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SUMMARY

Signals from the B cell antigen receptor (BCR),
consisting of m heavy chain (mHC) and conven-
tional light chain (LC), and its precursor the
pre-BCR, consisting of mHC and surrogate light
chain (SLC), via the adaptor protein SLP-65 reg-
ulate the development and function of B cells.
Here, we compare the effect of SLC and con-
ventional LC expression on receptor-induced
Ca2+ flux in B cells expressing an inducible
form of SLP-65. We found that SLC expression
strongly enhanced an autonomous ability of
mHC to induce Ca2+ flux irrespective of addi-
tional receptor crosslinking. In contrast, LC ex-
pression reduced this autonomous mHC ability
and resulted in antigen-dependent Ca2+ flux.
These data indicate that autonomous ligand-
independent signaling can be induced by re-
ceptor forms other than the pre-BCR. In addi-
tion, our data suggest that conventional LCs
play an important role in the inhibition of auton-
omous receptor signaling, thereby allowing
further B cell differentiation.

INTRODUCTION

B cell development is characterized by a series of devel-

opmental stages defined by the rearrangement status of

the immunoglobulin genes and the expression of surface

markers (Rolink et al., 1999; Schlissel, 2003). At the pro-

B cell stage, the m heavy chain (mHC) gene is rearranged.

For this process, the recombination activating genes 1

and 2 (RAG1 and 2) are essential (Bassing et al., 2002).

Productive rearrangement leads to mHC expression on

the cell surface in the context of the pre-BCR, in which

mHC is associated with the Ig-a,Ig-b heterodimer and the

surrogate light chain (SLC) components l5 and VpreB

(Karasuyama et al., 1994; Tsubata and Reth, 1990). The

pre-BCR serves as an important checkpoint in B cell
development, and loss of any of the components of the

pre-BCR results in developmental arrest at the pro-B

cell stage (Kitamura et al., 1992; Mundt et al., 2001). Sig-

naling from the pre-BCR induces proliferation, followed

by the downregulation of the pre-BCR and light chain

(LC) recombination (Burrows et al., 2002). Prior to LC re-

combination, the kappa locus is transcribed in its germline

configuration, indicating the activation of the kappa gene

locus for RAG-mediated recombination (Schlissel and

Baltimore, 1989). Transcription factors such as Spi-B

and Irf4 are involved in this process (Muljo and Schlissel,

2003). Upon productive rearrangement, kLC is expressed

with the mHC and the Ig-a,Ig-b complex as the BCR on im-

mature B cells (Matthias and Rolink, 2005). Although it is

clear that binding of antigen activates the BCR, it remains

controversial whether the pre-BCR requires a ligand

(Bradl et al., 2003; Gauthier et al., 2002) or can signal

autonomously (Ohnishi and Melchers, 2003).

SLP-65 is a central molecule in signaling downstream of

the pre-BCR and BCR. SLP-65 is phosphorylated by the

tyrosine kinase Syk, thereby providing docking sites for

Bruton’s tyrosine kinase (Btk) and phospholipase Cg2

(PLCg2) (Kurosaki and Tsukada, 2000). This close contact

allows the activation of PLCg2 by Syk and Btk and results

in the generation of Ca2+ signals (Hashimoto et al., 1999;

Ishiai et al., 1999; Su et al., 1999). These Ca2+ signals

are involved in the regulation of proliferation, differentia-

tion, and function of B cells. The central role of SLP-65

is demonstrated by SLP-65-deficient mice that show se-

vere defects in B cell signaling and partial blocks in B

cell development (Hayashi et al., 2000; Jumaa et al.,

1999; Pappu et al., 1999; Xu et al., 2000). Pre-B cells iso-

lated from the bone marrow of SLP-65-deficient mice ex-

press high amounts of the pre-BCR on their surface and

can be cultured in IL-7-supplemented medium. Recon-

stitution with SLP-65 allows the cells to resume their dif-

ferentiation program and to become kLC-expressing

immature B cells (Flemming et al., 2003).

The ligand-binding domain of the estrogen receptor

(ER) provides a powerful tool for inducible activation of

protein function. Fusion of the protein of interest to the

ER renders protein activity dependent on the presence
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Figure 1. Tight Control of SLP-65 Function in ERT2-SLP-65-Expressing Cells

(A) Schematic overview of the ERT2-SLP-65 construct and FACS analysis of pre-BCR expression. On the left, mHC versus GFP plots are shown with

GFP being a marker for ERT2-SLP-65-positive cells. Oct cells were transduced with ERT2-SLP-65 and incubated with EtOH (�OHT, first row) or with

1 mM OHT (+OHT, second row) for 2 days. The gates indicate the populations that were compared in the histograms for the expression of mHC. In the

histograms, GFP-negative cells are shown in black versus GFP-positive cells in gray.

