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GENERAL DISCUSSION, 
CONCLUSIONS  
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GENERAL DISCUSSION 
The objective of this thesis was to investigate 1) signals that could drive autoreactive 
lymphocytes from a quiescent state of autoimmunity to overt autoimmune disease, 
or 2) signals that could halt this process. The data presented in the first three 
chapters of this book discuss the central role of T and B lymphocytes in autoimmune 
pathology. First, we summarize the current knowledge about the different roles 
of B lymphocytes in the progression from autoimmunity to autoimmune disease. 
Second, we describe two different signals, the small GTPase Ras-related protein 
1 (Rap1) and B cell derived costimulation, that can modulate the activation of T 
lymphocytes and either control or enhance autoimmune pathology. In the next two 
chapters of this book, we demonstrate that TNF is required for B lymphocytes to 
engage in T cell dependent responses, which are determinant in both immune and 
autoimmune reactions. Finally, in the last part of the book, we focus on regulatory B 
cells and discuss how they could control autoimmune processes. 

Lymphocytes and autoimmune disease

Our experiments in chapter 3 demonstrated that the activation of the intracellular 
protein Rap1 can control the development of experimental autoimmune 
encephalomyelitis (EAE) in mice. 2D2xRapV12 and RapV12 transgenic animals 
developed leukocyte infiltrations in the CNS and the classical signs of EAE (Figure 1), 
but they also had a survival advantage versus their 2D2 and wild type littermates. 
In agreement with published literature (1), our characterization of autoreactive 
T cells showed that the activation of Rap1 enhanced T cell responses. However, 
their increased pathogenic potential was offset by a significant reduction of the 
autoreactive T cell pool, resulting in a net protective effect.

The mechanism by which active Rap1 decreases the number of autoreactive T 
cells still remains to be elucidated. A known consequence of Rap1 signaling is 
the activation of integrins (1-3), which results in improved cell adhesion. Integrin 
mediated cell adhesion via LFA-1 modulates T cell receptor (TCR) signaling (4) and 
lowers the threshold of T cell activation, facilitating the response to low affinity 
antigens (5). We hypothesized that increased T cell adhesion to antigen presenting 
cells in the thymus could drive negative selection and delete autoreactive 
thymocytes, but our analysis of thymi in 2D2xRapV12 animals could not confirm 
this hypothesis. Despite this fact, in the context of this thesis, it is important to 
acknowledge that activation of Rap1 is a signal that can halt the progression from 
autoimmunity to autoimmune disease. Similarly to other signaling molecules such 
as PTPN22 (6-8), Rap1 modulates autoimmunity by controlling the number of the 
autoreactive lymphocytes in the circulation, directly influencing the incidence and 
severity of autoimmune disease. 

Whereas the studies described in chapter 3 demonstrated that TCR signaling 
can control autoimmunity, we explored in chapter 4 a signal that enhanced T cell 
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activation and in consequence, autoimmune pathology in mice. As discussed in 
chapter 2, B lymphocytes are very efficient antigen presenting cells in many models 
of autoimmune diseases. Upon binding of native antigen and CD40L expressed by 
CD4 T cells, B lymphocytes upregulate molecules that in turn provide costimulation 
to other T cells (9). Several pairs of receptor-ligands that convey “costimulatory 
signals” between antigen presenting cells and T lymphocytes can influence the T cell 
responses in multiple ways (10,11). In chapter 4, we found that B lymphocytes with 
strong costimulatory capacity are sufficient to drive progression from autoimmunity 
to autoimmune disease. The presence of CD70+ B lymphocytes in autoimmune 2D2 
mice caused spontaneous EAE in non immunized animals (Figure 2) and increased 
the severity of EAE upon immunization with myelin oligodendrocyte glycoprotein. 
Of note, the effect of CD70+ B cells on the pathogenesis of EAE was different 
from what we expected. Our hypothesis was that CD70+ B cells would lower the 
activation threshold of self reactive T cells, converting them into effector cells that 
would produce inflammatory cytokines (12,13) that in turn cause tissue damage 
in the central nervous system (CNS). Remarkably, neither increased activation nor 

