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Abstract

In T cell-dependent antibody responses, some of the activated B cells differentiate along 
extrafollicular pathways into low-affinity memory and plasma cells, whereas others are involved in 
subsequent germinal center (GC) formation in follicular pathways, in which somatic hypermutation 
and affinity maturation occur. The present study demonstrated that Bim, a proapoptotic BH3-only 
member of the Bcl-2 family, contributes to the establishment of the B-cell repertoire from early 
to late stages of immune responses to T cell-dependent antigens. Extrafollicular plasma cells 
grew in the spleen during the early immune response, but their numbers rapidly declined with the 
appearance of GC-derived progeny in wild-type mice. By contrast, conditional Bim deficiency in B 
cells resulted in expansion of extrafollicular IgG1+ antibody-forming cells (AFCs) and this expansion 
was sustained during the late response, which hampered the formation of GC-derived high-affinity 
plasma cells in the spleen. Approximately 10% of AFCs in mutant mice contained mutated VH genes; 
thus, Bim deficiency appears not to impede the selection of high-affinity AFC precursor cells. These 
results suggest that Bim contributes to the replacement of low-affinity antibody by high-affinity 
antibody as the immune response progresses.
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Introduction

In T cell-dependent antibody responses, B cells are activated 
by cognate T-cell interactions in the outer T-cell zone of sec-
ondary lymphoid organs and they then differentiate along 
either follicular or extrafollicular pathways, with a fraction of 
cells undergoing immunoglobulin (Ig) class switch recombin-
ation (1, 2). In the follicle, activated B cells form the germinal 
center (GC) following upregulation of the transcriptional re-
pressor Bcl-6. GCs are generally considered as the sole sites 
of high-affinity plasma-cell or memory B-cell generation.

After cognate interactions with T cells, activated B cells in 
the extrafollicular pathways migrate to the splenic bridging 
channels or junction zones at the border between the T-cell 
zones and red pulp in the spleen (3). There they form foci 
of short-lived plasmablasts that produce relatively low-affinity 
antibodies encoded by germline VH genes (4, 5). Thus, 
plasmablasts produce an early antibody response and play 

important roles in the initial defense against pathogens (6) 
and in the regulation of B-cell selection in the GC by modu-
lating antigen accessibility, shielding antigens from access 
by lower-affinity B cells (7). Most of the plasmablasts are in S 
phase and the cell number typically peaks on day 4 after im-
munization before rapidly declining by day 7 (3, 8). However, 
the reason why these cells are rapidly lost remains elusive.

GC-dependent plasma cells, which improve the quality of 
antibody responses with the accumulation of somatic muta-
tions in their VH and V genes and affinity maturation, are gen-
erated after the appearance of the extrafollicular plasmablasts 
(9, 10). It has been proposed that most long-lived plasma 
cells arise from GCs (10, 11) and that their long-term sur-
vival depends on signals derived from their environment. 
During the early phase of the response, plasma cells migrate 
from the spleen and lymph nodes to the bone marrow (BM) 

International Immunology, Vol. 33, No. 2, pp. 79–90
doi:10.1093/intimm/dxaa060
Advance Access publication 5 September 2020

D
ow

nloaded from
 https://academ

ic.oup.com
/intim

m
/article/33/2/79/5901915 by guest on 25 April 2024

mailto:toshitada.takemori@riken.jp?subject=
mailto:hikida@gipc.akita-u.ac.jp?subject=


80  Regulation of AFC dynamics

compartment (12). Antibody-forming cells (AFCs) appear in 
BM about day 10 and gradually accumulate during the late 
primary response (9, 13). Thus, the preferential accumula-
tion of high-affinity AFCs in BM is a key element in the affinity 
maturation of serum antibody and is crucial for protective 
immunity.

Apoptotic cell death plays a critical role in the development 
and functioning of the immune system (14). In particular, the 
pro-apoptotic protein subgroup called ‘BH3-only’, which in-
cludes Bim, is critical in the initiation of apoptosis in response 
to many external stimuli. Bim interacts with specific subsets 
of anti-apoptotic BCL-2 family members, such as Mcl-1, Bcl-
2, Bcl-xL and Bcl-w, yielding combinatorial signaling path-
ways that result in apoptosis (15).

B cell receptor (BCR) engagement promotes interaction 
of Bim with Bcl-2, inhibiting its survival activity, indicating 
that Bim is an important player in BCR-mediated apoptosis 
and in B lymphocyte deletion (16). It has been reported that 
germline Bim-deficient mice expanded the number of low-
affinity IgG1+ AFCs in the spleen and BM, which were de-
tected late in the immune response (17). The loss of Bim in 
AFCs resulted in their long-life span in vitro, suggesting that 
they may persist for a long period of time in vivo after their 
generation. The lack of affinity maturation in AFCs detected 
in the late immune response was discussed in this report as 
being due to the possibility that Bim is critical for apoptosis 
of GC-derived AFCs, but this speculation was not experimen-
tally verified.

As Bim proteins are expressed in a wide variety of tissues 
(18) and Bim germline deletion causes multiple immuno-
logical dysfunctions (19–23), it remains unclear whether 
the aberrant AFC response in germline Bim-deficient mice 
was a consequence of the intrinsic loss of Bim in B cells. 
To define the role of Bim in AFCs under more physiological 
conditions, we developed a mouse strain with a conditional 
Bim allele and crossed these mice with Cγ1- or mb-1-Cre 
transgenic strains (24, 25). We found that conditional Bim 
deficiency resulted in expansion of low-affinity AFCs in 
spleen prior to GC formation, which limited the recruitment 
of GC progeny during the late phase of the immune re-
sponse. However, selection of the high-affinity GC B cells 
was comparable in Bim-deficient mice and Bim-sufficient 
mice, suggesting that Bim is not critical for apoptosis of 
low-affinity GC-derived AFCs.

Methods

Mice and immunizations
Eight-weeks-old C57BL/6 female mice were purchased 
from Clea Japan Inc. mb1-cre, Cγ1-cre and Bcl6f/f mice 
have been described previously (26). Mice were immunized 
intraperitoneally with 100  µg 4-hydroxy-3-nitro phenylacetyl 
coupled with chicken-γ-globulin (NP15-CGG)  precipitated 
in alum (27) or, in some experiments, with 50  µg NP-Ficoll 
(Biosearch Technologies, Middlesex, UK) in phosphate-
buffered saline (PBS) (26) or with 10  µg inactivated influ-
enza virus (PR8), as described later. All experiments were 
performed in accordance with guidelines established by the 
RIKEN Animal Safety Committee.

