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Sinl/mTORC2 regulate B cell growth and metabolism by

activating mTORCI and Myc

Man Li', Adam S. Lazorchak®3, Xinxing Ouyang’, Huihui Zhang'*, Hongzhi Liu', Omotooke A. Arojo?, Lichong Yan', Jingsi Jin',
Yuheng Han', Guojun Qu', Yuhong Fu®, Xiaocao Xu?, Xiaobo Liu'* Wengian Zhang'#, Zhengfeng Yang', Chuan Ruan’', Qijun Wang',
Dou Liu?, Chuanxin Huang', Lu Lu?, Shibo Jiang®, Fubin Li"* and Bing Su'?

Proper control of B cell growth and metabolism is crucial for B-cell-mediated immunity, but the underlying molecular mechanisms
remain incompletely understood. In this study, Sin1, a key component of mMTOR complex 2 (mTORC2), specifically regulates B cell
growth and metabolism. Genetic ablation of Sin1 in B cells reduces the cell size at either the transitional stage or upon antigen
stimulation and severely impairs metabolism. Sin1 deficiency also severely impairs B-cell proliferation, antibody responses, and anti-
viral immunity. At the molecular level, Sin1 controls the expression and stability of the c-Myc protein and maintains the activity of
mTORC1 through the Akt-dependent inactivation of GSK3 and TSC1/2, respectively. Therefore, our study reveals a novel and
specific role for Sin1 in coordinating the activation of mTORC2 and mTORC1 to control B cell growth and metabolism.
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INTRODUCTION

The metabolic and biosynthetic demands placed on B cells vary
greatly from homeostasis to acute infection and are directly
influenced by environmental inputs sensed by growth factor
receptors, cytokine receptors, and the antigen receptor.'” Growth
and metabolic control of B cells is critical in maintaining B cell survival
and mitogenic responsiveness.” Mature resting B cells are quiescent
but require growth and survival signals to maintain a baseline level of
cellular metabolism that supports cell survival and provides the
energy necessary for cell motility and immune surveillance.' The B cell
receptor (BCR) provides one of the essential signals that is absolutely
required for the growth and survival of mature and GC B cells.>™® The
basal or tonic BCR signal activates the phosphoinisitol-3 kinase (PI3K)
signaling cascade to sustain mature B cell survival and growth."? The
PI3K-dependent inhibition of FoxO1 transcriptional activity is required
for the pro-survival function of the tonic BCR signal.? In mature B cells,
PKCbeta and Akt have also been reported to mediate BAFF signaling
to maintain B cell metabolic fitness and survival."”~® When a resting B
cell senses mitogenic antigen stimuli via either the BCR or Toll-like
receptors (TLR), the B cell will dramatically increase its metabolic and
biosynthetic capacity, resulting in a rapid increase in cell size (volume)
that precedes cell division and proliferation.’® PI3K-dependent
signaling plays an essential role in regulating the metabolic
reprogramming that occurs in B cells during this phase of mitogen-
dependent blast cell growth."" This PI3K-mediated growth supports
the rapid proliferation of the antigen-stimulated B cell clones
that is essential for the development of the humoral immune
response.’

Mammalian target of rapamycin (mTOR) is an evolutionarily
conserved serine/threonine protein kinase that is one of the key
downstream effectors of PI3K signaling in the mechanism regulating
cellular growth and metabolism.'?"* Inhibition of mTOR in B cells
with rapamycin suppresses mitogen-dependent blast cell growth
and inhibits cell proliferation by blocking cell cycle progression at G1
phase,'®"” which highlights the importance of mTOR in B cell-
mediated immune function. Recently, mTOR has been reported to
regulate germinal center B cell growth, germinal center B cell
selection, and affinity maturation.'822

On the basis of the results from numerous studies conducted over
the past decade, mTOR associates with two functionally distinct
multi-protein complexes: mTOR complex 1 (mTORC1), containing
mTOR, Raptor, mLST8 (GPL), PRAS40, and Deptor, and mTORC2,
containing mTOR, Rictor, Sin1, mLST8, Deptor and PROTOR.'3237%7
Nutrients, growth factors, hormones, and energy signals activate
mTORC1, which in turn phosphorylates the translational regulators
S6K and 4EBP1 to increase cellular protein synthesis and ribosome
biogenesis.”>™* On the other hand, mTORC2 regulates the actin
cytoskeleton, PI3K-dependent Akt activity and specificity by
phosphorylating the Akt hydrophobic motif (HM; Ser473), as well
as the PI3K-independent stability of Akt and conventional PKC by
phosphorylating the turn motif (Thr450 on Aktl; Thr641 on
PKCBIN2#*8?° Unlike mTORC1, mTORC2 is insensitive to acute
rapamycin-induced inhibition, although a chronic rapamycin treat-
ment may inhibit mTORC2 in many types of normal and cancerous
cells. > A recent structural study of mTORC1 and mTORC2 using
Cryo-EM revealed that the pocket of the FKBP12-Rapa complex was
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Fig. 1 Sin1 regulates B cell growth in a developmental stage-specific manner. (a, b) Sizes of Sin1™* (WT) and Sin1~/~ (KO) pro-B cells (a), and
in vitro differentiated IgMlgD ™~ (pre B), IgM*IgD™ (immature B) and IgM*IgD™ (transitional B) cells (b) were measured by flow cytometry (FCM)
using standard microbeads of known sizes. The data are presented as the averages of four independent experiments with mean standard
deviations. The p-values were determined using a two-tailed unpaired t test. (c, d) The relative sizes of splenic B cells from Sin1™"* (WT—WT) or
Sin1™’~ (KO—WT) fetal liver HSC-chimeric mice were measured using forward light scattering (FSC). The fetal liver HSC-derived CD45.1~ WT or KO
B cells (donor) and WT CD45.1" (host) B cell populations within each mouse are indicated. The plots shown here were pre-gated on live, CD19"
lymphocytes and are representative of n=2 WT and n=3 KO chimeric mice (c). The bar graph shows the mean FSC of the splenic B cell populations
within each mouse (d). (e-h) The relative cell sizes of indicated splenic B cell subsets (T1 B cells: B220"AA4.17IgM"'CD23', T2 B cells:
B220"AA4.1 T IgM™CD23", T3 B cells: B220"AA4.11IgM°CD23" and mature B cells: B220YAA4.17) were analyzed in Sin1"~Cd19-Cre (cKO) and
Sin1** (WT) mixed bone marrow chimeras (n = 3) using flow cytometry and presented as the mean forward light scatter (FSC) values, with
control WT and cKO cells from individual mice linked. Bars represent means + SEM. *p < 0.05, **p < 0.01, and ***p < 0.001, unpaired two-tailed t test
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blocked conformationally in mTORC1, but not mTORC2, which
partially explains the insensitivity of mTORC2 to acute rapamycin
treatment in many cell types.*°

As shown in our previous study, Sin1 is specifically required for
bone marrow B cell development via the Akt-mediated phosphor-
ylation of FoxOT1 to inhibit IL-7 receptor and recombinase-activating
gene (RAG) expression.?’ Since the conditional Sin1-deficient mice
are not available, researchers have been unable to clearly determine
whether Sin1, either via an mTORC2-dependent or independent
function, is critical for peripheral B cell maturation, differentiation,
and immunity. Interestingly, Rictor, another essential component of
mTORC2, has been reported to regulate B cell maturation using a
hematopoietic cell-specific knockout system (Vav-Cre).22 However, in
another study using a B cell conditional knockout model (Cd79-Cre),
B cell development was largely normal in the absence of Rictor.3
Therefore, the impact of a Rictor deficiency on B cell development
and maturation remains unclear.

