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Abstract

PI3K plays key roles in cell growth, differentiation, and survival by generating the second
messenger phosphatidylinositol-(3,4,5)-trisphosphate (PIP3). PIP3 activates numerous enzymes, in
part by recruiting them from the cytosol to the plasma membrane. We find that in immature B
lymphocytes carrying a nonautoreactive Ag receptor, PI3K signaling suppresses RAG expression
and promotes developmental progression. Inhibitors of PI3K signaling abrogate this positive
selection. Furthermore, immature primary B cells from mice lacking the p85a regulatory subunit
of PI3K suppress poorly RAG expression, undergo an exaggerated receptor editing response, and,
as in BCR-ligated cells, fail to progress into the G; phase of cell cycle. Moreover, immature B
cells carrying an innocuous receptor have sustained elevation of PIP3 levels and activation of the
downstream effectors phospholipase C (PLC) )2, Akt, and Bruton's tyrosine kinase. Of these,
PLC)2 appears to play the most significant role in down-regulating RAG expression. It therefore
appears that when the BCR of an immature B cell is ligated, PIP3 levels are reduced, PLC)2
activation is diminished, and receptor editing is promoted by sustained RAG expression. Taken
together, our results provide evidence that PI3K signaling is an important cue required for
fostering development of B cells carrying a useful BCR.

Antigen recognition by the BCR may lead to distinct, and often diametrically opposed,
functional consequences compared with the basal BCR signal. For example, basal BCR
signals are essential for continued survival of naive mature B cells, which are uniformly
nondividing (1, 2). In contrast, when the BCRs of these same cells are ligated either by self
or foreign Ags, they undergo apoptosis or activation (3-6). Similarly, in immature B cells,
BCR ligation promotes receptor editing and developmental arrest, whereas basal surface Ig
(slg)4 signals promote recombinase down-regulation and developmental progression (7, 8).
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Ligated and unligated slg are sensed through the signaling capacity of the BCR complex,
which consists of slg and the associated signal transducers 1g-ap, which are required for
plasma membrane expression of slg and for signaling through the pre-BCR and BCR (9,
10). BCR ligation leads to phosphorylation of tyrosines within conserved ITAMs carried on
the cytoplasmic portions of Ig-aand £(11), which in turn recruit tyrosine kinases to their
cytoplasmic tails through other motifs (12). BCR signaling is initiated by tyrosine kinases of
the Src family and by Syk, which mediate ITAM phosphorylation and transphosphorylation
upon BCR aggregation (13). It is unclear whether the signals transmitted by unligated
receptors are qualitatively distinct from those of ligated receptors or merely represent a
quantitative difference.

An important step in BCR signaling is the phosphorylation of the coreceptor CD19 (14).
CD19 physically associates with the BCR through intracellular and extracellular motifs (15—
17). (CD19 has also been shown to facilitate pre-BCR signaling (18, 19)). BCR ligation
leads to the recruitment by CD19 of PI3K via its p85« regulatory subunit, the generation of
lipid products such as phosphatidylinositol-(3,4,5)-trisphosphate (PIP3), and the attendant
recruitment to the plasma membrane of pleckstrin homology (PH) domain-containing
proteins, such as phospholipase C (PLC))2 and cytoplasmic kinases, such as Bruton's
tyrosine kinase (Btk) and Akt (20). PLC)2 activation in turn promotes phosphatidylinositol-
(4,5)-bisphosphate hydrolysis to inositol trisphosphate and diacylglycerol, mobilizing Ca2*
stores and activating protein kinase Cs. In mature B cells, the BCR signaling complex is
rapidly recruited to cholesterol-rich lipid rafts on the plasma membrane, where several
tyrosine kinases, including Lyn, are abundant (21).

Genetic experiments have shown that basal signaling through an unligated BCR is critical
for peripheral B cell survival and/or immature B cell development (1, 22-24). This
physiological signal can be mimicked by a membrane-localized ITAM derived from an
artificial chimeric Iga protein (25), the EBV LMP2A protein (26, 27), or an engineered slg
molecule devoid of Ag specificity (22). During bone marrow development, transgene-
enforced expression of prerearranged IgH or IgH/L combinations can suppress endogenous
rearrangements, demonstrating a feedback regulation process; however, autoreactive
receptors that presumably generate a distinct BCR-mediated signal fail to suppress
recombination and promote instead ongoing rearrangement that often leads to receptor
editing (reviewed in Ref. 28).

These results suggest that in immature B cells an unligated BCR promotes a signal that
regulates VV(D)J recombination, whereas a cross-linked receptor promotes a distinct signal.
Furthermore, studies in which the slg is inducibly lost from immature B cells suggest that
this suppression of recombination, along with the loss of expression of maturation markers,
is reversible for some time (24).

An important aspect of the regulation of L chain recombination involves the transcription
rate of RAGIand RAGZ. But it is not clear how signals from an unligated BCR are
distinguished from those of autoreactive BCRs. We found previously that one aspect of
BCR-regulated RAG expression control involved the activation of NF-«B (29). Other
studies have implicated effects on basal slg signaling through the CD19 coreceptor as
important in the signal to turn off VV(D)J recombination (30, 31).

