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Pertussis toxin (PT), a secreted virulence factor of Bordetella pertussis, ADP ribosylates mammalian Gi
proteins and plays an important early role in respiratory tract infection by this pathogen in a mouse intranasal
infection model. To test the hypothesis that PT targets resident airway macrophages (AM) to promote this
infection, we depleted AM by intranasal administration of liposome-encapsulated clodronate prior to bacterial
inoculation. This treatment enhanced respiratory tract infection by B. pertussis, even though it also induced a
rapid influx of neutrophils to the airways. Strikingly, AM depletion also enhanced infection by mutant strains
deficient in PT production or activity to the same level as the wild-type infection, indicating that AM may be
the primary target cells for PT in promoting infection. The enhancing effect of clodronate-liposome treatment
on infection (i) was shown to be due to macrophage depletion rather than neutrophil influx; (ii) was observed
for both tracheal infection and lung infection; (iii) was observed during the early and peak phases of the
infection but was lost by day 14 postinoculation, during clearance of the infection; (iv) persisted for at least 1
week (prior to bacterial inoculation); and (v) was equivalent in magnitude to the effect of PT pretreatment and
the effects were not additive, consistent with the idea that PT targets AM. We found that PT efficiently ADP
ribosylated AM G proteins both in vitro and after intranasal administration of PT in mice and that the
duration of G protein modification in vivo was equivalent to the duration of the enhancing effect of PT
treatment on the bacterial infection. Collectively, these observations indicate that PT targets AM to promote
early infection of the respiratory tract by B. pertussis.

Pertussis toxin (PT) is uniquely produced by Bordetella per-
tussis, a gram-negative bacterial pathogen of the human respi-
ratory tract, and is an important virulence factor in mouse
models of B. pertussis infection. PT is an AB5 toxin comprising
an enzymatically active A subunit (S1) that ADP ribosylates
the alpha subunit of heterotrimeric Gi proteins in mammalian
cells (22, 28) and a B heteropentamer that binds unidentified
glycoconjugate receptors on cells (3, 38). G protein modifica-
tion by PT leads to many different effects on signaling pathways
in mammalian cells (34), and PT is the factor that causes
systemic symptoms of pertussis disease, including lymphocyto-
sis, insulinemia, and histamine sensitivity (27, 29, 32). How-
ever, the specific role that PT plays in promotion of B. pertussis
infection of the airways has not been determined. Our recent
studies using a mouse model have elucidated an important
early role for PT in establishing respiratory tract infection by B.
pertussis. The numbers of bacteria recovered from the lungs
and trachea are significantly lower for a mutant strain that has
an in-frame deletion of the genes encoding PT (�PT) or pro-
duces an enzymatically inactive version of PT (PT*) than for
the wild-type strain, and this defect is apparent as early as 24 h
postinoculation (5, 7). In addition, PT acts as a soluble factor
that can enhance B. pertussis respiratory tract infection even
when it is administered intranasally 14 days prior to bacterial
inoculation, but not when it is administered just 24 h after

bacterial inoculation (7). Together, these observations indicate
that PT acts at an early time following bacterial inoculation
and that the target cells for this activity of PT are likely to be
resident cells of the airways.

