Vacci ne for prophylaxis or treatnment of an allergen-driven airway pathol ogy
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Genetic predisposition, coupled with environnental influences appears to
affect the regular suppressi on of Th2-nedi ated responses. It has been
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respiratory syncytial virus and Thl 1nducing virulent

neonatal development may render the airways more susceptible to environmental
15  allergens, favoring polarization towards the Th2 phenotype and thus, predisposing the
individual to atopy and asthma. Allergen-driven production of IL-4, IL-5 and IL-13 are
typical of allergic pathologies and the secretion of such Th2-cytokines initiates isotype
class-switching of B cells towards IgE, increased mucus production and recruitment of
eosinophils to the airways. Since CD4" Th2 cells represent a co-ordinating cell type in
20  some allergies, it was suggested that the induction of counterbalancing responses might
prevent the subsequent development of atopic disease. According to this modification of
Strachan’s hygiene hypothesis (Romagnani et al. Int Arch Allergy Immunol
1992;98(4):279-85), microbial exposure may activate innate immune pathways that alter
Thl, Th2 and Treg responses. This results in the suppression of T helper 2 cell
25  expansion, and a consequent inhibition of isotype switching to IgE. However, several
studies have suggested that viral and bacterial infections play a role in exacerbation of
respiratory disease. For example, respiratory syncytial virus and Thl inducing virulent
Bordetella pertussis infection (Ennis et al. Clin Exp Allergy 2004;34(9):1488-97)

exacerbate allergic inflammation in animal models.



Bordetella pertussis infection (Ennis et al. Cin Exp Alergy 2004; 34(9):
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systemic immunization with Thl inducing Pw inhibits allergic airway responsiveness
(Mills et al. Dev Biol Stand. 1998;95:31-41), suggesting that protection from allergen-
driven pathology is not simply modulation of Th1/Th2 responses, but is associated with
the degree of airway damage at the time of priming, such that allergen priming via the
20  respiratory tract airways during breakdown of the airway epithelial mesenchymal unit
may be a more significant factor than Th1/Th2/Treg polarization.
Recently, a genetically-attenuated live vaccine against B. pertussis, BPZE1, has been
developed as a candidate neonatal vaccine against whooping cough (Mielcarek et al.
PLoS Pathog 2006;2(7):e65). This live recombinant B. pertussis strain induces strong
25  local and systemic immune responses upon intranasal delivery. Administration via the
nasal route mimics natural infection and is expected to promote long-lasting immunity in
children from 1 month of age (Mascart et al. J Immunology 2003;170(1):1504-9). Three
virulence factors have been targeted for attenuation; pertussis toxin, tracheal cytotoxin

and dermonecrotic toxin. Using allelic exchange, genes encoding these toxins were

30 deleted or replaced with genetically inactivated analogues in order to induce protection,



| ocal and system c i mmune responses upon intranasal delivery.

Adm ni stration via the nasal route mmcs natural infection and is expected
t o pronotwol2ergrb@sgt i ng i munity in chil dren from1 nonPRTEP2@ge55MAscar t

et al. J Immunol ogy 2003; 170(1):1504-9). Three virul ence factors have been
targeted for attenuation; pertussis toxin, tracheal cytotoxin and

dernmonecroti ¢ toxin. Using lelic excha ge S encodi nhg these tox

were del et el HPUY &g ée‘éedemth olgen etsseaiti peltatth %f%%ﬂogbugngYPror r to
i nduce pr ot §afjcRtb ¥ BRALT a&ﬂﬁuﬁﬁ‘ﬁ@ﬁ %n@ﬁ?&‘?&tﬂgé(llég&%hﬁfn%%nWaqlgrgéh ldrfcype

i nfection. However, the influence of BPZEI adm nistration on third party
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pertussis vaccine which is deficient for tracheal cytotoxin (TCT),
pertussi s t QUMMARYIOF aHE VIOt i ¢ toxin (DNT) for prophylaxis or
treatnment of an allergen-driven airway pathology. The present invention
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h
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cytotoxin (TCT), pertussis toxin (PTX), and dernonecrotic toxin (DNT). The
present invention also relates to the use of a life attenuated Bordetella
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pertussis toxin (PTX), and dermonecrotic toxin (DNT).
15
The present invention also relates to the use of a life attenuated Bordetella pertussis
vaccine, which is deficient for tracheal cytotoxin (TCT), pertussis toxin (PTX), and
dermonecrotic toxin (DNT) in the manufacture of a medicament for prophylaxis or
treatment of an allergen-driven airway pathology.
20
DETAILED DESCRIPTION OF THE INVENTION
Examples of allergen-driven airway pathology are allergic asthma, Hay fever, interstitial
lung diseases including pulmonary fibrosis.
Interstitial lung diseases including pulmonary fibrosis, may be caused by occupational or
25  environmental exposures. Without wishing to be bound by theory, a life attenuated
Bordetella pertussis vaccine, which is deficient for TCT, PTX, and DNT would reduce
airway damage and remodelling during a period of environmental exposure (to the agent
triggering Interstitial lung diseases) and would also protect against virulent B. pertussis
exacerbation of pulmonary fibrosis.
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envi ronment al exposures. Wthout w shing to be bound by theory, a life
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and woul d al so protect against virulent B. pertussis exacerbation of
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vacci nes whightare deficient for tracheal cytotoxin (TCT), pertussis toxin
(PTX), and dernonecrotic toxin (DNT) have been described in WX007/ 104451
and in Melcarek et al. (PLoS Pathog 2006; 2(7):e65). Recent advances in the
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expressed | desndnkaotid Wxie@DNUal TCT activity. Any heterol ogous anpG gene
from gram negative bacteria that rel ease very small amounts of
pepti dogl ycan fragnents into the nmedium can be used in the present

i nvention. REMIRHALLRUOL R 8cRBESSPLPERHR ARSI D BRErdA6s BE el hadt@ not
limted to anpG gene from Escherichia coli, Sal nonella, Enterobacteri aceae,

