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Resting antigen-experienced memory B cells are thought to be responsible for the more
rapid and robust antibody responses after antigen reencounter, which are the hallmark of
memory humoral responses. The molecular basis for the development and survival of mem-
ory B cells remains largely unknown. We report that phospholipase C (PLC) y2 is required
for efficient formation of germinal center (GC) and memory B cells. Moreover, memory

B cell homeostasis is severely hampered by inducible loss of PLC-y2. Accordingly, mice with
a conditional deletion of PLC-y2 in post-GC B cells had an almost complete abrogation of
the secondary antibody response. Collectively, our data suggest that PLC-y2 conveys a
survival signal to GC and memory B cells and that this signal is required for a productive

secondary immune response.

Humoral memory is characterized by recall im-
mune responses, which are more rapid than the
primary response, and by production of higher
serum titers of antigen-specific antibodies,
mostly of the IgG isotype. The prevailing view
is that antigen-specific B cells are maintained
as a pool of memory B cells after clonal expan-
sion during the primary immune response (1—4).
Most memory B cells have been thought to
originate from the germinal center (GC) reac-
tion. In the GC, the combined processes of
somatic hypermutation and selection based on
the affinity of the B cell receptor (BCR) for the
antigen are responsible for the generation of
high-affinity antibody variants that ultimately
differentiate into long-lived plasma cells or long-
lived memory B cells (5, 6). The GC is also
a preferential site of antibody class switching.
In the GC reaction, de novo—generated antigen-
specific memory B cells are thought to acquire
intrinsically different traits from their naive pre-
decessors, accounting for faster and heightened
secondary responses. Thus, understanding the
mechanism by which memory B cells are gener-
ated and maintained, as well as the intrinsic
functional differences between naive and mem-
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ory B cells, is of fundamental interest to reveal
the basis of immunological memory.

The analysis of gene-targeted mice lacking
the cytoplasmic tail of the IgG1 or IgE BCR
has revealed its essential function in secondary
responses (7, 8). In response to T cell-depen-
dent antigens, mice harboring the tailless IgG1
had ~25-fold fewer IgGl-expressing B cells,
presumably reflecting a reduced number of GC
and memory B cells and raising the possibility
that the IgG1 cytoplasmic tail is involved in the
generation and/or maintenance of memory
B cells or their direct precursors. Two non—
mutually exclusive models have been proposed
to explain the function of the IgG1 tail (9). First,
it may be required for efficient BCR-mediated
internalization and, hence, presentation of anti-
gen to T cells (10). As T cells facilitate produc-
tive IgG1 memory responses, inefficient antigen
presentation by mutant B cells could lead to
defective proliferation of GC B cells and, con-
sequently, diminished generation of memory
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B cells. Second, the IgG1 tail may contribute to memory re-
sponses by modifying the BCR signal, for example by trans-
mitting survival signals to memory B cells and/or their direct
precursors (11, 12).

To define the signaling molecules required for the estab-
lishment and maintenance of memory B cells, we focused on
the function of phospholipase C (PLC) y2 because this en-
zyme is well recognized as an important component of the
BCR signaling pathway (13, 14). Indeed, PLC-y2—deficient
mice show a differentiation block between the immature and
mature B cell stages owing to defective BCR signaling (15,
16). However, given the expression of PLC-y2 in several
immune cell types (17, 18) and the premature block in B cell
development in conventional PLC-y2 KO mice, these mice
are not ideal for analyzing the role of PLC-y2 in a B cell-
intrinsic manner during T cell-dependent antibody responses.
Thus, we used conditional mice in which PLC-y2 function
was specifically inactivated in GC B cells and in an inducible
manner. We show in this paper that PLC~y2 is required for
the efficient generation and maintenance of memory B cells,
probably through the delivery of a prosurvival signal.

