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Bordetella Type III Secretion Modulates Dendritic Cell
Migration Resulting in Immunosuppression and Bacterial
Persistence1
Jason A. Skinner,* Mylisa R. Pilione,† Hao Shen,* Eric T. Harvill,† and Ming H. Yuk2*

L

ong-term pathogen colonization requires a balance between protective immunity and pathogen-encoded factors
that enable the suppression of host immune response.
Bordetella bronchiseptica uses a type III secretion system (TTSS)3
to achieve persistent colonization of the murine respiratory tract
(1). Colonization occurs despite the apparent development of a
humoral IgG2A and Th1-type cellular immune response (2). These
findings suggest that the observed host immune response is not
sufficient for bacterial clearance. Many chronic diseases, including
hepatitis C infection (3, 4), tuberculosis (5), and leishmaniasis (6),
occur because an appropriate immune response required for pathogen clearance is not established or is actively suppressed. These
pathogens hijack normal host protective immune responses to subvert immune clearance. Deregulation or premature termination of
a clearing immune response can lead to long-term pathogen persistence. Chronic pathogens commonly up-regulate the expression
of immunosuppressive cytokines such as IL-10 (3, 5– 8) and
TGF-␤ (8 –10) to subvert clearing immunity. Some viruses capable
of establishing chronic infections produce viral homologues to
IL-10 (11–16). Although no bacteria-encoded IL-10 homologues
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have been described, bacteria can induce the secretion of endogenous IL-10 and/or TGF-␤ from innate immune cells that respond
to infection (8, 17–19). McGuirk et al. (8, 20) showed that dendritic cells (DCs) exposed to filamentous hemagglutinin (FHA)
from B. pertussis secrete IL-10 and inhibit LPS-induced inflammatory cytokine production. Furthermore, McGuirk et al. (8, 20)
demonstrated the ability of these IL-10-secreting DCs to induce
the clonal expansion of immunosuppressive T regulatory 1 cells
capable of suppressing the Bordetella-specific Th1 immune
response.
DCs are professional APCs that sample the mucosal surface for
the presence of foreign Ags. Upon contact and phagocytosis of
foreign Ag, DCs mature and migrate to local lymph nodes, where
they direct the generation of an adaptive immune response aimed
at clearing the Ag (21). The nature and magnitude of the response
are dependent on the migratory and maturation states of the DCs
(22). Pathogens can suppress the immune response by inhibiting
the maturation and migration of DCs from the site of infection to
the local lymph nodes (20, 23, 24).
We previously showed that the B. bronchiseptica TTSS and type
1 secreted adenylate cyclase toxin (ACT) synergize to alter the
maturation state of bone marrow-derived DCs (BMDCs) in vitro
(25). The TTSS was shown to up-regulate the surface expression
of MHC class II and B.7 costimulatory molecules, whereas ACT
down-regulated the surface expression of CD40 and the production
of the T cell-polarizing cytokine IL-12. This semimature phenotype is identical with that proposed to direct the generation of
regulatory T cells capable of immune suppression (23). B. pertussis and B. bronchiseptica are highly related subspecies based on
genomic comparison (26). Despite this close relationship, B. pertussis and B. bronchiseptica differ in host range and duration of
colonization. B. pertussis is a strict human pathogen capable of
causing acute respiratory disease. In contrast, B. bronchiseptica
exhibits a broad host range and normally causes asymptomatic
0022-1767/05/$02.00
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Chronic bacterial infection reflects a balance between the host immune response and bacterial factors that promote colonization
and immune evasion. Bordetella bronchiseptica uses a type III secretion system (TTSS) to persist in the lower respiratory tract of
mice. We hypothesize that colonization is facilitated by bacteria-driven modulation of dendritic cells (DCs), which leads to an
immunosuppressive adaptive host response. Migration of DCs to the draining lymph nodes of the respiratory tract was significantly increased in mice infected with wild-type B. bronchiseptica compared with mice infected with TTSS mutant bacteria.
Reduced colonization by TTSS-deficient bacteria was evident by 7 days after infection, whereas colonization by wild-type bacteria
remained high. This decrease in colonization correlated with peak IFN-␥ production by restimulated splenocytes from infected
animals. Wild-type bacteria also elicited peak IFN-␥ production on day 7, but the quantity was significantly lower than that elicited
by TTSS mutant bacteria. Additionally, wild-type bacteria elicited higher levels of the immunosuppressive cytokine IL-10 compared with the TTSS mutant bacteria. B. bronchiseptica colonization in IL-10ⴚ/ⴚ mice was significantly reduced compared with
infections in wild-type mice. These findings suggest that B. bronchiseptica use the TTSS to rapidly drive respiratory DCs to
secondary lymphoid tissues where these APCs stimulate an immunosuppressive response characterized by increased IL-10 and
decreased IFN-␥ production that favors bacterial persistence. The Journal of Immunology, 2005, 175: 4647– 4652.
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Materials and Methods
Bacteria and mice
B. bronchiseptica strains RB50 (wild-type) and WD3 (⌬bscN) were previously described (28, 29). Before each experiment, a single colony was
inoculated in Stainer-Scholte liquid medium and cultured overnight at
37°C with aeration. Before infection, bacteria were subcultured 1/20 into
fresh Stainer-Scholte medium and grown at 37°C for 2.5–3 h. These subcultures were diluted with fresh Stainer-Scholte medium to a final concentration of 106 bacteria/ml. C57BL/6 mice were then anesthetized by halothane inhalation and intranasally infected with 40 l of the diluted
subcultures (4 ⫻ 105 bacteria/mouse). Heat-killed bacteria were obtained
by incubation at 65°C for 30 min. C57BL/6 mice, 6 –10 wk of age, were
obtained from the National Cancer Institute. For IL-10⫺/⫺ colonization
studies, 6- to 10-wk-old B6.129P2-IL10tm1Cgn/J (no. 002251) and control
C57BL/6J (no. 000664) were obtained from The Jackson Laboratory. Mice
were housed in insulator cages and cared for in accordance with institutional animal care and use committee-approved protocols at the University
of Pennsylvania School of Medicine animal facility.

