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The Journal of Immunology

Metabolic Reprogramming Commits Differentiation

of Human CD27+IgD+ B Cells to Plasmablasts or

CD272IgD2 Cells

Masataka Torigoe,*,† Shigeru Iwata,* Shingo Nakayamada,* Kei Sakata,*,‡

Mingzeng Zhang,* Maiko Hajime,* Yusuke Miyazaki,* Manabu Narisawa,*

Koji Ishii,† Hirotaka Shibata,† and Yoshiya Tanaka*

B cells play a crucial role in the pathogenesis of autoimmune diseases, such as systemic lupus erythematosus (SLE). However, the

relevance of the metabolic pathway in the differentiation of human B cell subsets remains unknown. In this article, we show that the

combination of CpG/TLR9 and IFN-amarkedly induced the differentiation of CD27+IgD+ unswitched memory B cells into CD27hi

CD38hi plasmablasts. The response was accompanied by mammalian target of rapamycin complex 1 (mTORC1) activation and

increased lactate production, indicating a shift to glycolysis. However, CpG alone induced the differentiation of unswitched

memory B cells into CD272IgD2 memory B cells with high cytokine production, but such differentiation was suppressed by

IFN-a. AMP-activated protein kinase activation enhanced the differentiation to CD272IgD2 B cells, but it attenuated mTORC1

activation and differentiation into plasmablasts. High mTORC1 activation was noted in CD19+ B cells of patients with SLE and

correlated with plasmablast differentiation and disease activity. Taken together, differential metabolic reprogramming commits

the differentiation of human unswitched memory B cells into plasmablasts (the combination of CpG and IFN-a amplifies

mTORC1-glycolysis pathways) or CD272IgD2 memory B cells (CpG alone amplifies the AMP-activated protein kinase pathway).

The former metabolic pathway may play a pivotal role in SLE. The Journal of Immunology, 2017, 199: 425–434.

B
cells produce Abs and control the immune system through

cytokine production and Ag presentation. Recent studies

demonstrated that TLRs, which are involved in innate

immunity, enhance the immune responses of B cells. TLR9 rec-

ognizes CpG-DNA derived from bacteria and viruses and is

expressed on B cells and plasmacytoid dendritic cells (1). TLR9

signal induces plasmablast differentiation, cytokine production,

and expression of costimulatory molecules of B cells (2–5). With

regard to plasmacytoid dendritic cells, the TLR9 signal promotes

their Ag presentation and IFN-a production (6). IFN-a promotes

B cell survival, class switch recombination, and Ig production (7,

8). B cell activation by TLR9 and IFN-a contributes to Ag re-

moval in infections and plays a role in the pathogenesis of various

autoimmune diseases, such as systemic lupus erythematosus

(SLE) (9).

CD19+ B cells are classified into three subsets based on CD27

and IgD expression: naive B cells (CD272IgD+), unswitched

memory B cells (CD27+IgD+), and class-switched memory B cells

(CD27+IgD2). In particular, the nature of unswitched memory

B cells remains to be defined. Some reports (10–12) suggested that

these cells are the circulating marginal zone B cells formed in-

dependently of the germinal center response. They carry a somatic

hypermutation, although they do not go through class switch re-

combination. The first-line defense strategy, through rapid pro-

duction of low-affinity, but high-avidity, IgM upon pathogen

challenge, is a unique feature of this subset (11, 13, 14). How

B cell subsets exhibit effector functions and differentiate into

plasmablasts or a long-lived memory phenotype remain unknown

(15).

We previously reported the presence of significantly higher

percentages of plasmablasts and CD272IgD2 memory B cells and

a significantly lower percentage of CD27+IgD+ memory B cells in

the peripheral blood of SLE patients compared with control sub-

jects (5). In addition, the number and percentages of CD27hi

plasmablasts correlated significantly with indices of SLE disease

activity and with the titer of anti-dsDNA autoantibodies. However,

the mechanism of increment in plasmablasts and CD272IgD2

memory B cells in SLE patients remains unclear.

Activation and differentiation of effector T cells depend on rapid

synthesis of cell structure components and biomolecules, therefore

demanding enormous amounts of energy, nucleic acids, lipids, and

amino acids (16). Recent studies demonstrated that the metabolic
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shift to anabolism, including aerobic glycolysis, is also necessary

for the activation of various types of murine immune cells (17–

19). It has been reported that the mammalian target of rapamycin

complex 1 (mTORC1) accelerates a metabolic shift to glycolysis

in activated CD4+ T cells and CD8+ T cells (20, 21). mTORC1 is

activated by specific stimulants, including cytokines, growth fac-

tors, and nutrients. Downstream, it enhances mRNA translation

and ribosome biogenesis, while suppressing such catabolic

processes as fatty acid oxidation and oxidative phosphorylation in

the mitochondria (22, 23), which efficiently produce ATP (24).