RESULTS

Recall responses are severely impaired in mice

with conditional deletion of PLC-y2 in GC B cells

For conditional ablation of PLC~y2 in GC B cells, we crossed
PLC-vy2 conditional (flox) mice (15) to Cy1-Cre mice (19)
to generate PLC-y27—Cy1-CreX”™, which we designated
PLC G1KO mice. In Cy1-Cre mice, Cre recombinase is ex-
pressed predominantly in GC B cells activated to express the
Cy1 germline transcript before switching to IgG1. Cre-me-
diated deletion of the PLC-y2 gene in Cy1-Cre mice is ex-
pected to occur mainly in the GC B cells of mice immunized
with T-dependent antigens. We found that B cell develop-
ment was normal in PLC G1KO mice and that there were no
major changes in basal serum Ig levels except for those of
IgG1 and IgG3, which were 8.2- and 3.2-fold decreased, re-
spectively, compared with control mice (Fig. S1, available at
http://www.jem.org/cgi/content/full/jem.20082100/DC1).
This phenotype enabled us to analyze the intrinsic roles of
PLC—y2 in B cells during the immune response, including
recall responses.

When PLC G1KO mice were immunized with the T cell-
dependent antigen 4-hydroxy-3-nitrophenylacetyl (NP)—
chicken y-globulin (CGG) adsorbed on alum, the PLC-y2 gene
was efficiently deleted in the majority of NIP*IgG1+*CD38u!
GC B cells and NIP*IgG1*CD38" memory B cells on day 10
after the primary immunization (Fig. 1 A, left). Flow cytometric
determination of PLC-y2 protein in IgG1" B cells of PLC
G1KO mice showed a 10-fold reduction when compared with
control B cells (Fig. 1 A, right). There was a modest reduction
in antigen-specific IgG1 levels in the PLC G1KO mice after
primary immunization (Fig. 1 B), confirming previous stud-
ies showing a modest impairment in primary IgG1 responses
in PLC-y2-null mice (16). Consistent with this result, only a
slight decrease was observed in the number of anti-NP IgG1
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spot-forming cells in the spleen on day 10 after primary im-
munization (Fig. 1 C). Later, on day 40 after primary immu-
nization, anti-NP IgG1 spot-forming cells could be detected
in the BM of PLC G1KO mice, although their numbers were
reduced (Fig. 1 C). There was no significant difference in the
affinity maturation anti-NP IgG1 antibodies in PLC G1KO
and control animals (Fig. S2 A, available at http://www.jem
.org/cgi/content/full/jem.20082100/DC1). Furthermore,
accumulation of mutations in the V;186.2 gene of GC B cells
isolated from NP-CGG—-immunized mice, including the W33L
mutation that leads to a 10-fold increase in affinity for the
antigen, was unaffected upon acute PLC~y2 ablation in GC B
cells (Fig. S2 B).

In contrast, rechallenge of PLC G1KO mice 6 wk after the
primary immunization failed to induce the efficient secondary
anti-NP IgG1 response that was clearly detected in the control
mice (Fig. 1 B). To examine whether the defective recall re-
sponse was a result of reduced levels of antibody production by
individual cells or of a reduced number of antibody-forming
cells, we performed ELISPOT assays. The number of NP-spe-
cific IgG1-forming cells in the spleen of PLC G1KO mice was
fourfold reduced compared with control mice on day 20 after
the secondary immunization, indicating that the observed re-
duction in IgG1 production was at least partly a result of an
impaired formation of antibody-secreting cells (Fig. 1 C).

PLC-+v2 is required for efficient generation of GC
and memory B cells
Having demonstrated the importance of PLC-y2 in recall
IgG1 responses, we wished to address the underlying mecha-
nism. We first analyzed the frequency of NP-specific IgG17*
GC and memory B cells in the spleen on days 10 and 42 after
the primary immunization. Although GC and memory re-
sponses in control mice were lower than those previously
observed (20), probably because of the immunization pro-
tocol and/or genetic background, the numbers of both
NIP*IgG1*CD38%! GC B cells and NIP*IgG1*CD38M
memory B cells were reduced in PLC G1KO mice (Fig. 2 B).
Immunohistochemical analysis also revealed an impairment
of GC formation in these mice (Fig. S3, available at http://
www .jem.org/cgi/content/full/jem.20082100/DC1).

These results indicate that the defective secondary IgG1
response in PLC G1KO mice depends at least in part on the
impaired development of memory B cells from PLC-y2—
deficient GC B cells. A non—mutually exclusive alternative is
that memory B cells, once generated, might have a reduced
life span in PLC G1KO mice (see subsequent section).

