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Conditional Disruption of Raptor Reveals an Essential Role
for mTORC1 in B Cell Development, Survival, and
Metabolism
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Mechanistic target of rapamycin (mTOR) is a serine-threonine kinase that coordinates nutrient and growth factor availability with

cellular growth, division, and differentiation. Studies examining the roles of mTOR signaling in immune function revealed critical

roles for mTOR in regulating T cell differentiation and function. However, few studies have investigated the roles of mTOR in early

B cell development. In this study, we found that mTOR is highly activated during the pro- and pre-B stages of mouse B cell de-

velopment. Conditional disruption of the mTOR coactivating protein Raptor in developing mouse B cells resulted in a develop-

mental block at the pre-B cell stage, with a corresponding lack of peripheral B cells and loss of Ag-specific Ab production. Pre-B cell

survival and proliferation were significantly reduced in Raptor-deficient mice. Forced expression of a transgenic BCR or a BclxL
transgene on Raptor-deficient B cells failed to rescue B cell development, suggesting that pre-BCR signaling and B cell survival are

impaired in a BclxL-independent manner. Raptor-deficient pre-B cells exhibited significant decreases in oxidative phosphorylation

and glycolysis, indicating that loss of mTOR signaling in B cells significantly impairs cellular metabolic capacity. Treatment of

mice with rapamycin, an allosteric inhibitor of mTOR, recapitulated the early B cell developmental block. Collectively, our data

reveal a previously uncharacterized role for mTOR signaling in early B cell development, survival, and metabolism. The Journal

of Immunology, 2016, 197: 2250–2260.

M
echanistic target of rapamycin (mTOR) is an evolu-
tionarily conserved serine/threonine kinase that coor-
dinates nutrient and energy availability with cell

metabolism, growth, and proliferation. mTOR is located within two
discrete protein complexes, mTOR complex (mTORC)1 and
mTORC2, which are characterized by the association of mTOR
with one of two coactivator proteins, Raptor and Rictor, respec-
tively. mTORC1 is positively regulated by a number of upstream
signals, including abundant amino acids, growth factors, and en-
ergy levels. When activated, mTORC1 phosphorylates downstream
targets p70 ribosomal protein S6 kinase 1 and eukaryotic trans-
lation initiation factor 4E-binding protein 1 (4EBP1), thereby

promoting protein synthesis and cell growth. mTORC1 also pro-
motes lipid synthesis, oxidative metabolism, and glycolysis to help
fuel cell growth and proliferation while also inhibiting autophagy
(1, 2). In contrast to mTORC1, mTORC2 is activated by growth
factors independently of nutrients and predominantly functions to
regulate the actin cytoskeleton and cell survival (1).
Studies examining mTORC1 functions in the immune system

revealed important roles for mTOR in regulating the differentiation
and function of specific T cell subsets. For example, the immu-
nosuppressant rapamycin, used clinically to prevent organ trans-
plant rejection, acts, in part, by suppressing T cell proliferation (3).
More recently, it was shown that mTORC1 activity also controls
Th1, Th2, and Th17 differentiation, T regulatory cell differentia-
tion, and CD8 effector and memory cell development (4, 5).
mTOR also has distinct roles in the generation and function of
dendritic cells, myeloid cells, and innate lymphocytes (4, 6–8).
However, there have been limited studies on the cell-specific roles
of mTOR signaling in early B cell development.
During B cell development, B cell progenitors must successfully

pass several checkpoints to ensure that mature B cells have a di-
verse repertoire of functional IgRs capable of recognizing a wide
array of foreign proteins while exhibiting limited self-reactivity.
Early committed B cells called progenitor B (pro-B) cells have
their Ig H chain (IgH) and Ig L chain (IgL) genes in the germline
configuration and rely on stromal cell–derived IL-7 to survive.
Following productive in-frame VH-(DH)JH rearrangement of the
IgH genes, Ig m-H chain (Igm) proteins are expressed on the cell
surface in conjunction with the surrogate L chains lambda5 and
VpreB and the signal-transducing Iga and Igb proteins as the pre-
BCR complex (Fig. 1A). Signaling through the pre-BCR promotes
IgH allelic exclusion, clonal expansion of pre-B cells, and acti-
vation of IgL gene rearrangements and transcription. Following
in-frame VL-JL rearrangements and IgL expression, IgL and IgH
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pair to form surface IgM, at which point immature B cells are
tested for reactivity against self-antigens (central tolerance).
B cells that react to self-antigens with high avidity are deleted
(negative selection) or undergo receptor editing with expression of
alternative IgLs. B cells with low-avidity interactions or no re-
activity to self-antigens become anergic or are positively selected
and migrate out of the bone marrow (BM) to the spleen where
development continues (9, 10).
Pre-BCR and IL-7R activate PI3Ks, membrane-bound lipid

kinases that can activate multiple signaling pathways (11, 12),
including mTORC1 and mTORC2 (13). Gene-targeting studies in
mice indicate that activation of PI3Ks is essential for B cell de-
velopment beyond the pre-B cell stage (14–16). Deletion of Rictor
revealed that mTORC2 is important for mature B cell develop-
ment (17). However, B cell–specific roles for mTORC1 in early
B cell development are unclear. In this study, we conditionally
deleted the mTORC1 coactivator Raptor specifically in B cells
during early B cell development in mouse BM using the Cre-
LoxP system. Unlike deletion of mTOR (which targets mTORC1
and mTORC2), deletion of Raptor allowed us to selectively
target mTORC1 during early B cell development. We found that
mTORC1 signaling is essential for B cell development beyond
the pre-B cell stage and plays a critical role in engendering
IgH protein expression, pre-B cell survival, and optimal glycolytic
and respiratory capacity required to fuel B cell division and Ab
production.

