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While single-dose mucosal immunization is best achieved by the use of attenuated live microorganisms, attenuation generally results in decreased lmmunogenicity. We attenuated Bordetella pertussis by
the deletion of the pertussis toxin gene. A single intranasal administration of this strain protected against
subsequent challenge as well as did the parent strain and better than Immunization with commercial vaccine. Unexpectedly, this attenuation resulted in increased immunogenicity against the protective antigen
filamentous hemagglutinin (FHA). In addition, immunogenicity was also enhanced against the
Schistosoma mansoni Sm28GST genetically fused to FHA, resulting in protection against the parasite, as
characterized by a reduction in worm burden and egg charge, after a single intranasal administration.
Thus, attenuated recombinant B. pertussis strains are promising vectors for the simultaneous protection
against pertussis and heterologous diseases by a single intranasal administration.
Keywords: applied imm11nology, vaccine vector, mucosa! administration

Successful worldwide protection against infectious diseases through
vaccination implies high user compliance, which is hest achieved by
noninvasive mucosal administration of vaccines, preferably as a single dose. Infection with a pathogen initiated at a rnuwsal surface
often results in stronger and longer-lasting immUJ1ity than vaccination. Several live recombinant microorganisms have been used as
vaccine delivery systems, especially via the oral route'. These
microorganisms must be attenuated for safe use, which generally
results in decreased immunogenicity, necessitating multiple dose
regimens. As an alternative to oral delivery, intranasal administration of vaccines offers several advantages·. Intranasally delivered
antigens avoid exposure to the acidic and proteolytic environment
of the stomach. They are more immunogenic on a dose basis than
when the same antigens are administered orally'·'. Protective immunity may sometimes require systemic humoral and/or cell-mediated
responses, which may be easier and more efficient to achieve via
intranasal delivery than by mouth'·'. The respiratory tract is less colonized by commensal microorganisms than the gut; therefore, live
vectors will encounter less ecological competition in the respiratory
tract. Despite these advantages, considerably less effort has been
devoted to the development oflive vectors specifically designed for
the colonization of the respiratory tract compared with those adapted primarily to the gastrointestinal tract.
Bordetella pertussis, the etiologic agent of whooping cough, is a
highly infectious human pathogen with a strong capacity to colonize the human respiratory tract. A single infection with B. pertussis induces strong mucosal and systemic humoral and cellular
immune responses, as well as long-lasting protection in humans. In
contrast, administration of commercial vaccines provides immunity of shorter duration, even after multiple doses'-'.
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B. pertussis may therefore be a suitable vector for intranasal vaccination against a variety of diseases by a single dose. Heterologous
antigens, such as the Schistosoma mansoni glutathione S-transferase (Sm28GST), have already been expressed in wild-type B. pertussis. Upon intranasal infection the recombinant strain induced
Sm28GST-specific IgA responses in the bronchoalveolar lavage fh1ids', and primed mice for systemic immune responses and for protection against S. mansont.
We attenuated B. pertussis by creating genetic alterations of pertussis toxin, a key virulence factor of the organism. We show that a
single intranasal infection with the attenuated strain protects
against subsequent challenge with a wild-type B. pertussis strain.
Surprisingly, and in contrast to other, previously constructed
attenuated bacteria, the attenuation of B. pertussis by the deletion
of the toxin gene resulted in increased immunogenicity of filamentous hemagglutinin (FHA), a major protective antigen'", as well as
of Sm28GST genetically fused to FHA. A single inoculation with
the attenuated recombinant strain induced protection against the
parasite in addition to the protection against pertussis.

