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Summary

Genetic ablation of the B cell surface glycoprotein CD19 severely impairs the humoral im-
mune response. This requirement is thought to reflect a critical role of CD19 in signal trans-
duction that occurs upon antigen C3dg coligation of antigen receptors with CD19 containing
type 2 complement receptors (CR2). Here we show that CD19 plays a key accessory role in B
cell antigen receptor signaling independent of CR2 coligation and define molecular circuitry
by which this function is mediated. While CD19 is not required for antigen-mediated activa-
tion of receptor proximal tyrosines kinases, it is critical for activation of phosphatidylinositol
3-kinase (PI3-kinase). PI13-Kinase activation is dependent on phosphorylation of CD19 Y484
and Y515. Antigen-induced CD19-dependent PI3-kinase activation is required for normal phos-
phoinasitide hydrolysis and Ca?™ mobilization responses. Thus, CD19 functions as a B cell antigen

receptor accessory molecule that modifies antigen receptor signaling in a qualitative manner.

D19 is a B-lymphocyte—specific transmembrane gly-
coprotein that is expressed from the pro-B cell until
the plasma cell stage. CD19 appears to function in multiple
capacities. It is a component of the type 2 complement re-
ceptor (CR2)! complex that contains CD19, CD21 (CR2),
CD81, (TAPA-1), and Leu-13. CR2 is expressed by ma-
ture B cells and is activated upon binding of C3dg (re-
viewed in reference 1). Evidence indicates that CD19 may
also be a constitutive component of the B cell antigen re-
ceptor (BCR) complex and is phosphorylated upon BCR
crosslinking (2). Finally, although its ligand has not been
identified, CD19 appears to function as a transducer in
pro— and pre—B cells where it is expressed in the absence of
CD21 and the BCR. The function of CD19 in these vari-
ous contexts is poorly understood.
CD19 is a highly conserved protein containing two im-
munoglobulin-like domains in its extracellular aspect and

1 Abbreviations used in this paper: BCR, B cell antigen receptor; IP, inosi-
tol-1,4,5-trisphosphate; ITAM, immunoreceptor tyrosine based activa-
tion motif; NP, nitrophenol; PH, pleckstrin homology; PI, phosphatidyl-
inositol; PI3-kinase, phosphatidylinositol 3-kinase.
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nine potential tyrosine phosphorylation sites in its cytoplas-
mic tail (3). It is tyrosine phosphorylated upon cell activa-
tion in all three of the signaling contexts described above,
presumably by Lyn, Fyn, or Lck associated with unligated
CD19 (4-8). After phosphorylation, tyrosines Y#8XXM and
Y515X XM motifs have been shown to mediate the associa-
tion of the p85-subunit of PI3-kinase with CD19 (9). In
addition the proto-oncogene product Vav has been shown
to associate with phosphorylated CD19 (10), presumably
through the Y3%EEP motif which is predicted once phos-
phorylated to bind Vav (11). In vitro studies involving
CD19 coimmunoprecipitated from stimulated Ramos B
cells have demonstrated that tyrosine phosphorylated CD19
can interact with P13-kinase, Fyn, PLCyl and GAP SH2
domains suggesting the interaction of multiple signaling
molecules with the CD19 cytoplasmic tail (12, 13).

CD19 function has been studied primarily in the context
of its role as a member of the CR2 receptor complex (14—
16). CD19 signal transduction is activated by binding of the
C3dg fragment of the C3 component of complement to
CD21. Coligation of CD19 or CD21 with BCR causes a
synergistic increase in a number of intracellular BCR-medi-
ated signaling events, including Shc and Syk tyrosine phos-
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phorylation (17, 18), PLC-activation and calcium mobili-
zation (19). Coligation also lowers the threshold for antigen
stimulation of B cell proliferation (20) and enhances by
=10,000-fold the immunogenicity of antigen—complement
complexes (HEL-C3dg) (21).

Antibody crosslinking of CD19 on certain immature B cell
lines that do not express mlg has been shown to induce ac-
tivation of Src-family kinases and tyrosine phosphorylation
of CD19 and Vav (5, 13, 22). In this context CD19 cross-
linking also results in PLC-activation, calcium mobilization
and activation of the MAP kinase cascade (10, 19, 23).

Finally, anti-1g stimulation of the BCR without CD19
cocrosslinking results in tyrosine phosphorylation of CD19,
indicating that CD19 is a target of BCR-activated kinases
(4, 5, 13). Also, anti-lgM stimulation of Daudi B cells leads
to an increase in CD19 association with PI3-kinase (9).
Consistent with this finding, several studies indicate that
CD19 may be physically associated with the BCR. Incuba-
tion of B cells with 1g-specific mAb leads to mlg and CD19
comodulation and cocapping (24, 25). In Daudi B cells CD19
can be coimmunoprecipitated with migM (2). Whether
CD21, Leu-13 and CD8L are required for the constitutive
association of CD19 with the BCR is unknown; however
CD19 expression levels in mature B cells appear to be
about fivefold higher than CD21 expression levels (14)
suggesting that CD19 occurs in both CD21-associated
and -nonassociated forms.

Recent production of CD19 knockout mice have pro-
vided an opportunity to analyze B cell function in the ab-
sence of CD19 (26, 27). B cell development appears nor-
mal in these mice, but humoral immune responses are
defective and B cells are unresponsive to antigen receptor
stimulation as indicated by proliferation.

In this study we have investigated the constitutive role of
CD19 in BCR-mediated signal transduction using CD19-
deficient and -sufficient J558Lpm3CD45* plasmacytoma
variants and primary B lymphocytes from CD19~/~ and
CD19*/* mice. Our results demonstrate a critical role for
CD19 in antigen-mediated BCR activation of multiple sig-
naling events. CD19 expression is required for detectable
BCR-mediated PI3-kinase activation and for maximal
phosphoinositide hydrolysis and calcium mobilization. The
latter effects appear causally linked to failed PI13-kinase acti-
vation. Other more subtle effects of CD19 on BCR signal-
ing include increased antigen-mediated Lyn and Syk ty-
rosine phosphorylation, but these are not attributable to
enhanced PI3-kinase activation.

