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The Bordetella bronchiseptica Type III Secretion System Is Required
for Persistence and Disease Severity but Not Transmission in Swine

Tracy L. Nicholson, Susan L. Brockmeier, Crystal L. Loving, Karen B. Register, Marcus E. Kehrli, Jr., Sarah M. Shore

National Animal Disease Center, Agricultural Research Service, USDA, Ames, lowa, USA

Bordetella bronchiseptica is pervasive in swine populations and plays multiple roles in respiratory disease. Most studies address-
ing virulence factors of B. bronchiseptica utilize isolates derived from hosts other than pigs in conjunction with rodent infection
models. Based on previous in vivo mouse studies, we hypothesized that the B. bronchiseptica type I1I secretion system (T3SS)
would be required for maximal disease severity and persistence in the swine lower respiratory tract. To examine the contribution
of the T3SS to the pathogenesis of B. bronchiseptica in swine, we compared the abilities of a virulent swine isolate and an iso-
genic T3SS mutant to colonize, cause disease, and be transmitted from host to host. We found that the T3SS is required for maxi-
mal persistence throughout the lower swine respiratory tract and contributed significantly to the development of nasal lesions
and pneumonia. However, the T3SS mutant and the wild-type parent are equally capable of transmission among swine by both
direct and indirect routes, demonstrating that transmission can occur even with attenuated disease. Our data further suggest
that the T3SS skews the adaptive immune response in swine by hindering the development of serum anti-Bordetella antibody
levels and inducing an interleukin-10 (IL-10) cell-mediated response, likely contributing to the persistence of B. bronchiseptica
in the respiratory tract. Overall, our results demonstrate that the Bordetella T3SS is required for maximal persistence and disease

severity in pigs, but not for transmission.

Respiratory disease in pigs is the most serious concern for swine
producers today. The most recent National Animal Health
Monitoring System (NAHMS) survey found that respiratory
problems are a major cause of mortality in swine herds, with
53.7% of nursery pig deaths and 60.1% of grower-finisher pig
deaths attributed to respiratory problems (1). Bordetella bron-
chiseptica is widespread in swine populations and is an important
contributor to respiratory disease in pigs. In young pigs, it is a
primary cause of bronchopneumonia, and in older pigs it contrib-
utes to secondary pneumonia. It is the primary etiologic agent of
nonprogressive atrophic rhinitis, a mild to moderately severe re-
versible condition, and it promotes colonization by toxigenic
strains of Pasteurella multocida, which leads to severe progressive
atrophic rhinitis (2, 3). In pigs with pneumonia, B. bronchiseptica
is often isolated in combination with other pathogens (4). Numer-
ous studies have demonstrated that coinfection with B. bron-
chiseptica increases colonization and exacerbates the severity of
disease caused by both viral and bacterial pathogens, including
swine influenza virus, porcine reproductive and respiratory syn-
drome virus, porcine respiratory coronavirus, Haemophilus para-
suis, P. multocida, and Streptococcus suis (5-12).

B. bronchiseptica expresses many virulence factors, including
adhesins, secretion systems, autotransporters, and toxins, that are
globally regulated by the BvgAS two-component signal transduc-
tion system (13-16). In response to environmental cues, such as
temperature or MgSO, or nicotinic acid concentrations, BvgAS
controls expression of a spectrum of phenotypic phases, transi-
tioning between a virulent (Bvg™) phase and a nonvirulent (Bvg ™)
phase, a process referred to as phenotypic modulation. During the
virulent Bvg™* phase, the BvgAS system is fully active and many of
the known virulence factors are expressed, including the type III
secretion system (T3SS). Conversely, BvgAS is inactive during the
Bvg™ phase, resulting in the maximal expression of motility loci,
virulence-repressed genes (vrg genes), and genes required for the
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production of urease (17-19). The Bvg™ phase is necessary and
sufficient for colonization of the respiratory tract (14, 20).

Many Gram-negative bacterial pathogens utilize a T3SS to
translocate or inject protein effectors directly into the cytosol of a
eukaryotic cell. These type IlI-secreted effector proteins have been
demonstrated to interact with a variety of eukaryotic signal trans-
duction pathways, thereby altering the physiological function of
the eukaryotic cell (21-24). B. bronchiseptica expresses a T3SS sim-
ilar to those shown to directly translocate effector proteins
through a needlelike injection apparatus directly into eukaryotic
cells, which causes disruption of host cell signaling and necrosis-
like cell death (25, 26). Under Bvg™ conditions, the btr regulatory
locus (including btrS, btrU, btrW, and btrV) is transcribed (27).
BtrS is an extracytoplasmic-function (ECF) sigma factor that is
necessary and sufficient for activating the more than 20 T3SS-
related genes (e.g., bsc, bop, bsp, and bte) (27). BscN is the putative
ATPase that provides energy for the secretion of effector proteins
and is required for the function of the T3SS apparatus (26).

The mouse has been the primary animal model used to inves-
tigate virulence mechanisms of B. bronchiseptica, including the
contribution of the T3SS to pathogenesis of B. bronchiseptica.
T3SS mutants induce higher levels of serum anti-Bordetella anti-
bodies than mice infected with the wild type (28). Recent experi-
ments have also demonstrated that the T3SS gene products, BopB,
BopC and BteA, are secreted and required for cytotoxicity of
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TABLE 1 Primers used for cloning and quantitative real-time PCR in
this study

Primer name  Sequence (5'-3")

bscNf1-for GAATTCCAGTTGAAGGTCGCGCTATTGT

bscNfl-rev TCTAGAGATGTAGTGGTACTGACGCATGCCCCT
bscNf2-for TCTAGAATCATCGGACCCGAATCCTAAT

bscNf2-rev AAGCTTAAGGCGTCAGGGCGCAGTGCCAGCACA
bscNf2B-rev CCTAGGCTTAAGGCGTCAGGGCGCAGTGCCAGCACA
bscNck-for ACGGAAGGAGCCGGGCATGACTGAGAAG

bscNck-rev AGTCCGGCCATGCCTCGACAGACATCCT

mammalian cells (29-31). Additionally, it has been demonstrated
that the T3SS mediates persistent bacterial colonization of the
lower respiratory tract by altering dendritic cell maturation and
enhancing the production of the anti-inflammatory cytokine in-
terleukin-10 (IL-10) (26, 28, 32). The induction of IL-10 as a
mechanism to evade a host inflammatory response has recently
been shown to be specifically mediated by the T3SS gene product
BopN (33).

Using a B. bronchiseptica swine isolate within a natural swine
host infection, we have demonstrated a number of key phenotypic
differences associated with several B. bronchiseptica mutants com-
pared to those reported using rodent infection models (20, 34).
These differences include clinical presentation of disease, pathol-
ogy, and host immune responses (20, 34). While the biological
roles of the Bordetella T3SS-secreted gene products may be similar
in swine and rodents, no definitive data exist with respect to the
role of the T3SS in the pathogenesis of disease in swine, either in
vivo or with swine tissue or cells in vitro. In addition, pigs provide
an excellent natural host system to identify bacterial genetic com-
ponents required for transmission. In this report, we investigated
the role of T3SS in Bordetella pathogenesis in swine by construct-
ing an in-frame deletion of the bscN structural gene in KM22, a
virulent B. bronchiseptica swine isolate, and compared this mutant
to KM22 for its ability to colonize, cause disease, and be transmit-
ted by direct and indirect routes.

