
Original article

Toll-like receptor 9, transmembrane activator and
calcium-modulating cyclophilin ligand interactor, and
CD40 synergize in causing B-cell activation

Esra Ozcan, MD,a Ingrid Rauter, PhD,a Lilit Garibyan, MD, PhD,a Stacey R. Dillon, PhD,b and Raif S. Geha, MDa Boston,

Mass, and Seattle, Wash
Background: B cells receive activating signals from T cells
through CD40, from microbial DNA through Toll-like receptor
(TLR) 9, and from dendritic cells through transmembrane
activator and calcium-modulating cyclophilin ligand interactor
(TACI). TLR9 and CD40 ligation augment TACI-driven B-cell
activation, but only the mechanism of synergy between CD40
and TACI has been explored. Synergy between CD40 and TLR9
in B-cell activation is controversial.
Objective: We sought to examine the mechanisms by which
TLR9 modulates CD40- and TACI-mediated activation of B
cells and to determine whether all 3 receptors synergize to
activate B cells.
Methods: Naive murine B cells and human PBMCs were
stimulated with combinations of anti-CD40, CpG, and a
proliferation inducing ligand in the presence of IL-4. Proliferation
was measured by means of tritiated thymidine incorporation.
Immunoglobulin production was measured by means of ELISA.
Class-switch recombination (CSR) was examined by measuring
mRNA for germline transcripts, activation-induced cytidine
deaminase (AICDA), and mature immunoglobulin transcripts.
Plasma cell differentiation was examined by using syndecan-1/
CD138 staining and mRNA expression of B lymphocyte–induced
maturation protein 1 (Blimp-1).
Results: TLR9 synergized with CD40 and TACI in driving CSR
and inducing IgG1 and IgE secretion by naive murine B cells
and synergized with TACI in driving B-cell proliferation and
plasma cell differentiation. All 3 receptors synergized together
in driving murine B-cell proliferation, CSR, plasma cell
differentiation, and IgG1 and IgE secretion. TLR9 synergized
with CD40 and TACI in driving IgG secretion in IL-4–
stimulated human B cells.
Conclusion: Signals from TLR9, TACI, and CD40 are
integrated to promote B-cell activation and differentiation.
(J Allergy Clin Immunol 2011;nnn:nnn-nnn.)
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B cells respond to antigens by proliferating and undergoing
maturation and differentiation, which include class-switch re-
combination (CSR), antibody affinity maturation, and generation
of memory B cells and plasma cells. These processes are
dependent on interactions between ligand-receptor pairs that
include CD40 ligand–CD40, B cell–activating factor belonging to
the TNF superfamily (BAFF)/a proliferation inducing ligand
(APRIL)–transmembrane activator and calcium-modulating cy-
clophilin ligand interactor (TACI), and Toll-like receptor (TLR)
ligands–TLRs.1-3

B-cell activation by means of CD40 stimulation is essential for
T cell–dependent antibody responses and is the major contributor
to immunoglobulin production in vivo. This is evidenced by the
observation that mice and patients deficient in CD40 ligand
(CD40L) or CD40 have severely decreased levels of serum IgG,
lack serum IgE, do not mount antigen-specific antibody responses
after immunization with T cell–dependent antigens, and lack
germinal centers (GCs).4-7

TACI is expressed on a fraction of B cells and binds to the TNF
superfamily members BAFF and APRIL.8 BAFF is expressed by
neutrophils, monocytes, and dendritic cells (DCs) and promotes
B-lymphocyte survival and maturation, and APRIL is expressed
in monocytes, macrophages, DCs, and activated T cells.9 TACI
mediates isotype switching by APRIL2,10 and synergizes with
CD40 and TLR4 to increase immunoglobulin production and
generation of CD1381 plasma cells in vitro.11,12 TACI2/2 mice
have decreased serum IgM, IgG, and IgA levels and deficient
antibody responses to the type II T cell–independent antigens
pneumococcal polysaccharides and TNP-Ficoll.13-16 Further-
more, they have an impaired antibody response to immunization
with a suboptimal dose of the type I T cell–independent antigen
TNP-LPS, indicating that TACI synergizes with TLR4
in vivo.12 Heterozygous mutations in TACI are found in approxi-
mately 10% of patients with common variable immunodeficiency
(CVID) and in approximately 1% of healthy subjects.17,18