In this study, we have sought to identify signaling pathways that may regulate B cell-
positive selection, using as a readout the down-regulation of RAG expression by an

4Abbreviations used in this paper: slg, surface Ig; Btk, Bruton's tyrosine kinase; int, intermediate; PH, pleckstrin homology; PIP3,
phosphatidylinositol-(3,4,5)-trisphosphate; PLC, phospholipase C; Tg, transgenic.
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innocuous, i.e., nonli-gated, BCR, and to determine how ligated and unligated BCRs signal
differentially at the immature B cell stage.

Materials and Methods

Mice

The 3-83 mice (4) on the B10.D2 genetic background were bred to HYG RAG2-GFP (32)
and/or p85a-deficient (33) backgrounds. The HYG RAG2-GFP reporter transgene is derived
from a large bac clone that appears to carry transcriptional control regions for both RAG1
and RAG2 (32). Mice were maintained in The Scripps Research Institute Animal Resources
facility; all of these studies have been reviewed and approved by the relevant The Scripps
Research Institute institutional animal care and use review committee.

Cell culture and stimulation

Immature B cells were either isolated directly from the bone marrow of 3-83 mice, or
expanded in IL-7 cultures, and stimulated with BCR and control mAbs at 10 tg/ml, as
described (34). S23 is a mouse 1gG2b anti-3-83 Id raised in a JCk-deficient mouse (D.
Nemazee, unpublished observation); Y3 (American Type Culture Collection designation
HB-176) is an 1gG2b anti-H-2KP Ab (35). Wortmannin, LY294002, U73122, m-3M3-FBS,
Akt inhibitor (1L-6-hydroxymethyl-chiro-inositol 2-(R)-2- O-methyl-3-C-
octadecylcarbonate), rapamycin, SB203580, PD98059, cyclosporin A, and FK506 were
obtained from Calbiochem.

Protein extracts, immunoblotting, fusion proteins with transduction domains of HIV TAT,

and EMSA

Nuclear and cytoplasmic extract fractions were prepared, as described (36). Whole cell
extracts were prepared by resuspending 107 cells in 100 4 of lysis buffer (0.1% Triton
X-100 in 1x PBS) supplemented with 20 mM NaF, 1 mM sodium orthovanadate, and
protease inhibitors (Roche). After incubating for 15 min on ice, samples were cleared by
10,000 x g centrifugation for 10 min at 4°C, and supernatants were stored at —70°C. After
reducing PAGE, transfer to nylon membranes was conducted using the X Cell Il Blot
Module (Invitrogen Life Technologies). Primary Abs used were: p50/p105 (sc-114), p65
(sc-372), c-rel (sc-71), IkBa (sc-371), p-1kBa (sc-8404), Aktl (sc-1618), Btk (sc-1696), and
cyclin D2 (sc-593) from Santa Cruz Biotechnology; phospho-Btk (Tyr223), phospho-Akt
(Thr3%8) phospho-PLC)2 (Tyr1217), and PLC)2 from Cell Signaling Technology; GAPDH
(mAb374) from Chemicon International; and fibrillarin, provided by Pollard (The Scripps
Research Institute, La Jolla, CA). Secondary Abs used were goat anti-rabbit IgG HRP and
goat anti-mouse 1gG HRP (Jackson ImmunoResearch Laboratories). Expression and
purification of TAT-superrepressor |1kBa (37) and TAT-S-gal (38) were as described (29).
EMSA was performed essentially as described (29).

Northern blotting and L chain rearrangement assays

PIP3 assay

Northern blots and L chain gene rearrangement assays were essentially as described (29).
Probes and PCR conditions/primers are described for the following rearrangements: V k-Jx1
(39), recombining sequence/ k-deleting element-intronic recombination sequence (40), and
VAL-JAL (7).

Assay was based on the work of Anzelon et al. (41); however, similar assays have been
described by other investigators (e.g., 42). Cells were fixed and permeabilized using a kit
(BD Biosciences), incubated in FACS buffer with biotinylated anti-P1-(3,4,5)-P3 (Echelon,
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Z-B345), followed by streptavidin-PerCP Cy5.5. Samples were analyzed on a FACSCalibur
cytometer (BD Biosciences) using the FlowJo software package.

