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We have examined the role of adenylate cyclase-hemolysin (CyaA) by constructing an in-frame deletion in
the Bordetella bronchiseptica cyaA structural gene and comparing wild-type and cyaA deletion strains in natural
host infection models. Both the wild-type strain RB50 and its adenylate cyclase toxin deletion (AcyaAd)
derivative efficiently establish persistent infections in rabbits, rats, and mice following low-dose inoculation. In
contrast, an inoculation protocol that seeds the lower respiratory tract revealed significant differences in
bacterial numbers and in polymorphonuclear neutrophil recruitment in the lungs from days 5 to 12 postin-
oculation. We next explored the effects of disarming specific aspects of the immune system on the relative
phenotypes of wild-type and Acyad bacteria. SCID, SCID-beige, or RAG-1~/~ mice succumbed to lethal
systemic infection following high- or low-dose intranasal inoculation with the wild-type strain but not the
AcyaA mutant. Mice rendered neutropenic by treatment with cyclophosphamide or by knockout mutation in the
granulocyte colony-stimulating factor locus were highly susceptible to lethal infection by either wild-type or
AcyaA strains. These results reveal the significant role played by neutrophils early in B. bronchiseptica infection
and by acquired immunity at later time points and suggest that phagocytic cells are a primary in vivo target

of the Bordetella adenylate cyclase toxin.

Bordetella bronchiseptica is a broad-host-range, gram-nega-
tive bacterium associated with atrophic rhinitis in swine, bron-
chopneumonia in dogs, and rhinotracheitis in rodents (9). B.
bronchiseptica naturally infects laboratory animals, facilitating
analysis of the molecular and cellular determinants involved in
respiratory tract colonization in the context of naturally occur-
ring bacterium-host interactions. Hallmarks of experimental
infection of immunocompetent animals are efficient establish-
ment, long-term persistence, and the absence of acute or
chronic disease (5, 37). In B. bronchiseptica and the closely
related human pathogens Bordetella pertussis and Bordetella
parapertussis, genes encoding virulence and colonization fac-
tors are transcriptionally activated by a signal transduction
system encoded by the bvgAS operon (Fig. 1) (32, 33). BvgAS-
activated gene products on the bacterial cell surface include
the putative adhesins pertactin, filamentous hemagglutinin,
and fimbriae and the serum resistance protein BrkA (25, 28,
29). BvgAS also induces expression of a type III secretion
apparatus (38) and a potent adenylate cyclase toxin which
profoundly affects phagocytic cells in vitro (8, 15).

The Bordetella adenylate cyclase toxin (CyaA) is a member
of the RTX family of bacterial exotoxins (8, 15). Palmitoylation
of the 177-kDa CyaA protein by the product of cyaC (Fig. 1)
facilitates insertion and transmembrane delivery of the cata-
lytic domain into target cells (14, 17). CyaA-catalyzed produc-
tion of supraphysiologic amounts of cyclic AMP is stimulated
by calmodulin in the eukaryotic cell cytoplasm, an adaptation
that is shared with the edema factor component of anthrax
toxin (22, 30, 36). The B. bronchiseptica CyaA amino acid
sequence is 98% identical to that of B. pertussis (3). Since the
initial description of phagocyte impotence resulting from CyaA
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activity (4), in vitro studies have demonstrated numerous toxic
effects on phagocytic cells. These include the inhibition of
chemotaxis, phagocytosis, superoxide generation, and bacterial
killing by neutrophils and induction of apoptosis in macro-
phages (4, 7, 15, 21). Determining an in vivo function for CyaA,
however, has been more difficult. Compared to wild-type (wt)
B. pertussis, a cyaA mutant was recovered in lower numbers
from the lungs of mice and induced less macrophage apoptosis
and neutrophil infiltration but persisted for at least as long as
the wt strain (10, 12, 19, 20, 34, 35). The conclusion that CyaA
is a colonization factor underscores the limitations of our un-
derstanding of the precise in vivo role(s) of this toxin.

