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Introduction
Despite the elimination of many autoreactive B cells during devel-
opment (1, 2), mature B cell pools include a substantial proportion 
of polyreactive and self-reactive clonotypes (3–5). This observation 
suggests that later, activation-associated checkpoints exist to min-
imize the likelihood that such cells will engage in antibody produc-
tion, memory B cell formation, or affinity maturation focused on 
self-antigens. Several recent observations bear directly on this pos-
sibility. First, mounting evidence indicates that neither the pres-
ence nor the activation of these autoreactive clones is sufficient to 
engender autoantibody production; instead, additional signals are 
needed to overcome regulatory constraints that prevent frank auto-
immunity (6–14). Cognate T cell help, B lymphocyte stimulator 
(BLyS, also known as BAFF), IFN-γ, and IL-21 have been implicat-
ed as possible second signals (15–25). BLyS overexpression yields 
humoral autoimmunity (13), and both IFN-γ and IL-21 play roles 
in systemic autoimmune diseases (26–29). Second, many autoan-
tibodies bind DNA- or RNA-containing complexes, and numerous 
studies link the endosomal nucleic acid–sensing receptors TLR9 
and TLR7 to autoimmune diseases (12, 13, 15, 18, 30–34). Surpris-

ingly, TLR9 deficiency exacerbates autoimmune symptoms in sev-
eral mouse models, indicating that TLR9 may play a role in limiting 
the activation of autoreactive B cells. Finally, recent evidence ties 
this signaling triad — B cell receptor (BCR), TLR7/9, and IL-21 or 
IFN-γ — to the generation of T-bet+CD11c+ B cells (35), which are 
associated with autoimmunity in both mice and humans (36, 37). 
Together, these observations suggest a relationship among the 
BCR, TLR9, and cytokines that govern both normal and self-reac-
tive antibody responses to nucleic acid–containing antigens, but 
the nature of this tripartite interaction remains unclear.

Herein, we show that in both mouse and human B cells, 
TLR9 agonists linked to BCR ligands induce apoptotic death 
after an initial proliferative burst. The underlying mechanism 
involves p38 MAPK–dependent cell-cycle arrest, followed by 
intrinsic mitochondrial apoptosis. However, B cells undergoing 
this program can be rescued, and the mode of rescue determines 
subsequent B cell fate. Whereas BLyS affords differentiation to 
antibody secretion, CD40 costimulation with either IFN-γ or 
IL-21 yields the T-bet+ B cell phenotype. Finally, we show in vivo 
that when antigens are complexed with DNA, the magnitude and 
quality of humoral responses are altered. Together, these find-
ings reveal a cell-intrinsic, TLR9-dependent mechanism that 
governs the initiation, quality, and extent of B cell responses to 
DNA-associated antigens. Further, our data suggest that breach-
ing this checkpoint may provide a route to autoimmunity in the 
context of DNA-containing self-antigens.
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with STIC9 resembled anti-μ–stimulated cells, reflecting BCR 
cross-linking in the absence of a TLR9 signal, despite internal-
ization of the DNA CpG motif (Figure 1, E and F). Importantly, 
the death response induced by STIC9 does not reflect substan-
tial differences in BCR or TLR9 signal strengths, as the degrees 
of spleen-associated tyrosine kinase (SYK) phosphorylation and 
downstream nerve growth factor IB (Nur77) induction were sim-
ilar in cultures stimulated with either STIC9 or anti-μ plus ODN 
1826 (Figure 1, G and H). Moreover, ODN 1826 directly coupled to 
anti-μ mimicked STIC9, ruling out the possibility that differences 
in TLR9 binding valency or receptor avidity were responsible (Fig-
ure 1I). Thus, both natural and defined BCR ligands containing 
TLR9 agonists drive a unique program that abruptly terminates B 
cell activation and expansion. Further, this self-limiting response is 
extended by survival-promoting signals like BLyS.

Post-proliferative death involves intrinsic mitochondrial cell death 
following p38-dependent cell-cycle arrest. We next interrogated the 
mechanisms of STIC9-induced B cell death. Post-proliferative 
death did not reflect trans effects, since PL2-3 had no effect on the 
survival of B6.SJL B cells cocultured with PL2-3–stimulated AM14 
B cells (data not shown). Instead, we found that STIC9 directly 
induced apoptotic cell death, as revealed by caspase 9 and caspase 
3 cleavage, which was blocked by BLyS (Figure 2A). Since apopto-
sis involves either a caspase 8–dependent extrinsic pathway or a 
caspase 8–independent intrinsic pathway, we asked which is ini-
tiated by STIC9. Because caspase 8–KO mice are embryonically 
lethal unless receptor-interacting protein kinase 3 (RIP3) is also 
absent (40), we compared STIC9-activated B cells from C57BL/6, 
RIP3–/–, and caspase 8–/– RIP3–/– mice. STIC9 induced equivalent 
cell death in the double-KO and control cell populations (Figure 
2B), implicating the intrinsic apoptotic death pathway and atten-
dant mitochondrial depolarization. BLyS-mediated rescue, as 
evidenced by blocked caspase 9 and 3 cleavage (Figure 2A), is con-
sistent with death via this pathway, since BLyS sustains mitochon-
drial stability (41–43). Two BLyS receptors, BLyS receptor 3 (BR3, 
also known as BAFFR) and transmembrane activator and CAML 
interactor (TACI), are expressed on mature naive B cells, and either 
could account for the BLyS-mediated rescue (44, 45). STIC9 stim-
ulation upregulated both BR3 and TACI (Supplemental Figure 2, A 
and B), but while rescue was intact in Taci–/– B cells, BLyS failed to 
rescue STIC9-stimulated BR3-deficient B cells (Supplemental Fig-
ure 2, C and D). Thus, BLyS-mediated rescue of post-proliferative 
death requires BR3, whereas TACI is dispensable. Consistent with 
the well-established ability of BR3 to induce BCL-XL and other 
antiapoptotic BCL-2 family members (43), B cells from BCL-XL–
transgenic mice, which overexpress BCL-XL in the B cell lineage, 
resisted STIC9-mediated cell death, even in the absence of BLyS 
(Figure 2C). Finally, mitochondrial depolarization following STIC9 
stimulation was confirmed by flow cytometric analyses and was 
prevented by BCL-XL overexpression (Figure 2C).