Our working hypothesis is that PT targets cells of the innate
immune response involved in protection of the airways against
bacterial pathogens by inactivating or suppressing Gi protein-
coupled signaling pathways that contribute to this arm of host
defense. In support of this hypothesis, we and other workers
have found that PT activity during B. pertussis infection delays
the recruitment of neutrophils to the respiratory tract (5, 7,
24), an activity that may promote early bacterial infection.
Neutrophil chemotaxis is known to be sensitive to PT, since
almost all chemokine receptors signal through Gi proteins
(31). Whether the early delay of neutrophil recruitment after
B. pertussis infection is due to a direct effect of PT on neutro-
phils in the circulation or due to an indirect effect on another
cell type has not been determined. In this study, we sought to
determine the role of airway macrophages (AM) in host de-
fense against B. pertussis infection and as possible targets for
PT activity in promoting this infection. Previous studies have
shown that in vitro macrophage migration, like the migration
of neutrophils, is sensitive to PT (25). PT has also been found
in some studies to inhibit various other macrophage activities,
including phagocytosis (26) and responses to cytokines (13, 18)
or lipopolysaccharide (10, 20, 39). However, these studies were
not performed with AM and did not involve B. pertussis, and so
their relevance to early events after B. pertussis infection of the
respiratory tract is unclear. Here we show that depletion of
AM not only exacerbates B. pertussis infection but also elimi-
nates the need for PT production by the bacteria to achieve
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maximal infection levels, suggesting that AM may be the pri-
mary target cells for PT activity in this host-pathogen interac-
tion.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The B. pertussis background strains
used in this study were streptomycin- and nalidixic acid-resistant derivatives of
Tohama (21) or 18323 (� ATCC 9797). Strains WT and �PT (having an in-
frame deletion of the PT genes) were described previously (7). B. pertussis was
grown on Bordet-Gengou agar (Becton-Dickinson) plates containing 15% defi-
brinated sheep blood and the following antibiotics when necessary: streptomycin,
400 �g/ml; nalidixic acid, 20 �g/ml; or gentamicin, 10 �g/ml.

Mouse infection. Six-week-old female BALB/c mice (Charles River Labora-
tories) were used for infection experiments. Inocula were prepared and intra-
nasal inoculation (20 �l) of anesthetized mice was performed as previously
described (7). At different times, mice were euthanized by carbon dioxide inha-
lation, the lower respiratory tract (trachea plus lungs) was surgically removed and
homogenized in 2 ml of phosphate-buffered saline (PBS), and dilutions were
plated on Bordet-Gengou agar plates containing blood and streptomycin. Four
days later the number of CFU per respiratory tract was determined. A statistical
analysis to compare groups was performed using a t test. Some mice were
pretreated by intranasal administration of PT in 20 �l. PT was purified from B.
pertussis culture supernatant as previously described (8, 23).

BAL. Mice were euthanized by carbon dioxide inhalation, and the respiratory
tract was exposed by dissection. A small incision was made near the top of the
trachea, and a blunt-end 20-gauge needle was inserted and tied in place with
surgical thread around the trachea. Bronchoalveolar lavage (BAL) fluid was
obtained by four rounds of filling the lungs with 0.7 ml PBS and withdrawing as
much of the liquid as possible. BAL samples were centrifuged to pellet the cells,
erythrocytes were lysed in ACK lysing buffer (Quality Biologicals, Inc.), cells
were washed and resuspended in 1 ml PBS, and aliquots were removed for
counting with a hemocytometer and for cytospin centrifugation onto a micro-
scope slide, followed by staining with modified Wright’s stain for identification of
cell types. To determine the numbers of macrophages and neutrophils in the
samples, 100 cells from several microscopy fields were identified.

Airway macrophage depletion. Clodronate was a gift from Roche Diagnostics
GmbH, Mannheim, Germany, and was incorporated into liposomes from a
250-mg/ml solution as previously described (37). Anesthetized mice were inoc-
ulated intranasally with 100 �l clodronate-containing liposomes (CL) or PBS-
containing liposomes (PL). Depletion was confirmed by analysis of BAL fluid
cells as described above.

ADP ribosylation assay. BAL cells were washed in PBS, pelleted by centrifu-
gation, and lysed in Triton X-100 buffer, and postnuclear supernatant samples
were prepared as previously described (8). Gi� protein ADP ribosylation assays
with these samples were performed using [32P]NAD and PT, and samples were
analyzed by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis
(PAGE) and autoradiography, as previously described (8).

Western blotting. Samples were electrophoresed on 12% SDS–PAGE gels and
transferred to nitrocellulose membranes. To detect Gi� proteins, blocked filters
were incubated with polyclonal anti-Gi�3 antibody (Santa Cruz Biotechnology),
followed by peroxidase-conjugated anti-rabbit immunoglobulin G secondary an-
tibody (Amersham). Blots were developed using ECL Plus (Amersham) and
were exposed to X-ray film.

CHO cell clustering assay. Chinese hamster ovary (CHO) cells were seeded
into 24-well tissue culture plates at a concentration of 5 � 104 cells/well. After
16 h of incubation at 37°C samples were added. After 24 to 36 h of incubation the
cells were stained with Giemsa stain and examined with a microscope to deter-
mine clustering morphology, as first described by Hewlett et al. (16).

