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1
RECOMBINANT BORDETELLA STRAINS

CROSS-REFERENCE TO RELATED
APPLICATIONS

The present application is a continuation application
under 35 U.S.C. §120 of copending International Patent
Application Number. PCT/EP2013/071724, filed on Oct. 17,
2013, which designated the United States and claims the
priority of Furopean Patent Application Number
12306279.6, filed on Oct. 17, 2012.

STATEMENT AS TO FEDERALLY SPONSORED
RESEARCH

Not applicable.

FIELD OF THE INVENTION

The invention relates to novel genetically attenuated
Bordetella pertussis strains expressing a heterologous pro-
tein and their use as vaccines, namely for mucosal immu-
nization.

The invention furthermore pertains to a method for
increasing immunogenicity of a Bordetella strain.

BACKGROUND

Mucosal immunizations, such as nasal delivery of vac-
cines, have a number of advantages over classical parenteral
vaccinations. They are needle-free, are less prone to con-
tamination, depend less on trained medical or paramedical
staff, may induce both systemic and mucosal immunity and
are probably more suitable to protect against mucosal infec-
tions. However, most antigens are poor immunogens when
given nasally and require the addition of potent mucosal
adjuvants. One of the most potent mucosal adjuvant is
cholera toxin or the closely related Escherichia coli heat-
labile toxin and their detoxified derivatives. Unfortunately,
the addition of this adjuvant to nasal vaccine formulations
has been associated with Bell’s palsy (Mutsch et al., 2004)
and can therefore not be used in humans.

The authors of the present invention have recently devel-
oped an attenuated live nasal vaccine candidate against
pertussis (Mielcarek et al., 2006), which has now success-
fully completed a first-in-man phase 1 safety trial (Thor-
stensson et al., in preparation). The concept of this candidate
vaccine was based on the finding that natural infection with
Bordetella pertussis via aerosol exposure is able to induce
strong systemic B and T cell responses, even in very young
infants (Mascart et al., 2003), as well as mucosal immunity.
In addition, previous studies in non-human primates have
led to the conclusion that “ultimate protection against
whooping cough probably best follows a live B. pertussis
inoculation” (Huang et al., 1962).

The B. pertussis strain was attenuated based on the
knowledge of the molecular mechanism of B. pertussis
virulence (Locht et al., 2001) and constructed by genetically
inactivating pertussis toxin, by deleting the dermonecrotic
toxin gene and by exchanging the ampG gene of B. pertussis
by Escherichia coli ampG, thereby abolishing the produc-
tion of the tracheal cytotoxin. In preclinical models, this
vaccine candidate, named BPZE1, showed excellent safety
(Mielcarek et al., 2006, 2010; Skerry et al., 2009; Kavanagh
et al., 2010; Li et al., 2010) and induced fast, strong and
long-lasting immunity upon a single nasal administration
(Feunou et al., 2010).
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Moreover, it was surprisingly uncovered that the BPZE1
strain, when nasally administered to mice was capable of
eliciting a protective response against allergic and inflam-
matory conditions of the airways tract namely asthma and
furthermore against topic allergies.

Reveneau et al. disclose a genetically attenuated Borde-
tella strain deficient in toxin production and expressing a
hybrid protein comprising the N-terminal fragment of fila-
mentous haemagglutinin (FHA) and protective tetanus toxin
fragment C (TTFC), which strain does not produce mature
FHA.

Coppens et al. disclose a genetically attenuated Bordetella
strain deficient in toxin production and expressing a hybrid
protein comprising the N-terminal fragment of filamentous
haemagglutinin (FHA) and TbpB of N. meningitis, which
strain does not produce mature FHA.

Alonso et al. discloses a genetically attenuated Bordetella
strain deficient in toxin production and expressing a hybrid
protein comprising the N-terminal fragment of filamentous
haemagglutinin (FHA) and the HtrA protein of non typeable
Haemophilus influenza, which strain does not produce
mature FHA

U.S. Pat. No. 6,841,358 discloses a genetically attenuated
Bordetella strain deficient in toxin production and express-
ing a hybrid protein comprising the N-terminal fragment of
filamentous haemagglutinin (FHA) and a model peptide of
Sm28 GST of Schistosoma mansoni, which strain is defi-
cient in the production of mature FHA

However, the thaB gene was not deleted for the purpose
of increasing immunogenicity but the deletion was only
coincidental and an intrinsic feature of the strain used as a
carrier for the production of the heterologous antigen.

BPZE1 has subsequently been considered as a vector for
the expression of heterologous protective antigens, in order
to develop multivalent nasal vaccines able to protect simul-
taneously against several different pathogens. The neutral-
izing peptide SP70 from enterovirus 71 has been surface
exposed and secreted by BPZE1 as a hybrid protein with
filamentous haemagglutinin (FHA), and using the secretion
machinery of FHA (Ho et al., 2008). Similarly, the FHA
machinery was also used to secrete and expose the ectodo-
main of matrix protein 2 from the influenza A virus by
BPZE1 (Li et al., 2011). Although systemic and local IgG
and IgA responses could be elicited to the heterologous
antigens upon administration of the recombinant BPZE1
derivatives, the immune responses to the passenger antigens
were usually modest at best.

Upon trying to resolve the problem of poor immunoge-
nicity obtained with the BPZE1 constructs, it was surpris-
ingly discovered by the inventors that immunogenicity
could be considerably increased when the native thaB gene
encoding the naturally occurring FHA protein was deleted or
otherwise inactivated.

Moreover the strains thus obtained showed a substantially
increased immunogenicity despite the anti-inflammatory
properties of the native attenuated strain of Bordetella
pertussis as evidenced by their activity against asthma and
allergic diseases. Consequently the instant invention solves
the problem for a vaccine for mucosal application, which is
safe and capable of eliciting a potent immune response
against an antigen present in a pathogen responsible for
systemic or mucosal infections, including pathogens respon-
sible for infections of the upper or lower respiratory tract.

SUMMARY

The invention provides a genetically attenuated recombi-
nant Bordetella pertussis strain comprising a mutated per-
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tussis toxin (ptx) gene, and a heterologous ampG gene and
expressing a hybrid protein comprising the N-terminal frag-
ment of filamentous haemagglutinin (FHA) and a heterolo-
gous epitope or antigenic protein or protein fragment, dif-
ferent from FHA, wherein the gene coding for the native
FHA protein is inactivated.

The invention further provides a life attenuated vaccine
for the treatment of a mucosal infectious disease comprising
a Bordetella pertussis strain as defined above intended to
elicit an immune response against a pathogen responsible for
mucosal infections, namely of the upper or lower respiratory
tract.

The present invention also relates to a method for pro-
phylaxis of an infectious disease in a mammal, comprising
administering to said mammal an effective amount of a
vaccine comprising in a suitable vehicle a genetically attenu-
ated recombinant Bordetella pertussis strain comprising a
mutated pertussis toxin (ptx) gene, and a heterologous ampG
gene expressing a fusion protein comprising the N-terminal
fragment of filamentous haemagglutinin (FHA) and a het-
erologous epitope or antigenic protein or protein fragment,
different from FHA, wherein the gene coding for the native
FHA protein is inactivated.

In another aspect, the invention further provides methods
for protecting a mammal against an infection by a pathogen
infecting a mucosa, namely the lower or upper respiratory
tract and/or eliciting an immune response against such a
pathogen in a mammal using the composition or vaccine of
the invention.

In still another aspect, the invention provides a method of
eliciting an immune response against a pathogen with a
mucosal tropism in a mammal, comprising: administering a
recombinant attenuated Bordetella pertussis strain to the
mammal, wherein the mutated Bordetella pertussis strain
comprises a mutated pertussis toxin (ptx) gene, and a
heterologous ampG gene and expresses a fusion protein
comprising the N-terminal fragment of filamentous haemag-
glutinin (FHA) and a heterologous epitope or antigenic
protein or protein fragment, different from FHA, of the
pathogen against which the immune response is sought,
wherein in said recombinant strain, the gene coding for the
native FHA protein is inactivated.

In another aspect, the recombinant strain further com-
prises in addition to the mutated pertussis toxin (ptx) gene
and the heterologous ampG gene, a deleted or mutated
dermonecrotic toxin (dnt) gene. In some such aspects, the
wild-type Bordetella strain ampG gene is replaced by an
ampG gene of other Gram negative bacteria, such as an F.
coli ampG gene.

In other aspects, the mutation of the ptx gene comprises
the substitution of an amino acid involved in substrate
binding and/or an amino acid involved in catalysis. In some
such aspects, the substitution of the amino acid involved in
substrate binding comprises R9K and the substitution of the
amino acid involved in catalysis comprises E129G. In some
aspects, the Bordetella pertussis strain comprises a triple
mutant strain. In some such aspects, the Bordetella strain is
the BPZE! strain identified by accession number CNCM
1-3585.

In other aspects, the methods further comprise the pre-
vention or treatment of the mucosal infection in the mam-
mal. In some aspects, the Bordetella pertussis strain is
administered prior to the mucosal infection. In some such
aspects, the Bordetella pertussis strain is administered about
6 weeks or more prior to the mucosal infection. In other such
aspects, the Bordetella pertussis strain is administered about
12 weeks or more prior to the mucosal infection. In some
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aspects, the pathogen responsible for the mucosal infection
is the influenza virus, the respiratory syncytial virus or
Streptococcus preumoniae.

