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Introduction

B cell autoreactivity is an inevitable consequence of two major random events
during B cell development which are crucial for the purpose of adaptive humoral
immunity: to produce high antibody diversity that recognizes infinitely diverse
pathogenic molecular patterns. These two events are B cell receptor (BCR) gene
segment recombination of immature B cells in the bone marrow and BCR somatic
hypermutation in the germinal centre. Immune regulations including BCR editing
and clonal deletion that induce B cell tolerance towards self-antigens take place to
prevent B cells from attacking the body.! Immunological tolerance is, however, not
unassailable. In fact, approximately 14-20% mature naive B cells are autoreactive
in healthy individuals.?* Despite the explicit danger of having autoreactive B
cells, these cells may increase the diversity pool of BCR which can undergo
subsequent somatic hypermutation directed against pathogens. Indeed, some
broadly neutralizing protective antibodies also have some degree of autoreactivity.’
Therefore, regulation of autoreactive B cell activation is essential to prevent these
cells from incurring autoimmune diseases.

The important roles of (autoreactive) MBC in the disease process of many
autoimmune diseases are highlighted by the clinical benefits of the anti-CD20, B
cell-depleting monoclonal antibody rituximab in treating rheumatoid arthritis (RA),
pemphigus vulgaris, anti-neutrophil cytoplasmatic antibody (ANCA)-associated
vasculitides and anti-muscle-specific kinase (MuSK)-positive myasthenia gravis.®”
However, how autoreactive B cells exert their pathogenicity in human autoimmune
disease is not completely understood. RA is one of the most common autoimmune
diseases which is hallmarked by chronic joint inflammation. The majority of RA
patients harbour autoreactive anti-citrullinated proteins antibodies (ACPA) which
are disease-specific and can prognosticate severe joint erosion in established RA. As
described in chapter 1, the presence of ACPA years before RA onset demonstrates
that autoimmunity against citrullinated self-antigens precedes autoimmune
disease. In some individuals, the ACPA response matures before the onset of RA,
as evidenced by epitope spreading, class switching and glycosylation changes. In
most patients with established RA, the ACPA response does not change despite
medication and clinical remission. It is therefore paramount to understand the
characteristics of ACPA-expressing B cells in different phases of RA.

To this end, we made use of biotinylated, second generation cyclic citrullinated
peptides (CCP2) conjugated to fluorophore-labelled streptavidin molecules.’® By
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using such streptavidin tetramers, Kerkman, et al showed that ACPA-
expressing B cells mainly display a memory phenotype and circulate at a
frequency of approximately 0.01% of total B cells in the peripheral blood of
RA patients.!! To further study these rare autoreactive MBC we also
compared them to well-characterized, protective MBC against tetanus toxoid
(TT) in both quiescent and activated states. In the studies described in this
thesis, we aimed to understand how ACPA-expressing MBCs evolve in
different phases of RA, to deliniate the potential pathogenic roles of these cells
in RA, to learn how these cells resist immune tolerance regulation and to develop
strategies that selectively deplete or suppress ACPA-expressing MBC.

