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ABSTRACT
Autoimmunity, defined as the presence of autoreactive T and/or B lymphocytes 
in the periphery, is a frequent and probably even physiological condition. It is 
mainly caused by the fact that central tolerance mechanisms, which are responsible 
for counter-selection of autoreactive lymphocytes, are not perfect and thus that 
a limited number of these autoreactive cells can mature and enter the periphery. 
Nonetheless, autoreactive cells do not lead automatically to autoimmune disease, 
as evidenced by a multitude of experimental and human data sets. Interestingly, 
the progression from autoimmunity to autoimmune disease is not only determined 
by the degree of central tolerance leakage and thus the amount of autoreactive 
lymphocytes in the periphery, but also by peripheral mechanism of activation 
and control of the autoreactive cells. In this review, we discuss the contribution 
of peripheral B lymphocytes in this process, ranging from activation of T cells and 
epitope spreading to control of the autoimmune process by regulatory mechanisms. 
We also discuss the parallels with the role of B cells in the induction and control of 
alloimmunity in the context of organ transplantation, as more precise knowledge 
of the pathogenic antigens and time of initiation of the immune response in allo- 
versus auto-immunity allows better dissection of the exact role of B cells. Since 
peripheral mechanisms may be easier to modulate than central tolerance, a more 
thorough understanding of the role of peripheral B cells in the progression from 
autoimmunity to autoimmune disease may open new avenues for treatment and 
prevention of autoimmune disorders. 
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Central tolerance in control of autoimmunity
Autoimmune diseases are defined by B and/or T cells specific for self reactive 
antigens, that upon activation lead to chronic tissue inflammation and often 
irreversible structural and functional damage. Conceptually, different stages in the 
development of autoimmune disease can be defined. In a first stage, the regulatory 
mechanisms of central tolerance fail and allow an increased number of autoreactive 
cells to enter the periphery (1). A key determinant of B cell central tolerance is 
the strength of B cell receptor (BCR) signaling: a strong BCR signal by binding 
with high affinity to an autoantigen will lead to deletion or receptor editing while 
an intermediate binding affinity will permit B cells to survive and progress to the 
periphery (1). This concept has been elegantly demonstrated in several animal 
models. As an example: bringing in not only the heavy chain against the myelin 
oligodendrocyte glycoprotein (MOG) autoantigen but also the light chain, leads 
to a block in central development and does not increase the number of MOG-
specific B cells relative to transgenic animals in which only the heavy chain is self 
reactive (2,3). However, if the signaling potential of the BCR is affected for example 
by PTPN22 mutations or CD19, the autoreactive B cells will not be deleted and leak 
to the periphery (4). Impairment of this B cell central tolerance checkpoint will thus 
increase the frequency of autoreactive cells in the periphery and, as a consequence, 
the chance of developing autoimmune disease (5).

From autoimmunity to autoimmune disease
Remarkably, however, autoimmunity (defined as the presence of autoreactive T 
or B cells in the periphery) does not lead automatically to autoimmune disease 
(Figure 1A.). Using reactivity to the central nervous system autoantigen MOG as an 
example, more than 90% of the peripheral T cells are autoreactive in MOG-specific 
T cell receptor (TCR) transgenic mice but only a small minority of animals (<4%) 
will develop spontaneous experimental autoimmune encephalomyelitis (EAE) (6). In 
heterozygous and homozygous knock-in IgH transgenic mice, 30% and 50% of the 
IgM positive B cells bind recombinant MOG, respectively. These autoreactive B cells 
colonize the immune organs in the animals and undergo normal isotype switching 
and affinity maturation after immunization, producing MOG-specific antibodies. 
Nevertheless, they are not pathogenic by themselves as mice do not develop any 
neurological signs of disease (3). Serological analysis of congenic strains of NOD 
mice, the most studied animal model of spontaneous diabetes type 1 (T1D), reveal 
that high level of Insulin Autoantibodies (IAAs) may occur in the absence of diabetes 
progression. Moreover, there is no statistically significant difference in the positive 
IAA indexes between the NOD mice and the diabetes-resistant strains (7). 

