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Key Points

• Maturation, homeostasis,
and function of peripheral B
lymphoid cells require Rictor,
an essential mTOR complex 2
component.

• Rictor regulates survival of
B cells and their balance of
proapoptotic vs antiapoptotic
gene expression.

The mammalian target of rapamycin (mTOR), an essential serine/threonine kinase, func-

tions in biochemically distinct multiprotein complexes, but little is known about roles of

the complexes in B cells. The acutely rapamycin-sensitive mTOR complex 1 (mTORC1) is

defined by a core subunit Raptor, whereas mTORC2 lacks Raptor and, instead, has Rictor

and SIN1 as distinct essential components. We now show that homeostasis and function

of B cells require Rictor. Conditional deletion of Rictor before lymphoid specification

impaired generation ofmature follicular, marginal zone, andB1aB lymphocytes. Induced

inactivation in adult mice caused cell-autonomous defects in B lymphoid homeostasis

and antibody responses in vivo, along with affecting plasma cells in bone marrow.

Survival of B lymphocytes depended on Rictor, which was vital for normal induction of

prosurvival genes, suppression of proapoptotic genes, nuclear factor kB induction after

B-cell receptor stimulation, and B-cell activating factor–induced nuclear factor kB2/p52

generation. Collectively, the findings provide evidence that mTOR signaling affects

survival and proliferation of mature B lymphocytes, and establish Rictor as an important signal relay in B-cell homeostasis, fate, and

functions. (Blood. 2013;122(14):2369-2379)

Introduction

Humoral immunity relies on suitable pools ofmatureB-cell subsets, and
their capacity for clonal expansion and differentiation into antibody-
secreting cells.1 After successful immunoglobulin gene rearrange-
ments in B lineage–committed bone marrow (BM) cells, immature
B cells emigrate from the BM and undergo peripheral maturation1,2;
the lack of successful Ig heavy-chain gene rearrangement entails
insufficient survival signaling.3 At multiple stages, B lymphocytes
undergo selection to delete or render hyporeactive those cells whose
antigen receptor (B-cell receptor; BCR) is autoreactive.4,5 This
vetting leads to peripheral repertoires of functionalmatureB cells that
can be clonally activated, proliferate, and differentiate into plasma
cells, germinal center B cells, or assume other B lineage fates if their
BCR appropriately binds antigen and other stimuli are present.6

Antigen encounters typically occur long after B-cell maturation,
so mechanisms maintaining these populations are vital for immune
fitness. Maintenance depends on signaling initiated by the BCR3 and
receptors for B-cell activating factor (BAFF),7,8 and long life spans
of memory B cells and antibody-secreting plasma cells are critical
for humoral defenses against recurrent infections by a particular
pathogen.9 The BCR also initiates signaling essential for antigen-
specific clonal expansion, which determines the number of cells
available for differentiation into plasma cells and the levels of anti-
body achieved after immune challenge.6,9 These same processes are

important in B lymphoid cancers and diseases driven by sustained
breaches in peripheral B-cell tolerance. Thus, elucidation of key
signal relays connecting the BCR to survival or proliferation is a
priority in developing new strategies for manipulation of antibody
responses, autoimmunity, or cancers.

Induced loss of BCR expression by mature B lymphocytes caused
progressive depletion of these cells, indicating that B cells require
tonic BCR signaling to persist.3 Importantly, a constitutively active
mutated catalytic subunit for the lipid kinase phosphatidylinositol
3-kinase (PI3K) prevented this loss of B lymphocytes after BCR
deletion,10 indicating that PI3K activates pathways central to survival
signaling. In addition, loss-of-function analyses affecting catalytic or
regulatory subunits of PI3K observed impairment of early B lineage
development.11,12 These findings suggest that a qualitative feature or
themagnitude of PI3K-initiated signaling is vital for the BCR to effect
development and cell maintenance. This underscores the importance
of dissecting separable functions of BCR activation of PI3K pathways
in development, maintenance, and proliferation.

PI3K functions by generating phosphatidylinositol (3, 4, 5) tri-
phosphate (PIP3). This lipid signal affects numerous signaling path-
ways as it recruits PH domain-containing proteins to membrane
locales, thereby approximating multiple kinases, adapters, and
substrates to be phosphorylated.13 Components of the network
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downstream from PI3K include diverse serine-threonine kinases.13,14

Transfer experiments repopulating recipient mice with Akt1/2-deficient
fetal liver cells provided evidence supporting Akt as a major effector
downstream from PI3K in B lineage selection into marginal zone (MZ)
and B1 B-cell subpopulations as well as in B-cell survival.15 How-
ever, B lineage precursors and immature B cells in BM were un-
affected by Akt1/2 deficiency. TheO-class forkhead box transcription
factors are direct targets of Akt, which inactivates FoxO isoforms by
phosphorylation and consequent nuclear export.16 This might suggest
that decreased FoxO protein levels in the B lineage would enhance
B-cell development. However, multistage analyses of B lineage
development in a loss-of-function model for FoxO1 showed that
complete lack of this transcription factor caused blocks at early or
late stages of B lineage development.17 Adding further complexity
along this branch of PI3K signaling, the PI3K-initiated signal that
could restore homeostasis and survival after BCR elimination could
be replaced by decreasing FoxO1 levels.10 Taken together, these
findings suggest a complex activity-response curve with respect to
Akt and the modulation of nuclear FoxO in the B lineage.