Materials and Methods

Reagents and Antibodies. The murine B cell plasmacytoma
J558Lwm3 was provided by M. Reth (Max-Planck Institute for
Immunology, Freiburg, Germany). We transfected this cell line
previously to obtain a mouse full-length (B220) CD45"-express-
ing variant (28). The human CD19 cDNA employed was pro-
vided by T. Tedder (Duke University Medical Center, Durham,
NC). Rabbit polyclonal antibodies against CD19, Ig «, Syk, and
Lyn, were prepared using GST fusion proteins produced in bacte-
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ria, purified by glutathione-Sepharose chromatography and
cleaved with Factor Xa. Immunogens included the complete cy-
toplasmic tail for Iga, residues 1-131 for Lyn, the linker region
for Syk (29), the SH3 domain for p85, and residues 411-547 of
the CD19 cytoplasmic tail. The polyclonal antibody to the p85
subunit of PI3-kinase and mixed mouse monoclonals to PLCy1
were purchased from UBI (Lake Placid, NY), anti-phosphoty-
rosine (AB-2) from Oncogene Science (Uniondale, NY), mono-
clonal anti-human CD19 from DAKO (Carpinteria, CA), and
rabbit polyclonal to PLCvy2 from Santa Cruz Biochemicals (Santa
Cruz, CA). Rabbit F(ab’), antibody fragments to mouse 1gG
(H+L) (F(ab’),RAMIG) was purchased from Zymed Labs.
(South San Francisco, CA). HRP-conjugated protein A (Zymed)
and rat anti-mouse 1gG1 (Zymed) were used for detection using
the ECL detecting system (Amersham Corp., Arlington Heights,
IL). R-phycoerythrin conjugate (PE-streptavidin) was from Bio-
source (Camarillo, CA). Indo-1 AM was from Molecular Probes
Inc. (Eugene, OR). The inositol-1,4,5-trisphosphate [3H] radio-
receptor assay kit and Myo-[2-3H(N)]-inositol (21.0 Ci/mmol) was
purchased from DuPont-NEN (Boston, MA). Geneticin G418 was
from GIBCO BRL (Gaithersburg, MD). Wortmannin was from
Sigma Chem. Co. (St. Louis, MO). Nitrophenol (NP)sBSA was pre-
pared by coupling of BSA (10 mg/ml) in 3% NaHCO; to NP-
CAP-OSu (Cambridge Research Biochemicals, Cambridge, UK)
(40 mg/ml) in N,N-dimethyl formamide (DMF). After dialysis in
NaHCO, and PBS the molecular ratio of NP to BSA was determined
by measurement of the absorbance at OD,3, with an extinction
coefficient of 4230, pH 8.5 (NP molarity) and by Bradford analysis
(BSA molarity). CD19~/~ mice (27) were provided by R.C. Rickert
and K. Rajewsky (University of Cologne, Cologne, Germany).

Cell Culture and Infection. The human CD19 cDNA was iso-
lated from pMT2 by EcoR1 digest and subcloned into pSK Blue-
script (Stratagene Inc., La Jolla, CA). The CD19 cDNA was then
removed from pSK with Hindll1/Clal restriction digest and cloned
into pLNCX (Williams, Fred Hutchinsen Cancer Center, Seattle,
WA). This construct was electroporated into GP+E/NIH3T3 cells
and cell supernatant collected at 72 h. To increase the virus titer,
GP+E/NIH3T3 cells were incubated for 12 h in tunicamycin
(1 pg/ml), and reinfected with pLNCX/hCD19 retrovirus by in-
cubating with the cell supernatant collected above. After G418
selection (1 mg/ml), virus expressing clones were selected. Virus col-
lected from these cells was then used to infect J558LumCD45*
myeloma cells. Polyclonal human CD19 positive J558Luwm
3CD45" cells were obtained after G418 selection by cell sorting
of the bulk-infected population with a mouse monoclonal to hu-
man CD19. The cells were propagated in IMDM supplemented
with 5% heat inactivated FCS (Hyclone Labs. Inc., Logan, UT),
50 U/ml penicillin and 50 wg/ml streptomycin and 1 mg/ml
G418 (J558Lp.m3CD45+CD19") at 37°C with 7% CO,. Mutation
of CD19 tyrosines 484 and 515 to phenylalanines was performed
by PCR using the primers TCCCAGTCCTTTGAGGATATG/
CATATCCTCAAAGGACTGGGA for Y# and GCAGACTCT-
TTTGAGAACATG/CATGTTCTCAAAAGAGTCTGC for Y525,
Mutated CD19 was inserted into pLNCX, packaged and used for
infection as described above.

Analysis of Protein Tyrosine Phosphorylation.  For stimulation cells
were harvested, washed once in IMDM and resuspended at 107
cells/ml in IMDM. After 5 min incubation at 37°C, cells were
stimulated with NP¢BSA (2.5 .g/ml), pelleted in a picofuge, re-
suspended in lysis buffer (L0 mM Tris, pH 7.5, 150 mM NaCl, 1
mM EDTA, 1 mM NaVO,, 10 mM NaF, 1% NP-40, 1 mM
PMSF, and 2 p.g/ml each of leupeptin, aprotinin, and «-1 anti-
trypsin), and then incubated on ice for 10 min. Lysates were cen-



trifuged for 5 min at 14,000 rpm. Cleared lysates were incubated
with antibodies to signaling molecules and protein A-Sepharose or
protein G-Sepharose at 4°C, washed four times in lysis buffer,
boiled with reducing SDS sample buffer, and then fractionated on
10% SDS-PAGE. SDS-PAGE-fractionated proteins were sub-
jected to electrophoretic transfer to PVDF membranes. Transfers
were probed with antibodies and developed using the ECL de-
tection system. Sequential immunoblotting for phosphotyrosine
and effector was performed. For this purpose PVDF membranes
were stripped in stripping buffer (100 mM 2-mercaptoethanol,
2% SDS, 62.5 mM Tris-HCI, pH 6.7) for 30 min at 54°C,
washed and blocked before immunablotting.

Flow Cytometric Analysis of [Ca2*]; Mobilization. ~ Cells were loaded
with indo-1 AM and the intracellular [Ca®*]; was monitored by
flow cytometry (model 50H; Ortho Diagnostic Systems, West-
wood, MA) as previously described (28). The mean [Ca?*]; and
percent of cells responding was determined with an appended
data acquisition system and the MultiTIME software (Phoenix
Flow Systems, San Diego, CA).

