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Abstract 
 

B Cell Receptor and Toll-like Receptor Signaling Integrate to Control Distinct B-1a 
Responses to both Self-Antigens and the Microbiota 

 
By 

 
Lieselotte Sarah Maria Kreuk 

 
Doctor of Philosophy in Molecular and Cell Biology 

 
University of California, Berkeley 

 
Professor Gregory Barton, Chair 

 
B-1a cells are innate-like lymphocytes that play an important role in mediating 

tissue homeostasis and protection against infections. These cells are the main 
producers of “natural” IgM, spontaneously secreted serum antibodies predominately 
reactive to self-antigens like phosphatidylcholine (PtC) on dead or dying cells or 
bacterial antigens present in the intestinal microbiota. In addition, B-1a cells are a major 
source of microbiota-reactive IgG3 and IgA. Whether production of these antibodies 
relies on clonal activation through the B cell receptor (BCR) versus polyclonal activation 
from innate immune stimuli remains poorly understood.  

In this dissertation, I aim to reconcile conflicting studies on the contribution of 
BCR and Toll-like receptor (TLR) signaling in regulating B-1a specificity, activation, and 
function. Through the use of an in vivo reporter mouse that serendipitously marked a 
subset of antibody-secreting activated B-1a cells, I demonstrate a skewing of both anti-
PtC and anti-microbiota reactivities within this activated subset, suggesting ongoing 
BCR-mediated activation of B-1a cells at steady state. I also show that a microbiota is 
required for B-1a-derived microbiota-reactive IgM but not for reactivity to the self-
antigen PtC, supporting a model where B-1a cell responses to foreign versus 
endogenous antigens are distinctly regulated. 

Intriguingly, unlike in germ-free mice, TLR-deficient mice have a significant 
reduction in both PtC- and microbiota-reactive B-1a responses, although distinct 
subsets of TLRs regulate responses against self-antigens versus microbiota-derived 
antigens. Whereas Unc93b1-dependent nucleic acid sensing TLRs appear to regulate 
anti-PtC B-1a reactivity in the peritoneal cavity, TLR2 and TLR4 regulate anti-
commensal B-1a-derived serum IgM. Because commensal bacteria, which can express 
LPS or surface peptidoglycans, provide an antigenic context for TLR4 and TLR2 
stimulation, and dead or dying cells exposing phosphatidylcholine and nuclear material 
like DNA or RNA may be capable of stimulating Unc93b1-dependent nucleic acid 
sensing TLRs, I propose a model whereby dual BCR and TLR signaling integrate to 
control distinct B-1a responses.  

In order to determine a more global picture of the role of distinct TLRs in 
regulating B-1a specificity, I performed heavy chain CDR3 sequencing from peritoneal 
cavity and spleen B-1a cells from mice lacking different subsets of TLRs. These studies 
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identified several new heavy chain variable region genes regulated by nucleic acid 
sensing TLR signaling. Additionally, I identified a novel role for TLR2 and TLR4 in 
regulating general diversity of splenic B-1a cells. 

Finally, I found that TLR activation of B-1a cells leads to the reduction of surface 
CD5, a negative regulator of BCR signaling, suggesting a potential mechanism 
rendering B-1a cells responsive to BCR-mediated stimulation. Altogether, the work 
presented in this dissertation reveals substantial heterogeneity with the B-1a cell subset 
and an updated understanding of the role of B cell receptor versus innate immune 
receptor stimulation in regulating B-1a specificity and function. 
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Chapter 1: General Introduction- Developmental origin and function of 
B-1a cells and ‘natural’ antibodies 

 
Discovery of ‘natural’ IgM secreting B-1a cells 
 

All jawed vertebrates contain populations of spontaneous ‘natural’ 
immunoglobulin (Ig)-secreting cells, giving rise to steady state serum antibodies in the 
absence of apparent antigenic stimulation. These antibodies are largely self-reactive 
and are for the most part of the IgM isotype. The best-studied natural IgM secreting 
population was identified in mice over 35 years ago1 and is defined by a 
CD19hiB220loIgMhiIgDloCD23–CD43+ surface phenotype. Because these cells appear 
earlier in ontogeny than conventional B cells, they are termed “B-1”, whereas 
conventional B cells are termed B-2. CD5 expression is used to further differentiate B-1 
cells into either B-1a (CD5+) or B-1b (CD5−). Murine B-1a cells are the predominant B 
cell subset in the pleural and peritoneal cavity2, but also make up a small fraction of 
bone marrow and splenic B cells. However, though rare by percentage, total splenic B-
1a cell number is equivalent to peritoneal cavity B-1a cell number.  

While the ligand for CD5 is still unknown, it functions as a negative regulator of B 
and T cell receptor signaling3–5.  In T cells, CD5 expression positively correlates with 
self-reactivity and has been linked to the maintenance of an anergic state in both T cells 
and conventional B cells6.  The expression of CD5 on B-1a cells has been linked to their 
inability to proliferate in response to BCR-mediated antigenic stimulation.  Most B-1a 
cell studies have focused on peritoneal cavity B-1a cells, as they are more frequent 
there than in the spleen, bone marrow, and fetal liver. However, it is becoming 
increasingly apparent that there is significant heterogeneity in B-1a properties 
depending on their tissue residence7,8. 

Briefly, B-1a cells are historically defined by several characteristics that set them 
apart from conventional B-2 cells. These include (1) maintenance through self-renewal, 
(2) long term survival and expansion after adoptive transfer, (3) predominance in pleural 
and peritoneal cavities, (4) the ability to secrete Ig without foreign antigen exposure, (5) 
and a very restricted repertoire skewed towards common bacterial and self-antigens. 
While B-1a cells were discovered several decades ago, the mechanisms that regulate 
these defining qualities still remain incompletely understood. 
 
Production of ‘natural’ serum IgM 
 
 The contribution of B-1a cells to the majority of circulating IgM was perhaps best 
shown by a clever B-1a chimera experiment that takes advantage of the inability of adult 
bone marrow to reconstitute B-1a cells.  Specifically, C57BL/6 IgHb B-1a cells were 
transferred into neonatal congenic recipients that express the BALB/c IgHa allele.  
These mice were treated with anti-IgMa antibodies to deplete endogenous B cell 
development during the first 6 weeks of life, without affecting the transferred IgMb B-1a 
cells. When treatment stopped, adult bone marrow HSCs gave rise to IgHa B-2 cells, but 
could no longer give rise to B-1a cells (as the B-1a developmental time window is 
restricted to the first few weeks of life, where after they are replenished through self-
renewal). Therefore, the resulting serum IgMa was derived from B-2 cells, whereas 
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serum IgMb was derived from B-1a cells.  Since 90% of serum IgM in B-1a chimeras 
was of the IgMb allotype, it was concluded the majority of steady state serum IgM is 
derived from B-1a cells9. 
 A number of ‘natural’ IgM reactivities have since been identified by the 
generation of monoclonal antibodies derived from B-1a cells. Common reactivities 
include dsDNA, ssDNA, phosphatidylcholine, insulin, phosphorycholine, thymocytes, 
brominated red blood cells, influenza virus, and also LPS and carbohydrate antigens 
present on microbes10–14. Termed ‘natural’ IgM, B-1a cells spontaneously secrete IgM, 
as measured ex vivo by ELISPOT analysis. Peritoneal cavity B-1a cells however don’t 
appear to spontaneously secrete IgM ex vivo, and it is actually the splenic and bone 
marrow B-1a cells that do7,15.  More strikingly, it appears that splenic CD5− B-1b cells 
secrete even more IgM than splenic CD5+ B-1a cells by ELISPOT analysis. It is 
currently unclear how exactly ‘natural’ IgM secretion is regulated, and whether it may 
involve the downregulation of negative regulators of BCR signaling such as CD5. 
 
B-1a cell origins and development 
 
            As mentioned, B-1a cells are the first B cell subset to arise in ontogeny. In order 
to better understand their function, it is important to consider the mechanisms that 
mediate B-1a cell development. Though still unresolved, B-1a cells appear to be of fetal 
and neonatal origin, as discovered by the inability to reconstitute the B-1a compartment 
by adult bone marrow transfers into lethally irradiated mice16.   

Two main models of B-1a development have been proposed: (1) the lineage 
hypothesis and (2) the ‘induced differentiation’ hypothesis. Though not yet identified, the 
lineage model proposes that distinct precursors give rise to B-1 and B-2 cells, whereas 
the ‘induced differentiation’ model suggests that distinct signals through a common 
precursor give rise to either B-1 or B-2 cells.  The lineage model is largely based on 
studies that showed that adult bone marrow is not able to reconstitute B-1 cells, 
whereas the fetal liver, fetal omentum, and paraaortic splanchnopleura contained 
precursors exclusively for B-1 cells16,17. Additionally, like other fetal liver derived innate 
cells that persist for life, B-1 cells also have self-renewing capacity, whereas 
conventional B-2 cells regenerate from bone marrow derived HSCs throughout the 
lifetime of an animal. Interestingly, recent studies identified a master regulator of fetal 
but not adult hematopoiesis Lin28b as driving B-1a development18,19, suggesting that 
fetal precursors are more poised to develop into B-1a cells.   

While discussed at more length in the following section, B-1a cells are positively 
selected during their development and their BCR specificities are highly skewed 
towards self-antigens. Importantly, there are differences in the BCR repertoire of fetal 
versus adult B cells, which may contribute to an increased or decreased likelihood of 
developing into a B-1a cells20,21. In adults, terminal deoxynucleotide transferase (TdT) 
makes nontemplated nucleotide insertions (N insertions) during VDJ rearrangements, 
whereas in fetal pre-B cells TdT is not expressed22.  Following, fetal B cells contain 
germ-line encoded heavy and light chains, whereas adult-derived B cell heavy and light 
chains diverge more.  Finally, fetal liver pro- and pre-B cells preferentially rearrange 
their heavy chains with J-proximal V genes, whereas rearrangement in adult B cells is 
more random, allowing for increased diversity. Altogether, mechanisms proposed by 
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both the lineage and induced differentiation model likely play a role in B-1a cell 
development. 

Finally, cytokines are also play an important in B-1 B cell development. For 
instance, B-1 cells, unlike B-2, constitutively express the IL-5 receptor.  Mice with a 
targeted deletion of IL-523 or the IL-5 receptor24 have decreased numbers of B-1 cells 
early in life, though they appear to recover as adults. Conversely, mice that overexpress 
IL-5 have an increased number of B-1 cells25. 
 
Role of B cell receptor signaling in B-1a cell development 
 

BCR signaling is essential for B-1a cell development. Mice expressing a BCR 
transgene specific to hen egg lysozyme (BCR Tg-HEL) fail to develop B-1a cells26, 
whereas mice expressing the common B-1a BCR transgene VH11/VK14, which 
recognizes the self-antigen phosphatidylcholine, preferentially develop B-1a cells as 
their predominant B cell subset27. Furthermore, other transgenic mouse studies showed 
that mutations in positive regulators of BCR signaling such as Btk28 and CD1929,30 result 
in reduced B-1a cell numbers, whereas mutations in negative regulators of BCR 
signaling such as Lyn31 and CD7232 result in increased B-1a cell numbers. While still 
incompletely understood, these studies indicate that a BCR-generated signal is required 
either for B-1a cell development, survival, and/or expansion. The strongest evidence 
supporting that BCR signaling is required for B-1a development came from a study 
conducted by Hayakawa et al., where Thy1.1-/- mice fail to develop B-1a cells specific to 
Thy1.1, which contains a carbohydrate epitope known to be recognized by natural 
IgM10. 

Importantly, the B-1a repertoire is enriched for weak auto-reactivity, suggesting 
that a low affinity BCR interaction with self-antigen may drive B-1a development. The 
low affinity nature of the BCR and its cognate antigen may be a way in which B-1a cells 
are able to avoid negative selection. Interestingly, in a model whereby BCR Tg-HEL 
mice express a transgene encoding a soluble form of HEL6, mice fail to develop B-1a 
cells and instead develop anergic anti-HEL B cells. One possible mechanism explaining 
these results could be that the strength of the antigen-BCR interaction was not of the 
right strength to promote B-1a cell development. Another possibility is that there are 
additional signals required for B-1a cell development and/or maintenance.  

 
Regulation of ‘natural’ versus antigen induced B-1a responses 

 
In many ways B-1a cells bridge the innate and adaptive immune system. 

Generally T-independent (TI) antigens initiate B-1a cell proliferation, differentiation, and 
antibody secretion33,34. Whereas B-2 cells responding to T-dependent antigens plus 
CD40 ligand undergo maturation in germinal centers, giving rise to somatic 
hypermutations and a memory cell fate, TI B-1a responses generally lack somatic 
hypermutations and do not develop into memory B cells.  

While required for development, early studies have led to the conclusion that 
mature B-1a cells do not respond to antigen-specific BCR stimulation.  Evidence for this 
comes from in vitro studies that have shown that mature B-1a cells respond to LPS 
independently of their BCR specificity35,36. Moreover, in a murine model of influenza 



	 4	

infection, B-1a cell are known to be recruited to the lung where they secrete IgM14. 
However, 90% of the B-1a BCR specificities are not specific for flu9, suggesting that the 
migration to the lung and secretion of IgM is driven by a BCR-antigen independent 
process. Additionally, several studies have found that cytokine signals like IL-5, IL-10, 
and innate signals through TLRs induce the emigration of peritoneal cavity B-1a cells to 
distal sites like the spleen and intestinal lamina propria, independent of their BCR 
specificity37–40. Finally, early and recent studies have suggested that germ-free B-1a 
derived IgM responses and the heavy chain CDR3 repertoire are equivalent when 
compared to specific pathogen free (SPF) mice21,41–43, again supporting a model 
whereby exogenous antigen stimulation is dispensable for B-1a responses in vivo. 
Importantly, B-1a cells have significantly lower hypersomatic mutations, possibly 
resulting in lower affinity and less stringent requirements for binding to distinct antigens, 
allowing for considerable cross-reactivity. Therefore, ‘natural’ antibody responses 
directed against the microbiota may actually be derived from B-1a responses selected 
on self, but cross-reactive to bacterial epitopes.  

The inability of B-1a cells to respond through BCR stimulation has been 
attributed to the expression of negative regulators like CD5. However, the contribution 
of TLR versus BCR signaling in regulating B-1a responses is still incompletely 
understood. Importantly, early germ-free studies only measured differences in IgM 
responses to a limited number of antigens, most of which were endogenous specificities 
like DNA, red blood cells, and phosphatidylcholine. However, the recent study 
comparing the heavy chain CDR3 repertoire of B-1a cells from SPF and germ-free mice 
used normalized data to make their conclusion that the B-1a repertoire is not 
significantly different. Specifically, each unique CDR3 nucleotide sequence is given an 
equal value of one independently of how often the sequence appears in the data set.  
Therefore, the extent to which various B-1a BCR reactivities clonally expand and/or are 
actually secreting IgM in response to microbial antigens is not measured with this 
analysis, and it still remains enigmatic to what degree ongoing or intermittent BCR 
signaling drives B-1a maintenance and function. 

