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Accumulating evidence indicates that the tuberous sclerosis complex 1 (TSC1), a tumor
suppressor that acts by inhibiting mTOR signaling, plays an important role in the immune
system. We report here that TSC1 differentially regulates mTOR complex 1 (mTORC1) and
mTORC2/Akt signaling in B cells. TSC1 deficiency results in the accumulation of transitional-1 (T1) B cells and progressive losses of B cells as they mature beyond the T1 stage.
Moreover, TSC1KO mice exhibit a mild defect in the serum antibody responses or rate of Ig
class-switch recombination after immunization with a T-cell-dependent antigen. In contrast
to a previous report, we demonstrate that both constitutive Peyer’s patch germinal centers
(GCs) and immunization-induced splenic GCs are unimpaired in TSC1-deficient (TSC1KO)
mice and that the ratio of GC B cells to total B cells is comparable in WT and TSC1KO mice.
Together, our data demonstrate that TSC1 plays important roles for B cell development, but
it is dispensable for GC formation and serum antibody responses.

Introduction
In adult mice, B cells are generated in the bone marrow (BM). Following commitment of hematopoietic progenitors to the B-lineage differentiation, successive cellular events take place at
distinct developmental stages defined as pro-B, pre-B, immature B, and transitional 1 (T1) B
cells [1]. After maturation into the T1 stage, B cells emigrate from the BM to the spleen and
mature further into T2 B cells and, eventually, enter into the long-lived mature B cells of the
follicular (FO) and marginal zone (MZ) B cell compartments [2, 3]. The T2 B cells that successfully complete their maturation develop into either FO B cells or MZ B cells [4, 5]. B cells are
agents of humoral immunity because they give rise to antibody-secreting plasma cells. During
T-cell-dependent (TD) antibody responses, activated B cells form germinal centers (GCs) that
are specialized structures within secondary lymphoid organs and are critical for the generation
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of B cell memory and high-affinity serum antibody responses [6]. In GCs, activated B cells proliferate and acquire high frequencies of point mutations in the rearranged V(D)J gene segments
that constitute the immunoglobulin (Ig) variable (V) region; these Ig mutations are generated
by the activation-induced cytidine deaminase (AID)-dependent process of somatic hypermutation (SHM) [7]. The GC microenvironment not only supports the expression of AID but also
mediates the affinity-driven selection of mutant B cells [8, 9]. This selection process is necessary for the high-affinity memory B cell and antibody responses crucial for protection against
microbial infection [6].
The mammalian target of rapamycin (mTOR) plays a critical role in activating cell-signaling
pathways that regulate protein synthesis, metabolism, cell-cycle progression, cell growth, and
cell proliferation. The mTOR signals are mediated by two complexes, mTOR complexes 1 and
2 (mTORC1/2). Both mTORC1 and mTORC2 are multimolecular complexes that share several
common components, such as mammalian lethal with SEC13 protein 8 (mLST8) and DEP domain-containing mTOR-interacting protein (DEPTOR). In contrast, mTORC1 and mTORC2
contain unique components such as regulatory associated protein of mTOR (Raptor), and 40
kDa Pro-rich Akt substrate (PRAs40) for mTORC1, rapamycin-insensitive companion of
mTOR (Rictor), mammalian stress-activated MAP kinase-interacting protein 1 (mSin1), and
protein observed with Rictor1/2 (PROTOR1/2) for mTORC2. These different molecular compositions result in differences in the substrate selectivity and the biological processes regulated
by each mTOR complex [10]. The mTORC1 phosphorylates pS6K1 and 4E-BP1 to increase
ribosomogenesis and protein translation that are essential for cell growth and proliferation [11,
12]. The mTORC2 regulates cell survival and actin rearrangement by phosphorylating Akt at
serine 473 and PKCα, respectively [13, 14]. Recent evidence has revealed the critical roles of
mTOR activity for both innate and adaptive immune responses [15–17]. In T cells, mTOR promotes effector T-cell differentiation; inhibits inducible regulatory T-cell generation; controls
CD8+ memory T-cell responses; and regulates T-cell trafficking, regulatory T-cell function,
and iNKT cell maturation and function [18–24]. Despite extensive studies on T cells, the role
of mTOR in B cells is poorly understood. A recent study found that mice with decreased
mTOR activity manifest a partial block of B-cell development with lower numbers of pro-B,
small and large pre-B, and mature B cells as well as reduced plasma cell numbers. Mature B
cells with decreased mTOR activity exhibited impaired proliferation, antibody production, and
chemotaxis [25]. An additional study demonstrated that mTORC2 is important for mature Bcell survival and proliferation [26].
The TSC1/2 complex, a heterodimer of TSC1 and TSC2, functions as a tumor suppressor by
inhibiting mTORC1 [27]. The mTORC1 activation is dependent on the association of the
GTP-bound active form of RheB (Ras homolog enriched in brain, a member of the small
GTPase superfamily) with the complex. TSC2 inhibits RheB and, thus, mTORC1 via its
GTPase activity [27–29]. Association of TSC2 with TSC1 is essential for TSC2 stability, and deletion of either TSC1 or TSC2 leads to enhanced mTORC1 signaling in cell lines and in primary immune cells [29–33]. Several studies have demonstrated that TSC1 plays critical roles in T
cells, mast cells, and innate immunity by regulating mTOR signaling. Deficiency of TSC1 in T
cells causes loss of T-cell quiescence and increased T-cell death due to the activation of the intrinsic death pathway, leading to reduced peripheral T-cell numbers [30, 34–36]. In addition,
TSC1 plays important roles in conventional αβ T-cell and iNKT cell anergy [37–39], CD8 Tcell-mediated primary and memory responses [40], iNKT-cell terminal maturation and effector lineage fate decision [41], regulatory T-cell development and function [42, 43], endotoxin
tolerance [31], antigen presentation by dendritic cells [44], mast cell degranulation and allergic
responses [32], and hematopoietic stem cell quiescence [45]. A single study reported that TSC1
deficiency in B cells causes impaired B-cell maturation after the T2 stage, defective GC
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formation, and substantially decreased antibody responses to both TD and T-independent (TI)
antigens [46]. Using B-cell-specific TSC1-deficient mice that have been backcrossed for eight
to ten generations onto the C57BL/6J background, we have revisited the role of TSC1 in B cells.
Consistent with the previous report, we observed abnormal B-cell development in TSC1-deficient (TSC1KO) mice, such as an overrepresentation of splenic T1 B cells and decreased FO
and MZ B cells in the spleen. In contrast to the previous report, however, we observed less fitness of TSC1 KO T2 B cells compared to their WT counterparts. Despite impaired B-cell maturation, TSC1-deficient mice were competent to elicit the serum antibody and GC responses to
immunization with TD antigen, NP-CGG precipitated in alum. These observations demonstrate that TSC1 plays a role in B-cell development at the transition from T1 to T2 B cells in a
way that prevents the accumulation of T1 B cells. Our data also demonstrate that TSC1 is important for B-cell maturation/maintenance starting at the T2 stage as well as the FO and MZ B
cell stages, but is dispensable for GC formation.

