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antibiotics, which could account for the failure to culture the
bacteria. This study contributes little insight into this problem.
In light of the conflicting reports regarding intracellular survival of B. pertussis in professional phagocytes, we have reexamined this issue. Previous studies have reported only the
numbers of surviving bacteria; the percentages of internalized
organisms that actually survive have never been reported. As a
consequence, it has not been possible to ascertain whether
intracellular survival is a high-probability or a low-probability
event. A high survival rate might suggest that the bacteria have
mechanisms to ensure viability following phagocytosis, while
the significance of a low survival rate in the pathogenesis of B.
pertussis is unclear.
We have developed a technique to distinguish extracellular
bacteria from phagocytosed, intracellular bacteria (26). B. pertussis cells expressing green fluorescent protein (GFP) appear
green by fluorescence microscopy. When ethidium bromide is
added, extracellular bacteria take up the stain and appear
orange by fluorescence microscopy; however, intracellular bacteria resist staining with ethidium bromide and remain green
(26). This technique allows one to directly determine the number of phagocytosed bacteria. Addition of polymyxin B (an
antibiotic that cannot penetrate mammalian cells) kills extracellular bacteria, allowing one to quantify intracellular survival.
In this study we combined these techniques. Few, if any, B.
pertussis cells appeared to be capable of surviving in human
neutrophils.
The virulent B. pertussis strain BP338 was transformed (26)
with plasmid CW504, which directs high-level expression of
GFP from a constitutive B. pertussis promoter. This plasmid
was derived from pGB5P1 (26) by the addition of a 3-kb ClaI
fragment from pUW2138 (8) containing the origin of transfer
for P plasmids and a gentamicin resistance marker.
Phagocytosis and opsonization were performed as previously
described (26). Briefly, BP338(pCW504) was grown overnight
on Bordet-Gengou agar (BGA) and harvested to contain approximately 3 ⫻ 106 bacteria in 30 l of HBSA (Hanks’ buffer
supplemented with 0.25% bovine serum albumin and 20 mM
HEPES buffer). To opsonize the bacteria, 30 l of suspended
bacteria was incubated with 30 l of heat-inactivated human
immune serum for 15 min at 37°C in 5% CO2, while unopsonized controls were incubated with 30 l of HBSA. The volume was increased to 400 l with HBSA, and the bacteria were

A decade ago it was reported that members of the genus
Bordetella are capable of surviving inside mammalian cells following phagocytosis (6, 7). These studies were among the first
to examine the intracellular fate of bacterial species that were
considered to be extracellular pathogens. As more bacteria
were examined, it became clear that Bordetella is not particularly unique in this regard. Many other organisms not considered to be intracellular pathogens, for example, Escherichia
coli and Staphylococcus aureus (13), were also found to be
capable of transient survival inside mammalian cells. In addition, there is a clear distinction between the behavior of Bordetella pertussis and that of Bordetella bronchiseptica. While
neither species appears to be capable of intracellular replication, B. bronchiseptica remains viable for days within mammalian cells while B. pertussis is capable only of short-term survival
(3, 5, 10, 13, 16, 17, 23). In one study, fewer than 100 of more
than 100,000 B. pertussis cells internalized by macrophages
survived for 24 h, a rate not too different from that of E. coli
DH5␣ (3). Some studies have even suggested that the continued presence of viable B. pertussis organisms induces apoptosis
and kills mammalian cells (12, 14), making it unlikely that the
bacteria could persist as intracellular pathogens. Only a few
reports have suggested that B. pertussis persists, and under
some conditions replicates, in an intracellular compartment
(11, 24, 25). The mammalian cells examined in these reports
were professional phagocytes, macrophages, and polymorphonuclear leukocytes (or neutrophils), the cells one would predict
to be most proficient at bacterial killing.
A clinical study is commonly cited to support the role of
intracellular survival in macrophages during human pertussis
(4). B. pertussis was found to be associated with alveolar macrophages isolated from children with AIDS and pertussis, but
the authors noted that their methods could not distinguish
intracellular from extracellular bacteria. In addition, they
failed to recover viable organisms from the patients and reported that several of the patients were being treated with
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Previous studies have reported that phagocytosed Bordetella pertussis survives in human neutrophils. This
issue has been reexamined. Opsonized or unopsonized bacteria expressing green fluorescent protein (GFP)
were incubated with adherent human neutrophils. Phagocytosis was quantified by fluorescence microscopy,
and the viability of phagocytosed bacteria was determined by colony counts following treatment with polymyxin
B to kill extracellular bacteria. Only 1 to 2% of the phagocytosed bacteria remained viable. Opsonization with
heat-inactivated immune serum reduced the amount of attachment and phagocytosis of the bacteria but did not
alter survival rates. In contrast to previous reports, these data suggest that phagocytosed B. pertussis bacteria
are killed by human neutrophils.
