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The quality and quantity of BCR signals impact on cell

fate decisions of B lymphocytes. Here, we describe novel

gene-targeted mice, which in the context of normal VDJ

recombination show hypomorphic expression of immuno-

globulin l heavy chain (lHC) mRNA levels and hence

lower pre-BCR and BCR levels. Hypomorphic expression of

lHC leads to augmented selection processes at all stages of

B-cell development, noticeably at the expansion of pre-B

cells, the positive selection of immature B lymphocytes

in the bone marrow and the selection of the follicular (FO),

marginal zone (MZ) and B1 B-lymphocyte compartment

in peripheral lymphoid organs. Immature as well as

mature FO and MZ B lymphocytes in the peripheral

lymphoid organs express lower levels of the receptor

for B-cell activating factor (BAFF). In addition, hypo-

morphic expression of the BCR favours receptor editing.

Together, our results highlight the critical importance

of pre-BCR and BCR receptor levels for the normal

development of B-lymphocyte subpopulations in the con-

text of intact VDJ recombination and a diverse antibody

repertoire.
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Introduction

B-cell development in fetal liver and adult bone marrow (BM)

occurs in several consecutive steps. Successful assembly of

an immunoglobulin m heavy chain (mHC) with the surrogate

light chain (SLC) to a complex known as pre-BCR allows cells

to pass the first developmental checkpoint. Subsequent pro-

liferation of large pre-B cells ensures the selective expansion

of precursors expressing a functional mHC (Hess et al, 2001).

Upon cell-cycle exit, large pre-B cells differentiate into resting

small pre-B cells in order to rearrange V and J gene segments

on their immunoglobulin light chain (LC) loci. Functional

LCs pair with mHCs and are then expressed as BCR on the

surface of the immature B cell. Not all cells directly proceed

in the developmental program, however. Those with

a BCR reactive to self-antigen are clonally deleted, achieve

anergy or are rescued by receptor editing. By the latter

process, cells eliminate their initial BCR specificity and

replace it by a product of secondary LC rearrangements

possibly resulting in an innocuous BCR (Gay et al, 1993;

Tiegs et al, 1993). BCRs that have insufficient capacities to be

expressed on the cell surface are also thought to be removed

from the mature repertoire since they are not able to effec-

tively downregulate expression of RAG and hence force on-

going somatic recombination (Nemazee and Hogquist, 2003).

The majority of immature BM-derived B cells expressing

appropriate BCRs mature in the spleen (Allman and Pillai,

2008) differentiating into either follicular (FO) or marginal

zone (MZ) B cells. FO B cells are recirculating cells and thus

migrate through blood and lymph vessels to the BM and

B-cell areas of lymph nodes, Peyer’s patches and spleen.

Their main functional role is to mediate T-dependent immune

responses to protein antigens. In contrast, MZ B cells repre-

sent a self-renewing population (Hao and Rajewsky, 2001;

and reviewed in Martin and Kearney (2002)) mainly posi-

tioned between the marginal sinus and the red pulp of the

spleen. The peritoneal and pleural cavities of mice are

primarily inhabited by a population of self-replenishing

B lymphocytes derived from fetal precursors (Dorshkind

and Montecino-Rodriguez, 2007). They are termed B1 cells

in contrast to both BM-derived MZ B and FO B cells, which

are also referred to as B2 cells. The B1 subset is further

classified into B1a and B1b cells with respect to differential

expression of the surface marker CD5 (Kantor and

Herzenberg, 1993). CD5þ B1a cells spontaneously secrete

natural IgM and thus provide a first line of defense against

T-independent antigens, for example, encapsulated bacteria

(Haas et al, 2005). CD5� B1b cells lack this competence but

upon induced antibody secretion they help clearing the

pathogen and provide long-term protection (Alugupalli

et al, 2004).

In the past two decades, a large number of studies most

notably by using gene-targeted mice contributed to unravel

various mechanisms of B-cell development. However, it is
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still a matter of debate to what extent BCR signalling strength

is involved in cell fate decisions. According to a ‘signalling-

strength-model’ weak, intermediate and strong BCR signals

are linked to the development of MZ B, FO B and B1

lymphocytes, respectively. For instance lack of negative regu-

lators of BCR signalling such as SHP-1, SiglecG or Lyn lead to

increased B1-cell numbers. Concordantly, deletion of positive

regulators like Btk, PLCg2 or SLP65 results in a decreased

B1:B2 ratio (for detailed review, see Berland and Wortis,

2002).

In this report, we describe a novel mouse model that

carries a targeted integration of a GFP gene located between

the m intronic enhancer (Em) and the constant region of the

mHC locus. Contrary to our expectations, homozygous

mutants are able to express functional BCRs. However, mHC

mRNA levels are only a fraction of those found in wild-type

(WT) controls leading to reduced receptor density and thus

to diminished receptor signals. Since hypomorphic mHC

expression offers a well-suited model for the investigation

of attenuated receptor signalling, we analysed the impact of

this mutation on B-cell development and on the emergence

of peripheral B-cell subsets.

Results

Generation of IgHEl-GFP/El-GFP mice

The mHC locus carries the intronic enhancer element Em
between the last J gene (JH4) of the variable region and

the first exon of the constant region (Cm1). We applied gene-

targeting techniques to replace parts of the sterile transcript,

which starts within the enhancer sequence (Lennon and

Perry, 1985), by a gfp reporter gene. To monitor sterile

transcripts initiating from Em, the gfp reporter gene was

integrated in the mHCa allele of a 129/Sv-derived ES cell

line immediately downstream of Em without deleting any

enhancer sequences (Supplementary Figure S1A). As we

intended to measure dynamic changes of enhancer activity,

we used a gfp gene encoding a destabilized protein. Correct

integration of the targeting construct was detected by

Southern blot analysis (Supplementary Figure S1B) and

deletion of the neomycin resistance marker was mediated

by protamine-cre (encoded in the ES cell genome) gaining

function during spermatogenesis of chimeras (O’Gorman

et al, 1997).

Targeted mice were backcrossed to the C57BL/6 strain. mHC

alleles in C57BL/6 mice are of the b-allotype thus enabling us to

clearly distinguish homozygous (IgHEm-GFP/Em-GFP) and hetero-

zygous (IgHEm-GFP/b) animals from WT controls (IgHb/b) even

in flow cytometry by means of their differential expression of

the IgM allotypes a and b (IgMa and IgMb).

B cells from homozygous IgHEl-GFP mice express

reduced lHC mRNA levels

Flow cytometric analyses of heterozygous and homozygous

knock-in mice revealed only very poor GFP expression

levels at any stage of B-cell development (Supplementary

Figure S1C). This is probably due to rapid degradation of the

destabilized GFP protein. In contrast to our initial expecta-

tions, B-cell development in homozygous IgHEm-GFP/Em-GFP

mice was not arrested at the pro-B-cell stage (Figure 1). The

most probable reason for the development of Igþ B cells

despite the strong polyadenylation (pA) site within the Em
region is that the pA site is skipped to a certain extent,

resulting in the generation of a regular mHC mRNA in a

certain number of transcription events (Supplementary

Figure S2). To address this hypothesis, we performed QPCR

analyses to measure mHC mRNA levels in sorted cell popula-

tions from IgHEm-GFP/Em-GFP mice and WT mice (Table I).

