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ABSTRACT OF THE DISSERTATION 
 
 

New roles for Id3 in B and T cell development 
 

by 
 

Shuwen Chen 
 

  Doctor of Philosophy in Biology 
 

University of California, San Diego, 2016 
 

Professor Cornelis Murre, Chair 
 

 

E proteins have been shown to play an important role during various stages of 

B and T cell development. E proteins execute this regulatory function mainly via 

binding to the E-box sequence around the target genes. However, the activity of E 

proteins can be inhibited by Id proteins, such as Id2 and Id3 in the immune system. 

 Previous studies have suggested crucial roles played by Id2 and Id3 in the 

differentiation process of certain T cell lineages. Id2 was required for CD8 T cell 

differentiation and activation, while Id3 was required to inhibit E2A activity upon 

pre-TCR and TCR signaling. During my PhD study, I performed a wide array of 

experiments to probe into the functions of Id2 and Id3 during the development of 
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regulatory T cells (Treg) and innate-like follicular helper T (Tfh) cells. My work 

helped unveil that Id2 and Id3 expression was required for Treg cells to suppress the 

onset of fatal Th2-mediated inflammation. Meanwhile, I also discovered that thymic 

Id2 and Id3 expression was indispensable for inhibiting the expansion of innate-like 

Tfh cells and the pathogenesis of αβ T cell lymphoma. 

Besides T cells, B cells are also a target population to be regulated by Id 

proteins like Id3. Ablating Id3 expression specifically in the B cells, I found that these 

Id3-deficient B cells were clearly impaired in their ability to differentiate into 

germinal centers upon antigen stimulation. In addition, without Id3 expression, these 

B cells can no longer elicit any IgG1 response during the memory phase upon 

encountering a secondary challenge. 

To summarize, my PhD study helped to reveal the important functions played 

by Id2 and Id3 during the differentiation and activation of different lymphocytes.  
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Chapter I: 

General introduction to early B cell development, B cell 

terminal differentiation, and T cell development and 

differentiation in periphery  
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Early Hematopoiesis 
 

 Hematopoiesis is initiated by a small population of cells called hematopoietic 

stem cells (HSCs). They are localized in the yolk sac, fetal liver, and bone marrow. 

HSCs are characterized by their ability of self-renewal and multi-potency over the 

lifetime of an organism 1. The establishment of HSCs takes place in a sequential 

manner: During embryogenesis, mesodermal precursor cells migrate to the yolk sac 

for commitment to red blood cells. Later during embryogenesis other HSCs colonize 

the developing fetal liver for expansion and differentiation until the stage of fetal life, 

when bone marrow hematopoiesis is initiated 2. Progenitors from both fetal liver and 

bone marrow can give rise to the lymphoid compartment. Populations derived from 

HSCs gradually lose their multi-potency as they differentiate into various cell types of 

the lymphoid, myeloid, and other cell lineages. The ability of HSCs to self-renew 

fades with senescence and the choice of lymphoid versus myeloid lineage become 

skewed with age. 

 HSCs lack expression of genes specific to the committed lineages, such as 

B220 and CD19 for B cells or CD4 and CD8 for T cells (Lin-), but express other 

surface markers such as Sca-1, c-kit, and CD150 3,4. HSCs have been further divided 

into 2 subpopulations named long-term HSCs and short-term HSCs 5. Within the bone 

marrow, a fraction of long-term HSCs transit into short-term HSCs, which can only 

self-renew for a limited period of time 6,7. The HSCs then give rise to multi-potent 

progenitors (MPPs), which lose self-renewal ability while maintain the potential of 

differentiation into all lineages 8. MPPs then advance to the common lymphoid 
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progenitors (CLPs) or the common myeloid progenitors (CMPs). These oligo-potent 

progenitors can then differentiate into all lineage-committed cell populations of the 

hematopoietic system 9. CLPs give rise to various lymphoid lineage populations 

including T cells, B cells, and natural killer (NK) cells. The choice of next 

developmental fate within the CLP compartment is reflected by Ly6D expression. 

Ly6D+ CLPs, termed B cell biased lymphoid progenitors (BLPs), commit their 

lineage to B cells, while Ly6D- CLPs, termed all-lymphoid progenitors (ALPs), 

usually move along the differentiation track to become NK cells, T cells, or B cells 10-

12. 
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T-Lineage Development 
 

 Mammalian T cells are commonly derived from pluripotent precursors in the 

bone marrow or fetal liver, which localize to the thymus for initiation and 

maintenance of T cell differentiation. After extensive proliferation, these progenitors 

undergo gene rearrangements that are associated with the T cell receptor (TCR) loci 

13. After T cell lineage commitment, the αβ and γδ lineages segregate. αβ T cells 

development is initiated upon interaction of the alpha-beta TCR with MHC. CD4 and 

CD8, the two co-receptors, can be used as cell surface markers along with other 

molecules to distinguish between the αβ T-lineage cells. The earliest thymic 

precursors express neither CD4 nor CD8 and are named double-negative (DN) cells. 

The DN population contains multiple subsets that are associated with differential 

expression of two additional surface markers, CD25 and CD44. The DN1 

(CD44+CD25-) compartment contains cells of other lineages such as dendritic cells 

and B cells. During the DN2 (CD44+CD25+) and the DN3 (CD44-CD25+) stage, the 

process of T cell lineage commitment is completed. During DN3 stage, the 

rearrangement of the variable segments occurs until an in-frame and proper TCR is 

generated, verified by the β-selection checkpoint. The rearranged TCR β-chain then 

associates with pre-Tα, resulting in the expression of a pre-TCR complex to promote 

proliferation and expression of CD4 and CD8 to progress into the double-positive 

(DP: CD4+CD8+) stage, during which α-rearrangement is carried out. The interaction 

between TCRαβ with self peptide-MHC complexes (pMHC) then gives rise to either 

CD4 single-positive (CD4SP) or CD8 single-positive (CD8SP) thymocytes 14,15. 
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T Cell Differentiation in Periphery 
 
Previous studies indicated that CD4+ T cells are required for GC formation 

and the generation of Ag-specific responses. Further studies revealed that T follicular 

helper (Tfh) cells are the key player during this process. Characterized by high 

expression levels of surface molecules (CXCR5, ICOS, and PD-1) and transcription 

factors (Bcl-6), Tfh cells display unique patterns of localization and function 16. Loss 

of T cell area-homing chemokine receptor CCR7, along with high CXCR5 expression, 

redirect Tfh cells from the T cell zone to the B cell follicles, where Tfh cells provide 

supportive signaling for B cell proliferation and differentiation 17.  

Regulatory T (Treg) cells are a distinct T cell subpopulation as they play a 

vital role in maintaining self-tolerance and immune homeostasis, characterized by the 

transcription factor Foxp3, which is essential for Treg cell development and function. 

Mice carrying mutations of Foxp3 display Treg deficiency and develop fatal 

autoimmunity 18. Treg development involves affinity-based TCR-pMHC interaction. 