In vivo respiratory DC migration
The protocol is adapted from that used by Legge et al. (30). Briefly, CFSE
(Molecular Probes) diluted in Iscove’s medium to 8 mM was intranasally
administered to each mouse (50 l/mouse) after anesthesia with halothane.
Six hours later, mice in groups of three were infected intranasally with 105
bacteria in 30 l. Uninfected mice were instilled with fresh Iscove’s medium. After 14 h, cervical lymph nodes were pooled for each group and
processed on a wire mesh screen to yield a single-cell suspension. This
single-cell suspension was stained with PE-labeled CD86 clone (GL1) and
allophycocyanin-labeled CD11c clone (HL3) Ab for 30 min at 4°C in the
presence of unlabeled Fc␥III/II clone (2.4G2) Ab to block FcR binding.
Stained cells were analyzed by flow cytometry using a FACSCalibur (BD
Biosciences) and Flow-Jo, version 4.0 (TreeStar).

Restimulation and cytokine determination
At the indicated time points after infection, the spleen from each mouse
was independently processed into a single-cell suspension by maceration
on a wire mesh screen. Erythrocytes were lysed by treatment with .83%
NH4Cl. Remaining splenocytes were washed and aliquoted in triplicate
into 96-well plates. Splenocytes (106) were cultured in rich medium for 3
days with and without restimulation by heat-killed wild-type B. bronchiseptica. Restimulated wells were treated with 107 heat-killed bacteria,
whereas unstimulated wells received medium alone. After 3-day restimulation, IFN-␥, IL-10, TNF-␣, IL-4, and TGF-␤ concentrations were determined by ELISA. Each ELISA was preformed on the supernatants of both
unstimulated and restimulated splenocytes from the experimental mice.
Each cytokine was assayed using a DuoSet ELISA development kit (R&D
Systems). The dynamic range between 0 and 2000 pg/ml and specificity
have been verified independently and by the manufacturer. Due to variation
in the preparation of each standard curve, the limit of detection of each
ELISA is ⬃10 pg/ml. Supernatants from restimulated and unstimulated
splenocytes from each mouse were assayed in triplicate and diluted to
conform to the dynamic range of each kit. Absorbance of each well was
determined by a Synergy HT microplate reader (Bio-Tek) and analyzed by
KC4 microplate data analysis software (Bio-Tek). Cytokine production
represents the production of cytokine by splenocytes restimulated with
heat-killed bacteria normalized to the cytokine production of each splenocyte preparation stimulated by medium alone for each mouse. Unstimulated cytokine production from infected mice was at or below uninfected
restimulated levels in all cases.