Results

CD19 phosphorylation

Evidence for active signaling through an innocuous BCR in immature B cells was sought by
analysis of protein tyrosine phosphorylation in primary immature sigM* B cells, which were
generated from bone marrow of 3-83 BCR transgenic (Tg) mice, as described (29, 34).
Positive selection in this context involves the suppression of RAG gene expression and the
up-regulation of cell surface maturation markers. BCR ligation of the maturing cells
prevents or reverses maturation and promotes RAG gene expression and receptor editing.
Thus, a comparison of BCR-ligated or unligated cells provides a way to compare signals
promoting editing and positive selection, respectively. As shown in Fig. 1A, several
prominent tyrosine-phosphorylated bands are detected in cells carrying innocuous receptors
that are lost upon BCR ligation. One band appeared to be ~95 kDa, the molecular mass of
CD109. To test this, we assessed CD19 tyrosine phosphorylation at amino acid position Y513
using a specific phosphopeptide Ab. As shown in Fig. 158, strong CD19 phosphorylation
was observed in cells carrying an unligated receptor and the phosphorylation signal was lost
in B cells treated with anti-BCR Ab. Control experiments with a pan-reactive CD19-blotting
Ab showed that the level of CD19 was also reduced in BCR-ligated cells compared with
control cells (Fig. 1B) (the fower band in the lower left blot may be an under-glycosylated
CD19 biosynthetic intermediate). To extend this analysis in vivo, we assessed CD19 levels
in freshly isolated bone marrow B cells that were either innocuous (3-83 Tg on a
nondeleting H-24 background) or autoreactive (3-83 Tg central-deleting H-2K background).
In B cells on the autoreactive background, levels of both surface CD19 and intracellular
CD19 were down-modulated significantly (Fig. 2). We conclude that CD19 tyrosine
phosphorylation at Y513 correlates with B cell-positive selection, whereas in the context of
negative selection, developing B cells carry reduced levels of CD19 that are
hypophosphorylated.

Effects of PI3K inhibitors

Because the major function of CD19 is believed to be the recruitment of PI3K upon
phosphorylations of Y513 and Y482 (43, 44), we tested the possibility that positive selection
was PI3K dependent. A first approach involved treating immature B cells with signaling
inhibitors (Fig. 3A4). As shown in Fig. 3B (fop panel), in immature B cells carrying an
innocuous BCR, PI3K inhibitors wortmannin and LY294002, but not a wide variety of other
signaling inhibitors, were capable of eliciting a robust expression of RAG1 and RAG2. This
effect was similar to that of BCR ligation itself, only more robust (Fig. 3B, lower panel).
Because wortmannin and LY294002 may affect several PI3K, we also tested a p110d
inhibitor, 1C87114 (45); it too promoted RAG expression in a dose-dependent manner (Fig.
30). It therefore appears that chemical inhibitors of PI3K activity suppress B cell-positive
selection in a manner comparable to BCR ligation.

Effect of p85a deficiency on RAG expression in vivo

To further probe the role of PI3K in B cell positive-selection, 3-83 BCR Tg mice were bred
to p85a-deficient mice (33), and RAG expression and V(D)J recombination were monitored
in immature B cells in the context of innocuous and ligated Ag receptors (Fig. 4). As shown
in Fig. 4A, p85-deficient cells carrying innocuous receptors failed to strongly suppress
RAG1 and RAG2 expression as assessed by Northern blot. (In samples expressing high
overall RAG transcript levels, we sometimes observed additional bands for RAG2, which
may represent partially spliced nuclear intermediates.) Furthermore, BCR-induced RAG

J Immunol. Author manuscript; available in PMC 2013 September 19.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Verkoczy et al.

Page 5

expression was further augmented in the absence of p85. Quantitation of these changes for
RAG2 is summarized in Fig. 4B. As shown in Fig. 4C, minimal differences in cell recovery
were observed between p85a-deficient and -sufficient cells, ruling out preferential survival
of RAG-expressing cells with p85a deficiency as an explanation for these results. Consistent
with the elevated RAG expression of the p85a-deficient cells, these cells manifested
elevated L chain gene recombination as assessed by semiquantitative PCR assays (Fig. 4D).
Analysis of ex vivo bone marrow B cells from p85a-deficient mice carrying an innocuous
BCR was consistent with the above mentioned results using IL-7-cultured B cells. As shown
in Fig. 4E, p85a-deficient cells clearly overexpressed RAG2 compared with p85a-sufficient
controls, as measured using a RAG2/GFP reporter transgene (32). Hence, p85a function
appears to be important for the innocuous BCR-mediated suppression of RAG expression in
Vivo.

Effects of p85 deficiency on NF-kB activity in immature B cells

Because RAG expression was up-regulated in p85-deficient cells, and we previously
observed that NF-«B/re/transcription factors regulate RAG expression, we tested the effects
of p85a deficiency on the spontaneous and sustained BCR-induced activation of NF-«B. As
shown in Fig. 5A, p85a deficiency was indeed correlated with elevated NF-«B nuclear
activity, as detected by EMSA. BCR ligation increased activity in wild-type cells relative to
control (/anes 1 and 2), whereas in p85a-deficient cells NF-«B/re/ activity was high even in
the absence of BCR ligation. Elevated NF-«B/re/was generally correlated with reduced
levels of cytoplasmic kB aand increases of p65 levels in the nucleus (Fig. 55). However, in
p85a~ cells, the nuclear levels of p50, c-re/, and p65 were all substantially increased, and
the p65 and 1kBa components found in the nucleus had a distinctly slower electrophoretic
mobility (Fig. 58, /anes 7and 8).

