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Abstract
During vaccination or infection, adaptive and innate immune receptors of B cells are engaged by
microbial antigens/ligands. A better understanding of how innate and adaptive signaling pathways
interact could inform B lymphocyte biology as well as immunotherapy strategies and vaccine
design. To address this goal, we examined the effects of TLR stimulation on BCR and CD40-
induced B cell activation. Synergistic production of IL-6 was observed in both human and mouse
primary B cells stimulated through B cell antigen receptors, CD40 and TLR7, and the latter two
receptors also cooperated independently of BCR signals. The enhanced IL-6 production was
dependent upon the activity of c-Jun kinase (JNK) and cFos. Dual stimulation through CD40 and
TLR7 markedly enhanced JNK activity. The increased level of active JNK in dual stimulated cells
was accompanied by an increase in the level of active AP-1 monomers cJun and cFos. The
stimulation of B cells through both CD40 and TLR7 therefore enhanced the production of
cytokines through increased JNK signaling and AP-1 activity. In addition, the dual stimulation
increased cFos/AP-1 species in stimulated cells, effectively expanding the repertoire of AP-1
dimers as compared to singly stimulated B cells.
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Introduction
Natural immune responses to microbes and responses induced by vaccination involve the
cooperation of innate and adaptive immunity. B lymphocytes express receptors allowing
them to respond to both antigen-specific and innate immune stimuli [1,2]. One of the key
receptors involved in adaptive humoral responses is the TNF receptor superfamily member
CD40. The interaction of CD40 on B cells with its ligand CD154, expressed by activated T
cells, is integral to immunoglobulin production, isotype switching, and the formation of
germinal centers [3], important events in the development of long-lived humoral memory.
CD40 stimulation also contributes to B cell antigen presentation by the upregulation of T
cell co-stimulatory molecules and production of acute phase cytokines such as TNF-α and
IL-6 [4–6]. Previous studies have shown that dual stimulation of B cells through the BCR
and CD40 leads to an enhancement of Ig and cytokine production [7]. However, the effects
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and mechanisms of interactions between innate immune receptors and BCR or CD40
expressed by B cells are not yet well defined.

B cells can be activated through engagement of a variety of innate immune receptors,
including Toll-like receptors (TLRs). TLRs are related to the Drosophila receptor Toll,
important for dorsal-ventral patterning in the developing fly as well as resistance to
microbes [8]. The TLRs in higher organisms act as sensors of infection or `danger' by
recognizing molecular patterns associated with microbes and/or cellular damage. As natural
surveyors of environmental stresses, TLRs induce immune cell activity and direct the initial
stages of immune responses [9]. Of the 13 TLR mammalian genes identified, B cells express
TLRs 1, 4, 7, 8, 9, 10 and, under some circumstances TLR2, allowing detection of ligands
that include LPS, double-stranded RNA, peptidoglycan, and hypomethylated DNA [10].
While activation of B cells through individual receptors has been the subject of much study,
relatively little is known about the effects of endosomal TLR stimulation on signaling
induced by adaptive receptors. These interactions are potentially important to effective
immune responses as well as improved vaccine design.

Recent evidence suggests that the interaction of B cells with ligands for the BCR and
TLR7/8 or TLR9 may enhance B cell effector functions during infection or autoimmune
disease [11,12]. TLRs 7 and 8 bind ssRNA as natural ligands, but also confer responsiveness
to guanosine derivatives and the imidazolquinolines R848 (Resiquimod) and Imiquimod
[13]. The latter experimental agonists have received considerable attention recently due to
their effectiveness in treating genital warts and some skin malignancies [14–16]. Their
mechanism of action is purported to be the activation of myeloid cells (primarily dendritic
cells, DC) via interaction with TLRs 7 and 8 [17,18]. However, B cells also express these
TLRs and respond to their ligands, and unlike myeloid cells, also express adaptive immune
receptors that may interact with TLR signals. These interactions could prove valuable in the
use of TLR7/8 agonists as vaccine adjuvants [19–21].

B cells play important roles in protective immunity as both antibody producers and antigen
presenting cells [22–25]. In an effort to design more effective vaccines and obtain a better
understanding of B cell biology, it is important to study the effects of these potential
adjuvants in the context of other immune receptor signaling events. Previous studies report
that stimulation of B cells through TLRs enhances Ig production induced by either BCR or
CD40 [26,27]. However, these original findings did not address the effects of dual
stimulation on other effector functions, such as cytokine production, nor were the molecular
mechanisms of signal cooperation addressed.