Also in humans, clear signs of autoreactivity can be observed in healthy individuals 
in the absence of autoimmune disease. Anti-nuclear antibodies (ANAs) and 
rheumatoid factor (RF) can be observed in healthy individuals and their prevalence 
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increases with age. More strikingly, vaccination against influenza, hepatitis A and 
hepatitis B can trigger the production of ANAs, anti-cardiolipin antibodies (aCL) 
and anti-extractable nuclear antigens (ENA) antibodies in healthy individuals but 
this autoimmunity does not lead to autoimmune disease and tends to resolve by 
itself in most cases (8-10). Another example is the induction of ANAs, anti-double 
stranded DNA and aCL antibodies by TNF blockade in rheumatoid arthritis (RA) and 
spondyloarthritis (SpA). However, this largely IgM restricted autoimmune response 
is not related to the development of systemic lupus erythematosus (SLE) or any 
other autoimmune disorder and tends to resolve spontaneously upon withdrawal of 
anti-TNF treatment (11). Similarly, ANA titers in patients with IgA deficiency do not 
predict whether patients will develop autoimmune disease (12).

A series of other studies, however, have clearly demonstrated that the onset of 
clinical autoimmune disease is often preceded by the presence of autoantibodies. 
Among children without type 1 diabetes (T1D) family history, autoantibodies to 
pancreatic islets (ICAS), human glutamic acid decarboxylase (GAD), receptor-type 
protein tyrosine phosphatase IA-2 and insulin were established at early age and 
prospectively identified all individuals who developed T1D (13). In a retrospective 
study of 130 SLE patients, at least one disease specific autoantibody was present in 
all individuals months to years before clinical diagnosis (14). In two seminal studies 
in RA, approximately half of the patients were positive for rheumatoid factor or anti-
citrullinated protein antibodies (ACPA) up to 10 years before the onset of symptoms 
(15,16). In absolute terms, however, only a minority of healthy individuals with RF or 
ACPA will develop RA (around 16%) (17), even when preselected on their attendance 
to a rheumatology outpatient clinic.

Taken together, these experimental and human data clearly indicate that leaky 
central tolerance increases the risk for subsequent development of autoimmune 
disease (Figure 1A) but that a number of additional factors control this progression 
from autoimmunity to autoimmune disease. This clinical concept is in agreement 
with the existence of immunological peripheral tolerance checkpoints as described 
by Wardemann, Meffre and colleagues (1) In this review, we will focus on the role 
of antigen specific B cells in the progression from autoimmunity to autoimmune 
disease. B lymphocytes interact with cognate autoreactive T cells. In this context, 
several aspects of the B cell biology uniquely endow them to amplify the autoimmune 
response and drive the progression towards autoimmune disease. In addition to 
this enhancing behavior, nonetheless, recent studies in experimental autoimmune 
disease have also revealed novel immunoregulatory roles for B cells. We will discuss 
here a number of key mechanisms by which autoreactive B cells can promote and 
control the progression from autoimmunity to clinical disease in experimental and 
human autoimmune disorders. 
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Autoantigen presentation and activation of 
pathogenic T cells
B lymphocytes are uniquely endowed to drive autoimmunity as antigen presenting 
cells because they can bind native self proteins through their BCR, process them 
and present them to T lymphocytes (Figure 1B). In murine EAE, B lymphocytes are 
dispensable when disease is induced by MOG peptides but absolutely required for 
disease to develop if mice are immunized with MOG protein (18). In MOG-specific 
TCR and BCR double transgenic mice, autoreactive B cells cause severe EAE by 
presentation of endogenous MOG protein to autoreactive T cells rather than by 
production of autoantibodies (19,20). In the transgenic mIgM.MRL-FASlpr mouse, 
whose B lymphocytes cannot secrete antibodies but can present antigen, lupus 
develops spontaneously and T cell activation is comparable to MRL/lpr controls (21). 
In the same way, NOD mice with a mutant IgM heavy chain that cannot be secreted, 
demonstrate that increased insulitis and spontaneous diabetes may occur in the 
absence of the antibody production but require antigen presentation by B cells (22). 