ACPA-expressing B Cells in RA
Evolution of ACPA-expressing MBC

Tobetter understand the involvement of ACPA-expressing MBC in the pathogenesis
of RA, we characterized these cells from ACPA-positive individuals with joint pain
(arthralgia) at-risk for developing RA, immunosuppressor-naive early onset RA
and immunosuppressor-treated established RA. To compare, T'T-specific MBC in
both quiescent and activated states were also characterized using flow cytometry.
Our results, described in chapter 2, showed that a fraction of ACPA-expressing
MBC s in all tested RA phases were proliferative. In arthralgia individuals, the
activation markers of ACPA-expressing MBC resembled that of TT-specific MBC
in a quiescent state. In contrast, ACPA-expressing MBCs from early onset RA were
highly activated which phenocopied recently boosted T'T-specific MBC. Moreover,
ACPA-expressing MBC remained persistently activated and proliferative years
after the onset of disease and upon therapy with conventional synthetic disease
modifying anti-rheumatic drugs (csDMARD). This observation was the opposite
of recently boosted TT-specific MBC which gradually returned to a quiescent
state. Additionally, the persistently activated phenotype of ACPA-expressing
MBC suggests that these cells may receive continuous BCR and CD40 triggering.
In chronic infections such as Human Immunodeficiency Virus (HIV), Hepatitis C
Virus (HCV) and malaria, unresolved and persistent antigen activation is associated
with the expansion of atypical MBC populations which express multiple inhibitory
receptors including FcRL4. These atypical MBCs are hyporesponsive to in vitro
BCR restimulation and are therefore considered “exhausted”.!?!* In contrast,
ACPA-expressing MBC from RA patients did not upregulate multiple inhibitory



Summarizing Discussion

receptors other than Fas and CD22, as described in chapter 3. This finding is
interesting because these cells may encounter citrullinated self-antigens ad infinitum
in the body. Therefore, knowledge on how ACPA-expressing MBC maintain their
activated nature in established RA is important to develop measures to suppress
these cells. Future studies regarding phenotypic changes of ACPA-expressing MBC
upon therapeutic interventions that specifically target BCR signaling, cytokine
receptor signaling or B-T cell interaction may enlighten this important clinical
question. Moreover, single cell sequencing and phosphoproteomics study of these
autoreactive MBC will not only give clues on the factors that support these aberrant
cells but could also uncover (novel) targets of therapy.

Another relevant finding in chapter 2 was that the activated phenotype of ACPA-
expressing MBC did not correlate with systemic inflammation parameters, including
a composite disease activity score or single measures such as the erythrocyte
sedimentation rate. In line, some RA patients who underwent treatment-induced,
clinical remission upon treatment with csDMARDs still harboured activated,
ACPA-expressing MBC. Additionally, ACPA positivity is a strong predictor of
relapses in RA patients who undergo remission.'* These observations indicate
that csDMARDs may mainly suppress inflammatory processes down-stream of
activated ACPA-expressing MBC. A quiescent ACPA-expressing MBC response
may therefore serve as an immunological treatment goal for RA therapy. This
hypothesis remains to be tested.

The study reported in chapter 2 was cross-sectional and therefore not suitable
to draw conclusions on how and when ACPA-expressing MBCs developed their
activated state. Longitudinal studies following the characteristics of ACPA-
expressing B cells, microbiome alterations and infection histories of ACPA-positive
healthy individuals over time may provide answers to when these cells become
activated and which environmental factors or life events trigger this event.

Pathogenic roles of ACPA-expressing B cells

B cells are not only the producers of antibodies but also activators of T cells and
immunoregulators through cytokine production. As described in chapter 2, both in
early onset and established RA, ACPA-expressing MBC displayed upregulation of
T cell-activating ligands including HLA-DR, CD80 and CD86. The upregulation
of these markers was absent in ACPA-expressing MBC from arthralgia individuals.
In an arthritis mouse model, CD80/86 expression on B cells was found to be essential
in the activation of autoreactive T cells and the induction of arthritis.” In fact,
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CD80/86 blocker abatacept is effective in treating RA and the clinical benefits are
more profound in ACPA-positive patients.'®!” Moreover, CD80/86 is also able to
stimulate other CD28-expressing cells including neutrophils and eosinophils which
have pro-inflammatory capacities.’® These data indicate that ACPA-expressing
MBC in RA are well-equipped to stimulate T cells as well as other pro-inflammatory
immune cells and suggest that the interaction between ACPA-expressing B cells
and other immune cells could be essential in the pathogenesis of RA.