Materials and Methods
Mice

Raptorfl/fl mice were described previously (18). Mice with Raptor deletion
in the B cell lineage were generated by crossing Raptorfl/fl mice (obtained
from The Jackson Laboratory) with transgenic Mb1-Cre mice (obtained
from M. Reth, Max Planck Institute of Immunobiology and Epigenetics)
(19). MD4(IgMHEL) mice, BclxL-transgenic mice, and Rag22/2gc

2/2 mice
were described previously (20–22). Mice were maintained in a specific
pathogen–free facility at the University of Washington, and all procedures
were reviewed and approved by the University of Washington Institutional
Animal Care and Use Committee.

Flow cytometry

BM cells and splenocytes were stained with fluorescent-conjugated Abs
with specificities for the following mouse Ags: B220 (RA3-6B2), IgM,

CD43 (S7), CD22.2, CD25 (7D4), IAb (AF6-120.1), MHC class II, IgMa,
IgMb, CD62L, Igm, Ig k-L chain (Igk), heat stable Ag (HSA), or BP-1
(various fluorochromes). Mitochondrial staining was performed with
MitoTracker Green FM and MitoSOX Red (Molecular Probes/Life Tech-
nologies). Flow cytometric data were acquired on a FACSCanto II or LSR
II flow cytometer (BD Biosciences), and data were analyzed using FlowJo
software.

Cell proliferation and cell viability

For in vivo BrdU-proliferation assays, mice were injected i.p. with 1 mg
of BrdU (BD Pharmingen). BM cells were collected 16 h later, fixed,
treated with DNase I, and stained with anti-BrdU Ab. For in vitro–
proliferation assays, total BM cells were harvested, labeled with CFSE
(Molecular Probes/Life Technologies), and cultured in the presence or
absence of IL-7, stem cell factor (SCF), and Flt3 ligand (Flt3L) at 10
ng/ml for 3–4 d. Cells were then stained with anti-mouse B220 and IgM
or CD43 fluorescent-conjugated Abs. For cell-viability assays, cells
were stained with Annexin V (BD Biosciences) or CellEvent Caspase-
3/7 (Molecular Probes/Life Technologies), and 7-aminoactinomycin D
(7-AAD; BD Biosciences) or Ghost Dye Live/Dead Stain (Tonbo
Biosciences).

Immunoblotting

Immunoblotting was performed, as previously described (23, 24), on
FACS-sorted BM B cells corresponding to the pro/pre-B cell fraction
B220loCD43+, Hardy fractions A–F, or MACS-sorted (Miltenyi Biotec)
CD19+IgM2 BM B cells. The following Abs were used: Raptor (Bethyl
Laboratories), p-mTOR (S2448), mTOR, p-S6K1 (T389), phosphory-
lated ribosomal S6 protein (S6R; S240/244), p-4EBP1 (T37/46),
p-AKT (T308), p-AKT (S473), AKT, p-Foxo1 (S256), Foxo1, p-ERK
(T202/Y204), and ERK (Cell Signaling). b-actin (Sigma) was used as a
loading control. Densitometry analysis was performed using ImageJ
software.

Quantitative RT-PCR

B220+CD43+ pro/pre-B cells were FACS sorted using a BD FACSAria III.
RNA was isolated using an Ambion RNAqueous-4PCR kit. cDNAs were
made using Superscript III reverse transcriptase (Invitrogen). Quantita-
tive RT-PCR was performed using SYBR Green Master Mix (ABI) on
a Stratagene Mx3005 qPCR System. Primer sequences are listed in
Supplemental Table I.

Immunization

Mice were immunized with keyhole limpet hemocyanin (KLH)
protein (Calbiochem), and KLH-specific Ab production was mea-
sured 4 wk later using KLH-coated ELISA plates, as previously
described (23).

FIGURE 1. mTOR signaling is normally acti-

vated in early B cell development and is decreased

in Raptor-deficient mice. (A) Diagram of mouse B

cell developmental stages with Hardy fraction no-

tations (9). (B) BM B cells corresponding to Hardy

fractions A–C9 (B220+CD43+), D (B220+CD432

IgM2), E (B220loCD432IgM+), and F (B220hi

CD432IgM+) were purified from six WT mice and

pooled. Immunoblotting was performed using Abs

with specificity for the indicated proteins. b-actin

was used as a loading control. (C) CD19+IgM2 BM

cells were isolated from two Raptor-null and two

WT control mice. Immunoblotting was performed

using Abs with specificity for the indicated proteins.
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Gene-rearrangement analysis

CD19+IgM2 or B220+ BM cells were purified by MACS purification
columns (Miltenyi Biotec), and DNA was extracted using a QIAGEN
DNeasy kit. IgH and IgL PCR reactions were performed as previously
described (25, 26). Amplification products were separated on a 1.5%
agarose gel and transferred to a positively charged nylon membrane. The
membrane was probed with biotin-labeled JH3 oligonucleotide and de-
tected using the North2South Chemiluminescent Detection Kit (Thermo
Scientific). Primers used are listed in Supplemental Table I.

