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SUMMARY

Although viral infections elicit robust interferon-γ (IFNγ) and long-lived antibody secreting cell 

(ASC) responses, the roles for IFNγ and IFNγ-induced transcription factors (TFs) in ASC 
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development are unclear. We showed that B cell intrinsic expression of IFNγR and the IFNγ-

induced TF T-bet were required for T-helper 1 cell induced differentiation of B cells into ASCs. 

IFNγR-signaling induced Blimp1 expression in B cells but also initiated an inflammatory gene 

program that, if not restrained, prevented ASC formation. T-bet did not affect Blimp1 upregulation 

in IFNγ-activated B cells but instead regulated chromatin accessibility within the Ifng and Ifngr2 
loci and repressed the IFNγ-induced inflammatory gene program. Consistent with this, B cell 

intrinsic T-bet was required for formation of long-lived ASCs and secondary ASCs following 

viral, but not nematode, infection. Therefore, T-bet facilitates differentiation of IFNγ-activated 

inflammatory effector B cells into ASCs in the setting of IFNγ, but not IL-4, induced 

inflammatory responses.
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INTRODUCTION

The interferon-γ (IFNγ) inducible T-box transcription factor (TF), T-bet, regulates the 

activation, proliferation, differentiation, lifespan and effector functions of T cells (Lazarevic 

et al., 2013) by modulating gene expression through its interactions with histone-modifying 

enzymes and other master regulator TFs, like Bcl6 and Blimp1 (Oestreich and Weinmann, 

2012; Xin et al., 2016). T-bet promotes T helper-1 (Th1) development by activating effector 

cell gene programs (Zhu et al., 2012) and by repressing alternate cell fate (Lazarevic et al., 

2013) and type I interferon (IFN)-induced inflammatory gene programs (Iwata et al., 2017). 

Although T-bet is required for IFNγ-driven switching to the IgG2c (B6) or IgG2a (BALB/c) 

isotype in mice (Peng et al., 2002), remarkably little is known about whether T-bet can also 

influence B cell fate decisions. However, recent studies showing that T-bet expressing B 

cells are expanded in aging, chronically infected and autoimmune mice and humans (Jenks 

et al., 2018; Karnell et al., 2017; Knox et al., 2017; Lau et al., 2017; Naradikian et al., 2016; 

Rubtsov et al., 2011; Rubtsova et al., 2017; Wang et al., 2018) suggest that T-bet may 

influence B cell transcriptional programming and cell fate decisions. In support of this idea, 

autoantibody (Ab) responses in some Systemic Lupus Erythematosus (SLE) prone mice are 

dependent on B cell intrinsic T-bet expression (Rubtsova et al., 2017) and expansion of an 

unusual population of T-bet expressing CD11c+CXCR5neg IgDnegCD27neg (DN2) human B 

cells correlates with disease severity in a subset of SLE patients (Jenks et al., 2018; Wang et 

al., 2018). Moreover, T-bet+ DN2 cells (Jenks et al., 2018; Wang et al., 2018) as well as T-

bet+ CD27+CD21lo activated human memory B cells (Knox et al., 2017; Lau et al., 2017) 

exhibit phenotypic, molecular and functional similarities to Ab secreting cell (ASC) 

precursors.

Given the association between T-bet expression and pre-ASC formation, we tested whether 

T-bet was required for commitment to the ASC lineage. We showed that ASC development 

by B cells activated in vitro in the presence of IFNγ-producing T cells required B cell 

intrinsic expression of T-bet and the IFNγR. T-bet, despite facilitating IFNγ-dependent ASC 

development, was not required for IFNγ-induced upregulation of ASC programming TFs, 
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like Blimp1, IRF4 and XBP1 (Nutt et al., 2015). Instead, T-bet repressed an IFNγ-induced 

inflammatory gene program that was incompatible with ASC differentiation. Moreover, we 

found that B cell intrinsic T-bet expression was required for long-lived ASC formation 

following primary infection with influenza virus and memory B cell differentiation into 

ASCs following influenza challenge infection. By contrast, T-bet expressing B cells were not 

required for ASC differentiation following a Th2-inducing nematode infection. Therefore, 

unlike the core TFs that are required for ASC commitment in all settings (Nutt et al., 2015), 

T-bet promotes ASC development by preventing B cells from assuming an alternate 

inflammatory effector cell fate in response to IFNγ, which is produced in response to some 

but not all pathogens and autoantigens.

RESULTS

The Blimp1-dependent ASC gene program is enhanced in Th1-activated B cells.

We reported that cultures of Th1 cell-stimulated B cells (Be1 cells) contained more secreted 

Ab than cultures of Th2 cell-stimulated B cells (Be2 cells) (Harris et al., 2005b). To test 

whether ASC development was enhanced in the Be1 cultures, we subdivided the day 4 Be1 

cells into 4 discrete populations using the ASC markers CD138 and CD93 (Fig. 1A) and 

measured Ab production by the sort-purified cells. We found that the CD138+CD93+ subset 

produced the most Ab, as measured by Ab secretory rates, following re-culture of an 

equivalent number of cells for 5 hours (Fig. 1B), or by ELISPOT (Fig. 1C). Next, we 

quantitated CD138+CD93+ ASCs and Ab secretory rates in day 4 Be1 and Be2 cultures. 

CD138+CD93+ cells were more prevalent in day 4 Be1 cultures (Fig. 1D–E) and day 4 Be1 

cells produced more Ab than day 4 Be2 cells (Fig. 1F), indicating enhanced ASC formation 

in Be1 cultures.

To determine when ASC lineage commitment occurs Be1 cells, we used Gene Set 

Enrichment analysis (GSEA, (Subramanian et al., 2005)) and evaluated when TFs that are 

differentially expressed between bone marrow (BM) ASCs and follicular B cells (FOB) (Shi 

et al., 2015) were enriched in the Be1 transcriptome (Table S1, Fig. S1A). Since many ASC-

specific TFs were significantly enriched in the Be1 transcriptome by day 3 (Fig. 1G, Fig. 

S1B), we examined day 2 cells and found that only two TFs, Prdm1 (Blimp1) and Jun, were 

upregulated at this timepoint in Be1 cells relative to Be2 cells (Fig. 1H, Fig S1C). Consistent 

with this, day 2 Be1 cells generated from Blimp1-reporter mice (Rutishauser et al., 2009) 

expressed detectable amounts of Blimp1 (Fig. 1I). Next, we performed ATAC-seq 

(Buenrostro et al., 2015) on day 2 Be1 and Be2 cells (Table S2). We identified 611 

differentially accessible regions (DAR) (Fig. 1J) and observed significant enrichment 

(p=3.77 × 10−90) of accessible Blimp1-binding motifs in the day 2 Be1 cells compared to 

the Be2 cells (Fig. 1K). Finally, we observed few CD138+CD93+ ASCs (Fig. 1L–M) and 

significantly decreased Ab secretory rates in Be1 cultures containing Prdm1−/− Be1 cells 

(Fig. 1N). Thus, antigen and Th1 cell activated B cells rapidly upregulate Blimp1, undergo 

chromatin remodeling at Blimp1 binding sites and differentiate in a Blimp1-dependent 

fashion into CD138+CD93+ ASCs.
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IFNγ controls early Blimp1 expression and ASC development in Be1 cells.

To identify the upstream TFs that might promote early Blimp1 expression in Be1 cells, we 

examined day 2 Be1 and Be2 ATAC-seq and transcriptome data sets using the PageRank 

(PR) algorithm (Yu et al., 2017) (Table S3, Fig. S2) and Ingenuity Pathway Analysis (IPA, 

(Kramer et al., 2014). We also identified the differentially expressed genes (DEG) and DAR 

in the day 2 datasets. Fourteen of the 357 PR-predicted TFs were also identified in at least 2 

of the other 3 analyses and 2 of these TFs, T-bet (Tbx21) and Irf1, were identified in each 

analysis (Fig. 2A, Table S3). Expression of Tbx21 and Irf1 was induced in Be1 cells within 

one day (Fig. 2B–C) and by day 2 chromatin accessible regions containing binding motifs 

for T-bet (Fig. 2D) and IRF1, including the ISRE, EICE and AICE binding sites (Fig. 2E

℃G), were significantly enriched in Be1 cells. Expression of Tbx21 and Irf1 was ablated in 

IFNγR1-deficient (Ifngr1−/−) Be1 cells (Fig. 2H), demonstrating that expression of these 

TFs was controlled by IFNγ. To test whether Be1 differentiation was dependent on IFNγ 
signals, we examined Prdm1 expression in Ifngr1−/− Be1 cells. Prdm1 amounts were 

significantly lower in day 2 Ifngr1−/− Be1 cells compared to day 2 B6 Be1 and Be2 cells 

(Fig. 2I). Moreover, expression of Prdm1 and other ASC promoting TFs, like Irf4, Pou2af1 
and Xbp1, remained low even out to day 4 in Ifngr1−/− Be1 cells (Fig. 2J) and these B cells 

did not form CD138+CD93+ ASCs or secrete Ab (Fig. 2K–M). Thus, IFNγ controls rapid 

upregulation of Tbx21, Irf1 and Prdm1 in Be1 cells and is necessary for the development of 

Be1 ASCs.

T-bet control IFNγ-dependent ASC development but does not regulate early expression of 
Blimp1.

Since T-bet is known to regulate Blimp1 expression in T cells (Oestreich et al., 2012; Xin et 

al., 2016) and Blimp1 was required for Be1 ASC formation, we tested whether Be1 

differentiation was T-bet dependent. We found that ASC formation and Ab secretion (Fig. 

3A–C) was significantly impaired in Tbx21−/− Be1 cultures. Consistent with this, GSEA 

using RNA-seq data (Table S4) from day 4 B6 and Tbx21−/− Be1 cells revealed that the 

transcriptome of Tbx21−/− Be1 cells was not enriched for ASC-specific TFs (Shi et al., 

2015) and was instead enriched in FOB TFs (Fig. 3D–E, Fig. S3A). To examine whether T-

bet facilitates ASC development by promoting Blimp1 expression or activity, we analyzed 

quantitative PCR and ATAC-seq (Table S2) data from day 2 B6 and Tbx21−/− Be1 and Be2 

effectors. We identified 561 DAR between day 2 B6 Be1 and Tbx21−/− Be1 cells but only 30 

DAR between day 2 B6 Be2 and Tbx21−/− Be2 cells (Fig. 3F). In addition, we observed 

significantly increased chromatin accessibility in the 100 bp immediately surrounding T-bet 

consensus binding motifs in B6 Be1 cells relative to Tbx21−/− Be1 cells and B6 Be2 cells 

(Fig. 3G, Fig. S3B). However, chromatin accessibility near Blimp1-binding motifs was 

unchanged (Fig. 3G, Fig. S3B) and Prdm1 mRNA expression was equivalent (Fig. 3H) 

between the day 2 B6 and Tbx21−/− Be1 cells. Similarly, expression of other ASC-inducing 

TFs (Nutt et al., 2015) (Fig. 3H) and chromatin accessibility near binding sites for any of 

these TFs (Fig. 3G, Fig. S3B) was only modestly affected in the day 2 Tbx21−/− Be1 cells. 

Thus, T-bet appeared to promote IFNγ-dependent ASC formation via a distinct mechanism.
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Tbx21−/− Be1 cells maintain an activated inflammatory gene signature.

