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CHAPTER 1: INTRODUCTION 

1.1 Autoimmune Regulator 

1.1.1 APECED/APS-1 

 In the 1960s APECED was first described as a form of autoimmune Addison’s disease, a 

pathology defined by adrenal insufficiency, by Blizzard and Kyle who found that these patients 

present with circulating autoreactive antibodies against adrenal antigens (Blizzard and Kyle, 1963). 

Over time, autoimmune Addison’s disease expanded and became associated with a number of 

different symptoms such as chronic mucocutaneous candidiasis, diabetes, hypoparathyroidism, 

and hypogonadism, and the category of polyglandular autoimmune syndrome was, eventually split 

into three separate disorders: type 1, which we now know as autoimmune polyendocrinopathy 

candidiasis ecotodermal dystrophy  (APECED), type 2, or Schmidt’s syndrome, and type 3, 

including patients with autoimmune thyroid disease, but do not present with Addison’s disease 

(Neufeld et al., 1981). 

APECED or autoimmune polyglandular syndrome type 1 (APS-1) is an autosomal 

recessive autoimmune disorder occurring in approximately 1 out of 90,000-200,000 individuals in 

most populations, but 10 times more frequently in Jewish, Sardinian, and Finnish populations 

according to the NIH. Typically, APECED is diagnosed based on the presence of two out of three 

major symptoms: chronic mucocutaneous candidiasis (chronic infections of the fungal pathogen, 

Candida albicans), hypoparathyroidism, or adrenal insufficiency, of which chronic candidiasis is 

the most prevalent (Husebye et al., 2009). Additionally, if a patient has a sibling who was 

diagnosed with APECED, then only one of the symptoms is needed for diagnosis and, more 

recently, due to the identification of the causal genetic lesions, testing for mutations in the gene, 
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autoimmune regulator (AIRE) (Finnish-German, 1997; Husebye et al., 2009; Nagamine et al., 

1997). 

In most cases, the onset of APECED symptoms will occur at an early age with candidiasis 

occurring just a few years after birth and, in most cases, primarily affects the mucosal tissues. This 

is thought to be due to the production of high affinity, neutralizing, autoreactive antibodies against 

cytokines such as IL-17 and IL-22, which are essential for controlling fungal pathogens (Kisand 

et al., 2010; Meyer et al., 2016; Puel et al., 2010) and dysfunction in the Th17 compartment (Ng 

et al., 2010). Other features of the disease result from direct immune activation against the 

endocrine system leading to hormonal dysregulation and endocrine dysfunction. Overall, this 

disease gives us valuable insight to the inner workings of immune tolerance and the mechanisms 

involved in establishing immune tolerance and, as a result, a significant body of work describing 

these mechanisms has been erected. Our goal in this dissertation is to add to that body and further 

improve our understanding of immune regulation and tolerance.  

1.1.2 T cell development and tolerance  

 T cells sit at the center of the adaptive immune system, orchestrating a myriad of 

interactions and pathways involved in a proper, controlled immune response. These cells express 

a collection of surface receptors, generated through DNA recombination, which allow them to 

recognize, virtually, any protein antigen presented by the appropriate antigen presentation 

machinery. Due to their importance, it is critical that these cells are, not only capable of being 

activated by antigen presentation, but are able to discriminate between self and non-self. As a result, 

the survival of the developing T cell is dependent upon the surface receptors it has created. 

 T cells arise from a self-renewing population of c-Kit and Sca-1 expressing, CD34 variable 

hematopoietic stem cells (HSC) (Ikuta and Weissman, 1992; Osawa et al., 1996; Spangrude et al., 
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1988; Uchida and Weissman, 1992) that lose their ability to self-renew as they differentiate into 

multipotent progenitors (MPP) (Ikuta and Weissman, 1992; Morrison and Weissman, 1994) and 

begin to upregulate fms-like tyrosine kinase receptor-3 (Flt3) (Adolfsson et al., 2001) as they 

develop into lymphoid-primed multipotent progenitors (LMPP). These cells retain the ability to 

differentiate into most immune cell types, but are not able to significantly contribute erythroid and 

megakaryocytic progeny compared to their Flt3 deficient counterparts (Adolfsson et al., 2005). 

These cells will, eventually, further differentiate into common myeloid progenitors (CMP) or 

common lymphoid progenitors (CLP), depending on the expression of IL-7 receptor (Akashi et al., 

2000; Kondo et al., 1997), the latter of which will lead to the development of T cells. In the late 

2000s, CLPs, which were originally thought to have been a homogenous population, were subject 

to novel (at the time) computational methods to determine developmentally regulated genes and it 

was discovered that the CLP compartment was not homogeneous at all and that CLPs could be 

divided into two groups based on Ly6d expression: one positive and one negative (Inlay et al., 

2009). Based on data generated from the reconstitution of sublethally irradiated mice, only the 

Ly6d+ CLPs contributed significantly to the T cell pool whereas the Ly6d‒ fraction only 

contributed to the development of B cells (Inlay et al., 2009). CLPs were then further analyzed 

using single cell sequencing and divided into Rag-1low λ5‒, Rag-1high λ5‒, and Rag-1high λ5+ 

populations where Rag-1 experienced cells almost exclusively differentiated into B cells whereas 

the Rag-1low λ5‒ population retained T cell and NK cell potential (Mansson et al., 2010). Of note, 

the Rag-1 high cells showed higher surface expression of Ly6d, consistent with previous findings 

(Mansson et al., 2010). To further differentiate into T cells, the CLPs need to migrate into the 

thymus. To this end, the cells upregulate CCR9, a chemokine receptor for CCL25 (Uehara et al., 

2002; Zlotoff et al., 2010) expressed by thymic CD11c+ dendritic cells (DC) (Vicari et al., 1997) 
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and thymic endothelial cells (Gossens et al., 2009), as well as CD43 (P-Selectin glycoprotein 

ligand-1) which recognizes CD62P (P-selectin) (Rossi et al., 2005; Scimone et al., 2006), also 

expressed by thymic epithelial cells (Gossens et al., 2009). Additionally, it has been observed that, 

in the case of CCR9 deficiency, some cells still migrate to the thymus, leading to the discovery of 

CCR7 as an additional signal to achieve migration (Misslitz et al., 2004; Zlotoff et al., 2010). 

 Once in the thymus, progenitor cells develop into double negative 1 cells (DN1) that 

express neither CD4 nor CD8. These cells can be subdivided into two groups based on their 

expression of c-Kit and further divided by their expression of CD24 (Porritt et al., 2004). 

Additionally, as the cells transition into the thymus, there is a dependence Notch signaling to 

maintain the T cell fate decision as deficiency can lead to differentiation into the B cell lineage 

(Sambandam et al., 2005; Schmitt et al., 2004; Wilson et al., 2001). As the cells continue to 

differentiate into DN2 and DN3, the myeloid potential is lost and, by the DN3 stage, the cell will 

completely commit to T cell differentiation. During this time, the DN cells will begin to rearrange 

the T cell receptor (TCR) through VDJ recombination starting with TCRβ for the conventional 

αβT cells. The process of VDJ recombination depends on Rag-1 and Rag-2 that will begin by 

joining a Dβ to a Jβ and subsequently joining the resulting construct to a Vβ and a pre-Tα with the 

signaling CD3 components that may rescue the cells from cell death (von Boehmer and Fehling, 

1997) or maturational arrest as a result of defective signaling from the pre-TCR complex 

(Clements et al., 1998; Negishi et al., 1995; van Oers et al., 1996). Once developing T cells 

recombine the TCRβ and begin to receive reduced amount of IL-7 signaling, they progress into 

the double positive (DP) stage of development, expressing both CD4 and CD8, and upregulate 

Bcl11b, which has been shown to be essential for commitment into the T cell lineage as well as 

for positive selection (Albu et al., 2007; Ikawa et al., 2010). Upon differentiation into the DP stage, 
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the T cells will undergo a second round of recombination to generate the α chain of the TCR 

(Wilson et al., 1994) by joining a Vα and Jα segment. After rearrangement of the TCRα chain, the 

T cell will have a fully constructed TCR that needs to be tested for functionality by means of 

positive selection – selecting against T cells with non-functional TCRs where T cells must induce 

survival mechanisms by reaching a TCR signaling threshold.  

As it is known that self-peptides are required for positive selection, there seems to be a 

paradox in which, while positive selection promotes survival of self-specific T cells, negative 

selection would remove those same T cells. To untangle this paradox, several hypotheses regarding 

the generation of antigens for positive selection. At first, it was proposed that the antigen pool 

expressed by cortical thymic epithelial cells (cTECs) that are critical for antigen presentation 

during positive selection, compared to other antigen presenting cells (APCs) in the thymic medulla 

or anywhere else in the body (Marrack and Kappler, 1987). This model, dubbed the “altered 

peptide” model, largely faded away as other APCs such as splenic DCs were shown to present the 

same peptides as cTECs and that these peptides were capable of promoting positive selection in 

developing T cells (Ebert et al., 2009; Hogquist et al., 1997; Marrack et al., 1993). In addition to 

the altered peptide model, two additional models came to light: the avidity and affinity models. 

The avidity model suggested that the quantity of peptide-MHC complexes presented by the cTECs 

determined the selective capacity of the peptides themselves and this was supported by the finding 

that peptides that efficiently activate mature T cells can support positive or negative selection 

depending on the concentration (Ashton-Rickardt et al., 1994; Sebzda et al., 1994); however, it 

was later observed that T cells selected this way had altered reactivity (Sebzda et al., 1996) and 

the avidity model fell out of favor. Since then, there has been data supporting the affinity model, 

the idea that the quality of the interaction between the peptide-MHC complex and TCR is 
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responsible for the selection of the T cells (Alam et al., 1996; Lo et al., 2009; Moran et al., 2011), 

though, in the mid-2000s, some data was presented to bring back the altered peptide model (Murata 

et al., 2007). As of now, it seems that there is a combination of these models in that cTECS express 

unique molecular machinery that allow for differential processing of peptides to generate a 

completely unique pool of peptide-MHC molecules and that the affinity of the TCRs to these 

unique molecules is what allows for positive selection (Klein et al., 2009). 

After the developing T cell has established a working TCR, the cells must undergo negative 

selection to remove the self-reactive TCRs from the mature repertoire. This has, classically, been 

thought to occur exclusively in the thymic medulla, but there have been reports of negative 

selection of DP thymocytes in the thymic cortex as well (Stritesky et al., 2013). In the medulla, 

medullary thymic epithelial cells (mTECs) and thymic B cells (Yamano et al., 2015) generate 

tissue specific antigens (TSAs), which are then presented either by the mTECs or thymic B cells 

and DCs. Of note, mTECs do not efficiently present conventional MHC-II substrates and have 

developed mechanisms for MHC-II loading to focus on self-antigens such as macroautophagy 

(Aichinger et al., 2013; Atibalentja et al., 2009; Klein et al., 2001). Single positive (SP) thymocytes 

that have migrated to the medulla and committed to either a CD4 or CD8 lineage that recognize 

the self-peptide-MHC complexes presented during this stage are then negatively selected via cell 

death or regulatory T cell conversion (Malchow et al., 2016). This process of negatively selecting 

T cells that recognize self-peptides is essential for a healthy immune system as it establishes central 

T cell tolerance, dysregulation of which leads to systemic autoimmune disorders such as APS-

1.Following negative selection in the medulla, the tolerized T cells can be released into the 

periphery. 
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1.1.3 Autoimmune regulator 

 AIRE, a gene located on chromosome 21q22.3, was first discovered as the gene responsible 

for the autoimmune disorder, APECED (Finnish-German, 1997; Nagamine et al., 1997). The gene 

encodes for a 58kDa protein that includes a caspase recruitment domain (CARD) on the N-

terminus, a nuclear localization signal (NLS), a SAND (Sp100, Aire, NucP41/75, and deformed 

epidermal autoregulatory factor-1 [DEAF-1]) domain, and two plant homeodomain (PHD) zinc 

finger domains along with four LXXLL motifs. Based on the structure of the protein and the 

domains contained within it, there seems to be a necessity for oligomerization and DNA interaction 

for the function of the protein to remain intact as many of these domains are associated with DNA 

binding and transcriptional regulation (Ferguson et al., 2008; Halonen et al., 2004; Heery et al., 

1997). 

As it is clear that Aire is involved in the etiology of APECED, it is not unreasonable to 

infer that Aire plays a critical role in the regulation and establishment of immune tolerance 

(Finnish-German, 1997; Nagamine et al., 1997) and, based on its high level of expression in 

mTECs, it is likely to function as a mechanism for T cell negative selection (Hubert et al., 2008; 

Kishimoto and Sprent, 1997). Additionally, there had also been previous reports that a collection 

of peripheral tissue antigens are ectopically expressed by mTECs (Kyewski and Klein, 2006). This 

led to the hypothesis that Aire regulates the expression of PTAs by mTECs, thereby enforcing T 

cell negative selection against self-antigens and, with the development of an Aire deficient mouse 

model, this hypothesis could be tested (Ramsey et al., 2002). From my own experience, it seems 

that the phenotype in Aire KO mice is somewhat mild as there does not seem to be any obvious 

macroscopic defect; however, on a molecular level, multiorgan autoimmunity can be observed 

(Anderson et al., 2002). In addition to multiorgan autoimmunity, it was also shown that Aire 
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promotes the expression of PTAs in the thymus as Aire deficient mTECs showed a reduction in 

the transcription of PTAs (Anderson et al., 2002). Similarly, Aire was found to be expressed in 

thymic B cells that upregulate the expression of TSAs to assist in T cell negative selection 

(Yamano et al., 2015). These B cells also seem to lose Aire expression and, as a result, TSA 

expression with age (Cepeda et al., 2018), consistent with previous literature, which showed that 

expression of Aire during the perinatal period is both necessary  and sufficient to establish immune 

tolerance and that the mechanisms controlled by Aire are largely dispensable in adults (Guerau-

de-Arellano et al., 2009). 

Further interrogation of Aire function seems to indicate that the expression of PTAs was 

not the only function for Aire in the thymus. Reports had been published showing that, even in 

Aire sufficient systems, autoreactive T cells were still observed in the thymus as well as the 

periphery (Taniguchi et al., 2012). In APECED patients, Treg suppressive capacity is also 

diminished due to a reduction in the expression of forkhead box protein p3 (Foxp3) (Laakso et al., 

2010) and, in mice, Aire deficiency is associated with a slight reduction in thymic Tregs as well 

as alterations in the development and repertoire of thymic Tregs (Anderson et al., 2005; Lei et al., 

2011; Malchow et al., 2013; Perry et al., 2014). In contrast, some groups have observed that, in an 

Aire deficient model, Treg populations and functionality are retained (Anderson et al., 2005; 

Kuroda et al., 2005; Liston et al., 2003). To determine the role of Aire in the development of Tregs, 

one group performed follow up experiments and confirmed that Aire was essential for the 

conversion of autoreactive T cells into Tregs, describing another path of T cell negative selection 

and development of central T cell tolerance (Malchow et al., 2016).  

In short, the classical model of Aire in mTECs states that the protein induces the expression 

of TSAs to generate a self-antigen pool. Developing T cells use this antigen pool for negative 
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selection and the cells that activate when presented a self-peptide-MHC molecule will undergo 

either clonal deletion or Treg conversion (Figure 1.1). To add to this model, studies have reported 

Aire acting to promoting immune tolerance in other manners such as inhibiting the generation of 

IL-17 producing γδT cells through modulation of IL-7 (Fujikado et al., 2016) production and 

regulation of thymocyte migration through its control of CCR4 and CCR7 (Laan et al., 2009). 

Although there does seem to be quite a diversity in the downstream effects of Aire, it should be 

noted that many of these findings were first observed in global knockout models or human patients, 

therefore, more precise tools such as the recently generated Airefl/fl model (Dobes et al., 2018) 

must be utilized as a confirmation method to determine the relative contribution of Aire expression 

in individual cell types. 

1.1.4 Role of Aire in the periphery 

 The majority of previous literature primarily focused on Aire expression in the thymus, 

particularly in mTECs as it seemed to be the most consequential Aire expressing cell type in the 

context of central T cell tolerance, however, several studies have shown the importance of Aire in 

the peripheral stromal (Gardner et al., 2008; Lee et al., 2007) and hematopoietic (Gardner et al., 

2013; Heino et al., 2000; Kogawa et al., 2002; Poliani et al., 2010) populations. 

 The function of Aire in stromal cells was first explored to follow up on the observation that, 

when CD8+ T cells specific for OVA (chicken ovalbumin) (OT-I) are transferred into iFABP-

tOVA mice, a mouse strain which expresses OVA as a self-antigen in intestinal epithelial cells 

(IEC), the OT-I cells, expectedly, responded poorly in the spleen after mice were fed OVA, but, 

surprisingly, responded strongly in the mesenteric lymph nodes (mLN), Peyer patches (PP), and 

the extraintestinal lymph nodes (Lee et al., 2007). It was then found that, by blocking T cell exit 

from the lymph nodes, there was no change in extraintestinal T cell proliferation in the lymph 
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nodes, indicating that T cells were receiving OVA stimulation within the lymph nodes outside of 

the intestines. This led to the discovery that, although CD8+ DCs present OVA in the mLN, lymph 

node UEA-1+ stromal cells presented OVA, and other intestinal tissue associated antigens in the 

extraintestinal lymph nodes, similar to mTECs (Lee et al., 2007). Follow up experiments showed 

that lymph node stromal cells express Aire and that they promote deletion of OT-I T cells in 

iFABP-tOVA mice, thus confirming that T cell negative selection occurs in the periphery and can 

be mediated by non-hematopoietic cell types expressing Aire(Lee et al., 2007). These findings 

were confirmed using an Aire driven Igrp-Gfp (AireAdig) mice in which a transgene with exon 2 of 

Aire is replaced with GFP, including a 90kb upstream region and 85kb downstream region is 

inserted into the genome (Gardner et al., 2008). 

 In the hematopoietic compartment, Aire was first discovered to be expressed by CD14+ 

monocytes as well as DCs (Kogawa et al., 2002). In monocytes, expression of Aire was associated 

with upregulation of genes such as CCL22, CD25, ICAM-1, and RelB, which occur during DC 

maturation; however, the major autoantigens associated with APECED  were not found to be 

significantly upregulated in these cell types as a result of Aire expression indicating that the role 

of Aire in peripheral hematopoietic cells is different compared to thymic cells (Fergusson et al., 

2018; Sillanpaa et al., 2004). Following experiments showed some expression of TSAs in Aire 

expressing DCs as well as expression of IL-10 suggesting that these DCs may play a role in 

tolerance by inducing Tregs in the periphery (Poliani et al., 2010). An alternative method for the 

induction of tolerance by extra thymic Aire expressing cells (eTAC) that show low expression of 

DC specific markers such as CD11c and Zbtb46, is the expression of peptide-MHC complexes 

that engage T cells and promote anergy through the absence of co-stimulation (Gardner et al., 

2013), though it is still uncertain the mechanism by which Aire regulates this pathway. 
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 In the mid-2010s, it was discovered that, in the intestines, type 3 innate lymphoid cells 

(ILC3) express MHC-II and present bacterial antigens to promote negative selection of CD4+ T 

cells that are responsive to the microbiome (Hepworth et al., 2015; Hepworth et al., 2013). These 

studies did not, however, determine whether the intestinal MHC-II+ ILC3 responsible for T cell 

selection express Aire. A more recent found that ILC3-like cells in secondary lymphoid organs 

that express high levels of MHC-II and co-stimulatory molecules also express Aire, although, in 

the same study, it was observed that these ILC3-like cells are the only extrathymic cell that 

expresses Aire protein (Yamano et al., 2019). Overall, these findings seem to challenge the body 

of literature describing the expression and function of Aire in peripheral hematopoietic cells such 

as DCs and additional experiments will need to be performed to confirm these results. 