The cellular basis for the decreased number of GC
B cells in PLC G1KO mice was further assessed by analyzing
the cell cycle status and the percentage of apoptotic cells.
As demonstrated in Fig. 3 A, Hoechst 33342 staining re-
vealed that the percentage of PLC G1KO GC B cells in
S phase was slightly reduced, and there was an even more
pronounced reduction in G2/M phases, suggesting that
depletion of PLC-y2 affected cell division by GC B cells.
We next analyzed the frequency of GC B cells that had recently
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Figure 1. The secondary IgG1 response is impaired in PLC G1KO mice. (A) PLC G1KO and control mice were immunized with NP-CGG, and the
deletion efficiency of the PLC-y2 gene in GC and memory B cells was assessed by semiquantitative PCR (left). To confirm the sensitivity of the PCR, PLC-y2*
genomic DNA was diluted with PLC-y2~/~ genomic DNA to achieve the indicated percentages and PCR was performed under the same conditions.

The sensitivity for detecting the deleted allele was examined reciprocally. Depletion of PLC-y2 in IgG1* B cells from immunized PLC G1KO mice was as-
sessed by intracellular staining (right). These data are representative of four repeated experiments and each experimental group contains at least three
mice. (B) PLC G1KO and control mice were immunized with NP-CGG on day 0 (1°) and boosted 42 d later (2°). Serum anti-NP titers were determined by
ELISA every 2 wk. Each group consisted of at least five mice, and representative data from three repeated experiments are shown. Error bars indicate the
SD for each group. **, P < 0.01 (C) The frequency of anti-NP IgG1-forming cells in spleen was enumerated by ELISPOT assay on days 10 and 20 after pri-
mary and secondary immunization, respectively (top). The frequency of anti-NP IgG1-forming cells in the BM on day 40 after primary immunization was
assessed similarly (bottom). Error bars indicate the SD for each group. These data are representative of three repeated experiments and each experimental
group contained at least four mice. **, P < 0.01; *, P < 0.05. The absolute number of antibody-forming cells was relatively small as a result of the suppres-
sive effects of Cy1-Cre that have been described previously (19).
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triggered the apoptotic program by assessing the disruption
of mitochondrial membrane potential. As shown in Fig. 3 B,
the frequency of IgG1* apoptotic GC B cells, in which the
fluorochrome JC-1 remained monomeric in the cytosol
because of disrupted mitochondrial membrane potential,
was higher in PLC G1KO mice. Collectively, these results
suggest that the decrease in the number of GC B cells in
PLC G1KO mice is a result of the combined effects of im-
paired proliferation and survival.

T cell-dependent immune responses depend on BCR-
mediated antigen recognition, internalization, and presentation
to cognate T cells. [gG1" GC and memory B cells in PLC
G1KO mice up-regulated surface expression of the costimula-
tory molecule CD86 (Fig. S4 A, available at http://www jem
.org/cgi/content/full/jem.20082100/DC1) in a similar fash-
ion to control B cells. Furthermore, we obtained data suggesting
that IgM-stimulated PLC~y2~/~ B cells are capable of present-
ing antigen to helper T cells (not depicted).
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Figure 2. The frequency of NP-specific IgG1+ GC B cells and mem-
ory B cells is diminished in PLC G1KO mice. (A) Representative data
depicting analysis of the frequency of GC B and memory B cells. Spleen
cells were stained as described in Materials and methods and 2.5 x 108
cells were analyzed in each panel. The numbers of GC and memory cells
per 2.5 x 108 cells are indicated. (B) The frequency of NIP binding lgG1+
memory and GC B cells was examined on days 10 and 40 after the pri-
mary immunization. The frequency per 108 cells is indicated. Each group
consisted of at least five mice, and representative data from three re-
peated experiments are shown. Error bars indicate the SD for each group.
* P<0.01;* P<0.05.
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PLC-vy2 is required for maintenance of memory B cells