Indeed, B-cell populations from homozygous mutants dis-

played a clear reduction of specific mHC mRNA levels com-

pared with those from WTcontrols as measured for pre-B, MZ

B and FO B cells. This effect was more pronounced when

forward primers annealing within the JH4 segment as com-

pared with the JH2 segment were used, indicating that the

shorter distance between the JH4 segment and the artificial

pA site favours polyadenylation versus splicing. We conclude

that the insertion of the gfp-pA cassette 30 of Em created a

hypomorphic mutation of the IgH locus with a 2- to 10-fold

reduction of mHC mRNA levels, depending on the JH usage

and the stage of development of B lymphocytes.

BM B-cell development is partially blocked in

IgHEl-GFP/El-GFP mice

To determine whether hypomorphic mHC expression had an

impact on the development of B cells, we analysed the

distribution of distinct B-cell subsets in the BM by FACS.

B220 and CD19 staining revealed that total numbers of

Figure 1 B-cell development in BM of IgHEm-GFP/Em-GFP mice is partially blocked. (A) Flow cytometric analysis of B lineage-specific surface
markers in the BM of WT mice (IgHb/b), heterozygous mutant mice (IgHEm-GFP/b) and homozygous mutant mice (IgHEm-GFP/Em-GFP). Expression
profiles of the indicated markers are illustrated as density plots. Numbers above or adjacent to gates indicate percentages of B-cell subsets: total
B-lymphoid cells (B220þ/CD19þ ), pro-B cells (B220þ/ckitþ ), pre-B cells (B220þ/CD25þ ), recirculating B cells (B220high/ckit� or B220high/
CD25�), immature B cells (B220low/IgMint), transitional B cells (B220int/IgMhigh) and mature B cells (B220high/IgMint). Data are representative
of six independent experiments with similar results. (B) Total numbers of B cells (B220þ/CD19þ ) and relative numbers of pro-B, pre-B,
immature B and mature B cells within the CD19þ gate. Bars represent mean values and the s.e.m. of six animals for each genotype. *Po0.05;
***Po0.001 (Mann-Whitney test). (C) FACS of cytoplasmic mHC expression in pre-B cells of indicated mice is shown as histogram overlay. mHC
expression in B220�/CD25� cells from WT mice is included in the overlay as an internal negative control. The orange arrow points to the
presumed mHCa-expressing pre-B cells in heterozygous mice. (D) Flow cytometric analysis of CD19 and IgMa expression in splenic lymphocytes
from heterozygous mice. WT mice and BDF1 mice served as negative and positive controls for IgMa expression, respectively. Relative
percentages of cells are given in each quadrant. Data are representative of four independent experiments with similar results.

Table I Reduced mHC mRNA levels in sorted B-cell subsets from
IgHEm�GFP/Em�GFP mice

PCR primers Cell subset

Pre-B cells MZ B cells FO B cells

JH2–Cm1 19±7a 45±12 70±10
JH4–Cm1 9±4 9±6 15±8

amHC mRNA levels in B-cell subsets from IgHEm�GFP/Em�GFP mice are
presented as percentage of WT levels (mean±s.d.). Data are based
on 2–3 independent cell sorts followed by QPCR analysis. Cells from
individual mice or pooled cells from 2 to 3 mice of each genotype
were used for cell sorting. Two different JH4 primers were used.
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B cells among BM lymphocyte populations were reduced in

IgHEm-GFP/Em-GFP mice whereas B-cell numbers in hetero-

zygous animals (IgHEm-GFP/b) were in between those of WT

mice and homozygous mutants (Figure 1A and B). Homo-

zygous mutants had a higher frequency of ckitþ pro-B cells

(Figure 1B). In addition, the frequency of immature B cells

B-cell development in IgH-hypomorphic mutant mice
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was reduced in IgHEm-GFP/Em-GFP mice, resulting in a higher

ratio of pre-B to immature B cells (Figure 1A and B). Finally,

we observed an immature B to mature B-cell ratio of about

2:1 in homozygous mutant mice being clearly higher as in

WT controls, which displayed a ratio of 1:1, suggesting that

also immature B cells of homozygous mutants are impaired

in their further maturation process. We conclude that

hypomorphic mHC expression leads to a partial block of

B-cell development at the pro-B to pre-B, the pre-B to

immature B as well as the immature B to mature B-cell stages

of development.

Distribution of developmental B-cell subsets in heterozy-

gous mice was more similar to WT mice than to homozygous

mice. However, the pro-B-cell compartment was clearly

enlarged in heterozygous animals whereas pre-B cells were

slightly reduced (Figure 1A and B).

Since B-cell development in homozygous IgHEm-GFP/Em-GFP

mice was impaired at designated stages, we wanted to figure

out to what extent hypomorphic mHCa-expressing lympho-

cytes in heterozygous animals were able to ‘compete’ with

mHCb-expressing cells that express normal mHC levels. As

there is no allotype-specific antibody available, which reacts

either with free mHC or with mHC complexed with the SLC in

B-cell precursors, it was impossible to distinguish between

mHCa- and mHCb-positive cells before the immature B-cell

stage in heterozygous mice by FACS analysis. As expected

from the QPCR data, pre-B cells from IgHEm-GFP/Em-GFP mice

contained B5- to 10-fold lower levels of cytoplasmic mHC

protein when compared with WT pre-B cells (Figure 1C).

In heterozygous mice, the majority of pre-B cells showed WT

levels of cytoplasmic mHC protein, presumably from the WT

mHCb allele. Only a very small, but reproducible fraction

of pre-B cells expressed low mHC levels comparable to mHC

levels in homozygous mutants (indicated by the orange

arrow in Figure 1C), most likely representing mHCs from

the mutant mHCa allele. These results suggested that in

heterozygous mice only a small fraction of mHCa-expressing

precursors reached the pre-B-cell stage. To assess whether

any B cells with hypomorphic mHCa expression were actually

capable of taking part in the mature repertoire of heterozy-

gous mice, we stained for surface-IgMa on splenocytes from

these animals (Figure 1D). Indeed, IgMa-expressing cells were

below detection limits when comparing IgHEm-GFP/b mice with

their WT littermates lacking the mHCa allele.

As B-cell development was strongly impaired in

IgHEm-GFP/Em-GFP mice and IgMa-expressing B cells were not

detectable in the periphery of heterozygous mice, we next

wanted to exclude the possibility that VDJ recombination on

the mutant mHCa allele was impaired by the targeted integra-

tion of the gfp-cassette. To this end, we tested for the relative

amount of non-productive somatic VDJ rearrangements of

the mHCa allele in sorted IgMb-expressing splenic B cells from

heterozygous mutant mice and from WT (C57Bl/6xDBA/2)

F1 mice (BDF1 mice, IgHa/b). Non-productive recombination

events would be reduced in B cells from heterozygous mutant

mice if VDJ recombination was impaired by the targeted

insertion of the gfp-cassette. By analysing non-productive

recombination events, any selection at the pre-B or immature

B-cell stage is avoided. VDJH1, VDJH2 and VDJH3 recombina-

tions were amplified and the PCR products were digested

with the restriction enzyme AflII, which digests mHCa but not

mHCb alleles between JH3 and JH4 segments (Supplementary

Figure S3A). Somatic VDJ rearrangements of the mutant

mHCa allele in IgMbþ B cells from heterozygous mutant

mice and the WT mHCa allele in BDF1 controls were observed

in similar ratios as compared with the mHCb alleles for VH

segments of both the 7183 as well as the J558 VH family

(Supplementary Figure S3B), suggesting a largely normal VDJ

recombination at the targeted mHC allele. In summary, the

partial developmental blocks at several B-cell developmental

stages in the BM of IgHEm-GFP/Em-GFP mice resulted from

reduced mHC expression.