Generation of Bim conditional knockout mice
Bim floxed mice carrying two loxP sites in the introns flanking 
exon 5 of the Bim gene (Supplementary Figure 1A) were 
generated as follows. To construct the targeting vector, we 
amplified the genomic DNA fragments of long-arm (LA) and 
short-arm (SA) region of the Bim gene (Supplementary Figure 
1A) from the C57BL/6 embryonic stem (ES) cell line Bruce4 
(28) by PCR and subcloned them into a pEZ-Frt-Lox-DT 
vector. Similarly, the targeting region was subcloned into an-
other pEZ-Frt-Lox-DT vector. The targeting region containing 
the loxP sequence was amplified and inserted between the 
LA and SA of the targeting vector. The targeting construct was 
linearized and electroporated into Bruce4 ES cells. Cells were 
expanded with G418 and resistant clones were screened by 
PCR and Southern blot analysis. An established ES clone 
was injected into blastocysts from BALB/c mice to produce 
chimeric mice. After obtaining germline transmission, the re-
sultant mice were crossed with FLPe-expressing deleter mice 
(29) to remove the FRT-franked Neo cassette (Supplementary 
Figure 1A). Obtained Bimf/+ mice were crossed to C57BL/6 
mice, mb1-cre mice or Cγ1-cre mice. To establish Bcl6 and 
Bim double conditional knockout (KO) mice, we first gener-
ated Bimf/f; Bcl6f/f mice and Bimf/+; Bcl6f/+; mb1-cre+/− mice 
by crossing Bimf/f; mb1-cre+/− and Bcl6f/f; mb1-cre+/− mice. 
Thereafter, Bimf/f; Bcl6f/f and Bimf/+; Bcl6f/+; mb1-cre+/− mice 
were crossed to establish Bimf/f; Bcl6f/f; mb1-cre+/− double 
conditional KO mice. All the strains were confirmed to carry 
the Bim and Bcl6 floxed alleles before crossing with other 
strains.

Flow cytometric analysis of naive mice
This was performed as previously described (26). In brief, 
to prepare single-cell suspensions, spleens, Peyer’s patches 
(PPs) and BM were minced. Splenocytes and BM cells were 
depleted of red blood cells, followed by incubation with 
a blocking FcγRII/III monoclonal antibody (mAb) (2.4G2; 
American Type Culture Collection, Manassas, VA, USA).

For analysis of BM B cells in unimmunized mice, the cells 
were incubated with biotinylated mAbs against CD3, CD90.2, 
TER119, Gr-1, CD11b, DX5 and NK1.1 (all purchased from 
BioLegend, San Diego, CA, USA), followed by staining with 
anti-B220BV510 (BioLegend), anti-IgMPacific blue [conjugated in our 
laboratory using a Molecular Probe labeling kit (Thermo Fisher 
Scientific, Waltham, MA, USA)], anti-AA4.1APC (BioLegend), 
anti-CD24FITC (BioLegend), anti-CD43PE (BD Bioscience, San 
Jose, CA, USA) and streptavidinPE-CF594 (BD Bioscience). BM 
B220+ cells were separated into AA4.1+ and AA4.1− cells, 
immature and mature B cell populations, respectively (30). 
The frequency of pre–pro-B cells (CD24lowCD43hi), pro-B cells 
(CD24intCD43int) and pre-B cells (CD24hiCD43lo) was analyzed 
in the AA4.1+B220+ population (31).

For analysis of B cells in the spleen, splenocytes from 
unimmunized mice were incubated with a mixture of 
biotinylated mAbs against CD138 (BD Bioscience), CD43 (BD 
Bioscience), CD3, CD90.2, TER119, Gr-1, DX5 and NK1.1, 
followed by staining with B220BV510 (BioLegend), CD21FITC 
(BD Bioscience), AA4.1APC, IgMPacificBlue and streptavidinPE-CF594 
(BD Bioscience). B220+AA4.1− cells were separated into FO 
(IgMintCD21int) and MZ (IgMhighCD21high) B cells. B220+AA4.1+ 
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B cells were separated into Transitional-1 (T1, IgMhighCD23dull), 
T2 (IgMhighCD23high) and T3 (IgMdullCD23dull) B cells.

For the analysis of CD4 and CD8 T cells in the spleen, 
splenocytes from unimmunized mice were incubated with 
a mixture of mAbs against CD4APC (BioLegend), TCRβ PE 
(Thermo Fisher Scientific), CD8α FITC (BioLegend) and 
B220BV510 (BioLegend).

For the analysis of B cells in PPs, cells were incubated 
with anti-CXCR5APC (BD Bioscience) at 37°C for 30  min. 
After washing, cells were stained with anti-FasPE-Cy7 (BD 
Bioscience), anti-PD-1PE (Thermo Fisher Scientific), anti-
CD4BV421 (BioLegend) and Peanut Agglutinin (PNA)FITC (Vector 
Laboratories, Burlingame, CA, USA).

After washing, cells were re-suspended in a staining buffer 
containing 1 µg/ml propidium iodide (PI) and analyzed using 
a FACSAria II or III (BD Bioscience) or a BD LSRFortessa 
X-20. To improve the accuracy of lymphocyte subset analysis, 
only cells exhibiting forward and large-angle scatter typical 
of lymphocytes (the lymphocyte gate; eliminating monocytes 
and granulocytes) were analyzed (27). For all experiments re-
ported here, only cells negative for PI and streptavidinPE-CF594 
staining were gated for further analysis. More than 100 000 
total events were collected for each file and then analyzed 
using FlowJo software (BD Bioscience).

Cell purification and analysis of immunized mice
Spleens from NP-CGG immunized Bim+/+ or Bimf/f mice het-
erozygous for mb1-cre were minced and incubated with 
collagenase IV (200 unit/ml; Merck, Darmstadt, Germany) 
and DNase I (20 µg/ml; Roche, Basel, Switzerland) for 30 min 
at 37°C, before depletion of red blood cells.

