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Abstract

The prevalence of asthma and allergic disease has increased in many countries and there has been speculation that immunization promote
allergic sensitizationBordetella pertussiifection exacerbates allergic asthmatic responses. We investigated whether whpértosHis
vaccine (Pw) enhanced or prevendertussisnduced exacerbation of allergic asthma. Groups of mice were immunized with Pw, infected
with B. pertussisand/or sensitized to ovalbumin. Immunological, pathological and physiological changes were measured to assess the impact
of Pw immunization on immune deviation and airway function. Pw immunization modulated ovalbumin-specific serum IgE production,
and reduced local and systemic IL-13 and other cytokine responses to sensitizing allergen. Histopathological examination revealed Pw
immunization reduced the severity of airway pathology and decreased bronchial hyperreactivity to methacholine exposure. Pw does not
enhance airway IL-13 and consequently does not enhance but protects against the exacerbation of allergic responses. We find no evidence
of Pw contributing to allergic asthma, but rather provide evidence of a mechanism whereby whole-cell pertussis vaccination has a protective
role.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction The murine OVA model of airway hyperresponsiveness ex-
hibits many of the features of human asthma, including air-
Asthma is a chronic disease of the respiratory tract of in- way hyperreactivity, inflammation and increased serum IgE
creasing prevalence in developed sociefids The current levels[6,7]. Th2 cells secreting IL-4, IL-5, and IL-13 play a
understanding of allergic asthma s thatit results from a break- central role in initiating and sustaining the asthmatic response
down in the normal tolerance to inhaled antigens, associatedin this model[8]. While Th2 cells promote airway inflamma-
with Th2 cytokine productiorf2,3]. The inflammatory re-  tion in asthma, it has been proposed that Thl cells protect
sponse in asthma is tightly associated with airway hyperre- against allergic disease by antagonizing Th2 activity. Infec-
sponsiveness, increased mucus production and an infiltratiortious diseases that induce Th1 type responses, might hamper
of the bronchial mucosa with CD4+ T-ce[K]. There is ev- the development of allergen-specific Th2 cells and prevent
idence of an altered local T-cell response in favour of Th2 allergy[9].
cytokinerelease (IL-4, IL-5and IL-13) resulting in B-cell iso- Epidemiological and clinical studies have suggested a link
type switching to IgE, recruitment of eosinophils, basophils between the relative absence of infectious diseases and the
and mast cells and production of inflammatory medigtoirs increase in allergic disordef$0,11]; this is referred to as the
‘hygiene hypothesis’. It predicts thatinfections prevent thein-
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tal and early childhood developmdh0,12] However, there immunization induces a similar immune response to infec-
are data that confound this interpretation, increasedyFN- tion [34] and that although variables such as route, dose
is seen in asthmatic patients compared with normal sub-and timing influence T-cell responses in animal models, Pw
jects[3,13]. Allergen-specific Thl cells also fail to counter- is a consistent inducer of Thl respon$28]. In order to

act airway hyperresponsiveness in murine moflet$. Fur- test whether immunization with Pw exacerbated asthma, we
thermore, several studies have suggested that viral/bacteriabmployed a well-characterized murine model of whole-cell
infections do not protect but exacerbate disease. Respiratorypertussis vaccination ari8l pertussisnfection in combina-
syncytial virus, commonly associated with lower lung in- tion with the murine OVA model of airway hyperrespon-
fections in infancy, is known to exacerbate asthiif,16], siveness. We show that although Pw induces a Thl type
as doedBordetella pertussi§l7]. Consequently, competing immune response tB. pertussignfection, it does not ex-
interpretations for the pathogenesis of asthma have been proacerbate pathology in a model of allergic asthma. Our find-
posed18,19] ings demonstrate that Pw immunization prevebitgertus-

B. pertussisis a Gram-negative bacterium and the sisenhancement of OVA-induced IL-10 and IL-13, which
causative agent of pertussis or “whooping cough”, a respi- results in a subsequent decrease in airway hyperresponsive-
ratory disease that remains a significant cause of morbidity ness and pathology. This study finds no evidence of a mech-
and mortality in infants worldwide. It is a highly contagious anism to support speculation linking Pw immunization and
disease, and can occur at any age, though severe illness iasthma.
more common in young un-immunized childr& pertussis
infection induces Thl responsf&0,21] and can be mod-
elled by respiratory challenge of mice, which correlates well 5 Materials and methods
to responses in humafi22].