Akt is activated by binding of its PH domain to PIP3 on mem-
branes and proximity to the similarly recruited phosphoinositide-
dependent protein kinase 1 (PDK1), which phosphorylates a threonine
residue conserved in the activation loop of all 3 Akt proteins.14 Acti-
vity and conformation of each Akt isoform can then be modulated
by serine phosphorylation in a hydrophobic motif (HM) shared with
protein kinases C (PKC) and other enzymes in a family termed “AGC
kinases.”18-20 PKC, DNA-PKs, and TANK121-23 can phosphorylate
the Akt HM, but mammalian target of rapamycin (mTOR) is the main
kinase for this site.24-26 mTOR forms 2 complexes: mTOR complex
1 (mTORC1) and 2 (mTORC2). mTORC1 is rapidly but incompletely
inhibited by the immune suppressant rapamycin and phosphorylates
ribosomal S6 kinase (S6K) and eukaryotic translation initiation factor
4E binding protein, thereby regulating cell size and proliferation in
response to nutrients and mitogenic signals.27 mTORC2 excludes an
essential structural component of mTORC1, Raptor, and instead
contains Rictor and SIN1.28 mTORC2 modifies the HMs of Akt,
PKC isoforms, and serum- and glucocorticoid-induced protein kinase
1 (SGK1) as well as Tsc2, whose phosphorylation and inactivation
can enhance mTORC1 activity. In T lymphoid cells and fibroblasts,
mTORC2 has no apparent impact on cell survival and only a modest
effect on proliferation.25,26,29

To investigate survival and differentiation signals initiated by the
BCR and PI3K, we analyzed a loss-of-function model for mTORC2.
Specifically, we used a conditional Rictor allele that can be disrupted
after stage-specific expression or chemical activation of Cre recom-
binase. Rictor deletion early in B lymphoid ontogeny had at most
a modest effect on pro- and pre-B–cell progression in the BM.
However, development, survival, and function of mature B lineage
cells in the periphery manifested striking abnormalities, with anti-
body production severely impaired when mature B cells lost Rictor
expression after completing their development. In contrast to
T cells,26 Rictor was vital for B-cell survival, suggesting that it
participates in relaying BCR survival signals initiated via PI3K.

Methods

Detailed Methods are outlined in the supplemental Materials.

Mice, BM chimeras, and adoptive transfers

C57BL/6 (B6) (Vav-Cre) or ROSA26-Cre-ERT2) traits underwent introgres-
sion into a B6 Rictorfl/fl line.29 Mice were used in experimental protocols

approved by the InstitutionalAnimalCare andUseCommittee andmonitored by
the Office of Animal Welfare Assurance. Mixed competitive chimeras, in
which BM or lymphoid organ cells were obtained fromB6 (CD45.2)WT, B6
Rictorfl/fl, and B6-CD45.1 mice and then transferred into recipients, were
generated as described and were analyzed after treatment of the transfer
recipients with tamoxifen (3 mg 3 3 doses).29

Immunization, ELISA

Serum antibodywas analyzed by enzyme-linked immunosorbent assay (ELISA)
using nitrophenyl (NP)-bovine serum albumin–coated plates after mice were
immunized with NP-keyhole limpet hemocyanin or NP-ovalbumin in alum as
described.26 Antibody-secreting cells were determined by ELISpot assays using
96-well filter plates coated with NP-bovine serum albumin; anti-NP IgM and
IgG1 were detected using isotype-specific secondary antibodies (Southern
Biotech).

Immunohistochemistry, B-cell isolation, and flow cytometry

Immunohistochemistry was performed on frozen sections of spleens as de-
scribed.30 Immunofluorescent staining of cell suspensions was conducted as
described.26 Mature B cells were purified by depleting AA4.11 and Thy1.21

cells using biotinylated antibodies and IMag streptavidin particles (BD).
B lineage cells were isolated from suspensions using anti-B220 microbeads
and magnetic cell sorting (Miltenyi).

