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Abstract 

 

IRF4 controls cell fate outcomes during the initial stages of B cell differentiation 
 

By: Dillon Graham Patterson 

Naive B cell (nB) differentiation to antibody-secreting plasma cells (ASC) requires 
significant transcriptional and epigenetic reprogramming events that are coupled to cell 
division. Following antigen stimulation, considerable heterogeneity exists between 
responding activated B cells (actB), such as their cell division capacity and ability to 
differentiate. However, a complete understanding of the factors that drive such 
heterogeneity are unknown. Here, we identified the transcription factor interferon 
regulatory factor-4 (IRF4) as one molecular determinant controlling cell fate outcomes.  
Using an in vivo model system and single cell RNA-sequencing, we identified a bifurcation 
event that occurred during the earliest stages of B cell differentiation, with only one 
trajectory leading to ASC formation. This differentiation branch, termed the ASC-destined 
branch, required IRF4 induction and could be distinguished from non-ASC cells by loss of 
CD62L expression. Comparing bulk RNA-sequencing data from actB that followed each 
branch indicated the non-ASC cells contained a pre-memory B cell transcriptional 
signature, indicating they may be destined to become memory B cells. Additionally, these 
data indicated the IRF4-dependent ASC-destined branch upregulated gene sets necessary 
for proliferation. To explore the role of IRF4 on proliferation, we performed an adoptive 
transfer time course covering three days using IRF4-sufficent and -deficient B cells. We 
found that IRF4-deficient B cells divided but stalled during the proliferative response, 
indicating IRF4 also controlled the proliferative capacity of responding B cells. To better 
understand the cell division-coupled IRF4-dependent reprogramming events that occurred 
during the initial stages of B cell differentiation, CellTrace Violet (CTV)-labeled IRF4-
sufficient and -deficient B cells were sorted in discrete divisions for RNA- and ATAC-
sequencing. Transcriptional analyses revealed that IRF4 was critical for inducing MYC 
target genes and metabolic gene sets during the earliest cell divisions. Complementary 
chromatin accessibility analyses suggested a hierarchy of IRF4 binding activity and 
identified broad networks of dysregulated transcription factor families, including E-box 
binding family members. Indeed, IRF4-deficient B cells failed to induce Myc and displayed 
altered cell cycle distribution. Furthermore, IRF4-deficient B cells exhibited reduced 
mTORC1 signaling and were unable to increase in cell size. Myc overexpression in IRF4-
deficient cells was able to rescue the cell growth defect, indicating an IRF4-MYC-
mTORC1 relationship that controls cell growth and the proliferative capacity of actB in the 
earliest cell divisions. Taken together, we identify IRF4 as a key factor that instructs cell 
fate outcomes during the initial stages of B cell differentiation, including differentiation, 
proliferation, and cell growth.  
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I. B CELL DEVELOPMENT AND DIFFERENTIATION 

 

Revolutionary discoveries contributing to our understanding of humoral immunity 

The discovery that immunity exists is attributed to Edward Jenner, who published 

observations in 1796 that individuals infected with the mild disease of cowpox seemed to 

be protected against the more severe disease of smallpox. In fact, Jenner demonstrated this 

experimentally by inoculating subjects with pus from cowpox-infected milkmaids and 

showing it conferred protection against the related disease of smallpox 1,2. This discovery 

inspired additional work, including research from Louis Pasteur, who discovered that 

attenuated organisms can prevent infectious disease 3. However, it was not until a century 

later that the mechanism of protection afforded by vaccination began to be uncovered. 

 In 1890, Emil von Behring and Kitasato Shibasaburō published reports that serum 

– or as they call it, “cell-free blood fluid” – could cure infected animals or prevent healthy 

animals from being infected 4. This work was the first to recognize that serum from 

previously infected animals contained the “antitoxins” needed for protection, establishing 

the existence of an adaptive and humoral component of the immune system. Paul Ehrlich 

built on these observations and described the “side-chain theory” that explained the 

antitoxins as receptors, or “antibodies”, that he envisioned were shed by cells into the 

bloodstream.  While antibodies clearly provided protection from pathogens, their origin 

remained unidentified.  

The plasma cell theory of antibody formation 5 evolved in the 1940s and 1950s after 

it was discovered that plasma cell levels correlated with an increase in antibody 6, which 

was later supported by in vitro studies 7. Thus, plasma cells were established as the cellular 
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source of antibodies, but their origin remained elusive. A breakthrough occurred when Max 

Cooper and colleagues later discovered the cellular source of plasma cells – B cells – after 

removing the Bursa of Fabricius from chickens and demonstrating that B cells controlled 

a “Bursa-dependent follicle in the spleen” (now recognized as germinal centers) and 

antibodies 8-11. In the years that followed, biomedical research has built upon these findings 

to better understand the cellular and molecular mechanisms that control B cell mediated 

diseases 12, antibody diversity 13, and plasma cell differentiation 14,15. Despite these 

advances, many components of B cell differentiation remain uncovered and continued 

efforts are needed to fully understand the events that transpire during plasma cell 

formation.  

 

B cell formation 

In mammals, B cell development for most B cells begins in the bone marrow 16,17 

(Figure 1-1). Bone marrow multipotent hematopoietic stem cells (HSC) first differentiate 

into multipotent progenitor cells (MPP) that can give rise to both lymphoid 18 and myeloid 

cells 19,20. MPP express the FLT3 receptor 21,22 that interacts with FLT3 ligand 23,24 on bone 

marrow stromal cells, ultimately resulting in signaling that promotes the differentiation of 

common lymphoid progenitor cells (CLP) 17. The first committed B cell-lineage cell (the 

pro-B cell) arise from CLP. Transcription factors (TF) E2A 25,26 and early B cell factor 

(EBF) 27 instruct transcriptional programs that determine the pro-B cell state and are 

dependent on the expression of other TF, including Ikaros 28,29 and PU.1 17,30,31. One key 

TF that is induced by E2A and EBF is Pax5 17,32. Deletion of Pax5 results in B cell arrest 
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at the pro-B cell stage and is an essential TF for reinforcing the B cell transcriptional 

program throughout B cell maturation 33.  

 

 

Figure 1-1. B cell development.  Hematopoietic stem cells (HSC) give rise to multipotent 
progenitor cells (MPP) that can commit to common lymphoid progenitor cells (CLP). CLP 
then progress through B cell differentiation stages and eventually migrate to the spleen to 
complete maturation. Transcription factors critical for commitment of Pro-B cells are 
shown inside the cell representing CLP. SLC; surrogate light chain.  
 
 

The proceeding B cell development stages are structured around rearrangement of 

immunoglobulin gene segments (Figure 1-1). E2A and EBF are critical for this process 

and induce expression of RAG enzymes that promote the rearrangement 34. Heavy chain 

gene segments are rearranged in a fixed order  35, and include variable (VH), diversity (DH), 

joining (JH) and constant regions. During the early pro-B cell stage, DH to JH rearrangement 

occurs followed by VH-DJH in the late pro-B cell stage 36. The rearranged heavy chain, 

which has the µ constant region, joins with a surrogate light chain 37 to form the pre-B cell 

receptor 38.  The pre-B cell receptor tests for successful rearrangement of the heavy chain, 

which signals 39 pro-B cells to halt additional heavy chain rearrangement and proceed to 

the next stage of B cell development 40:  the pre-B cell stage. During this stage, 

rearrangement of the light chain begins. The light chain is comprised of variable (VL), 
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joining (JL), and constant regions. Upon rearrangement of VL to JL, the bona fide light chain 

replaces the surrogate light chain to form a complete IgM molecule on the surface of the 

developing cell, forming an immature B cell 16,41. At this stage, autoreactive immature B 

cells that exhibit strong reactivity to self-antigen are identified and prevented from 

continued development 42,43. Immature B cells that demonstrate no autoreactivity migrate 

from the bone marrow to the spleen where they continue their maturation to a mature naive 

B cell. Mature naive B cells remain quiescent until encountering an immune challenge 44 

and exhibit an average lifespan of 5-7 weeks 45.  This remarkable process of B cell 

development results in the generation of mature naive B cells with a theoretical B cell 

receptor diversity of more than 1013 different potential specificities 46. In this dissertation, 

splenic mature naive B cells are the cellular source used to study B cell differentiation to 

antibody-secreting plasma cells (ASC).  

 

B cell activation 

The humoral arm of the adaptive immune system relies on robust differentiation of naïve 

B cells (nB) into ASC. Upon antigen encounter, nB become activated, rapidly proliferate, 

and undergo substantial epigenetic reprogramming events, with a subset differentiating to 

ASC (Figure 1-2). B cell stimulation with T cell-independent (TI) antigens, such as lipids 

and polysaccharides, leads predominately to the formation of short-lived plasma cells 

(SLPC). TI antigens can be subdivided into two types 47. TI type I antigens include 

pathogen-associated molecular patterns that bind pattern recognition receptors, such as 

toll-like receptor recognition of bacterial cell wall components or DNA. TI type II antigens 

have highly repetitive, multivalent structures that activate B cells by crosslinking of their 
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B cell receptors (BCR) 48. TI type I antigens elicit large polyclonal responses, whereas TI 

type II antigens engage the BCR and thus induce antigen-specific B cell response. 

Intriguingly, TI type II antigens can generate memory B cells (MBC) 49 and long-lived 

plasma cells (LLPC)  50-52. 

 

 

Figure 1-2.  B cell differentiation to ASC requires epigenetic reprogramming. (A) 
Following stimulation with T-cell independent or T-cell dependent antigen, naïve B cells 
become activated and differentiate into antibody-secreting cells. (B) The process of naïve 
B cell reprogramming requires substantial changes to the epigenome. Enzymes that 
catalyze the addition or removal of DNA methylation and various histone modification are 
depicted in the shaded box. Enzymes that promote gene expression are colored in green, 
while enzymes promoting gene repression are colored in red. 
 

Stimulation with a protein antigen induces a T cell-dependent (TD) response in which 

B cells migrate to germinal centers (GC) and undergo somatic hypermutation (SHM) and 

affinity maturation, ultimately resulting in the generation of BCR with higher antigen 

affinity 53-55 (Figure 1-3). In the GC, interactions with CD4 T cells play a major role in 
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determining the cell fate choices, antibody specificity and isotype class, and ultimately 

longevity of the response 56,57.  

 

 

Figure 1-3. The germinal center response. The germinal center is canonically divided 
into two compartments – the light zone (LZ) and dark zone (DZ). In the DZ, germinal 
center B cells (termed centroblasts) undergo rounds of somatic hypermutation (SHM) and 
proliferation. Centroblasts then enter the LZ as centrocytes where they capture antigen 
from follicular dendritic cells. Centrocytes with improved affinity for the antigen capture 
more antigen, whereas those that are unable to capture antigen undergo apoptosis. This 
process of affinity selection is also regulated by T follicular helper cells (Tfh) that instruct 
centrocyte survival, differentiation, and control their proliferative burst in the dark zone.  
This microevolutionary process ultimately results in effector B cells, such as antibody-
secreting plasma cells and memory B cells, with high affinity for an antigen.  
 

 
Briefly, the GC is divided into two distinct compartments - the light zone (LZ) and dark 

zone (DZ) 53,58 (Figure 1-3). This nomenclature was established because the DZ of the GC 

consists predominately of B cells with a high nucleus-to-cytoplasm ratio, thus appearing 
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darker than the LZ by light microscopy 58.  Within the DZ, GC B cells (termed centroblasts) 

undergo SHM and proliferation 53. Recent work has separated DZ B cells into proliferating 

DZ GC B cells (which they call the “gray zone”) and differentiating DZ GC B cells 59.  GC 

B cells then enter the LZ (now designated as centrocytes) where they capture and 

internalize antigen for presentation to T follicular helper cells (Tfh) 60. Tfh select for B 

cells with high affinity BCR because of their ability to capture more antigen 61-64. In fact, 

signals received from Tfh are directly proportional to the amount of antigen they capture 

and present 65,66. This dynamic process drives clonal expansion of affinity-matured GC B 

cells by inducing Myc levels proportional to the amount of antigen captured, which 

regulates the proliferative capacity of GC B cells in the DZ 67,68. The final output of the GC 

reaction is long-term immunological protection provided by the generation of LLPC and 

MBC 69,70.  Whether derived from TI or TD responses, antibodies secreted by ASC provide 

protection from pathogens 71.  

Although there are differences in the cell types that emerge and the timing of TI and 

TD B cell responses, few differences in SLPC or LLPC have been identified, suggesting 

that the processes that leads to ASC formation are likely similar 72-74. Indeed, SLPC 

contribute to early protective antibodies to influenza 75, and more recent work demonstrated 

that extrafollicular responses correlated with early neutralizing antibodies in critically ill 

COVID-19 patients 76. Thus, SLPC contribute to early protection from infection and can 

be induced during both TD and TI antigen responses. In this dissertation, 

lipopolysaccharide (LPS), 4–hydroxy–3–nitrophenylacetyl (NP)-ficoll, and influenza 

strain A/HK–X31 (X31) are used to model ASC formation to TI type I, TI type II, and TD 

antigens, respectively.  
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Adaptations necessary to support ASC physiology and function 

The primary function of an ASC is the manufacturing and secretion of antibody 

molecules.  Thus, transitioning from a quiescent naive B cell to an ASC capable of 

secreting up to 10,000 antibodies per second 77 requires significant morphological and 

bioenergetic changes 78. This change in metabolism is essential to meet the energy demands 

required for rapid proliferation of responding B cells and the translational requirements of 

ASC 73,79. Responding activated B cells (actB) utilize both glycolysis and oxidative 

phosphorylation (OXPHOS), whereas GC B cells also utilize fatty acid oxidation  80,81. As 

actB divide and differentiate towards ASC, they gradually increase their capacity to 

perform OXPHOS 80.  This shift towards OXPHOS is in part due to an increase in 

transcription of more than 100 components of the electron transport chain and tricarboxylic 

acid cycles 80, as well as activity mediated by Protein Kinase C b, which is induced in actB 

following antigen stimulation 82,83. ASC primarily rely on OXPHOS to support antibody 

secretion, and this metabolic switch is dependent on BLIMP1, one of the master 

transcriptional regulators of ASC fate. Experimentally, promoting OXPHOS metabolism 

in responding B cells using dichloroacetate 84-86 results in increased ASC formation, 

demonstrating a role for OXPHOS in promoting differentiation 80.  

In addition to upregulating metabolism to support antibody secretion, ASC also 

support their energy needs by autophagy, a process that allows cells to degrade proteins 

and reuse the resulting metabolic intermediates 87. This process involves engulfing 

cytoplasmic contents in a double-membraned vesicle that is delivered to the lysosome for 

degradation and recycling. When evaluating autophagy in ASC differentiation from murine 

B cells, significant autophagic induction was observed in both in vitro and in vivo generated 
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ASC, independent of the initial stimulation 88. The importance of this pathway is illustrated 

by the fact that deletion of Atg5, an essential component of the autophagy pathway, resulted 

in increased ER stress, reduced cellular ATP, and a decrease in ASC survival 89.  

Surprisingly, an increase in antibody secretion on a per cell basis was observed, suggesting 

that autophagy may be necessary to limit antibody secretion, thus reducing the ATP 

expenditure and promoting cell survival.  

The high rate of antibody production also requires substantial adaptations of the 

secretory apparatus and unfolded protein response (UPR), which is normally induced 

during stress and initiated by the accumulation of misfolded proteins in the endoplasmic 

reticulum (ER) 90.  The UPR consists of three highly conserved signal transductions 

pathways triggered by three main UPR-inducing ER stress sensors: 1) PKR-like 

endoplasmic reticulum kinase (PERK), 2) activating transcription factor 6 (ATF6), and 3) 

inositol-requiring enzyme 1α (IRE1α) 91. The PERK pathway leads to an overall 

suppression of protein translation 92,93; however, very limited PERK activation in ASC is 

observed in vitro 94. In fact, genetic ablation of PERK or CHOP (C/EBP homologous 

protein), a downstream component of the PERK pathway, has no impact on plasma cell 

survival in vitro 95,96. ER stress that exceeds the capacity of adaptive UPR leads to 

activation of the apoptotic program partially induced by CHOP 97. However, it has been 

reported that LLPC are less sensitive to ER stress associated apoptosis 98, although the 

underlying mechanism remains to be elucidated. The ATF6α pathway can augment ER 

quality control processes and drive ER expansion, but deletion of ATF6α did not impact 

antibody secretion or survival in vitro and in vivo 99.  
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The response initiated by IRE1α is best understood in ASC. IRE1α is a ribonuclease 

and splicing factor that promotes the splicing of X-box protein 1 (XBP1) mRNA to a more 

stable Xbp1 isoform 100. Once generated, XBP1 promotes the expression of genes necessary 

for the expansion of the secretory apparatus  101,102. The importance of XBP1 is highlighted 

by in vivo studies, where deletion of Xbp1 impeded the ability of ASC to secrete antibodies. 

XBP1-deficient ASC exhibited normal protein folding but altered glycosylation and lipid 

synthesis, leading to the failure to mount a proper UPR 103. These findings indicate that 

XBP1 is not required for ASC formation but rather for antibody secretion 102,104. While 

XBP1 is typically thought of as the master transcription factor regulating the UPR response 

initiated due to the high antibody secretion, a recent study demonstrated that actB 

upregulate UPR-related genes prior to becoming an ASC 105. Upregulation of the actB UPR 

program was regulated by mammalian target of rapamycin complex 1 (mTORC1) signaling 

and the adaptor protein Raptor and occurred prior to XBP1 activity 105.  This important 

finding indicates that part of the actB program is to prepare for subsequent antibody 

synthesis by initiating and building the transcriptional networks necessary to deal with the 

stress of protein production and secretion. Thus, the transition from a quiescent nB to an 

ASC is a requires substantial physiological alterations, including a shift in metabolism, ER 

stress pathways, and autophagy to sustain immunoglobulin production. 

 

Initiation of the antibody-secreting cell transcriptional program 

B cells and ASC express mutually exclusive gene expression programs 15. As a result, 

B cell differentiation into ASC requires significant transcriptional rewiring that is 

coordinated by TF 15. For example, Pax5 33,106, Bach2 107-109, and Ebf1 110 are important for 

establishing or maintaining the nB program, while Bcl6 111-115 and Irf8 116,117 regulate actB 
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fate. Interferon regulatory factor 4 (IRF4) controls key components of the actB and ASC 

program, and initiates the transcriptional switch to an ASC through its unique 

concentration-dependent activity in selecting motifs and motif binding partners 118-120 

(Figure 1-4). 

 

 

Figure 1-4.  Specificity and gene regulatory activity of IRF4. (A) IRF4 DNA binding is 
concentration dependent. At low levels, IRF4 partners with AP1 or ETS family members 
to bind high affinity AICE and EICE motifs, respectively. At high levels, IRF4 
homodimerizes with itself to bind the low affinity ISRE motif. (B) In naive B cells and 
activated B cells, PAX5 induces expression of BCL6, which represses Blimp1 expression 
- the master transcription factor for initiating the ASC program. In B cells differentiating 
to ASC, IRF4 is expressed at high levels, which induces Blimp1. Blimp1 reinforces the 
ASC program by augmenting expression of Irf4 and repressing expression of Pax5 and 
Bcl6.  
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At low levels, IRF4 partners with ETS and AP1 factors to bind high affinity DNA 

binding sites termed ETS:IRF composite elements (EICE) 121-124 or AP1:IRF composite 

elements (AICE) 125-127, respectively (Figure 1-4A).  As IRF4 levels increase, IRF4 can 

homodimerize to bind a low affinity DNA binding sequence called the interferon-

stimulated response element (ISRE) (Figure 1-4A). This “kinetic control” model is used 

to describe IRF4 regulatory functions, where the levels of IRF4 control variable 

transcriptional programs 119,120,128,129.  The closely related IRF family member, IRF8, 

competes with IRF4 to regulate cell fate 116. This mutual antagonism between the two 

factors, which is centered around competing concentration levels, has the capacity to 

influence immune outcomes 116,130.   

The B cell program is maintained by PAX5 and BCL6. PAX5 induces expression of 

BCL6, which in turn represses the expression of the master ASC regulator Blimp1 118,119 

(Figure 1-4B). B cell activation leads to progressive upregulation of IRF4, which induces 

expression of Blimp1 131. BLIMP1 then extinguishes the B cell program through repressing 

key regulators of the B cell state, such as Pax5, SpiB, Bcl6, Id3, and Myc 131-134. 

Furthermore, BLIMP reinforces the ASC program by augmenting expression of Irf4 135,136.  

BLIMP1 alone coordinates many distinct phenotypes associated with ASC, including 

division cessation through repression of Myc 132, loss of MHC class II antigen presentation 

by repressing expression of the class II transactivator (CIITA) 137, and establishment of the 

ASC program via repression of PAX5 134,138. Moreover, BLIMP1 directly regulates 

membrane bound versus secreted form of immunoglobulin, the hallmark of ASC function 

138,139. While recent work has demonstrated that repression of Pax5 is not essential for 

formation of bona fide ASC, normal ASC gene expression programs are significantly 
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dysregulated when PAX5 remains expressed in ASC 140. These studies highlight the 

essential role of IRF4 in controlling cell fate outcomes during the later stages of B cell 

differentiation; however, less is known regarding the impact of IRF4 during the initial 

stages of B cell activation and its impact on final immune outcomes.  

 

 

II. THE ROLE OF IRF4 ON B CELL DEVELOPMENT AND DISEASE 

 

Development 

In the above section, the impact of IRF4 and IRF8 on ASC formation was 

highlighted. In opposition to this antagonizing role, these factors are functionally redundant 

during the early stages of B cell development. IRF4 and IRF8 have been identified as a 

direct target of PAX5 at the pro-B cell stage 141. Similarly, IRF4 and IRF8 binding sites 

have been shown at the PAX5 enhancer 142, suggesting these factors reinforce the program 

essential for B cell identity and function. While IRF4 and IRF8 single knockouts develop 

B cells, B cell development is blocked in IRF4/IRF8 double knockouts (IRF4/IRF8-/-) 143.  

Detailed characterization of hematopoiesis in IRF4/IRF8-/- revealed B cell development 

was halted at the pre-B cell stage, the stage in which light chain rearrangement and 

expression occurs (Figure 1-1) 143. Indeed, IRF4 and IRF8 bind enhancers of light chains 

to regulate their expression 121,122,144-146. Overexpression of either IRF4 or IRF8 was 

sufficient to overcome the developmental defect, confirming these factors were 

functionally redundant at this stage of B cell development 146.  
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 Upon assembling a functional BCR, immature B cells are tested for autoreactivity 

before exiting the bone marrow and maturing in the spleen (Figure 1-1). This process is 

called central tolerance 147. The mechanism of central tolerance involves receptor editing 

148, which modifies the specificity of B cells carrying autoreactive BCR. IRF4 has been 

implicated as a critical factor for central tolerance because it promotes receptor editing 

149,150. Deletion of IRF4 perturbed secondary rearrangements of the immunoglobulin 

receptor that could not be overcome by IRF8 149. Intriguingly, IRF4 was found to be more 

critical for lambda chain rearrangements than kappa chain rearrangements 149.  