The unique ability of B cells to bind autoantigens through their BCR allows them 
to act as potent antigen presenting cells at very low protein concentrations. In vitro 
experiments show that B cells specific for tetanus toxoid native protein and rabbit anti-
mouse immunoglobulin are able to present their cognate antigen to antigen specific T 
cells at 2,000-10,000 fold lower concentrations that non-specific B cells (23,24). B cells 
recognizing 2,4,6-trinitrophenyl (TNP) conjugated to a terpolymer of glutamic acid, lysine 
and phenylalanine (GLØ) are able to stimulate GLØ-reactive T cells at a concentration 
of 0.1ug /ml. Moreover, at this low concentration, as few as 7,000 B cells can induce 
70% of the T cell maximal response. In contrast, the same B cells can only present 
unconjugated, non-BCR specific GLØ at 1000 times higher concentrations (100ug/ml) 
and higher cell numbers (20,000) (25). The efficiency of antigen presentation by B cells at 
low concentrations of antigen has also been demonstrated in the context of autoimmune 
disease. In the MOG-specific TCR and BCR double transgenic mice, antigen specific B 
cells selectively process and present MOG protein to T cells at concentrations 100 fold 
lower than B cells with other BCR specificities (19,20). Moreover, non-antigen specific B 
cells can prime T cells to some degree in a proteoglycan (PG)-induced arthritis model, 
but that level of activation is not sufficient to transfer disease to SCID mice. In contrast, 
when antigen specific B cells prime T cells, these become efficiently activated and 
competent to transfer arthritis (26). 

Amplification of the autoimmune response by 
epitope spreading
B cells, through their BCR, bind and internalize whole proteins and even protein 
complexes for antigen presentation. As any peptide present in the protein/protein 
complex can be displayed on MHCII molecules, B cells can activate T lymphocytes 
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that are specific for epitopes different from the one recognized by the BCR, starting a 
reaction against an (auto)antigen that is unrelated to the one that initiated the immune 
response. This phenomenon, known as epitope spreading, is documented in almost 
all immune diseases and is frequently associated with disease progression. Studies of 
the SLE related antigens, Ro and La ribonucleoproteins, have demonstrated that 
both intra-molecular and inter-molecular epitope spreading leads to autoimmunity 
in mice, the latter occurring when the two antigens are physically linked in vivo 
(27,28). However, not only autoimmunity but also overt autoimmune disease can 
be triggered by epitope spreading. SJL/J mice immunized with protelipid (PLP) 
protein develop T cell responses specific for different epitopes in the molecule. 
These distinct T cell responses contribute to the relapse phases of the EAE and can 
initiate disease upon secondary adoptive transfer to naïve animals (29). In the NOD 
mouse model of spontaneous diabetes, T cell responses and antibodies to the T1D 
autoantigens GAD65 and GAD67 isoforms of GAD (glutamic acid decarboxylase) 
are observed in mice at 4 weeks of age. At 6 weeks of age, T and B lymphocyte 
responses for other β cell antigens: peripherin, carboxypeptidase H and Hsp60, are 
also detected. By 8 weeks of age, responses to all former antigens are enhanced. 
Remarkably, the initial GAD specific reactivity in this model coincides with the 
onset of insulitis whereas the progression of insulitis to β cell destruction with age 
correlates to the epitope spreading of B and T cells (30). Temporal progression of 
autoreactivity to autoimmune disease by epitope spreading also occurs in humans. 
In childhood T1D diabetes, insulin autoantibodies (IAA) are the first autoantibodies 
detected. IAA-positive children that sequentially develop antibodies to other β cell 
antigens such as GAD and protein tyrosine phosphatase-like proteins IA-2 and IA-3β, 
usually progress to T1D. In contrast, children that remain positive for only IAAs rarely 
develop the disease (31). Also in RA, several reports have shown that the number of 
antibody specificities increase with time. Similarly to T1D patients, individuals with 
a broad ACPA repertoire, e.g. antibodies recognizing more citrullinated peptides, 
have a higher risk of developing arthritis (32,33). In SLE, ANAs, anti-Ro, anti-La and 
antiphospholipid antibodies appears first, followed by anti-dsDNA antibodies, and 
later by anti-Sm and anti-nuclear ribonucleoproteins. The number of autoantibodies 
and their absolute concentrations increase until the onset of clinical symptoms and 
remain stable after clinical diagnosis (14).