For single-cell sorting of major histocompatibility complex 
class  II (MHC II) and CD83-labeled cells for VH sequence 
analysis, cells were incubated with a mixture of biotinylated 
mAbs against IgM (Thermo Fisher Scientific), IgD, CD3, 
CD90.2, TER119, Gr-1, F4/80, DX5, AA4.1 (Thermo Fisher 
Scientific), NK1.1, CD43, CD11b and CD11c (BioLegend), 
followed by incubation with streptavidin microbeads (Miltenyi 
Biotec, Bergisch Gladbach, Germany). Thereafter, the cells 
negatively selected by the MACS system (Miltenyi Biotec) 
were stained with anti-CD83PE (BioLegend), anti-I-A/I-EAlexa 

Fluor700 (MHCIIAlexa Fluor700, BioLegend), anti-CD38BV510 (BD 
Bioscience), anti-IgG1BV421 (BD Bioscience), NIP-BSAAPC, anti-
FasFITC (BD Bioscience), streptavidinPE-CF594, followed by FACS 
single-cell sorting to purify CD83high/MHCIIhigh, CD83negative/
MHCIIhigh and MHCIIdull GC subsets.

For single sorting of AFCs, splenocytes from NP-CGG im-
munized mice were incubated with 2.4G2, followed by staining 
with a mixture of FITC-conjugated mAbs against anti-IgM 
(Thermo Fisher Scientific), anti-IgD (Thermo Fisher Scientific), 
anti-CD11b (BioLegend), anti-CD90.2 (BioLegend), anti-Gr-1 
(BioLegend), anti-DX5 (BioLegend) and anti-TER119 
(BioLegend). After washing, cells were incubated with anti-
FITC microbeads (Miltenyi Biotec), followed by negative se-
lection using the MACS system. Thereafter, cells were stained 
with biotinylated anti-Igλ 1,2,3 (BD Bioscience). After washing, 
cells were stained with anti-CD138PE (BD Bioscience), anti-
B220BV510 (BioLegend), NIP-BSAAPC and streptavidinBV421 (BD 
Bioscience). Single AFCs were sorted from the FITCnegative/

Igλ +/CD138high/NIP+/B220dull population. All single-cell sorting 
was performed on a FACSAria III (BD Bioscience).

Virus and vaccine preparation
The PR8 (H1N1) influenza virus was propagated in embryon-
ated chicken eggs and purified through a 10–50% sucrose 
gradient as previously described (32). To produce split vac-
cines, purified live viruses were suspended in 0.1% Tween 
80 and mixed with an equal volume of ether. After vortexing, 
the mixture was centrifuged to separate the aqueous and 
ether phases and the ether phase was discarded. After sev-
eral rounds of extraction, the remaining aqueous phase was 
collected and then treated with formalin at 4°C for 1 week 
before use.

Tissue immunofluorescence assay
Tissue immunofluorescence assay was performed as pre-
viously described (33). Briefly, spleens were obtained from 
mice 12 days after immunization with NP-CGG. Spleens were 
embedded in O.C.T.  compound (Miles, Elkhart, IN, USA), 
frozen in a dry ice/ethanol bath for 30 s and stored at −80°C. 
Frozen sections (7 µm thick) were fixed in acetone on ice for 
10 min. After washing with staining buffer (0.1 M Tris–HCl, pH 
8.0, 0.1 M NaCl, 0.1% Tween 20, 1% BSA), the sections were 
pre-incubated with staining buffer containing 2.4G2 (100 μg/
ml) and 10% heat-inactivated normal goat serum for 4 h at 
room temperature or overnight at 4°C. All reagents for staining 
were centrifuged at 15 000 r.p.m. for 20 min before use. To 
mark GCs in tissues, the sections were stained with a mix-
ture of anti-GL7Alexa Fluor 488 (BioLegend), anti-CD38APC (Thermo 
Fisher Scientific) and anti-mouse IgG1BV421 (BD Biosciences). 
The samples were examined by fluorescence microscope 
(BZ-X700; KEYENCE, Osaka, Japan). Figure 3 shows repre-
sentative images from samples of three mice.

Sequence analysis of the heavy chain variable region of 
NP-specific B cells
The sequence analysis was carried out as previously de-
scribed (26). In brief, single cells were sorted directly 
into 96-well PCR plates containing 10 µl of 5 ng/µl carrier 
RNA (QIAGEN, Hilden, Germany) as described in the 
Cell purification and analysis of immunized mice section 
and immediately frozen. After thawing, RT–PCR was per-
formed with SuperScript One-Step High Fidelity (Thermo 
Fisher Scientific) using primer pairs consisting of V186.2 
sense (5′-TTCTTGGCAGCAACAGCTACA-3′) and Cγ1 ex-
ternal anti-sense (5′-GGATCCAGAGTTCCAGGTCACT-3′) 
according to the manufacturer’s instructions (25-µl final 
volume). Next, using 1  µl of the first RT–PCR product as 
template, a second round of PCR was performed using 
primer pairs consisting of V186.2 sense and Cγ1 internal 
anti-sense (5′-GGAGTTAGTTTGGGCAGCAG-3′) and 
Platinum Pfx DNA polymerase (Thermo Fisher Scientific). 
The purified PCR products were then directly sequenced 
using Cγ1 internal anti-sense primers. Expression of 
Blimp-1 (Prdm1) mRNA was also confirmed in single AFC 
as follows; a primer set (Blimp-1 external forward primer: 
5′-TTCAAGCCGAGGCATCCTT, and Blimp-1 reverse 
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primer: 5′-AGTGTAGACTTCACCGATGAGG-3′) was added 
to the first round RT–PCR reactions for V186.2-Cγ1 amp-
lification. Next, using 1  µl of the first RT–PCR product as 
template, a second round of PCR was performed using 
primer pairs Blimp-1 forward internal primer: 5′-GAACCTG
CTTTTCAAGTATGCTG-3′ and Blimp-1 reverse primer. The 
second PCR products were subjected to agarose gel elec-
trophoresis and EtBr staining for semi-quantitative analysis 
of Blimp-1 expression.