AMP-activated protein kinase (AMPK) promotes oxidative

phosphorylation but indirectly suppresses the mTORC1 pathway

via sensing glucose deprivation. Briefly, AMPK converts anabolism

to catabolism (25). Thus, although metabolic reprogramming is

important for the activation of various human immune cells and

murine B cells (26, 27), human B cells have been studied minimally

in this context.

The present study was designed to determine the effects of TLR9

and/or IFN-a signal on the functions and differentiation of each

human B cell subset. The results demonstrated the relevance of

cellular metabolic changes in the differentiation of human B cell

subsets.

Materials and Methods
Reagents

Rapamycin was purchased from Selleck Chemicals (Houston, TX); met-
formin hydrochloride, 5-aminoimidazole-4-carboxamide ribonucleotide
(AICAR), hydroxychloroquine sulfate, and active human IFN-a full-length
protein were from Abcam (Cambridge, MA); anti-human IFNAR2 Ab was
from PBL Assay Science (Piscataway, NJ); 2-deoxy-D-glucose (2-DG) was
from Wako Pure Chemical Industries (Osaka, Japan); and CpG oligonucleo-
tide 2006 and loxoribine were purchased from InvivoGen (San Diego, CA).

Isolation, culture, and stimulation of B cell subsets

PBMCs were isolated from healthy adults with lymphocyte separation
medium (Lympholyte-H; CEDARLANE, Burlington, NC) and treated with
magnetic beads (Dynabeads CD19 pan B; Thermo Fisher Scientific,
Waltham, MA). CD19+ B cell purity was .98%, as determined by flow
cytometric analysis. The purified CD19+ B cells (2 3 105 cells per 200 ml)
were cultured alone or with 1000 U/ml IFN-a, 0.5 mM CpG-ODN, 1 mM
loxoribine, and/or reagents. B cell sorting was performed on a FACSAria II
(BD Biosciences, San Jose, CA). For isolation of human CD272IgD+ naive
B cells, CD27+IgD+ unswitched memory B cells, and CD27+IgD2 class-
switched memory B cells, the purified CD19+ B cells were stained with
anti-CD27 and anti-IgD Abs. Each subset of B cells (0.5 3 105 cells per
200 ml) was cultured alone or with the aforementioned stimulation and/or
treatment. The culture medium was RPMI 1640 (Wako Pure Clinical In-
dustries) supplemented with 10% FCS (Tissue Culture Biologicals, Tulare,
CA), 100 U/ml penicillin, and 100 U/ml streptomycin (Thermo Fisher
Scientific).

Patients

PBMCs were obtained from 48 patients with SLE and 16 healthy donors. The
clinical characteristics of the subjects are detailed in Table I. For flow
cytometric analysis, PBMCs were stained with anti-CD19 Ab and anti–
p-mTOR Ab by intracellular staining. Then, CD19-gated cells were analyzed
for p-mTOR expression. The study, including the collection of peripheral
blood samples from healthy adults and patients, was approved by the Human
Ethics Review Committee of the University of Occupational and Environ-
mental Health, Japan. Each subject provided a signed consent form.

Flow cytometric analysis

After washing, B cells were incubated in blocking buffer (0.25% human
globulin, 0.5% human albumin [Mitsubishi Tanabe Pharma, Osaka, Japan],
and 0.1% NaN3 in PBS) in a 96-well plate at 4˚C for 15 min. Cells were
then suspended in 100 ml of FACS solution (0.5% human albumin and
0.1% NaN3 in PBS) and stained with the following fluorochrome-
conjugated anti-human Abs: anti-CD19 (HIB19), anti-IgD (IA6-2), anti-
IgG (G18-145), anti-IgM (G20-127), anti-CD27 (M-T271), anti-CD38
(HIT2), anti-CD80 (16-10A1), anti-CD86 (FUN-1), anti-CD95 (DX2),

anti–HIF-1a (54/HIF-1a), anti-S6 (pS235/pS236) (N7-548), anti-mTOR
(pS2448) (O21-404), anti-Ki-67 (B56), and isotype-matched mouse IgG
controls (all from BD Biosciences) for 30 min at 4˚C. To exclusively
analyze live populations, these cells were also stained with propidium
iodide (BD Biosciences). For intracellular staining, the cells were first
fixed and permeabilized with a Transcription Factor Buffer Set (BD Bio-
sciences), washed three times with FACS solution, and analyzed with
FACSVerse (BD Biosciences)/FlowJo software (TOMY Digital Biology,
Tokyo, Japan).