MATERIALS AND METHODS

Bacterial strains and growth conditions. B. bronchiseptica strain KM22,
isolated from a swine herd with atrophic rhinitis, harbors a ribotype and
pertactin type shared with the majority of strains isolated from swine and
has been used in a number of studies by our laboratory in which we have
demonstrated its ability to cause disease and be transmitted among swine
(5, 7, 8, 10, 20, 34-37). RB50 and WD3 (RB50AbscN) have been previ-
ously described (26, 28, 32, 38, 39). All B. bronchiseptica strains were
grown at 37°C on Bordet-Gengou (BG) agar (Difco, Sparks, MD) supple-
mented with 10% sheep’s blood or, when specified, in Stainer-Scholte
(SS) broth (40). Escherichia coli One Shot TOP10 (Invitrogen, Carlsbad,
CA) was used for all cloning steps, and E. coli SM10Apir was used to
mobilize plasmid pTN53 into B. bronchiseptica KM22. When appropriate,
antibiotics were included at the following concentrations: carbenicillin,
100 pg/ml; chloramphenicol, 30 wg/ml; kanamycin, 100 pg/ml; and
streptomycin, 40 pwg/ml.

Cloning and construction of the B. bronchiseptica T3SS mutant
(KM22AbscN). For construction of KM22AbscN, a 1,080-bp DNA frag-
ment covering the region immediately 5" of bscN and extending to codon
7 was amplified by PCR from KM22 genomic DNA using primers bscNf1-
for and bscNfl-rev (Table 1), which were designed such that EcoRI and
Xbal sites would be generated at the 5" and 3’ ends, respectively. The
resulting PCR product was cloned into pCR2.1 (Invitrogen, Carlsbad,
CA) to create pTN35. The insert of pTN35, containing the upstream re-
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gion of bscN, was cloned into pUC19 (New England BioLabs, Ipswich,
MA) via EcoRI and Xbal sites to obtain pTN41. A 1,258-bp DNA frag-
ment extending from codon 436 of bscN into the adjacent downstream
region was amplified from KM22 genomic DNA by PCR using primers
bscNf2-for and bscNf2-rev (Table 1), which were designed such that Xbal
and HindIII sites would be generated at the 5’ and 3’ ends, respectively.
The resulting PCR product was cloned into pCR2.1 (Invitrogen, Carlsbad,
CA) to obtain pTN37. The insert of pTN37, containing the downstream
region of bscN, was excised by Xbal and HindIII digestion and cloned into
Xbal-HindIII-digested pTN41 to create pTN43. The 2,335-bp DNA frag-
ment, containing the upstream and downstream regions of bscN, was
amplified from pTN43 by PCR using primers bscNfl-for and bscNf2B-rev
(Table 1), which were designed such that EcoRI and AvrlI sites would be
generated at the 5" and 3’ ends, respectively. The resulting PCR product
was cloned into pCR2.1 (Invitrogen, Carlsbad, CA) to create pTN52. The
insert of pTN52 was excised by EcoRI and AvrlI digestion and cloned into
EcoRI-AvrII-digested allelic exchange vector pSS4245 (39, 41) to create
pTN53. pTN53 was introduced into E. coli SM10Apir (42) and transcon-
jugated into KM22 as previously described (39, 41). A single colony se-
lected for subsequent use, designated KM22AbscN, was confirmed to have
a deletion of the bscN gene by DNA sequence analysis of a PCR amplicon
encompassing regions upstream and downstream of the bscN gene.

Precipitation of extracellular proteins. B. bronchiseptica strains were
grown for 48 h at 37°C in SS broth supplemented with 40 pg/ml strepto-
mycin. Bacterial cells were pelleted by centrifugation at 4,500 X g for 15
min at4°C, and 5-ml culture supernatant samples were collected. Secreted
proteins were then precipitated by addition of sodium deoxycholate to
0.1% and trichloroacetic acid to a final concentration of 20% (wt/vol).
Following overnight incubation at 4°C, samples were centrifuged for 2 h at
20,000 X g. Pellets were washed with ice-cold acetone, centrifuged an
additional 15 min at 20,000 X g, air dried, and resuspended in 0.25 ml
SDS-PAGE loading buffer (Invitrogen, Carlsbad, CA). Next, proteins in
0.02 ml of each sample were separated by SDS-PAGE with a 4 to 12%
bis-Tris acrylamide gel (Invitrogen, Carlsbad, CA), and the bands were
visualized by silver staining.

Cytotoxicity assays. Cytotoxicity assays were carried out as previously
described (26, 27). Briefly, J774 mouse macrophages were cultured in
Dulbecco’s modified Eagle medium (DMEM) broth supplemented with
10% fetal bovine serum (FBS), 1% penicillin-streptomycin, 1% nonessen-
tial amino acids, and 1% sodium pyruvate to 85% confluence at 37°C with
5% CO,. Warmed RPMI medium lacking phenol red, with 5% FBS, 1%
L-glutamine, 1% nonessential amino acids, and 1% sodium pyruvate, was
then used to replace the DMEM. Porcine alveolar macrophages were iso-
lated from bronchoalveolar lavage fluid (BALF) of healthy, noninfected
pigs as previously described (43). Isolated alveolar macrophages were
seeded at 10° cells per well in 0.1 ml in 96-well flat-bottom plates in RPMI
1640 lacking phenol red with 2% swine sera, 1 mM L-glutamine, and 5
mM HEPES. Bacterial infections using strains KM22, KM22AbscN, RB50,
and RB50AbscN were prepared from cultures collected in mid-log phase
and were carried out using a multiplicity of infection (MOI) of 10:1.
Bacterial suspensions were centrifuged onto the macrophages at 250 X g
for 5 min, and cell cultures were incubated at 37°C with 5% CO, for 4 h.
The cell culture supernatants were collected, and percent lactate dehydro-
genase (LDH) release was analyzed using the Cytotox96 kit (Promega,
Madison, WI) according to the manufacturer’s instructions. Results were
analyzed for significance using GraphPad (San Diego, CA) Prism 5 soft-
ware. Means were compared using a one-way analysis of variance
(ANOVA) with Tukey’s posttest and a significance level (P) of <0.001.

Pathogenesis experiments in swine. B. bronchiseptica strains KM22
and KM22AbscN were cultured on BG agar supplemented with 10%
sheep’s blood at 37°C for 40 h. Suspensions of these cultures were pre-
pared in phosphate-buffered saline (PBS) to contain approximately 2 X
10° CFU/ml, and 10° CFU diluted in PBS were used for inoculation of
pigs. Serial dilutions of the inoculum for each strain were plated on BG
agar plates to determine CFU/ml and to confirm the expected colony
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morphology and hemolytic phenotype. All colonies from all inocula dis-
played the expected colony morphology and hemolytic characteristics.
Each experimental group was housed in a separate isolation room in an-
imal biosafety level 2 (ABSL2) biocontainment facilities. B. bronchiseptica
was not isolated from nasal swabs collected from all piglets prior to the
start of the experiment. Forty-eight naturally farrowed early-weaned pig-
lets were divided into 2 experimental groups of 16 pigs each and 1 control
group of 16. Pigs were inoculated intranasally at 1 week of age with 1 ml
(0.5 ml/nostril) of a bacterial suspension containing 10° CFU of KM22 or
KM22AbscN or with 1 ml of sterile PBS. Bacterial colonization of the nasal
cavity was quantified by nasal swabs on days 1, 3, and 5 and by nasal
washes at all other sample days postinoculation. On days 7, 14, 28, and 56
postinoculation, 4 pigs from each group were euthanized for sample col-
lection to evaluate the bacterial burden in the respiratory tract, immune
responses, and lesion severity. At necropsy, snouts were transected and
removed at the level of the first premolar tooth. A 1-cm cross section was
cut from the caudal portion of the snout and used for scoring turbinate
atrophy. The trachea was then severed just below the larynx, and the
trachea and lung were removed. All housing, husbandry, and experiments
performed with pigs were in accordance with the law and approved by the
National Animal Disease Center Institutional Animal Care and Use Com-
mittee.

