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Bordetella pertussis induces in vitro apoptosis of murine alveolar macrophages by a mechanism that is
dependent on expression of bacterial adenylate cyclase-hemolysin. Using a murine respiratory model, we found
in this study that intranasal infection with a parental B. pertussis strain, but not with an isogenic variant
deficient in the expression of all toxins and adhesins, induced a marked neutrophil accumulation in the
bronchoalveolar lavage fluid and an early decrease in macrophage numbers. These phenomena paralleled a
time-dependent rise in the proportion of apoptotic nuclei, as detected by flow cytometry, and of macrophages
which had engulfed apoptotic bodies. Apoptotic death of bronchopulmonary cells was observed exclusively
following intranasal infection with bacteria reisolated from lungs of infected animals and not with B. pertussis
collected after in vitro subculture. Using the terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick
end labeling technique coupled to fluorescence microscopy and morphological analysis, we established that the
apoptotic cells in bronchoalveolar lavage fluids were neutrophils and macrophages. Histological analysis of the
lung tissues from B. pertussis-infected mice showed increased numbers of apoptotic cells in the alveolar
compartments. Cellular accumulation in bronchoalveolar lavage fluids and apoptosis of alveolar macrophages
were significantly attenuated in mice infected with a mutant deficient in the expression of adenylate cyclase-
hemolysin, indicating a role of this enzyme in these processes.

Most Bordetella species, such as Bordetella pertussis, the
agent of whooping cough, induce respiratory infection and
colonize the upper respiratory tracts of their hosts. B. pertussis
differs from other bacterial pathogens in that it produces nu-
merous adhesins and toxins with similar functions involved in
the pathogenesis of the disease. Regulation of expression of
these proteins is influenced by environmental conditions. Al-
though the functions of some of these proteins have been
analyzed in studies using mutants of B. pertussis, the purified
proteins themselves, cell cultures, and murine respiratory mod-
els, the pathogenesis of whooping cough remains poorly un-
derstood (9, 17).

Once in the respiratory tract, B. pertussis expresses and se-
cretes many proteins implicated in its adhesion to the host
ciliated cells. These adhesins include filamentous hemaggluti-
nin, pertactin, fimbriae, tracheal colonization factor, and per-
tussis toxin (PT) (9, 17). It is hypothesized that these adhesins
act either sequentially or synergistically during the course of
the disease. After adhesion and multiplication, B. pertussis
secretes numerous toxins, such as tracheal cytotoxin, PT, and
adenylate cyclase-hemolysin (AC-Hly), which are responsible
for the tissue lesions and destruction of the host cells (9, 17).
Thus, the tracheal cytotoxin, a muramyl peptide, is involved in
the initiation of the disease and causes ciliostasis, while PT, an
ADP-ribosylating toxin, promotes inflammation and leukocy-
tosis in vivo. Finally, AC-Hly, a protein belonging to the re-
peat-in-toxin family, is able to enter phagocytic cells, to syn-
thesize high amounts of cyclic AMP, and to disrupt cellular
functions (3, 18, 25). Along with filamentous hemagglutinin,
AC-Hly was recently shown to be necessary for B. pertussis to
inhibit monocyte-dependent T-cell proliferation in vitro (2).
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However, the exact roles of the two toxins AC-Hly and PT
during the disease have not been fully elucidated.

Using a murine respiratory model, we demonstrated previ-
ously that intranasal (i.n.) infection with B. pertussis results in
lung lesions, characterized by bronchopneumonia and alveoli-
tis, as well as in neutrophil, macrophage, and lymphocyte ac-
cumulation in bronchoalveolar lavage (BAL) fluid. Infection
with mutants deficient in PT or AC-Hly failed to promote cell
influx and tissue injury, suggesting that both toxins are involved
in these phenomena (10). Compelling evidence has established
that bacterial pathogens may overcome natural defenses and
cause disease by killing the immune and phagocytic cells by
apoptosis (1, 24, 26). This phenomenon, characterized by DNA
fragmentation, chromatin condensation, cell shrinkage, and
formation of apoptotic bodies, which are engulfed by phago-
cytic cells (8), has been implicated in a number of diseases,
such as viral, parasitic, and bacterial infections (1, 24, 26, 27).
Indeed, apoptosis of defense cells may either allow the bacteria
to escape host microbicidal abilities, thus prolonging pathogen
survival (24) or contribute by itself to the initiation of the
inflammatory process, as recently proposed (26, 27).