 In non-lymphoid tissues such as the uterus (Soumya et al., 2016), ovaries (Jasti et al., 2012), 

and testes (Radhakrishnan et al., 2016), Aire expression has been observed. It seems that in the 

ovaries and testes, Aire expression has some control over fertility and T cell infiltration into the 

reproductive organs and, in the uterus, it is responsible for maintaining homeostasis during 

pregnancy; however, its function in these tissues is largely unknown as the majority of literature 

is focused on its regulation of immune response in lymphoid organs. Additionally, its expression 

was noted in the brain, but, similar to reproductive organs, its function has not been significantly 

interrogated (Eldershaw et al., 2011).  

1.1.5 Mechanisms of Aire function 

 In the nucleus, Aire localizes into punctate structures directly adjacent to nuclear speckles 

(Su et al., 2008), subnuclear structures containing RNA splicing factors and other proteins 

involved in pre-mRNA processing. These nuclear bodies do not contain chromatin or RNA 

polymerase II (Pol-II) (Pitkanen et al., 2005) which means that they are not sites of active 
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transcription, but it is possible that these nuclear bodies are acting to modify chromatin 

organization or recruiting transcriptional complexes to specific regions of the genome(Tao et al., 

2006) and based on the chromosomal clustering of downstream genes (Johnnidis et al., 2005), the 

protein likely has a more general function in the regulation of transcription. 

 In the context of transcriptional regulation, the first protein that was found to interact 

directly with Aire was CREB-binding protein (CBP) (Pitkanen et al., 2000). Together, these 

proteins regulate transcription of interferon-β (IFN-β) (Pitkanen et al., 2005) and may play a role 

in the development of mTECs (Ferguson et al., 2008). After the discovery of CBP, more Aire 

interacting partners were uncovered. Among these partners were protein inhibitor of activated 

STAT1 (PIAS1) (Ilmarinen et al., 2008) and the DNA-dependent protein kinase (DNA-PK) 

complex (Liiv et al., 2008) and interaction with these proteins suggests that Aire plays a role in 

matrix-mediated transcriptional regulation (Peterson et al., 2008). 

 In an attempt to discover mechanisms by which Aire regulates such a large number of 

genes, it was found that Aire is associated with a number of transcriptional programs. One of these 

programs is the regulation of transcriptional elongation by Pol-II via positive transcriptional 

elongation factor-b (P-TEFb). 

 Early studies associating human immunodeficiency virus (HIV) with c-myc and expression 

of heat shock genes indicated that several mechanisms for regulating gene expression actually 

regulated transcriptional elongation rather than initiation (Bentley and Groudine, 1986) and that 

Pol-II pauses proximally to promoter regions as a method to rapidly modify transcriptional activity 

(Rougvie and Lis, 1988, 1990). This transcriptional pausing is mediated by the pausing factors, 

5,6‐dichloro‐1‐β‐D‐ribofuranosylbenzimidazole  sensitivity inducing factor (DSIF), made up 
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of a heterodimeric complex of suppressor of Ty5 homolog (Spt5) and Spt4, and negative 

elongation factor (NELF) that bind to Pol-II enriched for phosphorylation of serine 5 in the C-

terminal domain heptapeptide repeats (Yamaguchi et al., 2013). Importantly, it was found that 

Spt5 can function as an adaptor molecule to assist in targeting of transcriptional factors and 

enzymes to the Pol-II complex (Lindstrom et al., 2003; Mayer et al., 2012; Pavri et al., 2010; Pei 

and Shuman, 2002). To release Pol-II and promote transcriptional elongation, P-TEFb, a complex 

of Cyclin T and Cyclin dependent kinase 9 (CDK9) (Peng et al., 1998), is released from 7SK small 

nuclear RNA (snRNA) (Nguyen et al., 2001; Yang et al., 2001) and phosphorylates serine 2 in the 

heptapeptide C-terminal repeats on Pol-II (Marshall et al., 1996) as well as NELF and DSIF which 

then leads to dissociation of the inhibitory complex and converts DSIF into an elongation 

promoting factor (Fujinaga et al., 2004; Liu et al., 2015; Wada et al., 1998; Yamada et al., 2006). 

The association between Aire and this mechanism was first noticed when mTECs treated with I-

BET151, a small molecule bromodomain inhibitor that displaces bromodomain and extraterminal 

domain (BET) proteins such as Brd4 from the chromatin, showed significant influence on their 

transcriptional profiles (Yoshida et al., 2015). Based on these results, additional experiments were 

performed to determine the connection between Aire and BET proteins. These experiments found 

that Aire, through its CARD domain, interacts with Brd4 and that mutations disrupting this 

interaction prevent the interaction between Aire and P-TEFb to promote the release of Pol-II at 

Aire induced genes (Yoshida et al., 2015). These data tell us that Aire promotes transcription by 

trafficking Brd4 to P-TEFb to release stalled Pol-II at promoter proximal regions on TSAs. 

 More recently, advanced genomic and biochemical techniques have been applied to 

investigate the mechanism of Aire function. These experiments showed that there was strong 

association between Aire and H3K27ac as well as H3K27me1, modifications which are indicative 
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of super-enhancers, stretches of DNA binding a high density of transcription factors (Hnisz et al., 

2013; Whyte et al., 2013), and active transcription (Ferrari et al., 2014; Hnisz et al., 2013), but 

very little association with H3K27me3, a modification associated with downregulation of nearby 

genes (Bansal et al., 2017; Cui et al., 2009; Org et al., 2009). At these super-enhancers, Aire and 

its critical interacting partners, topoisomerase 1 (TOP1) and topoisomerase 2 (TOP2), promote 

chromatin availability and induce mTEC gene transcription. The importance of this mechanism is 

highlighted by the fact that treatment of mice with the etoposide, topotecan, to interrupt the 

interaction between Aire and TOP1/2 leads to dysfunctional negative selection of autoreactive T 

cells; however did not disrupt Aire independent negative selection (Bansal et al., 2017). These data 

seem to provide a second function of Aire independent of its regulation of transcriptional 

elongation via P-TEFb and, instead, acts as an epigenetic regulator to increase chromatin 

availability. 

 Previous studies have shown that, in hypothetical functional networks, Aire acts in 

cooperation with the switch/sucrose non-fermentable (SWI/SNF) complex, which is known to 

assist in chromatin remodeling (Giraud et al., 2014). Based on this information, experiments were 

performed to test the relationship between Aire and Brg1, a known transcriptional activator and 

catalytic subunit of SWI/SNF. This revealed that the accessibility of TSAs is promoted by Brg1 

whereas Aire acts as a repressor to restrict chromatin availability, in contrast to the previous 

findings that Aire acts as a promoter of chromatin availability (Hnisz et al., 2013; Koh et al., 2018). 

It was also observed that Brg1 deficiency, similar to Aire deficiency, leads to multiorgan 

autoimmunity due to the activation of autoreactive T cells, suggesting that Brg1 is essential for T 

cell negative selection (Koh et al., 2018). It was observed that Aire restricts transcriptional 

amplitude to, potentially, prevent the resulting proteins from perturbing physiological processes.  
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Overall, it seems that Aire acts as a repressor and promoter of chromatin availability as well as an 

activator of transcriptional elongation and that such an important regulatory protein must, itself, 

be tightly regulated. 

1.1.6 Regulation of Aire  

 The regulation of a gene/protein can occur transcriptionally by modifying the initiation or 

continuation of transcription, translationally, and post-translationally by adding or removing 

functional groups to the protein altering the protein function. To regulate transcriptional initiation 

of Aire in the thymus, few mechanisms have been characterized; however, that the transcription 

factor, nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) is essential (Chin 

et al., 2003; Haljasorg et al., 2015; Heino et al., 2000) and likely binds to conserved noncoding 

sequence 1 (CNS1) upstream of Aire (Haljasorg et al., 2015), though this mechanism is not 

sufficient to activate Aire expression on its own. In the thymus, this signaling can be initiated by 

either  receptor activator of NF-κB ligand (RANKL) signaling through RANK in mTECs (Rossi 

et al., 2007) or through CD40 engagement of CD40L expressed by developing thymocytes in 

thymic B cells (Yamano et al., 2015). In addition to NF-kB, several other transcription factors such 

as the interferon regulatory factor (Irf) 4, Irf8, T-box transcription factor 21 (Tbx21), and 

transcription factor 7 (Tcf7) have been implicated in the regulation of Aire expression (Herzig et 

al., 2017). Interestingly, it has also been found that  CCCTC-binding factor (CTCF), a protein 

which regulates chromatin looping, is also responsible for regulating Aire and that removal of 

CTCF from the Aire locus is required for transcription (Herzig et al., 2017). According to the 

UCSC genome browser, there is also a consensus binding site for transcription factor PU.1 (Spi1) 

and early B cell factor 1 (Ebf1) upstream of the Aire gene; however it is unclear whether these 

proteins are involved in regulating the gene (Figure 1.2).  
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 There are very few studies describing the regulation of translation for Aire mRNA; 

however, a recent study showed that ineffective splicing of intron 2 by Jumonji Domain Containing 

6 (JMJD6), a member of the JmjC-domain containing proteins, which have been implicated in a 

demethylation of histones by means of an oxidative mechanism involving iron and alpha-

ketogluterate (Klose et al., 2006), improves Aire translation by promoting splicing of intron 2 

resulting in a premature stop codon (Yanagihara et al., 2015). Although, currently, the substrate 

for JMJD6 in the context of Aire intron retention is currently unknown, one candidate could be 

U2AF65, a protein associated with intron splicing(Webby et al., 2009). This may not be the only 

regulation of intron splicing for Aire since it is a protein activated by NF-kB, its translation may 

be temporally regulated, though this regulation for Aire still needs to be tested (Hao and Baltimore, 

2013; Werner et al., 2008). 

 The NLS of Aire has been suggested to actually be two separate NLSs, one from lysine 

110 to lysine 130 and another between lysines 157 to 159 (Saltis et al., 2008). Lysine residues in 

the NLS are particularly important as, in some proteins, acetylation of the residues improves 

nuclear localization whereas, in others, nuclear localization is reduced, potentially as a result of 

changing interaction with nuclear import proteins. For Aire, it seems as though acetylation of the 

NLS by CBP leads to nuclear retention and regulatory function and that Aire can be regulated by 

histone deacetylase (HDAC) 1 and HDAC2 (Incani et al., 2014). In addition to acetylation 

phosphorylation by DNA-PK at threonine 69 and serine 156 (Liiv et al., 2008), the former being a 

residue in the CARD domain, which is important for interaction with CBP (Yoshida et al., 2015). 

These findings suggest that phosphorylation by DNA-PK in the CARD domain leads to interaction 

with CBP and subsequent acetylation of lysine residues in the NLS, thus improving nuclear 

retention and transcriptional regulation.  
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Figure 1.1: UCSC genome browser tracks for transcription factor binding to AIRE 

promoter. Both RelA and CTCF have consensus sequences in the Aire promoter. Additionally, 

Spi1 (PU.1) has a consensus sequence and Ebf1 has a binding site; however, the functional 

relevance is yet to be determined. 
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1.2 B Cells and Antibodies 

1.2.1 B cells 

 Early B cell research first began through the discovery of antibodies by Tiselius and Kabat 

who ran electrophoretic analysis on serum (Tiselius and Kabat, 1938). Eventually, plasma cells, 

the cells which produce the antibodies, were discovered (Fagraeus, 1948) and two competing 

hypotheses of antibody formation developed. The first hypothesis was Niels Jerne’s natural 

selection theory, which stipulated that antibodies were merely carriers of antigen to a cell that was 

then able to replicate that antibody (Jerne, 1955). The second hypothesis was Sir Macfarlane 

Burnet’s clonal selection theory, in which each antibody was made from a different cell specific 

for a unique antigen (Burnet, 1976). The latter theory eventually gained prominence as data came 

out to show that, when single cells are simultaneously stimulated with two different antigens, they 

could only form antibody to one or the other, not both, meaning each individual cell only had the 

capacity to generate antibody to a single antigen (Nossal, 1959). Eventually, B cells were defined 

when studying the bursal lymphoid system in chickens (Cooper et al., 1965) and, as they were first 

discovered in the bursa, were subsequently named “B cells”, though, at this time, it was still 

uncertain what the function of these cells was. 

 Not long after the discovery of B cells, there became a link between them and antibody 

production when it was discovered that surface immunoglobulin (Ig) could be used as a marker 

for both normal and leukemic B cells (Coombs et al., 1969; Froland et al., 1971). Eventually, 

monoclonal antibodies were developed, and we were able to characterize the cells with 

significantly more detail and, to standardize the nomenclature, each monoclonal antibody was 

given a designation as a cluster of differentiation (CD). 
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 Once the nomenclature was standardized and laboratories had the capability of 

characterizing cells with greater precision, it was found that B cells were not a homogenous cell 

type and that they came in many different forms with different functions. In the 1980s, B-1 cells, 

a unique subset of B cells was first described as a CD5+ population (Hayakawa et al., 1983). These 

B cells were then further subdivided into a CD5+(B-1a) and CD5‒(B-1b) populations and it was 

discovered that these cells develop separately from B-2 B cells; however, their origin has been a 

point of contention (Dorshkind and Montecino-Rodriguez, 2007), though we, currently, believe 

that the majority of these cells arise from the fetal liver with very few coming from the adult bone 

marrow (Montecino-Rodriguez et al., 2006). The B-1a and B-1b cell types were then functionally 

defined and it was found that B-1a cells make natural antibodies, antibodies which are 

predominantly IgM and do not require immunization for production, whereas B-1b cells mediate 

adaptive antibody responses to polysaccharides and other T cell independent antigens (Haas et al., 

2005). Although B cells have been known to produce antibodies, these cells have functions that 

help maintain tissue homeostasis through the production of cytokines such as progesterone induced 

blocking factor during pregnancy in the case of B-1 B cells (Huang et al., 2017) and IL-10 in the 

case of regulatory B cells (B10 or Breg) (Tedder, 2015). 

 In the spleen, a region surrounding the splenic follicles, separating the white pulp and red 

pulp, known as the marginal zone (MZ) houses a group of MZ B cells, macrophages, and reticular 

cells. In mice, MZ B cells are a lineage, separate from follicular B cells or B-1 B cells, which can 

be characterized as IgMhiIgDloCD21hiCD23‒CD1dhi and express polyreactive, non-mutated B cell 

receptors (BCR) (Cerutti et al., 2013). Additionally, mouse MZ B cells express high levels of toll 

like receptors (TLR) (Rubtsov et al., 2008; Treml et al., 2007) that, when coupled with BCR 

signaling, induces production of low affinity antibodies (Pone et al., 2012). In humans, MZ B cells 
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are IgMhiIgDloCD1c+CD21hiCD23‒CD27+and occupy subcapsular regions of lymph nodes and 

other lymphoid tissues (Dono et al., 2000; Puga et al., 2011; Tierens et al., 1999). In contrast to 

mouse MZ B cells, they express both CD27 and mutated BCRs indicating that they have 

experienced germinal center (GC) reactions prior to undergoing class switch recombination (CSR) 

and that they may be equivalent to memory B cells (Dunn-Walters et al., 1995; Klein et al., 1998; 

Seifert and Kuppers, 2009; Tierens et al., 1999), though they have a distinct repertoire and are not 

as dependent on T cell help compared to canonical memory B cells (Berkowska et al., 2011; Weller 

et al., 2001; Weller et al., 2008). Functionally, since MZ B cells are located in between the B cell 

follicle rich white pulp and the blood-filled red pulp making them ideal for responding to blood 

antigens. Additionally, due to their high levels of CD21, they are capable of efficiently capturing 

complement (Guinamard et al., 2000) and, since they have elevated levels of Blimp-1 as well as a 

pre-activated state, they are capable of rapidly dividing into plasmablasts (Martin et al., 2001; 

Sintes et al., 2017). 

 The B cells that typically respond to T dependent antibody responses and generate much 

of the high affinity antibodies in the body are follicular B cells. These cells have the most diverse 

BCR repertoire and can undergo further diversification once activated. Once they mature, they can 

either be found circulating in the blood and lymph or they can be found in established B cell 

follicles in secondary lymphoid organs. Those that have encountered antigen in these follicles can 

then be activated by nearby T cells. Alternatively, though not as common, follicular B cells can 

home to the bone marrow to form perivascular sinusoids that assist in response to blood pathogens 

(Cariappa et al., 2007; Cariappa et al., 2005). 

 Over the past several decades, since the discovery of antibodies, the study of B cells has 

been one of the most productive avenues of research resulting in significant growth of our 
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understanding of the immune system as well as improving therapies and clinical outcomes. We 

have learned the origin of antibodies and how they help the body clear pathogens. Additionally, 

we have discovered numerous different cell types and characterized their functions as well as 

consequences of dysfunction. Continued research will help us understand, not just B cell biology, 

but allow us to create better treatments for disease and create more effective methods for 

vaccination.  

1.2.2 B cell development and tolerance 

 In the bone marrow, the differentiation of B cells begins similarly to that of T cells. 

Hematopoietic stem cells differentiate and, eventually, become c-Kit and IL-7R CLPs. As the 

CLPs differentiate, they become restricted to the B cell lineage with the upregulation of B220 in 

the early pre-pro-B cell stage without CD19, the molecule common to all later B cell stages, or 

BCR rearrangement(Allman et al., 1999; Li et al., 1996; Ogawa et al., 2000). As these cells 

continue to differentiate into pro-B cells, that begin to upregulate CD19 and CD40, IL-7, signaling 

through Janus kinases, JAK1 and JAK3, and signal transducers and activators of transcription 

(STAT), initiates numerous processes critical for B cell commitment such as proliferation 

(Kittipatarin et al., 2006; Morrow et al., 1992), survival (Li et al., 2004; Lu et al., 1999), and IgH 

recombination (Chowdhury and Sen, 2003; Corcoran et al., 1998); however, although IL-7 

signaling is critical for the development of B cells in mice, generation of B cells in humans is not 

dependent of IL-7 or IL-7R  as humans with mutations in IL-7Rα and downstream signaling 

develop a lack of T cells, but have normal numbers of NK and B cells (Macchi et al., 1995; Puel 

et al., 1998; Russell et al., 1995). 

 Recombination of the BCR is one of the most important developmental checkpoints for B 

cell maturation. The VDJ recombination mechanism can be divided into two separate stages: 
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cleavage and repair – the genomic DNA sequences are broken and recombined through repair 

mechanisms. To begin cleavage, the recombination activating (Rag) 1 and Rag2 recombinases 

search for a recombination signal sequence (RSS) following the 12/23 rule, in which a heptamer 

and nonamer are separated by either 12 or 23 nucleotides (Schatz and Swanson, 2011). The 

recombination event begins with a nick formed on the 5’ end of the RSS to form a 3’ OH group 

that then attacks a phosphate group on the opposing strand to form a double stranded break 

containing a hairpin coding region and a blunt end signaling region (McBlane et al., 1995; van 

Gent et al., 1996). The hairpin coding ends are then opened by Artemis and DNA-PK prior to 

being processed via non-homologous end joining (NHEJ) before being joined (Lieber, 2010). 

 Once the heavy chain is recombined during the pro-B cell phase, a surrogate light chain, 

λ5 and VpreB, combines with the heavy chain to form a pre-BCR that, necessarily, recognizes 

self-antigen, and the cell differentiates into a large pre-B cell and is subjected to its first round of 

positive selection, in which cells without a functioning pre-BCR either continue recombination on 

the other chromosome or halt their development, as patients who cannot make functional surrogate 

light chain develop agammaglobulinemia due to a complete block of differentiation in the B cell 

compartment (Minegishi et al., 1998). In contrast, cells with a pre-BCR that is capable of 

transmitting signal into the cell will rapidly proliferate (Winkler and Martensson, 2018), 

specifically, the cells will undergo approximately five to six cell divisions (Decker et al., 1991). It 

is possible that this proliferative phase assists in allelic exclusion – prevention of recombination 

in the second chromosome – as it has been observed that Rag2 protein is destabilized during S 

phase of proliferative cells (Grawunder et al., 1995; Lin and Desiderio, 1994). Ultimately, 

signaling from the pre-BCR will lead to activation of SLP-65 that then downregulates PI3K 
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activity, exit from the proliferative phase, and allows the cell to differentiate into a small-pre-B 

cell (Jumaa et al., 1999; Koretzky et al., 2006; Pappu et al., 1999). 