(B) FACS analysis of pre-B cell differentiation in Oct cells sorted for the expression of ERT2-SLP-65. On top, mHC versus GFP profiles and a histogram

for mHC expression are shown for cells cultured either without or with 1 mM OHT for 2 days. On the bottom, kLC versus GFP FACS profiles and a histo-

gram for kLC expression are shown for cells cultured without (left) or with (right) 1 mM OHT for 4 days in medium lacking IL-7. The numbers indicate the

percentage of k-positive cells. In histograms, cells cultured with EtOH are shown in black versus OHT treated cells in gray.
of estradiol. ERT2 is a variant of ER, which was mutated to

make it hardly responsive to estradiol but very sensitive to

the synthetic ligand 4-hydroxytamoxifen (OHT) (Feil et al.,

1997). In the absence of OHT, heatshock proteins (Hsps)

bind to ERT2 and keep the ERT2 fusion protein in an inac-

tive state. Addition of OHT releases the Hsps and allows

relocalization and activation of the fusion protein.

For this study, we generated an inducible form of SLP-

65 by fusing it to ERT2 at the N terminus. With this system,

we showed that expression of SLC greatly enhanced the

autonomous, SLP-65-dependent signaling capacity of

mHC. In contrast, expression of conventional LC abolished

this signaling capacity, pointing to a new role for LCs in the

regulation of B cell development.

RESULTS

Inducible Activation of SLP-65

To study the kinetics of SLP-65 function in B cells, we gen-

erated an inducible SLP-65 by fusing SLP-65 and the mu-

tated estrogen receptor ligand binding domain (ERT2). We

fused the ERT2 domain to the C terminus (SLP-65-ERT2),

as described previously (Schebesta et al., 2002), or

alternatively to the N terminus of SLP-65 (ERT2-SLP-65).

Either SLP-65 fusion proteins or normal SLP-65 were

expressed in the SLP-65-deficient pre-B cell line Oct (Su

and Jumaa, 2003) by retroviral transduction. SLP-65 stim-

ulates pre-BCR downregulation, so we performed FACS
324 Immunity 26, 323–333, March 2007 ª2007 Elsevier Inc.
analysis to compare pre-BCR expression on transduced

with untransduced pre-B cells of the same culture.

Whereas normal SLP-65 should be constantly active,

ERT2-SLP-65 fusions should be active and induce pre-

BCR downregulation only upon addition of OHT. How-

ever, the C-terminal SLP-65-ERT2 fusion already showed

some pre-BCR downregulation without addition of OHT

(�OHT), indicating SLP-65 activity in these cells indepen-

dent of OHT. Addition of OHT (+OHT) did not further

enhance pre-BCR downregulation (see Figure S1 in the

Supplemental Data available online). In contrast, the N-

terminal fusion of ERT2 to SLP-65 was inactive in the ab-

sence of OHT: cells expressing this form showed the same

amount of pre-BCR on their surface as untransduced cells

of the same culture (Figure 1A). Addition of OHT resulted in

downregulation of the pre-BCR on the cells expressing

ERT2-SLP-65 comparable to that observed with normal

SLP-65 (Figure S1). Therefore, we concluded that ERT2-

SLP-65 fusion provides a tight system for the induction

of SLP-65 function whereas the C-terminal fusion of

ERT2 to SLP-65 is leaky.

Next, we sorted the ERT2-SLP-65-positive Oct cells for

GFP expression and tested whether SLP-65 function

could be induced in the sorted cells at any later time

points. In fact, addition of OHT to the sorted cells resulted

in pre-BCR downregulation and subsequent differentia-

tion from pre-B cells to BCR-expressing, immature B cells

(Figure 1B).
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Activation of the Kappa Locus by SLP-65

To address the molecular mechanisms of SLP-65-con-

trolled differentiation processes, we performed RT-PCR

analysis with RNA isolated from sorted ERT2-SLP-65-

expressing Oct cells that were incubated with OHT for dif-

ferent periods of time. We analyzed the expression of Irf4,

which encodes a transcription factor that binds to the

kappa LC locus enhancer and promotes transcription of

the unrecombined kappa locus. The time course showed

that SLP-65 promotes Irf4 transcription, which was already

maximally upregulated after 4 hr of induction of SLP-65

function (Figure 2). Subsequently, kappa transcripts were

upregulated within 8 hr and reached full activation after

24 hr of induction. In contrast, SLP-65 activation resulted

in downregulation of l5 expression. These data indicate

that SLP-65 transmits pre-BCR signals that terminate

pre-BCR expression and activate the kappa gene locus,

thus making it accessible to the recombination machinery.

Moreover, they showed that the kappa gene locus is tightly

regulated in the absence of OHT, providing further evi-

dence for the efficiency of this inducible system.

SLP-65 Provokes Ligand-Independent Ca2+ Flux

Kappa transcription required only SLP-65 activation and

no additional receptor crosslinking, but SLP-65 is required

Figure 2. SLP-65 Induces Kappa Transcription
RT-PCR analysis for the transcription of the indicated genes in ERT2-

SLP-65-positive Oct cells incubated without or with 1 mM OHT for the

indicated time.
for Ca2+ mobilization in pre-B cells (Köhler et al., 2005; Su

and Jumaa, 2003), so we tested whether induction of SLP-

65 function in the ERT2-SLP-65-positive Oct cells was

sufficient to induce Ca2+ flux. Indeed, the experiments

showed that robust and sustained Ca2+ flux was gener-

ated about 2 min after addition of OHT (Figure 3A). These

data suggest that activating SLP-65 function in pre-B cells

is sufficient to induce Ca2+ flux in the absence of additional

receptor stimulation via crosslinking antibodies or ligands.