Collectively, these studies indicate that IRF4 and IRF8 play critical roles in governing B 

cell development with context-dependent redundancy 151.  

 

Differentiation 

As detailed in the above section, IRF4 is an essential TF needed for terminal differentiation 

of B cells to ASC 118,119,152. IRF4-deficient B cells fail to form ASC because they are unable 

to initiate the ASC program (Figure 1-4). In addition to this role, IRF4-deficient B cells 

control other key aspects of B cell differentiation. This includes class switch recombination 

118,119, SHM 118, and GC formation 120,153 due to insufficient induction of Aicda and Bcl6 

(Figure 1-3). AID (encoded by Aicda) is essential for class switching and SHM 154, 

whereas BCL6 is the master regulator for the GC reaction 111,114,155. Indeed, transient 

expression of IRF4 is sufficient to induce GC B cells expressing BCL-6 and AID 120. While 

IRF4 is necessary for GC formation 118,153, it is dispensable for GC maintenance 118. 

Deletion of IRF4 in GC B cells prevents ASC differentiation, but does not impact early 

MBC formation 118. Intriguingly, IRF4 is required for long-term maintenance of the MBC 
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pool 118, despite being expressed at very low levels 156,157. This suggests IRF4 may play a 

pro-survival role in MBC. Indeed, IRF4 was demonstrated to be indispensable for long-

term survival ASC 139. While deletion of IRF4 in ASC leads to apoptosis, IRF4 did not 

regulate the apoptotic pathway directly 158. Instead, IRF4 was critical for mitochondrial 

homeostasis 158. This included regulating mitochondrial mass, reactive oxygen species 

(ROS) production, and maximal metabolic capacity 158. Thus, IRF4 plays critical cell-type 

specific roles that control cell fate outcomes.  

 

Disease 

Consistent with the diverse role of IRF4 during B cell development and differentiation 

highlighted above, dysregulation of IRF4 expression/activity is involved in the 

pathogenesis of many B cell diseases 151.  IRF4 functions as a tumor suppressor in murine 

models of B cell acute lymphocytic leukemia (B-ALL) 159. Eµ-Myc mice express Myc at 

high levels at the pre-B cell stage (Figure 1-1) and develop B-ALL at about 20 weeks of 

age. However, IRF4 heterozygous mice (Irf4+/-EµMyc) develop B-ALL within just 8 

weeks. Similar to the role of IRF4 in preventing progression of B-ALL, two independent 

mouse models have demonstrated that low levels of IRF4 accelerate the progression of 

chronic lymphocytic leukemia (CLL), which is derived from mature B cells (Figure 1-1) 

160,161.  Indeed, higher IRF4 levels correlated with better clinical outcomes in CLL patients 

162. In addition to this role in developing and mature B cells, IRF4 has also been implicated 

in the development of non-Hodgkin lymphoma, including diffuse large B cell lymphoma 

(DLBCL). DLBCL is a diverse group of B cell malignancies that can be divided into 

subtypes resembling transcriptional programs of normal stages of B cell differentiation 
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(Figure 1-2, Figure 1-3). These subtypes include activated B cell-like and germinal center-

like DLBCL 163. In both cases, dysregulation of IRF4 activity results in an inability of 

DLBCL to complete the differentiation process 164,165, and this is reflected in the 

transcriptional program used to identify the subtypes. IRF4 has also been implicated in 

Hodgkin’s lymphoma (HL), which is a GC-derived malignancy 166. HL cells depend on 

IRF4 for survival and continued proliferation 167. Finally, IRF4 is also involved in the 

formation and survival of multiple myeloma (MM) 168, which is an aggressive plasma cell-

derived malignancy. Similar to HL, knockdown of IRF4 results in reduced proliferation 

and survival of MM cells 169.  Characterization of the molecular targets of IRF4 identified 

the Myc promoter as a direct target, which is central to the pathogenesis of MM 169. This is 

intriguing given the role of IRF4 in inducing Blimp1 131 (Figure 1-4), which normally 

represses Myc expression 132. Thus, MM cells have broadened IRF4 activity that includes 

IRF4 binding to regions that are typically silenced 169. Collectively, these data indicate 

inappropriate control of IRF4 expression/activity can result in a myriad of B cell 

malignancies (Figure 1-5).  

 

Figure 1-5. IRF4 is associated with the pathogenesis of many B cell-based 
malignancies. IRF4 is central to the development of many diseases involving developing 
and mature B cells (chronic lymphocytic leukemia and acute lymphocytic leukemia), 
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activated/germinal center B cells (diffuse large B cell lymphoma and Hodgkin lymphoma), 
and plasma cells (multiple myeloma).  
 

 

III. B CELL DIFFERENTIATION IS A COORDINATED MULTISTEP 

PROCESS 

 

Cell division is an essential process during B cell differentiation  

Inhibition of proliferation after stimulation of peripheral blood mononuclear cells with 

pokeweed mitogen prevented the generation of ASC, implicating cell division as essential 

for B cell differentiation to ASC 170. The development of carboxyfluorescein succinimidyl 

ester (CFSE) 171 or CellTrace (CT) dyes allowed for the relationship of cell division and 

ASC formation to be assessed. These dyes covalently bind free amines on the surface and 

inside of cells and become diluted through cell proliferation. Application of these dyes has 

led to the appreciation that cell division is intimately linked to reprogramming events 

leading to ASC formation 172-176.   

The modeling of B cell differentiation kinetics in the context of cell division has largely 

been performed using ex vivo stimulated cells 177-184.  This has led to a stochastic model of 

differentiation, where a simple probabilistic division-based framework can accurately 

predict ASC formation and isotype class switching 179.  Ex vivo stimulation of CT-labeled 

splenic naive B cells using the TI antigen LPS demonstrates this concept (Figure 1-6A). 

Over a time course spanning three days, a consistent frequency of CD138+ASC are 

observed at each time point and each division (Figure 1-6B-D). Notably, a consistent 

proportion of cells in the same division differentiate, regardless of the time taken for the 
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cell to enter that division (Figure 1-6B,6C). Thus, stochastic modeling of differentiation 

predicts population-level immune responses while accounting for heterogeneity for an 

individual cell.  

 

Figure 1-6. B cell differentiation kinetics ex vivo. (a) Schematic of experimental design. 
Briefly, CD43– splenic naive B cells from C57BL/6J were isolated, labeled with CellTrace 
Violet (CTV) and cultured in the presence of LPS, IL2, and IL5. Downward pointing 
arrows indicate the hour samples were harvested after culture for flow cytometry. (b) 
Representative flow cytometry plot of B220 versus CD138 (top), CD138 versus CTV 
(middle), and CTV histograms (bottom) at indicated time points. The solid grey histogram 
represents an unstained control. (c) Percentage of cells that are CD138+ at each division 
across each time point from b. (d) Total CD138+ cells at each time point. Data in c, d 
represent mean ± SD and were derived from two independent experiments with 6 mice. 
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This quantitative approach to predict and describe B cell differentiation was extended 

using TD antigens 180. TD modeling of cell division and ASC formation resulted in a graded 

model, where changes in stimulation impact the time in which cells start dividing and the 

proportion of cells that differentiate at each division 180. In contrast, TI stimulation results 

in a quantal all-or-none response, where the concentration of stimulation changes the 

proportion of cells that enter the response but does not impact the frequency of cells that 

differentiate at each division 180. While ex vivo studies have served as a suitable 

microenvironment to study many components of B cell differentiation, principal 

components of ASC formation are different, including the division in which differentiation 

occurs 174. These concepts will be explored experimentally later in this dissertation using 

an in vivo model of B cell differentiation described below. 

 
Cell division-coupled hypomethylation and gene regulation coordinate B cell 

differentiation 

The methylation of cytosine at CpG dinucleotides is a central epigenetic 

modification that controls gene expression by recruiting proteins involved in gene 

repression or by inhibiting the binding of TF to DNA 185. DNA methylation localized to 

promoters or enhancers results in gene repression.  Alternatively, methylation across the 

gene body coupled with loss of methylation at promoters or enhancers supports gene 

expression 186. DNA methylation is mediated by one of three DNA methyltransferases 

(DNMT). DNMT3A and DNMT3B promote de novo DNA methylation 187, while DNMT1 

maintains DNA methylation during cell division 188.  Loss of DNA methylation can occur 

either via passive loss of methylation during cell division or an active process mediated by 

Ten-eleven translocation methylcytosine dioxygenases (TET1, TET2, TET3). TET 
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enzymes promote DNA demethylation in a step wise manner by conversion of mCpG into 

5-hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC), 

which leads to unmethylated DNA 189. 

A model system can be employed to investigate the relationship between cell 

division and differentiation 174. In this system, CT-labeled splenic nB cells are transferred 

into the B cell-deficient mouse host strain µMT 190. One day later, hosts are inoculated with 

LPS to stimulate differentiation.  Using this in vivo model system, DNA methylation and 

transcription were examined in discrete divisions leading to ASC formation 174. These 

included cells in division 0, 1, 3, 5, and 8, with cells in division 8 further delineated based 

on CD138 status to separate ASC (CD138+) from non-ASC (CD138–) 135,191. This study 

revealed that B cell differentiation is associated with a progressive loss of DNA 

methylation, with only a small number of loci gaining de novo DNA methylation during 

ASC formation 174. Differentiation of human B cells observed similar trends and indicated 

the reconfiguration of the DNA methylome was connected to the cell cycle 192. Importantly, 

loss of DNA methylation occurred at many key genes essential for ASC formation, 

including Blimp1, Irf4, Xbp1, and was enriched at enhancer regions 174,192. TFs critical for 

the differentiation of ASC were enriched within demethylated enhancer regions and 

included IRF family members, BATF (AP-1 family member), NF-kB, and E2A 193. 

Selective demethylation at regulatory regions critical for ASC differentiation suggests that 

these regions are targeted. Examination of 5hmC, an intermediate step during active 

demethylation, suggests active demethylation contributes to ASC formation 192. 

Furthermore, inhibition of DNA methylation 174 or enhancement of TET enzymes via 
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ascorbic acid (vitamin C) 194 led to an increase in ASC, thus providing functional evidence 

for the essential role of DNA demethylation in ASC formation. 

Despite de novo DNA methylation occurring only at a small number of loci, those 

changes are necessary for restraining the commitment to the ASC fate 195. B cell conditional 

deletion of Dnmt3a and Dnmt3b led to an increase in GC B cells, as well as ASC with an 

aberrant transcriptional profile. DNMT3A/B-deficient ASC upregulated genes associated 

with lysosome function, transcription, as well as various metabolic pathways 195. However, 

despite the well-established role of DNA methylation in ASC formation, how these 

enzymes are recruited to the specific loci remain to be determined. Additionally, more work 

is needed to uncouple passive and active demethylation events and determine the timing in 

which these processes occur.   

 

Chromatin accessibility changes indicate epigenetic control of B cell differentiation 

 Epigenetic mechanisms, such as DNA methylation and histone modifications, 

function to prevent or promote accessibility of DNA to TF 196. Therefore, identifying the 

regions that change accessibility during B cell differentiation can reveal critical regulatory 

elements and factors that control B cell reprogramming to ASC. The development of the 

assay for transposase accessible chromatin-sequencing (ATAC-seq) 197,198 has 

revolutionized the study of accessible chromatin landscapes. Using the in vivo model 

system described above, ATAC-seq was applied to discrete divisions during B cell 

differentiation to better define the cis-regulatory changes that occur during ASC formation 

175. These included actB cells in divisions 0, 1, 3, 5, and CD138+ASC 135,191 in division 8. 

Differentially accessible regions (DAR) were determined for all samples compared back 
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to division 0 and revealed that progressive changes in chromatin accessibility occurred as 

the cells divided, with the majority of chromatin accessibility changes occurring in ASC. 

TF essential for ASC formation were enriched in ASC DAR including NF-kB, AP1:IRF 

heterodimers (AICE; high affinity IRF site) 125, and IRF:IRF homodimers (ISRE; low 

affinity IRF site) 120,199. Accessibility surrounding NF-kB and AICE sites increased 

progressively as cells divided, whereas accessibility surrounding ISRE was unique to ASC. 

These data are consistent with the concentration-dependent activity of IRF4 and high levels 

of IRF4 expression promoting ISRE binding in ASC 119,120,128,199. Furthermore, these data 

described a hierarchy of TF activity that is linked to cell division during B cell 

differentiation. Strikingly, comparing undivided cells to ASC revealed a subset of 

promoters that was accessible in division 0, but not expressed until ASC formation in 

division 8, suggesting that epigenetic mechanisms play a role in regulating this “primed” 

set of genes. These primed genes showed strong enrichment for the gene ontology terms 

“cell cycle” and “DNA replication” indicating that they might allow the cells to rapidly 

respond after stimulation 175. Indeed, a subset of these primed promoters were enriched for 

the repressive histone modification H3K27me3, and pharmacological inhibition of the 

enzyme responsible for H3K27me3 deposition (EZH2) resulted in increased expression of 

primed genes, such as Blimp1. These data indicate that proper control of H3K27me3 is 

critical for appropriate expression of ASC-inducing genes and point towards the role of the 

epigenome to control the timing and magnitude of gene expression during B cell 

differentiation. 
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Cell divisions represent distinct stages during in vivo B cell differentiation 

Significant advances have been made in our understanding of the transcriptional and 

epigenetic events that coordinate ASC formation, and it has become clear that cell division 

and epigenetic reprogramming are intimately intertwined, with discrete divisions 

representing distinct stages of B differentiation (Figure 1-7) 174-176. 

 

Figure 1-7. Cell divisions represent distinct stages during in vivo B cell differentiation 
in response to LPS. Genome wide accessibility at discrete divisions revealed a hierarchy 
of transcription factor activity175. Transcription factor motifs enriched at each cell division 
stage are indicated. RNA-seq of cells in precise divisions revealed a progressive change of 
gene sets throughout differentiation174.  Shaded boxes represent the expression level of 
genes in the indicated pathways that change as the cells divide during ASC differentiation.  
Darker color represents higher expression.  DNA methylation levels are represented by 
color with the darker color indicating more methylation.  
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In divisions 1-2, accessibility changes at promoters and distal elements are observed and 

transcriptional amplification is initiated for essential ASC gene sets, including Myc target 

genes and OXPHOS 80,174. In divisions 3-5, DNA hypomethylation occurs around enhancer 

regions containing NF-kB and AP-1 motifs, and cells continue to upregulate / repress 

pathways initiated in the initial divisions 174,175. At 72 hr, cells that continue to divide are 

observed in division 8, with a subset differentiating to ASC (Div 8+) (Figure 1-8) 174.  

 

Figure 1-8. B cell differentiation is coupled to cell division and regulated by epigenetic 
factors.  (A) Schematic of an adoptive transfer experimental design. Naïve B cells from 
the indicated mice were isolated, stained with CellTrace Violet (CTV), and transferred into 
B-cell deficient µMT hosts. After one day, host mice are stimulated with LPS or PBS (– 
LPS ctrl) and sacrificed three days later for analysis via flow cytometry. Transferred cells 
are recovered from host spleens. (B) Representative flow cytometry plots depicting CD138 
expression versus CTV (top) and histograms of CTV (bottom) with division 0 indicated. 
The donor:host mouse combination is indicated. Representative examples were from 
previously performed and published experiments: C57BL/6J into µMT (Figure 1 176), 
LSD1cKO into µMT (Figure 5 200), EZH2cKO into µMT (Figure 7 201). cKO, conditional 
knockout. 
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During these final divisions before ASC formation is observed, massive epigenetic and 

transcriptional changes occur. Cell division defects following the deletion of LSD1 and 

EZH2 that contribute to actB reprogramming are often observed in these divisions 200,201 

(Figure 1-8). Remarkably, substantial differences in epigenetic and transcription 

reprogramming exist in actB and ASC in division 8. This includes >50,000 demethylated 

loci and  >1,500 differentially expressed genes 174. Additionally, low affinity IRF:IRF 

(ISRE) and E2A motifs are uniquely enriched in accessible regions in division 8 ASC and 

positively correlate with predicted target gene expression, implicating these as a major 

contributor to the final reprogramming events 175. Collectively, studying chromatin 

accessibility and gene expression changes in discrete divisions during B cell 

differentiation, combined with genetic dissection of epigenetic enzymes, has revealed the 

step-wise reprogramming events that occur during B cell differentiation. These data can be 

exploited to understand the timing, mechanism, and scope of reprogramming by factors 

that impact ASC differentiation.  

 

 

IV. RATIONALE AND OVERVIEW 

As detailed above, it has become clear that cell division is an essential process during B 

cell differentiation that represents distinct stages of reprogramming. Examining the fate of 

individual responding B cells – whether they will divide, die, or differentiate – indicated 

that sibling cells had similar outcomes compared to unrelated cells in the same division 

183,184. Thus, considerable heterogeneity exists among responding B cells. This 

heterogeneity is reflected in the observation that cells are distributed across all divisions at 
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the peak of the LPS response, with only a fraction of cells in division 8 differentiating 

(Figure 1-8B) 174,175. However, it remains to be determined what factors control such 

heterogeneity and the cell division in which cell fate is instructed. This dissertation 

identified IRF4 as one molecular determinant contributing to such heterogeneity.  

Collectively, we found IRF4 controls cell growth and proliferation as well as the 

path to an ASC. In Chapter 2, we employed single-cell RNA-sequencing to characterize 

the heterogeneity of in vivo B cell differentiation. We uncovered a bifurcation event in actB 

that occurred around divisions 3–5 during B cell differentiation, with one branch leading 

to ASC. These data indicated that B cell fates were instructed by IRF4, in tandem with 

BATF, during the earliest stages of B cell activation and that a subset of B cells are destined 

to become ASC. ActB that followed this branch were designated “ASC-destined”, while 

cells that followed the alternative branch were denoted “non-ASC”. Cells along this IRF4-

dependent branch upregulated critical gene sets for differentiation, including gene sets 

essential for proliferation. In Chapter 3, we explored the impact of IRF4 on cell 

proliferation, as well as the cell division-based IRF4-dependent reprogramming events that 

occur during the initial cell divisions. This was achieved by sorting cells in discrete 

divisions by CTV dilution for RNA- and ATAC-seq analyses. These data revealed an 

IRF4-MYC-mTOR relationship that controlled cell growth and the proliferative capacity 

of responding cells, as well as generated a road map of reprogramming events dependent 

on IRF4. In Chapter 4, we began to explore the fate of cells along the non-ASC branch 

using RNA-sequencing. These data showed that cells along this branch express markers of 

pre-memory B cells, indicating that B cell fates (ASC and memory) may be instructed 
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during the early stages of differentiation. Finally, Chapter 5 encompasses a broad 

discussion of the work. 
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I. ABSTRACT 

Cell fate programming and heterogeneity during antibody secreting cell (ASC) 

differentiation were investigated using T cell-independent models.  We demonstrated that 

maximal ASC formation required at least eight cell divisions in vivo, with BLIMP-1 being 

required for differentiation at division eight.  Single cell RNA-sequencing of responding B 

cells and construction of differentiation trajectories revealed an early cell fate bifurcation.  

The ASC-destined branch required induction of IRF4, oxidative phosphorylation, and 

MYC-target genes, but lost CD62L expression, which provided an early marker of ASC 

fate destiny. The non-ASC branch expressed an inflammatory signature and maintained B 

cell fate programming.  ASC were subdivided further by differences in responses to ER-

stress, indicating multiple differentiation branch points.  Thus, these data define the cell 

division kinetics of B cell differentiation in vivo and identify the molecular trajectories of 

B cell fate and ASC formation. 

 

 

Figure 2-1. Graphical abstract depicting the bifurcating trajectories of activated B 
cells during B cell differentiation. Upon antigen encounter, naive B cells (left) become 
activated (actB), rapidly proliferate, and progress down two different differentiation 
trajectories. ASC-destined actB cells depend on IRF4 and upregulate oxidative 
phosphorylation (OXPHOS), MYC target genes, and can be distinguished by loss of L-



 

 

31 

selectin. ActB cells that progress down the non-ASC branch maintain an inflammatory 
signature and maintain L-selectin expression. Transcription factors distinguishing each cell 
type are depicted.  
 

 

II. INTRODUCTION 

Many pathogens are subject to immunological control via the generation of 

antibody secreting cells (ASC) or plasma cells.  After being activated by external stimuli, 

resting naïve B cells rapidly proliferate, and it is now appreciated that cell division is an 

essential component of ASC differentiation 170,173.  A core feature of the humoral immune 

response is the predictable kinetics of B cell expansion and differentiation 172.  Ex vivo, a 

stochastic model of differentiation predicts population level immune responses, while 

accounting for differentiation heterogeneity between individual cells 179,183,184,202.  Part of 

the mechanism is dependent on the expression levels of MYC, which is influenced by 

immune stimulation, where MYC functions as a division-independent temporal timer 

controlling the number of cell divisions 68,180,181.  Importantly, examination of the cell fate 

outcomes of individual cells indicated that sibling cells have similar fates compared to 

unrelated cells that have undergone the same number of divisions 183,184.  Thus, 

considerable heterogeneity exists between responding B cells but the differences in 

transcriptional programming that drives this heterogeneity is unknown.   

In addition to cell division, ASC differentiation requires the coordinated regulation 

of hundreds of genes, ultimately demanding differentiating cells to extinguish the B cell 

program and initiate the ASC program 14,15.  In vivo, transcriptional rewiring and epigenetic 

remodeling 203 occurs within the framework of cell division 80,174,175,193,201.  For example, 

DNA hypomethylation events occur in ASC predominately at enhancers and this is 
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accompanied by a change in chromatin accessibility and gene expression 174,175.  

Reciprocally, de novo DNA methylation is critical for limiting B cell activation and plasma 

cell differentiation 195.  Epigenetic chromatin modifiers, including EZH2 and LSD1 alter 

the division and differentiation kinetics of B cells in vivo 200,201.  While these studies 

underscore the importance of epigenetic reprogramming during B cell differentiation and 

how these reprogramming events help coordinate the appropriate ASC transcriptional 

program, they have not examined how cellular division and differentiation occur at the 

single cell level. 