Cytokine production

The levels of IL-6, IL-10, and TNF-a in the culture medium were
determined using a BD Cytometric Bead Array (CBA) Human Flex
Set (BD Biosciences), according to the instructions supplied by the
manufacturer.

ELISA for IgM and IgG

For quantification of in vitro IgG and IgM secretion, B cells were cultured
alone or under stimulation/treatment in 96-well plates for 5 d. IgM and IgG
levels in the culture medium were determined by using a Human IgG/IgM
ELISAQuantitation Set (Bethyl Laboratories, Montgomery, TX), according
to the protocol provided by the manufacturer.

Quantitative real-time PCR

Total RNA was extracted using an RNeasy Mini Kit (QIAGEN, Valencia,
CA). First-strand cDNA was synthesized, and quantitative real-time PCR
was performed using a StepOnePlus instrument (Applied Biosystems,
Waltham, MA) in triplicate wells in 96-well plates. The TaqMan target
mixes for BCL6 (Hs00153368_m1), BACH2 (Hs00222364_m1), IRF4
(Hs01056533_m1), PRDM1 (Hs00153357_m1) and XBP-1 (Hs00152973-m1)
were purchased from Applied Biosystems. The expression level of each
mRNAwas normalized to the level of the endogenous control 18S rRNA
(Hs99999901_m1; Applied Biosystems).

Lactate assay

B cells were cultured alone or under stimulation/treatment for 5 d in 96-well
plates. The culture medium was collected and diluted properly for mea-
surement of lactate concentration using a Lactate Assay Kit II (BioVision,
Milpitas, CA) and the protocol supplied by the manufacturer.

Cell viability assay

B cells were cultured alone or under stimulation for 5 d in 96-well plates.
After culture, the cells were suspended in 100 ml of FACS solution and
stained with propidium iodide. The percentage of living cells was mea-
sured by flow cytometry.

Statistical analysis

Differences between groups were examined for statistical significance by
the paired t test. A p value ,0.05 was considered statistically significant.
Statistical analyses were conducted using Prism software (Prism Software,
Irvine, CA)

Results
CpG/TLR9 and IFN-a–enhanced differentiation of

human B cells

We first investigated the effects of TLR9 and/or IFN-a signal on

the differentiation of human CD19+ B cells into plasmablasts.

Human CD19+ B cells were cultured for 5 d alone or with CpG

(TLR9 ligand) and/or IFN-a. CD27hi cells were robustly induced

by CpG but not by IFN-a alone. The proportion of CD27hi plas-

mablasts was further increased by the combination of CpG and

IFN-a, and these cells highly expressed CD38, indicating they

were plasmablasts (Fig. 1A). Next, CpG induced the secretion of

IgG and IgM, and this effect was amplified by the addition of

IFN-a (Fig. 1B). Furthermore, the combination of CpG and IFN-a

induced strong expression of IRF4, PRDM1, and XBP1 but

suppressed BCL6 and BACH2 (Fig. 1C). These results suggest

that CpG/TLR9-signal drives human B cell differentiation to

CD27hi cells and that IFN-a signal amplifies CpG-induced dif-

ferentiation and facilitates the development of CD27hiCD38hi

plasmablasts with high Ig-production capacity.

426 METABOLIC REPROGRAMMING COMMITS B CELL DIFFERENTIATION
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CpG induces CD27
2
IgD

2
memory B cells and CpG+IFN-a

induces CD27hiCD38hi plasmablasts from unswitched

memory B cells

Peripheral human CD19+ B cells were divided into three subsets

based on the stage of differentiation: naive B cells (CD272IgD+),

unswitched memory B cells (CD27+IgD+), and class-switched

memory B cells (CD27+IgD2). Next, we evaluated the re-

sponses of these three B cell subsets to TLR9 and/or IFN-a

stimulation. The purity of each subset was .95% (Fig. 2A).

When stimulated with CpG, CD27+IgD+ and CD27+IgD2

memory B cells, but not CD272IgD+ naive B cells, exhibited

equivalently efficient differentiation into CD27hi B cells. Mem-

brane IgD, similar to IgM and IgG, is known to function as a BCR

(28). Because stimulation with CpG does not induce BCR cross-

linking, which leads to class switch recombination (29), some of

the plasmablasts from CD27+IgD+ memory B cells continued to

express IgD (Fig. 2). CpG also characteristically induced CD272

IgD2 memory B cells, primarily from CD27+IgD+ unswitched

memory B cells. TLR7 ligand LOX did not induce CD272IgD2

memory B cells (Supplemental Fig. 1D). The addition of IFN-a

reduced the proportion of CpG-induced CD272IgD2 B cells (Fig.