High strength TCR signaling within the thymus initiates negative selection in most 

CD4SP thymocytes. However, some CD4SP thymocytes only receive TCR signaling 

of intermediate strength, thus escaping the fate of apoptosis and further differentiating 

into Foxp3+ Treg cells 19. 

Treg cells can also be induced from peripheral naïve T cells in a Foxp3 

enhancer CNS1-dependent manner upon exposure to tumor growth factor (TGFβ) 20. 

In the periphery, Treg cells display various expression levels of homing receptors 

such as adhesion molecules and chemokine receptors, leading to the heterogeneity of 
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the Treg localization and consequently the compartmentalization of Treg-mediated 

immune responses 21. After settlement within secondary lymph nodes, Treg cells can 

be activated by cognate antigen at a concentration much lower than that required for 

activating naïve T cells. Meanwhile, proliferation of Treg cells is also contained and 

fine-tuned by cell death mechanisms to maintain homeostasis. Downregulation of 

anti-apoptotic Bcl-2 in Treg cells plays an essential role during this process 22. Treg 

cells can execute their suppressive function by either inhibiting the function of 

antigen-presenting cells (APC) or direct secretion of inhibitory cytokines 23. 
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B-Lineage Development 
 
B cells arise from BLPs, which are composed of Ly6D+ CLPs. BLPs first 

differentiate into pre-pro-B cells, which then develop into pro-B cells through a series 

of recombination events and the induction of a B-lineage specific program of gene 

expression 24. The rearrangement of immunoglobulin (Ig) genes is ordered. During the 

transition from the pre-pro-B to the pro-B cell stage, the diversity (Dh) and joining 

(Jh) recombine to generate a Dh-Jh segment 25. Recombination activating gene 1 

(RAG1) and recombination activating gene 2 (RAG2) mediate somatic recombination 

involving antigen receptor loci. This is followed by Vh-DhJh locus rearrangement 

leading to conformational changes involving the Igh locus. Specifically, the proximal 

and distal clusters of the variable (Vh) segments merge providing an equal playing 

field for the variable region repertoire 26. The rearranged heavy chain associates with 

the surrogate light chains to give rise to the pre-BCR complex, which promotes 

differentiation towards the small pre-B stage while counteracting the activity of 

RAG1 and RAG2 27. Light chain rearrangement (either Igκ or Igλ) occurs in small 

pre-B cells and continues until the BCR passes both positive and negative selection 28-

30. A highly regulated and hierarchical gene expression program is required for B cell 

lineage commitment. These involve the E-protein E2A, early B cell factor 1 (EBF1), 

paired box 5 (Pax5) and forkhead box protein O1 (FoxO1). Depletion of E2A or 

EBF1 expression results in B cell developmental 31. Recent studies have provided 

insight into the transcriptional circuitry that promotes the specification towards the B 

cell lineage. The E2A proteins activate the expression of FOXO1, which in turn, 
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induce the expression of EBF1. FOXO1 and EBF1 then act in a positive feed-forward 

loop to orchestrate a B-lineage specific program of gene expression. 
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B Cell Differentiation in Periphery 
 
After completing the aforementioned developmental program within the bone 

marrow, immature B cells exit the bone marrow, migrate through the circulation, and 

localize in lymph nodes, Peyer’s patches and the spleen 32. Follicular (FO) B cells 

constitute the majority of the peripheral B cell pool where they interact with T cells 

upon antigen stimulation to mount an immune response 33. 

When stimulated with foreign antigens, naïve B cells within B cell follicles 

initiate their proliferation and terminal differentiation program. This proliferation 

leads to generation of secondary follicles termed germinal centers (GCs). In GCs the 

majority of cells are activated B cells undergoing clonal expansion, somatic 

hypermutation (SHM), and class-switch recombination (CSR), ultimately leading to 

the production of high-affinity antibodies 34. The GC can be further divided into 2 

anatomical sub-compartments, a dark zone (DZ) and a light zone (LZ). The DZ and 

LZ differ not only in cellular components and densities, but also phenotypically. In 

the LZ, B cells are spread among a network of follicular dendritic cells (FDCs), on 

which antigen deposits. Hence this is the compartment where positive selection for 

high-affinity BCR variants takes place 35. In contrast, the DZ is composed almost 

entirely of B cells, which have a higher percentage of cells in the G2/M phase when 

compared to their LZ counterparts. In addition, DZ B cells also show higher 

expression of chemokine receptor CXCR4, while two surface markers CD83 and 

CD86, display a higher level of expression on the surface of LZ B cells. Combining 

these markers, it is now possible to distinguish between DZ and LZ B cells by flow 
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cytometry. DZ B cells are associated with CXCR4hiCD86lo expression, while LZ cells 

display CXCR4loCD86hi 36,37. 

Within the DZ of the GC, B cells undergo a combination of affinity 

maturation processes, including CSR and SHM, both of which require the expression 

of activation-induced cytidine deaminase (AID) 38. CSR is required for the generation 

of antibodies associated with distinct effector functions by changing the expression 

from Igh constant Cµ region to other Igh constant (C) regions such as Cγ, Cε and Cα, 

leading to the production of IgG, IgE and IgA, respectively. CSR itself doesn’t alter 

the antigen specificity of BCR. Instead, SHM is responsible for changing BCR 

specificity. During SHM, point mutations are introduced to the V region of the 

immunoglobulin loci. Accumulation of these point mutations engenders B cells 

expressing high-affinity BCRs (immunoglobulin in a membrane-bound form) on their 

surface. Post-SHM B cells are able to secrete high-affinity antibodies against 

invading antigens 39. 

After completing the affinity maturation reactions within GCs, B cells exit the 

GC phase and select between two mutually exclusive terminal fates: antibody-

secreting plasma cells (PCs) and resting memory B cells. Several master 

transcriptional regulators have been identified to be critical for the generation of PCs, 

including Xbp-1, Blimp-1 and Irf-4 40-42. However, no such factors have been 

discovered for memory B cell formation. 

Long-lived PCs generated in adaptive immune responses can be found in the 

red pulp of spleen and bone marrow weeks after primary antigen challenge. These 
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long-lived PCs constitutively secrete protective antibodies, forming the first line of 

protection against reinfection. When these pre-existing antibodies are not sufficient to 

combat the reinfection, cognate memory B cells can be re-activated very quickly and 

a reactive humoral memory response is organized. Such memory response is 

characterized by its faster recruitment and greater magnitude. Furthermore, the 

antibodies secreted during the memory response frequently also display higher 

affinity with a switched effector isotype 43-45. 
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E-proteins and ID proteins in Lymphoid Development 
 
The differentiation of HSCs into lineage-committed populations is 

orchestrated by an ensemble of transcriptional regulators. Prominent among these are 

the E2A proteins. The E2A proteins belong to the family of E proteins, which include 

E12, E47, HEB, E2-2, and Daughterless. Tcf3, Tcf4, and Tcf12 encode E2A, E2-2 

and HEB respectively. E12 and E47 are two isoforms of the E2A protein due to 

alternative splicing 46,47. The E2A protein can specifically bind to the canonical E-box 

site embedded in the enhancers through formation of homodimers or as heterodimers 

with HEB or E2-2. E2A proteins are critical for maintenance of the HSC pool as they 

are shown to regulate cell cycle progression and self-renewal activity of HSCs. E2A 

deficiency led to impairment of the HSC pool and a wide ensemble of progenitor 

populations including long-term HSC, MPPs, and erythroid progenitors were 

dramatically reduced 48. E2A, together with other transcription factors such as Ikaros, 

promote the developmental progression from HSCs to LMPPs. In lineage-committed 

cells, the E2A proteins also play essential roles and E2A activity is indispensable for 

establishing a diverse BCR or TCR repertoire 49-51.  