Results

Protection against pertussis after infection with attenuated B. pertussis. The deletion of the pertussis toxin gene from the chromosome
in strain BPRA"-" resulted in strong attenuation, as demonstrated by
the absence of systemic effects. such as lymphocytosis, in BPRAinfected mice, and hy reduced inflammation ofthe airways compared
with mice infected with BPSM, the wild-type parent strain (data not
shown). In spite of this attenuation, a single intranasal administration
of BPRA resulted in significant protection against subsequent challenge with the wild-type strain BPSM (Fig. 1). This protection was
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equivalent to that provided by vaccination with commercially available pertussis vaccine or by infection with the wild-type strain BPSM,
indicating that pertussis toxin is not an absolute requirement for protection, even though it is the major antigen included in all new, acellular pertussis vaccines' ... ". Seven days after challenge, the amounts of
BPSM organisms recovered &om the lungs were not significantly different from those recovered from lungs of animals that had previously been infected with the wild-type strain and were slightly lower than
those recovered from mice immunized with pertussis vaccine. In contrast, mice previously inoculated with Salmonella typhimurium or B.
pertussis BP347 (a strain deficient for the production of all virulence
fuctors and protective antigens") contained as many BPSM organisms
in their lungs as the nonimmunized controls.
Anti-FHA serum antibody responses after infection with
attenuated and wild-type B. pertussis. Infection with BPRA resulted in an approximately fivefold increase (p=0.00031) in serum
anti-FHA IgG compared with infection with BPSM (Fig. 2A-D).
Interestingly, the onset of the anti-FHA serum antibody response
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Figure 1. Protection after vaccination or colonization with B.
pertussis strains. After intranasal administration of B. pe,tussis
BPRA, BP347, BPSM, S. typhimurium sroA, or sterile PBS, or
vaccination with Tetracoq vaccine, OF1 mice were challenged with
BPSM, and bacterial lung counts were estimated 3 h (white bars) and
7 days (black bars) later.
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was also substantially earlier in BPRA-infected mice compared
with BPSM-infected animals (Fig. 2E). No significant anti-FHA
IgG was detected after infection with BP347. This was expected, as
BP347 does not produce FHA". The FHA production of the two
strains was assayed using hemagglutination titration. No significant difference was detected between the two strains when the
amounts of FHA were measured at early (titer of2), mid- (titer of
6), or late logarithmic phase (titer of 128), indicating that the deletion of the pertussis toxin gene resulted in increased immunogenicity of FHA, rather than in an increase of its production.
When the isotype profile was analyzed, increased anti-FHA
titers in BPRA-infected mice were apparent for IgG I (p=0.00136),
IgG2a (p=0.00018), and IgG2b (p = 0.04357) isotypes (Fig. 2A-D),
indicating that the deletion of the pertussis toxin gene did not alter
the representation of the IgG subclass responses. In contrast to the
IgG titers, the levels of serum IgA and secretory IgA were not significantly different in mice infected with BPRA compared with
BPSM-infected animals (data not shown).
The role of the Sl subunit in the anti-FHA antibody response.
Pertussis toxin is a complex protein comprising five different subunits, Sl-SS (ref. 19). S2 through S5, also collectively called the B
oligomer, are responsible for binding of the toxin to its target cells and
by themselves exhibit T-cell mitogenicity. Sl expresses ADP-ribosyltransferase activity, which results in the toxic effects of the molecule.
In order to assess the role of the enzymatically active subunit in antiFHA immunogenicity, we ronstructed strain BPDSl, in which the
codon for Cys-41 in the Sl subunit gene was deleted. This strain produced and secreted wild-type levels of assembled B oligomer without
any detectable Sl (data not shown). Mice infected with BPDSl produced anti-FHA IgG at essentially the same level as mice infected with
BPRA (Fig. 2E), demonstrating an important role of the enzymatically active SI subunit in anti-FHA immunogenicity.
Humoral immune response against Sm28GST genetically fused
to FHA. Heterologous protective antigens, such as the S. mansoni
Sm28GST vaccine candidate, fused to FHA can be expressed at the
surface of recombinant B. pertussis'. Intranasal infection with this
recombinant strain, BPGR60, elicited anti-Sm28GST antibodies in
bronchoalveolar lavage fluids and primed mice for protection
against S. mansoni challenge'. No anti-Sm28GST antibodies were
detected in the serum of mice infected with this strain. In order to
examine the role of pertussis toxin in the anti-Sm28GST immunogenicity of BPGR60, we deleted the pertussis toxin gene from its
chromosome, which resulted in strain BPNX. Anti-Sm28GST
serum antibodies could be detected readily after a single infection
with BPNX (Fig. 3). Subsequent intranasal administration of 20 µg
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Figure 2. Anti-FHA antibody responses after infection with different B. pertu8sis strains. Groups of five OF1 mice were int.cted lntranasally with

B. pertussis BPRA, BP347, or BPSM. Twenty-eight days later, the anti-FHA {A) lgG, (BJ lgG1, (C} lgG2a, and (D) lgG2b t ~ were me~red. (E)
Groups of five OF1 mice were infected intranasally with 8. pertussis BPRA (-0-), BPDS1 (-0-), or BPSM (-e-). At the md1cated time intervals,
the anti-FHA antibody titers were measured.
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of purified Sm28GST resulted in a boost of the specific antiSm28GST immune response in BPNX-inoculated mice, and a
detectable serum antibody response in BPGR60-inoculated mice.
Protection against S. mansoni challenge after a single intranasal
infection with recombinant attenuated B. pertussis. To evaluate the
protective potential of intranasal inoculation of BPNX against S.
mansoni challenge, mice were first infected with a single dose of
BPNX or BPRA and then challenged 2 months later with 70 cercariae
per mouse. A small but nonsignificant reduction in worm burden was
observed in mice that had received a single dose of BPRA (Fig. 4A).
Compared with nonimmunized mice, mice inoculated with BPNX
had a strong (56%) reduction of worm burden after challenge. In
addition, infection with BPNX resulted in a 60% decrease in egg
counts in the liver after challenge (Fig. 4B) . The pathogenesis of S.
mansoni infection is related to the inflammation around parasite eggs
deposited in host tissues, essentially in the liver'"'" , and it has been
reported that a 60% decrease in egg deposition in the liver of S. mansoni-infected hosts reduces the pathology to insignificant levels'1.
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Figure 3. Anti-Sm28GST antibodies after infection with recombinant
B. pertussis strains. Groups of five OF1 mice were infected
intranasally with 8. pertussis BPQR60 (-e-), BPRA (-0-), or BPNX
(-0 -). At the indicated time intervals the anti-Sm28GST serum
antibodies were measured. At day 65, the mice rec;eived purified

