Adenylate cycalse toxin of Bordetella pertussis inhibits TLR-
induced IRF-1 and IRF-8 activation and IL-12 production
and enhances IL-10 through MAPK activation in dendritic
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Abstract: Adenylate cyclase toxin (CyaA) of Bor-
detella pertussis binds to CD11b/CD18 on macro-
phages and dendritie cells (DC) and confers viru-
lence to the bacteria by subverting innate immune
responses of the host. We have previously demon-
strated that CyaA promotes the induction of IL-10-
secreting regulatory T cells in vivo by modulating
DC activation. Here, we examine the mechanism of
immune subversion, specifically, the modulation of
TLR signaling pathways in DC. We found that CyaA
synergized with LPS to induce IL-10 mRNA and
protein expression in DC but significantly inhibited
IL-12p70 production. CyaA enhanced LPS-in-
duced phosphorylation of p38 MAPK and ERK in
DC, and inhibitors of p38 MAPK, MEK, or NF-«kB
suppressed IL-10 production in response to LPS
and CyaA. However, inhibition of p38 MAPK,
MEK, and NF-kB did not reverse the inhibitory
effect of CyaA on TLR agonist-induced IL-12 pro-
duction. Furthermore, CyaA suppression of IL-12
was independent of IL-10. In contrast, CyaA sup-
pressed LPS- and IFN-y-induced IFN-regulatory
factor-1 (IRF-1) and IRF-8 expression in DC. The
modulatory effects of CyaA were dependent on
adenylate cyclase activity and induction of intra-
cellular ¢AMP, as an enzyme-inactive mutant of
CyaA failed to modulate TLR-induced signaling in
DC, whereas the effects of the wild-type toxin were
mimicked by stimulation of the DC with PGE2.
Our findings demonstrate that CyaA modulates
TLR agonist-induced IL-10 and IL-12p70 produc-
tion in DC by, respectively, enhancing MAPK
phosphorylation and inhibiting IRF-1 and IRF-8
expression and that this is mediated by elevation of
intercellular ¢AMP concentrations. J. Leukoc.

Biol. 84: 234-243; 2008.
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INTRODUCTION

Activation of TLR signaling pathways in innate immune cells
leads to the production of inflammatory cytokines and other
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immune mediators that play a critical role in host protective
immunity against infectious agents. However, pathogens have
evolved strategies for subverting host immune responses by
inhibiting the inflammatory molecules and effector cells and by
the induction of reciprocal anti-inflammatory cytokines and
regulatory cells [1]. These immunosuppressive effects are often
mediated through direct interference with TLR signaling mol-
ecules or the interaction of viral or bacterial proteins with
specific cell surface receptors on immune cells, especially
cells of the innate immune system. One such receptor targeted
by a number of bacterial virulence factors is the o3, integrin
CD11b/CD18, expressed on macrophages and dendritic cells
(DC).

Adenylate cyclase toxin (CyaA) is a major virulence factor of
Bordetella pertussis, which binds to CD11b/CD18 and subverts
host immunity to B. pertussis by inhibiting chemotaxis, phago-
cytosis, and superoxide production and thereby promotes bac-
terial colonization and persistence [2—4]. More recently, we
have demonstrated that CyaA can also subvert innate and
adaptive immunity by modulating TLR activation of DC, en-
hancing IL-10 and inhibiting IL-12 production, and as a con-
sequence, promote the induction of IL-10-secreting regulatory
T (Treg) cells [5, 6]. IL-12-induced IFN-y production by NK
cells and Th1 cells plays a critical role in protective immunity
to B. pertussis [7]. However, IL-10-secreting Treg cells are also
induced during infection with B. pertussis [8]. We found that
antigen-specific, IL-10-secreting Treg cell clones generated
from the lungs of mice during acute B. periussis infection were
capable of suppressing IFN-y production by protective B.
pertussis-specific Thl cells [8]. Thus, it appears that induction
of anti-inflammatory cytokines and Treg cells is not only an
important host protective mechanism to limit immunopathology
during infection but also can be exploited by pathogens as an
immune subversion strategy to suppress Th1 cells and prolong
their survival in the host [1]. The induction of IL-10-secreting
Treg cells is driven by semi-mature DC that secrete 1L-10 but
in which IL-12 production is suppressed, a regulatory pheno-
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type observed following stimulation of DC with CyaA and other
immunomodulatory molecules [5, 6, 8, 9].

The induction of IL-10 production by macrophages and DC
in response to TLR agonists has been linked with activation of
NF-kB as well as ERK and p38 MAPK signaling pathways
[10-14]. Activation of NF-kB and p38 MAPK has also been
implicated in TLR-induced IL.-12 production [15, 16]. How-
ever, recent reports have suggested that [FN-regulatory factors
(IRF), which mediate antiviral responses through transcription
of IFN genes, also play a critical role in signaling for 11-12
production. It has been demonstrated that expression of hep-
atitis C virus core protein suppresses IRF-1 and 11.-12 pro-
moter activity in Huh-7 cells [17]. Furthermore, it has been
reported that infection of human DC with a mutant B. pertussis
lacking CyaA enhanced expression of IRF-1 and IRF-8 over
that seen with the wild-type bacteria [18].

CyaA is composed of a repeat in toxin hemolysin moiety,
which mediates cell binding, and a catalytic adenylate cyclase
domain, which is activated by calmodulin and catalyzes the
conversion of ATP to cAMP [19, 20]. The toxic effects of CyaA
are mediated by enhancement of intracellular cAMP concen-
trations. However, the mechanism of immunomodulation, in
particular, the possible interference with cell signaling, has
received little attention. In this study, we have examined the
role of CyaA in modulating TLR-activated DC at the signaling
level. Our data demonstrate that CyaA enhances 1L-10 and
inhibits IL.-12 at the protein and mRNA level by independently
targeting distinct signaling pathways in DC. Induction of 1L-10
was mediated through enhancement of ERK and p38 MAPK
phosphorylation, whereas 11.-12 was associated with inhibition
of TLR-activated IRF-1 and IRF-8. Furthermore, the immuno-
modulatory effects were dependent on enhancement of intra-
cellular cAMP and were mimicked by PGE2.

MATERIALS AND METHODS
Purification of CyaA

CyaA and enzymatically inactive CyaA (iIAC-CyaA) proteins were expressed
and purified from Escherichia coli XL-1 blue cells carrying plasmid pJR2
(expressing His-CyaA and CyaC) or pNM2 (expressing His-iAC-CyaA and
CyaC) as described previously [5]. N-terminal His-tagged proteins were puri-
fied from inclusion bodies by DEAE-Sepharose and NI>*-agarose chromatog-
raphy [6]. LPS was removed from CyaA by dialysis, first against Dulbecco’s
PBS (Biosera, Ringmer, UK) containing 1 mM EDTA and 1 M urea, pH 4.6,
and then against Dulbecco’s PBS containing 0.1 mM CaCl, and 3 M urea, pH
8.0. LPS was determined to be 234 pg LPS per ug protein for CyaA and 187
pg LPS per pg protein for iAC-CyaA by the PyroGene recombinant factor C
endotoxin detection assay (Cambrex, Nottingham, UK), performed as described
by the manufacturer. All chemicals were from Sigma-Aldrich (Dublin, Ireland)
unless stated otherwise.

