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We have studied the interaction between the respiratory pathogen Bordetella bronchiseptica and murine
spleen dendritic cells, important antigen-presenting cells that are found in the airway epithelium. Wild-type B.
bronchiseptica 5376 attached very efficiently to dendritic cells, whereas the bvg mutant ATCC 10580, wild-type
strain BB7865, and its spontaneous AbvgS mutant BB7866 bound less efficiently. However, all tested B.
bronchiseptica strains were able to invade dendritic cells and survive intracellularly for at least 72 h. These
results suggest that bvg-independent or bvg-downregulated products are involved in the uptake and intracel-
lular survival. Transmission electron microscopic analysis revealed that bacteria grew and replicated
intracellularly and were present in typical phagosomes, which fused with lysosomes during the initial infection
period. However, in later infection stages some bacteria seemed to escape into an unfused endocytic
compartment, where individual bacteria were tightly surrounded by a membrane. The in vitro interaction of B.
bronchiseptica with dendritic cells reported here may be relevant to natural infections caused by this organism
that lead to chronicity or an altered immune response.

Bordetella bronchiseptica is a respiratory pathogen that has
been isolated from many warm-blooded animals (12). Unlike
other Bordetella species, B. bronchiseptica exhibits a wide host
spectrum and produces a variety of pathologic syndromes (12).
It is responsible for considerable economic losses amounting to
millions of dollars every year by causing epizootic respiratory
diseases in confinement-reared animals (12). On the other
hand, humans are not natural hosts, although a number of
cases of human bordetellosis have been reported, mostly in
animal caretakers (12).

B. bronchiseptica synthesizes several products that have been
correlated with its potential to cause disease, namely, filamen-
tous hemagglutinin (FHA), adenylate cyclase (14), dermo-
necrotic toxin which seems to be involved in vivo in the
suppression of antibody responses (17) and the production of
nasal and lung lesions (32), pili (1), and flagella (12). As in
other Bordetella species, the production of most of the viru-
lence-associated determinants that have been described is
coordinately regulated by the bvg locus during antigen modu-
lation and phase variation (26, 48).

Bordetella spp. have been described as noninvasive patho-
gens, and the major pathogenic role has been ascribed to the
release of toxins following attachment and colonization of the
respiratory tract epithelial cells (29). However, in recent years
evidence that strongly supports the invasive potential of B.
bronchiseptica (34, 35) and other Bordetella spp. has accumu-

lated (3, 4, 7, 8, 11, 22, 31, 33). It has been also proposed that
interactions of Bordetella pertussis with macrophages could
lead to persistence in this reservoir and/or altered clearance
functions (11, 33).

Dendritic cells (DC) are a highly specialized subset of
antigen-presenting cells (19, 20, 42, 43). They are part of a

system that is widely distributed in nonlymphoid tissues and in
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the T-cell-dependent areas of lymphoid organs (42) and which
is connected by movement and homing (42, 43). They are the
most efficient antigen-presenting cells and play a key role in the
immune system. DC are the major source of epitopes for
specific T-cell clones and the main activators of resting T cells
and can initiate primary immune responses in vitro and in vivo
(42).

Peripheral DC are juxtaposed to macrophages in the mouse
and human airway epithelium, lung parenchyma, and pleura
(27, 36). Moreover, it has been demonstrated that lung DC
pulsed in vivo with antigens can activate T cells in vitro (27). It
is therefore interesting to analyze the interaction between a

pathogen with a respiratory portal of entry like B. bronchisep-
tica and DC, which are main determinants of the systemic and
local immune responses.
DC can be purified in small quantities from animal tissues

and are viable for a limited period (42). The quantities thereby
obtainable, the limited viability, and lack of homogeneity
render primary DC rather unsuitable for many types of exper-
iments. However, a protocol for immortalization of fully
functional DC lines has been described recently (28). A clonal
population of such cells should be particularly suitable for
analyzing interactions between DC and respiratory pathogens
and their role in the pathophysiology of infective processes. In
the present work, a murine spleen DC line was used to analyze
the interactions between B. bronchiseptica and DC. It was

shown that attachment led to invasion, cellular spread, and
persistent infection.

MATERIALS AND METHODS

Bacterial strains and media. B. bronchiseptica 5376 (46),
ATCC 10580 (bvg), BB7865 and its spontaneous AbvgS aviru-
lent-phase derivative BB7866 (13, 26), B. pertussis BP338 (48),
Escherichia coli HB101 (2), and Staphylococcus aureus SAl
(isolated from a burn wound; from the strain collection of the
Institute of Microbiology, University of Genova) were used in
this work.