Extracellular flux analysis

CD19+IgM2 B cells were purified by MACS purification columns (Miltenyi
Biotec) and cultured in complete medium for 16 h in the presence of IL-7
(10 ng/ml). Before measurements, medium was changed to unbuffered
DMEM supplemented with 10 mM glucose, 2 mM glutamine, and 1 mM
pyruvate. Cells were seeded at 1 3 106 cells/well in XF24 tissue culture
plates precoated with Cell-Tak (BD Biosciences). Oligomycin, carbonyl
cyanide p-trifluoromethoxyphenylhydrazone (FCCP), rotenone, and antimycin
A were added to the media sequentially. Oxygen consumption rate (OCR)
and extracellular acidification rate (ECAR) were measured using a
Seahorse XF24 analyzer (Seahorse Bioscience) and analyzed using WAVE
software.

Rapamycin treatment

Rapamycin (LC Labs) was dissolved in ethanol, diluted in PEG400/Tween
80, and sterile-filtered though a 0.2-mM filter. C57BL/6 mice were treated
i.p. daily for 3 wk with rapamycin (8 mg/kg) or vehicle alone. BM was
harvested for flow cytometry at the end of 3 wk.

Statistical analysis

All statistical analyses were performed using GraphPad Prism software.
Statistical differences were determined using the Student t test with Holm–
Sidak correction for multiple comparisons or two-way ANOVA. All data
are presented as mean 6 SD.

Results
mTORC1 signaling is differentially activated during early
B cell development

B lymphocyte development within the BM and fetal liver proceeds
through a series of developmental stages that are defined by
the differential expression of specific cell surface markers (27).
B cells corresponding to Hardy fractions A–C9 consist of prepro B
cells (fraction A; B220loCD43+HSAlo, BP12, IgH2, IgL2), pro-
B cells (fraction B; B220loCD43+HSAmid, BP12, IgH2, IgL2), and
large pre-B cells (fraction C/C9; B220loCD43+HSAmid/hi, BP1+,
IgH+, IgL2) (Fig. 1A). B cells in fraction D correspond to late/small
pre-B cells (B220loCD432IgM2), whereas fractions E and F cor-
respond to immature (B220loCD432IgM+IgD2) and mature (B220hi

CD432IgM+IgD+) long-lived recirculating B cells, respectively. To
determine how mTORC1 signaling is modulated during normal
B cell development, we sorted mouse BM cells from wild-type
(WT) mice and examined expression and activation of proteins
involved in the mTORC1 signaling pathway. mTORC1 proteins
mTOR and Raptor were expressed at higher levels in large pro-B,
large pre-B, and small pre-B cells (fractions A–C9 and D) and were
decreased in expression in small resting immature and mature
B cells (fractions E and F) (Fig. 1B, Supplemental Fig. 1A). p-S6R
and p-4EBP1, two downstream proteins that are phosphorylated by
activated mTORC1, were also increased in fractions A–D. Thus,
these results indicate that mTORC1 signaling is most active during
the pro-B and pre-B stages of B cell development and declines as
cells acquire expression of IgM and IgD during the immature and
mature B cell stages.

Deletion of Raptor in the B cell lineage results in disruption of
mTORC1 signaling and a block in B cell development

To determine the role of mTORC1 in B cell development, we
deleted the mTORC1 activating protein Raptor specifically in

B cells by breeding Raptorfl/fl mice (18) with Mb1-Cre mice,
which express the Cre enzyme beginning at the pro-B cell stage
under control of the B cell–specific Iga promoter (19). To confirm
that deletion of Raptor disrupted mTORC1 signaling, we isolated
CD19+IgM– pro-B and pre-B cells from WT and Raptorfl/flMb1-
Cre BM and examined expression and activation of mTORC1
signaling proteins. As expected, we noted loss of Raptor protein
expression in Raptorfl/flMb1-Cre cells (Fig. 1C, Supplemental Fig.
1A). In addition, we noted decreased total mTOR, p-S6K1, p-S6R,
and p-4EBP1 in Raptor-null B cell progenitors compared with WT
B cell progenitors. These results indicate that B cell–specific
disruption of Raptor in Raptorfl/flMb1-Cre mice results in inhibi-
tion of mTORC1 signaling in B cell progenitors.
We then used flow cytometry to evaluate the consequences of

Raptor disruption and inhibition of mTORC1 signaling on B cell
development within the BM, spleen, and peritoneum of Raptorfl/fl

Mb1-Cre mice relative to WT controls. Strikingly, Raptor defi-
ciency resulted in reduced total BM B cells, which was charac-
terized by a complete loss of immature (B220loIgM+) and mature
(B220hiIgM+) B cell populations (Fig. 2A, 2B). Analysis of cell
surface markers that are differentially expressed during B cell
development revealed a block in development at the B220+

