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mTOR Activation Promotes Plasma Cell Differentiation and Bypasses
XBP-1 for Immunoglobulin Secretion
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Plasma cells (PCs) are responsible for the secretion of antibodies. The development of fully functional PCs relies on the activa-
tion of the inositol-requiring enzyme 1/X-box binding protein 1 (IRE1/XBP-1) arm of the unfolded protein response (UPR).
XBP-1-deficient PCs secrete antibodies poorly and exhibit distensions of the endoplasmic reticulum (ER). The kinase mamma-
lian target of rapamycin (mTOR) promotes anabolic activities and is negatively regulated by the tuberous sclerosis complex
(TSC). Deletion of TSC1 renders mTOR hyperactive. To explore the relationship between mTOR and the UPR in PC develop-
ment and function, mice with conditional deletions of XBP-1 and/or TSC1 in their B cell lineage were generated. Deletion of
TSC1 enhanced Ig synthesis and promoted differentiation into PCs independently of XBP-1, as evidenced by comparison of
TSC1/XBP-1 double-knockout (DKO) PCs to XBP-1 knockout (KO) PCs. The typical morphological abnormalities of the ER in
XBP-1 KO PCs were alleviated in the DKO PCs. Expression profiling identified the glycoprotein Ly6C as an mTOR target. Ly6C
expression contributed to the enhanced Ig secretion from DKO PCs. Our data reveal a functional overlap between mTOR and
the UPR in promoting PC development. In addition to the classical nTOR role in promoting protein synthesis, the mechanism

entails transcription regulation of accessory molecules, such as Ly6C.

he endoplasmic reticulum (ER) is the port of entry into the

secretory pathway. ER stress is a state of imbalance between
the protein-folding capacities and the amount of proteins in the
ER. A network of signaling pathways termed the unfolded protein
response (UPR) restores the disrupted balance in the ER or exe-
cutes apoptosis when ER stress becomes terminal. In mammalian
cells, the UPR operates in three parallel pathways named for ER
stress sensors: inositol-requiring enzyme 1 (IRE1), protein kinase-
like endoplasmic reticulum kinase (PERK), and activating tran-
scription factor 6 (ATF6). These sensors activate downstream sig-
nals that regulate gene transcription and protein synthesis (1).

Following a signal to differentiate into plasma cells (PCs), the
ER of a B cell expands and becomes permissive for the synthesis,
proper folding, assembly, and secretion of copious amounts of
antibodies. For reasons that are not fully understood, the remod-
eling of the ER in the course of PC differentiation is controlled
solely by the IRE1/X-box binding protein 1 (XBP-1) pathway of
the UPR (2, 3). In the absence of XBP-1 or IRE1, B cells develop
normally to the mature state but yield long-lived PCs that secrete
small amounts of Igs (4-7).

Mammalian target of rapamycin (mTOR) is a key metabolic
serine/threonine kinase which exists in at least two multisubunit
complexes, referred to as mTOR complex 1 (mTORCI) and
mTORC2 (8). mTORCI1 funnels multiple signaling pathways
from inside and outside the cell. When activated, mTORCI pro-
motes anabolic processes and enhances protein synthesis and cell
growth (9). When it is inhibited, macroautophagy is induced (10).
mTOR, primarily in the form of mTORCI, plays major roles in
cancer and immune functions (11, 12). Much of the knowledge on
the role of mTOR in immune regulation has been obtained from
loss-of-function experiments using rapamycin or analogs thereof.
However, the effect that mTOR activation has on the immune
system remains unclear. At the mature state of B cell development,
mTOR is activated in response to Toll-like receptor and B cell
receptor (BCR) stimulation downstream from the phosphatidyl-
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inositol 3-kinase (PI3K)/Akt signaling pathway. Akt activates
mTORCI indirectly by reversing the tuber sclerosis complex
(TSC) inhibition of mTOR. TSC is a complex that contains TSC1
and TSC2. Among many other functions, the mTOR pathway
adjusts protein synthesis to the prosperity conditions of the cell.
mTOR is activated when the ATP/AMP ratio or the intracellular
pool of amino acids is high. The control of protein synthesis is
regulated by mTOR-specific phosphorylation of 4E-BP1 and
p70S6K1, both of which, when phosphorylated, mediate acceler-
ation of protein synthesis and cell growth (13-15). Hence, inhibi-
tion of the mTOR globally reduces protein synthesis and cell size.

We previously reported that mTOR is the predominant mech-
anism that controls protein synthesis in the late phase of lipopoly-
saccharide (LPS)-activated B cells, in a manner rigorously con-
trolled by ER stress. Genetic ablation of TSC1 ex vivo resulted in
enhanced apoptosis of developing PCs (16). A follow-up study
using CD19-Cre-mediated deletion of TSC1 identified a role of
mTOR in controlling B cell development into the marginal zone
(MZ) subset (17). We surmised that exaggerated activation of
mTOR is toxic to MZ cells, perhaps due to ER stress. However,
antibody titers were normal despite the severe impairment in B
cell development in CD19-Cre/TSC1%¥°* (TSC1 knockout
[KO]) mice. This unexpected observation led us to characterize
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PC differentiation in B cells in which TSC1 was deleted. We fur-
ther generated CD19-Cre/XBP-17¥/ox/TSC1¥/M0x mice (re-
ferred to as double-knockout [DKO] mice) to investigate the cross
talk between the mTOR and UPR pathways.

Here, we show that mTOR positively regulates PC differentia-
tion. PCs were enriched in TSC1 KO and DKO lymphoid organs
and bone marrow (BM). The serum Ig titers of DKO mice were
significantly higher than those of B cell-specific XBP-1 KO ani-
mals. In particular, the IgA titers were in the normal range. In
vitro, B cells of DKO mice generated higher levels of Ig molecules
than XBP-1 KO B cells upon stimulation. Remarkably, mTOR
activation corrected the distended ER morphology of XBP-1 KO
PCs. Finally, we identified Ly6C as a downstream target of mTOR
activation, which contributes to the elevated Ig secretion in DKO
PCs relative to that of XBP-1 KO PCs.