TLRs recognize specific molecular patterns of microbial path-
ogens and play an essential role in innate immunity to these
pathogens. In addition, they play an important role in the adaptive
immune responses, in part by promoting the maturation of
antigen-presenting DCs to activate T and B cells.19,20 The TLR4
ligand LPS and the TLR9 ligand CpG activate isotype switching
in B cells to IgG3 in B cells and to other isotypes in the presence of
cytokines.21,22 TLRs also recognize endogenous ligands.23
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lass-switch recombination
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ommon variable immunodeficiency
DC: D
endritic cell
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erminal center
GLT: G
ermline transcript
sIgG1: S
urface IgG1
TACI: T
ransmembrane activator and calcium-modulating

cyclophilin ligand interactor
TLR: T
oll-like receptor
B cells in secondary lymphoid organs, particularly in GCs, are
exposed to activated T cells, which express CD40L, and to DCs,
which are a source for BAFF and APRIL. In addition, they might
be exposed to exogenous and endogenous TLR ligands released by
microbes and dying B cells in GCs. Thus B cells responding to
antigen might simultaneously receive signals through CD40,
TACI, and TLR9. These 3 receptors might synergize in pairs or
altogether to result in optimal B-cell activation and differentiation.

We have previously shown that CD40 upregulates TACI
expression and synergizes with TACI in driving plasmablast
differentiation and immunoglobulin production in naive B
cells.11 TLR9 ligation has been shown to synergize with TACI
ligation in driving immunoglobulin production.21,24 The mecha-
nisms that underlie this synergy have not been explored. The
data on the synergy between TLR9 and CD40 are contradic-
tory.25-27 In this work we demonstrate that TLR9 synergizes
with CD40 and identify the mechanisms involved in the synergy
between TLR9 and CD40 and between TLR9 and TACI. We
also demonstrate that signals delivered through CD40, TLR9,
and TACI synergize to increase immunoglobulin production by
murine naive B cells and identify the mechanisms involved in
this synergy. We also show that TLR9 synergizes with CD40
and APRIL in driving IgG production in human PBMCs from
healthy subjects.

METHODS

Mice
BALB/c mice were purchased from Charles River Laboratories (Wilming-

ton, Del). TACI2/2, B-cell maturation antigen2/2 (BCMA2/2), and geneti-

cally matched wild-type mice on an Sv129xC57Bl6 background were

previously described.14,28 All mice were bred and kept in a specific

pathogen-free animal facility. All procedures performed on the animals

were approved by the Animal Care and Use Committee of the Children’s Hos-

pital, Boston, Massachusetts.

Immunoglobulin production and proliferation by

murine B cells
Naive B cells were negatively sorted from murine splenocytes by using a

cocktail of biotin-conjugated mAbs to CD43, CD11b, Thy1.2, CD138, IgG1,

IgG2a/b, IgG3, IgA, and IgE and streptavidin magnetic beads (Dynabeads M-

280; Invitrogen, Carlsbad, Calif). B cells were cultured at a concentration of

1 3 106/mL in RPMI containing 10% FCS, L-glutamine, penicillin/strepto-

mycin, and 50 mmol/L 2-mercaptoethanol. Naive B cells were stimulated
with APRIL at 1 mg/mL (R&D Systems, Minneapolis, Minn); IL-4 at 50

ng/mL (R&D Systems); CpG oligonucleotide 1826 (InvivoGen, San Diego,

Calif) at 10 ng/mL, 100 ng/mL, or 3 mg/mL; anti-CD40 antibody (BD Phar-

Mingen, San Jose, Calif) at 1, 10, or 100 ng/mL; or combinations thereof. Af-

ter 6 days in culture, supernatants were assayed for IgM, IgA, IgG3, IgG1, and

IgE by means of ELISA, as previously described.29 After 72 hours, cultures

were pulsed with 1 mCi of tritiated thymidine for an additional 16 hours and

then harvested and scintillation counted.
Surface staining
B cells were stained on day 6 after stimulation with anti-B220–fluorescein

