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The persistence of Bordetella pertussis and B. parapertussis within vaccinated populations and the reemer-
gence of associated disease highlight the need to better understand protective immunity. The present study
examined host immunity to bordetellae and addressed potential concerns about the mouse model by using a
comparative approach including the closely related mouse pathogen B. bronchiseptica. As previously observed
with B. pertussis, all three organisms persisted throughout the respiratory tracts of B-cell-deficient mice,
indicating that B cells are required for bacterial clearance. However, adoptively transferred antibodies rapidly
cleared B. bronchiseptica but not human pathogens. These results obtained with the mouse model are consistent
with human clinical observations, including the lack of correlation between antibody titers and protection, as
well as the limited efficacy of intravenous immunoglobulin treatments against human disease. Together, this
evidence suggests that the mouse model accurately reflects substantial differences between immunities to these
organisms. Although both B. pertussis and B. parapertussis are more closely related to B. bronchiseptica than they
are to each other, they share the ability to resist rapid clearance from the lower respiratory tract by adoptively
transferred antibodies, an adaptation that correlates with their emergence as human pathogens that circulate

within vaccinated populations.

Bordetella bronchiseptica, B. pertussis, and B. parapertussis
are closely related gram-negative respiratory pathogens that
have recently been reclassified as subspecies (12, 16). B. per-
tussis and B. parapertussis appear to have diverged indepen-
dently from a B. bronchiseptica-like progenitor and are highly
infectious pathogens that primarily infect humans, causing the
acute and severe disease pertussis or whooping cough (5, 6). In
contrast, B. bronchiseptica infects a wide range of mammals
(4), typically asymptomatically, and persists in the upper respi-
ratory tract indefinitely (4). The basis for the interspecies dif-
ferences in host range and severity of disease is not known, but
these differences may be related to differences between bacte-
rial subspecies or host differences in physiology or immune
response to Bordetella infection.

Little is known definitively about the normal human immune
response to Bordetella infection because it has generally been
studied in individuals who were previously vaccinated (10). In
the murine model, B cells are necessary to eliminate B. pertus-
sis, suggesting that antibodies have a critical role in clearance
(9). Although the importance of antibodies in immunity to
other bacterial respiratory pathogens, such as Haemophilus
influenzae and Pasteurella multocida, are well documented (10)
and Bordetella-specific antibodies are generated in response to
vaccination or infection (15), anti-Bordetella titers do not cor-
relate well with protection in large clinical trials (3). In contrast
to natural immunity following an infection, vaccination pro-
vides little, if any, protection against subclinical infection (10)
and does not protect from cross infection with other Bordetella
subspecies despite generating a strong antibody response (15,
17). Understanding natural immunity to bordetellae may allow
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the design of better vaccines that not only reduce the severity
of the disease but also prevent infection and provide cross
protection against other bordetellae.

In order to investigate the comparative biology of these
closely related organisms, we have examined the basis for pro-
tective immunity to each in the mouse model. Experiments
with SCID and Rag-1"/" mice indicated that adaptive immu-
nity is required to clear all three organisms from the lower
respiratory tract (4). B-cell-deficient mice fail to clear B. per-
tussis suggesting that antibodies may have a role in clearance of
B. pertussis (9), but the role of antibodies in immunity to B.
bronchiseptica and B. parapertussis is not known. Here we dem-
onstrate that serum antibodies completely clear B. bronchisep-
tica from the lower respiratory tracts of wild-type and B-cell-
deficient mice within 3 days but have no effect on the human-
adapted pathogens in this time frame. This interspecies
difference could not be attributed to antibody titers or differ-
ences in serum isotypes. We discuss the possibility that the
human pathogens acquired resistance to serum antibodies dur-
ing their apparently independent evolution from B. bronchi-
septica-like animal pathogens in order to persist in immune
populations.

MATERIALS AND METHODS

Bacteria. Bacteria were maintained on Bordet-Gengou agar (Difco), inocu-
lated into Stainer-Scholte broth at optical densities of 0.1 or lower, and grown to
mid-log phase at 37°C on a roller drum. Wild-type strains of B. bronchiseptica
(RB30), B. parapertussis (12822), and B. pertussis (BP536) have been described
previously (4, 5).

