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Abstract
The activation and differentiation of B cells into plasma cells (PCs) play critical roles in the immune response to infections and 
autoimmune diseases. Toll-like receptor 9 (TLR9) responds to bacterial and viral DNA containing unmethylated CpG motifs and 
triggers immune responses in B cells; however, abnormal recognition of self-DNA by TLR9 can cause autoimmune diseases. When 
stimulated with TLR9 agonists, follicular (FO) B cells, a subset of B cells residing in the FO regions of secondary lymphoid organs, 
exhibit a propensity for activation but fail to give rise to PCs. The factors that enable the transition of TLR9-activated FO B cells from 
activation to differentiation into PCs remain unclear. In this study, we show that type I interferon-alpha (IFNα) signaling causes FO B 
cells activated by CpG stimulation to differentiate into PCs. Although CpG stimulation alone only temporarily increased interferon 
regulatory factor 4 (IRF4) expression in FO B cells, co-stimulation with both CpG and IFNα enhanced and maintained high IRF4 
expression levels, ultimately enabling the cells to differentiate into PCs. Overexpression of IRF4 in FO B cells results in CpG-induced 
PC transition without IFN signaling. Furthermore, co-stimulation of TLR9 and IFNα receptors significantly enhanced mammalian 
target of rapamycin (mTOR) signaling, which regulates IRF4 expression and PC generation. These findings suggest that IFNα may play 
a key role in promoting the fate of PC differentiation in FO B cells activated by TLR9 stimulation.
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Significance Statement

B cells are essential for humoral immunity since they differentiate into plasma cells (PCs). Toll-like receptor 9 (TLR9) detects unme
thylated CpG motifs in pathogenic or self-DNA to activate B-cell immune responses. Paradoxically, when follicular (FO) B cells are 
stimulated with TLR9 agonists alone, they become activated but do not differentiate into PCs, although the underlying mechanism 
is unknown. In this study, we found that interferon-alpha (IFNα) triggers the differentiation of TLR9-stimulated FO B cells into PCs. 
After CpG stimulation, FO B cells expressed interferon regulatory factor 4 (IRF4) transiently, but co-stimulation with CpG and IFNα 
resulted in sustained high IRF4 expression levels through the mammalian target of rapamycin (mTOR) signaling pathway, highlight
ing the pivotal role of IFNα in PC differentiation of TLR9-activated FO B cells.
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Introduction
Regulation of the immune response to infectious and auto
immune diseases depends on the complex interactions of various 
immune cell populations, each with its own receptors and signal
ing pathways. Among these, B cells play a central role in humoral 
immunity as they undergo activation and differentiation into 
antibody-secreting plasma cells (PCs) (1, 2). Toll-like receptor 9 
(TLR9), a pattern recognition receptor, has been extensively stud
ied for its role in B-cell activation, particularly in response to 

pathogenic nucleic acids. TLR9 is a critical nucleic acid sensor 

that responds to bacterial and viral DNA, specifically double- 

stranded DNA containing unmethylated CpG motifs (3). Upon de

tecting these motifs, TLR9 triggers a signaling cascade that acti

vates B-cell immune responses, allowing the host to effectively 

combat pathogens (4, 5). Under typical conditions, nucleic acids 

from the body, including those from dead cells, are usually de

graded by enzymes such as DNase and are not detected by TLR9 

(6). While TLR9 may recognize self-DNA for anti-inflammatory 
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effects during infection and for homeostasis (7, 8), TLR9 stimula
tion for some reason causes the production of antinuclear anti
bodies in the pathology of autoimmune diseases, such as 
systemic lupus erythematosus (SLE) (9–13). However, the influ
ence of TLR9 on B-cell differentiation remains unclear.

Remarkably, follicular (FO) B cells, a major subset of B cells, have 
been observed to exhibit unique responses to TLR9 stimulation. 
When stimulated with TLR9 agonists, FO B cells proliferate vigor
ously and show activation but fail to give rise to PCs 
(14–17). This observation raises fundamental questions regarding 
the factors that enable FO B cells to transition from activation to 
differentiation into PCs within the immune microenvironment. In 
this context, it is puzzling that many B cells activated via TLR9 dur
ing infections and autoimmune diseases differentiate into PCs, 
leading to effective or pathogenic humoral immune responses. 
Notably, in both infections and autoimmunity, the levels of type I 
interferon-alpha (IFNα) are elevated (18, 19). In clinical relevance, 
it has been reported that the pathogenesis of SLE is ameliorated 
by antibodies to IFNα, and patients with hepatitis or malignancy 
develop SLE when administered IFNα (20). In mouse models of 
autoimmune disease, the acceleration of disease progression is 
not only attributable to TLR9 but also involves IFNα (10, 12, 21). 
Dnase1L3 knockout mice show increased production of extrafollic
ular PCs and develop SLE; however, when these mice were crossed 
with IFNα receptor (IFNαR)-knockout mice, their symptoms im
proved, suggesting a complex interplay involving TLR9, IFNα, and 
PC differentiation in the context of autoimmune diseases (22). 
These observations prompted us to speculate that IFNα may play 
an essential role in influencing the fate of FO B cells.