In an effort to elucidate molecular mechanisms of cooperation between adaptive receptors
and TLRs, we stimulated both mouse and human B cells with CD154 and the TLR7/8
agonist R848, which we previously demonstrated is a powerful activator of B cells [27,28].
We found that this dual stimulation of B cells induced a synergistic production of specific
cytokines, most dramatically IL-6. To elucidate the molecular mechanisms involved in the
synergy, we focused on the enhancement of kinase pathways known to be important for IL-6
production by B cells. Our data indicate that the dual stimulation of B cells through CD40
and TLR7/8 cooperates in inducing the JNK signaling pathway and resulted in differential
AP-1 monomer activation thereby increasing the amount of cfos/AP-1 dimers within the
cell. These results reveal a novel molecular mechanism of innate/adaptive immune receptor
interaction.
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Results
Cooperation between CD40 and TLR7 signals in B cell cytokine production

Stimulation of human or mouse B cells with either TLR agonists or CD154 induces
production of IL-6 [27,29]. As peripheral B cells can be exposed to TLR agonists prior to
CD40 stimulation, during infection or vaccination, we determined the effect of pre-treating
human and mouse B cells with TLR7/8 agonists, with or without BCR engagement, on
subsequent CD154 stimulation. Analysis of both species was done to ensure validity of the
mouse as a model species for human B cell responses, as mouse and human B cells can
respond differently to particular TLR agonists [30]. The pretreatment of B cells with TLR
agonist or TLR + BCR stimuli enhanced the production of CD40-induced IL-6 (Fig. 1a–b).
Pretreatment with BCR engagement, either alone or in tandem with the TLR7/8 agonist
R848, modestly enhanced CD40 induced IL-6 production. However, the majority of the
enhanced IL-6 production could be attributed to the effects of TLR pre-stimulation. Pre-
stimulation with TLR agonists was not a prerequisite for enhancement of CD40 induced
IL-6 production, as simultaneous co-stimulation of B cells with R848 and CD154 induced
synergistic production of IL-6 in mouse and human primary cells as well as the mouse B cell
line CH12.LX (Fig. 2). Human peripheral blood B cells also showed synergistic production
of TNF-α and IL-12 (p40/p70) upon dual stimulation, but mouse splenic B cells did not (Fig.
2 and data not shown). We focused on IL-6 in subsequent experiments due to its role as a B
cell differentiation factor and a `danger signal' cytokine in both mouse and human [31,32].

Phosphorylation of JNK and its substrate cJun by dual CD40 and TLR signaling
TNFR associated factors (TRAFs) are cytoplasmic adaptor molecules that link receptors to
downstream signaling events. The production of IL-6 following CD40 engagement is
dependent upon the adapter protein 6 TRAF6, but not TRAFs 1, 2, or 3 [29]. TRAF6 is
known to associate with CD40 [33], and is also utilized by TLR receptors in the activation
of NF-κB and JNK [34]. Our previous work showed that basal nuclear NF-κB is necessary
for IL-6 production but that CD40 induced IL-6 production is dependent upon factors
downstream of JNK signaling [6]. Accordingly, the level of JNK activation in dual vs.
singly-stimulated B cells was determined. The level of JNK activation was monitored by
assaying the relative levels of JNK phosphorylation under suboptimal CD40 stimulatory
conditions (1:10 ratio of B cells to Hi5 cells expressing CD154). The addition of both R848
and CD154 further increased the level of phosphorylated JNK in CH12.LX cells (~47%
increase), resting mouse splenic B cells (~31% increase) and human peripheral B cells
(~100% increase) above R848 alone (Fig. 3). Other MAP kinase family members, p38 and
Erk1 and 2, were activated upon single stimulation, but did not display an increased level of
phosphorylation, or alteration in kinetics, upon dual stimulation (data not shown).