Materials and Methods
Mice
The Tsc1flox/flox mice [47] and CD19-Cre mice [48] were purchased from the Jackson Laboratory and Taconic Farm, respectively. Tsc1f/f mice were backcrossed to the C57BL/6 background
for eight generations before being bred with the Cd19-Cre mice to generate Tsc1f/f-Cd19Cre+
(TSC1KO or KO) and Tsc1f/f-Cd19Cre- (WT) mice that were utilized to generate all the data except one experiment, which used the same mice in C57BL/6/129 mixed background. All
TSC1KO mice used in this study were heterozygous for the Cd19-Cre targeted Cd19 allele and
were about 2 months of age. In addition, Tsc1 was acutely deleted in Tsc1f/f-ERcre mice [31, 49]
after intraperitoneal injection of tamoxifen (2 mg/day) on days 1, 2, and 5, as previously described. Tamoxifen-treated mice were euthanized for isolation of splenic B cells on day 8. All
mice were housed in a pathogen-free facility.

Ethics Statement
This study was carried out in strict accordance with the recommendations in the Guide for the
Care and Use of Laboratory Animals of the National Institutes of Health. All mice were used according to protocols approved by the Institutional Animal Care and Use Committee of Duke
University.

Total and subtype Ig quantification
Serum was collected from WT and TSC1KO mice at 2 months of age. Serum IgM and total IgG,
IgG1, IgG2b, IgG2c, and IgG3 concentrations were determined by ELISA according to previously published protocols [50]. In brief, serum samples were initially diluted 1/500 with PBS,
followed by serial 3-fold dilutions. Fifty microliters of diluted samples were added to 96-well
plates precoated with anti-mouse Igκ and Igλ antibodies (2 μg/ml; Southern Biotech) in 0.1M
carbonate buffer (pH 9.0) overnight at 4°C. Total and subtype Ig concentrations were determined using HRP-conjugated goat anti-mouse total or Ig subtype antibodies (Southern Biotech). The levels of these immunoglobulins were computed using an in-plate standard curve.

Immunization and antibody responses
Mice were immunized by a single i.p. injection of 20 μg of 4-hydroxy-3-nitrophenylacetyl conjugated chicken gamma globulin (NP11-CGG, a TD antigen) in alum. Mice were euthanized on
day 8, day 16, and day 24 following immunization for collection of the blood and spleen. To
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measure serum NIP-specific IgM and IgG levels, ELISA plates (Costar) were coated with 50 μl
2 μg/ml NIP25-BSA in 0.1 M carbonate buffer (pH 9.0) overnight at 4°C. Mouse sera were initially diluted 1:500, followed by 5–10 serial 3-fold dilutions. Fifty microliters of diluted samples
were added to NIP25-BSA coated plates in duplicates. After incubation and multiple washes,
NIP-specific IgM and IgG were detected by HRP-conjugated goat anti-mouse IgM and IgG, respectively. Purified mouse IgM (B1–8) and IgG (H33Lγ1) mAb were used to generate standard
curves. All haptenated proteins were prepared using standard methods.

Immunofluorescence studies
Peyer’s patches and spleens from nonimmunized and immunized mice were embedded in an
optimal cutting temperature (OCT) compound (Sakura Finetek Inc., Torrance, CA), snap-frozen, and stored at −80°C. For germinal center identification, 5 μm thick frozen sections were
stained with FITC-anti-GL-7, PE-anti-TCRβ, biotin-B220, and Alexa Fluor 350 Streptavidin.
Images were acquired using a Zeiss Axiovert 200 M confocal immunofluorescent microscope.

Flow cytometry
APC-, APC-Cy7, FITC-, PE, PE-Cy5, PE-Cy7, and biotin-conjugated antibodies specific for
mouse CD93, B220, IgD, IgM, GL-7, Fas, CD21, CD23, and CD43 were purchased from Biolegend, eBioscience, or BD Biosciences. Single-cell suspensions from Peyer’s patch, BM, and the
spleen were blocked with rat IgG (100 μg/ml; Sigma) and anti-mouse CD16/CD32 (5 μg/ml;
BD Biosciences) and then stained with fluorochrome-conjugated antibodies. PI was used for
the exclusion of dead cells. Stained cells were collected using a BD CantoII flow cytometer
(BD) and analyzed using FlowJo software (Tree Star).

Bone marrow chimeras
Rag-1-/- mice were sublethally irradiated with 600 rad of γ-ray and reconstituted with equal
numbers of BM cells (10 × 106 each) from CD45.1+ C57BL/6 mice and CD45.2+ TSC1KO mice
via retro-orbital eye injection. Eight weeks after reconstitution, chimeric mice were euthanized
for assessment of B-cell development using flow cytometry.

In vitro Ig class-switch
Spleens were harvested on day 8 from Tsc1f/f-ERcre- and Tsc1f/f-ERcre+ mice after being injected with 2 mg tamoxifen on days 1, 2, and 5. B cells were prepared from mouse spleen by
RBC lysis with ACK buffer and by enrichment with the EasySep B cell negative selection kit
(Stem Cell Technologies). Purified B cells were cultured at 0.25 × 106 cells/mL in RPMI-1640
supplemented with 10% FCS, 10 mM HEPES, 60 μg/mL penicillin, 100 μg/mL streptomycin, 2
mM L-glutamine, 1 mM sodium pyruvate, 0.1 mM nonessential amino acids, and 55 μM βmercaptoethanol. Cells were induced to switch to different isotypes under the following conditions: IgG1 (10 μg/mL LPS (Sigma-Aldrich), 10 ng/mL rmIL-4 (R&D Systems), 50 ng/mL
BAFF (Peprotech), IgG3 (10 μg/mL LPS), and IgA (5 μg/mL LPS, 1 ng/mL rhTGFβ (R&D Systems), and 50 ng/mL BAFF). After 4 days, cells were stained for a pan-B cell marker B220 or
CD19 and IgG1 (BD), IgG3 (BD), or IgA (BD).

Immunoblot
To isolate mature B cells, they were first enriched from splenocytes by negative selection using
a cocktail of anti-CD138, TER-119, Fas, CD11b, GL-7, Gr-1, Thy1.2, CD5, and CD43 antibodies. Enriched B cells were stained with anti-B220, anti-CD93, and propidium iodide (PI) and
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then sorted for live CD93-B220high mature B cells. To isolate GC B cells, WT and TSC1KO
mice were immunized with NP11-CGG. Eight days after immunization, splenocytes from immunized mice were first enriched by positive selection using an anti-Fas antibody and MACS
column. Enriched cells were stained with anti-B220, anti-CD93, anti-GL7, and 7AAD and then
sorted for live CD93-B220high Fas+GL7+ GC B cells. To isolate B cells from tamoxifen-treated
Tsc1f/f-ERcre mice, splenocytes from these mice and control mice were stained with anti-B220
and positively selected with MACS columns followed by 7AAD staining and FACS sorting for
B220+ cells. Sorted B cells were lysed in 1% nonidet P-40 lysis buffer (1% NP-40, 150 mM Nacl,
50 mM Tris, pH 7.4) with freshly added protease and phosphatase inhibitors. Cell lysates were
subjected to immunoblotting analysis using the following antibodies: anti-TSC1, anti-phospho-p70S6K T421/424, anti-p70S6K, anti-phospho-4E-BP1 T37/S46, anti-4E-BP1, anti-phospho-Akt S473, anti-Akt, anti-phospho-Foxo1 S256 (all from Cell Signaling Technology), and
anti-β-actin (Sigma-Aldrich). The membranes were further probed with HRP-conjugated secondary antibodies (Bio-Rad) and detected by ECL Western Blot Substrate (PerkinElmer).

