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Investigation of Disease-Related T cell-B cell Collaboration Events 

 

Abstract 

Orchestrated collaboration between T cells and B cells is crucial for antibody-mediated 

protection against pathogens but can also underpin the generation of pathogenic B cells that 

drive chronic inflammatory diseases. The extent of T-B collaboration is tightly regulated to 

promote affinity maturation and prevent autoreactivity, however the mechanisms by which this 

regulation occurs remain unclear. T-B collaboration also generates a range of pathogenic B 

cells that vary in phenotype and function, and a more comprehensive understanding of specific 

B cell subsets is needed to develop targeted treatments for B cell-mediated diseases. 

By studying the humoral response in mice in which the phosphatase PTEN is selectively 

deleted in the regulatory T cell (Treg) compartment, we have demonstrated that Tregs are 

required for stringent T follicular helper (Tfh) cell-mediated selection of germinal center (GC) B 

cells. Immunization of these mice with a model T-dependent antigen revealed a defect in affinity 

maturation caused by aberrant antigen-driven selection, likely due to uncontrolled and abundant 

Tfh cell help. Promiscuous selection of GC B cells resulted in enhanced somatic hypermutation 

and a clonally diverse repertoire, suggesting that specifically inhibiting Tregs could broaden the 

responding B cell repertoire during vaccination when recognition of subdominant epitopes is 

critical for protection. 

T-B collaboration events outside of the GC, even though they do not result in high affinity 

antibodies, may nevertheless also contribute to disease. We have identified a potential murine 

counterpart of human disease-related IgD- CD27- “double negative” (DN) B cells. These IgD-

CD148lo murine B cells are expanded in chronic infection and autoimmunity but not after 

immunization of healthy mice with T-dependent antigens; they are class switched to IgG and 
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exhibit low levels of somatic hypermutation and aberrant selection, suggestive of an 

extrafollicular origin. These murine B cells closely resemble a previously defined subset of IgD-

CD27-CD11c+ DN B cells that are expanded in lupus and also presumed to be of extrafollicular 

origin. By using TCRE-/-TCRG-/- mice we show that IgD-CD148lo B cells are dependent on T cell 

help and highlight the utility of manipulating murine counterparts of human immune cells to 

answer fundamental questions about human disease. 
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“History repeats, but science reverberates” 

  - Siddhartha Mukherjee 

Emperor of All Maladies 
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Overview 

Antibody-producing B cells are a critical component of adaptive immunity, endowed with 

the capacity to generate hundreds of billions of different antigen receptors. B cell activation can 

be divided into two types of responses, one that results in short-lived B cells with low affinity for 

antigen and the other which confers long-lived humoral protection via the production high affinity 

antibodies. The latter response is achieved through a process called affinity maturation wherein 

B cells undergo iterative rounds of somatic mutation followed by affinity-based selection. A 

central feature of affinity maturation is the multi-stage collaboration of B cells with CD4+ T helper 

cells, and these responses are therefore dubbed T-dependent responses. 

T-dependent B cell responses are critical for protection against pathogens but also 

potentiate the generation of B cells that have the ability to drive disease. A better understanding 

of the signaling events and regulatory mechanisms that govern T-B collaboration will enhance 

our ability to develop therapeutic interventions that enhance protective immunity or curb 

disease-mediating B cell responses. In this chapter, we detail the foundational literature and 

motivations pertaining to the study of T-dependent B cell responses in health and disease.  
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Section I: Germinal Centers 

B cell activation  

After completing their maturation in the bone marrow, naïve B cells traffic through 

secondary lymphoid organs such as the spleen and peripheral lymph nodes where they are 

poised to respond to antigenic stimulation. B cell activation is either dependent on interactions 

with CD4+ T helper cells or can occur without such help depending on the antigenic stimulus. B 

cell antigens with multiple repeating epitopes, such as polysaccharides or lipopolysaccharides, 

are able to cross-link B cell receptors (BCRs) regardless of antigen specificity and induce 

proliferation in the absence of other signals1-2. Other antigens may bind the BCR and 

simultaneously trigger co-receptors such as toll-like receptors (TLRs) or complement receptor 

(CR2), lowering the threshold for activation and permitting proliferation without the help of T 

cells3. These T-independent (TI) responses induce mostly low affinity anti-IgM antibody 

responses with little capacity for immunologic memory2,4.  

 A much more complex class of B cell antigens requires collaboration with cognate CD4+ 

T cells, and are thus dubbed “T-dependent” antigens. BCR triggering leads to the internalization 

of the BCR:antigen complex for processing and presentation peptide to CD4+ T cells on MHC 

class II (MHC-II). In order to facilitate interaction with cognate T cells, antigen-engaged B cells 

upregulate the chemokine receptor CCR7 to migrate towards the CCL19/CCL21-rich T cell 

zone5. Around the same time, CD4+ helper T cells that have been activated by dendritic cells 

(DCs) migrate towards the B cell zone along a CXCL13 gradient via downregulation of CCR7 

and upregulation of CXCR56. Once at the T-B border, cognate T cells and B cells interact via 

peptide:MHC class II and exchange signals that induce changes in both cell types. Critical to 

this interaction is T-cell derived help in the form of CD40L, which induces local proliferation and 

antibody class switching in activated B cells7. These “extrafollicular” B cells are an important 

source of short-lived plasmablasts which produce early low affinity antibody and may also play a 

role in disease pathogenesis (see Section II). Interaction with cognate B cells at the T-B border 
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induces some CD4+ T cells to become specialized T follicular helper (Tfh) cells that move 

deeper into the B cell follicle and, along with selected extrafollicular B cells, drive the formation 

of the germinal center.  

 

 Affinity maturation: Somatic Hypermutation 

During a T-dependent humoral response, the average affinity of antigen-specific 

antibody increases over time due to a process called affinity maturation8-9. This phenomenon 

takes place within germinal centers (GCs) and requires both the diversification of B cell 

receptors (BCRs) through somatic hypermutation (SHM) as well as positive selection of high 

affinity B cell clones which take place in the histologically distinct dark zone (DZ) and light zone 

(LZ) compartments, respectively. The GC is a highly dynamic structure with B cells iteratively 

migrating between the DZ and LZ10. 

The GC DZ is the primary site of SHM during which BCR variable regions undergo 

somatic mutation rates estimated to be as high as 103 per base per generation, about 6-fold 

higher than normal11-12. The DZ is adjacent to the T cell zone and consists of densely packed 

rapidly dividing B cells, which gives it it’s histologically dark appearance13. SHM is initiated in DZ 

B cells by activation induced deaminase (AID), an enzyme whose expression is induced in B 

cells prior to GC formation by CD40-CD40L interactions with CD4+ T cells at the T-B border14-16. 

AID works on single stranded DNA, making the high rate of cell division among B cells in the DZ 

particularly conducive to this process, and introduces mutations by deaminating cytidine to 

uracil, a nucleotide not normally found in DNA. The resolution of this unnatural base in DNA can 

be achieved in a few different ways, such as uracil simply being replicated over and replaced 

with thymidine, resulting in a C:G transition mutation17. Additionally, uracil can be recognized 

and removed by the uracil-DNA glycosylase UNG or by the mismatch recognition complex 

MSH2/MSH6, leaving an abasic site which is subsequently repaired by specialized error prone 

DNA polymerases, leading to both transition and transversion mutations17.  
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Analysis of mutation patterns among BCR variable regions is frequently used to 

determine the degree of antigen-driven selection, which is important for understanding the 

immune response to pathogens as well as SHM contributions to cancer and autoimmunity. 

Although SHM is a stochastic process, AID has been shown to preferentially target certain DNA 

sequence motifs, known as SHM “hotspots”, while avoiding others, termed SHM “coldspots”18-20. 

The estimation of selection strength is achieved by comparing the rate of observed replacement 

mutations (R; results in an amino acid substitution) to that which is expected under the null 

hypothesis of no selection, the latter of which is confounded by SHM hotspots and coldspots 

which must be taken into account when assessing antigen-driven selection21-22. By sequencing 

unexpressed kappa light chains of NP-specific B1-8 B cells after immunization with NP, the 

Kleinstein group has developed a mouse model of SHM targeting based on sequences that 

were uninfluenced by selection23. Additionally, this group has created a model of SHM targeting 

in humans based on analysis of synonymous mutations (S; does not result in amino acid 

substitution) from functional sequences24. These targeting models showed SHM biases that 

were consistent with classical hotspots like WRCY/RGYW and WA/TW, as well as cold spots 

like SYC/GRS (mutated base underlined), and can be used to calculate the expected rate of R 

mutations in the absence of selection while accounting for SHM biases23-24.   

B cells in the DZ are marked by high expression of the chemokine receptor CXCR4 

whose ligand, CXCL12, is produced by a network of reticular cells found within primary B cell 

follicles and within the DZ stroma25-26. CXCR4-deficient B cells that can’t access dark zone 

acquire fewer mutations and are outcompeted by WT B cells over time, demonstrating that SHM 

and access to dark zone is critical for continued participation in the GC25. While some of the 

mutations induced by SHM will confer higher BCR affinity for cognate antigen, many will result 

in a decrease or loss of antigen binding and these B cells will be eliminated via apoptosis. 

Additionally, the mutations introduced during SHM can generate autoreactive BCRs which will 

be suppressed by peripheral tolerance mechanisms discussed later. After a variable number of 
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cell divisions (1-6)27, GC B cells in the dark zone downregulate CXCR4 via unknown 

mechanisms that are independent of local cues10,26, facilitating CXCR5-mediated trafficking to 

the LZ along a CXCL13 gradient where B cells will test the affinity of their newly generated 

BCR. 

 

Affinity maturation: Affinity-based selection 

The LZ is contiguous to the splenic marginal zone or to the lymph node capsule, is more 

sparsely populated by B cells than the DZ and consists of several additional cell types including 

follicular dendritic cells (FDCs) and a T follicular helper cells (Tfh)13. In addition to their role in 

maintaining follicular structure via secretion of CXCL13, FDCs play an important role in affinity 

maturation by serving as an antigenic reservoir for GC B cells28-32. Using complement receptor 1 

(Cr1) and complement receptor 2 (Cr2), FDCs are able to display opsonized antigen in its native 

form for up to 12 months, potentially longer29-30. In the first step of GC selection, B cells in the LZ 

capture and internalize antigen displayed by FDCs, providing a first pass checkpoint on whether 

newly generated BCRs are capable of binding antigen. FDCs also promote survival of GC B 

cells through their production of IL-6 and BAFF33-34. Due to high expression of the death 

receptor Fas35, the default program of GC B cells is to undergo apoptosis36, and competition for 

limiting factors within the GC results in the Darwinian selection of high affinity B cell clones at 

the expense of others. It was initially believed that selection of high affinity B cells depended on 

the availability of antigen on FDCs, as less antigen resulted in enhanced affinity maturation8,37-

38, however as we will see below it has recently become clear that stringent selection of GC B 

cells is driven largely by the availability of help from Tfh cells. 

Antigen captured from FDCs by GC B cells in the LZ is internalized and processed into 

peptides for presentation to cognate Tfh cells on MHC class II. Tfh cells are a specialized 

subset of CD4+ T cells that are defined by expression of Bcl-6, ICOS, and the chemokine 

receptor CXCR5, the latter of which allows these cells to traffic into the CXCL13-rich B cell 
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follicle38-42. Tfh cell differentiation is a multi-stage process initiated via priming by dendritic cells 

(DCs) in the T cell zone, where T cells with higher affinity TCRs are preferentially induced to 

upregulate Bcl6 and CXCR5, potentially due to prolonged dwell times with DCs43-45. Without B 

cells, Tfh differentiation is lost and studies show that interaction with cognate B cells via 

peptide:MHC and ICOS:ICOSL at the T-B border is required to complete Tfh differentiation in 

vivo43. Multiple lines of evidence suggest that help from Tfh cells is the limiting factor in GC 

selection46, therefore Tfh differentiation is likely highly regulated (discussed later) to ensure low 

frequencies of Tfh cells and promote a competitive environment for the selection of high affinity 

B cells at the expense of low affinity clones.  

 As mentioned above, affinity maturation was initially presumed to rely on the availability 

of antigen, with limiting amounts of antigen creating competition that results in high affinity B 

cells8,37-38. Although high affinity B cells are able to capture and present more antigen47, this 

model does not account for the observation that low affinity B cells are intrinsically capable of 

responding to antigen and are only eliminated when their affinity is low relative to surrounding 

GC B cells46. It has been suggested that high affinity B cells prevent low affinity B cells from 

accessing antigen by “parking” on FDCs, however live imaging studies show that GC B cells do 

not have prolonged interactions with FDCs48-50. Moreover, Schwickert at al. demonstrated that 

low affinity transgenic B1-8 B cells specific for the hapten 4-hydroxy-3-nitrophenylacetyl (NP) 

capture and present the same amount of antigen regardless of the presence of competing high 

affinity B1-8 B cells47.  

 An alternate model of GC selection is that help from Tfh cells serves as the limiting 

factor in GC selection. Strong evidence for this model was provided by Victora and colleagues 

who used the high expression of DEC205 on GC B cells to deliver T cell antigen directly to GC 

B cells without crosslinking BCR, thereby bypassing BCR affinity10. Tfh cells can discriminate 

between high and low affinity B cells based on the density of peptide:MHC (pMHC) on the 

surface of GC B cells, with high affinity BCRs exhibiting more surface pMHC. Administration of 
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chimeric αDEC205-OVA antibodies during an ongoing GC response that contained both 

DEC205+/+ and DEC205-/- focused Tfh help on  DEC205+/+ B cells, which were presenting much 

more OVA on MHC-II, and administration of αDEC205-OVA to WT mice after immunization with 

NP-OVA resulted in the abrogation of affinity maturation as Tfh cell help was distributed equally 

across all GC B cells10. Notably, live imaging studies from another group demonstrated that 

while B cells maintain contact with multiple T cells at once, T cells are “strictly monogamous” in 

their interactions with B cells51. While these results don’t rule out a role for antigen and BCR 

signaling in GC selection, they strongly suggests that limited Tfh cell help is critical for GC 

selection and affinity maturation.  

 B cells with extremely low affinity to antigen are capable of being recruited into the GC 

reaction, as demonstrated by the low affinity of germ-line reverted broadly neutralizing 

antibodies found in HIV52-53. This suggests that a low threshold exists for GC entry, theoretically 

promoting the recruitment of a broad range of activated B cell clones. However, competition for 

Tfh cell help at the T-B border has been shown to result in the preferential selection of high 

affinity B cells into GC, suggesting that some limit exists to restrict GC entry47. One group has 

even suggested that selection of B cells based on pMHC at the T-B border, not in the GC, is the 

major driver of affinity mutation54. T cell-B cell interactions last longer at the T-B border than 

within the GC48,51, suggesting that T cells have more time to impart selection signals in this 

location , however increased dwell time could also be due to the requirements for Tfh cell fate 

commitment at the T-B border. Because pre-selection into the GC is economical and, as 

Shwickert et al. suggest, advantageous in limiting the number of GC B cells at risk of 

undergoing AID-mediated chromosomal translocations that drive oncogenesis48, it is likely that 

competition for T cell help at the T-B border works in concert with competition for Tfh cell help 

within the GC to promote affinity maturation.  

High affinity GC B cells that are positively selected by Tfh cells primarily receive help in 

the form CD40L, IL-4, and IL-2142. Once selected, B cells of improved affinity cycle back to the 
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DZ to continue iterative rounds of SHM and selection10,48,50,55-56. In support of this, Victora et al. 

demonstrated that while net movement of GC B cells is from DZ into the LZ, about 30% of GC B 

cells were observed to traffic from the LZ to re-enter the DZ 10. The signals that drive this cyclic 

re-entry are likely derived from the BCR as well as Tfh cell help. For example, consistent with 

the role of cyclic re-entry in promoting enhanced affinity it has been suggested that GC B cells 

destined to re-enter the DZ have lower affinity than those selected to exit the GC and 

differentiate into plasma cells57. Additionally, although c-Myc was originally thought to be 

dispensable for GC formation due to its paradoxically low expression in GC B cells58-59, two 

groups demonstrated that c-Myc is upregulated in a subset of LZ B cells with an activated 

phenotype that are re-entering cell cycle, suggesting that c-Myc marks B cells positively 

selected to re-enter the DZ60-61. Notably, both groups demonstrated that loss of c-Myc in GC B 

cells resulted in the ablation of the GC response, suggesting that c-Myc+ GC B cells are 

selected to re-enter DZ and maintain the GC reaction rather than being selected to exit the GC 

and differentiate into plasma cells or memory B cells. Giltin and colleagues have demonstrated 

that the magnitude of Tfh cell help dictates how many cell divisions GC B cells undergo upon re-

entry into the DZ, with stronger T cell help promoting increased cell division and allowing 

increased time for expansion and SHM between rounds of selection62-63. The evolution of this 

complex interzonal migration suggests that physical separation of SHM and selection are 

required for efficient maturation, and a more complete understanding of the signaling events 

that promote migration between DZ and LZ warrant further studies. 

The GC reaction ultimately results in the production of high affinity plasma cells (PCs) 

and memory B cells (MBCs), though the signals that drive these fate decisions remain unclear 

(Figure 1.1). While long lived PCs are believed to derive primarily from the GC, MBC 

differentiation can occur independently of GC formation4,64. Similar to the signals that drive 

cyclic re-entry into the DZ, those that promote the differentiation of MBCs and LLPCs from GC B 

cells likely involve BCR-dependent signals and help from Tfh cells however it remains contested 
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how one cell fate is induced over the other. Multiple lines of evidence suggest that higher affinity 

B cells are poised for LLPC differnetiation57,65-66 , however this may be secondary to increased 

proliferation antigen-reactive cells67. Furthermore, enhanced Tfh cell help alone is likely not 

sufficient to induce PC differentiation as studies using targeted antigen delivery via αDEC205-

OVA resulted in enhanced PC differentiation as well as cyclic re-entry into the DZ10,47. 

