
lmmune Regulation of lntracellular Bacterial lnfection and Allergy: lmplications

of Dendritic Cells & Natural Killer T Cells

Laura C. Bilenki

A Thesis submitted to the Faculty of Graduate
Studies of

The University of Manitoba

in partial fulfilment of the requirements of the
degree of

Doctor of Philosophy

Department of I mmunology

University of Manitoba

Winnipeg



THE UNIVERSITY OF MANITOBA

FACULTY OF GRADUATE STUDIES

COPYRIGHT PERMISSION

Immune Regulation of Intracellular Bacterial Infection and Allergy: Implications
of Dendritic Cells & Natural Killer T Cells

BY

Laura C. Bilenki

A ThesisÆracticum submitted to the Faculty of Graduate Studies of The University of

Manitoba in partiat fulfillment of the requirement of the degree

OF

DOCTOR OF PHILOSOPITY

Laura C. Bilenki O 2006

Permission has been granted to the Library of the University of Manitoba to lend or sell copies of
this thesis/practicum, to the National Library of Canada to microfilm this thesis and to lendor sell
copies of the film, and to University Microfïlms Inc. to publish an abstract of this thesis/practicum.

This reproduction or copy of this thesis has been made available by authorify of the copyright
owner solely for the purpose of private study and research, and may only be reproduced anA copiea

as permitted by copyright laws or with express written authorization from the copyright ownôr.



Abstract

As the burden of infectious diseases becomes reduced in many countries, a

remarkable increase in the incidence of allergies has occurred. The basis for

the rise in atopic disorders as a correlate of the decline in infectious diseases

has not been defined. ln the present study, we tested experimentally whether

prior Chlamydia muridarum (Chlamydia muridarum) infection or

Mycobacterium bovis BCG had any effect on ragweed (RW) + A|(OH)3 (alum)-

induced allergic responses and the potentially underlying mechanisms. The

data showed that RW-induced eosinophilia and goblet cell development were

significantly inhibited by prior infection wilh Chlamydia muridarum. The data

also demonstrate that BCG infection delivered during the course of a RW-

induced allergic response could inhibit the existing allergic phenotype. The

abrogation of RW-induced mucus production and pulmonary eosinophilia in

Chlamydia muridarum- or BCG-infected mice correlated with significantly

decreased Th2 cytokine (lL-4, ll-s, ll-g and lL-13) production and increased

IFN-y and lL-12 production. Additionally, the production of eosinophil-

chemoattractant chemokine, eotaxin, followed by RW exposure were

significantly reduced in the lungs of Chlamydia muridarum infected mice.

However, Chlamydia muridarum infection did not reduce the levels of RW-

specific lgE and lgGl production in the sera, nor did it diminish the level of

total serum lgE. These data provide direct evidence that intracellular bacterial

infection (i.e. Chlamydia or BcG) can inhibit ainruay inflammation induced an

environmental allergen.

Since polarized T cell responses are downstream from the events that

initiate the immune response, we examined whether innate immune cells,

dendritic cells (DCs) and natural killer T (NKT) cells, can be activated by

chlamydia muridarum infection, and the potential roles played by these cells

in infection-mediated inhibition of the allergic response.

we first examined the role played by dendritic cells (DCs) in chramydiar

infection-mediated modulation of allergic ainruay inflammation. The results

showed that DC freshly isolated from Chlamydia-infected mice, unlike those

from naive control mice, exhibited higher surface expression of cDgs and



Toll-like receptor I (TLR9) as well as higher lL-10 and lL-12 production than

DC isolated from nalVe mice. lnterestingly, the blockade of lL-10 or lL-12

showed a partial reversal in the inhibiting effect on allergen-driven Th2

cytokine production. Furthermore, adoptive transfer of DC from Chlamydia- or

BCG-infected mice, but not DC from nalVe mice, could inhibit systemic and

local eosinophilia induced by allergen exposure. The inhibitory effect of

transfer of DC from infected mice could be partially reversed by administration

of anti-ll-10 antibody to block DC's lL-10 production. As well, we observed a

partial reversal of the reduction of the RW-driven allergic response by delivery

of neutralizing lL-10 or lL-12 antibody following DC transfer from bacteria-

infected mice. ln an additional adoptive transfer system, we also saw that the

CD8a+-exPressing DC isolated from Chlamydia muridarum-infected mice, but

not CDBa- DC, could inhibit the RW-driven allergic phenotype and that these

cells also produced significantly higher levels of both lL-10 and lL-12. The

data demonstrate a critical role played by lL-1O-producing DCs from

Chlamydia-infected mice in the infection-mediated inhibition of allergic airway

inflammation.

To further investigate the role of other innate cells in allergy and

infection, we examined the role of NKT cells in the individual allergy and

infection models. The data demonstrate that, first, in the allergy model, mice

deficient in NKT cells exhibit less RW-driven lL-4 production and this is
associated with lower levels of eotaxin production, lung eosinophilia and

mucus oversecretion by goblet cells compared to wild-type mice treated with

RW. Secondly, in the Chlamydia muridarum infection model, NKT cell-

deficient mice also demonstrate lower levels of Chlamydia muridarum-induced

lL-4 production and less chlamydia muridarum-induced pathology as well as

in vivo chlamydial growth. overall, the date suggest that the innate immunity

activated by chlamydial infection is very important in determining the

outcomes of T cell responses upon allergen exposure and that particular cell

types of the innate immune response, specifically DC and NKT ceils, have an

effect on both the allergen-induced and infection processes.
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Part l. General lntroduction
Medical conditions such as allergic asthma, inflammatory bowel disease and

diabetes have risen sharply in recent years stimulating the attention of the

medical world. Asthma, in particular, has been the focus of much research

with a greater understanding of the immunological processes involved in

airway pathologies. Many thought-provoking explanations have been

proposed for the rising prevalence of asthma, with the hygiene hypothesis

gaining much favour. This hypothesis is breaking new ground in allergic and

other dysregulated inflammatory disorders and proposes that some aspects of

infectious agents can be beneficial, maintaining immunological homeostasis.

The recently observed inverse association between infections and allergic

diseases have helped to shape the hygiene hypothesis from a simple Th1-

Th2 dichotomy into a multilateral regulatory model, and may explain rising

trends of a wide range of inflammatory disorders. The following introduction

highlights key events in this exciting area, summarising the complex disease

state of asthma with a cellular-based model of airway allergy. The influence

of genetic pre-dispositions and environmental risk factors are discussed, with

a detailed analysis of the hygiene hypothesis and the influence of infectious

pathogens on allergic disease outcome. Attention is focused on intracellular

bacterial infections and their exceptional ability to modify responses to

allergens. This introduction concludes with proposed mechanisms of

intracellular bacterial infection-associated protection from allergies and

highlights the need and justification for this thesis.

Escalating Allergic and lnflammatory diseases
Asthma exerts a global burden of 300 million sufferers (Masoli, Fabian et al.

2004) affecting 1 in 5 individuals in developed countries (Umetsu, Mclntire et

al. 2002), accounting for almost 1 in every 250 deaths worldwide. lt is

predicted to rise by a further 100 million cases by 2025 (Masoli, Fabian et al.

2004) posing one of the most common chronic diseases in the world. Since

the 1950's, allergic symptoms in general have progressively increased

(lsolauri, Huurre et al. 2004). Childhood asthma symptoms in the USA are

now the major cause of school absenteeism, are the most common cause of
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hospitalisation, and have resulted in a doubling of asthma-related deaths from

1980 to 1992 (o'connell 2004). within North America, an approximate

threefold increase in allergy-related visits to hospitals has been observed over

the past 20 years, burdening the health service by $gOO million per annum.

These numbers are expected to rise not only within North America but also

other westernized countries such as the uK (Johnson, ownby et al. 2002).

Furthermore, multi-system-allergic diseases are more common, with patients

presenting multiple sensitivities culminating in ainruay, food borne and skin

allergies within the same individual .

Several reports have assessed the global burden of asthma and other atopic

diseases. Namely, the 'The lnternational study of Asthma and Allergies in

childhood (lsAAc), which exposed a peak prevalence of asthma symptoms

in Nodh America, united Kingdom, New Zealand, Austraria and Republic of

lreland, compared to lower prevalence in non-industrialised countries,

lndonesia (2%), Albania, Romania, and Georgia (rsAACSubject lggg).

similarly, the European community Respiratory Health survey (ECRHS)

identified a higher prevalence of allergic diseases in developed countries than

in lesser developed eastern Europe, North Africa and lndia . combining these

and other reports, the Global lnitiative for Asthma (GINA) made an effort to

raise awareness among public health bodies, government officials, health

care workers and the general public that asthma is on the increase (Masoli,

Fabian et al. 2004). These epidemiological data sets paint a convincing
picture of elevating asthma symptoms; however thankfulty, several reports

also describe a plateau and even decline in asthmatic episodes (Anderson,

Ruggles et al.2004; sunderland and Fleming 2oo4), Austraria (Toelle, Ng et

al. 2004) and ltaly (Ronchetti, Vilta et al. 2001). lmproved disease

management and allergen avoidance may contribute to these findings;

however explanations for these reductions are as elusive as explanations for

the initial increase. lnterestingly, a considerable disparity in the prevalence of
allergic symptoms between developed and developing countries of the world

has been unearthed. The many differences between these regions may

highlight factors protecting individuals from allergic diseases in developing

countries.
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The disparity in asthma symptoms is also found between rural and urban

areas within both industrial and non-industrial countries (Yemaneberhan,

Bekele et al. 1997; Beasley 1998; Beasley, Crane et a|.2000; Leynaert,

Neukirch et al. 2001; Dagoye, Bekele et al. 2003; Masoli, Fabian et al. 2004).

ln particular, within African countries allergies are more common in the upper

socioeconomic bracket of urban residents (weinberg 2000), suggesting that

urbanisation and the adoption of a 'western lifestyle' correlate with allergic

symptoms. other immune-mediated diseases are also rising in similar

geographical regions. Autoimmunity, such as type 1 diabetes (IDDM) (2000;

simpson, Anderson et al. 2002) multiple sclerosis (MS) (Rosati, Aiello et al,

1988) and coeliac disease (CD) (Farrokhyar, Swarbrick et a|.2001) are

increasing in a manner similar to allergic disorders (Stene and Nafstad 2001;

Bach 2002) (Fig.1.1). Most signiflcantly, allergy and autoimmunity can

coincide in the same individuals, indeed children with Th1 associated cD or

Rheumatoid Adhriris (RA) have a higher incidence of Th2 associated allergies

(Kero, Gissler et al. 2001; Simpson, Anderson et al.2002).

Many potential factors underlying the rise in immune-reactive disorders have

been suggested. Asthma genetics has progressed significantly with genome

wide screens to identify previously unrecognised genes, while candidate gene

approaches have revealed several asthma susceptibility genes (wills-Karp

and Ewart 2004) as highlighted below.

Environmental risk factors, such as changes in lifestyle and behavioural

patterns, the influence of viral infections during childhood and changes in

allergen exposure are all uncovering potential risk factors associated with the

increased allergy epidemic, and wíll be discussed further below.

16
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Asthma - Polygenic inheritance comb¡ned with Environmental allergen
exposure
Allergic diseases are thought to result from multigenic predlspositions

combined with specific env¡ronmental interactions. The most characteristic

feature of allergic responses is the generation of allergen-specific-lgE. The

production of lgE appears to be protective against pathological parasitic

infections (Jankovic, Kullberg et al. 1997). The production of lgE may have

provided an evolutionary advantage, limiting helminth infections for example.

However, an aberration from our helminth burdened past and relative freedom

from parasitic infections may have resulted in the development of lgE

associated allergic diseases.

A 'genotype of susceptibility', identifying those at a higher risk of developing

allergies, has yet to be resolved. The task is obstructed because asthma, for

example, includes several different phenotypes, likely reflecting different

pathogenic mechanisms with aetiological heterogeneity. The association with

environmental factors further complicates the identification of a 'genotype of
susceptibility' as environmental factors, such as díet and housing, are
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identify genes, alleles and chromosomal regions, which confer susceptibility to

asthma. Familial aggregation, parent-of-origin (most predominanfly maternal

1lì50 I ir'r$û 1970 1560 1lìS0 ?00û

da

þa

Õ
Lc

õ
o

=E
E
0
tþ

ã3
Ð
c

3ù'l

?ù'l

1ú0
1t!ìû t960 1910 l5E0

17



linkage, suggesting immune interactions through placenta and breast milk)

and genomic imprinting are the strongest risk factors for asthma susceptibility

(Geha 2003). Th2 cytokines within the 5q31 region (Cookson and Moffatt

2000), cluster of differentiation 14 (CD14), and several other chromosomal

regions (Ober, Cox et al. 1998; Howard, Wiesch et al. 1999) associate with a

number of intermediate phenotypes of asthma. Of interest, ADAM33 (Van

Eerdewegh, Little et al. 2002), Timl (Mclntire, Umetsu et al. 2001) and

complement factor 5 (C5) (Karp, Grupe et al. 2000) are some of the most

recent and exciting genes identified in humans and mice. These will be

discussed later. An inspiring review of this topic, beyond the requirements of

this thesis can be seen in (Wills-Karp and Ewart 2004).

Approximately 40% of allergic diseases can be attributed to genetically

variable factors (Holgate 1998) such as atopy and lgE (Pearce, Pekkanen et

al. 1999), however, for disease to manifest there is an absolute requirement

for environmental interactions with the insulting allergen. The most important

environmental allergens derive from invertebrates, such as house dust mites

(Dermatophagoides pteronyssinus and D. farinae) and cockroaches, domestic

animals, fungi, pollen and grasses. ln utero sensitisation to aeroallergens,

such as Der p1, via maternal inhalation might represent the earliest

environmental exposure (Piccinni, Mecacci et al. 1993), with further

sensitisation and allergen-specífic lgE responses developing and progressing

throughout life. The relatively rapid rise in allergic diseases over a short period

of time suggests environmental factors, not changes in genotype, are causes

of the allergy epidemic. How might environmental factors, beyond allergens

themselves, influence the tendency to become sensitised or responsive to

innocuous antigens? To address this, we must first appreciate how allergic

responses unfold and then examine possible environmental risk factors.

lmmunology of Asthma
Allergic asthma represents an immune-mediated disorder, characterised by a

state of immune hypersensitivity with elevated levels of allergen-specific lgE.

subsequent allergen encounters and cross linking of two or more mast cell
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bound lgE molecules provoke mast cell dregranulation and an accumulation

of mast cells and eosinophils into air spaces and tissues of the lung,

instigated by Th2 cells (Fig.1.2). Mechanisms associated with allergic asthma

are described below in terms of cellular induction and soluble mediators,

which play a direct role in allergíc inflammation.

lmmunological surveillance in the airuuays depends on dendritic cells (DC's) in

the sub-epithelial layers and intercellular spaces between epithelial cells lining

the alveolarwalls of the lung (Gong, Mccarthy et al. 19g2; Moller, overbeek
et al. 1996; Lambrecht, Hoogsteden et al. 2001; Juria, Hessel et al. 2002).

Allergen encounter and capture by DC, possibly by disruption of epithelial

tight junctions (wan, winton et al. 1g9g) or contact with the probing dendrites
of ainrvay DCs (Rescigno, urbano et al. 2oo1), accompanied by appropriate
pathogen associated molecular pattern (pAMp) stimulation (Eisenbarlh,

Piggott et al. 2002), activates DCs and triggers a migration to the draining

lymph nodes (Vermaelen, Carro-Muino et al. 2OO1).

once DCs reach the local draining lymph nodes (Holt, oliver et al. 1gg3;

Vermaelen, carro-Muino et al. 2001), they mature and express high levels of
peptide-loaded MHC and co-stimulatory molecules, (cDBo, cDg6, ox40l,
and lcosl), and migrate to the T-cell zones. MHc-TcR engagement
(Mempel, Henrickson et al. 2004) with appropriate co-stimulation and

lnterleukin (lL)-4 signalling, generates allergen-reactive Th2 cells. Th2 cells

then egress from lymph nodes back to the site of initial allergen encounter
(Herrick and Bottomly 2003) following chemotactic gradients of chemokines

such as RANTES (regulated on activation, normal r-cell expressed and

secreted), TARC (Thymus-associated and regulated chemokine) MDc
(macrophage derived chemokine) (Bonecchi, sozzani et al. lgg8; soumelis,
Reche et al. 2002) and most recenfly prostagrandin D2 (pGD2) (Hirai, Tanaka

et al. 2001; Honda, Arima et al. 2003). Allergen re-encounter by DCs and

activation of antigen-specific Th2 cells, results in a barrage of Th2 cell derived

cytokine secretions.
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The central role for Th2 cells in asthma is apparent with both specific lgE

production and the Th2-cytokine milieu found in the allergic response

(Tournoy, Kips et al. 2001). Animal models of allergic ainruay inflammation

have shown that GATA-3 and 5TAT-6 disruption, which inhibits Th2 cell

signalling, severely attenuates all key features of allergic ainruay inflammation

(Tomkinson, Kanehiro et al. 1999; Zhang, Yang et al. 1999). Alternative

studies have depleted CD4* Th2 cells or knocked out lL-4 and found similar

inhibitions of allergen induced airuuay inflammation (Brusselle, Kips et al.

1994; Gavett, Chen et al. 1994). Furthermore, the allergic ainruay inflammatory

response can be induced by the transfer of CD4* T-cell receptor transgenic

Th2, but not Th1, cells (Cohn, Tepper et al. 1998). Thus, CD4* Th2 cells,

recognising allergen peptides via their TCR and releasing interleukins

orchestrating the allergic inflammatory response, are absolutely essential in

the aetiology of allergic asthma.

Allergen-specific lgE responses define allergic patients. However, it was not

until the Th1-Th2 dichotomy was classified (Mosmann and Coffman lg8g)

based on cytokine profiles, that the basis for lgE induction was understood.