Results
B. bronchiseptica TTSS drives respiratory DC migration in vivo
We hypothesized that B. bronchiseptica may use the TTSS to mediate bacterial persistence by affecting DC migration from the site
of infection to secondary lymphoid tissues. By modulating DC
migration, the generation of adaptive immune responses to B.
bronchiseptica would be affected. To investigate this possibility,
we used a protocol developed by Legge et al. (30) to assess the
migration of DCs from the respiratory tract to the draining lymph
nodes. Respiratory tracts of C57BL/6 mice were first stained with
CFSE, followed by intranasal infection with bacteria. Cervical
lymph nodes were then assayed for DC migration by the quantization of fluorescent DCs. Analysis by flow cytometry revealed a
2.8-fold increase in CD11c/CD86/CFSE triple-positive DC migration 14 h after infection with wild-type B. bronchiseptica compared with a mutant (⌬bscN) defective in type III secretion (Fig.
1). Increased DC migration mediated by wild-type B. bronchiseptica was noted by 5 h after infection (data not shown), in agreement with previous reports of DC migration to the mediastinal
lymph nodes after wild-type B. bronchiseptica infection (31). The
type III secretion mutant stimulated only a marginal increase in
migrating respiratory DCs compared with uninfected controls,
indicating that in the absence of type III secretion, there is little
DC migration within the time points studied. By 20 h after
infection, basal DC migration and accumulation in the cervical
lymph node became indistinguishable from the CFSE-labeled
DC accumulation observed during wild-type infection (data not
shown). This is due to the rapid basal turnover and migration of
these DCs from the respiratory tract and is consistent with the
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persistent respiratory infection in nonhuman mammals (27). Because mice are a natural host for B. bronchiseptica, the murine
model of infection is ideal for studying host pathogen interactions
that lead to bacterial persistence. Previous studies have demonstrated that the B. bronchiseptica TTSS is required for long-term
colonization of the mouse trachea (1, 28). We hypothesize that B.
bronchiseptica use the TTSS to interact with APCs at mucosal
surfaces to alter the ability of these cells to direct a clearing immune response.
In this study we further characterized the effects of B. bronchiseptica type III secretion on DC function and the subsequent modulation of adaptive immune responses in vivo. Because the inhibition of DC maturation/migration is a common strategy used by
pathogens to limit the host immune response, we first determined
the affect of B. bronchiseptica TTSS on in vivo DC migration. Our
results show that the B. bronchiseptica TTSS actually stimulates
rapid DC migration from the respiratory tract to local lymph nodes.
Next, we assayed the kinetics of bacterial colonization and the
generation of immune responses in animals infected by wild-type
or TTSS-defective bacteria. Reduced colonization of the lower respiratory tract by TTSS mutant bacteria correlated temporally with
a peak in IFN-␥ production by restimulated splenocytes of infected
animals. This peak in IFN-␥ production was significantly decreased in animals infected with wild-type bacteria, and the wildtype bacteria remained at high colonization levels. After determining the temporal peak of the immune response, we further
characterized the cytokine profile present at this time point. Restimulated splenocytes from wild-type infected mice produced
more IL-10 than those from animals infected with TTSS mutant
bacteria.
Because IL-10-dependent mechanisms are known to mediate
microbial colonization, we addressed the role of IL-10 in wild-type
B. bronchiseptica colonization. In the infection of hosts that do not
express the immunosuppressive cytokine IL-10 (IL-10⫺/⫺ mice),
B. bronchiseptica exhibited decreased colonization of the murine
respiratory tract compared with infection in normal mice, suggesting an important role for IL-10 in the B. bronchiseptica colonization strategy. Furthermore, when injected into IL-10⫺/⫺ mice,
wild-type B. bronchiseptica exhibited similar levels of colonization as the TTSS mutant bacteria. These findings suggest that B.
bronchiseptica establishes persistent colonization of the lower respiratory tract by altering the balance between immunostimulatory
and immunosuppressive cytokine signals. The B. bronchiseptica
TTSS plays an important role in this immunomodulatory event by
altering DC migration from the respiratory tract to secondary lymphoid tissues, where an immunosuppressive response is generated.
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original studies that described this protocol (30). These results
demonstrate that the B. bronchiseptica TTSS actually does not
inhibit DC migration to achieve immunosuppression. On the
contrary, wild-type B. bronchiseptica induces significant DC
migration to respiratory lymph nodes by a TTSS-dependent
mechanism.
Bordetella type III secretion reduces IFN-␥ production during
the peak immune response and correlates with bacterial
persistence
Because the Bordetella TTSS increased the migration of respiratory DCs from the respiratory tract to the draining lymph nodes,
we hypothesized that there may be a temporal difference in the
generation of the adaptive immune response in mice infected with
wild-type bacteria compared with those infected with TTSS-defective bacteria. Such a temporal difference might explain why
bacteria defective in type III secretion are more rapidly cleared
from the lower respiratory tract. The previous studies of B. bronchiseptica TTSS-mediated persistence yielded low resolution colonization data that did not precisely reveal when TTSS mutant
bacteria begin to be cleared from the lower respiratory tract (1).
Therefore, we repeated these experiments with 2-day points and
monitored the generation of the adaptive immune response as measured by IFN-␥ production from splenocytes restimulated by heatkilled wild-type B. bronchiseptica. As expected, bacteria deficient
in type III secretion were cleared form the lung (Fig. 2A) and
trachea (Fig. 2B), but not the nasal septum (Fig. 2C), of intranasally infected mice. Increased clearance of the TTSS mutant from
the lung and trachea was apparent by day 7 after infection, whereas
the colonization levels of wild-type bacteria remained high. Both
wild-type and TTSS mutant bacteria elicited peak IFN-␥ production levels at 7 days after infection (Fig. 2D). However, the amount
of IFN-␥ produced from restimulated splenocytes from wild-type
infected mice was only half that produced by restimulated spleno-