MATERIALS AND METHODS

Mice. CD19-Cre/XBP17°¥°%, CD19-Cre/TSC1"*"*, and RERT/
TSC119¥/foX mice were previously described (16, 18). ROSA26-floxed
stop-lacZ yellow fluorescent protein (YFP) reporter mice were provided
by Yuval Dor (Hebrew University). All CD19-Cre strains were crossed for
5 generations onto the YFP reporter strain, and all RERT strains were
crossed for 5 generations onto the BALB/c background. All animal studies
were conducted in accordance with the Principles of Laboratory Animal
Care (46). The ethical committee for animal use of Hadassah and the
Faculty of Medicine reviewed and approved the protocols for animal wel-
fare.

Antibodies and reagents. Antibodies against phosphorylated S6 (P-
S6), S6, P-AKT(S473) (serine residue at position 473), AKT, and IRE1
were purchased from Cell Signaling Technology. Anti-XBP-1 was
purchased from Santa Cruz Biotechnology. Allophycocyanin (APC)-an-
nexin V, rat anti-CD138-APC antibody, rat anti-mouse CD45R/B220-
peridinin chlorophyll protein (PerCP) antibody, rat anti-mouse Ly6C-
phycoerythrin (PE) antibody, rat anti-mouse CD5-PE antibody, and
isotype control rat IgG2a-PerCP antibody were purchased from BioLeg-
end, Inc. (San Diego, CA). Rat anti-mouse Kappa-PE antibody (k chain
specific) was purchased from Southern Biotechnology Associates, Inc.
(Birmingham, AL). Isotype control rat IgG2b was purchased from Ebio-
science (San Diego, CA). Rapamycin was purchased from LC Laboratories
(Woburn, MA). Horseradish peroxidase (HRP)-conjugated LC3 was pur-
chased from Novus Biological (Littleton, CO). TSC-1 antibody and p62
antibody were purchased from Cell Signaling (Danvers, MA). Ly6C
blocking antibody (clone 1G7G10) was kindly provided by Sirpa Jalkanen
(University of Turku, Finland) and used at 10 pg/ml. Carboxyfluorescein
diacetate succinimidyl ester (CFSE) was purchased from Invitrogen.

B cell isolation and culture. Mature B cells were purified from mouse
splenocytes by magnetic depletion with anti-CD43 antibody (Miltenyi
Biotec, Bergisch Gladbach, Germany). Cells were plated at 1.5 X 10°
cells/ml in complete medium (RPMI 1640; Invitrogen-Gibco) supple-
mented with 10% fetal bovine serum (FBS; Biological Industries, Kibbutz
Beit Haemek, Israel), 2 mM glutamine, 50 U/ml penicillin, 50 pg/ml
streptomycin, 50 WM B-mercaptoethanol (3-ME), 25 mM 1 X nonessen-
tial amino acids, 1 mM sodium pyruvate (Biological Industries, Kibbutz
Beit Haemek, Israel), and 20 mg/ml Escherichia coli LPS (product number
L3755; Sigma). Peripheral lymph nodes (pLN; including axilar, inguinal,
and popliteal lymph nodes) were excised and the tissues mechanically
dissociated to produce a single-cell suspension. Mesenteric lymph nodes
(MLN) were excised from the mesenteric tissue, rinsed in cold phosphate-
buffered saline (PBS), and incubated in digestion solution comprising 1
mg/ml collagenase (Sigma), 0.33 mg/ml DNase I (Roche Diagnostics,
Mannheim, Germany), and 0.1 mg/ml dispase II (Sigma). The MLN cells
were shaken for 45 min at 37°C, gently scratched, resuspended, filtered
through a 70-um cell strainer, and plated at 2 X 10° cells/ml in complete
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medium. Stimulation was performed with 0.4 mg/ml APRIL (Peprotech/
Tebu, Frankfurt, Germany) for 6 days.

Bone marrow (BM) cells were extracted from femurs and tibiae of
mice, and surrounding muscle tissue removed. Thereafter, intact bones
were left for disinfection in 70% ethanol for 1 min, washed twice in PBS,
and transferred into a fresh dish with RPMI 1640. Then, both ends of the
bone were cut with scissors and the marrow was flushed with 2 ml of
RPMI 1640 using a syringe and 25-gauge needle. Clusters within the mar-
row suspension were disintegrated by vigorous pipetting, put on ice for 3
min to remove debris, and treated with red blood cell lysis buffer.

Measurement of serum immunoglobulins. Immunoglobulin con-
centrations were assessed by enzyme-linked immunosorbent assay
(ELISA) in the sera and in culture supernatants of spleens or in the super-
natants of mesenteric lymph nodes using SBA clonotyping system-HRP
kits (Southern Biotechnology Associates, Inc., Birmingham, AL). Series
dilutions were performed. The optical density measurements at the linear
phase of dilutions are shown in the figures.

Flow cytometry analysis. Single cells were stained with conjugated
mouse antibodies or mouse isotype control antibodies for 30 to 45 min on
ice and washed. Propidium iodide (PI) labeling (50 mg/ml) was done for
10 min. CFSE labeling (1 uM) was performed for 5 min at room temper-
ature. Flow cytometry was performed on a BD LSRII flow cytometer (Bec-
ton Dickinson, Franklin Lakes, NJ), and data were analyzed using FCS
Express V3 analysis software (De Novo, Glendale, CA).

Preparation of cells for transmission electron microscopy. LPS-in-
duced plasmablasts were isolated from day 3 LPS-stimulated cultures us-
ing the CD138™ plasma cell isolation kit of Miltenyi Biotec. For bone
marrow PCs, cells were sorted from the bone marrow based on YFP and
CD138 expression. Cells were collected and fixed in 2.5% glutaraldehyde,
2% paraformaldehyde in 0.1 M cacodylate buffer (pH 7.4) for 2 h at room
temperature and then rinsed 4 times for 10 min each time in cacodylate
buffer, postfixed, and stained with 1% osmium tetroxide, 1.5% potassium
ferricyanide in 0.1 M cacodylate buffer for 1 h. Cells were then washed 4
times in cacodylate buffer, followed by dehydration in increasing concen-
trations of ethanol consisting of 30, 50, 70, 80, 90, and 95% for 10 min at
each step, followed by 100% anhydrous ethanol 3 times for 20 min each
time and propylene oxide 2 times for 10 min each time. Following dehy-
dration, the cells were infiltrated with increasing concentrations of agar
100 resin in propylene oxide, consisting of 25, 50, 75, and 100% resin for
16 h at each step. The cells were then embedded in fresh resin and allowed
to polymerize in an oven at 60°C for 48 h.