Animal experiments. C57BL/6 and MuMT mice were obtained from The
Jackson Laboratory. Mice lightly sedated with isoflurane (Abbott Laboratories)
were inoculated by pipetting 50 pl of phosphate-buffered saline (PBS) containing
5 X 10° bacteria onto the tip of the external nares. For time course experiments,
groups of four animals were sacrificed on days 0, 3, 7, 14, 28, 49, 70, and 105
postinoculation. Colonization of various organs was quantified by homogeniza-
tion of each tissue in PBS, plating onto Bordet-Gengou blood agar containing 20
pg of streptomycin per ml, and colony counting. For passive-transfer experi-
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FIG. 1. MuMT mice are defective in clearing B. bronchiseptica, B. parapertussis, and B. pertussis from the respiratory tract. Groups of four 4-
to 6-week-old C57BL/6 (A) and MuMT (O) mice were inoculated with 5 X 10° CFU of B. bronchiseptica (A), B. parapertussis (B), or B. pertussis
(C) delivered in a 50-pl volume of PBS into the nares. The number of bacteria recovered from the nasal cavity, trachea, or lungs at each indicated
time postinoculation is expressed as the log;, mean * the standard error.

ments, wild-type mice were inoculated with 5 X 10° CFU of B. bronchiseptica, B.
parapertussis, or B. pertussis by the intranasal route as described above and serum
was collected on day 28 postinoculation. Two hundred microliters of convales-
cent-phase or naive serum was injected intraperitoneally into mice before inoc-
ulation. Animals were sacrificed on days 0, 1, 3, 5, and 7 postinoculation or as
indicated in each experiment. Colonization of various organs was quantified as
described above. All animal experiments were carried out in accordance with
institutional guidelines.

Antibodies. Titers of anti-Bordetella antibody in convalescent-phase sera were
determined by enzyme-linked immunosorbent assay with polyvalent anti-mouse
secondary antibodies as described previously (1). Specific classes and isotypes of
antibodies were determined by using appropriate secondary antibodies (South-
ern Biotechnology Associates and Pharmingen).

RESULTS

B cells are necessary for the clearance of bordetellae from
the respiratory tracts of mice. The role of B cells in immunity
against bordetellae was investigated by using B-cell-defi-
cient MuMT mice (7). Wild-type and MuMT mice were
inoculated intranasally with 5 X 10° CFU of various Borde-
tella subspecies in 50 wl of PBS. This inoculation regimen
consistently delivers approximately 10° CFU to the nasal
cavity and lungs and 10*> CFU to the trachea (4). Bacterial
numbers were determined in the nasal cavity, trachea, and
lungs at various time points. In wild-type mice, bacterial

numbers began to decrease after day 7 and B. bronchiseptica
and B. parapertussis were cleared from the lower respiratory
tract (trachea and lungs) by day 70 while B. pertussis was
cleared by day 49 postinoculation (Fig. 1). In contrast,
MuMT mice failed to clear the three Bordetella subspecies
from the lower respiratory tract even on day 105 postinocu-
lation, and bacterial numbers were comparable to those re-
covered on day 7 (Fig. 1). These results agree with data pub-
lished earlier showing that B. pertussis persists in MuMT
mice (9) and indicate that B cells are required for the
decrease in bacterial numbers observed after day 7 in wild-
type mice.

MuMT mice were also defective in controlling bordetellae in
the nasal cavity. Although B. bronchiseptica and B. parapertus-
sis normally persist in the nasal cavities of wild-type mice
beyond 105 days postinoculation, bacterial numbers were sig-
nificantly (10% to 10*-fold) higher in this site in MuMT mice
than in wild-type mice (Fig. 1A and B). B. pertussis was cleared
from wild-type mice by day 49 but was recovered from the
nasal cavities of MuMT mice until at least day 105 in numbers
similar to those of B. bronchiseptica and B. parapertussis (Fig.
1). These data indicate that B cells are required for the >100-
fold reduction in the numbers of B. bronchiseptica and B.
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FIG. 2. Adoptive transfer of serum antibodies clears B. bronchiseptica but not B. parapertussis or B. pertussis from the lower respiratory tract.
Groups of four 4- to 6-week-old C57BL/6 mice were inoculated with 5 X 10° CFU of B. bronchiseptica (A), B. parapertussis (B), or B. pertussis
(C) delivered in a 50-pl volume of PBS into the nares. Two hundred microliters of PBS (OJ), naive serum (O), or convalescent-phase serum (A)
was given by intraperitoneal injection prior to inoculation. The number of bacteria recovered from the nasal cavity, trachea, or lungs at each
indicated time postinoculation is expressed as the log,, mean = the standard error.

parapertussis and for the elimination of B. pertussis from the
nasal cavities of wild-type mice.