Real-time quantitative PCR
Genomic DNA from indicated B-cell subsets sorted from Tsc1flox/flox mice and Tsc1flox/floxCd19-Cre mice using MoFlo Cell Sorter (Becman Coulter) was isolated using a standard protocol.
TSC1 deletion efficiency was quantified by real-time quantitative PCR (Mastercycler realplex,
Eppendorf) using a pair of primers flanking a loxP site (5’-GTCACGACCGTAGGAGAAGC-3’
and 5’-GAATCAACC CCACAGAGCAT-3’) and SYBO green. Only undeleted TSC1 alleles
could be amplified by these primers. Data were calculated using the 2ΔΔCt method after normalization to genomic DNA of the CD14 gene using CD14 specific primers (5’-TCCATGCCCT
GAAGTCATCCT-3’ and 5’-TGGGAACACGTCTCTGCACTT-3’).

Statistical analysis
Two-tailed unpaired Student’s t tests were performed to determine p values. All the graphs represent mean ± SEM, and asterisks represent p values:  p < 0.05,  p < 0.01,  p < 0.001.

Results
TSC1 deficiency in B cells caused developmental blockade at T1 stage
To investigate the role of TSC1 in B cells, we backcrossed Tsc1f/f mice to the C57BL6/J background for eight generations; these backcrossed mice were subsequently bred with congenic
Cd19Cre mice to generate Tsc1f/f-Cd19Cre- (WT) and Tsc1f/f-Cd19Cre+ (TSC1KO) mice.
TSC1KO and WT mice contained similar numbers of BM cells (Fig 1A), and the numbers of
B220+ BM B cells were decreased only slightly in TSC1KO animals (Fig 1B). Similarly, the
frequency and numbers of B220lowCD93+ developing B cells were nonsignificantly reduced
in TSC1KO mice (Fig 1C). Further analysis of the BM B220lowCD93+ developing B cells
showed that pre-pro-B/pro-B (CD93+B220lowCD43+IgM-IgD-FSCint), large pre-B
(CD93+B220lowCD43intIgM-IgD-FSChigh), and small pre-B (CD93+B220lowCD43-IgM-IgD-FSClow) cells were comparable between TSC1KO mice and WT controls (Fig 1D–1F).
In contrast, both the percentage and absolute number of B220highCD93- mature B cells were
decreased by about half in the BM of TSC1KO mice (Fig 1C).
In the spleen, total cell numbers were similar in WT and TSC1KO mice (Fig 2A); however,
both numbers and frequency of total B220+ B cells were decreased in TSC1KO mice (Fig 2B).
In contrast to the reduction of total B cells, CD93+B220low developing B cells were increased
~2-fold in TSC1KO mice compared to WT mice (Fig 2C and 2D). Within the CD93+B220low
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Fig 1. Effect of TSC1 deficiency on B cell development in the bone marrow. (A, B) Two-month-old WT and TSC1KO mice were euthanized to assess B
cell development. BM total cellularity (A) and total B220+ B cells (B) (n = 8). (C) Decreased B220highCD93- B cells in TSC1KO BM. Dot plots show
representative CD93 and B220 staining of live-gated BM cells. Bar graphs represent mean ± SEM of percentages (middle) and absolute numbers (right) of
indicated B cell compartments (n = 8). (D-F) Normal early B cell development in TSC1KO mice. (D) IgM and IgD staining of gated CD93+B220low cells from
BM. (E) CD43 staining and FSC assessment of gated CD93+B220lowIgM-IgD- BM cells. (F) Frequencies (% of CD93+B220lowIgM-IgD- B cells) and absolute
numbers of pre-pro-B/pro-B, large pre-B, and small pre-B cells. Pre-pro-B/pro-B cells, CD93+B220lowIgM-IgD-CD43+ FSCint; large pre-B,
CD93+B220lowIgM-IgD-CD43intFSChigh; small pre-B, CD93+B220lowIgM-IgD-CD43-FSClow (n = 8). Data shown represent or are calculated from at least four
experiments. Two pairs of WT and TSC1KO mice received BrdU prior to analysis. ***p<0.001 determined by Students’ t test.
doi:10.1371/journal.pone.0127527.g001

developing B cells, the percentage of IgMhighIgD+/- T1/T2 B-cell compartments was similar between WT and TSC1KO mice (Fig 2E and 2F). Further analysis of CD21 and CD23 expression
in CD93+B220lowIgMhighIgD+/- T1/T2 B cells showed that both percentage and absolute number of CD21-CD23-IgMhighIgD+/- T1 B cells were elevated in TSC1KO spleens compared with
WT controls (Fig 2G and 2H). In contrast, the percentage and absolute number of CD21lowCD23+IgMhighIgD+/- T2 B cells in TSC1KO spleens were comparable to WT controls and were
not concurrently increased with T1 B cells.
Similar to the BM, CD93-B220high mature B cells were decreased in TSC1KO spleens (Fig 2C
and 2D). Although the B220highCD93- mature B cells were substantially decreased in TSC1KO
spleens, the pattern and proportion of IgM/IgD expressions in mature B cells were similar between WT and TSC1KO mice (Fig 2I and 2J). Correlated with decreases of mature B cells, both
IgMhighIgDlowCD23lowCD21high marginal zone (MZ) B cells and IgMintIgDhighCD23highCD21low follicular (FO) B cells were decreased in TSC1KO spleens, compared with WT controls
(Fig 2K and 2L). Together, our data suggest that TSC1 is required for the transition from T1 B
cells to T2 B cells, and is important for the generation and/or maintenance of mature B cells.

TSC1 deficiency causes cell intrinsic accumulation of T1 B cells
The accumulation of T1 B cells and the decrease of mature B cells in TSC1KO mice could be
caused by multiple mechanisms. To determine whether each of the observed developmental
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Fig 2. Effect of TSC1 deficiency on B cell development in the spleen. (A) Total splenocyte number in WT
and TSC1KO mice. (B) Percentage (left panel) and total B cell numbers (right panel) in WT and TSC1KO
spleens (n = 10). (C, D) Decreased mature but increased immature B cells in TSC1KO spleen. Dot plots show
CD93 and B220 staining of splenocytes (C). Bar graphs show percentage (left panel) and absolute numbers
(right panel) in WT and TSC1KO spleens (D). (E, F) IgM and IgD expression in CD93+B220low compartment.
(G, H) Increased T1 B cells in TSC1KO spleen. Dot plots show CD21 and CD23 expression in gated
CD93+B220lowIgMhighIgD+/- cells (G). Bar graphs show percentages and absolute numbers of T1 and T2 B
cells (H). (I, J) IgM and IgD expression in CD93-B220high cells. (K, L) decreased mature B cells in TSC1KO
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spleen. Dot plots show CD23 and CD21 expression to identify FO and MZ B cells in gated
CD93-B220highIgMintIgDhigh cells and CD93-B220highIgMhighIgDlow cells, respectively (K). Bar graphs shows
percentages and absolute numbers of FO and MZ B cells in the spleen (L). Data shown represent or are
calculated from at least five experiments with a total of ten mice in each group. **p<0.01; ***p<0.001.
doi:10.1371/journal.pone.0127527.g002