In addition to insufficient generation of memory cells from GC
B cells, deficiency in the maintenance of memory B cells in
PLC G1KO mice could contribute to the defective secondary
responses observed in these mice. To address this issue, we con-
ditionally deleted the PLC-y2 gene using the tamoxifen-
inducible Cre-ERT? transgene (PLC-y2 conditional KO [cKO)]
mice). To minimize the effects of PLC-y2 loss on memory B
cell formation, we delayed the administration of 4-hydroxy
tamoxifen (4OHT) to day 30 after primary immunization
when active GC reactions have subsided. As shown in Fig. 4 B,
memory B cell formation proceeded normally in PLC~y2 cKO
mice before 4OHT treatment. In contrast, on day 10 after
40OHT treatment, when the PLC-y2 gene in IgG1* cells was
efficiently deleted (Fig. 4 A) the frequency of NIP*IgG1*
memory B cells was markedly reduced in PLC ¢cKO mice,
whereas it remained unchanged in mice harboring only the
Cre-ER ™2 gene (Fig. 4 B). Importantly, T cell numbers were
unchanged after this treatment. Thus, although our data cannot
completely rule out the possibility that deletion of PLC-y2 in
non-B cells affects the maintenance of memory B cells, it is
more likely that memory B cells require PLC-y2 in an intrinsic
manner for their maintenance.

When splenic memory IgG1" B cells from immunized
control mice were stimulated in vitro with anti-IgG1 F(ab'),
fragments, we observed a significant enhancement in cell re-
covery as compared with untreated cells. In contrast, treatment
with anti-CD40 Ab or B cell activating factor belonging to the
TNEF family (BAFF) had no significant effect on the survival of
memory B cells (unpublished data). The BCR-mediated sur-
vival effect was lost in memory B cells isolated from immunized
PLC G1KO mice (Fig. 4 C). These results support a model in
which PLC~y2 contributes to maintenance of memory cells in
a B cell-intrinsic manner and suggest that the BCR is the re-
ceptor that utilizes PLC~y2 to generate a survival signal and is
therefore required for maintenance of humoral memory.

DISCUSSION

Previous studies have shown that PLC~y2 is required for tran-
sition from the immature to the mature B cell stage (15, 16,
21). In this paper, we have shown that during T cell-depen-
dent immune responses, PLC~y2 is needed for efficient gen-
eration of GC and memory B cells in a B cell-intrinsic manner.
Moreover, maintenance of memory B cells also requires
PLC-vy2 function. Despite the reduced numbers of GC B cells,
after the primary immunization only a modest reduction
in antigen-specific IgG1 levels was observed in PLC-y2—
insufficient mice, suggesting that PLC-y2 has no direct sig-
nificant role in differentiation of GC B to plasma cells.

In vivo evidence suggests the importance of CD40, BAFF-R,
and BCR for efficient generation and/or maintenance of GC
B cells (7, 22-24). Thus, defects in proliferation and/or sur-
vival of PLC-y2—deficient GC IgG1* B cells could be
accounted for by defective signals emanating from these recep-
tors. We made repeated attempts to perform in vitro GC B cell
survival experiments to identify the defective receptor in
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Figure 3. Cell cycle progression and survival of GC B cells is impaired in PLC G1KO mice. (A) Cell cycle analysis of GC IgG1+ B cells was per-
formed 9 d after the primary immunization by staining with Hoechst 33342 (bottom). Typical FACS profiles and the gating strategy are also shown (top).
Dead cells (PI), non-B cells, and IgM+ cells (dump) were excluded as described in Materials and methods (top left). IgG1+ B cells were further analyzed for
CD38 expression levels and fluorescence intensity of Hoechst 33342 (top right). A typical DNA histogram of CD38%"lgG1+ GC B cells is also shown (top
right). Each group consisted of at least five mice, and representative data from three repeated experiments are shown. Error bars indicate the SD for each
group.**, P < 0.01;* P < 0.05. (B) Early apoptosis in GC IgG1+ B cells was measured 12 d after the primary immunization. Apoptotic cells were detected
by measuring the frequency of the cells in which the mitochondrial membrane potential was disrupted by staining with fluorochrome JC-1 as described
in Materials and methods. Apoptotic cells remained green single positive as a result of the inability of the dye to multimerize in mitochondria with dis-
rupted membrane potential. In healthy cells, a portion of the JC-1 dye was taken up into the intact mitochondria where it formed red multimers, chang-
ing the fluorescence of the cell from green to red and green double positive. The numbers in each panel indicate the mean + SD. The data are
representative of five repeated experiments, and each experimental group contains at least three mice.
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PLC-y2-insufficient cells. However, GC B cells, as reported
previously (25-27), promptly undergo apoptosis thereby pre-
venting this line of experimentation. Extrapolating from what
is known about naive B cells (21), we speculate that not only
BCR but also CD40 and BAFF-R use PLC-y2 to confer
survival and proliferative activity on GC B cells. In addition,
considering that CD40 and BAFF-R can induce such cellular
outcomes independently of antigen affinity, one possible ex-
planation for the minor effects of PLC~y2 depletion on affin-
ity maturation might be that PLC-y2 in CD40 and/or
BAFF-R signaling, rather than BCR signaling, more domi-
nantly affects the in vivo phenotype. Because the majority of
memory B cells are thought to be derived from GC B cells,
the defective generation of GC B cells observed in PLC-y2—
insufficient mice would be expected to result in a decrease in
memory B cell numbers.