Cell culture; BrdU incorporation assay

Splenocytes or B cells were cultured as described26 after stimulation with
anti-IgM, BAFF, or lipopolysaccharide (LPS); addition of 5-bromo-2-
deoxyuridine (BrdU) to the medium; and flow cytometric analyses of
anti-BrdU stains as described.26

Western blotting; measurements of RNA

Cell lysates were analyzed by immunoblotting.26 RNA levels were measured in
triplicate by quantitative reverse-transcription polymerase chain reaction (qRT2-
PCR) as described,29 using primer pairs tabulated in supplemental Table 1.

Electrophoretic mobility shift assay

B-cell nuclear extracts were assayed using a nuclear factor kB (NF-kB)
oligonucleotide as described.29

Results

Rictor and the ontogeny of B-cell subsets in the periphery

B-cell development requires functional PI3K p110a and p110d
catalytic subunits,31 which increase activity of both mTOR com-
plexes. When Rictor, an essential subunit of mTOR complex 2, was
deleted using the Vav-Cre transgene, which generally excises target
genes before lymphopoiesis,29 the conditional alleles were completely
excised in B lineage cells purified from the BM and spleen ofVav-Cre
Rictorfl/flmice (Figure 1A). Despite efficient deletion, little impact on
early B lineage stages was apparent in the BM (Figure 1B-C). Of note,
IgDhi IgM1 mature B cells (likely the recirculating population) were
decreased in BM of Rictor-deficient mice (supplemental Figure 1A),
and B-cell subsets were significantly perturbed in the secondary lym-
phoid organs ofVav-CreRictorfl/flmice. The frequencies and numbers
of mature B lymphocytes, including follicular (FO – IgMlo CD21lo

CD23hi or AA4.1- IgMlo CD23hi) and MZ (MZ – IgMhi CD21hi

CD23lo; alternatively, AA4.1- IgMhi CD23lo) B cells, were reduced,
whereas the prevalence of transitional B cells (B2201 AA4.11) and
the IgMhi population increased (Figure 1D-E). Immunohistochemistry
of cKO spleens revealed less B cells outside of the Moma11 rim
and, intriguingly, disrupted B-cell follicles (supplemental Figure 1B).

2370 LEE et al BLOOD, 3 OCTOBER 2013 x VOLUME 122, NUMBER 14

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/122/14/2369/1370124/2369.pdf by guest on 02 June 2024



Figure 1. Ablation of Rictor impairs developmental progression at the late stage of B lineage. (A) Excision of Rictor in B lymphoid cells. B lineage cells were purified

from the spleen and BM of Vav-Cre Rictorfl/fl and control mice, and PCR was performed using 2 different sets of primers detecting Rictor of WT (Rictor1), conditional (Rictorfl),

and deleted (RictorD) alleles (upper panels), and for Rictor1 and Rictorfl alleles, respectively (bottom panels). (B-E) BM and spleen cells of 10- to 12-week-old Vav-Cre Rictorfl/fl

(cKO) or control mice (WT) were analyzed using flow cytometry (n 5 8 WT vs 8 cKO). (B) Shown are the B220 vs IgM profiles of BM cells in the viable lymphoid gate with

frequencies (%) of the indicated subsets. (C) B lineage cell numbers (mean 6 standard error of the mean [SEM]) in the BM were calculated from flow analyses after counting

cells in each marrow: “total,” B2201; “pre/pro,” B2201 IgM-; “immat/mat,” immature/mature, ie, B2201 IgM1. (D) Flow cytometry of spleen cells in the viable lymphoid gate or

further gates as indicated above panels. (E) Shown are mean (6 SEM) cell numbers of the indicated subsets in spleen: FO, follicular B cells (B2201 AA4.1- IgMmed CD23hi);

MZ, MZ B cells (B2201 AA4.1- IgMhi CD23lo); mature B cells (B2201 AA4.1-); TS, transitional B cells (B2201 AA4.11).
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Because cellularity was reduced, transitional B-cell numbers were
similar to those of WT controls despite their increased prevalence
(Figure 1D-E). Moreover, we observed increased ratios of T1 (IgMhi

CD232) to T2 (IgMhi CD231) transitional B-cell subsets but de-
pletion of the T3 transitional subset (IgMlo CD231), suggesting in-
volvement of Rictor in a signaling pathway crucial for survival,
proliferation, or differentiation of transitional B cells. Of note, we
observed modest decreases in B cells of lymph nodes and several
nonlymphoid organs (supplemental Figure 1C-D), so the observations
were not due to abnormal localization. Deficiency of PTEN, a lipid
phosphatase that dephosphorylates PIP3, leads to a preferential
increase in MZ and peritoneal B1 B cells.32 Conversely, the lack of
Rictor affected MZ and peritoneal B1a B cells more severely than
other populations such as follicular B cells (supplemental Figure 1E).
Taken together, these results indicated that Rictor promotes the
production of fully mature B cells.

