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Different Nuclear Signals Are
Activated by the B Cell Receptor
during Positive Versus Negative Signaling

James I. Healy,*†§ Ricardo E. Dolmetsch,‡ transgenic mice provides a well-controlled model to ex-
Luika A. Timmerman,† Jason G. Cyster,* plore the basis for positive versus negative signaling.
Mathew L. Thomas,‖ Gerald R. Crabtree,†§ When B cells that bear a uniform BCR specific for the
Richard S. Lewis,†‡ and Christopher C. Goodnow*†§ antigen hen egg lysozyme (HEL) have matured in a
*Department of Microbiology and Immunology mouse without being exposed to HEL, these naive cells
†Program in Immunology make a positive initial response upon acute exposure
‡Department of Molecular and Cellular Physiology to the foreign HEL antigen (Cooke et al., 1994). BCR
§Howard Hughes Medical Institute signaling in this case up-regulates costimulatory CD86
Stanford University School of Medicine (B7.2) molecules and promotesmitogenesis and compe-
Stanford, California 94305 tence to collaborate with helper T cells. By contrast,
‖Howard Hughes Medical Institute when B cells with the same BCR specificity mature in
Department of Pathology mice where HEL is chronically encountered as a self-
Washington University School of Medicine antigen, antigen binding no longer triggers CD86 ex-
St. Louis, Missouri 63110 pression, mitogenesis, or the capacity to resist Fas-

mediated apoptosis (Cooke et al., 1994; Cyster and
Goodnow, 1995a; Rathmell et al., 1996). While the loss
of these positive responses is consistent with a marked

Summary decrease in BCR-induced protein tyrosine phosphoryla-
tion in tolerant B cells (Cooke et al., 1994), their BCRs

It is not known how immunogenic versus tolerogenic nevertheless retain the full capacity to transmit negative
cellular responses are signaled by receptors such as signals that inhibit B cell migration and survival (Cyster
the B cell antigen receptor (BCR). Here we compare et al., 1994; Fulcher and Basten, 1994; Cyster and Good-
BCR signaling in naive cells that respond positively to now, 1995a; Fulcher et al., 1996) and that block plasma
foreign antigen and self-tolerant cells that respond cell differentiation and antibody secretion (Goodnow et
negatively to self-antigen. In naive cells, foreign anti- al., 1991; J. I. H. et al., unpublished data). Because naive
gen triggered a large biphasic calcium response and and tolerant B cells are matched for their specificity and
activated nuclear signals through NF-AT, NF-kB, JNK, maturation stage, they provide a good model to examine
and ERK/pp90rsk. In tolerant B cells,self-antigen stim- the biochemical distinction between positive and nega-
ulated low calcium oscillations and activated NF-AT tive signaling.
and ERK/pp90rsk but not NF-kB or JNK. Self-reactive The BCR promotes mitogenesis and immune re-
B cells lacking the phosphatase CD45 did not exhibit

sponses by initiating a branching biochemical cascade
calcium oscillations or ERK/pp90rsk activation, nor

of tyrosine kinases and second messengers such as
did they repond negatively to self-antigen. These data

calcium (reviewed by Gold and DeFranco, 1994; Cam-
reveal striking biochemical differences in BCR signal-

bier et al., 1994). In turn, these induce gene expression
ing to the nucleus during positive selection by foreign

by translocating cytoplasmic transcription factors suchantigens and negative selection by self-antigens.
as NF-AT and NF-kB to the nucleus (Liou and Baltimore,
1993; Baeuerle and Henkel, 1994; Clipstone and Crab-
tree, 1994; Rao, 1994; Thanos and Maniatis, 1995; Bald-Introduction
win, 1996) and by activating mitogen-activated protein
kinases (MAPKs) such as extracellular signal–regulatedAntigen receptors have the capacity to induce either
protein kinase (ERK) and c-Jun N-terminal kinase (JNK)positive or negative responses in lymphocytes. Follow-
that phosphorylate preexisting nuclear transcription fac-ing infection or immunization, the binding of foreign anti-
tors (Davis, 1994; Karin and Hunter, 1995).gens to B cell antigen receptors (BCR) elicits positive

In principle, the reduced tyrosine phosphorylationsignals that promote clonal proliferation and differentia-
elicited by theBCR in tolerant cellscould causea gradedtion into antibody-secreting cells (Cambier et al., 1994;
reduction in all signals to the nucleus. By differentiallyCooke et al., 1994; Gold and DeFranco, 1994; Rothstein
inducing target genes with distinct signal thresholds, aet al., 1995; Rathmell et al., 1996). The binding of self-
purely quantitative model could thus account for theantigens, by contrast, induces negative signals that ac-
negative rather than positive response. Here we de-tively enforce self-tolerance by inhibiting self-reactive
scribe the surprising finding that only a subset of BCRB cell survival, maturation, proliferation, migration, and
signaling pathways to the nucleus is depressed in toler-antibody secretion (reviewed by Nossal, 1983; Scott,
ant B cells responding negatively to self-antigen, while1993; Goodnow et al., 1995). While the importance of
others continue to be activated at levels comparable tothese opposite signaling phenomena has long been rec-
that seen in positive mitogenic responses to foreignognized (Nossal, 1983), the biochemical distinction be-
antigen. This capacity of the BCR to selectively activatetween positive and negative signals induced by a single
distinct nuclear signaling pathways has important impli-receptor is not known.
cations for the mechanism of self versus nonself recog-Analysis of immunogenic versus tolerogenic responses

by mature splenic B cells from immunoglobulin (Ig) gene nition.
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for HEL were obtained from IgM/IgD trangenic mice in
which thecells developed without HEL antigen exposure
(Goodnow et al., 1988). Acute ligation of their BCRs
with HEL or anti-IgD antibodies stimulated a biphasic
calcium response: a large, transient increase in intra-
cellular calcium concentration ([Ca21]i) followed by a
smaller persistent calcium plateau (Figure 1A, dashed
lines).