RESULTS

Intranasal CL administration depletes airway macrophages
but induces neutrophil influx. To determine the extent of AM
depletion by CL, 6-week-old BALB/c mice (n � 3) were inoc-
ulated intranasally with either 50 or 100 �l of CL. Control mice
received 100 �l of PL or PBS. Mice were euthanized 24 h later,
and the cell content of the BAL fluid was analyzed. As shown
in Fig. 1A, CL administration effectively depleted AM (93%
reduction with 100 �l and 60% reduction with 50 �l), whereas

PL administration had no effect and the results were similar to
the results with the PBS control. Surprisingly, a high number of
neutrophils (�105 cells) was present in the BAL fluid of CL-
treated mice but not in the BAL fluid of PL-treated mice (Fig.
1A). We examined the kinetics of macrophage depletion and
neutrophil influx in the airways of CL-treated mice by eutha-
nizing mice (n � 3) at various times after CL administration
and analyzing the cell contents of the BAL fluid (Fig. 1B). AM
were still depleted 3 days posttreatment (85% reduction com-
pared with PL-treated mice), recovered to normal levels by 7
days posttreatment (although with some variability in num-
bers), and regained homeostatic levels by 14 days posttreat-
ment. The number of neutrophils peaked at day 3 posttreat-
ment, was still high at 7 days posttreatment, and returned to
nearly normal low levels by 14 days posttreatment.

CL treatment exacerbates B. pertussis respiratory tract in-
fection and obviates the role for PT. To test the hypothesis that
AM protect against B. pertussis infection of the respiratory
tract and that PT may target these cells to promote B. pertussis
infection, we performed infection experiments with CL- and
PL-treated mice. Mice were given 100 �l CL or PL (or PBS as
a further control) intranasally, and then 48 h later groups of
these mice (n � 4) were inoculated with 5 � 105 CFU of strain
Tohama WT or �PT. Mice were euthanized 4 days after bac-
terial inoculation, and bacterial loads in the respiratory tract
were determined. As shown in Fig. 2A, in the PL- and PBS-
treated control mice, �PT was defective for respiratory tract
infection, and the numbers of bacteria were �1 log lower than
the numbers of strain WT bacteria, as we have previously
observed with untreated mice (5, 6, 7). However, in CL-treated
mice, two important results were observed: (i) the level of WT

FIG. 1. Intranasal administration of CL depletes AM but causes
neutrophil influx. (A) Numbers of different types of cells in the BAL
fluid from groups of three mice 1 day after different treatments. (B) Ki-
netics of BAL cell content changes after intranasal administration of
CL (or PL) to groups of three mice.
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infection was enhanced compared with the level in control
mice, with an almost 1-log increase in the numbers of bacteria
(P � 0.002); and (ii) the level of �PT infection was dramati-
cally enhanced (by almost 2 logs; P � 0.03), with the same high
numbers of bacteria observed in the WT-infected CL-treated
mice. From these data we concluded that resident AM help
protect against B. pertussis infection of the respiratory tract and
that an important role for PT is to combat the protective
activity of these macrophages. To determine the longevity of
this enhancing effect after bacterial inoculation, we repeated

the experiment with CL- and PL-treated mice inoculated with
either Tohama WT or �PT, but we euthanized the mice at days
7 and 14 postinoculation, which corresponded to the peak and
clearance phases of infection, respectively. As shown in Fig.
2B, the enhancing effect of AM depletion was still apparent 7
days postinoculation, with a fivefold increase in the numbers of
bacteria for WT (P � 0.02) and a 2-log increase for �PT (P �
0.0003). However, by day 14 postinoculation the enhancing
effect was no longer present, indicating that the effect is an
effect on early and peak infection but not on clearance. CL
treatment also enhanced B. pertussis infection at lower inocu-
lum doses. When a dose of 5 � 104 CFU was used, the bac-
terial load was 1 log greater in CL-treated mice than in PL-
treated mice at 4 days after inoculation with either WT (P �
0.02) or �PT (P � 0.04) (Fig. 2C). With a dose of 5 � 103 CFU
CL treatment enhanced WT infection 50-fold (P � 0.04), and
for �PT infection no bacteria were recovered from PL-treated
mice, while CL-treated mice had a mean bacterial load of 7 �
104 CFU (Fig. 2C), clearly demonstrating the enhancing power
of AM depletion for infection and for overcoming the lack of
PT production.