Most of the findings showing apoptosis of host cells during
bacterial infection have been obtained in vitro; only a few
studies have focused on the emergence of this phenomenon in
vivo. Accordingly, Shigella flexneri and Listeria monocytogenes
were shown to promote apoptotic death in vivo of macro-
phages, B cells, and T cells and of hepatocytes and lympho-
cytes, respectively (15, 19, 28). Using different mutants, we
established previously that B. pertussis induces in vitro apopto-
sis of alveolar macrophages (13) by a mechanism depending
exclusively on AC-Hly production (11).

This study was designed to verify whether B. pertussis infec-
tion also promotes apoptotic death of bronchopulmonary cells
in vivo and identify the cell type(s) involved in this process.
Using flow cytometry and the terminal deoxynucleotidyltrans-
ferase-mediated dUTP-biotin nick end labeling (TUNEL)
technique coupled to fluorescence microscopy and morpholog-
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FIG. 1. Cellular distribution in BAL fluids from B. pertussis-infected mice.
BAL fluids were collected from mice infected via the i.n. route with 1.5 X 10°
CFU of parental strain 18323 or variant 18323H™ and killed at different time
points after the infection. Numbers of total cells (a), neutrophils (b), macro-
phages (c), and lymphocytes (d) were determined after cytocentrifugation and
staining with Diff-Quick dye. Results are expressed as means = SEM of six to
nine experiments at each time point. *, P < 0.05 compared to variant 18323H" -
infected mice.

ical analysis, we demonstrated the presence of apoptotic neu-
trophils and macrophages in the BAL fluid of mice infected
with bacteria cultured under specific growth conditions. The
use of mutants deficient in the expression of all toxins and
adhesins or of AC-Hly indicates that the latter protein is in-
volved in B. pertussis-induced lung inflammation and in apo-
ptotic death of alveolar macrophages.

MATERIALS AND METHODS

B. pertussis strains and culture conditions. The strains used in this study were
the parental strain B. pertussis 18323 (16), B. pertussis 18323H~ (13), a variant
deficient in the expression of all adhesins and toxins, and B. pertussis 18HS19
(12), a mutant deficient in the expression of AC-Hly. B. pertussis strains were
freshly isolated from lungs of infected mice, from days 5 to 7 after infection, as
described previously (7). After growth on Bordet-Gengou agar medium supple-
mented with 1% glycerol and 15% defibrinated sheep blood (BG) at 36°C for
72 h to visualize hemolysis, bacteria were plated for an additional 24 h before
each experiment and then grown in Stainer-Scholte liquid medium (21) for 20 h
at 36°C until the optical density measured at 650 nm reached 1.0. Bacterial
suspensions prepared under these culture conditions are defined as freshly iso-
lated B. pertussis. In selected experiments, B. pertussis was administered to mice
after three subcultures in vitro, conditions defined as in vitro cultures.

Adenylate cyclase assay. Adenylate cyclase activity was measured on bacterial
suspensions as described previously (14). One unit corresponds to 1 nmol of
cAMP formed per min at 30°C and pH 8.0.

i.n. infections. Bacteria, grown as described above, were resuspended in Stain-
er-Scholte liquid medium. Fifty-microliter doses of bacterial suspensions con-
taining 1.5 X 10° bacteria were instilled via the i.n. route to groups of 3- to
4-week-old female BALB/c mice (CERJ, St. Berthevin, France) under light ether
anesthesia. Animals were sacrificed at 2, 7, 14, and 21 days after infection for
BAL cell counts, for determination of alveolar macrophages which had ingested
apoptotic cells or bodies, and for identification of apoptotic cells in BAL fluids
and lung tissue sections as described below.
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For studying bacterial colonization in the lungs, infected mice were sacrificed
by cervical dislocation at 1 h (designated day 0) and 3, 6, 13, and 21 days after
exposure. The lungs were removed and homogenized in saline with tissue grind-
ers. Dilutions of lung homogenates were plated on BG, and CFU were counted
after 3 to 4 days of incubation at 36°C.