 In addition to bringing the developing B cells out of the proliferative phase, SLP65 

regulation of PI3K is a critical differentiation stage. PI3K is a powerful inhibitor of the FoxO 

transcription factors, which are key activators of Rag1 and Rag2 (Amin and Schlissel, 2008; 

Herzog et al., 2008). As Rag1 and Rag2 are reactivated and proliferation is halted, the light chain 

is recombined to generate the complete, conventional BCR, which replaces the pre-BCR, signaling 

is required for the maintenance of mature B cells since deletion of the BCR results in loss of mature 

B cells (Lam et al., 1997). Once the B cell expresses a mature BCR on the cell surface, they become 

classified as immature B cells. 

 Due to the variable nature of VDJ recombination, a mature B cell pool with the capacity to 

recognize a staggering, almost unlimited number of antigens can be generated and, therefore, must 

undergo a second round of selection to, not only be certain that the BCR is operational, but also 

that self-reactive B cells are not released into the periphery as previous reports show that the 

majority of early immature B cells express BCRs with self-reactivity (Wardemann et al., 2003). 

One mechanism for ensuring self-tolerance is by halting development at the immature B cell stage. 

It has been shown that when self-reactive B cells are treated with self-antigens, continued B cell 

development is completely halted (Nemazee and Burki, 1989), though, should the recombination 

take too much time, the cells may undergo cell death. A second mechanism for establishing B cell 

tolerance is through receptor editing. B cells with receptors that strongly interact with multivalent 

self-antigen will reactivate Rag1 and Rag2 to continue rearranging the VDJ region for the 

opportunity to generate a new antigen binding region that is not self-reactive (Gay et al., 1993; 

Koralov et al., 2006). Finally, strong activation of immature B cells to self-antigens may render 
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the B cells inert, a state known as anergy (Goodnow et al., 1988). Generally, these B cells remain 

inert; however, recently, it has been shown that stimulation with high-density foreign antigen can 

lead to hypermutation and affinity maturation away from self-reactivity, a phenomenon termed 

“antibody redemption” (Burnett et al., 2018). Though, as mentioned, there are several mechanisms 

for the tolerization of B cells and removal of autoreactive cells from the repertoire, a significant 

population of B cells in the thymus expressing self-reactive BCRs indicating that there are 

mechanisms for B cells to escape tolerance(Rother et al., 2016). These autoreactive B cells are 

thought to assist in the negative selection of T cells through the presentation of self-antigens to 

thymocytes. Additionally, B cell precursors, whose development is influenced by microbial 

colonization, have been discovered in the intestines, though it is unclear how the antigen pool on 

which these cells are selected is generated (Wesemann et al., 2013). Once the cells are tolerized, 

they leave the bone marrow as transitional B cells and home to their respective compartments. 

 Although most B cells develop in the way mentioned above, B-1 B cells, generally, follow 

a separate path compared to conventional B cells. These cells are the predominant B cell formed 

in the fetus and arise from the fetal liver rather than adult bone marrow(Hardy and Hayakawa, 

1991). Importantly, during VDJ recombination in B-1 B cell precursors, there is an increase in 

expression of terminal deoxynucleotidyl transferase (TdT), not seen in adult bone marrow 

precursors, which allows for additional diversification in the BCR repertoire (Desiderio et al., 

1984). Although it is clear that these cells arise from the fetal liver, there is data to indicate that 

they can potentially be replenished by the bone marrow in adults (Gu et al., 1990; Tornberg and 

Holmberg, 1995); however, transgenic BCR mice have shown that B-1 and B-2 B cells have 

distinct receptors where the receptor for one type cannot generate cells of the other type (Lam and 
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Rajewsky, 1999). When fully functional, these cells will reside in the peritoneum and, when 

activated, migrate to the spleen to differentiate into antibody secreting cells (Baumgarth, 2011). 

1.2.3 B cell activation 

 Activation of B cells can occur in either a T dependent or T independent manner, though 

in most cases, BCR signaling is critical. The BCR is a membrane bound antibody generated by the 

B cell to recognize cognate antigen. Once these receptors recognize their respective antigens, the 

receptors are crosslinked leading to activation of Src family kinases like Lyn as well as activation 

of the kinase, Syk(Takata et al., 1994); however, there is an argument to be made that BCR does 

not crosslink when activated, but is crosslinked when inactive and this interaction is dissociated 

during activation (Klasener et al., 2014; Volkmann et al., 2016). Following phosphorylation of the 

key kinases downstream of the BCR, additional signaling molecules such as phosphatidylinositol-

3’ kinase (PI3K), which phosphorylates phosphatidylinositol 4,5-bisphosphate (PIP2) to generate 

phosphatidylinositol 3,4,5-triphosphate (PIP3), NF-kB, and mitogen activated protein kinase 

(MAPK). These signals lead to B cell proliferation and effector function whereas inhibitory signals 

such as FcγRIIB and SH2 domain-containing inositol 5′-phosphatase repress overstimulation 

through the BCR, which can prove fatal for the cell. 

 In the case of T dependent activation, B cells that have captured antigen with their BCRs 

internalize the antigen, processes them, and presents them as peptide-MHC-II. During this time, 

Epstein-Barr virus-induced G-protein coupled receptor 2 (Ebi2) and CCR7, a chemokine receptor 

for CCL19 and CCL21, home the activated B cells to the T zone in the lymphoid tissues (Gatto et 

al., 2009; Gatto et al., 2011; Kelly et al., 2011; Pereira et al., 2009) where the peptide-MHC-II 

expressed by the B cell will be presented to the T cell and engage the TCR. Should the B cell have 

a relatively low affinity receptor, intercellular adhesion molecule (ICAM) 1 and ICAM2 can 
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interact with Lymphocyte function-associated antigen 1 (LFA1) to improve the interaction 

between the B and T cells (Zaretsky et al., 2017). The T cells provide B cell help by expressing 

CD40L, a member of the TNF family ligands, which engages the CD40 expressed by B cells 

leading to additional NF-kB signaling and continued activation of the B cells to allow additional 

antibody diversification mechanisms to activate such as somatic hypermutation (SHM) and class 

switch recombination (CSR) or undergo differentiation into plasma cells or memory cells. 

 For the most part, the mechanisms of T independent activation are employed by B-1 cells 

and MZ B cells that respond to two distinct classes of signals: one being cytokine activation or 

danger associated molecular pattern (DAMP) activation, which signal through cytokine receptors 

or pattern recognition receptors respectively, and the second being stimulation through the BCR 

or complement. B-1 B cells act as members of the innate immune system and help with cellular 

signaling events as well as antibody production. When peritoneal B cells are activated, they 

migrate into the mLN (Fagarasan et al., 2000; Okamoto et al., 1992) where they will undergo 

proliferation and differentiation into plasma cells. The activation of these cells is critical for 

generation of IgA against bacteria at mucosal surfaces (Macpherson et al., 2000) making them 

crucial for the interactions between the host and microbiome. MZ B cells play a critical role in T-

independent responses to type two antigens (Guinamard et al., 2000). C3 deficiency or deficiency 

in complement receptors on MZ B cells diminishes their ability to bind antigen and their pre-

activated state makes them more sensitive to stimulation (Sintes et al., 2017). Additionally, a 

population of B helper neutrophils were discovered in the spleen and express B-cell activating 

factor (BAFF), A proliferation-inducing ligand (APRIL), and IL-21, which assist MZ B cells in 

differentiating into IgM, IgG, or IgA producing plasma cells independently of CD40 engagement 

(Puga et al., 2011). 
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 Based on studies of T dependent B cell activation, it would seem that B cells are subservient 

to T cells and that they depend on T cells for their function. This, however, is not the case as there 

are numerous mechanisms by which B cells can be activated independently of T cells. 

Evolutionarily, it is likely that these T independent mechanisms preceded the T dependent 

mechanisms as they are methods to generate quick antibody and cytokine responses to 

environmental stimuli. Further research in this area may give us a better understanding of the 

evolution of B cells and the mechanisms regulating their function. 

1.2.4 Antibody functions 

 As previously mentioned, antibodies were first discovered in the late 1930s through 

electrophoresis of serum (Tiselius and Kabat, 1938); however, the functions of antibodies and their 

physiological effects have been known. In the early 1700s, Lady Mary Wortley Montagu, Emanuel 

Timoni and James Pylarini first attempted to inoculate small amounts of infectious smallpox 

material into healthy subjects to prevent disease. Later, in 1798, Edward Jenner used cowpox as a 

means of achieving a similar result, only, his treatment was significantly safer compared to that of 

previous attempts at vaccination due to his use of cowpox (Weiss and Esparza, 2015). Following 

the success of Jenner, in the late 1800s, the first reference to antibodies was made when Emil von 

Behring when he showed that transfer of serum from animals immunized against diphtheria could 

cure animals with the disease, a technique we now call, “passive immunization” (Kaufmann, 2017). 

Since then, our understanding of antibody function has advanced considerably and, with it, our 

ability to take advantage of these functions to produce more favorable clinical outcomes. 

 At the time of writing this dissertation, a novel coronavirus, SARS-CoV2, has ravaged the 

world. To alleviate the situation, groups have been searching for potential therapies to prevent the 

spread of disease, one of which is the discovery, purification, and transfer of neutralizing 
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antibodies to patients at risk for contracting the virus (Ju et al., 2020; Liu et al., 2020; Rogers et 

al., 2020). Neutralizing antibodies are typically thought to interfere with ligand/receptor 

interactions, thus preventing pathogen attachment to the host; however, in reality, there are 

multiple mechanisms by which antibodies can provide neutralizing function. These mechanisms 

can be categorized as either pre-attachment neutralization in which the antibody interferes with the 

functioning of the pathogen by agglutination/aggregation (Brioen et al., 1983; Phalipon et al., 

2002; Thomas et al., 1986), immobilization (separately of agglutination)(Bishop et al., 2010; 

Campodonico et al., 2010), or by impacting cellular functions (LaRocca et al., 2009; McClelland 

et al., 2010; Pachl et al., 2006; Watanabe and Blobel, 1989). The second classification for 

neutralization mechanisms is post-attachment refers to the classical definition of neutralization, 

interference of pathogen binding and invasion. Finally, neutralizing antibodies can act via post-

attachment mechanisms that inhibit pathogens after they have attached to their target cells, 

including inhibition of intracellular processes as well as viral release. In light of the alternative 

mechanisms for neutralization, a more accurate definition of neutralizing antibodies would be 

those that are capable of modifying the ability of a pathogen to infect the host (Corthesy et al., 

2006; Hughey et al., 1995; Maciejewski et al., 1995; Mallery et al., 2010; Thouvenin et al., 2001; 

Varghese et al., 2004). 

 In addition to neutralization, antibodies, particularly IgG and IgM, have the ability to 

activate the complement cascade through the classical complement pathway. In this pathway, 

antibody-antigen complexes bind to C1q via the antibody Fc region, thus activating C1r and C1s 

serine proteases that cleave C2 and C4 (Dunkelberger and Song, 2010). The products of this 

cleavage form a complex, C4bC2a, also known as the C3 convertase, which is capable of cleaving 

C3 into C3a and C3b to assist in the construction of the membrane attack complex (Dunkelberger 
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and Song, 2010). This mechanism is particularly important as it can assist in numerous innate 

immune functions such as promoting inflammation, opsonization, cytotoxicity, and antigen 

presentation. It is important to note that functions of antibodies are not mutually exclusive and that 

antibodies, which are capable of fixing complement, are also capable of performing the other 

functions mentioned here as well. 

 The third major function of antibodies is the activation of Fc receptors. These receptors 

recognize the Fc regions of antibodies and are, typically, isotype specific and, although they tend 

to have many different functions depending on environmental context, two major pathways stand 

out as particularly important: antibody dependent cellular cytotoxicity (ADCC) and phagocytosis. 

ADCC was first discovered in the context of HSV1 infection (Shore et al., 1974) and occurs when 

an antibody bound to an infected cell interacts with Fc receptors on an effector cells, such as NK 

cells and cytotoxic T cells, leading to the activation of cytotoxic effector pathways and death of 

the target cell. In recent years, researchers have taken advantage of this mechanism to generate 

monoclonal antibodies such as Herceptin and Rituximab, which target and kill cancer cells (Clynes 

et al., 2000; Petricevic et al., 2013; Weiner, 2010). In contrast to ADCC, phagocytosis acts, not on 

infected cell, but on, antibody coated material (Flannagan et al., 2012). Phagocytes such as 

macrophage, DCs, and neutrophils bind the antibodies, distributed around the entire surface of the 

molecule, via Fc receptors and engulf the material (Griffin et al., 1975; Griffin et al., 1976), 

forming a phagosome. The phagosome then fuses with a lysosome to form a phagolysosome that 

digests whatever material was phagocytosed. Molecules such as peptides resulting from the 

enzymatic degradation within the phagolysosome can be used as activating signals for T cells when 

presented on MHC-II or cross presented on MHC-I. 
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 Since the discovery of the physiological consequences of antibodies in the early 1700s, and 

since the first discovery of the protein complexes, themselves, in the 1930s, significant progress 

has been made in characterizing the function of antibodies. However, although we have a sense of 

their functions in general, we have yet to fully characterize the specific functions of all the different 

isotypes. Future research will continue to elucidate these functions and mechanisms as well as 

further utilizing them to treat disease. 

1.2.5 Antibodies and Autoimmunity 

 In the 1950s, autoreactive antibodies were first discovered when an observation was made 

that a mysterious serum factor with the characteristics of IgG in patients with systemic lupus 

erythematosus (SLE) reacted specifically with nuclei and was able to fix complement (Miescher 

and Fauconnet, 1954; Robbins et al., 1957). Today, it is increasingly clear that autoreactive 

antibodies play a critical role in the pathogenesis of numerous autoimmune diseases by mediating 

both tissue injury and inflammation (Mackay, 2010), thus a significant body of literature pertaining 

to the generation of autoreactive antibodies has been generated over the past several decades.  

 As previously mentioned, during B cell development, precautions are in place to prevent 

autoreactivity such as receptor editing, anergy, cell death, and developmental arrest; however, 

autoreactive B cells are not uncommon in healthy individuals indicating that these mechanisms 

that establish central tolerance are not sufficient to completely tolerize the B cell repertoire. 

Although it has been well-established that many autoreactive B cells belong to the B-1 and MZ 

subclasses (Batten et al., 2000; Pao et al., 2007; Thien et al., 2004), it has been observed that 

autoreactive antibodies in systemic autoimmune disease are class switched and harbor large 

numbers of somatic mutations, indicating that they have likely undergone T dependent antibody 

diversification (Diamond and Scharff, 1984; Mietzner et al., 2008; Schroder et al., 1996; 
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Wellmann et al., 2005). Additionally, previous findings have shown defects in early B cell 

tolerance mechanisms in patients with autoimmune disease (Samuels et al., 2005; Yurasov et al., 

2005); however, more recent data suggests that autoreactive memory antibodies arise from non-

autoreactive, but polyreactive precursors (Mietzner et al., 2008). These data show that patients 

with autoimmune disorders suffer from defects in tolerance mechanisms, but this deficiency does 

not necessarily lead to the generation of pathogenic, autoreactive antibodies and that mechanisms 

of regulating antibody diversification play a critical role. Accordingly, should autoreactive T cells 

escape the thymus, B cell diversification would be directed toward autoreactivity in T dependent 

responses. 

 Interestingly, many antigens targeted by autoreactive antibodies, such as DNA, RNA, and 

oxidized phospholipids, are also ligands for pattern recognition receptors (PRRs) including TLRs 

and Nod like receptors (NLRs) suggesting a role for these receptors in the generation of these 

antibodies and the breakdown of tolerance (Horkko et al., 1997; Imai et al., 2008; Zhang et al., 

2009; Zhou et al., 2011). In support of this theory, studies have shown that deficiency in TLR7 

and TLR9 as well as MyD88, the adaptor molecule for most TLR-associated signals is protective, 

at least in part, against the development of anti-nuclear antibodies in SLE models (Christensen et 

al., 2006; Ehlers et al., 2006; Groom et al., 2007; Hua et al., 2014). These receptors, when activated 

by oxidized mitochondrial DNA in DCs can also induce pathogenic T dependent antibody 

production due to the activation of CD4 T cells that help B cells through IL10 and succinate 

(Caielli et al., 2019). Additionally, in T independent mechanisms, BCR signaling is synergistic 

with TLR recognition of nuclear antigens, therefore, self-antigens capable of activating these 

pathways can induce B cell activation (Chaturvedi et al., 2008; Lau et al., 2005; Viglianti et al., 
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2003) and, in developing B cells, dysregulate the establishment of central tolerance (Aranburu et 

al., 2010; Azulay-Debby et al., 2007; Giltiay et al., 2013). 

 Taken together, these findings show that autoreactive antibodies, which carry with them 

the potential to initiate immune responses in the same way as antibodies against foreign bodies, 

can be generated through both T dependent and T independent mechanisms. Generally, it has been 

thought that these antibodies are a result of dysfunctional central and peripheral B cell tolerance; 

however, recent work has shown that autoreactivity can also arise from non-autoreactive B cells, 

putting into perspective the importance of regulating peripheral antibody diversification 

mechanisms. Further study into the creation of these antibodies can allow us to provide improved 

treatments for patients with autoimmune disease such as SLE or rheumatoid arthritis. 

1.3 Germinal Centers 

1.3.1 Germinal centers 

 The immune system is capable of recognizing an infinite array of foreign substances 

through the production of antibodies that bind with remarkably high affinity and specificity. For 

many years, the mechanism by which a genome, limited by its size, is capable of producing such 

a diverse pool of immunoglobulin specificities. Further research on the topic uncovered VDJ 

recombination as the method to generate the original B cell repertoire (Hozumi and Tonegawa, 

1976); however, studies observing antibodies of animals showed that antibody affinity increased 

significantly over time, a process now known as affinity maturation (Eisen and Siskind, 1964; 

Jerne, 1951). Following investigations found that the antibodies that emerge later in the immune 

response were not a result of continued VDJ recombination, but, rather, highly mutated versions 

of relatively lower affinity VDJ sequences (Berek and Milstein, 1987; McKean et al., 1984; 
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Weigert et al., 1970) resulting from a combination of somatic hypermutation (SHM) followed by 

selective pressure. 

For the most part, the affinity maturation process occurs in microanatomical structures 

known as germinal centers (GC), first described in 1884 by Walter Flemming. This was discovered 

when single cells from GCs were dissected and shown to have high levels of somatic antibody 

mutations (Berek et al., 1991; Jacob et al., 1991). GCs can be characterized by a mantle zone, a 

ring of naïve B cells that are pushed aside as the GC expands, a light zone (LZ) proximal to the 

capsule or marginal zone, containing FDCs and T cells, a gray zone (GZ), and a dark zone (DZ) 

of actively proliferating cells (Figure 1.3).  