We have examined the interactions between wt and AcyaA
B. bronchiseptica strains in immunocompetent and immuno-
compromised mice. We show that mice with severe defects in
either lymphocyte or neutrophil function are highly sensitive to
B. bronchiseptica infection. A B. bronchiseptica strain with an
in-frame deletion in the cyaA structural gene was as virulent as
the wt in neutropenic mice but avirulent in B- and T-cell-
deficient mice. These data support a model in which CyaA
targets one or more aspects of the innate immune response,
most likely involving neutrophils.

MATERIALS AND METHODS

Strain construction. pAcyaA was constructed by cloning a 5.5-kb BamHI-Bsml
fragment encompassing cyaA from B. pertussis into our allelic exchange vector
(5), digesting it with ApaLl, and religating it to delete the two consecutive ApalLl
fragments which encode the central 1,580 codons of cya4. The 766-bp BamHI-
Bsml fragment remaining in pAcyaA contains 67 bp of cya4 promoter sequence,
the first 61 codons, the last 65 codons, and 206 bp 3’ to the cyaA4 stop codon.
Delivery of this allele to the chromosome of RB50 (wt) by two consecutive
homologous recombination events resulted in construction of strain RB58
(AcyaA). Southern hybridization analysis confirmed that RB58 was constructed
as intended (data not shown). In vitro assays, performed as previously described
(16), confirmed that supernatants from RB50, but not RB58, contained adenyl-
ate cyclase activity. WD3 (AbscN) and 8W1 (AbscNAcyaA) were constructed as
in-frame deletions in bscN in RB50 and RBS58, respectively, as previously de-
scribed (38). RB54 was similarly constructed as an in-frame deletion in bvg$ as
previously described (5).
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FIG. 1. Genotypes of B. bronchiseptica strains. RB58 contains an in-frame
deletion in the cyaA structural gene. RB54 contains an in-frame deletion in bvgS,
resulting in the loss of expression of virulence-associated genes.

Animal experiments. Rabbits were obtained from Charles River and were
inoculated as previously described (5). BALB/c and C57BL/6 mice and Wistar
rats were obtained from B & K Laboratories. SCID, SCID-beige, and nude mice
were from University of California at Los Angeles facilities. RAG-17/", Beige,
and granulocyte colony-stimulating factor (G-CSF) ™/~ mice were from Jackson
Laboratories. Rats and mice lightly sedated with halothane were inoculated with
a low dose consisting of 500 to 1,000 bacteria in 5 pl of phosphate-buffered saline
(PBS), as previously described (1), except where a high dose is indicated. The
high dose consisted of 0.5 X 10° to 1.0 X 10° bacteria in 50 pl of PBS, sufficient
to seed the entire respiratory tract with bacteria. For survival curves, after the
progression of disease became clear, moribund animals were euthanized to
prevent unnecessary suffering. For histological examination, lungs and trachea
were excised as a unit. The trachea was cannulated with a blunt-ended 18-gauge
needle attached to a syringe. Lungs were carefully filled with 10% formalin and
immersed in 10% formalin for 24 h before paraffin embedding, sectioning, and
hematoxylin-and-eosin staining. Sections were graded by observers blinded to the
treatment of the sample, and the results were confirmed by an independent
assessment by a pathologist consultant. For toxicity studies, BALB/c mice were
administered RB50 (wt) or RB58 (AcyaA) by intraperitoneal injection. BALB/c
mice were made neutropenic by intraperitoneal injection of 0.25 g of cyclophos-
phamide per kg of body weight 4 days prior to inoculation. Blood leukocytes were
counted with a hemocytometer, and blood smears were stained with Diff-Quik
(Baxter Scientific Products) and observed microscopically to confirm that neu-
trophils were reduced by more than 90%. Animals were handled in accordance
with institutional guidelines. Statistical significance was determined by an un-
paired ¢ test.

Cytotoxicity. J774 cells were cultured in Dulbecco modified Eagle medium
with 10% fetal bovine serum. Cells were grown to approximately 80% conflu-
ency, and bacteria were added at a multiplicity of infection (MOI) of 10. After
a 5-min centrifugation at 500 X g, the mixture was incubated at 37°C for 4 h.
Cytotoxicity was determined by using the Cytotox96 (Promega) kit according to
the manufacturer’s protocol. Mean values and standard errors were compared by
the unpaired ¢ test.