Figure 1. Brain tissue (A-C), spinal cords (D-F) and optical nerves (G-I) from non immunized 
controls (A, D, G), 2D2 (B, E, H) and 2D2xRapV12 (C, F, I) transgenic mice with similar EAE 
score were stained with Hematoxylin-Eosin to visualize the leukocyte infiltrations in EAE 
lesions. T: thalamus, H: hippocampus. Arrows indicate infiltration foci.  
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differentiation towards the effector phenotype was observed in the T lymphocytes 
of 2D2xCD70 mice. Instead, CD70+ B lymphocytes drove autoimmune disease by 
decreasing the frequency of regulatory FoxP3+ cells by an as yet uncharacterized 
mechanism. Although unanticipated, the concept of costimulation affecting 
the regulatory T cell compartment described in chapter 4 is not entirely new. 
Costimulatory signals may promote the expansion of FoxP3+ T cells (14-17), but 
also impair their regulatory capacity (18,19). As to a potential explanation for the 
detrimental effect of CD70+ B cells on FoxP3+ cells in our study, it should be noted 
that two reports have indicated that strong costimulation inhibits the conversion of 
CD4+ CD25- T cells to regulatory T cells (20,21). Despite the fact that the molecules 
studied in these reports are B7.1 and CTLA-4, this principle could also apply to 
CD70, but further research is required to confirm this. 

Of note, the CD27-CD70 axis is not the only costimulatory pair with the potential 
to trigger autoimmune pathology. Other costimulatory molecules such as B7.1/2 
and B7h, can also tip the balance towards autoimmune disease. While the B7.1/2 
costimulatory molecules have been extensively studied during the last 20 years, 
research about B7h, or ICOSL, is of more recent interest. B7h is constitutively 
expressed on B cells, macrophages and dendritic cells, and it is downregulated 
upon B cell receptor (BCR) ligation and IL-4 stimulation (22). It is the only known 
ligand for ICOS, which is upregulated on T cells after activation (23,24). In systemic 
lupus erythematosus (SLE), a prototypical B cell autoimmune disorder in humans, 
ICOS costimulation of B7h in autologus B lymphocytes significantly enhances the 
production of pathogenic anti-double stranded (ds) DNA autoantibodies (25). 
Accordingly, in the lupus model NZB/W F(1), blockade of the ICOS-B7h signaling by 
a monoclonal antibody to B7h inhibits the production of IgG autoantibodies and IgG 
deposition in the kidney. It also decreases complement deposition, hypercellularity 
and the accumulation of Th1 and Th2 cells in the glomeruli, thus delaying proteinuria 
and prolonging the survival of the animals (26). Blockade of B7h also seems to 

Figure 2. 2D2xCD70 transgenic mice (A,B) with spontaneous EAE, showing complete 
paralysis of the hind limbs
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be beneficial in collagen-induced arthritis (CIA) and type 1 diabetes mellitus (T1D) 
models (27,28). As B7h is not only expressed in B lymphocytes but also in DC and 
macrophages, a contribution of these cell types to the effects of ICOS stimulation 
cannot be formally excluded. Nevertheless, the importance of B cells as antigen 
presenting cells to T lymphocytes and the downregulation of antibody responses 
observed in all models after blockade of this ligand-receptor pair suggest B cell 
involvement in the progression to autoimmune disease driven by this pathway. 

TNF and T cell dependent antibody responses

In chapter 2, we discussed that one of the mechanisms by which B lymphocytes can 
drive autoimmune disease is the presentation of protein antigens to T lymphocytes. 
Once antigen presentation occurs, B cells undergo somatic hypermutation and 
class switch recombination (CSR) in the germinal center (GC) and differentiate into 
memory B cells or antibody producing plasma cells. The hypothesis underlying the 
work in chapters 5 and 6 was that TNF is an important factor for productive T 
cell dependent (TD) humoral responses. To confirm this hypothesis, TD antibody 
responses were studied in an allograft transplantation model in rats treated with an 
anti-rat TNF monoclonal antibody. TD humoral responses were also monitored in 
spondyloarthritis (SpA) patients treated with TNF blockade and vaccinated with a 
TD vaccine to hepatitis B. 

