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SUMMARY
During germinal center (GC) reactions, activated B cells undergo clonal expansion and functional maturation
to produce high-affinity antibodies and differentiate into plasma andmemory cells, accompanied with class-
switching recombination (CSR) and somatic hypermutation (SHM). Activation-induced cytidine deaminase
(AID) is responsible for both CSR and SHM in GC B cells. Transcriptional mechanisms underlying AID regu-
lation and GC B cell reactions are still not well understood. Here, we show that expression of Ascl2 transcrip-
tion factor is upregulated in GC B cells. Ectopic expression of Ascl2 promotes GC B cell development and
enhances antibody production and affinity maturation. Conversely, deletion of Ascl2 in B cells impairs the
GC response. Genome-wide analysis reveals that Ascl2 directly regulates GC B cell-related genes, including
AID; ectopic expression of AID inAscl2-deficient B cells rescues their antibody defects. Thus, Ascl2 regulates
AID transcription and promotes GC B cell responses.
INTRODUCTION

The germinal center (GC), the hallmark of T-dependent humoral

immunity, is where antigen-activated B cells proliferate and

differentiate into plasma and memory cells. Somatic hypermuta-

tion (SHM) and class-switching recombination (CSR) also occur

during GC reactions, leading to production of high-affinity and

class-switched antibodies. Activation-induced cytidine deami-

nase (AID), encoded by Aicda, is required for both CSR and

SHM; Aicda-deficient animals and humans display no CSR or

SHM in the immunoglobulin (Ig) genes (Cogné, 2013; Muramatsu

et al., 2000; Revy et al., 2000). To induce isotype switching, AID

has been shown to be recruited to the Ig genes in switch regions

immediately 50 to Cm and to another heavy-chain constant region

(Cogné et al., 1994; Pinaud et al., 2001, 2011; Vincent-Fabert

et al., 2010). Indeed, an E-box motif CANNTG increased the mu-

tation of an associated sequence without influencing AID tran-

scription (Yabuki et al., 2009).

Bcl6 is the master transcription factor in control of GC reac-

tions, including GC B cell activation and differentiation (Dent

et al., 1997; Ye et al., 1997). Selective ablation of Bcl6 in B cells
This is an open access article under the CC BY-N
impaired GC reactions and production of high-affinity antibodies

(Basso and Dalla-Favera, 2012). Besides Bcl6, E proteins, a fam-

ily of transcription factors that recognize the E-box (CANNTG)

motif with similar sequence specificity, are also implicated in

GC B cell development. E proteins can be sequestered by the

inhibitor of DNA-binding (Id) proteins that lack the basic DNA-

binding domain (Murre, 2005). Overexpression of Id3 in B cells

prevented the binding of E proteins to the Aicda locus, which

caused defective Aicda transcription, and thus CSR (Sayegh et

al., 2003). E2A (with two isoforms, E12 and E47) is regarded as

the dominant E protein in B cell lineage commitment and early

B cell development. E2A was shown to be dispensable for GC

B cell development, as suggested by the conditional Tcf3 (en-

coding E2A) inactivation, although it was abundantly expressed

in GC centroblasts (Kwon et al., 2008). E2-2, another E protein

expressed in B cells, was also suggested to be not important

for B cell development and differentiation in early studies (Wik-

ström et al., 2006). However, recent studies suggest that E2A

and E2-2 may play an important role in late-stage B cell differen-

tiation and plasma cell development through regulating CSR

(Gloury et al., 2016; Wöhner et al., 2016). Despite these studies,
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the role of E proteins in GC B cell development, particularly in

SHM, is largely unclear.

Our previous work showed that Achaete scute-like 2 (Ascl2), a

member of the E protein family, initiates follicular helper T (Tfh)

cell development through upregulating the expression of

CXCR5 in activated T cells and regulating T cell homing to the fol-

licles (Liu et al., 2014). In this study, we uncover a critical role for

Ascl2 in the transcriptional regulation of GC B cell development.

Genome-wide analysis revealed that Ascl2 directly regulates AID

expression. Thus, in addition to its role in Tfh cells, Ascl2 also

promotes GC B cell responses.

RESULTS

Ascl2 is selectively expressed in GC B cells
Considering the important role of Ascl2 in regulating Tfh cell

development, it is interesting to know whether Ascl2 also regu-

lates GC B cells. To assess this, we sorted GC B

(IgD�Fas+GL7+) and activated non-GC B cells (IgD�Fas�GL7�)
from the Bcl6-RFP reporter mice (Liu et al., 2012) following

keyhole limpet hemocyanin (KLH) immunization for further anal-

ysis. The expression of Bcl6 was clearly higher in GC B cells

versus activated non-GC B cells as determined at mRNA level

or via the reporter expression (Figure 1A). Notably, the mRNA

for Ascl2 was dramatically increased in GC B versus activated

non-GC B cells (Figure 1B). To evaluate Ascl2 expression in an-

tigen-specific B cells, we transferred naive MD4 B cells into

CD45.1 recipient mouse together with naive OT-II T cells, fol-

lowed by immunization with ovalbumin (OVA)-hen egg lyso-

zyme (HEL) emulsified in complete Freund’s adjuvant (CFA).

The HEL-specific MD4 GC and activated non-GC B cells

were isolated 7 days later for examining the mRNA level of

Ascl2. Consistent with KLH immunization, the mRNA level of

Ascl2 was markedly higher in GC than in activated non-GC B

cells (Figure 1C).

To further validate this result, we generated Ascl2-ZsGreen re-

porter knockin mice (Figure S1A). After KLH/CFA immunization,

Ascl2 reporter expression was selectively detected in GC, but

not activated non-GCB cells (Figure 1D). Moreover, the Ascl2 re-

porter signal was preferentially detected in Tfh than non-Tfh cells

(Figure S1B), consistent with Liu et al. (2014) work showing that

Ascl2 mRNA expression was much higher in Tfh cells than non-

Tfh cells by real-time PCR.