Cellular analysis of BAL fluids. To examine the cellular contents of BAL
fluids, infected mice were anesthetized with 1.8 mg of ethyl urethane (Sigma
Chemical Co., St. Louis, Mo.) per kg of body weight, the tracheae were cannu-
lated, and BAL fluids were collected by eight successive washes with 0.5-ml
aliquots of phosphate-buffered saline (PBS; pH 7.2). The total cell numbers were
determined with a Coulter ZM counter (Coultronics, Margency, France). Ali-
quots of cell suspensions were diluted to a final concentration of 8 X 10* cells/ml,
and cytospin (Hettich Universal, Tuttingen, Germany) preparations were made.
Slides were stained with Diff-Quick dye (Merz-Dade, Baxter Dade, Duedingen,
Switzerland) and examined at a magnification of X100 by oil immersion light
microscopy. The percentages of neutrophils, macrophages, and lymphocytes
were determined after counting 300 cells in randomly selected fields. Results are
expressed as number of each cell population/milliliter of BAL fluid. The slides
were further examined in a blind fashion to establish the proportions of macro-
phages which had engulfed intact apoptotic cells or their apoptotic bodies,
determined by counting approximately 500 alveolar macrophages in randomly
selected fields.

In vitro and in vivo t of apoptosis. Apoptotic cells were detected in
the BAL fluid from infected mice by using an Apopdetek kit (Enzo Diagnostics,
Farmingdale, N.Y.), which is based on the TUNEL technique (6). Briefly, dUTP-
conjugated biotin and terminal transferase were applied on cytospin prepara-
tions previously fixed during 10 min in acetone and air dried according to the
manufacturer’s instructions. Slides were then incubated with fluorescein isothio-
cyanate-conjugated streptavidin and counterstained with Evans blue dye. The
percentages of total apoptotic cells were determined after counting 500 to 1,000
cells/slide in randomly selected fields, using an oil immersion fluorescence mi-
croscope at a magnification of X100. In parallel, the proportions of apoptotic
neutrophils and alveolar macrophages over the total number of each cell type
were determined. Apoptosis was also evaluated by flow cytometry using a pre-
viously described technique (5). Briefly, 3 X 10° BAL cells were washed in PBS
containing 2% fetal calf serum (Boehringer Mannheim, Mannheim, Germany)
by centrifugation at 400 X g for 10 min at 4°C. Cell pellets were fixed with 1%
paraformaldehyde, permeabilized with a 0.2% Tween 20 solution in PBS, and
incubated for 30 min in PBS containing 2% fetal calf serum, 10 pg of propidium
iodide (Sigma) per ml, 5 mM EDTA, and 5 pg of RNase A (Boehringer Mann-
heim) per ml. Samples were then applied to a FACScan flow cytometer (Becton
Dickinson, Le Pont de Claix, France). A total of 10,000 events were analyzed
with LYSIS II software (Becton Dickinson). Results are expressed as percentage
of apoptotic nuclei (low-propidium iodide-stained nuclei).

In separate experiments, mice were anesthesized as described above and
exsanguinated via the abdominal aorta. The lungs were inflated by injecting into
the trachea 0.7 ml of a solution of optimum cutter temperature compound (OCT;
BDH, Poole, England) in PBS (by volume). The lobes were dissected and
mounted over cork disks, covered by OCT, and snap-frozen in isopentane (Pro-
labo, Paris, France). The frozen blocks were kept at —80°C until required.
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FIG. 2. B. pertussis colonization of the lungs of mice. Mice were challenged
in. with 1.5 X 10° CFU of freshly isolated parental strain 18323 (@), variant
18323H" (A), and mutant strain 18HS19 (O). The plots show means + SEM of
3 to 10 experiments at each time point. *, P < 0.05 compared to variant
18323H " -infected mice. f, P < 0.05 compared to parental strain 18323-infected
mice.
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TABLE 1. Kinetics of apoptosis in BAL fluid and lung tissue of B. pertussis-infected mice

Mean = SEM (n = 3-12)

Days after BAL fluid . .
infecti - - - Lung tissue, apoptotic cells®
intection Apoptotic nuclei (%)* Phagocytosis (%)°
18323H 18323 18HS19 18323H™ 18323 18HS19 18323H™ 18323 18HS19
2 43+09 7.8 £0.5 33+03 03 =0.1 04 *=0.1 0.1 £0.1 293 5.8 86.3 = 39.4 ND“ )
7 1.8 +0.1 133+ 2.1¢ 6.3+ 0.7 03 =0.1 1.3 +0.3° 1.2 = 0.4° 79.2 = 11.1  290.7 = 84.4¢ 74.7 + 18.5
14 25*+0.6 17.1 = 3.8° 1.4 +0.1° 04 =0.1 53+ 1.2°¢ 03 +0.1 44.0 = 21.4  343.7 = 108.7° 233 +5.6
21 24*+04 10.7 = 1.7¢ ND 0.3 =0.1 6.0 £ 1.8° ND 383 =199 52.7*+249 ND

“ Detected by flow cytometry.