RESULTS

Construction and in vitro analyses of a Acyad mutant of B.
bronchiseptica. We constructed a B. bronchiseptica strain with
an in-frame, nonpolar deletion in cyad (Fig. 1). Deletion of
cyaA was accompanied by the loss of hemolytic and adenylate
cyclase activities (Materials and Methods). B. pertussis CyaA
has previously been reported to be cytotoxic for the macro-
phage-like cell line J774 (21). To determine if a Acyad B.
bronchiseptica strain lacks cytotoxicity for macrophages, we
examined the effects of the wt strain RB50, or its AcyaA de-
rivative, RB58, on J774 cells in vitro. Both wt and AcyaA
bacteria efficiently kill J774 cells in vitro within 4 h (Fig. 2).
RB54 (Abvg), which does not express any of the BvgAS-regu-
lated virulence factors, is not cytotoxic for J774 cells. These
data indicate that Bvg-regulated factors aside from CyaA are
required for macrophage killing by B. bronchiseptica.

We have recently identified a type III secretion system in B.
bronchiseptica and constructed an in-frame deletion in bscN
(38). BscN is a homolog of YscN which is postulated to provide
energy via ATP hydrolysis for the secretion of proteins by the
Yersinia type III system (38). A AbscN strain is defective in
secretion of multiple proteins (38). This mutant is also reduced
in its macrophage cytotoxicity in vitro compared to RB50 (P =
0.0002) but maintains significantly higher levels of cytotoxicity
than does RB54 (AbvgAS) (P < 0.0001), suggesting that there
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FIG. 2. Cytotoxicity of wt and mutant B. bronchiseptica strains for J774 cells.
Bacteria were incubated with J774 cells at an MOI of 10 for 4 h. Cytotoxicity was
determined by the release of lactate dehydrogenase as measured with the Cyto-
tox96 kit, and the means and standard errors are presented as percentages of the
total lysis by detergent. All strains differ from one another (P < 0.001), except for
the wt and AcyaA strains and the AbscNAcyaA and Abvg strains.

is a type III-independent mechanism of cytotoxicity (38) (Fig.
2). To determine if the remaining cytotoxic activity of the type
III secretion mutant (AbscN) is due to CyaA, we deleted cyad
from this mutant. The resulting AbscNAcyaA double mutant is
significantly reduced in macrophage cytotoxicity compared to
the AbscN strain (P = 0.0002) (Fig. 2). The RAW264 macro-
phage-like cell line, the L2 rat lung epithelial cell line, and rat
peritoneal macrophages all behaved similarly to J774 cells in
this assay. These data indicate that B. bronchiseptica has two
independent mechanisms capable of mediating macrophage
cytotoxicity. Under the in vitro conditions used here, the type
III secretion system mediates more efficient killing than does
CyaA.

In vivo comparison of wt and Acya strains of B. bronchisep-
tica. To determine if CyaA plays a role in the initial establish-
ment of infection, rats were inoculated with 10 to 20 CFU of
either the wt or AcyaA strains delivered in a 5-pl droplet to the
external nares. On day 8, B. bronchiseptica was detected in the
respiratory tracts of seven of seven animals given wt and six of
seven given AcyaA bacteria. The 50% infective dose of both
strains is therefore less than 20 CFU, suggesting that CyaA is
not required for B. bronchiseptica to efficiently establish colo-
nization of the nasal cavity.