Embedded cells in blocks were sectioned with a diamond knife on an
LKB 3 microtome, and ultrathin sections (80 nm) were collected onto
200-mesh thin-bar copper grids. The sections on the grids were sequen-
tially stained with uranyl acetate and lead citrate for 10 min each and
viewed with a Tecnai 12 transmission electron microscope (TEM) at 100
kV (Phillips, Eindhoven, the Netherlands) and equipped with a Mega-
View II charge-coupled-device (CCD) camera and Analysis version 3.0
software (SoftImaging System GmbH, Munster, Germany).

IgA ELISpot analysis. [gA-secreting plasma cells in mesenteric lymph
node cells were determined by enzyme-linked immunosorbent spot assay
(ELISpot) using an ELISpot™ kit for mouse IgA (Mabtech, Sophia An-
tipolis, France). Briefly, the ELISpot plate was prewetted by adding 50 ml
70% ethanol per well for 2 min and coated with total IgA antibody diluted
in PBS overnight at 4°C. After 5 washes with sterile PBS, the plate was
blocked with complete medium (RPMI 1640, 2 mM glutamine, 50 U/ml
penicillin, 50 wg/ml streptomycin, 50 uM B-ME, 25 mM 1 X nonessential
amino acids, and 1 mM sodium pyruvate) containing 10% FBS for 30 min
at room temperature. Cell suspensions were added to the ELISpot plate
(50,000 cells/200 ml/well), and the plate was incubated in a 37°C humid-
ified incubator with 5% CO, for 16 to 24 h. The plate was washed 5 times
with sterile PBS and biotinylated with anti-IgA to 1 mg/ml in PBS con-
taining 0.5% FBS for 2 h at room temperature. After washing in sterile
PBS, streptavidin-alkaline phosphatase (ALP) (1:1,000) in PBS—-0.5% FBS
was added and the plate incubated for 1 h at room temperature. After
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FIG 1 TSC1 KO and DKO PCs display elevated mTOR activity and IRE1 expression levels. (A) B cells were isolated from the spleens of wt/YFP, XBP-1 KO/YEP,
TSC1 KO/YFP, and DKO/YFP mice and subjected to stimulation with LPS for 3 days. At day 3, live cells were separated over Lympholyte M and total cell extracts
were made in RIPA buffer. Shown is a typical immunoblot from three independent analyses with the indicated antibodies. (B) MLN cells were isolated from
DKO/YFP mice and subjected to stimulation with APRIL for 6 days. Cells were stained for B220 and YFP* B220, and YFP™ B220™ cells were sorted.
Immunoblotting for TSCI confirmed the reduction in its expression in the YFP™ cells. PCR for the floxed XBP-1 allele confirmed the recombination of the locus

in the YFP™ cells. Shown are the results of two independent experiments.

washing in sterile PBS, the individual IgA-secreting cells were visualized
by adding the BCIP-NBT-plus substrate (0.692 mM 5-bromo-4-chloro-
3-indolylphosphate and 0.734 mM nitroblue tetrazolium in a 2-amino-2-
methyl-1-propanol buffer at pH 9.8) (Mabtech), and the reaction was
stopped by extensive washing in tap water.

Metabolic labeling, pulse-chase analysis, and immunoprecipita-
tion. Pulse labeling was performed as previously described (6). Briefly,
after starvation in methionine- and cysteine-free Dulbecco’s modified
Eagle’s medium (Biological Industries, Beit Haemek, Israel) for 45 min,
cells were metabolically labeled with [**S]methionine-cysteine (7.5 wCi/
500 wl) (PerkinElmer, USA) at 37°C for 20 min. To compare the incor-
poration of radiolabeled [**S]methionine, lysates of an equal number of
metabolically labeled cells were prepared in 1% SDS diluted in lysis buffer
(50 mM Tris, pH 8, 200 mM NaCl, 20 mM MgCl,, 1% NP-40, 3 pl/ml
normal rabbit serum, 10 pl/ml 0.1% bovine serum albumin [BSA], and
protease inhibitors). Goat anti-mouse isotype-specific antibodies were
used for immunoprecipitation.

qRT-PCR. Total RNA was isolated using TriReagent (Sigma). RNA
samples were treated with DNase I and purified by ethanol precipitation.
One microgram of total RNA was transcribed into cDNA using a Re-
verse-iT first-strand synthesis kit with random decamers (Fermentas).
Real-time PCRs were performed using a SYBR green PCR master mix
(Finnzyme) and CFX Connect real-time PCR system (Bio-Rad). The
Ly6C expression level in all samples compared to that of ubiquitin C was
determined to control for any variability in RNA input. The following
primers were used for quantitative real-time (qQRT)-PCR: Ly6C-F, GCA
GTG CTA CGA GTG CTATGG; Ly6C-R, ACT GACGGG TCT TTAGTT
TCCTT; UBC-F, CAG CCG TAT ATC TTC CCA GAC T; ERp72-F, AGT
CAA GGT GGT GGT GGG AAA G; ERp72-R, TGG GAG CAA AAT AGA
TGG TAG GG; Derlin 3-F, TGG GAT TCG GCT TCT TTT TC; Derlin
3-R, GAA CCC TCC TCC AGC AT; and UBC-R, CTC AGA GGG ATG
CCA GTA ATC TA. The thermal cycling conditions included initial de-
naturation at 95°C for 3 min, followed by 39 cycles of 3 s at 95°C, 30 s at
60°C and then 10 s at 95°C, 5 s at 65°C, and 50 s at 95°C.

Analysis of XBP-1 deletion by PCR. Mature B cells from the spleens of
DKO/YFP mice were purified as described above and sorted for YFP frac-
tions. DNA was purified and subjected to PCR analysis (annealing tem-
perature, 58°C, 40 cycles) with the following primers: INT1-S, CTTTGT
GGTCGTAGGGTAGGAACG; 3'lox-S, ACTTGCACCAACACTTGCCA
TTTC; and 3'lox-A, CAAGGTGGTTCACTGCCTGTAATG.

Single-cell XBP-1 deletion in PCs was performed by sorting YFP
CD138 doubly positive cells from the bone marrow and amplifying the

January 2015 Volume 35 Number 1

Molecular and Cellular Biology

genome with a single-cell whole-genome amplification (WGA) kit (New
England BioLabs) according to the manufacturer’s instructions.

