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Bordetella pertussis is the causative agent of pertussis or whooping cough. This bacterium is a human patho-
gen that under experimental conditions also infects selected rodents and primates. Here, we show for the first
time that newborn piglets can be infected with B. pertussis when it is delivered intrapulmonarily. Infected pig-
lets displayed fever and respiratory symptoms, such as nasal discharge, nonparoxysmal coughing, and breath-
ing difficulties. Eventually, all infected animals developed severe bronchopneumonia, which in some cases was
combined with a fibrinous pleuritits. Inmunohistochemical staining revealed the presence of large numbers of
B. pertussis cells within airways, adhering to the epithelial lining or phagocytosed by macrophages and neu-
trophils. Viable bacteria were reisolated from bronchoalveolar lavages and lung lesions for more than 10 days
postinfection. The systemic presence of pertussis toxin was shown by hypoglycemia, lymphocytosis, and in-
duction of a clustered pattern of CHO cells by serum and bronchoalveolar lavage samples. Thus, a large-
animal model for pertussis was developed, which should complement existing rodent models for identifying the
immune responses relevant to the design of new vaccines. In particular, this model should help researchers
analyze the roles of both maternal and mucosal immunity in disease protection against pertussis and should

ultimately assist in the design of new vaccines for early life protection.

Pertussis is a severe respiratory disease caused by the gram-
negative bacterium Bordetella pertussis. Occasionally, infection
with Bordetella parapertussis causes pertussis-like syndromes.
Although this disease mainly afflicts young children worldwide,
it is increasingly being recognized as a significant respiratory
disease in adults (4, 19, 50). After an incubation phase, human
pertussis begins with a catarrhal phase with symptoms typical
of an upper respiratory infection. This is followed by attacks of
paroxysmal coughing often associated with apnea and hypox-
emia, although only a mild persistent cough may occur in older
individuals. Complications such as pneumonia and broncho-
pneumonia may result, which often have a fatal consequence in
young infants (51). Pertussis is more prevalent in developing
countries, ranking fifth as a cause of global mortality due to
infectious diseases (42). In recent years, however, interest in
pertussis has emerged even in developed countries because of
a resurgence of the disease (41, 50). Despite increasingly high
vaccination rates among infants and children, the disease still
afflicts up to 40 million children worldwide, with an annual
death toll of 400,000 (50). In fact, the incidence of pertussis in
some countries has been reported to have steadily increased
since the 1980s (20, 41, 50).

B. pertussis, B. parapertussis, and Bordetella bronchiseptica
are closely related bordetellae which can cause similar diseases
in the upper respiratory tract. However, their host ranges vary
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significantly. While B. pertussis under natural conditions infects
only humans, B. parapertussis strains can be classified into two
groups, one infecting only humans and the other infecting only
sheep (45). In contrast, B. bronchiseptica causes respiratory
infections in a wide range of birds and mammals, including pigs
(13), but only rarely infects humans (45, 49). Comparative ge-
nomic studies suggest that all bordetellae evolved from a com-
mon B. bronchiseptica-like ancestor. B. pertussis and B. para-
pertussis, however, adapted to more restricted host niches,
which most likely was accomplished through a loss of functions
that allowed these species to more effectively infect humans
and sheep (5, 33). Under experimental conditions, however,
both B. pertussis and B. parapertussis can infect other species.
Thus, rodents, particularly mice, have been used to study per-
tussis, and in a few studies primates have been used. In con-
trast, the use of large-animal models, which might be more
appropriate for human pertussis, has largely been ignored.
The pathogenesis of pertussis is exceptionally complex, and
while many potential virulence factors have been described,
the basis of protective immunity is still poorly understood.
Natural infection results in potent induction of both humoral
and cell-mediated immunity, which provides relatively long-
lived protection against subsequent infection (29). Especially
the induction of CD4" T cells and the production of Thl-like
cytokines are believed to be required for optimal disease pro-
tection (23, 29, 37). Vaccination with either whole-cell pertus-
sis vaccines (WP) or acellular pertussis vaccines (aP) has sig-
nificantly decreased the incidence of the disease worldwide
(6). Interestingly, these vaccines induce different types of
responses. Vaccination with wP induces an immune response
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with a Th-1 bias, whereas aP induces a response with a Th-2
bias (29). Current vaccination strategies are based on multiple
parenteral immunizations during the first 6 months of life, but
because of the failure to induce mucosal immunity, possible
interference with maternal antibodies, and the Th2 bias in the
newborn these vaccines still leave the infant less than 6 months
old at highest risk of infection (50% of pneumonia cases [4]).
Thus, improved vaccination strategies that can overcome these
challenges are required, including the development of mucosal
vaccines and maternal immunization as potential means of pro-
tection. A major obstacle for analyzing these new strategies, how-
ever, is the lack of suitable animal models. Here, we present a new
disease model in newborn piglets, which resemble the human
infant much more closely. The respiratory tract of newborn pig-
lets has anatomical and immunological features that are more
akin to those of humans than to those of rodents (26, 34). Fur-
thermore, in pigs large amounts of immunoglobulin A (IgA) and
IgG are transferred via colostrum and milk to the offspring and
subsequently are transported to the mucosal surfaces via a
highly similar secretion pathway. Thus, the pig represents a
very valuable model for analyzing the role of maternal immu-
nity in protection against pertussis. This model ultimately
should lead to a better understanding of protective immunity
and the development of more effective vaccines for the human
infant.

