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Adherence to ciliated respiratory epithelial cells is considered a critical early step in Bordetella pathogenesis.
For Bordetella pertussis, the etiologic agent of whooping cough, several factors have been shown to mediate
adherence to cells and cell lines in vitro. These putative adhesins include filamentous hemagglutinin (FHA),
fimbriae, pertactin, and pertussis toxin. Determining the precise roles of each of these factors in vivo, however,
has been difficult, due in part to the lack of natural-host animal models for use with B. pertussis. Using the
closely related species Bordetella bronchiseptica, and by constructing both deletion mutation and ectopic
expression mutants, we have shown that FHA is both necessary and sufficient for mediating adherence to a rat
lung epithelial (L2) cell line. Using a rat model of respiratory infection, we have shown that FHA is absolutely
required, but not sufficient, for tracheal colonization in healthy, unanesthetized animals. FHA was not required
for initial tracheal colonization in anesthetized animals, however, suggesting that its role in establishment may
be dedicated to overcoming the clearance action of the mucociliary escalator.

Investigations aimed at understanding the precise roles of
individual bacterial virulence factors in host recognition, colo-
nization of specific sites on or within host tissues, and persis-
tence in the face of constitutive and adaptive immune defenses
are often hampered by the fact that different factors may serve
similar, overlapping, or redundant functions during the course
of infection. Real as well as artifactual redundancies may be
especially pronounced in in vitro studies or studies using sur-
rogate hosts in which natural interactions are approximated by
unnatural experimental conditions. For Bordetella pertussis, the
etiologic agent of whooping cough, several potential virulence
factors have been identified. These include fimbriae of at least
three serotypes (9, 34, 44), an outer membrane protein called
pertactin (40), a 220-kDa molecule that is both secreted and
cell-associated called filamentous hemagglutinin (FHA) (37), a
bifunctional adenylate cyclase/hemolysin (AC/HLY) (22), per-
tussis toxin (PTX) (3), the tracheal colonization factor TcfA
(11), and a serum resistance factor (Brk) (10). Studies using a
variety of mammalian cells and cell lines have indicated that at
least four of these (FHA, fimbriae, pertactin, and PTX) can
mediate attachment of B. pertussis to eukaryotic cells in vitro.
Consequently, roles as adhesins have been proposed (2, 5, 14,
19-21, 23, 33, 35, 36, 43, 44, 49-51). In vivo evidence for these
roles, however, has been difficult to obtain due in part to the
lack of natural animal models for B. pertussis. Distinguishing
the functions of FHA and fimbriae has been further compli-
cated by the fact that the genes and operons encoding these
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factors are intermingled on the Bordetella chromosome (28,
56).

The goal of this work is to investigate the role of FHA in
infection of a natural host and to compare these results with
those obtained from in vitro studies and from experiments
using B. pertussis in mouse models. We have focused our stud-
ies of this putative adhesin and other virulence determinants
on Bordetella bronchiseptica, a Bordetella species very closely
related to B. pertussis that naturally infects a variety of mam-
mals, including rabbits, rats, and guinea pigs (15). B. bronchi-
septica expresses nearly the same set of virulence factors as B.
pertussis, including FHA, fimbriae, pertactin, and AC/HLY
(15). As in B. pertussis, the B. bronchiseptica genes required for
FHA synthesis and processing (fhaB and fhaC) flank the fim-
brial biogenesis (fimBCD) operon and are positively regulated
by the products of the bvgAS locus. BvgA and BvgS comprise
a two-component signal transduction system that mediates a
biphasic transition between infectious (Bvg") and noninfec-
tious (Bvg ™) phases in response to specific environmental con-
ditions (for reviews, see references 6, 47, and 52). Like all
known protein virulence factors identified in B. pertussis and B.
bronchiseptica, FHA is expressed only in the Bvg" phase (46).