Vav-Cre also deletes the conditional Rictor allele outside of
the B lineage.29 Moreover, the developmental defects might be less
extensive when mTORC2-deficient B lineage cells lack competition

from more fit WT cells. Therefore, we generated BM chimeras in
which RAG2° recipients received a mixture of donor marrows from
B6-CD45.1 mice and from B6 (CD45.2)-WT or -Vav-Cre Rictorfl/fl

animals. Marrow programmed to delete Rictor exhibited a compet-
itive disadvantage in generation of mature splenic B cells compared
with WT controls (Figure 2A). Despite a hematopoietic compartment
generating normal lineages (WT CD45.1 donor marrow), decreased
CD45.2 to CD45.1 competitor ratios and reduced FO and MZ-
phenotype B cells from Vav-Cre Rictor cKO (CD45.2) marrow were
observed. Also, Vav-Cre Rictorfl/fl cells yielded lower B lineage
cellularity in marrow, and the efficiency of their transition from
IgM2 to IgM1 status was reduced (Figure 2B-C). However, these
decreases were modest compared with the impact on mature B cells.
Collectively, these findings demonstrate a cell-autonomous role for
Rictor in the establishment of mature B-cell populations.

Rictor regulates survival, proliferation, and homeostasis of B cells

To investigate if Rictor or mTORC2 integrity participates in B-cell
maintenance, we used a Cre-ERT2 transgene to effect inducible

Figure 2. Defects in repopulation of Rictor-deficient

B cells in a competitive fitness model. BM cells of

WT or Vav-Cre Rictorfl/fl mice (CD45.2) were mixed

with constant fractions of allotypically disparate WT

CD45.1 marrow cells, and transferred into lethally

irradiated CD45.1 recipients. Spleen (A) and BM (B-C)

were analyzed 12 weeks after transplantation by count-

ing cells of each organ and flow cytometry (n 5 6 WT vs

6 cKO). Ratio of CD45.21 B cells to CD45.11 compet-

itors in each recipient was calculated using flow analyses

in the viable B2201 gates (left). Shown are representa-

tive fluorescence-activated cell sorter (FACS) profiles in

the gates as indicated in the above panels (right). (C)

Ratios of CD45.21 IgM- B cells and CD45.21 IgM1 B

cells to each CD45.11 competitor in BM were calculated

using flow cytometry as in (B).
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deletion.33 Short-term tamoxifen treatment of adult Cre-ERT2
Rictorfl/fl mice sufficed to excise both Rictor alleles efficiently
(Figure 3A). No defect was apparent 2 weeks after the first tamox-
ifen injection (data not shown). After 4 weeks, however, the
B lineage acquired abnormalities similar to those observed in
the Vav-Cre Rictorfl/flmice when tamoxifen-driven locus inactivation
was effected in adults. Thus, treated mice exhibited reduced peripheral
B-cell numbers and decreased MZ B cells (Figure 3B-C). Although
Rictor deletion impairs thymic production of new T cells,29 B-cell
maintenance is T cell independent. B lineage numbers in the BM

were normal (Figure 3B), but IgDhi CD23hi (recirculating) mature
B cells in marrow were sensitive to acute Rictor deletion (Figure 3D).
Together, these results indicate that Rictor mediates maintenance of
mature B cells.

Survival of mature B cells is promoted through the BCR and the
cytokine BAFF.3,7 When peripheral B cells were cultured in vitro,
Rictor-deficient B cells died faster than WT controls (Figure 4A).
BAFF mitigated this death of WT B cells but was less effective with
Rictor-deficient samples (Figure 4A-B). Both mature and transitional
B cells lacking Rictor exhibited increased annexin-V1 frequencies, and

Figure 3. Effect of acute Rictor deletion on B

lymphoid cells. ROSA26-Cre-ERT2 Rictorfl/fl mice

were treated with tamoxifen as described in “Methods.”

(A) PCR was performed to determine Rictor excision

using peripheral B cells of mice of the indicated

genotypes 2 weeks after starting tamoxifen injection as

in Figure 1A. (B) Shown are mean (6 SEM) numbers of

B lineage cells in the spleen and BM of Cre-ERT2Rictorfl/fl

(cKO) or control (WT) mice 4 weeks after starting

tamoxifen treatment (6WT vs 6 cKO; 2 separate replicate

experiments, each of 3 vs 3 mice). (C) Representative

FACS profiles with frequencies of the indicated subsets in

the viable lymphoid gates of the spleen or further gates as

indicated in the above panels. (D) Decreased recirculating

mature B cells in the BM of Rictor-deficient mice. Shown

are representative FACS profiles with frequencies of IgDhi

CD23hi cells in the B2201 gates (left) and mean (6 SEM)

numbers of the population in the BM of Cre-ERT2Rictorfl/fl

(cKO) or control (WT) mice 4 weeks after tamoxifen

treatment (right): n 5 6 vs 6.
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PARP cleavage and Caspase-3 activation were also greater for the
Rictor-deficient B cells (Figure 4C; supplemental Figure 2). Thus,
this protein assists survival signaling in B cells. To assess the impact

on homeostasis of mature B cells in vivo, LN cells of WT and Cre-
ERT2 Rictorfl/fl mice were mixed with CD45.1 lymphocytes and
transferred into RAG2° mice, after which mice were treated with