Importantly, adding OHT to SLP-65-deficient pre-B cells

expressing only ERT2 did not induce Ca2+ flux (Fig-

ure S2A), ruling out the possibility that the robust Ca2+

flux is a side effect of the OHT treatment. Moreover, incu-

bating the ERT2-SLP-65-positive Oct cells with wortman-

nin (a PI3-K inhibitor) drastically reduced their ability to

mobilize Ca2+, suggesting that physiological signaling

pathways initiated by PI3-K are required for Ca2+ flux in

these cells (Figure S2B).

To further confirm the hypothesis of autonomous li-

gand-independent pre-BCR activity, we performed Ca2+

flux experiments with ERT2-SLP-65-expressing pre-B

cells in medium lacking fetal calf serum (FCS). These ex-

periments showed that addition of OHT was sufficient to

induce Ca2+ flux in these cells (Figure S2C), ruling out

the possibility that some unknown factors in FCS might

serve as pre-BCR ligands that triggered the receptor. Fur-

thermore, Ca2+ flux was measured in single cells (data not

shown), suggesting that cell-cell contact is not required for

pre-BCR signaling and supporting the model of autono-

mous pre-BCR function.

To test whether preactivation of SLP-65 affects the

signaling capacity of the pre-BCR, we incubated the ERT2-

SLP-65-positive cells with OHT overnight to mimic pre-

BCR signaling in pre-B cells expressing wt SLP-65. Com-

pared to ERT2-SLP-65-positive cells that were incubated

with the solvent alone, the OHT-pretreated cells showed

elevated Ca2+ baseline amounts (Figure 3B). An additional

OHT dose showed no effect on the Ca2+ signal of these

OHT-pretreated cells. Crosslinking the pre-BCR with
Figure 3. SLP-65 Activation Induces

Ca2+ Flux in Pre-B Cells

(A) Ca2+ measurements of ERT2-SLP-65-posi-

tive Oct cells without and with addition of 1 mM

OHT. In the sample without OHT, the respec-

tive amount of EtOH, the solvent of OHT, was

added as a mock stimulus.

(B) Ca2+ measurement of ERT2-SLP-65-posi-

tive Oct cells that were preincubated overnight

(ON) with the respective amount of EtOH and

then mock stimulated with EtOH (left). The

ERT2-SLP-65-positive Oct cells shown in the

next three samples were preincubated with 1

mM OHT ON. Ca2+ flux was measured without

(second from left) and with (second from right)

addition of 1 mM OHT or with stimulation of the

pre-BCR with 10 mg anti-mHC (right).
Immunity 26, 323–333, March 2007 ª2007 Elsevier Inc. 325
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anti-mHC, however, led to a slight increase in Ca2+ flux

(Figure 3B). These data suggest that constitutive pre-

BCR signaling leads to adaptation or exhaustion of the

involved signaling pathways, thereby reducing pre-BCR-

signaling capacity.

Pre-BCR Is Required for SLP-65-Induced Ca2+ Flux

With this inducible system for SLP-65 function, we asked

whether or not the pre-BCR itself is required for the robust

Ca2+ flux induced by SLP-65 activation. To study this, we

used a pre-B cell line derived from the bone marrow of

a SLP-65, RAG2, l5 triple-deficient mouse. Because of

RAG2 deficiency, triple-deficient cells cannot express

the pre-BCR or the BCR. To test SLP-65 function in the

absence of the pre-BCR, we expressed the inducible

ERT2-SLP-65 fusion in triple-deficient cells and sorted

them for GFP expression. Activation of SLP-65 by OHT

treatment did not result in Ca2+ flux in these cells, showing

that the expression of SLP-65 by itself is not sufficient for

the generation of Ca2+ signals (Figure 4A, first row). Sub-

sequently, we transduced the ERT2-SLP-65-positive tri-

ple-deficient cells with an expression vector for a murine

mHC (B1-8). As reported previously, the mHC can come

to the surface with the Ig-a,Ig-b heterodimer and form

a signaling-competent receptor in the absence of SLC

(Galler et al., 2004; Schuh et al., 2003; Su et al., 2003).

Therefore, we tested whether mHC expression is sufficient

to form functional receptors in pre-B cells. In fact, OHT

treatment of cells sorted for mHC and ERT2-SLP-65 ex-

pression induced a delayed Ca2+ signal with intermediate

intensity, suggesting that the SLC-deficient pre-BCR form

is capable of inducing autonomous ligand-independent

signaling (Figure 4A, second row).

Associated LCs Modulate Ca2+ Signal Intensity

Because triple-deficient cells cannot express the pre-BCR

or the BCR, they can be used to reconstitute these recep-

tors and compare their function in cells with the same ge-

netic background. Hence, we addressed the question of

whether SLP-65 activation downstream of the BCR is

also sufficient to induce Ca2+ flux in the absence of addi-

tional ligands.