abnormalities in TSC1KO mice is cell autonomous, we generated and analyzed mixed BM chimeric mice by injecting WT (CD45.1) and TSC1KO (CD45.2) B-cell-depleted BM at a 1:1 ratio
into sublethally irradiated Rag-1-deficient mice. Eight weeks after reconstitution, both BM and
spleens were harvested to assess B-cell development in these chimeric mice. An almost equal
representation of CD45.1+ WT- and CD45.2+ TSC1KO-derived cells in BM CD93+B220lowIgM-IgD- (pro/pre B) compartment suggests equal contribution of WT and TSC1KO BM hematopoietic stem cells in the generation of B-cell progenitors in chimeric mice (Fig 3A). In
contrast, TSC1KO-originated cells accounted for only 1/5 of CD93-B220high mature B-cell
compartments in the BM of chimeric mice (Fig 3A). In the spleen, TSC1KO-derived T1 B cells
were twice as numerous as WT-derived T1 B cells. However, TSC1-derived T2 B cells accounted for only 1/3 of T2 B cells. The underrepresentation of TSC1KO B cells was even more
severe in the mature FO and MZ B cell compartments, where TSC1KO cells accounted for only
about 1/8 of the FO and MZ B cell compartments (Fig 3B). These observations demonstrate
that cell-intrinsic mechanisms caused the accumulation of T1 B cells and the decrease of mature B cells in the absence of TSC1. Given that TSC1KO T2 B cells are less competent than
their WT counterparts, our results strongly suggest that TSC1 also plays a role in T1 B to T2
B maturation.
It is noteworthy that CD19 expression begins at the pro-B cell stage during B-cell development [1], but the Tsc1 gene appeared intact in BM small pre-B cells, about 50% deleted in T1 B
cells, and mostly deleted in mature FO B cells in TSC1f/f-CD19Cre mice (Fig 3C). Because Tsc1
is not deleted or inefficiently deleted during early B-cell development, our study does not rule
out that TSC1 may play an important role in the development of these cells.

Differential effects of TSC1 deficiency on mTOR complexes 1 and 2
signaling
To investigate how TSC1 deficiency may affect mTOR signaling in B cells, we sorted mature B
cells from the WT and TSC1KO spleens and prepared lysates from sorted B cells for immunoblot analysis (Fig 4). TSC1 was readily detected in WT but not in TSC1KO B cells, indicating
effective deletion of the TSC1 gene in TSC1KO B cells. Phosphorylation of S6K1 at T421/S424
and 4E-BP1 at T37/S46, events that are dependent on mTORC1, was drastically increased in
TSC1KO B cells, indicating enhanced mTOR signaling (Fig 4A). In contrast, Akt phosphorylation at Ser473, an mTORC2-mediated event, was substantially decreased in TSC1KO B cells
(Fig 4B). Furthermore, Foxo1 phosphorylation at S256, an Akt-mediated event, was also decreased in TSC1KO B cells. Thus, mTORC1 signaling is enhanced in TSC1KO B cells, while
mTORC2 signaling and Akt activity were reduced in the absence of TSC1.

TSC1 in B cells is dispensable for GC formation
GCs are specialized microenvironments where antigen-activated B cells undergo proliferation,
immunoglobulin (Ig) class-switch recombination, somatic hypermutation (SHM), and affinity
maturation [9]. Despite extensive studies, however, regulation of GC formation is not fully understood. In this regard, a recent study reported defective GC formation in mice deficient for
TSC1 in B cells [46]. To further explore roles for TSC1 in the regulation of GC, we examined
Peyer’s patches (PPs), which contain constitutive GCs in WT mice. In contrast to the previous
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Fig 3. Accumulation of T1 B cells in TSC1KO mice is cell intrinsic. Sublethally irradiated Rag-1-deficient mice were reconstituted with mixed CD45.1+
WT and CD45.2+ TSC1KO BM cells at 1:1 ratio. Recipient mice were analyzed similar to the method shown in Figs 1 and 2, two months after reconstitution.
(A) Assessment of B cell development in the BM. Developing B cells (R1) and mature B cells (R2) in the BM were identified by B220 and CD93 expression.
IgM-IgD- cells (R3) from R1-gated cells were further analyzed for CD45.1 and CD45.2 expression. Bar graph shows mean ± SEM of percentages of CD45.1
and CD45.2 positive cells in the indicated populations. (B) Assessment of B cell development in the spleen. Splenic developing (R1) and mature (R2) B cell
compartments were identified by B220 and CD93 expression. T1/T2 B cells identified by R1 and R3 gating were further divided into CD45.1+ and CD45.2+
populations (top panels). Mature B cell compartment (R2) was further divided by IgM/IgD expression into mature follicular (R6) and marginal zone (R7) B cell
compartments. CD45.1/CD45.2 expressions in each compartment are shown. Bar graphs are mean ± SEM of CD45.1 and CD45.2 percentages in the
indicated populations (n = 4). (C) Assessment of TSC1 deletion in B cell subsets. Genomic DNA from sorted B cell subsets was used to quantify TSC1 gene
in WT configuration by real-time qPCR. Bar graphs represent relative genomic DNA levels of undeleted TSC1 gene. Data shown represent or are calculated
from two experiments. *p<0.01; **p<0.01; ***p<0.001.
doi:10.1371/journal.pone.0127527.g003
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Fig 4. Differential effects of TSC1 deficiency on mTORC1 and mTORC2 signaling in B cells. Sorted
CD93-B220high mature B cells from WT and TSC1KO splenocytes were lyzed in 1%-NP-40 lysis buffer and
subjected to immunoblotting analysis with the indicated antibodies. (A) Enhanced mTORC1 signaling in
TSC1KO mature B cells. (B) Decreased mTORC2 signaling in TSC1KO mature B cells. Data shown are
representative of three experiments.
doi:10.1371/journal.pone.0127527.g004