Serum antibodies are sufficient to clear B. bronchiseptica,
but not B. parapertussis or B. pertussis, from the lower respi-
ratory tracts of mice. Although B cells appear to be required
for the clearance of all three Bordetella subspecies, previous
studies have shown that antibodies have little effect on B.
pertussis numbers in vivo, leading to the conclusion that B cells
are required for some function other than antibody production
(8). To examine the specific role of antibodies in the control
and clearance of bordetellae, serum from naive or convales-
cent animals previously infected with each of the Bordetella
subspecies was adoptively transferred into naive animals im-
mediately prior to a challenge with the respective subspecies.
B. bronchiseptica-induced convalescent-phase serum (serum
collected from mice 28 days postinoculation with B. bronchi-
septica) rapidly cleared B. bronchiseptica from the tracheas and
lungs of mice by day 3 postinoculation, whereas naive serum
had no significant effect (Fig. 2A). In striking contrast, both
human pathogens were unaffected by adoptive transfer of con-
valescent-phase serum (Fig. 2B and C). Interestingly, adoptive
transfer of convalescent-phase serum had no significant effect
on the number of bacteria recovered from the nasal cavity.
These data reveal both tissue-specific and bacterium-specific

effects of antibodies and, together with the data presented in
Fig. 1, indicate that some factor that is missing from B-cell-
deficient mice and is not replaced by transfer of serum anti-
bodies is required for clearance of the human pathogens from
the lower respiratory tract and for a greater-than-100-fold re-
duction in the numbers of all three bacterial subspecies in the
nasal cavity.

To further investigate the possibility that B cells are required
for some function other than antibody production, naive or
convalescent-phase serum was transferred into B-cell-deficient
MuMT mice challenged with B. bronchiseptica. As observed in
wild-type animals, naive serum had no effect on bacterial num-
bers but convalescent-phase serum rapidly (by day 3) elimi-
nated B. bronchiseptica from the lower respiratory tracts of
these B-cell-deficient mice (Fig. 3). These results suggest that
no additional B-cell functions are required for efficient serum
antibody-mediated clearance of B. bronchiseptica from the
lower respiratory tract. Additionally, serum from MuMT mice
infected with B. bronchiseptica and collected on day 28 post-
inoculation was adoptively transferred into mice infected with
B. bronchiseptica. Unlike wild-type serum, serum from MuMT
mice had no effect on B. bronchiseptica numbers in the lower
respiratory tracts of mice (data not shown). These data suggest
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FIG. 3. Adoptive transfer of serum antibodies clears B. bronchisep-
tica from the respiratory tracts of MuMT mice. Groups of four 4- to
6-week-old MuMT mice were inoculated with 5 X 10° CFU of B.
bronchiseptica delivered in a 50-pl volume of PBS into the nares. Two
hundred microliters of PBS (O), naive serum (A), or convalescent-
phase serum ([J) was given by intraperitoneal injection prior to inoc-
ulation. The number of bacteria recovered from the nasal cavity, tra-
chea, or lungs at each indicated time postinoculation is expressed as
the log,, mean * the standard error.
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that antibodies are responsible for the rapid clearance of B.
bronchiseptica by convalescent-phase serum.

Antibody titers and clearance. We hypothesized that the
differences in the effectiveness of serum antibodies in clearing
the three Bordetella subspecies from the lower respiratory
tracts of mice could be due to quantitative and qualitative
differences in the antibodies present in the respective conva-
lescent-phase sera. We therefore determined the anti-Borde-
tella antibody titers of various classes and isotypes of antibodies
in these sera. There was no significant difference in the overall
titers or individual isotypes of anti-Bordetella antibodies gen-
erated by B. bronchiseptica or B. parapertussis, but both in-
duced significantly higher antibody titers than did B. pertussis
(Fig. 4). To investigate whether the lower antibody titer of B.
pertussis-induced serum could be involved in the lack of anti-
body-mediated clearance in vivo, mice were administered
three times the volume of B. pertussis-induced serum. Even
when antibody titers were compensated for in this way, B
pertussis-induced serum had no effect on bacterial numbers
within the respiratory tract (Fig. 5). To investigate the possi-
bility that some qualitative characteristic of the antibodies was
involved in their differential activity, B. bronchiseptica-induced
serum was transferred into animals infected with B. pertussis.
Although this serum recognized and bound B. pertussis in vitro
as well as it did B. bronchiseptica, it did not affect B. pertussis
numbers in the respiratory tracts of mice (data not shown).
These data suggest that the difference in the susceptibility of
human-adapted bordetellae to serum antibodies is not due to
quantitative differences in the antibodies. To investigate the
possibility of the presence of some inhibitors in B. pertussis-
induced serum interfering with the action of antibodies, we
adoptively transferred both B. pertussis- and B. bronchiseptica-
induced sera into mice infected with B. bronchiseptica. These
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FIG. 4. Characterization of convalescent-phase sera. Anti-Bordetella antibody titers were compared in serum samples collected 28 days after
intranasal inoculation of mice with a large dose (50 pl of PBS containing 5 X 10° CFU) of B. bronchiseptica (m), B. parapertussis (CJ), or B. pertussis
(N). Whole cells of the indicated Bordetella subspecies were used as the antigen in each enzyme-linked immunosorbent assay. Bound anti-Bordetella
antibodies were detected by secondary antibodies specific for total and indicated isotypes of immunoglobulin (Ig). Bars represent the means =+ the
standard errors of the immunoglobulin titers detected. ND, not detectable.
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FIG. 5. Increasing the volume of serum does not affect B. pertussis
numbers in lungs. Groups of four 4- to 6-week-old C57BL/6 mice were
inoculated with 5 X 10° B. pertussis bacteria delivered in a 50-pl
volume of PBS into the nares. Six hundred microliters of convalescent-
phase or naive serum was injected by the intraperitoneal route prior to
inoculation. The number of bacteria recovered from the lungs on day
3 postinoculation is expressed as the log,, mean * the standard error.