During B cell development the E2A proteins induce the expression of EBF 

and FOXO1, which form a positive feed-forward loop to initiate a lineage specific 

gene expression program 52,53. Within the thymus, the E2A proteins promote β-

rearrangement of TCR during the DN2 and DN3 stages. E2A activity is also essential 

to the initiation of T cell lineage commitment. The E2A proteins are required for 

activating gene expression involved in Notch and pre-TCR signaling pathways and 



 

    
 

13 

their collaboration with Bcl11b and GATA3 is also critical for regulating T cell 

development 54.  

The E2A proteins also perform critical roles during the terminal 

differentiation of lymphocytes within peripheral lymphoid organs. Upon activation of 

naïve B cells by foreign antigens, E2A expression is induced to establish germinal 

centers and activate class-switch recombination (CSR). Previous studies revealed that 

E2A proteins directly regulate the expression of AID. Consistent with these findings a 

deficiency in E2A activity leads to perturbation of CSR 55,56.  

The activity of E-proteins is under strict control at several levels. One of 

these, the inhibitor of DNA binding (ID) proteins, can form non-DNA-binding 

heterodimers with E-proteins through the helix-loop-helix (HLH) dimerization 

domain preventing their E-box-binding activities 57. Four ID proteins (ID1 to ID4) 

have been identified till now. Among them, ID2 and ID3 are particularly important in 

the immune system. Both ID2 and ID3 are induced in the DN3 stage upon pre-TCR 

signaling, plausibly acting to regulate TCR β-rearrangement 58,59. Id2-/- mice display a 

NK cell deficiency, which can be rescued by deletion of E2a, confirming the critical 

role for E-Id protein interactions during NK cell development 60,61. ID3 has been 

shown to execute important functions during the differentiation and activation of 

various peripheral T cell populations. Id3 deletion led to defect in the generation of 

Treg cells along with increased interleukin 17 (IL-17)-producing helper T cells 

(TH17) cells differentiation 62. Recently, it was revealed that ID3 was involved in 

regulating the secretion of interleukin 9 (IL-9) by TH9 cells 63, 64. 
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In sum, it is now clear how distinct combinations of transcriptional regulators 

orchestrate lineage specific programs of gene expression.  In this thesis I will describe 

our studies that have revealed critical roles for the Id-E protein axis in Treg, TFH and 

germinal center B cells. 
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This chapter, in full, is a reprint of the material as it appears in Nature 

Immunology (2014). Miyazaki M, Miyazaki K, Chen S, Itoi M, Miller M, Lu LF, 

Varki N, Chang AN, Broide DH, Murre C. Id2 and Id3 maintain the regulatory T cell 

pool to suppress inflammatory disease. Shuwen Chen is one of the primary authors.
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The E-Id protein axis modulates the activities of the PI3K-

AKT-mTORC1-Hif1a and c-myc/p19Arf pathways to 

suppress innate variant TFH cell development, thymocyte 

expansion, and lymphomagenesis 
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This chapter, in full, is a reprint of the material as it appears in Genes & 

Development (2015). Miyazaki M, Miyazaki K, Chen S, Chandra V, Wagatsuma K, 

Agata Y, Rodewald HR, Saito R, Chang AN, Murre C. The E-Id protein axis 

modulates the activities of the PI3K-AKT-mTORC1-Hif1a and c-myc/p19Arf 

pathways to suppress innate variant TFH cell development, thymocyte expansion, and 

lymphomagenesis. Dr. Masaki Miyazaki is the primary author of this work. 
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ABSTRACT 
 
Previous studies have demonstrated that the Id proteins play critical roles in a 

wide spectrum of cells that comprise the adaptive and innate immune system. 

However, their roles, if any, in peripheral B-lineage development remain to be 

determined. Here, we found that Id3 expression is high in follicular B-lineage cells 

but declines upon differentiating into germinal center (GC) B cell. Whereas Id3 

expression appeared non-essential for the developmental progression of early B cell 

progenitors, we found that the primary and memory responses were severely impaired 

in Id3-deficient mice. Specifically, we found that loss of Id3 expression resulted in 

impaired GC formation and class switch recombination. Based on these as well as 

previous observations we propose that Id3 acts to enforce the GC checkpoint.   
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INTRODUCTION 
 

 Germinal centers (GCs) are secondary structures that develop in peripheral 

lymphoid organs following immunization or antigen (Ag) stimulation. In GCs, B cells 

undergo class-switch recombination (CSR), somatic hypermutation (SHM), and 

additional affinity-based selection 65. Upon B cell activation, CSR leads to the 

replacement of the immunoglobulin heavy chain (Igh) constant region (Cµ) with Cγ, 

Cα or Cε, thus enabling secretion of antibodies (Ab) with different effector functions 

66. SHM, an Ag-dependent secondary diversification process happening in peripheral 

B cells, introduces point mutations into the V region of the Igh locus, resulting in 

generation of higher-affinity Ab variants 67. Both CSR and SHM depend crucially on 

the enzyme activation-induced deaminase (AID) expressed by GC B cells 68. 

 GC are composed of dark zones (DZ) and light zones (LZ) based on 

differences in cellular density and constituents. The sub-compartmentalization of GC 

into DZ and LZ segregates B cell proliferation from selection versus activation. In the 

LZ, B cells are spread across a network of follicular dendritic cells (FDC) to undergo 

selection upon interacting with Ag. In the DZ, B cells carry out additional rounds of 

clonal expansion and affinity maturation, including CSR and SHM. Upon completion 

of the affinity maturation process, B cells exit the GC cycle to differentiate either into 

Ab-secreting plasma cells (PC) or memory B cells. 

 E-proteins are members of the helix-loop-helix (HLH) family. E-proteins 

include E12, E47, E2-2 and Hela E-box binding protein (HEB). E12 and E47 are 

encoded by the E2a gene and arise through alternative splicing. B cell development in 
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E2A-deficient mice is blocked prior to the onset of Ig heavy chain locus 

rearrangements. The E2A gene products also regulate Igκ locus assembly as well as 

receptor editing. Whereas E47 is indispensable for the specification towards the B 

cell fate, E12 only appears to play a key role in receptor revision upon interacting 

with auto-antigen. Mechanistically, gradients of E12 and E47 are established in 

developing pre-B and immature-B cells to promote the deposition of H3K4me3 and 

H3 acetylation to recruit the RAG-proteins to its relevant target sites. In the peripheral 

organs E12 and E47 continue to play important roles including the developmental 

progression of follicular B cells. 