There has been speculation about the possible promotionp 1 Animals and experimental approach
of allergy by common childhood vaccinatiofig3,24] A

substantial proportion of children predisposed to allergy and . tg 8-week-old female BALB/c (Harlan, UK) mice
asthma may not be fully immunized because of public appre- ere used under the guidelines of the Irish Department
hension surrounding immunizatig®5]. A number of stud-  of Health and the research ethics committee of the Na-
ies have analysed the prevalence of allergic sensitization andjgng| University of Ireland Maynooth. The experimental
atopic disease in relation to immunizatif@4,26]. Gruber et approach is outlined irTable 1 briefly groups of mice

al. found that children with higher immunization coverage \yere immunized with whole-cell pertussis vaccine (Pw),
seemed to acquire transient protection against developmentnfected with B. pertussis and then sensitised to ovalbu-
of atopy in the first years of lif¢26]. In contrast, Hurwitz  in (OVA) at the peak of infection as detailed below. Con-
and Morgenstern suggested that diphtheria/pertussis/tetanugg| mice received similar treatment in which 0.9% (W)

(DTP) immunization appeared to be associated with an in- (a3q) NaCl (hereafter termed Saline) replaced experimental
creased risk of subsequent asthma or other alle[g#s treatment.

Two different types of pertussis vaccine have been em-
ployed in infant immunization programmes. The whole-cell
pertussis vaccine (Pw) consists of heat/formalin inactivated 2.2. Immunization, sensitization and airway delivery of
virulent whole bacteria whereas the pertussis acellular vac- OVA
cine (Pa) is composed of purified components of the bacteria
(Pa), typically including inactivated pertussis toxin. Pw im- Four groups of at least thirty-five 6—8-week-old female
munization has a high efficacy and is associated with the BALB/c mice (Pw, PwBp, PwWOVA and PwBpOVA) were
induction of antigen-specific Thl cel[21,27,28] but has immunized i.p. with 0.16 I.U. of whole-cell pertussis vaccine
been associated with reactogenicity. In contrast Pa immu-(Pw) (Third International Standard, 1998, pertussis whole-
nization induces a mixed Th1/Th2 response in children and cell vaccine, NIBSC, UK), equivalent to 1/25th of the hu-
in murine models, but has reduced reactogen[&i®y. It has man dose according to the schedule outlinedable 1 At
been suggested that promotion of allergy may occur directly, 0 day mice were infected witB. pertussisselected groups
by administering potentially pro-allergic vaccines, or indi- were then sensitized with ovalbumin (OVA). Sensitization
rectly, by hindering the Thl-promoting effect of infectious involved 100u.g OVA (Grade V; Sigma, Dorset, UK) emul-
agents. Pertussis vaccination acts as an adjuvant for antigensified in AlhydrogeP adjuvant (Superfos Biosector, Swe-
specific responses in laboratory anin{8B); active pertussis  den) (1 mg/mouse aluminium hydroxide) administered as
toxin, is known to enhance immunoglobulin E (IgE) forma- 0.2ml i.p. at 10 and 24 days. Control group (Ctrl) received
tion in animal model$31] and has been linked with a shift saline alone (i.p.). On 35, 36, and 37 days, PWOVA and
toward Th2-like cytokines in humari32,33] PwBpOVA sensitized mice received fiDcontaining 5Q.g

Infection withB. pertussisnodulates allergen primingand  OVA intra-nasally (i.n.) whereas remaining groups received
the severity of airway pathology in a murine model of al- saline only Table 1. All experiments were repeated at least
lergic asthmdg17] and we have previously shown that Pw twice.
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Table 1
Experimental design
Time (days)
—42 —14 0 10 24 35/36/37
Groug
Pw Pw Pw Saline aerosol Saline (i.p.) Saline (i.p. and i.n.) Saline (i.n.)
Pw andB. pertussisnfection Pw Pw B. pertussisaerosol infection Saline (i.p.) Saline (i.p. and i.n.) Saline (i.n.)
(PwBp)
Pw and OVA sensitization Pw Pw Saline aerosol OVA (i.p.) OVA (i.p and i.n.) OVA (i.n.)
(PWOVA)
Pw, B. pertussisnfection Pw Pw B. pertussisaerosol infection OVA (i.p.) OVA (i.p andi.n.) OVA
and OVA sensitization
(PwBpOVA)
Group
Control (Ctrl) Saline (i.p.) Saline (i.p.) Saline aerosol Saline (i.p.) Saline (i.p. and i.n.) Saline (i.n.)
B. pertussisnfection (Bp) Saline (i.p.) Saline (i.p.) B. pertussisierosol infection Saline(i.p.) Saline (i.p. and i.n.) Saline (i.n.)
OVA sensitization (OVA) Saline (i.p.) Saline (i.p.) Saline aerosol OVA (i.p.) OVA (i.p and i.n.) OVA (i.n.)
B. pertussisnfection and Saline (i.p.) Saline (i.p.) B. pertussiserosol infection OVA (i.p.) OVA (i.p andi.n.) OVA (i.n.)