ACPA-expressing B cells are enriched in RA synovial fluid. The data described
in chapter 2 showed that despite low numbers of B cells in RA synovial fluid,
ACPA-expressing B cells were 15 times more concentrated in this compartment
than in the peripheral blood. This finding demonstrates that ACPA-expressing B
cells may preferentially migrate towards inflicted joints and persist to stay in this
compartment. In RA synovial fluid, most ACPA-expressing B cells differentiated
into plasmablasts. Interestingly, the frequency of ACPA-expressing MBC in the
blood correlated positively with the abundance of plasma ACPA-IgG, suggesting
that these MBC might continuously differentiate into ACPA-secreting plasmablasts
in the inflicted joints. Therefore, it is clinically important to understand the factors
that stimulate ACPA-expressing MBC migration to the synovial compartment.
Insights to this question could be translated into treatment to prevent ACPA-
positive healthy individuals from developing RA by inhibiting the migration of
activated, pathogenic autoreactive B cells into the joint.

In chapter 2, we also showed that ACPA-expressing MBCs were prominent
producers of pro-inflammatory and pro-angiogenic cytokines including IL-8, IL-
6, TNF-a and VEGF upon BCR and CDA40 ligation. In RA synovial fluid, where
citrullinated antigens are abundant and inflammation is rampant, ACPA-expressing
B cells produced IL-8 spontaneously. IL.-8 is a chemoattractant for neutrophils,
the most abundant immune cells in RA synovial fluid.’ We showed that IL-8
produced by ACPA-expressing B cells was functional in vitro, supporting the role
of ACPA-expressing B cells in inducing and/or maintaining inflammation in RA
joints. These findings highlight the interconnection between ACPA-expressing B
cells and neutrophils. Neutrophils from RA patients have enhanced propensity to
form neutrophil extracellular trap (NET) that contains citrullinated self-antigens.?
IL-8 production by B cells is driven by antigen specificity. Therefore, NET-
activated, ACPA-expressing B cells may produce IL.-8 which in turn recruits more
neutrophils. The new entrant neutrophils subsequently could be stimulated by
CD80/86 as well as ACPA and consequently form more NETs. As the RA synovial
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fluid microenvironment promotes the long-term survival of ACPA-expressing B
cells?!, these cells may maintain longstanding influx and activation of short-lived
neutrophils. This vicious circle may drive the chronicity of joint inflammation in
RA.

In conclusion, ACPA-expressing B cells may exert their pathogenicity in RA by
migrating to the joints, activating pro-inflammatory immune cells including T
cells, promoting persistent influx of neutrophils via secretion of IL-8 and producing
autoantibodies as well as pro-inflammatory cytokines in this compartment.

How ACPA-expressing B cells breach immune checkpoints

B cell development is highly controlled by a series of regulatory mechanisms which
safeguard the normal function of humoral immune responses. One of the regulations
is the negative feedback from antigen-IgG immune complexes (IC) directed to
antigen-specific MBC through crosslinking of BCR and inhibitory Fc-gamma-
receptor IIB (CD32B). This feedback is essential to dampen antigen-specific B cells
from developing into (autoreactive) plasma cells, thereby providing space to other
antigen-specific plasma cells in the limited bone marrow niche. Correspondingly,
CD32B-knock out mice display hypergammaglobulinemia and susceptibility
to autoimmunity and anaphylactic reactions.” Our data described in chapter 2
showed that ACPA-expressing MBC down-regulated their CD32 expression which
may allow these cells to circumvent inhibitory signals from ACPA-containing IC.

As downregulation of other immune checkpoint receptors (ICR) on B cells in mouse
models also leads to B cell dysregulation as well as autoantibody formation, we
sought to assess the expression of seven other relevant ICRs on ACPA-expressing
MBC from RA patients, as described in chapter 3. We observed that the percentage
of ACPA-expressing MBC expressing CD5, PECAM-1, CD200R, LAIR-1 and
FcRL4 resembled that of total MBC. These data highlight the diversity of ACPA-
expressing MBC, at least with regard to the expression of these markers.