We addressed problems associated with genetic complexity
and potential redundancy of other factors by constructing two
types of FHA mutants (Fig. 1A). To determine the require-
ment of FHA for specific phenotypes, we constructed a mutant
with an in-frame deletion in the FHA structural gene (fhaB)
and compared this strain with the wild type in vitro and in vivo.
To determine the sufficiency of FHA for specific phenotypes,
and to eliminate complications due to the presence of other
factors with potentially compensatory functions, an ectopic
expression approach was taken. We have previously used this
approach to investigate the role of Bvg-mediated repression
during Bordetella pathogenesis (1). Here, we constructed a
strain in which FHA is expressed ectopically in the Bvg ™ phase,
in the absence of the constellation of adhesins and toxins with
which it is normally expressed. The phenotypic properties of
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FIG. 1. (A) Schematic representation of the two experimental approaches. RB50 alternates between the Bvg™ phase, characterized by the expression of FHA (thick
lines), fimbriae (thin lines), pertactin (solid ovals), and AC/HLY (solid circles), and the Bvg™ phase, characterized by the expression of flagella (wavy lines). Deletion
of the FHA structural gene (AfhaB) results in a strain, RBX9, which is identical to RBS0 except that it lacks FHA. Deletion of BvgS (AbvgS) locks RB50 in the Bvg™
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these two types of mutants provide compelling evidence that
FHA does indeed function as an important adhesion in vivo.
The data suggest FHA-mediated attachment to tracheal respi-
ratory epithelia allows Bordetella to overcome constitutive de-
fense mechanisms operative in the trachea, including the clear-
ance action of the mucociliary escalator.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. B. bronchiseptica RB50,
RB53, RB54, and RB57 have been described elsewhere (1, 7). RBX9, MRS, and
DF8 are derivatives of RB50 and RB57. Their construction is described below.
B. bronchiseptica strains were grown on Bordet-Gengou agar (BG; Becton Dick-
inson Microbiology Systems) supplemented with 7.5% sheep blood or in Stainer-
Scholte broth (45). Escherichia coli DH5a was used for all cloning steps. E. coli
was grown in L broth or on L agar. When appropriate, the culture media were
supplemented with 5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside (X-Gal;
20 wg ml™1), ampicillin (100 pg ml™"), gentamicin (40 pg ml™1), or streptomycin
(40 pg ml™1).

DNA methods. Standard methods were used for preparation of plasmid DNA,
restriction enzyme digestions, agarose gel electrophoresis, DNA ligations, and
other DNA manipulations (41). Restriction enzymes, calf intestinal alkaline
phosphatase, T4 DNA polymerase, and T4 DNA ligase were from Promega
Corp. (Madison, Wis.), Boehringer Mannheim (Indianapolis, Ind.), New En-
gland Biolabs (Beverly, Mass.), or Bethesda Research Laboratories (Gaithers-
burg, Md.) and were used according to the manufacturer’s directions.

Construction of strains. All mutations were delivered to the chromosome by
allelic exchange using the sacBR-based allelic exchange system described else-
where (1, 30). The AfhaB strain, RBX9, was generated by using plasmid pAfhaB,
which was constructed as follows. A 1.3-kb DNA fragment extending from the
middle of bvgA to the third codon of fhaB was amplified from the chromosome
of B. bronchiseptica RB50 by PCR. The oligonucleotides used for PCR (5'GC
GAAGCTTATAGGTGACGTCGAACGG3' and 5'GCGGATCCGTGTTCAT
ATTCCGACCAG3') were designed such that HindIII and BamHI sites would
be generated at the 5" and 3’ ends, respectively. Subsequent sequence analysis of
B. bronchiseptica fhaB revealed a T in place of A six nucleotides from the end of
the forward (former) primer. An additional amino acid is encoded within the
BamHI restriction endonuclease recognition site. In a similar fashion, a 1.2-kb
DNA fragment extending from the fifth to the last codons of fhaB to the middle
of fimB was amplified with BamHI and HindIII sites at its 5" and 3’ ends,
respectively. The oligonucleotides used in this reaction were GCGGATCCAA
CAAATAGGTAGACGCTG and GCGAAGCTTCCCGTCACAAGCGTAT
GT. The PCR products were cut with BamHI and HindIII then joined at their
BamHI sites and cloned into the HindllI site of our allelic exchange vector,
creating pAfhaB (Fig. 1B). Allelic exchange using this plasmid resulted in the
deletion of all but four codons at the 5" end and five codons at the 3’ end of fhaB.

To construct a strain expressing FHA under Bvg™ phase conditions, we began
with strain RB57, a nonmotile, Bvg™ phase-locked derivative of RB50 containing
deletion mutations in bvgS and flaA (1). To promote fhaB transcription in this
strain, a 220-bp fragment encompassing the native fhaB promoter was replaced
with a 114-bp fragment encompassing the fla4 promoter by using allelic ex-
change. The flad promoter fragment contains nucleotides —200 to —86 relative
to the flaA translational start site. The transcriptional start site is at position
—102, and this fragment joins fhaB 30 bp 5’ to the translational start site for fhaB.
The resulting strain was called MR8 (Fig. 1C). To promote transcription and
translation of fhaC, the same flaA promoter fragment plus 12 bp at the 3" end
containing the fla4 ribosome binding site was inserted between the penultimate
and last codons of fimD such that the 3’ fusion junction occurs exactly at the start
codon of fhaC (Fig. 1C). Introduction of this promoter into strain MR8 resulted
in the construction of strain DFS8.

In vitro adherence assay. Rat lung epithelial (L2) cells (ATCC CCL-149) were
grown in F12K medium containing 10% fetal calf serum on coverslips in standard
12-well tissue culture plates. The L2 cells were used when they reached 50 to
80% confluency. The culture medium was removed and replaced with Stainer-
Scholte broth containing 10® CFU of the bacterial strain to be tested (multiplicity
of infection of 500); the plates were spun at 200 X g for 5 min and then incubated
for 30 min at 37°C. The cells were then washed four times with Hanks’ balanced
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salts solution, fixed with methanol, stained with Giemsa stain, and visualized by
light microscopy.

