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Summary

B cells diversify and affinity-mature their antigen receptor repertoire in germinal centers (GC). GC 

B cells receive help signals during transient interaction with T cells, yet it remains unknown how 

these transient T-B interactions in the light zone sustain the subsequent proliferative program of 

selected B cells that occurs in the anatomically distant dark zone. Here we show that the 

transcription factor AP4 was required for sustained GC B cell proliferation and subsequent 

establishment of a diverse and protective antibody repertoire. AP4 was induced by c-MYC during 

the T-B interactions, maintained by T cell-derived interleukin-21 (IL-21) and promoted repeated 

rounds of divisions of selected GC B cells. B cell-specific deletion of AP4 resulted in reduced GC 

sizes and reduced somatic hypermutation coupled with a failure to control chronic viral infection. 

These results indicate that AP4 integrates T cell-mediated selection and sustained expansion of 

GC B cells for humoral immunity.
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Introduction

Upon infection or vaccination, antigen (Ag)-specific lymphocytes that are present at low 

frequencies under steady-state conditions undergo rapid clonal expansion to increase the 

magnitude of adaptive immune responses. While expansion of Ag-specific B cells ensures 

that sufficient quantities of antibodies are made, it also serves as a template for somatic 

hypermutation (SHM), affinity maturation, and the subsequent generation of protective 

humoral memory for long-term immunity (Basso and Dalla-Favera, 2015; Victora and 

Nussenzweig, 2012). These proliferating Ag-specific B cells form a specialized 

compartment in peripheral lymphoid organs, the germinal centers (GCs), in which B cells 

cyclically migrate between the light zone (LZ) and the dark zone (DZ) for selection and 

subsequent clonal expansion, respectively (Allen et al., 2007; Basso and Dalla-Favera, 2015; 

Corcoran and Tarlinton, 2016; Victora and Nussenzweig, 2012; Victora et al., 2010). In the 

LZ, signals from follicular helper T (Tfh) cells facilitate the selection of clones that express 

B cell receptors (BCRs) with higher affinity for their cognate Ag relative to neighboring 

clones (Allen et al., 2007; MacLennan, 1994; Rajewsky, 1996; Shih et al., 2002; Victora and 

Nussenzweig, 2012). The important cues for clonal selection in the LZ include ligation of 

CD40 on B cells by CD40L on Tfh cells, as well as cytokines, especially interleukin-21 

(IL-21) (Basso and Dalla-Favera, 2015; Castigli et al., 1994; Kawabe et al., 1994; Linterman 

et al., 2010; Renshaw et al., 1994; Victora and Nussenzweig, 2012; Xu et al., 1994; Zotos et 

al., 2010). GC B cells that receive these signals migrate to the DZ, where they rapidly divide 

multiple times and accumulate somatic mutations in their immunoglobulin (Ig) genes (Gitlin 

et al., 2014). GC B cells can then re-enter the LZ for additional rounds of selection followed 

by clonal expansion for further affinity maturation (Victora et al., 2010). This process allows 

for the emergence of B cell clones expressing high affinity antibodies that carry multiple Ig 

mutations (Kocks and Rajewsky, 1988).
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The magnitude of expansion of selected B cell clones is programmed by T cell help that B 

cells receive during their transient interaction with Tfh cells in the LZ. Increased amounts of 

the cognate peptide Ags presented by B cells to Tfh cells in the context of MHC class II 

molecules induce elevated production of cytokines, IL-4 and IL-21 by Tfh cells (Shulman et 

al., 2014), and facilitate rapid expansion of selected B cells in the DZ and affinity maturation 

(Gitlin et al., 2015; Gitlin et al., 2014). Thus, the transient T-B interaction in the LZ induces 

gene expression programs that allow selected B cells to sustain their proliferation in the DZ 

and establish a diverse BCR repertoire. The transcription factor c-MYC regulates 

proliferation of both pre-GC B cells and GC B cells, while mutations or translocations of the 

Myc gene are causally linked to GC-derived B cell lymphomas (Basso and Dalla-Favera, 

2015; Calado et al., 2012; Dominguez-Sola et al., 2012). Although T cell help controls cell 

cycle progression of selected B cells by inducing c-MYC, expression of this proto-oncogene 

is detected only transiently in LZ B cells prior to their proliferation in the DZ (Calado et al., 

2012; Dominguez-Sola et al., 2012; Gitlin et al., 2015; Victora et al., 2010). Thus, the 

identity of nuclear factors that are induced during the T-B interaction in the LZ and continue 

to be expressed in the DZ to potentiate proliferation of selected B cells remains unknown.

In this study, we dissected the genetic program that is activated in selected B cells during 

their transient interaction with Tfh cells in the LZ and supports sustained expansion of B 

cells in the DZ. Our data demonstrated that the transcription factor AP4 was essential for 

amplification of GC responses. AP4 was induced by c-MYC in B cells that received T cell 

help through the CD40-CD40L interaction and maintained by IL-21 as they migrated toward 

the DZ. Although AP4 was dispensable for selection of B cells and their cell cycle 

progression in the LZ, it was essential for DZ B cells to re-enter additional division cycles 

after completing the one initiated in the LZ. This AP4-dependent proliferation of DZ B cells 

amplified the magnitude of GC responses and supported antibody diversification for 

protection against chronic viral infection. These results demonstrate that AP4 connects 

selection and enhanced expansion of Ag-specific B cells that occur in distinct locations in 

the GC.