A unique feature of memory B cells is their prolonged life
span; however, little is known about mechanisms required for
memory B cell maintenance. Several extrinsic factors, includ-
ing antigen and cytokines, are known to affect the develop-

A control

ment and survival of memory T cells (28=31). In contrast,
several observations favor the idea that memory T cell and
B cell survival is independent of antigen receptor occupancy,
although the issue is still being debated (32, 33). For in-
stance, using an elegant in vivo system in which BCR speci-
ficity could be changed after memory B cells had been generated,
Maruyama et al. (33) found that memory B cells that could no
longer bind the immunizing antigen had a lifespan comparable
to that of memory B cells that had not switched receptor speci-
ficity. However, even though antigen occupancy is apparently
not required for maintenance of memory B cells, the available
data do not exclude the possibility that a BCR signal, presum-
ably similar to that needed for the survival of naive B cells (34),
is required for maintenance of memory B cells. Indeed, one of
the explanations for the defective memory responses observed
in mice harboring the tailless IgG1 BCR is that the cytoplas-
mic tail of IgG1 heavy chain contributes to maintenance and/
or generation of memory B cells. In this regard, our results
support this scenario and we propose that survival recep-
tors, including the BCR, use PLC-y2 for the maintenance of
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Inducible deletion of PLC-y2 in immunized mice after the establishment of memory B cells. 30 d after the primary immunization, the

PLC cKO mice were injected with sunflower oil alone or with oil containing 40HT, as described in Materials and methods, to conditionally ablate the PLC-y2
gene. (A) Deletion efficiency of the PLC-y2 gene in IgG1+ spleen B cells was examined by semiquantitative PCR. The PCR conditions were the same as

in Fig. 1 A. The result is representative of three repeated experiments, and each experimental group contains at least five mice. (B) The frequency of NIP
binding IlgG1* memory B cells was analyzed before and 10 d after the 40HT treatment. Each group consisted of at least five mice, and representative data
from three repeated experiments are shown. Error bars indicate the SD for each group. **, P < 0.01. (C) Spleen B cells from immunized PLC G1KO mice and
control mice were cultured with or without 10 pg/ml of anti-lgG1 antibody for 2 d as described in Materials and methods. The frequency of NIP binding
IgG1* memory cells and NIP binding IgM* IgD* cells was analyzed on days 0, 1, and 2. Error bars indicate the SD in each group. The results are representa-

tive of three repeated experiments. ™, P < 0.01.
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memory B cells. Additional studies are underway to define the
essential upstream receptors and the downstream targets of
PLC~y2 that support the longevity of memory B cells.

Recall responses have been studied in several mutant mice
defective in BCR signaling. Similar to our findings, the GC re-
action in the primary response was diminished and the fre-
quency of antigen-specific memory B cells was reduced 10-fold
in Btk-deficient mice (35). However, despite the drastic reduc-
tion in the number of Btk-deficient memory B cells, secondary
exposure to antigen resulted in levels of serum IgG1 similar to
those in the WT, which is in marked contrast to our results in
PLC G1KO mice. The normal secondary IgG1 response in
Btk-deficient mice could be the net outcome of positive and
negative roles exerted by Btk in humoral immunity. Although
Btk is a critical upstream regulator for PLC~y2 activation in the
context of BCR signaling, it may have additional PLC-y2—
independent negative roles in B cell responses. Considering the
fact that Btk is expressed in other type of immune cells, particu-
larly in the myeloid lineage (36), it is also possible that Btk plays
a positive role in B cells but a negative role in non-B cells that
are required for productive secondary humoral immune re-
sponses. Indeed, it was recently demonstrated that Btk plays a
role in TLR~induced IL-10 production, which in turn leads to
inhibition of IL-6 secretion by antigen-presenting cells such as
macrophages (36). Similarly, elevated serum antibody titers in
the recall response of BLNK-deficient mice could be accounted
for by the multiple roles of BLNK (37).