® Proportion of alveolar macrophages ingesting apoptotic cells or their bodies (light microscopy).
¢ Number of apoptotic cells in 20 fields of the alveolar compartments (TUNEL technique).

4 ND, not determined.
¢ P < 0.05 compared to 18323H -infected mice.
/P < 0.05 compared to 18323-infected mice.

Sections (5 wm) alongside the main intrapulmonary bronchus were cut in a
cryostat kept at —21°C and collected on glass slides previously coated with
3-aminopropyltriethoxysilane (Sigma). They were then fixed in acetone for 10
min, air dried, wrapped in a plastic film, and kept at —20°C until use. In situ
apoptosis was determined by the TUNEL technique as described above except
that slides were incubated with streptavidin-conjugated alkaline phosphatase
followed by substrate solution consisting of 0.48 mM naphthol AS-XM phos-
phate, 2% dimethylformamide, 100 mM Tris (pH 8.2), 1.3 mM levamisole, and
194 mM fast blue salt BB (all from Sigma), with nuclear red counterstaining.

Statistical analysis. Results are expressed as means = standard error of the
means (SEM) of the indicated number of experiments. One-way analysis of
variance was used to determine difference among the groups. If a significant
variance was found, an unpaired Student ¢ test was used to assess comparability
between means. P values of =0.05 were considered significant.

RESULTS

Changes in cellular composition of BAL fluid induced by B.
pertussis respiratory infection. The i.n. infection with freshly
isolated parental strain B. pertussis 18323 induced a time-de-
pendent increase in total cell numbers in the BAL fluid of
BALB/c mice (Fig. 1a). This recruitment, which was observed
as early as 2 days after infection and lasted for 3 weeks, was
mostly accounted for by a rise in neutrophil counts (Fig. 1b). A
significant decrease in alveolar macrophage numbers was also
observed 2 and 7 days after parental strain 18323 infection
(Fig. 1c). These changes were followed by a late (14 to 21 days)
and moderate increment in macrophage and lymphocyte
counts (Fig. 1c and d). Infection with adhesin- and toxin-
deficient variant 18323H™ failed to modify the cellular com-
position of BAL fluid at any time point (Fig. 1). The intensity
of cellular recruitment depends on bacterial growth conditions.
Indeed, infection with in vitro cultures of B. pertussis was fol-
lowed after 7 days by an increase in total cell and in neutrophil
counts which was lower than that observed with freshly isolated
bacteria. At this time point, numbers of total cells and of
neutrophils in BAL fluids from mice infected with in vitro
cultures were 7.7 = 2.2 and 4.7 £ 0.2 (n = 3), respectively,
compared to 18.0 = 2.0 and 17.0 = 2.0 (n = 9, P < 0.05), after
infection with freshly isolated parental strain 18323.

Sustained colonization of B. pertussis within the lung after
i.n. delivery in mice. The difference observed in the intensity of
cellular recruitment is correlated with the behavior of the
strain after infection of the respiratory tract. As shown in Fig.
2 and as generally observed after infection (10, 12), B. pertussis
adheres to, multiplies in, and colonizes mouse lungs, whereas
a variant deficient in the expression of toxins and adhesins fails
to multiply and is cleared much faster after infection (10).
However, as shown in Fig. 2, when mice were infected with
freshly isolated bacteria, we observed a longer bacterial per-

sistence in lungs compared to strains subcultured in vitro (10).
Furthermore, the freshly cultured mutant deficient in AC-Hly
expression, 18HS19, multiplies until day 3 in lungs of infected
mice, whereas it failed to do so when subcultured in vitro (12).
However, this mutant did not colonize lungs for as long as the
parental strain and is cleared faster, confirming previous data
(12).

Kinetics of apoptosis in BAL cells collected from B. pertus-
sis-infected mice. A time-dependent rise in the proportion of
apoptotic nuclei was detected by flow cytometry in BAL cells
collected from mice infected with freshly isolated B. pertussis
18323 (Table 1). This increase was observed as early as 2 days
after the infection, peaked at 14 days, and decreased slowly
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FIG. 3. Flow cytometry analysis of apoptosis in BAL cells from B. pertussis-
infected mice. Changes in light scattering properties (a and b) and DNA fluo-
rescence flow cytometry profiles (c and d) of BAL cells collected 14 days after
infection with variant 18323H™ (a and c) or with parental strain 18323 (b and d).
Percentages values of apoptotic nuclei for each experimental condition are
indicated in the corresponding panels.
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FIG. 4. Morphological analysis of BAL cells after B. pertussis infection. BAL fluids were collected from mice infected with the parental strain 18323 or with variant
18323H ", and cytospin preparations were made. Slides were stained with Diff-Quick dye and examined in an oil immersion light microscope. (a) Normal morphology
of macrophages (M) and a neutrophil (N) after infection with variant 18323H ™. Also shown are apoptotic macrophages (arrows; b) and neutrophil (c) after infection
with the parental strain 18323 and macrophage engulfment of an apoptotic cell and of an apoptotic body (arrows) after infection with the parental strain 18323 (d).