In this study, we explored the functions of Sin1 and mTORC2 in
peripheral B cell growth and metabolism. Unexpectedly, Sin1, via
mTORC2, played a critical role in regulating B cell growth and
development, specifically at the transitional and later maturation
stages. Mice with a genetic deletion of Sin1 exhibited a smaller B-
cell size. Conditional deletion of Sin1 in B cells led to a blockade of
transitional B cell maturation, antibody production, and anti-viral
immunity. Upon stimulation, Sin1-deficient B cells exhibited
impaired blast cell growth, proliferation, and metabolism.
Furthermore, Sin1/mTORC2 cross-regulated mTORC1 via the Akt-
GSK3 axis to upregulate c-Myc expression in B cells. Based on our
data, Sin1/mTORC2 was critically important for B cell growth and
metabolism by integrating pro-growth signals to coordinate the
anabolic activities of mTORC1 for antibody production and anti-
viral responses.

RESULTS

Regulation of B-lineage cell growth in vitro by Sin1/mTORC2
Based on findings from emerging studies, mTOR signals regulate
cell growth in response to nutrition and mitogen signals.'®'
However, researchers have not precisely determined when the
mTOR-mediated growth regulation becomes biologically signifi-
cant in various types of cells.

To address this question, Sin1-deficient pro-B cells were
induced to undergo differentiation in vitro, and their growth
was examined at various stages according to their surface IgM
and IgD expression, as described previously.®' In vitro differ-
entiation of the Sin1™* or Sin1~/~ pro-B cells was induced by
withdrawing IL-7 from the OP9 culture medium, inducing pro-B
cells to first differentiated into IgMlgD™ pre-B cells, subse-
quently express cell surface immunoglobulin to become
IgM*1gD~ immature B cells, and then further developed into
IgMT1gD" B cells.3*3> These in vitro differentiated IgMTIgD™ B
cells expressed high levels of IgM, similar to previously defined
transitional T1 (IgMMIgD'*%) and T2 (IgM"IgD™) B cells.3* The
relative cell size of B-lineage cells was quantified by flow
cytometry using forward light scatter (FSC). As shown in Fig. 1a,
b, no significant difference in cell size was observed between
the Sin1™* and Sin1~/~ pro-B cells (Fig. 1a) and IgMIgD ™~ pre-B
cells (Fig. 1b). However, at the IgM*IgD~ and IgM*IgD™" B cell
stages, the cell size of Sin1~/~ B cells was significantly smaller
than the corresponding WT Sin1™* B cells, with the most
obvious difference noted at the IgM*IgD™ stage (Fig. 1b). Thus,
mTORC2 mediates growth in a developmental stage-specific
manner and B cells likely require mTORC2-mediated growth
signaling once IgM is expressed.

Regulation of B-lineage cell growth in vivo by Sin1/mTORC2

We generated chimeric mice with Sin1~/~ fetal livers that lacked
Sin1 in the hematopoietic system using a previously described
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method to investigate the role of Sin1 in mTOR-mediated B cell
growth in vivo" Host and donor hematopoietic cells were
distinguished by the differential expression of the CD45.1 and
CD45.2 congenic markers, which allowed us to evaluate the
differentiation, maturation, and function of WT and Sin1~"~ B cells
in the exact same environment. As shown in Fig. 1¢, d, the Sin1™/~
fetal livers gave rise to a population of splenic B220" B cells, which
is consistent with the findings in mice with B cell-specific deletion
of Rictor.3? Importantly, we observed a clear reduction in cell size
in B220"7CD45.1~ Sin1-deficient B-lineage cells compared to
B2207CD45.1" WT B-lineage cells in the same mice (Fig. 1c, d),
indicating that Sin1 regulates B-lineage cell growth in vivo in a B
cell-intrinsic manner.

We generated Sin1™" mice (Supplemental Figure Sla) and
crossed them with Cd79-Cre mice to further study the impact of
the Sin1 deficiency on B-lineage cell growth in a B-cell-specific
in vivo system.>® We confirmed that Sin1 was efficiently deleted in
splenic B cells (Supplemental Figure S1b), and the Sin1" allele was
efficiently deleted in B cells isolated from the spleens of Sin1"Cd19-
Cre and Sin1"~Cd19-Cre mice (Supplemental Figure S1c). We
generated mixed bone marrow chimeric mice reconstituted with
sin1"=Cd19-Cre (Cd45.2*) and WT control (Cd45.1"Cd45.2") bone
marrow to directly compare the cell size of Sin1-deficient and WT
B-lineage cells in same mice. WT and Sin1%"~Cd19-Cre B-lineage cells
exhibited a comparable cell size at the pro-B and pre-B stages
(Supplemental Figures S1d-f). However, the Sin1-deficient IgMIgD ™~
immature B cells were obviously smaller than the Sin1-sufficient
immature B cells (Supplemental Figure S1g). Interestingly, a more
remarkable reduction in cell size was observed in Sin1-deficient
transitional B cell stages T1 and T2 compared to WT B cells, while the
size disparity between WT and Sin1-defcient T3 or mature B cells
was less than the difference observed in the T1 and T2 transitional B
cells (Fig. Te-h). Interestingly, we analyzed peripheral B cell
development in Sin1"*Cd19-Cre and Sin1"Cd19-Cre mice, and
observed a marked reduction in T2, T3 and FO B cell subpopula-
tions with a concurrent increase in T1 B cells in Sin1 cKO mice
(Supplemental Figs. S2a, 2b, 2d, 2e). Meanwhile, the numbers of
peripheral B cell subsets in Sin1 cKO mice were dramatically
reduced compared to control mice (Supplemental Figs. S2c and
2f). These data, together with our study of the in vitro
differentiated B-lineage cells, indicate that the growth defect of
Sin1-deficient B-lineage cells is stage-specific and appears after
the functional B cell receptor is expressed.

Sin1-deficient B cells fail to grow and proliferate in response to
BCR crosslinking

Since the growth defect only appeared in Sin1-deficient B-lineage
cells after BCR was expressed, we reasoned that Sin1 regulates
BCR-induced cell growth. As a test of this hypothesis, we
stimulated splenic B cells from mixed bone marrow chimeric
mice in vitro with an anti-lgM antibody for 24 h to observe BCR
crosslinking-induced B cell growth in the absence of cell division.
While anti-lgM stimulation induced the blast cell growth of both
Sin1™* and Sin1"~Cd19-Cre B cells, the Sin1-deficient B cells were
consistently smaller than Sin17™" B cells (Fig. 2a). Using flow
cytometry, we measured the size of the resting and stimulated
Sin1** or Sin1"~Cd19-Cre B cells and found that the mean cell
size of activated Sin1"~Cd19-Cre B cells was significantly smaller
than the corresponding Sin1™* B cells (Fig. 2b). Based on these
data, Sin1 plays a critical role in regulating B-cell growth in
response to BCR stimulation.

Proper blast cell growth is required for B-cell proliferation after
BCR stimulation. Since the Sin1 deficiency impaired the blast cell
growth of activated B cells, we asked if Sin1 was required for
mitogen-dependent B cell proliferation. Splenic Sin1™" or sin1V
~Cd19-Cre B cells were labeled with CFSE and cultured for 72 h
in vitro in the presence or absence of the anti-lgM antibody. Cell
proliferation was measured using the CFSE dilution assay. The

SPRINGER NATURE

759



Sin1/mTORC2 regulated B cell growth and metabolism...