Results

The c-MYC inducible factor AP4 is expressed in both LZ and DZ GC B cells

A number of transcription factors are upregulated in GC B cells during clonal selection. The 

expression of one such factor, AP4 (encoded by Tfap4), is elevated in GC B cells expressing 

c-MYC compared to those lacking c-MYC based on previously reported gene expression 

data (Dominguez-Sola et al., 2012). Indeed, AP4 was induced in CD40-stimulated B cells in 
vitro, but this induction required c-MYC (Figures 1A and 1B). c-MYC bound to an intronic 

region enriched for the H3K27ac enhancer mark in the Tfap4 locus, suggesting that c-MYC 

directly regulates Tfap4 expression (Figure 1C). Therefore, we hypothesized that AP4 lies 

downstream of c-MYC and controls GC B cell proliferation. AP4 protein was detected in 

splenic GCs, but not in follicular B cells, following immunization with sheep red blood cells 

(SRBCs) (Figure 1D, left), whereas this staining was absent following B cell-specific 

deletion of Tfap4 (Figure 1D, middle). The majority of AP4+ cells were also stained for 

activation induced cytosine deaminase (AID) (Figure 1D, right), which is expressed in both 
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the LZ and DZ cells in mouse GCs (Victora et al., 2012). Within GC, the LZ is marked by 

the presence of CD23- and CD35-expressing follicular dendritic cells (FDCs) (Calado et al., 

2012; Dominguez-Sola et al., 2012; Hardie et al., 1993). As reported previously (Calado et 

al., 2012; Dominguez-Sola et al., 2012; Victora et al., 2010), c-MYC-expressing cells were 

detected exclusively in the LZ (Figure 1E, left). In contrast, AP4-expressing cells were 

distributed in both the LZ and DZ (Figure 1E, right). This result was further confirmed by 

immunoblotting showing AP4 expression in both CD86hiCXCR4lo LZ and CD86loCXCR4hi 

DZ GC B populations (Figure 1F). AP4 was also expressed in both LZ and DZ cells derived 

from human tonsillar GCs, while c-MYC expression was detected only in the LZ (Figure 

S1A). We next measured AP4 and c-MYC expression at the single cell level using mice 

harboring genetically targeted alleles that report c-MYC and AP4 protein quantities with 

GFP and mCherry fluorescence, respectively (Figures 1G, S1B and S1C) (Huang, 2008). In 

the latter strain, mCherry was fused to the C-terminus of AP4, allowing for detection of AP4 

by fluorescence with similar kinetics to endogenous protein (Figures S1D–S1E). In GC B 

cells, AP4 protein was specifically detected in mCherry+, but not in mCherry− cells (Figure 

S1F). AP4 was expressed in both LZ and DZ with ~50% of c-MYC+ LZ cells being AP4+ 

(Figures 1G, 1H and S1G). This was further confirmed by intracellular staining for AP4 in 

GC B cells (Figure 1I). These results suggest that c-MYC induces AP4 in the LZ, and that 

its expression persists as GC B cells migrate towards the DZ.

AP4 is required for normal GC formation in a B cell-intrinsic manner

To test whether AP4 is required for GC responses, we immunized Tfap4−/− mice with the T-

dependent Ag 4-Hydroxy-3-nitrophenylacetyl-chicken gamma globulin (NP-CGG). 

Although AP4 was dispensable for normal B cell development in the bone marrow and 

spleen (Figures S2A–S2F), the frequencies and numbers of B220+GL7+Fas+ GC B cells 

were reduced in Tfap4−/− mice following immunization (Figures 2A-2C). This defect was 

also observed in mixed bone marrow chimeras reconstituted with a mixture of WT and 

Tfap4−/− bone marrow cells (Figures 2D and 2E), indicating that diminished GC response 

was a cell-intrinsic defect. Consistently, a comparable reduction of GC B cell numbers was 

seen in Tfap4f/f Cd79aicre/+ mice lacking AP4 specifically in B cells (Hobeika et al., 2006) 

(Figures 2A-2C). In the absence of AP4, individual splenic GC sizes were smaller (Figures 

2F and 2G). GC B cell frequencies in Peyer’s patches were similarly reduced in the absence 

of AP4 (Figure S3A and S3B). Following immunization with a T-dependent Ag, c-MYC 

was expressed in activated B cells in a biphasic manner in pre-GC and GC B cells, and 

essential for both initiation and maintenance of GCs (Calado et al., 2012; Dominguez-Sola 

et al., 2012). AP4 was also expressed in pre-GC B cells (Figure S3C), and B cell expansion 

was reduced at the pre-GC stage (Figures S3D and S3E). However, numbers of total and Ag-

binding GC B cells were significantly reduced when AP4 was deleted using an Ighg1cre 

allele in ongoing GCs following immunization (Casola et al., 2006) (Figures 2H-2J), 

indicating that AP4 was cell-intrinsically required for the maintenance of GCs. This 

conclusion was further validated by a similar result observed when Tfap4 was deleted in GC 

B cells by Tamoxifen-inducible cre with the majority of Tfh cells retaining intact Tfap4 
(Figures S3F–S3I). In contrast, AP4 was dispensable for a T-independent response to NP-

Ficoll (Figures S3J–S3L). These results indicate that AP4 cell-autonomously regulates both 

GC initiation and maintenance.
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AP4 deficiency results in reduced proliferation of DZ B cells

GC B cells induce c-MYC upon selection in the LZ (Calado et al., 2012). The c-MYC 

induction was unimpaired in Tfap4−/− mice compared to control WT mice (Figure S4A), 

indicating that AP4 is dispensable for selection of LZ GC B cells. AP4 expression marked 

actively cycling cells both in the LZ and DZ B cell populations (Figure 3A). A considerable 

fraction of AP4+ LZ cells were in the S-phase with a reciprocal reduction of cells in the G1-

phase, consistent with previous reports that c-MYC+ cells are actively cycling (Calado et al., 

2012; Dominguez-Sola et al., 2012). AP4+ DZ cells, which no longer expressed c-MYC, 

were also enriched for cells in S and G2/M phases of cell cycle, suggesting that continued 

expression of AP4 supports proliferation of selected GC B cells in the DZ. To assess 

whether AP4 was required for selected GC B cells to re-enter additional division cycles in 

the DZ after completing a cycle initiated in the LZ, we examined sequential incorporation of 

EdU and BrdU (Gitlin et al., 2014) by Tfap4−/− and control Tfap4+/+ GC B cells in mixed 

bone marrow chimeras (Figure 3B). In the LZ, similar proportions of Tfap4−/− and Tfap4+/+ 

cells were distributed in distinct cell cycle phases. In contrast, frequencies of DZ cells in the 

early and mid to late S-phases were significantly reduced in the absence of AP4. These 

results indicate that AP4 is dispensable for cell cycle progression initiated in the LZ and an 

initial division in the DZ, but is necessary to promote subsequent divisions. As EdU and 

BrdU incorporation by CD45.1 WT GC B cells was comparable between Tfap4−/− and 

control mixed chimeras (Figure S4B), the requirement for AP4 in the cell cycle re-entry was 

cell-intrinsic. AP4 thus amplifies proliferation of DZ B cells by promoting their re-entry to 

additional division cycles. Paradoxically, however, LZ to DZ cell number ratios were 

unaltered in the absence of AP4 (Figures 3C-3E) presumably because impaired expansion of 

DZ cells may reduce DZ to LZ trafficking of GC B cells, affecting cellularity in both zones.