In some other aspects, the strain is administrated to a
mammal in need of protective immunity against a mucosal
infection. In some aspects the mammal is a human.

In still another aspect, the invention provides a method for
enhancing the immune response toward a pathogen, in a
mammal, comprising administering a vaccine based on a
Bordetella recombinant vector, wherein said Bordetella
expresses a fusion protein comprising the N-terminal frag-
ment of filamentous haemagglutinin (FHA) and a heterolo-
gous epitope or antigenic protein or protein fragment of said
pathogen against which the immune response is sought and
wherein in said recombinant strain, the gene coding for the
native FHA protein is inactivated.

The Bordetella strain is preferably a Bordetella pertussis
strain, but may also be another Bordetella species, such as
Bordetella bronchispetica or Bordetella parapertussis

The Bordetella strain comprises advantageously the fea-
tures described above for BPZE1 and may be administered
as a pharmaceutical or veterinary vaccine against a pathogen
as described above.

The invention will be further illustrated by the following
figures and examples. However, these examples and figures
should not be interpreted in any way as limiting the scope of
the present invention.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1. Serum anti-M2e IgG responses after administra-
tion of the indicated BPZE1 derivatives. BALB/c mice were
i.n. immunized twice at a 4-week interval with 107 CFU of
the indicated strains. Phosphate-buffered saline (PBS)-vac-
cinated mice served as negative controls. Sera were col-
lected two weeks after the last immunization, and serum IgG
responses to M2e were measured by ELISA.

FIG. 2. Serum anti-G ;- IgG responses after administra-
tion of the indicated BPZE1 derivatives. BALB/c mice were
i.n. immunized twice at a 4-week interval with 107 CFU of
the indicated strains. Phosphate-buffered saline-vaccinated
mice (naive) served as negative controls. Sera were collected
two weeks after the last immunization, and serum IgG
responses to Gyg;- were measured by ELISA.

FIG. 3. Serum anti-PcsB IgG responses after administra-
tion of the indicated BPZE1 derivatives. BALB/c mice were
i.n. immunized twice at a 4-week interval with 107 CFU of
the indicated strains. Sera were collected two weeks after the
last immunization, and serum 1gG responses to PcsB were
measured by ELISA.

DETAILED DESCRIPTION

Throughout the specification, several terms are employed
and are defined in the following paragraphs.

As used herein, the abbreviation “PTX” refers to pertussis
toxin, which is a secreted ADP-ribosylating toxin. PTX is
comprised of five different subunits (named S1-S5) with
each complex containing two copies of S4 and one copy of
the other subunits. The subunits are arranged in an A-B
structure. The A component is enzymatically active and is
formed by the S1 subunit, while the B component is the
receptor-binding portion and is made up of subunits S2-S5.

As used herein the abbreviation “DNT” refers to the B.
pertussis dermonecrotic toxin, which is a heat labile toxin
that can induce localized lesions in mice and other labora-
tory animals when it is injected intradermally.
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As used herein the abbreviation “TCT” refers to tracheal
cytotoxin, which is a virulence factor synthesized by Bor-
detellae. TCT is a peptidoglycan fragment and has the ability
to induce interleukin-1 production and nitric oxide synthase.
It has the ability to cause stasis of cilia and has lethal effects
on respiratory epithelial cells.

As used herein the term “fusion protein” or “hybrid
protein” refers to a protein comprising a first protein con-
sisting of the N-terminal part of FHA and a second protein
linked thereto wherein the second protein comprises a
protein of Bordetella different from FHA or preferably a
protein from a different species, namely a virus, fungus and
bacterium responsible for a mucosal or systemic infection or
a fragment of such a protein able to elicit an immune
response against Bordetella or the species responsible for the
mucosal or systemic infection.

The term “attenuated” refers to a weakened, less virulent
Bordetella pertussis strain that is capable of stimulating an
immune response and creating protective immunity, but
does not in general cause illness.

“Treating” or “treatment” using the methods of the inven-
tion includes preventing the onset of symptoms in a subject
that can be at increased risk of a disease or disorder
associated with a disease, condition or disorder as described
herein, but does not yet experience or exhibit symptoms,
inhibiting the symptoms of a disease or disorder (slowing or
arresting its development), providing relief from the symp-
toms or side effects of a disease (including palliative treat-
ment), and relieving the symptoms of a disease (causing
regression). Treatment can be prophylactic (to prevent or
delay the onset of the disease, or to prevent the manifestation
of clinical or subclinical symptoms thereof) or therapeutic
suppression or alleviation of symptoms after the manifesta-
tion of the disease or condition.

The terms “protection” and “prevention” are used herein
interchangeably and mean that an infection by a virulent
pathogen is impeded.

The term “immunogenic composition” or “composition”
means that the composition can induce an immune response
and is therefore immunogenic. The term “immune response”
means any reaction of the immune system. These reactions
include the alteration in the activity of an organism’s
immune system in response to an antigen and can involve,
for example, antibody production, induction of cell-medi-
ated immunity, complement activation, development of
immunological tolerance, development of immunological
memory, or innate immune activation.

As used herein, the term “disease” has the meaning
generally known and understood in the art and comprises
any abnormal condition in the function or well being of a
host individual. A diagnosis of a particular disease by a
healthcare professional can be made by direct examination
and/or consideration of results of one or more diagnostic
tests.

The term “nasal administration” refers to any form of
administration whereby an active ingredient is propelled or
otherwise introduced into the nasal passages of a subject so
that it contacts the respiratory epithelium of the nasal cavity.
Nasal administration can also involve contacting the olfac-
tory epithelium, which is located at the top of the nasal
cavity between the central nasal septum and the lateral wall
of each main nasal passage. The region of the nasal cavity
immediately surrounding the olfactory epithelium is free of
airflow. Thus, specialized methods must typically be
employed to achieve significant absorption across the olfac-
tory epithelium.
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The term “aerosol” is used in its conventional sense as
referring to very fine liquid droplets or solid particles carried
by a propellant gas under pressure to a site of therapeutic
application. A pharmaceutical aerosol of the invention con-
tains a therapeutically active compound, which can be
dissolved, suspended, or emulsified in a mixture of a fluid
carrier and a propellant. The aerosol can be in the form of a
solution, suspension, emulsion, powder, or semi-solid prepa-
ration. Aerosols of the invention are intended for adminis-
tration as fine, solid particles or as liquid mists via the
respiratory tract of a subject. Various types of propellants
can be utilized including, but not limited to, hydrocarbons or
other suitable gases. Aerosols of the invention can also be
delivered with a nebulizer, which generates very fine liquid
particles of substantially uniform size within a gas. Prefer-
ably, a liquid containing the active compound is dispersed as
droplets, which can be carried by a current of air out of the
nebulizer and into the respiratory tract of the patient.

The term “mammal” as used herein includes both humans
and non-humans and includes but is not limited to humans,
non-human primates, canines, felines, murines, bovines,
equines, and porcines.

The term “therapeutically effective amount™ is an amount
that is effective to ameliorate a symptom of a disease. A
therapeutically effective amount can be a “prophylactically
effective amount™ as prophylaxis can be considered therapy.

As used herein, the terms “comprises,” “comprising,”
“includes,” “including,” “has,” “having” or any other varia-
tion thereof, are intended to cover a non-exclusive inclusion.
For example, a process, method, article, or apparatus that
comprises a list of elements is not necessarily limited to only
those elements but can include other elements not expressly
listed or inherent to such process or method. Further, unless
expressly stated to the contrary, “or” refers to an inclusive or
and not to an exclusive or. For example, a condition A or B
is satisfied by any one of the following: A is true (or present)
and B is false (or not present), A is false (or not present) and
B is true (or present), and both A and B are true (or present).

“About” as used herein when referring to a measurable
value such as an amount, a temporal duration, and the like,
is meant to encompass variations of +/-20% or +/-10%,
more preferably +/-5%, even more preferably +/-1%, and
still more preferably +/-0.1% from the specified value, as
such variations are appropriate to perform the disclosed
methods.

By “subject” it is meant a human. Typically the subject is
a neonate, an infant or an adult.

As used in this specification and the appended claims, the
singular forms “a”, “an”, and “the” include plural referents
unless the content clearly dictates otherwise. Thus, for
example, reference to “a vaccine” includes a combination of
two or more vaccines, and the like.

The authors of the present invention have generated an
optimized heterologous expression system for Bordetella
pertussis, by using the N-terminal domain of FHA to carry
heterologous antigens to the bacterial surface and into the
extracellular milieu and by eliminating the original FHA-
encoding gene. By using three different models (Influenza A
Virus, Respiratory Syncytial Virus and Streptococcus pneu-
moniae), the invention provides the demonstration of a
strong improvement in immunogenicity over previous sys-
tems.

The invention provides a recombinant attenuated Borde-
tella pertussis strain that can be used as an immunogenic
composition or a vaccine to elicit an immune response in a
mammal
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According to a first aspect, the invention provides a
genetically attenuated Bordetella pertussis strain comprising
a mutated pertussis toxin (ptx) gene, and a heterologous
ampG gene and expressing a hybrid protein comprising the
N-terminal fragment of filamentous haemagglutinin (FHA)
and a heterologous epitope or antigenic protein or protein
fragment, different from FHA, wherein the gene coding for
the native FHA protein is inactivated.