M Li et al.
760
a b
€
Y
o -
ke) Sin1++
Q2
I -
A 8-
4 Sin1*+* *%
E fl/
. Sin1"-Cd19-Cre
] | é 6 *
x *
1 <
T T T T T o 4"
1 Sin#* @
C
: ] g
£ 21
] Sin1%-Cd19-Cre ] Sin1"-Cd19-Cre
- — C T L)
Ctrl. anti-lgM
MFSCA
c d
% Sin1** Sin1"-Cd19-Cre 80
= i .y inq++
2 Ctrl. Ctrl. [ sin P
® ][] antiigv 1 [ anti-igt H —_ Il sin1"-Cd19-Cre r 1
T X 60
A ; ] P
8
] ] o 407
pe}
S
1 1 = 207
(]
» CFSE 0-

Ctrl. anti-IgM

Fig.2 Sin1 plays a critical role in regulating B cell growth in response to BCR stimulation. (a) Splenic B cells isolated from Sin1"~Cd19-Cre and
Sin1** mixed bone marrow chimeras were cultured in vitro with medium alone or 10 pg/ml anti-lgM F(ab’), for 24 h and the relative B-cell
size was measured using forward light scattering (FSC). Unstimulated cells are indicated by the shaded lines, stimulated WT cells are indicated
by the solid line and stimulated cKO cells are indicated by the dotted line. (b) The bar graph shows the mean sizes of Sin1™* (WT) or Sin1"
~Cd19-Cre (cKO) splenic B cells cultured for 24 h in vitro as described in (a). (c) Splenic B cells isolated from Cd19Sin1™~ and Sin1™* mixed
bone marrow chimeras (n = 3) were labeled with CFSE and cultured for 72 h in vitro after an anti-lgM (10 pg/ml) treatment. Cell proliferation
was measured using FACS to determine the CFSE dilution, and presented as CFSE histogram. (d) The percentage of dividing B cells (CFSE") in
the experiments shown in (c) was determined using FACS to determine the CFSE dilution. The results shown here are representative of three
independent experiments. Bars represent means + SEM. *p < 0.05 and **p <0.01, unpaired two-tailed t test

stimulation of Sin1™* B cells with an anti-IgM antibody induced signaling to regulate B cell growth. We next generated Akt-
vigorous cell proliferation; however, Sin1"~Cd19-Cre B cells were deficient IgMlgD~ pre-B and IgMTIgD™ B cells that were
unable to proliferate in response to the anti-lgM treatment differentiated in vitro from Akt1~/~Akt2~/~ pro-B cells using a
(Fig. 2¢), and the percentage of dividing B cells in Sin1"~Cd19-Cre previously described method to test this possibility.?' Indeed, the
mice was significantly decreased following anti-lgM stimulation cell size of Akt1™/~Akt2~'~ IgMTIgD" transitional B cells, but not
(Fig. 2d). Meanwhile, we examined B cell viability 24 h after IgM'lgD™~ pre-B cells, was significantly smaller than the WT
stimulation and found that the survival of resting or anti-IgM counterparts (Fig. 3a), suggesting that Sin1 and Akt may regulate
stimulated Sin1"~Cd19-Cre B cells was comparable to Sin1*/* B B cell growth through a common mechanism.

cells (Supplemental Figure S3a). Thus, Sin1 is required for the blast

cell growth, proliferation of resting or BCR-stimulated B cells. Sin1-deficient B cells exhibit impaired Akt signaling
We examined both the activation and expression of the Akt
Akt activity is required for B cell growth protein in in vitro differentiated B cells to further determine if Sin1

Akt is an important downstream mediator of Sin1/ and Akt regulate peripheral B cell growth through a common
mTORC2 signaling and a key regulator of cellular growth."”>?**”  molecular mechanism. As shown in Fig. 3b, the level of the Akt
Thus, we postulated that Akt may mediate Sin1-dependent protein was significantly reduced in Sin1~/~ B cells compared to
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Fig. 3 Akt and mTORC1 signaling is impaired in Sin1-deficient B cells. (a) The relative sizes of WT and Akt1~~Akt2~~ pre-B and transitional B
cells from in vitro differentiated pro-B cells were measured and presented as described in Fig. 1b. (b) In vitro differentiated Sin1™* (WT) or
Sin1~~ (KO) IgM™" transitional B cells were enriched and Akt expression was measured using immunoblotting (upper panel) and flow
cytometry following intracellular staining with a pan-Akt antibody (lower panel). For the flow cytometry analysis, Akt expression was graphed
as the average mean fluorescence intensity (MFI) of Akt with the mean standard error of triplicate samples. ***p < 0.001, unpaired two-tailed t
test. Representative data from one of the two independent experiments is shown. (c) In vitro differentiated Sin1™* (WT) or Sin1~/~ (KO) IgM*
transitional B cells were cultured with (line) or without (shaded) 10 pg/ml anti-lgM F(ab’), for 3 min, then fixed, permeabilized, and stained with
the indicated phospho-Akt antibodies for the flow cytometry analysis. Representative data from three independent experiments are shown.
(d) Akt p-Ser473 levels were analyzed using FACS intracellular staining in indicated bone marrow samples and splenic B cell subsets in
Cd19°2Sin1"~ and WT mixed bone marrow chimeras (n=3) and presented as average MFIs with SEM. *p < 0.05, **p < 0.01, and ***p < 0.001,
unpaired two-tailed t test. (e) Splenic B cells were isolated from Sin1"*Cd19-Cre and Sin1"~Cd19-Cre mice, cultured with or without 10 pg/ml
anti-IgM F(ab’), for 15 min, then lysed and immunoblotted with the indicated antibodies against the phospho (p)-Thr389 S6K, total S6K,
phospho (p)-Thr37/46 4E-BP1, total 4E-BP1, phospho (p)-Ser235/236 S6 and total S6 proteins, respectively. Representative data from two
independent experiments are shown. (f-i) The oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) were analyzed in
purified splenic B cells isolated from Sin1"*Cd19-Cre and Sin1"1Cd19-Cre mice (n =3 for each group) treated with or without 10 png/ml anti-
IgM for 1h, and the results are presented as the mean OCR or ECAR with SEM. Representative results from one of two independent
experiments are shown. **p <0.01 and ***p < 0.001, unpaired two-tailed t test. (f, g) Basal (Basal) or maximum (Max) OCR (f) and ECAR (g) were
analyzed in purified splenic B cells isolated from Sin1"*Cd19-Cre and Sin1""Cd19-Cre mice at the steady state (no treatment). (h, i) Basal or
Max OCR (h) and ECAR (i) were analyzed in purified splenic B cells isolated from Cd19Sin1"" and Cd19"®Sin1"" mice after an anti-igM
treatment for 1 h
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Sin1™* B cells, consistent with the role of Sin1/mTORC2 in
increasing the stability of the Akt protein.?® Akt phosphorylation at
Thr308 and Ser473 was measured in response to anti-lgM
antibody stimulation to explore the role of Sin1 in mediating
BCR-dependent Akt activation. As shown in Fig. 3¢, anti-lgM
stimulation induced Akt Ser473 phosphorylation in Sin1™" but
not Sin1~/~ B cells, indicating that BCR-dependent Akt Ser473
phosphorylation requires Sin1. However, Akt Thr308 was still
phosphorylated in Sin1~/~ B cells, which is consistent with
previous studies showing that Sin1 and mTORC2 are not required
for Akt Thr308 phosphorylation.?**® On the basis of these data,
the impaired Akt activity in Sin1~~ B cells is likely due to both
reduced Akt expression and insufficient Akt Ser473 phosphoryla-
tion. Furthermore, mature B cells from the spleens of Sin1~~ mice
also failed to proliferate in response to anti-IlgM stimulation, while
WT B cells proliferated vigorously (Fig. 2c). Thus, Sin1-mediated
Akt expression and its Ser473 phosphorylation are critical for the
growth and proliferation of mature B cells.