Therefore, we first expressed l5 in the ERT2-SLP-65,

mHC-positive triple-deficient cells (shown in Figure 4B,

first row) to reconstitute pre-BCR expression. After sorting

the cells for pre-BCR expression, we analyzed Ca2+ flux

upon SLP-65 activation. In agreement with the results ob-

tained from the Oct pre-B cell line, activation of SLP-65 in

pre-BCR-expressing cells led to a massive Ca2+ signal

(Figure 4B, first row). Because a recent report proposed

a model in which the non-immunoglobulin (non-Ig) portion

of l5 mediates the crosslinking of pre-BCR complexes on

single cells and allows ligand-independent signal trans-

duction (Ohnishi and Melchers, 2003), we generated a

mutant l5, in which the non-Ig region was deleted (non-

Ig� l5). We expressed this mutant in the mHC, ERT2-

SLP-65-positive triple-deficient cells and sorted the cells.

Although high pre-BCR expression was detected (Fig-

ure 4B, second row), activation of SLP-65 in these cells re-
326 Immunity 26, 323–333, March 2007 ª2007 Elsevier Inc.
sulted in a greatly reduced Ca2+ signal as compared to the

Ca2+ signal in cells with wild-type pre-BCR (Figure 4B,

compare first and second row). However, stimulation of

the non-Ig� l5 containing pre-BCR with m chain-specific

antibody induced a strong Ca2+ signal (Figure S2D). This

indicates that the pre-BCR can signal in the absence of a

ligand in vitro and that, in addition to SLP-65, the non-Ig

region of l5 is essential for pre-BCR signaling. To investi-

gate BCR function in our system, we next expressed lLC

(Wossning and Reth, 2004) in ERT2-SLP-65, mHC-positive

triple-deficient cells (shown in Figure 4B, first row) to re-

constitute BCR expression. In contrast to the massive

Ca2+ signal in pre-BCR-positive cells, activation of SLP-

65 in BCR-positive cells failed to generate a Ca2+ signal

(Figure 4C, first row). We obtained the same result when

expressing the kLC in the ERT2-SLP-65, mHC-positive tri-

ple-deficient cells to generate the BCR (data not shown).

In addition, we confirmed that the BCR was functional

and capable of inducing Ca2+ signal. Therefore, we stimu-

lated the BCR-expressing cells with nitro-iodo-phenol

(NIP) as the mHC and lLC used were derived from a hybrid-

oma cell line generating antibodies specific for NIP (Reth

et al., 1978). These experiments showed that addition of

NIP resulted in a rapid Ca2+ signal without additional

ERT2-SLP-65 activation (Figure 4C, second row). This is

in agreement with our recent data showing that BCR en-

gagement on SLP-65-deficient human B cells induces

Ca2+ flux, which is dependent on the activity of src-family

kinases (Sprangers et al., 2006). However, activation of

SLP-65 by OHT resulted in a slightly increased and more

sustained BCR-induced Ca2+ signal (Figure 4C, second

row, compare left and right panels). Similar results were

obtained via crosslinking antibodies recognizing mHC

(data not shown). These data show that the BCR is func-

tional but requires a ligand to induce a Ca2+ response.

In summary, the data support the model that the pre-

BCR is an active complex that can signal autonomously,

unlike the BCR that requires crosslinking antigen for Ca2+

signaling. Moreover, the fact that the parental mHC-posi-

tive cells were able to flux Ca2+ in contrast to the BCR-pos-

itive cells argues for a negative influence of the LC on the

aggregation and signaling competence of the mHC (com-

pare Figure 4A, second row and Figure 4C, first row).

Activation-Induced SLP-65 Phosphorylation

The activation of SLP-65 was sufficient to induce robust

Ca2+ flux with the pre-BCR but not the BCR, so we inves-

tigated ERT2-SLP-65 expression in the corresponding cell

lines. Immunoblot analysis revealed similar amounts of

ERT2-SLP-65 in pre-BCR- and BCR-expressing triple-

deficient cells. Moreover, ERT2-SLP-65 expression in these

cells was comparable to wild-type SLP-65 expression in

other B cell lines such as WEHI231 (Figure 5A and data

not shown). This shows that the observed effects are not

caused by overexpression of ERT2-SLP-65 in the pre-

BCR-expressing cells. mHC expression, however, was

higher in BCR-positive compared to pre-BCR-positive

cells, which is in agreement with the FACS analysis (Fig-

ures 5A, 4B, first row, and 4C).
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Figure 4. Distinct Requirements for Ca2+ Flux in Pre-BCR- and BCR-Positive Cells
(A) FACS analysis for mHC expression and Ca2+ measurement of ERT2-SLP-65-positive SLP-65, RAG2, l5 triple-deficient cells without and with

addition of 1 mM OHT (first row). FACS analysis for mHC expression of these ERT2-SLP-65-positive triple-deficient cells that were transduced and

sorted for mHC expression (gray) as compared to the untransduced cells (black), and Ca2+ measurement of the mHC-positive cells either without

or with addition of 1 mM OHT (second row).