Enforced receptor editing in IgHEl-GFP/El-GFP mice

It has been proposed that a certain threshold level of

constitutive (tonic) antigen receptor signalling is necessary

for positive selection of immature B cells and downregulation

of RAG expression (Nemazee and Hogquist, 2003; Tze et al,

2005). Since homozygous mutants comprised a repertoire of

B cells that was altogether characterized by a reduction of

mHC expression these mice are well suited to confirm this

hypothesis. As shown in Figure 1B, differentiation from pre-B

to immature B lymphocytes was noticeably impaired in

IgHEm-GFP/Em-GFP mice, suggesting impairment in positive se-

lection in these animals. To test for receptor editing, we first

determined relative numbers of k-LC- and l-LC-expressing

cells in the BM as well as in the periphery of IgHEm-GFP/Em-GFP

and WT mice by FACS (Figure 2A and B). The ratios of k-LC-

to l-LC-expressing cells in the BM of homozygous mutant

mice were significantly lower as compared with WT controls

(4.4:1 versus 13.1:1, Figure 2B). Also in the spleen and the

peritoneal cavity (PC) of IgHEm-GFP/Em-GFP mice, the ratios of k-

LC- to l-LC-expressing cells were significantly lower (8.1:1 to

27.0:1 for spleen and 7.6:1 to 19.9:1 for PC). Enforced

receptor editing not only result in higher frequencies of l-

LC-expressing B cells but also in increased usage of distal Jk
gene segments (Radic et al, 1993; Tiegs et al, 1993). To verify

if IgHEm-GFP/Em-GFP mice exhibited an altered Jk usage, we used

cDNA from CD19þ splenocytes as template for the amplifica-

tion of VkJkCk fragments. Subsequently, these LC segments

were cloned and sequenced to determine the Jk usage

(Figure 2C). As expected, B cells from a WT mouse

preferentially used the proximal Jk1 element. In contrast,

the downstream Jk5 was predominantly used in splenic

B cells from an IgHEm-GFP/Em-GFP mouse. Interestingly, we did

not observe an altered usage of Jk2 and Jk4 segments.

Together, these findings are clear evidence of enforced recep-

tor editing in the homozygous mutants, as a consequence of

decreased mHC expression at the stage of immature B cells.

To test, whether B cells have a failure to shut off Rag gene

expression at the immature B-cell stage, we performed QPCR

analyses for Rag-2 expression from sorted immature cell

populations. As shown in Supplementary Figure S4, imma-

ture B cells from mutant mice showed slightly less Rag-2

transcript levels than WT immature B cells.

Altered distribution of splenic B-cell subsets

in IgHEl-GFP/El-GFP mice

As described above, B-cell development in the BM of

IgHEm-GFP/Em-GFP mice was severely, but not totally blocked

at several stages of development in the BM. Thus, we

performed further FACS analyses to assess whether reduced

mHC expression also affected B-cell maturation or distribution

of B-cell subsets in the spleen. B220 staining revealed a

B-cell development in IgH-hypomorphic mutant mice
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highly significant 3- to 4-fold reduction in relative B-cell

numbers of IgHEm-GFP/Em-GFP mice (Figure 3A and B, left

panels). Moreover, most likely as a consequence of the

developmental block in BM B-cell development, the fraction

of CD93-expressing immature B lymphocytes in homozygous

mutants was strongly diminished (Figure 3A and B). The pool

of non-proliferating, immature B lymphocytes in the spleen

can be further subdivided into three subsets by differential

expression of CD23 and IgM (Allman et al, 2001). As indi-

cated by the middle panels in Figure 3A and B, the distribu-

tion of transitional type 1 (T1), type 2 (T2) and type 3 (T3) B

cells was barely altered in IgHEm-GFP/Em-GFP mice. Only the

CD23þ/IgMhigh T2 transitional B-cell subset was slightly but

significantly diminished in IgHEm-GFP/Em-GFP mice, suggesting

that some T1 B cells in mHC-hypomorphic animals were not

capable of developing into T2 B lymphocytes.

As determined by staining for CD21 and CD23, mutant

mice exhibited a severe reduction of FO B cells both in

relative as well as in absolute numbers (Figure 3A and B,

right panels). Despite the relative increase of MZ B cells in

IgHEm-GFP/Em-GFP mice, the absolute numbers of MZ B cells

were not enlarged. We also measured the impact of reduced

mHC mRNA synthesis on the resultant IgM protein expression

in MZ B cells and FO B cells of IgHEm-GFP/Em-GFP mice. MZ B

lymphocytes in mutant animals expressed clearly lower total

mHC protein levels as compared with the WT controls

whereas FO cells displayed only slightly reduced total mHC

protein levels (Figure 3C). Similar results were obtained by

staining for surface IgM. This rose the question to what extent

both mature splenic B-cell subsets in IgHEm-GFP/Em-GFP mice

were still capable of mediating adequate responses to BCR

crosslinking. To test this, we measured the Ca2þ release of

primary splenic B lymphocytes upon BCR stimulation with

anti-IgM F(ab0)2 antibodies. As verified for nine mice of each

genotype, the sustained but not the initial Ca2þ release in

mutant MZ B lymphocytes was at all times lower than in

corresponding WT cells being in line with the distinct reduc-

tion of both cytoplasmic and surface IgM levels observed for

mutant MZ B cells. In contrast, calcium release in FO B cells

was not altered significantly with the concentrations of anti-

IgM F(ab0)2 antibodies used in the experiments (Figure 3D).

As IgHEm-GFP/Em-GFP mice displayed a clearly diminished

ratio of FO to MZ B lymphocytes, we were interested in the

splenic architecture of mutant animals. Both the quantity and

Figure 2 Enforced receptor editing in IgHEm-GFP/Em-GFP mice. (A) FACS analysis of k-LC and l-LC expression on CD19þ -gated lymphocytes from
the BM, spleen and PC of WTand IgHEm-GFP/Em-GFP mice. Relative cell numbers are depicted within or above the gates and k:l-LC ratios are given
on the upper right of each plot. (B) Ratios of k-LC- to l-LC-expressing B lymphocytes from WTand IgHEm-GFP/Em-GFP mice. Mean values and the
s.e.m. of nine animals for each genotype are shown. ***Po0.001 (Mann-Whitney test). (C) Usage of different Jk gene segments in purified
CD19þ splenic B cells from a WT and an IgHEm-GFP/Em-GFP mouse. In all, 52 (WT) and 58 (IgHEm-GFP/Em-GFP) sequences bearing in-frame Vk-Jk
rearrangements were considered.