mice efficiently cleared B. bronchiseptica from the trachea and
lungs within 3 days posttreatment (data not shown). These data
suggest that B. pertussis-induced serum does not have inhibi-
tors that interfere with the effects of antibodies.

Coinfection and antibody-mediated clearance. Previous ex-
periments have shown that B. bronchiseptica induces an innate
immune response that is substantially greater than that of B.
pertussis (4), and we hypothesized that these differences may con-
tribute to antibody-mediated bacterial clearance by increasing the
access of antibodies, complement, and FcR-bearing phagocytes to
the bacterial microcolonies in the respiratory tract. If B. bronchi-
septica induces inflammation that contributes to antibody-medi-
ated bacterial clearance, then inoculation of B. bronchiseptica
along with B. pertussis would be predicted to allow B. pertussis-
induced sera to eliminate B. pertussis. To test this hypothesis, B.
bronchiseptica and B. pertussis were coinoculated into wild-type
mice to which either B. bronchiseptica- or B. pertussis-induced
serum was adoptively transferred. B. bronchiseptica-induced se-
rum did not affect B. pertussis numbers but rapidly cleared B.
bronchiseptica from the lower respiratory tract by day 3 postin-
oculation, again suggesting that B. pertussis does not inhibit some
antibody function. However, B. pertussis-induced serum did not
affect the numbers of either B. pertussis or B. bronchiseptica bac-
teria in the respiratory tract (Fig. 6), indicating that the inflam-
matory response elicited by B. bronchiseptica did not facilitate
serum antibody-mediated clearance of B. pertussis. The failure of
B. pertussis-induced serum to affect B. bronchiseptica is discussed
below.

DISCUSSION

To better understand immunity to bordetellae, we examined
the two common human pathogens B. pertussis and B. paraper-
tussis alongside B. bronchiseptica, which naturally infects mice.
Our results show that B cells are required to clear all three
Bordetella subspecies from the respiratory tracts of mice, in
agreement with previous results obtained with B. pertussis (8,
9). Adoptive transfer of convalescent-phase serum was suffi-
cient to rapidly clear the lower respiratory tract of the broad-
host-range pathogen B. bronchiseptica but not the human-spe-
cific pathogens B. pertussis and B. parapertussis. These results
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FIG. 6. Coinoculation of B. bronchiseptica with B. pertussis does not
affect B. pertussis CFU counts in the lungs. Groups of four 4- to
6-week-old C57BL/6 mice were inoculated with 5 X 10° B. bronchisep-
tica and B. pertussis bacteria delivered in 50 pl of PBS. Six hundred
microliters of either B. bronchiseptica- or B. pertussis-induced serum
was injected by the intraperitoneal route prior to inoculation. The
number of B. bronchiseptica (W) or B. pertussis ([J) bacteria recovered
from the lungs on day 3 postinoculation is expressed as the log;, mean
+ the standard error.

obtained with the mouse model are consistent with human
clinical trials, in which serum antibody titers could not be
correlated with protection against B. pertussis and intravenous
immunoglobulin therapy had modest effects, thus supporting
the validity of the mouse model as accurately reflecting the
roles of individual host immune functions (3, 11). Since B.
pertussis and B. parapertussis appear to have emerged indepen-
dently as human pathogens and each is more closely related to
a B. bronchiseptica-like progenitor than each is to the other
(16), these results raise the possibility that resistance to serum
antibodies may relate to their adaptation to humans. Under-
standing the mechanism(s) involved in avoiding or delaying
antibody-mediated clearance may contribute to the develop-
ment of improved vaccines or treatments for human respira-
tory infections.