Induction of novel autoreactivities by somatic 
hypermutation
During the germinal center (GC) reaction, B cells undergo somatic hypermutation 
(SHM) to increase the affinity of their BCR for their cognate antigen (Figure 1C). This 
process is not only relevant for immune defense against pathogens and malignancies 
but can also contribute to enhance autoimmune responses. In the lupus-prone 
MRL/lpr mouse, B cell clones evolve towards higher affinity to dsDNA by somatic 
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hypermutations (34). Besides, analysis of the ratio of replacement to silent mutations 
in the V regions of the Ig genes of rheumatoid factors secreted by hybridomas from 
this strain, also demonstrates that SHM is an antigen-driven selection process (35). 
Accordingly, high replacement to silent mutation ratio in the CDR regions, and hence, 
affinity maturation, is documented in patients with multiple sclerosis (MS) (36-38), RA 
(39), Type1 diabetes and Sjögren’s syndrome (40,41) 

Interestingly, SHM does not only drive autoimmune disease by mediating antigen-
driven affinity maturation (Figure 1C) but also generates new autoreactive BCRs from 
non self-reactive B cells. Indeed, random mutations of non self-reactive BCRs during 
this affinity maturation process generate BCRs of new specificities, some of which 
may be self-reactive and hence have the potential to drive autoimmune disease. 
Much of the knowledge about the capacity of SHM to generate autoreactivities 
de novo is derived from the study of anti-dsDNA antibodies, the hallmark of SLE. 
Hybridomas studies have shown that a somatic mutation of one aminoacid in an 
IgA murine anti-phosphocholine antibody, which mediates protection against 
S.  pneumoniae, results in acquired reactivity to dsDNA (42,43). More recently, 
mutation reversion analysis in the lupus prone C57BL/6.NZB-Nba2 mouse has 
revealed that ANAs originate from non autoreactive B cells that have diversified 
their Ig genes via SHM (44). In humans, analyses using site directed mutagenesis 
to revert the somatic mutations in human anti-dsDNA antibodies have also shown 
that high affinity binding to dsDNA is acquired in a stepwise manner through SHM 
from non self-reactive B cells. Furthermore, self reactivity to other nuclear epitopes 
form apoptotic cells is acquired in the same somatic hypermutation process that 
generates high affinity dsDNA binding from non self reactive germ-line V regions 
(45). Reversion analysis of two autoantibodies with high reactivity for the nuclear 
autoantigens Ro52 and La in SLE also demonstrated that they originated from naïve 
cells that were not self-reactive, probably as a consequence of SHM (46).