Intriguingly, positive selection alone may not completely explain how the natural 
antibody repertoire is faithfully recapitulated in all individuals despite the stochastic 
nature of V-D-J gene assembly. More specifically, reproducible in different strains of 
mice, about 15-30% of peritoneal cavity and 10-15% of spleen B-1a cells express the 
VH11/VK14 heavy and light chain gene pair associated with specificity for the self-
antigen phosphatidylcholine. Importantly, young mice have a more diverse B-1a 
repertoire, which undergoes dramatic BCR restriction as animals age21. The observed 
BCR restriction of B-1a cells, suggests an antigen-specific BCR mediated selection 
process. Following, it is likely that B-1a cells are indeed receiving antigen specific BCR 
signaling in vivo, and that this may be important for their maintenance and/or function. A 
recent study showed that when compared to other B cell subsets B-1a cells from adult 
mice express significantly higher levels of Nur77, a gene whose expression is tightly 
linked to T cell and B cell receptor signaling44. Moreover, B-1a cells with a BCR 
specificity for the self-antigen phosphatidylcholine, had even higher levels of Nur77, 
suggesting that antigen-BCR stimulation of B-1a cells occurs at steady state.   

The extent to which food antigens or the microbiota provide BCR stimulus that 
drives commensal reactive IgM responses is not fully understood. It is very likely that 
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there is significant heterogeneity within the B-1a cell subset, and that B-1a responses to 
endogenous versus exogenous ligands may be uniquely regulated.  

 
B-1a cells as a source of class switched mucosal antibody responses 
 

The gastrointestinal tract is colonized by a diverse microbiota, which serves to 
aid in the digestion of food and absorption of nutrients, and provides an ecological niche 
that prevents the outgrowth of pathogenic species. Strong evidence supports a model 
where eukaryotic hosts and their symbionts have evolved a mutualistic relationship, in 
which both partners benefit45,46. However, because symbiotic microbes that reside in 
and on us share many of the same molecular patterns as pathogenic microbes, the host 
has developed many sophisticated physical and immune mechanisms to achieve 
homeostasis. In the intestines, these mechanisms include anti-microbial peptides 
secreted by gut epithelial cells47, a mucus layer that physically separates the intestinal 
epithelial layer and the underlying bacteria48, cytokines such as IL-2249–51, and 
antibodies secreted by B cells.   

Antibodies provide the first line of defense at mucosal surfaces. The most 
abundant and best-characterized antibody isotype present in the intestinal lumen is IgA, 
and to a lesser extent IgM.  IgA and IgM, but not IgG, are present in the intestinal lumen 
because these antibody isotypes are able to dimerize and pentamerize, respectively, 
through a joining J-chain, allowing antibody transcytosis through the polymeric Ig 
receptor expressed on the basolateral surface of epithelial cells52. In the lumen, IgA 
serves to limit bacterial translocation. There has also been evidence of IgA modulating 
the commensal community, selecting species with less inflammatory activity on host 
tissues53. More recently, our lab found that at steady state mice also make systemic 
anti-commensal IgG3 and IgG2b antibody responses, which, through their maternal 
transmission via the breastmilk, serve to limit mucosal T cell responses in neonates54. A 
cartoon illustrating the role of different isotypes of microbiota reactive antibodies is 
summarized in Figure 1.1.   

While there have been several studies investigating the contribution of different B 
cell subsets to giving rise to anti-commensal IgA and IgG, at least the T-independent 
arm of the response appears to be largely derived from B-1a cells55–57. B-1a chimera 
experiments, as previously described, showed that serum levels of IgG3 were 
established prior to the cessation of endogenous B cell depletion with anti IgMa, and did 
not increase after B-2 responses recovered, suggesting that B-1a cells are the 
predominant source of serum IgG355. Recently, there was a study that showed that B-
1b cells, but not B-1a cells give rise to T cell-independent anti-commensal IgA58. New 
tools, such as antibodies that can distinguish different allotypes of IgG3 and IgA will be 
important to investigate the role of B-1a cells in anti-commensal antibody responses 
using the B-1a chimera system. Additionally, novel genetic tools to mark early B-1a 
precursors will also be important for lineage tracing experiments. 

 
Signaling requirements for class switched anti-commensal antibody responses 
 

While less clear with commensal reactive ‘natural’ IgM, a microbiota is required 
for optimal class switched anti-commensal antibody responses. Already described in the 
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earliest germ-free studies measuring the contribution of the microbiota to natural Ig 
responses, was the marked reduction in IgG3 and IgA in germ free mice41,43. More 
recently, a study sequencing the heavy chain CDR3 repertoire from splenic B-1a cells 
found a significant reduction in class switch recombination to IgG3 and IgA in germ-free 
mice21. These studies indicate that another layer of mutualism between the host the 
their microbiota appears to be contribution of commensal-derived stimuli that either 
directly or indirectly aid in the proper development of the host immune system.  

Toll-like receptors also play an important role in class switch recombination of 
commensal reactive B cells. Previous work from our lab has shown that TLR2 and TLR4 
are required for optimal titers and microbial reactivity of serum IgG354. In vitro, B cells 
can class switch to IgG3 with a TLR4 or TLR2 ligand alone, and do not require external 
cytokines. This is contrast to class switching to IgA, which requires TGF-β, or IgG1, 
which requires IL-4. Following, Tlr2−/− Tlr4−/− mice have reduced serum IgG354. Through 
transfer experiments we also showed that the TLR requirement for anti-commensal 
IgG3 was B-cell intrinsic54.  Because germ-free mice also had reduced serum IgG3 
titers54, we concluded that commensal bacteria may be providing the antigen and/or 
Toll-like receptor agonist required for class switch recombination to IgG3.  Interestingly, 
germ-free and Tlr2−/− Tlr4−/− still have some serum IgG3, despite being significantly 
lower than WT SPF levels.  However, when assaying commensal reactivity by staining 
fecal bacteria with serum, despite normalizing IgG3 titers, germ-free and Tlr2−/− Tlr4−/− 
still lack anti-commensal reactivity. These results suggest that the microbiota may not 
only be providing a TLR ligand resulting in activation and class switch recombination, 
but may actually induce an antigen specific BCR stimulus selecting for commensal 
reactivity. 

 
B-1a cells in health and disease 
 

While it appears paradoxical that the majority of circulating IgM in healthy mice is 
derived from highly poly-reactive B-1a BCR specificities, it is precisely this quality that 
likely contributes to B-1a cell-mediated maintenance of tissue homeostasis and defense 
against mucosal pathogens. In studies where mice were unable to secrete IgM 
(sIgM−/−), acute septic peritonitis induced by cecal ligation and puncture led to increased 
death59.  However, upon transfer of monoclonal antibodies specific for 
phosphatidylcholine, mice were protected, indicating the importance of ‘natural’ IgM in 
protecting against microbiota induced peritonitis59. Antibody-deficient mice are also 
more susceptible to LPS-induced sepsis, which can be rescued by a serum transfer 
prior to LPS administration60, again indicating natural IgM protection against pathogenic 
challenge. Finally, B-1a cells are important for protection from influenza. However, while 
B-2 cells produce the majority of influenza-specific IgM in response to infection, B-1 
derived natural IgM is generally not flu-specific and rather contributes to general tissue 
homeostasis14. There have also been studies that have shown that natural IgM can 
directly neutralize pathogens or inhibit their replication through complement 
activation59,61–63, which may be an important first line of defense mediating host 
commensal homeostasis in the gut. 

Because B-1a cells often produce autoreactive antibodies, although of low 
affinity, it has been investigated whether they can contribute to autoimmunity. For 
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instance, NZB mice spontaneously develop autoimmune hemolytic anemia due to the 
production of anti-RBC antibodies64.  These mice exhibit an increased number of B-1 
cells1, though this doesn’t prove a causative link to disease development. To test 
whether anti-RBC B-1a cells directly induced autoimmune hemolytic anemia, a BCR 
transgene specific for red blood cells, derived from NZB mice, was expressed in 
C57BL/6 mice.  Importantly, normal numbers of transgene expressing B-1 cells were 
found in the peritoneal cavity and transgene-expressing B-2 cells in the spleen 
experienced negative selection or anergy. Intriguingly, about 50% of transgenic mice 
developed autoimmune hemolytic anemia65. Autoimmunity was rescued when housed 
under germ-free conditions66, suggesting that exposure to exogenous antigen is 
required for disease development. How microbial exposure aids in the development of 
anemia resulting from the presence of anti-RBC B-1 cells is not known. However, this 
finding points to a significant role in the microbiota in regulating B-1 cell function at 
steady state. 
 
Functional B-1a cell orthologs in humans 
 
 While a human ortholog of B-1a cells has yet to be definitively identified, it almost 
certainly exists given the presence of serum ‘natural’ IgM. Early studies identified a 
CD5+ population in human cord blood and fetal liver cells, that are higher in frequency 
than the adult spleen and blood, and reported that increased numbers of CD5+ cells 
correlated with increased incidence of disease67. Importantly, the same Lin28b-
dependent transcriptional program present in fetal and neonatal liver hematopoiesis 
observed in mice was also observed in human fetal liver cells18. Additionally, a recent 
group observed a population of CD20+CD27+CD43+ cells in humans that had the ability 
to spontaneously secrete self-reactive IgM68.  However, whether this population is 
definitively the human B-1a ortholog remains incompletely understood. 
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Figure 1.1. Simplified schematic of microbiota-reactive antibody responses. 
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Chapter 2: The role of B cell receptor signaling and the microbiota in 
regulating B-1a activation and function 

 
Background 

 
B-1a cells were discovered 35 years ago and have characteristics that bridge the 

innate and adaptive immune system. Unlike follicular B cells, termed B-2, B-1a cells are 
rapidly recruited to sites of infection and produce antibodies independently of T cell 
help. B-1a cells are the main producers of serum IgM antibodies, which promote tissue 
homeostasis and provide protection against infections. More recently B-1a cells have 
been implicated as a source of microbiota-reactive, class-switched IgG and IgA 
antibodies, which are important for intestinal homeostasis. 

B-1a cell-derived antibodies are often reactive with self epitopes21,69,70. For 
example, the most common B-1a specificity is for phosphatidylcholine (PtC), a 
phospholipid present within the plasma membranes of eukaryotic cells. Up to 30% of 
peritoneal cavity B-1a cells and 15% of splenic B-1a cells express PtC-reactive BCRs in 
adult mice70. Other specificities include nucleic acids, LPS, and carbohydrates. Early 
studies from Hayakawa and colleagues showed that the absence of a specific self-
antigen, such as Thy-1, results in the absence of self-reactive B-1a specificities to that 
antigen28. Moreover, mice harboring mutations in BCR signaling molecules exhibit 
reduced B-1a B cell numbers28,29, whereas mice with deficiencies in BCR coinhibitory 
molecules have increased frequencies of B-1a cells31,32. These studies strongly suggest 
that positive selection via BCR signaling is critical for B-1a cell development. 

Many B-1a derived antibodies have been termed polyreactive due to their ability 
to bind shared structures present on a variety of unrelated self and foreign antigens. For 
example, B-1a-derived monoclonal antibodies can recognize epitopes present on cell 
membranes of apoptotic cells but also on cell wall polysaccharides present on 
bacteria71–74. A recent study by Yang et al. reported no significant difference in B-1a cell 
heavy chain CDR3 sequences in adult germ free (GF) and specific-pathogen-free (SPF) 
mice21, supporting a model whereby B-1a reactivities are selected on self-antigens. 
Consequently, B-1a antibody responses directed against the microbiota are generally 
thought to arise from BCR specificities selected on self but cross-reactive to microbial 
antigens. However, this study used normalized CDR3 sequencing data, where each 
unique nucleotide sequence is counted as 1 regardless of how often the sequence 
appears in the repertoire, in order to rule out clonal expansion. However, faithfully 
recapitulated clonal expansion of recurrent specificities in the repertoire is a hallmark of 
B-1a cells. Additionally, sequencing studies are unable to determine the extent to which 
certain B-1a cells are actually secreting antibody. Altogether, the mechanisms that 
regulate B-1a antibody responses to self versus microbial epitopes are not completely 
understood. 

B-1a derived serum antibodies are termed ‘natural’ IgM due to their constitutive 
secretion which is thought to be independent of antigen exposure62,75. Additionally, 
unlike B-2 cells, whose compartment is maintained by BM-derived hematopoietic cells 
(HSCs), B-1a cells are primarily of fetal and neonatal origin and are maintained by self-
renewal throughout life76–81. The mechanisms regulating the maintenance and antibody 
secretion of B-1a cells are incompletely understood. Unlike B-2 cells, in vitro ligation of 
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the BCR with anti-IgM on mature B-1a cells leads to reduced calcium mobilization and 
induction of apoptosis. The inability of mature B-1a cells to respond to BCR-mediated 
stimulation in vitro has been attributed to their expression of CD5, a negative regulator 
of TCR and BCR signaling3,4,6,82.  These observations have led to a model whereby B-
1a selection is mediated by positive selection on self antigens, whereas activation and 
antibody production is regulated by non-clonal activation through pattern recognition 
receptors, such as Toll-like receptors (TLRs) or cytokine receptors38,40,83. Indeed, B-1a 
cells express a variety of TLRs (TLR1, 2, 3, 4, 7, 8, and 9) and are more prone to 
terminal plasma cell differentiation than B-2 cells upon in vitro stimulation by TLR 
ligands84,85.  

In contrast to the model whereby B-1a activation occurs independently of BCR 
signaling, several studies have suggested that antigen-specific expansion of B-1a cells 
indeed occurs in vivo. Studies by Hardy and colleagues identified that the B-1a 
repertoire is skewed toward auto-reactive specificities13. Recent studies have shown 
that this skewing begins at around the time of weaning and continues throughout 
adulthood21. The predominance of self-reactivity and its increase over time suggests an 
antigen-specific expansion process. Additionally, recent in vivo work from Zikherman 
and colleagues showed that B-1a cells express high levels of Nur77 in likely in response 
to self antigen, suggesting that recent or ongoing BCR signaling occurs in mature 
circulating B-1a cells44. However, the function and mechanisms underlying in vivo BCR-
mediated activation of B-1a cells under homeostatic conditions is not well understood.  
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Results 
 
Novel reporter mouse marks bi-allelic transcriptional activation of IgG3 locus 
 

Previous findings from our lab showed that healthy mice make class-switched 
IgG3 and IgG2b serum antibodies reactive with the microbiota, which coordinate with 
IgA to dampen neonatal mucosal T cell responses54.  In order to better understand the 
origin and fate of IgG3+ B cells I created a knock-in mouse in which IgG3+ B cells 
express Cre recombinase (Cre) (Figure 2.1A). A targeting vector was used to introduce 
T2A-Cre followed by a frt-flanked neomycin-resistance gene into the Igg3 constant 
region, just after the exon encoding the last Igg3 transmembrane domain (Figure 2.1B). 
This design enables expression of Cre only when IgG3 protein is translated. Southern 
blotting confirmed correct targeting of the IgG3 locus (Figure 2.1C). I also confirmed a 
single insertion into the genome by southern blotting for the neomycin-resistance gene 
(Figure 2.1D). Igg3T2A-Cre mice were crossed to β-actinFlippase mice to delete the 
neomycin-resistance gene. The resulting Igg3T2A-Cre mice were then crossed to 
Rosa26STOPflox-TdTomato reporter mice, hereafter referred to as Igg3T2A-Cre:TdTomato. In these 
mice the Tomato fluorescent protein should be expressed in any cell that expresses 
IgG3 or has previously expressed IgG3.  