Preferably the gene coding for the native FHA protein is
inactivated by partial or fully deletion.

Preferably, the N-terminal fragment of the FHA protein
comprises the amino acids from positions 1 to 862, more
preferably from positions 1 to 330, starting with the first
amino acid of the FhaB preprotein as defined by Lambert-
Busine et al. (1998).

Life attenuated B. pertussis vaccines which are deficient
for tracheal cytotoxin (TCT), active pertussis toxin (PTX),
and dermonecrotic toxin (DNT) have been described in
WO02007/104451 and in Mielcarek et al. (2006).

The B. pertussis ampG gene can be replaced by E. coli
ampG. The resulting strain expressed less than 1% residual
TCT activity. Any heterologous ampG gene from gram-
negative bacteria that release very small amounts of pepti-
doglycan fragments into the medium, can be used in the
present invention. Examples of suitable heterologous ampG
gene include, but are not limited to ampG genes from
Escherichia  coli, Salmonella,  Enterobacteriaceae,
Pseudomonas, Moraxella, Helicobacter, Stenotrophomonas,
Legionella.

PTX is a major virulence factor responsible for the
systemic effects of B. pertussis infections and is composed
of an enzymatically active moiety, called S1, and a moiety
responsible for binding to target cell receptors. It is also one
of the major protective antigens. The natural ptx genes can
be replaced by a mutated version coding for an enzymati-
cally inactive toxin. This can be achieved by replacing Arg-9
by Lys, and Glu-129 by Gly in S1, two key residues involved
in substrate binding and catalysis, respectively. Allelic
exchange can be used to first delete the ptx operon, and then
to insert the mutated version.

The presence of the relevant toxin in the B. pertussis
culture supernatants can be detected by immunoblot analy-
sis.

Other mutations can also be made such as those described
in U.S. Pat. No. 6,713,072, as well as any known or other
mutations able to reduce the toxin activity to undetectable
levels.

Allelic exchange can also be used to remove the dnt gene.
Although the role of DNT in the virulence of B. pertussis is
not certain, it has been identified as an important toxin in the
closely related species B. bronchiseptica and displays lethal
activity upon injection of minute quantities.

TCT is responsible for the destruction of ciliated cells in
the trachea of infected hosts and may thus be involved in the
cough syndrome. TCT is a breakdown product of peptido-
glycan in the cell wall of Gram-negative bacteria, which
generally internalize it into the cytosol by the AmpG trans-
porter protein to be re-utilized during cell wall biosynthesis.
B. pertussis AmpG is inefficient in the internalization of
peptidoglycan breakdown products.

In a preferred embodiment, the life attenuated B. pertussis
vaccine is the BPZE] strain deposited with the Collection
Nationale de Cultures de Microorganismes (CNCM, Institut
Pasteur, 25 rue du Docteur Roux, F-75724 Paris Cedex 15,
FRANCE) on Mar. 9, 2006 under the number CNCM
1-3585.
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In one aspect, the recombinant Bordetella strain contains
a mutated ptx gene, a deleted or mutated dnt gene, and a
heterologous ampG gene. The heterologous ampG gene
product can strongly reduce the amount of tracheal cytotoxin
that is produced. The starting strain which is mutated can be
any Bordetella strain including B. pertussis, B. parapertus-
sis, and B. bronchiseptica. In one aspect the starting strain
used to obtain the mutated Bordetella strain is B. pertussis.
In another aspect, the strain is a triple mutant Bordetella
strain. In another aspect, the Bordetella strain is identified by
accession number CNCM 1-3585. In another aspect, the
Bordetella strain is identified by accession number V09/
009169.

The invention is not limited to only the mutants described
above. Other additional mutations can be undertaken such as
adenylate cyclase (AC) deficient mutants, lipopolysaccha-
ride (LPS) deficient mutants, filamentous haemagglutinin
(FHA), and any of the bvg-regulated components.

Advantageously the Bordetella strain has been made
deficient in the production of toxins by elimination or
deletion, at least partially, or by mutation, of the gene coding
for the toxin so as to produce an inactive toxin or no toxin
at all. Such a gene may be particularly the gene coding for
B. pertussis toxin or any protein having a structure or
function similarity with such a toxin. It can be also the gene
coding for hemolysin/adenylate cyclase toxin or the der-
monecrotic toxin expressed by Bordetella strains or for
proteins having structure or function similarities. The Bor-
detella strain may be deficient in the production of one or
more of these toxins.

The hybrid protein comprises part of the protein FHA and
at least part of the protein of interest. This particular protein
may be expressed by a strain of the B. pertussis species, such
as the strain BPNX deposited under No. 1-1770 on Oct. 8,
1996, in the National Collection of Microorganism Cultures
of Institut Pasteur, 28, Rue du Docteur Roux, F-75724, Paris,
Cedex 15, France or the B. pertussis strain is identified by
accession number CNCM 1-3585 or the B. pertussis strain
is identified by accession number V09/009169.

Said hybrid protein may in particular be expressed by the
mutated BPZE1 strain deposited with the Collection Nation-
ale de Cultures de Microorganismes (CNCM) in Paris,
France under the Budapest Treaty on Mar. 9, 2006 and
assigned the number CNCM 1-3585.

A strain according to the present invention may be
obtained by elimination of the gene of the toxin from the
genome of a virulent strain expressing said hybrid protein,
or by partial deletion or by mutation so as to produce an
inactive toxin. Elimination may be carried out by any
method known to those skilled in the art and particularly by
crossing the virulent strain with a mobilizing strain, then by
selecting, through markers adapted according to the strains,
cells having lost the toxin gene. Such a loss of capacity of
the virulent strain to express the toxin results from a double
event of a homologous recombination between the virulent
strain and a plasmid of the mobilizing strain. A person
skilled in the art may refer for the obtaining of attenuated
strains to the method described by Antoine and Locht
(1990).

The characteristics of the deficient strains in the produc-
tion of toxins, so selected, may be checked with various
techniques, in particular by Western-blotting.

The avirulent strains expressing the hybrid protein may be
obtained with the techniques known to those skilled in the
art and, in particular, may be obtained as described in the
above-mentioned French patent application FR-94 04 661
the contents of which are included into the present invention
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by reference. The recombinant DNAs comprising on the one
hand a sequence coding for a heterologous peptide and on
the other hand a sequence coding for a part of FHA are
obtained through the methods known to those skilled in the
art, in particular as described in Example V of the French
patent application FR-94 04 661. This example results in the
fusion of the region 190-211 of glutathion-S-transferase of
28 kDa (Sm28GST) of Schistosoma mansoni, with the
truncated FHA protein. The recombinant DNAs coding for
the hybrid proteins are selected, the sequence thereof is
checked according to methods known to those skilled in the
art, then transferred into Bordetella cells.

The person skilled in the art may refer for the implemen-
tation of the present invention to general manuals relating to
these techniques and in particular to the following manual:
Maniatis et al., 1982, Molecular Cloning: Laboratory
Manual, Cold Spring Harbor Laboratory, Cold Spring Har-
bor N.Y., USA, or one of its recent re-editions.

The heterologous protein, the sequence of which is
included into the hybrid protein, may be any antigenic
protein sequence, especially Bordetella, Streptococcus, Shi-
gella, Neisseria, Haemophilus, Moraxella, Vibrio, Escheri-
chia, Borrellia, Mycobacterium antigens, diphtheria, tetanus
or cholera toxins or toxoids, viral antigens including influ-
enza, RSV, hepatitis B, hepatitis C, poliovirus, rhinovirus or
HIV, or parasitic antigens such as those of Plasmodium,
Schistosoma or Toxoplama. It may also include an epitope of
a protein capable of being expressed by pathogens upon
mucosal infections or systemic infections.

Advantageously, the heterologous protein is all or part of
the M2 matrix protein of the influenza A virus.

In a preferred embodiment of the invention, the heterolo-
gous protein is the extracellular domain of the M2 protein.

In another embodiment, the heterologous protein is all or
part of the G protein of RSV, namely the portion extending
from amino-acid residues 170 to 197, containing both B and
T cell epitopes (Yusibov et al., 2005; Varga et al., 2000).

In still another embodiment, the heterologous protein is
all or part of the PcsB protein, a broadly cross-reactive
vaccine antigen of S. preumonia (Giefing et al., 2008)

The construction of a mutated Bordetella strain of the
invention may begin with replacing the Bordetella ampG
gene in the strain with a heterologous ampG gene. Any
heterologous ampG gene known in the art can be used in the
invention. Examples of these can include all gram-negative
bacteria that release very small amounts of peptidoglycan
fragments into the medium per generation. Examples of
gram-negative bacteria include, but are not limited to:
Escherichia  coli, Salmonella,  Enterobacteriaceae,
Pseudomonas, Moraxella, Helicobacter, Stenotrophomonas,
Legionella, and the like. Typically, by replacing the Borde-
tella ampG gene with a heterologous ampG gene, the
amount of tracheal cytoxin (TCT) produced in the resulting
strain expresses less than 1% residual TCT activity. In
another aspect, the amount of TCT toxin expressed by the
resulting strain is between about 0.6% to 1% residual TCT
activity or about 0.4% to 3% residual TCT activity or about
0.3% to 5% residual TCT activity.