FIGURE 2. Clearance of type III secretion-defective B. bronchiseptica
from the host corresponds to an increase in IFN-␥ production in restimulated splenocytes. C57BL/6 mice were infected with 105 wild-type (WT;
䡺) or TTSS mutant (X) B. bronchiseptica or were mock infected (‚).
Three mice were infected for each treatment at each time point. On the
indicated days (D) after infection, lungs, trachea, and septum were harvested, and bacterial colonization was assessed (A–C). The dashed line
represents the limit of detection. Splenocytes from each mouse were restimulated (Restim) with heat-killed B. bronchiseptica and assayed for
IFN-␥ production (D). UNF, uninfected. Bars represent the SD of each
group. Unpaired t test was used to evaluate differences between groups (ⴱ,
p ⬍ 0.05).

cytes from mice infected with the TTSS mutant. Therefore, there
does not appear to be a temporal difference in generation of host
responses measured by IFN-␥ production in restimulated splenocytes from animals infected with either strain of bacteria. However, there was a significantly higher level of IFN-␥ produced from
restimulated splenocytes of animals infected with the TTSS mutant
bacteria. Furthermore, the temporal peak of IFN-␥ production corresponded to the increased clearance of the mutant bacteria from
the lower respiratory tract.
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FIGURE 1. Bordetella type III secretion is required for increased migration of respiratory DCs to the cervical lymph nodes in infected mice.
Respiratory tracts of C57BL/6 mice were stained with CFSE by intranasal
instillation (three mice per group). Six hours later, mice were infected with
105 wild-type (WT) or type III secretion mutant bacteria. Uninfected mice
were instilled with medium alone. After 14 h, cervical lymph nodes were
excised, pooled, and processed to determine the extent of respiratory DC
migration. All plots are gated on CD86-positive populations. Plots are representative of three independent experiments.
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fore appears to drive the host system toward an immunosuppressive response.