While these observations showed that intrinsic mitochondrial 
death is the ultimate route to TLR9-dependent post-proliferative 
death, the upstream initiating events remained unclear. Three 
MAPK mediators, the JNK, ERK, and p38 kinases, are integral to 
both BCR and TLR9 signaling (46, 47). MAPK signaling differs 
in AM14 B cells stimulated by PL2-3 versus those stimulated by 
anti-μ or ODN 1826 (48). Moreover, DNA-containing antigens 

Results
DNA immune complexes induce self-limiting B cell responses that are 
rescued by BLyS. Prior studies showed that rheumatoid factor–
transgenic (RF-transgenic) B cells from AM14 mice proliferate 
in a TLR9-dependent manner when stimulated with chromatin 
immune complexes (ICs) formed by the monoclonal antibody PL2-
3 (38). To reconcile these findings with exacerbated autoimmune 
disease in Tlr9–/– mice, we performed analyses of cell division and 
survival under varying conditions. In these experiments, we used 
CD23+ splenic B cells, which are 95% or more quiescent follicular 
(FO) B cells. Either BCR cross-linking with F(ab′)2 fragments of 
rabbit anti-mouse IgM (anti-μ) or TLR9 stimulation with the oli-
godeoxynucleotide 1826 (ODN 1826) induced several rounds of 
division, with the majority of cells remaining alive (Figure 1A). We 
observed similar results in cells stimulated with a combination of 
ODN 1826 and anti-μ. In contrast, proliferation induced by PL2-3 
ICs was followed by overwhelming cell death (Figure 1A). This did 
not reflect nutrient exhaustion, since replenishing chromatin-IC–
stimulated cultures with fresh medium had no ameliorating effect. 
Strikingly, BLyS rescued the chromatin-IC–stimulated B cells, 
restoring viability at all time points (Figure 1, A and C).

To establish whether this response is characteristic of all B 
cells, regardless of BCR specificity, we synthesized a stimulato-
ry TLR9 immune complex (STIC9) consisting of a biotinylated 
CpG-rich dsDNA fragment of approximately 600 bp derived from 
a murine genomic CpG island sequence, termed clone 11 (39), 
linked to biotinylated Fab fragments of rabbit anti-mouse IgM via 
streptavidin (SA) (Figure 1B, inset). In contrast to smaller, thio-
ester-linked CpG oligonucleotides like ODN 1826, clone 11 can-
not freely enter B cells but is transported to a TLR9 compartment 
by BCR-mediated internalization. Thus, STIC9 mirrors PL2-3 IC 
stimulation, but is independent of BCR specificity, involves only 
TLR9, and eliminates potential Fc-γ receptor engagement.

Splenic CD23+ B cells stimulated with STIC9 recapitulated 
the post-proliferative death and BLyS-mediated rescue seen with 
PL2-3–stimulated RF B cells (Figure 1B). A CpG-negative dsDNA 
IC (CGNEG) synthesized in a manner identical to our synthesis of 
STIC9 mimicked anti-μ alone, reflecting BCR cross-linking without 
concomitant TLR9 engagement (Figure 1B). We investigated the 
timing of post-proliferative death to allow the appropriate design 
of sampling points in subsequent mechanistic studies. The kinetics 
of post-proliferative death were similar in both PL2-3–stimulated 
RF-transgenic AM14 or STIC9-stimulated C57BL/6 B cells, com-
mencing by 48 hours after stimulation and being virtually com-
pleted by 60 hours (Figure 1, C and D). Importantly, STIC9 and 
PL2-3 induced similar degrees of post-proliferative death in B cells 
from AM14 mice, indicating that STIC9 engages the key elements 
triggered by the natural autoantigen (Supplemental Figure 1A; sup-
plemental material available online with this article; https://doi.
org/10.1172/JCI89931DS1). Moreover, B cells from several lupus-
prone strains — NZB/W F1, Sle1, Sle2, and Sle3 — showed similar 
post-proliferative death responses (Supplemental Figure 1, B and 
C). Thus, the breakthrough of autoantibody production in these 
models probably reflects inappropriate rescue and differentiation 
rather than an intrinsic defect in this mechanism per se.

The post-proliferative death response depends on TLR9 sig-
nals, since the proliferation and survival of Tlr9–/– B cells treated 
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Figure 1. Addition of BLyS prevents AM14 and WT B cells from undergoing proliferation-associated cell death following stimulation with BCR-deliv-
ered TLR9 ligands. Representative FACS analysis at 60 hours (A) and percentage of live divided cells at 48, 60, and 72 hours (C) in AM14 CD23+ sple-
nocytes cultured with the indicated stimuli in the presence or absence of BLyS. Dead cells were stained with TO-PRO-3, while CFSE dilution indicates 
proliferation. (B and D) Representative FACS analysis at 60 hours (B) and percentage of live divided cells at 48, 60, and 72 hours (D) in C57BL/6 CD23+ 
splenocytes cultured with the indicated stimuli in the presence or absence of BLyS. Diagram in B (inset) depicts the structure of STIC9. (E and F) Repre-
sentative FACS analysis at 60 hours (E) and percentage of live divided cells 60 hours after STIC9 stimulation (F) in C57BL/6 and Tlr9–/– CD23+ B cells. (G) 
Immunoblot analysis of p-SYK in protein extracts isolated from CD23+

 
C57BL/6 splenocytes cultured with the indicated stimuli. Fold-change differenc-

es in expression are shown compared with unstimulated cells. Values in parentheses indicate the molecular weight. (H) FACS analysis of B cells from 
Nur77-GFP reporter mice at 5 hours, cultured with the indicated stimuli, with or without TLR9 inhibitor (Inh18) as described previously (84). Gray-filled 
area represents no stimulation; black line represents F(ab′)2 fragments of anti-IgM; gray line represents ODN 1826; blue line represents F(ab′)2 fragments 
of anti-IgM plus ODN 1826; and red line represents STIC9. Max, maximum. (I) Representative FACS plots show the proliferation and survival of C57BL/6 
CD23+

 
splenocytes cultured for 60 hours with SA-linked biotinylated (Bio) ODN 1826 and biotinylated F(ab)2, in the presence or absence of BLyS. Data 