Measurement of Inositol Phosphate Generation.  Inositol-1,4,5-tris-
phosphate generation was measured using a [*H] radioreceptor
assay kit (DuPont-NEN) according to the manufacturer’s instruc-
tions. Generation of total inositol phosphates was measured as fol-
lows: cells were labeled for 18 h in 2 wCi/ml of myo-[2-*H(N)]-
inositol in inositol-free medium containing dialyzed 5% FCS
before being washed in inositol-free media and incubated with
inositol-free media containing 20 mM LiCl for 5 min. Cells were
then stimulated for 25 min, lysed in 2 ml of methanol/HCI (99:1),
and then 2 ml of chloroform was added. The aqueous phase was
extracted, applied to a formate anion-exchange column, and then
inositol phosphates were eluted with elution buffer (0.1 M formic
acid, 1.0 M ammonium formate). Total [3H] inositol incorporation
was determined by measuring the radioactivity in the organic phase.

Assay for PI3-Kinase Activity. Cells were stimulated, lysed,
and then immunoprecipitated for 1 h at 4°C using anti-p85 anti-
bodies and protein A-Sepharose. P13-kinase activity was measured
as previously described (30). Samples were dried and reaction
products resolved by thin-layer chromatography on precoated
TLC Silica Gel 60 plates in CHCIl;/MeOH/2.5 M NH,OH (9:7:
2). The incorporation of 32PQ, into phosphatidylinositol 3-phos-
phate was determined using a Phosphorimager.

Isolation of Splenic B Cells.  Splenic B cells were prepared as
previously described (31). In brief, spleens were excised from mice
and cells were dispersed through a 100-m mesh in IMDM. Red
blood cells were lysed using Gey’s solution. Total nucleated spleen
preparations were depleted of T lymphocytes by complement-
mediated lysis using HO13.4 and T24 antibodies and dense cells
(p =1.066) isolated by discontinuous Percoll density gradient
centrifugation.

Results

Although tyrosine phosphorylation of CD19 after BCR
ligation is well documented, the contribution of CD19 to
BCR signaling is not defined. To study the role of CD19
in antigen-induced signal transduction we generated a
wild-type CD19-positive and Y#8#/Y515 tg F CD19-positive
variant of the J558Lum3CD45* plasmacytoma. The parent
clone expresses a NP-specific BCR and CD45, but does
not express CD19 (28, 32). Human CD19 (hCD19) was
introduced into this clone by retroviral infection, and lines
(polyclonal populations) were isolated by G418 selection
and fluorescence activated cell sorting of cells. Flow cyto-
metric analysis revealed similar expression levels of sigM,
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132.5 anti-CD45 (C), or biotiny-
lated HD37 anti-hCD19 (D) fol-
lowed by PE-conjugated strepta-
vidin.
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CD45 and CD19 in the plasmacytoma cell lines (Fig. 1).
Human CD19 was utilized since antibodies to mouse CD19
were not available at the time the studies were undertaken,
and human and mouse CD19 are highly homologous (79%
in nucleotide sequence, 75% in amino acid sequence) par-
ticularly in the cytoplasmic domain (3, 33). Recent studies
indicate that human CD19 complements B cell function in
CD19~/~ mice (34). In addition, using a recently generated
rat mAb, 1D3, specific for murine CD19 (35), Krop et al.
(22) have demonstrated that murine CD19 shares with hu-
man CD19 an association with complement receptor CD21
and CD8L, tyrosine phosphorylation, binding of P13-kinase,
and synergistic signaling with membrane IgM.
Antigen-stimulated Intracellular Ca2* Release and Extracellu-
lar Ca2* Influx Is Increased in Cells Expressing CD19. To in-
vestigate the differences in BCR signaling in the CD19-
negative and -positive contexts, we loaded the J558Lm3
CD45*CD19-negative and CD19-positive variants with
indo-1 AM and analyzed changes in intracellular free cal-
cium concentration ([Ca2*];) in response to antigen stimu-
lation. Initially, this was done under conditions where the
free calcium concentration in the medium ([Ca?*],) was
maintained at physiological levels of 1.3 mM. As shown in
Fig. 2 (solid lines), antigen stimulation induced a rise in
[Ca2*]; in both cell lines; in the CD19-positive cell line the
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maximal mean [Ca?"]; reached 430 nM while it was 260 nM
in the CD19-negative cells. In the CD19-positive cell line,
antigen stimulation also induced a much more prolonged
increase in [Ca?*]; than in the CD19-negative clone. To
determine whether intracellular or extracellular calcium was
responsible for the respective [Ca?*]; increases, we added
3 mM EGTA at the time of initiation of analysis of [Ca?*];.
This results in buffering of [Ca?*], to a concentration of
65 nM (which corresponds to the [Ca?*]; in resting cells)
and prevents influx of extracellular calcium into the cell.
Comparison of antigen-induced responses of CD19-nega-
tive and CD19-positive cells in low [Ca?*], (Fig. 2, dotted
lines) indicated that optimal receptor-mediated release of
calcium from intracellular stores requires CD19. Compari-
son of responses in high [Ca?*], revealed that influx is also
dependent on the expression of CD19 (Fig. 2, solid lines).
Antigen Stimulation of Inositol-1,4,5-trisphosphate (IP3) Pro-
duction Is Dependent on CD19 Expression. To study CD19
dependence of signaling events upstream from calcium mo-
bilization, we first compared antigen stimulation of 1P,
production in CD19-positive and -negative cells. IP5 binds
to its receptors on the ER leading to release of Ca?* into
the cytoplasm. Emptying of the ER stores triggers entry of
calcium from the extracellular space by a mechanism
known as capacitative Ca?>* entry (36). Thus, CD19 depen-
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Figure 3. Antigen-induced
IP; and total inositol phosphate
release is greater in the CD19-
positive than in CD19-negative

J558Lum3CD45*  cells.  (A)
Cells (10 X 10/ml) were stimu-
lated with 2.5 wg NPyBSA for
various times and the responses
terminated by addition of 100%
TCA (20% TCA final). After or-
ganic extraction the aqueous
phase was assayed for 1P; content
in a [*H]IP; receptor binding in-
hibition assay (NEN-DuPont).
The results are expressed as fold
increase of 1P, release over basal

p=0.0017

(3 pmol 1Pz/25 X 105 cell
equivalents). Shown is mean fold
increase from three independent
experiments = standard error.
(B) Cells were labeled with Myo-
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[2-3H(N)]-inositol (21.0 Ci/mmol; 2 u.Ci/ml) in inositol-free medium containing 5% FCS at 108 cells/ml for 18 h and the generation of inositol phos-
phates was measured after stimulation of cells for 25 min with 2.5 g NPyBSA/107 cells/ml. The fold increase in inositol phosphate release was calculated;
the two cell lines had comparable basal rates of inositol turnover as determined by the basal inositol phosphate release. Shown are the mean fold increases from
three independent experiments = standard error. Statistical significance was determined by JMP version 3.16 statistical software (SAS Institute, Cary, NC).