Figure 4. Impaired survival, proliferation, and persistence of Rictor-deficient B cells. (A-B) Spleen cells were isolated from Cre-ERT2Rictorfl/fl (cKO) or control (WT) mice

2 weeks after starting tamoxifen treatment, and were cultured for indicated times (A) or for 1 day (B) in the presence or absence of BAFF. Viable cells were counted and analyzed by

flow cytometry, and B-cell survival was determined by calculating the percentages of live B-cell (7-AAD- B2201) numbers relative to input. Shown are mean (6SEM) for the 3mice of

each genotypewithin 1 representative analysis of 3 independent replicate experiments yielding the same results. (C) Increased apoptosis ofRictor-deficient B cells. Rictor was acutely

depleted in the Cre-ERT2 Rictorfl/fl mice as in Figure 3, and annexin-V staining was performed using splenic B cells. Shown are representative histograms in the transitional (B2201

AA4.11) and mature (B2201 AA4.1-) B-cell gates (left), and mean (6 SEM) frequencies of annexin-V1 B cells (right): n5 5 vs 5. (D) Competitive homeostasis of mature B cells. LN

cells of Cre-ERT2Rictorfl/fl mice (CD45.2) orWTCD45.2 controls were mixed with equal numbers ofWTCD45.1 LN cells, and transferred intoRag22/2mice. Mice were then treated

with tamoxifen and were analyzed by flow cytometry 4 weeks after the adoptive transfer. Shown are mean (6SEM) ratios of CD45.2 B cells to CD45.1 competitors in the spleen and

LN (n5 6WT vs 6 cKO). (E) Homeostatic proliferation of Rictor-deficient B cells. LN cells of donors [Cre-ERT2 Rictorfl/fl (cKO) mice or controls] were labeled with CFSE and then were

transferred into Rag2 2/2 mice, after which mice were treated with tamoxifen. Shown are representative histograms of CSFE fluorescence measured in the CD191 B2201 viable

lymphoid gate 4 weeks after transfer and initiation of tamoxifen (n5 4WT vs 4 cKO). (F) Spleen cells were harvested fromCre-ERT2Rictorfl/fl (cKO) or control (WT) mice 2 weeks after

starting tamoxifen treatment and then were cultured (2 days) in the presence or absence of anti-IgM or LPS, followed by addition of BrdU and further culture (18 hours). Percentages of

BrdU1Bcellsweremeasured by flowanalyses in the viable cell gate. Shown is1 result representative of those in 3 independent experiments, each consisting of 4mice of each genotype.
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tamoxifen. Four weeks later, Rictor-depleted (Cre-ERT2 Rictorfl/fl)
B cells had dropped substantially in relationship to the cotrans-
ferred CD45.1 cells, whereas WT controls remained at normal
ratios (Figure 4D). Lymphopenic environments induce homeostatic
proliferation of B lymphoid cells,34 but divisions of Rictor-
depleted B cells were substantially reduced after their transfer into
RAG2° recipients (Figure 4E). In vitro proliferation of Rictor-
deficient B cells in response to BCR stimulation and, to a lesser
extent, after LPS treatment, was also impaired (Figure 4F). Combined

with other results, we conclude that Rictor is crucial for maintenance
and homeostasis of the B lineage, in part by promoting mature
B lymphocytes’ survival.

Rictor-dependence of NF-kB and balanced regulation of

survival genes

Both BCR and BAFF receptor engagement increase Akt(S473)
phosphorylation in WT B cells.35,36 This induction was impaired in

Figure 5. Attenuated nuclear induction of NF-kB and NF-kB2 processing of Rictor-deficient B cells. (A) Aliquots of B cells or mature B cells purified after tamoxifen

pretreatment of Cre-ERT2 Rictorfl/fl or control mice (as in Figure 3A) were extracted before or after culture with anti-IgM (15 minutes) and then were analyzed by

immunoblotting. Shown are signal images for the indicated antibody in 1 of 3 independent experiments with comparable results. (B) Nuclear extracts were prepared from

mature B cells of Cre-ERT2 Rictorfl/fl or control mice pretreated with tamoxifen, and analyzed by EMSA using a consensus NF-kB probe. Shown is the autoradiograph of results

from 1 replicate representative of 3 independent experiments: arrowhead indicates complexes formed with NF-kB proteins, and line indicates free probe bands. (C) B cells of