Determination of colonization. Nasal swabs were placed into tubes
containing 500 wl PBS and vortexed. Nasal washes were performed by
instilling 5 ml of PBS into the nasal cavity through one nostril and collect-
ing the effluent into a beaker. Tracheal washes were performed by placing
a segment of trachea approximately 8 cm in length in a 15-ml centrifuge
tube with 5 ml of PBS and shaking vigorously. Lung lavage was performed
by filling the lungs with 50 ml of sterile PBS, gently massaging, and aspi-
rating; approximately 25 ml of the PBS was recovered. Serial 10-fold di-
lutions were made from nasal swab fluids, nasal and tracheal washes, and
lung lavages, and the number of CFU of B. bronchiseptica per ml was
determined by plating 100 pl of the dilutions on duplicate selective blood
agar plates containing 20 pg/ml penicillin, 10 pg/ml amphotericin B, 10
pg/ml streptomycin, and 10 pg/ml spectinomycin. The limit of detection
was 10 CFU/ml. B. bronchiseptica was identified on the basis of colony
morphology. Statistical analyses of the nasal colonization data were per-
formed using a mixed linear model (SAS 9.2 for Windows XP; SAS Insti-
tute Inc., Cary, NC) for repeated measures and a heterogeneous autore-
gressive covariance structure to best account for unequal study day
intervals. Linear combinations of the least-squares mean estimates for
log,, CFU were used in a priori contrasts after testing for either a signifi-
cant (P < 0.05) effect of the bacterial challenge strains or a significant
strain by time interaction. Comparisons were made between challenge
groups for each isolate at each time point using a 5% level of significance
(P < 0.05) to assess statistical differences. Endpoint data for tracheal and
lung bacterial loads were analyzed by analysis of variance using a general
linear model for unbalanced data that included treatment group and
study day, with CFU as the dependent variable. A 5% level of significance
(P < 0.05) was used to assess statistical differences.

Turbinate atrophy scores. Each of the four scrolls of the ventral tur-
binate in snout cross sections was assigned an atrophy score that ranged
from 0 to 4 (0 = normal, 1 = more than half of the scroll remaining, 2 =
half or less of the scroll remaining, 3 = the scroll is straightened with only
a small portion left, and 4 = total atrophy of the scroll). The atrophic
rhinitis score is the sum of the four scroll scores and ranges from 0 to 16.
Statistical analysis on the turbinate scores was performed using the
GraphPad Prism 6 software program by means of a one-way ANOVA with
the Brown-Forsythe test and Bartlett test to test for equal variance across
groups and Tukey’s multiple-comparison test to compare differences
among groups. A 5% level of significance (P < 0.05) was considered
significant.

Pathological evaluation of the lung. At necropsy, an estimate of gross
lung lesion involvement was assigned based on the percentage of each
lung lobe affected and the percentage of total lung volume represented by
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each lobe. Percentage of total lung volume of each lobe was estimated as
10% for the left cranial, 10% for the left middle, 25% for the left caudal,
10% for the right cranial, 10% for the right middle, 25% for the right
caudal, and 10% for the intermediate lung lobes. Sections of lung taken at
necropsy for microscopic evaluation were fixed in 10% neutral buffered
formalin for 24 h and then placed in 70% ethanol. All sections were rou-
tinely processed and embedded in paraffin, sectioned, and stained with
hematoxylin and eosin.

Quantitative real-time PCR (qRT-PCR). Tracheal epithelial cells
were collected from infected and control pigs on days 7 and 28 postchal-
lenge. A longitudinal cut along the dorsal membrane of the trachea was
made, and a clean razor blade was used to scrape the epithelial lining. Cells
were placed into TRIzol and stored at —80°C. RNA was subsequently
isolated using MagMAX-96 for Microarrays total RNA isolation kit (In-
vitrogen, Carlsbad, CA), and cDNA was synthesized using High Capacity
RNA-to-cDNA master mix (Invitrogen, Carlsbad, CA) according to the
manufacturer’s recommendations. SYBR green-based real-time PCR was
performed for various mRNA targets, and data were analyzed as previ-
ously described (8). Fold change in transcript level was determined using
the 2"22¢T method (CT, threshold cycle) (44). Results were log, trans-
formed and analyzed for significance using an unpaired Student ¢ test for
statistical analysis.

Humoral response. Serum was collected from the same four pigs from
each experimental group on days 21, 28, 35, 42, and 56 postchallenge.
BALF was collected from infected and control pigs on days 28 and 56
postchallenge. Titers of anti-Bordetella antibodies were measured by en-
zyme-linked immunosorbent assay (ELISA) as previously described (34).
Briefly, plates were coated with heat-killed B. bronchiseptica KM22 or
KM22AbscN (grown to an optical density at 600 nm [ODg,] 0f 0.8). Sera
and BALF were serially diluted, and B. bronchiseptica-specific antibody
was detected using secondary antibodies specific for swine IgG (Kirkeg-
aard and Perry Laboratories, Gaithersburg, MD). Endpoint antibody
titers were expressed as the reciprocal of the highest dilution giving an
OD,5 of =0.1 higher than the average OD measured for the negative
control (serum from cesarean-derived colostrum-deprived piglets for se-
rum ELISA and PBS for BALF ELISA) after a 45-min incubation with
substrate. For BALF, endpoint antibody titers were expressed as the recip-
rocal of the highest dilution giving an OD,; at least 3 standard deviations
above the OD for the negative control (PBS). Statistical analyses of the
serum antibody response were performed using a mixed linear model
(SAS 9.2 for Windows XP; SAS Institute Inc., Cary, NC) for repeated
measures and a heterogeneous autoregressive covariance structure to best
account for unequal study day intervals. Linear combinations of the least-
squares mean estimates for the log, mean relative titers were used in a
priori contrasts after testing for either a significant (P < 0.05) effect of the
bacterial challenge strains or a significant strain by time interaction. Com-
parisons were made between challenge groups for each challenge group at
each time point using a 5% level of significance (P < 0.05) to assess
statistical differences. Statistical analyses of the anti-Bordetella IgG titers
in the BALF were performed using a one-way analysis of variance with
Tukey’s posttest.

Cell-mediated response. Peripheral blood mononuclear cells
(PBMCs) were isolated from whole blood as previously described (45),
and tracheal-bronchial lymph node (TBLN) cells were isolated by me-
chanical homogenization followed by successive passages through filters
with 70-pwm and 40-pwm pores. PBMCs and TBLN cells were collected
from infected and control pigs on days 28 and 56 postchallenge. Isolated
cells were enumerated and plated at 10° cells per well in 0.2 ml in triplicate
for each treatment of 0.05 ml medium or 10’ CFU of heat-killed KM22 in
0.05 ml. Cells were incubated for 3 days at 37°C in 5% CO,, and superna-
tants from triplicate wells were pooled and stored at —80°C. A commer-
cial ELISA specific for swine IL-10 (R&D Systems, Minneapolis, MN) or
swine IFN-vy (Invitrogen, Carlsbad, CA) was performed according to the
manufacturer’s recommendations. A one-way analysis of variance with
Tukey’s posttest was used for statistical analysis.
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FIG 1 Growth curve of wild-type B. bronchiseptica strain KM22 and isogenic
mutant KM22AbscN. Optical densities at 600 nm (ODg,,) of KM22 and
KM22AbscN versus time are shown. All data points represent averages ob-
tained from triplicate cultures. Values are means * standard deviations.