Th2-cell derived lL-4 induced transcription of Ce (Corry and Kheradmand

1999) and CD40-CD40L interactions between B- and T-cells (de Lafailte,

Muriglan et al. 2001) induce B cell migration into lymphoid follicles, or

bronchial associated lymphoid tíssue (BALT) (chvatchko, Kosco_Vilbois et al.

1996), culminating in allergen specific lgE production (Burrows, Martinez et al.

1989; Saini and MacGlashan 2002). However, allergen-specific-lgE only

represents a very small fraction of the total serum immunoglobulins (Burrows,

Martinez et al. 1989).

Due to the low concentrations of lgE, its function is related to the cell-bound

high affinity receptor, FceR1, found on mast cells, basophils and human

eosinophils (Yamaguchi, Sayama et al. 1999). Allergen re-encounter and

cross linking of two Fce R1 bound lgE molecules on tissue mast cells or blood

basophils, in addition to activation of rh2 cells, results in phosphorylation and

dephosphorylation of a series of proteins triggering activation and

degranulatíon (Holgate 1998; Gould, sutton et al. 2003). Mast cells abound
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w¡th inflammatory mediators including; histamine, proteolytic enzymes,

complex carbohydrate cleaving enzymes, cytokines and chemokines,

prostanoids and leukotrienes (Bradding, Roberts et al. 1gg4; Bradding and

Hofgate 1999; Miller, Wright et al. 1999; Kobayashi, Miura et a|.2000;
wedemeyer, Tsai et al. 2000; Hart 2001). Mast cells and their products are

undoubtedly important components of the allergic inflammatory cascade

(Kobayashi, Miura et al. 2000; Mayr, Zuberi ef a|.2002; Taube, Dakhama et

al.2004) however, their importance in animal models of acute allergic airway

inflammation is debatable. comparable airway inflammation, ainrrray

hyperresponsiveness (AHR) or anaphylaxis (oettgen, Martin et al. 19g4) has

been achieved in the absence of lgE (Mehlhop, van de Rijn et al. 1g97;

Hamelmann, cieslewicz et al. 1999), B-cells (Hamelmann, cieslewicz et al.

1999; Maclean, Sauty et al. 1999), CD23 (Haczku, Takeda et al. 19g7) or

mast cells (Takeda, Hamelmann et al. 1997) but not r-cells (Gavett, chen et

al. 1994).

Th2 cytokines; lL-4, ll-s, ll-g and lL-13 can be attributed to armost ail

intermediate stages of ainvay inflammation and pathophysiological asthma

(Romagnani 2001). The archetypal rh2 cytokine lL-4, plays essential roles in

Th2 generation, however, interestingly once Th2 priming is initiated, lL-S

takes centre stage. Beyond rh2 polarisation, lL-4 is not necessary for airway

inflammation (Coyle, Le Gros et al. 1995; Ying, Humbed et al. 1gg7;

Hamelmann, cieslewicz et al. 1999). Thus, very early sources of rL-4,

possibly from NKT cells (Akbari, stock et al. 2003) and basophils (Min, prout

et al. 2004) are fundamental for Th2 differentiation.

lL-13, although sharing many properties, and even receptor comprexes, with

lL-4, has greater functional properties at the effector cell level. Mucus

hypersecretion due to mucus cell metaplasia and goblet ceil hyperplasia (Zhu,

Homer et al. 1999) have been closely associated with rL-13 (Zhu, Lee et al.

2001) and lL-9 (Longphre, Li et al. 1999) secretions. lL-13 also promotes

cellular recruitment by upregulating chemokine expression (Hart 2oo1) and is

critical for the development of AHR (walter, Mclntire et al. 2001).

Furthermore, initial lgE class switching (Finkelman, Katona et al. lgg8),
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airway eosinophilia (Cohn, Herrick et al. 2001) and pro-fibrotic developments

in chronic asthma (Postlethwaite, Holness et al. 1992) are promoted by lL-4

and / or lL-13. The recently discovered cytokine lL-25, is also secreted by Th2

cells and accentuates lL-4, lL-5 and lL-13 gene expression, amplifying the

Th2 environment (Fort, Cheung et al. 2001).

ln allergic asthma, lL-5 works in close collaboration with the predominant

eosinophil chemoattractant, eotaxin (Jose, Adcock et al. 1994). Th2 cell

derived lL-4 and lL-13, along with TNF-c¿ released from macrophages,

stimulate eotaxin release from lung fibroblasts, epithelial cells, and smooth

muscle cells (Rankin, Conroy et al. 2000). Additional to the chemotactic

properties of eotaxin, local eotaxin production enhances; intracellular calcium

levels- increasing respiratory burst activity (Tenscher, Metzner et al. 1gg6),

eosinophil adhesion to endothelial cells, via VCAM-1 on endothelial cells

(Burke-Gaffney and Hellewell 1996), corroborating eosinophil extravasation

and degranulation in local tissues (Rankin, Conroy et al. 2000). ln the

periphery, eotaxin and lL-5 enter the blood stream and act synergistically to

mobilise the large reserve of mature eosinophils within bone marrow (Sklar,

Tsuji et al. 2004). lL-5, in addition to its chemotactic attributes is a priming

agent and growth factor for eosinophils, increases eosinophil responsiveness

and differentiation (Hamblin 1993) and promotes T-cell dependent ainruay

mucus production (Justice, Crosby et al. 2002), AHR and tissue damage. lL-5

is a potential therapeutic target, but although depleting >7oo/o of circulating

and sputum eosinophils with anti-ll-S treatment, clinical asthma such as AHR

was found not to be altered (Leckie, ten Brinke et al. 2000). The recruitment

of eosinophils into the allergic lung and draining lymph nodes (van Rijt, Vos et

al. 2003) is a hallmark of allergic ainruay inflammation. Allergen induced

degranulation of eosinophils, releasing major basic protein (MBP) (Lefort,

Nahori et al. 1996), eosinophil cationic protein (ECP) and eosinophil

peroxidase (EPo) is most likely responsible for lung tissue damage and AHR

(Rankin, Conroy et al. 2000). Mucus hypersecretion and goblet cell

hyperplasia, following allergen provocation, is another pathophysiological

feature of asthma (Rogers 2003). cytokines lL-4, lL-g and most importanfly

lL-13 (Zhu, Lee et al.2001) as well as oxidants from Th2 cells upregurate
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mucin production and epidermal growth factor (EGF). These

pathophysiological changes can be easily observed in biopsies or paraffin

embedded murine lung sections stained with Alcian blue and periodic-acid

Schiff.

Collectively, a considerable cellular influx into the ainruays following allergen

provocation, accompanied by tissue damage and excessive secretion of

mediators, cytokines, chemokines and mucus are thought to ultimately lead to

airway remodelling, and irreversible changes in lung function independent of

inflammatory episodes.
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Fi9.1.2. Key events in the Allergic Cascade. Airway dendritic cells capture antigen and migrate to
local lymph nodes, where Th2 polarisation and differentiation occurs. Th2 cells egress to the site of
allergen contact secreting IL-4, lL-5, lL-9 and lL-13, recruiting mast cells and eosinophils. Th2 cells
promote B cell maturation and lgE class switching, with soluble lgE binding to its Fc receptor on
mast cells. Cross linking of two lgE molecules triggers mast cell degranulation with a plethora of
inflammaiory mediators.
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Ainruay remodelling refers to the non-inflammatory alterations in ainruay cells

and tissues followíng chronic inflammation and is a major component of

clinical asthma. Briefly, thickening of the ainruay wall smooth muscle, edema,

inflammatory cell ínfìltrates, glandular hypertrophy and connective tissue

deposition result in airway narrowing, leading to reduced baseline ainruay

calibre and hyper-responsiveness (Elias 2000; Chiappara, Gagliardo et al.

2001; Zhu, Lee et a|.2001).

The prevalence and involvement of various cell types during the course of

allergic inflammation have become evident. Natural killer T (NKT) cells have

also been demonstrated to play a pertinent role in the intiation of allergic

inflammation. NKT cells are a T cell subset that was initially defined by the

co-expression of both T cell and NK cell markers, such as the T cell antigen

receptor (TCR) oB, and Ctype lectin NK1.1, respectively Although the cells

conforming to this broad definition are heterogeneous and can be divided into

at least three groups, many of them are characterized by their dependence on

recognition of the MHC Class l-like CDld molecule for positive thymic

selection and subsequent activation in the periphery (Bendelac, Lantz et al.

1995). The major subset of CDld-restricted T cells recognizes CDld through

the expression of antigen receptors comprised of an invariant TCR o chain

encoded in mice by Vo14 rearranged to Jq18, and in humans by a strikingly

homologous Vq24-Jo1B rearrangement. These invariant TCR o chains pair

with TCR B chains with limited heterogeneity due to marked skewing of VB

chain usage (most prominently VP8.2 in mice, and a closely homologous

VP11 in humans). This population of cells is highly conserved in many

aspects of their phenotype, distribution and functions in most mammals that

have been studied to date (Matsuda, Gapin et al. 2002: Godfrey, MacDonald

et al. 2004; Godfrey, McCluskey et al. 2005).

It is now clear from many studies that NKT cells are potent regulatory T cells

that have the capacity to either initiate or shut down a wide variety of immune

responses. For example, it has been found that activation of NKT cells occurs

early in a number of microbial infection models in mice, and that such

activation can lead to an "adjuvant cascade" that reinforces innate immunity

and promotes subsequent adaptive immunity. The range of pathogens that
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can trigger this antimicrobíal activity of NKT cells is astonishingly broad, and is

known to include a variety of bacteria, viruses and parasites. ln addition, NKT

cells have been implicated in a variety of anti-tumour responses in mice, and

it appears that they may be activated by certain types of neoplasia to mediate

immune surveillance. However, in the absence of a microbial or neoplastic

trigger, the dominant effect of NKT cells may be to regulate the adaptive

immune system in a way that prevents harmful autoimmunity. The evidence

for this is particularly strong from mouse models of autoimmune disease,

including experimental allergic encephalomyelitis and type 1 diabetes mellitus

(Singh, Wilson et al. 2001; Rocha-Campos, Melki et al. 2006).

lnterestingly, NKT cells are repofted to be involved in the promotion of both

Th1-like reactions in response to intracellular pathogens as well as the

production of Th2 cytokines. A specific marine sponge glycolipid, q-

galactosylceramide (o-GalCer), binds to CDld and is recognized by and

activates mouse Vq14 and human Vq24 T cells, however the specific

glycolipid antigens that are normally recognized by NKT cells in yiyo are not

known. More recently, it has been demonstrated that NKT cells are capable

of recognizing bacterial glycosphingolipids (Kinjo, Wu et al. 2005). When

activated, however, NKT cells rapidly produce large quantities of lL-4 and

interferon (lFN-y), which seem to influence subsequent adaptive immune

responses and the polarization of conventional oB-TCR T cells. NKT cells

therefore seem to have important regulatory functions for both Thl and Th2

arms of the immune response, although a clear role for NKT cells in the

respiratory tract has not been shown. Many reports concur on the essential

role for NKT cells following allergen exposure. These cells appear to affect the

subsequent development of allergen-induced airway hyperreactivity as well as

the initiation of T cell recruitment for elicitation of contact sensitivity (Akbari,

Stock et al. 2003; Campos, Szczepanik et al. 2003; Lisbonne, Diem et al.

2003; Araujo, Lefort et al.2004; Kim, Kim el al. 2004; Lisbonne, Hachem et al.

2004). Additionally, several studies have examined the frequency of NKT

cells in human peripheral blood samples, comparing lL-4 transcripts ín atopic

and non-atopic individuals. These studies have revealed that NKT cells

become activated and contribute to the initial pool of lL-4 and promote the
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development of allergies at early time points following allergen exposure

(Prell, Konstantopoulos et al. 2003). ln addition, previous studies

investigating the role of T cells in the development of airuuay

hyperresponsiveness, and have revealed a significant contribution by NKT

cells, with greater reductions in AHR following CD4+ and NKT cell depletion

than with CD4+ T cell depletion alone. (Joetham, Takeda et al. 2005). NKT

cells are capable of rapidly secreting key influential cytokines such as lL-4

and IFN-y, with the ability to modulate allergic diseases. However,

comprehensive studies regarding the role of NKT cells and CD1 molecules in

allergic responses especially in asthmatic reactions are lacking. ln particular,

the limited studies on NKT cells in allergic responses generated very

controversial data on the potential role of NKT cells in the development of the

allergic reaction, especially lgE responses (Yoshimoto, Bendelac et al. 1995;

Dougherty, Brown et al. 1996; Zhang, Rogers et al. 1996; Matsuda, Gapin et

al. 2003; Morishima, lshii et al. 2005). Some studies suggest that NKT cells

are not essential for the allergic reaction and their activation can even inhibit

allergen-specific lgE responses (Dougherty, Brown et al. 1996; Zhang,

Rogers et al. 1996). However, Akbari eú a/ reported that NKT cells play an

essential role in the development of ovalbumin-induced ainruay hyperreactivity

(Akbari, Stock et al. 2003).

Overall, the immunology and pathogenesis of allergic responses associated

with allergic responses is complicated and encompasses many immune cell

types from both innate and adaptive immunity. As outlined above, there is a

greater understanding of the immunological events that occur from the very

early stages, including dendritic cells and NKT cells in addition to those

events involving adaptive mechanisms further downstream responsible for

sustaining the allergen-induced ainruay inflammation. lt is only through this

initial understanding of these cellular and humoral events that we can begin to

discuss the "manipulation" of said immunological events and how these may

be altered following exposure to various agents which could potentially

prevent and/or change the course of allergic disease.

26



The Hygiene Hypothesis - Risk factors and the pliancy of allergic
diseases to environmental factors.
Numerous risk factors in industrialised and urban living have been suggested

to be potential origins of the allergy epidemic. One credible theory for the

recent rise in allergic diseases that takes into account the changes in
pathogen exposure, accounts for our evolutionary past and genetic

predispositions, which dissects the pathogenesis of allergic diseases and

proposes tangible mechanisms, is the hygiene hypothesis.

Genetic pre-dispositions
Asthma manifests from complex gene-by-environment interactions (Barnes

1999). Therefore, the allergy epidemic may possibly reflect an increase in

susceptibility to allergic diseases, as well as changes in environmental

patterns. The hygiene hypothesis integrates epidemiology with genetics,

recognising that gene-environment interactions can also influence disease.

Although there may not have been enough time for genetic factors to change

sufficiently to cause the current rise in allergies, epigenetic changes, as a
result of environmental cues (Jaenisch and Bird 2003) may certainly

contribute to the present epidemic.

Umetsu and co-workers unravelled an enticing scenario in which Tim1, a

recently identified asthma susceptibility gene in mice, may provide evidence

for a role of hepatitis A virus (HAV) and protection from allergic manifestations

in humans. The gene product of Timl has been shown to regulate Th2 cell

development and AHR in mice (Mclntire, Umetsu et al. 2001) with

polymorphisms in liml associated with varying development of AHR. The

human homologue of riml encodes for the receptor HAV. Thus, interaction of

HAV with its receptor (huTiml) may directly modify the Th2 cell pool, inhibiting

excessive Th2 cellular development and proliferation and prevent the

development of allergic asthma (Umetsu, Mclntire et al.2002).

A single nucleotide polymorphism (SNP) in the CD14 promoter region, C-

159T, associated with increased soluble CD14 (scD1a) and decreased total

serum lgE (Baldini, Lohman et al. 1999; Hubacek, Rothe et al. lggg), was
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initially proposed as an LPS-related mechanism regulating lgE levels and

subsequent allergen sensitisation. However, elevated sCD14 has also been

observed in the BAL fluid of asthmatic patients (Vercelli, Baldini et al. 2001)

possibly enhancing allergic inflammation (Kusunoki, Nakahata et al. 2002).

Thus, the complex interactions between CD14, LPS and lgE, although

unresolved, highlight another gene-environment interaction, which may

regulate allergic reactivity.

Finally, children born and raised on a farm have been reported to develop

fewer allergies than non-farm dwelling children (described in more detail

below). The protective effect of farm lifestyles, however, is only observed in

children with a T allele for TLR2/-16934, with those children homozygous for

the A allele displaying similar levels of atopy and allergic responsiveness as

non-farm dwelling children (Waser, Schierl et al. 2004). Thus, exposure to a

farm environment may modify an individual's genotype enough to alter their

susceptibility to allergies. These studies help to identify candidate genes for

allergy and the roles they play in the immunological development of allergic

inflammation.

Environmental Risk Factors
Environmental exposures or lifestyle changes, such as diet and nutrition, have

changed dramatically over the past several decades, with more processed

and sterile packaged foods available. Consequences of diet changes are vast.

The 'Barker hypothesis'- which associates foetal programming, particularly

undernourished development, with chronic diseases (Barker 1998) may

dissect the allergy epidemic. lndeed, children with lower birth weights and

smoking parents are at a greater risk of developing asthma (Magnus, Berg et

al. 1985). However, enhanced maternal nutrition has also been described as

a risk factor (Beasley, Crane et al. 2000). Thus nutritional status may only

bear relevance in combination with other risk factors such as sterile food use

and poor diets (Sears 1997).
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Atmospheric changes have also been profound. Assaulting the airways with

tobacco smoke during pregnancy or exposing infants to smoke increases

wheezing and bronchial hyperreactivity during childhood (Chilmonczyk,

Salmun et al. 1993; Stein, Holberg et al. 1999). Experimental systems

addressing smoke exposure have ascribed adjuvant-like properties to tobacco

smoke (Seymour, Pinkerton et al. 1997; Rumold, Jyrala et al.2001) and

diesel exhaust particles (Diaz-Sanchez, Tsien et al. 1997), enhancing

specific-lgE production. Reports of lower rates of asthma amongst smokers

(Beasley 1998) are most likely the "healthy smoker syndrome"- the tendency

of those with asthma not to smoke, rather than any actual protection from

allergy. Therefore, smoking and carbon-based air pollutants may certainly

exacerbate existing airway allergy but there is no evidence that smoking or

pollution creates new cases. lncreased allergen release from pollen grains

and longer-lasting pollen counts by some, but not all (Behrendt and Becker

2001), air pollutants may represent changes in the composition of allergens

encountered, resulting in increased exposure. However, air pollution can not

solely account for the rise in prevalence, as regions such as China and

Eastern Europe, where some of the highest levels of particulate matter and

SOz are found (Jones 1998), have lower allergy rates than less polluted

regions such as North America, New Zealand and the UK (Beasley 1998;

lSAACSubject 1998).