In tolerant HEL-specific B cells that developed in mice
carrying a soluble HEL transgene, the BCRs werechroni-
cally engaged by circulating self-antigen (Goodnow, et
al., 1988; Mason et al., 1992), and [Ca21]i regulation was
altered in two respects: in tolerant cells, basal [Ca21]i

was elevated by 120 nM, and in vitro ligation of their
BCRs with HEL or with anti-IgD failed to evoke the large
[Ca21]i transient (Figures 1A and 1C) even though IgD
BCRs were expressed at normal levels. Single-cell anal-
ysis revealed that the mean elevation of basal calcium
in tolerant B cells resulted from asynchronous calcium
oscillations that were rapidly quenched by chelation of
extracellular calcium (Figure 1B). To determine if the
[Ca21]i oscillations were the result of repeated binding
of self-antigens, tolerant B cells weretransferred to mice
that did not express HEL. Within 2 days after transfer,
[Ca21]i oscillations in the tolerant cells disappeared and
the mean basal [Ca21]i was reduced to the level of resting
naive B cells. [Ca21]i oscillations and elevated mean
[Ca21]i persisted in control transfers of tolerant B cells
into HEL-expressing mice (Figure 1C), demonstratingFigure 1. Self-Antigen Stimulates Repetitive Calcium Oscillations in
that the oscillations arise through continued stimulationTolerant B Cells
of the self-reactive BCR.(A) [Ca21]i responses of naive (dashed line) and tolerant (solid line)

B lymphocytes stimulated with 500 ng/ml HEL (bar) or 20 mg/ml
polyclonal goat anti-IgD (bar). Data are representative of six experi-
ments. NF-ATp and NF-ATc Are Translocated to the Nuclei
(B) Resting [Ca21]i in naive and tolerant B cells before and after of Tolerant B Cellsaddition of 3 mM EGTA (bar). Each panel shows the mean of greater

To determine if the [Ca21]i oscillations had conse-than 250 cells (bold solid line) and tracings from two single cells
quences for nuclear signaling in tolerant cells, we ana-(dashed and dotted lines). Data are representative of three experi-

ments. lyzed the transcription factors NF-ATp (Jain et al., 1993)
(C) The distribution of mean basal [Ca21]i in single cells. (Left) The and NF-ATc (Northrop et al., 1994), which translocate
distribution of calcium means in freshly isolated naive (dashed line) to the nucleus (Flanagan et al., 1991) following dephos-
and tolerant (solid line) B cells. (Right) Distribution of mean calcium

phorylation by the calcium-dependent phosphatase cal-among tolerant B cells that were injected intravenously into lympho-
cineurin (reviewed by Clipstone and Crabtree, 1994;cyte-deficient rag22/2 mice expressing HEL (solid line) or lacking

HEL (dashed line) and purified from the spleen 50 hr later for single- Rao, 1994). Western blot analysis revealed that dephos-
cell measurements. Equivalent results were obtained in three sepa- phorylated NF-ATp and NF-ATc were already located in
rate experiments with transfers from 40–50 hr. the nuclei of freshly isolated tolerant B cells (Figures

2A–2C; Tolerant lane U), whereas they were dephos-
phorylated and present in the nuclei of naive B cellsResults
only after stimulation with HEL, anti-IgD, or calcium io-
nophore (Naive lanes H, D, and I). Continued calciumDifferential Calcium Signaling in Tolerant B Cells
spiking and calcineurin activity were needed to maintainIn previous analyses, tolerant B cells that respond nega-
NF-ATp and NF-ATc in the nuclei of tolerant cells be-tively to HEL antigen had a markedly diminished BCR-
cause chelation of extracellular calcium or exposure toinduced calcium response and diminished tyrosine
cyclosporin A, which inhibits calcineurin (Liu et al., 1991;phosphorylation on Iga, Lyn, and Syk, when compared
Clipstone and Crabtree, 1992), caused both NF-ATp andto naive cells that respond positively to the same antigen
NF-ATc to be exported from the nuclei to the cytoplasm(Cooke et al., 1994; M. P. Cooke and C. C. G., unpub-
of tolerant B cells within 10 min (Figures 2A and 2B;lished data). Because basal calcium levels appeared to
compare lanes U, E, and C). These results show thatbe elevated in tolerant cells (M. P. Cooke and C. C. G.,
circulating self-antigens induce low-level [Ca21]i oscilla-unpublished data), we analyzed the calcium response
tions that activate calcineurin and translocate NF-ATpin more detail by single-cell calcium imaging, which is
and NF-ATc to the nuclei of tolerant B cells, even thoughmore sensitive than the flow cytometric analysis used
that ligation of their receptors does not induce an initialpreviously.