isothiocyanate, anti-CD138–phycoerythrin, or anti-IgG1–phycoerythrin (BD

PharMingen) and analyzed by using FACS (BD FACSCalibur), as previously

described.11
B-cell survival
B cells were stained on day 3 after stimulation with Annexin V–fluorescein

isothiocyanate and propidium iodide (BioVision, Mountain View, Calif) and

analyzed by using FACS.
RT-PCR analysis
RNA extracted from 4-day cultures with TRIzol (Invitrogen) was reverse

transcribed with Superscript II RT (Invitrogen). PCR primers and conditions

used to detect Ie-Ce, Im-Ce, Ig1-Cg1, Im-Cg1, activation-induced cytidine

deaminase (AICDA), and b2-microglobulin have been previously described.29

Amplified products were separated on agarose gels and stained with ethidium

bromide.
Quantitative PCR analysis
Real-time PCR reactions were run on cDNA by using the ABI Prism 7300

(Applied Biosystems, Foster City, Calif). Taqman primers for B lymphocyte–

induced maturation protein 1 (Blimp-1) were obtained from Applied

Biosystems.
Human subjects
Blood was obtained from healthy adult subjects after securing informed

consent.
Immunoglobulin production and proliferation by

human PBMCs
PBMCs (1.53 106 cells/mL) were cultured in complete mediumwith CpG

(0.001 mmol/L), zzAPRIL (10 nmol/L; ZymoGenetics, Inc, Seattle, Wash),

and anti-CD40 mAb 626.1 (10 ng/mL, a kind gift of Dr S. M. Fu, University

of Virginia) plus IL-4 (5 ng/mL, R&D Systems) for 14 days.30 Supernatants

were harvested, and IgG was assayed by means of ELISA. Net IgG synthesis

was calculated by subtracting the amount of IgG in unstimulated cultures.
Statistics
P values were calculated by using the paired t test with PRISM software

(Prism Software Corp, Irvine, Calif).
RESULTS

CpG synergizes with CD40 ligation in driving

immunoglobulin production and proliferation by

naive B cells
A range of concentrations of anti-CD40 (1-100 ng/mL) and

CpG (10 ng/mL to 3 mg/mL) were tested for their ability to drive
IgG1 and IgE production by negatively sorted naive B cells (95%



FIG 1. TLR9 synergizes with CD40 in activating naive B cells. A and B, Synergy between CpG and anti-CD40

in driving IgG1 and IgE production (Fig 1, A) and proliferation (Fig 1, B) in naive B cells cultured with IL-4. C,

Effect of addition of CpG to anti-CD40 mAb on B-cell survival. Values represent means 6 SDs of at least 3

experiments. *P < .05, **P < .01, ***P < .001. Note that in this and subsequent figures, not all bars represent-

ing SDs are readily visible.
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IgM1IgD1 cells) from BALB/c mice in the presence of IL-4. On
the basis of the results obtained (see Figs E1 and E2 in this arti-
cle’s Online Repository at www.jacionline.org), suboptimal con-
centrations of 10 ng/mL anti-CD40 and 100 ng/mL CpG were
selected to examine for potential synergy between TLR9 and
CD40 in driving immunoglobulin production by naive B cells.
Fig 1, A, shows that CpG synergized with anti-CD40 in driving
IgG1 and IgE synthesis in the presence of IL-4. The levels of se-
creted IgG1 and IgE were comparable with those of B cells stim-
ulated with an optimal concentration of 100 ng/mL anti-CD40
plus IL-4. There was no detectable synergy between CpG and
anti-CD40 in driving IgM production (data not shown).