Bordetella strains were grown on Bordet-Gengou agar base
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(Difco Laboratories, Detroit, Mich.) supplemented with 1%
glycerol and 15% (vol/vol) defibrinated horse blood or in SS
broth (39), and E. coli and S. aureus strains were grown in brain
heart infusion broth or agar (Difco Laboratories).

Tissue culture methods and invasion assays. The spleen DC
line CB1, obtained from DBAI2 mice (28), was maintained in
Iscove's modified Dulbecco's medium (Sigma Chemie GmbH,
Deisenhofen, Germany) supplemented with 5% fetal calf
serum and 5 mM glutamine (GIBCO Laboratories, Eggen-
stein, Germany) in an atmosphere containing 5% CO2 at 37°C.
Cells were seeded at a concentration of approximately 5 x 104
per well in 24-well Nunclon Delta tissue culture plates (Inter
Med NUNC, Roskilde, Denmark). The plates were incubated
for 18 h; then, they were washed twice with complete medium.
For infection assays, bacteria were grown for 24 h on agar
plates, recovered with sterile swabs, and suspended in com-
plete Iscove's medium, and the suspensions were adjusted
spectrophotometrically to an optical density at 540 nm corre-
sponding approximately to 2 x 107 CFU ml-'; 0.5 ml of the
suspension was then added to each well, and the plates were
incubated under static conditions for 1 h. The supernatant
fluids were discarded, and cells were washed twice with phos-
phate-buffered saline (PBS) to remove nonadherent bacteria.
The medium was replaced with 0.5 ml of complete Iscove's
medium supplemented with 100 ,ug of gentamicin ml-' (Sigma
Chemie GmbH) and incubated at 37°C for different periods to
kill the remaining extracellular bacteria. Cells were washed
twice with PBS and then lysed by addition of 0.5 ml of water to
each well, and the number of CFU recovered from each well
was determined by plating 10-fold dilutions on agar with a
Spiral Plater model C (Spiral Biotech, Inc., Bethesda, Md.).
The results reported are mean values of three independent
assays ± standard deviations.

Fluorescence staining of cellular matrix proteins and B.
bronchiseptica. Cells were grown on round 13-mm Thermanox
coverslips in 24-well Nunclon Delta tissue culture plates (Inter
Med NUNC). After infection with B. bronchiseptica bacteria
and incubation with Iscove's medium containing gentamicin,
the coverslips were rinsed with PBS, and the cells were fixed in
3.7% formaldehyde in PBS and permeabilized to allow entry of
antibodies by a 5-min treatment with 0.2% (vol/vol) Triton
X-100 in PBS. Coverslips were processed for single fluores-
cence microscopy with rabbit polyclonal antibodies against
at-actinin diluted 1:50 or antimyosin diluted 1:10 (Sigma Che-
mie GmbH) as first antibodies. For double fluorescence, rabbit
polyclonal antibodies raised against whole B. bronchiseptica
cells (gift of L. Standner, GBF) were used at a 1:200 dilution,
together with either tetramethyl-rhodamine-isothiocyanate-la-
belled phalloidin (Sigma Chemie GmbH) used at a 1:50
dilution (F-actin labelling), monoclonal antibodies (MAbs) to
vinculin (clone VIN-11-5; Sigma Chemie GmbH) at a 1:50
dilution, MAb against tropomyosin (clone TM 311, Sigma
Chemie GmbH) at a 1:400 dilution, or MAb against a-tubulin
(clone DM1A; Sigma Chemie GmbH) at a 1:400 dilution.
Coverslips were then incubated for 30 min at 37°C, carefully
rinsed with PBS, treated for 30 min with the second antibodies
diluted 1:50 (either rhodamine or fluorescein isothiocyanate-
conjugated rabbit anti-mouse or goat anti-rabbit immuno-
globulins [Dianova, Hamburg, Germany]), washed three times,
and then mounted for microscopy with a Zeiss Axiophot
microscope equipped with epifluorescence.