AP4 sustains GC B cell activation in the DZ

We next defined AP4-dependent gene regulatory programs for GC B cell expansion by 

profiling gene expression in c-MYC+AP4+ LZ cells and AP4+ DZ cells along with c-

MYC−AP4− LZ cells (pre-selection LZ cells) and AP4− DZ cells (post-mitotic DZ cells) 

(Figure 4A). Since AP4 was expressed in a small fraction of GC B cells, this method would 

better define AP4-dependent gene expression than directly comparing AP4-sufficient and -

deficient GC B cells. A similar approach was used to determine c-MYC target genes 

(Dominguez-Sola et al., 2012). Consistent with their active cell cycle status (Figure 3A), c-

MYC+AP4+ LZ and AP4+ DZ cells were larger in size compared to total LZ and DZ cells, 

respectively (Figures 4A and 4B). Gene expression profiling by RNAseq identified ~1,200 

genes upregulated in c-MYC+AP4+ relative to c-MYC−AP4− LZ cells by more than 1.8-

fold, which were clustered into three groups (Figure 4C, and Table S1). Among these genes, 

those in Cluster I were more highly expressed in AP4+ than AP4− DZ B cells and thus 

predicted to be relevant to AP4-dependent GC B cell expansion. Genes in Clusters II and III 

were expressed similarly in AP4+ and AP4− DZ B cells and included Myc and known c-

MYC-target genes, such as Batf, Irf4, and Ccnd2 (Dominguez-Sola et al., 2012). Genes in 

Cluster I were enriched for those in pathways related to protein translation and metabolism 

(Figure 4D, and Table S1). ChIPseq analysis for AP4 and c-MYC binding using purified GC 

B cells and activated B cells in vitro, respectively, revealed that ~75% and ~60% of genes in 
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the ribosome and metabolic pathways were directly bound by c-MYC and AP4, respectively, 

with ~50% and ~20% of those being common direct targets of c-MYC and AP4 (Figures 4E 

and S4C). These data suggest that c-MYC and AP4 sequentially sustain transcription of 

genes in ribosome biogenesis and metabolic pathways in selected GC B cells. However, AP4 

overexpression was insufficient to fully compensate for c-MYC deficiency in B cells 

cultured in a condition mimicking GC differentiation (Nojima et al., 2011) (Figure 4F). This 

result suggests that AP4-dependent proliferation program requires prior c-MYC expression.

AP4 is required for accumulation of somatic mutations

Since expansion of GC B cells is essential for accumulation of somatic mutations and 

diversification of Ig repertoires, we next determined the frequencies of mutations in the JH4-

adjacent intronic region of Igh (Jolly et al., 1997). The overall frequencies of mutations and 

the frequencies of clones carrying multiple mutations following NP-CGG immunization 

were substantially decreased in the absence of AP4 (Figures 5A and 5B). The mutation 

frequency in the VH186.2 BCR, which is over-represented in NP-reactive B cell clones 

(Allen et al., 1987; Allen et al., 1988), was also reduced (Figure 5C). However, Aicda 
mRNA expression was unaltered and frequencies of class switched IgG1

+ GC B cells were 

increased in the absence of AP4 (Figures 5D and 5E), suggesting that reduced somatic 

mutation unlikely resulted from impaired AID activity. The binding avidity of BCR to NP 

and the surrogate Ag 4-hydroxy-3-iodo-5-nitrophenylacetic acid (NIP) and the frequencies 

of NP- and NIP-binding clones expressing an Igλ light chain (Allen et al., 1987), as well as 

NP-specific Igλ antibody titers in serum, were modestly reduced in the absence of AP4 

(Figures 5F-5H and S5A–S5K). However, the frequencies of VH186 BCR clones carrying 

the affinity-enhancing W33L mutation and the ratio of titers between high-affinity anti-NP4 

to low-affinity anti-NP15 IgG1 were comparable between Tfap4−/− and control GC B cells 

(Figure 5I and S5L). These results suggest that AP4 promotes expansion of selected GC B 

cells, thus diversifying BCR repertoires through somatic hypermutation, although it is 

dispensable for the selection of high-affinity clones and affinity maturation of anti-NP 

antibodies.

AP4 is required for control of chronic viral infection

Our results demonstrate that AP4 contributes to diversification of BCR repertoire by 

promoting expansion of DZ GC B cells. Antibody diversification and accumulation of 

somatic mutations are critical for the generation of protective antibodies against chronic 

viral infections in mammals, as exemplified by broadly neutralizing antibodies (bnAbs) 

against HIV that harbor high frequencies of mutations (Halper-Stromberg et al., 2014; Klein 

et al., 2013). These bnAbs against HIV emerge years after the initial infection, raising the 

possibility that maximal diversification of the BCR repertoire by GCs as the virus mutates is 

essential for their emergence (Mascola and Haynes, 2013). In mice, the generation of high 

affinity antibodies during GC responses is required for control of chronic LCMV infection 

(Bergthaler et al., 2009; Harker et al., 2011). LCMV clone 13 (LCMV-c13) infection of 

Tfap4f/f Cd79aicre/+ mice induced GC formation; however, the numbers and frequencies of 

GC B cells were significantly reduced compared to control Tfap4f/f cre− mice (Figures 6A 

and 6B) despite normal numbers of CXCR5+PD-1+ Tfh cells in the mutants (Figure S6A–