The fact that TNF blockade results in significantly decreased IgG antibody titers 
in both rats and humans, clearly confirmed that the production of IgG antibodies 
to TD antigens by B cells is under the control of TNF. Importantly, however, the 
results in chapter 5 indicated that the effect of TNF goes beyond IgG responses. 
Anti-protein antibodies of the IgM isotype were also reduced in the absence of 
TNF. The explanation may be the complex picture of humoral responses that has 
emerged in recent years. The traditional view used to be that T cell help allows the 
generation of high affinity IgG antibodies and that, in contrast, reactions to antigens 
in the absence of appropriate T cells help are dominated by lower affinity, multi-
valent IgM antibodies (9). In contrast to this view, we now know that the response 
of B lymphocytes to TD or T cell independent (TI) antigens is not restricted to one 
particular isotype (29-32), and that TD germinal center reactions produce IgG but 
also IgM memory B cells (33,34). 

As to the underlying immunological mechanisms, the decreased frequency of 
mutated transcripts and the difference in post-germinal center unswitched memory 
B cells observed in chapter 6 point to an altered GC reaction. However, no apparent 
effects on the size and number of germinal centers or numbers of GC CD45A+ B 
lymphocytes were observed in the allograft transplantation model in chapter 5. 
Besides the size and number of germinal centers, however, many other levels of 
regulation of the TD B cell responses exist within the GC, which may be relevant to 
the effects of TNF blockade and have not yet been fully addressed in our studies. 
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A first important aspect is that we did not observe overt defects in molecules involved 
in activation, costimulation or differentiation of B lymphocytes. However, we could 
only assess a limited set of the molecules involved in productive T-B cell interactions, 
focusing on the most important and best-studied ligand-receptor pairs. New relevant 
molecules have recently been identified and a potential defect resulting from TNF 
deprivation might be evident in any of them. The PD1/PD1L costimulatory pair has 
recently emerged as pivotal in controlling GC B cell, memory B cell and plasma cell 
survival (35). The SLAM-associated protein SAP, which binds to the cytoplasmic tails of 
SLAM family receptors such as CD84 and Ly198, is critically required for cell adhesion 
and has also emerged as a key molecule to stabilize the long B and T lymphocyte 
interactions required for optimal GC responses (36) (Figure 3). Integrins such as LFA-1 
and its ligand ICAM-1 are also required to mediate B cell immunological synapses 
in the GC and the recently identified mutation in the gene DOCK8 has been shown 
to disrupt them (37). These newly identified molecules/genes are not only important 
for B cell biology. Many of them are also required for T cells to efficiently promote 
humoral responses. PD1 derived signals control the numbers and cytokine profile of 
follicular helper T cells (Tfh) (35). Moreover, SLAM receptor ligation is required for Tfh 
cells to produce IL-4 and IL-21 (38). 

Figure 3. Important cellular interactions and molecular pairs implicated in the germinal 
center reaction (88). 
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A second important aspect to analyze in more detail is the effect of TNF and/or 
TNF deprivation on the expression or function of molecules directly involved in 
affinity maturation and class switch recombination. For example, deregulations in 
activation-induced (cytidine) deaminase (AID) expression are strongly correlated 
to autoimmunity and antibody responses. In the MLR/lpr mouse, a lower genetic 
dosage of AID correlates with lower affinity autoantibodies and impairment of class 
switch recombination, resulting in slower development of kidney damage (39). On 
the contrary, AID overexpression in the BXD2 mouse results in the production of 
pathogenic multireactive autoantibodies (40). In humans, increased AID expression 
has been reported in RA patients, correlating with serum levels of autoantibodies 
(41), while its deficiency in patients with hyper IgM syndrome, impairs CSR and 
somatic hypermutation (42). Whether AID expression and/or function is influenced 
by TNF remains currently unknown.