To more closely monitor the kinetics of growth in the nose,
spread to the trachea, and persistence in both sites, groups of
rats were inoculated with wt or AcyaA bacteria (500 CFU in a
5-pl droplet of PBS) and sacrificed on day 14, 26, 40, or 60. All
rats were colonized in the nasal cavity at all time points (Fig.
3). On day 15, all rats were colonized in the trachea, indicating
that CyaA is not required for colonization of this normally
sterile site. A statistically significant difference between the wt
and AcyaA strains was observed in tracheal colonization levels
on day 26 (P < 0.01), but no such difference was observed at
any other time point (P = 0.1). Both strains also efficiently
infected the nose and spread to the lower respiratory tract of
rabbits inoculated by the low-dose regimen (data not shown).
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FIG. 3. Time course of rat respiratory tract colonization by wt and AcyaA4 B.
bronchiseptica. Wistar rats were inoculated intranasally with 50 pl of PBS con-
taining 5 X 10° CFU of either RB50 (wt; open circles) or RB58 (Acyad; solid
circles), and the numbers of bacteria present in the trachea were determined at
the indicated times postinoculation. Each symbol represents a single animal, bars
represent the means, and the dashed line represents the lower level of detection.
Nasal colonization (col.) was determined by nasal swab and is presented as the
number of B. bronchiseptica-colonized animals over the total number of rats. *,
P < 0.01.

These data indicate that CyaA is not required for B. bronchi-
septica to efficiently colonize the nasal cavity and spread to the
lower respiratory tracts of two of its natural mammalian hosts,
rats and rabbits.

To monitor bacterial colonization of mice over time, we used
two inoculation regimens to examine independent aspects of
infection. Low-dose, low-volume inoculation (a range of doses
from 10 to 1,000 CFU in a 5-pl droplet of PBS) delivered
bacteria to only the nasal cavity and tested the ability of the
inoculum to establish infection and spread to the lower respi-
ratory tract. High-dose, high-volume inoculation (0.5 X 10° to
1 X 10° CFU in 50 ul of PBS) of anesthetized mice seeded
bacteria throughout the respiratory tract and tested the ability
of the bacteria to grow and persist in the normally sterile
environment of the lower respiratory tract.

To determine if CyaA is required for efficient colonization of
mice by B. bronchiseptica, groups of mice were inoculated with
a range of doses of wt or AcyaA bacteria. Doses as low as 5 to
10 CFU in a 5-ul droplet were sufficient to colonize the nasal
cavity of four of five BALB/c mice inoculated with the wt strain
and three of five inoculated with the AcyaA strain. Doses of 100
CFU or more established infection in all mice, and infected
mice remained colonized with either strain for more than 200
days. wt and AcyaA strains infected C57BL/6 mice with similar
efficiency. CyaA is therefore not required for efficient estab-
lishment or persistence of infection in the mouse nasal cavity,
a result consistent with observations with rats.

CyaA has been shown elsewhere to be important for the
growth of B. pertussis early after inoculation into the lungs of
mice (10, 19, 20, 34, 35). To compare the abilities of wt and
AcyaA B. bronchiseptica strains to grow and persist in the nor-
mally sterile environment of the lower respiratory tract, anes-
thetized mice were inoculated by the high-dose, high-volume
regimen and sacrificed at days 1, 3, 5, 7, 10, 12, 20, 30, and 45
postinoculation (Fig. 4). Both wt and AcyaA strains grew in the
nose to approximately 10° organisms by day 5 and slowly de-
creased to 10* to 10° by day 45, remaining at these levels for
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FIG. 4. Time course of mouse respiratory tract colonization by wt and AcyaA
B. bronchiseptica. Groups of three female, 4-week-old, BALB/c mice were inoc-
ulated intranasally with 50 pl of PBS containing 5 X 10° CFU of either RB50 (wt;
open circles) or RB58 (AcyaA; solid circles), and the numbers of CFU present in
the nasal cavity, trachea, and lungs were determined at the indicated times
postinoculation. *, P < 0.01. #x, P < 0.001.

the lives of the animals. Both strains were ultimately cleared
from the trachea and lungs of mice by day 45. The two strains
differed significantly (P = 0.01) only in the trachea and lungs,
sites of immune surveillance, on days 5, 7, 10, and 12. These
data indicate that in this high-dose-inoculation mouse model,
CyaA is required early after inoculation for maximal growth of
B. bronchiseptica in the trachea and lungs.