Interestingly, Weisel et al. provide evidence that MBCs arise from early GC B cells while PCs 

develop very late in the GC response, suggesting that it is the maturation state of the GC that 

drives fate decisions between MBC and LLPC fate68. This is consistent with a role for BCR 

affinity in promoting PC differentiation because antibody affinity increases over the course of the 

GC response; understanding the signals that guide these fate decisions remain an intense area 

of investigation. 

It is important to note that the majority of studies concerning affinity maturation have 

been conducted with genetically restricted hapten-specific B cell responses which, while useful, 

do not encapsulate the extent of competition within GCs. By nature, the study of B cell 

responses against haptens only deals with intraconal competition among  GC B cells for one or 

two epitopes. A more physiologic response to complex antigens, like those encountered in the 

context of vaccination or infection, is comprised of both intraconal and interclonal competition as 

polyclonal GB cells compete for multiple antigenic epitopes. Indeed, clonal diversity is higher 

than expected among GCs induced by complex antigens69-70, and Kuraoka et al. demonstrate 

that a range of BCR specificities and affinities are permitted during the GC response to anthrax 

and influenza HA, with affinity maturation progressing in parallel to an increase in clonal 

diversity70. As our understanding of the events that guide affinity maturation continue to evolve, 

we gain insight into mechanisms that govern humoral protection and disease. 
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Figure 1.1. Affinity-based selection is limited by Tfh cell help. Schematic summarizing the 
relevant GC events in affinity maturation. Within the dark zone, GC B cells proliferate and undergo 
SHM to generate BCRs of varying affinity for antigen. After 1-6 cell divisions dark zone B cells
traffic into the light zone for selection. Low affinity B cells will be unable to capture antigen from
FDC and undergo apoptosis (1). Medium affinity B cells may be able to capture antigen from 
FDCs but are unable to recieve Tfh cell help due to competition with higher affinity B cells (2). High 
affinity B cells are able to capture and present more antigen to Tfh cells thereby being positively 
selected to upregulate c-Myc and re-enter the dark zone for continued cycles of mutation and 
selection (3) or differentiate into high affinity memory B cells (MBCs) or long lived plasma cells 
(LLPCs) via unknown mechanisms (4).  

c-Myc+

CD40:CD40L
IL-4. IL-21
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Immunodominance 

Although SHM is often regarded as a means for B cells to achieve high affinity in the 

GC, it is also the primary mechanism for diversification of the secondary antibody repertoire. 

This diversity is often lost, however, as competition between B cell clones (inter-clonal) as well 

as competition among SHM variants of the same clone (intra-clonal) leads to varying degrees of 

homogenizing selection in the GC69. For complex antigens, selection can result in an 

immunodominance hierarchy wherein the antibody response to certain epitopes dominates over 

the antibody response to other antigenic sites on the same immunogen71-73. For example, the 

antibody response to influenza A is often focused on the highly mutable globular head domain 

of hemagglutinin (HA) rather than the conserved stalk region, which would offer better 

heterosubtypic protection across viral strains73,74-75. Similarly, subdominance of conserved 

epitopes on HIV-1 is a significant obstacle in eliciting broadly neutralizing antibodies (bnAbs) 

against HIV as early antibody responses are often focused on non-neutralizing epitopes of HIV 

Env73,76-77. Precursor frequency, affinity for antigen, and BCR accessibility to antigenic sites are 

all thought to contribute to the emergence of dominant and subdominant humoral immune 

responses as B cells that are better able to bind antigen are more likely to receive Tfh cell 

help78. Vaccination strategies aimed at eliciting bnAbs against these conserved epitopes must 

overcome this immunodominance hierarchy, and reducing competition within the GC by 

targeting Tfh cell numbers is an attractive approach. 

 

Regulation of GC B cells  

The random and error prone nature of generating BCR diversity requires multiple 

tolerance mechanisms to prevent the development of autoreactive B cells. Within the bone 

marrow, a shocking 50-80% of B cells generated by VDJ recombination in both mouse and 

humans express BCRs that are autoreactive and must be eliminated via receptor editing or 

apoptosis79-80. Once in the periphery, recruitment of activated B cells into the GC can facilitate 
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the transformation of a self-tolerant BCR into an autoreactive one via SHM, and peripheral 

tolerance mechanisms work to eliminate or anergize these autoreactive B cells. 

Regulatory T cells (Tregs) are a population of CD4+ that express the transcription factor 

FoxP3 and are critical for immune homeostasis and the prevention of autoimmunity. Humans 

with immunodysregulation polyendocrinopathy enteropathy (IPEX) syndrome and scurfy mice 

lack functional Tregs due to a mutation in the gene encoding FoxP3 and develop severe 

multiorgan autoimmunity81-83. In scurfy mice, GC B cells and Tfh cells are greatly expanded, and 

both scurfy mice and IPEX patients exhibit high levels of autoantibodies suggesting that Tregs 

restrain GC activity and autoreactive B cells. This is further supported by the antibody-mediated 

disease manifestations observed in mice harboring Tregs that lack key functional molecules 

such as CTLA-4, which develop a scurfy-like phenotype and succumb to disease within 

months84.  

Tregs require interleukin-2 (IL-2) for their development and maintenance in vivo and 

constitutively express high levels of the high affinity IL-2Rα subunit CD2585-86. One of the 

pathways used to transduce signals from the IL-2R is the phosphatidylinositol 3- kinase (PI3K) 

pathway87-89, which is utilized by a number of other receptors to promote the growth, survival, 

and proliferation of a variety of cell types. Upon receptor stimulation, PI3K converts PIP2 to PIP3, 

which results in the recruitment and activation of Akt and other downstream signaling targets 

like mTOR. The primary negative regulator of this pathway is a lipid phosphatase known as 

phosphatase and tensin homologue on chromosome 10 (PTEN), which dephosphorylates PIP3 

back to PIP2, antagonizing the recruitment and activation of Akt90. PTEN was first characterized 

as a tumor suppressor gene91, but a number of groups have demonstrated that PTEN also plays 

an important role in T cell development in the thymus and in the maintenance and function of 

Tregs. For example, PI3K activity is known to inhibit the differentiation of Tregs both in vitro and 

in vivo92-93, and the PI3K signaling pathway was shown to be responsible for the 

hypoproliferative response of Tregs to IL-2 despite their constitutive expression of CD2594-95. 
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Moreover, two groups have shown that control of PI3K by PTEN is required for Treg 

suppressive function and lineage stability as mice lacking PTEN specifically in the Treg 

compartment (Ptenfl/flFoxp3-YFP-Cre) develop a lupus-like disease around 15 weeks of age 

despite a 1.2-2 fold increase in Tregs96-97. Notably, Ptenfl/flFoxp3-YFP-Cre mice spontaneously 

develop expanded populations of GC B and Tfh cells at a young age, further demonstrating the 

importance of Tregs in regulating humoral immunity.  

In addition to dividing Tregs based on thymic or peripheral induction, Tregs can also be 

divided into “central” and “effector” Tregs based on their phenotype and function98-99. Central 

Tregs are quiescent, maintain high levels of CCR7 and CD62L and circulate among T cell zones 

of secondary lymphoid organs. TCR stimulation, potentially in combination with costimulatory or 

cytokine signaling, results in the differentiation of central Tregs into effector Tregs which have 

high expression of CD44 and transcription factors such as IRF-4 and Blimp-1. Just as activated 

CD4+ T helper cells can become polarized according to cytokine milieu and other antigenic 

signals, activated effector Tregs can also become polarized to regulate specific responses98-99. 

For example, conventional CD4+ T cells that upregulate Bcl6 expression are likely to 

differentiate into Tfh cells, and a subset of Tregs called T follicular regulatory (Tfr) cells has 

been identified that expresses high levels of Bcl6 and homes to the B cell follicle presumably to 

regulate GC activity100-102.  

Tregs that home to B cell follicles were first described by Lim et al. who performed a 

number of in vitro experiments to demonstrate that a population of CD69- Tregs in human 

tonsils were able to suppress B cell class switching and migrate along CXCL13 gradient after T 

cell activation103.  In 2011, three groups independently described a population of 

FoxP3+CXCR5+ Tfr cells that co-opt the Tfh cell program and regulate GC activity in immunized 

mice100-102. These studies demonstrated that Tfr cells differentiate from thymic Tregs and share 

gene expression patterns of both Tregs and Tfh cells, though more closely resembling that of 

Tregs.  In addition to Foxp3, Ctla4, and Prdm1, Tfr cells also expressed the Tfh-specifying 
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transcription factor Bcl6 along with Cxcr5, Icos, Pdcd1 and Cxcl13. Notably, Tfr cells did not 

express CD40L nor the Tfh helper cytokines Il4 and Il21. Similar to Tfh cells, the development of 

Tfr cells dependent on CD28 and SAP signaling and required antigen presentation by DCs100-

101. It has recently has been shown that mTORC1 is required for Tfr differentiation and promotes 

Tfr control of GC B cells during acute LCMV infection104. Lastly, multiple studies have 

demonstrated that Tfr cells in secondary lymphoid organs of mouse and humans are CD25-/lo 

and that IL-2 inhibits Tfr cell differentiation, likely due to its role in suppressing Bcl6 

expression106-107. While high expression of CD25 is a defining feature of central Tregs, effector 

Tregs have lower levels of CD25 and instead rely on ICOS signaling rather than IL-2 for their 

survival and maintenance99. 

 Despite a recent burst of research on Tfr cell biology and function, the in vivo role of Tfr 

cells remains unclear due to varied models of Tfr depletion and conflicting experimental results. 

Initial studies of Tfr function used adoptive cell transfer of naïve T cells along with Bcl6-/- or 

CXCR5-/- Tregs into Tcrb-/- mice to demonstrate that loss of Tfr cells resulted in the expansion 

of GC B cells after immunization while Tfh cells were relatively unaffected101-102. At the same 

time, Linterman et al. showed that loss of Tfr cells resulted in an expansion of Tfh cells while 

leaving GC B cells relatively unchanged100. Moreover, while Chung et al., suggested that loss of 

Bcl6+ Tfr cells lead to increased antigen specific antibody which was of higher affinity101, 

Linterman and colleagues found that loss of Tfr cells via FoxP3-DTR system, which in reality 

affected all Treg compartments, led to impaired affinity maturation100. More recently, studies 

have turned to the use of Bcl6fl/flFoxp3-Cre mice to specifically deplete Bcl6-expressing Tregs 

while leaving broader Treg functionality intact105-108-109. Interestingly, studies using these mice 

demonstrated that loss of Tfr cells did not affect the frequency of Tfh or GC B cells after 

immunization or infection and had no effect on the quality of antigen-specific antibody produced 

in these models. Moreover, Clement et al. developed a tamoxifen-inducible system to deplete 

CXCR5-expressing Tregs at various time points and demonstrated that Tfr cells constrain early 
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GC B cell responses while having little effect on Tfh cells, and promoted high affinity memory B 

cell responses. Despite the inconsistent conclusions of these studies, increased autoantibody 

production in immunized Tfr-deficient mice was frequently reported, suggesting that Tfr cells 

play an important role in regulating autoantibody production105,108-110.  

The TCRs of Tregs are skewed towards self-antigen, suggesting that these cells 

primarily respond to self-reactive cells110. Interestingly, Moon et al., used MHC-II tetramers to 

show that while Tregs are enriched for self-reactive TCRs, a subset of Tregs bear TCRs that are 

responsive to foreign-antigen111. Owing to their differentiation from thymic Tregs, Tfr cells were 

also shown to have TCR repertoires skewed towards self-antigen112. Surprisingly, while the 

initiation of Tfr differentiation likely depends on recognition of self-antigen, the recruitment of Tfr 

cells into the GC as well as in vitro suppressive function were shown to be independent of 

immunizing antigen112-113. Further studies are required to gain a more complete understanding 

of the signals that drive Tfr differentiation and suppressive function.  

   

Mechanisms of Treg-mediated humoral regulation 

Although Tregs are capable of regulating immune responses through a number of 

functional mechanisms (Figure 1.2), how they control humoral immunity is less understood. For 

example, CTLA-4 is a critical mediator of Treg function and mice harboring CTLA-4-deficient 

Tregs exhibit spontaneous expansion of Tfh and GC B cells84. CTLA-4 primarily works by 

depriving T cells of the costimulatory ligands CD80 (B7.1) and CD86 (B7.2) because it binds 

these ligands with higher affinity than the co-stimulatory receptor CD28, competitively inhibiting 

proper T cell activation114-115. Additionally, it has been shown that Tregs can physically remove 

CD80 and CD86 from APCs via CTLA-4-mediated transendoyctosis and degradation116. In order 

to study the functional role of CTLA-4 on Tregs and Tfr cells, Sage and colleagues developed a 

tamoxifen-inducible deletion strategy to delete CTLA-4 in Tregs and bypass the severe 

inflammatory disease that develops when CTLA-4 is conditionally deleted in the Treg 
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compartment117. Consistent with previous studies, they showed that CTLA-4 is necessary for 

Treg-mediated control of both Tfh and GC B cell expansion after immunization. They also 

demonstrated that CTLA-4 was important for Tfr-mediated control of Tfh cells and the promotion 

of antigen-specific antibodies. Interestingly, inducible deletion of CTLA-4 on Tregs led to 

increased expression of CD86 on total B cells, while expression of CD80/CD86 on GC B cells 

was unchanged, suggesting that Tregs work to deplete CD86 outside of the GC thereby 

controlling the availability of costimulation for Tfh cell differentiation117. Consistent with this is the 

observation that addition of CD86-expressing B cells to CD86-deficient mice restored Tfh cell 

generation after infection118. Loss of CTLA-4 on Tfr cells did not alter B7 expression on total or 

GC B cells, suggesting that Tfr cells use CTLA-4 to mediate humoral responses through B7-

independent mechanisms117. 

Tregs and Tfr cells express high levels of PD-1, which has been shown to inhibit the 

differentiation and function of Tfr cells119. Tregs also express the PD-1 ligands PD-L1 and PD-

L2, and were shown to directly inhibit autoreactive PD-1+ B cells in vivo via PD1:PDL1/L2 

interactions120. In some circumstances, Tregs may regulate humoral immunity by directly killing 

B cells as Tregs from patients with systemic lupus erythematosus (SLE) or from lupus-prone 

NZB/NZW mice were shown to induce apoptosis in B cells via granzyme B and perforin in 

vitro121-122. Additionally, in vitro studies by Sage and colleagues demonstrated that suppression 

by Tfr cells does not alter the transcriptional signatures of Tfh or GC B cells but results in loss of 

key effector molecules and suppression of B cell metabolism123. Based on time lapse 

microscopy of cultures and the observation that Tfr suppressive effects required cell-cell 

contact, this group proposed that Tfr cells mediate suppression by physically interfering with 

synapse formation between Tfh-GC B cells123. Finally, secretion of inhibitory IL-10 has also 

been suggested as a potential mechanism of Treg suppression124-125. Conditional deletion of IL-

10 in Treg cells does not result in systemic autoimmunity but promotes the development of 

colitis, suggesting that this cytokine may be particularly important for maintaining immune 
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homeostasis at mucosal barriers126.  Surprisingly, IL-10 from Treg and Tfr cells was shown to 

promote GC formation and plasmablast differentiation during acute LCMV infection, 

demonstrating that in addition to their regulatory role in humoral immunity, Tregs may also 

promote GC responses124. 

In vitro studies have shown that CXCR5- Tregs from mice and humans are able to 

suppress IgG1 production by B cells to the same extent as CXCR5+ Tfr cells107,127, however 

Sage and colleagues have demonstrated that Tfr cells from mice are more effective at 

suppressing B cell activation and Tfh proliferation in vitro compared to non-Tfr Tregs113. No 

suppressive mechanism has yet been described that is specific for Tfr cells, and Wing and 

colleagues have recently suggested that in vivo differences between Tfr cells and Tregs are 

spatiotemporal rather than functional128. Based on recent findings that Tfr cells differentiate from 

CD25+ Tregs and subsequently lose CD25 expression105 and that CD25- Tfr cells are found 

within the GC while CD25+ Tfr cells are clustered in the T-B border107,127, they suggest that 

CXCR5- Tregs might function in the T zone, while recently differentiated CD25+ Tfr cells 

function at the T-B border and the most mature CD25- Tfr cells exert their regulatory functions 

within the GC128.  
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Figure 1.2. Mechanisms of Treg-mediated humoral regulation. (Left) Tregs likely function to
regulate Tfh differentiation at the T-B border by depleting B7 ligands for CD28, signaling through 
which is necessary for Tfh development. Evidence suggests that Tregs may also inhibit PD-1-
expressing B cells through PDL1/PDL2 or directly kill antigen presenting B cells via perforin and 
granzyme B. (Right) Tfr cells likely function to fine tune the GC response at the level of decreasing 
GC B cell proliferation, activation, antibody secretion and/or metabolism. The mechanisms by 
which they do so remain unclear, but may involve physical blockade of T-B collaboration within 
the light zone of the GC. IL-10 has been shown to help GC B cells suggesting that Tfr cells have 
both inhibitory and stimulatory roles in GC regulation. 
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Section II: Disease-associated B cells 

Extrafollicular B cells 

 In addition to the GC response outlined above, activated B cells can also progress 

through an extrafollicular response, independent of the GC. While the extrafollicular pathway is 

necessarily taken by B cells activated via T-independent antigens, this chapter will continue to 

focus on T-dependent B cell responses. However it is important to note that some classically T-

independent B cells, such as marginal zone (MZ) B cells of the spleen, are capable of 

participating in a T-dependent response129-131. 