One surprising observation we found was the upregulation of the apoptotic receptor
Fas on ACPA-expressing MBC. Deficiency of this receptor leads to autoantibody
formation and lethal lymphoproliferation.?? In contrast, ACPA-expressing
MBC were proliferative and activated despite overexpressing Fas. Notably, the
overexpression of Fas and downregulation of CD32 on ACPA-expressing MBC
resembled the phenotype of TT-specific MBC two weeks post-booster vaccination.
One stark difference was that the frequency of ACPA-expressing MBC in the blood
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was much lower than that of recently boosted TT-specific MBC. Moreover, the
proliferative phenotype of ACPA-expressing MBC was not reflected by a higher
frequency of these cells in the blood compared to quiescent TT-specific MBC.
There are at least two possible explanations to this paradox. First, ACPA-expressing
MBC may preferentially migrate to tissues and differentiate into plasmablasts. This
hypothesis is supported by enrichment of ACPA-expressing B cells in the synovial
fluid and by the positive correlation between the frequency of peripheral ACPA-
expressing MBC and circulating ACPA-IgG.

A second explanation would be that Fas expression on ACPA-expressing MBC may
induce apoptosis on the cells which did not get sufficient BCR signaling. Apoptotic
signaling from Fas can be blocked by concurrent BCR signaling.?* BCR signaling of
ACPA-expressing MBC is triggered by citrullinated autoantigens that are present
in the synovium.” Moreover, ACPA-expressing MBC activation is enhanced and
prolonged by the glycan group on the BCR.? Additionally, due to the enhanced
CD19 expression described in chapter 2, these cells may have a low BCR
activation threshold which permits slight signal to trigger downstream effects. This
hypothesis may explain why the vast majority of ACPA-expressing B cells harbours
glycan groups at their BCR variable domain as this glycan group could
enhance BCR signaling which counteracts apoptotic signal from Fas. This
hypothesis can be tested by overexpressing Fas and CD19 in ACPA-expressing B
cell clones with or without the glycan group. If the hypothesis is correct,
ACPA-B cells with the glycan groups could have a survival advantage upon Fas
ligation compared to those without.

In conclusion, we found no general downregulation of ICR on ACPA-expressing
MBC with the exception of CD32B. CD32B downregulation may help ACPA-
expressing MBC to maintain their activated and proliferative phenotype despite
numerous circulating ACPA. In contrast, ACPA-expressing MBC highly express
Fas and CD22. Whether the downstream signaling of these ICRs is intact remains
to be studied. The expression of Fas and CD22 may either help ACPA-expressing
MBC to circumvent activation-induced cell death and/or shape the ACPA-
expressing MBC response through deletion of those cells that do not bear BCR-
variable domain glycan groups. Either way, the complex function of Fas and CD22
may serve as promising targets to inhibit ACPA-expressing B cells as RA treatment.

Other Interesting Markers

Single cell sequencing of ACPA-expressing B cells holds promise to provide an in-
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depth view on the nature and evolution of these autoreactive cells. Yet, not only
that this technique remains challenging especially for the study of such rare cell
populations, sequencing will also only detect changes in mRNA levels which do
not necessarily translate into protein expression. Therefore, directed exploratory
experiments to examine the expression of important markers using flow cytometry
or mass cytometry still prove to be useful. These markers include B cell development
markers, receptors for T cell-dependent stimulation, complement receptors,
other check-point receptors, anti-apoptotic proteins, homing markers, survival
receptors, possible effector ligands, and signalling proteins (Table 1). Information
of the expression of these proteins will provide a more complete picture of ACPA-
expressing B cells, including how these cells survive and remain activated, their
migration capacity and their pathogenicity in RA.

Table 1. Interesting markers to test on autoreactive B cells

No Marker Function Ref

A. B cell developmental markers

Hypothesis: Autoimmune disease patients may have reduced numbers or dysfunctional
“regulatory” B cells.

