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Background. Vaccine development has largely focused on the ability of vaccines to reduce disease in individual
hosts, with less attention to assessing the vaccine’s effects on transmission between hosts. Current acellular vaccines
against Bordetella pertussis are effective in preventing severe disease but have little effect on less severe coughing
illness that can mediate transmission.
Methods. Using mice that are natural host’s of Bordetella bronchiseptica, we determined the effects of vaccination on shedding and transmission of this pathogen.
Results. Vaccination with heat-killed whole-cell B. bronchiseptica or B. pertussis inhibited shedding of B. bronchiseptica. Differences in neutrophil and B-cell recruitment distinguished sham-vaccine from whole-cell–vaccine
responses and correlated with shedding output. Both B and T cells were essential for vaccine-induced control of
shedding. Adoptive transfer of antibodies was able to limit shedding, while depletion of CD4+ T cells led to increased
shedding in vaccinated mice. Finally, whole-cell vaccination was able to prevent transmission, but an acellular vaccine that effectively controls disease failed to control shedding and transmission.
Conclusions. Our results highlight discrepancies between whole-cell and acellular vaccination that could contribute to the increased incidence of B. pertussis infection since the transition to the use of acellular vaccination.
Bordetella; Vaccination; Transmission.

The incidence of whooping cough, once a common and
deadly childhood disease, was greatly reduced following
the introduction of whole-cell vaccines in the late 1940s
[1]. However, concern about their side effects led to a
transition to acellular vaccines in the 1980s [2]. Subsequently, the incidence of whooping cough has increased
to levels 50-fold higher than the all-time low in the United States, in 1976 [3]. In many countries, even those with
high vaccine coverage, B. pertussis continues to spread
and cause periodic epidemics [4–9], raising questions
about the effects of vaccines on the spread of disease.
Acellular vaccines provide protection against the
most severe forms of whooping cough but are less

Received 24 September 2013; accepted 2 January 2014; electronically published
16 January 2014.
Correspondence: Eric Harvill, PhD, Department of Veterinary and Biomedical Sciences, The Pennsylvania State University, 115 Henning Bldg, University Park, PA
16802 (harvill@psu.edu).
The Journal of Infectious Diseases 2014;209:1981–8
© The Author 2014. Published by Oxford University Press on behalf of the Infectious
Diseases Society of America. All rights reserved. For Permissions, please e-mail:
journals.permissions@oup.com.
DOI: 10.1093/infdis/jiu030

effective against B. pertussis infections associated with
milder forms of coughing illness [1, 4]. Consequently,
there is debate about whether acellular vaccines induce
the most effective type of immune response to protect
vaccinated individuals and prevent the spread of disease
[10]. Both whole-cell and acellular vaccines are able to
generate high levels of antibodies towards the bacterial
components present in each. But only the whole-cell
vaccine efﬁciently activates T-helper type 1 (Th1) cells
that generate an effective interferon γ (IFN-γ) response
that is important in the control and clearance of B. pertussis infection [11, 12]. Acellular vaccination creates a
largely Th2 and Th17 response that is less effective in
animal models, potentially explaining the increased incidence coinciding with the switch to acellular vaccines
[10, 12]. To date, these analyses have been limited to
studies within individuals. However, the observed differences in response would also be expected to affect
the inﬂammatory response that could contribute to
symptoms such as coughing and sneezing, the primary
mechanisms of transmission of B. pertussis. Therefore,
the different effects of the 2 vaccines could also
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University (number 40029). All animals were anesthetized
using isoﬂurane or euthanized using carbon dioxide inhalation,
to minimize animal suffering.
Mice

C57/B6, C3/HeJ, MµMT−/−, and TCRβδ−/− mice aged 4–6
weeks were obtained from The Jackson Laboratories and maintained in our speciﬁc-pathogen-free facility.
Vaccination