Since pertussis is considered to be primarily a tracheobron-
chial infection rather than a deeper lung infection (although
pneumonia can occur) (14), we analyzed infection of the tra-
chea and lungs separately in CL-treated mice. CL- and PL-
treated mice were inoculated 2 days later with 5 � 105 CFU of
Tohama WT or �PT and then euthanized 4 days postinocula-
tion to determine the bacterial loads in the lungs and trachea.
As shown in Fig. 2D (for �PT infection), CL treatment signif-
icantly enhanced the infection at both locations (P � 0.05), and
the same effect was observed for the WT infection (data not
shown), demonstrating that this is not a lung-specific phenom-
enon but occurs throughout the lower respiratory tract.

AM depletion by CL treatment also significantly enhanced
respiratory tract infection by WT and �PT derivatives of B.
pertussis strain 18323 (the ATCC type strain), as well as infec-
tion by Tohama PT*, a strain producing an enzymatically in-
active version of PT (7, 33), confirming that this is not a
strain-specific phenomenon (data not shown).

B. pertussis infection is enhanced by AM depletion and not
by neutrophil influx. Since CL treatment of BALB/c mice
resulted in both macrophage depletion and neutrophil influx in
the airways (Fig. 1), we wanted to rule out the unlikely possi-
bility that neutrophil influx rather than AM depletion was
responsible for the enhancing effect on infection. Mice were
treated by intranasal administration of 1 �g KC (PeproTech),
a chemokine that recruits neutrophils to the airways (36). Con-
trol mice were treated with an equal volume of PBS. Twenty-
four hours later, three mice per group were euthanized, and
BAL cells were analyzed to confirm neutrophil influx to the
airways; the remaining mice (n � 5) were inoculated with 5 �
105 CFU of either Tohama WT or �PT. Inoculated mice were
euthanized 4 days postinoculation for assessment of infection
levels. As shown in Fig. 3A, KC administration caused a large
influx of neutrophils, comparable to the influx caused by CL
treatment, but did not significantly deplete AM. In contrast to
CL treatment, KC treatment had no effect on WT infection
and reduced the level of infection of Tohama �PT (by approx-
imately 20-fold) (Fig. 3B). From these data we concluded that

FIG. 2. CL treatment enhances B. pertussis infection. (A) Groups
of four mice were treated as indicated on the y axis and then inoculated
with 5 � 105 CFU of strain WT or �PT 2 days later. The data indicate
the bacterial loads in the airways 4 days postinoculation. (B) Groups of
four mice were treated as indicated on the y axis and then inoculated
with 5 � 105 CFU of strain WT or �PT 2 days later. The data indicate
the bacterial loads in the airways 7 and 14 days postinoculation.
(C) Groups of four mice were treated as indicated on the y axis and
then inoculated with 5 � 104 or 5 � 103 CFU of strain WT or �PT 2
days later. The data indicate the bacterial loads in the airways 4 days
postinoculation. (D) Groups of four mice were treated as indicated on
the y axis and then inoculated with 5 � 105 CFU of Tohama �PT 2
days later. The data indicate the bacterial loads in the lungs and
trachea 4 days postinoculation. An asterisk indicates that the P value is
�0.05, as determined by a t test.
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macrophage depletion, and not neutrophil influx, is responsi-
ble for enhancing B. pertussis infection of the airways.

Longevity of the enhancing effect of AM depletion on B.
pertussis infection. To determine the longevity prior to bacte-
rial inoculation of the enhancing effect of AM depletion on B.
pertussis infection, we inoculated CL- and PL-treated mice with
2 � 105 CFU Tohama �PT at various times after liposome
treatment. In preliminary experiments, we determined that
bacterial inoculation on day 1, 2, or 3 after CL treatment
resulted in equivalent enhancing effects on infection (data not
shown). In addition, as shown in Fig. 4, CL treatment had an
enhancing effect when bacterial inoculation occurred 4 or 7
days after liposome treatment, but there was no longer a sig-
nificant enhancing effect by day 14 after liposome treatment.