B-cell development in IgH-hypomorphic mutant mice
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Figure 3 Effects of reduced mHC expression on splenic B cells. (A) Left: FACS analysis of B220 and CD93 surface expression on lymphocytes
from WT and IgHEm-GFP/Em-GFP mice. Immature (B220þ/CD93þ ) and mature (B220þ/CD93�) B cells are depicted within the gates. Middle:
Surface expression of CD23 and IgM on gated immature B cells. T1 (CD23�/IgMhigh), T2 (CD23þ/IgMhigh) and T3 (CD23þ/IgMint) B cells are
differentiated. Right: Surface expression of CD21 and CD23 on CD19þ -gated B cells. FO (CD21int/CD23high) and MZ (CD21high/CD23�) B cells
are shown. Relative cell numbers for indicated gates are given. (B) Statistics based on analyses from subfigure (A). Absolute numbers of total
B, immature B and mature B cells, relative numbers of T1 B, T2 B and T3 B cells within the immature B-cell gate as well as total numbers of FO
and MZ B cells are depicted. **Po0.01; ***Po0.001 (Mann–Whitney test, n49). (C) FACS of mHC expression in the cytoplasm of FO and MZ B
cells from WTand IgHEm-GFP/Em-GFP mice (n¼ 3). (D) Calcium responses of primary splenocytes stimulated with F(ab0)2 anti-IgM. Loading with
Indo-1 was followed by staining for CD21 and CD23 to allow for gating for MZ and FO B cells. Representative data of nine experiments are
shown. (E) Histology of spleens from naive WT and IgHEm-GFP/Em-GFP mice. Sections were stained with anti-IgM (green) and anti-IgD (blue).
Original magnifications, � 5 and � 20. Scale bars, 100 mm. Data are representative of two mice for each genotype.

B-cell development in IgH-hypomorphic mutant mice
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size of white pulp areas were comparable in WT and mutant

spleens. However, in line with the presented FACS data,

considerably fewer FO B cells (IgMlow/IgDhigh) were present

in follicles of mutant mice (Figure 3E). MZs in mutant spleens

had a normal size, supporting flow cytometric data, which

revealed regular MZ B-cell (IgMhigh/IgDlow) numbers in

IgHEm-GFP/Em-GFP mice. Strikingly, extrafollicular IgM-secreting

plasma cells (IgMhigh) were almost completely absent in

splenic sections from IgHEm-GFP/Em-GFP mice (Figure 3E).

Peritoneal B1a cells are severely reduced in

IgHEl-GFP/El-GFP mice

Studies with targeted mice either lacking negative or over-

expressing positive regulators of BCR signalling suggest that

the development of B1 cells appears to depend on strong BCR

signals (Berland and Wortis, 2002). Our IgHEm-GFP/Em-GFP mice

produce reduced mHC levels and therefore serve as an ideal

model to study the impact of weak BCR signals on the

emergence of B1 cells.

We performed FACS analyses to investigate whether

overall B-cell numbers or the distribution of PC B-cell subsets

were altered in IgHEm-GFP/Em-GFP mice. As determined by

surface staining for CD19, relative numbers of B cells were

slightly but significantly reduced in IgHEm-GFP/Em-GFP mice

(Figure 4B). B1a-cell numbers were strongly reduced to

about o20% in mutant mice coinciding with a relative

expansion of B2 cells (Figure 4A and B). Interestingly, the

size of the B1b (CD43þ/CD5�)-cell subset was not signifi-

cantly altered (Figure 4A and B).

PLCg2 is a positive regulator of BCR signalling and targeted

deletion of the corresponding gene was reported to result in

decreased B1-cell numbers (Hashimoto et al, 2000; Wang

et al, 2000). In PLCg2Ali5 mice (Yu et al, 2005), in which a

point mutation results in prolonged membrane attachment of

the mutant PLCg2 protein and to stronger BCR-mediated

Ca2þ signals, the B1-cell subset is increased. Thus, we

mated IgHEm-GFP/Em-GFP mice with PLCg2Ali5 mice expecting

that enforced BCR signals would result in a normalized

distribution of B1a, B1b and B2 cells in the PC of double-

mutant animals (IgHEm-GFP/Em-GFP/Plcg2þ /Ali5). In fact,

IgHEm-GFP/Em-GFP mice with one mutated plcg2 allele displayed

higher numbers of B1a cells compared with IgHEm-GFP/Em-GFP

mice carrying two WT alleles of plcg2 (Figure 4C, left panel).

Essentially, the distribution of B-cell subsets in the PC of

double mutants resembled that found in WT mice (compare

Figure 4A).

SiglecG-deficient mice exhibit a massive expansion of

the B1a-cell population due to enforced Ca2þ signalling

(Hoffmann et al, 2007). We mated IgHEm-GFP/Em-GFP with

SiglecG�/� mice to assess whether reduced mHC expression

would curtail the reported enlargement of the B1a subset.

As illustrated in the right panel of Figure 4C, SiglecG-deficient

IgHEm-GFP/Em-GFP mice actually displayed normalized levels

of B1a, B1b and B2 cells, again resembling distributions

found in WT mice. Interestingly, we did not observe

an augmented appearance of B1a cells in spleens of

SiglecG-deficient IgHEm-GFP/Em-GFP mice and splenic B-cell

populations in IgHEm-GFP/Em-GFP mice were not affected by

Figure 4 Impact of reduced mHC expression on B1-cell development in the PC. (A) FACS analysis of CD43 and CD5 surface expression on
CD19þ -gated PC cells from WTand IgHEm-GFP/Em-GFP mice. B1a (CD43þ/CD5þ ), B1b (CD43þ/CD5�) and B2 (CD43�/CD5�) cells are depicted
within gates. (B) Statistics based on analyses from subfigure (A). CD19þ cells are designated total B cells. B1a, B1b and B2 cells are
characterized as depicted in (A). Percentages of total B cells refer to the lymphocyte gate, percentages of B1a, B1b and B2 cells to the CD19þ -
gate. Data are based on 11 mice of each genotype. **Po0.01; ***Po0.001 (Mann–Whitney test). (C) Expression of CD43 and CD5 on CD19þ -
gated cells from mice of the indicated genotypes. Severe reduction of B1a cells in IgHEm-GFP/Em-GFP mice is reversed by the plcg2þ /Ali5 or the
siglecG�/� mutation. Data are representative of three mice of each genotype.
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SiglecG deficiency or one mutated plcg2 allele (unpublished

data).

Taken together, our findings show that altering the mHC

levels and therefore constitutive BCR signalling strength

directly impacts the development of the distinct peritoneal

B-cell subsets. B1a cells are exclusively sensitive to reduced

mHC levels and amplification of BCR signals is able to

normalize B1a-cell numbers, suggesting a tight relationship

between BCR signal strength and B1a-cell numbers.