represent a minimum of 3 independent experiments with 3 mice each. Error bars indicate the mean ± SEM. *P < 0.05 and ***P < 0.001, by 2-tailed Stu-
dent’s t test. “–” signifies unstimulated cells. 
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The addition of a p38 inhibitor reduced the proportion of cells 
in G1, with a corresponding elevation of the proportion of cells in S/
G2/M (Figure 2, H–J), suggesting that STIC9 stimulation induces 
G1/S cell-cycle arrest prior to mitochondrial apoptosis. However, 
it remained possible that cells undergoing mitochondrial apopto-
sis simply accumulate in the G1 phase of the cell cycle. To address 
this possibility, we cultured B cells from BCL-XL mice with STIC9. 
Like C57BL/6 B cells, the majority of STIC9-stimulated BCL-XL 
transgene–positive cells were in G0/G1, despite their resistance to 
apoptosis (Figure 2K), consistent with the view that cell-cycle arrest 
precedes initiation of the intrinsic mitochondrial death pathway. 
Overall, these findings show that BCR-delivered TLR9 agonists ter-
minate B cell activation through a p38-dependent cell-cycle arrest 
mechanism that subsequently drives mitochondrial cell death.

All preimmune B cell subsets undergo TLR9-dependent post- 
proliferative death that can be rescued by BLyS. Both transitional 
(TR) and marginal zone (MZ) B cells express TLR9, include auto-
reactive or polyreactive clonotypes, and have been implicated 
in humoral autoimmune disease (51–53). Therefore, to examine 
how BCR-delivered TLR9 ligands affect these B cell subsets, we 
FACS sorted FO, MZ, TR type 2/3 (TR2/3), and TR type 1 (TR1) 
B cells as previously defined (54, 55). In accord with prior studies, 
anti-μ induced death among TR and MZ B cells (Figure 3A). In 
contrast, all subsets divided following stimulation with ODN 1826 
plus anti-μ and were alive after 60 hours in culture. Mirroring our 
results with magnetic cell-sorting–enriched (MACS-enriched) 
CD23+ B cells, all subsets examined had proliferated following 
STIC9 stimulation and then died by 60 hours in culture (Figure 
3A). Cell death in all subsets was most likely via mitochondrial 
intrinsic apoptosis, as cleavage of caspase 9 was observed in sort-
ed FO, MZ, TR2/3, and TR1 B cells following STIC9 stimulation 
(Figure 3B). These data provide a previously unappreciated intrin-
sic role for TLR9 in limiting the responses of all preimmune B cell 
subsets to DNA-containing antigens.

BLyS allows STIC9-stimulated B cells to become antibody-secreting 
cells. Since B cells can be rescued from post-proliferative death by 
BLyS, we asked whether this or other signals enable progression to 
either antibody secretion or other differentiative fates. Accordingly, 
we first asked whether B cells stimulated with STIC9 and kept alive 
by BLyS could become antibody-secreting cells. As expected, CD23+ 
B cells cultured with BLyS alone secreted minimal antibody, how-
ever, both TR and FO subsets secreted 10-fold more antibody fol-
lowing stimulation with either ODN 1826 plus anti-μ or STIC9 plus 
BLyS (Table 1 and Figure 4A, upper panel). Supernatants from MZ 
B cells revealed a similar pattern of Ig secretion, albeit at a greater 
magnitude, consistent with their vigorous response to TLR stimu-
li and propensity to undergo rapid plasma cell differentiation (56). 
Moreover, enzyme-linked immunosorbent spot (ELISPOT) analyses 
confirmed that ODN 1826 plus anti-μ or STIC9 plus BLyS induced 
antibody-secreting cell (ASC) formation (Figure 4A, lower panel). 
Importantly, lambda+ B cells from 3H9 BCR–transgenic mice, which 
are dsDNA specific and normally eliminated at the TR stage (17, 
57–60), were able to differentiate into ASCs following stimulation 
with STIC9 plus BLyS (Supplemental Figure 3C). These data reveal 
that TLR9 ligands delivered via the BCR yield a similar, self-limiting 
response by all major peripheral B cell subsets and that concomitant 
survival signals permit continued differentiation into ASCs.

have been shown to affect B cell responses by modulating subcel-
lular compartmentalization of TLR9 and MAPK signaling (49). 
Accordingly, we reasoned that STIC9 signals probably involve 
the MAPK pathways and asked whether inhibition of JNK, ERK, 
or p38 could block STIC9-induced apoptosis. Neither JNK nor 
ERK inhibition altered the patterns of response to ODN 1826 plus 
anti-μ or STIC9, despite both inducing the expected decrease 
in viability and proliferation with anti-μ (Figure 2D and Supple-
mental Figure 2E). In contrast, p38 inhibition abrogated STIC9- 
induced cell death, and at 10 μM, the inhibitor rescued cells to 
the same extent as did BLyS (Figure 2D). Further, p38 inhibition 
prevented the caspase 9 cleavage and mitochondrial depolariza-
tion that otherwise follow STIC9 stimulation (Figure 2, E and F). 
To exclude off-target effects, we used 2 additional p38 inhibitors 
— SB202190 and VX702 — and both rescued STIC9-driven death 
(Figure 2G). Thus, BCR-delivered TLR9 ligands, unlike indepen-
dent BCR or TLR9 stimulation, trigger a p38-dependent mecha-
nism that leads to intrinsic mitochondrial apoptosis.

Following activation, B cell survival requires successful cell- 
cycle transit, and p38 has been implicated in stress-induced cell- 
cycle arrest (50). To determine the effect of STIC9 on cell-cycle 
status, B cells were stimulated and harvested after 48 hours, a time 
point at which viability in all cultures is comparable (Figure 1D). As 
expected, 44% of B cells stimulated with ODN 1826 plus anti-μ were 
in the S/G2/M phase. In contrast, the majority of cells stimulated 
by STIC9 were in G1, with only 22% of the cells in S/G2/M (Figure 
2,  H–J), in spite of the fact that most underwent several rounds of 
division (Figure 1B). Together, these findings suggest that STIC-9– 
stimulated cells experience cell-cycle arrest at the G1-S transition.