As mentioned in Section I, T cell-B cell interactions at the T-B border induce migration of 

B cells back into the extrafollicular region where they undergo a burst of proliferation and form a 

structure called the extrafollicular focus (EFF). Within the EFF, B cells proliferate in proportion to 

BCR affinity, with higher affinity BCRs exhibiting increased proliferation and decreased 

apoptosis67. The process of class switch recombination (CSR) also begins in the extrafollicular 

region132 where CD40-induced expression of AID in B cells promotes the switching of Ig 

constant regions to ensure that antibodies with appropriate effector functions are generated for 

the immune response133-135 . CSR, like SHM, was thought to primarily occur within the GC but a 

recent study by Roco et al. demonstrates that CSR begins in the extrafollicular region and is 

actually near completion by the time a GC is formed132. A proportion of these extrafollicular B 

cells will be selected to enter the GC47,54,65 but the majority of extrafollicular B cells will 

differentiate into short lived plasma blasts which contribute to early antibody production and die 

within days67. Additionally, some extrafollicular plasmablasts can further differentiate into 

plasma cells which will home to the spleen and bone marrow136-138. The extrafollicular plasma 

cell response is critical for early protection against pathogens as it rapidly provides a first wave 

of (albeit low affinity) antibodies138-139.  

EFFs are transient under normal circumstances but become chronic in the context of 

autoimmune disease, and mounting evidence suggests that extrafollicular B cells play a role in 
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driving autoimmunity in both mice and humans. Because autoantibodies are class switched and 

exhibit SHM, autoimmunity is traditionally thought to arise via the GC. Importantly, studies of 

autoimmune prone mice demonstrate that some autoreactive antibodies are generated in the 

extrafollicular region rather than the GC140. Moreover, work from the Shlomchik group shows 

that despite previous beliefs, SHM and even affinity-based selection can occur in the 

extrafollicular region, supporting a role for extrafollicular B cells in generating somatically 

mutated autoreactive antibodies141. Additionally, as will be discussed in more detail below, 

autoantibody secreting plasma cells in systemic lupus erythematosus (SLE) have been shown 

to derive from autoreactive “activated naïve” B cells which progress through an extrafollicular 

plasma cell stage142. Lastly, B cell depletion with Rituximab results in decreased autoreactive 

antibodies while maintaining levels of foreign-reactive antibodies in patients143-144, and mouse 

studies suggest that this is due in part to targeted deletion of short lived autoreactive 

plasmablasts145. 

It stands to reason that the survival and differentiation of plasmablasts and plasma cells 

in the extrafollicular region requires supporting signals from local cells. A subset of CD11chi DCs 

populate the extrafollicular region and can provide  survival signals to B cells in the form of 

BAFF, APRIL and IL-6146-148. Moreover, subsets of DCs are capable of presenting intact antigen 

to B cells, potentially via intracellular stores of undegraded antigen that can be trafficked to DC 

cell surface149-150. Interestingly, a growing body of evidence suggests that a unique subset of 

extrafollicular T helper (Tefh) cells play an important role in sustaining extrafollicular B cell 

responses, particularly autoreactive ones. Odegard et al. first described a population of CXCR4+ 

PGSL4lo CD4+ T cells that localize to the extrafollicular region and provide help to B cells via 

CD40L and IL-21. Although they express moderate levels of CXCR5, these T cells did not 

migrate along a CXCL13 gradient in vitro, and PGSL4 expression likely promotes their 

positioning near the CCL19/CCL21-rich T cell zone. Tefh cells have been identified in other 

mouse and human studies, distinguishable from Tfh cells in their low expression of PD1 and 
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CXCR5, and were found to depend on Bcl6 and ICOS for their development and extrafollicular 

helper function151-153.  

Autoreactive B cells are frequently controlled in the periphery by the induction of anergy 

or via exclusion from the follicle and studies suggest that help from T cells may undermine these 

regulatory mechanisms. For example, Seo and colleagues used a transgenic mouse model to 

show that supplying T cell help broke the anergic phenotype of anti-DNA B cells and induced 

these B cells to proliferate and form antibody secreting cells (ASCs) in vivo154. Moreover, Cyster 

el al. demonstrated that provision of T cell help to activated autoreactive B cells siloed in the 

extrafollicular region promoted their proliferation and differentiation into antibody-secreting cells 

(ASCs) rather than entry into the GC155. A potential mechanism for regulating the availability of 

Tefh cell help was revealed by a study demonstrating that CD11chi DCs in the extrafollicular 

region promote the activation of FasL-expressing T helper cells which in turn induce apoptosis 

of Fas-expressing Tefh cells, thereby reducing available Tefh cell help156. Additional regulatory 

mechanisms may be intrinsic to extrafollicular B cells themselves as extrafollicular IgM+ natural 

antibodies were shown to inhibit pathogenic IgG+ ANAs and immune complexes in SLE and 

MRL-lpr mice157-158. Together, these studies demonstrate a previously unappreciated role for 

extrafollicular B cells in driving autoimmunity and provide insight into the regulatory mechanisms 

that normally contain them. 

  

Atypical B cells in autoimmune disease  

In addition to the general bifurcation of B cells arising via the GC vs extrafollicular 

pathways, substantial heterogeneity exists among B cells that drive autoimmune disease.  A 

unique subset of CD27-CD21-/lo atypical B cells have been found in patients with various 

autoimmune diseases, including SLE, rheumatoid arthritis (RA), common variable 

immunodeficiency (CVID), Sjögren’s syndrome (pSS), and multiple sclerosis (MS)142,159-163. 

These CD27-CD21-/lo B cells have been ascribed multiple names, including “atypical memory”, 
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“double negative”, “age-related”, “tissue-like memory” and “exhausted” B cells but share 

features that imply commonalities in origin and function including high levels of CD11c and 

inhibitory receptors FcRL4 (or FcRL5) as well as hypo-responsiveness to BCR triggering and 

hyper-responsiveness to TLR signaling. Interestingly, a subset of CD27- FcRL4+ B cells (likely a 

mix of FcRL4+ and FcRL5+) were first identified in healthy human tonsils that also had low levels 

of CD21(complement receptor 2) and high expression of the dendritic cell marker CD11c164. 

Despite lacking CD27, the established marker for memory B cells in humans, Egherdt and 

colleagues proposed that these B cells belonged to the memory compartment based on the 

observation that 90% of these cells were isotype class switched to IgG or IgA, exhibited high 

levels of SHM and expressed markers of activation such as CD44, CD69 and CD80. Although 

these B cells were able to secrete high levels of antibody in response to stimulation with T cell 

cytokines, they remained hyporesponsive to BCR crosslinking, consistent with high expression 

of inhibitory FcRL4.  

Atypical B cells in CVID, RA and pSS share a number similarities, including high 

expression of the Th1-specifying transcription factor T-bet and one of its targets, CD11c160-162. 

They also have high expression of inhibitory receptors FcRL4 and FcRL5 and do not proliferate 

or exhibit calcium flux in response to BCR triggering and CD40 signaling. They are, however, 

responsive to TLR stimulation as evidenced by upregulation of CD25, CD69 and ICOS-L after 

stimulation with TLR9 ligand CpG. Interestingly, CD27-CD21-/lo atypical B cells in RA and CVID 

were shown to have increased expression of CXCR3 and CXCR6, which allow B cells to home 

to sites of inflammation, while exhibiting decreased expression of chemokine receptors 

associated with homing to secondary lymphoid organs such as CXCR4 and CCR7160-161. 

Consistent with this, Rakhmanov et al. showed that the majority of B cells in bronchoalveolar 

lavage (BAL) fluids from CVID patients and synovial fluid from RA patients were CD27-CD21-/lo 

atypical B cells and that these B cells resembled those found in circulation. Notably, while 

CD27-CD21-/lo B cells constitute a small fraction of circulating B cells in healthy controls they are 
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isotype class switched to IgG while those from RA, CVID and pSS patients are largely IgM+ 

and/or IgD+. Interestingly, CD27-CD21-/lo B cells in both healthy controls and patients displayed 

autoreactivity to nuclear and cytoplasmic antigens160,162, suggesting that these B cells may 

contribute directly to autoimmune disease and represent a population of B cells whose 

expansion is normally controlled in healthy individuals. One major difference between CD27-

CD21-/lo atypical B cells in these autoimmune patients was that while those from pSS were 

highly somatically mutated suggesting they were GC-derived memory B cells, those from RA 

and CVID lacked any evidence of SHM and likely belonged to the naïve B cell compartment. 

Interestingly, these atypical B cells from RA and CVID patients may be the subset of “activated 

naïve” B cells that are also expanded in SLE and serve as precursors for extrafollicular auto-

antibody secreting plasma cells, discussed next.  

In addition to CD27-CD21-/lo B cells, another distinct subset of CD27-IgD- “double 

negative” (DN) B cells has been described that is expanded in lupus patients but not in other 

autoimmune conditions like RA142,159. DN B cells are particularly interesting because extensive 

characterization by the Sanz lab has demonstrated the existence of heterogeneity within 

atypical B cell populations and revealed critical insights into the origins and functions of these B 

cells. For example, Jenks et al. demonstrate that DN B cells can be divided into two subsets on 

the basis of CXCR5 and CD11c expression, with CXCR5-CD11c+ “DN2” B cells making up the 

majority of the DN population in lupus142. Similar to CD27-CD21-/lo B cells described above, DN2 

B cells are autoreactive and hyper responsive to TLR signaling and expressed many inhibitory 

receptors, namely FcRL5. Importantly, transcriptional, epigenetic and BCR repertoire analyses 

suggest that DN2 B cells are extrafollicular plasma cell precursors and derive from a subset of 

germline autoreactive “activated naïve” B cells that were found to contribute substantially to 

ASCs during lupus flares. The expansion of DN2 B cells in lupus patients was corelated with 

disease activity, similar to that of CD27-CD21-/lo B cells in CVID, further suggesting a direct role 

in driving autoimmunity. 
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Atypical B cells in chronic infection 

 In addition to autoimmune disease, subsets of CD27-CD21-/lo B cells are also expanded 

in chronic infections such as human immunodeficiency virus (HIV), malaria, hepatitis C (HCV) 

and tuberculosis (TB)165-169. Atypical B cells have been most intensively characterized in 

patients with HIV, an infection that results in impaired antibody responses and B cell 

dysfunction, particularly in the memory B cell compartment165. Analysis of B cell subsets in HIV-

viremic patients found that CD27-CD21- /lo B cells made up 20% of total circulating B cells, 

compared to <4% in HIV-aviremic or -negative individuals. These expressed FcRL4 and were 

thus named “tissue-like memory” B cells due to their resemblance to FcRL4+CD27- B cells 

identified in healthy human tonsils164. CD27-CD21-/lo B cells in HIV had high expression of T-bet 

and CD11c and, unlike those found in autoimmunity, were refractory to stimulation via TLR and 

cytokine stimulation as  well as BCR and CD40 signaling. This hyporesponsiveness along with 

high expression of markers associated with T cell exhaustion led the authors to conclude that 

these were “exhausted” B cells, a finding later supported by the rescue of this exhausted 

phenotype by siRNA knockdown of inhibitory receptors FcRL5 and Siglec 6170. Surprisingly, 

though total ASC frequencies were lower among CD27-CD21- B cells, they were enriched for 

HIV-specific responses and decreased in frequency after anti-retroviral treatment suggesting 

that HIV per se may drive their generation171. 

 CD27-CD21-/lo B cells are also significantly expanded in individuals exposed to malaria, 

comprising up to 50% of circulating total B cells166-167. These atypical memory B cells exhibit 

significant heterogeneity both within and among individuals, but generally express high levels of 

T-bet, CD11c and FcRL5. Similar to those from HIV, CD27-CD21-/lo memory B cells in malaria 

have reduced responsiveness to BCR, CD40, TLR and cytokine stimulation and their expansion 

correlates with the intensity of malaria transmission. Inconsistent observations have been made 

about the ability of these cells to secrete antibody or differentiate into ASCs, however one group 

demonstrated that these B cells were able to secrete malaria-specific antibodies172, 
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demonstrating the heterogeneity within this population which may be due different malaria 

exposure histories of study subjects. Finally, BCR sequencing suggests that atypical memory B 

cells share Vh genes with classical memory B cells in both HIV and malaria, suggesting a 

developmental link between these memory B cell populations167,173.  

 Observations of Tfh cell responses in malaria infection may provide clues as to the 

signals that drive generation of atypical B cells in this disease. Malaria infection induces high 

levels of Th1 inflammatory cytokines including TNFα and IFN-γ, the latter of which was shown to 

drive the generation of Th1-like Tfh cells in mice infected with Plasmodium174. These Th1-like 

Tfh cells express T-bet and CXCR3 and have impaired helper function, leading to reduced GC 

formation and poor anti-malarial antibody responses174. Interestingly, CXCR3+ Tfh cells with 

impaired helper function have been found in children exposed to malaria and likely contribute to 

the slow acquisition of humoral immunity against malaria175. Based on the inflammatory profile 

of these CXCR3+ Tfh cells in malaria, Portugal et al. have proposed that Tfh-derived IFN-γ 

drives T-bet expression in cognate B cells which primes them for differentiation into atypical 

memory B cells176. It will be interesting to see if CD21-/lo atypical memory B cells are induced in 

mouse models of malaria and if so, whether genetic manipulations to deplete CXCR3+ Tfh cells 

abrogates their expansion.  

While these findings have made great contributions to our understanding of disease-

associated B cells, particularly DN B cells in lupus, many questions remain about the origins 

and functions of atypical B cells in chronic inflammatory diseases. Inconsistent use of markers 

to classify predefined B cell populations has hindered the ability to recognize heterogeneity 

within these populations. Moreover, technical and ethical constraints of human experimental 

studies provide limited amounts of information. Along with integrated transcriptional, epigenetic 

and functional analysis of human B cells, a better understanding of atypical B cells and the role 

they play in disease will likely require the use of genetic mouse models.  
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Age-associated B cells in mice 

 Two groups initially described a subset of CD21-CD11c+ age-associated B cells (ABCs) 

in mice that accumulated with age and resembled human atypical B cells described above177-178. 

ABCs are T-bet+, express activation markers like CD80, CD86 and MHC-II and are 

hyporesponsive to BCR triggering but secrete IgG and cytokines in response to TLR7 and TLR9 

signaling. The origins of ABCs are unclear, but likely result from antigen-driven activation and 

represent mature B cells that accumulate over the lifetime of the mouse. In support of this,  Hao 

et al. demonstrated that aged bone marrow niche does not predispose for ABC development as 

sublethal irradiation followed by autoreconstitution resulted in splenic B cells resembling those 

of young mice177. Moreover, ABCs require antigen-presentation and T cell help for their 

development and have a diverse repertoire of V genes exhibiting SHM, indicative of antigen 

experience and possibly a GC origin178. ABCs were found in autoimmune prone mice slightly 

earlier than in healthy mice, and ABCs in both aged and autoimmune mice produce autoreactive 

antibodies when stimulated via TLRs178. This has led some to suggest that ABCs are murine 

correlates of human atypical B cells found in chronic inflammatory diseases, however the 

expansion of atypical B cells in humans is consistently shown to have no correlation with 

age142,160,164,180. Interestingly, T-bet+ B cells that resemble ABCs develop in the context of acute 

viral infection and are critical for IgG2a/c-induced viral clearance181. These B cells likely arise via 

synergistic stimulation of BCR, TLR7 and IFNγR during infection and, unlike ABCs, produce 

virus-specific antibody when stimulated in vitro. This TLR7-induced cellular program likely 

evolved to protect against viral pathogens but is somehow co-opted by autoreactive B cells 

which, if left unchecked, develop into autoreactive ABCs that potentially contribute to disease. 

While important insights into human disease may be gained by studying ABCs in mice, these B 

cells are unlikely to represent the murine correlates of human atypical B cells  
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Section III: Dissertation objectives  

Early evidence for the role of T cells in humoral immunity was provided by the 

observation that thymectomies performed in mice shortly after birth resulted in decreased 

antibody responses129. At the time, the origins of T cells and B cells were not fully appreciated, 

nor was the fact that T cells and B cells comprise two distinct lineages of lymphocytes. Over half 

a century later, we now know that high affinity antibody responses critically depend on the 

orchestrated collaboration between T cells and B cells which makes a better understanding of 

these events particularly relevant for vaccine design and the treatment of antibody-mediated 

diseases.  

In this thesis we investigate two aspects of the collaboration between T cells and B cells. 

In chapter 2 we assess the contribution of regulatory T cells to affinity maturation and ask 

whether they play a role in the diversification of the B cell repertoire generated by SHM during 

the GC response. In chapter 3 we describe the identification and characterization of disease-

related B cells in mice and use genetic tools to ask whether they are dependent on T cell help.  
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Introduction 
 

Germinal centers (GCs) are structures formed in secondary lymphoid organs (SLOs) by 

rapidly dividing B cells in response to a T-dependent antigen. Within the GC, B cells undergo a 

Darwinian process known as affinity maturation which involves iterative rounds of B cell receptor 

(BCR) diversification by somatic hypermutation (SHM), followed by affinity-based selection1-4. 

GC B cells that accumulate mutations resulting in enhanced BCR affinity for antigen are 

selected to continue this cycle until they exit the GC and differentiate into high affinity memory B 

cells or long-lived plasma cells. Stringent and effective selection of high affinity clones is 

critically dependent on a specialized subset of CXCR5-expressing CD4+ T cells called T 

follicular helper (Tfh) cells, which guide affinity maturation by providing limiting amounts T cell 

help in the GC5-6.  

In addition to promoting affinity maturation, SHM is also the primary mechanism for 

diversification of the secondary antibody repertoire7 -8. The total potential repertoire initially 

created by V(D)J recombination is estimated to be around 1014, but may not be broad enough to 

initiate a useful immune response against certain pathogens or vaccine antigens. Repertoire 

diversification by SHM therefore contributes significantly to the ability of the immune system to 

recognize these antigens and initiate potent antibody responses which can subsequently be 

refined by affinity maturation. Importantly, competition among GC B cells for limited Tfh cell help 

results in varying degrees of purifying selection and loss of diversity9-10. For complex antigens, 

this can result in an immunodominance hierarchy wherein the antibody response to certain 
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epitopes dominates over the antibody response to other antigenic sites on the same 

immunogen11-13. Precursor frequency, affinity for antigen, and BCR accessibility to antigenic 

sites are all thought to contribute to the emergence of dominant and subdominant humoral 

immune responses as B cells that are better able to bind antigen are more likely to receive Tfh 

cell help14. Therefore, targeting the strict competition for Tfh cell help within the GC may provide 

a framework for subdominant B cell clones to survive13,15.  

