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Abstract 

The development of type 1 diabetes (T1D), an autoimmune disease affecting the pancreas in 

susceptible individuals, is controlled by a variety of environmental and genetic factors. While the 

pathogenesis of T1D has been studied for more than 100 years, the cellular events leading to 

pancreatic beta cell loss are incompletely understood. Two principal actors in the autoimmune 

responses promoting diabetes are T and B lymphocytes, both of which are necessary for diabetes 

development in NOD mice, a mouse model of T1D. While the importance of both cell subsets has 

been clearly established, the consequences of their interplay on diabetes development are not fully 

understood. Therefore, we evaluated the contribution of T and B lymphocyte crosstalk in the 

context of autoimmune diabetes. With this project, we identified a locus on chromosome 9 of the 

mouse (the Idd2 locus) containing genetic variants that promote T and B cell interactions, by 

influencing the level of MHC expression on immune cells. Genes in this locus are highly 

implicated in diabetes susceptibility, as modification of this locus on the NOD background greatly 

reduce diabetes onset. We also show that Pou2af1, a candidate gene is the Idd2 locus, promotes 

the differentiation of Tfh by participating in the crosstalk between T and B cells. Lastly, we 

uncover a novel role for AID expression in thymic B cells in supporting their participation in the 

selection of thymocytes and the control of autoimmunity. Together, these data highlight the multi-

faceted consequences of the crosstalk between T and B cells in the context of autoimmune diabetes. 
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Résumé 

Le développement du diabète de type 1 (DT1), une maladie auto-immune affectant le pancréas 

chez les individus à risque, est contrôlé par divers facteurs génétiques et environnementaux. Bien 

que la pathogénèse de cette maladie soit étudiée depuis plus de 100 ans, les mécanismes cellulaires 

menant à la perte des cellules betas du pancréas ne sont pas complètement compris. Les deux 

acteurs principaux participant aux réactions auto-immunes qui causent le DT1 sont les 

lymphocytes T et B, deux types cellulaires nécessaires au développement de la maladie chez la 

souris NOD, un modèle murin de DT1. Bien que l’importance des cellules T et B dans le 

développement du DT1 soit établie, les conséquences des interactions entre ces cellules ne sont 

pas totalement connues. Conséquemment, notre but était de caractériser les interactions entre les 

cellules B et T dans le développement du diabète auto-immun. Grâce à ce projet, nous avons 

identifié un locus sur le chromosome 9 de la souris (le locus Idd2) comportant des variants 

génétiques qui favorisent les interactions entre cellules B et T, via la modulation de molécules du 

CMH. La modification de ce locus chez la souris NOD réduit fortement le développement du 

diabète, confirmant que des gènes de ce locus sont impliqués dans la susceptibilité au diabète auto-

immun. Nous avons aussi montré que le gène Pou2af1, un gène candidat du locus Idd2, favorise 

le développement des cellules T folliculaires en modulant les interactions entre les cellules B et T. 

Pour terminer, nous avons identifié un nouveau rôle pour l’expression de AID dans les cellules B 

thymiques, permettant à ces cellules de participer à la sélection des thymocytes et au contrôle de 

l’auto-immunité. Ensemble, ces résultats soulignent les conséquences diverses qui surviennent 

suite aux interactions entre les cellules B et T dans le contexte du diabète auto-immun. 
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Contribution to original knowledge 

The work presented in this thesis significantly contributes to the advancement of 

knowledge by tackling original questions related to the biology of germinal center (GC) and 

extrafollicular immune responses. GCs are dynamic cellular structures composed mainly of T and 

B lymphocytes that play critical roles in the humoral response. While extensively studied, the 

crosstalk between T and B cells in GCs and extrafollicular responses are not completely 

understood. 

 

Using an unbiased approach in Chapter 2, we reveal that genetic variants linked to 

autoimmune diabetes susceptibility in mice contribute to GC formation. In Chapters 3 and 4, we 

investigate the non-conventional roles of genes previously identified as key determinants of the 

GC response, namely Pou2af1 and Aicda. In Chapter 3, we demonstrate that Pou2af1 plays 

significant cell-intrinsic roles in GC B cell differentiation, but only indirectly affects T cells. In 

Chapter 4, we explore the impact of Aicda expression by thymic B cells and reveal its role in the 

induction of thymocyte negative selection, an important process in the control of immune 

tolerance. 

 

In the published manuscript-based Chapter 2, we demonstrate that genetic variants inside 

the Idd2 locus: 

 

1. Drastically determine autoimmune diabetes susceptibility in mice 

2. Impact the formation of spontaneous and induced germinal centers 

3. Modulate MHC I expression on most immune cells and MHC II expression on B cells  
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In the published manuscript-based Chapter 3, we resolve a long-lasting controversy 

regarding the impact of Pou2af1/OCA-B expression in T cell biology. We demonstrate that: 

 

1. While Pou2af1 is induced in T cell following activation, Pou2af1 expression in T cells does 

not impact T cell differentiation or function 

2. Deletion of Pou2af1 in T cells does not significantly impact the T cell transcriptome 

3. Expression of Pou2af1 in B cells indirectly promotes maturation of preTfh into mature Tfh 

 

 

In the manuscript-based Chapter 4, in preparation for submission, we demonstrate that 

AID expression by thymic B cells: 

 

1. Promotes interactions between thymic B cells and CD4SP thymocytes  

2. Promotes negative selection of self-reactive CD4SP thymocytes 

3. Limits T cell-mediated inflammation and autoimmune diabetes development 
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Chapter 1: 

Literature review 

 

The immune system is composed of a wide array of immune cells that protect from 

infection and cancer. Cells of the innate immune system, such as neutrophiles and macrophages, 

provide rapid protection against invading microbes, while cells of the adaptive immune system, 

such as T and B lymphocytes, provide specialized protection against a variety of pathogens and 

transformed cells. This thesis will focus on the adaptive immune responses, as breach of tolerance 

from T and B cells lead to autoimmunity and, in some individuals, development of autoimmune 

diseases. Specifically, we will touch on different aspects of the crosstalk between T and B cells, 

with a particular interest on germinal center (GC) reactions. GCs are complex cellular structures 

composed mostly of B and T cells. The biology of GCs is discussed in chapters 1.4 and 1.10. 

Before addressing the complexity of T and B cell crosstalk, let’s start by examining the 

development of those lymphocyte populations. 

 

1.1 Thymic development of T cells 

T lymphocytes are part of the adaptive immune system, in which they play critical roles as 

helper (CD4+) and cytotoxic (CD8+) T cells. T cell lineage specification takes place in the thymus, 

via signals present in the thymic environment (1). After entry at the cortico-medullary junction 

(2), early T cell precursors follow the CXCL12 gradient that lead them into the cortex, where they 

begin their differentiation process (2). In addition to developing immature T cells, called 

thymocytes, the thymic cortex is mainly composed of cortical epithelial cells (cTECs), 

macrophages and fibroblasts. Cells defining the earliest stages of thymocyte differentiation lack 
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expression of both CD4 and CD8; following productive TCR b rearrangement, they differentiate 

into CD4+CD8+ (DP) thymocytes. At the DP stage, thymocytes start expressing a functional 

abTCR (3). TCR expression allows recognition of peptide-MHC (pMHC) complexes present on 

the surface of cTECs and macrophages. Recognition of such complexes have different outcomes, 

depending on the strength and duration of the TCR-pMHC interaction. Low affinity interactions 

(or absence of interaction) lead to death by neglect, while medium and high affinity interactions 

lead to conventional and unconventional T cell differentiation, respectively (4, 5), via processes 

called positive and agonist selection. In addition, negative selection to ubiquitous antigens also 

takes place in the cortex, resulting in the elimination of some self-reactive DP thymocytes by 

induction of cellular apoptosis (6). 

 

  Following positive selection, DP thymocytes migrate to the thymic medulla, where they 

differentiate into CD4SP or CD8SP thymocytes. The cellular composition of the medulla varies 

from the cortex, with an increase in the density of DCs and B cells, as well as the presence of 

specialized epithelial cells (mTECs) (7, 8).  At this stage, self-reactive semi-mature thymocytes 

are still susceptible to apoptosis (9). Depending on the signals they receive from medullary antigen 

presenting cells (APCs), thymocytes can survive or be eliminated by negative selection. If they 

continue to receive tonic TCR signals, thymocytes continue their maturation and become resistant 

to apoptosis (9). At this stage, the most mature thymocytes exit the thymus and reach the periphery, 

where they confer protective immunity (10). 
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1.2 Central T cell tolerance 

 

 The T cell repertoire has evolved to allow the generation of considerably diverse TCR 

sequences (1 x 1015) (11). This enormous diversity enables the recognition of an almost infinite 

number of antigens. Microbial pathogens and transformed cells express antigens that can be 

recognized by TCRs, enabling anti-microbial and anti-tumoral immune responses. 

 

It is, however, not infrequent that the random generation of a TCR results in recognition of 

self-antigens. Recognition of self-antigens by mature T cells can lead to immune responses against 

healthy cells and tissues, and at times, can promote the development of autoimmune diseases. To 

prevent autoimmunity, there are mechanisms that limit the generation of self-reactive T cells. 

Indeed, impaired elimination of autoreactive thymocytes has been documented in multiple mouse 

models of autoimmunity as well as patients suffering from autoimmune diseases (12-15). As 

mentioned above, the primary mechanism allowing the elimination of autoreactive thymocytes is 

called negative selection (or clonal deletion) and takes place directly during thymocyte 

differentiation.  

 

While death by neglect is a passive form of cell death, caused by absent or insufficient TCR 

signaling, negative selection is an active process. It was initially estimated, using various MHC-/- 

chimeras, that 90% of all developing thymocytes die by neglect, while 5% are clonally deleted, 

leaving only 5% of remaining thymocytes to fully complete their thymic maturation (16). 

However, this estimation has been recently challenged, where most death were reported to be due 

to negative selection rather than death by neglect (6). Indeed, using BIM-/- and NUR77GFP mice, it 
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was estimated that the majority (75%) of negatively selected cells die at the DP stage in the cortex, 

with the remaining 25% being deleted at the SP stage in the medulla (6). Thymic selection 

therefore enables, in two distinct steps, the generation of a T cell repertoire composed of cells 

expressing functional TCRs, while limiting the presence of highly self-reactive T cells. 

 

A hypothesis for the importance of affinity of the TCR for pMHC complexes in 

determining thymocyte selection outcome (death or survival) lies in the duration of the interactions 

between the thymocyte and the APC. While low affinity ligands result in short interactions, leading 

to only early TCR signals, ligands with stronger affinity allow longer interactions and induce both 

early and late TCR signals, inducing thymocyte death (17-19). At the molecular level, few 

differences have been identified between signaling inducing positive and negative selection. Those 

include MAP kinase signaling (specifically necessary for positive selection (20)) and the nuclear 

receptor NUR77 (necessary for negative but not positive selection (21)).  

 

Still, TCR engagement by itself is not sufficient to induce negative selection (22). Indeed, 

a second signal is necessary for the induction of thymocyte apoptosis during negative selection. In 

combination with TCR signaling, engagement of multiple surface receptors has been demonstrated 

to promote negative selection (17, 23, 24). Of those, CD28-CD80/CD86 interactions have been 

the most studied. Expression of CD80 and CD86 on thymic APCs promotes clonal deletion of 

autoreactive CD4SP thymocytes, thereby limiting the development of T cell-mediated 

autoimmune diseases (25). Furthermore, expression of CD80 and CD86 promote the generation of 

thymic Tregs through a distinct molecular mechanism (25), which are important mediators of T 

cell tolerance in the periphery (26). While cTECs do not express the co-stimulatory molecules 
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necessary to induce negative selection (CD80/CD86), cortical macrophages and the rare cortical 

dendritic cells (DCs) can induce negative selection of a high number of thymocytes in the cortex 

(6, 27).  In the thymic medulla, mTECs and DCs are the most abundant APCs. An important 

characteristic of mTECs is their ability to express tissue-restricted antigens (TRAs) (28). 

Expression of proteins normally only expressed in specific tissues, such as insulin, enables mTECs 

to induce deletion of potentially autoreactive thymocytes that could drive tissue-specific 

autoimmune responses in the periphery. Two main transcription factors have been identified as 

master regulators of TRAs expression in mTECs: Aire and FEZF2. It was however estimated that 

only 60% of all TRA genes are regulated by either AIRE, FEZF2 or a combination of both (29), 

suggesting that at least one other transcription factor is implicated in TRA expression in mTECs. 

Interestingly, it was reported that, in addition to mTECs, thymic B cells represent an important 

population of AIRE-expressing APCs (30). The role of thymic B cells in negative selection of 

thymocytes is further discussed in chapter 1.5. 
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Figure 1: Schematic representation of the thymus and the cellular populations present in this 
organ. On the right, precursors enter the thymus at the cortico-medullary junction. Thymocytes 
then undergo a series of guided steps by interacting with various cellular and molecular 
components in the thymus. This ultimately leads to the production of functional T cells, where 
most potentially autoreactive T cells have been purged from the repertoire.Source: Adapted from 
(31). 
 

1.3 B cell development 

1.3.1 B cell development after birth 
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B cells originate from common lymphoid progenitors present in the bone marrow, which 

can give rise to T and B lymphocytes, DCs, Natural Killer (NK) cells and innate lymphoid cells 

(32-34). The first committed stage in the B cell lineage, characterized by the expression of the 

surface marker B220/CD45R, is the pre-pro-B cells (35). Similar to T cell precursors in the thymus, 

developing B cells displaying self-reactivity are eliminated in the bone marrow. This selection 

process takes place at the immature B cell stage, when IgM is first expressed at the cell surface, 

through the combination of the heavy and light chain of the BCR (36). Immature B cells bearing 

BCRs that strongly react to antigens present in the bone marrow are estimated to represent 50-75% 

of all immature B cells in mice and humans (37). This number drops to 20-40% in the transitional 

and naïve B cell populations (37), demonstrating that clonal deletion at the immature stage is 

responsible for the elimination of around 50% of self-reactive B cells. Cells that survive this 

selection process then migrate from the bone marrow to the spleen, through sphingosine-1-

phosphate (S1P)–mediated chemoattraction (38). In the spleen, immature B cells complete their 

differentiation into follicular or marginal zone B cells. B cells are also able to recirculate to the 

thymus via the bloodstream. The origin and phenotype of thymic B cells are further discussed in 

section 1.3.4. 
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Figure 2. Schematic representation of the developmental stages of B cells in the bone marrow 
and fetal liver. At the pro-B cells stage, cells start expressing the B cell specific marker CD19, as 
well as RAG-1/2 and TDT, for the recombination of their B cell receptor (BCR) (36). At this stage, 
pro-B cells rearrange the heavy chain of their BCR (36). Association of the newly generate heavy 
chain with the surrogate light chain (identical in all B cells), leads to their differentiation into large 
pre-B cells. RAG expression is halted in large pre-B cells, which proliferate massively, giving rise 
to B cells clones with the same heavy chains of the BCR (36). After proliferation, pre-B cells (now 
referred to as small pre-B cells) regain RAG expression and complete the rearrangement of their 
BCR through the V-J joining of the light chain (36). Source: Adapted from 
https://www.immunology.org/public-information/bitesized-immunology/cells/b-cells 
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1.3.2 Transcription factors:  

As for other cell types, B cell development is tightly regulated through the expression and 

repression of several transcription factors. The transcription factor PAX5 is first expressed at the 

pro B cell stage and its expression is maintained throughout the B cell life, until plasma cell 

differentiation (39). PAX5 is regarded as the master regulator of B cell development as its 

expression in pro B cells drives B cell lineage commitment. Indeed, in absence of PAX5, 

differentiation of pro B cells is arrested and these cells can differentiate in other hematopoietic 

lineages, such as NK cells, granulocytes and DCs (40). PAX5 exerts multiple roles during B cell 

differentiation, such as the promotion of the V-DJ recombination events, the expression of B-cell 

specific genes and the repression of genes associated with other hematopoietic cell types (39). 

Interestingly, PAX5 expression is downregulated in plasma cells, allowing expression of PAX5-

repressed genes, such as Blimp-1, Xbp1, and Jh, which all have important roles in plasma cells 

(39).  

 

In addition to PAX5, many other transcription factors contribute to B cell differentiation. 

For example, E2a, encoding for E12 and E47, is necessary for the differentiation of pro-B cells 

into pre-B cell, such that E2a-/- mice lack almost all mature B cells (41). Similarly, Ebf-/- mice lack 

mature B cells because of the requirement of EBF (Early B cell factor) for the recombination of 

the heavy chain at the pro-B cell stage (42). In addition, the transcription factors PU.1 and IRF8 

are important during the later stages of B cell differentiation, notably for the development and 

survival of follicular and germinal center B cells (43). OCA-B (also known as BOB.1 or OBF-1) 

is another important protein involved in the transcriptional regulation of B cell development. OCA-

B is encoded by the Pou2af1 gene and is a transcriptional co-activator highly expressed in B cells 



 24 

(44, 45). OCA-B binds to the transcription factors OCT-1 and OCT-2 and activate the transcription 

of target genes (44). OCA-B is expressed in B cell precursors and mature B cells, although its 

expression varies between the different stages and with the activation status of the cell (46). In 

Pou2af1-/- mice, mature B cell numbers are severely reduced, possibly due to a reduction of Bcl2 

expression, resulting in an increase in apoptosis of B cell precursors (46). OCA-B deficiency also 

impairs BCR signaling, leading to reduced calcium mobilization (46), a crucial factor during B 

cell selection in the bone marrow. Therefore, OCA-B might promote B cell development by 

allowing optimal BCR signaling in B cell precursors, leading to efficient B cell selection and 

maturation. OCA-B also promotes the differentiation and migration of transitional B cells to the 

spleen (46, 47), thereby participating in the last stage of B cell maturation. Interestingly, OCA-B 

deficiency seems to impair the development of follicular B cells more significantly than marginal 

zone B cells or B-1 B cells, suggesting a subset-dependent requirement for OCA-B during 

development (46). The other roles of OCA-B in B cell biology are further discussed in chapter 1.4 

and 4. 

 

1.3.3 Fetal development of B cells 

As opposed to B cell development after birth, which takes place in the bone marrow, B cell 

development in the fetus takes place in the liver. B cell-restricted precursors have been isolated in 

the mouse fetal liver  at day 11 post conception (48), and week 7 in humans (49) . Similar to B cell 

differentiation in the bone marrow, these fetal liver precursors are dependent on Pax5 and EBF for 

their differentiation (48). The main difference between fetal and bone marrow B cell development 

is the phenotype and function of the B cell subsets they generate. While fetal liver precursors 

mainly give rise to B1-B cells, bone marrow precursors are responsible for the development of B2-
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B cells (50). In contrast to the main B2-B cell subset, B1-B cells are characterized by the 

expression of CD5 (specifically B1a-B cells), exhibit innate immune cell traits and display high 

levels of BCR cross-reactivity and self-reactivity (51). Of interest, thymic B cells do not accurately 

fit the criteria for either of these B cell subsets. 

 

1.3.4 Thymic B cell development 

In contrast to peripheral B cells, the origin of thymic B cells is still poorly understood. 

Thymic B cells represent a small population of B cells in the thymus of mice and humans. They 

appear in the mouse thymus after birth and accumulate with age, accounting for approximately 

0.1-1% of total thymocytes in adult mice (data in chapter 4). Current hypotheses suggest that 

thymic B cells can either arise from migration from the periphery or from in situ differentiation. 

There is some experimental evidence supporting that mature circulating B cells can populate the 

thymus. Indeed, intravenous injections of large numbers of tagged B cells showed that mature B 

cell can migrate via the blood and seed the thymus (30). More convincingly, parabiosis 

experiments have shown that some thymic B cells arise from the circulation, although to lower 

levels than splenic B cells (8). Still, whether this is due to the migration of mature B cells or of 

cellular precursors that seed the thymus and generate B cells in situ is unclear. Alternatively, 

multiple groups have identified B cell precursors directly in the thymus, corresponding to pro and 

pre-B cells (8, 52). In addition, these B cell precursors show active intra-thymic BCR 

rearrangement (8), strongly supporting the notion of intra-thymic B cell development. While 

thymic B cells express the B1a-B cell marker CD5, they lack the expression of other B1a-B cell 

markers (CD43 and CD11b), which challenges their classification in the classical B1 and B2-B 

cell groups. In addition, thymic B cells display a unique surface phenotype, with increased 
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expression of MHCII, CD80 and CD86, compared to peripheral B cells (8). The unique function 

of thymic B cell will be discussed in chapter 4. 

 

 

1.4 Crosstalk between T cells and B cells in secondary lymphoid organs  

 

T cells and B cells both play unique roles in the immune system. Still, crosstalk between 

these two distinct cell types is crucial for the optimal execution of immune responses.  

 

1.4.1 Antigen presentation 

Similar to DCs and macrophages, B cells are considered professional APCs, with 

constitutive expression of MHC II molecules. Still, several differences exist between B cells and 

other professional APCs. One major difference between B cells and DCs/macrophages is the 

absence of expression of co-stimulatory molecules at steady state, with the exception of CD40. 

Indeed, while mature DCs and macrophages express CD80 and CD86 at steady state, naïve B cells 

do not (53). However, activation of B cells through binding of the BCR, CD40 or Toll-like 

receptors (TLR) induces CD80 and CD86 expression (54-56). Therefore, once activated, B cells 

possess all the necessary molecules (MHC I/II, CD40, CD80, CD86) to efficiently activate naïve 

T cells. Another significant difference between B cells and other professional APC types lies in 

the method of antigen capture. Compared to DCs and macrophages, which acquire antigens 

through efficient phagocytosis, B cells are not considered professional phagocytes. However, B 

cells take advantage of their BCR to efficiently capture antigens (57). High affinity BCRs enable 

the capture of antigens present at very low concentration, either soluble in the environment or at 
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the surface of other cells (57-59). Binding of antigens to the BCR induces a signaling cascade that 

leads to the activation of the B cells. This signaling cascade induces the expression of several genes 

implicated in BCR internalization and antigen processing (57), therefore initiating the process of 

antigen presentation.   

 

In secondary lymphoid organs such as lymph nodes (LNs) and the spleen, B cells and T 

cells are clustered in different locations. B cell aggregates, termed follicles, are located under the 

LN capsule or adjacent to the marginal zone of the spleen (60). In the follicles, follicular B cells 

are the most abundant cell type, followed by follicular dendritic cells (FDCs) (60); the latter are 

cells of mesenchymal origin that support B cell functions (further discussed in section 1.4.2). In 

the lymph nodes, T cells are distributed in the paracortex adjacent to the follicles, also known as 

the T cell zone (60). In the context of immunization, B cells can capture antigen in less than 8 

hours (61) and migrate to the T-B cell border of lymph nodes in less than 24h to present antigens 

to T cells (60), establishing B cells as important APCs in the initiation of adaptive responses. 
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Figure 3: Anatomy of lymphoid organs and cellular organization. A) Schematic representation 
of lymph nodes. B) Schematic representation of the white pulp of the spleen. C) Snapshot of a 
video generated using multiphoton microscopy on a lymph node. Red elements represent 
seminaphtho-rhodafluor-labelled B cells within follicles and green elements represent CFSE-
labelled T cells in the paracortex. Source: Adapted from (60) 
 

As mentioned, B cells are located within the follicles of the lymph nodes and spleen. 

Various groups have investigated how different types and size of antigens can reach B cells within 

these follicles. For small soluble antigens, it is believed that those can reach B cell follicles by 
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diffusing through afferent lymph vessels (60). Access of larger antigens to follicular B cells, 

however, require other mechanisms. One of the proposed mechanisms involve specialized 

macrophages that reside in the subcapsular sinus of LNs or marginal zone of the spleen. These 

macrophages can bind antigens from the subcapsular sinus and retain them in their original form 

at the cellular surface for long periods of time (60, 62). Those specialized macrophages can present 

larger antigens at neighboring follicular B cells, initiating antigen-specific B cell activation. 

Dendritic cells present around high endothelial venules (HEVs) of LNs are also suggested to 

present antigens to B cells. As circulating B cells enter lymph nodes through HEVs, presentation 

of antigens from DCs to B cells has been investigated (60). Interestingly, it was demonstrated that 

these DCs can internalized antigens and recycle them to the cell surface in their intact form, 

allowing recognition by B cells (60, 63). Antigen recognition on the surface of DCs could induce 

extrafollicular plasma cell differentiation or B cell migration to the follicle to initiate germinal 

centers. In addition to macrophages and DCs, FDCs represent an important source of antigens for 

B cells. FDCs express high levels of FC receptors and complement receptors, enabling them to 

bind immune complexes and antigens coated with complement fragments (60, 64). FDCs are 

abundant in the B cell follicles (65) and are a crucial source of antigens in germinal center reactions 

(discussed in the section below).  

 

In addition to antigen capture methods, antigen processing differs between APC types. 

Indeed, when incubated with to the same protein, the peptidome presented by B cells and 

macrophages differed quantitatively but also qualitatively (66), demonstrating that differences in 

antigen processing between different APC types lead to presentation of different peptides. 

Interestingly, binding of antigens by immunoglobulins can enhance or inhibit presentation of 
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specific peptides to T cells (67). Other elements, such as cell type-specific protease also impact 

the antigen processing and presentation to T cells (68). Together, these different characteristics 

establish B cells as unique APCs that have important roles in supporting T cell-mediated responses.  

 

1.4.2 Germinal centers  

In addition to signal induction in T cells, antigen presentation from B cells to T cells also 

have significant impacts on the B cells. A great example of this important crosstalk between T 

and B cells takes place in GCs and will be detailed below. First, we will briefly overview GC 

structures and dynamics. 

 

GCs are complex and dynamic cellular structures that form in lymphoid organs. Around 

six days after immunization in mice, aggregates of proliferating B cells appear in the B cell 

follicles of spleen or LNs (69). Those structures rapidly increase in size and peak at around 7-14 

days after initial antigen challenge (70, 71). GCs are the primary site of BCR affinity maturation, 

which is mediated by the Activation-induced cytidine deaminase (AID) enzyme. The detailed 

role of AID is further discussed below.  
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Figure 4: Germinal center anatomy. Cellular composition of a GC, captured by fluorescence 

microscopy. GC B cells (green) are present in the DZ and LZ of the GC. FDCs (red) are present 

exclusively in the LZ of the GC. Surrounding the GC, naïve B cells (blue) form a B cell follicle. 

Source: Adapted from (69). 

 

Mature GCs can be divided in two distinct zones, the dark and light zones. The dark zone 

(DZ) is almost uniquely composed of rapidly proliferating B cells (69). In contrast, the light zone 

(LZ) is composed of various cell types, such as B cells, follicular helper T cells (Tfh) and FDCs 

(see figure 4) (69).  The light zone also contains CD8+ T cells, conventional DCs and tingible-

body macrophages, but in a lesser abundance (69). GC B cells are activated B cells, and can be 

distinguished from naïve B cells by their expression of Fas (CD95) and n-glycolylneuraminic acid 

(the ligand of the GL-7 antibody), as well as their binding to peanut agglutinin and loss of 

expression of IgD BCR (69). Another marker frequently used to identify GC B cells is the 

transcription factor BCL6. BCL6 is highly expressed in GC B cells and is considered the master 

regulator of GCs. Mice lacking BCL6 are incapable of mounting a GC response, leading to an 
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absence of high affinity antibodies (72). BCL6 play multiple roles in GC B cells, some of which 

are still under investigation. BCL6 modulates the expression of mediators of BCR signaling and 

CD40 signaling, which have central roles in B cell activation (69). BCL6 also repress the 

expression of the transcription factor Blimp-1, the master regulator of plasma cell differentiation 

(69). This repression limits the differentiation of GC B cells into antibody secreting plasma cells. 

In addition to BLIMP-1, BCL6 represses P53 (69), allowing GC B cells to tolerate DNA damage 

mediated by AID without undergoing apoptosis. Lastly, BCL6 silences the anti-apoptotic molecule 

BCL-2 in order to keep GC B cells in a pro-apoptotic state, which is important for the process of 

affinity-based selection discussed below (69). Interestingly, BCL6 is not restricted to B cells in 

GCs. Indeed, Tfh also express BCL6. Through repression of various genes, BCL6 repress the 

differentiation of CD4+ T cells into non-Tfh susbets (Th1, Th2, Th17) (73). Through repression of 

Id2, BCL6 also promotes expression of CXCR5 (73), a chemokine receptor that is crucial for 

migration of T cells to the T-B border and into germinal centers. BCL6 is therefore the master 

regulator of GCs, for its expression in both B cells and T cells.  

 

As a transcriptional co-activator, OCA-B is also crucial for differentiation of B cells into 

GC B cells (74). While the mechanisms of action of the OCA-B/OCT1/2 complexes are not fully 

understood, a recent report demonstrated that a complex composed of OCA-B, OCT2 and MEF2B 

indirectly regulate the promoter of BCL6 (75). This observation may explain why OCA-B-

deficient B cells are incapable of differentiating into GC B cells. Expression of OCA-B in CD4+ 

T cells has also been reported to promote Tfh differentiation through the induction of BCL6 (76). 

The role of OCA-B in T cells in further discussed in chapter 3. 

Crosstalk between T and B cells is required for GC formation 
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GCs are initiated at the T-B border. After priming of CD4+ T cells by DCs in the T cell 

zone, via production of IL-6 and IL-21, CD4+ T cells begin their differentiation into Tfh cells (77-

79). At this point considered immature or early Tfh, T cells express low levels of BCL6 and 

CXCR5, initiating their migration to the B cell follicle (77). At the border of the follicle, early Tfh 

interact with antigen-specific B cells that are presenting antigens on MHC II. Interaction mediated 

by the co-stimulatory molecule ICOS (on T cells) and its ligand ICOSL (on B cells) lead to further 

differentiation of early Tfh into mature Tfh and the migration of the Tfh and the activated B cell 

further into the B cell follicle, where they initiate a GC (77, 80).  

In the dark zone, GC B cells (termed centroblasts) divide extremely rapidly (cell cycle 

estimated between 6-12h (81)) and acquire mutations at every division. This process, termed 

somatic hyper mutation (SHM), is mediated by AID. Highly expressed in centroblasts (82), AID 

initiates two important processes in B cells: class-switching (CS) and SHM. AID initiate both of 

these processes by directly modifying the DNA, converting cytidine (C) to uracil (U) in 

immunoglobulin genes, either in variable regions for SHM or in Switch (S) regions for CS (83). 

In the case of SMH, the resulting U-G mismatch can have multiple fates, leading to DNA 

mutations. If the mismatch is not repaired before DNA replication, the polymerase will insert an 

adenosine (A) opposing the U, resulting in G > A / C > T mutation (83). Another pathway is the 

removal of the U by the uracil-DNA glycosylase (UNG) enzyme, creating a site lacking a 

nucleotide (abasic site). During replication of the DNA, this abasic site is subjected to error-prone 

repair, leading to a possible C > T/G/A mutation (83). In addition, U-G mismatch also recruits the 

mismatch repair machinery (MMR), a complex of proteins that create mutations at A-T sites near 

the U-G mismatch (83). Mutations generated by AID and its downstream cofactors are restricted 

to the V regions of the immunoglobulin genes. Mutations are almost entirely detected in a 1-2 Kb 
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region, starting approximately 150bp downstream of the V gene promoters and stopping before 

the constant region (83). The explanation for the restriction of mutations in this particular region 

is still unknown, but it is hypothesized that unknown mutator elements (possibly Ty or Spt5) are 

coupled to the RNA polymerase and guide AID specifically to transcribed regions (84, 85). 

Random or guided dissociation of these factors during transcription may explain why mutation 

rates are higher close to the promoter (the initiation site of SHM) and gradually decrease with 

distance from the promoter (83). High expression of AID in rapidly dividing centroblasts results 

in efficient hypermutation of the BCR. Indeed, it is estimated that the mutation rate in centroblasts 

is 10-3 per base pair per generation (86), 106 fold higher than the normal rate of random somatic 

mutations (69).  

 

As mutations are random, SHM alone is not sufficient to promote affinity maturation. 

Affinity-based selection of B cells is the primary function of GCs. GC B cells are in a constant 

state of pre-apoptosis; they express high levels of the death receptor Fas and lose expression of the 

anti-apoptotic molecule BCL-2 (69). Whereas B cell clones with high affinity for antigens survive, 

clones with lower affinity die by apoptosis (69). While proliferation and SHM takes place mostly 

in the dark zone, selection of high affinity clones takes place in the light zone (69).  

 

In the light zone, B cells interact with two main cell types, FDCs and Tfh. In GCs, FDCs 

act as a depot of antigens for B cells. As mentioned above, FDCs bind antigens coated with 

complement fragments or immune complexes. These antigens are “presented” to GC B cells in the 

light zone. It is believed that competition between GC B cells for antigen access importantly 

contributes to the selection process. While high affinity B cells are able to capture the antigens via 
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their high affinity BCR, lower affinity B cell are left without antigens, leading to an absence of 

BCR signaling, therefore triggering apoptosis (69). Another factor contributing to B cell selection 

in the light zone is the access to Tfh signals. After binding antigens on FDCs, B cells internalize 

these antigens through their BCR, process them and present the resulting peptides to Tfh on MHC 

II molecules (77). Interactions between Tfh and B cells provide important signals for B cell 

survival. These signals are mediated by cytokines as well as surface molecules.  

 

The most important surface molecules for T-B crosstalk in GCs are CD40/CD40L and 

ICOS/ICOSL. CD40 is expressed by B cells and CD40L by Tfh. In CD40-/- mice, germinal centers 

fail to develop following antigen challenge (87, 88). Blocking CD40 signals also induce rapid 

dissolution of already formed GCs (89). Specifically in GC B cells, BCR and CD40 signaling 

synergize to induce c-Myc induction, a critical regulator of GC initiation, maintenance, and 

selection (90). In cooperation with signals from the BCR, the strength of CD40 signaling controls 

the differentiation fate of GC B cells (91). ICOS-/- mice also show a reduction of GC formation 

after antigen challenge (92). ICOS/ICOSL interactions are crucial for the maturation and migration 

of Tfh, leading to severely disturbed GCs in ICOS-deficient patients and mice (93). Interestingly, 

ICOS and CD40 signaling cooperate in a feed-forward loop in GC B cells, where signaling from 

both receptors increases expression of the other (94).  