report [46], we were surprised to observe that GC formation was virtually intact in TSC1KO
mice (Fig 5A–5C). The frequency of GL-7+Fas+IgD- GC B cells within B220+ PP cells in
TSC1KO mice was comparable to or even higher than that in WT mice (Fig 5A), although total
cellularity in TSC1KO PPs was about 50% of WT PPs (Fig 5B). In addition, histological analysis of PPs showed similar clusters of GL-7+B220+ cells between TSC1KO mice and WT mice,
indicating the proper structural organization of GCs in PPs of TSC1KO mice (Fig 5C).
To further determine the role of TSC1 in GC formation, we induced GC responses by intraperitoneal immunization with TD antigen, NP11-CGG, precipitated in alum [51], and compared
the kinetics of GC responses in WT and TSC1KO mice. GCs (clusters of GL-7+B220+ cells) were
readily detected in TSC1KO spleens 8 and 16 days after immunization (Fig 5D). Flow cytometric
analyses revealed that frequency of GL-7+Fas+IgD- GC B cells within B220high mature B cells
was similar in WT and TSC1KO spleens during the course of study (Fig 5E and 5F). A substantially lower amount of TSC1 protein in TSC1KO GC B cells than in WT GC B cells indicates
that the uncompromised GC responses in TSC1KO mice were not due to the expansion of
TSC1-sufficient B cells (Fig 5G). Together, these data indicate that TSC1 expression in B cells is
dispensable for constitutive GC formation in PPs and TD GC formation in the spleen.
Our data contradict those finding that TSC1 is crucial for GC formation [46]. Both studies
used the Tsc1f/f mice provided by the Jackson Lab that were in a C57B6/129-mixed background
before being backcrossed to a C57BL/6 background. To examine whether such mixed background might cause differential requirements of TSC1 for GC formation, we examined TSC1f/fCD19Cre and TSCf/fmice in a C57BL/6J/129-mixed background and found similar frequencies
of GC B cells in PPs in these mice (Fig 5H and 5I), further supporting that constitutive GC formation was not affected by TSC1 deficiency.
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Fig 5. TSC1 in B cells is not required for germinal center formation. (A-C) Assessment of PP GC in WT and TSC1KO mice. (A) GL-7 and Fas staining in
live-gated CD93-B220+ compartment from WT and TSC1KO PPs. (B) Total cell number in PP (n = 7). (C) Architecture of PPs revealed by immunofluorescent
microscopy. Frozen thin sections of PPs were probed with B220-AF350 (blue), TCR-PE (red), and GL-7-FITC (green) antibodies. FITC signal was amplified
using anti-FITC-AF488 antibody. Images were acquired using a Zeiss Axiovert 200M confocal immunofluorescent microscope. (D-G) Assessment of GC
formation in WT and TSC1KO spleens following immunization. Mice were i.p. injected with 20 μg NP11-CGG precipitated in alum. Spleens were harvested at
days 0, 8, 16, and 24 postimmunization. (D) Detection of GC in the spleen 8 days and 16 days after immunization by immunofluorescence. (E, F) GC B cell
frequencies measured by flow cytometry. (E) Representative dot plot of GL-7 and Fas staining in live-gated CD93-B220high cells. (F) Percentage of GL7+Fas+IgD- GC B cells within the CD93-B220high population (n = 6). (G) Detection of TSC1 protein in sorted CD93-B220high GL7+Fas+ GC B cells from WT
and TSC1KO splenocytes 8 days after immunization by immunoblotting. (H, I) GC B cells in PP from WT and TSC1KO mice in C57/BL6-129 mixed
background. (H) Representative dot plots. (I) GC B cell numbers (n = 4). Data were calculated from four (A-C), three (D-G), or two (H, I) independent
experiments. **p< 0.01.
doi:10.1371/journal.pone.0127527.g005

Effects of TSC1 deficiency on antibody responses to a T-cell-dependent
antigen
The reduction of mature B cells but apparently normal GC induction in TSC1KO mice led us
to investigate antibody response in TSC1KO mice as well. We first measured serum Ig levels in
unimmunized WT and TSC1KO mice by ELISA. The TSC1KO serum contained similar levels
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of total IgM and IgG as well as most IgG subtypes to WT controls, with the exception of IgG2b,
which was reduced about 40% in TSC1KO mice (Fig 6A). To further examine whether TSC1
regulates Ig CSR, we deleted TSC1 in mature B cells by injection of tamoxifen into Tsc1f/fERcre+ and Tsc1f/f-ERcre- mice. Western Blot Analysis showed efficient ablation of TSC1 in
sorted Tsc1f/f-ERcre+ B cells after tamoxifen injection (Fig 6B). To induce CSR in B cells in
vitro, we cultured WT and TSC1-deleted splenic B220+ B cells in the presence of LPS and cytokines, and then analyzed them for surface IgG1, IgG3, and IgA expression by flow cytometry.
Under these ex vivo switching conditions, switching to IgG3 and IgA was comparable between
WT and TSC1-deleted B cells. However, switching to IgG1 in TSC1-deleted B cells appeared
reduced compared to WT B cells (Fig 6C and 6D). These observations show that although
TSC1 expression in B cells is not essential for the Ig CSR or the production of serum IgG and
IgA, its deficiency causes mild reduction of Ig CSR and specific serum IgG.
We further examined the effect of TSC1 deficiency on the induction of TD antibody responses following NP11-CGG immunization. As shown in Fig 6E, NP-specific (NIP25-binding)
IgG titers were slightly decreased in TSC1KO mice but statistically insignificant (p>0.05),
while no obvious difference was observed in serum NIP IgM Ab between WT and TSC1KO
mice at 8, 16, and 24 days postimmunization. Our data suggest that TSC1 deficiency does not
obviously affect the induction of IgM antibody responses and only mildly impacts IgG antibody responses to TD antigens.

Discussion
In this report we demonstrated that TSC1 differentially controls mTORC1 and mTORC2 signaling in B cells and that TSC1 deficiency in B cells results in accumulation of T1 B cells but increasingly impaired maturation/maintenance of T2 B cells and the FO and MZ B cell
compartments. Despite significant effects on B-cell maturation, TSC1 deficiency in B cells did
not significantly change GC responses, CSR, or serum antibody responses against immunization with TD antigen as well as in the steady state.
Our data indicate that TSC1 is important for B-cell development and/or maintenance at
multiple stages. We have demonstrated that TSC1 deficiency in B cells leads to an increase of
T1 B cells but a decrease of mature B cells (Fig 2). This increase of T1 B cell numbers in our
study is consistent with the previous report by Benhamron and Tirosh [46]. Using WT and
TSC1KO-mixed BM chimeric mice, we showed that TSC1KO T1 B cells were overrepresented,
but T2 B cells were underrepresented in the same animals (Fig 3B), revealing defective T1 to
T2 maturation in the absence of TSC1, which was not clearly reported by Benhamron and Tirosh [46]. In addition to promoting T1 to T2 maturation, our data also suggest that TSC1 plays
additional roles for B-cell maturation or maintenance in later stages of B-cell development. Evidence supporting a role for TSC1 in B cells beyond the T1 to T2 transition includes near normal number of T2 B cells but a severe decrease of both FO and MZ B cells in the spleens of
TSC1KO mice (Fig 2H, 2K and 2L). While developmental blockade is the likely explanation for
the decreases of B cells in TSC1KO mice, it is also possible that TSC1 may promote B cell homeostatic proliferation and/or survival.
GC reaction is critical to mount effective humoral immune responses against pathogens. In
GCs, antigen-specific, activated B cells undergo clonal expansion and SHM in the Ig loci as
well as affinity maturation [6, 9]. SHM introduces point mutations in the variable region of Ig
genes in B cells. Subsequently, B cells expressing B-cell antigen receptors with high affinity for
its cognate antigen preferentially expand in the GCs, the process underlies the affinity maturation [52]. We have revealed constitutive GC formations in PPs of unimmunized TSC1KO mice
as well as virtually intact splenic GC formations in TSC1KO mice following immunization (Fig
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Fig 6. Effects of TSC1 deficiency on Ig CSR and serum antibody responses. (A) Serum Ig levels in
unimmunized WT and TSC1KO mice (n = 9). (B) TSC1 protein levels in sorted B220+ B cells from Tsc1f/fERcreand Tsc1f/fERcre+ mice after tamoxifen injections. (C, D) CSR is not significantly reduced in TSC1-deficient B
cells. B cells from Tsc1f/fERcre- and Tsc1f/fERcre+ mice after multiple tamoxifen injections were purified and
induced to CSR to the indicated isotype for 4 days and analyzed by flow cytometry. (C) Representative dot plots
from cells induced to switch to IgG1 (n = 3), IgG3 (n = 2), and IgA (n = 3). (D) Quantification of data from (C).
Shown are means ± SD. IgG1 and IgA samples were subjected to 2-tailed paired Student’s t test, and IgG3 was
subjected to 2-tailed unpaired Student’s t test. (E) Serum NIP25-specific IgM and IgG in the same mice
immunized with NP11-CGG in alum, as described in Fig 5D–5G (n = 6). *p< 0.05; **p< 0.01.
doi:10.1371/journal.pone.0127527.g006
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5C and 5D). In addition, TSC1 deficiency causes only a mild decrease of IgG response without
obviously affecting the overall IgM responses to a TD antigen (Fig 6E). Thus, TSC1 deficiency
does not obviously affect GC formation. Of note, our data are inconsistent with Benhamron
and Tirosh’s study in which they observed a severe defect of GC formation in TSC1KO mice
[46]. In C57BL/6/129 mixed-background TSC1KO mice, we did not observe obvious impairment of constitutive GC B cell formation in PPs. However, our data did not firmly rule out
that inducible GC B cell formation following immunization could be affected in these mice. At
present, the reasons that lead to the discrepancies between Benhamron and Tirosh’s study and
ours are unclear.
Using sorted mature B cells from the spleen, we have demonstrated that TSC1 inhibits
mTORC1 while promoting mTORC2 signaling in B cells (Fig 4). This observation is consistent
with the role of TSC1 in the control of mTOR signaling in T cells, dendritic cells, macrophages,
and mast cells [11–14, 37]. In TSC1KO B cells, mTORC2/Akt activities, reflected by Akt phosphorylation at Ser473 and Foxo1 phosphorylation, were decreased. Deficiency of mTORC2 due
to Rictor deficiency results in impaired generation of FO and MZ B cells [26]. Additional studies have indicated that Akt promotes MZ B cell generation in the spleen. Decreased Akt activity
leads to reduction of MZ B cells, while increased Akt activity caused by PTEN deficiency results
in an increase of MZ B cells [53, 54]. Furthermore, deficiency of Foxo1, which is suppressed by
Akt-mediated phosphorylation, rescues MZ B cell defects caused by CD19 deficiency [54, 55].
Thus, it is plausible that decreased Akt activity may contribute to the decrease of MZ B cells in
TSC1KO mice. Given that phenotypes of abnormal B-cell development in TSC1KO mice appear more profound than those in Akt-deficient mice, the decreased Akt activity in TSC1KO B
cells cannot be solely responsible for the abnormal B-cell development in TSC1KO mice. Along
with this hypothesis, accumulation and reduction of T1 and T2 B cells, respectively, in
TSC1KO mice must be caused by abnormalities other than the decreased Akt activity in
TSC1KO B cells inasmuch as Akt deficiency has no impact on the development of T1 and T2 B
cells [53]. Future studies should determine the mechanisms involved and the contribution of
dysregulated mTORC1/2 signaling to the abnormal phenotypes in TSC1KO B cells.