Although T-bet was not required to induce early Prdm1 expression in Be1 cells, we 

identified >2000 DEG between day 4 Tbx21−/− and B6 Be1 cells (Table S4). To understand 

which T-bet regulated genes were responsible for ASC development, we first examined the 

IPA-predicted upstream regulator TFs in B6 Be1 and Be2 cells and Tbx21−/− Be1 cells 

(Table S5). As expected, IFNγ-induced TFs, like STAT1, T-bet and IRF family members, 

were predicted to be activated (positive Z-score) by day 1 in Be1 cells compared to Be2 cells 

(Fig. 4A, Table S5). Moreover, by day 2, downstream inflammatory and anti-viral gene 

targets of STAT1, IRF3 and IRF7 were more highly expressed in Be1 cells compared to day 

2 Be2 cells (Fig. 4B). However, expression of these genes declined by day 4 in Be1 cells and 

the predicted Z-scores for STAT1, IRF3 and IRF7 shifted from activated to inhibited 

(negative Z-score) (Fig. 4B). By contrast, the majority of the downstream gene targets of 

IRF3, IRF7 and STAT1 were more highly expressed in day 4 Tbx21−/− Be1 cells compared 

to day 4 Be1 cells (Fig. 4B) and IRF3, STAT1 and IRF7, which were the top IPA-identified 

upstream regulators of the day 4 Tbx21−/− Be1 transcriptome (Fig. 4C, Table S5), were 

predicted to be activated in these cells (Fig. 4C). The time-dependent downmodulation of the 

inflammatory gene signature in the B6 Be1 cells was not limited to downstream targets of 

IRF3, IRF7 and STAT1 as mRNA expression of multiple TFs from the IRF (Fig. 4D), STAT 

(Fig. 4E) and NF-κB (Fig. 4F) families also declined by day 4 in the B6 Be1 cells. Similarly, 

mRNA expression of receptors that activate NF-κB and IRF, including members of the TLR 

(Fig. 4G) and TNFR (Fig. 4H) families, decreased by day 4 in B6 Be1 cells. By contrast, 

expression of many STAT, IRF and NF-κB TFs (Fig. 4D–F) as well as receptors and ligands 

that activate NF-κB and IRF signaling, including TLRs (Fig. 4G) and TNF and TNFR 

family members (Fig. 4H) was increased in day 4 Tbx21−/− Be1 cells relative to B6 Be1 

cells. The enhanced inflammatory gene signature observed in the Tbx21−/− Be1 cells was 

not due to the lack of ASCs in the Tbx21−/− Be1 cultures as we observed similar results 

comparing the transcriptomes of day 4 Tbx21−/− Be1 cells and the non-ASCs present in the 

day 4 Be1 cultures (Fig. S4A–G, Table S5). Thus, an inflammatory “effector-like” 

transcriptional signature, which is transiently observed in B6 Be1 cells, is maintained in 

Tbx21−/− Be1 cells.

T-bet is a transcriptional repressor in Be1 cells.

Although T-bet is well-characterized as a transcriptional activator of T cell effector 

development (Zhu et al., 2012) its role as a repressor is less appreciated. However, a recent 

report (Iwata et al., 2017), showing that commitment to the Th1 cell lineage requires T-bet 

directed repression of IFNα-driven inflammatory gene expression, suggested that T-bet 

might promote ASC development by repressing the inflammatory transcriptional program in 

Be1 cells. We therefore compared our RNA-seq data set with published B6 and Tbx21−/− 

Th1 cell RNA-seq and ChIP-seq data (Iwata et al., 2017) and found that many of the T-bet 

repressed target genes Th1 cells were also repressed in a T-bet dependent fashion in Be1 

cells (Fig. 4I). Indeed, GSEA revealed that the day 4 Tbx21−/− Be1 transcriptome was 

significantly enriched relative to day 4 B6 Be1 transcriptome in targets that are normally 

repressed by T-bet in Th1 cells (Fig. 4J). Moreover, this T-bet dependent repression of 

inflammatory genes in Be1 cells was time dependent as expression of known targets of T-bet 

repression declined in Be1 cells between days 1-3 (Fig. 4K–L, Fig. S4H). Thus, deletion of 
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T-bet in Be1 cells resulted in the sustained expression of inflammatory and anti-viral genes, 

including many already described (Iwata et al., 2017) targets of T-bet repression in T cells.

Sustained TLR and NF-κB signaling in Be1 cultures prevents ASC development.

Tbx21−/− Be1 cells sustained expression of many inflammatory genes and TFs, including 

NF-κB and NF-κB activators, that are normally suppressed during Be1 differentiation. Since 

NF-κB can regulate B cell development, activation and ASC formation (Gerondakis and 

Siebenlist, 2010; Klein and Heise, 2015), we assessed whether sustained NF-κB activation 

blocked differentiation of IFNγ-activated Be1 cells. We found that maintaining NF-κB 

activity in Be1 cultures, by adding the NF-κB activator betulinic acid (Kasperczyk et al., 

2005) beginning on day 2, significantly suppressed the formation of ASCs and Ig-secreting 

cells (Fig. 5A–B, Fig. S5A) in the Be1 cultures. Next, we exposed Be1 cells, beginning on 

day 2, to NF-κB-activating TLR ligands. We found that ASC development declined 

significantly (Fig. 5C–D, Fig. S5B). This was not due to reduced cell recovery as the Be1 

cells proliferated equally well in the TLR7 and TLR9 ligand exposed cultures (data not 

shown). Thus, sustained TLR and NF-κB signaling is sufficient to suppress Be1 ASC 

development, suggesting that ASC differentiation is likely to be impaired in B cells that 

cannot downmodulate the inflammatory gene network that activates NF-κB.

T-bet regulates IFNγR signaling in Be1 cells by repressing Ifng and Ifngr2 expression.

T-bet facilitates Th1 cell commitment by repressing Ifna expression and preventing initiation 

of an IFNα-driven autocrine inflammatory loop (Iwata et al., 2017). Since Ifna and the 

Ifnarwere not overexpressed in Tbx21−/− Be1 cells (data not shown), we hypothesized that 

T-bet might facilitate ASC commitment in IFNγ-activated B cells by inhibiting expression 

of inflammatory genes that are normally induced by IRF and NF-κB TFs following 

activation with IFNγ or intracellular TLR ligands. We therefore performed IPA upstream 

regulator analysis on the T-bet repressed genes that were either unique to Be1 cells or shared 

between Be1 and Th1 cells (Iwata et al., 2017) (Fig. 5E, Tables S6–S7). In agreement with 

our hypothesis, IFNγ and TLRs were predicted by IPA to be the top upstream regulators of 

the 1220 T-bet repressed genes that were unique to Be1 cells (Fig. 5F, Table S7). 

Furthermore, many of the genes that were repressed by T-bet in both Th1 and Be1 cells (Fig. 

5G, Table S7) were also predicted by IPA to be downstream targets of IFNγ and/or TLR 

signaling (Fig. 5H, Table S7). Thus, both unique targets of T-bet repression in B cells and 

shared targets of T-bet repression in Be1 and Th1 cells can be induced by IFNγR and/or 

TLR signaling.

Next, we determined the overlap between T-bet repressed genes in day 4 Be1 cells (Table 

S6) with genes containing T-bet dependent DAR in day 2 Be1 cells (Table S2). We identified 

40 genes that were repressed in a T-bet-dependent fashion in Be1 cells and mapped to T-bet 

dependent DAR that also contained one or more consensus T-bet binding motifs (Fig. 5I). 

The DAR from 17 of these genes contained AICE binding motifs for AP1-IRF complexes or 

EICE binding sites for Ets-IRF complexes (Fig. 5I), suggesting that many of the T-bet 

repressed genes in Be1 cells may be co-regulated by IFNγ-induced IRF TFs. Two of the 

genes identified in this analysis included Ifngr2 and Ifng (Fig. 5I–K). Both loci contained 

DAR with T-bet binding motifs (Fig. 5L–M) that also co-localized with binding motifs for 

Stone et al. Page 6

Immunity. Author manuscript; available in PMC 2020 May 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



IRF family members. To address whether these T-bet regulated chromatin accessible regions 

in the Ifngr2 (Fig. 5L) or the Ifng (Fig. 5M) loci were conserved between Be1 and Th1 cells, 

we compared the day 2 Be1 cell ATAC-seq data with day 4 Th1 cell ATAC-seq data and 

published Th1 cell T-bet ChIP-seq data (Zhu et al., 2012). We found DAR that were shared 

between Be1 and Th1 cells and DAR that were specific to either Be1 or Th1 cells. The Be1 

unique DAR in the Ifngr2 locus contained T-bet, EICE and AICE binding motifs while the 

Be1 unique DAR in the Ifng locus contained IRF4 and T-bet binding motifs (Fig. 5M). 

Chromatin accessibility in the B cell unique Ifng and Ifngr2 DAR increased in a T-bet 

dependent fashion (Fig. 5L–M), despite the fact that the genes were downregulated in a T-

bet dependent fashion in Be1 cells (Fig. 5J–K), These results suggest that T-bet orchestrates 

chromatin opening in loci undergoing repression and may repress gene expression either 

through direct binding or by indirectly facilitating recruitment of other repressors to these 

loci.

T-bet tunes expression of IFNγR regulated inflammatory genes.

Since T-bet dampened inflammatory gene expression in Be1 cells, we predicted that 

Tbx21−/− Be1 cells would make enhanced inflammatory responses following activation with 

ligands of TLR or TNFR family receptors. Consistent with this, significantly more IFNγ 
(Fig. 5N) and IFNγ-induced cytokines, like IL-6 (Fig. 5O), were produced by day 4 

Tbx21−/− Be1 cells stimulated with TLR7 + TLR9 ligands or TLR ligands plus anti-CD40 

and anti-Ig. Given this result, we examined whether T-bet prevented establishment of an 

IFNγR-induced inflammatory feedback loop. We found that inflammatory genes like Ifng, 
Irf1, Stat1, Tlr7, Tnfsf10 and Hif1a (Fig. 5P) were expressed at significantly higher amounts 

in day 2 Tbx21−/− Be1 cells and at significantly reduced amounts in day 2 Ifngr1−/− Be1 

cells when compared to control day 2 B6 Be1 cells. Therefore, expression of these IFNγ-

inducible genes appeared to be restrained by T-bet. However, other genes, like Ifngr2, Irf5, 
Relb, Il6, Batf and Rorc were more highly expressed in both Ifngr1−/− and Tbx21−/− Be1 

cells relative to B6 Be1 cells (Fig. 5Q), suggesting that IFNγR signaling could also repress, 

in a T-bet dependent fashion, expression of inflammatory genes and alternate fate-specifying 

TFs in Be1 cells. Collectively, these data show that T-bet does not directly initiate IFNγ-

dependent ASC programming. Instead, T-bet blocks inappropriate activation of the IFNγ-

induced inflammatory gene program and prevents establishment of alternate effector cell 

fates in IFNγ-activated B cells.

T-bet+ B cells regulate primary ASC responses to viral infection.