Four proteins have been identified that antagonize the DNA binding activities 

of E-proteins: Id1, Id2, Id3 and Id4 69. The Id proteins play a wide spectrum of 

regulatory activities in developing cells that comprise the adaptive and innate immune 

system. They do not appear to play a key role in the developmental progression of 

early B progenitors. In the peripheral organs Id3 modulates the marginal zone versus 

follicular zone B cell development. 

 Here, we have examined potential roles for Id3 in activated B-lineage cells. 

We found that Id3 expression is high in follicular B-lineage cells but declines upon 

differentiating into GC B cells. Whereas Id3 expression appeared non-essential for 

the developmental progression of early B progenitors, we found that the primary and 

memory responses were severely impaired in Id3-deficient mice. Specifically, we 

found that loss of Id3 expression resulted in impaired GC formation and IgG1 CSR, 

and IgG1 secretion during the memory responses was almost completely abolished. 
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Based on these as well as previous observations we propose that Id3 acts to enforce 

the GC checkpoint.  
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RESULTS 

E2a and Id3 expression in B cells 
 
 As a first approach to explore potential roles for the E-Id protein axis in 

peripheral B-lineage cells derived from immunized mice, their expression profiles 

were analyzed using E2a-GFP and Id3-GFP reporter mice (Figure 1a). Specifically, 

E2a-GFP and Id3-GFP reporter mice were immunized with sheep red blood cells 

(SRBC). Two weeks post immunization GFP levels in the different B cell populations 

were examined in the peripheral B cell compartments using flow cytometry. 

Consistent with previous results follicular B cells displayed low levels of E2A 

expression (Figure 1b). E2A abundance increased in GCB cells and continued to be 

high throughout the GC cycle but declined in the plasma cell compartment. In 

contrast, Id3 abundance was high in follicular B cells but decreased in both the light 

and dark zones and was barely detectable in the plasma cell compartment (Figure 1b). 

Interestingly, the CD38+IgG1+ compartment was associated with low levels of E2a 

expression but displayed high abundance of Id3 expression reaching levels similar as 

detected in naïve follicular B cells. Thus, E2A and Id3 expression in activated B-

lineage cells was dynamic throughout the GC cycle with high levels of Id3 expression 

associated with the naïve follicular B cells as well as memory-like cells and high 

levels of E2A abundance associated with the GC cycle (Figure 1c). 

Role of Id3 in GC differentiation 
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 To assess the role of Id3 in B-lineage development, CD19-Cre; Id3loxp/loxp 

mice were generated. We found that early B cell development was not affected in the 

absence of Id3 expression (Figure 2). In contrast, the fraction of marginal zone (MZ) 

B cells in CD19-Cre; Id3loxp/loxp mice was reduced as compared to wild-type mice 

whereas the development of FoB cells was not altered upon depletion of Id3 

expression (Figure 3). 

To evaluate the role of Id3 in the activated B cell compartment, control and 

CD19-Cre; Id3loxp/loxp mice were immunized with 4-hydroxy-3-nitrophenylacetyl and 

keyhole limpet hemocyanin (NP-KLH). Two weeks post immunization the mice were 

examined for GC formation using flow cytometry. Mice deficient for Id3 expression 

showed a significant impairment in GC formation (Figure 4a). Likewise, IgG1 CSR 

was also perturbed in immunized CD19-Cre; Id3loxp/loxp mice (Figure 4a). In the 

absence of Id3 expression B cells also displayed impaired differentiation into PC 

while the development of CD38+IgG1+ “memory-like” B cells was not altered in mice 

depleted for Id3 expression in B-lineage cells (Figure 4a). To examine the B cell 

response to specific antigens in the absence of Id3 expression, we compared the 

percentages of NP+IgG1+ B cells and NP+IgG1+ PCs in control versus Id3-depleted B-

lineage cells. Consistent with the aforementioned results, we found a lower fraction of 

NP-specific IgG1+ B cells and PCs in the spleen of Id3-depleted B-lineage cells as 

compared to control cells (Figure 4b). Next we assessed serum level of NP-reactive 

antibodies following immunization with NP-KLH. With serum titers of NP-specific 

IgM unchanged, serum titers of NP-reactive IgG1 were on average 2-fold lower in B 
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cells derived from CD19-Cre; Id3loxp/loxp mice versus serum isolated from control 

mice (Figure 4c). Consistent with the declined titers of serum IgG1, the number of 

NP-specific IgG1 antibody-secreting cells (ASCs) in the spleen of CD19-Cre; 

Id3loxp/loxp mice immunized with NP-KLH was reduced to half of that found in control 

mice immunized in the same way (Figure 2d). As described above the in vivo 

analysis indicates that Id3 expression is essential for the developmental progression 

of mature B-lineage cells. To examine in greater detail how Id3 affects CSR ex vivo 

B cells derived from both control and CD19-Cre; Id3loxp/loxp mice were cultured in the 

presence of LPS and IL-4. Consistent with the data described above, B cells deficient 

for Id3 produced much lower IgG1-switched cells following activation by either 

LPS+IL-4 or α-CD40+IL-4 (Figure 5a). To examine a potential role for Id3 in SHM, 

both control and CD19-Cre; Id3loxp/loxp mice were immunized with SRBC. Two weeks 

post immunization GC B cells were isolated using cell sorting and examined for SHM 

activity. Specifically, the intronic region localized downstream of the Igh J-region 4 

(JH4) was amplified from genomic DNA isolated from purified GC B cells. We found 

that the number and frequency of AID-induced mutations were not altered upon 

depletion of Id3 expression (Figure 5b). Collectively, these data indicated that Id3 

expression is essential to promote the developmental progression of follicular B cells 

towards the GC B cell fate and plays a critical role in promoting CSR. 

Id3 expression is not essential to modulate cell cycle progression in the germinal 
centers of immunized mice 
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 The data described above indicates that loss of Id3 expression in B cells leads 

to impaired GC formation in immunized mice. To explore the possibility that the 

absence of Id3 expression affects the distribution of GC cells across the DZ and LZ 

compartments, we examined the proportion of B cells in the different compartments, 

LZ and DZ, that comprise the GC in both control and CD19-Cre; Id3loxp/loxp mice that 

were immunized with SRBC. The DZ and LZ compartments were characterized by 

staining for CD86 and CXCR4 expression. Although GC formation was impaired in 

CD19-Cre; Id3loxp/loxp mice, the ratio of B cells in the DZ versus the LZ were 

unaltered as compared to immunized wild-type mice (Figure 6a). To determine 

whether Id3 expression affects cell growth in GC cells, the distribution across the cell 

cycle was examined in the dark and light zones of the germinal centers using PI 

staining. In line with previous studies, we found few cells in G2/M phase within the 

LZ while around 30% cells were in S/G2/M phase within DZ. We found that the cell 

cycle distribution of either DZ or LZ cells between control and CD19-Cre; Id3loxp/loxp 

mice was virtually identical (Figure 6b). To validate these findings GC B cells were 

labeled with 5-bromo-2’-deoxyuridine (BrdU) and examined for the fraction of 

BrdU+ cells in the light and dark zones. Consistent with the analysis using PI as a 

marker, we found that wild-type and CD19-Cre; Id3loxp/loxp mice showed similar 

incorporation rates of BrdU across the light and dark zones of the germinal center of 

immunized mice (Figure 6c). 