S6C). Consistent with previous studies (Harker et al., 2011; Wherry et al., 2003), the serum 
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viral titers in control mice started to decline 30 days after infection, and viremia was mostly 

resolved by day 100 (Figure 6C). In Tfap4f/f Cd79aicre/+ mice, despite comparable viremia 7 

days post-infection, viral loads remained high until day 100 (Figure 6C). Similarly defective 

control of viremia was seen in Tfap4f/– Aicdacre/+ compared to Tfap4f/+ Aicdacre/+ mice 

(Figure 6D). These results indicate that AP4 expression in B cells is essential for control of 

chronic LCMV infection. Consistent with the presence of GCs in Tfap4f/f Cd79aicre/+ mice, 

AP4 was dispensable for the production of class switched anti-LCMV antibodies (Figures 

6E, S6D and S6E). However, AP4-deficient GC B cells accumulated reduced numbers of 

mutations (Figure 6F). Consequently, heat-inactivated immune sera from Tfap4f/f 

Cd79aicre/+ mice were minimally able to neutralize LCMV in vitro, in sharp contrast to their 

WT counterparts (Figures 6G and S6F). These results demonstrate that induced and 

sustained AP4 expression in Ag-specific B cells is required for maximizing the magnitude of 

GC responses and for generating protective antibodies against viral infections.

AP4 is sustained by IL-21R signals following induction by c-MYC

The finding that AP4 is induced by c-MYC in selected GC B cells, but is maintained longer 

than c-MYC, suggests that help signals derived from Tfh cells may sustain AP4 expression 

during migration of LZ B cells towards the DZ. To test this, we first induced c-MYC-

dependent AP4 expression in B cells by co-culturing them on NIH3T3 feeders engineered to 

express CD40L at an amount comparable to activated CD4+ T cells (Figure 7A). Under 

these conditions, both c-MYC and AP4 protein quantities increased rapidly (Figure 7B). 

During GC reactions, selected B cells contact Tfh cells and receive survival and proliferative 

signals through a CD40-CD40L ligation, and subsequently lose this contact as they migrate 

to the DZ (Allen et al., 2004; Castigli et al., 1994; Kawabe et al., 1994; MacLennan, 1994; 

Renshaw et al., 1994; Victora and Nussenzweig, 2012; Victora et al., 2010; Xu et al., 1994). 

Indeed, deprivation of CD40 stimulation reduced AP4 expression at both transcript and 

protein levels (Figures 7B and 7C). Importantly, subsequent stimulation of the CD40-primed 

cultured B cells with IL-21 sustained AP4 expression despite the absence of c-MYC protein, 

while Tfh-derived cytokines, IL-4 and IFN-γ, showed only a modest and no effect, 

respectively (Figure 7B). IL-21 increased the amount of AP4 in a dose-dependent manner 

(Figures 7D and 7E). IL-21 was also sufficient to sustain AP4 expression in cultured GC B 

cells ex vivo following stimulation with CD40L (Figure 7F). However, IL-21 was 

insufficient to increase the AP4 amount without priming of B cells with CD40L (Figure 

S7A). Furthermore, co-stimulation of B cells with IL-21 and CD40L reduced AP4 mRNA 

amounts compared to CD40L stimulation alone due to an unknown reason, although AP4 

protein amounts were unchanged possibly due to compensation by IL-21-mediated elevation 

of protein translation (Figure S7B and S7C). Thus, IL-21 can maintain AP4 expression after 

c-MYC expression is downregulated in B cells in vitro. In addition to upregulation of AP4 

mRNA (Figure 7C), global protein translation as measured by a puromycin pulse labeling 

(Nathans, 1964) was markedly elevated by IL-21 (Figure 7B). Interestingly, IL-21-mediated 

increase of protein translation was reduced in AP4-deficient B cells (Figure 7G).

Therefore, prior expression of AP4 induced by CD40 signals and c-MYC amplifies the 

effect of IL-21 on protein translation, including accumulation of its own protein, which may 

be retained in a subset of DZ cells passively or post-transcriptionally. IL-21 is also necessary 
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for upregulation of Bcl6 and Aicda transcripts (Ettinger et al., 2005; Linterman et al., 2010). 

However, expression of these genes were not affected in IL-21 stimulated Tfap4−/− B cells in 
vitro (Figure S7D and S7E), indicating that AP4 plays a targeted role in controlling the 

IL-21-dependent GC B cell program .

To validate this finding in vivo, we generated bone marrow chimeras by reconstituting mice 

with a mixture of bone marrow cells from Igh−/− (75%) and Il21r−/− (25%) mice (Figure 

S7F). In the resulting chimeras, all B cells were exclusively derived from Il21r−/− bone 

marrow cells, while a large proportion of non-B cells, including Tfh cells, were sufficient for 

Il21r (Figures S7G–S7J). Consistent with previous reports (Linterman et al., 2010; Zotos et 

al., 2010), GC responses were blunted in bone marrow chimeras with Il21r−/− B cells 

following NP-CGG immunization, with a significant reduction in the amounts of Bcl6 and 

Aicda transcripts compared to control chimera with Il21r+/+ B cells (Figure S7K–S7N). In 

these chimeras, Il21r−/− LZ B cells expressed significantly reduced Tfap4, but not Myc 
transcripts compared to Il21r+/+ LZ B cells (Figure 7H). Ccnd3, a direct AP4 target in GC B 

cells (Figures 4E and S4C), was also downregulated in Il21r−/− GC B cells (Figure 7H). 

While frequencies of c-MYC+ cells were similar between Il21r−/− and Il21r+/+ GCs, 

frequencies of AP4+ cells as well as AP4 protein amounts were markedly diminished in both 

LZ and DZ of Il21r−/− GCs (Figures 7I-7K). Furthermore, early and mid to late S-phase 

cells in the DZ, but not in the LZ, were reduced in the absence of IL-21R signals, which is 

similar to the phenotype observed in AP4-deficient GCs (Figures 7L and 7M). Thus, IL-21 

amplifies GC response through sustaining AP4 expression.