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added to the neutrophils. The neutrophils were isolated from
human blood and quantified using a hemocytometer, and 5 ⫻
105 neutrophils were added to 24-well microtiter plates as
previously described (26). Phagocytosis was allowed to occur
for 1 h, the supernatant was aspirated, and 1 ml of ethidium
bromide at 50 g/ml was added. Extracellular bacteria take up
the ethidium bromide and stain orange, while intracellular
bacteria resist staining with ethidium bromide and appear
green by fluorescence microscopy (26).
In a previous study (26), using a multiplicity of infection of
6, about 15% of the bacteria attached to the neutrophils but
only about 2% of the bacteria were phagocytosed. These numbers seemed quite low, and we reasoned that the organisms in
suspension were not making contact with the immobilized neutrophils. B. pertussis cells are smaller than E. coli cells and
settle out of suspension very slowly. In one experiment, B.
pertussis cells were suspended to an optical density at 600 nm
of 0.825, and 1 h later the optical density was nearly unchanged
(0.815), confirming that very little settling had occurred. To
facilitate contact, the B. pertussis cultures were centrifuged
onto the neutrophils for 5 min at 640 ⫻ g and the phagocytosis
assay was allowed to occur. One hundred neutrophils were
counted for each duplicate sample, and the experiment was
repeated five times.
To calculate the total number of intracellular bacteria, the
number of intracellular (green) bacteria per neutrophil determined by microscopy was multiplied by the total number of
neutrophils plated, or 5 ⫻ 105. The average for all five experiments was 1.49 intracellular bacteria per neutrophil, for a total
of 7.4 ⫻ 105 bacteria phagocytosed (Fig. 1). This value is about
40% of the 1.8 ⫻ 106 bacteria in the initial inoculum. Since
centrifugation improved the efficiency of phagocytosis, it was
used throughout this study.
In previous studies, polymyxin B has been shown to kill
extracellular bacteria but not intracellular bacteria (10, 15). To
determine the optimal incubation times for killing, 4 l of
polymyxin B sulfate (Sigma) at 10 mg/ml was added to 3 ⫻ 106
bacteria in 400 l of HBSA in 24-well microtiter plates for a
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FIG. 2. Phagocytosis and survival of opsonized B. pertussis. Bacteria (30 l)
were incubated with 30 l of human immune serum that had been heat inactivated to destroy complement activity but retained functional antibodies and were
added to 24-well microtiter wells, as described in the legend to Fig. 1.

final concentration of 100 g/ml. Control wells received no
antibiotics. The bacteria were incubated for 0.5, 1.0, and 3.0 h,
transferred to a microcentrifuge tube, and centrifuged at
34,540 ⫻ g for 10 min at 4°C. The pellet was washed with 1 ml
of HBSA, centrifuged, and suspended in 1 ml of water. Tenfold
serial dilutions were prepared in phosphate-buffered saline at
pH 7.4, and 0.1 ml was plated on BGA plates. The plates were
incubated for 4 days and colonies were counted. More bacterial survival was observed at 0.5 h, but similar values were
observed at 1 and 3 h. A standard 1-h incubation was adopted,
and of the 1.8 ⫻ 106 bacteria added to the wells less than 1,000,
or 0.05%, survived treatment with polymyxin B (Fig. 1).
To ensure that polymyxin B was not toxic to the neutrophils,
the viability of the neutrophils was determined by trypan blue
exclusion. A total of 100 neutrophils were counted and ⬎95%
remained viable.
To determine the number of viable bacteria following
phagocytosis by neutrophils, the wells containing bacteria and
neutrophils were treated with polymyxin B as described above.
The wells were aspirated and washed twice with HBSA to
remove the polymyxin B. One milliliter of water was added to
lyse the neutrophils, and the wells were scraped with a rubber
policeman. In control experiments, lysis of the neutrophils was
confirmed by trypan blue exclusion; few intact neutrophils
were observed, and greater than 95% of those stained with
trypan blue. Serial dilutions were performed and plated. Only
1.3 ⫻ 104 bacteria were recovered (Fig. 1), that is, 1.7% of the
7.4 ⫻ 105 bacteria that were phagocytosed remained viable
after phagocytosis, and this difference was statistically significant as determined by the Student t test (P ⬍ 0.007). There was
no statistically significant difference P ⫽ 0.10) between the
number of viable bacteria incubated with neutrophils and polymyxin B and the number of viable bacteria incubated with
polymyxin B alone (Fig. 1); therefore, it was not possible to
determine whether any bacteria survived.
The role of opsonization with antibodies was also examined.
A heat-inactivated human immune serum (#13) from an occupationally exposed laboratory worker was shown previously
to lack complement activity but to possess functional antibodies (26, 27). Opsonization with this serum decreased the
amount of bacterial attachment to neutrophils and also reduced the amount of phagocytosis (26), which could be a
consequence of the reduction in attachment.