Analysis of B-cell selection processes in competitive BM

chimeras

To further analyse the developmental selection processes in

mHC-hypomorphic B cells, we analysed the competence of

BM cells from the homozygous mutants to reconstitute dis-

tinct B-cell subsets in competition with WT B cells in lethally

irradiated Rag1�/� mice. Only 5% WT (IgHb/b/Ly5.1þ ) BM

cells were mixed with 95% BM cells from IgHEm-GFP/Em-GFP

mice to give mutant precursors a competitive advantage

(Figure 5). To test for the adequacy of haematopoietic recon-

stitution, we initially checked the expression of Ly5 allotypes

on T cells in spleen and PC of mixed chimeras. Only 2.3±0.4

and 2.6±0.4% of T lymphocytes (spleen and PC, respec-

tively; mean±s.e.) expressed the Ly5.1 marker reflecting the

relative contribution of WT cells to the compartments not

affected by the targeted mutation of the mHC locus. Pro-B

cells of WTorigin were slightly less contributing to the pro-B-

cell compartment as compared with the T-cell contribution

(1.9±0.8%), supporting the view that differentiation into the

B-cell lineage is not altered in IgHEm-GFP/Em-GFP progenitors. In

the large pre-B-cell compartment, however, the contribution

of WT cells is already B5- to 6-fold higher (10.6±3.8%),

further substantiating the strong impact of hypomorphic mHC

expression on the pre-B-cell checkpoint in the BM. Among

small pre-B cells, a similar percentage of WT cells was found

(9.1±3.9%), suggesting no influence of hypomorphic mHC

expression on this differentiation step of BM B lymphopoi-

esis. The developmental block at the pre-B to immature B-cell

stage in IgHEm-GFP/Em-GFP mice is further corroborated by the

higher contribution of WT immature B cells in the BM

(16.8±5.5%) as compared with small pre-B cells. Among

the recirculating mature B cells in the BM, cells from WT

origin are strongly enriched (42.0±6.2%).

In the spleen, the percentage of immature B cells of WT

origin was comparable to the percentage of immature B cells

of WT origin in the BM (15.6±3.6 versus 16.8±5.5%,

respectively; Figure 5, middle panel), indicating no influence

of hypomorphic mHC expression on selection events at the

egress from the marrow to distant spleen sites. Despite

reconstituting only 15% of the immature B-cell compartment

in the spleen, WT cells constituted about 50% of the mature

splenic B-cell compartment in the mixed BM chimeras,

suggesting a strong influence of hypomorphic mHC expres-

sion on positive selection into the mature B-cell pool.

As it has been proposed that BCR signalling strength is

involved in lineage commitment of splenic B cells (Pillai et al,

2004), we were interested in the question, whether differ-

ences in tonic BCR signal strength are also involved in FO

versus MZ B-cell development. As displayed in Figure 5

(middle panel), the BM chimeras provide clear evidence

that mHC-hypomorphic cells contributed less to the MZ

B-cell subset as compared with FO B cells (38.4 versus

57.4%, Po0.001). This result suggests that selection pro-

cesses for MZ B cells are more sensitive to reduced mHC

expression as compared with FO B cells.

When we analysed the distinct B-cell subsets in the PC of

mixed BM chimeric mice, we found that IgHEm-GFP/Em-GFP cells

reconstituted B2, B1b and B1a cells with decreasing frequen-

cies, respectively. The contribution of WT cells to the B1a

Figure 5 Analysis of IgHEm-GFP/Em-GFP B-cell development in
competitive BM chimeras. Contribution of WT (Ly5.1þ ) cells to
the given cell populations in BM (top), spleen (middle) and
PC (bottom) of mixed BM chimeras. Mixtures of 5% WT BM
(Ly5.1þ ) and 95% BM (Ly5.2þ ) from IgHEm-GFP/Em-GFP mice were
injected into lethally irradiated Rag-1�/� mice. Depicted are the
mean percentagesþ s.e.m. (n¼ 7–9) of Ly5.1þ cells in the different
populations. Analysed cell subsets within the lymphocyte gate were
defined by the following combinations of cell surface markers. BM:
pro-B, B220þ/ckitþ ; pre-B, B220þ/CD25þ (large, FSChigh; small,
FSClow); immature B, B220low/IgMint; mature B, B220high/IgMint.
Spleen: total B, B220þ/CD3�; total T, B220�/CD3þ ; immature B,
B220þ/CD93þ ; mature B, B220þ/CD93�; FO B, CD21int/CD23þ ;
MZ B, CD21high/CD23low/�. PC: total B, B220þ/CD3�; total T,
B220�/CD3þ ; B1a, B220þ/CD43þ/CD5þ ; B1b, B220þ/CD43þ/
CD5�; B2, B220þ/CD43�/CD5�. *Po0.05; **Po0.01; ***Po0.001
(Wilcoxon matched pairs test).

B-cell development in IgH-hypomorphic mutant mice
S Brenner et al

The EMBO Journal VOL 30 | NO 13 | 2011 &2011 European Molecular Biology Organization2712



compartment was significantly higher than to the B1b com-

partment (79.6±8.3 versus 64.2±8.9%, Po0.001), whereas

the WT contribution of B2 cells in the PC was in the range of

mature splenic B cells (56.7±6.7%; Figure 5, bottom panel).

Taken together, the analyses on mixed BM chimeras

further supported our findings from homozygous

IgHEm-GFP/Em-GFP mice. At several stages of development,

mutant B cells with hypomorphic mHC expression failed to

effectively compete with WT B cells. Given an effective

percentage of only B2.5% of BM stem cells in the chimeras,

WT B lymphopoiesis resulted in B20-fold better reconstitu-

tion of the mature splenic B-cell pool and B30-fold better

reconstitution of the B1a-cell pool.

Reduced levels of BAFF receptor on splenic B cells

in IgHEl-GFP/El-GFP mice

Continuous signals from both the BCR as well as the receptor

for B-cell activating factor (BAFF) (BAFF-R) are necessary for

survival of peripheral B-cell subsets (Cancro, 2009). As we

noted a strong influence of hypomorphic mHC expression on

positive selection into the mature B-cell pool we measured

the expression levels of BAFF-R on splenic B-cell subpopula-

tions. As depicted in Figure 6A, BAFF-R expression was

consistently found to be lower on immature as well as FO

and MZ cells in the spleen of IgHEm-GFP/Em-GFP mice. In

addition, both FO as well as MZ cells from IgHEm-GFP/Em-GFP

mice responded to BAFF with significantly lower survival

in vitro (Figure 6B). Interestingly, survival curves in culture

medium without BAFF were indistinguishable between WT

and IgHEm-GFP/Em-GFP FO and MZ cells. It has been described

that treatment with BAFF increases B-cell size (Patke et al,

2006). We therefore compared the increase of B-cell size by

BAFF treatment in vitro. As shown in Supplementary Figure

S5, B cells from IgHEm-GFP/Em-GFP mice responded to BAFF

treatment with a reduced increase in cell size as measured by

forward scatter characteristics. Taken together, our data sug-

gest that hypomorphic BCR expression results in lower

expression of BAFF-R in peripheral B-cell subpopulations

and a concomitant lower survival rates in response to BAFF.