Animals

Female, specific pathogen-free C57BL/6 mice were purchased from Harlan
(UK). All mice were maintained according to European Union regulations, and
experiments were performed under license from the Department of Health and
with approval from the Trinity College Dublin Bioresources Ethics Committee

(Ireland).
DC

Bone marrow-derived, immature DC were prepared by culturing bone marrow
cells obtained from the femurs and tibiae of C57BL/6 mice in RPMI 1640

containing 10% FCS (Biosera), 100 U/ml penicillin, 1 mg/ml streptomycin, and
200 pM L-glutamine (Sigma-Aldrich) and supplemented with conditioned
media from a GM-CSF-expressing cell line (J558-GM-CSF) to give a final
concentration of 40 ng/ml GM-CSF. On Day 3, fresh medium containing 40
ng/ml GM-CSF was added. On Day 6, semiadherent cells were removed using
0.02% EDTA (Sigma-Aldrich). Cells were reseeded in medium supplemented
with 40 ng/ml GM-CSF. On Day 8, fresh medium containing 40 ng/ml GM-CSF
was added. On Day, 10 loosely adherent cells were collected, washed, and used
for assays.

DC were cultured at 1 X 10° cells/ml with CyaA (1 pg/ml), iAC-CyaA (1
rg/ml), LPS (50 ng/ml, Alexis Pharmaceuticals, Nottingham, UK), and recom-
binant IFN-y (20 ng/ml, R&D Systems, Abingdon, UK) or combinations
thereof. LPS, IFN-v, and CyaA were added simultaneously to cells. In some
experiments, inhibitors of MEK (U0126), p38 MAPK (SB203580), NF-kB (Bay
11-7082), or protein kinase A [PKA; Rp-8-bromo-cAMP-phosphorothioate
(Rp-8-Br-cAMPS)] were added to cells 2 h prior to the addition of CyaA, LPS,
or IFN-vy. Inhibitors were purchased from Calbiochem, Merck Biosciences
(Nottingham, UK). In other experiments, 10 pg/ml anti-IL-10 mAb (BD
Biosciences, Oxford, UK) or 5 pg/ml Actinomycin D (Sigma-Aldrich) was
added to cells at the same time as CyaA, LPS, and IFN-y. Alternatively, DC
were stimulated with 1 pM PGE2 (Calbiochem).

Cytokine assays

Supernatants were removed from cells after the indicated times, and concen-
trations of IL-10 and I1.-12p70 were measured by immunoassay using pairs of
antibodies purchased from R&D Systems, according to the manufacturer’s
instructions.

Real-time RT-PCR

Total cellular RNA was prepared using Trizol (Invitrogen, Dublin, Ireland).
Single-stranded ¢cDNA was synthesized from 1 pg RNA according to the
Moloney murine leukemia virus RT protocol (Promega, Southampton, UK).
MgCl, and RNAsin were also purchased from Promega. dNTPs were obtained
from Sigma-Aldrich and random decamers from Ambion (Applied Biosystems,
Warrington, UK). Real-time PCR for the detection of mRNA was performed
using sense and antisense primers and a FAM-labeled MGB Tagman probe
for 1L-10 (Mm00439616_ml), [L-12p35 (MmO00434165_m1), IL-12p40
(Mm00434174_m1), IRF-1 (Mm00515191_m1), and IRF-8 (Mm00492567_m]l),
purchased from Applied Biosystems. 18S rRNA was used as an endogenous
control and for standardization. Samples were assayed on an Applied Biosys-
tems 7300 real-time PCR machine. Relative quantification was performed
according to the AA comparative threshold method, and untreated cells as
calibrator were set to 1 [21].

Western blotting

Cell lysates were prepared and resolved on 10% SDS-PAGE gels and trans-
ferred to a nitrocellulose membrane (Schleicher and Schuell, Dassel, Ger-
many). Blots were incubated with anti-phospho (p)-p38, anti-IkBa (Cell Sig-
naling Technology, Hertfordshire, UK), anti-p38, anti-p-ERK, anti-ERK, anti-
IRF-1, anti-IRF-8 (Santa Cruz, Heidelberg, Germany), or anti-B-Actin (Sigma-
Aldrich) and peroxidase-conjugated secondary antibodies and detected using
ECL (Amersham Biosciences, Little Chalfont, UK). Differences in expression
of proteins were determined by densitometry analysis of blots using Scion
Image software (Scion Corp., Frederick, MD, USA).

cAMP quantification

DC were stimulated for 30 min with CyaA or iAC-CyaA (1 pg/ml). Intracellular
c¢AMP accumulation was measured by competitive ELISA using the Amersham
Biosciences Biotrak enzyme immunoassay kit. Samples were serially diluted to
obtain values within the linear range of the standard curve.

Statistics

Statistical analyses were carried out using GraphPad prism, Version 4.0
(GraphPad Software, San Diego, CA, USA). Differences between mean values
were assessed by ANOVA or where only two samples were compared by
two-tailed Student’s ¢-test and were considered significant for P values <0.05.
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RESULTS

CyaA enhances IL-10 protein and mRNA
expression and suppresses LPS- and IFN-v-
induced IL-12 expression in DC

We have previously demonstrated that CyaA can act as an
adjuvant to promote antigen-specific Th2 and IL.-10-secreting
Treg cell responses to coadministered antigens in vivo, and this
reflects its ability to modulate TLR activation of DC [6]. In this
study, we have examined the mechanisms responsible for these
immunomodulatory effects. Consistent with our previous re-
ports [5, 6], we found that CyaA synergized with the TLR
agonist to promote IL-10 production, while inhibiting IL-12p70
production by DC. Incubation of immature bone marrow-de-
rived DC with CyaA alone did not induce IL-10. Treatment of
DC with LPS (50 ng/ml) induced low levels of IL-10 produc-
tion, and coincubation with CyaA resulted in significantly
increased production of 1L-10 (Fig. 1A). Incubation of DC
with CyaA alone did not induce IL-12p70 induction. In con-
trast, treatment with LPS and IFN-y induced significant IL-
12p70 production by DC, and this was significantly inhibited
by cotreatment with CyaA (Fig. 1B).

To investigate if enhancement of IL-10 and inhibition of
IL-12 protein by CyaA reflected modulation of mRNA expres-
sion, we used real-time RT-PCR to quantify IL-10 and IL-12
mRNA expression. Incubation of DC with CyaA alone failed to
enhance IL-10 mRNA expression (Fig. 1C). As observed at the
protein level, treatment of DC with a low concentration of LPS
(50 ng/ml) alone induced a small increase in IL-10 mRNA
expression. However, cotreatment with CyaA resulted in sig-
nificantly increased expression of IL-10 mRNA (Fig. 1C). A net
increase in an mRNA species can result from inhibition of the

decay of cytoplasmic mRNA [22]. To investigate if this ac-
counted for the increase in I1.-10 mRNA expression observed,
DC were treated with Actinomycin D, an inhibitor of de novo
transcription. Pretreatment of cells for 2 h with Actinomycin D
reversed the induction of IL-10 seen in response to LPS and
CyaA (Fig. 1D). These results favor a direct transcriptional
mechanism of up-regulation of IL-10 production in response to
LPS and CyaA.