Figure 2. Cell death in response to STIC9 stimulation follows p38 
MAPK–mediated cell-cycle arrest and mitochondrial apoptosis. (A) 
Immunoblot analysis of caspase 9 and caspase 3 cleavage in protein 
extracts from CD23+ C57BL/6 splenocytes cultured for 60 hours with the 
indicated stimuli. Values in parentheses indicate the molecular weight. 
(B) Percentage of live divided CD23+ splenocytes from C57BL/6, RIP3–/–, 
and RIP3–/– caspase 8–/– mice following culture with the indicated stimuli. 
(C) Representative FACS plots of C57BL/6 and BCL-XL CD23+ splenocytes 
cultured for 60 hours with no stimulation or with STIC9 either loaded 
with CFSE and stained with TO-PRO-3 or stained with the mitochondrial 
stability–assessing dye JC-1. (D) Percentage of live divided C57BL/6 CD23+ 
splenocytes following stimulation with either anti-μ or STIC9 in the 
presence of various concentrations of the JNK inhibitor SP600125, the 
MEK1/2 inhibitor U0126, or the p38 inhibitor SB203580. Since vehicle and 
non-vehicle control groups showed no differences, the latter was used for 
controls in subsequent experiments. (E) Immunoblot analysis of caspase 
9 cleavage as described in A. (F) Representative FACS plots assessing 
the mitochondrial stability of C57BL/6 CD23+ cells cultured for 60 hours 
with the indicated stimuli. (G) Percentage of live divided C57BL/6 CD23+ 
splenocytes following culture as in D with various p38 inhibitors. (H and I) 
FACS analysis measuring the cell-cycle status of C57BL/6 CD23+ spleno-
cytes cultured for 48 hours with the indicated stimuli. (I) G0 and G1 phases 
were distinguished through Ki-67 staining. The gray area represents STIC9 
alone; the dashed line represents STIC9 plus BLyS; and the solid black line 
represents STIC9 plus the p38 inhibitor SB203580. (J) Percentage of cells 
in the S/G2/M phase treated as in H. (J and K) FACS analysis measuring 
the cell-cycle status of BCL-XL–transgenic CD23+ splenocytes cultured for 
48 hours. Error bars indicate the mean ± SEM; n ≥ 3 replicate analyses, 
and results are representative of 2 (B and E) or a minimum of 3 (A, C, D, 
and F–K) independent experiments. **P < 0.005 and ***P < 0.001, by 
2-tailed Student’s t test. NS, not significant.
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CD40 costimulation and FO helper T cell cytokines rescue TLR9- 
dependent post-proliferative death and foster a T-bet+ fate. Although 
BLyS allows STIC9-stimulated B cells to survive and differentiate 
into ASCs, we reasoned that alternative second signals — such as 
CD40 costimulation and instructive cytokines characteristic of 
T cell-dependent immune responses — might foster alternative 
differentiative fates. Moreover, because T-bet expression and 
IgG2a/c isotype switching are regulated by IL-21, IFN-γ, and IL-4 
in the context of TLR9 signals (35), we speculated that these 
features might extend to STIC9-stimulated cells. Accordingly, 
we assessed the effects of CD40 costimulation in the context 
of IL-21, IFN-γ, and IL-4 on the survival and differentiative out-
comes of STIC9-stimulated B cells.

CD40 signaling alone mirrored the findings with BLyS, 
rescuing the cells and enabling antibody secretion (Figure 4, 
A and B). The added presence of IFN-γ, IL-21, or IL-4 did not 
affect CD40-mediated rescue (Figure 4B, upper panel). We 
reasoned that during B cell responses in vivo, CD40 signals 
would be delayed with respect to BCR-mediated activation, 
reflecting the need for B cell antigen processing and presen-
tation to receive cognate T cell help. We therefore assessed 
rescue by CD40 signals delivered 24 or 48 hours after STIC9 
stimulation. The results indicated that CD40 signals received 
within 24 hours of STIC9 stimulation yield equivalent rescue 
when these signals are received simultaneously and that even 

48 hours after STIC9 stimulation, CD40 ligation affords partial 
rescue (Figure 4B, lower panel).

In accord with previous reports, both T-bet expression and 
IgG2c class switching increased markedly when either IFN-γ or 
IL-21 (Figure 4, C–G) was added in conjunction with CD40 liga-
tion; whereas, IL-4 fostered neither T-bet expression nor IgG2c 
switching but instead yielded IgG1 production. As shown previ-
ously in the context of TLR9 signaling (35), the induction of T-bet 

Figure 3. FO, MZ, and TR B cells behave similarly following STIC9 stimulation. (A) FACS analysis of proliferation and survival in sorted B220+AA4.1–

CD23+CD21/35– FO, B220+AA4.1–CD23–CD21/35+ MZ, B220+AA4.1+CD23+ TR2/3, and B220+AA4.1+CD23– TR1 splenic B cells cultured for 60 hours with no 
stimulation, with F(ab′)2 fragments of anti-IgM, with ODN 1826 plus F(ab′)2 fragments of anti-IgM, STIC9, or with STIC9 plus BLyS. Dead cells were 
stained by TO-PRO-3, while CFSE dilution indicates proliferation. (B) Immunoblot analysis of caspase 9 cleavage in protein extracts isolated from FO, 
MZ, TR2/3, and TR1 B cells cultured for 60 hours with ODN 1826 plus F(ab′)2 fragments of anti-IgM, STIC9, or STIC9 plus BLyS. Protein (10 μg) was loaded 
into each well, and β-actin was used as a loading control. Values in parentheses indicate the molecular weight. All data are representative of 3 (A) or  
2 (B) independent experiments.