IgG1 and IgE production by naive B cells involves isotype
switching, which is thought to be linked to B-cell proliferation.31

Fig 1,B, shows that stimulationwith suboptimal concentrations of
CpG and anti-CD40 had an additive effect on the proliferation of
naive B cells in the presence of IL-4. The level of this proliferation
was not significantly different than that induced by an optimal
concentration of 100 ng/mL anti-CD40 plus IL-4 but was signif-
icantly less than that induced by 3mg/mLCpG plus IL-4. Staining
with Annexin V and propidium iodide revealed no detectable ef-
fect of CpG (100 ng/mL) on the survival of naive B cells stimu-
lated with 10 ng/mL anti-CD40 plus IL-4, as determined by the
percentage of Annexin V–negative propidium iodide–negative
cells (Fig 1, C).
CpG synergizes with CD40 ligation in driving

isotype switching
To investigate the potential synergy of TLR9 and CD40 in

driving CSR, we examined surface IgG1 (sIgG1) expression by
naive B cells stimulated for 6 days with suboptimal concentra-
tions of CpG and anti-CD40 in the presence of IL-4. Fig 2, A,
shows that suboptimal concentrations of CpG and anti-CD40
synergized in inducing the expression of sIgG1. The percentage
of sIgG1

1 cells in these cultures was comparable with those
seen in cultures stimulated with optimal concentrations of CpG
(3 mg/mL) plus IL-4 or anti-CD40 (100 ng/mL) plus IL-4.

CSR requires expression of germline transcripts (GLTs) and
AICDA followed by deletional switch recombination and expres-
sion of postswitch mature transcripts (Im-CH).

32 Fig 2, B, shows
that suboptimal concentrations of CpG and anti-CD40 synergized
in the presence of IL-4 to inducemRNA expression of Ce and Cg1
GLTs,AICDA, and Im-Ce and Im-Cg1mature transcripts, as deter-
mined by means of RT-PCR. To assess potential synergy between
CpG and anti-CD40 on plasma cell differentiation, we examined
surface expression of syndecan-1/CD138 and mRNA expression
of the plasma cell differentiation factorBlimp-1. Therewas no sig-
nificant increase in the percentage of CD1381 cells or in the level
ofBlimp-1mRNA in cultures stimulated with suboptimal concen-
trations of CpG and anti-CD40 comparedwith cultures stimulated
with either (Fig 2,C andD). These results suggest that the synergy

http://www.jacionline.org


FIG 2. TLR9 synergizes with CD40 in driving isotype switching. A, sIgG1 expression. B, Expression of Ce

GLT, Im-Ce, Cg1 GLT, Im-Cg1, and AICDA mRNA measured by means of RT-PCR. Similar results were ob-

tained in 3 independent experiments. C, CD138 surface expression. D, Blimp-1 mRNA expression. Values

in Fig 2, A, C, and D, represent means 6 SDs of at least 3 experiments. ***P < .001.
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between TLR9 andCD40 is exerted primarily at the level of B-cell
proliferation and CSR. It should be noted that there was 10-fold
less IgG1 secretion by B cells stimulated with optimal concentra-
tions of CpG than with optimal concentrations of anti-CD40,
despite comparable expression of sIgG1, Blimp-1 mRNA, and
CD138. Clearly, sIgG1 expression need not correlate with IgG1

secretion. There are also data to suggest that neither Blimp-1 ex-
pression nor expression of plasmablast markers is sufficient for a
high rate of immunoglobulin secretion.33
TLR9 synergizes with TACI in driving

immunoglobulin production, proliferation, CSR,

and plasma cell differentiation by naive B cells
Preincubation of B cells with CpG enhances IgM, IgG, and IgA

secretion in response to APRIL.21 To examine the mechanism of
this enhancement, we first confirmed that suboptimal amounts of
CpG (10 ng/mL) synergizewith APRIL (1mg/mL) in driving IgM
and IgG3 by naive B cells (see Fig E3, A, in this article’s Online
Repository at www.jacionline.org and data not shown). CpG and
APRIL also synergized in driving IgG1 and IgE secretion by naive
B cells in the presence of IL-4 (Fig 3,A) to levels comparablewith
those observed with optimal amounts of CpG (3 mg/mL) plus IL-
4. The 10-fold lower IgG1 and IgE secretion by B cells stimulated
with APRIL plus CpG compared with B cells stimulated with
anti-CD40 plus CpG at the same concentration reflects the fact
that anti-CD40, even at a concentration of 10 ng/mL, is a more po-
tent B-cell stimulator than APRIL. CpG synergized with APRIL
in driving the proliferation of naive B cells in the presence of IL-4
(Fig 3, B) and in its absence (see Fig E3, B). There was no detect-
able effect of CpG on the survival of naive B cells stimulated with
APRIL plus IL-4 (Fig 3, C) or APRIL alone (see Fig E3, C).