CyaA contributes to neutrophil infiltration and lung pathol-
ogy. In parallel with the time course of Fig. 4, mice were
sacrificed for histological examination of trachea and lungs on
days 1, 3, 5, 7, and 10. On day 3, lungs infected with the wt
strain showed extensive exudate from blood vessels and accu-
mulation of cells, primarily neutrophils, within alveolar spaces
(Fig. 5B, panel 1). Inflammatory cell recruitment continued,
filling alveoli in large regions of the lungs by day 7 (Fig. 5B,
panel 3). In contrast, lungs infected with the AcyaA strain
showed only a small amount of infiltration or pathology at days
1 and 3 and very little thereafter (Fig. 5B, panels 2 and 4). On
day 3 postinoculation, bronchoalveolar lavage recovered
(6.5 * 1.1) X 10° neutrophils from lungs infected with the wt
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FIG. 5. Mouse lung pathology induced by wt and AcyaA B. bronchiseptica. BALB/c mice were inoculated in parallel with those for Fig. 3. Histological sections of
lung tissues were prepared as described in Materials and Methods. (A) Samples were submitted for observation in a blinded fashion. Upon examination, samples were
given scores of 0 (no pathology), 1 (mild inflammation in =10% of the bronchioles and/or =10% of lung tissue), 2 (inflammation in 10 to 30% of bronchioles and/or
mild inflammation in 10 to 30% of lung tissue), 3 (inflammation in >30% of bronchioles and mild to moderate inflammation in >30% of lung tissue), and 4
(inflammation in >50% of bronchioles and moderate to severe inflammation in >30% of lung tissue). Bars indicate the averages of five animals. Open circles represent
animals infected with RB50 (wt), and solid circles represent animals infected with RB58 (AcyaA4). (B) Representative sections of lungs infected with wt (panels 1 and
3) or AcyaA (panels 2 and 4) bacteria on day 3 (panels 1 and 2) or day 7 (panels 3 and 4). Magnification, X100 (panels 1 to 4) and X1,000 (panels 5 and 6).

strain, significantly more than the (3.9 = 0.8) X 10° neutrophils
from lungs infected with the AcyaAd strain (P = 0.0002). His-
tological sections were examined in a blinded fashion and
graded for pathology. Lungs of mice infected with the wt strain
had consistently greater pathology scores, based on the extent
of immune cell infiltration, tissue damage, consolidation, and
necrosis (Fig. 5A). Lungs infected with the Acyad strain
showed only minor diffuse infiltration with little tissue damage
and no consolidated or necrotic regions. These data indicate
that, following high-dose, high-volume inoculation, the pres-
ence of CyaA results in increased pulmonary neutrophil infil-
tration and damage.

CyaA is required for virulence in SCID-Beige mice. We next
explored the effect of disarming one or more aspects of the
host immune response on the phenotype of CyaA in vivo.
Cytotoxicity assays indicated that CyaA can kill phagocytic
cells, and in vivo data identified a role for CyaA early after
infection when phagocytes are a prominent aspect of innate
immunity. To focus on interactions with the innate immune
system, SCID-beige mice (BALB/c genetic background), which
are deficient in T and B cells as well as NK cell activities (6,
31), were inoculated intranasally with either wt or AcyaA bac-
teria (Fig. 6A). Both groups of mice were healthy for about 30
days, after which animals infected with wt bacteria began to
display signs of illness such as piloerection, weight loss,
hunched stature, listlessness, and eventually loss of responsive-
ness followed by death. In striking contrast to the 100% lethal-