Table 1. Antibody production by cells cultured with STIC9 and 
BLyS

Splenic B cell subset Culture conditions
BLyS ODN 1826 + anti-μ STIC9 + BLyS

FO 4 ± 1 113 ± 27B 66 ± 25A

MZ 20 ± 4 2,905 ± 2,392 4,230 ± 336B

TR2/3 10 ± 5 199 ± 45B 134 ± 45B

TR1 11 ± 3 159.3 ± 40B 167 ± 44B

Mean ± SD of total Ig (ng/ml) in supernatants from sorted subsets cultured 
for 60 hours. n = 3 independent experiments. A 2-tailed Student’s t test 
was used for the statistical analysis. ADenotes significant differences at  
P < 0.05 for stimulation with BLyS alone. BDenotes significant differences 
at P < 0.01 for stimulation with BLyS alone.
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Figure 4. CD40 and Tfh cytokines promote survival, T-bet expression, and IgG2c class-switching in STIC9-stimulated cells, and DNA conjugation modu-
lates T cell-dependent B cell responses in vivo. (A) Sort-purified FO, MZ, TR2/3, and TR1 B cells cultured for 60 hours with the indicated stimuli. Total Ig 
was measured in the supernatants by ELISA, and total ASCs were measured by ELISPOT. Each stimulation group (CpG plus anti-IgM, STIC9 plus BLyS, and 
STIC9 plus anti-CD40) induced significantly more (P < 0.05) total Ig or ASCs compared with BLyS stimulation alone when compared with the respective B 
cell subsets. (B) FACS analysis of the proliferation and survival of FO B cells cultured for 60 hours with the indicated cytokines and anti-CD40 added simul-
taneously with STIC9 stimulation (upper panels), or with anti-CD40 added at different time points after STIC9 stimulation (lower panels). (C–E) FO  
B cells were cultured with STIC9 plus anti-CD40, with or without (C) IFN-γ, (D) IL-21, or (E) IL-4 for 60 hours, following which (C and D) IgG2c and (E) IgG1 were 
measured by ELISA. (F and G) FO B cells were cultured with STIC9 plus anti-CD40, with or without (F) IFN-γ or (G) IL-21 for 60 hours, and cells were probed 
for T-bet by intracellular flow staining. Plots show T-bet expression in live cells. Numbers inside the plots indicate the Δ mean fluorescence intensity (MFI) 
(experimental minus isotype control). (H) Total number of splenic GC B cells [DUMP(CD4, CD8, GR-1, F4/80)–IgDlo/–CD19+CD138–CD38–GL7+FAS+] and Tfh cells 
(CD19–CD4+CD62Llo/–CXCR5hiPD-1hi) present in the indicated immunized C57BL/6 mice on day 14 after immunization. Each symbol represents an individual 
mouse. ANOVA with Bonferroni’s correction was used for multiple comparisons. (I) HSA-specific serum titer in the indicated immunized mice on day 14 
after immunization. All data are representative of 2 (A) or 3 (B–I) independent experiments. (C–E) Error bars indicate the mean ± SEM. *P <0.05,  
**P < 0.005, and ***P < 0.001, by 2-tailed Student’s t test.
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DNA yielded reduced GC B cell numbers that were equivalent to 
those detected with adjuvant only, as well as reduced titers of class-
switched HSA-specific antibodies that were skewed toward IgG2c 
(Figure 4, H and I). Interestingly, Tfh numbers were normal with 
this immunization (Figure 4H). Immunization with AP-HSA plus 
DNA ICs yielded a reduction in GC B cell numbers, but not com-
plete ablation of the response. This finding is in agreement with our 
in vitro observations (Figure 4, A and B) suggesting that CD40 liga-
tion affords rescue even several days after B cell activation by BCR 
ligands that contain a TLR9 agonist. Together, these findings are 
consistent with the overall relationships established by our in vitro 
analyses, since complexed DNA modulates the humoral response 
and, in the presence of cognate help, engenders the IgG2c isotype–
switching characteristic of T-bet induction.

BCR-delivered TLR9 ligands limit human CD27– B cell responses. 
Finally, we questioned whether human B cells are similarly regu-
lated by DNA-containing antigens. Human TLR9 signals optimal-
ly to a different CpG motif than does murine TLR9, but this motif 
appears in the clone 11 sequence that we used in STIC9. Therefore, 
we designed a human stimulatory TLR9 complex (hSTIC9) by link-
ing biotinylated clone 11 to biotinylated Fab anti-human IgM with 
SA. Naive (CD27–CD19+) human B cells were isolated and cultured 
for 108 hours, when proliferative responses most closely resem-
bled those seen after 60 hours with murine CD23+ B cells (Figure 

expression by IFN-γ and IL-21 occurs within the first 24 hours of 
activation and is independent of the extent to which B cells have 
divided after STIC9 plus anti-CD40 stimulation (Supplemental 
Figure 3, A and B).

Antigen-complexed DNA yields blunted humoral responses with 
T-bet+ B cell–associated characteristics. Considered together, these in 
vitro analyses predicted that TLR9 agonists delivered by the BCR 
should limit B cell responses. We reasoned that in the absence of 
additional signals, incipient responses to DNA-containing antigens 
should prematurely terminate, whereas the presence of additional 
signals such as cognate CD4 help and cytokines should modulate 
the response and determine its quality. We used immunization with 
amyloid proteins to test this hypothesis in vivo. These misfolded 
proteins form fibrous structures termed amyloid aggregates, some-
times including cofactors such as DNA (61), and we have previous-
ly reported a method to produce amyloid proteins with or without 
DNA (61, 62). Using this approach, we immunized mice with amy-
loid precursor HSA (AP-HSA), AP-HSA linked to DNA, or native 
HSA mixed with, but not cross-linked to, DNA. Alum was used as 
an adjuvant in all conditions, and we also included an adjuvant-on-
ly control. On day 14 after immunization, mice receiving HSA plus 
DNA or AP-HSA had mounted an immune response with germinal 
center (GC) B cells, FO helper T cells (Tfh) (Figure 4H), and IgG1 
antibody (Figure 4I). In contrast, immunization with AP-HSA plus 