OVA sensitization (BpOVA)

a Groups of 6-8-week-old female BALB/c mice were immunized (i.p.) and boosted with whole-cell pertussis vaccine{RP%paat—14 days. On 0 day,
mice were either sham infected or infected vithpertussi¢Bp) by aerosol. At 10 and 24 days selected groups were sensitised to OVA by i.p alone or i.p and
i.n. routes, respectively. On 35, 36 and 37 days mice were exposed to either saline or OVA by the i.n. route (i.e. 25, 26, and 27 days post-OVA pfiering and a
bacterial clearance). Bacterial burdens in the airways were measured between 0 and 37 days. All other readouts, including plethysmogragmingnegre perf
at 37 days.

b For comparison, further groups of unimmunized (sham immunized) mice were treated as follows: control (Ctrl) mice were sham infected on 0 day and
sham sensitised with saline. A second group (Bp) were infectedBvifiertussisat 0 day and sham sensitized. The third group (OVA) were sham infected
but sensitized with OVA (10Q.g, i.p.) at 10 and 24 days and again {&pi.n.) at 24, 35, 36, and 37 days. A separate group (BpOVA) were infected with
B. pertussi®n 0 day, and sensitized as above. Each experiment was repeated at least twice, on eachroedasioise per group, bacterial burdens were
measured between 0 and 37 days, all other readouts were at 37 days.

2.3. B. pertussis aerosol infection and aspiration of 0.5ml PBS per mouse. This was pooled
from five mice (total 2.5 ml) per experimental group. All ex-

Respiratory infection was initiated by aerosol challenge periments were performed at least twice. Diluted BALF was
with B. pertussistrain W28, following growth under agita- gssessed for the presence of cytokines.
tion conditions at 37C in Stainer-Scholte liquid medium.
Bacteria from a log-phase culture were resuspended at a con2.6. Measurement of OVA and B. pertussis-specific
centration of 2x 109 CFU/mI in 1% (w/v) casein in 0.9%  antibody
(w/v) saline. The challenge inoculum was administered to
groups of mice on 0 day (Bp, PwBp and PwBpOVA groups). OVA andB. pertussisspecific IgG1, 2a, 2b, and 3 present
Administration was by aerosol over a period of 15 min using in collected sera were measured on day 37 by ELISA as pre-
a nebulizer. Groups of four or more mice were killed at vari- viously described35,36] Total and OVA-specific IgE was
ous time points after aerosol challenge to assess the numbemeasured using a rat anti-mouse IgE monoclonal antibody
of viableB. pertussisn the lungs. Remaining mice received (BD, Pharmingen, San Diego, CA, USA). The IgE concen-
a similar aerosol of sterile saline alone. tration was expressed ag)/ml after comparison to murine

) ) o IgE standards.

2.4. Enumeration of viable bacteria in the lungs

Lungs were removed aseptically into 1 ml of sterile physi- 2.7. T-cell proliferation assays

ological saline with 1% casein. One hundred microlitres of se-
rially d_|qu[ed homogenate from individual lungs were placed control mice (=4 or more per group) were tested for
onto tnphcatg Bordet-G_engou agar plates and the number of;, vitro proliferation against heat-inactivaté®l pertussis
CF|U determlneddafterhlncubatlon att;E{ZBfor 4 day;{l__?j- (1 x 10* CFU/ml), OVA (20ug/ml), Concanavalin A (Con
Si?;:\(/la r?pqrtj .ZS tl Ie mean m;]rg © Opertg§5| O A) (5 ng/ml, positive control), or medium alone (negative
§ 'f' Jforindivi ua un%s, eact te'tAe”rmlne ,'nt”f icate, control). After 72 h, cell proliferation was assessed by liquid
rom ?u(; g;/_more mice pertime point. All Experiments Were  ocintillation counting of $H]-thymidine incorporation and
repeate Ice. results were expressed as mean CPM of triplicate weHdE.
2.5. Bronchoalveolar lavage At thg 72htime point, culture supernatants Were'sampled for
cytokine analysis, although the kinetics of cytokine produc-
Bronchoalveolar lavage fluids (BALF) were obtained by tion varies this time point has previously proved acceptable
cannulation of the trachea followed by repeat administration for detection of most cytokind22].