Transmission experiments in swine. Twenty-eight naturally far-
rowed early-weaned piglets were used in the transmission experiments,
and B. bronchiseptica was not isolated from nasal swabs collected from all
piglets prior to the start of the experiment. One of three isolation rooms in
ABSL2 biocontainment facilities were used to house each experimental
group. Two isolation rooms were identically set up with two pens placed
18 in. apart. Two pigs were intranasally inoculated with 10° CFU of KM22
and placed in a pen together in one isolation room, and two pigs were
intranasally inoculated with 10° CFU of KM22AbscN and placed in a pen
together in a second isolation room. These pigs served as the primary
challenged pigs in the study. A control group of 8 pigs was intranasally
inoculated with 1 ml sterile PBS and housed together in a third isolation
room with no pens. Two days after inoculation of primary challenged
pigs, 3 naive pigs, serving as a direct contacts, were placed in each of the
pens containing the primary challenged pigs and 5 naive pigs, serving as
indirect contacts, were placed in each of the empty pens. Nasal coloniza-
tion of all pigs was monitored by nasal swabs collected 5, 12, 19, and 26
days postcontact. Nasal swabs were obtained from indirect contacts first,
followed by direct contacts, and then nasal swabs were obtained from
primary challenged pigs. Necropsies were performed on day 26 postcon-
tact, and all pigs were euthanized with an overdose of barbiturate. The
trachea was then severed just below the larynx, and the trachea and lung
were removed for determination of colonization. All housing, husbandry,
and experiments performed with pigs were in accordance with the law and
approved by the Institutional Animal Care and Use Committee.

RESULTS

In-frame deletion of bscN in KM22 leads to decreased secretion
of polypeptides and decreased in vitro cytotoxicity. The virulent
B. bronchiseptica swine isolate KM22 has been successfully used by
our laboratory to develop a reproducible swine respiratory disease
model reflective of clinical B. bronchiseptica infections within
swine herds and host-to-host transmission by direct and indirect
routes (5, 7, 8, 10, 20, 34-37). To examine the contribution of the
T3SS to Bordetella pathogenesis in swine, we constructed an in-
frame deletion in the bscN gene of KM22. Initial in vitro charac-
terization indicated that strain KM22AbscN exhibited a growth
rate (Fig. 1) and degree of hemolysis on BG blood agar similar to
those of wild-type KM22 (data not shown), demonstrating that
deletion of the bscN gene did not alter the growth rate or the
secretion of the bifunctional adenylate cyclase toxin/hemolysin.
To test if BscN is involved in protein secretion in KM22, similar to
the function reported for the laboratory reference strain RB50
(26), we compared the protein profiles of culture supernatants
from KM22 and KM22AbscN grown under Bvg* conditions. As
shown in Fig. 2, several proteins were present in the bacterial cul-
ture supernatant from KM22 and absent from the supernatant
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FIG 2 Culture supernatant protein profiles of wild-type B. bronchiseptica
strain KM22 and isogenic mutant KM22AbscN. Secreted proteins were recov-
ered from bacterial culture supernatants by precipitation with trichloroacetic
acid, separated by SDS-PAGE, and visualized by silver staining. Arrowheads
indicate proteins present in the supernatant from KM22 and not in superna-
tant from KM22AbscN. The positions of standard proteins and their molecular
masses in kilodaltons are indicated on the right.

from KM22AbscN. Additionally, several proteins present in the
bacterial culture supernatant from KM22 are present in greater
amounts in the supernatant from KM22AbscN, some of which
appear to be absent from the supernatant from KM22. These re-
sults are similar to the results reported for the corresponding iso-
genic mutant in RB50 and demonstrate that deletion of the bscN
gene in KM22 results in an apparent decrease in a subset of Bvg™
phase-associated proteins in the culture supernatant, presumably
caused by a defect in their secretion.

Perhaps the best-characterized phenotype of the Bordetella
T3SS is killing of mammalian cells (26, 28-31, 39). Therefore, we
assessed the ability of KM22 and KM22AbscN, along with RB50
and WD3 (RB50AbscN), to mediate cytotoxicity in J774 murine
macrophages and primary porcine alveolar macrophages in vitro.
Both KM22 and RB50 displayed a high level of cytotoxicity (Fig.
3A and B). In contrast, the cytotoxic activity of RB50AbscN and
KM22AbscN was significantly lower than that of the correspond-
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FIG 3 T3SS-mediated cytotoxicity of B. bronchiseptica KM22 and
KM22AbscN. Cytotoxicity as measured by percent LDH release in J774 murine
macrophages (A) and porcine alveolar macrophages (B) following 4 h of ex-
posure to medium alone or to the indicated strain using an MOI of 10:1 is
shown. Bars represent means of three independent experiments * standard
deviations. A one-way analysis of variance with Tukey’s posttest was used for
statistical analysis, and P values less than 0.001 are indicated with connecting
bars.

ing wild-type strains RB50 and KM22, respectively (Fig. 3A and
B). These data are in agreement with previous findings involving
RB50 and RB50AbscN in J774 mouse macrophages and demon-
strate that BscN is required for T3SS-mediated cytotoxicity by
strain KM22.

The Bordetella T3SS is required for persistence in the swine
respiratory tract. To investigate the contribution of the Bordetella
T3SS to the pathogenesis of B. bronchiseptica in swine, we intra-
nasally inoculated groups of 1-week-old piglets with B. bron-
chiseptica strain KM22 or KM22AbscN or 1 ml of sterile PBS. Clin-
ical signs were noted only in piglets from groups inoculated with
KM22 or KM22AbscN, which mainly consisted of sneezing and
coughing. No clinical signs were observed in piglets from groups
inoculated with PBS.

Colonization of the nasal cavity was evaluated on days 1, 3, 5,
and 7 and weekly thereafter until day 56 postinfection (Fig. 4A). B.
bronchiseptica CFU were not recovered from any site in the respi-
ratory tracts of piglets inoculated with PBS. In general, there was
no significant overall difference in CFU levels recovered from the
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FIG 4 Colonization of the swine respiratory tract by wild-type B. bronchisep-
tica strain KM22 and KM22AbscN. Groups of 16 pigs were inoculated intra-
nasally with KM22 or KM22AbscN. Bacterial load in the nasal cavity (A) was
quantified 1, 3,5,7, 14, 21, 28, 35, 42, 49, and 56 days postinoculation. Bacterial
load in the tracheae (B) and the lungs (C) was quantified 7, 14, 28, and 56 days
postinoculation. The y axis indicates the mean log,, CFU =+ standard errors.
The dashed lines indicate the limit of detection (log,, of 1). Statistical differ-
ence is indicated for KM22AbscN compared to KM22 on day 7 postinoculation
(P = 0.0001; a), for KM22 compared to KM22AbscN on day 21 postinocula-
tion (P < 0.035; b), for KM22 compared to KM22AbscN on day 56 postinoc-
ulation (P < 0.003; ¢), for KM22 compared to KM22AbscN on day 28 postin-
oculation (P < 0.04; d), for KM22 compared to KM22AbscN on day 56
postinoculation (P < 0.0001; e), for KM22 compared to KM22AbscN on day
56 postinoculation (P < 0.05; f), and for KM22 compared to KM22AbscN on
day 56 postinoculation (P = 0.0001; g). A P value less than 0.05 was considered
significant.
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nasal cavities of pigs infected with either KM22 or KM22AbscN
(Fig. 4A). However, focusing on specific days, there were statisti-
cally significant differences observed at some time points. Specif-
ically, on day 7 postinfection, the CFU levels recovered from
KM22AbscN-infected pigs were significantly (P < 0.0001) higher
than the CFU levels recovered from KM22-infected pigs (Fig. 4A).
In contrast, by day 21 postinfection the CFU levels recovered from
KM22-infected pigs were significantly (P < 0.035) higher than the
CFU levels recovered from KM22AbscN-infected pigs (Fig. 4A).
Similar levels CFU were then recovered from KM22 and
KM?22AbscN-infected pigs until day 56 postinfection, when CFU
levels recovered from KM22-infected pigs were significantly (P <
0.003) higher than the CFU levels recovered from KM22AbscN-
infected pigs (Fig. 4A).