IL-12p70 is the bioactive form of IL-12 and is a heterodimer
comprised of independently regulated 40 kDa (IL.-12p40) and
35 kDa (IL-12p35) subunits. Quantification of 11.-12p35 and
IL-12p40 mRNA by real-time RT-PCR demonstrated that ex-
pression of both of these subunits was increased in DC follow-
ing treatment with LPS and IFN-y. Cotreatment with CyaA
blocked the increase in IL-12p35 and 1L-12p40 mRNA ex-
pression induced with LPS and IFN-y (Fig. 1E).

CyaA enhancement of LPS-induced IL-10 is
dependent on p38 MAPK, MEK, and NF-«B

The MAPKs p38 and ERK as well as NF-kB have been
implicated in the signaling pathways for TLR agonist-activated
IL-10 production in a variety of cell types [10—14]. Here, we
examined the role of p38, ERK, and NF-kB in the synergistic
induction of IL-10 by CyaA and LPS. Although CyaA alone
had no effect on p38 activation, LPS induced rapid phosphor-
ylation of p38 with maximum activation seen at 15 min and
expression returning to that seen in untreated cells after 2 h
(Fig. 2A). However, when CyaA was added in combination
with LPS, we found that CyaA significantly enhanced activa-
tion of p-p38 MAPK (CyaA or LPS vs. LPS+CyaA-treated DC;
P<0.05; n=4; representative blot in Fig. 2B, top panel), which
was still detectable at 2 h (not shown). Treatment of DC with
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Fig. 2. CyaA enhances LPS-induced p38 MAPK and ERK phosphorylation.
(A) DC were treated with 50 ng/ml LPS or 1 pg/ml CyaA for the indicated
times. Whole cell lysates were analyzed by immunoblotting with antibodies
specific for p-p38, p-ERK, and IkBa. Equal protein loading was confirmed by
immunoblotting with anti-p38, ERK, and B-Actin. (B) DC were treated with
medium only, 50 ng/ml LPS, 1 pg/ml CyaA, or LPS and CyaA for 1 h (p38) or
15 min (ERK and IKBa). Whole cell lysates were analyzed by immunoblotting
with antibodies specific for p-p38, p-ERK, and IkBa.. Equal protein loading
was confirmed by immunoblotting with anti-p38, ERK, and B-Actin.

CyaA induced significant activation of ERK within 15 min, and
this activation was sustained for up to 6 h (CyaA vs. medium-
treated DC; P<<0.05-P<0.01; n=4; representative blot in Fig.
2A). Activation of ERK was detected 2 h after treatment of DC
with LPS (50 ng/ml). However cotreatment of DC with CyaA in
combination with LPS led to significant activation of ERK at
the earlier time-point of 1 h (CyaA or LPS vs. LPS+CyaA-
treated DC; P<<0.05; n=4; representative blot in Fig. 2B,
middle panel). We also found that LPS induced rapid activa-
tion of NF-kB in DC, as measured by degradation of IkBa,
whereas treatment with CyaA alone led to significant IkBa
degradation at later time-points (4—8 h; CyaA vs. medium-
treated DC; P<<0.01-P<<0.001; n=4; representative blot in

Fig. 2A). However, addition of CyaA did not affect IkBa
degradation induced by LPS (Fig. 2B, bottom panel).

We next examined the effects of specific inhibitors of p38,
MEK, and NF-kB on the enhancement of I11.-10 production by
CyaA. Pretreatment of DC with a p38 MAPK-specific inhibitor
SB203580 (1 wM) reversed p38 activation (Fig. 3A) and
completely blocked the induction of IL-10 by LPS and CyaA
(Fig. 3B). Furthermore, inhibition of MEK by pretreatment with
the MEK-specific inhibitor U0126 (10 wM) inhibited phos-
phorylation of ERK (Fig. 3A) and significantly inhibited 1L-10
production induced by of LPS and CyaA (Fig. 3B). Inhibition
of NF-kB with the specific inhibitor BAY 11-7082 (10 wM)
also significantly inhibited IL-10 production induced by LPS
and CyaA (Fig. 3B). These findings demonstrate that p38
MAPK, ERK and NF-kB are involved in the synergistic in-
duction of IL-10 by CyaA and LPS.

As MEK has previously been shown to be required for p38
MAPK activation downstream of Ras [23], we investigated the
possibility that MEK or NF-kB lies upstream of p38 MAPK in
the signaling pathway for IL-10 induced by LPS and CyaA. We
found that inhibition of MEK or NF-kB by pretreatment with
the corresponding inhibitors had no effect on the induction of
p-p38 expression in response to CyaA and LPS (Fig. 3C, top
panel). Similarly, inhibition of p38 MAPK or NF-kB had no
effect on CyaA- and LPS-induced ERK activation (Fig. 3C,
middle panel). Finally, inhibition of MEK or p38 MAPK did
not prevent the degradation of IkBa following treatment with
CyaA and LPS, suggesting that NF-kB is not a downstream
target of MEK or p38 MAPK (Fig. 3C, bottom panel). These
results confirm that LPS- and CyaA-induced IL-10 expression
requires the activation of distinct signaling pathways involving
p38, MEK, and NF-kB.

Inhibition of LPS- and IFN-y-induced IL-12p70 is
independent of MAPK activation and IL-10
induction

The induction of IL-12p70 production by human DC has been
shown to be dependent on p38 MAPK [15]. NF-kB has also
been implicated in up-regulation of 1L.-12p40 following CD40
ligation [16]. Furthermore, it has been reported that 1L-10
induced by immunomodulatory molecules can suppress [1-12
production [24], and we found that LPS- and CyaA-induced
IL-10 production was dependent on activation of ERK, p38
MAPK, and NF-kB. As enhancement of 1L-10 production by
CyaA is detectable before suppression of LPS- and IFN-vy-
induced I1.-12p70, we considered the possibility that the in-
hibition of IL-12p70 by CyaA was mediated through I1L-10
induction and was dependent on activation of MAPK or NF-
kB. To investigate this, DC were stimulated with LPS and
IFN-vy, with and without CyaA and in the presence or absence
of a neutralizing anti-IL-10 antibody. Consistent with the data
shown in Figure 1, CyaA inhibited IL-12p70 production in
response to LPS and IFN-y (Fig. 4A). This suppression was
not reversed by the addition of anti-IL-10 antibody, indicating
that up-regulation of IL-10 expression is not required for
inhibition of 1L.-12p70 by CyaA.