PTX is a major virulence factor responsible for the
systemic effects of B. pertussis infections, as well as one of
the major protective antigens. Due to its properties, the
natural ptx gene can be replaced by a mutated version so that
the enzymatically active moiety S1 is replaced by an enzy-
matically inactive subunit, but the immunogenic properties
of the pertussis toxin are not affected. This can be accom-
plished by replacing the arginine (Arg) at position 9 of the
sequence with a lysine (Lys) (R9K). Furthermore, a glutamic
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acid (Glu) at position 129 can be replaced with a glycine
(Gly) (E129G). These amino acid positions are involved in
substrate binding and catalysis, respectively. In other
aspects, other mutations can also be made such as those
described in U.S. Pat. No. 6,713,072, incorporated herein by
reference, as well as any known or other mutations able to
reduce the toxin activity. In one aspect, allelic exchange can
first be used to delete the ptx operon and then to insert a
mutated version.

In another aspect of the invention, the dnt gene can be
removed from the Bordetella strain using allelic exchange.
Besides the total removal, the enzymatic activity can also be
inhibited by a point mutation. Since DNT is constituted by
a receptor-binding domain in the N-terminal region and a
catalytic domain in the C-terminal part, a point mutation in
the dnt gene to replace Cys-1305 to Ala-1305 inhibits the
enzyme activity of DNT (Kashimoto et al., 1999).

The transgene coding for the hybrid protein may be
inserted into the mutated strain defined above by insertion of
a genetic sequence or plasmid by using procedures well
known in the art.

Advantageously, the gene coding the heterologous protein
or epitopic fragment thereof is fused as a single or multiple
copies to the coding sequence of the N-terminal part of
FHA.

The transgene is advantageously inserted into the dnt
locus of B. pertussis, by allelic exchange using plasmids
containing up- and downstream regions of the dnt gene as
described by Mielcarek et al. (2006) for the deletion of the
dnt gene.

The recombinant Bordetella strains of the invention can
be used in immunogenic compositions for the treatment or
prevention of mucosal infections. Such immunogenic com-
positions are useful to raise an immune response, either an
antibody response and or a T cell response in mammals. For
example, the T cell or antibody response can be such that it
protects a mammal against influenza, RSV, S. preumonaie or
other infections or against their consequences/diseases/
symptoms.

The mutated Bordetella strains of the invention can be
used in vaccines or immunogenic compositions. In one
aspect, the strains are used for nasal administration.

Compositions of the invention may be administered in
conjunction with other immunoregulatory agents, including
adjuvants although the addition of an adjuvant is not pre-
ferred.

In another aspect, the invention further provides methods
for protecting a mammal against an infection by a pathogen
infecting a mucosa, namely the lower or upper respiratory
tract and/or eliciting an immune response against such a
pathogen in a mammal using the composition or vaccine of
the invention.

In still another aspect, the invention provides a method of
eliciting an immune response against a pathogen with a
mucosal tropism in a mammal, comprising: administering a
recombinant Bordetella pertussis strain comprising a
mutated pertussis toxin (ptx) gene, and a heterologous ampG
gene and expressing a hybrid protein comprising the N-ter-
minal fragment of filamentous haemagglutinin (FHA) and a
heterologous epitope or antigenic protein or protein frag-
ment, different from FHA, wherein the gene coding for the
native FHA protein is inactivated

In one aspect, the recombinant strain comprises a mutated
pertussis toxin (ptx) gene, a deleted or mutated dermone-
crotic (dnt) gene, and a heterologous ampG gene In some
such aspects, the wild-type Bordetella strain ampG gene is
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replaced by an ampG gene of other Gram negative bacteria,
such as an F. coli ampG gene.

In other aspects, the mutation of the ptx gene comprises
the substitution of an amino acid involved in substrate
binding and/or an amino acid involved in catalysis. In some
such aspects, the substitution of the amino acid involved in
substrate binding comprises R9K and the substitution of the
amino acid involved in catalysis comprises E129G. In some
aspects, the Bordetella strain comprises a triple mutant
strain. In some such aspects, the Bordetella strain is the
BPZE1 strain identified by accession number CNCM
1-3585.

In other aspects, the methods further comprise the pre-
vention or treatment of the mucosal infection in a mammal.
In some aspects, the Bordetella strain is administered prior
to the mucosal infection. In some such aspects, the Borde-
tella strain is administered about 6 weeks or more prior to
the mucosal infection. In other such aspects, the Bordetella
strain is administered about 12 weeks or more prior to the
mucosal infection. In some aspects, the pathogen respon-
sible for the mucosal infection is the influenza virus, the
respiratory syncytial virus or Streptococcus pneumoniae.

In some other aspects, the strain is administrated to a
mammal in need of protective immunity against a mucosal
or systemic infection. In some aspects the mammal is a
human.

Methods for treatment or prevention of diseases related to
mucosal or systemic infections include administering a
therapeutically effective amount of a composition of the
invention. The composition of the invention can be formu-
lated in pharmaceutical compositions. These compositions
can comprise, in addition to one or more of the strains, a
pharmaceutically acceptable excipient, carrier, buffer, stabi-
lizer, or other materials well known to those skilled in the
art. Such materials should typically be non-toxic and should
not typically interfere with the efficacy of the active ingre-
dient.

The composition can typically be used to elicit mucosal
immunity. In other aspects, the number of bacteria in each
dosage is adjusted to attain an effective immune response in
a mammal. The number of bacteria or cfus in each dosage
can be about 1, 10, 100, 1000, 10000, 100000, 1000000,
5*105, 107, 10® or more or any dosage between said each
dosage.

Formulation of the vaccines of the present invention can
be accomplished using art recognized methods. The amount
of vaccines of the invention to be administered to a subject
and the regime of administration can be determined in
accordance with standard techniques well known to those of
ordinary skill in the pharmaceutical and veterinary arts
taking into consideration such factors as the adjuvant (if
present), the age, sex, weight, species and condition of the
particular subject and the route of administration. The
administration of the vaccine is usually in a single dose.
Alternatively, the administration of the vaccine of the inven-
tion is made a first time (initial vaccination), followed by at
least one recall (subsequent administration), with the vac-
cine.

Typically the vaccines can be administered by nasal
administration or by inhalation. This type of administration
is low in costs and enables the colonization by the life
attenuated B. pertussis vaccine of the invention of the
respiratory tract. Nasal administration may be accomplished
with a life attenuated B. pertussis vaccine under the form of
liquid solution, suspension, emulsion. Solutions and suspen-
sions are administered as drops. Solutions can also be
administered as a fine mist from a nasal spray bottle or from
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a nasal inhaler. Gels are dispensed in small syringes con-
taining the required dosage for one application. Inhalation
may be accomplished with a life attenuvated B. pertussis
vaccine under the form of solutions, suspensions, and pow-
ders; these formulations are administered via an aerosol,
droplets or a dry powder inhaler. The powders may be
administered with insufflators or puffers.

Of the various mucosal delivery options available, the
intranasal route is the most practical as it offers easy access
with relatively simple devices that have already been mass
produced. The composition of the invention is thus prefer-
ably adapted for and/or packaged for intranasal administra-
tion, such as by nasal spray, nasal drops, gel or powder.

Whatever the route of delivery, compositions of the
invention are preferably packaged in unit dose form. Effec-
tive doses can be routinely established. A typical human
dose of the composition for injection or for intranasal use
has a volume between 0.1-1.0 ml e. g. two 500 ul sprays, one
per nostril.

Compositions of the invention are preferably buffered e.
g. at between pH 6 and pH 8, generally around pH 7.

EXAMPLES
Material & Methods

Bacterial Strains and growth conditions. The B. pertussis
strains used for this study are listed in Table 1. They were
grown on Bordet-Gengou agar (Difco, Detroit, Mich.)
supplemented with 1% glycerol, 20% defibrinated sheep
blood, and 100 pg/ml streptomycin (Sigma Chemical Co., St
Louis, Mo.) at 37° C. for 72 h. Liquid cultures of B. pertussis
were incubated as described previously (Menozzi et al.,
1991) in Stainer-Scholte medium (Stainer and Scholte,
1970) containing 1 g/liter heptakis (2,6-di-o-methyl) p-cy-
clodextrin (Sigma).

Construction of plasmids and recombinant BPZE1 strains.
The different BPZE1 derivatives described here all con-
tained the transgene in the dnt locus of BPZE1 inserted by
allelic  exchange, wusing plasmids derived from
pJQmp200rps.12 (Quandt & Hynes, 1993) and containing
up- and downstream regions of the dnt gene, as described by
(Mielcarek et al. 2006) for the deletion of the dnt gene in
BPZEL.

Construction of pXR1. First, the Xbal site of the back-
bone of this plasmid (Mielcarek et al., 2006), named pJQdn-
tUPLO, was changed from TCTAGA (SEQ ID NO: 1) to
TCCAGA (SEQ ID NO: 2) by using the primers SP Xba mut
5'-GCATGCCTGCAGGTCGACTCCAGAGGATC-
CCCGGGTACCG-3' (SEQ ID NO: 3) and ASP Xba mut
5'-CGGTACCCGGGGATCCTCTGGAGTCGACCTGCA-
GGCATGC-3' (SEQ ID NO: 4) and QuickChangell® XL
(Stratagen) according to manufacturer’s specifications. The
dnt upstream and the dnt downstream regions of the result-
ing plasmid, named pXR1, were sequenced. One mutation
G—A in the dnt downstream region (corresponding to
position 3,651,839 of the B. pertussis genome, GenBank
NC-002929.2) was noticed.