We are exposed to more indoor allergens, such as HDM and mould spores,

than in past decades, following the desire to insulate homes with wall-to-wall

carpeting and installing central heating systems. lncreased allergen exposure

during the pollen season or after thunderstorms (Jarvis and Burney 1998)

results in bouts of patients presenting allergy-related symptoms. However, the

annual pattern of allergen release, at least in Japan, has not changed

significantly (Sato, Nakazawa et al. 1997). More contentiously, pet ownership

has also increased (Custovic, Simpson et al. 2003), contributing to increased

allergen levels (Wahn, Lau et al. 1997). lnterestingly, pet ownership may pose

as a protective factor rather than a risk factor for some individuals. This will be

discussed below.
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Therefore, increased allergen exposure is unquestionably the biggest risk

factor faced for allergic patients, however the effects of increased exposure

on new allergy cases remains to be elucidated.

The paradoxical effect of dog and cat ownership (a major source of allergens

themselves) protecting from allergic diseases has been highlighted by

Thomas Platts-Mills and others (Platts-Mills 2002). Reports of exposure to

domestic cats and dogs during infancy (Hesselmar, Aberg et al. 1999; Roost,

Kunzli et al. 1999) and preteen years (Pezanowski, Ronmark et a1.2002)

providing protection from allergic diseases and allergen sensitisations

(Ownby, Johnson et al. 2002) added another dimension to the hygiene

hypothesis. lndividuals exposed to animals, whether farm animals or domestic

cats and dogs, are exposed to significantly more environmental endotoxins

(Platts-Mills 2002), suggesting that similar immunological mechanisms, such

as Th1 immune deviation, govern animal-exposed-protection from allergy.

However, the fact that cats and dogs are major sources of allergens, Fel d1,

and Can f1, respectively, suggests multifaceted mechanisms. lndeed, children

who did not respond to Fel d1, with skin prick tests had significant levels of

Fel d1-specifc-fgG4 (Platts-Mills, Vaughan et al. 2001) and lL-10 secretions

from peripheral T-cells (Reefer, Carneiro et al. 2004). As lgG4 production

requires lL-4, similar to lgE, the occurrence of lgG4 and lL-10 without lgE has

been described as a 'Modified Th2' response (Platts-Mills, Vaughan et al.

2001). Furthermore, exposure to cats can also prevent sensitisations to other

allergens such as dog allergens (Custovic, Simpson et al. 2003). Recent

studies have found further evidence of a modified Th2 response, with higher

lL-10 and lL-13 cytokine secretion profiles after 1 year, and reduced allergic

sensitization and atopic dermatitis in children exposed to dogs during the first

year of life (Gern, Reardon et a1.2004). Polymorphisms in genes encoding

CD14 were also observed in this study, however, which may have

confounding or additive protection from allergy when combined with dog

exposure. The 'Modified Th2 response' can conceivably provide protection

from allergic reactivity by competing for allergen binding, lgG4 vs. lgE of

similar specificities, and also by suppressing T-cell proliferation via lL-10,

however the exact mechanism is still unresolved.
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lntracellular bacterial infections and polarized rh1 immunity: chlamydia
some of the largest challenges encountered for the treatment and/or

vaccination against allergic disease is identifying those agents which may

induce an immunological response which could prevent &/or inhibit ongoing

allergic responses. one area of study which has been focused upon over the

last decade is the deviation of the allergic response away from a Th2 bias.

Apart from attempting to exploit different regulatory mechanisms as described

above, one major focus has been an attempt to enhance the Th1 arm of the

immune response in the hopes of deviating away from a Th2 allergic

response. Prior exposure to various agents which elicit a Th1 immune

response have been studied, particularly in the context of exposure to various

bacterial agents which a Th1-type response. ln our previous and ongoing

studies, one agent which has been a focus is that of chlamydia infection. The

development of an effective vaccine has been a long-term goal for controlling

diseases cause by Chlamydial infection including trachoma (blindness caused

by chlamydia trachomatis infection) as well as sexually transmitted

chlamydial infection and for preventing the sequelae of these diseases that

also include infertility and ectopic pregnancy. As a result of more intense

studies aimed towards new vaccine strategies against this intracellular

bacterial infection, much knowledge has emerged regarding this organism

and how the immune response against it could serye as a useful tool in re-

directing a Th2-biased immune response to allergen. Many vaccine-based

studies have been tested in order to understand this response, including, but

not limited to, immunization with whole organisms, membrane proteins, and

synthetic peptides. ln the following paragraphs, a more detailed description of

chlamydial immunobiology as well as the overall response, which makes it a
good tool to study the effect of previous bacterial infection on the impact of the

allergic response.

Recent immunoepidemiological studies of trachoma demonstrated the

extreme importance of cell-mediated immunity in human defence against

chlamydial infection. ln particular, Mabey and colleagues (Mabey and Bailey

1996, Bailey, 1995 #204, Holland, 1993 #205) found that patients with
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conjunctival scarring caused by trachoma had markedly depressed

lymphocyte proliferation to chlamydial antigens compared with control

individuals without scarring. lndividuals with trachoma more frequently had

chlamydial heat shock protein 60 (hsp60) antigen-specific lL-4 secreting

lymphocytes and less frequently had chlamydial major outer membrane

protein (MOMP) antigen-specific IFN-y-producing lymphocytes. Simitarty,

Bobo ef a/ (Bobo, Novak et al. 1996) reported that individuals with scarring

trachoma tended to have IFN-y and lL-12 gene transcripts less often than

non-scarred individuals. Moreover, they also reporled that the ocular

secretions of scarring trachoma individuals exhibited significant increases in

TGF-p, a cytokine known to shift the type of antigen-presenting cells and

results in T-helper 2 (Th2) polarized cD4 T cell responses (King, Davies et al.

1998). More recent animal experimental studies, especially those using gene

knockout mice, have focused on the (T helpertype 1)Th1-Th2 paradigm for

chlamydia immunity versus immunopathology. These studies confirm the role

of Th1-like CD4 T cells in protection against chlamydial infection.

Gene knockout mice represent the most popular and effective experimental

approach in studies of chlamydial immunobiology. The advantage of this

approach is that it allows direct examination of the role of a parlicular cell

population or molecule in a complex biological or physiological process.

studies using knockout mice demonstrated the predominant role of cD4*oB T

cells for host defence against chlamydial infection. Yang ef a/ (yang,

Hayglass et al. 1998) reported that r-cell-deficient mice, similar to T and B

cell (recombinase activating gene; RAGJ-)-deficient mice, had higher mortality

and chlamydial in vivo growth rates compared with wild-type control mice after

lung infection with chlamydia trachomatis mouse pneumonitis (chlamydia

muridarum). They also demonstrated impaired delayed{ype hypersensitivity

(DTH) and IFN-y production in oB T cell knockout mice. ln contrast, yö T ceil

knockout mice had intact DTH responses and their mortality and chlamydial

growth rates were comparable to those of wild{ype mice. This study

confirmed the finding by Perry et al (Perry, Feilzer et al. 1gg7) that showed

similar microbiological kinetics during genital infection in oB T cell knockout

and wild{ype mice although the results differed slightly from those of Williams
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ef a/ (williams, Grubbs et al. 1996), who showed transient higher chlamydial

growth in yõ T cell knockout mice in the early stages of infection. ln studies of

T cell subsets, Johansson ef a/ (Johansson, schon et al. 1gg7) reported that

CD4 for but CD8 knockout mice exhibited significantly higher chlamydial

shedding from the genital tract compared with wild-type control mice after

intravaginal infection with a human c. trachomafrs strain (serovar D). The

results suggested that cD4, but not cD8, T cells are critical for protection

against chlamydial genital tract infection. Moreover, Williams ef a/ (Williams,

Grubbs et al. 1997) found that the role of CD4* T cells in host defence against

chlamydial infection is one that can not be replaced by alternative

compensatory mechanisms. studies of B cell knockout mice have yielded

inconsistent results when the lung and genital infection models were

independently tested. Studies examining genital tract Chlamydia muridarum

infection using B cell knockout mice carried out by Su ef a/ (su, Feilzer et al.

1997) and Johansson ef a/ (Johansson, ward et al. 1gg7) failed to show any

protective role played by B cells. ln contrast, Yang and Brunham (yang and

Brunham 1998) reported significantly higher mortality and in vivo chlamydial

growth rates in B cell Ko mice compared with wild-type mice after chlamydia

muridarum lung infection. Moreover, the study by Yang and Brunham

suggested that B cells play a role in initiating T cell responses to chlamydial

infection.

cytokine Ko mice are also widely used in chlamydial research, and the

results have emphasized the imporlance of Th1-related cytokines in host

defence against chlamydial infection. Johansson ef a/ (Johansson, schon et

al. 1997) demonstrated that IFN-y Ko, but not lL-4 Ko, mice failed to resolve

c. trachomafis serovar D genital infection. They also found that lL-12 Ko and

IFN-y receptor (lFN-yR) Ko mice showed impaired clearance of genital

infection and that IFN-yR KO mice failed to resist re-infection after antibiotic

treatment-induced resolution of primary infection. cotter ef a/ (cotter,

Ramsey et al. 1997) found that IFN-y Ko mice vaginaily infected with

Ch I a myd i a m u rid a ru m suffered d isseminated ch lamydia I infection.

lL-6 is a cytokine that has drawn a great deal of attention in the field of host

defence, especially after Ramsay et a/ (Ramsay, Husband et ar. 1gg4)
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reported that lL-6 KO mice failed to produce secretory lgA after mucosal

immunization with recombinant virus. Studies carried out by Perry et al

(Perry, Feilzer et al. 1998), however, showed that lL-6 knockout mice had the

kinetics of chlamydial shedding and a course of infection similar to that of

wild-type mice. Serum and mucosal antibody production including mucosal

lgA in lL-6 KO mice was nearly identical to that of wild-type mice. Williams ef

a/ (Williams, Grubbs et al. 1998) demonstrated slightly different findings using

the lung infection model. They found significantly increased mortality and

increased chlamydial in vivo growth in lL-6 KO mice compared with wild{ype

control mice. lL-6 KO mice, however, eventually showed levels of cell-

mediated and antibody responses similar to those of wild-type mice.

Overall, it is obvious that infection with Chlamydia, both in mice and in

humans, yields a Th1-biased immune response. As mentioned above, the

mechanisms through which the immune response attempts to clear the

infection oppose those mechanisms exhibited by the Th2 bias of allergic

ainrøay inflammatory reactions to allergens. As the Hygiene Hypothesis

suggests, previous exposure to bacteria/bacterial products which elicit a Th1

type lmmune response may reduce and therefore influence the outcome to

allergens. using the outlined knowledge of the mechanisms initiated by an

intracellular bacterial infection such as Chlamydia in both human and animal

models, this may serve as a useful tool in order to deliver a Th1-inducing

infectious agent and a means to test the Hygiene Hypothesis at the

experimental level. Another prominent intracellular bacterial infection with

much epidemiological impact on the Hygiene Hypothesis, namely

Mycobacterium bovis BCG, is also considered below.

lntracellular bacterial infections and polarized Th1 immunity:
Mycobacteria
As mentioned above, immunoglobulin-E (lgE)-mediated allergic disorders, in

particular allergic asthma, are mediated primarily by Th2 lymphocytes. Th1

and rh2 cells are reciprocally regulate each other through the cytokines they

secrete. For example, IFN-y and lL-12 inhibit Th2 cells and lL-4 and lL-10

down-regulate the activity of rh1 cells (Romagnani 1994, Mocci, lggb).
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Association of allergic disorders with the Th2 cytokine patterns raises the

possibility to design prophylactic and therapeutic modalities in a way that

would promote a Th1 immune response and thereby down-regulate the Th2

immune response (Mocci and Coffman 1995, Holt, 1994). Humans are

initially exposed to environmental allergens during infancy or early childhood

and there is a growing consensus that high-level allergen exposure during the

first few months of life predisposes to allergic sensitization, which manifests in

later childhood as Th2 reactivity. Early childhood may be considered also as

an oppoftunity to regulate the development of normal anti-allergen immunity in

unsensitized children.

Mycobactenr.rm species, particularly bacilli Calmette-Guerin (BCG) used as a

vaccine to prevent human tuberculosis, are known to be potent inducers of

Th1 responses (Mosmann and Sad 1996, Del Prete, 1991). M. tuberculosis,

in particular, is a facultative intracellular pathogen that survives and grows

primarily within macrophages in the host. ln both mice and humans, the

immune response has difficulty eliminating a M. tuberculosis infection,

resulting ín the establishment of a latent infection in humans and a chronic

disease state in mice. Similar to other intracellular pathogens, immunity to M.

tuberculosis is cell-mediated. Murine studies using rn vivo antibody depletion,

gene-disrupted mice, or adoptive transfer indicate that CD4* T cells are key to

the control of infection. Mice with disruptions in the genes for Fz-

microglobulin, TAP, or CDB are more susceptible to M. tuberculosis than wild-

type mice, also implicating a role for CD8* T cells and the MHC Class I

pathway. Both CD4* and CD8* T cells have been shown to produce IFN-y

during an M. tuberculosis infection. ln experimental models, lL-12 has a

central role in regulating Th1 T cells production of IFN-y, and IFN-y is clearly

key in the activation of macrophages. These findings, along with the extreme

susceptibility of people and mice with disruptions in the IFN-y or p40 gene to

M. tuberculosrs infection, has led to proposed use of IFN-y as a correlate of

protection for new vaccines against tuberculosis.

With regards to the use of this knowledge of the immune response against

Mycobacteria, recent studies in mice have demonstrated that mycobacterial

infections (Herz, Gerhold et al. 1998, Tukenmez, 1999, Yang, 1999) prior to
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allergen sensitization inhibit Th2 immune responses to the allergen. These

studies concluded that this is predominantly due to the skewing of the immune

response away from afh2 allergic response to a more Th1 bias, and hence,

a less allergic reaction. Wang and Rook (Wang and Rook 1998) have also

reported that a single injection of killed Mycobacterium vaccae into allergen-

pre-sensitized mice suppressed serum lgE and allergen-specific lL-5

synthesis.

ln light of the outlined immune response induce by Mycobacteria infection as

well as the studies which have pioneered an insight into the effects of

previous inoculation with these bacteria on the outcome of the allergic

response in mouse models, further mechanistic studies are required in order

to examine how this inhibition of allergy as a result of infection occurs.

Specifically, in addition to Chlamydia infection, much knowledge has been

acquired regarding the immune response to a prominent intracellular bacterial

infection such as Mycobacteria for the purpose of vaccine studies. This same

information is useful in examining the effect of previous intracellular bacterial

infection on the outcome of a model of allergic airway inflammation. Both

Chlamydia and Mycobacteria could be used to investigate this question as

well as fudher deduction of particular cell types involved in the infection-

induced inhibition of allergic disease.

The lnfluence of lnfection on Allergic Disease
ln search of an environmental aetiology of the allergy epidemic, the decline in

common infectious diseases, highlighted by the inverse relationship between

the prevalence of infectious pathogens and that of allergic disease (Fig 1.1)

(Shirakawa, Enomoto et al. 1997; Matricardi and Bonini 2000; Matricardi and

Bonini 2000; Bach 2002) is one of the most attractive. Conceivably, if

changes in our lifestyle with the introduction of air pollutants, smoking,

changes in diet and increased allergen exposure may affect the incidence of

asthma, then the inverse is also plausible, namely the loss of other protective

environmental exposures.

It is generally thought that diseases reduce, rather than increase, our

reproductive fìtness. However, the hygiene hypothesis approaches this
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concept from the reverse, assessing our immunologically burdened past and

appraising the benefit rather than the burden of infection.

Hygiene Hypothesis

lncreased allergic diseases accompanied with reduced childhood infections

through vaccination programmes, antibiotic development and general

improved hygiene, contrast with a lower prevalence of allergic diseases in

areas where childhood infections are more common (strachan lg8g; wills-
Karp, santeliz et al. 2001; Yazdanbakhsh, Kremsner et ar.2oo2; Romagnani

2004). These observations helped shape the early hygiene hypothesis.

original observations almost 30 years ago, indicating that infections might
protect from allergy, set the stage for later studies (Gerrard, Geddes et al.

1976). Despite higher levels of serum lg1 (27s.a u/ml compared to g1 .3 u/mt)

with evidence of helminth, viral and bacterial infections, Métis residents of
saskatchewan, canada, had relatively fewer cases of asthma, eczema and

urticaria, compared to their relatively uninfected, causasian countrymen

(Gerrard, Geddes et al. 1976). Helminth infected populations in the Gambia

and Zimbabwe (formerly Rhodesia) with fewer allergies were reported during

the mid 1970's (Godfrey 1975), with self experimentation using hookworm

alleviating hay fever symptoms (Turton 1976). Thirteen years later, the
hygiene hypothesis was coined from observations made by strachan
(strachan 19Bg), relating large household sizes with reduced hay fever.