Figure 5. Naive human B cells undergo post-proliferation apoptosis following stimulation with BCR-internalized TLR9 ligands. (A) Representative 
FACS plots showing proliferation and survival in human CD27–CD19+ PBMCs cultured for 108 hours with no stimulation, ODN 2006 plus F(ab′)2 fragments 
of anti-IgM, hSTIC9, hSTIC9 plus BLyS, or hSTIC9 plus SB203580. Dead cells were stained by TO-PRO-3, while CFSE dilution indicates proliferation. (B) 
Percentage of live divided cells from multiple donors treated as in A. Each symbol represents a single donor. Black symbols (n = 3) indicate cells that were 
cultured with ODN 2006 plus F(ab′)2 fragments of anti-IgM and hSTIC9, while white symbols (n = 4) indicate cells that were additionally cultured with 
hSTIC9 plus BLyS or hSTIC9 plus the p38 inhibitor SB203580. (C) Human CD27–CD19+ PBMCs were cultured with STIC9 plus p38 inhibitor (10 μM) or STIC9 
plus anti-CD40, with or without IFN-γ, for 108 hours. At the end of the culture, cells were stained for T-bet. Plots show T-bet expression in live cells. 
Numbers inside the plot indicate Δ MFI (experimental minus isotype control). n = 3 for all data, and results are representative of at least 3 independent 
experiments. **P < 0.005, by 2-tailed Student’s t test.
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enabling interrogation of the downstream pathways. While one 
might argue that a dominant, TLR9-mediated death pathway is 
involved, this seems unlikely, because simultaneous but indepen-
dent ligation of TLR9 and the BCR does not result in cell death. 
Instead, we favor the notion that crosstalk between these systems 
is responsible, whereby TLR9 ligation impedes or redirects sur-
vival signals that otherwise accompany BCR signaling. The exact 
points of intersection remain unclear, but engagement of both 
the BCR and TLR9 initiates the NF-κB and MAPK pathways, so 
crosstalk between these, including the documented hyperactiva-
tion of p38 (49), likely plays a role in the post-proliferative death 
mechanism reported herein. Indeed, our findings reveal a central 
role for p38 in STIC9-induced cell-cycle arrest and mitochondrial 
apoptosis, functions that have previously been associated with the 
p38 pathway (69–71). Cell-cycle arrest and mitochondrial apopto-
sis may reflect parallel but independent consequences of p38 sig-
naling following stimulation with BCR-delivered TLR9 ligands. 
Alternatively, as cell-cycle arrest occurs even when apoptosis is 
blocked, it may be a proximal event that leads directly to mito-
chondrial destabilization. Regardless, both reflect potential limit-
ing mechanisms that prevent continued expansion or prolonged 
survival of autoreactive B cell clones.

The TLR9-mediated post-proliferative death response that 
we observed is likely relevant to the etiology of humoral autoim-
munity. For example, it may help explain why TLR9-deficient 
autoimmune strains develop more severe disease than do their 
TLR9-sufficient counterparts (15, 16, 18–20). Consistent with this 
notion, autoimmune disease is similarly exacerbated when TLR9 
deficiency is limited to B cells (72). Nevertheless, in addition to its 
negative regulatory role, TLR9 is also required for B cell activa-
tion, ASC differentiation, and the production of isotype-switched, 
DNA-reactive autoantibodies in autoimmune-prone mice (15, 32). 
Further, this unique response — an initial proliferative burst fol-
lowed by rapid elimination — is common to all major preimmune 
subsets in mice and humans. This suggests that TR and MZ B 
cells, which contain polyreactive and autoreactive clones, could 
be recruited to clear TLR9-containing BCR ligands such as apop-
totic debris, but are quickly eliminated to avoid sustained activity 
against self-components. Alternatively, this mechanism might be 
important for purging self-reactive B cells at the immature and 
TR stages. In fact, in 3H9 mice, either exogenous BLyS or TLR9 
deficiency extends the lifespan of dsDNA-specific B cells nor-
mally lost at the TR stage (17, 59), and mutations impacting TLR9 
function are associated with a more polyreactive B cell repertoire 
(73). These possibilities are not mutually exclusive and could both 
serve as checkpoints in the prevention of autoimmune disease.

Impeding the TLR9-mediated post-proliferative death response 
through either intrinsic failure in the relevant pathways or misdirect-
ed survival and differentiation signals could increase the propensity 
for autoimmune pathogenesis, and it is tempting to speculate that 
these differences might lead to distinct risk and disease features. 
For example, circumventing this mechanism through excess BLyS 
might afford the formation of short-lived autoreactive plasmablasts. 
Indeed, BLyS depletion therapy has had mixed success in amelio-
rating systemic lupus erythematosus (SLE) flares, perhaps reflecting 
restoration of this pathway in a subset of patients (24). In contrast to 
BLyS, T cell–mediated rescue of BCR-TLR9 coengagement might 

5A). As expected, the majority of human B cells cultured with ODN 
2006 plus F(ab′)2 anti-human IgM were alive and had proliferat-
ed (Figure 5, A and B). Mirroring the response of murine B cells, 
human B cells stimulated with hSTIC9 underwent a proliferative 
burst followed by apoptosis, and either BLyS addition or p38 inhibi-
tion rescued this death (Figure 5, A and B). Moreover, when human 
B cells were rescued from death, they expressed T-bet, which was 
further enhanced in the presence of IFN-γ (Figure 5C). These find-
ings strongly suggest that human and murine preimmune B cells 
undergo similar responses to BCR-delivered TLR9 ligands and that 
these probably reflect similar molecular mechanisms.

Discussion
This study reveals a relationship among BCR, TLR9, and cytokine 
signals that regulate B cell responses to DNA-containing antigens. 
BCR ligands that deliver a TLR9 agonist yield a brief prolifera-
tion that is terminated by cell-cycle arrest and intrinsic apoptotic 
death. This self-limiting response is characteristic of all major pre-
immune B cell subsets in mice and humans and requires MAPK 
p38 activation. BLyS prolongs this otherwise short-lived response, 
enabling the activated B cells to survive and differentiate into 
ASCs, whereas CD40 costimulation and Tfh cytokines yield both 
antibody secretion and differentiation into the autoimmune- 
associated T-bet+ B cell phenotype. Together, these observations 
disclose a mechanism that prevents or limits responses to DNA- 
associated BCR ligands and may help explain how TLR9 deficien-
cy promotes humoral autoimmunity.

The proapoptotic role of TLR9 shown here is seemingly at odds 
with an extensive literature showing that TLR9 agonists engen-
der B cell division without cell death and are effective vaccine 
adjuvants (63). However, TLR9 signaling in these contexts likely 
differs from the BCR-mediated internalization of natural ICs or 
STIC9, as such small molecules do not involve BCR engagement in 
their uptake (64, 65). In addition, TLRs can signal from a range of 
endolysosomal compartments with varying functional outcomes 
(66, 67). Studies of simultaneous engagement of BCR and TLR9, 
similar to STIC9, showed that BCR and TLR9 colocalize in auto-
phagosomes and initiate the hyperphosphorylation of p38 MAPK 
after such activation. Results of these studies also demonstrated 
the unique signaling pathways by which B cells regulate responses 
to DNA-containing antigens, namely, by governing the subcellu-
lar location of TLR9 and MAPK signaling (49, 68). Whether free 
CpG ODNs reach the same compartment as BCR-delivered TLR9 
ligands is unclear, but CpG ODN and ICs elicit different cytokines 
from AM14 B cells (48), consistent with fundamentally different 
signaling outcomes. Further, while the affinity of TLR9 for DNA 
components of different ligands is a potentially confounding fac-
tor, ODN 1826 engenders post-proliferative death when conjugat-
ed to F(ab′)2 anti-μ, favoring the interpretation that BCR-mediated 
delivery is the key distinction. Similarly, BCR engagement and sig-
nal strength might also impact outcome. However, multiple mea-
sures of BCR signal strength indicate that BCR signals induced by 
each reagent used herein are comparable and further support the 
notion that BCR-associated delivery of the TLR9 agonist under-
lies this unique response.