This may have been due to the recovery of numbers (Fig. 1)
and activity of AM by this time after CL-mediated depletion.

PT and CL enhance B. pertussis infection by acting on the
same targets. The effect of macrophage depletion on enhance-
ment of B. pertussis infection of the airways is reminiscent of
the enhancing effect of intranasal administration of purified
PT, as we previously reported (7). In the previous study, we
found that administration of PT along with the bacterial inoc-
ulum allowed Tohama �PT to infect at WT levels. In addition,
administration of PT up to 14 days prior to bacterial inocula-
tion had the same enhancing effect, indicating that the effect of
PT was relatively long lived. Since AM depletion appears to
obviate the need for PT activity during early B. pertussis infec-
tion, we hypothesized that intranasally administered PT targets
AM and inactivates some aspect of their antibacterial activity,
in effect mimicking the AM depletion caused by CL treatment.
To test this hypothesis, we determined whether PT treatment
had any enhancing effect in addition to that provided by CL
treatment. Mice that were treated with CL and PL (n � 4)
were inoculated 2 days later with 2 � 105 CFU Tohama �PT
either with or without 100 ng PT in the inoculum and were
euthanized on day 4 postinoculation for assessment of infec-
tion levels. As shown in Fig. 5A, PT had no additional enhanc-
ing effect on infection in CL-treated mice, while it was still able
to enhance the lower level of infection in PL-treated mice. We
performed a similar experiment but with prior intranasal treat-
ment of mice with 100 ng PT (or PBS) 5 days before CL or PL
treatment (instead of coadministration of PT with the bacterial
inoculum) and obtained similar results (Fig. 5B). Thus, PT and

FIG. 3. Neutrophil influx without macrophage depletion does not
enhance B. pertussis infection. (A) Groups of three mice were treated
intranasally with 1 �g KC or PBS, and the data indicate the BAL cell
content 1 day later. (B) Groups of five mice were treated intranasally
with 1 �g KC or PBS and then inoculated with 5 � 105 CFU of
Tohama WT or �PT 1 day later. The data indicate the bacterial loads
in the airways 4 days postinoculation. The asterisk indicates that the P
value is �0.05, as determined by a t test.

FIG. 4. Longevity of the enhancing effect of AM depletion prior to
bacterial inoculation. Groups of four mice were treated with CL or PL
and then inoculated with 5 � 105 CFU of Tohama �PT at different
times after treatment. The data indicate the bacterial loads in the
airways 4 days postinoculation. An asterisk indicates that the P value is
�0.05, as determined by a t test.

FIG. 5. CL and PT enhancing effects are not additive. (A) Groups
of four mice were treated with CL or PL and then inoculated 2 days
later with 2 � 105 CFU of Tohama �PT either with (�) or without (	)
100 ng PT. The data indicate the bacterial loads in the airways 4 days
postinoculation. (B) Groups of four mice were treated intranasally
with 100 ng PT (�) or with PBS (	), treated 5 days later with CL or
PL, and then inoculated 2 days later with 2 � 105 CFU of Tohama
�PT. The data indicate the bacterial loads in the airways 4 days post-
inoculation. An asterisk indicates that the P value is �0.05, as deter-
mined by a t test.
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CL enhancement of B. pertussis infection is not additive, sug-
gesting that PT and CL have the same targets and consistent
with the hypothesis that PT targets AM to enhance early in-
fection.

PT ADP ribosylates G proteins in AM. As a further test of
the hypothesis that PT targets AM, we sought to determine
whether the longevity of the enhancing effect of PT for B.
pertussis infection correlated with the longevity of ADP ribo-
sylation of AM G proteins in PT-treated mice. In a preliminary
experiment, we determined whether AM from BALB/c mice
express PT target G proteins. BAL was performed with six