2A). In contrast, the addition of IFN-a and CpG to the CD27+

memory B cell subsets markedly induced their differentiation into

CD27hiIgD2 plasmablasts with high expression of CD38 (Fig.

2A). The increment in CD27hiCD38hi well-differentiated plas-

mablast formation by CpG+IFN-a was reversed to the baseline

level by anti-IFNAR2 Ab (Fig. 2B).

Next, we evaluated the cell proliferation and rate of apoptosis,

using Ki-67 and propidium iodide staining, respectively, of the

three B cell subsets stimulated with CpG and/or IFN-a. Prolifer-

ation of the CD27+ memory B cell subsets (represented by Ki-67

expression) was robustly induced by CpG and synergistically

amplified by IFN-a (Supplemental Fig. 1A, 1B). In contrast, the

extent of apoptosis was similar in all three subsets, irrespective

of stimulation with CpG, IFN-a, or their combinations (Supplemental

Fig. 1C). These results suggest that plasmablast differentiation seems

to depend on the proliferative potential of B cell subsets. This con-

clusion was also based on the previous finding linking plasmablast

differentiation to B cell division (30).

These results suggest that CD27+IgD+ memory B cells effi-

ciently differentiate into CD272IgD2 B cells, as well as CD27hi

B cells, in response to CpG/TLR9 signal. The combination of CpG

and IFN-a promoted differentiation into CD27hiCD38hi plasma-

blasts and suppressed the transition to CD272IgD2 B cells by

these memory B cells.

CpG+IFN-a induces the greatest production of Ig and

cytokines from CD27+IgD+ unswitched memory B cells

In the next step, the Ig-production capacity of each of the three

subsets was analyzed. The capacity for Ig production was ex-

tremely poor in CD272IgD+ naive B cells. In contrast, CpG-

stimulated CD27+IgD+ unswitched memory B cells secreted

large amounts of IgM, and CD27+IgD2 class-switched memory

B cells produced large amounts of IgG. These activities were

amplified by the addition of IFN-a (Fig. 3A). Cytokine production

was greatest by unswitched memory B cells. Furthermore, the

addition of IFN-a augmented IL-6 production, but not IL-10 or

TNF-a, in unswitched memory B cells and class-switched mem-

ory B cells (Fig. 3B). Thus, stimulation of unswitched memory

B cells by CpG and/or IFN-a resulted in the most robust pro-

duction of Ig and cytokines and their differentiation into plas-

mablasts and CD272IgD2 B cells (Fig. 2A). Based on these

findings, the following experiments primarily used unswitched

memory B cells.

FIGURE 1. CpG/TLR9 induced robust immune functions

of human B cells, which were further augmented by IFN-a.

CD19+ B cells were cultured for 5 d alone, with CpG/TLR9,

or with IFN-a. (A) Surface expression of CD27, IgD, and

CD38 was analyzed by flow cytometry to evaluate plasma-

blast differentiation and maturation after stimulation. (B)

IgM and IgG production was quantified by ELISA. (C) Gene

expression of transcription factors for B cell differentiation

was assessed by RT-PCR. Contour plots are representative

of three independent experiments that yielded the same re-

sults. Data are mean 6 SEM of three independent experi-

ments using cells from three different donors. *p , 0.05,

**p , 0.01.

The Journal of Immunology 427
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CpG+IFN-a enhances the mTORC1–glycolysis pathway in the