Construction of pXR1-Fha44 A synthetic gene coding for
the 5' part of the thaB gene was purchased from Eurogentec
(Liege, Belgium). This gene, named thad4c, contains 2,583
by coding for amino acids 1 to 861 of FhaB, the precursor
of FHA (from nucleotide position 253 to 2,835, GenBank
M60351.1), except for four silent changes (G354C, C864G,
G2,331C and A2,556G), a 27-bp multiple cloning site with
the sequence 5'-CTTAAGACGCGTCATATGGGCGGC-
CGC-3' (SEQ ID NO: 5) and two TGA termination codons.
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This sequence was provided in a plasmid named pUC57-
Fha44 . This plasmid was digested with Xhol and Xbal, and
the fragment corresponding to fhad4c was inserted into
Xhol/Xbal-digested pXR1. The resulting plasmid, pXR1-
Fha44, contains thus the 813-bp region upstream of the ATG
start codon of the dnt gene (from position 3,646,310 to
position 3,647,122 of the B. pertussis genome, GenBank
NC-002929.2), the region coding for the carrier protein
Fha44 fused to the 27-bp multiple cloning site, followed by
two TGA termination codons the 83-pb region downstream
of'the TGA termination codon of the dnt gene (from position
3,651,479 to position 3,651,564 of the B. pertussis genome,
GenBank NC-002929.2), a Xbal restriction site and the
712-pb dnt downstream region of pXR1 (identical to the
sequence from position 3,651,565 to position 3,652,276 of
the B. pertussis genome, GenBank NC-002929.2, except for
the G—A mutation corresponding to position 3,651,839 of
the B. pertussis genome, GenBank NC-002929.2 that was
present in pXR1). The plasmid was sequenced to confirm the
absence of unexpected mutations.

Construction of BPZE1 derivatives expressing Fha44-
M2e. The sequence coding for 3 copies of the M2e peptide
was amplified by PCR from pGA4-3M2e (from Geneart
AQG), containing the coding information for three tandem
copies of M2e. Each M2e copy in pGA4-3M2e is separated
by a 9 amino acid peptide and cysteine codons at positions
17 and 19 in M2e were replaced by serine. Oligonucleotides
5'-ACGCGTGTGGAAACTCCTATCCG-3' (SEQ ID NO:
6) and 5'-CATATGGCCGCCAGAGCCGCTATCAGAGC-
TATCGTT-3' (SEQ ID NO: 7) were used as primers. The
amplified DNA fragment was then inserted into pCRII-
TOPO (Invitrogen) and verified by DNA sequencing. A
273-bp fragment obtained after Mlul/Ndel digestion was
cloned into the Mlul/Ndel sites of pXR1-Fha44 to yield
pHKG3. This plasmid was sequenced to verify the absence
of unwanted alterations and was introduced into E. coli
SM10 (Simon et al., 1983) by transformation, and the
resulting recombinant E. coli SM10 bacteria were conju-
gated with BPZE1. Two successive homologous recombi-
nation events were selected as described (Stibitz, 1994). The
recombinant strains were then analyzed by PCR to identify
clones in which the hybrid gene was correctly inserted into
the dnt locus. The recombinant BPZE1 strain was named
BPZM2e.

To construct BPZEM2e-AFha, a FHA-deficient recombi-
nant strain, the FHA-encoding gene was inactivated in
BPZM2e using the integration vector pFUS2 as previously
described (Antoine et al., 2000).

Construction of BPZE1 derivatives expressing Fha44-
Ggsp~ The oligonucleotide coding for amino acids 170 to
197 of the glycoprotein of RSV strain A2 (GenBank
AACS55969.1) was synthesized according to the B. pertussis
codon usage and had the following sequence:

(SEQ ID NO: 8)
5'-TTCGTGCCGTGCTCGATCTGCTCGAACAACCCGACCTGCTGGGCCAT

CTGCAAGCGCATCCCGAACAAGAAGCCGGGCAAGAAG-3' .

It was produced by PCR using 100 nM of overlapping
oligonucleotides.

5'-AGGATCCTTCGTGCCGTGCTCGATCTGCTC-
GAACAACCCGACCTGCT GGGCCATCTGCAAGCG-
CAT-3' (SEQ ID NO: 9) and

5'-AGGATCCCTTCTTGCCCGGCTTCTTGT-
TCGGGATGCGCTTGCAGATG GCCCAGCAG-
GTCGGGTTGTTCG-3' (SEQ ID NO: 10) as template and
400 nM oligonucleotides
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5' -AGGATCCTTCGTGCCGTGCTCGATC-3"' (SEQ ID NO: 11)
and
5' -AGGATCCCTTCTTGCCCGGCTTCTT-3"' (SEQ ID NO: 12)

as primers.

The resulting 96-bp fragment was then inserted into
pCRII-TOPO (Invitrogen), yielding pCRII-TOPO-Ggp-
BamHI, and was sequenced to confirm the absence of
unexpected mutations. The RSV G sequence was then
amplified by PCR, using pCRII-TOPO-Gg ., BamHI as tem-
plate and oligonucleotides

5' -AACGCGTTTCGTGCCGTGCTCGATC-3"' (SEQ ID NO: 13)
and
5'-ACGCGTCTTCTTGCCCGGCTTCTT-3" (SEQ ID NO: 14)

as primers.

The resulting 96-bp fragment was then inserted into pCRII-
TOPO, vyielding pCRII-TOPO-Ggg,Mlul and was
sequenced to confirm the absence of unexpected mutations.
pCRII-TOPO-G,Mlul was digested with Mlul, and the
RSV G sequence was inserted into Mlul-digested pXR1-
Fha44 to yield pXRI1-Fha44/Ggg,. This plasmid was
sequenced to verify proper orientation of the insert and the
absence of unwanted alterations, and it was then introduced
into E. coli SM10 (Simon et al., 1983) by transformation,
and the resulting recombinant E. coli SM10 bacteria were
conjugated with BPZE1l. Two successive homologous
recombination events were selected as described (Stibitz,
1994). The recombinant strains were then analyzed by PCR
to identify clones in which the hybrid gene was correctly
inserted into the dnt locus. The recombinant BPZE] strain
was named BPZG,,;-

To construct BPZG,-AFha, a FHA-deficient recombi-
nant strain, the FHA-encoding gene was inactivated in
BPZGys,- using the integration vector pFUS2 as previously
described (Antoine et al., 2000).

Construction of BPZE1 derivatives expressing Fha44-
PcsB. The coding sequence of the mature form of PcsB
(from amino acid residue 28 to residue 278) was amplified
by PCR using the chromosomal DNA from S. preumoniae
serotype 1 (clinical isolate E1586) as template and synthetic
oligonucleotides SP-PcsB 5S'-CATATGTGGAC-
GAACTTTTGCACGGACA-3' (SEQ ID NO: 15) and ASP-
PcsB 5'-ACGCGTGAAACGACTGATGACAAAATTCG-
3' (SEQ ID NO: 16) as primers. S. preumoniae was boiled
and 10 uM of the oligonicleotides were added in the PCR
mixture. The resulting 750-bp fragment was inserted into
pCRII-TOPO, vyielding pCRII-TOPO-PcsB, and then
sequenced. pCRII-TOPO-PcsB was digested with Mlul and
Ndel, and the fragment corresponding to the PscB sequence
was inserted into Mlul/Ndel-digested pXR1-Fha44, yielding
pXR1-Fhad44-PcsB. After sequencing this plasmid was intro-
duced into E. coli SM10 (Simon et al., 1983) by transfor-
mation, and the resulting recombinant . coli SM10 bacteria
were conjugated with BPZE1. Two successive homologous
recombination events were selected as described (Stibitz,
1994). The recombinant strains were then analyzed by PCR
to identify clones in which the hybrid gene was correctly
inserted into the dnt locus. The recombinant BPZE] strain
was named BPZPcsB.

To construct BPZPcsB-AFha, a FHA-deficient recombi-
nant strain, the FHA-encoding gene was inactivated in
BPZM2e using the integration vector pFUS2 as previously
described (Antoine et al., 2000).
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Protein analysis and immunodetection of the recombinant
chimeric proteins. For the detection of the Fha44-3M2e, the
Fha44-Ggg, and the Fha44-PcsB chimeric proteins, the
recombinant strains were grown for 48 hours in 10 ml
Stainer-Scholte medium supplemented with 100 pg/ml
Streptomycin. The cells were then centrifuged for 15 min-
utes at 4,000xg. 400 pl supernatant was collected, and the
cells were resuspended in 400 ul PBS. 200 pl of 3xLaemmli
(1970) loading buffer was added to the supernatants and to
the cell suspensions. The mixtures were then heated at 95°
C. for 10 min. The chromosomal DNA was sheared by
passing the bacterial suspension 10 times through a
27-gauge needle. This was followed by heating at 95° C. for
15 min. 10 pl of each sample was loaded onto a 10% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis gel
(SDS-PAGE) for Immunoblot analysis or Coomassie-blue
staining. A non-recombinant BPZE1 supernatant and/or
whole cell lysate was used as negative controls.