Pseudononas andvisraaxeiub de iHedlivedbmdhecough syndrome. TCT is a breakdown product of
15 peptidoglycan in the cell wall of Gram-negative bacteria, which generally internalize it
into the cytosol by the AmpG transporter protein to be re-utilized during cell wall
biosynthesis. B. pertussis AmpG is inefficient in the internalization of peptidoglycan
breakdown products. 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

20 gene from gram-negative bacteria that release very small amounts of peptidoglycan
fragments into the medium, can be used in the present invention. Examples of suitable
heterologous ampG gene include, but are not limited to ampG gene from Escherichia
coli, Salmonella, FEnterobacteriaceae, Pseudomonas, Moraxella, Helicobacter,
Stenotrophomonas, Legionella.

25  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 pfx genes can be replaced by a mutated version coding for an
enzymatically inactive toxin. This can be achieved by replacing Arg-9 by Lys, and Glu-

30 129 by Gly in S1, two key residues involved in substrate binding and catalysis,



St enot rophononas, Legionella. PTX is a major virulence factor responsible
for the systemc effects of B. pertussis infections and is conposed of an
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an i rrportanievrt_:ﬁxi nin the closely related species Bordetella bronchiseptica
and displays I'ethal activity upon injection of mnute quantities. In a
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Teact one. f Tt AT SN BhOs A 0T GHBBel doebdulines Bne ey s TSRRarh
strain.
The BPZE1 strain has been deposited with the Collection Nationale de Cultures de
15  Microorganismes (CNCM, Institut Pasteur, 25 rue du Docteur Roux, F-75724 Paris
Cedex 15, FRANCE) on March 9, 2006 under the number CNCM 1-3585.

Typically, life attenuated Bordetella pertussis vaccines of the invention may also carry
heterologous antigens. The life attenuated Bordetella pertussis vaccines may be used as
20  vector, to bear at least one further heterologous nucleic acid sequence encoding a protein
of interest. Typically, the protein encoded by at least one further heterologous nucleic
acid sequence is a protein for which the expression is desired in the respiratory tract.
Typically, the protein of interest may be an antigen, such as a viral or a bacterial antigen,
against which an immune response is desired. Examples of life attenuated Bordetella
25  pertussis vaccines carrying heterologous antigens have been disclosed for example by Si

Ying Ho et al. (Infection and Immunity, 2008, 76(1), 111-119).

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

30 subject and the regime of administration can be determined in accordance with standard



of interest. Typically, the protein encoded by at |east one further

het er ol ogous nucl eic acid sequence is a protein for which the expression is
desi red iwoORhw/neEpi ratory tract. TypicaWIy, t he protei RCHEPRMOSTEET may be
an antigen, such as a viral or a bacterial antigen, against which an i mune
response is desired. Exanples of life attenuated Bordetella pertussis

vacci nes carrKing hetﬁrolo ous antigeas have been gésclosed for, exanpl e by

Si Ying Ho tchniaties Vel &Rpwado dhepeiafRifingyy skolhas theyplamacepigaljangdgyeterinary

For mul ati ongQf ({138 YR6 CoRGaer@fion RECHPFRER DLy AV 8RRV GAPrl&RGROMRE! shed
using art recogni zed methods. The ampunt of vaccines of the I'nvention fo be

adni ni st er esvetght,aspscib§ end cenitiathef thegiantecubdr sathiethimst thatrpeta of aadmipestration.
det erm ned &F ac ordgnce mﬁtt standardtechﬁiqﬁes meHj nom2%¥o Eho etﬁf
ordinary skilff A PREETR b8 UtAERF BnlPWIEY el Aat §E8r %t ARITHY VAP the
consi der at i @imfkEAtbAGE MSvRSink T Bl jdéatidn {si thad¥ €58 tIne tiRiBaPGRCcing8n),
wei ght, species and condition of the particul ar subject and the route of

admi ni st r at f@lpwetiy adhestrinstreetl (Gubsequonhednymistiatien), withdhaydopinen a singl e
dose. Alternatively, the adm nistration of the vaccine of the invention is
made a first time (initial vaccination), followed by at |east one recal
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wi th i nsuf f h@dmated 0BoLERlI€ e rtussis vaccine under the form of solutions, suspensions, and
powders; these formulations are administered via an aerosol, droplets or a dry powder

inhaler. The powders may be administered with insufflators or puffers.

20 In the following, the invention will be illustrated by means of the following example as

well as the figures.

FIGURE LEGENDS

Figure 1. Attenuated B. pertussis BPZE1 reduces the severity of airway pathology
25  induced by sensitizing allergen. Representative morphological changes at 38 days in

bronchiolar transverse sections of lungs from (A) Non-sensitized, (B) OV A-sensitized,

(C) OVA-sensitized and infected with B. pertussis, (D) OV A-sensitized and immunized

with BPZE1. Airway inflammation was detected using haematoxylin and cosin (H&E)

staining of fixed lung sections. Original magnification A, C, E & G x100. B, D, F& H
30 x400.