 

In addition to costimulatory molecules, cytokines contribute to the biology of GCs. The 

two main cytokines produced by Tfh are IL-4 and IL-21 (77). Both cytokines have multiple effects 

on B cells, which are not yet fully understood. In GCs, IL-21 signaling causes diverse effects, 

depending on the context. For example, IL-21 signaling in naïve B cells leads to differentiation 
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into short-lived plasma cells (95). In contrast, IL-21 signaling in GC B cells favors high expression 

of AID and BCL6, inducing more rounds of proliferation and mutations (95). IL-4 has critical roles 

in GCs, as observed by the reduction of GCs in the gut of IL-4-/- mice (96). In GCs, Tfh-derived 

IL-4 promotes the proliferation of B cells (97), as well as affinity maturation (98). In addition to 

its roles in GCs, IL-4 promotes the class switching of B cells to IgG1 (77, 98), and in some cases 

to IgA (99) or IgE (100). CS however takes place mostly outside of germinal centers. B cell CS is 

discussed below in this section.  

 

Tfh provide signals to B cells presenting antigen-derived peptides (77), based on the 

amount of peptide-MHC II at the B cell surface. Therefore, B cells that most effectively access 

antigens through their high affinity BCR receive these survival signals. After selection in the light 

zone, B cell can differentiate into plasmablasts (precursors to plasma cells), memory B cells or 

return to the dark zone for subsequent rounds of proliferation and mutations (69). The general 

affinity for a specific antigen in a GC therefore increases with each round of proliferation and 

selection.   
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Figure 5: Model of affinity-based selection in germinal centers. During proliferation in the DZ, 

B cells accumulate mutations in the V regions of their BCR, leading to specificity and affinity 

changes. These cells then migrate to the LZ, where they compete for antigen access on FDCs and 

Tfh-derived survival signals. In absence of signals, low affinity B cells undergo apoptosis. B cells 

that receive survival signals can differentiation into plasma cells, memory B cells or return to the 

DZ for further proliferation and mutation cycles. Source : Adapted from (69) 

 

1.4.3 Class switching (CS) 

In addition to SHM, AID also initiate CS, an important process in the humoral response. 

In contrast to SHM, which changes the variable (V) regions of the BCR/antibodies, CS targets the 

constant (C) regions. The C regions of immunoglobulin genes code for different CH exons, 

organized in a specific order: Cμ (IgM) > Cδ (IgD) > Cγ (IgG) > Cε (IgE) > Cα (IgA) (101). During 

CS, the first CH exon transcribed (Cμ/Cδ) is excised, resulting in a change of isotype from IgM/D 
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to IgG, IgE or IgA. Contrary to IgG, IgE and IgA, IgD is generated by alternative splicing of the 

transcript coding for IgM, rather than CS (101). Similar to SHM, initiation of CS by AID requires 

transcription at the immunoglobulin genes (101). AID initiate CS by converting cytosines into 

uracils in specific regions upstream of the CH genes, termed Switch (S) regions (101). The uracils 

in S regions are then processed, leading to double strand breaks in the downstream (Sμ) and 

upstream (Sγ, Sε or Sα) S regions. Finally, during the DNA repair process of these double strand 

breaks, the DNA between these S regions is excised, forming extrachromosomal DNA switch 

circle (101). Since the Cμ exon is excised in this process, the switched B cell can now only express 

IgG, IgE or IgA isotypes, depending on which S region was targeted by AID. During this process, 

only the C regions are affected, meaning that the regions responsible for antigen binding remains 

intact and that the BCR/antibody specificity is not altered (101). During T-dependent responses, 

CSR is initiated by CD40 signaling, which is provided by Tfh (101) or other activated CD4+ T 

cells. Deficiency in CD40 or CD40L lead to significant reduction in CS and in antibodies of the 

IgG, IgE or IgA isotype (101). During T-independent responses, TLR and BCR signaling induce 

CS initiation (101). In addition to those signals, cytokines shape CS by dictating which S region 

will be targeted by AID, leading to switching to specific isotypes. For example, IL-4 signal 

(mediated by STAT6) favors CS to IgG1 and IgE, while TGFβ signal (mediated by SMAD3/4) 

mostly favors CS to IgA (102). Importantly, each isotype confers distinct properties to antibodies, 

contributing to different aspects of the humoral response. While the variable region is unaffected 

by CS, the change of constant region does impact the resulting BCR or antibody. In the case of 

secreted antibodies, IgM, IgG, IgE and IgA antibodies all have distinct functions. Although of 

generally low affinity, IgM antibodies are efficient at opsonizing antigens, due to their pentameric 

nature (103). In contrast to all other isotypes, IgD is almost exclusively present at the surface of B 
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cells and is rarely secreted as soluble antibodies. Some hypotheses for its specific functions have 

been proposed, but the roles of IgD as a BCR or a soluble antibody is still largely unknown (104). 

In the case of IgGs, which can be divided into four subclasses (IgG1, IgG2, IgG3 and IgG4), 

several specific characteristics have been associated with these isotypes. IgG antibodies are the 

most abundant in the serum, due to their long half-life (103). With the exception of IgG4, IgG 

antibodies bind the Cq1 fragment of the complement, leading to activation of the complement 

cascade (103). IgGs are also the only antibodies that can bind to FCγRs. In mice, four different 

FCγRs have been identified and binding of IgG-coated antigens to these receptors can initiate 

activating or inhibitory signaling cascades, depending on the context and the cell type (105). 

Another unique characteristic of IgG antibodies is their ability to cross the placenta barrier, due to 

their binding of the FcRn (Neonatal Fc Receptor), allowing passive transfer of humoral immunity 

to the fetus (106). At the BCR level, differences in the cytoplasmic tail of the IgM and IgG BCR 

also impact B cell functions, mostly through modulation of BCR signaling (107, 108). The unique 

characteristics of IgG BCR signaling are further discussed in chapter 4. The second most abundant 

antibody isotype in the serum is IgA (103). However, at mucosal surfaces, IgA is the most 

abundant isotype. At those surfaces, IgA antibodies protect against viruses, bacteria and toxins by 

neutralization or inhibition of binding to the mucosal surfaces (103). In addition, neutrophils 

express the IgA receptor, which may promote antibody-dependent cellular cytotoxicity (ADCC) 

(103). Soluble IgAs can promote tolerance to gut antigens by inducing anti-inflammatory functions 

in DCs (109). 

The least abundant isotype in the serum is IgE, with a short half-life (103). Nevertheless, 

IgE antibodies play important roles, especially in Th2 responses. In helminth infections, IgE 

antibodies are particularly important for the removal of the parasites from the gut, either by 
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inducing smooth muscle contractility or by mediating killing of the larvae (110). IgEs are also 

implicated in allergies and asthma, mainly via their strong affinity for the FCεRI, expressed on 

mast cells and basophils (103). Finally, binding of IgE on the FCεRII on B cells have been 

suggested to participate in the antigen uptake by B cells, leading to the presentation of antigens to 

T cells (111). Initially believed to take place in GCs, we now know that CS rarely occurs in GCs 

(81). Rather, CS mostly takes place prior to GC onset, at the T-B border or at extrafollicular sites 

(81).  

 

1.5 Crosstalk between thymocytes and B cells in the thymus 

 

As mentioned above, B cells represent a small cellular population in the thymus of mice 

and humans. Still, thymic B cells may play an important role in shaping the T cell repertoire. As 

other thymic APC types (DCs, cTECs and mTECs), thymic B cells express MHC I and MHC II 

molecules, suggesting that they can participate in thymocyte development through presentation of 

antigens. Using BCR and TCR transgenic mice, thymic B cells have been shown to promote the 

elimination of self-reactive thymocytes (8, 30, 112). For example, transgenic expression of a self-

peptide on the MHC II molecule of thymic B cells causes severe deletion of CD4SP thymocytes 

that recognize this specific peptide, leading to a reduction of autoimmune reactions in the periphery 

(112). Interestingly, transgenic expression of a TCR and BCR specific for epitopes of the same 

self-antigen favored efficient negative selection of the self-reactive CD4SP thymocytes, without 

the need for forced expression of the peptide on B cell MHC II (8). This suggests that thymic B 

cells acquire self-antigens via their BCR, process the antigens and present the resulting peptides 

to thymocytes, leading to negative selection of self-reactive thymocytes. It was also demonstrated 
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that the thymic B cell population is enriched in self-reactive B cells (8, 113) and that these naturally 

occurring self-reactive B cells are sufficient to induce negative selection of self-reactive CD4SP 

thymocytes, without the need for transgenic BCRs (8). While thymic B cells express the surface 

receptors necessary to participate in the elimination of self-reactive thymocytes, the mechanisms 

and context around this thymic selection by B cells, especially in non-transgenic settings, has yet 

to be elucidated.  

 

In order to carry out their function in thymic selection, thymic B cells must interact, directly 

or indirectly, with developing T cells. By studying thymic B cells in various transgenic and KO 

mice, it has become clear that B cells and thymocytes interact directly and that this crosstalk is 

crucial for thymic B cell development and maintenance. CD40 signaling is crucial for thymic B 

cell development and/or survival. Genetic elimination of CD40 or CD40L drastically reduces B 

cell number in the thymus, while having no effect on peripheral B cell numbers (30). Inhibition of 

CD40 signaling also drastically impacts the phenotype of the remaining thymic B cells. While 

thymic B cells typically show high expression of CD80, AIRE and IgG BCRs, thymic B cells in 

CD40-/- or CD40L-/- have reduced expression of both CD80 and AIRE, and only express the IgM 

isotype (30, 113). Considering that CD4SP thymocytes are the main source of CD40L in the 

thymus (30), it is tempting to postulate that crosstalk between thymic B cells and CD4SP 

thymocytes is responsible for the maintenance of B cells in the thymus and for their unique 

phenotype. Indeed, in TCRα-/- mice, which lack mature CD4SP and CD8SP thymocytes, thymic 

B cells carry a similar phenotype to those present in CD40-/- mice (30, 113), confirming the 

importance of crosstalk between thymic B cells and mature thymocytes. In addition, expression of 

isotype-switched BCRs (IgG or IgA) by thymic B cells requires the expression of MHC II 
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molecules on the B cells (113). Therefore, thymic B cells and CD4SP thymocytes interact through 

both the CD40/CD40L and MHC II/TCR. The role of thymic B cell in thymocyte selection is 

further discussed in chapter 4. 

 

1.6 Type 1 diabetes (T1D) 

The main role of the immune system is to prevent or overcome infections and cancers. To 

do so, complex mechanisms have evolved to allow efficient humoral and cellular responses by 

immune cells. However, in some individuals, the regulation of immune responses is not perfect, 

leading to the development of autoimmune or inflammatory diseases. T1D is one of these diseases. 

 

T1D is a chronic autoimmune disease characterized by the destruction of insulin-producing 

pancreatic beta cells by the immune system. The gradual loss of beta cell leads to a deficiency of 

insulin production and consequently, hyperglycemia. While considered a disease with juvenile 

onset (most cases being diagnosed before the age of 14), T1D can occur at any age (114). Patients 

with T1D often present with symptoms of polyuria (excessive urine production), polydipsia 

(excessive thirst) and weight loss. Although many pharmacologic agents are now available for 

glycemia control (115, 116), there is still no definitive cure for T1D. People living with T1D must 

inject insulin (or insulin analogs) on a daily basis, either manually or with the help of an insulin 

pump (115). While life-saving, insulin therapy is not perfect and people living with T1D often still 

exhibit strong variations in blood glucose levels. Severe hypoglycemic events are frequent and 

often life-threatening, accounting for 5-10% of type 1 diabetes-related death (114). In addition, 

chronic variations in glycemia are associated with several complications such as cardiovascular 
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diseases, nephropathy, retinopathy and decline of cognitive functions (114), reducing overall life 

expectancy of people living with T1D.   

 

The incidence of T1D is highly variable between countries, with the lowest incidence in 

Asian countries (<1/100 000) and highest in Scandinavian countries (>35/100 000) (117). As of 

2014, the incidence of T1D in Canada was >25/100 000 (118). Regardless, a worldwide trend has 

been observed, with the incidence of T1D increasing around 2-3% every year (114). Although the 

reasons for this increasing incidence are still unknown, multiple environmental factors have been 

suggested, such as changes in diet, pollution, early-life exposures to viruses and reduction of 

microbiota diversity (114, 119). Other factors contributing to T1D are discussed below (section 

1.8). 

 

1.7 Generation of the NOD strain  

 

First described in 1980 (120), Non-Obese Diabetic (NOD) mice represent, still to this day, 

the only mouse strain to spontaneously develop autoimmune diabetes. Autoimmune diabetes is the 

mouse equivalent of T1D. The NOD strain was derived from Cataract Shinogi (CTS) mice, an 

inbred subline of the ICR mouse strain, which develop cataracts (120, 121). To generate an insulin-

dependent diabetes mouse model, CTS mice were interbred based on their fasting glucose levels. 

Eventually, some mice presented with diabetic symptoms, such as polyuria and glycosuria. These 

mice were selected and interbred, establishing the original NOD mouse colony (120). The main 

pathology observed in NOD mice (autoimmune diabetes) shares several characteristics with 

human T1D (120, 122-124). Studies using NOD mice have considerably improved our 
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understanding of autoimmune and type 1 diabetes. The generation of the NOD strain has facilitated 

the identification of genetic and environmental factors contributing to disease susceptibility, as 

well as the discovery of cellular and molecular mechanisms leading to pancreatic beta cell 

destruction (122, 123, 125). 

 

We now know that T1D and autoimmune diabetes are complex diseases controlled by a 

combination of different genetic and environmental factors. In addition to studying broad cellular 

phenotypes in the NOD mouse, the generation of genetically modified NOD mice, such as 

congenic or KO mice, allows the evaluation of the role of specific loci or genes in disease 

pathogenesis. The importance of different NOD congenic strains is discussed in chapter 1.8 below. 

 

1.8 Genetic factors contributing to T1D in NOD mice and humans 

T1D is a polygenic disease with a strong genetic component. Concordance rates of T1D in 

monozygous twins is over 50%, compared to less than 10% in dizygous twins (126, 127). 

Furthermore, siblings of patients living with T1D have a 15 times higher chance of developing 

T1D than the general population (6% vs. 0.4%, in the United-States) (126), demonstrating the 

importance of genetic factors in T1D susceptibility. For this reason, identification of genetic 

factors contributing to disease susceptibility has been a central element of T1D research in the last 

decades. Genome wide association studies (GWAS) have identified more than 60 loci associated 

with T1D susceptibility in humans (termed IDDM, for Insulin Dependent Diabetes Mellitus) (128). 

Although they represent a powerful tool for the identification of potential risk loci, GWAS often 

do not allow the identification of specific gene or genes in the loci of interests, as well as the 

molecular or cellular context regarding its link to T1D. Investigating the mechanisms of action of 
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the candidate genes are often complicated due to the difficulty of obtaining relevant human 

samples, as well as the limitations of in vitro experiments. For this reason, the NOD mouse 

represents an extremely useful tool for the characterization of risk loci and their impact on diabetes 

susceptibility. As in humans, genetic studies using NOD mice identified more than 30 risk loci 

(termed Idds, for Insulin-dependent diabetes) (129, 130). In addition, the use of NOD mice and 

related congenic strains allows to confirm the implication of specific loci in autoimmune diabetes 

and are permissive to a more thorough investigation of the cellular and molecular mechanisms at 

play. To generate congenic NOD mice, NOD mice are crossed to a diabetes-resistant strain, such 

as B6, B10 or NOR mice. At each generation, the mice are backcross to NOD mice and the pups 

are genotyped using multiple chromosomal markers to identify the origin of certain DNA 

sequences. Only the mice retaining the locus of interest are selected for further backcrossing. After 

8-12 generations, most of the remaining genetic background is of NOD origin, excepted for the 

locus of interest, which comes from the diabetes-resistant strain used at the original cross. 

However, even after 12 backcrosses to NOD mice, contaminating DNA may still be present in the 

genetic background of the congenic mice, emphasizing the need to sequence the genome (DNA or 

RNA) of the newly generated congenic mice to confirm genomic purity.  

 

1.8.1 The MHC locus (Idd1 / IDDM1) 

The MHC locus is unequivocally the most important risk factor for diabetes susceptibility, 

accounting for 40-50% of genetic susceptibility in humans (131). Referred to as IDDM1 in humans 

and Idd1 in mice, the MHC locus was the first risk loci linked to autoimmune diabetes in NOD 

mice (132). Interestingly, while most congenic NOD mice are only partially protected from 

diabetes, replacement of the MHC locus on the NOD genetic background completely prevents 
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pancreatic infiltration (insulitis) and diabetes onset (133). Genetic variants associated with T1D 

have been identified in the MHC I, II and III regions (134, 135). Still, most studies have focused 

on the specific association between MHC II and autoimmune/type 1 diabetes. In humans, the 

haplotypes conferring the highest risk for T1D are termed DR3-DQ2 and DR4-DQ8. Children with 

these haplotypes have approximately 12 times higher risks of developing T1D, compared to the 

general population (126). While around 40% of the white population of the United-States have at 

least one of these alleles, 95% of the diabetic population present with at least one allele of HLA-

DR3 or HLA-DR4 (126). Conversely, some MHC II haplotypes, such as DR6, are 

underrepresented in the diabetic population, suggesting their protective role against T1D (136).  

In NOD mice, the MHC haplotype (H2g7) is composed of the MHC I molecules H2-Db and H2-

Kd, as well as the unique MHC II molecule I-Ag7. Interestingly, a single amino acid in the beta 

chain of the I-Ag7 molecule in NOD mice and in DQ2 or DQ8 in human seems to be critical for 

diabetes susceptibility. Indeed, these three molecules possess a small polar amino acid at position 

57, rather than the normally conserved aspartic acid (137). In NOD mice, replacement of the 

normally coded serine at position 57 of I-Ag7 by an aspartic acid protect mice from diabetes (137), 

demonstrating the importance of this specific amino acid in the I-Ag7 molecule and possibly in the 

DQ2 and DQ8 molecules. It was later demonstrated that this specific amino acid of I-Ag7 and 

DQ2/8 significantly impact peptide loading, allowing for presentation of a more promiscuous 

peptide repertoire, as well as peptides with negatively charged residues (138). In addition, binding 

of self-peptides (including insulin peptides) to I-Ag7 is suggested to be relatively weak, potentially 

favoring escape from negative selection of insulin-specific thymocytes (139, 140). Finally, 

transgenic expression of the normally absent I-E molecules in NOD mice completely prevent 

diabetes onset (141), reminiscent of the protective HLA molecules in humans. 
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1.8.2 Non-MHC loci 

Although the MHC locus is clearly the single locus with the strongest implication in T1D 

susceptibility, it cannot by itself predict diabetes development. Indeed, while more at risk of 

developing T1D than people with different haplotypes, the large majority of children with the DR3 

or DR4 haplotypes will never develop T1D (126). In addition, mouse strains expressing the H-2g7 

haplotype such as the B6g7 (congenic B6 mice bearing the H-2g7 haplotype) or NOR strains remain 

diabetes free (142, 143). Diabetes susceptibility is therefore controlled by a combination of MHC 

and non-MHC loci.  

 

For example, a genetic study using NOD mice published in 1987 identified, in addition to 

the MHC locus (Idd1), one other loci linked to diabetes development, named Idd2 (144). The 

missing heredity was suggested to be conferred by a third locus for which the chromosomal 

position was not identified. The contribution of the Idd2 locus to diabetes susceptibility had not 

yet been characterized. The role of the Idd2 locus in autoimmune diabetes is further discussed in 

chapter 2. 

  

Among the various identified Idds, few have been studied as much as the Idd1 locus.  One 

example of a well characterized non-MHC locus is Idd3. Located on chromosome 3 of the mouse, 

the importance of the Idd3 locus in diabetes susceptibility has been confirmed in congenic mice, 

where insertion of the Idd3 locus of B6 origin into NOD mice (NOD.Idd3) partially inhibits 

diabetes onset (145). Because of its important role in the immune system, the IL-2 gene, encoded 

inside the Idd3 locus, was an obvious candidate gene. It was initially observed that sequence 
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variations in the NOD IL-2 gene caused a different glycosylation pattern compared to the IL-2 

gene from B6 mice, suggesting a functional impact on the IL-2 protein in vivo (146). However, 

further experiments using the IL-2 gene from 129S mice, which carry the same glycosylation 

pattern as the NOD IL-2, showed that glycosylation patterns did not explain the impact of the Idd3 

locus in diabetes susceptibility (147). Rather, it is suggested that the NOD IL-2 gene sequence 

affects gene expression, causing a two-fold reduction of IL-2 expression compared to B6 mice 

(148). The reduced production of IL-2 by T cells in NOD mice strongly impacts Treg functions in 

vitro and in vivo (148), which is crucial for the maintenance of T cell tolerance and the control of 

diabetes development (149, 150). 

 

In humans, multiple non-MHC candidate genes have been associated with T1D 

susceptibility, including genes coding for insulin, LYP, CTLA-4, CD25 and others (136). Because 

of its central role in glucose metabolism and glycemia control, the insulin gene has been 

extensively studied in the context of T1D susceptibility. Sequencing of the INS gene, coding for 

insulin, revealed a polymorphic region in its promoter where tandem repeat sequences are present 

in variable copy numbers, from 26 to more than 200 (136, 151). The number of tandem repeat 

elements is suggested to impact the level of transcription (152), impacting insulin expression in 

the pancreas but also in the thymus (136). High number of tandem repeats in the insulin gene, 

which is protective against T1D, is associated with high transcription levels in the thymus. In 

contrast, low number of tandem repeats, associated with T1D susceptibility, is associated with 

lower levels of insulin transcription in the thymus (136, 151). This difference in insulin expression 

in the thymus strongly supports the hypothesis that polymorphism in the insulin gene control T1D 

susceptibility through its impact on negative selection of self-reactive T cells.  
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Another non-MHC candidate gene associated with T1D susceptibility is IL2RA, encoding 

for CD25, the alpha chain of the IL-2 receptor (153). Disease-associated polymorphisms in IL2RA 

are also associated with a reduced concentration of circulating IL-2RA (153) and a reduction of 

Tregs functions (154), which require IL-2 signaling for their development and suppressive 

functions (155). Interestingly, the association between IL2RA and T1D in human is reminiscent of 

the contribution of the IL-2 gene in Idd3 in NOD mice. While CD25 and IL-2 are not the same 

protein, both participate in the IL-2 signaling pathway, a central element of T cell homeostasis 

(156).  

 

The PTPN22 gene represents another candidate genetic risk factor shared between NOD 

mice and people living with T1D. Encoding for the LYP (lymphoid tyrosine phosphatase) protein, 

polymorphisms in PTPN22 are linked T1D diabetes susceptibility, as well as to other autoimmune 

diseases (157). This phosphatase is expressed in various immune cell types (T cells, B cells, NK 

cells and myeloid cells), but its expression is highest in activated CD4+ and CD8+ T cells (158). In 

T cells, LYP acts as a negative regulator of TCR signaling. LYP can directly interact with various 

intermediate of the TCR signaling pathway, such as Zap70, LCK, CD3, PI3K and others (158-

160). Different single nucleotide polymorphisms (SNPs) have been identified in PTPN22, some 

being linked to T1D susceptibility and others to disease protection (158). The most common allele 

of PTPN22 linked to T1D presents with a tryptophan substitution at residue 620 (PTPN22620W) 

and was identified in multiple independent studies (158, 161, 162). Although the impact of this 

particular SNP was extensively studied, it remains unclear if this genetic variant of PTPN22 causes 

a gain or loss of function for this phosphatase in T cells (158). Regardless, polymorphisms in 
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PTPN22 have significant impacts on T cells responses, such as modulation of IL-2, IL-10 and 

IFNv production, proliferation and Th1 differentiation (158), which could all impact T1D 

development. In NOD mice, Ptpn22 (ortholog to the human PTNP22 gene), is a candidate gene 

for the diabetes-associated locus Idd18 (137). Interestingly, insertion of Ptpn22R616W (the mouse 

equivalent of the PTPN22620W allele) in the NOD genome caused an acceleration of diabetes 

development in female mice (163). 

 

In addition to MHC II, insulin, CD25/IL-2 and LYP, multiple other genetic variants are 

linked to diabetes susceptibility in both humans and NOD mice, such as CTLA4, mt-ND2 and 

Slc11a1 (133, 137). The NOD mouse represents a useful model to confirm the impact of candidate 

genes or variants, as well as to define their mechanistic contribution to diabetes susceptibility. 

Advances in CRISPR technology, allowing base substitution, should accelerate these discoveries 

(137). 

 

1.9 The contribution of T cells in T1D 

 

1.9.1 Pathogenic roles of T cells in diabetes 

T cells were rapidly established as pathogenic effectors in T1D. One of the first histological 

analysis of human pancreatic tissue from a child with T1D reported that T cells were the major 

immune cell type contributing to pancreatic infiltration (164). Since then, it has been established 

that CD4+ and CD8+ T cells play central roles in the destruction of pancreatic beta cells. The 

generation of the NOD.scid mouse, which completely lack mature T and B cells, revealed that 

autoimmune diabetes is a T cell-mediated disease (165). Indeed, adoptive transfer of T cells from 
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diabetic or prediabetic NOD mice into NOD.scid recipients is sufficient to promote diabetes 

development (166), revealing that T cells are necessary for T1D onset. These experiments also 

highlighted the contribution of both CD4+ and CD8+ T cells, as diabetes development was higher 

when NOD.scid mice received a combination of both CD4+ and CD8+ T cells (166). CD8+ T cells 

are thought to be the direct effector of pancreatic beta cell death, promoting their apoptosis through 

TCR-MHCI interactions and perforin secretion, as well as Fas-FasL mediated killing (167). CD4+ 

and CD8+ T cells also produce cytokines implicated in beta cell apoptosis. In addition to promoting 

infiltration of immune cells in pancreatic islets, pro-inflammatory cytokines such as IFNγ and 

TNFα directly induce caspase-dependent apoptosis of beta cells (168). Therefore, in NOD mice 

and in people living with T1D, CD4+ and CD8+ T cells participate in the pathology through direct 

and indirect killing of pancreatic beta cells.  

 

The demonstration that injection of anti-CD3 antibodies reversed diabetes in NOD mice 

(169) confirmed the importance of T cells in the pathology and opened the avenue for clinical trials 

on diabetic patients. Two different anti-CD3 antibodies have been tested in the clinic for the 

treatment of T1D, teplizumab and otelixizumab (170). Treatment with otelixizumab significantly 

preserved beta cell functions, with higher levels of insulin secretion at 6 and 48 months, compared 

to placebo treated patients (170, 171). This treatment resulted in a reduction of the need for insulin 

injection, at least during the study period (170, 171). Unsurprisingly, however, anti-CD3 treatment 

resulted in adverse effects such as flu-like symptoms and virus reactivation, associated with 

lymphopenia and cytokine release (170, 172). Because of these side effects, a new trial was 

conducted using far lower concentration of the monoclonal antibody, which, unfortunately, 

showed no efficacy (172). Other therapies targeting T cells in the context of T1D have also been 
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tested, such as antithymocyte globulin, anti-CD40L and others, with promising results for most of 

them (173, 174).  

 

It is also clear, when looking back at T1D-associated genetic variants (MHC II, CD25, IL-

2, LYP, CTLA4, and others), that most candidate genes that contribute to T1D susceptibility affect 

T cell responses directly or indirectly. It is also possible that, since we know that T1D is a T cell-

mediated disease, genes associated with T cell functions have been preferentially selected by 

researchers for more extensive studies. 

 

1.9.2 Protective roles of T cells in diabetes  

Although T cells play central roles in beta cell killing, it is becoming increasingly clear that 

some T cell subsets also promote T cell tolerance and limit diabetes development. The most 

obvious example of regulatory T cells is FoxP3+ CD4+ T cells (Tregs). In NOD mice, Treg 

depletion through anti-CD25 antibody injection or genetic deletion of FoxP3 greatly accelerate 

autoimmune diabetes development (175). In addition, adoptive transfer experiments revealed that 

the presence of Tregs in the T cell pool significantly delayed diabetes onset in transgenic and non-

transgenic NOD mice (176). Treg development does not seem to be deficient in NOD mice, as 

Treg thymic output and peripheral Treg numbers are not reduced in NOD mice compared to 

diabetes-resistant strains (177, 178). Conflicting results have, however, been reported, with some 

groups observing a reduction of Treg numbers in lymphoid organs of NOD mice (179). Regardless, 

the consensus generally points to an impairment of Treg suppressive capacity rather than a 

quantitative deficiency. In the classical in vitro suppression assay, NOD Treg show a reduction of 

suppressive capacity compared to Treg from B6g7 mice (178). Specifically in the pancreatic islets, 
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Tregs from NOD mice are more prone to apoptosis than effector T cells, likely because of a 

reduction of IL-2 production by intra-pancreatic CD4+ T cells (180). This is reminiscent of the 

impact of the NOD IL-2 genetic variant, encoded in the Idd3 locus, which shows low expression 

of IL-2. Interestingly, while high dose IL-2 injections in prediabetic NOD mice accelerates 

diabetes onset, likely through the unspecific enhancement of immune cell proliferation, low dose 

IL-2 treatment specifically targets Tregs and reduces diabetes onset (180, 181). This can be 

explained, at least in part, by the different forms of the IL-2R. Indeed, while naïve immune cells 

express a low affinity receptor for IL-2 composed of CD122 and CD132 heterodimer, Tregs 

express a high affinity receptor composed of CD25, CD122 and CD132. Therefore, high dose IL-

2 activate all immune cells, whereas low dose IL-2 treatment preferentially stimulates Tregs and 

enhances immune tolerance (182, 183). Similar to NOD mice, conflicting results have been 

reported regarding an alteration of Tregs numbers in the peripheral blood of people living with 

T1D, with most studies reporting similar numbers between patients and controls (175, 184, 185). 

However, differences in phenotype and function of human Tregs have been noted in the context 

of T1D. A reduction in Tregs with an activated or exhausted phenotype as well as changes in 

chemokine receptor expression and cytokine secretion were reported in children newly diagnosed 

with T1D (184, 186). Because of the important role of Tregs in the prevention of autoimmune 

diabetes, multiple therapies using Tregs have been designed in the hope of treating or preventing 

T1D. Autologous transfer of ex vivo expanded Tregs is safe in humans and multiple clinical trials 

showed efficacy in at least some participants, with stable C-peptide levels (a marker of insulin 

production) for up to two years after the initial injection (187). Other therapies targeting Tregs, 

such as low-dose IL-2 therapy or chimeric antigen receptor (CAR) Tregs are currently under 

investigation (188).  
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Tregs are not the only regulatory T cells implicated in T1D. A rare population of CD4-

CD8-TCRαß+ T (DN T cells) have been studied in the context of autoimmune diabetes. DN T cells 

represent a population of FoxP3- T cells that possess regulatory properties. While incompletely 

understood, DN T cells have demonstrated suppressive functions in multiple inflammatory 

settings, such as graft-versus-host disease and T1D (189). Of relevance to T1D, adoptive transfer 

of TCR-transgenic or non-transgenic DN T cells prevents autoimmune diabetes onset in NOD 

mice (190-192). Interestingly, NOD mice display reduced numbers of DN T cells, a trait associated 

with the Idd13 diabetes susceptibility locus (193). We are currently investigating the mechanism 

by which DN T cells promote immune tolerance, in the hope of potentially developing DN T cell-

based therapies for the treatment of T1D. 

 

1.9.3 Autoantigens in type 1 diabetes 

As T cells are central players in the pathology of T1D, much effort has been geared towards 

the identification of autoantigens responsible for the specific loss of tolerance against pancreatic 

tissues. The main autoantigens in T1D include insulin, glutamic acid decarboxylase 65 (GAD65), 

islet cell antigen 2 (I-A2), Chromogranin A, zinc transporter 8 (ZnT8), islet-specific glucose-6-

phosphatase catalytic subunit-related protein (IGRP) and others (194, 195). Unsurprisingly, many 

of the autoantigens identified are strongly expressed by beta cells, the primary target of 

diabetogenic T cells. Many of the T1D-associated autoantigens have been identified by testing the 

reactivity of blood-derived T cells from people living with T1D (194). Years later, studies using T 

cell from pancreatic tissue of people living with T1D confirmed previous results and identified 
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new antigenic targets. Interestingly, most of the autoantigens mentioned above are targeted by T 

cells, but also B cells, through production of autoantibodies (194). 

 

Of the numerous T1D-associated antigens, insulin was the first to be identified and the 

most studied (196, 197). Insulin, the primary hormone for glycemic control, is initially formed as 

proinsulin composed of three chains; the A and B chain joined together by the C domain (198). In 

secretory granules, the C domain is cleaved (becoming the C-peptide, a biomarker commonly used 

for the monitoring of T1D), giving rise to insulin, composed of the A and B chains (198). Early 

on, the dominant peptide recognized by insulin-specific T cells was shown to be composed of 

residues 9-23 of the B chain of insulin, insulin B:9-23 (199). In NOD mice, T cell reactive to the 

insulin B:9-23 peptide participate in the initiation of the break of tolerance towards beta cells (197). 

Transgenic replacement of the insulin genes with a mutated sequence modifying the B:9-23 

peptide (without impacting the metabolic activity of insulin) completely blocked insulitis and 

diabetes onset in NOD mice (200). The principal hypothesis as to why this specific insulin peptide 

is critical in the initiation of T1D is that insulin B:9-23-reactive T cells are not properly eliminated 

in the thymus during negative selection (197). Indeed, multiple studies have shown that beta cells 

secrete unique peptides derived from the B:9-23 sequence of insulin, which are then presented by 

intra-islets APCs (201, 202). As beta cells are absent from the thymus (insulin is produced by 

mTECs in this organ), thymic APCs do not present these specific peptides to developing 

thymocytes (202), leading to their escape into the periphery. 

 

In addition to specific insulin peptides, hybrid peptides and modified epitopes have also 

been implicated in the breach of tolerance in T1D. As in other autoimmune diseases, 
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posttranscriptional modifications of T1D-associated antigens have been reported. For example, 

RNA splice variations have been detected in the pancreas for IA-2 and IGRP, resulting in 

expression of neopeptides in the pancreas but not in the thymus (195). Hybrid peptides are formed 

by the fusion of two peptides derived from distinct antigens. In the case of T1D, most hybrid 

peptides are formed of insulin peptides, fused to peptides from proteins present in the secretory 

granules of beta cells (194). T cell recognizing hybrid insulin peptides are present in both NOD 

mice and patients with T1D (203). A good example of the importance of hybrid insulin peptides 

is the highly diabetogenic BDC2.5 T cell clone. Widely used to study the role of CD4+ T cell in 

diabetes, it was finally reported after decades of investigation, that BDC2.5 T cell clones recognize 

a hybrid peptide composed of a fragment of the C-peptide fused to a peptide from Chromogranin 

A (203, 204). 