The STIC9 reagent affords the separation of BCR-mediat-
ed proliferative signals from TLR9-dependent cell death, thus 
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ml F(ab′)2 anti–human IgM (Jackson ImmunoResearch Laboratories);  
1 μM CpG DNA (ODN 2006; InvivoGen); or hSTIC9, formed by com-
bining 1 μg/ml biotinylated clone 11 DNA; 0.5 μg/ml SA (New England 
Biolabs); and 0.25 μg/ml Fab anti-human IgM, FC5μ fragment specific 
(Jackson ImmunoResearch Laboratories) for 1 hour at 4°C.

Flow cytometry. For all analyses, live/dead discrimination was 
assessed using either a LIVE/DEAD Fixable Aqua Stain Kit, DAPI, or 
TO-PRO-3 (Invitrogen, Thermo Fisher Scientific). Spleens were dis-
rupted to single-cell suspensions and red blood cells lysed using ammo-
nium-chloride-potassium (ACK) buffer (Lonza). Fluorochrome-con-
jugated or biotinylated antibodies against mouse CD19 (clone 6D5), 
B220 (clone RA3-6B2), CD21/CD35 (clone CR2/CR1), AA4.1/CD93 
(clone AA4.1), IgD (clone 11–26c.2a), CD138 (clone 281-2), CXCR5 
(clone L138D7), PD-1 (clone RMP1-30), TCRβ (clone H57-597), and 
T-bet (clone 4B10) were purchased from BioLegend; CD23 (clone 
B3B4), IgM (clone R6-60.2), CD95 (clone Jo2), and CD62L (clone 
MEL-14) from BD Biosciences; and CD4 (clone RM4-5), CD8 (clone 
53-6.7), F4/80 (clone BM8), GR-1 (clone RB6-8C5), and CD38 (clone 
90) from eBioscience. Cells were stained with antibodies in PBS/1% 
BSA containing mouse IgG Fc fragments (Jackson ImmunoResearch 
Laboratories). Mouse IgG1, κ antibody (clone MOPC-21; BioLegend) 
was used as an isotype control for T-bet staining, as described previ-
ously (35). BR3 and TACI were detected with anti-mouse BR3 (clone 
eBio7H22-E16; eBioscience) or anti-mouse TACI (clone 8F10; R&D 
Systems), with rat IgG1, κ antibody (clone eBRG1; eBioscience) and 
rat IgG2a, κ antibody (clone RTK2758; R&D Systems), respectively, 
as isotype controls. All stains were incubated for 30 minutes at 4°C, 
except for CXCR5, which was added first and incubated at room tem-
perature for 1 hour. Staining with biotinylated antibodies was followed 
by staining with Brilliant Violet 650–conjugated SA (BioLegend). Data 
were collected on a BD LSR II Flow Cytometer and analyzed with 
FlowJo software (Tree Star).

Mitochondrial membrane potential. Mitochondrial membrane 
potential was analyzed by staining with JC-1 (BD Biosciences) accord-
ing to the manufacturer’s protocol.

Cell-cycle analysis. Cells were pulsed with 50 μg/ml BrdU for the 
last 90 minutes of cell culture; fixed and permeabilized using BD 
Cytofix Solutions A and B (BD Bioscience); incubated with 225 μg/ml 
DNase solution in 150 mM NaCl and 400 mM MgCl2 for 35 minutes at 
room temperature; and stained with FITC anti-BrdU antibody (B44; 
BD Bioscience) and DAPI. G0/G1 was differentiated with anti–Ki-67 
(16A8; BioLegend).

Immunoblot analysis. Lysates were prepared and separated by 
SDS-PAGE as described previously (81, 82). Proteins were quantified 
by a Bio-Rad assay (Bio-Rad). Protein (10 μg) was loaded into each 
well, and β-actin was used as a loading control. Immunoblots were per-
formed using rabbit anti-mouse caspase 9, rabbit anti-mouse caspase 
3, or rabbit anti-mouse phosphorylated SYK (p-SYK) (all from Cell 
Signaling Technology). Peroxidase-conjugated donkey anti-rabbit IgG 
(H+L) (Jackson ImmunoResearch) was used as a secondary detection 
antibody. Peroxidase-conjugated mAb against mouse β-actin (AC-15; 
Sigma-Aldrich) was used as a loading control. Quantity One 1-D Anal-
ysis Software (Bio-Rad) was used for gel densitometry.

ELISA and ELISPOT analyses. Plates were coated with 10 μg/
ml anti-Ig (H+L) (SouthernBiotech) as previously described (83). For 
ELISA, culture supernates were plated and incubated with secondary 
HRP-conjugated goat anti-mouse Igκ plus anti-mouse Igλ antibodies 

foster GC differentiation, allowing somatic hypermutation, affini-
ty maturation, and the generation of long-lived plasma or memory 
B cells. This is supported by our observations that addition of anti-
CD40 with the IL-21 and IFN-γ cytokines engenders survival and 
induces T-bet expression and class-switching to IgG2a/c. Since T-bet+ 
B cells have been reported in the context of aging, autoimmunity, 
and infections (74), these cells may arise in response to TLR9 ligands 
delivered via the BCR, and while such signals would ordinarily trig-
ger apoptosis, cognate T cell help and additional cytokines could 
result in the breakthrough of autoantibody production. Additionally, 
in vivo and in vitro data suggest that RNA-sensing receptors, such as 
TLR7, do not promote post-proliferative cell death, but instead fos-
ter plasma cell differentiation (75). Thus, activation via these path-
ways may require concomitant TLR9 signals to control the overall 
response (30, 33, 76). Indeed, in mouse models in which TLR7 plays 
a critical role, TLR9 haploinsufficiency exacerbates disease (15, 16, 
18–20). Finally, some B cell subsets may resist this mechanism. Our 
preliminary observations indicate that CD27+ human B cells may 
resist hSTIC9-driven post-proliferative death, suggesting that some 
memory B cell subsets are refractory. Thus, TLR9 may play a unique 
role in limiting the duration of potentially autoreactive respons-
es, and alternative routes for bypassing this regulatory system may 
underlie some of the variability in the clinical features and therapeu-
tic outcomes observed in humoral autoimmunity.