Sin1 regulates Akt activation at different stages of B cell
development

BCR-mediated signals are important for B cell development and
growth.>* We postulated that the developmental and growth
defects of Sin1~’~ B cells may be due to impaired BCR signaling to
Akt in Sin1~/~ B cells. Indeed, the levels Akt Ser473 phosphoryla-
tion varied substantially at different developmental stages, with a
marked increase observed at the transitional stage, consistent
with the change in BCR signaling (Fig. 3d). Interestingly, Akt
Ser473 phosphorylation decreased in mature B cells, although
stronger BCR signals were reported, suggesting a complex
regulatory mechanism of Akt activation in mature B cells.
Importantly, Akt Ser473 phosphorylation was markedly reduced
in Sin1-deficient B cells at all developmental stages, from pro/pre-
B cells to mature B cells, compared to control WT B cells (Fig. 3d).
The reduced levels of Akt Ser473 phosphorylation correlated well
with the decrease in cell size, indicating that Akt Ser473
phosphorylation may be a major determining factor of B cell
growth.

Sin1 is required for mTORC1 activation and proper metabolism in
B cells

According to previous studies by our group and other researchers,
inactivation of mTORC2 via the deletion of either Sin1 or Rictor
does not impair mTORC1, and in some cases, these changes
increase mTORC1 activity.*?**'32 However, to our surprise, the
anti-lgM-stimulated mTORC1 activity, as measured by S6K Thr389,
4E-BP1 Thr37/46 and S6 Ser235/236 phosphorylation, was lower in
sin1"=Cd19-Cre B cells than in Sin1"*Cd19-Cre B cells (Fig. 3e).
Cell surface IgM expression was equivalent between Sin1"+Cd19-
Cre and Sin1"~Cd19-Cre B cells (Supplemental Figure S3b),
excluding the possibility of its contribution to the altered mTORC1
activity.

The impaired mTORC1 activation in Sin1~~ B cells prompted us
to examine if B cell metabolism was also impaired by measuring
the oxygen consumption rate (OCR) in splenic B cells isolated
from Sin1"1Cd19-Cre and  Sin1"*Cd19-Cre  control  mice.
Sin1-deficient B cells exhibited a reduced steady-state OCR (both
basal and maximal) compared to control B cells (Fig. 3f and
Supplemental Figure S3c). In addition, the basal and maximal
levels of glycolysis, as measured by the extracellular acidification
rate (ECAR), were also reduced in Sin1-deficient B cells compared
to control B cells (Fig. 3g and Supplemental Figure S3e).
Furthermore, anti-lgM antibody-stimulated glycolysis and mito-
chondria respiration were also impaired in Sin1-deficient B cells,
indicating that Sin1 was required for the proper glycolytic
and mitochondrial metabolic reprograming of B cells
following antigen stimulation (Fig. 3h, i and Supplemental Figs. S3d
and 3f). Therefore, Sin1 is crucial for maintaining proper B cell
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metabolic activity under both resting and anti-lgM-stimulated
conditions.

Sin1 regulates B cell growth by controlling c-Myc expression

The impaired mTORC1 signaling, reduced metabolic activity, and
smaller cell size of Sin1™~ B cells prompted us to investigate if c-
Myc, a key metabolic regulator, was involved in the Sin1-mediated
regulation of B cell growth.***° Interestingly, a greater percentage
of Sinl-deficient B cells were in GO/G1 phase and a lower
percentage were in G2 phase, implying that Sin1 is involved in the
B cell cycle (Supplemental Figure S4a), but is not involved in B cell
apoptosis (Supplemental Figure S4b). Furthermore, the level of the
c-Myc protein in Sin1~/~ B cells was substantially decreased
(Fig. 4a), although the expression levels of the c-myc transcript in
Sin1* and Sin1~/~ B cells were comparable (Fig. 4b), suggesting
that the reduction in c-Myc expression occurred through a post-
transcriptional mechanism. In addition, although BCR stimulation-
induced c-myc mRNA expression was increased after Sin1 deletion
(Fig. 4c), the increase in the level of the c-Myc protein was clearly
impaired in in vitro differentiated Sin1~~ IgM™ B cells (Fig. 4d).
Levels of the c-Myc protein in resting or anti-lgM stimulated
splenic B cells from the mouse reconstituted with a mixed WT
(Sin1*/*) and Sin1™~Cd19-Cre bone marrow cells were measured
using flow cytometry to further confirm these results. As shown in
Fig. 4e, the level of the c-Myc protein was much lower in Sin1-
deficient B cells than in WT B cells in the same spleen under both
resting and anti-IgM stimulated conditions. Consistent with these
findings, when the human myc gene was ectopically expressed in
Sin17"~ B cells, it significantly increased S6 expression/phosphor-
ylation and the size of Sin1~/~ B cells compared to a control empty
vector (Fig. 4f). Based on these results, c-Myc is a major target of
Sin1/mTORC2 in the mechanism regulating B cell growth.

Sin1 regulates the stability of the c-Myc protein by inhibiting GSK3
To understand the molecular mechanism through which Sin1
regulates c-Myc expression, WT B cells were cultured in vitro for
60 min with medium or with an anti-lgM antibody in the presence
of vehicle, rapamycin, or the mTORC1/mTORC2 dual inhibitor
pp242 to obtain an understanding of the molecular mechanism by
which Sin1 regulates c-Myc expression. The expression of c-Myc
was measured at 60 min. BCR stimulation increased the level of
the c-Myc protein, and this change was inhibited by either
rapamycin or pp242 (Fig. 5a). Interestingly, pp242 suppressed c-
Myc expression to a greater extent than rapamycin, suggesting
that both mTORC1 and mTORC2 are involved in regulating c-Myc
protein expression. However, neither rapamycin nor pp242
inhibited the expression of the c-myc mRNA in BCR-stimulated B
cells (Fig. 5b). Thus, mTOR regulates c-Myc expression by
influencing c-Myc translation and/or c-Myc stability.

Because mTORC2 is a key activator of Akt, inhibition of mTOR
with pp242 not only blocked Akt S473 phosphorylation but also
Akt-mediated GSK3a phosphorylation (Fig. 5a). Consistent with
these findings, GSK3 phosphorylation in resting or anti-lgM-
stimulated Sin1~/~ B cells was impaired compared to WT B cells
(Fig. 5¢). In addition, the Akt-mediated phosphorylation of TSC2,
an upstream inhibitor of mTORC1,*" was also impaired in Sin1~/~
B cells (Fig. 5¢), suggesting that the reduced mTORC1 activity
observed in Sin1~/~ B cells is due to the inability of Akt to inhibit
TSC2.