Detennination ofB. bronchiseptica attachment and internal-
ization by immunofluorescence. The experiments were per-
formed with a bacterium/cell ratio of 100 and double fluores-
cence as previously described (15). Cells were grown on round
13-mm Thermanox (Inter Med NUNC) coverslips as described

above for the fluorescence staining of cellular matrix proteins.
Adherence and internalization were expressed as the mean
number of bacteria adhering or internalized per cell ± stan-
dard deviation. The mean was calculated by averaging the
number of bacteria present in 25 cells.
Transmission electron microscopy (TEM). Infected cells

were fixed with a solution containing 3% glutaraldehyde and
5% formaldehyde in cacodylate buffer (0.1 M cacodylate, 0.09
M sucrose, 0.01 M MgCl2, 0.01 M CaCl2, pH 6.9) for 45 min on
ice, washed with cacodylate buffer, fixed for a further hour at
room temperature with 1% (wt/vol) aqueous osmium tetroxide
solution, washed with cacodylate buffer, and scraped off the
culture flask. After 2 min of centrifugation at 2,000 x g,
infected cells were embedded in 1.5% agar, after which the
agar was cut into small cubes and embedded in Spurr resin
(38). Ultrathin sections were cut with a glass knife and
counterstained with 4% aqueous uranyl acetate (pH 4.5) and
lead citrate. Sections were examined with Zeiss transmission
electron microscope EM 910 at an acceleration voltage of 80
kV at calibrated magnifications.
Immunoelectron microscopy. MAb produced by rat hybrid-

oma MAC-3 clone ATCC TIB168 was used to selectively label
the lysosomal membrane of DC (18). Samples were fixed and
embedded as previously described (47). Immunolabelling was
made with a 1:5 dilution of the protein G-Sepharose-purified
MAC-3 MAb (80 jig of immunoglobulin G protein ml-').
Ultrathin sections attached to Formvar-coated nickel grids
were incubated on drops of the diluted antibodies for 12 h at
4°C. After grids were washed with PBS, the bound antibodies
were labelled for 1 h with goat anti-rat antibody-gold com-
plexes (10-nm gold particle size; Plano GmbH, Marburg,
Germany). Grids were subsequently rinsed with PBS contain-
ing 0.01% Triton X-100 and then distilled water. After air
drying, the sections were counterstained with 4% aqueous
uranyl acetate (pH 4.5) for 5 min.

Scanning electron microscopy. Infected cells on round
13-mm Thermanox coverslips (Inter Med NUNC) were fixed
in a solution containing 3% glutaraldehyde and 5% formalde-
hyde in PBS for 45 min on ice and then washed with PBS,
dehydrated in a graded series of acetone, and subjected to
critical point drying with CO2. Samples were then covered with
a 10-nm gold film and examined with a Zeiss DSM 940
scanning electron microscope.

RESULTS

Attachment to and invasion of mouse DC by B. bronchisep-
tica. As can be seen in the scanning electron microscopy
analysis presented in Fig. 1, B. bronchiseptica 5376 attaches
very efficiently to CB1 cells during a 2-h incubation (Fig. 1A, B,
and C). In similar experiments with B. bronchiseptica BB7865,
BB7866 (bvgS), and ATCC 10580, fewer attached bacteria
were observed (Fig. 1D and E). B. bronchiseptica bacteria
exhibited a preferential avidity for the cell periphery (Fig. 1C)
and lamellipodia (dendritic cell processes, Fig. 1A and B); this
disposition pattern was particularly evident in side views (Fig.
1C). Almost 100% of DC observed exhibited attached bacteria,
and all had a similar attachment pattern. Similar results were
obtained by immunofluorescence of attached bacteria when
DC were infected with the strains 5376, ATCC 10580, BB7865,
and BB7866 for 45 min. The mean number of bacteria attached
per cell ± standard deviation was 24 + 5, 6 + 2, 5 + 2, and 7
± 2, respectively.
In order to investigate invasion of DC by B. bronchiseptica,

samples were analyzed by epifluorescence microscopy after
double immunolabelling. Approximately 24 ± 7, 20 ± 7, 23 ±
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FIG. 1. Scanning electron microscopic analysis of DC infection by B. bronchiseptica strains. CB1 cells were infected with the strains B.
bronchiseptica 5376 (A to C), BB7865 (D), and BB7866 (E). In panel F, uninfected cells are shown. Panels A, B, D, and E are top views, whereas
panels C and F are tilted views of the sample (750). Bars, 3 ,um (A, B, D, E, and F) or 1 pum (C).
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FIG. 2. Localization of B. bronchiseptica on infected cells. DB1 cells were processed for double immunofluorescence 2 h after infection with
B. bronchiseptica 5376 (A and B), BB7865 (C and D), BB7866 (E and F), and ATCC 10580 (G and H). In panels A, C, E, and G, extracellular
bacteria are labelled, whereas in panels B, D, F, and H both intracellular and extracellular bacteria are labelled in the corresponding microscopic
fields. Bars, 5 pum.