In the follow ng, the invention wll be illustrated by nmeans of the

follow ng exanple as well as the figures. FIGJRE LEGENDS Figure 1.

At t enuat eslOBo10pesddssi s BPZEl reduces t hd severi ty of aPCheP2@atbszhdgy

i nduced by sensitizing allergen. Representative norphol ogi cal changes at 38
days in bronchiolar transverse sections of lungs from (A) Non-sensitized,
(B) OVA-sensitized, (C) OVA-sensitized and infected with B. pertussis, (D)
OVA-sensitized and inmuni zed with BPZEl . Airway inflanmation was detected

usi ng haemapgprk i AARAURES BN piARE) BH2E NidAdc&Qf thE isxgdit) HP&L&@§B§I}5&;§aSia to
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usi ng combi BELED scoipes/ mflemarationysrapadetedted nistp cambineg Suzcombgs/Alcian
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i nfection, attenuated BPZEl challenge and/or OVA sensitization on BAL
conposition _24h after final OVA exposure. Negative controls were sham
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Results are expressed as mean + S.E.M. of cell number. *P<0.05.
15
Figure 4. Attenuated B. pertussis BPZE1 reduces allergen-induced IgE. OVA-specific
IgE in serum elicited in response to OVA sensitization and/or challenge with virulent
(BPSM) or attenuated (BPZE1) B. pertussis. Sera were collected on day 38 and OVA-
specific serum IgE levels were measured by ELISA. Concentrations below 100pg/ml

20  were considered negative. Results are expressed as mean antibody concentrations +

S.E.M. P<0.05.

Figure 5. Cell-mediated immune responses from splenocytes to OVA, elicited by OVA
sensitization 10 days following prior exposure to attenuated (BPZE1) or virulent

25 (BPSM) B. pertussis infection. Negative symbols indicate sham sensitization or
challenge with PBS. Cytokine responses from similar cultures assayed are shown for
(A) IL-5, (B) IL-10, (C) IL-13 and (D) IFN-y. T-cell proliferation (E) represents Acpm
of spleen proliferation against OVA at 200ug/ml following subtraction of background
typically 2000-4000cpm. Results are expressed as mean + S.E.M.
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wer e consi dered negative. Results are expressed as nean anti body
concentrations S.E.M P<0.05. Figure 5. Cell-nediated i mune responses
from spl evocyteesile OVA, elicited by OVA sensitizati on POTGRP&10/08350DW ng
prior exposure to attenuated (BPZEl) or virulent (BPSM B. pertussis
infection. Negative synbols indicate sham sensitization or challenge wth
PBS. Cytokine responses fromsimlar cultures assayed are shown for (A)
IL-5, (B) IL-1Q (C IL- 13 and (D) IFN-g . T-cell proliferation (E)
represents Dcpm of spleen proliferation against OVA at 200nmg/ m fol | owi ng
subtraction of background typically 2000-4000cpm Results are expressed as
nmnean S.E. M Tabled. Summary of pathol ogical features of B. pertussis
/allergen sensitization. Features of airway inflammation in non-sensitized
(Control), OVA-seritized (OVA), BPZEl -immunized sensitized nice (ZeOVA)
or BPSMinfected sgensitized mce (SmMOVA). G oup Tissue BALF Gobl et cell

Spl een cel|l cul tur® OVAI nfl anmati on eosinophils netaplasia IgE IL-5 IL-13
IL-1O I FN-g Contr(ﬁ - - - - - OVA ++ ++ ++ +++ +++ ++ ZeOVA + + + - + ++ +
SMOVA ++ +++ +++ - +++ BPZEl - - - - - BPSMEXAMPLE ABSTRACT This
preclinical study #xam ned whet her the candidate B. pertussis vacci ne BPZEI

i nfluences third rty|a | grgen pr|mng andipathol ogy, using previously
characterized ani fal nogel 8 Unlike'vi+ul'ent. wi'l dt'ype strains, live
attenuat ed BPZEl ¢id not” exacerbate but protected against allergen-driven
pat hol ogy. N .
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Abbrevi ati ons used OVA: Oval bumi n; BAL: Bronchoal veol ar |avage; BPZEl: live
attenuated Bordetella pertussis; Pa: Acellular pertussis vaccine; Pw

Whol e- celwoperwzssus vacci ne MATERI ALS | Mhuni zati on, sem§irtEP2@I0I5OAN
airway delivery of OVA and B. pertussis Eight- to t vel ve- week old, female
BALB/c m ce (Harlan, Oxon, UK) were used and maintai ned according to the
regul ations and gui delines of the Irish Departnment of Health, and the
Research Ethics Conmmttee of the National University of Ireland, Mynooth.
Mce were e¥posM®Itb |ive virulent or attenuated bacteria, and sensitized
to all ergenéldﬁtgmg infection. Virulent B. pertussis BPSM or attenuated

BPZEl were G Tas previously described (MIls et al. Dev Biol Stand.