After electrophoresis, the proteins were electrotransferred
onto nitrocellulose membranes and incubated with the
mouse anti-M2e (Neirynck et al., 1999) or anti-G,- (Mek-
seepralard et al., 2006) antibodies in PBS containing 0.1%
Tween 20 and 1% bovine serum albumin. Alkaline phos-
phatase-conjugated goat anti-mouse monoclonal antibodies
(Promega) diluted 1:4,000 were used for chromogenic
detection of the proteins by the addition of the alkaline
phosphatase substrate (nitroblue tetrazolium and 5-bromo-
4-chloro-3-indolylphosphate reagents; Promega). The sizes
of the reactive bands were determined from the migration
distance of the All Blue protein Marker (Biorad).

Mouse colonisation and immunogenicity. BALB/c mice
were obtained from Charles River (1’ Abresle, France) and
maintained under specific pathogen-free conditions in the
animal facilities of the Institut Pasteur de Lille. For lung
colonization, 6-weeks old BALB/c mice were lightly
sedated by intraperitoneal (i.p.) injection of an anesthetic
cocktail (ketamine+atropine+valium) and intranasally (i.n.)
immunized with 20 ul PBS containing 10° or 107 colony-
forming units (CFU) of BPZE1 or recombinant strains as
previously described (Mielcarek et al., 2006). The mice were
sacrificed at indicated time points after i.n. administration,
and their lungs were harvested, homogenized in PBS and
plated in serial dilutions onto BG-blood agar to count CFUs
after incubation at 37° C. for three to four days, as described
(Mielcarek et al., 2006).

For immunization studies, groups of 6-weeks old BALB/c
mice were immunized i.n. with 20 pl PBS containing 107
CFU of BPZE1 or recombinant strains, and then boosted at
4 week intervals with the same amount of bacteria.

Antibody detection. 96-well plates were coated with 2
ng/ml of the synthetic M2e peptide (Ac-GGSLLTEVET-
PIRNEWGSRSNDSSDGG-NH2, SEQ ID NO: 17), with 2
ng/ml of the synthetic Ggg,- peptide (Ac-GGFVPCSICSN-
NPTCWAICKRIPNKKPGKKGG-NH2, SEQ ID NO: 18)
or 2 pg/ml of recombinant PcsB, incubated overnight at 4°
C. and washed with PBS containing 0.05% Tween-20
(PBST). Subsequently, the plates were blocked with 100
ul/well of blocking buffer (2% BSA in PBST) for 1 h at 37°
C. After three washes, 100 ul of serially diluted sera was
added to the wells and incubated for 2 h at 37° C. After three
additional washes, the plates were incubated for 1 h at 37°
C. with 100 pl of horseradish-peroxidase (HRP)-labeled
anti-mouse IgG (Southern Biotech) diluted 1:4000 in PBST.
Following five washes, the plates were incubated with 100
ul of HRP substrate TMB solution (Interchim) for 30 min at
room temperature. The reaction was stopped by the addition
of 50 ul of 1 M H;PO,. The optical density (OD) was
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measured with a Biokinetic reader E1./340 microplate at 450
nm. The end titer was determined as the highest serum
dilution that had an optical density reading more than twice
that of the negative control serum.

Production of recombinant PcsB. The PcsB fragment was
amplified by PCR using the chromosomal DNA from S.
preumoniae serotype 1 (clinical isolate E1586) as template
and synthetic oligonucleotides SP-PcsBexp 5'-CCATGGGT-
GAAACGACTGATGACAAAATTG-3' (SEQ ID NO: 19)
and ASP-PcsBexp 5-GCGGCCGCACGAACTTTTG-
CACGGACAGGTGCTGCTGCATCA-3 (SEQ ID NO: 20).
The amplicon was inserted into pCRII-TOPO (Invitrogen,
Cergy-Pontoise, France) and sequenced, yielding pCRII-
TOPOPcsBexp. The Notl/Ncol fragment of this vector was
inserted into pET24D+, yielding pET24DPcsB. This plas-
mid was introduced into E. coli BL21 for production and
purification of PcsB. The recombinant bacteria were grown
at 37° C. in liquid LB broth supplemented with kanamycin
(25 ng/ml). When the OD600 had reached 0.8, expression
was induced by the addition of 1 mM Isopropyl-d-thioga-
lactopyranoside (IPTG) for 4 h at 37° C. The induced cells
were then harvested by centrifugation at 8,000 rpm for 20
min at 4° C. and were suspended in lysis buffer A (PBS, pH
7.0; 350 mM NaCl; 10% glycerol) supplemented with 1
tablet/25 ml protease inhibitors [complete TM, EDTA free
(Roche Molecular Biochemicals, Meylan, France)].

Cells were broken by two passages through a French
pressure cell. After harvesting the membrane fractions by
centrifugation (15,000 rpm for 20 min), the supernatant of
the cell lysate was passed through the nickel-NTA agarose
(Qiagen) (Chelating Sepharose, Fast flow, with Ni2+ metal
coupled, Amersham-Pharmacia) at a flow rate of 0.5 ml/min.
The unbound material was washed with buffer A until the
OD reached the baseline. Elution of the bound histidine-
tagged protein was carried out using a step-wise gradient
with 15 ml buffer A containing 50 mM, 100 mM or 200 mM
imidazole. The eluates were collected as 2-ml fractions. The
samples obtained were then analyzed by SDS-PAGE using
a 12% polyacrylamide gel and Coomassie-blue staining, and
the fractions containing PcsB protein were pooled and
dialyzed overnight against PBS at 4° C. Protein concentra-
tions were estimated using the BCA test (Pierce), using the
manufacturer’s instructions.

RESULTS

1. Recombinant BPZE1 Strain Producing
Fh44-3M2e (BPZM2e)

Construction of Recombinant BPZE1 Strain
Producing Fha44-3M2e (BPZM2e)

The extracellular domain of matrix protein M2 (M2e) of
the influenza A virus has been proposed as a universal
protective antigen against influenza (Neirynck et al., 1999;
de Filette et al., 2006). To express M2e in BPZE1, we have
used Fha44 as carrier. Fha44 is the 80-kDa N-terminal
fragment of FHA and is better secreted by B. pertussis than
full-length FHA (Renauld-Mongénie et al., 1996).

Three copies of the M2e-encoding sequence were fused to
the Fha44-encoding sequence. The construct was inserted
into the BPZE1 chromosome at the dnt locus by allelic
exchange, placing the transgene under the control of the dnt
promoter in the recombinant strain named BPZM?2e.

Unconcentrated culture supernatant and whole cell
extracts of BPZE1 and BPZM?2e were examined by immu-
noblot analysis using an anti-M2e monoclonal antibody. A
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94-kDa band, corresponding to the expected size of the
Fha44-3M2e chimeric protein, was detected in the culture
supernatant of the recombinant strain. A similar size protein
also reactive with the anti-M2e antibody was also detected
in the whole cell extracts. This observation indicates that the
chimeric protein was secreted from the recombinant strain
and was also associated with bacterial cell of BPZM2e.

Lung Colonization and Immunogenicity of
BPZM2e

First the growth kinetics of BPZM2e in vitro in Stainer
Scholte medium was compared to that of the parent strain
BPZEL1. There was no statistical difference between the two
strains, indicating that the general bacterial fitness was not
impaired by the expression of Fha44-3M2e.

To study the ability of the recombinant strain BPZM2e to
colonize the murine respiratory tract, BALB/c mice were
infected i.n. with 10° CFU of BPZM2e or with non-recom-
binant BPZE]1, and their colonization profiles were com-
pared. The colonization profile of recombinant strain
BPZM2e was indistinguishable from that of the correspond-
ing parental strain BPZE1, indicating that the insertion of
Fha44-3M2e does not alter the ability of the bacteria to
colonize the lungs of mice.

The antibody responses to the M2e peptide were exam-
ined by ELISA at different time points after administration
of BPZMZ2e. However, no M2e-specific antibodies were
detected at any time point. The BPZM2e dose was then
increased ten-fold, and BALB/¢ mice were i.n. immunized
twice at a 4-week interval with 107 CFU of BPZE1 or
recombinant BPZM2e. Sera were collected at 2 weeks and
4 weeks after the first immunization, and 2 weeks after the
last immunization to evaluate the systemic anti-M2e IgG.
Again, no significant antibody response to M2e was detected
in sera.

Mutation of FHA and Characterization of the New
Recombinant Strain (BPZM2e-AFHA)

The chromosomal gene coding for FHA (thaB) was then
inactivated from BPZM2e by introducing a pFus2 derivative
that contains an internal fragment of thaB (Antoine et al.,
2000). As pFus2 is not able to replicate in B. pertussis, the
integration of the plasmid into the thaB gene is forced by
homologous recombination, thereby interrupting this gene.
The integrants were selected on BG blood agar containing
100 pg/ml streptomycin and 10 pg/ml gentamycin. The
resulting strain was named BPZM2e-AFHA.