A third important aspect is that the generation of an optimal TD humoral immune 
response does not only require an appropriate GC reaction but also subsequent 
homing of plasmablasts to the bone marrow, the specialized niche of antibody 
production (43). Recent data have shown that TNF superfamily members such as 
BAFF and APRIL are involved in the maintenance of appropriate niches of plasma 
cells (44-46). Whether TNF itself has an effect on this aspect of the TD humoral 
immune response remains to be investigated in more detail.

Further analysis of these and other mechanisms underlying the impairment of TD 
humoral responses during TNF blockade could be performed by studying a) the 
appearance of the T and B cell clonal expansion after vaccination (chapter 6) and b) 
tracking antigen-specific B cells during a TD immune response in mice in relation to 
the effects of TNF blockers. We recently explored the use of immunization with PE 
for this purpose, as PE-specific B cells are present in the immune repertoire of mice 
and can easily be traced by flow cytometry (unpublished observations). 

Finally, our results indicate that TNF plays a crucial role in the development of 
TD humoral responses but we do not know which form of TNF (soluble versus 
transmembrane) and which receptor (TNFR1 or TNFR2) are involved in this process. 
Dissecting these molecular aspects may be facilitated by the use of specific knockout 
and transgenic animals (47). We recently obtained tmTNF mice, which overexpress 
transmembrane TNF only and can be used to address this question. 

Regulatory B cells

In this thesis, we were interested in signals that enhanced or controlled the 
progression to autoimmune disease. Hence, in the last two chapters, we focused on 
regulatory B lymphocytes, a recently characterized B cell subset which has proven 
its efficacy in controlling autoimmune-mediated inflammation (chapter 2). 

In chapter 7, our experiments with APRIL transgenic mice were originally based on the 
idea that, as discussed above, TNF family members such as APRIL may be involved in 
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pathogenic TD autoimmune responses by promoting differentiation and survival of 
autoreactive plasma cells. In sharp contrast, however, our studies demonstrated that 
APRIL could effectively downmodulate autoimmune disease in both CIA and EAE 
by at least two different mechanisms. The first mechanism is the suppression of TD 
humoral responses. In apparent contrast with previous reports indicating that APRIL 
did not affect TD B cell responses (48), APRIL suppressed anti-collagen antibody 
responses in our experiments. Further analyses have now confirmed these data 
and show that APRIL transgenic mice display a normal early phase of the TD B cell 
response (48) but that this response is much more rapidly downregulated than in wild 
type control animals. Using the previously mentioned PE reactive B cell approach, we 
also found significantly lower numbers of antigen-specific plasma cells surviving in 
the bone marrow of the APRIL transgenic animals (unpublished data). 

This first mechanism cannot completely explain the protection provided by APRIL 
overexpression as autoantibodies are not absolutely required for pathology in 
the EAE model and as APRIL overexpression also protected mice in a cutaneous 
hypersensitivity model. The second mechanism of protection in APRIL transgenic 
animals was related to the presence of an expanded CD5+ B cell compartment, 
which contains IL-10 producing regulatory B cells. Many transfer experiments in 
both CIA and EAE have previously demonstrated the regulatory potential of this 
B cell subset (49-52). To prove that this mechanism contributed to the protection 
from inflammatory disease provided by APRIL overexpression, we depleted cells of 
the peritoneal cavity, which is the major reservoir of CD5+ regulatory B cells in mice 
(53). This depletion of peritoneal cells abrogated the protection provided by APRIL 
overexpression, thereby demonstrating the relevance of this mechanism. 

An important question about the results in chapter 7 is whether the impairment of 
humoral responses is related to the induction of CD5+ regulatory B cells. This does 
not seem to be the case. IL-10 is an important regulatory cytokine, but it also has 
non-inhibitory functions. It is a well characterized autocrine factor for B lymphocytes 
and it promotes class switching and immunoglobulin production (54-56). As indicated 
before, our recent unpublished data suggest that the decreased anti-collagen 
antibody production in APRIL transgenic mice is rather due to an effect of APRIL 
on the survival of plasma cells and the persistence of the humoral response (44,46).