To test whether B cell intrinsic expression of T-bet was required for ASC development in 
vivo, we first infected ZsGreen (ZsG) T-bet reporter mice (Zhu et al., 2012) with influenza 

A/Puerto Rico/8/1934 H1N1 (PR8) virus or the parasite Heligmosomoides polygyrus (Hp) 

and characterized the T-bet expressing B cells. Consistent with our in vitro Be1 and Be2 data 

(Fig. S6A), ZsG (T-bet) was expressed by LN FOB, ASC and germinal center B cells (GCB) 

from the flu but not Hp-infected mice (Fig. 6A–B). ZsG was also expressed by flu 

nucleoprotein (NP) (Allie et al., 2019) specific GCB, ASCs and memory B cells (Fig. 6C–

H). Although ZsG could be detected in early NP-specific plasmablasts (Fig. 6C), by day 60 

post-infection only a fraction of splenic ASCs (Fig. 6D, Fig. S6B) and few of the bone 

marrow (BM) long-lived ASCs (LL-ASCs) continued to express ZsG (Fig. 6E, Fig. S6C). 

Stone et al. Page 7

Immunity. Author manuscript; available in PMC 2020 May 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



By contrast, most flu NP+ memory LN B cells continued to express ZsG (Fig. 6F–G, Fig. 

S6D) as well as intracellular T-bet protein (Fig. 6H).

To address whether T-bet expression by B cells was required for ASC development in vivo, 

we generated BM chimeras that selectively lacked T-bet in all B cells (B-Tbx21−/− mice) or 

were T-bet sufficient in all lineages (B-WT mice) (Fig. S6E) and measured day 60 Hp- and 

flu-specific responses. Although Hp-specific IgG and IgG1 (Fig. 6I–J) responses were 

similar in both groups, flu-specific IgG Ab (Fig. 6K) and BM ASC (Fig. 6L–M) responses 

were significantly decreased in the B-Tbx21−/− chimeras. Thus, T-bet expressing B cells 

facilitate LL-ASC and Ab responses to an IFNγ-inducing viral infection but not to an IL-4-

dominated nematode infection.

Although flu-specific Ab and ASC responses were significantly decreased in B-Tbx21−/− 

mice, humoral immunity was not completely ablated in these mice. Since B cell intrinsic T-

bet is required for isotype-switch to IgG2a (Peng et al., 2002), we assessed the isotype 

distribution of the NP-specific Ab and memory B cell responses to flu to determine whether 

the loss of IgG2c B cells was sufficient to account for the decline in flu-specific Abs in B-

Tbx21−/− mice. As expected (Barnett et al., 2016; Baumgarth et al., 1999; Peng et al., 2002; 

Wang et al., 2012), the flu-specific IgM Ab response was short-lived in both groups of mice 

(Fig. 6N). Consistent with a requirement for T-bet in switching to IgG2c, NP-specific IgG2c 

Abs (Fig. 6O) and day 60 IgG2c+ NP+ memory B cells (Fig. S6F, Fig. 6P–R) were missing 

from B-Tbx21−/− mice. By contrast, both the NP-specific IgG2b Ab (Fig. 6O) and the NP+ 

IgG2b+ memory B cell (Fig. 6P–R) responses were intact in the B-Tbx21−/− mice. However, 

despite normal frequencies and numbers of IgG1+ flu NP+ memory B cells in B-Tbx21−/− 

mice (Fig. 6P–R), the NP-specific IgG1 Ab response was significantly decreased in B-

Tbx21−/− mice (Fig. 6O). These data therefore indicate that T-bet not only regulates 

switching to IgG2c following flu infection but also directs the formation of IgG1 long-lived 

flu-specific Ab responses.

ASC recall responses to flu require T-bet+ memory B cells.

Although the total number of flu NP+ memory B cells was not altered in B-Tbx2T−/− mice 

(Fig. 6R), T-bet was expressed by many memory B cells (Fig. 6G–H). To address whether T-

bet+ memory B cells contributed to secondary ASC formation, we infected 

Tbx21fl/fl.hCD20-TAM-cre mice (Fig. 7A, Fig. S7A) and control B6 mice with PR8 virus. 

On day 90 post-infection, we exposed the Tbx21fl/fl.hCD20-TAM-cre mice and B6 controls 

to tamoxifen (TAM) to selectively and inducibly (Khalil et al., 2012) delete Tbx21 from B 

cells in the flu memory Tbx21fl/fl.hCD20-TAM-cre mice (Fig. 7A, Fig. S7A). Eight days 

after the last TAM treatment, we examined expression of CXCR3 (Fig. 7B), a known T-bet 

target gene (Zhu et al., 2012), in B and T lineage cells. TAM treatment of memory 

Tbx21fl/fl.hCD20-TAM-cre mice did not affect CXCR3 expression by T cells (Fig. 7C) but 

did cause significant reductions in the frequencies of CXCR3+ B cells and CXCR3+NP+ 

memory B cells (Fig. 7D–E, Fig. S7B). However, inducible deletion of T-bet in the CD20+ 

compartment did not affect the number of total LN cells, B cells or T cells (data not shown) 

or the number of LN NP+ memory B cells (Fig. 7F, Fig. S7B). Therefore, continued 
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expression of T-bet by memory B cells is not required for short-term maintenance of the flu 

NP+ memory B cell pool.

Next, we infected naïve B6 mice (“X31 primary” mice) and the TAM-treated B6 and 

Tbx21fl/fl.hCD20-TAM-cre PR8 flu memory mice with X31 (H3N2) influenza (Fig. 7A, Fig. 

S7A). Since the H1-specific Abs generated during the primary PR8 infection do not 

neutralize the H3 X31 virus, we were able to productively infect the PR8 memory mice and 

follow the response to NP, which is conserved between both viruses (Kees and Krammer, 

1984). Similar to our prior experiment, T-bet was efficiently and specifically deleted in B 

cells from the TAM-treated Tbx21fl/fl.hCD20-TAM-cre mice as measured by decreased 

CXCR3 expression by total B cells (Fig. S7C–D) and NP+ GCB and ASCs (Fig. 7G, Fig. 

S7F–G) on day 5 post-X31 challenge. However, CXCR3 continued to be expressed by T 

lineage cells (Fig. S7E). NP+ GCB cells, while not yet detectable in the X31 primary 

infected mice (Fig. 7H), were present in equal numbers in LNs from X31-challenged TAM-

treated B6 and Tbx21fl/fl.hCD20-TAM-cre mice (Fig. 7H, Fig. S7F). However, the number 

of NP+ ASCs in the challenged memory Tbx21fl/fl.hCD20-TAM-cre mice was decreased 10-

fold compared to the X31-challenged PR8 memory B6 animals (Fig. 7I, Fig. S7G). Thus, T-

bet expression by memory B cells regulates the differentiation of reactivated flu-specific 

memory B cells.

Secondary flu-specific IgG2c ASC responses require T-bet+ memory B cells.

Since our data showed that T-bet was not required for the maintenance of the memory B cell 

pool (Fig. 7F), we used the Tbx21−/−.hCD20-TAM-cre mice to address whether T-bet 

regulates the differentiation of flu NP+ memory B cells into IgG2c-producing ASCs. 

Consistent with our earlier results, TAM treatment of day 90 PR8 memory hCD20-TAM-cre 
controls and Tbx21fl/fl.hCD20-TAM-cre mice had no impact on the number of flu NP+ 

memory B cells (Fig. 7J, Fig. S7H). This was true whether we looked at the NP+ IgM-

expressing IgDnegCD38+ memory B cells or the IgG1 and IgG2c NP+ memory B cells (Fig. 

7K–L, Fig. S7H). Next, we challenged the mice with heterologous X31 virus and measured 

the ASC response five days post-challenge. Again, we observed a significant reduction in the 

number of NP+ ASCs in the Tbx21fl/fl.hCD20-TAM-cre mice compared to control animals 

(Fig. 7M, Fig. S7I). Moreover, IgG2c NP+ ASCs, which were easily detected in the 

challenged control group, were significantly decreased in the TAM-treated Tbx21fl/fl 

hCD20-TAM-cre mice (Fig. 7M, Fig. S7I). Therefore, T-bet controls the differentiation of 

flu-specific memory B cells into IgG2c+ ASCs. Taken together, these data support the 

conclusion that T-bet expression by B cells does facilitate the development of ASC and Ab 

responses following primary and secondary flu infections. However, T-bet, unlike Blimp1 or 

IRF4 (Nutt et al., 2015), is not a master regulator of ASC development since some types of 

ASC responses remain intact in the absence of T-bet-expressing B cells. The importance of 

the T-bet controlled ASC developmental pathways in health and disease is discussed.

Discussion

In IFNγ-activated T cells, T-bet regulates cell fate decisions by activating lineage-specific 

programs and repressing alternate fates and inflammatory feedback loops (Iwata et al., 2017; 
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Lazarevic et al., 2013). Although T-bet is expressed by human DN2 and memory pre-ASCs 

(Jenks et al., 2018; Lau et al., 2017; Wang et al., 2018) and T-bet expressing B cells are 

required for autoAb responses in some autoimmune mice (Peng et al., 2002; Rubtsova et al., 

2017) the role for T-bet in ASC lineage commitment had not been well-studied. We 

previously reported that cognate encounters between antigen-presenting B cells and IFNγ-

producing Th1 cells results in rapid upregulation of T-bet (Harris et al., 2005a) and robust 

Ab production (Harris et al., 2005b). This result was initially quite puzzling as at that time 

Th2 cytokines were thought to promote B cell differentiation (Randolph et al., 1999) and 

IFNγ was thought to induce B cell apoptosis (Bernabei et al., 2001). However, more recent 

publications revealing that IFNγR, STAT1 and T-bet expressing B cells are required for 

autoAb responses in some mouse models of autoimmunity (Domeier et al., 2016; Jackson et 

al., 2016; Rubtsova et al., 2017; Thibault et al., 2008), suggested that IFNγ signaling might 

also be important for ASC development. Our data showing that IFNγ-producing T cells not 

only induced IFNγ- and T-bet-dependent B cell differentiation but were even more effective 

in promoting ASC development that IL-4 producing T cells demonstrated that potent B cell 

fate cues can be provided by an inflammatory cytokine that is often associated with viral 

infection and autoimmunity.

Although we fully expected to find that T-bet induced B cell differentiation by promoting 

TFs that initiate ASC commitment, we realized that T-bet did not regulate the early 

expression or activity of any of the well-described ASC-associated TFs (Nutt et al., 2015) 

including Blimp1, which can be modulated in a T-bet dependent fashion in T cells 

(Oestreich et al., 2012; Xin et al., 2016). Likewise, T-bet did not function to repress TFs like 

Pax5 that maintain B cell identity and prevent ASC differentiation (Nutt et al., 2015). 

Instead, we found that IFNγ, rather than T-bet, was responsible for early induction of Prdm1 
and that T-bet functioned to repress anti-viral and inflammatory genes that are known 

downstream targets of type I and type II IFN signaling (Pollard et al., 2013). These results 

were similar to data (Iwata et al., 2017) showing that T-bet prevents Ifna expression and 

represses initiation of an autocrine Type I IFN inflammatory circuit in developing Th1 cells. 

Although expression of Ifna, Ifnb and Ifnar was not impacted in Tbx21−/− Be1 cells, we 

observed that expression of Ifng and Ifngr2 was higher in Tbx21−/− Be1 cells relative to B6 

Be1 cells and that Tbx21−/− Be1 cells produced more IFNγ following TLR-stimulation. 