MATERIALS AND METHODS

Mice and immunization. PLC-y2"" mice were generated as described pre-
viously (15). PLC—y27f mice were backcrossed to C57BL/6] mice for >12
generations. PLC—y27f mice were crossed to Cy1-Cre mice (19) to generate
PLC27=Cy1-CreK" (PLC G1KO) mice. PLC-y2"* Cy1-CreK" mice
were used as a control. ER >-Cre knock-in mice (38) were crossed to PLC-y27f
mice to obtain PLC-y2/=ER™>-CreK"~ (PLC cKO) mice. PLC-y2"/V—
ER™2-CreX" was used as a control for PLC ¢KO mice. For immunizations,
each mouse was initially injected i.p. with 100 pg NP-CGG (EMD) adsorbed
to 3 mg Imject Alum (Thermo Fisher Scientific) according to the manufacturer’s
instructions. NP hapten was conjugated to CGG or BSA (Sigma-Aldrich)
using NP-hydroxy succinimide ester (Biosearch Technologies, Inc.) according
to the manufacturer’s instructions. For the secondary immunization, mice were
injected i.p. with 50 ug NP-CGG in PBS. Mice were maintained under spe-
cific pathogen-free conditions, and all protocols were approved by the RIKEN
Animal Safety Committee.

Antibodies. Anti-IgG1 rat monoclonal antibody was labeled using the Pacific
Blue Antibody Labeling kit (Invitrogen) according to the manufacturer’s in-
structions. Anti-CD38 antibody was purified using the mAb Trap kit (GE
Healthcare) from serum-free supernatant of hybridoma CS/2 (39), which was
produced using a CELLine culture flask (BD) according to the manufacturer’s
instructions. The antibody was labeled with an Alexa Fluor 647 labeling kit
(Invitrogen) also according to the manufacturer’s instructions. Directly PE-
labeled NIP-BSA was prepared using an R-Phycoerythrin labeling kit-SH
(Dojindo). All other antibodies were purchased from eBioscience or BD.

ELISA and ELISPOT assays. Serum anti-NP antibody levels were mea-
sured by ELISA as described previously (15). In brief, 96-well flat-bottom
plates (Thermo Fisher Scientific) were coated with 20 pg/ml NP,,-BSA for
2 h at room temperature, and then the wells were blocked with 1 mg/ml
BSA in PBS. Appropriately diluted serum was added to the NP-BSA—coated
wells and incubated at room temperature for 2 h. The plates were washed
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and incubated for 1 h with diluted anti-IgG1 antibody conjugated to peroxi-
dase (SouthernBiotech). Bound secondary antibody was assessed by incuba-
tion with ABTS substrate (Sigma-Aldrich) as described previously (40). To
analyze the frequency of antibody forming cells, an ELISPOT assay was per-
formed as described previously (41).

Semiquantitative PCR. DNA was extracted from sorted IgG1* B cells
from NP-CGG—immunized control and PLC G1KO mice, serially diluted
(1:5), and subjected to PCR using K1594 (5'-ACCCTTCTCCACCCCAAA-
CCCTTTC-3'), K1595 (5'-CTGGGGACTCTTGAAAGGACATTAA-3"),
and K1596 (5'-TGGGGACCTGTGGAAACCCCACTGA-3') as the primers.
A combination of K1594 and K1595 primers was used for amplifying the WT
or floxed PLC~y2 allele and K1594 and K1596 were used to amplify the deleted
allele. To confirm the sensitivity of the PCR, genomic DNA from PLC-y2~/~
and PLC-y2”f mice was mixed at several ratios and the floxed and deleted alleles
were detected using the described primers under the same conditions.