Respiratory infection of Wistar rats. Wistar rats were obtained at 3 to 4 weeks
of age from B & K Laboratories (Fremont, Calif.). Two animals from each lot
were euthanized by halothane inhalation upon arrival and determined to be free
of B. bronchiseptica infection upon necropsy. For standard, small-volume inoc-
ulations, rats were lightly anesthetized with aerosolized halothane, and a 5-pl
droplet containing the inoculum was deposited on the external nares. Inocula
were grown at 37°C in Stainer-Scholte broth and normalized by optical density at
600 nm. The number of CFU delivered was determined by plating dilutions of
the inocula on BG-blood agar. Rats were monitored daily for signs of respiratory
distress. At designated time points postinoculation, rats were sacrificed by halo-
thane inhalation. The three right lung lobes, 1 cm of mid-trachea, the larynx, and
the nasal septum were removed and homogenized in phosphate-buffered saline,
and aliquots were plated onto BG-blood agar and incubated at 37°C for 2 days.

To determine the 50% infective doses (IDs,s) for RB50 and RBX9, groups of
10 rats were inoculated with 20 or 200 CFU of either RB50 or RBX9 and
colonization of the nasal cavity was determined 10 days later. All animals were
found to be colonized, indicating the ID5,s for RB50 and RBX9 were =20 CFU.

Large-volume intranasal inoculation of Wistar rats. Three- to four-week-old
female Wistar rats were inoculated with 10° CFU of B. bronchiseptica delivered
in a 50-pl volume while the rats were either lightly anesthetized with halothane
or sedated by intramuscular injection of ketamine (80 mg/kg of body weight) and
xylazine (10 mg/kg). Animals were sacrificed 24 h or 5 days later, and a 1-cm
section of trachea from midway between the larynx and the lungs was removed
and homogenized. Aliquots were plated on BG-blood agar, and colonies were
counted after 2 days of incubation at 37°C.

Intratracheal inoculation of Wistar rats. Three- to four-week-old female
Wistar rats were anesthetized by intramuscular injection of ketamine (80 mg/kg)
and xylazine (10 mg/kg). The trachea was exposed by making a small incision in
the skin with a sterile scalpel, and then 20 ul of phosphate-buffered saline
containing 10° bacteria was delivered directly into the lumen of the trachea via
a 25-gauge needle. The incisions were closed by using surgical staples, and the
animals were monitored while recovering from anesthesia. Rats were sacrificed
24 h, 5 days, or 30 days postinoculation, and the number of CFU per centimeter
of trachea was determined as described above.

SDS-PAGE and Western immunoblotting. Sodium dodecyl sulfate (SDS)-
polyacrylamide gel electrophoresis (PAGE) and Western immunoblotting were
performed as described previously (7). Whole-cell lysates and concentrated su-
pernatants were prepared from an equivalent number of cells for each strain as
determined by measuring the optical density at 600 nm.

ELISA. Enzyme-linked immunosorbent assays (ELISAs) were performed as
described previously (7). The anti-FHA antibody used was a polyclonal rabbit
antibody obtained from Lederle-Praxis (West Henrietta, N.Y.). Fab1541 is a
polyclonal rabbit anti-Fim3 antibody generated against B. pertussis Fim3 (gift
from F. Mooi). The secondary antibody used was a horseradish peroxidase-
conjugated goat anti-rabbit antibody (Amersham).

RESULTS

Construction and characterization of AfhaB and FHA" mu-
tants. To investigate the role of FHA in Bordetella pathogensis,
we constructed two types of B. bronchiseptica mutants. RBX9
contains a large in-frame deletion in fhaB, the FHA structural
gene, such that only four and five codons remain at the 5" and
3’ ends, respectively (Fig. 1 and Materials and Methods). FHA
production in RBX9 was assessed by Western blot analysis
using a polyclonal anti-FHA antibody (courtesy of Lederle-
Praxis). This antibody recognizes a family of high-molecular-
weight polypeptides present in whole-cell lysates or superna-
tants of wild-type B. bronchiseptica (RB50) grown under Bvg"
phase conditions and absent in lysates or supernatants of RB50
grown under Bvg~ phase conditions (Fig. 2). These polypep-
tides were not detected in lysates or supernatants of RBX9
grown in the Bvg™" phase (Fig. 2).