Cre-ERT2 Rictorfl/fl or control mice pretreated with tamoxifen were treated with anti-IgM (1 hour), BAFF (4 hour), or medium, after which nuclear induction of NF-kB was analyzed as

in (B). (D) Processing of NF-kB2 from the p100 precursor to p52 form. Western blotting was performed on extracts of B cells of Cre-ERT2 Rictorfl/fl or control mice pretreated with

tamoxifen (as in panel A) after culture (24 hours) with or without BAFF. Shown is a representative result from among 3 independent experiments, along with the mean (6 SEM) ratio

of p52/p100 calculated after quantitation of p100 and p52 band intensities.
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Rictor-deficient B cells (Figure 5A and data not shown); intriguingly,
Akt(T308) phosphorylation was reproducibly enhanced. Consistent
with impaired Akt function at a nuclear target after Rictor depletion,
much less phosphorylation of FoxO1 was observed (Figure 5A).
Rictor depletion also impaired HM phosphorylation of PKC and
activity of SGK1 as determined by decreased P-NDRG1 down-
stream from SGK1 (Figure 5A).20 Although phosphorylation of the
ribosomal protein S6 and total S6K decreased modestly, there was
no substantial effect on phosphorylation of the mTORC1 target in
S6K. BCR signaling activates the canonical NF-kB pathway,
whereas BAFF stimulates proteolytic processing of p100 NF-kB2
into the p52 subunit.37,38 To ensure that proportions of the B lineage
subsets in cKO samples were similar to controls, we used mature
B cells purified fromWT and ROSA26-Cre-ERT2 Rictorfl/flmice 10 to
14 days after tamoxifen injection. Initial and BCR-induced nuclear
NF-kB in Rictor-deficient B cells were diminished, and BAFF-
induced conversion of p100 into p52 was less efficient (Figure 5B-D;
supplemental Figure 3A). Thus, the absence of Rictor impaired
stimulation of the classical and noncanonical NF-kB pathways by
receptors essential for B-cell maintenance (supplemental Figure 3B).

To explore the signaling defects in relation to B-cell survival, we
analyzed expression of proapoptotic and antiapoptotic genes in
B cells lacking Rictor. RNA encoding the prosurvival protein Bcl-XL

(Bcl2l1) decreased and FoxO-regulated proapoptotic Bim (Bcl2l11)
messenger RNA (mRNA) increased in freshly isolated mature B cells
of Vav-Cre Rictorfl/fl mice (Figure 6A). Changes in survival gene
regulation were also observed when purified B cells rendered
acutely Rictor-deficient (tamoxifen-treated WT and ROSA26-Cre-ERT2

Rictorfl/flmice before any perturbation in numbers or subsets) were
stimulated through the BCR or with BAFF. In contrast to controls,
BCR stimulation of acutely Rictor-deficient B cells induced neither
the NF-kB target Nfkb2 nor the prosurvival genes Mcl1 and Bcl2l1
(Figure 6B). This impaired induction was confirmed for Mcl-1 and
Bcl-XL proteins (supplemental Figure 3C-D). Conversely, BCR-
driven suppression of proapoptotic genes Bbc3 (encoding Puma) and
Bcl2l11 (Bim) was attenuated in Rictor-deficient B cells (Figure 6B).
PIM kinases enhance B-cell survival, and NF-kB2 mediates BAFF
induction of PIM2.39 BAFF failed to induce PIM2 mRNA in Rictor-
deficient B cells, consistent with their attenuated NF-kB2 generation
(Figure 6B). These data indicate that Rictor assists in setting an
appropriate balance of prosurvival and proapoptotic gene expres-
sion in B cells.

B-cell–intrinsic Rictor contribution to antibody responses

Antibody responses depend on the clonal expansion of antigen-
reactive B cells, germinal center formation, and the differentiation
and maintenance of plasma cells.6 Both T-independent and antigen-
specific, T-dependent antibody responses were profoundly reduced
when Rictorwas deleted in hematopoietic compartments using Vav-
Cre (supplemental Figure 4A-B). This impact was most striking for
high-affinity antibodies of class-switched isotypes. Moreover, ger-
minal centers in the spleens of immunized Rictor-deficient mice
were sparse and smaller (supplemental Figure 4C). Comparison of
these defects to our previous findings with depletion of Rictor in
mature T cells26 and the numbers of FO B-phenotype cells sug-
gested that Rictor also acts within B cells in antibody responses.
Because Vav-Cre affects other lineages, RAG2° mice were im-
munized after receiving normal CD4 T cells mixed with purified
B cells of Cre-ERT2 Rictorfl/fl mice or WT controls 2 weeks after
tamoxifen injections. Mice with WT B cells produced robust hapten-
specific IgM and IgG1 after immunization (Figure 7A). However,

antibody responses were decreased (;16-fold lower titer) when
acutely Rictor-depleted B cells were used along with the same
normal T-cell help, and less antibody-secreting cells were generated
(supplemental Figure 5). Rictor-depleted donor B-cell populations
expanded less than controls, whereas the WT CD4 T-cell popu-
lations were comparable (Figure 7B-C). High-affinity and class-
switched antibodies are promoted by the germinal center reaction.
Despite suitable T-cell help, frequencies of germinal center-phenotype
B cells were reduced when Rictor-depleted B cells were used
(Figure 7D). Thus, we conclude that Rictor within B lineage cells
promoted population expansion and the antibody response. Overall,
we propose that Rictor promotes the development of the preimmune