CD43+CD222CD252MHCII2 pre-B cell stage (Fig. 2B). Raptor-
deficient BM B cells exhibited a decrease in the number and
percentage of lymphocytes corresponding to Hardy fractions D–F
(late pre-B to mature B cell), as well as increased percentages of
prepro-B (fraction A) and early pre-B (fraction C/C9) cell pop-
ulations (Fig. 2C). Our results indicate that loss of Raptor results
in a B cell developmental block from the early/large (fraction C/C9)
to late/small pre-B cell (fraction D) stage.
We further characterized the consequences of Raptor depletion on

peripheral B cell development. Consistent with our findings in BM,
flow cytometric examination of splenocytes revealed a marked de-
crease in the percentage and total number of B220+ splenic B cells in
Raptorfl/flMb1-Cre mice versus WT control mice (Fig. 3A). Simi-
larly, analysis of peritoneal lymphocytes revealed a marked decrease
in conventional B2 and innate-like CD5+IgM+ B1a cells (Fig. 3B).
Immunization of Raptorfl/flMb1-Cre mice and WT control mice with
the T cell–dependent Ag KLH revealed the complete absence of
KLH-specific total IgG, IgG1, IgG2a, and IgM in Raptor-deficient
mice compared with control mice (Fig. 3C). Collectively, these re-
sults indicate that Raptor is required to promote B cell development
from the large pre-B to small pre-B cell stage and for the generation
of mature Ab-producing B cells and plasma cells.
We next focused on determining why Raptor is essential for

B cell development beyond the pre-B cell stage. Previous studies
showed that the PI3K–AKT–Foxo1 signaling pathway regulates
expression of critical pre-B cell genes, including Rag1 and Rag2
(28, 29). Disruption of the PI3K–AKT–Foxo1 pathway results in
impaired IgH gene rearrangement and expression (29), as well as a
pre-B cell developmental block (14–16). We reasoned that, as a
downstream effector of PI3K-AKT, mTORC1 may also play a role
in regulating expression of pre-B cell genes required for normal
development. We first examined whether mTORC1 signaling de-
ficiency results in altered PI3K–AKT–Foxo1 activation. We found
that Raptor-deficient B cells displayed similar levels of AKT ac-
tivation, as shown by phosphorylation of AKT at T308 and S473
and phosphorylation of Foxo1 (Supplemental Fig. 1B). We next
examined mRNA levels of factors known to be required for pre-
BCR signaling in FACS-sorted B220+CD43+ cells. Quantitative
RT-PCR was performed to determine transcript abundance of key
factors required for IgH and IgL gene rearrangement and pre-
B cell development (including Ebf1, Pax5, Foxp1, Rag1, Rag2, E2A,
lambda5, Vpreb, CD79a, and CD79b). No significant deficiencies
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in transcript levels were found in Raptor-null versus WT pre-B cells
(Supplemental Fig. 1C). Interestingly, expression of the pre-BCR
components lambda5, Vpreb1, and Vpreb2 were increased in
Raptor-null B cell progenitors compared with WT B cell progeni-
tors (Supplemental Fig. 1C). This is consistent with increased
percentages of pre-B cells in the B220+CD43+HSAhiBP-1hi fraction
(Fig. 2C), which express the highest levels of these pre-BCR
components (30).
We then examined whether protein expression and/or rear-

rangement of the IgH or IgL gene was affected in Raptor-deficient
B cells. We performed flow cytometry to examine the relative
expression of intracellular (IC) Igm and Igk proteins. We found
that expression of IC Igm was markedly reduced, but still present,
in Raptor-deficient B cells compared with WT B cells, whereas IC

Igk protein was completely absent (Fig. 4A). In contrast, surface
lambda5 protein was present at elevated levels on Raptor-deficient
B cell progenitors (Supplemental Fig. 1D), consistent with in-
creased levels of lambda5 mRNA. We then tested whether IgH
and IgL gene rearrangements are disrupted in Raptor-deficient
B cells. Semiquantitative PCR analysis for VH-(DH)JH rear-
rangement revealed normal IgH gene rearrangement in Raptor-
deficient B cells relative to WT positive controls and Rag12/2

negative control cells (Fig. 4B). Igk gene rearrangement was re-
duced in Raptor-knockout (KO) cells relative to WT cells, con-
sistent with a defect in pre-BCR signaling. These results suggest
that Raptor-deficient B cells undergo normal VH-(DH)JH rear-
rangement but fail to properly express and/or respond to pre-BCR
signals, resulting in a developmental block at the pre-B cell stage.

FIGURE 2. mTOR signaling is required

for pre-B cell development. (A) BM cells

from Raptor-null and WT control mice (n $

5 mice per genotype) were analyzed by flow

cytometry. The percentage (left panel) and

number (right panel) of B220+ lymphocytes

were calculated for each genotype. Data are

mean 6 SD and were calculated from two

independent experiments. (B) BM cells

from Raptor-null and WT control mice were

stained with fluorescent-conjugated Abs and

analyzed by flow cytometry. Shown are

representative plots (n $ 6 mice per geno-

type) from three independent experiments.