1 CD24 e Newly emigrated “transitional” B cells express CD24hi 27
CD38hi

e CD19+ CD24hi CD38hi are reported to be
IL-10-producing “regulatory” B cells. Their function is
impaired in SLE.

2 | CD38 e An ADP-Ribosyl Cyclase-1 producing cyclic ADP-ribose, 27
an intracellular calcium ion mobilizing messenger.

¢ A receptor for CD31 (PECAM-1)

e Newly emigrated “transitional” B cells express CD24hi
CD38hi

e CD19+ CD24hi CD38hi are reported to be IL.-10-producing
“regulatory” B cells. Their function is impaired in SLE.

3 BLIMP-1 o Pax-5 transcription repressor, crucial for plasma cell 28
differentiation
4 | Tbet e T-bet expression in B cells promotes autoantibodies 29, 30

appearance in murine lupus model

o Age-associated B cells express T-bet

5 PD-L2 e In mouse, CD80+PD-L2+ memory B cells differentiate 31
rapidly into antibody-forming cells but do not generate
germinal centres.
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6 IRF4 .

Interferon regulatory factor 4 controls plasma cell 32,33
differentiation

IRF4 is required for the activation of Ig lambda germline
transcription and recombination

B. Receptors for T cell-dependent stimulation

Hypothesis: Enhanced expression of receptors for T cell-dependent stimuli on autoreactive
B cells may be beneficial to compete with other B cells for a limited amount of stimuli.

1 ILZ1R .

IL-21 induces the expression of Blimp-1, a transcription 34
factor crucial for plasmablast/cell differentiation

C. Complement receptor

Hypothesis: Enhanced expression of activating molecules on autoreactive B cells may be
beneficial for their survival

Alternative hypothesis: Down-regulation of activating molecules may balance out BCR
signalling hyper-reactivity which can induce apoptosis

1 CD21 .

2 CD81 [ .

Complement receptor 2 35-37

A part of CD19/CD21/CD81 complex which regulate BCR
signalling threshold

BCR-CD21 co-ligation promotes antiapoptotic molecule
Bcl-2 which protects human B cells from Fas-mediated
apoptosis.

RA patients have an increased frequency of CD21 (-/lo)
naive B cells, the majority of which express germline
autoreactive antibodies and are anergic

A part of CD19/CD21/CD81 complex which regulate BCR ' 35-37
signalling threshold

D. Immune checkpoint receptors

Hypothesis: Enhanced expression of inhibitory molecules on autoreactive B cells may
balance out BCR signalling hyper-reactivity which can induce apoptosis

Alternative hypothesis: Down-regulation of inhibitory molecules may be beneficial for their

survival
1 CD279 o
PD-1
2 CD72 o

Programmed cell death-1 is also expressed on human B cells | 38
and inhibits B cell activation cascade

CD?72 inhibits B cell response to the endogenous TLR7 in | 39
lupus mouse model
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E.

Anti-apoptotic proteins

Hypothesis: ACPA-expressing B cells upregulate anti-apoptotic proteins to balance out the

BCL-6

BCL-XL

BCL-2

F.

BCL-6 is a master regulator of germinal centre

Promoter of human IL-8 contains a match to the BCL-6
consensus site

Self-reactive B cells overexpressing Bcl-xL escape negative
selection and are tolerized by clonal anergy and receptor
editing

BCL-XL is able to enhance the secretion of IL-8 in human
melanoma lines and glioblastoma

Suppressor of apoptosis

Reduces apoptosis in germinal centre B cells which resulted
in low frequency of V gene somatic hypermutation.

Defects in Bcl-2-regulated cell death signalling were
reported to cause or correlate with autoimmunity

Homing Markers and Adhesion Molecules

40, 41

42-44

45

Hypothesis: the rare frequency of ACPA+ B cells in the peripheral blood may be due to
homing of these cells to inflammatory or other tissues.