Western blot analysis. Cells were washed twice with cold phosphate-
buffered saline, and whole-cell lysates were prepared in radioimmunopre-
cipitation assay (RIPA) buffer (25 mM Tris-HCI, pH 7.6, 150 mM NaCl,
1% NP-40, 1% sodium deoxycholate, 0.1% SDS, 1 mM Na3VO,, 50 mM
NaF, 10 mM sodium glycerophosphate, 10 mM sodium pyrophosphate,
and protease inhibitors [catalog number S8820; Sigma-Aldrich]). The ly-
sate was cleared by centrifugation. Total protein concentration was deter-
mined using the bicinchoninic acid (BCA) protein assay reagent kit
(Pierce). Following SDS-PAGE analysis under reducing conditions, gels
were electrotransferred to nitrocellulose membranes. Membranes were
blocked in Tris-buffered saline containing 0.1% Tween 20 (TBST), 5%
milk powder and probed with the specific antibodies, followed by second-
ary horseradish peroxidase-conjugated antibodies. Enhanced chemilumi-
nescence (ECL) reagents (Biological Industries, Beit Haemek, Israel) were
used to develop the blots by chemiluminescence. p97 was used for con-
trolling protein loading.

RESULTS
TSC1 deletion promotes PC differentiation. To verify that the
deletion of TSCI in the context of XBP-1 deletion induces the
activity of mTOR, splenic B cells from wild-type (wt), XBP-1 KO,
TSC1 KO, and DKO animals were isolated and stimulated with
LPS for 3 days. Live cells were isolated by centrifugation over Lym-
pholyte M, and protein extracts were made. As seen by the results
in Fig. 1A, immunoblot analyses demonstrated the loss of TSC1
expression in the TSC1 KO and DKO cells and the corresponding
increase in mTOR activity, determined by P-S6 levels. The total
levels of p70 S6K1 were similar between the 4 genotypes (not
shown), while P-S6K1 levels were below the detection limit.
Immunoblots confirmed the deletion of XBP-1 in XBP-1 KO
and DKO cells and the concomitant, well characterized increase in
the level of expression of IRE1 (7). Interestingly, the expression of
IRE1 was induced also in TSC1 KO cells, serving as an indication
of stress conditions that develop in the stimulated cells. We also
checked the activation status of AKT, measuring the mTORC2-
dependent phosphorylation on S$473. As was shown for TSC1
macrophages (19), the P-AKT level was reduced following TSC1
deletion in either TSC1 KO or DKO cells compared to the level in
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FIG 2 Deletion of TSC1 promotes PC differentiation. (A) Sera of wt, XBP-1 KO, TSC1 KO, and DKO mice were analyzed for antibody titers by ELISA (n = 10).
(B) Single-cell PCR analysis for XBP-1 recombination of YFP/CD138 double-positive PCs derived from bone marrow of wt, XBP-1 KO, and DKO mice. (C and
D) Cells derived from pLN (C) and BM (D) of the various CD19-Cre/YFP strains were stained for the CD138 plasma cell marker and analyzed by flow cytometry
according to the markers shown. The graphs show the average results of three independent analyses. Statistical significance was calculated by Student’s  test,

comparing results for TSC1 KO mice and wt mice and results for DKO mice and XBP-1 KO mice (*, P < 0.05). Error bars indicate standard errors (SE).

wt cells. XBP-1 KO cells had a similar level of P-AKT, perhaps
indicating reduced BCR tonic signaling, as was recently suggested
(20). These data confirm that DKO cells display the combined
biochemical signature of XBP-1 and TSC1 deletions.

The CD19-driven Cre deletion of TSC1 delays B cell matura-
tion in the spleen and impairs the generation of MZ B cells and
germinal center formation. And yet, naive TSC1 KO mice display
normal antibody titers. This prompted us to enumerate the PCs in
wt and TSC1 deletion mutant animals. Since deletion of TSC1 in
some cell types induces UPR (14, 21) and, thus, may contribute to
PC development indirectly, CD19-Cre/TSC1%¥1°* (TSC1 KO)
mice were crossed to a floxed XBP-1 background (DKO) to assess
the contribution of UPR. Comparison of the serum Ig titers of
XBP-1 KO and DKO mice relative to those of wt and TSC1 KO
mice indicated the expected reduction in IgM and IgG1 levels in
the XBP-1-deficient animals. However, in stark contrast to XBP-1
KO mice, DKO mice exhibited a marked elevation, particularly for
IgA levels. In fact, the IgA titers for a portion of DKO mice were
equivalent to those of wt and TSC1 KO mice (Fig. 2A). These data
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suggest that mTOR activation can override the need for XBP-1 in
antibody secretion, at least for certain isotypes.

To facilitate enumeration of the KO cells by flow cytometry, all
the conditional KO strains were crossed to a ROSA26-STOP-YFP
knocked-in reporter strain, in which YFP is expressed only upon
Cre-mediated recombination (14). In total, four strains were gen-
erated: wt/YFP, XBP-1 KO/YFP, TSC1 KO/YFP, and DKO/YFP.
YFP-positive (YFP™) and -negative (YFP ™) cells were sorted from
the spleens of DKO/YFP mice to ensure that the YFP expression
represents a successful recombination of both TSC1 and XBP-1
genes. Immunoblot analysis indicated that TSC1 was not ex-
pressed in the YFP-positive fraction, implicating YFP as a reliable
marker of TSC1 recombination. PCR analysis for the XBP-1 locus
from the same fractions demonstrated the full recombination of
the XBP-1 floxed gene (Fig. 1B). Similar results were obtained for
B cells sorted from the various lymph nodes. To ensure that dele-
tion of the XBP-1 locus occurs in the PC compartment, single PCs
were also isolated from the bone marrow of wt/YFP, XBP-1 KO/
YFP, and DKO/YFP mice based on YFP and surface CD138 ex-
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FIG 3 ER distensions are reduced in DKO PCs relative to the ER morphology in XBP-1 KO PCs. (A) B cells of XBP-1 KO and DKO mice were isolated and
stimulated for 3 days with LPS. At day 3, CD138-positive cells were separated by magnetic sorting and subjected to TEM. (B) Bone marrow of the various
CD19-Cre/YFP strain mice was sorted for YFP and CD138 markers and visualized by TEM. More than 50 cells for each genotype were inspected. Shown are

typical cells from 2 independent separations. Bars, 1 m.

pression. Following amplification of their DNA content, XBP-1
recombination was observed in all PCs analyzed (Fig. 2B). We
conclude that YFP expression reliably indicates CD19-driven re-
combination of both the XBP-1 and TSCI locus.