Ascl2 thus appears to be upregulated in GC B cells. To assess

the signals regulating Ascl2 upregulation, we isolated naive B

(CD38�IgD+) cells from the Ascl2 reporter mice and stimulated

them in vitro with anti-IgM and anti-CD40. Interestingly, Ascl2

was readily increased in activated compared with naive B cells,

as examined at mRNA level (Figure 1E) or by Ascl2 reporter

expression (Figure 1F). Ascl2 expression could not be induced

by anti-IgM alone or further enhanced by cytokines interleukin-

4 (IL-4), IL-21, interferon g (IFN-g), or transforming growth factor

b (TGF-b) in B cell cultured in the presence of both anti-IgM and

anti-CD40 (Figure 1H). Moreover, overexpression of Bcl6 could

not induce the expression of Ascl2 (Figure 1G). However, anti-

CD40 or lipopolysaccharide (LPS) stimulation induced signifi-

cant expression of Ascl2 (Figure 1H), suggesting a critical role

of nuclear factor kB (NF-kB) pathways in the regulation.
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Enforced Ascl2 expression promotes GC B cell
development
The above expression data suggest that Ascl2 may participate in

GC B cell differentiation and development. To examine this, we

retrovirally overexpressed Ascl2 in LPS-activated B cells fol-

lowed by stimulation with anti-IgM and anti-CD40 in vitro. Inter-

estingly, total IgG production was increased by�10-fold and IgA

by �2-fold in Ascl2-transduced B cells than those infected with

control virus; IgM appeared to be increased, although it did not

reach statistical significance (Figure 2A). Notably, overexpres-

sion of Id3 in Ascl2-transduced B cells inhibited Ascl2 function

in elevating IgG production in vitro (Figure 2A). Similar to our

earlier finding in T cells (Liu et al., 2014), Ascl2 overexpression

did not induce expression of Bcl6 or Prdm1 but drastically

increased the expression of Aicda (�5-fold increase) (Figure 2B).

To examine whether Ascl2 regulates B cell function in vivo, we

first infected MD4 B cells with Ascl2-containing or control retro-

virus and transferred it into Rag1-deficient mice together with

OT-II T cells. The recipient mice were sacrificed and analyzed

7 days following OVA-HEL immunization. As expected, Ascl2

overexpression increased both the percentages and numbers

of GC B cells (Figures 2C–2E) with little effect on B cell prolifer-

ation (Figure S2A) but did not affect those of CXCR5hiBcl6hi Tfh

cells (Figures S2B–S2D). Because MD4 Ig transgene could not

undergo class switching in B cells, we next transduced Ascl2

retrovirus in LPS-activated B cells isolated from C57BL/6 mice

before transferring into mMT mice. Seven days after 4-hydroxy-

3-nitrophenyl (NP)-KLH immunization, the total levels of NP-

KLH-specific IgG, IgG1, and IgG2a, but not IgM, significantly

increased in the sera of mice receiving Ascl2-transduced B cells

compared with control virus-infected B cells (Figure 2F). The ra-

tios of high-affinity anti-NP (NP4) antibodies to total anti-NP

(NP29) antibodies, a measurement for affinity maturation, mark-

edly increased in mice receiving Ascl2-transduced B cells,

including total IgG, IgG1, and IgG2a (Figure 2G), whereas Tfh

cell development was not affected by Ascl2 overexpression (Fig-

ures S2E–S2G). Consistent with the upregulation of AicdamRNA

by Ascl2 overexpression in vitro, AID expression was clearly

higher in mice transduced by Ascl2 than control virus in vivo

(Figure 2H).

To determine whether Ascl2 regulated GC B cells through a

cell-intrinsic manner, MD4 B cells carrying different congenic

markers and separately transduced with Ascl2 or control virus

were mixed at 1:1 ratio and then co-transferred into mice

together with OT-II T cells. The recipient mice were then immu-

nized with OVA-HEL and analyzed 7 days later. GC B cells

were significantly increased in Ascl2-overexpressing B cells

(Figure 2I).

These data together strongly suggest an important role by

Ascl2 in regulating the differentiation and function of GC B cells.

Ascl2 expression in B cells is critical for GC responses
To further examine the role of Ascl2 in GC reactions, we gener-

ated B cell-specific Ascl2-deficient mice by crossing the

Ascl2fl/fl mice with CD19Cre (henceforth referred to as Ascl2

knockout [KO] mice). Ascl2 deficiency did not affect normal B

cell development under homeostatic condition (Figures S3A

and S3B). Comparing GC responses after KLH immunization
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Figure 1. Expression of Ascl2 in germinal center (GC) B cells

(A) Both GC B (Fas+GL7+) and activated non-GC B (Fas�GL7�) cells were sorted from the draining lymph nodes of Bcl6-RFPmice immunized with KLH/CFA and

then analyzed for mRNA expression of Bcl6 by real-time RT-PCR or Bcl6-RFP reporter expression by flow cytometry among live lymphocytes.

(B) The mRNA expression of Ascl2 in sorted GC B cells and activated non-GC B cells isolated in the KLH/CFA-immunized B6 mice.

(C) The mRNA expression of Ascl2 in sorted MD4 GC B and activated non-GC B cells isolated in the adoptive B cell transfer models.

(D) The Ascl2 ZsGreen reporter expression in GC B (Fas+GL7+) and activated non-GC B (Fas�GL7�) cells in draining lymph nodes of Ascl2 ZsGreen mice

immunized with KLH/CFA. All the flow cytometry analysis was performed 7 days after immunization.

(E) The mRNA expression of Ascl2 or Ascl2-ZsGreen reporter expression in B cells activated and cultured in vitro with anti-IgM/anti-CD40 for 7 days.

(F) The Ascl2-Zs Green reporter expression in B cells activated and cultured in vitro with anti-IgM/anti-CD40 for 7 days by flow cytometry.

(G) The Ascl2 mRNA expression in B cells infected with RV-Empty or RV-Bcl6 retroviruses.