Next, we assayed both unstimulated and restimulated splenocytes
from wild-type bacteria-infected and TTSS mutant bacteria-infected mice for the production of immunostimulatory Th1 (IFN-␥)
and Th2 (IL-4) cytokines at the peak of the cellular immune response 7 days after infection. Additionally, we assayed for the
production of the common immunostimulatory molecule, TNF-␣,
and immunosuppressive cytokines, IL-10 and TGF-␤. As expected, restimulated splenocytes from mice infected with wildtype B. bronchiseptica produced decreased IFN-␥ (Fig. 3A). Conversely, restimulated splenocytes from wild-type bacteria-infected
mice produced increased IL-10 (Fig. 3B) compared with restimulated splenocytes from mice infected with TTSS mutant bacteria.
TNF-␣ production was not significantly different in restimulated
splenocytes from animals infected with either strain of bacteria
(Fig. 3C). No IL-4 or TGF-␤ was found (data not shown) within
the detection limits of the ELISA used in this experiment (see
Materials and Methods). These results suggest that the type III
secretion system alters the balance between immunosuppressive
(IL-10) and immunostimulatory (IFN-␥) cytokine signals. Infection by wild-type bacteria led to higher quantities of IL-10 and
lower quantities of IFN-␥ from restimulated splenocytes and there-

IL-10 is important for complete colonization of the lower
respiratory tract by B. bronchiseptica

FIGURE 3. Bordetella type III secretion mediates decreased IFN-␥ and
increased IL-10 production in vivo. C57BL/6 mice were infected with
wild-type (WT) or TTSS mutant bacteria or were mock infected. On day 7
after infection, splenocytes from each mouse were restimulated with heatkilled B. bronchiseptica or were left unstimulated, in triplicate. After 3
days, in vitro culture supernatants were assessed for cytokine content by
ELISA. Error bars represent the SD among three independent mice. Horizontal bars indicate the mean values. Unpaired t test was used to evaluate
differences between groups (ⴱ, p ⬍ 0.05).

To determine whether IL-10 has an immunosuppressive role in B.
bronchiseptica infection, we assessed colonization of wild-type
bacteria in IL-10 knockout mice. Wild-type and IL-10⫺/⫺ knockout mice were intranasally infected with wild-type B. bronchiseptica. Respiratory colonization was significantly decreased in the
IL-10-deficient background compared with that in wild-type mice
(Fig. 4A). Bacterial loads in IL-10⫺/⫺ mice were decreased in both
the upper and lower respiratory tract 28 days after infection. We
also compared the colonization of wild-type bacteria to TTSS mutant bacteria in IL-10⫺/⫺ mice. Colonization of wild-type B. bronchiseptica was reduced to levels similar to the colonization of
TTSS mutant bacteria in IL-10⫺/⫺ mice (Fig. 4B). These results
suggest an immunosuppressive role for IL-10 in the colonization
strategy of B. bronchiseptica. Additionally, these results indicate
that in the absence of IL-10 production, the B. bronchiseptica
TTSS is not able to confer a colonization benefit to the bacteria.

Discussion
For a pathogen to establish a chronic infection, a balance between
host immunity and bacterial factors that subvert the host immune
response must be reached. In the murine model of B. bronchiseptica persistence, the TTSS plays an important role in attaining this
balance. Persistent colonization of the lower respiratory tract by B.
bronchiseptica is dependent on the expression of a functional
TTSS. Bacteria defective in type III secretion exhibit accelerated