These data suggested that T-bet might repress an IFNγ-induced autocrine or paracrine 

inflammatory circuit in differentiating B cells. In fact, IPA revealed that many of the >1000 

T-bet repressed genes in Be1 cells were predicted to be activation targets of IFNγR and or 

TLR signaling. Since engagement of IFNγR, TLR and TNF family receptors can activate 

IRF and NF-κB TFs (Hiscott, 2007; Rickert et al., 2011; Schroder et al., 2004), we postulate 

that a key function of T-bet in B cells is to restrain IRF and NF-κB directed transcriptional 

programs and prevent the establishment of feedforward inflammatory circuits. Furthermore, 

we predict that once NF-κB and IRF inflammatory loops are initiated in Tbx21−/− Be1 cells, 

additional IFNγR signaling may not be required to sustain the inflammatory phenotype, as 

several TNF family ligand and receptor pairs capable of driving NF-κB inflammatory loops 

(Rickert et al., 2011) were upregulated in Tbx21−/− Be1 cells.

Our data showed that T-bet prevented sustained activation of TFs from the STAT and IRF 

and NF-κB families. While expression of many Nfkb family members declined rapidly in 
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Be1 cells compared to Be2 cells, Tbx21−/− Be1 cells maintained high expression of Nfkb 
family members relative to B6 Be1 cells. Enforced NF-κB activation in the B6 Be1 cells, 

either through addition of a NF-κB activator or exogenous TLR ligands to the Be1 cultures, 

significantly suppressed ASC formation. Thus, sustained NF-kB activation was sufficient to 

prevent IFNγ-induced B cell differentiation. This was somewhat unexpected since many of 

the cues that drive B cell activation and proliferation promote NF-κB activity (Hoffmann 

and Baltimore, 2006). Moreover, deletion or mutation of some NF-κB family members, 

specifically within mature B cell compartment, is reported to impair ASC commitment in 

some settings (Grossmann et al., 2000; Heise et al., 2014; Kaisho et al., 2001). However, a 

recent publication shows that c-REL (Rel), which is overexpressed and predicted by IPA to 

be in an activated state in Tbx21−/− Be1 cells, blocks ASC differentiation in response to 

TLR ligands (Roy et al., 2019). Furthermore, we found that two IPA-predicted activation 

targets of c-REL, Bach2 and CD40, were down-regulated in a T-bet dependent fashion in 

differentiating Be1 cells. Given that downmodulation of both Bach2 and CD40 is required 

for ASC development (Igarashi et al., 2014; Lee et al., 2005; Randall et al., 1998), it is 

tempting to speculate that one way T-bet facilitates ASC formation is by preventing 

sustained NF-κB and c-REL signaling that promotes continued expression of pro-

proliferation and anti-differentiation genes like Cd40 and Bach2.

In addition to repressing expression of Nfkb family members, T-bet also downmodulated 

genes, like Irf1 and Statl, that are induced in an Ifngr1-dependent fashion in Be1 cells. These 

data suggested that IFNγR signals induce an inflammatory interferon stimulated gene (ISG) 

transcriptional program and simultaneously engage a T-bet mediated negative feedback loop 

to tune the magnitude and duration of ISG expression. However, genes such as Baft, Rorc, 
Ifih1 and Il6 were highly expressed in both Tbx21−/− and Ifngr−/− Be1 cells, suggesting 

IFNγ and T-bet cooperate to repress some genes. Since we identified overlap between T-bet 

repressed genes and DAR with EICE or AICE binding motifs, one possible mechanism is 

through recruitment of repressive IRF complexes by T-bet. Given that IRF TFs were 

identified by PageRank, IPA and HOMER as putative upstream regulators of the Be1 

transcriptome network, we speculate that T-bet, perhaps through its capacity to recruit 

chromatin modifying enzymes to DNA (Miller and Weinmann, 2010), may increase 

chromatin accessibility and allow for binding of IFNγ-induced IRF-containing repressive 

TF complexes. Regardless, the data support a model in which IFNγ and T-bet cooperate to 

prevent expression of alternate cell fate-specifying transcriptional programs in the activated 

Be1 cells – similar to the role that T-bet plays in cementing commitment to the Th1 cell 

lineage (Oestreich and Weinmann, 2012).

Our in vivo experiments using B-Tbx21−/− chimeras demonstrated that B cell intrinsic T-bet 

was required for the development of a primary IgG1 long-lived Ab response and the 

secondary IgG2c ASC response to influenza virus but was not required for the development 

or maintenance of flu-specific memory B cells. This result initially appeared inconsistent 

with a previous study reporting that T-bet was required for maintenance of IgG2c memory B 

cells (Wang et al., 2012). However, this study, which actually evaluated the memory B cell 

recall response following in vivo reactivation with BCR ligands, showed reduced formation 

of secondary ASCs following reactivation of memory IgG2c cells. Thus, this result is very 

consistent with our data showing that inducible deletion of T-bet in memory cells greatly 
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impairs the IgG2c ASC recall response to flu. However, our experiments, which also 

examined memory cell maintenance under steady state following T-bet deletion, 

demonstrated that T-bet was not required for memory cell maintenance, at least over a 10-

day period. This result is similar to CD8 T cells where T-bet is not required for memory 

formation (Joshi et al., 2007) but does regulate memory cell differentiation to secondary 

effectors (Joshi et al., 2011).

While our in vivo data clearly showed a role for B cell intrinsic T-bet in regulating some 

primary and secondary ASC responses to influenza, our data also indicated that B cell 

intrinsic expression of T-bet is dispensable for the IgG1 Ab response to Hp and the IgG2b 

Ab response to influenza. These data indicated that, unlike Blimp1 or IRF4, T-bet is not a 

universal ASC lineage commitment factor, instead T-bet regulates IFNγ-induced ASC 

differentiation. We believe that these results are very consistent with our in vitro data that 

suggested that T-bet primarily functions to prevent IFNγ-activated B cells from being 

“locked into” an effector inflammatory cell fate that is not compatible with commitment to 

the ASC lineage. If this is correct, then T-bet should be completely dispensable when B cells 

are activated in an environment with few IFNγ-producing cells or have received previous 

programming signals that render the B cells non-responsive to IFNγ signals. We think this is 

likely to be the case for the B cells responding to Hp infection as the response to this 

pathogen is dominated by IL-4 producing Th2 and Tfh2 cells (Leon et al., 2012). While we 

cannot yet explain why flu-specific IgG2b+ ASC formation is intact in the B-Tbx21−/− mice, 

TGFβ is the cytokine most often associated with IgG2b class-switch recombination 

(Deenick et al., 2005; McIntyre et al., 1993; Sellars et al., 2009) and it is known, at least in T 

cells, that TGFβ potently suppresses IFNγ signaling (Lin et al., 2005). Thus, it is possible 

that IgG2b+ B cells are unable to respond to IFNγ signaling and differentiate in an IFNγ 
and T-bet independent manner. In summary, in vivo activated B cells must integrate a 

complex array of microenvironmental cues during the processes of class switch 

recombination, proliferation and differentiation. We propose that T-bet, while not a universal 

regulator of B cell differentiation, acts in a cytokine-dependent manner in the settings of 

virus infection and autoimmunity to finely tune the IFN-induced inflammatory gene network 

and allow B cells to transition from an activated inflammatory “effector” cell to a terminally 

differentiated ASC.

STAR METHODS

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, Frances Lund (flund@uab.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice and generation of bone marrow chimeras.—All experimental animals were 

bred and maintained in the UAB animal facilities. All procedures involving animals were 

approved by the UAB Institutional Animal Care and Use Committee and were conducted in 

accordance with the principles outlined by the National Research Council. Mouse strains 

used in these experiments include the following: CD45.1+OT-II (intercrossed C57BL/6-
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Tg(TcraTcrb)425Cbn/J and B6.SJL-Ptprca Pepcb/BoyJ (CD45.1+ B6 mice), B6.129S7-

Ifngr1tm1Agt/J (Ifngr1−/−), B6.129P2(C)-Cd19tm1(Cre)Cgn/J (Cd19Cre/+), Cd19Cre/+.Prdm1fl/fl 

(intercrossed B6.129-Prdm1tm1Clme/J and Cd19Cre/+ mice), hCD20-TAM-cre, 
Tbx21fl/fl.hCD20-TAM-cre (intercrossed hCD20-TAM-cre and B6.129-Tbx21tm2Srnr/J 

mice), B6.Blimp1-YFP reporters and B6.T-bet-ZsGreen reporters. Blimp-1 (Rutishauser et 

al., 2009) and T-bet (Zhu et al., 2012) reporter mice were obtained from Dr. Meffre (Yale 

University) and Dr. Zhu (NIH), respectively. hCD20-TAM-cre mice (Khalil et al., 2012) 

were obtained from Mark Shlomchik (University of Pittsburgh) and all other strains were 

obtained from Jackson Laboratory. Bone marrow (BM) chimeric mice were generated by 

irradiating B cell deficient μMT (B6.129S2-Ighmtm1Cgn/J) recipient animals with 950 Rads 

from a high-energy X-ray source, delivered in a split dose 4 hrs apart, and then 

reconstituting the recipients with 107 BM cells by retro-orbital injection. BM cell mixtures 

were as follows: 80% μMT BM + 20% Tbx21−/− BM (B-Tbx21−/− chimeras) or with 80% 

μMT BM + 20% B6 (C57BL/6J) BM (B-WT). BM chimeras were used in experiments 8-12 

weeks post-reconstitution. Both male and female mice were used in this study. Within each 

experiment, animals were matched for age, 8-12 weeks at time zero, and sex. No differences 

were observed between cohorts of male versus female mice.

Infections and tamoxifen exposure.—BM chimeric mice were infected (i.n.) with a 

sublethal dose (1.5 × 104 VFU) of the H1N1 influenza virus, A/PR/8/34 (PR8) or by gavage 

with 200 H. polygyrus (Hp) L3 larvae. To terminate Hp infection, 10 mg pyrantel pamoate 

(Pin-X, Quartz) was administered by gavage 28 days post infection. In some experiments, 

mice were given a primary infection with PR8, allowed to recover for ≥90 days, injected i.p. 

5 times over 8 days with tamoxifen (Sigma, 200 μl of 10 mg/ml drug dissolved in 10% 

ethanol and 90% corn oil) and then analyzed or challenged i.n. (1.25×106 VFU) with the 

heterosubtypic H3N2 influenza virus, A/Aichi/68 (X31) before analysis.