dence of IP; generation-induced response by antigen could
explain the dependence of both intracellular calcium release
and extracellular calcium influx on CD19 expression. Stim-
ulation of the cell lines led to a very rapid and sustained rise
in IP; production in the CD19-positive clone as measured
using an IPs-receptor binding inhibition assay (Fig. 3 A).
Antigen stimulation of the CD19-negative clone led to rapid,
but much more modest and only transient generation of
IP;. The kinetics and magnitude of I1P; generation was con-
sistent with those of calcium mobilization responses shown
in Fig. 2 supporting the possibility that the attenuated cal-
cium mobilization response may be caused by the attenu-
ated BCR-mediated hydrolysis of PIP,. We also measured
the generation of [®H]-inositol mono- and polyphosphates
after antigen stimulation of myo-[2-3H(N)]-inositol-labeled
cell lines. As shown in Fig. 3 B the fold increase in total
inositol mono- and polyphosphates generated during a 25-
min stimulation was consistent with the mass measurement
of IP4 production (Fig. 3 A); stimulation of the CD19-pos-
itive clone led to an ~250% increase in inositol phosphate
generation, while stimulation of the CD19-negative cell
line induced an ~30% increase.

CD19 Expression Enhances BCR-mediated Protein Tyrosine
Phosphorylation. ~ Antigen stimulation is known to induce
recruitment of Src- and Syk-family tyrosine kinases to Ig-a
and 1g-B components of the BCR (37-39). The tyrosine
kinases bind via their SH2-domains to immunoreceptor ty-
rosine based activation motif (ITAM) phosphotyrosines and
this leads to secondary recruitment, phosphorylation, and
activation of downstream signaling molecules such as PLC1,
PLC~2, and PI13-kinase (reviewed in reference 40). To de-
fine the effects of CD19 expression on these phosphoryla-
tion events we stimulated CD19-negative and -positive cell
lines, immunoprecipitated intracellular signaling molecules
and conducted anti-phosphotyrosine immunoblotting anal-
ysis. The spectra of phosphoproteins in whole cell lysates from
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the J558Lpum3CD45+*CD19- and the J558Lum3CD45*
CD19* cell lines looked similar with the exception of the
presence of a tyrosine phosphorylated CD19 in the CD19-
positive cell lysate (results not shown). Induced phosphory-
lation of several signaling molecules was analyzed after
stimulation with normalization of immunoprecipitation and
lane loading by sequential antieffector immunoblotting.
We studied tyrosine phosphorylation after 1 min of antigen
stimulation since we have shown previously that effector
enzymes under study are maximally phosphorylated at this
time in the J558Luwm3CD45" plasmacytoma (41). As shown
in Fig. 4, CD19 expression led to modest increases in anti-
gen-induced tyrosine phosphorylation of Ig-a, Lyn, Syk,
PLCv1, and PLC+v2. Quantitation of tyrosine phosphory-
lation by scanning densitometry (at least three independent
experiments for each effector enzyme) and normalization
to effector levels revealed increased phosphorylation of 1g-«,
Lyn, and Syk by 1.5-2-fold in the CD19-positive line. In-
duced PLCvy1 and PLCv2 tyrosine phosphorylation was
2.5-3-fold higher in the CD19-positive cell line than in
the CD19-negative cell line. These results suggest that
CD19 functions in part by increasing the magnitude of cer-
tain proximal BCR coupled tyrosine phosphorylation events.

Antigen Stimulation of P13-Kinase Activation Is Severely Im-
paired in the CD19-negative J558Lum3CD45* Plasmacyto-
ma. CD19 contains two cytoplasmic YXXM motifs that
mediate its association with the p85 subunit of PI13-kinase
after phosphorylation of the tyrosines (9). The phosphory-
lation of these tyrosines may contribute to BCR-mediated
PI3-kinase activation. We determined the activity of PI3-
kinase in the cell lines by measuring the PI3-kinase activity
associated with anti-p85 immunoprecipitates after stimula-
tion with NPyBSA for 2 min. The results shown in Fig. 5
demonstrate a 250% increase in PI3-kinase activity in the
CD19-positive cell line after antigen stimulation, but only
a 40% increase in the CD19-negative variant. The residual
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activation of PI3-kinase in the absence of CD19 expression
is probably a result of PI3-kinase activation through inter-
action with SH3 domains of Src-family Kinases (42). The
results described above are summarized in the two first col-
umns of Table 1. It is clear that CD19 influences multiple
intracellular signaling events. Some signaling events are
only slightly increased in the CD19-positive cell line, (i.e.,
Ig-a, Lyn, and Syk tyrosine phosphorylation) while others
are almost totally dependent on expression of CD19 (i.e.,
IP; generation, calcium influx, and P13-kinase activation).
Wortmannin Inhibits Antigen-induced [Ca2*]; Mobilization
and 1P; Generation in the J558Lum3CD45+*CD19" Plasma-
cytoma. To begin to dissect the relationship among the
obhserved CD19 effects, we assessed the effects of the PI3-
kinase inhibitor wortmannin on signaling events. Wort-
mannin has been shown to inhibit PI3-kinase activity by
covalent modification of a lysine residue in the PI3-kinase
catalytic subunit, p110 (43). We also used the competitive
P13-kinase inhibitor Ly294002 (44) and obtained similar
results as in our studies with wortmannin (results not shown).
The effect of wortmannin on antigen-induced activation of
P13-kinase was determined. The results shown in Fig. 6 A
demonstrate the inhibitory effect of wortmannin on anti-
gen-mediated PI3-kinase activation in the J558Lum3CD45+
CD19* plasmacytoma. Cells were pretreated for 30 min with
DMSO (vehicle) or increasing concentrations of wortman-
nin, stimulated with antigen for 2 min, washed, and then
lysed before P13-kinase was immunoprecipitated and activ-
ity measured in an in vitro kinase assay with phosphatidylino-
sitol (P1) containing vesicles as substrate. Consistent with its
previously established 1Cs;, 10 nM wortmannin inhibited
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Figure 4. Tyrosine phosphory-
lation of signaling molecules upon
antigen stimulation of the CD19-
negative and CD19-positive cell
lines. J558Lum3 CD45* variants
were stimulated for 1 min with
" 25 pg NPyBSA/107cells/ml,
lysed, and intermediary signaling
molecules  immunoprecipitated
with various antibodies and frac-
tionated on 10% SDS-PAGE.
After electrophoretic transfer to
PVDF membrane, both anti-
phosphotyrosine and anti-effec-
tor immunoblotting were per-
formed. Data are representative
of at least three independent ex-
periments.
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the antigen-mediated PI13-kinase activation by 54%, and 25
nM wortmannin inhibited 75% of antigen-induced P13-kinase
activity. Wortmannin added to the cells immediately be-
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Figure 5. PI3-kinase activity is significantly increased only upon anti-
gen stimulation of the CD19-positive J558L.m3CD45* cells. CD19-
negative and CD19-positive J558Lum3CD45* cells were stimulated for 2
min with 1 wgNPyBSA/4 X 10%/ml, lysed and P13-kinase immunopre-
cipitated with anti-p85 antibody. Immunoprecipitates were washed and
assayed for P-13 kinase activity. Fold increase in PI3-kinase activity after
stimulation was determined using a Phosphorlmager. The data shown is
the mean fold increase over basal in eight independent experiments =
standard error of the mean. Statistical significance was determined by JMP
version 3.16 statistical software (SAS Institute, Cary, NC).