Liquid cultures were grown to 1 × 109 colony-forming units
(CFUs)/mL. Bacteria were heat killed at 65°C for 30 minutes.
Vaccinated mice were intraperitoneally injected with sham
vaccine ( phosphate-buffered saline [PBS]), 2 × 108 heat-killed
bacteria in 200 µL of PBS (referred to hereafter as whole-cell
vaccine), or Adacel (referred to hereafter as acellular vaccine;
Sanoﬁ Pasteur) at one-ﬁfth the human dose on days 0 and 14.
Challenge occurred on day 35 after initial vaccination.
Bacterial Strains

B. bronchiseptica strain RB50 [16] and B. pertussis strain 536
[17] were maintained on Bordet-Gengou agar with 10%
deﬁbrinated sheep blood (Hema Resources) and 20 µg/mL
streptomycin (Sigma-Aldrich). Liquid cultures were grown in
Stainer-Scholte broth at 37°C to mid-log phase.
Inoculation

Inocula were prepared from mid-log phase liquid cultures. Cultures were diluted to 3 × 104 CFUs/mL. Mice were anesthetized
with 5% isoﬂurane in oxygen, and a 5-µL droplet was placed on
nares for infection.
Flow Cytometry

A total of 10 mL of PBS was used to perfuse systemically. Nasal
bones were excised and placed in 1 mL of Dulbecco’s modiﬁed
Eagle’s medium (5% fetal bovine serum [FBS] plus 1 mg/mL
collagenase D [Roche]). Samples were incubated for 45 minutes
at 37°C and passed through a 70-µm mesh screen to form a single-cell suspension. Samples were resuspended in 200:1 Fc
Block (BD Biosciences) in PBS plus 2% FBS and incubated on
ice for 20 minutes. Cells were incubated in the following antibodies in PBS plus 2% FBS: anti-CD45:V500 (BD Bioscience),
anti-CD11b:Horizon V450 (BD Bioscience), anti-Ly6G: APCCy7 (BD Bioscience), anti-CD11c:Fitc (BD Bioscience), AntiF480:PE-Cy7 (E Bioscience) Anti I-Ad:PE (E Bioscience),
anti-CD3:APC (E Bioscience), anti-CD19:PerCP (BioLegend).

MATERIALS AND METHODS
Quantiﬁcation of Bacteria
Ethics Statement

This study was performed in accordance with the Guide for the
Care and Use of Laboratory Animals of the National Institutes
of Health. The protocol was approved by the Institutional Animal Care and Use Committee at The Pennsylvania State
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Shedding of bacteria was determined by swabbing the external
nares with a Dacron-tipped swab (VWR) for 15 seconds. Swabs
were placed into 1 mL of PBS and vortexed, whereas tissues
were harvested and manually homogenized in 1 mL of PBS before being cultured on Bordet-Gengou agar.
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contribute to the observed increase in incidence by affecting the
transmission of B. pertussis, although these effects have not
been measured experimentally.
Detailed molecular studies of Bordetella pathogenesis have
been performed in the mouse model, because of its simplicity
and reproducibility, and ﬁndings have been consistent with
those from the limited work done in humans and other animals
[1, 13]. In many cases, Bordetella bronchiseptica, a closely related
subspecies of B. pertussis that naturally infects a wide range of
mammalian hosts, including humans and mice, has been used
as a model system to study the infectious process [1, 14]. Since B.
bronchiseptica naturally infects mice, both interactions between
bacterial factors and host immune functions can be probed to
the molecular level during the infectious process. These infection models have focused on the interactions between bacteria
and an experimentally inoculated host, largely avoiding the deﬁning characteristic of infectious disease: transmission. To overcome this limitation, we have recently developed a transmission
system in mice, in which we have demonstrated the importance
of innate immune activity regulated by Toll-like receptor 4
(TLR4) in limiting the transmission of B. bronchiseptica [15].
Defects in TLR4 led to an increase in both the infectiousness
of the infected individual (ie, shedding) and the susceptibility
of the host (ie, colonization of susceptible mice) in this
model. Importantly, this work has provided an experimental
system in which transmission can be studied experimentally, allowing direct measurement of the effects of vaccines on various
aspects that contribute to transmission.
In this study, we examine the effects of vaccination on transmission and examine the immune mechanisms involved in
these effects. Consistent with expectations, whole-cell vaccines
(involving either B. pertussis or B. bronchiseptica) induce an immune response that limits shedding and blocks transmission
from inoculated index cases. Both memory CD4+ T cells and
antibodies are implicated in the control of shedding. Wholecell vaccination was effective in limiting the shedding and infectivity of B. bronchiseptica, while acellular vaccination was less
effective. Together these results suggest that the resurgence of
B. pertussis could be due to 2 deﬁciencies of the acellular vaccines: failure to protect the vaccinated individual from infection,
only blunting the severity of disease, and failure to prevent the
transmission of B. pertussis. The different effects of vaccines on
individual and herd immunity should be important considerations for the next generation of B. pertussis vaccines.