(H) The Ascl2 mRNA expression level in B cells cultured in vitro under various conditions as indicated. All the experiments were repeated at least three times with

similar results.
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between Ascl2fl/fl 3 CD19WT and Ascl2WT/WT 3 CD19WT mice,

Ascl2 gene appeared to be fully functional in the absence of

the Cre expression (Figure S3C). Upon immunization with NP-

KLH, compared with the wild-type (WT) CD19Cre control mice,
the frequencies and numbers of GC B cells were significantly

reduced in Ascl2 KO mice 7 days following immunization (Fig-

ures 3A–3C), whereas the numbers and frequencies of

CXCR5hiBcl6hi Tfh cells were not affected (Figures S3D–S3F).
Cell Reports 35, 109188, June 1, 2021 3
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Figure 2. Ascl2 promotes GC B cell development

(A) The level of IgM, total IgGs, and IgA in the supernatants of in vitro-cultured B cells infected with the RV-Empty or RV-Ascl2 retroviruses, as examined by ELISA;

when indicated, B cells were infected with both RV-Ascl2 and hCD2-Id3 retroviruses and analyzed for antibody production.

(B) Expression of Aicda, Blimp1, and Bcl6 in RV-Ascl2 or RV-Empty virus-infected B cells in (A).

(C–E) Naive MD4 B cells were activated in vitro, infected with RV-Ascl2 or RV-Empty retroviruses, and then transferred into CD45.1 recipient mouse (n = 5)

together with naive OT-II T cells, followed by immunization with OVA-HEL/CFA. The donor MD4 B cells were isolated from draining lymph nodes 7 days later and

analyzed for GC B cell development: (C) flow cytometry data of donor GC B cells (live CD19+IgD�GL7+Fas+); (D) the frequencies of GC B cells in (C); and (E) the

numbers of GC B cells in (C).

(F) KLH-specific antibodies in the sera of mMT mice receiving RV-Ascl2- or RV-Empty retrovirus-transduced B cells and immunized by NP-KLH/CFA immuni-

zation. x axis indicates the 3-fold serial dilutions of serum samples.

(G) Antibody affinity maturation of IgM, total IgGs, IgG1, and IgG2a antibody in (F). The Ig affinity maturation index was defined by the ratios of anti-NP4 versus

anti-NP29 antibody titers.

(H) Flow cytometry data of AID expression in (F).

(I) The frequencies of RV-Ascl2-transduced CD45.1 B cells and RV-Empty retrovirus-infected CD45.2 B cells in the mMT mice immunized with KLH/CFA. All the

experiments were repeated at least two to three times with consistent results.
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Of note, the ratio of CXCR4hiCD86lo centroblasts to

CXCR4loCD86hi centrocytes was altered in the absence of

Ascl2 (Figures 3D and 3E). In addition, histological analysis

showed relatively smaller GC sizes in Ascl2 KO mice (Figures

3F and 3G). Consistent with the GC defects, serum levels of

antigen-specific Igs, including total IgG, IgG1, and IgG2a,

significantly reduced in Ascl2 KO mice (Figure 3H), as well as

the ratios of high-affinity anti-NP4 versus anti-NP29 antibodies

(Figure 3I).

We further examined the intrinsic function of Ascl2 in B cells

via adoptive B cell transfer experiments, when CD19Cre and
4 Cell Reports 35, 109188, June 1, 2021
Ascl2 KO B cells were co-transferred into mMT recipients.

Ascl2 deficiency led to �40%–50% reduction in the frequencies

or numbers of GC B cells compared with the co-transferred con-

trol CD19Cre B cells in the draining lymph nodes (LNs) followed

by NP-KLH immunization (Figure 3J). Simiar results were found

in Peyer’s patches under homeostatic condition (Figures S4A–

S4C). This result was also confirmed by inducible deletion of

Ascl2 in activated B cells using the Ert2Cre system in the adoptive

transfer experiment (Figures S5A–S5E). All the defects in GC B

cells were independent of the Tfh cell population (Figures S4D–

S4F, S5F–S5H). In contrast, Ascl2 deficiency in B cells did not
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Figure 3. Ascl2 deficiency in B cells inhibits GC B cell development

CD19Cre and Ascl2fl/fl 3 CD19Cre mice were immunized with NP-KLH and analyzed 7 days later.

(A) GC B cells from draining lymph nodes as determined by live CD19+IgD�Fas+GL7+ staining.

(B and C) Frequencies and numbers of GC B cells.

(D) Flow cytometry data of CXCR4hiCD86lo centroblasts versus CXCR4loCD86hi centrocytes (gated on CD19+IgD�Fas+GL7+ GC B cells).

(E) Statistical data on DZ (dark zone) (CD86loCXCR4hi)/LZ (light zone) (CD86hiCXCR4lo) ratio.

(F) GC staining of peanut agglutinin (PNA) and B220 with draining lymph nodes section (scale bar, 100 mm).

(G) Statistical data on the size of each GC in (F) (pooled data from three independent experiments).

(H) Serum KLH-specific antibodies. x axis indicates the 3-fold serial dilutions of serum samples.

(legend continued on next page)

Cell Reports 35, 109188, June 1, 2021 5

Article
ll

OPEN ACCESS



Article
ll

OPEN ACCESS
affect T cell-independent antibody response in the LPS/CFA-

immunized model (Figures S3G–S3I). These data together high-

light an important B cell-intrinsic role of Ascl2 in regulating GC B

cell differentiation and function.

Because GC reaction is essential for somatic mutations and

diversification of Ig repertoires, we next examined the fre-

quencies of mutations in the JH4-adjacent intronic region of

IgH inWT (CD19Cre) andAscl2KOmice following NP-KLH immu-

nization. The results showed that not only the overall mutation

rates but also the frequencies of clones carrying multiple muta-

tions were substantially decreased in Ascl2 KO mice (Figures

3K and 3L). Also, Ascl2 deficiency in B cells lead to declined fre-

quencies of IgG1+ GC B cells, indicating deletion of Ascl2 low-

ered the CSR in GC B cells (Figures 3M and 3N). Consistent

with the findings from Ascl2 overexpression assays, the Aicda

mRNA level (Figure 3O) and AID (Figure 3P) were both signifi-

cantly reduced in Ascl2-deficient GC B cells.