Upon activation, JNK phosphorylates members of the Jun transcription factor family. After
phosphorylation, Jun family members homo or heterodimerize with Fos, Fra, or ATF family
members to produce the transcription factor AP-1 [35]. AP-1 composed of homodimers of
cJun has been shown to be important for CD154 induced IL-6 production by B cells [6]. To
determine the downstream consequences of enhanced JNK phosphorylation, the level of
phosphorylated cJun (p-cJun) was measured in dual vs. singly stimulated cells. Cells
stimulated through both CD40 and TLR7 demonstrated an enhanced level of p-cJun (Fig. 4).
Both mouse and human B cells displayed enhanced p-cJun levels in dual vs. singly treated B
cells. Therefore, the enhanced activity of JNK is reflected by enhanced phosphorylation of
one of its primary targets, cJun, in both human and mouse dual stimulated B cells.
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Differential AP-1 isoforms in dual stimulated B cells
We hypothesized that the enhanced p-cJun observed in dual stimulated B cells would
enhance the amount of active AP-1 within the nucleus, contributing to synergistic IL-6
production. Nuclear extracts of dual stimulated mouse splenic B cells displayed an increase
in active AP-1 monomers as determined by an EMSA based ELISA. Differences in total
amounts of AP-1 complexes are difficult to quantitate by EMSA. We therefore used a
commercial EMSA based ELISA to determine the relative amount of specific monomers in
activated AP-1 complexes in dual compared to singly stimulated primary B cells. Nuclear
extracts of stimulated B cells were collected and reacted with biotin-labeled AP-1 specific
DNA probe. The AP-1 probe complex was then incubated on a streptavidin coated ELISA
plate and monomer specific antibodies used to detect cJun, JunB, JunD, Fra1, Fra2, FosB
and/or cFos. Using this approach, it was determined that the dual stimulated resting splenic
B cells had an increased level of active cJun and cFos compared to those of singly treated
cells (Fig. 5). To test the relevance of JNK activity in the increase in nuclear AP-1 subunits,
dual stimulated cells were treated with or without JNK inhibitor and nuclear extracts probed
for p-cJun and cFos. The increase in p-cJun and cFos within the nucleus of dual stimulated
cells was abrogated by treatment of cells with a JNK inhibitor (Fig. 5c).

Previous reports indicate that AP-1 positively auto-regulates production of AP-1 subunits
[36,37]. As the promoters for cjun and cfos contain AP-1 binding sites and are regulated, in
part, by AP-1 activity, we determined the affect of TLR7/8 and CD40 stimulation on total
levels of cJun and cFos [36,37]. Stimulation of B cells increased the levels of total cJun and
cFos protein in both mouse and human B cells (Figure 5d and e). While there may be
species differences between levels of AP-1 subunit upregulation -- the human B cells appear
to upregulate cJun in response to CD154 more readily than murine B cells - the overall trend
of increased AP-1 subunits is conserved.

To further determine the relevance of cFos/AP-1 in the production of IL-6, previously
characterized subclones of CH12.LX cells stably transfected with an IPTG inducible
dominant negative form of AP-1 (A-Fos) [6] were used. A-Fos has been shown to inhibit
AP-1 activity by forming nonfunctional dimmers with cJun [38]. The levels of IL-6 were
then determined in both singly and dual stimulated cells in the presence and absence of
IPTG. As shown in Fig 6, induced expression of A-Fos was able to abrogate the synergistic
IL-6 production induced by dual stimulation. In addition, splenic B cells were tested for IL-6
production in the presence of JNK inhibitor VIII. The addition of JNK inhibitor reduced the
amount of IL-6 production by ~55%, again indicating the importance of JNK in the
synergistic cytokine production by dual stimulated B cells.