Spleen cells (% 10°/ml) from infected, sensitized and
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2.8. Cytokine measurement 6r

(&)

Concentrations of IL-5, IL-10, IL-13 and IFN-from

spleen, and BALF were assessed by ELISA (BD, Pharmin-  § g \ B

gen, San Diego, CA, USA). Cytokine concentrations were ‘gg : __O_BEOVA
calculated by comparison with known cytokine standards as g & , ceae CHrl
previously describef35], all determinations were made in 8o ——OVA
triplicate, results are presented as mean cytokine concentra- § §’ 2 = PwBp
tion (£S.E.M.). = —o— PWBpOVA

2.9. Whole body plethysmography

0 35

Airway responsiveness on day 37 was assessed by metha-
Days after challange

choline (MCh) induced airflow obstruction from conscious
mice using WhOIE_bOdy plethysmography (BUXCO Electron- Fig. 1. Course 0B. pertussignfection in experimental and control mice.

ics, Sharon, CT, USA) as previously descridéd]. Pul- Groups of mice were sactificed at intervals after challenge and the number
monary airflow obstruction was measured by enhanced pausef viable bacteria estimated by performing colony counts on individual lung
(PenH), a value determined from the ratio of expiratory time homogenates. Results are representative from two experiments and are pre-
and relaxation time to peak expiratory flow and peak inspi- fse”teo! as Teaﬂﬁﬁt;E-M-) _CIFU iz:f‘e Iun?]s, dete_’mi”teol' i”di"id“Da”tyf]fo”(‘:t |

. . . our mice at each time point, and tor each experimental group. Data tor Ctr
ratory flow and thought to correla}te with airway respoNSIVe- 1 v groups have been offset from zero for clarity.
ness. Measurements were obtained after exposure of mice

for 3min to PBS (baseline) followed by incremental doses . . , , L
(3.3 mg—50 mg/ml) of MCh delivered by aero§a8] sisinfection and Pw immunization induce a powerful Thl
' ' responsg29]. In order to examine immune cross-regulation

and potential interference with immunization, we tested
the effect of OVA sensitization upon the development of

Animals (1=5 per group per experiment) were sacrificed a protective response to infection in Pw immunized and
at 37 days. Lungs were removed, fixed in a paraformalde- non-immunized mice. Mice received combinations of OVA

hyde/lysine/periodate fixative, paraffin embedded, sectionedSensitization, Pw immunization and aerosol challenge with
and stained using the haematoxylin and eosin (H&E), virulent B. pertussigTable J). Groups of mice infected with

Discombes (identification of eosinophils), alcian blue B. pertussis(Bp and BpOVA) showed similar kinetics of

(identification of mucus), PAS (assessment of basementbaCterial clearancé-{g. 1), indicating that OVA sensitization
membrane thickness), azure-A (identification of mast does not influence bacterial clearance rates. Likewise, OVA

cells) and Van Gieson (identification of fibrosis) methods. sensitized and non-sensitized mice that had been immunized

Histopathological changes evident were graded accordingP'ior 1o bacterial challenge (PwBpOVA and PwBp, respec-
to a semi-quantitative scoring system as mild, moderate tively) showed identical kinetics of clearance. No bacteria

or severe by two researchers without prior knowledge of Were recovered from the OVA sensitised or control (Ctrl)
the treatment group using a previously established Scoringgroups, which were uninfected but received saline by aerosol

system{17]. All experiments were performed at least twice. (F19- 1). The bacterial burden in the Bp and BpOVA groups
peaked at 10 days and declined thereafter. Pw immunized

mice cleared subsequent infection By pertussisby 7
days. In contrast unimmunized mice (Bp and the BpOVA
groups) only showed complete bacterial clearance by 35
days Fig. 1). Therefore sensitization with OVA did not
impair vaccine-mediated clearance Bf pertussisin this
model.

2.10. Respiratory tract histology

2.11. Statistical methods

Results are expressed as the meshE.M. of the indi-
cated number of animals. A Studenttest was used to deter-
mine significance among the groups. A valu®©sf0.05 was
considered significant. Analyses were performed using the
Graph-Pad Prish! software (GraphPad, San Diego, CA).