MATERIALS AND METHODS

Bacterial culture. Bacterial suspensions of strain Tohama I were stored at
—70°C in Casamino Acids plus 10% glycerol. Organisms were initially grown on
the surface of Bordet-Gengou (BG) (Becton, Dickinson and Company, United
States) agar containing 15% (vol/vol) defibrinated sheep blood and 40 wg/ml of
cephalexin (Sigma-Aldrich, United States) at 37°C for 48 h. After incubation,
heavy inocula of bacteria were transferred to Stainer-Scholte (SS) medium and
grown aerobically at 37°C for 48 h either as liquid cultures at 250 rpm in a
Thermo Forma shaker or as BG agar plate cultures. Bacteria were harvested
from BG agar plates by scraping them off and resuspending them in SS medium.
Bacteria were collected by centrifugation at 2,500 X g for 10 min. The pellets
were resuspended in phosphate-buffered saline without Mg>* and Ca®* (PBSA)
(pH 7.2) and adjusted to the appropriate optical density at 600 nm using a
spectrophotometer (Ultrospec 3000; Pharmacia Biotech, United Kingdom). The
bacterial suspension (50% from liquid culture and 50% from BG agar plates) was
kept on ice until it was used for challenge. The corresponding viable counts of the
bacterial suspensions were determined by plating serial dilutions of the suspen-
sions onto BG agar plates and incubating the plates at 37°C for 4 to 5 days.

Preparation of agar beads. Microscopic agarose beads containing viable bac-
teria were prepared by mixing B. pertussis suspensions with molten 2% ion agar
(Oxoid Ltd.) as previously described by Woods et al. (15, 48). Melted 2% ion
agar in PBS (pH 7.0) was kept at 50°C, and an appropriate amount of a bacterial
suspension in PBS was slowly added to obtain a final concentration of approxi-
mately 5 X 10° CFU B. pertussis/ml melted agar. Olive oil warmed at 50°C was
vigorously stirred with a magnetic spin bar before a bacterial suspension was
added to it. The oil-agar mixture was then rapidly cooled on ice. Beads were
washed three times in PBS to remove excess oil. Control animals were inoculated
with beads without bacteria.

In vitro growth inhibition assays. Piglets, either 4 to 5 weeks old or newborn
(colostrum deprived and colostrum fed), were euthanized, and bronchoalveolar
lavages (BALs) were collected in SS medium. Alveolar macrophages and other
cells were removed by centrifugation at 500 X g for 10 min before the assay was
performed. BALs (290 wl) were cocultured in microtiter plates with 10 ul of
bacteria (5 X 10° to 7 X 10° CFU) at 37°C for 6, 12, 24, and 48 h. At different
times an incubated BAL was plated onto BG agar plates to evaluate the number
of viable bacteria following incubation at 37°C for 4 to 5 days.

CHO cell assay. The Chinese hamster ovary (CHO) cell assay was performed
by the method of Hewlett et al. (17). CHO cells (ATCC CCI 61) grown to
confluence were trypsinized and diluted in RPMI medium (Gibco, Invitrogen
Corporation) supplemented with 10% fetal bovine serum and 1% antibiotic-
antimycotic (Sigma Aldrich) to obtain a concentration of 3.0 X 10* cells per ml.
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A 250-pl portion of the suspension was added to each well of a flat-bottom
microtiter plate. After incubation for 24 h at 37°C to allow attachment and
stabilization of cells in the plates, 25 or 50 wl of BAL or serum of piglets was
added to duplicate wells. Live bacteria were used as a positive control. PBSA,
BAL, and serum from noninfected piglets were used as negative controls. After
24 h of incubation at 37°C in a CO, incubator, the clustering effect of test samples
was examined under an inverted microscope by different observers. The cluster-
ing was scored as no effect, some effect, or positive response.