Strachan proposed that increased transmission of viral infections between

siblings could protect from the development of allergic rhinitis. lmmunological

interpretation of smaller family sizes and reduced bacterial and viral infection,

as impaired rh1 responses and thus impaired counter regulation of rh2- pro-

allergic responses, was the founding of the Th1-Th2 hygiene hypothesis

(Rook and Stanford 1998; Matricardi, Rosmini et al. 2000).

Although stimulating much new thinking on allergy, this position did not

account for the parallel increase in Th1-mediated autoimmune diseases
during a similar time frame (stene and Nafstad 2oo1; Bach zoo2) and even
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within the same individuals (Kero, Gissler et al. 2001; Simpson, Anderson et

al.2002). Moreover, in developed countries, Th2-inducing helminth infections

(such as Ascaris and the once ubiquitous pinworm) diminished in prevalence

alongside Mycobacterium tuberculosrs and other Th1-driving pathogens (Mao,

Sun et al. 2000; Gale 2002). lnterestingly, the paradox emerged that allergies

are less prevalent in helminth-infected populations, who show strong fh2
responses.

Newer studies, described below, imply that ongoing and chronic infections

may be as important as early-life immunological imprinting in determining the

mode of an immune response to allergenic substances. Furthermore, the

spotlight is moving firmly into infection per se, rather than the Th1- or Th2-

stimulating nature of different microbes, and the questions now centre more

on the generic response to infection rather than the consequence of any one

pathogen. ln these ways, the hygiene hypothesis has evolved and is often

discussed in the context of disordered immunoregulation, rather than a

dysfunctional Tfinh2 balance (Wills-Karp, Santeliz et al. 2001;

Yazdanbakhsh, van den Biggelaar et al. 2001; Gale 2002; Umetsu, Mclntire et

al. 2002; Yazdanbakhsh, Kremsner et al. 2002)

Whether the hygiene hypothesis is posed in its original (imprinting) or later

(regulatory) context, it has provoked a barrage of fascinating epidemiological

studies. Traditional lifestyles associated with farming (Von Ehrenstein, Von

Mutius et al. 2000; Leynaert, Neukirch et al. 2001; Riedler, Braun-Fahrlander

et a|.2001)or anthroposophic communities, where a diet rich in lactobacilli

and a limited use of antibiotics and vaccinations is common (Matricardi and

Bonini 2000) appear to be protected from allergies. More akin with the

developed world lifestyle, those attending childcare in early months of life
(Kramer, Heinrich et al. 1999; Ball, Castro-Rodriguez et a|.2000) or from

largerfamilies (Matricardi, Franzinelli et al. 1998; Cooper, Chico et a1.2004;

Stabell Benn, Wohlfahrt et al. 2004) also appear to be protected from

allergies. Presumably these lifestyles and environments provide an arena

where infections are transmitted more readily. lnfectious burden in the

developing world, due to problems of sanitation, access to clean drinking
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water, inadequate nutrition and crowding, where allergies are less common,

far out weigh that of the developed world, further suggest that infections may

be protective. lndeed, migrants from Albania with relatively high levels of
present or previous infection (covering Toxoplasma gondii, herpes simplex

virus, hepatitis A virus (HAV) and Helicobacter pylori) and low allergic

symptoms, manifest with time an íncreasing prevalence of sensitisation to

local allergens (Ventura, Munno et al. 2004).

Thus, rather ironically, the medical endeavour to eradicate may of these

infections and the lifestyle changes associated with more affluent living may

have left us at greater risk of developing allergic diseases. However,

'unhygienic' living is not a simple resolution to alleviate allergic diseases,

indeed, poor and unhygienic inner city dwellings have seen an increase in

severe asthma cases (Platts-Mills 1997). Therefore, an understanding of
specific bacterial, viral or helminth pathogens is required to piece together

how padicular pathogens and their products can protect us from ailergies.

Viral lnfections and Allergic disease
lmmune responses to viral infections characteristically involve NK cells, CDB*

T-cells and cD4* T-cells secreting IFN-y and lL-12 resulting in a polarised rh1
profile. As described above the counter-regulatory capacity of rh1 responses

can provide a possible mechanism of bacterial-induced protection and thus
presumably viral protection from allergic disease. However, viral infections in

relation to allergic disease, work both ways. Early childhood viral infections

increase wheezing and ainruay irritation with positive associations with the

development of allergic diseases, whereas later viral infections and positive

serology from prospective studies indicate a negative association with allergic

disease.

For example, children with evidence of respiratory infections, such respiratory

syncytial virus (RSV) infections, bronchitis, or pneumonia, during infancy were

found to have a higher risk of developing bronchial obstruction during the first

2 years of life and of having asthma at 4 years of age (Nafstad, Magnus et al.

2000; sigurs, Bjarnason et al. 2000). Prospective studies conducted in
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Australia (Ponsonby, couper et al. 1999) and Germany (llli, von Mutius et al.

2001) have also confirmed that respiratory tract infections during the first 6

weeks of life (llli, von Mutius et al.2001), or within the flrst year of life
(Ponsonby, Couper et al. 1999), increase the risk of asthma. The most

common form of virally-exacerbated asthma is caused by rhinovirus (RV).

Although these viruses can induce asthma like responses themselves, most

virally-related asthma symptoms are lost by the age of 13 (Herz, Lacy et al.

2000), suggesting that the viral-associated-asthmatic phenotype observed in

childhood, may not actually lead to asthma in the long run.

Experimental models, however, support an exacerbation of airway allergy

following viral infection; including increased allergen-specific lgE production

and AHR (Suzuki, Suzuki et al. 1998) and even anaphylactic shock

(o'Donnell and openshaw 1998) with influenza A virus or RSV infection

(Schwarze, Hamelmann et al. 1997; Barends, Boelen etal.2002).

Culley and colleagues (2002) have elegantly shown that the timing of RSV

infection in a juvenile mouse study can have significant effects on ainway

allergy, with later RSV infections inducing less viral-exacerbated-disease and

heightened IFN-y responses (Culley, Pollott et al.2002).

The inflammatory response and tissue damage incurred during early

respiratory viral infections may enhance allergen capture and sensitisation,

contributing to allergy exacerbations (Holt and sly 2002).ln addition, allergic

ainruay inflammation and viral respiratory infections both induce AHR

(Folkerts, Walzl et al. 2000) and may synergise to enhance AHR and

associated airuray conditions (Makela, Kanehiro et al. 2002).

An allergy-like phenotype following viral infection can also be replicated in

animal models. RSV and parainfluenza-3 (P13) virus infections can recruit

eosinophils and enhance lL-S secretions (schwaze, Hamelmann et al. 1997;

Harrison, Bonville et al. 1999; Scheerens, Folkerts et al. 1g9g; Schwaze,

Cieslewicz et al. 1999) and potentiate RANTES secretions from eosinophils

(Lacy, Mahmudi-Azer et al. 1999). lnfluenza A viral infection, with increased

IFN-y production, also enhanced ainruay inflammation by promoting both
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allergen-specific Th1 and Th2 responses, orchestrated, in part, by altered DC

function (Dahl, Dabbagh et al. 2004). Thus, it is clear that respiratory viral

infections can exacerbate ain¡ray allergy, through mechanical disruption,

exacerbatedlh2 cytokine secretions, DC manipulation and induction of AHR.

Evidence of gastrointestinal viral infections has, however, shown a stronger

negative association with allergic diseases. For example, fewer allergic

symptoms have been observed in Hepatitis A virus (HAV) seropositive ltalian

military students, compared to seronegative colleagues (Matricardi, Rosmini

et al. 1997). As described above, a role of HAV and protection from allergic

manifestations in humans is emerging with interaction of HAV with its receptor

(huTiml) potentially modifying the Th2 cell pool and preventing the

development of asthma (Umetsu, Mclntire et al. 2002). Recent studies of

German and Spanish students found an inverse association between

Hepatitis B virus (HBV) seropositivity and the development of allergic rhinitis,

however in this study no association was seen with Hepatitis A, H. pylori or

herpes simplex virus-1 (Uter, Stock et al. 2003).

HIV-1 infection and the effects on allergic disease outcome are varied. lt has

recently been proposed that HIV-1 shed 9p120 virions are allergenic (Becker

2004) and can induce lL-4, Th2 cell differentiation and lgE production.

Furthermore, a deviated Th2 response can signifìcantly limit the induction of

Th1 cells and cytotoxic T cell (CTL) responses following anti-viral treatment.

However, hypersensitivities to anti-viral drugs are more commonly discussed

in HIV infected patients (Carr, Cooper et al. 1991; Dikeacou, Katsambas et al.

1993; Marshall 1999; Montero Mora, Suarez Nunez et al. 2004), with multiple

drug sensitivities reported.

ln conclusion, the association between viral infections and the development of

asthma and allergic diseases is highly variable. Genotypic differences, viral

species variation, timing of infection and the final infection niche are just some

of the parameters to consider. Tacking a course through the sea of

epidemiological and experimental literature has uncovered contradictions and

diverging mechanistic explanations. However, despite the differences, there
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still appears to be evidence for protective viral pathogens or particles in

relation to allergic diseases.

The exact pathogens and mechanisms remain unresolved, with some of the

strongest possibilities to date discussed above. Future studies require

prospective, long-term birth cohort studies, taking into account immunological

profiling combined with diagnostic methods capable of detecting all common

viral infections (de Kluijver, Evertse et al. 2003; Zambrano, Carper et al. 2003;

Murray, Simpson et al.2004).

Helminth lnfections and Allergic disease: modified Th2, lL-10 & lgG4
While the suppressive influence of mycobacteria, for example, has been well

established in animal models of Th2{ype allergic lung inflammation (Erb,

Holloway et al. 1998; Wang and Rook 1998; Yang, Wang et al. 1999;

Hopfenspirger, Parr et al. 2001; Zuany-Amorim, Manlius et al. 2002; Zuany-

Amorim, Sawicka et al. 2002) studies on helminth parasites at this level have

only recently been initiated. Nevertheless, recent data now provide

experimental evidence for mitigation of allergic outcomes by helminth

infections.

Among the first reports, Wang ef a/ (Wang, Nolan et al. 2001) infected mice

with two doses of the human parasite Strongyloides stercoralrs, which

produces a short-lived tissue infection. Mice sensitized to ovalbumin (OVA)

shortly after the second infection showed greatly reduced allergen-specific lgE

production. At the effector level, asthma-like responses can be measured in

terms of cytokine secretion and leukocyte exodus into the bronchoalveolar

lavage fluid (BALF) following intratracheal challenge with specific allergen. S.

stercoralis infected mice showed reduced eotaxin secretion, but no overall

change in pulmonary eosinophilia or the local recruitment of other

lymphocytes in the BAL fluid.

Because S. stercoralis introduces an abortive and highly immunogenic

infective episode, its effects may be less far-reaching than a long-lived chronic
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infection; nevertheless these data show significant inhibition on components

of both the sensitisation (lgE) and effector (eotaxin) phases.

Bashir ef a/ (Bashir, Andersen et a\.2002) showed that allergic responses to a

food allergen (from peanut) is down-modulated by infection with the

gastrointestinal nematode Heligmosomoides polygyrus; both allergen-specific

lgE and lL-13 were inhibited, but the whole effect was reversed in animals

given anti-lL-10. This implicates a suppressive mechanism involving an

immunoregulatory pathway. These results indicate ablation of both

sensitisation and effector mechanisms. As discussed above, lL-13 is a crucial

initiator of allergic responses in mice including ain,rrray mucus production, and

lL-10 is pivotal in its inhibitory effects in experimental allergy.

Most recently, Wohlleben and colleagues (Wohlleben, Trujillo et al. 2004)

showed that ainruay allergy, including ainrray eosinophilia, eotaxin levels and

OVA-specific lgE and lgGl in BALF, was suppressed with chronic (4 week

and B week pre-challenge) but not acute (1 week and 2 week pre-challenge)

Nippostrongylus brasiliensis infections, pre OVA challenge. This effect was

attributed to lL-10, with increased CD4* lL-10* T-cells in BAL fluid of

chronically infected OVA-challenged mice. lL-10 deficient animals showed no

signs of protection with infection. This is the first experimental study to support

a regulatory mechanism generated during helminth infection, with the capacity

to down regulate ainr,uay allergy.

one study has gone so far as to demonstrate that helminth products can

modulate allergic disease, without the presence of live infection. lnhibition of

lung inflammation and hyper-responsiveness was observed following Ascars

suum extract implants (Lima, Perini et al. 2002). Suppressed lL-4, lL-5 and

Eotaxin in the BALF may help to explain such an inhibitory effect, however

lgE and lgG levels were also significantly decreased in both serum and BALF.

Such experiments promise to quickly elucidate candidate modulators with

potential to dampen allergies in vivo.

lmportantly, not all experimental helminth infections modulate allergic disease.

under conditions of existing elevated lL-4 and lL-5 and consequent lgE and
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localised eosinophilia, an incoming wave of helminth larvae migrating through

the respiratory system may exacerbate ain¡vay hyperresponsiveness (Silveira,

Nunes et al. 2002; Negrao-Correa, Silveira et al. 2003). As with the human

situation, a key distinction may lie between acute and chronic helminth

infections, and the extent to which the allergic state pre-exists at the time of

parasite invasion.

The 'modified Th2' response is associated with elevated lL-10 and lgG4

responses and could be regarded as a form of tolerance (Platts-Mills,

Vaughan et al. 2001). Chronic parasite diseases such as Bancroftian

(Hussain, Poindexter et al. 1992) and Brugian (Kurniawan, Yazdanbakhsh et

al. f 993) filariasis, display a similar modified Th2 response. ln these

infections, extremely high levels of lgG4 predominate, a curious feature as

this isotype of antibody is poorly cytophilic and is not associated with any

effector responses. Moreover, filarial antigen-specific lgG4 has been shown

to block lgE reactivity in vitro (Hussain, Poindexter et al. 1992).

The lL-1O-regulated dichotomy between lgE and lgG4 production (Jeannin,

Lecoanet et al. 1998) would, if replicated in a helminth infection, provide a link

between the cellular and humoral mechanisms involved in chronic infection

and allergy. Evidence that this may indeed be the case comes from recent

studies in Ecuador in which children seropositive for lgG4 to Ascaris had a

lower frequency of atopy to common allergens than those who were lgG4-

negative (Cooper, Chico et al. 2003). lnterestingly, in this study high total lgE

was independently associated with protection from allergy, emphasising that

multiple mechanisms of mitigating atopy may be at play.

One of the most direct models to explain helminth down-regulation of allergic

responses is that infection results in both parasite-antigen-specific lgE, and

very high levels of polyclonal lgE. The resulting elevation in total serum lgE

would either, or both, dilute out allergen-specific lgE and saturate the FceRl

receptors on mast cells and basophils (Lynch, Goldblatt et al. 1999). For

example, non-allergic children in Venezuela with high rates of helminth

infection showed the highest levels of polyclonal lgE and relatively low levels

of either parasite- or environmental allergen-specific lgE (Hagel, Lynch et al.
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1993; Lynch, Hagel et al. 1gg3). Many other studies, however, do not

reproduce these findings; for example, in the Gabonese study described

earlier, there were no differences in polyclonal lgE levels between atopic and

non-atopic s. haematobium-inrected individuals (van den Biggelaar, van Ree

et al. 2000). An important caveat is that the regulation of FceRl receptor

expression, and the absolute number of mast cells, are both influenced by lgE

concentration (Kawakami and Galli 2002), calling into question whether mast

cell FceRl receptors on a systemic level can reach saturation even in

individuals producing high levels of lgE. Furthermore, allergic ainruay

hyperreactivity is intact in mice carrying a null mutation of ce and are thus

unable to produce lgE (Mehlhop, van de Rijn et al. 1gg7). A more general

reservation is that regulation via saturation of FceRl would operate only in
allergy and could not explain how, for example, autoimmune reactivities are

also down-regulated in parasite infection.

ln a recent review of parasite-allergy interactions, yazdanbakhsh and

colleagues temptingly speculate, that a cross sensitisation may occur during

chronic helminth infections, whereby sensitisation to parasites may induce

clinically irrelevant cross-reaction to house dust mites, in a similar manner to

cross-sensitisation between pollen and foods (Yazdanbakhsh, Kremsner et al.

2002). However this requires much work to identify potential cross-reactive

epitopes within parasite antigens and allergens.

T Regulatory cells and alteration of allergic diseases
A model has been proposed that the increasing level of overt allergy is linked

to under-development of general down-regulatory controls of the immune

system, such as the regulatory T cell population (wills-Karp, santeliz et al.

2001; Yazdanbakhsh, van den Biggelaar et al. 2001; Herrick and Bottomly

2003). This revised hygiene hypothesis postulates that the protective effect

observed with infections may be attributed to appropriate development or
education of the immune system, arguably under the conditions for which it
has optimally evolved. This hypothesis also takes into account the parallel
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increase in autoimmune diseases, as a common consequence of an ill-
balanced immune system and deficient regulatory population.

several phenotypes of rreg cells have been described, based on their mode

of action, generation, phenotype, function, location, surface receptor

expression and antigen specificity (Battaglia, Blazar et al.2002). Beyond Th1

vs. Th2 antagonism, a unifying feature of Treg phenotypes; (CD4*CD2S*,

CD4SRB|o CD4. (CD25*Ê), T regulatory 1 (Tr1), Th3, CDB* T-reg, TCR yô*T

cells, NKT cells) is their ability to regulate the magnitude of immune

responses. ln one form 'natural' Treg (CD4.CD2S*) are induced before

leaving the thymus and mature as essential components of the peripheral

immune response, without which various spontaneous organ-specific

autoimmune diseases ensue (Sakaguchi, Sakaguchi et al. 200f ). ln other

guíses, they mediate tolerance to extraneous specificities derived from

commensal gut flora as well as food antigens.