7, and 30 ± 10 internalized bacteria, respectively, were present
per DC after 45 min of infection with strains 5376, ATCC
10580, BB7865, and BB7866. Therefore, B. bronchiseptica
5376, which attaches very efficiently, and wild-type BB7865 or
the bvg mutants ATCC 10580 and BB7866, which exhibit
weaker binding, were efficiently internalized by CB1 cells (Fig.
2). Invasion of DC seems thus to depend primarily either on

host cell processes or on bacterial products synthesized inde-
pendently of the bvg regulatory system.
Time course of DC infection by B. bronchiseptica. Immuno-

fluorescence is not able to discriminate between live and dead
bacteria; therefore, to analyze the kinetics of B. bronchiseptica
uptake by CB1 cells and to establish whether the internalized
bacteria were viable, time course internalization experiments
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FIG. 3. Intracellular survival of B. bronchiseptica.
infected with B. bronchiseptica 5376, ATCC 1058C
BB7866 (A) and B. pertussis BP338, E. coli HB101, an
bacteria (B). After 1 h with gentamicin-containing me(
lysed at different intervals and the number of CFU rec
was determined. Results are presented as the mea
deviations of three indep endent experiments.

were performed (Fig. 3A). B. bronchiseptica wi:
and the bvg mutants were all efficiently intemn;
cells and retained viability. After 1 h of in(
gentamicin (time zero), between 1 and 5.6% of t]
recovered from cells. The differences in attachmt
detected by scanning electron microscopy and el
(see above) probably account for the small difft
number of intracellular bacteria of the different:
zero. Invasion curves exhibited a typical pattern
with an initial increment of approximately 59%

of the viable bacteria during the first 1 to 2 h followed by a
A reduction over the next few hours, which was more evident for

virulent B. bronchiseptica strains. The second phase is followed
by a further increment in the number of viable bacteria over
the next few hours. Samples taken 24 to 72 h after infection
clearly showed that all B. bronchiseptica strains persist in DC
without killing infected cells (remained trypan blue exclusion
positive). This persistence was due not only to cell-to-cell
spread during infection, as almost 100% of the cells were
infected at time zero (immune fluorescence studies). The small
reduction in the number of microorganisms recovered after 48
h might be due to reduced cell viability caused by the presence
of metabolic products accumulated at the high cell densities
reached.

In order to analyze whether long-term intracellular survival
'4,> 48 72 is a specific property of B. bronchiseptica or a property of
Time (h) bacteria in general in the interaction with DC, similar experi-

ments were performed with strains B. pertussis BP338, E. coli
HB101, and S. aureus SAl. The results reported in Fig. 3B
demonstrate that intracellular survival is a specific property of
B. bronchiseptica: BP338 and HB101 strains were internalized
at least 1 order of magnitude less efficiently than B. bronchi-
septica strains, and after 24 h of infection, no viable bacteria
were recovered. On the other hand, S. aureus SAl was taken

B up as efficiently as B. bronchiseptica, but its intracellular
survival was very short: the number of viable bacteria was
greatly reduced after 4 h of infection and fell by 2 to 4 orders
of magnitude after 24 to 72 h.
A number of invasive pathogens cause major alterations in

the distribution of host cell cytoskeletal proteins following
invasion (5, 9). However, in the CB1-B. bronchiseptica system,
fluorescent labelling of cytoskeletal proteins and bacteria did
not reveal any specific alterations in the distribution patterns of
vinculin, actin, oa-actinin, tropomyosin, myosin, or tubulin after
4 or 24 h of infection (data not shown). This could in part
explain the ability of B. bronchiseptica to infect DC persistently
without causing lethal damage.

-//.ITEM analysis of DC infection by B. bronchiseptica. TEM
48 72 analysis showed that 4 h after infection with B. bronchiseptica

rime (h) bacteria were either attached to the cell surface or enclosed
CB1 cells were within cytoplasmic vesicles with the characteristics of phago-

), BB7865, and somes (Fig. 4B and Fig. 5A and D). Phagosomes were gener-
d S. aureus SAl ally surrounded by round vesicles, some of which were in the
dium, cells were process of fusing (Fig. 4B and C and Fig. 5A and D).
covered per well Immunoelectron microscopy performed with the MAC-3 MAb
ans ± standard specific for a glycoprotein of the lysosomal membrane (18)

demonstrated that these vesicular structures were lysosomes
(Fig. 4D).
Lysosomes were not detected or reduced in number in