We next established that 11.-12p70 production in response to
LPS and IFN-y was a result of increased transcription. Treat-
ment of DC with Actinomycin D (5 pg/ml), an inhibitor of de
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Fig. 3. CyaA enhancement of TLR ago-
nist-induced 1L.-10 is dependent on activa-
tion of p38 MAPK, MEK, and NF-kB. DC
were incubated with 1 pM SB203580, 10
wM U0126, or 2 uM Bay 11-7082 for 2 h
prior to the addition of 50 ng/ml LPS and 1
pg/ml CyaA. (A) After 15 min, whole cell
lysates were analyzed by immunoblotting
with antibodies specific for p-p38 or
p-ERK. Equal protein loading was con-
firmed by immunoblotting with anti-p38
and ERK. (B) IL-10 concentrations were
quantified in supernatants removed after
6 h of culture. Results are presented as the
mean and SD (n=3); *** P < 0.001, com-
pared with cells treated with LPS + CyaA
by unpaired Student’s i-test. (C) Western
blot analysis of p-p38, p-ERK, and IkBa
expression in whole cell lysates from DC
treated with 50 ng/ml LPS and 1 pg/ml
CyaA for 15 min, with or without 2 h pre-
treatment with the indicated inhibitors (10
M U0126, 2 pM Bay 11-7082, 1 pM
SB203580). Equal protein loading was con-
firmed by immunoblotting with anti-p38,

ERK, and B-Actin.
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novo transcription, prevented the increase in IL-12p70 in DC with a p38 MAPK-specific inhibitor SB203580 or a MEK-
response to LPS and IFN-y, indicating a direct transcriptional specific inhibitor U0126 did not block the induction of IL-
mechanism (Fig. 4B). We then examined the effect of MAPK 12p70 by LPS and IFN-vy and in fact, resulted in an increase,
and NF-kB inhibitors on LPS- and TFN-vy-induced IL-12 and although not statistically significant, in IL-12p70 production
the suppression of this by CyaA. We found that pretreatment of  (Fig. 4C). Furthermore, pretreatment of DC for 2 h with specific
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Fig. 4. Inhibition of IL-12p70 by CyaA is independent of IL-10 induction and MAPK
activation. (A) DC were incubated with 50 ng/ml LPS, 1 wg/ml CyaA, 20 ng/ml IFN-y, and 10
pg/ml anti-1L-10 (a-11-10). After 24 h, supernatants were removed, and the concentration of
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2 h prior to the addition of 50 ng/ml LPS and 20 ng/ml [FN-y. IL-12p70 concentrations were
quantified in supernatants removed after 24 h of culture. Results are presented as the mean
and sD (n=3); *** P < (0.001, compared with sample treated in the absence of Actinomycin
D, by an unpaired Student’s ¢-test. (C) DC were incubated with 1 pM SB203580, 10 pM

U0126, or 2 wM Bay 11-7082 for 2 h prior to the addition of 50 ng/ml LPS and 20 ng/ml TFN-y. Supernatants were tested for the presence of 1L-12p70 at 24 h.
Results are presented as the mean and sb (n=3); *** P < 0.001, compared with sample treated with LPS + IFN-y by an unpaired Student’s ¢-test. (D) DC were
incubated with 1 pM SB203580, 10 M U0126, or 2 uM Bay 11-7082 for 2 h prior to the addition of 50 ng/ml LPS, 1 pg/ml CyaA, and 20 ng/ml IFN-y. IL-12p70
concentrations were quantified in supernatants removed after 24 h of culture. Results are presented as the mean and S of the mean (n=3). (E) Western blot analysis
of IkBa expression in whole cell lysates from DC treated with 1 pg/ml CyaA, 50 ng/ml LPS, and 20 ng/ml IFN-y for 15 min.
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inhibitors of p38 or MEK did not alter the ability of CyaA to
suppress LPS- and IFN-y-induced IL-12p70 (Fig. 4D).

We next examined the role of NF-kB by examining IkBa
degradation in response to LPS and [FN-vy in the presence and
absence of CyaA. Neither CyaA nor IFN-v alone had any effect
on IkBa expression in DC (Fig. 4E). In contrast, LPS induced
rapid degradation of IkBa with expression returning to those
seen in untreated cells within 4 h (Fig. 2A). Costimulation of
DC with CyaA or IFN-y did not affect LPS-induced IkBa
degradation (Fig. 4E). Inhibition of NF-kB in DC by pretreat-
ment with Bay 11-7082 (2 wM) significantly inhibited IL-
12p70 induced in response to LPS and IFN-y (Fig. 4C),
indicating that NF-kB but not p38 or MEK activation is in-
volved in 11.-12p70 production. However, pretreatment of DC
with the NF-kB inhibitor Bay 11-7082 did not alter the ability
of CyaA to suppress LPS- and IFN-y-induced 1L-12p70 (Fig.
4D). These findings demonstrate that despite the fact that p38,
ERK, and NF-kB are required for induction of IL-10 by CyaA
and LPS, modulation of these signaling pathways does not
appear be required for inhibition of IL-12p70 by CyaA and
suggest that distinct pathways are involved in these two im-
munomodulatory activities of the toxin.

CyaA blocks LPS- and IFN-vy-dependent
up-regulation of IRF-1 and IRF-8

This study has demonstrated that NF-kB activation is required
for IL-12p70 production by DC in response to treatment with
LPS and IFN-y (Fig. 4). In addition, we have shown that
although CyaA can suppress 1L-12p70 expression, it does not
modulate NF-kB activation in response to LPS and IFN-vy (Fig.
4E), suggesting that CyaA modulates IL-12p70 production
through other signaling pathways. The IRF family, in particu-
lar, IRF-1 and IRF-8, has been implicated in IL-12 signaling
[25-27]. In addition, it has recently been reported that IRF-1
is essential for IL-12-IFN-y signaling by enhancing IL-12Rf3

expression on CD4™" T cells [28]. Here, we studied the effect of
CyaA on expression of IRF-1 and IRF-8. We found that
treatment of DC with LPS and IFN-y enhanced expression of
IRF-1 and IRF-8 mRNA and that this was significantly re-
versed by cotreatment with CyaA (Fig. 5A). Furthermore, this
pattern of expression was confirmed at the protein level; treat-
ment with LPS or [FN-y alone led to moderate increases in
expression of IRF-1 and IRF-8, but the highest expression was
seen in response to cotreatment with LPS and IFN-y (Fig. 5B).
This is consistent with the observation that costimulation with
LPS and IFN-vy is required for maximal 1L.-12p70 expression.
Treatment of DC with CyaA significantly reduced expression of
IRF-1 and IRF-8 protein induced with LPS and IFN-y. These
findings suggest that CyaA may inhibit IL-12 production by
suppressing expression of the transcription factors IRF-1 and

IRF-8.