The Akt-mediated phosphorylation of GSK3a at Ser21 or GSKf
at Ser9 is known to inhibit the kinase activity of GSK3,** which
phosphorylates c-Myc to promote its degradation.”* We stimu-
lated WT B cells with anti-lgM for 1 h to increase c-Myc expression
and then cultured those cells for an additional hour in the
presence of vehicle, pp242 alone, or pp242 plus the GSK3 inhibitor
SB216763 (GSKi) to test if the reduced level of the c-Myc protein
observed in Sin1-deficient B cells was due to increased degrada-
tion of the c-Myc protein. The pp242 treatment decreased c-Myc
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expression and increased GSK3-mediated c-Myc phosphorylation
at Thr58/Ser62 compared to vehicle-treated cells (Fig. 5d).
Consistent with these findings, the addition of the GSK3 inhibitor
SB216763 to the pp242-treated B cells not only inhibited GSK3-
mediated c-Myc phosphorylation but also rescued c-Myc protein
levels (Fig. 5d). Therefore, Sin1/mTORC2 may inhibit GSK3-
mediated c-Myc phosphorylation and degradation.

B cells were first stimulated with an anti-lgM antibody for 2 h to
induce c-Myc protein expression and then treated for 1 additional
hour with cyclohexamide (CHX) to prevent new protein synthesis,
with CHX+pp242, or with CHX+pp242+SB216763 to further
examine the role of the Sin1-mTOR-GSK3 axis in regulating c-Myc
protein stability. Levels of the c-Myc protein were measured at 0,
10, 20, 40 and 60 min after treatment using flow cytometry. As
shown in Fig. 5e, the CHX+pp242 treatment increased the rate of
c-Myc degradation compared to CHX treatment alone at the 40-
and 60-min time points. Importantly, the addition of SB216763
completely blocked this pp242-induced c-Myc degradation
(Fig. 5e). Interestingly, the pp242 and SB216763 treatments alone
or in combination had no effect on the rate of c-Myc protein
degradation at the 10- and 20-minute time points, suggesting that
c-Myc is stabilized in an mTOR- and GSK3-independent manner at
the early time points. In addition, MG132-treated Sin1-deficient B
cells showed an induction of c-Myc expression (Supplemental
Figure S4f). Based on these data, Sin1 controls the stability of the
c-Myc protein in B cells by negatively regulating the GSK3-
mediated phosphorylation of c-Myc.

Sin1 is required for humoral immunity against viral infection

Given the severely impaired growth and proliferation of Sin1-
deficient B cells in response to BCR activation, we speculated that
the function of these B cells in immune responses was also
impaired. Sin1""Cd19-Cre mice and Sin1"*Cd19-Cre control mice
were immunized with the T-dependent model antigen NP-CGG to
investigate the function of Sin1 in humoral immune responses
in vivo. Sin1"1Cd19-Cre mice displayed significantly lower levels of
high-affinity NP4-specific IgG antibodies than their littermate
controls (Fig. 6a). Thus, Sin1 may exert a positive effect on B cell-
mediated humoral immunity against viral infections in vivo.

Sin1"Cd19-Cre mice and Sin1"*Cd19-Cre control mice were
immunized and boosted three weeks later with Influenza A viral
hemagglutinin (HA) antigen to further test this hypothesis. The
immunized mice were inoculated with 30 LDsy of the PR8 virus
9 days after the second immunization (Supplementary Figure S5a).
Body weights of the experimental mice were monitored daily after
PR8 infection, and animals with 25% or more loss of their initial
bodyweight were euthanized, as previously described.** Sin1"
ficd19-Cre mice displayed a significantly greater body weight loss
than Sin1™*Cd19-Cre control mice (Fig. 6b). Strikingly, while all
Sin1"*Cd19-Cre control mice were protected (5/5), almost all
Sin1"Cd19-Cre mice reached the body weight loss endpoint (4/5)
(Fig. 6¢). In addition, hematoxylin and eosin (HE) staining of
pulmonary tissue sections showed numerous infiltrating leuko-
cytes in pulmonary alveolar and bronchial tissues isolated from
Sin1¥Cd19-Cre mice with a more severe pathology than infected
WT mice (Fig. 6d). However, we did not detect significant
differences in inflammatory cytokine levels between Sin1"cd19-
Cre and control mice (Supplementary Figures S5b-e).

When HA-specific antibod%/ levels were analyzed in infected
Sin1"1Cd19-Cre mice and Sin1"*Cd19-Cre control mice, Sin1"cd19-
Cre mice had moderately reduced HA-specific IgG antibody levels in
the primary antibody response (Fig. 6e). Strikingly, the second
immunization with the HA antigen failed to boost the IgG response
in Sin1™1Cd19-Cre mice, whereas the control mice exhibited
significantly more HA-specific L(_?G antibody (Fig. 6e), which explains
the lack of protection of Sin1™1Cd19-Cre mice from PR8 infection.
Thus, Sin1 is crucial for humoral immune protection from viral
infections.
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DISCUSSION

Mammalian TOR is known to regulate the B cell-mediated immune
function,"* but the precise molecular mechanisms remain
incompletely understood. In this study, Sin1, one of the essential
components of mTORC2, is essential for B cell growth and
metabolism. Sin1-deficient B cells exhibit reduced Akt expression,
impaired Akt Ser473 phosphorylation, and impaired Akt down-
stream signaling, leading to dramatic reductions of glycolysis and
oxidative phosphorylation, as well as substantial reductions in the
size and proliferation of B cells. Furthermore, Sin1 is required for
antibody responses and humoral immunity against viral infections.
At the molecular level, Sin1 transduces the BCR-mediated PI3K
signals to activate Akt, which is required for the maintenance of
mTORC1 activity and c-Myc expression that are both essential for
optimal B cell metabolism and growth.

As shown in previous studies from our group and other
researchers, Sin1 and mTORC2 are not required to maintain the
cell size of embryonic fibroblasts, T cells, and leukemic pre-B
cells***® Sin1 is also not required to maintain the size of
proliferating IL-7 dependent pro-B cells nor to maintain the size of
quiescent small pre-B cells.>’ However, in the present study, Sin1
was required for the increase in the size of B cells that had begun
to express functional B cell receptors, particularly at the stages of
immature and transitional B cells. Peripheral B cell development is
largely blocked at the transitional developmental stage, with a
marked reduction in Akt Ser473 phosphorylation. Based on these
data, the transitional B cells require strong Sin1/mTORC2-
mediated Akt signaling to sustain sufficient cell growth and
metabolism, which would allow B cell selection and entry into the
mature pool of B cells. Therefore, Sin1/mTORC2-mediated regula-
tion of B cell growth is not only cell type-specific but also depends
on the developmental stage.

The transitional B cell stage is a relatively short but critical
period during B cell development. The development of transi-
tional B cells is an essential step in generating mature B cells.*®
Our data reveals an essential role for Sin1/mTORC2 in the
regulation of transitional B cell growth and intimately links
mTORC2-mediated growth regulation to the development and
maturation of B cells. Furthermore, upon maturation, B cells must
undergo extensive anabolic reprograming when responding to
antigens or other stimuli. The BCR signal required Sin1/mTORC2 to
sustain mature B cell growth in the present study, highlighting the
central importance of cell metabolism and growth.

Anti-BCR stimulation induces mature B cell growth and
proliferation, leading to increased Glutl expression, glucose
uptake, and catabolism.'*® According to a previous study,
mTORC2 is localized to the mitochondria-associated ER membrane
(MAM), controlling MAM integrity and mitochondrial function
through Akt, which regulates cell growth and metabolism.”’
Recently, GSK3, which is inactivated by Akt via the phosphoryla-
tion of Ser21 or Ser9 on GSK3a or GSK3, respectively, was shown
to be a metabolic sensor that restricts massive B cell accumula-
tion.>? Purified splenic B cells from GSK3-deficient mice show
excessive glycolysis and respiration in response to anti-CD40 and
IL-4.>> Researchers have not clearly determined whether Sin1 or
mTORC2 is involved in this regulatory mechanism. In our study,
Sin1 deficiency led to constitutive GSK3 activity and reduced B cell
glycolysis and respiration both at the basal level and in response
to anti-lgM stimulation. This phenotype is the opposite to
GSK3-deficient B cells, suggesting that Sin1/mTORC2 functions
upstream of GSK in the pathway regulating B cell growth and
metabolism.