We previously showed that the BCR ligation-induced RAG expression in immature B cells
was regulated by NF-«B components and could be inhibited by a dominant-negative |kBa
superrepressor protein (29). Consistent with the prediction that suppression of NF-«B-
induced RAG activity was downstream of BCR-induced PI3K activity, | kB a superrepressor
protein-TAT fusion protein was able to suppress RAG expression in cells treated with
wortmannin, BCR Ab, or both (Fig. 5C). A control TAT-fusion protein had no effect in this
RAG2/GFP reporter assay. These results suggested that a BCR-regulated and p85a-
dependent PI3K activity suppresses activation of NF-«B in immature B cells. Furthermore,
virtually all markers of B cell maturity were reduced in p85a-deficient B cells, including up-
regulation of MHC class II, IgD, CD21, PirA/B, and CD23, and down-modulation of CD93,
IgM, and CD24 (data not shown), consistent with prior studies of splenocytes of p85a-
deficient mice (46, 47). Collectively, these data indicate that p85a-deficient immature B
cells progress poorly, or slowly, in development in vivo, and that they have reduced ability
to undergo (innocuous) BCR-mediated positive selection.

PIP3 levels are increased in primary B cells carrying innocuous receptors

Because the foregoing evidence suggested a strong correlation between PI3K activity and
BCR-mediated regulation of RAG expression, we directly assessed p85a-deficient and
sufficient primary B cells, with and without BCR ligation, for PIP3 levels and RAG gene
activity. As measured by intracellular staining with anti-PIP3 Ab (41), p85-sufficient B cells
carrying unligated receptors obtained from IL-7-cultured bone marrow had significantly
higher levels of PIP3 24 h after IL-7 withdrawal than those cultured with BCR ligand (Fig.
6A, cf /eft panels). In contrast, and as predicted, p85-deficient cells had significantly lower
PIP3 levels. (As expected, wortmannin-treated cells had reduced immunoreactivity with the
PIP3 Ab (data not shown)). In addition, low levels of PIP3 immunoreactivity correlated with
high RAG2 expression, as measured at the level of single cells using the GFP reporter gene.

J Immunol. Author manuscript; available in PMC 2013 September 19.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Verkoczy et al.

Page 6

A time course experiment showed that at all time points tested, BCR-ligated cells had
consistently lower PIP3 levels than cells carrying unligated slg (Fig. 65). To see whether
PIP3 levels were increased in newly formed B cells carrying innocuous BCR in vivo, we
compared B220i" bone marrow B cells from wild-type mice with those from 3-83 Tg mice
carrying a bone fide innocuous receptor (Fig. 6C). Increasing PIP3 levels correlated with the
expression of the innocuous BCR, and were lowest in non-Tg cells that were slg negative.
This result was further confirmed in a comparison of B220* cells from bone marrow and
spleen of B10.D2 mice, in which mature slg* cells of the spleen had significantly higher
PIP3 levels than slg~ bone marrow pre-B cells (Fig. 6 D). These results suggest that PIP3, a
product of PI3K, is increased in cells carrying a slg, including those undergoing positive
selection. By contrast, PIP3 levels are reduced not only in pre-B cells lacking a BCR, but
also in immature B cells expressing a ligated BCR, and in cells lacking the PI3K regulatory
component p85.

Enzyme activation

Given the clear evidence for a role for PIP3 in regulating B cell-positive selection, we
considered the next possible steps in a signal transduction cascade, in particular cytosolic
enzymes that are recruited to the plasma membrane through PH domains, which recognize
and bind to PIP3. Among the major candidates in B cells are three enzymes, as follows: the
protein tyrosine kinase Btk, the serine/threonine kinase Akt, and PLC)?2 (48). The activation
of these enzymes is conveniently monitored by the use of well-defined phosphopeptide Abs.
As shown in Fig. 7A, all three enzymes are activated in immature B cells carrying innocuous
receptors, reduced in activity in anti-BCR-treated cells, and suppressed in wortmannin-
treated cells. Consistent with these results, in p85a~'~ cells, PLC 2 activation, as detected by
Tyr1217 phosphorylation, was impaired (Fig. 75), but surprisingly Btk and Akt
phosphorylation was retained (data not shown). Results entirely consistent with these were
obtained using ex vivo bone marrow B cells because innocuous B cells had high-level
Tyr1217 phosphor-ylation that was suppressed by either BCR ligation (Fig. 7C) or treatment
with 1C87114 (data not shown). These results indicated that in immature B cells Btk, Akt,
and PLC)2 may transmit PI3K-dependent positive selection signals from unligated BCRs,
and that PLC )2 is particularly dependent on p85a for its activation.

Linkage of PLCy2 to RAG expression

To probe the functional relevance of Btk, Akt, and PLC )2 downstream pathways to B cell-
positive selection, the effects of inhibitors of these enzymes were assessed in a readout of
RAG mRNA induction or suppression. As shown in Fig. 70, an inhibitor of PLCy
(U73122), but not inhibitors of Btk or Akt, promoted a dose-dependent, and strikingly
increased, expression of RAG2 mRNA. Furthermore, a specific chemical activator of PLCy
(m-3M3-FBS) had the opposite effect. These results strongly suggest that PLC)2 is critical
for the efficient RAG gene down-regulation associated with B cell-positive selection in
immature B cells.