Discussion
The present report demonstrates that stimulation of naïve B cells via TLR7 and CD40
induced the synergistic production of IL-6. This outcome required activation of the JNK
pathway, resulting in heightened phosphorylation of the JNK substrate cJun, and increased
activity of cJun and cFos-containing AP-1 complexes. Notably, the effects of dual
stimulation were observed in both human and mouse B cells. Species differences between
human and mouse TLR expression and response to TLR agonists have been described [30].
Human TLR8 recognizes R848 while mouse TLR8 is reported to be non-responsive to this
compound [13]. The responses of human peripheral vs. mouse splenic B cells to the same
TLR agonist can also vary. For example, while murine splenic B cells proliferate in response
to R848, human peripheral B cells do not [28,39]. Species-specific differences in TLR
stimulation must therefore be taken into account when studying the effects of TLR-mediated
activation.
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Stimulation of B cells through CD40 induces JNK activation and subsequent IL-6
production that is driven by AP-1:cJun homodimers [6]. The addition of TLR7 signaling
dramatically enhanced CD40-medaited IL-6 production via a mechanism involving
heightened JNK activation and, in contrast to either stimulation alone, a marked increase in
the level of active cFos/AP-1. Although the activity of JNK was enhanced in dual stimulated
cells, this increase was transitory, and followed the same kinetics as that of activated JNK in
cells treated with single stimuli. Despite the transient activity of JNK, enhanced amounts of
phosphorylated cJun were observed for up to 16 hours (data not shown) after dual
stimulation. The transitory JNK activation, followed by prolonged cJun activation, suggests
that other kinases and/or phosphatases may be involved in the regulation/phosphorylation of
cJun, as has been described [35]. The identification and role of these enzymes in cJun
phosphorylation and IL-6 production by B cells is under current investigation.

Importantly, the inhibition of JNK in either dual or CD154 stimulated splenic B cells was
not sufficient to completely abrogate IL-6 production. This suggests that other mechanisms
leading to AP-1 formation may be induced in dual stimulated cells or other transcription
factors could aid in driving IL-6 production under these circumstances. While both of these
are possible, our data suggest the former, as AP-1 inhibition completely abrogated
synergistic IL-6 production (Figure 6a). As mentioned above, previous studies have shown
that other MAP kinases, such as p38 and ERK1/2, are capable of phosphorylating/activating
cJun [35].

While cJun is known to be important for IL-6 production by B cells, other monomeric
components of AP-1 are reported to have differential effects on cytokine production that are
both cytokine, and potentially cell-type specific [35,40,41]. Our data indicate that cFos plays
a positive regulatory role in IL-6 production. This appears to contradict previous reports that
cFos acts as a negative regulator of IL-6, TNF-α, and IL-12 production [42,43]. These
studies, however, used macrophages isolated from a cFos−/− mouse stimulated through
TLRs alone. The differences in results therefore, likely reflect cellular differences in the
usage of cFos/AP-1 and/or differences in the stimulation of cFos/AP-1 (single vs. dual
stimulation). Consistent with this hypothesis, cFos appears to have no negative effects on
IL-6 production by TLR stimulated dendritic cells from cFos−/− mice [44]. Our data indicate
that the role of cFos in B cell cytokine production may be more complex than previously
thought, and worthy of further investigation.

The findings presented here indicate that stimulation of B cells through TLR7 and CD40
leads to a synergistic production of cytokines dependent upon the JNK signaling pathway
and elevated p-cJun. In dual stimulated cells not only is the level of cJun activity increased,
but the formation of potentially unique AP-1 complexes is also observed. Monomeric
components of AP-1 such as cJun and cFos are transcriptionally regulated by, among other
factors, AP-1. Changes therefore in AP-1 isoforms or percentages of monomeric proteins
could have additional effects on the long-term or downstream AP-1 profile and overall
activity. This positive feedback loop may, in turn, be important in the regulation of cytokine
production by B lymphocytes.

The enhanced cytokine production by B cells stimulated through both adaptive and innate
receptors could have positive physiological effects. Immune response efficacy could
potentially be improved, either through the direct effects of IL-6 on B cell proliferation and
survival, or inhibition of T regulatory cells [31]. Importantly, while enhancing cytokine
production may be beneficial for combating infectious disease, it may have deleterious
effects in the context of autoimmunity. Multiple cytokines have been associated with
autoimmune disease severity. The blockade of IL-6 has been shown to alleviate clinical
symptoms in multiple inflammatory diseases such as rheumatoid arthritis and SLE [45–47].
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The regulation of IL-6 during immune activity is therefore of clinical relevance to both
vaccine design and modulation of autoimmunity.

Our results demonstrate a conserved cooperation between innate and adaptive immune
receptor signaling in B cells. The findings could be used to develop more effective vaccines
by specifically designing optimally cooperative antigen/adjuvant combinations. In addition,
AP-1 or its individual monomers could be targeted to improve clinical symptoms of
autoimmune diseases that arise from aberrant IL-6 production such as SLE and rheumatoid
arthritis [45–47].