Regulatory T cells (Tregs) play an important role in controlling humoral immunity as 

evidenced by the expansion of Tfh cells, GC B cells and autoantibodies in the absence of Treg 

function16-19.  Recently, a subpopulation of effector Tregs, T follicular regulatory (Tfr) cells, has 

been described that homes to B cell follicles and regulates the size and activity of germinal 

centers20-22. The precise in vivo role of Tfr cells is somewhat controversial owing to the 

inconsistent use of mouse models to study Tfr cell function. While some groups provide 

evidence that Tfr cells constrain total GC activity21-22, others suggest that Tfr cells have a 

specific role in promoting antigen-specific antibody20,23 or constraining autoreactive B cells23-26. 

Based on studies using genetic strategies to specifically deplete Bcl6- or CXCR5-expressing 

Tregs while leaving broader Treg functionality intact23-26, it seems likely that Tfr cells are 

responsible for fine-tuning the regulation of autoantibody production while CXCR5- conventional 

Tregs play a more dominant role in regulating the size and extent of Tfh and GC B cell 

expansion. 

Consistent with this, Preite and colleagues demonstrated that pre-reconstitution of 

CD3e-/- mice with Tregs prior to the adoptive transfer of OT-II T cells and SWHEL B cells rescued 

the expansion of Tfh cells observed after immunization with HEL-OVA27. Positive selection of 

SWHEL B cells was also restored, consistent with a model wherein Tfh cells are the limiting factor 

in selection and suggesting a role for Tregs in promoting affinity maturation. The phosphatase 

PTEN has recently been shown to be critical for Treg function and lineage stability, as mice 

lacking PTEN specifically in Tregs (Ptenfl/flFoxp3-Cre mice) develop an autoimmune disease 
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characterized by aberrant humoral activity despite increased frequencies of Tregs and Tfr 

cells28-29. The dysfunctional Tregs in this model offered an opportunity to assess whether 

unrestrained Tfh cells similarly impair antigen-driven germinal center selection, but in a non-

lymphopenic setting among polyclonal B cells that better recapitulates the physiologically 

encountered frequencies of antigen-specific naïve B cells. Moreover, because expression of 

PTEN is uniquely regulated in Tregs30-31, this model offered an opportunity to assess functional 

loss of druggable target.  

Using immunization with model T-dependent antigens, we show that Ptenfl/flFoxp3-Cre 

mice fail to produce high affinity antigen-specific antibodies. We demonstrate that dysfunctional 

PTEN-deficient Treg and Tfr cells, although expanded, are unable to constrain GC activity. 

Using BCR heavy chain sequencing and Bayesian estimation of Antigen-driven SELectIoN 

(BASELINe), we found that polyclonal GC B cells and plasmablasts from immunized 

Ptenfl/flFoxp3-YFP-Cre mice underwent weaker antigen-driven selection, likely due to abundant 

and promiscuous Tfh cell help. We also observed an increased frequency of somatic mutations 

in the activated B cells likely due to the survival of clones that otherwise would have been lost to 

stringent selection. Moreover, because PTEN is uniquely highly expressed in regulatory T 

cells31-32, our results suggest a potential mechanism to specifically target Tregs as part of a 

vaccination strategy to broaden the responding B cell repertoire when recognition of 

subdominant epitopes is critical for protection. 

 
 
Results  
 
Ptenfl/flFoxp3-Cre mice have impaired production of high affinity antigen-specific 

antibodies after immunization 

Previous studies have shown that mice lacking PTEN specifically in the Treg 

compartment (Ptenfl/flFoxP3-YFP-Cre mice, hereafter Ptenfl/flFoxP3-Cre) spontaneously develop 

an autoimmune lymphoproliferative disease with age, characterized by aberrant humoral 



 45 

activity28-29.  Ptenfl/flFoxP3-Cre mice exhibit increased frequencies of Tfh and GC B cells prior to 

the onset of severe disease, suggesting that PTEN is particularly important for Treg-mediated 

suppression of spontaneous GC formation29. We wondered how PTEN-deficient Tregs would 

influence the antigen-specific antibody response when mice were immunized at a young age, 

prior to the onset of disease. To assess this, we immunized young, otherwise healthy, 

Ptenfl/flFoxP3-Cre and control Foxp3-YFP-Cre mice (hereafter, WT) with NP (4-hydroxy-3-

nitrophenylacetyl) conjugated to ovalbumin (NP-OVA) in complete Freund’s adjuvant (CFA). 

Twelve days after immunization, we found that Ptenfl/flFoxP3-Cre mice had increased 

frequencies and cell numbers of GL7+CD95+ GC B cells in draining lymph nodes (Fig. 2.1A), 

consistent with a previous study32. Analysis of total serum immunoglobulins from WT and 

Ptenfl/flFoxP3-Cre mice showed that Ptenfl/flFoxP3-Cre mice produced higher levels of IgM, IgG1, 

IgG2a/c, and IgG2b at twelve days post immunization, while IgG3 production was significantly 

reduced (Figure 2.1B). Levels of total serum immunoglobins were similarly increased in naïve 

Ptenfl/flFoxP3-Cre mice (Figure 2.1B), consistent with spontaneous deregulation of antibody 

production in young unimmunized mice with the same genotype28.  

Although a single immunization with NP-OVA did not significantly alter total antibody 

levels beyond that seen in unimmunized mice, we next sought to determine whether regulation 

by PTEN-deficient Tregs altered production of antigen-specific anti-NP antibodies. Somatic 

hypermutation of NP-specific B cells was shown to begin 8 days after immunization32. We 

measured the levels of high (NP8) and low (NP30) affinity anti-NP IgG by enzyme linked 

immunosorbent assay (ELISA) at 12 days post immunization with NP-OVA and found that 

immunized WT and Ptenfl/flFoxp3-Cre mice produced similar levels of total, low affinity IgG, well 

 

 

 

 



 46 

Figure 1.1. Ptenfl/flFoxp3-Cre mice are impaired in producing high affinity anti-NP antibodies 
after immunization. (A) Flow cytometry analysis (left) and quantification (right) of GL7+Fas+ GC B 
cells from draining lymph nodes of mice 12 days after immunization with NP-OVA in CFA. (B) ELISA 
measurement of total IgM, IgG1, IgG2a/c, IgG2b, IgG3 and IgA in serum from unimmunized mice (U, 
grey symbols) and mice 12 days after immunization with NP-OVA in CFA (NP, black symbols), 
depicted as absorbance at 450 nm (A450). (C) Levels of low (NP30, left) and high affinity (NP8, right) 
anti-NP IgG in serum of mice as in (B). Data are representative of three experiments, each with at 
least 2-4 mice per genotype. Error bars indicate SD. Statistical significance was determined by 
Student’s t-test (A), One-way ANOVA (B) or Two-way ANOVA with Bonferonni post-hoc test (C).  
*p<0.05, **p<0.01, ***p<0.001 ****p<0.0001. 
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above that of unimmunized controls (Figure. 2.1C). Interestingly, Ptenfl/flFoxp3-Cre mice 

produced significantly lower amounts of high affinity anti-NP IgG compared to WT mice (Figure 

2.1C), suggesting an impairment in affinity maturation. Together these data show that PTEN-

deficient Tregs promote aberrant Ig production and compromise the production of high-affinity 

antigen-specific antibody after immunization. 

 

Ptenfl/flFoxp3-Cre mice are unable to control Tfh cell numbers despite an expansion of Tfr 

cells    

Affinity maturation is dependent on the stringency of T cell help from Tfh cells in the 

germinal center4,6 and we reasoned that the expanded GC B cell population observed in 

immunized Ptenfl/flFoxP3-Cre mice may be driven by an increase in Tfh cells. In order to 

distinguish FoxP3- Tfh cells from FoxP3+ Tfr cells, both of which express high levels of CXCR5 

and ICOS, we took advantage of the Foxp3-YFP reporter in WT and Ptenfl/flFoxp3-Cre mice 

which has previously been shown to faithfully mark FoxP3-expressing cells28. We found that at 8 

days post immunization with NP-OVA in CFA, Ptenfl/flFoxp3-Cre mice indeed had higher 

frequencies and numbers of CD4+FoxP3-CXCR5+ICOS+ Tfh cells (Figures 2.2A-2.2B).  

In addition to impairing Treg function, loss of PTEN expression in the Treg compartment 

was shown to result in spontaneous expansion of both Treg and Tfr cell frequencies28,29. We 

found that young, immunized Ptenfl/flFoxp3-Cre mice had increased CD4+YFP+ total Tregs 

(Figure 2.2C) as well as CD4+FoxP3+CXCR5+ICOS+ Tfr cells (Figure 2.2D) 8 days after 

immunization with NP-OVA in CFA.  

 

PTEN-deficient Tregs promote somatic diversification of GC B cells  

PTEN is critical for Treg suppressive function28-29 and we have confirmed that PTEN-

deficient Tregs and Tfr cells are unable to constrain GC B and Tfh cell numbers after 

immunization despite being increased in numbers. Based on our observation that Ptenfl/flFoxP3- 
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Figure 2.2. Tfh and Tfr cells are expanded in immunized Ptenfl/flFoxp3-Cre mice. (A) Gating 
scheme to identify CD4+YFP-CXCR5+ICOS+ Tfh cells by flow cytometry. (B) Quantification of Tfh cell 
frequency (left) and number (right) in draining lymph nodes of mice 8 days after immunization with NP-
OVA in CFA. (C) Identification (left) and quantification (right) of CD4+YFP+ Tregs in mice immunized 
as in (A). (D) Flow cytometry analysis (left) and quantification (right) of CD4+YFP+CXCR5+ICOS+ Tfr
cells in mice immunized as in (A). (E) Flow cytometry analysis of Ki-67 expression in Tfr cells from 
mice immunized as in (A). Data are representative of three experiments with at least four mice per 
genotype. Error bars indicate SD and statistical significance was determined by Student’s t-test. 
*p<0.05, **p<0.01, ***p<0.001.
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Cre mice show a diminished ability to produce high affinity antibody (Figure 2.1C), we 

speculated that regulation by PTEN-deficient Tregs led to an impairment in antigen-driven 

selection. To assess this, we primed WT and Ptenfl/flFoxP3-Cre mice with NP-KLH in alum and 

boosted two weeks later. Total GL7+Fas+ GC B cells and CD138+ plasmablasts were sorted 

from mice two weeks after boost, and a 5’ RACE strategy was used to create BCR heavy chain 

libraries that included all complementarity determining regions (CDRs) and framework regions 

(FWRs) of BCR transcripts. Interestingly, comparison of BCR sequences showed that both GC 

B cells and plasmablasts from Ptenfl/flFoxP3-Cre mice actually had greater frequencies of 

somatic hypermutation than WT (Figures 2.3A-2.3B). Moreover, we found that GC B cells and 

plasmablasts from Ptenfl/flFoxp3-Cre mice exhibited broader clonal diversity33, assessed using 

rarefaction plots (Figures 2.3C-2.3D) as well as the Shannon-Wiener index (Figure 2.3E). This 

indicated that impaired affinity maturation was not due to limited SHM. On the contrary, the 

expansion of Tfh cells unconstrained by dysfunctional PTEN-deficient Tregs offered abundant 

and promiscuous T cell help sufficient to result in greater BCR diversification in Ptenfl/flFoxP3-

Cre mice and suggested that defective selection but not somatic diversification of GC B cells 

results in impaired affinity maturation in Ptenfl/flFoxP3-Cre mice.   

 

Impaired selection of B cells in Ptenfl/flFoxp3-Cre mice leads to a more diverse B cell 

repertoire  

Somatic mutations can be silent (S) or result in an amino acid replacement (R), and 

antigen-driven selection can be detected by comparing the frequency of observed R mutations 

to the frequency of R mutations expected to accumulate randomly34. Calculating the rate of 

expected mutations is complicated by the fact that known codon biases focus mutations in the 

CDRs of Ig sequences which make contact with antigen epitopes, and away from FWRs which 

maintain the integrity of Ig structures35-37. These motif biases must be considered when 

developing an underlying computational model of random R mutation frequency so as not to 
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confuse mutational hot/cold spots with antigen-driven selection38-39. Yaari and colleagues have 

Figure 2.3. PTEN-deficient Tregs promote enhanced clonal diversity of B cells after 
immunization. (A-B) Quantification of mutational load in B cells sorted from mice one week after 
prime-boost with NP-KLH. Total GL7+Fas+ GC B cells and total CD138+ plasmablasts were sorted 
from mice primed with NP-KLH and boosted two weeks later. Mutation frequency (left) and total 
mutation count (right) per sequence length were calculated for BCR heavy chain sequences 
obtained from sorted GC B cells (A) and plasmablasts (B). Data are mean and SEM from one 
experiment with at least 3 mice per genotype. Statistical significance was determined by Student’s 
t-test. ****p<0.0001. (C-D) Rarefaction plots depicting the number of distinct clones (y-axis) as a 
function of increasing sample size (x-axis) among GC B cells (C) and plasmablasts (D) sorted 
from NP-KLH prime-boosted mice as above. Solid and dashed lines mark interpolated and 
extrapolated regions, respectively, points mark exact sample size and diversity. Shaded areas 
mark 95% confidence intervals. (E) Shannon-Wiener Diversity Index of GC B cells and 
plasmablasts sorted from NP-KLH prime-boosted mice as above. 
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recently developed a framework for Bayesian estimation of Antigen-Driven SELectIoN in 

Immunoglobulin Sequences (BASELINe) which can be used along with experimentally derived 

models of SHM targeting to detect and quantify antigen-driven selection40. 

We used BASELINe along with an underlying murine SHM targeting model41 to compare 

the degree of selection that GC B cells and plasmablasts experienced in WT and Ptenfl/flFoxp3-

Cre mice. Interestingly, we found that while GC B cells from WT mice experienced strong 

positive selection in the CDRs (Figure 2.4A, indicated by the right shift of the WT density curve 

towards increased selection strength Σ), GC B cells from Ptenfl/flFoxp3-Cre mice experienced 

very little antigen-driven selection in the CDRs (Figure 2.4A, as indicated by the Ptenfl/flFoxp3-

Cre density curve positioned around Σ =0.) Similarly, plasmablasts from WT mice experienced a 

significantly stronger degree of antigen-driven positive selection in the CDRs compared to those 

from Ptenfl/flFoxp3-Cre (Figure 2.4B). Surprisingly, plasmablasts from Ptenfl/flFoxp3-Cre mice 

also showed increased positive selection of replacement mutations in the FWR (Figure 2.4B), 

where R mutations are generally selected against in order to preserve immunoglobulin structural 

integrity42, further demonstrating aberrant selection.  

The murine anti-NP response is dominated by B cells that carry the Vh gene segment 

Vh186.243. Consistent with impaired antigen-driven selection, we found that GC B cells and 

plasmablasts from Ptenfl/flFoxp3-Cre mice had very low utilization of Vh186.2, barely above the 

0.02% precursor frequency observed in non-transgenic B6 mice44. This contrasted with Vh186.2 

expression in 2-10% of GC B cells (Figure 2.4C) and plasmablasts (Figure 2.4D) from WT 

mice, and further demonstrates that defective selection of B cells promotes the survival of many 

different B cell clones rather than the competitive selection of high affinity clones (Figure 2.5). 
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Figure 2.4. Immunized Ptenfl/flFoxp3-Cre mice exhibit impaired antigen-driven selection. (A-B) 
Quantification of antigen-driven selection. BASELINe was used to calculate the probability density 
function (PDF) of observed versus expected replacement mutation frequency in BCR heavy chains 
sorted from GC B cells (A) and plasmablasts (B) from mice prime-boosted with NP-KLH as in Figure 
3. Selection strength is visualized as distance from Σ = 0. Σ > 0 indicates positive selection and Σ < 
0 indicates negative selection. Significance testing was performed as described in Yaari et al., 
2012. (C-D) Usage of Vh186.2 gene segment expressed as percentage of Vh segment repertoire in 
GC B cells (C) and plasmablasts (D) sorted from mice as above. Data are from one experiment with 
at least 3 mice per genotype. 
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Discussion 

Despite recent advancements in our understanding of Tfr cells, the in vivo effects of 

regulatory T cells on the quality of antigen-specific antibody responses remain unclear. We 

found that immunized Ptenfl/flFoxp3-Cre mice had increased Tfh and GC B cells after 

immunization and produced similar levels of total antigen-specific IgG, however of much lower 

affinity. By performing BASELINe analyses on BCR repertoire sequences from immunized WT 

and Ptenfl/flFoxp3-Cre mice, we have shown that loss of Treg function leads to impaired affinity 

Figure 2.5. PTEN-deficient Tregs promote enhanced clonal diversity. Schematic illustrating 
how dysfunctional regulation by PTEN-deficient Tregs and Tfr cells leads to enhanced Tfh cell 
help and results in a more clonally diverse B cell repertoire as GC B cell clones survive that 
would otherwise be lost to selection by stringent and limited Tfh cell help. 
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maturation due to compromised antigen-driven selection of GC B cells. Furthermore, we 

demonstrate that GC B cells and plasmablasts from Ptenfl/flFoxp3-Cre mice exhibit increased 

frequencies of somatic mutation, when coupled with defective selection, results in a broader, 

more clonally diverse B cell repertoire after immunization with a T-dependent antigen. Our 

results support the notion put forth by Neuberger and Milstein7 that somatic hypermutation 

exists not just for the generation of affinity maturation, but also for repertoire diversification. 

Consistent with our results, a previous study has also used BASELINe to suggest that 

Tregs play an important role in affinity maturation27. However, the aforementioned study used 

adoptive transfer of monoclonal OT-II T cells and SWHEL B cells into lymphopenic mice and their 

conclusions bear the caveat of supraphysiological precursor frequency of antigen-specific B 

cells and cognate T cell help, whereas our work is likely to be more representative of a 

physiological polyclonal repertoire in which precursor frequency is low. To analyze these 

polyclonal repertoires, we used an updated BASELINe statistical framework that allows for 

comparison of groups of sequences derived from different germline V segments40.  