 

With promising results in NOD mice (205, 206), antigen-based therapies using insulin, 

GAD65 and other antigens have been tested with the goal of inducing tolerance and limiting T1D 

development. Use of antigens and adjuvant to divert the pathogenic Th1 response to a Th2 response 

has been tested but failed to preserve beta cell function (207). Also, contrary to insulin-treatment 

in NOD mice, insulin therapies failed to show any clinical efficacy in humans (206, 208), 

highlighting the difficulty in translation of animal therapies to humans.  

 

1.10 The contribution of B cells in T1D 

 

B cells are present in the pancreatic islets of NOD mice and of people living with T1D, 

where they accumulate with age (209, 210). The observation that B cell-deficient NOD mice were 
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almost completely protected from diabetes (211) opened the door to multiple studies on the role 

of B cells in T1D and autoimmune diabetes.  

 

1.10.1 Autoantibodies 

The first proposed mechanism of B cell participation in T1D was through their ability to 

secrete autoantibodies. Together with HLA haplotype, autoantibodies are the most used 

biomarkers for prediction of T1D in the clinic. The most common autoantibodies detected are 

directed against insulin, GAD65, IA-2 and ZnT8 (212). More than 95% of people living with T1D 

are positive for the presence of one or more of these autoantibodies (212). Children with one type 

of autoantibody show a 15% risk of progression to T1D over 10 years, whereas children with two 

or more types of autoantibodies have approximately 70% chance of developing T1D in the  same 

time frame (213). Interestingly, different autoantibody profiles associate with different HLA 

haplotype. For example, anti-insulin antibodies are more prevalent in people with HLA-DR4, 

while anti-GAD65 antibodies are more prevalent in people with HLA-DR3 (214). Antibody titer, 

affinity and isotype also impact the risk of developing T1D, and these characteristics can be used 

to optimize prediction of T1D development (215). In addition to revealing a breach in B cell 

tolerance, presence of autoantibodies allows for the prediction of T1D development. Predicting 

the risk of developing T1D is crucial for the design of clinical studies aiming at diabetes 

prevention. For this reason, detection of autoantibodies (in addition to HLA genotyping) is a 

central element in the recruitment process for clinical trials enrolling young children at high risks 

of developing T1D. Insulin specific antibodies, which are the earliest detectable autoantibodies, 

can be detected in children as early as 6 months of age (214, 216). 
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The implication of autoantibodies in T1D have been investigated in NOD mice. B1-a B 

cells, likely through the production of IgG antibodies, have been implicated in immune crosstalk 

that is crucial for the initiation of autoimmune diabetes (217). Even more compelling, using B cell-

deficient NOD mice and embryo transfers into diabetes-resistant strains, it was demonstrated that 

maternal transmission of autoantibodies to NOD pup influences diabetes development (218). 

However, the possibility that other factors secreted by B cells are responsible for the difference in 

diabetes incidence, rather than autoantibodies, remains. In contrast, multiple studies argue against 

a significant role of antibodies in diabetes susceptibility. Passive antibody transfer do not affect 

diabetes development in mice, rats or humans (219) and T1D has been reported in a patient with 

X-linked agammaglobulinemia (220). Furthermore, antibody removal in prediabetic individuals 

through plasmapheresis do not influence T1D susceptibility (219). Lastly, a human study 

demonstrated that offspring who showed detectable levels of autoantibodies at birth (likely 

maternally transmitted antibodies) were less at risk of developing T1D, compared to offspring who 

were autoantibody negative at birth (221), arguing against a pathogenic role of maternally 

transmitted autoantibodies. 

 

1.10.2 Antigen presentation in the context of T1D 

Generation of a NOD strain in which B cells express a transgenic IgM BCR that cannot be 

secreted (i.e. no production of antibodies) revealed that B cells participate in the pathology of 

autoimmune diabetes through antibody-independent mechanisms. Indeed, these transgenic mice 

showed insulitis and considerable diabetes onset, as opposed to B cell-deficient NOD mice (222). 

It is now clear that B cells play a key role in diabetes development as APCs. While antibody 
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transfer into B cell-deficient mice did not enhances diabetes onset, repopulation of the B cell 

population through adoptive transfer restored diabetes susceptibility and the T cell response 

against autoantigens (223). Deletion of the MHC II molecule I-Ag7 specifically in B cells abrogated 

diabetes development (224), demonstrating the importance of MHC II-mediated antigen 

presentation by B cells for autoimmune diabetes development. Also, in a BCR transgenic mouse 

model, insulin-specific B cells enhance diabetes onset without differentiating into antibody-

secreting plasma cells (225). In addition to the presentation of antigens to CD4+ T cells via MHC 

II, B cells participate in the priming of auto-reactive CD8+ T cells through cross-presentation, 

enhancing diabetes onset (226). Secretion of cytokines by B cells, particularly the anti-

inflammatory cytokine IL-10 by regulatory B cells, has also been reported to be impaired in NOD 

mice and people living with T1D (227-229), suggesting a potential role in the pathology. 

The pathogenic potential of NOD B cells has been linked to the Idd5 and Idd9/11 locus. 

Using congenic NOD strains, it was demonstrated that genetic variants inside both Idd5 and 

Idd9/11 impact the pathogenicity of B cells by influencing their proliferation and the induction of 

anergy (230). The genes responsible for those phenotypes have not yet been identified.  

 

1.10.3 Germinal centers in the context of T1D  

Spontaneous GCs (i.e. GC forming in the absence of infection or immunization) have been 

detected in autoimmunity-prone mice. Indeed, in lupus-prone strains such as PN, MRL/lpr, B6/lpr, 

NZB and male BXSB mice, spontaneous germinal centers can be observed in the spleen, starting 

at one month of age (231). Similarly, spontaneous GCs were observed in the spleen of NOD mice, 

as well as in NOD.H-2h4 mice, a model of thyroiditis (231, 232). In contrast, non-autoimmune-

prone strains, such as DBA/2 or female BXSB mice show complete absence of spontaneous GCs 
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in the spleen (231). In NOD mice, ectopic GCs can also be observed directly in the pancreatic 

islets (233, 234). Like classical GCs, those intra-islets GCs are composed of GL7+ B cells and a 

network of FDCs, and can support SHM, as seen with the strong expression of AID (234).  

 

As mentioned above, IL-2 is the main candidate gene in the Idd3 locus. However, in 

addition to IL-2, other groups have suggested that IL-21, also encoded in the Idd3 locus, may be 

an important gene contributing to autoimmune diabetes susceptibility (235). Polymorphism in the 

NOD IL-21 gene favors strong production of IL-21, which correlates with diabetes incidence 

(235). As IL-21 is a critical cytokine for GC B cell proliferation and differentiation, polymorphism 

in the NOD IL-21 gene may explain the spontaneous induction of GCs in lymphoid and non-

lymphoid organs. However, as IL-21 signaling also impacts GC-independent T cell responses 

(236), it is unclear if the impact of IL-21 on diabetes development is, at least in part, mediated 

through GCs. 

 

Using single-cell transcriptomic and epigenomic approaches of human tonsil samples, an 

enrichment of autoimmune disease-associated variants was observed in regions where chromatin 

is mostly accessible in GC-associated cell subsets (GC B cells and Tfh) (237). Those variants were 

present in genes coding for IL21, IL-21R, IL4R, BCL6, OCA-B and others. These findings suggest 

that GC dysregulation may be a feature of genetic-driven autoimmune susceptibility. 

 

Still, these observations do not show that GCs participate in T1D pathology. While is it 

hard to investigate the role of GCs in disease, because of the lack of genes or pathways that 

specifically impact GC formation without affecting other aspects of immune responses, some 
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strategies have been tested. As CD40/CD40L interactions are central in T-B cell crosstalk, 

inhibition of CD40 signaling was tested in NOD mice. Using anti-CD40L antibodies or small 

molecule inhibitors, it was shown that inhibition of this pathway completely prevents insulitis and 

diabetes in NOD mice (238), and can even reverse hyperglycemia in recently diabetic mice (239). 

However, as CD40 is also expressed on DCs, mTECs and some macrophages, it is unclear if the 

impact of CD40 blockade on diabetes onset is mediated by inhibition of GCs. Similarly, inhibition 

of lymphotoxin-α, a cytokine essential for GC formation (240), completely protected NOD mice 

from diabetes (241). However, inhibition of lymphotoxin-α drastically impairs lymph node 

development (241), such that it is impossible to conclude whether the diabetes inhibition results 

from GC inhibition alone.  

 

GCs can participate in autoimmune diseases through the generation of high affinity 

antibodies, epitope spreading and proliferation of autoreactive B cells (242, 243). More work is 

needed in order to better understand the contribution of GCs in the pathology of T1D. 

 

1.10.4 Targeting B cells in T1D 

The increasing knowledge of the importance of B cells in autoimmune diabetes and T1D 

lead to the investigation of therapies targeting B cells. In NOD mice, multiple pharmacological 

strategies have been used to deplete B cells or modulate their functions. Injection of anti-CD20 

monoclonal antibodies in young (5-week-old) NOD mice depleted more than 95% of B cells and 

significantly reduced diabetes onset, likely through a reduction of CD4+ and CD8+ T cells 

activation (244). However, the effect of anti-CD20 injection on diabetes onset were attenuated 

when injected into older (15-week-old) NOD mice (244). It was later demonstrated that islet-
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infiltrating B cells, which are present in high numbers in older NOD mice, are resistant to anti-

CD20 antibody-mediated depletion (245), likely because of CD20 downregulation following 

migration into the pancreatic islets (246). This observation may explain the reduced efficacy of 

anti-CD20 antibody therapy in older NOD mice and highlights the importance of timing during 

the design of therapies against T1D. Another strategy to modulate B cell function focused on the 

B-cell-activating factor (BAFF) pathway. BAFF plays a central role in B cell development, 

survival and activation (247). Pharmacological disruption of BCMA signaling, one of the BAFF 

receptor, in NOD mice drastically reduced B cell numbers and completely inhibited diabetes onset 

(248). Interestingly, disruption of BAFF signaling showed greater diabetes inhibition than anti-

CD20 antibody treatment despite showing reduced efficacy of B cell depletion (249). This 

observation was explained by the specific enrichment of IL-10 producing regulatory B cells in 

BAFFR-FC treated mice (249). 

 

With promising data in NOD mice, depletion of B cells by anti-CD20 antibodies was 

investigated in humans. Rituximab, an anti-CD20 monoclonal antibody, can successfully deplete 

B cells in humans (250). In a phase 2 clinical trial on the use of Rituximab for patients newly 

diagnosed with T1D, treatment with Rituximab successfully depleted B cells for 6 months and 

preserved beta cell function for the following year (250, 251). Unfortunately, the efficacy of 

treatment was restricted to the early period, with C-peptide levels catching up to the controls 30 

months after treatment (250, 251). Other studies using Rituximab after islet transplantation also 

showed modest efficacy (250), highlighting the importance of B cells in T1D, but also the 

difficulty of developing therapies with long term efficacy. These disappointing results are 

potentially explained by the limited window of opportunity for treatment of T1D. Anti-CD20 
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antibody treatment show the best efficacy when injected into young prediabetic NOD mice, and 

the impact on diabetes onset is reduced when treatment is initiated in older mice. In contrast, 

Rituximab treatment in human is initiated after diagnosis of T1D, meaning that beta cell 

destruction is already significant. It is therefore possible that initiation of Rituximab treatment in 

individuals already showing symptoms of T1D is simply too late to have long lasting effects. This 

difference in treatment kinetics may explain the discrepancies between anti-CD20 antibody 

treatment in NOD mice and humans. Furthermore, increasing dosage of Rituximab or repeating 

treatment is complicated in humans, as broad and long-term depletion of B cells results in severe 

immunosuppression, leading to various adverse events (250). The development of more targeted 

therapies to specifically eliminate autoreactive B cells or boost the function of regulatory B cells 

may represent a more successful option to treat or delay T1D.   

 

1.11 Hypothesis and objective of my PhD 
 

100 years after the discovery of insulin and its implication in the pathology of diabetes 

(252), there is still no definitive cure for people living with T1D. Still, our understanding of the 

events leading to insulin deficiency and the different factors implicated have greatly increased. 

 

We now know that T and B lymphocytes are central players in the pathology of T1D, with clear 

roles to play in the breach of tolerance against pancreatic beta cells. However, the interplay 

between these two immune cell subsets in the context of T1D is only partly understood. 

Furthermore, the genetic factors contributing to T1D susceptibility are also incompletely 

characterized.  
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This thesis investigates the crosstalk between T and B lymphocytes in the context of 

autoimmune diabetes in mice via three principal objectives: 

1. Characterize the impact of the T1D-associated locus Idd2 on autoimmune diabetes 

susceptibility and on the function of T and B cells 

2. Investigate the cell-intrinsic roles of the main candidate gene in the Idd2 locus, Pou2af1, 

in T and B cells and on the crosstalk between them 

3. Investigate the impact of thymic B cell class-switching on the development of T cells and 

the subsequent impact on autoimmune diabetes susceptibility 
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Preface to chapter 2 

 

As stated in the introduction, the NOD mouse has been used extensively to understand how 

genetic variants contribute to the pathology of T1D. The implication of many of the identified loci 

has been confirmed in congenic strains. Still, the characterization of genetic factors contributing 

to T1D remains incomplete.  

 

In a previous study, our group performed a linkage analysis to identify genetic loci linked 

to DN T cells, an immunoregulatory T cell subset (189). We determined that a locus on 

chromosome 9, coinciding with part of the Idd2 locus, is linked to DN T cells in TCR-transgenic 

mice (253). Resistance alleles at this locus also decreased the incidence of autoimmune diabetes 

in this TCR transgenic setting (253). These results, together with additional studies (190, 254), 

suggested that resistance alleles at the Idd2 locus conferred protection from autoimmune diabetes, 

likely via their impact on DN T cell number.  

 

Based on this work, we set out to determine if the phenotypes observed in the TCR 

transgenic model were applicable in a non-transgenic, more physiological, setting. Indeed, T cell 

development is greatly impacted by the forced expression of a rearranged TCR in TCR-transgenic 

mice (255), skewing the differentiation in favor of DN T cells. Therefore, to determine the impact 

of Idd2 resistance alleles on DN T cells and autoimmune diabetes susceptibility, we generated the 

congenic NOD.Idd2 strain. This chapter will demonstrate that DN T cell and autoimmune 

susceptibility are not linked. Instead, we find that non-NOD alleles at Idd2 locus confers 

autoimmune resistance, impacts GC formation and influences MHC expression.  
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2.1 Abstract 

Type 1 diabetes (T1D) is an autoimmune disease characterized by pancreatic b cell destruction. It 

is a complex genetic trait driven by over 30 genetic loci with parallels between humans and mice. 

The NOD mouse spontaneously develops autoimmune diabetes and is widely used to identify 

insulin-dependent diabetes (Idd) genetic loci linked to diabetes susceptibility. While many Idd loci 

have been extensively studied, the impact of the Idd2 locus on autoimmune diabetes susceptibility 

remains to be defined. To address this, we generated a NOD congenic mouse bearing B10 

resistance alleles on chromosome 9 in a locus coinciding with part of the Idd2 locus and find that 

NOD.B10-Idd2 congenic mice are highly resistant to diabetes. Bone marrow chimera and adoptive 

transfer experiments show that the B10 protective alleles provide resistance in an immune cell-

intrinsic manner. While no T cell-intrinsic differences between NOD and NOD.B10-Idd2 mice 

were observed, we find that the Idd2 resistance alleles limit the formation of spontaneous and 

induced germinal centers. Comparison of B cell and dendritic cell (DC) transcriptome profiles 

from NOD and NOD.B10-Idd2 mice reveal that resistance alleles at the Idd2 locus affect the 

expression of specific MHC molecules, a result confirmed by flow cytometry. Altogether, these 

data demonstrate that resistance alleles at the Idd2 locus impair germinal center formation and 

influence MHC expression, both of which likely contribute to reduce diabetes incidence. 
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Keywords: autoimmune diabetes, genetic susceptibility, Idd2 locus, B cells, germinal centers, 

MHC. 

 

Key points: 

NOD.Idd2 mice are strongly protected from autoimmune diabetes 

Idd2-mediated diabetes protection is immune cell-intrisic 

Idd2 locus genetic variants impact germinal center formation and MHC expression 
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2.2 Introduction 

Autoimmune or type 1 diabetes (T1D) is a complex genetic trait involving many loci in both mice 

and humans (121, 256-259). The locus that contributes most to T1D susceptibility is the MHC 

locus, named Insulin-dependent diabetes 1 (Idd1) in mice and Insulin-Dependent Diabetes 

Mellitus 1 in humans (259-261). Interestingly, variant MHC class II molecules linked to 

susceptibility in both mice and humans do not code for the otherwise conserved aspartic acid at 

codon 57 (262, 263). Apart from the MHC locus, many other susceptibility loci are orthologous 

between mice and humans (121, 256-259). The NOD mouse strain, which spontaneously develops 

autoimmune diabetes, facilitates the dissection of the role of genetic loci in T1D susceptibility 

(121, 124, 264). Unravelling the biological importance of these genetic loci not only guides the 

identification of genetic variants, it contributes to our overall understanding of T1D pathology.  

 

In addition to presenting as a complex trait, T1D develops as a result of intricate immune cellular 

interactions (121, 123, 265). Whereas autoreactive T cells are necessary and sufficient to drive this 

autoimmune disease, they interact with other immune cells that can either facilitate or impede 

disease progression (121, 123, 265). Among these, there is a growing body of evidence that B cells 

and dendritic cells (DCs) significantly contribute to T1D (123, 244, 249, 266-272). The initial 

study demonstrating a reduced diabetes incidence in NOD mice lacking B cells strongly supported 

their role in facilitating disease progression (211). Follow-up studies showed that B cells promote 

diabetes development mostly by their ability to present self-antigens to T cells (222-224). 

Similarly, NOD.Batf3-/- mice, which lack a subset of DCs, are completely protected from diabetes 

as a consequence of a reduction in antigen presentation to T cells (268). Moreover, both T1D 

patients and NOD mice exhibit altered cDC phenotype and function (271, 273-275). Altogether, 
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the enhanced activation of autoreactive T cells by B cells and DCs in NOD mice facilitate a break 

in immune tolerance contributing to autoimmune diabetes susceptibility.  

 

In our previous work, we exploited double transgenic mice bearing both the 3A9 TCR transgene 

and its cognate antigen, hen egg lysozyme (HEL), where the expression of the latter is driven by 

the rat insulin promoter (233). When both transgenes are expressed in NOD.H2k mice, the mice 

progress to overt diabetes, whereas 3A9 TCR:insHEL B10.BR mice are relatively resistant to 

disease (233). In one of our T cell linkage analyses exploiting these two strains, we obtained 

linkage to the Idd2 locus (253). To validate the impact of this locus, we generated a 3A9 

TCR:insHEL NOD.H2k-Idd2 congenic mice (253). The incidence of diabetes was reduced in these 

mice (253). In addition, they showed an increase of regulatory CD4-CD8- T cells and a reduction 

of IgG autoantibodies (253). It is however unclear if either of these two traits contribute to diabetes 

resistance. Considering the constraints of transgenic models, we decided to outcross the Idd2 locus 

to the NOD strain to determine its impact on the incidence of autoimmune diabetes in a non-

transgenic setting. We find that NOD.B10-Idd2 mice are highly resistant to autoimmune diabetes. 

In addition, resistance alleles at the Idd2 locus influence the germinal center response and MHC 

expression, both of which likely contribute to diabetes resistance in NOD.B10-Idd2 mice.   
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2.3 Materials and methods 

 

Mice 

NOD/ShiLtJ (NOD, #001976), NOD.B6-Ptprc (NOD.CD45.2, #014149), NOD.Cg-

Rag1 tm1Mom Il2rg tm1Wjl/SzJ (NRG, # 007799) and NOD.129S7(B6)-Rag1 tm1Mom/J (NOD.Rag-

/-, #003729) mice were purchased from The Jackson Laboratory. NOD.H2k-Chr9L congenic mice 

were used to generate the NOD.B10-Idd2 (hereafter denoted as NOD.Idd2) congenic mice by 

outcrossing to NOD mice. Specifically, the NOD.H2k-Chr9L congenic strain carries B10 alleles 

between the markers rs6385855 and rs13480186 (253). NOD.H2k-Chr9L mice were crossed to 

NOD mice to generate NOD.H2k,g7-Chr9LB10,NOD. These mice, heterozygous for B10.BR and NOD 

alleles at both the MHC and Chr9L locus, were intercrossed; to generate pups bearing homozygous 

genotypes for H-2g7 and Chr9LB10. B10 alleles at the Chr9L locus were genotyped using 

D9Mit328, D9Mit129 and D9Mit330 markers and the interval was validated by RNA-Seq detailed 

below. The NOD.Idd2 strain is available at The Jackson Laboratory (#026624). To generate the 

NOD.Idd2.Rag-/- strain, NOD.Idd2 mice were crossed to NOD.Rag-/- mice. All of the mouse strains 

were maintained at the Maisonneuve-Rosemont Hospital animal house facility. Seven to 12-week-

old male and female mice were used for phenotypic analysis. No differences in immunological 

phenotypes were observed between the males and females (not shown), and the data were pooled. 

Sex of animals is specified in the figure legends. Diabetes incidence studies were carried out in 

female mice up to 30 weeks of age. The Maisonneuve-Rosemont Hospital ethics committee, 

overseen by the Canadian Council for Animal Protection, approved all of the experimental 

procedures. 

 

Diabetes incidence study 
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Diabetes incidence was monitored daily in female mice for overt signs of diabetes (wet cage, 

hunched posture) and every 2 weeks for urine glucose level using Diastix (Bayer, Toronto, ON, 

Canada) starting before the age of 10 weeks. After two successive positive Diastix tests, overt 

diabetes was confirmed by blood glucose levels > 12 mmol/L. The mice were sacrificed within 1 

week of detection of high blood glucose or when they reached > 30 weeks of age. At culling, tail 

DNA was collected to verify the genotype of the mouse. The pancreas was collected and conserved 

in formalin for at least 48h before being sent for paraffin inclusion. 

 

Histology 

Hematoxylin and eosin staining was performed on 6 µm pancreas sections from paraffin blocks, 

for 2 non-successive sections per slide with 2 slides per mouse. Slides were scored for infiltration 

as previously described (276), and according to the following scale: 0 = no infiltration, 1 = peri-

insulitis, 2 = infiltration <50%, 3 = infiltration >50%, 4 = complete infiltration. 

 

Glucose tolerance test 

Eight-week-old mice were fasted for 14 hours overnight. Blood glucose was measured (Accu-

Chek, Roche) at baseline and at 15, 30, 60, 120, and 240 minutes after intraperitoneal injection of 

10% D-glucose (2 mg/kg; Sigma). 

 

Immune cell isolation from pancreatic tissue  

Mice were sacrificed and an incision was made in the abdomen. A clamp was placed on the small 

intestine, where the bile duct reaches the intestine. Approximately 3ml of collagenase P (Roche 

Diagnostics) solution (1 mg/ml in cold HBSS) was injected directly into the bile duct, using a 30g 
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needle. Once the pancreases were fully inflated, they were removed, and 2 ml of cold collagenase 

solution was added prior to a 20 min incubation at 37oC. The digestion was stopped by adding 15 

ml of cold HBSS, vigorous mixing, followed by three washes in cold HBSS. The digested 

pancreatic tissue was then resuspended in 20 ml of HBSS with 10% FBS. The pancreatic islets 

were handpicked under a binocular microscope and dissociated by repeated passage using a fine 

gel-loading tip (Thermo Fisher Scientific, #LC1001). Cell suspensions were stained and analyzed 

by flow cytometry, as described below. 

 

Generation of bone marrow chimeras 

Prior to irradiation, the recipient mice were injected intraperitoneally with 1ml of PBS to avoid 

dehydration. Bone marrow cell suspensions were prepared from the tibia and femur of 8-12-week-

old donor mice in sterile RPMI. The red blood cells were lysed using NH4Cl and the bone marrow 

single cell suspension were prepared in sterile PBS. Seven to nine-week-old recipient mice were 

irradiated at 11Gy, using linac X-ray source. The same day, the mice were injected intravenously 

with 2x106 bone marrow cells. Non-competitive chimeras received bone marrow cells from NOD 

or NOD.Idd2 mice. Competitive chimeras received a 1:1 ratio of NOD.2 (expressing CD45.2 

alleles) and NOD.Idd2 bone marrow cells. 

 

Cell injections into NRG mice 

Spleens were passed through a 70-µm cell strainer. Cell suspensions were treated with NH4Cl to 

lyse red blood cells and suspended in sterile PBS. For total spleen cell injections, each NRG mouse 

was injected intravenously with 20 x 106 spleen cells. For T cell transfer, T cells were isolated 



 74 

from spleens by negative selection using biotin selection kits (EasySep, Stem Cell Technologies). 

Purity was > 90%. Each NRG mouse was injected intravenously with 10 x 106 purified T cells. 

 

Flow cytometry 

Spleen and pancreatic lymph nodes (pLN) were treated with collagenase (1 mg/ml in PBS, Type 

V from Clostridium histolyticum, Sigma-Aldrich) for 15 minutes at 37 oC to assay dendritic cell 

phenotypes. Peyer’s patches, spleen and lymph nodes were pressed through a 70-µm cell strainer 

(Thermo Fisher Scientific). Spleen cell suspensions were treated with NH4Cl to lyse red blood 

cells. Single-cell suspensions were stained with different combinations of the following antibodies; 

B220-Pacific Blue (RA3-6B2; BioLegend), CD4-PE (GK1.5; BioLegend), CD8-PE-Cy7 (H35-

17.2; Thermo Fisher), CD11b-Pacific Blue (M1/70; BioLegend), CD11c-PE-Cy7 (N418; 

BioLegend), CD19-APC (6D5; BioLegend), CD21-APC (7E9; BioLegend), CD23-PE (B3B4; 

BioLegend), CD44-PE-Cy7 (IM7; BioLegend), CD45.1-FITC (A20.1; BioLegend), CD45.2-

AlexaFluor700 (104; BioLegend), CD49b-Pacific Blue (DX5; BioLegend), CD62L-APC (MEL-

14; Biolegend), CD69-APC/PE (H1.2F3; BioLegend), CD86-FITC (GL1; BioLegend), CD138-

PE (281-2; BD Bioscience), CXCR4-PerCP-Cy5.5 (L276F12; BioLegend), FoxP3-FITC (FJK-

16s; Thermo Fisher), FAS-biotin (Jo2; BD Bioscience), GL7-AlexaFluor647 (GL-7; eBioscience), 

H-2Db-FITC (KH95; BD Bioscience), H-2Kd-FITC (SF1-1.1; BioLegend), I-Ad-AlexaFluor647 

(39-10-08; BioLegend, cross-reacts to H-2g7), IgD-Pacific Blue (11-26c.2a; BioLegend), IgM-PE-

Cy7 (RMM1; BioLegend), insulin-Alexa647 (T56-706, BD), LIVE/DEADTM Fixable Yellow 

Dead Cell Stain Kit (Thermo Fisher), Streptavidin-PE or -PE-Cy7 (BioLegend), TCRb-FITC/PE 

(H57-597; BioLegend). The following reagents were obtained through the NIH Tetramer Core 

Facility: BV421-coupled PBS-57 mCD1d-tetramers, H2-Db/gp33-41 biotinylated monomers. 
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Tetramers were generated using ExtrAvidin®-PE (Thermo Fisher Scientific). Intracellular staining 

was performed as recommended by the supplier. Data were collected on an LSRFortessaX20 (BD), 

and analyzed with FlowJo software (FlowJo LLC, BD). 

 

Sheep red blood cell (SRBC) immunization 

Eight to 12-week-old mice were injected intra-peritoneally with 109 SRBCs diluted in PBS 

(Innovative Research). Ten days after injection, the spleens were collected for flow cytometry 

analysis and analysis by microscopy.  

 

Microscopy 

Spleens were frozen in OCT over dry ice and 10 µm slices of tissues were prepared using a 

cryostat. Slides were washed three times for 5 minutes in PBS and fixed with 3.7% 

paraformaldehyde for 10 minutes. Slides were washed again three times in PBS, air dried and 

blocked for 30 minutes using a PBS solution containing 3% BSA. CD35-biotin (8C12, BD 

Bioscience) was added and incubated overnight at 4oC. Slides were washed three time in PBS and 

all other antibodies (GL7-AlexaFluor647: GL-7, eBioscience; IgD-Pacific Blue, 11-26c.2a, 

Biolegend; Streptavidin-Alexafluor594, Biolegend) were added for 2 hours, at room temperature. 

Antibodies were washed in PBS. Diamond Antifade Mountant medium (Thermo Fisher) was 

added and slides were sealed with nail polish. Images were acquired using a fluorescent 

microscope (Axio Imager 2, ZEISS).   

 

RNA-Seq 
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B cells and DCs were sorted from the spleen as CD19+CD45+ and CD11chiB220- single cells, 

respectively (purity > 98%). RNA was isolated using Trizol. Libraries were prepared using the 

KAPA RNA HyperPrep PolyA Single-end Read Kit. Libraries were sequenced using the Illumina 

NextSeq 500 in 2 sequencing runs. FASTQ files were trimmed for sequencing adapters and low 

quality 3' bases using Trimmomatic version 0.35 (277) and aligned to the reference mouse genome 

version GRCm38 (gene annotation from Gencode version M25, based on Ensembl 100) using 

STAR version 2.7.1a (278). Read counts were extracted directly from STAR at the gene level. 

BAM alignments from STAR were used to generate transcript level FPKM values were generated 

using RSEM (279). Missense mutations were detected using RNA-seq data in combination with 

the Freebayes tool (280). Their functional effect was then annotated using snpEff (281). Single 

point mutations found to be consistent across biological replicates within a given condition with 

at least 20X coverage were isolated with a base count euclidean distance > 0.5 across mouse 

strains. These mutations were leveraged to isolate the location of Idd2 on Chromosome 9. DESeq2 

(R; version 1.26) was then used to normalize gene read counts. Batch correction was added to the 

statistical model for differential expression to adjust for samples sorted on 2 separate days. Log-

normalized FPKM values were batch corrected using the removeBatchEffect function from the 

limma R package (v 3.42.2) (282) and used as input for heatmap visualizations.   

 

Lymphocytic choriomeningitis virus (LCMV) Armstrong infection 

The LCMV Armstrong strain was kindly provided by Dr Alain Lamarre, INRS-IAF, Laval, QC, 

CA. The virus was replicated by infection of L929 cells, cultured in Minimum Essential Medium 

(MEM) containing 5% heat inactivated Nu serum (Corning), to obtain viral supernatant. The virus 

titer was determined using MC57G cells as previously described (283). Mice were infected with 
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2x105 PFU of LCMV Armstrong by i.p. injection. H-2Db/gp-33 tetramer staining was performed 

as previously described (284). 

 

In vitro allogenic activation assay 

T cells from skin draining lymph nodes of B10.BR (H2k) mice were stained with CFSE (2µM). 

The cells were then co-cultured for 3 days with splenic B cells or DCs from NOD or NOD.Idd2 

mice, at a 1:1 ratio. At the end of the co-culture, activation and proliferation of CD4+ and CD8+ T 

cells were analyzed by flow cytometry.  

 

Statistics 

A Log-rank (Mantel-Cox) test was applied to data from the diabetes incidence study. Chi-square 

tests were applied to the pancreas histology scores. For the competitive bone marrow-chimeras 

experiment, a paired student T-test was applied. Otherwise, data were tested for significance using 

a nonparametric Mann-Whitney U test. The minimal significance threshold was set at 0.05 for all 

tests.  
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2.4 Results 

B10 alleles at the Idd2 locus confer diabetes resistance in NOD mice in a lymphoid cell-

intrinsic manner. 

To determine the impact of the Idd2 locus on autoimmune diabetes, we monitored diabetes 

incidence in both the NOD and NOD.Idd2 strains; the Idd2 congenic interval is depicted in Figure 

1A. In our cohort, nearly 90% of female NOD mice were diabetic at 30 weeks of age (Fig. 1B). In 

contrast, only one of 12 (8%) NOD.Idd2 mice became hyperglycemic at 24 weeks of age, showing 

that the Idd2 locus of B10 origin is sufficient to prevent or significantly delay diabetes onset (Fig. 

1B). The degree of insulitis was also reduced in NOD.Idd2 mice relative to NOD mice (Fig. 1C). 

Expectedly, as NOD mice had progressed to overt diabetes, they had fewer pancreatic islets than 

NOD.Idd2 mice (Fig. 1D) (285). When comparing age-matched pre-diabetic NOD and NOD.Idd2 

mice, we also observed a lower degree of insulitis and a higher number of islets in NOD.Idd2 

relative to NOD mice (Fig.1E-F). Therefore, resistance alleles at the Idd2 locus decrease the degree 

of insulitis and confer a significant delay in both the onset and incidence of diabetes.  

 

Resistance to autoimmune diabetes can be hematopoietic-intrinsic and/or extrinsic (286, 287). 

Indeed, we have previously demonstrated that the NOD genetic background affects beta cell 

fragility, contributing to diabetes pathogenesis (288). Considering the difference in pancreatic islet 

numbers, even in young mice (Fig. 1F), we hypothesized that the Idd2 locus might modulate islet 

cells independently of the autoimmune response. To study pancreatic islet cell function without 

the confounding factors of an ongoing autoimmune response, we generated a NOD.Idd2.Rag-/- 

strain. Specifically, Rag-/- mice lack all T and B lymphocytes (289), such that both NOD.Rag-/- and 

NOD.Idd2.Rag-/- mice do not show insulitis nor do they progress to overt diabetes. Pancreatic islet 
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numbers were similar between NOD.Rag-/- and NOD.Idd2.Rag-/- mice (Fig. 2A), and both strains 

had a comparable number of insulin-producing β cells (Fig. 2B). Finally, the response to a glucose 

tolerance test was also similar for both mouse strains (Fig. 2C). Together, these results suggest that 

the Idd2 locus does not influence pancreatic islet number and β cell function.  