Loss of Ascl2 in B cells impairs host defense to influenza
infection
To further address the function of Ascl2 in host defense, we in-

fected CD19Cre and Ascl2 KO mice with influenza virus via intra-

nasal administration. Compared with control mice, Ascl2 KO

mice showed significantly worsened weight loss and a delayed

recovery, with �3-fold more viral hemagglutinin (HA) mRNA

expression in the lungs on day 9 following virus infection (Fig-

ure 4B). Further analysis showed Fas+GL7+ GC B cells were

reduced by more than 90% in the lung draining LNs of Ascl2

KO mice, in both frequencies and absolute numbers, along with

significantly reduced serum levels of HA-specific IgG1 and total

IgG, but not IgM or IgG2a (Figures 4C–4E). In contrast, B cell-spe-

cific Ascl2 deficiency led to significantly increased CXCR5hiBcl6hi

Tfh cells in lung draining LNs (Figure S6A–S6C), likely because of

compensatory mechanisms for defective GC B cell response.

Also, GC B cells in the lung were reduced in Ascl2fl/flCD19Cre

mice (Figures S6D–S6F). Because Ascl2 deficiency did not affect

CD4+ or CD8+ T cell frequencies in the lung, draining LNs, and

bronchoalveolar lavage fluid (BALF) (Figures S6G), our results

together highlight an important protective role of Ascl2 in B cells

and humoral immune response against viral infection.

Ascl2 regulates GC B cell gene expression
To understand the molecular mechanisms whereby Ascl2 regu-

lates GC B cell development, we performed RNA sequencing

(RNA-seq) assays with B cells transduced with Ascl2 overex-

pression or control vector. In total, Ascl2 overexpression altered

the expression of 449 genes by R2-fold, with 293 upregulated

and 156 downregulated (Figure 5A). Through comparison with

previously published RNA-seq data of GC versus non-GCB cells

(Cho et al., 2018), we found that 42 out of the 449 Ascl2-regu-
(I) Antibody affinity maturation of IgM, total IgGs, IgG1, and IgG2a antibodies as

(J–O) Naive B cells fromCD45.1+MD4xAscl2wt/wt3CD19Cre and CD45.2+MD4xAs

II mice, followed by immunization with OVA-HEL/CFA, and the recipient mice wer

mMT recipient mice. (K) The frequencies of mutations in the JH4-adjacent intronic r

cytometry and statistical data of IgG1+ GC B cells. (O) Aicda mRNA expression i

(P) Flow cytometry data of AID expression in (A).

All data were representative of three independent experiments.
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lated genes were associated with GC B cell development,

among which 34 were upregulated and 18 were downregulated

by Ascl2 overexpression (Figures 5A–5C). Notably, a number of

genes implicated in GC B cell development or GC response,

including Aicda, Ung, Dnmt1, Gna13, and Batf, were among

the top genes upregulated by Ascl2. However, the genes

involved in plasma and memory B cell development and func-

tion, including Klf2 andCd70, were greatly suppressed by Ascl2.

Consistently, in the KLH immunization model, in sorted GC

cells, B cell-specific deletion of Ascl2 reduced the expression

of Aicda, Ung, and Gna13, as well as several other genes

involved in GC B cell formation and function, including Bax,

Adam17, Socs1, Batf, Irf4, and Foxp1 (Figure 5D). Notably,

Ascl2 deficiency also reduced the expression of Lef1, a tran-

scription factor essential for Tfh cell differentiation (Choi et al.,

2015), and Rictor, the core component of mTORC2. These

data support an important role of Ascl2 in regulating the develop-

ment and function of GC B cells.

AID serves as a critical functional target of Ascl2 in GCB
cell response
To determine the genes directly regulated by Ascl2 in B cells, we

performed genome-wide Ascl2 chromatin immunoprecipitation

sequencing (ChIP-seq) with GC B cells isolated from draining

LNs of NP-KLH-immunized B6 mice. In total, Ascl2 bound 996

genes, among which 41% and 36% fell into the intronic (blue)

and intergenic (red) regions, respectively, with only 14% of

Ascl2 binding sites located in the promoter regions (green) (Fig-

ure 6A). Interestingly, 56 of 996 Ascl2-bound genes were also

regulated by Ascl2 based on our RNA-seq data (Figure 6B),

including chemokine receptors Cxcr4 and Cxcr5, transcription

factor Batf and Irf4, and receptor signaling regulators Gna13,

Tab2, and Rgs13 (Figure 6C), suggesting a direct regulation,

whereas Bcl6 and Prdm1 were not bound or regulated by

Ascl2. In line with the nature of Ascl2 as an E-box protein, the

ASCL2-binding peaks were enriched with the E-box protein-

binding motif (50-CANNTG-30) (Figure 6D).

Considering the importance of Bcl6 in GCB cell differentiation,

we also compared genome-wide occupancies of Ascl2 versus

Bcl6 as reported in previous studies (Hatzi et al., 2013). Interest-

ingly, �30% of ASCL2-bound genes were correlated with BCL6

binding peaks (Figure 6E). Consistent with our earlier findings in

T cells, Ascl2 and Bcl6 showed no reciprocal binding at their loci

(Figures 6F and 6G), suggesting parallel or synergistic effects in

regulating genes involved in GC B cell development. Ascl2 can

form heterodimers with three other basic-helix-loop-helix

(bHLH) family members, including E2-2 (also known as TCF4),

E47 (also known as TCF3), andHEB (also known as TCF12) in hu-

man cells. Consistently, Ascl2 shared a large portion of

commonly bound genes with E47 in B cells, including Batf,
determined by the ratios of anti-NP4 versus anti-NP29 antibody titers.

cl2fl/fl3CD19Cre were co-transferred into mMTmicewith naive T cells fromOT-

e then analyzed 7 days later. (J) Statistical data on Fas+GL7+ GC B cells in the

egion. (L) The frequencies of clones carrying multiple mutations. (M and N) Flow

n GC B cells.
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Figure 4. Ascl2 deficiency in B cells impairs host defense against influenza infection

(A) Body weight loss of CD19Cre and Ascl2fl/fl 3 CD19Cre mice.

(B) The viral gene expression in the lung 8 days after virus infection as determined by the relative mRNA expression of viral HA gene.

(C) GC B cells (Fas+GL7+) in the lung draining lymph nodes from influenza-infected mice.

(D) The frequencies of GC B cells in (C).