1 CD195
CCR5
2 | CCR10
3 CDh62L
4 Beta7
Integrin
5 CDl1l1c
6 CD18

The frequency of CCR5+ Memory B cells is increased in
RA compared to healthy donor. Moreover CCR5+ B cells
are enriched in the synovial tissue of RA patients.

A mucosal and inflamed skin homing receptor

Binds to chemokines CCL28 and CCL27

Important for lymphocyte homing to lymph nodes and
binds to carbohydrates, e.g. Peripheral lymph node
addressin (PNAd) expressed by endothelial cells in the
peripheral lymph nodes

TLR2 or TLR9 activation causes rapid loss of CD62L
expression which leads B cell migration to the spleen and
away from lymph nodes

Mucosal homing receptor

CD11¢/CD18 binds to fibrinogen, a substrate of
citrullination

CD11c positivity on B cells is increased after chronic
stimulation

CD11¢/CD18 binds to fibrinogen, a substrate of
citrullination

46
47

48, 49

49, 50

51,52

51
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G. B cell survival receptors

Hypothesis: ACPA-expressing B cells may survive and remain activated due to enhanced
receptors for survival factors

1

240

TACI .
(CD267)
BAFFR o
(CD268)
CD269 .
(BCMA)

A BAFF and APRIL (a proliferation inducing ligand)
receptor

TACI-deficient mice develop fatal autoimmune
glumerulonephritis

A BAFF (B-cell activating factor) receptor

* Belimumab, an antibody against BAFF is clinically

beneficial for SLE patient

BCMA (B cell maturation antigen) is a BAFF receptor.
Binds to TNF-superfamily, leads to NF-kB activation.

Increased expression in activated B cells in lupus

Signalling phospho-protein

SYK pY352

PTPN-6 o

(SHP1)
pY536

STAT-3 | .
pY705

Phospho- o
BCL-2

Syk phosphorylated on tyrosine 352 residue is capable of
downstream signalling

Phosphorylation at tyrosine 536 residue enhances
phosphatase activity

Upon IL-6 or growth factor stimulation, Stat3 is activated
via phosphorylation at tyrosine 705 residue

Phosphorylation of BCL-2 leads to reduction of its
anti-apoptotic function.

Potentially pathogenic B cell markers

CD70 .

CD253 o
RANKL

ZAP70 .

CD70+ B cells exaggerate autoimmune encephalomyelitis in
mouse models

Blockade of the CD27-CD70 pathway ameliorates disease
manifestations in murine collagen-induced arthritis

Activates osteoclast

ZAP-70" B cells are enriched in synovial fluid B cells in RA,

but also present in blood.

ZAP-70 expression increases survival and is associated with
inflammatory and autoimmune phenotype in RA.

53-55

53,54

56

57,58

57,59

60

61, 62

63

64
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Antigen-Specific Targeting of ACPA-expressing MBC