Activation of naïve T cells occurs in the T cell zone and commitment to Tfh fate is 

initiated outside of the follicle45 and Tregs that lack CXCR5 expression likely regulate humoral 

immunity in part by limiting Tfh differentiation at the T-B border. Consistent with this, we and 

others have shown that loss of Treg function results in enhanced Tfh cells20,28,29,46 whereas 

transgenic models that specifically deplete Tfr cells without affecting broader Treg functionality 

show little effect on Tfh cell numbers23-26. Interestingly, inducible deletion of CTLA-4 on Tregs 

led to increased expression of CD86 on total B cells, while expression of CD80/CD86 on GC B 

cells was unchanged, suggesting that Tregs work to deplete CD86 outside of the GC thereby 

controlling the availability of costimulation for Tfh cell differentiation46. Promiscuous selection of 

GC B cells in Ptenfl/flFoxp3-Cre mice is therefore likely driven by defective regulation of Tfh 

differentiation by Tregs at the T-B border, as well as unknown mechanisms of Tfr cell function 

within the GC. 
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Immunodominance of B cell epitopes that are relevant to protection is a major barrier to 

successful vaccine design against HIV and influenza, and it has been suggested that targeting 

the strict competition for Tfh cell help within the GC may provide a framework for promoting the 

survival of subdominant B cell clones13,15. We show here that excessive Tfh cell help caused by 

dysfunctional Tregs results in defective selection of polyclonal GC B cells and plasmablasts and 

leads to a broader, more diverse repertoire of responding B cells after immunization. In contrast 

to other critical Treg functional molecules, PTEN is uniquely targetable due to its expression 

pattern. In most T cells, PTEN is highly expressed at rest and specifically downregulated in 

response to IL-2, allowing PI3K activity and activation of downstream targets. Bensinger et al. 

showed that in contrast to conventional T cells, Tregs maintain high expression of PTEN after 

IL-2 stimulation30. This uniquely high expression of PTEN in Tregs makes it an attractive 

molecule that could potentially be transiently targeted with commercially available PTEN-

inhibitors as part of a vaccination protocol designed to elicit bnAbs against subdominant 

epitopes. To avoid potential systemic toxicities of PTEN inhibitors, immunization using 

appropriate depot agents or chemical modification to restrict diffusion could theoretically allow 

the targeted delivery of a PTEN inhibitor and an antigen to a draining lymph node after 

immunization, thereby locally restraining Tregs and Tfrs and facilitate broadening the repertoire 

of B cells responding to immunization. 
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Materials and Methods 
 
Mice. Ptenfl/flFoxp3-Cre mice were generated by crossing Ptenfl/fl mice with Foxp3-YFP-Cre 

mice as previously described28. Control mice were age and sex-matched Pten+/+Foxp3-YFP-Cre 

littermates. All mice used were between 6-8 weeks of age at the time of immunization and were 

housed in specific-pathogen-free conditions at Massachusetts General Hospital. All experiments 

performed were in accordance with the protocol approved by MGH’s Institutional Animal Care 

and Use Conditions.  

 

Immunizations. For immunization with NP-OVA, mice were given subcutaneous injections of 

100 ug NP-OVA (Biosearch Technologies) emulsified at a ratio of 1:1 in complete Freud’s 

adjuvant with Mycobacterium Tuberculosis H37RA (Sigma). Draining lymph nodes were 

harvested 8-12 days later for flow cytometry and blood was collected by cardiac puncture for 

serum analysis. For NP-KLH immunizations, mice were primed with an intraperitoneal injection 

of 100ug NP-KLH (Biosearch Technologies) in Alyhydrogel (Invivogen) followed two weeks later 

with another intraperitoneal injection of 100 ug NP-KLH in Alyhydrogel. Spleens were taken two 

weeks after boost for analysis.  

 

Flow Cytometry. Lymphoid organs were processed and cells were resuspended in FACS 

staining buffer (0.5% BSA in PBS). Surface staining of lymphocytes was performed at 4qC 

unless otherwise specified with Fc block (BD biosciences) and then the following antibodies: 

anti-CD3 (17A2), anti-CD4 (GK1.5), anti-CD19 (6D5), anti-GL7, anti-ICOS (15F9), anti-IgD (11-

26c.2a; all from Biolegend), anti-Ki67(B56), anti-CD95 (Jo2), anti-PD1 (RMP1-30), anti-Bcl6 

(K112-91), anti-CTLA4 (UC10-4F10-11) anti-CD138 (281-2) (all from BD Biosciences). Viability 

was assessed through staining with either Live/Dead Aqua or SYTOX AADvanced Dead Cell 

Stain (both from Thermo Fisher Scientific). Tertiary CXCR5 staining was performed by staining 

cells with purified rat anti-mouse CXCR5 (2G8, BD Biosciences) for 30 minutes at 37qC followed 
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by biotinylated mouse anti-rat secondary (Rg7/1.30; BD Biosciences) and then streptavidin 

(Biolegend). All intracellular staining was performed using a FoxP3 staining kit (eBioscience) 

according to the manufacturer’s protocol. 

 

Enzyme-linked immunosorbent assay. Concentrations of total serum immunogblobulins from 

immunized mice were measured using the Ready-Set-Go! Mouse Ig Isotyping ELISA Kit 

(eBioscience) according to the manufacturer’s protocol. To assess the affinity of NP-specific 

IgG, 96-well plates were coated at 4qC overnight with 10 ug/mL of NP30-BSA or NP8-BSA 

(Biosearch Technologies) in PBS. Plates were blocked for one hour at room temperature with 

3% skim milk in PBS, washed with PBST (0.05% Tween-20 in PBS), and then serum was 

added in ten-fold serial dilutions and incubated for one hour at room temperature. Plates were 

washed with PBST and incubated for one hour with HRP-conjugated goat anti-mouse IgG 

(Biolegend) at 1:3000 dilution in PBS. Plates were developed with TMB substrate (eBioscience), 

stopped with 1N H2SO4, and read at 450 nm with the Teacan Infinite m1000 Pro microplate 

absorbance reader (Männedorf, Switzerland).  

 

BCR IgH library preparation. Sorted B cell populations from immunized mice were lysed in 

RLT buffer and RNA was purified using the RNAeasy Microkit (Qiagen) according to the 

manufacturer’s protocol. BCR heavy chain libraries were made using an adaptation of a 

previously published 5’ RACE strategy47. First, reverse transcription was carried out using 

SMARTScribe Reverse Transcriptase (Takara) along with 3’ primer specific for murine 

IgG1/IgG2 constant regions (KKACAGTCACTGAGCTGCT) and a 5’ template switching oligo 

containing a Unique Molecular Identifier 

(AAGCAGUGGTAUCAACGCAGAGUNNNNUNNNNUNNNNUCTT(rG)5). Next, a nested PCR 

reaction was performed with Q5 polymerase (New England Biolabs) to amplify full length 

IgG1/IgG2 transcripts (3’ primer sequence: 
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GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGNAGTGGATAGACMGATG; 5’ primer 

sequence:TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGNAAGCAGTGGTATCAACGCA

GAGT) followed by a third PCR to add sample indices using Illumina indexing primers. Samples 

were pooled and sequenced on Illumina MiSeq platform.  

 
BCR repertoire data analysis. Migec48 was used to extract UMIs and assemble consensus 

sequences of UMI-collapsed reads, which were aligned using IMGT/HighV-Quest. We next 

used Change-O49 from the Immcantation framework to process alignment output, cluster 

sequences into clonal groups, and reconstruct D-masked germline sequences. The SHazaM 

package from Immcantation was used for basic mutational load analyses and quantification of 

selection pressure via BASELINe40-41. VDJtools33 was used to determine V gene usage and 

subsequent clonal diversity.    

 

Statistics 

Statistical tests were run using Prism 6.0 (Graphpad) using Student’s two-tailed unpaired t-test 

or one-way ANOVA unless otherwise specified. P values of less than 0.05 were considered 

significant.  
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Chapter 3: “Double negative” disease related IgD-CD148- B cells in mice are 

aberrantly selected unmutated T-dependent cells 
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Introduction 

B cells play an important role in host defense against pathogens through their ability to 

present antigen, secrete cytokines, produce antibody, and form immunological memory. 

Decades of work has allowed us to delineate and define the various B cell populations from 

development in the bone marrow through to post-germinal center (GC) fates such as memory B 

cells and long lived plasma cells (PCs). In addition to these well-defined populations, the study 

of chronic infection and autoimmunity in humans has led to the discovery of novel activated B 

cell populations which are largely absent in healthy individuals, and whose origins and 

contributions to disease remain unclear.  

For example, although human memory B cells typically express CD27, a population of  

CD27-CD21-/lo “atypical” memory B cells is expanded in patients with chronic infectious 

diseases, such as human immunodeficiency virus (HIV)1-3 and malaria4-5. Also expanded in 

patients with Hepatitis C virus6-7 and Mycobacterium tuberculosis8, these atypical B cells are 

isotype class-switched, have undergone a modest degree of somatic hypermutation (SHM), and 

express high levels of inhibitory FCRL4 or FcRL5 receptors. Moreover, CD27-CD21-/lo B cells in 

these infections are refractory to stimulation via BCR, CD40 and TLRs, and have been 

described as “exhausted” memory B cell particularly in HIV2,11. Consistent with an exhausted 

and dysfunctional phenotype, positive correlations of atypical memory B cell expansion with the 
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intensity of malaria transmission9 as well as the observed contraction of atypical memory B cells 

in patients with HIV1-2 or HCV10 after antiretroviral and antiviral therapies, respectively, suggests 

that the expansion of this population is directly driven by chronic pathological infection.  

Subsets of atypical CD27-CD21-/lo B cells have also been found in patients with 

autoimmune diseases, such as rheumatoid arthritis (RA)12, common variable immunodeficiency 

(CVID)12-13, systemic lupus erythematosus (SLE)14, and primary Sjögren’s syndrome (pSS)15. 

There is considerable heterogeneity among atypical B cells in autoimmune disease. For 

example, while CD27-CD21lo B cells in RA and CVID do not belong to the memory 

compartment, bearing mostly unswitched IgM and/or IgD isotypes, lacking SHM and consisting 

largely of naïve germ-line autoreactive clones11, those from SLE and pSS are isotype switched 

and somatically mutated15-17.  Moreover, in addition to CD27-CD21-/lo B cells, distinct subsets of 

CD27-IgD- double negative (DN) B cells have been described in patients with SLE, with CXCR5-

CD11c+  DN2 B cells comprising the majority of this subset16-17. Atypical B cells in autoimmune 

disease are enriched for autoreactivity to nuclear and cytoplasmic self-antigens and, despite 

being hyperproliferative in response to BCR and CD40 signaling, are readily activated by 

ligands for TLR7 and TLR912-13,15,17. In both chronic infection and autoimmunity, CD27-CD21-/lo B 

cells express high levels of the integrin CD11c as well as the transcription factor T-bet, similar to 

Age Associated B cells (ABCs) found in mice, however ABCs exhibit notable differences in 

isotype switching and activation profiles18-19.  

Although phenotypically similar subsets of atypical CD27-CD21-/lo B cells are found in a 

variety of human diseases, very little is known about the development or pathogenicity of these 

cells. For example, whether or not these atypical B cells arise via extrafollicular pathways or 

require T cell help is unknown. Additionally, while correlative evidence suggests that atypical B 

cells contribute to disease pathogenicity, whether they do so via auto-antibody production, 

cytokine secretion, antigen presentation or a combination of these is an existing question. 

Importantly, Jenks and colleagues recently performed a comprehensive analysis of IgD-CD27- 
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DN B cells in two cohorts of SLE patients which provided phenotypic, functional, transcriptional 

and epigenetic evidence that DN2 cells are developmentally related to a distinct population of 

autoreactive “activated naïve” B cells and represent pre-plasma cells arising from an 

extrafollicular B cell differentiation pathway17,20. Although in-depth analysis of atypical B cells is 

possible via comprehensive studies of patient samples like this one, the ability to study murine 

counterparts of these atypical B cells would allow us to interrogate questions of origin and 

function using powerful genetic studies that are not possible in humans.  

One notable difficulty in identifying murine counterparts of CD27-CD21-/lo atypical 

memory B cell populations is that the TNF family receptor CD27 is not a marker of B cell 

memory in mice. Interestingly, the receptor-type tyrosine phosphatase CD148 has been 

suggested to mark splenic memory B cells in humans21, and we wondered whether CD148 

could be used, along with various B cell surface markers, to identify potential murine correlates 

of these disease-associated atypical B cells found in humans. Remarkably, we found a unique 

population of IgD-CD148lo B cells that are CD21-/lo and expanded in mice with chronic LCMV 

infection as well as autoimmune MRL-lpr mice, but not after immunization with T-dependent 

model antigens. Flow cytometric and transcriptional analysis demonstrated that IgD-CD148lo B 

cells are phenotypically similar to atypical B cells found in humans, with a subset of CD11c+ 

Tbet-expressing B cells that may represent murine correlates of the human DN2 B cells found in 

SLE. Moreover, BCR sequencing analysis demonstrated that IgD-CD148lo B cells exhibit low 

levels of somatic mutation and weak antigen-driven selection, suggesting they are of 

extrafollicular origin similar to DN2 B cells. Using Tcr β-/-Tcrδ-/- mice, which lack all T cells, we 

show that IgD-CD148lo B are T cell dependent and highlight the advantage of using mouse 

models to answer fundamental questions about cell biology that are not possible in human 

studies. Our results help define a previously unknown B cell population associated with 

persistent infection and autoimmunity, and suggest a potential murine counterpart for atypical 

disease-associated B cells found in humans.  
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Results 

A unique population of IgD-CD148lo B cells emerges during chronic LCMV infection 

In order to identify activated B cell populations that are induced under conditions of 

sustained immune activation, we infected mice with LCMV clone 13 to establish chronic viral 

infection22 and analyzed splenic B cell populations by flow cytometry three weeks later. As 

expected, we found that infected mice had significantly higher frequencies of GL7+CD38- GC B 

cells (Figure 3.1A) as well as increased CD138+ plasmablasts (Figure 3.1B), consistent with 

immune activation. 

 

   

Figure 3.1 GC B cells and plasmablasts are expanded after LCMV infection. (A-B) Flow 
cytometric analysis and quantification of GL7+CD38- B cells (A) and CD138+ plasmablasts (B) 
from CD3-CD19+ gate. Data are representative of 3 experiments with at least 3 mice per group. 
Error bars indicate SD. Statistical significance was determined by Student’s t-test, **p<0.01.
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In order to perform an unbiased analysis of expanded B cell subsets that were not part 

of these well-defined populations, we next utilized the Cytobank platform23 to perform viSNE 

analysis on CD19+IgD- B cells that were aso GL7- and CD138-. Interestingly, even after 

excluding GC B cells and plasmablasts we found that infected mice consistently exhibited a 

unique population of cells which was absent in uninfected controls (Figure 3.2A). This 

population of cells was largely CD21lo and contained islands of cells that were CD11c+. They 

also expressed various levels of the previously defined murine memory markers CD73 and 

CD8024-25 (Figure 3.2A). Surprisingly, this unique population of cells were uniformly low for 

expression of CD148 (Figure 3.2A), which has been shown to mark memory B cells in humans 

along with the surface molecule CD2721. Because many disease-associated atypical B cell 

populations in humans are CD27-, we were interested in further characterizing this IgD-CD148lo 

B cell population in mice as a putative correlate for atypical B cells in humans. 

Using conventional flow cytometry analysis we confirmed a significant expansion of a 

CD19+GL7-CD138-IgD-CD148lo B cell population (hereafter IgD-CD148lo) in mice 3 weeks after 

LCMV infection (Figure 3.2B). Notably, IgD-CD148lo B cells were expanded in both frequency 

and number during early weeks of infection, but contracted over time (Figure 3.2C). Although 

used as a model of chronic infection, LCMV infection without CD4 depletion is controlled in the 

periphery around 60 days post infection26-27, and the observed decline of IgD-CD148lo B cells as 

LCMV infection resolves is paralleled by the viremic maintenance of atypical B cells in humans 

infected with HIV or HCV1,10. 

We found that, while similar to IgD-CD148hi B cells, IgD-CD148lo B cells expressed 

higher levels of CD80 compared to naïve and GC B cells, indicative of their activation status 

(Figure 3.3A). Both IgD-CD148lo B cells and IgD-CD148hi B cells also expressed low to 

intermediate levels of the previously proposed murine memory marker CD73 (Figure 3.3A). 

Strikingly, and consistent with the viSNE analysis, only IgD-CD148lo B cells were uniformly 

CD21-/lo and expressed CD11c+, similar to atypical B cells in humans (Figure 3.3A). Moreover, 
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A

Figure 3.2 A unique subset of B cells emerges during LCMV infection. (A) viSNE plots of IgD-GL7-

CD138- B cells from mice infected with LCMV (bottom) and uninfected controls (top) generated via
Cytobank platform. Plots colored by expression of indicated surface marker, color bar indicates intensity of
expression level. (B) Flow cytometric gating strategy for identification of IgD-CD148lo B cells from CD19
pregate (left), quantification of IgD-CD148lo B cells at 3 weeks p.i. (right). (C) Summary of IgD-CD148lo B
cell frequencies over 6 weeks of infection. Data are representative of 1-3 experiments with at least 3 mice
per group. Error bars indicate SD. Statistical significance was determined by Student’s t-test (B), or Two-
way ANOVA (C). *p<0.05, **p<0.01, ***p<0.001.
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we found that CD21loCD11c+ B cells were contained entirely within IgD-CD148lo B cells, and 

were noticeably absent in both frequency and cell number in naïve, GC and IgD-CD148hi B cell 

compartments (Figure 3.3B-3.3C). While CD21loCD11c+ B cell numbers were negligible in 

unimmunized mice (Figure 3.3C), those that existed were contained within the small IgD-

CD148lo B cell compartment. This suggests that, as in humans28, these B cells are an expansion 

of normally occurring cells. Together these data demonstrate that chronic infection in mice 

promotes the expansion of a unique population of IgD-CD148lo B cells which are CD21-/loCD11c+ 

and may represent atypical disease-associated B cells. 