Animals. Pregnant Landrace sows were purchased from the Saskatoon Prairie
Swine Centre, University of Saskatchewan. Sows were induced to farrow by
intramuscular injection of prostaglandin (Planate; Schering, Quebec, Canada) at
day 113 of gestation. All piglets were kept in the same room but in separated
pens and were monitored very closely. Weaned piglets were purchased at an age
of 25 days and after adjustment were infected at 30 days of age. Animals were
seronegative and culture negative for B. bronchiseptica. All experiments were
conducted in accordance with the ethical guidelines of the University of Sas-
katchewan and the Canadian Consul of Animal Care.

Intrapulmonary challenge of piglets. A Micro-Renathane tube (size 0.95;
Braintree Scientific Inc., United States) was sealed at the bottom end, and small
holes were made for equal distribution of bacteria inside the lung. Piglets were
anesthetized with isoflurane and intubated using a laryngoscope and an endo-
tracheal tube (3 mm; Jorgensen Laboratories Inc., Loveland, CO). The Micro-
Renathane tube was inserted through the endotracheal tube, and bacteria were
delivered through the tube at a level of 1.5 ml/lung craniodorsal to the bronchial
bifurcation. Control groups received either the same number of heat-inactivated
bacteria (inactivated by heating at 56°C for 60 min) or PBS.

Postchallenge physiological measurements. Animals were monitored daily,
clinical symptoms such as fever, coughing, and respiratory problems were noted,
and the pattern of weight gain and loss was recorded. In addition, piglets were
bled every 2 days, and the total circulating leukocytes were counted (Cell Din
3500; Abbott Diagnostics, United States). Serum glucose levels were determined
by the hexokinase method (Roche/Hitachi 704/911/912; Roche Diagnostics
GmbH, Germany) at Prairie Diagnostic Services, University of Saskatchewan.

Postmortem investigation. Piglets were euthanized by intraperitoneal injection
of Euthanyl (sodium barbiturate; Bimeda-MTC, Ontario, Canada) at different
times over a 21-day period postchallenge. The thoracic and abdominal cavities
were opened and examined. The lungs were examined, and any lesions and
abnormalities, such as pleuritis or local accumulations of blood and fluids in the
thorax, were noted.

Quantification of bacteria from the lungs. The lungs were removed following
euthanasia, and the extent of pathological changes was determined macroscop-
ically. The number of bacteria in the BAL and lesions was examined over a
21-day period. The BAL fluid was obtained by filling the lungs with 15 ml of SS
medium and withdrawing as much fluid as possible (this procedure was per-
formed once). To quantify B. pertussis in the BAL, fluid samples were centrifuged
to remove debris and host cells. The supernatant and dilutions of the supernatant
were plated onto BG agar plates in duplicate and incubated at 37°C for up to 1
week. To determine the number of bacteria within the tissues, lesions were
excised, weighed, homogenized, and plated onto BG agar plates.

Histopathological and immunohistochemical staining of lung tissues. Slices of
the lung were fixed in 10% buffered formalin and processed using routine
histological procedures (Thermo Shandon tissue processor; Thermo Shandon,
Cheshire, England). The overnight process consisted of dehydration using
graded ethanol, clearing using xylene, and infiltration using Paraplast wax. The
tissues were then embedded in Paraplast wax. Five-micron-thick sections were
cut, mounted on glass microscope slides, dried for a minimum of 1 h at 65°C,
deparaffinized using xylene, and then rehydrated using graded ethanol and tap
water. For conventional light microscopy the sections were stained in a routine
manner using hematoxylin and eosin. Following dehydration and clearing, again
using graded ethanol and xylene, the stained sections were sealed with coverslips
and examined microscopically. Histopathological changes, including hemor-
rrhage, necrosis, bronchopneumonia, and pleuropneumonia, were evaluated on
a scale indicating mild, moderate, and severe damage. Immunohistochemical
staining was performed with formalin-fixed, paraffin-embedded sections by the
indirect immunoperoxidase method with dextran polymer-conjugated secondary
antibody labeled with peroxidase. In brief, after rehydration with PBS, the slides
were blocked with avidin blocking solution, washed, incubated for 15 min with
0.3% H,0, to eliminate endogenous peroxidase activity, incubated with mouse
antipertactin monoclonal antibody, washed, and incubated with a secondary
biotinylated goat anti-mouse conjugated antibody. The reaction was visualized
using a 3,3'-diaminobenzidine solution and intensified with CuSO,, and the
preparations were counterstained with Giemsa stain.
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TABLE 1. Summary of challenge experiments

