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Autoimmune diseases are described as conditions where the immune system apparently turns 
against self-tissues and organs. They are generally classified into two types: Systemic and Loca I ized 
autoimmune diseases. Systemic Autoimmune diseases are those that affect multiple organs such 
as systemic lupus erythematosus (SLE), rheumatoid artritis (RA) and Sjogren's syndrome (SS). 
They are usually characterized by the production of autoantibodies that recognize a diverse array 
of cytoplasmic and nuclear antigens. Localized autoimmune diseases, on the other hand, are 
organ-specific and often display autoantibodies that bind tissue-specific antigens. 

B cells were initially thought to be minor players that acted more as the effector arms of 
the autoimmune process, as was evident from the excessive production of (auto)antibodies 
in patients with autoimmune disorders. However, the remarkable efficacy of therapeutic B 
cell depletion strategies indicated that B cells may play a major role in the very pathogenesis 
of autoimmune disorders. Moreover, B cells can modulate and amplify immune responses 
by mechanisms that do not necessarily involve antibodies (1) and increasing knowledge of 
different B cell functions have also added weight to the possibility that besides perpetuating 
the autoimmune process, B cells may actually cause autoimmune disease. Hence, any study of 
B cells in autoimmune disorders warrants a discussion of the many roles that B cells normally 
play within immune responses 

B cells and antigen presentation 

Besides antibody production, B cells also participate in antigen presentation and costimulation. 
Experiments on B cell-depleted mice clearly showed that B cells share the duty of antigen 
presentation with DCs. B cells seem to be participate in CD4+ T cell activation alongwith DCs 
during immune responses to low dose antigens (2). At the same time, B-cell-depleted mice 
are able to mount an immune response to a high dose of antigen, indicating that B cells are 
not indispensable for antigen presentation (3). However, when B-cell-depleted mice were 
exposed to autoantigens, reduced antigen-specific CD4+ T-cell activation was observed (4). All 
of this clearly suggest that B cells may be major antigen presenters that provide the trigger for 
autoimmune disease. 

Role of B cells in lymphoid tissue organization and neogenesis 

B cells are also known to regulate lymphoid tissue organization and neogenesis. In mice, the 
absence of B cells during development results in significant abnormalities within the immune 
system that is characterized by a significant decrease in the number and diversity of thymocytes, 
defects within spleen DC and T-cell populations (5), an absence of Peyer's patch organogenesis 
and follicular DC networks alongwith decreased chemokine expression (6, 7). On the other side 
of the coin, B cells are also implicated in formation of ectopic lymphoid follicles in diseased organs 
or tissues in autoimmune disorders. For example in primary SS (pSS), these ectopic lymphoid 
structures are characterised by periductal clusters of T and B lymphocytes, development of 
high endothelial venules and differentiation of follicular dendritic cells (FDC) networks (8, 
9). Evidence from pSS patients and SS animal models demonstrated that the formation and 
maintenance of such lymphoid follicles is strongly associated with the expression lymphotoxins 
and lymphoid chemokines CXCL13, CCL19, CCL21 and CXCL12 in diseased salivary glands (8). 
Another example of the prominent role B cells play in the formation of lymphoid follicles was 
demonstrated by an elaborate study of ectopic lymphoid neogenesis and in-situ autoantibody 
production in the pancreatic tissue of autoimmune diabetic mice (10) which provided further 
clarity on the sequence of events possibly catalyzed by B cells in autoimmune diseases. 
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B cells regulate T cell differentiation 

Initial studies on B cell-deficient mice indicated that the absence of B cells adversely affected 

both CD4+ T cell and CDS+ T cell responses (11-13). This has been confirmed by B cell depletion 

studies in humans, at least wth regards to CD4+ T cells. B cell depletion therapy in SLE patients 

resulted in decreased numbers of CD4+ T cells expressing the costimulatory molecule, 

CD40-ligand (14). This confirms that B cells have a major role to play in T cell differentiation. 

This is probably why B cell depletion therapy is also seen to be clinically effective in treating 

autoimmune diseases that are understood to be T cell-mediated (15). 

lmmunomodulating functions of B cells 

B cells respond to Toll-like receptor (TLR) ligands and present antigen. In addition, B cells 

may be subdivided into regulatory and effector B cell subsets based on the functions of the 

cytokines they produce (16). Regulatory B cells secrete IL-10 or TGFP-1, while effector B cells 

produce IFNy, IL-12 and TNFa (Be-1 cells) or IL-2, IL-4, TNFa, IL-6 (Be-2 cells) depending on 

whether the antigenic response induced is type-1 or type-2, respectively. 

Regulatory B cells are particularly significant in the context of B cell hyperactivation 

disorders. For example, IL-10 producing B cells have an ameliorating effect experimental 

models of colitis (17), EAE (18) and collagen-induced arthritis (19). The role of IL-10-producing 

B regulatory cells in down-regulating immune responses became evident in infections (20, 21) 

and autoimmunity (22-25). Similarly, the regulatory function of TGFP-1-producing B cells has also 

garnered much attention (26, 27). These facts indicate that the effector and regulatory arms of 

B cell immunomodulation work independently to influence T cell-mediated immune responses. 

ROLE OF B CELLS IN AUTOIMMUNTIY 

Under healthy conditions, B cells follow tightly regulated developmental and differentiation 

pathways intercepted by many check points to prevent the distraction of a homeostatic immune 

response into autoimmunity or uncontolled B cell hyperactivity. B cells develop from stem cells 

within the bone marrow, through a series of precursor stages during which they rearrange 

their variable immunoglobulin (lg) genes to generate a wide range of B cell receptors (BCRs) 

with unique antigen-binding specificities. Immature transitional B cells expressing surface 

BCRs emigrate from the bone marrow into the peripheral blood and then mature into na"i've 

B cells. Although the site of maturation is not known in humans, in mice, this process occurs 

in the spleen. When mature na·1ve B cells encounter antigen and are able to solicit Dendritic 

cell (DC) and T-cell help within the follicles of secondary lymphoid organs, they undergo 

germinal center (GC) reactions leading to somatic hypermutation (SHM) of their rearranged 

lg gene combinations, proliferation and lg heavy-chain class-switch recombination. Thus, the 

GC is a unique microenvironment poised for the production of memory B cells or lg-secreting 

plasma cells from na'i've B cells which are responsible for the maintenance of serum antibody 

levels. These complex molecular processes are unique to B cells and ensure the production of 

antibodies with a variety of antigen-binding specificities and effector functions (by different 

isotypes). Antibodies function both as a natural barrier to infection and as a humoral component 

of adaptive responses to pathogens. 

Autoimmune diseases are primarily characterized by the excessive production of antibodies 

that can bind self-antigens and are accompanied by a cascade of pathological events that result 



in the immune system being harnessed to destroy specific cells of the body. It is apparent that 
at some point in the development of autoimmunity, the usual checkpoints aimed at eliminating 
self-reactive B cells have failed. The etiology behind autoimmune diseases in general, remains 
a mystery. Although several theories abound, some of them contradictory to each other 
(28, 29), the one overriding fact is that autoimmune disorders are generally accompanied 
by autoantibodies with the ability to bind self-antigens. Although, it cannot be stated with 
certainity that all autoantibodies are pathogenic, their association with autoimmune disease 
initiation and progression makes B cells a frontline in exploring the mechanisms underlying 
autoimmune mechanisms. With each B cell having a unique BCR, it is evident that the study 
of gene sequences encoding for the BCRs in autoimmune disease could divulge critical 
information as to how B cells in autoimmune disorders and in particular auto-reactive B cell 
populations, differ from the B cells in healthy controls. 

THE B CELL REPERTOIRE IN AUTOIMMUNE DISEASES 

The B cell repertoire is derived from an array of gene rearrangements that can potentially form 
immunoglobulins (lg) of almost unlimited specificities. The genes of the variable (V), diversity 
(D; in lg heavy chain only) and the joining (J) regions have the potential to come together in 
numerous permuted combinations to form unique B cell receptor configurations. This process of 
somatic recombination is choreographed in a sequential manner and interspersed with various 
checkpoints that are essential to the generation of a vastly diversified yet functionally optimal 
antibody repertoire that has the ability to respond effectively to non-self antigenic stimuli. 

In humans, the process of V(D)J recombination begins with the rearrangement of genes 
within the heavy chain (H) locus in the progenitor B cells (pro-B) located in specialized niches 
within the haematopoietic fetal liver and bone marrow. First, the DH-JH gene segments join, 
followed by the VH gene segment combining to form a unique VH-DH-JH rearrangement which 
allows the pro-B cell to become a precursor B cell (pre-B) that produces mu heavy chains. It is 
now evident that almost all pro-B cells have DH to JH rearranged at both alleles, indicating their 
prompt availability for VH to DHJH-rearrangements (30). 

lgl chain rearrangement normally starts off at the kappa locus. If the Vkappa-Jkappa 
combination is unproductive, then the lgl chain rearrangement machinery moves on to the 
lambda locus. Either way, the expression of a productively rearranged light chain along with a 
functional mu heavy chain enables the presentation of a mature BCR on the surface of the na"i've 
B cell and is a crucial signal for the survival and differentiation of the B cell. 

Although potential V(D)J recombinations required to produce the diverse immune 
repertoire seem to occur at random, there are several stringent checkpoints in place within 
the early B cell developmental pathway that ensure the removal of unwanted recombination 
products and the generation of optimal BCRs. B cells with unproductive V(D)J rearrangements 
which largely arise due to the randomness of the recombination machinery, do not survive 
unless they are rescued by further functional rearrangements on the same or different allele 
for the heavy chain and a different light chain locus (lambda) for the light chain. A second 
checkpoint ensures the selection of only those functional heavy chains that are able to 
transiently pair with single light chains to form a pre-BCR. Finally, only functional light chains 
that can pair with heavy chains to form a mature BCR, are selected. 
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Abnormalities in lg gene diversification 

VH replacement 

Even when a complete BCR is finally expressed on the B cell membrane, a new kind of checkpoint 
kicks in, which focuses on the antigen-specificity of the BCR and ensures that B cells with self
reactive BCR specificities are either eliminated or undergo receptor editing of the light chain to 
rid itself of self-reactivity. This secondary rearrangement is particularly easy at the kappa and 
lambda loci due to the gene organizations where an upstream VL can join to a downstream JL 
as they are both flanked by complementary RSS sites. A previous unproductive or self-reactive 
VL-JL rearrangement can easily be replaced by a new VL-JL recombination (31). 

Such a form of secondary rearrangement is mechanistically difficult to envision at the heavy 
chain locus, since the initial DH-JH joining deletes out the intervening DH genes along with 
the 12bp RSS required for recombination with the 23bp RSS of a new upstream VH. Despite 
this, growing evidence that a form of secondary rearrangement known as VH replacement 
may occur at the heavy chain locus, came from comparisons of functional and non-functional 
VH-DH-JH rearrangements in mouse B cells (32, 33). It was suggested that VH replacement 
may be mediated through the use of cryptic RSS (cRSS) sequences located within the third 
framework region of the VH germ line gene segments. In mice and humans, almost all functional 
VH germline genes contain cRSS motifs alongside a heptamer (TACTGTG) without a clearly 
definable nonamer partner (34). The occurrence of VH replacement in acute lymphoblastic 
leukemias (ALL) of pre-B cell phenotype had been indicated (35, 36) previously. But it was the 
study of a tetraploid childhood acute lymphocytic leukemia cell line EU12 (37) that provided 
mechanistic evidence for the contribution of VH replacement to the lgH gene diversification 
process in humans. 

The concept of VH replacement gained significance in autoimmunity when knock-in mice 
with a self-reactive (anti-DNA) VH-DH-JH transgene engineered into the JH locus were found to 
have the inserted anti-DNA VH gene replaced by upstream VH, DH, or VH-DH gene fragments 
through recombination with a cRSS heptamer embedded at the 3'-end of the anti-DNA VH 
transgene (38, 39). The VH replacement in these mice apparently sought to delete the anti-DNA 
specificity at the pre-8 to immature B transitional stages in the bone marrow (39), presumably 
after encounter with self-antigen (31). Other studies in mice have implicated VH replacement 
in the purging of self-reactive BCR specificities (40), in repertoire diversification for mounting 
protective anti-viral lg response (41) and in the production of monoclonal antibodies against 
different immunogens (42). 

Receptor editing 

Receptor editing is the process by which the autoreactivity of B cells is modified through a 
secondary rearrangement at the light chain locus. There is some evidence to indicate that 
receptor editing may be defective in certain autoimmune disorders. However, the results 
have also been quite contradictory. For example, in SLE, studies have shown that there is a 
preferential use of proximal VK genes and the infrequent utilization of downstream JK segments 
in anti-DNA Abs indicating decreased receptor editing (43). In contrast, other studies showed 
that usage of VA genes of the most J'A,-proximal cluster was decreased while that of the most 
distal cluster was increased in untreated SLE patients compared to normal controls, suggesting 
an increased occurrence of receptor editing (44)(45). In patients with SS, over-representation 
of J'A,2/3 and a decreased frequency of J'A,7 were noted in rearrangements in peripheral B 
cells, suggesting decreased receptor editing (45). SS and SLE patients also exhibit significant 



differences between their productive and nonproductive repertoire such that SLE patients 
showed decreased productive rearrangements for V).A and V'AS and increased for V'A6. The 
SS repertoire, on the other hand, demonstrated productive rearrangements increased for VA] 
and decreased for Vt.JO (46). 

SCOPE OF THIS THESIS 

While it is evident that B cells could be major contributors to the disease pathology in many 
autoimmune diseases, such as Sjogren's syndrome, it is still unclear as to which factors allow 
B cells to evade the normal checkpoints for autoimmunity and transgress the boundaries of 
tolerance. Moreover, although B-cell depletion with Rituximab is effective in treating many 
autoimmune diseases such as primary Sjogren's syndrome (pSS), patients always suffer a 
disease relapse and the factors contributing to this relapse are unknown (47-49). This thesis 
aimed at analyzing the immunoglobulin variable heavy chain repertoire to uncover possible 
mechanisms used by B cells to survive, proliferate and persist in autoimmune disorders and 
particularly in pSS. 

METHODOLOGIES 

ANALYSES 

FOR 

Experimental techniques 

IMMUNOCLOBULIN CENE 

lmmunoglobulin gene rearrangements are analyzed using polymerase chain reactions (PCR) 
with V region-specific primers in combination with either J region-specific primers when 
analyzing DNA or with constant region primers when analyzing RNA/cDNA. The PCR products 
obtained are inserted into plasmid vectors and amplified in copy numbers by cloning using 
bacterial cells. The bacterial cells are cultured on agar plates and single bacterial colonies are 
picked for further culturing, since each colony presumably stems from an individual bacterial 
cell with a single plasmid-PCR insert combination. The plasmid-insert DNA is then extracted 
out from the bacterial cells and sequenced using plasmid-specific primers upstream and/or 
downstream of the PCR insert. 

Analyzing the lg sequences at the RNA level has the advantage of providing focused 
information on only those B cells where the lg DNA locus recombination is expressed as mRNA 
and possibly transcribed into protein. Also, the final spliced and processed mRNA transcript has 
both the variable and constant regions of the lg molecule close enough to be detected within 
the same PCR, thereby allowing the characterization of BCR-specific isotype usage. 

The downside of using mRNA for analyzing lg sequences is that activated B cells and plasma cells 
are known to produce upto 1000-fold more RNA than resting B cells. Thus, analysis of the total mRNA 
pool may be heavily biased towards the lg gene repertoire of these hyperactive cells. Theoretically 
though, this mRNA bias may be overcome by studying definite sorted B cell populations. But, it may 
also lead to underestimating the auto-antibody producing plasma cell populations in autoimmune 
disorders since definitive plasma cell markers are still a matter of debate. 

The lg-mRNA bias towards the message from plasma cells may also be overcome by analyzing 
the lg repertoire at the DNA level. However, the DNA sequences obtained would also include 
those uninformative sequences which are not transcribed into RNA and do not contribute to 
the lg repetoire. Moreover, these sequences do not provide information on isotypic constant 
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regions because the variable region and constant region genes are too far apart on the lg 
genomic locus to be ampilified within the same PCR. The knowledge of isotype expression with 
variable gene usage may be important within the context of clinical correlations (50). 

Regardless of whether DNA or RNA is used, an additional bias is also introduced by the 
PCR-plasmid cloning approach, where the number of sequences analyzed (which is actually 
the number of bacterial cells picked during cloning) may vary depending on transformation 
efficiency, which in turn is affected by factors such as amount of PCR product, ligation 
efficiency, etc. This makes it difficult to come to quantitative conclusions about lg gene usages 
and repertoire features in general, as lg mRNA sequences dervied from cells with higher copy 
number transcripts such as plasma cells or DNA sequences that are amplified more efficiently 
due to better primer binding, stand the chance of being cloned more often. 

To this end, the recent approach of using parallel deep sequencing strategies for the 
analysis of lg mRNA transcripts can eliminate most of the above-mentioned biases as the entire 
lg transcript pool is sequenced. In this way, the number of times an lg sequence is detected is 
a near accurate quantitation of the lg transcript production and the parallel amplification of a 
genomic DNA locus would also normalize for B cell numbers. However, analyzing the massive 
amounts of sequence data generated after deep sequencing remains a daunting task requiring 
extensive bioinformatic support and computational capacity. 

Computational immunology 

lg sequence data analysis has been greatly aided by the availability of web-based open-source 
lg gene databases such as IMGT (51), JoinSolver (52) and Kabat (53). The query tools within 
these databases provide a variety of features such as V-(D)-J gene identification, functionality 
(protein coding) prediction, CDR3 amino acid sequence, hypermutation hotspots, replacement 
and silent mtation statistics, etc. 

In recent years, use of these online query tools were incorporated into different 
mathematical algorithms designed to predict the type and extent of selection pressures that 
shape the lg repertoire on the basis of mutation patterns. In this context, a defining moment 
was the realization that although unproductive sequences do not contribute to the lg pool, they 
are crucial to differentiating the somatic hypermutations occurring in response to antigenic 
exposure, from the random mutations acquired during recombination events and cell divsions 
(54). This is because unproductive sequences do not code for a functional protein (BCR) and 
mutations acquired by such sequences are probably uninfluenced by ongoing antigen selection. 

The prediction of selection pressures on lg sequences is crucial as they aid in determining 
the role of antigen-driven selection in disorders such as autoimmunity and B cell lympohomas. 
These methods are essentially based on comparing the observed frequency of replacement 
(non-synonymous) or R mutations to their expected frequency under the null hypothesis of 
no selection where mutations, even if they occur, are silent or S (synonumous). Higher R/S 
frequencies indicate positive antigen selection, while decreased frequencies indicate 'negative 
selection' or a decreased propensity to accrue R mutations that optimize antigen binding and 
the statistical significance for these tests are determined. Logically, one can expect negative 
selection (less R mutations) in the framework regions (FWRs), as these regions form the 
structural backbone of the BCR and positive selection in the complementarity determining 
regions (CD Rs), which are responsible for antigen binding in response to antigenic stimulation. 

The first statistical testing algorithm for evaluating the effect of antigen selection on B cells 
was created by Chang and Casali (55) and was later modified to form the Multinomial test by 



Lassos et al (56). In 2008 however, the Focused-z test (previously known as Focused Binomial 
test) was developed (57, 58) which as its name suggests, only focuses on the region (FWR or 
CDR) being analyzed and does not allow statistical cross-talk between regions. For example, a 
low number of R mutations in the FWR may falsely indicate a relative increase in the R mutations 
(positive selection) within the CDR if they are not analyzed separately. As a result, the focused 
test is a more robust approach in contrast to the Chang and Casali method and the Multinomial 
test, where the number of R mutations are compared between CDR and FWR. Moreover, the 
Focused test also takes into account the effect of microsequence specificity (59) and base 
substitution bias (60) in the occurrence of somatic hypermutations, thereby greatly reducing 
the likelihood for false positives in predicting antigen selection. 

A considerable improvement on the Focused test is the recently published computational 
method known as the Bayesian estimation of Antigen-driven SELectloN (BASELINe) (61). 
BASELINe provides a more quantitative and visual method to analyze selection. It incorporates 
statistical algorithms designed to predict the type and extent of selection pressures which 
shape the lg repertoire on the basis of mutation patterns. Affinity maturation is a process by 
which B cells accumulate somatic mutations within their immunoglobulin genes after which 
they are selected based on their affinity to antigens. The distribution of replacement versus 
silent (R/S) mutations, in both CDRs and FWRs is counted separately and compared against 
the expected frequency under the hypothesis of no selection as defined by germline genes. 
This strategy is different from the Focused-z test, in that the Focused-z test only facilitated 
the detection of sequences showing statistically significant selection pressures, but did not 
offer a way to quantify the large number of sequences where selection pressures were not 
statistically significant and merely indicated trends (57, 58). BASELINe on the other hand allows 
the cummulative quantification of selection pressures within a repertoire, as well as a tandem 
comparison of selection pressures between different experimental groups (61). 

In addition to the analyses for selection pressures, the translated (amino acid) lg sequences 
can also be analyzed for their predicted protein characteristics such as hydrophobicity/ 
hydrophilicity, charge, N-glycosylation sites, etc., some of which are shown in this thesis to 
differ in autoimmune diseases when compared to normal controls [Chapters 4 and 5]. 

THESIS OUTLINE 

In this chapter, we demonstrated the importance of studying the role of B cells in autoimmune 
diseases. Given that B cell have a multi-faceted and mutli-layered contributions within different 
types of immune responses, it is likely that abnormalities in B cell repertoires may possibly give 
rise to the pathology seen in autoimmune diseases. 

In Chapter 2, we present a review of the B cell populations and sub-population in pSS and 
also discuss the effect of B cell depletion therapy on the B cell repertoire in pSS. 

In Chapter 3, we presented evidence for the persistence of immunoglobulin-producing 
cells in parotid salivary glands of primary sjogren's syndrome patients after B-cell depletion 
therapy with Rituximab. 

In Chapter 4, we proposed, for the first time, the existence of altered selective pressures on 
lgG-producing cells in parotid salivary glands of pSS patients. 

In Chapter 5, we extrapolated our previous strategy for analyzing altered B cell selection 
in pSS (Chapter 4) to the immunoglobulin heavy chain (IGHV) gene repertoires of other 
autoimmune diseases. We showed, for the first time, the existence of novel selective pressures 
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i n  the form of acqu i red N - g lycosylation motifs i n  IGHV reg ions of lgG-producing cel ls  from 

auto immu ne d iseases. Th is  study a lso showed that the preva lence of acq u i red N - g lycosylation 

s ites in a utoi mmune d iseases was s ign ificantly g reater than in lgG seq ue nces from normal or 

non -autoi m m une and antigen-s pecific repertoires .  

In  Chapter 6, we delved fu rther i nto the concept of a ltered selective pressures in 

auto immune d iseases and i ntrod uced novel i nsig hts reg a rd i ng the selection pressures shap ing 

the autoi mmune reperto ire. We a lso used the observations from this study to cha l lenge the 

popular  bel ief that B ce l l  hyperactivation in  autoi m m u n e  d iseases is d ue to (auto)a ntigen

d riven sti m u lation .  I n  this study, we concluded that the selection pressu res on lgG- express ing 

B ce l ls  in  a uto immune d iseases a re more s imi la r  to supera ntigen - based B ce l l  se lection tha n 

c lass ical a ntigen -d riven B ce l l  selection .  

I n  Chapter 7, w e  combined o u r  o bservations from p revious chapters t o  i ntroduce a novel 

hypothetical  model of a lte red B ce l l  selection in a uto imm une d iseases. We speculate that our 

study may tentatively provide a fi rst evidence for the much d iscussed, but u ndetermi ned l i n k  

between B c e l l  su pera ntigen infections and auto i m m u n ity. 
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ABSTRACT 

Sj6gren's Syndrome (SS) is a chronic inflammatory disorder affecting exocrine glands, in 
particular the lacrimal and salivary glands. The disease can be primary (pSS) or secondary 
to other systemic autoimmune diseases such as rheumatoid arthritis, systemic lupus 
erythe matosus and others. The systemic autoimmune character of pSS is a lso apparent from 
the occurrence of (non-organ specific) autoantibodies in this disease. Histopathologically, 
glandular involvement is characterized by focal accumulation of lymphocytes, particularly 
around epithelial ducts, with, sometimes, germinal center-like structures. The infiltrates 
largely consist of T-cells, with a preponderance of CD4-positive T-cells. As a result, the 
pathology in SS was primarily attributed to T cells. However, a break with the fixation 
on the role of T cells in pSS came when therapeutic B cell depletion strategies proved 
remarkably efficacious in this disease, thereby indicating a major role for B cells in the 
immunopathogenesis of pSS. 

In this regard, a closer look at the composition of B-cells and B-cell subpopulations, 
both in the peripheral blood and in target tissues, is worthwhile. In this review we discuss 
current data on B-cells in pSS. B-cell depletion offers a unique possibility to study the 
recurrence of (pathogenic) B-cells and their characteristics in pSS patients treated with 
rituximab. Data on B-cell subpopulations in the peripheral blood and B-cell repertoire in 
the target tissues following rituximab treatment are discussed as well. We also address 
their state of activation, repertoire, and relation to B-cell activating factor (BAFF). 



I N TRO D U CT I O N  

Sjogren's syndrome (SS) is a rheumatic autoimmune disorder that primarily affects glandular 
tissues that produce moisturizing secretions such as the salivary and lacrimal glands. It is known 
as primary Sjogren's syndrome (pSS) when it occurs on its own and as secondary Sjogren's 
syndrome when it occurs in tandem with other systemic autoimmune diseases such as systemic 
lupus erythrematosus (SLE) or rheumatoid arthritis (1). Extraglandular involvement is frequent, 
indicating that pSS is a systemic autoimmune disease. There is a strong female preponderance 
with a female to male ratio of 9 to 1, and a high prevalence of up to 3% in people above the age 
of 50 years (2). 

For many years, the immune pathology in SS, as well as many other autoimmune diseases, 
was largely attributed to T cells as they were observed to inflitrate in large numbers within 
affected organs or glands. Experiments with autoimmune animal models also showed that T 
cells could transfer autoimmune diseases (3). Diseases such as rheumatoid arthritis and insulin
dependent diabetes mellitus also showed strong statistical associations with certain MHC 
class I I  alleles, which was suggestive of a T cell-dependent process. However, a break with the 
fixation on the role of T cells in autoimmune disorders came when anti-T cell therapy failed to 
produce desirable clinical results in certain systemic autoimmune diseases (4). 

B cells on the other hand, were initially thought to be minor players that acted more as part 
of the effector arm of the autoimmune process, as was evident from the excessive production 
of (auto)antibodies in patients with autoimmune disorders. In pSS, the classical symptoms of 
hypergammaglobulinemia and increased production of autoantibodies such as anti-Ro/SSA 
and anti-La/SSB were evidence of B cell hyperactivation. Moreover, a quarter of pSS patients 
also exhibit ectopic development of B cell proliferations which resemble germinal centres (GC) 
in the target tissues and approximately 5-10% of them have the probability of progressing to 
MALT lymphoma, a B cell malignancy (5, 6). 

These observations suggested a more primary role for B-cells in the immunopathogenesis 
of pSS. Consquently, B-cell depletion with the chimeric monoclonal antibody Rituximab was 
attempted in patients with pSS. The initial data was promising and showed restoration of 
glandular function in early pSS with positive effects as well on extraglandular manifestations 
and constitutive symptoms like fatigue (7). In view of these findings, a closer look at the 
composition of B-cells and B-cell subpopulations, both in the peripheral blood and in target 
tissues, is worthwhile. In this review we will discuss current data on B-cells in pSS. B-cell 
depletion offers a unique possibility to study the recurrence of B-cells and their characteristics 
in pSS patients treated with rituximab (RTX). Data on B-cell subpopulations in the peripheral 
blood and the B-cell repertoire in the target tissues following RTX treatment will be discussed 
as well. We will also address their state of activation and their response to the B-cell activating 
factor, BAFF. 