Recent advances in single cell RNA-sequencing (scRNA-seq) 204,205 now allow for 

a molecular characterization of heterogeneity within immune populations during an 

immune response.  This can be leveraged to gain a better understanding of cellular 

transitions or trajectories that may provide insight into the processes that govern B cell fate 

decisions.  Here, we employed an in vivo model system 174 to better assess the relationships 

between cellular heterogeneity, cell division, and B cell differentiation.  We report that B 

cell differentiation in vivo requires a minimum of 8 cell divisions.  However, only a fraction 

of responding B cells differentiate, indicating that additional guidance cues ultimately 

decide B cell fate decisions.  Using scRNA-seq, we defined a path to ASC that revealed an 

early decision point, with one branch leading to ASC differentiation that was dependent on 

IRF4.  Cells that followed this branch induced gene sets that included oxidative 

phosphorylation, cell proliferation based on MYC and ultimately ER-stress responses.  

Cells that followed the second branch induced inflammatory gene sets and failed to 

downregulate L-selectin (CD62L) and form ASCs.  Thus, we provide a molecular path that 

defines the variation in cell fate decision making that is required to form an ASC.   
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III. RESULTS 

Cell division is a critical component of B cell differentiation in vivo 

The modeling of B cell differentiation kinetics in the context of cell division has largely 

been performed using ex vivo stimulated cells 177-184.  To better understand the kinetics of 

cell division with the timing of B cell differentiation in vivo, we used an adoptive transfer 

model.  Here, CellTrace Violet (CTV)-labeled splenic CD43– B cells from CD45.2+ donor 

mice were transferred to CD45.1+ µMT mice.  After one day, host µMT were inoculated 

with 50 µg of LPS and cell division/differentiation was assessed by the expression of the 

surface proteoglycan molecule Syndecan-1 (CD138) 135,191 in a detailed time course over 

the next three days 174.  At 24 hr, no division was observed, defining a minimum lag time 

before responding cells begin dividing (Fig. 2-2a).  Between 48 and 54 hr, a maximum of 

7 cell divisions was observed with no significant increase in the percentage of CD138+ 

cells.  However, by 60 hr, a small fraction of the cells divided at least 8 times and the first 

CD138+ cells were observed (Fig. 2-2a).  At 72 hr, more cells reached or exceeded the 8th 

division, corresponding to a peak in CD138+ cells or ASC (Fig. 2-2b).  As such, ASC 

differentiation corresponds with the time it takes for responding B cells to reach division 8 

(Fig. 2-2c).  Mice that received CTV-labeled cells and no LPS displayed background, 

homeostatic levels of proliferation and differentiation at 72 hr (Fig. 2-2a). 
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Figure 2-2. Cell division mapping of ASC differentiation in vivo. (a) Representative 
flow cytometry plots of B220 versus CD138 (top), CD138 versus CTV (middle), and CTV 
histograms (bottom) at the indicated time points following in vivo LPS inoculation. The 
percentage of total CD138+ cells is indicated in the top row.  (b) Frequency of CD138+ 
cells at each division at 72 hr.  (c) Frequency of CD138+ cells at each time point. (d) 
Representative flow cytometry of CD138 versus CTV plots 72 hr after µMT hosts were 
challenged with 50 µg (black), 0.5 µg (red), or 0.005 µg (green) of LPS. (e) Frequency of 
transferred cells at each division for each dose. Asterisk indicates significance of p<0.05 
between 50 µg versus 0.5 µg (red) and 50 µg versus 0.005 µg (green). (f) The percentage 
of total CD138+ cells is shown for samples from e. (g) The percentage of division 8 cells 
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that are CD138+ is shown for samples from e. (h) Representative images of total Ig 
ELISPOTs on cells sorted from divisions 1-5, 6, or 8(CD138– or CD138+) 72 hr post-LPS 
challenge from one mouse. (i) ELISPOTs from h were quantitated as the percentage of 
total cells plated that formed ASC. Data in a-c are representative of three independent 
experiments containing 24 hr (n = 5), 48 hr (n = 4), 54 hr (n = 4), 60 hr (n = 6), and 72 hr 
(n = 7) mice.  Data in d-g were derived from three independent experiments with 50 µg (n 
= 9), 0.5 µg (n = 6), and 0.005 µg (n = 7) mice. Data in h-i were derived from two 
independent experiments from 7 total mice.  Data in b, c, e-g, i represent mean ± SD. 
Statistical significance in e was determined by a two-way ANOVA with Tukey’s post-test 
for multiple comparisons. Statistical significance for c, f, g, i was determined by one-way 
ANOVA with Tukey’s post-test for multiple comparisons. 
 

To determine whether LPS dosage influenced in vivo ASC differentiation, a dose 

comparison covering a 10,000 fold range was performed.  At all doses, a minimum of 8 

divisions were still required for ASC formation (Fig. 2-2d).  Similar to ex vivo 

differentiation 180, lower dosages impacted the magnitude of the overall response, 

ultimately resulting in fewer cells reaching division 8 and forming ASC (Fig. 2-2e-f).  

However, for cells reaching division 8, the same proportion differentiate to ASC (Fig. 2-

2g).  Thus, these data indicate that in vivo LPS dosage affects the number of responding B 

cells, but not the requirement of 8 divisions for ASC formation. Finally, to confirm that 

only the CD138+ cells at division 8 were indeed ASC, we performed ELISPOT assays on 

cells sorted from divisions 1-5, 6, and 8.  Division 8 cells were split based on CD138 

expression.  Only cells that had reached division 8 and were CD138+ secreted robust levels 

of antibodies (Fig. 2-2h-i). Although not all CD138+ cells formed spots, this was not 

unexpected as a loss in secretion of some cells has been observed in ELISPOT assays 

following cell sorting 206. 
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Cell division kinetics of B cell differentiation are similar for T independent Type I and 

II antigens 

To determine whether similar division and differentiation kinetics were observed in a wild-

type (WT) host setting, CTV-labeled B cells from CD45.1+ donor mice were transferred 

into CD45.2+ C57BL/6J WT hosts.  After one day, hosts were inoculated with 50 µg LPS 

and division/differentiation was assessed on day 3. In WT hosts, we found the cell division 

kinetics of ASC differentiation to be altered such that CD138+ cells were predominantly 

observed in division 8 but were also observed as early as division 3 (Fig. 2-3a).  To 

determine if the observed differences in differentiation kinetics were due to cell extrinsic 

effects from host cells also responding to LPS, the adoptive transfer was repeated using 

Myd88-deficient hosts (MYD88–/–) that cannot respond to LPS 207. In MYD88–/– hosts, cell 

division and differentiation kinetics closely resembled what we observed for µMT hosts, 

with CD138+ cells in division 8, as well as a similar distribution of cells across all divisions 

(Fig. 2-3b). This suggests that cell extrinsic effects from LPS-responding host cells can 

impact the division in which differentiation occurs. 

 To determine whether similar division kinetics were observed for other stimuli, 

adoptive transfers using WT and µMT hosts were performed followed by challenge with 

the T cell independent type II antigen 4-hydroxy-3-nitrophenylacetyl (NP)-Ficoll. Here, a 

similar division/differentiation requirement in these mice as seen in µMT and MYD88–/– 

hosts challenged with LPS was observed (Fig. 2-3c). Collectively, these results indicate 

that there is a similar cell division requirement during B cell differentiation in response to 

T cell independent type I and II antigens. 
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Figure 2-3. B cell differentiation to T independent type I and II antigens reveal similar 
division requirements.  Representative flow cytometry of CD138 versus CTV plots (top) 
and CTV histograms (bottom) 72 hr post-immune challenge for (a) WT hosts challenged 
with 50 µg of LPS; (b) MYD88–/– hosts challenged with 50 µg of LPS; (c) WT hosts (left) 
or µMT hosts (right) challenged with 50 µg of NP-Ficoll. Black CTV histograms represent 
distribution of total transferred cells, while solid red CTV histograms represent CD138+ 
cells. Gating and percentage of CD138+ cells are indicated in the top row. Data in a, c for 
WT hosts are representative examples from three independent experiments and 6 total mice 
each. Data in b is representative of two independent experiments with 6 total mice. Data in 
c for µMT host is representative of two independent experiments with 6 total mice.  
 

 

BLIMP-1-dependent reprogramming is defective at division 8 

The transcription factor BLIMP-1, encoded by Prdm1, is essential for ASC differentiation 

131 but is dispensable for the early proliferative phase of activated B cells 80.  Similar to 

previous results 80, adoptive transfers using CTV-labeled Cd19Cre/+Prdm1fl/fl (BcKO) or 

Prdm1fl/fl (Ctrl) splenic B cells followed by stimulation with LPS as above, revealed that 

BcKO B cells divided the same number of times and were distributed similarly across the 

divisions compared to Ctrl B cells (Fig. 2-4a).  However, no CD138+ ASC were observed 

in the BcKO adoptive transfer, despite cells reaching the 8th division.  To explore the timing 

and extent of BLIMP-1-dependent reprogramming with respect to division number, we 
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FACS isolated and performed RNA-seq on Ctrl and BcKO responding B cells from 

divisions 0, 1, 3, 5, as well as cells in the 8th division that were CD138– (8-) and from Ctrl 

mice, CD138+ division 8 (8+) cells.  Similar increases in total mRNA content were 

observed irrespective of BLIMP-1 status (Fig. 2-4b).  Prdm1 expression was first detected 

in 8- and peaked in 8+ B cells following differentiation 174.  Consistent with this expression 

pattern, the majority of differentially expressed genes (DEG) between Ctrl and BcKO were 

observed in 8- B cells (Fig. 2-4c).  Principal component analysis (PCA) of all DEG 

separated samples primarily by division status with the largest variation between Ctrl and 

BcKO occurring in 8- cells. (Fig. 2-4d).  Examples of genes that failed to be induced in 

BcKO 8- cells included those that are known to be critical for ASC differentiation and 

regulated by BLIMP-1 such as Xbp1, Irf4, and Ell2 138,139 (Fig. 2-4e).  Thus, BLIMP-1-

dependent reprogramming is initiated no earlier than division 5 with molecular defects 

observed in division 8 cells.   
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Figure 2-4.  BLIMP-1-dependent transcriptional reprogramming is defective in 
division 8. (a) Representative flow cytometry analysis of Prdm1fl/fl (Ctrl) and 
Cd19Cre/+Prdm1fl/fl (BcKO) B cells 72 hr after LPS inoculation.  (b) ERCC normalized total 
mRNA content for samples from the indicated divisions sorted from a.  (c) Bar plot 
showing the number of differentially expressed genes (DEG) for the indicated division 
between Ctrl and BcKO B cells.  (d) Principal component analysis of samples from b using 
all DEG.  The location of cells in each division is labeled.  Circles denote 99% confidence 
intervals for samples in each division.  (e) Bar plot of expression of select genes from 
divisions 0, 1, 3, 5, 8– and for Ctrl 8+.  FPKM, fragments per kilobase per million.  Data in 
b, e represent mean ± SD and statistical significance in e was determined by edgeR 208.  
Data were derived from 2-4 individual mice as follows: Ctrl division 0 (n = 2), 1 (n = 2), 3 
(n = 3), 5 (n = 3), 8- (n = 2), and 8+ (n = 3); BcKO division 0 (n = 3), 1 (n = 4), 3 (n = 4), 
5 (n = 4), 8- (n = 4).  
 

Single cell RNA-sequencing captures a continuum of LPS-responding B cells 

Molecular analysis of discrete divisions highlights the progressive epigenetic and 

transcriptional reprogramming that occurs as B cells divide 174,175.  However, B cells 

respond asynchronously and only a fraction of B cells that make it to division 8 

differentiate, indicating there may be additional mechanisms that instruct B cell fate 

decisions.  To resolve B cell differentiation at a finer molecular resolution, we performed 

scRNA-seq on adoptively transferred cells in µMT hosts at 72 hr post-LPS  challenge (Fig. 

2-9).  In total, mRNA from 8,368 B cells was sequenced from two independent mice.  In 

agreement with the previous division data 174, overall mRNA content increased among 

responding B cells (Fig. 2-10).   
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Figure 2-5. scRNA-seq reveals a continuum of heterogeneous LPS-responding B cells.   
(a) t-SNE plot of 8,368 WT cells responding to LPS showing eight distinct clusters of cells.  
(b) Heatmap showing hierarchical clustering of the top 1,000 differentially expressed genes 
(DEG) between cells in each of the 8 clusters from a. Data represent z-score normalized 
MAGIC expression values. (c) t-SNE plot (left) from a and violin plots (right) for each 
cluster showing the MAGIC gene expression data for the indicated gene.  For violin plots, 
the dots represent the mean and lines represent 1st and 3rd quartile ranges.  (d) t-SNE plot 
from a showing the annotation of each cell with naïve B cells (nB) and ex vivo 
differentiated activated B cells (actB) and ASC from Scharer et al 175.  (e) t-SNE plot from 
a showing the annotation of each cell with division sorted LPS-responding B cells from 
Barwick et al 174.  (f) Bar plot quantitating the number of cells from each cluster annotated 
to specific divisions in e.  Data represent combined cells from two independent mice.  
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LPS-responding B cells were grouped into eight distinct clusters and visualized by t-

distributed stochastic neighbor-embedded (t-SNE) projections (Fig. 2-5a).  Hierarchical 

clustering of cells using the top 1,000 DEG between all clusters indicated that cells in 

cluster 5 were the most transcriptionally distinct (Fig. 2-5b).  Strikingly, we observed 

variation between individual cells within each cluster, revealing a heterogeneity not 

previously appreciated. 

To assign clusters to cell types, we assessed the expression of both single genes that 

define B cells, activated B cells (actB) and ASC 15, as well as global transcriptome 

signatures of each purified population 175.  B cell transcription factors, such as Spib, Ciita, 

and Pax5, were expressed in clusters 1-4 and 7-8 (Fig. 2-5c, Supplementary Fig. 2-10).  

ActB genes, such as Zbtb32, Aicda, and Ezh2, were expressed in clusters 2-4, 7, and 8.  

ASC genes, such as Sdc1 (CD138), Jchain, and Irf4, were highly expressed in clusters 5 

and 6.  Using previously published RNA-seq datasets containing transcriptome profiles of 

CD43– naïve B cells (nB) and ex vivo LPS-responding actB and ASC 175, we assigned each 

cell to one of these three differentiation stages using a K-nearest neighbor (KNN) approach.  

Cluster 1 cells were classified as nB and those in clusters 2-4, 7, and 8 as actB (Fig. 2-5d).  

Cluster 5 and 6 cells were primarily classified as ASC with a subset of cluster 5 bearing 

hallmarks of actB.  Importantly, the number of cells assigned to these clusters closely 

matched the frequency of CD138+ ASC observed by flow cytometry (Supplementary Fig. 

2-10).  

To further annotate the clusters with respect to cell division, we compared the 

transcriptional state of each cell to gene expression data for LPS-responding B cells at 

divisions 0, 1, 3, 5, and 8- and 8+ 174 using KNN.  This analysis reaffirmed that cells 
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assigned to cluster 1 represented those that were in the earliest stages of differentiation and 

cells assigned to clusters 5 and 6 represented B cells that have differentiated (Fig. 2-5e-f).  

Furthermore, we found that the transcriptome of cells assigned to actB aligned with gene 

expression data of LPS-responding B cells in divisions 3, 5 and 8-.  These analyses indicate 

a continuum/progression of cellular differentiation from nB (cluster 1) through dividing 

actB (clusters 2-4, 7, and 8) to ASC (clusters 5 and 6), capturing the initial, intermediate, 

and end stages of B cell differentiation in response to LPS. 

 

Pseudotime analysis defines divergent B cell differentiation trajectories 

To construct potential differentiation trajectories and understand the progression between 

cellular states, we computationally ordered cells along pseudotime 209.  Strikingly, this 

analysis revealed two distinct branch points as cells proceeded along pseudotime and 

differentiated from nB to ASC (Fig. 2-6a-b). Analyzing the branching trajectory with cell 

division assignments revealed that the first branch point bifurcated actB into two groups, 

with one branch proceeding to CD138+ ASC and the other remaining as B cells (Fig. 2-

6b).  We have termed these the “ASC-destined” and “non-ASC” branches, respectively.  

The ASC-destined branch includes clusters 5 and 6 and cells that are in division 8+ and 

possess all the hallmark features of ASC (Fig. 2-6b).  The non-ASC branch terminates in 

cluster 7 and 8 and includes cells that have divided at least 5-8 times but have not 

differentiated further. To corroborate these observations using different host and stimuli, 

B cells were adoptively transferred to WT hosts and stimulated with both LPS and NP-

Ficoll.  At 72 hr, all responding cells were isolated and scRNA-seq was performed as above 

(Supplementary Fig. 2-9).  For each dataset, a pseudotime trajectory was constructed and 
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each cell assigned both a cell-division and cell-type phenotype as with the µMT host data.  

This analysis revealed the presence of a branch point that separated actB into an ASC-

destined and non-ASC trajectory (Fig. 2-6c, Supplementary Fig. 2-10). 

To identify the properties of the different branches, gene set enrichment analysis 

(GSEA) 210 was performed on cell clusters just after the bifurcation point (clusters 3 and 

7).  This indicated that cells in the ASC-destined branch upregulated genes associated with 

MYC activation and oxidative phosphorylation (OXPHOS) (Fig. 2-6d-f), both of which 

are important for achieving the metabolic and catabolic requirements during plasma cell 

differentiation 80,211. Examples within the ASC-destined trajectory include expression of 

Srm, Dut, Idh3a, and Ldha.  Conversely, cells along the non-ASC branch displayed higher 

expression of genes, such as Klf6 and Ifngr1, which were associated with an inflammatory 

response and were upregulated in cluster 7 and maintained in cluster 8.  

A second branch point following CD138+ ASC differentiation was identified in the 

µMT dataset within clusters 5 and 6 (Fig. 2-6a-c). GSEA between these clusters indicated 

that cells in cluster 6 were enriched for genes involved in endoplasmic reticulum (ER)-to-

nucleus signaling and ER chaperones, co-chaperones and folding enzymes 212 (Fig. 2-6g-

h).  Examples of genes upregulated in cluster 6 included Atf6, Hspa5, and Calr (Fig. 2-6i).  

Although both clusters 5 and 6 have upregulated the ER stress response factor Xbp1, these 

data suggest that ASC in cluster 6 were under distinct ER stress.   
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Figure 2-6. Pseudotime identifies divergent activated B cell differentiation 
trajectories. (a) t-SNE plot of pseudotime ordered cells from Fig. 2-5a showing the 
location of cells from each cluster.  Open circles denote pseudotime branch points.  (b) 
Schematic showing the pseudotime order of cells from a (left) and from the t-SNE plot 
from Fig. 2-5a (right). (c) Pseudotime t-SNE plot from a (left) or from scRNA-seq data on 
adoptively transferred cells responding to LPS (middle) or NP-Ficoll (right) in WT hosts 
showing cells annotated based on division sorted LPS-responding B cells from Barwick et 
al.174 (see Fig. 2-5e and Supplementary Fig. 2-9). Circles denote pseudotime branch 
points.  (d) GSEA of the indicated datasets comparing the transcriptional profile between 
cells in clusters 3 and 7. (e) t-SNE plot showing mean MAGIC expression levels for all 
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Leading Edge genes from the GSEA gene set in d. (f) Violin plots showing MAGIC 
expression levels for cells in clusters 3 and 7 for the indicated genes.  Genes were chosen 
from the adjacent GSEA gene set from d.  Within each violin plot, the dots represent mean 
MAGIC expression levels and lines represent 1st and 3rd quartile ranges. (g) GSEA of the 
indicated datasets comparing the transcriptional profile of cells in cluster 5 and 6. (h) t-
SNE plot showing mean MAGIC expression levels for all Leading Edge genes from the 
adjacent GSEA gene set in g. The ER chaperones, co-chaperones, and folding enzymes 
gene set was described previously 212. (i) Violin plots of select genes representative of gene 
sets in g.  WT LPS and WT NP-Ficoll scRNA-seq data in c represent combined cells from 
two independent mice.  
 

Multiple factors regulate the ASC-destined branch 

To determine the transcription factors that might be guiding the first differentiation branch 

point, the SCENIC algorithm 213, which predicts transcription factor activity, was used to 

analyze cells in clusters 3 and 7 (Fig. 2-7a).  Correlation of the fold change in expression 

of transcription factors versus the fold change in that factor’s SCENIC score between 

clusters revealed a positive correlation between the data.  Representing the non-ASC 

branch, cluster 7 cells were enriched for IRF9 and BACH2 expression and activities.  

Conversely, cluster 3 cells in the ASC-destined branch were enriched for KLF10, E2F1, 

and BATF activities.  Batf was more highly expressed in clusters 3 and 4 compared to 7 

and 8 and BATF target genes largely reflected this pattern of activity (Fig. 2-7b-c).  

Analysis of BATF target gene expression along pseudotime revealed that the majority were 

induced early and ultimately repressed and included Aicda, Junb, Rela, Myc, and Batf itself 

(Fig. 2-7d). This is consistent with evidence that BATF-deficient B cells proliferate but 

cannot class switch due to a failure to induce Aicda 214.  Further analysis of the BATF 

motifs identified by SCENIC above revealed that 35% were canonical AP-1 binding motifs 

whereas 65% were AP-1:IRF composite element (AICE) motifs that can be bound by AP-

1 family member BATF and IRF4 125 (Fig. 2-7e).  This suggested that BATF:IRF4 
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complexes may be important in programming the ASC-destined branch.  Our scRNA-seq 

data revealed that Irf4 expression peaked in the ASC clusters (5 & 6); however, low 

expression levels of Irf4 were observed in early differentiating clusters 3-4 and 7-8 (Fig. 

2-7f).  Consistent with these data, intracellular staining of B cells responding to LPS in 

vivo indicated that IRF4 was initially upregulated after division 1 and highly upregulated 

in division 8+ cells (Fig. 2-7g).   

To explore the role of IRF4 in orchestrating B cell differentiation trajectories in 

more detail, we adoptively transferred CTV-labeled Cd19Cre/+Irf4fl/fl (IRF4–/–) B cells and 

performed scRNA-seq on all adoptively transferred cells at 72 hr post-LPS challenge.  t-

SNE projections revealed IRF4–/– B cells grouped into 6 distinct clusters, with the majority 

of the cells assigned to clusters 1 and 2 (Fig. 2-7h).  Consistent with a failure to produce 

ASC 118, annotation of the IRF4–/– cells against the bulk RNA-seq data found no match to 

ex vivo or in vivo ASC (Fig. 2-11). The majority of IRF4–/– cells matched gene expression 

profiles of naïve and activated B cells that corresponded to those in divisions 1, 3, or 5.  

Pseudotime analysis revealed a more linear trajectory (Fig. 2-7i, Supplementary Fig. 2-

11).  KNN was used to assign each IRF4–/– cell to one of the eight WT scRNA-seq clusters.  