(C) BM cells from Raptor-null and WT

control mice were stained with fluorescent-

conjugated Abs and analyzed by flow

cytometry. Shown are representative plots

(n $ 6 mice per genotype) from three in-

dependent experiments. The percentage and

number of B220+ lymphocytes in each

Hardy fraction were calculated for each

genotype. Data are mean 6 SD pooled from

three independent experiments. *p , 0.05.
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To further test whether impaired pre-BCR signaling is respon-
sible for the B cell developmental block, we crossed Raptorfl/flMb1-
Cre mice to mice expressing transgenic IgM H and L chain
proteins specific for the hen egg lysozyme (HEL) Ag (IgMHEL)
(20). We then examined whether enforced expression of surface
IgMHEL, which mimics pre-BCR formation, could drive B cell

maturation in the absence of mTOR activation. Expression of
IgMHEL in Raptor-deficient B cells partially stimulated maturation
of a small population of Raptor-null cells, as determined by
downregulation of CD43, as well as upregulation of CD22 and
MHC class II expression (Fig. 4C). However, expression of
IgMHEL on Raptorfl/fl Mb1-Cre pre-B cells almost completely
failed to rescue immature B cell development in the spleen
(Fig. 4C, Supplemental Fig. 2A), suggesting that signaling re-
sponses downstream of the pre-BCR are impaired.
To determine whether allelic exclusion occurs normally fol-

lowing pre-BCR expression in Raptorfl/fl Mb1-Cre mice, we de-
termined whether expression of IgMHEL (IgMa isoform) could
efficiently extinguish expression of endogenous IgM (IgMb iso-
form) in the presence or absence of Raptor. We found that allelic
exclusion occurred normally in Raptorfl/flMb1-Cre IgMHEL mice,
as seen by the exclusive expression of the “a” isotype of IgM
expressed in IgMHEL+ animals, compared with the mixture of
endogenous “a” and “b” isotypes expressed in the WT littermate
controls (Fig. 4D). Expression of IgMHEL also extinguished en-
dogenous VH-(DH)JH gene rearrangement in the presence and
absence of Raptor, as determined by semiquantitative PCR in
Raptorfl/flMb1-Cre IgMHEL mice compared with WT controls and
Raptor-KO B cell progenitors (Supplemental Fig. 2B). These re-
sults indicate that the block in B cell development observed in
Raptorfl/flMb1-Cre mice occurs from a combination of impaired
IgH protein expression and impaired pre-BCR signaling, which,
when overcome by enforced IgM transgene expression, allows for
a small population of B cell progenitors to proceed to the im-
mature B cell stage but no further.
To determine whether the defect in B cell development is cell

autonomous, we performed BM transplantation in which WT or
Raptorfl/flMb1-Cre BM cells were transplanted into Rag22/2gc

2/2

mice, which lack B, T, and NK lineage cells (22). As expected,
WT cells reconstituted IgM+ B lineage cells normally in BM and
spleen, whereas Raptorfl/flMb1-Cre cells remained blocked at the
B220+CD43+IgM2 pre-B cell stage (Supplemental Fig. 2C).
These results, combined with the relative selectivity of Mb1-Cre
for deletion of floxed alleles in B lineage cells suggests that
conditional disruption of Raptor results in a block in B cell de-
velopment at the pre-B cell stage in a cell-autonomous manner.

Raptor-deficient B cell progenitors have reduced proliferative
capacity and undergo increased cell death

We next addressed whether Raptorfl/flMb1-Cre B cells exhibit
defective cell-proliferative capacity and/or increased cell death,
both of which could account for the failure to progress beyond the
pre-B cell stage. We first evaluated cell proliferation in vivo using
a BrdU-incorporation assay. Compared with WT control mice,
Raptor-deficient pro-B/pre-B cells exhibited a small, but signifi-
cant, decrease in BrdU incorporation, indicative of decreased cell
proliferation (Fig. 5A). We then cultured CFSE-labeled BM cells
from Raptorfl/flMb1-Cre mice and WT mice for 3–4 d in the
presence of IL-7, SCF, and Flt3L. Both control and Raptor-
deficient B cells proliferated in response to cytokine stimulation
(Fig. 5B, Supplemental Fig. 3A); however, despite normal levels
of IL-7R expression (Supplemental Fig. 3B), disruption of Raptor
resulted in less robust proliferation, as reflected by reduced
numbers of cell divisions.
To examine the effects of Raptor deficiency on B cell survival,

we stained BM cells with Annexin V and 7-AAD and analyzed
cell survival of gated B220+IgM2 pro-B/pre-B cells. Compared
with control B cells, Raptor-deficient B cells had significantly
elevated Annexin V and 7-AAD staining, indicating greater cell
death (Fig. 6A). To determine whether increased cell death was

FIGURE 3. Raptor-deficient mice lack peripheral B cells and exhibit

impaired Ab production. Splenocytes (A) and peritoneal cells (B) from

Raptor-null and WT control mice were stained with fluorescent-conjugated

Abs and analyzed by flow cytometry. Percentage and number of B220+

cells were calculated for each genotype. Data are mean 6 SD (n $ 5 mice

per genotype) pooled from three independent experiments. (C) Raptor-null

(n = 5) and control (n = 5) mice were immunized with KLH Ag. Sera were

collected 4 wk postimmunization and analyzed by ELISA for the indicated

KLH-specific Igs. *p , 0.05.
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responsible for the block in B cell development in Raptor-KO

mice, we crossed Raptorfl/flMb1-Cre mice with mice expressing

the anti-apoptotic BclxL transgene under the control of the IgH

promoter (21). We found that expression of the BclxL transgene

increased pre-B cell survival in Raptorfl/flMb1-Cre BclxL mice

compared with Raptorfl/flMb1-Cre mice, as shown by a reduction

in Annexin V/7-AAD+ staining (Fig. 6B, 6C). However, although

the percentage and total number of B220+IgM2 cells increased in

Raptorfl/flMb1-Cre BclxL mice compared with Raptorfl/flMb1-Cre

mice (Fig. 6D, 6E), we did not observe any restoration in B cell

development pass the early pre-B cell stage in these mice (Fig. 6D,

6F). These results indicate that loss of mTOR signaling prevents

further maturation of B cells beyond the pre-B cell stage in a

BclxL-independent manner.