B cel l  populations in pSS patients 

In peripheral  blood 

Many studies, including those from our group, have given evidence for disturbances in the 
distribution of peripheral blood B cell subsets in pSS patients. In comparison to healthy controls, 
the peripheral blood from pSS patients exhibit a significant decrease in frequencies and 
numbers of CD27+ memory B cells and an increase in those of both naYve and memory CD27- B 
cells (8-12). There are two possible explanations for the decrease in CD27+ memory B-cells in 
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the peripheral blood of pSS patients. One could be the migration of CD27+ memory 8-cells 

in patients into inflamed salivary glands due to the increased expression of the chemokines 

CXCL12 and CXCL13 in these glands (13). The other possibility is that shedding of CD27 from the 

cell surface resulting in CD27- memory 8-cells (10) may account for the reduced detection of 

circulating CD27+ memory 8-cells in pSS patients. 

The latter possibility seems quite plausible since CD27- memory 8-cells were also reported 

in healthy individuals. These B cells were mostly of the lgG isotype and were somewhat less 

mutated than their CD27+ counterparts (14). Strikingly, increased frequencies of CD27- memory 

8-cells that were class-switched were reported in the blood of SLE patients, and were positively 

correlated with higher disease activity and increased levels of disease-specific autoantibodies 

(15). Our own group reported a significant negative correlation between frequencies and 

numbers of circulating CD27- 8-cells and salivary gland function in pSS patients (16). Given the 

fact that lgM-lgD+CD27- 8-cells from healthy individuals were shown to bind to autoantigens, 

this raises the possibility that the subset of CD27- B cells may be the precursors of autoantibody 

secreting plasma cells in autoimmune diseases (16, 17). Analyzing the presence of these subsets 

within affected glands of pSS patients may shed more light on the role of these B cells in the 

autoimmmune disease pathology. In addition to this, our group also reported a significant 

increase in the percentages and absolute numbers of circulating transitional B cells, as well as a 

significant increase in the percentages (but not in the numbers) of naive CD27-CD38low B cells 

in pSS patients compared to healthy individuals (8). 

Another study that explored the presence of long-lived plasma cells (PCs) in pSS, reported a 

significantly higher percentage of PCs in the peripheral blood of pSS patients with lymphocytic 

infiltration focus scores 2: 2 in their salivary glands compared to those pSS patients with a focus 

score !, 1 (18). The authors also revealed a two-fold higher proportion of CD19- PCs compared to 

CD19+ PCs in pSS patients than in normal controls. The expression of CD27 in both these subsets 

of PCs from pSS patients was observed to be significantly lower than in normal controls (18). 

Interestingly, the lack of CD19 and CD27 from the surface of PCs is reportedly associated with 

the susceptibility to malignancies (19, 20). Since reduced CD19 expression on long-lived PCs 

within the bone marrow is correlated with increased lifespan of these cells (21), these cells could 

be the precursors for long-lived PCs in pSS patients (18). However, it remains to be elucidated 

whether these CD19- long-lived PCs play a role in either persistent autoantibody production or 

the increased susceptibility to B cell malignancies observed in pSS patients, or both. 

In salivary glands 

Studies on B cell subsets present in the salivary glands of pSS patients are few and not very 

definitive. The lymphocytic infiltrates seen in the salivary glands of pSS patients are more akin 

to B cells clusters or aggregates rather than typical germinal centers (GCs) owing to their lack of 

typical Ge-markers such as CDl O and CD38 and the expression of activation-induced cytidine 

deaminase which is required in GC reactions for somatic hypermutation and class-switching 

(22). These B cells lacked expression of CD38, which is usually present on transitional Tl-type B 

cells that emigrate from the bone marrow into the circulation (23). This indicated the presence 

of a more mature subset of transitional B cells, termed T2 B cells, which were CD19+IgD+CD38-

lgM+CD2l+CD23+ and present within pSS salivary glands(24) (22). However, another study 

on lower lip salivary gland (LSG) biopsies reported that in contrast to the widely dispersed 

presence of B cells expressing CD38+, CD79a+ and CDS+ to a minor degree, and lacking CD20, 

CD21 and CD27 in LSGs from healthy controls, LSGs from pSS patients showed CD20+ B cells and 



CD27+/CD38+ 8 cells, with the CD20+ 8 cells being concentrated in perivascular regions that did 
not overlap with focal infiltrates filled with the CD27+/CD38+ 8 cell subset (25). A more recent 
study also detected significant numbers of CD138+, non-proliferating, Bcl-2 expressing plasma 
cells in the salivary glands of pSS patients with high focus scores (26). 

Our group [Hamza et al, submitted] and others (27-29) showed increased clonal expansions 
of immunoglobulin-producing cells (8 cells and plasma cells) in the salivary glands of pSS 
patients compared to non-pSS control patients. In our study, some of these clones were 
composed of mixed lgA and lgG isotypes within the parotid salivary glands from pSS patients. 
This suggested the presence of localized class switching within the inflamed glands of pSS 
patients (30). These observations suggest the existence of local 8-cell hyperactivation and 
proliferation in the affected tissues. 

In Sjogren's syndrome, the presence of anti-Ro (SS-A) and anti-La (SS-8) autoantibodies 
against RNA-protein complexes are an important diagnostic criterium (31). Studies have shown 
that pSS patients with relatively high levels of anti-Ro/SSA and anti-La/SSB autoantibodies in 
their sera also presented with anti-Ro/SSA and anti-La/SSB producing cells in their labial glands, 
particularly along the periphery of germinal center-like structures and interstitial spaces within 
the labial glands (6, 32). Moreover, pSS patients who presented with germinal center-like 
microenvironments within their salivary glands, showed increased local production of anti-Ro/ 
SSA and anti-La/SSB autoantibodies and apopotic activity within these microenvironments, 
thereby indicating the significance of a highly localized interaction between the target glandular 
tissue and immune cells in pSS autoimmune pathology (6). Some SS patients had detectable 
titres of anti-Ro and anti-La autoantibodies in plasma, yet no autoantibody-producing cells 
were found in their peripheral blood (33). This suggests that (auto)antibody production 
probably occurrs in tissues such as the bone marrow or in secondary lymphoid organs such 
as lymph nodes and tonsils. In diseases such as pSS, the sites of inflammation within salivary 
glands may also be used for this purpose. The (auto)antibody-specific memory 8 cells may have 
an increased tendency to migrate to these inflammed sites due to the increased expression of 
chemoattracts such as CXCL12 and IL-6 (discussed later) within salivary glands of pSS patients 
(18) where the inflammatory microenvironment may contribute to their transformation to 
(auto)antibody-producing plasma cells. 

Abnormalities of B ce l l  immunomodulation in pSS 

I t  has  been suggested that CXCL13 and CXCL12 overexpression in the inflamed glands of pSS 
patients could play an active role in the recruitment of 8 cells as infiltrating cells (34). Peripheral 
blood 8 cells from patients with primary SS show significantly higher gene expression of surface 
CXCR4 in contrast to healthy individuals and this was especially evident with respect to CD27- B 
cells. However, transmigration assays based on the interaction between CXCR4 and its cognate 
ligand CXCL12 showed that the migratory potential of peripheral CXCR4+ CD27- B cells from 
pSS patients was not different from that of healthy controls (13). This may be due to the fact 
that significantly higher frequencies of CD27- naive 8 cells from pSS patients expressed the 
mRNA for the inhibitory regulator of G protein signaling 13 (RGS13), which is known to inhibit 
the migrational response of CXCR4-transfected Chinese hamster ovary cells toward CXCL12 
and CXCL13 in vitro (13, 35). 

Activated CD27+ B cells from primary SS patients showed significantly reduced migratory 
responses to the high expression of CXCL12 and CXCL13 in pSS glands when compared with those 
from healthy controls. However, analysis of peripheral blood revealed a moderately diminished 
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frequency of CXCRS+ CD27+ memory B cells in pSS patients compared to healthy controls. This 

was surprising because the CXCL13-CXCR5 pairing has been shown to be involved in the homing 

of B cells into lymphoid follicles, as well as in the development of organized lymphoid follicles 

(13).  Given the low CXCRS expression on CD27+ B cells that are left in the pSS peripheral blood, the 

question arises as to which factors facilitate the migration of CXCRS+ CD27+ memory B cells into 

the inflammed salivary glands of pSS patients and the formation of ectopic lymphoid tissue within 

them (36, 37). This is a significant point because CD27+ memory B cells were shown to be reduced 

in the peripheral blood and accumulated in the inflammed salivary glands. The vast majority 

of these infiltrating CD27+ memory B cells coexpressed CXCRS and CXCR4, while the lower 

frequencies of periphera l CD27+ memory B cells were accompanied by a reduction in CXCR4+ 

and CXCRS+ B cells in pSS patients. Thus, coexpression of both CXCL12 and CXCL13 may attract the 

peripheral CXCR4+CXCRS+CD27+ memory B cells into the inflamed glands, where they may reside 

and proliferate. This suggests that a process of selective migration leaves memory B cells with 

lower migratory capacity remaining in the blood while those that can home into the inflammed 

glands may be retained within the glands through as yet undefined survival signals (13) . 

A recent study observed that CXCL12 and interleukin ( I L)-6 survival factors were highly 

expressed in pSS salivary gland epithelium and within focal mononuclear infiltrating cel ls. 

Adipocytes present in the salivary glands were also proven to be an important source of CXCL12 

(26). Strikingly, plasma cells were detected in close proximity to CXCL12 and I L-6 expressing 

cells, suggesting that CXCL12 and I L-6 may be vita l  for plasma cell survival (26). 

Another group of cytokines that play important roles in B-cell survival, differentiation 

and proliferation are the cytokine B-cell activating factor (BAFF) and the proliferation

inducing ligand (APRI L). Both BAFF and A PRI L can bind to either of the receptors BCMA (B cell 

maturation Ag) and TACI (transmembrane activator and calcium modulator and cyclophilin 

ligand activator), but only BAFF binds another receptor, BAFF- R or BR3 (38). BAFF-transgenic 

mice develop a condition that has certain similarities with the human pSS condition (39). In pSS 

patients, both BAFF and A PRI L levels are increased (40). In BAFF-transgenic mice, autoreactive 

marginal zone B-cell clonal populations that apparently proliferated in the spleen, were also 

found within salivary glands, indicating that cells deriving from the splenic marginal zone 

population may be the precursors for autoreactive cells in human pSS (16, 39) . 

In pSS patients BAFF was shown to be produced not only by epithelial cells and T cells but 

also by B cells (41) .  An interesting observation though, was the fact that the BAFF receptor BR-3 

was present on most B cells within the salivary glands of pSS patients while TACI and, to a lesser 

degree, BCMA were observed on transitional B lymphocytes. This was suggestive of a form of 

autocrine feedback mechanism for B cell activation and proliferation (41 ) .  Furthermore, only 

the epithelial cell-bound BAFF extended the survival of normal B cells while the secreted BAFF 

did not do so (41). This is significant in view of the fact that studies on self-reactive B cells in 

BAFF transgenic mice have demonstrated that BAFF overexpression can promote the survival of 

autoreactive B cells that are usually deleted during later stages of maturation and also faciltates 

their migration into niches from which they are normally excluded (42). These observations 

also highlight the possible involvement of the glandular tissue (epithelial cells) within salivary 

glands in perpetuating the pSS disease process. 

Elevated serum BAFF and APRI L levels in pSS patients were positively correlated to serum 

gammaglobulins, lgG, presence of anti-SSA or anti-SSB autoantibodies and focus score (39, 

43, 44) . Moreover, BAFF expression within inflamed salivary glands was associated with the 



presence of germinal center-like structures (45), while elevated BAFF levels in the serum of pSS 
patients correlated with the increased number of peripheral CD27-CD38++IgD+ B-cells (46). 

As a result of all of these observations, anti-BAFF therapy is now being considered a serious 
option in the treatment of pSS. Belimumab, a monoclonal antibody to BAFF, has already shown 
significant benefits for patients with SLE (47), which is a disease that is comparable to pSS in its 
presentation of higher BAFF and APRIL levels in the sera of patients. To our knowledge, clinical 
trials targeting BAFF in pSS patients are still ongoing. 

A pertinent development in the study of BAFF expression was the detection of multiple 
alternatively spliced transcripts for BAFF. An alternatively spliced mRNA, in which exon 3 
is absent was shown in mice to negatively regulate BAFF by forming heterotrimers with the 
full-length form transcript. However, the translated form of this BAFF transcript has not been 
detected (48). Another BAFF RNA variant which lacked a 114 base pair region within exon 4 of 
the BAFF gene was found to encode for a protein that could interact with DNA and perform 
as a transcription factor for the full-length BAFF transcript (24). It remains to be seen if the 
differential expression of the former and/or the latter BAFF variant(s) in pSS patients compared 
to healthy controls may be a factor driving the excessive BAFF expression seen in pSS and other 
autoimmune diseases. 

A recent study using co-culture experiments of human salivary gland (HSG) cell line cells 
and tonsilar B lymphocytes, showed that direct HSG cell-B cell contacts were able to induce 
apoptosis in epithelial cells (49). This B cell-mediated apoptosis required the translocation of 
protein kinase C delta (PKC 8) into the nucleus of epithelial cells, which then resulted in histone 
H2B phosphorylation on serine 14 and poly (ADP-ribose) polymerase cleavage (49). This is 
particularly noteworthy since the treatment of B cells with BAFF is reported to prevent nuclear 
accumulation of PKC8 and enhance B cell survival (50). 

Selection of the autoimmune immunoglobulin repertoire in pSS 

Previous studies have shown that the immunoglobulin variable light chain repertoire within 
peripheral blood B cells exhibits a disordered selection in pSS patients compared to controls. 
The VL-A genes 2A2, 2B2, 2C and 7A together accounted for 56% of all functional VA joints 
(51), whereas in another study of peripheral blood from a single pSS patient, 43% of the VL- K 
repertoire was represented by the VK genes Ll2, 012/02 and B3 (52). A study on a parotid 
gland biopsy from the same patient revealed an increased usage of the rheumatoid factor 
and lymphoma-associated VKA27 gene (29%) compared with blood-derived B cells (8%) 
(53). Moreover, an increased frequency of B cells expressing the VKA27-JK2 rearrangement 
was observed within the parotid glands of this pSS patient. It remains to be seen whether this 
apparent bias in Vk gene usage is also seen in larger series of pSS patients. However, with 
regards to the immunoglobulin variable heavy chain gene usage, we (30) found no evidence 
for a biased usage of a particular Vh gene in pSS patients compared to non-pSS controls. 

With regards to isotype usage, we noted significant differences in lgA and lgG subclass 
usage in the salivary glands of pSS patients compared to non-pSS controls. In parotid glands 
from pSS patients, among lgA transcripts, the expression of lgAl was significantly higher than 
lgA2 (Figure 1), whereas among lgG transcripts, lgGl was the dominant lgG subclass [Hamza et 
al, submitted] .  In non-pSS controls on the other hand, the dominant lgA and lgG sublasses were 
lgA2 and lgG2, respectively. It is uncertain whether increased lgAl expression could contibute 
to pSS disease pathology. However, the role of lgGl could be significant since lgGl is thought to 
be more effective at phagocytosis and complement-fixation than lgG2 (54). Hence, the relative 
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Figure 1: lgAl expression is increased 
in pSS patients. The frequency of lgAl 
subclass usage among lgA transcripts 
in parotid gland biopsies from pSS 
patients at baseline compared to that in 
non-pSS controls (p-value from Mann
Whitney test). 

predominance of lgGl-expressing cel l s  which possibly bind (auto)antigens within the diseased 
sal ivary glands of pSS patients, may attract a powerful complement-mediated detrimental 
immune response local ly, leading to the pathology observed in the salivary glands of pSS 
patients [Hamza et al, submitted]. 

B cell depletion therapy in pSS 

B-cell depletion therapy using the anti-CD20 monoclonal antibody Rituximab (RTX) resulted 
in clinical relief from disease symptoms in treated pSS patients and is characterized by a near 
complete depletion of B cel l s  from the blood (8, 55). Although a significant therapeutic effect 
was observed with respect to various disease parameters such as saliva production, visual 
analog scale (VAS) scores for dryness (particularly in patients with recent disease onset), fatigue 
and extraglandular manifestations (56-60), the clinical relief experienced by these patients was 
temporary and the recurrence of disease symptoms coincided with the return of B cel ls  within 
the peripheral circulation (8, 55). 

Fol lowing RTX treatment, repopulation of the peripheral compartments was characterized 
by the appearance of CD19+ B-cel ls  at 24 weeks which were phenotypical ly akin to CD27-
CD38high transitional B-cel ls and whose numbers normalized partial ly or ful ly at 36-48 weeks 
after RTX (8, 61). This indicates the influx of newly-generated B cel ls  from the bone marrow into 
the peripheral circulation of treated pSS patients. Among the memory B cel l populations in the 
peripheral blood of pSS patients treated with RTX, approximately 70% of them belonged to an 
isotype-switched subset described by the markers CD19+ CD27+ lgM- lgD-. However, in our 
studies on concomittant parotid gland biopsies from the same pSS patients, we observed that 
the near complete depletion of B cel ls  from the peripheral circulation noted at 12-16 weeks after 
RTX, was not mirrored by the parotid salivary glands and B cel l s  were sti l l  present there (30, 59). 
This is in contrast to previous ly reported observations where a complete absence of B-cel ls  
was noted in the labial sal ivary glands biopsies of pSS patients for upto one year after RTX (61). 
The repopulation of B cel ls  within these labial glands was mostly represented by memory and 
transitional B-cel l s .  

We have previously reported the persistence of certain clonal populations of 
immunoglobulin (lg)-producing cel ls  within the parotid glands of pSS patients even after 
B cel l  depletion with RTX (30). One obvious reason for the survival of these lg-producing 
cel l s  could be the lack of CD20 expression on plasma cel l s, as is widely believed. However, 
there are reports of CD20+ plasma cel l s  being present in tonsils even after RTX (62). We also 



showed that lg-producing clonal populations persisting after RTX were more mutated in the 
variable region of the immunoglobulin heavy chain (IGHV) genes than their clonally-related 
counterparts present before RTX (30). This is an indication that B cells surviving after RTX may 
have undergone proliferation. 

All of the above observations point to a model of disease relapse after RTX therapy that may 
be seeded by persisting lg-producing cells. The surviving B cells may be situated in restricted 
niches that enable them to evade depletion and proliferate with time. The existence of such 
niches with restrictive access to RTX was previously reported in murine systems, where B-cells 
in certain tissue sites such as the splenic marginal zone, germinal center and peritoneal cavities 
exhibit significant resistance to anti-CD20 depletion (63, 64). These RTX-resistant B cell niches 
were also observed in the GCs of lymph nodes from non-human primates (65) and in tonsils 
(66) and other lymphoid organs in humans (67). 

The transient clinical relief from SS symptoms after RTX is probably due to the depletion 
of large numbers of B-cells and some CD20+ lg-producing cells (62), which may lead to a 
reduction in effector B-cell functions, such as antigen presentation and cytokine production. 
Although no significant decrease in serum lg levels was observed after RTX (58), lower levels 
of certain (auto)antibodies may contribute to clinical relief. At the same time, the underlying 
autoimmune mechanisms are probably maintained by long-lived plasma cells as has been 
indicated in studies in SLE where patients who expressed autoantibodies secreted by long-lived 
plasma cells, had a higher chance of experiencing early flares or disease relapse after B-cell 
depletion therapy than patients who did not express these autoantibodies (68-71). 

Serum BAFF levels have been measured in pSS patients before and after rituximab therapy 
(72). Following rituximab therapy, serum BAFF levels increase significantly during periods 
of B cell depletion and BAFF levels return to baseline when B cell numbers return to normal 
values. The augmented BAFF levels following B cell depletion may contribute to the return 
of self-reactive B cells, as excessive BAFF has been shown to rescue self-reactive B cells from 
apoptosis (73). In our studies, we showed that although RTX treatment does result in the almost 
complete depletion of peripheral B cell populations, its effect on the B cell populations within 
d iseased salivary glands is not so d ramatic. Moreover, compared to baseline, we found no 
significant changes with respect to the relative usage of the immunoglobulin heavy chain gene 
repertoire or lgA and lgG isotype subclass usage in pSS patients after RTX treatment [Hamza 
et al; submitted] .  Hence, the B cells that survive after RTX may ultimately contribute to the 
disease relapse observed in pSS patients who have undergone RTX therapy (30). This is a sound 
rationale for the development of therapeutic strategies that combine RTX with an anti-BAFF 
agent to prolong the therapeutic efficacy of RTX (74). Alternatively, designing therapies that 
target persisting lg-producing cells (or plasma cells) could also synergistically increase the 
efficacy of B cell depletion therapy (68). 
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A BSTRACT 

Objectives: To assess the persistence of immunoglobu lin-producing cell populations 

in the parotid salivary glands of primary Sjogren's syndrome (pSS) patients after 8-cell 

depletion therapy with Rituximab. 

Methods: Thirteen pSS and 4 control patients were included in this study. pSS patients 

were treated with Rituximab or placebo. Sequence analysis was carried out on lgA and lgG 

encoding transcripts extracted from parotid salivary gland biopsies, taken before, at 12-16 

and at 36-52 weeks after treatment. 

Results: At baseline, many clonally-related sequences were observed in pSS patients. The 

number of clonal expansions was significantly higher in pSS patients, compared to control 

patients. C lonal expansions were composed of lgA and/or lgG expressing cells. Rituximab 

did not significantly a lter the degree of clonal expansions. Groups of clonally-related cells 

had members which were shared between biopsies taken before and after treatment. 

Mutation frequencies of immunoglobu lin sequences from clonally-related cells in pSS 

patients were higher after treatment. 

Conclusions: Rituximab treatment does not alter the characteristic features of increased 

clonal expansions observed in the parotid salivary glands of pSS patients. The presence 

of clonally-related immunoglobulin-producing cells before and after Rituximab treatment 

strongly suggests that immunoglobulin-producing cells persist in salivary glands of pSS 

patients despite 8- cell depletion. The presence of mixed isotype expression within groups 

of c lonal ly-related cel ls indicates local c lass-switching in sal ivary glands of pSS patients. We 

speculate that persistent immunoglobulin-producing cells may underlie disease relapse 

after treatment. 



INTRODUCTION 

Primary Sjogren's syndrome (pSS) is an autoimmune d isease characterized by chronic 

inflammation of the salivary and lacrimal glands (1) and progressive dryness of mouth and 

eyes. The presence of B-cell infiltrates in the salivary glands of pSS patients, accompanied 

by disturbances in the relative proport ions of peripheral B- cell subsets and high titers of 

circulating autoantibodies such as anti- Ro (SS-A) and anti-La (SS-B) antibodies in the blood, 

strongly implicate B- cells in the pathogenesis of pSS (2). T his assumption was strengthened 

when therapeutic B -cell depletion strategies targeting CD20, a B-cell-specific transmembrane 

protein, resulted in relief from SS disease symptoms (3-7). 

B-cell targeting therapies with anti-CD20 monoclonal antibodies, such as the chimeric antibody 

Rituximab (RD<) are now widely used to treat autoimmune d isorders such as rheumatoid arthritis 

(RA), systemic lupus erythromatosus (SLE) and vasculitis (8). We and others have previously shown 

that RD< can also be successfully used for the treatment of patients with pSS (3, 6, 9, 10) .  

However, symptoms usually return 6-9 months after treatment (6, 10). Although, RD< treatment 

results in the almost complete absence of B-cells in the peripheral blood of pSS patients for 3-6 

months after the initiation of the therapy (10-12), this is not mirrored by their parotid salivary glands, 

where B-cells remain, albeit in decreased numbers (7). Also, disease relapse seemingly coincides with 

the reappearance of peripheral B-cell subpopulations in the blood (9-11). 

B-cells can be distinguished from each other on the basis of the unique rearrangements 

of their immunoglobulin variable heavy ( IGHV) and light chain genes. B-cell clones (and 

plasma cells derived from them) share the same IGHV rearrangements. Previous studies have 

reported the presence of B-cell clones within salivary gland biopsies from pSS patients using 

immunoglobulin sequence analysis (13-15) . In order to assess whether such B-cell clones possibly 

persist in salivary glands of pSS patients after RTX treatment, we analyzed immunoglobulin 

sequences obtained from repeated biopsies taken from the same parotid gland before and 

after RTX treatment. If clonally-related lg-producing cells are observed before and after RTX 

treatment in pSS patients, this may strongly suggest a potential role for these persistent cells in 

the d isease relapse occurring following B-cell depletion therapy with RTX. 

METHODS AND MATERIALS: 

Patients 

Thirteen pSS-patients fulfilling the American-European criteria for pSS(l6) (all females; mean 

age 40.5 years; range 18-65 years), with a disease duration of less than 5 years, were enrolled in 

this study after providing written informed consent . The study protocol was approved by the 

institutional review board of the University Medical Center Groningen. Patients included in this 

study had participated in previous pilot studies such as the open label Rituximab study (n=4) (6) 

or in the placebo controlled Rituximab study (n=9) (9). 

Inclusion criteria for pSS-patients to participate in this study were: stimulated whole saliva 

secretion flow > 0.15 ml/min, presence of autoantibodies (lgM-rheumatoid factor 2:'.: 1 0  klU/liter in 

combination with anti-SS-A and/or anti-SS-B autoantibodies), and a salivary parotid gland biopsy 

(obtained s 12 months before inclusion) showing characteristic features for SS (17) . Patients 

with a history of any malignancy (such as MALT lymphoma) or underlying cardiac, pulmonary, 

metabolic, renal or gastrointestinal conditions or with chronic or latent infectious diseases or 

immune deficiency, were excluded. Furthermore, patients who had been treated previously with 
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monoclonal antibodies were excluded. Treatment with prednisone and hydroxychloroquine 
had to be discontinued at least one month before baseline, and treatment with other disease
modifying anti-rheumatic drugs (DMARDs) at least 6 months before baseline. 

Eleven patients (pSS-RTX patients) had been treated according to the following two 
schemes: a RTX infusion of 375 mg/m2/week for 4 weeks (in the open label study; n=4) (6) or 
2 i.v. infusions of 1000 mg RTX (in the placebo controlled trial; n=7) (9) on days 1 and 15. Two 
patients (pSS-placebo patients) had been treated with placebo infusions (9). To minimise side 
effects (infusion reactions, serum sickness), all patients, both RTX and placebo-treated had 
been pre-medicated with methylprednisolone (100 mg/i.v.), acetaminophen (1000 mg/p.o.), 
and clemastine (2 mg/i.v.) and received 60 mg of oral prednisone on days 1 and 2, 30 mg on 
days 3 and 4, and 15 mg on day 5 after each infusion. No corticosteroids or other DMARDs were 
allowed during follow-up. 

As controls (all females; mean age51 years; range 45-57years), 2 patients with sicca complaints 
not fulfilling the American-European criteria for pSS and 2 patients with malignancies (squamous 
cell carcinoma of the oral cavity) without involvement of the parotid glands were included. 

An incisional biopsy of the parotid gland was obtained from the same gland before therapy 
(RTX or placebo) and 12-16 weeks later (17). Moreover, in 5 pSS-RTX patients, a third biopsy was 
taken at 36-52 weeks from baseline, at the time of recurrence of clinical symptoms. In control 
patients, a biopsy of the parotid gland was obtained either as part of the clinical diagnostic 
work-up for Sjogren's syndrome or as part of the neck dissection procedure in patients with 
malignancy during surgical intervention. Histopathological examination of the parotid glands 
of all 4 control patients revealed a normal histology of the glandular tissue. 

C l o n i n g a n d  seq u e n c i n g  of i m m u n og l o bu l i n  t ra n sc r i pts  

From every biopsy, three batches of four serial tissue sections (5-7µm thick) were obtained 
from different parts of each biopsy. Total RNA was extracted from each batch. RNA was 
converted to cDNA and amplified using primers specific for the variable region of IGHV genes 
(18) in combination with constant region primers specific for the CHl domains of the Ca (5'
GAATTC GAGTGGCTCCTGGGGGAAGA-3') or Cy (5'-GAGTTCCACGACACCGTC AC-3') constant 
regions (19). For 4 pSS-RTX patients and the 4 control patients, we performed a multiplex PCR 
for all IGHV families. For the remaining 9 pSS-RTX treated patients, we focused our analysis 
on the largest IGHV family, i.e. IGHV3. PCR was performed for 35 cycles using a 60-second 
denaturizing step at 94°C, 60-second annealing step at 60°C and a 60-second extension 
step at 72°C. The PCR products were gel-extracted and cloned into plasmid vectors using the 
Fermentas GeneJet Kit and Xii Blue® competent bacteria. A total of 72 (36 lgA + 36 lgG) plasmid
PCR product constructs were picked separately for each biopsy and submitted for sequencing. 
Only plasmids containing IGHV sequence-inserts were considered further for analysis. 