ity observed with the wt strain, mice infected with the AcyaA
strain displayed no symptoms of disease and were healthy for
more than 200 days. This dichotomy was observed following
low-dose, low-volume or high-dose, high-volume intranasal in-
oculation. The beige mutation has pleiotropic effects which
include defects in macrophage and neutrophil functions (2).
However, the wt strain, but not the AcyaA strain, also estab-
lished similarly lethal infections in SCID (both BALB/c and
C3H backgrounds) and RAG-1"/~ (C57BL/6 background)
mice. Addition of the beige mutation to the SCID allele de-
creased the average time to death, but in animals carrying the
beige mutation alone (C57BL/6 background), no lethality was
observed (data not shown). Together, these data indicate that
T cells and B cells are required to prevent killing by B. bron-
chiseptica. As expected, RB54 (AbvgS) did not kill or colonize
SCID-beige mice, indicating that Bvg-activated virulence fac-
tors are required for colonization of these animals.
SCID-beige mice inoculated with the wt strain by the low-
dose, low-volume regimen were moribund at approximately
day 45, but those inoculated with the AcyaA strain remained
healthy. We determined the relative distribution of bacteria at
this time point with SCID-beige mice inoculated by the low-
dose, low-volume regimen. Colonization levels in various or-
gans were determined 45 days after inoculation. At this time,
the wt strain was recovered in high numbers in the nasal cavity,
trachea, and lungs as well as other organs including liver and
spleen, indicating that the infection had escaped the respira-
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FIG. 6. Infection of SCID-Beige mice with wt and AcyaA B. bronchiseptica. (A) Four-week-old SCID-Beige mice were inoculated with B. bronchiseptica, and percent
survival over time is shown. Open symbols represent groups of eight animals inoculated with 10* CFU of either RB50 (wt; circles) or RB58 (AcyaA; diamonds) delivered
in a 5-ul droplet to the external nares. Solid symbols represent groups of four mice inoculated with 5 X 10° CFU of either RB50 (wt; circles) or RB58 (AcyaA; diamonds)
delivered in a 50-pl volume to the respiratory tract via the nares. (B) Colonization of various tissues by wt and AcyaA B. bronchiseptica. Groups of three 4-week-old,
female, SCID-Beige mice were inoculated with 1,000 CFU of either RB50 (wt; open bars) or RB58 (AcyaA; hatched bars) delivered in a 5-ul droplet to the external
nares. Mice were sacrificed at 45 days postinoculation, and colonization levels in the nasal cavity, trachea, lungs, liver, and spleen were determined. Mean log,, CFU
per organ or tissue section * 1 standard error are shown. The dashed line represents the lower limit of detection. *, P < 0.01. **, P < 0.001. (C) Representative sections
of SCID-Beige mouse lungs infected with wt (panels 1 and 3) or AcyaA4 (panels 2 and 4) bacteria on day 3 (panels 1 and 2) or day 7 (panels 3 and 4). Magnification,

X100.

tory tract and had spread systemically (Fig. 6B). The AcyaA
strain was recovered from the nasal cavity and trachea at 100-
to 1,000-fold-lower numbers than was the wt strain and was not
detected in the lungs or at systemic sites (P < 0.01 at all sites).

Histological examination of the lungs of SCID-beige mice 3
and 7 days after high-dose, high-volume inoculation revealed
that the wt strain produced lung pathology even more severe
than that of BALB/c mice at this time point (Fig. 6C, panels 1
and 3). The AcyaA strain, however, produced very little lung
pathology at day 3, 7, or 45 postinoculation (Fig. 6C, panels 2
and 4, and data not shown). Together, these results show that
CyaA is critical to the ability of B. bronchiseptica to cause
systemic infections in B- and T-cell-deficient mice, indicating
that its target is among the innate immune mechanisms re-
tained by these animals.

Both wt and Acyad strains are highly virulent in neutro-
penic mice. Prominent among the defenses present in lympho-