The majority of cells were assigned to the early clusters (1-3) as well as the two non-ASC 

branch clusters 7 and 8 (Fig. 2-7j), further indicating that the IRF4–/– cells failed to initiate 

the ASC-destined differentiation branch observed in WT B cells.  Analysis of BATF 

signature in the IRF4–/–cells found a lack of BATF activity (Fig. 2-7k).  Additionally, IRF4–

/– cells displayed little increases in OXPHOS gene expression that was characteristic of the 

ASC-destined branch (Fig. 2-7l).  Conversely, IRF4–/– cells showed enrichment for 

Inflammatory Response genes that marked the non-ASC branch (Fig. 2-7l).  Taken 
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together, these data suggest that IRF4 is necessary to establish the ASC-destined 

differentiation branch during the actB stage. 

 

 

Figure 2-7. IRF4 is critical for establishing the ASC-destined branch transcriptional 
program.  
(a) Scatter plot showing the expression log2 fold change (log2FC) versus the log2FC in 
SCENIC activity score between cluster 3 versus 7 for each transcription factor.  Grey line 
represents linear regression with significance determined by one-way ANOVA.  Pearson’s 
r correlation is indicated. (b) t-SNE plot (left) from Fig. 2-5a and violin plot (right) for 
each cluster showing the MAGIC gene expression data for the indicated gene.  For violin 
plots, dots represent mean and lines represent 1st and 3rd quartile ranges.  (c) t-SNE plot 
showing mean MAGIC expression levels for BATF target genes determined by SCENIC.  
(d) Heatmap showing expression of 46 BATF target genes along pseudotime in WT cells.  
For each gene the mean MAGIC expression level is normalized to the maximal value.  (e) 
Pie chart representing the percentage of BATF target genes containing either the canonical 
AP-1 or composite IRF:AP-1 (AICE) motif.  (f) t-SNE plot (left) and violin plot (right) for 
each cluster showing the MAGIC gene expression data for the indicated gene.  For violin 
plots, the dots represent mean and lines represent 1st and 3rd quartile ranges.  (g) 
Representative flow cytometry (left) and geometric mean fluorescence intensity at each 
cell division (right) for intracellular staining of IRF4 levels versus CTV in LPS-responding 
B cells 72 hr after LPS inoculation.  Division 7/8 cells are subdivided into CD138 negative 
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(-) and positive (+).  Data represent mean ± SD and statistical significance between division 
0 and 1 determined by two-tailed Student’s t-test.  Data represent two independent 
experiments of 9 mice.  (h) t-SNE plot of 6,903 Cd19Cre/+Irf4fl/fl (IRF4–/–) cells responding 
to LPS showing the location of six distinct cell clusters.  Data represent combined cells 
from two independent mice. (i) t-SNE plot of pseudotime ordered cells from h showing the 
location of cells from each cluster.  (j) t-SNE plot from h showing the annotation of each 
cell with a WT cluster from Fig. 2-5a. (k) t-SNE plot from h showing mean MAGIC 
expression levels for BATF target genes as in c. (l) t-SNE plot from h showing mean 
MAGIC expression for Leading Edge genes from the indicated gene set (see Fig. 2-6e). 
 

Loss of L-selectin expression marks B cells destined to become ASC 

Given the divergent transcriptional programs of the ASC-destined and non-ASC branches, 

we sought to find markers that would allow separation of cells along either trajectory in 

vivo.  L-selectin (CD62L) or Sell is a cell adhesion molecule that facilitates entry of 

lymphocytes into secondary lymphoid organs from the blood stream 215 and is expressed 

as part of the Inflammatory Response signature that marked the non-ASC branch.  Analysis 

of Sell expression in WT cells revealed high levels within clusters 7 and 8 of the non-ASC 

branch with progressively decreasing levels in the ASC-destined branch (clusters 3-6) (Fig. 

2-8a-b). Similarly, Sell expression decreased along the ASC-destined branch in cells 

responding to LPS and NP-Ficoll in WT hosts.  Confirming the scRNA-seq data, flow 

cytometry revealed that CD62L was ultimately repressed in CD138+ ASC in all three 

systems (Fig. 2-8c).  Analysis of CTV-labeled LPS- or NP-Ficoll-responding B cells 

showed a gradual bifurcation in CD62L surface expression as B cells divided, with cells 

appearing to both maintain and lose expression as they progressed through the divisions 

(Fig. 2-8d).  These data suggest that CD62L could be used to separate B cells committed 

to either differentiation branch.  To test this, we FACS isolated LPS-responding B cells 

from division 8 that were CD62L+CD138– (div8:non-ASC; cluster 8), CD62L–CD138– 

(div8:ASC-destined; cluster 4), and as a positive control, CD138+ ASC that were also 
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CD62L– (clusters 5 and 6)  (Fig. 2-8e).  Furthermore, we isolated cells from divisions 5-6 

CD62L+CD138– (div5-6:non-ASC; cluster 2) and CD62L–CD138– (div5-6:ASC-destined; 

cluster 3) representing early cells committed to each fate.  Each group of cells were 

incubated in media without further stimulation and CD138+ ASC differentiation assessed 

by monitoring antibody secretion via ELISA over 48 hr.  Regardless of division, ASC-

destined cells secreted significantly more antibody compared to non-ASC cells in the same 

division across all time points assayed (Fig. 2-8f).  Importantly, because the ASC-destined 

cells in div5-6 secreted IgM, this indicated the div8:non-ASC cells were provided sufficient 

time to differentiate. Thus, CD62L surface expression can be leveraged to separate actB 

cells that are destined to become ASC.  

Finally, to determine if cells in division 8 on the non-ASC branch could be 

stimulated to differentiate, we sorted these cells, as well as div8:ASC-destined, and 

CD138+ ASCs.  The cells were cultured for 16 hr in the presence of LPS, IL-2, and IL-5 

to induce their ex vivo differentiation 216.  ASC formation was assessed by flow cytometry 

and antibody secretion was monitored by ELISA.  Div8:ASC-destined cells readily 

differentiated into CD138+ cells whereas the div8:non-ASC  cells produced ten-fold fewer 

CD138+ cells (Fig. 2-8g-h).  Consistent with these findings, Div8:ASC-destined cells 

secreted significantly more IgM into the culture media compared to div8:non-ASC  cells 

(Fig. 2-8i).  Thus, div8:non-ASC cells do not readily differentiate upon re-stimulation.  

Taken together, at early stages of B cell differentiation, two distinct differentiation 

trajectories exist with only one leading to ASC.  
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Figure 2-8. Loss of CD62L (L-selectin) delineates cells on the ASC-destined branch. 
(a) t-SNE plot (left) from Fig. 2-5a and violin plot (right) for each cluster showing the 
MAGIC gene expression data for Sell (CD62L) in WT cells.  For violin plots, the dots 
represent mean and lines represent 1st and 3rd quartile ranges. (b) Sell expression projected 
along pseudotime for each scRNA-seq dataset (see Fig. 2-6c). (c) Representative flow 
cytometry plot of CD138 versus CD62L for adoptively transferred cells from µMT hosts 
challenged with 50 µg of LPS (left), WT hosts challenged with 50 µg of LPS (middle) or 
WT hosts challenged with 50 µg of NP-Ficoll (right). All plots are 72 hr after challenge. 
(d) Representative flow cytometry plot of CD62L versus CTV for each adoptive transfer 
setup described in c. The division number is indicated in the left panel. (e) Representative 
FACS strategy for isolating ASC in clusters 5 and 6 (CD62L–CD138+ cells), ASC-destined 
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cells in cluster 4 (div8:CD62L–CD138–), non-ASC destined cells in cluster 8 
(div8:CD62L+CD138–), ASC-destined cells in cluster 3 (CD62L–CD138–), and non-ASC 
destined cells in cluster 2 (CD62L+CD138–). Cells were gated on division 5-6 or 8 and then 
separated by CD138 and CD62L expression 72 hr post-LPS challenge. (f) IgM titers in 
culture over time for the indicated samples from division 8 (top) and division 5-6 (bottom). 
(g) Representative flow cytometry plot of B220 versus CD138 expression after 16 hr of 
culture with LPS, IL-2, and IL-5 for the indicated samples. Percent of CD138+ ASC is 
indicated. (h) Percent of CD138+ cells and (i) IgM titers in culture for each sample.  
Statistical significance in f, h, i was determined by paired two-tailed Student’s t-tests.  Data 
in f represent two independent experiments with a total of 8 mice; data in g-i represent two 
independent experiments with a total of 7 mice.  
 

IV. DISCUSSION 

Using multiple model systems, this study has defined the in vivo relationship 

between cell division and cellular heterogeneity during B cell differentiation.  B cells 

responding to T cell independent type I and II antigens in the absence of cell extrinsic 

signals required 8 cell divisions for CD138+ ASC differentiation.  Strikingly, scRNA-seq 

of cells representing all stages of differentiation revealed a divergent actB program, with 

only a subset of B cells upregulating an IRF4-dependent transcriptional program that led 

to ASC formation.  Cells along this ASC-destined branch downregulated CD62L and 

formed ten-fold more ASC in culture compared to B cells that followed the alternative non-

ASC branch.  Together, these data define an early cell fate-decision branch point for ASC 

formation that occurs early in differentiating and dividing activated B cells.  

Comparing adoptive transfers using µMT, WT, or MYD88–/– mice as hosts and 

immunizing with LPS revealed that cell extrinsic effects in WT mice can impact the cell 

division kinetics of B cell differentiation.  In contrast to µMT and MYD88–/– hosts, CD138+ 

ASC differentiation in WT hosts was detected in earlier divisions and indicate that in WT 

hosts, other LPS-responding cells, such as macrophages and dendritic cells 217, can 

influence B cell differentiation.  While these cells are present in µMT hosts, the splenic 
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architecture is abnormal and may impact signals between cells 190.  When the B cell-

specific stimulus NP-Ficoll was used, similar cell division/differentiation patterns were 

observed in both µMT and WT hosts.  This indicates that the signaling downstream of toll-

like receptor 4 signaling (via LPS) and B cell receptor signaling (via NP-Ficoll) both 

initiate a conserved differentiation program that includes the same cell division constraints.  

Despite the extrinsic effects observed in the WT hosts stimulated with LPS, the scRNA-

seq data revealed a similar cell trajectory in each of the three differentiation models.  This 

suggests that even if extrinsic effects modulate the cell division-differentiation 

relationship, the molecular reprogramming steps proceed along similar paths.  Indeed, 

ASC-destined and non-ASC branches are observed for both stimuli with similar changes 

in gene expression, including increases in OXPHOS and MYC target genes along the ASC-

destined branch.  Thus in the absence of cell extrinsic modulation, in vivo B cell 

differentiation to T independent type I and II antigens is orchestrated in a manner that 

requires at least 8 cell divisions to fully attain the ASC program.  

Our data support the quantal response model of B cell differentiation to LPS, where 

the concentration of LPS affects the proportion of cells responding but does not affect the 

rate of ASC formation within each division 180.  While we cannot rule out that at low doses 

there is selective activation of B cells that are specific for LPS, our data indicate this all-

or-none response to a T cell-independent antigen also occurs in vivo.  Lower doses of LPS 

in vivo impacted the overall magnitude of the B cell response, with fewer activated/dividing 

cells observed across the divisions.  However, of the cells reaching division 8, the same 

percentage formed ASC.  In contrast to the quantal response model, the kinetics of cell 

division and differentiation in response to a T cell-dependent antigen follow a distinct 
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graded response model ex vivo, which can be modulated by amounts of CD40L 180.  In vivo, 

T cell dependent responses are further complicated due to the complex dynamics of the 

germinal center reaction, cyclic reentry, and selection pressure for high affinity clones 

218,219.  Using type I and type II T cell independent stimuli, our scRNA-seq data demonstrate 

that B cells progress down similar ASC differentiation paths in response to both BCR and 

TLR signals.  Thus, these data confirm key aspects of ex vivo differentiation models to TI 

antigens and add new cell division parameters to help predict adaptive immune responses 

in vivo. 

Here, transcriptional heterogeneity was observed both within cells at the same 

division and among cells at distinct differentiation stages.  Despite the observed 

heterogeneity, a consistent percentage of responding B cells form ASC in an 

experimentally repeatable manner.  Our data suggest that IRF4, in tandem with BATF at 

AICE DNA-binding elements, enforces early programming changes that drive a subset of 

B cells towards the ASC fate.  The stochastic differentiation model predicts cell fate 

outcomes based on a probability distribution across the population of responding cells 220 

and can be applied here to the bifurcation of ASC-destined versus non-ASC cells observed 

in the scRNA-seq data.  In fact, the concentration of IRF4 is critically important for 

determining B cell fate 119,120,129.  Thus, the probability of inducing sufficient IRF4 

expression to initiate the ASC-destined branch may be the same for each cell, with higher 

doses of LPS resulting in a greater number of cells being stimulated sufficiently to progress 

towards ASC.   

 One of the defining features of the ASC-destined branch was the loss of CD62L 

(L-selectin) expression.  Thus, CD62L expression was used as a surface marker to 
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distinguish subsets of actB cells along divergent differentiation trajectories.  CD62L is an 

adhesion molecule that mediates leukocyte migration to secondary lymphoid tissues, and 

shedding of CD62L allows leukocytes to be redirected to sites of infection 215.  In addition 

to its role as an adhesion molecule, CD62L also plays a role in triggering cell signaling 

events 221.  In our system, CD62L expression distinguished ASC-destined cells as early as 

division 5.  In fact, the small number of ELISPOTs observed in division 8 CD138– cells 

may be due to cells that are continuing to differentiate during the ex vivo assay.  The 

function of reduced CD62L could allow ASC-destined cells to remain in circulation where 

they could eventually home to the bone marrow for long-term survival.  While the full role 

that CD62L plays in B cell biology is not fully understood, our data demonstrate that it is 

a useful marker to distinguish actB cells destined to differentiate to ASC.   

 Trajectory analysis of B cells differentiating to LPS in µMT hosts identified a 

second bifurcation event following differentiation that split differentiated ASC into two 

groups.  Cells assigned to ASC clusters 5 and 6 displayed all the hallmarks of ASC, 

including high expression of Xbp1, a transcription factor required for initiating the unfolded 

protein response 102,222. This indicates that cells in both clusters had initiated the ASC 

transcriptional program to counter ER stress.  However, Atf6, an ER stress sensor was 

highly expressed in cluster 6.  This suggests that these cells may be under distinct ER stress 

compared to ASC in cluster 5.  Support for this concept comes from data showing that in 

response to LPS stimulation, targets of ATF6 in the I.29 micro(+) B cell line were 

upregulated later than other aspects of the unfolded protein response 94.  Although the same 

ASC bifurcation event was not observed from scRNA-seq when using WT hosts, this may 

be due to the timing in which the cells were harvested or limited by the numbers of ASCs 
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generated and sequenced.  Differences in the ability to regulate ER stress may provide a 

means to select for ASC that can adapt to the stress of Ig production and secretion. 

Together, these data provide insight into the heterogeneity and cell division kinetics 

of B cell differentiation in vivo and highlight an important IRF4-dependent bifurcation 

event that occurs early during actB reprogramming, with only a subset of B cells leading 

to ASC.  This ASC-destined branch required an alignment of cellular proliferation and 

metabolic reprogramming events that enabled ASC formation and their ability to withstand 

the stress of high antibody production and secretion.  The alternative non-ASC branch 

contained cells that were responding to inflammatory stimuli and may ultimately have a 

role in shaping immune responses.  Ultimately, controlling which pathway cells follow 

could help in the therapeutic control of B cell mediated immunity.   
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V. SUPPORTING DATA 
 

 

Figure 2-9. Summary of adoptive transfers used to generate scRNA-seq of LPS or NP-
Ficoll responding wild-type B cells.  (a) Schematic of experimental design for µMT hosts 
challenged with LPS. (b) Flow cytometry plot of CD45.1 versus CD45.2 with percentage 
of CD45.2+ cells displayed (left), CD138 versus CTV with percentage of CD138+ cells 
shown (middle), and CTV histograms with division numbers indicated (right) for each 
mouse used to generate scRNA-seq data (see Fig. 2-5). (c) Schematic of experimental 
design for WT hosts challenged with LPS or NP-Ficoll. (d) For NP-Ficoll, flow cytometry 
plot of CD45.2 versus CD45.1 with percentage of CD45.1+ cells displayed (left), CD138 
versus CTV with percentage of CD138+ cells shown (middle), and CTV histograms with 
the frequency of cells that have responded indicated (right) for each mouse. A mixture of 
95% responding cells and 5% division 0 cells were used to generate scRNA-seq data (final 
input not shown; see e for example). (e) For LPS, flow cytometry plot of CD45.2 versus 
CD45.1 with percentage of CD45.1+ cells displayed (left), CD138 versus CTV with 
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percentage of CD138+ cells shown (middle-left), and CTV histograms with the frequency 
of responding cells indicated (middle-right) for each mouse. A mixture of 95% responding 
cells and 5% division 0 cells were used to generate scRNA-seq data; final input for scRNA-
seq with the same gates/frequencies shown as the middle panel (right). 
 

 

Figure 2-10. scRNA-seq of transferred CTV-labeled cells captures a continuum of 
responding B cells at all stages of differentiation.  
(a) Scatterplot of unique molecular identifiers (UMI) versus number of genes detected per 
cell for each of the three scRNA-seq datasets. (b) Bar plot of the frequency of cells assigned 
to each cluster for the µMT LPS scRNA-seq dataset. t-SNE plot (left) from Fig. 2-5a and 
violin plots (right) for each cluster showing the MAGIC gene expression data for the 
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indicated genes representing (c) B cells, (d) activated B cells, and (e) ASC.  For violin 
plots, the dots represent mean and lines represent 1st and 3rd quartile ranges. (f) Pseudotime 
t-SNE plot from µMT LPS (left), WT LPS (middle), or WT NP-Ficoll (right) showing cells 
annotated with naïve B cells (nB) and ex vivo differentiated activated B cells (actB) and 
ASC from Scharer et al 14.  Circles denote pseudotime branch points.  See also Fig. 2-6. 
 

 

Figure 2-11. scRNA-seq of bulk transferred CTV-labeled IRF4-deficient B cells 

reveals a critical role for IRF4 in establishing the ASC-destined branch. 

(a) Schematic of experimental design. (b) Flow cytometry plot of histograms of eGFP, 

which marks IRF4-null cells 40 (left) and B220 versus CD138 (right) are shown after 

previously gating CD45.2+ transferred cells for each mouse used to generate scRNA-seq 

data (see Fig. 2-7h). The percentage of eGFP (left) and CD138+ (right) cells are indicated. 

(c) t-SNE plot from Fig. 2-7h  showing the annotation of each cell with naïve B cells (nB) 

and ex vivo differentiated activated B cells (actB) and ASC from Scharer et al 14.  (d) t-

SNE plot from Fig. 2-7h showing the annotation of each cell with division sorted LPS-

responding B cells from Barwick et al 16.  (e) Schematic showing the pseudotime order of 

cells from Fig. 2-7i (left) and from the t-SNE plot from Fig. 2-7h (right). 
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Figure 2-12. Equivalent CD43– B cell populations were enriched from each mouse 
strain.   (a) Representative flow cytometry plots of B220 versus CD93 following B cell 
isolation for IRF4–/– (top), BcKO (middle), and WT mice (bottom). Quadrant I shows the 
frequency of immature B cells (B220+CD93+), while quandrant II shows the frequency of 
mature B cells (B220+CD93–). Data summary of the frequency of mature (b) and immature 
(c) B cells for all replicates. (d) Representative flow cytometry plots of CD21 versus CD23 
following B cell isolation for IRF4–/– (top), BcKO (middle), and WT mice (bottom). 
Frequency of marginal zone (MZ; CD21+CD23–) and follicular zone (FZ; CD21–CD23+) 
B cells are shown. Quantification of the frequency of MZ (e) and FZ (f) B cells for all 
replicates. Data in b, c, e, f  represent mean ± SD. Data were derived from two independent 
experiments of 8 total IRF4–/–  and BcKO mice and 9 total WT mice. 
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Figure 2-13. General gating strategies used for adoptive transfer analysis and cell 
sorting. (a) General gating strategy used to analyze all adoptively transferred cells with 
the purpose of each gate indicated at the top of each panel. Once live, single transferred 
cells were distinguished from host cells, other parameters, such as cell division and 
differentiation, could be assessed as in Fig.2-2a-g, Fig. 2-3, Fig. 2-4a, Fig. 2-7g, and Fig. 
2-8c,d. These same gating strategies were applied before sorting transferred cells in Fig. 
2-5, Fig. 2-6, and Fig. 2-7 for single cell RNA-sequencing (detailed in Supplementary 
Fig. 2-9 and Supplementary Fig. 2-11) or for sorting cells along the ASC-destined and 
non-ASC branch (detailed in Fig. 2-8e-i). (b) Gating strategy to sort responding B cells in 
discrete divisions for ELISPOTs presented on Fig.2-2h,i. Transferred cells were gated 
before examining cell division via CTV using the gating strategy outlined in a. Division 8 
cells were sorted into distinct populations based on CD138 expression. The same strategy 
was used to sort Ctrl and BcKO cells presented in Fig. 2-4 with the appropriate divisions 
gated. 
 
Table 2-1. Comprehensive list of antibodies and stains. 