BCR stimulation fails to induce Akt Ser473 phosphorylation in
Sin1-deficient B cells, consistent with the known function of
mTORC2 as the principle kinase mediating Ser473 phosphoryla-
tion.* However, researchers have not clearly determined if this
reduced Akt activity also contributes to the reduction in B cell size,
since mTORC2-deficient fibroblasts and T cells display impaired
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Fig. 4 Sin1 regulates c-Myc expression in B cells. (a) Sin1*/* (WT) (gray line) or Sin1~~ (KO) (black line) pro-B cells were differentiated in vitro
and c-Myc expression was measured in IgM™ transitional B cells using FCM after intracellular staining. The shaded line represents the negative
staining control. Representative data from three independent experiments are shown. (b) In vitro differentiated Sin1™* (WT) or Sin1~/~ (KO)
transitional IgM™ B cells were enriched at 4°C and immediately lysed using Trizol. The expression level of the c-myc mRNA was measured
using quantitative (q) RT-PCR. Each sample was normalized to the expression of GAPDH and the graphs show the average expression recorded
in triplicate experiments with the standard deviation. (c) Sin7™~ (WT) or Sin1™"~ (KO) splenic B cells (CD45.1"CD43B220™) were enriched from
Sin1"/~ or Sin1~/~ fetal liver chimeric mice and cultured for 1 h in vitro in the presence of absence (ctrl) of anti-igM F(ab’), and then lysed with
Trizol. The expression level of the c-myc mRNA was measured using gRT-PCR. Each sample was normalized to the expression of GAPDH and the
graphs show the average expression recorded in triplicate measurements with the standard deviation. The p-value was determined using
one-way ANOVA nonparametric comparison, * p <0.05, *** p<0.001, and **** p<0.0001. Representative results from two experiments are
shown. (d) In vitro differentiated Sin1™/* (WT) or Sin1~/~ (KO) IgM™ B cells were cultured with or without anti-IgM F(ab’), for 1 h, then fixed,
permeabilized and stained with an anti-c-Myc antibody for the flow cytometry analysis. Representative data from two independent
experiments are shown. (e) Intercellular staining for the c-Myc protein in IgM* B cells of Sin1"=Cd19-Cre and WT mixed bone marrow chimeras
(n=3, WT vs. Sin1"=Cd19-Cre) treated with (anti-lgM) or without (no treatment) anti-IgM for 1 h. Representative data from one of two
independent experiments are shown. (f) Sin1~/~ pro-B cells were infected with a control retrovirus or a retrovirus expressing human MYC. The
expression of c-Myc or S6 in control infected (empty vector; dotted line) or MYC virus-infected (MYC; solid line) Sin1™"~ pro-B cells was
measured using FCM after intracellular staining. The relative cell size was measured using flow cytometry. Data from one of two
independently derived Sin7~~ pro-B cell lines expressing human MYC are shown
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folding and maturation of the newly synthesized Akt protein.
Indeed, total Akt expression is reduced approximately 3-fold in
Sin1~/~ B cells compared to Sin1** B cells, indicating that the Akt
signaling in B cells is regulated at the both translational and post-
translational levels.

The mechanism by which Akt signaling specifically regulates B
cell growth and metabolism has not yet been identified. Based on

Akt activation, but no effects on growt Interestingly,
constitutively active Akt signaling contributes to the increased size
of cardiomyocytes® and MCF-7 cells,>* suggesting that Akt might be
a key regulator of cell growth in certain cell types or during distinct
developmental stages. Indeed, in the present study, Akt1~~Akt2~~ B
cells also exhibit a reduced size, supporting our model that
insufficient Akt signaling in Sin7™~ B cells is responsible for the

reduction in B cell size.

The remarkable reduction in Akt signaling observed in Sin1~/~ B
cells may be due in part to the reduced expression of Akt in Sin1/
mTORC2-deficient B cells. As shown in previous studies from our
group and other researchers, the stability of the Akt protein is also
regulated by Sin1/mTORC2.2%%%%°758 Mammalian TORC2 associ-
ates with actively translating ribosomes and phosphorylates the
turn motif of the nascent Akt polypeptide, thereby facilitating the
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the results from the present study, Akt activation by Sin1/mTORC2
phosphorylates and inhibits three main Akt targets: TSC1/2 and
GSK3. Phosphorylation and inhibition of TSC1/2 increases mTORC1
activity, leading to enhanced S6K activation and S6 phosphoryla-
tion and subsequent increases in protein translation and cell
growth. On the other hand, phosphorylation of GSK3 reduces c-
Myc phosphorylation at Thr58/Ser62, resulting in the stabilization
of the c-Myc protein. When Sin1 is deleted, a dramatic reduction in
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Fig. 5 mTORC2 regulates the stability of the c-Myc protein. (@) WT splenic B cells were enriched by negative selection and pretreated for 15
min with vehicle alone (vehicle), 20 nM rapamycin (rapa), or 50 nM pp242, and then cultured for an additional 60 min with medium alone
(ctrl.) or 10 pg/ml anti-IgM F(ab’), antibody, as indicated. The expression level and phosphorylation of the indicated cellular proteins was
measured using immunoblotting. Representative data from three independent experiments are shown. (b) WT splenic B cells were pretreated
with the indicated mTOR inhibitors and then stimulated with an anti-lgM F(ab’), antibody as described in (a). Relative levels of the c-myc
MRNA were measured using qRT-PCR and normalized to the expression level of GAPDH. The data are presented as the means + standard
deviations of four measurements and are representative of two independent experiments. The p-value was determined using one-way
ANOVA nonparametric comparison, *p <0.05 and **p <0.01. (c) In vitro differentiated WT or Sin7~/~ IgM™ B cells were enriched and cultured
with or without 10 pg/ml anti-lgM F(ab’), antibody for 15 min, as indicated, and then lysed and immunoblotted with the indicated antibodies
against phosphorylated or total proteins. Representative data from two independent experiments are shown. (d) WT splenic B cells were
cultured with (+anti-lgM) or without (ctrl.) anti-IgM for 1 h. The anti-lgM-stimulated B cells were then cultured for an additional hour with
vehicle, pp242 or pp242 plus SB216763 (GSKi). Cells were then lysed and the indicated phospho-proteins and total proteins were analyzed
using immunoblotting. Representative data from three independent experiments are shown. (e) Splenic B cells were cultured for 2 h with anti-
IgM F(ab’), and treated with vehicle alone or the indicated inhibitors for an additional 0, 10, 20, 40 or 60 min The level of c-Myc was
determined using FCM after intracellular immunostaining. The data are presented the MFIs of c-Myc staining and are representative of two
independent experiments

mTORC1-mediated S6K activity and reduced S6 phosphorylation regulator of cell metabolism and growth, these data thus indicate
and protein translation are observed. At the same time, GSK3 that the underlying molecular mechanism by which Sin1/mTORC2