The independent sampling of different parts of each biopsy ensured that 100% identical 
immunoglobulin sequences derived from separate tissue batches could be attributed to 
different cells. Identical immunoglobulin sequences within a single tissue batch could be 
derived from multiple transcripts of the same cell or from different cells. For this reason 100% 
identical sequences obtained from one tissue batch were counted as one. 

A n a lys i s  of rea r ra n g ed i m m u n o g l o bu l i n  g e n e s  

The nucleotide sequences of the variable region were compared with the international 
lmMunoGeneTics information system (IMGT) databases of human immunoglobulin germline 



sequences (20, 21). lmunoglobulin sequences obtained from independent PCRs were assigned to 
clonally-related immunoglobulin-producing cells based on their similarity at the complementarity 
determining region (CDR) 3 and their shared IGHV gene usage (22). Shared mutations within the 
IGHV regions were also considered to be indicative for clonal relationships. Mutation frequencies 
of immunoglobulin sequences were computed with an in-house software tool (23). 

l m m u n o h i stoc h e m i st ry 

Parotid glands were fixed in formaldehyde (4%), embedded in paraffin and sectioned. The 
sections were stained after deparaffinisation, pre-treatment with Ultra CCl (Ventana Medical 
Systems, Inc, USA), antigen retrieval and endogenous peroxidase blocking using the Benchmark 
machine. Sections were immunohistochemically stained with polyclonal lgA (1:12000), 
polyclonal lgG (1:32000) and monoclonal CD79a, clone: JCB117 (dilution 1:100) antibodies. All 
antibodies used were from DAKO. The sections were then treated with peroxidase-labelled 
secondary antibody and visualized with the chromogen DAB (3,3' Diaminobenzidine) solution. 

Stati st i c a l a n a lys i s  

All statistical analyses were performed using GraphPad Prism software (version 3.0). Statistical 
comparisons of data from pSS patients and control patients were carried out using unpaired 
t-test test. Data from baseline and at different timepoints after treatment were analyzed using 
paired t-test. 

RESULTS 

A total of 1,314 immunoglobulin (803 lgA and 511 lgG) sequences were collected from patients 
with pSS (at baseline and after RTX treatment) and from control patients. Of these sequences 109 
(8%) were designated as unproductive (non-protein coding) by the IMGT Quest bioinformatic 
tool. After filtering out unproductive sequences and 100% identical sequences from the same 
PCRs, the number of productive (coding for a functional protein) immunoglobulin sequences 
from different immunoglobulin-producing cells were 1,172 (1,084 from pSS patients and 88 from 
control patients) and only these sequences were used for subsequent analysis. 

I n c reased  c l o n a l  expa n s i o n s  i n  pa rot i d  s a l i va ry g l a n d s  of pSS 
pat ients  

Analysis of immunoglobulin sequences obtained from parotid salivary glands, from both pSS 
patients and control patients, clearly revealed the existence of sequences derived from clonally
related cells. In pSS patients, at baseline, on average >20% ± 1.85 of the sequences collected 
from a parotid gland biopsy belonged to clonally-related cells, whereas in control patients 
the average percentage (7% ± 2.37) was significantly lower (P=0.0027, unpaired t-test; Figure 
la). The number of groups of clonally-related cells per biopsy (normalized to 100 sequences/ 
biopsy) from pSS patients at baseline was also significantly higher than compared to those from 
control patients (P=0.0022, unpaired t-test; Figure lb) and the sizes (i.e. the number of clonally 
related sequences) of these clonal groups were significantly larger in pSS patient biopsies at 
baseline, than in control patients (P=0.0457, unpaired t-test; Figure l e). 
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Figure 1: lmmunoglobul in seq uences from clonal ly-related cel ls detected in parotid g land biopsies from 
pSS patients and control patients. a) Percentage of immunoglobu l i n  sequences belonging to c lonal ly
related cel l s  in biopsies from pSS patients at basel ine compared to those from control patient biopsies. 
b) Nu mber of groups of clonal ly-related cel ls per biopsy (normal ized to 1 00 seq uences/biopsy) from pSS 
patients at basel ine compared to those from control patient biopsies. c) Size of clonal groups from pSS 
patients at basel ine compared to those from control patient biopsies 

C l o n a l ly-re l ated ce l l s  i n  s a l iva ry g l a n ds  befo re a nd aft e r  RTX 
treatment 

Comparison of immunoglobulin sequences obtained at different time points revealed that 

clonally-related cells were not only present within biopsies taken at baseline, but that members 

of these groups of clonally-related cells were also present in biopsies taken after RTX treatment. 

We did not observe any identical IGHV sequences between different patients. 

In total, 42 groups of immunoglobulin sequences from clonally-related cells were obtained 

both from samples taken at baseline and after RTX. In 35 of these groups, members were 

found both in samples taken at baseline and at 12-16 weeks after RTX (occurring in 8 out of 11 

pSS-RTX patients). In 7 groups, members were found both in samples at baseline and in samples 

taken at 36-52 weeks after RTX. In one pSS-RTX patient, members of 2 groups of clonally

related immunoglobulin-producing cells were detected at all three time points. A graphical 

representation of the immunoglobulin sequences from clonally-related cells detected at 

different time points in 5 pSS-RTX patients is shown in Figure 2. In the two pSS-placebo patients, 

we observed 5 groups of immunoglobulin sequences from clonally-related cells before and 

12-16 weeks after treatment with placebo. 

The percentage of sequences belonging to clonally-related cells did not change significantly 

at 12-16 weeks and 36-52 weeks after treatment with RTX, compared to those at baseline. Both 

the number of groups as well as clone size at all time points showed the same distribution as 

observed in pSS patients at baseline (Figure 3). 

B c e l l s  a n d p l a s m a  ce l l s  a re p resent i n  p a rot i d g l a n d s  befo re a n d 
after  RTX 

For some patients, we obtained sections from biopsies collected at all three timepoints. 

We observed the presence of B cells as well as lgA and lgG-producing cells before and after 

treatment (Figure 4). Both B cells and plasma cells apparently decreased at 12 weeks after RTX 

treatment compared to baseline. 
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Figure 2: l mmunoglobu l in  sequences from clonal ly-related cel l s  in parotid sal ivary glands at basel ine and 
after RTX treatment. Each circle represents the sequence from an lg-producing cel l .  This figure s hows 
lg sequences detected at three d ifferent time points in 5 pSS- RTX patients. The black and white shaded 
circles are clonal ly-related cel ls found only at a s ingle t ime point. Colored circles represent clona l ly related 
cel ls observed at different time points within a particular patient. Note that identical color codes indicate 
the B-cel l clones within  each patient and do not imply any B-ce l l  clonal ity between patients. 

a) Percentage of sequences belonging b) Nunmer of clonal groups c) Size of clonal groups 
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Figure 3: lmmunoglobu l in  sequences from clonal ly-related cel l s  detected at basel i ne and after RTX 
treatment in pSS patients. a) Percentage of immunoglobul in sequences belongi ng to clonal ly-related cel l s  
i n  biopsies from pSS patients at  basel ine compared to those at 12-16 weeks and 36-52 weeks. b)  Number 
of groups of clona l ly-related ce l l s  per biopsy (normal ized to 100 sequences/biopsy) in  biopsies from pSS 
patients at basel ine compared to those at 12-16 weeks and 36-52 weeks. c) Size of clonal groups in  biopsies 
from pSS patients at base l ine compared to those at 12-16 weeks and 36-52 weeks. 
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Before RTX RTX + 1 2  weeks 

CD79 

lgA 

lgG 

Figure 4: CD79 lgA and lgG-expressing  ce l ls  i n  parotid g lands from a pSS patient before and  after RTX. 
Sections of a parotid g land were sta ined with anti-CD79, anti- lgA and  a nti- lgG antibodies before RTX and 
at 1 6  weeks after RTX. B cel l s  as wel l  as lgA and lgG- producing cel ls  were detected at a l l  t imepoints (data 
not shown for 36-52 weeks after RTX). 

Increased mutation frequencies in immunoglobulin sequences 
from clonally-related cells observed after RTX treatment in pSS 
patients 

Virtua l ly a l l  productive immunoglobu l in  sequences from pSS patients a nd control patients 

carried mutations when compared to known germl ine IGHV genes (l,170/1,172 sequences). 

Overa l l, the combined average mutation frequencies of all IGHV sequences (from clona l ly-



related and un related cel ls) were not sign ificantly different before (11 .1 ±. 0.49%) and after RTX 

treatment (10.9 ±. 0.38% at 12-16 weeks and 11 .0 ±. 0.90% at 36-52 weeks after RTX treatment) . 

However, when only the g roups of clona l ly- related cel ls were ana lyzed separately, we 

observed significantly higher (P = 0.0007, paired t-test) mutation frequencies from cel ls at 36-52 

weeks after RTX treatment than its closest clone (homologous sequence) seen at basel ine .  An 

example of a g roup of sequences from clonal ly- related cells in  pSS-RTX patients at different 

time points and thei r d ifferences in mutation patterns is shown in Figures Sa and b. 

Evidence for localized immunoglobulin class switching in parotid 
salivary glands of pSS patients 

There were 101 groups of clona l ly related sequences obtai ned from biopsies from pSS patients. 

Thirty-n ine percent (39/101) of sequences in these g roups included on ly lgA sequences a nd 

another 39% had only lgG sequences. Twenty-three percent (23/101) inc luded members of both 

isotypes ( lgA and lgG), of which 1 5  g roups included immunoglobu l in sequences observed at 

d ifferent time points and the remain ing eight g roups were detected within the same biopsies. 

These cel ls probably switched after the somatic hypermutation process occurred as suggested 

by shared mutations in the IGHV genes. 

D I SCU SS I O N  

I n  this study, using IGHV sequence analyses, we provide molecular evidence for the local persistence 

of certain 8-cell populations within the salivary glands of pSS patients after RTX therapy. 

I ncreased clonal expansions of immunoglobulin producing cells 
are a characteristic feature of parotid glands from pSS patients 

Our comparison of the immunoglobul in sequences from biopsies of pSS and control patients 

i ndicates that pSS patients can be characterized by the presence of increased c lona l  expans ions 

with in the lgA or lgG-express ing cel l  popu lations present in pa rotid g la nds .  Presence of 

c lona l ly-re lated cel ls has been previously observed in non- inflamed parotid sa l ivary g lands 

i n  humans (24) and in rats (25). Clonal expansions in sa l ivary glands of pSS patients have a lso 

been previously indicated (13-15, 26) . Our study adds to these previous reports by inc lud i ng 

comparisons with non-pSS control patients, thus enab l ing us to attribute increased c lonal 

expansions as a feature observed within sal ivary glands of pSS patients . Moreover, we show that 

the intrinsic property of an increased degree of clonal expansions in pSS patients at basel i ne 

was largely una ltered by RTX therapy. 

As we ana lyzed mRNA of entire tissue sections, we did not select for specific 

immunoglobu l in-expressing cel l  subsets . For this reason it is conceivable that the great majority 

of the immunog lobu l in sequence data obta ined reflects the immunoglobu l in  express ion of 

c lass-switched plasma b lasts or p lasma cel ls, which express approximately 100-1000 fold more 

immunog lobu l in  tra nscripts compared to 8-cel ls (27) . On the other hand, this approach has the 

advantage of providing a greater representation of plasma cel l  popu lations, which may inc lude 

those that actively produce autoantibodies. 

It is possible that the biopsy sections from control patients may have much less l g 

expressing cel ls than  pSS patients. We attempted to control for any quantitative bias by  pick ing 

36 plasmids for lgA and 36 p lasmids for lgG ana lysis from each biopsy. Even then, due to the 

amplification biases that may be introduced by PCR, the number of IGHV sequences recovered 
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H83134 Hom.,ap IG!N3-30•0l f 
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Baseline. 2 
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M83134 Hom.,ap IG!IV3-30•0l f 
Baseline. l 
Baseline. 2 
12wk,_after_RTX. l 
12wks_after_RTX, 2 
12wks_e.fter_RTX. 3 
36-SZwks_after_RTX 
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CDR3-JUNCTION (aa) 

CARDARPVVEGDYFDYW 

CARDGQTVDEGDFFDYW 

CARDGQTVDEGDFFDYW 

CVRDGQA VEEGDYFDLW 

CVRDGQAVEEGDYFDLW 

CARDGQAVDF.SDYFDYW 

Figure 5: lmmunoglobulin sequence alignment of clonally-related cells at baseline and after RTX treatment. 
An example of six immunoglobulin sequences belonging to persistent clonally-related cells from patient 
2 indicated in figure 2 (depicted as pink circles) is shown here. a) Sequences are aligned with the germ line 
gene and their predicted CDR3-junction amino acid (aa) sequences. Dashes indicate identical nucleotides 
and gaps resulting from IMGT subdivision are marked by dots. b) A genealogical tree is deduced from 
the mutations observed in the IGHV genes and each cell (sequence) is shown with the observed isotype. 
Pl, P2.l, P2.2 and P3 indicate consecutive hypothetical precursor 8-cells that share mutations with the 
sequences from clonally-related cells. 



from these plasmids can only be a rough estimation of the abundance of immunoglobulin

producing cells in the biopsy sections. 

We detected immunoglobulin sequences within groups of clonally-related cells expressing 

different isotypes in pSS patients. Similarly, Dunn-Walters et al (24) had also observed sequences 

of both lgA and lgM isotypes among members of three groups of clonally- related cells in non

inflamed human parotid salivary glands. In our study, such clonally-related sequences consisted 

either of combinations of lgGl and lgA transcripts or of lgAl and lgA2 transcripts. These findings 

provide evidence for the existence of localized class-switching within the salivary glands of pSS 

patients. Since class switching is associated with proliferation, these observations are in line 

with the presence of clonal expansions, reflecting the hyperactive state of B-cells in affected 

salivary glands of pSS patients. 

Pers i stence  of c l o n a l ly- re l ated  ce l l s  befo re a n d  a fter  t reat m e n t  
w i t h  RTX 

Our detection of immunoglobulin sequences from clonally-related cells in nearly all (9 out 

of 1 1 )  pSS patients before and after RTX indicates that immunoglobulin-producing cells can 

persist within the parotid salivary glands even at time points after RTX administration when 

the peripheral blood is almost completely devoid of B-cells (11). This was also confirmed by 

immunohistochemical staining of parotid gland tissue sections (Figures 4 and 5). All sequences 

belonging to groups of clonally-related cells obtained at baseline and after RTX treatment were 

heavily mutated. Furthermore, at 36-52 weeks after RTX, mutation frequencies of all sequences 

from clonally-related cells were higher compared to baseline, indicating ongoing proliferation 

of these immunoglobulin-producing cells. Although we see mutations in both the framework 

and CDR regions, many of the mutations in the framework region are silent and there is no clear 

mutation pattern that is consistent with positive selection within CDR regions (data not shown). 

All of the above observations give credence to a model of disease relapse after RTX therapy 

that is seeded by persisting immunoglobulin-producing cells. There are several non-mutually 

exclusive explanations for the apparent survival of the persistent B-cells/plasma cells after RTX .  

One possibility i s  that these could be long-lived plasma cells that do not express CD20 and 

are therefore not targeted for depletion by RTX (28). Another explanation could be that these 

are persistent cells derived from memory B-cells that possess a survival advantage to resist 

RTX depletion (29). Alternatively, the surviving cells may be situated in restricted niches that 

enable them to evade depletion and proliferate with time. This is a plausible idea, given that 

the higher mutation patterns observed in immunoglobulin sequence members from clonally

related cells in biopsies taken after RTX. The existence of niches with apparently restricted 

access to RTX has already been reported in murine systems, where B-cells in certain tissue sites 

such as the splenic marginal zone, germinal center and peritoneal cavities exhibit significant 

resistance to anti-CD20 depletion (30, 31). This phenomenon was also observed in the germinal 

center B-cells of the lymph nodes in non-human primates (32) and in the tonsils(33) and other 

lymphoid organs in humans (34). 

The transient clinical relief from SS symptoms after RTX is probably due to the ablation of 

B-cell and co20+ plasma cell numbers (35) resulting in lower levels of certain autoantibodies 

from short-lived plasma cells and/or reduction in other effector B- cell functions, such as antigen 

presentation and cytokine production (36, 37). At the same time, the underlying autoimmune 

mechanisms are probably maintained by long-lived plasma cells as has been indicated in studies 

in SLE where patients who expressed autoantibodies secreted by long-lived plasma cells, had 
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a higher chance of experiencing early flares or disease relapse after B-cell depletion therapy 
than patients who did not express these autoantibodies (36, 38-40). Long-lived plasma cells 
were also reported in labial salivary glands of pSS patients (41). In this context, our study also 
provides a robust argument for the development and inclusion of therapeutic strategies that 
deplete plasma blast and/or plasma cell populations for treating pSS patients (36). 

To conclude, we provide evidence for the existence of certain B-cell populations in the 
parotid salivary glands of pSS patients that may have escaped depletion. The cells that survive 
after RTX may ultimately contribute to the disease relapse observed in pSS patients who have 
undergone RTX therapy. 
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ABSTRACT 

Objectives: Patients with primary Sjogren's syndrome (pSS) have increased clonal 

expansions of B-cells in their parotid sa livary glands, that persist after rituximab treatment 

(RTX). This study aimed at analyzing lg sequences from pSS patients in order to get insights 

into possible selective pressures leading to these clonal expansions. 

Methods: Five pSS patients received RTX and their parotid salivary gland biopsies were 

taken at baseline, at 12-16 weeks and at 36-52 weeks after treatment. Parotid biopsies from 

four non-pSS patients served as controls. Sequence ana lysis was carried out on lgA and lgG 

RNA transcripts expressing immunoglobulin heavy-chain variable (IGHV)-3 genes. 

Results: Compared to non-pSS controls the following features were significantly 

increased in pSS patients at baseline: (1) clonal expansions of immunoglobulin-producing 

cells expressing IGHV-3 (2) expression of lgGl versus other lgG subclasses (3) conservation 

of lgG framework regions (4) prevalence of acquired N-glycosylation sites in the variable 

heavy-chain regions of lgG sequences. All these typical  characteristics of immunoglobulins 

from pSS patients were unaffected by RTX. 

Conclusions: We observed fundamenta l  differences in selective pressures and frequency 

of acquired N-glycosylation sites in lgG sequences derived from parotid glands of pSS 

patients versus non-pSS samples. Furthermore, we showed that B-cell depletion using RTX 

did not affect these characteristics in RTX-treated pSS patients. As the cells that persist after 

RTX may contribute to disease relapse after RTX, our data may have significant implications 

for the rationale of using therapies targeting lg-producing cells in conjunction with B-cell 

depletion treatment in pSS patients. 

Keywords: Sjogren's syndrome, autoimmune, B-cell depletion, immunoglobulin 



5j6gren's syndrome (55) is an autoimmune disorder that primarily affects the salivary and lacrimal 

glands. The main clinical features are progressive dryness of mouth and eyes. If these symptoms 

occur without other underlying autoimmune conditions, the disease is called primary 55 (p55) (1) .  

Lymphocytic infiltrates composed ofT-cells, B- cells and plasma cells are present in the salivary 

glands of p55 patients (2) and are organized as ectopic lymphoid tissue, sometimes containing 

germinal center (GC)-like structures (3). Disturbances in relative proportions of peripheral B- cell 

subsets and high titers of circu lating autoantibodies such as anti-Ro (55-A) and anti-La (55-8) in 

the blood are key features of p55 (4). There is also an increased risk for the development of B-cell 

malignancies in p55 patients (3) .  Furthermore, therapeutic B-cell depletion strategies targeting 

CD20 provide clinical relief from p55 symptoms (5,6). However, symptoms usually return 6-9 

months after treatment and disease relapse seemingly coincides with the reappearance of 

peripheral B-cell subpopulations in the blood (6,7). All  the above observations strongly suggest 

that B-cells and/or plasma cells play a significant role in the disease mechanisms underlying p55, 

although their exact role in p55 pathogenesis is still undefined. 

We previously reported the persistence of certain clonal populations of immunoglobu lin 

(lg)-producing cells despite B-cell depletion with rituximab treatment (RTX) (8). One obvious 

reason for this could be the widely believed lack of CD20 expression on plasma cells. However, 

there are reports of CD20+ plasma cells being present in tonsils even after RTX (9) . We also 

showed that B-cells persisting after RTX were more mutated in their immunoglobulin heavy

chain variable ( IGHV) genes than their clonally-related counterparts present before RTX (8). T his 

is an indication that lg-producing cells surviving after RTX continue to proliferate. However, the 

factors promoting selection, survival and expansion of these lg-producing cells are still unclear. 

This study aimed at analyzing lg sequences to obtain insights into possible selective 

pressures leading to increased clonal expansions of lg-producing cells in p55 patients. We 

observed that lg sequences from p55 patients differed from those in non-p55 controls with 

respect to isotype subclass usage, conservation of fra mework regions and presence of acquired 

N-glycosylation sites. Furthermore, we showed that B-cell depletion using RTX does not alter 

these characteristics in treated p55 patients. Our data may have significant implications for the 

rationale of using therapies targeting lg-producing cells in conjunction with B-cell depletion 

treatment in p55 patients. 

MATERIAL AND METHODS 

Patients 

Five p55-patients (all females; mean age 49.5 years; range 36-65 years) with a disease duration 

of less than 5 years, were enrolled in this study after informed consent. These patients fulfilled 

the 2002 American-European criteria (10) and the recently published American College of 

Rheumatology (ACR) criteria for p55 (1 1) .  Inclusion criteria of the p55-patients used in this study 

were as mentioned before (6) : stimulated whole saliva secretion flow >0.15 ml/min, presence 

of autoantibodies ( lgM-rheumatoid factor �1 0 klU/liter in combination with anti-55-A and/ 

or anti-55-B autoantibodies), and a salivary parotid gland biopsy (obtained sl2 months before 

inclusion) showing characteristic features for 55 (12).  The 5 p55 patients were treated with RTX 

as described before (6) . All patients showed significant depletion of B-cells in the peripheral 

blood at 12 weeks after RTX. In a l l  p55 patients, incisional biopsies of the parotid gland were 

obtained from the same gland before RTX, as well as at 12-16  weeks and 36-52 weeks after RTX. 

The biopsies were frozen in liquid nitrogen immediately after surgery. 
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In addition to the 5 pSS patients, 2 patients with sicca complaints not fulfilling the American
European and ACR criteria for pSS and 2 patients with malignancies (squamous cell carcinoma 
of the oral cavity) without involvement of the parotid salivary glands were included as non-pSS 
controls. From these 4 non-pSS controls, we obtained single parotid biopsies with laboratory
confirmed normal histology. The study protocol was approved by the institutional review board 
of the University Medical Center Groningen. 

Cloning and sequencing of immunoglobulin transcripts 

From every biopsy belonging to pSS patients and non-pSS controls, total RNA was extracted. 
These RNA samples were converted to cDNA and amplified using primers specific for the IGHV3 
gene (13) in combination with constant region primers specific for the CHl domains of the Ca 
(14) or Cy (8) constant regions. 

PCR and cloning was performed as reported previously (8). A total of 72 (36 lgA + 36 lgG) 
plasmid constructs were picked separately for each biopsy (after checking for PCR product 
insertion) and submitted for sequencing. 

Analysis of immunoglobulin transcript sequences 

The immunoglobulin variable regions and isotype subclasses were identified using the IMGT 
databases (15). Identical/similar sequences (different by � 2 mutations to account for Taq 
error-rate) derived from the same PCR were considered redundant and counted as one. Only 
productive sequences (encoding functional proteins) were included in this study. lg-producing 
cells were considered as clonally-related (hereafter referred to as clones) based on their 
similarity of nucleotide sequence at the complementarity determining region (CDR) 3, their 
shared IGHV-D-J gene usage, identical/similar Nl and N2 additions and their pattern of shared 
mutations within lg variable regions (16). 

The degree of clonal expansions of lg-producing cells was calculated as the percentage 
of sequences belonging to a clone among all sequences. For analyzing the diversity of IGHV3 
gene usage, each clone was represented by a single sequence member and this set was referred 
to as unique sequences. This approach eliminated skewing of data due to sequences from 
expanded clonal populations. For isotype subclass usage, we analyzed all sequences, including 
all members of clones and not just unique sequences as we observed several clones with 
members of different isotypes. Excluding clonally-related sequences would have biased for or 
against a certain isotype. 

Analysis of selection pressures 

Selection pressure analysis was carried out with an on line program known as the Focused test (17) 
which predicts the type and extent of selection pressures that shape the lg repertoire on the basis 
of mutation patterns. The Focused test compares observed frequencies of replacement (non
synonymous) or R mutations and silent (synonymous) or S mutations relative to their expected 
frequencies calculated under the null hypothesis of no selection. The statistical significance 
for these tests are determined by a binomial test (p= 0.05). The Focused test analyzes regions 
separately and does not allow statistical cross-talk between CDRs and framework regions (FRs) 
(17). For prediction of selection pressures based on somatic hypermutation (SHM) patterns, we 
included all sequences except those with insertions and/or deletions. 



Pred ict i o n  of pot e n t i a l  N - g lycosy lat i o n  s ites  

The prediction of potential N-glycosylation sites was carried out on amino acid (aa) sequences 
of the entire variable heavy-chain (IGHV-D-J). N-Glycosylation sites were predicted using the 
NetNGlyc 1.0 online tool (http://www.cbs.dtu.dk/services/NetNGlyc/). N-glycosylation is 
known to occur on asparagines (N) which occur within an N-X-serine (S) /threonine (T) motif 
(where X is any aa except praline as it precludes N-glycosylation due to steric hindrance). We 
also excluded the motif N-X-S if tryptophan, aspartic acid, glutamic acid and leucine were at 
position X, as these are poor oligosaccharide acceptor motifs (18). The criteria set for accepting 
prediction of N-glycosylation sites were Potential > 0.5 and Jury agreement � 5/9 (19). For 
N-glycosylation site prediction, we analyzed all sequences, including clonal sequences as we 
observed several clones with members of different isotypes. 

Stat i st i c a l a n a lys i s  

Data from ifferent groups were statistically compared using GraphPad Prism software 
(version 3.0; http://www.graphpad.com/). Unpaired t-test was used for comparing pSS patient 
and non-pSS control data. Data from baseline and after treatment in pSS patients were analyzed 
using paired t-test. Dispersion of values is numerically reported as mean ± standard deviation. 

RESULTS 

I n c re a s e d  c l o n a l  expa n s i o n s  of I G HV3 - expre s s i n g  c l o n e s  

We analyzed a total of 543 productive IGHV3 sequences from three timepoints in 5 pSS patients 
and 93 IGHV3 sequences from 4 non-pSS controls (Supplementary data, Table A). The degree 
of clonal expansions (expressed as percentage of sequences belonging to a clone among 
all sequences) within IGHV3-expressing cell populations was significantly higher (p=0.001; 
Figure 1) in pSS patients at baseline than in non-pSS controls. RTX did not affect this pattern of 
increased clonal expansions in pSS patients. 

In the 5 pSS patients, we observed a total of 23 clones whose members were present both 
before and after treatment. Of these 23 clones, 2 clones had member sequences with the lgA 
isotype, while 7 clones had members expressing both lgA and lgG isotypes. In the 4 non-pSS 
controls, we observed only a single clone with 2 members belonging to the lgA isotype. When 
the diversity of IGHV3 gene usage in the parotid glands of pSS patients was compared to 
non-pSS controls, we did not observe a strong bias for usage of a particular IGHV3 gene in pSS 
patients (Supplementary data, Figure Sla). The diversity of IGHV3 gene usage observed in pSS 
patients at baseline was unaffected by RTX (Supplementary data, Figure Slb). There was also no 
difference in IGHV3 gene usage between lgG versus lgA-encoding sequences. 

l g G  i sotype s u bc l a s s  u s a g e  d i ffe r i n  pSS pat ie nts a n d  n o n - pSS 
contro l s  

We analyzed for differences in subclass usage among lgG sequences between pSS patients 
and non-pSS controls. The predominance of certain subclasses may indicate a selection of 
particular effector functions by the persisting lg-producing cells and/or their antibodies. 