Figure 6. Rictor regulates induction of prosurvival genes and suppression of

proapoptotic genes. (A) Relative expression of Bcl2 family genes ex vivo. Mature

(AA4.12) B cells were purified from Vav-Cre Rictorfl/fl (cKO) or control mice and were

analyzed by qRT2-PCR. Shown are the mean (6SEM) concentrations of mRNA in cKO

relative to WT, averaging 5 mice. (B) qRT2-PCR was performed on RNA from purified

B cells of Cre-ERT2 Rictorfl/fl or control mice, pretreated with tamoxifen (2 weeks; before

observed distortion in B-cell populations) as in Figure 3A, after culture (24 hours) with

anti-IgM or BAFF. Shown are themeans (6SEM) of relative expression for the indicated

mRNA averaging results from 3 (BAFF) or 4 (anti-IgM) independent experiments.
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B-cell populations followed by survival during and after clonal
expansion.

Discussion

B lymphocyte survival, expansion, and differentiation require PI3K
activation by BCR and BAFF receptors.1,13 PI3K is essential for

multiple aspects of B lineage biology and cancers,13 but much needs
to be elucidated about the contributions of distinct signaling branches
downstream from it. Our data show that development, homeostasis,
and immune function of mature B cells depend on Rictor, a protein
central to mTORC2. Conditional deletion of Rictor provides evidence
that it is critical for relaying signals from the BCR to NF-kB, which
can be mediated by Akt, PKC isoforms, and SGK1 (supplemental
Figure 3B).40-43 BAFF-induced NF-kB2 processing also was

Figure 7. B-cell–intrinsic role of Rictor in antibody responses. B cells purified from Cre-ERT2 Rictorfl/fl mice pretreated with tamoxifen, or controls, were transferred

together with equal mixed fractions of normal CD41 T cells from WT and OT-II TCR transgenic mice into Rag2 2/2 recipients. Sera of these recipient mice were analyzed

3 weeks after immunization with NP-conjugated ovalbumin. (A) Mean (6 SEM) results from ELISA detecting NP-specific IgM and IgG1 (n 5 6 vs 6). (B-D) Spleen cells were

analyzed by flow cytometry, and donor-derived cell numbers (mean 6 SEM; n 5 6 vs 6) were calculated.
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attenuated by Rictor depletion, suggesting a role in transducing
BAFF-R signals that promote B-cell maturation and subsequent
survival.7,8 Indeed, deletion of Rictor from adult mice attenuated
B-cell persistence in vivo, associated with impaired survival sig-
naling and proapoptotic and antiapoptotic gene regulation, and
crippled antibody responses. These defects, together with lower
cell-cycling efficiency, suggest that B-cell–intrinsic contributions
of mTORC2 to survival signaling and clonal expansion are major
elements in the defective antibody responses. Intriguingly, TLR4-
driven B-cell proliferation and in vitro antibody production exhibited
less impact of Rictor deficiency (Figure 4F; supplemental Figure 6),
suggesting that antigen-driven, BCR-initiated signals may depend
more stringently on Rictor than TLR-initiated processes.

It is revealing to integrate these findings with other aspects of
PI3K signaling. TORC2 directly modifies 3 types of enzymes: Akt,
PKC isoforms, and SGK1.20,24,44 Loss-of-function experiments with
Akt yielded results paralleling those presented here.15 Lymphoid
progenitors unable to express either Akt1 or 2 yielded increased
pre-B cells in the BM but half as many FO B cells, almost no MZ
B cells, and a reduced B1 lineage. Strikingly, the impact of Rictor on
maturation appeared nearly as substantial as that of Akt(1, 2). Akt is
activated by PIP3-mediated recruitment to the proximity of an es-
sential serine-threonine kinase PDK1, which phosphorylates the acti-
vation loop (“T308”) of Akt isoforms. Akt is catalytically active after
activation loop phosphorylation by PDK1, but its activity and the
persistence of T308-phosphorylation are increased by phosphoryla-
tion of the conserved HM (S473) of Akt.18,19 Several possibilities
might explain why a modification fine-tuning catalytic activity yields
as strong a phenotype as the absence of Akt(1, 2). The Akt3 isoform
may be sufficiently functional in B lineage cells that the Akt
phenotype was only partially penetrant, or the biochemical dose-
response curve for Akt may require a level of catalytic activity not
achieved without HM phosphorylation. Moreover, Rictor-dependent,
Akt-independent pathways may contribute to the defects reported
here inasmuch asmTORC2 phosphorylates theHMof PKC isoforms
and of SGK1, probably affecting B-cell fitness.36