Alterations in cellular bioenergetics in Raptor-deficient B cells

mTOR signaling plays a fundamental role in mitochondrial bio-
genesis, ATP production, and overall cellular metabolism, which

can have profound effects on cell division and cell fate determi-

nation (31, 32). To determine whether loss of Raptor in pre-B cells

affects mitochondrial biogenesis and function, we measured mi-

tochondrial membrane potential in B cell progenitors from WT

and Raptorfl/flMb1-Cre mice using the mitochondrial-selective
probe MitoTracker Green FM. Pro-B and early pre-B cells from

Raptor-deficient mice exhibited decreased MitoTracker Green

staining compared with control mice, suggesting decreased mi-

tochondrial mass (Fig. 7A). In addition, loss of Raptor resulted in

decreased percentages of pro-B/pre-B cells containing high

levels of mitochondrial superoxide, as measured by MitoSOX Red

FIGURE 4. Expression of Ig H and L

chains are impaired in Raptor-deficient B

cells, and enforced expression of IgMHEL

transgene does not restore normal develop-

ment. (A) BM cells from Raptor-null and

WT control mice were stained with anti-

B220 and anti-IC Igm or Igk Abs. Rag1-null

mice were used as a control for loss of m

and k expression. Data are representative of

three independent experiments (n $ 5 mice

per genotype). (B) DNA was isolated from

CD19+IgM2 pro- and pre-B cells from

mice of the indicated genotypes. DNA was

serially diluted, and PCR was used to am-

plify rearranged IgH and IgL genes. The

EF1a gene was used as a loading control.

Data shown are representative of two inde-

pendent experiments. (C and D) BM and

splenocytes from WT control, Raptorfl/fl

Mb1-Cre, IgMHEL, and Raptorfl/flMb1-Cre

IgMHEL mice were stained with the indi-

cated Abs and analyzed by flow cytometry.

Shown are representative plots (n = 4 mice per

genotype) from two independent experiments.

FIGURE 5. Raptor-deficient B cells exhibit decreased proliferation. (A) Raptor-null and WT control mice were injected with BrdU. BM was collected

16 h later, stained with fluorescent-conjugated cell surface markers against B220 and IgM, fixed, permeabilized, and stained with anti-BrdU Ab. Data are

mean 6 SD (n $ 4 mice per genotype) pooled from two independent experiments. (B) BM cells from Raptor-null and WT control mice were labeled with

CFSE and cultured for 4 d in media containing IL-7/SCF/Flt3L cytokines. B220+IgM2 cells were analyzed for CFSE dilution. Data shown (n = 3 mice per

genotype) are representative of two independent experiments. *p , 0.05.
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(Fig. 7B). To determine whether Raptor-deficient cells display
reduced metabolic function, as suggested by these results, we
measured oxidative phosphorylation and glycolytic potential in
WT and Raptorfl/flMb1-Cre purified pre-B cells using the Seahorse
XF24 Metabolic analyzer. We found that Raptor-deficient pre-
B cells had reduced basal OCR and reduced respiratory capacity
following treatment with the mitochondrial uncoupler FCCP,
which is indicative of decreased oxidative phosphorylation. In
addition, Raptor-deficient pre-B cells exhibited reductions in
ECAR following treatment with oligomycin, which suggests de-
creased glycolytic potential. These results are consistent with
reduced basal and maximal mitochondrial capacity following
disruption of mTOR signaling in Raptor-null pre-B cells.

Rapamycin inhibits B cell development in vivo

The classical mTOR inhibitor rapamycin acts, in part, by binding
FKBP12 and allosterically inhibiting mTORC1 (2, 3). To deter-
mine whether rapamycin inhibits early B cell development, we
treated WT mice with rapamycin or vehicle daily for 3 wk and
analyzed B cell development in the BM. Rapamycin treatment
resulted in a significant decrease in the percentage and total
number of BM immature B (fraction E) cell populations (Fig. 8A).
Similar to Raptorfl/flMb1-Cre mice, rapamycin-treated animals

accumulated cells in the early pre-B cell stage (fraction C/C9).
Furthermore, the percentages of surface CD22+ and IC Igm+ and
Igk+ cells also were reduced in rapamycin-treated mice (Fig. 8B).
These results, as well as similar previous findings (33), indicate
that rapamycin inhibits early B cell development in mice.

Discussion
In this study, we examined the role of mTORC1 signaling in early
B cell development using a murine model of B cell–specific Raptor
deficiency. Previous studies examined mTOR functions in B cells
using mice with constitutive hypomorphic alleles of mTOR in all
tissues (34), conditional deletion of Raptor in all tissues (35), or
conditional deletion of mTOR or Raptor in later stages of B cell
maturation (36, 37). These previous studies identified partial in-
hibition of B cell development in the BM, as well as deficits in
marginal zone B cell and humoral immune responses following
disruption of mTOR signaling (34–36). In contrast, our study re-
veals a complete block in development at the pre-B cell stage in
mice with early B cell–specific disruption of Raptor. Importantly,
deletion of Raptor using Mb1-Cre selectively targeted mTORC1,
whereas previous studies using hypomorphic or floxed alleles of
mTOR targeted mTORC1 and mTORC2. Our results identify a
critical cell-autonomous role for mTORC1 signaling in promoting