 

A

Figure 3.3 Phenotypic characterization of IgD-CD148lo B cells from mice after LCMV infection.
(A) Mean fluorescence intensity (MFI) of indicated surface markers on IgD+ naïve (grey fill), GL7+

(dashed line), IgD-CD148hi (solid black line) and IgD-CD148lo (red line) splenic B cells from mice 3
weeks after LCMV infection. (B-C) Quantification of frequency (B) and total cell counts (C) of CD21-

/loCD11c+ B cells within indicated compartments. Data are representative of 3 experiments with at
least 3 mice per group. Error bars indicate SD. Statistical significance was determined by Two-way
ANOVA, **p<0.01, ***p<0.001, ****p<0.0001.
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IgD-CD148lo B cells are transcriptionally similar to DN2 B cells in SLE 

Based on flow cytometric data, we suspected that IgD-CD148lo B cell population was 

heterogenous and likely consisted of multiple subpopulations. To address this, we performed 

single cell RNA sequencing on IgD-CD148lo B cells sorted from mice 3 weeks after LCMV 

infection. After removal of a contaminating plasmablast population (Figure 3.4A-3.4B), a total of 

3,249 cells from five independent mice were analyzed and showed strong transcriptomic 

overlap by t-distributed stochastic neighbor embedding (t-SNE) (Figure 3.5A).  

 

 

 Unsupervised clustering analysis revealed seven distinct clusters, demonstrating a fair 

degree of heterogeneity with the IgD- CD148lo  B cell population (Figure 3.5B). Transcriptional 

profiling of B cell populations from cohorts of SLE patients has been published17, and we used 

this information to create a “DN2 signatures” list of genes that were described to be upregulated 

in DN2 B cells compared to other B cell subsets. Interestingly, we found that IgD- CD148lo  B 

cells in Cluster 3 were enriched for genes in this DN2 signature (Figure 3.5C-3.5D). Genes 
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A B

Figure 3.5 IgD-CD148lo share transcriptional features with DN2 B cells in SLE. (A-B) Unsupervised
clustering analysis of cells sorted from 5 individual mice after removal of contaminating plasmablast
population, colored by individual mouse (A) or cluster (B). (C) Relative expression of gene signature
curated from previously described DN2 B cells in SLE. (D) Feature plot demonstrating enriched
expression of DN2 signature genes in Cluster 3. (E) Heat map of differential gene expression in each
cluster. (F) Heat map of immunoglobulin isotype expression obtained from bulkRNA-seq analysis of IgD+

naïve, GL7+Fas+ GC B cells, CD138+ plasmablasts and IgD-CD148lo B cells from mice 3 weeks after
LCMV infection. Data are representative of 1-2 experiments with at least 3 mice per group.
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differentially upregulated in Cluster 3 included CD11c (Itgax),T-bet (Tbx21) and Zeb2 (Zeb2) as 

well as FcRL5 (Fcrl5) and FcγRIIb (Fcgr2b) (Figure 3.5E). Importantly, Jenks el a., demonstrated 

that DN2 B cells have high expression of IRF4 and SLAMF7, consistent with a pre plasma cell 

fate, however we did not find high expression of either of these in IgD-CD148lo B cells from mice 

after LCMV infection. This suggests that while IgD- CD148lo  B cells that expand during LCMV 

infection share some transcriptional features with DN2 B cells in SLE, they may not be similarity 

poised for plasma cell differentiation. Transcriptional analysis also demonstrated that IgD- 

CD148lo  B cells were IgM- and consisted largely of IgG2a/c+, IgG2b+ and IgG3+ B cells (Figure 

3.5F), consistent with the role of T-bet in promoting class switching to these isotypes in the 

context of both autoimmunity and infection29-30. Intriguingly, DN2 cells in humans express high 

levels of IgG3, the human equivalent of mouse IgG2a/c17, and IgG3 is the dominant isotype 

deposited in lupus kidneys31. Together these data suggest that IgD- CD148lo  B cells that expand 

after LCMV infection share some transcriptional similarity with atypical DN2 B cells in lupus.  

 

IgD-CD148lo B cells are expanded in autoimmune MRL-lpr mice 

The similarities between expanded IgD-CD148lo B cells after LCMV infection and DN2 B 

cells in SLE patients led us to ask whether IgD-CD148lo B cells were also found in the context of 

autoimmunity. MRL/MpJ-Faslpr/J (MRL-lpr) mice develop spontaneous autoimmunity due to a 

homozygous Faslpr mutation and are often used as a model of systemic lupus erythematosus 

(SLE)32. Interestingly, we found that 10-12 week old MRL-lpr mice indeed had an expansion of 

IgD-CD148lo B cells compared to B6 controls (Figure 3.6A), demonstrating that this unique 

population of B cells is found in the context of both chronic infection and autoimmunity. The IgD-

CD148lo B cells in MRL-lpr mice were phenotypically similar to those from LCMV infected mice 

(Figure 3.6B) and contained significantly more CD21-/loCD11c+ B cells both as a percentage 

and in cell number (Figure 3.6C-3.6D) which were not found within the GC or IgD-CD148hi B cell  
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compartments. Consistent with previous studies, we found that a significant percentage and 

number of CD21-/loCD11c+ B cells in MRL-lpr mice were also in the IgD+ naïve compartment, 

which may be correlates of activated naïve (aNAV) B cells in SLE that are important sources of 

autoantibody during flares20 but are unlikely to be ABCs which were found in much older MRL-

lpr mice19. Lastly, viSNE analysis of CD19+GL7-CD138-  B cells from B6 control, LCMV infected 

and MRL-lpr mice demonstrated the presence of a unique population of CD148lo B cells that 

was present in LCMV infected and MRL-lpr mice but not in B6 uninfected controls (Figure 

3.6E), further suggesting that a phenotypically similar population of IgD-CD148lo B cells is 

expanded in MRL-lpr and LCMV infected mice.  

 

Immunization with T-dependent antigens does not promote the expansion of IgD-CD148lo  

B cells  

The emergence of a distinct IgD-CD148lo  B cell population in the context of persistent 

infection as well as autoimmunity suggests that these B cells may be associated with chronic 

immune stimulation, however it is possible that these B cells could arise in the context of 

general B cell activation. To test this, we immunized B6 mice with sheep red blood cells 

(SRBCs) and assessed splenic B cells one week later. Surprisingly, despite an increase in 

GL7+CD38- GC B cells (Figure 3.7A) we did not see a significant expansion of IgD-CD148lo B 

cells in number or frequency in immunized mice compared to unimmunized controls (Figure 

3.7B). Additionally, immunization of mice with NP (4-hydroxy-3-nitrophenylacetyl) conjugated to 

keyhole limpet hemocyanin (NP-KLH) in alum elicited a GC B cell response (Figure 3.7C) but 

did not result in increased IgD-CD148lo B cells (Fig 3.7D). This demonstrates that IgD- CD148lo  

B cells are not induced by acute T-dependent immunizations but are rather associated with 

chronic immune activation and disease. 
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IgD-CD148lo  B cells are extrafollicular and require T cell help 

We noted that the expansion of IgD- CD148lo  B cells was correlated with the frequencies 

of both GC B cells and plasmablasts (Figure 3.8A-3.8B), suggesting that the development of 

these cells might be linked to GC formation. Although SHM and affinity-based selection have 

been shown to occur outside of the GC33-34, these processes primarily take place within the GC 

and are considered hallmarks of T-dependent GC responses. Therefore we next used BCR 

Figure 3.7 IgD-CD148lo B cells are not expanded after immunization with T-D antigens. 
(A) Quantification of GL7+CD138- GC B cells as a percentage of CD19+ cells 7 days after SRBC 
immunization. (B) Flow cytometric analysis (left) and quantification (right) of IgD-CD148lo B cells in 
mice immunized with SRBCs (C) Quantification of GL7+CD138- GC B cells as a percentage of CD19+

cells 10 days after NP-KLH immunization. (D) Flow cytometric analysis (left) and quantification (right) 
of IgD-CD148lo B cells in mice immunized with NP-KLH. Data are from 2 independent experiments 
with at least 3 mice per group. Error bars indicate SD. Statistical significance was determined using 
Student’s t-test, ***p<0.001. NS=not significant.
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sequence analysis to assess SHM and selection among IgD- CD148lo, GL7+CD38- GC and IgD+ 

naive B cells sorted from mice 3 weeks after LCMV infection. Unsurprisingly, naïve B cells 

exhibited very little SHM compared to GC B cells, and we found that IgD- CD148lo  B cells had 

similarly low levels of somatic mutations suggesting they were not derived from the GC and 

potentially extrafollicular in origin (Figure 3.9C). Consistent with low SHM, we found that IgD- 

CD148lo B cells exhibited lower clonal diversity compared to IgD+ naïve and GL7+CD38- GC B 

cells from the same mice, demonstrating that emergence of IgD- CD148lo B cells during infection 

is the result of oligoclonal expansion (Figure 3.9D). 

We next used a published statistical framework for Bayesian estimation of Antigen-

Driven SELectIoN in Immunoglobulin Sequences (BASELINe)35-36 to assess antigen-driven 

selection in IgD- CD148lo  B cells. We found that IgD-CD148lo  B cells experienced stronger 

selection the antigen-binding complementarity determining regions (CDR) compared to naïve B 

cells, but weaker selection compared to GC B cells, consistent with an extrafollicular origin 

(Figure 3.9E). Surprisingly, we found that IgD- CD148lo  B cells exhibited strong positive 

selection in the BCR framework region (FWR) (Figure 3.9E), an area where mutations are 

generally selected against in order to preserve immunoglobulin structural integrity37. This further 

demonstrates that IgD- CD148lo  B cells experience aberrant selection and are likely derived 

from the extrafollicular region, were promiscuous selection of B cells occurs34. 

Finally, the expression pattern of IgG isotypes in IgD- CD148lo  B cells prompted us to 

ask whether the expansion of these cells is dependent on T cells. In mice, class switching to 

IgG3 is promoted by T-independent antigens38 while class switching to other isotypes is driven 

by CD40-CD40L signaling with T cells39. Moreover, virus specific IgG2a and IgG2b are low but 
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Figure 3.8 IgD-CD148lo B cells are oligoclonal, lack SHM and exhibit aberrantly antigen-driven
selection. (A-B) Analysis of correlation between the frequency of IgD-CD148lo B cells and
GL7+CD38- GC B cells (A) or with CD138+ plasmablasts (B) in mice 3 weeks after infection with
LCMV. (C) Mutation frequency (left) and total mutation count (right) per sequence length were
calculated for BCR heavy chain sequences obtained from sorted IgD+ naïve, GL7+Fas+ GC, and
IgD-CD148lo B cells from mice 3 weeks after infection with LCMV. Data are mean and SEM from
one experiment with 4 individual mice. Statistical significance was determined by Student’s t-test.
****p<0.0001. (D) Quantification of antigen-driven selection. BASELINe was used to calculate the
probability density function (PDF) of observed versus expected replacement mutation frequency in
BCR heavy chains sorted from naïve, GC and IgD-CD148lo B cells from mice as in (C). Selection
strength is visualized as distance from Σ = 0. Σ > 0 indicates positive selection and Σ < 0 indicates
negative selection. Significance testing was performed as described in Yaari et al., 2012. (E)
Rarefaction plot depicting the number of distinct clones (y-axis) as a function of increasing sample
size (x-axis) among naïve, GC and IgD-CD148lo B cells from mice as in (A). Solid and dashed lines
mark interpolated and extrapolated regions, respectively, points mark exact sample size and
diversity. Shaded areas mark 95% confidence intervals.
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detectable in CD40L deficient mice infected with LCMV39 and T-bet induced expression of 

IgG2a has been reported for T-independent IgG2a/c class switching40 suggesting that IgD- 

CD148lo  B cells could arise via either T-dependent or T-independent pathways. We addressed 

this question by infecting Tcrβ-/-Tcrδ-/- mice, which lack both αβ and γδ T cells, with LCMV and 

assessed splenocyte B cell populations three weeks later. Consistent with a lack of T cell help,  

Tcrβ-/-Tcrδ-/- mice had a complete loss of GC B cells 3 weeks after infection (Figure 3.9A). 

Importantly, Tcrβ-/-Tcrδ-/- mice also had a complete loss of IgD- CD148lo  B cells 3 weeks after  

Figure 3.9 IgD-CD148lo B cell expansion is dependent on T cell help. (A-B) Analysis of
correlation between the frequency of IgD-CD148lo B cells and GL7+CD38- GC B cells (A) or with
CD138+ plasmablasts (B) in mice 3 weeks after infection with LCMV. (C) Flow cytometry analysis of
GL7+CD38- GC B cells in B6 or Tcrb-/-Tcrd-/- (TCRdKO) mice 3 weeks after infection with LCMV. (D)
Flow cytometry analysis (left) and quantification (right) of IgD-CD148lo B cells from mice as in (C).
Data are representative of 3 experiments (A-B) or 1 experiment (C-D) with at least 4 mice per
group. Error bars indicate SD. Statistical significance was determined by Pearson correlation (A-B)
and Student’s t-test (C-D), **p<0.01, ***p<0.001.
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infection, demonstrating that the expansion of IgD- CD148lo  B cells during chronic infection is 

dependent on T cells (Figure 3.9B). Together these data demonstrate that IgD-CD148lo B cells 

are a clonally restricted population of extrafollicular B cells that require T cell help. Importantly, 

our use of Tcrβ-/-Tcrδ-/- transgenic mice demonstrates the utility of genetic mouse models in 

answering fundamental questions about important cell populations in humans. 

  

Discussion 

A number of studies have demonstrated that subsets of CD27-CD21-/lo atypical B cells 

are expanded in humans in the context of both autoimmunity as well as chronic pathogenic 

infections. While it has been shown that these atypical B cells are enriched for auto-reactive B 

cells in autoimmune disease12,15-16 and correlate with viremia during chronic infection1,5,10, little is 

known about how these B cells develop or contribute to disease pathogenesis due to the 

limitations of human studies. Mouse studies, on the other hand, offer the possibility of using 

transgenic mouse models and other tools to probe biological questions that are impossible to 

answer in humans. As such, identifying murine counterparts of human atypical B cells will be 

critical for answering fundamental questions about their origins and function.    

The majority of atypical B cells in humans are marked by lack of the memory B cell 

marker CD27, which does not mark memory B cells in mice and has complicated the 

identification of similar atypical B cells in mouse. By using CD148, another marker of splenic 

memory B cells in humans21 we have identified a novel population of IgD-CD148lo B cells that 

are expanded during chronic infection and autoimmunity and represent putative murine 

correlates of human atypical B cells, particularly the DN2 B cell population found in lupus17. In 

both LCMV infected and MRL-lpr mice, but not in mice immunized with T-dependent antigens, 

IgD-CD148lo B cells were expanded, IgG class switched, expressed low levels of CD21 and had 

high CD11c expression, similar to atypical memory B cells found in humans. Notably, 

transcriptional analysis of IgD-CD148lo B cells revealed high expression of a number of key 
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genes described in DN2 B cells, including Itgax, Tbx21, Zeb2, Fcrg2b and Fcrl5, and single cell 

RNA sequencing demonstrated clear subset of DN2-like B cells among IgD-CD148lo B cells. 

Moreover, we used BCR sequencing analysis to show that IgD-CD148lo B cells exhibit low levels 

of somatic mutation and aberrant selection, suggesting extrafollicular origins similar to DN2 B 

cells. Although IgG class switched, the expansion of IgG2a/c+, IgG2b+ and IgG3+ IgD-CD148lo B 

cells prompted us to take advantage transgenic mice to ask if these B cells required T cell help. 

By infecting Tcrβ-/-Tcrδ-/- double knockout mice with LCMV, we found that IgD-CD148lo B cells 

require T cell help, answering a fundamental question that is likely relevant to subsets of human 

atypical B cells. 

IgD-CD148lo B cells share some characteristics with previously described Age 

Associated B cells (ABCs), such as loss of CD21 and high expression of Tbet and CD11c18-19. 

Importantly, these ABCs were identified in mice aged to 13 – 22 months while IgD-CD148lo B 

cells appear as early as 9 or 10 weeks of age in LCMV infected or MRL-lpr mice, establishing 

that they are not associated with aging. While ABCs have also been described in mouse models 

of autoimmunity, they again only appear after 8 months of age and express IgM as well as IgG19 

demonstrating that these B cells are distinct from the IgM- IgD-CD148lo B cells described herein.      

T-bet is crucial for isotype class switching to IgG2a30, the most efficient isotype for viral 

clearance29,41. Mice infected with gammaherpesvirus 68 were shown to develop a subset of     

T-bet+ virus specific B cells that expressed CD11c but these B cells did not lose expression of 

CD2129, again demonstrating that the expanded IgD-CD148lo  B cells we describe after chronic 

LCMV infection are a unique and novel subset. 

In addition to Jenks and colleagues defining extrafollicular DN2 B cells in lupus, other 

studies have demonstrated that extrafollicular B cells play an important role in disease. For 

example, autoantibody-producing B cells are often heavily mutated so their development has 

largely been attributed to the random and error prone nature of SHM combined with loss of self-

tolerance mechanisms in the GC. However, William et al. showed that autoreactive rheumatoid 
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factor-specific B cells actually undergo SHM outside the GC, escaping the safety mechanisms 

that normally promote tolerance33. Additionally, Maehara et al. recently used multicolor staining 

approaches to demonstrate that a subset of IL-4+ BATF+ Tfh cells are uniquely expanded in 

secondary and tertiary lymphoid organs of patients with IgG4-related disease (IgG-RD)42. 