In this study, we showed that FO B cells undergo differentiation 
into PCs when exposed to the synergistic effects of TLR9 activation 
and IFNα. Mechanistically, stimulation with CpG alone transiently 
increased interferon regulatory factor 4 (IRF4) expression, 
whereas the addition of IFNα enhanced and maintained high 
IRF4 expression levels. These may play a critical role in the differ
entiation of PCs from FO B cells because forcing IRF4 expression in 
TLR9-activated FO B cells causes them to differentiate into PCs. 
Furthermore, we showed that co-stimulation with CpG and IFNα 
facilitated mammalian target of rapamycin (mTOR) signaling, 
which is essential for IRF4 expression and PC transition. Thus, 
these findings suggest the key role of IFNα in promoting the fate 
of PC differentiation in FO B cells activated by TLR9 stimulation.

Results
IFNα allows TLR9-stimulated FO B cells to 
differentiate into PCs
To assess the influence of IFNα on TLR9-activated B cells for PC dif
ferentiation, we stimulated splenic B cells from Prdm1gfp/+ 

(Blimp1-GFP) mice or wild-type (WT) mice with the TLR9 agonist 
CpG and IFNα. As reported previously, marginal zone (MZ) B cells 
differentiated into PCs when stimulated with CpG alone, whereas 
FO B cells did not, even with higher concentrations of CpG (Figs. 
1A, S1, and S2A, B) (14, 23, 24). However, we found that when 
IFNα was added, splenic FO B cells differentiated into 
Blimp1+CD138+PCs upon CpG stimulation (Fig. 1A and B). 
Essentially, the same results were obtained with B cells of the 
lymph nodes, which contain FO B cells but not MZ B cells 
(Fig. 1C and D). Furthermore, differentiation of CD138+ PCs from 
splenic FO B cells of WT mice was observed in the presence of 
>20 pg/mL IFNα, with a dose-dependent increase in efficiency 
(Fig. S2C and D). Enzyme-linked immunosorbent assay (ELISA) 

and enzyme-linked immunospot (ELISpot) analyses also 
confirmed that FO B cell-derived PCs produced antibodies 
(Fig. 1E–G). Furthermore, the frequency of proliferation and sur
vival of FO B cells did not change when they were stimulated with 
CpG alone or co-stimulated with CpG and IFNα (Fig. 1H–M). Thus, 
these findings indicate that when FO B cells are exposed to CpG 
stimulation in the presence of IFNα, they undergo differentiation 
into PCs. This phenomenon appears to be common for type I IFNs 
as demonstrated by the observation of similar PC differentiation 
in IFNβ and universal type I IFN but not in IFNγ (Fig. S2E and F).

Increased TLR9 expression does not promote PC 
differentiation of FO B cells
IFNα stimulation of both human and mouse B cells has been re
ported to increase TLR9 expression (25, 26). Therefore, we hy
pothesized that stimulation of FO B cells with IFNα may 
up-regulate TLR9 expression and facilitate more PC differenti
ation. To test this hypothesis, we first determined when FO B cells 
began to differentiate into PCs under CpG plus IFNα stimulation 
(Fig. S3), and detected PC differentiation on day 3. We then exam
ined TLR9 expression in FO B cells for up to 2 days after stimula
tion with CpG, IFNα, or CpG plus IFNα, which corresponded to 
the time before transition to PCs. Flow cytometry showed that 
on day 1, all stimuli up-regulated TLR9 expression to the same ex
tent (Fig. 2A and B). On day 2, TLR9 expression remained high only 
with IFNα stimulation but decreased to unstimulated levels with 
CpG or CpG and IFNα stimulation (Fig. 2A and B). To more closely 
and directly examine the effect of TLR9 expression on the 
CpG-driven PC differentiation of FO B cells, we overexpressed 
TLR9 in FO B cells (Fig. 2C). Although FO B cells with forced TLR9 
expression showed significantly higher TLR9 levels than stimu
lated FO B cells (Fig. 2D and E), they did not differentiate into 
PCs upon exposure to CpG alone (Fig. 2F and G). These data sug
gest that the expression levels of TLR9 do not promote the differ
entiation of FO B cells into PCs.