Cell size/cell cycle

Because p85a has been reported to regulate cell cycle progression in mature B cells (49), we
assessed parameters of cell cycle and cell size in relation to the effects of basal or ligated
BCR signaling in immature B cells. Several lines of evidence suggested that B cell-positive
selection is associated with an increase in cell size relative to unselected B cells that lack an
innocuous BCR (Fig. 8). First, in bone marrow cultures, BCR-stimulated cells had a
consistently reduced forward light scatter compared with cells treated with control Ab (Fig.
8A). The time- and BCR ligation-dependent RAG expression in these cells was inversely
proportional to cell size (Fig. 88). Second, newly formed B220'" bone marrow B cells in
vivo that carry innocuous BCRs are larger than comparable sigM~ pre-B cells from wild-
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type mice (Fig. 8C). Furthermore, in a comparison of innocuous and autoreactive bone
marrow B cells isolated directly from mice, autoreactive cells had ~5% lower forward light
scatter than innocuous ones at a similar developmental stage (B220') (Fig. 8 D). Supporting
a role for PI13K activity in this process, p85a-deficient 3-83/RAG2-GFP-cultured cells had
reduced size and increased GFP expression relative to p85a-sufficient controls (Fig. 8£).
These data clearly establish the correlation in bone marrow B cells between positive
selection and cell size as measured by forward scatter (or side scatter; data not shown),
whereas negative selection is associated with lower cell size and increased recombinase
expression.

In support of the forward light scatter data, evidence from cell cycle analysis measuring
DNA and protein content indicated that BCR-treated and p85a-deficient cells had 2N DNA,
but significantly reduced protein content relative to control 1g-treated, p85a-sufficient cells,
consistent with a block in Gy to G4 progression (Fig. 9A4). Analysis with chemical inhibitors
suggested that, with respect to cell size, an Akt inhibitor, but not a PLCy inhibitor, could
suppress the effect of an innocuous receptor (Fig. 9B8). Furthermore, immature B cells
carrying an innocuous, unligated BCR expressed significantly more cyclin D2 than BCR-
ligated cells (Fig. 9C). Cyclin D proteins are known to be important in Gy to G, progression,
and in splenic B cells are regulated by p85a-mediated signals (46, 50). Compared with wild-
type B cells, p85a-deficient cells had reduced cyclin D2 expression, cell size, and protein
content. These data suggest that, unlike the RAG response, the PI3K-mediated signal-
controlling cell size most likely requires Akt and is independent of PLCy.

Discussion

Developmental progression in newly formed B cells involves a positive selection step that
stops V(D)J recombination, down-regulates RAG gene expression, and up-regulates cell
surface markers of maturation. Positive selection addressed in the present study probably
applies to the major B cell lineage fated to populate the lymphoid follicles. We find that, in
addition, positive selection involves a significant change in cell size and cyclin D2
expression indicative of partial Gg to G1 cell cycle progression. We show in this study that
these pathways are most likely initiated by the innocuous BCR-dependent phosphorylation
of CD19, leading to the recruitment of PI3K p85 subunit adjacent to the plasma membrane,
allowing subsequent activation of PI3K and PIP3 generation. PIP3 in turn probably recruits
Btk, Akt, and PLC)2 to the plasma membrane, leading to their activation. These effectors
are most likely critical in regulating different manifestations of BCR-induced positive
selection.

The present study has revealed that the PI3K signaling pathway plays an important role in
slg-mediated B cell-positive selection at the immature B cell stage. Data supporting this
conclusion include the following findings. First, innocuous slg expression was associated
with tyrosine phosphorylation of a restricted set of proteins, including CD19 at Y513, a site
of p85 recruitment, whereas immature B cells whose slg was cross-linked lost progressively
this phosphorylation, and both in vivo and in vitro overall CD19 levels were reduced.
Second, several chemical inhibitors of PI13K activity, including a highly specific p1100
inhibitor, led to a striking increase in RAG expression, whereas a large number of inhibitors
of other biochemical pathways failed to promote RAG expression. Loss of RAG expression
in developing slgM* cells is a cardinal indicator of B cell-positive selection. The ability of
the less specific PI3K inhibitors wortmannin and LY 294002 to stimulate RAG expression in
IL-7-precultured B cells had been noted in earlier studies (24, 29). Third, mice deficient in
the PI3K regulatory subunit p85a displayed elevated RAG levels, excess L chain gene
recombination, and reduced expression of cell surface differentiation markers in vivo and in
vitro. Fourth, cells lacking p85¢a or those treated with anti-BCR ligands manifested reduced
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PIP3 levels compared with wild-type cells carrying unligated BCRs. Fifth, in vivo small pre-
B cells had lower PIP3 levels than newly formed immature B cells. Sixth, the
phosphorylation of Akt, PLC)2, and Btk, three key signaling molecules carrying PH
domains recruited by PI3K, was elevated in cells carrying innocuous BCRs. In contrast,
these phosphorylations were reduced in cells treated with PI3K inhibitors and in cells whose
BCRs were ligated by Ab.