Naive (nontolerant) B cells expressing BCRs specific calcium peak.
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phosphorylated (lane D), indicating that the pathway
from the BCR to ERK was intact. Elevated ERK1 and
ERK2 activity in tolerant B cells was confirmed by in-
gel-kinase assay (Figure 3C). pp90rsk, a substrate for
ERK (Sturgill et al., 1988; Hsiao et al., 1994), was exam-
ined to track the ERK pathway to the nucleus. Like ERK1
and ERK2, the phosphorylated active form of pp90rsk
was already present in tolerant B cells and was further
induced by anti-IgD. In naive B cells, the active form of
pp90rsk was detected only after treatment with HEL or
anti-IgD (Figure 3D).

Nuclear ERK activity in tolerant cells was further indi-
cated by expression of the early response gene, Egr-1,
which is induced following BCR engagement via ERK
(McMahon and Monroe, 1995). Egr-1 protein was al-
ready present in the nuclei of tolerant B cells, and its
expression was further induced by anti-IgD antibodies
(Figure 3E; Tolerant lanes U and D). In contrast, in naive
B cell nuclei, Egr-1 was detectable only after in vitro
HEL or anti-IgD stimulation (Figure 3E; Naive lanes U,
H, and D). Egr-1 protein disappeared when tolerant B
cells were transferred into mice lacking HEL (Figure 3F;
lane N) but persisted in control transfers into animals
expressing HEL (lane H). This result demonstrates that
activation of the ERK/Egr-1 pathway in tolerant B cells,
like the calcium oscillations, requires continued expo-
sure to self-antigen.

Self-Antigens Do Not Generate Calcium Oscillations
or Activate ERK/pp90rsk Signaling in Self-Reactive
B Lymphocytes Lacking CD45
To further substantiate that the continual [Ca21]i oscilla-

Figure 2. Elevated Nuclear NF-ATp and NF-ATc in Tolerant B Cells tions and pp90rsk/Egr-1 activation in tolerant B cells
Depends on Continued Calcium Spiking and Calcineurin Activity depends on BCR signaling, soluble HEL/anti-HEL mice
(A) and (B) Western blot analysis of NF-ATp and NF-ATc in cyto- were bred to mice lacking the BCR-associated tyrosine
plasmic and nuclear lysates of naive and tolerant B cells. Cells were phosphatase CD45 (Cyster et al., 1996). [Ca21]i oscilla-
unstimulated (U) or were stimulated in vitro with 1 mg/ml ionomycin

tions and elevation in mean basal [Ca21]i were not de-(I), HEL (H), or anti-IgD (D). Cyclosporin at 100 ng/ml (C) was added
tected in HEL-specific, CD45-deficient B lymphocytes10 min before stimulation with anti-IgD (CD). EGTA was added to
that were chronically exposed to HEL (Figure 4A). Like-the media at 3 mM (E). NF-AT cycling also occurs in HEL-stimulated

naive B cells (data not shown). Phosphorylated and unphosphory- wise, CD45 was required for the activation of pp90rsk
lated NF-AT isoforms are indicated by closed and open arrowheads, and induction of Egr-1 by self-antigens (Figures 4B and
respectively. Molecular size markers are given in kilodaltons. Num- 4C). Since CD45 is required for inhibition of B cell sur-
bers undereach lane indicate the percentage of NF-ATimmunoreac-

vival by soluble self-antigens (Cyster et al., 1996), thesetivity normalized for actin and relative to unstimulated naive cells
data suggest that chronic signaling through calcium or(cytoplasm) or the ionomycin induced value (nuclear).
the ERK pathway or both may be essential for this nega-(C) Nuclear NF-ATc quantitation from five separate experiments

(dots). Bars denote arithmetic means. tive response to self-antigen.

The JNK Pathway Is Not Triggered by the BCRActive ERK and pp90rsk and Expression
of the Early Response Gene Egr-1 in Tolerant Cells

The finding that BCR activation of NF-AT and ERK wasin Tolerant B Cells
To determine if negative signaling in response to self- comparable in naive and tolerant lymphocytes despite

the opposite functional responses of these cells promptedantigens was also accompanied by activation of cal-
cium-independent signals such as the MAPK ERK2 us to analayze other nuclear signals. The MAPK JNK is

homologous to but regulated independently of the ERK(Izquierdo et al., 1993), we examined ERK2 and its down-
stream targets and found that tonic signaling by self- pathway (Minden et al., 1994; Sanchez et al., 1994; Yan

et al., 1994; Coso et al., 1995; Minden et al., 1995) and isantigen also activated this pathway. Fifteen percent of
ERK2 was already phosphorylated in freshly isolated activated by the T cell receptor in a calcium-dependent

manner (Su et al., 1994). BCR stimulation of naive Btolerant B cells (Figures 3A and 3B; Tolerant lane U),
whereas innaive B cells ERK phosphorylation was found cells induced 10% of JNK1 to migrate more slowly on

Western blot analysis, consistent with phosphorylationonly after in vitro stimulation with HEL or anti-IgD (Naive
lanes U, H, and D). In vitro stimulation of tolerant cells and activation (Lin et al., 1995), and this effect was aug-

mented by costimulation with phorbol ester (Figureswith anti-IgD induced a greater fraction of ERK to be
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5A–5C; lanes U, H, D, P, and DP). As measured by mobil-
ity shift, JNK1 was not phosphorylated in freshly isolated
tolerant B cells, and BCR-induced phosphorylation was
markedly depressed relative to naive B cells (lanes U,
H, D, and DP). Comparable results were obtained by
assaying the in vivo phosphorylation state of activating
transcription factor–2 (ATF2), a nuclear substrate for
JNK (Gupta et al., 1995) (Figure 5D). ATF2 can also be
phosphorylated by the related stress-activated protein
kinase p38 (Raingeaud et al., 1995), so that we cannot
exclude the possibility that p38 may account for ATF2
phosphorylation induced in naive cells. In tolerant cells,
phosphorylation of JNK1 and ATF2 was normal when
the BCR was bypassed by phorbol ester and ionomycin
(Figures 5C and 5D; lane PI), indicating that signaling
was disrupted between the BCR and JNK. Thus, the
MAPKs ERK and JNK are both activated in naive B
cells that mount a positive response, whereas they are
activated differentially in tolerant B cells that make a
negative response.