Adoptive Transfer

For adoptive transfer, C57/B6 mice were vaccinated, and serum
was collected on day 28 after death from vaccinated or naive
mice. A total of 200 µL of vaccine-induced serum or naive
serum was injected intraperitoneally into MµMT−/− mice directly before challenge with B. bronchiseptica.
Depletion of CD4+ T Cells

CD4+ T cells were depleted by intraperitoneal injection of
0.5 mg of monoclonal antibody from the GK1.5 hybridoma [18]
24 hours before inoculation and every other day thereafter
until completion of the time course (day 21).
Antibody Detection

Transmission Studies

To determine transmission, a vaccinated single mouse (index)
was inoculated and placed in a cage containing 3 susceptible animals. To monitor transmission, susceptible mice were swabbed
every other day for detection of shedding until completion of
the time course. Observed shedding was counted as a transmission event on the day detected and was conﬁrmed by dissection
and culture of the nasal cavity tissue on day 21 (limit of detection, 5 CFUs).
Statistical Analysis

Time-course analysis was analyzed by ﬁt to a generalized linear
model (GLM) to determine the effect of treatment over the time
course. The effect at individual time points was determined by
analysis of variance, using a Tukey simultaneous test for signiﬁcance. Minitab, version 16, was used for all analyses.
RESULTS
Whole-Cell Vaccination Reduces Shedding

To determine whether vaccination affects shedding of bacteria
from the nares, groups of C57/B6 mice were vaccinated with
whole-cell B. bronchiseptica or sham vaccine. Thirty-ﬁve days
after initial vaccination, mice were challenged with 150 bacteria
in 5 µL of PBS. External nares were swabbed to quantify
shedding periodically over a 3-week period after challenge.
Sham-vaccinated mice shed 10 to 1000 bacteria at each time
point sampled between days 6 and 14, with numbers peaking
on day 8. Whole-cell vaccination decreased bacterial shedding
by >90% (P ≤ .01) during the peak period of shedding and
throughout the time course (GLM; F(10,66) = 4.49; P < .001;
Figure 1A). To determine whether the decrease in shedding
was due to reduced bacterial colonization, groups of similarly

Figure 1. Vaccination affects Bordetella bronchiseptica shedding but
not colonization. A, Groups of 4 whole-cell (♦) or sham-vaccinated (▪)
mice were challenged, and shedding was detected by swabbing the external nares for 15 seconds throughout the infectious course. B, Nasal cavity
colonization was quantiﬁed on days 3, 7, and 21 after challenge. Symbols
represent the mean colony-forming units (CFUs) + 1 (± standard error of the
mean). *P ≤ .05.

treated mice were euthanized on days 3, 7, and 21. Surprisingly,
the bacterial burdens in the nares of whole-cell–vaccinated and
sham-vaccinated mice were indistinguishable (Figure 1B). Together these data suggest that vaccination affects shedding by
some mechanism other than reducing bacterial numbers.
Immune Cell Recruitment Correlates With Shedding Output