differentiation of unswitched memory B cells into plasmablasts

Next, we examined the cellular metabolic changes to understand

the mechanism by which CpG and IFN-a induced differentiation

of human B cell subsets. First, we compared CpG-induced phos-

phorylated ribosomal S6 protein (p-S6), a surrogate of mTORC1

activation, in the three B cell subsets. CpG activated the mTORC1

pathway, especially in unswitched memory B cells and class-

switched memory B cells, but to a lesser extent in naive B cells

(Fig. 4A). The addition of IFN-a to CpG resulted in robust acti-

vation of mTORC1 in unswitched memory B cells (Fig. 4B). Next,

we examined lactate production. The combination of CpG and

IFN-a significantly induced lactate production, which reflects

glycolysis, in unswitched memory B cells (Fig. 4C). Furthermore,

the combination of CpG and IFN-a markedly induced CD27hi

CD38hi plasmablasts and IgM production in unswitched memory

B cells, but treatment of these cells with rapamycin, an mTORC1

inhibitor, and 2-DG, a glycolytic inhibitor, suppressed their dif-

ferentiation into CD27hiCD38hi plasmablasts and IgM production

in a dose-dependent manner (Fig. 4D). Neither rapamycin nor

2-DG altered cell viability when used at the concentrations shown

in Fig. 4D (data not shown). Rapamycin and 2-DG also exhibited

similar inhibitory effects on plasmablast differentiation and IgG

production in CpG and IFN-a–stimulated class-switched memory

B cells (Supplemental Fig. 2). These results suggest that CpG/

TLR9 and IFN-a signal enhance mTORC1 activation and gly-

colysis, resulting in differentiation of CD27+ memory B cells into

CD27hiCD38hi plasmablasts.

AMPK activation prevents differentiation of unswitched

memory B cells to plasmablasts but supports their transition to

CD272IgD2 B cells

AMPK promotes ATP production through catabolic processes,

such as oxidative phosphorylation, but it indirectly suppresses the

mTORC1 pathway via sensing glucose deprivation and reduces

ATP consumption (24). We next investigated the effects of the

AMPK pathway on B cell metabolism and immune responses,

using the AMPK activators metformin and AICAR (31, 32).

Because CD27+IgD+ memory B cells have a unique differentiation

capacity for plasmablasts, as well as CD272IgD2 B cells, com-

pared with CD27+IgD2 memory B cells (Fig. 2A), we focused on

this subset in the investigation of the role of AMPK in B cell

differentiation. The AMPK pathway suppressed CpG-induced

mTORC1 activation and lactate production, resulting in inhibi-

tion of the differentiation of unswitched memory B cells to plas-

mablasts and suppression of IgM production, but it increased the

FIGURE 2. CD27+IgD+ unswitched memory B

cells efficiently differentiated into plasmablasts and

CD272IgD2 B cells through CpG and/or IFN-a.

CD19+ total B cells were sorted into three subsets:

CD272IgD+ naive B cells, CD27+IgD+ unswitched

memory B cells, and CD27+IgD2 class-switched

memory B cells. The three subsets were cultured

for 5 d under stimulation. Postsort reanalysis was

performed to confirm their purity. (A) Expression of

surface markers on each B cell subset was assessed

by flow cytometry. The percentages of CD272IgD2

B cells and CD27hiCD38hi plasmablasts were cal-

culated. (B) CD27+IgD+ unswitched memory B

cells were cultured under CpG and IFN-a condi-

tions, with or without anti–IFNAR2-Ab. Data are

percentages of plasmablasts and CD272IgD2 B

cells. Dot plots are representative of three or more

independent experiments yielding the same results.

Data are mean 6 SEM of three experiments using

cells from three donors. *p , 0.05, **p , 0.01.
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proportion of CD272IgD2 B cells (Fig. 5A–D). AMPK activators

efficiently attenuated plasmablast differentiation, IgM production,

and proliferation induced by CpG and IFN-a in CD27+IgD+

memory B cells, as well as rapamycin and 2-DG (Supplemental

Fig. 3A–C). In addition, we investigated the expression of HIF-1a,

a transcription factor that promotes glycolysis, by upregulating

glucose transporters and glycolytic enzymes (33). In our experi-

ments, CpG induced HIF-1a expression, and the expression level

was attenuated by metformin but not AICAR (Fig. 5E). This may

account for the more potent suppression of glycolysis, plasmablast

differentiation, and Ig production by metformin compared with

AICAR.

Next, we assessed p-S6 and several surface markers for more

specific characterization of CD272IgD2 B cells. CpG-induced

CD272IgD2 B cells did not express p-S6 (Fig. 5F). Initially, we

considered that inhibition of mTORC1 or glycolysis could facilitate

the transition to CD272IgD2 B cells. However, neither rapamycin

nor 2-DG increased the percentage of CD272IgD2 B cells

(Supplemental Fig. 3D). These data indicate that the transition to

CD272IgD2 B cells critically depends on inhibition of the

mTORC1–glycolysis pathway and activation of AMPK. These re-

sults suggest the involvement of the AMPK pathway in the differ-

entiation of unswitched memory B cells to CD272IgD2 B cells,

whereas the same pathway attenuates mTORC1 activity and gly-

colysis, as well as the differentiation of unswitched memory B cells

into plasmablasts.