phase (RB54), and deletion of the flagellin structural gene (AflaA) results in lack of flagella (RB57). Addition of Bvg™ phase-specific promoters to fhaB and fhaC
(fhaB"fhaC") results in ectopic expression of FHA in a Bvg™ phase-locked strain (DF8). (B) Construction of the AFHA strain, RBX9. bvgAS, fhaB, fimA, fimB, fimC,
fimD, and fhaC are contiguous on the Bordetella chromosome. Oligonucleotides containing either a HindIII (H) or a BamHI (B) restriction endonuclease cleavage site
at one end were used to amplify DNA fragments by PCR, which were then joined and cloned into our allelic exchange vector to create plasmid pAfhaB. Antibiotic
resistance genes and the sacB and sacR genes encoded on the plasmid are indicated. Two consecutive homologous recombination events occurring on each side of the
deletion junction result in deletion of all but the first four and last five codons of fhaB from the B. bronchiseptica chromosome. (C) Construction of the FHA" strain,
DF8. RB57 contains deletion mutations in bvgS, locking it in the Bvg™ phase, and fla4, rendering it unable to synthesize flagella. Replacement of the native fhaB
promoter (Pp,,z) with the Bvg™ phase-specific flagellin promoter (P,.4; hatched lines) allows expression of fhaB in RB57. Insertion of the flagellin promoter plus the
flagellin ribosome binding site (SDy,) allows expression of fhaC. Both fhaB and fhaC are required for expression, processing, and localization of FHA.
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FIG. 2. Western immunoblot analysis of whole-cell lysates (WCE) and cul-
ture supernatants (SUPE) of wild-type B. bronchiseptica strain RB50 grown
under Bvg™ and Bvg™ phase conditions and RBX9, the AFHA strain, grown
under Bvg" phase conditions. RB57, the AbvgS AflaA strain, and its derivatives
MRS, which contains a flagellin promoter upstream of fhaB, and DF8, which also
contains a flagellin promoter upstream of fhaC, are locked in the Bvg™ phase.
Polypeptides contained in lysates and supernatants were separated by SDS-
PAGE, transferred to polyvinylidene difluoride membranes, and probed with
either polyclonal anti-FHA antibody (anti-FHA) or monoclonal anti-Fim3 anti-
body (anti-Fim). Sizes are indicated in kilodaltons on the right.

Since genes required for fimbrial biogenesis are located be-
tween fhaB and fhaC (Fig. 1), we also determined the effect of
the fhaB deletion on expression of fimbriae. Fab1541 is an
anti-Fim3 antibody generated against B. pertussis fimbriae.
This antibody recognizes two polypeptide species of approxi-
mately 22 and 24 kDa that are present in whole-cell lysates of
RB50 grown under Bvg™ phase conditions but not in lysates of
cells grown under Bvg  phase conditions (Fig. 2). These
polypeptides were also present in lysates of RBX9 grown un-
der Bvg" phase conditions (Fig. 2), demonstrating that the
fhaB deletion did not abrogate fimbrial expression.

Comparison of RBX9 with wild-type B. bronchiseptica allows
us to investigate the requirement of FHA for specific pheno-
types. To address the issue of sufficiency, we constructed a
second type of mutant, one in which FHA is synthesized in the
absence of all other Bvg" phase factors (Fig. 1A and C). The
AbvgS mutation in strain RB54 renders it locked in the Bvg ™
phase, unable to express Bvg" phase genes and operons (7).
RB54 does, however, constitutively express Bvg™ phase phe-
notypes such as motility. We have previously shown that ec-
topic expression of motility in the Bvg™ phase is detrimental to
the development of infection (1). This defect was specifically
due to the expression of flagella since deletion of the flagellin
structural gene restored virulence (1). We therefore deleted
the flagellin structural gene from the chromosome of RB54 to
generate a strain (RB57) that expresses neither flagellin nor
Bvg™ phase factors. To induce expression of fhaB in this strain,
the native fhaB promoter was replaced with the Bvg™ phase
specific flaA promoter by allelic exchange (Fig. 1 and Materials
and Methods). Since FhaC is required for processing and ex-
port of FHA (24, 38), a second flaA promoter was introduced
upstream of fhaC, near the end of the fimD gene (Fig. 1 and
Materials and Methods). FHA was detected in whole-cell ly-
sates and supernatants of strain DF8, which contains both flaA
promoters, but not MRS, which contains the fla4 promoter in
place of the fhaB promoter but not the second fla4 promoter
upstream of fhaC (Fig. 2). Expression of fhaB and fhaC is
therefore necessary and sufficient for synthesis, processing, and
export of FHA by Bvg™ phase B. bronchiseptica.

FHA mediates adherence to L2 cells. FHA has been re-
ported to mediate adherence of B. pertussis to many cell types
in vitro (2, 21, 23, 32, 33, 35, 36, 43, 50, 51). To investigate the
contribution of FHA to B. bronchiseptica adherence in vitro,
we compared our wild-type and mutant strains for the ability to
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adhere to a rat lung epithelial (L2) cell line in a standard
adherence assay (58). RB50 could be detected in association
with L2 cells only when grown under Bvg" phase conditions
(Fig. 3a). Interestingly, while RB50 grown under Bvg™ phase
conditions, and RB54 grown under any condition, did not
adhere to L2 cells, both strains did adhere to the glass coverslip
that was exposed between the cells (Fig. 3C). This phenome-
non may reflect surface hydrophobicity differences between
Bvg" and Bvg ™ phase bacteria (12). RBX9 grown under Bvg*
phase conditions did not adhere to L2 cells (Fig. 3b). FHA is
therefore required for binding to these cells. The FHA" strain
adhered both to the L2 cells and to the exposed glass coverslip
(Fig. 3d). The numbers of DF8 and RB50 bacteria adherent to
L2 cells were nearly identical (data not shown), indicating that
FHA functionality in DF8 was similar to FHA functionality in
RB50, at least with regard to mediating adherence to L2 cells.
These results demonstrate that FHA is not only required but
also sufficient for mediating attachment to L2 cells. These
results also show that the property of the Bvg™ phase that
allows adherence to the glass coverslip is not altered by the
expression of FHA, nor does the ability, or lack of ability, to
adhere to glass correlate with adherence to cells.