No. positive/no. tested

Expt No. of Age of animals Challenge Colostrum
animals (wk) Respiratory symptoms Pathological alterations
I 12 Newborn 5% 10° CFU + 12/12 11/12
6 Newborn PBS + 0/6 0/6
I 11 Newborn 5 x 10° CFU - 11/11 11/11
6 Newborn PBS — 2/6¢ 2/6¢
I 9 Newborn 7 X 10° CFU + 9/9 9/9
5 Newborn PBS + 0/5 0/5
5 Newborn 5 X 10° CFU heat-inactivated bacteria + 0/5 0/5
v 12 4-5 5% 10° CFU + 0/12 0/12
6 4-5 PBS + 0/6 0/6
v 10 4-5 5 X 10° CFU incorporated into agar beads + 0/10 0/10
6 4-5 PBS + 0/6 0/6

“ Bacteriological and histopathological examination revealed that respiratory infection in the piglets was not caused by B. pertussis.

RESULTS

In the present study, five challenge experiments were per-
formed to infect either 3-day-old piglets (newborn piglets) or
4- to 5-week-old piglets (Table 1). All animals were intrapul-
monarily challenged with 5 X 10° to 7 X 10° CFU B. pertussis
strain Tohama I. Newborn piglets were either colostrum fed or
colostrum deprived (Table 1).

Infection of 3-day-old piglets. (i) Inhibitory effect of BALs
from uninfected animals against B. pertussis. To analyze the
bactericidal activity of BALs from uninfected animals, BALs
obtained from newborn animals were cocultured with 1 X 10°
CFU B. pertussis for 24 h (data not shown). No growth inhibi-
tion was observed with the BALs collected from either co-
lostrum-fed or colostrum-deprived newborn piglets compared
to the control wells (SS medium) after 6 h (data not shown) or
24 h of incubation at 37°C. Furthermore, uptake of colostrum
and the presence of large amounts of nonspecific secreted-IgA
and IgG antibodies in the BALs had no effect on the in vitro
growth of B. pertussis (data not shown).

(ii) Susceptibility of newborn piglets to B. pertussis and
physiological findings. Newborn piglets were challenged with
5 % 10 to 7 X 10 CFU live bacteria. This number was based
on previous studies in which 2 X 10° CFU or 2 X 10 CFU was
used for challenge infection. None of these previous doses
resulted in clinical symptoms, pathology, or isolation of bacte-
ria from the lung (data not shown). The control piglets were
divided into two groups; one group was challenged with 5 X
10° CFU heat-inactivated bacteria (56°C for 30 min), and the
other group was treated with PBS. None of the control animals
showed any clinical signs following inoculation. In contrast, all
piglets infected with live bacteria displayed clinical symptoms,
including fever and respiratory symptoms, such as nasal dis-
charge, occasional nonparoxysmal cough, and breathing diffi-
culties. Symptoms were observed as early as 2 days postchal-
lenge and were found for up to 2 weeks following challenge.

Furthermore, there was a pronounced retardation in weight
gain in infected piglets during the period of observation (data
not shown). The control animals had daily weight gains of
200 g to 400 g during the period of observation, whereas in-
fected animals lost weight for 3 days and later gained weight at
the same rate as the controls. Postmortem investigation and
macroscopic examination indicated pathological alterations,
such as hemorrhagic and necrotizing pneumonia (Fig. 1A and
B) and fibrinous pleuritis (Fig. 1D) in the lungs of challenged
piglets. In contrast, none of the control animals showed any
pathological alterations in the lung (Fig. 1C). The extent of the
lung lesions in infected piglets varied from 20% to 90% of the
infected lobe depending on the duration of infection (Fig. 1A
and B). Mortality was not seen before euthanasia, and bacteria
were not recoverable from the blood. No differences in clinical
signs or pathology were found between colostrum-deprived
and colostrum-fed animals (data not shown).

(iii) Quantification of bacteria from the BALs and lung
lesions of infected piglets. The lungs were removed, and the
BAL fluid was obtained by filling the lungs with 15 ml of SS
medium. The numbers of bacteria in the BALs (Fig. 2A) and
lung lesions (Fig. 2B) were determined over a 21-day period. In
BALs the number of isolated bacteria appeared to decrease
during infection, and bacteria could still be isolated 7 days post-
infection but not 10 days postinfection. In homogenized lung
tissues, however, the number of bacteria appeared to increase
during infection for up to 7 days postchallenge, and bacteria
could still be detected in large numbers (>10° CFU/g tissue)
even after 10 days. No bacteria could be isolated from nonal-
tered lung tissues (data not shown).