The immune response can affect symptoms that are known to
contribute to shedding and transmission, such as coughing and
sneezing. Vaccination, which can lead to rapid activation of immune components at the site of infection, could affect shedding
in multiple different ways. To understand the effects of vaccination on the nasal cavity leukocyte response, nasal cavities of
B. bronchiseptica inoculated sham- or whole-cell–vaccinated
C57/B6 mice were analyzed at the peak of shedding, on day 7,
by ﬂow cytometry. Signiﬁcant changes in the total leukocyte
population were observed in whole-cell–vaccinated mice as
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For detection of B. bronchiseptica–speciﬁc antibodies, mice
were euthanized, and 100 µL of PBS was washed through the
nasal cavity several times and then analyzed by enzyme-linked
immunosorbent assay, using secondary antibodies for mouse
immunoglobulin.

compared to sham-vaccinated mice. Signiﬁcant increases in the
percentage of B cells (P ≤ .01) and decreases in the percentage
of neutrophils (P ≤ .01) were observed in the nasal cavity of
whole-cell–vaccinated mice (Figure 2). To determine whether
these changes correlate with the shedding output of mice, shedding from each mouse was determined before it was euthanized.
Increases in numbers of B cells within the nasal cavity correlated with the decrease in shedding observed in vaccinated animals
(P = .074), whereas increased neutrophil recruitment correlated
to increased shedding output (P < .05; Figure 3). These results
suggest that vaccination alters the recruitment of immune
cells, making the environment less conducive to shedding of
B. bronchiseptica.
Vaccines Induce Adaptive Immunity That Limits Shedding

The immune memory generated by vaccination is mediated by
B and T cells, which are important in directing an immune response that ultimately controls and clears the infection, but the
distinct roles of B and T cells during shedding are not deﬁned.
Sham-vaccinated mice shed larger numbers of bacteria earlier
in infection, but those numbers decreased to near the limit of
detection on day 14. On the basis of their role in regulating inﬂammation, we hypothesized that memory CD4+ T cells play an
important role in this reduction in shedding over time and in
the vaccine-induced reduction in shedding. To determine
whether T cells are involved in the effect whole-cell vaccination
has on shedding, we compared wild-type (C57/B6) mice and T
cell-deﬁcient (TCRβδ−/−) mice. As before, vaccination of C57/
B6 mice was effective at reducing shedding throughout the time
course (Figure 4A). However, vaccination did not reduce shedding in TCRβδ−/− mice throughout the time course (GLM;
F(10,66) = 3.48; P = .001). Whole-cell vaccination of TCRβδ−/−
1984
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Figure 3. Recruitment of B cells and neutrophils correlates with shedding output during Bordetella bronchiseptica infection. Groups of 4 wholecell B. bronchiseptica–vaccinated (□) or sham-vaccinated (▪) mice were
swabbed on day 7 after inoculation, and bacteria shed was plotted as a
function of nasal cavity neutrophil (A) or B cell (B) percentages. C, Shedding is plotted as a function of the number of neutrophils per milliliter of
blood. Abbreviation: CFU, colony-forming unit.

mice failed to limit shedding even after day 14, indicating that
T cells are important in the control of shedding in naive animals. To look speciﬁcally at the function of CD4+ T cells,
whole-cell vaccinated wild-type mice were administered an isotype control or an anti-CD4 antibody before challenge and
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Figure 2. Vaccination alters the recruitment of B cells and neutrophils to
the nasal cavity during Bordetella bronchiseptica infection. Four whole-cell
or sham-vaccinated mice were assayed 7 days after challenge with B. bronchiseptica. Neutrophil, macrophage, and B-cell numbers in the nasal cavity
were quantiﬁed by ﬂow cytometry. Bars represent mean ± standard error.
*P ≤ .05.