Scale bar, 12 pm.

thereafter. No significant changes were observed in BAL cells
from freshly isolated variant 18323H ™ -infected mice (Table 1).
The kinetics of cellular apoptosis paralleled that of leukocyte
accumulation in BAL fluids (Table 1; Fig. 1a and b).

The i.n. administration of in vitro cultures of parental strain
18323 failed to induce changes in apoptotic cell numbers in the
BAL fluid, since only 3.2% = 0.3% (n = 3) of bronchopulmo-
nary cells were apoptotic.

The proportion of alveolar macrophages which had ingested
apoptotic cells or bodies was then determined at the same time
points. Microscopic analysis on cytospin preparations showed
increased numbers of macrophages containing apoptotic bod-
ies, which started 7 days after infection and reached a plateau
between 14 and 21 days (Table 1). No significant changes in the
proportion of macrophages engulfing apoptotic cells were
noted in BAL cells from freshly isolated variant 18323H -
infected mice (Table 1).

Changes in the morphology of cells undergoing apoptosis
affect their light scattering properties, as shown in flow cytom-
etry profiles (Fig. 3a and b). Indeed, a decrease in forward
scatter occurred in BAL cells from mice infected with parental
strain 18323 compared to those from animals infected with the
freshly isolated variant 18323H" (Fig. 3a and b). Propidium
iodide-fluorescence analysis of BAL cells from mice infected
with the freshly isolated variant 18323H" disclosed a typical
sharp diploid DNA peak and an minor more flattened one in
the hypodiploid range, corresponding to the apoptotic nuclei
(Fig. 3c). In contrast, BAL cells collected from animals in-
fected with freshly isolated parental strain 18323 contained a
reduced proportion of nuclei with diploid DNA content and an
enhanced proportion of apoptotic nuclei (Fig. 3d).

Identification of apoptotic cells in BAL fluids from B. per-
tussis-infected mice. Microscopic analysis of BAL fluids from
mice infected with variant 18323H™ revealed normal morphol-

ogy of alveolar macrophages and neutrophils (Fig. 4a). In
contrast, BAL cells from 18323-infected mice showed several
of the characteristic features of apoptosis, including chromatin
condensation and cell shrinkage (data not shown). In some
cases, the apoptotic process reached late stages accompanied
by an intense cell damage and by a loss of the nucleus mor-
phology (Fig. 4b and c). Macrophage engulfment of apoptotic
cells or bodies was also occasionally noted (Fig. 4d).

Apoptotic death of BAL cells was confirmed by using the
TUNEL technique and fluorescence microscopy. Significant
higher proportions of apoptotic cells were observed after in-
fection with parental strain 18323, compared to variant
18323H", at all time points (Table 2). By combining this tech-
nique and morphological analysis, we established that in vivo
infection with parental strain 18323, but not with variant
18323H ", induced both neutrophil and alveolar macrophages
apoptosis (Fig. 5; Table 2). The proportion of apoptotic neu-
trophils in BAL fluids rose at all time points and reached
values ranging between 6.8 and 10.9% of total neutrophil num-
bers (Table 2). Apoptotic macrophages also increased in num-
ber after parental strain 18323 infection, and a peak of approx-
imately 45.5% of total macrophage counts was observed at 14
days (Table 2).