FHA is required but not sufficient for tracheal colonization
in a rat model of respiratory infection. To investigate the role
of FHA in establishment of respiratory tract infection, we
inoculated groups of 3-week-old female Wistar rats with 500
CFU of either RB50 or RBX9 delivered in a 5-pl droplet to the
external nares. Colonization of various sites in the respiratory
tract was assessed on days 10, 26, and 60 postinoculation.
Consistent with our previous reports (1, 8, 30), RB50 efficiently
established respiratory infection in all rats; 10* to 10° CFU
were recovered per nasal septum, larynx, and centimeter of
trachea in all RB50-inoculated animals at day 10 postinocula-
tion (Fig. 4). In contrast, RBX9 showed a decreased ability to
colonize; averages of 10° and 10*> CFU were recovered from
the nasal septa and larynxes, respectively, at day 10, and bac-
teria were not recovered from the tracheas of any RBX9-
inoculated animals (Fig. 4). At days 26 and 60 postinoculation,
while the difference in ability to colonize the nasal cavity be-
tween RB50 and RBX9 had disappeared, bacteria were still
not recovered from the tracheas of any RBX9-inoculated rats.
We conclude that FHA is absolutely required for colonization
of the trachea when inocula are administered in a small volume
to the external nares. Although we did not recover RBX9 from
any site in two of five animals at day 10 in this experiment, in
a separate experiment we determined the ID5, for RBX9 to be
less than 20 CFU, the same as obtained for RB50.

We also inoculated rats with the FHA" strain at a high dose
(10° CFU) and determined colonization levels at day 10 post-
inoculation. Not surprisingly, this strain was not recovered
from any site in any animal. This result demonstrates that
although FHA is required for colonization of the trachea, it is
not sufficient for establishment of respiratory infection by
Bvg ™ phase bacteria even when given at a dose more than 10°
times higher than the IDs, for wild-type B. bronchiseptica.
Consistent with this conclusion, we have recently shown that
fimbriae are also important for tracheal colonization, although
their presence appears to be less critical than that of FHA for
establishment of tracheal colonization (31).

Antibody response. The serum antibody response to infec-
tion by RB50 and RBX9 was measured by Western blotting
and ELISA. In the Western blot analyses, whole-cell lysates
and supernatants of wild-type B. bronchiseptica strain RB50
were separated by SDS-PAGE, transferred to polyvinylidene
difluoride membranes, and probed with serum from infected
animals. The antibody profiles of RB50- and RBX9-infected
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animals were qualitatively similar except for a lack of anti-
FHA antibody in RBX9-infected animals (data not shown).
Consistent with this result, serum antibody titers were similar
in RB50- and RBX9-infected animals when RBX9 whole cells
were used as the antigen in an ELISA but were much higher in
RB50-infected animals when RB50 whole cells were used as
the antigen (Fig. 5). This result suggests that FHA serves as a
potent antigen but is not necessary for the induction of a
humoral immune response to other Bordetella antigens.

FHA is required for initial, efficient establishment of tra-
cheal colonization in vivo. Time course studies of rat respira-
tory tract colonization by B. bronchiseptica have shown that
when inoculated intranasally with a small volume (5 pl), rats
become colonized in the nasal cavity by day 5 whereas tracheal
colonization is not consistently detected until day 10 (1). We
interpret these observations to indicate that at least in this
experimental model of infection, bacteria in the nasal cavity
serve as a reservoir from which the trachea is seeded. This
further suggests that establishment of tracheal colonization
requires that bacteria be able to (i) move from the nasal cavity
to the trachea, (ii) avoid clearance by the mucociliary escalator,
by forming strong, specific attachments to ciliated epithelial
cells and/or by paralyzing the cilia, and (iii) resist or avoid
constitutive host immune defenses that normally function to
eliminate bacteria from this site. Lack of tracheal colonization

by RBX9, therefore, implicates FHA as important for one or
more of these steps.

To address these issues, we performed two types of experi-
ments. In the first, bacteria were delivered to the trachea via
intranasal inoculation by administering 10° CFU of either
RB50, RBX9, or RB54 in a large volume (50 pl) to the external
nares. Previous studies indicate that about 10% of the inocu-
lum is present in the trachea 1 h postinoculation with this
protocol. At 24 h postinoculation, all rats inoculated with
RB50 contained about 10° CFU/cm of trachea (Fig. 6A). In
marked contrast, bacteria were not recovered from the trachea
of any animal inoculated with RBX9 or RB54. This result
indicates that without FHA, B. bronchiseptica is unable to
establish colonization in the trachea even when the require-
ment for first establishing colonization in the nasal cavity is
removed. FHA therefore appears to play a crucial role in
overcoming constitutive host defense mechanisms operative in
the trachea.