An intriguing possibility is that phosphorylation and structural
rearrangement of the Akt HM promote functional targeting of bio-
logically important substrates.19 In B-cell precursors lacking SIN1,
a loss of Akt(S473) phosphorylation was accompanied by an increase
in P-Akt(T308),45 which we also observed in Rictor-deficient B cells.
Thus, the impact of mTORC2 on T-loop phosphorylation differs in
thymocytes, T cells, and others.25,26,29,46 SGK1, another downstream
target of mTORC2, regulates FoxO1,20 and SIN1 andRictor loss each
dramatically impaired FoxO1 phosphorylation. Together, these find-
ings suggest that mTORC2 may regulate downstream effectors such
as Akt and SGK1 in the nuclei of B cells35 and their modulation of
FoxO1.45

The relationship of Rictor to mature B-cell homeostasis matches
observations made when a constitutively active PI3K p110a sub-
stituted for the BCR to promote persistence.10 In that setting, either
a strongly active Akt or decreased FoxO1 could mitigate the impact
of BCR deletion in lieu of active PI3K. However, Rictor loss also
decreased the efficiency of BAFF-induced noncanonical NF-kB
activity, which is linked to survival signaling.38,47 The develop-
mental effects of FoxO1 perturbation at different stages of B lineage
ontogeny are more diverse, suggesting complex dose-response curves.
FoxO1 deletion early in B lineage development caused blocks at pro-
and pre-B–cell stages attributed to a failure to express RAG and the
IL-7 receptor.17 Akt(S473) phosphorylation impedes FoxO1 function,
so absence of FoxO1might be expected to phenocopy increased rather
than decreased Akt activity. However, fetal liver progenitors lacking

SIN1 yielded cells with decreased P-FoxO1, Il7r, Rag, and for-
mation of IgM1 pre-B cells,45 analogous to the marrow ofMb1-Cre,
Foxo1fl/flmice.17 SIN1 is essential early in fetal development, so the
Sin12/2 system analyzes the progeny of fetal liver stem cells, whereas
the conditional Rictor and FoxO1 experiments scored progeny of
adult marrow stem cells. Recent findings with conditional Pten
deletion show that the PI3K pathway affects the fetal blood pro-
genitors very differently from stem cells of the adult marrow.48

Because of inherent differences between conditional and complete
deletion, trace functionmay have persisted that supported progression
to early transitional B-cell stages in cKOmice. Notwithstanding these
issues, the striking similarities between Akt1/2 deficiency and Rictor
loss suggest that our findings are mTORC2 dependent.

Another striking phenotype observed in Rictor-deficient mice
was a defect ofMZB cells, which were muchmore sensitive to acute
deletion of Rictor than FO B cells. MZ B cells show higher acti-
vation of PI3K signaling pathways than FO B cells.49 Consistent
with roles of PIP3 and Akt in preferentially promoting the MZ fate,
decreasing the PIP3 phosphatase PTEN increased MZ B-cell num-
bers, whereas Akt was vital for generating MZ B cells.15,32 These
results suggest that PIP3 levels guide fate decisions of mature B cells in
part through mTORC2 regulation of Akt. Although PI3K is activated
in a myriad of ways, it is intriguing that Notch 2 signaling both
activates this lipid kinase and promotes MZ B-cell development,50

because mTORC2 relays Notch signals in pre-T–cell differentiation
and expansion.29

Our data indicated that Rictor was vital for both NF-kB path-
ways. Rictor deletion impaired induction of NF-kB–responsive
Bcl2 family genes and the NF-kB2–dependent survival gene Pim2,
and regulation of the FoxO-dependent proapoptotic genes encoding
Bim and Puma was disrupted. Peripheral B-cell maturation requires
classical NF-kB activation, IKK1, and generation of p50 NF-kB1
or NF-kB2.30,38,47 IKK2 and NEMO, which effect the canonical
NF-kB pathway, were crucial for generation of MZ B cells but not
for FO B cells, followed by a requirement for IKK2 in survival and
expansion of the mature B cells.47 Conversely, IKK1 or combined
absence of p50 and p52 ablated the follicular B-cell population;
however, because B lineage ontogeny was normal in the absence
of p52 alone, IKK1 probably exerts additional influences on B-cell
development.30,38 Overall, then, our findings provide mechanistic
insights into Rictormediation of the survival andmaturation of B cells
though regulation of Akt, FoxO1, and the NF-kB signaling pathways.
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