ELISPOT assay
ELISPOT assays were performed based on previously de-
scribed methods (26, 27). Briefly, pre-wetted MultiScreen 
HTS-IP 96 well plates (Merck) were coated with NP2-BSA or 
NP18-BSA at RT for 2 h. After PBS washing, wells were blocked 
with PBS containing 1% BSA (BSA/PBS). Splenocytes from 
Bim-deficient  mice (2  × 104/well) and Bim-sufficient mice 
(1  × 105/well) and BM cells (2  × 105/well) were plated into 
each well, and the plates were incubated at 37°C, 5% CO2 for 
2–3 h. Plates were washed with PBS containing 0.1% Tween 
20 (PBST), followed by overnight blocking with BSA/PBS. 
Next day, plates were incubated with alkaline phosphatase 
anti-mouse IgG1 (Southern Biotech, Birmingham, AL, USA), 
followed by washing with PBST buffered to pH 8.5 with 0.1 
M Tris–HCl and development as previously described (27). 
Spots on the wells were counted under a stereo microscope.

ELISA assays
ELISA assays were performed as previously described 
(26). The amount of serum anti-NP IgG3 or IgM antibodies 
from NP-Ficoll immunized mice was calculated based on 
an anti-NP IgG1 mAb as a standard and described in ar-
bitrary units (arb. unit). For detection of serum anti-HA IgG 
antibodies, 2  µg/ml inactivated flu virus (PR8) was coated 
as antigen. The amount of anti-HA IgG antibodies was cal-
culated based on a standard curve generated with a con-
trol serum containing anti-PR8 IgG, which was generated by 
Y.A. and Y.T.

Statistical analysis
Student’s t-test and the Mann–Whitney non-parametric 
(two-tailed) test were used with KaleidaGraph 4.5 software 
(Synergy Software, Pennsylvania, USA) or Microsoft Excel 
software (Microsoft, Washington, DC, USA). P  <  0.05 was 
considered to indicate a significant difference.

Results

Bim does not regulate the T cell-independent response
We established mutant mice carrying a loxP-flanked Bim 
exon 5 allele (Bimf/f), the exon encoding the BH3 domain 
(Supplementary Figure 1A and B), which is critical for Bim 
function [reviewed by Sionov et  al. and Bouillet et  al. (34, 
35)]. Thus, a mutant Bim protein lacking the BH3 domain 
does not interact with anti-apoptotic Bcl-2, Bcl-xL or Bcl-w 
(36), resulting in the complete loss of the ability of Bim to 
induce apoptosis. To investigate the B-cell development in 
unimmunized mice, Bimf/f mice were crossed with mice in 

which a Cre cDNA was knocked-in into the mb-1 locus [mb-1-
cre; (25)]. Since mb-1 (Igα or CD79A) is expressed begin-
ning at the early pro-B cell stage, Bim should be deleted in 
all B lineage cells.

Previous studies suggested that Bim proteins are ex-
pressed in pro-B pre-B, immature B and mature B cells (37) 
and that conditional loss of Bim exon 2–4 (Mb1-Creki/+Bimfl/fl) 
led to approximately 2-fold higher numbers of mature B cells 
in the spleen than observed in control mice (38). Likewise, the 
conditional deletion of Bim exon 5, which includes the BH3 
domain, in B cells resulted in a small, but statistically signifi-
cant increase in cell numbers in the spleen (Fig. 1A). It did not 
affect overall cellularity of BM or PPs (Fig. 1A), except for a 
marginal reduction in pre-B cells (Fig. 1B), or the numbers of 
B cells or T cells in the spleen (Fig. 1C and D). We hypothe-
sized that reduction in number of pre-B cells in Bim-deficient 
mice may reflect Bim activity for promoting cell cycle pro-
gression, which was observed in an in vitro analysis (39). 
However, Bim deficiency resulted in a significant increase in 
GC B cell numbers in PPs (Fig. 1E), which may probably re-
flect a role of Bim in selection of pre-GC B cells, as proposed 
based on results from an in vitro culture system (40).

To examine whether conditional Bim deletion affects B cell 
immune responses, Bimf/f;mb-1-cre+/− mice were immunized 
with the hapten NP-Ficoll. The levels of total and high-affinity 
IgG3 and IgM anti-NP antibodies were mostly comparable 
in Bim-sufficient (Bim+/+;mb-1-cre+/−) and Bim-deficient (Bimf/

f;mb-1-cre+/−) mice, suggesting that Bim is not involved in the 
T cell-independent B cell response (Fig. 2A and B).

Bim deletion in B cells results in enhanced antibody 
production to T cell-dependent antigens
To examine whether Bim affected T cell-dependent B-cell im-
mune responses, Bim-deficient mice were immunized with 
NP coupled with chicken gamma globulin (CGG). Consistent 
with a previous report (17), the level of IgG1 anti-NP antibody 
was significantly enhanced in Bim-deficient mice compared 
with Bim-sufficient mice (Fig.  2C). The average affinity of 
NP-specific day 14 serum antibody in the same mice was es-
timated by ELISA and neither Bim-deficient nor Bim-sufficient 
mice contained significant levels of the high-affinity compo-
nent at this time point (Fig. 2D). Increased levels of IgG1 anti-
bodies in Bim-deficient mice were also observed in response 
to influenza virus immunization, although the differences did 
not reach statistical significance at day 10 after immunization, 
owing to a low level of antigen-specific serum antibodies in 
one of the KO mice (Fig.  2E). As shown in Fig.  2F, the re-
sults in mice in which Bim was deleted by mb1-cre+/− were 
reproduced in Bimf/f; γ1-Cre+/− mutant mice (24), in which the 
level of IgG1 anti-NP serum antibodies was increased up to 
day 40 after immunization. As shown in Fig. 2G, the ratio of 
NP2/NP18 was reduced in KO mice (8.5, 8.7, 12.0, 12.6) at 
day 40 after immunization compared with control mice (13.6, 
19.0, 21.9, 29.8), except for one mouse which had a ratio 
of 6.9. Although the differences did not reach statistical sig-
nificance, these observations, along with the significantly 
decreased production of NP-specific high-affinity AFC in KO 
mice, collectively suggest an impairment in antibody affinity 
maturation in Bim-deficient mice (see Fig. 3).
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As shown in Fig. 3A and B, ELISPOT analysis suggested 
that Bim deficiency (Bimf/f;mb-1-cre+/−) resulted in 100- 
and 10-fold increases in the numbers of IgG1+ AFCs in 
the spleen (Fig. 3A) and BM (Fig. 3B), respectively, com-
pared with control mice (Bim+/+;mb-1-cre+/−). However, the 
number of AFCs in BM was much lower than in spleen in 
both mouse strains. The proportion of the high-affinity com-
partment of AFCs was clearly higher in the spleen and 
BM of Bim-sufficient than in Bim-deficient mice (Fig. 3C). 
Consistent with the results in Fig. 3A, immunohistochemical 
analysis illustrated that a large number of cells with high 
levels of IgG1 antibodies in the cytoplasm filled the red 
pulp of the spleen in Bim-deficient mice at 12 days after 
immunization (Fig.  3D, top panel), whereas only a small 
number of such cells were found in extrafollicular foci 