Role of Id3 in B cell memory response 
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 The Id3-GFP reporter mice showed that the CD38+IgG1+ compartment was 

associated with relatively high levels of Id3 expression. To determine whether Id3 

expression is essential to generate a B cell memory response, we challenged both 

control and CD19-Cre; Id3loxp/loxp mice with NP-KLH plus adjuvant followed by 

boosting with NP-KLH 2 months post the initial immunization (Figure 7a). Slightly 

fewer IgG1+ B cells were detected in CD19-Cre; Id3loxp/loxp mice 2 weeks after first 

immunization. However, these differences were no longer detectable by the time of 

boosting (Figure 8). Memory responses, checked both 7 days and 14 days post 

secondary immunization, were similar in control versus CD19-Cre; Id3loxp/loxp mice, 

when examined for IgM levels, including both high-affinity (NP4-reactive IgM) and 

lower affinity (NP26-reactive IgM) antibodies (Figure 7b). Interestingly, the 

generation of NP4-reactive IgG1 antibodies was significantly perturbed in CD19-Cre; 

Id3loxp/loxp mice as compared to control mice (Figure 7b). In sum, these data indicate 

that Id3 expression is essential to generate an effective IgG1 memory response.  

Id3 regulates GC formation and memory B cell function before GC entry 
 
 The studies described above utilizing CD19-Cre; Id3loxp/loxp mice revealed a 

critical role for Id3 in orchestrating the development of GC B cells. To determine 

whether Id3 also plays key roles at later stages of the germinal center reaction, plasma 

and/or memory B cell development, Cγ1-Cre; Id3fl/fl mice were immunized with 

SRBC. Immunized mice were examined 2 weeks later for the presence of GC B cells. 

The fraction and total number of GC B cells in immunized Cγ1-Cre; Id3fl/fl mice were 

comparable to that of immunized control mice (Figure 8a). IgG1-switched B cells and 
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plasma cell development also appeared to be unaffected in B cells of which Id3 was 

deleted after they entered the GC reaction (Figure 8c). Following boosting, both the 

IgM and IgG1 recall response in Cγ1-Cre; Id3fl/fl mice was comparable to that of 

wild-type control mice, although differences were detectable in Cγ1-Cre; Id3fl/fl mice 

versus control mice (Figure 8c). Collectively, these results suggested that proper GC 

formation upon Ag stimulation requires Id3 expression prior to entering the GC phase. 

Role of E2a and Heb in B cell activation and GC formation 
 
 Previous results showed that lack of E2a expression led to impaired GC 

development although Aicda expression and CSR was not affected. E-proteins, 

including E2A, E2-2 and HEB may have redundant functions in controlling the above 

physiological process. To test this hypothesis, we crossed E2afl/fl and Hebfl/fl mice with 

Cd21Cre mice 70. Both control and E2af/fHebf/fCd21Cre mice were intraperitoneally 

immunized with NP-KLH plus adjuvants. Two weeks post immunization, mice were 

examined for GC formation, CSR, differentiation of CD38+IgG1+ “memory-like” B 

cells and PCs. Ablation of E2a and Heb expression in B cells was associated with 

decreased numbers of splenocytes as compared to that of control mice (Figure 9a). 

Fourteen days following immunization, fewer GC B cells were detected in the spleen 

of E2af/fHebf/fCd21Cre mice (Figure 9b). We also observed a lower percentage of 

IgG1-switched B cells and CD38+IgG1+ “memory-like” B cells, while development 

of NP-reactive plasma cells was not affected by deficiency of E2a and Heb 

expression (Figure 9b). Consistent with these observations we found that the serum 

level of NP-specific immunoglobulin titers, measured by ELISA 2 weeks after NP-
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KLH injection, was not altered upon E2a and Heb deletion despite impaired GC 

formation (Figure 9c). Taken together, the lack of E2a and Heb expression in B cells 

led to impairment in GC development while the formation and function of IgG1+ 

plasma cells remained intact. These results suggested that the differentiation of 

plasma cells, even class-switched ones, can be uncoupled from the process of GC 

maturation. 
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DISCUSSION 
 

 Previous data have indicated that in the absence of E2a and Heb, GC 

formation upon antigen stimulation was impaired whereas class switch recombination, 

terminal differentiation into plasma cells and memory B cells still remained intact. 

Here we show that deleting those genes that encode proteins inhibiting the DNA-

binding activity of E proteins did not enhance GC formation and IgG1 CSR. In 

contrast, Id3 deficiency in B cells prior to GC entry led to clear impairment in GC 

formation, IgG1 CSR and a complete block of memory response in IgG1 sub-class. 

Since previous studies showed that ectopic expression of Id3 in B cells abolished the 

induction of Aicda gene upon activation, this unexpected observation raises the 

question as to how are E2a and Id3 expression independently regulated after B cells 

get activated? 

 E2a and Id3 displayed very different expression patterns during those 

sequential stages following B cell activation, indicating they might have different 

regulatory functions in these processes. Compared with upregulated E2a expression 

during the GC phase, Id3 only exhibited a prominent level of expression in the 

unstimulated naïve B cells and IgG1+CD38+ “memory-like” B cell populations. We 

suggest E2a expression is required for the clonal expansion of activated B cells 

within GCs and the induction of Aicda expression to promote IgG1 CSR. However, 

for those B cells escaping these “checkpoints” in GCs, the regulation by E2a is no 

longer required as E2a expression is downregulated in the post-GC B cells destined 

for becoming either plasma cells or memory B cells. 
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 Id3, of which the expression is very high in naïve B cells, could be required 

for pre-GC checkpoints. Prior to GC entry, Id3 expression is required to counteract 

E2a, which should be inactive at that moment so stimulated B cells would not enter 

GC phase prematurely. When Id3 is absent, B cells upon antigen stimulation directly 

enter GC phase and proliferate prematurely without acquiring the necessary 

mutational events or gene expression changes. These B cells might be more 

susceptible to apoptosis and failed to accumulate mutations to generate high-affinity 

BCRs. Our observations that deletion of Id3 after GC entry did not lead to impaired 

GC formation and IgG1 CSR partially substantiate this hypothesis. For those B cells 

already passing the pre-GC checkpoints, they need the presence of E2a to induce AID 

activity, rendering the inhibition by Id3 no longer important.  
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MATERIALS AND METHODS 
 

Mice 

C57BL/6, Id3fl/fl, E2afl/flHebfl/fl, Cd19Cre, Cd21Cre and Cγ1Cre mice were bred 

and housed in specific pathogen-free conditions in accordance with the Institutional 

Animal Care and Use Guidelines of the University of California, San Diego. 