(E) The absolute numbers of GC B cells in (C).

(F) Serum levels of virus-specific IgM, total IgGs, IgG1, and IgG2a measured by ELISA. x axis indicates the 3-fold serial dilutions of serum samples.

All data were representative of three independent experiments.

Article
ll

OPEN ACCESS
Cxcr5, and Cxcr4 (Figures 6H and 6I). Interestingly, the Aicda lo-

cus was bound by both Ascl2 and E47, but their binding peaks

were located at distinct regions, indicating an independent or

synergistic role of Ascl2 and E47 in regulating Aicda expression

(Figure 6J).

Finally, the binding of Ascl2 to the Aicda gene locus was

confirmed by ChIP-qPCR assays, and Ascl2 selectively bound

the conserved non-coding sequence 2 (CNS2) region of Aicda

genes identified in previous studies (Gloury et al., 2016; Wöhner

et al., 2016) (Figure 6K). To determine if the binding of Ascl2 is

functional, the CNS1-CNS4 sequences at the Aicda loci were

individually fused to theAicdapromoter sequence in the PGL3-re-

porter plasmid. In the dual-luciferase reporter assays, only CNS2

could induce robust Aicda reporter activity, further enhanced by

Ascl2 (Figure 6L), consistent with the ChIP-seq findings.

To assess whether AID is a functional target of Ascl2, we con-

ducted retroviral expression of Aicda in Ascl2-deficient B cells,

which was sufficient in rescuing B cell defect caused by Ascl2
deficiency, as determined by the generation of IgG1+ activated

B cells in vitro for 3 days (Figures 6M and 6N). This result thus

highlights an important role of AID in Ascl2-dependent GC

B cell response.

DISCUSSION

We have previously shown that Ascl2 plays an important role in

regulating Tfh cell differentiation through regulating CXCR5

expression and early Tfh cell migration (Liu et al., 2014). In

this study, we examined the role of Ascl2 in GC B cells.

Ascl2 was found to be significantly and selectively increased

in GC, but not non-GC B cells. In addition, Ascl2 overexpres-

sion significantly enhanced the function of B cells in vitro or

in vivo, whereas B cell-specific Ascl2 deficiency dampened

GC B cell formation and humoral response. Our study thus re-

vealed a critical role of Ascl2 in regulating GC reactions, in a

B cell-intrinsic manner.
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Figure 5. Ascl2 regulates GC B cell-related genes

Total mRNA was extracted from in vitro-cultured B cells infected with the RV-Empty or RV-Ascl2 retroviruses sorted with GFP marker.

(A) The scatterplot of RNA-seq data obtained with B cells transduced with RV-Ascl2 or RV-Empty retroviruses with FPKM as x-y axis. The green line indicated

gene expression change R2-fold.

(B) Top list of genes altered by Ascl2 overexpression.

(C) Venn diagram of genes regulated by Ascl2 versus GC B cell-related genes.

(D) Transcriptional expression of Aicda, Ung, Endog, Dnmt1, Gna13, Bax, Adam17, Gsk3, Socs1, Batf, Irf4, Foxp1, Lef1, Rcitor, Lif, Klf2, and Cd70 in GC B cells

isolated from the draining lymph nodes of KLH-immunized Ascl2fl/fl3CD19Cre or CD19Cre control mice asmeasured by RT-PCR. Data are representative of three

independent experiments.
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In this work, the immune defense against influenza virus in B

cell-specific Ascl2-deleted mice may also reflect more beyond

compromised GC antibody responses. The body weight loss

data suggested that virus replication is probably less well atten-

uated prior to the time when GC antibodies would be present

(prior to day 7). In addition, Ascl2 expression can be induced

in vitro in activated B cells stimulated with anti-IgM and anti-

CD40; thus, there may be some function of Ascl2 on the extrafol-

licular antibody response.

A recent study showed class switch largely happened prior to

the formation of a GC (Roco et al., 2019). Consistent with this

report, we detected peak of Ascl2 expression (96 h after immu-

nization) preceded the formation of GCs (data not shown). These

results indicated Ascl2 could function in CSR even before GC

formation.

The AID, encoded by the Aicda gene, is known as the mas-

ter regulator for secondary antibody diversification through

driving SHM and CSR. The expression of Aicda in B cells is

regulated by E-box proteins through their binding to multiple

regulatory regions within the Aicda gene locus: E2a-encoding

transcription factors E12 and E47 bind enhancer regions 4 and

5 (E4 and E5), respectively, and E2-2 that binds E2, respec-
8 Cell Reports 35, 109188, June 1, 2021
tively. The E2a gene deletion disrupts rearrangement of immu-

noglobin genes and causes a severe blockade of B cell devel-

opment between the pre-B and pro-B cell stages (Bain et al.,

1994; Zhuang et al., 1994). Additional studies show that E47

and E12 are also expressed in mature B cells, particularly in

the centroblasts of GC B cells (Goldfarb et al., 1996), suggest-

ing a role in regulating GC response. Indeed, the combined

deletion of E2A and E2-2 results in a complete deficit in anti-

gen-induced B cell differentiation (Gloury et al., 2016; Wöhner

et al., 2016). ASLC2 is also an E-box-containing protein, and

our studies showed that its overexpression could increase

Aicda transcription in B cells, whereas its deficiency in B cells

significantly reduced Aicda expression and led to a severe

defect in CSR and SHM during humoral response. Mechanis-

tically, ASCL2 was found to directly bind to the CNS2 region at

the Aicda locus, a regulatory region not occupied by E47.

Although it was previously reported that Asc proteins bind to

DNA as heterodimers in fly, our overexpression experiment

suggested that it could function as homodimers in mice.

Also, ChIP-seq data revealed that the binding sites for Ascl2

in Aicda were different from those for other E-box protein fam-

ily members, including E47 and E2-2. Besides, studies on E47
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and E2-2 (Gloury et al., 2016; Wöhner et al., 2016) did not

show co-occupancy. Interestingly, the defective humoral

response caused by Ascl2 deficiency, including decrease in

antibody-producing cells, could be completely rescued by

Aicda overexpression in B cells, even when we analyzed the

cell population with intermediate expression levels. Our study

thus identified Ascl2 as an essential AID regulator in control-

ling GC reactions.