 

Next, to determine if B10 alleles at the Idd2 locus confer autoimmune diabetes resistance in a 

hematopoietic-intrinsic manner, we generated non-competitive bone marrow-chimeras. Lethally 

irradiated NOD.CD45.2 congenic mice received bone marrow from either NOD or NOD.Idd2 

mice, both of which bear the CD45.1 allele (Fig. 3A). The distinct CD45 alleles between donor 

and recipient mice allowed quantification of the effectiveness of the bone marrow reconstitution, 

which was above 90% for all recipients. Fifteen weeks post-reconstitution, we found that the 

degree of insulitis was lower in recipient mice of NOD.Idd2 bone marrow when compared to those 

grafted with NOD bone marrow (Fig. 3B). In addition, at 20 weeks following engraftment, 

chimeras that received NOD bone marrow developed high incidence of diabetes while the recipient 

of NOD.Idd2 bone marrow remained diabetes free (Fig. 3C). Similarly, NOD.Idd2 spleen cells 

caused less insulitis than NOD spleen cells when adoptively transferred in lymphopenic NRG mice 

(Fig. 3D, E). Altogether, these data indicate that the lower degree of insulitis conferred by the Idd2 

locus is lymphoid cell-intrinsic. 

 

T cell subsets and function are not affected in NOD.Idd2 mice. 

As T cells are necessary and sufficient to drive autoimmune diabetes in mice (166, 290), we first 

investigated if B10 alleles at the Idd2 locus modulate T cell subset proportion. The proportion of 

CD4+ T cells, CD8+ T cells, NKT cells and Tregs was similar between NOD and NOD.Idd2 mice 



 80 

(Fig. 4A, B). In contrast to our previous study in the 3A9 TCR transgenic model (253), the 

proportion of immunoregulatory CD4-CD8-, double negative (DN) T cells was also comparable 

between both strains (Fig. 4A,B). This suggests that Idd2 alleles likely influence the proportion of 

DN T cells specifically in a TCR transgenic setting. Notwithstanding the absence of difference in 

the proportion of T cell subsets between NOD and NOD.Idd2 mice, we set out to determine if Idd2 

resistance alleles influenced the diabetogenic potential of T cells. As such, we performed adoptive 

T cell transfers from young NOD or NOD.Idd2 mice into lymphopenic NRG mice and monitored 

diabetes incidence. Approximately 40% of NRG mice progressed to overt diabetes, irrespective of 

the origin of the donor T cells (Fig. 4C). Taken together, these results suggest that Idd2 resistance 

alleles do not significantly influence T cell pathogenicity.  

 

Genetic variants in the Idd2 locus impact isotype switching in B cells. 

In addition to T cells, B lymphocytes are key players in T1D pathogenesis (211, 244, 249, 266, 

267). We therefore examined populations of B cells known to participate in the progression to 

diabetes (234, 291). Total (CD19+TCRβ-), follicular (CD21+CD23low), marginal zone (CD21-

CD23hi) and activated (CD69+) B cells, as well as plasma cells (B220-CD138+) were present in 

similar proportion and numbers in both NOD and NOD.Idd2 mice (Fig. 5A, B, Fig. S1A). Yet, the 

proportion of class switched IgM-IgD- B cells was reduced in NOD.Idd2 mice relative to NOD 

mice, in all lymphoid organs tested (Fig. 5C-E). This decrease in class switching resulted in a 

lower quantity of serum IgG, but not IgM, levels in NOD.Idd2 mice relative to NOD mice (Fig 

5F). The reduction of serum IgG in NOD.Idd2 mice was not caused by a general reduction of B 

cells, as total and unswitched (IgM+IgD+) B cell numbers were not decreased in NOD.Idd2 relative 

to NOD mice (Fig. 5E, Fig. S1A, B). B cell class switching primarily occurs in germinal centers 
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(GCs) (292), and ectopic GCs develop in the pancreas of NOD mice (234). We therefore quantified 

the GCs present directly in the pancreas of pre-diabetic NOD and NOD.Idd2 mice. Relative to 

NOD mice, NOD.Idd2 mice displayed a significantly lower proportion of GC B cells, defined by 

the co-expression of GL7 and FAS, within the pancreatic infiltrates (Fig. 5G, H). Idd2 resistance 

alleles seems to impair immunoglobulin isotype class switching as well as germinal center 

formation, at least in the pancreas. 

 

The reduction in GC B cells in NOD.Idd2 mice is not limited to autoimmune reactions in 

pancreatic tissue. 

The low number of GC observed in NOD.Idd2 mice may simply result from the low level of 

immune infiltration, rather than a decreased ability to form GCs. To test this hypothesis, we 

quantified GC B cells in Peyer’s patches of NOD and NOD.Idd2 mice. GCs form spontaneously 

in Peyer’s patches in response to the gut microbiota (293). As observed in the pancreatic infiltrates, 

a significantly lower proportion and absolute numbers of GC B cells were found in Peyer’s patches 

from NOD.Idd2 mice relative to NOD mice (Fig. 6A, B). This result suggests that the Idd2 locus 

modulates spontaneous GC formation. To exclude the possibility that these differences are driven 

by variations in gut microbiota between the different strains, we generated non-competitive bone 

marrow chimeras, where NOD mice were reconstituted with bone marrow from either NOD or 

NOD.Idd2 mice. NOD mice that received NOD.Idd2 bone marrow still displayed a lower 

proportion of GC B cells in their Peyer’s patches than mice that received NOD bone marrow (Fig. 

6C). Similarly, GC B cells were significantly reduced in the spleen and pancreatic lymph nodes of 

NRG mice that received NOD.Idd2 spleen cells compared to mice that received NOD spleen cells 
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(Fig. 6D). Therefore, with either NOD or NRG mice as hosts, immune cells bearing resistance 

alleles at the Idd2 locus yield fewer GC B cells than those of NOD origin.  

 

Spontaneous GC formation is clearly influenced by Idd2 alleles. To determine whether this 

extended to induced GC formation, we immunized NOD and NOD.Idd2 mice with SRBCs. The 

size of individual GCs (Fig. 6E) and the distribution of B cells in the light and dark zones based 

on CXCR4 and CD86 expression (Fig. 6F) were similar between NOD and NOD.Idd2 mice. 

However, the proportion and numbers of GC B cells in the spleen of immunized mice was notably 

reduced in NOD.Idd2 mice relative to NOD mice (Fig. 6G, H). Altogether, these data show that 

B10 alleles at the Idd2 locus significantly impede both spontaneous and induced GC formation in 

NOD mice.  

 

B10 alleles at the Idd2 locus determines MHC expression. 

Having established that B10 alleles at the Idd2 locus did not influence the diabetogenic potential 

of T cells and instead appears to influence B cell responses, we compared the transcriptomic profile 

of B cells from NOD and NOD.Idd2 mice. Out of the total 58 differentially expressed genes (Fig. 

7A, Suppl Table 1, see (294)), 14 genes were encoded within the Idd2 locus (Fig. 7B and Suppl 

Table 1, see (294)). Based on GO terms, only two of them were associated with immune functions, 

namely Crtam and Hspa8, with no obvious link to germinal center biology (Suppl Table 1, see 

(294)). Still, among the 44 differentially expressed genes outside of the Idd2 locus, three encoded 

for MHC genes, namely H2-D1, H2-Q6 and H2-Q7 (Fig. 7A, C). This prompted us to examine the 

expression of MHC class I and class II molecules on immune cells from NOD and NOD.Idd2 

mice. NOD mice carry the H-2g7 MHC haplotype, composed of H-2Kd and H-2Db MHC class I 
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and I-Ag7 MHC class II molecules (132). A significant decrease in the expression of both MHC 

class I, H-2Db, and class II, I-Ag7, was observed on B cells from NOD.Idd2 mice compared to B 

cells from NOD mice, in both the spleen and pLN (Fig. 7D-F). The expression of H-2Kd was not 

affected (Fig. 7D). Moreover, the decrease in MHC class II, but not MHC class I, was specific to 

B cells. Indeed, every immune cell subset tested displayed reduced MHC class I H-2Db expression 

(Fig. 7G), while conventional and plasmacytoid DCs showed similar levels of MHC class II 

expression in both strains (Fig. 7H). Transcriptomic analysis of cDCs from NOD and NOD.Idd2 

mice confirmed that H2-D and H-2Q mRNA levels are reduced in NOD.Idd2 relative to NOD 

mice (Fig. S2A, B). Notably, competitive bone marrow chimeras indicate that the lower expression 

of MHC I and II on B cells is cell-intrinsic (Fig. 7I). These results suggest that B10 alleles within 

the Idd2 locus globally modulate MHC class I H-2D expression and specifically influence MHC 

class II expression on B cells. 

 

B10 alleles at the Idd2 locus reduce the T cell activation potential of B cells and DCs. 

MHC facilitates antigen presentation to T cells, leading to their activation. To assess if the 

reduction of H-2Db and I-Ag7 expression in NOD.Idd2 mice results in a functional impact on T 

cell activation, we tested T cell activation in two different settings. First, we performed in vitro 

allogenic activation assays using total T cells from B10.BR mice (expressing H2k haplotype) and 

B cells or DCs from NOD and NOD.Idd2 mice. Both CD4+ and CD8+ T cell activation were 

reduced when B10.BR T cells were co-cultured with either B cells or cDCs from NOD.Idd2 mice 

relative to NOD mice (Fig. 8A-C). Notably, the reduction in CD4+ T cell activation was more 

prominent in the B cell co-cultures (Fig. 8B, C), in line with the B cell-specific reduction of I-A 

expression (Fig. 7F, H). Secondly, to measure T cell activation in an antigen-specific manner, we 
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infected NOD and NOD.Idd2 mice with the LCMV Armstrong virus. The LCMV gp33 

immunodominant peptide is presented by H-2Db, and the antigen-specific T cell response can be 

tracked using H2-Db-gp33 tetramers. Using CD44 and CD62L as activation markers, we observed 

that while CD4+ T cells were equally activated in infected mice from both strains, CD8+ T cells 

showed a reduction of activation in NOD.Idd2 mice (Fig. 8D, E). Compared to NOD mice, H2-

Db-gp33 specific CD8+ T cells were virtually absent in NOD.Idd2 mice (Fig. 8F, G), in line with 

the significant reduction of H2-D expression by antigen-presenting cells in NOD.Idd2 mice (Fig. 

7, Fig. S2). Together, these results demonstrates that genetic variants in the Idd2 locus modulate 

MHC expression, significantly affecting T cell activation in vitro and in vivo. 
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2.5 Discussion 

Over 30 Idd loci have been linked to autoimmune diabetes susceptibility in NOD mice (295), and 

the impact of many Idd loci on diabetes susceptibility has been validated using NOD congenic 

mice. Here, we generated NOD.Idd2 congenic mice and validate that B10 alleles at the Idd2 locus 

confer diabetes resistance. The diabetes resistance does not appear to be due to an increase in 

insulin-producing β cell mass or function, nor due to a decrease in T cell pathogenicity. Instead, 

this hematopoietic-intrinsic diabetes resistance affects germinal center formation and B cell 

isotype switching. In an attempt to identify candidate genes driving these phenotypes, we 

compared the B cell transcriptome from NOD and NOD.Idd2 mice. This revealed an important 

variation in the expression of MHC molecules, which was confirmed by flow cytometry. While 

the decrease in MHC II expression appeared restricted to B cells, MHC I expression was more 

broadly observed in immune cells from NOD.Idd2 mice relative to NOD mice. Altogether, we 

observed that the Idd2 locus confers resistance to autoimmune diabetes, affects the humoral 

immune response in a hematopoietic-intrinsic manner, and results in impaired antigen-specific T 

cell activation likely through the reduction in MHC expression. 

 

The impact of the Idd2 locus on diabetes resistance has been previously investigated in 

NOD.NON-Thy-1a congenic mice, which display NON alleles on chromosome 9 (166). These 

mice are protected from diabetes relative to NOD mice, although to lower levels than our 

NOD.Idd2 mice (166). This suggests that B10.BR alleles confer stronger diabetes resistance than 

NON alleles. Alternatively, the difference in the degree of diabetes resistance between these two 

strains may be explained by the variation in size of the congenic intervals. Regardless, consistent 

with our findings, the diabetogenic potential of T cells from NOD.NON-Thy-1a congenic mice 
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was not affected, as shown by T cell transfers in lymphopenic NOD mice (166). Unfortunately, 

upon further backcrossing, a recombination event occurred within the chromosome 9 locus of the 

NOD.NON-Thy-1a congenic mice (296). The strain lost its resistance to diabetes, precluding 

further characterization of the traits conferring diabetes resistance (296).  

 

We had also previously studied the Idd2 locus in the context of the 3A9 TCR:insHEL NOD.H2k 

transgenic model. Indeed, in this TCR transgenic model, immunoregulatory 3A9 TCR DN T cells 

are most abundant in 3A9 TCR transgenic mice bearing the B10.BR background relative to the 

NOD.H2k counterpart (190, 254). A linkage analysis showed that the Idd2 locus was linked to the 

proportion of 3A9 DN T cells, which prompted us to generate 3A9 TCR:insHEL NOD.H2k-Idd2 

congenic mice (253). We found that B10.BR alleles at the Idd2 locus was sufficient to increase the 

number of 3A9 DN T cells, decrease IgG autoantibody levels and reduce diabetes incidence in 

3A9 TCR:insHEL NOD.H2k-Idd2 congenic mice (253). These results were in line with our 

previous data showing that transfer of 3A9 DN T cells in autoimmune diabetes-prone mice 

conferred diabetes resistance and reduced autoantibody levels, likely by eliminating activated B 

cells (190, 254). Altogether, these results suggested that low numbers of 3A9 DN T cells in 

autoimmune diabetes-prone mice were insufficient to control autoantibody production, thereby 

contributing to diabetes susceptibility.  

 

TCR transgenes skew thymic differentiation and impose a more restricted T cell repertoire. As 

such, to determine whether the resistance alleles at the Idd2 locus similarly affected diabetes onset 

and incidence in non-TCR transgenic NOD mice, we outcrossed the transgenes and the MHC locus 

to generate NOD.Idd2 congenic mice. As for the TCR transgenic environment, we find that both 
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diabetes onset and incidence is reduced in NOD.Idd2 relative to NOD mice. Moreover, the Idd2 

locus influences the formation of spontaneous GCs, in line with the reduced autoantibody levels 

observed in the transgenic setting (253). However, we could not confirm the role of Idd2 on DN T 

cell proportion in non-TCR transgenic mice. This difference could be due to the fact that the 

genetic regulation of DN T cell proportion may be different in transgenic and non-transgenic 

animals. In addition, analysis of a locus on mouse chromosome 12, also linked to 3A9 DN T cell 

proportion, revealed that 3A9 DN T cell number, autoantibodies and diabetes resistance are not 

necessarily linked (297, 298). More studies are required to determine the role of non-TCR 

transgenic DN T cells in autoimmune regulation. Nonetheless, our results suggest that diabetes 

resistance alleles at the Idd2 locus significantly impact antibody production. 

 

Specifically, we find that resistance alleles at the Idd2 locus not only impede autoimmune diabetes 

progression, but also limit antibody isotype switching, likely as a consequence of the reduced GC 

response (299). In NOD mice, ectopic GC are observed in the pancreatic tissue (234), and the 

number of GC B cells is reduced in NOD.Idd2 congenic mice. The reduction in GC B cells in 

NOD.Idd2 congenic mice relative to NOD mice was not restricted to the pancreas, as it was also 

observed in Peyer’s patches, as well as in the spleen following immunization with SRBCs. Bone 

marrow chimeras and cell transfer experiments demonstrate that the difference in GC formation is 

caused by immune cell-intrinsic factors. Therefore, genetic variants within the Idd2 locus have an 

immune cell-intrinsic impact on the humoral immune response.  

 

The Idd2 locus in the NOD.Idd2 congenic mice spans a little over 12Mb. It encodes a large number 

of immune and non-immune genes that could contribute to the autoimmune diabetes-resistance 
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and GC formation. Idd2 also links to metabolic changes inducing β cell apoptosis, and Grik4, a 

gene encoded in our interval, is a candidate gene (300). However, our data on the pancreatic 

function in NOD.Idd2.Rag-/- mice argues against a modulation of pancreatic function by B10 

alleles in the Idd2 locus. In addition, bone marrow chimeras and cell transfer experiments show 

that diabetes resistance and reduced GC numbers in NOD.Idd2 mice are immune cell-intrinsic. 

Transcriptomic analysis of B cells from NOD and NOD.Idd2 mice revealed 58 differentially 

expressed genes (DEG) genome-wide, 14 of which are located in the Chr9 locus of B10 origin. Of 

those 14 genes, two are associated with immune functions, namely Crtam and Hspa8, but exert no 

defined role in GC B cells. In addition to the 14 DEGs from the Idd2 locus, three of the 44 other 

DEGs are MHC genes, namely H2-D1, H2-Q6 and H2-Q7; H2-D1 and H2-Q6 are also 

significantly differentially expressed in DCs from NOD.Idd2 mice relative to NOD mice. We 

validated that H2-D protein expression was reduced in immune cells from NOD.Idd2 mice when 

compared to NOD mice. The lower levels of MHC expression observed in NOD.Idd2 mice could 

reflect a lower degree of inflammation relative to NOD mice. However, results from competitive 

bone marrow chimeras show that this is unlikely, as the level of H-2D expression is cell-intrinsic. 

Moreover, we find that H2-K expression was not affected, suggesting that this was not due to a 

global regulation of MHC genes. Furthermore, while the mRNA levels of the MHC class II 

molecules, H2-Aa and H2-Ab, were similar when comparing B cells from NOD and NOD.Idd2 

mice, the protein levels of I-Ag7 were reduced in B cells from NOD.Idd2 mice, and this phenotype 

was also cell-intrinsic. This suggests that the difference of expression for I-Ag7 between the two 

strains is likely caused by post-transcriptional regulation. Additional studies are required to 

determine which genetic variant within the Idd2 locus specifically modulate H-2D and I-Ag7 MHC 

expression. 
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The reduction in MHC I and II expression on immune cells in NOD.Idd2 congenic mice likely 

contributes to the decreased autoimmune diabetes incidence and the reduced number of GC B 

cells. Indeed, the MHC locus accounts for the majority of the genetic susceptibility to autoimmune 

diabetes (131). In NOD mice, presentation of autoantigens to T cells participates in the initiation 

of autoimmune diabetes (223, 226, 266, 268, 272, 301, 302). Modulation of MHC I expression on 

immune cells and MHC II expression specifically on B cells in NOD.Idd2 mice is therefore likely 

to impact diabetes development. Moreover, interactions between CD4+ T cells and B cells, in part 

through MHC II, are crucial for the induction and maintenance of GCs (303, 304). In addition to 

MHC genes, Lta, encoding for Lymphotoxin-α (LT-α), is downregulated in NOD.Idd2 B cells 

when compared to NOD B cells. LT-α is highly expressed in B cells (305) and is essential for 

induction of germinal centers (240). The reduction of LT-α and MHC expression may therefore 

both contribute to the reduced GCs observed in NOD.Idd2 mice.  

 

Altogether, we find that the Idd2 locus contributes to autoimmune diabetes susceptibility in NOD 

mice, impairs GCs, limits isotype switching and influences MHC expression. GCs can contribute 

to autoimmunity by facilitating the generation of high affinity autoantibodies, the proliferation of 

autoreactive B cells as well as epitope spreading (234, 306, 307). Notably, NOD mice have a high 

propensity to develop GCs (308), and ectopic GCs can be detected in the pancreas of NOD mice 

(234). It is thus likely that the lower levels of MHC, the reduced number of GCs, the decreased 

proportion of isotype switched B cells, and the substantial reduction in diabetes onset in NOD.Idd2 

mice relative to NOD mice are intricately linked. Overall, our findings show that Idd2 locus 

confers diabetes resistance and influences the humoral immune response.  
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2.6 Figures 
  

Figure 1. B10 alleles at the Idd2 locus 
confer resistance to diabetes in NOD mice. 
A) Schematic representation of the 
chromosome 9 of B10, NOD and NOD.Idd2 
mice. Annotated genes represent the first and 
last genes of the locus of B10 origin. 
Identification of single nucleotide 
polymorphisms (SNPs) was conducted by 
paired-end RNA sequencing of NOD and 
NOD.Idd2 cell samples. B) Diabetes 
incidence is shown for female NOD (n = 30) 
and NOD.Idd2 (n = 12) mice. ***P < 0.001 
according to a Log-rank (Mantel-Cox) test. C) 
The insulitis score is shown for mice included 
in the diabetes incidence study. D) Average 
number of pancreatic islets per slides of 
pancreas from NOD and NOD.Idd2 mice 
from the diabetes incidence study. E) The 
insulitis score is shown for 7 to 11-week-old 
female mice. NOD, n = 8, NOD.Idd2, n = 8. 
F) Average number of pancreatic islets per 
slides of pancreas from young female NOD 
and NOD.Idd2 mice. *P < 0.05, ***P < 
0.001.  
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Figure 2. B10 alleles at the Idd2 locus does 
not affect beta cell differentiation or 
function. 
A) Average number of pancreatic islets per 
slides of pancreas from male NOD.Rag-/- and 
NOD.Idd2.Rag-/- mice. n = 6-7 per group. B) 
Representative flow cytometry plots of 
pancreatic islet cells from NOD.Rag-/- mice 
(left panel) and compilation of the percentage 
of insulin producing beta cells in pancreatic 
islets of male and female NOD.Rag-/- and 
NOD.Idd2.Rag-/- mice (right panel). n = 3-4 
per group. C) Glucose tolerance test 
performed on 8 to 10-week old male 
NOD.Rag-/- (white dots) and NOD.Idd2.Rag-

/- (black dots) mice. n = 6 per group. NS = 
non-significant. 
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  Figure 3. Resistance to insulitis and 
diabetes in NOD.Idd2 mice is lymphoid 
cell-intrinsic. 
A) Schematic depiction of bone marrow-
chimera construction. B) The insulitis score of 
bone marrow chimera recipients is shown, 15 
weeks post-reconstitution. Recipients of 
female NOD bone marrow, n = 6; recipients 
of female NOD.Idd2 bone marrow, n = 14. C) 
Diabetes incidence is shown for female 
chimeras that received female NOD (n = 7) or 
NOD.Idd2 (n = 6) bone marrow. *P < 0.05 
according to a Log-rank (Mantel-Cox) test. D) 
Schematic depiction of spleen cell transfers in 
female NRG recipients. E) The insulitis score 
of spleen cell recipients is shown, 15 weeks 
post-injection. n = 10 per group. 
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Figure 4. T cell diabetogenic potential is not affected in NOD.Idd2 mice. 
A) Representative flow cytometry plots of T cell subsets in the spleen of NOD and 
NOD.Idd2 mice. B) Compilation of T cell subset proportion in the spleen of male NOD 
and NOD.Idd2 mice. n > 3 per group. C) Diabetes incidence of female NRG mice 
injected with T cells from female NOD and NOD.Idd2 mice. n = 6-7 per group. ns = 
non-significant. 
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  Figure 5. B cell class switching and GC are affected in NOD.Idd2 mice. 
A) Representative flow cytometry plots of B cell subsets in the spleen of NOD and 
NOD.Idd2 mice. B) Compilation of B cell subset proportion in the spleen of male 
NOD and NOD.Idd2 mice. MZ = marginal zone. n > 3 per group. C) Representative 
flow cytometry plots of IgM and IgD expression by B cells from NOD and NOD.Idd2 
mice. D) Compilation of class switched B cell proportion in the spleen, LN and pLN 
of male NOD and NOD.Idd2 mice. n = 6 per group. E) Compilation of unswitched B 
cell proportion in the spleen, LN and pLN of male NOD and NOD.Idd2 mice. n = 6 
per group. F) Total IgM and IgG concentration in the serum of male and female NOD 
and NOD.Idd2 mice. n = 5 per group. G) Representative flow cytometry plots of FAS 
and GL7 expression in B cells from pancreatic islets of NOD mice. H) Compilation of 
GC B cell proportion from pancreatic islets of male and female NOD and NOD.Idd2 
mice. n = 4-6 per group. *P < 0.05, **P < 0.01, ns = non-significant. All mice used in 
these experiments were aged-matched (8-12 weeks old) and non-diabetic.  
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Figure 6. Spontaneous and induced GC B cells are increased in NOD mice relative 
to NOD.Idd2 mice. 
A) Representative flow cytometry plots of GC B cells from Peyer’s patches of NOD 
and NOD.Idd2 mice. B) Compilation of GC B cell proportion (left panel) and absolute 
numbers (right panel) from Peyer’s patches of male and female NOD and NOD.Idd2 
mice. n = 9 per group. C) Compilation of GC B cell proportion in Peyer’s patches of 
non-competitive bone-marrow chimeras in NOD recipient mice. n = 5-12 per group. 
D) Compilation of GC B cell proportion in the spleen and pLN of female NRG mice 
injected with female NOD or NOD.Idd2 spleen cells. E) Representative spleen 
immunohistochemistry of male NOD and NOD.Idd2 mice immunized with SRBCs. 
F, G) Representative flow cytometry plots of (F) CD86 and CXCR4 expression on GC 
B cells and of (G) GL7 and FAS expression defining GC B cells of NOD and 
NOD.Idd2 mice immunized with SRBCs. H) Compilation of GC B cell proportion 
(left panel) and absolute numbers (right panel) from the spleen of immunized male 
NOD and NOD.Idd2 mice. n = 6 per group. *P < 0.05, **P < 0.01, ***P < 0.001.  
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  Figure 7. Transcriptomic analysis of B cells reveals the impacts of the Idd2 locus 
on MHC expression 
A) Volcano Plots of Differentially Expressed Genes (DEG) from splenic B cells of 
female NOD and NOD.Idd2 mice at FDR <0.05 and Fold Change > 1.5. Genes 
upregulated in B cells of NOD.Idd2 mice are in red, downregulated in blue, and black 
if not significantly differentially expressed. B) Row-normalized (z-score) expression 
heatmap of the DEGs present in the locus of B10 origin of NOD.Idd2 mice. Each row 
represents a gene and columns represent individual samples. Red represents a higher 
relative expression for a given gene, while blue denotes a lower relative expression. 
C) Log FPKM expression heatmap of genes implicated in antigenic presentation. Each 
row represents a gene and columns represent individual samples. Red represents a 
higher relative expression for a given gene, while blue denotes a lower relative 
expression. DEGs are marked with an asterisk. D) Representative flow cytometry plots 
of H-2Db, H2-Kd and I-Ag7 expression on B cells from NOD (black line) and 
NOD.Idd2 (shaded line). Relative fluorescence intensity (RFI) of E, G) H-2Db and F, 
H) I-Ag7 expression on E, F) B cells and G, H) T cells, NK cells, conventional 
dendritic cells (cDC) and plasmacytoid dendritic cells (pDC) of male and female NOD 
and NOD.Idd2 mice. RFI is based on the mean expression in NOD mice. n > 4 per 
group. I) H-2Db and I-Ag7 mean fluorescence intensity (MFI) of B cells from the spleen 
of female NOD and NOD.Idd2 competitive bone-marrow chimeras in NOD recipient 
mice. *P < 0.05, **P < 0.01***P < 0.001, ns = non-significant. 
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  Figure 8. Impact of the Idd2 locus on T cell responses. A) Representative flow 
cytometry plots of CFSE labelled T cells from co-cultures with NOD and NOD.Idd2 
B cells. B) Percentage of CFSElow CD4+ and CD8+ T cells from co-cultures with NOD 
and NOD.Idd2 B cells, normalized to the NOD co-cultures. C) Percentage of CFSElow 
CD4+ and CD8+ T cells from co-cultures with NOD and NOD.Idd2 DCs, normalized 
to the NOD co-cultures. D) Representative flow cytometry plots of CD4+ and CD8+ T 
cells from LCMV infected mice and uninfected NOD mice. E) Compilation of CD62L-

CD44hi cells from the spleen of infected male mice. F) Representative flow cytometry 
plots of CD8+ T cells from LCMV infected mice and uninfected NOD mice. G) 
Compilation H2Db-gp33 tetramers specific CD8+ T cells from the spleen of infected 
male mice (n = 3-6). *P < 0.05, **P < 0.01***P < 0.001. 
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Figure S1. Absolute numbers of B cell subsets. A) Absolute number of total, follicular and 
marginal zone (MZ) B cells, and plasma cells, from the spleen of NOD and NOD.Idd2 mice. n ≥ 
3. B) Absolute number of unswitched B cells from the spleen, LN and pLN of NOD and NOD.Idd2 
mice. n = 5-6. NS = non-significant. 
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Figure S2. Transcriptomic analysis of dendritic cells (DCs). A) Volcano Plots of Differentially 
Expressed Genes (DEG) from splenic DCs of NOD and NOD.Idd2 mice at FDR <0.05 and Fold 
Change > 1.5. Genes upregulated in DCs of NOD.Idd2 mice are in red, downregulated in blue, 
and not significantly differentially expressed in black. B) Log FPKM expression heatmap of genes 
implicated in antigenic presentation. Each row represents a gene and columns represent individual 
samples. Red represents a higher relative expression for a given gene, while blue denotes a lower 
relative expression. DEGs are marked with an asterisk.  
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Preface to chapter 3 

 

In the previous chapter, we have demonstrated that genetic variants in the Idd2 locus impact 

autoimmune diabetes susceptibility and GC formation. Prior to the RNA-Seq analyses described 

in chapter 2, we rapidly aimed to identify candidate genes within the Idd2 locus that could 

modulate GC formation. Among the few hundred candidate genes, our attention turned to Pou2af1, 

which encode the OCA-B protein. As mentioned in chapter 1, OCA-B is highly expressed in B 

cells and play multiple roles in B cell biology, such as promoting GC formation.  

 

To investigate the cell-intrinsic role of OCA-B, we generated a new mouse model where 

Pou2af1 can be disrupted in specific cell types. As we were generating this model, we obtained 

the RNA-Seq data suggesting that Pou2af1 was just outside of the locus of interest in our congenic 

strain, and unlikely to contribute to the phenotypes observed in NOD.Idd2 mice. Still, having 

generated this conditional Pou2af1 mouse model, and seeing the growing body of literature 

describing a potential role for Pou2af1 in T cells, we opted to exploit our model to determine how 

Pou2af1 impacts T cell responses. In this chapter, we conclusively demonstrate that Pou2af1 does 

not have a T cell-intrinsic role. 
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Chapter 3: 

OCA-B does not act as a transcriptional co-activator in T cells 

 

Running title: Extrinsic role for Pou2af1 in T cells  
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3.1 Abstract  

Pou2af1 encodes for OCA-B, a coactivator of OCT-1/2 transcription factors, which plays a key 

role in B cell maturation. The function of OCA-B has also been studied in T cells, where T cells 

from Pou2af1-/- mice have impaired functions, such as cytokine production and T follicular helper 

(Tfh) differentiation. Arguably, some of these T cell phenotypes may result from impaired T-B 

interactions, secondary to the well-documented B cell defects in Pou2af1-/- mice. Yet, Pou2af1 is 

actively transcribed in activated T cells, suggesting a T cell-intrinsic role. To isolate the T cell-

intrinsic impact of Pou2af1, we generated Pou2af1fl/fl mice with specific genetic disruption of 

Pou2af1 either in all hematopoietic cells or exclusively in T cells. While we confirm that Pou2af1 

is expressed in activated T cells, we surprisingly find that T cell cytokine production is not 

impaired in Pou2af1-deficient T cells. Moreover, Pou2af1-sufficient and -deficient T cells have 

comparable transcriptome profiles, arguing against a T cell-intrinsic role for Pou2af1. In line with 

these observations, we demonstrate that Tfh maturation is influenced by T cell-extrinsic deletion 

of Pou2af1, as observed both in competitive bone marrow chimeras and in Pou2af1fl/fl mice with 

specific deletion in B cells. Overall, this study provides strong evidence that Pou2af1 does not act 

as a transcriptional coactivator in T cells, and conclusively demonstrates that loss of OCA-B in B 

cells indirectly impacts Tfh differentiation, clarifying the role of OCA-B in the immune system. 

 

Keywords: B cells / OCA-B / Pou2af1 / T cells / germinal centers/ Tfh  
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3.2 Introduction 

 

OCA-B (Oct-coactivator from B cells, also known as OBF-1 or BOB.1) is encoded by the Pou2af1 

gene and was first identified in B cell extracts on the basis of its ability to promote immunoglobulin 

(Ig) gene transcription (45). It is a transcriptional coactivator that interacts with the ubiquitously 

expressed OCT-1 and the B cell-specific OCT-2 transcription factors (44, 45). OCA-B expression 

is restricted to the hematopoietic system, with strong expression in the spleen, lymph nodes (LN), 

bone marrow and blood (44, 309).  

 

The first in vitro studies of OCA-B function suggested that OCA-B was one of the main drivers of 

Ig gene transcription in B cells (44, 45). However, the generation of the B6.129S-Pou2af1-/- mouse, 

hereafter referred to as Pou2af1-/- mice, in which expression of OCA-B is disrupted in all cell 

types, revealed that OCA-B is dispensable for Ig transcription (74, 310). Pou2af1 mRNA is 

detectable in B cells at all stages of maturation (311), and Pou2af1 deficiency impairs many aspects 

of B cell biology including B cell development (46, 312-314), germinal center (GC) induction (74, 

310, 315), IgG production (74, 310), B cell receptor signaling (316) and plasma cell differentiation 

(317). The target genes of OCA-B/OCT-1/2 complexes remain mostly unknown but candidate 

genes include Spib and Bcl6 (75, 318), both of which contribute to GC B cell differentiation (319, 

320), such that this could explain the reduced ability of Pou2af1-/- B cells to differentiate into GC 

B cells.  

 

In addition to B cells, the function of OCA-B has been studied in T cells. Indeed, Pou2af1 is 

transcribed in T cells following in vitro activation (321, 322). As OCT-1 is ubiquitously expressed, 
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OCA-B in T cells could act through OCT-1 coactivation. Notably, T follicular helper (Tfh) and T 

helper 17 (Th17) differentiation as well as CD4+ T cell cytokine production are impaired in 

Pou2af1-/- mice (76, 321, 323). Still, due to the germline disruption of Pou2af1 in these mice, one 

cannot conclude whether the T cell phenotypes are due to a cell-intrinsic loss of Pou2af1 

expression or are indirectly attributable to the loss of Pou2af1 expression in other hematopoietic 

cells.  