In adult Igg3T2A-Cre:TdTomato mice, Tomato expression was restricted to CD19+ B 
cells in the spleen (Figure 2.2A). However, I found that only a small fraction of Tomato+ 
cells were IgG3+ (Figure 2.2A). Unexpectedly, almost half of Tomato+ splenic B cells 
were IgG3–IgM+ (Figure 2.2A). I considered three possible mechanisms that could lead 
to the high frequency of IgG3–IgM+Tomato+ cells. First, these cells may have recently 
class-switched to IgG3 and therefore still express surface IgM. However, sorted 
IgM+Tomato+ splenic B cells retained surface IgM after 48 hours in culture and did not 
gain expression of IgG3 (Figure 2.2B). Furthermore, single-cell RT-PCR revealed that in 
vitro stimulated IgM+IgG3–Tomato+ B cells expressed IgM mRNA but not IgG3 mRNA 
(Figure 2.2C). Altogether, these results argue against the possibility that the IgG3–

IgM+Tomato+ cells lack surface IgG3 because they recently class switched to IgG3.  
Second, I ruled out that Igg3T2A-Cre:TdTomato mice were simply defective in IgG3 

class switch recombination (CSR) by inducing IgG3 expression via LPS stimulation of 
splenocytes in vitro (Figure 2.4A). Third, I considered the possibility that Cre expression 
was linked to IgG3 CSR on the unrearranged heavy chain allele. In order to determine 
the contribution of the rearranged versus the unrearranged allele to Tomato expression, 
Igg3T2A-Cre:TdTomato mice, which are on a IgHb C57BL/6 background, were crossed to wild-
type IgHa BALB/c mice. The resulting F1 mice consist of one heavy chain allele of the 
IgHb allotype containing Cre and one heavy chain allele of the IgHa allotype that does 
not express Cre (Figure 2.2D). If Cre expression were linked to IgG3 CSR on the 
unrarranged allele, I would expect 100% of Tomato+ cells in these F1 mice to express 
surface IgMa. Instead, I found that both heavy chain alleles contributed equally to 
Tomato expression, determined by equal frequency of surface IgMa+ versus IgMb+ 

Tomato+ B cells when compared to the frequency of IgMa+ versus IgMb+ total CD19+ B 
cells (Figure 2.2D). 

Therefore, I considered the possibility that IgG3–IgM+Tomato+ cells express Cre 
without switching to IgG3. The simplest way Cre expression could occur in the absence 
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of CSR is translation of the T2A-Cre fusion protein from the Igg3 germ-line transcript 
(GLT), especially since there is an in frame ATG upstream of the Cre recombinase 
gene.  Such a mechanism would not be unprecedented, as previous work by Wabl and 
colleagues showed translation of the Igm GLT86. Single-cell RT-PCR of in vitro 
stimulated IgM+IgG3–Tomato+ B cells confirmed that these cells express the Igg3 GLT 
(Figure 2.2C). Thus, Igg3T2A-Cre:TdTomato mice appear to report induction of the Igg3 GLT 
rather than class switching to IgG3. Moreover, the presence of large numbers of IgG3–

IgM+Tomato+ cells indicates that a significant fraction of B cells has received signals 
that induce Igg3 GLT but not CSR to IgG3.  
 
Reporter mouse marks a subset of activated, antibody-secreting B-1a cells 
 

When I examined different subsets of B cells from Igg3T2A-Cre:TdTomato mice in vivo, 
I discovered that the highest frequency of Tomato expression was in IgM+ B-1a cells 
(CD19+CD43+CD5+) (Figure 2.3A). To better define the signals controlling induction of 
Cre in B cells of Igg3T2A-Cre:TdTomato mice, I tracked Tomato expression in B cells in vivo. 
The Tomato+ splenic B-1a cells were larger in size by forward scatter (FSC-A) and had 
lower surface IgD expression relative to Tomato– splenic B-1a cells (Figure 2.3B), as 
measured by flow cytometry.  Moreover, the frequency of cells spontaneously secreting 
IgM was much higher in sorted splenic Tomato+ B-1a cells when compared to Tomato– 
B-1a cells (Figure 2.3C).  

Based on these findings, I considered the possibility that the Igg3T2A-Cre:TdTomato 
mouse marks a subset of activated B-1a cells and that activation of these cells 
correlates with induction of the Igg3 GLT rather than CSR to IgG3. To test this model, I 
stimulated splenocytes from IgG3T2A-Cre:TdTomato mice with LPS in vitro. Induction of 
Tomato expression correlated with reduction of surface IgD expression and increased 
size, indicative of cells that have undergone activation and/or plasmablast differentiation 
(Figure 2.4A). In order to test the functional significance of the Cre-expressing cells in 
Igg3T2A-Cre mice, I crossed Igg3T2A-Cre mice with Rosa26STOP-flox-DTA mice to ablate any 
Cre-expressing cells due to forced expression of diphtheria toxin and induction of cell 
death (Figure 2.3D, left). As expected, the resulting Igg3T2A-Cre:DTA mice had a complete 
loss of serum IgG3 but also significantly reduced titers of serum IgM (Figure 2.3D, 
right), indicating that the Tomato+ activated B-1a cells marked in the IgG3T2A-Cre:TdTomato 
mice are a significant source of serum IgM. Thus, while the Igg3T2A-Cre:TdTomato mouse did 
not function as I originally intended, these results indicate that the mouse can be used 
as a novel tool to track an activated, antibody-secreting subset of B-1a cells.  

This serendipitous outcome enabled me to study the signals that regulate B-1a 
cell activation in vivo. In vitro activation of Tomato– splenocytes from Igg3T2A-Cre:TdTomato 
mice with TLR2, 4, 7, and 9 agonists induced Tomato expression (Figure 2.4B). I 
therefore crossed the Igg3T2A-Cre:TdTomato onto a Tlr2-/-Tlr4-/-Unc93b13d/3d background, to 
determine the in vivo relevance of TLR signaling on B-1a cells. Since all TLRs except 
TLR2 and TLR4 require Unc93b1 for proper trafficking to their signaling compartment, 
Tlr2-/-Tlr4-/-Unc93b13d/3d serve as a functional knock-out for all TLRs. I was surprised to 
find that Tomato expression in both total CD19+ B cells and B-1a cells were unaltered in 
the absence of TLR signaling (Figure 2.4C), indicating that while TLR activation of B 
cells can induce Tomato expression in vitro, TLR signaling is not required in vivo for the 
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generation of Tomato+ B-1a cells. While not significant, there did appear to be a 
reduction in IgM secretion by splenic B-1a cells from Igg3T2A-Cre:TdTomato X Tlr2-/-Tlr4-/-

Unc93b13d/3d mice (Figure 2.4D). Therefore, while TLR signaling was dispensable for 
the generation of Tomato+ B-1a cells, spontaneous IgM secretion appears to be, in part, 
regulated by TLR signaling. 
 
B-1a cells have a history of B cell receptor-mediated activation  

 
Interestingly, I found that splenic B-1a cells express Nur77, a gene whose 

expression is tightly linked to BCR-mediated signaling. Intriguingly, the level of Nur77 
expression was significantly higher in splenic B-1a cells when compared to peritoneal 
cavity B-1a cells (Figure 2.5A). This finding is consistent with previous reports that 
splenic, but not peritoneal cavity, B-1a cells spontaneously secrete IgM, and that the 
spleen is the site where B-1a cells are initially activated87. Because I determined that 
the Igg3T2A-Cre:TdTomato mouse marks a subset of activated B-1a cells with enhanced IgM 
secretion, and TLR signaling was not required for the generation of these cells, I next 
sought to determine the contribution of BCR signaling to Tomato expression. Indeed 
Tomato+ splenic B-1a cells expressed higher levels of Nur77 (Figure 2.5B). Collectively, 
these data suggest that BCR signaling is linked to the activation of B-1a cells. 
 To explore more directly whether B-1a activation and antibody secretion are 
mediated by BCR signaling, I probed the BCR specificities of Tomato+ B-1a cells to 
determine whether certain specificities were enriched relative to Tomato– B-1a cells. 
Using fluorescently labeled PtC-containing liposomes to quantify PtC-reactive B-1a cells 
by flow cytometry, I observed a higher frequency of PtC-reactivity within Tomato+ B-1a 
cells versus Tomato– cells (Figure 2.5C). I also cloned the IgL and IgH genes from 
individual Tomato+ and Tomato– splenic IgM+ B-1a cells and generated recombinant 
monoclonal antibodies using a hIgG1 scaffold88 (Figure 2.5D). Consistent with the 
higher frequency of PtC reactive Tomato+ B-1a cells, the canonical VH11/VK14 heavy 
and light chain paired genes that encode PtC-reactive BCRs were enriched in Tomato+ 
B-1a cells (Figure 2.5F).  

I also examined the reactivity of monoclonal antibodies generated from Tomato+ 
and Tomato– B-1a cells with the microbiota. I excluded the PtC-reactive antibodies from 
this analysis to ensure that any observed skewing was not due to this specificity. 
Binding of each monoclonal antibody to the fecal microbiota was measured by flow 
cytometry, using an assay our lab previously described54. The monoclonal antibodies 
derived from Tomato+ B-1a cells were significantly more reactive with the microbiota 
(Figure 2.5E). While this assay cannot track specific epitopes, the data indicate that the 
BCRs of Tomato+ cells are enriched for specificities against the microbiota. Moreover, 
Tomato+ B-1a monoclonal antibodies with commensal reactivity showed diversity in 
variable gene usage, heavy and light chain pairing, and CDR3 sequences, indicating 
that diverse microbiota-reactive specificities, and not the clonal expansion of a few, 
contribute to the generation of anti-commensal B-1a derived antibodies (Table 2.1).  

Altogether, the increased frequency of BCR specificities for common B-1a 
antigens like PtC and the microbiota in the activated, antibody-secreting Tomato+ pool 
of B-1a cells indicates that antigen-specific BCR signaling, as opposed to antigen-
independent polyclonal expansion, mediates the activation and function of B-1a cells at 
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steady state. In further support of this conclusion, I did not detect Tomato expression in 
D0 neonatal liver IgM+CD19+ B cells (Figure 2.6A). Instead, splenic B-1a cells acquired 
Tomato expression over the course of the first few weeks of life (Figure 2.6B, C). Thus, 
Tomato expression correlates with the acquisition of a microbiota and/or migration of B-
1a cells from the neonatal liver to distal sites such as the spleen. 
 
The role of the microbiota in B-1 derived antibody responses 
 

Following my results indicating that distinct signals appear to regulate different B-
1a responses, I next sought to determine the extent to which self antigens versus 
microbial antigens select the B-1a cell repertoire and trigger B-1a expansion. Several 
recent studies have reported no significant difference in B-1a immunoglobulin CDR3 
sequences from adult GF and SPF mice, which has favored a model whereby 
microbiota-reactive serum IgM present in healthy SPF mice arises from antibodies 
selected on self antigens that are cross-reactive to microbial antigens present on 
constituents of the microbiota (e.g. PtC). However my results raise the possibility that 
other microbiota-derived epitopes can trigger antibody production by B-1a cells with 
distinct specificities.  

Before investigating the importance of various antigens for selection and 
expansion of microbiota-reactive B-1a cells, I first determined what fraction of 
microbiota-reactive IgM is derived from B-1 cells by generating Ig allotype disparate 
chimeric mice14. In this system IgHb peritoneal cavity B-1 cells are transferred into 
neonatal mice of the IgHa allotype that are treated with anti-IgMa for the first 6 weeks of 
life. This treatment depletes the host IgHa B cells but not the transferred IgMb B-1 cells. 
The anti-IgMa treatment is stopped at 6 weeks of age, at which point endogenous B-1a 
cells are no longer generated, since they are of fetal and neonatal origin89. However, 
bone marrow-derived IgHa cells are able to reconstitute the B-2 cell compartment, 
allowing one to determine the cellular origin of antibodies using Ig allotype specific 
antibodies (Figure 2.7A). In adult B-1 chimeric mice essentially all microbiota-reactive 
IgM was derived from IgMb B-1 cells (Figure 2.7B). Thus, B-1 cells are the main 
producers of microbiota-reactive IgM. 

Next I asked whether colonization with a microbiota is necessary for B-1a cells to 
produce microbiota-reactive serum IgM. Staining of fecal microbiota from B-cell deficient 
µMT-/- mice in our mouse colony with sera from SPF or GF mice revealed that GF mice, 
surprisingly, produce significantly reduced microbiota-reactive IgM (Figure 2.7C), 
despite normal serum IgM titers (Figure 2.7D). In contrast, the frequency of PtC-reactive 
B-1a cells in the peritoneal cavity and spleen was similar in SPF and GF mice (Figure 
2.7E), consistent with previous reports41–43. These data suggest that steady state 
microbiota-reactive IgM cannot merely be explained by the cross-reactivity of antibodies 
produced by B-1a cells in response to self-antigens; instead, microbiota-reactive 
antibody production by B-1a cells is dependent on microbial colonization. Importantly, 
these results also demonstrate different requirements for the production of microbiota-
reactive versus PtC-reactive IgM. 
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Discussion 
 

The study of B-1a biology has long been hampered by a lack of novel tools to 
elucidate the signals that regulate B-1a activation and function. In this study, I 
generated Igg3T2A-Cre:TdTomato mice, which serendipitously mark a subset of activated, 
antibody-secreting IgM+ B-1a cells, allowing me to study the signals that regulate B-1a 
activation in vivo. In particular, the contribution of BCR signaling on mature B-1a cells to 
their activation and antibody secretion is not well understood. I observed that the 
activated B-1a subset in reporter mice not only expressed higher levels of Nur77, but 
also had enriched BCR reactivities to both PtC and the intestinal microbiota. 
Interestingly, I did not see Tomato expression in fetal or neonatal liver B-1a cells. In 
fact, Tomato expression in B-1a cells correlated with their entry into the spleen or other 
distal sites where they likely encounter antigen. Whereas previous studies have clearly 
shown a contribution of BCR signaling in B-1a cell development, my data suggest that 
at steady state mature B-1a cells are actively encountering and responding to both self 
and foreign antigens through their IgM receptor.  

While I found that Tomato expression in Igg3T2A-Cre:TdTomato mice correlated with 
GLT in the Igg3 locus, the exact signals that modulate Tomato expression in reporter 
mice are still not fully understood.  Moreover, why there is preferential expression of 
Tomato in B-1a cells over other B cell subsets is also not known. One likely explanation 
is that B-1a cells are the primary source of serum IgG3, and therefore may preferentially 
receive signals that ‘poise’ B-1a cells for IgG3 CSR55. Additionally, an NF-κB binding 
site has been identified in enhancers linked to IgG3 CSR90. Accordingly, p50-/- activated 
B cells fail to induce Igg3 GLT91,92.  Therefore, BCR and/or TLR signaling, which are 
both known to result in NF-κB activation, could mediate induction of Igg3 GLT. The 
presence of these signals would induce Igg3 GLT, but not CSR unless Aicda is also 
expressed. This mechanism is supported by evidence of BCR-mediated activation in 
Tomato+ B-1a cells and the ability to induce Tomato expression in Igg3T2A-Cre:TdTomato 
splenocytes activated in vitro with TLR ligands. 