Colonization of the trachea and lung was evaluated on days 7,
14, 28, and 56 postinfection (Fig. 4B and C). Starting on day 14
postinfection, lower CFU levels were recovered from both the tra-
cheae and lungs of KM22AbscN-infected pigs than from those of
pigs infected with the wild-type KM22. By day 28 postinfection,
the difference between these groups for both tissues was statisti-
cally significant (P < 0.05), and significant differences were still
apparent on day 56 postinfection (P < 0.0001). Taken together,
the colonization data demonstrate that a functional Bordetella
T3SS is required for persistence in the lower swine respiratory
tract.

The Bordetella T3SS mediates increased pathology in the
swine respiratory tract. The degree of atrophic rhinitis was eval-
uated by determining the mean turbinate atrophy score for piglets
inoculated with KM22, KM22AbscN, or PBS on days 7, 14, 28, and
56 postinfection. No substantial degree of turbinate atrophy (de-
fined as an atrophic rhinitis score of greater than 2) was observed
for pigs inoculated with PBS (Table 2). The group of piglets in-
fected with KM22 had mean turbinate atrophy scores of greater
than 2 at all time points examined (Table 2), and the mean scores
were statistically higher than those for the pigs inoculated with
PBS on days 14, 28, and 56 postinfection. Mean turbinate atrophy
scores were greater than 2 for the group of piglets infected with
KM22AbscN beginning on day 14 and continuing through day 56,
and the mean scores were statistically higher than those for the
pigs inoculated with PBS on days 14 and 56 postinfection; how-
ever the mean degree of turbinate atrophy was always lower for
KM22AbscN-infected pigs than for KM22-infected pigs, and the
difference was statistically significant at day 56 postinfection (Ta-
ble 2). Combining the scores for each group across time points for
the whole experiment showed that the mean turbinate scores for
both the KM22-infected pigs (P < 0.001) and the KM22AbscN-
infected pigs (P < 0.01) were statistically higher than the mean
score for the PBS-inoculated pigs and that the mean score for the
KM22-infected pigs was statistically higher than the mean score
for the KM22AbscN-infected pigs (P < 0.05).

The degree of pneumonia and microscopic character of the
lesions were also determined for piglets inoculated with KM22,
KM22AbscN, or PBS on days 7, 14, 28, and 56 postinfection. We
observed small areas of consolidation in the lungs of 4 of the pigs
inoculated with PBS (Table 2). Microscopically, the areas of con-
solidation in these control pigs consisted of multifocal areas of
interstitial pneumonia with septal infiltrates consisting mainly of
macrophages and a few neutrophils, which is not typical of Borde-
tella infection. Fourteen of the 16 pigs infected with KM22 had
areas of lung consolidation consistent with Bordetella infection.
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TABLE 2 Mean turbinate atrophy scores and percentages of the lungs
affected by pneumonia in pigs inoculated with B. bronchiseptica KM22
or KM22AbseN

Mean turbinate ~ Mean % No. of

Day of atrophy score®  pneumonia pigs with

necropsy  Group (range) (range) pneumonia®

7 PBS control 1.5 (0-2) 0.875 (0-2) 2/4¢
KM22 3.75 (1-8) 3.625 (0-10)  3/4
KM22AbscN  1.75 (0-4) 5.0 (0-13) 3/4¢

14 PBS control 0.5 (0-1) 0.75 (0-3) 1/4¢
KM22 4.5 (2-8)* 7.5 (2-20) 4/4
KM22AbseN — 4.25 (4-5)* 7.38 (0-27)  2/4°

28 PBS control ~ 0.25 (0-1) 0.25 (0-1) 1/4¢
KM22 5.75 (3-8)* 9.75 (0-17)  3/4
KM22AbscN  3.67 (1-8) 1.625 (0-6.5) 1/4

56 PBS control  1.25 (1-2) 0(0) 0/4
KM22 4.75 (4-6)** 5.0 (2-13) 4/4
KM22AbseN 3.0 (2—4)* 0.625 (0-2.5)  1/4°

%%, mean turbinate scores were statistically different from those for pigs inoculated with
PBS (P < 0.05); #*, mean turbinate scores were statistically different from those for pigs
inoculated with PBS (P < 0.001) or KM22AbscN-infected pigs (P < 0.05).

b Data are reported as the number of pigs with pneumonia out of the total number
possible for the respective strain of B. bronchiseptica.

¢ Microscopically these lesions were not consistent with Bordetella infection.

@ Microscopically only 1 of the 3 pigs with pneumonia had lesions that were consistent
with Bordetella infection, while 2 of the 3 pigs had only lesions similar to those seen in
PBS control pigs.

¢ Microscopically only 1 of the 2 pigs with pneumonia had lesions that were consistent
with Bordetella infection, while the other had only lesions similar to those seen in PBS
control pigs.

The gross lesions in KM22-infected pigs progressed from acute
red to plum-colored lesions at days 7 and 14 to chronic gray to
yellow firm and fibrotic lesions at days 28 and 56. Microscopic
lesions in the lungs of the 14 pigs with pneumonia infected with
KM22 were characterized by suppurative bronchopneumonia
with areas of necrosis and hemorrhage and eventual fibroplastic
replacement of lung parenchyma, which is typical of B. bron-
chiseptica pneumonia. There were microscopic lesions similar to
those seen in the PBS control pigs in 5 of these pigs as well. In
contrast, only 7 pigs out of 16 infected with KM22AbscN had areas
of consolidation, and only 3 of the 7 exhibited evidence of suppu-
rative bronchopneumonia. These 3 pigs had increased numbers of
neutrophils in the airways but none of the necrosis, hemorrhage,
or fibroplasia observed in the pigs infected with KM22. The other
4 pigs infected with KM22AbscN that had areas of lung consolida-
tion had lesions only microscopically similar to those of the PBS
control pigs. Combined, these data demonstrate that the Borde-
tella T3SS mediated increased pathology and significantly contrib-
uted to B. bronchiseptica-associated pneumonia.

The Bordetella T3SS modulates the swine immune response.
To determine if the Bordetella T3SS is capable of modulating local
immune responses in the swine respiratory tract, changes in tra-
cheal epithelial cell (TEC) mRNA levels of several cytokines and
chemokines were evaluated on days 7 and 28 postinfection. On
day 7, several proinflammatory mediators, including IL-13, IL-8,
and monocyte chemoattractant protein 1 (MCP-1), exhibited in-
creased mRNA levels in TECs collected from both KM22- and
KM22AbscN-infected pigs (Fig. 5A). In addition, mRNA levels of
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FIG 5 Gene expression changes in tracheal epithelial cells following infection. Tracheal epithelial cells were collected on days 7 (A) and 28 (B) postchallenge from
pigs intranasally infected with KM22 or KM22AbscN or mock challenged with PBS, and gene expression changes were evaluated by qRT-PCR. The x axis indicates
the cytokines whose genes were analyzed. The y axis indicates the mean log, fold change in expression of each gene relative to mock challenge with PBS using the
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P values less than 0.05 are indicated with connecting bars.