The distribution pattern of lgG subclasses was significantly different between pSS patients 
and non-pSS patients (Figure 2). In pSS patients at baseline, the relative lgGl subclass usage 
(88.6±15.9%) was significantly higher (p=0.0015) than in non-pSS controls (31.0±14.4%). In 
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Figure 1: Clonal  expansions are increased in pSS 
patients. The frequency of immunoglobul in  
sequences belonging to clonal ly-related cells 
among a l l  sequences in parotid gland biopsies 
of pSS patients (at basel ine, 12weeks after RTX 
and 36-52 weeks after RTX) compared to the 
frequency in  parotid gland biopsies of non pSS 
controls. 

□ Non-pSS Controls 
■ pSS (Baseline) 

Figure 2: lgGl expression is increased in pSS 
patients. The frequency of lgGl isotype usage 
among lgG tra nscripts in parotid g land biopsies 
from pSS patients at basel ine compared to that 
in non pSS controls 

non-pSS controls, on the other hand, lgG2 was the dominant lgG subclass (p=0.0018). The 
higher expression of lgGl isotype subclass in pSS patients at baseline was not significantly 
altered by RTX (95.2 ±10.6% at 12 weeks after RTX and 76.9±43.5% at 36-52 weeks after RTX). The 
levels of lgG3 and lgG4 expression were low in both pSS patients and non-pSS controls and did 
not change after RTX (data not shown). 

Prediction of antigen selection pressure 

Affinity maturation is a process by which B-cells accumulate somatic mutations within their 
immunoglobulin genes after which, they are selected based on their affinity to antigens. The 
distribution of replacement versus silent (R/S) mutations, is used by the Focused test (17) to 
determine the role of antigen selection in shaping the lg repertoire. In the Focused test, the presence 
of significantly high R/S ratios in a sequence is indicated as 'positive antigen selection'. On the other 
hand, significantly low R/S ratios would indicate a sequence that is selected against major changes at 
the protein level (also referred to as 'negative selection' by the Focused test) (17). 



Despite the fact that all immunoglobulin sequences obtained from pSS patients were highly 
mutated, only 9.6±2.8% of the lgG sequences and 6.1±_3.3% of the lgA sequences from pSS 
patients at baseline were predicted by the Focused test to exhibit significant positive antigen 
selection (higher R/S) in their CD Rs. This was similar to the patterns observed in non-pSS controls 
(6.8±3.8% for lgG and 8.9±_6.5% for lgA) and in pSS patients at 12 weeks after RTX (4.8±4.9% for 
lgG and 3.9±_3.3% for lgA). However, at 36-52 weeks after RTX, the percentages of lgG and lgA 
sequences showing positive selection in their CDRs decreased compared to baseline values 
(3.2±4.4% for lgG and 0.8±_1.9% for lgA), but this decrease was statistically significant only for 
lgG (p=0.035; Figure 3a). The frequency of lgG and lgA sequences from pSS patients at baseline 
showing 'negative antigen selection' in their CD Rs (lower R/S) was also low and similar to non-pSS 
controls (data not shown) and no significant change was observed in pSS patients after RTX (data 
not shown). This suggests that despite having mutated CD Rs, the selection of lg-producing cells 
is not significantly dependent on their CD Rs in both pSS patients and non-pSS controls. 

None of the lgG and lgA sequences showed positive selection in their FRs, which was not 
surprising, since the FRs essentially encode for the structural backbone of immunoglobulins. 
However, the frequency of lgG sequences showing negative selection (less R/S, implying 
conservation of structure) in their FRs was significantly higher (p=0.013) in pSS patients at 
baseline than in non-pSS controls (Figure 3b). There was no change to this pattern in pSS 
patients after RTX when compared to baseline. 

Our results indicate that the selection pressures acting on the FRs of lgG sequences in 
pSS patients are significantly different from those in non-pSS controls. The frequency of lgA 
sequences showing negative selection in their FRs did not differ between pSS patients at 
baseline and non-pSS controls or after RTX (data not shown). 

Incidence of N -g lycosylation sites in I GHV3 regions 

All analysed sequences exhibited somatic mutations. However, a surprisingly low percentage 
of sequences showed evidence for positive antigen selection within CDRs which are the 
conventional antigen-binding regions. This suggests the possible involvement of other 
factors that may promote selection of certain lg-producing cells in pSS patients. We evaluated 

a Positive selection in CDRs Negative selection in FWRs 
of lgG sequences of lgG sequences 
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Figure 3: Selection pressures on IGHV regions of lgG sequences from pSS patients. The panel indicates 
(a) levels of antigen selection in CD Rs of lgG sequences from pSS and non-pSS controls (b) negative selection 
(maintenance of structural integrity) in FWRs of lgG sequences in pSS patients compared to non-pSS controls. 
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if N-glycosylation could be one of these factors because the acquisition of N-glycosylation 
motifs by somatic hypermutation was suggested to confer a selective advantage to certain B 
cells in a model system simulating GC reactions (20). 

The prevalence of lgG sequences with N-glycosylation sites was significantly higher (p=0.01; 
Figure 4) in pSS patients at baseline (24.5±11.9) compared to non-pSS controls (4.0±4.6). It was not 
feasible to analyse any lgG subclass-related differences in N-glycosylation sites since there were 
very few lgG2, lgG3 and lgG4 sequences in pSS patients. No such bias was observed within the 
lgA sequences of pSS patients at baseline (14.3±4.5) compared to non-pSS controls (18.8±20.9) 
(data not shown). Also, when compared to baseline, the distribution of N-glycosylation sites did 
not change significantly in lgG or lgA sequences derived from pSS patients after RTX. 

Of the 23 clones found both before and after RTX in pSS patients, 13 clones had all or some 
members with N-glycosylation sites. Among these 13 clones, 8 belonged to the lgG isotype 
and 5 clones expressed the lgA isotype. The majority of N-glycosylation sites (93/95) detected 
in this study was a result of somatic mutations and hence acquired motifs. Of the 2 naturally
occurring (germline-encoded) N-glycosylation sites, one was detected in a non-pSS control 
and the other, in a sequence from a pSS patient at 36-52 weeks after RTX (Table 1). 

To further delineate the differences in acquired N-glycosylation patterns between pSS 
patients and non-pSS controls, we analyzed the aa motifs encoding the N-glycosylation sites 
in all sequences obtained. Among the 44 lg sequences from pSS patients at baseline carrying 
an acquired N-glycosylation site, 26/44 sequences (-60%) had sites in the FR3 region. Seven of 
these FR3 N-glycosylated sequences belonged to 5 different clones detected both before and 
after RTX. The percentage of FR3-associated N-glycosylation sites were 55% (11/20) among lgA 
and 62.5% (15/24) among lgG sequences. The bias for N-glycosylation sites in the FR3 was also 
seen in pSS patients after RTX. 

Of these 26 sites noted in FR3s in pSS patients at baseline, 19 (76%) sites were created by 
mutations at residue 84 and the remaining mutations were at residues 77 and 93 (3 sequences 
each). In IGHV3 genes, the mutations forming N-glycosylation sites at residue 77, 84 and 93 
created changes from (germline-encoded) threonine, lysine and serine respectively, to 
asparagine, all of which are hydrophilic aa. This indicates an emphasis on the conservation of aa 
properties at residues 77, 84 and 93 of the FR3. 
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Table 1: The number of lg sequences analyzed in this study 

Sample group Patient FR1 CDR1 FR2 CDR2 FR3 CDR3 

NC-1 NFS, 

Non-pSS NC-2 NIT NAT (n) 
comtrols NC-3 NSS, NSS NNT NVT, NRT 

NC-4 NFS NKS 

NOT, NGS, NNT, N IS, N HT, 
pSS-1 NIS, NVS NNT, NIS, NNT, NKT, NIS, NGT 

NGS, NGT 

pSS-2 NSS NNT, NNT NVT 
pSS 

NNT, NNT, NNT, NNS, 
(Baseline) pSS-3 NSS, NYS 

NIS, NLT,NNT 

NGT, 
pSS-4 NFT, NFS NYS, NYS, NTT N NT 

NYT, 

pSS-5 NYS, NFS NIS NTT, NTS NOT, NOT,NNT 

--- -
pSS-1 NFS,NIS 

NNT, NST, NNT, NNT, NGT, 
NNT NGT 

NGT, 
pSS-2 NNT 

pSS NGT 
(RTX+l2wks) 

pSS-3 NNT, NNT 

pSS-4 NVS, NFS NTT, NNT, NFS NGT 

pSS-5 NVS, NFT NOT, NOT, NNS, NNT NAT, NYS 

pSS-1 NRT NAS (n) 

pSS-2 

pSS pSS-3 NRT 

(RTX+36-52wks) NNT, NTT, NNT, NNS, 
pSS-4 NIS, NVT 

NYT 
NGT 

pSS-5 NTS NFS NVT, NOT 

The number of lgG and lgA sequences from non-pSS controls and from pSS patients at baseline, at 12 weeks 
and at 36-52 weeks after RTX. A total of 543 productive IGHV3 immunoglobu l in sequences were ana lyzed from 
5 pSS patients. 

DISCUSSION 

The results of this study clearly indicate that lg sequences in pSS patients exhibit certain 
core characteristic features, such as increased clonal expansions, increased lgGl usage, a 
higher emphasis on lgG framework region structural integrity and an increased incidence of 
N-glycosylation motifs in their lgG sequences, all of which distinguish them from non-pSS 
controls. These features were not affected by 8-cell depletion using RTX. 

As we analyzed mRNA sequences and did not select for specific B-cell subsets, it is 
conceivable that much of our lg sequence data obtained reflected the expression of class-
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switched plasma blasts or plasma cells, which are known to express approximately 100-1000 
fold more immunoglobulin transcripts compared to B-cells. On the other hand, this approach 
has the advantage of providing a greater representation of lg-producing cells that are active 
producers of (auto)antibodies such as anti-SSA/Ro and anti-SSB/La antibodies which may be 
produced by plasma cells located in glandular tissues of pSS patients (21). 

I G HV3-expressing clonal expansions are significantly higher in 
pSS patients 

We previously reported the presence of clonal populations within parotid glands of pSS patients 
which persisted after B-cell depletion with RTX (8). In that study, we compared between lgA 
sequences from pSS patients and non-pSS controls, irrespective of IGHV gene family usage. We 
took our analysis further in this study by analyzing both lgA and lgG sequences expressing IGHV3 
genes in pSS patients and non-pSS controls. We confirmed that increased clonal expansions of 
cells expressing IGHV3 genes were a feature more characteristic of pSS patients as opposed to 
non-pSS controls. Ongoing studies by our group will verify whether clonal expansions in pSS 
patients are restricted to the IGHV3 family or are also seen in other IGHV gene families. 

Higher lgG1 expression in pSS patients 

To our knowledge, this study is the first to show a significantly higher expression of lgGl 
transcripts over other lgG suclasses in the parotid glands of pSS patients as compared to 
those in non-pSS controls. These findings are in line with a previous report that levels of lgGl 
immunoglobulins are increased in the saliva of pSS patients compared to healthy controls (22). 

In various autoimmune disorders, autoreactive antibodies are predominantly of the lgGl isotype. 
Anti-SS-A/Ro autoantibodies from pSS patients (23) and anti-SS-B/La autoantibodies from pSS 
and systemic lupus erythrematosus (SLE) patients (24, 25) as well as the autoantibody repertoire in 
diseases such as bullous pemphigoid (26), myasthenia gravis (27), rheumatoid arthritis (28) and SLE 
(29) show marked lgG subclass restriction in favor of lgGl. Moreover, autoantibodies to neutrophil 
cytoplasmic antigens in SLE (30) and ulcerative colitis patients (31) mostly belong to the lgGl isotype. 

lgGl is thought to be more effective at phagocytosis and complement-fixation than lgG2 
(32). Hence, the relative predominance of lgGl-expressing cells which possibly bind (auto) 
antigens within the diseased salivary glands of pSS patients, may attract a powerful complement
mediated detrimental immune response locally, leading to the pathology observed in the 
salivary glands of pSS patients. 

Emphasis on maintaining immunoglobulin structural integrity 
rather than on antigen selection in pSS patients 

Affinity maturation is a process within GCs where mutations are introduced into the rearranged 
lg genes in B-cells, followed by selection of B-cells producing immunoglobulins with higher 
antigen-affinity. The distribution of R and S mutations that remain after affinity maturation is 
used by the recently developed Focused test to investigate the role of antigen selection in 
optimizing the lg repertoire (17). The suitability of the Focused test to evaluate positive antigen 
selection was effectively demonstrated by a study on lg sequences obtained from antigen 
specific B-cells during primary and memory immune response in immunized mice (33). 

An important observation in our study was that despite being highly mutated, a relatively low 
number of sequences showed signs of significant positive selection in lgA and lgG sequences 
from either pSS patients at baseline or non-pSS controls. Similar findings were also reported by a 



previous study which analyzed lg sequences from salivary glands, lymph nodes, peripheral blood 
and bone marrow of pSS patients and in tissues from patients with other autoimmune disorders 
(RA and multiple sclerosis) (34). Moreover, in our study, the frequency of lgG sequences showing 
positive antigen selection decreased even further at 36-52 weeks after RTX (Figure 4a). Since we 
noted significant positive selection in only a few sequences, we do not have strong evidence for 
the role of antigen selection on the lg repertoire in pSS patients and non-pSS controls. These 
observations are in contrast to the conclusions of other studies which assume antigen-driven 
clonal B-cell expansions in pSS based on higher R/S ratios of somatic mutations (35, 36). However, 
these studies did not differentiate between mutations introduced during affinity maturation and 
mutations that occur due to the bias for mutational hotspots as well as the differences in selection 
pressures between CDRs and FRs. All of these factors are considered within the Focused test (17). 

In addition to this, we also observed an increased emphasis on the maintenance of structural 
integrity (negative selection) in the FRs of lgG sequences from pSS patients compared to 
non-pSS controls. The above observations raise the possibility that lg-producing cells in 
autoimmune repertoires may be selected by unconventional processes that may not involve 
classical GCs for generation of somatically hypermutated B-cells (37, 38). 

Significantly higher incidence of acquired N-g lycosylation sites 
in lgG sequences from pSS patients 

Given the minimal evidence for positive antigen selection pressure on the lg sequences from the 
parotid glands of pSS patients, we speculate that these sequences may confer a selective advantage 
on B-cells based on certain properties of the immunoglobulins produced rather than on the 
specificity of antibody-antigen interactions. In this regard, studies on acquired N-glycosylation sites 
within the lg variable regions in B-cell malignancies provided interesting clues as to a potential role for 
N-glycosylation in conferring a selective advantage to B-cells (20, 39-41). 

During the modulation of the lg repertoire, the SHM process may introduce mutations 
in the variable regions of both heavy and light chains that either create new (acquired) 
N-glycosylation sites or destroy such sites present in a germline variable gene. Studies on 
immunoglobulin variable (V) regions revealed higher frequencies of acquired N-glycosylation 
sites in follicular lymphomas (FL) compared to other B-cell malignancies and normal somatically 
mutated memory B-cells (39, 42). The relative lack of N-glycosylation motifs in the V-regions of 
normal memory B-cells, normal lgM and lgA plasma cells and non-FL B-cell lymphomas suggests 
that the frequency of N-glycosylation sites is generally quite low in post-Ge lg-producing cells 
(39). In contrast, we observed that a high proportion ( ~25%) of the lgG sequences from parotid 
glands of pSS patients exhibited acquired N-glycosylation sites in their IGHV regions. This 
suggests that some lgG-producing cells in the parotid glands of pSS patients may have been 
selected on the basis of their glycosylation patterns. 

Sixty percent of the acquired N-glycosylation motifs in pSS patients both before and 
after RTX, were created by replacement mutations at residues 77, 84 and 93 within the 
FR3s of lg sequences. However, at all three sites, the acquired asparagine residue and the 
replaced germline-encoded residues, were all hydrophilic, indicating the conservation of 
core aa properties. This is in line with our earlier discussion on the increased emphasis on the 
maintenance of FR structural integrity. 

Interestingly, immunoglobulin F Rs are associated with B-cell activation through their 
binding by superantigens (sAg). Superantigens such as the Staphylococcal protein A (SpA), 
the endogenous human gut-associated sialoprotein pFv and the HIV-1 envelope protein 
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gpl20 interact with the evolutionarily conserved IGHV framework regions and stimulate B-cell 
differentiation and lg secretion (43). SpA interacts specifically with IGHV3 sequences between 
residues 75 and 84 of the FR3 region (44). The gpl20 and pFv proteins also share a similar affinity 
to the same or nearby FR3 sites, as was shown by competitive binding experiments with SpA 
(43, 45). Binding of superantigens to these FR3 sites results in B-cell activation independent 
of conventional antigen binding sites in the CDRs. Hence, the emphasis on maintaining the 
overall structure of FRs outside of the classical antigen-binding sites may also be a sign of 
B-cell selection. Remarkably, these sAg-interacting FR3 sites are at the same location where we 
observed nearly 60% of all N-glycosylation motifs (residues 77, 84 and 93) occurring within lg 
sequences from pSS patients. This suggests that these FR3 associated N-glycosylation sites in lg 
sequences from pSS patients might well be involved in B-cell activation by molecules that bind 
to these sugar motifs, such as lectins (46). 

Lectins are not only expressed on the surface of microbial antigens, but also on components 
of the microenvironment, such as T and NK cells (47, 48) as well as macrophages and dendritic 
cells (49). Interestingly, lectins are also present on acinar and luminal cells of the secretory ducts 
within salivary glands (50). Interactions with lectins may drive B-cell proliferation and ongoing 
SHM within parotid glands of pSS patients in a non-classical way, independent of antigen
binding specificity. Such interactions may also occur outside GCs, as suggested by William et 
al. who showed evidence for proliferation, SHM and (auto)antibody formation outside classical 
GCs in murine spleen (38). Furthermore, the significant prevalence of lgG sequences with 
N-glycosylation sites indicates that isotype may play an as yet undefined, but vital role in the 
selection and survival of these lg-producing cells in pSS patients. 

To conclude, there are clear differences in the characteristics of IGHV3-expressing lgG
producing cells from parotid glands of pSS patients versus non-pSS controls. We observed 
increased lgGl subclass expression and an increased emphasis on maintenance of immunoglobulin 
FR structural integrity in pSS patients. To our knowledge, this is the first study to suggest a role 
for N-glycosylation in the selection of lg-producing cells in pSS patients. We postulate that a 
proportion of B-cells in pSS patients may be selected on the basis of acquired N-glycosylation 
motifs in their lg variable regions. B-cell depletion with RTX failed to reset these core characteristics 
of lg-producing cell populations in treated pSS patients. Hence, lg-producing cells that persist 
after RTX (8) may contribute to the disease relapse observed after RTX (6). 
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Figure S1: Distribution of IGHV3 gene usage. Comparison of I GHV3 gene distribution in (a) pSS patients 
and non-pSS controls (b) pSS patients before RTX, at 12 weeks after RTX (RTX+12wks) and at 36-52 weeks 
after RTX (RTX+36-52wks). 

Table 1: The number of lg sequences analyzed in this study 

Sample group No. of lgA sequences No. of lgC sequences Total no. of sequences 

Non-pSS controls (n=4) 45 48 93 

pSS (Baseline) (n=5) 132 97 229 

pSS (RTX+12wks) (n=5) 112 72 184 

pSS (RTX+36-52wks) (n=5) 72 58 130 

The number of lgG and lgA sequences from non-pSS controls and from pSS patients at baseline, at 12 weeks and at 
36-52 weeks after RTX. A total of 543 productive IGHV3 immunoglobulin sequences were analyzed from 5 pSS patients. 
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ABSTRACT 

Objectives: We previously reported significantly increased prevalence of N-glycosylation 
sites (Nglyc) in lgG sequences from parotid salivary glands of patients with primary 
Sjogren's syndrome (pSS), an autoimmune disease. This persisted even after B-cell 
depletion treatment with Rituximab (RTX). We undertook this study to evaluate if aquired 
N-glycosylation sites created by somatic hypermutation (SHM) occurred in autoimmune 
diseases other than pSS. 

Methods: We conducted a meta-analysis of acquired N-glycosylation sites on IGHV 
sequence data from our previous studies in pSS and other published datasets from multiple 
sclerosis (MS), RA, SLE, Chagas's Disease (ChD), Ankylosing spondylitis (AS) and Wegener's 
granulomatosus (WG). As controls, we collected published datasets of IGHV sequences 
derived from various normal and non-autoimmune tissues as well as from vaccination or 
infection studies on antigen-specific B cells. The amino acid sequences of all lg sequences 
were run through the online N-glycosylation site prediction program NetNglyc 1.0. 

Results: Overall, the prevalence of acquired N-glycosylation sites was significantly higher 
in the autoimmune repertoire when compared to those from normal tissues and antigen
specific datasets and this difference was more evident in lgG sequences from autoimmune 
diseases. Moreover, in autoimmune diseases, the prevalence of acquired N-glycosylation sites 
in the framework regions (FR) of IGHV sequences was significantly greater than that in normal 
controls and antigen-specific datasets. In contrast, the majority of acquired N-glycosylation 
sites in antigen-selected sequences occurred in complimentarity-determining regions 
(CDR). We also noted that the majority of acquired N-glycosylation sites within FRs coincided 
with those targeted by superantigens that interact and activate B cells. 

Conclusions: Our study clearly indicates a significant selection of B cells with ac-Nglycs 
in autoimmune diseases compared to normal controls and antigen-specific B-cells. This 
selection is even more evident within lgG-producing cell populations. The explicit tendency 
for lg sequences from autoimmune diseases to acquire N-glycosylation sites within the FRs is 
in contrast to antigen-selected sequences, where the majority of acquired N-glycosylation 
sites occur in CDRs. This strongly suggests that acquired N-glycosylation of Fab regions 
of B cells in autoimmune diseases may be a form of selection more homologous to B cell
superantigen interactions which also occur on FRs. Our study has implications for the future 

development of evolving therapies for systemic autoimmune diseases. 



INTRODUCTION 

Autoimmune diseases are conditions where the body mounts immune responses against its own 

organs or tissues. As most autoimmune diseases are accompanied by an excessive produ ction 

of antibodies that apparently bind to self-antigens, immunoglobu lin (lg)-producing cells 

(B- cells and plasma cells) likely play a significant role in perpetuating autoimmunity. Moreover, 

B cell depletion strategies in certain systemic autoimmune diseases have resulted in temporary 

clinical relief, with a recurrence of diseases symptoms occurring parallel to the reappearance of 

circulating peripheral B cells (1, 2) . However, the precise mechanisms underlying selection and 

proliferation of B cells in autoimmune diseases are unclear. 

We previously reported low frequencies of lg-producing cells with evidence for antigen

driven selection in primary Sjogren's syndrome (pSS) [Hamza et al, submitted]. In our search 

for alternative selection mechanisms, we observed significantly increased prevalence of 

acquired N-glycosylation sites (Nglyc) in immunoglobulin heavy-chain variable ( IGHV) regions 

of lgG in pSS patients compared to non-pSS controls. This persisted even after B-cell depletion 

treatment with Rituximab (RTX) [Hamza et al, submitted]. During the modulation of the lg 

repertoire, the somatic hypermutation (SHM) machinery may introduce mutations in heavy 

and light-chain variable regions, that either create new (acquired) Nglycs or destroy naturally

occurring Nglycs in germline variable genes. However, the observation of a significant 

frequency of lg-producing cells with acquired Nglycs in pSS was in contrast to the fact that 

normal memory B-cells and normal plasma cells generally exhibit a relative lack of Nglycs in 

their variable regions (3). 

We undertook this study to evaluate if SHM-related aquired N -glycosylation sites (ac

Nglycs) occurred in autoimmune diseases other than pSS. Such an observation may be indicative 

of novel B cel l selection mechanisms that shape the systemic autoimmune lg repertoire and 

may point to mechanisms that underlie the pathology of systemic autoimmune diseases. 

METHODS 

We analyzed IGHV sequence data from our previous studies in pSS and other pu blished 

datasets from multiple sclerosis (MS), rheumatoid arthritis (RA), systemic lupus erthrematosus 

(SLE), Chagas's Disease (ChD), ankylosing spondylitis (AS) and wegener's granulomatosus 

(WG).  As controls, we collected published datasets of IGHV sequences derived from various 

normal and non-autoimmune tissues as well as antigen-specific sequences from vaccination 

or infection studies. (Tables la and lb) . All IGHV sequences were compared with the 

international lmMunoGeneTics ( IMGT) databases of lg germline sequences by only using the 

high-throughput tool, High V-Quest (4), since the IGHV gene identification was(S) different 

when the low-throughput IMGT V-quest was used, particularly in seq uences with ambiguous 

nucleotide reads. All sequences that were unproductive, non-lg and identical or redundant 

sequences were eliminated from our analyses. Clonal sequences with � 2 unshared mutations 

were also excluded if they expressed identical isotypes. As we wanted to compare the 

prevalence of N -glycosylation between complementarity-determining regions (CDR) and the 

framework regions (FR), we did not include IGHV sequences lacking a fully designated V- D-J 

rearrangement (as per IMGT High V-quest). 

Our intention was to evaluate the frequency of lg sequences with N-glycosylation sites 

acquired as a result of SHM in autoimmune diseases. Hence, we also eliminated sequences 
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which were identical to germl ine variable heavy chain V and J genes ( � 2 mutations i n  the V 
and J genes) as these may not have undergone SHM or their mutations could be attributed to 
the probability of Taq polymerase enzyme errors during PCR amplification. Naturally-occurring 
germline N-glycosylation sites were not counted in this analysis as we cannot evaluate the 
contribution of SHM to the selection of these Nglycs. Moreover, certain sequence datasets did 
not include the analyses of all IGHV genes and there would be a bias for or against the IGHV 
genes with natural-occurring sites. 

The prediction of N-Glycosylation sites was carried out on the amino acid (aa) sequence of the 
IGHV-D-J region of all lg sequences using the NetNglyc 1.0 Server (http://www.cbs.dtu.dk/services/ 
NetNGlyc/) which predicts N-Glycosylation sites in the Asparagine-Xaa-Serine/Threonine (N-X-S/T) 
motif, except when proline (P) is in position X or immediately after Ser/Thr, as this is known to 
eliminate glycosylation (6). We also excluded other motifs such as N-W(Tryptophan)-S, N-D(Aspartic 
acid)-S, N-E(Glutamic acid)-S and N-L(Leucine)-S, which were all reported to be poor oligosaccharide 
acceptor motifs (7). The criteria set for accepting prediction of N-glycosylation were Potential > 0.5 
and Jury agreement � 5/9 (8). Statistical analyses were performed using Pearson's Chi-square test 
(Graph Pad Prism3.0; http:// www.graphpad.com/). 

RESU LTS 

Increased prevalence of acquired N -glycosylation sites in Fab 
regions of lg-producing cells from autoimmune diseases 

The frequency of ac-Nglycs in the Fab-encoding regions of lg repertoires and lgG 
sequences from normal, autoimmune and antigen-specific datsets are shown i n  Tables la and 
lb, respectively. Overall prevalence of acquired N-glycosylation sites was significantly higher 
in the autoimmune repertoire when compared to those from normal tissues and antigen
specific datasets (Figure la). We wondered if  the significant increase in N-glycosylation sites in 
the autoimmune group could be due to the fact al l except one of its sequence datasets were 
from diseased tissues (non-blood), while a large number of sequences in the normal group 
were from the peripheral blood. To discount this, we compared the non-blood sequences of 
the normal and autoimmune group and found that the prevalence of acquired N-glycosylation 
sites was still significantly higher (p=0.0395) in autoimmune diseases (data not shown). When 
the datasets with isotype information were analyzed separately for lgM, lgG and lgA sequences, 
only lgG sequences from autoimmune diseases showed significantly higher prevalence of 
ac-Nglycs than lgGs from normal controls and antigen-specific datasets (Figure lb). 

We then analyzed for differences in the occurrence of ac-Nglycs in complementarity
determining regions (CDRs) versus framework-regions (FRs). The frequency of ac-Nglycs 
occurring in FRs of sequences from autoimmune diseases was significantly higher than those 
from normal controls and antigen-specific sequences (Figure 2a) and this difference was more 
stark among lgGs (Figure 2b). With respect to ac-Nglycs occurring in CDRs, sequences from 
autoimmune diseases generally showed a significantly higher prevalence than normal controls 
and anigen-specific sequences (Figure 2c). This pattern was consistent even among lgG 
sequences (Figure 2d). 