 

To determine the T cell-intrinsic roles for OCA-B, we generated mouse models in which we 

performed conditional deletion of Pou2af1 specifically in hematopoietic cells or in T cells. Using 

these models, we provide strong evidence that Pou2af1 does not impact T cell cytokine production 

or Th17 differentiation, and does not act as a transcriptional coactivator in T cells. Rather, we 

demonstrate that Pou2af1 regulates Tfh differentiation in a T cell-extrinsic manner, specifically 

via Pou2af1-expressing B cells.  
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3.3 Results 

Generation of a Pou2af1fl/fl mouse for cell-specific Pou2af1 deletion 

In order to generate a mouse strain with cell-specific disruption of the Pou2af1 gene, we obtained 

Pou2af1+/LacZ mice (Pou2af1tm1a(KOMP)Wtsi) from the KOMP Repository (324). In this mouse strain, 

the Pou2af1 locus has been targeted to generate a knockout-first allele which can be converted to 

a conditional (Fl, floxed) allele through FLP-mediated recombination (Supplementary figure 1a). 

Proper targeting of the locus was confirmed through 5’ and 3’ long range PCR performed on 

genomic DNA isolated from mouse tails (Supplementary figure 1b). Genotyping PCR using 

internal primers also confirmed the generation of Pou2af1+/LacZ mice (Supplementary figure 1c). 

These animals were next crossed with ACTBFLPe transgenic mice, which expressed the FLPe 

recombinase gene under the direction of the human ACTB promoter (325), to excise the LacZ and 

Neomycin (Neo) cassettes. The resulting ACTBFLPe.Pou2af1+/fl mice were then crossed with 

C57BL/6J mice to isolate the floxed allele from the ACTBFLPe transgene and proper 

recombination at the Pou2af1 locus was confirmed in the progeny of these mice using specific 

genotyping PCR (Supplementary figure 1d). Pou2af1+/fl mice were intercrossed to obtain 

Pou2af1fl/fl mice. 

 

To disrupt the Pou2af1 gene in all hematopoietic cells, Pou2af1fl/fl mice were crossed to Vav-Cre+ 

mice (326, 327). Complete absence of Pou2af1 mRNA expression was confirmed by RT-qPCR 

on spleen cells from Vav-Cre+ and Vav-Cre- littermates (deletion > 99%) (Supplementary figure 

1e-f). As for Pou2af1-/- mice (74, 76, 312), B cell proportion and numbers were reduced in the 

spleen, Peyer’s patches (PP) and mesenteric LNs (mLNs) of Vav-Cre+.Pou2af1fl/fl mice relative to 

Vav-Cre- littermates (Figure 1a, b). Similar to Pou2af1-/- mice (76), Vav-Cre+.Pou2af1fl/fl mice 
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also showed a reduction of GC B cells (GL-7+FAS+) in both PP and mLNs relative to littermate 

control mice (Figure 1c, d). In addition, most of the remaining GL-7+FAS+ GC B cells in Vav-

Cre+.Pou2af1fl/fl mice expressed a CD86+CXCR4Low phenotype (Figure 1e, f). The low number of 

GC B cells in Vav-Cre+.Pou2af1fl/fl mice are thus skewed towards a phenotype associated with 

light zone B cells, suggesting that GC B cell differentiation is perturbed in the absence of OCA-

B.  

 

Pou2af1 is expressed in T cells  

Before investigating the effect of a T cell-specific deletion of Pou2af1, we validated that OCA-B 

was expressed in T cells. With the anti-OCA-B 6F10 monoclonal antibody yielding non-specific 

binding (Supplementary figure 2a, b), we quantified Pou2af1 transcription by measuring mRNA 

levels in Pou2af1-sufficient mice. Pou2af1 mRNA was expectedly abundant in total splenocytes, 

whereas mRNA levels were barely detectable in T cells (Figure 2a). As previously reported (328), 

in vitro activation of T cells induced a small but significant increase in Pou2af1 mRNA levels 

(Figure 2a). These data show that OCA-B is expressed at low levels in total T cells and its 

expression can be induced upon activation. OCA-B expression was specific, as Pou2af1 mRNA 

was undetectable in both unactivated and activated T cells isolated from either Vav-

Cre+.Pou2af1fl/fl or CD4-Cre+.Pou2af1fl/fl mice (Figure 2a). Note that CD4-Cre is expressed in the 

early CD4+CD8+thymic differentiation stage, such that genetic deletion is transmitted to all 

daughter cells, therefore resulting in targeted gene deletion in both CD4+ and CD8+ T cells  

(Supplementary figure 2c, d) (329). As previously reported for Pou2af1-/- mice (76, 310, 314), 

deletion of Pou2af1 in both Vav-Cre+.Pou2af1fl/fl and CD4-Cre+.Pou2af1fl/fl mice did not affect 

CD4+ and CD8+ T cell numbers in secondary lymphoid organs (Supplementary figure 2e, f). Taken 
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together, these data show that Pou2af1 deletion is efficient in both Vav-Cre+.Pou2af1fl/fl and CD4-

Cre+.Pou2af1fl/fl mice. Indeed, B cell phenotypes in Vav-Cre+.Pou2af1fl/fl mice recapitulate those 

observed in Pou2af1-/- mice, demonstrating that Pou2af1 is efficiently deleted in this model. In 

addition, Pou2af1 mRNA is undetectable in T cells from both Vav-Cre+.Pou2af1fl/fl and CD4-

Cre+.Pou2af1fl/fl mice. More importantly, these data confirm that OCA-B is expressed, all be it at 

low levels, in T cells. 

 

Pou2af1 is dispensable for previously reported T cell phenotypes  

We next sought to investigate whether T cell phenotypes previously reported in Pou2af1-/- mice 

were T cell-intrinsic or extrinsic. One of the reported T cell phenotypes in Pou2af1-/- mice is 

impaired cytokine production (321). Specifically, IL-2 cytokine production was quantified in 

CD4+ T cells that had been stimulated with anti-CD3 and anti-CD28 antibodies, rested for 8 days, 

and restimulated with anti-CD3 and anti-CD28 antibodies for 6 hours. Under these conditions, IL-

2 cytokine production by CD4+ T cells from Pou2af1-/- mice was shown to be significantly 

decreased when compared to B6 mice (321). Here, we quantified IL-2, TNF-α and IFN-g cytokine 

production in CD4+ T cells from CD4-Cre+.Pou2af1fl/fl relative to Cre-.Pou2af1fl/fl littermate 

controls, using a similar CD4+ T cell activation protocol, with an 8 day rest period prior to a 6h 

restimulation with anti-CD3 and anti-CD28 antibodies. We found that Pou2af1-sufficient and -

deficient CD4+ T cells both produced similar levels of IL-2, TNF-α and IFN-g (Figure 2b, c), 

suggesting that Pou2af1 plays a cell-extrinsic role in facilitating CD4+ T cell cytokine production. 

To validate the cell-extrinsic role of Pou2af1, we also assessed IL-2, TNF-α and IFN-g cytokine 

production in CD4+ T cells from Vav-Cre+.Pou2af1fl/fl relative to Cre-.Pou2af1fl/fl littermate 

controls. In this model, with the deletion of Pou2af1 in all hematopoietic cells, we expected that 
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CD4+ T cell cytokine production would be impaired in Pou2af1-deficient T cells, similar to what 

had been observed in Pou2af1-/- mice (321). However, IL-2, TNF-α and IFN-g cytokine production 

was similar in CD4+ T cells from Vav-Cre+.Pou2af1fl/fl and Cre-.Pou2af1fl/fl mice (Figure 2d). This 

was observed through a wide range of anti-CD3 concentration, in the presence or absence of co-

stimulation (Figure 2e, f). These results thus contrast with previous findings (321) and suggest that 

Pou2af1 does not impact CD4+ T cell cytokine production neither directly, nor indirectly. 

 

Due to the discrepancy between the CD4+ T cell cytokine production of Pou2af1-/- mice and of our 

newly generated Pou2af1fl/fl mice, we considered potential differences in the genetic make-up of 

the strains. The same exons, namely 2, 3 and 4, are targeted in both models ((310) and 

Supplementary figure 1). The main difference is genetic background. Pou2af1 gene targeting in 

the Pou2af1-/- mice was initially performed in 129S embryonic stem cells and the resulting mice 

were kept on a mixed B6 and 129S genetic background (310). In contrast, gene targeting in the 

Pou2af1fl/fl mice described here was performed directly on C57BL/6N-Atm1Brd background and 

Pou2af1fl/fl mice were maintained by backcrossing to B6 mice. As the level of CD4+ T cell cytokine 

production from Pou2af1-/- mice on a mixed genetic background was compared to that of CD4+ T 

cells from B6 mice (321), we questioned whether genetic variants from the 129S background could 

explain the difference in phenotype. We quantified IL-2 cytokine production in CD4+ T cell from 

B6 and 129S mice and found that IL-2 production was significantly reduced in CD4+ T cell from 

129S relative to B6 mice (Figure 2g, h). Next, we acquired Pou2af1-/- mice with a mixed genetic 

background and tested IL-2 production from CD4+ T cells. When compared among littermates (i.e. 

with similar mixed genetic background), IL-2 production was not affected by the Pou2af1 

genotype (Figure 2i). Altogether, these data suggest that genetic variants from the 129S 
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background in Pou2af1-/- mice likely affect CD4+ T cell cytokine production and that Pou2af1 

expression is dispensable for optimal cytokine production by CD4+ T cells. 

 

The observation that potential 129S carryover genes could affect T cell phenotypes prompted us 

to revisit the impact of Pou2af1 on Th17 differentiation (323) and memory CD4+ T cells (321). 

When subjected to Th17 differentiation conditions, T cells from Vav-Cre+.Pou2af1fl/fl and Vav-

Cre-.Pou2af1fl/fl littermates showed similar levels of RORgt induction and IL-17 production, 

demonstrating that Th17 differentiation is not affected by the genetic deletion of Pou2af1 (Figure 

3a-c). Th17 differentiation and IL-17 production was also similar for CD4+ T cells from Pou2af1-

/- mice and the littermate controls (Figure 3d, e). CD4+ T cells with a memory phenotype can be 

distinguished from naïve cells based on a CD62LLoCD44HiCD45RBLo phenotype. The absence of 

CD25 expression also discriminates memory CD4+ T cells from early effector T cells (330). No 

difference in the percentage or number of CD4+ T cells with a memory phenotype was observed 

in the spleen, bone marrow and LN for both Vav- and CD4-Cre+.Pou2af1fl/fl mice relative to their 

littermate controls (Figure 3f, g and Supplementary figure 3). Altogether, these results argue 

against an effect of Pou2af1 on Th17 differentiation and CD4+ T cell memory phenotype. 

 

T cell-extrinsic impact of Pou2af1 deletion on Tfh and GC development 

Pou2af1-/- mice also display a strong reduction of Tfh in PP at steady state, relative to wild type 

(WT) mice (76). In contrast to the other T cell traits investigated above, we find a clear reduction 

in the percentage and number of Tfh in both the PP and mLN of Vav-Cre+.Pou2af1fl/fl mice (Figure 

4a, b and Supplementary figure 4a, e). Pou2af1 expression in hematopoietic cells is therefore 

necessary for optimal Tfh differentiation. Interestingly, while Tfh are considerably reduced in 
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Vav-Cre+.Pou2af1fl/fl mice, early Tfh (CXCR5LowPD-1Low) are present in similar proportions in PP 

and mLN (Figure 4c and Supplementary figure 4b) and are increased numbers in PP 

(Supplementary figure 4f), relative to Cre- littermate controls. When gated on total CD4+ T cells 

expressing CXCR5 and PD-1, to include both early and mature Tfh, we observe a severe decrease 

in the expression level of CXCR5 and PD-1 (Figure 4d). These data suggest that Tfh differentiation 

is blocked at the early Tfh maturation stage in Vav-Cre+.Pou2af1fl/fl mice.  

 

To determine if Pou2af1 plays a T cell-intrinsic role in Tfh differentiation, we studied Tfh 

differentiation in PP and mLN from CD4-Cre+.Pou2af1fl/fl mice. In contrast to Pou2af1-/- mice and 

Vav-Cre+.Pou2af1fl/fl mice, the proportion and number of Tfh and of early Tfh was not affected by 

the specific deletion of Pou2af1 in T cells from both PP and mLN (Figure 4e-g and Supplementary 

figure 4a, b, g, h). In addition, specific disruption of Pou2af1 in T cells did not affect the 

percentage and number of GC B cells in PP and in mLN (Figure 4h and Supplementary figure 4c, 

i). The GC B cell bias towards a light zone phenotype observed in the Vav-Cre+.Pou2af1fl/fl mice 

(Figure 1e, f) was also not observed in CD4-Cre+.Pou2af1fl/fl mice (Figure 4i and Supplementary 

figure 4d). These results suggest that T cell-intrinsic expression of Pou2af1 is not necessary for 

the development of both Tfh and GCs.  

 

As Pou2af1 mRNA levels are low in naïve T cells and induced upon activation (Figure 2a), we 

reasoned that Tfh differentiation in CD4-Cre+.Pou2af1fl/fl mice may only be impaired upon 

immunization rather than steady state conditions. To test this possibility, we immunized Vav- and 

CD4-Cre+.Pou2af1fl/fl mice as well as Cre-.Pou2af1fl/fl littermate controls with sheep red blood 

cells, as they induce robust GC formation in the spleen (331). Ten days post-immunization, we 
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quantified GC B cells and Tfh in the spleen of these mice. Expectedly, the proportion of PD-

1+CXCR5+ Tfh (Figure 4j, k) and GL-7+FAS+ GC B cells (Figure 4l) were low in Vav-

Cre+.Pou2af1fl/fl mice. However, both CD4-Cre+.Pou2af1fl/fl and littermate controls had similar 

levels of Tfh and GC B cells in the spleens (Figure 4j-l). Consistent with our data in the PPs and 

mLNs at steady state, we observed a reduction of PD-1 and CXCR5 RFI in Tfh from Vav-

Cre+.Pou2af1fl/fl mice relative to both CD4-Cre+.Pou2af1fl/fl mice and littermate controls 

(Supplementary figure 5a). Altogether, these results strongly point to a T cell-extrinsic role of 

Pou2af1 in regulating Tfh differentiation in Pou2af1-/- mice. 

 

OCA-B is not an active transcriptional coactivator in T cells 

As we observed no T cell-intrinsic phenotypes in the absence of Pou2af1, we sought to investigate 

whether the increase in Pou2af1 mRNA in activated T cells has an impact on the T cell 

transcriptome. OCA-B associates with the OCT-1 and OCT-2 transcription factors to regulate 

transcription of their target genes (44, 45). As OCT-1 is expressed in both CD4+ and CD8+ T cells 

(332), OCA-B may act as a transcriptional cofactor in activated T cells. To identify the potential 

consequence of Pou2af1 induction on the T cell transcriptome, we sorted naïve CD4+ and CD8+ T 

cells from the spleen of CD4-Cre-.Pou2af1fl/fl, CD4-Cre+.Pou2af1fl/+ and CD4-Cre+.Pou2af1fl/fl 

littermates. Sorted cells were stimulated in vitro with anti-CD3 and anti-CD28 for 48h hours, RNA 

was isolated and subjected to RNA-Seq analysis. Principal component analysis (PCA) applied to 

the 500 most differentially expressed genes did not segregate T cells on the basis of their genotype 

(Figure 5a), suggesting an absence of transcriptomic regulation by Pou2af1. Pou2af1 mRNA 

expression was significantly decreased in T cells from CD4-Cre+.Pou2af1fl/fl mice relative to T 

cells from CD4-Cre-.Pou2af1fl/fl mice, confirming that Pou2af1 mRNA is expressed in activated 
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CD4+ and CD8+ T cells (Figure 5b and Supplementary figure 6a). Apart from Pou2af1, only four 

genes were significantly differentially expressed when comparing CD4+ or CD8+ cells from CD4-

Cre-.Pou2af1fl/fl and CD4-Cre+.Pou2af1fl/fl littermates (Figure 5b and Supplementary figure 6a). 

Among those four genes, only two were observed in both CD4+ and CD8+ T cells: Rps3a1 and 

Tpm3-rs7. Of note, these two genes were also differentially expressed in T cells from CD4-

Cre+.Pou2af1fl/+ heterozygous mice when compared to CD4-Cre-.Pou2af1fl/fl mice (Figure 5b), 

suggesting that the expression of the CD4-Cre transgene may be responsible for these differences, 

rather than an effect of the Pou2af1 deletion. Together, these data demonstrate that, although 

Pou2af1 is expressed in T cells following in vitro stimulation, it does not act as an important 

coactivator of transcription. 

 

Pou2af1 expression in B cells is necessary for adequate Tfh maturation 

Notwithstanding the absence of a T cell-intrinsic role for Pou2af1, our data point to a T cell-

extrinsic role in Tfh differentiation. To specifically test if the Tfh maturation block observed in 

Vav-Cre+.Pou2af1fl/fl mice is caused by defective crosstalk between T cells and Pou2af1-/- 

hematopoietic cells in vivo, we generated competitive bone marrow chimeras. B6.SJL (CD45.1) 

and Vav-Cre+.Pou2af1fl/fl (CD45.2) bone marrow were mixed at 1:1 ratio and injected in lethally 

irradiated B6 x B6.SJL F1 (CD45.1 and CD45.2 co-dominant expression) (Supplementary figure 

6b). Expectedly, WT B cells (CD45.1) showed a growth advantage over Pou2af1-deficient B cells 

differentiated from Vav-Cre+.Pou2af1fl/fl (CD45.2) bone marrow (Figure 5c, d). In contrast, and 

consistent with our observations in both Vav- and CD4-Cre+.Pou2af1fl/fl mice (Supplementary 

figure 2e, f), T cells from WT and Vav-Cre+.Pou2af1fl/fl precursors were present in equal 

proportions (Figure 5c, d), confirming an absence of competitive disadvantage for Pou2af1 
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targeted T cells. We also observed a severe reduction of GC B cells of Vav-Cre+.Pou2af1fl/fl origin 

(Supplementary figure 6c, d), confirming the B cell-intrinsic defect of GC induction in the absence 

of Pou2af1. As opposed to the observations made in Vav-Cre+.Pou2af1fl/fl mice, CD4+ T cells were 

able to fully mature into Tfh in the spleen, PP and mLN of the chimeras, regardless of their 

genotype (Figure 5e, f). This is likely due to the presence of a sufficient number of OCA-B 

expressing B cells in this competitive bone marrow chimera setting (Figure 5c), suggesting a T 

cell extrinsic role for OCA-B in Tfh differentiation. These results are consistent with a previous 

report also demonstrating a T cell-extrinsic role for OCA-B in Tfh development and function using 

mixed bone marrow chimeras (333).  

 

Next, to determine if loss of OCA-B in B cells is sufficient to impede Tfh differentiation, we 

crossed Pou2af1fl/fl mice to CD19-Cre+ mice to disrupt Pou2af1 specifically in B cells. The 

percentage of B cells were reduced in the lymphoid organs of CD19-Cre+.Pou2af1fl/fl mice, in line 

with effective Pou2af1 disruption (Figure 5g). Compared to CD19-Cre- littermates, CD19-

Cre+.Pou2af1fl/fl mice showed a significant reduction in Tfh and a reduced expression of CXCR5 

and PD-1 on CD4+ T cells from the PP and mLN (Figure 5h-j). These results show that specific 

loss of OCA-B expression in B cells is sufficient to impair Tfh differentiation. Altogether, our data 

conclusively demonstrate that Pou2af1 plays a T cell-extrinsic role in Tfh differentiation.  

  



 119 

3.4 Discussion 

The levels of expression of Pou2af1 are clearly more prominent in B cells than in T cells. The 

Immunological Genome Project database shows that Pou2af1 mRNA is detectable in all B cell 

stages, from B cell precursors to plasma cells (311). Multiple transcriptomic and proteomic 

databases also show that, among immune cell types, Pou2af1 expression is undetectable in non-B 

cells, in both mice and humans (305, 309, 311). Still, we and others report that Pou2af1 expression 

can be induced in T cells (322, 328)(and this manuscript), and the biological impact of Pou2af1 in 

T cells has been investigated for more than two decades (322, 334). By generating a new mouse 

strain in which Pou2af1 can be conditionally deleted, we provide evidence that, as opposed to 

previous reports (321, 323, 335), Pou2af1 is dispensable for CD4+ T cell cytokine production, 

Th17 differentiation and does not affect the T cell pool. Using an unbiased approach to determine 

the impact of Pou2af1 in regulating the transcriptional profile of CD4+ and CD8+ T cells, we find 

that Pou2af1 does not act as an effective transcriptional coactivator in activated T cells. We also 

report that Pou2af1 indirectly promotes the differentiation of CD4+ T cells into mature Tfh, via 

Pou2af1-expressing B cells.  

 

As mentioned, CD4+ T cells isolated from B6.129S-Pou2af1-/- show defects in cytokine 

production, immunological memory as well as in Th17 and Tfh differentiation (76, 321, 323). 

Moreover, Pou2af1 mRNA is induced in activated T cells (321, 322). With this growing literature 

on the role of OCA-B in T cells, we expected to find that T cell specific deletion of Pou2af1 

expression would alter T cell functions. With the two mouse models that specifically target 

deletion in either all hematopoietic cells or in all T cells, we set out to determine the T cell specific 

role of OCA-B in transcriptional regulation. Instead, we were taken aback and noted that T cell 
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specific deletion of Pou2af1 expression does not influence T cell phenotypes and does not 

significantly affect the T cell transcriptome. We provide evidence to suggest that the difference 

between our results and that of others appear to stem from the differences in genetic background; 

whereas our floxed model was generated on the C57BL/6N-Atm1Brd background, the B6.129S-

Pou2af1-/- model is held on a mixed B6 and 129S genetic background. Notably, we find that 

cytokine production in T cells from 129S mice is reduced relative to that of B6 mice. These 

observations are in line with previous reports demonstrating that carryover genes influence the 

phenotype of knock-out and congenic mice (336, 337).  

 

Notwithstanding the lack of impact of Pou2af1 in various T cell phenotypes, hematopoietic 

deletion of Pou2af1 expression resulted in a significant decrease in Tfh. Characterization of mature 

Tfh in CD4-Cre+.Pou2af1fl/fl mice and in competitive bone marrow experiments confirmed a T 

cell-extrinsic role of Pou2af1 in Tfh differentiation. Notably, the proportion and absolute numbers 

of early Tfh cells were unaffected in Vav-Cre+.Pou2af1fl/fl mice whereas late Tfh were significantly 

reduced, suggesting that lack of OCA-B predominantly affects the transition from early Tfh to late 

Tfh. This is not surprising considering that early Tfh differentiation is highly dependent on DCs 

(78), which do not express Pou2af1. IL-6 and IL-21 produced by DCs during priming of CD4+ T 

cells induce changes in chemokine receptors expression, resulting in migration of early Tfh to the 

B cell follicle border (77). At this step, early Tfh express low levels of BCL6, CXCR5 and PD-1 

and require additional signals to further differentiate into mature Tfh (338). At the T-B border, B 

cells provide crucial signals to developing Tfh, such as ICOS-L, antigens, and cytokines (77, 339). 

As B cells express high levels of OCA-B, Pou2af1 disruption strongly affects their differentiation 

and functions (46, 312, 315)(and this manuscript). The reduction of total B cells and GC B cells 
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in Pou2af1-/- and Vav-Cre+.Pou2af1fl/fl mice likely impairs crosstalk between B cells and early 

Tfh, thereby limiting early Tfh maturation. Using CD19-Cre mice to specifically disrupt Pou2af1 

in B cells, we show that crosstalk between B cells and early Tfh requires OCA-B expression in B 

cells to promote efficient Tfh maturation. This crosstalk might be impaired in OCA-B-deficient 

mice through reduced expression of ICOSL, highly expressed by GC B cells (94), or by impaired 

cytokine production by B cells. Indeed, OCA-B promotes IL-6 production in activated B cells 

during infection, and B cell-derived IL-6 can induce Tfh development (333). CXCR5+PD-1+ CD4+ 

T cells from Pou2af1-/- mice also display lower BCL6 levels relative to B6 mice (76). As such, it 

was suggested that Pou2af1 directly promotes Tfh differentiation by regulating BCL6 (76). 

However, considering that Pou2af1 indirectly regulates Tfh differentiation, the reduction of BCL6 

expression in Tfh from Pou2af1-/- mice is most likely caused by the maturation block at the early 

Tfh stage, which express lower BCL6 levels than mature Tfh (338).  

 

It is interesting to note that Pou2af1-/- mice show a severe reduction in serum IgG, IgA and IgE, 

while IgM is not affected (74, 310, 314). This feature of the Pou2af1-/- mouse does not seem to be 

attributed to a B cell-intrinsic class switching defect, as Pou2af1-/- B cells are able to class switch 

in vitro as efficiently as WT B cells (310). Since Tfh directly promote B cell class switching from 

IgM to other isotypes (98, 340), the lack of mature Tfh indirectly caused by Pou2af1 deletion in B 

cells may explain the reduction of IgG, IgA and IgE in the Pou2af1-/- mouse. Alternatively, a B 

cell-intrinsic role of OCA-B in plasma cell differentiation may also contribute to the reduction of 

isotype switched serum antibody levels (317). 
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Although Pou2af1 expression is induced in T cells following activation, we did not identify any T 

cell intrinsic function. By comparing the mRNA transcriptome of activated T cells isolated from 

CD4-Cre-.Pou2af1fl/fl and CD4-Cre+.Pou2af1fl/fl mice, we further show that OCA-B does not seem 

to exhibit significant transcriptional activity in T cells. The functional impact, if any, of the low 

Pou2af1 mRNA expression levels in activated T cells remains to be determined.  

 

In conclusion, this study shows that Pou2af1 is dispensable for most of the T cell-associated 

phenotypes previously identified in the Pou2af1-/- mouse, with the exception of the T cell-extrinsic 

effect on Tfh differentiation; Pou2af1 expression in B cells promotes maturation of early Tfh into 

Tfh in vivo. Overall, this study clarifies the role of OCA-B in the immune system, by conclusively 

demonstrating that Pou2af1 does not act as a coactivator of transcription in T cells, and therefore 

does not bear T cell-intrinsic activities. Furthermore, we demonstrate that OCA-B expression in B 

cells facilitates Tfh differentiation, explaining the T cell-extrinsic role of Pou2af1. 
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3.5 Methods 

Mice 

B6 mice (#000664, Jax labs, Bar Harbor, United States) were crossed to B6.SJL mice (#002014, 

Jax labs) to generate F1 mice (B6.1.2), with co-dominant expression of CD45.1 and CD45.2 on 

all hematopoietic cells, were used as bone marrow chimera recipients. Pou2af1+/LacZ mice 

(Pou2af1tm1a(KOMP)Wtsi) were obtained from the KOMP Repository (#049152-UCD, Davis, United 

States) (324), for which embryonic stem cells were of C57BL/6N-Atm1Brd background. Proper 

targeting of the locus was confirmed by 5’ and 3’ long range PCR performed on genomic DNA 

isolated from mouse tails using a combination of two primers located respectively inside and 

outside the targeting construct. Genotyping PCR using internal primers also confirmed the 

generation of Pou2af1+/LacZ mice. The genotyping primers are: P1, 5’-

TACAGAGAGACTAGACACGGTCTGC-3’; P2, 5’-AGAAGGCCTCGTTACACTCCTATGC-

3’; P3, 5’-GAGATGGCGCAACGCAATTAATG-3’; P4, 5’-

GATGAGGACTCTGGGTTCAGAGAGG-3’; P5, 5’-GGGATCTCATGCTGGAGTTCTTCG-

3’. These mice were crossed with ACTBFLPe Tg mice (#005703, Jax labs) to excise the LacZ and 

Neo cassettes and generate Pou2af1+/fl mice (Pou2af1tm1c; see Supplementary figure 1) in which 

exon 2, 3 and 4 are flanked by loxP sites. The ACTBFLPe transgene was removed by subsequent 

breeding to B6 mice. Pou2af1+/fl mice were intercrossed to generate Pou2af1fl/fl mice. Vav-

Cre+.Pou2af1fl/fl, CD4-Cre+.Pou2af1fl/fl and CD19-Cre+.Pou2af1fl/fl mice (#008610 and #022071, 

#006785, Jax labs) were generated by crossing Cre+.Pou2af1fl/+ mice to Pou2af1fl/fl, to avoid 

germline deletion (341). ROSA-YFP mice (#007903, Jax labs) were crossed to CD4-Cre+ mice to 

validate genetic deletion in T cells. 129S and Pou2af1-/- mice (#002448, #007596, Jax labs) were 

used to test the influence of the genetic background on the phenotypes. Genotype of all transgenic 
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mice was verified by PCR. Transgenic positive and negative littermates were used in every 

experiment. Male and female mice were used in this study and no phenotypic difference was 

observed based on sex. All of the mouse strains were maintained at the Maisonneuve-Rosemont 

Hospital animal facility (Montreal, Canada). The Maisonneuve-Rosemont Hospital ethics 

committee, overseen by the Canadian Council for Animal Protection, approved the experimental 

procedures.  

 

Generation of bone marrow chimeras 

Prior to irradiation, recipient mice were injected intraperitoneally with 1 mL of PBS to avoid 

dehydration. Bone marrow cell suspensions were prepared from the tibia and femur of 10-week-

old mice in sterile RPMI. The red blood cells were lysed using NH4Cl and the bone marrow single 

cell suspension were prepared in sterile PBS. A 1:1 bone marrow ratio was confirmed by flow 

cytometry (with anti-CD45.1 and anti-CD45.2 antibodies) prior to injection. Eight-week-old 

recipient mice were irradiated at 11Gy, using linac X-ray source and, subsequently, injected 

intravenously with 2x106 bone marrow cells. 

 

Sheep red blood cell immunization 

Mice were injected intra-peritoneally with 5x108 sheep red blood cells (Innovative Research, Novi, 

United States) diluted in PBS. Ten days after injection, the spleens were collected for flow 

cytometry analysis. 

 

Flow cytometry and cell sorting 
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Spleen, bone marrow, PP and LNs were pressed through a 70-µm cell strainer (Thermo Fisher 

Scientific, Waltham, United States). Spleen cell suspensions were treated with NH4Cl to lyse red 

blood cells. Single-cell suspensions were stained for 30 minutes at 4oC with different combinations 

of antibodies listed as target (clone): From BioLegend (San Diego, United States), B220 (RA3-

6B2), CD4 (GK1.5), CD8a (53-6.7), CD19 (6D5), CD25 (PC61.5.3), CD44 (IM7), CD45.1 (A20), 

CD45.2 (104), CD45RB (C363-16A), CD62L (MEL-14), CD69 (H1.2F3), CD86 (GL-1), CXCR4 

(L276F12), CXCR5 (L138D7), GL-7 (GL7), IFN-g (XMG1.2), IL-2 (JES6-5H4), PD-1 (RMP1-

30), TCRβ (H57-597), TNF-α (MP6-XT22); From BD Biosciences (New Jersey, United States), 

CD95 (Jo2); From Thermo Fisher, CD8b (H35-17.2), FoxP3 (FJK-16s), IL-17 (eBio1787), RORgt 

(B2D); From Santa Cruz Biotechnology (Dallas, United States), OCA-B (6F10). Biotin-labelled 

antibodies were revealed with fluorescently-coupled streptavidins from BioLegend. Viable cells 

were stained using LIVE/DEADTM Fixable Yellow Dead Cell Stain Kit (Thermo Fisher). Before 

staining with 6F10 antibodies, cells were fixed and permeabilized using BD Cytofix/Cytoperm™ 

kit, as published (321). Cells were stained in 100µl of buffer plus 7.5µl of PE-conjugated 6F10 

antibodies (321). For transcription factor staining, cells were treated with FOXP3 Transcription 

Factor Staining Buffer Set (Thermo Fischer). Data were collected on an LSRFortessaX20 (BD 

Biosciences), and analyzed with FlowJo software (BD Biosciences). For cell sorting, spleen cell 

suspensions were stained with antibodies against TCRb and B220, in sterile conditions. T cells 

were sorted on a FACS Aria II (BD Biosciences) as TCRb+B220- single cells (purity > 99%).  

 

In vitro T cell stimulation 

As described in Shakya et al.(321), in vitro T cell stimulation was performed in flat bottom 96 

well plates (Sarstedt, Nümbrecht, Germany) coated with anti-CD3 (either 1 µg mL-1 or graded 



 126 

concentrations as indicated, 145-2C11) and anti-CD28 (10 µg mL-1, 37.51) antibodies in PBS 

overnight at 4oC. Plates were washed in serum-containing media prior to adding the cells. For 

primary stimulation, spleen cells (5x105 mL-1) were stimulated for 2 days in complete RPMI-1640 

medium. In some experiments, cells were analyzed after primary stimulation. Otherwise, cells 

were rested for 8 days, in complete RPMI-1640 medium with IL-2 (30 U mL-1). For secondary 

stimulation, rested cells were activated for 6 hours with plate bound anti-CD3 and anti-CD28 

antibodies, at 1 and 10 µg mL-1 respectively, in the presence of Brefeldin A (10 µg mL-1). Cells 

were then harvested and stained with antibodies prior to analysis by flow cytometry.  

 

RT-qPCR 

5-10 x 106 sorted T cells were stored in Trizol while the remaining T cells (2.5-5 x 105) were 

activated in vitro for 2 days using anti-CD3 and anti-CD28 antibodies. RNA extraction for all 

samples was conducted as indicated by the manufacturer (Trizol, Thermo Fisher Scientific). 

Mouse Pou2af1 mRNA levels were measured using primers targeting exons 4 and 5 of Pou2af1 

(Pou2af1-F: 5’-CCTGCCTTGACATGGAGGTT-3’ and Pou2af1-R: 5’-

AGTGCTTCTTGGCGTGACAT-3’), Gapdh (Gapdh-F:5’-TCAACGGCACAGTCAAGG-3’ and 

Gapdh-R: 5’-ACTCCACGACATACTCAGC-3’) and Actb (Actb-F:5’-

GAAATCGTGCGTGACATCAAAG-3’ and Actb-R: 5’-TGTAGTTTCATGGATGCCACAG-

3’) mRNA levels were used as loading controls and ddCT variations calculated in all cases.  

 

Th17 differentiation 

To differentiate T cells into either Th0 or Th17 profiles, LN cells were activated with plate bound 

anti-CD3 (2 µg mL-1) and anti-CD28 (2 µg mL-1) antibodies. While Th0 differentiation proceeded 
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in the absence of cytokines, Th17 was induced in the presence of 2 ng mL-1 rhTGF-β1 and 25 ng 

mL-1 rmIL-6 (both cytokines from Miltenyi Biotec, Bergisch Gladbach, Germany), as described 

in Yosef et al. (323). Cells were cultured for 3 days prior to analysis. T cell supernatants were 

collected at the end of the 3-day culture. Quantification of IL-17A in the media was performed by 

ELISA as indicated by the manufacturer (Mouse Il-17 Quantikine ELISA Kit, R&D Systems, 

Minneapolis, United States). For quantifying IL-2 and IL-17A production by flow cytometry, cells 

were incubated with phorbol 12-myristate 13-acetate (50 ng mL-1), ionomycin (500 ng mL-1) and 

Brefeldin A (10 µg mL-1) for 4h prior to staining.  