(iv) Pulmonary inflammation following infection. Histopath-
ological examination of lung tissues from piglets infected with
live B. pertussis revealed severe cellular infiltrations (neutro-
phils and macrophages) in the alveolar spaces, around the
bronchioles, and in the walls of blood vessels (Fig. 3D and 4B

FIG. 1. Gross pathology and immunohistochemical staining of infected lung tissues. (A and B) Lungs from newborn piglets infected with 5 X
10° CFU B. pertussis at 2 days (A) and 4 days (B) after the challenge infection. (C) Lung from a newborn piglet treated with 5 X 10° CFU
heat-killed B. pertussis at 2 days after treatment. (D) Severe fibrinous pleuritis in a newborn piglet infected with 5 X 10° CFU B. pertussis at 4 days
after challenge. (E to H) Immunohistochemical staining of formalin-fixed paraffin-embedded lung sections from a newborn piglet infected with 5 X
10° CFU B. pertussis at 4 days after challenge. An antipertactin antibody (BB0S; courtesy of A. Weiss) was used for detecting B. pertussis. Bacteria
were found within the lumen of the airways (E) (magnification, X400), adhering to the epithelial cells or phagocytosed by macrophages and
neutrophils (F and G) (magnification, X1,000). An isotype control (5 wg/ml) was included (H) (magnification, x400).
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FIG. 2. Isolation of B. pertussis from BALs and lung lesions of infected piglets. In each experiment two or three piglets infected with live
bacteria were euthanized at different times postinfection. (A) BALs from all animals were collected, titrated, and plated onto BG agar plates to
determine the numbers of viable bacteria in the BALs. Each bar indicates the mean for a minimum of eight animals, and the error bar indicates
the standard error of the mean. (B) Macroscopically altered tissues were collected from the center of the lesions, weighed, and homogenized. To
determine the number of CFU/g tissue, cleared supernatants were plated onto BG agar plates, and viable counts were determined. Each bar
indicates the mean for a minimum of eight animals, and the error bar indicates the standard error of the mean.

to F). This pattern was associated with severe bronchiolar
necrosis, vasculitis, alveolar hemorrhagic congestion and ne-
crosis, fibrinous alveolar exudate, edema, and focal bronchio-
lar necrosis by day 4 (Fig. 4B to F). Numerous bacteria were
also visible in the alveolar spaces. Severe subacute locally ex-
tensive hemorrhagic necrotizing pneumonia was noted, char-
acterized by severe infiltration of neutrophils and macrophages
in the alveolar spaces and in the bronchioles by day 7 (data not
shown). In addition, there was evidence of moderate hyperpla-
sia of the bronchiolar epithelium, moderate polyp formation
(bronchiolitis obliterans) in some small bronchioles, and a mild
thickening of alveolar walls and mild interlobular edema in
some areas of lung parenchyma. By day 10, suppurative and
histiocytic pleuropneumonia was characterized by extensive
necrosis, and the surrounding parenchyma was extremely cel-
lular and fibrotic. The airways within the fibrotic zone were
narrowed and filled with neutrophils, but beyond this zone
large activated macrophages were found (data not shown). By
day 15, moderate, multifocal, peribronchiolar atelectasis with
the presence of macrophages and scattered neutrophil infiltra-
tion in the alveolar spaces revealed mild chronic bronchoin-
terstitial pneumonia (data not shown). For comparison, histo-
logical alterations found in lung biopsies taken from two
children who died at 29 (Fig. 3E) or 37 (Fig. 3F) days of age
after infection with B. pertussis were included. Additionally,
lungs from a 21-day-old BALB/c mouse obtained 10 days after
challenge with 5 X 10® CFU B. pertussis strain Tohama I (Fig.
3B) and a control mouse (Fig. 3A) were also included. Con-
sistently in all three species, severe bronchopneumonia com-
posed of mononuclear cells along with scattered alveolitis and

parenchymal interstitial inflammation with lymphocytic and
neutrophilic infiltration was found. Severe hemorrhagic con-
gestion, edema, and focal necrosis were especially prominent
in human and porcine cases and are commonly found in in-
fected children (21, 27, 39).

(v) Association of B. pertussis with host inflammatory cells in
the lung. The localization of B. pertussis in the lungs of piglets
was detected by histopathology and immunohistochemistry
only in animals infected with live bacteria. B. pertussis colonies
were found in the alveolar spaces and bronchioles. Bacteria
were either free in the alveolar spaces, attached to bronchial
and alveolar epithelial cells, or ingested by alveolar macro-
phages (Fig. 1E to G).