We also detected high expression levels of CD80 and CD86,

which act as costimulatory molecules, and CD95, a marker of cell

activation, in CD272IgD2 B cells (Fig. 5F). CpG maintained the

expression of membrane IgM, reduced IgD, and did not induce

IgG on CD272IgD2 B cells derived from CD27+IgD+ memory

B cells (Supplemental Fig. 3E). These results indicate the func-

tionality of CD272IgD2 B cells.

Taken together, it seems likely that differential metabolic reprog-

ramming commits the differentiation of human unswitched memory

B cells to plasmablasts (CpG and IFN-a–mTORC1 pathway) or

CD272IgD2 cells (CpG alone–AMPK pathway).

mTORC1 phosphorylation in CD19
+
B cells correlates with

SLE pathogenesis

Our results demonstrated that CpG and IFN-a, which are critical

inflammatory mediators in the pathogenesis of SLE, induced

mTORC1 activation and glycolysis in human B cells and resulted in

their differentiation into plasmablasts. We next assessed the rele-

vance of mTORC1 activity in SLE. For this purpose, we measured

p-mTOR (serine 2448) levels in CD19+ B cells from 48 patients

with SLE and 16 healthy donors. Both p-mTOR at serine 2448 and

p-S6 specifically reflect mTORC1 activation (34). In our prelimi-

nary experiments, anti–p-mTOR at serine 2448 Abs exhibited

slightly greater sensitivity and seemed suitable for the detection of

differences in the mean fluorescence intensity (MFI) in B cells of

healthy subjects and patients with SLE. Therefore, we used anti–p-

mTOR at serine 2448 Abs for analysis of patients’ samples. Table I

summarizes the clinical characteristics of the subjects. The level of

p-mTOR in CD19+ B cells was significantly higher in SLE patients

compared with healthy subjects (mean 6 SD of DMFI of p-mTOR

in CD19+ B cells: healthy subjects, 533 6 120; SLE, 962 6 417,

p , 0.001) (Fig. 6A). The level of p-mTOR in CD19+ B cells

correlated positively with the proportion of peripheral plasma-

blasts among CD19+ B cells, SLE disease activity index score, and

anti-dsDNA Ab titer (Fig. 6B). These results suggest that mTORC1

activation in CD19+ B cells is closely related to plasmablast dif-

ferentiation and disease activity in patients with SLE.

Discussion
In this study, we found that the combination of CpG/TLR9 and

IFN-a stimulates the differentiation of CD27+IgD+ unswitched

memory B cells into plasmablasts and the production of large

amounts of Ig and cytokines. In contrast, CpG alone induced

CD272IgD2 memory B cells with high cytokine production from

unswitched memory B cells, but their differentiation was sup-

pressed by IFN-a. Differentiation of unswitched memory B cells

into plasmablasts requires metabolic conversion to anabolism with

enhanced mTORC1 activation and glycolysis. Conversely, the

AMPK pathway enhanced the transition of unswitched memory

FIGURE 3. CD27+IgD+ unswitched memory

B cells exhibited the most potent effector prop-

erties with the largest production of Ig and cy-

tokines. Each B cell subset was cultured with

CpG and/or IFN-a for 5 d and analyzed for cy-

tokine and Ig production. (A) Production of IgM

and IgG by each B cell subset was quantitated by

ELISA. (B) IL-6, IL-10, and TNF-a concentra-

tion was quantified by cytometric bead array.

Data are mean 6 SEM of three experiments

using cells from three donors. *p , 0.05,

**p , 0.01.
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FIGURE 4. CpG and IFN-a enhanced mTORC1 activation and glycolysis, leading to plasmablast differentiation into human CD27+IgD+ unswitched

memory B cells. (A) p-S6 (s235/236 site) in B cell subsets was analyzed by intracellular staining after a 5-d culture. (B) CD27+IgD+ unswitched memory B

cells were cultured with IFN-a and/or CpG for 5 d, and p-S6 was analyzed by intracellular staining. (C) Culture medium from CD27+IgD+ unswitched

memory B cells was collected on day 5 and analyzed for lactate production, a sensitive readout of glycolysis, using a colorimetric assay kit. (D) CD27+IgD+

unswitched memory B cells were cultured with CpG and IFN-a in the presence of rapamycin or 2-DG. The percentage of CD27hiCD38hi plasmablasts was

determined by flow cytometry, and IgM production was assessed by ELISA. Dot plots and bar graphs are representative of three or more independent

experiments that yielded the same results. Data are mean 6 SEM of three experiments using cells from three donors. *p , 0.05, **p , 0.01.
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B cells to CD272IgD2 B cells, but it suppressed mTORC1 acti-

vation, lactate production, and differentiation into plasmablasts.