(B) FACS analysis and Ca2+ measurement of ERT2-SLP-65, mHC-positive triple-deficient cells (shown in [A], second row) that were transduced with l5

and sorted for receptor expression. FACS staining for pre-BCR expression (mHC versus SLC) and Ca2+ measurement without or with addition of 1 mM

OHT is shown (first row). The same is shown for ERT2-SLP-65, mHC-positive triple-deficient cells transduced with l5 with a deleted non-Ig portion

(second row).

(C) As in [B], but FACS staining (mHC versus lLC) and Ca2+ measurement for cells expressing BCR (first row). Ca2+ measurement without or with

addition of 1 mM OHT in combination with stimulation with 10 mg/ml NIP-BSA is shown for the same cells (second row).
Immunity 26, 323–333, March 2007 ª2007 Elsevier Inc. 327
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We next tested whether inducing ERT2-SLP-65 by OHT

leads to any alterations in tyrosine phosphorylation of

SLP-65 or other signaling proteins. In addition, we stimu-

lated pre-BCR-positive and BCR-positive triple-deficient

cells by receptor crosslinking with anti-mHC in the pres-

ence of OHT. Immunoblot analysis of total cellular lysates

(TCL) suggested that addition of OHT may lead to in-

Figure 5. ERT2-SLP-65 Is Phosphorylated after Addition of

OHT

(A) Immunoblot analysis of whole-cell lysates of SLP-65, RAG2, l5 tri-

ple-deficient cells (tko, lane 1), of ERT2-SLP-65, pre-BCR-positive tri-

ple-deficient cells (pre-BCR, lane 2), of ERT2-SLP-65, BCR-positive

triple-deficient cells (BCR, lane 3), of SLP-65-deficient Oct pre-B cells

(lane 4), and of WEHI231 B cells as control (lane 5) on the same blot.

mHC, SLP-65, and Ig-a expression were tested with the respective an-

tibodies. Immunoblotting with anti-actin served as loading control.

(B) Immunoblot analysis of total cellular lysates (TCL, lanes 1–6) or IPs

for ERT2-SLP-65 (lanes 8–13) of ERT2-SLP-65, pre-BCR-positive tri-

ple-deficient cells (lanes 1–3 and 8–10) and of ERT2-SLP-65, BCR-

positive triple-deficient cells (lanes 4–6 and 11–13). Cells were incu-

bated for 3 min at 37�C in complemented Iscove’s medium containing

1 mM OHT or the respective amount of EtOH (-), a-mHC was added at

10 mg/ml where indicated. Tyrosine phosphorylation was detected

with 4G10 antibody. Immunoblotting with anti-HA (tag for ERT2-SLP-

65) and anti-actin (bottom) served as controls. The asterisk marks

yet uncharacterized proteins. M, marker.
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creased ERT2-SLP-65 tyrosine phosphorylation, particu-

larly in pre-BCR-positive cells (Figure 5B, lanes 2 and 5).

In contrast, anti-mHC stimulation induced stronger overall

tyrosine phosphorylation in BCR-positive as compared to

pre-BCR-positive cells (Figure 5B, lanes 3 and 6). To con-

firm the increased tyrosine phosphorylation after OHT

addition, we performed immunoprecipitations (IPs) for

ERT2-SLP-65. These IPs showed that basal ERT2-SLP-65

phosphorylation is already detectable without stimulation

in pre-BCR-positive cells as compared to BCR-postive

cells (Figure 5B, lanes 8 and 11). In addition, they showed

that OHT treatment resulted in a clear increase of ERT2-

SLP-65 phosphorylation in pre-BCR-positive cells, which

was only minimally augmented when the cells were also

stimulated by receptor crosslinking (Figure 5B, lanes 8

to 10). OHT treatment of BCR-positive cells resulted in

low, but apparent, induction of ERT2-SLP-65 phosphory-

lation, which was drastically increased upon receptor

engagement (Figure 5B, lanes 11 to 13). Importantly, co-IP

of other phosphorylated proteins correlates closely with

the phophorylation status of ERT2-SLP-65.

In summary, OHT treatment seems to induce higher ty-

rosine phosphorylation of SLP-65 in pre-BCR-positive

cells as compared to BCR-positive cells. This may explain

the differences seen in the requirements for the generation

of Ca2+ flux in these cell lines.

Human Pre-BCR and BCR Behave Like Their Murine

Counterparts

To confirm our finding that the pre-BCR acts autono-

mously but is dependent on SLP-65 function whereas

the BCR requires a specific ligand, we used SLP-65-defi-

cient human cell lines expressing either pre-BCR or BCR.