Our data suggest that PLC )2 in particular may be important in transmitting the P13K signal
suppressing RAG expression. In immature B cells, a chemical inhibitor of PLCy led to
increased RAG expression, whereas a PLC y activator had the opposite effect. PLCy converts
phosphatidylinositol-(4,5)-bisphosphate to the second messengers inositol-(1,4,5)-
triphosphate and diacylglycerol, promoting Ca2* flux and PKC activation, respectively. In
immature B cells genetically lacking p85a, PLC )2 phosphorylation was impaired, whereas
Btk and Akt phosphorylation was substantially retained. These results are consistent with
recent data indicating that in splenic B cells from mice deficient in p85a, BCR-mediated Btk
and Akt activation is intact (46, 51).

Our findings are consistent with previous experiments showing that CD197~ B cells
carrying an innocuous Ab transgene fail to suppress efficiently RAG expression and
endogenous Ig gene rearrangements, and fail to mature in the periphery (30, 52). The
impaired BCR-signaling phenotype of CD19"~ mice, which abrogated feedback suppression
of endogenous Ig L chain gene rearrangements, could be rescued by rendering the Ab
transgene homozygous, suggesting that in the absence of CD19 the basal signaling of the
BCR was subthreshold (30). Additional pathways undoubtedly contribute to the positive
selection signal. BCAP, which has been shown to play a role in recruiting p85 and
promoting PI3K activation downstream of BCR signaling, may function independently of
CD19 (53).

Our data indicate that interactions between CD19 and the innocuous BCR are essential for
optimal sustained activation of PI3K and PLC)2, and the down-regulation of RAG
expression. The simplest model would be that positive selection is inhibited (and editing by
default promoted) simply by separating the intracytoplasmic tails of BCR and CD19 and
their associated signaling molecules from one another, preventing in particular BCR-
mediated tyrosine phosphorylation of CD19, p85 recruitment, and activation of PI3K. This
model would be consistent with recent data suggesting that induced deletion of the IgH
locus in immature B cells can activate RAG gene expression in immature B cells (24). The
model would also be consistent with the elevated RAG levels and inefficient positive
selection seen in CD19 deficiency (30). Moreover, our finding that BCR ligation of
autoreactive receptors leads to a loss of CD19 in immature bone marrow B cells provides an
explanation for how cells carrying self-reactive receptors are hindered in their
developmental progression. The ability of BCR ligation to down-regulate CD19 has been
noted before (15), but to our knowledge has not been studied in primary bone marrow B
cells.

The B cell type studied in this work represents an early sigM* stage that appears to differ
fundamentally in its signaling pathways from mature splenic B cells. In this study, we find
that an unligated, innocuous receptor stimulates at steady-state PI3K activity and PLC)2
phosphorylation correlating with reduced NF-«B activation and RAG expression. PI3K
inhibitors or p85 deficiency result in nuclear NF-«B up-regulation. In contrast, in mature B
cells, PI3K activity is associated with elevated NF-«B activation (46, 50).

The relative contributions of Akt and PLCyto the regulation of RAG expression and editing
have not been addressed directly in previous studies. Recently, however, PLCy2"~ B cells
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were shown to express high levels of RAG, although these mice also developed tumors with
a mixed pre-B/B cell phenotype to which RAG overexpression might have contributed (54).
The adapter molecule B cell linker protein (BLNK), which is critical for PLC?2 activation,
has been suggested to be required for editing (55). However, because RAG levels were not
assessed in these mice, it is difficult to determine whether the mutation affects another
aspect of the developmental arrest process. In T cells, the related adapter molecule, murine
SH2 domain-containing leukocyte protein (SLP-76), is required for tonic signaling and
suppression of RAG (56).

Innocuous BCR expression on immature B cells promotes differentiation, including the
expression of cell surface molecules associated with peripheral B cell maturation, including
CD2, CD22, CD23, MHCI|, etc. In this study, PI3K signaling may play a role through the
recruitment of Btk, which is believed to promote expression of several of these markers
(57). In Btk-deficient mice, neither receptor editing nor positive selection appears to be
impaired (57, 58). Indeed, it has been argued that B cell-positive selection is accelerated in
Btk-deficient x/d mice, as judged by emigration from bone marrow (58).

Cell size regulation by innocuous BCR was suggested by several lines of evidence. In vivo,
pre-B cells, which lack slg, were found to be smaller (as measured by forward light scatter)
than immature B cells carrying a transgene-encoded innocuous BCR. Furthermore, BCR
cross-linking in vitro reduced immature B cell size relative to unligated control. Similarly,
BCR-ligated or p85a-deficient cells had reduced forward scatter and total protein content
compared with wild-type B cells with unligated receptors. However, in contrast to PI3K-
mediated RAG expression, in transmitting signals regulating cell size, PLCyis apparently
not important. Rather, analysis with chemical inhibitors suggested that Akt, a different
PI3K-recruited enzyme, most likely is important. Indeed, Akt is known to regulate cell size
in many organisms and contexts, in part by regulating glycolysis and nutrient transport (59,
60).