The up-regulation of IL-10 and inhibition of
IL-12p70 by CyaA are dependent on its
adenylate cyclase activity, and these effects
can be mimicked by PGE2

The adenlyate cyclase activity of CyaA has previously been
shown to be required for certain but not all of its immuno-
modulatry effects on innate and adaptive immunity [5, 29].
Here, we have examined the role of adenylate cyclase activity
in the enhancement of 11.-10 and suppression of 1L-12p70 by
CyaA. We used a mutant form of CyaA (iAC-CyaA) with
substitutions in three amino acids (H63A, K65A, S66G), which
abrogated adenylate cycase activity [5]. Treatment of DC with
CyaA but not with iAC-CyaA enhanced intracellular cAMP
concentrations in DC (Fig. 6A). In addition, unlike CyaA,
iAC-CyaA did not synergize with LPS in the induction of IL-10
nor did it inhibit LPS- and TFN-y-induced IL-12p70 produc-
tion (Fig. 6B). These data suggest a crucial role for the accu-
mulation of cAMP in the induction of IL-10 and suppression of
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Fig. 5. CyaA suppresses LPS- and IFN-y-induced up-regulation of IRF-1 and IRF-8. DC were
treated with 50 ng/ml LPS and 20 ng/ml IFN-y or LPS, IFN-y, and 1 pg/ml CyaA. (A) Total
cellular RNA was prepared at the indicated time-points, and IRF-1 and IRF-8 mRNA was
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blotting with antibodies specific for IRF-1, IRF-8, or B-Actin. Results are means * SD values
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IL-12p70 in murine DC. As cAMP activates PKA, we exam-
ined the role of PKA in the immunomodulatory effects of CyaA.
The PKA inhibitor Rp-8-Br-cAMPS, which anatagonizes the
binding ¢cAMP to type 1 PKA, did not alter the synergistic
effect of CyaA on LPS-induced IL-10 production (Fig. 6C) and
did not affect suppression of 1L-12p70 by CyaA (data not
shown). PGE2 has previously been shown to stimulate cAMP
production in various cell types [30, 31]. Therefore, we exam-
ined the possibility that PGE2 might mimic the effects of
CyaA. We found that similar to CyaA, treatment of cells with
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Fig. 6. The immunomodulatory effects of CyaA are dependent on adenylate
cyclase activity and can be mimicked by PGE2, but are independent of PKA
activation. (A) DC were incubated with 1 pg/ml CyaA or 1 pg/ml iAC-CyaA.
Intracellular cAMP was measured after 30 min; *** P < 0.001, compared
with sample treated with CyaA. Cont, Control. (B) DC were incubated with 50
ng/ml LPS and 20 ng/ml IFN-y with or without 1 pwg/ml CyaA or iAC-CyaA.
The concentrations of IL-10 and IL-12p70 were quantified by ELISA in
supernatants removed after 6 and 24 h, respectively. (C) DC were incubated
with medium only, 50 ng/ml LPS, 1 pg/ml CyaA, or LPS and CyaA in the
presence or absence of the PKA inhibitor Rp-8-Br-cAMPS (Rp-8; 1 mM, 2 h
preincubation). IL-10 concentrations were quantified in supernatants removed
after 6 h of culture. (D) DC were incubated with 50 ng/ml LPS and 20 ng/ml
IFN-y, with or without 1 wM PGE2 or with medium only. The concentrations
of IL-10 and IL-12p70 were quantified by ELISA in supernatants removed
after 6 and 24 h, respectively; *** P < 0.001, compared with sample treated
in the absence of PGE2.
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PGE2 alone did not induce IL-10 production; however, PGE2
synergized with a low concentration of LPS to induce IL-10
production from DC (Fig. 6D). Furthermore, PGE2 significantly
suppressed LPS- and IFN-y-induced IL-12p70 production
(Fig. 6D). These results suggest that agents that stimulate
intracellular cAMP production can mimic at least some of the
immunomodulatory effects of CyaA.

As we found that adenylate cyclase activity is crucial for
inhibition of IL-12p70 by CyaA, we also compared the ability
of CyaA and the enzymatically inactive mutant (1IAC-CyaA) to
suppress IRF-1 and IRF-8 expression. Although wild-type
CyaA significantly inhibited expression of both transcription
factors, iAC-CyaA has no effect (Fig. 7A). This suggests that
accumulation of intracellular cAMP is critical for inhibition of
IRF expression by CyaA. To confirm the role of cAMP in
modulation of IRF expression, DC were costimulated with LPS
and IFN-vy in the presence and absence of PGE2. Similar to the
effect of CyaA, PGE2 also significantly reduced expression of
IRF-1 and IRF-8 in response to LPS and IFN-y (Fig. 7B).
These findings suggest that CyaA exerts distinct modulatory
effects on the TLR signaling pathways, enhancing p38- and
ERK-induced IL-10 and inhibiting IRF-1- and IRF-8-induced
IL-12, and that these immunomodulatory effects are dependent
on cAMP induction.

DISCUSSION

This study demonstrates that a bacterial virulence factor can
exert immunosuppressive effects on the innate immune system
by selectively modulating distinct TLR signaling pathways in
DC, leading to enhanced anti-inflammatory and suppressed
proinflammatory cytokine production. We found that CyaA
from B. pertussis promoted phosphorylation of ERK and p38
MAPK but inhibited expression of the transcription factors
IRF-1 and IRF-8. The downstream effects included enhance-
ment of IL-10 and inhibition of IL-12 production by TLR-
activated DC, a cytokine profile that programs the innate
immune system to promote the induction of IL-10-secreting
Treg cells at the expense of Thl cells. These finding provide
evidence of a novel approach used by a pathogen to subvert
innate immunity and provide a mechanism whereby CyaA
promotes bacterial colonization and persistence during infec-
tion with B. pertussis.

It has previously been reported that signaling through TLR4
is essential for the induction of effective natural and vaccine-
induced, protective immunity against B. pertussis [32, 33
TLR4-mediated activation of DC by B. pertussis LPS results in
the production of inflammatory cytokines, including 1L-12,
which promotes the activation of IFN-y secretion by NK cells
and the subsequent induction of IFN-y-producing Thl cells
[7]. IFN-y plays a critical role in protective immunity; mice
defective in IFN-y receptors develop an uncontrolled, systemic
infection with B. pertussis [34]. However, Thl responses are
suppressed early in infection, and current evidence suggests
that this reflects the induction of anti-inflammatory cytokines
and Treg cells. 11.-10-secreting Treg cells are induced in the
respiratory tract during B. pertussis infection [8], and this is
driven by semi-mature, regulatory DC characterized by high