Detection of apoptotic cells in the lung tissue from B. per-
tussis-infected mice. To verify whether the results for BAL cells
have a tissue counterpart, in situ apoptosis detection by the
TUNEL technique was performed on lung sections. A signif-
icant rise in the number of apoptotic nuclei was observed in
parental strain 18323-infected, compared to variant 18323H " -
infected, mice at 7 and 14 days (Table 1; Fig. 6). Although an
intense peribronchial or perivascular inflammatory infiltrate
was observed after administration of parental strain 18323
(data not shown), apoptotic cells were enumerated exclusively
in the alveolar compartment (Fig. 6).
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TABLE 2. Identification of apoptotic cells in BAL fluids from B. pertussis-infected mice

Apoptotic cells in BAL fluids (%)”

?r’;‘fysc;fgir B. pertussis 18323H~ B. pertussis 18323
Total cells Neutrophils Macrophages Total cells Neutrophils Macrophages
2 39+0.7 33+09 39+09 11.6 = 1.0° 81=1.7" 25.9 = 3.6
7 27+02 0 27 %02 11.9 = 0.8° 10.9 + 0.5° 40.0 = 2.4°
14 31+0.3 0 32+03 124 +2.7° 6.8 2.8 45.5 = 10.4°
21 28 0.3 0 29+03 10.9 + 1.8° 9.0 + 2.8 173 +1.2°

“ Apoptotic cells were detected in BAL fluids by the TUNEL technique. Percentages of total apoptotic cells were determined after counting 500 to 1,000 cells/slide
in randomly selected fields, using an oil immersion fluorescence microscope. In parallel, percentages of apoptotic neutrophils and alveolar macrophages over the total
number of each cell type were determined. Results are expressed as means = SEM of 6 to 12 experiments.

> P < 0.05 compared to B. pertussis 18323H " -infected animals.

Role of AC-Hly in B. pertussis-induced cellular accumulation
in BAL fluids and in apoptosis of alveolar macrophages. Cel-
lular infiltration and apoptosis were examined at 2, 7, and 14
days in animals infected with freshly isolated variant 18323H ",
parental strain 18323, and AC-Hly-deficient mutant 18HS19.
Mutant 18HS19-infected animals displayed reduced neutrophil
accumulation in the BAL fluid at 2, 7, and 14 days compared
to parental strain 18323-infected animals. Neutrophil numbers
returned to basal values at 14 days (Fig. 7a). Interestingly, the
drop in macrophage counts observed at 2 and 7 days after
infection with parental strain 18323 was undetectable in mu-
tant 18HS19-treated animals (Fig. 7b).

Flow cytometry analysis disclosed decreased proportions of
total apoptotic nuclei in BAL fluids from mutant 18HS19-
infected, compared to parental strain 18323-infected, mice at
all time points (Table 1). At 14 days, similar proportions of
apoptotic nuclei were found in mutant 18HS19- and variant
18323H " -infected mice (Table 1). In parallel, the percentage
of BAL macrophages having ingested apoptotic cells or bodies
was significantly reduced at 14 days in mutant 18HS19-infected
mice (Table 1).

The observations concerning lung tissue sections were com-
patible with those for BAL fluids, since apoptotic cell death
was suppressed at 7 and 14 days in mutant 18HS19-treated
mice (Table 1).

Compared to parental strain 18323-treated mice, animals
infected with mutant 18HS19 displayed a dramatic decrease in
the proportions of apoptotic macrophages at 2, 7, and 14 days,
as assessed by the TUNEL technique and fluorescence micros-
copy (Fig. 7d). Accordingly, apoptotic macrophage counts in
variant 18323H" - and mutant 18HS19-infected animals were
not statistically different (Fig. 7d). Infection with mutant
18HS19 failed to modify the proportion of apoptotic neutro-
phils in BAL fluids at 2 and 7 days (Fig. 7c). Resolution of BAL
neutrophilia 14 days after infection with mutant 18HS19 pre-
cluded the determination of apoptotic neutrophils.

DISCUSSION

In this study, we examined the ability of B. pertussis to induce
apoptosis of bronchopulmonary cells in vivo, using a murine
respiratory model that we described previously (7). Apoptosis

FIG. 5. Identification of apoptotic cells in BAL fluids from B. pertussis-infected mice. Cytospin preparations of BAL cells were stained by the TUNEL technique
combined with fluorescence microscopy; fluorescein isothiocyanate was used for detection. (a) Neutrophils (PN) and macrophages (M) show normal red nuclei after
infection with variant 18323H~ (arrows). Macrophages (b) and neutrophils (c) contain apoptotic green nuclei after infection with the parental strain 18323.