FDCs are a radioresistant cell type that form a reticular network in both primary and GCs 

where they are primarily localized to the LZ (Mandel et al., 1980). These cells are known to retain 

antigens in a complement receptor 1 and 2 dependent manner (Barrington et al., 2002) and display 

in intact forms on the cell surface in the form of immune complexes for long periods of time 

(Mandel et al., 1981), therefore, it is believed that they act as a reservoir for antigens in the GC 

from which B cells with BCRs specific for the antigens displayed are selected. Although FDCs 

seem to play a critical role in the GC reaction, the necessity of FDCs for GC development has been 

questioned as affinity maturation can still occur in mice with defective FDCs (Haberman and 

Shlomchik, 2003). Currently, the data suggests that FDCs are essential for promoting affinity 

maturation under suboptimal conditions in which antigen is scarce; however, are less important 

when antigen is more abundant (Victora and Nussenzweig, 2012). In addition to antigen retention, 

FDCs also express the Fc receptor, FcγRIIB, which impacts GC B cell development by acting as 

an IgG sink to limit the number of Fc regions available to interact with the inhibitory receptors on 

GC B cells (Ravetch and Lanier, 2000). Finally, FDCs assist in GC B cell migration into the light 
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zone through the production of CXCL13 (Cyster et al., 2000), a ligand for CXCR5, which is 

upregulated in GC B cells after DZ expansion, as well as other molecules such as IL-6 and BAFF, 

which may play critical roles in B cell survival and development within the GCs (Allen and Cyster, 

2008; Kopf et al., 1998; Wu et al., 2009). 

T cells make up a small fraction of cells in the GC, but they are essential for GC formation, 

maintenance, and affinity maturation as athymic mice cannot form GCs without adoptive transfer 

of T cells prior to immunization (Jacobson et al., 1974). Specifically, these cells are critical due to 

their expression of CD40L, which provides survival and activation signals to B cells. The 

importance of this pathway is highlighted by experiments showing that injection of CD40-CD40L 

blocking antibodies into mice dissolves ongoing GC reactions (Han et al., 1995) and, in humans, 

loss of function mutations in either CD40 or CD40L lead to hyper IgM type 3 or type 1 respectively, 

in which B cells are unable to undergo GC reactions and antibody diversification processes do not 

occur. In recent years, a subset of GC T cells, T follicular helper cells (Tfh), the cells responsible 

for providing T cell help within the GC , have been under intense investigation (Vinuesa et al., 

2005). Originally, these cells were found to express CXCR5 (Ansel et al., 1999), a receptor that is 

required for GC entry, and CD28 family co-stimulatory molecules, inducible T-cell costimulatory 

(ICOS) and programmed cell death protein 1 (PD-1) (Haynes et al., 2007; Hutloff et al., 1999), 

which are essential for their GC localization and maintenance (Shi et al., 2018). Other T cell types 

in the GCs that are less studied include T follicular cytotoxic cells, which express CD8, and are 

thought to help control viral infections (Yu and Ye, 2018) and T follicular regulatory cells, which 

help to limit Tfh function and GC reactions to prevent production of pathogenic antibodies 

(Clement et al., 2019). As the importance of these other T cell types becomes more apparent, more 
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research is focused on the mechanisms by which they assist in GC reactions and antibody 

production. 

Although GCs are made up of several different cell types, the vast majority of cells are 

activated B cells. In contrast to their naïve counterparts, GC B cells divide rapidly with a division 

time of between 6 and 12 hours (Allen et al., 2007; Hauser et al., 2007). They can be characterized 

by their expression of Fas and n-glycolylneuraminic acid, which binds the antibody GL-7, as well 

as binding of peanut agglutinin, loss of IgD expression, and changes in expression of CD38, which 

is increased in human GC B cells, but reduced in mice (Cervenak et al., 2001; Naito et al., 2007; 

Oliver et al., 1997; Rose et al., 1980; Yoshino et al., 1994). Additionally, Ebi2, an oxysterol 

receptor is highly expressed by naïve B cells, but not GC B cells (Gatto et al., 2009; Pereira et al., 

2009) whereas S1P2, a sphingosine 1 phosphate receptor, that shows the opposite trend (Green et 

al., 2011). Though there are many phenotypic differences between GC B cells and other B cell 

types, one of the most critical transcriptional regulators expressed by GC B cells, but not naïve B 

cells is Bcl-6 (Basso and Dalla-Favera, 2010). This protein is generally thought to be a 

transcriptional repressor and mice lacking Bcl-6 are incapable of producing high affinity 

antibodies (Dent et al., 1997; Ye et al., 1997) as this molecule regulates several major GC B cell 

functions including cell survival (Ci et al., 2009; Saito et al., 2009), repression of p53 and DNA 

damage molecules to allow the B cell to tolerate the mutational burdens of antibody diversification 

(Phan and Dalla-Favera, 2004; Ranuncolo et al., 2007), silencing of B-lymphocyte-induced 

maturation protein 1 (Blimp-1) to block differentiation to plasma cells (Shaffer et al., 2000), and 

downregulation of BCR and CD40 signaling molecules (Basso et al., 2010). 
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1.3.2 Germinal center dynamics 

 Germinal center reactions can be summarized into five major phases: entry, proliferation 

and diversification, migration, selection, and, finally, differentiation. GC B cells that can 

continuously cycle through the different phases to promote the generation of higher and higher 

affinity antibodies through affinity maturation. Although GC B cells do not secrete much antibody, 

they contribute to long lived responses through differentiation into long lived plasma cells. Due to 

the importance of GC reactions to humoral immunity, many researchers have focused primarily 

on describing the mechanisms by which GC B cells undergo affinity maturation and differentiation 

as well as the mechanisms regulating these critical functions. 

 B cell entry and participation in the GC first requires that the cell recognizes cognate 

antigen via the BCR, which can come directly from the environment or presented on the surface 

of other cell types such as FDCs, DCs, and macrophage (Allen and Cyster, 2008; Carrasco and 

Batista, 2007; Phan et al., 2007). Once the BCR has bound to cognate antigen, the B cell 

internalizes the antigens, processes them, and presents peptide fragments on MHC-II. 

Concomitantly, the B cells upregulate CCR7, a receptor for the chemokines CCL19 and CCL21 

expressed in the T zone and begin migration (Okada et al., 2005). In the T zone, the B cells form 

mobile conjugates with T cells (Okada et al., 2005) that express CD40L, ICOS, and PD-1. 

Engagement of these receptors and ligands with B cells presenting peptide-MHC leads to 

activation of mechanisms to undergo CSR prior to expansion and GC formation (Roco et al., 2019). 

In T cells, engagement of ICOS by ICOSL expressed on B cells promotes the expression of 

CXCR5 to localize the cells into the LZ of the GC. 

 After entry into the GC, B cells undergo cycles of interzonal migration. Using radiolabeled 

nucleotides, cells were observed in vivo to first undergo expansion in the DZ and are then detected 
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in the LZ several hours later (Hanna, 1964). These findings were later confirmed by Victora et al. 

who used photoactivated GFP to also show less than 10% of LZ cells recirculate back into the DZ 

whereas over 50% of the cells from the DZ migrate into the LZ within 4 hours, though the speed 

of interzonal migration seems to be equal in both directions at approximately 7µm/min (Victora et 

al., 2010). Furthermore, this study showed that cells having migrated to the DZ from the LZ 

underwent clonal expansion, providing solid evidence for the cyclic re-entry theory, which 

suggested that a fraction of positively selected B cells in the LZ return to the DZ for further rounds 

of mutation and proliferation (Kepler and Perelson, 1993; Victora et al., 2010). 

 The evolutionary process of antibody affinity maturation and B cell selection in GCs is a 

competition between B cells in which lower affinity cells are eliminated by means of cell death 

and higher affinity cells survive resulting in an increased average affinity of BCRs in the GC 

(Rajewsky, 1996). Once the B cells are in the GC, there is no minimum required affinity for 

survival, the affinity must be higher relative to other B cells specific for the same antigen; however, 

low affinity B cells are unable to form GCs when high affinity competitors are present (Dal Porto 

et al., 2002; Schwickert et al., 2011) suggesting a competitiveness to GC formation as well as 

affinity maturation. In the case of GCs, this competition can occur in the form of limitations on 

antigen availability and presentation by FDCs that would cause higher affinity B cells to deplete 

antigen pools or blocking lower affinity cells from accessing the antigens (Liu et al., 1989; 

Tarlinton and Smith, 2000). This mechanism by which high affinity B cells act as a sink for antigen 

and limit antigen availability is critical for the positive selection process since apoptosis is the 

default fate for LZ GC B cells (Liu et al., 1989), therefore, low affinity B cells are not only 

incapable of continuing through the GC reaction, but will undergo cell death leaving only the 

higher affinity cells alive (Liu et al., 1989; Mayer et al., 2017). An alternative theory to this direct 
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competition model suggests that Tfh are the limiting factor in GC B cell selection. In this model, 

higher affinity B cells are capable of binding a greater amount of antigen, internalizing the antigen, 

and presenting a greater concentration of peptide-MHC-II to Tfh compared to lower affinity B 

cells (Batista et al., 2001). This suggests that all GC B cells can survive, even with limited BCR 

signaling, but only those with sufficient levels of surface peptide-MHC-II would be able to engage 

the limited number of Tfh for T cell help, thus the T cells would selectively give help to higher 

affinity B cells (Meyer-Hermann et al., 2006). Previously, it was uncertain which model was more 

favorable as determining the relative importance of T cell help compared to BCR signaling since 

B cells that lose BCR expression as a result of hypermutation undergo rapid cell death (Mayer et 

al., 2017). Consistently, both models require BCR signaling as a mechanism of cell survival; 

however, experiments performed using α-DEC205-OVA, which created a situation in which all 

GC B cells displayed the same amount of peptide-MHC-II, thus blinding T cells to BCR affinity, 

showed a loss of selective pressure against low affinity BCRs thereby indicating that strong BCR 

signaling, alone, is not sufficient for GC B cell selection (Victora et al., 2010).  

 After the cells receive T cell help, the cell will either choose to differentiate into a plasma 

or memory cell, or continued GC cycling. In the case of continued GC cycling, the B cell will 

upregulate mechanistic target of rapamycin complex 1 (mTORC1) and Myc to activate a cell 

growth program necessary for continued clonal expansion with the number of proliferative cycles 

being proportional to the amount of Myc expressed and the size of the cell after the growth cycle 

(Ersching et al., 2017; Finkin et al., 2019). The cells then upregulate CXCR4, a receptor for 

CXCL12, and migrates into the DZ to undergo both SHM and proliferation. The proliferation 

continues through the DZ and into the GZ (Kennedy et al., 2020) until the new BCR is expressed 

and signals through the serine/threonine kinase, Akt, to phosphorylate FoxO1 to expel it from the 
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nucleus and allow migration back into the LZ (Luo et al., 2018) using CXCR5, where it will 

undergo the same selection process as before. Over time, through continuing cycles of selection 

and expansion, GCs will begin to lose diversity as a single clone dominates the reaction due to 

having the highest affinity receptor for the immunizing antigen (Tas et al., 2016). 

 It has been nearly three decades since the emergence of a GC model that accounts for 

affinity maturation. Based on what we currently understand, B cells undergo an activation stage in 

which they encounter antigen and migrate into T cell zones to receive CD40-CD40L engagement. 

This activation induces CSR prior and subsequent GC formation in which B cells undergo an 

evolutionary process of SHM, proliferation, and selective pressure known as affinity maturation 

(Figure 1.3). These mechanisms of antibody diversification allow our bodies to generate high 

affinity antibodies to a virtually infinite number of antigens. Future research will continue to study 

these mechanisms to describe, in more detail, the functions of lesser studied GC cell types such as 

Tfr and the processes controlling the emergence of pathogenic autoreactive antibodies. 

1.3.3 Activation induced cytidine deaminase 

Activation induced cytidine deaminase (AID) was first discovered by the Honjo group in 1999 as 

a novel member of the apolipoprotein B mRNA editing enzyme, catalytic polypeptide-like 

(APOBEC) family of mRNA editing enzymes, sharing homology with APOBEC-1 and inducing 

cytosine to uracil mutations, expressed specifically in splenic B cells that had been activated 

through immunization (Muramatsu et al., 1999). Following studies showed the importance of the 

enzyme in inducing CSR and SHM as patients presenting with hyper IgM, later categorized as 

hyper IgM type 2, were found to have loss of function mutations in this enzyme (Muramatsu et al., 

2000; Revy et al., 2000). At this time, due to its homology with APOBEC proteins, it was still 

thought to regulate these diversification processes through deamination of RNA and it was not 
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until the Neuberger group, in 2002, published their findings showing that expression of AID in 

Escherichia coli leads to nucleotide transitions in the DNA rather than RNA that the true target of 

AID was discovered. Due to the discovery of its mutagenic potential, much of the research 

regarding AID has been aimed toward describing the regulatory networks that control the targeting 

and expression of the enzyme as dysregulation can lead to severe pathologies such as 

autoimmunity and cancers such as Burkitt’s lymphoma in which the Myc oncogene is recombined 

into the IgH locus leading to constitutive expression (Adams et al., 1983; Klein et al., 2011; Ramiro 

et al., 2004). 

 Transcriptionally, AID is under the control of transcriptional regulators such as NF-kB 

(Park et al., 2013), HoxC4 (Park et al., 2013; Park et al., 2009), and Irf8 (Qi et al., 2009), of these, 

NF-kB being one of the more important signals as it is downstream of nearly all activation signals 

including CD40, BCRs, TLRs, Transmembrane activator and CAML interactor (TACI), APRIL, 

and BAFF. Notably, all of these signaling cascades, excluding BCR signaling, are capable of 

inducing AID expression (He et al., 2004; Kim et al., 2011; Park et al., 2013; Pone et al., 2012). 

Additionally, signals such as CD40 induce both canonical p65 NF-kB activation as well as non-

canonical p52 both of which play a critical role in AID expression as non-canonical NF-kB can be 

recruited to the AID promoter while the canonical p65 can be recruited to enhancer regions 

upstream of the gene (Park et al., 2009; Tran et al., 2010). Interestingly, AID expression peaks 

approximately 2-3 days after stimulation, which mirrors the activation kinetics of the non-

canonical NF-kB pathway (Pone et al., 2012), which may act to provide sustained expression levels 

whereas the canonical pathway, which is more rapidly induced, may provide an immediate, short 

term burst in expression (Zan and Casali, 2013). To prevent aberrant expression, two major 

repressor proteins, Myb and E2F, are thought to be capable of silencing the gene as they both have 
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binding sites in cis-regulatory regions adjacent to the gene (Tran et al., 2010). As cells become 

activated, Pax5 and E2A act as promoters for transcription; however, these factors can be 

antagonized by Blimp-1 and Id2 (Xu et al., 2007). 

 After the protein is transcribed and translated, subcellular localization of the enzyme 

heavily favors the cytoplasm rather than the nucleus, even though, at 24 kDa, the protein is small 

enough to freely diffuse through the nuclear pores. The protein contains a nuclear export signal 

that allows transport out of the nucleus in an chromosomal Maintenance 1 (CRM1) dependent 

manner (McBride et al., 2004)and, in the cytosol, forms a complex with eEF1A and HSP90 (Hasler 

et al., 2011; Ito et al., 2004; McBride et al., 2004; Orthwein et al., 2010). Additionally, in contrast 

to cytosolic AID, the nuclear protein is rapidly targeted by proteasomes in both ubiquitin and non-

ubiquitin mediated degradation pathways  (Aoufouchi et al., 2008; Uchimura et al., 2011). 

Although some factors have been found to assist in AID localization, few cytosolic mechanisms 

maintaining compartmentalization of AID have been discovered and the details of its cytosolic 

retention are still a mystery, though it is clear that his regulation is essential for avoiding off target 

genome mutagenesis and genomic instability as nuclear restricted forms of the protein are 

associated with increased mutagenesis both at the Ig locus and at non-Ig loci (Aoufouchi et al., 

2008). 

 One of the most common mechanisms for regulating protein function is through post-

translational modifications – the addition or subtraction of functional groups from a protein. 

Previous studies on AID targeting have shown that DNA can be deaminated by phosphorylated 

AID, but not by non-phosphorylated forms of the protein (Chaudhuri et al., 2004). This suggests 

that phosphorylation of AID is important for its targeting to its DNA substrate. Additionally, due 

to the reduction in phosphorylation of AID purified from non-B cells (Basu et al., 2005; McBride 
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et al., 2006), there seems to be B cell specific mechanisms by which the protein is phosphorylated. 

In B cells, AID can be phosphorylated on Ser38, a requirement for normal CSR and SHM (Basu 

et al., 2005; Cheng et al., 2009; McBride et al., 2006), Thr27, also important for AID activity(Basu 

et al., 2005), Thr 140, which is also important for both CSR and SHM, but preferentially favors 

SHM(McBride et al., 2006), and Ser3, which seems to have a negative impact on the protein 

function (Gazumyan et al., 2011). Consistent with previous findings, mutation of either Ser38 or 

Thr140 do not impact catalytic activity, but likely interferes with targeting (McBride et al., 2006). 

In addition to these residues, AID can also be phosphorylated on Tyr184 (Basu et al., 2005; 

McBride et al., 2006); however the functional relevance of this phenomenon is still unclear as the 

mutation of this residue to alanine  does not seem to significantly affect CSR in activated B cells 

(Basu et al., 2005). 

 Since AID is a deaminase that generates mutations in the genome, targeting of the enzyme 

is crucial for preventing off target effects that can lead to severe pathologies such as cancer 

resulting from deleterious genomic translocations. Early studies investigating AID targeting 

looked for target sequences that may be unique to the Ig locus. These studies showed that switch 

regions contained high frequencies of AGCT repeats, which are targeted by 14-3-3 adaptor 

proteins that recruit AID to the DNA (Xu et al., 2010). Following these findings, the Nussenzweig 

group showed that AID preferentially localizes to regions of stalled transcriptional elongation and 

that it interacts with the DSIF component, Spt5 (Pavri et al., 2010) indicating that, not only does 

AID recognize a specific target sequence, but it also requires that the target region initiates 

transcription, but does not efficiently elongate the RNA product, which may provide an abundance 

of ssDNA substrate as well as a greater amount of time for AID to interact with the DNA. 
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 More recently, it was discovered by the Chaudhuri group that AID targeting can be 

mediated through interaction with non-coding RNAs generated following lariat branching (Zheng 

et al., 2015). It was found that switch regions generate a transcript that contains G-quadruplexes, 

secondary structures formed by sequences rich in guanines, and that these structures interact with 

AID to assist in targeting (Zheng et al., 2015). Following this study, additional data showed that 

AID can also bind G-quadruplexes in DNA and that AID oligomerizes at these genomic regions 

to generate clustered mutations that may facilitate the formation of double stranded breaks (DSB) 

(Qiao et al., 2017). Additionally, targeting of AID to these genomic structures was more robust 

than targeting to the AGCT hotspot sequence or TTCT cold spot sequence as linear ssDNA with 

or without the target sequences did not have any effect on the deamination of G-quadruplex 

structured substrates (Qiao et al., 2017). Interestingly, it was observed that c-Myc, the transcription 

factor that is commonly recombined to the IgH locus in B cell lymphoma, contains genomic G-

quadruplexes in the first exon and intron that may be responsible for this off target AID effect 

(Duquette et al., 2004; Duquette et al., 2005). In general, the targeting of AID seems to be similar 

to that of clustered regularly interspaced short palindromic repeats (CRISPR) in which a guide 

RNA is used to target a DNA modifying enzyme to a specific target sequence; however, AID 

targeting includes the ability to bind DNA as well as RNA. 

1.3.4 Somatic hypermutation 

 To make high affinity antibodies, B cells undergo a Darwinian-like process of selection 

within germinal centers in which higher affinity B cells outcompete lower affinity B cells for 

survival. Between rounds of selection in the GC LZ, B cells undergo SHM in the DZ, which allows 

them to mutate the antigen binding region of the BCR and generate new BCRs. This process begins 

with a deamination event caused by AID leading to a mismatched G:U in the DNA. The cell could 
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simply replicate the mismatch, which would restrict the potential mutations to transitions – C to T 

or G to A. Other types of mutations would depend on recognition of the lesion and activation of 

DNA repair mechanisms such as base excision repair (BER) or mismatch repair and subsequent 

recruitment of low fidelity DNA polymerases. 