FIGURE 6. Inhibiting apoptosis does not

rescue B cell development of Raptor-deficient B

cells. (A) BM cells and splenocytes from Raptor-

null and WT control mice were stained with

Annexin V and 7-AAD to assess cell death and

analyzed by flow cytometry. Data are mean 6
SD (n $ 4–6 mice per genotype) calculated

from two independent experiments. (B and C)

BM cells from mice of the indicated genotypes

were stained with Annexin V and 7-AAD to

assess cell death and analyzed by flow cytom-

etry. Data are mean 6 SD (n $ 5 mice per

genotype) and are representative of at least four

independent experiments. (D and E) BM cells

from mice of the indicated genotypes were

stained with fluorescent-conjugated Abs and

analyzed by flow cytometry. Data are mean 6
SD (n $ 5 mice per genotype) from at least two

independent experiments. (F) BM cells from

mice of the indicated genotypes were stained

with anti-B220 and anti-IC Igm or Igk Abs.

Data are representative of at least two inde-

pendent experiments (n $ 5 mice per geno-

type). *p , 0.05.
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pre-B cell development, survival, proliferation, and metabolism
and support the existence of a metabolic checkpoint controlling
the development of B cell progenitors.
Our analysis of endogenous mTORC1 signaling in various stages

of B cell development revealed stage-specific expression and ac-
tivation of mTORC1 during the pro-B and pre-B cell stages,
consistent with a critical role for mTOR signaling in early pre-
B cell development. The pre-B cell stage marks an important
transition point during which IL-7R signaling and pre-BCR sig-
naling synergize to ensure that proliferation and Ig gene rear-
rangements are mutually exclusive (12). The IL-7R signaling
pathway is required for proliferation and survival of pro-B and
early pre-B cells, as well as for IgH gene rearrangement and ex-
pression (38). IL-7R signaling strongly activates the PI3K/AKT
pathway, a major upstream regulator of mTORC1 signaling (1). In
this study, we find that IgH gene rearrangements and expression of
IL-7–dependent genes, including Ebf1, Rag1, Rag2, Pax5, Bcl2,
BclxL, lambda5, and VpreB, occurred normally in mTORC1-
deficient B cells. However, IL-7–induced cell proliferation and
expression of IgH protein were impaired in pro/pre-B cells from
mTORC1-deficient mice. These results suggest that mTORC1-
dependent signaling may be required for IL-7–dependent cell
growth and IgH protein expression or stabilization.

In addition to IL-7R signaling, pre-BCR signals are required for
passage through the pre-B cell checkpoint. Formation of the pre-
BCR signals successful in-frame rearrangement of the IgH gene
segments leading to termination of further IgH gene rearrange-
ment (allelic exclusion), a burst of cell proliferation, and IgL gene
transcription and rearrangement (10). Aggregation of the pre-BCR
results in activation of the Src-family protein tyrosine kinase Lyn
and the Syk family protein tyrosine kinase Syk, which then
phosphorylate ITAM motifs on target proteins, including the sig-
nal transducing receptors Iga and Igb. This leads to recruitment of
the adaptor protein BLNK, which further couples to downstream
signaling pathways, including the Ras/Raf/Erk pathway and the
PI3K/AKT/mTOR pathway. Targeted disruption of the genes
encoding the PI3K catalytic subunits p110a and p110d (16) or the
regulatory subunit p85a (14, 15) results in blocks in B cell de-
velopment at the pre-B cell stage. Similarly, targeted disruption of
Foxo1 (28), a key transcription factor that is negatively regulated
by AKT phosphorylation, also results in an early B cell devel-
opmental block due to the requirement of Foxo1 to activate
transcription of critical pre-B cell genes, including Rag1 and Rag2
(39). Recently, disruption of PDK1, which phosphorylates and
activates AKT downstream of PI3K, was also shown to result in
reduced mTORC1 signaling, reduced IgH protein expression, and
a block in B cell development at the pre-B cell stage (29, 40). In
this article, we show that deletion of Raptor recapitulates the block
in B cell development seen with disruption of the PI3K/AKT
pathway, suggesting that mTORC1 may act downstream of
PI3K/AKT signaling to promote IgH expression and pre-B cell
development. However, although PI3K signaling–deficient pre-
B cells fail to downregulate Rag1 and Rag2 expression, resulting
in impaired allelic exclusion (16), we find that disruption of
mTORC1 does not result in increased expression of Rag1 and
Rag2, does not alter allelic exclusion, nor expression of other
Foxo1 target genes including FasL, Il7r, and Bcl2l11. These re-
sults suggest that mTORC1 and Foxo1 may act independently to
stimulate pre-B cell development downstream of PI3K.
Despite reduced levels of IgH protein and absent IgL protein in

mTORC1-deficient mice, transgenic expression of surface IgM
(which mimics pre-BCR formation) only minimally rescues B cell
development; mTOR-deficient B cells are able to express IgMHEL