Reduced immunoglobulin levels and impaired antibody

responses in IgHEl-GFP/El-GFP mice

B1 cells continuously secret immunoglobulins without being

exposed to specific antigen and are therefore the main source

of ‘natural IgM’ in sera of naive mice (Martin and Kearney,

2001; Berland and Wortis, 2002). Thus, we asked if levels of

Figure 6 BAFF-R levels and BAFF responsiveness of IgHEm-GFP/Em-GFP B cells in the spleen. (A) BAFF-R expression is shown for immature
(CD93þ , B220þ ), FO (B220þ , CD21int, CD23þ ) and MZ (B220þ , CD21high, CD23�) B cells. Shaded histograms show staining levels on non-B
cells. The data are representative of four independent experiments. (B) Sorted FO and MZ B cells from spleen were cultured in the absence and
presence of 200 ng/ml BAFF. Viable cells were counted every day for 3 days. Blue circles denote WT cells, red triangles mutant cells; open
symbols denote cultures without BAFF, filled symbols cultures with BAFF (200 ng/ml). Mean values±s.e.m. are shown from four (FO) and two
(MZ) independent experiments with duplicate cultures. *Po0.05; **Po0.01; ***Po0.001 (Mann–Whitney test).
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serum IgM were altered in IgHEm-GFP/Em-GFP mice as a conse-

quence of the severely decreased B1a-cell numbers. In fact,

we observed an B10-fold reduction of natural IgM as deter-

mined by ELISA (Figure 7A). The strongly diminished num-

bers of extrafollicular IgM-secreting plasmablasts and plasma

cells in the spleen might additionally account to this pheno-

type (Figure 3E). Levels of natural IgG were less affected,

being reduced about three-fold in mutant mice (Figure 7A).

To characterize immune responses, we first injected WT

and IgHEm-GFP/Em-GFP mice with the thymus-independent

type 2 (TI-2) antigen trinitrophenol (TNP)-ficoll. Natural TNP-

specific IgM was undetectable in sera of naive IgHEm-GFP/Em-GFP

mice and specific IgM responses resulted in B100-fold lower

titres at day 8 after immunization when compared with WT

controls (Figure 7B, left panel). TNP-specific IgG3 antibodies

were reduced B10-fold after immunization (Figure 7B, right

panel). These results were unexpected, as MZ B cells have

been shown to be the major responding B-cell subpopulation

to TI-2 antigens (Martin et al, 2001) and absolute MZ B

lymphocyte numbers were normal in the mutant mice

(Figure 4B).

Therefore, we analysed antibody secretion of mutant B

cells in vitro upon stimulation with LPS. Remarkably, IgM

production by IgHEm-GFP/Em-GFP B cells was undetectable

(Figure 7C) despite apparently normal activation and

proliferation of mHC-hypomorphic cells (Figure 7D). B cells

from IgHEm-GFP/Em-GFP mice showed increased cell size 3 days

after activation with LPS, indicating regular activation

(Figure 7D). Staining for cytoplasmic mHC, however, revealed

almost absent cytoplasmic mHC protein in LPS blasts from

IgHEm-GFP/Em-GFP mice (Figure 7D), which was also confirmed

by western blot analysis (Supplementary Figure S6).

These findings led us to hypothesize that during plasma

cell differentiation of mutant B cells the pA machinery is

preferentially directed to the strong SV40 pA sites down-

stream of the gfp-cassette, which have been introduced by

gene targeting and thereby creating truncated mHCs. It has

recently been shown that enhanced loading of the transcrip-

tion elongation factor ELL2 and the polyadenylation factor

CstF-64 on RNA polymerase II upon plasma cell differentia-

tion causes enhanced use of the proximal pA site of the

secretory form of IgH (Martincic et al, 2009). In case of the

IgHEm-GFP allele, the SV40 pA site of the gfp-cassette is the

most proximal pA site, providing a possible explanation for

severely reduced cytoplasmic mHC levels during plasma cell

differentiation. Indeed, QPCR analysis revealed an B12-fold

Figure 7 Reduced serum immunoglobulin levels and constricted immune responses in IgHEm-GFP/Em-GFP mice. (A) ELISA of immunoglobulin
serum titres in naive WT and IgHEm-GFP/Em-GFP mice. (B) ELISA of specific antibody responses in WT and IgHEm-GFP/Em-GFP mice upon
immunization with the TI-2 antigen TNP-Ficoll. AU, arbitrary units. (C) IgM levels in the supernatant (200 ml medium) of 5�104 B cells
4 days after stimulation with 10mg/ml LPS were measured by ELISA. Each symbol in (A–C) represents one mouse. (D) FACS analysis of FSC
characteristics (left panels) of unstimulated (d0; upper panels) and LPS stimulated (d3; middle and lower panels) sorted FO and MZ cells and of
surface (upper panel) and cytoplasmic (middle and lower panels) IgM expression (right panels). WT mice: dotted lines; IgHEm-GFP/Em-GFP mice:
thick lines; grey shaded histograms: isotype control staining. Data are representative of three mice of each genotype.
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reduction of JH2-Cm1 mRNA levels in LPS blasts from

IgHEm-GFP/Em-GFP mice as compared with WT mice

(Supplementary Figure S7), whereas JH2-Cm1 mRNA levels

were only modestly reduced in unstimulated splenic B cells

(Table I). The mRNA levels of k-LCs were even enhanced in

mutant LPS blasts (Supplementary Figure S7). We, therefore,

propose that the preferential usage of the introduced pA site

is mainly responsible for strongly impaired antibody secre-

tion in IgHEm-GFP/Em-GFP mice.

Discussion

It is widely accepted that development and positive selection

of B lymphocytes depends on the quality and quantity of

signals generated by their pre-BCRs and BCRs and that

signalling strength is also involved in B-lymphocyte lineage

decisions (Niiro and Clark, 2002; Casola et al, 2004). These

notions evolved from plenty of studies dealing with gene-

targeted mice, which lack positive or negative regulators of

BCR signalling or alternatively overexpress particular signal-

ling components. As most signalling components of the BCR

have diverse functions and are involved in other signalling

pathways, as exemplified for the syk tyrosine kinase (Kulathu

et al, 2009) the reported phenotypes can rarely be attributed

to altered signalling strength of the BCR alone. This is even

more complicated in downstream components of the signal-

ling machinery, for example, for the NF-kB signalling path-

way (Derudder et al, 2009). Here, we describe a unique and

novel mouse mutant in which attenuated receptor signals in

both developing and mature B-cell subsets resulted only from

the global reduction of mHC mRNA and hence mHC protein

levels. Any receptors and regulators involved in pre-BCR and

BCR signalling pathways remained intact.

The first checkpoint in B-cell development in which signals

downstream of the mHC are involved in positive selection

occurs when pre-BCR signalling induces a burst of prolifera-

tion, which increases the number of cells that have success-

fully recombined their IgH genes (reviewed in Herzog et al

(2009)). The 5- to 6-fold reduction of mutant large pre-B

cells in competitive BM chimeras supports the notion that

the strength of pre-BCR signalling quantitatively affects the

proliferation of pre-B cells. This is in accordance with the

suggested repertoire selection model (Melchers, 2005;

Vettermann et al, 2006), in which the pairing capacity of

mHCs with the SLC controls the density of surface pre-BCR

levels and therefore the magnitude of signals for proliferation

and clonal expansion.