The absence of FHA in BPZM2e-AFHA was verified by
SDS-PAGE and straining by Coomassie blue, and the pres-
ence of Fha44-3M2e in the culture supernatant was deter-
mined by immunoblot analysis. SDS-PAGE and Coomassie
blue staining showed the absence of the 220-kDa protein,
corresponding to FHA in the culture supernatant of the
mutant strain, as well as in that of BPGR4, a known
FHA-deficient strain, used as a control. The immunoblot
analysis of unconcentrated culture supernatants indicated
that the FHA-deficient mutant produced at least as much
Fha44-3M2e as the BPZM2e parent strain. As expected, no
immunreactive band was detected in the culture supernatant
of BPZEL.

Lung Colonization of Mice by BPZM2e-AFHA

To investigate the colonization profile of the new recom-
binant strain after deletion of FHA, BALB/c mice were
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infected in. with 10 CFU of BPZM2e-AFHA, and the
bacterial load in the lungs was followed for up to 28 days.
Both BPZE1 and BPZM2e-AFHA colonized the lungs and
persisted in the lungs of the mice at similar levels, although
at day 3 after inoculation significantly less BPZM2e-AFHA
than BPZE1 was detected in the lungs of the mice.

Immunogenicity of BPZM2e-AFHA

The immunogenicity of BPZM2e-AFHA was evaluated
after two 1.n. administrations at a 4-week interval. The sera
were collected 2 weeks after the last immunization, and the
systemic anti-M2e antibody response was analyzed.
BPZM2e-AFHA was found to induce high levels of systemic
IgG against M2e, whereas two administrations of BPZM?2e
producing FHA or BPZE1 did not result in a significant
anti-M2e IgG response (FIG. 1), as expected. These obser-
vations indicate that the absence of FHA strongly increases
the immune responses to M2e after i.n. immunization with
recombinant BPZE1.

2. Recombinant BPZE1 Strain Producing Fha44-
GrsBPZGgsy)

Construction of Recombinant BPZE1 Strain
Producing Fha44-G,- (BPZGgsr)

A peptide fragment of the G protein of RSV spanning
amino-acid residues 170 to 197 has been shown to contain
a neutralizing B cell epitope (Power et al., 2001; Yusibov et
al., 2005) and a T cell epitope (Varga et al., 2000). This
region of the protein is also well conserved among different
RSV isolates. As for the M2e epitope of the influenza virus
above, we have used Fhad4 as carrier to express the G
epitope in BPZE1.

A single copy of the G epitope-encoding sequence was
fused to the Fha44-encoding sequence. The construct was
inserted into the BPZE1 chromosome at the dnt locus by
allelic exchange, placing the transgene under the control of
the dnt promoter in the recombinant strain named BPZGgg,-

Unconcentrated culture supernatants of BPZG,- were
examined by immunoblot analysis using an anti-G mono-
clonal antibody. An approximately 90-kDa band, corre-
sponding to the expected size of the Fhad44-G,,; chimeric
protein, was detected in the culture supernatant of the
recombinant strain, indicating that the chimeric protein was
secreted from the recombinant strain.

Lung Colonization and Immunogenicity of
BPZGysy

To study the ability of the recombinant strain BPZG,-to
colonize the murine respiratory tract, BALB/c mice were
infected i.n. with 10° CFU of BPZG,, or with non-recom-
binant BPZE1, and their colonization profiles were com-
pared. The colonization profile of recombinant strain
BPZGys,-was indistinguishable to that of the corresponding
parental strain BPZE1 indicating that the insertion of Fha44-
G- does not alter the ability to colonize the lungs of mice.

The antibody responses to the G peptide were examined
by ELISA after administration of BPZG,g,. However, no
G-specific antibodies were detected. The BPZG ;- dose was
then increased ten-fold, and BALB/c mice were i.n. immu-
nized twice at a 4-week interval with 107 CFU of BPZE1 or
recombinant BPZGyg,. Sera were collected 2 weeks after
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the last immunization to evaluate the systemic anti-G IgG
responses. Again, no significant antibody response to the G
peptide was detected in sera.

Mutation of FHA and Characterization of the New
Recombinant Strain (BPZG,,-AFHA)

The chromosomal gene coding for FHA (thaB) was then
inactivated from BPZGg,- by introducing the pFus2 deriva-
tive as described above, and the absence of FHA in
BPZGq;~AFHA was verified by SDS-PAGE and straining
by Coomassie blue, and the presence of Fhad44-G, in the
culture supernatant was determined by immunoblot analysis.
SDS-PAGE and Coomassie blue staining showed the
absence of the 220-kDa protein, corresponding to FHA in
the culture supernatant of the mutant strain. The immunoblot
analysis of unconcentrated culture supernatants indicated
that the FHA-deficient mutant strain produced as much
Fhad44-Ggg, as the BPZGy,- parent strain.

Immunogenicity of BPZG,4,-AFHA

The immunogenicity of BPZG,,,~AFHA was evaluated
after two i.n. administrations at a 4-week interval. The sera
were collected 2 weeks after the last immunization, and the
systemic anti-G antibody response was analyzed by ELISA.
BPZG,,~AFHA was found to induce high levels of sys-
temic IgG against the G epitope, whereas two administra-
tions of BPZE1 or BPZGg,;- producing FHA did not result
in a significant anti-G IgG response (FIG. 2). These obser-
vations indicate that, as for M2e, the absence of FHA
strongly increases the immune responses to the G epitope
after i.n. immunization with recombinant BPZE1

3. Recombinant BPZE1 Strain Producing
Fha44-PcsB (BPZPcsB)

Construction of Recombinant BPZE1 Strain
Producing Fhad44-PcsB (BPZPcsB)

PcsB is a protein antigen of S. preumoniae that is highly
conserved among various clinical isolates and induces pro-
tection against lethal sepsis. It has been shown to be cross-
protective against four different serotypes in both sepsis and
pneumonia models (Giefing et al., 2008).

The gene coding the mature portion of PcsB (from amino
acid 28 to 278) was fused as a single copy to the Fha44-
encoding sequence. The construct was inserted into the
BPZE1 chromosome at the dnt locus by allelic exchange,
placing the transgene under the control of the dnt promoter
in the recombinant strain named BPZPcsB.

Unconcentrated culture supernatants of BPZPcsB were
examined by SD-PAGE and Coomassie-blue staining. A
112-kDa band, corresponding to the Fha44-PcsB chimeric
protein, was readily detectable in the unconcentrated culture
supernant of the recombinant strain, indicating that the
chimeric protein was secreted from the recombinant strain.

Immunogenicity of BPZPcsB

BALB/C mice were nasally immunized three times at
4-weeks intervals with 107 cfu BPZPcsB or received BPZE1
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as a control. Sera were collected two weeks after each
immunization, and the antibody responses to PcsB were
examined by ELISA. Increasing doses of BPZPcsB resulted
in increasing antibody titers to PcsB, although the antibody
titers remained rather low, especially after the first and
second immunization.

Mutation of FHA and Characterization of the New
Recombinant Strain (BPZPcsB-AFHA)

The chromosomal gene coding for FHA (thaB) was then
inactivated from BPZPcsB by introducing the pFus2 deriva-
tive as described above, and the absence of FHA in BPZ-
PcsB-AFHA, but the presence of Fhad44-PcsB was verified
by SDS-PAGE and straining by Coomassie blue. SDS-
PAGE and Coomassie blue staining showed the absence of
the 220-kDa protein, corresponding to FHA, and the pres-
ence of a lower Mr protein, corresponding to Fha44-PcsB, in
the culture supernatant of the mutant strain.

Immunogenicity of BPZPcsB-AFHA

The immunogenicity of BPZPcsB-AFHA was evaluated
after two 1.n. administrations at a 4-week interval. The sera
were collected 2 weeks after the last immunization, and the
systemic anti-PcsB antibody responses were analyzed. BPZ-
PcsB-AFHA was found to induce high levels of systemic
IgG against PcsB that were significantly higher than those
induced by BPZPcsB producing FHA (FIG. 3). These obser-
vations indicate that, as for M2e and GRSV the absence of
FHA significantly increases the immune responses to PcsB
after i.n. immunization with recombinant BPZE1.