Co-stimulation of CpG and IFNα promotes and 
maintains high expression of IRF4
The process of PC differentiation occurs under strict control of 
various transcription factors, including those that suppress B 
cell-associated transcripts, such as Pax5, while activating genes 
that facilitate PC differentiation, such as Irf4 and Prdm1 (2, 27–31). 
IRF4 is crucial for initiating PC differentiation, and its concentra
tion level is directly linked to this process (32–34). To understand 
the mechanism underlying PC differentiation by stimulation of 
FO B cells with CpG and IFNα, we next examined IRF4 protein 
and mRNA expression levels in B cells over time. Quantitative 
polymerase chain reaction analysis revealed that the levels of 
the Irf4 transcript increased with CpG stimulation but were sig
nificantly enhanced with concurrent stimulation of IFNα 
(Fig. 3A). Flow cytometry showed that IRF4 protein expression 
in FO B cells transiently increased after stimulation with CpG 
alone but was not maintained or decreased (Fig. 3B and C). 
In contrast, stimulation with CpG and IFNα markedly increased 
and maintained IRF4 levels. These findings strongly suggest that 
the effects of IFNα in TLR9-activated FO B cells may involve in
creasing IRF4 expression to the levels required for PC differenti
ation. We then hypothesized that enhancing and maintaining 
IRF4 concentrations could induce PC differentiation with CpG 
stimulation alone. To test this, IRF4 was retrovirally overex
pressed in FO B cells stimulated with CpG alone (Figs. 3D and 
S4A). We observed that enhancement of IRF4 expression enabled 
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Fig. 1. IFNα allows TLR9-stimulated FO B cells to differentiate into PCs. A) Representative flow cytometry plots of B cells harvested from the spleen of 
Prdm1gfp/+ (Blimp1-GFP) mice 3 days after culture with CpG (1 μg/mL) or CpG (1 μg/mL) plus IFNα (0.1 μg/mL). The percentages of Blimp1+CD138+ cells (PCs) 
are shown. B) The percentages of PCs in (A). C) Representative flow cytometry plots of FO B cells harvested from the lymph node of Blimp1-GFP mice 3 days 
after culture with CpG or CpG plus IFNα. D) The percentages of PCs in (C). E) The IgM antibody concentration in culture supernatants of B cells harvested 
from the spleen of Blimp1-GFP mice 3 days after culture with IFNα, CpG, or CpG plus IFNα was measured by ELISA. F) Representative wells of total IgM 
ELISPots on cells 3 days after stimulation of FO B cells from the spleen of Blimp1-GFP mice with IFNα, CpG, or CpG plus IFNα. G) The number of IgM 
antibody-secreted cells (ASCs) in (F). H) Representative flow cytometry plots of CTV—stained FO B cells unstimulated (Unstimulated) or stimulated for 
3 days with CpG or CpG plus IFNα. I) Division index in (H). J) Representative flow cytometry plots of (H). The percentages of CD138+ PCs are shown. K) The 
percentages of CD138+ PCs in (J). L) Cell number of B cells harvested from the spleen of Blimp1-GFP mice 3 days after culture with CpG or CpG plus IFNα. 
The culture was started at 4.0 × 104 cells per 96-well-round bottom plate. M) The percentages of live cells (propidium iodide–negative cells) in (L). The data 
are pooled from three independent experiments performed in triplicates (B, D, E, G, I, and K–M). The data are presented as mean ± SD. ns, not significant. 
*P < 0.05, **P < 0.01, ***P < 0.005, and ****P < 0.001 by one-way ANOVA (B, E, G, I, L, and M) or Student’s t test (D) or two-way ANOVA (K).
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FO B cells to give rise to PCs after CpG stimulation, in comparison 
with mock cells stimulated with CpG and IFNα (Fig. 3E and F). 
Additionally, the forced expression of IRF4 in CpG +  
IFNα-stimulated FO B cells further enhanced PC differentiation 
(Fig. S4B–E). These data suggest that IFNα is a key to promoting 
and maintaining high levels of IRF4 expression in 
TLR9-activated FO B cells, allowing PC generation.

Unique gene expression profile in FO B cells 
stimulated with CpG and IFNα
To identify the pathways that alter IRF4 expression in FO B cells, 
we sorted FO B cells, stimulated them with CpG, IFNα, and CpG 
plus IFNα for 12 h prior to the onset of PC differentiation, and con
ducted an RNA-Seq analysis (Fig. 4A). FO B cells stimulated with 
IFNα, CpG, and CpG plus IFNα showed differentially expressed 
genes (DEGs; Fig. S5A–C). Principal component analysis (PCA) 

revealed that FO B cells stimulated with CpG and IFNα were clear
ly distinguished from those stimulated with CpG or IFNα (Fig. 4B). 
To identify the most important pathways for PC differentiation, 
we determined which genes were differentially expressed in 
each sample. Gene ontology (GO) analysis of genes from PCA, in 
which both PC1 and PC2 had PC score <0, suggests that they con
tribute significantly to the stimulation of CpG plus IFNα, indicated 
by the high enrichment of several biological processes (Fig. 4C and D). 
We presented a heat map displaying DEGs up-regulated by CpG 
and CpG + IFNα stimulation (Fig. 4E and Table S1). The GO analysis 
revealed that the enriched genes were associated with biological 
events, such as “the response to stimuli,” “metabolic processes,” 
and “immune system processes” (Fig. 4F). Since the results of 
both pathway analyses included metabolic processes involved in 
PC differentiation (16, 25, 35, 36), we confirmed their expression 
by qPCR analysis for representative genes and focused on them 
(Fig. 4G–I and Table S2), specifically mTOR.
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Fig. 2. Increased TLR9 expression does not determine PC differentiation of FO B cells. A) Representative histogram of TLR9 in unstimulated FO B cells 
(Unstimulated) or FO B cells was stimulated with IFNα (0.1 μg/mL), CpG (1 μg/mL), or CpG (1 μg/mL) plus IFNα (0.1 μg/mL) for 1 or 2 days. B) Mean 
fluorescence intensity (MFI) of TLR9 in (A). C) The scheme of the experiment of FO B cells harvested from the spleen of Blimp1-GFP mice transduced with 
mCherry (control) or TLR9 is shown. D) Representative histogram of TLR9 in FO B cells after retroviral transduction stimulated with CpG or CpG plus IFNα. 
Transduced cells were identified by mCherry fluorescence. E) MFI of TLR9 expression of FO B cells in (D). F) Flow cytometry analysis of PC differentiation 
after retroviral transduction stimulated with CpG (1 μg/mL) or CpG (1 μg/mL) plus IFNα (0.1 μg/mL). Transduced cells were identified by mCherry 
fluorescence. G) The percentages of Blimp1+CD138+ cells (PCs) in (F). The data are pooled from three independent experiments performed in triplicates 
(B, E, and G). The data are presented as mean ± SD. ns, not significant. ***P < 0.005, and ****P < 0.001 by two-way ANOVA (B), one-way ANOVA (E and G).
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mTOR promotes up-regulation of IRF4 and 
enables FO B cells to undergo PC differentiation
We hypothesized that IFNα stimulation of FO B cells activated 
through TLR9 would alter the mTOR pathway, leading to in
creased expression of IRF4 and subsequent differentiation into 
PCs. Activated mTOR phosphorylates ribosomal protein S6, which 
ultimately affects various cellular processes in many cells, includ
ing B cells (37–41). We observed that stimulation with CpG plus 
IFNα resulted in greater enhancement of the phosphorylation of 
S6 (pS6) than stimulation with CpG alone (Fig. 5A and B). Even 
when the concentration of CpG was increased, pS6 was not en
hanced by stimulation with only CpG (Fig. S6A). Additionally, 
the percentage of pS6-positive cells that are IRF4 positive was 
much higher with the addition of IFNα (Fig. 5C and D). This phe
nomenon was observed even at earlier stimulation times before 
IRF4 was detected (Fig. 5E and F). These findings suggest that 