Acknowledgments
We thank Li Xu and Dongmei Liao for technical support, and Nancy Martin and Mike Cook at
the Duke Cancer Center Flow Cytometry Core Facility for sorting cells.

Author Contributions
Conceived and designed the experiments: YQ XD SU GK XPZ. Performed the experiments:
XC MK HW ZC KH. Analyzed the data: XC MK HW ZC KH YQ XD SU GK XPZ. Contributed reagents/materials/analysis tools: JS. Wrote the paper: XC MK GK XPZ.

References
1.

Hardy RR, Hayakawa K. B cell development pathways. Annu Rev Immunol. 2001; 19:595–621. Epub
2001/03/13. doi: 10.1146/annurev.immunol.19.1.595 PMID: 11244048.

2.

Loder F, Mutschler B, Ray RJ, Paige CJ, Sideras P, Torres R, et al. B cell development in the spleen
takes place in discrete steps and is determined by the quality of B cell receptor-derived signals. J Exp
Med. 1999; 190(1):75–89. Epub 1999/08/03. PMID: 10429672; PubMed Central PMCID:
PMC2195560.

3.

Martin F, Kearney JF. Marginal-zone B cells. Nat Rev Immunol. 2002; 2(5):323–35. Epub 2002/05/30.
doi: 10.1038/nri799 PMID: 12033738.

4.

Allman D, Pillai S. Peripheral B cell subsets. Curr Opin Immunol. 2008; 20(2):149–57. Epub 2008/04/
25. doi: 10.1016/j.coi.2008.03.014 PMID: 18434123; PubMed Central PMCID: PMC2532490.

PLOS ONE | DOI:10.1371/journal.pone.0127527 May 22, 2015

14 / 17

TSC1 in B Cell Maturation

5.

Allman D, Srivastava B, Lindsley RC. Alternative routes to maturity: branch points and pathways for
generating follicular and marginal zone B cells. Immunol Rev. 2004; 197:147–60. Epub 2004/02/14.
PMID: 14962193.

6.

Klein U, Dalla-Favera R. Germinal centres: role in B-cell physiology and malignancy. Nat Rev Immunol.
2008; 8(1):22–33. Epub 2007/12/22. doi: 10.1038/nri2217 PMID: 18097447.

7.

Gearhart PJ, Johnson ND, Douglas R, Hood L. IgG antibodies to phosphorylcholine exhibit more diversity than their IgM counterparts. Nature. 1981; 291(5810):29–34. Epub 1981/05/07. PMID: 7231520.

8.

Kuraoka M, Liao D, Yang K, Allgood SD, Levesque MC, Kelsoe G, et al. Activation-induced cytidine deaminase expression and activity in the absence of germinal centers: insights into hyper-IgM syndrome.
J Immunol. 2009; 183(5):3237–48. Epub 2009/08/12. doi: 10.4049/jimmunol.0901548 PMID:
19667096; PubMed Central PMCID: PMC2779701.

9.

Victora GD, Nussenzweig MC. Germinal centers. Annu Rev Immunol. 2012; 30:429–57. Epub 2012/
01/10. doi: 10.1146/annurev-immunol-020711-075032 PMID: 22224772.

10.

Laplante M, Sabatini DM. mTOR signaling in growth control and disease. Cell. 2012; 149(2):274–93.
Epub 2012/04/17. doi: 10.1016/j.cell.2012.03.017 PMID: 22500797; PubMed Central PMCID:
PMC3331679.

11.

Guertin DA, Sabatini DM. Defining the role of mTOR in cancer. Cancer Cell. 2007; 12(1):9–22. Epub
2007/07/07. doi: 10.1016/j.ccr.2007.05.008 PMID: 17613433.

12.

Yang Q, Guan KL. Expanding mTOR signaling. Cell Res. 2007; 17(8):666–81. Epub 2007/08/08. doi:
10.1038/cr.2007.64 PMID: 17680028.

13.

Astrinidis A, Cash TP, Hunter DS, Walker CL, Chernoff J, Henske EP. Tuberin, The tuberous sclerosis
complex 2 tumor suppressor gene product, regulates Rho activation, cell adhesion and migration. Oncogene. 2002; 21(55):8470–6. Epub 2002/12/06. doi: 10.1038/sj.onc.1205962 PMID: 12466966.

14.

Sarbassov DD, Ali SM, Kim DH, Guertin DA, Latek RR, Erdjument-Bromage H, et al. Rictor, a novel
binding partner of mTOR, defines a rapamycin-insensitive and raptor-independent pathway that regulates the cytoskeleton. Curr Biol. 2004; 14(14):1296–302. Epub 2004/07/23. doi: 10.1016/j.cub.2004.
06.054 PMID: 15268862.

15.