recombinant Sm28GST by the nasal route.
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Figure 4. Protection against S. mansoni chaUenge provided by
Intranasal infection with recombinant attenuated B. pertussis. Groups
of 10 to 14 OF1 mice were infected intranasallywlth B. pertussis BPNX
or BPRA or left uninfected (control). After challenge with S. mansoni,
the percentages of (A) worm burden and (B) egg counts of immunized
mice compared with the control animals were measured and are
indicated, as are the significant level p values. NS: nonsignificant.
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Discussion
In contrast to most previously developed live attenuated bacterial
strains, the attenuation of B. pertussis through the deletion of the
pertussis toxin gene results in increased immunogenicity of FHA
and heterologous antigens fused to FHA. A single intranasal infection with the attenuated strain resulted in protection against challenge with the virulent strain, indicating that the toxin is not essential for protection, although pertussis toxin is considered to be the
major protective antigen in the new, acellular whooping cough vaccines' ... ". This finding is consistent with previous reports describing
that purified B. perrussis antigens other than pertussis toxin may
protect mice from B. pertussis colonization". The mechanisms of
protection against pertussis are not known, hut it is possible that
mucosal immunity and cell-mediated immunity play an important
role, especially after natural infection.
Infection of mice with the attenuated strain resulted in higher
anti-FHA serum antibody titers and earlier onset of the antibody
response than infection with the wild-type strain. This increase
was evident at the levels of IgG 1, IgG2a, and IgG2b antibodies.
The attenuation also increased the serum antibody response
against the Sm28GST passenger antigen fused to FHA. Infection
wi.th the recombinant nonattenuated strain did not result in
detectable anti-Sm28GST serum antibodies, consistent with our
previous observations', whereas mucosa! anti-Sm28GST were
readily detected'. In contrast, a single intranasal infection with the
recombinant attenuated strain resulted in the production of antiSm28GST serum antibodies, and in significant protection against
S. mansoni challenge, both at the level of worm burden and at the
level of eggs deposited in the liver, which are directly related to the
pathology of S. mansoni infection"·". The degree of protection
obtained after a single intranasal infection with the recombinant
attenuated B. pertussis strain was among the highest ever achieved
in the mouse model.
The increase of immunogenicity after attenuation of B. pertussis suggests that pertussis toxin may exhibit an immunosuppressive function on systemic responses, although it has long been recognized as an adjuvant", especially for the production ofigG and
lgE responses" . Other reports have suggested that pertussis toxin
may suppress antibody responses perhaps via its T-cell mitogen
activity and subsequent induction of interferon--y". Pertussis toxin
is an oligomeric protein, comprising five dissimilar subunits" and
structured in an A-B model, in which the A moiety expresses enzymatic ADP-ribosylation activity and the B moiety expresses target-cell receptor binding activity. The mitogenic activity of the
toxin is due to the activities of the B subunits«. We show that the
immunosuppressivc activity of the toxin is due to its ADP-ribosylating A moiety, as a mutation within the S1 subunit gene resulting
in the loss of ADP-ribosyltransferase activity of pertussis toxin
enhances the IgG response to FHA. When a mutant toxin gene was
reinserted into the B. pertussis chromosome, such that only the B
oligomer was produced and secreted, the anti-FHA antibody
response was the same in mice infected with this strain compared
with mice infected with a strain lacking the entire pertussis toxin
gene. Interestingly, after the removal of pertussis toxin an increase
in serum lgG responses was also observed for other B. pertussis
antigens, such as the 69-kDa outer membrane protein pertactin
(data not shown).
Together with the fact that B. pertussis is highly infectious in
humans, these results make attenuated B. pertussis particularly
attractive for the development of live multivalent vaccines. This
approach may be especially useful for protection against respiratory pathogens. Because attenuated recombinant B. pertussis strains
also induce high levels of serum IgG responses against the heterologous antigens, this approach may also find more general applications for vaccine development.
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Table 1. B. pertussis strains.