The inducible ERT2-SLP-65 system was not established

for human cells, so we transiently expressed normal hu-

man SLP-65 (hSLP-65) in the SLP-65-deficient pre-B

cell line HPB null (Taguchi et al., 2004) and monitored

Ca2+ mobilization in isolated single cells. As observed

for murine pre-B cells, hSLP-65 expression led to repeti-

tive autonomous and ligand-independent Ca2+ flux (Fig-

ure 6A). Because these measurements were performed

in isolated single cells, cell-cell contacts are not required

for the SLP-65-induced Ca2+ flux in pre-B cells. Similar re-

sults were obtained with two additional human SLP-65-

deficient pre-B cell lines (BEL1 and BV-173; data not

shown). In contrast, the reconstitution of SLP-65 expres-

sion in SLP-65-deficient BCR-expressing human B cell

lymphoma cell lines (LP-1 and KARPAS-422; Sprangers

et al., 2006) had no effect on Ca2+ flux in the absence of

additional receptor crosslinking (Figure 6B and data not

shown). These data emphasize the different requirements

of pre-BCR and BCR for signal transduction and point to

differences in the nature of Ca2+ signals induced by these

receptors.

DISCUSSION

In this study, we define a new property of conventional

LCs by showing that they inhibit the autonomous signaling
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Figure 6. Ligand Independence of Pre-BCR but Not BCR Signaling in Human B Lymphoid Cell Lines

(A) Human SLP-65-deficient HPB null pre-B cells were transiently transfected with MIG-hSLP-65 (gray) or MIG-GFP (black), and single isolated cells

were subjected to Ca2+ measurement in the absence of stimulating antibody.

(B) Human SLP-65-deficient Karpas-422 B cells were transiently transfected with MIG-hSLP-65 or MIG-GFP and subjected to Ca2+ measurement in

the presence or absence of stimulating antibody.
capacity of the BCR. We propose that this property plays

an important role in the selection of developing B cells. In

contrast to conventional LCs, we show that SLC induces

constitutive autonomous receptor signaling. We obtained

these results by using ERT2-SLP-65 fusions, which al-

lowed us to efficiently induce the function of the essential

signaling protein SLP-65 in BCR- or pre-BCR-expressing

cells. Interestingly, our data showed that efficient induc-

tion of SLP-65 activity requires N-terminal fusion of SLP-

65 to ERT2, as indicated by the fact that SLP-65 activity

was leaky in the C-terminal fusion. A possible explanation

for the discrepancy between N-terminally and C-termi-

nally fused ERT2 is that the N terminus of SLP-65, which

we have shown to be essential for membrane recruitment

and activity of SLP-65 (Köhler et al., 2005), might be ac-

cessible, leading to membrane association of SLP-65 in

the C-terminal fusion to ERT2 in the absence of OHT. In

the N-terminal fusion of ERT2 to SLP-65, the Hsps bound

to ERT2 might shield the N terminus of SLP-65, thereby

preventing membrane association and activation of SLP-

65 in the absence of OHT.

With this SLP-65-inducible system, we found that, in

contrast to the BCR, pre-BCR-induced Ca2+ signaling

was independent of ligand and cell-cell interactions.

Moreover, our data indicate a unique mode of Ca2+ signal-

ing in pre-BCR-expressing cells that show autonomous

repetitive Ca2+ flux. An obvious question is how SLP-65

activates autonomous pre-BCR-dependent Ca2+ flux. It

is conceivable that induction of SLP-65 phosphorylation

leads to the assembly and translocation of preactivated

signaling proteins to the pre-BCR. In BCR-expressing
cells, however, SLP-65 phosphosphorylation does not

reach the required threshold, probably resulting from inef-

ficient preactivation of the responsible kinases, which

seem to be preactivated in pre-B cells. This is in line

with data showing increased Btk, Blk, and Fyn activation

in pre-BCR-expressing cells as compared to BCR-

expressing cells (Aoki et al., 1994a, 1994b; and our unpub-

lished results).

In addition to SLP-65, the non-Ig portion of l5 is re-

quired for efficient pre-BCR signal transduction, as dem-

onstrated by recent data (Ohnishi and Melchers, 2003).

Our results are in full agreement with these data and, by

showing that the autonomous capacity of the pre-BCR

to induce Ca2+ flux could be detected in isolated single

cells, they provide additional evidence for ligand-indepen-

dent pre-BCR signaling. We can not, however, exclude

the existence of potential cis-acting ligands located on

the membrane that allow interaction between pre-BCRs

of the same cell. On the other hand, it has been suggested

that molecules produced by stromal cells in the bone mar-

row can serve as ligands for the pre-BCR. For instance,

murine pre-B cells can bind heparan sulfate (Bradl et al.,

2003), and human pre-B cells attach to galectin-1 (Gauth-

ier et al., 2002). However, neither stromal cells nor FCS

were required for Ca2+ mobilization in ERT2-SLP-65-pos-

itive pre-B cells, arguing against the existence of specific

pre-BCR ligands in our experimental system.