http://www.jleukbio.org



A B

IRF-1| e e | IRF-1

-

B -Actin [ D GHD SN G

B -Actin [ GEPUED DG |

*

12.51 —— 12.5-
£ 10.0 H £ 10.0
E. a‘(;’ 7.5- Fig. 7. The inhibition of IRF-1 and IRF-8
g ‘i— by CyaA is dependent on its adenylate cy-
- ~ 50 clase activity and is mimicked by PGE2.
& & (A) DC were incubated with 50 ng/ml LPS
- = 2.5 and 20 ng/ml IFN-y or LPS and IFN-y with
1 pg/ml CyaA or iAC-CyaA. After 4 h,
CyaA 0.0- R i . _ 0.0- whole cell lysates were analyzed by immu-
iAC-CyaA - 2 5 + EESEz : i noblotting with antibodies specific for
LPS . + + + IFN- : : . ; : + IRF-1, IRF-8, or B-Actin. (B) DC were in-
IFNy - + + + i cubated with 50 ng/ml LPS, 20 ng/ml
IFN-y, LPS and IFN-y, 1 pM PGE2, or
LPS, TFN-vy, and PGE2. After 4 h, whole
IRF-8 I - — ‘ IRF-8 | — . | cell lysates were analyzed by immunoblot-
ting with antibodies specific for IRF-1,
-Actin [ e u— il B -Actin | — — S ———— — I IRF-8, or B-Actin. Results are means = Sp
P | | values (n=4) from densitometry quantifica-
12.5+ * 2 7- i tion of band intensities relative to the B-Ac-
tin-loading control, and one representative
c 10.0- = 61 blot was shown above each graph; * P <
® 5 57 0.05, **, P < 0.01, by ANOVA (A) or by an
< 7.51 < 4- unpaired Student’s i-test (B).
< @
® 5.0 ® 3
' L
& & 2-
2.5
1-
0.0- 0-
CyaA - - + - PGE2 - + : = 2 *
iAC-CyaA - - B + LPS - - + = + +
LPS - + + + IFN-y - - + +
IFN‘.’ - + + +

IL-10 and low IL-12 production. These DC are induced in
response to exposure to B. pertussis virulence factors, including
CyaA and filamentous hemagglutinin, in combination with LPS
[5, 8, 35].

The enhancement of IL-10 and/or suppression of IL-12
production in response to TLR agonist activation in macro-
phages or DC are common immune subversion strategies used
by pathogens to subvert immune responses of the host [1].
Although the precise mechanisms have in most cases not been
addressed, it appears to involve direct or indirect modulation of
TLR signaling pathways. It has been reported that the induc-
tion of IL-10 by LPS or CpG in macrophages or DC is mediated
by activation of ERK MAPK [13, 36]. Activation of ERK has
also been associated with inhibition of IL-12 production by
Leishmania lipophosphoglycans, whereas induction of 1L-12
was linked with activation of p38 MAPK, and it was suggested
that ERK and p38 may differentially mediate IL-10 and IL-12
production [37]. However, we found that ERK and p38 were
involved in IL-10 induction in response to CyaA and LPS.
Furthermore, inhibition of NF-kB attenuated IL-10 induction
with CyaA and LPS. These results emphasize the importance of
coactivation of distinct signaling pathways in the synergistic
effects of CyaA and LPS on IL-10 production. In contrast,
inhibition of IL-12 by CyaA was independent of MAPK acti-

vation and IL-10 and probably mediated by inhibition of IRF-1
and IRF-8.

Our demonstration that CyaA synergy with LPS for IL-10
production involves activation of p38 as well as ERK and
NF-kB is consistent with our finding that inhibition of p38 in
TLR-activated DC enhances their ability to promote the induc-
tion of IL-10-secreting Treg cells in vivo [38]. It is also
supported by the demonstration that the expression of the
vaccinia virus A52R protein enhances IL-10 promoter expres-
sion through activation of p38 [39]. Although it has been
reported that p38 is critical for IL-12p70 production by mac-
rophages [40], we found that CyaA enhanced p38 and ERK and
that inhibitors of these molecules did not reverse the suppres-
sion of IL-12 by CyaA and actually enhanced CpG- or LPS-
induced I1L-12 production by DC (ref. [38] and present study).
It has also been reported that NF-kB [41] and IRF transcrip-
tion factors are involved in IL-12 production. Mice deficient in
IRF-1 [28], IRF-5 [42], and IRF-8 [43] have defective 1L-12
production or IL-12 receptor expression and Thl responses.
We found that CyaA inhibited LPS- and IFN-vy-induced IRF-1
and IRF-8 expression, suggesting that this may account for the
suppression of IL-12 by CyaA. This is consistent with a study
that found that IRF-1 and IRF-8 activation and 1L.-12 produc-
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tion were enhanced in human DC infected with a mutant B.
pertussis lacking CyaA [18].

The toxic and immunomodulatory effects of CyaA have
previously been linked with enhancement of intracellular
cAMP concentrations [5]. We found that an enzyme-inactive
mutant of CyaA, which did not enhance cAMP concentrations,
failed to induce immunomodulatory effects in DC. Further-
more, PGE2, which also enhances intracellular cAMP, mim-
icked the immunomodulatory effects of CyaA; PGE2 enhanced
LPS-induced IL-10 and suppressed 11.-12 production by DC
and significantly suppressed LPS- and IFN-y-induced expres-
sion of IRF-1 and IRF-8. It has been reported that CyaA can
induce cyclooxygenase 2 expression in murine macrophages,
and it was suggested that inhibition of 1L-12 and TNF-a by
CyaA may reflect an adverse effect of cAMP on NF-kB or
MAPK activation [44]. It has also been shown that cAMP can
mediate immunomodulatory effects through activation of PKA
and exchange protein directly activated by cAMP [45, 46].
PGE2 and a PKA-specific cAMP analog suppressed TNF-a
production by macrophages [45]. However, we found that in-
hibition of the TLR agonist induced 1L-12, and enhancement of
IL-10 by CyaA was independent of PKA. In contrast, our
findings suggest that enhancement of 1L-10 is mediated by
activation of MAPK, whereas inhibition of IL-12 production by
CyaA in DC is more likely to involve cAMP-mediated inhibi-
tion of IRF-1 and IRF-8.

This study demonstrates that a bacterial virulence factor,
CyaA from B. pertussis, can subvert protective innate immune
responses by simultaneously promoting an anti-inflammatory
cytokine and inhibiting a proinflammatory cytokine, which
have critical influences on the induction of adaptive immunity.
The bacterial toxin mediates its immunomodulatory effect by
independently enhancing the MAPK arm of the TLR signaling
pathway, while inhibiting transcription of immune response
genes induced through IRF transcription factors. Our data
highlight the potential importance of IRF-1 and IRF-8 in host
immunity to B. pertussis and other bacterial pathogens.

ACKNOWLEDGMENTS

This work was supported by Enterprise Ireland and by Science
Foundation Ireland.

REFERENCES

1. Mills, K. H. (2004) Regulatory T cells: friend or foe in immunity to
infection? Nat. Rev. Immunol. 4., 841-855.

2. Guermonprez, P., Khelef, N., Blouin, E., Rieu, P., Ricciardi-Castagnoli,
P., Guiso, N., Ladant, D., Leclerc, C. (2001) The adenylate cyclase toxin
of Bordetella pertussis binds to target cells via the a(M)B(2) integrin
(CD11b/CD18). J. Exp. Med. 193, 1035-1044.

3. Pearson, R. D., Symes, P., Conboy, M., Weiss, A. A., Hewlett, E. L. (1987)
Inhibition of monocyte oxidative responses by Bordetella pertussis adenyl-
ate cyclase toxin. J. Immunol. 139, 2749-2754.

4. Njamkepo, E., Pinot, F., Francois, D., Guiso, N., Polla, B. S., Bachelet, M.
(2000) Adaptive responses of human monocytes infected by Bordetella
pertussis: the role of adenylate cyclase hemolysin. J. Cell. Physiol. 183,
91-99.