Material and Methods
Reagents

Rabbit Anti-mouse IgM, goat anti-human IgM (BCR polyclonal Ab (Fab'2)), goat anti-
mouse and goat anti-rabbit peroxidase-conjugated secondary antibodies were purchased
from Jackson Immunologicals (West Grove, PA). Anti-mouse and anti-human IL-6 mAbs
(MP5-20F3 and MP5-32C11 biotin-conjugated and MQ2-13A5 and MQ239C3 biotin-
conjugated) were obtained from eBioscience (San Diego, CA). Multiplex assays (Ten-plex:
IL-1b, TNF-a, IL-6, IL-2, IL-4, IL-5, IL-10, IL-12, IFN-g, GM-CSF) performed on human
samples were obtained from Biosource (Carlsbad, CA). Abs specific for JNK, pJNK, HP-1a,
cJun, and cFos were purchased from Cell Signaling Technologies (Beverly, MA).
Antibodies specific for phospho-cJun were obtained from Upstate Biotechnologies (Lake
Placid, NY). FITC-conjugated anti-CD19 Ab was purchased from Miltenyi (Auburn, CA).
The TLR7/8 agonist R-848 was obtained from Alexis Biochemicals (San Diego, CA). JNK
inhibitor VIII was obtained from Calbiochem Inc. (San Diego, CA). Hi5 insect cells
expressing CD154 and controls have previously been described [48]. A B cell to Hi5 cell
ratio of 1:10 was used for the suboptimal stimulatory conditions of B cells.

Cells
The mouse B cell line CH12.LX and subclones stably transfected with inducible dominant
negative cFos/AP-1 (A-Fos) were maintained as previously described [6]. High density
mouse splenic B cells were obtained from C57Bl/6 mice using complement directed lysis of
T cells followed by Percoll density gradient separation [49]. Use of mice in this study
followed a protocol approved by the University of Iowa Animal Care and Use Committee.
Blood collected from healthy adult volunteers via veinipuncture was diluted 1:2 with warm
PBS and layered onto a Ficoll density gradient. After centrifugation (600 × g for 25 minutes)
the resulting PBMC band was removed and washed thoroughly with cold PBS. Recovered
cells were subjected to magnetic separation using a negative selection B cell isolation kit as
per manufacturer's instructions (StemCell Technologies Inc., Vancouver, Canada). B cell
purity as determined by CD19 staining was > 94%. Cells were cultured in BCM10 medium
(RPMI 1640 supplemented with 10uM 2ME, 10% FBS, glutamine, and antibiotics). The use
of normal human B cells in this study was approved by The University of Iowa IRB.

Cytokine Assays
CH12.LX (1×105/ml), mouse splenic B cells (1×106/ml), or human B cells (1×106/ml) were
incubated in 48 well plates at 0.5ml per well. Cells were treated as described with anti-BCR
(Fab')2 antibodies, R848, CD154-expressing or Wt Hi5 insect cells, chemical inhibitors
(JNK VIII), and/or IPTG for designated times. Chemical inhibitors were used at
concentrations that did not decrease cell viability, as monitored by Trypan blue exclusion.
The insect cells grow at 27°C and die forming membrane fragments at the 37°C temperature
used for B cell cultures. Cell free supernatants were collected and quantitative ELISA for
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IL-6 (eBioscience) or Luminex based multiplex (human 10 plex - Biosource) was performed
according to the manufacturer's recommended protocol.

Western blotting of cellular and nuclear lysates
Nuclear extracts were collected from purified splenic B cells as follows. 2 × 106 cells per
treatment were stimulated as described in Figure legends. Upon completion of stimulation
cells were collected by centrifugation (300 × g for 2 minutes at 4°C). Cells were
resuspended in 400ul lysis buffer (10 mM HEPES pH 7.9, 10 mM KCl, 0.1 mM EDTA, 0.1
mM EGTA, 0.2 mM Na Vanadate, and 1 mM DTT) for 15 minutes on ice. Following
incubation, 25ul of 10% NP-40 detergent was added to each sample and vortexed for 10
seconds. Nuclei were collected by centrifugation (10,000 × g for 2 minutes at 4°C). Pelleted
nuclei were then disrupted by the addition of 30ul nuclear lysis buffer (10 mM HEPES pH
7.9, 400 mM NaCl, 0.1 mM EDTA, 0.1 mM EGTA, 0.2 mM Na Vanadate, and 1 mM DTT)
and incubated with rocking at 4°C for 30 minutes. Nuclear debris was removed by
centrifugation (10,000 × g for 5 minutes at 4°C) and the supernatant collected. SDS-
treatment buffer was added to the supernatant samples and heated to 95°C for 7 minutes.
Samples were subsequently used in Western blotting protocols below.