FIGURE 4. IL-10 is required for high level colonization of the lower
respiratory tract by B. bronchiseptica. Wild-type (WT) C57BL/6J and
C57BL/6J IL-10⫺/⫺ mice were intranasally infected with 105 bacteria
(three mice per group). A, On day 28 after infection, the nasal cavity,
trachea, and lungs were harvested and assayed for B. bronchiseptica colonization. Error bars represent the SD among the three mice in each group.
B, C57BL/6J IL-10⫺/⫺ mice were intranasally infected with 105 bacteria
(three mice per group). On day 14 after infection, the nasal cavity, trachea,
and lungs were harvested and assayed for B. bronchiseptica colonization.
Error bars represent the SD among the three mice in each group.
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B. bronchiseptica type III secretion mediates decreased IFN-␥
and increased IL-10 production
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simultaneously limits excessive growth of the microorganism
while also limiting an excessive immune response that would completely clear it from the host. Because wild-type B. bronchiseptica
and TTSS mutant bacteria colonize the respiratory tracts of IL10⫺/⫺ mice at similar levels, we conclude that TTSS-induced
IL-10 plays a central role in long-term colonization of the host
respiratory tract.
This study suggests that the B. bronchiseptica TTSS actively
drives DCs to secondary lymphoid tissues, where they function to
stimulate immunosuppressive immune responses that contribute to
long-term colonization of the murine respiratory tract. If these DCs
were fully immunostimulatory and in the classical DC1 phenotype
(20), they would generate a vigorous Th1 response capable of rapidly clearing the bacteria from the respiratory tract. However,
wild-type bacteria are able to persist in the lower respiratory tract
even though they appear to drive rapid DC migration to local
lymph nodes. Therefore, these DCs, in turn, most likely drive the
host toward an immunosuppressive response, as demonstrated by
the high IL-10/low IFN-␥ profile we have presented in this study.
These observations are consistent with our overall hypothesis that
the primarily function of the Bordetella TTSS is to down-regulate
host immune responses to allow persistent infection by the bacteria. We are currently investigating the source of secreted systemic
IL-10 in wild-type infection and focusing on the role of induced
regulatory T cells. Additionally, we are determining the mechanism by which the B. bronchiseptica TTSS stimulates DCs to migrate from the periphery to the local lymph nodes. Understanding
the mechanism of B. bronchiseptica TTSS-dependent immune
modulation may elucidate novel mechanisms by which persistent
Gram-negative bacteria actively tailor the immune response to favor colonization over clearance.
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clearance from the trachea and higher anti-Bordetella Ab titers (1).
We previously showed that the B. bronchiseptica TTSS and ACT
synergize to drive BMDCs into a semimature state. Phenotypically
these DCs had high surface expression of MHC class II, CD80,
and CD86 (TTSS dependent) and low CD40 surface expression
(ACT dependent). IL-12 cytokine production was also reduced in
an ACT-dependent manner. We hypothesized that these DCs
would function to shift the host immune response away from a
clearing Th1-type T cell response characterized by IFN-␥ production toward an immunosuppressive response characterized by the
production of IL-10 and/or TGF-␤. In this study we assessed in
vivo DC migration in the context of wild-type and TTSS mutant
infections and investigated the balance of immunostimulatory and
immunosuppressive cytokines that resulted from these infections.
First, we conducted an in vivo DC migration assay to test the
possibility that type III secretion may be down-regulating the B.
bronchiseptica-specific host immune response by inhibiting DC
migration from the respiratory tract to the local lymph nodes. Instead, we found that wild-type B. bronchiseptica elicited more respiratory DC migration than TTSS mutant bacteria. The TTSS
mutant bacteria-infected mice showed only a marginal increase in
DC migration over the basal DC migration seen in uninfected
mice. This indicated that the immunosuppressive function of the
TTSS is not to inhibit DC migration. Instead, DCs infected by
wild-type bacteria may be driving the host toward an immunosuppressive response that permits bacterial persistence.
Despite the difference in DC migration, IFN-␥ production from
restimulated splenocytes peaked at 7 days after infection for both
wild-type and TTSS mutant bacteria-infected mice. However,
there was a significant decrease in the amount of IFN-␥ produced
by splenocytes from wild-type bacteria-infected mice compared
with that from splenocytes in TTSS mutant bacteria-infected mice.
This peak on day 7 after infection correlated with the beginning of
reduced colonization of the lower respiratory tract by the TTSS
mutant. A recent report by Widney et al. (32) showed that the
production of IFN-␥ in the lungs of mice infected with B. bronchiseptica peaked 2 days after infection and was not associated
with reduced bacterial load. Together with our data, this suggests
that that the production of systemic, and not local, IFN-␥ is important for bacterial clearance. Further investigation of the cytokines produced by day 7 restimulated splenocytes showed that in
addition to decreased IFN-␥, splenocytes from wild-type B. bronchiseptica-infected mice secreted more IL-10 than those from
TTSS mutant bacteria-infected mice. No IL-4 or TGF-␤ was detected in the supernatants of these assays. The type III secretiondependent shift from IFN-␥ production to IL-10 production in the
absence of IL-4 suggests that T regulatory type 1 responses might
be induced in vivo (20, 23) during wild-type B. bronchiseptica
infection (20). The number of total CD4⫹CD25⫹ populations was
higher in the spleens of wild-type bacteria-infected mice (data not
shown). However, both T regulatory cells and responding Th1
cells can show a high CD4⫹CD25⫹ phenotype, and we are unable
to distinguish between them at this point. We are currently assaying the functionality of these induced cells and their ability to
suppress cell-mediated immune responses to foreign Ags.
The importance of IL-10 in persistence of wild-type B. bronchiseptica was demonstrated by reduced bacterial colonization in
IL-10⫺/⫺ mice compared with control mice. Decreased colonization in IL-10⫺/⫺ mice has been reported for many microorganisms
(33, 34). These colonization defects may be due to elevated basal
IFN-␥ production in these mice. For a colonizing microorganism,
this underscores the importance of achieving and maintaining an
ideal IFN-␥/IL-10 balance in vivo. This balance probably establishes an equilibrium between the microorganism and the host that