Selective targeting of autoreactive B cells is an attractive approach for therapeutic
interventions in autoimmune diseases. This approach may deliver better clinical
outcome than rituximab while limiting the immunosuppressive side effects. Extensive
strategies to target autoreactive B cells were described in chapter 1. The most
unique feature of ACPA-expressing B cells is their recognition of post-translationally
modified self-antigens, particularly citrullinated antigens. In chapters 4, 5 and 6 we
explored the possibility of antigen-specific targeting of ACPA-expressing B cells
by conjugating cyclic citrullinated peptides (CCP) with a ribosome inactivating
protein saporin (chapter 4), with CD22 ligands (CD22L, chapter 5) or with the
Bruton’s Tyrosine Kinase (BTK) inhibitor acalabrutinib (chapter 6). Various
strategies including a sequential prodrug strategy to prevent circulating ACPA from
neutralizing the therapeutic molecule (chapter 4), a multivalent strategy using
polymeric scaffolds (chapter 5) and monovalent antigen-drug strategy (chapter
6) were also explored. In chapter 4, we addressed one of the possible major
challenges in antigen-directed immunotherapy, i.e. neutralization of the drug by
circulating autoantibodies. To this end, we designed a prodrug which contained
inactivated biotinylated CCP bound to a saporin-conjugated streptavidin tetramer.
The inactivated CCP failed to bind both monoclonal ACPA and patient-derived
polyclonal ACPA due to the introduction of a carboxy-p-nitrobenzyl (CNBz)
group at the side chain of the citrulline residue. Using nitroreductase to release the
CNBz group, the citrulline side chain was completely restored to bind ACPA and
ACPA-expressing B cells. We showed that nitroreductase-treated CNBz-CCP-
saporin was as effective as CCP-saporin to induce apoptosis in a ACPA-B cell clone
but not in a tetanus-specific control B cell clone. Moreover, CNBz-CCP-saporin
failed to induce toxicity on any of the cell lines. As a following step, we plan to
attach nitroreductase to a CD20-targeting antibody so that the prodrug can only be
activated in the vicinity of B cells. Subsequently, the activated CCP-saporin binds
to the ACPA BCR, followed by internalization by ACPA-expressing B cells which
allows saporin to exert its cytotoxicity intracellularly. This strategy will serve as a
proof-of-concept on sequential antigen-specific targeting of autoreactive B cells.
In this study, we used potentially immunogenic, bacterial-derived proteins namely
streptavidin and nitroreductase. Streptavidin functions to multimerize the antigenic
peptides while nitroreductase is essential for activating the prodrug. In vivo, these
proteins may compromise the therapeutic value of the drug and therefore alternative
methods and/or materials need to be sought out. Alternative strategies can be found
in chapter 1.
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We then explored, in chapter 5, the use of multivalent scaffold polyisocyanopeptides
(PIC) to deliver inhibitory signals from CD22L to ACPA-expressing B cells. This
more direct strategy, compared to the one used in chapter 4, was chosen because
polymers may be more potent in binding to the BCR. Also, such scaffolds can be
readily used as carriers for cell modulating compounds. We conjugated CD22L into
CCP-PIC constructs to specifically inhibit ACPA-expressing B cell clones. As a
result, CD22L-containing CCP-PICs inhibited ACPA-specific BCR signaling
pathway more effectively than a combination of separate CD22L-PICs and CCP-
PICs. Whether this system still can work in the presence of circulating ACPA
remains to be studied. If the presence of circulating ACPA hinders the CCP-
CD22L-PIC function in inhibiting ACPA-expressing B cells, the produg
strategy described in chapter 4 might also be combined with the CCP-CD22L-
PIC strategy.

Lastly, in chapter 6 we explored the possibility to selectively target
ACPA-expressing B cells using CCP conjugated with acalabrutinib, a BTK
inhibitor. BTK is an essential kinase which conveys BCR signaling. Previously, it
was shown that B cells from ACPA-positive RA patients have increased BTK
activity compared to B cells from ACPA-negative RA patients.> Furthermore,
inhibiting BTK leads to reduced disease activity and histological damage in
mouse models of RA.%%” Looking back on our results in chapter 3, we
hypothesized that by inhibiting BCR signaling, ACPA-expressing MBC may
become more vulnerable to Fas-induced apoptosis. In chapter 6 we
synthesized CCP-acalabrutinib conjugates. This construct selectively inhibited
the proliferation of an immortalized, ACPA-expressing B cell line. Surprisingly,
the CCP-acalabrutinib conjugates failed to inhibit intracellular BTK, possibly due
to their monomeric antigen in the drug conjugate which was not internalized via
BCR. These findings suggested that covalent CCP-acalabrutinib conjugates can
specifically inhibit ACPA-expressing B cell lines in a BTK-independent manner.
Correspondingly, high doses of acalabrutinib, which inhibited BTK completely,
failed to recapitulate the effect of CCP-acalabrutinib on these cells. While these
data suggest that the immortalized, ACPA-expressing B cell line used may not be
an optimal cell line for the study of the effects of BTK inhibition on autoreactive
B cells, the “off targets” of CCP-acalabrutinib conjugates in these immortalized,
ACPA-expressing B cells may be interesting and remain to be discovered.
Moreover, CCP multivalency and an addition of low pH-sensitive linker between
antigen and acalabrutinib may improve the antigen-BTK inhibitor drug construct.
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Concluding Remarks