The constitutive and autonomous signaling capacity of

the pre-BCR suggests that critical pre-BCR signals have

already been delivered in commonly used pre-B cell

lines that express SLP-65 (Aoki et al., 1994a, 1994b;
Immunity 26, 323–333, March 2007 ª2007 Elsevier Inc. 329
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Figure 7. Model for Autoselection of B Cells

The mHC may possess a weak intrinsic aggregation capacity. The SLC enhances this aggregation capacity and induces strong autonomous signaling

of the pre-BCR, resulting in proliferation and LC recombination. A conventional LC (cLC), which abolishes the mHC interaction and prevents the ag-

gregation of the BCR, allows stable BCR expression on the surface of immature B cells that may then be selected to exit the bone marrow. B cells with

a conventional LC, which fails to prevent BCR auto-aggregation (cLC*) or allows recognition of autoantigens, may proliferate and undergo further LC

recombination until an aggregation-preventing LC is produced.
Karasuyama et al., 1997). In fact, when we mimicked con-

stitutive pre-BCR signaling by inducing SLP-65 activity in

pre-B cells overnight, only minor Ca2+ signals were gener-

ated after pre-BCR crosslinking. This suggests that con-

stitutive signaling hampers the analysis of pre-BCR signal-

ing in commonly used pre-B cells, whereas inducible

activation of SLP-65 provides a potent system to trigger

pre-BCR signaling in a timely regulated manner. Our re-

sults showed that few hours after triggering pre-BCR sig-

naling, the LC gene locus was accessible for V(D)J recom-

bination and transcription of the SLC component l5 was

downregulated. Thus, inducible SLP-65 activation not

only allows the characterization of immediate pre-BCR

signals, such as Ca2+ flux, but also provides a powerful

system for analyzing the molecular requirements for con-

necting pre-BCR signaling with LC gene activation and

pre-B cell differentiation.

We measured Ca2+ in triple-deficient cells expressing

different receptor forms (mHC, conventional, or mutant

pre-BCR and BCR) after activation of SLP-65. This con-

firmed the importance of SLC as an internal ligand for

pre-BCR signal transduction. Introduction of a lLC to ex-

press BCR, however, prevented the intermediate Ca2+

signals, which were observed with triple-deficient cells ex-

pressing only mHC. This may indicate that conventional

LCs are selected for inhibiting autonomous BCR aggrega-

tion. From these data, we propose a model in which the

SLC and LC play opposite roles in regulating receptor ac-

tivation (Figure 7). Without a SLC or conventional LC, we

assume that mHC possesses an intrinsic capacity to ag-

gregate and form multimeric complexes that can signal if

the intracellular signaling machinery is intact. Binding of

the SLC to the mHC enhances the aggregation capacity
330 Immunity 26, 323–333, March 2007 ª2007 Elsevier Inc.
and results in higher autonomous signaling, which is me-

diated by the non-Ig portion of l5 (Ohnishi and Melchers,

2003). In contrast, the negative effect of conventional LC

may prevent the aggregation capacity of mHC on the cell

surface. Only binding of a ligand allows aggregation with

subsequent signal transduction. In accordance with the

current view of the role of the pre-BCR (Melchers, 2005),

this concept of receptor activation would allow prolifera-

tion of all pre-B cells, which express a mHC capable of

pairing with the SLC. On the other hand, a negative role

of conventional LCs in BCR aggregation may provide an

important model for the selection of immature B cells. Nat-

urally arising autoantibodies are often polyreactive (War-

demann et al., 2003, 2004), so it is well likely that they pos-

sess increased ability to interact and aggregate on one

single cell. This aggregation might lead to autonomous

signaling comparable to that induced by the pre-BCR,

suggesting that polyreactive receptors may induce prolif-

eration. However, conventional LCs that prevent autono-

mous receptor aggregation on immature B cells enable

further differentiation (Figure 7). The ability of some

mHCs to form pre-BCR like complexes with conventional

LCs is supported by data showing that a prematurely ex-

pressed LC can rescue the deficient B cell development in

mice lacking pre-BCR expression (Pelanda et al., 1996). In

addition, it provides a cell-autonomous mechanism for re-

moving polyreactive antibodies from developing B cells

and is in full agreement with the data showing that LCs

are involved in silencing autoreactive antibodies (Warde-

mann et al., 2004).

Of note, the inability of the BCR to induce Ca2+ mobili-

zation after SLP-65 activation is not in conflict with the im-

portance of BCR expression for B cell survival indicating
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essential ligand-independent BCR signaling (Kraus et al.,

2004; Lam et al., 1997). In fact our results show that, com-

pared with receptor-deficient triple-deficient cells, BCR-

expressing cells displayed increased Ig-a phosphorylation

and support the role of ligand-independent BCR signaling

(data not shown).

In summary, the present study revealed unexpected dif-

ferences between SLC and conventional LC in receptor

signaling and showed that the pre-BCR on the one hand

induces repetitive Ca2+ flux autonomously. Elucidating

whether the frequency, amplitude, and duration of such

Ca2+ signals is important for proper pre-B cell proliferation

and differentiation should improve our view of the molec-

ular processes regulating cellular responses. The conven-

tional LC, on the other hand, inhibited autonomous signal-

ing. This feature of the LC might determine the selection of

developing B cells and may be a key function to avoid au-

toreactive B cells and uncontrolled B cell proliferation.

EXPERIMENTAL PROCEDURES

Culture Conditions

Oct (Su and Jumaa, 2003) and SLP-65, RAG2, l5 triple-deficient cells

were cultured in complemented Iscove’s medium (Storch et al., 2007).