throughout the time course. Depletion of CD4+ T cells in
whole-cell–vaccinated mice increased shedding, as compared to
mice given an isotype control (GLM; F(7,112) = 1.88; P = .079;
Figure 4B). Depletion of CD4+ T in whole-cell-vaccinated
mice resulted in shedding similar to those of sham-vaccinated
mice (Figure 1A).
To evaluate the effects of B cells recruited to the site of infection on the control of shedding, mice lacking B cells (MuMT−/−)
received whole-cell vaccine and were compared to C57/B6
whole-cell–vaccinated mice. Vaccinated mice lacking B cells
shed higher numbers of bacteria than wild-type–vaccinated
mice from day 9 through at least day 21.
(GLM; F(10,66) = 2.90; P = .005; Figure 4C). The whole-cell
vaccine induced an increase in anti–B. bronchiseptica immunoglobulin antibody titers within the nasal cavity of vaccinated
mice, compared with sham vaccine (Supplementary Figure 1).
To determine whether antibodies alone were sufﬁcient to control shedding, antibodies induced by whole-cell vaccine were

adoptively transferred into naive MuMT−/− mice before challenge. Adoptive transfer of vaccine-induced immune serum decreased shedding throughout the time course, compared with
adoptively transferred naive serum (GLM; F(10,162) = 2.16;
P = .022; Figure 4D), indicating that antibodies play an important role in the control of shedding. Together these results indicate that altered host response guided by antibodies and
memory CD4+ T cells can limit the successful shedding of B.
bronchiseptica.
Acellular Vaccination Fails to Inhibit Shedding

Although most of the world still uses whole-cell vaccines, they
are no longer used in countries such as the United States, which
now exclusively uses acellular vaccines that are known to induce
different immunity than whole-cell vaccines. To experimentally
test the effects of an acellular vaccine on shedding, we used a
commercially available B. pertussis acellular vaccine, Adacel.
Four of the 5 antigens in Adacel are highly conserved and
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Figure 4. Adaptive immune components limit shedding of Bordetella bronchiseptica during infection. A, Groups of 4 whole-cell–vaccinated C57/B6 (♦)
or TCRβδ−/− (▪) mice were inoculated, and shedding was detected throughout the infectious course. B, Depletion of CD4+ T cells from groups of 5 wholecell–vaccinated C57/B6 mice. C, Groups of 4 whole-cell–vaccinated C57/B6 (♦) or MµMT−/− (▪) mice were inoculated, and shedding was detected throughout the infectious course. D, Adoptive transfer of whole-cell–induced serum (▪) or naive serum (♦) to groups of 8 MµMT−/− mice; shedding was detected
throughout the infectious course. Symbols represent the mean colony-forming units (CFUs) + 1 (± standard error of the mean) of B. bronchiseptica. *P ≤ .05.

expressed in both B. pertussis and B. bronchiseptica (Pertacin,
Fim 2 and 3, and ﬁlamentous hemagglutinin). Previous studies
show that Adacel is effective at controlling disease caused by
B. bronchiseptica [19] and induces anti–B. bronchiseptica antibodies (Supplementary Figure 2). Mice were vaccinated and
boosted as before with either sham, whole-cell B. bronchiseptica
vaccine, whole-cell B. pertussis vaccine, or the acellular Adacel
vaccine and challenged 35 days after the initial vaccination.
Sham-vaccinated mice shed 10 to 1000 bacteria at each time
point sampled between days 6 and 14 (Figure 5), as reported
above (Figure 1). Vaccination with whole-cell B. pertussis or
whole-cell B. bronchiseptica reduced shedding by >90% on
day 8 (P ≤ .05). In contrast, acellular vaccination did not signiﬁcantly affect shedding in C57/B6 mice (Figure 5) or C3/HeJ
mice (Supplementary Figure 3). These ﬁndings highlight important differences in vaccines that could dramatically affect
transmission rates.
Whole-Cell Vaccination Controls Transmission