located at the junction of the T-cell zone and red pulp of the 
spleen in control mice (Fig. 3D, lower panel).

Together, these results suggest that conditional Bim defi-
ciency in B cells resulted in enhanced T cell-dependent IgG1 
antibody responses but had no demonstrable effect on T cell-
independent antibody responses.

Bim regulates the generation of AFCs in the early immune 
response to a T cell-dependent antigen
The anti-NP response in C57BL/6 mice is dominated by λ light 
chain-bearing antibodies in which the VH domain is encoded 
by a re-arranged V186.2 V gene segment (41). As shown 
in Fig. 4A and Table 1, there was a clear difference in both 
the frequency and distribution of mutations in V186.2 genes 

Fig. 1. Frequency of lymphoid cells in BM, spleen and PPs in Bim-deficient and Bim-sufficient mice. B and T cell numbers in non-immunized 
Bim-sufficient (open circles) and Bim-deficient (closed circles) mice. Genotypes are indicated at the bottom of each graph. (A) nucleated cells 
in spleen, BM and PPs, (B) bone marrow B cells in the pre-pro-, pro- and pre-B stages, (C) immature transitional B cells (T1, T2, T3 subsets) in 
spleen, (D) B and T cells in the spleen, (E) B cells, PNA+ GC B cells, CD4+ T cells and Tfh cells in PPs. In (B), (C), (D) and (E), cell numbers per 
1 × 106 cells within the lymphocyte gate are shown (see Methods). *P < 0.05, **P < 0.01 and ***P < 0.005.
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between Bim-deficient and control mice at day 14 after im-
munization, whereas similar junctional diversity was noted in 
both strains (Supplementary Figure 2A and B). Most strikingly, 
an unusually large percentage of sequences from Bim−/− AFCs 

had zero mutations (86%), compared with approximately 14% 
of those from control mice. Accordingly, the average number 
of mutations per VH186.2 gene sequence was 2.7 in Bim+/+ B 
cells versus only 1.5 in Bim−/− B cells (Table 1). These results 

Fig. 2. Bim deficiency results in enhanced antibody production in response to T cell-dependent antigens, but not to T cell-independent 
antigens. (A and B) The levels of serum anti-NP IgG3 (A) and IgM (B) antibodies in Bim-sufficient (open circles) and Bim-deficient (closed cir-
cles) mice at day 4 and 11 after immunization with NP-Ficoll. The levels of total NP18-binding (NP18) and high-affinity NP2-binding (NP2) anti-NP 
IgG3 or IgM antibodies in the serum were measured by ELISA. Levels of the serum immunoglobulins were quantified against a purified standard 
anti-NP IgG1 mAb that was also included in the assays and expressed as arbitrary units, calculated as the serum dilution corresponding to 
50% antigen binding/standard antibody dilution given 50% antigen binding. Each circle represents the result from an individual mouse. (C) 
Bim-sufficient (open circles, n = 4) and Bim-deficient (closed circles, n = 3) mice were immunized with NP-CGG in alum. After 2 weeks, total 
(NP18) and high-affinity (NP2) anti-NP IgG1 antibodies in the serum were measured as described in (B). Each circle represents the result from 
an individual mouse. (D) The concentrations of NP2-binding and NP18-binding IgG1 antibodies were determined by ELISA, and affinity matur-
ation was calculated as the ratio of NP2/NP18 IgG1 antibody. Data from Bim-sufficient (open circles) and Bim-deficient (closed circles) mice are 
indicated. Each circle represents the result from an individual mouse. (E) Bim deficiency resulted in enhanced anti-influenza virus antibody re-
sponses. Bim-sufficient (open circles, n = 3) and Bim-deficient (closed circles, n = 4) mice were immunized with inactivated influenza virus PR8 
in AddaVax™. Immune sera were collected from individual mice at indicated times after the immunization and anti-hemagglutinin (HA) IgG1 
antibodies in serum were measured by ELISA. (F) Bim-sufficient (open circles, n = 5) and Bim-deficient (closed circles, n = 4) mice (Cγ1-cre) 
were immunized with NP-CGG in alum. Immune sera were collected from individual mice at the indicated time after immunization and the levels 
of serum anti-NP IgG1 antibodies were measured by ELISA. Experiments were performed three times. (G) The concentrations of NP2-binding 
and NP18-binding IgG1 antibodies from Bim-sufficient (open circles) and Bim-deficient (closed circles) mice were determined by ELISA as de-
scribed in (F) and the ratios of NP2-binding versus NP18-binding IgG1 antibody were plotted. Each circle represents the result from an individual 
mouse. *P < 0.05, **P < 0.01 and ***P < 0.005.
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suggest that non-mutated IgG1 AFCs were expanded and 
sustained in the spleen in Bim KO mice, whereas these cells 
were mostly replaced by GC-derived AFCs in control mice.