3.2. OVA-specific IgE production is modulated by Pw
immunization

3. Results

The goal of this study was to examine the influence of
3.1. Ovalbumin sensitization does not impair Pw immunization on responses associated with allergic sen-
vaccine-mediated clearance of B. pertussis sitization. Although OVA-induced sensitization does not im-

pair vaccine-mediated clearanceRfpertussisit was pos-
The murine OVA model of airway hyperresponsiveness sible that Pw influenced allergic sensitization. OVA-specific
induces a powerful Th2 responig@ whereas botlB. pertus- IgG was not detected from mice infected wBh pertussis
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Fig. 2. Serum IgE and 1gG subclasses elicited by Pw vaccination, bacterial infection and allergic sensitizaBrpgAdissisor (B) OVA-specific serum

antibody responses by IgG subclasses elicited in wholeBcgdlertussigPw), vaccinated plus Bp infection (PwBp), vaccinated plus sensitized (PwOVA),
or in mice vaccinated then infected wiBh pertussigrior to sensitization (PwBpOVA), response from mice that received OVA sensitization alone (OVA)
or combined with infection (BpOVA) are shown for comparison. &)pertussisspecific serum IgE and (D) OVA-specific serum IgE present from each

experimental group. Results are representative of two experiments expressed as geometric mean titre or ng/ml otigBithdtly from four animals each
determined independently in triplicafd® < 0.05 compared to the PWOVA treated group.

only; similarly B. pertussisspecific IgG could not be de-

3.3. Pwimmunization prevents B. pertussis

tected in OVA sensitized animals, suggesting no significant enhancement of OVA-induced IL-10 and IL-13

cross-reaction between the two immunogehig.(2A and

B). An analysis of the serum antibody subclasses evoked B. pertussignfection enhances OVA-induced IL-10 and
revealed that Pw predominantly induced pertussis-specificlL-13 [17]. Pw immunization has hitherto been regarded as

IgG2a Fig. 2A) as previously reported28,34] 1gG2a

inducing essentially similar immune responses to those in-

remained the dominant subclass of pertussis-specific anti-duced by infectiorj22]. In order to dissect the influence of
body when Pw immunization was combined with OVA sen- immunization on airway hyperresponsiveness, we examined

sitization (PwOVA) or B. pertussisinfection (PwBp) al-
though IgG1 and IgG3 was detected in the latter group
(Fig. 2A). Pw immunization prior to OVA sensitization
(PwOVA) did not significantly alter the dominant OVA-
specific IgG1 response. Infection of these mice \ittper-
tussis(PwBpOVA) did not broaden the subclasses of OVA-

cell-mediated immune responses in the various study groups.
s Pw immunization alone or in combination wiB pertussis
infection (Pw or PwBp) induced very little IL-5 but strong
IFN-vy responsesHig. 3A and B). This was consistent with
the protection observed earligfig. 1) and previous data
[34]. Pw immunization reduced levels of IL-5, IL-13 and

specific antibody detected although the titer was increasedIFN-y (Fig. 3A—C) in all immunized groups suggesting that

(Fig. 2B). Taken together, these data indicate that Pw im

- Pw immunization prevents livB. pertussisnhancement of

munization does not modulate serum IgG subclasses in-these indices; mirroring the reduction in OVA-specific IgE
duced by allergic sensitization. In contrast to the conser- (Fig. 2D). Interestingly, previous results have shown tBat
vative effects on serum IgG subclasses, significant differ- pertussisinfection induced specific IL-10 as well as IL-13

ences were observed in the induction of Igkg( 2C and
D). Pw induces littleB. pertussisspecific IgE, and this is
not altered by OVA sensitization or infectiorrig. 2C).
OVA sensitization induces high levels of OVA-specific IgE
but this is significantly reduced by prior Pw immunization
(Fig. 2D). However, a combination of immunization and in-
fection prior to OVA sensitization resulted in a significant re-
duction of IgE P <0.05) Fig. 2D) compared to the PWOVA

group.

response§l7]. Here we demonstrate that in contrast to in-
fection, Pw-immunization resulted in significantly reduced
levels of IL-10, and IL-13ig. 3A-D).