Flow cytometry 

Single cell suspensions from bone marrow, lymph nodes and spleen were 

prepared, red blood cells lysed, counted and stained with the following antibodies: 

FITC-, PE-, APC-, APC-Cy7-, Pacific Blue-, Alexa Fluor 700-, Alexa Fluor 780-, 

PerCP-Cy5.5-, PE-Cy7- or biotin-labeled monoclonal antibodies were purchased 

from BD PharMingen or eBioscience including B220 (RA3-6B2), CD19 (1D3), 

CD38 (90), IgD (11.26), GL7 (GL7), CD95 (Jo-2), CXCR4 (2B11), IgM (R6-60.2), 

CD86 (GL1), IgG1 (A85-1), CD21 (7G6), CD23 (B3B4), c-kit (ACK2), CD25 

(PC61), CD138 (281-2), CD93 (AA4.1), Sca1 (E13-161.7), CD150 (TC15-12F12.2), 

Flt3 (A2F10), IL7R (A7R34), Ly6D (49-H4), CD8 (53-6.7), Mac1 (M1/70), Gr1 

(RB6-8C5), NK1.1 (PK136), Ter119 (TER119), TCRβ (H57), TCRγδ (GL3), CD3ε 

(2C11) and CD4 (GK1.5). Biotinylated antibodies were labeled with streptavidin-

conjugated Qdot-605 (Invitrogen). Clone 2.4 G2 anti-CD16: CD32 (eBioscience) was 

used to block Fc receptors. Dead cells were removed from sorting and analysis by 

propidium iodide (PI) staining (Sigma-Aldrich). Data were collected on a LSRII (BD 

Biosciences) and analyzed with FlowJo software (TreeStar). Sorting was performed 

on a FACSAria (BD). 
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B cell isolation and culture 

B cells from spleen were isolated with the B cell Isolation Kit (Miltenyi 

Biotec). B cells were cultured in RPMI-1640 medium plus 10% FBS, antibiotics, 

2mM L-glutamine and β-mercaptoethanol (50µM). B cells were activated in complete 

medium at 1*106 cells/ml with the indicated stimuli at the following final 

concentrations: 2.5% IL-4; 2.5µg/ml anti-CD40 (FGK45); 25µg/ml LPS (Sigma). 

Cells were harvested at the times indicated, washed and used for downstream analysis.  

Enzyme-linked immunosorbent and enzyme-linked immunospot assay 

Serum immunoglobulins and NP-specific antibodies were measured by 

enzyme-linked immunosorbent assay (ELISA) as described. NP-specific ASCs were 

detected by Elispot assay as described.  

Quantitative PCR 

RNA was prepared using RNeasy Column (Qiagen) and cDNA was prepared 

using Superscript III (Invitrogen) as directed by the manufacturer using random 

hexamer. Real-time PCR was performed in 20ul reactions using FastStart Universal 

SYBR Green Master (Rox) (Roche) on a Stratagene Mx3500p cycler. Primers were 

designed specifically for each transcript of interest to span over an intron and the 

amplicon to be less than 200bp. Housekeeping genes HPRT1 (hypoxanthine-guanine 

phosphoribosyltransferase) and 18s RNA (ribosomal RNA, 18S) were used as 

controls.  

RNA Isolation for RNA-seq 
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RNA from purified or sorted B cells was isolated using RNeasy Column 

(Qiagen) with DNaseI on-column digest. DNA was further digested with TURBO 

DNase (Life Technologies) as directed. mRNA was purified using the Dynabead 

mRNA purification kit (Life Technologies) and starting with less than 75ug total 

RNA in 100ul total volume. 100-500ng enriched mRNA was incubated at 70°C for 

10 minutes then immediately placed on ice. cDNA synthesis was then performed as 

described with the addition of actinomycin D. Removal of dNTPs was achieved by 

Probe Quant G50 Columns (GE). The samples were incubated for 2 hours at 16°C for 

second strand synthesis in the following mixture: 0.1x RT Buffer, 0.25mM MgCl2, 

1mM DTT (Life Technologies), 0.2mM each dAGCU, 0.75x Second Strand 

Synthesis mix, 5U E Coli ligase, 20U DNA Polymerase (NEB) and 5U RNase H 

(Life Technologies). Double stranded cDNA was column purified by DNA Clean and 

Concentrator Kit (Zymo Research) and sonicated on Covaris for 4 cycles of 60 

seconds per cycle. Sonicated samples were column purified as above. 

Library Preparation of RNA-Seq samples 

Sonicated fragments were blunt ended with End-it DNA End-Repair Kit 

(Epicentre) and column purified as above. To the 3’ end, “A” base was added with 

15U Klenow Fragment 3’ to 5’ exo-, 1x NEB buffer 2, 0.2mM dATP and purified 

DNA, incubated at 37°C for 30 minutes before column purified as above. Illumina 

sequencing adaptors were incubated with quick Ligase (NEB) at 20°C for 30 minutes 

before column purification. Samples were size selected using 8% PAGE gel for 200-

450bp. Purified sample was digested with AmpErase Uracil N-glycosylase at 37°C 
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for 15 minutes. Samples were then PCR amplified with Phusion Hot Start II DNA 

polymerase (Thermo Fisher Scientific), PCR primers and Index for the following 

program: 98°C for 30 seconds; 13-18 cycles of 98°C for 10s, 65°C for 30s, 72°C for 

30; 72°C for 5 minutes. Samples were size selected again for 200-450bp fragments 

and gel extracted from a 8% PAGE gel with SYBR Gold (Life Technologies). 

Visualized with a trans-illuminator, a 200-450bp band was cut carefully to avoid 

primer dimers. DNA was extracted with a Gel Extraction Kit (Zymo Research). 

Concentration was measured by Qubit Fluorometric Quantitation (Life Technologies) 

and samples were delivered at 2ng/ul for sequencing which was performed at the 

UCSD Institute for Genomic Medicine on a HiSeq 4000 sequencer (Illumina).  

RNA-Seq Analysis 

Alignment and trimming of reads were done using the OSA algorithm 

mapping to the mm10 murine genome reference sequence in Arraystudio (Omicsoft). 

mRNA transcripts were quantified using RSEM methods 

(http://deweylab.biostat.wisc.edu/rsem) as implemented in Assaystudio. Abundance 

values (counts) were normalized and comparisons were drawn with calculated P-

values through DESeq (http://www-huber.embl.de/users/anders/DESeq). Genes of 

which counts were <10 in all samples were removed. Heat maps and hierarchical 

clustering were generated using MultiExperiment Viewer software. Gene Ontology 

(GO) analyses and visualization files were generated using WebGestalt 

(http://bioinfo.vanderbilt.edu/webgestalt/login.php) as detailed in the following 

section.  
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Gene Ontology Analysis 

Genes that were identified to have a greater than a 2-fold change (i.e.: -1 < 

log2(fold change) < 1) in gene expression by counts were submitted to functional 

annotation by Gene Ontology (GO) analysis by looking at Kyoto Encyclopedia of 

Genes and Genomes (KEGG) pathways associated through the Database for 

Annotation, Visualization and Integrated Discovery (DAVID) online tool 

(http://david.abcc.ncifcrf.gov).  
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Figure 4.1 Analysis of E2A and Id3 expression in peripheral B cells from 