The NF-kB Pathway Is Not Induced by the BCR
in Tolerant Cells
The NF-kB proteins c-Rel and Rel-A are important cal-
cium-responsive transcriptional regulators in lympho-
cytes that aresequestered in the cytoplasmbound to the
translocation inhibitor IkBa until immune signals trigger
their release (Liou and Baltimore, 1993; Baeuerle and
Henkel, 1994; Thanos and Maniatis, 1995; Baldwin,
1996). In naive B cells, BCR stimulation induced IkBa

degradation and nuclear translocation of c-Rel and RelA
within 15 min (Figures 6A–6C and data not shown) by a
mechanism that was blocked by calcium chelation or
cyclosporin A (lanes E and C). In freshly isolated tolerant
cells, IkBa degradation and c-Rel/RelA translocation
were not apparent nor were they induced by in vitro
stimulation with HEL (lane H), and they were only weakly
stimulated by anti-IgD (lane D). Signaling appears to be
blocked between the BCR and IkBa in tolerant cells
because IkBa degradation and c-Rel/RelA translocation
were induced normally by phorbol ester and ionomycin
(lanes PI). Therefore, neither JNK nor NF-kB is activated
by the BCR in tolerant B cells.

Figure 3. Self-Antigen Continues to Activate the ERK/pp90rsk/
Egr-1 Pathway in Tolerant B Cells

Discussion
(A) Anti-ERK2 Western blot of lysates from purified naive or tolerant
B cells either unstimulated (U) or were stimulated in vitro for 5 min

These data reveal remarkable plasticity in signaling byat 378C with 20 mg/ml anti-IgD (D), 500 ng/ml HEL (H), or 50 ng/ml
BCRs and suggest how a single receptor type can signalphorbol 12,13-dibutyrate (PdBu) (P). The active phosphorylated form

(closed arrowhead) migrates more slowly in SDS-PAGE. The number either positively to promote immunity or negatively to
under each lane indicates the fraction of immunoreactive ERK2 in enforce self-tolerance (Figure 7). During positive signal-
active form. ing in naive B cells, acute BCR ligation by foreign HEL
(B) Quantitation of ERK2 phosphorylation (Payne et al., 1991; Posada

antigen stimulates a biphasic calcium response and ac-and Cooper, 1992). In each experiment the basal ERK2 phosphoryla-
tivates nuclear signals through NF-AT, NF-kB, JNK, andtion in tolerant cells was augmented by anti-IgD.

(C) In-gel-kinase assay for ERK activity in cells stimulated as in (A).
ERK1 expression in B cells was confirmed by immunoblot (data
not shown). Numbers under each lane indicate the cumulative fold
increase in ERK1 and ERK2 activity over that found in unstimulated for 60 min as above. Ionomycin (I) was used at 500 ng/ml. Numbers
naive B cells. under each lane indicate the fold induction of Egr-1 expression over
(D) Anti-pp90rsk Western blot of cells stimulated for 10 min as in the background level found in unstimulated naive B cell nuclei. B
(A). Open arrowheads indicate unphosphorylated pp90rsk isoforms; indicates the nonspecific staining background band used to quanti-
closed arrowhead indicates phosphorylated active pp90rsk (Chen tate loading.
et al., 1991). Numbers undereach lane indicate the fraction of immu- (F) Anti-Egr-1 Western blot of nuclear lysates from tolerant B cells
noreactive pp90rsk in the active form. transferred for 12 hr into recipient mice lacking (N) or expressing
(E) Anti-Egr-1 Western blot of nuclear lysates from cells stimulated HEL (H) as in Figure 1C.
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Figure 4. Self-Antigen Does Not Stimulate [Ca21]i Oscillations or Activate the ERK Pathway in CD45-Deficient Self-Reactive B Cells

(A) Resting [Ca21]i in CD45-deficient B cells that develop in the presence of self-antigen compared to CD451/1 tolerant or naive B cells. Each
panel shows the mean resting calcium (bold solid line) and tracings from two single cells (dashed and dotted lines).
(B) Data from Western blot analysis of pp90rsk in CD45-deficient self-reactive B cells. Purified B cells were unstimulated (2) or were stimulated
for 10 min with 500 ng/ml HEL (1), and lysates were analyzed by Western blot for pp90rsk as in Figure 3.
(C) Egr-1 expression in the nuclei of self-reactive B cells that lack CD45. Purified cells of each genotype were stimulated for 1 hr with either
media alone (U) or with 500 ng/ml HEL (H).