It is noted that AIDmutant patients often develop various auto-

immune syndromes, including arthritis, autoimmune hepatitis,

and Crohn’s disease (Quartier et al., 2004), whereas AID defi-

ciency also exacerbates autoimmune syndromes in Lpr mice,

as evidenced by elevated production of autoantibodies and

enhanced glomerulonephritis (Chen et al., 2010). In contrast, B

cell-specific Ascl2 deficiency did not affect normal B cell devel-

opment under homeostasis status and even declined GC B cell

responses under immune challenge conditions. The mecha-

nisms underlying the phenotypic differences between Aicda

and Ascl2 deficiency are not clear yet, which warrants further

investigation in the future.

Bcl6 serves as a master transcriptional factor controlling the

development of both GC T and GC B cells. In B cells, Bcl6

plays an important role in promoting the rapid proliferation of

GC B cells and facilitating their tolerance to high rates of

SHM. Based on our previous study (Liu et al., 2014) and the re-

sults in this study, Ascl2 could also regulate both GC T and GC

B cell development, but via distinct mechanisms. Although in

this study, Ascl2 and Bcl6 showed no reciprocal binding at

the other loci, which could exclude the possibility that Ascl2

may regulate these genes through enhancers that may interact

with the gene promoter to form a local promoter-enhancer in-

teractome and function as one cooperative regulatory unit to

induced Bcl6 expression. Through comparing the ChIP-list of

ASCL2 and BCL6 targeted genes in B cells, we found that

Bcl6 bound �3.5-fold more genes than Ascl2 (3,796 versus

996 genes), indicating a broader role of Bcl6 than Ascl2 in B

cells. It is also noted that �30% of genes bound by Ascl2 are

also targeted by Bcl6, suggesting the two transcription factors

may have synergistic or redundant functions in regulating the

development or function of GC B cells, which may need to

be further investigated.
Figure 6. ASCL2 directly regulates Aicda expression

CD19+IgD�Fas+GL7+ GCB cells were isolated from draining lymph nodes of KLH/

(A) Distribution of ASCL2 ChIP-seq peaks in B cells.

(B) Venn diagram of genes regulated by Ascl2 versus ASCL2-binding genes obta

(C) ASCL2-ChIP peaks at the Tab2, Rgs13, and Irf4 gene loci.

(D) E-box motif enriched in ASCL2 binding peaks.

(E) Venn diagram of ASCL2 versus BCL6 ChIP-seq peaks.

(F and G) Distribution of ASCL2 versus BCL6 ChIP-seq peaks by Ascl2 and Bcl6

(H) Venn diagram of ASCL2 and E47 ChIP-seq peaks (reanalyzed based on E47 C

versus the RNA-seq obtained from GC B cells versus non-GC B cells in the prev

(I) GC B cell-related genes commonly regulated by both Ascl2 and E47.

(J) Distribution of ASCL2 and E47 ChIP-seq peaks at the Aicda locus.

(K) Binding of ASCL2 to the Aicda locus in GC B cells as determined by ChIP-qP

(L) The CNS2-Aicda luciferase reporter activity in A20 B cells transfected with RV

(M) Naive B cells isolated from Ascl2fl/flCD19Cre or CD19Cre mice were pre-activa

examined for IgG1 expression 7 days later in in vitro cultures by flow cytometry.

(N) The frequencies of IgG1+ B cells in (M). Data are representative of three inde
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In summary, our studies identified Ascl2 as a transcription fac-

tor that is induced in GC B cells and critically controls GC B cell

differentiation via direct regulation of AID expression. The find-

ings in this study extend the role of Ascl2 and are useful for un-

derstanding themolecular mechanisms controlling GC reactions

and humoral responses.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-IgM (clone RMM-1) Biolegend Cat# 406502; RRID:AB_315052

Anti-CD40 (clone FGK4.5) Bioxcell Cat# BP0016-2; RRID:AB_1107647

Anti-CD19 (clone 1D3) eBioscience Cat# 47-0193; RRID:AB_10853189

Anti-IgD (clone 11-26c.2a) BD Biosciences Cat# 563003; RRID:AB_2648353

anti-mouse IgM[a] (clone DS-1) BD Biosciences Cat# 553517; RRID:AB_394898

Anti-Fas(clone 15A7) eBioscience Cat# 53-0951; RRID:AB_10671269

Anti-GL7(clone GL-7) eBioscience Cat# 50-5902; RRID:AB_2574251

Anti-CD86 (clone GL1) BD Biosciences Cat# 560582; RRID:AB_1727518

Anti-CXCR4 (clone 2B11) BD Biosciences Cat# 562738; RRID:AB_2737757

Anti-CD4 (clone GK1.5) eBioscience Cat# 47-0041; RRID:AB_11218896

Anti-CD44 (clone IM7) Biolegend Cat# 103030; RRID:AB_830787

biotinylated Anti-CXCR5 BD Biosciences Cat# 551960; RRID:AB_394301

Anti-PD-1(clone J43) BD Biosciences Cat# 551892; RRID:AB_394284

Anti-Bcl6(clone K112-91) BD Biosciences Cat# 562401; RRID:AB_11152084

Anti-B220(clone RA3-6B2) BD Biosciences Cat# 552772; RRID:AB_394458

Anti-CD45.1(clone A20) eBioscience Cat# 48-4053-82; RRID:AB_313504

Anti-CD45.2(clone 104) eBioscience Cat# 56-0454; RRID:AB_657752

Streptavidin BD Biosciences Cat# 554067; RRID:AB_10050396

Biotinylated Peanut Agglutinin (PNA) Vector Labs Cat#B-1075; RRID:AB_2313597

Anti-Achaete Scute homolog 2 Antibody (clone 7E2) Millipore Cat# MAB4418; RRID:AB_10561764