E2A-GFP or Id3-GFP reporter mouse. 
(a) Strategy of gating different activated B cell subpopulations. Populations 

gated such as GC (B220+Dump-Fas+GL7+), DZ (Fas+GL7+CXCR4hiCD86lo), LZ 
(Fas+GL7+CXCR4loCD86hi), Plasmablast (Dump-Fas+GL7-CD138+FSChi) and PC 
(Dump-IgD-B220-CD138+). (b) E2a GFP expression (upper) and Id3 GFP expression 
(bottom), gated on unstimulated follicular B cells, CD38+IgG1+ “memory-like” B 
cells and the above subpopulations derived from the spleens of control, E2aGFP/+ and 
Id3GFP/+ mice. (c) Quantification of E2a GFP level (left) and Id3 GFP level (right) 
throughout different stages of peripheral B cell differentiation following Ag 
stimulation. 
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Figure 4.2 Early B cell development in the absence of Id3.
Representative flow cytometric analysis of (A) LSK (Lineage-Sca1+ckit+), 

HSC (Lineage-Sca1+ckit+Flt3-CD150+), and LMPP (Lineage-Sca1+ckit+Flt3+IL7R-), 
(B) CLP (Lineage-Flt3+IL7R+Sca1lockitlo) and BLP (Ly6D+ gated on CLP), and (C) 
pro-B (IgM-IgD-ckit+CD25-) and pre-B (IgM-IgD-ckit-CD25+)cells. Bone marrow 
cells were isolated as described and doublets were excluded based on FSC and SSC. 
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Figure 4.3 Follicular B cell development prior to the activation in the 

spleen. 
Representative flow cytometric analysis of B1 (B220-CD19+CD5+), T2 

(B220+CD19+CD93+CD23+IgM+IgDlo), T3 (B220+CD19+CD93+CD23+IgMloIgDhi), 
marginal zone B cells (MZB: B220+CD19+CD93-CD23-IgM+CD21+) and Follicular B 
cells (FoB: B220+CD19+CD93-CD23+IgMmedIgDhi). Splenocytes were isolated as 
described and doublets were excluded based on FSC and SSC.   
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Figure 4.4 B cell differentiation following NP-KLH immunization. 
(a) Flow cytometric analysis of activated B cell subpopulations derived from 

the spleens isolated from 8-week-old control (Id3fl/-Cd19WT and Id3fl/+Cd19Cre or WT) 
or Id3-CD19 cKO (Id3fl/- or fl/flCd19Cre) mice immunized with NP-KLH plus adjuvant. 
The two left panels indicate Fas versus GL7 and IgG1 versus IgD expression, gated 
on the B220+CD19+ compartment derived from spleens of immunized control or Id3-
CD19 cKO mice. The right two panels indicate Fas versus CD38, gated on the 
IgG1+IgD- compartment of B cells, and B220 versus CD138 expression, gated on the 
Dump+IgD- compartment. Numbers in plots indicate percent of Fas+GL7+, IgG1+IgD-, 
Fas-CD38+, and B220-CD138+ cells. Right, percentages of GC (Fas+GL7+), IgG1+ B 
cells (IgG1+IgD-), “memory-like” B cells (IgG1+IgD-Fas-CD38+), and plasma cells 
(Dump+IgD-B220-CD138+) in splenocytes. (b) Flow cytometric analysis of NP-
reactive IgG1-switched B cells (IgG1+IgD-NP+) and NP-reactive PCs (Dump+IgD-

B220-CD138+NP+) from spleens isolated from 8-week-old control and Id3-CD19 
cKO mice immunized with NP-KLH plus adjuvant. Numbers in plots indicate percent 
of IgG1+IgD-NP+ and Dump+IgD-B220-CD138+NP+ cells. Right, percentages of NP-
reactive IgG1+ B cells and NP-reactive PCs in splenocytes. (c) Quantification of NP4-
reactive IgM and IgG1, NP26-reactive IgM and IgG1in serum collected from control 
and Id3-CD19 cKO mice (n=4 per group) 14 d after immunization with NP-KLH. (d) 
Elispot analysis of NP4- and NP26-specific IgM and IgG1 ASCs in spleens on days 14 
after NP-KLH immunization. Data are representative of at least four experiments (a, 
b, d; mean ± s.d.; control n = 4, Id3f/-Cd19Cre n = 4 independent biological replicates), 
one experiment (c; mean; control n = 4, Id3f/-Cd19Cre n = 4 independent biological 
replicates). * P<0.05, ** P<0.01, *** P<0.001 (two-tailed unpaired Student’s t test). 
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Figure 4.5 CSR and SHM of in vitro activated B cells. 
(A) CSR to IgG1 of B cells isolated from WT or Id3f/-CD19Cre mice activated 

in vitro in the presence of LPS and IL-4 over 4 days. Percentage of IgG1+ B cells 
from WT (black) and Id3f/-CD19Cre (white) at each 24-hour time point was shown. 
(B) SHM of sorted germinal center B cells isolated from WT (black) or Id3f/-CD19Cre 
(white) mice immunized with SRBC measured by number of mutations per cell. 
  
 
 



 

    
 

71 

 

 

Figure 4.6 DZ and LZ characterization from GCs of WT and Id3-cKO 
mouse.

(a) Flow cytometric analysis of sub-compartmentalization into dark zone (DZ) 
and light zone (LZ) of GC B cells isolated from spleens of both control and Id3-CD19 
cKO mice following sheep red blood cell (SRBC) immunization. Numbers in plots 
indicate percent of Fas+GL7+, CXCR4hiCD86lo, and CXCR4loCD86hi cells. Right, 
quantification of percentages of DZ/LZ within GCs from both control and Id3-CD19 
cKO mice. (b) Cell cycle (DNA content) profiles of DZ (upper) and LZ (bottom) 
cells, gated as shown in (a). Right, Quantification of DZ or LZ cells in each phase of 
cell cycles. (c) BrdU incorporation of DZ (upper) and LZ (bottom) cells, as gated in 
(a). Right, percentage of BrdU+ cells within DZ or LZ from both control and Id3-
CD19 cKO mice immunized with SRBC. Data are representative of two experiments 
(a,b,c; mean ± s.d.; control n = 3, Id3-CD19 cKO n = 3 independent biological 
replicates). 
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Figure 4.7 B cell memory response in the absence of Id3. 
(a) Immunization strategy for studying memory response of B cells. For 1st 

challenge, both control and Id3-CD19 cKO mice were immunized with NP-KLH plus 
sigma adjuvant. For 2° challenge, mice were boosted with NP-KLH only. (b) Time-
course analysis of NP4- or NP26-reactive IgM and IgG1 in serum from control and 
Id3-CD19 cKO mice immunized with NP-KLH plus adjuvant at day 0 and boosted 
with NP-KLH only at day 65 (downward arrows). Data are representative of two 
independent experiments (b; mean ± s.d. of n = 7 mice in control group and n = 8 in 
Id3f/-Cd19Cre group). 
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Figure 4.8 Primary and memory response when Id3 is deleted after GC 
entry. 