The data presented in this chapter has shed light on the role of self versus 
foreign antigens in shaping B-1a responses. Previous studies have shown that B-1a cell 
numbers and serum IgM titers are unaltered in GF mice, demonstrating that exogenous 
antigens are not required for “natural” serum IgM. Additionally, IgH sequencing studies 
in germ-free and SPF mice have shown that the mature B-1a repertoire is not 
significantly different in mice lacking a microbiota21. However, the use of normalized 
CDR3 nucleotide sequencing data does not measure the degree of clonal expansion 
and the degree to which certain specificities are actually secreted into the periphery. I 
was intrigued to observe a significant reduction in microbiota-reactive serum IgM 
antibodies in GF mice, despite no change in the frequency of PtC reactivity. This finding 
reveals that a subset of B-1a cells require a microbiota for their expansion and/or 
antibody secretion. Importantly, germ-free serum IgM still binds to a small percentage of 
the microbiota. This suggests heterogeneity within microbiota-dependent B-1a cells, 
where one portion may be dependent on microbiota-dependent signals and another 
dependent on self-antigens but also cross-reactive to microbial epitopes. Future studies 
dissecting the exact role of the microbiota in B-1a selection versus antibody secretion 
will be important.  
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Previous work from our lab and others have shown that a significant portion of 
microbiota reactive IgG and IgA requires a microbiota54. The loss of class-switched anti-
microbiota responses in GF mice has generally been attributed to microbiota-dependent 
CSR. Importantly, my results suggest that the microbiota also influences the expansion 
of non-class switched IgM+ B-1a cells, prior to CSR. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



	 17	

Materials and Methods 
 
Mice 
 

C57BL/6, µMT-/- (002288), Nur77GFP (016617), Rosa26STOP-flox-TdTomato (007905), 
Rosa26STOP-flox-DTA  (009669), β-actinFippase (005703) were obtained from The Jackson 
Laboratories.  Igg3T2A-Cre mice were generated by constructing a targeting vector 
encoding the self-cleaving peptide T2A followed by the Cre recombinase gene to be 
inserted immediately 3’ of the last Igg3 transmembrane exon. This vector was 
electroporated into C57BL/6-derived embryonic stem cells by the Mouse Biology 
Program at UC Davis. The vector also introduced a frt-flanked neomycin resistance 
gene. Targeting was assessed by Southern blot and correctly targeted ES cells were 
injected into ICR/CD1 blastocysts. Chimeric males were mated with C57BL/6 
background β-actinFippase females to remove the neomycin resistance cassette. Mice 
were then crossed to either Rosa26STOP-flox-TdTomato to permanently mark Cre+ cells with 
TdTomato or to Rosa26STOP-flox-DTA  to ablate Cre+ cells. Tlr2-/- and Tlr4-/- mice were 
generated and provided by S. Akira (Osaka University)93,94. Unc93b13d/3d were 
purchased from MMRCC95. All mice were bred and maintained in specific pathogen-free 
conditions at UC Berkeley. Germ-free C57BL/6 mice were maintained at the UC 
Berkeley Germ-Free Facility. All mouse experiments were performed in accordance with 
the guidelines of the Animal Care and Use Committee at the University of California, 
Berkeley (except for neonatal B-1 cell chimeras, as described below). 
 To generate neonatal B-1 cell chimeras, newborn B6.Cg IgHa Thy1a Gpi1a /J 
(IgHa) (Jackson, 001317) were treated with 2 mg per mouse of anti-IgMa (clone DS1.1) 
intraperitoneally twice weekly for 6 weeks to temporarily deplete B cells. 2-3 days after 
birth, pups were reconstituted with peritoneal lavage cells from C57BL/6 (IgHb), as a 
source of wild-type allotypically marked IgHb B-1 cells.  Mice were analyzed at least 2 
months after the end of anti-IgMa treatment, where B-2 cells were host derived (IgHa) 
and the majority of B-1 cells were derived from the donor peritoneal cavity (IgHb). These 
experiments were performed at UC Davis in accordance with the guidelines of the 
Animal Care and Use Committee at the University of California, Davis.  
 
Southern blotting 
 

Murine embryonic stem cell DNA was screened for single-copy targeted insertion 
of T2ACre in the Igg3 locus by digesting DNA with BglII restriction endonuclease, 
transferring agarose-gel run digested DNA onto a nitrocellulose membrane, and 
hybridizing membrane with P-32 labeled DNA probe specific for the  5’ UTR of igg3 
(forward primer: 5’-TGAGCCAGGGTAAGTGGGAGTATG-3’; reverse primer: 5’-
ATGAGGTGCAGAGTGGCTACAGG-3’) and the Neomycin resistance gene (forward 
primer: 5’-ACCGTAAAGCACGAGGAAGCG-3’; Reverse primer: 5’-
GCACGCAGGTTCTCCGGC-3’).  Southern blots were visualized with the use of a 
Typhoon scanner (Amersham Biosciences). 
 
 
Cell isolation and in vitro stimulation assays 
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Peritoneal cavity cells were isolated by peritoneal lavage with 5mL PBS. Spleens 
and neonatal livers were digested with collagenase 8 (Sigma) and DNAse-I for 45 min, 
and 15 min, respectively, and red blood cells were lysed using Ammonium-Chloride-
Potassium (ACK) buffer (Gibco). For stimulation assays, 200,000 cells were incubated 
in media (RPMI/10%FCS/L-glutamine/Pen-Strep/HEPES/Sodium pyruvate/βME) with 
LPS (25 µg/mL), Pam3CSK (25 µg/mL), CpG-A, CpG-B, or R848 (1 µg/mL) (Invivogen) 
in 96-well round-bottom plates for 72 h. Flow cytometry was used to analyze stimulated 
cells. 

 
Flow Cytometry  
 

Single-cell suspensions from the spleen and peritoneal cavity were stained with 
anti-CD16/32 for 20 min at 4˚C to block Fc receptors.  Cells were stained with the 
following conjugated antibodies: anti-CD19 (eBio; clone: 1D3; BV711 or PECy7), anti-
IgG3 (BD; clone R40-82; FITC), IgM (eBio; clone: 11/41; APC-780), anti-CD5 (eBio; 
clone: 53-7.3; APC), anti-CD43 (BD; clone: S7; PE or BV421), anti-IgD (eBio; clone: 11-
26c; PECy7), anti-CD23 (eBio; clone: B3B4; PerCP-710), anti-CD21/35 (eBio; clone: 
eBio8D9; APC-780), anti-IgMb (BD; clone: AF6-78; BV650), anti-Nur77 (BD; clone: 
12.14; PerCP-710), anti-CD4 (BD; clone: L3T4; Biotin or FITC), anti-CD3e (eBio; clone: 
145-2C11; Biotin or FITC), anti-CD8 (Tonbo; clone: 53-6.7; Biotin or FITC), anti-NK1.1 
(eBio; clone PK136; Biotin or FITC), anti-Ly6-G (eBio; clone: RB6-8C5; Biotin or FITC), 
anti-F4/80 (eBio; clone: BM8; Biotin or FITC), or streptavidin (eBio; conjugated to FITC). 
Dead cells were excluded by DAPI viability dye and near-IR fixable viability stain for 
experiments where cells were fixed and permeabilized. Flow cytometry was performed 
using an LSRFortessa (BD Biosciences) and cell sorting was performed using a 
FACSAria (BD Biosciences) 

For intranuclear staining for Nur77, cells were surface stained for 30 min at 4˚C 
prior to fixation (Thermo Fisher) for 1h at room temperature.  Cells were washed and 
stained with anti-Nur77 for 1h at room temperature.   

For fluorescein-labeled PtC liposome flow cytometry, cells were co-incubated 
with PtC-Liposomes and surface stain for 1h at 4C.  PtC-liposomes were prepared by 
modification of a previously described method70. Briefly, liposomes were prepared by 
high pressure extrusion though a final filter pore size of 0.05 microns and consisted of 
DSPC:DSPG:Chol in a molar ratio of 45:5:50 encapsulated with fluorescein sulfonic 
acid (5 mM). 
 
Microbiota flow cytometry (mFLOW) 
 

For microbiota flow cytometry, a fecal pellet from a B-cell deficient µMT–/– mouse 
from our mouse colony was resuspended in sterile-filtered PBS and spun at 200 rcf for 
5 min. Supernatant was transferred to a new sterile tube and washed 2 times with PBS 
by spinning at 8,000 RPM for 5 min. OD600 of suspension was measured, and bacteria 
was diluted in 1% bovine serum albumin (BSA; Fisher) at final OD600 of 0.01. Mouse 
serum was diluted 1:25 in PBS/BSA buffer, and 25 µl of this solution was added to 25 µl 
diluted fecal bacteria in a 96-well v-bottom plate, and incubated overnight at 4C. For 
hIgG1 microbiota flow, a fecal pellet from the same mouse from which recombinant 
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hIgG1 monoclonal antibodies (mAbs) were generated was stained with 4µg/mL hIgG1 
mAbs overnight. Staining was performed with fluorochrome conjugated anti-IgM (eBio; 
clone: 11/41; Biotin), anti-IgMb (BD; clone: AF6-78; BV650), anti-IgMa (BD; clone: DS-1; 
BV711), or goat anti-hIgG1-biotin (Jackon Immunoresearch) followed by streptavidin-
PECy7 (eBio) when using biotinylated primary antibodies. Cells were washed and 
resuspended in SYBR Green (Invitrogen) and analyzed by FACS using an LSRFortessa 
(BD Biosciences). For analyses, SYBR+ events were defined as the population of Sybrhi 
events not present in GF mouse feces. 

 
Recombinant hIgG1 monoclonal antibody generation.  
 

hIgG1 monoclonal antibodies were generated from single-cell sorted Tomato– or 
Tomato+ IgM+ splenic B-1a cells (CD19+CD23–CD5+CD43+IgM+) from a 6 week old 
Igg3T2A-Cre:TdTomato mouse according to previously described protocol88. hIgG1 and 
hkappa expression plasmids have been previously described96. 
 
Single-cell RT-PCR of Iɣ3 germ-line transcript (GLT).  
 

Tomato+IgM+IgG3–CD19+ cells from Igg3T2A-Cre:TdTomato LPS stimulated 
splenocytes were single cell sorted into 96-well plates and cDNA was synthesized as 
previously described88. Single-cell RT-PCR for IgM mRNA, IgG3 mRNA, and Igg3 GLT 
was performed and products were run on agarose gel for visualization. Primers for IgM 
and IgG3 mRNA are as previously described88, and primers for Igg3 GLT were forward: 
5’-GTGGATCTGAACACACACAAC-3’ and reverse: 5’-ACAGATGAGACTGTGCGCAC-
3’. 
 
ELISA and ELISPOT Assays 
 

Nunc Hi Affinity ELISA plates were coated with goat anti-murine IgM (500ng/mL; 
Jackson Immunoresearch) or human kappa chain (1 µg/mL; MyBioSource), and blocked 
with PBS with 1% BSA (w/v) and 2% goat serum (Gibco; v/v). Secondary peroxidase 
conjugated goat antibodies to murine IgM or to human IgG (Jackson Immunoresearch) 
were used at 1:5,000 in PBS. Purified murine IgM and human IgG1 standards were 
from eBioscience and Sigma, respectively. Plates were developed with 1mg/mL OPD 
(Sigma) in Citrate Buffer (PBS with 0.05M NaH2PO4 and 0.02M Citric acid) with 3M HCl 
acid stop. Absorbance at 490nm was measured on a SpectraMax M2. 
For ELISpot analysis, multiscreen plates (Millipore) were coated with goat isotype-
specific antibodies to murine IgM (5 µg/mL; Jackson Immunoresearch) in PBS and 
blocked with PBS with 1% BSA (w/v) and 5% goat serum (v/v). Plates were washed 
with PBS and cells were serially diluted in complete RPMI and incubated at 37°C 
overnight. Following several washes in PBS, secondary peroxidase conjugated 
antibodies to IgM (Jackson Immunoresearch) were used at 1:1,000 in PBS to detect 
antibody-secreting cells. Plates were developed with AEC developing reagent (Vector 
Laboratories) according to manufacturer’s instructions. Plates were read on an 
ImmunoSpot C.T.L. Analyzer (v3.2) and quantitated using ImmunoSpot 5.1 Pro. 
 



	 20	

Statistical Analysis 
 

All data are presented as mean (± SEM). Statistical analysis was done using 
paired or unpaired two-tailed Student’s t-test or one-way ANOVA for multiple 
comparisons. P < 0.05 was considered significantly different. 
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Figure 2.1. The generation of an IgG3 reporter mouse. (A) Schematic of targeted 
insertion of T2A-Cre into the murine Igg3 heavy chain locus to generate the Igg3T2A-Cre 

reporter mouse. (B) Southern blot strategy to identify targeted insertion of T2A-Cre-frt-
Neo-frt after the last transmembrane exon of Igg3 using DNA probes 5’ of Igg3 (“5’ 
probe”) and to the neomycin-resistance gene (“Neo probe”) to probe BglII restricted-
digested embryonic stem (ES) cell DNA from clone D6, which was used to generate the 
Igg3T2A-Cre mouse. (C) Southern blot results of clone D6 and wild-type (WT) control ES 
cell DNA using the “5’ probe” and (D) southern blot results of clone D6 using the “Neo 
Probe”. Note that the Neomycin-resistance gene was subsequently removed from 
reporter mice (see Materials and Methods). Data are representative of at least two 
independent experiments. 
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Figure 2.2. IgG3 reporter mouse marks bi-allelic transcriptional activation of the 
IgG3 locus. (A) Representative flow cytometry plot of IgG3 and IgM expression on 
CD19+Tomato+ splenocytes from 6 wk old Igg3T2A-Cre:TdTomato. (B) IgM expression on 48h 
ex vivo cultured sorted IgM+Tomato+ (red histogram) compared to Tomato–CD19+ (black 
histogram) splenocytes by flow cytometry. (C) Single-cell RT-PCR of IgM+Tomato+ LPS 
in vitro stimulated splenocytes from Igg3T2A-Cre:TdTomato mice for IgM mRNA, Igg3 GLT, 
and IgG3 mRNA, visualized by agarose gel electrophoresis. Wells into which no cells or 
10 cells were sorted into were used as controls. (D) Schematic showing that WT IgHa 
BALB/c mice were crossed to IgHb Igg3T2A-Cre:TdTomato mice such that F1 mice have one 
heavy chain allele of the WT IgHa allotype and one heavy chain allele of the IgG3T2A-Cre 

IgHb allotype (left). Representative flow cytometry plot (middle) and quantification (right) 
of percentage IgMb+ versus IgMa+ in pregated CD19+ cells and CD19+Tomato+ cells in 3 
wk old F1 mice. Data are representative of at least two independent experiments. 
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Figure 2.3. Reporter mouse marks a subset of activated, antibody-secreting B-1a 
cells. (A) Percentage Tomato expression in B cell subsets from the peritoneal cavity 
and spleen of 6 wk old Igg3T2A-Cre:TdTomato mice by flow cytometry. (B) Representative 
flow cytometry gating of CD19+CD43+CD5+ splenic B-1a cells (top, left plot) in 6 wk old 
Igg3T2A-Cre:TdTomato mice, further gated on Tomato expression (bottom, left plot). FSC-A 
(top) and IgD (bottom) expression on pre-gated Tomato– (black) and Tomato+ (red) 

splenic B-1a cells, plotted as a representative histogram and quantified as mean 
fluorescence intensity. (C) Number of IgM+ antibody secreting cells (ASCs)/106 cells 
within sorted Tomato– (black) and Tomato+ (red) splenic B-1a cells from 6 wk old 
Igg3T2A-Cre:TdTomato mice by ELISPOT. (D) Schematic depicting the generation Igg3T2A-