Table 1. Phenotypic Differences Between
J558Lum3CD45CD19~ and J558Lum3CD45+*CD19" Cell
Lines

Responding cell phenotype/condition

CD19* with
Signal transduction event CD19* CD19~ 25 nM wortmannin

19-aTyr Phos +4+++ +++ ++4++
Lyn Tyr Phos +4+++ +++ ++4++
Syk Tyr Phos ++++ +++ ++++
PLCyI/PLCy2 Tyr Phos ++++ ++ +++
IP; production ++++  + +
[Ca%*]i mobilization

Intracellular stores ++++ ++ ++

Influx +++ - -
P13-Kinase activation ++++ + +

(data not shown) indicating that the inhibitor was acting
intracellularly.

To investigate the influence of P13-kinase on the BCR-
mediated calcium mobilization seen in the CD19-positive
cell line, we preincubated the cells with increasing concen-
trations of wortmannin and measured the antigen-induced
increase in [Ca2*].. As shown in Fig. 6 B, wortmannin
strongly inhibited Ca?* mobilization in the J558Lum3CD45+*
CD19" cells. Sensitivity to wortmannin was also evident in
the IP; generation response. A wortmannin concentration of
25 nM strongly inhibited IP; production in the J558L.m3
CD45+CD19* cell line after 1 minute of antigen stimula-
tion (Fig. 6 C). In both cases wortmannin at a concentra-
tion of 25 nM converted the phenotype of the CD19-posi-
tive cells essentially to that of the CD19-negative cells. This
result was consistent with the 75% inhibition of P13-kinase
activation by 25 nM wortmannin in Fig. 6 A and indicates
that the CD19 requirement for IP; production and calcium
mobilization may be attributable to PI3-kinase activation.
Interestingly, wortmannin inhibited the residual antigen-
stimulated P13-kinase activation, IP; production, and Ca%*
mobilization of the CD19-negative cell line (data not shown)
consistent with the possible absolute dependence of these
responses on P13-kinase activation.

Induced Tyrosine Phosphorylation of Intracellular Effector En-
zymes Is Insensitive to Wortmannin.  To investigate the po-
tential role of CD19-activated PI3-kinase on early BCR-
mediated protein tyrosine phosphorylation events, CD19-
positive cells were preincubated for 30 min with DMSO
(vehicle) or increasing concentrations of wortmannin and
stimulated for 1 min with antigen before effectors were im-
munoprecipitated and analyzed. As shown in Fig. 7, anti-
gen-induced tyrosine phosphorylation of Ig-«, Lyn, and
Syk was insensitive to wortmannin. PLCvy1 and PLC~v2 ty-
rosine phosphorylation was somewhat sensitive to wort-
mannin preincubation although the decrease in induced ty-
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A 35 Figure 6. Wortmannin inhib-
51 e its the antigen-induced increase
I in PI3-kinase activity, [Ca**];

mobilization and IP; generation
in the J558Lp.m3 CD45*CD19*
plasmacytoma. (A) Cells were
preincubated with DMSO (vehi-
cle) or wortmannin at various
concentrations (in 0.2% final
DMSO concentration) for 25
min at 25°C, prewarmed for 4
B min at 37°C, and then stimulated
for 2 min with 1 ug NPyBSA/4
X 108 cells/ml before analysis of
P13-kinase activation as de-
scribed in Fig, 4. Shown is the
mean fold increase in activity
over basal from four independent
experiments = standard error of
the mean. Asterisk indicates a sta-
tistical significance of P <0.05 de-
termined by JMP 3.16 statistical
: software. (B) To study the effects
of wortmannin on the calcium re-
sponse, J558Lpnm3CD45+CD19*
cells were Indo-1 AM loaded
and preincubated with DMSO
(vehicle) or wortmannin at vari-
ous concentrations (resulting in
0.2% final DMSO) for 25 min at
25°C, prewarmed for 4 min at
37°C, and stimulated at arrow
with 250 ng NP4BSA/106 cells/ml. Shown is the mean [Ca%*]; over time
with analysis of ~600 cells/s. [Ca2*]; in resting cells is 100 nM. (C)
J558Lum3CD45+7CD19* cells were preincubated with DMSO or in-
creasing concentrations of wortmannin, prewarmed, and stimulated with
2.5 wg NPgBSA/107/ml for 1 min before IP; production was measured
by the P4 receptor binding inhibition assay. Shown is the mean fold in-
crease over basal in three independent experiments = standard error of
the mean. Asterisk indicates a statistical significance of P <0.05 deter-
mined by JMP 3.16 statistical software.
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rosine phosphorylation was modest (35% inhibition at 25 nM
wortmannin, Table 2) compared with the degree of wort-
mannin inhibition of IP; generation and calcium mobiliza-
tion (91.5% inhibition, Table 2). It seems very unlikely that
the >90% inhibition of PLC-y activity could be caused by a
35% inhibition of PLCy phosphorylation Thus, as sum-
marized in Table 1, CD19 expression by the J558Lum3
CD45" plasmacytoma is required for optimal antigen stim-
ulation of multiple intracellular signaling events, but only
some of these are secondary to the nearly absolute depen-
dence of PI3-kinase activation on CD19.