 
 

VI. METHODS 

 

Mice and adoptive transfers  

C57BL/6J (JAX; 000664), CD45.1 (JAX; 002014), Cd19Cre (JAX; 006785) 223, Irf4fl/fl 

(JAX; 009380) 118, Prdm1fl/fl (JAX; 008100) 224, MYD88–/– (JAX; 009088) 207, and CD45.2 

µMT mice (JAX; 002288) 190 were purchased from The Jackson Laboratory and bred on 

Antibody Conjugate Clone Company Catalog Number Dilution
B220 PE-Cy7 RA3-6B2 Biolegend 103222 1/400
B220 A700 RA3-6B2 Biolegend 103232 1/200

CD138 BV711 281-2 BD 563193 1/800
CD138 APC 281-2 Biolegend 558626 1/400
CD62L BV605 MEL-14 Biolegend 104438 1/100
CD62L PerCPCy5.5 MEL-14 Biolegend 104432 1/100
CD45.1 PE A20 Biolegend 110708 1/100
CD45.1 APC A20 Biolegend 110714 1/100
CD45.1 FITC A20 Tonbo Biosciences 35-0453-U500 1/100
CD45.1 APC-Cy7 A20 Tonbo Biosciences 25-0453-U100 1/100
CD45.2 PE-Cy7 104 Biolegend 109830 1/100
CD45.2 PE 104 Tonbo Biosciences 50-0454-U100 1/100
CD45.2 FITC 104 Biolegend 109806 1/100
CD45.2 PerCPCy5.5 104 Tonbo Biosciences 65-0454-U100 1/100
CD45.2 APC 104 Biolegend 109814 1/100
CD11b APC-Cy7 M1/70 Biolegend 101226 1/400
F4/80 APC-Cy7 BM8 Biolegend 123118 1/400

CD90.2 APC-Cy7 30-H12 Biolegend 105328 1/400
IRF4 PerCP-eFluor 710 3E4 ThermoFisher 46-9858-82 1/100

Goat anti-mouse Ig Unlabeled - Southern Biotech 1010-01 1/200
Purified mouse IgM Unlabeled - Southern Biotech 5300-01B 1/5000

Goat anti-mouse IgM Horseradish Peroxidase - Southern Biotech 1021-05 1/1000
Goat anti-mouse Ig Alkaline Phosphatase - Southern Biotech 1010-04 1/500

Stains Conjugate Clone Company Catalog Number Dilution
CellTrace Violet BV421 not applicable Life Technologies C34557 1/100 

Zombie Yellow Fixable Viability Kit BV570 not applicable Biolegend 423104 1/400
Zombie NIR Fixable Viability Kit APC-Cy7 not applicable Biolegend 423106 1/400
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site. CD45.2 µMT were bred onto the CD45.1 background to obtain homozygous CD45.1 

µMT mice.  Mice used in experiments were between 8-12 weeks of age and were 

age/gender matched.  For adoptive transfers/division assays, splenic CD43– B cells were 

isolated using the Miltenyi B cell Isolation Kit (Miltenyi; 130-090-862), which yielded 

equivalent proportions of B cells for all input populations in this study (Fig. 2-12). Isolated 

B cells were stained with CellTrace Violet (CTV) per the manufacturer’s protocol, and 

15x106 CTV-labeled B cells were transferred to a disparate congenic µMT, MYD88–/–, or 

wild-type mouse (CD45.1 or CD45.2) intravenously. At 24 hr post-transfer, mice were 

inoculated with the indicated dose of LPS (Enzo Life Sciences; ALX-581-008) or 50 µg 

NP-Ficoll (Biosearch Technologies; F-1420-10) intravenously in 100 µl. Animals were 

randomly placed in experimental groups, and independent replicates of 3 or more were 

used for all phenotyping experiments. Animals were housed by the Emory Division of 

Animal Resources and all procedures were approved by the Emory Institutional Animal 

Care and Use Committee.   

 

Flow cytometry and cell sorting 

For antibody staining, cells were resuspended at a concentration of 1x106/100 µl in FACS 

buffer (1X PBS, 2mM EDTA, and 1% BSA), stained with Fc Block (BD; 553141) for 15 

minutes, antibody-fluorophore conjugates for 30 minutes, and then washed with 10 

volumes of FACS buffer.  For flow cytometry analyses all cells were fixed using 1% 

paraformaldehyde.  For enrichment of adoptively transferred CD45.2 or CD45.1 

congenically marked cells, splenocytes were stained with CD45.2-PE or CD45.1-PE, 

respectively, followed by immunomagnetic enrichment using anti-PE beads (Miltenyi, 
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130-097-054).  For analysis of adoptive transfers into WT hosts, all cells were enriched 

prior to flow cytometry analysis.  For scRNA-seq experiments from µMT hosts, all 

transferred cells were FACS isolated.  For scRNA-seq experiments from WT hosts, cells 

in division 1-8 and division 0 were FACS isolated separately and mixed to achieve a final 

ratio of  95% responding (dividing cells, division 1-8) and 5% non-responding (undivided, 

division 0) cells (Fig. 2-9).  The following specific antibody-fluorochrome conjugates, with 

specific clones indicated in parentheses, and stains were used (Table 2-1): Tonbo 

Biosciences, Inc.: CD45.1-FITC (A20), CD45.1-APC-Cy7 (A20), CD45.2-PE (104), and 

CD45.2-PerCPCy5.5 (104); BioLegend, Inc.: B220-PE-Cy7 (RA3-6B2), B220-A700 

(RA3-6B2), CD138-APC (281-2), CD62L-PerCy5.5 (MEL-14), CD62L-BV605 (MEL-

14), CD45.1-PE (A20), CD45.1-APC (A20), CD45.2-PE-Cy7 (104), CD45.2-FITC (104), 

CD45.2-APC (104), CD11b-APC-Cy7 (M1/70), F4/80-APC-Cy7 (BM8), CD90.2-APC-

Cy7 (30H12), Zombie Yellow Fixable Viability Kit (Cat. #423104), and Zombie NIR 

Fixable Viability Kit (Cat. #423106); BD Biosciences, Inc.: CD138-BV711 (281-2); 

ThermoFisher, Inc.: IRF4-PerCPeFluor710 (3E4); Life Technologies, Inc: CellTrace 

Violet (Cat. #C34557).  For intracellular staining of IRF4, the FIX & PERM Cell 

Permeabilization Kit (ThermoFisher; GAS003) was used per the manufacturer’s protocol.  

For all flow cytometry analysis, the following gating strategy was used (Fig. 2-13): 

lymphocytes based on SSC-A and FSC-A, single cells based on FSC-H and FSC-W, live 

cells based on exclusion of Zombie Yellow or Zombie NIR Fixable Viability Kit, and the 

markers CD11b–F4/80–CD90.2– to remove non-B cell lineage cells. All flow cytometry 

data were collected on a LSR II or LSRFortessa (BD Biosciences) and analyzed using 

FlowJo v9.9.5 or FlowJo v10.6.2.  Cells sorting was performed at the Emory Flow 



 

 

63 

Cytometry Core or the Pediatrics and Winship Advanced Flow Cytometry Core using a 

FACSAria II (BD Biosciences).   

 

ELISPOT 

ELISPOT plates (Millipore; MAHAS4510) were coated with 1 µg of capture antibody 

(SouthernBiotech; 1030-01) for 12 hr, washed with PBS three times, and then blocked with 

B cell media (RPMI 1640 supplemented with 10% heat-inactivated FBS, 0.05 mM 2-BME, 

1X nonessential amino acids, 1X penicillin/streptomycin, 10 mM HEPES, and 1 mM 

sodium pyruvate) for >1 hr.  B cells were sorted directly into B cell media and resuspended 

to desired volume/cell numbers for plating. A 1:2 dilutions series was performed, and 70 

µl of the diluted cells were added to each well and incubated (37°C, 5% CO2) for 5 hr.  

Plates were then washed five times with PBS-T (1X PBS, 0.05% Tween-20) and secondary 

antibody (SouthernBiotech; Goat anti-mouse Ig, 1010-04) conjugated to alkaline 

phosphatase was diluted 1:500 in PBS and 100 µl added for 1 hr at room temperature. 

Plates were then washed five times in PBS-T and 5-Bromo-4-chloro-3-indolyl phosphate 

(BCIP) reagent (SouthernBiotech; 0302-01) was added to each well for 15 minutes to allow 

spots to develop. Finally, plates were washed four times in H2O and allowed to dry 

completely before imaging. All samples and all dilutions were performed in technical 

duplicates. Spots were imaged using a ImmunoSpot S6 ULTIMATE Analyzer (Cellular 

Technology Limited) and quantified using ImmunoSpot software v5.0.9.21. 
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Ex vivo B cell differentiation  

Cells were sorted and resuspended in  B cell media containing 20 mg/ml Escherichia coli 

O111:B4 derived LPS (Sigma-Aldrich; L2630), 5 ng/ml IL-5 (eBioscience; 14-8051), and 

20 ng/ml IL-2 (eBioscience; 14-8021) as previously described 216.   

 

ELISA  

Flat-bottomed ELISA plates (Sigma-Aldrich; M9410) were coated with goat anti-mouse 

Ig (Southern Biotechnology; 5300-05B) overnight at 4 ̊C. Plates were then washed (1X 

PBS containing 0.05% Tween-20), blocked with 1% nonfat dry milk, and incubated with 

a series of diluted samples or purified mouse IgM (Southern Biotechnology; 5300-01B). 

Plates were then washed, incubated with 1:1000 diluted HRP-conjugated goat anti-mouse 

IgM (Southern Biotechnology; 1021-05), washed, and incubated with 

tetramethylbenzidine ELISA peroxidase substrate (Rockland; TMBE-1000) for 20 minutes 

at room temperature (50 µl/well). Fifty µl of 0.2 M sulfuric acid was applied to each well 

to quench the reaction. All incubations were performed for 1 hr at room temperature unless 

stated otherwise. Plates were read using a BioTek ELx800 Absorbance Microplate Reader.   

 

Bulk RNA sequencing  

For each sample, 1,000 cells were sorted into 300 µl of RLT buffer (Qiagen; 79216) 

containing 1% BME. RNA was extracted using the Quick-RNA Microprep kit (Zymo 

Research; R1050) and all purified RNA was used as input for the SMART-seq v4 cDNA 

synthesis kit (Takara; 634894) with 12 cycles of PCR amplification. 400 pg of cDNA was 

used as input for the NexteraXT kit (Illumina) using 12 cycles of PCR amplification. Final 
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libraries were quantitated by qPCR, size distributions determined by bioanalyzer, pooled 

at equimolar ratios, and sequenced at the New York University Genome Technology 

Center on a HiSeq3000 using a PE50 run. 

 

Bulk RNA sequencing analysis 

Raw sequencing reads were mapped to the mm9 genome using TopHat2 v2.0.13 225 with 

the UCSC KnownGene reference transcriptome 226 and the ERCC spike-in RNA controls 

227. Duplicate reads were marked by PICARD v1.127 

(http://broadinstitute.github.io/picard/) and removed from downstream analysis.  Reads 

overlapping exons of each ENTREZ gene and the ERCC transcripts were summarized and 

normalized to fragments per kilobase per million (FPKM) using GenomicRanges v1.34 228 

and custom R v3.5.2 scripts.  Genes with at least 3 reads per million in all samples for at 

least one group were considered detected and resulted in 10,532 expressed genes.  All 

detected genes were used as input for edgeR v3.24.3 208 and genes with an absolute log2 

fold-change >1 and Benjamini-Hochberg FDR <0.05 were considered significantly 

differentially expressed.  Principal component analysis was performed using vegan v2.5.5 

and the indicated z-score normalized gene list.  mRNA molecules per cell normalization 

was computed as previously described 174 with normalized mRNA content representing the 

sum total of all mRNA molecules in each sample.   

 

Single cell RNA-sequencing and data processing 

Single cell RNA-sequencing was performed using the 5’ scRNA-seq platform (10X 

Genomics).  For each sample an estimated 17,400 cells were used as input for GEM 
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generation and libraries prepared using the recommended protocol.  Illumina bcl files were 

processed and mapped to the mm9 genome using CellRanger v2.1.1 and each biological 

replicate aggregated for downstream analysis using the ‘aggr’ function in CellRanger with 

the default parameters.  Aggregated data were analyzed using Monocle2 v2.9.0 209.  For t-

SNE dimension reduction the following parameters were used: max_components = 2, 

norm_method = 'log', num_dim = 10, perplexity = 30. Assignment of cells to clusters was 

performed using the default rho and delta thresholds determined by the ‘plot_rho_delta’ 

function.  To determine differentially expressed genes between clusters the 

‘differentialGeneTest’ function with the ‘fullModelFormulaStr’ option was used. The top 

1,000 differentially expressed genes ranked by FDR q value were used in the single cell 

trajectory analysis with the ‘orderCells’ function with default parameters and dimensional 

reduction performed using the ‘DDRTree’ function.   

 

MAGIC transformation of UMI transcript counts 

For MAGIC normalization 229 the Rmagic v1.3.0 R/Bioconductor package was used. The 

UMI gene expression matrix was exported from the Monocle CellDataSet object using the 

‘exprs’ function. Genes that were expressed in less than 10 cells and cells with less than 

1,000 total UMI were removed from the analysis. The data were normalized for library size 

and square root transformed and the resulting matrix was used as input for the ‘magic’ 

function using the “genes = all_genes” parameter. 
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SCENIC transcription factor activity prediction 

The SCENIC v1.1.1 R/Bioconductor package 213 was used to predict transcription factor 

activity in each cell using the mm10 version of the cisTarget database 

(https://resources.aertslab.org/cistarget/). The UMI gene expression matrix was filtered 

using the ‘geneFiltering’ function with the parameters minCountsPerGene = 10 and 

minSamples=9 and the resulting matrix log2 transformed.  Next, all subsequent steps of 

Genie3 and SCENIC were run with the default parameters. The resulting output file 

‘regulonTargetsInfo.tsv’ file was used to identify transcription factor target genes.  The 

correlation of SCENIC activity score and expression was calculated using the ‘cor’ 

function with the pearson method in R. 

 

KNN classification of single-cells with bulk RNA-seq data 

K-nearest neighbor classification was performed using the FNN v1.1.2.1 R package. The 

UMI  gene expression matrix was merged with reads per million normalized bulk RNA-

seq data sets using gene symbol as unique identifiers. The combined data was quantile 

normalized using ‘normalize.quantiles’ function in the preprocessCore v1.40.0 package. 

Next, to assign bulk RNA-seq to single-cells, the ‘knn’ function was run using the bulk 

RNA-seq samples as a training set, single cells as the testing set, and the K was set to the 

number of replicates in bulk the RNA-seq experiments. The resulting cell assignments were 

appended to the pData table associated with the Monocle CellDataSet object.  For 

assignment of IRF4-/- cells to WT scRNA-seq clusters the UMI matrices containing each 

cell were merged using the gene symbol and quantile normalized.  The ‘knn’ function was 

run using the WT cells as the training set, the IRF4-/- cells as the testing set, and the K was 
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set to 11.  The IRF4-/- cells were then annotated with the WT cluster of the cell they were 

assigned. 

 

scRNA-seq data display 

For all data display, the MAGIC 229 transformed gene expression data was used.  For Gene 

Set Enrichment Analysis (GSEA) 210 between clusters, all detected genes were ranked by 

multiplying the P-value derived from the Monocle ‘differentialGeneTest’ function by the 

sign of the fold change (i.e., positive or negative) between the two clusters.  The resulting 

list was used in a GSEA PreRanked analysis.  All indicated gene sets were derived from 

the Molecular Signatures Database (MSigDB) 210 except the “ER chaperones, co-

chaperones, and folding enzymes” gene set, which was previously described 212.  For gene 

set activity plots, the mean expression cubed of all leading edge genes was computed and 

visualized as a projection on the t-SNE plot.  For BATF transcription factor activity, the 

mean expression cubed of all target genes predicted by SCENIC was computed and 

visualized as above.  All other data display was performed using custom R/Bioconductor 

scripts that are available upon request.   

 

Statistics 

All statistical analyses were performed with GraphPad Prism v6.0c or v8.4.1, Microsoft 

Excel v14.5.7 or v16.36, and R/Bioconductor v3.5.2.  The exact statistical test, number of 

tails, group size, and number of experimental repeats for each figure is detailed in the 

legend.  P-values or where indicated multiple hypothesis testing corrected P-values < 0.05 
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were considered significant.  For differential gene expression a combination of fold-change 

and false-discovery rate corrected P-values were used to determine significance.   
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I. ABSTRACT 

Cell division is an essential component of B cell differentiation to antibody-secreting 

plasma cells, with critical reprogramming occurring during the initial stages of B cell 

activation. However, a complete understanding of the factors that coordinate early 

reprogramming events in vivo remain to be determined. In this study, we examined the 

initial reprogramming by IRF4 in activated B cells using an adoptive transfer system and 

mice with a B cell-specific deletion of IRF4. IRF4-deficient B cells responding to 

influenza, NP-Ficoll and LPS divided, but stalled during the proliferative response. Gene 

expression profiling of IRF4-deficient B cells at discrete divisions revealed IRF4 was 

critical for inducing MYC target genes, oxidative phosphorylation, and glycolysis. 

Moreover, IRF4-deficient B cells maintained an inflammatory gene expression signature. 

Complementary chromatin accessibility analyses established a hierarchy of IRF4 activity 

and identified networks of dysregulated transcription factor families in IRF4-deficient B 

cells, including E-box binding bHLH family members. Indeed, B cells lacking IRF4 failed 

to fully induce Myc after stimulation and displayed aberrant cell cycle distribution. 

Furthermore, IRF4-deficient B cells showed reduced mTORC1 activity and failed to 

initiate the B cell-activation unfolded protein response and grow in cell size. Myc 

overexpression in IRF4-deficient was sufficient to overcome the cell growth defect. 

Together, these data reveal an IRF4-MYC-mTORC1 relationship critical for controlling 

cell growth and the proliferative response during B cell differentiation. 
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II. INTRODUCTION 

A key component of the adaptive immune response is the generation of antibody by 

antibody-secreting plasma cells (ASC). Upon antigen encounter, quiescent naïve B cells 

become activated, rapidly proliferate, and a subset differentiate to ASC. One essential 

component of B cell differentiation to ASC is cell division 170,172,179,182. Culturing purified 

B cells and blocking cell division prevents the generation of ASC 170. However, the number 

of cell divisions does not exclusively determine ASC formation. This has led to a stochastic 

model of differentiation that describes population-level immune responses and accounts 

for heterogeneity in cell fates among responding cells, such as whether they will continue 

to divide, die, or differentiate 179,183,184,202. One molecular determinant that contributes to 

such heterogeneity is the expression levels of MYC 68,172,181,230-232. MYC levels are 

influenced by immune stimulation and serve as a division-independent timer to control the 

proliferative capacity of responding cells 68,172,180. IRF4 is another factor that contributes 

to heterogeneity at the population level 118-120,176. During the initial stages of B cell 

activation, high IRF4 expression biases cells towards the ASC fate 120,176. Notably, initial 

IRF4 expression levels are influenced by the intensity of immune stimulation, and IRF4hi 

cells are among the first to divide 128. Indeed, proliferation is reduced in IRF4-deficient B 

cells stimulated ex vivo 118,119,152; however, the impact of IRF4 on in vivo B cell 

proliferation is unknown. Furthermore, the timing, scope, and mechanism by which IRF4 

contributes to control the proliferative response remains undefined.  

Cell division is tightly linked to ASC formation, with transcriptional and epigenetic 

reprogramming 195,200,201,203 occurring as the cells divide 74,80,174,176. As such, each cellular 

division represents a distinct stage during B cell differentiation, with ASC formation 
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occurring after at least eight cell divisions 174-176. Cell extrinsic signals can impact the 

specific division in which differentiation occurs, but the molecular programming events 

leading to ASC remain the same 176. Many essential ASC programming events 14 are 

initiated during the early stages of B cell activation and are progressively reinforced in 

subsequent divisions 80,174,175. For example, ASC formation requires a metabolic shift from 

glycolysis to oxidative phosphorylation (OXPHOS), and the OXPHOS program is 

increasingly established across cell divisions 80. Additionally, ASC differentiation requires 

activation of the unfolded protein response (UPR), an essential stress response needed 

during increased protein production 233,234.  While canonically considered to be induced in 

newly formed ASC, recent work indicates that activated B cells (actB) upregulate an array 

of UPR-affiliated genes. This process is controlled by mTORC1 prior to antibody 

production and before XBP1 activity 105, a known regulator of UPR in ASC 102,222. 

Moreover, single-cell RNA-sequencing (scRNA-seq) of actB uncovered an IRF4-

dependent bifurcation event that committed a portion of actB to ASC during the early 

stages of B cell activation 176. Thus, while recent work has highlighted critical early 

reprogramming events in actB, the timing and extent to which the above factors, and others, 

remains to be fully understood and integrated.   

In this study, we aimed to understand the IRF4-dependent division-coupled 

reprogramming events that occur during the initial stages of B cell differentiation. Using 

an in vivo model of B cell differentiation 174, we found that IRF4-deficient B cells begin to 

divide normally but stall during the proliferative response. To assess the timing and scope 

of IRF4-dependent reprogramming, IRF4-sufficient and -deficient B cells at discrete 

divisions were sorted for RNA-seq and the assay for transposase accessible chromatin-
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sequencing (ATAC-seq) 197,198. RNA-sequencing revealed that early upregulation of gene 

sets critical for ASC formation were dependent on IRF4. These included MYC target genes 

and genes important for OXPHOS. Indeed, IRF4-deficient B cells failed to fully upregulate 

Myc and displayed altered cell cycle distribution. The activity of mTORC1 was also 

reduced, resulting in an inability of IRF4-deficient B cells to undergo cell growth and 

initiate the UPR 105. ATAC-seq identified hundreds of differentially accessible regions 

(DAR) and established a hierarchy of IRF4 activity, with AP-1:IRF (AICE motifs) active 

during early divisions and ETS:IRF (EICE) motifs active in later divisions. Together, these 

data create a road map defining the role of IRF4 during the earliest stages of B cell 

differentiation in vivo and reveal a critical role for IRF4 in controlling cell growth and 

maintaining the proliferative response.  

 

III. RESULTS 

IRF4-deficient B cells responding to LPS in vivo stall during the proliferative response 

Cell division is one of the earliest events following B cell activation, however a complete 

understanding of factors that control or maintain the proliferative response remain to be 

determined. Recent work identified an IRF4-dependent bifurcation event in the earliest 

stages of B cell activation 176. Cells along the IRF4-dependent branch upregulated gene 

sets critical for proliferation, indicating IRF4 may be important for controlling the 

proliferative response in vivo. To explore if IRF4 impacted cell proliferation during B cell 

differentiation, an in vivo adoptive transfer model was applied 174. Here, splenic naïve B 

cells from CD45.2+Cd19+/+Irf4fl/fl (Ctrl) or CD45.2+Cd19Cre/+Irf4fl/fl (IRF4cKO) mice were 

isolated, labeled with CellTrace Violet (CTV), and transferred to CD45.1+ µMT hosts. 
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After 1 day, host mice were challenged with the type I T cell independent antigen LPS and 

cell division and differentiation were determined via CD138 expression 135,191 in a time 

course covering three days (Fig. 3-1A). At 24 h, no division was observed for Ctrl and 

IRF4cKO cells, indicating a similar delay before initiating the proliferative response (Fig. 

3-1B). At 48 h, both Ctrl and IRF4cKO cells began to divide, and the majority of 

responding cells were observed in divisions 2-4. A modest difference in IRF4cKO B cells 

in divisions 0-1 was observed at this time point (Fig. 3-1B-C). At 60 h, Ctrl were 

distributed in all cell divisions (0-8), with a subset differentiating after reaching or 

exceeding division 8. Comparatively, IRF4cKO cells accumulated in divisions 2-4, with 

few cells observed in divisions 5 and 6 (Fig. 3-1B-C). Strikingly, while more than half of 

Ctrl cells accumulated in division 8 at 72 h, the cell division pattern for cells from IRF4cKO 

largely remained the same as their 60 h time point, indicating the IRF4cKO cells stalled 

during the proliferative response (Fig. 3-1B-C). Indeed, the mean division number (MDN) 

235 for Ctrl cells increased by ~2 divisions from 60 to 72 h, while the MDN for IRF4cKO 

cells was unchanged (Fig. 3-1D). This proliferative defect was also reflected in reduced 

frequency of IRF4cKO cells detected in host spleens at 72 h (Fig. 3-1E-F). Importantly, 

staining for the pro-apoptotic marker annexin V revealed no differences in apoptosis or 

necrosis at 72 h in vivo (Supplemental Fig. 3-8). Furthermore, no differences in 

homeostatic proliferation were observed in mice that received Ctrl or IRF4cKO B cells but 

no LPS (Fig. 3-1B).  It is also important to note that the vast majority of the splenic cells 

transferred divided at least once to LPS stimulation, indicating that nearly all B cells and 

not just a subset were responding in vivo. Proliferation defects were also observed when 
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C57BL/6J mice were used as hosts (Supplemental Fig. 3-9). These data indicate IRF4 

controls the proliferative capacity of B cells in response to LPS immune challenge.  