Diversification of the effector functions by isotype 
switching
During a germinal center reactions, B cells undergo not only somatic hypermutation 
but also isotype switching (Figure 1C) (47). The isotype determines part of the 
effector function of autoantibodies (48-51), shaping the immunological pathogenic 
memory (Figure 1D). In general terms, a broader isotype usage of autoantibodies 
in autoimmunity not only indicates a more extensive B cell activation but, more 
importantly, also implies that different effector functions can cooperate to drive 
or aggravate autoimmune disease. Much of our current understanding about how 
class switching enhances autoimmune disease is derived from SLE as prototypical 
autoantibody driven disorder. Low affinity IgM antibodies to dsDNA, RNA, La and 
Ro are present in sera from healthy relatives of SLE patients (52) and in the sera of RA 
and SpA patients treated with TNF blockers (11). Nonetheless, for SLE to occur, self 
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reactive antibodies must undergo affinity maturation and class switching to IgG (53). 
In patients with both IgM and IgG anti-dsDNA antibodies in serum, predominant 
IgM titers relate to less active disease, milder or no renal involvement and longer 
survival (54). Conversely, IgG anti-dsDNA antibodies are associated with more 
severe clinical disease, immunoglobulin and complement deposits in renal glomeruli 
and impaired renal function (54,55) Regarding immunoglobulin subclasses in SLE, 
most studies indicate that IgG1 and IgG3 are the most common IgG subclasses 
in anti-dsDNA autoantibodies. IgG1 is also the predominant subclass for anti-RNP, 
anti-Ro, anti-La and anti-SM antibodies (56-59). The fact that IgG1 and IgG3 fix 
complement better than other subclasses and are associated with clinical nephritis 
in SLE patients, confirm the hypothesis that different isotypes with different effectors 
functions can enhance autoimmune disease (59). Also in RA a varied isotype usage 
by autoantibodies is associated with a more severe disease course. Undifferentiated 
arthritis patients who progress to RA have a more diverse autoantibody response 
consisting of IgM, IgG1, IgG3 and IgA anti-CCP antibodies than those who do 
not progress to RA. (60) The presence of IgM, IgG and IgA ACPAs in RA patients 
indicate higher risk of future radiographic damage (61,62) and resistance to biologic 
therapy (63). More recently, IgE antibodies against citrullinated fibrinogen have been 
demonstrated in ACPA+ RA patients. These IgE antibodies activate rat basophils 
expressing human FcεRI in vitro and bind to mast cells in synovial tissue in vivo. As 
mast cells are degranulated and high histamine levels are found in SF from ACPA+ 
patients, IgE could be responsible for a different effector mechanism of inflammation 
in RA (64). Anti-CCP autoantibodies of the IgA isotype are significantly correlated 
with smoking and may predict a more severe disease course in RA (65). The same 
association of autoantibodies of the IgA isotype and a more severe disease is also 
observed for RF as patients with positive IgA RF and IgM RF had more radiological 
damage than IgA RF negative patients (66,67). Moreover, high levels of IgA RF are 
associated with poor clinical response to TNF blockers (68).

Immunomodulation by regulatory B cells 
An important aspect in the progression from autoimmunity to autoimmune 
inflammation is that antigen specific B cells may have a regulatory function and 
thereby keep autoreactive lymphocytes in check (Figure 1E). Regulatory B cells 
(Bregs) that suppress inflammation by producing IL-10 (so-called B10 cells) were first 
identified in murine models. Phenotypically, they are CD1d high, CD5+, CD19 high, 
CD21 high/intermediate, CD23 low, CD24 high, CD43+/- and CD93- (69), but their 
characterization is often debated as they share surface markers with the CD5+ B-1a, 
CD21+ CD23- and the CD1d+ CD21+ CD23+ T2 marginal zone B cells (70,71). Studies 
in mice have demonstrated that regulatory B cells expand with age independently of 
T cell or environmental gut flora derived signals. BCR diversity, CD19 and MyD88 
signals are critical for the development of B10 cells and CD22 deficiency and CD40L 
overexpression enhance their numbers. Importantly, regulatory B cells are in principle, 
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antigen specific, as they require of antigen stimulation via the BCR plus CD40 ligation 
to produce IL-10 (69,72,73). They can proliferate in vivo and their mechanisms of 
suppressing inflammation include the suppression of activated CD4 T cells by means 
of IL-10 production (70,74), the conversion of effector CD4 T cells to IL-10 producing 
Tr1 cells (75,76) the induction of regulatory T cells by means of TGFβ (77) and B7-
mediated costimulation (78), the direct elimination of effector CD4 T cells by FAS-
mediated apoptosis (79) and the control in the homeostasis of iNKT cells (80). 