uninfected mice, cells from the BAL fluid (�98% macro-
phages) were pelleted and lysed, and the postnuclear superna-
tant (PNS) containing G proteins was used as the substrate in
an in vitro ADP ribosylation assay. As shown in Fig. 6A, ADP-
ribosylated PT target G proteins (molecular mass, approxi-
mately 41 kDa) were detected in these AM PNS samples.
Furthermore, while pooled cells from three mice provided
abundant substrate for PT ADP ribosylation (Fig. 6A, lane 1),
the cells from a single mouse (approximately 105 cells) pro-
vided sufficient target substrate to be detected by this assay
(lanes 2 to 4). We next confirmed that PT could enter and
modify the G proteins of intact AM (recovered from untreated
mice by BAL) in vitro. BAL cells were resuspended in Dul-
becco modified Eagle medium and plated in six-well culture
plates, PT was added, and the plates were incubated at 37°C in
the presence of 5% CO2 for 3 h. Cells were recovered from the
wells, washed, and lysed, and PNS samples were prepared and
used in an in vitro ADP ribosylation assay. As shown in Fig. 6B,
while untreated AM retained G proteins that were ADP ribo-
sylated by PT in the in vitro assay (Fig. 6B, lane 3), incubation
of intact AM with increasing concentrations of PT progres-
sively reduced the level of available PT-modifiable G proteins
(73% with 0.25 nM PT, 87% with 0.5 nM PT, and �95% with
1 nM PT) in the in vitro ADP ribosylation assay, demonstrating
that PT can enter and modify target G proteins in intact AM in
culture. Western blot analysis of the PNS samples confirmed
that PT target G proteins were expressed by PT-treated AM at
normal levels (data not shown), ruling out the possibility that
PT treatment resulted in a loss of G protein expression (rather
than ADP ribosylation).

Next we determined whether intranasally administered PT
could modify target G proteins of resident AM in live mice.
Mice (n � 3) were treated with 1 �g or 100 ng PT or an
equivalent volume of PBS, and 2 days later BAL cells were
recovered, pooled in groups, washed, and lysed for the ADP
ribosylation assay. As shown in Fig. 7A, G proteins in AM from
mice treated with 1 �g PT were almost completely (�99%)
modified (no unmodified proteins available for labeling in the

FIG. 6. PT ADP ribosylates G proteins in AM. (A) PNS was pre-
pared from pooled AM from the BAL fluid of three untreated mice
(lane 1) or from AM from the BAL fluid of individual untreated mice
(lanes 2 to 4), used in an ADP ribosylation assay, and analyzed by
SDS-PAGE and autoradiography. The band (ADP ribosylated by PT
in vitro) is the Gi� subunit (molecular mass, approximately 41 kDa).
(B) AM were recovered from the BAL fluid of six untreated mice,
pooled, plated in a six-well culture dish (105 cells/well), and treated for
3 h with different doses of PT. PNS was prepared from these samples
(and CHO cells as a control), used in an ADP ribosylation assay, and
analyzed by SDS-PAGE and autoradiography. Lane 0(	) contained a
control in vitro ADP ribosylation reaction mixture with no PT added
(to demonstrate PT-specific labeling of Gi�).