1998; 95: 31- 44js. pALfRRHALES Qﬁaﬁﬂné&'|v§’£€the’§ttﬁé"dﬁ§dlﬁﬁter‘2} 42858 QAR VB £E 1
adm ni stered to m ce by aerosol. At the peak of inf 6C€I on (1Qd) and at 24d,

mce werg smfbxenq:e@dhlrd;partmtaﬂargmrprtmmgaandl pitedogn rusm‘g pﬁlm ch@matelmaﬂd n

o nasal T A L SRSl TE saisan S aRld, P o

control gr Oémeftﬂfeeddé?ibtédﬂ@emgiﬁistM@errgerpiim%n? attlofo .S in place of the active
agent (Ennis et al in Exp Allergy 2004; 34(9): 1488-97). Bronchoal veol ar

Lavage (BAL) and Respl ratory Tract Hi stology On 37d, mce were sacrificed
by | et hal di um pentobarbital and BAL fluid collected (Ennis
et al. di nwﬂ—_’i’%‘h\? 0‘% “S%§004; 34(9): 1488-97). Total |eukocytes

anddi f f eo enO\EA Oehlbumﬁu "B ALWBEeéndhedilleslae thvage, BRLR1: uma attlﬁlhﬁl@d Bdrtletella

Quik/Rapi -Diff 11 (tm) (Triangle Bionedical Sciences, A.). Lungs from
non- | avagedP#ifesisnByeAGeHHBY Bertuss vessiad P Wielscoll pyrﬂfSélrSﬁ’ﬁmlW PBS, enbedded
in paraffin, sectioned and stained with haenotoxylin/eosin (H&E), alcian
bl ue (i dentification of mucus), Disconbes (identification of eosinophils),
or periodi cMATHERIARISff (for assessnent of basenent nenbrane thickness).
Hi stopat hol ?%Iﬁ:u%llza%ﬂ)%? eenSSlt}AZ%Elgn %r 8%(131%2%7 (fe?{vgll‘yngf (t)Q’A and B. pertussis
15  Eight- to twelve-week old, female BALB/c mice (Harlan, Oxon, UK) were used and
maintained according to the regulations and guidelines of the Irish Department of
Health, and the Research Ethics Committee of the National University of Ireland,
Maynooth. Mice were exposed to live virulent or attenuated bacteria, and sensitized to
allergen during infection. Virulent B. pertussis BPSM or attenuated BPZE1 were
20 cultured as previously described (Mills et al. Dev Biol Stand. 1998;95:31-41).
Attenuated or virulent strains at mid-log growth were administered to mice by aerosol.
At the peak of infection (10d) and at 24d, mice were sensitized by intra-peritoneal
injection of 100ug/ml ovalbumin (OVA) in adjuvant (AlumImject™, Pierce, I1). Mice
were challenged intra-nasally with OVA (50ug/ml) on days 24, 35, 36 and 37. Various
25  control groups received sham delivery of sterile PBS in place of the active agent (Ennis

et al. Clin Exp Allergy 2004;34(9):1488-97).

Bronchoalveolar Lavage (BAL) and Respiratory Tract Histology
On 37d, mice were sacrificed by lethal injection of sodium pentobarbital and BAL fluid
30 collected (Ennis et al. Clin Exp Allergy 2004;34(9):1488-97). Total leukocytes and



established sem -quantitative scoring systemas mld, noderate or severe.
Pat hol ogy was scored by two i ndependent observers w thout prior know edge
of the treEatoRsgaoup as previously destti bed (Enni s ePCAIEP2@0i0sS5DI agn Lab
| mmunol 2005; 12(3):409-17). T cell Proliferation assay Spl enocytes from

m ce were prepared as previously described (Mahon et al. J Exp Med 1997,

186(1 1):1843-185 1) and incubated. for, K 72h with either._. ium (negat]j
control ), fe(f%@ﬂrw@o?}mté VEBMCEREDE %ASC(%%/ b %ﬁﬁ@vﬁ%ﬁﬂﬁm@g
renoved at #8fo0 BiyhokLNCSABAYS NG, BBA ¢ U TLHLESHERCRINRYaddie flicdTRdium

Cells were incubated for the fi nal 6h W th [3H]-th;r/m'd| ne and proliferation
was nmeasur edenyved aadidofedtd i 1§70 (véOr foomaligBBBy einbedded igcpandffin] s¢dtioned and

Me t of cytoki d anti bod Anal ysi s .of. | L-5 |L-10
oS5 and, rakeg po o pryiciit Uik EROANRE STS A Rathiass Tarieit bur
usi ng Cyt oneligchmbBe adeifi @Yiofr! EXcosRbophil $PoBipesEdie N RISS chiffff hdledsAieRS of NJ)

according to manufacturer's instructions, and anal ysed by flow cytonetry
( Bect on- Di ckesgswat mrmbragsAlicki®isah Hastepaghmogigal ghangeaw cia gmdok pecogEng fated

for each Cy%ﬁgﬁlﬁﬁe&j?égﬁg%g%gﬁ% gc%%&ﬁ %}/I&E‘%Ia%%iw’\%{o%er(a?e[)or%egér .i lgancﬁoleigéawas

OVA- speci fi ¢ serum S nmeasure as previous escr

(Morokat a Tedored by twanindepengyntl@B38iveB(wWithodd pridblnowlsddegfah¢ atatmrhi groopse | gE
nonocl onal antibody (BD Pharmn ngen, San Di ego, CA, USA%. IgE concentration
was expr essE@V%lsweﬁ?ﬁb&ﬁt@?mééhﬁagl%Qﬁa%"’?ﬁ’dﬂfﬁl@oﬂ gROS{ HAHAP UL X BD,

Phar mi nggn, San Diego, CA, USA). Statistical analysisValues for all
measurenents were expressed as the nean standard error of the nean (SEM.
St ati sti cal TaseHlBroliferatien pssafor ned usi ng GraphPad Prisnm(tm software

oot or i hSPRASY CnFRTayct 36T BePprbrvatey ot Sines (AL dSored by
P val ue <0.9597. RepthT843-1851) and incubated for 72h with either medium (negative control),
OVA (200ug/ml), or concanavalin A (S5ug/ml). Supernatants were removed at 48h for
15  cytokine analysis, and cultures received fresh medium. Cells were incubated for the final
6h with [*H]-thymidine and proliferation was measured by radioactivity incorporated by

liquid scintillation.