Numerous studies have analyzed the role of regulatory B cells in murine models of 
autoimmune disease. Downregulation of inflammation by IL-10 producing regulatory 
B cells is observed in collagen induced arthritis (70,73) and in inflammatory bowel 
disease like-chronic intestinal inflammation (81). Accordingly, IL-10 producing CD1d 
high CD5+ regulatory B cells downregulate contact hypersensitivity responses (74) 

Figure 1. Autoreactive B lymphocytes that escape the central tolerance mechanisms are 
not sufficient to cause overt autoimmune disease (A), but other factors are necessary. B 
lymphocytes may contribute to drive the progression from autoimmunity to autoimmune 
diseases in different ways. B lymphocytes are very efficient antigen presenting cells that 
activate T lymphocytes (B). T lymphocytes in turn activate B cells, enabling them to start 
ectopic germinal center reactions (C) in the target tissue of autoimmunity. In the germinal 
center, B lymphocytes undergo somatic hypermutation and class switch recombination, 
amplifying the autoimmune response and shaping the pathogenic autoimmune memory 
(D). Remarkably, not only B lymphocytes drive autoimmune disease, but may also control 
it via regulatory B lymphocytes (E) which suppress autoimmunity by different mechanisms 
such as the production of IL-10 and TGFβ, and the induction of apoptosis in effector cells. 
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and dextran-sulfate sodium induced intestinal injury, which is a model for ulcerative 
colitis (82). Regulatory CD1d+ CD5+ B cells located in the spleen inhibit EAE 
initiation in mice early in the pathogenesis by producing IL-10 (83), and are also 
important in the recovery phase (72). Finally, intravenous transfusion of BCR-
activated B cells cultured with anti-IgM antibodies protects NOD mice from T1D in 
an IL-10 dependent manner by reducing the incidence and delaying the onset of 
disease and polarizing T cells to the Th2 phenotype (84). 

A number of studies have also described a regulatory role of B cells in murine 
models of asthma and allergy. In a cockroach-allergy model the subpopulation 
CD5+ B-1a attenuates inflammatory cytokine production, pulmonary inflammation 
by inducing apoptosis of CD4+ T cells via the Fas-FasL axis (85). In an OVA-induced 
mouse model of allergic airway disease, continuous exposure to allergens leads to 
the development of local inhalational tolerance (LIT) mediated by B cells. B cells 
transferred from LIT mice lead to a diminution in pulmonary eosinophilic infiltration, 
bronchial hyperreactivity, lung inflammation and promoted the generation of 
Foxp3+ regulatory T cells. Mechanisms of tolerance involving in the generation 
of Foxp3+ Tregs were mediated by the production of TGFβ by B cells (86). Also, 
helminth infections in an OVA-asthma model induce a strong accumulation of B cells 
in the spleen and stop the allergic airway inflammation (87). Contrary to the previous 
studies, B cells mediated their regulatory functions by the secretion of IL-10. Surface 
phenotype of IL-10 producing B cells demonstrated that they were CD5+ CD21 high 
CD23+ CD1d high and IgM high resembling T2-MZ precursor B cells. Furthermore 
the transfer of IL-10 Bregs in sensitized mice lead to a diminution of Th2 cytokines in 
broncho-alveolar liquid (BAL) and the generation of Foxp3+ regulatory T cells (87). 

Contrary to the wealth of information on the phenotype and function of regulatory 
B cells in mice, these cells remain relatively poorly characterized in humans. IL-10 
producing B cells have been detected in CD24 high CD27+(88) and CD24 high CD38 
high B cell compartments (89), but their exact origin and induction requirements are 
uncertain at this point. Also in humans this specific B cells subset was suggested to 
have immunomodulatory capacities as IL-10 produced upon combined CpG and 
anti-IgG stimulation can effectively downregulate CD4 activation in vitro (90). In vivo, 
helminth infections induce a B cell population producing high levels of IL-10 which 
could counterbalance neurological damage in MS patients (91). Moreover, different 
autoimmune diseases have been associated with decreased numbers or impaired 
function of IL-10 producing B cells: relapsing remitting MS patients have a decreased 
frequency of IL-10+ B cells in comparison with healthy controls (92) and the regulatory 
capacities of CD19+CD24 high CD38 high B cells are impaired in SLE (89). 
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Lessons from alloimmunity and graft rejection
A major issue in studying the progression from autoimmunity to autoimmune 
disease in general and the role of B cells in this process in particular is that we do 
not know exactly in humans when autoimmunity starts and when it progresses to 
autoimmune disease. In alloimmunity, we can of course not study ‘central tolerance’ 
but we know exactly when the alloantigen is appearing and thus the alloresponse 
is initiated. Also here, some individuals do develop a clear alloresponse but do not 
reject their graft, called operational tolerance (93). B cells have now also emerged 
to play a key role in these processes. 