activity in increased, subsequently increasing c-Myc phosphoryla- regulates B cell growth and metabolism is the Akt-mediated
tion and degradation. Because mTORC1 is a cardinal regulator of inhibition of TSC1/2 and GSK3, which leads to a sustained
cell growth and metabolism, and c-Myc is a master transcriptional activation of mTORC1 and increased expression of c-Myc.
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Fig. 6 Sin1 is essential for the T cell-dependent antibody response and humoral immunity against influenza virus infection. (a) High-affinity
(NP4)) NP-specific serum IgG levels were analyzed in Sin1"*Cd19-Cre and Sin1"Cd19-Cre mice (n=4 for each group) 14 days after
intraperitoneal immunization with NP-CGG plus alum, and presented as the mean ELISA O.D. values with SEM. **p < 0.01, unpaired two-tailed t
test. (b-e) Sin1%*Cd19-Cre and Sin1"1Cd19-Cre mice were immunized and then boosted with Influenza A viral hemagglutinin (HA), followed
by H1N1 (PR8) viral infection 9 days later. The body weight loss (mean body weight loss with SEM. *p < 0.05 and **p < 0.01, unpaired two-tailed
t test) (b), and survival (c) of these mice were examined; lung pathology (d) was examined using hematoxylin and eosin staining of lung
sections. (e) HA-specific serum IgG levels were analyzed in primary and secondary responses (after the first immunization and boost,
respectively) (n=>5, WT vs. cKO) and presented as the mean ELISA O.D values with SEM. The data from one of two independent experiments
are shown. The p-value was determined using one-way ANOVA nonparametric comparison, *p < 0.05
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Supporting our findings, GSK3 was recently reported to serve as a
metabolic sensor that restricts massive B cell accumulation,®
whereas in Sin1-deficient B cells, GSK3 activity is not sufficiently
inhibited by Akt, leading to diminished B cell glycolysis and
respiration.

Given the critical roles of Sin1 in mediating B cell growth and
proliferation, we were not surprised to find that Sin1 is also
critically important for B cell-mediated immune responses in
synthesizing immunoglobulins following model antigen immuni-
zation. Importantly, the Sin1 B cell cKO mice became highly
susceptible to influenza virus infections, likely due to an inability
to produce sufficient virus-specific antibodies as part of the anti-
viral response. Since the main defect in antibody production is a
lack of IgG, which depends on the AID-mediated class switch
reaction, future studies examining the role of Sin1 in the germinal
center reaction may be fruitful.

Finally, one of the most specific targets of Sin1/mTORC2-
dependent Akt Ser473 phosphorylation and activation, FoxOT, is a
key regulator of B cell development and immune responses.>®"
Sin1 is critically important for Akt-mediated inhibition of FoxO1
transcriptional activity in developing B cells' Since the Sin1/
mTORC2-Akt signaling axis integrates mitogen and growth factor
signals to regulate the activities of FoxO1 and c-Myc, two key factors
involved in cellular metabolism, future studies on the biochemistry
and molecular mechanism by which mTORC2 regulates metabolic
reprogramming will provide new insights and improve our under-
standing of B cell immunity in health and diseases.

MATERIALS AND METHODS

Mice

A Sin1 allele-targeted ES cell line (from EUCOMM) was injected
into C57BL/6 blastocytes by the staff at the South China Mouse
Facility Center (Shanghai, China) to produce the Sinl-
FrtLacZNeoFrt-loxp chimeric mice. Seven founder lines were
generated and used to breed to a CMV-FIp mouse line to obtain
three germline-transmitted Sin1"/* founder lines (to delete the
FrtLacZNeoFrt cassette as well) that were subsequently crossed
with Cd19-Cre®® mice to generate inducible and B cell conditional
Sin1-deleted mouse stains. At the same time, Sin1™~ mice?* were
also crossed with Cd719-Cre mice to generate Sin1*/~Cd19-Cre
mice.

Fetal liver transplantation

The host mice received a sub-lethal dose of radiation to ensure
that a portion of host hematopoietic stem cells would survive to
provide a population of wild type host B cells in recipient mice,
which were directly compared with the transplanted cells. Sin1~/~
KO mice were described previously.>* Cd45.1™"* congenic (B6.SJL-
Ptprc®) mice were purchased from The Jackson Laboratory and
used as recipients for the fetal liver hematopoietic cell transfers.
Mice receiving fetal liver cell transplants were irradiated with
700-900 cGy. A single-cell suspension of fetal liver cells was
prepared by gently passing the fetal liver through a 27-1/2 G
needle 10 times and then suspended in 1x PBS for injection.
Approximately 1x 10°-2 x 10° fetal liver cells were injected into
each recipient mouse via the tail vein. Mice transplanted with fetal
liver cells were housed in the animal facilities at Yale University
and all animal procedures were approved by the Yale Institutional
Animal Care and Use Committee.

Bone marrow chimeras

Two- to 3-month-old recipient mice (Cd45.1*'") were irradiated at
a dose of 800 cGy and transplanted with Cd45.1" Cd45.2" B6
mouse bone marrow cells (2.5 10° cells) and Sin1"~Cd19-Cre
(Cd45.2*'") bone marrow cells (2.5 x 10° cells) to generate bone
marrow chimeric mice. Sin1 cKO mice and BM chimeras were bred
and housed in an SPF environment in a barrier facility in Shanghai
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Jiaotong University School of Medicine, and all animal procedures
were reviewed and approved by the Animal Care Committee of
Shanghai Jiaotong University School of Medicine.

Pro-B cell line cultures and splenic B cell culture

Pro-B cells were derived from paired E11.5-E12.5 Sin and
Sin1~/~ littermate embryos. The Akt1~/~Akt2~~ pro-B cells were
previously described?’ All pro-B cells were cultured on
OP9 stromal cells in RPMI 1640 medium (Cellgro) supplemented
with 10% fetal bovine serum (FBS) (Atlanta Biologicals), penicillin/
streptomycin (50 U/ml/50 pg/ml) (Life Technologies), gentamicin
(25 pg/ml) (Life Technologies), 50 uM B-mercaptoethanol (Sigma-
Aldrich), and recombinant mIL-7 (10 ng/ml, Peprotech or a 1:10
dilution of mIL-7 transfected 293T cell supernatant). The pro-B cell
line was differentiated in vitro by plating 30 x 10° pro-B cells on a
10 cm plate containing confluent OP9 stromal cells in RPMI 1640
medium supplemented with 10% FBS, Pen/Strep, gentamycin and
B-mercaptoethanol, without exogenous miL-7. OP9 bone marrow
stromal cells were cultured in DMEM high-glucose medium
supplemented with 20% FBS, pen/strep and gentamicin. Spleen
cells were isolated from Sin1"~Cd19-Cre and Sin1*/* competitive
chimeras and treated with 10 pg/ml anti-lgM F(ab’), (Jackson
ImmunoResearch Laboratories, cat#115-006-020) in a medium
containing 10%  FBS, penicillin-streptomycin  and 8-
mercaptoethanol. For the proliferation assay, splenic B cells were
labeled with 5 uM CFSE (Life Technologies, C34554) and cultured
with or without 10 ug/ml anti-IgM F(ab’), for 3 days, and B cell
proliferation was subsequently measured using the CFSE dilution
assay.

1+

Inhibitors

Rapamycin (LC Laboratories) was prepared as a 10 uM stock
solution in ethanol and used at a final concentration of 20 nM in
all studies, unless indicated otherwise. A 10 uM stock solution of
pp242 was prepared in DMSO, and the GSK3 inhibitor SB216763
was prepared at a stock concentration of 10 mM in DMSO. All
inhibitor stocks were stored at -80 °C.