ERK. By contrast, BCR stimulation with the same ligand important implications for self versus nonself discrimi-
nation and raise two key issues. First, how are diversehas a negative effect in self-reactive B cells that have

been chronically exposed to HEL expressed as a self- nuclear signals activated in concert by the BCR within
naive cells, but activated differentially by the same re-antigen, and this is accompanied by a different calcium

pattern and activation of only the NF-AT and ERK path- ceptor during negative signaling in self-tolerant cells?
Second, how might differential activation of nuclear sig-ways. B cells lacking CD45 do not detectably activate

calcium or ERK signaling and lack a negative reponse nals explain the phenomenonof positive versus negative
cell responses?to chronic autoantigen exposure. These findings have

Figure 5. Neither JNK nor ATF2 Is Phosphor-
ylated in Tolerant B Cells

(A) and (B) Western blot analysis of JNK1 in
B cells stimulated for 10 min with media alone
(U), 500 ng/ml HEL (H), 50 mg/ml anti-IgD (D),
500 ng/ml ionomycin (I), anti-IgD plus iono-
mycin (DI), 5 ng/ml PdBu (P), or anti-IgD plus
PdBu (DP).
(B) Costimulations with 5 ng/ml PdBu and
anti-IgD at 5.5, 16.5, 50, and 150 mg/ml for
10 min.
(C) Quantitation of JNKphosphorylation mea-
sured as in (A). Dots represent data from indi-
vidual experiments; bars indicate means.
(D) Western blot analysis of phosphorylation
of the transcription factor ATF2. Cells were
stimulated as in (A) with the following excep-
tions: 20 mg/ml polyclonal anti-IgD (D), 150
ng/ml cyclosporin A and 20 mg/ml anti-IgD
(CD), 150 ng/ml cyclosporin A alone (C), or
5 ng/ml PdBu and 500 ng/ml ionomycin (PI)
combined. Numbers under each lane indicate
the percentage of immunoreactive JNK1 or
ATF2 in its phosphorylated form.
Phosphorylated and unphosphorylated iso-
forms are indicated by closed and open ar-
rowheads, respectively.
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sponses in tolerant cells (Figure 1). The low calcium
oscillations that are induced by the self-reactive BCR
in tolerant cells are in principle sufficient to explain the
selective activation of NF-AT over NF-kB and JNK even
though all three of these signals are shown here to be
calcium- and calcineurin-responsive in B cells (Figures
2, 4, and 5) as they are in T cells (Clipstone and Crabtree,
1994; Rao, 1994; Su et al., 1994; Baldwin, 1996). Elevated
intracellular calcium is sufficient on its own to activate
calcineurin-mediated NF-AT dephosphorylation and nu-
clear translocation in T cells (Clipstone and Crabtree,
1994; Rao, 1994) and in B cells (Figure 2). Moreover,
NF-AT dephosphorylation and translocation is triggered
by low calcium increases in the range observed in toler-
ant cells, whereas the higher calcium concentrations
achieved during the initial spike in naive cells are neces-
sary for NF-kB and JNK activation (R. E. D. et al., submit-
ted). In addition, NF-kB and JNK cannot be activated
by calcium elevation alone but require other, less well-
defined second messenger systems that may also fail
to be triggered efficiently by the BCR in tolerant cells.

It will be important in future work to identify the bio-
chemical steps that allow BCRs on tolerant cells to con-
tinue to trigger the observed calcium oscillations and
ERK/Egr-1 activity. By removing the tolerant cells from
antigenic stimulation, these signals were shown to de-
pend on repeated BCR engagement by HEL rather than
on an irreversible change in calcium homeostasis (Fig-
ures 1 and 3). Moreover, stimulation with polyclonal anti-
IgD, which elicits a greater ERK response than HEL, did
so equally in naive and tolerant cells, thus indicating

Figure 6. Self-Antigen Does Not Induce IkBa Degradation or c-Rel that communication from theBCR to ERK was intact. It is
and Rel-A Nuclear Translocation in Tolerant B Cells

important that BCR-induced accumulation of phosphate
(A–C) Western blot analysis of extracts from naive or tolerant B cells

on tyrosines in Iga, Lyn, Syk, and other proteins is mark-stimulated for 60 min in vitro with media alone (U), 500 ng/ml HEL
edly blunted but not absent in tolerant cells (Cooke et(H), 5 ng/ml PdBu and 1 mg/ml ionomycin (PI) or anti-IgD at 5.5,
al., 1994; M. P. Cooke and C. C. G., unpublished data).16.5, 50, and 150 mg/ml (D). Addition of 3 mM EGTA (E) or 25 ng/

ml cyclosporin (C) was done 10 min before stimulating with 50 mg/ It is thus conceivable that tyrosine kinase activity is still
ml anti-IgD. Cytoplasmic (A) and nuclear (B and C) proteins were induced but is offset by increased activity of negative
immunoblotted with anti-IkBa (A), anti-c-Rel (B), anti-p65 Rel-A (C), regulatory tyrosine phosphatases such as SHP-1 (Cys-
and anti-actin. Similar results were seen with anti-IgD treatments

ter and Goodnow, 1995b; Plas et al., 1996). Indeed, thefor 15 min. Numbers under lanes represent the percentage immuno-
calcium oscillations and ERK activity that are stimulatedreactive target, after correcting for actin, relative to unstimulated
by the BCR in tolerant cells depend on the presence ofnaive cells (A) or relative to HEL-stimulated naive B cells (B and C).

(D) Quantitation of IkBa degradation and nuclear Rel-A induction in CD45 (Figure 4), suggesting that these signals are elic-
individual experiments (dots). Unlike NF-ATc, Rel-A did not exit the ited by src-family kinases such as Lyn that are positively
nucleus of HEL-stimulated naive B cells after chelation of extracellu- regulated by CD45 (Pingel et al., 1989; Koretzky et al.,
lar calcium for 40 min (data not shown).