Mutation of p85 Binding Sites Destroy the Ability of CD19
to Mediate an Increase in BCR-mediated [Ca?™]; Mobiliza-
tion. To further explore the requirement of CD19 for
PI3-kinase activation and optimal antigen-mediated [Ca?*];
mobilization, we introduced a double-point mutant of
CD19, CD19Y*F Y5I5F, into the J558Lum3CD45" plas-
macytoma. The expression levels of sigM, CD45 and CD19
(Y#84F,Y55F) in this cell line is shown in Fig. 1. It has pre-
viously been demonstrated that the mutations Y“3F and
Y5I5F abrogates the ability of CD19 to interact with the
p85-subunit of PI3-kinase (9). Like the CD19-negative cell
line, the CD19 mutant cell line, showed no significant anti-
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gen-mediated activation of P13-kinase (results not shown).
When we assayed the ability of the cell line expressing the
mutant CD19 to mobilize [Ca?*]; in response to antigen
stimulation, we found that the mutant CD19 cell line be-
haved equivalently to the J558L.m3CD45" cell line (Fig.
8). This suggests that both CD19-mediated increase in
BCR-induced PI3-kinase activation and Ca?** mobilization
require phosphorylation of CD19 Y#8* and Y525,
Wortmannin Inhibits Antigen-stimulated [Ca?*]; Mobiliza-
tion in Splenic B Cells.  To investigate the role of P13-kinase
in antigen-induced signaling in a more physiological sys-
tem, we purified splenic B cells (p =1.066) from spleens of
normal mice and assessed the effects of wortmannin on
BCR signaling. After preincubation for 30 min with DMSO
or wortmannin, splenic B cells were stimulated with 13.2
wg/108 cells F(ab’),RAMIG. As observed in the J558L
wm3CD45*CD19* cell line, wortmannin inhibited, as a
function of its concentration, the antigen-mediated calcium
mobilization in these primary B cells (Fig. 9). Wortmannin
also inhibited the residual antibody-mediated Ca?* mobili-
zation in CD19~/~ splenic B cells (data not shown). Thus,
BCR signaling in J558Luwm3CD45*CD19* and normal B

Wortmannin (nM): 0 0 10 25 50
r

NP9BSA:

T T T T 1

+ O+ o+ 4 Figure 7. In the CD19-posi-
tive J558Lum3CD45+ cells, an-
tigen-induced tyrosine phosphor-
ylation of PLCy1 and PLCy2 is
slightly inhibited by wortman-
nin, while Lyn, Ig-a and Syk
inductive tyrosine phosphoryla-
tion s insensitive to wortmannin.
J558Lum3CD45*CD19*  cells
were preincubated with DMSO
or increasing concentrations of
- ’ | wortmannin, prewarmed and
- % stimulated for 1 min  with

NPgBSA (2.5 wg/107 cells/ml)
L E . |PLCp2

IP Ab:

PLCy1

S

SDS-PAGE fractionation and elec-
trophoretic transfer were per-
formed. For each immunoprecipi-

and lysed. Immunoprecipitation,
u s .
* — J
| & tation, both anti-phosphotyrosine

and anti-effector immunoblots
are shown. Results are represen-
tative of at least three indepen-
dent experiments.

cells is similarly sensitive to PI3-kinase inhibition and
CD19 function (see below).

CD19 Is Required for Anti-BCR Stimulation of P13-Kinase
Activation and Ca?* Mobilization in Splenic B Cells. To ex-
tend our observations regarding CD19 dependence of BCR-
mediated signaling in B lymphocytes we compared BCR-
mediated PI3-kinase activation and calcium mobilization
responses of B cells from CD19 knockout mice and normal
mice. It has previously been reported that no distinguish-
able difference can be seen between CD19-deficient and
normal B cells in the pattern or the degree of substrate phos-
phorylation after surface immunoglobulin stimulation (27).
We obtained the same results when comparing whole cell
lysates from CD19~/~ and CD19** cells (results not shown).
However, careful investigation of several signaling events
revealed that p =1.066 resting splenic B lymphocytes from
CD19/~ mice are impaired in their response to surface im-
munoglobulin crosslinking when compared with CD19+/+
littermates. F(ab"),RAMIG-mediated PI3-kinase activation
was severely diminished in the CD19~/~ B cells (Fig. 10),
reminiscent of the situation in the plasmacytoma cell lines.
As shown in Fig. 11, absence of CD19 also clearly affects

Table 2. Percent Inhibtion of Maximal Responses by Wortmannin Preincubation
PLC~1 tyrosine PLC~2 tyrosine
IP; production phosphorylation phosphorylation
10 nM 41.7 = 10.8% (n = 2) 18.2 = 5.6% (n = 2) 16.3 = 4.4% (n = 6)
25 nM 915 + 8.6% (n = 2) 34.6 = 11.4% (n = 3) 34.9 = 7.4% (n = 5)
50 nM 97.6 = 25% (n = 2) 44.7 +10.2% (n = 3) 58.4 + 3.8% (n = 6)

1904 CD19 and BCR Signaling



470 - — — — J558Lpm3CD45+
=) J558Lum3CD45+CD19+
=
= 260 J558Lum3CD45+CD19+
gﬁ (Y4845, y515F)
€ s
=
3 -
=
| T T 1
0 3 6 9 12
Time (min)
Stimulus added
Figure 8. Mutant CD19 (CD19Y“%F,Y515F) does not support antigen-

induced [Ca?*]; mobilization. J558Lum3CD45*CD19-, J558Lum3CD45*
CD19* and J558Lpum3CD45*CD19*(Y*8F,Y515F) cells were loaded with
Indo-1 AM, and analysis of [Ca?*]; initiated before antigen stimulation
(250 ng NPyBSA/105cells/ml). Shown is the mean [Ca?*]; over time with
analysis of ~600 cells/s. [Ca2*]; in resting cells is 100 nM.

BCR-mediated calcium mobilization. A decrease in cal-
cium mobilization was seen in B lymphocytes from the
CD19~/~ mice in response to stimulation with an optimal
dose of antibody (Fig. 11 A). At suboptimal concentrations
of antibody (1.3 pg F(ab"),RAMIG) almost no BCR-medi-
ated calcium mobilization was seen in cells from CD19~/~
mice, while cells from the CD19*/* littermates still re-
sponded well (Fig. 11 B). We obtained equivalent results in
10 independent experiments. Our results appear to conflict
with those of Sato et al.(34), who observed enhancement
of later phase Ca?* mobilization in CD19~/~ cells. These
contrasting findings may result from technical differences in
the respective studies.