Next, we isolated single-cell suspensions of spleens, peripheral
lymph nodes (pLN), and bone marrow (BM) from all four strains
and analyzed them for YFP (an indicator for CD19 expression)
and the PC marker CD138. PCs were not detected in naive spleens
of either YFP strain. We detected an enrichment of surface CD138
in the YFP-positive pLN cells of TSC1 KO mice. This increase was
abrogated in the DKO pLN, suggesting that the mechanism may
involve the induction of UPR. It is noteworthy that TSC1 KO and
DKO pLN cells contained fewer YFP-positive B cells to begin with
(Fig. 2C). Our data indicate that although TSC1 is required for
proper B cell maturation, its absence promotes the expansion of
PCs in pLN in a mechanism that involves XBP-1.

Long-lived PCs reside primarily in the BM (22). Analysis of BM
PCs showed that, while the majority of YFP-positive cells in wt and
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XBP-1 KO mice were CD138 negative, a greater amount of the
YFP-positive cells were positive for CD138 in TSC1 KO BM, as
observed in pLN cells. A more modest but significant enrichment
in CD138 population was observed in DKO mouse BM relative to
that of wt and XBP-1 KO mice (Fig. 2D). We conclude that the
deletion of TSC1 confers enrichment in PCs in the lymph nodes
and BM. The milder phenotype of the DKO mice suggests that the
mechanism is partially mediated by XBP-1.

A recent study utilizing Blimp-1/green fluorescent protein
(GFP) knock-in mice to enumerate and characterize the role of
XBP-1 in PC development demonstrated normal development of
PCs in the absence of XBP-1. However, these cells exhibit a defect
in ER morphology (5). We confirmed this phenotype also for
LPS-induced plasmablasts (7). To explore whether TSC1 deletion
affects the morphology of the ER, DKO LPS-induced plasmablasts
were isolated in parallel to the XBP-1 KO cells and subjected to
EM analysis. It was clear that the ER was less deflated in the DKO
cells (Fig. 3A). Inclusion of rapamycin in the last 24 h of culture
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) MLN cells of wt/YFP, XBP-1 KO/YFP, and DKO/YFP mice were extracted,

stimulated for 6 days with APRIL, and analyzed by flow cytometry analysis for the CD138 marker and their intracellular content of the Ig light chain as indicators
of PCs. (B) Supernatants of APRIL-stimulated MLN cells of wt, XBP-1 KO, and DKO were analyzed for Ig, IgM, and IgA secretion by ELISA (n = 6). O.D., optical
density. (C) At day 6 of stimulation, YFP-positive MLN cells of wt/YFP, XBP-1 KO/YFP, TSC-1 KO/YFP, and DKO/YFP mice were sorted and enumerated for
antibody-secreting cells (ASC) by IgA ELISpot (n = 3). (D) Equal numbers of YFP-sorted wt, XBP-1 KO, and DKO MLN cells were metabolically labeled for 20
min with [*>S]methionine and chased up to 4 h. Anti-Ig immunoprecipitation was performed. Synthesized Ig at the end of the pulse and secreted Ig after 4 h were
quantified by using a phosphorimager (n = 3). Error bars indicate standard errors of the means (SEM).

did not affect the morphology of the ER in XBP-1 KO and DKO
plasmablasts (not shown). This suggests an intricate cross talk
between the UPR and mTOR pathways that control the homeo-
stasis and remodeling of the ER following B cell stimulation.

We were interested to assess whether bone marrow PCs also
share this feature. Based on the CD138/YFP markers, PCs were
sorted from the BM and processed for transmission electron mi-
croscopy (TEM). As expected, XBP-1-deficient PCs exhibited a
dilated ER morphology. The vast majority of the DKO PCs had an
ER morphology indistinguishable from that of wt or TSC1 KO
PCs (Fig. 3B), reinforcing the conclusion that mTOR either pro-
motes corrective measures for ER homeostasis under conditions
of impaired UPR or selects for PCs with a functional ER.

TSC1 deletion promotes IgA secretion in the absence of
XBP-1. Because IgA was enriched in the sera of DKO mice relative
to its levels in sera of XBP-1 KO mice, we wanted to assess the
contribution of mTOR activation to IgA synthesis and secretion in
vitro. To this end, we subjected isolated mesenteric lymph node
(MLN) lymphocytes of the various YFP strains to stimulation by
APRIL, a tumor necrosis factor alpha (TNF) superfamily cytokine.
This protocol is far less efficient than generating IgM-secreting
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cells from splenic B cells by LPS or other cytokine combinations.
However, to our knowledge, it is the most specific protocol to
generate IgA-secreting cells (23). It should be emphasized that if B
cells are isolated at day 0, their survival is compromised relative to
B cell survival when the entire MLN cell contents are cultured.
Therefore, as an indicator of PC differentiation, we calculated the
relative proportion of CD138"/YFP™ cells from the entire popu-
lation of YFP™ cells.

At the time of extraction, most of the MLN B cells were YFP
positive. The YFP-negative population mostly comprised CD5-
positive, CD19-negative cells (not shown). Following stimulation,
the intracellular light chain content was higher in YFP* than in
YFP™ cells of wt mice, and CD138 was expressed exclusively in the
YFP" compartment, indicating that antibody-forming cells
(AFCs) are mostly in the YFP™ population (Fig. 4A). YFP-positive
DKO B cells were strongly reduced in their proportion relative to
the YFP-negative B cells, a phenomenon that was not observed for
wt or XBP-1 KO cells. However, consistent with the findings in
BM, the percentage of the CD138" YFP* DKO B cells relative to
the entire YFP ™ population was elevated in DKO cells relative to
the percentage in XBP-1 KO cells (Fig. 4A).
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tion (n = 4). Error bars indicate SEM.