Methods
Mice. C57BL/6 and Nur77-GFP reporter mice (77) were purchased 
from the The Jackson Laboratory. AM14 mice were maintained at 
the University of Massachusetts. Tlr9–/– mice were provided by P. 
Scott (University of Pennsylvania). Taci–/– (78), 3H9-transgenic, and 
B cell–specific BCL-XL–transgenic (79) mice were maintained at the 
University of Pennsylvania. BR3-deficient mice were maintained at 
the University of Southern California (Los Angeles, California, USA). 
Caspase 8–/– RIP3–/– and RIP3–/– mice were provided by William Kaiser 
and Edward Mocarski (Emory University, Atlanta, Georgia, USA).

B cell cultures. B cells were collected from 8- to 16-week-old male 
and female mice. Splenic B cells were isolated by positive selection 
and cultured as described previously (38, 39, 44, 76, 80). Briefly, B cells 
were stimulated with 10 micrograms/ml F(ab)′2 fragments of goat anti-
IgM (Jackson ImmunoResearch Laboratories); 1 μg/ml anti-CD40 
(clone HM40-3; BD); and 1 μM CpG DNA (ODN 1826; InvivoGen). 
STIC9 ICs were formed by combining a biotinylated CG-rich dsDNA 
fragment (39) with SA and Fab anti-mouse IgM at a final concentration 
of 0.5 μg/ml dsDNA, 0.13 μg/ml SA, and 0.5 μg/ml Fab anti-mouse 
IgM. Murine IL-21, IL-4, and IFN-γ (Shenandoah Biotechnology Inc.) 
were used at 25, 10, and 10 ng/ml, respectively. Human peripheral 
blood mononuclear cells (PBMCs) were isolated through negative 
selection with magnetic anti-human CD27 beads, followed by posi-
tive selection with anti-human CD19 beads (Miltenyi Biotec) and cul-
tured in round-bottomed plates for 108 hours. Cells were loaded with 
CFSE (Invitrogen, Thermo Fisher Scientific) as described previously 
(44). Human PBMCs were collected from both healthy men and wom-
en, aged 28–52 years. Inhibitor studies used 2.5–10 μM SB203580 
(InvivoGen); SB202190 (Cell Signaling Technology); VX-702 (Cay-
man Chemical); U0126 (Cell Signaling Technology); or SP600125 
(InvivoGen). Stimulations had 500 ng/ml recombinant human BLyS 
(rhBLyS) (Human Genome Sciences Inc. or R&D Systems); 10 μg/
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maintains an IRB-approved protocol for secondary use of deidentified 
human donor specimens. Use of these cells in this study did not con-
stitute human subjects research as defined by the NIH, and exempt 
determinations were made by the IRB of the University of Pennsyl-
vania and the US AMRMC Office of Research Protections, Human 
Research Protection Office.
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(SouthernBiotech). Plates were analyzed as previously described (83). 
For ELISPOTs, cells that had been cultured for 48 hours were replated 
and cultured for 8 hours at 37°C, then developed with biotin-conjugat-
ed anti-mouse Igκ plus anti-mouse Igλ (SouthernBiotech) as previous-
ly described (83). Plates (Corning) were coated overnight with 1 μg/ml 
native HSA and blocked for 2 hours in PBS/2% BSA. Sera were added 
to the first row of plates at a 1:100 dilution, with serial 3-fold dilutions 
down the rows. Anti-HSA antibodies were detected with goat anti-
mouse IgG, IgG1, IgG2c, and IgM conjugated with HRP (SouthernBio-
tech). TMB Substrate Reagent (BD) was used to detect HRP activity, 
and 2 M sulfuric acid (J.T. Baker) was used to stop the reaction. Plates 
were read at OD450 on an EMax Microplate Reader (Molecular Devices).

Preparation of amyloid and immunization. AP-HSA was prepared as 
previously described (62). Briefly, HSA (Sigma-Aldrich) was incubated 
for 2 hours in EDC (1-ethyl-3-[3-dimethyl-aminopropyl] carbodiimide 
hydrochloride) (Sigma-Aldrich) at a ratio of 1:5 (w/w). The mixture 
was neutralized by adding 10% (v/v) of 1 M Tris-HCl (Invitrogen, 
Thermo Fisher Scientific) at pH 10.5 and then dialyzed overnight into 
sterile PBS. To produce AP-HSA plus DNA, AP-HSA was incubated for 
more than 2 hours with E. coli K12 genomic DNA (InvivoGen) at a 7:3 
(w/w) ratio of protein to DNA. As a control for an immunogen contain-
ing unlinked DNA and protein, native HSA was mixed with DNA at a 
7:3 (w/w) ratio. Each preparation was precipitated in aluminum potas-
sium sulfate (Thermo Fisher Scientific) at 0.25 mg/ml 10% alum solu-
tion. The pH was adjusted to 6.5, and precipitates were resuspended in 
sterile PBS. Mice were immunized i.p. with 70 μg protein, and spleens 
and sera were collected upon sacrifice 14 days later.

Statistics. All data are represented as the mean ± SEM. Statistical 
analysis was performed using a 2-tailed, equal-variance Student’s t 
test. ANOVA analysis with Bonferroni’s correction was used for multi-
group comparisons in Figure 4H. A P value of less than 0.05 was con-
sidered statistically significant.

Study approval. Mice were handled according to a protocol 
approved by the IACUC of the University of Pennsylvania and the 
Animal Care and Use Review Office of the US Army Medical Research 
and Materiel Command (AMRMC). Human samples were obtained 
from the University of Pennsylvania Human Immunology Core, which 
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