FIG. 7. Kinetics of recovery of AM G proteins in vivo after ADP ribosylation by PT. (A) Groups of three mice were treated intranasally with
1 �g or 100 ng PT or with an equivalent volume of PBS, and 3 days later BAL cells were recovered and pooled in groups. PNS samples were
prepared, used in an ADP ribosylation assay, and analyzed by SDS-PAGE and autoradiography, and the results are shown. (B) Mice were treated
intranasally with 100 ng PT (n � 12) or an equivalent volume of PBS (n � 3), and at different times BAL cells were recovered. Then PNS samples
were prepared, used in an ADP ribosylation assay, and analyzed by SDS-PAGE and autoradiography. Results for individual mice are shown.
(C) Densitometric quantitation of the results in panel B, expressed as group mean values in arbitrary units.
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in vitro assay), and G proteins in AM from mice treated with
100 ng PT were also substantially modified (�95%), while G
proteins in AM from mice treated with PBS were unmodified
and fully labeled in the in vitro assay. Western blot analysis
once again confirmed that PT target G proteins were expressed
normally in these AM (data not shown). Therefore, intranasal
administration of PT efficiently targets and modifies AM in live
mice. To determine the longevity of G protein modification in
AM after PT treatment of mice, 12 mice were treated intra-
nasally with 100 ng PT, and three control mice were treated
with an equivalent volume of PBS. Groups of three mice were
then euthanized on day 3 (including control mice), day 7, day
14, and day 21 posttreatment, and BAL cells were recovered,
washed, and lysed for the ADP ribosylation assay. As shown in
Fig. 7B, whereas AM from PBS-treated mice retained unmod-
ified G proteins (labeled in the in vitro assay), AM from PT-
treated mice were ADP ribosylated by day 3 posttreatment,
and this modification was retained through day 14 posttreat-
ment, with virtually no unmodified G proteins detectable
(�5%) (Fig. 7C) in these samples. By day 21 posttreatment,
however, unmodified G proteins were detected in samples
from each of the three mice (mean, 71%) (Fig. 7C), indicating
that in vivo G protein modification by PT was reduced or lost
by this time. These data indicate that ADP ribosylation of AM
G proteins by PT in vivo lasts for 2 to 3 weeks, which correlates
closely with the longevity of the enhancing effect of PT treat-
ment on respiratory tract infection by B. pertussis (7), providing
further support for the hypothesis that PT targets AM to pro-
mote this bacterial infection. We assumed that G protein
modification at days 7 and 14 was due to the activity of PT
immediately after intranasal administration rather than to con-
tinuous PT activity over the course of the experiment, since PT
activity was undetectable (by the CHO cell clustering assay) in
the BAL fluid of mice treated with 100 ng PT at days 7 and 14
posttreatment (data not shown).

DISCUSSION

In this project we are attempting to determine the role
played by PT in the early phase of respiratory tract infection by
B. pertussis in a mouse model. In the study reported here, we
tested the hypothesis that AM protect against this infection
and are the target cells for the infection-promoting activity of
PT. Our results provide several lines of evidence that support
this hypothesis: (i) B. pertussis infection was enhanced by AM
depletion; (ii) the need for PT activity for full infection was
obviated by AM depletion; (iii) the enhancing effects of AM
depletion and PT treatment were equivalent and not additive;
(iv) PT intoxicated AM in vivo; and (v) the longevity of in vivo
AM intoxication by PT was equivalent to the longevity of the
enhancement of infection by PT treatment of mice.

We used intranasal administration of CL to deplete AM,
and our conclusions rest on the assumption that this is the
major activity of this treatment that influences B. pertussis
infection in our model. Although CL treatment is widely used
as a tool to deplete macrophages specifically (1, 4, 37), it is
conceivable that this treatment has other unanticipated effects,
and indeed we were surprised to find that while it was effective
at macrophage depletion, it also induced marked neutrophil
influx into the airways. This phenomenon has not been re-

ported often after intranasal CL treatment of mice, although it
has been observed previously in some studies (1, 4) and may
depend on the age and strain of mice and other differences in
the state of the animals. However, CL is thought to induce
apoptosis of macrophages (37), and macrophage apoptosis has
been found to induce production of neutrophil-recruiting che-
mokines both in the airways (30) and in the peritoneum (17).
Therefore, the presence of large numbers of apoptotic macro-
phages in the airways after CL treatment is likely the cause of
the influx of neutrophils. How then is B. pertussis able to thrive
in the presence of large numbers of neutrophils? Our data
from KC-treated mice show that neutrophil influx in the ab-
sence of macrophage depletion does not increase B. pertussis
infection, ruling out the unlikely explanation that bacterial
replication is enhanced by the presence of neutrophils. B. per-
tussis secretes adenylate cyclase toxin, which can inhibit neu-
trophil activity (9, 11), and mutants lacking this toxin infect the
mouse respiratory tract at reduced levels (5, 12), so this may be
a primary mechanism of defense against neutrophils. Intrigu-
ingly, KC treatment significantly reduced infection by �PT but
not by WT in our study, suggesting that PT may also play a role
in combating neutrophil activity once the cells are present in
the airways. However, we have recently observed that B. per-
tussis infection is unaltered in naı̈ve BALB/c mice depleted of
neutrophils (C. Andreasen and N. Carbonetti, unpublished
results), bringing into question the role of neutrophils in pro-
tection against this infection in nonimmune animals.