Goat anti-mouse IgM-HRP SouthernBiotech Cat# 1020-05; RRID:AB_2794201

Goat Anti-Mouse IgA-HRP SouthernBiotech Cat# 1040-05; RRID:AB_2714213

Goat Anti-Mouse IgG(H+L)-HRP SouthernBiotech Cat# 1036-05; RRID:AB_2794348

Goat Anti-Mouse IgG1-HRP SouthernBiotech Cat# 1071-05; RRID:AB_2794426

Goat Anti-Mouse IgG2a-HRP SouthernBiotech Cat# 0103-05; RRID:AB_2793886

Bacterial and virus strains

Influenza virus (PR8, H1N1) Deng et al., 2012 N/A

Chemicals, peptides, and recombinant proteins

Fixable viability dye eFluor506 eBioscience Cat# 65-0866

1X TMB Solution eBioscience Cat# 00-4201

Hen Egg Lysozyme (HEL) Sigma Cat# L6876

Albumin from chicken egg white (OVA) Sigma Cat# A5503

NP-KLH Biosearch Technologies Cat# N-5060

Keyhole Limpet Hemocyanin (KLH) Sigma Cat# H7017

Freund’s Adjuvant Incomplete Sigma Cat# F5506

M. Tuberculosis Des. H37 Ra BD Cat# 231141

Recombinant Murine IFN-gamma Peprotech Cat# 315-05

Recombinant Murine IL-4 Peprotech Cat# 214-14

Recombinant Murine IL-21 Peprotech Cat# 210-21

Recombinant Human TGF-beta R&D Systems Cat# 240-B-010

Critical commercial assays

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

NEXTflex TM ChIP-Seq DNA Sequencing Kit Bioo Scientific Cat# 5143
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NEXTflex Rapid RNA-Seq DNA Sequencing Kit Bioo Scientific Cat# 5138

Deposited data

RNA-seq This study GSE169416

ChIP-seq This study GSE169416

Experimental models: Organisms/strains

Mouse: C57BL/6J Jackson Laboratory JAX:000664

Mouse: Bcl6-RFP Liu et al., 2012 N/A

Mouse: Ascl2fl/fl van der Flier et al., 2009 N/A

Mouse: Ascl2-ZS Green This study N/A

Mouse: CD19Cre: B6.129P2(C)-Cd19tm1(cre)Cgn/J Jackson Laboratory JAX: 006785

Mouse: MD4: C57BL/6-Tg(IghelMD4)4Ccg/J Jackson Laboratory JAX: 002595

Mouse: OT-II: B6.CgTg(TcraTcrb)425Cbn/J Jackson Laboratory JAX: 4194

Mouse: CD45.1: B6.SJL-PtprcaPepcb/BoyJ Jackson Laboratory Jax: 002014

Software and algorithms

FlowJo software v9.3.2 FlowJo LLC https://www.flowjo.com/; RRID:SCR_008520

GraphPad Prism 6 GraphPad Software https://www.graphpad.com/scientific-

software/prism/
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Chen

Dong (chendong@tsinghua.edu.cn).

Materials availability
Reagents are commercially available and/or contacts for all materials are listed in Key resources table.

Data and code availability
Original RNA-seq and ChIP-seq data have been deposited to NCBI GSE169416.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
All the mice were housed in specific pathogen-free animal facilities at Tsinghua University, and were used according to protocols

approved by the Institutional Animal Care and Use Committee. The C57BL/6mice were purchased from the animal platform at Tsing-

hua University. The CD19Cre, MD4, OT-II mice were obtained from Jackson Laboratories. The Bcl6-RFP mice were previously

described (Liu et al., 2012). The Ascl2fl/fl mice were generated previously (van der Flier et al., 2009) and bred with CD19-Cre to

generate Ascl2fl/flxCD19Cre and Ascl2wt/wtxCD19Cre control mice, or crossed with ETR2Cre mice to generate Ascl2fl/flxETR2Cre and

Ascl2wt/wtxETR2Cre control mice. All the mice were female, and 6-8 wks old.

METHOD DETAILS

B cell isolation, transfer, and culture assays
B cells frommouse spleen or peripheral lymph nodes were prepared and isolated with a B cell Isolation Kit from Life Technologies by

using the BD FACSAria III according to cell surfacemarkers IgD andCD38. For adoptive B cell transfer experiment, 5x106MD4B cells

of specific groupwere co-transferred into recipient mice together with 3x106 OT-II T cells. The immunization was performed 24 h later

and the mice were analyzed 7 days post immunization. For in vitro cultures, naive B cells were cultured in RPMI-1640 medium sup-

plemented with 10%FBS, 50 mM b-mercaptoethanol (Sigma-Aldrich), penicillin/streptomycin antibiotics (Invitrogen) andNon-Essen-

tial Amino Acids (Invitrogen), and activated and polarized using plate-bound coated 10 mg/mL anti-IgM and soluble anti-CD40 alone

or plus IFN-g, IL-4, IL-21 or TGF-b in order to drive class-switch.
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ELISA assay
Various antibodies in the immunized mice or in B cell culture supernatants were detected by ELISA assays as reported(Liu et al.,

2014). Briefly, themaxisorb plates (Nunc) were coated with 2 mg/mL Ig, 5 mg/mL KLH, 5 mg/mL NP4-BSA or 5 mg/mL NP29-BSA over-

night at 4�C, washed and blocked with 2% BSA in PBS buffer (2 hours at 37�C), followed by addition of pre-diluted mice serum or

culture supernatant and incubation at 37�C for 1 hour. After washing with 1xPBS, the captured antibodies were detected with

1:10,000 diluted HRP conjugated goat anti-mouse IgM, IgG, IgG1 and IgG2a secondary antibodies.

Real-time RT–PCR analysis
The total RNA was extracted with Trizol reagent (Invitrogen). Oligonucleotide (dT) and MMLV reverse transcriptase (Invitrogen) were

used to prepare cDNA. The relative amount of cDNA was quantified by using the iQ SYBR real-time kit (Bio-Rad Laboratories) and

normalized to b-actin. The realtime (RT)-PCR primers for Bcl6, Aicda, Blimp1, Cxcr5 and Cxcr4 were previously described (Liu et al.,

2014), and the primers for Ascl2: forward, 50-CGCTGCCCAGACTCATGCCC-30; reverse, 50-GCTTTACGCGGTTGCGCTCG-30.