1990; Justement et al., 1991; Shiroo et al., 1992; Volare-
vic et al., 1992; Chui et al., 1994; Benatar et al., 1996). In

Differential Versus Concerted Activation light of the association between this pattern of recurrent
of Nuclear Signaling Pathways signaling and negative signaling in tolerant cells, it is
Differences in the amount of BCR-induced protein tyro- particularly intriguing that lyn-deficient mice are predis-
sine phosphorylation and calcium signaling are likely posed to autoimmunity (Hibbs et al., 1995; Nishizumi,
to explain the differential activation of transcriptional et al., 1995).
pathways in tolerant cells. Previous studies have estab-
lished that the net tyrosine phosphorylation of many
proteins, including Iga and the tyrosine kinases Lyn and Role of Different Nuclear Signals in Positive

Versus Negative B Cell ResponsesSyk, is much lower during BCR stimulation in tolerant
cells compared to naive cells (Cooke et al., 1994; M. P. The failure of NF-kB activation in tolerant B cells may

on its own explain the absence of a mitogenic responseCooke and C. C. G., unpublished data). Because of the
importance of these events for activating phospholipase to BCR engagement in these cells. NF-kB is a key posi-

tive regulator of inducible immune response genes inC-g and stimulating calcium release and entry (Cambier
et al., 1994; Gold and DeFranco, 1994; Takata et al., mice and humans (reviewed by Baldwin, 1996) and in

invertebrates (Ip et al., 1993). Murine B and T lympho-1994), their diminution presumably accounts for the ab-
sence of the peak and sustained-phase calcium re- cytes lacking even a single copy of the c-Rel gene have
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Figure 7. Model Summarizing the Biochemi-
cal Changes in Nuclear Signals and Func-
tional Responses to Antigen That Occur in
Naive Versus Tolerant B Cells

(Left) Following acute stimulation with foreign
antigen, naive B cells exhibit a large intracel-
lular calcium response, activation of a broad
spectrum of nuclear signals, and expression
of cell surface B7.2 protein,and subsequently
make a mitogenic response in the presence
of costimuli from T cells or endotoxin. These
positive responses promote active immunity.
(Middle) By contrast, following chronic stimu-
lation by self-antigens, tolerant B cells exhibit
only a low oscillatory calcium response and
activation of a subset of nuclear signals, and
fail to respond by B7.2 induction or mitogen-
esis. Instead they respond negatively to self-
antigen, exhibiting antigen-dependent inhibi-
tion of migration, recirculation, and survival
within lymphoid tissues and antigen-depen-
dent inhibition of terminal differentiation into
antibody-secreting cells.

(Right) These negative responses to chronic autoantigen exposure are not seen in self-reactive B cells that lack CD45, where BCR signaling
is less efficient and chronic calcium signaling and NF-AT/ERK activation are not induced.

a severe deficit in mitogenesis induced by their antigen elucidate how lymphocyte antigen receptors induce dif-
ferential responses.receptors (Kontgen et al., 1995). Interestingly, CD41 T

cells rendered anergic by repeated exposure to the su- The present findings demonstrate that signaling by
the BCR is plastic, allowing nuclear signals to be acti-perantigen staphylococcal enterotoxin also have dimin-

ished nuclear RelA (Sundstedt et al., 1996). Because of vated independently of one another. Throughout devel-
opment, this plasticity may allow the antigen receptorthe importance of NF-kB as a proimmunity signal in

diversecell lineages and phyla, it isstriking that selective to activate different combinations of signals and thereby
induce alternate cell fates. Furthermore, the distinct sig-uncoupling of this pathway from BCRs and TCRs is

associated with tolerance. naling patterns associated with positive versus negative
reponses identify pharmacologic targets for manipulat-The activation of the NF-AT and ERK pathways in

tolerant B cells, on the other hand, raises the possibility ing immune responses to self or foreign antigens. Ge-
netic differences in the tuning and balancing of thesethat their activity—in the absence of NF-kB or JNK—is

responsible for negative cell responses. This recurrent different nuclearsignals represent important candidates
for inherited susceptibility to immunodeficiency or auto-signaling was absent in CD45-deficient B cells (Figure

4), in which self-antigen no longer inhibits B cell survival immunity.
(Cyster et al., 1996). In particular, recurrent activation of
the ERK pathway in tolerant B cells may block terminal

Experimental Proceduresdifferentiation into autoantibody-secreting plasma cells,
because both phenomena are induced by phorbol ester,

Animals and Lymphocyte Purification
are resistant to cyclosporin A, and are inhibited by a Splenic B lymphocytes were purified by depleting non–B cells from
dominant negative ras transgene (J. I. H. et al., unpub- the spleens of MD4 3 ML5 transgenic mice that were bred and
lished data). Consistent with the notion that NF-ATp typed as described (Cyster et al., 1996).
negatively regulates immune responses, NF-ATp defi-
cient B lymphocytes have elevated proliferative re-

Calcium Imaging
sponses (Hodge et al., 1996; Xanthoudakis et al., 1996). Single-cell calcium imaging was performed as described (Dol-

Differential cellular responses are also triggered by metsch and Lewis, 1994) except that purified B cells were loaded
antigen receptors in T cells, for example in T cell anergy with 1 mM fura-2 AM for 15 min at 378C, settled onto glass slides,

and stimulated as indicated.(reviewed by Mueller and Jenkins, 1995) or in the nega-
tive versus positive effects of partial T cell agonists (re-
viewed by Kersh and Allen, 1996). In both circum-