Measurement of cytokines and antibody responses

20 Analysis of IL-5, IL-10, IL-13 and IFN-y from BAL fluid and splenocyte supernatant
was carried out using Cytometric Bead Array Flex Sets (BD Biosciences, Franklin
Lakes, NJ) according to manufacturer’s instructions, and analysed by flow cytometry
(Becton-Dickinson, NJ, USA). Standard curves and raw data were generated for each
cytokine using FCAP Array v1.0.1 software (BD Biosciences). OV A-specific serum IgE

25  was measured by ELISA as previously described (Morokata Tet al. Immunology
1999;98(3):345-351) using a rat anti-mouse IgE monoclonal antibody (BD Pharmingen,
San Diego, CA, USA). IgE concentration was expressed as ug/ml after comparison to

murine IgE standards (BD, Pharmingen, San Diego, CA, USA).

30  Statistical analysis



The attenuated B. pertussis BPZElI prevents exacerbated OVA-driven allergic
airway pathology Virulent B. pertussis can exacerbate third party allergen
pri m ng iwoaniobomrodel s (Ennis et al. cin Exp Al |l er gy PROGER2B4(093507
1488-97) and has been associated with exacerbation of allergy in humans
(Harju et al. Thorax 2006;61(7):579-584). To assess the influence of

at t enuat ed pertussis on third party allergen primng, mce re prinmed
Wt v al eNanEs o %@_ﬁﬁa%ang&tf AiCHS OB 5%3%35%% sEterd e Of HBaeeh ovA
at the peakgﬁiM?%éthﬁ'ca'anﬁ i]rs'v@aggeﬁanﬂafj&lil}gg?ﬁghp&@i’ﬂs WhewlaPe URIGHNEI, t he

i nfluence o nfection on ergen-driven mmati on). In the absSencée of
i nfection, OMADiessiCAyatbmpaBorsbinhdd utivpitbalKrpeal BY dhic hesal orathd Mann

perivascul ar_i.nflammation at day 38, which was not_obser in nave control
mce (Fig |5N13HWE§SF 9gPPIFATEG. %ﬁﬂéﬂ%&ﬁnﬁ? W%Q?%@Q@y? dtfee fé%gi rul ent
bacterial infection alone has resolved. Primng at the peak of virulent B.
pertussis infection enhanced airway pathol ogy when conpared to OVA
sensitizati ®&ESI/Igh®, with nmice displaying epithelial hyperplasia and

d t t apl i Fig.. t t, mni hol
obser ved | niSEnRRenDag df oberrfiiscRAEY prvareomnsedutebRey Rodsfiesd e
those sensi hir&@§ gathdWgy al one (Fig. 1D). An exam nation of mucus-containing

gobl et cells denonstrated that prior imunization with BPZEl in
OVA- sensi t i Yéalafit 0B pastie danuexascrsae ribird qrirtandldiggre ppmard & aniowgd anedels o

h [ Fig. : ! | inf ' - k.hy v nul
B port dhai Lineh ol or it e P2 ogAna R e By, SFg B Sl B AR TS

vacci ne BPZEkadditdtigobf anb@nde hublahs (lBajic edalt MaopRat00b@qy7)sy9s8uaTe disiwiss h
all ergen sensitization,The attenuated B. pertussis vaccine strain BPZE
prevents oOvAediflierceapt attenuatedi Fnay | iimtlitd GArtY rmGraca REBRSWIFE Wejie

att enuat ed n{n%§ r&iﬂ?%ﬁmﬁ&%@tteﬁ@ﬂ&{ atfk &8 ﬂé%%)g;hi%%/%ll(af schiifz¢ o\'/\(ggguﬁqge

i nfl ammat or ux to the respiratory tract m ce sho
peak of bacterial carriage (a model previously shown to uncover the influence of

15  infection on allergen-driven inflammation). In the absence of infection, OVA sensitized
mice exhibited typical peribronchial and perivascular inflammation at day 38, which was
not observed in naive control mice (Fig 1A and B). At this time point, pathology due to
virulent bacterial infection alone has resolved. Priming at the peak of virulent B.
pertussis infection enhanced airway pathology when compared to OVA sensitization

20  alone, with mice displaying epithelial hyperplasia and moderate mucus metaplasia (Fig.
1C). In contrast, minimal pathology was observed in sensitized mice infected with
attenuated BPZE1, compared to those sensitized to OVA alone (Fig. 1D). An
examination of mucus-containing goblet cells demonstrated that prior immunization
with BPZE1 in OVA-sensitized mice reduced mucus secretion and hyperplasia,

25  compared to those sensitized to OVA alone (Fig. 2). Thus unlike infection with virulent
B. pertussis, immunization with the candidate live attenuated B. pertussis vaccine
BPZE1 did not enhance, but reduced the pathology associated with allergen

sensitization.