T and B cell effector generation and stimulation.—Th1 and Th2 cells were 

generated in vitro as previously described (Harris et al., 2005a). Briefly, splenic CD4+ 

CD45.1+ OT-II TCR Tg T cells were purified by positive selection (Miltenyi Biotec) and 

cultured in complete medium in the presence of platebound anti-CD3 (2 μg/ml) and anti-

CD28 (5 μg/ml) and either IL-12 (2 ng/ml) and anti-IL-4 (11B11, 20 μg/ml) (Th1 cell 

conditions) or IL-4 (50 units/ml) and anti-IFNγ (XMG1.2, 10 μg/ml) (Th2 cell promoting 

conditions). T cells were transferred into new plates after 48-72 hrs and cultured for an 

additional 48 hours in media supplemented with IL-2 (20 units/ml). Polarized Th1 and Th2 

cells were treated with mitomycin C, washed and then co-cultured at a 1:1 ratio with 

positively selected (Miltenyi Biotec) CD19+ splenic B cells in complete B cell media 

supplemented with OT-II peptide (5 μM), anti-IgM F(ab’)2 (10 μg/ml), and IL-2 (20 Unit/

ml). “Be1” refers to B cells from cultures containing Th1 cells, “Be2” refers to B cells from 

cultures containing Th2 cells, and “BeA” refers to cells cultured under the same conditions 

but without T cells. In some experiments IKKα & IKBα activator, betulinic acid at 10 

μg/ml; TLR7 agonist, R848 at 12.5μg/ml, (InvivoGen); TLR9 agonist, CpG ODN1826 at 

12.5 μg/ml, (InvivoGen); or vehicle, DMSO (Sigma) were added to cultures at day 2, prior to 

analysis on day 4. For analysis of the cytokines made by effector B cell subsets, B cells were 

collected, purified by positive selection using B220 microbeads and MACS, assessed for 
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purity by FACS and then restimulated at 1×106 cells/ml with TLR ligands (CpG + LPS) or 

with a restimulation cocktail (LPS + CpG + anti-IgM + anti-CD40 (10 μg/ml) for 24h. 

Supernatants were collected and tested for IFNγ and IL-6 using Luminex array beads.

METHOD DETAILS

ELISPOT and Ab secretory rate assay.—Day 4 B effector cells were harvested, 

washed and recultured in fresh media for 5-6 hr at 1 × 106 live cells/ml. Secreted Ab was 

quantified using an anti-Kappa ELISA (Southern Biotechnology) and a Kappa standard 

(Sigma). Secretory rates were reported as ng Kappa chain secreted/hour/106 cells. For 

ELISPOT, Day 4 B effector cells were harvested, washed and in some experiments sort-

purified before being recultured in duplicate in fresh media for 5 hrs on multiscreen 

cellulose filter ELISPOT plates (Millipore) coated with goat anti-mouse kappa light chain 

(Southern Biotech). Bound Ab was detected with AP-conjugated goat anti-mouse Ig(H+L) 

Ab (Southern Biotech) and the AP substrate 5-bromo-4-chloro-3′-indolyphosphate p-

toluidine salt and nitro-blue tetrazolium chloride (BCIP/NBT, Moss Substrates). ELISPOTS 

were counted using a dissecting microscope and imaged using S6 Ultra-V Analyzer 

(Cellular Technology Limited).

Hp and flu Ab titers.—Immune serum samples were serially diluted in ELISA plates 

coated with purified PR8 virus proteins (Lee et al., 2005) or Hp extract (Harris et al., 2000). 

Bound Ab was detected using HRP-conjugated goat anti-mouse heavy chain IgG, IgG 1, 

IgG2c or IgG2b-specific Abs (Southern Biotechnology) and ABTS substrate followed by 

oxalic acid stop. Absorbance values at 405nm (OD) were read and endpoint titers were 

determined using the average OD from naive samples as baseline.

Ex vivo ELISPOT.—BM cells were isolated from flu-infected mice (2 tibia + 2 femur/

mouse), run over lymphocyte separation media gradient (Corning, 1.077-1.080g/ml) to 

remove dead cells, serially diluted in duplicate in complete media and incubated for 5 hr at 

37°C on multiscreen cellulose filter ELISPOT plates (Millipore) coated with purified PR8 

virus protein. Bound Ab was detected with AP-conjugated goat anti-mouse heavy chain-

specific pan-IgG Ab (Jackson ImmunoResearch) and the AP substrate BCIP/NBT (Moss 

Substrates). ELISPOTS were counted using a dissecting microscope and imaged using S6 

Ultra-V Analyzer (Cellular Technology Limited).

Cell isolation, flow cytometry analysis and cell sorting.—Spleen and BM single 

cell suspensions were prepared by gently disrupting tissue on fine wire mesh then red blood 

cells were lysed. LN single cell suspensions prepared by gently disrupting tissue between 

glass slides. Cell suspensions were filtered through 70μm nylon mesh then incubated in FcR 

blocking mAb 2.4G2 (10 μg/ml). Cells were stained with fluorochrome-conjugated Abs, 

PNA or recombinant flu nucleoprotein (NP) B cell tetramers, prepared as previously 

described (Allie et al., 2019), and 7-aminoactinomycin D (7AAD, Sigma). For IgG isotype 

staining, immunoglobulin antibodies were stained in a separate step prior to other cell 

surface markers and all incubations were performed in staining media supplemented with 

5% goat serum (Invitrogen) and 5% rat serum (Invitrogen). For IgG isotype staining cells 

were stained with the LIVE/DEAD fixable stain (ThermoFisher) before fixation with 10% 
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neutral buffered formalin (Sigma). For intracellular T-bet staining, stained cells were 

incubated with LIVE/DEAD fixable stain, then fixed and permeabilized with the TF staining 

buffer set (eBioscience) before intracellular staining. Stained cells were analyzed using a 

FACSCanto II (BD Bioscience) and Attune NxT (Invitrogen, ThermoFisher) or were sort-

purified with a FACSAria (BD Biosciences) located in the UAB Comprehensive Flow 

Cytometry Core. Antibodies used in this study include: anti-mouse CD19 (6D5), B220 

(RA3-6B2), CD93 (AA4.1), CD138 (281-2), CD38 (90), CXCR3 (CXCR3-173), IgM 

(II-41), IgD (AMS 9.1 and 11-26c.2a), IgG1 (RMG1-1), IgG2b (RMG2b-1 and polyclonal 

goat anti-mouse), IgG2c (polyclonal goat antimouse), CD45.1 (A20), CD45.2 (104), CD8 

(53-6.7), CD3 (17A2), CD4 (GK1.5 and RM4-5) and T-bet (4B10). Monoclonal Abs were 

obtained from BioLegend, E-Bioscience and Southern Biotech.

Quantitative RT-PCR.—TRIzol (ThermoFisher) or RNeasy (Qiagen) was used to isolate 

total RNA from sort-purified B effector cells (CD19+CD4negCD45.2+CD45.1neg). RNA 

quantity and quality were assessed using the Nanodrop 6000 and the Agilent 2100 

Bioanalyzer. cDNA was generated from total RNA using SuperScript II double stranded 

cDNA synthesis kit (Invitrogen) with random hexamers according to manufacturer’s 

protocols. Real-time PCR was performed using TaqMan Gene Expression Master Mix, with 

the following parameters on a Roche LightCycler 480: 50°C for 2 min, 95 °C for 10 min, 

followed by 45 two-step cycles at 95°C for 15 sec and at 60° C for 1 min. Applied 

Biosystems pre-designed TaqMan Gene Expression Assays were used for real-time PCR 

(Batf Mm00479410_m1, Bcl6 Mm00477633_m1, Cxcl10 Mm00445235_m1, Ets1 
Mm01175819_m1, Gapdh Mm99999915_g1, Hif1a Mm00468869_m1, Ifih1 
Mm00459183_m1, Ifng Mm01168134_m1, Ifngr2 Mm01210592_m1, Il6 
Mm00446190_m1, Irf4 Mm00516431_m1, Irf5 Mm00496447_m1, Irf7 Mm00516788_m1, 

Jun Mm00495062_s1, Pax5 Mm00435501_m1, Pou2af1 Mm004488326_m1, Prdm1 
Mm00476128_m1, Relb Mm00485664_m1, Rorc Mm01261022_m1, Runx3 
Mm00490666_m1, Spib Mm03048233_m1 Stat2 Mm00490880_m1, Stat4 
Mm00448881_m1, Tbkbp1 Mm00446590_m1, Tbx21 Mm00450960_m1, Tlr7 
Mm00446590_m1, Tnfsf4 Mm00437214_m1, Tnfsf10 Mm01283606_m1, Xbp1 
Mm00457359_m1). B effector gene expression analyses included three experimental 

replicates/group. At least three independent experiments were performed for each analysis. 

For quantification of gene expression, each sample was normalized to expression of an 

endogenous control gene, Gapdh for Be1. The fold change in expression of each gene 

compared to a control sample, set at 1.0 was calculated as 2− ddCT. Samples with CT values 

above 32 were considered negative.

Affymetrix array sample preparation.—Total RNA was purified (TRIzol) from day 1-4 

Be1 and Be2 cells (n= 7 independent experimental samples/timepoint/group) and converted 

to biotin-labeled cRNA using the Affymetrix one-cycle cDNA synthesis and IVT kit. 

Labeled cRNA was fragmented to an average size of 35 to 200 bases by incubation at 94°C 

for 35 min. Hybridization (16 hr), washing, and staining of the Affymetrix GeneChip® 

Mouse Genome U430 Plus 2.0 Array was conducted according to manufacturer 

specifications.
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RNA-seq sample preparation—500 ng of total RNA (TRIzol) from three biological 

replicates of day B6 and Tbx21−/− Be1 cells, and one replicate of CXCR3+CCR6+ B6 Be1 

and CXCR3+CCR6neg B6 Be1 cells, was used as input for the Illumina TruSeq RNA-seq 

library kit. Following quality assessment on a bioanalyzer, RNA-seq libraries were pooled 

and sequenced on one lane of a HiSeq2500 using 50 bp paired-end chemistry as previously 

described (Barwick et al., 2016).

ATAC-seq sample preparation.—ATAC-seq was performed on Be1 and Be2 cells as 

previously described (Buenrostro et al., 2015) and Th1 and Th2 cells as previously described 

(Chisolm et al., 2017). Nuclei from 50,000 cells were extracted and incubated with Tn5 

transposase (Illumina) for 30 minutes at 37°C. DNA samples were purified with the MinElut 

Kit (Qiagen). Library amplification was performed using Nextara primers with Next High-

Fidelity 2× PCR Master Mix (New England BioLabs), followed by purification with the 

PCR Purification Kit (Qiagen). The libraries were sequenced using a 1×50bp paired end run 

at the UAB Heflin Genomics Center.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical details of all experiments including tests used, n, and number of experimental 

repeats are provided in figure legends. FlowJo (Tree Star) used for flow cytometric analyses. 

Prism graphpad used for statistical analyses and graphing except where indicated. Details of 

transcriptomics library generation and statistical analysis are provided below.

Affymetrix array analysis.—The signal value of each probe set (gene) was calculated 

using the Microarray Suite 5 (MAS5) algorithm and normalized using global scaling which 

set the average signal intensity of an array to 750. MAS5 values were log2-transformed and 

a p value for each probe set was calculated using an unpaired t-test. Positive FDR and q 
values were computed using Matlab (The Mathworks Inc., Natick MA) based on the method 

of Storey (Storey, 2002). FC data reported as log2 expression ratio of indicated groups.

RNA-seq analysis.—Sequencing reads were quality checked using the FASTX-Toolkit 

and mapped to the mm9 genome using TopHat2 (Kim et al., 2013) with the default settings 

and the mm9 UCSC Known Gene table as a reference transcriptome. HOMER software 

(Heinz et al., 2010) was used to summarize reads in transcripts using the analyzeRepeats.pl 

script with the following options ‘-strand both –count exons –condenseGenes –noadj’. 