In this study, we observed 0.28 opsonized intracellular bacteria per neutrophil (Fig. 2); that is, only 8% were phagocy-
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FIG. 1. Phagocytosis and survival of B. pertussis. Bacterial suspensions were
added to adherent human neutrophils or to empty wells in a 24-well microtiter
plate and incubated for 1 h. Polymyxin B was added for 1 h where indicated.
Bacterial CFU were determined by plating serial dilutions. The number of
bacteria phagocytosed was determined by fluorescence microscopy. Definitions:
Inoculum, the number of CFU after 2 h without neutrophils; Phagocytosed, the
number of green bacteria associated with human neutrophils; Viable (Neutrophils & Polymyxin B), CFU recovered after incubation with neutrophils followed
by polymyxin B; Viable (Polymyxin B alone), CFU after incubation without
neutrophils followed by polymyxin B. Data were analyzed by the Student t test.
Each bar depicts the mean ⫾ standard error of the mean. ⴱ, significant difference
from the number of phagocytosed bacteria.
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of phagocytic defenses. It appears unlikely that other activities
associated with the cell-mediated immune response, for example, the generation of CD8-positive cytotoxic T cells, would be
needed, since phagocytes can kill B. pertussis on their own.
This work was supported in part by grant RO1 AI38415 to A.A.W.
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tosed as opposed to 42% of the unopsonized bacteria (Fig. 1).
This difference was statistically significant (P ⬍ 0.02). In spite
of the reduced amount of phagocytosis, the fate of the opsonized
bacteria was similar to the fate of the unopsonized bacteria.
Only 2% of the opsonized bacteria that were phagocytosed
remained viable (P ⬍ 0.03). The number of phagocytosed
bacteria still viable after polymyxin B treatment was not significantly different from the number of bacteria treated with
polymyxin B alone (P ⫽ 0.28).
Early reports suggested that B. pertussis was capable of longterm survival and perhaps replication in professional phagocytes (11, 24, 25), but more recent reports have suggested B.
pertussis is capable only of transient intracellular survival (3, 5,
13, 23). In the latter studies, antibiotics that cannot penetrate
mammalian cells, such as gentamicin and polymyxin B, have
been used to kill extracellular bacteria, while reports demonstrating long-term survival of B. pertussis did not use this methodology. In one study examining phagocytosis by macrophages,
endogenous complement was used to kill extracellular B. pertussis (11). B. pertussis cells expressing the BrkA protein resist
killing by complement (8). Human serum samples are highly
variable, and only serum from an immune donor promotes
efficient killing by complement (8, 9, 27). It was not reported
whether serum from a single source was used throughout that
study.
A few studies have examined survival of B. pertussis in neutrophils. In one study, association of B. pertussis with neutrophils was examined microscopically following Giemsa staining
(24). Since this stain cannot distinguish intracellular bacteria
from extracellular bacteria, the authors performed control experiments to determine whether the bacteria had been internalized. Bacteria were labeled with fluorescein isothiocyanate
(FITC), which stains the bacteria fluorescent green. Phagocytosis was allowed to occur, and ethidium bromide was added to
differentiate extracellular bacteria from intracellular bacteria.
The authors found that the majority of FITC-labeled bacteria
stained green, suggesting that they were phagocytosed. However, we have shown that FITC labeling destroys the activity of
the adenylate cyclase toxin (a potent inhibitor of phagocytosis),
and in our study FITC-labeled, but not wild-type, bacteria were
efficiently phagocytosed by neutrophils (26). It is likely that the
results of the former authors are consistent with ours. The
nonviable FITC-labeled bacteria were more efficiently phagocytosed than the unlabeled wild-type bacteria. Since antibiotics
were not used to kill the extracellular bacteria, viable extracellular bacteria could have been recovered following incubation
with neutrophils. An independent study reported nearly 100%
survival of B. pertussis in neutrophils (25). Acridine orange was
used to differentiate between viable and dead bacteria, and the
authors cited a study stating that living organisms stain light
orange to green while dead organisms stain bright orange;
however, they did not present their own data to validate this
assumption.
The belief that B. pertussis is capable of intracellular survival
has led to suggestions for changes in pertussis vaccine strategies. Evidence from both animal and human studies suggests
that a Th1 immune response may be more protective than a
Th2 response (2, 18–20, 22), and it has even been suggested
that a humoral immune response may not be needed for immunity to pertussis. While Th1 responses often prevail in infections by intracellular pathogens, the presence of a Th1 response cannot be used as proof that an intracellular infection
has occurred, and a Th1 response is often the initial response
to all infections (1, 21). Our studies suggest that phagocytosis
of B. pertussis is accompanied by death of the bacteria, and one
benefit of a Th1 immune response could come from activation
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