A significant difference between lg sequences from normal controls and antigen-specific 
datasets was only noted with respect to the prevalence of acquired N-glycosylation in lgG 
sequences (Figure lb). 
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Figure 1: Preva lence of acqu i red N-g lycosylation sites. The prevalence of acqu i red N-g lycosylation sites 
is compared between auto immune d iso rders (AD) and non-auto immune or  normal tissues (N) as wel l  as 
antigen-specific sequences (AgS) i n  (a) all sequences from (regard less of isotype); (b) lgG sequences o nly. 
Differences between a l l  combinations of groups are depicted using a two-point comparitive table u nder 
each graph with p-va lues from Pearson's chi -square a na lyses. 

Acquired N -glycosylation motifs occur at identical lg sites in 
different autoimmune diseases 

It is apparent from Table 2 that the random processes of SHM in autoimmune diseases gave 
rise to the creation of new or acquired N-glycosylation sites at identical residues in different 
autoimmune disease datasets. For example, the acquired N-glycosylated site at residue 84 of 
IGHV3 genes were detected 61 times with 12 different motifs (NNT, NDT, NST, NNS, NIS, NYS, 
NTT, NSS, NKT, NHT, NGS and NYT). This cannot be attributed to identical or highly clonal 
lg sequences as such sequences were excluded from our analyses. The consistent occurrence 
of identical N-glycosylation sites in different diseases suggests that the acquisition of 
N-glycosylation potential has some bearing on B cell selection and function. 

Some of the potentially N-glycosylated residues detected in autoimmune diseases were 
also noted within the normal group and antigen-specific sequences, but their prevalence was 
far lesser than that seen in autoimmune diseases. 

DISCUSSION 

Previous studies on immunoglobulin variable (V) regions in follicular lymphomas (FL) revealed 
higher frequencies of acquired N-glycosylation sites compared to other B-cell malignancies and 
normal somatically mutated memory B-cells (3). The acquisition of N-glycosylation motifs by 
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Figure 2: Distribution of acqu ired N-g lycosylation sites. The preva lence of ac- Ng lycs is compared 
between autoimmune d iseases (AD) and non-autoimmune or  normal tissues (N) as wel l  as antigen-specific 
sequences (AgS) in (a) Framework reg ions (FRs) of all sequences (regard less of isotype) (b) Framework 
regions (FRs) of lgG sequences (c) Complementarity-determin ing reg ions (CDRs) of a l l  sequences 
(regard less of isotype) (d) Complementarity-determin ing reg ions (CDRs) of lgG sequences. Differences 
between a l l  combinations of groups a re depicted using a two-point comparitive table under each graph 
with p-values from Pearson's chi-square a nalyses. 



somatic hypermutation was demonstrated to confer a selective advantage to certain B cells in 
follicular lymphomas through a GC simulation model based on anti-hapten responses in mice (9). 
The relative lack of N-glycosylation motifs in the V-regions of normal memory B-cells, normal 
lgM and lgA plasma cells and non-follicular lymphoma B-cell malignancies suggests that the 
frequency of N-glycosylation sites is generally quite low in post-GC lg-producing cells (3, 10, 11). 

However, our study clearly indicates a significant selection of lg-producing cells with 
acquired N-glycosylation motifs in autoimmune diseases compared to normal controls 
and antigen-specific B-cells. This selection is even more evident within lgG-producing cell 
populations. The relatively higher prevalence of acquired N-glycosylation motifs in autoimmune 
diseases within the FRs is in contrast to antigen-selected sequences, where most of the 
acquired N-glycosylation motifs occur in CDRs. This is also different to follicular lymphoma B 
cells, where the majority of ac-Nglycs (87%) are detected in CDRs (12). This strongly suggests 
that the increased frequency of ac-Nglycs in autoimmune diseases may be an alternative form 
of selection to classical antigen-specific binding or selection of follicular lymphoma B cells. 

We {Hamza et al, submitted] and other studies (13) observed a significantly increased 
selection of B-cells exhibiting maintenance of structural integrity of lg framework regions 
in autoimmune diseases compared to non-autoimmune samples. Interestingly, such an 
emphasis on IGHV framework regions is usually associated with B-cell superantigens, such as 
the Staphylococcal protein A (SpA), the endogenous human gut-associated sialoprotein, pFv 
and the HIV-1 envelope protein, gpl20 (14). SpA interacts specifically with IGHV3 sequences 
between residues 75 and 84 of the F R3 region (15), with gp120 and pFv also sharing a similar 
affinity to same or nearby FR3 sites (14, 16). Such superantigen interactions with FRs ensure the 
availability of consistently conserved target regions on a large number of B cells and result in 
B-cell activation, differentiation and lg secretion (14). These are examples of how B-cells can 
also be activated by interactions outside of conventional antigen-binding sites (CDRs). 

Remarkably, 53.5% (76/142) of the acquired N-glycosylation motifs within IGHV3-
expressing sequences from autoimmune repertoires (Table 2) were at the same locations 
where the IGHV3-specific superantigens such as SpA interact with B cell receptors (between 
FR3 residues 75 to 84). This suggests that such FR-associated acquired N-glycosylation motifs 
on immunoglobulins in autoimmune diseases may well mimic superantigen interaction via 
molecules such as lectins that bind to these sugar motifs. At the same time, we do not rule out 
the possibility that acquired N-glycosylation within CDRs may also activate B cells through lectin 
interactions, especially given that we detected multiple sequences from different autoimmune 
datasets with acquired N-glycosylation sites at identical residues (Table 2). This is noteworthy 
as we did not bias our data for or against N-glycosylated sequences by including identical and 
clonal sequences (� 2 unshared mutations) in our analysis. Moreover, the consistent pattern 
of acquired N-glycosylation sites in both CDRs and FRs also suggests that Fab interactions in 
autoimmune diseases are not subject to selection based on antigen-specificity. 

The fact that the increased frequency of acquired N-glycosylation in autoimmune diseases 
is significantly associated to the lgG isotype also adds weight to the possibility of a functional 
outcome for acquired N-glycosylation within the Fab region. Moreover, the lgG phenotype 
signals the maturation of an antibody response and is essential for functioning within the 
effector arm of the immune response with regards to complement fixation. At this point, it 
is pertinent to note that SpA is also reported to interact with the constant region of lgG(l4), 
thereby ensuring a simultaneous activation of not just IGHV3-expressing B cells (30-50% of 
total B cells), but also those B cells with specific effector functions (14). 
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Table 1: The distribution of acquired N-glycosylation sites 

No. of mutated 

No. of sequences No. of No. of 

Dataset Sample Patients (>2 mutations) n-Nglycs ac-Nglycs 

NORMAL DATASETS 

(26) BL, DNA, all Vh 4 1 16 0 6 

(27, 28) BL, CD19+ cel ls, DNA, a l l  Vh 3 372 6 5 --
(29) BL, RNA, a l l  Vh, lgM 6 296 8 4 

(30) BL, CD19+ cells, RNA, all Vh, lgM 3 27 0 0 

(31) BL, RNA, all Vh, lgG 2 492 0 0 

(32) BL, RNA, a l l  Vh, l gM+lgG+lgA 10 209 7 
-- ---

(33) BM, RNA, Vh3, lgM 2 29 0 0 

(34) DD, RNA, a l l  Vh, lgM+lgA 3 172 0 10 

(35) IN ,  RNA, a l l  Vh, lgM+lgA 2 53 0 3 

(36) IL ,  RNA, a l l  Vh, lgA 4 148 10 

(37) OM, RNA, Vh4 & VhS, lgM+lgG+lgA 18  86 0 8 

(38) PT, RNA, all Vh, lgA 3 64 3 2 

(24) PT, RNA, Vh3, lgG+lgA 3 67 0 9 

TOTAL 2131 19 64 

AUTOIMMUNE DISEASE DATASETS 

pSS (38) PT, RNA, all Vh, lgA 4 89 3 

pSS (24) PT, RNA, Vh3, lgG+lgA 12 487 4 81 

RAl (39) ST, RNA, all Vh, lgM+lgG+lgA 3 641 14 so 

RA2 (40) ST, DNA, a l l  Vh 2 44 5 

RA3 (41) ST, RNA, a l l  Vh 7 646 9 84 

SLEl (26) BL, DNA, all Vh 7 341 1 0  18  ---
SLE2 (42) SP, DNA, a l l  Vh 20 2 - --
MSl (43) CSF, RNA, a l l  Vh, lgM+lgG 2 88 8 

MS2 (44) CSF & BL, DNA, a l l  Vh 112 3 1 0  

ChDl (45) HRT, DNA, a l l  Vh 3 15 2 

ChD2 (45) BM, DNA, a l l  Vh 55 11 

AS (46) SM, DNA, a l l  Vh 29 

WG (47, 48) NT, DNA, a l l  Vh 6 242 0 

TOTAL 2809 41 274 
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Dataset Sample 

ANTIGEN SPECIF IC DATASETS 

(49) 

(SO, 51) 

(23, 51, 52) 

(53) 

(54) 

(SO, 55) --
(56) 

(57) 

(58) 

(59-61) 

(62) 

(63, 64) 

(49) 

Hl Nl [r] , RNA AII Vh, lgA+lgG 

Antigen-specific [ab/cs/h/pl], 
RNA+DNA, All Vh 

Anti-HibCP [v] (16 individuals, 
All Vh, lgM+lgG+lgA 

Anti -TTl [v/pl] , RNA, Al l Vh 

Anti-TT2 [v/cs], RNA, Vh3, lgG 

Anti-CMV [cs]. RNA, Vh3, lgG 

Rotavirusl [h], RNA, Al l Vh 

Rotavirus2 [cs], RNA, All Vh, lgG 

Rotavirus3 [cs], RNA, All Vh, lgG 

Strept. Pneum [v]. RNA, Al l  Vh - -- ----
Anti-PPS [v/cs] , RNA, Al l Vh, lgG --- ---

StaphA [ab/pl], RNA, Vhl/3/4, 
lgM+lgG 

TOTAL 

No. of mutated 
No. of sequences No. of No. of 

Patients (>2 mutations) n-Nglycs ac-Nglycs 

8 55 4 

80 4 

1 6  58 4 

2 53 

4 81 2 

3 23 0 

8 48 3 

10 186 

11 47 2 

15 53 2 

40 100 0 

4 33 0 

817 23 

Prevalence of acquired N-glycosylation motifs in (a) al l lg sequences from normal controls, autoimmune disease 
patients and from antigen-specific sequence datasets; (b) lgG sequences from normal controls, autoimmune 
disease patients and from antigen -specific sequence datasets. References provided indicate the published 
studies from which the sequence datasets were obtained. Abbreviations used are as follows: pSS - Sjogren's 
syndrome, RA - rheumatoid arthritis, SLE - systemic Lupus erythrematosus, MS - multiple sclerosis, ChD -
Chaga's disease, AS - ankylosing spondylitis, WG - Wegener's granulomatosis, BL - blood, BM - bone marrow, 
DD - d uodenum, IN - i ntestine, IL - i leum, OM - omentum, PT - parotid salivary g land, ST - synovial tissue, SP 
- spleen, CSF - cerebrospinal fluid, HRT - heart tissue, SM - synovial membrane, TH - thymus, NT - nasal tissue, 
[r] - reperotire study, [ab] - antigen - binding B cel ls, [cs] - B cell sorted by antigen - specific binding, [h] - B cel l 
hybridoma secreting antigen - binding antibod ies, [pl] - antigen - b inding antibod ies from expressed phage 
l ibrary, [ v] - antigen binding B cel ls after vaccination. 
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No. of mutated Total 
No. of sequences No. of frequency of 

Dataset Sample Patients {>2 mutations) ac-Nglycs ac-Nglycs {%) 

NORMAL DATASETS 

(31) BL, RNA, all Vh, lgG 2 492 0 0 

(24) PT, RNA, Vh3, lgG 3 35 2.9 

TOTAL 527 

AUTOIMMUNE  DISEASE DATASETS 

pSS (24) PT, RNA, Vh3, lgG 12 98 23 23,5 

RAl (39) ST, RNA, al l Vh, lgG 3 21 8 20 9,2 --- -
MSl (43) CSF, RNA, al l Vh, lgG 59 7 11,9 

TOTAL 375 50 

ANTIGEN-SPECIFIC DATASETS 

(50, 51) 
Various antigen-specific lgs[h] , 

28 2 7.1 
RNA+DNA, All Vh, lgG 

(23) Anti-HibCP [v], RNA, Al l  Vh, lgG 15 0 0.0 

(50, 55) Anti-CMV [h], RNA, Vh3, lgG 3 23 0 0.0 

(54) Anti -TT2 [v/cs], RNA, Vh3, lgG 4 81 2 2 .5 

(57) Rotavirus2 [cs], RNA, Al l Vh, lgG 10 1 86 0.5 

(58) Rotavirus3 [cs], RNA, All Vh, lgG 11 47 2 4.7 

(62) Anti-PPS [v/cs] , RNA, Al l Vh, lgG 40 1 00 0 0.0 

(59, 60) Anti-SP [v], RNA, Al l Vh, lgG 15 28 3.6 

(64) StaphA [pl] , RNA, Vhl/3/4, lgG 13 0 0 

TOTAL 521 8 

Prevalence of acquired N-glycosylation motifs in (a) al l lg sequences from normal controls, autoimmune disease 
patients and from antigen-specific sequence datasets; (b) lgG sequences from normal controls, autoimmune 
disease patients and from antigen-specific sequence datasets. References provided indicate the published 
studies from which the sequence datasets were obtained. Abbreviations used are as follows: pSS - Sjogren's 
syndrome, RA - rheumatoid arthritis, SLE - systemic Lupus erythrematosus, MS - multiple sclerosis, ChD -
Chaga's disease, AS - ankylosing spondylitis, WG - Wegener's g ranulomatosis, BL - blood, BM - bone marrow, 
DD - duodenum, IN - intestine, IL - i leum, OM - omentum, PT - parotid salivary gland, ST - synovial tissue, SP 
- spleen, CSF - cerebrospinal fluid, HRT - heart tissue, SM - synovial membrane, TH - thymus, NT - nasal tissue, 
[r] - reperotire study, [ab] - antigen - binding B cells, [cs] - B cell sorted by antigen - specific binding, [h] - B cell 
hybridoma secreting antigen - binding antibodies, [p l ]  - antigen - binding antibodies from expressed phage 
l ibrary, [v] - antigen binding B cells after vaccination . 
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Table 2: Acquired N-glycosylation site residues and motifs 

Acquired N-glycosylation site residues and amino acid (aa) motifs 

ICHV No. of FR1 CDR1 FR2 CDR2 FR3 

gene ac-Nglycs aa Motif aa Motif aa Motif aa Motif aa Motif 

NORMAL TISSUES (n = 2131) 

Vhl 6 29 N FS 64 NTT 81 NTS, NSS 

Vh2 2 24 N FS 68 NTS 

57 N NT, NYS 
77 N IS(3) 

29 NVS, N FS(2) 62 NGS, NYT 
Vh3 30 26 NSS 

35 NSS 63 N NT, NRT 
84 N NT(9), NGS, N KS 

64 N KS 
97 N DT 

Vh4 24 NVS(3) 31 NSS 57 NYS(2) 
68 NSS(2), NAS 

16 90 NLT(6), NVT 

75 NVT 

Vh5 10  20  N IS 35 NTS 
77 N IS 

64 NTT 
85 NTT 
95 NAS 

AUTOIMMU N E  DISEASES (n = 2536) 

66 NYT(3), NYS 
77 N MT, N LT(3), NFT, N IT(2) 

63 N IT, NST 81 NQS, NTS(4), N IS 

Vhl 47 
20 NVS(7) 

29 N FT (3) 51 N FT 64 NTS 82 NST 
23 NVS 

66 NYS, NYT 91 N DT 
93 N LT 
97 NDT(3) 

27 N FS 

Vh2 
31 NTT(2), NAS, 

64 N KS 
68 N IS, NTS 

18  NTS(2) 77 N IS, N IT(2) 
34 NAS 

CDR3 

Motif 

NYS, 
NGT 

NVS, 
NVT, 
N RT 

NVS, 
NTT, 
NYS 

NGT(2), 
NST, 
N IT, 
N ET 

--
NGS(2), 

NGT, 
NSS, 
NVT 



66 NYT 

27 N FT 
57 NTS 77 N IS(8), NVS, N IT 

29 N FT(5), N FS(l5), 
59 NGS(4), NGT 81 N NS(3), NTS N FT, 

62 NGT 82 NST N FS, 
NSS, N IS, N LT, 

N IS, 63 NET(2), NQT, 84 NNT(42), N DT(3), NST(3), NNS, NGT, 
Vh3 142 26 N KT NMT 55 . 

30 NSS 
NGS NYT(2), NTT, NRT, N IS, NYS(2), NTT, NSS(2), NNT, 

35 NVS, NRT 
NVT, NYS, N NT N KT(2), N HT, NGS(2), NYT NVT, 

36 NYS(2) 
64 NTT, N KS 90 N LT NYS 

65 NYT 93 N LT(7) 
97 N DT(2) 

66 NSS 

15  N FS 
68 NAS(4), NSS (5) 

22 NCS, 
27 NGS, NGT 

57 NYS(2), N RS 
77 N IS(2) 

Vh4 46 31 NSS(2) 81 NTS 
NVS(2) 

34 NVS 
59 NGS 

90 N LT(lO), N I S, NVT, NMT 
24 NVS(4) 

93 N LT 
96 NVT 

NFT(7) 
68 NTS, NRS 

Vh5 13 24 NGS 
29 81 N KS 

35 
NST 

82 NST 
84 NTT 

29 N IS, N FS 
Vh6 7 34 N NT 81 NTS 

35 N RS(2), N NT 

Vh7 1 20 N IS 

ANTIGEN-SPECIF IC SEQUENCES (n = 817) 

Vhl 1 85 NTT 

Vh2 2 68 NTS(2) 

27 NGS 
84 N NT(3) N FT, NGS, 

Vh3 14 29 N FS(2) 63 N KT, NGT 
36 NNT, NSS 

93 N LT NYS 

Vh4 6 59 NGS (2) 
68 NTS, NSS 

NGT 
90 NVS 

The residue (aa) and motif of the acquired N-g lycosylation site in  lg sequences from normal tissues, autoimmune diseases and antigen-specific sequences are shown, a longwith 
their occurrence in different IGHV genes and their situation in  CDRs or FRs. 
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We observed low frequencies of acquired N-glycosylation sites in the AS dataset and no 
acquired N-glycosylation sites in two separate datasets from WG patients. This could be due 
to the greater presence of non-lgG isotypes, particularly lgM, which is generally less mutated 
than lgG and hence, less likely to acquire N-glycosylation sites through SHM. Alternatively, it 
may also indicate differences in selection pressures among systemic autoimmune diseases and 
could form the basis for a re-classification of these diseases. 

We did observe a few naturally-occurring N-glycosylation sites in sequences expressing 
the IGHVl-8 gene in both autoimmune and normal samples (Tables 2a and 2b), whereas 
natural sites in the IGHV-4 gene were never detected. However, these sites were not included 
in our statistical analyses as we cannot evaluate their contribution to SHM-based selection. 
Moreover, we did not detect any lgG sequences with the IGHVl-8 naturally-occurring sites 
within lg sequences from normal tissues, autoimmune diseases or antigen-specific sequences. 
This suggests that the IGHVl-8 natural N-glycosylation site is neutral and its loss probably has 
no effect on B cel l  selection. 

As previously shown by Coelho et al (17), the presence of glycosylation moieties in the 
conserved sites of lg variable regions may enable B-cells to keep the impetus for B-cell activation 
and proliferation by interacting with lectin-expressing cells such as macrophages or dendritic 
cells or perhaps even T cells (18) and NK cells (1 9) .  Hence, we propose a novel hypothesis that 
the significant presence of lg-producing cells with potential acquired N-glycosylation sites 
in certain systemic autoimmune diseases may be indicative of an unconventional selection 
pressure that mimics superantigen-like interactions on B cells and enables B cells with 
glycosylated immunoglobulins to engage, survive and persist within autoimmune lesions. 

There is some discussion in the scientific community with regards to the use of superantigen
based therapies in the treatment of systemic autoimmune disorders (20, 21 ). The main evidence 
in support of this comes from the use of SpA therapy in a murine experimental model for SLE 
which succeeded in limiting disease progression (22). Our hypothesis of an altered B cell 
selection in systemic autoimmune diseases homologous to B cell and superantigen interactions 
may offer a cautionary insight towards the development of such therapies in humans(23). It 
is important to note that while B cell superantigens are specific for certain B cell subsets and 
those that express particular genes, we did not observe any such specificity with regards to the 
prevalence of acquired N-glycosylation sites in autoimmune diseases. Moreover, superantigen
based therapies are essentially intended to be B cell targeting strategies and are therefore 
similar to B cell-depletion therapies such as rituximab (RTX). Our group has already shown in 
the context of pSS that while RTX does result in clinical relief from d isease symptoms, the relief 
is transient and treated patients suffer disease relapses [Hamza et al, submitted]. Parallel to this, 
we also showed that despite the widespread depletion of B cells in the peripheral circulation, 
the prevalence of acquired N-glycosylation sites in lg sequences from diseased salivary glands 
of pSS patients was not altered even after RTX. T h is implies that B cell targeting strategies in 
systemic autimmune diseases only succeeds in diminish ing the effector B cell numbers and 
does not, figuratively, switch-off the underlying pathological signaling mechanisms. Hence, 
we speculate that our findings may also provide a strong rationale for the development of 
alternative therapies that seek to modulate systemic autoimmune disease through the use of 
anti-glycosylating compounds (24) or glycans that can competitively bind to lectins on dendritic 
cells thereby interfering with the recruitment of a deleterious (auto)immune response (25). 
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ABSTRACT 

Objectives: Our previous studies on the immunoglobulin variable heavy chain 
(IGHV) repertoires indicated that prevalence of acquired N-glycosylation motifs (ac
Nglycs) in autoimmune diseases differed from that seen in normal or non-autoimmune 
(control) repertoires and classical antigen-driven repertoire. Our main objective was 
to computationally evaluate the selection pressures in autoimmune diseases, controls 
and classical antigen-specific repertoires and correlate these results with the increased 
prevalence of ac-Nglycs in IGHV repertoires from autoimmune diseases. This would enable 
a better understanding of the selection pressures shaping the autoimmune repertoire. 

Methods: We analyzed the selection pressures acting on the IGHV sequences from our 
previous studies in pSS and other published datasets from multiple sclerosis (MS), RA, 
SLE, Chagas's Disease (ChD), Ankylosing spondylitis (AS) and Wegener's granulomatosus 
(WG). As controls, we collected published datasets of IGHV sequences derived from 
various control tissues and antigen-specific B cells from vaccination or infection studies. 
All sequences were analyzed for selection pressures using a new computational method 
known as Bayesian estimation of Antigen-driven SELectloN (BASELINe). 

Results: lgG sequences from autoimmune diseases showed no positive selection in their 
CD Rs, while exhibiting significantly high conservation of structure in their FWRs compared 
to lgG sequences in control and antigen-driven repertoires. We also observed that the 
selection pressures in all igG sequences and more particularly, lgG sequences with ac-Nglycs 
within the autoimmune repertoire, were similar to the selection pressures observed in 
lgG sequences from B cells specific for the superantigen Staphylococcal protein A (SpA). 
lgG sequences with ac-Nglycs from autoimmune diseases also shared some similarities 
in selection pressures with lgG sequences from B cells specific for the pneumococcal 
polysaccharide antigen, PPS which is known to engender immune responses through its 
interaction with lectin-expressing cells via a T-independent process. 

Conclusions: This study suggests that the autoimmune repertoire and particularly the 
lgG-producing populations in autoimmune diseases are probably not selected by classical 
(auto)antigen-driven selection but exhibit selection pressures that are more similar to lg Gs 
from superantigen-specific immune responses. Our observations also provided evidence 
for the hypothesis that in the presence of altered selection pressures, lgG-producing B 
cells with ac-Nglycs in autoimmune diseases could possibly add a second level of selection 
through binding to lectins of the innate immune system. 



INTRODUCTION 

Autoimmune diseases are primarily characterized by the excessive production of antibodies 
that bind self-antigens and are accompanied by a cascade of pathological events which result 
in the immune system being harnessed to destroy specific tissues or glands of the body. Under 
normal conditions, B cells follow tightly regulated developmental and differentiation pathways 
interspersed with many check points to prevent the distraction of a homeostatic immune 
response into autoimmunity or uncontrolled B cell hyperactivity. In autoimmune disorders, 
it is apparent that at some point in the B cell differentiation pathway, the usual checkpoints 
aimed at eliminating self-reactive B cells, have failed. However, the precise etiology behind 
autoimmune diseases, remains a mystery. 

Most autoimmune disorders are accompanied by B cell hyperactivation and proliferation, 
possibly culminating in autoantibody production. Since each B cell codes for a unique B cell 
receptor (BCR), we analyzed immunoglobulin heavy chain variable genes (IGHV) to study the 
selection pressures on B cells in autoimmune disorders which likely include auto-reactive B 
cell populations. The critical tools in the study of selection pressures are computational 
immunology programs whose statistical algorithms are designed to predict the type and extent 
of selection pressures that shape the B cell repertoire on the basis of mutation patterns. 

Within immunoglobulin variable region structure, framework-regions (FWRs) of both 
heavy and light chains serve as the scaffolding on which complementarity-determining region 
(CDR) loops are optimized through somatic hypermutation (SHM) (1). FWRs in IGHV genes are 
generally well conserved regions primarily because they are less prone to be selected for non
conservative mutations compared to CDRs (2) . In a previous study using the computational 
tool, the Focused-z test (3); we observed that immunoglobulin sequences from diseased 
salivary glands of patients with pSS, a classic autoimmune disorder, demonstrated significantly 
increased conservation of framework-region (FWR) structure compared to non-pSS control 
patients despite being heavily mutated (4). 

Such an emphasis on framework-region maintenance was reminiscent of BCR-superantigen 
interactions that characteristically occur at conserved FWRs (5, 6). For a B cell-superantigen, this 
ability ensures the availability of binding targets minimally influenced by the unpredictability of 
genetic recombination (as seen in CDR3) or the hypervariability introduced by SHM (mostly 
focused on CD Rs). This is best exemplified by the superantigen Staphylococcal protein A (SpA), 
whch interacts between residues 75 to 84 within the FWR3 domain of the immunoglobulin 
heavy chain (IGHV)-3 gene family, that is expressed by 30-50% of the total B cell repertoire in 
healthy individuals (5, 7). Thus, BCR-superantigen interactions indicate two important points; 
one, since interactions at these sites by superantigens lead to B cell activation, proliferation, 
differentiation and immunoglobulin secretion (5), it is conceivable that a similar engagement 
of the BCR by other moieties may result in the same respone. The second point is that the 
emphasis on maintaining overall structure of FWRs outside of classical antigen-binding sites 
(CD Rs) could also be a sign of B cell selection. 

In pSS patients, we also noted a surprisingly low evidence for strong antigenic selection in 
IGHV sequences. This seemed to contradict the widely-held belief that B cells are hyperactivated 
in autoimmune disorders due to (auto)antigen-driven selection (8-12). Consequently, in 
our exploration for alternative selection mechanisms, we observed a significantly increased 
prevalence of acquired N-glycosylation sites in the IGHV regions of lgG sequences obtained from 
pSS patients compared to non-pSS controls. These acquired N-glycosylation sites were novel 
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motifs created during SHM and persisted even after B cell depletion treatment of pSS patients 

with rituximab (4). Moreover, 60% of the acquired N -glycosylation motifs were noted at sites 

identical to those interacting with SpA (residues 75 to 84). This increased presence of acquired 

N-glycosylation sites was not restricted to pSS, but could also be noted in other autoimmune 

diseases such as rheumatoid arthritis (RA), multiple sclerosis (MS), lupus erthrematosus (SLE) 

and Chagas's Disease (ChD). Furthermore, the prevalence of these sites in autoimmune diseases 

was significantly greater than that observed in normal or non-autoimmune tissues and antigen

specific datasets (13) . Again, we observed that a large proportion of the acquired N-glycosylation 

motifs within IGHV3-expressing sequences in autoimmune disorders consistently occurred at 

residues 75 to 84 of FWR3, the exact same sites of SpA-BCR interactions (7). 