Genes that contained 2 or more reads in at least 3 samples were deemed expressed (13,924 

of 24,016) and used as input for edgeR (Robinson et al., 2010) to identify differentially 

expressed genes using the HOMER script ‘getDiffExpression.pl –repeats’. Following edgeR 

analysis, p-values for genes with 2-fold change or greater were false-discovery rate (FDR) 

corrected using the Benjamini-Hochberg method. Genes with a FDR of <0.05 and fold 

change ≥ 2 were considered significant between B6 and Tbx21−/− Be1 cells. Expression data 

was normalized to reads per kilobase per million mapped reads (FPKM) using the 

analyzeRepeats.pl script with the following options “-strand both – count exons – 

condenseGenes – rpkm’. Data visualization was performed using custom scripts and the R/

Bioconductor package, which are available upon request. FC data reported as log2 

expression ratio of indicated groups.
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GSEA.—Gene set enrichment analysis (GSEA) was performed using the GSEA program 

(http://software.broadinstitute.org/gsea/index.jsp). For analysis of Be1 and Be2 Affymetrix 

microarray data, non-log transformed expression data from Be1 (n=7) and Be2 (n=7) 

samples were submitted to GSEA. Analysis metrics (Subramanian et al., 2005) are 

summarized briefly as follows: Probe sets were collapsed to genes, which were then ranked 

by the signal-to-noise metric based on the Be1 vs. Be2 phenotype comparison. Nominal p-

values were calculated empirically using 1000 random phenotype label permutations to 

produce a null distribution of enrichment score. When comparing against a database of large 

numbers of gene sets, enrichment scores were normalized to account for differences in set 

sizes, and false discovery rates were computed to control for multiple comparisons. For 

GSEA analysis of RNA-seq data, all detected genes were ordered by their score (−log10 of 

the p-value from edgeR multiplied by the sign of the fold change) from most upregulated in 

Tbx21−/− Be1 cells to most downregulated in Tbx21−/− Be1 cells and used as input for the 

GSEA Preranked analysis, where nominal p-values are based on gene set permutations.

Bioinformatic identification of predicted upstream regulatory TFs.—To define 

the TFs that participate in the Be1 transcriptional network we integrated four datasets 

including HOMER motif analysis, Ingenuity Pathway Analysis (IPA) upstream regulator 

analysis (Kramer et al., 2014), PageRank analysis (Yu et al., 2017), and differential 

expression of each factor. Putative Be1 network TFs were selected based on being predicted 

as a Be1 TF in all four or three of the four different analyses. For the HOMER motif 

analysis, TF motifs specifically enriched in either Be1 or Be2 cells were first defined. Next, 

where specific motifs matched multiple factors, the motif was assigned to a TF family (i.e., 

IRF3 = IRF/ISRE or cJun = AP-1). TFs overlapping the Be1 list were annotated. For 

PageRank analysis the log2 fold change (logFC) of the Be1 versus the Be2 PageRank 

statistic was computed. TFs with positive logFC values were assigned to the Be1 network 

and negative logFC values the Be2 network. Significant expression changes at day 2 by MA 

analysis was determined based on FDR < 0.05 and absolute value log2 ratio of > 1. For IPA 

upstream regulator analysis TFs were grouped into Be1 or Be2 and annotated accordingly. 

Activation Z-scores were used to characterize regulators as activated or inhibited based on 

the observed pattern of up-/down-regulation of the target molecules compared with expected 

directions of changes documented in Ingenuity’s curated database. The Z-score captures the 

degree to which the directions of changes of the individual DEGs in the regulator’s target set 

is consistent with a its activated or inhibited state based on the IPA curated, expected 

influences of the regulator on each target. Statistical analysis of the IPA upstream regulator 

analysis was measured using overlap p-value as previously described (Kramer et al., 2014). 

Briefly, the overlap p-value (bar height after −log10 transform) characterizes the enrichment 

of a regulator’s target set within a DEG set based on Fisher’s exact test, which can suggest 

involvement of a regulator even if that regulator is not a DEG. Genes with an overlap p value 

<0.05 by IPA were predicted to be upstream regulators. Unless otherwise indicated, all IPA 

upstream regulator analyses were performed using only direct interactions.

ATAC-seq analysis.—Data processing was performed as previously described (Scharer et 

al., 2016). Specifically, raw sequencing data was mapped to the mm9 version of the mouse 

genome using Bowtie (Langmead et al., 2009). with the default settings. Duplicate reads 
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were marked using the Picard Tools MarkDuplicates function (http://broadinstitute.github.io/

picard/) and eliminated from downstream analyses. Enriched accessible peaks were 

identified using the HOMER findPeaks.pl script with setting “-style dnase”. Genomic 

annotations were computed for ATAC-seq peaks using the HOMER annotatePeaks.pl script 

and gene expression data annotated using the Entrez ID as a reference. Significantly 

differential accessible loci (DAR) were identified by the following steps. First, a composite 

list of all peaks occurring in any sample were obtained using the HOMER mergePeaks.pl 

script resulting in 62,925 unique regions. Next, the unnormalized read counts for all peaks 

were annotated for each sample from the bam file using the Genomic Ranges (Lawrence et 

al., 2013) R/Bioconductor package. This matrix was used as input for edgeR (Robinson et 

al., 2010) and a pairwise differential analysis was performed between all groups. p-values 

were FDR corrected for multiple testing using the Benjamini-Hochberg method. Peaks with 

an FDR < 0.05 were called significant. De novo motif enrichment was determined for peaks 

that mapped to DAR for the indicated comparison using the HOMER findMotifsGenome.pl 

script with the default settings. Locations of individual specific motifs (Blimp-1, T-bet, 

ISRE, AICE, EICE, PAX5, SpiB, Bcl6, XBP1, IRF4, OCT2) were identified in peaks using 

the findMotifs.pl script with the “-m <factor> –mbed” and ATAC-seq reads in the 100 bp 

surrounding each motif were annotated for each sample. All other analyses and data display 

was performed using R/Bioconductor with custom scripts that are available upon request.

DATA AND SOFTWARE AVAILABILITY

The Microarray data have been deposited in the Gene Expression Omnibus (GEO) database 

under ID code GSE84948. The RNA-seq data have been deposited in the GEO database 

under ID code GSE83697. The ATAC-seq data have been deposited in the GEO database 

under ID code GSE118984. Software used in transcriptomics analysis is detailed in 

METHODS DETAILS and KEY RESOURCES TABLE. Custom scripts for RNA-seq and 

ATAC-seq data display in R/Bioconductor are available by request.

ADDITIONAL RESOURCES

Not applicable

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. ASC development is preferentially initiated in Th1 cell-primed B cells.
(A-C) Identification of ASCs in sort-purified Be1 cell subsets (A) divided using CD138 and 

CD93. Ab secretory rates (B) and ELISPOT (C) analyses of each subset.

(D-F) Identification (D) and enumeration (E) of CD138+CD93+ ASCs in Be1 and Be2 

cultures. Ab secretory rates (F) of Be1 and Be2 cells shown as % of Be1 Ab secretion.

(G-H) Gene set expression analysis (GSEA) for differentially expressed TF genes in BM 

ASCs vs FOB cells (Shi et al., 2015) in days 1-4 Be1 and Be2 microarray (MA) data (G). 

Day 2 volcano plot (H) highlighting TF genes significantly (FDR<0.05, ≥1.75 FC) 

upregulated in BM ASCs or FOB (Shi et al., 2015).

(I-N) Analysis of Blimp1 in Be1 and Be2 cells.

(I) Enumeration of Blimp-1 reporter (YFP+) expressing Be1, Be2, and control BeA cells 

generated from Blimp-1 reporter mice by flow. Be1 vs Be2 p values shown.

(J) Volcano plot of day 2 B6 Be1 and Be2 cell ATAC-seq data showing 611 DAR 

(FDR<0.05).

(K) Chromatin accessibility within 100bp surrounding Blimp-1 binding motifs in Day 2 Be1 

and Be2 cells by ATAC-seq. n= number of motif-containing DARs analyzed. p = 3.8×10−90.

(L-N) Identification (L) and quantification (M) of CD138+CD93+ ASCs in day 4 Be1 

cultures containing control (Cd19cre/+) or Blimp-1 deficient (Cd19cre/+.Prdm1fl/fl) B cells. 

Day 4 Ab secretory rates (N).
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Data representative of ≥2 independent experiments (A-E, I, L-N), representative pooled data 

from 4 independent experiments (F), 7 independent experimental samples/timepoint/group 

(MA) or 3 independent experimental samples/group (ATAC-seq). Data presented as mean + 

SD of ≥3 experimental replicates (B-C, E, I, M-N); mean ± SEM of 4 independent 

experiments (F); bar plot of nominal p values (G) or box and whisker plots (showing 

interquartile range and upper and lower limit) (K). p values determined using one-way 

ANOVA (B-C) or Student’s t test (E-F, I, K, M-N). See Supplemental STAR Methods for 

description of Be1 and Be2 cultures, DAR identification, and statistical analyses of GSEA 

and MA datasets. *p<0.05, **p≤0.01 ***p≤0.001, ****p≤0.0001, “ns” not significant. See 

also Figure S1 and Supplemental Tables 1–2.
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Figure 2. IFNγR signals control Be1 differentiation into ASCs.
(A) TF regulators of the day 2 Be1 gene network as predicted by HOMER motif, Ingenuity 

Pathway (IPA) upstream regulator, PageRank (PR) and DEG analyses using day 2 Be1 and 

Be2 MA and ATAC-seq data. TFs predicted by all 4 analyses or 3 of 4 analyses are shown as 

MA Log2 FC vs PR Log2 FC.

(B-C) MA expression of Irf1 (B) and Tbx21 (C) by day 0 (splenic B) and day 1-4 Be1 and 

Be2 cells. Be1 vs Be2 p values shown.

(D-G) Chromatin accessibility within 100bp surrounding T-bet (D) and IRF (E-G) binding 

motifs in Day 2 Be1 and Be2 cells by ATAC-seq. n= number of motif-containing DAR 

analyzed. p values 1.6×10−68 (D), 3.1×10−49 (E), 5.9×10−74 (F), and 5×10−137 (G).

(H-J) qPCR analysis (see STAR Methods) of day 2 (H-I) or day 4 (H,J) B6 Be1, Ifngr1−/− 

Be1 or B6 Be2 cells.

(K-M) Identification (K) and quantification (L) of CD138+CD93+ ASCs in day 4 B6 and 

Ifngr1−/− Be1 cultures. Day 4 Ab secretory rates (M).

Data in H-M representative of 2 (H-I) or ≥3 (J-M) independent experiments. Shown as the 

mean + SD of ≥ 3 PCR (H-J) or experimental (L-M) replicates. MA data shown as mean ± 
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SEM (B-C) of 7 experiments. ATAC-seq data shown as box and whisker plots (D-G) of 3 

independent experimental samples/group. p values determined by Student’s t test (D-G, J, L-

M), one-way ANOVA (H-I), or two-way ANOVA (B-C). **p≤0.01 ***p♤0.001, 

****p≤0.0001, “ns” not significant. See also Figure S2 and Supplemental Table 3.
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Figure 3. T-bet controls Be1 differentiation but does not regulate early ASC programming.
(A-C) Identification (A) and enumeration (B) of CD138+CD93+ ASCs in day 4 B6 and 

Tbx21−/− Be1 cultures. Day 4 Ab secretory rates (C).

(D-E) GSEA enrichment plots for differentially expressed TF genes in BM ASC (D) vs FOB 

(E) cells (Shi et al., 2015) in day 4 B6 and Tbx21−/− Be1 RNA-seq data. Enrichment score 

(ES).