IFNα may promote signaling to S6 downstream mTOR in 
CpG-activated FO B cells.

Inhibition of mTORC1 prevents differentiation of 
FO B cells when stimulated with CpG and IFNα
To determine whether mTORC1 is required for IRF4 expression 
and PC differentiation after CpG and IFNα stimulation, FO B cells 
were stimulated with CpG and IFNα in the presence of rapamycin, 
an inhibitor of the mTORC1 pathway. Two hours after stimula
tion, rapamycin inhibited pS6 (Fig. 6A and B). In FO B cells stimu
lated with CpG and IFNα, treatment with rapamycin markedly 
reduced IRF4 expression (Fig. 6C and D). Further analysis showed 
that rapamycin inhibited the differentiation of IRF4+CD138+ PCs 
(Fig. 6E–G). It should be noted that rapamycin inhibits FO B-cell 
proliferation after stimulation with CpG and IFNα (Fig. S7A and B). 
As PC differentiation from FO B cells is associated with cell 
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Fig. 3. Co-stimulation of CpG and IFNα promotes and maintains high expression of IRF4. A) Real-time PCR analysis of Irf4 after FO B cells was stimulated 
with IFNα (0.1 μg/mL), CpG (1 μg/mL), or CpG (1 μg/mL) plus IFNα (0.1 μg/mL). B) Representative flow cytometry plots of FO B cells harvested from the 
spleen of wild-type mice 1–3 days after culture with IFNα, CpG, or CpG plus IFNα. The percentages of each fraction are shown. C) The percentage of 
B220+IRF4high cells in (A). D) The scheme of the experiment of FO B cells transduced with GFP (control) or IRF4 is shown. E) Flow cytometry analysis of PC 
differentiation after retroviral transduction. Transduced cells were identified by GFP fluorescence. F) The percentages of PCs in (E). The data are 
representative of three independent experiments performed in triplicates (A) or pooled from three independent experiments performed in triplicates 
(C and F). The data are presented as mean ± SD. ns, not significant. *P < 0.05, and ****P < 0.001 by two-way ANOVA (A and C) or one-way ANOVA (F).
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Fig. 4. Unique gene expression profile in FO B cells was stimulated with CpG and IFNα. A) RNA-seq heat map of DEGs from sorted splenic FO B cells 
unstimulated (Unstimulated) or stimulated with IFNα (0.1 μg/mL), CpG (1 μg/mL), or CpG (1 μg/mL) plus IFNα (0.1 μg/mL) for 12 h. The 1,000 most variable 
genes are shown. B) PCA of (A). C) Venn diagram of PC1 (PC score <0) and PC2 (PC score <0) in (B). D) The top-level GO biological processes of both PC1 
(PC score <0) and PC2 (PC score <0) in (C) by Metascape. E) Heat map of DEGs of CpG plus IFNα vs. CpG. False discovery rate (FDR) cutoff <0.1, fold change 
>2. F) The top-level up-regulated-GO biological processes of (E) by Metascape. G) Heat map of DEGs of CpG plus IFNα vs. CpG. FDR cutoff <0.1, fold change 
>2. H) Volcano plot of (G) P-value cutoff <0.1, log2 fold change >1. I) Real-time PCR analysis of Isg15, Usp18, Stat1, and Cdkn1a after FO B cells were 
stimulated for 12 h with CpG or CpG plus IFNα. The data are representative of two independent experiments performed in triplicates (I). The data are 
presented as mean ± SD. ns, not significant. **P < 0.01, ***P < 0.005, and ****P < 0.001 by Student’s t test (I).
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division, we investigated whether rapamycin inhibits IRF4 expres
sion independently of cell division. We found that CpG + IFNα 
stimulation leads to increased IRF4 expression in FO B cells even 
before cell division, and rapamycin can inhibit IRF4 expression 
in nondivided FO B cells (Fig. 6H–J). We also observed that retro
viral overexpression of IRF4 failed to abrogate the inhibitory effect 
of rapamycin on PC differentiation (Fig. S7C–G). These data sug
gest that rapamycin inhibits the differentiation of PC from FO B 

cells by affecting both cell division and IRF4 expression. In add
ition to mTORC1 signaling, inhibition of phosphatidylinositol-3 
kinase (PI3K) and the protein kinase v-akt murine thymoma viral 
oncogene homolog (Akt) decreased PC differentiation after CpG 
and IFNα stimulation (Fig. S7H–J). These results suggest that 
PI3K/Akt/mTOR signaling is required for up-regulation and main
tenance of IRF4 and PC differentiation in FO B cells co-stimulated 
with CpG and IFNα.