cyte-deficient mice are polymorphonuclear neutrophils. If neu-
trophils are a primary target for CyaA, then mice depleted of
neutrophils should be equally susceptible to infection with wt
or with AcyaA B. bronchiseptica. BALB/c mice were rendered
neutropenic by treatment with cyclophosphamide, which re-
duced their blood neutrophil count by >90%. These mice were
rapidly killed by high-dose, high-volume inoculation with the
wt strain (Fig. 7A), suggesting that neutrophils play a critical
role in the early response to B. bronchiseptica infection. These
mice were also rapidly killed by the AcyaA strain delivered by
the same high-dose, high-volume regimen that caused minimal
pathology in normal or SCID-beige mice, indicating that CyaA
is not required for B. bronchiseptica killing of neutropenic
mice. RB54 (Abvg) did not kill cyclophosphamide-treated
mice, indicating a requirement for Bvg-activated factors other
than CyaA. As cyclophosphamide has pleiotropic effects, we
used an additional source of neutrophil-deficient animals.
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FIG. 7. Comparison of wt and AcyaA B. bronchiseptica infections of neutro-
penic mice. Groups of four BALB/c mice rendered neutropenic by cyclophos-
phamide treatment (A) or G-CSF~/~ mice (B) were inoculated with 5 X 10°
CFU of either RB50 (wt; open circles), RB58 (AcyaA4; open diamonds), RB54
(AbvgsS; solid circles), or PBS (open squares) delivered in a 50-wl volume. The
percentages of animals (n = 4) surviving over time are indicated.

G-CSF/~ mice (B6,129 genetic background) lack both
genomic copies of the G-CSF gene and have reduced numbers
of neutrophils and impaired neutrophil mobilization (23).
These animals also quickly succumbed to infection by wt or
AcyaA, but not RB54 (Abvg), bacteria (Fig. 7B). Removing
neutrophils, therefore, eliminated the in vivo phenotype of
CyaA.

DISCUSSION

Both B. pertussis (20) and B. bronchiseptica (this work)
AcyaA mutants lack hemolytic and adenylate cyclase activities.
The B. pertussis AcyaA mutant is also deficient in macrophage
cytotoxicity (21); however, the effect of B. bronchiseptica CyaA
on macrophages is apparent only when the type III secretion
system is disrupted (38) (Fig. 2). The remaining cytotoxicity
displayed by the type III mutant (AbscN) is attributable to
CyaA, as the double mutant (AbscNAcyaA) has no detectable
cytotoxicity. The level of cytotoxic activity attributable to B.
bronchiseptica CyaA 4 h after infection at an MOI of 10 is in
rough agreement with a previous report of B. pertussis CyaA-
mediated cytotoxicity, which required 8 h of infection with B.
pertussis at an MOI of 100 to achieve 100% death (21). wt B.
bronchiseptica, with an intact type III secretion system, kills
100% of macrophages in as little at 2 h at an MOI of 10 (data
not shown). The type III secretion system is dramatically more
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efficient than CyaA in this respect. In vitro experiments, how-
ever, do not necessarily indicate in vivo functions.

In vivo experiments using the low-dose, low-volume inocu-
lation regimen highlight several advantages of the B. bronchi-
septica animal model. B. pertussis, which is highly contagious in
humans (18), must be delivered in high doses throughout the
respiratory tract to establish even a transient infection in mice.
It is therefore difficult to extrapolate results obtained with the
mouse model to the events that occur during B. pertussis in-
fection of its human host, especially those that occur during
initial colonization. The low-dose, low-volume B. bronchisep-
tica model, on the other hand, rigorously tests the ability of
small numbers of bacteria to colonize and grow in the nasal
cavity and to spread to the lower respiratory tract. In these
assays, CyaA is not required for efficient colonization of the
nasal cavity or spread to the trachea, although it may be re-
quired for persistence at high levels in the trachea. Although
CyaA is not required for colonization, these data suggest that
it may be involved in modulating the immune response.

High-dose, high-volume inoculation overcomes the cleans-
ing effect of the mucociliary escalator of the trachea and de-
posits bacteria deep in the lungs, where debris is less efficiently
washed away. Growth within lung alveoli may be less depen-
dent on adhesins involved in attachment to ciliated epithelia
and more dependent on toxins and factors that affect the im-
mune response in this normally sterile site. It has previously
been shown that in this environment CyaA is critical for the
growth of B. pertussis and is involved in neutrophil recruitment
and phagocyte apoptosis (10-12, 19, 20, 26, 34, 35). A human
B. bronchiseptica isolate with an uncharacterized defect in he-
molysin expression was previously compared with a hemolytic
human isolate (13). Although a difference in mouse lung col-
onization was observed, the defect could not be definitively
attributed to CyaA.