(F) Day 2 ATAC-seq volcano plots showing DAR (FDR <0.05) between B6 Be1 and 

Tbx21−/− Be1 (561 DAR, left) and B6 Be2 and Tbx21−/− Be2 (30 DAR, right).

(G) Chromatin accessibility within 100bp surrounding the indicated TF binding motifs in 2 

B6 Be1, B6 Be2 and Tbx21−/− Be1 cells by ATAC-seq. n= number of motif-containing 

DARs analyzed. p values provided in Fig. S3B.

(H) qPCR analysis (see STAR Methods) of days 2 or 4 Tbx21−/− Be1, B6 Be1, and B6 Be2 

cells.

RNA-seq and ATAC-seq data from 3 independent experiments. Data representative of 2 (H) 

or ≥3 (A-C) independent experiments. Shown as the mean ± SD of ≥ 3 experimental 

replicates. Statistical significance determined by Student’s t test (B-C, G), one way-ANOVA 

(H) or FDR q analysis (D-F). *p<0.05, **p≤0.01, ***p≤0.001 or ****p≤0.0001 “ns” not 

significant. See also Figure S3 and Supplemental Tables 2 and 4.
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Figure 4. T-bet represses inflammatory gene expression in Be1 cells.
(A) Activation Z-score heatmap for IPA-predicted upstream regulator TFs in B6 Be1 over 

B6 Be2 (MA) or Tbx21−/− Be1 over B6 Be1 (RNA-seq). Circle size proportional to −log10 

overlap p value.

(B) Predicted upstream regulators (center; Irf3, Irf7, Statl, colored by Z-score) and target 

genes (outer circle, colored by FC) in Day 2 B6 Be1 over Day 2 B6 Be2 (left), Day 4 B6 

Be1 over Day 2 B6 Be1 (middle) and Day 4 Tbx21−/− Be1 over Day 4 B6 Be1 (right).

(C) IPA-predicted upstream regulators from day 4 Tbx21−/− Be1 over day 4 B6 Be1, 

showing activation Z-score (bars) and FC (squares with *=FDR <0.05).

(D-H) mRNA expression heatmaps (squares with black borders =FDR<0.05) of Irf (D), Stat 
(E), Nfkb (F), Tlr (G), Tnfsf and Tnfsfr (H) family members in B6 Be1 over B6 Be2 (MA) 

or Tbx21−/− Be1 over B6 Be1 (RNA-seq). Purple circles show −log10 overlap p values from 
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IPA upstream regulator analysis described in (A) with darker shades increasing in 

significance. Protein names provided in parentheses.

(I) Intersection of T-bet regulated genes in day 3 Th1 cells (Iwata et al., 2017) with genes 

expressed by day 4 Tbx21−/− Be1 or B6 Be1 cells (RNA-seq data, n=497). Shown as FC 

expression in day 3 Tbx21−/− Th1 over B6 Th1 cells (Y axis) vs FC in day 4 Tbx21−/− Be1 

over B6 Be1 cells (X axis). Activated (orange), repressed (blue) and direct targets of T-bet 

(“+”) in Th1 cells (Iwata et al., 2017) are indicated.

(J-L) GSEA enrichment plots for T-bet repressed or T-bet repressed+bound gene target in 

day 4 Th1 cells (Iwata et al., 2017) in day 4 B6 and Tbx21−/− Be1 cells by RNA-seq (J) or in 

B6 Be1 and B6 Be2 cells by MA. Enrichment score (ES). Bar plot (L) shows GSEA nominal 

p values.

Analysis includes 3 (RNA-seq) or 7 (MA) samples/group/timepoint. Statistical significance 

assessed using overlap p value (A-H) or GSEA FDR value analysis (J-L). Genes with an 

overlap p value <0.05 by IPA (see STAR methods for description) were predicted to be 

upstream regulators. See also Figure S4 and Supplemental Table 5.
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Figure 5. T-bet supports Be1 ASC formation by repressing the IFNγR-regulated inflammatory 
gene program.
(A-D) NF-κB activator (Betulinic acid, (A-B)), R848 (C-D), CpG (C-D) or Vehicle (A-D) 

was added to day 2 B6 Be1 cultures. ASCs enumerated by flow (A, C) or ELISPOT (B, D) 

on day 4.

(E) Venn diagram showing T-bet repressed genes in Th1 cells ((Iwata et al., 2017), n=275) 

and in Be1 cells (n=1375). Indicated are genes unique to Be1 cells (1220, blue), unique to 

Th1 cells (120, yellow), or shared (155, green).
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(F-G) IPA predicted regulators of T-bet repressed genes identified in (E) that are unique to 

Be1 cells (F) or shared between Be1 and Th1 cells (G), showing overlap p value (see STAR 

Methods) and activation Z-score (bars) and FC expression in day 4 Tbx21−/− Be1 over B6 

Be1 (squares with *=FDR <0.05,).

(H) IPA analysis of the 155 T-bet repressed genes shared between Be1 and Th1 cells to 

identify genes that are induced (activated) by IFNα (or IFNβ) ± IFNγ ± TLR signals. Data 

shown as % of targets that are activated by individual or multiple upstream regulators.

(I) mRNA expression heatmap of T-bet repressed genes, based on FC>2, p< 0.05 in day 4 

Tbx21−/− Be1 over B6 Be1 cells by RNA-seq, that also map to T-bet binding motif 

containing DARs (FDR <0.05 by ATAC-seq in in day 2 B6 and Tbx21−/− Be1 cells, n=40). 

FC B6 Be1 over B6 Be2 (MA) or Tbx21−/− Be1 over B6 Be1 (RNA-seq) is shown. Bold 

borders indicate FDR<0.05. Genes with DARs containing AICE or EICE binding motifs 

noted in pink. Genes (rows) clustered based on Euclidean distance of FC and complete 

linkage. Rorc was not detected in Be1 or Be2 samples.

(J-K) RNAseq expression (FPKM) for Ifngr2 (J) and Ifng (K) in day 4 Tbx21−/− Be1 and B6 

Be1 cells.

(L-M) Chromatin accessibility (rpm, reads per million) by ATAC-seq, within Ifngr2 (L) and 

Ifng (M) loci in day 2 B6 Be1 (gold) and Tbx21−/− Be1 (green) cells and day 4 B6 and 

Tbx21−/− Th1 cells (black). Shaded boxes indicate DAR (FDR<0.05) in Be1 only (grey) or 

Be1 and Th1 cells (pink,(Zhu et al., 2012)). Binding motifs for T-bet, AICE, EICE, and 

IRF4 are indicated.

(N-O) IFNγ (N) and IL-6 (O) production by Day 4 Tbx21−/− Be1 and B6 Be1 cells before 

or after stimulation with anti-Ig F(ab’)2+anti-CD40+LPS+CpG (cocktail) or LPS+CpG.

(P-Q) qPCR analysis (described in STAR Methods) of Day 2 Tbx21−/−, Ifngr1−/− and B6 

Be1 cells.

Data shown representative of 2 (B, N-O, P-Q) or 3 independent experiments (A, C-D) and 

reported as mean + SD of 3-4 experimental replicates (A, C), duplicate dilutions (B, D, N-

O), or PCR triplicates (P-Q). Analysis includes 3 (RNA-seq) or 7 (MA) samples/group/

timepoint. Statistical analysis performed using Student’s t test (A-B, J-K), one-way ANOVA 

(C-D, P-Q), or two-way ANOVA (N-O). Genes with an overlap p value <0.05 by IPA (see 

STAR methods for description) were predicted to be upstream regulators. *p<0.05, 

**p≤0.01, ***p≤0.001 or ****p≤0.0001 or “ns” not significant. See also Figure S5 and 

Supplemental Tables 6–7.
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Figure 6. T-bet expressing B cells regulate humoral immunity to influenza.
Tbx21 reporter (A-G), B6 (H) and BM chimeric mice, generated with 80% μMT BM + 20% 

B6 BM (B-WT) or 80% μMT BM + 20% Tbx21−/−BM (B-Tbx21−/−) (I-R), were infected 

with PR8 influenza virus (A-H, K-R) or Hp (B, I-J).

(A-H) Gating strategy (A) for ASC, FOB, and GCB cells (top) and for flu nucleoprotein 

(NP) specific ASC and GCB (bottom) in mdLN 15 days post-PR8 infection. Frequencies (B) 

of T-bet reporter (ZsG+) ASC, GCB and FOB B cells from draining LN (gated as in A) day 

12 post-PR8 or Hp infection. T-bet reporter expression (C) by mdLN NP+ ASC and NP+ 
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GCB (gated as in A) day 15 day post-PR8 infection. T-bet reporter expression day 60 post-

PR8 infection in splenic (D) and BM (E) ASCs and mdLN NP-specific switched memory B 

cells (F-G). Intracellular staining day 90 post-PR8 infection for T-bet (H) in mdLN NP+ 

GCB, NP+ switched memory B cells and FOB cells.

(I-O). Titers of Hp-specific IgG (I) Hp-specific IgG1 (J) and PR8-specific IgG ((K), all 

subclasses) in B-WT and B-Tbx21−/− mice 60 days post-Hp (I-J) or PR8 (K) infection. 

Frequency (L) and number (M) of PR8-specific BM IgG+ ASCs (ELISPOT) and titers of NP
+ IgM (N), IgG2c, IgG1, and IgG2b (O) in B-WT and B-Tbx21−/− mice 60 days after 

infection.

(P-R) Gating strategy (P) to identify Ig isotype of NP+ memory B cells, gated on NP+ 

CD38+IgDneg B cells. Frequency (Q) and number (R) of NP+ mdLN memory B cells from 

B-WT and B-Tbx21−/− chimeras day 90 post-infection.

Data representative of 2 (C-G, I-J, P-R) or ≥ 3 (A-B, H, L-N) independent experiments with 

3-5 (A-J, L-M, P-R), or 7-10 (N) mice/group and reported as mean ± SD. Data (K, O) 

pooled from 5 independent experiments and shown as or mean ± SEM of 26-29 mice/group. 

p values determined using Student’s t test, *p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001 

or “ns” not significant. See also Figure S6.
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Figure 7. ASC development after flu challenge infection requires T-bet+ memory B cells
Experimental design (A) showing tamoxifen (TAM) treatment of day 90 PR8 flu memory 

Tbx21fl/fl.hCD20-TAM-cre (B-M), hCD20-TAM-cre (J-M) and B6 (B-I) mice in order to 

inducibly delete T-bet from B cells in Tbx21fl/fl.hCD20-TAM-cre mice. Mice analyzed 

(resting memory, B-F, J-L) 8 days following last TAM treatment or challenged with X31 

influenza and analyzed 5 days later (memory recall, G-I, M).
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(B-E) Enumeration of CXCR3+ mdLN cells following TAM treatment, showing flow plots 

(B, E) and frequency of CXCR3+ T cells (C), B cells (D) and NP+CD38+IgDneg memory B 

cells (BMEM).

(F) Enumeration of NP-specific BMEM cells following TAM-treatment.

(G-I) Enumeration of mdLN CXCR3+ NP+ GCB and ASCs (G) and NP+ GCB (H) and 

ASCs (I) in day 5 primary X31 infected B6 mice and X31-challenged, TAM-treated B6 and 

Tbx21fl/fl.hCD20-TAM-cre flu memory mice.