O'Brien TF, Zhong XP. The role and regulation of mTOR in T-lymphocyte function. Archivum immunologiae et therapiae experimentalis. 2012; 60(3):173–81. Epub 2012/04/10. doi: 10.1007/s00005-0120171-4 PMID: 22484804.

16.

Weichhart T, Saemann MD. The multiple facets of mTOR in immunity. Trends Immunol. 2009; 30
(5):218–26. Epub 2009/04/14. doi: 10.1016/j.it.2009.02.002 PMID: 19362054.

17.

Chi H. Regulation and function of mTOR signalling in T cell fate decisions. Nat Rev Immunol. 2012; 12
(5):325–38. Epub 2012/04/21. doi: 10.1038/nri3198 PMID: 22517423; PubMed Central PMCID:
PMC3417069.

18.

Delgoffe GM, Kole TP, Zheng Y, Zarek PE, Matthews KL, Xiao B, et al. The mTOR kinase differentially
regulates effector and regulatory T cell lineage commitment. Immunity. 2009; 30(6):832–44. Epub
2009/06/23. doi: 10.1016/j.immuni.2009.04.014 PMID: 19538929; PubMed Central PMCID:
PMC2768135.

19.

Lee K, Gudapati P, Dragovic S, Spencer C, Joyce S, Killeen N, et al. Mammalian target of rapamycin
protein complex 2 regulates differentiation of Th1 and Th2 cell subsets via distinct signaling pathways.
Immunity. 2010; 32(6):743–53. Epub 2010/07/14. doi: 10.1016/j.immuni.2010.06.002 PMID:
20620941; PubMed Central PMCID: PMC2911434.

20.

Araki K, Turner AP, Shaffer VO, Gangappa S, Keller SA, Bachmann MF, et al. mTOR regulates memory CD8 T-cell differentiation. Nature. 2009; 460(7251):108–12. Epub 2009/06/23. doi: 10.1038/
nature08155 PMID: 19543266; PubMed Central PMCID: PMC2710807.

21.

Rao RR, Li Q, Odunsi K, Shrikant PA. The mTOR kinase determines effector versus memory CD8+ T
cell fate by regulating the expression of transcription factors T-bet and Eomesodermin. Immunity. 2010;
32(1):67–78. Epub 2010/01/12. doi: 10.1016/j.immuni.2009.10.010 PMID: 20060330.

22.

Sinclair LV, Finlay D, Feijoo C, Cornish GH, Gray A, Ager A, et al. Phosphatidylinositol-3-OH kinase
and nutrient-sensing mTOR pathways control T lymphocyte trafficking. Nat Immunol. 2008; 9(5):513–
21. Epub 2008/04/09. doi: 10.1038/ni.1603 PMID: 18391955; PubMed Central PMCID: PMC2857321.

23.

Zeng H, Yang K, Cloer C, Neale G, Vogel P, Chi H. mTORC1 couples immune signals and metabolic
programming to establish T(reg)-cell function. Nature. 2013; 499(7459):485–90. Epub 2013/07/03. doi:
10.1038/nature12297 PMID: 23812589; PubMed Central PMCID: PMC3759242.

24.

Shin J, Wang S, Deng W, Wu J, Gao J, Zhong XP. Mechanistic target of rapamycin complex 1 is critical
for invariant natural killer T-cell development and effector function. Proc Natl Acad Sci U S A. 2014; 111
(8):E776–83. Epub 2014/02/12. doi: 10.1073/pnas.1315435111 PMID: 24516149.

PLOS ONE | DOI:10.1371/journal.pone.0127527 May 22, 2015

15 / 17

TSC1 in B Cell Maturation

25.

Zhang S, Readinger JA, DuBois W, Janka-Junttila M, Robinson R, Pruitt M, et al. Constitutive reductions in mTOR alter cell size, immune cell development, and antibody production. Blood. 2011; 117
(4):1228–38. Epub 2010/11/17. doi: 10.1182/blood-2010-05-287821 PMID: 21079150; PubMed Central PMCID: PMC3056471.

26.

Lee K, Heffington L, Jellusova J, Nam KT, Raybuck A, Cho SH, et al. Requirement for Rictor in homeostasis and function of mature B lymphoid cells. Blood. 2013; 122(14):2369–79. Epub 2013/08/21. doi:
10.1182/blood-2013-01-477505 PMID: 23958952; PubMed Central PMCID: PMC3790507.

27.

Inoki K, Li Y, Zhu T, Wu J, Guan KL. TSC2 is phosphorylated and inhibited by Akt and suppresses
mTOR signalling. Nat Cell Biol. 2002; 4(9):648–57. Epub 2002/08/13. doi: 10.1038/ncb839 PMID:
12172553.

28.

Tee AR, Manning BD, Roux PP, Cantley LC, Blenis J. Tuberous sclerosis complex gene products,
Tuberin and Hamartin, control mTOR signaling by acting as a GTPase-activating protein complex toward Rheb. Curr Biol. 2003; 13(15):1259–68. Epub 2003/08/09. PMID: 12906785.

29.

Tee AR, Fingar DC, Manning BD, Kwiatkowski DJ, Cantley LC, Blenis J. Tuberous sclerosis complex-1
and -2 gene products function together to inhibit mammalian target of rapamycin (mTOR)-mediated
downstream signaling. Proc Natl Acad Sci USA. 2002; 99(21):13571–6. Epub 2002/09/25. doi: 10.
1073/pnas.202476899 PMID: 12271141; PubMed Central PMCID: PMC129715.

30.

Zhong XP, Shin J, Gorentla BK, O'Brien T, Srivatsan S, Xu L, et al. Receptor signaling in immune cell
development and function. Immunol Res. 2011; 49(1–3):109–23. Epub 2010/12/04. doi: 10.1007/
s12026-010-8175-9 PMID: 21128010; PubMed Central PMCID: PMC3193797.

31.

Pan H, O'Brien TF, Zhang P, Zhong XP. The role of tuberous sclerosis complex 1 in regulating innate
immunity. J Immunol. 2012; 188(8):3658–66. Epub 2012/03/14. doi: 10.4049/jimmunol.1102187 PMID:
22412198; PubMed Central PMCID: PMC3324625.

32.

Shin J, Pan H, Zhong XP. Regulation of mast cell survival and function by tuberous sclerosis complex
1. Blood. 2012; 119(14):3306–14. Epub 2012/03/01. doi: 10.1182/blood-2011-05-353342 PMID:
22362037; PubMed Central PMCID: PMC3321856.

33.

Huang J, Dibble CC, Matsuzaki M, Manning BD. The TSC1-TSC2 complex is required for proper activation of mTOR complex 2. Mol Cell Biol. 2008; 28(12):4104–15. Epub 2008/04/16. doi: 10.1128/MCB.
00289-08 PMID: 18411301; PubMed Central PMCID: PMC2423120.

34.

Yang K, Neale G, Green DR, He W, Chi H. The tumor suppressor Tsc1 enforces quiescence of naive T
cells to promote immune homeostasis and function. Nat Immunol. 2011; 12(9):888–97. Epub 2011/07/
19. doi: 10.1038/ni.2068 PMID: 21765414; PubMed Central PMCID: PMC3158818.

35.

Zhang L, Zhang H, Li L, Xiao Y, Rao E, Miao Z, et al. TSC1/2 signaling complex is essential for peripheral naive CD8+ T cell survival and homeostasis in mice. PLoS One. 2012; 7(2):e30592. Epub 2012/03/
01. doi: 10.1371/journal.pone.0030592 PMID: 22363451; PubMed Central PMCID: PMC3283604.