B-cell development in the BM of IgHEm-GFP/Em-GFP mice was

partially blocked at the transition from pre-B to immature

B cells accompanied by enforced secondary LC rearrange-

ments. According to a hypothetical receptor editing model

(Nemazee and Hogquist, 2003), signalling through newly

formed BCRs below a certain threshold would be insufficient

to downregulate Rag genes leading to maturation arrest and

ongoing LC recombination. The results from IgHEm-GFP/Em-GFP

mice described here directly support this model. Appropriate

basal or ‘tonic’ signals have to be provided from BCRs in

immature B cells to downregulate Rag gene expression and to

suppress further LC rearrangement as shown here for the first

time in mice carrying a diverse B-cell repertoire and normal

levels of all B-cell signalling components. Our findings that

immature B cells from mutant and WT mice show similar

Rag-2 expression can be interpreted as a result of undetect-

able surface expression of IgM in ‘pre-B-like’ cells that under-

go LC editing. Cells that express a detectable BCR apparently

have downregulated Rag expression to a similar extend in

WT and mutant mice.

The signalling strength of the BCR at the immature B-cell

stage is critical for development of the three functionally

distinct mature B-cell populations (Hardy et al, 2007). There

has been an ongoing debate concerning origin and develop-

mental progression of both populations. Recently, a specific

B1-cell progenitor was identified, which primarily appeared

in fetal tissue but still could be detected in adult BM

(Montecino-Rodriguez et al, 2006) providing strong evidence

for the so-called ‘lineage-model’ of B1- and B2-cell emergence

(reviewed in Dorshkind and Montecino-Rodriguez (2007)).

Nevertheless, genetic alterations leading to increased BCR

signalling strength generally favour B1-cell development

(reviewed in Berland and Wortis (2002)) and in BCR-trans-

genic mice increasing BCR surface density also results in

elevated B1-cell levels (Lam and Rajewsky, 1999; Watanabe

et al, 1999). Moreover, targeted mice carrying the Epstein-

Barr virus protein LMP2A as BCR surrogate almost exclu-

sively developed B1-like cells, when LMP2A was under

transcriptional control of a strong promoter. In case of

weak LMP2A expression, B1-like cells were completely ab-

sent (Casola et al, 2004). Thus, the B1 versus B2 cell fate

decision seems to depend on BCR signalling strength regard-

less of the receptor specificity. Since our mHC-hypomorphic

mice exhibit severely reduced levels of B1 cells, they are

further evidence for the ‘selection-theory’, whereupon B1-cell

development requires a certain threshold of BCR signalling at

the sIgMþ stage (Lam and Rajewsky, 1999; Berland and

Wortis, 2002). In line with the latter model, elevated Ca2þ

signals in IgHEm-GFP/Em-GFP mice achieved by deletion of

SiglecG or by a gain of function mutation in PLCg2 notably

reversed the strong reduction of B1a cells in these animals

to approximately WT levels. Taken together, there is now

sufficient evidence for both the ‘lineage-model’ and the

‘selection-theory’. Thus, we would favour a combined

model, according to which B1 cells develop from a distinct

progenitor but still need strong signals for further developmen-

tal progression and maturation (Montecino-Rodriguez et al,

2006). Additionally, high surface densities of IgM and CD19

observed for WT B1 cells would perfectly match this model with

both molecules accounting for strong BCR-mediated signals.

Interestingly, numbers of B1b cells are almost unaffected by

lower BCR levels in our mHC-hypomorphic mice, further sup-

porting the notion that the two B1 sister populations have

distinct functions. B1b cells are considered to be induced after

antigenic exposure and are essential for protective antibodies

against certain pathogens such as Streptococcus pneumoniae and

Borrelia hermsii (Alugupalli et al, 2004; Haas et al, 2005).

Tonic signalling by the BCR is required for the survival of

peripheral immature as well as MZ and FO B cells (Kraus

et al, 2004). In addition, however, signals from the BAFF-R

are equally important for positive selection and survival

of mature B-cell populations as substantiated by higher

B-cell numbers in BAFF-transgenic animals and substantially

lower B-cell numbers in BAFF-deficient mice (Mackay and

Schneider, 2009). Our data presented here suggest that

lower BCR levels which presumably result in lower tonic

BCR signalling affect BAFF-R expression levels in immature
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as well as mature splenic B lymphocytes. It has been des-

cribed that the BAFF-R is upregulated in late transitional and

mature B cells after BCR crosslinking (Smith and Cancro,

2003). Our findings here significantly extend these findings

to constitutive BCR signals without BCR crosslinking and

provide further evidence for extensive cross-modulation of

BCR- and BAFF-signalling pathways (Cancro, 2009). As lower

levels of BAFF-R translated in less survival signals after BAFF

treatment in hypomorphic IgM B cells in vitro, it can be

expected that lower BAFF-R levels are also responsible for

the lower competitiveness of B cells from the mutant mice

in direct competition with WT B cells in vivo.

It was postulated that BCR signalling strength also impacts

the MZ versus FO B-cell decision in a way that MZ B cells

would develop from precursors with poor BCR signals,

whereas differentiation into the FO B lineage would be due

to ‘intermediate’ signals (reviewed in Pillai et al (2005)).

At first glance, elevated MZ B-cell percentages in the spleen

of IgHEm-GFP/Em-GFP mice would be in accordance with this

model. However, absolute MZ B-cell numbers were found to

be normal. The same phenomenon was described for many

transgenic and knockout mice with lymphocytopaenia, as

exemplified in l5�/� mice (Harfst et al, 2005). The observa-

tion that the MZ B-cell pool in the spleen is kept at normal

levels when the influx from the BM was experimentally

stopped (Hao and Rajewsky, 2001), suggested self-renewal

of MZ B cells. We propose that in situations with restricted

generation of B cells, like in the IgHEm-GFP/Em-GFP mice pre-

sented here, a normal MZ B-cell compartment is established

over time and remains constant once the compartment is

filled. The analysis of competitive BM chimeras clearly

showed that among the mature splenic B-cell subpopulations

the MZ B-cell pool is affected even stronger by the hypo-

morphic IgH mutation than the FO B-cell pool.

The analysis of in vitro and in vivo antibody secretion in

IgHEm-GFP/Em-GFP mice revealed a severe impairment, particu-

larly for IgM antibodies. We suggest that this phenomenon is

primarily explained by the preferential usage of the first

available pA site by the travelling RNA polymerase II inten-

sely loaded with ELL2 and CstF-64 in plasma cells. Due to

intense loading of the elongation complex with CstF-64, Ig

mRNA is preferentially cut at the first available pA site

(Martincic et al, 2009). At a WT IgH locus, the secretory-

specific immunoglobulin pA site is the most promoter-

proximal pA site. In contrast, at the targeted IgHEm-GFP locus

the pA site in the intron between VDJ and the Cm1 exon is

the most proximal site. The preferential usage of this signal

likely leads to transcripts lacking all Cm or Cg segments and

neither membrane-bound nor secreted Ig would be expressed

in plasma cells of IgHEm-GFP/Em-GFP mice. Thus, our mouse

model offers the opportunity to study plasma cell differentia-

tion in the absence of the upregulation and accumulation of

mHC in the endoplasmic reticulum, which is believed to be

responsible for the induction of the unfolded protein response

in activated B cells (Iwakoshi et al, 2003).