Discussion

In the present work, we have defined a molecular mechanism by which T cell help signals 

received in the LZ programs repeated rounds of proliferation of selected GC B cells in the 

anatomically distant DZ. Studies using a DEC205-targeted Ag-delivery have demonstrated 

that amounts of cognate Ag that GC B cells capture and present to Tfh cells in the LZ 

regulate the magnitude of expansion of the selected B cells in the DZ through upregulation 

of c-MYC target genes (Gitlin et al., 2015; Gitlin et al., 2014). However, expression of c-

MYC is restricted to a small subset of LZ GC B cells, and it thus remains unknown how GC 

B cell proliferation initiated in the LZ is sustained in the DZ after they lose contact with Tfh 

cells and expression of c-MYC. Our results indicate that AP4 connects the selection in the 

LZ to sustained proliferation in the DZ. AP4 is induced by CD40 signals in a c-MYC-

dependent manner and its expression is maintained after the c-MYC decay. AP4 is 

maintained by the cytokine IL-21, which is upregulated in Tfh cells during their transient 

interaction with Ag-presenting GC B cells (Shulman et al., 2014). IL-21 may continue to 

provide T cell help to selected B cells during the T-B interaction and during their migration 

towards the DZ to express important genes for GC reactions, including AP4. This effect is 

mediated at the transcriptional level, and also at the translational level in part in an AP4-

dependent manner. Thus, IL-21 may specifically act on selected B cells that have 

upregulated AP4. However, it may not reach the DZ B cells since IL-21R-dependent 

upregulation of AP4 at the transcript level was observed only in the LZ B cells.
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GCs are essential for the generation of protective antibodies that accumulate multiple 

somatic mutations in their Ig genes. Recent studies have identified bnAbs against HIV that 

are characterized by substantially high quantities of somatic hypermutations (Mascola and 

Haynes, 2013), suggesting that enhanced BCR diversification by sustained GC responses is 

critical for the generation of these antibodies. Strains of LCMV have been used to study both 

humoral and cellular immune responses against chronic viral infection in mice. GC 

responses and expression of AID are essential for the control of chronic LCMV infection 

(Bergthaler et al., 2009; Harker et al., 2011). Our data indicate that AP4-mediated durable 

GC response is required for the control of chronic LCMV infection in a B cell-intrinsic 

manner. This was evidenced by reduced accumulation of somatic mutations and the 

impaired development of antibodies with neutralizing activities in the absence of AP4. 

Although these results indicate that AP4 is required for diversification of antibody repertoire 

and subsequent affinity maturation, AP4 deficiency had no substantial impact on antibody 

affinity maturation to NP. This can be explained by recent reports that anti-hapten antibody 

affinity is robustly increased by a few dominant mutations, whereas affinity maturation 

against complex protein Ag requires sequential accumulation of many mutations during GC 

reaction (Kuraoka et al., 2016; Tas et al., 2016).

We previously demonstrated that AP4 maximizes acute CD8+ T cell responses by sustaining 

c-MYC-initiated gene expression program (Chou et al., 2014). Together with our current 

study, both T and B cells seem to be dependent on restricted c-MYC expression and 

subsequently utilize its downstream factor AP4 to achieve the maximal magnitude of 

adaptive immune response. After induction by c-MYC, expression of AP4 is sustained in an 

IL-2 or IL-21-dependent manner in CD8+ T or GC B cells, respectively, and compensates 

for the early termination of c-MYC expression (Chou et al., 2014). It is unclear why 

activated lymphocytes utilize c-MYC only for a brief window and terminate its expression 

prematurely before the completion of their clonal expansion. Although c-MYC is critical for 

the establishment of highly proliferative states of lymphocytes upon Ag receptor stimulation, 

prolonged expression of c-MYC may make the cells prone to apoptosis (Sander et al., 2012) 

or increase the risk of transformation in the presence of genotoxic stress during GC 

responses. Aberrant expression of c-MYC has been causally linked to increased incidence of 

pre-B cell leukemia and B cell lymphoma (Adams et al., 1985). The Myc locus is also 

efficiently targeted by AID (Kato et al., 2012). Therefore, restriction of c-MYC at both 

protein and transcript levels may be necessary to prevent transformation during GC 

responses, although extensive lymphocyte proliferation is critical for protection against 

virulent pathogens.

Collectively, our results demonstrate that direct T cell help during the T-B interaction and 

potential remote help mediated by IL-21 sequentially induce transient expression of c-MYC 

and sustained expression of AP4 to drive sufficient expansion of GC B cells following clonal 

selection by Tfh cells. Such sustained GC responses are necessary for the generation of 

mutated antibodies with protective activity against chronic viral infection in the mouse 

model and may also be important for the generation of the anti-HIV bnAbs in humans. In 

conjunction with our previous study, the current data suggest that activated B and T cells 

both utilize a transcription factor cascade in which c-MYC hands off its role to AP4, a relay 

that is required to maximize clonal expansion to drive effective antiviral immunity.
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Experimental Procedures

Mice

C57BL/6N and B6-CD45.1 mice were purchased from Charles River Laboratory. 

Rosa26creERT2 (Ventura et al., 2007), Ighg1cre (Casola et al., 2006), Aicdacre (Robbiani et 

al., 2008), Igh−/− (µMT) (Kitamura et al., 1991), and Il21r−/− mice (Frohlich et al., 2007) 

were from JAX. Tfap4f (Chou et al., 2014), Tfap4− (Egawa and Littman, 2011), Mycf (de 

Alboran et al., 2001), Cd79aicre (Hobeika et al., 2006) and MycGFP (Huang, 2008) alleles 

have been described. A Tfap4mCherry allele was generated by inserting a sequence encoding 

the mCherry fluorescence protein to the carboxyl terminus of AP4 (Figures S1B and S1C). 

NotI linearized plasmid DNA was electroporated into JM8.N4 ES cells (KOMP Repository), 

and G418/Gancyclovir double-resistant clones were screened for homologous recombination 

by Southern blotting. Correctly targeted clones were injected into B6(Cg)-Tyrc-2J 

blastocysts, and chimeric males were crossed to EIIa-cre females (Lakso et al., 1996) 

(Jackson Laboratory) to obtain germ-line transmission and to delete the selection cassette. 