Both CH12.LX and splenic B cells were washed, resuspended at 1 × 106/ml in BCM-10 and
rested for 1hr at 37°C. Cells were then treated as indicated and whole cell lysates prepared
as previously described [50]. Cellular or nuclear lysates were separated using 10%
polyacrylamide gels, transferred onto PVDF membranes, and analyzed by Western blot as
previously described [50]. Membranes were incubated with designated Abs diluted in TBST
(Tris buffered saline pH8.0 with 0.1% Tween 20) containing 1% BSA and 0.01% NaN3 at
4°C overnight. Blots were washed with TBST 3 times for 10 minutes each. Blots were then
incubated in TBST containing peroxidase-conjugated secondary Ab for 1hr at RT with
gentle rocking, followed by 5 washes in TBST for 5 minutes each. Peroxidase labeled
secondary Abs were visualized using the chemiluminescent detection reagent West Pico
peroxidase substrate (Pierce, Rockford, IL) and the luminescence measured using a Fujifilm
LAS-1000 imaging system (Fujifilm Medical Systems, Ltd., Stanford, CT).
Chemiluminescence was subsequently quantified using ImageGauge software (FujiFilm).
Values were then used to calculate ratios of phosphorylated:total protein (phospho-
protein:control protein). JNK inhibitor VIII was added to cell cultures 30 minutes prior to
stimulatory treatments for Western blotting experiments.

AP-1 specific ELISA
Nuclear extracts were isolated as previously described [51]. In brief, 1×107 splenic B cells
were stimulated as noted and collected by centrifugation (500 × g for 2 minutes). Cells were
resuspended in 400uL suspension buffer (10mM HEPES, pH7.5, 10mM KCl, 0.1mM
EDTA, 0.1mM EGTA, 0.5mM DTT, and 0.5mM PMSF) and placed on ice for 15 minutes.
100ul of lysis buffer (suspension buffer with 0.5% NP-40) was added to each sample,
inverted 3 times and centrifuged (500 × g for 5 minutes). Nuclear pellets were then
resuspended stepwise in three buffers: 4ul buffer B1 (20mM HEPES pH 7.5, 0.1 NaCl,
0.1mM EDTA, 0.1mM EGTA, 50mM NaF, 20% glycerol, 0.5mM DTT, 0.5mM PMSF, and
1× protease inhibitor cocktail - Roche), 4ul buffer B2 (20mM HEPES pH 7.5, 0.3 NaCl,
0.1mM EDTA, 0.1mM EGTA, 50mM NaF, 20% glycerol, 0.5mM DTT, 0.5mM PMSF, and
1× protease inhibitor cocktail - Roche), and 12ul buffer B3 (20mM HEPES pH 7.5, 0.6
NaCl, 0.1mM EDTA, 0.1mM EGTA, 50mM NaF, 20% glycerol, 0.5mM DTT, 0.5mM
PMSF, and 1× protease inhibitor cocktail - Roche). The suspension was placed on orbital
shaker for 1 hour at 4°C. Debris from nuclear extracts was removed by centrifugation
(12,000 × g for 10 minutes at 4°C) and supernatant (nuclear extract) stored at −80°C until
assay was performed. Protein content was determined by Bradford assay. AP-1 specific
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ELISA was purchased from Chemicon International (Temecula, CA) and performed as per
manufacturer's instructions. 1ug of total nuclear protein (above) was used for each well of
the AP-1 ELISA. Background corrected absorbance at 450nm, indicating the relative
amount of individual AP-1 monomeric components, was compared between treatments. The
non-biotinylated AP-1 specific probe supplied with the kit was used as the negative control.
OD values obtained from the dual stimulated sample reacted with the AP-1 specific non-
biotinylated competitor were used for background correction (OD treatment – OD cold
competitor from dual stimulated samples).
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Figure 1.
CD40 induced IL-6 production following pre-stimulation with TLR agonists. A) Human
peripheral B cells and B) mouse high density B cells were treated with R-848 (0.2μg/ml),
anti-BCR (Fab')2 (1μg/ml), both, or medium alone for 24 hours. Cells were then washed,
rested for 1 hour, and stimulated with Hi5 cell controls or Hi5 cells expressing CD154 for 20
hours. Supernatants were then collected and assayed for IL-6 by ELISA. Each graph is
representative of two individual experiments.
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Figure 2.
Cytokine production following CD40 and TLR costimulation. A) human peripheral B cells,
B) mouse high density (HD, resting) B cells, and C) the mouse B cell line CH12.LX were
incubated with CD154-expressing Hi5 cells or control Hi5 cells alone (solid bars) or with
R-848 (open bars) for 24 hours. Supernatants were assayed for IL-6 by ELISA. Each IL-6
graph is representative of five individual experiments, while the TNF-α and IL-12 graphs are
representative of two individual experiments utilizing cells from two different donors. Hi5 to
B cell ratios were 1:5, while R-848 was used at a final concentration of 0.2μg/ml for human
and mouse primary cells and 10ng/ml for CH12 cells. * Statistical difference between
CD154 and CD154 + R-848 (student's paired T-test P value < 0.01). ** Statistical difference
between cells stimulated with R-848 alone and those receiving dual stimulation. Student's
paired T-Test P value < 0.01).
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Figure 3.
Phosphorylation of JNK following dual stimulation. A) CH12.LX cells and B) HD splenic B
cells were stimulated with suboptimal doses of R-848 with or without CD154 and controls
for times indicated. C) Human peripheral B cells were stimulated for 20 minutes with R-848
with or without CD154 and controls. Cells were then collected, lysed, and subjected to
western blot analysis for phosphorylated JNK. Relative levels of p-JNK between treatments
were compared by calculated fold increase over negative controls using normalized
densitometry values (ratio of p-JNK value:internal control value / normalized negative
control). Hi5 cells infected with wild type baculovirus were used as a negative control
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stimulus. Each western blot and corresponding graph are representative of two separate
experiments.
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Figure 4.
Enhancement of phosphorylated cJun by dual stimulation. A) CH12.LX cells (1 × 106 per
treatment), B) mouse splenic B cells (1×106 cells), and C) human peripheral B cells (1×106