It is well established that B. bronchiseptica induces higher
serum antibody titers than B. pertussis in the mouse model (4),
and we hypothesized that qualitative and/or quantitative dif-
ferences in the antibodies could explain their different in vivo
effects. However, B. parapertussis and B. bronchiseptica induced
similar antibody titers but these antibodies completely cleared
only the latter without affecting the former. Additionally, when
we compensated for the lower antibody titers of B. pertussis-
induced serum by increasing the volume delivered, there was
still no effect on B. pertussis, suggesting that the difference in
their antibacterial function is not due to differences in overall
antibody titers. It is possible that the antibodies differed qual-
itatively; however, the distribution of the various antibody iso-
types was not significantly different among the three immune
sera. Furthermore, antibodies raised against B. bronchiseptica
also recognized B. pertussis and vice versa (5). In addition, each
immune serum killed all three organisms in serum killing as-
says, indicating that they recognized, bound, and activated
complement on the surface of each bacterium in vitro (data not
shown). Together, these data suggest that differential antibody
effects cannot be attributed to quantitative differences in the
antibodies but may be due to qualitative differences or in vivo
susceptibilities of the organisms.

We have shown that B. bronchiseptica induces substantially
more inflammation than B. pertussis (4) and have recently
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observed that this inflammation is important in antibody-me-
diated bacterial clearance (P. B. Mann and E. T. Harvill, un-
published data). We therefore hypothesized that the greater
inflammation induced by B. bronchiseptica might allow anti-B.
pertussis antibodies to be more effective. Alternatively, B. per-
tussis could inhibit antibody access to, or function within, the
respiratory tract. However, coinfection with these two organ-
isms neither increased antibody-mediated clearance of B. per-
tussis nor inhibited clearance of B. bronchiseptica. Together,
these results suggest that the human-specific bordetellae have
a mechanism to resist antibody-mediated clearance that B.
bronchiseptica does not. Interestingly, B. pertussis-induced se-
rum did not affect B. bronchiseptica in coinfection experiments,
although it did bind and kill B. bronchiseptica in serum Kkilling
assays in vitro. Differences in antibody activities have been
shown to depend on the isotype, the cognate antigen, and even
the epitope on that antigen (13). These parameters may de-
termine whether antibodies are effective or whether they ac-
tually interfere with, or block, more effective antibodies (13).
We are currently investigating these possibilities.

It is possible that differences in susceptibility to antibodies
relate to the different epidemiologies of these organisms. B.
bronchiseptica can persist for years within the nasal cavity of its
host, where serum antibodies have no effect. Individual hu-
mans usually eliminate infections by bordetellae, yet B. pertus-
sis persists within relatively dense and mobile human popula-
tions, including those in which vaccine coverage is very high.
This environment would be expected to provide selection for
organisms with the ability to infect hosts that were previously
exposed via vaccination or prior infection. Therefore, the abil-
ity to resist antibody-mediated clearance, possibly acquired by
the two human pathogens during their adaptation to a new
host, may relate to their epidemiology. It is worth noting that
B. bronchiseptica occasionally infects humans but does not ap-
pear to spread efficiently and is usually associated with immu-
nocompromised individuals (19), perhaps reflecting its suscep-
tibility to antibody-mediated clearance. In the light of these
observations, it is possible that acquisition of resistance to
antibody-mediated clearance represents an important step in
the independent emergence of B. pertussis and B. parapertussis
as human pathogens.

The effects of antibodies on B. pertussis in vitro have been
well studied, and a number of observations may relate to the
ability of this organism to resist antibody-mediated clearance
in vivo. Stefanelli et al. have shown that phagocytosis of B.
pertussis by a human macrophage-like cell line cannot be en-
hanced by opsonizing the bacteria with human immune serum
in an in vitro assay (14). A similar observation with human
neutrophils was made by Weiss et al., who also showed that B.
pertussis expresses a protein, BrkA, that confers a level of
resistance to serum complement in vitro (2, 18). However, our
data show that convalescent-phase serum that binds and rap-
idly kills B. pertussis in vitro has no effect when adoptively
transferred in vivo, consistent with previous observations with
vaccine-induced serum. Therefore, it is difficult to assess the
relevance of these, and other, in vitro observations to the
effects of antibodies in vivo. Since B. bronchiseptica is both
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closely related to and the apparent progenitor of both human
pathogens, it may be that understanding the mechanism(s)
involved in antibody-mediated clearance of B. bronchiseptica
will reveal the pathways that are blocked or avoided by B.
pertussis and B. parapertussis.
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