The significance of tying cell size to BCR signaling in immature B cells is unknown;
however, it is tempting to speculate that it has an important physiological role. BCR ligation
leads to a combination of elevated L chain gene recombination, a block in cell cycle
progression, and reduced Akt activation, whereas innocuous BCR signaling promotes
increased cell size and cessation of recombination. We would like to propose that, at the pre-
B/B cell transition, absence of an Ig L chain (or expression of an autoreactive BCR) leads to
loss of Akt activity and attendant glucose uptake and metabolism. The net effect is to
progressively reduce cell size and ultimately survival, placing a limit on the amount of time
that a B cell has to generate an appropriate L chain. This limits therefore the number of
recombination or editing attempts that can be conducted, a phenomenon that has been
referred to as the crash factor (61). According to this model, expression of an appropriate,
presumably innocuous BCR supports Akt activity, rescuing the cell from death by nutrient
starvation (as has been proposed for cytokine withdrawal-induced cell death, autophagy
(60)). This model is supported by previous studies from our laboratory showing that
artificially extending B cell lifespan through expression of Bcl2 promotes receptor editing
(6), presumably by allowing cells lacking in Akt activity to survive longer and to undergo
additional rearrangements.

One can view the promotion of immature B cell development by the innocuous BCR as a
transition in cell cycle from Gg to G4, with attendant increase in cell size and cyclin D
expression. Self Ag ligation of the BCR disrupts this signal, promoting continued V(D)J
recombination and receptor editing. A time limit is placed on this Gg editing state by the
restriction in Akt activity, condemning cells to death by neglect. Rescue occurs when
successful editing generates an innocuous receptor. It remains to be seen whether BCR
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ligands work merely by receptor down-modulation, denuding the B cell of slg or CD19, and
terminating the positive selection signal. If this simple model is correct, it predicts that in

ce

Ils coexpressing two receptors, one autoreactive and one innocuous, receptor editing could

be terminated. This would seem to be a dangerous possibility that is to be avoided; however,

Su

ch a phenotype has been observed in some autoantibody Tg mice (e.g., 62, 63).
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FIGURE 1.

Innocuous BCR signal promotes protein tyrosine phosphorylations that are inhibited by
prolonged BCR cross-linking. IL-7-cultured 3-83 Tg bone marrow B cells were treated after
IL-7 withdrawal for the indicated times with either anti-BCR or control Abs. A, Total
tyrosinephosphorylated proteins assessed in Western blot with 4G10 Ab. Lower panel,
Shows signal of stripped blot reprobed with GAPDH Ab. B, Analysis of CD19 tyrosine
phosphorylation and total CD19 levels of immunoprecipitated CD19 (/eft panels) compared
with whole cell lysates (right panels).
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FIGURE 2.

In vivo analysis of BCR and CD19 expression in bone marrow B cells undergoing positive
and negative selection. The 3-83 (anti-H-2KXP) BCR Tg mice were bred to H-24 (B10.D2)
or H-2% (B10.BR) backgrounds, and their bone marrow cells were analyzed by flow
cytometry for the indicated markers. Viable (ypper panels) or fixed and permeabilized
(lower panels) cells were stained for expression of CD19 and Igk. Lower panels, Show
relative mean fluorescence intensity (MFI) for the two markers within the indicated boxes.
Contour plots show data from bone marrow cells using a lymphocyte gate.
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Effect of PI3K inhibitors on RAG expression in immature B cells carrying ligated or
unligated BCR. A, Experimental design. B, Effect of inhibitors on RAG1 and RAG2
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expression as assessed by Northern blot. The 3-83 Tg bone marrow B cells cultured for 24 h
in the presence of control Ab (ypper panel) or anti-BCR (lower panel) alone (untreated, /ane
1) or for the last 6 h with 50 nM wortmannin, 7.5 ¢/M LY294002, 100 nM rapamycin, 10
LM SB203580, 20 M PD98059, 1 tg/ml cyclosporin A, and 100 ng/ml FK506 (/anes 2-8,
respectively). Molecular targets of each inhibitor (—) are indicated above each lane. For
both groups (control Ab and anti-BCR), relative RAG1 and RAG2 mRNA signal (calculated
by normalizing RAG signal to 18S RNA content and setting untreated samples at 100%) is

shown under each lane. Data are representative of at least three experiments. C, Dose/

Response analysis of the effect of a specific inhibitor of the PI3K p1100 catalytic component
(1C87114) on RAG1 and RAG2 expression.
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FIGURE 4.

Analysis of RAG expression and L chain gene recombinations in p85-deficient 3-83 bone
marrow B cell cultures and primary ex vivo cells. A, Northern analysis of RAG expression
in BCR-stimulated and control cells that were either p85 deficient or sufficient. Lower
panel, Shows ethidium bromide-stained gel before transfer to assess RNA loading. B,
Statistical summary of changes in RAG2 mRNA expression over multiple experiments. C,
Assessment of cell recovery in 3-83/p85~"~ and 3-83/p85*/* cultured cells at time of harvest
for mRNA analysis (24 h post-1L-7 withdrawal). D, PCR analysis of L chain and RS
recombinations in genomic DNA of B cells cultured with and without BCR ligation for 2
days post-1L-7 withdrawal. £, Elevated RAG expression in p85~~ B cells in vivo as assessed
using a GFP reporter. B cells were from 3-83 Tg/RAG2-GFP background that either were
p85*/* or p85~-. B220-gated cells from bone marrow or spleen of the indicated mice were
assessed for GFP expression by flow cytometry. Note that cells from two independent mice/
group were analyzed.
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FIGURE 5.