Based on the discrepancy between the effects of vaccines
on shedding, their effects on transmission were determined
using our recently developed transmission model in C3/HeJ
(TLR4-deﬁcient) mice [20]. Sham-, whole-cell–, or acellularvaccinated mice were inoculated with B. bronchiseptica (index
mice) and placed in cages with naive, unvaccinated mice
(susceptible mice). Susceptible mice were then monitored via
swabbing to determine when transmission events occurred.
Sham-vaccinated mice readily transmitted to 6 of 8 exposed
cage mates within 21 days, with the majority of transmissions
occurring before day 14 (Figure 6). Vaccination of index mice
1986
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Figure 6. Whole-cell vaccination but not acellular vaccination is effective at controlling transmission to susceptible mice. Percent transmission
of Bordetella bronchiseptica to susceptible mice after cohousing is compared for mice previously vaccinated with whole-cell vaccine, acellular
vaccine, or phosphate-buffered saline (sham). Transmission events were
determined by observation of shedding from susceptible mice.

with whole-cell B. bronchiseptica vaccine was effective at inhibiting transmission to secondary mice, as 0 of 8 exposed secondary mice became colonized. Vaccination with acellular Adacel,
however, was less effective at controlling transmission to secondary mice, with 3 of 8 exposed mice becoming colonized relatively early in the time course (Figure 6). Together the results
demonstrate that vaccination can substantially affect transmission to exposed animals. Furthermore, these results identify potentially important differences between whole-cell and acellular
vaccines in an experimental model that could be used to develop vaccines that induce both individual and herd immunity by
preventing transmission.

DISCUSSION
The rapid decline in whooping cough clinical cases after the introduction of the whole-cell vaccine suggested that herd immunity played some role in its decline. However, it has been
suggested that whole-cell and acellular pertussis vaccines do
not provide herd immunity, as cases increased signiﬁcantly
after vaccine scares in countries such as the United Kingdom
[21]. Recent clinical observations conversely point to shortlived immunity created by the acellular vaccine as having drastic
effects on the rates of the disease [22, 23]. Clinical studies conducted in cohorts from Australia during the transition to acellular vaccines determined that receiving an initial whole-cell
vaccine had signiﬁcant effect on reducing the incidence of pertussis, compared with receiving only the acellular vaccine [24].
Furthermore, recent clinical data have suggested that adolescent
boosting effects the rate of whooping cough hospitalizations in
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Figure 5. Acellular vaccination is ineffective at inhibiting shedding during Bordetella bronchiseptica infection. Groups of 4 mice vaccinated with
whole-cell B. bronchiseptica, whole-cell B. pertussis, acellular vaccine
(Adacel), or phosphate-buffered saline (sham) were challenged, and shedding of B. bronchiseptica was detected throughout the infectious course.
Symbols represent the mean colony-forming units (CFUs) +1 of B. bronchiseptica (± standard error of the mean).*P ≤ .05.