 When the cell recognizes a G:U DNA lesion, the most common mechanism for its removal 

is through BER. To initiate this pathway, the cell must first excise the uracil from the genome 

using an enzyme such as uracil-DNA glycosylase (UNG), which leaves an abasic site that is 

typically repaired through faithful BER mechanisms, thus generating no mutations (Krokan and 

Bjoras, 2013). This is highlighted by the finding that deficiency in UNG leads to increased 

mutational burdon at the Ig and non-Ig loci (Di Noia and Neuberger, 2002; Liu et al., 2008; Rada 

et al., 2004). Alternatively, the abasic site can be cleaved by AP endonuclease (APE) 2 (Stavnezer 

et al., 2014) and the following DNA synthesis is performed using a specialized DNA polymerase 

such as Rev1, which can only introduce cytosines and is responsible for most C:G transversions 

(Jansen et al., 2006), or Polη, which plays a major role in the generation of mutations at A:T pairs 

(Delbos et al., 2007; Delbos et al., 2005). 

 During SHM, the majority of A:T mutations are dependent on MutSα and the exonuclease, 

EXO1, components of the MMR pathway, and do not seem to be affected by UNG deficiency 

(Rada et al., 2002). In this pathway,  MSH2 and MSH6 recognize AID mediated U:G mismatches 

and EXO1 recognizes a nick in the DNA breaks down a portion of the DNA in the 5’-3’ direction; 

however, this step may not be necessary as mice with deficiency in EXO1 are still capable of 

performing SHM (Schaetzlein et al., 2013). The DNA gaps formed after exonuclease activity are 

then filled in by low fidelity polymerases such as Polη, Polζ, Polκ, and Polι (Faili et al., 2009; 
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Maul et al., 2016; Zanotti and Gearhart, 2016). Of these polymerases, Polη makes the largest 

contribution and deficiency in the rest does not significantly affect SHM (Figure 1.4). 

 The recruitment of low fidelity polymerases is key to the process of SHM, though the 

mechanism by which they are recruited is not well understood. One major molecular event that 

determines the recruitment of Polη and Rev1 is the monoubiquitination of proliferating cell nuclear 

antigen (PCNA) at Lys164 (Guo et al., 2006; Kannouche et al., 2004; Moldovan et al., 2007). 

Consistently, mutation of Lys164 on PCNA leads to deficiencies in SHM due to a reduction in the 

recruitment of Polη, which results in decreased levels of mutations at A:T pairs, compensated by 

an increase in mutations at C:G pairs (Langerak et al., 2007; Roa et al., 2008). Though it is clear 

that PCNA plays a major role in SHM and that the ubiquitination at Lys164 is critical for the 

recruitment of low fidelity polymerases, the mechanism by which generation or excision of uracil 

lesions leads to the ubiquitination of PCNA is still a mystery.  

1.3.5 Class switch recombination 

 Determined by the structure of the heavy chain constant region (CH), Antibodies have 

several major isotypes, IgM, IgD, IgG, IgE, and IgA, each of which has its own unique effector 

functions. Excluding IgM and IgD, which are expressed on mature naïve B cells by default, B cells 

must undergo CSR to make the different antibody isotypes. This process involves the deletional 

recombination of CH genes in the IgH locus, therefore, cells that have switched to a downstream 

isotype cannot return to a previous isotype. Previously, it was believed that CSR occurred in the 

LZ of the GC while SHM occurred in the DZ; however, recently, it was found that CSR occurs 

prior to GC formation, around 2.5 days after antigen exposure, whereas the GC forms around day 

3.5 and contains very few cells actively undergoing CSR (Roco et al., 2019). 



46 
 

 

 The initiation of CSR is similar to that of SHM – AID generates C to U mutations in the 

switch regions upstream of each CH gene that become transcriptionally active depending on the 

cytokine signaling experienced by the B cell. These mutations are then recognized by DNA 

damage machinery including UNG and, in leu of APE2 as was seen in SHM, APE1. This step of 

uracil removal by UNG, although it was optional in SHM, is critical for generating the necessary 

DSBs to initiate recombination as CSR is almost entirely absent in UNG deficient mice and 

patients (Imai et al., 2003; Petersen-Mahrt et al., 2002; Rada et al., 2002; Schrader et al., 2005). 

Once the DSBs are generated, donor and acceptor S regions are joined by either NHEJ, which 

includes the essential proteins Ku70 and Ku80 as well as the ligase complex containing XRCC4 

and DNA ligase IV (Casellas et al., 1998; Manis et al., 1998; Pan-Hammarstrom et al., 2005; 

Reina-San-Martin et al., 2003; Soulas-Sprauel et al., 2007) or alternative end joining (A-EJ), 

though NHEJ is the main pathway (Bothmer et al., 2010; Ehrenstein et al., 2001; Yan et al., 2007). 

In the case of NHEJ, the Ku70-Ku80 complex binds the DSB and helps recruit recombination 

enzymes including XRCC4 and DNA ligase IV that join the two DNA ends (Figure 1.4).  

After the discovery of these mechanisms, there was much speculation as to the mechanism 

by which donor and acceptor regions would be properly aligned during the recombination process 

and whether they were pre associated prior to DSB formation. Recently, the Alt group showed that 

this process involved cis IgH organizational features (Dong et al., 2015), the same group later 

characterized this as chromatin loop extrusion in which coshesin aligns the acceptor and donor 

regions in preparation for AID mediated DSB formation (Zhang et al., 2019). This finding not only 

answers the question of how acceptor and donor sites are aligned for proper recombination, but 

also how the DSBs generated during CSR are recombined in a deletional manner rather than 

inversional. 
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1.3.6 Plasma cells 

 Antibodies are made by a subset of terminally differentiated B cells known as plasma cells 

that can be characterized by their expression of CD138 and the transcription factor Blimp-1. 

Plasma cells can be put into two major categories: short-lived plasma cells and long-lived plasma 

cells. Short lived plasma cells are generally products of extrafollicular responses, therefore, they 

undergo very little SHM and can be generated by B-1 cells, MZ B cells, and follicular B cells 

(MacLennan et al., 2003). On the other hand, long-lived plasma cells are generated through GC 

responses in a T dependent manner (Victora and Nussenzweig, 2012). Since these cells arise late 

during the GC response (Weisel et al., 2016), they experience significant SHM and affinity 

maturation and are, usually, very high affinity compared to short-lived plasma cells. After 

differentiation in the secondary lymphoid organs, long-lived plasma cells migrate to the bone 

marrow where they can survive for many years, providing long term immunity. 

 In the GCs, plasma cell precursors have been found in the LZ and were characterized as 

cells that have low expression of Bcl-6 and high expression of CD69, Irf4, and Myc (Ise et al., 

2018). These cells make up approximately 1-3% of LZ B cells and were enriched for high affinity 

BCRs compared to Bcl-6hiCD69hi cells that had relatively low BCR affinity (Ise et al., 2018). 

Interestingly, Bcl-6loIrf4+CD69hi cells in the LZ do not express the classical plasma cell markers, 

CD138 and Blimp-1, indicating that they may be early plasma cell precursors and not bona fide 

plasma cells (Ise et al., 2018). Additionally, a population of Bcl-6loCD69hi cells with higher 

expression of Irf4 and Blimp-1 were identified in the DZ (Ise et al., 2018; Krautler et al., 2017), 

which may suggest that plasma cell precursors migrate from the LZ to the DZ to continue the 

maturation process prior to exiting the GC from the DZ, consistent with prior models (Fooksman 

et al., 2010; Meyer-Hermann et al., 2012). 
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 Since plasma cells generated from GC B cells tend to produce very high affinity antibodies, 

the B cells that develop into plasma cells must have high affinity BCRs and should receive greater 

or more consistent BCR signaling compared to lower affinity B cells. In addition to increased BCR 

signaling, these cells would outcompete lower affinity cells for antigen and should present the 

greatest amount of peptide-MHC-II on their cell surfaces, providing the greatest potential for T 

cell help through CD40 engagement. Indeed, transcriptomic analysis of plasma cell precursors in 

the LZ  showed an enrichment of BCR and CD40 signaling signatures (Ise et al., 2018). In contrast, 

a recent study using an MHC-II+/+ and MHC-II+/‒ chimeric mouse model, it was shown that a 50% 

reduction in surface expression of peptide-MHC-II did not significantly affect GC B cell selection, 

proliferation, or plasma cell differentiation (Yeh et al., 2018). This seems to contradict the previous 

understanding; however, it is entirely possible that a two-fold difference in antigen presentation is 

not significant to GC B cells and GC selection and differentiation is not sensitive to small 

differences in peptide-MHC-II density. 

 Unlike T cell help, the role of BCR signaling in the selection and differentiation of plasma 

cells is still unclear. Based on recent data, GC B cells seem to have attenuated BCR signaling 

compared to naïve B cells; however, BCR signaling is still capable of selectively activating the 

AKT pathway, which leads to phosphorylation and nuclear exclusion of FoxO1 (Luo et al., 2018), 

therefore, it is possible that the duration and amplitude of BCR signaling may have finer control 

over FoxO1 activity. Additionally, CD40 signaling induces nuclear localization of NF-kB, a driver 

for Irf4 expression (Luo et al., 2018). Presumably, strong BCR signaling works synergistically to 

direct GC B cells to commit to the plasma cell fate by inducing Myc and Irf4 while inhibiting 

FoxO1. In support of this hypothesis, strong BCR and CD40 signaling led to degradation of Cbl 

ubiquitin ligases that mediate ubiquitin dependent protein degradation of Irf4 (Li et al., 2018). 
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1.3.7 Memory B cells 

 One of the defining features of the adaptive immune response is the ability to generate 

memory to previous antigens. Humoral immune memory is maintained, in part, by long-lived 

plasma cells in the bone marrow secreting antibody into circulation as well as by the formation of 

memory B cells that can quickly respond to antigen. Previously, it was thought that these memory 

B cells would recognize antigen and reenter GCs to boost affinity and differentiate into plasma 

cells as they were assumed to be higher affinity compared to naïve B cells due to prior GC 

experience; however, memory B cells generally arise from early GC reactions, or prior to GC 

formation (Weisel et al., 2016), which allows for a high percentage of low affinity clones to persist 

in the compartment compared to plasma cells that exit later during GC response and are, therefore, 

higher affinity due to a greater amount of affinity maturation (Smith et al., 1997; Takahashi et al., 

2001). Additionally, recent findings show that, although the secondary antibody response is 

dominated by few high affinity memory B cell clones, these cells rarely participate in recall GCs 

(Mesin et al., 2020).  

 In humans, memory B cells have been characterized as cells expressing CD27 on the cell 

surface as CD27+ cells show many characteristics of memory B cell identity such as isotype switch 

and the presence of V region mutations (Klein et al., 1997; Tangye et al., 1998). Importantly, 

though, it does not seem that memory B cells are exclusively CD27+ since minor populations have 

been found that do not express the molecule (Ehrhardt et al., 2005; Fecteau et al., 2006). In mice, 

memory B cells can be defined by their expression of CD80 and PD-L2, which is a product of the 

strength of CD40 signaling provided during differentiation (Koike et al., 2019): double positive 

cells are more prone to differentiate into plasma cells whereas double negative cells favor reentry 
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into GCs while CD80‒PD-L2+ cells are more similar to double negative cells, but may be an 

intermediate between the two (Zuccarino-Catania et al., 2014).  

  Memory B cells must provide protection against pathogens for a significant amount of time. 

This led to questions regarding the mechanism by which these cells are maintained. A major 

advance in understanding of the longevity of memory B cells was the finding that they do not 

require BAFFR signals in neither humans nor mice (Benson et al., 2008; Scholz et al., 2008), but 

Syk is necessary for their survival, potentially due to the need for tonic BCR signaling (Ackermann 

et al., 2015; Kraus et al., 2004). In contrast to this, it does not seem as though antigen recognition 

is important for memory B cell survival, as has been suggested (Gray and Skarvall, 1988), since 

switching mouse BCRs to ones that do not recognized antigen complexes trapped on FDCs does 

not affect the half-life of these cells (Maruyama et al., 2000). Additionally, T cells are not required 

for their maintenance as T cell depletion does not affect recall responses (Vieira and Rajewsky, 

1990). To date, it is still uncertain what external signals provide support for the maintenance of 

memory B cells. Several factors have been suggested to be important for their survival such as 

Puma (Clybouw et al., 2011) and Mcl-1 (Vikstrom et al., 2010); however, it is unclear whether 

these molecules are important for the longevity of memory B cells or their formation (Weisel and 

Shlomchik, 2017). 
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Figure 1.2: Germinal centers. GC B cells undergo proliferation and SHM in the DZ, then 

migrate into the light zone where they will pick up antigen from FDCs and look for T cell help. 

After receiving T cell help, they can either undergo differentiation or continued SHM. If the cell 

does not receive sufficient T cell help, then it will undergo cell death. This image was adapted 

from (De Silva and Klein, 2015). 
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Figure 1.3: Mechanism of SHM and CSR. A) Error free mismatch repair. B) Error inducing 

DNA polymerases repair DNA lesion to introduce mutations in the VDJ region to promote SHM. 

CSR occurs when upstream switch regions are recombined with downstream regions via NHEJ. 

This image was taken from (Methot and Di Noia, 2017) with permission from Elsevier. 
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1.4 Hypothesis and Specific Aims 

To test our hypothesis that Aire expression in germinal center B cells acts as a checkpoint to 

regulate the processes of antibody diversification, my thesis work was split into three aims in 

chapters 2-4 respectively: 

Specific Aim 1: To determine the function of Aire in germinal center B cells. Our 

working hypothesis was that since germinal centers are the sites in which B cells undergo SHM 

and CSR, Aire expression will likely have regulatory effects on the mechanisms of antibody 

diversification. 

Specific Aim 2: To determine the mechanism by which Aire regulates antibody 

diversification. Our working hypothesis was that, if Aire is capable of regulating the processes of 

antibody diversification, then it will have regulatory functions on AID, the enzyme that initiates 

both processes. 

Specific Aim 3: To determine the role of Aire in the regulation of autoreactive 

antibodies. Our working hypothesis is that if Aire negatively regulates the process of SHM, then 

the absence of Aire will likely lead to the generation of autoreactive B cell receptors. These B cell 

receptors may then escape immune tolerance mechanisms and, eventually, lead to the generation 

of autoreactive antibodies similar to what is seen in APS-1 patients. 
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CHAPTER 2: AIRE EXPRESSION IN GC B CELLS 

2.1 Introduction 

Autoimmune Regulator (Aire) is a protein that has been shown to be expressed in a number 

of different cell types both in the thymus as well as in the periphery. In the thymus, expression in 

medullary thymic epithelial cells (mTECs) and B cells drives expression of peripheral tissue 

antigens to generate an antigen pool on which developing thymocytes are negatively selected 

(Anderson et al., 2002; Yamano et al., 2015). In the periphery, Aire has been observed in a subset 

of extra thymic Aire expressing cells (eTACs) that play a role in regulating T cell activation 

through the expression of peptide-MHC without co-stimulation (Gardner et al., 2013). As its name 

suggests, in most contexts, Aire functions as a regulatory of immune response to prevent 

autoreactivity. 

Aire expression in the thymus is dependent on the transcription factor, NF-kB (Chin et al., 2003; 

Haljasorg et al., 2015; Heino et al., 2000). In mTECs, this signaling can come from the receptor, 

receptor activator of NF-kB ligand (RANKL) (Rossi et al., 2007) whereas, in thymic B cells, it 

can be activated through engagement of CD40 by CD40L expressed on developing thymocytes 

(Yamano et al., 2015). Due to the ability of CD40 signaling to activate Aire expression in thymic 

B cells, it stands to reason that peripheral B cells activated by CD40-CD40L engagement would 

also express Aire.  

 Germinal centers are structures composed primarily of activated B cells. These structures 

can be divided into several major regions: a mantle zone composed of naïve B cells that get pushed 

aside as activated GC B cells expand, a dark zone (DZ) in which GC B cells undergo proliferation 

and somatic hypermutation (SHM), a gray zone (GZ) in which B cells continue proliferation, and 

a light zone in which B cells receive survival signals and T cell help (Kennedy et al., 2020; Victora 
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and Nussenzweig, 2012). GC B cells can be characterized by their expression of the transcription 

factor, Bcl-6, and absence of surface IgD as the majority of these cells have already undergone 

class switch recombination (CSR). Due to the dependence of B cells on T cell help in the form of 

CD40-CD40L engagement with T follicular helper cells (Tfh) and due to the reduced BCR 

signaling in GC B cells, we hypothesize that GC B cells would express Aire. 

2.2 Materials and Methods 

2.2.1 Patient Samples 

Human tonsil samples were taken after pediatric tonsillectomy from the Children’s 

Hospital of Michigan in collaboration with Dr. Janet Poulik. Peripheral blood was purchased from 

the Red Cross in the form of blood filters.  

2.2.2 Mice 

AireAdig mice were previously described (Gardner et al., 2008) and provided by Dr. Mark 

Anderson from University of California San Francisco. Mice were housed in the Division of 

Laboratory Animal Resources (DLAR) facility at Wayne State University under the institutional 

animal care and use committee (IACUC) protocol number, 18-07-0732. All mice were genotyped 

by PCR to ensure inheritance of the transgene.  

2.2.3 Cell lines 

CH12 cells were cultured in RPMI-1640 medium further supplemented with 5% (v/v) 

NCTC and 50 μM β-mercaptoethanol. To stimulate Aire expression and CSR, cells were activated 

with  5µg/ml anti-CD40 + 100ng/ml IL-4 + 1ng/ml TGF-β1 (R&D 7666-MB/CF) for up to 3 days. 
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2.2.4 Immunofluorescence 

Tissue blocks were frozen in OCT prior to cutting 6µm sections. Sections were thawed in 

cold PBS prior to fixation with 4% paraformaldehyde (PFA) for 15 minutes and permeabilization 

with 0.2% Triton X-100 for 15 minutes. Slides were then blocked with either 5% BSA in PBS + 

0.1% Tween or 10% serum of the secondary antibody source in the same buffer with 0.1mg/ml 

human IgG for 1 hour at room temperature prior to antibody staining. Primary antibodies for IgD 

(Southern 2032-02), Aire (Fisher 13-9534-82 or Miltenyi 130-105-401), Pax5 (BioLegend 

649711), Bcl-6 (Ventana 227M), and CD23 (Beckman IM0529) were stained overnight at 4°C. 

Secondary antibodies were stained the following day for 1 hour at room temperature. Slides were 

sealed and imaged on a Leica TCS SP5 in the Wayne State MICR core facility. 

2.2.5 Flow Cytometry 

For human peripheral blood samples, cells were purified purified by gradient centrifugation using 

Histopaque-1077 (Sigma 10771) prior to red blood cell (RBC) lysis. Tonsil samples were minced 

and pushed through a 40µm cell strainer to generate single cell suspensions. Samples were blocked 

using Fc blocking reagent (Miltenyi 130-059-901) prior to staining with fluorescently labeled 

antibody and either GV510 (Tonbo 13-0870-T500) or 7AAD (Tonbo 13-6993-T500) for 1 hour at 

room temperature. To show human tonsil expression of Aire, cells were stained with CD19 

(BioLegend 302204), CD38 (BioLegend 303516), Aire (Miltenyi 130-105-401), IgD, CD27 

(BioLegend 302812), and CD24 (eBioscience 47-0247). Events were captured on a Fortessa LSR 

II and analyzed using Treestar FlowJo 7 or 10 software. 

 For mouse cells, spleens were harvested after intraperitoneal immunization with either 

100µg NP32-KLH (Biosearch N-5060) mixed with Complete Freund's Adjuvant (CFA) for the first 
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immunization and Incomplete Freund’s Adjuvant (IFA) (Fisher  77145) for 3 subsequent 

immunizations or 4x108 SRBC mixed with or without Complete Freund's Adjuvant (CFA) (Fisher 

77140). Spleens were then minced and pushed through a 40µm cell strainer prior to RBC lysis. 