CpG synergized with APRIL in inducing sIgG1 expression by
naive B cells (Fig 4, A) and in inducing mRNA expression of Ce
GLT, AICDA, and Im-Ce and Im-Cg1 mature transcripts in these
cells (Fig 4, B). Cg1 GLT expression was not affected. The 2 lig-
ands were additive in inducing the expression of CD138 (Fig 4,C)
on naive B cells cultured with IL-4 and in inducing mRNA
expression of Blimp-1 by these cells (Fig 4, D). These results
indicate that TLR9 and TACI synergize in causing B-cell prolif-
eration and CSR and have additive effects on plasma cell
differentiation.

http://www.jacionline.org


FIG 3. TLR9 synergizes with TACI in driving immunoglobulin production and proliferation. A and B, Syn-

ergy between CpG and APRIL in driving IgG1 and IgE production (Fig 3,A) and proliferation (Fig 3, B) in naive

B cells stimulated with IL-4. C, Effect of addition of CpG to APRIL on B-cell survival. Values represent means

6 SDs of at least 3 experiments. *P < .05, **P < .01.
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APRIL binds to TACI, BCMA, and heparan sulfate proteogly-
cans on B cells.8,34 Synergy between CpG and APRIL in driving
IgG1 and IgE production in B cells stimulated with IL-4 was
strictly dependent on TACI because it was preserved in B cells
from BCMA2/2 mice but not in B cells from TACI2/2 mice
(see Fig E4 in this article’s Online Repository at www.
jacionline.org).
Triple synergy between APRIL, CpG, and anti-CD40

in driving B-cell activation and differentiation
Wenext tested for potential triple synergy among TLR9, CD40,

and TACI in B-cell activation. Suboptimal concentrations of CpG
and anti-CD40 synergized with APRIL in driving IgG1 and IgE
secretion and proliferation of naive B cells cultured with IL-4
(Fig 5, A and B). The 10-fold lower IgG1 and IgE levels secreted
by B cells stimulated with all 3 ligands compared with B cells
stimulated with anti-CD40 plus CpG is likely due to the fact
that we used a 10-fold lower concentration of anti-CD40 in the
triple-synergy than in the double-synergy experiment (1 vs 10
ng/mL). There was no detectable synergy among the 3 ligands
on B-cell survival in these cultures (data not shown). CpG, anti-
CD40, and APRIL also synergized in inducing the expression
of sIgG1 and of mRNA for Ce GLT, AICDA, and Im-Ce and Im-
Cg1 mature transcripts (Fig 5, C and D). Cg1 GLT expression
was not affected. The 3 ligands were additive in inducing the ex-
pression of CD138 on naive B cells cultured with IL-4 (Fig 5, E)
and synergized in inducingmRNA expression ofBlimp-1 by these
cells (Fig 5, F).
TLR9 synergizes with CD40 and APRIL in driving IgG

synthesis by human B cells
We examined whether the synergy observed in B cells from

genetically homogeneous mice would apply to B cells from
outbred human subjects. On the basis of preliminary dose-
response experiments, we stimulated PBMCs from healthy adult
subjects with suboptimal concentrations of CpG at 0.001mmol/L,
zzAPRIL at 10 nmol/L, and anti-CD40 mAb at 10 ng/mL. All
cultures received IL-4 (5 ng/mL). CpG synergized both with anti-
CD40 and zzAPRIL in driving IgG secretion by human PBMCs
(Fig 6).
DISCUSSION
The present work demonstrates that TLR9, CD40, and TACI

synergize, when used at suboptimal concentrations, to drive B
cells to secrete immunoglobulins.

Our data clearly demonstrate that suboptimal concentrations of
CpG and anti-CD40 synergize in driving IgG1 and IgE secretion

http://www.jacionline.org
http://www.jacionline.org


FIG 4. TLR9 and TACI synergize in driving isotype switching and have an additive effect on plasma cell

differentiation. A, sIgG1 expression. B, Expression of Ce GLT, Im-Ce, Cg1 GLT, Im-Cg1, and AICDA mRNA.