(vi) Pertussis toxin activity in infected piglets. Pertussis tox-
in is known to elicit a variety of biological effects, such as hypo-
glycemia and lymphocytosis in vivo in human and rodents (17).
Infected piglets exhibited a significant reduction in blood glu-
cose levels on day 4 after infection (P < 0.006) (Table 2). The
hypoglycemia continued throughout the study period com-
pared with the control group (data not shown). In addition,
infected piglets showed a significant circulating lymphocytosis
compared with noninfected control animals (data not shown).
The presence of pertussis toxin in the BAL and serum of pig-
lets was assessed by the CHO cell assay. Typical clustered
morphology patterns of CHO cells as a result of the presence
of pertussis toxin in the samples were found in either BALs
(days 1 to 10 postinfection) or serum (days 2 to 10 postinfec-
tion) from piglets infected with B. pertussis. No cytotoxicity was
observed either in control wells incubated with PBS or in wells
containing specimens from control piglets (data not shown).

FIG. 3. Histopathology. (A and B) Photomicrographs of lung biopsies taken from a 21-day-old uninfected BALB/c mouse (A) and a BALB/c
mouse infected with 5 X 10® CFU B. pertussis by aerosol (B) 10 days after challenge, obtained with a 10X objective plus digital zoom. (C and D)
Photomicrographs of lung biopsies taken from newborn piglets 4 days after treatment with 5 X 10° CFU heat-inactivated B. pertussis (4X objective
plus digital zoom) (C) or after challenge with 5 X 10° CFU B. pertussis (10X objective plus digital zoom) (D). (E and F) Photomicrographs of lung
biopsies taken from two children who died at 29 (E) or 37 (F) days of age after infection with B. pertussis (10 X objective plus digital zoom).
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FIG. 4. Histopathology in pigs. (A) Photomicrograph of a lung biopsy taken from a 4-day-old noninfected piglet (40X objective plus digital
zoom). (B to F) Photomicrographs of lung biopsies taken from 4-day-old piglets infected with 5 X 10° CFU B. pertussis. (B) 40X objective plus
digital zoom. (C) 20X objective plus digital zoom. (D) 40X objective plus digital zoom. (E and F) 100X objective plus digital zoom.
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TABLE 2. Blood glucose levels

Blood glucose concn
(mmol/liter)
(mean = SD)

Time (days)

Noninfected CONtrolS......ceveereeveeririeeirieeereeeeeeeenns 8.68 + 0.48
453150
... 6.81 £ 0.65
.. 653073
...6.78 £ 0.87
..6.97 +1.27

Thus, these results clearly indicate that the pertussis toxin was
found in both serum and BAL for at least 10 days following
infection.

In summary, our results demonstrated that newborn piglets
were susceptible to infection with B. pertussis. Since observa-
tions in mice and humans clearly indicate that newborn ani-
mals or infants are more susceptible to disease than adults, we
investigated if older piglets are less susceptible to the disease.
To this end, 4- to 5-week-old weaned piglets were intrapulmo-
narily infected with B. pertussis strain Tohama 1.

Infection of 4- to 5-week-old piglets. (i) Inhibitory effect of
BAL against B. pertussis. The bactericidal activity of BAL ob-
tained from uninfected 4- to 5-week-old piglets was analyzed
by coculturing 100 pl of BAL with 5 X 10° to 7 X 10° CFU B.
pertussis in SS medium (Fig. 5). Compared to the control (me-
dium), there was a significant time-dependent reduction in the
number of viable bacteria in the BAL of 4- to 5-week-old
piglets. Following 6 h of incubation there was about a 1.5-log
reduction in the number of viable bacteria in the BAL of 4- to
5-week-old piglets compared to the control wells (bacteria plus
medium). After 24 h, no viable bacteria were isolated after
coculture with the BAL, demonstrating the complete neutral-
ization of the bacteria by BALs from 4- to 5-week-old piglets
against B. pertussis.

(ii) Susceptibility of 4- to 5-week-old piglets to B. pertussis
and physiological findings. Intrapulmonary challenge of older
piglets with 5 X 10° CFU did not result in any clinical symp-
toms for up to 3 weeks postchallenge. In addition, postmortem
examination did not reveal any pathological alteration or le-
sions in the lungs of piglets for up to 21 days following chal-
lenge. Moreover, no viable bacteria were isolated from either the
BALs or the lung tissues of challenged piglets (data not shown).