(a) Flow cytometric analysis of activated B cell subpopulations derived from 
the spleens isolated from 8-week-old control or Id3-Cg1 cKO (Id3fl/fl Cγ1Cre) mice 
immunized with NP-KLH plus adjuvant. The two left panels indicate Fas versus GL7 
and IgG1 versus IgD expression, gated on the B220+CD19+ compartment derived 
from spleens of immunized control or Id3-Cg1 cKO mice. The right panel indicates 
B220 versus CD138 expression, gated on the Dump+IgD- compartment. Numbers in 
plots indicate percent of Fas+GL7+, IgG1+IgD-, and B220-CD138+ cells. Right, 
percentages of GC (Fas+GL7+), IgG1+ B cells (IgG1+IgD-), and plasma cells 
(Dump+IgD-B220-CD138+) in splenocytes. (b) Time-course analysis of NP4- or NP26-
reactive IgM and IgG1 in serum from control and Id3-Cg1 cKO mice immunized 
with NP-KLH plus adjuvant at day 0 and boosted with NP-KLH only at day 78 
(downward arrows). Data are representative of two independent experiments (b; mean 
± s.d. of n = 5 mice in control group and n = 5 in Id3f/fCγ1Cre group). * P<0.05 (two-
tailed unpaired Student’s t test).  
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Figure 4.9 B cell activation and differentiation in the absence of E2a and 
Heb following NP-KLH immunization. 

(a) Number of splenocytes isolated from 8-week-old control and 
E2af/fHebf/fCd21Cre mice. (b) Flow cytometric analysis B cells derived from the 
spleens isolated from 8-week-old control (E2af/fHebf/fCd21WT) or E2af/fHebf/fCd21Cre 
mice. Adjacent panels indicate Fas versus GL7 expression, gated on the Dump-

B220+CD19+ compartment derived from 8-week-old control (E2af/fHebf/fCd21WT) or 
E2af/fHebf/fCd21Cre splenocytes; NP versus IgG1 and CD38 versus IgG1 expression, 
gated on Dump-B220+CD19+IgD- compartment derived from 8-week-old control 
(E2af/fHebf/fCd21WT) or E2af/fHebf/fCd21Cre splenocytes; NP versus CD138 
expression, gated on Dump-IgD- compartment derived from 8-week-old control 
(E2af/fHebf/fCd21WT) or E2af/fHebf/fCd21Cre splenocytes. Numbers in plots indicate 
percent Fas+GL7+, NP+IgG1+, IgG1+CD38+, and NP+CD138+. Bottom, percentages of 
germinal center B cells (Fas+GL7+), NP-reactive IgG1-switched B cells (NP+IgG1+), 
CD38+IgG1+ “memory-like” B cells (IgG1+CD38+), and NP-reactive plasma cells 
(NP+CD138+) in splenocytes. (c) Upper, quantification of NP4- and NP26-reactive 
IgM and IgG1 in serum collected from control and E2af/fHebf/fCd21Cre mice 14 d after 
immunization with NP-KLH. Bottom, Elispot analysis of NP4- and NP26-specific IgM 
and IgG1 ASCs in spleens on days 14 after NP-KLH immunization. Data are 
representative of at least four experiments (a, b, c; mean ± s.d.; control n = 3, 
E2af/fHebf/fCd21Cre n = 3 independent biological replicates). * P<0.05, ** P<0.01 
(two-tailed unpaired Student’s t test). 
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Chapter IV, in part, is based on the material as it appears in Chen S, Miyazaki 

M, Fisch K, Chang AN, Murre C. The antagonist HLH protein Id3 acts to enforce the 

germinal center checkpoint in B-lineage cells. (In preparation, 2016). The dissertation 

author was the primary author of this draft in preparation.  
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 Previous studies indicated that Foxp3 expression and other transcription 

factors such as Ctla4 are critical for Treg-mediated suppression. However, studies 

performed during the last decade revealed there as a secondary module for regulatory 

T cells to carry out their suppressive activity against specific helper T cell 

subpopulations. In this study, we identified a subpopulation of Treg cells expressing 

the chemokine receptor CXCR5, a marker used to distinguish follicular helper T cells. 

Moreover, these CXCR5+ Treg cells can suppress Th2-mediated inflammation 

dependent on transcription factors Id2 and Id3. 

 Checking the expression pattern of Id2 and Id3 in Treg populations during 

different developmental stages, we notice that Id2 level is much higher in thymic 

Treg populations than in the periphery. This suggests Id2 might have important 

function in TCR-mediated thymic Treg differentiation. Even in those peripheral 

lymphoid organs, around 6% of CD25+ Treg cells express Id2. In the future, we can 

look into if these ID2+ Tregs are derived from their thymic progenitors or other 

precursor populations in the periphery. Furthermore, as Id3 maintains high expression 

level in all Tregs, it may have important function during inflammatory conditions. 

 Those Treg cells lacking Id2 and Id3 expression display impaired suppressive 

function in lymphopenic or inflammatory situations, although they show normal 

suppressive activity in vitro as measured by thymidine incorporation. Such difference 

can be due to deficient homeostasis of Treg cells in the absence of Id2 and Id3. 

Besides increased cell death, improper localization could also affect Treg homeostasis.  
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 Abundance of Id2 and Id3 is required for establishing checkpoint of CXCR5+ 

Treg cells (follicular Treg, TFR) at early phases. Later during differentiation, E 

proteins’ expression and activity need to be upregulated to control progression into a 

fully mature TFR phenotype. Actually, such balance and counteraction between E and 

Id proteins can also be found in other lymphocyte populations such as B cells. Using 

Id3-GFP reporter mice, we found high level of Id3 in naïve follicular B cells. 

Nonetheless, once these B cells get activated by foreign antigens and pass the pre-GC 

checkpoints, Id3 expression declines and E2a activity is increased. 

 Using Id3-GFP and E2a-GFP reporter mice, we found they exhibited very 

different expression patterns during various stages of B cell terminal differentiation, 

suggesting Id proteins may counterbalance E protein activity in this process. Before 

GC entry, Id3 is highly expressed in naïve B cells, inhibiting E protein activity and 

establishing a checkpoint for GC entry. Once activated B cells enter the GC phase, E 

proteins become active to enable clonal expansion and induce Aicda expression for 

further affinity maturation. Id proteins’ inhibitory function is no longer in need at this 

stage, so we observe a clear declination of Id3 expression throughout the GC phase. 

In those post-GC B cells, although Id3 expression is almost switched off in plasma 

cells, it may still have critical function in the regulation of terminal differentiation as 

indicated by its high level in CD38+IgG1+ “memory-like” B cells. A complete block 

of IgG1 memory response in the absence of Id3 further substantiates this hypothesis. 

However, the cellular and molecular mechanism underlying this phenotype is far 

more complicated than a simple “cell intrinsic” effect. 
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