Id-type strains samples obtained after 24 h postinfection (Fig. 4E to I and Fig.
alized by CB1 5B, C, E, and F). At this point, many vacuoles with resident B.
cubation with bronchiseptica cells exhibited specific morphological changes:
he inocula was membranes of phagosomes containing bacteria were in tight
ent efficiencies contact with the bacterial surface (Fig. 4E to H and Fig. 5G),
pifluorescence and many B. bronchiseptica cells were segregated with one cell
erences in the per vacuole (Fig. 4F to H); this pattern was more conspicuous
strains at time for strain 5376. The presence of single bacteria within the
for all strains vacuoles of cells infected with B. bronchiseptica would be

in the number consistent with the notion that intravacuolar multiplication

FIG. 4. TEM analysis of dendritic cell infection by B. bronchiseptica 5376. (A) Control uninfected cells; (B to I) cells infected with B.
bronchiseptica 5376 at 4 h (B to D), 24 h (E to H), and 72 h (I) after infection. Lysosomes are indicated by arrows, whereas phagosome membranes
are identified by arrowheads. In panel C, a phagolysosome fusion and, in panel D, gold particles (G) bound to lysosomal membrane are indicated
by small arrows. Bars, approximately 1,im (A and B), 0.5,im (C, D, E, H, and I), and 0.1,im (F and G).

INFECT. IMMUN.



A

..l

t. 0
t...

.,'

AO

.. .-P

.I,, ;,r i,,

,p..
i

A,;'4.

,,a. S.-_,

,w.~~~~~~~~~~~*r'5>*.R ,,_ _*' . ...$

1r.~ ~ ~ ~ 14

*..A

5533

,,A.

.16 -

.4



A

LI4. A-..
;:4

D

B

-tl -I
I:_L.

.,
Am

.. *Bss.
w s... : .. ,. r
: S.: x,, . ; ,, o . ' St > .. . ' ,. + x

'..
z.

:" '; a.

i' >- s;'. *;. rS :. ,>. . x, de .ir ;
* >, .- ;'

.. ..
't .';

s-
_ wML : -i-; ' A,

.^ ,,\ ,. w

x '., V,w '' %'' .*& ,, ,. .'sE F
¢ < < 4P

ies*

.3~v :.

a

C r-

A 9,..... n,J

4~~~* 9 so..j<..ka .~

r: % . .. {!!iil~~~~~~'Y 4;..
a I L"~~~~~~~~~~~~~~~~~~~~~~~~I
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does not occur but that bacteria are apparently able to grow
and replicate within the host cell (Fig. 4H and Fig. SA). At low
magnifications (Fig. 4E) and by time-lapse microscopy (data
not shown), bacteria in phagosomes with the tightly apposed
membranes appeared as free intracytoplasmic bacteria. How-
ever, higher magnifications revealed that they are enclosed by
a double membrane (Fig. 4F to H and Fig. 5G). Some
phagosomes containing membranous debris, probably derived
from killed bacteria, were observed in cells infected with all
strains (Fig. 4B, C, and I and Fig. SC).

DISCUSSION

Bordetella spp. have been classified as noninvasive patho-
gens. However, this conclusion is based on experiments with a
limited number of cells that do not represent all those present
in the respiratory tract during natural infections (29). The data
presented here demonstrate that DC are permissive host cells
for B. bronchiseptica invasion and replication and raise the
possibility that interactions between DC and Bordetella spp.
may be relevant in natural infections. In the light of these data
and recent reports from other laboratories using other cells
(34, 35), the invasive potential of B. bronchiseptica should be
reevaluated as this microorganism seems to behave like true
invasive bacteria. It would seem prudent to assess the role of
invasiveness in vivo in the pathogenesis of bordetellosis.
Our results suggest that B. bronchiseptica may attach exten-

sively to one or more surface structures and, to a lesser extent,
via another bvg-independent adhesin(s) to different receptors,
which in turn trigger the internalization process. In fact, DC
are practically devoid of complement receptors which mediate
uptake of Bordetella spp. by macrophages via the bvg-depen-
dent FHA (16, 31).
The initial reduction in the number of viable bacteria