Regarding the effect of APRIL on B cells and their IL-10 mediated regulation of 
autoimmunity, another important question to address is which receptor on the 
regulatory B cells is responsible for the IL-10 induction by APRIL. Both APRIL and 
BAFF can bind TACI and BCMA on B lymphocytes (57,58). BAFF shows slightly 
higher affinity for TACI, and this interaction has been therapeutically targeted 
by Atacicept, a TACI-Ig protein sequestering BAFF but also APRIL, that reduces 
circulating B cells and total immunoglobulins in serum and was well tolerated in 
initial Phase I/II trials (59-62), but whose safety has been questioned because of 
serious infections in a recent trial in lupus nephritis (63) 
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APRIL has more affinity for BCMA than for TACI (64) and it can also bind heparin 
sulfate proteoglycans (65). TACI is expressed by activated, memory B cells and plasma 
cells (66). Experiments with TACI knock out mice suggest that TACI is the receptor 
responsible for the increased antibody titers to TI antigens induced by APRIL (67,68). 
TACI has also been implicated in humoral abnormalities against influenza infection 
(69). On the other hand, BCMA is a receptor restricted to GC, memory and plasma 
B cells (66) and its interaction with APRIL is implicated in plasma cell survival (45,46). 

There are not many studies about a potential role of BCMA and TACI in the 
production of IL-10. A recent paper demonstrated that BAFF, highly related to APRIL, 
induces CD1+CD5+ marginal zone B cells to produce IL-10 cells in mice by binding 
to TACI (70). We would suggest that BCMA could be the receptor implicated in 
regulatory role of APRIL. This hypothesis is based on our observation that APRIL 
levels are elevated in the synovial fluid of patients with inflammatory arthritis and 
strongly correlate with the levels of IL-10. Unpublished data in our group indicates 
that BCMA is a B cell receptor that is also elevated in patients with inflammatory 
arthritis. The exact relationship between the three molecules, BCMA, APRIL and 
IL-10, remains to be investigated (Figure 4). 

In chapter 8, we further explored whether a similar subset of CD5+ B cells with 
regulatory capacities could also be found in arthritis in patients. This hypothesis was 

Figure 4. Interactions between BAFF and APRIL with their respective receptors, showing 
their potential cellular effects (modified from (89)).
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supported by the fact that we observed a clear correlation between APRIL and IL-10 in 
inflammatory arthritis in chapter 7 and by the description of regulatory B cell subsets 
in humans by several other groups (71,72). In chapter 8, we compared a prototypical 
autoimmune disease associated with autoantibodies, rheumatoid arthritis (RA), with 
SpA as model for an autoinflammatory disease where T and B cells are not supposed 
to play a major pathogen role (73). We found a clear expansion of a CD5+ B cell 
subset with regulatory characteristics in the latter disease. Increased frequencies of 
CD19+ CD5+ B cells have been previously reported in patients with diabetes type 
1 (74,75), RA (76), and Sjögren’s syndrome (77). Interestingly, however, Mauri et al 
demonstrated in SLE that regulatory B cells are present but defective in the context of 
autoimmune inflammation (71). In SpA, we observed not only an increase of this B cell 
subset with regulatory capacities but they were also still able to produce IL-10. These 
data could suggest that abnormalities in the number and/or function of regulatory 
B cells may contribute to the progression from asymptomatic autoimmunity to 
autoimmune disease in conditions such as SLE and RA. In autoinflammatory disorders 
such as SpA, an increase of the size and/or activity of these regulatory B cells could 
be a (partially insufficient) feedback mechanism aimed to control the inflammation. 
This hypothesis would fit with the observations that B cell depletion by rituximab can 
trigger fulminant inflammation of the gut, an organ in which regulatory B cell play a 
crucial role to maintain immune homeostasis (78-80).

A major question raised by chapter 7 and 8 is whether APRIL drives human 
regulatory B cell subsets. To address this question, we have started to generate a 
large number of human B cell clones by using the novel technology developed by 
Spits and colleagues (81) and to assess their ability to produce IL-10. This will allow 
us to identify the cellular and molecular characteristics of IL-10 producing human B 
cells and to functionally study the effect of APRIL on this specific B cell population. 