Analysis of the supernatants for the content of IgA following
APRIL stimulation showed that IgA levels were significantly
higher for DKO than for XBP-1 KO cells, despite the reduction in
total B cell numbers (Fig. 4B). This was supported by the results of
an IgA ELISpot assay for YFP-sorted cells, which showed signifi-
cantly higher numbers of DKO-derived than of XBP-1 KO-de-
rived AFCs (Fig. 4C).

Because mTOR promotes protein synthesis utilizing various
mechanisms, such as phosphorylation of 4E-BP and S6K1, the
capacity of DKO cells to synthesize Ig molecules was compared to
that of XBP-1 KO cells on a per-cell basis, using YFP-positive cells
sorted at day 6. Equal numbers of YFP-sorted cells from wt, XBP-1
KO, and DKO mice were subjected to pulse labeling with [**S]me-
thionine, followed by a chase period. We observed an increased
synthesis of IgA heavy chains in DKO cells compared to that in
XBP-1 KO cells, as well as higher levels of radioactive IgA in the
supernatants (Fig. 4D). The addition of rapamycin in the last 24 h
of culture strongly reduced IgA secretion from DKO cells (Fig. 5).
Taking these results together, when XBP-1 is deleted, mTOR ac-
tivation leads to a higher secretion of IgA and promotes differen-
tiation into AFCs in vitro and in vivo.

mTOR activation increases IgA secretion, which may be, at
least in part, a result of the abnormal B cell development rather
than having a direct relation to specific elements in the IgA secre-
tion process. We therefore tested whether knockout of TSC1 fol-
lowing B cell maturation also affects Ig synthesis and differentia-
tion into PCs. We utilized the RERT strain, which, due to the
knock-in of the Cre-ER fusion into the heavy subunit of RNA
polymerase II, allows the activation of Cre by tamoxifen in all cell
types (24). Mice with floxed XBP-1 or TSC1 or a combination of
these mutations were crossed to the RERT strain (termed RERT/
XBP-1"f°%, RERT/TSC1""*%, and RERT/TSC1"¥"**/XBP-
1ox/flox mice, respectively). Tamoxifen-treated XBP-11°Y1* mice
were used as wt controls. Eight days after tamoxifen treatment, a
period of time in which efficient deletion of the floxed genes was
observed and no aberrations were seen for B cell development,
splenic B cells were isolated and subjected to stimulation with LPS.

Deletion of TSC1 did not affect proliferation as determined by
CFSE dilution analysis (Fig. 6A). However, cell viability was se-
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verely compromised by apoptosis in the DKO cells, as evident
from their forward and side scatter properties and the accumula-
tion of PI-positive, annexin V-positive cells (Fig. 6C). Impor-
tantly, when gated on the live cells, CD138 surface expression was
enriched for the cells in which TSC1 was deleted (Fig. 6B).

To examine whether TSC1 deletion also promotes Ig secretion
in the context of splenic B cells ex vivo, day 3 LPS-stimulated cells
were subjected to [*>S]methionine pulse-chase analysis. In these
experiments, we carefully labeled equal numbers of live cells to
assess the cell secretion capacity at a base level. An increased pro-
duction of IgM heavy chains was found for TSC1 KO cells relative
to that in wt cells and for DKO cells relative to the level in XBP-1
KO cells. The differences were more pronounced for the secreted
IgM, suggesting that mTOR activation also affects the efficiency of
secretion (Fig. 7A). Together, these data demonstrate that
mTORCI activation provides a general enhancement of PC dif-
ferentiation and confers induction of Ig synthesis and secretion.

We further utilized the tamoxifen-induced deletion model to
assess whether the addition of rapamycin may reverse the ER dis-
tensions observed in LPS-induced plasmablasts generated from
XBP-1-deficient B cells and whether rapamycin can enforce ER
distensions in the DKO cells. B cells were isolated from the tamox-
ifen-induced XBP-1 KO or DKO animals and subjected to LPS
stimulation. At day 2, rapamycin (100 ng/ml) was added for an
additional 24 h. At day 3, CD138-positive cells were isolated by
magnetic sorting and analyzed by TEM. We observed no signifi-
cant effect of the rapamycin treatment with respect to ER mor-
phology. Distensions of the ER were clearly seen in the XBP-1 KO
cells, and normal morphology was maintained in the DKO cells
(Fig. 7B). These data suggest that the pathology of the ER is gen-
erated in a plastic fashion early upon commitment to differentia-
tion.

Ly6Cis a target of mTOR in B cells and is involved in promot-
ing IgA secretion in an XBP-1-independent mechanism. One
possibility for the recovery of antibodies in the DKO animals may
be an exaggerated signaling through compensatory UPR path-
ways, such as ATF6. Although the deletion of ATF6 had no effect
on PC differentiation, induction, and activity (2), enforced ATF6
expression was demonstrated to promote ER expansion in XBP-
1-deficient cells (25). To address this possibility, ATF6 expression
levels and activity were assessed in the various types of plasma-
blasts. The full-length inactive ATF6 90-kDa protein was ex-
pressed at similar levels in all 4 types of PCs (Fig. 8A). The levels of
the nuclear portion of ATF6 were below detection levels, probably
because of its rapid turnover (26). Based on tunicamycin treat-
ment of fibroblasts with or without deletion of ATF6, several
ATF6 targets were described; at the top of the list were Derlin 3 and
ERp72 (27). We therefore analyzed their mRNA levels by qPCR.
Interestingly, Derlin 3 mRNA levels were enriched in the DKO
cells relative to their levels in all other cell types. Analysis of the
same samples for ERp72 did not indicate a significant difference
(Fig. 8B). These results suggest that UPR targets undergo modu-
lation in their activities when mTOR is overactivated. However,
the contribution of ATF6 to this modulation is not clear.

As addressed above, mTOR may influence PC development
and function directly, by enhancing Ig synthesis and/or inhibiting
degradative pathways likeautophagy (28), or indirectly, by pro-
moting the expression of molecules that signal for enhanced PC
differentiation. We reasoned that the direct effect of mTOR on
protein synthesis cannot fully explain the increased expression of
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FIG 6 Deletion of TSCI does not affect B cell proliferation but compromises viability following stimulation. (A) Splenic B cells were isolated a week after
tamoxifen administration. Cells were labeled with CFSE; a portion were analyzed by flow cytometry, and the rest were treated for 3 days with LPS. Cells were then
analyzed by flow cytometry using the same conditions. Cells were gated on live cells based on their side scatter and forward scatter (SSC/FSC) properties. (B)
Splenic B cells were isolated from RERT wt, XBP-1 KO, and DKO mice 8 days after injection of tamoxifen. Cells were stimulated with LPS and analyzed on day
3 with propidium iodide (PI) and CD138 marker by flow cytometry. (C) day 2 and day 3 stimulated cells were stained with APC-labeled annexin V and PI. Shown

are histograms typical of 3 to 5 independent experiments.