cells) were stimulated with R-848, CD154, or both for times indicated. Cells were then lysed
and the presence of p-cJun and actin determined by western blot. Normalized densitometry
values (ratio of p-cJun value:actin value) were used to compare p-cJun levels between
treatments. Multiple bands present in p-cJun blot during dual stimulation are due to
hyperphosphorylation of cJun. Data are representative of three individual experiments.

Vanden Bush and Bishop Page 15

Eur J Immunol. Author manuscript; available in PMC 2010 October 7.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Differential activation of AP-1 monomers following dual signaling. Mouse cells were
stimulated and nuclear extracts subjected to an EMSA based ELISA. Background
normalized (described in materials and methods) absorbance values at 405nm are given for
cJun (A) and cFos (B). There were no differences between treatments for other AP-1
monomers tested (Fra1, Fra2, JunB, JunD, and FosB, data not shown). Data are
representative of two individual experiments. C) Nuclear extracts of B cells stimulated with
both CD154 and R-848 in the presence or absence of JNK inhibitor. Inhibitor was added to
cell cultures 30 minutes prior to stimulation. HP-1a (heterochromatin-associated protein 1a)
was used as a nuclear extract loading control. D) Mouse B cells and E) human B cells were
stimulated with R-848 with or without CD154 or controls. Dual stimulation increased the
level of total cJun and cFos in both mouse and human B cells. Data are representative of 2
independent experiments.
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Figure 6.
Inhibition of synergistic IL-6 production by inhibition of AP-1 and JNK. A) CH12.LX cells
stably expressing an IPTG inducible dominant negative-Fos gene, FosA, were stimulated
with R848, CD154 or both in the presence and absence of IPTG. IPTG at a final
concentration of 1mM was added to cell cultures 24 hours prior to stimulation. B) Splenic B
cells were stimulated as described in the presence or absence of JNK inhibitor for 24 hours.
Supernatants were then collected and assayed for amounts of IL-6. Data are representative
of 3 independent experiments.
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