IL-10 were increased in both challenge groups over those for non-
infected pigs (Fig. 5A). By day 28 postinfection, mRNA levels
overall were lower than at day 7 postinfection for both challenge
groups (Fig. 5A versus B). However, significant differences in
mRNA levels for IL-6, RANTES, and IL-10 between challenge
groups were observed on day 28 (Fig. 5B). Specifically, we detected
higher mRNA levels for cytokines IL-6 and RANTES in TECs from
KM22-infected pigs than in TECs from KM22AbscN-infected
pigs, whereas IL-10 mRNA levels were greater in pigs infected with
KM22AbscN (Fig. 5B). The levels of mRNA for the cytokine tar-
gets were also evaluated in alveolar macrophages collected from
the same pigs; however, levels were minimally increased over
those detected in noninfected pigs, and there were no significant
differences between the challenge groups (data not shown).

To investigate the effect of the Bordetella T3SS on the develop-
ment of anti-Bordetella humoral immunity in swine, serum levels
of anti-Bordetella IgG were quantified in pigs infected with KM22
or KM22AbscN or mock infected with PBS by ELISA using heat-
killed KM22 or KM22AbscN whole cells as the antigen. The data
represent samples collected from the same pigs throughout the
experiment, with four pigs per group. When heat-killed KM22
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method. Error bars represent the standard deviations (SD) for 4 pigs per treatment group. An unpaired Student ¢ test was used for statistical analysis, and

whole cells were used as the antigen, similar serum IgG levels were
detected in all groups at all time points examined except for day
56, where higher serum levels of anti- Bordetella IgG were observed
in both KM22- and KM22AbscN-infected pigs (Fig. 6A). When
heat-killed KM22AbscN whole cells were used as the antigen,
higher serum anti-Bordetella 1gG levels were detected in KM22-
and KM22AbscN-infected pigs than in PBS-inoculated pigs begin-
ning at 28 days postinfection and continuing through day 56
postinfection (Fig. 6B). Focusing on KM22AbscN-infected pigs,
higher serum IgG levels were detected at days 35, 42, and 56
postinfection than were detected in KM22-infected pigs (Fig. 6B).

Next we quantified the levels of anti-Bordetella IgG in BALF
collected from pigs infected with KM22 or KM22AbscN or mock
infected with PBS by ELISA. Significantly (P < 0.05) higher IgG
levels were detected in the BALF from KM22-infected pigs than in
BALF from KM22AbscN-infected and uninfected control pigs
when heat-killed KM22 whole cells were used as the antigen at day
28 postinfection (Fig. 7A). At day 56 postinfection, the IgG levels
in the BALF of KM22AbscN-infected pigs increased so that both
KM22- and KM22AbscN-infected pigs exhibited significantly
(P < 0.05) higher IgG levels than PBS-inoculated pigs. A similar
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FIG 6 Serum anti-Bordetella IgG titers. Serum was collected from pigs intra-
nasally inoculated with KM22 or KM22AbscN or mock challenged with PBS on
days 21, 28, 35, 42, and 56 postchallenge. Titers of anti-Bordetella antibodies
were measured by ELISA using B. bronchiseptica KM22 (A) or KM22AbscN (B)
as the antigen. The y axis indicates the log, mean relative titer = standard
errors for 4 pigs per treatment group. Statistical difference is indicated for
KM22AbscN compared to KM22 on day 35 postinoculation (P = 0.08; a), for
KM22 compared to KM22AbscN on day 42 postinoculation (P = 0.0306; b),
and for KM22 compared to KM22AbscN on day 56 postinoculation (P <
0.001; ¢). A P value less than 0.05 was considered significant.

trend was observed when heat-killed KM22AbscN whole cells
were used as the antigen (Fig. 7B).

To evaluate cell-mediated immune responses elicited follow-
ing infection with wild-type KM22 compared to the T3SS mutant,
production of IL-10 and gamma interferon (IFN-y) by PBMCs
and TBLN cells following restimulation with heat-killed KM22
was measured. On day 28 postinfection significantly (P < 0.05)
higher IL-10 levels were detected in the restimulated PBMCs from
KM22-infected pigs than in PBMCs from pigs inoculated with
KM22AbscN or PBS (Fig. 8A). At day 56 postinfection, IL-10 pro-
duced by PBMCs collected from KM22-infected pigs was reduced
compared to the level at day 28 postinfection such that similar
IL-10 levels were detected in the restimulated PBMCs from
KM22- and KM22AbscN-infected pigs and PBS-inoculated pigs
(Fig. 8A). At day 28 postinfection, higher IL-10 levels were pro-
duced by the restimulated TBLN cells from KM22-infected pigs
than by those from KM22AbscN-infected pigs (Fig. 8B). On day 56
postinfection similar IL-10 levels were detected in the restimu-
lated TBLN cells from KM22- and KM22AbscN-infected pigs;
however these levels were not significantly increased over those for
PBS-inoculated pigs (Fig. 8B). B. bronchiseptica-specific [IFN-y re-
call responses were also evaluated; however, very low, if any, levels
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FIG 7 Anti-Bordetella IgG titers in BALF. Titers of anti-Bordetella antibodies
were measured by ELISA using B. bronchiseptica KM22 (A) or KM22AbscN (B)
as the antigen. The y axis indicates the log, mean relative titer = standard
deviation (error bars) for 4 pigs per treatment group. A one-way analysis of
variance with Tukey’s posttest was used for statistical analysis, and P values less
than 0.05 are indicated with connecting bars.

of IFN-+y were detected in the supernatant of cells from any pig at
any time point (data not shown).

The Bordetella T3SS is not required for direct or indirect
transmission of B. bronchiseptica in swine. Despite numerous
studies investigating the contribution of the Bordetella T3SS to
general pathogenesis and specific mechanisms of immune modu-
lation, a role for the Bordetella T3SS in transmission has never
been investigated. Therefore, we directly tested whether the Bor-
detella T3SS is required for host-to-host transmission by direct or
indirect routes. For this experimental design, two pigs serving as
primary challenged pigs were intranasally inoculated with KM22
and placed in a pen within an isolation room. After 2 days, three
naive pigs, serving as direct contacts, were added to the same pen,
and five naive pigs were placed in a second pen placed approxi-
mately 18 in. away from the first pen. These five pigs served as
indirect-contact pigs. The exact experimental procedure was rep-
licated in a second isolation room except that the two pigs serving
as primary challenged pigs were intranasally inoculated with
KM22AbscN. In a third isolation room with no pens, pigs were
intranasally inoculated with sterile PBS and allowed to comingle.