This lead us to hypothesize that sugar moieties on BCRs could possibly mimic BCR

superantigen interactions in its independency from antigen-driven selection of B cells. We 

speculated that increased acq uisition of N-glycosylation motifs may represent a form of 

unconventional selection pressure on B cell repertoi res in autoimmune diseases. Hence, our 

aim in this study was to to explore the correlations between selection pressures and prevalence 

of acquired N-glycosylation sites in autoimmune diseases. 

METHODS 

We analyzed IGHV sequence data from our previous studies in pSS and other published datasets 

from multiple sclerosis (MS), rheumatoid arthritis (RA), lupus erthrematosus (SLE), Chagas's 

Disease (ChD), ankylosing spondylitis (AS) and granulomatosis with polyangiitis (GPA; formerly 

known as Wegener's granulomatosus) . As controls, we collected published datasets of IGHV 

sequences derived from various normal and non-autoimmune (control) tissues such as b lood, 

bone marrow, duodenum, ileum, omentum and parotid salivary glands. In this study, we also 

included sequences derived from antigen-specific B cells or B cell repertoires from vaccination 

and infection studies (Tables la  and l b) against antigens such as HlNl, haemophilus influenza 

B capsular poysaccharide (HibCP) with protein adjuvant, tetanus toxoid (TT), cytomegalovirus 

(CMV) and rotavirus. Moreover, we included IGHV sequences derived from B cells specific for 

SpA and pneumococcal polysaccharide antigen (PPS) as positive controls for selection pressures 

due to superantigen interaction and polysaccharide antigenic stimulation, respect ively. 

All  IGHV sequences were compared with the international lmMunoGeneTics ( IMGT) 

databases of lg germline sequences by only using the high-throughput tool, High V-Quest 

(14), since the IGHV gene identification was different when the low-throughput IMGT V-quest 

was used, particularly in sequences with ambiguous nucleotide reads. All sequences that were 

unproductive, non- lg and identical or redundant sequences were eliminated from our analyses. 

Clonal sequences with � 2 unshared mutations were also excluded if they expressed identical 

isotypes. As we wanted to compare the selection pressures influencing complementarity

determining regions (CDR) and framework regions (FWR), we did not include IGHV sequences 

lacking a full V-region (as per I MGT High V-quest) . 

Analysis of selection pressures 

Selection pressure analysis was carried out with an online program known as the Bayesian 

estimation of Antigen-driven SELect loN (BASELI Ne) (15). BASEL I Ne provides a more 

quantitative and visual method to analyze selection. It incorporates statistical algorithms 

designed to predict the type and extent of selection pressures which shape the lg repertoire 



on the basis of mutation patterns. Affinity maturation is a process by which B cells accumulate 
somatic mutations within their immunoglobulin genes after which they are selected based on 
their affinity to antigens. The distribution of replacement versus silent (R/S) mutations, in both 
CD Rs and FWRs is counted separately and compared against the expected frequency under the 
hypothesis of no selection as defined by germline genes. The highlights of BASELINe are its 
ability to aggregate the selection strengths of different sequences within a single experimental 
group and also compare the selection pressures between different experimental groups (15). 
Only mutated sequences (2: 2 mutations) were included in this study. 

RESU LTS 

All datasets used in this study are as shown in Table 1. We analyzed 2809 IGHV sequences from 
autoimmune diseases, 2131 from normal or non-autoimmune controls and 817 from antigen
specific datasets. Among the antigen-specific sequences, we separated out those sequences 
coding for anti-SpA and anti-PPS antibodies from the rest of the sequences and used them 
as positive controls for superantigen interaction and polysaccharide antigen-specific antibody 
response, respectively 

Emphasis on conservation of FWRs rather than antigen selection 
in lgG from autoimmune disorders 

IGHV sequences from autoimmune diseases showed almost no positive selection in their CDRs 
compared to both controls and antigen-driven repertoires (Figure 1). At the same time, FWRs 
in IGHV sequences from autoimmune diseases demonstrated the influence of significantly high 
negative selection pressures compared to control and antigen-driven repertoires. Among 
lgM, lgA and lgG isotypes, only lgG sequences from autoimmune diseases demonstrated a 
similar pattern of significant differences compared to controls and antigen-driven repertoires 
(Figure 2). This indicated that selection pressures in autoimmune diseases are associated with a 
particular lgG-specific immune response. 

B cel l selection pressures in autoimmune diseases show simi larities 
with response to superantigens 

The comparison of sequences from anti-SpA lgG-producing cells and classical antigen-driven 
responses indicated that conservation of FWR and the extent of negative selection in CDRs 
were significantly higher in anti-SpA lgG compared to antigen-driven repertoires (Figure 2). In 
contrast, anti-SpA lgM showed signs of significant positive antigen selection in CDRs that was 
similar to antigen-driven sequences, while the frame-work regions in anti-SpA lgM showed 
almost no sign of selection (data not shown). 

Comparison of lgG sequences from autoimmune disorders, control tissues and classical 
antigen-driven datasets against anti-SpA lgG (Figure 2) confirmed that conservation of FWRs 
was greatest in anti-SpA lgG, with lgG from autoimmune diseases showing a similar selection. 
In contrast to this, the classical antigen-driven datasets and the control group showed 
significantly less conservation of FWRs. With regards to the CDRs of lgG sequences from the 
same groups, we observed that only lgG sequences from the control repertoire and antigen
driven datasets showed significant positive selection. On the other hand, lgG sequences from 
autoimmune diseases exhibited CDRs that were under negative selection pressures, although 
not to the extent seen in anti-Staph A lgG. 
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Table 1: IGHV sequence datasets analyzed 

No. of No. of mutated sequences 

Dataset Sample Patients (>2 mutations) 

CONTROL REPERTOIRES 

(21) BL, DNA, all Vh 

(22, 23) 

(24) 

(25) 

(26) 

(27) 

(28) 

(29) 

(30) 

(31) 

(32) 

(33) 

(34) 

TOTAL 

BL, CD19+ cells, DNA, a l l  Vh 

BL, RNA, a l l  Vh, lgM 

BL, CD19+ cel ls ,  RNA, a l l  Vh, lgM 

BL, RNA, a l l  Vh, lgG 

BL,  RNA, a l l  Vh, lgM+lgG+lgA 

BM, RNA, Vh3, lgM ------ ---------
DD, RNA, a l l  Vh, lgM+lgA 

IN, RNA, a l l  Vh, lgM+lgA 

I L ,  RNA, a l l  Vh, lgA 

OM, RNA, Vh4 & VhS, lgM+lgG+lgA 

PT, RNA, all Vh, lgA 

PT, RNA, Vh3, lgG+lgA 

AUTOIMMUNE DISEASE REPERTOIRES 

4 

3 

6 

3 

2 

10 

2 

3 

2 

4 

18 

1 16 

372 

296 

27 

492 

209 

29 

172 

53 

148 

86 

64 

67 

2131 

pSS (33) PT, RNA, a l l  Vh, lgA 4 89 

pSS (34) PT, RNA, Vh3, lgG+lgA 12 487 ----
RAl (35) ST, RNA, a l l  Vh, lgM+lgG+lgA 3 641 

RA2 (36) ST, DNA, al l  Vh 2 44 

RA3 (37) ST, RNA, a l l  Vh 7 646 --------
SLEl (21) BL, DNA, all Vh 7 341 

S LE2 (38) SP, DNA, a l l  Vh 

MSl (39) CSF, RNA, all Vh, lgM+lgG 2 ----- ---------------
MS 2 (40) CSF & BL ,  DNA, a l l  Vh 

ChDl (41) HRT, DNA, al l  Vh 

ChD2 (41) BM, DNA, all Vh 

AS (42) SM, DNA, al l  Vh --------------------
W G (43, 44) NT, DNA, a l l  Vh 

TOTAL 

ANTIGEN-SPECIFIC REPERTOIRES 

(45) Hl Nl [r] , RNA AII Vh, lgA+lgG 

6 

8 

(46-48) Anti-HibCP [v] (16 individuals, All Vh, l gM+lgG+lgA 16 

(49) Anti-TTl [v/pl] ,  RNA, Al l  Vh 2 

(SO) Anti-TT2 [v/cs], RNA, Vh3, lgG 4 

(51, 52) Anti-CMV [cs], RNA, Vh3, lgG 3 -----------------------
(53) Rotavi rusl [h] ,  RNA, Al l  Vh 8 

(54) Rotavirus2 [cs], RNA, All Vh, lgG 10 

20 

88 

112 

15 

55 

29 

242 

2809 

55 

58 

53 

81 

23 

48 

186 



No. of No. of mutated sequences 
Dataset Sample Patients {>2 mutations) 

(55) Rotavirus3 [cs], RNA, All Vh, lgG 11 47 

Polysaccharide antigen-specifc repertoires 

(56-58) Strept. Pneum [v], RNA, All Vh 15 53 

(59) Anti -PPS [v/cs] , RNA, All Vh, lgG 40 100 

Superantigen-specific repertoires 

(60, 61) StaphA [ab/pl], RNA, Vhl/3/4, lgM+lgG 4 33 

(45) 

TOTAL 817 

CONTROL REPERTOIRES 

(26) BL, RNA, all Vh, lgG 2 492 

(4) PT, RNA, Vh3, lgG 3 35 

TOTAL 527 

AUTOIMMUNE DISEASE REPERTOIRES 

pSS (4) PT, RNA, Vh3, lgG 12 98 

RAl (35) ST, RNA, all Vh, lgG 3 218 

MSl (39) CSF, RNA, all Vh, lgG 59 

TOTAL 375 

ANTIGEN-SPECIFIC REPERTOI RES 

(48) Anti -H ibCP [v], RNA, All Vh, lgG 15 

(51, 52) Anti-CMV [h], RNA, Vh3, lgG 3 23 

(SO) Anti -TT2 [v/cs], RNA, Vh3, lgG 4 81 

(54) Rotavirus2 [cs], RNA, All Vh, lgG 10 186 

(55) Rotavirus3 [cs], RNA, All Vh, lgG 11 47 

Polysaccharide antigen-specifc repertoires 

(59) Anti -PPS [v/cs] ,  RNA, All Vh, lgG 40 100 

(56, 57) Anti-SP [v], RNA, All Vh, lgG 15 28 

Superantigen-specifc repertoires 

(61) StaphA [pl], RNA, Vhl/3/4, lgG 13 

TOTAL 521 

(a) All lg sequences from normal controls, autoimmune disease patients and from antigenspecific sequence 
datasets; (b) lgG sequences from normal controls, autoimmune disease patients and from antigen-specific 
sequence datasets. References provided indicate the published studies from which the sequence datasets were 
obtained. Abbreviations used are as follows: pSS - Sjogren's syndrome, RA - rheumatoid arthritis, SLE - systemic 
Lupus erythrematosus, MS - multiple sclerosis, ChD - Chaga's disease, AS - ankylosing spondylitis, WG -Wegener's 
g ranulomatosis, BL - blood, BM - bone marrow, DD - duodenum, IN - intestine, IL - ileum, OM - omentum, PT 
parotid salivary gland, ST - synovial tissue, SP - spleen, CSF - cerebrosp inal fluid, HRT - heart tissue, SM - synovial 
membrane, TH - thymus, NT - nasal tissue, [r] - reperotire study, [ab] - antigen - binding B cells, [cs] - B cell sorted 
by antigen - specific binding, [h] - B cell hybridoma secreting antigen - binding antibodies, [pl] - antigen - binding 
antibodies from expressed phage library, [v] - antigen binding B cells after vaccination. 
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Figure 1 :  Comparison of selection pressures in a l l  sequences regard less of isotype. The selection pressures 
in all groups were compared in a two-point table format with the numbers indicating statistical difference 
between parameters in a particu lar column over that in the corresponding row. Negative sign and green 
colou r  ind icate negative selection pressures, whi le red dour ind icates positive selection . The strength of 
the selection pressure is a lso i nd icated with varying intensities of the colou r codes. Abbreviations used 

are as follows: N - normal datasets, AD - autoimmune disease datasets, AgS - classical antigen-d riven 
repertoires, CDR - complementa rity-determining region, FWR - framework region. 

Correlation between acquisition of N-glycosylation sites and 
selection pressures 

In our previous study, a large  number of the acqu i red N-g lycosylation motifs with in IGHV3-

expressing sequences (~53%) in auto immune diso rders consistently occurred at residues 75 

to 84 of FWR3, the exact same sites of SpA-BCR i nteractions [Chapter 5] . Hence, we inc luded 

anti-SpA lgG as a positive control for selection pressures i n  BCR-superantigen i nteractions i n  

order to  compare the  selection pressures created by  the  acquisition of  N-g lycosylation motifs. 
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Figure 2: Comparison of selection pressures in lgG sequences. The selection pressures in lgG sequences 
were compared between different groups in a two-point table format with the numbers ind icating 
statistical difference between pa rameters in a particu lar column over that in  the corresponding row. 
Negative sign and green colour ind icate negative selection pressures, whi le red dour indicates positive 
selection . The strength of the selection pressure is a lso indicated with varying intensities of the colour 
codes. Abbreviations used are as follows: N - normal datasets, AD - autoimmune d isease datasets, AgS -
classical antigen-driven repertoires, CDR - complementarity-determining reg ion, FWR - framework reg ion 

Coelho et a l  (16) previously showed that the presence of g lycosylation moieties i n  

immunoglobul in variable reg ions enabled B-cells t o  keep the impetus for B-cel l activation and 

prol iferation by interacting with lectin-expressing cel ls such as macrophages or dendritic cel ls 

(DC). Striking ly, the anti-PPS immune response is also engendered by a s imi lar interaction with 

macrophages and DCs (17, 18) via a T-independent process. Hence, we included anti-PPS lgG 

sequences as positive controls for a lectin-bi nding based B cell selection. 

When we compared lgG sequences with acquired N-g lycosylation sites (lgG-Nglyc) from 

auto immune diseases aga inst anti-SpA lgG and anti-PPS lgG, our results indicated that both 

anti-SpA lgG and lgG-Nglycs from autoimmune d iseases showed significantly greater negative 

selection within FWRs compared to anti-PPS lgG, indicating a strong conservation of these 
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domains in the former two groups (Figure 4). I nteresting ly, a lthough PPS is a classical a ntigen, 

the selection pressures on ant i-PPS lgG a lso showed negative selection at the CDRs, s imi lar 

to potentia l ly N-g lycosylated lgG from auto immune diseases and anti-SpA lgG. These resu lts 

strong ly suggested that the acquisition of N -g lycosylated motifs in the CDRs and FWRs of lgG 

sequences from autoimmune diseases exh ib it selection pressu res homologous to certa in B cel l  

supera ntigens and T-i ndependent antigens such as PPS. 
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Figure 3: Selection pressures in lgG seq uences with acquired N-g lycosylation motifs. The selection 
pressures i n  lgG sequences with acqu i red N -g lycosylation motifs from autoi mmune d iseases were 
compared to anti-SpA lgG and anti- PPS lgG i n  a two-point table format with the numbers ind icating 
statistica l difference between parameters in a particu lar col umn over that i n  the corresponding row. 
Negative sig n  and green colour indicate negative selection pressures, whi le red clour indicates positive 
selectio n  . The strength of the selection pressure is also indicated with varying i ntensities of the colour 
codes. Abbreviations used are as follows: AD - autoimmune disease datasets, CDR - complementarity
determi ning region, FWR - framework region.  



We did not include a comparison of lgG sequences with N-glycosylated motifs from control 
and antigen-driven repertoires because only 1/527 sequences had acquired N-glycosylation 
motifs in the control group, while in the classical antigen-driven repertoires, only 8/521 had 
such motifs. This is in contrast to the 50/375 motifs found in lgGs from autoimmune diseases. 

DISCUSSION 

This study clearly indicates that the B cell repertoire in autoimmune diseases are influenced 
by selection pressures different from those demonstrated in a classical (auto)antigen-driven 
response. We also observed that the autoimmune BCR repertoire was shaped by unconventional 
selection pressures that mimic B cell-superantigen interactions in its independency from 
antigen-driven BCR modulation. In our analysis, we clearly differentiated between different 
kinds of selection, where classical antigen-driven B cell selection is described as a response in 
which B cells that can moderately bind an antigen, go on to stimulate germinal center reactions 
where the process of SHM, differentiation and proliferation result in the production of clonal 
B cell populations with varying affinities to different epitopes of the antigen. On the other 
hand, superantigens interact with existing B cells, mostly at the conserved (FWR) regions of 
the BCR repertoire and are not necessarily influenced by BCR optimizations through SHM in 
conventional antigen binding regions (CDRs). 

Our aim in this study was to use the relatively new analytical method known as BASELINe (15) 
to study how selection pressures correlated with the increased acquisition of N-glycosylation 
sites in BCR repertoires of autoimmune diseases compared to control and antigen-specific 
datasets. This strategy is different from the Focused-z test (3) that we used in our previous 
study (4), in that the Focused-z test only facilitated the detection of sequences showing 
statistically significant selection pressures, but did not offer a way to quantify the large number 
of sequences where selection pressures were not statistically significant and merely indicated 
trends. BASELINe on the other hand allows the cummulative quantification of selection 
pressures within a repertoire, as well as a tandem comparison of selection pressures between 
different experimental groups (15). 

Results from using the BASELINe tool indicated that the IGHV repertoire in autoimmune 
diseases showed significant negative selection both in the CDRs and FWRs compared to controls 
and classical antigen-driven repertoires (Figure 1). This meant that there was almost no sign of 
antigen-driven selection in the conventional antigen binding sites or CDRs in the autoimmune 
repertoire, a stark contrast to classical antigen-driven repertoires. Meanwhile, in the FWRs, a 
strong emphasis on the conservation of immunoglobulin structure was noted. This pattern of 
selection was evident in the lgG-producing cell populations (Figure 2) as opposed to lgM and 
lgA isotypes (data not shown). This observation gained importance when we compared lgG 
sequences from autoimmune diseases against anti-SpA lgG. Greater negative selection pressures 
in the FWRs and CDRs of anti-SpA lgG is not surprising because SpA mostly targets highly 
conserved FWRs of IGHV3-expressing B cells and does not selectively provoke a modulation of 
the BCR repertoire based on the CDRs. However, in the autoimmune lgG repertoire, a strong 
emphasis on the conservation of FWRs and significant negative selection in CD Rs, similar to that 
exhibited in anti-SpA lgG (Figure 2) suggests that there are similarities in the pattern of B cell 
selection in autoimmune repertoires and superantigen responses. Adding to this conclusion was 
the observation that the selection patterns of both autoimmune and anti-SpA lgG sequences 
were significantly different in every way from control and classical antigen-specific repertoires. 
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We then sought to understand how increased acquisition of N-glycosylation motifs in lgG 

sequences correlated with the unique selection pressures observed in autoimmune diseases. In 

our previous study regarding acquisition of N-glycosylation sites [Chapter S] ,  we had included 

anti-SpA sequences among antigen-selected datasets and observed that none of the 33 

anti-SpA sequences analyzed acquired any N-glycosylation sites. This fits our hypothesis that 

acquisition of N-glycosylation motifs may be an alternative form of B cell selection that mimics 

BCR-superantigen interactions at least within the FWRs. Instead of superantigen binding and 

stimulation, the sugar moieties at the acquired N-glycosylation sites may interact with lectins 

of the innate immune system and stimulate a response. 

However, we were still unsure if these acquired N-glycosylation motifs could be a result 

of their role in enhancing antigen-specific binding (19, 20) or whether they contributed to a 

non-antigen-driven stimulation. Since both B cells with glycosylated immunoglobulins and PPS 

antigens activate the immune system by binding to lectin-expressing cells such as macrophages 

and dendritic cells (16-18) we included anti-PPS lgG sequences as positive controls for a 

T-independent and lectin-binding based B cell selection. 

It is to be noted that in our previous study, we had included 100 anti-PPS lgG sequences 

within antigen-driven datasets. As in the case of anti-SpA sequences, none of the anti-PPS 

lgG sequences carried acquired N-glycosylation motifs. This is understandable in light of the 

fact that PPS is also a polysaccharide or sugar entity similar to that on N-glycosylated BCRs. 

We hypothesized that the similarities in composition and ability to interact with lectins of 

the innate immune system might also translate as similarity in selection pressures between 

anti-PPS immunoglobulins and glycosylated BCRs in autoimmune repertoires. This theory was 

considerably supported by the observation that lgGs with acquired N-glycosylation motifs 

from autoimmune diseases and anti-PPS lgG showed similar patterns of negative selection 

in their CDRs (Figure 4). However, unlike lgGs from autoimmune diseases and anti-SpA lgG, 

anti-PPS lgGs showed no selection in their FWRs. 

All of the above observations suggested that the common selection pressures shared 

by lgG-producing B cells in autoimmune diseases and superantigen responses may lay the 

background on which the acquisition of N-glycosylation motifs on BCR variable regions could 

add a second selective stimulus through binding to lectins of the innate immune system. 

It is possible that not all autoimmune diseases will show the same pattern of selection 

pressures as seen in this study. This may be due to basic differences in selection pressures 

acting on these repertoires compared to the autoimmune diseases studied here. It would be 

interesting to evaluate the type and extent of selection pressures in autoimmune diseases 

where B cell selection may be truly (auto)antigen driven and compare them with the diseases 

analyzed in this study. 

The association of lgG with unique selection pressures such as acquisition of N-glycosylation 

motifs (4, 13), conservation of FWRs and lack of positive selection in CDRs strongly suggest 

an isotype-specific functional outcome for these differentially-selected lgG-producing cells, 

which may mediate the inflammatory pathology seen in autoimmune diseases through different 

effector mechanisms. All the above observations provided clear support for our hypothesis 

that selection pressures influencing B cell selection in autoimmune diseases are very different 

from those in classical antigen-driven repertoires and are more similar to superantigen-based 

and T-independent selection. 
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INTRODUCTION 

Autoimmune diseases are characterized as conditions where the immune system apparently loses 
the ability to distinguish between self and non-self. Although, more than 80 different autoimmune 
diseases are known to exist, the etiology behind these conditions are yet to be elucidated (1). 
They are generally classified into two types: systemic and organ-specific autoimmune diseases. 
Systemic autoimmune diseases are those that affect multiple organs and are usually characterized 
by the production of autoantibodies that recognize a diverse array of cytoplasmic and nuclear 
antigens. Organ-specific autoimmune diseases, such as Sjogren's syndrome, on the other hand, 
often display autoantibodies that bind disease-specific (auto)antigens within particular glands 
or organs. There is growing evidence that genetics, environmental exposure and/or hormonal 
imbalances may play a role in conferring susceptibility to autoimmune diseases. 

Of all possible agents, the role of environmental exposures to infections are thought to be 
major players in the development of autoimmune diseases, especially given the occurrence of 
disease onset after certain infections, seasonal autoimmune diseases flares (similar to seasonal 
infections) and the isolation of microbial DNA or RNA from diseased tissues of patients with 
autoimmune diseases. Examples are: periodontal disease is associated with rheumatoid 
arthritis (RA) (2), Staphylococcal infections are associated with granulomatosis with polyangiitis 
(formerly known as Wegener's Granulomatosis) (3), autoimmune thyroid diseases are 
postulated to develop as a result of a synergistic interplay between hepatitis C virus infection 
and interferon-a (IFNa) therapy (4) and human cytomegalovirus (HCMV) is epidemiologically 
correlated with a number of autoimmune diseases such as RA (5). The association between 
infection and autoimmunity is also demonstrated in animal models such as Theiler's murine 
encephalomyelitis virus-induced demyelinating disease (TMEV-IDD) which is a model for 
human multiple sclerosis (5); herpes simplex virus (HSV)-associated stromal keratitis in which 
HSV infection leads specific T-cell responses against corneal antigens in both humans and mice 
(7, 8) and autoimmune myocarditis associated with coxsackie virus infection (9). 

Even non-infectious agents such as adjuvants present within vaccines are associated with 
the incidence of autoimmune diseases and the phenomenon is referred to as 'Autoimmune 
Syndrome Induced by Adjuvants (ASIA) (10). Pathogens and adjuvants may initiate or perpetuate 
autoimmunity through several mechanisms such as molecular mimicry, bystander activation, 
deficiency in clearance of apoptotic/necrotic cells after infections and as superantigens (5). 

Evidence is particularly building up in the case of superantigens, a certain class of antigens, 
and their possible role in the pathogenesis of autoimmune diseases. According to studies on 
T-cell-activating factors, while conventional peptide antigens interact with less than 0.1% of the 
naive lymphocyte repertoire, a superantigen promotes supraclonal responses within a large 
proportion (often more than 5%) of the lymphocyte pool (11) 

Superantigens were originally thought to act primarily via their simultaneous binding to 
human major histocompatibility complex (MHC) class II molecules (primarily HLA-DR) and T-cell 
antigen receptors (TCRs) irrespective of the antigen-specificity of the TCR (12, 13). Later studies 
then proved that superantigens could also bind solely to the complementarity-determining 
regions (CDR) and framework regions (FWR) of the variable domain (V) of the � subunit of T 
cell receptors (TCR) and act as wedges between the TCR and MHC to divert an antigen-MHC 
complex away from the TCR combining site (13). In this way, superantigens are able to displace 
the normal mechanism for T-cell activation by specific antigen-MHC complexes. (14). Moreover, 
different superantigens exhibit highest affinities for different V� subsets of TCRs (15). 
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Superantigens also show varying binding specificities to different HLA-DR allotypes (16). 

Interestingly, susceptibility to a number of autoimmune diseases, including rheumatoid arthritis 

(17), multiple sclerosis (18) and autoimmune thyroiditis (19), is also associated with particular alleles 

of H LA-DR genes. This effectively bolsters the premise that autoimmune diseases could potentially 

result from the two-hits of genetics and environmental exposure to (superanigenic) infections. 

Further studies showed that superantigen interactions are not restricted to T cells 

and MHCs, but that it extends to B cells as well. As in the case of T cell superantigens, B cell 

interactions with superantigens also result in activation, proliferation, deletion or migration 

of these cells (10). Given this wide range of immunomodulating abilities, it was inevitable that 

superantigens would be linked to the etiology of autoimmunity (5, 20). However, concrete 

evidence for this link has been elusive. While there are several studies correlating the presence 

of T cell superantigens with the incidence of autoimmune diseases in humans and mice, such 

studies are fewer in the case of B cell superantigens in humans. Although studies were carried 

out in experimental mice models, they offer little towards understanding the precise role of 

superantigens in B cell-mediated autoimmune disorders in humans. 

In this chapter, we offer a unique and novel hypothesis for altered B cell selection that 

possibly links B cell superantigens with autoimmune diseases. Our hypothesis is largely 

based on evidences from the study of immunoglobulin gene rearrangements in autoimmune 

diseases and we will discuss this in the context of our research and existing paradigms. Given 

the discussion over enlisting superantigens as potential targeted therapies for autoimmune 

diseases (4, 21), the observations made in this review may have significant implications for the 

research and development of such therapies. 

SUPERANTICENS AND AUTOIMMUNITY 

The main idea behind the hypothesis associating autoimmunity with superantigens is that 

they do not j ust aggravate autoimmune diseases but may also be central in converting 

tolerable, controllable immune responses into relentless, uncontrollable disasters for the 

host (19). Indirect experimental correlations and epidemiological studies are suggestive of 

the involvement of superantigens in autoimmune disorders. High levels of circulating V�2 

T cells in patients with acute Kawasaki disease were significantly correlated to the incidence 

of superantigen-expressing Staphylococcus aureus or group A streptococcus (GAS). These 

superantigenic infections are known to stimulate V�2+ T cells (22). Another study which 

reinforced the concept of the superantigen-autoimmunity link was the observation that an 

endogenous retroviral-derived superantigen was actually a candidate gene for autoimmune 

type 1 diabetes (23). In this report, it was observed that V-restricted T cell proliferation was 

mediated by monocytes transfected with sequences that encode the retroviral-derived 

superantigen. In all the above scenarios, the transition from infection to autoimmunity was 

attributed to superantigen influence on T cells. We will now proceed to dissect possible 

mechanisms underlying a potential transition from infection to autoimmunity in the context of 

B cell superantigens and autoimmune diseases. 