Cell Lysates and Western Blot Analysis
stances, antigen receptor engagement triggers only a For NF-AT, cell suspensions at approximately 107 cells/ml were
subset of lymphocyte responses, such as interleukin-4 stimulated at 378C; stimulations were stopped on ice; cells were

centrifuged at 38C and resuspended in ice-cold buffer Hx (20 mMsecretion or cytotoxicity without cell proliferation. In an-
HEPES pH 7.5, 5 mM NaCl, 10 mM NaF, 2 mM EDTA, 6 mM pNPP,ergic T cells, loss of TCR-induced mitogenesis is associ-
1 mM NaVO4, 2.5 mM PMSF, 40 mg/ml each aprotinin and leupeptin);ated with a lack of IL-2 gene induction (reviewed by
and an equal volume Hx containing 0.8% NP40 was added. After 2Schwartz, 1990) and a failure to activate JNK and ERK
min on ice, nuclei were centrifuged at 600 3 g, and the supernatant

(Fields et al., 1996; Li et al., 1996) or NF-kB (Sundstedt (cytosol) was added to boiling SDS–polyacrylamide gel electropho-
et al., 1996). These signaling deficits in anergic T cells resis (SDS-PAGE) sample buffer and frozen on dry ice. Nuclei were

rinsed once in 0.2 ml Hx, boiled with sample buffer, and centrifugedmay explain the lack of mitosis, but alone they do not
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for 8 min at 70,0003 g 48C in a Beckman airfuge to remove chroma- Linsley, P.S., Howard, M., and Goodnow, C.C. (1994) Immunoglobu-
lin signal transduction guides the specificity of B cell-T cell interac-tin. Fractions from 2 3 106 cells per lane were resolved by SDS-

PAGE. Sequential immunoblots were performed with anti-NF-ATp tions and is blocked in tolerant self-reactive B cells. J. Exp. Med.
179, 425–438.(4G10G5), anti-NF-ATc (7A6), and anti-actin (Sigma, AC-40) using

enhanced chemiluminescence (Amersham). Quantitation of ex- Coso, O.A., Chiariello, M., Yu, J.-C., Teramoto, H., Crespo, P., Xu,
posed films was performed with a Molecular Dynamics Computing N., Miki, T., and Gutkind, J.S. (1995). The small GTP-binding proteins
Densitometer. The quantitation of immunoreactive NF-AT is under- Rac1 and Cdc42 regulate the activity of the JNK/SAPK signaling
estimated under conditions in which a significant fraction is partially pathway. Cell 81, 1137–1146.
phosphorylated, such as during HEL or anti-IgD stimulation, be-

Cyster, J.G., and Goodnow, C.C. (1995a).Antigen-induced exclusioncause these partially phosphorylated forms migrate hetergenously
from follicles and anergy are separate and complementary processbetween the fully phosphorylated and dephosphorylated forms.
that influence peripheral B cell fate. Immunity 3, 691–701.These minor bands are detected inefficiently because of the nonline-

arity of X-ray film to weak signals. For the same reason, cyclosporin Cyster, J.G., and Goodnow, C.C. (1995b). Protein tyrosine phospha-
tase 1C negatively regulates antigen receptor signaling in B lympho-A, EGTA, or ionomycin treatment causes an apparent increase in

NF-AT by driving all of the protein into fully phosphorylated or de- cytes and determines thresholds for negative selection. Immunity
2, 13–24.phosphorylated species. Analysis of ERK2, pp90rsk, and Egr-1 was

performed as described (Cyster et al., 1996). In-gel-kinase assay Cyster, J.G., Hartley, S.B., and Goodnow, C.C. (1994) Competition
was performed as described (Samuels and McMahon, 1994). Ly- for follicular nichesexcludes self-reactive cells from the recirculating
sates for JNK assays were prepared and analyzed as described for B-cell repertoire. Nature 371, 389–395.
ERK. Antibodies to JNK1 were from Santa Cruz Biotechnology and

Cyster, J., Healy, J., Kishihara, K., Mak, T., Thomas, M., and Good-Pharmingen. For ATF2, rinsed nuclei prepared as for NF-AT were
now, C. (1996). Regulation of B-lymphocyte negative and positiveextracted with 400 mM NaCl inbuffer Hx on ice for 20 min.Antibodies
selection by tyrosine phosphatase CD45. Nature 381, 325–328.to ATF2 were kind gifts from Dr. J. Hoeffler and Dr. M. Green. Cyto-

solic lysates for IkBa were performed as NF-AT. Nuclear extracts Davis, R.J. (1994). MAPKs: new JNK expands the group. Trends
Biochem. Sci. 19, 470–473.for c-Rel and RelA were prepared as for ATF2. Anti-IkBa, anti-c-

Rel, and anti-Rel-A were from Santa Cruz Biotechnology, and anti- Dolmetsch, R., and Lewis, R. (1994). Signaling between intracellular
rabbit HRP was from Zymed. Ca21 stores anddepletion-activated Ca21 channels generates [Ca21]i

oscillations in T lymphocytes. J. Gen. Physiol. 103, 365–388.

Fields, P., Gajewski, T., and Fitch, F. (1996). Blocked Ras activationAcknowledgments
in anergic CD41 T cells. Science 271, 1276–1278.