To extend these findings, we examined the levels of cy-
tokines present in bronchoalveolar lavage fluid (BALF) from
each group of mice. Pw immunization alone induced little or
no detectable cytokines in BALF. As expected, OVA sensiti-
zation induced high levels of IL-5, -10 and -13 but the levels
of IL-10 and -13 in particular, known to rise in infected mice,
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Fig. 3. Cellmediated immune responses from spleen, elicited by Pw vaccination, bacterial infection and allergic sensitization. IL-5/({8)),IENE3 (C) and

IL-10 (D) responses from spleen cell cultures stimulated with medium aleve ¢ontrol, horizontal shading), heat inactivaRcpertussist 1x 10* CFU/m

(hatched bar), OVA (open bar) or Con A (+ve control, black bar). Responses are representative of duplicate experiments each performed in triplicate o
individual samples from four mice per group and are expressed as m&aB.M.)." P < 0.05 compared to the PWOVA treated group.

were reduced in immunized mice that had been infected with compared to BpOVA sensitized animals< 0.05) §ig. 5D).

B. pertussigPwBpOVA) (Fig. 4A-D). Thus demonstrating that vaccination with Pw protects
againstB. pertussigexacerbation of allergic asthma.

3.4. Pwimmunization prior to B. pertussis infection B. pertussisnfection is known to modulate the quality of

decreases bronchial hyperresponsiveness to sensitizing the inflammatory influx of the respiratory tract, with amarked

antigen reduction in eosinophil numbers accompanied by varying

degrees of epithelial hyperplasia, mucous metaplasia, and

It has been proposed that prior Thl responses to bac-airway pathology{17]. Lung tissue was assessed histolog-
terial infections protect against allergic disease however, ically (Table 2. Minimal pathology was observed in mice
Thl-inducing B. pertussisinfection exacerbates airway immunized with Pw or those immunized and infected with
hyperresponsiveness in OVA sensitized mice. It might be B. pertussigPwBp) (Fig. 6A and B). Pw and OVA sensitized
predicted that Pw, which induces a very similar immune (PwOVA) mice illustrated moderate mural and peri-airway
response td. pertussisvould have a similar exacerbating inflammation with accompanying mild mucous metaplasia
influence. In fact, this is not the case. We used whole body and moderate hyperplasia of the epitheliugg( 6C). The
plethysmography as a surrogate measure of airway reactivitycombination of Pw immunizatiorB. pertussisnfection and
in mice immunized with Pw and infected with. pertussis OVA sensitization did not show enhanced pathology but only
prior to OVA sensitizationKig. 5). Prior immunization with moderate mucous metaplasia and moderate hyperplasia of the
Pw does not enhance but protects agdngtertussiexacer- epithelium Fig. 6D). Given that previous work has shown
bated airway hyperresponsiveness in comparison to controlsthatB. pertussisnfection in combination with OVA sensiti-
Statistical analysis using two-way analysis of variance zation (BpOVA) displayed more severe airway inflammation
(ANOVA) showed that mice vaccinated with Pw, and sensi- with a greater degree of both epithelial hyperplasia and mu-
tized to OVA following B. pertussignfection (PwBpOVA) cous metaplasia, it can be clearly seen here that Pw immu-
displayed significantly reduced bronchial hyperreactivity nization reduces the severity of airway pathologig( €D)
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Fig. 4. Pw immunization modulates the local cytokine respon&e pertussisnfection and OVA sensitization. Diluted BALF (0.5 ml per mouse) was pooled
from five mice per group and concentrations of IL-5 (A), IFNB), IL-13 (C) and IL-10 (D) were determined by EIA. Results are representative of duplicate
experiments. Cytokine concentrations were assayed in triplicate with values expressed as mean cytokine concentration in dilutIBM.F (P < 0.05
compared to the PwOVA treated group.

and reduces pulmonary resistance as indicated by plethys-airway hyperresponsiveness in a murine model. Pw immu-
mography Fig. 5D). nization suppresses antibody and cell mediated responses
against OVA sensitization in combination wih pertussis
infection at both the local and systemic level, coupled with
4. Discussion a subsequent reduction in airway reactivity and pathology.
It has been previously shown thBt pertussisexacerbates
The present study demonstrates that Pw immunization OVA-induced airway pathology leading to the development
protects againsB. pertussisexacerbation of OVA-induced  of more pronounced allergen-induced airway inflammation

Table 2
Histological assessment of airway pathology
Treatment group  Mucous metaplasia oHyper plasia of airway Smooth muscle Peri-airway/vascular

airway epithelium epithelium hypertrophy of airway wall inflammatior?