mnimal cellularity in bronchoal veolar lavage (Fig. 3), whereas OVA
sensitization/challenge resulted in si gnl ficant infiltration by

i nf | ammatwoyonel2be4(>3 x 106 cells, Fig. I3 p<0. 05) . TRETEPAHVBSISOW
remarkabl e differences in the numbers of | ynphocytes or neutrophils. BPZEl
i mruni zation al one did not support a neutrophil infiltration at 38d and
infiltratiop, of neutrophils in, conbined BPZEl/ OVA sensitjzed nmice was
typically | dherd ferll‘élﬁteé]l Cheertei YIS srain,BECEL; prevents QAVtAde’?'hIaQﬁ‘Eglc
bacteri a, hgwﬁg, infisna@iofl NOt achieve statistical significance in this
study. The key Observations were that prior infection with virulent B.
pertussis i homeagetoretithuliee afterfuatedr 8t pmwscnrﬁléZEU n@lesaerks thd gedlitpof e OVA

al one acco reas eosi nop hilia Q. a Vi ousl
observed (RN Tttty ' ERTRR Ry SRR By s biaey Hkn aBoB MikRalaveq »
mar ked cont kaginal Mgy ONnWi Bﬂ&nbhdé@ve@lafrenlda%g%d ?ﬁ’gEl I i Fhekdas OVBVA
sensitization resulted in significantly reduced OVA driven eosi nophil

i nfiltrati opersftizetien/ehallgagesrcsuticd.in sighifisant ipBltrativn iy inflanemetandiialel l’<|10e
at t enuat ed @ellsp%ﬁ%l@g' § M%gf erg Zelf_’é A2 e%%h?ab?‘/ﬁlf%ré%%g 13_#3'8 rrglnﬁ) ?/ay
eosi nophi lia-"a 'k fedture of 1 nflanmation dn this mooer . & ‘cand

live B. pertyusglosyt¢aot noerdphidk] BRw#Es] ﬁ@muﬁmhtampaoﬁ@ ﬂwmdtgﬁpp@rs pmasphlo
sensitizing. allergen OVA sensjtization in mce is know to iInduce I]gE and a

pover ful sp&Hjl ?rat@rrrﬁ@%@%H@“@tratme%%@t@ph%m e@@b@eql P BN A srnsidieed a
strong Th! hﬁé&@ﬁéﬁerprg V&er RERT M8k SOVRX ndl gn V\ﬁ %@tvﬁtﬂ Qulent
concentrations ore ore at t enuat ed

It was I nportant to exp
BPZEl had abaadijajvemteverf fhée i note ndtaaeestatidticelr ggmﬁs@mxel thi thisl gEdyThlm key

i nfluence of, BPZElI on all rgl ¢ sens itizatli on. xam ned by nea @% t he
concent r at i SFSCHYAIORA VPR AP Bripl EniF ﬁloéle?’vﬁ PcdEUnSY 117 ee c?e
infected w iy BRRM chﬁS‘dfé'dZ%j $hdifz B4 EL O'VA eﬁ@ﬂe“a@@orﬁﬁ)«fﬁ‘?édn MSeREd
these treatnments (Fig. OVA sensitization induced signifi cant | evel s of

| gE as is m@ﬂlnmdmf(ﬁtgedwpra@vpmymwly abbgred | Eants ehaleddem ibkxp Allergy
VA Spe(f; fi EO(LQQ(B?M&%%Q Hor\;\}ce%grt %nopnametdhco\ﬁltrys'{l Erll’]r%lumzatpo%r \Evﬁﬁ ﬁivse attenuated
BPZE1 prior to OVA sensitization resulted in significantly reduced OVA driven
cosinophil infiltration of the airways (Fig. 3C, p<0.05). Thus, the candidate live
attenuated B. pertussis vaccine BPZE1 prevents OVA-driven allergic airway
cosinophilia- a key feature of inflammation in this model.
20
The candidate live B. pertussis vaccine BPZE1 does not enhance serum IgE
responses to sensitizing allergen
OVA sensitization in mice is known to induce IgE and a powerful specific Th2 response,
whereas B. pertussis infection induces a strong Thl response. However, pertussis toxin
25 alone can elevate IgE concentrations. Therefore, it was important to explore whether
attenuated BPZE1 had an adjuvant effect or enhanced allergen-specific IgE. The
influence of BPZEl on allergic sensitization was examined by measuring the
concentration of OVA-specific IgE in serum from mice sensitized to OVA, infected with
BPSM, immunized with BPZE]1, or receiving combinations of these treatments (Fig. 4).

30 OVA sensitization induced significant levels of IgE as is well documented. Previously, a



W28 was observed in OVA-sensitized mce (Ennis et al. Cin Exp Alergy
2004; 34(9): 1488-97). IgE responses in mce exposed to attenuated BPZEl
prior to VWAIBNSiEi zation did not di ffersi gni fi cant | y PCO/HPR@SM5FSETEI Vi NQ
OVA al one. However, in marked contrast, attenuated BPZEl inmunization
resulted in significantly reduced induction (p<0.05) of OVA-induced IgE

conpared to mgce infected w Vi r| SMin conbi nation with OVA |
sensi ti zat | &ﬁn_ﬁﬁ@t, mal)e?sevﬁ\é%)&%%@F#chﬁfgﬁcgﬁwa’& nfochige “att'& SR Agrissis
pertussis vagni NGy BRAKLVEE! v e eaA-RAdiRfed MmAL! BEGRD AT M Rgindempnsii@LLd no