The central role of B cells in graft rejection was originally suggested by the link 
between circulating donor-specific antibodies (DSA) and chronic rejection (94). This 
link has not only been confirmed in multiple experimental models (95,96) but also in 
humans: a recent large prospective study demonstrated that transplant patients with 
DSA had more risk to develop graft failure compared to those who did not have DSA 
(97). Development of specific immunoassay demonstrated that highly polymorphic 
mismatched HLA molecules were the most representative target of DSA (98) with a 
dominant contribution of alloantibody against HLAII rather than anti-HLA I (99,100). 
Besides anti-HLA antibodies, immunoglobulins against non-HLA antigens have also 
been identified to contribute to the pathogenesis of antibody-mediated rejection 
(101-103). The targets of humoral responses against non-HLA antigens are very 
diverse, including endothelial cells (104-107) and MHC class I chain-related gene A 
(MICA) molecules (108-113). 

Interestingly, it is currently well recognized that alloimmune responses act together 
with tissue-specific autoimmune responses to promote graft rejection. Indeed, graft 
lesions induced by alloreactive cytotoxic T lymphocytes and alloantibodies induce the 
release of not only alloantigens but also sequestrated self-tissue antigens that can be 
presented via the indirect pathway to generate pathogenic autoreactive cellular and 
humoral immune responses (114). For example, autoantibodies against vimentin, a 
non-polymorphic intermediate filament expressed in cytosol of a wide variety of cells 
including endothelial cells and vascular smooth muscle cells, contribute to both acute 
and chronic rejection of cardiac allografts (115-117). Other autoantigens targeted 
by humoral responses in chronic rejection include collagen V (118,119), the heparan 
sulphate proteoglycan agrin (120), the Angiotensin II receptor type I (121), and intra-
nuclear antigens (122). The exact mechanisms underlying the breach in self tolerance 
during chronic graft rejection remain poorly understood but probably include epitope 
spreading and generation of pathogenic autoreactive T cells (114,123), the formation 
of tertiary lymphoid tissues in the graft (124,125) (126), and enhanced plasma cell 
generation and survival mediated by factors such as BAFF (126). Taken together, 
these data clearly indicate the role of not only alloreactive but also autoreactive B 
cell in the initiation and amplification of the graft rejection and demonstrate striking 
mechanistic parallels with the B cell biology in autoimmune diseases. 
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Tolerogenic B lymphocytes in organ transplantation
Although B cells are commonly described for their pathogenic effector functions, 
recent evidence emphasizes the potential tolerogenic role of B cells in the long term 
graft survival (127,128). In kidney transplantation, a small proportion of recipients 
can tolerate their graft after stopping their immunosuppressive therapy (93). These 
patients, called operationally tolerant, display a particular B cell signature in their 
blood (127,129-131). Three aspects of this B cell signature are of particular interest.

Firstly, transplant tolerance was associated with a strong expression of inhibitory 
molecules such as FcyRIIb receptor and BANK-1 by B cells (129). These observations 
were confirmed in a long-term cardiac allograft tolerance model, where it was shown 
that B cells of tolerant rats displayed an inhibitory phenotype and could transfer 
tolerance in newly transplanted rats (132). Secondly, B cells of operationally tolerant 
patients in kidney transplantation expressed genes involved in immunoglobulin 
rearrangements, suggesting that receptor editing may be a mechanism used 
in periphery of tolerant recipient as shown in autoimmune models (133). Thirdly, 
a higher proportion and number of naive and transitional B cells were found in 
operationally tolerant patients compared to healthy donors and stable patients 
under immunosuppression (127,129,130,134). This naive/ transitional signature 
was also found in patients undergoing depletion strategies or minimization of 
immunosuppression (135,136). From a functional perspective, it was shown that naïve 
and transitional B cells are poor stimulator for T cells (137-139) and preferentially 
generate regulatory T cells (140-142). This may explain the induction of acceptance 
of skin allografts by transfer of naïve B cells (138). In addition, polyclonal activation 
of transitional B cells induce more secretion of IL-10 in tolerant patients compared 
to stable patients (127). These data suggest that the re-population by immature 
and naïve B cells could be a feature facilitating tolerance in kidney transplantation. 