 

Figure 3-1. IRF4-deficient B cells stall during the proliferative response to LPS.  (A) 
Schematic of experimental design. Ctrl (CD45.2+Cd19+/+Irf4fl/fl) or IRF4cKO 
(CD45.2+Cd19Cre/+Irf4fl/fl) splenic B cells were CTV-labeled and adoptively transferred 
into µMT (CD45.1+) mice, as described in the methods.  At 24 h post transfer, mice were 
inoculated with LPS i.v.  At the indicated time points, spleens were harvested and analyzed.  
(B) Flow cytometry histograms displaying cell division and ASC differentiation (CD138+). 
The frequency of CD138+ cells are shown.  (C) Frequency of transferred (CD45.2+) cells 
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at discrete divisions for 48, 60, and 72 h. (D) Mean division number of all responding cells 
at each time point. (E) Ctrl (top) and IRF4cKO (bottom) representative flow cytometry 
plots of CD45.1 versus CD45.2 with gates drawn and frequencies shown for the transferred 
population. (F) Quantification of the frequency of CD45.2 transferred cells from E. All 
data are representative of at least two independent experiments using at least 3 mice per 
group. Data in C, D, and F represent mean ± SD. Statistical significance in C was 
determined by a two-way ANOVA with Sidak’s multiple comparisons test.  Statistical 
significance in D was determined by a paired two-tailed Student’s t test, while statistical 
significance in F was determined by determined by a two-tailed Student’s t test. * p < 0.05, 
** p < 0.01, *** p <0.001. 
 

IRF4-deficient B cells exhibit a proliferation defect to T-independent and -dependent 

antigens 

To determine whether IRF4 controls the proliferative response to other stimuli, adoptive 

transfers were performed followed by challenge with the type II T-independent antigen 4-

hydroxy-3-nitrophenylacetyl (NP)-Ficoll or the T-dependent antigen influenza A/HK-X31 

(X31). Five days post-NP-Ficoll and six day after X31 challenge, host mice were 

sacrificed, and cell division and differentiation were assessed by flow cytometry (Fig. 3-

2A). Because NP-Ficoll and X31 stimulate antigen-specific B cells that represent a small 

portion of the population, the majority of Ctrl and IRF4cKO cells remained undivided for 

both stimulation conditions (Fig. 3-2B). For NP-Ficoll, Ctrl cells were distributed in all 

cell divisions 1-8, and a subset of cells that reached or surpassed division 8 differentiated 

(Fig. 3-2B-C). Similar results were observed following X31 challenge and independent of 

whether the transferred cells were recovered in the mediastinal lymph node or the spleen 

(Fig. 3-2B-D).  Interestingly, CD138+ ASC were observed at division eight for all three 

antigen conditions for Ctrl cells.  Comparatively, cells from IRF4cKO were mainly 

distributed in the first few divisions for both stimulation conditions, with very few 

IRF4cKO B cells detected after division 4 and almost none reaching division 8 and forming 
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ASC (Fig. 3-2B-D).  Taken together, these data indicate IRF4 plays a critical role in 

controlling the proliferative response to type II T independent and early T dependent 

antigen responses.  

 

 

Figure 3-2. IRF4-deficient B cells exhibit a proliferation defect in response to T-
independent and T-dependent antigens. (A) Schematic of experimental design. Ctrl and 
IRF4cKO B cells were prepared and adoptively transferred as in Fig 1 and the methods 
section. Here, animals were stimulated with either NP-Ficoll or infected with influenza 
strain X31 as described in the methods.  Spleens from NP-Ficoll inoculated animals were 
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harvested at d5; and for influenza, both spleens and the draining mediastinal lymph nodes 
were isolated at d6 post-challenge.  (B) Representative flow cytometry plots of CD138 
versus CTV or CTV histograms for Ctrl and IRF4cKO.  The frequency of CD138+ (top) 
and division 8 (bottom) cells are shown.  Frequency of division 8 cells for Ctrl and 
IRF4cKO from B following NP-Ficoll (C) or influenza X31 (D) challenge. All data are 
representative of two independent experiments using at least 3 mice per group.  Data in C 
and D represent mean ± SD with statistical significance determined by a two-tailed 
Student’s t test.  
 
 

IRF4-deficient B cells display altered cell cycle distribution 

To better understand the proliferative defect observed above, the role that IRF4 played with 

respect to cell cycle was investigated.  CTV-labeled Ctrl and IRF4-deficient B cells were 

adoptively transferred into µMT mice and recovered 72 h post-LPS stimulation.  Cells were 

stained with Ki-67 and 7AAD to distinguish the frequency of cells in each phase of the cell 

cycle at discrete divisions 236 and analyzed by flow cytometry. These data revealed that in 

the final detectable divisions, IRF4cKO cells accumulated in G0/G1 with a corresponding 

decrease in cells found in the G2/M (Fig. 3-3A-B). This was in stark contrast to Ctrl cells, 

which revealed more cells in S and G2/M at the same divisions.  This indicates that the cell 

cycle was significantly perturbed in B cells from IRF4cKO in these final divisions (Fig. 3-

3A-B). To better understand the proliferative defect observed in IRF4cKO cells in vivo, the 

frequency of actively proliferating cells by BrdU incorporation was examined after 

IRF4cKO cells had stalled. Appreciably, a lower frequency of BrdU+ IRF4cKO compared 

to Ctrl cells were observed (Fig. 3-3C-D).  BrdU+ IRF4cKO cells were also distributed 

proportionally to the total population. In contrast, BrdU+ Ctrl cells were largely distributed 

in division 8 (Fig. 3-3C). Thus, IRF4 is critical for cell cycle control and maintaining the 

proliferative response.   
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Figure 3-3.  IRF4-deficient B cells display altered cell cycle distribution.  (A) Ctrl 
(black) and IRF4cKO (red) B cells were prepared, adoptively transferred, and inoculated 
with LPS as in Fig 1.  At 72 h, mice were sacrificed and the spleens harvested.  Cells were 
stained with Ki67 and 7AAD and representative flow cytometry plots at the indicated 
divisions are shown.  Flow cytometry gates indicating G0/G1, S, and G2/M phase of the 
cell cycle are shown with the frequency of cells for each. (B) Quantification of the data 
from A displaying the frequency of cells found in each phase of the cell cycle at each 
division. (C) Following the above adoptive transfer scheme described in A, mice were 
injected with BrdU 1 h prior to sacrifice to assess active S phase of the cell cycle.  
Representative flow cytometry plot of BrdU versus 7AAD (left) and CTV histograms 
(right) of the total transferred population (grey) overlaid with the BrdU+ cells to visualize 
the distribution of actively proliferating cells. (D) Quantification of the data from C 
displaying the frequency of BrdU+ cells. All data are representative of at least two 
independent experiments using at least 3 mice per genotype. Data in B and D represent 
mean ± SD. Statistical significance in D was determined by a two-tailed Student’s t test. 
Statistical significance in B was determined by a two-way ANOVA with Sidak’s multiple 
comparisons test.  P-values are shown at points of significance.  
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Cell division-coupled IRF4-dependent transcriptional reprogramming  

B cell differentiation to ASC requires considerable transcriptional rewiring that consists of 

progressive cell division-based reprogramming events 174. To determine the impact of IRF4 

on this process, Ctrl and IRF4cKO cells were sorted from divisions 0, 1, 3, 4, 5, and 6 as 

determined by CTV dilution (Fig. 3-4A) and subjected to RNA-seq analyses. Comparing 

gene expression profiles for Ctrl and IRF4cKO cells in the same division revealed hundreds 

of differentially expressed genes (DEG) that increased or decreased expression in IRF4-

deficient B cells, indicating IRF4 functions to repress and activate gene expression 

programs, even in the earliest stages of actB reprogramming (Fig. 3-4B). This activity is 

consistent with previous work, demonstrating that a significant increase in IRF4 levels 

occurrs after the first cell division 128,176. After successive divisions, IRF4cKO B cells 

became progressively transcriptionally divergent compared to Ctrl cells (Fig. 3-4B). 

Hierarchical clustering of samples reflected this divergency with Ctrl and IRF4cKO 

samples in divisions 0 and 1 clustering by gene expression and divisions 3 - 6 clustering 

by IRF4 status (Fig. 3-4C). T-distributed stochastic neighbor-embedded (t-SNE) 

projections of gene expression data from all samples indicated major cell division-

dependent transcriptional reprogramming events that were dependent on IRF4 and 

predominately in divisions 3 - 6. (Fig. 3-4D).  Collectively, IRF4cKO are transcriptionally 

distinct by division 3 and continue to diverge through subsequent divisions.  Thus, cell 

division-based IRF4-dependent reprogramming occurs during the initial stages of B cell 

differentiation. 
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Figure 3-4. IRF4-deficient B cells fail to upregulate metabolic and proliferative gene 
expression programs during B cell differentiation.  (A) Ctrl and IRF4cKO B cells were 
prepared, adoptively transferred, and inoculated with LPS as in Fig 1 and harvested at 72 
h.  Cells at the indicated divisions were sorted and subjected to RNA-seq as described in 
methods.  Representative flow cytometry plots of B220 and CTV histograms and 
projections of the sorted populations are shown and labeled by division number.  (B) Bar 
plot quantifying the number of differentially expressed genes (DEG) at each division that 
increase (top) or decrease (bottom) expression in IRF4cKO cells compared to Ctrl.  Solid 
bars indicate the proportion of genes that represent a new DEG appearing in that division 
while striped bars indicate the proportion of genes that were a DEG in an earlier division. 
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(C) Hierarchical clustering of the expression of 10,404 genes detected from A. (D) t-SNE 
projections of RNA-seq data from control samples (highlighted in grey) and IRF4cKO 
samples (highlighted in red). (E) Heat map of normalized enrichment scores (NES) 
calculated by gene set enrichment analysis (GSEA) 210 for pathways upregulated and 
downregulated in IRF4cKO.   (F) GSEA examples for the indicated gene sets for IRF4cKO 
up and down DEG from divisions 4, 5, and 6. NES values are indicated for each division. 
(G) Bar plot displaying reads per kilobase million (RPKM) values for the indicated genes 
at all sequenced divisions for Ctrl and IRF4cKO cells. Asterisks above IRF4cKO division 
data indicate significance (FDR < 0.001) when compared to the corresponding Ctrl 
division. Data were derived from 3 independent adoptive transfers for Ctrl and IRF4cKO. 
One division 0 IRF4cKO sample was excluded due to a high frequency of duplicate reads. 
 

To determine the transcriptional programs dependent on IRF4, gene set enrichment 

analysis (GSEA) 210  was performed for DEG that increased or decreased expression in 

IRF4cKO cells in divisions 3 - 6. IRF4cKO B cells progressively failed to induce gene sets 

important for cell division, metabolism, and signaling (Fig. 3-4E-F). This consisted of 

genes critical for glycolysis and OXPHOS, which are critical metabolic programs for actB 

and ASC, respectively 80,211 (Fig. 3-4E-F). Enzymes that failed to be induced and are 

critical for glycolytic metabolism included Ldha 237 and Aldoa 238 (Fig. 3-4G). 

Additionally, mTORC1 signaling and MYC target genes failed to be induced in IRF4cKO 

cells, and included genes that promote cell proliferation such as Ube2c 239, Kpna2 240, and 

Plk1 241,242 (Fig. 3-4G). Notably, the cell cycle was significantly perturbed in IRF4cKO 

cells in the divisions in which MYC target genes were the most dysregulated (Fig. 3-3A-

B). These data are consistent with reports that reduction of Myc impacts G1-S transition of 

the cell cycle 243-245. Genes sets that failed to be repressed consisted of those involved in 

cytokine and cell signaling, such as the inflammatory response, and reflect previous reports 

that IRF4-deficient B cells progress down a reprogramming path whose gene expression 

program reflects cells responding to inflammatory stimuli 176. Collectively, these data 
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suggest that early metabolic and proliferative programs essential for cell growth and 

division are dependent on IRF4.  

 

ATAC-sequencing reveals a hierarchy of IRF4 activity 

To identify regions that change chromatin accessibility during B cell differentiation upon 

deletion of Irf4, paired ATAC-seq 246 data derived from the above divisions was analyzed 

to reveal IRF4-specific regulatory activities and IRF4-dependent transcription factor 

networks that impact B cell differentiation. Comparison of Ctrl and IRF4cKO cells in 

discrete divisions identified hundreds of differentially accessible regions (DAR), with a 

progressive increase in DAR occurring after the first cell division and more than 700 DAR 

by divisions 5 and 6 (Fig. 3-5A). These differences were also reflected in t-SNE spatial 

projections (Fig. 3-5B), and indicated that similar to RNA-seq, chromatin accessibility 

differences occurred predominately in divisions 3 - 6 (Fig. 3-5A-B). Collectively, these 

data support the notion that IRF4-dependent reprogramming occurs progressively 

beginning during the initial stages of B cell differentiation and that the chromatin landscape 

of IRF4cKO B cells is markedly distinct by division 3.  

 To gain a better understanding of the transcription factor networks dependent on 

IRF4, the top 10 enriched DNA sequence motifs in division 6 DAR were determined and 

matched to known putative transcription factor binding motifs using HOMER 247.  Because 

enrichment p-values are dependent on the number of DAR, each transcription factor motif 

was rank normalized based on significance at each division, and the change in rank score 

across the divisions plotted, revealing how motif accessibility was altered across the 

divisions.  Motifs enriched in regions that decreased accessibility in IRF4cKO cells (down 
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DAR) included known IRF4 DNA binding motifs 119,120,128,129, such as the core IRF motif 

(GAAA), AP-1-IRF composite element (AICE) 125, and ETS-IRF composite element 

(EICE) 122,123 (Fig. 3-5C). Interestingly, this revealed a hierarchy among heterodimeric 

IRF4 binding sites 109, with AICE more highly ranked in early divisions and EICE motifs 

more highly ranked in later divisions.  DAR in proximity of Itm2c and Gpcpd1 reflected 

this hierarchy of activity (Fig. 3-5D).  These data support the kinetic control of IRF4 

activity 128,175, as well as previous work implicating the timing of IRF4 in conjunction with 

the AP-1 transcription factor BATF in early cell fate decisions during B cell differentiation 

176. Other transcription factors enriched in down DAR in the final divisions included 

RUNX and E-box binding bHLH family members (Fig. 3-5C).  

Among regions that increased accessibility in IRF4cKO (up DAR), TBOX family 

members were more highly ranked in early divisions compared to subsequent divisions 

(Fig. 3-5C). Notably, the TBOX family member TBET supports ASC formation through 

repression of the inflammatory gene expression program 248, which was progressively 

upregulated in IRF4cKO cells (Fig. 3-4E-F). RUNX and ETS family members were most 

highly ranked in the final divisions, suggesting that these transcription factors are playing 

roles at both regions gaining and losing accessibility as the cells differentiate (Fig. 3-5C).  

Collectively, these data demonstrate the timing of IRF4-dependent reprogramming, 

establish a hierarchy of IRF4 activity that occurs at early and late cell divisions, and identify 

transcription factor networks dependent on IRF4.  
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Figure 3-5. IRF4-deficient B cells display progressively altered chromatin 
accessibility profiles after subsequent divisions. ATAC-seq was performed on the sorted 
cell populations described in Figure 4.  (A) Bar plot quantifying the number of 
differentially accessible regions (DAR) at each division that increase or decrease in 
IRF4cKO compared to Ctrl. Solid bars indicate the proportion of DAR that are new to that 
division, while striped bars indicate the proportion of regions that were a DAR in an earlier 
division. (B) t-SNE plots of 8,005 accessible loci from Ctrl samples (highlighted in grey) 
and IRF4cKO samples (highlighted in red). (C) Heatmap of HOMER 247 rank scores (by 
division) for the top 10 transcription factor motifs and related family members identified 
in IRF4cKO division 6 DAR.  TF family names and a representative motif are displayed 
in their respective group. (D) ATAC accessibility profile for the indicated regions at DAR 
with an EICE (left) and AICE (right) motif. DAR regions are highlighted in red. IRF4 
ChIP-seq from Minnich et al 138 was included in the IRF4 track. ATAC-seq data were 
derived from 3 independent adoptive transfers for Ctrl and 4 independent adoptive transfer 
for IRF4cKO. One division 5 IRF4cKO sample was excluded due to low coverage. 
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IRF4-deficient B cells fail to upregulate MYC  

Recent work described MYC as a cell division timer during lymphocyte differentiation, 

with division cessation occurring when MYC levels fell below a critical threshold 181. We 

reasoned that Myc may be dysregulated in IRF4-deficient B cells because IRF4cKO cells: 

1) stalled during the proliferative response to LPS (Fig. 3-1); 2) accumulated in G0/G1 

phase of the cell cycle (Fig. 3-3A-B); 3) progressively failed to induce MYC target genes 

(Fig. 3-4E-F); and 4) E-box binding bHLH family members were enriched in down DAR 

in divisions where MYC target genes were the most dysregulated (Fig. 3-5C). In fact, 

IRF4cKO cells were progressively enriched for genes dysregulated in MYC-deficient B 

cells stimulated with LPS and IL4 232, further supporting the notion that MYC 

programming is altered in IRF4cKO cells (Fig. 3-6A). To determine if Myc failed to be 

induced in IRF4-deficient B cells, Ctrl and IRF4cKO cells were cultured ex vivo with LPS, 

IL2, and IL5 to initiate the pathway to ASC 216, and expression was analyzed by RT-qPCR 

before and 24 h after stimulation. While no differences in Myc levels were detected prior 

to stimulation, a significant reduction was observed at 24 h (Fig. 3-6B). Similar 

observations were detected by intracellular staining of MYC, which confirmed that while 

MYC levels were increased over naïve B cells, IRF4cKO cells failed to upregulate MYC 

to the same level as Ctrl cells (Fig. 3-6C-D). These data are consistent with previous reports 

following PMA/IO treatment of IRF4-deficient and -sufficient B cells 169. The observed 

differences in MYC expression are likely caused by transcription of Myc and not due to 

alterations in MYC protein stability 249 (Supplemental Fig. 3-10). 
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Figure 3-6. IRF4-deficient B cells fail to fully upregulate MYC. (A) GSEA using the 
top differentially expressed genes dysregulated in MYC-deficient B cells stimulated with 
LPS and IL-4 for 72 h 232. FDR values are displayed for each division as indicated by color. 
Splenic B cells from Ctrl and IRF4cKO mice were isolated and treated with LPS, IL2, and 
IL5 ex vivo as described in methods.   (B) Quantitative RT-PCR expression of Myc relative 
to 18S rRNA expression before (0 h) or 24 h after stimulation. (C) Representative 
intracellular staining of MYC for naïve untreated B cells (nB) and 24 h stimulated Ctrl and 
IRF4cKO cells (top).  (D) Geometric mean fluorescence intensity (gMFI) quantified for 
the stimulated samples for C.  (E) Representative CTV histograms of Ctrl (left) and 
IRF4cKO (right) transduced with empty-RFP retrovirus (black) or MYC-RFP expressing 
retrovirus (blue). (F) (Left) Quantification of the mean division number (MDN) for Ctrl 
and IRF4cKO cells transduced with empty-RFP retrovirus or MYC-RFP retrovirus from 
E. (Right) Quantification of the change in MDN after MYC overexpression in Ctrl and 
IRF4cKO cells from E. All data are representative of at least two independent experiments 
using at least 3 mice per genotype. Data in B, D, and F represent mean ± SD. Statistical 
significance in B and D was determined by a two-tailed Student’s t test. Statistical 
significance in F when comparing IRF4cKO samples was determined by a paired two-
tailed Student’s t test, while significance between Ctrl and IRF4cKO samples was 
calculated by a two-tailed Student’s t test. 
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To explore whether MYC overexpression could rescue the cell division defect of 

IRF4-deficient B cells, Ctrl and IRF4cKO cells were again cultured ex vivo with LPS, IL2, 

and IL5 and transduced with retrovirus expressing MYC-RFP or control RFP. 

Overexpression of Myc significantly improved the proliferation capacity of cells, and this 

improvement was greater for B cells from IRF4cKO than Ctrl (Fig. 3-6E-F). However, 

while IRF4cKO cells exhibited a greater proliferative gain upon MYC overexpression 

compared to Ctrl cells, full cell division capacity was not restored, as Ctrl B cells 

transduced with control RFP still displayed greater proliferative capacity. Collectively, 

these data suggest that IRF4cKO B cells fail to fine-tune the levels of Myc during the initial 

stages of B cell activation, which impact the overall cell division pattern and are consistent 

with the observation that IRF4cKO B cells begin to divide normally but stall in the middle 

of the proliferative response (Fig. 3-1). However, Myc overexpression alone does not fully 

restore the division capacity of IRF4cKO B cells, indicating additional deficiencies are 

contributing to the proliferative defect. 