enhanced | gE response as observed with B. pertussis W81 1 and BPSM e
live attenudf@H349): p48&-UBs]eE reapuisereinBRZEEX podd tnateguated BPZE] yriok tkm@ VA

responses to _sensj.tizi allergen.Jt is clear that. a uat ed ZEl has a
Fadhoar 'y arreararien 2 el SEPuigRhY of 158 risRing bR B Sgy RS i 1o
vi rul ent s B. npeltddussitsast, | fitcRlisted BRZRINGRAMRINIZREN MBGIRAI &t LisniPiRaits, efduchd S
effect, the influence of bacterial exposure on the pattern of

al | er gen- i néhdeeidon (rilild) pEOYdhukiceals raegdetoinzied Infpgtpd pafb ryigitrag BPSH

cyt oki ne i nduct ]| |l. prepasatio follown

i 2t o s AnBPePRL B8 MR RGP RIE o RedRe i SRRRAL e At e
eval uat e t he. ipfhsencacshe BRYZAE] akliadrkérgan- iondliegen piriminggdersnsexeeciied,
OVA sensitization alone induced hi &&‘I evel s of the, Th2 %yt okines IL-5 and

| L- 13 (Fi genisyceghlgbdesnonse ¢ dvprvedsiithid perzirsis Wit BpdfPsdL. at t enuat ed
BPZElI al.gone induced any recall response to OVA (Fig. 5E), but did produce
strong ‘i‘ | responses to B. pertussis antigens. BPSM chal | enge di d not

nodul at e t h&hi tiveaétenespd Bs petrasstsevaecine B RAE binodnbpes, reeall bytokinei rgspdnisesant
reduction in OVA speci [i c IL-5, IL- 13 or proliferative responses observed
in nice co- SEMISHZMEANGESH/A  and no significant increase in IFN-g (Fig 5).

In contrast ;¢ gt {iepudbeduBRE4Rd BPZET afds theadidlly ediffeRht CYEAKINGRcIoRAWEStHh DY
sensitizing allergen. BPZEl significantly rediced the |evels of "OVA-i nduced

| L- 5 (p<0. 088yapnathdlogy t@mpped G 0B entad peetdsiasinOvderdpaocdvice thermotdhfeisag i ve
FESPONSES  pasis of this effect, the influence of bacterial exposure on the pattern of allergen-induced
immune responses was characterized. Allergen-specific cytokine induction by spleen
cell preparations was assessed following immunization with BPZEl and OVA
sensitization/challenge in order to evaluate the influence of BPZEI on allergen-induced
priming. As expected, OVA sensitization alone induced high levels of the Th2 cytokines
20 IL-5 and IL-13 (Fig. 5) on recall to OVA. Neither virulent BPSM nor attenuated BPZE1
alone induced any recall response to OVA (Fig. 5E), but did produce strong Thl
responses to B. pertussis antigens. BPSM challenge did not modulate the immune
response to sensitizing allergen, with no significant reduction in OVA specific IL-5, IL-
13 or proliferative responses observed in mice co-sensitized to OVA, and no significant
25  increase in IFN-y (Fig 5). In contrast, attenuated BPZEI altered the pattern of cytokines
induced by sensitizing allergen. BPZE1 significantly reduced the levels of OVA-induced
IL-5 (p<0.005) and IL-13 (p< 0.05), as well as OVA specific proliferative responses
(p<0.001), but induced significantly increased IFN-y in response to OVA (p< 0.05). In
summary, BPZE1 did not promote Th2 cytokine induction to third party antigen but

30  rather modulated this to a Th1 like response.



(p<0.001), but induced significantly increased [FN-g in response to OVA (p<
0.05). In summary, BPZEl did not pronote Th2 cytokine induction to third
party antwg@eniomsoirat her nodul ated this {5 a Thl like r @EPpOPsEIDFBCUSS| ON
The present study used conbi ned infection/sensitization nodels to
denonstrate that an attenuated strain of B. pertussis, BPZEl, did not
enhance but reduced allergen-driven airway pathology. Attenuated B.
pertussis reduced allergen-driven |ung eosinophilia and decreased the
severity of s R%1ON | ammation. Furthernore, BPZEl prevented an increase
in OVA-induced IL-5 and IL- 13 and nodul ated recall responses to allergen
to a Thl |i Kbepespunsely BRZEomberednsfachow sbnsitdtateedmatitle te dempnsdatethasar um

| gE wh dto mce infected with virulent B. pertussi
i or o OMSURER TSI PR puuTrabrtly Sty dhthsfolafMionEaubie 4oL
dermonstr at eairfay pathoRpyat RdeBRdd BAPES.NAL reBYRECIIRBER -BlBURN cbSIHYSIRHA

ai rway pat hol ogy in a murine nodel and supports the use of this candidate

vacci ne for aibgedreascdnle siveriey eft apyay Bilamanagioanburtigaorey diPLAd propontdreat s
ts that Thl. -4 i i Af i i i hi th
couet oprent Mot B0 ONEUNGA Sl ASTL TRY piRUE AT LM s flrph "

vi rul ent B. Thenikds&ipdnen BRACE lchivdsisy® rdduyedodllcdganvidyugedtsbaln® WE (dsparisss et
al. din Exp Allergy 2004;34(9): 1488-97) despite induction of Thl K .

i muni ty. | Whepspmaaied teymice mfsctednmnith VistleynB wia fesds PHPT 19 Rt seigitiagtion
vacci ne ) nhihj.t I .C; 3l Ne , i t

pr ot ect il%n ¥51r%(b)n11edl gfeﬁgr gé%é-ndtroi%\k/%lﬁpglae% ng%gy |0?Qf§t§1ﬁ%%u%%§&aj&%d;? Pttzgq in'?t cel |
profil e, butxaksatddlctdea-idédgrdairofypatholgydarmgeinatmaddetatd soppofts greiuse nf).