Overall degree E N L M F

Ctrl - - - - - - - - -
Bp — + + + — + ++ - =
Ova ++ ++ ++ +P + o+ e -
BpOVA +++ +++ ++ ++4 ++ o+ - -
Pw - - - - - - - - -
PwBp - + + - - - - - -
PWOVA + ++ + +4b T
PwBpOVA ++ ++ ++ +P ++ o+ 4 - -

A semi-quantitative score{absent, + mild, ++ moderate, +++ severe) was assigned to features of airway pathology observed according to previously described
criteria[17].

a Peri-airway/vascular inflammation was assessed in terms of overall degree and of numbers of infiltrating eosinophils (E), neutrophils (N)Xelgmphocy
plasma cells and macrophages (L), mast cells (M) and in terms of circumscribing fibrosis (F).

b Inflammation extending into surrounding pulmonary interstitium and alveolar spaces.

¢ Macrophage giant cells form part of inflammatory exudates within surrounding alveolar spaces.
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Fig. 5. Pw immunization prior t@®. pertussisnfection decreases bronchial hyperresponsiveness to sensitizing antigen. Airway hyperreactivity in response
to increasing concentrations of inhaled methacholine (MCh) was measured by whole-body plethysmography. (A) Control and Bp infected mice (B), Pw and
PwBp (C), OVA and PwWOVA (D), BpOVA and PwBpOVA groups, respectively. Results are representative of two expenmef)tarfd values are expressed

as mean enhanced pause (Pettth.E.M., in groups where no errors are visible, error bars are shorter than the size of the data point symbol.

[17]. We demonstrate that Pw immunization protects against however Lee et al have demonstrated thatIL-10inducesIL-13
this as well as reducing airway hyperresponsiveness. production in vivo and that this is responsible for the mucus,
The prevalence of asthma and allergic disease has in-but not the inflammatory/fibrotic effects of IL-1®0]. In
creased in many countri¢39,40] and there has been spec- the present study, we observe that Pw immunization prevents
ulation as to possible causptl,42] including the possible  induction of IL-10 and IL-13 and protects against airway hy-
role of immunization in promoting allergic sensitizati@3]. perreactivity. Although IL-10 is known to act in an immune
For example, pertussis vaccination acts as an adjuvant forregulatory manner, we and others have suggested that it has
antigen-specific responses in laboratory aninja@s33} a broader functions that may not always protect against inflam-
specific IgE response to pertussis toxin itself has been iden-matory diseas§l7,51]) For example, Grunstein et al. have
tified in children receiving pertussis immunizatight]; and suggested that IL-10 may play an important role in allergic
vaccination with some other organisms suchlasmophilus asthma by acting directly on the airway smooth muscle it-
influenzaeenhances histamine release in laboratory animals self[51]. Previous studies in humans have demonstrated that
[45]. Active pertussis toxin has a similar effdd6]. In ad- IL-13 mRNA and protein levels are elevated in the lungs of
dition, two studies have suggested that pertussis infectionatopic and non-atopic asthmatifs2] suggesting that over
increased the risk of atoy#7,48]. It is therefore theoreti-  expression of IL-13 may predispose toward the development
cally possible that Pw immunization might contribute to the of both types of asthmfp3]. The reduction in both IL-10
development of allergic disease. and IL-13 at the systemic and local levels suggests that by
The goal of this study was to test whether immunization removing the damaging effects of pertussis infection and con-
with whole-cell pertussis (Pw) vaccine would protect against sequently reducing IL-10 and IL-13, Pw exerts a protective
B. pertussiexacerbation of allergic asthmB. pertussisn- effect. Interestingly, very recent work by Kim et al has shown
fection modulates allergen priming and the severity of airway that components dB. pertussican inhibit airway hyperre-
pathology in a murine mod@l7]. It has been proposed that sponsivenesfb4]. That study demonstrated that unmethy-
IL-10 plays an essential role in modulating the immune re- lated CpG sequences froBh pertussiDNA inhibited Th2
sponses by inducing towards regulatory T-cell respdA8és  cytokines in the airways via a TLR9 interacti¢gd]. Our
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Fig. 6. Whole-cellB. pertussisvaccine reduces the severity of airway pathology to sensitizing antigen both in the presence and abBepestagsis

infection. Representative morphological changes at 37 days in transverse sections of bronchioles from (A) Pw immunized mice showing no @ranges evid
(B) Pw/Bp mice, minimal changes evident; (C) Pw/OVA treated mice, illustrating moderate mural and peri-airway inflammation with accompanying mild
mucous metaplasia (blue staining goblet cells) and moderate hyperplasia of epithelium; (D) Combined Pw/Bp/OVA treated group, illustratirsgea moder
mural and peri-airway inflammation, moderate mucous metaplasia and moderate epithelial hyperplasia; (E) OVA sensitized group illustratsngomadlera