Cre:TdTomato mice and Igg3T2A-Cre:DTA mice. Mice were intercrossed until homozygous for 
both T2A-Cre and STOP-flox-TdTomato or STOP-flox-DTA (left). Serum titers of IgG3 
(middle) and IgM (right) in 7 wk old Igg3T2A-Cre:TdTomato mice and Igg3T2A-Cre:DTA mice. Error 
bars indicate the mean (± SEM). *P < 0.05, **P < 0.01, ***P < 0.001 (unpaired two-tailed 
Student’s t-test). Each data point represents an individual mouse (A-D). Data are 
representative of at least two independent experiments (A-B) or pooled from at least two 
experiments (C-D). 
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Figure 2.4. The role of Toll-like receptor signaling on Tomato expression in 
reporter mice. (A) Expression of IgM and IgG3 on 3-day in vitro LPS-stimulated pre-
sorted Tomato– splenocytes from 6 wk old Igg3T2A-Cre:TdTomato and Igg3–/– mice (top panel) 
by flow cytometry. IgD and Tomato expression on pre-gated Live IgM+IgG3– in vitro 
stimulated B cells (bottom panel). FSC-A of pre-gated IgM+IgD+Tomato– (grey 
histogram), IgM+IgD+Tomato– (black histogram), and IgM+IgD–Tomato+ (red histogram) 
LPS stimulated Igg3T2A-Cre:TdTomato splenocytes. (B) Representative flow cytometry plots 
of percentage Tomato expression in pre-gated live splenocytes that were stimulated, as 
described in (A), with various TLR ligands (Pam3CSK for TLR2, LPS for TLR4, R848 for 
TLR7, and CpG-B for TLR9). (C) Percentage Tomato expression in total CD19+ B cells 
and CD19+CD23–CD43+CD5+ B-1a cells from the peritoneal cavity and spleen of 6 wk 
old Igg3T2A-Cre:TdTomato (black) and Igg3T2A-Cre:TdTomato X Tlr2–/–Tlr4–/–Unc93B13d/3d mice by 
flow cytometry. (D) Number of IgM+ antibody secreting cells (ASCs)/106 from sorted 
Tomato– (open) and Tomato+ (filled) splenic B-1a cells from 6 wk old Igg3T2A-Cre:TdTomato 
(black) or Igg3T2A-Cre:TdTomato X Tlr2–/–Tlr4–/–Unc93B13d/3d (blue) mice by ELISPOT. Error 
bars indicate the mean (± SEM). *P < 0.05, **P < 0.01, ***P < 0.001 (unpaired two-tailed 
Student’s t-test). Each data point represents an individual mouse (A-D). Data are 
representative of at least two independent experiments (A, B, D) or pooled from at least 
two experiments (C). 
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Figure 2.5. B-1a cells have a history of B cell receptor-mediated activation. (A) 
Representative histogram (left) and quantification of mean fluorescence intensity (right) 
of GFP expression on splenic (black) and peritoneal cavity (grey) B-1a cells 
(CD19+CD23–CD43+CD5+) using Nur77-GFP reporter (solid histogram, closed circles) 
or reporter-negative mice as controls (dashed histogram, open circles), as measured by 
flow cytometry. (B) Nuclear expression of Nur77 in Tomato– (black) and Tomato+ (red) 
splenic B-1a cells in 3wk old Igg3T2A-Cre:TdTomato mice by flow cytometry (isotype controls 
represented as dashed histogram), plotted as a representative histogram (left) and 
quantified as mean fluorescence intensity fold change over isotype (right). (C) 
Representative flow cytometry plots (left) of Tomato– and Tomato+ splenic B-1a cells 
from 6wk old Igg3T2A-Cre:TdTomato mice stained with fluorescein-labeled 
phosphatidylcholine liposomes (+PtC-Lipo) or unstained with liposomes (– PtC-Lipo). 
Percentage PtC+ B-1a cells quantified on the right. (D) Schematic showing the 
generation of hIgG1 recombinant monoclonal antibodies from single-cell sorted Tomato– 
and Tomato+ splenic B-1a cells from 6wk old Igg3T2A-Cre:TdTomato mice. (E) Percentage of 
SYBR+ fecal bacteria bound by recombinant hIgG1 monoclonal antibodies generated 
from single-cell sorted Tomato– and Tomato+ splenic B-1a cells, as described in (D) by 
flow cytometry. (F) Percentage VH11/VK14 gene usage in monoclonal antibodies 
generated from single-cell sorted Tomato– (black) and Tomato+ (red) splenic B-1a cells, 
as described in (D).	(G) CD5 (left) and CD44 (right) expression on pre-gated Tomato– 
(black) and Tomato+ (red) splenic B-1a cells, plotted as a representative histogram and 
quantified as mean fluorescence intensity. Error bars indicate the mean (± SEM). *P < 
0.05, **P < 0.01, and ***P < 0.001 (One-way ANOVA (A) and unpaired two-tailed 
Student's t-test (B-G)). Each data point represents an individual mouse (A-C, G) or 
monoclonal antibody (E). Data are representative of at least two independent 
experiments (A-G). 
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Figure 2.6. Tomato expression is induced after birth and correlates with the 
acquisition of a microbiota. (A) Representative flow cytometry plot of percentage 
Tomato expression in CD19+IgM+ neonatal liver cells from 0 day old (D0) Igg3T2A-

Cre:TdTomato mice. (B) Representative flow cytometry plot of percentage Tomato 
expression in CD19+CD23–CD43+CD5+ splenic B-1a cells from 4 day old (D4) Igg3T2A-

Cre:TdTomato mice. (C) Quantification of percentage Tomato expression in B-1a cells from 
the spleens of D4, D10, 2 wk, and 6 wk old Igg3T2A-Cre:TdTomato mice. Each data point 
represents an individual mouse (C). Data are representative of at least two independent 
experiments (A-C). 
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Figure 2.7. A microbiota is required for a significant portion of B-1a derived anti-
commensal IgM. (A) Schematic showing the generation of B-1 disparate allotype 
chimera mice. (B) Percentage of SYBR+ fecal bacteria bound by B-1-derived serum 
IgMb and B-2-derived serum IgMa from representative 14wk old B-1 chimera mouse, as 
described in (A) by flow cytometry (left). Quantification on the right; B-1 chimera mice 
(black) and µMT–/– control serum (orange). (C) Representative SYBR staining of germ-
free (far left) and SPF µMT–/– (left) feces by flow cytometry. Representative flow 
cytometry plot of IgM staining of SYBR+ µMT–/– fecal bacteria with serum IgM from WT 
SPF (black line, no fill) or WT germ-free mice (grey line, filled) (right). Quantification on 
the far right; B-1 chimera serum (black), µMT–/– control serum (orange), germ-free 
serum (grey). (D) Serum IgM titers in WT SPF (black) or WT germ-free mice (grey) by 
ELISA. (e) Percentage fluorescein-labeled phosphatidylcholine-liposome positive B-1a 
cells (CD19+CD23–CD43+CD5+) in the peritoneal cavity (left) and spleen (right) by flow 
cytometry. Each data point represents an individual mouse (B-E). Error bars indicate the 
mean (± SEM). *P < 0.05, **P < 0.01, and ***P < 0.001 (unpaired two-tailed Student's t-
test). Data are pooled from at least two independent experiments (B-E). 
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Table 2.1. Summary of recombinant hIgG1 monoclonal antibodies (mAb) 
generated from Tomato+ splenic B-1a cells from 6wk old Igg3T2A-Cre:TdTomato mouse, 
as described in Figure 3.5. Table includes heavy chain variable gene usage, heavy 
chain CDR3 amino acid sequence, light chain variable gene usage, light chain CDR3 
amino acid sequence, and percentage of SYBR+ bacteria that were bound by each mAb 
by mFLOW. Highlighted in blue are mAbs that stained at least 9% of SYBR+ feces 
events by mFLOW. 
 
 
 
 
 

IgH V Gene IgH CDR3 Igkappa V gene Igkappa CDR3 %hIgG1+

IGHV6-6*0 CTRNYGDYW IGKV10-94*01 CQQYSKLPFTF 7.7

IGHV6-6*01 CTRRDSWFAYW IGKV12-44*01 CQHHYGTPFTF 5.51

IGHV2-9-1*01 CARTYGSGYFDVW IGKV12-41*01 CQHFWSTPYTF 11.1

IGHV6-3*01 CTGQFAYW IGKV6-25*01 CQQHYSTPWTF 13.1

IGHV3-8*01 CARYGSGDRYFDVW IGKV10-96*01 CQQGNTF 5.84

IGHV3-6*01 CASDYYGYWYFDVW IGKV15-103*01 CQQGQSYPFTF 12.9

IGHV1-15*01 CTRSTGTFYWYFDVW IGKV8-19*01 CQNDYSYPYTF 9.51

IGHV6-3*01 CTGDLGRW IGKV12-46*01 CQHFWGTPYTF 9.4

IGHV1-26*01 CARDYNPWFAYW IGKV4-92*01 CQQGSSSPYTF 18.1

IGHV6-6*01 CTLPPWFAYW IGKV12-44*01 CQHHYGTPYTF 6.34

IGHV3-6*01 CASLLYGYAMDYW IGKV4-80*01 CHQWSSYPWTF 4.97

IGHV1-26*01 CARSDYYGSSSLDYW IGKV4-91*01 CQQGSSIPLTF 14.1

IGHV1-15*01 CTRSTGTFYWYFDVW IGKV8-19*01 CQNDYSYPYTF 5.61

IGHV12-3*01 CAGDYYGYWYFDVW IGKV4-91*01 CQQGSSIPFTF 4.15

IGHV1-55*01 CARYPSYYYGSSYWYFDVW IGKV14-126*01 CLQHGESPYTF 16.1

IGHV6-3*01 CTSLGLRGFDYW IGKV12-44*01 CQHHYGTPWTF 5.99

IGHV6-6*01 CWSLHYW IGKV12-46*01 CQHFWGTPYTF 3.97

IGHV1-64*01 CARSRGPYYFDYW IGKV4-55*01 CQQWSSYPLTF 6.96

IGHV1-62-2*01 CARHEDPYYYGSSPYWYFDVW IGKV5-39*01 CQNGHSFPLTF 4.23

IGHV10-1*01 CVRHSWESFDYW IGKV6-23*01 CQQYSSYPWTF 4.98

IGHV3-6*01 CARGVYAMDYW IGKV10-96*01 CQQGNTLPRTF 12.5

IGHV1-81*01 CAREGVTTVVATDYAMDYW IGKV12-46*01 CQHFWGTPRTF 10

IGHV6-3*01 CTVGGQGAWFAYW IGKV12-44*01 CQHHYGTPPTF 6.04

IGHV10-3*01 CVSGYAMDYW IGKV3-10*01 CQQNNEDPLTF 6.59

IGHV6-6*01 CTRREYPAWFAYW IGKV8-30*01 CQQYYSYPWTF 8.29

IGHV2-3*01 CAKLNGNPWYFDYW IGKV10-96*01 CQQGNTLPRTF 4.38

IGHV1-76*01 CARENPNFDYW IGKV14-111*01 CLQYDEFPRTF 10.4

IGHV1-18*03 CARRPPLYYYGSRKGYFDYW IGKV8-19*01 CQNDYSYPFTF 18.9

IGHV1-19*01 CARSMITRAMDYW IGKV5-48*01 CQQSNSWPLTF 14.9

IGHV10-1*01 CVRQGDYYGSSRYFDYW IGKV17-121*01 CLQSDNLPYTF 6.25

IGHV6-6*01 CTGGYPFAYW IGKV12-44*01 CQHHYGTPYTF 11.1

IGHV2-2*01 CARNDYDVLFYYAMDYW IGKV8-19*01 CQNDYSYPLTF 6.61

IGHV6-3*01 CTGPYGGFAYW IGKV5-43*01 CQQSNSWPLTF 7.5



	 32	

Chapter 3: The role of the Toll-like receptors in regulating distinct B-
1a responses 

 
 
Background 
 

The results from the previous chapter indicate that a subset of B-1a cells 
experience antigen-dependent BCR stimulation and contribute to a significant portion of 
serum IgM. Importantly, I also found that germ-free mice have a significant reduction in 
anti-commensal IgM, suggesting that a microbiota may provide an antigenic context for 
commensal-reactive B-1a cell activation. The mechanism by which the microbiota aids 
in this is not known. Given that PtC-reactive B-1a cells were unaltered in germ-free 
mice, one hypothesis could be that the microbiota provides a BCR-dependent signal 
that selectively activates commensal-reactive B-1a clones. However, given the 
presence of negative regulators of BCR signaling like CD5 on the surface of B-1a cells, 
the microbiota may also be providing an innate signal that results in enhanced antibody 
secretion. This would also explain why previous studies reported that the B-1a heavy 
chain CDR3 repertoire is not significantly altered in germ-free mice, when compared to 
SPF mice21, since the degree of antibody-secretion cannot be measured by these 
methods. It is also important to consider that self-reactive BCR clones predominate in 
the B-1a repertoire, which appears unaltered in germ-free mice. Therefore when 
comparing the entire B-1a heavy chain CDR3 repertoire of germ-free mice to SPF mice, 
differences in a small fraction of the VH genes that contribute to commensal-reactive 
BCRs, may not appear significant. 

B-1a cell-intrinsic TLR signaling has also been implicated in the egress of B-1a 
cells from the peritoneal cavity to the spleen and intestinal sites following challenge and 
differentiation into antibody-secreting plasma cells37,40. However, these studies 
investigating TLR-dependent B-1a responses have been performed either in the context 
of infection or in vitro. Thus, the contribution of TLR signaling to steady state in vivo B-
1a responses remains incompletely understood.  

Importantly, previous studies from our lab showed that anti-commensal IgG3 was 
dependent on B-cell intrinsic TLR signaling54.  TLR signaling appeared to regulate class 
switch recombination (CSR), antibody secretion, and, importantly, the selective 
activation of commensal reactive precursors. This was evidenced by not only a 
reduction in total serum IgG3 but also the selective reduction in commensal reactivity 
within the remaining serum IgG354. Importantly, anti-commensal IgG3, like IgM, is 
microbiota-dependent54. Natural IgM may be regulated in a similar manner, where the 
microbiota provides both a BCR and TLR stimulus that selectively activates anti-
commensal IgM, which in the absence of AID expression does not undergo class 
switching to IgG3 or IgA. However, one clear difference between IgM and IgG3, is that 
total serum titers of IgM are not affected in germ-free mice, where is IgG3 is significantly 
reduced.  This is likely due to the requirement of a microbiota-dependent TLR stimulus 
to induce AID expression or provide a transcriptional program that induces CSR to 
IgG3, whereas a large portion of steady state ‘background natural’ IgM may not be 
regulated by microbiota-dependent TLR stimulation. 
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In this chapter I aim to determine the role of Toll-like receptors on B-1a 
responses to both exogenous antigens present in the microbiota, but also to 
endogenous antigens like phosphatidylcholine. 
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Results 
 
B-1a responses to PtC and the microbiota require Toll-like receptor signaling 
 

The results discussed in Chapter 2 provide evidence that B-1a cells require BCR 
signaling for their selection and activation, yet previous work from numerous groups 
have suggested that B-1a cells are non-responsive to BCR cross-linking and instead 
respond in a non-clonal fashion to TLR ligands40,69. Indeed, TLR ligands induce B-1a 
cell proliferation, plasma cell differentiation, and CSR in vitro, whereas IgM crosslinking 
induces apoptosis4,31,97.  Moreover, with the use of TLR reporter mice generated in our 
lab98,99, I determined that B-1a cells express significantly higher levels of TLR2, TLR4, 
TLR7, and TLR9 than B-2 cells (Figure 3.2). Whether TLRs are required for B-1a 
function in vivo and how TLR signaling may integrate with BCR signaling to control B-1a 
activation are unanswered questions.  