A B

C D

E F

Fig. 5. mTORC1 promotes up-regulation of IRF4 and enables FO B cells to PC differentiation. A) Representative histogram of pS6 in FO B cells 
unstimulated (Unstimulated) or stimulated with CpG (1 μg/mL) or CpG (1 μg/mL) plus IFNα (0.1 μg/mL). B) MFI of pS6 in (A). C) Representative flow 
cytometry plots of FO B cells harvested from the spleen of wild-type mice 1 or 2 days after culture with CpG or CpG plus IFNα. D) The percentages of 
pS6+IRF4+ in (C). E) Representative flow cytometry plots of FO B cells harvested from the spleen of wild-type mice 2 or 3 h after culture. The percentages of 
FO B cells in each fraction are shown. F) The percentages of pS6+IRF4− cells in (E). The data are representative of three independent experiments 
performed in triplicates (B, D, and F). The data are presented as mean ± SD. ns, not significant. *P < 0.05, **P < 0.01, and ****P < 0.001 by Student’s t test 
(B, D, and F).
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Discussion
While TLR9 is expressed in various mature B-cell populations, in
cluding MZ B cells and FO B cells, MZ B cells have been shown to 

possess the ability to differentiate into PCs upon CpG stimulation. 
Intriguingly, this capability is not shared by FO B cells, despite ex
pressing TLR9. In this study, we demonstrated that FO B cells can 
differentiate into PCs upon CpG stimulation in the presence of 
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Fig. 6. Inhibition of mTORC1 prevents differentiation of FO B cells when stimulated with CpG and IFNα. A) Representative flow cytometry plots of FO B 
cells were stimulated for 2 hours with CpG (1 μg/mL) plus IFNα (0.1 μg/mL) in the presence of dimethyl sulfoxide (DMSO) or rapamycin (mTORC1 
inhibitor). The percentages of B cells in each fraction are shown. B) The percentages of pS6+IRF4− cells in (A). C) Representative histogram of IRF4 in 
unstimulated FO B cells (Unstimulated) or FO B cells was stimulated with CpG plus IFNα in the presence of DMSO or rapamycin. D) MFI of IRF4 in (C). 
E) Representative flow cytometry plots of FO B cells were stimulated for 3 days with CpG plus IFNα in the presence of DMSO or rapamycin. The percentages of 
FO B cells in each fraction are shown. F and G) The percentages of IRF4+CD138− (F) or IRF4+CD138+ (G) in (E). H) Representative histogram of the 
proliferation of splenic FO B cells labeled with CTV and stimulated for 2 days with CpG plus IFNα in the presence of DMSO or rapamycin. I) Representative 
histogram of IRF4 in division 0 of (H). J) MFI of IRF4 in (I). The data are pooled from three independent experiments performed in triplicates (B, F, G, and J) or 
representative of three independent experiments performed in triplicates (D). The data are presented as mean ± SD. ns, not significant. ***P < 0.005 and 
****P < 0.001 by Student’s t test (B, D, F, G, and J).
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IFNα. Notably, IFNα sustained high expression levels of IRF4, a key 
factor in PC differentiation, in FO B cells. Mechanistically, 
co-stimulation of CpG and IFNα markedly enhanced mTORC1 sig
naling, a pathway essential for IRF4 expression and PC generation.

TLR9 agonists have been reported to promote B-cell prolifer
ation and may be effective as vaccine adjuvants. Some studies 
have suggested that TLR9 signaling induces the differentiation 
of B cells into antibody-secreting cells (42); however, the findings 
of experiments involving in vitro stimulation of splenic B cells 
should be interpreted carefully. Consistent with our results, sev
eral studies have reported that FO B cells rarely differentiate 
into PCs upon CpG stimulation in vitro, whereas MZ B cells do 
(14, 23). Our findings showing that IFNα enables FO B cells to gen
erate PCs have essential implications for the existing understand
ing of these cells. In situations such as infections or vaccinations, 
plasmacytoid dendritic cells may be activated via TLR9 to produce 
IFNα. When a TLR9 ligand and IFNα are combined, they can stimu
late FO B cells to differentiate into PCs. This process can be bene
ficial during acute infections, as it allows for rapid production of 
antibodies.