Interestingly, these Tfh cells were more abundant in the extrafollicular region where they were 

shown to make cell-cell contact with AID-expressing IgG4+ B cells, potentially driving this 

disease.  

Although initially used to treat B cell lymphomas, the anti-CD20 monoclonal Rituximab 

has been increasingly used to deplete B cells for the treatment of many autoimmune diseases. 

Importantly, while Rituximab may reduce plasma cells by depleting CD20+ precursors, it does 

not deplete existing antibody secreting plasma cells and patients with autoimmune diseases 

may benefit from the identification of other targets that deplete CD20- subsets of B cells. For 

example, Jenks et al. demonstrated that DN2 B cells in lupus have high expression of the 

plasma cell marker SLAMF7, and proposed that anti-SLAMF7 antibodies hold therapeutic 

potential for the treatment of SLE by targeting mature plasma cells as well extrafollicular 

plasmablasts and their DN2 precursors17. Human studies are relatively limited in their capacity 

to manipulate biological systems, but genetic mouse models can be used to identify other such 

critical targets. Conditional deletion of cytokines or their receptors on distinct cell types, the 

prevention of antigen presentation, or the complete loss of specific cell types are all readily 

achieved in mouse models. If we had murine correlates for human disease-associated immune 

cells, these perturbations would allow us to ask specific questions about the requirements or 

functions of distinct cell types and provide answers to integral questions about human health 

and disease. 
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Materials and Methods 

Mice. C57BL/6J mice were purchased from The Jackson Laboratory and used between 6-7 

weeks of age for infection and immunization experiments. MRL/lpr mice were purchased from 

The Jackson Laboratory and used between 10 and 12 weeks of age. Age and sex-matched 

animals were used for all experiments, and all animals were housed in specific-pathogen-free 

conditions at Massachusetts General Hospital. All experiments performed were in accordance 

with the protocol approved by MGH’s Institutional Animal Care and Use Conditions. 

 

Infection and immunization. For LCMV infections, retro-orbital injections of 400 x106  PFU of 

LCMV clone were given to C57BL/6J mice at 6 weeks of age. Plaque assays were performed to 

verify infection, and spleens were harvested from infected mice at 3, 4, 5, and 6 weeks post-

infection. Age and gender-matched C57BL/6J mice were used as uninoculated controls. For 

NP-KLH and SRBC immunization, C57BL/6J mice were immunized intraperitoneally with 100 ug 

NP-KLH (Biosearch Technologies) in Alyhydrogel (Invivogen) or 2 x 109 SRBCs (Colorado 

Serum Company) and spleens were harvested 7 – 10 days after immunization.  

 

Antibodies and flow cytometry. Single cell suspensions were achieved by processing spleens 

through 70 um mesh filters. Red blood cells were Ack lysed and samples were resuspended in 

FACS staining buffer (0.5% BSA in PBS). Surface staining of lymphocytes was performed at 

4qC with Fc block (BD Biosciences) and the following antibodies from Biolegend: anti-CD3 

(17A2), anti-CD73 (TY/11.8), anti-GL7 (GL7), anti-IgD (11-26c.2a), anti-IgM (RMM-1), anti-

CD19 (6D5), anti-B220 (RA3-6B2) anti-CD80 (16-10A1); from BD Biosciences: anti-IgG1 (A85-

1), anti-CD21 (7G6), anti-CD38 (90/CD38), anti-CD138 (281-2), anti-CD148 (8A-1), anti-CD11c 

(8HL3). Flow cytometry was performed on LSR Fortessa (BD) and cells were sorted using 

FACSAria SORP (BD). Data was analyzed using Flow Jo software version 10.5.3. viSNE 

analyses were performed using the CytoBank platform23. 
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scRNA-Seq with Seq-Well. Resuspended cells were profiled using the Seq-Well platform for 

massively parallel, high-throughput scRNA-seq for low-input clinical samples. A complete 

description of methods is available online27. Briefly, cells from each sample were manually 

counted (Bal Supply 808CI) and loaded onto one array preloaded with barcoded mRNA capture 

beads (ChemGenes). All samples retained fewer than 10,000 cells. The loaded arrays 

containing cells and uniquely barcoded oligo-dT beads were then sealed using a polycarbonate 

membrane with a pore size of 0.01 μm, which allows for the exchange of buffers but retains 

biological molecules confined within each nanowell. Subsequent buffer exchanges facilitated 

cell lysis, transcript hybridization, and bead recovery before performing reverse transcription en 

masse. Following reverse transcription using Maxima H Minus Reverse Transcriptase 

(ThermoFisher EP0753) and an Exonuclease I treatment (NewEngland Biolabs M0293L) to 

remove excess primers, PCR amplification was carried out using KAPA HiFi PCR Mastermix 

(Kapa Biosystems KK2602) with approximately 2,000 beads per 50 μl reaction volume. Libraries 

were then pooled into one tube and purified using Agencourt AMPure XP beads (Beckman 

Coulter, A63881) by a 0.6X SPRI followed by a 0.8X SPRI and quantified using Qubit hsDNA 

Assay (Thermo Fisher Q32854). The quality of each WTA product was assessed using the 

Agilent hsD5000 Screen Tape System (Agilent Genomics) with an expected peak ranging 

between 800-1500 bp tailing off to beyond 5000 bp, and a small or non-existent primer peak 

(~100-200 bp). 

3’ digital gene expression (DGE) libraries were constructed using the Nextera XT DNA 

tagmentation method (Illumina FC-131-1096) using index primers as described43. Loaded 

samples ranged from 600-2,000 pg of pooled cDNA, depending on the peak distribution of the 

WTA product for the sample. Tagmented and amplified sequences were purified at a 0.6X SPRI 

ratio followed by a 0.9X SPRI yielding library sizes with an average distribution of 400–750 base 
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pairs in length as determined using the Agilent hsD1000 Screen Tape System (Agilent 

Genomics). Samples were sequenced using an Illumina 100 Cycle NovaSeq6000S kit (Illumina 

20027464). The read structure in both cases was paired end with read 1 starting from a custom 

read 1 primer containing 20 bases with a 12-bp cell barcode and 8-bp unique molecular 

identifier (UMI) and read 2 containing 50 bases of transcript information. 

 

Unsupervised transcriptomic analysis. Before performing dimensionality reduction, a list of 

the 1,881 most variable and highly expressed genes was generated by including genes with an 

average normalized and scaled expression value greater than 0.1 and with a dispersion 

(variance/mean) greater than 0.1. We then performed principal component analysis (PCA) over 

the list of variable genes. For both uniform manifold approximation and projection (UMAP) and 

SNN (shared nearest neighbor) clustering, we used the first 10 principal components. We used 

FindClusters within Seurat (which utilizes a SNN modularity optimization-based clustering 

algorithm) with a resolution of 0.7 and UMAP with minimum distance of 0.2 and number of 

neighbors of 50 to identify 4 clusters across the 5 input samples. One of these clusters scored 

highly for plasmablast genes and was excluded from the analysis. The remaining cells were 

reclustered similarly to reveal seven clusters. 

 To identify genes that defined each cluster, we performed differential expression using 

the “bimod” test implemented with the FindMarkers function in Seurat based on a likelihood ratio 

test designed for single-cell differential expression incorporating both a discrete and continuous 

component. Thresholds were set at an average log-fold difference 0.2 and adjusted p-value 

(Bonferroni) less than 0.05. Top marker genes with high specificity were used to construct a 

heat map of cluster identity. 

 To determine the scores of gene sets and pathways, such as B cell types and signatures 

from Jenks et al., we used the ‘AddModuleScore’ function in Seurat to construct a mean score 

of supplied genes subtracting a background score constructed from a random selection of 
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genes in bins of average expression across all cells. When comparing scores within a specific 

subset of cells, AddModuleScore was constructed only over that subset, and recalculated if the 

subset was further partitioned. 

 

Alignment & Pre-processing of scRNA-Seq data. Read alignment was performed as 

previously described44. In brief, for each Illumina sequencing run, raw sequencing data was 

converted to demultiplexed FASTQ files using bcl2fastq2 based on Nextera N700 & N500 

indices corresponding to individual samples/arrays. Reads were then aligned to mm10 genome 

using the dropseq_tools v2.1.0 pipeline maintained by the Broad Institute using standard 

settings. Individual reads were tagged according to the 12-bp barcode sequenced and the 8-bp 

UMI contained in Read 1 of each fragment. Following alignment, reads were binned onto 12-bp 

cell barcodes and collapsed by their 8-bp UMI with a hamming distance correction of 1. DGE 

matrices (genes-by-barcode) for each sample were obtained from quality filtered and mapped 

reads, with an automatically determined threshold for barcode count. 

 DGEs from each sample were individually culled and inspected by unsupervised 

analysis before inclusion into the full analysis. All sequenced samples were cut to exclude 

barcodes with low complexity/housekeeping gene expression (400 gene complexity cutoff, 

housekeeping gene expression cutoff of 1.6 log2(tp10k)). All samples were then combined and 

genes expressed in at least 1% of the remaining barcodes were retained. Consecutive samples 

from the same mouse were combined by assigning zeros to all undetected genes per sample 

and concatenating columns. This curated, UMI-collapsed data was then normalized to 10,000 

UMIs per barcode (tp10k) and log2-normalized before being input into Seuratv2.3.4 

(https://github.com/satijalab/seurat) for further analysis. This yielded a Seurat object of 8328 

genes across 3249 single cells. The 5 individually sampled mice averaged 650 cells per sample 

with a range between 86 cells and 1,374 cells. 

 

https://urldefense.proofpoint.com/v2/url?u=https-3A__github.com_satijalab_seurat&d=DwMFaQ&c=WO-RGvefibhHBZq3fL85hQ&r=62nVJfNFZPwo7XPbu8O5ZkWaqUr-grUzpAuTmLUad5Y&m=oN21eZryElKaznJYSmzkh49SXyhUDhFZSi2X3aQPPQE&s=mO9U-lmY9sCW4jaIXCM_wRW1_plSxdulIBQo3TGt0Kg&e=
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BCR IgH library preparation. Sorted B cell populations from infected mice were lysed in RLT 

buffer and RNA was purified using the RNAeasy Microkit (Qiagen) according to the 

manufacturer’s protocol. BCR heavy chain libraries were made using an adaptation of a 

previously published 5’ RACE strategy45. First, reverse transcription was carried out using 

SMARTScribe Reverse Transcriptase (Takara) along with 3’ primers specific for murine 

IgG1/IgG2 (KKACAGTCACTGAGCTGCT) and IgD (GCCATTTCTCATTTCAGAGG) constant 

regions and a 5’ template switching oligo containing a Unique Molecular Identifier 

(AAGCAGUGGTAUCAACGCAGAGUNNNNUNNNNUNNNNUCTT(rG)5). Next, full length 

transcripts were amplified using a nested PCR reaction performed with Q5 polymerase (New 

England Biolabs) and the following primers: 3’ IgG1/IgG2 

(GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGNAGTGGATAGACMGATG) 3’ IgD 

(GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGNCTCTGAGAGGAGGAAC); 

5’:(TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGNAAGCAGTGGTATCAACGCAGAGT) 

followed by a third PCR to add sample indices using Illumina indexing primers. Samples were 

pooled and sequenced on Illumina MiSeq platform. 

 

BCR repertoire data analysis. Migec was used to extract UMIs and assemble consensus 

sequences of UMI-collapsed reads, which were aligned using IMGT/HighV-Quest . We next 

used Change-O46 from the Immcantation framework to process alignment output, cluster 

sequences into clonal groups, and reconstruct D-masked germline sequences. The SHazaM 

package from Immcantation was used for basic mutational load analyses and quantification of 

selection pressure via BASELINe35-36. VDJtools47 was used to determine clonal diversity.    
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Statistics. Statistical tests were run using Prism 6.0 (Graphpad) using Student’s two-tailed 

unpaired t-test, one-way ANOVA, two-way ANOVA and Pearson correlation unless otherwise 

specified. P values of less than 0.05 were considered significant.  
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 Coordinated interaction between T cells and B cells during an immune response is 

crucial for the production of high affinity protective antibodies but can also support the 

pathogenesis of chronic inflammatory diseases. In this thesis we have sought to understand two 

independent aspects of T-B collaboration and how these interactions contribute humoral 

immunity. Using computational analysis of BCR repertoire sequencing we show that stringent 

and effective selection of high affinity B cells requires Treg-mediated control of Tfh cell 

numbers. We showed that loss of stringent selection resulted in enhanced clonal diversity and 

argued that this may be used to overcome obstacles in eliciting humoral responses against 

subdominant epitopes. We also identified a novel subset of disease-associated B cells in mice 

that potentially represent murine correlates of phenotypically similar disease-associated B cells 

in humans. Importantly, we made use of transgenic TCRb-/-TCRd-/- mice to highlight the utility of 

manipulating murine counterparts of human immune cells to answer fundamental questions 

about human disease. 

 In this chapter we briefly discuss the future directions and implications of our efforts as 

they pertain to the study of T cell-B cell collaboration in the context of protective and pathogenic 

humoral immunity.  

 

PTEN-deficient Tregs and promiscuous GC selection 

 We have shown that loss of Treg suppressive function results in impaired affinity 

maturation which is driven by promiscuous selection of GC B cells during a T-dependent 

immune response. Stringent and effective selection of high affinity GC B cells relies on 

competition for limited Tfh cell help, and previous studies have demonstrated that loss of 

competition abrogates affinity maturation1-2. Consistent with this, we found that immunized 

Ptenfl/flFoxp3-Cre mice had increased Tfh cell numbers concomitant with reduced affinity for 

anti-NP IgG. The inability of PTEN-deficient Tregs to control Tfh cell numbers, both before and 



 93 

after immunization, suggests that Tregs normally promote affinity maturation by constraining Tfh 

cell differentiation during the early stages of a T-dependent immune response. 

 Tfh cell differentiation is initiated in the T cell zone and continues at the T-B border 

where B cells provide a second wave of signals required for commitment to the Tfh cell fate3. 

CTLA-4 is crucial for Treg suppressive function and may mediate the regulation of Tfh cell 

differentiation via depletion of B7 ligands on DCs in the T cell zone or on B cells at the T-B 

border4-5. Similarly, Tregs that are poised to differentiate into Tfr cells and begin expressing 

CXCR5 may similarly constrain Tfh or Tefh cell differentiation in the extrafollicular region as they 

migrate into the B cell follicle. Surprisingly, neither we nor others found differences in CTLA-4 

expression on PTEN-deficient Tregs, rendering this an unlikely mechanism by which PTEN-

deficient Tregs fail to control Tfh differentiation6-7. Curiously, initial studies of Ptenfl/flFoxp3-Cre 

mice reported no differences in the expression of any Treg signature genes other than 

decreased expression of Il2ra (CD25)6-7. These analyses was performed on bulk sorted FoxP3+ 

cells which contained a mix of Tregs and Tfr cells as well as resting and activated Tregs. A 

better understanding of how PTEN-deficient Tregs fail to constrain Tfh cell differentiation may 

therefore come from a more controlled analysis of transcriptional changes that occur in 

activated CXCR5- Tregs from immunized Ptenfl/flFoxp3-Cre mice. 

 Aside from the inability to control Tfh differentiation, loss of PTEN in Tregs may drive 

increased Tfh cell help in other ways. For example, a previous study showed that PTEN-

deficient Tregs ultimately lose FoxP3 expression and become “exTregs” which begin to express 

Th1-type pro-inflammatory cytokines6. PTEN may similarly be required to maintain FoxP3 

expression in Tfr cells, with instability resulting in Tfr cells becoming Tfh-like and potentially 

gaining helper functions. In support of this, the use of a small molecule PTEN inhibitor was 

shown to destabilize Tregs and resulted in their upregulation of CD40L8. Fate mapping studies 

that permanently mark FoxP3-expressing Tfr cells with a fluorescent reporter could be used to 

ask whether PTEN-deficient Tfr cells continue to express FoxP3 over the course of an immune 
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response and may provide insight into how modulating PTEN expression can be harnessed to 

alter the availability of Tfh cell help within the GC. 

 

Inhibition PTEN for subdominant antibody responses 

 In chapter 1 we discussed how somatic hypermutation (SHM) is the primary mechanism 

for secondary diversification of the B cell repertoire, but that this diversity is often lost to 

competition within the GC as varying degrees of homogenizing selection eliminate potentially 

useful clones. Consistent with this, we have demonstrated that promiscuous selection of GC B 

cells in Ptenfl/flFoxp3-Cre resulted in B cells with higher levels of somatic mutation and a more 

clonally diverse B cell repertoire. Because subdominant antibody responses often arise when 

precursor frequencies are low and unable to compete for selection in the GC, we performed an 

experiment in collaboration with Daniel Lingwood’s group to ask whether the weakened 

selection and enhanced clonal diversity of B cells from Ptenfl/flFoxp3-Cre mice could promote a 

subdominant immune response against a conserved epitope on the stalk domain of influenza 

hemagglutinin (HA). To do this, Ptenfl/flFoxp3-Cre and WT mice were immunized with stalk-only 

HA nanoparticles which lack the immunodominant HA head domain9. Mice were boosted every 

three weeks with the same immunogen and serum was taken after each boost to assess serum 

for antibodies targeting the conserved stalk epitope10. We did not find a difference in stalk-

specific antibody production or an increase in HA-stalk-specific B cells at the end of the 16 week 

experiment, however because our assays relied on high affinity binding to stalk-specific probes 

and Ptenfl/flFoxp3-Cre mice exhibit impaired affinity maturation, it is possible that low affinity 

responses were produced but not detected. We are currently performing BCR sequence 

analysis on B cells from these mice to ascertain whether aberrant selection permits enhanced 

clonal diversity in the context of immunization with a more complex antigen. This is especially 

relevant in light of the observation that complex antigens drive permissive selection of a wider 

range of BCRs than do classical hapten-based immunogens11, and will provide critical insight 
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into whether targeting PTEN in Tregs is a viable option for broadening the B cell repertoire 

against complex antigens used in vaccines.   