 

IRF4-deficient B cells exhibit reduced mTORC1 activity and are unable to initiate the 

UPR  

Activation of the mammalian target of rapamycin (mTOR) is essential for promoting 

biosynthetic processes necessary for cell growth and division 250. Importantly, ablation of 

mTORC1 activity impacted the proliferative effects of MYC overexpression in murine 

tumor cells 251, indicating there is significant crosstalk between the two signaling cascades 

252-255.  Recent work indicated mTORC1 coordinates an early B cell-activation unfolded 

protein response (UPR), in which a subset of UPR-affiliated genes are upregulated 
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independent of XBP1 105, a known driver of the UPR 101,102.  Interestingly, while Ctrl B 

cells gradually upregulated the B cell-activation UPR as early as division 3, IRF4cKO cells 

failed to initiate the program to the same levels (Fig. 3-7A-B). Indeed, genes associated 

with mTORC1 signaling progressively failed to be induced in IRF4cKO B cells (Fig. 3-

4E-F). Collectively, these data implied that mTORC1 activation may be dysregulated in 

IRF4-deficient B cells. To test for mTORC1 activity, Ctrl and IRF4cKO cells were cultured 

ex vivo with LPS, IL2, and IL5 for 48 h, and intracellular staining for phosphorylation of 

the canonical mTORC1 substrate S6 (pS6) was performed. Strikingly, while the majority 

of B cells from Ctrl exhibited high amounts of pS6, most IRF4cKO cells contained pS6 

levels similar to cultures where mTORC1 activity was blocked following treatment with 

rapamycin (Fig. 3-7C-D). Consistently, proliferating IRF4cKO cells also failed to increase 

in cell size compared to Ctrl B cells at 48 h post-LPS in vivo (Fig. 3-7E-F). Intriguingly, 

this reduction in cell size was rescued via overexpression of Myc in IRF4cKO cells cultured 

ex vivo (Fig. 3-7G). Thus, IRF4cKO B cells exhibit a defect in mTORC1 activity that 

impacts the ability of cells to increase in cell size that is overcome with Myc 

overexpression. Thus, these data support the role of mTORC1 in upregulating an early B 

cell-activation UPR, assign the cell division in which this process occurs, and implicate 

IRF4 in this process. 
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Figure 3-7. IRF4-deficient B cells exhibit reduced mTORC1 activity and fail to initiate 
the B cell-activation UPR. (A) RNA-seq (described in Fig 4) average RPKM of all 
detected genes (22/24) in the B cell-activation UPR gene set 105. (B) Heatmap of z score-
normalized gene expression data for all detected genes from A for the indicated divisions.  
(C) Representative flow cytometry histograms displaying intracellular phosphorylated S6 
(pS6) protein staining for Ctrl or IRF4cKO activated B cells cultured ex vivo with LPS, 
IL2, and IL5 for 48 h. Grey histogram is representative of Ctrl cultures treated with 
rapamycin to block mTORC1 activity 2 h before harvest. (D) Quantification of geometric 
mean fluorescence intensity (gMFI) for pS6 from C. (E) Histograms displaying cell size 
distribution via forward scatter area (FSC-A) at divisions 0 - 6 48 h post-LPS inoculation 
of adoptive transfer host mice, as described in Fig 1. Grey histogram represents cell size at 
division 0, with the dashed line drawn from the summit to better visualize changes in cell 
size across the divisions. Cell divisions are indicated to the right of each trace. (F) 
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Quantification of data from E indicating cell size at division 0 (bottom) and the average 
change in cell size among responding cells (top). (G) Quantification of cell size via forward 
scatter area (FSC-A) for all responding cells in Ctrl and IRF4cKO transduced with empty-
RFP retrovirus or MYC-RFP expressing retrovirus. All data are representative of at least 
two independent experiments using at least 3 mice per genotype. Data in D, F, and G 
represent mean ± SD. Statistical significance in D and F was determined by a two-tailed 
Student’s t test. Statistical significance in G when comparing IRF4cKO samples was 
determined by a paired two-tailed Student’s t test, while significance between Ctrl and 
IRF4cKO samples was calculated by a two-tailed Student’s t test. 
 
 

DISCUSSION 

This study establishes the timing and extent of IRF4-dependent reprogramming instructed 

in the initial stages of B cell differentiation in vivo and ascribe a role for IRF4 in controlling 

cell growth and proliferation. Using multiple antigen model systems, IRF4-deficient B cells 

divided initially, but stalled during the proliferative response. Characterization of the 

proliferative defect revealed fewer actively dividing cells and abnormal cell cycle 

distribution. B cells lacking IRF4 maintained an inflammatory gene signature but failed to 

induce critical actB and ASC gene expression programs, including metabolic pathways 

(glycolysis and OXPHOS), MYC target genes, and mTORC1 signaling. Reduced Myc 

expression and mTORC1 activity contributed to the cell division and growth defect 

following stimulation. Additionally, IRF4-deficient B cells failed to induce the B cell-

activation UPR, which relies on mTORC1 105.  Thus, we define the cell division-coupled 

IRF4-dependent reprogramming events that occur in the initial stages of B cell activation 

and identify an IRF4-MYC-mTORC1 relationship that impacts cell growth and 

proliferation. 

 The role of MYC as a division-independent timer to regulate lymphocyte 

proliferation has been described 172,181. In this model, the combination and strength of 
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stimuli determine the amount of MYC initially generated. This serves as a timer to regulate 

the overall number of cell divisions, or a cell’s division destiny, with division cessation 

occurring when MYC levels fall below a critical level 181. Analyzing the cell division 

kinetics of IRF4-deficient B cells responding to LPS revealed they can initiate cell division 

appropriately but stall in the middle of the proliferative response. Applying the MYC 

dilution model, IRF4-deficient B cells fall below the MYC threshold sooner, which caused 

the observed stalling. Indeed, IRF4-deficient B cells displayed reduced MYC levels 24 h 

after stimulation.  Interestingly, MYC expression is not dependent on cell division 181, but 

we found progressive dysregulation of MYC target genes in IRF4-deficient B cells, 

implying that other factors reinforce MYC programming throughout the cell divisions.  

Importantly, both Irf4 expression and Myc induction levels are dependent on the strength 

of signaling 181, irrespective of whether the stimulus is from BCR 128 or TLR 256. 

Furthermore, IRF4 binding to the Myc promoter has been reported 169,257. While no 

differences in chromatin accessibility were observed in IRF4-deficient B cells at known 

regulatory elements of Myc 258, this is likely due to the timing in which the samples were 

collected or compensatory effects of IRF8 116,117, which often binds to the same sites. 

Collectively, these data support the concept that IRF4 serves as a rheostat in B cells to 

regulate the overall proliferative response by fine-tuning initial Myc expression levels. 

Indeed, a similar role for IRF4 has been noted in CD8 T cells in which IRF4 serves as a 

molecular rheostat of TCR affinity. Similar to our observations, IRF4-deficient CD8 T cells 

can initiate proliferation but fail to maintain clonal expansion 259, suggesting IRF4 may 

play a similar role in controlling the proliferative response in T cells.  
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 Differentiating actB undergo an IRF4-dependent bifurcation event that commits a 

portion of actB to an ASC fate 176.  Additionally, differentiating actB utilize mTORC1 to 

anticipate antibody synthesis by upregulating UPR-affiliated genes 105. We demonstrate 

that IRF4-deficient B cells display reduced mTORC1 activity and fail to initiate the B cell-

activation UPR. Thus, actB anticipation of antibody synthesis and secretion is a component 

of ASC fate commitment and programmed during the initial stages of B cell activation. 

Our gene expression data indicate that this process occurs as early as division 3 during B 

cell differentiation, with reduced expression of UPR-affiliated genes in IRF4-deficient B 

cells. Interestingly, the interplay between mTORC1 and IRF4 has been noted, with mTOR 

inhibition negatively impacting IRF4 expression 260-262. Here, IRF4 also impacts mTORC1 

activity, suggesting the existence of a positive IRF4-mTORC1 feedback loop that impacts 

actB reprogramming. MYC is central to this regulatory network, as MYC overexpression 

in IRF4-deficient B cells restores cell growth. mTOR may impact IRF4 transcription by 

effecting downstream transcription factors or by directly impacting IRF4 protein 

translation  or stability 263.  

 Occupancy of IRF4 at composite motifs is dependent on its concentration and 

availability of binding partners 119. IRF4 levels are increased as the cells divide and 

ultimately sustained at high levels in ASC 128,176. In contrast, IRF8 levels are decreased as 

B cells differentiate, allowing for IRF4 to more readily partner with transcription factors 

and establish the IRF4-dependent gene expression program 116. In IRF4cKO cells, 

differentiating cells showed changes in accessibility surrounding composite motifs.  

Previously, ATAC-seq data in wild-type differentiating B cells suggested that EICE motifs 

were most accessible in early dividing actB and that AICE sites became increasingly 
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accessible as IRF4 levels increased during the division-coupled differentiation process 175.  

In the absence of IRF4, this program is altered.  In regions that decreased accessibility, 

AICE motifs were the most affected motifs in early divisions (divisions 3 and 4), while 

EICE motifs were most highly ranked at later divisions (divisions 5 and 6).  Although both 

motifs are affected at all divisions, this analysis pinpoints specific divisions and 

differentiation stages where IRF4 cooperates with AP-1 or ETS factors to establish 

differentiation programs, suggesting a hierarchy of IRF4 activity. Consistent with these 

data, single-cell analysis of LPS responding B cells showed that IRF4 was required for 

BATF (an AP-1 family member) targets as early as division 3, suggesting that IRF4 may 

be BATF’s partner in AICEs at the early stages of B cell differentiation to ASC 176. 

Furthermore, IRF4 binding at AICE motifs largely occurs at newly established accessible 

regions 120.  Taken together, these data indicate that these reprogramming steps occur at 

divisions 3 and 4.  

 The cell division requirement needed for ASC formation in vivo following LPS 174-

176 and NP-ficoll 176 stimulation has been described. We observed similar cell division 

requirements for adoptive transfers using Ctrl B cells and add that ASC formation occurs 

after cells reach or exceed division 8 following stimulation with the T-dependent antigen 

influenza X31. As this analysis was performed at day 6 following infection, it is unlikely 

that the generation of ASC at this time point involve a full germinal center reaction.  

However, antigen-specific ASC can be observed at this time point 157. These data suggest 

that the timing of division-coupled reprogramming events needed for ASC differentiation 

are similar for T-independent antigens and the early differentiation process that occurs with 

T-dependent antigens. Studying the cell division requirement of T-dependent ASC 
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formation at later time points is complicated by the dynamics and selection pressures of 

the germinal center reaction and increased cell divisions 53,218.  

Together, these data indicate IRF4 coordinates cell growth and the proliferative 

response during B cell differentiation. We demonstrate that part of the mechanism involves 

regulation of Myc and mTORC1 activity. Indeed, the relationship between MYC and 

mTORC1 has been noted, with mTORC1 controlling MYC translation 264 and MYC-driven 

tumorigenesis dependent on mTORC1 251,254. Both factors converge to control protein 

production and cell growth. MYC controls the expression of translation initiation factors 

needed for increased protein synthesis 253 and mTOR controls their activity 265. Here, 

IRF4cKO cells displayed reduced mTORC1 activity and were unable to increase in cell 

size as they divided. However, the deficiency in cell growth was overcome by 

overexpression of Myc, suggesting that this aspect of MYC/mTOR relationship is 

dependent on Myc expression. RNA-seq analyses showed IRF4-deficient B cells failed to 

induce MYC target genes and mTORC1 signaling by division 3, and these gene sets 

became progressively dysregulated as the cells divided. Thus, reprogramming events 

needed for continued cell growth and proliferation occur during the initial cell divisions 

during B cell differentiation and are coordinated by IRF4, MYC, and mTORC1. 
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SUPPORTING DATA 

 

Figure 3-8. IRF4-deficient and -sufficient B cells exhibit similar frequencies of 
apoptosis in vivo. (A) Schematic of experimental design. Ctrl or IRF4cKO cells were 
transferred into µMT hosts. After 24 h, host mice were challenged with 50 mg LPS and 
apoptosis was assessed 72 h post-LPS inoculation. (B) Representative flow cytometry plots 
of Annexin V versus Live/Dead viability dye for Ctrl (middle) or IRF4cKO (right). Heat 
killed control samples were prepared to faithfully gate apoptotic (Apop.) and necrotic 
(Necr.) cells (left). (C and D) Frequency of necrotic (C) and apoptotic cells (D) from B. 
Data are representative of two independent experiments using 3 mice per genotype. 
Statistical significance in C and D was determined by a two-tailed Student’s t test. 
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Figure 3-9. IRF4-deficient B cells exhibit a proliferation defect when transferred to 
C57BL/6J animals. (A) Schematic of experimental design. CTV-labeled Ctrl or IRF4cKO 
cells were transferred into CD45.1 C57BL/6J hosts. After 24 h, host mice were challenged 
with 50 mg LPS. Cell division and differentiation were assessed 72 h post-LPS inoculation. 
(B) Representative flow cytometry plots of CD138 versus CTV (top) and CTV histograms 
(bottom). Frequency of CD138+ ASC are indicated (top), and the frequency of all 
responding cells, as well as the frequency of cells in divisions 4+ are displayed (bottom). 
(C and D) Frequency of all responding cells (C) and cells in division 4+ (D) from B. Data 
are representative of two independent experiments using 3 mice per genotype. Statistical 
significance in C and D was determined by a two-tailed Student’s t test. 
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Figure 3-10. MYC protein stability is similar between IRF4-deficient and -sufficient 
B cells. (A) Schematic of experimental design. Ctrl and IRF4cKO were cultured for 3 days. 
At 72 h, 50 mg/ml cycloheximide (CHX) was added, and intracellular staining of MYC 
was performed at the time course shown. (B) MYC geometric mean fluorescence intensity 
(gMFI) at 72 h. (C) MYC protein decay curves displayed as gMFI at the indicated time 
points after CHX treatment. Half-life and 95% confidence intervals (CI) are shown below 
and were estimated by fitting exponential decay curves. Data are representative of two 
independent experiments using 3 mice per genotype. Statistical significance in B was 
determined by a two-tailed Student’s t test. 
 
Table 3-1. List of antibodies and stains.  
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METHODS 
 
 
Mice and adoptive transfers 

Cd19Cre (JAX; 006785) 223 and Irf4fl/fl (JAX; 000664) 118 mice were purchased from The 

Jackson Laboratory and bred to generate Cd19Cre/+Irf4fl/fl. CD45.2 µMT (JAX; 008100) 190 

were bred onto the CD45.1 background to obtain CD45.1 µMT mice 176. All experimental 

animals were between 7 - 12 weeks of age and genders were equally represented.  For 

adoptive transfers, naïve splenic CD43– B cells were magnetically isolated using the B cell 

isolation kit (Miltenyi Biotec, Inc.; 130-090-862) and LS columns (Miltenyi Biotec, Inc.; 

130-042-40). Isolated B cells were stained with CellTrace Violet (CTV) (Life 

Technologies; C34557) per the manufacturer’s protocol and resuspended in sterile PBS 

(Corning; 21-040-CV) before transferring 15x106 B cells into a disparate congenic µMT 

host. At 24 h post-transfer, host mice were challenged intravenously with 50 µg LPS (Enzo 

Life Sciences; ALX-581-008), intranasally with 0.1 LD50 influenza A/HK-X31 (X31), or 

intravenously with 50 µg NP-Ficoll (Biosearch Technologies; F-1420-10). For influenza 

infections, mice were anesthetized with vaporized isoflurane (Patterson Veterinary; 07-

893-1389) before X31 administration. Experimental mice were euthanized via carbon 

dioxide asphyxiation in accordance with AVMA guidelines. All procedures were approved 

by the Emory Institutional Animal Care and Use Committee. 

   

Flow cytometry and sorting  

Cells were resuspended at 1x106 / 100 µl in FACS buffer (1X PBS, 1% BSA, and 2 mM 

EDTA), stained with Fc Block (BD; 553141) and antibody-fluorophore conjugates for 15 
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and 30 m, respectively, and then washed with 1 ml of FACS.  For adoptive transfers when 

NP-Ficoll or X31 was used, CD45.2 transferred cells were enriched prior to antibody 

staining using anti-CD45.2-APC or anti-CD45.2-PE followed by magnetic enrichment 

using anti-APC (Miltenyi; 130-090-855) or anti-PE (Miltenyi; 130-097-054) microbeads. 

The following antibody-fluorophore conjugates and stains were used (Table 3-1): B220-

PE-Cy7 (Biolegend; 103222), B220-A700 (Biolegend; 103232), BrdU-APC (Biolegend; 

339808), c-MYC-PE (Cell Signaling; 14819), c-MYC-Alexa Fluor 647 (Cell Signaling; 

13871), CD11b-APC-Cy7 (Biolegend; 101226), CD138-BV711 (BD; 563193), CD138-

APC (Biolegend; 558626), CD45.1-FITC (Tonbo Biosciences; 35-0453-U500), CD45.1-

PE (Biolegend; 110708), CD45.1-APC (Biolegend; 110714), CD45.1-APC-Cy7 (Tonbo 

Biosciences; 25-0453-U100), CD45.2-PE-Cy7 (Biolegend; 109830), CD45.2-PerCP-

Cy5.5 (Tonbo Biosciences; 65-0454-U100 ), CD45.2-PE (Tonbo Biosciences; 50-0454-

U100 ), CD45.2-APC (Biolegend; 109814), CD90.2-APC-Cy7 (Biolegend; 105328), 

F4/80-APC-Cy7 (Biolegend; 123118), Fas-PerCP-Cy5.5 (Biolegend; 152610), GL7-

eFluor 660 (Fisher Scientific; 50-112-9500), GL7-PerCP-Cy5.5 (Biolegend; 144610), 

GL7-PE-Cy7 (Biolegend; 144620), Ki67-APC (Biolegend; 652406), pS6-PE (Cell 

Signaling; 5316), Rabbit mAb IgG XP Isotype-Alexa Fluor 647 (Cell Signaling; 2985), 

Rabbit mAb IgG XP Isotype-PE (Cell Signaling; 5742), Zombie Yellow Fixable Viability 

Kit (Biolegend; 423104), Zombie NIR Fixable Viability Kit (Biolegend; 423106), 

CellTrace Violet (Life Technologies; C34557), and 7AAD (Biolegend; 76332). For all 

flow cytometry analyses involving adoptive transfers, the following general gating strategy 

was used: lymphocytes were gated based on SSC-A / FSC-A, single cells by FSC-H / FSC-

W or FSC-H / FSC-A, live cells based on exclusion of Zombie Yellow or Zombie NIR 
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Fixable Viability Kit, and the markers CD11b, F4/80, and CD90.2 to remove non-B cells. 

All flow cytometry were performed on an LSR II, LSRFortessa, or LSR FACSymphony 

(BD) and analyzed using FlowJo v9.9.5, v10.5.3, or v10.6.2. Cell sorting was performed 

at the Emory Flow Cytometry Core using a FACSAria II (BD) and BD FACSDiva software 

v8.0.  

 

Cell cycle analysis and intracellular staining 

In some adoptive transfers, hosts were injected with 800 µg BrdU (Biolegend; 423401) 

intravenously 1 h prior to euthanasia. Staining of BrdU, Ki67, and 7AAD was achieved 

using the Phase-Flow BrdU Cell Proliferation Kit (Biolegend; 370704), substituting anti-

BrdU for anti-Ki67 when desired. Intracellular pS6 staining was accomplished following 

BD’s two-step protocol using BD Phosflow Fix Buffer I (BD; 557870) and BD Phosflow 

Perm Buffer III (BD; 558050). As a negative control for intracellular pS6, cultured cells 

were treated with 200 nM of rapamycin (Sigma-Aldrich; R8781) for 2 h prior to staining. 

Intracellular staining of MYC was performed using the FIX & PERM Cell 

Permeabilization Kit (ThermoFisher; GAS003) per the manufacturer’s protocol. 

 

Ex vivo B cell differentiation 

Isolated B cells were cultured at a concentration of 0.5 x 106 cells/ml in B cell media (RPMI 

1640 supplemented with 1X nonessential amino acids, 1X penicillin/streptomycin, 10 mM 

HEPES, 1 mM sodium pyruvate, 10% heat-inactivated FBS, and 0.05 mM 2-ME) 

containing 20 mg/ml Escherichia coli O111:B4 derived LPS (Sigma-Aldrich; L2630), 

5 ng/ml IL-5 (Biolegend; 581504), and 20 ng/ml IL-2 (Biolegend; 575406) as previously 
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described 216. Additional LPS (10 μg/ml), IL-5 (2.5 ng/ml), and IL-2 (10 ng/ml) were added 

to the cultures every 24 h for the duration of the time course. 

 

Retroviral production and transduction 

Retrovirus was prepared as previously described 266. Briefly, Platinum-E cells were 

transfected at 70-80% confluency on 10 cm plates with 4 µg pCL-Eco 267 and 6 µg of either 

pMSCV-pBabeMCS-IRES-RFP (Addgene; 33337) or pMSCV-Myc-IRES-RFP 

(Addgene; 35395) 268 using 40 µl TransIT-293 (Mirus; MIR2700). Cell media (antibiotic-

free DMEM supplemented with 10% heat-inactivated FBS) was replaced with High-BSA 

cell media (DMEM supplemented with 10% heat-inactivated FBS and 1g/100ml BSA) 18 

h after transfection. Retrovirus was harvested 24 and 48 h later, filtered through a 0.45 µm 

membrane, and concentrated using 5x PEG-it viral precipitation solution (System 

Biosciences; LV825A-1). Transduction of B cells was performed 12-24 h after stimulation 

via spinfection at 800 g for 1 h. 

 

Quantitative RT-PCR 

One million cells were resuspended in 600 µl of RLT Buffer (Qiagen; 79216) containing 

1% 2-BME and snap frozen in a dry ice – ethanol bath for RNA isolation. Lysates were 

thawed, subjected to QIAshredder homogenization (Qiagen; 79656), and then total RNA 

isolation using the RNeasy Mini Ki (Qiagen; 74104). RNA was reverse transcribed using 

SuperScript II Reverse Transcriptase (Invitrogen; 18064014). cDNA was diluted 1 µg / 

100 µl and qPCR was performed on a CFX96 Instrument (Bio-Rad) using SYBR Green 

incorporation. Primers used included: 18S-forward 5’-GTAACCCGTTGAACCCCATT-
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3’ 18S-reverse 5’-CCATCCAATCGGTAGTAGCCG-3’, MYC-forward 5’-

CGATTCCACGGCCTTCTC-3’, and MYC-reverse 5’-

TCTTCCTCATCTTCTTGCTCTTC-3’. All primers were purchased from Integrated DNA 

Technologies.  

 

RNA-sequencing and data analysis 

For all samples, 1,000 cells were sorted into 300 µl of RLT buffer (Qiagen; 79216) 

containing 1% 2-ME and snap frozen in a dry ice – ethanol bath. RNA isolation was 

achieved using the Quick-RNA Microprep kit (Zymo Research; R1050). Isolated RNA was 

used as input for the SMART-seq v4 cDNA synthesis kit (Takara; 634894), and 400 pg of 

cDNA was used as input for the NexteraXT kit (Illumina). Final libraries were quantified 

by qPCR and bioanalyzer traces, pooled at equimolar ratios, and sequenced at the New 

York University Genome Technology Center on a HiSeq 4000.  

 Raw sequencing data were mapped to the mm10 genome using STAR v.2.5.3 269. 