Flow cytometry

Single cell suspensions were first stained for surface antigens in
cold FACS buffer (1x PBS pH 7.4 4+ 2% FBS) with the appropriate
fluorophore or biotin-conjugated antibodies for 15 min on ice.
For biotin-conjugated antibodies, cells were washed with FACS
buffer and incubated with the appropriate streptavidin-
conjugated fluorophores for 15 min on ice. Anti-CD23 (B3B4,
eBioscience), anti-CD25 (3C7, BioLegend), anti-CD43 (S7, BD),
anti-CD45.1 (A20, BioLegend), (A20, BD), CD45.2 (104, BiolLe-
gend), anti-CD93 (AA4.1, BioLegend), anti-lgM (RMM-1, BiolLe-
gend), anti-IgD (11-26¢, eBioscience) and anti-B220 (RA3-6B2,
BD) antibodies were used for surface marker staining. After
surface staining, single cells were suspended in DAPI (D3571,
Invitrogen) to exclude dead cells. Pl (421301, BioLegend) and
AnnexinV (550474, BD) were used to analyze the splenic B cell
cycle and apoptosis. For the detection of intracellular antigens,
cells were permeabilized with Fix Buffer 1 (BD) for 10 min at
37°C and then washed and permeabilized with 1xPerm/Wash
Buffer (BD) or Perm Buffer 3 (BD) for 5mins at room
temperature. Fixed and permeabilized cells were stained with
the following antibodies diluted 1:100 in Perm/Wash buffer for
30 min at room temperature, anti-lgK-FITC and anti-lgM-PE (for
intracellular IgH staining) (BioLegend), as well as one of the
following unlabeled rabbit antibodies: anti-Akt p-Thr308 (rabbit
polyclonal, Cat#9275), anti-Akt p-Ser473 (587F11), anti-Akt
p-Ser473 (DYE), anti-pan-Akt (11E7), anti-S6 p-Ser235/236 (rabbit
polyclonal, Cat#2211), anti-S6 (rabbit polyclonal, Cat#9202),
anti-c-Myc (D84C12) (Cell Signaling Technology) or anti-Erk1/2
(rabbit polyclonal, Cat#9102). Cells were washed and stained
with a 1:500 dilution of goat-anti-rabbit-lgG-Alexa Fluor647 or
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FITC for 15 min in Perm/Wash Buffer. All cells were then washed
and resuspended in FACS buffer for analysis with an LSRIl or
LSRFortessa instrument (BD).

Quantitative RT-PCR

Cells were lysed with TRIzol (Invitrogen), and total RNA was
purified using isopropanol precipitation. Total RNA was treated
with RNAse-free DNAse | (Sigma) and reverse transcribed with the
iScript reverse transcriptase cDNA synthesis kit (Bio-Rad). Quanti-
tative RT-PCR was performed with an iQ5 multicolor RT-PCR
detection system (Bio-Rad) using the SsoFast EvaGreen Supermix
PCR master mix kit (Bio-Rad).

B cell metabolic assay

Splenic B cells were purified from Sin1%+Cd19-Cre and Sin1"fcd19-
Cre mice using MACS (Miltenyi, Cat: 130-090-862). Purified splenic B
cells from Sin1"*Cd19-Cre and Sin1"Cd19-Cre mice were plated on
Cell-Tak (BD Biosciences)-coated Seahorse cell culture plates (4 x 10°
cells/well). The steady-state oxygen consumption rate (OCR) and
extracellular acidification rate (ECAR) in B cells were measured using
an XFe96 Extracellular Flux Analyzer (Seahorse Bioscience) according
to the manufacturer’s instructions. For the metabolic analysis of anti-
IgM-induced cells, purified splenic B cells were pretreated with
10 pg/ml anti-igM F(ab’), antibody for 1 h and then their ECAR and
OCR were measured as described above.

Immunization and Ag-specific antibody detection

sin1"*Cd19-Cre and Sin1"1Cd19-Cre mice were immunized with NP-
CGG (0.1 mg/mouse) (Biosearch Technologies, N-5055E-5) plus Alum
(Pierce, Cat#77161) via an intraperitoneal injection. After 14 days,
serum samples were collected and levels of NP-specific antibodies
were analyzed using an ELISA. NP, BSA (Biosearch Technologies,
N-5050L-10) and NP5, BSA (Biosearch Technologies, N-5050H-10)
were coated as antigens to detect high- and low-affinity NP-specific
antibodies, respectively, as previously described.5?

Vaccination and PR8 virus infection assay

sin1"*+cd19-Cre and Sin1"Cd19-Cre mice were vaccinated with
Influenza A virus hemagglutinin (HA) (1 pg/mouse) via an
intramuscular (i.m.) injection. After 21 days, mice were boosted
with another HA immunization (Sino Biological, 1 pg/mouse, i.m.).
Nine days later, all mice were intranasally infected with 30 LDs, of
influenza virus HIN1 (A/PR/8/34). Mouse body weights and
survival rates were monitored daily after PR8 infection. Serum
samples were collected after the primary vaccination, 7 days after
the boost, and at the end of infection analyses (~day 40).
Microtiter plates were coated with 2 pug/ml PR8 hemagglutinin
(HA) protein overnight at room temperature. Serum HA-specific
IgG titers were detected using an ELISA. For the histological
analysis, lung tissues were fixed with formalin, embedded in
paraffin, and sectioned. Sections were stained with hematoxylin
and eosin using a standard procedure.

Immunoblotting and antibodies

Cells were washed 2x with ice-cold 1x PBS and lysed in cold RIPA
buffer with freshly added protease and phosphatase inhibitors.
Total cell lysates were resolved on SDS-PAGE gels and blotted with
the following antibodies: anti-Akt p-Thr308 (rabbit polyclonal,
Cat#9275), anti-Akt p-Ser473 (587F11), anti-Akt p-Thr450 (rabbit
polyclonal, Cat#9267), anti-panAkt (11E7), anti-PKCa/Bll p-Thr638/
641 (rabbit polyclonal, Cat#9375), anti-GSK3a/p p-Ser21/9 (rabbit
polyclonal, Cat#9331), anti-GSK3a (D80E6), anti-GSK3p (27C10),
anti-TSC2  p-Ser939 (rabbit polyclonal, Cat#3615), anti-TSC2
p-Thr1462 (5B12), anti-TSC2 (rabbit polyclonal, Cat#3612), anti-
PRAS40 (rabbit polyclonal, Cat#21097-1-AP), anti-PRAS40 p-Thr246
(rabbit mAb, Cat#13175), anti-S6 p-Ser235/236 (rabbit polyclonal,
Cat#2211), anti-S6 (mouse mAb, Cat#2317), anti-S6K p-Thr389
(rabbit mAb, Cat#9234), anti-S6K (rabbit polyclonal, Cat#9202),

SPRINGERNATURE

anti-4E-BP1 p-Thr37/46 (rabbit mAb, Cat#2855), anti-4E-BP1 (rabbit
mAb, Cat#9644), anti-c-Myc p-Thr58/Ser62 (rabbit polyclonal,
Cat#9401), anti-Erk1/2 (rabbit polyclonal, Cat#9102), anti-c-Myc
(D84C12), anti-Erk1/2 p-Thr202/Tyr204 (mouse mAb, Cat#9106)
anti-Foxo1/3a p-Thr24/Thr32 (rabbit polyclonal, Cat#9464) from
Cell Signaling, anti-Sin1 (K87),>* and anti-ERK2 (381A10) (Invitro-
gen). The densitometry analysis was performed with a Bio-Rad
Molecular Imager Gel Doc XR system and Quantity One software
(Bio-Rad).
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