and peri-airway inflammation with accompanying moderate mucous metaplasia (blue staining goblet cells) and hyperplasia of epithelium; (&) combine
B. pertussifOVA treated group illustrating severe mural and peri-airway inflammation, moderate epithelial hyperplasia and severe mucous metaplasia with
accompanying mucus plugging of the lumen. All sections are representative of groups of five mice per experiment, performed at least twiceaiBedtions st
with a combined Discombe’s/Alcian blue stain, original magnification>400

observation of reduced inflammation and OVA-specific IgE effective in inducing antibody responses during this period
(Figs. 2 and B in PWBpOVA mice is consistent with that [28,55,56] A study by Gruber et al. revealed no evidence for
finding. TLR9 mediated reduction in Th2 cytokines can be an allergy promoting effect of common childhood vaccines
invoked in this situation, because these mice will be exposedin a prospectively followed atopy risk-enhanced birth cohort
to bacterial DNA in a context where prior immunization will  [26]. Moreover, they found that children with a better vac-
limit tissue damage or the other immunomodulatory effects cination coverage seemed to be better protected against the
of viableB. pertussigl7,54] development of atopy in their second and third years of life. In

The most common formulation of the hygiene hypothesis particular, measles/mumps, pertussis, and diphtheria/tetanus
is based upon a lack of immunological stimuli in early in- immunization were associated with a transient reduction of
fancy that results in aberrant Th2 respond€s12] Clearly atopy, whereas immunization against polio &hdhfluenzae
infant pertussis immunization or infection could potentially had no effect. Furthermore, immunization of children with
influence this process. Studies in neonatal mice supportPw down regulated the IgE response to co-administered
our findings that Pw is a strong Th1 inducer, but it is less diphtheria and tetanus toxoid§7]. In contrast, a study
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involving the effects of diphtheria—tetanus—pertussis (DTP) [16] Johnson TR, Graham BS. J Virol 1999;73:8485-95.
or tetanus vaccination on allergies among children in the [17] Ennis DP, Cassidy JP, Mahon BP. Clin
U.S. reported that DTP or tetanus vaccination appeared to in-__ 2004:34:1488-97.

. . . [18] Holgate ST. Clin Exp Allergy 2000;30(Suppl 1):37-41.
crease the risk of allergies and related respiratory symptoms

; . . . . . ~119] Holgate ST, Davies DE. Int J Biochem Cell Biol 2002;34:1520- 6.
one contentious interpretation of this study is that vaccine [20] Barnard A, Mahon BP, Watkins J, Redhead K, Mills KH. Immunol-

Exp Allergy

components may be responsible for a portion of the increased

prevalence of asthma and allergies in U.S. child&24.

We have established models that allow examination of the
mechanisms of interaction between protective immunization

and allergic sensitization. Pw immunization reduces IL-13
and IL-10 in BALF (Fig. 4C and D) and also protects against
airway hyperresponsivenessi@. 5D). These data indicate
that although Pw induces a similar immune responsB.to

pertussisnfection, these responses are notidentical. Pw does

ogy 1996;87:372-80.

[21] Mahon BP, Ryan M, Griffin F, Mills KH. Biochem Soc Trans
1997;25, 341S.

[22] Mills KH, Ryan M, Ryan E, Mahon BP.
1998;66:594-602.

[23] Odent M, Culpin E. Lancet 2003;361:434.

[24] Hurwitz E, Morgenstern H. JMPT 2000;23:81-90.

[25] Brambleby P, Hanrahan J. Public Health 1989;103:289-94.

[26] Gruber C, Susanne L, Ulrich W, et al. Pediatrics 2003;111:282-7.

[27] Ryan M, Murphy G, Gothefors L, Nilsson L, Storsaeter J, Mills KH.

J Infect Dis 1997;175:1246-50.

Infect Immun

notenhance airway IL-13 and consequently does not enhancezg) mahon BP, Brady MT, Mills KH. J Infect Dis 2000;181:2087-91.
but protects against the exacerbation of allergic responses. Wg29] Mills KH, Brady M, Ryan E, Mahon BP. Dev Biol Stand

find no evidence of Pw contributing to allergic asthma, but

1998;95:31-41.

rather provide evidence of a mechanism whereby whole-cel| [30] Pauwels RA, Van Der Straeten M, Platteau B, Bazin H. Allergy

pertussis vaccination has a protective role.
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