Staining was performed for 1 hour at room temperature with either GV510 or 7AAD after Fc block 

(Tonbo 70-0161) for 10 minutes. To show Aire expression, cells were stained with a combination 

of CD19 (BioLegend 115523), GL-7 (BD 561529), Fas (BD 554258), B220 (BioLegend 103224), 

CXCR4 (eBioscience 13-9991), and CD83 (BioLegend 121515). Events were captured on a 

Fortessa LSR II and analyzed using Treestar FlowJo 7 or 10 software. For sorting, cells were sorted 

using a SONY Biotechnology SH800 cell sorter at the Wayne State MICR core facility. 

2.2.6 RT-qPCR 

RNA was purified using either a RNeasy purification kit (Qiagen 74004) or Trizol (Fisher 

15596026) purification method. Reverse transcription was performed using an iScript reverse 

transcription kit (BioRad 1708840) according to the manufacturer’s instructions. qPCR was 

performed using either SYBR Green (BioRad 4367660) or with an iTaq universal SYBR Green 

one-step kit (BioRad 172-5150) according to the manufacturer’s instructions. PCR was performed 

using a StepOnePlus instrument (Applied Biosystems) and analyzed using the StepOne software. 

2.2.7 Activation of cells in the presence of CAPE 

Cells from peripheral blood were purified by gradient centrifugation using Histopaque-

1077 (Sigma 10771) prior to RBC lysis. B cells were purified by incubating peripheral blood 

mononuclear cells with anti-IgD-Biotin (Southern 2032-08) for 10 minutes prior to conjugation 

with anti-biotin magnetic beads (Miltenyi 130-090-485) and passage through a magnetic column. 
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Cells were stimulated with 500ng/ml CD40L with or without 100ng/ml IL-4 and 25µM Caffeic 

Acid (CAPE) (Cayman 70750). 

Naïve B cells were purified from splenocytes using a B cell isolation kit (Miltenyi 130-

090-862) prior to stimulation with 500ng/ml CD40L (Peprotech 315-15) with or without 100ng/ml 

IL-4 (Peprotech 214-14) or 25µM CAPE (Cayman 70750). 

2.3 Results 

2.3.1 Human GC Aire expression 

 To test Aire expression in GC B cells, human tonsil sections were stained with IgD to show 

the mantle zone, Pax5, which indicates B cells, and Aire (Figure 2.1). To confirm these cells are, 

in fact GC B cells, co-staining with Bcl-6 was performed (Figure 2.2). Staining in GC B cells 

shows Aire staining in GC B cells with a speckled appearance, consistent with what is seen in 

thymic epithelial cells due to the interaction of Aire with nuclear bodies (Ilmarinen et al., 2008; 

Pitkanen et al., 2005); however no staining in mantle zone B cells was observed. These data were 

confirmed with flow cytometry analysis (Figure 2.3) which shows that, in healthy human tonsils, 

the majority of Aire positive cells in the CD19+ compartment are CD38 positive, indicating that 

they are GC B cells (Oliver et al., 1997). Further analysis of the Aire positive cells show that they 

are IgD negative indicating that they have already undergone CSR, consistent with what is 

expected of GC B Cells (Roco et al., 2019). With the expression of Aire in GC B cells, we sought 

to determine whether other B cell types also expressed Aire. To this end, peripheral blood naïve 

(IgD+CD27– ), MZ (IgD+CD27+), switched memory (IgD–CD27+), switched non-memory (IgD‒

CD27‒) B cells as well as transitional (CD24hiCD38hi), mature (CD24intCD38int), memory 

(CD24hiCD38–) B cells, and plasma cells (CD24–CD38hi) were analyzed for Aire expression by 
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flow cytometry (Figure 2.4). None of these peripheral blood B cell types showed detectable 

expression of Aire, therefore, we conclude that Aire expression is unique to GC B cells in the 

periphery. 

2.3.2 Mouse GC Aire expression 

To test whether Aire expression in GC B cells shows the same characteristics in mice as it 

does in humans, we utilized a transgenic reporter mouse, AireAdig, henceforth referred to as “Adig”, 

in which a transgene containing an Aire driven Igrp GFP uses the Aire locus to drive expression 

of GFP (Gardner et al., 2008). Mice were immunized with NP32-KLH with CFA and boosted with 

NP32-KLH with IFA three times prior to tissue harvest. Splenocytes analyzed by flow cytometry 

showed no expression of the GFP reporter in either non-GC B cells or plasma cells but showed 

clear upregulation of GFP in GC B cells (Figure 2.5). These data were surprising as previous 

studies have shown no GFP expression using this model (Yamano et al., 2015). To determine the 

reason for this inconsistency, we attempted to perform the experiment using the published 

immunization protocol that did not include adjuvant compared to immunization with adjuvant; 

however, the data from repeating the published experiment were consistent with our previous data 

showing upregulation of GFP in GC B cells, but no in blood, peritoneal, or non-GC B cells from 

either the spleen or peripheral lymph nodes (Figure 2.6). To confirm the correlation between GFP 

expression and Aire expression, GFP positive and negative cells were sorted from immunized Adig 

mice and RNA was purified for qPCR. Aire transcript is upregulated in GFP positive GC B cells 

compared to GFP negative non-GC B cells (Figure 2.7) confirming Aire expression in GC B cells 

and that the GFP reporter accurately represents Aire expression in the Adig model. Therefore, the 

reason for the inconsistency between our data and that which was previously published is still 

unclear. 
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2.3.3 LZ/DZ expression  

As previously mentioned, GCs are split up into several regions: a LZ, DZ, GZ, and mantle 

zone (Kennedy et al., 2020; Victora and Nussenzweig, 2012). To determine the distribution of 

Aire expression in GC B cells, human tonsils were analyzed by immunofluorescence, staining for 

CD23 to indicate follicular dendritic cells (FDCs), whichexist predominantly in the LZ and IgD 

expressed by the naïve B cells in the mantle zone. Aire expression in both the LZ and DZ with 

what appears to be an even distribution between both regions; however, Aire expression was not 

observed in the mantle zone, confirming our previous results (Figure2.8). 

To quantify this distribution, Adig mice were immunized with NP32-KLH with CFA and 

boosted with NP32-KLH with IFA three times. Spleens were taken from the immunized mice and 

flow cytometry analysis was performed to determine the distribution of GFP between the LZ and 

DZ. Although the trend seemed to slightly favor CD83+ LZ localization, there was no significant 

difference between the proportion of LZ to CXCR4+ DZ cells compared to total ratios (Figure 2.9) 

indicating no difference in the percentage of Aire expressing cells between the LZ and DZ. 

2.3.4 Regulation of Aire expression 

 In the thymus, B cells express Aire as a result of CD40-CD40L signaling through NF-kB 

with thymic T cells (Yamano et al., 2015). Due to the dependence of GC reactions on this same 

signaling pathway, it is reasonable that GC B cells may also utilize this pathway for inducing Aire 

expression. To test this hypothesis, human IgD+ B cells were purified and stimulated with CD40L 

+ IL-4 with and without an NF-kB specific inhibitor, Caffeic acid (CAPE). Upregulation of Aire 

transcripts was observed after CD40L stimulation, which was ablated when CAPE was added 

(Figure 2.10). Protein expression showing upregulation of Aire after CD40 stimulation and 
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subsequent ablation was performed via western blot analysis (Figure 2.11). This effect was, 

largely, the same in mouse B cells as purified Adig B cells showed upregulation of GFP signal 

after CD40L treatment, which was absent when CAPE was added (Figure 2.12). Additionally, 

CH12 mouse B cell lines treated with CD40L+IL-4+TGF-β showed increase in Aire RNA and 

protein (Figures 2.13 and 2.14). These data are consistent with previous findings and indicate that 

(Yamano et al., 2015), in B cells, CD40 signaling through NF-kB induces Aire expression. 

2.4 Discussion 

 Our immunofluorescence, flow cytometry, qPCR, and western blot data suggest that the 

transcriptional regulator, Aire, is expressed in both human and mouse GC B cells and that this 

expression is not seen in peripheral blood B cell types. The expression of Aire seems to be evenly 

distributed between the LZ and DZ and can be induced via CD40 signaling through NF-kB. This 

finding is particularly surprising since previous reports using the same Adig mice showed no Aire 

expression in GC B cells (Yamano et al., 2015). To determine the cause of this inconsistency, we 

attempted to replicate previous experiments; however, these attempts showed that, using the 

published protocols, Aire expression can still be observed in GC B cells. The conclusions drawn 

from the previous paper suggest that Aire expression is repressed by high levels of BCR signaling 

and that this repression is what leads to the lack of Aire in GC B cells (Yamano et al., 2015). This 

is an interesting idea, but does not take into account the findings that GC B cell BCR signaling is 

significantly reduced compared to naïve B cells (Khalil et al., 2012; Luo et al., 2018). Additionally, 

although, treatment of B cells with a high concentration of anti-IgM does, in fact, reduce CD40 

mediated Aire expression, it is not completely inhibitory with approximately 20% of cells still 

showing positive GFP signal (Yamano et al., 2015). Therefore, we believe that it is entirely 

possible for Aire to be expressed in GC B cells; despite BCR signaling. 
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Figure 2.1: Expression of Aire in human GC B cells. Immunofluorescence staining of a 

germinal center in human tonsil. 

IgD   AIRE   Pax5   DAPI 
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Figure 2.2: Aire expression in human tonsil Bcl-6 positive cells. Immunofluorescence 

staining of a germinal center in human tonsil to confirm Bcl-6 expression in Aire positive GC 

B cells 
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Figure 2.3:  Aire expression in human GC B cells by flow cytometry. Flow cytometry 

analysis of Aire positive cells in human tonsils. Aire positive cells are positive for CD38 and 

negative for IgD indicating they have undergone CSR. 
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Figure 2.4: Aire is not expressed in human peripheral blood B cells. Flow cytometry analysis 

of peripheral blood memory, plasma, and naïve B cells show no Aire expression in these 

subpopulations. 
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Figure 2.5: Aire expression in mouse B cells by flow cytometry.  Immunized Adig mice show 

GFP in GC B cells from spleen and ILN, but not in non-GC B cells or PCs. 
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Figure 2.6: Comparison of immunization protocols.  Adig mice immunized with or without 

CFA to determine whether immunization protocol explains the discrepancy between our data 

and those of other groups. 
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Figure 2.7: Aire expression in mouse B cells by qPCR.  GFP+ GC B cells and non-GC B cells 

were sorted from Adig mice to confirm the association between GFP expression and Aire 

mRNA. 
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Figure 2.8: Aire expression in both LZ and DZ in human GCs.  Immunofluorescence 

staining to show distribution of Aire in both DZ and LZ of human GC. Aire seems to be evenly 

distributed between the LZ and DZ. 
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Figure 2.9: Aire expression in LZ vs. DZ B cells in mouse GCs.  Comparison of LZ and DZ 

expression of Aire in immunized Adig mice. Aire expression seems evenly distributed between 

the LZ and DZ. 
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Figure 2.10: Human B cell Aire expression is induced by CD40 signaling through NF-kB.  

Aire mRNA is upregulated in human B cells after stimulation with CD40L+IL-4. This 

upregulation is inhibited with the addition of an NF-kB specific inhibitor. 
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Figure 2.11: Human B cell Aire protein is upregulated by CD40 signaling through NF-kB.  

Aire protein is upregulated in human B cells after stimulation with CD40L alone as well as with 

CD40L+IL-4. This upregulation is inhibited with the addition of an NF-kB specific inhibitor. 
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Figure 2.12: Reporter mouse upregulates GFP whith CD40 signaling through NF-kB.  B 

cells purified from Adig mice show upregulation of GFP  after stimulation with CD40L alone 

as well as with CD40L+IL-4. This upregulation is inhibited with the addition of an NF-kB 

specific inhibitor. 
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Figure 2.13: CH12 cells upregulate Aire RNA when activated through CD40.  CH12 cells 

show upregulation of Aire mRNA after stimulation with αCD40+IL-4+TGF-β for 48 and 72 

hours. 
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Figure 2.14: CH12 cells upregulate Aire protein when activated through CD40.  CH12 cells 

show upregulation of Aire protein after stimulation with αCD40+IL-4+TGF-β. 
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CHAPTER 3: FUNCTION OF AIRE IN GC B CELLS 

3.1 Introduction 

Generally, Aire functions as a transcriptional regulator that helps prevent autoreactivity in 

T cells and B cells. In the thymus, Aire expressed by mTECs induces the expression of tissue 

restricted antigens on which developing thymocytes are negatively selected. This prevents the 

release of autoreactive T cells into the periphery as well as generates a population of thymic 

regulatory T cells that prevent self-activation in the periphery (Malchow et al., 2016).  

Germinal centers are structures in which B cells undergo antibody diversification. GC B 

cells, activated by T cell engagement, activate mechanisms for CSR and SHM that allow them to 

generate high affinity antibodies of various antibody isotypes. This allows the B cells to 

continuously alter antibody affinity and, with help from Tfh, significantly increase the affinity of 

their BCRs over time (Victora and Nussenzweig, 2012).   Based on the knowledge that, in nearly 

all contexts, Aire acts as a promoter of immune tolerance and regulator of immune activation, we 

hypothesize that Aire in GC B cells acts as a regulator of B cell function and antibody 

diversification. 

3.2 Materials and Methods 

3.2.1 Patient samples 

Autoimmune polyglandular syndrome 1 (APS-1) patients harboring loss of function 

mutations in AIRE were enrolled with an approved protocol from the Ethics Committee of 

Medicine from the Hospital District of Helsinki and Uusimaa, Finland. Samples were processed 

and naïve B cells were sorted before being sent to Detroit from Finland. Healthy human blood was 

purchased as previously mentioned. 
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3.2.2 Mice 

C57BL/6J, Aire−/−, CD45.2, and µMT mice were purchased from the Jackson Laboratory. 

Mice were housed as mentioned above. Age and sex matched mice were randomly assigned to 

control and experimental groups for experimentation. 

3.2.3 Cell Lines 

CH12 cells were cultured in RPMI-1640 medium supplemented with 5% (v/v) NCTC and 

50 μM β-mercaptoethanol. To stimulate Aire expression and CSR, cells were activated with  

5µg/ml anti-CD40 + 100ng/ml IL-4 + 1ng/ml TGF-β1 for up to 3 days. Aire knockout CH12 cells 

were generated by Guang Wen Sun at School of Applied Science in Singapore. 

3.2.4 Flow Cytometry 

Mouse spleens were harvested after intraperitoneal immunization with 100µg NP32-KLH 

mixed with Complete Freund's Adjuvant (CFA) for the first immunization and Incomplete 

Freund’s Adjuvant (IFA) for 3 subsequent immunizations. Spleens were then minced and pushed 

through a 40µm cell strainer prior to RBC lysis. Staining was performed for 1 hour at room 

temperature with either GV510 or 7AAD after Fc block for 10 minutes. To show Aire expression, 

cells were stained with a combination of CD19, GL-7, Fas, B220, CD3 (Tonbo 25-0032), CD4 

(BioLegend 100406 or 100434), CXCR5 (BioLegend 145504), PD-1 (eBioscience 11-9985 or 25-

9985), CD45.1 (Tonbo 60-0453), CD45.2 (Tonbo 65-0454), IgD (BioLegend 405727 or 

eBioscience 25-5993), IgM (BioLegend 406509), NP8 (BioSearch N-5050F), and NP36 

(BioSearch N-5070-1) for 1 hour at 4°C. For NP staining, cells were first stained with NP8 for 10 

minutes on ice prior to staining with NP36. Events were captured on a Fortessa LSR II and 
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analyzed using Treestar FlowJo 7 or 10 software. For sorting, cells were sorted using a Sony 

Biotechnology SH800 cell sorter at the Wayne State MICR core facility. 

3.2.5 RT-qPCR 

 APS-1 patient cells were pelleted and RNAlater was removed. Cells were washed with 

PBS prior to RNA isolation using the Cells-to-CT 1-step SYBR Green kit (Fisher A25601) as per 

manufacturer’s instructions. RNA was then amplified using iTaq Universal SYBR Green One-

Step kit as previously mentioned. 

 For CH12 samples, RNA was purified using a Trizol purification method. Reverse 

transcription was performed using an iScript reverse transcription kit according to the 

manufacturer’s instructions. qPCR was performed using either SYBR Green. PCR was performed 

using a StepOnePlus instrument and analyzed using the StepOne software. 

3.2.6 Adoptive Transfers 

 For transfer of Aire−/− or Aire+/+ cells to µMT hosts, naïve resting B cells were purified 

from spleens using a B cell isolation kit as previously mentioned. 2.5x107 B cells were then 

injected into the tail vein of each recipient µMT host. Mice were then immunized intraperitoneally 

with 100µg NP32-KLH mixed with Complete Freund's Adjuvant (CFA) for the first immunization 

and Incomplete Freund’s Adjuvant (IFA) for 3 subsequent immunizations. 

 For bone marrow chimeras, bone marrow cells were isolated from femurs and tibias of 

CD45.1 Aire+/+ and CD45.2 Aire−/− mice. After RBC lysis, B220+ bone marrow cells were 

depleted by magnetic separation using a biotinylated anti-B220 antibody and anti-biotin magnetic 

beads. WT and KO bone marrow cells were then mixed in a 1:1 ratio prior to transfer into µMT 

mice that had received 10Gy total body irradiation the previous day. Each recipient received 
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1.5x107 cells bone marrow cells and were allowed to reconstitute for 28 days prior to tissue harvest 

and purification of naïve resting B cells from splenocytes for secondary transfer. Mice were then 

immunized using the above procedure. 

3.2.7 Mutation Sequencing 

Live naïve (IgM+IgD+) or switched (IgM−IgD−) NP specific B cells from spleens of µMT 

mice, which have received either Aire WT or KO B cells and were immunized as mentioned above, 

were sorted using a SONY Biotechnology SH800 cell sorter at the Wayne State MICR core facility. 

High throughput IgHV profiling by RNA-seq was performed by iRepertoire, Inc. (Huntsville, AL, 

USA). Sequences were analyzed using the IMonitor 1.1.0 pipeline as previously published (Zhang 

et al., 2015). Mutation rate for each position was calculated for sequences with read depth ≥10 

and frequency of nucleotide substitutions was computed for each isotype. 

3.2.8 ELISA  

 After adoptive transfer and immunization, µMT blood was collected and serum was 

extracted by centrifugation. Samples were titrated on NP29-BSA (BioSearch N-5050H-10)and 

NP4-BSA (BioSearch N-5050L-10) coated microtiter plates to determine the ratio of NP29 to NP4 

binding. Bound antibodies were probed using HRP conjugated anti mouse IgG1 (Jackson 115-

035-205), IgG2b (Jackson 115-035-207), IgG3 (Jackson 115-035-209), or IgM (Bethyl A90-101P) 

prior to color development and quantitation on a microplate reader (BioTek Epoch) at 450nm. 
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3.3 Results 

3.3.1 Effect of Aire on GC populations 

 To determine whether Aire expression in B cells had any effect on GC cell populations, 

µMT mice were adoptively transferred with either Aire WT or KO B cells prior to immunization. 

No differences in GC entry (Figure 3.1), Tfh (Figure 3.2), or Tfr (Figure 3.3) populations were 

detected indicating that Aire does not affect GC biology by disrupting the overall number of cells. 

3.3.2 Bone marrow chimera 

As previously mentioned, GCs are regions in which B cells undergo antibody 

diversification. One of the most important processes that occur in these structures is SHM and 

affinity maturation. To determine whether GC B cell Aire affects this process, bone marrow 

chimeras using CD45.1 Aire WT and CD45.2 Aire KO bone marrow, depleted of all B220+ cells 

(Figure 3.5) were transferred to µMT hosts that had been irradiated the previous day (Figure 3.4). 