 

RNA sequencing 

Naïve CD4+ and CD8+ T cells were sorted from the spleen as CD19-TCRb
+CD4+CD62L+ and 

CD19-TCRb
+CD8+CD62L+ single cells, respectively (purity > 96%). T cells were activated in vitro 

for two days using anti-CD3 and anti-CD28 antibodies. RNA was isolated using Trizol and sent 

to the IRIC genomic platform for processing. Libraries were prepared using the KAPA mRNA 

stranded Hyperprep Kit. Libraries were sequenced using the Illumina NextSeq 500 FASTQ files 

were trimmed for sequencing adapters and low quality 3' bases using Trimmomatic version 0.35 

(277) and aligned to the reference mouse genome version GRCm38 (gene annotation from 

Gencode version M25, based on Ensembl 100) using STAR version 2.7.1a (278). Read counts 

were extracted directly from STAR at the gene level. DESeq2 (R; version 1.26) was then used to 

normalize gene read counts. Batch correction was added to the statistical model for differential 

expression to adjust for samples sorted on 2 separate days. Log normalized counts were batch 

corrected using the removeBatchEffect function from the limma R package (v 3.42.2) (282) and 
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used as input for PCA and heatmap visualizations. The raw RNAseq data files have been uploaded 

into the GEO database (accession number: GSE171544).  

Statistical analyses 

Data were tested for significance using a nonparametric Mann-Whitney U-test or a one-way 

ANOVA, where appropriate. Numbers of animal used per group are indicated in the figure legends. 

The minimal significance threshold was set at 0.05 for all tests. 
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3.7 Figures  
 

 
 Figure 1. B cell phenotypes following hematopoietic cell-specific deletion of Pou2af1.  

(a) Percentage and (b) number of B cells in the spleen, PP and mLN of Vav-Cre-.Pou2af1fl/fl and 
Vav-Cre+.Pou2af1fl/fl mice (n = 8, collected in six independent experiments). (c) Representative 
flow cytometry profiles of GL-7 and FAS expression on total B cells gated as B220+ cells from 
the mLN of Vav-Cre-.Pou2af1fl/fl and Vav-Cre+.Pou2af1fl/fl littermate controls. The gate selects 
for GL-7+FAS+ GC B cells. (d) Percentage of GC B cells from the PP and mLN of Vav-Cre-

.Pou2af1fl/fl and Vav-Cre+.Pou2af1fl/fl littermate controls (n = 8, collected in six independent 
experiments). (e) Representative flow cytometry profiles of CXCR4 and CD86 expression by GC 
B cells from the mLN of Vav-Cre-.Pou2af1fl/fl and Vav-Cre+.Pou2af1fl/fl littermate controls. (f) 
Ratio of dark zone (CXCR4HiCD86-) over light zone (CXCR4LowCD86+) GC B cells from the PP 
and mLN of Vav-Cre-.Pou2af1fl/fl and Vav-Cre+ (n = 8, collected in six independent experiments). 
Data information: Mann Whitney U-test, P-values * < 0.05; ** < 0.01; *** < 0.001. 
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 Figure 2. Pou2af1 is expressed in activated T cells but does not affect T cell cytokine 
production. 
(a) Pou2af1 relative mRNA expression in spleen cells as well as in unactivated and activated T 
cells from Pou2af1fl/fl (Cre-), Vav-Cre+.Pou2af1fl/fl (Vav-Cre+) and CD4-Cre+.Pou2af1fl/fl (CD4-
Cre+) mice (n = 3-8, collected in three to four independent experiments), measured by RT-qPCR. 
Actb was used as control. (b) Representative flow cytometry profiles of IL-2 expression by rested 
and re-stimulated CD4+ T cells from the spleens of CD4-Cre-.Pou2af1fl/fl and CD4-
Cre+.Pou2af1fl/fl mice. (c, d) Percentage of IL-2-, TNF⍺- and IFNγ-producing CD4+ T cells after 
re-stimulation of T cells from (c) CD4-Cre-.Pou2af1fl/fl and CD4-Cre+.Pou2af1fl/fl mice and (d) 
Vav-Cre-.Pou2af1fl/fl and Vav-Cre+.Pou2af1fl/fl mice (n = 6, collected in three independent 
experiments). (e) Percentage of IL-2-producing CD4+ T cells after re-stimulation of T cells from 
Vav-Cre-.Pou2af1fl/fl and Vav-Cre+.Pou2af1fl/fl at the indicated anti-CD3 concentrations in the 
presence of anti-CD28 (n = 3, collected in two independent experiments). (f) Representative flow 
cytometry profiles of IL-2 expression by re-stimulated CD4+ T cells from Vav-Cre-.Pou2af1fl/fl 
and Vav-Cre+.Pou2af1fl/fl mice, in absence of anti-CD28 antibodies. Representative of two 
experiments. (g) Representative flow cytometry profiles of IL-2 expression by re-stimulated CD4+ 
T cells from the spleens of B6 and 129S mice. (h) IL-2 relative fluorescence intensity (RFI) of IL-
2-producing CD4+ T cells after re-stimulation of T cells from B6 and 129S mice (n = 6, collected 
in three independent experiments). (i) IL-2 RFI of IL-2-producing CD4+ T cells after re-stimulation 
of T cells from B6.129S-Pou2af1-/- littermates carrying Pou2af1 +/+, +/- and -/- genotypes (n = 6, 
collected in three independent experiments). NS, non-significant, P-value > 0.05, ***, P-value < 
0.001. 
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  Figure 3. Pou2af1 does not affect Th17 differentiation and CD4+ T cell memory phenotype. 
(a) Representative flow cytometry profiles of RORγt expression by CD4+ T cells from the spleen 
of Vav-Cre-.Pou2af1fl/fl and Vav-Cre+.Pou2af1fl/fl mice under Th0 and Th17 differentiation 
conditions. MFI are indicated for each population. (b) IL-17A concentration in the supernatants 
of T cell cultures from Vav-Cre-.Pou2af1fl/fl and Vav-Cre+.Pou2af1fl/fl mice under Th0 and Th17 
differentiation conditions, measured by ELISA (n = 3, collected in three independent experiments). 
(c) Representative flow cytometry profiles of IL-2 and IL-17A expression by CD4+ T cells from 
Vav-Cre-.Pou2af1fl/fl and Vav-Cre+.Pou2af1fl/fl mice under Th0 and Th17 differentiation 
conditions. (d) Representative flow cytometry profiles of RORγt expression by CD4+ T cells from 
Pou2af1-/- mice and control littermates under Th0 and Th17 differentiation conditions. MFI of 
RORγt are indicated for each population. (e) Representative flow cytometry profiles of IL-2 and 
IL-17A expression by CD4+ T cells from the same mice as in (d) under Th17 differentiation 
conditions. (f, g) Percentage (left panels) and absolute numbers (right panels) of CD62L-

CD44HiCD45RB-CD25- CD4+ T cells from the spleen, bone marrow (BM) and of pool of axial, 
brachial and inguinal LN of (f) Vav-Cre-.Pou2af1fl/fl and Vav-Cre+.Pou2af1fl/fl mice and (g) CD4-
Cre-.Pou2af1fl/fl and CD4-Cre+.Pou2af1fl/fl mice (n = 6, collected in three independent 
experiments). Data information: Mann Whitney U-test, NS, non-significant, P-value > 0.05. 
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  Figure 4. OCA-B expression in non-T cells is necessary for Tfh maturation. (a) Representative 
flow cytometry profiles of CXCR5 and PD-1 expression on CD4+ T cells from the PP of Vav-Cre-

.Pou2af1fl/fl and Vav-Cre+.Pou2af1fl/fl mice. (b, c) Percentage of Tfh (CXCR5HiPD-1Hi) and early 
Tfh (CXCR5LowPD-1Low) in the PP of Vav-Cre-.Pou2af1fl/fl and Vav-Cre+.Pou2af1fl/fl mice (n = 8, 
collected in three independent experiments). (d) PD-1 and CXCR5 relative fluorescence intensity 
(RFI) on CXCR5+PD-1+ CD4+ T cells from the PP of Vav-Cre-.Pou2af1fl/fl and Vav-
Cre+.Pou2af1fl/fl mice (n = 8, collected in three independent experiments). (e) Representative flow 
cytometry profiles of CXCR5 and PD-1 expression on CD4+ T cells from the PP of CD4-Cre-

.Pou2af1fl/fl and CD4-Cre+.Pou2af1fl/fl mice. (f, g) Percentage of Tfh and early Tfh in the PP of 
CD4-Cre-.Pou2af1fl/fl and CD4-Cre+.Pou2af1fl/fl mice (n = 10, collected in three independent 
experiments). (h) Percentage of GC B cells in the PP of CD4-Cre-.Pou2af1fl/fl and CD4-
Cre+.Pou2af1fl/fl mice (n = 10, collected in three independent experiments). (i) Ratio of dark zone 
(CXCR4HiCD86-) over light zone (CXCR4LowCD86+) GC B cells from the PP of CD4-Cre-

.Pou2af1fl/fl and CD4-Cre+.Pou2af1fl/fl mice (n = 10, collected in three independent experiments). 
(j) Representative flow cytometry profiles of Tfh (CXCR5HiPD-1Hi) from the spleen of immunized 
Cre-.Pou2af1fl/fl, Vav-Cre+.Pou2af1fl/fl and CD4-Cre+.Pou2af1fl/fl mice. (k) Percentage of Tfh cells 
in the spleen of the same groups of mice listed in (j) (n > 5, collected in four independent 
experiments). (l) Percentage of GL-7+FAS+ GC B cells in the spleen, assessed by flow cytometry, 
of the same groups of mice listed in (j) (n > 5, collected in four independent experiments). Data 
information: Mann Whitney U-test for figures (b-d, f-i). One-way ANOVA for figures (k-l), NS, 
non-significant P-value > 0.05; P-values ** < 0.01; *** < 0.001. 
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  Figure 5. OCA-B is not an active transcriptional coactivator in CD4+ and CD8+ T cells and is 
required in B cells to facilitate Tfh differentiation.  
(a) Principal Component Analysis of top 500 most variable genes from CD4+ and CD8+ T cell 
RNA-Seq samples from the spleen of CD4-Cre-.Pou2af1fl/fl (WT), CD4-Cre+.Pou2af1fl/+ (Het) and 
CD4-Cre+.Pou2af1fl/fl (KO) mice. (b) Row-normalized (z-score) expression heatmap of selected 
DEGs, where each row represents a gene and columns represent individual samples. Red 
represents a higher relative expression for a given gene, while blue denotes a lower relative 
expression. Column annotation tracks represent sample cell type and genotype. (c) Representative 
flow cytometry profiles of CD45.1 and CD45.2 expression on B (left panel) and T (right panel) 
cells from the spleen of the chimeras. (d) Ratio of CD45.1+ (WT genotype) over CD45.2+ (KO 
genotype) cells in the spleen of the chimeras (n = 5, collected in two independent experiments). 
(e) Representative flow cytometry profiles of Tfh from the PP of Vav-Cre-.Pou2af1fl/fl, Vav-
Cre+.Pou2af1fl/fl and the bone marrow competitive chimeras, for which the profiles are separated 
based on CD45.1+ and CD45.2+ expression. (f) Percentage of Tfh in the spleen, PP and mLN of 
the chimeras, gated based on the expression of CD45.1 (B6.SJL) and CD45.2 (Vav-
Cre+.Pou2af1fl/fl) to identify the origin and, thus the genotype, of the donor cells (n = 5, collected 
in two independent experiments). (g) Percentage of B cells in the PP and mLN of CD19-Cre-

.Pou2af1fl/fl and CD19-Cre+.Pou2af1fl/fl mice, (h) percentage of Tfh in the PP and mLN of CD19-
Cre-.Pou2af1fl/fl and CD19-Cre+.Pou2af1fl/fl mice, and (i-j) CXCR5 and PD-1 RFI on CXCR5+PD-
1+ CD4+ T cells from the PP of CD19-Cre-.Pou2af1fl/fl and CD19-Cre+.Pou2af1fl/fl mice (n = 7-10, 
collected in five independent experiments). Data information: Mann Whitney U-test, NS, non-
significant, P-value > 0.05; P-values ** < 0.01; *** < 0.001. 
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Supplementary figure 1. Generation of a Pou2af1fl/fl mouse for cell specific deletion of Pou2af1. 
(a) Targeting strategy used to generate Pou2af1+/LacZ and Pou2af1+/fl mice. The position of the 
primers and long-range PCR assays used for genotyping are indicated. SA: splice acceptor site 
located in front of the lacZ cassette. (b) Long range PCR on mouse tail DNA confirming the proper 
targeting of the Pou2af1 locus. (c) Genotyping PCR demonstrating the generation of Pou2af1+/LacZ 

mice. (d) Genotyping PCR demonstrating the generation of Pou2af1+/fl mice following breeding 
with ACTBFLPe mice. (e) Pou2af1 relative expression in splenocytes from Vav-Cre-.Pou2af1fl/fl 
and Vav-Cre+.Pou2af1fl/fl mice (n = 4), measured by RT-qPCR. Gapdh mRNA levels were used as 
loading control.  (f) Pou2af1 and Gadph RT-qPCR products were migrated on agarose gel for mice 
of the indicated genotypes. ***, P < 0.001. 
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Supplementary figure 2. 
Validation of tools to the study of 
OCA-B expression and function 
in T cells. (a) Representative flow 
cytometry profiles of 6F10 staining 
on B cells from Vav-Cre-

.Pou2af1fl/fl and Vav-
Cre+.Pou2af1fl/fl mice. (b) 
Representative flow cytometry 
profiles of 6F10 staining on naïve 
and activated T cells from Vav-Cre-

.Pou2af1fl/fl and Vav-
Cre+.Pou2af1fl/fl mice. MFI are 
indicated for each population. (c) 
Representative flow cytometry 
profiles of YFP expression on cells 
from the spleen of CD4-
Cre+.ROSA-YFP+ mice. (d) 
Percentage of YFP+ cells from the 
spleen of CD4-Cre+.ROSA-YFP+ 
mice (n = 3). (e) Numbers of total, 
CD4+ and CD8+ T cells from the 
spleen and a pool of inguinal, axial 
and brachial LN of Vav-Cre-

.Pou2af1fl/fl and Vav-
Cre+.Pou2af1fl/fl mice (n = 6 per 
group), and (f) CD4-Cre-

.Pou2af1fl/fl and CD4-
Cre+.Pou2af1fl/fl mice (n = 6). NS, 
non-significant, P > 0.05  
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Supplementary figure 3. Gating strategy for the analysis of CD4+ T cells with a memory 
phenotype. Representative flow cytometry profiles of cells from the spleen of Vav-Cre-

.Pou2af1fl/fl mice. 



 144 

 
  



 145 

  Supplementary figure 4. Hematopoietic cell-specific but not T cell-specific Pou2af1 deletion 
limits Tfh maturation. (a, b) Percentage of (a) Tfh (CXCR5HiPD-1Hi) and (b) early Tfh 
(CXCR5LowPD-1Low) in the mLN of Vav-Cre-.Pou2af1fl/fl, Vav-Cre+.Pou2af1fl/fl mice, CD4-Cre-

.Pou2af1fl/fl and CD4-Cre+.Pou2af1fl/fl mice  (n = 8-10). (c) Percentage of GC B cells in the mLN 
of CD4-Cre-.Pou2af1fl/fl and CD4-Cre+.Pou2af1fl/fl mice (n = 10). (d) Ratio of dark zone 
(CXCR4HiCD86-) over light zone (CXCR4LowCD86+) GC B cells from the mLN of CD4-Cre-

.Pou2af1fl/fl and CD4-Cre+.Pou2af1fl/fl mice (n = 10 per group). (e, f) Absolute numbers of Tfh 
and early Tfh cells from the PP and mLN of Vav-Cre-.Pou2af1fl/fl and Vav-Cre+.Pou2af1fl/fl (n = 8 
per group). (g, h) Absolute numbers of Tfh and early Tfh cells from the PP and mLN of CD4-Cre-

.Pou2af1fl/fl and CD4-Cre+.Pou2af1fl/fl mice (n = 10). (i) Absolute numbers of GC B cells from the 
PP and mLN of CD4-Cre-.Pou2af1fl/fl and CD4-Cre+.Pou2af1fl/fl mice (n = 10). NS, non-
significant, P > 0.05; *, P < 0.05 
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Supplementary figure 5. Pou2af1 deletion impacts Tfh maturation and GC formation in a T 
cell-extrinsic manner. PD-1 and CXCR5 RFI on CXCR5+PD-1+ CD4+ T cells from the spleen of 
the same groups of mice listed in Figure 4J (n = 6-8). 
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Supplementary figure 6. OCA-B is not an active transcriptional coactivator in CD4+ and CD8+ 
T cells. (a) Volcano Plots of Differentially Expressed Genes (DEG) from CD4+ (left) and CD8+ 
(right) T cells of CD4-Cre-.Pou2af1fl/fl and CD4-Cre+.Pou2af1fl/fl mice at FDR <0.05 and Fold 
Change > 1.5. Genes upregulated in the KO are in red, downregulated in blue, and black if not 
significantly differentially expressed. (b) Schematic representation of the competitive bone 
marrow chimeras. (c) Representative flow cytometry profiles of GL7+FAS+ GC cells in B220+ B 
cells from the PP of the chimeras. (d) Percentage of GC B cells in the PP of the chimeras (n = 5). 
Data information: Mann Whitney U-test, ***, P < 0.001. 
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Preface to chapter 4 

 

In the previous chapters, we have shown that GC responses are influenced by 

polymorphism in the Idd2 locus, and have dissected the cell-intrinsic roles of Pou2af1 in GCs. 

These two studies focused on the interplay between B and T cells in secondary lymphoid organs, 

such as the spleen and lymph nodes, in relationship with GCs. Although less studied, the thymus 

also contains a population of B cells. Notably, thymic B cells are suggested to play important roles 

in T cell development, mostly through the elimination of autoreactive CD4SP thymocytes (342, 

343).  

 

Interestingly, interactions between thymocytes and thymic B cells promotes intrathymic B 

cell class-switching in B6 mice (113). This process is AID-dependent, a gene essential to GC 

responses. Class-switched thymic B cells are also present in human thymus (344, 345). Of interest, 

class-switching of thymic B cells has been suggested to play a role in the selection process of 

thymocytes by thymic B cells (113). Still, this hypothesis has not been directly tested. 

 

In this chapter, we used multiple genetically diverse mouse strains, transgenic and KO mice 

to investigate the role of thymic B cell class-switching on T cell selection and its impact on T cell 

tolerance and autoimmunity. 
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4.1 Abstract 
 
Elimination of self-reactive T cells in the thymus is critical for the establishment of T cell 

tolerance. A growing body of evidence suggests a role for thymic B cells in the elimination of self-

reactive thymocytes. To specifically address the role of thymic B cells in central tolerance, we 

investigated the phenotype of thymic B cells in various mouse strains, including non-obese 

diabetic (NOD) mice, a mouse model of autoimmune diabetes. We noted that isotype switching of 

NOD thymic B cells is reduced as compared to other, autoimmune-resistant, mouse strains. To 

determine the impact of B cell isotype switching on thymocyte selection and tolerance, we 

generated NOD.AID-/- mice. Diabetes incidence was enhanced in these mice. Moreover, we 

observed reduced clonal deletion, resulting in an increase in self-reactive CD4+ T cells in 

NOD.AID-/- mice relative to NOD controls. Together, this study reveals a novel role for AID in 

thymic B cells in the promotion of T cell tolerance.  
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4.2 Introduction 

Developing T cells undergo a series of selection processes in the thymus to yield a functional 

repertoire of T cells able to recognize antigens in the context of major histocompatibility complex 

(MHC) molecules, while ensuring tolerance to self-antigens (3, 27, 346). Selection of thymocytes 

is mediated by various antigen presenting cells (APCs), such as thymic epithelial cells (TECs), 

conventional dendritic cells (cDCs) and plasmacytoid dendritic cells (pDCs) (27). In addition, 

human and mouse thymi also harbor a small population of B cells (347, 348). Although B cells are 

not considered efficient phagocytes, they take advantage of their antigen receptor (B cell receptor, 

BCR) to efficiently capture antigens from the environment and present peptides from these 

proteins via MHC II molecules (57, 349). Thymic B cells express high levels of MHC II as well 

as co-stimulatory molecules and contribute to thymocyte education in some settings (8). Negative 

selection is the processes by which thymocytes bearing T cell receptors (TCR) with high affinity 

to self-peptide MHC complexes are purged via apoptosis (17, 350). Notably, in antigen receptor 

transgenic mice with monoclonal T and B cell repertoires, thymic B cells can promote the 

elimination of self-reactive CD4 single positive (SP) thymocytes (8, 30, 112). Still, the factors 

contributing to thymic B cell-mediated negative selection are incompletely understood.  

A recent study suggests that thymic B cells that have undergone class switch recombination (CSR) 

to change BCR isotype may promote central T cell tolerance (113).  It was shown that CSR can 

occur directly in the thymus and is dependent on thymocyte-derived signals (113). IgG+ and IgA+ 

thymic B cells were shown to express activation-induced cytidine deaminase (AID). Importantly, 

the BCR repertoire of isotype switched thymic B cells appears to be skewed towards self-antigens 

(113). This finding led to the hypothesis that self-reactive isotype switched thymic B cells may 

facilitate negative selection of self-reactive thymocytes. Yet, whether isotype switched thymic B 

cells directly induce negative selection of autoreactive thymocytes has not been assessed. More 

importantly, due to the redundancy in both central and peripheral tolerance processes for 

preventing autoimmune diseases, it is not clear whether elimination of self-reactive thymocytes by 

isotype switched thymic B cells has a functional impact on the development of autoimmunity. 

Type 1 diabetes (T1D) is an autoimmune disease characterized by the destruction of insulin-

producing pancreatic β cells (351). The non-obese diabetic (NOD) mouse strain is autoimmune-
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prone (352) and spontaneously develops autoimmune diabetes characteristic of human disease 

(123, 133, 137). T cells are necessary and sufficient for autoimmune diabetes onset and progression 

(166, 353, 354), and it has been suggested that defects in central T cell tolerance in NOD mice 

contribute to the development of autoimmune diabetes (12, 233, 355-358). Intriguingly, the defects 

in central tolerance correlate with abnormal B cell development in the thymus of NOD mice (359). 

Still, the contribution of thymic B cells to T cell tolerance in NOD mice is unknown.  

To investigate the potential contributions of thymic B cells to T cell tolerance and autoimmunity, 

we phenotyped B cells from the thymus of various mouse strains, including NOD mice. As 

compared to genetically divergent mouse strains, we observe that NOD thymic B cell CSR is 

inefficient. Interestingly, this trait correlates with reduced tolerance of thymocytes towards self-

antigens. We also show that disruption of AID impairs negative selection of CD4SP thymocytes 

and favors the development of autoimmunity. Our data reveal a new role for AID in the thymus in 

T cell tolerance. Moreover, we demonstrate that thymic B cell expression of AID, by promoting 

negative selection of self-reactive thymocytes, has a functional consequence on autoimmune 

disease susceptibility. 

4.3 Results 

Reduction of co-stimulation and CSR in NOD thymic B cells  

To investigate the potential role for thymic B cells in impaired T cell tolerance in NOD mice, we 

analyzed the phenotype of thymic B cells from 7- to 10-week-old non-diabetic B6 and NOD mice 

(Fig. S1A). As compared to splenic B cells, thymic B cells from both strains expressed higher 

levels of MHC II molecules (Fig. 1A, B). In contrast, while a higher percentage of thymic B cells 

from B6 mice express CD80 relative to B cells isolated from the spleen (Fig. 1C, D) (8), thymic B 

cells from NOD mice expressed lower levels of this co-stimulatory molecule as compared to their 

B6 counterparts (Fig. 1C, D). This low level of CD80 expression in the NOD thymus is specific 

to thymic B cells, as other thymic APCs express levels of CD80 that are comparable to those 

observed in B6 mice (Fig. S1B, C). This reveals that thymic B cells in NOD mice have a distinct 

phenotype relative to other thymic APCs.  
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CD80 expression on APCs is typically induced following activation (360, 361). The low 

expression of these co-stimulatory molecules on thymic B cells in NOD mice suggest that they 

may not be effectively activated. This is not due to defects in their response to stimuli; thymic B 

cells from NOD mice efficiently upregulate the expression of co-stimulatory molecules and 

activation markers following in vitro activation with LPS or anti-CD40 (Fig. S1D). Therefore, the 

reduced expression of CD80 on thymic B cells from NOD mice relative to B6 mice suggests that 

the NOD thymic environment provides less B cell activation signals in vivo. Activation of thymic 

B cells can also lead to the expression of AID and, consequently, to CSR (113). In line with the 

low level of CD80 expression, a lower percentage of IgM-IgD- isotype switched thymic B cells 

was observed in NOD mice relative to B6 mice (Fig. 1E, F). To determine if the relatively higher 

level of thymic B cell CSR is a specific feature of the B6 strain (113), we analyzed thymic B cells 

from multiple genetically divergent mouse strains: the common C3H, A/J and NZO strains as well 

as the more recently wild-derived PWK and CAST inbred strains (Fig. S1E). Isotype switched 

IgM-IgD- thymic B cells were observed in the thymus of all tested strains (Fig. 1G), with most of 

those cells expressing an IgG or IgA BCR (Fig. 1H). Among these genetically divergent mouse 

strains, the NOD mouse, the only strain spontaneously developing autoimmunity, displays the 

lowest percentage of isotype switched thymic B cells (Fig. 1G). Altogether, these data suggest that 

thymic B cells in NOD mice express lower levels of co-stimulatory molecules and exhibit less 

CSR than the other mouse strains tested.  

The NOD thymic B cell traits correlate with reduced T cell tolerance to self-antigens 

It has been recently suggested that isotype switched thymic B cells may promote central T cell 

tolerance (113). Using the genetically divergent mouse strains, we determined that the percentage 

of isotype switched thymic B cells varies tremendously (Fig. 1G). We took advantage of this 

variability to assess whether the percentage of isotype switched thymic B cells correlated with 

thymic phenotypes. Interestingly, we found that the percentage of IgM-IgD- thymic B cells 

correlated with the percentage of CD69+ CD4SP thymocytes (Fig 2A). Notably, CD69 expression 

is induced following TCR stimulation, during positive and negative selection (362). In contrast to 

CD4SP thymocytes, no correlation between isotype switched B cells and CD69 upregulation was 

observed for CD8SP thymocytes (Fig. 2B). These results suggest that isotype switched thymic B 
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cells, which express high levels of MHC II, may participate in thymic selection of CD4SP 

thymocytes. 

 

We observed a greater percentage and number of CD4SP, but not of CD8SP, thymocytes in NOD 

mice as compared to B6 mice (Fig. 2C, S1F), suggesting a potential defect in negative selection of 

CD4SP thymocytes in NOD mice. In addition, among these CD4SP thymocytes, the percentage 

of active caspase-3+ cells, a marker of cells undergoing clonal deletion (363), was reduced in NOD 

mice (Fig. 2D). These results suggest that negative selection of CD4SP thymocytes is less effective 

in NOD mice. As a result, CD4SP thymocytes from NOD mice should exhibit enhanced self-

reactivity. To assess the level of self-reactivity of CD4SP thymocytes from B6 and NOD mice, we 

performed an in vitro proliferation assay of CD4SP thymocytes on activated splenic B cells (Fig. 

2E). Specifically, splenic B cells from both strains were activated using αCD40 antibodies and 

used as a source of APCs and self-antigens. In vitro activation induced high levels of CD80 on B 

cells from both strains (Fig. S1G). CFSE labelled CD4SP thymocytes were co-cultured for three 

days with activated B cells from the respective strains. At the end of the co-culture, CD4SP 

thymocyte proliferation and activation was quantified by flow cytometry. While proliferation of 

CD4SP thymocytes in the B6 co-culture was minimal, those from NOD mice proliferated 

significantly more (Fig. 2F, G). This increase in CFSElo cells was not caused by more rapid 

proliferation of NOD thymocytes, as CD4SP cells from B6 and NOD mice had a similar 

proliferation index (Fig. 2H). Altogether, these results demonstrate that the low percentage of CSR 

in thymic B cells in NOD mice correlates with a decrease in the induction of negative selection at 

the CD4SP stage and a corresponding increase in self-reactive CD4SP thymocytes in NOD relative 

to B6 mice.  

 

Loss of AID in thymic B cells promotes the development of autoimmune diabetes  

To study the impact of AID expression in thymic B cell on the development of autoimmunity, we 

generated a NOD.AID-/- strain. As expected, NOD.AID-/- mice completely lack CSR in thymic B 

cells (Fig. 3A). Genetic deletion of AID does not impact thymic B cell expression of MHC II, 

CD80, or CD69 (Fig. S2A), allowing us to assess the impact of AID independent of variations in 

the expression of costimulatory molecules. There was also no significant difference in the 

abundance of B cells in the thymus of NOD.AID+/+ and NOD.AID-/- mice (Fig. S2B). First, to test 
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the impact of B cell CSR on the development of autoimmunity, we performed a diabetes incidence 

study. Compared to NOD.AID+/+ littermates, diabetes onset was accelerated and diabetes 

incidence was higher in NOD.AID-/- mice (Fig. 3B). In addition to the increased diabetes 

incidence, NOD.AID-/- mice exhibited an enlargement of the spleen and pancreatic lymph nodes, 

but not of skin-draining lymph nodes (Fig 3C, D and S2C), similar to previous reports (364). 

Secondary lymphoid tissue enlargement was thus more pronounced in organs where diabetogenic 

T cells are primed by self-antigens (365, 366). In the spleen and pancreatic lymph nodes, we also 

observed an increase in the percentage and number of activated CD4+ T cells, as detected by both 

the increase in expression of CD69 and an increase in CD62LloCD44hi CD4+ T cells (Fig. 3E, F, 

S2D, E). No increase in activated T cells was observed in skin-draining lymph nodes (Fig. 3E, F 

S2D). The T cell activation phenotype is specific to CD4+ T cells, as no difference in the percentage 

of activated CD8+ T cells was observed between NOD.AID+/+ and NOD.AID-/- mice in any of the 

organs tested (Fig. 3G). Together, these data suggest that a lack of AID expression increases 

diabetes incidence in NOD mice and is associated with an increase in activated CD4+ T cells, but 

not CD8+ T cells, in the spleen and pancreatic lymph nodes, where priming of islet antigen-specific 

T cells takes place (365, 366).  

AID expression impacts multiple aspects of B cell biology including antibody production and 

germinal center formation (367, 368). It is therefore possible that the increased diabetes onset in 

AID-/- NOD mice (Fig. 3B) is a consequence of altered B cell function in the periphery rather than 

an impact on the diabetogenic potential of T cells. To test this possibility, we used lymphopenic 

NOD.Rag-/- mice, which lack all T and B lymphocytes and therefore do not progress to diabetes 

(289). Adoptive transfer of T cells into NOD.Rag-/- mice induces autoimmune diabetes (289). 

When compared to recipients of total peripheral T cells from NOD.AID+/+ mice, recipients of T 

cells from NOD.AID-/- mice showed accelerated diabetes onset (Fig. 4A), indicating that a lack of 

AID impacts T cell diabetogenicity. This result also suggests that the increased diabetes onset 

observed in NOD.AID-/- mice (Fig. 3B) is, at least in part, T cell-mediated. 

Peripheral T cell tolerance mechanisms potentially contribute to the diabetogenic potential of T 

cells in NOD.AID-/- mice. To determine if loss of AID in thymic B cells alters the diabetogenic 

potential of thymocytes, we transferred thymocytes from NOD.AID+/+ and NOD.AID-/- mice into 

NOD.Rag-/- recipients. We collected pancreas 10 weeks post-transfer and quantified insulitis (Fig. 
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4B). Recipients of thymocytes from NOD.AID-/- mice showed comparably more insulitis than the 

recipients of thymocytes from AID+/+ mice (Fig. 4C). Consistent with the increase of activated 

CD4+ T cells in NOD.AID-/- mice (Fig. 3E, F), an increase of activated CD4+ T cells was observed 

in the spleen and pancreatic lymph nodes of mice receiving thymocytes from NOD.AID-/- mice 

(Fig. 4D). Once again, activation of CD8+ T cells was not affected (Fig. 4E). Altogether, our results 

suggest that self-reactive thymocytes are not effectively eliminated in mice lacking AID 

expression, and that AID-expressing thymic B cells likely mediate negative selection of self-

reactive thymocytes. Moreover, these self-reactive thymocytes can cause significant lesions in the 

pancreas. 

AID deletion impairs negative selection of CD4SP thymocytes 

We next aimed to determine whether negative selection of thymocytes was impaired in the absence 

of AID. As a measure of negative selection, we quantified the percentage of thymocytes from 

NOD.AID+/+ and NOD.AID-/- mice expressing active caspase-3 (Fig. S3A). A lower percentage of 

CD4SP thymocytes from NOD.AID-/- mice expressed active caspase-3 than NOD.AID+/+ 

littermates (Fig. 5A, B). In contrast, no significant difference was observed in DP and CD8SP 

thymocytes (Fig. 5A, B). In addition to active caspase-3, we quantified HELIOS expression. 

HELIOS is induced in self-reactive CD4SP thymocytes following strong TCR signals, and can be 

used as a marker of negative selection (369). Notably, as CD4+FOXP3+ regulatory T cells (Tregs) 

also express HELIOS, Tregs were excluded from the analysis (Fig. 5C). As for active caspase-3, 

we found a significant reduction of HELIOS+FOXP3- CD4SP thymocytes in NOD.AID-/- mice 

relative to NOD.AID+/+ littermates (Fig. 5C, D). These results are consistent with impaired 

negative selection of self-reactive CD4SP thymocytes in NOD.AID-/- mice.  