CD138 in the TSC1 KO cells and the higher number of PCs, sug-
gesting that mTOR integrates signals into the physiological PC
program. Initial studies looking at LC3-I and LC3-II ratios and
p62 expression levels as indicators for inhibition of autophagy by
the TSC1 KO did not indicate a significant difference at the late
times after LPS stimulation of splenic cells (not shown). This fur-
ther suggests that mTOR affects the PC program directly.

Ly6Cis typically expressed on neutrophils, monocytes, a subset
of T cells, and NK cells (29). In the B cell lineage, Ly6C expression
is elevated in PCs. Although extensive characterization was not
done, the highest expression was documented for IgA-secreting
PCs (30). We therefore assessed the expression of Ly6C in the
various mice. Quantitative PCR analysis of day 6 APRIL-stimu-
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lated, YFP-sorted MLN B cells revealed a 2.5-fold higher Ly6C
mRNA level in DKO cells than in XBP-1 KO cells (Fig. 9A). As
evident from the results shown in Fig. 9B, MLN cells of TSC1 KO
and DKO mice contain fewer YFP-positive B cells than MLN cells
of wt or XBP-1 KO mice. Moreover, upon stimulation with
APRIL, the percentages of YFP-positive cellsamong TSC1 KO and
DKO MLN cells drop further. Analysis of the remaining cells for
surface expression of Ly6C demonstrated a strong increase on
TSC1 KO and DKO YFP" MLN B cells relative to the levels of
expression on wt and XBP-1 KO MLN B cells, indicating that
mTOR activation by a still-unknown mechanism alters the PC
program.

To explore whether Ly6C represents a general target of mTOR,
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FIG 8 Derlin 3 but not ERp72 is induced in DKO plasmablasts. Splenic B cells of wt,
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standard deviations. *, P < 0.05 (DKO versus XBP-1 KO).

January 2015 Volume 35 Number 1

Molecular and Cellular Biology

mTOR Overrides XBP-1 for Antibody Secretion

Rapamycin treated XBP-1
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1 o5

FIG 7 TSC1 deletion promotes Ig secretion and irreversibly corrects ER distensions. (A) IgM synthesis and secretion were determined in LPS-stimulated RERT wt,
XBP-1 KO, and DKO cells by pulse-chase analysis. Shown are average densitometry measurements from 3 independent experiments. Error bars indicate SEM. Statistical
significance was calculated by Student’s ¢ test, comparing results for TSC1 KO and wt cells and results for DKO and XBP-1 cells KO (¥, P < 0.05). Error bars indicate SE.
HC, heavy chain; LG, light chain. (B) Splenic B cells were isolated from XBP-1 KO and DKO mice. Cells were stimulated with LPS for 3 days. Rapamycin (100 ng/ml) was
added between day 2 and day 3 of stimulation, and CD138-positive cells were isolated by magnetically activated cell sorting (MACS). Cells were analyzed by TEM.

we isolated splenic B cells from wt/YFP, TSC1/YFP, and DKO/
YFP mice and measured surface Ly6C on YFP-positive cells. Ly6C
was highly enriched only in TSC1 KO splenic B cells. Further
enrichment was observed following LPS stimulation (Fig. 10), in-
dicating Ly6C as a general target of mTOR. However, in contrast
to MLN cells, the expression of Ly6C in splenic B cells was largely
dependent on XBP-1. As was observed for the ER morphology, the
inclusion of rapamycin in the 24 h of culture did not affect mRNA
levels of Ly6C and did not affect the surface expression of the
derived molecule.

To assess whether Ly6C indeed plays a role in PC differentia-
tion and in IgA secretion from the DKO cells, a blocking antibody
to Ly6C was added to MLN cultures. This did not significantly
affect the proportion of PCs as determined by CD138 staining.
However, IgA secretion was reduced by 35% in DKO B cells with-
out affecting overall B cell viability (Fig. 11A and B). Our data
indicate that activation of mTORCI1 by TSC1 deletion compro-
mises B cell viability when cells are stimulated to become AFCs.
However, cells that endure the process display a better secretory
capacity. This is due in part to elevated Ig synthesis and in part to
the expression of specific elements in the PC program, such as
Ly6C. Strikingly, these activities do not require the IRE1/XBP-1
arm of the UPR.

DISCUSSION

Cellular energetics plays important roles in immune cell function.
Rapid proliferation in response to pathogens and acquisition of
effector functions often require metabolic adaptation. As the
mTOR pathway plays key roles in regulating cellular metabolism,
it is not surprising, therefore, that deletion of one of its inhibitory
molecules, TSC1 or TSC2, was found to affect various types of
immune cells, primarily in response to stimulations. For instance,
in the T cell lineage, TSCI deletion in naive T cells confers cell
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KO/YFP, TSC-1 KO/YFP, and DKO/YFP mice were gated on YFP and analyzed for Ly6C and CD138 markers on day 0 and day 6 after APRIL treatment.

quiescence (31). Differentiation of Foxp3-positive regulatory T
cells is enhanced (32), and so is the differentiation of Thl and
Th17 cells (33). Interestingly, only some of these effects are re-
versed by rapamycin, suggesting that TSC deficiency irreversibly
alters cell fate. Phenotypes attributed to TSCI loss in the myeloid
lineage are related to cell plasticity, either of dendritic cells (34) or
macrophages (19). In the B cell lineage, TSC1 deletion partially
impairs the transition from immature to mature cells and diverts
mature B cells from the marginal zone subset (17).

Gene expression profiling in B cells overexpressing Blimp-1 or
XBP-1 ascribed to the UPR a major role in adapting the secretory
pathway of PCs for Ig secretion (35). However, accompanying
proteomic analyses of LPS-driven PC differentiation demon-
strated an early increase in metabolic demand and energy produc-
tion, even before ER proteins were induced (36, 37). This suggests
that PC differentiation occurs in waves in which ER modulation is
a late event. The mechanisms that control the early metabolic
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wave of PC differentiation are not known but are most likely re-
lated to the PI3K pathway that is essential for B cell survival (38).
In particular, the significance of mTOR in this process remains
unclear.