Retroviral transduction
Naive CD19+IgD+CD38- B cells isolated from Ascl2 ZsGreen or C57BL/6 mice were FACS sorted and activated with soluble LPS un-

der neutral conditions for 24 hours, andwere then infectedwith retroviruses Ascl2-RV-GFP, AID-RV-GFP, Id3-RV-GFP or control RV-

GFP. One day after infection, the GFP+ cells were FACS sorted for various purposes as indicated.

KLH, NP-KLH and OVA-HEL immunization
The mice were immunized with 0.5 mg/ml of KLH, NP-KLH or OVA-HEL emulsified in CFA (1mg/ml) subcutaneously (100 mL

per mouse) and were scarified and analyzed individually seven days later. The OVA-HEL conjugate was made with the HydraLink

heterobifunctional conjugation kit (SoluLink) according to manufacturer’s instructions. In brief, HEL was modified by 6-hydrazinoni-

cotinamide and then allowed to react at a molar ration of 5:1 with OVA or BSA that was modified by 4-formylbenzoate. Excessive

unconjugated HEL was then removed by size-exclusion chromatography. Germinal center B cells were analyzed by staining with

FITC-labeled anti-FAS, APC-labeled anti-GL7, BV605-labeled anti-IgD and APCCy7-labeled anti-CD19 monoclonal antibody (BD

PharMingen). Tfh cells were analyzed by staining with PE-Cy7-labeled anti-CD4 and botinylated anti-CXCR5monoclonal antibodies,

followed by APC-labeled streptavidin and surface staining by FITC-labeled anti-PD1 monoclonal antibody or intracellular staining by

PE-CF594 labeled anti-Bcl6 monoclonal antibody (PharMingen). The serum was collected, and antigen-specific IgM, IgA, IgE, IgG1,

IgG2a antibodies were measured by ELISA.

Flow Cytometry
The following fluorescent dye-conjugated anti-mouse antibodies were used for staining. For extracellular staining was performed us-

ing anti-CD4 (GK1.5; eBioscience), anti-CD44(IM7; Biolegend), anti-CD19 (1D3, BD Bioscience), anti-PD-1 (J43; BD Bioscience),

anti-Fas (15A7; eBioscience), anti-GL7 (GL-7; eBioscience), biotinylated anti-CXCR5 (BD Bioscience) and Streptavidin (BD Biosci-

ence); for intracellular stainingwas performed using anti-BCL6 (K112-92, BDBioscience). Cells were analyzed on a LSRFortessa (BD)

flow cytometer, and data analyzed using FlowJo IV. Dead cells were excluded based on viability dye staining (Fixable viability dye

eF506, eBioscience).

Immunofluorescence staining
The immunofluorescence staining was performed as described previously (reference). Staining reagents included biotinylated PNA

(Vector), AlexaFluor 488 anti-B220, and streptavidin AlexaFluor 594 (BD PharMingen). All stained slides were mounted with Prolong-

Gold antifade reagents (Invitrogen) and examined with an Olympus LSM 780 confocal system.

Immunoglobulin sequence analysis
The intronic sequence of the 30 to JH4 exon of Igh gene was PCR amplified from genomic DNA of GC B cells using Phusion HF

(Thermo) DNA polymerase and oligonucleotide primes as described previously (Gitlin et al., 2014). The PCR products were gel ex-

tracted, cloned into a pCR2.1-TOPO vector (Life Technologies), and sequenced, and aligned to the mm9 assembly of the mouse

genomic sequence. The mutation frequencies in the JH4 intronic region were calculated by dividing the total number of mutations

from all clones with the total number of base pairs analyzed for each group.

Influenza virus infection
The influenza virus A/Puerto Rico/8 (PR8, H1N1) was obtained from Dr. Tang’s lab, and were used to infect mice by intranasal admin-

istration at half of the LD50 dose as pre-tested. The mice were monitored daily, and the weight loss was recorded. To analyze influ-

enza-virus-specific germinal center responses, The Tfh and germinal center B cells obtained from the lung mediastinal lymph nodes

and spleens were analyzed by flow cytometry. The BALF and sera were collected 8 days post infection Virus-specific IgG antibodies

were captured by heat-inactivated virus coated plate and analyzed by ELISA. The lung viral titers were monitored by examining influ-

enza virus HA and neuraminidase (NA) gene expression using real-time RT-PCR as previously described (reference).
Cell Reports 35, 109188, June 1, 2021 e3
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High-throughput sequencing and ChIP-seq
Total cellular RNA was extracted from cells transduced with vector or Ascl2-expressing retrovirus with TRIzol (Invitrogen). 30 million

single-end 100 bp reads were sequenced per sample on the HiSeq2000/2500 V3 instrument (Illumina). DESeq analysis was used to

identify differentially expressed genes and determine fold expression changes between groups.

The ASCL2 ChIP-seq was performed as described previously (Liu et al., 2014). Briefly, sorted B cells were fixed by 1% parafor-

maldehyde, followed by digestion with Mnase cocktail (Active motif). The chromatin obtained from 5 3 106 cells was used for

each ChIP experiment. The Anti-ASCL2 monoclonal antibody was purchased from Millipore (clone 7E2). The pull-down DNA frag-

ments were blunt-end ligated with Solexa adaptors, and amplified for sequencing. The DNA fragments were sequenced with an

Illumina 1G Analyzer at the Institute for System Biology. The output of the Solexa Analysis Pipeline was converted to browser-exten-

sible data (BED) files, sequencing reads were mapped to the mouse genome mm10 by bowtie2. The uniquely mapped reads were

used to call peak with MACS2 using an FDR cutoff 0.01. ChIPseeker was used for peak annotation. The ChIP data were viewed in the

UCSC genome browser. For motif analysis, HOMER was used to find TF motifs (homer.salk.edu).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistics
The statistic assays were performed with unpaired two-tailed Student’s t tests or two-way analysis of variance (ANOVA) as

indicated by using Graphpad Prism 6, and the data were presented as mean ± SEM when indicated. * represents p < 0.05, ** rep-

resents p < 0.01, *** represents p < 0.005; n.s = not significant.
e4 Cell Reports 35, 109188, June 1, 2021
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