In the context of autoimmunity, since TLR9 is involved in 
self-DNA recognition (7, 8), it is likely that autoreactive FO B cells 
are stimulated by TLR9 and induce PC differentiation in an ele
vated IFNα environment. Autoimmune diseases, such as SLE, 
are associated with elevated levels of type I interferons and in
creased expression of genes regulated by them in B cells, which 
contribute to pathogenesis (19). TLR9 activation alone limits the 
differentiation of FO B cells into PCs, but elevated IFNα levels 
may alter this fate and promote the differentiation of these B cells 
into PCs. Therefore, low levels of IFNα in the healthy or uninfected 
state may prevent harmful FO B cells from differentiating into PCs 
when stimulated by TLR9.

The process of PC differentiation occurs under the strict control 
of various transcription factors, including those that suppress B 
cell-associated transcripts, such as Pax5, while activating genes 
that facilitate PC differentiation, such as Irf4 and Prdm1 (2, 27–30). 
IRF4 plays a crucial role in initiating PC differentiation, and high 
concentrations of IRF4 can lead to successful differentiation 
(32–34). Similar to the differentiation outcomes observed in PCs, 
TLR9 stimulation up-regulates the Prdm1 gene (14, 23, 24) and 
Blimp1 protein in MZ B cells but not in FO B cells. However, the 
addition of IFNα resulted in the up-regulation of Blimp1 expres
sion in FO B cells. Interestingly, our findings indicate that CpG 
stimulation transiently increased IRF4 expression in FO B cells, 
but co-stimulation with CpG and IFNα resulted in sustained and 
stronger expression. Since the accumulation of IRF4 in activated 
B cells promotes the generation of PCs, TLR9 signaling alone is in
sufficient to increase IRF4 concentrations in FO B cells. Consistent 
with this finding, our data indicate that the overexpression of IRF4 
causes FO B cells to give rise to PCs upon CpG stimulation alone. 
These findings suggest that the critical role of IFNα is to generate 
the necessary levels of IRF4 for PC differentiation.

Although IFNα signals regulate high IRF4 concentration in 
TLR9-activated FO B cells, IFNα stimulation alone does not induce 
IRF4 expression. IFNα regulates or synergizes the TLR9 signaling 
pathway (25, 26). Irf4 gene expression is controlled by several 
pathways, such as the nuclear factor kappa B (NF-κB), PI3K, Akt, 
and mTOR axis (32, 43, 44). In the present study, co-stimulation 
with TLR9 agonist and IFNα enhanced pS6 expression in FO B cells 
before increasing IRF4 expression, while treatment with rapamy
cin, mTORC1 inhibitor, suppressed pS6 and IRF4 expression, re
sulting in reduced PC differentiation. Previous studies have 
shown that the mTOR pathway is crucial for PC differentiation 

(16, 24, 35, 36, 37). In addition, the inactivation of Tsc1, which sup
presses mTORC1 activity, enables FO B cells to differentiate into 
PCs upon stimulation with CpG alone (24). These findings suggest 
that activation of the mTORC1 pathway may be crucial for PC dif
ferentiation from TLR9-activated FO B cells. Furthermore, the 
mTORC1 pathway is involved in IRF4 expression in several cell 
types, including TCR-stimulated CD8+ T cells (45) and 
LPS-stimulated B cells (43). Thus, although the exact points of inter
section remain unclear, the engagement of both TLR9 and IFNα re
ceptors enhances the mTOR pathway and subsequent sustained 
IRF4 expression, which likely plays a role in the transition of FO B 
cells to PCs. However, we do not exclude the possibility that IFNα 
provides a unique signal that is lacking in the downstream signaling 
pathway of TLR9 for PC differentiation. Future studies will help fur
ther define the signaling pathway(s) leading to PC transition from 
TLR9-activated FO B cells.

Materials and methods
Mice
C57BL/6 mice were purchased from CLEA Japan. Prdm1gfp/+ mice 
(46) have been described previously. Mice were bred and main
tained under specific-pathogen-free conditions and used at 7 to 
12 weeks of age. All studies and procedures were approved by 
the Animal Experiment Committee of Kyushu University. All ani
mal experiments were conducted in accordance with the ARRIVE 
guidelines and the ethical guidelines of Kyushu University.

Antibodies
For flow cytometry or cell sorting, single-cell suspensions prepared 
from spleen or lymph nodes, or cultured B cells were stained with 
the following biotin- or fluorochrome-conjugated antibodies pur
chased from BioLegend, BD Bioscience, eBioscience, or Cell 
Signaling Technology: biotin-conjugated anti-CD23 (B3B4); allophy
cocyanin (APC)-conjugated anti-streptavidin, anti-CD138 (281-2), 
anti-CD93 (AA4.1), and Alexa647-conjugated anti-IRF4 (3E4); bril
liant violet (BV421)-conjugated anti-CD138 (281-2); phycoerythrin 
(PE)-conjugated anti-CD19 (6D5), anti-CD23 (B3B4), anti-IRF4 (3E4), 
anti-TLR9 (J15A7), phospho-S6 (pS6) ribosomal protein (Ser235/ 
236) (D57.2.2E); PE-cyanine 7 (PE-Cy7)-conjugated anti-B220 
(RA3-6B2), anti-CD21/35 (7E9), fluorescein isothiocyanate 
(FITC)-conjugated anti-B220 (RA3-6B2), and APC-Cy7-conjugated 
anti-CD19 (6D5) were used.