 

The decrease in negative selection of thymocytes in NOD.AID-/- mice could be due to a reduction 

of interactions with thymic B cells or by an impaired capacity of thymic B cells to induce TCR 

signaling. To test if interactions between thymic B cells and thymocytes are affected by AID 

deletion, we quantified interactions using flow cytometry. Co-expression of B220 and CD19 was 

used to identify thymic B cells interacting with double positive (DP), CD4SP and CD8SP 

thymocyte subsets (Fig. 5E, S3B). Expectedly, doublets were larger in size, as defined by the 

FSC/SSC profile (Fig S3B). Thymic B cells preferentially interacted with CD4SP thymocytes (Fig. 
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5E, F). Interestingly, a significant reduction of doublets was observed between thymic B cells and 

CD4SP thymocytes from NOD.AID-/- mice as compared to cells from NOD.AID+/+ mice (Fig. 5F), 

suggesting that AID expression by thymic B cells promotes interactions with CD4SP thymocytes.  

 

In the absence of AID, there are fewer interactions between thymic B cells and CD4SP thymocytes, 

and fewer CD4SP thymocytes expressing negative selection markers. Thymocytes from these 

NOD.AID-/- mice also promote insulitis. This suggest that there may be an accumulation of self-

reactive CD4SP thymocytes in NOD.AID-/- mice. To test this hypothesis, we quantified tolerance 

of CD4SP thymocytes to self-antigens in NOD.AID+/+ and NOD.AID-/- mice as before (Fig. 2E). 

Relative to CD4SP thymocytes from NOD.AID+/+ mice, a greater percentage of CD4SP 

thymocytes from NOD.AID-/- mice was activated and proliferated in response to activated B cells 

isolated from NOD.CD45.2 mice (Fig. 5G-I). An absence of AID thus leads to an accumulation of 

autoreactive CD4SP thymocytes, and a reduction of tolerance to self-antigens. Together, these 

results suggest that AID expression by thymic B cells promotes negative selection of self-reactive 

thymocytes and improves T cell tolerance. 

 

AID expression in B cells promotes clonal deletion of self-reactive thymocytes 

The efficacy of antigen-specific negative selection is difficult to quantify in a non-transgenic 

setting, where thymocytes express a polyclonal TCR repertoire. To determine the extent to which 

AID impacts negative selection of CD4SP thymocytes in a setting distinct from NOD.AID-/- mice, 

we turned to an MHC class-II restricted TCR transgenic mouse model. In 3A9 TCR transgenic 

mice, most thymocytes express the MHC II (I-Ak) restricted 3A9 TCR specific for a peptide from 

the hen egg lysozyme (HEL) protein. In the absence of HEL, thymocytes complete their 

differentiation into CD4SP thymocytes (Fig. 6 A, B, 3A9 TCR+ HEL- AID+/+). When the HEL 

transgene driven by the rat insulin promoter is also expressed, soluble HEL is detected in 

circulation as well as in the thymus (12, 370). In these TCR:HEL double transgenic mice, most 

CD4SP thymocytes are eliminated by negative selection (Fig. 6A, B, 3A9 TCR+ HEL+ AID+/+) 

(233). We crossed the TCR:HEL double transgenic mice onto the AID-/- background to quantify 

clonal deletion of self-reactive CD4SP thymocytes in the absence of AID expression by thymic B 

cells. In the absence of HEL, AID disruption did not impact the differentiation of 3A9TCR+ 
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CD4SP thymocytes (Fig. 6A, B, 3A9 TCR+ HEL- AID-/-), suggesting that the AID-deficiency does 

not impact positive selection of thymocytes. In contrast, in the presence of HEL (Fig. 6A, B, 3A9 

TCR+ HEL+ AID-/-), an ~ 20% increase of self-reactive 3A9TCR+ CD4SP thymocytes was 

observed in the thymus of AID-/- mice as compared to AID+/+ controls, indicating a significant 

reduction in clonal deletion (Fig. 6A, B). In addition, interactions between thymic B cells and 

CD4SP thymocytes, which were very rare in the absence of the cognate antigen, were increased in 

mice expressing HEL (Fig. 6C). Interestingly, 3A9TCR+ CD4SP thymocytes that were interacting 

with thymic B cells in vivo showed significantly lower expression of the 3A9TCR than CD4SP 

thymocytes that were not interacting with B cells (Fig. 6D). This observation supports the notion 

that thymic B cells can induce TCR signaling in CD4SP thymocytes in an antigen-specific manner, 

as TCR downregulation is a consequence of strong TCR signaling during thymocyte selection 

(371). Overall, these results suggest that AID expression in polyclonal thymic B cells can have a 

significant impact on negative selection of thymocytes. 

Deletion of AID in B6 mice limits negative selection and induces insulitis 

The impact of AID expression by thymic B cells on diabetes and insulitis was studied in NOD 

mice, which are prone to pancreatic autoimmunity. To test the impact of AID expression in thymic 

B cells in mice that do not spontaneously develop autoimmunity, we compared negative selection 

and insulitis in B6.AID+/+ and B6.AID-/- mice. As previously observed in NOD.AID-/- mice (Fig. 

5A, B), CD4SP thymocytes from B6.AID-/- mice showed a significant reduction in active caspase-

3 expression relative to littermate controls (Fig. 7A), suggesting a reduction of negative selection. 

Again, no difference was observed for CD8SP thymocytes (Fig. 7A). While young B6.AID+/+ and 

B6.AID-/- mice are free of immune infiltration in pancreatic islets, older B6.AID-/- mice display 

detectable levels of insulitis (Fig. 7B), consistent with previously reported insulitis in aged 

BALB/c.AID-/- mice (372). In addition, CD4+ T cells were detected in the immune infiltrate in 

those mice, confirming their presence in the insulitic lesions (Fig. 7C). Together, these results 

confirm that the enhanced autoimmunity caused by inhibition of AID expression by thymic B cells 

in NOD.AID-/- mice may also impact T cell tolerance in autoimmune-resistant mice.  
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4.4 Discussion  

In the last few years, thymic B cells have emerged as important mediators of thymic selection 

(373, 374). Still, the role of thymic B cells in the prevention of T cell-mediated autoimmunity is 

unclear. In this study, we identified B cell-specific phenotypes in the thymic APC pool of NOD 

mice, a common mouse model for autoimmune diabetes and other autoimmune syndromes (122, 

137, 352). In addition to a B cell-specific deficit of co-stimulation, NOD thymic B cells do not 

switch to secondary isotypes as efficiently as in other mouse strains, a trait that correlates with a 

reduction of CD4SP thymocyte tolerance to self-antigens. To investigate a potential impact of AID 

expression by thymic B cell on T cell tolerance and autoimmunity, we generated NOD.AID-/- mice. 

As compared to NOD.AID+/+ littermates, diabetes was more penetrant in NOD.AID-/- mice, and 

its onset was accelerated. Adoptive transfer of peripheral T cells and thymocytes revealed an 

impact of AID expression on T cell diabetogenicity, consistent with a role for thymic AID 

expression on thymocyte selection. Negative selection of CD4SP thymocytes was impaired in 

NOD.AID-/- mice. Using an antigen-specific model of clonal deletion, our data show that AID 

augments negative selection of CD4SP thymocytes. Lastly, we find that deletion of AID in the 

diabetes-resistant B6 strain resulted in a reduction of CD4SP thymocyte apoptosis and low-level 

insulitis. Together, these results identify a novel role for AID expression by thymic B cells in T 

cell selection and in the control of autoimmunity.  

Previous studies suggested that thymic B cells can directly mediate negative selection of self-

reactive CD4SP thymocytes (8, 30, 112). Because of the difficulty of studying negative selection 

in mice with a polyclonal T cell and B cell repertoire, most studies have used mice with expression 

of TCR and BCR transgenes to investigate the role of thymic B cells in the elimination of 

autoreactive CD4SP thymocytes (30, 112). For example, thymic B cells express the transcription 

factor AIRE, enabling expression of tissue-restricted antigens (30). Although AIRE expression is 

lower in thymic B cells than in mTECs, its expression is sufficient to drive the negative selection 

of TCR transgenic CD4SP thymocytes specific for a self-antigen expressed via the AIRE promotor 

(30). Similarly, in a BCR and TCR transgenic mouse model, directing BCR specificity towards 

the same antigen as transgenic thymocytes enabled thymic B cells to support deletion of the TCR 

transgenic thymocytes (8). Although these studies show that thymic B cells can induce negative 

selection of thymocytes when either TCR or BCR specificities are fixed, they do not allow 
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quantification of the impact of thymic B cells on negative selection of thymocytes in polyclonal 

settings. We show that AID expression promotes negative selection of thymocytes by thymic B 

cells, even in non-transgenic settings.  

The absence of AID does not influence expression of MHC or selected costimulatory molecules 

on thymic B cells. This suggests that AID expression in thymic B cells facilitates negative selection 

of CD4SP thymocytes via other means. AID promotes intra-thymic CSR, leading to expression of 

IgG or IgA BCRs (113). We demonstrate that the presence of isotype switched B cells in the 

thymus is common across mouse strains. This has also been observed in humans (345, 375) and 

other animals (376), suggesting an important role of thymic B cell CSR in T cell development. 

One hypothesis for the role of isotype-switched B cells in the thymus is that they promote tolerance 

towards the different immunoglobulin isotypes (377). While possible for certain isotypes, the 

scarcity of thymic B cells expressing some specific isotypes, such as IgG1, IgG3 (30) and IgE 

(359) suggests that this may not be true for all of them. Furthermore, the increase in insulitis caused 

by AID disruption in this study suggests an impact on tolerance that is broader than specifically 

against immunoglobulin antigens. Analysis of the BCR repertoire of thymic B cells revealed 

enrichment of self-reactive clones in isotype-switched B cells (113). Indeed, the thymic 

environment appears to favor enrichment for self-reactive thymic B cells relative to the periphery 

(8). Analysis of B cell specificities in human thymi also reveal an enrichment for self-reactive B 

cells, especially against peptide antigens, including insulin-reactive B cells (345). Self-reactive 

thymic B cells may more effectively capture self-antigens through their isotype-switched high 

affinity BCRs, allowing enhanced presentation of self-antigens to thymocytes, resulting in greater 

negative selection. Of interest, among thymic B cells, the frequency of B cells bearing an insulin-

specific BCR is reduced in NOD mice relative to B6 mice (359). This suggests that the reduction 

in self-reactive B cells in the thymus of NOD mice may explain, to some degree, the impaired 

tolerance of CD4SP thymocytes to self-antigens. While the specific factors promoting the 

accumulation of self-reactive B cells in the thymus are largely unknown, our results suggest that 

AID expression in thymic B cells enhances their potential to induce negative selection of 

thymocytes. This may be due, at least in part, to the fact that AID promotes modification of the 

BCR through CSR and somatic hypermutation, resulting in modulation of BCR signaling and 

antigen specificity (84, 108, 378-380).  
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As mentioned above, thymic B cells are thought to induce negative selection of self-reactive 

CD4SP thymocytes. Negative selection at the CD4SP stage is estimated to take place at a rate of 

more than 1.6x105 cells per hour in mice, accounting for almost 25% of all clonal deletion (6). 

Although there are many APCs in the thymus, we find that thymic B cells play a non-redundant 

role in negative selection of self-reactive thymocytes. Using a TCR transgenic system in 

conjunction with cognate antigen expression in the thymus, we demonstrate that the absence of 

AID results in an increase in self-reactive CD4SP thymocytes. Of note, this experiment was 

performed in mice with non-transgenic BCRs, where the B cell repertoire is highly polyclonal. 

The modest impact on negative selection observed is therefore likely caused by the scarcity of 

HEL-specific B cells in these mice. Interestingly, the non-redundant role of AID expression in 

thymic B cells in negative selection is limited to CD4SP thymocytes. Considering that thymic B 

cells are primarily located in the thymic medulla, it is not surprising that they have a limited impact 

on DP thymocytes. However, thymic B cells express both MHC I and MHC II. The reason why 

isotype switched thymic B cells specifically induce negative selection of CD4SP thymocyte, and 

not CD8SP thymocytes, is unclear. Still, our results are consistent with previous reports 

demonstrating a modulation of CD4SP thymocyte differentiation in B cell-deficient mice, with no 

overt impact on CD8SP thymocytes (30).  

 

Various central and peripheral tolerance mechanisms are in place to limit autoimmune diseases. If 

thymic B cells play a truly non-redundant role in central tolerance, the increase in the number of 

self-reactive CD4SP thymocytes in AID-deficient mice should increase autoimmune disease 

susceptibility. Indeed, AID disruption increases autoimmune diabetes incidence. This observation 

is consistent with a previous report showing that AID deficiency accelerates diabetes onset in NOD 

mice (364), although thymic B cells were not specifically studied. While another group observed 

a reduction of diabetes onset in AID-deficient NOD mice, likely caused by an expansion of 

regulatory B cells (381), the diabetogenicity of T cells in AID-deficient NOD mice was increased 

compared to AID-sufficient NOD mice, consistent with our data and a role for AID expression in 

thymic B cells in the elimination of pathogenic T cells. We also show that disruption of AID 

increases insulitis in diabetes-prone (NOD) and diabetes-resistant (B6) mice. As the nature of the 

antigens presented by thymic B cells is unknown, it is unclear if antigen presentation by thymic B 

cells prevents autoimmunity against specific antigens and organs. Interestingly, BALB/c.AID-/- 
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mice display CD4+ T cell-mediated infiltration of multiple organs (stomach, liver, lungs salivary 

glands and pancreas), consistent with a role for thymic B cells in the elimination of a broad range 

of self-reactive CD4SP thymocytes. However, this multi-organ immune infiltration may also have 

been caused by a potential, at the time unknown, mutation in the Lag3 gene of the BALB/c.AID-/- 

mice (382). We have previously reported that B6.AID-/- mice have a reduced lifespan compared to 

WT littermates (383), but the cause for this remains unknown. It is tempting to speculate that 

enhanced autoimmunity caused by loss of AID expression in thymic B cells may contribute to this 

reduced lifespan. More work is needed to understand the complete impact of loss of AID 

expression in thymic B cells in B6 mice. 

Mutations in AID have been detected in patients with hyper-IgM syndrome (384). Strikingly, a 

large portion of those patients present some auto-immune or inflammatory disorders (385, 386). 

Those include T-cell mediated diseases, such as T1D, Crohn’s disease and non-infectious uveitis 

(385, 386). However, as participation of peripheral B cells has also been reported in those 

pathologies, we cannot confirm that the increased autoimmunity in AID-deficient patients is due 

to defects in thymic B cell-mediated T cell tolerance. Nevertheless, we have shown that the 

increased diabetes onset in NOD.AID-/- mice is, at least in part, T cell-mediated. Furthermore, 

thymocyte transfers confirm a role for AID expression specifically by thymic B cells in modulating 

the T cell repertoire, likely through the promotion of negative selection of CD4SP thymocytes. 

In conclusion, this study reveals a non-redundant role for AID expression in thymic B cells in the 

induction of CD4+ T cell tolerance. Previous studies suggest that isotype-switched thymic B cells 

have a greater propensity to express a self-reactive BCR, which may facilitate presentation of self-

antigens to thymocytes. Additional studies are required to determine the peptide repertoire 

presented by isotype-switched thymic B cells, and how this can be manipulated to prevent 

autoimmune diseases. 
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4.5 Materials and methods 

Mice 

A/j (#000646), C57BL/B6 (B6, #000664), CAST/EiJ (CAST, #000928), C3H/HeJ (C3H, 

#000659), NOD/ShiLtJ (NOD, #001976), NZO/HILtJ (NZO, #002105) and PWK/PhJ (PWK. 

#003715) mice were obtained from Jackson Laboratory (Bar Harbor, United States). B6.AID-/- 

mice were generously shared by Dr Tasuku Honjo (Kyoto University, Japan). 3A9 TCR transgenic 

and rat insulin promoter-driven HEL transgenic mice (ripHEL) on the B10.BR background have 

been previously described (233). To generate NOD.AID-/- mice, B6.AID-/- mice were backcrossed 

to NOD mice for 10 generations. At each generation, mice were genotyped and AID+/- mice were 

used for backcrossing to NOD. At the 10th generation, NOD.AID+/- mice were intercrossed to yield 

NOD.AID-/- as well as NOD.AID+/- and NOD.AID+/+ littermates for controls. 

 The genotype of all transgenic mice was verified by PCR. Transgene positive and negative 

littermates were used in every experiment where applicable. All mice used for experiments were 

aged between 8-12 weeks, unless indicated otherwise. For phenotyping experiments, both male 

and female mice were used. For experiments assessing diabetes onset and insulitis, only female 

mice were used. Mice were age matched for every experiment. All of the mouse strains were 

maintained at the Maisonneuve-Rosemont Hospital animal facility. The Maisonneuve-Rosemont 

Hospital ethics committee, overseen by the Canadian Council for Animal Protection, approved the 

experimental procedures.  

 

Cell isolation 

Thymus, spleen and LNs were pressed through a 70-µm cell strainer (Thermo Fisher Scientific, 

Waltham, United States). Spleen cell suspensions were treated with NH4Cl to lyse red blood cells. 
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For TEC analysis, thymi were processed and digested as previously described (387). Briefly, thymi 

were cut in small pieces and pipetted up and down to release thymocytes. The remaining tissues 

was digested with papain (0.25 mg/ml), collagenase D (0.25 mg/ml) and DNAse (0.1 mg/ml) for 

15 minutes at 37 oC in complete RPMI. 

 

Flow cytometry 

Single-cell suspensions were stained for 30 minutes at 4oC with different combinations of the 

following antibodies targeting (the antibody clone is in parentheses): B220 (RA3-6B2), CD3 (145-

2C11), CD4 (GK1.5), CD5 (53-7.3), CD8a (53-6.7), CD11b (M1/70), CD11c (N418), CD19 

(6D5), CD44 (IM7), CD45.1 (A20), CD45.2 (104), CD62L (MEL-14), CD69 (H1.2F3), CD80 

(16-10A1), CD326/EpCAM (G8.8), I-Ad (39-10-8, cross-react to I-Ag7), IA/IE (M5/114.15.2), IgA 

(RMA-1), IgD (11-26c.2a), IgG1 (RMG1-1), IgG2b (RMG2-1), IgM (RMM1), and TCRβ (H57-

597) from BioLegend (San Diego, United States); Active Caspase-3 (C92-605) from BD 

Biosciences (Franklin Lakes, United States); CD8b (H35-17.2), FOXP3 (FJK-16s), and HELIOS 

(22F6) from Thermo Fisher Scientific (Waltham, United States). Homemade 1G12 antibodies 

were used to stain for the 3A9TCR (388). Biotin-labelled antibodies were revealed with 

fluorescently-coupled streptavidin from BioLegend. Dead cells were stained using LIVE/DEADTM 

Fixable Yellow Dead Cell Stain Kit (Thermo Fisher Scientific). For caspase staining, cells were 

treated with Cytofix/Cytoperm Fixation kit (BD Biosciences) as directed by the manufacturer. The 

FOXP3 Transcription Factor Staining Buffer Set (eBioscience) was used for transcription factor 

staining as directed by the manufacturer. Data were collected on an LSRFortessaX20 (BD) and 

analyzed with FlowJo software (BD Biosciences). B cells were gated as CD19+B220+ cells. TECs, 

cDC1, cDC2 and pDC were gated as EpCAM+CD45-, CD11chiCD8α+CD11b-, CD11chiCD8-
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CD11b+, and CD11clowB220+, respectively. CD4SP, CD8SP and post-selection DP were gated as 

TCRβ+CD5+CD4+CD8-, TCRβ+CD5+CD4-CD8+, and TCβ+CD5+CD4+CD8+, respectively. 

 

In vitro activation of thymic B cells 

Total thymic cells were incubated for 72h in 96 well plates (flat bottom, 1 x 106 cells per well), in 

the presence of LPS (25μg/ml) or anti-CD40 antibodies (10μg/ml). Unstimulated controls were 

stained directly after mouse sacrifice. 

 

In vitro co-culture 

Splenic B cells were positively selected with a magnetic bead isolation kit (STEMCELL 

technologies, Vancouver, Canada) and anti-CD19 antibodies. B cells were cultured in vitro for 3 

days with anti-CD40 antibodies (10μg/ml). Activation was confirmed by staining for expression 

of CD80/CD86 (Fig. S1G). CD4SP thymocytes were negatively selected with a magnetic bead 

isolation kit (STEMCELL technologies) and anti-CD8 and anti-CD19 antibodies. Isolated CD4SP 

thymocytes were stained with CFSE (Sigma, Saint-Louis, United States) (final concentration of 2 

μM). Activated B cells and CFSE-stained CD4SP thymocytes were co-cultured at a 1:1 ratio 

(2x105 cells of each per well) in round bottom 96 well plates. Proliferation and activation of 

thymocytes was assessed by flow cytometry after 72h of co-culture. The proliferation index was 

measured using FlowJo software. 

 

Diabetes incidence  

Diabetes incidence was monitored daily in female mice for overt signs of diabetes (wet cage, 

hunched posture) and every 2 weeks for urine glucose levels using Diastix (Bayer, Toronto, 
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Canada) starting before the age of 10 weeks. After a positive Diastix test, overt diabetes was 

confirmed by blood glucose levels > 12 mmol/L, measured using Accu-Chek strips (Roche, Basel, 

Switzerland). The mice were sacrificed within 1 week of detection of high blood glucose or when 

they reached > 34 weeks of age. The pancreas was collected and conserved in formalin for at least 

48h before paraffin embedding. 

 

Histology 

Hematoxylin and eosin staining was performed on 6 µm pancreas sections from paraffin blocks, 

for 2 non-successive sections per slide with 2 slides per mouse. Slides were scored for infiltration 

as previously described (276), and according to the following scale: 0 = no infiltration, 1 = peri-

insulitis, 2 = infiltration <50%, 3 = infiltration >50%, 4 = complete infiltration. 

 

Fluorescence microscopy 

Pancreas were frozen in OCT (Thermo Fischer Scientific) over dry ice, and 10 µm slices of tissues 

were prepared using a cryostat. Slides were washed for 5 minutes in PBS (Wisent Bio, Saint-Jean-

Baptiste, Canada) three times and fixed with 3.7% paraformaldehyde (Sigma) for 10 minutes. 

Slides were washed again in PBS three times, permeabilized, and blocked for 60 minutes using 

TritonX100 (0.1%) and BSA (3% in PBS). Antibodies (FITC-labelled anti-CD4, PE-labelled anti-

CD45, Alexa Fluor 647-labelled anti-insulin) were added and incubated for 2 hours at room 

temperature then washed in PBS three times. Mounting medium containing DAPI (Abcam, 

Cambridge, United Kingdom) was added, and slides were sealed with nail polish. Images were 

acquired using a fluorescent microscope (Axio Imager 2, ZEISS). 
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Statistical analyses 

Data were tested for significance using a nonparametric Mann-Whitney U test, a one-way 

ANOVA or a paired t-Test. A Log-Rank (Mantel Cox) test was used for the incidence studies. 

Numbers of animals used per group are indicated in the figure legends. The minimal significance 

threshold was set at 0.05 for all tests. NS, non-significant P > 0.05; *, P < 0.05 **, P < 0.01; ***, 

P < 0.001.  
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4.7 Figures 
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 Figure 1. Unique characteristics of thymic B cells from NOD mice. (A) Representative flow 

cytometry profiles and (B) quantification of MHC II by B cells from the spleen and the thymus 

of B6 and NOD mice (n = 7-8), measured by mean fluorescence intensity (MFI). (C) 

Representative flow cytometry profiles of CD80 on splenic and thymic B cells (CD19+B220+) 

from B6 and NOD mice. (D) Compilation of the percentage of CD80+ B cells from the spleen 

and thymus of B6 and NOD mice (n > 14). (E) Representative flow cytometry profile of IgM 

and IgD on thymic B cells from B6 and NOD mice. (F) Compilation of the percentage of IgM-

IgD- thymic B cells from B6 and NOD mice (n > 16). (G) Compilation of the percentage of 

IgM-IgD- thymic B cells from genetically divergent mouse strains (n ≥ 3). (H) Distribution of 

isotypes expressed by IgM-IgD- thymic B cells from the same mice as in (F). "Other" refers to 

B cells with a IgD-IgM-IgA-IgG1-IgG2b- phenotype. 
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  Figure 2. NOD thymic B cell traits correlate with reduced T cell tolerance to self-antigens. 

Correlation between the percentage of isotype-switched thymic B cells and the expression of 

CD69 on (A) CD4SP and (B) CD8SP thymocytes from the same mice as in Fig. 1F. (C) 

Representative flow cytometry profile (top panel) and compilation (bottom panel) of CD4SP 

and CD8SP subsets in the thymus of B6 and NOD mice (n = 10-11). (D) Representative flow 

cytometry profile (top panel) and percentage (bottom panel) of active caspase-3+ CD4SP 

thymocytes from B6 and NOD mice (n = 5). (E) Schematic of the in vitro co-culture assay used 

in F-H. (F) Representative flow cytometry profile of CFSE and CD44 expression on CD4SP 

thymocytes from the co-cultures. (G) Compilation of the percentage of CFSEloCD44hi cells in 

thymocytes from the co-cultures (n = 4-5). (H) Proliferation index of the thymocytes at the end 

of the co-cultures (n = 4-5). 
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  Figure 3. AID deficiency promotes the development of autoimmune diabetes. (A) 

Representative flow cytometry profile of IgM and IgD expression on thymic B cells from 

NOD.AID+/+ and NOD.AID-/- mice. (B) Diabetes incidence of female NOD.AID+/+ (n = 29) and 

NOD.AID-/- (n = 21) mice. (C) Image of representative spleens and pancreatic lymph nodes 

from non-diabetic NOD.AID+/+ and NOD.AID-/- mice. (D) Absolute numbers of cells in the 

spleen, pancreatic and skin draining lymph nodes from non-diabetic NOD.AID+/+ and 

NOD.AID-/- mice (n = 9-10). (E) Representative flow cytometry profile of splenic CD4+ T cells 

(left panel) and compilation of the percentage (right panel) of CD69+ CD4+ T cells from the 

spleen, pancreatic lymph nodes, and skin draining lymph nodes of non-diabetic NOD.AID+/+ 

and NOD.AID-/- mice (n = 9-10). (F) Representative flow cytometry profile of splenic CD4+ T 

cells (left panel) and compilation of percentage (right panel) of CD62LloCD44hi CD4+ T cells 

from the spleen, pancreatic lymph nodes and skin draining lymph nodes of non-diabetic 

NOD.AID+/+ and NOD.AID-/- mice (n = 9-10). (G) Compilation of the percentage of CD69+ 

(left panel) and CD62LloCD44hi (right panel) CD8+ T cells from the spleen, pancreatic lymph 

nodes and skin draining lymph nodes of non-diabetic NOD.AID+/+ and NOD.AID-/- mice (n = 

9-10). 

 



 178 

  

Figure 4. AID deletion impacts T cell diabetogenicity and enhances insulitis. (A) Diabetes 

incidence of female NOD.Rag-/- mice that received 6-8 x 106 total splenic T cells from age-

matched non-diabetic female NOD.AID+/+ and NOD.AID-/- mice (n = 6-8). (B) Representative 

images of an intact (left) and infiltrated (right) islet from the pancreas of a NOD.Rag-/- mouse, 

10 weeks after injection of 22 x 106 total NOD.AID-/- thymocytes. (C) Insulitis score for female 

NOD.Rag-/- mice 10 weeks post-injection of 22 x 106 total thymocytes from adult female 

NOD.AID+/+ or NOD.AID-/- mice (n = 6-7). Scale: 0 = no infiltration, 1 = peri-insulitis, 2 = 

infiltration <50%, 3 = infiltration >50%, 4 = complete infiltration. Compilation of the 

percentage of CD69+ CD4+ (D) and CD8+ (E) T cells at the time of sacrifice of the mice 

described in (C) (n =6-7). 
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  Figure 5. AID deletion impairs negative selection of CD4SP thymocytes. (A) Representative 

flow cytometry profiles of CD4SP thymocytes and (B) compilation of the percentage of active 

caspase-3+ DP, CD4SP and CD8SP thymocytes from NOD.AID+/+ and NOD.AID-/- mice (n = 

8-10). (C) Representative flow cytometry profiles and (D) compilation of the percentage of 

HELIOS+ CD4SP thymocytes from NOD.AID+/+ and NOD.AID-/- mice (n = 9-13). (E) 

Representative flow cytometry profiles of ex vivo DP, CD4SP and CD8SP thymocytes 

conjugated with thymic B cells from NOD.AID+/+ and NOD.AID-/- mice. (F) Compilation of 

the percentage of DP, CD4SP and CD8SP conjugated to thymic B cells from NOD.AID+/+ and 

NOD.AID-/- mice, adjusted to the percentage of total B cells in the thymus of each mouse (n = 

8-9). (G) Representative flow cytometry profiles of CFSE and CD44 expression of CD4SP 

thymocytes from co-cultures with activated splenic B cells from NOD.AID+/+ and NOD.AID-/- 

mice. (H) Compilation of the percentage of CFSEloCD44hi cells in thymocytes from the co-

cultures (n = 7). (I) Proliferation index of the thymocytes at the end of the co-cultures (n = 7). 
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  Figure 6. AID expression promotes clonal deletion of self-reactive thymocytes. (A) 

Representative flow cytometry profiles of 3A9 TCR-transgenic CD4SP thymocytes from single 

transgenic (HEL-) and double transgenic (HEL+) B10.BR mice. (B) Compilation of the number 

of 3A9 TCR+ CD4SP thymocytes in the same mice presented in (A) (n = 5-9). (C) 

Representative flow cytometry profiles (left panel) and compilation (right panel) of conjugates 

between 3A9 TCR+ CD4SP thymocytes and thymic B cells in HEL- and HEL+ transgenic 

B10.BR mice. (D) RFI (Relative fluorescence intensity) of the 3A9 TCR on the surface of 3A9 

TCR+ CD4SP thymocytes, conjugated or not with thymic B cells (n = 16). RFI were calculated 

by normalizing to the average of the 3A9 TCR MFI on CD4SP single cells for each experiment. 
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Figure 7. Deletion of AID in B6 mice limits apoptosis of CD4SP thymocytes and induces 

insulitis. (A) Compilation of the percentage of active caspase-3+ post-selection DP, CD8SP and 

CD4SP thymocytes from B6.AID+/+ and B6.AID-/- mice (n =6-8). (B) Compilation of the 

percentage of infiltrated pancreatic islets in 2-month-old and 12-month-old B6.AID+/+ and 

B6.AID-/- mice (n = 4-6). (C) Representative fluorescence microscopy image of pancreatic islets 

from a 12-month-old B6.AID-/- mouse, with (bottom panels) and without (top panels) peri-

insulitis (magnification 10X).  
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  Figure S1. Characterization of thymic APCs in NOD mice. (A) Gating strategy for the 

analysis of thymic B cells. (B) Representative flow cytometry profiles of CD80 expression on 

thymic APC subsets, from B6 and NOD mice. (C) Compilation of the percentage of CD80+ 

thymic APCs from B6 and NOD mice (n = 3). (D) Representative flow cytometry profiles of 

thymic B cells from B6 and NOD mice, unstimulated or stimulated with LPS or anti-CD40 

antibodies for 72h. MFI is indicated. (E) Compilation of the percentage and number of thymic 

B cells in various mouse strains (n = 3-6). (F) Compilation of absolute numbers of CD4SP and 

CD8SP thymocytes in B6 and NOD mice (n = 10-11). (G) Representative cytometry profiles of 

CD80 and CD86 expression on CD40-activated splenic B cells and unstimulated controls (from 

B6), from B6 and NOD mice. MFI is indicated. 
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  Figure S2. Characterization of B and T cells in NOD.AID-/- mice. (A) Representative 

cytometry profiles of MHC II, CD80 and CD69 expression on thymic B cells from NOD.AID+/+ 

and NOD.AID-/- mice; MFI is indicated. (B) Compilation of the percentage of B cells in the 

thymus of NOD.AID+/+ and NOD.AID-/- mice (n = 8-9). (C) Image of representative skin 

draining lymph nodes from non-diabetic NOD.AID+/+ and NOD.AID-/- mice. (D) Gating 

strategy for the analysis of quantification of activated CD4+ and CD8+ T cells. (E) Absolute 

numbers of CD69+ and CD62L-CD44hi CD4+ T cells from the spleen, pancreatic lymph nodes 

and skin draining lymph nodes of NOD.AID+/+ and NOD.AID-/- mice (n = 9-10). 

 



 188 

  

Figure S3. Analysis of thymocytes and thymic B cells by flow cytometry. Gating strategies 
for (A) the expression of active caspase-3 in thymocytes and (B) quantification of thymocytes 
conjugated with thymic B cells. 
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Chapter 5: 

Discussion 

 

The pathogenesis of T1D has been studied for several decades. While many factors 

favoring or limiting the development of this autoimmune disease have been identified, we still do 

not completely understand why, in some susceptible individuals, a breach of tolerance against 

pancreatic cells occurs. In chapters 2-4, we have investigated genetic and cellular factors that 

influence the interplay between T and B cells, and how this crosstalk influences the development 

of autoimmune diabetes, the mouse equivalent of T1D. 

 

5.1 The Idd2 locus confers prominent resistance to autoimmune diabetes 

 

In chapter 2, we have investigated the importance of genetic variants in the Idd2 locus in 

autoimmune diabetes susceptibility. To do so, we generated a congenic strain (NOD.Idd2), which 

share >99% of its genetic background with the NOD strain, except for a locus on chromosome 9 

(coinciding with part of the Idd2 locus) of B10 origin. Compared to NOD mice, NOD.Idd2 mice 

were highly protected from autoimmune diabetes, with very low diabetes onset and significantly 

lower insulitis levels. Using bone marrow-chimeras and by performing adoptive cell transfers, we 

showed that the diabetes protection conferred by the Idd2 locus is mediated by immune cells rather 

than modulation of pancreatic function. Phenotyping of immune cell subsets in NOD.Idd2 mice 

revealed a reduction of B cell class-switching and GC formation. This finding was generalized to 

spontaneous GC in the pancreas and secondary lymphoid organs, as well as GC formation 

following immunization. Transcriptomic analysis of splenic B cells from NOD and NOD.Idd2 
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mice revealed a signature for antigen presentation, with a reduction of expression of specific MHC 

molecules (H2-D1, H2-Q6, H2-Q7) on B cells from NOD.Idd2 mice. Flow cytometry analysis 

confirmed a reduction of H2-D expression on all immune cells of NOD.Idd2 mice and revealed a 

B cell-specific reduction of MHC II molecules. To test the functional impact of this reduction of 

MHC expression on T cell activation, we performed allogenic in vitro activation assays and LCMV 

infections. In both cases, the reduction of MHC expression in NOD.Idd2 mice resulted in a 

reduction of T cell activation and priming, demonstrating the indirect impact of the Idd2 locus on 

T cell responses. 