Correspondence should be addressed to C. C. G. (e-mail: goodnow Flanagan, W., Corthesy, B., Bran, R., and Crabtree,G. (1991) Nuclear
@cmgm.stanford.edu). The authors thank Dr. John Blenis, Dr. James association of a T-cell transcription factor blocked by FK-506 and
Hoeffler, Dr. Fred Finkelman, and Dr. Michael Green for their gifts cyclosporin A. Nature 352, 803–807.
of antisera. J. I. H. is a Beckman Scholar supported by the Medical

Fulcher, D.A., and Basten, A. (1994). Reduced life span of anergicScientist Training Program and the Program in Molecular and Ge-
self-reactive B cells in a double-transgenic model. J. Exp. Med. 179,netic Medicine. R. E. D. and R. S. L. are supported by the American
125–134.Heart Association and a grant from the National Institutes of Health,
Fulcher, D., Lyons, A., Korn, S., Cook, M., Koleda, C., Parish, C.,respectively. M. L. T., G. R. C., and C. C. G. are investigators of the
Fazekas de St. Groth, B., and Basten, A. (1996). The fate of self-Howard Hughes Medical Institute.
reactive B cells depends primarily on the degree of antigen receptor
engagement and availability of T cell help. J. Exp. Med. 183, 2313–

Received December 9, 1996; revised March 6, 1997. 2338.

Gold, M.R., and DeFranco, A.L. (1994). Biochemistry of B lympho-
cyte activation. Adv. Immunol. 55, 221–295.References
Goodnow, C.C., Crosbie, J., Adelstein, S., Lavoie, T.B., Smith-Gill,

Baeuerle, P.A., and Henkel, T. (1994). Function and activation of NF- S.J., Brink, R.A., Pritchard-Briscoe, H., Wotherspoon, J.S., Loblay,
kappa B in the immune system. Annu. Rev. Immunol. 12, 141–179. R.H., and Raphael, K., et al. (1988). Altered immunoglobulin expres-

sion and functional silencing of self-reactive B lymphocytes inBaldwin, A. (1996). The NF-kB and IkB proteins: new discoveries
transgenic mice. Nature 334, 676–682.and insights. Annu. Rev. Immunol. 14, 649–681.
Goodnow, C.C., Brink, R., and Adams, E. (1991). Breakdown of self-Benatar, T., Carsetti, R., Furlonger, C., Kamalia, N., Mak, T. and
tolerance in anergic B lymphocytes. Nature 352, 532–536.Paige, C. (1996). Immunoglobulin-mediated signal transduction in

B cells from CD45-deficient mice. J. Exp. Med. 183, 329–334. Goodnow, C.G., Cyster, J.G., Hartley, S.B., Bell, S.E., Cooke, M.P.,
Healy, J.I., Akkaraju, S., Rathmell, J.C., Pogue, S.P., and Shokat,Cambier, J.C., Pleiman, C.M., and Clark, M.R. (1994). Signal trans-
K.P. (1995). Self-tolerance checkpoints in B lymphocyte develop-duction by the B cell antigen receptor and its coreceptors. Annu.
ment. Adv. Immunol. 59, 279–368.Rev. Immunol. 12, 457–486.
Gupta, S., Campbell, D., Derijard, B., and Davis, R.J. (1995) Tran-Chen, R.H., Chung, J., and Blenis, J. (1991). Regulation of pp90rsk
scription factor ATF2 regulation by the JNK signal transduction path-phosphorylation and S6 phosphotransferase activity in Swiss 3T3
way. Science 267, 389–393.cells by growth factor-, phorbol ester- and cyclic AMP-mediated
Hibbs, M.L, Tarlinton, D.M., Armes, J., Grail, D., Hodgson, G., Mag-signal transduction. Mol. Cell. Biol. 11, 1861–1867.
litto, R., Stacker, S.A., and Dunn, A.R. (1995). Multiple defects in the

Chui, D., Ong, C., Johnson, P., Teh, H., and Marth, J. (1994) Specific
immune system of Lyn-deficient mice, culminating in autoimmune

CD45 isoforms differentially regulateT cell receptor signaling. EMBO
disease. Cell 83, 301–311.

J. 13, 798–807.
Hodge, M.R., Ranger, A.M., Charles de la Brousse, F., Hoey, T.,

Clipstone, N.A., and Crabtree, G.R. (1992). Identification of cal- Grusby, M.J., and Glimcher, L.H. (1996). Hyperproliferation and dys-
cineurin as a key signaling enzyme in T-lymphocyte activation. Na- regulation of IL-4 expression in NF-ATp–deficient mice. Immunity
ture 357, 695–697. 4, 397–405.
Clipstone, N.A., and Crabtree, G.R. (1994). Signal transduction be- Hsiao, K.M., Chou, S.Y., Shih, S.J., and Ferrell, J.E. (1994) Evidence
tween the plasma membrane and the nucleus of T lymphocytes. that inactive p42 mitogen-activated protein kinase and inactive Rsk
Annu. Rev. Biochem. 63, 1045–1083. exist as a heterodimer in vivo. Proc. Natl. Acad. Sci. USA 91, 5480–

5484.Cooke, M.P., Heath, A.W., Shokat, K.M., Zeng, Y., Finkelman, F.D.,



Positive Versus Negative BCR Signaling
427
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Note Added in Proof

The data referred to as R.F.D. et al., submitted, are now in press:
Dolmetsch, R.E., Lewis, R.S., Goodnow, C.C., and Healy, J.I. (1997).
Differential activation of transcription factors induced by Ca21 re-
sponse amplitude and duration. Nature 386, in press.