Flow cytometry
Tissues were disrupted by passing through a nylon mesh (Kyoshin 
Ricoh). After red blood cell lysis with ammonium chloride potas
sium buffer, cells were incubated with an anti-CD16/CD32 
(2.4G2; BD Pharmingen) to reduce nonspecific labeling of the cells 
before staining. Single cells were stained with fluorophore-labeled 
antibodies. For intracellular staining, splenocytes were fixed and 
permeabilized with Intracellular Fixation and Permeabilization 
Buffer set (eBioscience) or Foxp3 Staining Buffer Set 
(eBioscience) before intracellular staining with PE-conjugated 
anti-TLR9, anti-IRF4, pS6, Alexa647-conjugated anti-IRF4, and 
then analyzed on Cytoflex (Beckman Coulter). The data were ac
quired on a Cytoflex (Beckman Coulter) and analyzed with 
FlowJo software (Tree Star).

Sorting and isolation of B cells
Cell sorting was done on a FACS Melody (BD Biosciences). For iso
lation of B220hiCD19+AA4.1−CD23+CD21mid FO B cells and B220hi 
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CD19+AA4.1−CD23−CD21hi MZ B cells, splenocytes were stained 
with FITC-anti-B220, APC-Cy7-anti-CD19, APC-anti-CD93, PE-anti- 
CD23, and PE-Cy7-anti-CD21/35.

For B-cell isolation, splenic B cells were purified by negative se
lection of CD43+ cells with anti-CD43 magnetic beads (Miltenyi 
Biotec). Following the negative selection of CD43− B cells, for 
CD23+ B-cell isolation, CD43− B cells were purified by the positive 
selection of CD23+ cells Streptavidin magnetic beads (Miltenyi 
Biotec) after being stained with biotin-anti-CD23. The enriched 
B-cell population was >95% positive for CD19 staining.

Cell culture and stimulation
For B-cell stimulation assays, purified B cells (2 × 105 cells/mL) were 
cultured in Rosewell Park Memorial Institute (RPMI) 1640 medium 
supplemented with 10% (vol/vol) fetal calf serum (FCS), 
β-mercaptoethanol, L-glutamine, 4-(2-hydroxyethyl)-1-piperazine 
ethanesulfonic acid (HEPES), non-essential amino acids (NEAA), 
L-sodium pyruvate solution, and penicillin–streptomycin. B cells 
were stimulated with 1 μg/mL of CpG oligodeoxynucleotides 
(ODN1826; InvivoGen) and 0.1 μg/mL of IFNα (BioLegend) or 
0.1 μg/mL of universal type I IFN (BioLegend) or 0.1 μg/mL of 
IFNβ (BioLegend) or 0.05 μg/mL of IFNγ (BioLegend) for 3 days in 
48- or 96-well plates at 37 °C. Small-molecule inhibitors of 
mTORC1 (Rapamycin; MedChemExpress; 5 nM), PI3K (LY294002; 
EMD Millipore; 5 μM), and Akt (API-1; Calbiochem; 500 nM) were 
added to the cells at the time of activation.

Proliferation assay
Isolated B cells were labeled with 20 μM Cell Trace Violet (CTV; 
Invitrogen) for 5 min at room temperature. The cells were stimu
lated with CpG and IFNα for 3 days at 37 °C. Cells were stained 
with zombie NIR Fixable Viability Kit (BioLegend) and then the 
percentages of viable-and CTV-diluted B cells were assessed by 
Cytoflex (Beckman Coulter). The Division Index is the average 
number of cell divisions undergone by the cells of the original 
population (47). The data were analyzed with FlowJo software 
(Tree Star).

ELISA and ELISpot assay
Total immunoglobulin M (IgM) was measured by ELISA with a 
plate coated with 0.5 μg/mL anti-IgM and then detected with 
horseradish peroxidase–conjugated anti-goat IgM Abs (Southern 
Biotech). ELISpot assay plates (Millipore MSHAN4B50) were coated 
with capture goat anti-IgM antibody (Southern Biotech 1021-01) at 
0.5 μg/mL and blocked with complete growth media (RPMI, 10% 
FCS, β-mercaptoethanol, L-glutamine, HEPES, NEAA, L-sodium 
pyruvate solution, and penicillin–streptomycin). About 1 × 104 

stimulated FO B cells were plated on the top wells and serially 
triple-diluted and incubated overnight. Biotinylated goat 
anti-IgM AP (Southern Biotech 1020-04) capture antibody was 
used at 0.1 μg/mL. Spots were developed using 5-bromo-4- 
chloro-3-indolyl-phospate (BCIP)/nitro blue tetrazolium (NBT) li
quid substrate.

Retroviral transduction
To generate a target gene retroviral expression vector, a cDNA cor
responding to a target gene obtained from mouse splenocytes by 
PCR amplification was cloned into the pMY-IRES-mCherry or 
pMY-IRES-GFP retroviral vector. The target genes are TLR9 or 
IRF4. The resulting retroviral vector (pMY-IRES-TLR9-mCherry 
or pMY-IRF4-HA-IRES-GFP) and mCherry or GFP-alone control 
vector (pMY-IRES-mCherry or pMY-IRES-GFP) were transfected 

into PLAT-E cells with FuGENE HD (Roche Diagnostics). At 24 h 
posttransfection, the medium was changed, and the cells were 
cultured for an additional 72 h. To express these genes in FO B 
cells in vitro, splenic FO B cells were purified from C57BL6 or 
Prdm1gfp/+ mice and then cultured with CpG (1 μg/mL) or CpG 
(1 μg/mL) plus IFNα (0.1 μg/mL) for 24 h. Cells underwent “spin in
fection” for 2 hours at 25 °C (800 g) after virus supernatant and 
polybrene (6 μg/mL) were added. After spin infection, cells were 
washed with culture medium and cultured for an additional 3 
days with CpG or CpG plus IFNα. Rapamycin was added to the cells 
after spin infection.