CD19+ B cells are considered a heterogeneous population that

includes effector and memory phenotypes. We (3) and other in-

vestigators (30, 35) have reported that CD27+ memory B cells carry

higher potentials for inflammatory responses do than CD272 naive

B cells. However, to our knowledge, this is the first study that

thoroughly elucidated and compared the differentiation of CD272

IgD+ naive B cells, CD27+IgD+ unswitched memory B cells, and

CD27+IgD2 class-switched memory B cells, with a special focus on

the metabolic pathway. Namely, the addition of IFN-a and CpG/

TLR9 to unswitched memory B cells increased the secretion of

FIGURE 5. AMPK activation prevented CD27+IgD+ unswitched memory B cell–plasmablast differentiation but supported CD272IgD2 B cell transition.

CD27+IgD+ unswitched memory B cells were harvested and analyzed after a 5-d stimulation and treatment. (A) The cells were analyzed by flow cytometry

for p-S6. (B) Lactate concentration. (C) Percentages of plasmablasts and CD272IgD2 B cells of CD27+IgD+ unswitched memory B cell origin. (D) IgM

production. (E) Expression of HIF-1a in CD27+IgD+ unswitched memory B cells. (F) Expression levels of p-S6, CD80, CD86, and CD95 in CpG-induced

CD272IgD2 B cells were analyzed by flow cytometry. Contour plots and graphs are representative of three independent experiments that yielded the same

results. Data are mean 6 SEM of three experiments using cells from three donors. *p , 0.05, **p , 0.01. MET, metformin.
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IgM, IL-6, and TNF-a. These findings are consistent with previous

reports that highlighted the importance of unswitched memory

B cells in the first-line defense against infections through rapid and

predominant production of low-affinity, but high-avidity, IgM (13,

14). In contrast, the combination of CpG and IFN-a induced the

production of IL-10, but not IgG or IgM from naive B cells. Menon

et al. (36) and other investigators (37) also demonstrated the IL-10–

producing capacity of naive B cells under similar stimulatory

conditions, defining them as regulatory B cells. Thus, it seems that a

delicate balance in the functions of different B cell subsets that

are induced by different stimuli plays a critical role in immune

homeostasis.

Recent studies have demonstrated that cellular metabolism

regulates the functions and differentiation of lymphocytes (38).

With regard to CD4+ and CD8+ naive T cells, the TCR signal

enhances mTORC1 activity and glycolysis, triggering anabolic

switch. This metabolic process enhances vigorous proliferation

and facilitates differentiation into effector T cells (20, 21, 39–41).

However, the cellular metabolism in human B cell subsets has

been studied minimally. We demonstrated in the current study that

CpG/TLR9 and IFN-a synergistically induced mTORC1 activa-

tion and glycolysis, and these metabolic changes proved important

for the differentiation of unswitched memory B cells to plasma-

blasts (Fig. 4). B cells show accelerated cell division and increased

cell size during the process of plasmablast differentiation (30),

then, in turn, plasmablasts secrete plenty of Ig. We also demon-

strated that inhibition of the mTORC1–glycolysis pathway with

rapamycin, 2-DG, AICAR, and metformin attenuated the robust

proliferation of CD27+IgD+ unswitched memory B cells, as well

as plasmablast differentiation (Supplemental Fig. 3C). Therefore,

our findings on B cell metabolism suggest that differentiation into

plasmablasts requires large amounts of nutrients and energy

through the anabolic glycolysis system.

Our results demonstrated that the CpG/TLR9 signal can induce

the transformation of unswitched memory B cells to functional

CD272IgD2 B cells expressing high levels of costimulatory

molecules and activation marker (Fig. 5F). We also examined the

effect of loxoribine, a synthetic TLR7 ligand that is closely in-

volved in the pathogenesis of SLE (42) and in the differentiation

of unswitched memory B cells. The combination of loxoribine and

IFN-a induced plasmablast differentiation, whereas loxoribine

alone, unlike CpG, did not induce CD272IgD2 B cells from

unswitched memory B cells (Supplemental Fig. 1D). These results

suggest that induction of CD272IgD2 B cells is specific to the

TLR9 signal.

CD272IgD2 B cells account for ,5% of peripheral blood

B cells in healthy subjects (43), but this population can increase in

certain viral infections and active SLE. They are considered to act

as an immune memory subset prepared for future Ag re-exposure

and contribute to pathogen removal or exacerbation of SLE (43–

46). The expanded CD272IgD2 B cells in SLE express high levels

of CD95 (45, 47). In our study, CpG induced CD95-expressing

CD272IgD2 B cells from unswitched memory B cells (Fig. 5F).