To deliver bacteria more directly, and more precisely, into
the trachea, and to avoid passage of the inoculum through the
nasal cavity, we performed experiments in which the tracheas
of anesthetized animals were exposed surgically and bacteria
were delivered in a 20-pl volume into the lumen of the trachea
via a 25-gauge needle. At 24 h postinoculation, RB50 and
RBX9 were present in the trachea at about 10° and 10° CFU/
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FIG. 4. Colonization of the rat respiratory tract by RB50, RBX9, and DFS.
Groups of five or six 3-week-old female Wistar rats were inoculated with ap-
proximately 500 CFU of RB50 or RBX9 or with 10° CFU of DFS8. Animals were
sacrificed on day 10, 26, or 60 postinoculation, and the number of CFU coloniz-
ing various sites in the respiratory tract was determined. Each symbol represents
log CFU per nasal septum, larynx or centimeter of trachea recovered from a
single animal, and short horizontal lines represent the mean for each group.
Open circles, RB50; solid circles, RBX9; gray circles, DF8. Statistical significance
is designated with asterisks (one asterisk = P < 0.05; two asterisks = P < 0.001;
three asterisks = P < 0.0001. Dashed lines represent the lower limit of detection.

cm, respectively (Fig. 6C), while RB54 was not recovered from
the trachea of any animal. Both RB50 and RBX9 were still
present in the trachea at 5 days postinoculation, although at
levels about 1 log lower than at 24 h (Fig. 6C). In contrast to
the data presented above, this result indicates that FHA is not
absolutely required for tracheal colonization.

A possible explanation for these apparently contradictory
results is that FHA is required for tracheal colonization only
when bacteria first pass through the nasal cavity. Alternatively,
the requirement for FHA in tracheal colonization may some-
how be eliminated by anesthesia or by direct injection of bac-
teria into the trachea. General anesthesia can result in decreased
airway protection by reducing respiratory rate, suppressing gag
and cough reflexes and inhibiting mucociliary clearance (27).
To test the hypothesis that constitutive host defense mecha-
nisms normally operative in the trachea are compromised in
anesthetized rats to the extent that FHA is not required for
establishment of colonization at this site, we repeated the in-
tranasal inoculation experiments using anesthetized rats. In
this experiment, both RB50 and RBX9, but not RB54, were
present in high numbers in the trachea 24 h postinoculation
(Fig. 6B). FHA therefore appears to be required for establish-
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serum from RBX9-
infected animals

serum from RB50-
infected animals

Day 26

anti-RB50 anti-RBX9 anti-RB50  anti-RBX9

anti-lg (10 3)
T

Day 60

FIG. 5. Serum anti-Bordetella antibody titers. Open bars represent antibody
titers in sera as determined by ELISA with RB50 used as the antigen; solid bars
represent titers determined with RBX9 used as the antigen. Graphs show titers
in sera from RB50- and RBX9-infected animals, collected at day 26 or 60
postinoculation, as indicated.

ment of tracheal colonization in uncompromised animals but is
not required for bacteria to persist in the trachea for up to 5
days once tracheal colonization has been established. These
data support the hypothesis that FHA functions as an impor-
tant adhesin which mediates efficient initial adherence to tra-
cheal epithelial cells, allowing B. bronchiseptica to overcome
the clearance action of the mucociliary escalator. Interestingly,
RBX9 was not recovered from the tracheas of intratracheally
inoculated rats 30 days postinoculation (data not shown) sug-
gesting FHA also plays a role in long-term tracheal persis-
tence.

FHA does not complement the tracheal colonization defect
in trans. FHA contains several types of binding domains, and
secreted FHA has been demonstrated to bind both bacterial
cell surfaces as well as host cell surfaces in vitro, suggesting
that it may function as a bridge between the bacterium and the
host (48). It has even been suggested that by acting in trans,
FHA may mediate adherence of other bacteria to host tissues
and thus may contribute to secondary infections (48). To in-
vestigate this possibility in vivo, we coinfected six rats with
approximately 300 CFU of RBX9 and RB58 (17), a Acyad
derivative of RB50. RB58 was chosen for this experiment be-
cause it is easily distinguished from RBX9 on BG-blood agar
due to its lack of hemolysis. RB58 does not differ from the wild
type in its ability to synthesize and secrete FHA (data not
shown). Although the importance of AC/HLY in resisting the
action of neutrophils and macrophages is apparent in mouse
models (17, 25), RB58 does not differ from the wild type in its
ability to colonize the rat trachea at day 10 following low-
volume intranasal inoculation (17). In all six animals coinocu-
lated with RBX9 and RBS58, only RB58 was recovered from the
trachea (approximately 10° to 10° CFU per cm). Although we
did not quantitate nasal cavity colonization in this experiment,
swabbing the nasal turbinates exposed by dissection indicated
that RBX9 and RB58 were present in approximately equal
numbers in the nasal cavity. These results indicate that FHA is
not capable of conferring tracheal colonization ability to an
FHA™ strain in trans in vivo.