Mice were allowed to reconstitute for 4 weeks prior to tissue harvest. Naïve resting B cells from 

spleens were isolated and tested for purity (Figure 3.6) prior to secondary transfer into a new µMT 

host in a 1:1 ratio of WT to KO cells (Figure 3.7). Additionally, these cells did not have any 

differences in expression of stimulatory molecules (Figure 3.8), nor did they show any difference 

in affinity to NP (Figure 3.9). Mice were then immunized via intraperitoneal injection of  NP32-

KLH three times. After immunization, analysis of GC B cells showed a greater proportion of Aire 

KO GC B cells (Figure 3.10), suggestive of improved GC survivability and selection. Analysis of 

BCR affinity using fluorescently labeled NP8 and NP36 by flow cytometry (Figure 3.11) showed 

increased BCR affinity of Aire KO B cells compared to Aire WT B cells (Figure 3.12 and 3.13) 
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as shown by increased NP8 binding ratios. These data suggest that Aire negatively regulates the 

process of Affinity maturation. 

For CH12, cells were harvested and blocked using Fc blocking reagent for 10 minutes on 

ice prior to staining with either GV510 or 7AAD and primary antibodies for CD19, B220, IgM 

(BioLegend 406509), and IgA (BD 559354). 

3.3.2 Effect of Aire on serum antibody affinity and mouse CSR 

 The second antibody diversification process associated with GC B cells is CSR. Although 

CSR does not frequently occur within the GC, it is activated by the same signals that activate Aire 

expression and can potentially fall under the same regulatory mechanism. To determine whether 

Aire also regulates the process of CSR, adoptive transfer of either Aire WT or KO B cells into 

µMT mice was performed. The mice were then immunized against NP prior to harvest of spleen 

and blood (Figure 3.14). After immunization, mice that receive Aire KO B cells showed a greater 

percentage of IgD‒IgM‒ cells in both the total B cell compartment as well as in the NP specific B 

cell compartment indicating increased CSR (Figure 3.15). Consistent with previous experiments, 

serum antibodies from these mice showed increased affinity for NP in the switched IgG isotypes, 

but not in IgM (Figure 3.16).  

3.3.2 Effect of Aire on SHM 

 As previous experiments showed the regulation of affinity maturation by Aire expression, 

we attempted to determine whether this phenomenon was due to a change in SHM. To answer this 

question, µMT mice received either Aire WT or Aire KO B cells prior to immunization against 

NP (Figure 3.14). After immunization, naïve IgD+IgM+ and activated IgD‒IgM‒ NP specific B 

cells were sorted and sent for repertoire sequencing (Figure 3.17). Sequencing results show that 
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Aire KO B cells acquired more mutations in switched isotypes such as IgG and IgE compared to 

Aire WT B cells (Figure 3.18). These data suggest that Aire negatively affects affinity maturation 

by regulating SHM. 

3.3.2 APS-1 patient CSR 

Our adoptive transfer experiments show that, in mice, Aire negatively regulates CSR. To 

show that this is also the case in humans, APS-1 and health control patient B cells were stimulated 

with either CD40L+IL-4 or CD40L+IFN-γ, inducing the cells to undergo CSR to either IgG1 or 

IgG3 respectively. In these experiments, APS-1 patient B cells showed greater upregulation of Iµ-

Cγ1 and Cγ3 transcripts (Figure 3.19 and 3.20) indicating increased CSR, consistent with our 

mouse data. 

3.3.2 Effect of Aire on CH12 cell CSR 

 Since these findings were consistent in both mice and humans, we attempted to show that 

they could be replicated in cell culture as well. To this end, CH12 cells, a mouse B cell line, were 

used to generate Aire KO clones 43, 53, and 69. Aire deficiency was confirmed by western blot 

(Figure 3.21). WT CH12 as well as the KO clones were stimulated to undergo CSR to IgA. After 

stimulation, the Aire KO clones showed an increased percentage of cells that have experienced 

CSR compared to the WT clone (Figure 3.22). This was confirmed by qPCR to detect switch 

circles, which shows increased expression after stimulation of Aire KO cells (Figure 3.23). to 

show a causal relationship between this increase in CSR and Aire, a WT Aire-GFP construct was 

transfected into an Aire KO clone, 69. After cells were stimulated to undergo CSR, cells that 

received the Aire-GFP construct showed a reduction in CSR compared to cells that did not receive 
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the construct, thus rescuing the phenotype. These data indicate that Aire causes a reduction in CSR 

in CH12 cells. 

3.4 Discussion 

 In this chapter, we show that Aire negatively regulates the processes of antibody 

diversification associated with GC B Cells in mice, humans, and cell culture. B cell deficient mice 

that receive Aire KO B cells show increased SHM and affinity maturation as well as an increased 

rate of CSR, which is also observed in APS-1 patients and Aire KO CH12 cells. We did not, 

however, test SHM in APS-1 patient B cells since there is no mechanism to show affinity 

maturation in vitro and sorting GC B Cells from APS-1 patients would give wildly variable 

mutation rates due to complicated infection history. Therefore, we do not believe that SHM data 

using APS-1 patient GC B cells would provide meaningful results as it is known that these patients 

suffer from an increased rate of infections compared to healthy patients. Additionally, we do not 

observe increased SHM in mouse IgA after intraperitoneal immunization of NP (Figure 3.18), in 

fact, the mutation rates may be slightly lower in Aire KO B cells compared to Aire WT B cells. 

This inconsistency may be due to the nature of the immunogen and the route of immunization. IgA 

is largely made at mucosal surfaces whereas we were testing B cells purified from the spleen. 

Therefore, the mutation data for IgA may not accurately represent the total IgA repertoire and only 

a very small percentage of the IgA positive cells that may skew the results (Bemark et al., 2016).  
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Figure 3.1: Aire expression in GC B cells does not affect B cell entry into the GC. GL7+Fas+ 

B cells after immunization does not change between µMT mice that receive Aire WT and Aire 

KO B cells 
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Figure 3.2: Aire expression in GC B cells does not affect Tfh proportions. PD-1+CXCR5+ 

T cells in secondary lymphoid organs does not change after immunization of µMT mice that 

receive Aire WT and Aire KO B cells 
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Figure 3.3: Aire expression in GC B cells does not affect Tfr proportions. PD-1+CXCR5+ 

regulatory T cells in secondary lymphoid organs does not change after immunization of µMT 

mice that receive Aire WT and Aire KO B cells 
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Figure 3.4: Chimera experimental setup. Bone marrow from CD45.1 Aire WT and CD45.2 

Aire KO mice were depleted of B220 cells prior to transfer into a µMT irradiated host. Mice 

were reconstituted for 4 weeks and naïve resting B cells were purified. B cells were then 

transferred into a second µMT host that was immunized against NP. 
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Figure 3.5: B cell depletion in bone marrow. Bone marrow B cells after depletion using αB220 

MACS separation. 
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Figure 3.6: Purity of transferred B cells. After MACS separation of B cells from host spleens, 

purity was over 99%. 
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Figure 3.7: CD45.1/.2 ratios prior to secondary transfer. After reconstitution, B cells were 

transferred at a 1:1 ratio to secondary µMT hosts. 
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Figure 3.8: Phenotype of transferred B cells prior to transfer. Aire WT and KO cells show 

similar expression of surface markers. 
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Figure 3.9: NP binding characteristics prior to transfer. Aire WT and KO cells show similar 

NP binding characteristics prior to adoptive transfer. 
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Figure 3.10: Percent GC B cells after immunization. Aire KO B cells represented a greater 

proportion of cells within GCs after immunization. 
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Figure 3.11: Method for analyzing NP ratios. GL7+Fas+ GC B cells were stained using 

fluorescent NP8 and NP36 molecules to determine binding affinity of BCRs. 
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Figure 3.12: NP8/NP36 binding ratios. Aire KO GC B cells had greater NP8/NP36 ratios 

compared to Aire WT B cells in the same host. 
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Figure 3.13: NP8/total binding ratios. Aire KO B cells had greater NP8 binding as a ratio of 

total GC B cells. 
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Figure 3.14: Experimental setup for second transfer experiment. Aire WT and KO cells are 

separately transferred into µMT hosts prior to immunization to NP. 
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Figure 3.15: Effect of B cell Aire on CSR. Mice that receive Aire KO B cells show increased 

populations of IgM‒IgD‒ cells indicating increased CSR. 
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Figure 3.16: Effect of B cell Aire on Affinity maturation. Class switched isotypes from mice 

that receive Aire KO B cells are higher affinity for NP, indicated by a greater NP8/NP29 ratio, 

compared to those from mice that receive Aire WT B cells 
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Figure 3.17: Experimental setup for sequencing experiment. IgM+IgD+ and IgM‒IgD‒ cells 

were sorted from µMT mice immunized against NP after adoptive transfer of Aire WT or Aire 

KO B cells. RNA from cells was isolated and amplified by PCR prior to library construction and 

sequencing of VDJ regions.  
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Figure 3.18: Effect of B cell Aire on SHM. Sequencing analysis shows increased mutation 

frequency in switched isotypes IgG and IgE, but not in unswitched isotypes IgD and IgM.  
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Figure 3.19: CSR to IgG1 in APS-1 patients. APS-1 patient B cells were treated with 

CD40L+IL-4 to stimulate switching to IgG1. APS-1 patient B cells show increased switch 

transcripts after stimulation compared to healthy patient B cells. 
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Figure 3.20: CSR to IgG3 in APS-1 patients. APS-1 patient B cells were treated with 

CD40L+IFN-γ to stimulate switching to IgG3. APS-1 patient B cells show increased switch 

transcripts after stimulation compared to healthy patient B cells. 
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Figure 3.21: Confirming Aire KO in CH12 cells. CH12 Aire KO cells show no upregulation 

of Aire protein after stimulation. 
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Figure 3.22: Effect of Aire deficiency on CH12 CSR. Aire deficient CH12 cells show 

increased CSR compared to WT. 
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Figure 3.23: Expression of IgA switch circle in Aire deficient CH12 cells. Aire deficient 

CH12 cells show increased expression of switch circles compared to WT. 
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Figure 3.24: Rescue assay using WT Aire-GFP construct. Aire KO cells were transfected 

with a WT Aire-GF construct prior to stimulation. GFP+ cells show reduced CSR compared to 

GFP‒ cells. 
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CHAPTER 4: MECHANISM OF AIRE IN GC B CELLS 

4.1 Introduction 

AID is known to initiate the processes of SHM and CSR by generating C to U mutations 

in either the VDJ region or the switch regions (Petersen-Mahrt et al., 2002). These DNA lesions 

are then excised and repaired in a manner that generates mutations in the case of SHM or 

recombination in the case of CSR. There are several mechanisms by which AID is targeted to the 

DNA to allow for the deamination event to take place. One of the most important mechanisms is 

the initiation of transcription of AID target regions. The importance of the transcriptional 

machinery at AID targets has three major functions: first, it opens the DNA to create single strands 

so that AID can have access to the substrate, second, it creates a transcript that is utilized by AID 

as a guide to target the enzyme to the proper location (Zheng et al., 2015), and third, it recruits 

AID through interaction with stalled Pol II (Pavri et al., 2010). Due to the observation that Aire 

negatively regulates both SHM and CSR, it is likely that it affects the function of AID either 

through one of these mechanisms or through direct inhibition of catalytic activity. 

4.2 Materials and Methods 

4.2.1 Patient samples 

Human tonsil samples were taken after pediatric tonsillectomy from the Children’s 

Hospital of Michigan in collaboration with Dr. Janet Poulik.  

4.2.2 Mice 

C57BL/6J and Aire+/−
 mice were purchased from the Jackson Laboratory. Mice were 

housed as mentioned above. Age and sex matched mice were randomly assigned to control and 

experimental groups for experimentation. 
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4.2.3 Cell lines 

CH12 cells were cultured in RPMI-1640 medium supplemented with 5% (v/v) NCTC and 

50 μM β-mercaptoethanol. To stimulate Aire expression and CSR, cells were activated with  

5µg/ml anti-CD40 + 100ng/ml IL-4 + 1ng/ml TGF-β1 for up to 3 days. Aire knockout CH12 cells 

were generated by Guang Wen Sun at School of Applied Science in Singapore. 

HKB-11 cells, a human embryonic kidney cell/Burkitt’s lymphoma fusion, was cultured in 

DMEM/F12 supplemented with 2 mM L-glutamine, 100 U/ml penicillin, 100 μg/ml streptomycin, 

0.25 μg/ml amphotericin B and 10% FBS. 

4.2.4 Primary cell purification 

 Human tonsils were minced and pushed through a 40µm cell strainer. B cells were purified 

by magnetic separation using anti-IgD-Biotin and anti-Biotin magnetic beads. To purify mouse 

splenocytes, mouse spleens were minced and passed through a 40µm strainer prior to RBC lysis. 

4.2.5 Flow cytometry 

Tonsil samples were blocked using Fc blocking reagent for 10 minutes on ice prior to 

staining with fluorescently labeled antibody and either GV510, 7AAD, or 4’,6-diamidine-2’-

phenylindole dihydrochloride (DAPI) for 1 hour at room temperature. To show human B cell 

subcellular localization of Aire and AID, cells were stained with CD19, CD38, Aire, IgD, and AID 

(BD 565785). For imaging flow, cells were imaged on an ImageStream X Mark II imaging flow 

cytometer (Amnis) and analyzed using IDEAS 6.1 (Amnis). 
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For CH12, cells were harvested and blocked using Fc blocking reagent for 10 minutes on 

ice prior to staining with either GV510 or 7AAD and primary antibodies for CD19, B220, IgM, 

and IgA. 

4.2.6 Immunoprecipitation 

 Cells were harvested and washed prior to lysis with CelLytic M buffer (Sigma C2978) 

containing protease inhibitor cocktail and phosphatase inhibitor for 1 hour on ice. Lysates were 

centrifuged at 18,000 x g for 15 minutes at 4°C to pellet debris. Protein concentration was 

measured using a BCA protein assay kit (Fisher 23225) as per the manufacturer’s instructions. 

Lysates were precleared with protein G magnetic beads (Cell Signaling 8740 or Fisher 88847). IP 

antibodies against AID, Aire (Santa Cruz sc-17986), or Myc (BioLegend 626802) were incubated 

with magnetic beads prior to mixing with precleared lysates. Beads were incubated with lysates 

overnight at 4°C while shaking. To precipitate flag, anti-flag magnetic beads were used instead 

(Sigma F3165).  Western blot analysis was performed using primary antibodies against Aire (Santa 

Cruz sc-373703), AID (eBioscience 14-5959), Flag (Cell Signaling 2368), or His (BioLegend 

652502). 

4.2.7 RT-qPCR 

For CH12 samples, RNA was purified using a Trizol purification method. Reverse 

transcription was performed using an iScript reverse transcription kit according to the 

manufacturer’s instructions. qPCR was performed using either SYBR Green. PCR was performed 

using a StepOnePlus instrument and analyzed using the StepOne software. 

4.2.8 Transfection 
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HKB-11 cells were cultured to 70-90% confluence prior to transfection with 4µg plasmid. 

Transfection was performed using Lipofectamine 30000 (Fisher L3000015) in Opti-MEM (Fisher 

31985070) according to manufacturer’s instruction. CH12 cells were transfected using an Amaxa 

cell line nucleofector kit V (Lonza VCA-1003) according to manufacturer’s instructions. 

4.2.9 Uracil dot blot 

 Genomic uracil content was analyzed as described previously (Wei et al., 2017; Wei et al., 

2015). 

4.2.10 ChIP-qPCR 

CH12 cells were stimulated to undergo CSR. Chromatin immunoprecipitation (ChIP) was 

performed with a ChIP assay kit (EMD Millipore 17-295) according to manufacturer’s instructions. 

DNA was eluted from agarose after precipitation using 1% SDS, 0.1 M NaHCO3, pH 8.0 and 

reverse-crosslinked from protein by incubation in 200mNaCl at 65°C for 4 hours. Samples were 

cleaned with RNaseA (Sigma R6513) for 30 minutes at 37°C followed by treatment with 40µg/ml 

proteinase K (Qiagen 9133) for 1 hour at 45°C. DNA was then purified using phenol/chloroform 

extraction and ethanol precipitation prior to qPCR analysis as described above. 

4.3 Results 

4.3.1 Expression of germline transcripts 

 Germline transcription is critical for AID targeting and function. AID can be recruited into 

transcriptional bubbles generated by Pol II and be assisted by the transcripts generated (Pavri et 

al., 2010; Zheng et al., 2015). Additionally, it is well known that Aire is a transcriptional regulator 

(Anderson et al., 2002; Bansal et al., 2017; Yoshida et al., 2015), therefore, to determine whether 

Aire influences the transcription of AID or switch regions, qPCR CH12 cells were stimulated to 
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undergo CSR to IgA. qPCR analysis showed no difference in transcription of either AID or switch 

region genes, suggesting that Aire regulation of CSR is not a result of transcriptional repression at 

AID or switch regions (Figure 4.1 – 4.3). 

4.3.2 Aire interaction with AID 

Due to the known functions of AID and Aire, both proteins must exist in the nucleus. 

Indeed, this has been observed by many groups, though it is unclear whether both proteins are in 

the nucleus together. To test whether both proteins co-localize in the nucleus, imaging flow was 

performed on healthy human tonsils. Co-localization was observed in the nucleus of 

CD19+IgD−CD38+ GC B cells (Figure 4.4). Since both proteins seem to exist in the nucleus, we 

sought to determine whether these proteins interact with each other. To this end, human total 

(CD19+), naïve (IgD+), and switched (CD19+IgD−) B cells were purified by magnetic separation 

from tonsil samples. Cells were lysed and immunoprecipitation was performed on the purified 

protein. AID was shown to co-immunoprecipitate with Aire in both the CD19+ and the CD19+IgD− 

fractions, but little to no AID was pulled down from the IgD+ fraction, therefore, little to no Aire 

was detected (Figure 4.5). To confirm these findings in mice, Aire KO and WT mice were 

immunized to SRBC via four intraperitoneal injections with adjuvant and splenocytes were 

harvested. Immunoprecipitation on purified protein was performed and western blot analysis 

shows interaction of Aire with AID in the WT mice; however, due the deficiency of Aire in the 

KO mice, no Aire was pulled down, showing the specificity of the antibody (Figure 4.6). 

Since it is known that both of these proteins bind DNA, it is possible that they interact 

through a DNA complex and not a protein-protein interaction. To determine whether these proteins 

can interact directly, purified Aire-Flag and AID-His were incubated with an irrelevant protein, 

IL-33. Immunoprecipitation of Flag and His were performed to show that the two purified proteins 
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interact directly in vitro (Figure 4.7). Using HKB-11 cells transfected with various Aire and AID 

constructs (Figures 4.8 and 4.10), it was determined that the interaction between Aire and AID 

requires the CARD and NLS domains of Aire (Figure 4.9) as well as the catalytic and APOBEC-

like domains of AID (Figure 4.11). To determine whether this interaction was responsible for the 

functional phenotypes described above, a WT Aire-GFP construct as well as an Aire-GFP with a 

deletion in the CARD domain (ΔCARD) was transfected into the Aire deficient CH12 clone, 69, 

prior to stimulation. The cells that received the Aire WT construct rescued the WT phenotype in 

which CSR is reduced in the GFP+ cells; however, cells that received the ΔCARD construct did 

not show any change relative to the GFP− cells (Figure 4.12). These data indicate that Aire 

interaction with AID is important for its regulatory function. 

4.3.3 Regulation of AID function by Aire 

The function of AID as a DNA deaminase has been well established over the past couple 

of decades (Petersen-Mahrt et al., 2002). Our data suggests that interaction between Aire and AID 

negatively regulates CSR, therefore, it is likely that AID function is affected by this interaction. 