Quantitative RT-PCR analysis
RNA was isolated and purified using the RNeasy kit (Qiagen) from 
FO B cells. cDNA was generated using the ReverTra Ace qPCR RT 
Master Mix (TOYOBO). Real-time PCR was performed on a 
LightCycler 96 (Roche) using Thunderbird SYBR qPCR mix 
(TOYOBO). The expression of target genes was normalized with 
18S rRNA. The following primer pairs were used: 18S rRNA, sense 
5′-ATGGCCGTTCTTAGTTGGTG-3′ and antisense 5′-CGGACATCT 
AAGGGCATCAC-3′: Irf4, sense 5′-ACAGCTCATGTGGAACCTCTG12 
3′ and antisense 5′-TCAGGTAACTCGTAGCCCCT-3′: Isg15, sense 
5′-TGGCCTGGGACCTAAAGGTG-3′ and antisense 5′-CTGGAAAGCC 
GGCACACCAA-3′: Usp18, sense 5′-GGATAACAGTGCCTCGG 
AGTG-3′ and antisense 5′-TCTGCAGGCACTGAACGAGC-3′: Stat1, 
sense 5′-AAAGCAAGACTGGGAGCACG-3′ and antisense 5′-GGA 
GATTACGCTTGCTTTTCCG-3′: Cdkn1a, sense 5′-GTGGCCTTGTC 
GCTGTCTTG-3′ and antisense 5′-CGCTTGGAGTGATAGAA 
ATCTG-3′.

BRB sequencing
RNA was isolated and purified using the RNeasy kit (Qiagen) from 
unstimulated FO B cells or FO B cells stimulated with IFNα, CpG, 
and CpG + IFNα for 12 h FO B cells after sorted on an FACS 
Melody (BD Biosciences). For library preparation, Bulk RNA bar
cording (BRB) sequencing (48) was performed with the following 
some modifications. Barcoded dT primer (5′-GCCGGTAATACGA 
CTCACTATAGGGAGTTCTACAGTCCGACGATCNNNNNNNNNN 
CCCCCCCCCTTTTTTTTTTTTTTTTTTTTTTTTV −3′; (10)N = UMI, 
(9)C = cell barcode) was used for reverse transcription. 
Second-strand synthesis module (NEB, #E6111) was used for 
double-stranded cDNA synthesis. In-house MEDS-B Tn5 transpo
sase (49, 50) was used for tagmentation, and libraries were ampli
fied by 10 cycles of PCR using Phusion High-Fidelity DNA 
Polymerase (Thermo Scientific, #M0530) with the following pri
mers: 5′-AATGATACGGCGACCACCGAGATCTACACindexGTTCA 
GAGTTCTACAGTCCGA-3′, 5′-CAAGCAGAAGACGGCATACGAGAT 
index GTCTCGTGGGCTCGGAGATGT-3′). A 19-bp barcode read 
(Read1) and a 81-bp insert read (Read2) were obtained using the 
Illumina NovaSeq6000. Read1 (barcode read) was extracted by us
ing UMI tools (ver. 1.1.2) with the following command “umi_tools 
extract -I read1.fastq –read2-in=read2.fastq –bc-pattern=NNNNN 
NNNNNCCCCCCCCC –read2-stdout.” Trim Galore (ver. 0.6.7) was 
used to remove adaptor sequence and low-quality sequence and 
to discard read length below 20 bp, and reads were mapped to 
the GRCm38 reference using HISAT2 (ver. 2.2.1). FeatureCounts 
(ver. 2.0.1) was used to obtain the read counts for each gene, and 
UMI duplication is removed by UMI tools with the following com
mand “umi_tools count –method=unique –per-gene –per-cell – 
gene-tag=XT.” Tlr9 reference was then extended by 3 kb to add 
UTR reads to the counts. Expression data (normalized counts) 
were then imported into iDEP.951 (http://bioinformatics.sdstate. 
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edu/idep95/), and data transformation was conducted using 
EdgeR (log2(CPM + c)), as described before (51). Hierarchical clus
tering was conducted using correlation distance and average link
age. DESeq2 (1.34.0) was used to identify DEGs using |log2FC| > 2 
and padj < 0.1 as threshold values. Metascape (https:// 
metascape.org/gp/index.html#/main/step1) was used for GO ana
lysis, and GO terms were analyzed for biological processes (52). 
ggVolcanoR (https://ggvolcanor.erc.monash.edu/) was used to cre
ate volcano plot (53).

Statistical analysis
We performed a statistical evaluation with Prism software 
(GraphPad). A two-tailed, unpaired Student’s t test was applied 
for the statistical comparison of the two groups. ANOVA test 
was applied to test the difference in means between two or 
more unresponsive groups. A P-value of <0.05 was considered 
statistically significant.
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