Throughout this application, various references describe
the state of the art to which this invention pertains. The
disclosures of these references are hereby incorporated by
reference into the present disclosure.
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TABLE 1

Bacterial strains

Strains Description (reference)

BPSM SmZ virulent B. pertussis (Menozzi et al., 1991)

BPGR4 Sm® strain derived from BPSM and FHA deficient (Locht et al., 1992)

BPZE1 SmR attenuated strain derived from BPSM (Mielcarek et al., 2006)

BPZM2e BPZE1 recombinant strain expressing Fha44-(M2e), (this work)

BPZM2e-AFha BPZE]1 recombinant strain expressing Fha44-(M2e); and FHA deficient
(this

BPZGgsr work)

BPZGgs;-AFha BPZEI recombinant strain expressing Fhad4-Gpg;- (this work)

BPZPcsB BPZE1 recombinant strain expressing Fha44-Gpg,- and FHA deficient (this

BPZPcsB-AFha work)

BPZE]1 recombinant strain expressing Fha44-PcsB (this work)
BPZE1 recombinant strain expressing Fha44-PcsB and FHA deficient (this
work)

<160>

<210>
<211>
<212>
<213>
<220>
<223>

<400>

tctaga

<210>
<211>
<212>
<213>
<220>
<223>

<400>

tccaga

<210>
<211>
<212>
<213>
<220>
<223>

<400>

SEQUENCE LISTING

NUMBER OF SEQ ID NOS: 20

SEQ ID NO 1

LENGTH: 6

TYPE: DNA

ORGANISM: Artificial
FEATURE:

OTHER INFORMATION: Xbal site

SEQUENCE: 1

SEQ ID NO 2

LENGTH: 6

TYPE: DNA

ORGANISM: Artificial

FEATURE:

OTHER INFORMATION: Xbal gite (with mutation)

SEQUENCE: 2

SEQ ID NO 3

LENGTH: 40

TYPE: DNA

ORGANISM: Artificial
FEATURE:

OTHER INFORMATION: Primer

SEQUENCE: 3

gecatgectge aggtcgactce cagaggatcc ccgggtacceg 40

<210>
<211>
<212>
<213>
<220>
<223>

<400>

SEQ ID NO 4

LENGTH: 40

TYPE: DNA

ORGANISM: Artificial
FEATURE:

OTHER INFORMATION: Primer

SEQUENCE: 4

cggtaccegyg ggatcctetg gagtcgacct geaggeatge 40

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 5

LENGTH: 27

TYPE: DNA

ORGANISM: Artificial
FEATURE:

OTHER INFORMATION: Primer
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-continued

26

<400> SEQUENCE: 5

cttaagacge gtcatatggg cggccge

<210> SEQ ID NO 6

<211> LENGTH: 23

<212> TYPE: DNA

<213> ORGANISM: Artificial
<220> FEATURE:

<223> OTHER INFORMATION: Primer

<400> SEQUENCE: 6

acgcegtgtgg aaactectat ceg

<210> SEQ ID NO 7

<211> LENGTH: 36

<212> TYPE: DNA

<213> ORGANISM: Artificial
<220> FEATURE:

<223> OTHER INFORMATION: Primer

<400> SEQUENCE: 7

catatggceg ccagagccge tatcagaget ategtt

<210> SEQ ID NO 8

<211> LENGTH: 84

<212> TYPE: DNA

<213> ORGANISM: Artificial
<220> FEATURE:

<223> OTHER INFORMATION: Primer

<400> SEQUENCE: 8
ttcegtgeegt gectegatetyg ctegaacaac ccgacctget gggecatcetyg caagegcate

ccgaacaaga agccgggcaa gaag

<210> SEQ ID NO 9

<211> LENGTH: 66

<212> TYPE: DNA

<213> ORGANISM: Artificial
<220> FEATURE:

<223> OTHER INFORMATION: Primer

<400> SEQUENCE: 9
aggatcctte gtgecegtget cgatctgete gaacaacceg acctgetggg ccatctgcaa

gegeat

<210> SEQ ID NO 10

<211> LENGTH: 69

<212> TYPE: DNA

<213> ORGANISM: Artificial
<220> FEATURE:

<223> OTHER INFORMATION: Primer

<400> SEQUENCE: 10

aggatccctt cttgeccegge ttettgtteg ggatgegett geagatggee cagcaggteg

ggttgtteg

<210> SEQ ID NO 11

<211> LENGTH: 25

<212> TYPE: DNA

<213> ORGANISM: Artificial
<220> FEATURE:

<223> OTHER INFORMATION: Primer

27

23

36

60

84

60

66

60

69
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-continued

<400> SEQUENCE: 11

aggatccttce gtgcegtget cgatce 25

<210> SEQ ID NO 12

<211> LENGTH: 25

<212> TYPE: DNA

<213> ORGANISM: Artificial
<220> FEATURE:

<223> OTHER INFORMATION: Primer

<400> SEQUENCE: 12

aggatccctt cttgcccgge ttett 25

<210> SEQ ID NO 13

<211> LENGTH: 25

<212> TYPE: DNA

<213> ORGANISM: Artificial
<220> FEATURE:

<223> OTHER INFORMATION: Primer

<400> SEQUENCE: 13

aacgcgttte gtgcegtget cgatc 25

<210> SEQ ID NO 14

<211> LENGTH: 24

<212> TYPE: DNA

<213> ORGANISM: Artificial
<220> FEATURE:

<223> OTHER INFORMATION: Primer

<400> SEQUENCE: 14

acgcgtette ttgcccgget tett 24

<210> SEQ ID NO 15

<211> LENGTH: 28

<212> TYPE: DNA

<213> ORGANISM: Artificial
<220> FEATURE:

<223> OTHER INFORMATION: Primer

<400> SEQUENCE: 15

catatgtgga cgaacttttg cacggaca 28

<210> SEQ ID NO 16

<211> LENGTH: 29

<212> TYPE: DNA

<213> ORGANISM: Artificial
<220> FEATURE:

<223> OTHER INFORMATION: Primer

<400> SEQUENCE: 16

acgcgtgaaa cgactgatga caaaattcg 29

<210> SEQ ID NO 17

<211> LENGTH: 27

<212> TYPE: PRT

<213> ORGANISM: Artificial

<220> FEATURE:

<223> OTHER INFORMATION: Peptide

<400> SEQUENCE: 17

Gly Gly Ser Leu Leu Thr Glu Val Glu Thr Pro Ile Arg Asn Glu Trp
1 5 10 15

Gly Ser Arg Ser Asn Asp Ser Ser Asp Gly Gly
20 25
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30

-continued

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 18

LENGTH: 32

TYPE: PRT

ORGANISM: Artificial
FEATURE:

OTHER INFORMATION: Peptide
<400>

SEQUENCE: 18

Gly Gly Phe Val Pro Cys Ser Ile Cys Ser Asn Asn Pro Thr Cys Trp

1 5 10

15

Ala Ile Cys Lys Arg Ile Pro Asn Lys Lys Pro Gly Lys Lys Gly Gly

20 25

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 19

LENGTH: 30

TYPE: DNA

ORGANISM: Artificial
FEATURE:

OTHER INFORMATION: Primer
<400>

SEQUENCE: 19

ccatgggtga aacgactgat gacaaaattg

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 20

LENGTH: 42

TYPE: DNA

ORGANISM: Artificial
FEATURE:

OTHER INFORMATION: Primer

<400> SEQUENCE: 20

geggecgeac gaacttttge acggacaggt getgetgeat ca

30

30

42

What is claimed is:

1. A live attenuated Bordetella pertussis strain comprising
a mutated pertussis toxin (ptx) gene, a deleted dermone-
crotic toxin (dnt) gene, a heterologous ampG gene, an
inactivated filamentous haemagglutinin (FHA) gene, and a
gene encoding a hybrid protein comprising an N-terminal
fragment of filamentous haemagglutinin (FHA) and a het-
erologous antigen, wherein the gene encoding the hybrid
protein is inserted into the locus of the deleted dnt gene and
the Bordetella pertussis strain lacks a native FHA protein.

2. The Bordetella pertussis strain of claim 1, wherein the
mutated ptx gene comprises at least one mutation leading to
an enzymatically inactive protein that retains immunogenic
properties.

3. The Bordetella pertussis strain of claim 1, wherein the
ampG gene is replaced with a heterologous ampG gene
leading to a residual tracheal cytotoxin (TCT) activity of less
than 5%.

4. The Bordetella pertussis strain of claim 3, wherein the
heterologous ampG gene is from E. coli.

5. The Bordetella pertussis strain of claim 1, wherein the
heterologous antigen comprises at least one epitope of a
protein expressed by a pathogen responsible for an infection
of the respiratory tract.

6. The Bordetella pertussis strain of claim 1, wherein the
hybrid protein comprises the N-terminal fragment of FHA
fused to the extracellular domain of the matrix protein (Me2)
of the influenza A virus.

7. The Bordetella pertussis strain of claim 1, wherein the
hybrid protein comprises the N-terminal fragment of the

40

FHA protein fused to three copies of the extracellular
domain of the matrix protein (Me2) of the influenza A virus.

8. The Bordetella pertussis strain of claim 1, wherein the
hybrid protein comprises the N-terminal fragment of the
FHA protein fused to at least an antigenic fragment of the G
protein of the Respiratory Syncytial Virus (SRV).

9. The Bordetella pertussis strain of claim 1, wherein the
hybrid protein comprises the N-terminal fragment of the
FHA protein fused to an antigenic fragment of the PcsB
protein of S. preumoniae.

10. A method for enhancing the immune response toward
a microbial pathogen in a subject, the method comprising
administering to a subject the live attenuated Bordetella

50 pertussis strain comprising a mutated pertussis toxin (ptx)

55
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gene, a deleted dermonecrotic toxin (dm) gene, a heterolo-
gous ampG gene, an inactivated filamentous haemagglutinin
(FHA) gene, and a gene encoding a hybrid protein compris-
ing an N-terminal fragment of filamentous haemagglutinin
(FHA) and a heterologous antigen, wherein the gene encod-
ing the hybrid protein is inserted into the locus of the deleted
dnt gene and the Bordetella pertussis strain lacks a native
FHA protein, and wherein the heterologous antigen com-
prises an antigen from the microbial pathogen.

11. The Bordetella pertussis strain of claim 10, wherein
the microbial pathogen is an influenza virus.

12. The Bordetella pertussis strain of claim 10, wherein
the microbial pathogen is a Respiratory Syncytial Virus
(SRV).

13. The Bordetella pertussis strain of claim 10, wherein
the microbial pathogen is Streptococcus pneumoniae.
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