat CTLA4 aan CD80 en
CD86 bindt, kan CD28 niet meer binden, en zal de T-cel niet geactiveerd worden en geen
ontsteking kunnen veroorzaken. In hoofdstuk 3 zijn de studies beschreven die aantonen
dat Abatacept ook nog een ander werkingsmechanisme heeft. Door gebruik te maken van
een muismodel voor artritis, het collageen geinduceerde artritis model, hebben we kunnen
aantonen dat Abatacept nog steeds effectief is in de afwezigheid van CD4+ T-cellen. Deze
bevinding impliceert dat Abatacept nog een ander werkingsmechanisme heeft aangezien het
niet het blokkeren van costimulatie van CD4+ T-cellen kan zijn, omdat deze niet aanwezig
waren in het gebruikte model. In hoofdstuk 4 is het effect van Abatacept in een cohort van
patiénten met vroege RA (AGREE studie) onderzocht. We beschrijven dat behandeling met
Abatacept in combinatie met methotrexaat ervoor kan zorgen dat patiénten die positief
zijn voor autoantilichamen, autoantilichaam negatief worden. Deze conversie van positief
naar negatief voor autoantilichamen is vervolgens geassocieerd met remissie, een staat van
vermindering van ziekteverschijnselen, en met minder radiografische progressie.

Dit deel van het proefschrift laat zien dat Abatacept een effectieve behandeling is voor RA
met verschillende werkingsmechanismen.

In deel drie van dit proefschrift staat het gebruik van het verworven immuunsysteem als
biomarker voor vroege diagnose centraal. In hoofdstuk 5 is onderzocht of IL-17-producerende
CD4+ T-cellen potentieel gebruikt kunnen worden als biomarker voor vroege diagnose van
ankyloserende spondylitis (AS). Vroege diagnose van deze ziekte is belangrijk aangezien de
huidige diagnose gesteld wordt op basis van structurele schade zichtbaar op rontgenfoto’s.
Echter, deze botformatie is onomkeerbaar en een teken van vergevorderde ziekte. Een van
de effectormechanismen van CD4+ T-cellen is het produceren van signaalstoffen, ook wel
cytokinen genoemd. Een van deze cytokinen is interleukine 17, ook wel IL-17 genoemd.
Het geneesmiddel secukinumab vangt IL-17 weg en toont veelbelovende resultaten als
behandeling voor AS. Dit toont aan dat IL-17 betrokken is bij het ziekteproces in AS en
daarom hebben we onderzocht of IL-17-producerende CD4+ T-cellen al verhoogd zijn in

patiénten met vroege AS. Ondanks dat het percentage IL-17-producerende CD4+ T-cellen
hoger was in vroege AS patiénten in vergelijking met gezonde controles, is deze populatie
cellen geen geschikte biomarker aangezien het percentage alleen hoger was in patiénten met
actieve ziekte. Aangezien een verhoogd percentage IL-17-producerende CD4+ T-cellen ook
gevonden wordt in RA patiénten, is het verhoogde percentage niet specifiek voor AS, maar
een algemeen ontstekings-gerelateerd verschijnsel.

Hoofdstuk 6 beschrijft de studies naar een ander cytokine, genaamd interleukine 27 (IL-
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27). IL-27 is beschreven als een cytokine met zowel pro- als anti-inflammatoire effecten en
wordt geproduceerd door antigen-presenterende cellen. In dit hoofdstuk laten we zien dat
CD4+ T-cellen ook IL-27 kunnen produceren in gezonde individuen. Behandeling met IL-27
in muismodellen voor artritis heeft gunstige effecten op de ziekte. Het is dus interessant om
IL-27 producerende CD4+ T-cellen te onderzoeken in RA patiénten en potentieel een nieuwe
biomarker te identificeren. Hiernaast zijn verhoogde IL-27 levels in ontstekingsvocht in RA
patiénten beschreven en is een variant van het IL-27 gen geassocieerd met de ernst van de
ziekte, wat IL-27 een interessant doel voor de ontwikkeling van nieuwe behandelstrategieén
maakt.

Conclusie

Dit proefschrift beschrijft dat het verworven immuunsysteem een belangrijke rol speelt
in de ontwikkeling van RA aangezien kruisreactieve CD4+ T-cellen betrokken zijn bij
de autoreactieve ontstekingsreactie door hulp te geven aan B-cellen die vervolgens
autoantilichamen (ACPA) gaan produceren, wat leidt tot ACPA-positieve RA. Het aanpakken
van het verworven immuunsysteem via de behandeling met Abatacept vermindert de
ontsteking en ziekteactiviteit doordat het zich richt op meerdere spelers van het verworven
immuunsysteem en wellicht ook het aangeboren immuunsysteem. Aangezien niet elke
behandeling aanslaat in iedere patiént, is het monitoren van de respons op de behandeling
belangrijk. Dit kan bereikt worden door specifieke delen van het verworven immuunsysteem
te gebruiken. De resultaten beschreven in dit proefschrift tonen aan dat het verworven
immuunsysteem belangrijk is in de ontwikkeling, behandeling en diagnose van artritis en
hebben belangrijke implicaties voor de ontwikkeling van toekomstige behandelstrategieén.
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