VoL. 66, 1998

& B
) |
I
6_ i
& -
] )
g o e
g s
o
= 44 —_
£
Lo 4
s ;
o 3] !
j=2]
ke ]
2]
] O
1] : : ‘ *
LD — — — & — - — 9 — i
] A 1
8§ &
RB50 RBX9 RB54 RB50 RBX9 RB54
(wt) (afhaB) (AbvgS) (wt) (AfhaB) (AbvgS)
- anesthesia + anesthesia
7 ‘
C. ;
16 o ‘
] @ 6]
§ 5 s 2 — .
S B8 e
+= 4 4 ‘
E I
Q .
2
o 3 i
o \
< ] |
24 i
14 b |
* ‘
LD —p — — — —@— -— - = — —

RB50 RBX9 RB54 RB50 RBX9
(wh) (afhaB) (AbvgS) (wt) (AfhaB)
Day 1 Day 5

FIG. 6. Colonization of the trachea following intranasal inoculation of anes-
thetized or unanesthetized rats or intratracheal inoculation of anesthetized rats.
Groups of five 3-week-old female Wistar rats were inoculated by delivering 10°
CFU of RB50, RBX9, or RB54 in a 50-pl volume to the external nares of
unanesthetized (A) or anesthetized (B) rats or by injecting 10° CFU of RB50,
RBX9, or RB54 in a 20-pl volume into the trachea of anesthetized rats (C).
Animals were sacrificed at 24 h or 5 days postinoculation, as indicated. Each
symbol represents the number of CFU per centimeter of trachea from a single
animal, and horizontal bars show the mean for each group. Open circles, RB50;
solid circles, RBX9; gray circles, RB54. The horizontal dashed lines represent the
lower limit of detection. Statistical significance is designated with asterisks (one
asterisk = P < 0.05; three asterisks = P < 0.0001.

DISCUSSION

FHA is an unusually large, highly immunogenic, hairpin-
shaped molecule which has been included as a primary com-
ponent in acellular pertussis vaccines (42). It is synthesized as
a 367-kDa precursor, FhaB, which is modified at its N terminus
(24) and cleaved at its C terminus (38) to form the mature
220-kDa FHA protein. Although efficiently secreted by a pro-
cess requiring the outer membrane protein FhaC, a significant
amount of FHA remains associated with the cell surface (38).
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In vitro studies using a variety of mammalian cell types suggest
that FHA possess at least four distinct attachment activities,
and four separate FHA binding domains have been identified.
The Arg-Gly-Asp (RGD) triplet (36), situated in the middle of
FHA and localized to one end of the proposed hairpin struc-
ture (29), stimulates adherence to monocytes/macrophages
and possibly other leukocytes via leukocyte response integrin/
integrin-associated protein and complement receptor type 3
(CR3) (23, 36, 43). The CR3 recognition domain in FHA has
yet to be identified. FHA also possesses a carbohydrate recog-
nition domain (CRD) which mediates attachment to ciliated
respiratory epithelial cells as well as to macrophages (35, 43).
Finally, FHA displays a lectin-like activity for heparin and
other sulfated carbohydrates which can mediate adherence to
nonciliated epithelial cell lines in vitro (33). The heparin bind-
ing site is distinct from the CRD and RGD sites and is required
for FHA-mediated hemagglutination (33).

Evidence for FHA-dependent phenotypes in vivo has been
more difficult to obtain. Using a rabbit model, Saukkonen et al.
found fewer FHA mutants than wild-type bacteria in the lungs
24 h after intratracheal inoculation (43). Based on in vitro-
determined binding characteristics of the various mutants used
in their study, they inferred that wild-type B. pertussis cells
were adhering to both ciliated epithelial cells and macrophag-
es, and competition experiments with lactose and anti-CR3
antibody suggested both CRD- and RGD-dependent binding
was involved (43). Using mouse models, others have found
FHA mutants to be indistinguishable from the wild type in the
ability to persist in the lungs but defective for tracheal coloni-
zation (13, 26, 34). Still others, also using mouse models, have
observed no difference between FHA mutants and the wild
type (16, 25, 39, 54, 55). The difficulty in achieving a complete
and detailed understanding of the role of FHA during B. per-
tussis infection probably reflects not only the absence of a
natural animal host (other than humans) but the complexity of
this molecule and its associated biological activities.