Immunoblot and EMSA analysis of NF-B activation in p85~~ and p85*/* immature B
cells. IL-7-expanded bone marrow B cells were treated for 24 h in the absence of I1L-7 with
control or anti-BCR Ab before assay. A, Nuclear extracts were incubated with the indicated
radio-labeled probes and mobility shift monitored on polyacrylamide gels. B, Western blots
of nuclear and cytoplasmic protein fractions of the indicated cell populations were probed
with Abs to the indicated epitopes. Immunoblotting for the nuclear-localized protein
fibrillarin was performed to confirm purity of preparations. C, Effect of membrane-
permeable, super-repressive | kBa (TAT-1xkBasr) on wortmannin- and BCR-induced RAG
expression. Immature 3-83/RAG2-GFP B cells obtained after IL-7 culture were treated with
control or anti-BCR Ab for 48 h. IkBa-TAT or control fgal-TAT fusion proteins were
added at 22 h and wortmannin at 24 h. Flow cytometry analysis for GFP reporter expression
was conducted at 48 h. At the time points surveyed under these conditions, survival in the
presence of TAT-1«Basr did not differ >10% compared with cultures not receiving TAT
fusion protein.
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FIGURE 6.

Flow cytometry analysis of PIP3 levels in immature B cells. A, IL-7-cultured 3-83 Ig/
RAG2-GFP B cells of the indicated p85 genotypes were treated for 48 h after IL-7
withdrawal with control or anti-BCR Abs, then fixed, permeabilized, and assayed by flow
cytometry for intracellular PIP3 levels and GFP reporter expression (as a measure of RAG2
transcription). Data are representative of three separate experiments. B, Time course
analysis of PIP3 levels plotted as mean fluorescence intensity (MFI) values, relative to
samples at time zero of 1L-7 withdrawal, plotted as a function of time. Shown are means and
SDs from four independent experiments. C, PIP3 levels in B220'"-gated ex vivo bone
marrow cells from non-Tg or 3-83 1gTg mice, as analyzed by flow cytometry. Data
represent results from three independent mice/group. D, Intra-cellular staining for PIP3
levels from ex vivo wild-type splenic B cells compared with bone marrow pre-B cells taken
from the same animals, showing increase in PIP3 levels in slg* cells.
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FIGURE 7.

Analysis of phosphorylations of proteins recruited by PIP3 in positively selecting and BCR-
treated immature B cells and relationship to regulation of RAG expression. A, Immunoblot
analysis of activating phosphorylations of PLC)2, Akt, and Btk. B, Assessment of altered
phosphorylation patterns in p85a-deficient B cells compared with wild-type controls. C,
PLC 2 Tyr1217 phosphorylation levels in ex vivo bone marrow B cells at various times post-
BCR stimulation. The y~axis indicates levels relative to that obtained at time zero of
stimulation. D, Effects of pharmacological manipulation of PIP3-recruited enzymes on RAG
expression in immature B cells. RAG expression was determined by Northern blot. Similar
results were seen in two additional experiments.
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FIGURE 8.

Relationship between cell size and RAG expression in immature B cells. A, Inverse
correlation between RAG expression and cell size in immature B cells treated with control
Ab or anti-BCR. Bone marrow B cells of 3-83 IgTg/RAG2-GFP mice were stimulated by
BCR Abs, control Abs, or a stromal cell line lacking BCR ligand for the indicated times
after IL-7 withdrawal. Cells were assayed for GFP expression (upper panel) and forward
scatter (Jower panel). B, Data from A replotted to show relationship between %GFP* cells
and forward scatter. C; Comparison of forward scatter in ex vivo analyzed immature B cells
carrying an innocuous receptor (B220'"/IgM* bone marrow cells from IgTg mice) and pre-
B cells (B220i"/IgM~ bone marrow cells from wild-type mice). D, Comparison of forward
light scatter in negatively selecting (_3-83/H-2k) and positively selecting (3-83/H-24) ex vivo
bone marrow B cells gated on B220'"/slgx* cells. £, Dot plot analysis of GFP expression vs
cell size in p85~~ and p85*/* IgTg B cells. Relative geometric means of fluorescence
intensity were as follows: IgTg ctrl (GFP 23; forward scatter 378); 1gTg anti-BCR (GFP 34;
forward scatter 331); IgTg p85~- ctrl (GFP 31; forward scatter 337); IgTg p85~~ anti-BCR
(GFP 77; forward scatter 316).
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FIGURE 9.

A, Cell cycle analysis of BCR-ligated and control Ig-treated immature B cells from p85-
deficient and -sufficient IgTg mice. Two-color analysis of total cell protein and DNA
content, conducted as described (64). Right panel, Indicates cell cycle compartments
distinguished in the analysis. B, Effect of Akt inhibitor (Akt inhibitor) and PLCy inhibitor
(U73122) on forward scatter characteristics of BCR-treated and control Ig-treated immature
B cells. C, Western blot analysis of cyclin D levels in immature B cells taken at 24 h post-
IL-7 withdrawal in the presence of the indicated Abs.
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