Whether natural Treg cells are expanded or stimulated during infection or

whether DCs or microbial products convert peripheral rhO cells into Treg

functioning cells is unknown. coherence is emerging, with three commonly

studied and described rreg phenotypes; Natural- cD4*cD25* regulating self

reactive T-cells in the periphery; Th3 cells, activated in the mucosal surface of

the gut and secreting lL-10 and rGF-p and finally; lL-10 secreting Tr1 cells.

Evidence is accumulating to support the peripheral development of Treg cells

similar to those of natural, thymic emigrant Treg cells (Apostolou, sarukhan et

al. 2002: Belkaid, Piccirillo et al. 2002; McGuirk, McCann et al. 2002). Treg

function is associated with lL-10, TGF-B and CTLA-4. Whether these

molecules are required for the generation of T-reg cells or simply involved in

their function is not yet fully understood. Additional markers such as the

surface receptors CD25 (lL-2Ro) and GITR, as well as the transcription factor

Foxp3 (Fontenot, Gavin et al. 2003; Khattri, cox et al. 2003) are now availabre

to chart the development and activity of this cell population. Foxp3 may be a

critical component of Treg cell differentiation, as its mutation or genetic

dysfunction results in several autoimmune disorders in humans (IpÐIXLAAD

syndrome) and mice (Sculy)(Kasprowicz, Smallwood et al. 2003).

46



Furthermore, over expression of Foxp3 induces a Treg phenotype from cells

that did not express a Treg phenotype capable of inhibiting autoimmune

disease (Fontenot, Gavin et al. 2003; Hori, Nomura et al. 2003; Khattri, Cox et

a1.2003).

There is growing support for regulatory models of allergy, in which some form

of T'."n population is at the centre of an anti-inflammatory network (Wills-Karp,

Santeliz et al. 2001; Akbari, Freeman et al. 2002; Bach 2002; Herrick and

Bottomly 2003; Umetsu, Akbari et al. 2003), with particularly strong evidence

that ï cells transfected with lL-10 or TGF-P, to confer regulatory function

(Hansen, Mclntire et al. 2000; Oh, Seroogy et al. 2002), can prevent allergic

ainruay inflammation or autoimmune disease models (Kohm, carpentier et al.

2002). Treg cells can suppress both Th1 (Kohm, Carpentier et al. 2002) and

Th2 (cottrez, Hurst et al. 2000) effector responses. However, cells with rreg
markers from allergic patients show a deficiency in the ability to suppress

effector responses (Bellinghausen, Klostermann et al. 2003; cavani, Nasorri

et al. 2003; Akdis, Verhagen et al. 2004; Grindebacke, Wing et al. 2004; Ling,

Smith et al. 2004). This deficiency in Treg function and lack of control with

respect to pro-allergic-Th2 responses, may be an important finding in relation

to increasing allergies.

strong evidence of rreg cells in allergy, derive from allergen-specific

immunotherapy (slr). successful slr for bee (Muller, Akdis et al. 1998) and

wasp venom allergy (Pierkes, Bellinghausen et al. 1999) often results in T-cell

hyporesponsiveness to allergen stimulation, accompanied with enhanced lL-

10 secretions. lL-10 and rGF-p production appear to be essential

components of successful treatment in humans (Akdis and Blaser 1g99;

Bellinghausen, Knop et a|.2001) and mice (Hall, Houghton et a|.2003;
Vissers, van Esch et al. 2004). High dose Der p1 immunotherapy induced

significant reductions of Der p1 specific ll-s, lL-13 and IFN-y from T-cells with

a paralleled increase in cD4*cD25* derived lL-10 and rGF-Þ. Furthermore,

Treg cells isolated following slr have shown classical suppression of

allergen-responsive effector T-cells in vitro (Jutel, Akdis et al. 2003). slr is

also associated with an increase in lgG4 with a decrease in lgE production
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(Pierkes, Bellinghausen et al. 1999; van Neerven, Wikborg et al. 1999)

comparable to a 'modified Th2' response described with natural exposure to

high levels of cat or dog allergen. lL-10 treatment of B-cells from individuals

hyperimmune to phospholipase A, increases phospholipase A-specific lgG4

responses and decreases lgE levels (Muller, Akdis et al. 1998), supporting the

work of Jeannin (Jeannin, Lecoanet et al. 1998), with lL-10 promoting lgG4

and suppressing lgE (Punnonen, de Waal Malefyt et al. 1993).

Animal studies have identified Treg cells in allergic ainruay inflammation

(Hadeiba and Locksley 2003; Jaffar, Sivakuru et al. 2004) and allowed the

dissection of possible roles Treg cells may play. Using monoclonal

populations of HA-specific-B cells and OVA-specific T-cells, de Lafaille (de

Lafaille, Muriglan et al. 2001) showed that a single immunisation with a cross-

linked OVA-HA antigen induced a hyper lgE state, which could be prevented

with the infusion of Treg cells.

CTLA-4 is actively involved in down-regulating T cell activation and

maintaining lymphocyte homeostasis and has been associated with Treg

function (Vasu, Prabhakar et al. 2004). Blocking CTLA-4 in vivo, with several

injections of anti-CTLA-4 mAb, Hellings and colleagues (Hellings,

Vandenberghe et al. 2002), were able to show an exacerbated allergy

phenotype, suggesting that Tregs use CTLA-4 to regulate airway allergy.

OVA-specific Tr1 cells can suppress Th2 cell proliferation and cytokine

secretion (Cottrez, Hurst et al. 2000). Akbari and colleagues (Akbari, Freeman

et al. 2002) demonstrated that mature pulmonary DC's exposed to allergen

can induce lL-10 secreting Tr1 cells, which can significantly suppress

allergen-induced ainruay reactivity. Recent studies from this group have

further identified that Tr cells, derived from nalVe CD4*CD25- T-cells, which

express Foxp3* and lL-10*T-cells, can inhibit AHR.

lnterestingly, these Treg cells cells also expressed Tbet and lFN1, indicating

that they are either related to, or contain contaminant, Th1 cells (Stock, Akbari

et al. 2004). The dependence of ICOS ligation in Treg cell activity has also

been demonstrated in a murine model of diabetes, with blockade of ICOS
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progressing insulitis to diabetes (Herman, Freeman et al. 2004). Disease

progression was associated with a shift in the balance between Treg and r-
effector cells.

ln summary, a deficiency of Treg cells, or Treg cell function and development,

is a feature of human allergy and has been confirmed in experimental

settings. Moreover, allergy can be suppressed, through restoration of the Treg

compartment, through successful immunotherapy in humans or adoptive

transfer experiments in animal model systems.

Bacterial infections and Allergic disease
Bacteria and bacterial products have received much attention for their allergy-

preventing effects, presumably due to the wealth of stimuli for the developing

immune system and our close association with commensal gut flora. A further

extension of the hygiene hypothesis indicated that antibiotic 'over-use' has

resulted in a general reduction of bacterial colonisation and bacterial turnover

rate, conditions observed in developed countries, and may have removed the

beneficial effects of these 'old bacterial friends'(Rook and stanford lgg8;

Bjorksten, sepp et al. 2001). lndeed, a positive correlation with increased

antibiotic use and allergic reactivity can be observed, at the epidemiological

level (Farooqi and Hopkin 1998; Wickens, Pearce et al. 1999).

Approximately a third of the developing world carry Mycobacterium

tuberculosis, however 90-95% do not develop disease, presumabry due to

efficient anti-bacterial responses of a Th1 nature (Rook and stanford lggg).

Japanese school children have indeed shown an inverse association between

reactivity to tuberculin and allergic responsiveness, with greater Th1:Th2

cytokine ratios (shirakawa, Enomoto et al. 1gg7). vaccinations with Bacilli

calmette-Guérin (BCG), resulting in tuberculin conversion, reduces allergic

symptoms in atopic individuals (Shirakawa, Enomoto et al. 1g97) and

significantly reduces the development of allergic diseases (Romagnani 2oo4).

However, several studies contest the allergy-protecting nature of BCG
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vaccination, indicating that vaccination per se does not prevent the

development of allergy and asthma (Alm, Lilja et al. 1998).

Bjorksten proposed that bacteria colonising the gastrointestinal tract provide

persistent pressure on the developing immune system, in a manner protective

to the host (Bjorksten, Sepp et a|.2001). A model involving the mucosal

associated lymphoid tissue (MALT) network linking the gastric MALT (GALT)

and bronchial MALT (BALT) allowing T cells to migrate between the two

MALT sites, has been proposed.

Prospective studies found atopic patients had lower Bifidobacterium

colonisation relative to allergy-free patients (Watanabe, Narisawa et al. 2003).

Other colonising bacteria, however, measured by seropositivity were

associated with a higher prevalence of allergic disease (Linneberg,

Ostergaard et al. 2003), suggesting that only specific bacterial exposures

harbour anti-allergy properties with the balance of protective:pathogenic

explaining the variable epidemiological data. Attempts to restore or modulate

bacteria colonisation with probiotics have uncovered some encouraging

results with reduced allergic symptoms following lyophilised Bifidobacteria

treatment (Hattori, Yamamoto et al. 2003) and Lactobacillus ingestion

(Kalliomaki, Salminen et al. 2001), presumably shifting the balance towards

the protective species.

Endotoxins, such as lipopolysacharides (LPS) comprised of an antigenic O-

specific side chain, a core oligosacharide and a toxic lipid component, are

derived from the outer-membrane of Gram-negative bacteria and are a major

source of bacterial stimulus. Lower levels of endotoxin exposure, resulting in

reduced IFN-y secretions from peripheral T-cells, have been associated with

increased skin reactivity to house dust mite (Gereda, Leung et al. 2000) and

Alternaria, a common fungal allergen in Arizona (Martinez and Holt 1999).

Endotoxin levels in unpasteurised milk and exposure patterns of pregnant

mothers and newborns may be responsible for the observed protection from

allergy seen in children raised on farms (Leynaert, Neukirch et al. 2001;

Waser, Schierl et al. 2004).
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Endotoxins can trigger significant lL-12 secretions from DC's and Th2 cells,

upon ligation with its receptor, CD14 (Triantafilou and Triantafilou 2002). As

described earlier, the potential gene-environment interactions with LPS and

CD14, extend the protective effect of LPS exposure. Furthermore, it was also

reported that BCG vaccination early in infancy might prevent the development

of atopy ín African children (Aaby, Shaheen et al. 2000). A multicentre study

including 23 countries in Europe as well as the USA, Canada, Australia, and

New Zealand demonstrated that the increase in the tuberculosis notification

rates was significantly inversely associated with the prevalence of wheezing,

asthma or allergic rhinoconjunctivitis (von Mutius, Pearce et al. 2000). A
lower prevalence of asthma was also found in Finnish women who had

tuberculosis before the age of 20 (von Hertzen, Klaukka et al. 1999). Taken

together, these findings suggest that the exposure to live mycobacteria helps

in reducing the risk of developing allergic disorders. However, susceptibility to

mycobacterial disease or atopy may be mutually exclusive. The finding that

asthmatic BCG-vaccinated children developed smaller BCG scars or weaker

tuberculin reactions compared to nonasthmatics (Sarinho, Schor et al. 2000)

supports this view. Furthermore, other studies have found no protective effect

of BCG vaccination on the development of allergic disorders (Alm, Lilja et al.

1997), (Yilmaz, Bingol et al. 2000), (Omenaas, Jentoft et al. 2000), (Wong,

Hui et al. 2001), (Anderson, Poloniecki et al. 2001), (Jang and Son 2002),

(Jentoft, Omenaas et al. 2002). Differences in the BCG strain and doses

used for vaccination may account for the conflicting results as they exhibit

variable immunogenic properties.

Model Systems of Bacterial lnfection and Allergic Airway lnflammation
Model systems offer great opportunities to dissect the interplay between

pathogens and allergic disease. These data focus on experimental models

addressing the question if infections with bacteria or the exposure to bacterial

products can inhibit the development of atopic disorders and the possible

mechanisms mediating this effect.

Many experimental models have investigated the effect of mycobacterial

infection and the subsequent development of allergic disorders. one of the

hallmarks of infections with mycobacteria (in particular Mycobacterium
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tuberculosis and Mycobacterium bovis) is the induction of profound Th1

responses, with high levels of IFN-y secreted predominantly by CD4* T cells.

As IFN-y has been shown to have inhibitory effects on Th2 responses, many

authors have speculated that infections with mycobacteria may protect

humans from developing allergies.

ln contrast to epidemiological studies, animal experiments and various models

have shown more conclusive results and further support for the inverse

relationship between the exposure to infection and subsequent reduction in

the allergic phenotype, especially with respect to the influence of

mycobacterial infection on the development of atopy. Additionally, Nahori et

al and Hunt el al demonstrated the protective effects of Mycobacterium bovis

BCG or Mycobacterium vaccae, respectively, on the development of allergic

inflammation in addition to bronchial hyperrresponsiveness (BHR). Mice

vaccinated as newborns did not develpop BHR or bronchial hypereosinophilia

(Nahori, Lagranderie et al.2001, Hunt,2005). As well, increased levels of

IFN-y after in vitro stimulation of tracheo-bronchial lymph node cells

accompanied this blockade of BHR. Mycobacterium vaccaq a rapid-growing

soil organism, was shown by Wang and Rook (Wang and Rook 1998) to

inhibit not only the production of allergen-specific lgE but also OVA-induced

lL-5 production by spleen cells (Wang and Rook 1998) Numerous studies

have also demonstrated that infection with live BCG prevents airurray

eosinophilia, the development of ainruay hyper-reactivity (AHR) and induces a

partial reduction of allergen-specific lgE/lgG1 serum antibodies in the models

of both ovalbumin (OVA)-|nduced allergic disease in mice, rats and guinea

pigs (Yang, Fan et al.2002), (Erb, Holloway et al. 1998), (Koh, Choi et al.

2001 ), (Su, Peng et al. 2001 ), (Hopfenspirger, Parr et al. 2001). A reduction

in the levels of fh2 cytokines detected in draining lymph node and spleen cell

cultures or bronchoalveolar lavages (BAL) is frequently associated with these

findings. lnterestingly, it appears that bacteria do not necessarily have to be

live to prevent allergic responses, as killed BCG also showed a protective

effect (Major, Wohlleben et al. 2002). Nahori et al reported that even in

newborn Th2-susceptible hyper-lgE BP2 mice, vaccination with live BCG 16

weeks prior to OVA challenge inhibited the bronchial hypereosinophilia and
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AHR and reduced lgE levels (Nahori, Lagranderie et al. 2001). Other studies

have also shown decreased levels of total serum lgE in Th2-predisposed

brown Nonruay rats treated with live BCG simultaneously with OVA

sensitization, although there was no difference in the pulmonary eosinophilia

in comparison to non-treated OVA-immunized rats (Hylkema, Timens et al.

2002). The results obtained using OVA as the model allergen have been

more recently confirmed using the mite allergen Dermatophagoides

pteronyssinus group 2 (Der p2) in mice. A subcutaneous injection of live BCG

down-regulated lgGl levels in the serum and decreased ainruay inflammation

in animals sensitized with Der p2 (Tsai, Liu et al. 2002).

These observations raise the question: do bacteria and their products protect

from allergy by simply deviating responses towards a Th1 nature?

Bacterial products harbour some of the most potent Th1-inducing

immunogens, acting via TLRs on DC's (Matricardi and Bonini 2000; Akdis,

Kussebi et al. 2003). Such bacterial encounter during allergen sensitisation

and T-cell priming may be enough to deviate responses away from a pro-

allergic Th2 response (Matricardi and Bonini 2000). Active bacterial infections

with Mycobacterium (Yang, Wang et al. 1999; Walzl, Humphreys et al. 2003),

Chlamydia muridarum (Bilenki, Wang et a|.2002) or Mycoplasm pneumoniae

(Chu, Honour et al. 2003), inducing a systemic Th1 response prior to allergen

sensitisation, reduce subsequent allergic ainvay inflammation in animal

models, suggesting that an 'educated'or polarised immune response protects

from allergy. Supporting this notion, crude endotoxin or LPS (Tulic, Knight et

al.2001; Gerhold, Blumchen et al. 2002), bacterial DNA containing many CpG

motifs (Kim, Kwon et al. 2004) or a bacterial-derived lipopeptide exposure,

prevented subsequent sensitisations (Tulic, Wale et al. 2000), lgE responses

and airway eosinophilia (Erb, Holloway et al. 1998; Hopfenspirger and

Agrawal 2002). Similarly, the inhibition of ainruay allergy has been observed

following treatment with killed Listeria monocytogenes, M. vaccae or

Lactobacillus plantarum, implying that live bacteria and active infections are

not necessary, but rather signature molecules or potent Th1 inducing agents

are sufficient (Wang and Rook 1998; Herz, Lacy et al. 2000; Zuany-Amorim,

Manlius et a|.2002). Animal studies have conclusively shown that in wild type,
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but not IFN-y receptor deficient mice, Th1 clones can suppress Th2 clones

when co-transferred, inhibiting ainruay eosinophilia upon ainruay challenge

(Cohn, Homer et al. 1999). Presumably, bacterial infections may protect from

allergy in a similar manner, by deviating immune responses towards a Th1

profile, fitting with the original hygiene hypothesis.

Bacterial infections, however, invoke more than an anti-bacterial Th1

response. An anti-inflammatory, regulatory response is also induced, with the

capacity to regulate allergic reactivity. Treatment of mice with SRP299, a

killed Mycobacterium yaccae-suspension, induced allergen-specific

CD4*CD45RB|o* regulatory T cells (Treg), capable of protecting recipient mice

from allergen provoked ainruay inflammation, in an lL-10 and TGF-P

dependent manner (Zuany-Amorim, Sawicka et al. 2002)'

ln addition to animal models that test the effects of previous mycobacterial

infections on allergen reactivity, other bacterial species have also been shown

to suppress the development of allergic responses. For example, infection

with Lrsferia monocytogenes can suppress OVA-induced Th2 responses

(Mizuki, Miura et al. 2001). This Gram-positive, facultative intracellular

bacterium has the capacity to escape from the phagosome/endosome and

replicate in the cytoplasm. This leads to the processing of listerial antigens

through the MHC Class I pathway and the stimulation of specific CD8* T cells.

ln addition, Listeria also induces lL-12 production by macrophages.

lnterestingly, heat-killed Listeria monocytogenes (HKL) as an adjuvant can

also inhibit the development of Th2 immune responses (Yeung, Gieni et al.