In normal AFCs, an affinity-enhancing mutation involving 
the replacement of tryptophan with leucine was dominantly 
selected in CDR1 at position 33 in the VH186.2 gene con-
taining Tyr at the border of the D segment (W33L/Tyr95) (64% 
per mutated VH gene, see Table  1). The low frequency of 
overall mutations coupled with the high incidence of the single 
affinity-enhancing mutation (W33L) in the VH genes of AFCs in 
control mice suggests that the high-affinity cells are selected 
in the early GC response. We performed a genealogical 
analysis of VH186.2 clonal families of AFCs in Bim-sufficient 
mice as previously described (42) and observed that clones 

rapidly acquired affinity maturation through W33L replace-
ment, followed by accumulation of other replacement muta-
tions, providing diversification within the family by day 14 after 
immunization. On the other hand, clones without the W33L 
replacement continued to accumulate numerous mutations 
(Supplementary Figure 3), which may in combination provide 
an equivalent increase in affinity as previously postulated (41).

As shown in Fig. 4A and Table 1, the ratio of the high-affinity 
(W33L) to mutated VH genes in Bim-deficient mice was half of 
that in control mice, supporting the idea that loss of Bim does 
not prevent the process of somatic hypermutation in GCs 
during the process of AFC differentiation.

Selection of high-affinity cells in both Bim-deficient and 
Bim-sufficient mice
To learn whether selection for high-affinity antibodies was 
properly processed in the GCs of Bim-deficient mice, we ana-
lyzed the accumulation of mutations in the VH genes of both 
control and mutant mice at 14 days after immunization.

CD83 has been used as a marker for light zone (LZ) B 
cells during the GC reaction (43) and CD83 expression in 
centrocytes helps to stabilize MHC II protein on the cell 
surface (44). We separated GC B cells into CD83+MHC 
IIhigh, CD83negMHC IIhigh and CD83negMHC IIdull subsets 
(Fig. 4B) under the assumption that the CD83+MHC IIhigh 
GC B-cell population would be enriched in the LZ, where 
B-cell affinity selection occurs. As shown in Fig. 4B and 
Table 2, the frequency of mutated VH genes was compar-
able in the three subsets of mutant and control mice. The 
frequency of W33L high-affinity mutations in mutated VH 
genes appeared to be slightly higher in the GC popu-
lations from Bim-deficient mice than in those from Bim-
sufficient mice, thereby excluding the possibility that Bim 
deficiency affects the selection of high-affinity clones 

Table 1. Summary of VH gene mutation in AFCa

Bim Mutated 
VH geneb

Number of 
mutationsc

W33L/Tyr95 K58R/
Gly95f

Totald Mutatede

+/+ 58/65 155/58 37/65 37/58 <1/65
89.2% 2.7 56.9% 63.8%  

−/− 10/70 15/10 3/70 3/10 <1/70
14.3% 1.5 4.3% 30.0%  

aData are based on the sequence analysis of VH186.2 genes 
(Fig. 4A).
b% was calculated as 100  × (number of mutated VH genes/total 
number of VH186.2 genes sequenced).
cNumber of mutations/total number of VH genes sequenced.
d% was calculated as 100  × (number of VH genes with W33L 
clonotype/total number of VH186.2 genes sequenced).
e% was calculated as 100  × (number of VH genes with W33L 
clonotype/number of mutated VH186.2 genes).
f% was calculated as 100 × (number of VH genes with K58R clonotype/
total number of VH186.2 genes sequenced).

Table 2. Summary of VH gene mutation in GC B cellsa

Bim Mutated VH geneb Number of mutationsc W33L/Tyr95 K58R/Gly95f

Totald Mutatede

CD83high/MHC IIhigh GC B cells
 +/+ 47/48 239/49 15/48 15/47 1/49

(98%) (4.9) (31.3%) (31.9%) (2.0%)
 −/− 39/41 166/41 21/41 21/39 1/41

(95.1%) (4.0) (51.2%) (53.8%) (2.4%)
CD83low/MHC IIlow GC B cells    
 +/+ 46/46 226/46 22/46 22/46 4/46

(100%) (4.9) (47.8%) (47.8%) (8.7%)
 −/− 39/39 186/39 27/39 27/39 1/39

(100%) (4.8) (69.2%) (69.2%) (2.6%)
CD83low/MHC IIhigh GC B cells    
 +/+ 48/49 258/49 24/49 24/48 5/49

(98.0%) (5.3) (49.0%) (50.0%) (10.2%)
 −/− 37/38 166/38 21/38 21/37 1/38

(97.4%) (4.4) (55.3%) (56.8%) (2.6%)

aData are based on the sequence analysis of VH186.2 genes (Fig. 4B).
b% was calculated as 100 × (number of mutated VH genes/total number of VH186.2 genes sequenced).
cNumber of mutations/total number of VH genes sequenced.
d% was calculated as 100 × (number of VH genes with W33L clonotype/total number of VH186.2 genes sequenced).
e% was calculated as 100 × (number of VH genes with W33L clonotype/number of mutated VH186.2 genes).
f% was calculated as 100 × (number of VH genes with K58R clonotype/total number of VH186.2 genes sequenced).
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during the GC reaction, at least at day 14 after immuniza-
tion. A  nucleotide exchange from glycine to arginine at 
position 58 in the VH gene with Gly at position 95 (K58R/
Gly95) is reported to be responsible for affinity matur-
ation (45, 46), and this clonotype was detected in all GC 
subpopulations, albeit not at a high frequency (Table 2).

Bim deficiency caused an unusual expansion of 
extrafollicular IgG1+ AFCs
Antigen-activated B cells in T cell-dependent responses differ-
entiate along either the extrafollicular pathway independent of 
the GC reaction or the follicular pathway accompanied by GC 
formation upon expression of Bcl6 (1, 2). To examine the pos-
sibility that a large number of low-affinity AFCs were generated 
in mutant mice (Bimf/f; mb-1-cre+/−) along the extrafollicular 
pathway that is independent of the subsequent GC reaction, 
we established Bim/Bcl-6 double KO mice (Bcl-6f/f;Bimf/f; mb-1-
cre+/−) by crossing Bimf/f; mb-1-cre+/− mice with BCl-6f/f; mb-1-
cre+/− mice, and then immunized the mice with NP-CGG. As 
shown in Fig. 5A and B, these mice generated anti-NP IgG1 
antibodies at approximately 5- to 10-fold higher levels than 
either the conditional Bcl-6 KO or control mice, suggesting that 
Bim deficiency caused an unusual expansion of extrafollicular 
AFCs independent of the GC reaction (see Discussion).