Our observations that macrophage depletion enhances B.
pertussis infection in this model and obviates the need for PT
strongly support the hypothesis that AM are involved in innate
immune protection against this pathogen and are the primary
target cells for PT. PT can intoxicate virtually any mammalian
cell in culture, and specific cell surface receptors for PT have
not been identified, but which cells are intoxicated in vivo
during infection is unknown. In this study we showed that PT
intoxicates AM in vivo after intranasal administration of puri-
fied toxin. Interestingly, we observed that the modification of
G proteins by PT in these cells lasted for at least 14 days, which
is very similar to the longevity of the enhancing effect of intra-
nasally administered PT on B. pertussis infection in this model,
as we previously reported (7), which again is consistent with
the hypothesis that PT intoxication of AM enhances B. pertus-
sis infection. However, the life span of AM in mice was re-
ported to be 6 to 7 days (2), so it is unclear how the effect of PT
on AM after one treatment lasted longer than this. One pos-
sibility is that PT inhibits AM turnover, either by prolonging
viability or by preventing migration of cells. Another possibility
is that active PT persists in the respiratory tract after admin-
istration, but we were unable to detect any active PT in the
BAL fluid of treated mice at 7 and 14 days posttreatment. The
effect of PT on AM in vivo was observed after the administra-
tion of purified PT, whereas a more relevant question is
whether the effect can be observed after B. pertussis infection.
We were unable to detect such an effect consistently (data not
shown), but this experiment was complicated by the influx of
neutrophils and other cells after infection, and so the cells
recovered from BAL fluid were not exclusively resident AM.
Purification of AM after infection may be necessary to answer
this question. Another interesting question is, which aspect of
AM function does PT inhibit? PT may suppress macrophage
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migration to sites of bacterial growth, phagocytosis and killing
of bacteria, or cytokine and chemokine production and down-
stream immune responses. Various immunosuppressive activ-
ities of PT have been described (6, 20, 24, 29, 35), and sup-
pression of AM activities may yet be added to the list.

The longevity of the enhancing effect of CL treatment on
infection also supports a role for AM in protection and as
targets for PT. We observed that CL treatment enhanced the
early and peak phases of infection (up to day 7 postinocula-
tion) but did not increase the bacterial load during the clear-
ance phase (day 14 postinoculation), indicating that it had an
effect on innate immunity but not on adaptive immunity. The
enhancing effect of CL treatment was relatively long lived prior
to bacterial inoculation, and a clear enhancing effect was main-
tained beyond 7 days posttreatment. This was despite our ob-
servation that AM numbers had recovered to normal, although
variable, levels by 7 days posttreatment (Fig. 1). This may have
been due to the relatively poor antibacterial activity of newly
recruited AM, which may have needed a period of adaptation
to the new environment before maturation into fully functional
cells. We are currently attempting to assay the antibacterial
functions of AM recovered from mice after various treatments,
and the results of our experiments should shed light on these
questions.

An important question that bears on these studies is, how
relevant is this mouse model to early events of pertussis infec-
tion in humans? The primary site of bacterial growth in human
infection is thought to be the ciliated epithelium of the trachea
and bronchi (14), although this belief is due primarily to ob-
servations from animal model and organ culture infections.
Macrophages are more numerous in the alveoli than at higher
locations in the airways, although they are also present in the
trachea and bronchi (19). We found that AM depletion en-
hanced infection of both lungs and trachea in our model,
demonstrating that this effect is not confined to the lungs,
which are thought to be less frequently involved in the human
infection. In addition, PT was found to inhibit phagocytosis of
B. pertussis by human monocytes isolated from peripheral
blood (35), indicating a possible mechanism of inhibition of
AM activity by PT.

Pertussis continues to be an important infectious disease
worldwide, and the incidence of pertussis has been on the rise
in the United States in recent years (15). A greater understand-
ing of the interplay between the virulence mechanisms em-
ployed by the bacteria and the protective immune responses of
the host should be beneficial in developing new therapeutics
and vaccines to reduce the incidence of infection and disease
caused by B. pertussis. In the absence of human volunteer
studies of this infection, the mouse airway infection model may
provide important clues for progress toward such an under-
standing.
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