The purpose of this stud s to i.nvestigate whether imrunization with a
genet cal Ty (i EeEHCHEERE Sorpopt IO pR PR Sk GG EeHr of ect - agai nst
OVA- i nducedTak T\ N hARER biRkestPRRNIBHShiucihN e BRIGEHA) hafe 2t hBfbito

vacci nes to nodérate e risk of atopy has been investigated and a nurr%{)er
of studi es hHve dnghadeegiopmendradatopol doiwsmeth ippevibatsweshes mva riepmnitoriedatidt an

I ncreas ngj ' ivisniilelcl)‘gc B2 lpér%lt‘sgziscen glnsc%gi T se%grq{-ysofe atlirve'ally {)gthlglgg}tl Qﬁltlnlg et al. Clin Exp
Allergy 2004;34(9):1488-97) despite induction of Thl immunity. In contrast, systemic
immunization with a Thl-inducing Pw vaccine inhibited allergic airway responsiveness,
suggesting that protection from allergen-driven pathology is linked not just to CD4™ T
cell profile, but also to the degree of airway damage at the time of priming.

20 The purpose of this study was to investigate whether immunization with a genetically
attenuated strain of B. pertussis could protect against OVA-induced airway
inflammation. Previously, the potential of other vaccines to moderate the risk of atopy
has been investigated and a number of studies have found an inverse relationship
between immunization and an increased risk of allergic disease. Ennis et a/ found that a

25  Pw wvaccine protected against B. pertussis-exacerbation of OVA-induced airway
hyperresponsiveness in a murine model of allergic airway inflammation (Mills et al. Dev
Biol Stand. 1998;95:31-41). Likewise, Griiber et a/ found no allergy-promoting effect in
response to common childhood vaccines including pertussis vaccines (Griiber et al.
Allergy 2008;63(11):1464-72). The relationship between childhood immunization and

30  the development of atopic diseases in a population-based sample of 718 adolescents



Pw vacci ne protected agai nst B. of OVA-induced airway hyperresponsi veness
in a nmurine nodel of allergic airway inflamation (MIls et al. Dev Biol
Stand. 1996;208/1230141) . Li kewi se, G uber &t al found no RCICAPRYLOOSFADE | NQ
effect in response to common chil dhood vacci nes including pertussis
vaccines (G uber et al. Allergy 2008;63(1 |): 1464-72). The relationship

bet ween chi | dhqod i nization and the _devel op t of a di seases.in a
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virulent B. pertussis strains. IL-13 also contributes to the pathogenesis of asthma by
promoting Th2 responses, increasing cosinophil recruitment, and contributing to IgE-
mediated inflammation (Humbert et al. J Allergy Clin Immunol. 1997;99(5):657-65;
Temann et al. Am J Respir Cell Mol Biol 1997;16(4):471-8). Attenuated BPZE1

20  significantly decreased OVA induced IL-13 in sensitized mice (Fig. 5C). Airway mucus
hypersecretion is also linked to IL-13 and is a major pathophysiological feature of both
allergic asthma and whooping cough. It is not surprising therefore that mucus production
mirrored IL-13 levels in this study and was significantly reduced in sensitized mice
previously exposed to BPZE1 (Fig 5C).

25  This study suggests that one, or a combination, of the attenuated virulence factors in
BPZE1 (pertussis toxin, tracheal cytotoxin and dermonecrotic toxin) play a role in the
adjuvant effect observed with virulent B. pertussis strains, via the induction of either IL-
5 or IL-13, or both.

The protection against allergen-driven pathology seen here is associated with three

30 genetic modifications contained within BPZE1 and modulation of the allergic immune
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airway pathology. This is consistent with previous reports in which exacerbation of
airway pathology to allergen was associated with allergen priming during a period of
airway damage or remodelling (Marsland et al. Clin Exp Allergy 2004;34(8):1299-306;
Gern. J Allergy Clin Immunol 2000:105(2 Pt 2):S497-502).
20  This combined benefit makes life attenuated Bordetella pertussis vaccine which is

deficient for TCT, PTX, and DNT an attractive candidate as a protective agent against
atopy.
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all ergen-driven airway pathology is selected fromthe group consisting of

allergic asthma, Hay fever and interstitial lung diseases. 3. Alife

attenuat ed Bor,det.el rit I SN i n i.n cl.aiym 1 ;or . ein
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att enuat ed BBhaatRry Bvpemdyssrsiitiphlupg dscator ding to any one of clains 1 to
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het erol ogous antigen. 6. Alife attenuated Bordetella pertussis vaccine
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4. A life attenuated Bordetella pertussis vaccine according to any one of claims 1 to 3,

15 wherein the life attenuated Bordetella pertussis vaccine is the BPZE] strain.

5. A life attenuated Bordetella pertussis vaccine according to any one of claims 1 to 4,

wherein the life attenuated Bordetella pertussis vaccine carries a heterologous antigen.

20 6. A life attenuated Bordetella pertussis vaccine according to any one of claims 1 to 5,
wherein the life attenuated Bordetella pertussis vaccine is administered by nasal

administration or by inhalation.