transgene (albeit at reduced percentages) but fail to migrate out of
the BM and complete B cell maturation in the spleen. These re-
sults contrast strikingly with expression of a transgenic BCR in
Rag12/2 or Rag22/2 pro-B cells, which restores normal splenic
B cell numbers relative to BCR-transgenic mice alone (24, 41,
42). mTORC1-deficient pre-B cells also exhibit reduced survival
that we were able to rescue, in part, by expression of a BclXL
transgene. Inhibiting cell death by expression of prosurvival
genes, such as BclXL and Bcl-2, was shown to rescue B cell de-
velopmental blocks occurring at the pro-B (43) and immature (44)
stages of development. However, despite an ∼40% increase in pre-
B cell survival, the BclxL transgene failed to rescue development
of IgM+ Raptor-null B cells. These results indicate that mTORC1
is required for optimal expression of IgH protein and cell survival,
as well as for normal pre-B cell differentiation downstream of the
pre-BCR.
Treatment of mice with the allosteric mTORC1 inhibitor

rapamycin inhibited early B cell development, as shown by an
accumulation of cells corresponding to Hardy fractions C/C9 and
depletion of fractions B and E. Notably, rapamycin treatment re-
capitulated the characteristic buildup of B220+CD43+HSAhiBP1hi

cells that we observed in Raptorfl/fl Mb1-Cre mice. Rapamycin,
as well as newer ATP-competitive mTOR catalytic site inhibitors,
are used or being investigated for use as chemotherapeutic and

FIGURE 7. Raptor-deficient B cells display altered metabolism. (A) BM

cells from WT control and Raptor-null mice were stained with MitoTracker

Green FM to analyze mitochondrial membrane potential. Data are mean 6
SD (n $ 3 mice per enotype) and are representative of two independent

experiments. (B) BM cells from WT control and Raptor-null mice were

stained with MitoSOX Red to analyze mitochondrial reactive oxygen spe-

cies. Data are mean 6 SD (n $ 5 mice per genotype) pooled from two

independent experiments. (C) CD19+IgM2 B cells were isolated from BM of

Raptor and WT control mice. OCR and ECAR were analyzed with a Sea-

horse Bioscience extracellular flux analyzer. Cells were cultured in the

presence of IL-7 (10 ng/ml) for 24 h prior to analysis. Oligomycin (Oligo),

FCCP, and rotenone and antimycin A (R+A) were added to the culture at the

indicated time points. Data are mean 6 SD (n = 3 mice per genotype) and

are representative of two independent experiments. *p , 0.05.

The Journal of Immunology 2257



immunosuppressive agents (45, 46). Our data suggest that chronic
use of rapamycin may result in inhibition of normal B cell de-
velopment in humans. Catalytic site inhibitors of mTOR, which
target mTORC1 and mTORC1, are thought to have lesser effects
on normal lymphocyte proliferation relative to rapamycin (47).
Future studies examining dose-dependent in vivo effects of mTOR
inhibitors on B cell development and function will be of interest to
determine whether clinically relevant doses of these drugs reca-
pitulate our findings in Raptor-deficient mice.
mTOR signaling is known to control T cell metabolism and

differentiation. mTOR signaling promotes the shift from primarily
oxidative metabolism to glycolytic metabolism during effector
T cell differentiation (48). High mTORC1 activity stimulates
glycolysis, which favors the generation of T effector cells, whereas

low mTORC1 activity shifts metabolism primarily to oxidative
metabolism and enhances T regulatory and T memory differenti-
ation (5). Our data show that loss of mTORC1 signaling results in
global metabolic changes leading to reductions in oxidative
phosphorylation and glycolysis during pre-B cell generation.
These results suggest that the pre-BCR checkpoint may require
one or both metabolic pathways during development and that
these metabolic activities are dependent upon intact mTORC1
signaling. Consistent with this finding, previous studies high-
lighted the importance of glycolysis in promoting B cell devel-
opment (49). Specifically, early pre-B cells were shown to be
particularly sensitive to inhibition of glycolysis with 2-deoxy-
glucose, resulting in fewer late pre-B and immature B cells (49).
Given the importance of cell growth and the metabolic requirements

FIGURE 8. Rapamycin inhibits B

cell development in vivo. (A) and (B)

WT C57BL/6 mice were injected i.p.

daily for 3 wk with vehicle or 8 mg/kg

rapamycin (n = 5 mice per treatment).

BM cells were stained with the indi-

cated Abs and analyzed by flow

cytometry. Representative dot plots are

shown. Bar graphs show mean 6 SD.

*p , 0.05.

2258 RAPTOR IS ESSENTIAL FOR B CELL DEVELOPMENT



for clonal expansion and the generation of bioprecursors required
for Ab production, it may not be surprising that disruption of a key
driver of protein, lipid, nucleotide, and mitochondrial biogenesis
would impair B cell development. However, because the block in
B cell development was nearly complete in the absence of Raptor,
our studies support the existence of a metabolic checkpoint
whereby developing pre-B cells are tested for sufficient activation
of anabolic pathways before cell division and differentiation are
permitted. Of note, the oncoprotein c-Myc, a potent driver of
glycolysis and protein synthesis in B cells, is also activated by IL-7
and the pre-BCR and is required for normal pre-B cell development
(23, 50–52). Hence, the developmental potential of B cells may be
determined, in part, by the abilities of mTORC1 and c-Myc to
stimulate glycolysis and synthesize sufficient IgH protein and other
unidentified proteins required for pre-BCR signaling. Defining the
differences in the proteome between pre-B cells from Raptor-null
and WT mice may provide clues as to how B cell progenitors are
tested for metabolic fitness.
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