Direct transmission occurred for both KM22 and KM22AbscN,
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FIG 8 Anti-Bordetella IL-10 recall response following infection. PBMCs (A)
and TBLN cells (B) were collected on days 28 and 56 postchallenge from pigs
infected intranasally with KM22 or KM22AbscN or mock challenged with PBS.
Cells were restimulated with heat-killed B. bronchiseptica KM22, and the su-
pernatants were analyzed for IL-10 production by ELISA. IL-10 levels are pre-
sented as the means * SD for 4 pigs per treatment group. A one-way analysis
of variance with Tukey’s posttest was used for statistical analysis, and P values
less than 0.05 are indicated with connecting bars.

with all of the direct-contact pigs from each group becoming col-
onized by day 12 postcontact (Table 3). Transmission by indirect
contact was detected on day 12 for only two pigs, both from the
KM22AbscN group, but by day 19 postcontact B. bronchiseptica

TABLE 3 Direct and indirect transmission to naive pigs”

No. of pigs infected® with contact strain:

No.of ynr KM22AbseN

days after

contact” Primary  Direct Indirect Primary Direct Indirect
5 2/2 0/3 0/5 2/2 0/3 0/5

12 2/2 3/3 0/5 2/2 3/3 2/5

19 2/2 3/3 5/5 2/2 3/3 5/5

26 2/2 3/3 5/5 2/2 3/3 5/5

“Two days after 2 primary pigs were challenged by the intranasal route with 10° CFU of
the contact strain, three naive pigs serving as direct-contact pigs were added to the same
pen. On the same day, five naive pigs serving as indirect-contact pigs were added to a
separate pen. One isolation room was used per contact strain studied, and the
experimental procedure was duplicated in the two isolation rooms used.

b Days after initial contact with primary challenged pigs.

¢ Data are reported as the number of pigs positive out of the total number possible.
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TABLE 4 Respiratory tract colonization in direct- and indirect-
transmission pigs 26 days after initial contact with primary challenged

pigs”

No. of pigs infected” with contact strain:

KM22 KM22AbscN
Sample site Primary Direct Indirect Primary Direct Indirect
Nasal swab 2/2 3/3 5/5 2/2 3/3 5/5
Tracheal wash ~ 2/2 3/3 5/5 2/2 3/3 5/5
Lung lavage 2/2 3/3 5/5 2/2 3/3 5/5
“ Pigs were euthanized on day 28 of the experiment, 26 days after initial contact with

primary challenged pigs.
b Data are reported as the number of pigs positive out of the total possible number of
pigs.

was recovered from the nasal cavities of all direct-contact and
indirect-contact pigs from both the KM22 and KM22AbscN
groups. Colonization of the trachea and lungs was also deter-
mined when pigs were necropsied 26 days postcontact. The B.
bronchiseptica strain given to the primary challenged pigs from
each group was isolated from the tracheae and lungs of all primary
challenged, direct-contact, and indirect-contact pigs from both
the wild-type KM22 and KM22AbscN groups (Table 4). B. bron-
chiseptica was not recovered from any site in piglets inoculated
with PBS. These results show that both the wild-type KM22 and
the T3SS mutant were equally capable of transmission in swine by
both direct and indirect contact. Additionally, these data demon-
strate that the T3SS of B. bronchiseptica is not required for direct or
indirect transmission in swine.

DISCUSSION

Despite widespread use of B. bronchiseptica vaccines by swine pro-
ducers throughout the world, Bordetella-associated respiratory
disease remains a significant problem for the industry (1, 46). The
development of vaccines with improved efficacy is hindered by the
absence of definitive data related to virulence mechanisms of B.
bronchiseptica in swine. Evaluation of B. bronchiseptica-specific
virulence factors involved in pathogenesis and transmission in
swine provides data directly relevant and necessary for designing
improved vaccines and therapeutic interventions. To examine the
contribution of the T3SS to Bordetella pathogenesis and transmis-
sion in swine, we constructed an in-frame deletion in the bscN
gene, which is required for a functional T3SS, in the virulent B.
bronchiseptica swine isolate KM22. Altered in vitro phenotypes of
the mutant compared to the parent strain include a decrease in a
subset of proteins in the culture supernatant, presumably due to a
defect in their secretion, and a significant decrease in T3SS-medi-
ated cytotoxicity in both murine macrophages and primary por-
cine alveolar macrophages. These in vitro phenotypes of our T3SS
deletion mutant, KM22AbscN, are similar to those reported for
the corresponding RB50AbscN mutant (26, 28-31, 39).

To investigate the contribution of the Bordetella T3SS to
pathogenesis of B. bronchiseptica in swine, we then compared the
T3SS deletion mutant to the wild-type swine isolate for the ability
to colonize and cause disease in pigs following intranasal inocula-
tion. Colonization of the T3SS mutant in the nasal cavity was
similar to that by KM22 except for three time points (days 7, 21,
and 56). At day 7, the T3SS mutant was recovered at significantly
higher levels than KM22. This finding was somewhat unexpected
given that CFU levels in KM22-infected pigs on day 7 were sharply
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lower than those observed on days 5 and 14. On day 21 postinfec-
tion, levels of the T3SS mutant recovered from the nasal cavity
were significantly lower than those of KM22, though this differ-
ence was less than 1 log, and no significant differences in CFU
levels recovered between the challenge groups were observed at
the subsequent time point, day 28. By day 56, levels of the T3SS
mutant recovered from the nasal cavity were significantly lower
than wild-type KM22 levels. The decreased colonization levels of
the T3SS mutant at the last time point may imply a role for T3SS in
persistence in the swine nasal cavity. A role for the Bordetella T3SS
in persistence in the nasal cavity or upper respiratory tract has not
been previously reported using rodent infection models (28).
However, since the colonization data presented here did not con-
tinue past day 56 or until clearance of wild-type KM22, a definitive
role for the Bordetella T3SS in persistence in the swine nasal cavity
remains unclear. Even when nasal colonization levels were similar
between pigs infected with wild-type KM22 or the T3SS mutant,
the severity of turbinate atrophy was always lower in T3SS mu-
tant-challenged pigs. This decrease suggests that the Bordetella
T3SS contributes to the turbinate atrophy associated with B. bron-
chiseptica infections in swine.

When evaluating colonization of the lower respiratory tract,
the T3SS mutant was recovered from both the tracheae and lungs
at significantly lower levels than the wild-type on days 28 and 56
postinfection. The decreased bacterial burden of the T3SS mutant
observed between days 28 and 56 postinfection suggests that the
Bordetella T3SS may be required for persistence. While we ob-
served a role for the T3SS in persistence within the nasal cavity, the
impact of a functional T3SS was more profound in the tracheae
and lungs. Prior studies utilizing rodent infection models have
also reported a role for the T3SS in tracheal persistence, although
significant differences have been reported depending on the
mouse strain used (28). Coinciding with decreased bacterial bur-
dens, disease severity was less in pigs infected with the T3SS mu-
tant than in KM22-infected pigs. Overall, fewer lung lesions were
observed in pigs infected with the T3SS mutant than in KM22-
infected pigs, and, when present, the lesions were less extensive in
terms of the necrosis, hemorrhage, or fibroplasia. Combined,
these data demonstrate that the T3SS significantly contributes to
B. bronchiseptica-associated pathology and disease severity in
swine.