B cel l  superantigens 

The most well-characterized B cell superantigens are the Staphylococcal protein A (SpA), the 

Peptostreptococcus mag nus protein L (Ppl),  the endogenous human gut-associated sialoprotein 

pFv and the H IV-1 envelope protein gpl20. The SpA, pFv and gpl20 superantigens interact with 



evolutionarily conserved IGHV framework regions (FWRs) of the B cell receptor (BCR) and can 
stimulate B cell differentiation, proliferation and lg secretion (10, 24). SpA interacts specifically 
between residues 75 and 84 of the FWR3 region within IGHV3 sequences (25), which is the largest 
IGHV gene family in normal individuals and this dominance is unaffected in many autoimmune 
diseases (26-29). The gpl20 and pFv proteins also share a similar affinity to the same or nearby 
FWR3 sites, again on IGHV3 genes, as was shown by competitive binding experiments with SpA 
(10, 24). Not only does binding of superantigens to these FWR3 sites result in B cell activation 
independent of conventional antigen binding sites in the CD Rs, but it also ensures the activation 
of 30-50% of the B cells in humans. Added to this, SpA also has the ability to bind to the heavy 
chain constant region of lgG immunoglobulins (10) possibly resulting in polyclonal stimulation. 

Ppl, on the other hand, has domains which bind specifically to conserved FWRs of the 
immunoglobulin light chain genes Vll, VL3 and VL4. This ensures the interaction of Ppl with 
more than half of all circulating B cells in humans (30), which again, is an essential characteristic 
of a superantigen (10). 

LIN Kl  NC B CELL SUPERANTICENS AND AUTOIMMUNITY 

Common e m phas is  on conservation of lg fra m ework regions a nd 

lack of pos itive se lectio n  on complementa rity-determ i n i ng reg ions  

BCR-superantigen interactions in the examples mentioned above indicate that conservation of 
heavy and light chain FWR region structure within the BCR is instrumental for B cell superantigen
mediated effects. Interestingly, in chapter 6 of this thesis, we were able to confirm such a 
conservation of FWRs in SpA reactive-B cells expressing the lgG isotype using experimentally 
validated computational analyses, known as Bayesian estimation of Antigen-driven SELectloN 
or BASELINe (31). We also observed (in chapter 4) a similar emphasis on maintenance of 
immunoglobulin FWR structural integrity within lgG sequences from diseased parotid salivary 
glands of patients with primary Sj6gren's syndrome (pSS), a classic example of an autoimmune 
disease, in comparison to non-pSS individuals (32). In chapter 6, we extrapolated this analysis to 
include lgG sequences from different autoimmune disorders and compared them against lgG 
sequences extracted from control tissues of healthy and non-autoimmune individuals. Again, 
we observed that the FWRs of lgG sequences from autoimmune diseases were more conserved 
than those in normal controls. 

A surprising and crucial finding was that lgG sequences from autoimmune disorders 
exhibited almost no sign of positive selection pressures in their CDRs (31). Moreover, the lgG 
sequences from classical antigen-driven repertoires were more positively selected in both their 
CDRs and FWRs than the lgG sequences from autoimmune diseases. 

These observations were initially puzzling in the context of the hyperactivation and 
proliferation of B cells that is generally associated with autoimmune disorders and is assumed to 
be antigen-driven (33, 34). However, these previous reports (33, 34) did not differentiate between 
mutations introduced during affinity maturation and mutations that occur as a result of repeated 
cell divisions (as seen in non-lg genes). They also did not take into account the bias for mutational 
hotspots and the possible differences in selection pressures between CDRs and FWRs. All of 
these factors are considered within the Focused-z test (also known as Focused Binomial test) 
(35) and BASELINe software (36) used in our studies (chapters 4 and 6, respectively). Hence, the 
observation of almost no positive antigen selection in lgG sequences from autoimmune diseases 
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raises the possibility that B cells in autoimmune repertoires may be generated by unconventional 
selection pressures that may not necessarily involve classical protein (auto)antigens. 

Increased prevalence of N -glycosylation motifs in Fab regions 

of lgG from autoimmune diseases 

Given the minimal evidence for positive antigen selection pressure in the IGHV sequences of B cells 
from pSS patients and other autoimmune diseases, we speculated that these B cells may be selected 
based on certain properties of the immunoglobulins produced rather than on the specificity of 
antibody-antigen interactions. Since a previous simulation study of germinal center reaction models 
associated the acquisition of N-glycosylation motifs with conferring a selective advantage to B cells 
(37), we evaluated if acquired N-glycosylation patterns could be one of these properties. 

During the modulation of the lg repertoire, the somatic hypermutation (SHM) process may 
introduce mutations in the variable regions of both heavy and light chains that either create new 
(acquired) N-glycosylation sites or destroy such sites present in a germline variable gene. Studies 
on immunoglobulin variable regions revealed higher frequencies of acquired N-glycosylation 
sites in follicular lymphomas (FL) compared to other B cell malignancies and normal somatically 
mutated memory B cells (38, 39) . The relative lack of N-glycosylation motifs in the immunoglobulin 
variable (V) regions of normal memory B cells, normal lgM and lgA plasma cells and non-FL B-cell 
lymphomas suggested that the frequency of N-glycosylation sites in immunoglobulin V-regions 
is generally quite low in post-germinal center lg-producing cells (38, 40). 

In contrast to this, we observed (chapter 4) that a high proportion ( ~25%) of the lgG sequences 
from diseased parotid glands of pSS patients exhibited acquired N-glycosylation sites in their IGHV 
regions (32). This suggested that a proportion of lgG-expressing cells within the parotid glands 
of pSS patients were probably selected on the basis of their glycosylation patterns. The acquired 
N-glycosylation sites occurred both within CDRs and FWRs. Since CDRs are conventional antigen
binding sites, the increased tendency for acquisition of sugar moieties within these regions in 
autoimmune diseases could likely indicate some sort of B cell selection. However, with regards to 
acquired N-glycosylation sites in FWRs, a striking observation was that nearly 60% of these sites 
were noted in the FWR3 domain of IGHV3 genes and were created by mutations at residues 75 to 
84. Remarkably, these residues are precisely the same sites and region of FWR3 which is associated 
with B cell-SAg interactions by SpA, gpl20 and pFv proteins, as discussed above (10). 

Interestingly, all the above phenomena were also observed to be true for lgG sequences 
from other autoimmune disorders such as SLE, RA, Chaga's disease and multiple sclerosis 
(41). In addition to acquired N-glycosylation motifs within CDRs, 53% of the total acquired 
N-glycosylation s ites in lgG sequences from autoimmune diseases expressing IGHV3 genes 
occurred within residues 75-84 of FWR3. As a result of all these observations, we speculate that 
if B cell-SAg interactions within the FWRs can result in B cell proliferation, activation and lg 
secretion (10), it is highly conceivable that the acquisition of sugar moieties within FWRs may 
also provide analogous triggers for B cell hyperactivation through interactions with sugar
binding proteins such as lectins. 

Correlation between acquisition of N -g lycosylation motifs and 

selection pressures in autoimmune diseases 

We now sought to understand how increased acquisition of N-glycosylation motifs (chapter 5) 
correlated with the selection pressures observed in the IGHV repertoires of autoimmune 



diseases. Coelho et al (42) previously showed that the presence of glycosylation moieties in 
immunoglobulin variable regions promoted malignant B cell activation and proliferation by 
interacting with C-type lectins (such as mannose receptors and DC-SIGNs) on macrophages or 
dendritic cells (DC). Strikingly, the immune response against the pneumococcal polysaccharide 
antigen PPS, is also engendered through the interaction of PPS antigens with lectins on 
macrophages and DCs (43, 44) via a T-independent process. This is somewhat analogous to 
the interaction of glycosylated moieties on BCRs with macrophage and DC lectins described by 
Coelho et al. Hence, in Ol:Jr analysis of B cell selection pressures in autoimmune diseases (31), 
we also included anti- PPS lgG sequences as positive controls for a lectin-binding based B cell 
activation and selection (chapter 6). 

We compared lgG sequences with acquired N-glycosylation sites (lgG-Nglyc) from 
autoimmune diseases with SpA-reactive lgG and anti-PPS lgG sequences. Our results indicated 
that the selection pressures on anti-PPS lgG sequences showed negative selection at the CDRs, 
similar to lgG-Nglycs from autoimmune diseases. This makes the anti-PPS B cell response 
significantly different from a classical protein antigen-driven response (31) because the latter 
response is characterized by positive selection in the CDRs (Chapter 6). Moreover, both SpA
reactive lgG and lgG-Nglycs from autoimmune diseases showed significantly greater negative 
selection within FWRs compared to anti-PPS lgG, indicating a strong conservation of these 
domains in the former two groups. This indicates that the B cells with acquired N-glycosylation 
motifs from autoimmune diseases exhibits selection pressures similar to B cells against 
polysaccharide (PPS) antigens in their conventional antigen-binding sites (CDRs), possibly 
due to their common interaction with lectins for mediating selection and survival. Moreover, 
the overall pattern of selective pressures (in CDRs and FWRs) exhibited by lgG-Nglycs in 
autoimmune diseases sets them clearly apart from classical antigen-driven responses (31). 

Therefore, our analysis of acquired N-glycosyation motifs in lgG sequences from autoimmune 
diseases suggests that the presence of such motifs in both FWRs and CD Rs could contribute to the 
selection and survival of B cells (as seen in SpA-reactive B cells and anti-PPS B cells, respectively). 

B cell selection in autoimmune diseases resemble 

superantigen- derived B cell response 

In chapter 6, we established that the lgG sequences from autoimmune diseases were 
significantly different to lgG sequences from normal/non-autoimmune repertoires and classical 
antigen-driven repertoires and more similar to superantigen-derived B cell response. Then, we 
compared the lgG sequences from autoimmune diseases (AD lgG) with SpA-reactive lgG. We 
observed that only the CDRs of lgG sequences from autoimmune diseases were significantly 
less negatively selected (less conserved) in AD-lgG than SpA-reactive lgG, while no difference 
in selection was noted in the case of FWRs (Figure 2). 

We further compared SpA-reactive lgG and lgG sequences with acquired N-glycosylation 
motifs (ADs lgG-Nglycs) (Figure 3). This analysis showed that both CDRs and FWRs were 
significantly less conserved in AD lgG-Nglycs compared to SpA-reactive lgG. These observations 
suggested the presence of an initial altered selection pressure on lgG-producing B cells in 
autoimmune diseases which made it different to normal/non-autoimmune repertoires. This 
altered selection appeared to lay the background on which the acquisition of N-glycosylation 
motifs due to SHM on BCR variable regions could add a second selective signal or activation 
through binding to lectins of the innate immune system. 
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However, the question still remained as to what factors could induce the initial altering of 
B cell selection pressures in autoimmune diseases to resemble those of superantigen-derived 
B cell responses and differ from normal controls. In this regard, we speculated that our studies 
may tentatively provide a first evidence for the much debated and to date un proven link 
between B cell-superantigen infections and autoimmunity. 

A n ove l m o d e l  fo r B ce l l  s e l e ct i o n  i n  a utoi m m u n e  d i se a s e s  

Generally, B cell hyperactivation and autoantibody production i n  autoimmune diseases are 
believed to occur through classical autoantigen-driven selection involving antigen presentation 
by MHC molecules to T cells. Alternatively autoantigen-driven B cell activation could also be 
augmented through Toll-like receptor (TLR)-mediated activation by auto-antigens such as 
RNA-complexes (TLR7) or DNA-complexes (TLR9 )  (45-48). In these pathways (Figure 1, I and I I), 
B cel ls are proposed to be activated through interactions with autoantigens that are present in 
excess within diseased tissues due to defective clearance after apoptosis/necrosis, autoantigens 
that may have been genetically altered in some way or due to autoantigens that share some 
structural similarity with antigens from pathogenic organisms (molecular mimicry). In the model 
for classical autoantigen-driven autoimmunity, BCR-mediated signal transduction depends on 
receptor density as well as antigen affinity and antigen dose (49). On the other hand, in the 
TLR-mediated pathway model, B cell activation in autoimmune diseases is prompted through 
ligation of BCR and specific TLRs by endogenous ligands, resulting in enhanced autoantigen 
presentation by these B cells, cytokine secretion, the facilitation of autoreactive T-cell 
engagement and autoantibody secretion (50). TLR-mediated B cell activation is supported by 
the existence of certain B cells such as age-associated B cells that respond poorly to BCR and 
CD40 ligation but are stimulated by ligation of TLRs such as TLR9 and TLR7 in autoimmune 
experimental models and human autoimmune diseases (51, 52). 

Our studies lead us to propose a third alternative or additional form of B cell selection in 
autoimmune diseases which is depicted in Figure 1, I ll. In this model, which we refer to as the 
'altered B cell selection model', we propose that infections by certain pathogens producing B 
cell-superantigens may contribute to an initial skewed B cell repertoire. We termed it altered 
selection because un like classical antigen-driven selection, superantigen-derived B cell 
selection occurs independent of conventional antigen-binding sites and the process of antigen 
affinity maturation. 

We hypothesized that in individuals with susceptibility factors (eg. hormonal imbalances or 
genetics) predisposing towards autoimmunity, a proportion of the B cells selected for survival 
following superantigenic infections may be further selected or activated due to their possessing 
certain unique characteristics such as N-glycosylation moieties on their Fab region. In fact, this 
possibility is strongly indicated in the case of the female hormone, progesterone, which can 
modulate N-glycosylation at the Fab region through its influence on oligosaccharyltransferase 
expression (53). Given the fact that certain autoimmune diseases have a high preponderance of 
female versus male incidence (54), it is possible that an initial altered B cell selection combined 
with hormonal imbalances or genetic factors may provide the predisposing background for 
continued B cell differentiation and proliferation, ultimately leading to autoimmune disease. 

B cells with glycosylated BCRs, may help to perpetuate the autoimmune response by 
binding with lectins of the innate immune system, such as C-type lectins on dendritic cells (42). 
I nteractions with lectins may drive B-cell proliferation and ongoing SHM within diseased tissues 
of autoimmune patients in a non-classical way, independent of antigen-binding specificity and 



accelerated by cytokines such as BAFF (B cell activating factor). Such interactions may a lso 

occur outside of germinal centers (GCs), as suggested by Wil l iam et al .  who showed evidence 

for prol iferation, SHM and (auto)antibody formation outside classical GCs in murine spleen (55). 

Furthermore, the s ignificant prevalence of lgG-producing cel ls with altered selection pressures 

and acqu ired N -g lycosylation sites indicate that the selection of these B cells is associated with 

class-switching and specific effector functions. 

Autoantibodies explained using the altered B cel l selection 

model in autoimmune diseases 

I n  our studies (chapters 4-6), we had no knowledge of the antigen-specificit ies of the 

sequences analyzed within the autoimmune repertoires (31, 41, 32). Hence, we cannot 

make any conclusions regard ing the presence of characteristic autoantibodies in certa in 
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Figure 1: Hypothetical model for the role  of altered B cel l  selection in autoimmune d iseases. B cell selection 
and hyperactivation in autoimmune d iseases are conventiona l ly bel ieved to occur through classical (a uto) 
antigen-driven selection (I) and/or TLR-mediated activation ( I I ) .  However, our studies on B cell gene 
repertoires in  autoimmune diseases lead us to propose a third a lternative pathway for B cel l  selection and 
activation i n  autoimmune diseases. I n  this model, i nfections by pathogens producing B cel l -superantigens 
may contribute to an initia l  altered selection of the B cell repertoire. I n  individuals with a backgrou n d  of 
autoi mmune susceptibi l ity, Once selected (and activated), these B cel ls  ( including autoreactive B cel ls) 
probably undergo SHM that a l lows them to acqu ire N-g lycosylation motifs and further suvive through 
lectin interactions. [Abbreviations: DC - dendritic cel ls, MQ - macrophages, GC-germina l  center] 

fll 
C) m 
z 
m ;o 
)> r 
0 
V) 
n 
C lJ'l lJ'l 
0 
z 

111 



-

112 

auto immune diseases, such as anti-Ro/SSA and anti -La/SSB autoantibodies in pSS and ant i -DNA 

autoanti bodies in SLE. However, our model for a ltered B cel l selection in autoimmune d iseases 

does offer some avenue for specu lation in this rega rd .  

Previous studies have shown that many autoimmune disease-associated autoantibod ies are 

also present natu ra l ly in hea lthy individuals but tend to be quantitatively increased and more 

(auto) a ntigen -specific in d iseased ind ividuals (56). Moreover, these natu ra l autoantibodies a re 

germ l ine-encoded (57), which suggests that i n  a l l  probabi l ity, they wil l  exhib it conservation of 

their FWRs and CDRs. Hence, superantigen exposure cou ld, at least theoretical ly, lead to an 

in itia l  se lection of  natura l  autoantibody-producing B ce l l s  (a longwith other B cel ls) due to their 

b inding to the conserved IGHV reg ions of the BC Rs. 

Our  studies showed that although the B cel l  repertoires (specifica l ly lgG) from autoim mune 

d iseases were high ly mutated, they exh ibited conservation of FWRs and less/no negative 

selectio n  with in their CD Rs. But both of these selective pressures were s ign ificantly less than 

superantigen-selected B cel ls (Chapter 6) (32). Hence, according to our model of a ltered B cel l  

selection, we hypothesize that superantigenic i nfections (such as SpA) could create an  i n itia l 

selection of unmutated/less mutated B cel ls (i nclud ing natura l autoantibody-producing B cel l s) 

in autoimmun ity-prone individuals. Once selected, these B cel ls ( inc luding autoreactive B cel ls) 

probably undergo SHM that a l lows them to acqu i re N-g lycosylation motifs a nd further survive 

through lectin i nteractions. I n  addition to this, the natura l  autoantibody-producing B cel ls cou ld 

a lso acqu i re fine-epitope specificity for autoantigens due to SHM (58) . This increased affin ity for 

autoantigens and enhanced survival (through acqu isition of N-g lycosylation motifs) may even 

set the stage for breaking tolerance. Thus, our model for a ltered B cell se lection suggests that 

the selective pressures which shape the B cel l reperto ires in auto immune diseases could a lso 

inadvertently select natural autoantibody-produci ng B cel ls .  A fi rst step towards confirming 

this hypothesis would be to ana lyze the selective pressures exh ibited by lg sequences from 

various autoantigen-specific B cel ls from d ifferent autoimmune d iseases and wi l l  be the focus 

of future research by our g roup. 

As p roposed by Polly Matzinger in her Danger Model for explai n ing the basis of autoimmunity, 

the antigen-specificity of autoantibodies generated in d ifferent autoimmune diseases may be 

dictated by the tissue or g land affected (59). However, accord ing to our proposed model, we 

specu late that the type of autoantibody-producing B cel ls selected in auto immune diseases may 

resu lt from specific superantigenic infections/exposu res at certa i n  sites or tissues in genetica l ly 

pred isposed i ndividuals . This is ind icated by the facts that autoimmun ity is organized a round a 

particu lar  set of auto-antigens (58) and that patients with autoimmune d iseases were observed 

to have relatively h igher titers of natu ra l  autoant ibod ies prior to developing d isease symptoms, 

than unaffected ind ividua ls (60). 

Effect of B cel l  depletion on B cel l  selection pressures in 

autoimmune diseases 

Our g roup was the first to study changes in B cel l  repertoi res after B cel l depletion therapy i n  

autoimmune d iseases. This a na lysis (chapter 4) was  carried out  us ing the  Focused test software, 

on the IGHV3 repertoi re in diseased parotid sal ivary glands of five pSS patients treated with 

rituximab (RTX) (32). However, only sequences showing significant selection pressures were 

inc luded in that a na lysis. In this chapter, we ana lyzed the ent i re IGHV3 repertoire from the same 

5 pSS patients ana lyzed i n  chapter 4, by using the BAS E LI Ne software. 



We observed a strong emphasis on conservation of FWR structure and no signs of positive 

selection within CDRs in lgG sequences from pSS patients at baseline (Figure 2) . Surprisingly, 

despite the B cell depletion effect of RTX, which also extended to the parotid glands to a moderate 

degree (61, 62), there was no significant change in the pattern of B cell repertoires at 16 weeks and 

at 36-52 weeks after RTX compared to baseline. This lack of change was also seen in the prevalence 

of acquired N -glycosylation motifs in the lgG sequences from our pSS patients (chapter 4), where 

no significant alteration was seen at 16 weeks and at 36-52 weeks after RTX (32). This suggests 

that RTX therapy in pSS patients does not result in any alteration to certain core characteristics 

of the B cell repertoire in pSS and this persistent B cell repertoire could possibly contribute to the 

recurrence of pSS symptoms observed in patients after RTX treatment. 
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Figure 2: Selection pressures on lgG-producing cells in pSS patients before and after RTX. Selection 
pressures exhibited by IGHV regions of lgG sequences from diseased parotid sal ivary glands of pSS patients 
were compared at basel ine (pSS-1), 16 weeks after RTX (pSS-2) and at 36-52 weeks after RTX u sing  the 
software cal led BASELINe. No significant changes in selection pressures were observed within the IGHV 
regions due to RTX treatment. 
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CO N CLU S I O N S  AN D I M P L I CATI O N S  O F  T H I S  TH E S I S  

Through our studies, we provide evidence for the different selective pressu res exh ibited 

by B cell repertoires in autoimmune d iseases. We a lso prove that the forces influencing the 

generation of the autoimmune repertoire is s ignificantly d ifferent from classica l antigen-d riven 

B cel l  repertoires a nd is more reminiscent of superantigen-derived B cel l  repertoires. I n  addition 

to this, ou r studies (Chapters 4-6) suggest that the acquisition of N-glycosylation motifs i n  

IGHV genes o f  the autoimmune repertoire could indicate a SHM-based selection pressure on B 

cells. More important ly, using the above evidences from computational immunology, we also 

provide a coherent model for a l i nk  between superantigens a nd a utoimmune d iseases. To our 

knowledge, our g roup is the first to state a l l  these conclusions and our  findings may spur a new 

d irection for further research i nto the role of B cells in  autoimmune d iseases. 

We speculate that our find ings could a lso provide a strong rationale for the research and 

development of a lternative therapies that seek to modu late autoim mune diseases through the 

use of anti-g lycosylating compounds (64) or g lycans that can competitively b ind to lectins 

on dendritic cel ls and thereby interfere with the recruitment of a deleterious (auto) immune 

response (65). 
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This thesis focused on the study of immunoglobulin variable heavy chain (IGHV) genes in 

autoimmune diseases with an emphasis on primary Sj6gren's syndrome (pSS) in the first few 

chapters. From our studies on pSS patients, we were able to uncover certain novel insights. We 

then extrapolated the same strategy to study other autoimmune diseases. Our studies on IGHV 

gene sequences encoding for a part of the B cell receptor (BCR) revealed novel and significant 

features regarding the selection of B cells in autoimmune diseases. 

The relevance of B cells to autoimmune diseases such as pSS, rheumatoid arthritis (RA) and 

systemic lupus erythrematosus (SLE) became clear when B cell depletion therapies proved to be 

successful in providing palpable clinical relief in treated patients (1). In addition to the therapeutic 

efficacy, analyzing the repopulation of B cells after B cell depletion also provides an idea of the 

B cell populations that may be implicated in disease symptoms and recurrence after therapy 

over time. This rationale formed the basis of our initial study (Chapter 3) on pSS patients treated 

with rituximab (RTX) (2), a B cell-targeting therapeutic antibody. In this study, we used IGHV 

sequences as a form of B cell marker to trace the presence of B cell clonal populations before 

and after treatment. A significant aspect of this study was that we had access to parotid biopsies 

not just from baseline and 1 2-16 weeks after RTX, but also from 36-52 weeks after RTX, a time 

point when the signs of disease relapse become evident. As a result, we were able to detect 

certain immunoglobulin-producing cells before RTX treatment whose clones persisted in salivary 

glands of pSS patients even after B-cell depletion with RTX. The presence of mixed isotype 

expression within these groups of clonally-related cells indicated the presence of localized class

switching within salivary glands of pSS patients. From this study, we speculated that persistent 

immunoglobulin-producing cells could underlie disease relapse after treatment (2). 

Our next step was to evaluate the changes taking place within the immunoglobulin 

repertoire in diseased parotid glands of pSS patients as a result of RTX treatment. This formed 

the basis of our study in Chapter 4. At first, we determined the features that were characteristic 

of the immunoglobulin-producing cells within diseased parotid glands from pSS patients by 

compared them to immunoglobulin-producing cells obtained from control parotid biopsies of 

non-pSS patients. As a result, we observed the following features to be significantly increased 

in pSS patients at baseline: (a) clonal expansions of immunoglobulin-producing cells expressing 

IGHV-3 (b) expression of lgGl versus other lgG subclasses (c) conservation of lgG framework 

regions (d) prevalence of acquired N-glycosylation sites in the variable heavy-chain regions  

of  lgG sequences. B-cell depletion with RTX failed to reset these core characteristics of  lg

producing cell populations in treated pSS patients. These observations added evidence in favor 

of our previous conclusion that immunoglobulin-producing cells that persisted after RTX could 

contribute to the disease relapse observed after RTX (2). We also surmised that the transient 

clinical relief from 55 symptoms after RTX was probably due to the ablation of B-cell and CD20+ 

plasma cell numbers (3) resulting in lower levels of certain autoantibodies from short-lived 

plasma cells and/or reduction in other effector B-cell functions, such as antigen presentation 

and cytokine production (4, 5). We proposed that the underlying autoimmune mechanisms were 

probably maintained by long-lived plasma cells as has been indicated in studies in SLE (4, 6-8). 

To our knowledge, this was also the first study to suggest a role for N-glycosylation in the 

selection of immunoglobulin-producing cells in pSS patients. We postulated that a proportion 

of B-cells in pSS patients could be selected on the basis of acquired N-glycosylation motifs in 

their lg variable regions. 

This lead us to wonder if such a phenomenon could also be true for other autoimmune 

diseases and resulted in our study described in Chapters. Our study clearly indicated a significant 
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selection of B cells with potentially N-glycosylated motifs that were acquired due to somatic 
hypermutation (SHM) in autoimmune diseases compared to normal or non-autoimmune 
(control) tissues and antigen-specific repertoires. This selection was even more evident within 
lgG-producing cell populations. We proposed a novel hypothesis that the presence of acquired 
N-glycosylation sites or motifs (ac-Nglycs) within IGHV sequences from certain autoimmune 
diseases could indicate an unconventional selection pressure that possibly enabled B-cells with 
glycosylated BCRs to engage, survive and persist within autoimmune lesions through their 
interaction with lectin-expressing cells such as dendritic cells or macrophages (9). 

The most striking aspect of our results in Chapter Swastheobservationthata large proportion 
of ac-Nglycs consistently coincided with framework regions targeted by B-cell superantigens 
such as Staphylococcal protein A (SpA), endogenous human gut-associated sialoprotein, pFv 
and HIV-1 envelope protein, gp120. BCR-superantigen interactions characteristically occur at 
framework regions (FWRs) (10). For a B cell-superantigen, this ability ensures the availability 
of binding targets minimally influenced by the unpredictability of genetic recombination or 
the hypervariability introduced by SHM (mostly focused on complementarity-determining 
regions or CDRs). Thus, BCR-superantigen interactions indicated two important points; 
one, since interactions at these sites by superantigens lead to B cell activation, proliferation, 
differentiation and immunoglobulin secretion (10), a similar engagement of the BCR by other 
moieties could conceivably result in the same response. The second point was that the emphasis 
on maintaining overall structure of FWRs outside of classical antigen-binding sites (CDRs) could 
also be a sign of B cell selection. We proceeded to explore if such a form of B cell selection could 
be detected in autoimmune repertoires. 

We had already observed in Chapter 4 that the IGHV sequences from diseased salivary 
glands of patients with pSS demonstrated significantly increased conservation of FWR structure 
compared to non-pSS control patients despite being heavily mutated [Hamza et al, submitted] 
which was reminiscent of BCR-superantigen interactions. Through our study in Chapter 6, we 
were able to confirm that emphasis on maintenance of FWR structure was also a characteristic of 
the IGHV repertoire in other autoimmune diseases such as RA, SLE, multiple sclerosis, Chaga's 
disease, granulomatosis with polyangiitis (formerly known as Wegener's granulomatosus) 
and ankylosing spondylitis. Moreover, the IGHV repertoire in autoimmune diseases showed 
a significant lack of positive selection in their CDRs, which are conventional antigen-binding 
sites. In these aspects, the autoimmune BCR repertoire was significantly different from both 
control and classical antigen-selected repertoires, while being very similar to superantigen
selected repertoires. Our observations suggested that the altered selection pressures of B cells 
in autoimmune diseases could lay the background on which the acquisition of N-glycosylation 
motifs on BCR variable regions could add a second selective signal or activation through 
binding to lectin-expressing cells of the innate immune system (9). This, in essence validated 
our hypothesis that altered B cell selection pressures in autoimmune diseases could underlie 
the autoimmune pathology. 