 Permanent loss of stringent selection undermines affinity maturation and eventually 

permits the outgrowth of autoreactive B cells, further diluting the antigen-specific response while 

also contributing to autoimmunity. In theory, transient inhibition of PTEN could be incorporated 

into vaccination strategies to temporarily relax the stringency of selection and permit the survival 

of useful clones that can subsequently be refined by affinity maturation upon restoration of 

PTEN activity. Consistent with this, Wing and colleagues used different Treg depletion 

strategies to show that transient depletion of Tregs led to increased antigen-specific Tfh cells 

and B cells while prolonged depletion led to the expansion of total Tfh and GC B cells, reducing 

the fraction that were specific for antigen4. Bisperoxovanadium compounds are reversible and 

specific small molecule inhibitors of PTEN that are under active preclinical investigation due to 

their restorative effects in neural and cardiac tissue injury repair12. Because PTEN is uniquely 

highly expressed in Tregs13-14, a chemical inhibitor of PTEN would specifically target Tregs while 

leaving other activated cells relatively intact. Consistent with this, use of the small molecule 

inhibitor VO-OHpic in mice was shown to impair suppressive capacity of Tregs while having no 

effect on conventional T cell or DC signaling and did not promote autoimmunity8. Moreover, this 

study demonstrated that chemical inhibition of PTEN impaired Treg signaling and suppressive 

capacity to the same extent as a Treg-specific deletion of PTEN, indicating that chemical 

inhibition of PTEN could similarly recapitulate the effects on affinity maturation that we see in 

our model. In vitro studies with VO-OHpic or tamoxifen induced deletion of PTEN demonstrate 

that phenotypic changes in Tregs occur around 10 days after loss of PTEN activity6,8, and we 

hope to perform similar studies to determine how long after loss of PTEN activity do relevant 

functional changes occur. 

 An important consideration in using a PTEN inhibitor as part of a vaccination strategy is 

the observation that genetic loss of PTEN in early GC B cells impaired isotype class switch 
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recombination by impairing AID targeting to switch regions15. It is unclear if chemical inhibition of 

PTEN in B cells would have the same effect, but future experiments will need to determine 

whether any of the many different PTEN inhibitors can be utilized to potently target Treg 

suppressive function while leaving this important B cell function intact. Lastly, although mouse 

studies report moderate levels of toxicity when PTEN inhibitors are administered systemically, 

this is a concern for feasibility in humans due to the critical role that PTEN plays in controlling 

PI3K signaling in a variety of cell types as well as preventing tumorigenesis. A potential solution 

to systemic delivery could be the use of nanoparticles which have been developed to 

specifically deliver chemotherapeutic agents directly to lymph nodes16. These nanoparticles 

have been shown to successfully deliver chemotherapy to lymph nodes in mice and can be 

modified to control diffusion of the loaded substance17-18, providing a theoretical mechanism by 

which to deliver PTEN inhibitors to directly to lymph nodes as part of a vaccination protocol. 

 

Murine correlates of human DN B cells  

 Phenotypically similar subsets of CD27- CD21-/lo atypical B cells are expanded in 

individuals with chronic infections and autoimmune disease, yet little is known about the 

generation or function of these B cells due to the limitations of human studies. In chapter 3 we 

identified and described a novel population of IgD-CD148lo B cells that lack CD21 expression 

and are expanded during chronic infection and autoimmunity, but not during T-dependent 

immunization. We suggested that these B cells may represent murine correlates of human 

disease-associated atypical B cells and compared them with the most comprehensively studied 

subset of human atypical B cells, the IgD-CD27-CD11c+ DN2 B cells found in lupus19. We found 

that in addition to having low levels of CD21, IgD-CD148lo B cells shared many transcriptional 

features with DN2 B cells such as high levels of Tbx21 (Tbet) and Itgax (CD11c) as well as high 

expression of type III IFNs and the inhibitory receptors Fcrl5 (FcRL5) and Fcgr2b (FcγRIIb). 
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 Despite these similarities, IgD-CD148lo B cells did not exhibit high expression of the plasma cell 

markers Irf4 or Slamf7, both of which are upregulated in DN2 cells and are important in their 

classification as precursors of plasma cells. Importantly, we performed this transcriptional 

analysis on B cells from mice chronically infected with LCMV and expect that, as in humans, B 

cells that arise during chronic infection are slightly different than those that arise in 

autoimmunity. We plan to perform transcriptional analysis on IgD-CD148lo B cells from MRL-lpr 

or Ptenfl/flFoxP3-Cre mice to determine if IgD-CD148lo B cells from lupus prone mice more 

closely resemble the pre-plasma cell DN2 B cells found in lupus patients. Moreover, 

hyporesponsiveness to BCR signaling and, in the case of infection, TLR stimulation is a defining 

feature of human atypical B cells and we plan to assess IgD-CD148lo B cells responsiveness in 

vitro to understand if they are similarly refractory to activation.  This studies will help delineate 

differences between IgD-CD148lo B cells that arise the context of infection versus autoimmunity 

and may provide clues about the signals that drive their differentiation and how their 

transcriptional programs contribute to disease.  

 Interestingly, IgD-CD148lo B cells from mice infected with LCMV exhibited low levels of 

somatic mutation and aberrant antigen-driven selection, consistent with an extrafollicular origin 

similar to that of DN2 B cells. We hope to repeat this analysis with IgD-CD148lo B cells from 

MRL-lpr or Ptenfl/flFoxp3-Cre mice and add to the growing body of evidence suggesting that 

extrafollicular B cells play a significant role in the pathology of chronic inflammatory disease and 

that this pathway of B cell activation warrants further study. Lastly, we demonstrated the utility of 

studying murine correlates for human atypical B cells by using TCRE-/-TCRG-/- mice to discover 

that IgD-CD148lo B cells require T cell help, thereby answering a fundamental question about 

their development that may also apply to subsets of atypical B cells in humans. 

 It is worth noting that IgD-CD148lo B cells induced by chronic LCMV infection share 

important features with a population of murine B cells that emerge during acute infection, 

including expression of T-bet and IgG2a20. T-bet expression in B cells is critical for murine anti-
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viral response in part because of it’s role in promoting isotype class switching to IgG2a/c, the 

most efficient isotype for viral clearance20-21. Even in the presence of virus-specific IgG2a/c, T-

bet expression in B cells was required for effective viral clearance, suggesting that T-bet 

controls a broad antiviral program in B cells22.  Importantly, T-bet+ antiviral B cells do not exhibit 

low expression of CD2120 demonstrating that the IgD-CD148lo B cells we describe herein are 

distinct from those induced by acute infection but may be developmentally related due to the 

importance of T-bet in driving humoral antiviral responses. Further studies may shed light on the 

mechanisms that lead to a bifurcation of T-bet+ antiviral B cells into protective and exhausted 

subsets.  

 

Genetic mouse models and the study atypical B cells  

 If IgD-CD148lo B cells represent murine correlates of a subset of human atypical B cells 

then we can use genetic tools to ask whether key signaling events or transcription factors are 

required for the generation of these cells. For example, a defining feature of human atypical B 

cells is high expression of the Th1 lineage transcription factor T-bet, suggesting that T-bet is a 

key driver of atypical B cell development. By using mice engineered to lack T-bet specifically in 

the B cell compartment we can ask whether T-bet is a requirement for the expansion of IgD-

CD148lo B cells during chronic infection with LCMV. Additionally, we could cross lupus prone 

MRL-lpr or Ptenfl/flFoxp3-Cre mice with mice lacking T-bet in B cells and determine whether IgD-

CD148lo B cells were still generated upon disease manifestation. Interestingly, a study by Peng 

et al. demonstrated that loss of T-bet expression in MRL-lpr mice dramatically reduced B cell-

mediated manifestations of disease while T-cell-dependent manifestations continued to develop 

normally23. Although this does not specifically point to a role for T-bet in promoting atypical B 

cells per se, it does link T-bet with the development and/or function of a subset of B cells that 

mediates a lupus-like disease. Moreover, CD11c expression in B cells was shown to prolong 

interactions with T cells at the T-B border24, suggesting that CD11c may play a role in driving 
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the development of atypical B cells via protracted antigen presentation or signaling with CD4+ T 

cells.  If we discovered that Tbet was required for IgD-CD148lo B cell development, we could 

continue to use transgenic knockout mice to determine which targets of T-bet, such as CD11c, 

are important for atypical B cell development or disease-mediating function and potentially use 

this information to develop targeted approaches for the elimination of these B cells in chronic 

inflammatory diseases. 

 Rather than driving atypical B cell generation, upregulation of T-bet may be secondary to 

upstream signals that do contribute to atypical B cell development and function. For example 

high levels of IFN-γ  are observed during chronic infection and autoimmunity, and may drive 

cellular programs that promote atypical B cell development in addition to and independently of 

T-bet upregulation25-27. Additionally, TLR signaling promotes the expression of T-bet in B cells 

but also synergizes with BCR triggering to activate autoreactive B cells in the extrafollicular 

region28-30. Nucleic acid-containing TLR ligands are abundant in chronic infection and 

autoimmunity and TLR signaling may be an inciting event in the generation of atypical B cells. 

Transgenic mouse models could help tease apart these intertwined pathways and potentially 

establish a distinct signaling pathway that drives atypical B cells. Moreover, mouse models of 

infection will be important for understanding the proximal factors that lead to atypical B cell 

generation because the timing of signaling events is known and controlled, unlike the 

unpredictable onset of disease on lupus prone animals. 

 Atypical B cells in chronic infection likely influence disease pathogenesis via 

hyporeactivity and subsequent poor humoral control of infection. In the context of autoimmunity, 

however, there are clear indications that atypical B cells have the capacity to directly contribute 

to disease progression. In addition to producing autoantibodies, atypical B cells likely contribute 

to disease via other B cell functions such as antigen presentation or cytokine secretion. T-bet 

expression in B cells upregulates the chemokine receptor CXCR322, which may drive atypical B 

cells into tissue sites of inflammation where they mediate disease pathogenesis via antigen 
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presentation and/or secretion of pro-inflammatory molecules. In support of this, work from our 

lab has identified an expanded population of IgD-CD27- DN B cells in patients with IgG4 related 

disease (IgG4-RD), a chronic inflammatory disease characterized by a lymphoplasmacytic 

infiltrate composed of IgG4+ plasma cells and lesions with storiform fibrosis. Multicolor imaging 

analysis of tissue lesions from IgG4-RD patients revealed that DN B cells are in these tissue 

lesions and frequently make contact with a subset of CD4+ CTLs that produce profibrotic factors 

like TGF-β, IFN-γ and IL-β. This suggests that DN B cells may present antigen or provide other 

signals to CD4+ CTLs at these sites to induce tissue fibrosis. Moreover, we found that DN B 

cells in IgG4-RD tissues make profibrotic LOXL2 and PDGF-B, demonstrating that atypical B 

cells can contribute directly contribute to fibrosis. 

 Because patient tissue samples are not readily available for many chronic inflammatory 

diseases, assessment of murine DN B cells may provide similar insights into the tissue-based 

functions of human atypical B cells. Renal pathology is characteristic of autoimmune MRL-lpr 

and Ptenfl/flFoxp3-Cre mice, and we plan to use multicolor imaging techniques to determine 

whether IgD-CD148lo B cells infiltrate kidneys of these mice and if so, which cell types they may 

be interacting with. We can then use transgenic mouse models to deplete key functional 

molecules in B cells and identify potential therapeutic targets to ameliorate atypical B-cell 

mediated pathologies within tissues.  

 Overall, our work provides insight into the regulation of GC selection and provides 

therapeutic points of interest for enhancing the development of protective humoral responses or 

curb pathogenic ones. Our identification of a novel subset of disease-associated B cells reveals 

a number of future avenues of investigation into the cellular and molecular pathways that drive 

atypical B cell generation and function and may similarly provide targets for therapeutic 

interventions in the treatment of chronic inflammatory diseases. 

 

 



 101 

References 

 
1. Victora, G.D. et al. Germinal center dynamics revealed by multiphoton microscopy with a 

photoactivatable fluorescent reporter. Cell 143, 592-605 (2010). 
 

2. Victora, G.D. & Nussenzweig, M.C. Germinal centers. Annu Rev Immunol 30, 429-457 
(2012). 
 

3. Choi, Y.S. et al. ICOS receptor instructs T follicular helper cell versus effector cell 
differentiation via induction of the transcriptional repressor Bcl6. Immunity 34, 932-946 
(2011). 
 

4. Wing, J.B., Ise, W., Kurosaki, T. & Sakaguchi, S. Regulatory T cells control antigen-
specific expansion of Tfh cell number and humoral immune responses via the coreceptor 
CTLA-4. Immunity 41, 1013-1025 (2014). 
 

5. Sage, P.T., Paterson, A.M., Lovitch, S.B. & Sharpe, A.H. The coinhibitory receptor CTLA-4 
controls B cell responses by modulating T follicular helper, T follicular regulatory, and T 
regulatory cells. Immunity 41, 1026-1039 (2014). 
  

6. Huynh, A. et al. Control of PI(3) kinase in Treg cells maintains homeostasis and lineage 
stability. Nat Immunol 16, 188-196 (2015). 
 

7. Shrestha, S. et al. Treg cells require the phosphatase PTEN to restrain TH1 and TFH cell 
responses. Nat Immunol 16, 178-187 (2015). 
 

8. Sharma, M.D. et al. The PTEN pathway in Tregs is a critical driver of the suppressive 
tumor microenvironment. Sci Adv 1, e1500845 (2015). 
 

9. Yassine, H.M. et al. Hemagglutinin-stem nanoparticles generate heterosubtypic influenza 
protection. Nat Med 21, 1065-1070 (2015). 
 

10. Sangesland, M. et al. Germline-Encoded Affinity for Cognate Antigen Enables Vaccine 
Amplification of a Human Broadly Neutralizing Response against Influenza Virus. 
Immunity 51, 735-749 e738 (2019). 
 

11. Kuraoka, M. et al. Complex Antigens Drive Permissive Clonal Selection in Germinal 
Centers. Immunity 44, 542-552 (2016). 
 

12. Pulido, R. PTEN Inhibition in Human Disease Therapy. Molecules 23 (2018). 
 

13. Bensinger, S.J. et al. Distinct IL-2 receptor signaling pattern in CD4+CD25+ regulatory T 
cells. J Immunol 172, 5287-5296 (2004). 
 

14. Walsh, P.T. et al. PTEN inhibits IL-2 receptor-mediated expansion of CD4+ CD25+ Tregs. 
J Clin Invest 116, 2521-2531 (2006). 
 

15. Sander, S. et al. PI3 Kinase and FOXO1 Transcription Factor Activity Differentially Control 
B Cells in the Germinal Center Light and Dark Zones. Immunity 43, 1075-1086 (2015). 
 



 102 

16. Thomas, S.N. & Schudel, A. Overcoming transport barriers for interstitial-, lymphatic-, and 
lymph node-targeted drug delivery. Curr Opin Chem Eng 7, 65-74 (2015). 
 

17. Thomas, S.N., Vokali, E., Lund, A.W., Hubbell, J.A. & Swartz, M.A. Targeting the tumor-
draining lymph node with adjuvanted nanoparticles reshapes the anti-tumor immune 
response. Biomaterials 35, 814-824 (2014). 
 

18. Khullar, O.V. et al. Nanoparticle migration and delivery of Paclitaxel to regional lymph 
nodes in a large animal model. J Am Coll Surg 214, 328-337 (2012). 
 

19. Jenks, S.A. et al. Distinct Effector B Cells Induced by Unregulated Toll-like Receptor 7 
Contribute to Pathogenic Responses in Systemic Lupus Erythematosus. Immunity 49, 
725-739 e726 (2018). 
 

20. Rubtsova, K., Rubtsov, A.V., van Dyk, L.F., Kappler, J.W. & Marrack, P. T-box 
transcription factor T-bet, a key player in a unique type of B-cell activation essential for 
effective viral clearance. Proc Natl Acad Sci U S A 110, E3216-3224 (2013).  
 

21. Coutelier, J.P., van der Logt, J.T., Heessen, F.W., Vink, A. & van Snick, J. Virally induced 
modulation of murine IgG antibody subclasses. J Exp Med 168, 2373-2378 (1988). 
 

22. Barnett, B.E. et al. Cutting Edge: B Cell-Intrinsic T-bet Expression Is Required To Control 
Chronic Viral Infection. J Immunol 197, 1017-1022 (2016). 
 

23. Peng, S.L., Szabo, S.J. & Glimcher, L.H. T-bet regulates IgG class switching and 
pathogenic autoantibody production. Proc Natl Acad Sci U S A 99, 5545-5550 (2002). 
 

24. Rubtsov, A.V. et al. CD11c-Expressing B Cells Are Located at the T Cell/B Cell Border in 
Spleen and Are Potent APCs. J Immunol 195, 71-79 (2015). 
 

25. Obeng-Adjei, N. et al. Malaria-induced interferon-gamma drives the expansion of Tbethi 
atypical memory B cells. PLoS Pathog 13, e1006576 (2017). 
 

26. Pollard, K.M., Cauvi, D.M., Toomey, C.B., Morris, K.V. & Kono, D.H. Interferon-gamma 
and systemic autoimmunity. Discov Med 16, 123-131 (2013). 
 

27. Roff, S.R., Noon-Song, E.N. & Yamamoto, J.K. The Significance of Interferon-gamma in 
HIV-1 Pathogenesis, Therapy, and Prophylaxis. Front Immunol 4, 498 (2014). 
 

28. Myles, A., Gearhart, P.J. & Cancro, M.P. Signals that drive T-bet expression in B cells. 
Cell Immunol 321, 3-7 (2017). 
 

29. Shlomchik, M.J. Activating systemic autoimmunity: B's, T's, and tolls. Curr Opin Immunol 
21, 626-633 (2009). 
 

30. Sweet, R.A. et al. Facultative role for T cells in extrafollicular Toll-like receptor-dependent 
autoreactive B-cell responses in vivo. Proc Natl Acad Sci U S A 108, 7932-7937 (2011). 
 

 

 