To generate bone marrow chimeras, B6-CD45.1 mice were lethally irradiated (10.5 Gy) and 

reconstituted with donor bone marrow cells for at least 8 weeks before experiments. All 

mice were maintained in the C57BL/6 background, were housed in a specific pathogen-free 

facility at Washington University in St. Louis, and were analyzed at 6–14 weeks of age 

unless stated otherwise. Both sexes were included without randomization or blinding. All 

experiments were performed according to a protocol approved by Washington University’s 

Animal Studies Committee.

LCMV Infection

Mice were infected with 2 × 106 plaque-forming units (PFU) of LCMV-c13 by intravenous 

injection. For the quantification of serum viral load, RNA was extracted from 10 µl of serum 

from LCMV-infected mice using Trizol (Life Technologies). 1 µl of ERCC RNA Spike-In 

Control Mixes, at a concentration of 1:10,000, was added to the lysate before RNA 

extraction and reverse transcription. The amounts of the LCMV NP transcript relative to that 

of ‘spiked-in’ RNA were determined by real-time quantitative RT-PCR as previously 

described (Chou et al., 2014; McCausland and Crotty, 2008). In vitro neutralization assay 

was performed according to a published protocol with some modifications (Seiler et al., 

1998). Vero cells were plated at 5 × 104 cells per well in a flat-bottom 96-well plate one day 

before infection. Heat-inactivated (one hour at 55 °C) sera from LCMV-infected and control 

mice were serially diluted with media and incubated with an equal volume of viral 

supernatant containing 300 PFU of LCMV clone 13 at 37 °C for 90 min. Infectivity of the 

mixtures was determined by intracellular staining for LCMV NP of Vero cells that were 

incubated with the mixture for 48 hours (Korns Johnson and Homann, 2012). For each 

dilution of serum samples, the percentage of LCMV NP+ Vero cells treated with LCMV-

immune serum was normalized to that treated with control serum. A neutralization curve and 

an EC50 value were calculated using the non-linear fit equation “log (inhibitor) vs. 

normalized response -- variable slope” in Prism 6 software (Graphpad).
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Immunization protocols and treatments

Mice were immunized with either 8–10 × 108 SRBC (Lampire), 100 µg of NP-CGG 

(Biosearch) precipitated in alum, or 100 µg of NP-Ficoll (Biosearch) in PBS by 

intraperitoneal injection. NP-and NIP-APC were prepared by conjugating allophycocyanin 

(Sigma-Aldrich) with NP or NIP ester (Biosearch) as previously described (McHeyzer-

Williams and McHeyzer-Williams, 2004).

In vitro B cell culture

CD40L-expressing feeders were generated by infecting NIH-3T3 cells with a retrovirus 

expressing CD40L and sort-purified based on surface CD40L expression. The feeders were 

seeded in RPMI-1640 supplemented with 10% FBS at a density of 4 × 106 cells per 6-, or 

12-well plate, or 100mm dish one day before adding splenic B cells purified using anti-

CD19-microbeads (Miltenyi). B cells were removed from feeders by gentle shaking and 

pipetting. For liquid culture of B cells, CD40L-activated B cells were incubated in medium 

containing IL-4 (eBioscience), IL-21 (Peprotech), or IFN-γ (Peprotech) for additional 16–

18 hours. To measure protein translation, B cells were treated with 10 µg/ml of puromycin 

(Sigma) for 10 min at 37°C before lysis. CD40L- and BAFF-expressing feeders (Nojima et 

al., 2011) were used for culturing of GC B cells ex vivo.

Statistical analysis

P values were calculated with an unpaired two-tailed Student’s t-test for two-group 

comparisons and by one-way ANOVA for multi-group comparisons with the Tukey post-hoc 

test using Prism 6 software. For the comparison of cumulative frequencies between two 

datasets and the frequency of W33L+ clones between two groups, the Kolmogorov-Smirnov 

test and χ2 test with Yates correction were used, respectively. P values of <0.05 were 

considered significant. N.S., not significant; *P<0.05; **P<0.01; ***P<0.001; 

****P<0.0001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. GC B cells express the c-MYC-inducible factor AP4
(A and B) Expression of AP4 protein and cell number-normalized Tfap4 mRNA (2 hours) in 

B cells that were harvested from Tamoxifen-treated Mycf/fRosa26creERT2/+ and co-cultured 

with CD40L-expressing feeders. Data are representative of three experiments.

(C) Binding of c-MYC to the Tfap4 locus in CD40L-activated B cells. Histograms of 

sequence tags pulled down with anti-c-MYC or anti-H3K27ac antibody are shown.

(D) Staining for AP4, AID and IgD of spleen sections eight days after SRBC immunization. 

B cell follicles (Fo) and GCs are marked by white and yellow dashed lines, respectively. 

Data are representative of two experiments.

(E) Staining for AP4 and c-MYC of spleen sections eight days after SRBC immunization. 

LZ and DZ of GCs defined by the presence of CD35+ FDCs are shown with white and 

yellow dashed lines, respectively. Data are representative of two experiments.

(F) AP4, c-MYC, and BCL6 protein amounts in naive (N), total B220+GL7+Fas+ GC, 

CD86hiCXCR4lo LZ and CD86loCXCR4hi DZ B cells eight days after SRBC immunization. 

Data are representative of three experiments. *: non-specific band.
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(G and H) Expression of GFP and mCherry in GC B cells of MycGFP/+Tfap4mCherry/+ mice 

eight days after SRBC immunization (G). Distribution of AP4-mCherry+ or c-MYC-GFP+ 

cells in the LZ and DZ defined by CD86 and CXCR4 expression is shown in the right panels 

(G). Frequencies of AP4- or c-MYC-expressing cells in total GC, LZ and DZ GC B cells 

from two independent experiments are shown in (H).

(I) Intracellular staining for AP4 in c-MYC-GFP+ LZ GC B cells eight days after SRBC 

immunization. Staining for AP4 in Tfap4−/− LZ cells is shown as control. Data are pooled 

from two experiments.

Data in (B, H and I) are shown by means ± SD. Unpaired Student’s t test. n = 3 per group (A 

and B); n = 4 (D and E); n = 3 (F); n = 6 for (G and H); n = 4 for MycGFPTfap4+/+ and n = 2 

for Tfap4– /– mice (I). See also Figure S1. Scale bar, 100 µm.
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Figure 2. AP4 is required for normal GC formation in a B cell-intrinsic manner
(A–C) Expression of GL7 and Fas in B220+ splenocytes ten days after NP-CGG 

immunization (A). Statistical analysis of frequencies (B) and absolute numbers (C) of 

GL7+Fas+ cells in B220+ splenocytes from four independent experiments is shown.