CONCLUSIONS AND FUTURE DIRECTIONS
The main objective of this thesis was to explore how B lymphocytes can drive the 
progression from autoimmunity to autoimmune disease as this would allow to 
identify novel targets for early therapeutic intervention in very early or pre-clinical 
autoimmune disease. Our results identified several mechanisms by which B cells can 
influence the onset of overt autoimmune inflammation.

Our work with the 2D2 mouse showed that strong costimulation to self reactive T 
lymphocytes by B cells can modulate the regulatory T cell compartment, driving 
autoimmune disease. This observation, together with ample previous evidence 
about the importance of CD27-CD70 interactions in immunopathology (82), 
argues for the exploration of the CD27-CD70 axis as potential drug target. Hence, 
anti-CD70 antibodies under development for hematopoietic malignancies (83,84) 
could eventually be used in autoimmune disease as well. Also other costimulatory 
pathways, including CD40-CD40L (85), that are currently explored for treatment 
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of full-blown autoimmune disease, could be of major interest to prevent the 
progression from autoimmunity to autoimmune disease. 

Our work on the role of TNF in allograft immunity and vaccination responses 
confirmed that this cytokine is required for the induction of primary TD antibody 
responses, probably by contributing to productive GC reactions. As this effect seems 
limited to primary responses and most probably does not affect recall responses, 
TNF blockade may not impact existing autoimmunity but may however contribute 
to halt epitope spreading, which is an important process in the progression of 
autoimmunity to autoimmune disease. Most interestingly, this strategy may be used 
in situations where we know exactly when the pathogenic TD humoral response is 
induced, such as in transplantation.

Our studies with the APRIL transgenic mouse suggested that APRIL can halt the 
progression to autoimmune disease, by promoting the expansion of CD5+, IL-10 
producing B cells lymphocytes. The increased production of IL-10 by human 
PBMCs in the presence of APRIL, and the correlation between APRIL and IL-10 
in the synovial compartment of patients with inflammatory arthritis, suggest a 
possible role of this mechanism in human autoimmune disease as well. Restoring 
or enhancing regulatory mechanisms, either on its own or in combination with 
targeting pathogenic autoimmune responses, is a very attractive strategy to prevent 
the onset or progression of autoimmune disease.

Among these B cell related mechanisms, our group we will continue to study the 
progression of autoimmunity to autoimmune disease by focusing on autoreactive B 
lymphocytes and regulatory B cells. 

In the field of autoimmunity, there is a clear need for an efficient tool to track and 
target autoreactive B lymphocytes. In animal models, self reactive B lymphocytes 
can be studied by using BCR transgenic mice or by expanding them by immunization 
with relevant autoantigens. In autoimmune individuals, however, the pathogenic 
autoantigens are often poorly defined. Molecular tools to sequence T and B cell 
receptors have been recently developed (86,87) and could be applied to the identify 
highly expanded clones in human samples. Nevertheless, it remains challenging to 
prove that these clones are autoreactive. 

In our group, we recently succeeded in isolating and cloning autoreactive B cells 
using a novel technology developed by Spits and co-workers (81). Now, for the first 
time, we will be able to study the molecular profile and functions of these cells in 
comparison with alloreactive B cells reacting to, for example, tetanus toxoid. We will 
be able to determine whether they are of germline origin or derived from somatic 
hypermutation, and whether they can present antigen and polarize T cells. We 
will investigate in detail their cytokine production capabilities, molecular profiles, 
differentiation requirements and pathogenic potential. Detailed characterization of 
these clones may help to develop strategies to specifically target autoimmune B 
cells rather large, non-specific B cell populations.
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In parallel, we will use this technology (81) to better define the regulatory B cell 
subset in humans. We have identified and cloned high IL-10 producing B cells from 
the peripheral blood of healthy individuals, and we are now using these clones to 
confirm their phenotype, molecular profile and response to cytokines such as APRIL, 
with the objective of proposing a therapeutic approach to expand or activate this 
regulatory population in vivo. 
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