Flow cytometry. Spleen cells were stained and analyzed with a FACS Aria
(BD) as described elsewhere (20). In brief, spleen cells were blocked with
40 pg/ml of the 2.4G2 anti-FcyR mAb and then stained with biotinylated
antibodies to the following surface markers to exclude the cells expressing
these molecules: IgM, IgD, Thy1.2, CD3, Gr-1, F4/80, CD5, Ter119, Dx5,
NKI1.1, and AA4.1. Cells were then stained with anti-IgG1-Pacific blue,
NIP-BSA-PE, PE-Texas red-labeled streptavidin, anti-CD38-Alexa Fluor
647, anti-B220-PE-Cy7, and propidium iodide (Sigma-Aldrich). IgG1*NIP
binding B cells in the propidium iodide and PE-Texas red-negative gate
were then analyzed for the expression level of CD38. CD38MgG1+*NIP*
B cells and CD38%'gG1*NIP* B cells were analyzed as antigen-specific
memory B cells and GC B cells, respectively (20). For intracellular staining
of PLC-y2, B cells from immunized mice were fixed and permeabilized
using Cytofix/Cytoperm buffer (BD) according to the manufacturer’s
instructions. Rabbit anti-mouse PLC-y2 polyclonal antibody (Santa Cruz
Biotechnology, Inc.) was detected with SPRD-labeled anti-rabbit IgG
(SouthernBiotech) in combination with anti-mouse IgG1-Pacific blue and
anti—-B220-FITC.

Cell cycle analysis and detection of apoptotic cells. Apoptotic cells in the
GC were detected using an APO LOGIX JC-1 Staining kit (Bachem) in com-
bination with ToPR O3 (Invitrogen) staining to detect apoptotic cells while ex-
cluding the necrotic cells according to each manufacturer’s instructions. Cell
cycle analysis of GC IgG1" B cells was performed by staining with Hoechst
33342 (Sigma-Aldrich) in combination with the staining procedure used for
apoptotic cells. In brief, isolated splenic cells were suspended in RPMI1640
medium supplemented with 1% FCS at the density of 5 X 10° cells/ml and
Hoechst 3342 was added at the final concentration of 10 pM. The cells were
then incubated at 37°C for 30 min in dark followed by staining as described for
apoptotic cells. Greater than 5,000 IgG1* GC cells were acquired for the
analysis. ModFit LT (Verity Software House) was used to calculate the percent-
ages in the G1/G0, S, and G2/M phases of cell cycle.

Inducible deletion of the PLC-y2 gene in PLC cKO mice. The PLC-y2
gene was conditionally ablated in PLC ¢KO mice by administration of 4OHT
(Sigma-Aldrich) as described previously (42). In brief, 30 d after the primary
immunization, mice were injected i.p. with 4OHT dissolved in sunflower oil
at the dose of 40 mg/kg twice a day for five consecutive days. Mice were ana-
lyzed 10 d after the last injection. Deletion efficiency of PLC-y2 gene was as-
sessed by semiquantitative PCR.

In vitro cell culture. 1 d before B cell culture, NIH/3T3 cells were cultured
to confluency in 24-well plates and treated with mitomycin C (Sigma-Aldrich).
Spleen B cells isolated from PLC G1KO and control mice, both of which had
been immunized with NP-CGG 10 d previously, were then added with or
without 10 pg/ml anti-IgG F(ab’), (Jackson ImmunoResearch Laboratories) in
an NIH-covered 24-well dish at a density of 10° cells/ml. Cells were recovered
each day and analyzed for the frequency of memory cells.
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Online supplemental material. Fig. S1 shows the cell numbers, B cell de-
velopment, and basal Ig levels in PLC G1KO mice. Fig. S2 shows the affin-
ity maturation and somatic mutation in NP-CGG—immunized PLC G1KO
mice. Fig. S3 shows the impaired GC formation in PLC G1KO mice.
Fig. S4 shows the expression levels of class II MHC, CD86, CD40, and
BAFF receptor in memory B cells from PLC G1KO mice. The supple-
mental Materials and methods describes FACS analysis, analysis of somatic
mutation and affinity maturation, and histological analysis of spleen sections.
Online supplemental material is available at http://www jem.org/cgi/content/
full/jem.20082100/DC1.
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