I used mice deficient in TLR signaling to assess the contributions of TLRs to B-1a 
function. Specifically, I analyzed Tlr2-/-Tlr4-/-Unc93b13d/3d mice, which lack TLR2 and 
TLR4 and have a mutation in Unc93b1, which renders all remaining TLRs non-
functional. Unlike MyD88-/-Trif-/- mice, Tlr2-/-Tlr4-/-Unc93b13d/3d mice have functional IL-1 
receptor family signaling and do not suffer from intestinal barrier defects, which may 
complicate analysis. Additionally, Tlr2-/-Tlr4-/-Unc93b13d/3d mice allowed me to dissect 
the contribution of subsets of TLRs on B-1a antibody production (i.e. Tlr2-/-Tlr4-/- vs. 
Unc93b13d/3d). Tlr2-/-Tlr4-/-Unc93b13d/3d mice had the same frequency of B-1a cells in the 
peritoneal cavity and the spleen (Figure 3.2A, B) and comparable IgM titers in 
comparison to WT mice (Figure 3.2B), suggesting that TLR signaling is not required for 
general B-1a cell development or antibody secretion. However, I observed a significant 
reduction in the frequency of PtC-reactive B-1a cells in both the peritoneal cavity and 
spleen (Figure 3.2D), as well as a marked reduction in microbiota-reactive IgM in Tlr2-/-

Tlr4-/-Unc93b13d/3d mice (Figure 3.2E). When considered together with my results 
described in Chapter 2, these data indicate that TLR and BCR signaling are both 
required for activation of distinct subsets of B-1a cells. Not all B-1a cells are subject to 
this dual requirement, though, as total frequencies of B-1a cells and total serum IgM 
titers were normal in Tlr2-/-Tlr4-/-Unc93b13d/3d mice. 

 
TLR2 and TLR4 regulate microbiota-reactive B1a responses, whereas Unc93b1-
dependent TLRs regulate anti-PtC reactivity. 
 

To further investigate how TLRs control activation of microbiota-reactive and 
PtC-reactive B-1a cells, I examined mice lacking subsets of TLRs. I broadly divided 
TLRs into two categories: TLRs involved in recognition of pathogen associated 
molecular patterns (PAMPs) on the surface of microbes (TLR2 and TLR4) and TLRs 
that localize to endosomes and recognize self nucleic acids and PAMPs within microbes 
(TLR3, TLR7, TLR9, TLR11, TLR12, and TLR13). All TLRs in the latter category require 
Unc93B1 to function, enabling me to use Unc93b13d/3d mice to study the importance of 
these TLRs. Note that TLR5 is also Unc93B1-dependent but is not expressed on B cells 
(Figure 2.1C). Strikingly, mice lacking function of specific subsets of TLRs showed 
differential defects in B-1a responses. Tlr2-/-Tlr4-/- mice had a significant reduction in 
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microbiota-reactive IgM but normal frequencies of PtC-reactive B-1a cells in the 
peritoneal cavity (Figure 3.3C, F). In contrast, Unc93b13d/3d mice had normal levels of 
microbiota-reactive IgM but significantly reduced frequencies of PtC-reactive B-1a cells 
(Figure 3.3C, D, F). As expected, both Tlr2-/-Tlr4-/- and Unc93b13d/3d mice had normal 
frequencies of total B-1a cells (Figure 3.3A, B) and normal serum IgM titers (Figure 
3.3E), indicating that TLRs controlled the production of certain IgM specificities. These 
data suggest that the specificity of the BCR determines the nature of the TLR ligand 
encountered by a given B-1a cell. More specifically, I propose a model whereby BCR 
engagement with the self antigen PtC present on dead or dying cells may facilitate 
Unc93B1-dependent TLR engagement by ‘self’ nucleic acids within endosomes, 
whereas BCR engagement with gut microbial antigens may coordinate with microbial 
sensing TLR2 and TLR4 to regulate antibody responses to the microbiota (Figure 3.3). 

Of note, there appeared to be partial defect in the frequency of PtC-reactive B-1a 
cells in the spleen of Tlr2-/-Tlr4-/- mice (Figure 3.3D).  This could suggest that the egress 
of PtC reactive clones from the peritoneal cavity to the distal sites like the spleen may 
be partially dependent on TLR2 or TLR4 signaling. While not significant there also 
appears to be a slight reduction in total B-1a cells in the spleens of Tlr2-/-Tlr4-/- mice, 
suggesting that TLR2 and TLR4 may be generally important for B-1a cell maintenance 
in this site regardless of specificity. This would be supported by previous in vivo studies 
where peritoneal cavity administration of LPS leads to the migration of B-1a cells from 
the peritoneal cavity into the spleen and intestines regardless of BCR specificity37,40.  

 
IgH CDR3 repertoire analysis of peritoneal cavity and spleen B-1a cells from WT, 
Tlr2–/–Tlr4–/–Unc93b13d/3d and Unc93b13d/3d mice. 
 
 While my results that anti-microbiota IgM responses and PtC-reactivity are 
regulated by distinct TLRs are striking, it is uncertain to what degree other B-1a 
specificities are also regulated by TLRs. In order to get a more global view of changes 
in the B-1a repertoire in the spleen and peritoneal cavity in mice lacking subsets of 
TLRs, I performed heavy chain CDR3 sequencing of RNA from bulk sorted B-1a cells 
from the spleen and peritoneal cavity of 7-8 week old WT, Tlr2–/–Tlr4–/–Unc93b13d/3d and 
Unc93b13d/3d mice. Note that I am also currently sequencing B-1a cells from Tlr2–/–Tlr4–/– 
mice, so future studies will include these data in the analysis. I used the same gating 
strategy as recent B-1a sequencing studies21 to sort CD19+IgMhiIgDloCD43+CD5+ B-1a 
cells from the spleen (Figure 3.1A) and peritoneal cavity (Figure 3.1B) for subsequent 
RNA sequencing.  
 
The role of distinct subsets of TLRs in regulating B-1a diversity, N-nucleotide 
insertions, and entropy. 
 
 The heavy chain CDR3 tree maps for B-1a cells derived from the spleen and 
Perc from WT, Tlr2–/–Tlr4–/–Unc93b13d/3d and Unc93b13d/3d mice visually depict the 
degree of diversity (Figure 3.5). As previously reported21, spleen B-1a cells appears 
more diverse than peritoneal cavity B-1a cells in WT mice. The same appears true for 
Unc93b13d/3d mice, suggesting that nucleic acid sensing TLRs do not drive the 
increased diversification of B-1a cells in the spleen. However, Tlr2–/–Tlr4–/–Unc93b13d/3d 
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B-1 cells do not appear to have increased diversity in the spleen when compared to the 
peritoneal cavity.  Indeed D50 metric analysis quantifying the IgH CDR3 nucleotide 
sequence diversity confirms that IgH CDR3 nucleotide sequences expressed by spleen 
B-1a cells are more diverse than peritoneal cavity B-1a cells in WT and Unc93b13d/3d 

mice, but not in Tlr2–/–Tlr4–/–Unc93b13d/3d (Figure 3.6C), suggesting that the 
diversification of the spleen B-1a cell BCR repertoire is dependent on TLR2 and TLR4. 
 Another measure of diversity is using the Shannon entropy index, which 
represents the diversity of V(D)J recombination per unique CDR3 peptide sequence. 
Entropy values correlate with convergent recombination in the B-1a repertoire, where a 
higher entropy value is associated with more diverse V(D)J recombination. Consistent 
with the diversity index, while WT and Unc93b13d/3d mice look similar, there is a lower 
entropy value in splenic B-1a cells from Tlr2–/–Tlr4–/–Unc93b13d/3d, suggesting that TLR2 
and TLR4 signaling is required for increased V(D)J recombination diversity in the spleen 
(Figure 3.6D). Interestingly, the entropy values appear more similar in the peritoneal 
cavity in all three genotypes, suggesting that TLR2 and TLR4 dependent convergent 
V(D)J recombination is unique to splenic B-1a cells (Figure 3.6D). 

In agreement with previous studies, I also see an increased number of N-
additions in splenic B-1a cells (Figure 3.6B) when compared to peritoneal cavity B-1a 
cells (Figure 3.6A) in WT mice. However, despite a decreased diversity of CDR3 
nucleotide sequences in Tlr2–/–Tlr4–/–Unc93b13d/3d, TLR signaling doesn’t appear to 
contribute to N-nucleotide additions, as there is no difference between WT, Tlr2–/–Tlr4–/–

Unc93b13d/3d and Unc93b13d/3d mice (Figure 3.6A,B). Altogether, these data suggest that 
while TLR2 and TLR4 may regulate the diversity of B-1a cells in the spleen, TLRs do 
not affect N-nucleotide insertions in adult splenic or peritoneal cavity B-1a cells.  
 
IgH variable gene usage in peritoneal cavity and spleen B-1a cells from WT, Tlr2–/–

Tlr4–/–Unc93b13d/3d and Unc93b13d/3d mice. 
 

I next compared the heavy chain variable gene usage by peritoneal cavity and 
splenic B-1a cells from WT, Tlr2–/–Tlr4–/–Unc93b13d/3d and Unc93b13d/3d mice, as they 
contribute the most to the specificity of the BCR. A summary of the percentage usage of 
all variable genes that were amplified in our data set as normalized data in peritoneal 
cavity and spleen B-1a cells are shown in Figures 3.7 and Figure 3.8, respectively. A 
summary of the percentage usage for all variable genes that were amplified in our data 
set as regular un-normalized data in peritoneal cavity and spleen B-1a cells are shown 
in Figures 3.9 and Figure 3.10, respectively. Data normalization gives each unique 
CDR3 sequence an equal value of 1, independently of how often the nucleotide 
sequence appears in the dataset, minimizing the impact of clonal expansion. 
Additionally, differences in the percentage usage of unique V genes in bulk RNA 
sequencing doesn’t allow one to differentiate between difference in the levels of 
transcript per cell versus clonal expansion. However, given that we sequenced purified 
B cells that don’t contain plasma cells or plasmablasts, the amount of transcript per cell 
is likely roughly equal within each tissue of each genotype. Therefore, differences in VH 
gene usage likely represents differences in clonal expansion rather than amount of 
transcript per cell. 
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Because faithfully recapitulated clonal expansion is a defining characteristic of B-
1a cells as mice age, I considered the regular un-normalized data to assay the 
dependence on TLRs for the expression of different VH genes on B-1a cells. While 
variable gene usage in the PerC and the spleen generally look very similar between 
genotypes of mice, there are certain VH genes that appear quite different. In agreement 
with my flow cytometry results using fluorescent PtC-liposomes, the canonical PtC-
reactive VH11-2 gene is reduced in peritoneal cavity (Figure 3.11A, left) and spleen B-
1a cells (Figure 3.11A, right) of Tlr2–/–Tlr4–/–Unc93b13d/3d and Unc93b13d/3d mice when 
compared to WT mice.  

Interestingly, I was also able to identify two other Unc93b1-dependent IgH 
variable genes VH1-19 (Figure 3.10B) and VH5-6-1 (Figure 3.10C), which may 
represent other self-specificities that are dependent on nucleic acid sensing TLR co-
stimulation for their development and/or subsequent expansion in the mature adult B-1a 
repertoire. Intriguingly, I also observed a slight but significant reduction in VH9-3 in 
peritoneal cavity and a further reduction in splenic B-1a cells in Tlr2–/–Tlr4–/–Unc93b13d/3d 
but not in Unc93b13d/3d mice when compared to WT mice, identifying a TLR2 and TLR4 
dependent BCR gene which may contribute to the reduction of anti-commensal IgM I 
see in Tlr2–/–Tlr4–/– mice. If my ongoing B-1a sequencing studies of Tlr2–/–Tlr4–/– mice 
confirm a similar reduction of VH9-3 gene usage, this will be a very interesting 
candidate for epitope analysis, as my current microbiota flow cytometry assay with 
polyclonal serum does not allow for the identification of TLR-dependent microbial 
epitopes.  
 
Toll-like receptor signaling modulates the downregulation of the negative 
regulator of BCR signaling CD5 
 

In order to examine how TLR signaling modulates B-1a activation, I first 
performed in vitro stimulation of B-1a cells with various TLR ligands. Strikingly, 
stimulation of B-1a cells with TLR2, TLR4, TLR7, and TLR9 agonists resulted in a 
reduction of surface CD5 (Figure 5.5A), supporting a model whereby TLR activation 
renders B-1a cells responsive to BCR stimulation by negatively regulating an inhibitor of 
BCR signaling. Of note, correlating with division and reduction of surface CD5, I also 
observed a reduction in surface IgM expression on B-1a cells following TLR stimulation.  
This may suggest IgM internalization following BCR stimulation, possibly by self ligands 
on dead cells present in the culture dish (Figure 5.5B). Intriguingly, I observed a 
reduction in surface CD5 and IgM expression on splenic B-1a cells as mice age (Figure 
5.5C). Moreover, splenic B-1a cells from adult Tlr2-/-Tlr4-/-Unc93b13d/3d mice had 
significantly higher surface CD5 and IgM when compared to wild-type counterparts 
(Figure 5.5D), suggesting that TLR stimulation of B-1a cells not only results in down-
regulation of CD5 and IgM in vitro, but also that TLR stimulation is required in vivo. 
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Discussion 
 

Following my observation that germ free mice have significantly reduced anti-
commensal IgM, despite retaining normal IgM titers and common self-reactive 
specificities like PtC, I discovered distinct regulation of different B-1a responses. 
Following, given that the microbiota can provide Toll-like receptor stimulation, I was 
intrigued to find that TLR-deficient mice had a similar reduction in anti-commensal IgM, 
despite normal serum titers. However, unlike germ-free mice, TLR-deficient mice also 
had a significant reduction in PtC-reactive B-1a cells.  My finding that TLR2 and TLR4 
are required for the production of microbiota-reactive serum IgM suggests that TLR 
engagement with surface bacterial lipoproteins may integrate with BCR engagement in 
the same antigenic context. This model is also supported by my discovery of a 
significant reduction of PtC-reactive B-1a cells in mice lacking Unc93B1.  In this context, 
BCR engagement with PtC present on dead or dying cells may provide an environment 
where exposed nucleic acids can be sensed by Unc93b1-dependent TLRs within 
endosomes. Future studies determining which TLRs are responsible for this significant 
portion of anti-PtC B-1a responses would be interesting, especially in the context of 
certain autoimmune diseases where self-reactive B-1a clones predominate100,101.  My in 
vitro data showing that TLR activation of B-1a cells results in downregulation of the BCR 
inhibitory protein CD5, provide a possible model for how TLRs may render B-1a cells 
responsive to BCR-mediated activation. 
 The presence of a B cell subset that produces self-reactive antibodies contradicts 
the paradigm that self-reactive clones are deleted in B cell development to avoid 
autoimmunity. However, B-1a derived serum IgM has likely evolved as an important first 
line of defense important for both tissue and intestinal homeostasis. My finding that 
microbial sensing TLRs regulate anti-microbiota responses, whereas nucleic acid 
sensing TLRs regulate responses to PtC present on dead or dying cells where DNA or 
RNA may be sensed, supports a model whereby TLR signaling integrates with BCR 
signaling to control B-1a responses at steady state. The balance between protective 
and harmful B-1a responses is likely achieved, in part, through the integration of these 
two signals.  