 

The MHC locus (Idd1 in mice, IDDM1 in humans) represents the most important genetic 

locus in the control of T1D susceptibility (131). It is therefore highly likely that the reduction of 

MHC expression in NOD.Idd2 mice and the resulting impact on T cell responses play a major role 

in the diabetes protection of the congenic strain. While the reduction of MHC II expression is 

specific to B cells, MHC I expression is reduced on all immune cells tested, meaning that all APC 

types express lower levels of H2-D. Is it therefore unclear if the reduction of activation of CD8+ T 

cells in the LCMV infected mice or the reduction of diabetes onset is mediated, at least in part, by 

B cells. Indeed, those phenotypes could also be caused by the reduction of MHC I expression on 

DCs, which are known to be efficient APCs for the priming of CD8+ T cells. 

 

To address the specific contribution of B cells, we performed adoptive cell transfer into 

lymphopenic NOD mice. Unfortunately, when transferred together with T cells from NOD mice, 

B cells from NOD.Idd2 mice did not survive (data not shown). The reduced level of MHC I 

expression of B cells from NOD.Idd2 mice could contribute to loss of these B cells in the recipient 
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mice. Indeed, as part of their immunosurveillance mechanisms, NK cells effectively target and 

eliminate cells that express low levels of MHC (389). To circumvent this issue, it would be 

interesting to acquire B cell-deficient NOD mice. MuMt-/- mice, which bear a mutation in the gene 

encoding for the heavy chain of IgM, completely lack mature B cells. When crossed to NOD mice, 

this results in B cell-deficient NOD mice that present with low incidence of diabetes (211). These 

mice could be used as bone marrow-chimeras recipients to generate mice with B cells from 

NOD.Idd2 mice and other APCs from NOD mice (see figure 6 below). As T cells and NK cells 

would develop in environments containing cells of NOD.Idd2 origin (with low H2-D expression), 

these cells may become tolerant, therefore inhibiting the killing of NOD.Idd2 cells. Diabetes 

incidence could then be compared between chimeras with all APC types from NOD mice and 

chimeras with B cells from NOD.Idd2 mice and a mix of other APC types from both NOD and 

NOD.Idd2 mice. This model is not perfect, as some other APCs would also be of NOD.Idd2 origin 

(Fig. 6). The contribution of these NOD.Idd2-derived APCs could be reduced by lowering the % 

of NOD.Idd2 stem cells injected in the chimeras, as long as the homeostatic proliferation of the 

resulting B cells would allow sufficient reconstitution of the B cell pool in the chimeras. 
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Figure 1: Schematic representation of bone marrow-chimeras for the study of the 
contribution of NOD.Idd2 B cells in the diabetes protection of NOD.Idd2 mice. 
 

Another unresolved element regarding the implication of the Idd2 locus in the regulation 

of MHC expression is the identification of the genetic variant (or variants) inside the locus that 

control MHC expression. Notably, as H2-D1 and I-A seem to be regulated at different levels 

(transcriptional regulation of H2-D1 and post-transcriptional regulation for I-A), it is likely that 

regulation of expression of these molecules is independent. With our RNA-seq analysis, we have 

identified 14 DEGs in the Idd2 locus of our congenic mouse. Those include Crtam, Hspa8, Usp2, 

Jhy, Tmprss13, Ubash3b, Nxpe1/2/4 and other genes with yet unknown functions. With only 

Crtam and Hspa8 having an identified role in the immune system, there is no clear candidate gene 

for the regulation of MHC expression. For this reason, each gene should be tested, starting with 

the genes with a known function. Since our RNA-seq was performed on a heterogeneous 
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population of cells (total splenic B cells), it is possible that some genes expressed only in some 

rare B cells subsets in the spleen (such as B1 B cells) may have been missed. An alternative 

approach would have been to perform single-cell RNAseq, to obtain a better view of the 

heterogeneity in the B cell populations. Furthermore, we have focused our analysis on protein-

coding genes, but genes coding for lncRNA or miRNA could also be responsible for the 

phenotypes observed in our congenic mice. 

To test the impact of each gene on MHC expression, we could use cell lines and perform 

knock outs or knock down of each gene, one by one. These techniques are easier to perform in 

vitro in immortalized cells, rather than on primary cells. As the regulation of I-A expression was 

B cell-specific in our study, it suggests that modulation of this specific MHC molecule by a variant 

of the Idd2 locus requires other factor(s) uniquely present in B cells. We would therefore use cell 

lines of B cell origin to increase our chances of recapitulating the phenotype observed in NOD.Idd2 

mice. Knocking out a gene, to completely eliminate its expression, can be done via CRISPR-Cas9 

technology. In contrast, genetic knock down only partially reduces the expression of a gene. These 

can be done using shRNAs, which either eliminate its mRNA target or inhibit its translation (390). 

Efficient knock out or knock down can be confirmed by RT-qPCR. Once reduced expression of 

our target gene is confirmed, the impact on MHC expression can be assessed by flow cytometry. 

These experiments would be performed in multiple different cell lines, as most cell lines display 

large amounts of mutations that could potentially influence the effect of the Knock out/down. It is 

however not impossible that non-protein coding genes, such as small interfering RNAs, are 

responsible for the modulation of MHC expression in the NOD.Idd2 strain. In that case, we would 

not observe any phenotype with the inhibition of any of the 14 genes identified in our 

transcriptomic analysis. If we identify a gene that significantly impact MHC expression in vitro, 
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these observations should be confirmed in vivo. By transducing shRNAs, knock down can be 

performed in primary murine hematopoietic stem cells (HSCs). These transduced HSCs can then 

be transferred into lethally irradiated mice to generate chimeras with immune cells expressing low 

levels of the target gene (391). MHC expression on immune cells would then be quantified and 

compared to cells from chimeras that received HSCs transduced with empty viral vectors.  

 

In addition to the reduction of MHC expression, genetic variants in the Idd2 locus also 

modulate formation of GCs. Since spontaneous GCs can be observed in the pancreas and 

secondary lymphoid organs of NOD mice, GCs have been suggested to participate in the pathology 

of T1D (231, 392). The implication of GCs in T1D have, however, never been directly assessed. 

It is still unknown if GCs directly participate in the pathology or if they are simple bystanders, 

resulting from the ongoing inflammation. It would be interesting to address this long-lasting 

unresolved question. 

 

We have tried inhibiting GC formation in pre-diabetic NOD mice by repeated injections of 

the BCL6 inhibitor 79-6 (393). Unfortunately, GC formation was not significantly reduced in vivo 

(data not shown), likely because the dosage was insufficient. Long-term inhibition of BCL6 in 

vivo using pharmacologic inhibitors will likely result in toxicity. Therefore, a more targeted 

approach, using genetic inhibition of GC formation would be more appropriate to effectively 

inhibit GC in NOD mice. Two transcriptional regulators, BCL6 and OCA-B, could be disrupted 

to inhibit GC formation. However BCL6 play important roles outside of the GC, in both B and T 

cells (394), complicating the eventual interpretation of BCL6 disruption. Similarly, OCA-B plays 

multiple roles in B cell biology, inside and outside the GCs. An alternative strategy would be to 
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disrupt the function of FDCs, central players in GCs. FDCs express high levels of CD21 

(complement receptor 2, Cr2), which is used to present complement bound antigens to B cells in 

the light zone of GCs (395). In Cr2-/- mice, the size and number of GCs are severely reduced (396). 

However, in addition to its high expression of FDCs, CD21 is also expressed on follicular B cells. 

To specifically target FDCs, bone marrow-chimeras could be generated. Since FDCs are not 

derived from HSC, reconstitution of lethally irradiated CD21-/- mice with WT bone marrow would 

result in specific deletion of CD21 on FDCs, with normal expression on B cells. This experimental 

design is feasible, as a similar approach was used to study FDC-specific traits (397). Notably, 

applying this system in mice carrying the NOD genetic background would inform us of the 

implication of GCs in the pathology of autoimmune diabetes. 

 

Lastly, it would be interesting to test the effect of the NOD derived alleles at the Idd2 locus 

on a non-diabetes prone mouse strain, i.e. to generate a B6.NOD-Idd2 mouse as a corollary to the 

NOD.B6-Idd2 mouse. Indeed, except for the Idd1 locus which confers 100% diabetes protection, 

the Idd2 locus is, to date, the locus conferring the strongest diabetes protection on the NOD 

background. Most non-MHC loci only confer modest protection against insulitis and autoimmune 

diabetes, with Idd3 and Idd5 conferring the strongest protection after Idd2 (137). Around 30% of 

female NOD.Idd3 mice (145) and 50% of female NOD.Idd5 mice (398) develop autoimmune 

diabetes, which is higher than the 10% of female NOD.Idd2 mice (chapter 2). It would therefore 

be interesting to know if inserted NOD alleles at Idd2 locus in B6 mice would be sufficient to 

induce diabetes onset or insulitis. As B6.Idd1 mice (B6 mice bearing the NOD MHC, H-2g7) and 

other mice congenic for various Idds do not progress to diabetes and only show mild peri-insulitis 

(142), it is unlikely that B6.Idd2 mice would progress to diabetes. However, a combination of 
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NOD alleles at both the Idd1 and Idd2 loci could be sufficient to promote diabetes onset, such that 

B6.NOD-Idd1/Idd2 double congenic mice may progress to overt diabetes. To do so, B6 and NOD 

mice would be crossed, followed by > 10 backcross to B6 mice. By genotyping the Idd2 locus at 

each generation and only using mice that retain the Idd2 locus of NOD origin, we would obtain 

B6.Idd2 mice. These mice would then be cross to B6.Idd1 mice to generate the double congenic 

strain. If these congenic mice develop autoimmune diabetes, they would represent the first non-

transgenic mouse model of B6 origin to spontaneously progress to autoimmune diabetes. This 

model would indicate that NOD alleles at Idd1 and Idd2 are sufficient to break immune tolerance 

to pancreatic self-antigens and could be used to further dissect out key cellular and molecular 

mechanisms driving the autoimmune response. 
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5.2 Cell intrinsic role of OCA-B in B cells but not in T cells 

 

Concurrent to our investigations in NOD.Idd2 mice, in chapter 3, we investigated the cell-

intrinsic role of the transcriptional co-activator OCA-B. Pou2af1, encoding for OCA-B, is present 

on the chromosome 9 of the mouse, inside the initially identified Idd2 locus (144). We have 

focused on this particular gene for multiple reasons, such as its high expression in B cells and its 

important role for the formation of GCs and IgG production (74), which were both reduced in our 

congenic NOD.Idd2 mice. Therefore, Pou2af1 represented the most obvious candidate gene of our 

locus. However, our transcriptomic analysis of NOD and NOD.Idd2 B cells did not detect 

differential expression of Pou2af1 (Chapter 2) and revealed that Pou2af1 is situated outside of our 

locus of interest. These observations make it unlikely that genetic variants in Pou2af1 are 

responsible for the diabetes protection of the NOD.Idd2 mice. 

 

Interestingly, concurrent with our ongoing work, a study demonstrated that disruption of 

OCA-B in NOD mice significantly inhibited diabetes onset (399). This observation suggested that, 

while Pou2af1 was no longer a candidate gene in our chromosome 9 locus, Pou2af1 may still have 

important roles in the development autoimmune diabetes. Since the mechanism behind the 

participation of OCA-B in diabetes susceptibility remained unknown, we took advantage of our 

newly generated Pou2af1flox mouse to study the cell-intrinsic role of OCA-B. OCA-B is highly 

expressed in B cells and multiple roles for this transcriptional co-activator have been identified in 

B cells (46). OCA-B expression is also induced in T cells after activation (Chapter 3). Since T 

cells and B cells play central roles in T1D and autoimmune diabetes, OCA-B could participate in 

T1D pathogenesis through modulation of T cell and/or B cell function. Studies of OCA-B in T 
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cells have all been performed using the Pou2af1-/- mouse, a mouse with mixed genetic background 

(B6 and 129S) and a germline mutation in the Pou2af1 gene that completely disrupt OCA-B 

expression. The germline mutation does not allow to specifically investigate the T and B cell 

specific role of OCA-B. With the growing evidence that OCA-B can be expressed in both T and 

B cells, we decided to investigate the cell-intrinsic role of OCA-B in T cells.  

 

We generated a mouse model using the Cre/Lox technology, allowing for cell-specific 

disruption of Pou2af1 in vivo. While we confirmed induction of Pou2af1 expression in T cells 

after activation, we showed that OCA-B deletion does not explain most of the previously identified 

phenotypes (IL-2 production and Th17 differentiation). Rather, these traits can be explained by the 

mixed genetic background of the Pou2af1-/- mice, which were compared to B6 mice instead of 

B6x129 littermates during the initial studies (321, 323).  The only phenotype that we recapitulated 

was the impaired Tfh development in Pou2af1-/- mice. However, the defect of Tfh maturation was 

not caused by loss of OCA-B in T cells, as shown in CD4Cre+-OCA-Bfl/flx mice and confirmed in 

competitive bone marrow chimeras. Rather, specific disruption of Pou2af1 in B cells impairs the 

differentiation of T cells into mature Tfh. Finally, we show that disruption of Pou2af1 has minimal 

(if any) impact on the T cell transcriptome, confirming that OCA-B is not an active transcriptional 

co-activator in T cells, contrary to previous beliefs. The only transcriptional changes observed in 

samples from CD4Cre+-OCA-Bfl/fl mice, relative to CD4Cre--OCA-Bfl/fl mice, were also observed 

in samples from CD4Cre+-OCA-B+/fl (i.e., heterozygous) mice. This suggests that expression of 

the CD4-Cre may be responsible for these changes in gene expression. To test this hypothesis, 

analysis of the transcriptome of cells from CD4Cre+-OCA-B+/+ and CD4Cre--OCA-B+/+ could be 

performed. As expression of some Cre have been reported to impact immune cell functions (400), 
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it would be interesting to test the impact of the CD4Cre in the context of our study, by comparing 

CD4Cre--OCA-B+/+ and CD4Cre+-OCA-B+/+ mice. Similarly, the potential impact of the insertion 

of loxP sequences could be investigated by comparing Cre-OCA-Bfl/fl mice to B6 (WT) mice. 

However, it is unlikely that an impact of the CD4Cre or loxP sequences would change the 

conclusion of our study, as no significant differences have been observed between CD4Cre--OCA-

Bfl/fl and CD4Cre+-OCA-Bfl/fl mice.  

 

With this new discovery, it strongly suggests that the diabetes protection of NOD.OCA-B-

/- mice is caused by depletion of OCA-B in B cells, rather than in T cells. Depletion of OCA-B 

impacts B cell development, germinal center formation, antibody production, BCR signaling and 

plasma cell differentiation (46). All of these phenotypes, with the possible exception of antibody 

production, could impact diabetes development in mice. Similarly to the proposed experiment 

described above, defining the implication of germinal centers in the pathology of T1D will help 

uncover the role of OCA-B in this disease. 

 

Our work also contributed to better understanding the role of OCA-B in the crosstalk 

between T and B cells. Using bone marrow-chimeras, we have shown that the initial differentiation 

of CD4+ T cells in early Tfh is not affected by the lack of OCA-B, a step mostly dependent on DCs 

(77). Rather, the block in Tfh development seems to take place at the transition from early Tfh 

(CXCR5lowPD-1low) to mature Tfh (CXCR5hiPD-1hi). Consistent with the requirement of B cell-

specific expression of OCA-B for Tfh maturation (chapter 3), this transition is highly dependent 

on B cell-derived signals (77). To complement the results from our bone marrow-chimeras 

experiments, additional approaches could be used to confirm the specific block in Tfh maturation 
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in absence of OCA-B. For instance, naïve CD4+ T cells, early Tfh and mature Tfh from immunized 

WT mice could be injected into immunized OCA-B-sufficient and deficient mice. The injected 

cells could then be tracked after multiple days in order to assess their maturation profile. We expect 

that naïve T cells will differentiate into early Tfh in both OCA-B-sufficient and deficient 

recipients, and reach a mature Tfh phenotype in OCA-B-sufficient mice. Similarly, a greater 

proportion of early Tfh injected should acquire a mature Tfh in OCA-B-sufficient mice. Lastly, 

the injection of mature Tfh would inform us on the impact of OCA-B deficiency on the stability 

and maintenance of the cells.  

 

Our data point to a role for OCA-B in B cells to facilitate the early Tfh to mature Tfh 

transition. Various experimental approaches could be used to define the OCA-B-driven factors 

that allow the proper crosstalk between early Tfh and B cells. For example, fluorescence 

microscopy would allow to position early Tfh and B cell interactions. Notably, Tfh and B cell 

interactions initially take place at the border of the B cell follicles (77). As B cells are greatly 

affected by OCA-B deficiency, it is possible that B cell follicles display abnormalities in absence 

of OCA-B, which may impair the crosstalk between B cells and Tfh. Live imaging of lymph nodes 

from immunized OCA-B-sufficient and deficient mice could also be used to track the movement 

of early Tfh, as well at the length of interactions with B cells at the border of the follicles (401). 

Such experiment would indicate if the crosstalk between B and T cells is quantitatively diminished 

(reduction of interactions) or qualitatively diminished (signals from B cells are not sufficient to 

promote the maturation).  
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In addition to imaging, one could investigate the molecular factors that may explain the 

low number of mature Tfh in OCA-B-deficient mice. Indeed, the impact of the loss of OCA-B 

expression on follicular and germinal center B cells has yet to be fully elucidated. As such, it would 

be interesting to investigate the expression of molecules known to be involved in the interactions 

between B cells and Tfh. Among these, ICOSL and CD40 are relevant candidates. ICOS is 

expressed on early Tfh and its interaction with ICOSL on B cells promotes maturation into Tfh 

(77). Similarly, CD40 (on B cells) and CD40L (on T cells) are key molecules in the crosstalk 

between Tfh and GC B cells. While CD40-CD40L interactions mainly provide signals to the B 

cells, deficiency in CD40 or CD40L indirectly reduces Tfh number through its impact on B cells 

(402). Reduction of expression of ICOSL or CD40 on follicular B cells in OCA-B-deficient mice 

could therefore explain the impaired differentiation of Tfh. In addition to surface proteins, 

cytokines may also be important factors in this defective crosstalk. B cells can produce different 

pro-and anti-inflammatory cytokines, such as IL-4, IL-6, IL-12, IFNγ and IL-10 (403, 404). This 

raises the possibility that differential cytokine production by WT and OCA-B-/- B cells may impact 

maturation of early Tfh. Alternatively, RNA sequencing of B cells could be performed to obtain a 

more complete picture of the different molecular pathways potentially explaining the impaired 

crosstalk. 

 

Lastly, it remains unknown why OCA-B is an active transcriptional co-activator 

specifically in B cells, even though its expression is induced in activated T cells. Indeed, OCA-B 

and its co-factors are suggested to promote the regulation of BCL6 (76), thereby allowing GC B 

cell differentiation. As BCL6 expression is also crucial for Tfh differentiation, regulation of BCL6 

by OCA-B in CD4+ T cells would result in a cell-intrinsic role for OCA-B in Tfh differentiation. 
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However, we find no T cell-intrinsic role for OCA-B in Tfh differentiation. This suggests that B 

cell-specific co-factors or other transcription factors are required for OCA-B to modulate BCL6 

expression. To that effect, a recent report demonstrated that OCA-B binds OCT2 and MEF2B, two 

B cell-specific transcription factors, and that cooperation between these three factors promote 

regulation of the BCL6 promoter in B cells (75).  

 

Beyond GC formation, OCA-B mediates several other functions such as B cell 

development, BCR signaling, IgG production and plasma cell differentiation (46). As such, it is 

unlikely that regulation of BCL6 is the only target of OCA-B and its co-factors. It would therefore 

be interesting to define all B cell-specific OCA-B co-factors, as well as to compare them to T cell-

specific OCA-B co-factors, if any. To identify OCA-B binding partners, BioID (405) and co-

immunoprecipitation (Co-IP) assays could be performed using naïve T cells (no expression of 

OCA-B), activated T cells (low expression of OCA-B), naïve B cells (medium expression of OCA-

B) and GC B cells (high expression of OCA-B). Identification of OCA-B binding partners would 

open the door to new studies on the molecular mechanisms behind the function of OCA-B. 

Furthermore, identification of OCA-B binding partners only present in B cells would help 

understand why this transcriptional co-activator possesses cell-specific functions.  
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5.3 AID expression by thymic B cells promotes T cell tolerance 
 

Having identified that genetic variants in the Idd2 locus affect GC formation and cellular 

crosstalk in secondary lymphoid organs, we next turned our attention to T and B cell interactions 

in the thymus. Specifically, in chapter 4, we investigated the role of thymic B cells in negative 

selection. While characterizing thymic APCs in NOD mice, we identified B cell-specific 

phenotypes. In addition to a reduction of expression of co-stimulatory molecules, NOD thymic B 

cells do not CS to secondary isotypes as efficiently as in other mouse strains. These B cell traits 

correlate with a reduction of CD4SP thymocyte apoptosis and impaired tolerance towards 

autoantigens. To investigate the potential impact of thymic B cell CS on T cell tolerance and 

autoimmunity development, we generated NOD.AID-/- mice, in which B cell CS and SHM are 

completely abrogated. Compared to AID+/+ littermates, AID-/- mice developed increased and 

accelerated diabetes onset, with an accumulation of activated CD4+ T cells in spleen and pancreatic 

lymph nodes. Adoptive transfers of peripheral T cells and thymocytes revealed an impact of AID 

expression on the T cell repertoire, consistent with a role for thymic B cell CS/SHM on thymocyte 

selection. Lastly, negative selection of CD4SP thymocytes was impaired in AID-/- NOD and B6 

mice, a finding confirmed using an antigen-specific model of clonal deletion. Together, these 

results identify a novel role for AID expression by thymic B cells in the modulation of the T cell 

repertoire and the control of autoimmunity.  

Of note, it is important to point out that the diabetes incidence of NOD.AID+/+ mice in this 

chapter is substantially lower than that of NOD mice in chapter 2 (41% vs 80%). This difference 

is likely explained by the method used to generate the NOD.AID-/- strain, which was generated by 

backcrossing of B6.AID-/- mice to NOD mice. While 10 backcrosses to NOD mice were performed 

(which is standard procedure in the field), it is possible that contaminating DNA from B6 origin 



 204 

remains in our colony, resulting in a lower diabetes incidence.  It is however important to note that 

WT mice (NOD.AID+/+ mice) used as controls were littermates to the analyzed NOD.AID-/- mice, 

greatly reducing the potential impact of contaminating B6 DNA in our studies. It would be possible 

to test the presence of contaminating DNA by DNA or RNA sequencing, as done for the NOD.Idd2 

mouse in chapter 2. 

AID initiates two main processes in human and mice: CS and SHM (84, 406). While both 

impact the BCR, CS affects the constant region and SHM affects the variable region of the receptor 

(406). By directly modifying the BCR locus, CS recombination minimally removes the DNA 

segment encoding for IgM and IgD, thereby converting IgM+IgD+ B cells into IgM-IgD- B cells. 

Depending on the switch recombination site, the CS B cells will express IgG, IgA or IgE isotypes. 

Each antibody isotype exhibits specific characteristics. IgGs have the longest serum half-life and 

dominate in secondary infections. In contrast, IgA are mostly present at mucosal surfaces and in 

secretions and IgE are particularly implicated in allergies and in controlling worm infections 

through a strong binding of the Fc-receptor FcεRI (103). As a membrane-bound receptor, BCR 

isotypes also impact B cell functions. The main differences between IgM/IgD, IgG, IgA and IgE 

BCRs are found at the cytoplasmic tail of the receptor, where IgM/IgD have considerably shorter 

cytoplasmic tail than other BCR types and each have distinct amino acid composition (103, 407). 

Those differences affect B cell signaling, leading to distinct activation threshold (107, 408), 

intracellular Ca2+ mobilization (108, 378) and response to antigen encounter (379). In addition, 

IgG BCRs allow for stronger traction force against antigens than IgM BCRs (409), which could 

directly impact BCR-dependent antigen capture in the thymus. BCR isotype has also been 

suggested to modulate antigen specificity and binding affinity, independently of the variable region 

(380, 410). In the thymus, IgG and IgA are the dominant istotypes found in CS B cells (our 
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manuscript) (113). Our results suggest that switching from IgM to either IgG or IgA may enable 

thymic B cells to participate in negative selection of CD4SP thymocytes more efficiently. 

Although not investigated, it is tempting to suggest that negative selection of CD4SP thymocytes 

by CS thymic B cells may be facilitated due to isotype specific BCR signaling and/or antigen 

uptake. 

SHM induces point mutations in the variable region of the BCR, at a rate of 

10 - 3/basepair/generation (411). Combined with selection of B cells with advantageous mutations, 

usually in GCs, SHM leads to affinity maturation of the BCR for antigens (84). While we focused 

on CS thymic B cells, B cells with mutated BCRs have been detected in the thymus of mice and 

humans (113, 412), suggesting the presence of ongoing SHM in thymic B cells. GCs can be 

detected in the thymus of some mice and humans (413, 414) and are sufficient to drive affinity 

maturation in some cases (415). However, presence of intrathymic GCs is rather rare. The 

mechanism that would allow for affinity maturation of thymic B cell is therefore still unknown. It 

is, however, noteworthy that extrafollicular affinity maturation has been reported. SHM and 

affinity maturation have been detected outside of GCs in infection and autoimmunity models (416-

419). SHM and affinity maturation can be observed in Lta-/- mice, which lack the ability to form 

GCs (420), clearly demonstrating that those processes can take place independently of GCs. AID 

expression by thymic B cells may therefore lead to SHM and affinity maturation for self-antigens 

in situ, even in the absence of thymic GCs. In our study, we have not determined whether the 

impact of AID expression by thymic B cell on the T cell repertoire are caused by CS and/or SHM. 

It is interesting to note that class-switched (IgM-IgD-) thymic B cells are enriched in self-reactive 

clones relative to unswitched (IgM+IgD+) thymic B cells (113), suggesting that CS may be 

accompanied by affinity maturation towards self-antigens. 
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To dissect the implication of CS and SHM in thymic B cell functions, multiple experiments 

could be performed. First, the presence of SHM in thymic B cells should be confirmed. To do so, 

thymic B cells from BCR transgenic mice could be isolated for amplification and sequencing of 

the BCR sequences through single cell PCRs. Mutations would then be detectable by comparing 

the different sequences with the original BCR sequence. As thymic B cell CS is suggested to be 

driven by self-antigens (113), the presence of the cognate antigen of the transgenic BCR may be 

required for SHM to take place. To test that, SWHEL mice, in which B cell express a HEL-specific 

BCR, could be crossed to our ins:HEL transgenic mice, leading to the presence of HEL in the 

thymus, as well as HEL-specific thymic B cells. Of note, compared to other BCR transgenic B 

cells, such as the HEL-specific MD4 B cells, B cells from SWHEL mice can CS to the different 

isotypes and perform SHM (421).  

Once confirmed, the importance of CS vs SHM in thymic B cell function could be dissected 

using different KO mice. As mentioned before, AID-/- B cells are deficient in CS and SHM. In 

contrast, UNG-/- B cells are deficient in CS but retain the ability to perform SHM. AID-/- and UNG-

/- mice can therefore be used to dissect the contribution of CS and SHM in different settings (422). 

By comparing negative selection of CD4SP thymocytes in WT, AID-/- and UNG-/- mice, we could 

assess if CS and/or SHM is the main factor that promotes selection of thymocytes by thymic B 

cells. 

In addition to SHM, affinity maturation can also be studied in BCR transgenic mice. The 

SWHEL transgenic mouse system can be used to measure the affinity of the transgenic BCR (423). 

In the context of immunization or infection with pathogens expressing HEL3X, the affinity of the 

SWHEL mouse B cells towards HEL can be measured by incubating the cells with low concentration 

of fluorescent HEL3X and measuring the binding through flow cytometry (see figure 7 below) 
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(421). As we are interested in measuring affinity maturation of thymic B cells towards self-

antigens, we could use the same system as mentioned above: insHEL-SWHEL double transgenic 

mice. The resulting mice would bear HEL-specific B cells as well as soluble HEL in the thymus. 

By flow cytometry, we could determine if thymic B cell proceed to affinity maturation toward 

self-antigens. As negative controls, AID-/- mice or mice lacking expression of HEL would allow 

to set up the threshold for presence or absence of affinity maturation. 

 

 

 

 

 

 

 

Figure 2: Flow cytometry analysis of the affinity of SWHEL B cells to HEL. Analysis of the 

affinity of IgM+ B cells towards HEL3X, 7, 9, and 11 days after immunization with HEL.  Source: 

Adapted from (421). 

Clonal deletion of self-reactive thymocytes is a central process in the establishment of T 

cell tolerance. We have shown here that deletion of AID expression impairs negative selection of 

CD4SP thymocytes, without affecting the CD8SP population. Of note, B cell-deficient mice also 

show a specific impact on CD4SP but not CD8SP thymocytes (30). The specific impact of thymic 

B cells on CD4SP thymocytes may be caused by preferential interactions between thymic B cells 

and CD4SP thymocytes, as observed in our study. As thymic B cells express both MHC I and 

MHC II molecules, the impact of thymic B cells specifically on CD4SP thymocytes is still not 
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fully understood. A potential factor is the expression of CD40L by CD4SP thymocytes (30). 

CD40/CD40L signaling is essential for thymic B cell survival and licensing (30, 424). The lack of 

CD40L expression on CD8SP thymocyte may therefore limit their crosstalk with thymic B cells, 

inhibiting their selection by this specific type of thymic APC. Of note, in addition to induction of 

negative selection, strong TCR signaling by CD4SP thymocytes can also lead to differentiation 

into Tregs. As Tregs are important mediators of T cell tolerance in the periphery, an impact on 

Treg development could also be responsible for the increased diabetes onset observed in 

NOD.AID-/- mice. However, no difference in. FOXP3+ Tregs proportions or numbers were 

observed in NOD.AID-/- mice relative to NOD.AID+/+ mice, in the thymus or in secondary 

lymphoid organs (data not shown).  

One major missing piece to the complex puzzle of thymocyte selection is the relative 

contribution of thymic B cells to negative selection. Indeed, in addition to thymic B cells, mTECs, 

cDCs and pDCs are also present in the thymic medulla and each APC subset participate in the 

negative selection of thymocytes. It is unclear if antigen presentation by each subset possess unique 

or redundant roles in the elimination of self-reactive thymocytes. Reaggregated thymic organ 

cultures have been used to assess the contribution of each thymic APC types (425), and 

demonstrated that among bone marrow-derived APCs, cDCs are the most efficient at negatively 

selecting thymocytes, with a minor contribution of thymic B cells (425). However, these 

experiments were performed using transgenic thymocytes (OT-II) and soluble antigen (OVA) was 

added to the culture media. While interesting, these experiments do not take into consideration the 

unique features of some thymic APCs, such as the expression of tissue-restricted antigens by 

mTECs and thymic B cells, as well as the capacity of different thymic APCs to capture antigens 

present in limiting concentrations. As DCs and B cells acquire antigens through different 
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mechanisms (phagocytosis vs BCR-mediated internalization), it is possible that the repertoire of 

peptides presented by different thymic APC types is qualitatively distinct.  

To investigate the nature of the peptidome presented by distinct thymic APCs, a possible 

approach would be to isolate the different cell types from the mouse thymus and elute the peptides 

present on MHC II molecules. The different peptides could then be identified through mass 

spectrometry. This strategy has successfully identified a variety of autoantigens presented by B 

cells in the context of autoimmune diabetes (366). Characterizing the repertoire of antigens 

presented by thymic B cells would greatly increase our understanding of their role in the 

establishment of T cell tolerance and could identify a unique role in the elimination of self-reactive 

T cells.   
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Chapter 6:  

Conclusion 

 

T1D is a complex autoimmune disease and its development in susceptible individuals is 

caused by a variety of genetic and environmental factors. Even before T1D onset, immune cells 

participate in autoimmune reactions that specifically target beta cells in the pancreas. During this 

pre-diabetic phase, T and B lymphocytes interact together in various lymphoid and non-lymphoid 

organs, which contribute to the development of T1D. 

 

By investigating T and B cells in different lymphoid organs, we have explored the 

contribution of their interactions in the pathogenesis of autoimmune diabetes in NOD mice, a 

mouse model of T1D. Using a variety of congenic, transgenic and KO mice, we have demonstrated 

the complex nature of the crosstalk between these two populations of lymphocytes. We showed 

that Idd2 is a key diabetes-susceptibility locus, which influences MHC-mediated interactions 

between B and T cells in the periphery, affecting the priming of pathogenic T cells and controlling 

diabetes development. In addition, NOD-derived genetic variants from this same locus favors GC 

formation. OCA-B was one of the early candidate genes identified in our study. However, further 

analyses suggest that OCA-B is not differentially expressed and unlikely to explain the variations 

in GC formation between NOD and NOD.Idd2 mice. Concurrently, we demonstrated that OCA-B 

acts as a transcriptional co-activator specifically in B cells, but impacts T cell functions through 

the regulation of the crosstalk between B and T lymphocytes. Finally, analysis of the small 

population of thymic B cells in various genetically distinct mice revealed a deficiency of B cell 
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CS in NOD mice. We then showed that this trait, which correlates with an impaired tolerance to 

self-antigens in NOD thymocytes, has a significant impact on diabetes development, as inhibition 

of CS in thymic B cells increases insulitis. Our study defines a novel role for AID expression in 

the development of T cells and for the prevention of autoimmune diseases.  

 

The sum of our findings highlights the complexity of the role of B cells in shaping T cell-

mediated responses in the context of autoimmune diabetes. While interactions in the periphery, 

such as in secondary lymphoid organs and in the pancreas, promote pathogenic T cell responses 

that lead to beta cell destruction, interactions in the thymus favors the elimination of pathogenic T 

cells. T and B cells therefore share an intricate connection, starting from the development of T 

cells, where thymic B cells shape the T cell repertoire. Once in the periphery, the impact of B cells 

on mature T cells changes to favor autoimmune responses. Cognate interactions between the two 

cell types favor the activation of self-reactive T cells and the differentiation of these cells into 

helper T cell subsets, such as Tfh.  

 

Current B cell-targeting therapies for the treatment of T1D show only modest efficacy. The 

reasons for these limited results include the heterogeneity of B cell phenotypes and functions. The 

studies performed here highlight the complexity of the role of B cells in the context of T cell-

mediated autoimmune disease. It is therefore critical to understand and consider the multi-faceted 

role of T and B cells when developing immunotherapies targeting those populations. 
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