Magnification, X222.
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FIG. 6. Detection of apoptotic cells in lung sections from B. pertussis-infected mice. Cryostat lung sections were stained by the TUNEL technique followed by
detection with alkaline phosphatase (fast blue substrate). Tissues were then counterstained with nuclear red dye. (a) Negative red cells after infection with variant
18323H (arrows). (b) Positive blue apoptotic cells in the alveolar spaces after infection with the parental strain 18323. Scale bar, 40 pm.

was assessed in BAL cells and in lung tissue sections by flow
cytometry and by specific labeling of the DNA fragments by
the TUNEL technique, respectively. The proportion of alveo-
lar macrophages engulfing apoptotic BAL cells was also deter-
mined, since this phenomenon is one of the characteristic fea-
tures of the apoptotic process (8). Morphological criteria were
used to identify the cell types undergoing apoptotic death. To
determine the bacterial factor(s) involved in this process, in-
fections were performed not only with parental strain 18323
but also with a variant deficient in the expression of toxins and
adhesins (18323H ) and a mutant deficient in the expression
of AC-Hly (18HS19), since this factor has been proven to be
necessary and sufficient for inducing macrophage apoptosis in
vitro (11, 13). In parallel to apoptosis, bacterial colonization in
the lung and inflammatory cell accumulation in BAL fluids
were monitored, as indices of the progress of the respiratory
infection.

Our findings show a time-dependent increase in the number
of neutrophils and of lymphocytes in BAL fluids of mice in-
fected with parental strain 18323 but not with variant
18323H ", thus extending our previous report (10). However,
the intensity of total cell and neutrophil accumulation in the
BAL fluid of parental strain 18323-infected mice described
here was markedly greater than that which we have reported
previously (10). This difference may result from changes in
bacterial culture conditions, since in the present study mice
were infected with freshly isolated B. pertussis strains and not
subcultured in vitro exclusively. The in vivo isolation procedure
was previously shown to enhance the expression of AC-Hly and
PT (7). In the present study, we demonstrate that these growth
conditions prolong airway persistence of B. pertussis, thus em-
phasizing their importance to study bacterial virulence and
pathogenesis.

In the present study, B. pertussis-induced BAL neutrophilia
involves AC-Hly expression, since i.n. infection with a mutant

deficient in AC-Hly expression was followed by a marked re-
duction of neutrophilic infiltrate at 2, 7, and 14 days. The
observation that the AC-Hly-deficient mutant 18HS19 was still
capable of inducing a detectable, although moderate, neutro-
phil accumulation in the BAL fluid differs again from our
previous findings showing suppression of neutrophilia in BAL
fluids at 7 days in mutant 18HS19-infected mice (10). As sug-
gested above, this difference may be linked to the isolation of
bacteria from lungs, since this procedure was shown to increase
the expression of PT (7), a toxin which is involved in neutrophil
recruitment (10).

In addition to neutrophil influx, infection with the parental
strain 18323 increased macrophage accumulation in BAL fluid
at 21 days. However, at early stages of the infection, i.e., 2 and
7 days, a significant decrease in their numbers was observed in
BAL fluids from mice infected with the parental strain 18323
compared with those treated with variant 18323H™ or mutant
18HS19. This finding suggests that AC-Hly may activate alve-
olar macrophages, promote their subsequent adhesion to pul-
monary epithelial cells, and thus reduce their recovery by BAL.
Alternatively, AC-Hly may accelerate macrophage removal
from the alveolar spaces by inducing their apoptosis and the
subsequent phagocytosis by other surrounding phagocytic cells.

In this study, we present the first evidence that B. pertussis
induces in vivo host cell apoptosis, as determined by the de-
tection of apoptotic nuclei and by the enumeration of macro-
phages ingesting apoptotic bodies. Apoptotic cells were found
both in BAL fluids and in lung tissue. The sparse localization
of apoptotic cells in the alveolar compartments indicates that
they may be resident lung cells, such as fibroblasts, pneumo-
cytes, interstitial and alveolar macrophages, and/or infiltrating
neutrophils. In contrast, apoptotic cells in BAL fluids were
clearly identified as neutrophils and macrophages, partially
extending our demonstration of in vitro murine macrophage
apoptosis induced by B. pertussis (13). Parallel evaluation of
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FIG. 7. Cell numbers and apoptotic death in BAL fluids from mice infected
with B. pertussis parental strain or mutants. BAL fluids were collected 2, 7, and
14 days after infection with variant 18323H ", with parental strain 18323, or with
mutant 18HS19. Neutrophils (a) and macrophages (b) were enumerated on
cytospin preparations after Diff Quick staining. The proportions of apoptotic
neutrophils (c) and macrophages (d) over the total number of each cell type were
determined on cytospin preparations after TUNEL technique staining combined
with morphological analysis. Results are expressed as means = SEM of 6 to 12
experiments for each time point. *, P < 0.05 compared to variant 18323H" -
infected mice. f, P < 0.05 compared to parental strain 18323-infected mice.