We utilized a uracil dot blot assay (Figure 4.13) that measures genomic uracil content by 

fluorescence signal (Figure 4.14). Using this assay, we show that there is an accumulation of 

genomic uracil in Aire KO CH12 cells compared to the WT controls (Figure 4.15) Additionally, 

this accumulation of genomic uracil is lost in AID deficient CH12 cells indicating that this assay 

specifically recognizes AID directed mutagenesis. These data suggest that AID mediated C to U 

mutations is reduced in the presence of Aire. 
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4.3.4 Regulation of AID targeting by Aire 

 To determine whether the regulation of AID by Aire is due to inhibition of catalytic activity 

or targeting of AID to the DNA substrate, immunoprecipitation of AID was performed in CH12 

cells to show interaction with the transcriptional machinery. In Aire KO CH12 cells, increased 

association of AID with Spt5 and pSer5 Pol II was detected indicating increased targeting of AID 

to stalled Pol II in activated cells compared to the WT (Figure 4.16). Additionally, ChIP-qPCR 

analysis shows enrichment of Sµ interaction with AID in stimulated Aire KO CH12 cells compared 

to the WT, consistent with the finding that Aire reduces its targeting to stalled Pol II (Figure 4.17). 

Taken together, these data suggest that Aire interaction with AID negatively regulates its targeting 

to the DNA. 

4.4 Discussion 

 Here, we describe a mechanism by which Aire negatively regulates AID activity. We did 

not find any significant differences in transcription of AID or switch region transcripts between 

Aire KO and Aire WT CH12 cells after stimulation to undergo CSR; however, we did observe a 

direct protein-protein interaction between Aire and AID, in which the CARD and NLS of Aire 

interacted with the catalytic and APOBEC-like domains of AID, that was necessary for protein 

function. Genomic uracil quantification showed significantly increased uracil content in Aire KO 

CH12 cells, confirming that Aire negatively regulates AID activity and immunoprecipitation 

showed increased association of AID with the transcriptional machinery indicating that Aire 

prevents AID targeting to the DNA. These findings were then confirmed with ChIP-qPCR to show 

increased AID binding to DNA in Aire deficient CH12 cells. 
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 At this time, it is still unclear exactly how this interaction between Aire and AID prevent 

AID targeting. Several possibilities exist, though the most attractive is the sequestering of nuclear 

AID, thus immobilizing the protein. Although the stoichiometry of this interaction is still unclear, 

it should not require very high concentrations of Aire to inhibit AID due to the cytoplasmic 

retention of the protein compared to the nuclear localization of Aire. Importantly, Aire expression 

does not completely inhibit, but reduces AID function, thereby still allowing CSR and SHM to 

take place. These data seem to suggest that Aire acts as an additional regulatory mechanism by 

which AID is controlled to prevent excessive AID activity that could lead to autoimmunity and 

cancer. 
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Figure 4.1: Expression of AID in Aire deficient CH12 cells. AID expression is the same 

between WT and KO CH12 cells. 
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Figure 4.2: Expression of IgM germline transcripts in Aire deficient CH12 cells. IgM 

germline transcript expression is the same between WT and KO CH12 cells. 
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Figure 4.3: Expression of IgA germline transcripts in Aire deficient CH12 cells. IgA 

germline transcript expression is the same between WT and KO CH12 cells. 
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Figure 4.4: Aire and AID co-localization. Human GC B cells analyzed by imaging flow show 

co-localization of Aire and AID in the nucleus. 
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Figure 4.5: Aire and AID co-immunoprecipitation in human cells. CD19+ total B cells, IgD+ 

naïve B cells, and CD19+IgD‒ B cells were purified from patient tonsils. From the cell lysates, 

AID was immunoprecipitated and western blot analysis was performed showing Aire interaction 

with AID.  
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Figure 4.6: Aire and AID co-immunoprecipitation in mouse cells. Aire WT and KO mice 

were immunized with SRBC and splenic B cells were purified. Aire was immunoprecipitated 

from the lysates and western blot analysis was performed to show interaction with AID.  
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Figure 4.7: Aire interacts directly with AID. Flag tagged Aire and His tagged AID proteins 

were incubated with an irrelevant protein, IL-33. Immunoprecipitation was performed for Flag 

and His prior to western blot to show Aire interaction with AID. 
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Figure 4.8: Aire domain constructs. Myc His tagged Aire constructs with deletions in specific 

domains used for interaction assay with AID. 
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Figure 4.9: Aire domains interacting with AID. Flag tagged AID was immunoprecipitated 

with Myc His tagged Aire. M4-M7 show no interaction between AID and the Aire construct 

indicating the necessity of the NLS and CARD domains of Aire. 
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Figure 4.10: AID domain constructs. Flag tagged Aire constructs with deletions in specific 

domains used for interaction assay with AID. M1 indicates a loss of function point mutation in 

the catalytic domain. M2 indicates NLS is replaced with the NLS of nucleoplasmin. M6 

indicates a loss of function mutation in the NLS whereby the protein does not localize to the 

nucleus. 
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Figure 4.11: AID domains interacting with Aire. Flag tagged AID was immunoprecipitated 

with Myc His tagged Aire. M3 and M4 show no interaction between Aire and AID indicating a 

necessity for both the catalytic domain and APOBEC like domain. 
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Figure 4.12: Domain specific rescue assay. Aire KO cells were transfected with either a WT 

Aire-GF or AireΔCARD-GFP construct prior to stimulation. GFP+ cells show reduced CSR in 

the WT, but not  AireΔCARD-GFP when compared to GFP‒ cells. 
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Figure 4.13: Uracil assay chemistry. Uracil assay designed by the lab of Dr. Bhagwat to 

quantify genomic uracil content. 
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Figure 4.14: Correlation between fluorescence intensity and uracil content. Fluorescence 

intensity of uracil dot blot strongly correlates with genomic uracil content. 
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Figure 4.15: Effect of Aire on genomic AID mediate genomic uracil generation. Aire KO 

CH12 cells harbor significantly more genomic uracils compared to WT CH12 cells. 
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Figure 4.16: AID Co-immunoprecipitation with stalled RNA-Pol II. AID shows increased 

association with stalled Pol-II in Aire KO CH12 cells compared to Aire WT. 
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Figure 4.17: Effect of Aire on AID interaction with DNA. ChIP-qPCR analysis with WT and 

Aire KO CH12 cells. Increased AID interaction with switch regions in Aire KO cells compared 

to Aire WT after stimulation. 
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CHAPTER 5: INSERT TITLE HERE 

 5.1 Introduction 

One of the hallmarks of autoimmune polyglandular syndrome type 1 (APS-1) is the 

appearance of chronic mucocutaneous candidiasis, chronic infection of the mucosal surfaces with 

Candida albicans. Interestingly, it has been observed that this immunodeficiency phenotype is, in 

fact, a result of an autoimmune reaction in which autoreactive B cells generate high affinity, 

neutralizing antibodies against Th17 cytokines such as IL-17 and IL-22 which inhibit anti-fungal 

immune response (Kisand et al., 2010; Meyer et al., 2016; Puel et al., 2010). Additionally, Th17 

development may be hindered in APS-1 patients as, although APS-1 patient peripheral blood cells 

have normal differentiation capacity to Th17, incubation of cells with APS-1 patient serum impairs 

IL-17 production and Th17 proliferation (Ng et al., 2010). Generally, these phenotypes are thought 

to be a result of T cell autoimmunity directing B cell diversification, but, with the novel finding 

that B cells also have the capacity to express Aire, it will be important to test whether B cell specific 

deficiency in Aire plays a role. 

5.2 Materials and Methods 

5.2.1 Mice 

Aire+/−, and µMT mice were purchased from the Jackson Laboratory. To generate Aire+/+ and 

Aire−/− mice, Aire+/− mice were bred and the offspring were genotyped. Age and sex matched mice 

were randomly assigned to control and experimental groups for experimentation. 
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5.2.2 Adoptive transfer 

For transfer of Aire−/− or Aire+/+ cells to µMT hosts, naïve resting B cells were purified 

from spleens using a B cell isolation kit as previously mentioned. 5x107 B cells were then injected 

into the tail vein of each recipient µMT host. 

5.2.3 Candida albicans culture  

C. albicans was cultured in YPD broth at 30°C overnight with shaking at 220 rpm. Culture 

was then diluted 1:10 with fresh YPD broth containing 10% fetal bovine serum and incubated at 

37°C for 3 hours with shaking. Once approximately 95% of cells transitioned into the 

pseudohyphal form, the culture was centrifuged at 4000 rpm for 10 minutes, washed, and 

resuspended at a concentration of 5×106 CFU per 50 μl. These cells were either used for 

intradermal infection or heat killed at 95°C for 2 hours prior to sonication on ice at 30% power for 

5 seconds. 

5.2.4 Fungal load analysis 

 µMT mice adoptively transferred with either Aire WT or KO B cells were immunized with 

5 doses of 106 CFU heat-killed C. albicans pseudohyphae intraperitoneally every 4 days. Four 

days after the final boost, mice were infected with 5×106 CFU live pseudohyphae in 50µl PBS per 

spot adjacent to the spine. Four days after infection, fungal lesions were excised and either fixed 

in formalin overnight for staining or minced and crushed using a pestle and mortar to free the fungi. 

Live fungi were then used for serial dilution and plated on YPD agar to determine total CFU for 

every milligram of tissue taken. 
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5.2.5 ELISA 

 Blood was taken from µMT mice after immunization and serum was separated. Microtiter 

plates were coated with 1µg/ml recombinant mouse IL-17A (Peprotech 210-17A), IL-17F 

(Peprotech 210-17F) or IL-22 (Peprotech 210-22). Plates were blocked with 10% BSA, washed, 

and incubated with the serum samples prior to probing with an anti-mouse IgG antibody (Vector 

AP-2000) conjugated to alkaline phosphatase. Reaction was developed using BluePhos (KPL 50-

88-02) and quantitated as at 620nm. 

 For neutralization assays, mouse serum was incubated with overnight with recombinant 

HRP conjugated (Abcam Ab102890) IL-17A, IL-17F, and IL-22. Microtiter plates were coated 

with either IL-17RA (R&D  4481-MR-100) or IL-22Rα1 (R&D  4294-MR-050) prior to blocking 

with 10% BSA. Serum-cytokine mixture was then added to the wells and incubated for 1 hour at 

room temperature. Wells were washed prior to detection of HRP signal on a microplate reader at 

450nm. 

5.2.6 Flow cytometry 

Excised fungal lesions were washed and digested using collagenase II (Worthington 

LS004177) in HBSS at 37°C with shaking for 1 hour. Supernatant was collected and solid tissue 

was pushed through a 100µm cell strainer. Cells were then restimulated with 500ng/ml PMA 

(Sigma P1585-1MG), 500ng/ml ionomycin (Fisher I24222), and 1ug/ml Golgi plug (BD 55029) 

at 37°C for 5 hours. Cells were collected, blocked with Fc blocking reagent, and stained with 

GV510, CD45 (Tonbo 60-0459), CD3, and TCR-β (BioLegend 109227) for 1 hour on ice. Cells 

were then fixed and permeabilized before staining for IL-17A (BioLegend 506929), and IL-22 
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(BioLegend 516406) for 1 hour on ice. Events were captured on a Fortessa LSR II and data were 

analyzed on FlowJo 10. 

5.3 Results 

5.3.1 Effect of B cell Aire on fungal clearance 

 APS-1 patients often suffer from chronic mucocutaneous candidiasis, chronic infections of 

the fungal pathogen, C. albicans. To determine the role of B cell Aire in controlling C. albicans 

infection, we developed a model in which µMT mice were adoptively transferred with either Aire 

WT or Aire KO B cells. Mice were then immunized with heat killed C. albicans prior to 

intradermal infection of live, pathogenic fungi. Four days after infection, injection sites and blood 

were taken for analysis (Figure 5.1). After intradermal challenge, it was observed that mice that 

received Aire KO B cells were unable to clear the fungal pathogen as effectively as mice that 

received Aire WT B cells (Figures 5.2 and 5.3) indicating that Aire deficiency in B cells leads to 

a similar immunodeficiency phenotype as seen in APS-1 patients. 

5.3.2 Generation of autoreactive antibodies 

As previously mentioned, it is thought that the chronic mucocutaneous candidiasis 

phenotype observed in APS-1 patients is a result of the production of autoreactive, neutralizing 

antibodies against Th17 cytokines, which are critical for clearing fungal pathogens (Meyer et al., 

2016). To determine whether susceptibility to C. albicans infection in our model is a result of 

autoreactive antibodies, serum samples were tested for antibodies against IL-17A, IL-17F, and IL-

22. Indeed, we observed an increase in the titers of autoreactive antibodies against these cytokines 

in mice that received Aire KO B cells compared to mice that received Aire WT B cells (Figures 

5.4-5.6). Additionally, these antibodies seem to have some slight increase in neutralization 
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capacity in the KO model (Figures 5.7-5.9). These data suggest that Aire deficiency, specifically 

in the B cell compartment, can lead to an increased production of autoreactive, neutralizing 

antibodies against Th17 cytokines. 

5.3.3 Th17 dysfunction 

 Due to the importance of Th17 cells in the clearance of fungal pathogens, we sought to 

determine whether Aire deficiency in B cells had any effect on the Th17 compartment. Lesions 

resulting from fungal infection were excised from mice and digested to generate a single cell 

suspension. After re-stimulation with PMA/Ionomycin, IL-17A and IL-22 producing T cells were 

analyzed by flow cytometry. These data show a significant decrease in the CD45+TCR-β+ IL-

17A+IL22+, IL-17A+IL22‒, and IL-17A‒IL-22+ fractions in mice that received Aire KO B cells 

compared to Aire WT B cells suggesting Th17 deficiency in these mice. 

5.4 Discussion 

 To show that the chronic mucocutaneous candidiasis phenotype seen in APS-1 patients can, 

in part, be attributed to B cell deficiency in Aire, we devised this adoptive transfer infection model 

to show the production of neutralizing autoreactive antibodies as well as dysfunctional fungal 

clearance. Our findings suggest that B cell Aire contributes to the overall protection against 

production of anti-IL-17 and IL-22 antibodies responsible for the mucosal immunodeficiency 

phenotype in APS-1; however, due to the seemingly small effect sizes, we believe that this 

mechanism only contributes to the phenotype and is not the major pathway by which it arises and 

that T cell autoimmunity must have even greater significance. Additionally, in accordance with 

previous findings (Ng et al., 2010), we also see a reduction in Th17 cells, though this is likely not 

a result of antibodies against IL-17A, IL-17F, or IL-22, but rather to a different cytokine, possibly 
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type 1 interferon (Mourik et al., 2017) as an abundance of high affinity, neutralizing antibodies 

against type 1 interferons have been described in APS-1 patients (Meyer et al., 2016). However, 

due to the limited amount of sample we were able to extract from each mouse, we did not test for 

anti-interferon antibodies.  
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Figure 5.1: C. albicans infection model. µMT mice were adoptively transferred with either 

Aire WT or Aire KO B cells prior to intraperitoneal immunization with heat-killed C. albicans. 

After immunization, mice were challenged intradermally with live, pathogenic fungi. 
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Figure 5.2: Silver staining of fungal lesion. Silver staining of fungal lesions shows increased 

fungal load in mice that receive Aire deficient B cells compared to mice that receive Aire WT 

B cells 
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Figure 5.3: Effect of B cell Aire on fungal clearance. Skin lesions were excised and crushed 

using a pestle and mortar. Serial dilutions were made to determine the number of CFU/mg tissue 

in each lesion. Mice that receive Aire KO B cells showed an increased CFU/mg tissue compared 

to mice that receive WT B cells. 
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Figure 5.4: Effect of B cell Aire on autoreactive IL-17A antibodies. Mice that receive Aire 

KO B cells show increased serum antibodies against IL-17A. 
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Figure 5.5: Effect of B cell Aire on autoreactive IL-17F antibodies. Mice that receive Aire 

KO B cells show slightly increased, but not significant serum antibodies against IL-17F. 
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Figure 5.6: Effect of B cell Aire on autoreactive IL-22 antibodies. Mice that receive Aire KO 

B cells show increased serum antibodies against IL-22 
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Figure 5.7: Neutralization capacity of anti-IL-17A antibodies. Serum from mice that 

received Aire KO B cells show increased neutralization capacity to IL-17A compared to mice 

that receive Aire WT B cells 
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Figure 5.8: Neutralization capacity of anti-IL-17F antibodies. Serum from mice that received 

Aire KO B cells show increased neutralization capacity to IL-17F compared to mice that receive 

Aire WT B cells 
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Figure 5.9: Neutralization capacity of anti-IL-22A antibodies. Serum from mice that 

received Aire KO B cells show increased neutralization capacity to IL-22 compared to mice that 

receive Aire WT B cells 
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Figure 5.10: Gating strategy for Th17 cells. Single cells taken from the fungal lesion were 

gated as CD45+CD3+TCRβ+ prior to analysis of IL-22 and IL-17A expression. 
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Figure 5.11: Effect of B cell Aire on Th17 populations. Analysis of IL-22 and IL-17A 

expression by T cells. Mice that received Aire WT B cells have significantly increased IL-17 

and IL-22 producing T cells compared to mice that received Aire KO B cells 
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CHAPTER 6: CONCLUSIONS AND FUTURE DIRECTIONS 

6.1 Conclusions and significance 

 Here, we describe a novel mechanism for the regulation of antibody diversification in GC 

B Cells. We find that Aire, a protein associated with establishing and maintaining immune 

tolerance, is expressed in GC B cells in a CD40 dependent manner. Aire deficiency in B cells leads 

to increased affinity maturation and SHM as well as increased CSR through a mechanism in which 

a protein-protein interaction with AID, inhibits AID targeting to the substrate and subsequent 

deamination events initiating the diversification process. Additionally, Aire deficiency in B cells 

is associated with an increased serum titer of autoreactive, neutralizing antibodies against Th17 

cytokines such as IL-17A, IL-17F, and IL-22 which are critical for clearing fungal pathogens, 

highlighted by the reduction in Th17 cells and inability of mice with B cell Aire deficiency to clear 

C. albicans as effectively as WT controls. Importantly, this mechanism does not seem to be 

specific for self-antigens as immunization with the foreign antigen, NP, shows increased antibody 

affinity, thus this mechanism can be utilized to generate high affinity antibodies for both 

therapeutic and commercial purposes. 

6.2 Future directions 

 To further characterize the importance and mechanism by which Aire regulates the 

mechanisms of antibody diversification, it will be important for additional studies to focus on the 

production of high affinity antibodies to a more diverse array of antigens. Currently, it is unclear 

whether GC B cell Aire drives the expression of tissue restricted antigens and whether it has any 

effect on the T helper cell compartment. Though our data seem to suggest that there is no effect 

on the total number of T cells in the GC, it is possible that the repertoire is shifted. Additionally, 

it will be interesting to see whether Aire deficient models can be utilized for the production of 
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antibody vaccines for passive immunization, since the importance of efficient methods for this is 

in extremely high demand due to the current pandemic. Finally, future research on this mechanism 

may provide invaluable insight into the molecular characteristics of detrimental pathologies 

associated with dysregulation of the GC B cell compartment such as cancer and autoimmunity.  
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B cells are a unique subset of immune cells that, in response to antigen, diversify their 

antibody repertoire to generate progressively higher affinity antibodies of different isotypes 

through the processes of affinity maturation/somatic hypermutation (SHM) and class switch 

recombination (CSR). One of the major sites in which this diversification occurs is in T cell 

dependent microanatomical structures known as germinal centers (GC). Here, we find that GC B 

cells express the protein, autoimmune regulator (Aire) in a CD40 dependent manner. In these cells, 

Aire interacts with activation induced cytidine deaminase (AID), the protein responsible for 

initiating the processes of diversification through the deamination of the immunoglobulin locus 

and prevents AID function by inhibiting its targeting to the DNA substrate. Mice that receive Aire 

deficient B cells are unable to clear the fungal pathogen Candida albicans as effectively as mice 

with wild type B cell Aire and produce increased levels of autoreactive antibodies against Th17 

cytokines. These results describe a novel mechanism for the regulation of antibody diversification 

and potentially provide a new approach to generating high affinity antibodies for both therapeutic 

and commercial applications. 
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