Materials and methods

Generation of the targeting construct and of IgHEl-GFP/El-GFP

mice
Details of the generation of the targeting construct and of the
mutant mice are provided in the Supplementary data.

Mice
All mice were bred and maintained under specific pathogen-free
(SPF) conditions in the mouse facility of the University of Erlangen.
Mice in each experiment were age matched and mostly littermates.
All animal experiments were carried out according to valid project
licenses, which were approved by the local Veterinary Authorities.

Analysis of lHC mRNA levels
Pre-B, MZ B and FO B cells were sorted with a MoFlo cell sorter
(Cytomation) and analysed for purity using a FACSCalibur (BD).
mRNA from purified cells was isolated using the RNeasy-Kit
(Qiagen) and reverse transcribed to cDNA with SuperScript II
Reverse Transcriptase (Invitrogen). Quantitative RT–PCR (QPCR)
was performed with Absolute QPCR SYBR Green Fluorescein Mix
(ABgene) in an iCycler iQ (Bio-Rad). An initial 1:5 dilution of
cDNAs in H2O and further six 1:2 dilutions thereof were applied.
Reactions with each dilution were run in duplicates and mean CT

values were calculated thereof. Relative cDNA levels were normal-
ized to the housekeeping gene b-actin. The following primers were
used for QPCR:

50-ACCACTCTCACAGTCTCCTCAGA-30 (JH2.0_forw),
50-GCTATGGACTACTGGGGTCAAG-30 (JH4.1_forw),
50-CAAGGAACCTCAGTCACCGTCT-30 (JH4.2_forw),
50-CAGTGTTGGGAAGGTTCTGATAC-30 (Cm1_rev),
50-AATCCTGTGGCATCCATGAAAC-30 (b-actin_forw) and
50-CGCAGCTCAGTAACAGTCCG-30 (b-actin_rev).

Flow cytometry
Single-cell suspensions of BM, spleen and from PC lavages were
prepared. In all, 1�106 cells were incubated for 30 min at 41C with
the indicated reagents in PBS supplemented with 2% FCS, 0.05%
azide and 2 mM EDTA (EDTA was not supplemented when
incubating with a-CD93) at saturating conditions. Intracellular
staining was done with a Fix&Perm kit (ADG) according to the
manufacturers instructions subsequent to surface staining. Flow
cytometry data were collected with a FACSCalibur (Becton
Dickinson) and analysed with FlowJo software. Following anti-
bodies and secondary reagents were used in this study: a-B220-FITC
or -PerCP, a-IgM-bio, a-IgMa-FITC, a-CD23-PE or -bio, a-IgkLC-PE,
a-l1/2LC-FITC and a-CD45.1-FITC were all purchased from BD.
a-B220-APC, a-CD19-AF647, a-IgD-bio, a-CD23-FITC, a-CD25-PE,
a-ckit-PE, a-CD93-bio, a-CD21/CD35-FITC, a-CD43-FITC, a-CD5-PE,
a-CD3-bio, a-BAFF-R-FITC, a-CD45.1-Cy5 and a-CD45.2-APC were
purchased from eBioscience. Anti-IgM (mHC-spec.)-FITC or -Cy5,
Streptavidin-PE or -Cy5 were purchased from Jackson.

Calcium measurements in primary mouse cells
A total of 3�106 splenocytes were incubated with 1mg/ml of Indo-1
(Invitrogen) and 0.15mg/ml of pluronic F-127 (Invitrogen) in IMDM
supplemented with 5% FCS at 301C for 25 min. An equal volume of
IMDM supplemented with 10% FCS was then added followed by a
10-min incubation step at 371C. Subsequent extracellular staining
was accomplished with a-CD21/CD35-FITC and a-CD23-PE. After
two washing steps in Ringer solution, cells were stimulated with
12.5mg/ml of F(ab0)2 anti-IgM (Jackson) in Ringer solution.
Calcium flux was measured with the LSRII (Becton Dickinson).
Equal loading of the samples with Indo-1 was controlled by treating
cells with 100 nM ionomycin (Sigma). Raw data files were
transferred to FlowJo software and are presented as median in
comparative overlays.

Analysis of Jj usage
Splenocytes were magnetically sorted with a-CD19 microbeads
(Miltenyi) and purity of B cells was checked by staining with
APC-labelled a-B220. mRNA isolation and reverse transcription
was carried out as described above. Degenerate Vk-framework-3
(50-AGCTTCAGTGGCAGTGGRTCWGGRAC-30) and Ck (50-CTTCCAC
TTGACATTGATGTC-30) primers were used for PCR amplification.
Resulting VkJkCk fragments were cloned into the Strataclone PCR
cloning vector (Agilent) and single colonies were sequenced using
the T7 primer (50-CCTATAGTGAGTCGTATTAC-30) to determine the
Jk in each. Sequence analysis was carried out with the Ig Blast
program.

Mixed and WT BM chimeras
Rag1�/� mice were used as recipients and therefore lethally
irradiated with 9 Gy. Within 24 h donor BM cells were isolated
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from Ly5.2þ IgHEm-GFP/Em-GFP mice and from Ly5.1þ WT mice. After
lysis of erythrocytes donor BM cells were treated with an a-CD4/
a-CD8 hybridoma supernatant and incubated for 10 min at 371C.
Lyophilized LOW-TOX M rabbit complement (Cedarlane, Canada)
was added to kill Tcells. Thereafter, cells were incubated at 371C for
another 45 min. Remaining splenocytes were purified by Ficoll
gradient. Rag1�/� mice either received a mixture of 95% Ly5.2þ

IgHEm-GFP/Em-GFP cells and 5% Ly5.1þ WTcells or alternatively 100%
Ly5.1þ WT cells with the latter mice serving as controls. A total of
5�106 cells per mouse were injected intravenously. Mice were
sacrificed no earlier than 8 weeks after transplantation and cells
from BM, spleen and PC were analysed by flow cytometry. Origin
and composition of lymphocytes were determined by means of
a-CD45.1 and a-CD45.2 alloantigenic markers.

Cell culture
Recombinant mouse BAFF was purchased from Alexis Biochemicals.
FACS-sorted B cells were cultured at 1�105–1�106 cells/ml in RPMI
supplemented with 10% FCS, 50mM b-mercaptoethanol, 2 mM
glutamine, 100 U/ml penicillin and 100 mg/ml streptomycin in the
presence or absence of 200 ng/ml BAFF. Cell viability was assessed
following staining with propidium iodine by flow cytometry. Live
cell numbers were quantified using TruCount reference microbeads
(Becton Dickinson) and cell size was measured by forward light
scatter.

Immunization and ELISA
Age-matched mice were immunized intravenously once on day 0
with a total of 15 mg TNP-Ficoll per mouse. Sera were taken at
indicated time points. ELISA studies with sera from naive and
immunized mice were carried out using techniques as described
(Hoffmann et al, 2007).

Histology
Cryosections were prepared, stained and analysed exactly as
described earlier (Hebeis et al, 2004).

Statistical analysis
Statistical significance was calculated with the Mann–Whitney test
or the Wilcoxon matched pairs test when paired data sets were
analysed using Prism (Graphpad Software Inc., La Jolla, CA, USA).

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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