5. Boyd, A. P., Ross, P. J., Conroy, H., Mahon, N., Lavelle, E. C., Mills, K. H.

(2005) Bordetella pertussis adenylate cyclase toxin modulates innate and

242 Journal of Leukocyte Biology Volume 84, July 2008

10.

11.

14.

15.

16.

17.

18.

19.

20.

21.

22.

24.

adaptive immune responses: distinct roles for acylation and enzymatic
activity in immunomodulation and cell death. J. Immunol. 175, 730-738.

. Ross, P. J., Lavelle, E. C., Mills, K. H., Boyd, A. P. (2004) Adenylate

cyclase toxin from Bordetella pertussis synergizes with lipopolysaccharide
to promote innate interleukin-10 production and enhances the induction of
Th2 and regulatory T cells. Infect. Immun. 72, 1568-1579.

. Byrne, P., McGuirk, P., Todryk, S., Mills, K. H. (2004) Depletion of NK

cells results in disseminating lethal infection with Bordetella pertussis
associated with a reduction of antigen-specific Thl and enhancement of
Th2, but not Trl cells. Eur. J. Immunol. 34, 2579-2588.

. McGuirk, P., McCann, C., Mills, K. H. (2002) Pathogen-specific T regu-

latory 1 cells induced in the respiratory tract by a bacterial molecule that
stimulates interleukin 10 production by dendritic cells: a novel strategy for
evasion of protective T helper type 1 responses by Bordetella pertussis. J.
Exp. Med. 195, 221-231.

. Hart, A. L., Lammers, K., Brigidi, P., Vitali, B., Rizzello, F., Gionchetti,

P., Campieri, M., Kamm, M. A., Knight, S. C., Stagg, A. J. (2004)
Modulation of human dendritic cell phenotype and function by probiotic
bacteria. Gut 53, 1602-1609.

Chanteux, H., Guisset, A. C., Pilette, C., Sibille, Y. (2007) LPS induces
IL-10 production by human alveolar macrophages via MAPKinases- and
Spl-dependent mechanisms. Respir. Res. 8, 71.

Ma, W., Lim, W., Gee, K., Aucoin, S., Nandan, D., Kozlowski, M.,
Diaz-Mitoma, F., Kumar, A. (2001) The p38 mitogen-activated kinase
pathway regulates the human interleukin-10 promoter via the activation of
Spl transcription factor in lipopolysaccharide-stimulated human macro-

phages. J. Biol. Chem. 276, 13664-13674.

. Liu, Y. W., Chen, C. C., Tseng, H. P., Chang, W. C. (2006) Lipopolysac-

charide-induced transcriptional activation of interleukin-10 is mediated
by MAPK- and NF-kB-induced CCAAT/enhancer-binding protein A in
mouse macrophages. Cell. Signal. 18, 1492-1500.

. Yi, A. K., Yoon, J. G., Yeo, S. J., Hong, S. C., English, B. K., Krieg, A. M.

(2002) Role of mitogen-activated protein kinases in CpG DNA-mediated
IL-10 and IL-12 production: central role of extracellular signal-regulated
kinase in the negative feedback loop of the CpG DNA-mediated Thl
response. J. Immunol. 168, 4711-4720.

Lee, H. Y., Kim, M. K., Park, K. S., Shin, E. H., Jo, S. H., Kim, S. D., Jo,
E. J., Lee, Y. N., Lee, C., Baek, S. H., Bae, Y. S. (2006) Serum amyloid
A induces contrary immune responses via formyl peptide receptor-like 1
in human monocytes. Mol. Pharmacol. 70, 241-248.

Agrawal, S., Agrawal, A., Doughty, B., Gerwitz, A., Blenis, J., Van Dyke,
T., Pulendran, B. (2003) Cutting edge: different Toll-like receptor agonists
instruct dendritic cells to induce distinct Th responses via differential
modulation of extracellular signal-regulated kinase-mitogen-activated pro-
tein kinase and c-Fos. J. Immunol. 171, 4984—4989.

Yoshimoto, T., Nagase, H., Ishida, T., Inoue, J., Nariuchi, H. (1997)
Induction of interleukin-12 p40 transcript by CD40 ligation via activation
of nuclear factor-kB. Eur. J. Immunol. 27, 3461-3470.

Ciccaglione, A. R., Stellacci, E., Marcantonio, C., Muto, V., Equestre, M.,
Marsili, G., Rapicetta, M., Battistini, A. (2007) Repression of interferon
regulatory factor 1 by hepatitis C virus core protein results in inhibition of
antiviral and immunomodulatory genes. J. Virol. 81, 202-214.
Spensieri, F., Fedele, G., Fazio, C., Nasso, M., Stefanelli, P., Mastrantonio,
P., Ausiello, C. M. (2006) Bordetella pertussis inhibition of interleukin-12
(IL-12) p70 in human monocyte-derived dendritic cells blocks IL-12 p35
through adenylate cyclase toxin-dependent cyclic AMP induction. Infect.
Immun. 74, 2831-2838.

Bouhss, A., Krin, E., Munier, H., Gilles, A. M., Danchin, A., Glaser, P.,
Barzu, O. (1993) Cooperative phenomena in binding and activation of
Bordetella pertussis adenylate cyclase by calmodulin. J. Biol. Chem. 268,
1690-1694.

Ladant, D. (1988) Interaction of Bordetella pertussis adenylate cyclase with
calmodulin. Identification of two separated calmodulin-binding domains.
J. Biol. Chem. 263, 2612-2618.

Livak, K. J., Schmittgen, T. D. (2001) Analysis of relative gene expression
data using real-time quantitative PCR and the 2(-A A C(T)) method.
Methods 25, 402—408.

Brewer, G., Saccani, S., Sarkar, S., Lewis, A., Pestka, S. (2003) Increased
interleukin-10 mRNA stability in melanoma cells is associated with
decreased levels of A + U-rich element binding factor AUF1. J. Interferon
Cytokine Res. 23, 553-564.

. Chen, G., Hitomi, M., Han, J., Stacey, D. W. (2000) The p38 pathway

provides negative feedback for Ras proliferative signaling. J. Biol. Chem.
275, 38973-38980.

Loscher, C. E., Draper, E., Leavy, O., Kelleher, D., Mills, K. H., Roche,
H. M. (2005) Conjugated linoleic acid suppresses NF-k B activation and
IL-12 production in dendritic cells through ERK-mediated IL-10 induc-
tion. J. Immunol. 175, 4990-4998.

http://www.jleukbio.org



25.

26.

27.

28.

29.

30.

31.

32.

34.

36.

Liu, J., Cao, S., Herman, L. M., Ma, X. (2003) Differential regulation of
interleukin (IL)-12 p35 and p40 gene expression and interferon (IFN)-y-
primed IL-12 production by IFN regulatory factor 1. J. Exp. Med. 198,
1265-1276.

Liu, J., Guan, X., Tamura, T., Ozato, K., Ma, X. (2004) Synergistic
activation of interleukin-12 p35 gene transcription by interferon regula-
tory factor-1 and interferon consensus sequence-binding protein. J. Biol.
Chem. 279, 55609-55617.