(D and E) Flow cytometric analysis of CD45.2 donor cell contribution to the follicular 

(IgD+CD19+) and GC (IgD−CD19+GL7+Fas+) B cell compartments in mixed bone marrow 

chimeras 12 days after NP-CGG immunization (D). Statistical analysis of CD45.2 donor cell 

contribution to GC normalized to that of follicular B cells from five independent 

experiments is shown in (E).

(F) Staining for GL7, IgD and TCRβ of spleen sections from mice with indicated genotypes 

ten days after NP-CGG immunization. Representative data from four independent 

experiments are shown. Scale bar: 100 µm.

(G) Statistical analysis of the size of each GC in (F). Data are pooled from four independent 

experiments.

(H–J) Expression of GL7 and Fas in B220+ splenocytes and NIP-allophycocyanin (APC)-

binding by B220+GL7+Fas+ cells from Tfap4f/fIghg1cre/+ and control Tfap4+/+Ighg1cre/+ 

mice ten days after NP-CGG immunization. Statistical analysis of percentages of GL7+Fas+ 

cells in B220+ cells (I) and the numbers of NIP-binding cells in the spleen (J) from two 

independent experiments are shown.

Data in (B, C, E, G and I) are shown by means ± SD. One-way ANOVA for (B, C and G). 

Unpaired Student’s t test for (E, I and J). n = 10 for Tfap4−/− and Tfap4f/fCd79aicre/+ , and n 
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= 28 for Tfap4f/fcre− (A-C, F and G); n = 12 for Tfap4f/fcre− and n = 16 for Tfap4−/− (D and 

E); n = 5 for Tfap4f/fIghg1cre/+ and n = 6 for Tfap4+/+Ighg1cre/+ mice (H–J). See also Figure 

S3
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Figure 3. AP4 enhances GC B cell proliferation through the regulation of cell cycle re-entry in 
the DZ
(A) Cell cycle analysis by DNA content measurement of AP4-mCherry+ LZ and DZ cells 

compared to total LZ and DZ cells from Tfap4mCherry reporter mice eight days after SRBC 

immunization. Data are pooled from two independent experiments.

(B) Cell cycle analysis by sequential EdU and BrdU labeling of CD45.2 Tfap4−/− and 

control Tfap4f/fcre− donor LZ and DZ GC B cells in mixed bone marrow chimeras eight 

days after NP-CGG immunization. Early-, mid to late-, and post-S phases of the cell cycle 

were defined as previously described (Gitlin et al., 2014). Representative plots and statistical 

analysis from two independent experiments are shown.

(C–E) Expression of CD86 and CXCR4 in B220+GL7+Fas+ GC B cells from mice with 

indicated genotypes ten days after NP-CGG immunization. Representative plots (C) and 

statistical analysis of frequencies of LZ (CD86hiCXCR4lo) and DZ (CD86loCXCR4hi) cells 

in the GC B cell compartment (D) and DZ to LZ ratios (E) from four independent 

experiments are shown. Data in (A, B, D and E) are shown by mean ± SD. Unpaired 

Student’s t test for (A and B) Oneway ANOVA for (D and E). n = 5 (A); n = 4–5 per group 

(B); n = 10 for Tfap4−/− and Tfap4f/fCd79aicre/+ , and n = 28 for Tfap4f/fcre− (D and E). See 

also Figure S4.
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Figure 4. AP4-expressing DZ cells maintain activation signatures following c-MYC 
downregulation
(A and B) Relative cell sizes (forward scatter) of MYC+AP4+ LZ and DZ B cells from AP4-

mCherry and c-MYC-GFP reporter mice eight days after SRBC immunization (A). 

Statistical analysis from three independent experiments is shown in (B)

(C) RNAseq analysis of MYC−AP4− LZ, MYC+AP4+ LZ, AP4+ DZ and AP4− DZ cells. 

Expression of genes which were expressed higher by >1.8-fold in MYC+AP4+ LZ cells than 

MYC−AP4− LZ cells is shown as a heat map following unsupervised clustering analysis that 

yielded three major clusters.
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(D) Pathway analysis of Cluster I genes in (C) combined with ChIPseq analysis showing the 

frequencies of genes directly bound by AP4, c-MYC, or both in each pathway. The number 

of genes in each pathway is shown to the right of the bar with P-values for enrichment.

(E) Spike-in qPCR validation of representative AP4-MYC-cobound genes in (D). 

Expression in four independent samples from two experiments are shown as a heatmap.

(F) Flow cytometric analysis showing CellTrace Violet dilution of Myc-deficient B cells 

infected with a control retrovirus (RV) or one expressing AP4 or MYCT58A. CD40L-primed 

Mycf/fRosa26creERT2/+ or Myc+/+Rosa26creERT2/+ splenic B cells were infected with 

indicated RV, followed by treatment with 4-hydroxytamoxifen (4-OHT), and proliferation 

was analyzed. Data are representative of two independent experiments.

Data in (B and F) are shown by mean ± SD. Unpaired Student’s t test for (B). One-way 

ANOVA for (F). n = 6 (A and B); n = 3 (C); n = 3 per group (F). See also Figure S4 and 

Table S1.
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Figure 5. AP4 is necessary for the accumulation of somatic mutations
(A) Frequencies of mutations in an JH4 adjacent intronic region in Tfap4−/− and control 

Tfap4f/fcre− donor GC B cells from mixed bone marrow chimeras 12 days after NP-CGG 

immunization. Data are pooled from three independent experiments.

(B) Frequencies of clones carrying multiple mutations in (A).

(C) Cumulative frequency distribution of VH186.2 somatic mutations in CD45.2 donor GC 

B cells in (A). Data are pooled from three independent experiments.

(D and E) Expression of Aicda mRNA and frequencies of IgG1
+ in CD45.2 donor-derived 

GC B cells in (A). Data are pooled from three independent experiments.