A previous study in rodents using passive transfer of immune
sera demonstrated that antibody is sufficient for clearing B. bron-
chiseptica from the lower respiratory tract (45). Follow-up work
indicated an important role for complement, in that antibody-
mediated activation targeted the removal of B. bronchiseptica by Fc
receptors on phagocytic cells (47). However, data have also dem-
onstrated that B. bronchiseptica can persist in the lower respiratory
tract despite the presence of B. bronchiseptica-specific antibody
(32). This was particularly evident in the current study given the
presence of circulating B. bronchiseptica-specific maternal anti-
body at the time of challenge, which continued to circulate for
weeks following challenge. Our data indicate that maternal anti-
bodies specific to B. bronchiseptica are directed toward T3SS pro-
teins, as serum antibody levels specific to the T3SS mutant de-
creased in mock-infected pigs over time. In contrast, IgG levels
specific to KM22 in noninfected pigs did not decrease over the
same time period. B. bronchiseptica is ubiquitous in swine herds,
and it is extremely difficult to find herds in which pigs have not
been exposed to the bacterium and, thus, do not have circulating
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antibody. Sows are typically colonized at some point in their life,
leading to the development of circulating B. bronchiseptica-spe-
cific IgG, which is transferred to piglets in colostrum. While our
rearing protocol for piglets used in this study incorporates early
weaning to eliminate vertical transmission of B. bronchiseptica
from sow to piglets, it does not prevent colostrum ingestion and
subsequent passive transfer of maternal antibody. Therefore, the
immune status of piglets at challenge is significantly different from
that of naive mice routinely used for identifying immune factors
involved in B. bronchiseptica persistence and pathogenesis. While
the disease caused by B. pertussis in humans is acute, carriage and
transmission may not be acute. In fact using a nonhuman primate
model, Warfel et al. demonstrated that baboons can remain colo-
nized after 40 days postchallenge and transmit B. pertussis to naive
hosts in the presence of robust levels of circulating antibodies (48).
Therefore, B. bronchiseptica infection in sows and piglets may be
more similar to the circumstances involved with B. pertussis in
humans, and thus correlations between these two model systems
may be more relevant to Bordetella pathogenesis in general.

Despite the presence of circulating B. bronchiseptica-specific
IgG at the time of challenge, piglets were susceptible to B. bron-
chiseptica-mediated disease. T3SS proteins were able to modulate
the B. bronchiseptica-specific immune response in challenged pig-
lets given the significant differences observed in both humoral and
cell-mediated immune responses. The ability of the T3SS to hin-
der development of the humoral immune response is shown in
serum anti-Bordetella IgG titers, as titers increased steadily over
time in pigs infected with the T3SS mutant when heat-killed
KM22AbscN whole cells were used as the antigen. This antigen-
specific response increased in piglets infected with the T3SS mu-
tant as maternal antibody specific to B. bronchiseptica decreased
over time. Pigs challenged with KM22 did not exhibit an increase
in circulating B. bronchiseptica-specific IgG titers regardless of the
B. bronchiseptica strain used as the antigen. In contrast to pigs
infected with the T3SS mutant, KM22-infected pigs exhibited lit-
tle evidence of an active humoral immune response greater than
maternal antibody following KM22 challenge; however, it is diffi-
cult to distinguish between maternal antibody and newly devel-
oped antibody at these later time points.

Despite minimal differences in B. bronchiseptica-specific 1gG
levels in the sera, significantly higher IgG levels were detected in
the in the BALF of KM22-infected pigs on days 28 and 56 follow-
ing challenge. Immunoglobulin G circulating in the periphery is
capable of transuding into the lower respiratory tract, and, as pre-
viously mentioned, antibody has been shown to play a role in
clearance of B. bronchiseptica from the lower respiratory tract (45).
At day 28 postinfection significantly higher mRNA expression lev-
els for cytokines IL-6 and RANTES were detected in TECs from
KM22-infected pigs than in TECs from pigs infected with the
T3SS mutant, and lung lesions were more severe in KM22-in-
fected pigs at day 28 as well. In addition, TEC mRNA levels of the
anti-inflammatory cytokine IL-10 were increased in pigs infected
with the T3SS mutant compared to those in KM22-infected pigs.
Taken together, these results suggest that the presence of IgG in
the lungs of KM22-challenged pigs was likely due to lung damage
and subsequent transudation of immunoglobulin from circula-
tion into the lung. Despite the increased levels of B. bronchiseptica-
specific IgG in the lungs of KM22-challenged pigs, significantly
higher CFU levels were recovered from the lungs of KM22 infected
pigs than from lungs of pigs infected with the T3SS mutant on day
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28 postchallenge, suggesting that the anti-Bordetella antibodies
present in the lungs at this time point failed to contribute to clear-
ance of wild-type B. bronchiseptica from the lower respiratory
tract. This may be a result of the cytotoxicity of KM22 for alveolar
macrophages, whose Fc receptors are required for antibody-me-
diated clearance (47). By day 56 postinfection, B. bronchiseptica-
specific IgG levels were increased in pigs infected with the T3SS
mutant and significantly fewer CFU were recovered from the
lungs of pigs infected with the T3SS mutant. Given the minimal
lung pathology exhibited in the pigs infected with the T3SS mu-
tantat day 56 postinfection, it is likely that the IgG measured in the
lungs at that time point was due to local production and not sys-
temic IgG transuding into the lung. Future work aimed at identi-
fying the specific B. bronchiseptica proteins that these IgG antibod-
ies targeted may help distinguish between maternal antibody and
antibody developed during the infection process, as well as speci-
ficity for clearance.

Various studies using mice have demonstrated that the T3SS
activates the production of the cytokine IL-10 early in the infec-
tion process, thereby inhibiting the production of IFN-vy, which is
also involved in antibody-mediated clearance of B. bronchiseptica
(32,33, 38,49). To determine if B. bronchiseptica would employ a
similar mechanism to skew the porcine immune response for per-
sistent colonization, IL-10 production following restimulation of
lymphocytes was evaluated. Consistent with previous studies,
lymphocytes collected from peripheral blood and TBLNs of
KM22-infected pigs on day 28 postinfection produced signifi-
cantly more IL-10 following B. bronchiseptica restimulation than
lymphocytesisolated from pigs infected with the T3SS mutant. On
day 56 postinfection, no significant differences were observed for
the IL-10 produced by PBMCs following restimulation, and the
levels produced by PBMCs collected from KM22-infected pigs
were less than those produced by PBMCs collected on day 28
postinfection. However, there was an increase in the amount of
IL-10 produced by TBLN cells collected from pigs infected with
the T3SS mutant on day 56 compared to day 28 postinfection. This
IL-10 recall response in pigs challenged with the T3SS mutant
parallels the levels of the anti-Bordetella antibodies present in the
lungs, suggesting that IL-10 was involved in development of the B.
bronchiseptica-specific immune response in these pigs. These data
also provide evidence of the differential local versus systemic re-
sponses induced following infection with the T3SS mutant, as
IL-10 recall responses were significantly elevated in TBLN cells,
but not in the PBMC:s at day 56. IL-10 was historically character-
ized as a Th2-polarizing cytokine, which supports the data cur-
rently presented. B. bronchiseptica-specific IFN-y recall responses
were also evaluated; however, very low, if any, levels of [FN-y were
detected in the supernatant of restimulated TBLN cells and
PBMCs from any pig at any time point. Together, our results
demonstrate that the Bordetella T3SS does alter the B. bronchisep-
tica adaptive immune response, likely allowing B. bronchiseptica to
persist in the lower respiratory tract. Given that the local TEC
responses at day 7 were not significantly different between groups,
nor were colonization levels, our data support a role for the T3SS
in altering the adaptive immune response, which significantly al-
ters clearance.

Despite a high number of studies investigating the molecular
mechanisms of immune modulation by the Bordetella T3SS, a
potential role in transmission has never been investigated. We
found that the T3SS mutant could be transmitted directly to naive
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pigs and indirectly to naive pigs when pigs were physically sepa-
rated by pens. Our results demonstrate that the T3SS of B. bron-
chiseptica is not required for transmission in swine. Additionally,
these data demonstrate that, even in animals exhibiting minimal
disease, infection can still lead to transmission of B. bronchiseptica.
These results highlight an important concern to consider when
designing any vaccine or intervention strategy where the goal is to
decrease transmission in addition to providing protection against
clinically apparent disease.
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