Masumi, A., Tamaoki, S., Wang, 1. M., Ozato, K., Komuro, K. (2002)
IRF-8/ICSBP and IRF-1 cooperatively stimulate mouse IL.-12 promoter
activity in macrophages. FEBS Lett. 531, 348-353.

Kano, S., Sato, K., Morishita, Y., Vollstedt, S., Kim, S., Bishop, K., Honda,
K., Kubo, M., Taniguchi, T. (2008) The contribution of transcription factor
IRF1 to the interferon-y-interleukin 12 signaling axis and T(H)1 versus
T(H)-17 differentiation of CD4(+) T cells. Nat. Immunol. 9, 34—-41.
Macdonald-Fyall, J., Xing, D., Corbel, M., Baillie, S., Parton, R., Coote, J.
(2004) Adjuvanticity of native and detoxified adenylate cyclase toxin of
Bordetella pertussis towards co-administered antigens. Vaccine 22, 4270—
4281.

Sakuma, Y., Li, Z., Pilbeam, C. C., Alander, C. B., Chikazu, D., Kawagu-
chi, H., Raisz, L. G. (2004) Stimulation of ¢cAMP production and cyclo-
oxygenase-2 by prostaglandin E(2) and selective prostaglandin receptor
agonists in murine osteoblastic cells. Bone 34, 827-834.

Rincon, M., Tugores, A., Lopez-Rivas, A., Silva, A., Alonso, M., De
Landazuri, M. O., Lopez-Botet, M. (1988) Prostaglandin E2 and the
increase of intracellular cAMP inhibit the expression of interleukin 2
receptors in human T cells. Eur. J. Immunol. 18, 1791-1796.

Higgins, S. C., Lavelle, E. C., McCann, C., Keogh, B., McNeela, E., Byrne,
P., O’Gorman, B., Jarnicki, A., McGuirk, P., Mills, K. H. (2003) Toll-like
receptor 4-mediated innate I1.-10 activates antigen-specific regulatory T
cells and confers resistance to Bordetella pertussis by inhibiting inflam-
matory pathology. J. Immunol. 171, 3119-3127.

Higgins, S. C., Jarnicki, A. G., Lavelle, E. C., Mills, K. H. (2006) TLR4:
mediates vaccine-induced protective cellular immunity to Bordetella per-
tussis: role of IL-17-producing T cells. J. Immunol. 177, 7980-7989.
Mahon, B. P., Sheahan, B. J., Griffin, F., Murphy, G., Mills, K. H. (1997)
Atypical disease after Bordetella pertussis respiratory infection of mice
with targeted disruptions of interferon-y receptor or immunoglobulin

chain genes. J. Exp. Med. 186, 1843-1851.

. McGuirk, P., Mills, K. H. (2000) Direct anti-inflammatory effect of a

bacterial virulence factor: IL-10-dependent suppression of IL-12 produc-
tion by filamentous hemagglutinin from Bordetella pertussis. Eur. J. Im-
munol. 30, 415-422.

Dillon, S., Agrawal, A., Van Dyke, T., Landreth, G., McCauley, L., Koh,
A., Maliszewski, C., Akira, S., Pulendran, B. (2004) A Toll-like receptor
2 ligand stimulates Th2 responses in vivo, via induction of extracellular

37.

38.

39.

40.

41.

42.

43.

44.

46.

Hickey et al.

signal-regulated kinase mitogen-activated protein kinase and c-Fos in
dendritic cells. J. Immunol. 172, 4733-4743.

Feng, G. J., Goodridge, H. S., Harnett, M. M., Wei, X. Q., Nikolaev, A. V.,
Higson, A. P., Liew, F. Y. (1999) Extracellular signal-related kinase
(ERK) and p38 mitogen-activated protein (MAP) kinases differentially
regulate the lipopolysaccharide-mediated induction of inducible nitric
oxide synthase and IL-12 in macrophages: Leishmania phosphoglycans
subvert macrophage IL-12 production by targeting ERK MAP kinase.
J. Immunol. 163, 6403—-6412.

Jarnicki, A. G., Conroy, H., Brereton, C., Donnelly, G., Toomey, D.,
Walsh, K., Sweeney, C., Leavy, O., Fletcher, J., Lavelle, E. C., Dunne, P.,
Mills, K. H. (2008) Attenuating regulatory T cell induction by TLR
agonists through inhibition of p38 MAPK signaling in dendritic cells
enhances their efficacy as vaccine adjuvants and cancer immunothera-
peutics. J. Immunol. 180, 3797-3806.

Maloney, G., Schroder, M., Bowie, A. G. (2005) Vaccinia virus protein
A52R activates p38 mitogen-activated protein kinase and potentiates
lipopolysaccharide-induced interleukin-10. J. Biol. Chem. 280, 30838—
30844.

Kim, L., Del Rio, L., Buicher, B. A., Mogensen, T. H., Paludan, S. R.,
Flavell, R. A., Denkers, E. Y. (2005) p38 MAPK autophosphorylation
drives macrophage I1.-12 production during intracellular infection. J.
Immunol. 174, 4178-4184.

Kabashima, K., Honda, T., Nunokawa, Y., Miyachi, Y. (2004) A new
NF-kB inhibitor attenuates a THI type immune response in a murine
model. FEBS Lett. 578, 36—-40.

Takaoka, A., Yanai, H., Kondo, S., Duncan, G., Negishi, H., Mizutani, T.,
Kano, S., Honda, K., Ohba, Y., Mak, T. W., Taniguchi, T. (2005) Integral
role of IRF-5 in the gene induction program activated by Toll-like recep-
tors. Nature 434, 243-249.

Turcotte, K., Gauthier, S., Malo, D., Tam, M., Stevenson, M. M., Gros, P.
(2007) Icsbpl/IRF-8 is required for innate and adaptive immune re-
sponses against intracellular pathogens. J. Immunol. 179, 2467-2476.

Perkins, D. J., Gray, M. C., Hewlett, E. L., Vogel, S. N. (2007) Bordetella
pertussis adenylate cyclase toxin (ACT) induces cyclooxygenase-2
(COX-2) in murine macrophages and is facilitated by ACT interaction with
CD11b/CD18 (Mac-1). Mol. Microbiol. 66, 1003-1015.

. Aronoff, D. M., Canetti, C., Serezani, C. H., Luo, M., Peters-Golden, M.

(2005) Cutting edge: macrophage inhibition by cyclic AMP (cAMP):
differential roles of protein kinase A and exchange protein directly acti-
vated by ¢cAMP-1. J. Immunol. 174, 595-599.

Bryn, T., Mahic, M., Enserink, J. M., Schwede, F., Aandahl, E. M.,
Tasken, K. (2006) The cyclic AMP-Epacl-Rapl pathway is dissociated
from regulation of effector functions in monocytes but acquires immuno-
regulatory function in mature macrophages. J. Immunol. 176, 7361-
7370.

A bacterial toxin targets IRF-1 and IRF-8 243