4651

4652

Bordetella-DRIVEN IMMUNOSUPPRESSION LEADS TO PERSISTENCE
22. Steinman, R. M., D. Hawiger, and M. C. Nussenzweig. 2003. Tolerogenic dendritic cells. Annu. Rev. Immunol. 21: 685–711.
23. Mills, K. H. 2004. Regulatory T cells: friend or foe in immunity to infection? Nat.
Rev. Immunol. 4: 841– 855.
24. Urban, B. C., D. J. Ferguson, A. Pain, N. Willcox, M. Plebanski, J. M. Austyn,
and D. J. Roberts. 1999. Plasmodium falciparum-infected erythrocytes modulate
the maturation of dendritic cells. Nature 400: 73–77.
25. Skinner, J. A., A. Reissinger, H. Shen, and M. H. Yuk. 2004. Bordetella type III
secretion and adenylate cyclase toxin synergize to drive dendritic cells into a
semimature state. J. Immunol. 173: 1934 –1940.
26. Parkhill, J., M. Sebaihia, A. Preston, L. D. Murphy, N. Thomson, D. E. Harris,
M. T. Holden, C. M. Churcher, S. D. Bentley, K. L. Mungall, et al. 2003. Comparative analysis of the genome sequences of Bordetella pertussis, Bordetella
parapertussis and Bordetella bronchiseptica. Nat. Genet. 35: 32– 40.
27. Mattoo, S., A. K. Foreman-Wykert, P. A. Cotter, and J. F. Miller. 2001. Mechanisms of Bordetella pathogenesis. Front Biosci. 6: E168 –E186.
28. Yuk, M. H., E. T. Harvill, and J. F. Miller. 1998. The BvgAS virulence control
system regulates type III secretion in Bordetella bronchiseptica. Mol. Microbiol.
28: 945–959.
29. Cotter, P. A., and J. F. Miller. 1994. BvgAS-mediated signal transduction: analysis of phase-locked regulatory mutants of Bordetella bronchiseptica in a rabbit
model. Infect. Immun. 62: 3381–3390.
30. Legge, K. L., and T. J. Braciale. 2003. Accelerated migration of respiratory
dendritic cells to the regional lymph nodes is limited to the early phase of pulmonary infection. Immunity 18: 265–277.
31. Gueirard, P., P. Ave, A. M. Balazuc, S. Thiberge, M. Huerre, G. Milon, and
N. Guiso. 2003. Bordetella bronchiseptica persists in the nasal cavities of mice
and triggers early delivery of dendritic cells in the lymph nodes draining the
lower and upper respiratory tract. Infect. Immun. 71: 4137– 4143.
32. Widney, D. P., Y. Hu, A. K. Foreman-Wykert, K. C. Bui, T. T. Nguyen, B. Lu,
C. Gerard, J. F. Miller, and J. B. Smith. 2005. CXCR3 and its ligands participate
in the host response to Bordetella bronchiseptica infection of the mouse respiratory tract but are not required for clearance of bacteria from the lung. Infect.
Immun. 73: 485– 493.
33. Chen, W., D. Shu, and V. S. Chadwick. 2001. Helicobacter pylori infection:
mechanism of colonization and functional dyspepsia: reduced colonization of
gastric mucosa by Helicobacter pylori in mice deficient in interleukin-10.
J. Gastroenterol. Hepatol. 16: 377–388.
34. Redpath, S., P. Ghazal, and N. R. Gascoigne. 2001. Hijacking and exploitation of
IL-10 by intracellular pathogens. Trends Microbiol. 9: 86 –92.