Evidence form animal models of neonatal tolerance (143) and from ABO-
incompatible heart transplantation in children (144) additionally indicates that clonal 
depletion could also contribute to the appearance of B cell tolerance. In these 
settings, tolerance is promoted by elimination of donor-reactive B lymphocytes 
(145,146) which may be dependent of the persistence of alloantigen during B cell 
development. We can hypothesize that B cell depleting therapies could have a 
similar effect as repopulation with naïve and transitional B cells in the presence of 
allograft antigens may promote clonal deletion of alloreactive clones. 

Taken together, these data indicate that B cell tolerance in transplantation can be 
achieved by different mechanisms including inhibition of effector mechanisms, 
receptor editing, generation of regulatory T cells, production of IL-10, and clonal 
deletion (147,148). As such, the induction of B cell tolerance in transplantation 
mirrors the progression from subclinical B cell autoreactivity to overt inflammatory 
disease in autoimmunity. 
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Clinical implications and future perspectives
The global picture emerging from these studies in experimental models and human 
disorders indicate that cognate interaction between B and T cells plays a crucial 
role in the progression from autoimmunity to autoimmune disease. In particular, 
autoreactive B cells contribute to the activation of T cells reactive against the 
original autoantigen as well as against linked antigens and, with the help of T cells, 
increase their affinity for the original autoantigen, mutate to novel autoreactivities 
and diversify their effector functions by isotype switching. Taken together, all these 
mechanisms lead to amplification and progression of the autoimmune response. 
Better mechanistic understanding of the different facets of this process is of great 
clinical relevance as it may help us to design novel and better tailored treatments 
for a wide variety of autoimmune diseases. 

Firstly, detection of autoantibodies and/or autoreactive lymphocytes in healthy 
individuals may offer a window of opportunity to halt the progression from 
autoimmunity to autoimmune disease. However, many individuals with autoantibodies 
will never develop overt autoimmune disease. The major challenge here will be to 
determine either additional risk factors or specific features of this early autoimmune 
response that allow to predict who will and who will not develop overt autoimmune 
disease. Better definition of both the fine specificity and the breath of the autoimmune 
response may be of importance in this context. Secondly, in such individuals we could 
try to interrupt cognate T-B cell interactions with established T or B cell directed drugs 
such as abatacept and rituximab. Even more attractive targets here are key molecules 
involved in the cognate T-B cell interactions such as CD40-CD40L. The original 
anti-CD40L antibodies were highly effective but had tromboembolic side effects by 
affecting platelets (149). New anti-CD154 antibodies as well as other co-stimulation 
blockers are currently in clinical development and could be particular useful in these 
pre-clinical conditions. Thirdly, better understanding of the features and specificities 
of autoreactive T and B cells at this stage may open novel perspectives for antigen-
specific therapies. Tolerance induction protocols have yielded disappointing results in 
full-blown autoimmune disease (150,151) but may turn out to be much more promising 
in pre-clinical disease. Alternatively, the development of novel technologies to detect 
and identify expanded lymphocyte clones (152,153) could lead to more specific 
targeting of these specific cell populations rather than global B or T cell targeting (154). 
Finally, further description and functional analysis of IL-10 producing B cells subsets 
may yield novel insights in how to expand these cells and thereby counter-regulate 
developing or established autoimmune disease. IFNβ, a validated treatment for MS, 
has recently been shown to enhance IL-10 production by B cells (155). Moreover, we 
recently demonstrated that, in sharp contrast with BAFF which promotes autoimmune 
disease, overexpression of the B cell growth factor APRIL leads to an expansion of 
the B10 pool and suppression of a variety of immune-mediated inflammatory disease 
models. Translation of these findings to the human setting will open new perspectives 
for the immunotherapy of autoimmune diseases. 
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