1998). This effect is dependent on lL-12. Hansen et al also showed that one

subcutaneous application of HKL within the OVA-immunization period

prevented the development of AHR in BALB/c mice and significantly reduced

the airway hypereosinophilia and the mucus production (Hansen, Yeung et al.

2000). These findings were associated with a significant decrease in OVA-

specific lgE and enhanced levels of OVA-specific lgG2a in serum. Lung

lymph node cells taken from OVA-immunized mice injected with HKL also

showed a reduced OVA-specific lL-4 production and greatly enhanced levels

of OVA-specific IFN-y after in vifro stimulation (Hansen, Yeung et al. 2000).
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Neutralization of lL-12 or depletion of CDB* T cells with specific monoclonal

antibodies restored OVA-induced AHR in the HKl-treated mice, suggesting

that HKL induced a protective Th1 response. This is supported by increased

lL-18 mRNA expression in popliteal LN cells. Taken together, these results

suggest that live or HKL inhibit the development of allergic responses in mice

by inducing the production of lL-12llL-18 leading to the generation of CD8* T

cells secreting IFN-y.

ln addition to Listeria, other prominent intracellular bacterial infection models

have been demonstrated an inhibitory effect on allergen-induced allergic

responses. Of note, to further examine the hygiene hypothesis, our group has

previously shown that Chlamydia trachomatis mouse pneumonitis (Chlamydia

muridarum), which normally causes murine respiratory tract infection and

predominantly induces Th1-like responses IFN-y/lL-12 production in C57BL/6

mice (Yang, HayGlass et al. 1996, Yang, 1998, Yang, 1993, Bilenki, 2002),

can reduce airway inflammation. The results in our study showed that, in

comparison with those mice treated with ragweed (RW) alone, a common

human allergen which afflicts many seasonally allergic individuals, Chlamydia

muridarum-infected, RW-treated mice showed significantly lower levels of

RW-driven lL-4, ll-s, lL-10, lL-13, and eotaxin production and higher levels of

IFN-y/lL-12 production. Both bronchial mucus production and pulmonary

eosinophilic infiltration, which were evident in mice with solely RW

sensitization/challenge, were dramatically decreased in mice with previous

Chlamydia muridarum infection. Surprisingly, the levels of serum total lgE

were increased following RW sensitization/challenge in the mice with previous

chlamydia muridarum infection. Together, our previous data also provide

evidence for the ability of another prominent intracellular bacterium, C.

muridarum to abrogate the allergic airuuay inflammation induced by a natural

common allergen, ragweed.

Not only intracellular bacteria, such as mycobacteria, Listeria and chlamydia,

mediate suppressive effects on allergic Th2 responses, probiotic bacteria

have also been associated with the improvement of atopic diseases.

Probiotics are cultures of bacteria derived from the commensal gut microflora.

They have been shown to have several effects on the immune system, which
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could potentially promote anti-allergic responses. Some of these bacteria are

potent inductors of lL-12, promoting the generation of Th1 responses, which

in turn down-regulate Th2 cell development (Murosaki, Yamamoto et al.

1998). ln addition, they induce the production of TGF-p, an anti-inflammatory

cytokine which plays a role in the effector functions of Tr cells and is also

important for the induction of oral tolerance (Rautava, Kalliomaki et al.2002).

Furthermore, the application of probiotic bacteria has been shown to prevent

the increase in intestinal permeability induced by food allergens. This could

limit the access of these antigens to other organs thereby inhibiting the

development of hypersentivity reactions. ln a double-blind, randomized

placebo-controlled trial, Lactobacillus rhamnosus given prenatally to mothers

effectively decreased the incidence of atopic eczema in breast-fed children at

high risk (Kalliomaki, Salminen et al. 2001). This treatment was also shown to

ameliorate the intestinal inflammation in infants with cow milk allergy

(Majamaa and lsolauri 1997). However, oral administration of Lactobacillus

sp. could not alleviate the symptoms in adults with already established

asthma or food allergy (Helin, Haahtela et a|.2002, {Wheeler, 2001). The

experimental and epidemiological data reviewed above clearly indicate that

bacterial infections can modulate the development of allergen-specific Th2

responses.

lnnate lmmunity and bacterial infections: Cells, receptors and signalling
pathways.
Janeway and colleagues (Janeway 1989) coined the pioneering concept that

innate immunity-associated cells recognize pathogens through pattern-

recognition receptors (PRRs)- a set of evolutionary conserved proteins that

mediate cell activation. With time, this definition was broadened and PRRs

are now considered to include molecules that mediate opsonization,

endocytosis, activation of complement and coagulation cascades, activation

of inflammatory signalling pathways and/or induction of apoptosis (Janeway

and Medzhitov 2002). PRRs directly recognize conserved mícrobial

molecules, known as pathogen-associated molecular patterns (PAMPs),

many of which are shared by different classes of pathogen.
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lnnate immunity is activated very quickly after infection or exposure to foreign

antigen in the organism and precedes the development of acquired immunity.

lnnate immunity is the first of all an ancient system, present in most

organisms. The receptors of the innate immune system recognize conserved

structures present in a large group of pathogens, for example

lipopolysaccharide (LPS) in all Gram-negative bacteria, while the receptors of

the acquired system recognize single epitopes expressed on a single

pathogen. The innate system includes killers (NKs), dendritic cells (DCs),

macrophages, yõT lymphocytes, neutrophils, and B-1 cells.

Recently, considerable progress has been observed in the knowledge of

receptors of the innate immune system. Several types of innate immunity

receptors have been identified and the list is constantly expanding. The most

important receptors belong to the family known as the Toll-like receptors

(TLRs). The tollgene was first discovered in the early 1980s by the German

researchers Nusslein-Volhard and Weischaus in the genome of Drosophilia

melanogaster. This gene was responsible for dorsal-ventral development of

the fly (Anderson 1998). Almost 10 years later, this gene was found to be

responsible for antifungal resistance of the Drosophila (Lemaitre, Nicolas et

al. 1996). Similar genes and gene products were recongized in other

invertebrates; i.e. Coenorhabdis elegant and Anopheles gambrae (Blandin

and Levashina 2004, Coutinho, 2003, Pujol, 2001), and in plants (Holt, Hubert

et al. 2003, Jones, 2004) and mammals. The products of genes similar to toll

were names Toll-like receptors. Similar structures were found in mice and

humans. The intracellular domain of the lL-1 receptor was found to be

identical to that of TLRs. TLRs are now considered the main receptors

recognizing pathogen-associated molecular patterns (PAMPs). All the

receptors have domain structures with leucine repetitions and all have the

same intracellular domains and similar pathways of intracellular signalling

(Kopp and Medzhitov 2003). The signalling molecules include: adaptor

molecule, which is myeloid differentiation factor 88 (MyD88), lL-1 receptor-

associated kinase (IRAK), TNF receptor-associated factor (TRAF)6, mitogen-

activated protein (MAP) kinases, and nuclear factor (NF)-rB. Further study,
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however, revealed that the signalling pathway may not sometimes include all

the same elements.

Ten human and nine mouse TlR-family members have been identified so far,

which recognize various microbial molecules. TLRs might be expressed as

homo- or heterodimers. The importance of these receptors in innate immunity

is highlighted by their wide distribution of expression by innate immune cells

and various resident tissue cells, including fibroblasts, epithelial cells and

endothelial cells. TlR-expression profiles show a broad variation. So far, the

significance of these variable TlR-expression profiles is unclear, but they

point to specialized roles in host defence.

Each TLR binds to a different ligand, and some pathogen structures are

recognized by a homodimer of one receptor, some of a heterodimer

consisting of two different TLRs. TLRs were at first considered receptors

recognizing only bacterial; later it was found that TLRs could recognize

viruses and also play a role in anti-tumour immunity (Heil, Ahmad-Nejad et al.

2003, Hertzog, 2003, Kopp, 2003, Pitha, 2004, Underhill, 2002, Vaidya,

2003). Four TLRs are engaged in anti-viral immunity: 3, 4,7, and g, whereas

TLR2, 4,9, 5 as well as the combination of heterodimers recognize bacterial

products such as peptidoglycan and the LPS of Gram-negative bacteria.

Their binding and subsequent activation of the innate cells which possess

these receptors upon first encounter with pathogen-associated components

results in various cytokine and chemokine production aimed at host protection

and pathogen clearance. This is an essential component in the subsequent

activation of the adaptive arm of the response specific for each pathogen.

Dendritic cells: lnfection, allergy, DG subsets, and their influence on T-
cell polarization
DCs can modify and adapt the T-cell response to the type of invading

pathogen or occurring allergen, by developing into stable functional DC

phenotypes that initiate either Th1-, Th2- or regulatory T-cell responses.

DCs are generated in the bone marrow and migrate as precursor cells to sites

of potential entry of pathogens and/or allergens. Classical myeloid CDllchi
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DCs reside as immature cells in the epithelia of skin and mucosal tissues for a

period of time (Banchereau and Steinman 1998), depending on antigenic

pressure. Simplistically, immature DCs are primed by pathogens to provide

pathogen-specific T cells with signals that they require to become protective

effector T cells. However, DC ontogeny is heterogeneous, comprising

CDl l chi myeloid and CDl lcro* plasmacytoid DC subsets.

Both mouse and human DC subsets vary in their ability to recognize various

antigens, and further differ in their T-cell polarizing abilities. However, they

essentially are flexible and, at least rn vitro, can adopt mature Th1-, Th2- or

regutatory T-cell-inducing phenotypes, instructed by the priming signals from

microbial and tissue-derived factors.

Distinct subtypes were initially more evident among mouse DCs than among

human DCs because of the ready availability of different murine lymphoid

tissues and the expression on mouse DCs of markers not present on humans

DCs. Mouse DCs that are classed aS "mature" express CD11c (the integrin-

o" chain) and the co-stimulator molecules CD80, CDB6 and CD40, and have

moderate to high surface levels of MHC Class ll, although the levels of all of

these can be further elevated upon activation. These features always

correlate with a striking ability to induce proliferation of allogeneic T cells.

Such mature DCs are heterogeneous in normal, uninfected laboratory mice.

Surprisingly, the T cells markers CD4 and CD8 are expressed on mouse DCs

and are useful for segregating subtypes. CD8 on DCs is in the form of a qq-

homodimer rather than a oB-heterodimer that is typical of T cells. Although

CD4 is also present on human DCs, CDBo is not. So far, there is no evidence

that either marker is functionally significant on mouse DCs. Other markers

that are useful for segregating mouse DC subtypes include CD11b (the

integrin qN¡ chain of Mac-1) and the interdigitating DC marker CD205 (the

multilectin domain molecules DEC205, originally known as NLDC-145). Using

these surface markers, five DC subtypes are consistently found in the

lymphoid tissues of uninfected laboratory mice.

Spleen contains three DC subsets: CD4-CD8*, CD4.CD8- and CD4-CD8- DCs

(Vremec, Pooley et al. 2000). CD8* DCs are concentrated in the T-cell areas

and CD8- in the marginal zones of most laboratory mice, but CD8- DCs
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migrate into the T-cell zones on stimulation with microbial products (lwasaki

and Kelsall 2000, Reis e Sousa, 1997, De Smedt, 1996). CD4-CDS. DC

subtypes, which are CD205*CD11b-, is alsofound at moderate levels in LNs,

but is the dominant subtype among thymic DCs. LNs contain two extra DC

subsets that are not normally found in spleen, which have apparently arrived

in LNs through the lymphatic system (lwasaki and Kelsall 2000, Anjuere,

1999, Henri, 2001). Found in all LNs, CD4-CD3-CD11b* DCs express

moderate levels of CD205, in contrast to spleen CD8- DCs. This LN DC

subtype is believed to be the mature form of tissue interstitial DCs. Another

distinctive DC subtype, found only in skin-draining LNs, expresses high levels

of langerin, a characteristic marker of epidermal Langerhnas cells, and is

believed to be the mature form of this Langerhnas cell (Henri, Vremec et al'

2OO1). lt also expresses a range of myeloid markers, including CD1 1b, stains

at low levets for CDSo and has high surface levels of CD205, as high as on

the CDShi DC subtype.

The different subtypes of mouse DC share a common capacity to present

antigens to T cells and to promote cell-cycle progression. However, they

differ in the other aspects of DC-T-cell signalling that determine the

subsequent fate of the T cells that they activate. The most striking biological

difference so far discovered is the ability of the CD8* DCs to induce a Th1-

biased cytokine response in reactive CD4* T cells, whereas CD8- DCs tend to

induce a Th2-biased response (Moser and Murphy 2000, Maldonado-Lopez,

1999, Pulendran, 1999). The main factor in this difference is the much higher

level of lL-12p70 produced by CD8* DCs under certain experimental

conditions.

Natural Killer T (NKT) cells: ln lnfection, Allergy and lmmune
Polarization
Natural killer T cells (NKT cells) constitute a T cell subset that was initially

defined by the co-expression of both T cell and NK cell markers, including the

T cell antigen receptor (TCR) oB and the C-type lectin NK1.1. Although the

cells conforming to this broad definition are heterogeneous and can be
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divided into at least three groups (Godfrey, MacDonald et al.2004), many of

them are characterized by their dependence on recognition of the MHC Class-

like CDld molecules for positive thymic selection and subsequent activation in

the periphery. The major subset of CDld-restricted T cells recognizes CDld

through the expression of antigen receptors comprised of an invariant TCR q

chain encoded in mice by Vq14 rearranged to Jq18, and in humans by a

strikingly homologous Vq24-Jq18 rearrangement. These invariant TCR q

chains pair with TCR P chains with limited heterogeneity due to marked

skewing of VB gene usage (most prominently VP8.2 in mice, and a closely

homologous VB11 in humans). This population of cells, referred to here as

"invariant NKT cells" (iNKT cells), is highly conserved in many aspects of its

phenotype, distribution and functions in most mammals that have been

studies to date (Tomura, Yu et al. 1999; Matsuda, Gapin et al.2002; Prell,

Konstantopoulos et al. 2003).

It is now clear from many studies that iNKT cells are influential cells that have

the capacity to manipulate a wide variety of immune responses. |NKT cells

occurs early in a number of microbial infection models in mice, and that such

activation can lead to an "adjuvant cascade" that reinforce innate immunity

and promotes subsequent adaptive immunity (Lisbonne, Diem et al. 2003).

The range of pathogens that can trigger this antimicrobial activity of iNKT cells

is astonishingly broad, and is known to include a variety of bacteria, viruses

and parasites (Kakimi, Guidotti et al. 2000; Kawakami, Kinjo et al. 2002;

Lisbonne, Diem et al. 2003; Matsuda, Suda et al. 2005). ln addition, iNKT

cells have been implicated in a variety of anti-tumour and allergic responses

in mice. They may be activated by certain types of neoplasia to mediate

immune surveillance. However, in the absence of a microbial or neoplastic

trigger, the dominant effect of iNKT cells may be to regulate the adaptive

immune system in a way that prevents harmful autoimmunity. The evidence

for this is particularly strong from mouse models of autoimmune disease,

including experimental allergic encephalomyelitis and type 1 diabetes mellitus.

Thus, NOD mice, which spontaneously develop autoimmune diabetes, have

fewer |NKT cells than normal mice and also show a pronounced defect in the

capacity of these cells to produce anti-inflammatory cytokines such as lL-4
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(Gombert, Herbelin et al. 1996, Hammond, 2001). NOD mice that catry a

homozygous CDld knockout allele, which entirely lack |NKT cells, show

acceleration of diabetes of diabetes development compared to NOD mice that

express CDld (Wang, Geng et al. 2001). Remarkably, similar iNKT cell

defects have been found in some studies of humans with type I diabetes, and

deficiencies of |NKT cells have been documented in human subjects and

other autoimmune diseases. Below is reviewed the specific properties of

specific glycolipid ligand recognition by these T cells, and how a more detailed

understanding of this process might be exploited to harness their

immunomodu latory properties.

The discovery of synthetic glycolipids in the o-galactosylceramide (o-GalCer)

family that act as activators of iNKT cells has created many opportunities to

study the effects of in vivo activation of these cells. Recent studies indicate

that structurally modified forms of q-GalCer exist that can evoke substantially

altered responses from CDld-restricted iNKT cells and thus lead to markedly

different effects on the overall immune response. By identifying those

compounds which give particular types of iNKT cell responses in terms of

cytokine production and other parameters of |NKT cell function, further

immunomodulatory agents can be developed which will be useful for the

treatment of the above range of diseases.

Early studies of |NKT cells and T-T hybridomas derived from them showed

that these are often autoreactive to CDld-bearing APCs, indicating the

possibility that an endogenous ligand that can be recognized by NKT cells.

Several candidate natural lipid ligands have been investigated.