Of note, I was surprised that TLR-deficient mice had unaltered serum IgM titers 
and B-1a frequencies despite reduced anti-microbiota and PtC reactivity. However, as 
evidenced by the incomplete abrogation of both the microbiota and PtC reactive 
responses in TLR-deficient mice, other signals, such as cytokines, also likely play a role 
in regulating TLR-independent B-1a derived responses at steady state.  Previous 
studies have identified IL-5, IL-10, and IFN-γ as important regulators of B-1a 
responses38,83. These mechanisms may compensate for the absence of TLR signaling, 
resulting in apparently normal total IgM titers and B-1a frequency, despite differences in 
the B-1a repertoire and specificities of B1-a derived serum IgM. 

Importantly, while I observe normal anti-PtC B-1a responses in the peritoneal 
cavity of Tlr2–/–Tlr4–/– mice, it is significantly reduced to almost the same level as in 
Unc93b13d/3d mice in the spleen. This suggests that TLRs may actually regulate B-1a 
cells in multiple ways.  Whereas the presence of anti-PtC specificity in the PerC is 
dependent on Unc93b1-dependent TLRs, suggesting that, due to the linked nature of 
the antigen, dual BCR and TLR stimulation may function to maintain this specificity in 
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the repertoire, BCR-independent TLR activation through TLR2 or TLR4 may induce 
emigration from the PerC to the peripheral sites such as the spleen. This model is 
supported by previous studies that have shown that LPS stimulation of peritoneal cavity 
B-1a cells induces their emmigration independent of their BCR reactivity by inducing the 
down-regulation of surface integrins like CD937,40. This model is also supported by the 
larger reduction in PtC-reactive B-1a responses observed in the spleen when compared 
to the PerC of Tlr2–/–Tlr4–/–Unc93b13d/3d mice.   

I was excited to see that the canonical PtC-reactive VH11-2 gene was also 
reduced in an Unc93b1 dependent manner in the PerC and, again to a stronger degree, 
in the spleen. Intriguingly, the sequencing results identified several new heavy chain 
variable genes that appear to be regulated in an Unc93b1-dependent manner.  It would 
be important to try to express these heavy chain CDR3 sequences and determine their 
specificity.  
 I was surprised to see that TLR-deficient mice had a reduction in the diversity of 
spleen B-1a cells.  Because Unc93b13d/3d B-1a heavy chain CDR3 sequences had 
comparable diversity when compared to WT mice, these data suggest that 
diversification of splenic B-1a cells is dependent on TLR2 and TLR4 signaling.  Because 
this was not observed in germ-free mice in previous studies21, it is possible that food 
antigens may provide the TLR stimulus in the absence of a microbiota. It will be 
important to perform the same sequencing studies in low antigen diet germ-free mice to 
test this hypothesis.  It will also be important to show the same loss of diversity in 
splenic B-1a cells in Tlr2–/–Tlr4–/–, to determine whether other factors like low level 
inflammation or disease in global TLR-deficient mice may leads to the misinterpretation 
of the data.  
 My B-1a sequencing results also identified the TLR2 and TLR4-dependent 
reduction in VH9-3-expressing B-1a cells in the spleen.  Interestingly, I again see that 
this difference is less significant in peritoneal cavity, suggesting that either there is a 
selective defect in the migration of this specificity from the PerC to the spleen, or that 
this specificity is selected for in the spleen through dual TLR and BCR stimulation by 
commensal antigens. Defining the antigen that this CDR3 sequence binds to will be 
important for the interpretation of these results. 

 Finally, my result that self-reactive anti-PtC responses are markedly reduced in 
spleen B-1a cells in an Unc93b1-dependent manner could be especially relevant to 
autoimmune disease where several studies have correlated disease severity with 
hyperresponsive nucleic acid-sensing TLR responses and increased autoantibody 
production102–106. Additionally, identifying the microbiota-derived antigens that drive 
TLR2- and TLR4-dependent B-1a responses may provide additional insight into host-
microbiota interactions that mediate intestinal homeostasis. 
 I propose that TLR stimulation down-regulates surface CD5 expression, possibly 
rendering B-1a cells responsive to BCR-mediated stimulation.  Indeed TLR stimulation 
in vitro results in the reduction in surface expression of CD5.  This is accompanied by 
down-modulation of surface IgM, which could indicate internalization of antigen.  One 
possibility is that the dead and dying cells in the culture dish may supply endogenous B-
1a BCR antigens. Unpublished data from another group has reported that in vitro TLR 
stimulation of B-1a cells indeed results in both Nur77 expression and a selective 
expansion of PtC-reactive B-1a cells, supporting my model of dual TLR and BCR 
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stimulation. Following this model, I also observe an age-dependent reduction in surface 
CD5 and IgM expresion in B-1a cells as mice age, not observed in TLR-deficient mice. 
Interestingly, CD5 and IgM down-regulation correlates with the increase in Tomato 
expression in IgM+ B-1a cell using the IgG3 fate tracking mouse (as described in 
Chapter 2) and increase in BCR restriction observed in mice as they age21, altogether 
indicating a BCR-mediated expansion process of B-1a cells that have had TLR-
dependent reduction in surface CD5.  
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Materials and Methods 
 
Mice 
 

C57BL/6 and µMT-/- (002288) were obtained from The Jackson 
Laboratories.  Tlr2-/- and Tlr4-/- mice were generated and provided by S. Akira (Osaka 
University)94. Unc93b13d/3d were purchased from MMRCC95. All mice were bred and 
maintained in specific pathogen-free conditions at UC Berkeley. All mouse experiments 
were performed in accordance with the guidelines of the Animal Care and Use 
Committee at the University of California, Berkeley. 
  
Cell isolation and in vitro stimulation assays 
 

Peritoneal cavity cells were isolated by peritoneal lavage with 5mL PBS. Spleens 
were digested with collagenase 8 (Sigma) and DNAse-I for 45 min and red blood cells 
were lysed using Ammonium-Chloride-Potassium (ACK) buffer (Gibco). For stimulation 
assays, 200,000 cells were incubated in media (RPMI/10%FCS/L-glutamine/Pen-
Strep/HEPES/Sodium pyruvate/βME) with LPS (25 µg/mL), Pam3CSK (25µg/mL) R848 
or CpG-B (1µM) (TLR ligands purchased from Invivogen) in 96-well round-bottom plates 
for 72 h. Flow cytometry was used to analyze stimulated cells. 
 
Flow Cytometry 
 

Single-cell suspensions from the spleen and peritoneal cavity were stained with 
anti-CD16/32 for 20 min at 4˚C to block Fc receptors.  Cells were stained with the 
following conjugated antibodies: anti-CD19 (eBio; clone: 1D3; BV711 or PECy7), anti-
IgG3 (BD; clone R40-82; FITC), IgM (eBio; clone: 11/41; APC-780), anti-CD5 (eBio; 
clone: 53-7.3; APC), anti-CD43 (BD; clone: S7; PE or BV421), anti-IgD (eBio; clone: 11-
26c; PECy7), anti-CD23 (eBio; clone: B3B4; PerCP-710), anti-CD21/35 (eBio; clone: 
eBio8D9; APC-780), anti-CD4 (BD; clone: L3T4; Biotin or FITC), anti-CD3e (eBio; 
clone: 145-2C11; Biotin or FITC), anti-CD8 (Tonbo; clone: 53-6.7; Biotin or FITC), anti-
NK1.1 (eBio; clone PK136; Biotin or FITC), anti-Ly6-G (eBio; clone: RB6-8C5; Biotin or 
FITC), anti-F4/80 (eBio; clone: BM8; Biotin or FITC), or streptavidin (eBio; conjugated to 
FITC). Dead cells were excluded by DAPI viability dye. Flow cytometry was performed 
using an LSRFortessa (BD Biosciences) and cell sorting was performed using a 
FACSAria (BD Biosciences) 

For fluorescein-labeled PtC liposome flow cytometry, cells were co-incubated 
with PtC-Liposomes and surface stain for 1h at 4C.  PtC-liposomes were prepared by 
modification of a previously described method. Briefly, liposomes were prepared by high 
pressure extrusion though a final filter pore size of 0.05 microns and consisted of 
DSPC:DSPG:Chol in a molar ratio of 45:5:50 encapsulated with fluorescein sulfonic 
acid (5 mM). 
 
Microbiota flow cytometry (mFLOW)  
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For microbiota flow cytometry, a fecal pellet from a B-cell deficient µMT–/– mouse 
from our mouse colony was resuspended in sterile-filtered PBS and spun at 200 rcf for 
5 min. Supernatant was transferred to a new sterile tube and washed 2 times with PBS 
by spinning at 8,000 RPM for 5 min. OD600 of suspension was measured, and bacteria 
was diluted in 1% bovine serum albumin (BSA; Fisher) at final OD600 of 0.01. Mouse 
serum was diluted 1:25 in PBS/BSA buffer, and 25 µl of this solution was added to 25 µl 
diluted fecal bacteria in a 96-well v-bottom plate, and incubated overnight at 4C. 
Staining was performed with fluorochrome conjugated anti-IgM (eBio; clone: 11/41; 
Biotin), anti-IgMb (BD; clone: AF6-78; BV650), and anti-IgMa (BD; clone: DS-1; BV711), 
followed by streptavidin-PECy7 (eBio) when using biotinylated primary antibodies. Cells 
were washed and resuspended in SYBR Green (Invitrogen) and analyzed by FACS 
using an LSRFortessa (BD Biosciences). For analyses, SYBR+ events were defined as 
the population of Sybrhi events not present in GF mouse feces. 
  
ELISA and ELISPOT Assays 
 

Nunc Hi Affinity ELISA plates were coated with goat anti-murine IgM (500ng/mL; 
Jackson Immunoresearch), and blocked with PBS with 1% BSA (w/v) and 2% goat 
serum (Gibco; v/v). Secondary peroxidase conjugated goat antibodies to murine IgM 
used at 1:5,000 in PBS. Purified murine IgM  was obstained from eBioscience. Plates 
were developed with 1mg/mL OPD (Sigma) in Citrate Buffer (PBS with 0.05M 
NaH2PO4 and 0.02M Citric acid) with 3M HCl acid stop. Absorbance at 490nm was 
measured on a SpectraMax M2. 

For ELISpot analysis, multiscreen plates (Millipore) were coated with goat 
isotype-specific antibodies to murine IgM (5 µg/mL; Jackson Immunoresearch) in PBS 
and blocked with PBS with 1% BSA (w/v) and 5% goat serum (v/v). Plates were washed 
with PBS and cells were serially diluted in complete RPMI and incubated at 37°C 
overnight. Following several washes in PBS, secondary peroxidase conjugated 
antibodies to IgM (Jackson Immunoresearch) were used at 1:1,000 in PBS to detect 
antibody-secreting cells. Plates were developed with AEC developing reagent (Vector 
Laboratories) according to manufacturer’s instructions. Plates were read on an 
ImmunoSpot C.T.L. Analyzer (v3.2) and quantitated using ImmunoSpot 5.1 Pro. 

 
Heavy chain CDR3 sequencing from bulk sorted B-1a cells. 
 
 Splenoctyes were depleted of CD3+CD4+CD8+NK1.1+F4/80+GR-1+ cells using 
biotinylated antibodies and Streptavidin conjugated to magnetic bead MACS Miltenyi 
magnetic bead depletion prior to sorting. CD19+IgMhiIgDloCD43+CD5+ spleen and 
peritoneal cavity B-1a cells were sorted using a FACS Aria (BD Biosciences). Sorted 
cells were resuspended and subsequently vortexed in TRIzol (Invitrogen). Samples 
were subsequently processed using the services provided by iRepertoire Inc. Briefly, 
bulk RNA was extracted, heavy chain cDNA libraries were generated, and CDR3 
nucleotide sequences were amplified and sequenced using paired-end MiSeq 
sequencing technology. Regular un-normalized and normalized CDR3 nucleotide 
sequencing data were analyzed. 
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Statistical Analysis 
 

All data are presented as mean (± SEM). Statistical analysis was done using 
paired or unpaired two-tailed Student’s t-test or one-way ANOVA for multiple 
comparisons. P < 0.05 was considered significantly different. 
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Figure 3.1. Toll-like Receptor (TLR) expression on B cell subsets using TLR 
reporter mice. (A) Expression of TLR2 on peritoneal cavity B-2 cells (CD19+CD23+) 
and B-1a cells (CD19+CD23–CD43+CD5+) using Tlr2IRES-GFP mice or C57BL/6 mice as 
controls. Data shown as a representative histogram (left) and quantified as geometric 
mean fluorescence intensity (right). (B) Expression of TLR4 on the same B cell subsets 
as in (A) using Tlr4IRES-YFP mice or C57BL/6 mice as controls. (C) Expression of TLR5 on 
the same B cell subsets as in (A) using Tlr5IRES-Tdtomato mice or C57BL/6 mice as 
controls.  (D) Expression of TLR7 on the same B cell subsets as in (a) using Tlr7IRES-

Tdtomato mice or C57BL/6 mice as controls. (E) Expression of TLR9 on the same B cell 
subsets as in (a) using Tlr9IRES-GFP mice or C57BL/6 mice as controls. Each data point 
represents an individual mouse. Data are representative of at least two experiments. 
Error bars indicate the mean (± SEM). *P < 0.05, **P < 0.01, and ***P < 0.001 (One-way 
ANOVA) (A-E). Each data point represents an individual mouse (A-E). Data are 
representative of at least two experiments (A-E).. 
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Figure 3.2.	Anti-microbiota and anti-PtC B-1a responses require Toll-like receptor 
signaling. (A) Frequency of live B-1a cells in 7 wk old WT (black) and Tlr2–/–Tlr4–/–

Unc93b13d/3d (blue) mice in the peritoneal cavity (left) and spleen (right) by flow 
cytometry. (B) Serum IgM titers in 7 wk old WT (black) and Tlr2–/–Tlr4–/–Unc93b13d/3d 