Downloaded from http://www.jimmunol.org/ by guest on October 18, 2019

9. Montagnoli, C., A. Bacci, S. Bozza, R. Gaziano, P. Mosci, A. H. Sharpe, and
L. Romani. 2002. B7/CD28-dependent CD4⫹CD25⫹ regulatory T cells are essential components of the memory-protective immunity to Candida albicans.
J. Immunol. 169: 6298 – 6308.
10. Garba, M. L., C. D. Pilcher, A. L. Bingham, J. Eron, and J. A. Frelinger. 2002.
HIV antigens can induce TGF-␤1-producing immunoregulatory CD8⫹ T cells.
J. Immunol. 168: 2247–2254.
11. Fleming, S. B., C. A. McCaughan, A. E. Andrews, A. D. Nash, and A. A. Mercer.
1997. A homolog of interleukin-10 is encoded by the poxvirus orf virus. J. Virol.
71: 4857– 4861.
12. Hsu, D. H., R. de Waal Malefyt, D. F. Fiorentino, M. N. Dang, P. Vieira,
J. de Vries, H. Spits, T. R. Mosmann, and K. W. Moore. 1990. Expression of
interleukin-10 activity by Epstein-Barr virus protein BCRF1. Science 250:
830 – 832.
13. Knappe, A., S. Hor, S. Wittmann, and H. Fickenscher. 2000. Induction of a novel
cellular homolog of interleukin-10, AK155, by transformation of T lymphocytes
with herpesvirus saimiri. J. Virol. 74: 3881–3887.
14. Kotenko, S. V., S. Saccani, L. S. Izotova, O. V. Mirochnitchenko, and S. Pestka.
2000. Human cytomegalovirus harbors its own unique IL-10 homolog (cmvIL10). Proc. Natl. Acad. Sci. USA 97: 1695–1700.
15. Lockridge, K. M., S. S. Zhou, R. H. Kravitz, J. L. Johnson, E. T. Sawai,
E. L. Blewett, and P. A. Barry. 2000. Primate cytomegaloviruses encode and
express an IL-10-like protein. Virology 268: 272–280.
16. Rode, H. J., W. Janssen, A. Rosen-Wolff, J. J. Bugert, P. Thein, Y. Becker, and
G. Darai. 1993. The genome of equine herpesvirus type 2 harbors an interleukin
10 (IL10)-like gene. Virus Genes 7: 111–116.
17. Flesch, I. E., and S. H. Kaufmann. 1994. Role of macrophages and ␣␤ T lymphocytes in early interleukin 10 production during Listeria monocytogenes infection. Int. Immunol. 6: 463– 468.
18. Nishikawa, F., S. Yoshikawa, H. Harada, M. Kita, and E. Kita. 1998. The full
expression of the ity phenotype in ityr mice requires C3 activation by Salmonella
lipopolysaccharide. Immunology 95: 640 – 647.
19. Park, D. R., and S. J. Skerrett. 1996. IL-10 enhances the growth of Legionella
pneumophila in human mononuclear phagocytes and reverses the protective effect of IFN-␥: differential responses of blood monocytes and alveolar macrophages. J. Immunol. 157: 2528 –2538.
20. McGuirk, P., and K. H. Mills. 2002. Pathogen-specific regulatory T cells provoke
a shift in the Th1/Th2 paradigm in immunity to infectious diseases. Trends Immunol. 23: 450 – 455.
21. Banchereau, J., F. Briere, C. Caux, J. Davoust, S. Lebecque, Y. J. Liu,
B. Pulendran, and K. Palucka. 2000. Immunobiology of dendritic cells. Annu.
Rev. Immunol. 18: 767– 811.