(iii) Infection of 4- to 5-week-old piglets with B. pertussis in-
corporated into agarose beads. Since infection of older piglets
was not achieved by intrapulmonary challenge with naked bac-
teria, we used the approach of Woods et al. (48) to induce infec-
tion by means of intrapulmonary instillation of agar beads con-
taining viable bacteria. However, this also did not induce any
clinical signs of infection or pathological changes in the lungs of
piglets. Furthermore, we were not able to reisolate any viable bac-
teria from either the BALs or the lung tissues of piglets at differ-
ent times postchallenge. Our results, therefore, indicate that old-
er piglets were not susceptible to infection with B. pertussis.

DISCUSSION

Humans are considered the only natural host for B. pertussis,
although rodent and primate animal models have been estab-
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lished to study the disease. Here, we demonstrate that new-
born piglets can also be infected with 5 X 10° to 7 X 10° CFU
B. pertussis strain Tohama I after intrapulmonary delivery. Giv-
en the size of the piglets, this dose is comparable to the 10° to
10”7 CFU routinely used for intranasal or aerosol infection of
mice. Challenge doses of 10° CFU or less did not result in
infection of piglets, and no bacteria were isolated from either
BALs or the lung tissues of piglets. Following challenge with
5 X 10° CFU, however, for up to 10 days 107 to 10* CFU of
viable B. pertussis was reisolated from BALs and lung tissues of
infected piglets. Given the higher challenge dose, this number
reflects findings for infected mice, from which usually between
10° and 107 CFU can be reisolated 10 to 12 days postinfection.
However, viable bacteria could be reisolated from mice for up
to 6 weeks postinfection (46), whereas in pigs viable bacteria in
BALs were only found for up to 10 days postinfection. We
believe that the difference is due to the different techniques
used for isolation of the bacteria. Because of the size of the
porcine lung, viable bacteria were reisolated by BAL and only
to some extent by homogenization of pathologically altered
lung tissues. In mice, however, the whole lung is routinely
homogenized. It is much harder to wash adherent bacteria off
the mucosa than to recover them by homogenization, and
especially in inflamed or necrotic areas with a significant influx
of inflammatory cells reisolation by BAL may be less effective.
Consistent with this, viable bacteria were still found in homog-
enized lung lesions of piglets euthanized 12 days postinfection,
whereas the corresponding BALs were negative.

Infected piglets exhibited a wide range of clinical symptoms,
including nasal discharge, nonparoxysmal cough, breathing dif-
ficulties, and weight retardation. Similar symptoms can be
found in human adults, including mild upper respiratory tract
symptoms, cough, and mild fever. In infants, however, the
symptoms are more severe and are often combined with the
typical paroxysmal cough that results in apnea, hypoxemia, and
asphyxia. Interestingly, the paroxysmal cough is observed only
in human infants and rats and not in mice or piglets (48).
Mortality in general is observed only in young infants with
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FIG. 5. Inhibitory effect of BALs obtained from 4- to 5-week-old
piglets. B. pertussis (5 X 10° to 7 X 10° CFU) was cocultured with
BALs obtained from 4- to 5-week-old pigs (grey bar) or SS medium
alone (black bars) for either 6 or 24 h. Supernatants were plated onto
BG agar plates to determine the number of viable bacteria. Each bar
indicates the mean for a minimum of six animals, and the error bar
indicates the standard error of the mean.
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complications and in experimentally infected neonatal mice. In
the present pig model none of the animals died as a direct
result of the infection, and even at doses of 5 X 10'° CFU
mortality was not observed (data not shown). Challenge doses
higher than 5 X 10'® CFU have not been tested yet. Lympho-
cytosis and hypoglycemia, both of which are manifestations of
pertussis toxin (18, 48), were also observed in infected piglets.
Thus, our data indicate that B. pertussis effectively replicated in
the porcine lung and released pertussis toxin systemically.

The histopathological alterations following B. pertussis infec-
tion in humans include marked lesions of the ciliated epithe-
lium in the trachea and larger airways (Fig. 3E and F). Typi-
cally, after B. pertussis has bound to ciliated cells, damage to
the epithelium is caused by secretion of inducible nitric oxide
synthase by secretory cells, which is induced by the bacterial
tracheal cytotoxin and endotoxin (10, 11).