Similar results were obtained in 3 independent experiments. C, CD138 surface expression. D, Blimp-
1 mRNA expression. Values in Fig 4, A, C, and D, represent means 6 SDs of at least 3 experiments. *P <

.05, **P < .01.
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in naive murine B cells cultured in the presence of IL-4 (Fig 1, A).
Simultaneous ligation of TLR9 and CD40 had additive effects on
B-cell proliferation (Fig 1, B) and synergized in driving CSR, as
evidenced by synergistic induction of sIgG1 expression, Ce and
Cg1 germline transcription, AICDA expression, and expression
of mature IgG1 and IgE transcripts (Fig 2, A and B). There was
no detectable synergy exerted on plasma cell differentiation, as
measured by expression of surface CD138 and Blimp-1 mRNA
(Fig 2, C and D). Thus CSR is a major target for the synergy be-
tween CD40 and TLR9. TLR9 upregulates CD40 expression on
human and murine B cells.35-37 However, in contrast to what
has been reported in murine macrophages,38 CD40 ligation did
not upregulate TLR9 mRNA expression in murine B cells (data
not shown). Enhanced signaling caused by increased CD40 recep-
tor expression might contribute to the synergy between CD40 and
TLR9 in driving CSR immunoglobulin production.

Previous studies, which examined synergy between TLR9 and
CD40 in B-cell activation, have reached contradictory conclu-
sions. TLR9 and CD40 have been reported to synergize in driving
IgG synthesis, proliferation, and expression of the activation
markers CD86, CD25, and CD23 in human B cells.26 However,
CpG was reported to inhibit CD40/IL-4–driven IgE synthesis in
human B cells and IgG1 and IgE synthesis in murine B cells.25-27

The discrepancy between these results and ours might be related
to the use of different concentrations of ligands. Previous murine
studies used concentrations of CpG (3 mmol/L, equivalent to 20
mg/mL) and CD40 (3 and 10 mg/mL) that cause strong B-cell ac-
tivation.25,27 We have confirmed the inhibitory effect of CpG on
CD40 induction of IgE and IgG1 synthesis at these concentrations
(data not shown). Signaling pathways activated by different con-
centrations might differ, resulting in opposite effects on B-cell ac-
tivation. The previous studies on human B cells have used
CD40L-transfected CHO cells,26 making it difficult to determine
the effective concentration of CD40L. In the present work we
used suboptimal ligand concentrations for both TLR9 and
CD40. The concentrations of CD40 and TLR9 ligands to which
B cells are exposed in lymphoid tissues in vivo are not known.
Our data suggest that synergy would occur when these concentra-
tions are suboptimal.

TLR9 synergized with TACI in driving IgG1 and IgE secretion
proliferation (Fig 3, A and B) and CSR (Fig 4, A and B) in IL-4–
stimulated naive B cells and exerted additive effects on plasma
cell differentiation, as measured by the expression of surface
CD138 and Blimp-1 mRNA levels (Fig 4, C and D). Thus



FIG 5. Triple synergy between TLR9, CD40, and TACI in driving B-cell activation and differentiation in the

presence of IL-4. IgG1 and IgE production (A) and proliferation (B), sIgG1 expression (C), molecular events

involved in CSR (D), CD138 expression (E), and Blimp-1 mRNA expression (F) by naive B cells cultured with

IL-4 are shown. Values in Fig 5,A, B, C, E, and F, represent means6 SDs of at least 3 experiments. Fig 5, D, is

representative 3 independent experiments. *P < .05, **P < .01, ***P < .001.
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TLR9 and TACI cooperate at multiple steps to promote immuno-
globulin production, which include clonal expansion, CSR, and
plasma cell differentiation. TLR9 ligation upregulates TACI ex-
pression on murine B cells.21,39 However, APRIL stimulation
does not upregulate TLR9 mRNA expression (data not shown).
Enhanced TACI signaling because of increased TACI receptor ex-
pression might contribute to the synergy between TLR9 and
TACI.