(J-L) Enumeration of mdLN NP+ memory (NP+CD38+IgDneg) B cells (J) 8 days post-TAM 

treatment of Tbx21fl/fl.hCD20-TAM-cre and hCD20-TAM-cre mice. Identification (K) and 

enumeration (L) of IgM, IgG 1, IgG2c and IgG2b expressing NP+ BMEM cells.

(M) Enumeration of total and IgG2c+ NP+ mdLN ASCs in TAM-treated memory 

Tbx21fl/fl .hCD20-TAM-cre and hCD20-TAM-cre mice 5 days after X31 challenge.

Representative data from one of 2 (K-M) or 3 (B-J) independent experiments shown as the 

mean + SD of 3-6 mice/group. p values determined using one-way ANOVA (G (for NP+ 

ASCs), I) or Student’s t test (all others). *p<0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001 or 

“ns” not significant. “TFTC” too few to count (<10 cells /sample). See also Figure S7.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

 anti-mouse CD3 BD, Biolegend Clone 17A2

 anti-mouse CD4 Biolegend Clone GK1.5

 anti-mouse CD4 BD Clone RM4-5

 anti-mouse CD8 BD, Biolegend Clone 53-6.7

 anti-mouse CD16/32 (Fc Block) BD Clone 2.4G2

 anti-mouse CD19 Biolegend Clone 6D5

 anti-mouse CD28 BD Clone 37.51

 anti-mouse CD38 eBioscience Clone 90

 anti-mouse B220 BD, eBioscience Clone RA3-6B2

 anti-mouse CD45.1 BD, eBioscience Clone A20

 anti-mouse CD45.2 BD, eBioscience Clone 104

 anti-mouse CD93 Biolegend, eBioscience Clone AA4.1

 anti-mouse CD138 BD, Biolegend Clone 281-2

 anti-mouse CXCR3 eBioscience Clone CXCR3-173

 anti-mouse IL-4 BioXCell Clone 11B11

 anti-mouse IFNγ BioXCell Clone XMG1.2

 anti-mouse IgM F(ab’)2 Southern Biotech Polyclonal, goat

 anti-mouse IgM eBioscience Clone II-41

 anti-mouse IgD BD Clone AMS 9.1

 anti-mouse IgD Biolegend Clone 11-26c.2a

 anti-mouse heavy chain-specific IgG1 Biolegend Clone RMG1-1

 anti-mouse heavy chain-specific IgG2b Biolegend Clone RMG2b-1

 anti-mouse heavy chain-specific IgG2b Southern Biotech Polyclonal, goat

 anti-mouse heavy chain-specific IgG2c Southern Biotech Polyclonal, goat

 anti-mouse kappa light chain Southern Biotech Polyclonal, goat

 anti-mouse Ig, heavy and light chain Southern Biotech Polyclonal, goat

 anti-mouse T-bet eBioscience Clone 4B10

 anti-mouse heavy chain-specific pan-IgG Jackson ImmunoResearch Cat#315-056-046

Bacterial and Virus Strains

 H1N1 influenza virus, A/PR/8/34 (PR8) (Allie et al., 2019)

 H3N2 influenza virus, A/Aichi/68 (X31) (Allie et al., 2019)

 Heligmosomoides polygyrus (Hp) (Leon et al., 2012)

Chemicals, Peptides, and Recombinant Proteins

 Pin-X, pyrantel pamoate Quartz Pharmaceuticals NDC 13893-691-49

 Tamoxifen Sigma Cat#T5648
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REAGENT or RESOURCE SOURCE IDENTIFIER

 Mitomycin C Sigma Cat#M4287

 OVA(323-339) peptide (OT-II) New England Peptide Cat# BP10-910

 Betulinic acid Abcam Cat#AB120654

 R848 InvivoGen Cat#tlrl-r848

 CpG ODN1826 InvivoGen Cat#tlrl-1826

 recombinant IL-2 PreproTech Cat#212-12

 recombinant IL-4 PreproTech Cat#214-14

 recombinant IL-12 Genetics Institute

 PNA (lectin) Pacific Blue conjugate Sigma L0881

 recombinant flu nucleoprotein tetramer (Allie et al., 2019)

 purified PR8 virus proteins (Lee et al., 2005)

 Heligmosomoides polygyrus (Hp) extract (Harris et al., 2000)

 7-aminoactinomycin D (7AAD) Sigma Cat#A9400-1MG

 LIVE/DEAD Fixable Dead Cell Stains ThermoFisher Cat#L34960

 Neutral Buffered Formalin Solution, 10% Sigma Cat#HT501128

 Alkaline phosphatase substrate BCIP/NBT Moss Substrates Cat#NBIM-1000

 Lymphocyte separation media Corning Cat#B003L38

 TRIzol Reagent ThermoFisher Cat#15596026

 TaqMan Gene Expression Master Mix Applied Biosystems Cat#4369016

 TaqMan Gene Expression Assay Batf Applied Biosystems Mm00479410_m1

 TaqMan Gene Expression Assay Bcl6 Applied Biosystems Mm00477633_m1

 TaqMan Gene Expression Assay Cxcl10 Applied Biosystems Mm00445235_m1

 TaqMan Gene Expression Assay Ets1 Applied Biosystems Mm01175819_m1

 TaqMan Gene Expression Assay Gapdh Applied Biosystems Mm99999915_g1

 TaqMan Gene Expression Assay Hif1a Applied Biosystems Mm00468869_m1

 TaqMan Gene Expression Assay Ifih1 Applied Biosystems Mm00459183_m1

 TaqMan Gene Expression Assay Ifng Applied Biosystems Mm01168134_m1

 TaqMan Gene Expression Assay Ifngr2 Applied Biosystems Mm01210592_m1

 TaqMan Gene Expression Assay Il6 Applied Biosystems Mm00446190_m1

 TaqMan Gene Expression Assay Irf4 Applied Biosystems Mm00516431_m1

 TaqMan Gene Expression Assay Irf5 Applied Biosystems Mm00496447_m1

 TaqMan Gene Expression Assay Irf7 Applied Biosystems Mm00516788_m1

 TaqMan Gene Expression Assay Jun Applied Biosystems Mm00495062_s1

 TaqMan Gene Expression Assay Pax5 Applied Biosystems Mm00435501_m1

 TaqMan Gene Expression Assay Pou2af1 Applied Biosystems Mm004488326_m1

 TaqMan Gene Expression Assay Prdm1 Applied Biosystems Mm00476128_m1

 TaqMan Gene Expression Assay Relb Applied Biosystems Mm00485664_m1

 TaqMan Gene Expression Assay Rorc Applied Biosystems Mm01261022_m1

 TaqMan Gene Expression Assay Runx3 Applied Biosystems Mm00490666_m1
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REAGENT or RESOURCE SOURCE IDENTIFIER

 TaqMan Gene Expression Assay Spib Applied Biosystems Mm03048233_m1

 TaqMan Gene Expression Assay Stat2 Applied Biosystems Mm00490880_m1

 TaqMan Gene Expression Assay Stat4 Applied Biosystems Mm00448881_m1

 TaqMan Gene Expression Assay Tbkbp1 Applied Biosystems Mm00446590_m1

 TaqMan Gene Expression Assay Tbx21 Applied Biosystems Mm00450960_m1

 TaqMan Gene Expression Assay Tlr7 Applied Biosystems Mm00446590_m1

 TaqMan Gene Expression Assay Tnfsf4 Applied Biosystems Mm00437214_m1

 TaqMan Gene Expression Assay Tnfsf10 Applied Biosystems Mm01283606_m1

 TaqMan Gene Expression Assay Xbp1 Applied Biosystems Mm00457359_m1

Critical Commercial Assays

 eBioscience Foxp3 / Transcription Factor Staining Buffer Set ThermoFisher Cat#00-5523-00

 RNeasy Micro Kit Qiagen Cat#74004

 Invitrogen SuperScript II Reverse Transcriptase ThermoFisher Cat#18064

 Next High-Fidelity Taq 2× Master Mix New England BioLabs Cat#M0270L

 Nextera DNA Library Preparation Kit Illumina Cat#FC-121-1030

 TruSeq RNA Library Prep Kit Illumina Cat#RS-122-2001

 PCR Purification Kit Qiagen Cat#28104

 MinElut Kit Qiagen Cat#28004

 Affymetrix GeneChip Mouse Genome U430 Plus 2.0 Array ThermoFisher Cat#900497

 Affymetrix one-cycle cDNA synthesis kit ThermoFisher Cat#10752030

 Affymetrix IVT Labeling Kit ThermoFisher Cat#900449

Deposited Data

 Microarray data this paper GEO: GSE84948

 RNA-seq data this paper GEO: GSE83697

 ATAC-seq data this paper GEO: GSE118984

Experimental Models: Organisms/Strains

 C57BL/6-Tg(TcraTcrb)425Cbn/J (OT-II) Jackson Laboratory

 B6.SJL-Ptprca Pepcb/BoyJ (CD45.1+) Jackson Laboratory

 B6.129S7-Ifngr1tm1Agt/J (Ifngr1−/−) Jackson Laboratory

 B6.129P2(C)-Cd19tm1(Cre)Cgn/J (Cd19Cre/+) Jackson Laboratory

 B6.129-Tbx2tm2Srnr/J (Tbx21Cl/fl) Jackson Laboratory

 B6.129-Prdm1tm1Clme/J (Prdm1fl/fl) Jackson Laboratory

 B6.129S2-Ighmtm1Cgn/J (μMT) Jackson Laboratory

 hCD20-TAM-cre Mark Shlomchik (Khalil 
et al., 2012)

 B6.Blimp1-YFP Eric Meffre (Rutishauser 
et al., 2009)

 B6.T-bet-ZsGreen Jinfang Zhu (Zhu et al., 
2012)
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REAGENT or RESOURCE SOURCE IDENTIFIER

 Bowtie (Langmead et al., 2009)
http://bowtie-
bio.sourceforge.net/
index.shtml

 FASTX-Toolkit
http://
hannonlab.cshl.edu/
fastx_toolkit/

 FlowJo Tree Star https://
www.flowjo.com/

 R/Bioconductor & edgeR (Robinson et al., 2010)
https://
www.bioconductor.
org/

 Genomic Ranges R/Bioconductor package (Lawrence et al., 2013)

 GraphPad Prism GraphPad Software

 GSEA program (Subramanian et al., 
2005)

http://
software.broadinstit
ute.org/gsea/
index.jsp

 HOMER, analyzeRepeats.pl, annotatePeaks.pl, findPeaks.pl, 
findMotifs.pl, findMotifsGenome.pl, getDiffExpression.pl –
repeats, and mergePeaks.pl scripts

(Heinz et al., 2010)
http://
homer.ucsd.edu/
homer/

 Ingenuity Pathway Analysis (IPA)

https://
www.qiagenbioinfo
rmatics.com/
products/ingenuity-
pathway-analysis/

 IPA upstream regulator analysis (Kramer et al., 2014)

 MATLAB The Mathworks Inc.

https://
www.mathworks.co
m/products/
matlab.html

 Microarray Suite 5 (MAS5) algorithm Affymetrix

 PageRank analysis (Yu et al., 2017)

 Picard Tools MarkDuplicates function
http://
broadinstitute.githu
b.io/picard/

 TopHat2 (Kim et al., 2013)
https://ccb.jhu.edu/
software/tophat/
index.shtml
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