These results indicate that CpG-stimulated unswitched memory

B cells could be the source of CD272IgD2 B cells in patients with

SLE. It is noteworthy that the AMPK pathway enhanced CD272

IgD2 B cell development from unswitched memory B cells,

whereas it suppressed the mTORC1–glycolysis pathway and

inhibited plasmablast differentiation. More importantly, CpG-

induced CD272IgD2 B cells did not show mTORC1 activation

(Fig. 5F). In addition, inhibition of mTORC1 only did not induce

this population (Supplemental Fig. 3D). Collectively, these re-

sults indicate that AMPK activation is important for CD272

IgD2 B cell induction. Several studies reported that such a

change in the metabolic pattern, including AMPK and its

downstream oxidative phosphorylation, induces differentiation

of memory CD8+ T cells (25, 48, 49). Lam et al. (50) reported

that long-term survival of long-lived plasma cells depends on a

shift to oxidative phosphorylation. Just like memory B cells,

long-lived plasma cells remain functional over several years.

This longevity is necessary to maintain immunological memory

and to prevent reinfection. Quiescent and slow, but efficient, ATP

generation through AMPK signaling and mitochondrial oxi-

dative phosphorylation may be advantageous for long living

B-lineage cells. Although the cell types and species are different,

our study provides further support for the findings from the

above studies. It is presumed that activation of AMPK and its

downstream oxidative phosphorylation contribute to develop-

ment of the CD272IgD2 population. However, a limitation of

our study was the fact that we were unable to evaluate the

detailed mechanism of AMPK in unswitched memory B cells,

because of the small number of this subset obtained from the

peripheral blood of healthy donors. Thus, the balance between

mTORC1–glycolysis and AMPK appears to commit the differ-

entiation of unswitched memory B cells to plasmablasts and

CD272IgD2 B cells, respectively, and any imbalance may

commit to pathological processes, such as SLE, whereby

mTORC1 activation in CD19+ B cells was closely related to

plasmablast differentiation and disease activity (Fig. 6).

mTORC1 activation has been reported in murine B cells (51)

and in T cells of SLE (52). In addition, rapamycin and metformin

are reported to improve disease severity in murine lupus models

(51, 53). In patients with active SLE, Ag stimulation of TLRs,

BCRs and TCRs, and various inflammatory mediators, such as

cytokines, including IFNs, are abundant and activate lymphocytes

(54). mTORC1 phosphorylation can be induced by the TLR9

signal and IFN-a in B cells, whereas it is induced by TCR

stimulation and SLE-relevant cytokines in T cells (55). Our study

investigated for the first time, to our knowledge, the correla-

tion between mTORC1 activation in peripheral B cells and the

clinical background of patients with SLE. Our results emphasize

the potential therapeutic benefits of mTORC1 inhibition in T and

B cells in SLE.

In the fields of oncology, organ transplantation, allergy,

and autoimmune diseases, cellular metabolism, including the

Table I. Clinical characteristics of SLE patients and healthy subjects

Characteristic SLE (n = 48) Control (n = 16)

Age (y; mean [range]) 40.6 (18–69) 29.3 (21–47)
Sex (women/men) 43/5 15/1
Disease duration (mo;

mean [range])
142.4 (1–432)

Medications (n)
No treatment 8
Corticosteroids 28
Cyclophosphamide 13
Mycophenolate mofetil 1
Tacrolimus 9
Cyclosporine A 7
Hydroxychloroquine 4
Azathioprine 7
Mizoribine 6
Methotrexate 5

Anti-dsDNA Ab (IU/ml;
mean 6 SD)

45.6 6 87.9

CH50 (U/ml; mean 6 SD) 40.5 6 17.9
SLEDAI score (range) 10.3 (0–33)
BILAG score (range) 11.4 (0–45)

BILAG, British Isles Lupus Assessment Group disease activity index; CH50, 50%
hemolytic complement activity; SLEDAI, SLE disease activity index.
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mTORC1–glycolysis and AMPK pathways, is gathering atten-

tion as a potential therapeutic target, and certain therapeutic

agents based on this concept are already being tested clinically

(20, 56–61). Our findings highly suggest the involvement of

CpG/TLR9 and IFN-a in the differentiation of unswitched

memory B cells, through the differential pathway of metabolic

reprogramming, into plasmablasts (CpG and IFN-a–mTORC1

pathway) or CD272IgD2 memory B cells (CpG alone–AMPK

pathway), which could aid in the development of new therapies

for various immune disorders.
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