As a result of our observations from Chapters 5 and 6, we used our evidences pertaining to 
altered B cell selection pressures in autoimmune diseases to present a hypothetical model for 
a possible link between superantigens and autoimmune pathology. In this model, we proposed 
that certain B cell-superantigen infections could contribute to an initial altered selection of the 
B cell repertoire. In individuals with susceptibility factors predisposing towards autoimmunity, 
superantigen infections could lead to the selection and activation of B cells with certain unique 
characteristics such as N-glycosylation of their Fab region. In fact, this mechanism was already 



proven in the case of the female hormone, progesterone, which has the ability to modulate 
N-glycosylation at the Fab region through its influence on oligosaccharyltransferase expression 
(11). Given the fact that autoimmune diseases have a high preponderance of female versus 
male incidence (12), it is possible that an initial B cell hyperactivation combined with hormonal 
imbalances or genetic factors may provide the predisposing background for continued B 
cell differentiation and proliferation, ultimately leading to the selection of more B cells with 
acquired N-glycosylation sites within the variable regions of the BCR. 

We speculate that our findings may also provide a strong rationale for the research and 
development of alternative therapies that seek to modulate autoimmune diseases through the use of 
anti-glycosylating compounds (13) or glycans that can competitively bind to lectins on dendritic cells 
and thereby interfere with the recruitment of a deleterious (auto)immune response (14). 
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Dit proefschrift richt zich op de bestudering van de genen die coderen voor de zware ketens 

van de immunoglobu l ines ( IGHV) in auto- immuunziekten met speciale aandacht voor het 

Sjogren syndroom (pSS) in de eerste hoofdstukken.  Door de stud ies over pSS patienten waren 

wij in  staat om nieuwe inzichten over auto- immuunziekten te krijgen. Daarna hebben wij deze 

strategie ook toegepast om andere auto- immuunziekten te bestuderen.  Onze studies over 

IGHV gen sequenties die coderen voor een deel van de B eel receptor (BCR) toonden n ieuwe 

en belang rijke inzichten aan over de selectie van B cel len in auto- immuunziekten. 

Het belang van B cel len voor auto- immuunziekten zoa ls pSS, Reumato"ide Artritis (RA) en 

Systemische Lupus E ryth rematosus (SLE) werd du idel ijk toen therapie waarbij B cel len warden 

verwijderd succesvol waren in het verminderen van de k l in ische klachten bij behandelde 

patienten (1) .  Naast de effectiviteit van deze therapie, suggereerde de gel ijktijdige terugkeer 

van ziekte versch ijnselen en de terugkeer van de B cel len ook dat bepaalde B eel popu laties 

betrokken zijn bij de terugkeer van de ziekte. Dit was de basis van onze eerste studie (Hoofdstuk 

3) over pSS patienten die behandeld wa ren met Rituximab (RTX), een antistof therapie d ie 

B cel len depleteert (2). I n  deze stud ie gebruikten we de IGHV sequenties a ls klonale B ee l  

merkers om de aanwezigheid van bepaalde klonale B eel popu laties aan te tonen voor en na 

behandel ing. Belangrijk in  deze studie was dat we konden beschikken over biopsies van de 

parotis speekselk l ier, n iet a l leen voor aanvang van de therapie maar ook 12-16 weken en 36-52 

weken na therapie. Het laatste tijdstip was een moment waarop de tekenen van terugkeer van 

de ziekte duidel ijk aanwezig waren. H ierdoor waren wij in  staat om bepaalde immunoglobu l ine 

producerende cel len aan te tonen voor RTX behandel ing d ie aanwezig bleven in de parotis 

speeksel kl ieren zelfs na B eel depletie met RTX. De aanwezigheid van cel len d ie verschi l lende 

isotypes tot expressie brengen binnen deze groepen van klonaa l  gerelateerde cel len, 

suggereerde lokale isotype switching in de speekse lkl ieren van pSS patienten. Gebaseerd 

op deze studie, suggereerden we dat persisterende immunog lobu l ine producerende cel len 

mogel ij k  bijdragen aan de terugkeer van de ziekte na behandel ing (2). 

Onze volgende stap was om de veranderingen die plaats vinden in het immunoglobu l i ne 

repertoire in de parotis speekselkl ieren van de pSS patienten ten gevolge van de RTX 

behandel ing te beschrijven .  Dit vormde de basis van hoofdstuk 4. Ten eerste hebben we bepaa ld 

wat de karakteristieke eigenschappen zijn van de immunoglobul ine producerende cellen in de 

aangedane parotis speekselk l ieren van pSS patienten door d ie eigenschappen te vergel ij ken 

met die van parotis speekse lkl ieren van controle patienten. I n  deze studie zagen we de volgende 

eigenschappen die s ign ificant verhoogd wa ren bij pSS patienten (voor behandel ing met RTX) 

in vergel ijk ing met controle patienten: (a) Verhoogde klonale expansie van immunoglobu l ine 

producerende cel len die IGHV-3 fami l ie genen tot expressie brengen (b) Een hogere expressie 

van lgGl in  vergel ijk ing met and ere lgG subklassen (c) Meer conservering van de lgG framework 

reg io's (FRWs) (d) Een verhoogde frequentie van verkregen N-g lycosylering motieven in de 

varia bele delen van de zware keten van de lgG immunoglobul ines. B eel depletie met RTX 

veranderden deze afwijkende eigenschappen van de immunoglobu l ine-producerende cel len 

n iet in  behandelde pSS patienten.  Deze stud ies gaven meer aanwijzingen die onze eerdere 

conclus ie ondersteunden dat immunoglobu l ine producerende cel len d ie persisteren na RTX 

kunnen bijdragen aan de terugkeer van de ziekte (2). We vermoedden ook dat de tijdel ij ke 

k l in ische verbetering na RTX waarschijn l ijk veroorzaakt wordt door de verwijdering van B cel l  en 

en CD20+ plasma cel l en (3) waardoor een lager niveau van autoantistoffen geproduceerd wordt 

door kort levende plasmacel len en/of door de verlaging van and ere B eel effector functies, zoa ls 

antigen-presentatie en cytokine productie (4, 5). We suggereerden dat de onderl iggende auto-
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immuun mechanismen waarschijnlijk onderhouden worden door lang-levende plasmacellen 
zoals ook verondersteld in SLE (4, 6-8). 

Voor zover wij weten was dit de eerste studie die een rol voor N-glycosylering bij de selectie 
van immunoglobuline producerende cellen in pSS patienten liet zien. Wij veronderstelden 
dat een deel van de B cellen in pSS patienten mogelijk geselecteerd worden ten gevolge van 
de verkregen N-glycosylerings motieven in de immunoglobuline variabele regio's. Hierdoor 
vroegen wij ons af of dit fenomeen mogelijk ook een rol zou kunnen spelen in andere auto
immuunziekten en dit leidde tot de studie beschreven in hoofdstuk 5. Deze studie laat duidelijk 
zien dater in patienten met auto-immuunziekten significant meer B cellen warden geselecteerd 
met potentiele N-glycosylering motieven die verkregen zijn door somatische hypermutaties in 
vergelijking met de B cellen afkomstig uit niet-auto-immuun weefsels, maar ook in vergelijking 
met antigeen-specifieke repertoires. Deze selectie was zelfs nog duidelijker binnen de 
populaties van lgG producerende cellen. Op grond hiervan stelden we een nieuwe hypothese 
op dat de aanwezigheid van bepaalde verkregen N-glycosylerings motieven (ac-Nglycs) in 
IGHV sequenties in bepaalde auto-immuunziekten kan duiden op een afwijkende selectie druk 
die ervoor zorgt dat B cellen met geglycosyleerde BCR beter kunnen warden geactiveerd en 
overleven in bepaalde weefsels in patienten met auto-immuunziekten door de interactie met 
lectin-producerende cellen zoals bijvoorbeeld dendritische cellen of macrofagen (9). 

Het meest opvallendevan onze resultaten in hoofdstuk S was de observatie dateen grootdeel 
van de ac-Nglycs plaatsvinden op dezelfde posities in de FWRs als die waar B eel super antigenen 
zoals Staphylococcal protein A (SpA), pFv (endogenous human gut-associated sialoprotein) en 
HIV-1 envelop eiwit, gp 120 aan kunnen binden (10). Deze eigenschap van B eel super antigenen 
zorgt voor de beschikbaarheid van bindingsmogelijkheden die slechts minimaal be'invloed 
worden door de onvoorspelbaarheid van genetische recombinatie of door de hypervariabiliteit 
die ge'introduceerd wordt door SHM die voornamelijk gericht is op de complementarity 
determining regio's (CDRs). De vergelijking met BCR super antigen interactie wijst op twee 
belangrijke punten: Ten eerste omdat binding van super antigenen aan deze posities leidt tot 
B eel activatie, differentiatie en immunoglobuline expressie, zou eenzelfde binding aan de BCR 
bij andere moleculen kunnen leiden tot vergelijkbare responsen (10). Ten tweede kan de nadruk 
op de conservering van de structuur van de FWRs buiten de klassieke antigen-bindende delen 
(CD Rs) ook duiden op B eel selectie. Vervolgens hebben wij onderzocht of dergelijke vormen van 
B eel selectie gedetecteerd kunnen warden in auto-immuun repertoires. Wij hadden al gezien 
in Hoofdstuk 4 dat de IGHV sequenties afkomstig van de aangedane speekselklieren van pSS 
patienten een verhoogde conservering van de FWR structuur in vergelijking met die in controle 
patienten laten zien ondanks het feit dat a lie sequenties veel mutaties bevatten. Dit leek veel op 
wat beschreven is bij BCR super antigeen interacties. [Hamza et al, submitted] Met onze studie 
in Hoofdstuk 6 waren wij in staat om te bevestigen dat de nadruk op de conservering van de FWR 
structuur ook een eigenschap was van het IGVH repertoire in andere auto-immuunziekten zoals 
RA, SLE, multiple sclerose, Chaga's disease, granulomatosis met polyangiitis (eerder bekend 
als Wegener's granulomatosus) en ankylosing spondylitis. Bovendien liet het IGHV repertoire 
in auto-immuunziekten een gebrek aan positieve selectie zien in conventionele antigeen
bindende delen (CDRs). Deze eigenschappen van het auto-immuun repertoire waren significant 
afwijkend ten opzichte van controle en klassieke antigeen-geselecteerde repertoires, terwijl 
het veel overeenkomsten vertoonde met super antigeen geselecteerde repertoires. Onze 
bevindingen suggereerden dat de veranderde selectiedruk van B cellen aan de basis kan staan 
van auto-immuunziekten waarbij het verkrijgen van N-glycosylerings motieven in BCR variabele 



delen een extra seleetie of aetivatie signaal kan geven door binding aan lectin-positieve cel len 

van het niet-speeifieke immuun systeem (9). Deze bevindingen bevestigden onze hypothese 

dat veranderde B eel seleetie druk in auto- immuunziekten een bijdrage kan leveren aan de 

pathologie bij auto- immuunziekten.  

Als vervolg op onze observaties in  hoofdstukken 5 en 6 , hebben wij onze aanwijzingen 

over veranderde B eel seleetie druk in auto- immuunziekten gebruikt om een hypothetiseh 

model op te stel len met een mogelijke l ink tussen super antigenen en de pathologie van a uto

immuunziekten.  I n  d it model stel len wij voor dat bepaa lde super antigeen infeeties een b ijdrage 

kunnen leveren aan een eerste veranderde seleetie van het B eel repertoire. In personen met 

bepaalde genetisehe eigensehappen die een verhoogde kans geven op auto- immun iteit, 

kunnen de super antigeen infeeties leiden tot de seleetie en aetivatie van B eel len met bepaalde 

eigensehappen zoa ls N-g lycolysering van de Fab regio's. Zo'n soort meehanisme was a l  eerder 

aangetoond bij het vrouwelijke hormoon progesteron dat in staat is om de N-g lycosylering te 

be·invloeden door haar invloed op de express ie van ol igosaeeharyltransferase (11) .  Gezien het 

feit dat auto- immuunziekten verhoogd voorkomen bij vrouwen ten opzichte van mannen, is 

het mogel ijk  dat een bepaalde verhoogde B eel aetivatie gecombineerd met een hormonale 

onbalans of andere genetisehe faetoren de basis kan vormen van een predispositie van 

voortdu rende B eel differentiatie en prol iferatie, die u ite indel ijk  kan leiden tot de seleetie van 

meer B cellen met verkregen N-g lycosylerings motieven in de variabele delen van de BCR (12) . 

We speeuleren dat onze bevindingen ook mogel ijk aanleiding zijn voor verder onderzoek 

naar de ontwikkel ing van a lternatieve therapiemogelijkheden die proberen om het verloop van 

auto- immuunziekten te be"invloeden door het gebruik van anti-g lysosylerende moleeu len (13) 

of g lyeanen die eompetitief binden aan leetinen op dendritisehe eel len en daardoor kunnen 

ing rijpen op een mogel ijk  sehadel ijke (auto) immuun response (14). 
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Success is simple: Do what's right, the right way, at the right time. 

- Arnold H. Glasgow, American psychologist and author 

I thank  God, whose mercy and  blessings ensured my writ ing this penu ltimate chapter in a 

jou rney that sea red my psyche in more ways than one. 

Al l  the PhD comics and satire in  the world cou ld not have prepared me for what was, 

d ip lomatica l ly put, the most cha l lenging experience of my l ife. And this despite my having 

gone through the t rauma of ch i ld-b i rth three times, the shortest of which were 22 hours . But 

whi le labor pa in is over in  hours, PhD programs last a mind-numbing 4 years, if not more, with 

a un iquely repetitive pattern of problems and cha l lenges. 

You can have any number of surveys or theories about the problems PhD students face 

anywhere in the world. But it's stri k ing how few of them actua l ly have to do with scientific or 

technica l  issues (as reported by the The Postgraduate Research Experience Survey, 2007) . 

In my opinion, these problems are rea l ly symptoms of an underlying decay with in scientific 

commun ities worldwide, where crony clubs and ego worsh ip have overta ken critical thin king 

and scholarsh ip as primary resea rch motivations. Most certa in ly, the scientific community 

the world over is i n  d ire need of honest, a -pol itica l and intellectua l ly superior ind ividua ls  to 

replace the many cunn ing pol iticians, brazen opportunists and spineless bureaucrats who've 

clawed their way to scientific leg itimacy. If noth ing else, it would certa in ly save a lot of money. 

Perhaps it's time for a new 'Renaissance' or an 'Arab spring-style' awakening in today's scientific 

'Winterlands' too. 

As I get ready to celebrate my freedom from a l l  of this (at least for a whi le), I 'd l i ke to share 

a few gems of advice d isti l led from the PhD experiences of many col leagues as wel l  as my own. 

Th is is for all those foreign students who are in the beg inning or middle of their PhD programs in 

the Netherlands .  Those who a re in  the Terminal stage may read it too and I can a lmost imag ine 

the wind from all their heads bobbing in agreement at what fol lows: 

1) Get a copy of the book, 'The U ndutchables'. This book is THE u lt imate gu ide to "dea l ing 

with the Dutch, before they deal with you" (quote from Martijn de Rooij, author of 'The 

Dutch I Presume?') . It's also a gu ide to understanding a popu lation as un ique as the Dutch 

landscape. There are some tru ly admi rable traits in the Dutch which I hope to export to 

my own native I ndian and adopted Omani cultures. The Dutch rea l ly a re an uncompl icated 

peop le, even when they a re contrad icting themselves; and reading about their culture 

helps avert many a mistaken conc lus ion. 

2) There is a popu lar  Dutch saying, " 'Doe maar gewoon, dan doeje al gek genoeg' (mean ing :  

j ust act normal, that's strange enough) .  The Dutch are obsessed with socia l ist equal ity and 

the 'polder' format where everything is mashed into obl ivion .  And this app l ies to people 

too in  that, no one must stand out. Most Dutch people resent A-persona l ities and high

achievers, particu larly if they a re foreigners or 'foreign- looking'. So if you exh ibit any sort of 

'outstanding' ab i l ities, you wi l l  get 'poldered' down . On the other hand, PhD students who 

a re average (or below) or a re incapable of conducting experiments on their own (wonder 

why they get a PhD too?) wi l l  be g iven an a rmy of techn icia ns and under-grad/graduate 

students to fin ish their projects. I would 've thought, people should match their talents to 

their jobs, not vice versa .  But the Dutch th ink vice versa . 

This unnatural equa l iz ing wi l l  be a shock to accompl ished internationa l students from 

thriving, populous meritocracies, where competition is fierce and 'outstanding-ness' is 
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THE key winn ing strategy. If you wish to benefit from your profess iona l  i nteractions with i n  

Dutch academia, prepare to  b l end  in by  subdu ing you r  i ntel lect, personal ity and  a l l  s igns of 

econom ic prosperity. I have seen this tactic work incred ibly wel l  for some col l eagues .  

3) Never expect an extension on you r  PhD programs even if you a re promised it. Do not trust 

anyth ing  you are told unti l you have it in writi ng.  Broken promises, retracted statements, 

thwarted opportunities and delayed projects are as common as an imal excrements on 

Dutch streets. The Dutch wil l a rrive at meetings sharply on time, however unholy the hours. 

But they a re depress ing ly casual with long-term projects. They may argue that they prefer 

qua l ity over speed . But when you r  PhD contract ends a nd sa lary stops, wh i le your projects 

a re fa r from completion due to i nferior col laborations, this attitude can qu ickly seem l i ke 

sad ism at your  expense. Although, a generous extens ion is a poss ib i l ity, th is luxu ry is not 

necessari ly extended to non- European PhD students . So, be smart with you r  time. 

4) Never lose your  temper, although you wi l l  often have enough reason to do  so. I have rarely 

seen Dutch people lose the i r  temper and th is  is a beautifu l aspect of Dutch cu ltu re .  To 

Dutch people, los ing your temper  means you are out of control, whereas, in  many eastern 

cu ltu res, express ing a nger is a way of regain ing contro l  or establ ish ing authority. I have to 

say I i nfinitely prefer the Dutch way in th is  matter. 

5) Learn to speak basic Dutch.  The Dutch openly appreciate it when fore igners attempt to 

converse in thei r  language. It a lso makes for better socia l networking because the Dutch 

have perfected the a rt of iso lati ng  a person, even in a crowd . But don't lea rn too much 

because then you get compla ints about you r accent. 

6) If  you a re a woman, beware of the Alpha fema le; there's bound to be one or two in  most 

departments and they come in a l l  poss ib le  forms; technic ians, post-docs, c l in ic ians, 

professors etc. The phenotype of the Alpha female is i n stantly recogn izable. She wi l l  s ing le 

out younger females (preferab ly fo reigners) for bu l lying  or ostracizing, demand interference 

in projects or core authorsh ips on a rticles she does not deserve and create a c i rcle of cooing 

cron ies who let her th ink she's a lways right (a lthoug h, these cron ies wou ld probably d itch 

her at the first scent of trouble) .  Dutch men wi l l  often laugh these actions away saying, "It's a 

woman thing . . . .  ", as if this can ever be an explanation for rid icu lously bad behaviour. 

If an A l pha female sees you as easy prey and if she has any authority over you r  project, my 

advice to you is to qu it .  If th is  is impossib le, then get ready for a messy and UGLY situation. 

As someone famously said, whi le wisely stay ing anonymous: 

"Oh! the gladness of a woman when she is glad!; Oh! the sadness of a woman when she is sad!; 

But gladness of her gladness and the sadness of her sadness . . . . . . . .  Are nothing to her badness 

-- . .... . . ... When she is bad !" 

7) Never revea l  future plans, ambitions or goals . The more you reveal the more hurd les some 

peop le will g leefu l ly ro l l  into your  way. In other cu ltures, having your  future planned out is 

seen as being responsib le and visionary. In the Nether lands, it's seen as being over-confident. 

8) If you ever get the chance to suggest a book for your department, suggest the fol lowing, 

"Facu lty I nc ivil ity: The Rise of the Academic Bu l ly Cu lture and What to Do About It" by Prof. 

Darla Twa le and Barba ra De Luca. It makes for an interesting, if not horrifying read for a l l  

aspir ing to join scientific academia. 



9) There are some phrases that are commonly said to students who perform way better than 
expected in order to bully them into intellectual submission. I mention some of them here 
along with what people actually mean when they say them. If you hear these too many 
times, you could be heading for serious trouble in your PhD. 

What is said What it actually means 

You have lack of focus You are a creative and independent thinker - -------------
Something went wrong, everyone knows it's not your fault 

It's a miscommunication 
______________ _____ ._ .. _.b_ut you will suffer for it 

You're homesick 

You need to socialize more 

You have complained about being treated unfairly 

You make other students and technicians 
feel insecure with your productivity 

You are stubborn 
------- - ----

You have not buckled under pressure and bullying 

10) Get the book, "The Undutchables". Did I say that already? .......... Then I'm saying it again. 

"Suffering makes for a sharper pen than joy" 
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time I looked forward to everyday. The g ifts of your  friendship and wisdom a re treasures that I 

wi l l  cherish forever. With your  un iquely superb intel lect, a research lab would have to be a l ucky 

one to have you working for it. 

To my dearest Hanke, my Dutch sister, I so love your  humour and easy warmth.  Everytime you 

wa lk into a gathering, its l i ke a l ight switches on and everyone suddenly rea l izes that l i fe is 

wonderfu l indeed . That's the positivity you bring into the people you meet. And that cute l ittle 

boy of you rs is surely going to g ive a lot of g i rls a thumping heartache when he g rows up. May 

God make all our ch i ldren among those who are righteous in this world and blessed in the next, 

Ameen .  I look forward to the day when you and Hamza wi l l  visit me in Oman, l nsha Al lah .  

To Deena, my dear friend, I enjoyed every moment I spent in your company. I am grateful to have 

had you r  friendship throughout our common adventure as 'PhD students from the Middle-east'. 

To Heba, my dear Egyptian friend and former housemate, you love your  friends with a passion 

that's probably on ly matched by you r  pass ion for the Egyptian revolution .  You a re the s ister I 

a lways wanted and I am  grateful to God for having known the warmth of your  friendship and  the 

beauty of your  heart .  If on ly more people were l i ke you, no one wou ld wish for Utopia. 
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To my dear friend, para nymph and co-PhD student Sarah, you are probably  the youngest and 
quietest friend I have, but your silence hides a wisdom beyond your years. You have an uncanny 
gift for judging people and I can only wish that I were as astute as you in this. I am grateful and 
touched by your efforts to cheer me up during some very testing times. 

To my dear Rohani, thank you for being the sweet and cheerful person you are. I' l l  always 
cherish the memories of the Ramadan we spent together. Ramadan is a month when famil ies 
come together to mesh into a cosy spiritual bliss. It was comforting to break my long fasting 
days with you at a time when I ached for my family back home. 

To my dear Heleen, thank you for your friendship and warmth. I haven't been able to spend 
much time with you, especia l ly these last few months. I hope to make up for it by inviting you, 
Willem and your boys to visit and stay with me and my family in Oman, Ins ha Al lah. 

To Babbani and Gulbahar, thank you for hosting me in your house for the last 8 months and for 
cooking more-than-I-could-possibly-eat scrumptious Turkish dinners for me every day. It was 
a relief not to have to cook during the last hectic months of my PhD. May God reward you wel l  
for your kind and gracious hearts. 

Dear Monireh, my col league and former housemate, I will never forget the care you gave me 
for a ful l 3 weeks when I was unable to walk from a twisted ankle. I am indebted to you for the 
friendship you showered on me these past years. 

To al l my other Ladies Day Club sisters, Daisy, Habon, Yasmina, Jolien, Aletta, Satia, Faduma and 
Kirsten, it was wonderful knowing you al l  and I wil l  miss being part of your circ le. 

To my friends Nasreen, Salli, Nada, Hassiba and Suad, I haven't spent as much time with you as 
I would have liked, since we were all quite busy with our studies and lives. Thank you for your 
warm friendships. I pray that you wil l  al l be successful in your lives, Ameen. 

"Verily with every hardship there is relief." 

- The Holy Quran (94:6) 
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N is h a t h  H cJ m za wa�; born  on 1 8  N ovem be r, 1 977 in Kera la ,  I nd i a .  S h e  g rew u p  i n  M u scat ,  O m a n  where 
h e r  p hys i c i a n  fJ t h er ,  m o t h e r  a n d  e l d e r  b ro t h e r  h ave b e e n  l iv i n g  s i n c e  1 9 7 5 .  S h e  a t tended  t h e  I n d i a n  
S c h o o l  i n  M u sccJ t J n d  i 1 n i s h e d  h e r  h i g h  s c h o o l  i n  1 9 9 5 .  S h e  t h e n  s p e n t  J g a p  y e a r  i n  U S A  d o i n g  fo u n d a t i o n  
cou rses i n  C h e m is tr; J n d  Phys ics a t  u n ivers i t i es  i n  ToxJs  a n d  N ew J e rsey. 

Afte r h e r· m a rr i age  in Sep te m b e r  1 9 96 ,  N i c, h J t h  dec i ded  to reloca te  to  l n d i J  a n d  we n t  on to c o m p le te  
a d o u b le m aj o r  B . S c  i n  C h e m is t ry Jnd  Env i ro n m e n ta l M cJ n a g e m ent  f rom t h e  M a ha tma  GcJndh i  U n ive rs i ty, 
KerJ lJ , I n d i a .  A f t e r  h e r  fa t h e r  o b ta i n e d  O m J n i  c i t i z e n s h i p ,  N i s h a t h  e n ro l l e d  Jt t ri e  S u l ta n 0J b o o s  
U n ivers i ty  i n  O m J n  J n d  g ru d u J t e d  w i t h  J M J s ters d e g re e  i n  B i o c h e m i st ry a n d M o le c u l a r  B i o lo gy i n  
N ove m b e r  2004 .  I n  J J n u a ry 2005 ,  s h e  j o i n ed t h e  I n s t i tu te  of  B i o i n fo r mat i cs ,  B a n g .:i lore ,  I n d i a  f o r  a s h o rt 
st i n t  as a TrJ i n e e  ReseJ rc h  S c i e n t i s t .  T h e n ,  from Oc tober  2005  to Apr i l  2008 ,  she  was e m p loye d w i th  
t h e  M i n i c. try o f  H e u lt h ,  Oman .: is  J M o le c u l a r  G e ne t i c is t  under  t h e  s u pervi s i on  o f  D r. Anna  RJj a b .  

D u ri n g  t h i s  p e r i o d ,  N i s h a t h  rece ived s c h o la rs h i ps f u n d e d  by t h e  M i n i st ry o f  H eu l t h ,  O m a n  to t ra i n  a t  
t h e  N J t i o n J l  H e m o g lo b i n o p a t h y  R e fe re n c e  LJ b o ra t o r·y , O x f o rd ,  U K  J n d  t h e  H e m o g lo b i n o p J t h i e s 
Lu borJ t o ry, Le i d e n  U n ivers i ty M ed i c J l  C e nter ,  t h e  N ether lJ n d s .  As J resu lt , she  ,r n d  h e r  co lle.J g u es were 
s u ccess f u l  i n  se t t i n g  u p  t h e  f i rst N a t i o n a l  M o le c u L1 r  G e n e t i c  l a b o rJ t o ry f o r  d i a g n os i s  of S i c k le - ce l l  
d i s e J s e: s  Jnd  T h J le s s e m i J s .  M e_J nwh i le , N i �; h a t h 's n ;:i t u r;:i l  i n c l i n a t i o n  t ow;:i r·d s :, c i e n t i f i c  p u rs u i t !; 
p ro d d e d  h e r  towa rd s a c a re e r  i n  res e J rc h  ;:i n d  i n  May  2008 ,  s h e  j o i n ed t h e  D e pa rtmen t  of R h e u mJ tology 
,.i n d C l i n i c a l  I m m u no logy  as a PhD student  under t h e  s u p e rv i s i on  o f  Prof.  d r. N i co laas  A. Bos .  

At  p re :. e n t ,  N i �; h ;:i t h  l ives w i t h  h e r· h u '.:; b a n d ,  p;:ire n ts and t h re e  �;o n :; Jged 1 5  yr·s, 1 2  ye;:i rs and 1 0  yea r'.; 
i n  M u scat ,  O m a n .  
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