In the present study B. pertussis bound to ciliated porcine
cells was not analyzed. In humans, bronchopneumonia com-
posed of mononuclear cells along with scattered alveolitis is
either directly caused by the bacteria (27, 39) or due to sec-
ondary infections. Additionally, parenchymal interstitial in-
flammation with lymphocyte infiltration into alveolar septa
can be commonly found (21). In infected piglets a dramatic
influx of macrophages and neutrophils into airways and inter-
stitial tissues was observed, resulting in severe bronchopneu-
monia with necrosis and in some cases fibrinous pleuritis. How-
ever, neither clinical nor pathological alterations were
observed when pigs were challenged with heat-killed inacti-
vated bacteria. This strongly supports the hypothesis that B.
pertussis was the primary cause of bronchopneumonia in these
piglets and is consistent with the observed association of B.
pertussis in bronchopneumonia in humans, as shown in autopsy
studies (27, 44, 48). For comparison, lung biopsies taken from
two human infants who died at a very early age were included
to demonstrate the similarities in pathological alterations be-
tween humans and pigs. In summary, we developed a new
animal model which should help researchers further analyze
the pathogenesis of the disease, as well as the host’s immune
response against B. pertussis.

The current vaccination strategies against pertussis consist
of two or three immunizations within the first 6 months of life.
However, neonates too young to have received a complete set
of immunizations are still at the highest risk of pertus-
sis infection (47). Thus, early vaccination at birth and ma-
ternal immunization strategies may be needed to increase the
level of protection in this age group (7, 8, 12, 14). We intend to
use the present model to validate and optimize maternal im-
munization as a strategy for neonatal protection. Evidence that
maternal immunity plays an important role in protection
against pertussis comes from early studies of women which
demonstrated that immunization of pregnant women en-
hanced the neutralizing activity of a newborn’s serum against
pertussis (24). Also, Oda et al. (31) reported that purified co-
lostral antibodies from mothers could protect newborn mice
against aerosol infection. Furthermore, immunization of preg-
nant mice showed that transcolostral immunity provided better
protection than transplacental immunity (30, 31).

Maternal immunization and the increase in passive immu-
nity in the newborn, however, also have a downside in that
maternal antibodies (matAbs) can interfere with active immu-
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nization of the newborn (2, 38, 43). Recent evidence suggests
that it is primarily the ratio of matAbs to vaccine antigen that
determines the outcome of the vaccination in the newborn
(38). For pertussis, it is thought that matAbs have an inverse
effect on vaccination with wP but not vaccination with aP (9,
16). Our model should enable us to investigate this issue in
greater detail. Furthermore, we will also analyze the influence
of age on immunization, as it has been shown that human
neonates produce vigorous antibody responses after vaccina-
tion at birth and display higher antibody titers at an age of 5
months following a booster immunization (3). Another way of
circumventing the possible interference between matAbs and
active vaccination may be found in delivering the vaccine via
the mucosal surfaces (28, 32). Local immunity in the upper
respiratory tract is crucial for preventing colonization by B.
pertussis. After natural infection, high titers of anti-filamentons
hemagglutinin IgA antibodies were found in nasal secretions of
convalescent patients (25), indicating the importance of these
antibodies for disease protection. Immunization with either
formalin-fixed bacteria, purified filamentons hemagglutinin, or
detoxified pertussis toxin resulted in protection against chal-
lenge infection with B. pertussis (22, 23, 36, 40). However, to
more thoroughly investigate mucosal effector mechanisms, an-
imal models that enable us to investigate various immune pa-
rameters are required. Although the murine model is the most
commonly used model, it has its limitations in its similarity to
humans, the number of cells that can be recovered from the
individual mucosal compartments (i.e., antigen-specific cells
isolated from mucosa and lymph nodes), and the limited size of
the samples, such as saliva, colostrum, milk, and BAL. Since all
mucosal compartments are accessible in piglets, the present
model should help us understand the importance of mucosal
immunity in disease protection and finally lead to the devel-
opment of more effective vaccines.

The present study showed that in contrast to newborn pig-
lets, older piglets were resistant to infection by B. pertussis. Their
response was both rapid and independent of previous expo-
sure, highlighting the effectiveness of innate immunity at the res-
piratory mucosal surfaces. The susceptibility of newborn piglets
suggested that innate immunity is regulated developmentally.
We hypothesize that protection in older piglets is associated
with the presence of innate immune components, such as an-
timicrobial peptides in the lung (1, 35). Preliminary studies sug-
gest that antimicrobial peptides present in mucosal secretions of
older piglets are crucial to the resistance against B. pertussis.

In summary, we developed a new porcine model of pertussis
which should enable us to investigate the role of mucosal and
maternally derived immunity in pathogenesis and disease pro-
tection against pertussis. Ultimately, this should assist us in the
development of more effective mucosal vaccines against pertussis,
which hopefully will provide protection at a very early age.
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