(F) Frequencies of Igλ+ cells in NIP-APC-binding GC B cells from Tfap4f/fIghg1cre/+ and 

control Tfap4+/+Ighg1cre/+ mice ten days after NP-CGG immunization. Data are pooled 

from two independent experiments.

(G) NIP-APC-binding by GC B cells in (F). Data are pooled from two independent 

experiments. (H) NP4-specific serum Igλ titers in Tfap4f/fCd79aicre/+ and control 

Tfap4f/fcre− mice 56 days after NP-CGG immunization. Data are pooled from two 

independent experiments.

(I) Frequencies of the W33L mutation in VH186.2 BCR+ clones in CD45.2 GC B cells in 

(A). Numbers of W33L bearing clones and total number of clones sequenced are shown. 

Data are pooled from four independent experiments.

Data in (A, D, E, F-H) are shown by means ± SD, with unpaired Student’s t test. 

Kolmogorov-Smirnov test for (C). c2 test with Yates correction for (I). n = 6 for each group 

(A-C, E-I); n = 17 for Tfap4f/fcre− and n = 14 for Tfap4−/− (D). See also Figure S5.
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Figure 6. AP4 is essential for humoral responses against chronic viral infection
(A and B) Frequencies and absolute numbers of B220+GL7+Fas+ cells in the spleens of 

Tfap4f/fCd79aicre/+ and control Tfap4f/fcre− mice 30 days after infection with LCMV-c13. 

Data are pooled from two independent experiments.

(C and D) Analysis of plasma LCMV loads in Tfap4f/fCd79aicre/+ and control Tfap4f/fcre− 

mice (C) and Tfap4f/-Aicdacre/+ and control Tfap4f/+Aicdacre/+ mice (D) after infection. Data 

are pooled from six (C) and three (D) independent experiments.

(E) Titers of LCMV-binding serum IgG in Tfap4f/fCd79aicre/+ and control Tfap4f/fcre− mice 

80 days after infection. Data are pooled from six independent experiments.

(F) Cumulative frequency distribution of somatic mutations of the Igh variable regions in 

GC B cells in (B). Data are pooled from two independent experiments.

(G) Neutralizing serum antibody titers from Tfap4f/fCd79aicre/+ and control Tfap4f/fcre− 

mice 80 days after LCMV infection. Neutralizing titers were shown as 1/EC50. Data are 

pooled from six independent experiments.

Data in (B and E) are show by means ± SD. Lines in (C, D and G) represent medians. 

Unpaired Student’s t test for (B and E). Mann-Whitney’s ranked test for (C, D and G). 

Kolmogorov-Smirnov test for (F). n = 7 for Tfap4f/fcre− and n = 11 for Tfap4f/fCd79aicre/+ 

(A and B); for each time point n = 10–19 for Tfap4f/fcre− and n = 16–25 for 

Tfap4f/fCd79aicre/+ (C); for each time point n = 9–11 per group (D); n = 12 for Tfap4f/fcre− 

and n = 14 for Tfap4f/fCd79aicre/+ (E); n = 6 per group (F); n = 14 for Tfap4f/fcre− and n = 

25 for Tfap4f/fCd79aicre/+ (G). See also Figure S6.
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Figure 7. IL-21 sustains expression of AP4 after c-MYC downregulation
(A) Flow cytometric analysis showing expression of CD40L on NIH-3T3 cells infected with 

a CD40L-expressing retrovirus compared to that in CD4+ T cells polarized in vitro for 2 

days.

(B) AP4 and c-MYC protein amounts and puromycin (Puro) incorporation in naive (N), 

stimulated B cells with CD40L, and those subsequently stimulated with cytokines without 

CD40L (off CD40L). (–) denotes no cytokines added. Data are representative of three 

independent experiments.

(C) Cell-number normalized Tfap4 mRNA expression in activated B cells from (B). Data are 

pooled from two independent experiments.
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(D and E) Cell-number normalized Tfap4 mRNA and protein expression in B cells 

stimulated with CD40L and those subsequently stimulated with IL-21. Data are pooled from 

three independent experiments.

(F) AP4 and c-MYC protein expression in GC B cells ex vivo that were untreated, CD40L-

stimulated, and those subsequently stimulated with cytokines without CD40L signals (off 

CD40L). (–) denotes no cytokine added. GC B cells were purified eight days after SRBC 

immunization. Data are representative of two independent experiments.

(G) Puromycin incorporation by Tfap4f/–Cd79aicre/+ and control Tfap4f/+Cd79aicre/+ naive B 

cells (N), CD40L-stimulated B cells, and those subsequently stimulated with different 

concentrations of IL-21 without CD40L. Data are representative of two independent 

experiments.

(H) Tfap4, Myc, Ccnd3 mRNA amounts in Il21r+/+ and Il21r−/− CD86hiCXCR4lo LZ and 

CD86loCXCR4hi DZ GC B cells from mixed bone marrow chimeras (Figure S7F) ten days 

after NP-CGG immunization. Data are pooled from three independent experiments.

(I and J) Staining for c-MYC and AP4 expression of spleen sections from mice in (H). LZ 

and DZ defined as in Figure 1E. Data are representative of three independent experiments. 

Scale bar, 100 µm. Statistical analysis of c-MYC- and AP4-expressing cell frequencies per 

1,000 µm2 of LZ or DZ is shown in (J). Data are pooled from three independent 

experiments.

(K) AP4 protein amounts in LZ and DZ GC B cells in (H). Data are representative of three 

independent experiments.

(L and M) Cell cycle analysis by sequential EdU and BrdU labeling of CD45.2 Il21r−/− and 

control Il21r+/+ donor LZ and DZ GC B cells from mixed bone marrow chimeras in (H). 

Data are pooled from two independent experiments.

Data in (C, D, H, J and M) are shown by means ± SD. One-way ANOVA for (C), and 

unpaired Student’s t test for (H, J and M). n = 4–6 (B–E); n = 2 (F); n = 2 per group (G); n = 

6 for Il21r+/+ and n = 8 for Il21r−/− (H); n = 4 for Il21r+/+ and n = 6 for Il21r−/− (I–M). See 

also Figure S7.
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