Supernatant of J558L cells stably transfected with a vector for murine

IL-7 was added. Differentiation experiments were done by cultivating

the cells for 4 days in complemented Iscove’s medium lacking IL-7.

HPB null (Taguchi et al., 2004) and KARPAS-422 (Sprangers et al.,

2006) cells were cultured in complemented RPMI medium containing

10% FCS. Cells were incubated and stimulated with 1 mM 4-Hydroxy-

tamoxifen (OHT, Sigma-Aldrich). As negative control, cells were

treated with the same volume of EtOH, the solvent of OHT.

Retroviral Constructs and Transductions

The ERT2 cassette (Indra et al., 1999) was fused to the N terminus or

the C terminus of SLP-65 in pMIG or pMOWS, respectively. l5 was

cloned by PCR with primers covering the start and stop codon and in-

serted into the pMOWS vector. Deletion of the non-Ig portion of l5 (JC

mutant) was done as described (Ohnishi and Melchers, 2003). The lLC

and the mHC were amplified from mm3-11 cDNA (Wossning and Reth,

2004) and inserted into respective retroviral vectors.

Retroviral transductions of murine cells were done as described

(Storch et al., 2007). Human SLP-65 deficient B cell leukemia and lym-

phoma cells were transfected with pMIG-GFP-SLP-65 or pMIG-GFP

vector as control by a nucleofection system according to the manufac-

turer’s instructions (Amaxa Biosystems).

Cells were sorted under sterile conditions with a FACStar 440 or

a MoFlo (Dako Cytomation) cell sorter.

Ca2+ Measurements

Ca2+ measurements were done as described (Storch et al., 2007).

Cells were stimulated with 1 mM OHT. As negative control, cells were

treated with the same volume of EtOH, the solvent of OHT. NIP-BSA

(Biosearch Technologies) and anti-IgM (mHC-specific, Southern Bio-

technology/Biozol) were added to a final concentration of 10 mg/ml.

Human pre-B cell lines were stimulated with m chain-specific antibody

(Jackson ImmunoResearch Laboratories), and human BCR-express-

ing cell lines were stimulated with anti-human IgM and IgG F(ab0)2 frag-

ments (Jackson ImmunoResearch Laboratories). Cytoplasmic Ca2+

levels were measured separately in multiple single cells by laser scan-

ning microscopy as previously described (Reppel et al., 2005).

Flow Cytometry

Cells were stained for FACS with anti-IgM-Cy5 (m chain specific, Dia-

nova), anti-kappa-biotin (BIOZOL), Streptavidin-PerCP (BD Biosci-
ences), anti-lambda-biotin (Biozol), and anti-VP245 (kind gift of T. Ro-

link) (Karasuyama et al., 1993). FACS analysis was performed with

a FACSCalibur (Becton Dickinson).

Immunoblot Analysis

Cells were lysed in 1% Trition in lysis buffer (pH 7.4) (137.5 mM NaCl,

50 mM Tris-HCl, 0.5 mM EDTA, 10% glycerol). Samples were sepa-

rated on 10% SDS-polyacrylamide gels and transfered to PVDF mem-

branes (ImmobilonP; Millipore) or to nitrocellulose membranes (Amer-

sham) in the case of Figure 5B. Membranes were then incubated in

blocking solution PBT (PBS, 0.1% Tween 20) supplemented with 5%

skim-milk powder for 1 hr. Primary antibodys were diluted in PBT sup-

plemented with 2% bovine serum albumin fraction V (Biomol) and

0.1% Sodiumazide (Sigma). Secondary antibodies were diluted in

blocking solution. Immunoreactive proteins were detected by the

ECL Chemoluminiscence Detection System (Amersham). Cells were

stimulated with anti-IgM (mHC-specific, Southern Biotechnology/

Biozol) at a final concentration of 10 mg/ml for 3 min at 37�C. SLP-65

was activated by incubating the cells in 1 mM OHT for 3 min at 37�C.

Antibodies recognizing phospho-tyrosine (4G10, Upstate Biotech),

SLP-65 (generated in our department by B. Wollscheid), mHC (Pierce),

actin (Santa Cruz), Ig-a (kind gift of H.M. Jäck), HA (Roche), eIF4A (kind

gift of P. Nielsen), or P-Btk (New England Biolabs) were used.

RT-PCR Analysis

Cells were cultured with or without 1 mM OHT for the indicated time.

RNA was purified with Trizol according to the manufacturer’s instruc-

tions (Invitrogen Life Technologies). 1 mg RNA was used to perform

cDNA synthesis as described (Jumaa et al., 1999), with 0.1 mg random

hexameric oligonucleotides. The resulting cDNA was used in PCR as-

says to amplify kappa transcripts of the unrecombined kappa locus

(also referred to as germline transcripts), Irf4, l5, and HPRT gene tran-

scripts. The PCR fragments were separated on agarose gels and de-

tected by ethidium bromide staining. The following primers were

used: kGL, l5, and HPRT (Grawunder et al., 1995) and Irf4 (Muljo

and Schlissel, 2003).

Supplemental Data

Two Supplemental Figures can be found with this article online at

http://www.immunity.com/cgi/content/full/26/3/323/DC1/.
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