Glycosylphosphotidylinositols have been demonstrated to bind CD1d, but

there is little if any evidence to suggest that these are strong stimulators of

INKT cells (Joyce, Woods et al. 1998). One iNKT hybridoma has been

isolated that recognizes cellular phospholipids such as phosphoethanolamine

and phosphotidylinositol, though this is not a general characteristic of other

iNKT hybridomas that have been studied (Gumperz, Roy et al. 2000). Most

recently, a strong candidate for a physiologically relevant natural ligand of

|NKT cells has been identified. This is a lysosomal glycolipid,

isoglobotrihexosylceramide (iGb3), which in either natural or synthetic forms
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has the ability to activate most human or mouse iNKT cells in vitro. Most

notably, the absence of this glycolipid in mice lacking the enzyme B-

hexoaminidase B results in a dramatic loss of |NKT cell numbers. This

suggests that iGb3 may be a major selecting ligand for iNKT cells in vivo

(Zhou, Mattner et al. 2004). There has also been some success in

identification for foreign microbial glycolipid ligands of CDld that can activate

iNKT cells. Most notably, certain glycosylceramides derived from

lipopolysaccharide-negative Sphingomonas bacteria also activate iNKT cells

(Kinjo, Wu et al. 2005, Mattner, 2005); this suggests a role for iNKT cells in

innate response against pathogens which do not activate classical pattern-

recognition receptors such as TLR4. ln addition, one study has described a

glycolipid identifled as phophatidylinositol tetramannoside (PlMa) produced by

Mycobacterium bovis BCG that is also bound by CD1d, and appears to

activate a subpopulation of |NKT cells (Fischer, Scotet et al. 2004).

Based on the above and also the studies of Brigl et al (Brigl, Bry et al. 2003),

it is now believed that at least two mechanisms exist to account for the

activation of |NKT cells by a wide variety of different microbial pathogens. ln

both mechanisms, a CDld complex that engages the TCR of the iNKT cell is

required. ln one case, the ligand recognized by the TCR is most likely a self-

lipid or glycolipid, which is responsible for the low level of CDld-restricted

autoreactivity that is characteristic of iNKT cells. This signal, when delivered

alone, is not sufficient to activate pro-inflammatory "adjuvant cascade" that

contributes to innate immunity and promoted development of Th1{ype

adaptive immunity. However, when this weak signal is combined with a

sufficient amount of lL-12, the pro-inflammatory iNKT cell response is

triggered as a result of a situation that is referred to as "enhanced

autoreactivity". As many pathogens trigger strong lL-12 production as a result

of signals delivered through toll-like receptors or other pattern-recognition

receptors, this mechanism may account for innate activity of iNKT cells

against a very broad array of different pathogens, many of which may not

even harbour specific lipid antigens that are presented by CD1d. However,

there do appear to be at least some cases in which microbial pathogens

harbour significant levels of CDld-predented lipids that can directly trigger
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|NKT cells through TCR recognition. This situation is exemplified by the

responses lo Sphingomonas species (Sriram, Du et al. 2005), and also is
possibly involved in responses to mycobacteria that produce PIM¿ (Fischer,

Scotet et al. 2004). ln this case, the strength of the signal that is delivered

through the TCR is postulated to be much greater than the resulting from

recognition of self-antigens presented by CD1d. Thís could potentially result

in strong |NKT cell activation and initiation of the adjuvant cascade even in the

absence of production of significant amounts of lL-12.

Progress in understanding |NKT cell biology has been greatly facilitated by the

discovery that KRN7000, a synthetic analogue of q-linked

galactosylceramides found in the marine sponge Agelas mauritianus, is a
glycolipid that is potently recognized by |NKTcells (Kawano, Cui etal. 1997).

Previous reports had shown that KRN7000 is a very strong inducer of the

immune response against 816 melanoma in C57BL/6 mice (Kobayashi,

Motoki et al. 1995). KRN7000 is an unusual ligand in that its sugar moiety is

linked in the q-anomeric position, while mammalian glycolipids typically exist

in the B-anomeric form. Nonetheless, this glycolipid ín the context of CDld

binds the iNKT TCR with high affinity, and this allows construction of

fluorescently-labelled KRN7000/CDld tetramers that can be used to stain

human and mouse iNKT cells in models of autoimmune disease, tumour

rejection, and responses against infectious agents. ln particular, in some

models with a strong iNKT cell involvement, such as the type 1 diabetes-

prone NOD mouse, activation of |NKT cells with KRN7000 causes a dramatic

delay in disease induction (Hong, Wilson et al.2001, Sharif, 2001). Even in

other diseases in which it has been difficult to demonstrate an effect of

deletion of CDld or iNKT cells, such as infection with Mycobacterium

tuberculosis, |NKT cell activation with KRN7000 can alter the overall immune

response and have a beneficial impact on disease progression. On the other

hand, in disease models where iNKT cell plays a pathogenic role such as the

NZB x NZW F1 model of lupus nephritis, the apolipoprotein E-knockout

mouse model of atherosclerosis or a mouse model of Chlamydia muridarum,
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iNKT cell activation with KRN7000 can aggravate disease (Tupin, Nicoletti et

al. 2004, Nakai, 2004, Zeng, 2003, Bilenki, 2005).

Much is known about the sequence of events that follow KRN7000

administration. ln wild-type C57BL|6 mice, Kupffer cells in the liver and

CDllchi DCs in the spleen play dominant roles in antigen presentation to and

activation of the |NKT cell populations in their respective organs (Schmieg,

Yang et al. 2005). Once iNKT cells recognize the glycolipid in the context of

CDld, they produce both lL-4 and IFN-y, as seen by measurements in both

intracellular FACS staining and in serum levels. This earliest response is very

rapid - within 1-2 hours post-administration - and this initial ThO cytokine

profile cannot be altered towards either Th1 or Th2 by changing the dose or

mode of administration of KRN7000. The presence of pre-formed mRNA for

lL-4 and IFN-y in resting iNKT cells is the most likely explanation of this

phenotype (Matsuda, Gapin et al. 2003). ln tandem with this cytokine

production, |NKT cells seem to disappear, aS observed with flow cytometry'

While this has originally been interpreted as induction of apoptosis in iNKT

cells, it is now clear that down-modulation of the TCR and NK1.1 markers

used to identify them is the main explanation (Crowe, Uldrich et al. 2003,

Wilson, 2003 #194).

One of the most dramatic downstream events after |NKT cell activation is the

frans-activation of bystander cells, including NK cells that produce IFN-y 2-24

hours post-activation (Carnaud, Lee et al. 1999). ln fact, this population is

responsible for the bulk of the "late-phase" IFN-Y observed in serum following

in vivo administration of KRN7000, as well as the efficacy of this glycolipid as

an anti-tumour agent. IFN-y, probably derived from the |NKT cell itself, as

well as CD4O/CD40L interactions plays some indirect role in this late NK cell

activation. The immediate agonist for NK cells, however, is probably lL-12,

though there is disagreement in the field whether macrophages or CDBo*

DCs are the key cells that link iNKT cell activation to the downstream NK cell

response.

DCs are also frans-activated by KRN7000. Several maturation markers -
MHC class ll, CD8 and CD86 - are up-regulated as early as 24 hours post-

administration (Fujii, Shimizu et al. 2003). NKT cell-derived lL-4 also induced
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up-regulation of the activation marker CD69 in the vast majority of peripheral

B cells. An increase in serum levels of Th2-associated antibody isotypes,

most notably lgE, occurs within a week of administering KRN7000. An

increase in total serum lgM from 7 to 14 days post-administration has also

been observed. The source or significance of this transient rise in lgM is

currently unclear.

Several recent studies have implicated mouse NKT cells in allergic in and

inflammatory responses. ln each case, the degree to which NKT cells serve

aS regulators, aS opposed to effectors of immune-mediated damage, remains

to be determined. The very small numbers of NKT cells that can be isolated

from target organs, such as the lungs, suggest these cells are acting primarily

in a regulatory capacity. The best-studied system is airway hypersensitivity,

which can be induced in mice by sensitization with antigen followed by

intranasal antigen challenge. The first study of the role of NKT cells in this

process, using OVA as a model sensitizing antigen, compared NKT cell-

deficient JqlB-/- mice with WT mice and failed to reveal a role for NKT cells in

OVA-induced aitway hypersensitivity (Korsgren, Persson et al. 1999).

However, 2 more recent studies indicated that NKT ells are required for the

induction of ainruay sensitivity (Lisbonne, Diem et al. 2003, Akbari, 2003).

Transfer of NKT cells to Jq18-/- mice restored susceptibility and enabled the

demonstration that either lL- -^ or lL-13/- NKT cells were competent to do

this, while NKT cells deficient for both cytokine genes were not (Akbari, Stock

et al. 2003). These findings are not confined to OVA immunization, as CDld-/-

mice used in our studies also showed a decrease response to the ragweed

allergen when airway eosinophilia, mucus production, and anti-ragweed lgE

were measured (Bilenki, Yang et al. 2004). Despite this, in humans the

frequency of Vo24-expressing CD161* perihpheral blood lymphocytes was

equivalent in atopic and non-atopic individuals (Prell, Konstantopoulos et al.

2OO3), which indicates that caution is required when extrapolating from animal

models to humans. While at face value, this might suggest that NKT cells are

not involved in human atopy, this may again reflect the problem that NKT cell

Ievels in peripheral blood do not necessar¡ly mirror those in other tissues. A

more meaningful assessment of NKT cells in human airway
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hyperresponsiveness might come from studying these cells in

bronchoalveolar lavage samples. Considering the Th2 cytokine production by

NKT cells in humans, and abundant data in support for their role in allergy in

murine models, we strongly feel that fuÍher investigation into NKT cells in

human allergy in warranted.

Mouse NKT cells have been implicated in several other contexts where

stimulation of the immune system leads to inflammation or pathology.

Contact hypersensitivity in mice has been shown to require lL-4 production by

NKT cells (Campos, Szczepanik et al. 2003). This lL-4 acts rapidly in a
cascade that involves activation of B-1 cells and mast cells, which leads to

vascular permeability and the recruitment of effector T cells to the site where

antigen is located in the skin (Campos, Szczepanik et al. 2003). ln this case,

therefore, it has been established that NKT cell lL-4 is playing a regulatory

role in terms of modulating the activity of subsets of B lymphocytes as well as

mast cells. lmmunity and inflammation mediated by the innate and adaptive

immune systems have been implicated in the pathogenesis of atherosclerosis.

lnterestingly, in atherosclerosis-prone apol-t- mice crossed with CDld-/- mice,

lesion sizes in the arteries were decreased compared with control apo1-t'

mice (Tupin, Nicoletti et al. 2004). Furthermore, administration of o-GalCer

increased lesion size in apoE-t'mice that were CDld positive. These results

suggest that NKï cells exacerbate atherosclerosis, although no mechanism

was defined. Overall, the study of NKT cells in the context of both allergic as

well as infectious disease, needs to be extended.

Mechanisms of Bacterial-associated Protection from Allergies
A well-characterized PAMP is lipopolysaccharide (LPS). LPS (also referred to

as endotoxin) is a conserved bacterial component and one of the most potent

activators of the innate immune system (through CD14lTlR4-mediated

signaling). This molecule is an integral constituent of the outer membrane of

Gram-negative bacteria. lts well-characterized structure consists of lipid A, a

conserved polysaccharide core and the highly variable O-polysaccharide.

Lipid A is the hydrophobic and endotoxic part of the molecule. When

peripheral immature DCs, monocytes and macrophages are exposed to LPS,
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the maturation of the APCs is induced, increasing the expression of MHC ll

and co-stimulatory molecules and stimulating the production of pro-

inflammatory cytokines such as TNF-q, lL-1 and lL-6. ln addition, LPS

induces the production of lL-12 in these cells stimulating the generation of

Th1 responses. These immunomodulatory properties of LPS have been

suggested to influence the development and maintenance of atopic disease.

Results of epidemiological studies indicate that indoor endotoxin exposure

early in life may protect against allergic sensitization (Von Ehrenstein, Von

Mutius et al. 2000, Riedler, 2000). More recently, a study showed a

correlation between concentrations of house-dust endotoxin and the

frequency of IFN-y-secreting T cells in the blood (Gereda, Leung et al. 2000).

Furthermore, Lauener et al reported in 2002 that blood cells from farmers'

children express significantly higher amounts of CD14 and TLR2 (Lauener,

Birchler el al.2002). These findings indicate that exposure to LPS may lead

to the generation of appropriate Th1 immunity to environmental allergens.

However, Braun-Fahrlander et al reported in 2002 that the production of pro-

inflammatory cytokines by leukocytes from children showing no or little
symptoms of atopy but high amounts of endotoxin in their bedding was

significantly lower than the amounts of cytokines produced by leukocytes from

atopic children (Braun-Fahrlander, Riedler et al.2002). The authors suggest

that endotoxin exposure may therefore lead to the establishment of

immunological tolerance towards ubiquitous allergens. There are also some

animal experiments suggesting that the exposure to LPS reduces the

development of allergic inflammation. Vannier et al reported that intravenous

application of LPS reduces OVA-induced bronchoconstriction in guinea pigs

by reducing histamine release from lung mast cells (Vannier, Lefort et al.

1991). Furthermore, Gerhold et al also showed that systemic LPS

administration before OVA sensitization reduces OVA-specific lgE levels, Th2

cytokine production by splenic mononuclear cells and the ainruay eosinophilia

in mice (Gerhold, Blumchen et al. 2002). These effects were lL-12-

dependent. However, the bronchial hyperreactivity was not affected by LPS

exposure.
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Although the above discussed results indicate that the exposure to LPS

protects against the development of allergic disorders, LPS appears to have a

dual role in the induction of allergic inflammation. lt was shown that inhalation

of endotoxin later in life, in contrast to exposure in early life, causes chronic

bronchitis and is associated with ainrray hyperresponsiveness exacerbating

pre-existing asthma (Reed and Milton 2001). Furthermore, it was more

recently demonstrated that LPS induced Th2 cell-associated cytokine

production (ll-s, lL-10 and lL-13) from mast cells in vitro and also

synergistically enhanced production of these cytokines induced by lgE

crosslinking (Masuda, Yoshikai et al. 2002). ln addition, Tulic et al showed

that exposure of rats to LPS aerosol 24 hours before 1,2 or 4 days after OVA

sensitization decreased hypereosinophilia in the BAL and OVA-specific lgE

levels in the serum (Tulic, Wale et a|.2000; Tulic, Knight et a|.2001).

Conversely, LPS given 6,8 or 10 days after exposure increased the allergic

responses.

Based on the observations discussed above, it may be also possible to use

LPS in order to inhibit the development of allergic Th2 responses in humans.

However, serious side effects due to the strong activation of the innate

immune system need to be ruled out. The potential side effects of LPS, in

particular toxic shock, may be ruled out by using a detoxified derivative of

LPS, for example monophosphoryl lipid A (MPL). Supporting this view is the

finding that immunization of mice with OVA or ragweed pollen extract in

combination with MPL resulted in allergen-specific Th1 responses and

reduction of Th2 responses (Wheeler, Marshall et al. 2001). The application

of MPL in combination with allergen is currently being tested as an anti-allergy

vaccine.

Bacterial infections, however, invoke more than an anti-bacterial Th1

response. An anti-inflammatory, regulatory response is also induced, with the

capacity to regulate allergic reactivity. Treatment of mice with SRP29g, a

killed Mycobacterium yaccae-suspension, induced allergen-specific

CD4.CD45RB!.* regulatory T cells (Treg), capable of protecting recipient mice

from allergen provoked ainruay inflammation, in an lL-10 and TGF-B

dependent manner (Zuany-Amorim, Sawicka et al. 2002).
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Furthermore, work form the same group has now shown that CDl1c* DCs

isolated from mice treated with M.vaccae express elevated TGF-p and IFN-c¿

mRNA, suggesting that upstream mechanisms involving DCs may be

responsible for protection from airway inflammation (Adams, Hunt et al.2004).

Similarly, Lactobacillus treatment of atopic children increased serum lL-10 and

mitogen-stimulated PBMC lL-10 secretion in association with reduced allergic

reactivity (Pessi, Sutas et al. 2000). Taken together, these studies suggest

that in addition to immune deviation during bacterial infection / treatment, a

regulatory compartment is expanded, providing an additional mechanism of

protection from allergic reactivity. One mechanism by which LPS may trigger

Th1{ype immunity is via biding to the LPS receptor, CD14, which is

expressed by APCs, paÍicularly monocytes. Binding of LPS to CD14 results

in marked stimulation of lL-12 production, which seems to be one of the most

important inducers of Thl responses. lt is of interest that a polymorphism in

the 5'-flanking region of the CD14 gene has been associated with the

increased intensity of atopy (Baldini, Lohman et al. 1999). More recently, a

study showed a correlation between concentrations of house-dust endotoxin

and the frequency of |FN-y-secreting T cells in the blood (Gereda, Leung et al.

2000).

These findings indicate that exposure to LPS may be of great biological

relevance in generating appropriate Th1 immunity to environmental allergens.

FuÍhermore, Stumbles, et al(Stumbles, Thomas et al. 1998) reported that the

resident DC population of the respiratory tract of rats preferentially induces

the development of Th2 cells. ln the presence of GM-CSF or TNF-o, the DCs

induced as response that was skewed towards the development of a Th1

response. Some LPS leads to the secretion of TNF-o by macrophages, it

may be possible that LPS exposure leads to increased Th1 responses against

inhaled allergens by altering the stimulatory quality of the mucosal DCs from

Th2-type towards Th1{ype. However, exposure to LPS was shown to have

bi-directional effects in animal models: LPS given after airway allergen

sensitization increased lgE production and airway inflammation; in contrast,

exposure to LPS after allergen challenge abolished airuray inflammation and

bronchoconstriction.
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Taken together, there is circumstantial evidence suggesting a role for LPS in

the development of allergic disorders. The source and route of exposure to

LPS may also be of importance, since LPS is produced by several bacterial

pathogens (e.g. Haemophilus and Sa/monella) and commensals colonizing

the gut (e.g. Escherichia coli). lnterestingly, Bjorksen ef a/ (Bjorksten, Naaber

et al. 1999) found that the colonization of the gastrointestinal tract from

newborn babies who had lactobacillus and eubacteria (compared with whose

who had Clostridium difficile) correlated with a decrease in atopic disorders

later on in life. This suggests that commensal gut bacteria may play an

important, as yet undeflned role in predisposing children towards the atopic

phenotype.