the numbers of inflammatory cells recovered by BAL and of
incidence of apoptosis disclosed that approximately 11 and
45% of neutrophils and macrophages, respectively, were apo-
ptotic. In a recent study, Cox et al. (4) demonstrated the
presence of an intense accumulation of neutrophils in the BAL
fluid of lipopolysaccharide-treated rats. However, only 2% of
these neutrophils showed an apoptotic morphology and no
dead macrophages were detected, indicating that the extent of
the apoptotic process and possibly its role played in vivo are
greater during airway infection with B. pertussis. It should be
noted that the increase of apoptotic cells observed is more
important in lung tissue than in BAL fluid at day 7, compared
to day 2, in mice infected with the parental strain 18323, prob-
ably because BAL fluids contain some apoptotic cells which
form aggregates or which stick to the alveolar wall.

Infection with variant 18323H™ -, or with the parental strain
18323, which had not been freshly reisolated from lungs of
infected mice failed to promote significant apoptosis of bron-
chopulmonary cells. This finding suggests that the apoptotic
process is dependent not only on the presence of toxins and
adhesins but also on their amounts. Several B. pertussis factors
may be involved in induction of inflammatory cell apoptosis in
the lung. One of the best candidates is AC-Hly, since its addi-
tion to murine macrophages was shown to promote their death
in vitro (11, 13). In confirmation, we demonstrate here that
apoptotic death of alveolar macrophages is largely compro-
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mised 2, 7, and 14 days after infection with the AC-Hly-defi-
cient mutant 18HS19. This result parallels the observation that
lower numbers of macrophages were found at 2 and 7 days in
BAL fluids of parental strain 18323-infected mice than in those
of mutant 18HS19-infected mice. This finding suggests an early
role of AC-Hly in the removal of resident alveolar macro-
phages from the alveolar spaces by inducing their apoptosis.

Contrary to our observations concerning alveolar macro-
phages, infection with the mutant 18HS19 did not modify BAL
neutrophil apoptosis. This result indicates that AC-Hly, al-
though implicated in the recruitment of neutrophils into the
airways, is not involved in their removal by apoptosis. In keep-
ing with these findings, we did not observe any apoptosis upon
addition of high amounts of purified AC-Hly to human periph-
eral blood neutrophils from healthy donors (data not shown).
The fact that AC-Hly is not implicated in neutrophil apoptosis
suggests that another bacterial product may be responsible for
this phenomenon.

Previous studies have shown that AC-Hly is required for the
initiation of infection (12, 23). We can now hypothesize that in
addition to ciliatosis induced by tracheal cytotoxin, which pre-
vents the host organism from removing bacteria from the re-
spiratory tract, and the adherence of bacteria to the respiratory
cells via the expression of its adhesins (9, 17), B. pertussis uses
AC-Hly to prolong its persistence and to favor its multiplica-
tion in the host cells present in the airways by promoting
phagocytic cell apoptosis. Alternatively, apoptosis-induced
clearance of redundant neutrophils and macrophages by B.
pertussis might represent a way for host cells to remove two
well-known cellular reservoirs for this pathogen (20, 22) and
thus limit the infection.

Programmed host cell death in response to bacterial infec-
tion has now been reported for a number of bacterial patho-
gens (26, 27). In a recent review, Zychlinsky et al. (26) pro-
posed at least three possible roles for apoptosis in bacterial
diseases: massive cell destruction, inhibition of apoptosis, and
initiation of inflammation. In the cases of Listeria and Shigella,
apoptosis may play a role in the initiation of inflammation.
Apoptotic hepatic cells from L. monocytogenes-infected mice
produce neutrophil chemoattractants (19). S. flexneri expresses
IpaB, which binds to the interleukin 1B3-converting enzyme or
to a related protein, binding which is accompanied by the
release of mature interleukin 1B (26). In the case of B. pertus-
sis, we speculate that apoptosis may also play a role in the
initiation of inflammation, although the mechanisms of induc-
tion are still unknown. In contrast to S. flexneri, B. pertussis
does not need to be intracellular to induce cell apoptosis (11).
It secretes an AC-Hly that is able to penetrate the host cell,
bind calmodulin, and then increase the intracellular cyclic
AMP concentration, which can lead to apoptosis. The induc-
tion or suppression of this process may represent a crucial step
in the evolution of host-pathogen interaction and in the
progress of infection. The extent to which the induction of
apoptotic cell death in the lung during B. pertussis infection is
beneficial for the bacteria or for the host remains to be estab-
lished.
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