We demonstrated that CD40, TLR9, and TACI synergize
together to drive B-cell activation. Suboptimal concentrations
of CpG and anti-CD40 synergized with APRIL to cause B-cell
proliferation, CSR, and IgG1 and IgE production and exerted ad-
ditive effects on CD138 and Blimp-1 expression (Fig 5). These
results suggest that B cells exposed in vivo to suboptimal concen-
trations of ligands for CD40, TLR9, and TACI integrate signals
from all 3 receptors to achieve optimal activation and antibody
production. These might include nuclear factor kB activated by
all 3 receptors,19,40,41 nuclear factor of activated T cells activated
by TACI,41 and signal transducer and activator of transcription
3 activated by TLR9.42 Nuclear factor kB is critical for AICDA
induction,43 and signal transducer and activator of transcription
3 is critical for Blimp-1 expression and plasma cell
differentiation.44,45

Activated T cells and follicular DCs are well-established
sources of CD40 and TACI ligands, respectively, in GCs.46,47 Mi-
tochondrial DNA released by damaged tissue has been shown to



FIG 6. Synergy between CpG, anti-CD40, and APRIL in PBMCs from healthy subjects. Synergy between CpG

and anti-CD40 (A, n 5 3) and between CpG and APRIL (B, n 5 13) in driving IgG production by IL-4–stimu-

lated PBMCs.
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engage TLR9 in neutrophils,48 raising the possibility that mito-
chondrial DNA released by dying B cells might deliver a TLR9
signal to neighboring B cells that have been selected in GCs. Al-
though we have used naive B cells to study the cellular and mo-
lecular events that are involved in B-cell differentiation from
naive cells to plasmablasts, synergy between CD40 TACI and
TLR9 is likely to operate not only in naive B cells but also in B
cells after they have undergone CSR.

Our current study on the synergy between TLR9, CD40, and
TACI is unique in that it has used purified naive B cells and
addressed the molecular mechanisms of synergy between these
receptors. In addition, it demonstrates for the first time that B cells
can integrate signals from all 3 receptors to achieve optimal
activation. Furthermore, it demonstrates that signals from TLR9,
CD40, and TACI also synergize to drive immunoglobulin pro-
duction by human B cells. Patients with CVID have an impaired
response to TLR9.49,50 A subset of these patients have mutations
in TACI with impaired response to APRIL.17,18 Another subset
exhibits defective CD40L expression.51,52 Synergy between
TLR9, CD40, and TACI might be disrupted in these patients,
and defects in TLR9, CD40, and TACI signaling might cooperate
to impair B-cell immunoglobulin production in patients with
CVID.

Clinical implications: Stimulation of B cells through CD40,
TLR9, and TACI results in their optimal activation. Defects in
these pathways might cooperate to impair B-cell immunoglob-
ulin production in patients with CVID.
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FIG E1. IgG1 and IgE production by naive B cells in response to stimulation

with different concentrations of anti-CD40 mAb plus IL-4. The experiment

shown is representative of 3.
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FIG E2. IgG1 and IgE production by naive B cells in response to stimulation

with different concentrations of CpG plus IL-4. The experiment shown is

representative of 3.
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FIG E3. CpG synergizes with TACI ligation in driving IgM and IgG3 production and proliferation. A and B,

Synergy between CpG and APRIL in driving IgM and IgG3 production (Fig E3, A) and proliferation (Fig E3,

B) in naive B cells. C, Effect of addition of CpG to APRIL on B-cell survival. Values represent means 6
SDs of at least 3 experiments. *P < .05, **P < .01. At the scale used, not all bars representing SDs are readily

visible.
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FIG E4. APRIL enhancement of CpG-driven immunoglobulin production is

dependent on TACI. Effect of APRIL (1 mg/mL) on IgG1 and IgE production

by naive B cells from TACI2/2 mice, BCMA2/2 mice, and genetically

matched wild-type control animals. Values represent means 6 SDs of at

least 3 experiments. *P < .05, **P < .01. At the scale used, not all bars rep-

resenting SDs are readily visible. Variations in absolute amounts of immu-

noglobulins secreted by B cells from the 3 groups of mice studied likely

reflect their mixed Sv129xC57Bl6 background.
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