Acknowledgments

Strains

Relevant characteristics

Reference

BPSM
BPRA
BPGR60
BP347
BPNX
BPDS1

Sm" virulent 8. pertussis
pertussis toxin-deficient BPSM derivative
BPSM-derivatlve producing FHA-Sm28GST
B. pertussis deficient for all virulence factors
pertussis toxin-deficient BPGR60 derivative
BPSM-derivative lacking pertussis toxin S1

26
13

8

18
this study
this study

Experimental protocol
Bacterial strains and growth conditions. All D. pertussis strains used in this
study are listed in Table 1. BPSM", BPRA", and BPGR60 (ref. 8) were described
previously, and BP347 ( ref. 18) was kindly provided by A.A. Weiss. BPNX was
constructed as follows: BPGR60 was transformed by electmporation with
pRIT13295, a nonreplicating plasmid containing the 5' and 3' flanking regions
of the pertussis toxin operon". After electroporation, gentamicin-resistant
colonie.q were isolated. These clones were the result of plasmid integration by
homologous recombination between the 3' or 5' pertussis gene toxin flanking
region on the chromosome and the plasmid. The gentamicin-resistant clones
were then plated onto llordet-Gengou (B-G) agar (Difeo Laboratories, Detroit,
MI) containing 200 ml/L of defibrinated sheep blood and 20 µ g/ml streptomycin to select for a second homologous recombination event. The streptomycin-resistant colonies were then screened for the absence of pertussis toxin
by immunoblot analyses as described". BPDS! was constructed by introducing
pRIT13374 (ref. 13) into strain BPRA by electroporation. This plasmid is a
pUC7-derivative containing a mutant pertussis toxin operon including the 5'
and 3' flanking regions on a 4.5-kb DNA fragment and in which codon 41 of
the SI cistmn was deleted''. After transformation, the recombinant BPRAderivatives were selected by their resistance to ampicillii1 as a result of plasmid
integration by homologous recombination at the pertussis toxin locus. The
ampicillin-resistant strain, named BPDSI, was analyzed for the expression and
secretion of the pertussis toxin B oligomer by ELISA as described". All B. pertussis strains were grown on B-G agar or in modified Stainer Scholte medium as
described'. When appropriate, the antibiotics streptomycin (JOO µg/ml), gentamycin ( 10 µg/ml), or ampicillin ( I 00 µg/ml) were used. Escherichia coli XLIBlue (New England Biolabs, Beverly, MA) was used for all cloning steps and
grown in Luria-Bertani (LB) broth". DNA manipulations were performed as
described by Sambrook et al." Hemagglutination titers were m easured as
described by Menozzi et al.~
Immunization, intranasal infection, challenge, and analysis of immune
responses. Four-weeks-old female OFl mice (Iffa Credo, L'Arbesle, France)
were intranasally infected with approximately 5 X Io• B. pertussis organisms of
the indicated strains as described before', or with 2 X 10' S. typhimurium aroA" ,
kindly provided by C. Hormaeche and grown in LR medium" at 37°C
overnight. Alternatively, the mice were vaccinated with 50 µl commercial
Tetracoq vaccine (Pasteur Merieux, MSD, France). When indicated, the mice
received 20 µg of n onadjuvanted purified recombinant Sm28GST by the nasal
route as described'. Bronchoalveolar lavage fluids and sera were collected and
analyzed by ELISA as described'·' using purified FHA or Sm28GST. or whole B.
pertussis cell lysates. Th e titers correspond to the reciprocal of the serum d ilution giving optical density values of three times those of the negative control
sample. The whole cell lysates were prepared by suspending the bacteria grown
on B-G agar plates in phosphate-buffered saline (PBS) containing 0.5 mM
PMSF and I mM EDTA a t a density of 2.5 X 10' bacteria/ml. The suspension
was then lysed by two passages through a French pressure cell, and the total suspension was used to coat the ELISA plates. For the B. pertussis challenge, groups
of 12 OFl mice were either infec:ted with the indicated strains, given 25 µI 5terile PBS intranasally, or vaccinated with 'Ietracoq vaccine. Three mice from each
group were killed 3 h after infection or vaccination; their lungs were removed;
and viable B. pertussis or S. typhimurium were counted to ensure that proper
colonization had occurred. Thirty-five days later, three additional mice from
each group were killed and analyzed the same way to ensure that no viable bacteria were present in the lungs at that time. The remaining mice then received
BPSM by the nasal route, and bacterial lung counts were estimated 3 h and 7
days later. The S. mansoni challenge was performed 2 weeks after immunization as described', using 70 cercariae of the Guadeloupe strain, kindly provided
by C. Combes and maintained at the Pasteur Institute of Lille by using mice as
definitive hosts and Bwmphalaria glabrata snails as intermediate hosts. Six
weeks after challenge, total worm burden and egg counts in the liver were estim ated as described by Mielcarek et al.'
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