Discussion

It has been reported that memory cells and AFCs generated 
in the early phases of B-cell responses are short lived and 
express low-affinity antibodies, whereas GCs generate high-
affinity, long-lived memory and plasma cells (11).

Fig. 3. Enhancement of low-affinity AFC generation in Bim-deficient mice in response to NP-CGG. (A–C) The role of Bim in the generation of 
antigen-specific antibody-secreting cells. Bim-sufficient (gray column) and Bim-deficient (black column) mice were immunized with NP-CGG 
(n = 3 each). Two weeks after the immunization, splenocytes (spleen) and bone marrow (BM) cells were separated and subjected to ELISPOT 
analysis to enumerate NP-specific IgG1-forming cells (AFCs) in culture wells. The ordinate represents the number ± SD of positive cells rec-
ognizing NP2-BSA (NP2) (high affinity) and NP18-BSA (NP18) (low + high affinity) per 1 × 106 spleen (A) and BM (B) cells. Experiments were 
performed twice. (C) The average affinity of NP-binding IgG1 AFCs in the spleen and BM in Bim-sufficient (gray column) and Bim-deficient 
(black column) mice at day 14 after immunization. The frequencies of NP2-binding and NP18-binding IgG1 AFCs from BM were determined by 
ELISPOT as described in (A–B), and the ratios of NP2-binding versus NP18-binding AFCs were then plotted. (D) Immunohistochemical analysis 
of IgG1+ cells in the spleen. Cryosections were prepared from the spleens of Bim-deficient (top panel) and Bim-sufficient (lower panel) mice 
(n = 3) at day 12 after immunization with NP-CGG/alum. Sections were stained with anti-GL-7Alexa Fluor 488 (blue), anti-mIgG1BV421 (red) and anti-
CD38APC (green). *P < 0.05, **P < 0.01 and ***P < 0.005.

Fig. 4. VH gene mutations in AFCs and GC B cells in Bim-deficient 
and -sufficient mice. (A) VH186.2 gene mutations in NP-specific AFCs 
in mutant and control mice. Single NP-specific/IgG1+ AFCs were puri-
fied from the pooled spleens of Bim-sufficient (+/+) (n = 5) and Bim-
deficient (f/f) mice (n = 4) at day 14 after immunization and subjected 
to RT–PCR to amplify re-arranged VH186.2-Cγ1 cDNA for sequencing 
(see Methods). Circles represent the number of mutations in indi-
vidual clones. Closed circles represent W33L and K58R clones. (B) 
VH186.2 gene mutations in NP-specific germinal center (GC) B cells 
in mutant and control mice. The GC B-cell population was separ-
ated into CD83high/major histocompatibility complex class  II (MHC 
II)high, CD83negative/(MHC II)high and MHC IIdull subsets by FACS. Single 
NP-specific/IgG1+ GC B cells in each population were purified from 
the pooled spleens of Bim-sufficient (+/+) (n = 6) and Bim-deficient (f/f) 
mice (n = 3) at day 14 after immunization and subjected to RT–PCR to 
amplify re-arranged VH186.2-Cγ1 cDNA for sequencing. Circles rep-
resent the number of mutations in individual clones. Closed circles rep-
resent W33L and K58R clones. *P < 0.05, **P < 0.01 and ***P < 0.005.
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The previous report suggested that germline deletion of 
Bim resulted in accumulation of IgG1+ low-affinity AFCs in the 
spleen late in the immune response (17). However, the origin 
of these cells has remained unknown, e.g., whether they were 
generated from a GC response under an aberrant selection 
process without accumulation of high-affinity cells in the ab-
sence of Bim.

Consistent with the previous report, the present study 
showed that conditional B-cell Bim-deficient mice had in-
creased levels of low-affinity antigen-specific IgG1 serum 
antibodies in response to NP-CGG, approximately 5–10 times 
above the levels found in Bim-sufficient mice. Consistently, 
the mutant mice showed a significant increase compared 
with control mice in the number of IgG1+ AFCs in spleen and 
BM at 2 wks after immunization with NP-CGG. An increase in 
IgG1 antibodies in the Bim-deficient mice was also observed 
in response to inactivated influenza virus.

IgG1+ AFCs in control mice had a high frequency of mu-
tated VH genes with the single affinity-enhancing Trp to Leu 
exchange, although these cells had fewer mutations in each 
VH gene when compared with GC cells analyzed at the same 
time. The low frequency of mutations and high incidence of 
the single affinity-enhancing nucleotide exchange in the VH 
genes of control AFCs compared with GC B cells indicates 
that the AFCs are an early selected product of the GC re-
sponse, as previously reported (9).

We observed that selection of high-affinity VH genes in 
GC B cells in response to NP-CGG occurred as efficiently in 
Bim-deficient mice as in Bim-sufficient mice. A minor popu-
lation of Bim-deficient AFCs accumulated mutations in the VH 
genes with high-affinity nucleotide exchanges at levels com-
parable to control AFCs, excluding the possibility that loss of 
Bim makes the exclusion of the low-affinity cells during AFC 

differentiation ineffective. These results support the notion 
that the large number of non-mutated IgG1+ AFCs in Bim-
deficient mice arose during the early immune response to a T 
cell-dependent antigen.

In fact, analysis of the anti-NP antibody response in condi-
tional Bim/Bcl-6 double KO mice showed that Bim deficiency 
resulted in accumulation of a large number of low-affinity 
IgG1+ AFCs in response to NP-CGG in mice deficient in GC 
formation. These results suggest that Bim-mediated apop-
tosis is required for the developmentally programmed death 
of extrafollicular plasmablasts in the early immune response.

It is generally accepted that plasma cell turnover involves 
competitive displacement of established plasma cells from 
their survival niches by newly formed plasma cells (47). Our 
immunohistochemical analysis suggested that large numbers 
of IgG1+ AFCs filled the red pulp of the spleen in Bim-deficient 
mice at 2–4 weeks after immunization. The spleen, as well as 
BM, plays an important role in maintaining long-term humoral 
immunity (48), in which plasma cells may access relevant 
physical niches for survival (49). However, the spleen has 
limited capacity to support plasma cell persistence, regard-
less of whether they are plasmablasts or GC-derived progeny 
(8), and excess plasma cells generated in the immune re-
sponse are lost during a contraction phase until a plateau is 
reached (47, 50).