Here, we showed that mTOR activation promotes the differ-
entiation of PCs in naive mice. UPR and mTOR cross-regulate
each other. Utilizing the DKO mice, in which exaggerated mTOR
operates under handicapped UPR (Fig. 1), we demonstrated a
positive effect of mTOR on B cell secretory functions independent
of XBP-1. This indicates that the UPR and mTOR programs have
shared but also separate components to promote protein secre-
tion (Fig. 2). Not only did mTOR enrich the accumulation of PCs
in vivo, italso enhanced the secretory capacity of PCs at the cellular
level ex vivo. This was particularly evident on the background of
XBP-1 deficiency (Fig. 4 to 7).

Rapamycin treatment is often used to demonstrate the speci-
ficity of the mTOR function in a specific process, and when it
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reverses the phenotype of compromised TSC activity, it serves as a
nice loss-of-function, gain-of-function control. However, in par-
ticular cases, manifested primarily for immune cells, rapamycin
does not always reverse the TSC KO phenotype (32). This is due to
plastic changes that occur early upon activation. In addition, the
fact that rapamycin affects B cell proliferation, as was also demon-
strated for raptor and mTOR B cell-specific KO, means that it
causes impairment in their differentiation into PCs. Therefore,
treatment with rapamycin was confined to the last stages of PC
differentiation. In our system, rapamycin treatment did not sig-
nificantly affect the morphology of the ER in either XBP-1 KO or
DKO LPS-induced plasmablasts (Fig. 7B). It did reduce their pro-
ductivity, probably through its effect on protein synthesis (Fig. 5).

While the information that links mTOR to cell proliferation,
metabolism, and protein translation has been extensively studied
(39), less is known about the role mTOR plays in regulating tran-
scription. Because mTOR is a kinase which feeds to many signal-
ing pathways either directly or indirectly, the transcription com-
ponent of its activity may be cell specific, just like the UPR.
Utilizing mouse models of mTOR gain of function accompanied
by loss-of-function studies with mTOR-specific inhibitors and the
dissection of UPR-dependent and -independent analyses, it
should be feasible to decipher the transcription elements of this
program. This may have a direct relevance to immunity and to
cancers of the B cell lineage, which often find strategies to activate
the PI3K/AKT/mTOR pathway (40).

Activation of the mTOR in an XBP-1-deficient background
may trigger compensatory UPR activities that under normal con-
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ditions are not engaged. We sought to assess whether ATF6 might
be overutilized. ATF6 operates in heterodimers; a prominent one
is with XBP-1 itself (41). Thus, its functions are dynamic and rely
on its interaction partners. We did observe that the mRNA level of
one of its more specific targets, Derlin 3, is enhanced, while the
mRNA level of another, ERp72, is not altered (Fig. 8). The gener-
ation of a TSC1/XBP-1/ATF6 triple KO would provide the defin-
itive answer to the contribution of ATF6.

Based on the hypothesis that mTOR controls a program for PC
development, as manifested by the increase propensity of B cells to
become PCs in vivo and in vitro, we searched for molecules that
may facilitate Ig secretion downstream from mTOR activation.
This led us to the identification of Ly6C as an mTOR-regulated
gene in B cells. Interestingly, splenic TSC1 KO B cells stimulated
by LPS differentiated into Ly6C-positive and -negative PCs in an
approximately 1:1 ratio. In monocytes, the expression of Ly6C is
associated with a proinflammatory phenotype and is connected to
a repertoire of cytokines and chemokines (42). In analogy to
monocytes, it is tempting to speculate that Ly6C reports a proin-
flammatory program also in PCs, rather than being expressed sto-
chastically on metabolically hyperactive cells. If so, inflammation
may be controlled metabolically in a much profound manner and,
thus, can be manipulated more specifically than by mTOR inhib-
itors.

The deployment of Ly6C to the cell surface of activated splenic
cells was completely dependent on XBP-1. It is unlikely that Ly6C
is as a direct target of XBP-1. Rather, we speculate that when the
process of PC differentiation is strong and fast, as governed by LPS
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stimulation, intact UPR is most likely needed to allow the differ-
entiation of Ly6C-positive PCs (Fig. 10). However, when the pro-
cess of PC differentiation is slower and less robust, as promoted by
APRIL, the requirement for XBP-1 is less stringent (Fig. 9). As was
seen for ER morphology, rapamycin treatment did not affect the
mRNA levels of Ly6C or its surface expression in TSC1 KO cells
(not shown). This suggests that the control of Ly6C transcription
may be dependent on the differentiation state.

Why is IgA the major isotype elevated in DKO mice? Ex vivo
activation of mTOR uniformly increases the synthesis of all Ig
isotypes (Fig. 2 and 5). Therefore, we think that the bias to IgA is a
result of the effects mTOR has on early B cell development. In
addition to the lack of MZ B cells, a major source of IgM-secreting
PCs, in TSC1 KO mice, the B cell numbers were reduced in the
peripheral lymph nodes of DKO mice relative to the numbers in
wt mice. In contrast, the percentage of B cells in the MLN was
normal (not shown).

The exact triggers that promote the UPR in the course of B
cell-to-PC transition are not clear. While initially the UPR was
thought to be induced due to the ramping up of secretory w
synthesis in a manner that stresses the ER (4), B cells that have

164 mcb.asm.org

Molecular and Cellular Biology

the s deleted activate the UPR normally in response to LPS
stimulation (20). Whether lipid composition is the trigger for
ER stress in developing PCs, as was demonstrated in the con-
text of obesity, has not been studied in B cells (43). It may very
well be that cellular metabolism, including the mTOR pathway
as a key regulator thereof, is an integral part of the PC differ-
entiation process and an instigator of UPR. Because the mTOR
pathway affects several checkpoints in B cell development, in-
cluding germinal center reaction and isotype switching (44,
45), it is difficult to directly stratify the specific roles of mMTOR
in remodeling the secretory machinery of PCs. We suggest that
ex vivo manipulation of the mTOR either genetically or phar-
macologically at the very last stages of PC differentiation
should allow these confounding factors to be overcome and
help to delineate this alternative program for generating PCs.
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