In conclusion, this thesis explored the evolution and nature of ACPA-
expressing B cells in RA. In individuals with arthralgia considered to be at-risk
to develop RA, ACPA-expressing MBC resembled quiescent TT-specific MBC,
except for an already elevated expression of the proliferation marker Ki-67. In
early onset, immunosuppressor-naive RA, ACPA-expressing MBCs were
highly  activated, resembling recently boosted TT-specific MBC.
Furthermore, in established, csDMARD-treated RA, ACPA-expressing MBCs
retained their hyperactivated phenotype despite showing less of Ki-67 and
HLA-DR expression compared to the cells from immunosuppressor-naive RA.
These characteristics were in contrast to those of recently boosted TT-specific
MBCs, which gradually returned to their quiescent phenotype. In established RA,
ACPA-expressing MBCs expressed T cell-stimulating ligands such as HLA-DR,
CD80 and CD86; were able to excessively secrete pro-inflammatory cytokines
such as IL-8, IL-6 and TNFa upon stimulation; were enriched in arthritic
synovial fluid; differentiated into plasmablasts in this compartment; and
spontaneously produced neutrophil chemotactic factor IL-8. These findings
showed the potential pathogenic roles of ACPA-expressing B cells in human RA,
notably by orchestrating both innate and adaptive immune responses to attack the
joints where citrullinated self-antigens are prevalent.

To understand how ACPA-expressing B cells remain hyperactivated for long
duration, the expression of immune checkpoint receptors (ICRs) on these cells were
examined. The downregulation of ICRs promotes the production of autoantibodies
and B cell dysregulation. In established RA, ACPA-expressing MBC downregulated
the expression of CD32 which may help these cells to circumvent the inhibitory
signals from ACPA-IgG immune complexes. Surprisingly, ACPA-expressing MBC
did not downregulate seven other ICRs tested in our studies. In contrast, ACPA-
expressing MBC highly expressed the apoptotic receptor Fas and the sialic-acid
binding, inhibitory receptor CD22. The expression of Fas and CD22 on ACPA-
expressing MBC may shape the ACPA immune response and promote the survival
of these cells.

Due to strong evidence of the central roles of ACPA-expressing B cells in RA
etiopathogenesis, these cells are prime targets for therapy or prophylactic vaccines
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against RA. Citrullinated antigen-directed therapy strategies were also explored
in this thesis. Conjugating CCP with immunomodulators including CD22L and
acalabrutinib led to specific inhibition of the function and survival of an
ACPA-expressing B cell line in vitro. A possible challenge in antigen-directed
therapy is the presence of large numbers of circulating ACPA that may prevent
the medicinal product to bind to ACPA-expressing B cells. A sequential
prodrug strategy may solve this problem by chemically and reversibly
inactivating CCP so that it does not bind to circulating ACPA. The prodrug is
then activated only on the surface of ACPA-expressing B cells which leads to
specific binding of the drug to the BCR of ACPA-expresing B cells.
Subsequently, the antigen-drug conjugate will be internalized and exert its
cytotoxicity specifically on ACPA-expressing B cells. The first evidence for the
feasibility of such an approach on ACPA-expressing B cells is presented in this
thesis.

How ACPA-expressing B cells evolve from the initial breach of
immunological tolerance into cells that actively promote the development of RA
is not yet clearly understood. Moreover, how ACPA-expressing B cells thrive
and migrate towards the joints remains to be studied. Insights into these questions
may eventually help to develop preventative as well as therapeutic measures for
patients with ACPA-positive RA.
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