Discussion

Recent studies of CD19~/~ mice and CD19 transgenic
mice have demonstrated the importance of CD19 in B cell
development, but particularly in the immune response of
mature B cells. In human CD19 transgenic mice B cell de-
velopment is impaired (45) as indicated by the fact that
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Figure 9. Antigen induction of [Ca%*]; mobilization in splenic B cells

from normal mice is sensitive to wortmannin. Splenic B cells (p =1.066)
were isolated from spleens of normal mice, and loaded with Indo-1 AM.
The cells were preincubated with DMSO or increasing concentrations of
wortmannin for 25 min at 25°C. They were then warmed to 37°C for 4
min and stimulated with 13.2 g F(ab’),RAMIG/108/ml (at arrow).
Shown is the mean [Ca*]; over time with analysis of ~600 cells/s.
[Ca%*]; in resting cells is 70 nM.

these mice have dramatically fewer B cells in the periphery.
In these transgenic animals proper B cell development is
very sensitive to even small increases in CD19 expression
levels (46). CD19~/~ mice also have lower levels of B cells
in the periphery, and mature B cells from these animals
mount a poor proliferative response to anti-BCR antibod-
ies. These animals respond only weakly to T cell-dependent
antigens, germinal center formation is lacking or dimin-
ished, and the serum immunoglobulin levels are signifi-
cantly reduced (26, 27, 47). Based on these findings, it has
been suggested that CD19 functions by enhancing the cel-
lular sensitivity to antigen, setting the threshold for antigen-
mediated signaling (46). This may reflect a CR2-dependent
coreceptor function and/or an accessory function of CD19
in BCR signal transduction.

Here we have defined an important accessory function
for CD19 in antigen-induced BCR signal transduction and
described a molecular basis for this accessory function.
CD19 was found to influence the magnitude of activation

Figure  10. BCR-mediated
stimulation of PI3-kinase activa-
tion is diminished in splenic B
cells from CD19~/~ mice com-

8 pared with CD19+/* litter-
7 p=0.0253 mates. Splenic B cells (p =1.066)
were purified from spleens of
6 CD19~/~ or CD19*/* mice, pre-
warmed, stimulated with F(ab’),
57 RAMIG (26.4 png/5 X 108/ml)

for 2 min, lysed, and then immu-
noprecipitated with an anti-p85
antibody.  Immunoprecipitates
were washed and assayed for PI3-
kinase activity. Fold increase in
| i P13-kinase activity after stimula-
- “N19./. . tion was determined using a
D159/ CD19+/+ Phosphorlmager. (A) Primary

autoradiographic data from a representative experiment. (B) Mean fold increase over basal in three independent experiments + standard error of the mean.
Statistical significance was determined by JMP version 3.16 statistical software (SAS Institute).
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Figure 11. BCR-mediated [Ca?*]; mobilization is reduced in splenic B

cells from CD19~/~ mice compared with CD19*/* littermates at both
optimal and suboptimal doses of antibody. B cells (p =1.066) were iso-
lated from spleen of CD19~~ and CD19*/* mice and loaded with Indo-1
AM. [Ca?*]; mobilization was monitored before and after stimulation of
the cells with F(ab’), RAMIG. (A) Cells were stimulated with 13 j.g/10%
cells/ml; shown is an overlay of the [Ca?*]; mobilization pattern in an ex-
periment where splenic B cells from two CD19~/~ and two CD19+/*
mice were compared independently. This experiment was performed 10
times with similar results. (B) Cells were stimulated with a suboptimal
dose of F(ab’), RAMIG (1.3 ng/108 cells/ml). Shown is the mean [Ca?*];
over time with analysis of ~600 cells/s. [Ca2*]; in resting cells is 70 nM.

of multiple intracellular signaling pathways after antigen
stimulation of the BCR. While expression of CD19 leads to
modestly enhanced antigen-induced 1g-«, Lyn, Syk, PLCv1,
and PLC+2-inductive tyrosine phosphorylation, CD19 is
absolutely required in order to obtain substantial PI3-kinase
activation, IP; generation, and maximal calcium mobiliza-
tion. Thus, CD19 modifies BCR signaling in a qualitative
manner. Using the PI3-kinase inhibitor wortmannin we
further determined that while the increased antigen-induced
tyrosine phosphorylation of Ig-«, Lyn, and Syk is indepen-
dent of PI3-kinase activation, differences in IP; turnover
and calcium mobilization are a function of PI13-kinase acti-
vation. Results obtained in CD19-positive and -negative
variants of the J558Lum3CD45* plasmacytoma cells were
confirmed using primary B lymphocytes from CD19~/~
mice and wild-type littermates. Thus, CD19 functions in
promoting BCR-mediated phosphoinositide hydrolysis via
activation of PI3-kinase, and also supports antigen-induced
phosphorylation of BCR receptor components and receptor
activated kinases by an unknown mechanism. Since the src-
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family kinases Lyn and Lck are found associated with CD19
in unstimulated cells (5, 6), CD19 may mediate the latter
effect via an increase in Ig-a phosphorylation by these ki-
nases.

It has been demonstrated previously that wortmannin
can inhibit angiotensin I1-mediated IP; production in adre-
nal glomerulosa cells (48) as well as anti-DNP-IgE—medi-
ated IP; production in RBL-2H3 cells (49). The mecha-
nisms by which PI13-kinase affects inositol lipid hydrolysis is
unclear. PLCy1 and PLC~2 are highly homologous en-
zymes; both contain two SH2 domains and one SH3 do-
main. In vitro studies suggest that tyrosine phosphorylation
of the enzymes is required to increase the catalytic activity,
but phosphatase treatment of phosphorylated PLCvy1 only
partially inhibits PLCvyl-mediated inositol trisphosphate
production (50), indicating that mechanisms other than ty-
rosine phosphorylation may regulate PLCv1 activation. Our
studies using the PI3-kinase inhibitor, wortmannin, indi-
cate that antigen-stimulated inositol lipid turnover and cal-
cium mobilization are dependent on P13-kinase activation
in B cells. Interestingly, induction of PLCy1 and PLC~2
tyrosine phosphorylation is relatively insensitive to wort-
mannin. As shown in Table I, IP; production is substan-
tially inhibited by 10 nM wortmannin, while this concentra-
tion of wortmannin has a neglectable effect on PLCy1 and
PLC~2 tyrosine phosphorylation. PI3-kinase phosphorylates
the phosphoinositol containing lipids; PI, PI(4)P and
P1(4,5)P, at the D3 position of the inositol ring (30). Two
of the products of this phosphorylation, PI(3,4)P, and
P1(3,4,5)P;, are important regulators of cell proliferation
(51). Recently it was suggested that P1(3,4,5)P; may play a
role in signaling by associating with SH2 domains, and thereby
modulating PI3-kinase association with tyrosine phosphor-
ylated proteins (52). P1(3,4,5)P; could thereby regulate the
activity of SH2 containing effector enzymes either directly
or indirectly by relocating them. We suggest that this may
reflect PI(3,4,5)P;, the product of PI3-kinase, association
with the SH2 domain of PLCvy1 and translocation of the
enzyme to the plasma membrane where its substrate re-
sides. Indeed addition of PI(3,4,5)P, to substrate vesicles has
been shown to increase PLC+y hydrolysis of P1(4,5)P, (53).
It has been demonstrated in other cell types that cell stimu-
lation results in translocation of PLCy1 and PLCv2 from
the cytosol to the membrane (54, 55). This suggests that
activation of phosphatidylinositol hydrolysis involves both
a PLC tyrosine phosphorylation event and a translocation
event. Alternatively, or additionally, interactions between
P1(3,4,5)P5 and pleckstrin homology (PH) domains could be
involved in translocation of effector proteins to the mem-
brane to obtain optimal phosphoinositide hydrolysis and
Ca?* mobilization. A likely candidate is Bruton’s tyrosine
kinase, Btk, which has been shown to selectively interact
with PI1(3,4,5)P5 vesicles via its PH domain (56). Indeed re-
cent findings suggest that Btk is required for BCR-medi-
ated Ca?" mobilization; in particular for extracellular influx
(Rawlings, D., personal communication). In this regard we
do see a higher antigen-mediated inductive tyrosine phos-
phorylation of Btk in our CD19-positive plasmacytoma cell