36.

Wu Q, Liu Y, Chen C, Ikenoue T, Qiao Y, Li CS, et al. The tuberous sclerosis complex-mammalian target of rapamycin pathway maintains the quiescence and survival of naive T cells. J Immunol. 2011; 187
(3):1106–12. Epub 2011/06/29. doi: 10.4049/jimmunol.1003968 PMID: 21709159; PubMed Central
PMCID: PMC3151493.

37.

Xie DL, Wu J, Lou YL, Zhong XP. Tumor suppressor TSC1 is critical for T-cell anergy. Proc Natl Acad
Sci USA. 2012; 109(35):14152–7. Epub 2012/08/15. doi: 10.1073/pnas.1119744109 PMID: 22891340;
PubMed Central PMCID: PMC3435231.

38.

Zhong XP. An expanded role of the tumor suppressor TSC1 in T cell tolerance. Cell Cycle. 2012; 11
(21):3909–10. Epub 2012/10/04. doi: 10.4161/cc.22235 PMID: 23032259; PubMed Central PMCID:
PMC3507479.

39.

Wu J, Shin J, Xie D, Wang H, Gao J, Zhong XP. Tuberous sclerosis 1 promotes invariant NKT cell anergy and inhibits invariant NKT cell-mediated antitumor immunity. J Immunol. 2014; 192(6):2643–50.
Epub 2014/02/18. doi: 10.4049/jimmunol.1302076 PMID: 24532578; PubMed Central PMCID:
PMC3965184.

40.

Krishna S, Yang J, Wang H, Qiu Y, Zhong XP. Role of tumor suppressor TSC1 in regulating antigenspecific primary and memory CD8 T cell responses to bacterial infection. Infect Immun. 2014; 82
(7):3045–57. Epub 2014/05/14. doi: 10.1128/IAI.01816-14 PMID: 24818661; PubMed Central PMCID:
PMC4097607.

41.

Wu J, Yang J, Yang K, Wang H, Gorentla B, Shin J, et al. iNKT cells require TSC1 for terminal maturation and effector lineage fate decisions. J Clin Invest. 2014. Epub 2014/03/13. doi: 10.1172/JCI69780
PMID: 24614103.

42.

Park Y, Jin HS, Lopez J, Elly C, Kim G, Murai M, et al. TSC1 regulates the balance between effector
and regulatory T cells. J Clin Invest. 2013; 123(12):5165–78. Epub 2013/11/26. doi: 10.1172/JCI69751
PMID: 24270422; PubMed Central PMCID: PMC3859395.

PLOS ONE | DOI:10.1371/journal.pone.0127527 May 22, 2015

16 / 17

TSC1 in B Cell Maturation

43.

Chen H, Zhang L, Zhang H, Xiao Y, Shao L, Li H, et al. Disruption of TSC1/2 signaling complex reveals
a checkpoint governing thymic CD4+ CD25+ Foxp3+ regulatory T-cell development in mice. FASEB J.
2013; 27(10):3979–90. Epub 2013/07/25. doi: 10.1096/fj.13-235408 PMID: 23882125.

44.

Pan H, O'Brien TF, Wright G, Yang J, Shin J, Wright KL, et al. Critical role of the tumor suppressor tuberous sclerosis complex 1 in dendritic cell activation of CD4 T cells by promoting MHC class II expression via IRF4 and CIITA. J Immunol. 2013; 191(2):699–707. Epub 2013/06/19. doi: 10.4049/jimmunol.
1201443 PMID: 23776173; PubMed Central PMCID: PMC3702379.

45.

Chen C, Liu Y, Liu R, Ikenoue T, Guan KL, Liu Y, et al. TSC-mTOR maintains quiescence and function
of hematopoietic stem cells by repressing mitochondrial biogenesis and reactive oxygen species. J Exp
Med. 2008; 205(10):2397–408. Epub 2008/09/24. doi: 10.1084/jem.20081297 PMID: 18809716;
PubMed Central PMCID: PMC2556783.

46.

Benhamron S, Tirosh B. Direct activation of mTOR in B lymphocytes confers impairment in B-cell maturation andloss of marginal zone B cells. Eur J Immunol. 2011; 41(8):2390–6. Epub 2011/06/16. doi: 10.
1002/eji.201041336 PMID: 21674478.

47.

Kwiatkowski DJ, Zhang H, Bandura JL, Heiberger KM, Glogauer M, el-Hashemite N, et al. A mouse
model of TSC1 reveals sex-dependent lethality from liver hemangiomas, and up-regulation of p70S6 kinase activity in Tsc1 null cells. Hum Mol Genet. 2002; 11(5):525–34. Epub 2002/03/05. PMID:
11875047.

48.

Rickert RC, Roes J, Rajewsky K. B lymphocyte-specific, Cre-mediated mutagenesis in mice. Nucleic
Acids Res. 1997; 25(6):1317–8. Epub 1997/03/15. PMID: 9092650; PubMed Central PMCID:
PMC146582.

49.

Shapiro-Shelef M, Lin KI, Savitsky D, Liao J, Calame K. Blimp-1 is required for maintenance of longlived plasma cells in the bone marrow. J Exp Med. 2005; 202(11):1471–6. Epub 2005/11/30. doi: 10.
1084/jem.20051611 PMID: 16314438; PubMed Central PMCID: PMC2213334.

50.

Holl EK, O'Connor BP, Holl TM, Roney KE, Zimmermann AG, Jha S, et al. Plexin-D1 is a novel regulator of germinal centers and humoral immune responses. J Immunol. 2011; 186(10):5603–11. Epub
2011/04/06. doi: 10.4049/jimmunol.1003464 PMID: 21464091.

51.

Han S, Dillon SR, Zheng B, Shimoda M, Schlissel MS, Kelsoe G. V(D)J recombinase activity in a subset
of germinal center B lymphocytes. Science. 1997; 278(5336):301–5. Epub 1997/10/10. PMID:
9323211.

52.

Odegard VH, Schatz DG. Targeting of somatic hypermutation. Nat Rev Immunol. 2006; 6(8):573–83.
Epub 2006/07/27. doi: 10.1038/nri1896 PMID: 16868548.

53.

Calamito M, Juntilla MM, Thomas M, Northrup DL, Rathmell J, Birnbaum MJ, et al. Akt1 and Akt2 promote peripheral B-cell maturation and survival. Blood. 2010; 115(20):4043–50. Epub 2010/01/01. doi:
10.1182/blood-2009-09-241638 PMID: 20042722; PubMed Central PMCID: PMC2875094.

54.

Anzelon AN, Wu H, Rickert RC. Pten inactivation alters peripheral B lymphocyte fate and reconstitutes
CD19 function. Nat Immunol. 2003; 4(3):287–94. Epub 2003/02/04. doi: 10.1038/ni892 PMID:
12563260.

55.

Chen J, Limon JJ, Blanc C, Peng SL, Fruman DA. Foxo1 regulates marginal zone B-cell development.
Eur J Immunol. 2010; 40(7):1890–6. Epub 2010/05/08. doi: 10.1002/eji.200939817 PMID: 20449867;
PubMed Central PMCID: PMC2926184.

PLOS ONE | DOI:10.1371/journal.pone.0127527 May 22, 2015

17 / 17