model similarly show that acellular whooping cough vaccines
only blunt the severity of disease within individuals, failing to
inhibit transmission [30]. Using this mouse model, future studies can determine what immune components whole-cell vaccines are activating to control transmission and why acellular
vaccines are unable to. Similarly, new vaccine targets and adjuvants can be assessed for their effects on pathology, as well as on
shedding and transmission.
Pathogens are known to manipulate the host response to beneﬁt their ﬁtness. Salmonella enterica serotype Typhimurium
stimulates an inﬂammation response to compete with other
host microbiota and enhance its transmission [31]. Immune
regulation by either the host [32] or the pathogen [33] can
have important effects on shedding. Memory CD4+ cells have
been shown to reduce neutrophil inﬁltration during persistent
S. Typhimurium infection, in which CD4+ T cell exhaustion
can trigger release of large numbers of the pathogen in the
feces of mice [34]. Our ﬁndings suggest that CD4+ T cells
play an important role in controlling shedding, likely by their
effects on the inﬂammatory response. Previous studies have
shown that immune sera is sufﬁcient for clearing B. bronchiseptica from the lower respiratory tract but not the upper respiratory tract of mice [35]. Here we observe an increase in B.
bronchiseptica–speciﬁc antibodies within the nasal cavity of
mice but little effect of those antibodies on colonization.
Those antibodies, however, do have an effect on the shedding
of B. bronchiseptica from the nares of mice, likely by helping
to control inﬂammation [36, 37].
Cases of Bordetella-related coughing illnesses are increasing.
There are several theories as to why this is occurring, from
vaccine-driven antigenic shift to inefﬁcient vaccine response.
The data presented here support an alternative explanation:
current vaccines do not effectively prevent transmission of
Bordetella and thus fail to confer the full beneﬁts of herd
immunity in reducing clinical cases. Despite acellular vaccination being able to protect the majority of individuals from
severe disease, increases in whooping cough cases coincide
with the increased use of acellular vaccines beginning in the
1980s. It is possible that the effects of acellular vaccination
could mask symptoms to allow infected individuals to
act as unsuspecting reservoirs for potential spread to moresusceptible individuals. Importantly, full implementation of
acellular-only vaccination began relatively recently, in the
1990s. Therefore, the proportion of the population that has
only received the acellular vaccine will continue to rise for several years to come, raising the possibility that we may observe
further increases in whooping cough cases.
Supplementary Data
Supplementary materials are available at The Journal of Infectious Diseases
online (http://jid.oxfordjournals.org/). Supplementary materials consist of
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infants, although the study did not distinguish between adolescents initially vaccinated with whole-cell or acellular vaccines
[25]. These ﬁndings suggest that whole-cell vaccines provide
improved priming and longer immunity that ultimately affects
the incidence of whooping cough cases. Here we suggest an experimental mechanism in which current vaccines prevent disease but are less effective than their whole-cell counterparts at
reducing transmission rates.
Ultimately, control of whooping cough is dependent on understanding the transmission mechanisms of Bordetella in naive
and immune populations. Currently, both human and baboon
experimental models lack the powerful immunological tools of
the mouse model and therefore cannot similarly probe the immunological mechanisms involved in the effects of vaccination
of transmission [26]. Understanding these mechanisms is necessary before there can be rational design of improved vaccines
and therapeutic interventions to block transmission.
Although whole-cell vaccination did not reduce bacterial
numbers, it prevented transmission of B. bronchiseptica, decreasing both the intensity and duration of shedding from infected animals. The adaptive immune response generated by
whole-cell vaccination altered the recruitment of speciﬁc immune cell types to the site of infection. Reduced shedding
from whole-cell vaccinated mice corresponded with an inﬂux
of B cells to the site of infection. Shedding intensity increases
correlated with increased neutrophil inﬁltrate; vaccination reduced neutrophil numbers and shedding of bacteria. B cells
were required for vaccine-induced reduction of shedding, and
adoptive transfer of whole-cell induced antibodies was sufﬁcient
to reduce shedding. Cell depletion of CD4+ T cells demonstrated that these cells that control recruitment and inﬂammation
are also an important component in the control of shedding.
We were surprised to determine that an acellular vaccine previously found to affect pathology and colonization of the lungs
was ineffective at inhibiting shedding and transmission. This
ﬁnding has important implications and could partly explain
the recent rise in the incidence of whooping cough cases.
Adaptive immunity plays an important role in controlling
shedding past day 14 in unvaccinated animals (Figure 1). The
type of immune responses induced by different vaccines affect
the outcome of infection. A Th1 response is characteristic of
whole-cell vaccination [27]. IFN-γ secretion during a Th1 response can lead to the activation of phagocytic cells clearing infection of B. pertussis [28]. Acellular vaccination, however,
induces a Th2 response characterized by interleukin 4 secretion
and a strong antibody response [29]. The largely Th2 response
generated by acellular vaccines has been hypothesized to lower
efﬁciency, compared with the largely Th1 whole-cell vaccines
[10]. On the basis of the important role of this cell type in
our mouse model, we hypothesize that the whole-cell vaccination–induced Th1 response is also responsible for the control of
shedding. Results from a recent vaccine study in the baboon
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