between 1 and 4 h after infection might result from damage
caused by the virulent strain provoking either a cell response
leading to bacterial killing or cell lysis with release of the
invading microorganisms into the gentamicin-containing me-
dium. This reduction corresponds with the presence of dam-
aged bacteria as shown by TEM and suggests that after a
latency period following internalization one or more genes
specifying products involved in in vivo survival are expressed.
Alternatively, two bacterial subpopulations, one resistant and
one sensitive to intracellular killing, may be present during the
first intracellular stages. B. bronchiseptica bvg bacteria as well
as the wild type had survived intracellularly after 72 h postin-
fection. Therefore, a bvg-independent function, or basal levels
of a bvg-regulated protein, permits survival of B. bronchiseptica
inside DC. After entry into the host cells, different environ-
mental signals may result in up- or downregulation of several
bacterial genes (25), such that intracellular survival is favored
by modulation to a quasiavirulent phenotype characterized by
production of virulence factors at minimum levels and/or by
the synthesis of new products which are bvg independent or
downregulated.

Invasive bacteria that do not escape from the phagosome are
able to survive intracellularly by their (a) resistance to lysoso-
mal enzymes, (b) inhibition of phagolysosome fusion and/or
respiratory burst, or (c) uptake by a pathway that does not lead
to phagolysosome fusion (9). It has been proposed that B.
pertussis can survive in polymorphonuclear cells in part by
inhibiting phagolysosome fusion, since respiratory burst occurs
at normal levels (40, 41). The morphological evidence pre-
sented here suggests that, following a normal phagolysosome
fusion in the initial period, B. bronchiseptica can escape from
the fused vesicle to another unfused compartment where its

envelopes are in close contact with the vesicle membrane. In
their morphological study of B. pertussis invasion of HeLa cells,
Ewanovich et al. (7) also showed a close proximity between
bacterial and vacuole membranes. This aspect of the endocytic
vacuole containing a single bacterium also closely resembles
that described for Yersinia pestis and Mycobacterium tuberculo-
sis (24, 44) and may be related to resistance to killing and
intracellular survival. It has been reported recently that B.
bronchiseptica is able to escape from phagosomes of epithelial
cells after 3 days (35), although we did not observe any free
cytoplasmic bacteria in DC. The disappearance of lysosomes
that are typical of the initial infection period suggests that B.
bronchiseptica synthesizes products that affect not only
phagolysosome fusion but also lysosome number and/or distri-
bution. Other mechanisms may also be involved in intracellular
survival, such as the synthesis of products that render bacteria
resistant to lysosomal enzymes.
The role of Bordetella spp. virulence factors in uptake and

intracellular survival is controversial. It has been reported that
bvg mutants of B. pertussis and mutants defective in pertussis
toxin (PT) or FHA are less invasive for HeLa cells than
wild-type strains (7). However, Lee et al. (21) showed that PT-
and FHA-negative mutants invaded more than the parent
strain. On the other hand, while PT and adenylate cyclase
inhibit phagocyte respiratory burst and chemotaxis in vitro (10,
37), adenylate cyclase mutants survived intracellularly better
than wild type, probably because of the lower intracellular
levels of cyclic AMP, which increases the susceptibility of
bacteria to lysosomal enzymes (16). B. bronchiseptica does not
produce PT; therefore, this protein seems not to be involved
either in bacterial entry into or in survival of Bordetella spp.
within DC. The superoxide dismutase and catalase produced
by Bordetella spp. seem unlikely to play an important role as B.
pernussis was unable to survive intracellularly for extended
periods.
The cells used throughout this work are fully functional and

produce all molecules necessary to prime resting T cells either
in vivo or in vitro (28). The results reported here may thus be
pertinent to in vivo interactions of respiratory pathogens with
DC of the airways and the consequences of these for immune
responses. In the case of B. bronchiseptica, a pathogen that
generally seems to exhibit, like a commensal, an extended
interaction with the host, thereby favoring chronic processes
(32, 45), these interactions may delay onset of the immune
response. The presence of B. bronchiseptica in the DC reser-
voir inhibiting specific and nonspecific defense mechanisms
that normally lead to bacterial clearance may also contribute to
chronicity (6). Infections by B. bronchiseptica also predispose
the host to secondary infections, which are in part responsible
for the disease symptoms (23). These secondary infections
might be favored by epithelial damage or by impairment of
local DC functions. The clearance of infections caused by
Bordetella spp. is a very complex phenomenon that is not yet
well understood. The location of B. bronchiseptica in an
unfused compartment of intact cells might enhance the export
of antigens to the cytoplasm, thereby improving major histo-
compatibility complex class I-restricted presentation. This
could explain the importance of cell-mediated immunity in
protection against Bordetella infections and the predominant
Thl immune response elicited following natural infection (30).
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