line than in the CD19-negative line, suggesting that CD19
may influence the activation of Btk (results not shown). Re-
cently it was shown in both T cells and B cells that under
certain circumstances cell stimulation can lead to tyrosine
phosphorylation of PLC+y, but no IP; production or cal-
cium mobilization (41, 57-59). These examples further un-
derscores the concept that tyrosine phosphorylation of PLCy
is not in itself sufficient to induce maximal IP; generation.

A critical role for CD19 phosphorylation in BCR activa-
tion of PI3-kinase, IP; production, and calcium mobilization
is also supported by studies of FcyRIIB1 signal transduc-
tion. We and others have recently shown that coligation of
BCR with FcyRIIB1 leads to rapid dephosphorylation of
CD19 and failed P13-kinase activation (60, 61). Therefore,
FcyRIIB1-mediated CD19 dephosphorylation appears to
prevent the normal contribution of CD19 to BCR signal-
ing. Importantly, FcyRIIB1 cocrosslinking with BCR also
results in aborted 1P, production and reduced calcium mo-
bilization. Thus, the calcium mobilization and 1P; produc-
tion phenotypes of the CD19-positive and -negative cell
lines are clearly reminiscent of the signaling phenotypes of
B cells stimulated with F(ab’), or intact antibodies, respec-
tively (62, 63). F(ab'), stimulation leads to a strong increase
in both intracellular and extracellular [Ca?*]; mobilization,
comparable to the antigen-mediated calcium mobilization
in the CD19-positive cells, and a strong and sustained P,
production. In contrast coengagement of the FcyRIIB1 re-
ceptor by stimulation with intact antibodies only induces a
transient production of IP;, and calcium mobilization as
seen in the CD19-negative B cell line (Figs. 2 and 3).
These data support a role for CD19 and its effector PI3-
kinase in BCR-mediated PLCy activation and calcium
mobilization.

Since our studies indicate that CD19 is required for max-
imal (i.e., both primary and secondary phase) Ca?" mobi-
lization, modulation of CD19 tyrosine phosphorylation, and
resulting modulation of [Ca%*]; mobilization pattern may
be important in differentially regulating downstream signal-
ing pathways such as activation of MAP kinase pathways,
transcription factors, and proliferation/apoptosis responses
(64, 65). Recently it was demonstrated that the amplitude
and duration of Ca?* signals contribute to transcriptional
specificity (64). Such effects could at least in part be a con-
sequence of the contribution of CD19, i.e., stimulation of
B lymphocytes with F(ab’),RAMIG, in which case CD19

is highly tyrosine phosphorylated, leads to a Ca%* spike and
a constant elevated second phase Ca2* response. In contrast
binding of immune complexes to FcyRI1IB1 and the BCR,
in which case CD19 tyrosine phosphorylation is decreased,
results in a Ca?* spike, but no prolonged second phase Ca?*
response triggering an effector output different from the
F(ab"),RAMIG stimulation. These modulations of the Ca?*
response may result in modulation of cell proliferation and
apoptosis. Splenic B cells proliferate in response to B cell
mitogens such as Staphylococcus aureus (SA) and anti-1gM.
The SA-proliferation response is partially inhibited by the
PI3-kinase inhibitor wortmannin (66), consistent with a role
of PI3-kinase in BCR-mediated proliferation responses.
CD19 activation may also be important for the regulation
of apoptosis. When immune complexes are bound to the
FcyRIIB1 and the BCR, in which case CD19 tyrosine
phosphorylation is decreased, B cell proliferation is inhib-
ited and cells undergo apoptosis (67). We hypothesize that
this inhibition of proliferation and induction of apoptosis is
a consequence of inhibition of PI3-kinase activity associ-
ated with CD19, leading to inhibition of downstream sig-
naling pathways. Potentially FcyRIIB1-mediated inhibi-
tion of CD19 tyrosine phosphorylation and PI3-kinase
activation could result in a failure to activate the serine/
threonine protein kinase Akt/PKB, which has been shown
to be a target of PI3-kinase (68-70), and is known to pro-
tect cells against apoptosis (71-73).

Here we have demonstrated a potential molecular basis
for the essential role played by CD19 in antigen-mediated
B cell activation, germinal center formation and generation
of immune responses. CD19 functions as a constitutive
component of the BCR signaling apparatus and is required
for antigen-mediated BCR stimulation of PI3-kinase acti-
vation and, via PI3-kinase activation, phosphoinositide hy-
drolysis, and calcium mobilization. In fact, this is the first
formal demonstration that CD19 modifies BCR signaling
directly. The findings have important biological implications
since CD19 and BCR expression are differentially regu-
lated during B cell development. Variation of the ratio of
expression of these molecules may provide a mechanism to
vary the output of the receptor as a function of cell differ-
entiation stage. Of potential importance in this context is
the fact that the contribution of CD19 to BCR signaling is
qualitative; it does not simply change the magnitude of the
signal.
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