Duplicate reads were identified and removed using PICARD 

(http://broadinstitute.github.io/picard/). The Bioconductor package edgeR v3.24.3 208 was 

employed to determine differentially expressed genes (DEG), which were defined as 

having an absolute log2 fold-change of ≥1 and a false discovery rate (FDR)  of ≤0.05. All 

detected transcripts were ranked by multiplying the sign of fold change (+/–) by -log10 of 

the p-value, and gene set enrichment analysis (GSEA) 210 was performed on this ranked 

gene list. All t-SNE projections were generated using ‘Rtsne’ v 0.15 

(https://github.com/jkrijthe/Rtsne).  Clustering and heatmap analysis were achieved using 

‘heatmap3’ (https://github.com/cdschar/heatmap).  
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ATAC-sequencing and data analysis  

For each sample, 10,000 cells were sorted into FACS buffer and the assay for transposase- 

accessible chromatin sequencing (ATAC-seq) was performed. Tn5 preparation and library 

generation was previously described 201. Briefly, cells were centrifuged at 500 g for 10 min 

at 4 °C.  The supernatant was removed and cells were resuspended in 25 µl of Tn5 

tagmentation reaction (2.5 µl Tn5, 12.5 µl 2X tagmentation buffer (20 mM TAPS-NaOH 

pH 8.1, 10 mM MgCl2, 20% DMF), 2.5 µl 1% Tween-20, 2.5 µl 0.2% digitonin, and 5 µl 

of molecular grade water). Resuspended samples were incubated at 37°C for 1 h. Cells 

were then lysed by adding 25 µl lysis buffer (300 mM NaCl, 100 mM EDTA, 0.6% SDS, 

and 2 µl 10 mg/ml proteinase K) and incubated for 30 min at 40°C. Transposed DNA was 

isolated using AMPure XP SPRI beads (A63880) by adding 0.7x volumes to remove high 

molecular weight DNA and then 1.2x volumes to positively select for low molecular 

weight DNA. Tagmented DNA was eluted in 15 µl EB buffer (Qiagen; 19086) and 

amplified using Nextera indexing primers (Illumina) and KAPA HiFi polymerase (Roche; 

KK2601). Final libraries were sequenced at the New York University Genome Technology 

Center on a HiSeq 4000.  

 Raw sequencing data were mapped to the mm10 genome using Bowtie v1.1.1 270. 

Peaks were called using MAC2 v 2.1.0 271 and annotated to the nearest gene using HOMER 

v4.8.2 247. Reads per peak million normalization was performed for all samples as 

previously described 198. The Bioconductor package edgeR v3.24.3 208 was used to 

determine differentially accessible regions (DAR), which were defined as having an 

absolute log2 fold-change of ≥1 and a FDR of ≤ 0.05. Motif analysis was performed using 
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the HOMER program findMotifsGenome.pl (de novo results). For plotting the rank value 

of transcription factors, enriched transcription factor motifs were ranked according to their 

p-value and normalized by the total number of enriched motifs found for a given sample. 

Resulting values were z-score normalized and motifs binned according to their DNA 

binding domain family.  

 

Statistics 

All statistical analyses were achieved by using R/Bioconductor v3.5.2, Microsoft Excel 

v16.36 or v16.48, and GraphPad Prism v6.0c, v8.4.1, or 8.4.3. P values of less than 0.05 

were considered significant. For RNA- and ATAC-seq significance, a combination of FDR 

and fold-change was used to designate DEG and DAR.  

 

Data availability 

All sequencing data generated in this study have been deposited in NCBI Gene Expression 

Omnibus (https://www.ncbi.nlm.nih.gov/geo/) under accession code GSE173437 

(GSE173435 for ATAC-seq and GSE173436 for RNA-seq).  
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In chapter 2, we described a bifurcation event that occurred during the initial stages 

of B cell differentiation with cells progressing down either an antibody-secreting cell 

(ASC)-destined or a non-ASC branch. ASC-destined activated B cells (actB) 

downregulated CD62L (L-selectin), while non-ASC cells maintained CD62L expression. 

We leveraged the differences in CD62L expression to distinguish and isolate cells on each 

branch. ActB that progressed down the ASC-destined branch upregulated gene sets 

necessary for ASC differentiation, including oxidative phosphorylation and MYC-target 

genes. Indeed, ASC-destined cells, whether restimulated or not, more readily differentiated 

to ASC compared to cells along the non-ASC branch. ActB progressing down the non-

ASC branch maintained an inflammatory gene signature, but their cell fate was not 

determined.   

To investigate the non-ASC branch, we used an adoptive transfer approach using 

either µMT or wild-type mice as hosts and LPS or NP-ficoll as the immune challenge 

(Figure 4-1A). After three days, actB on each differentiation trajectory in division 8 were 

sorted based on CD62L and CD138 expression for RNA-sequencing (Figure 4-1B-C). In 

Chapter 2, we demonstrated that the ASC-destined trajectory was dependent on IRF4, with 

IRF4-deficient B cells only progressing down the non-ASC branch. Consistent with these 

data, gene sets that progressively failed to be induced in non-ASC cells mirrored those that 

were dysregulated in IRF4-deficient B cells, described in Chapter 3 (Figure 4-1D). These 

included failure to upregulate the unfolded protein response, oxidative phosphorylation, 

MYC target genes, and mTORC1 signaling pathways (Figure 4-1D). Similar observations 

were seen for gene sets that failed to be repressed in IRF4-deficient B cells, such as those 

involving cytokine signaling and the inflammatory response (Figure 4-1D).  
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Figure 4-1. Activated B cells along the non-ASC differentiation trajectory resemble 
pre-memory B cells. (A) Schematic of experimental design. Briefly, splenic naive B cells 
were isolated, labeled with CellTrace Violet (CTV), and transferred into a disparate µMT 
or C57BL/6J host. After 24 hr, hosts were challenged with 50 µg LPS or NP-ficoll. On day 
3 post-challenge, transferred B cells were recovered from host spleens and ASC-destined 
and non-ASC cells were isolated via FACS for RNA-sequencing. (B) from Chapter 2, t-
SNE projections of single cell data overlaid with differentiation trajectories indicating the 
targeted sorted populations.  (C) Schematic for sorting the targeted populations described 
in B. (D) Gene set enrichment analysis (GSEA)210 for the indicated gene sets for pathways 
upregulated and downregulated in non-ASC cells. (E) GSEA using genes that are 
downregulated (top graph) or upregulated (bottom graph) in MBC compared to naive B 
cells 272. (F) Heatmap of canonical pre-memory B cell genes from all ASC-destined and 
non-ASC samples. Data in C-E are derived from experiments with µMT hosts challenged 
with LPS, but similar results are obtained in all host–stimulus combinations. L, LPS; N, 
NP-ficoll,; WT, wild-type. All data were derived from 2-3 replicates per group.  
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Strikingly, while ASC-destined cells progressed towards ASC, non-ASC actB exhibited a 

partial memory B cell (MBC) transcriptional signature (Figure 1-E). Genes upregulated in 

MBC were enriched in non-ASC cells; however, genes normally downregulated in MBC 

were not enriched in either population (Figure 4-1E). These data suggest that non-ASC 

actB are progressing down a differentiation trajectory leading to MBC formation. 

However, the complete MBC transcriptional program has not been established, or 

alternatively, the observed MBC program is unique to T-cell independent antigens (Figure 

4-1E). Indeed, precursor memory (pre-memory) B cells have been described 273-276 that 

transcriptionally resemble MBC, and non-ASC actB expressed canonical pre-memory B 

cell markers independent of host and stimuli (Figure 4-1F). Thus, non-ASC cells in 

division 8 transcriptionally resemble pre-memory B cells, and the same differentiation 

trajectories exist for two different T cell independent antigens.  

These data are consistent with previous reports that deletion of IRF4 in germinal 

center B cells impacts ASC formation but does not perturb the early MBC pool, which may 

explain why IRF4-deficient B cells progress down the non-ASC trajectory. Given these 

data, it may be suitable to rename the non-ASC branch the MBC-destined branch. While 

this study is in its infancy, these data suggest that cell fate outcomes, such as ASC and 

MBC differentiation, are programmed during the initial stages of B cell differentiation 

(Figure 4-2). Further work is needed to better understand additional factors that instruct 

such cell fate decisions. Moreover, additional efforts are needed to evaluate whether the 

non-ASC pre-memory cells acquire the transcriptional and phenotypic characteristics of 

mature MBC. The knowledge gained from such studies may help influence desired immune 

outcomes, which would have considerable therapeutic potential.  
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Figure 4-2. Graphical representation of the bifurcating trajectories during B cell 
differentiation in vivo. Upon antigen encounter with T cell independent type I (LPS) or II 
antigens (NP-ficoll), naive B cells become activated and bifurcate into ASC-destined and 
non-ASC trajectories. ASC-destined activated B cells upregulate gene sets critical for ASC 
differentiation, require IRF4, and can be distinguished by loss of L-selectin expression. 
Activated B cells progressing down the non-ASC trajectory appear to be memory B cell 
(MBC)-destined. MBC-destined actB maintain CD62L expression, express gene 
expression programs indicating they are responding to inflammatory stimuli, and 
upregulate genes previously described to characterize MBC.  
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B cell differentiation to an antibody-secreting plasma cell (ASC) is the cornerstone 

of humoral immunity. This process requires substantial reprogramming to ultimately 

repress the naive B cell (nB) program and replace it with one conducive to ASC physiology 

and function 14,15. Dysregulation during B cell differentiation can lead to hematological 

malignancies, autoimmunity, and short-lived or ineffective antibody responses 277. Thus, a 

complete understanding of the molecular reprogramming events that occur throughout B 

cell differentiation is necessary to understand how these diseases arise, which may lead to 

novel preventative or curative therapeutic strategies.  The work presented in this thesis 

helps to address this gap in knowledge in several ways. First, we described a novel 

bifurcation event during the initial stages of B cell differentiation. Some activated B cells 

(actB) followed a differentiation branch leading to ASC formation (termed the ASC-

destined branch), and preliminary analyses suggested cells following the alternative branch 

are differentiating to memory B cells (MBC). Second, we designated IRF4 as one critical 

mediator necessary for initiation of the ASC-destined branch. Third, we detailed the IRF4-

dependent division-coupled reprogramming events that occur during the initial stages of B 

cell differentiation. These data indicated that IRF4-deficient B cells were transcriptionally 

and epigenetically distinct by division 3, pinpointing the cell division in which IRF4 

reprogramming is needed. Fourth, we demonstrated that part of the IRF4-dependent 

reprogramming of actB involves control of cell growth and proliferation through a MYC-

mTORC1 network. Collectively, these data ascribe a novel role for IRF4 in controlling 

actB cell fate during the initial stages of B cell differentiation. 

While the data presented in this thesis improves our understanding of the molecular 

reprogramming events leading to ASC formation, it also leads to several new questions. 
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We consistently demonstrated that B cell differentiation to lipopolysaccharide (LPS) 

required a minimum of 8 cell divisions when adoptively transferring B cells into B cell-

deficient µMT mice 190. However, one intriguing observation when examining B cell 

differentiation in wild-type (WT) hosts was that ASC were found as early as division 4. 

The requirement for 8 cell divisions was restored when host cells were prevented from 

responding to LPS by using MYD88-/- mice 207 as hosts. These data indicated that cell 

extrinsic factors secreted by LPS-responding cells in WT mice could influence the division 

in which ASC differentiation occurred. However, the signal(s) or cellular source(s) 

responsible was not determined.  Cytokines that enhance differentiation of actB include 

IL-2, IL-10, IL-21, and TNF-a 278-280. Monocytes, granulocytes, and B cells are major 

responders to LPS and can be a cellular source for cytokine-mediated regulation of ASC 

differentiation 279,281,282. While µMT mice contain monocytes and granulocytes, their 

splenic architecture is perturbed, which may impact the signals received between cells 190.  

Regardless, examining B cell differentiation in µMT mice revealed each cellular division 

represented a distinct stage during B cell differentiation 80,174,176,195,283. This lends the 

following questions: Is reprogramming complete for ASC that form prior to division 8 in 

WT hosts? If so, how can reprogramming be uncoupled from cell division, and what cell 

extrinsic factors influence these events? Single-cell RNA-sequencing of responding cells 

in WT and µMT hosts indicated similar differentiation branch points occur, so it is possible 

the ASC-destined cell fate decisions may be happening in an earlier division in WT mice. 

Elucidating these differences will improve our understanding of factors that influence 

differentiation. Furthermore, comparing responding cells in discrete divisions in WT hosts 
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with comparable divisions from µMT hosts will allow us to determine which components 

are truly coupled to cell division compared to those influenced by extrinsic factors.  

Independent of which host was used during adoptive transfers, an IRF4-dependent 

bifurcation event in actB was observed, with only a subset of cells proceeding along a 

differentiation branch to an ASC. We predicted the bifurcation event to occur around 

divisions 3-5 in µMT hosts, and our sequencing data using IRF4-deficient B cells in 

discrete divisions corroborated this prediction. However, what is unclear is how only a 

subset of cells initiate the IRF4-dependent program because we observed that all 

responding cells upregulated IRF4. Of note, there was some variability in IRF4 expression 

on a per cell basis, which ultimately could impact cell fate outcomes. Indeed, graded 

expression of IRF4 119,120,128,129 and competition with IRF8 116,117 can regulate cell fate 

outcomes. Thus, initial ratios of IRF4-to-IRF8 may explain why cells follow the ASC-

destined or non-ASC branch (Figure 5-1).  

 

 

Figure 5-1. Graphical model describing how the ratio of IRF4 to IRF8 levels may 
shape cell fate outcomes. Following antigen encounter, stochastic differences in IRF4 and 
IRF8 levels may shape whether cells follow the ASC-destined or non-ASC differentiation 
branch. IRF4highIRF8low cells are likely to follow the ASC-destined branch, whereas 
IRF4lowIRF8high cells may proceed down the non-ASC branch.  IRF4 and IRF8 expression 
is depicted as shaded red and blue colors, respectively, with dark colors representing higher 
expression.   
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Similar roles for IRF4 and IRF8 have been described for regulation of ASC versus germinal 

center cell (GC) formation 116. Part of the mechanism involves competition for ETS / AP1 

binding partners and distinct genomic binding sites for IRF4 and IRF8 116. This mutual 

antagonism between factors helps to coordinate different cell fate outcomes, and a similar 

mechanism may be at play in our system. An alternative explanation could be that naive B 

cells are a heterogenous pool of cells, with a subset pre-destined to differentiate. While 

possible, this hypothesis is less likely because actB were observed on two differentiation 

paths in later cells divisions rather than at the onset of activation.  As a final explanation, 

stochastic expression of ETS / AP1 binding partners may also occur, which would 

influence IRF4 activity. These hypotheses are not mutually exclusive, and several may 

ultimately contribute to shape the overall immune response.  

In addition to the differentiation branchpoint observed in actB, a second bifurcation 

event was observed among differentiated ASC. Cells along both ASC paths displayed the 

hallmarks of ASC, including expression of Syndecan-1 (CD138) 135,191, Blimp1 131, Ell2 

138,139, and Xbp1 100-102. Xbp1, described in detail in Chapter 1, is typically considered to be 

the master transcription factor regulating the unfolded protein response observed in ASC 

102. While Xbp1 is expressed at high levels in cells on both ASC paths, the endoplasmic 

reticulum stress sensor Atf6 91,234 is uniquely expressed in ASC on only one branch. This 

implied that a subset of ASC were under distinct ER stress. One explanation for this 

observation could be that some ASC are unable to adapt to the stress of increased 

immunoglobulin production triggering the expression of other conserved signal 

transduction pathways, such as Atf6. This suggests that only a subset of ASC are capable 

of efficiently handling ER stress. This hypothesis assumes that all ASC express similar 
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rates of antibody. However, another explanation could be that a subset of ASC are capable 

of secreting higher levels of antibody, and this is reflected in increased ER stress due to 

increased immunoglobulin production.  In either case, understanding the differences 

observed between the differentiated subsets would aid in our understanding of how ASC 

can most efficiently and effectively secrete high levels of antibody. 

 While our analyses have centered around the differentiation of naive B cells, MBC 

generated in a primary immune response have similar differentiation outcomes upon 

antigen reencounter.  MBC, however, respond much faster and with greater magnitude than 

naive B cells 284-286.  In fact, MBC are epigenetically primed to differentiate to ASC, 

including exhibiting increased accessibility in genomic regions near hallmark ASC genes 

like Blimp1 and Irf4 286.  Thus, extending our analyses to determine whether MBC respond 

with similar differentiation branch points may reveal earlier cell fate decisions for MBC.  

It is also known that MBC are a heterogenous population of cells, with some favoring ASC 

differentiation and others prone to renew the MBC pool 287. Therefore, we may also 

uncover additional differentiation trajectories and factors controlling such cell fate 

decisions that are currently unknown. 

 Our analyses have centered around using T cell independent antigens to study B 

cell immune responses. It is also compelling to extend this analysis to T cell dependent 

antigens that develop additional differentiated cell types, including GC B cells, short-lived 

ASC, long-lived antibody-secreting plasma cells (LLPC), and MBC 53. Each of these cell 

types are likely to progress down distinct differentiation trajectories, which would allow 

factors controlling their formation to be uncovered. Trajectory analysis relies on gradual 

changes in gene expression that occur over the course of differentiation to computationally 
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infer the order of cells 288. Thus, to capture the transcriptional profiles of cells at all stages 

of differentiation, a detailed time course is needed to understand the timing of GC, ASC, 

MBC, and LLPC formation. Based on when the cells emerged, these data would infer the 

timing in which samples should be collected for single cell RNA-sequencing, which could 

then be combined and collapsed into one trajectory analysis. Including bona fide naive B 

cell, MBC, and bone marrow-derived mature LLPC may be necessary to improve the 

analysis because each would serve as anchors denoting the beginning and end stages of 

differentiation. These data would also include a time component; thus, one could infer 

when trajectories emerged. Such an analysis has been performed to model murine gut 

endoderm develop, which allowed the precise ordering of differentiated cell types 289.  

 In chapter 3, we identified IRF4 as a critical mediator of cell growth and 

proliferation.  Part of the mechanism involved failure of IRF4-deficient B cells to 

upregulate Myc to the same levels as control B cells, which would ultimately result in 

reduced division capacity 68,181. Consistently, IRF4-deficient B cells began dividing 

appropriately, but stalled during the proliferative response.  We observed differences in 

Myc expression at 24 hours, prior to the first cell division, suggesting IRF4 fine-tunes the 

cell division capacity of responding B cells by controlling the initial amount of Myc. We 

speculate IRF4 directly regulates Myc expression in activated B cells through binding of 

known regulatory elements of Myc. Indeed, IRF4 has been shown to bind the Myc promoter 

in human multiple myeloma 169 and T cell lymphoma cell lines 257, although there is no 

evidence this occurs in murine cells when examining canonical IRF4 sequence motifs and 

IRF4 ChIP-seq data 138. Instead, we hypothesize IRF4 fine-tunes the expression of Myc in 

murine B cells by binding to known enhancer elements 258 (Figure 5-2).  
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Figure 5-2. Regulatory landscape of murine Myc. Assay for transposase accessible 
chromatin-sequencing (ATAC-seq) data generated in Chapter 3. Briefly, Ctrl 
(CD45.2+Cd19+/+Irf4fl/fl) or IRF4cKO (CD45.2+Cd19Cre/+Irf4fl/fl) naive splenic B cells were 
CTV-labeled and adoptively transferred into µMT (CD45.1+) mice.  At 24 hours post-
transfer, mice were inoculated with LPS intravenously. At 72 hr post-LPS, Ctrl and 
IRF4cKO cells were sorted in discrete divisions for ATAC-seq. ATAC accessibility 
profiles for each division surrounding the murine Myc regulatory region are displayed. 
Known enhancers (E1-4) of Myc 258 and the transcription start site (TSS) are indicated at 
the top and highlighted in the gene tracks. The distance of each enhancer region from the 
TSS is also noted. The bottom track is previously published IRF4 ChIP-seq 138. Motif 
analysis using HOMER 247 identified an ETS:IRF composite elements (EICE) 121-124 in 
enhancer element 1 (E1), which is displayed below the IRF4 ChIP track. 
   

Four Myc enhancers have been identified in murine B cells 258. Of these enhancer elements, 

IRF4 ChIP-seq generated in murine activated B cells 138 suggests IRF4 may bind two (E1 

and E4) sites. Indeed, an ETS:IRF composite elements (EICE) 121-124 is observed for one 
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of the enhancer sites (E1) (Figure 5-2). While no differences in chromatin accessibility 

were observed in B cells with or without IRF4, this is likely due to the timing in which the 

samples were collected or compensatory effects of IRF8 116,117. Collectively, these data 

support the hypothesis that IRF4 may serve as a rheostat to regulate the proliferative 

response during B cell differentiation.   

Given the data outlined above and current knowledge of the GC reaction, these data 

imply that IRF4 likely functions as a rheostat in GC B cells to control enhanced 

proliferation of high-affinity GC B cells. As detailed in Chapter 1, light zone GC B cells 

of varying affinities capture, process, and present antigen to T follicular helper (Tfh) cells 

60. Tfh cells select for high affinity GC B cells because of their ability to capture and present 

more antigen 61-64, and the signals received from Tfh cells are directly proportional to the 

amount of antigen captured 65,66. These enhanced signals lead to increased proliferation in 

the dark zone such that with each iterative cycle, clones of increasing high affinity 

dominate the GC response 60. One critical component in this signaling process involves 

engagement of CD40. In fact, lack of CD40 or it’s ligand (CD40L), or blocking their 

interaction via antibodies during the GC reaction, results in a loss of GC B cells 290-293. 

Importantly, CD40 and BCR signals independently induce Irf4 expression 128,165. Likewise, 

both signals are critical for induction of Myc and mTORC1 in GC B cells 294. MYC 

expression in light-zone B cells is proportion to Tfh cell help, which determines the cell 

division capacity of dark zone GC B cells 68. Induction of mTORC1 permits cell cycle 

entry of light zone GC B cells 294 and enables GC B cells to sustain extensive cell division 

in the dark zone 295. Collectively, these studies suggest that a similar IRF4-MYC-mTORC1 

integrated network described in this thesis may be controlling the proliferative response 
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during a GC reaction. If this is indeed the case, Irf4 expression levels must be tightly 

coordinated following signals from Tfh cells because high levels of IRF4 bias light zone 

GZ B cells to an ASC fate over GC cyclic reentry 296.   

In summary, this work uncovered novel aspects of B cell differentiation and 

focused on the role of IRF4 in controlling cell fate outcomes during the initial stages of B 

cell activation, including cell proliferation, cell growth, and ASC formation. We discovered 

that responding activated B cells are progressing down two distinct differentiation 

trajectories during the initial stages of B cell activation, with one branch leading to ASC 

(termed the ASC-destined branch) and another leading to cells displaying a pre-memory B 

cell transcriptional signature (originally termed the non-ASC branch).  We demonstrated 

IRF4 as one factor essential for establishing the ASC-destined program, which was 

launched by division 3. A part of the IRF4-dependent reprogramming involved control of 

cell growth and the proliferative capacity of responding B cells. Part of the mechanism 

involved regulation of MYC and mTORC1 activity, and this occurred during the initial cell 

divisions during B cell differentiation. Collectively, these data indicate that B cell fates are 

instructed during the initial stages of B cell activation, which may therapeutically beneficial 

if exploited to modulate immune responses to a desired outcome.   
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