Determining the role of individual bacterial virulence fac-
tors, or specific immune mechanisms, in a complex bacterium-
host relationship can be difficult. The classic approach of de-
leting a single bacterial virulence factor, or a single aspect of
host immunity, may reveal the importance of that factor or
immune mechanism by throwing the entire interaction out of
balance. However, persistent bacterial infections can be care-
fully balanced, multifactorial, dynamic relationships in which
any change on one side may be compensated for by numerous
buffering factors on either side. In this context, ablation of a
bacterial virulence factor, even a relatively important one, may
not result in a perceptible difference in the course of infection.
This approach may reveal that a factor is required for infection
but seldom provides insight into the mechanisms involved. An
alternative tactic is to combine the tools of bacterial and mam-
malian genetics to alter both sides of the interaction. The
advantages of this strategy are twofold. First, disarming the
host immune system can destabilize the interaction, allowing
differences between wt and mutant bacteria to be more easily
identified. Second, by creation of a defect on one side and then
identification of a compensatory defect on the other, bacterial
virulence factors can be matched to specific immune responses
that they affect in vivo. Here we use isogenic wt and AcyaA
strains in combination with mice with defined immune system
defects to identify interactions between CyaA and subsets of
the host immune system.

As summarized in Fig. 8, we observed three distinct rela-
tionships between the presence or absence of a functional cya4
locus and the outcome of B. bronchiseptica infection. In immu-
nocompetent animals, or animals carrying the beige mutation
alone, the summation of host defenses limits infection by wt or
AcyaA bacteria (Fig. 8A) (24, 27). In contrast, decreased lym-
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FIG. 8. Model of the role of CyaA in infection of immunocompetent (A), T- and B-cell-deficient (B), and neutropenic (C) mice. See the text for description.

phocyte function in RAG-1"/~, SCID, or SCID-beige mice
creates a situation where the absence or presence of CyaA
determines whether the animal lives or dies (Fig. 8B). Presum-
ably, CyaA is active against immunological defenses that are
retained in SCID-beige mice and are able to control infection
by the mutant strain, but not by the toxin-expressing wt strain.
Neutrophils are prominent immune effector cells that are
present and active in these immunocompromised animals. Ad-
dition of the beige mutation to the SCID background de-
creases the time to death, an effect that may result from the
lack of NK-mediated activation of phagocytic cells or from
inherent phagocyte defects associated with the beige allele (2).
If the adenylate cyclase toxin does indeed target phagocytic
cells, then eliminating the target should eliminate the pheno-
type associated with the toxin. Induction of neutropenia with
cyclophosphamide, or by knockout mutation in the G-CSF
locus, results in identical, lethal infections by wt and by AcyaA4
bacteria (Fig. 8C), indicating that neutrophils are critical to the
early defense against B. bronchiseptica infection and that re-
moving neutrophils eliminates the phenotype of CyaA. In nor-
mal and SCID-beige mice, the Acya strain is more efficiently
contained with less neutrophil infiltration and pathology than
is wt B. bronchiseptica, supporting a model in which CyaA
inhibits neutrophil-mediated antibacterial effects. Although
this model implicates neutrophils, it does not require that they
be the only, or even the primary, target of the toxin. For
example, neutrophil activities could be modulated through an
intermediary such as macrophages, NK cells, or epithelial cells

via immunomodulatory signals. However, it is clear from our
results that CyaA targets one or more functions associated with
innate immunity and that depletion of neutrophils removes the
requirement for CyaA in lethal B. bronchiseptica infection.

Mice with specific immune system defects have been used to
reveal which aspects of immunity are most important in resist-
ing particular pathogens. Likewise, the use of bacterial mutants
with wt animals can sometimes reveal the importance of indi-
vidual bacterial virulence factors during infection. Although
results from these types of analyses may indicate that a specific
virulence factor or immune effector function is important, they
do not provide information about the mechanisms or specific
interactions involved. By combining these two approaches, we
have been able to implicate an interaction between a bacterial
virulence factor and immune effector cells in vivo.
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