As Bim-deficient AFCs gain a long-life span (17), it is 
conceivable that accumulation of early AFCs in the spleen 
for a long period may limit the subsequent recruitment of 
GC-derived high-affinity clones at later time points after im-
munization because of the inability of these cells to gain ac-
cess to the relevant physical niches occupied by long-lived 
splenic plasma cells. Therefore, it appears that Bim plays 
a role in switching the antibody repertoire along the time 
course of the response, from the acute phase, giving rise 
to unmutated extrafollicular cells that are important for early 
protection from microbial infections, to the late phase, when 
high quality plasma cells participating in immune surveil-
lance with a longer lifespan are established. The same ana-
logy may be true for the memory B-cell responses; the early 
phases are low affinity with recognition of cross reactive 
antigens (42), but then these cells are gradually replaced 
by high-affinity and long-lived memory cells (26, 51), al-
though we do not know yet whether Bim has any role in this 
replacement.

Bim-mediated apoptosis shortens the lifespan of unmutated 
extrafollicular blasts, but not of GC-derived plasma cells. 
BCR ligation results in interaction of Bim with Bcl-2, inhibiting 
its survival function (16). B cell-activating factor belonging to 
the tumor necrosis factor family (BAFF) and a proliferation-
inducing ligand (APRIL) block BCR-induced apoptosis by 
downregulating Bim expression (52). The B  cell maturation 
antigen (BCMA) binds these two ligands (BAFF and APRIL), 
and a homologous receptor, TACI, similarly binds both lig-
ands [reviewed by Bossen and Schneider (53)]. BCMA de-
letion causes a profound loss of BM plasma cells, but no 
defects in short-term antibody production (54). Furthermore, 
it has been reported that signaling through BCMA promotes 
transcription of Mcl1, an anti-apoptotic Bcl-2 family member 
whose expression in BM plasma cells is crucial for their sur-
vival (55). Taken together, these results suggest that induction 

Fig. 5. Bim deficiency in Bcl-6 KO mice enhanced the generation of 
AFCs in the spleen. Conditional Bim/Bcl-6 double KO (Bimf/fBcl-6f/f; 
closed circles), Bcl-6 KO (Bim+/+Bcl-6f/f; closed triangles) or control 
mice (Bim+/+Bcl-6+/+; open circles) were immunized with NP-CGG. 
After 2 weeks, immune serum was subjected to ELISA to estimate the 
levels of anti-NP IgG1 antibodies recognizing NP2-BSA (NP2) (rep-
resenting high-affinity antibody) and NP18-BSA (NP18) (representing 
total antibody). Experiments were performed twice [experiment 1 (A) 
and experiment 2 (B) in right and left panels, respectively]. *P < 0.05, 
**P < 0.01 and ***P < 0.005.
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of Bim-mediated apoptosis in GC-derived plasma cells is sup-
pressed by signaling through BCMA, but that this does not 
occur in extrafollicular plasmablasts independent of the GC 
response.

Bim-mediated apoptosis affects the response by 
extrafollicular blasts in a T cell-dependent response, but 
not in the response to the T-independent (TI) type 2 antigen, 
NP-Ficoll. It has been observed that TACI provides an es-
sential costimulatory signal for the T-independent humoral 
response (56). TACI knockouts have normal B-cell develop-
ment but are deficient in their ability to mount antibody re-
sponses to TI-2 antigens (56, 57). Therefore, it is conceivable 
that a TACI-mediated signal suppresses Bim-mediated apop-
tosis in B cells in response to NP-Ficoll, but not in B cells re-
sponding to T cell-dependent antigens. Together, BCMA and 
TACI may play a role in inhibiting Bim-mediated apoptosis in 
GC-derived plasma cells and extrafollicular blasts in T cell-
independent responses, respectively, but the same mech-
anism is not operative in extrafollicular blasts generated in 
T-dependent responses prior to GC formation.

GC-independent and -dependent B-cell responses de-
velop with help from different types of T cells (26, 58–60). Bcl-
6+/PD-1hi/CXCR5+ T follicular helper cells (Tfh cells) localize 
in follicles in the spleen where they promote GC formation 
and affinity maturation of B cells (61). It has been reported 
that Bcl-6+ T cells appear at the T–B border soon after T cell 
priming and before GC formation and that these cells express 
low levels of PD-1. The absence of T cells expressing Bcl-6 
significantly reduces T-dependent extrafollicular antibody re-
sponses, suggesting that Bcl-6+ T cells are necessary at B 
cell priming to generate these responses (59). It remains to 
be elucidated how B cells acquire different properties upon 
stimulation with either Bcl6+ Tfh or non-Tfh cells in terms of 
susceptibility to Bim-mediated apoptosis.

It has been previously reported that deficiency of EAF2, a 
transcription elongation-associated factor, decreased GC 
B-cell apoptosis and resulted in a marginal increase in serum 
IgG antibodies in response to NP-CGG and NP-Ficoll (62). In 
contrast to Bim-deficient mice, the response was not domin-
ated by low-affinity cells as defined by VH gene sequencing. 
EAF2 is involved in FAS-mediated apoptosis and EAF2 defi-
ciency did not affect the expression of Bim (62); thus, its defi-
ciency resulted in a different phenotype from that seen in Bim 
deficiency. However, Bim, EAF2 and Fas all inhibit the gener-
ation of autoantibodies, including polyreactive and anti-dsDNA 
antibodies, as a result of somatic mutations (16, 62–64), 
indicating that the maintenance of immune balance in antibody 
responses is regulated by multiple signaling pathways.

Data accession
Complete sequence data are available from the DNA Data Bank 
of Japan (DDBJ), the EMBL Nucleotide Sequence Database, 
and GenBank under the following accession nos.: NP-specific 
AFC (day 14) form Bim+/+ or Bimf/f mice heterozygous for mb-1-cre 
(Fig. 4A) (Accession No. LC523040–LC523173); GC B cell sep-
arated into CD83high/MHC Class II (MHC II)high, CD83negative/MHC 
IIhigh and MHC IIdull subsets from Bim+/+ or Bimf/f mice heterozygous 
for mb-1-cre (Fig. 4B) (Accession No. LC523268–LC523528).
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