We have chosen to study the function of FHA and other
Bordetella virulence factors by using B. bronchiseptica and nat-
ural-host animal models. The ability to study infection in the
context of a natural bacterium-host interaction may be partic-
ularly important for investigating putative adhesins, as such
molecules are expected to bind in a highly specific manner to
host receptors. The extremely close phylogenetic relatedness
of B. pertussis and B. bronchiseptica (53), and of the virulence
factors they express, suggests that fundamentally similar patho-
genic strategies are used and that common virulence factors
perform analogous functions. However, the long-term, asymp-
tomatic infections that B. bronchiseptica typically establishes in
rabbits and rats differ significantly from the acute, symptomatic
infections that B. pertussis causes in infants and young children.
Thus, our results, together with those obtained with B. pertus-
sis, contribute to a comparative analysis of the similarities and
differences in the infectious cycles of Bordetella species and
represent an opportunity to use experiments of nature as a
guide to understanding fundamental features of bacterium-
host interactions.

By constructing a B. bronchiseptica strain with a nonpolar,
in-frame deletion in fhaB and comparing it with the wild type,
we have demonstrated that FHA is absolutely required for
colonization of the trachea in our rat model of respiratory
infection. These results are in agreement with some of the
studies done with B. pertussis (13, 26, 34). Together with pre-
vious observations (1, 57), our results support the hypothesis
that the colonized nasal cavity represents a reservoir from
which bacteria that eventually colonize the trachea are seeded.
The ability to resist the clearing action of the mucociliary
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escalator requires efficient adherence to ciliated tracheal epi-
thelial cells. Our results suggest that FHA provides this ability;
without FHA, B. bronchiseptica is unable to establish tracheal
colonization. The fact that FHA was not required for estab-
lishment of tracheal colonization in anesthetized animals, in
which mucociliary clearance and lower airway protection are
presumably compromised, is consistent with this hypothesis.
Other Bvg™ phase factors, however, are apparently required
for tracheal colonization since neither the Bvg™ phase-locked
mutant nor the FHA" mutant was able to establish tracheal
colonization, even in anesthetized animals.

While our results strongly suggest that FHA functions as an
important adhesin, we do not propose that adherence is the
only in vivo role for FHA. When the requirement for FHA in
establishment of tracheal colonization was removed by using
anesthetized rats, a role for FHA in persistence was revealed.
Tracheal colonization may be a dynamic process in which mi-
crocolonies are continuously being established, cleared, and
reestablished. Persistence at this site, therefore, may require
that the bacteria continuously be able to resist both constitu-
tive and adaptive host defense mechanisms. FHA has been
shown to mediate adherence to macrophages and possibly
other leukocytes in vitro (23, 35, 36, 43), a function which could
have immunomodulatory effects, either by acting directly on
host cell signal transduction systems or by aiding in the delivery
of secreted toxins, such as AC/HLY (4, 23). It has also been
suggested that secreted FHA could bind to receptors on
phagocytic cells, thus blocking their ability to recognize and
engulf FHA-bearing Bordetella (23, 36). Our observation that
FHA may contribute to persistence is consistent with these
data, and we are currently investigating the cellular immune
response to Bordetella infection to address this issue. We are
also constructing strains expressing FHA molecules with spe-
cific mutations in the various binding motifs. Comparison of
these mutants in intranasally versus intratracheally inoculated
rats should allow us to separate adherence and immunomodu-
latory functions in vivo.

The distinction between nasal cavity colonization and tra-
cheal colonization is an important one. The ability to colonize
the nasal cavity, but not the trachea, is a phenotype that RBX9
shares with several other B. bronchiseptica mutants, including
one multiply deficient in pertactin, AC/HLY, fimbriae, and
FHA (1, 8, 31). While these observations demonstrate stricter
requirements for colonizing the trachea compared to the nasal
cavity, the nasal cavity is not an entirely permissive environ-
ment since Bvg™ phase bacteria are unable to establish infec-
tion at this site. Moreover, mutants that are able to colonize
the nasal cavity, but not the trachea, still induce a Bordetella-
specific serum antibody response. In fact, except for a lack of
anti-FHA antibodies, the serum antibody profile generated in
RBX9-infected animals was indistinguishable from that of
RB50-infected animals. Thus, induction of an humoral im-
mune response may not necessarily require colonization of
immune-privileged sites. However, additional evidence indi-
cates that interactions that occur with bacteria capable of col-
onizing the trachea differ qualitatively from those that occur
with bacteria that are limited to the nasal cavity. In contrast to
wild-type bacteria, mutants that are unable to establish tra-
cheal colonization fail to induce protective immunity against
superinfection by wild-type B. bronchiseptica (31). Also, mu-
tants that do not colonize the trachea are unable to establish
lethal infections in SCID/beige mice while wild-type B. bron-
chiseptica kill these immunodeficient hosts within about 50
days postinoculation (17, 18). The ability to colonize the nor-
mally sterile trachea, therefore, appears to reflect an interac-
tion that is potentially pathogenic and against which protective
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immunity will be generated. Understanding the molecular ba-
sis for these different bacterium-host interactions will contrib-
ute to our understanding of respiratory bacterial pathogenesis
as well as to the development of more efficacious vaccines.
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