(blue) mice by ELISA. (C) Percentage of SYBR+ µMT–/– fecal bacteria bound by serum 
IgM from WT (black) and Tlr2–/–Tlr4–/–Unc93b13d/3d (blue) mice by flow cytometry. (D) 
Representative flow cytometry plot (left) and quantification (right) of percentage of B-1a 
cells in the peritoneal cavity and spleen bound by fluorescein-labeled 
phosphatidylcholine liposomes in 7 wk old WT (black) and Tlr2–/–Tlr4–/–Unc93b13d/3d 
(blue) mice. Error bars indicate the mean (± SEM). *P < 0.05, **P < 0.01, and ***P < 
0.001 (unpaired two-tailed Student's t-test). Each data point represents an individual 
mouse. Data are pooled from at least two independent experiments (A-D). 
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Figure 3.3.	TLR2 and TLR4 are required for B-1a anti-microbiota reactivity, while 
Unc93b1-dependent TLRs are required for PtC reactivity. (A) Frequency of live (left) 
and total (right) B-1a cells in 7 wk old WT (black) and Tlr2–/–Tlr4–/– (pink) and 
Unc93b13d/3d (green) mice in the peritoneal cavity and (B) the spleen by flow cytometry. 
(C) Percentage of pre-gated B-1a cells (left) and total B-1a cells (right) labeled by 
fluorescein-labeled phosphatidylcholine-liposomes in the peritoneal cavity and (D) 
spleen in 7 wk old WT (black), Tlr2–/–Tlr4–/– (pink) and Unc93b13d/3d (green) mice by flow 
cytometry. (E) Serum IgM titers in 7 wk old WT (black), Tlr2–/–Tlr4–/– (pink) and 
Unc93b13d/3d (green) mice by ELISA. (F) Percentage of SYBR+ µMT–/– fecal bacteria 
bound by serum IgM from WT (black), Tlr2–/–Tlr4–/– (pink) and Unc93b13d/3d (green) mice 
by flow cytometry. Error bars indicate the mean (± SEM). *P < 0.05, **P < 0.01, and ***P 
< 0.001 (One-way ANOVA). Each data point represents an individual mouse. Data are 
pooled from at least two independent experiments (A-F). 
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Figure 3.4. B-1a flow cytometry gating strategy for peritoneal cavity and spleen B-
1a cells sorted for subsequent IgH CDR3 sequencing. (A) Representative gating 
strategy for sorting CD19+IgM+IgDloCD43+CD5+ B-1a cells in the peritoneal cavity. (B) 
Gating strategy for sorting CD19+IgM+IgDloCD43+CD5+ B-1a cells in the spleen.  Prior to 
sorting, splenocytes were depleted of CD3+CD4+CD8+F4/80+NK.1+GR-1+ cells using 
biotinylated antibodies and depletion using streptavidin magnetic beads.  
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Figure 3.5. CDR3 diversity of Spleen and PerC B-1a cells from WT, Tlr2–/–Tlr4–/–

Unc93b13d/3d and Unc93b13d/3d mice. (A) IgH CDR3 tree-map plots illustrating the IgH 
CDR3 nucleotide sequences expressed by peritoneal cavity and (B) spleen B-1a cells 
from three individual 7 wk old C57BL/6 (top panel), Tlr2–/–Tlr4–/–Unc93b13d/3d (middle 
panel), and Unc93b13d/3d (bottom panel) mice. Each rounded rectangle in a given tree 
map represents a unique CDR3 nucleotide sequence and the size of the rectangle 
denotes the relative frequency of an individual sequence. The entire plot area is divided 
into sub-areas according to V-usage, which is then subdivided according to J-usage, 
and then each unique CDR3 nucleotide sequence within a given V-J-combination is 
subsequently represented by a rounded rectangle (sized by frequency). The 
unevenness of rectangles reflects areas of clonal expansion within the heavy chain 
repertoire sampled. 
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Figure 3.6. Diversity, N nucleotide additions, and Shannon entropy in spleen and 
PerC B-1a cells from WT, Tlr2–/–Tlr4–/–Unc93b13d/3d and Unc93b13d/3d mice. (A) N 
nucleotide insertion distribution patterns for B-1a cells from the peritoneal cavity and (B) 
spleen from 7 wk old C57BL/6 (black) Tlr2–/–Tlr4–/–Unc93b13d/3d (blue) and Unc93b13d/3d 

(green) mice. (C) D50 metric analysis quantifying the IgH CDR3 diversity (top plot) and 
Entropy (Shannon) values showing the diversity of V(D)J recombinations for a given 
CDR3 peptide (bottom plot) for B-1a B cells from 7 wk old C57BL/6 (black), Tlr2–/–Tlr4–/–

Unc93b13d/3d (blue), and Unc93b13d/3d (green) mice from the peritoneal cavity (closed 
squares) and spleen (open squares). N nucleotide addition profile, D50 metric analysis, 
and Shannon Entropy values are presented as normalized data to minimize impact of 
self-renewal/clonal expansion. For the Shannon Entropy analysis, only the top 10,000 
CDR3 sequences are included into the calculation. Each data point represents an 
individual mouse. 
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Figure 3.7. Normalized V-usage distribution in PerC B-1a cells from WT, Tlr2–/–

Tlr4–/–Unc93b13d/3d and Unc93b13d/3d mice. (A) The percentage usage of heavy chain 
CDR3 nucleotide sequencing reads containing germline V-alleles in peritoneal cavity B-
1a cells from three individual 7 wk old C57BL/6 (black), Tlr2–/–Tlr4–/–Unc93b13d/3d (blue), 
and Unc93b13d/3d (green) mice. Each data point represents an individual mouse. Data 
are presented as normalized data where each unique CDR3-VDJ combination is treated 
as a quantity of 1 regardless of read count. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



	 57	

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Spleen B-1a VH Gene Usage (normalized)

WT

Tlr2-/-Tlr4-/-Unc93b13d/3d

Unc93b13d/3d

A



	 58	

Figure 3.8. Normalized V-usage distribution in Spleen B-1a cells from WT, Tlr2–/–

Tlr4–/–Unc93b13d/3d and Unc93b13d/3d mice. (A) The percentage usage of heavy chain 
CDR3 nucleotide sequencing reads containing germline V-alleles in spleen B-1a cells 
from three individual 7 wk old C57BL/6 (black), Tlr2–/–Tlr4–/–Unc93b13d/3d (blue), and 
Unc93b13d/3d (green) mice. Each data point represents an individual mouse. Data are 
presented as normalized data where each unique CDR3-VDJ combination is treated as 
a quantity of 1 regardless of read count. 
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Figure 3.9. Regular V-usage distribution in PerC B-1a cells from WT, Tlr2–/–Tlr4–/–

Unc93b13d/3d and Unc93b13d/3d mice. (A) The percentage usage of heavy chain CDR3 
nucleotide sequencing reads containing germline V-alleles in peritoneal cavity B-1a 
cells from three individual 7 wk old C57BL/6 (black), Tlr2–/–Tlr4–/–Unc93b13d/3d (blue), 
and Unc93b13d/3d (green) mice. Each data point represents an individual mouse. Data 
are presented as percentage of total CDR3 nucleotide sequencing reads. 
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Figure 3.10. Regular V-usage distribution in Spleen B-1a cells from WT, Tlr2–/–

Tlr4–/–Unc93b13d/3d and Unc93b13d/3d mice. (A) The percentage usage of heavy chain 
CDR3 nucleotide sequencing reads containing germline V-alleles in spleen B-1a cells 
from three individual 7 wk old C57BL/6 (black), Tlr2–/–Tlr4–/–Unc93b13d/3d (blue), and 
Unc93b13d/3d (green) mice. Each data point represents an individual mouse. Data are 
presented as percentage of total CDR3 nucleotide sequencing reads. 
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Figure 3.11. Regular V-usage distribution in B-1a cells from WT, Tlr2–/–Tlr4–/–

Unc93b13d/3d and Unc93b13d/3d mice in the PerC and spleen. (A-D) The percentage 
usage of heavy chain CDR3 nucleotide sequencing reads containing select germline V-
alleles in peritoneal cavity (left plot) and spleen (right plot) B-1a cells from three 
individual 7 wk old C57BL/6 (black), Tlr2–/–Tlr4–/–Unc93b13d/3d (blue), and Unc93b13d/3d 

(green) mice. Data are presented as percentage of total CDR3 nucleotide sequencing 
reads. Error bars indicate the mean (± SEM). *P < 0.05, **P < 0.01, and ***P < 0.001 
(One-way ANOVA). Each data point represents an individual mouse. 
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Figure 3.12. Toll-like receptor stimulation results in downregulation of negative 
regulator of BCR signaling CD5. (A) Representative flow cytometry plot of CD5 
expression of live in vitro LPS-stimulated peritoneal cavity B-1a cells at 0, 1, 2, 3, and 4 
cycles of division (right) as determined by their CFSE dilution (left). (B) Mean 
fluorescence intensity quantification of CD5 and IgM on Pam3CSK (black), LPS (grey), 
R848 (red), and CpG-B (blue) stimulated B-1a cells at 0, 1, 2, 3, and 4 cycles of division 
as determined by their CFSE dilution flow cytometry. (C) Mean fluorescence intensity 
quantification of CD5 and IgM on B-1a cells from the spleens of D11, D18, 5 wk, and 9 
wk old mice. (D) Mean fluorescence intensity quantification CD5 and IgM on B-1a cells 
from the spleens of 7 wk old WT (black) and Tlr2–/–Tlr4–/–Unc93b13d/3d (blue) mice. Error 
bars indicate the mean (± SEM). *P < 0.05, **P < 0.01, and ***P < 0.001 (unpaired two-
tailed Student's t-test (D) and One-way ANOVA (C)). Each data point represents an 
individual mouse. Data are representative of at least two independent experiments (A-
D). 
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Figure 3.13. Model depicting how Toll-like receptor and B cell receptor signaling 
integrate to control distinct B-1a responses. 
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Conclusion 
 
 B-1a cells comprise an innate B cell subset that contributes to the majority of 
‘natural’ IgM in the serum of mice. Qualities unique to B-1a cells include (1) 
maintenance through self-renewal, (2) long term survival and expansion after adoptive 
transfer, (3) predominance in pleural and peritoneal cavities, (4) the ability to secrete 
immunoglobulin without foreign antigen exposure, (5) and a very restricted repertoire 
skewed towards common bacterial and self-antigens. While B-1a cells were discovered 
several decades ago, the mechanisms that regulate these defining qualities still remain 
incompletely understood 

Early studies identified that B-1a cells develop through positive selection on 
endogenous antigens, but that they spontaneously secrete IgM independent of BCR-
antigen stimulation due their expression of negative regulators of BCR signaling like 
CD5. However, the faithfully recapitulated restriction of the B-1a cell repertoire as mice 
age indicates a BCR-antigen specific clonal expansion process occurring at steady 
state in mice. In support of this hypothesis, a recent study using fluorescent Nur77 
reporter mice showed that B-1a cells express significantly higher levels of Nur77 than 
other B cell subsets, a gene that exclusively reports BCR and TLR activation. In this 
dissertation I discuss the generation of an IgG3 fate-tracking mouse, which 
serendipitously marked a subset of activated IgM+ B-1a cells enriched for antibody 
secretion with the red fluorescent protein Tomato. Because the B-1a field has long been 
hampered by a lack of novel genetic tools to study B-1a cells, I decided to use this novel 
reporter mouse to gain insight into the signals that regulate B-1a cell activation and 
antibody secretion. 

First, I observed that Tomato+ B-1a cells expressed higher levels of Nur77 than 
Tomato- B-1a cells. Moreover, I discovered the enrichment of the common B-1a 
specificities PtC and commensal bacteria within IgM+Tomato+ B-1a cells, indicating a 
BCR-mediated activation process. These data indicate that BCR-antigen interaction 
mediates the clonal expansion and resulting restriction of B-1a specificities as mice age. 
Consistent with this hypothesis is the age-dependent increase in Tomato expression in 
B-1a cells correlating with the acquisition of a microbiota.  

Importantly, I identified unique regulation of distinct B-1a response when 
analyzing germ-free mice. Germ-free mice have normal B-1a cell numbers, reportedly 
unaltered heavy chain repertoire21, and normal serum IgM titers, leading to the 
conclusion that the microbiota does not play a role in B-1a development and 
spontaneous Ig secretion. However, I discovered that despite having normal B-1a 
reactivity towards endogenous antigens like phosphatidylcholine (PtC), germ-free mice 
had a significant reduction in B-1a derived anti-commensal serum IgM. Moreover, I 
found that TLR2 and TLR4 were required for anti-commensal IgM, suggesting that the 
microbiota may be providing LPS or peptidoglycans for either the development, 
activation, or antibody secretion of anti-commensal B-1a cells. I also discovered that 
Unc93b1-dependent nucleic-acid sensing TLRs are required for a significant portion of 
phosphatidylcholine-reactive B-1a response, but were indispensable for microbiota-
reactive responses. I therefore concluded that due to the linked nature of the antigen 
that the B-1a cell BCR recognizes and the accompanying TLR required for its activation 
and/or expansion, a dual TLR and BCR signal controls distinct B-1a responses. 
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 Interestingly, I see an age-dependent reduction in surface CD5 on splenic B-1a 
cells. This reduction in CD5 is not observed in adult splenic B-1a cells of TLR deficient 
mice, suggesting this process is mediated by TLR activation. This is further supported 
by my in vitro data showing the reduction in surface CD5 on B-1a cells following 
activation with a variety of TLR agonists.  
 Supported by a plethora of literature, B-1a cells are almost certainly also able to 
respond poly-clonally in response to TLR activation.  Indeed, one of these responses 
appears to be the emigration of B-1a cells from the peritoneal cavity to the spleen. In 
support of this is my data showing that while PtC-reactive B-1a responses in the PerC 
are dependent on Unc93b1 but not TLR2 and TLR4, the PtC-reactive B-1a responses in 
the spleen are reduced in Tlr2–/–Tlr4–/–. Therefore, innate activation of B-1a cells in the 
PerC may result in the polyclonal emigration to the periphery, whereas dual BCR and 
TLR stimulation may regulate B-1 cell self renewal/expansion and/or antibody secretion. 
 Next, heavy chain CDR3 sequencing of B-1a cells from the peritoneal cavity and 
spleen in WT, Tlr2–/–Tlr4–/–Unc93b13d/3d and Unc93b13d/3d mice revealed that TLR 
signaling does not affect N-nucleotide insertion, but that possibly TLR2 and TLR4 
mediate diversification of B-1a cells in the spleen. This was concluded due to the lower 
D50 diversity index in splenic B-1a cells in Tlr2–/–Tlr4–/–Unc93b13d/3d but not 
Unc93b13d/3d mice when compared to WT mice. It will be important to make sure that 
this result is not misinterpreted due to underlying inflammation or disease in global TLR-
deficient mice, by comparing the B-1a sequencing analysis currently being performed 
on Tlr2–/–Tlr4–/– mice.  Because germ-free splenic B-1a cells had equivalent CDR3 
sequence diversity when compared to SPF mice in previous studies21, my results may 
indicate a role for food antigens in providing TLR2 or TLR4 stimulation.  This would not 
be unprecedented, as antigen free diets are known to reduce TLR-dependent response 
still present, albeit reduced, in germ-free mice when compared to SPF mice.  

While confirming the dependence of PtC-reactive B-1a B cell frequency in the 
spleen and peritoneal cavity on Unc93b1-dependent TLRs in my repertoire sequencing 
study, I also discovered several other VH genes that appear to be uniquely regulated by 
endosomal TLRs. It will be interesting to determine the specificity of these CDR3 
sequences, and whether it supports my model of endogenous antigen providing a dual 
BCR and TLR stimulus. Interestingly, I also discovered that VH9-3 expression on 
splenic B-1a cells appears to be dependent on TLR2 and TLR4, while expression on 
peritoneal cavity B-1a cells of this gene is only slightly reduced in a TLR2 and TLR4 
dependent manner. An annotated specificity associated with VH9-3 on the IMGT 
sequencing database is for neuraminidase, which is present on almost all bacteria and 
is responsible for the cleavage of sialic acids. If true, this could be additional evidence 
for a dual bacterial mediated BCR and TLR stimulus resulting in the expansion and/or 
antibody secretion of commensal reactive B-1a cells. Finally, it will be important to 
determine the B-cell intrinsic nature of TLR-dependent anti-commensal and anti-PtC B-
1a response. 
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