PAMPs are widely conserved among different bacterial species and play an

important role in the activation of both innate and adaptive immune

responses. Most (but not all) PAMPs bind to Toll-like receptors (TLRs)

expressed by a wide variety of immune cells leading to cell activation (Kaisho

and Akira 2002). A prominent example of PAMPs are CpG-oligonucleotides

(ODN). CpG-ODN are non-coding non-methylated DNA sequences with

central C-G dinucleotides commonly found in bacterial DNA and bind to TLR9.

Viruses and eukaryotic organisms also contain CpG motifs, however, they are

methylated and do not activate eukaryotic cells. Bacterial CpG-ODN exert

multiple stimulatory effects on many cell types including DC, macrophages, B

cells, NK cells, and T cells (Krieg 2002). CpG-ODN enhances the antigen-

presenting capacity of DCs and macrophages through the up-regulation of co-

stimulatory molecules and the induction of pro-inflammatory cytokines such as

lL-12 and IFN-y, promoting the development of Th1 responses. For this

reason, CpG-ODN have been used as adjuvants in vaccines designed to

protect against the development of allergic diseases. Several animal studies

have shown that CpG-ODN could down-regulate allergen-induced Thz

responses (Kline, Waldschmidt et al. 1998, Shirota, 2000, Serebrisky, 2000).

As predicted, inhibition of allergic responses seems to be an immune

deviation from the allergen-specific Th2 to a Th1 response (Wohlleben and

Erb 2001). Kline, et al reported that IFN-y and lL-12 are not needed for CpG-
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ODN-mediated inhibition of allergic responses (Kline, Krieg et al. 1999).

However, in the absence of either lL-12 or IFN-y, mice required 10 times as

much CpG-ODN to be protected against the induction of airway eosinophilia.

Taken together these studies indicate that the application of CpG-ODN

efficiently inhibits the development of allergic Th2 responses. Shirota et al

have shown that conjugation of specifìc allergens to CpG-ODN is 1Q0-fold

more eff¡cient in inhibiting airway eosinophilia and inducing Th1 differentiation

in an ll-12-dependent manner in vitro than the unconjugated mixture of

allergen and CpG-ODN (Shirota, Sano et al. 2000, Shirota, 2000). This

strategy could allow the use of low amounts of CpG-ODN, by-passing

potential side-effects observed with CpG ODNs while increasing anti-allergy

effects.

Although it seems clear that infections that induce Th1 responses have the

capacity to inhibit Th2 responses, there may be situations where this does not

occur. For example, infections with M. bovis-BCG strongly inhibited the

development of a local Th2 response in the lung, but not the systemic allergic

response (Erb, Holloway et al. 1998, Herz, 1998). This suggests that the

infection needs to occur at the same Site aS the allergic response to have the

maximal suppressive effect. lf this is notthe case, it is plausible thatThl and

Th2 responses can co-exist simultaneously at different sites in the body.

Furthermore, the time point of the infection in relation to the age of the

individual may also be crucial for the suppression of the atopic phenotype.

The neonatal immune response of non-atopics is biased towards Th2

responses, which then shifts towards Th1 responses during the first years of

life. By contrast, children who become atopic do not lose the Th2 response.

A recent report attributed the lack of Th2 response suppression in atopic

children to the inability of these children to produce sufficient amounts of IFN-

v as neonates (Prescott, Sly et al. 1998). This suggests that infectious

diseases that induce the production of IFN-y should have the greatest impact

on the inhibition of atopic disorders during the immediate post-natal period or

early childhood, with infections later in life having no suppressive effect. The

observation that non-atopic children develop allergen-specific Th1 patterns

and non atopy-inducing Th2 patterns before the age of five years supports
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this view (Yabuhara, Macaubas et al. 1997). Additionally, other theories that

are highly plausible involve the infection with infectious agents, particularly

parasites and helminths, which induce a high level of lL-10, and therefore

have immunoregulatory properties rather a Th1 or Th2 bias (Wilson and

Maizels 2004, Kamradt, 2005).

Overall, the mechanisms which govern the inhibition of allergen-induced

ainruay inflammation are numerous. ln addition to what has been overuiewed

above, there are many infection-induced mechanisms that are being

considered within the scope of the Hygiene Hypothesis and why there is

increased allergy as the rate of infectious diseases decrease. A few cytokines

in particular, namely lL-12 and lL-10, have been postulated to be more highly

involved in this inhibitory process of allergy. Evidence of these studies is

outlined below and lead to the hypotheses and aims of the present study.

lnduction of immunoregulatory factors: lL-12 versus lL-10

ln general, the beneficial or harmful effect of a particular cytokine can be

investigated through a) exogenous administration of the cytokine or its

blocking antibody, or b) through the study of mice in which the gene has been

selectively disrupted (knock-out models) or over-expressed (transgenic

models). These methods have been used on many levels in order to discern

which cells, molecules, cytokines or chemokines are key in inducing and/or

sustaining allergic responses. ln the context of investigating the various

immunoregulatory models within the scope of the Hygiene Hypothesis, a few

cytokines have been studied in greater detail. Specifically, lL-12 has been

regarded as a crucial cytokine that regulates allergy as its expression is

induced in many bacterial infections, which are said to prevent the

development of allergy. The mechanism through which lL-12 may regulate

the Th2 arm of the immune response has been outlined in the previous

section. As well, lL-12 has been shown to be expressed by many innate cells

of the immune system, especially macrophages and dendritic cells. Another

cytokine which has received more attention over the last few years is lL-10.
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The global immunosuppressive effects of lL-10 have been demonstrated by

administration of lL-10 to mice. ln one study of footpad inoculation with

alloantigens and sheep erythrocytes, lL-10 administration inhibited a number

of immunologic effects, including DTH, alterations, in vascular permeability

and increases in footpad cytokine production (Li, Elliott et al. 1994).

Conversely, lL-10 transgenic mice were unable to limit growth of

immunogenic tumour cells. Administration of anti-ll-10 antibodies restored

the anti-tumour responses, indicating that cell-mediated responses were

globally suppressed in mice producing high levels of lL-10. lL-10 KO mice

demonstrate a state of chronic inflammation characterized by an over-

expression of Th1 cytokines (Yang, Gartner et al. 1999). lL-10 KO mice are

growth-retarded and anemic and feature a form of enterocolitis which is

similar to human inflammatory bowel disease and which can be partially

ameliorated by exogenous administration of lL-10. This finding has resulted

in a great deal of experimental activity relating to cytokine expression and

ThllTh2 balance in both gut and airway inflammatory diseases. The role of

lL-10 in the immunopathogenesis of other inflammatory and autoimmune

diseases has also been studied using the lL-10 KO mouse. These mice

demonstrate more severe disease in experimental allergic encephalomyelitis,

in virus-induced encephalomyelitis, in hypersensitivity pneumonitis, and in

silica-induced intrapulmonary inflammation, suggesting that lL-10 plays a

beneficial role in controlling the harmful inflammatory response in the natural

histories of these conditions.

There have been numerous studies indicating lL-10 plays an

immunoregulatory role in controlling allergen-induced ainruay inflammation.

There is much experimental evidence to support the assumption that Th1

cytokines counterbalance Th2 cells; however, this has been developed

primarily in infectious disease models. For example, in models of Leishmania

infection, Th1 cells, which are responsible for protective immunity, inhibit the

development of detrimental Th2 responses that cause dissemination of the

infection. ln addition, epidemiologic data demonstrate that individuals

predisposed toward the production of Th1 cytokines (e.9. those infected with

Mycobacterium tuberculosis or patients with multiple sclerosis) have a
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reduced likelihood of developing allergic disease and asthma. Furthermore,

studies concerning allergen immunotherapy in humans, administration of lL-

12 or ll-12-fusion proteins, or plasmids containing complementary DNA

(cDNA) for allergens together suggest that replacing allergen-specific Th2

cells with Th1 cells, which counterbalance the pathologic effects of Th2 cells,

protects against asthma.

lf Th1 cells, however, really counterbalance Th2 cells in the airway, then one

would predict that Th1 cells would be prominent in the lungs of normal, non-

asthmatic patients. This does not appear to be the case. The lungs of

healthy people have very few lymphocytes, suggesting that other mechanisms

are important in down-regulating and preventing asthmatic symptoms in non-

asthmatic persons. Moreover, the presence of large numbers of Th1-effector

cells in lung is associated with a tissue-damaging inflammatory response. For

example, activated Th1 cells in the lung induce acute, neutrophilic ainruay

inflammation and fail to inhibit Th2-cell-induced airway hyperreactivity. ln

addition, studies with Th1 and Th2 cells in autoimmune encephalomyelitis and

diabetes mellitus indicate that Th1 and Th2 cells may not always antagonize

each other, and that polarized Th2 cells, which are generally assumed to be

protective in autoimmunity, may in some cases be unexpectedly harmful.

Together, these studies indicate that the regulation of asthma and allergic

disease may not be reflected in a simple, dichotomous balance of polarized

cells, as suggested by the ThlNTh2 paradigm, and that Th1 cells may not be

as beneficial in asthma as initially thought.

The studies of Stampfli and co-workers suggest that lL-10 may provide the

mechanism by which allergic inflammatory processes in the lungs are down-

regulated. lL-10 can inhibit airuuay inflammation by reducing inflammatory

cytokine and chemokine production and by inhibiting antigen presentation to T

cells by limiting class ll CD80 (87.1)- and CD86 (87.2)-expression on APCs

(Borish 1998). lndeed, the absence of lL-10 results in severe allergen-

induced airway inflammation and exaggerated production of lL-4, lL-5, and

IFN-y compared with that of wild-type mice. Consistent with this data is the

observation that significantly less lL-10 is found in the lungs of patients with

asthma (John, Lim et al. 1998, Tomita, 2002#248). The same phenomenon

75



occurred when monocytes were acqu¡red from children with persistent cow's

milk allergy (Tiemessen, Van leperen-Van Dijk et al.2004). Additionally, oral

administration of specific antigens to allergy-prone infant dogs induced the

expression of both lL-10 and TGF-B and prevents allergy in their adult life

(Zemann, Schwaerzler et al. 2003). As well as these studies, it has been

shown that airway gene transfer of lL-10 altered the immune response to OVA

in a way that resulted in inhibition of airuiray eosinophilia (Stampfli, Cwiaftka et

al. 1999). Pulmonary DCs producing lL-10 mediate tolerance induced by

respiratory exposure to antigen (Akbari, DeKruyff et al. 2001). As well as

DCs, CD4* T helper cells engineered to produce lL-10 prevent allergen-

induced airway hyperreactivity and inflammation in a mouse model of ainruay

inflammation (Oh, Seroogy et al. 2002) and that ideas of human asthma

treatment have been extended from these findings by the observation that

glucocorticoids up-regulate constitutive lL-10 production in human monocytes

(Mozo, Suarez et al. 2004).

ln the context of the Hygiene Hypothesis, lL-10 has been a more recent focus,

with many studies further supporting its expression within the scope of

infection models. For example, there is increasing evidence that helminth

infections can protect the host against Th2-mediated allergic pathologies,

even though helminths themselves are strong inducers of Th2 immunity. ln

more recent murine model systems, alleviation of allergy is not achieved

through complete deviation to Th1, but is linked to ll-1O-producing cells,

particularly DCs as well as regulatory T cells. For example, schistosomiasis-

induced lL-10 suppresses allergy prevalence as reported by Taylor-Robinson,

et at (Taylor-Robinson 2001). ln addition to this allergy model involving

infection-induced lL-10 production and reduced allergy, both human and

animal model data indicate that Treg cells activated in helminth infection can

actively suppress airway allergic inflammation and it has been proposed that a

major component of the immunological interaction between infection and

allergy is mediated by Treg cells (Maizels 2005, Wilson, 2004, Wilson, 2005).

This concept has also been acknowledged and reviewed in detail by Maizels

in the past year (Maizels 2005).
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The exact mechanism of how this is achieved is still not understood. Thus far,

it appears that BCG and Lisfena suppress the development of allergic

disorders by inducing Th1 responses leading to the production of lL-12 and/or

IFN-y. ln contrast, the anti-allergy effects of M. vaccae Seem to be associated

with the induction of Tr cells and the production of lL-10 and/or TGF-P. ln

humans, it is still unclear if, and which bacterial infections could lead to

decreased atopic responses. However, the finding of Wickens et al,

demonstrating that the use of antibiotics during infancy correlates with an

increased risk of developing asthma, suggests that bacterial infections early in

life may help to inhibit the development of asthma (Wickens, Pearce et al.

1999). Fuilhermore, it also appears that infections with M. tuberculosis may

confer some protection against the development of atopic disorders' Taken

together, it remains to be clearly shown that bacterial infections of a particular

type or the exposure to bacterial products helps to Suppress the development

of allergic disease, particularly in established models. Therefore, the

usefulness of the data generated in the aforementioned animal models and

additionalfuture models provide better insight than that previously known.

Overall, in the interest of the Hygiene Hypothesis, there is much support for

the inhibition/intervention of the allergic response by infection, using

intracellutar pathogens as well as helminth and parasitic infections.

Additionally, the role of lL-10 and its induced expression following these

infections appears to have a more crucial role in controlling allergic disease

than what was previouslY known.

Hypotheses & Thesis Aims
The regulation and manipulation of immune responses during intracellular

bacterial infection is becoming increasingly appreciated. From many of the

above-mentioned studies, mechanisms of infection-related-protection from

allergy remain unresolved. ln particular, how intracellular bacteria infections

such as Chlamydia and BCG protect from allergic and other inflammatory

diseases, is not fully understood. Detailed research has uncovered many

ways of regulating allergic airway inflammation, particularly the pliancy of
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allergic responses to cellular regulatory events involving immunoregulatory

cytokines, such lL-12 and lL-10.

We propose that intracellular bacterial infections, namely Chlamydia and

Mycobacterium bovis BCG, induce separately a Th1-biased immune

response, resulting in an overall suppression of allergic and indeed other

inflammatory responses. Additionally, these individual infections not only

result in a reduction of allergen-induced allergic ainruay inflammation, but also

the expression of DCs of a particular phenotype. An immunoregulatory

mechanism rather than a complete reversal from Th1 to -lh2 would support

the recent findings of DC subtypes and production of lL-10-producing cells

found in various infections and the deficiency or dysfunction of DCs found in

allergic patients, and could explain the inverse association between

intracellular bacterial infections and allergy.

We will use a murine model of RW-induced allergic inflammation and two

independent intracellular bacterial infection models, namely Chlamydia

muridarum (formerly known as Chlamydia trachomafis mouse pneumonitis)

and Mycobacterium bovis BCG, we aim to address the following key

objectives:

1. To determine ¡f an intracellular bacteria infection suppress

allergic airway inflammation, and, if so

2. Determine the basis for the cellular modulation of the allergic

response?

As well, there is a greater appreciation and speculation of the involvement of

another regulatory cell type, namely natural killer T (NKT) cells in both allergic

disease development as well as in infectious disease manifestation. ln

addition to the Hygiene Hypothesis at the experimental level, we investigate

the role (if any) of NKT cells in the development of both ragweed allergy and

the resolution of Chlamydia or BCG infection.
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ln an attempt to understand the mechanisms which govern the development

of the allergic response, the overall goal of this thesis work is to study the

causal effect of intracellular bacterial infection on allergy development as well

as an investigation of a couple of key innate cell populations which may

display crucial roles in one or both of these processes.

79



Part ll. Materials and Methods

Animals

Female C57BL/6 mice (7-10 weeks old) were bred at the University of

Manitoba breeding facility (Winnipeg, Manitoba, Canada)' Female BALB/c

mice (7-10 weeks old)were purchased from Charles River Canada (Montreal,

canada). Breeding pairs of cD1 KO mice, originally developed in 129

background and had been backcrossed to BALB/ç 11 times (129-Cd1t'tn",7-

10 weeks old) were purchased from Jackson Laboratories (Bar Harbor, ME).

The CD1 KO mice used in these studies were bred at the University of

Manitoba breeding facility (Winnipeg, Canada). Control 129 mice were

purchased from the Jackson Laboratory. All animals were used in

accordance with the guidelines issued by the Canadian Council on Animal

Care.

lntracellular bacterial organisms

The culture and preparation of C. trachomatis mouse pneumonitis (C.

muridarum) was peformed in the laboratory at the University of Manitoba'

The mouse pneumonitis biovar of C. muridarum (Chlamydia muridarum) was

grown in HeLa 229 cells in Eagle's MEM containing 10% FBS and 2nM L-

glutamine for 48 h. For inoculum preparation, infected cells were harvested

with sterile glass beads and partially purified by successive 1S-min 500 x I
and 30-min 30,OOO x g centrifugations. The partially purified organisms were

resuspended in sucrose-phosphate-glutamic acid (SPG) buffer, and frozen at

-80'C until used. The same seed stock of C. muridarumwas used throughout

the studies. Chlamydial antigens for the anti-Chlamydla antibody ELISA was

prepared from C. muridarum elementary body preparations and purified by

step gradient centrifugation using 35% Renografin (Squibb).
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Allergen (Ragweed) Preparations

lnfected or naiVe mice were immunized intraperitoneally (i.p.) with 100 ¡rg of

ragweed purchased from Hollister-Stier Canada, Co., Toronto, Ontario,

Canada. Ragweed extract was diluted in HBSS and mixed with 2mg of

Al(oH)3 adjuvant alum. For intranasal challenge, the ragweed extract stock

was diluted to a concentration of 150p9/40p1 in HBSS medium.

Models

C. muridarum infection

For the induction of infection , C. muridarum was cultured in HeLa 22g cells in

Eagle's MEM containing 10% fetal bovine serum and2 mM L-glutamine for4g
h. For inoculum preparation, infected cells were harvested with sterile glass

beads, ultrasonically disrupted. For inoculum preparation, the cell culture

organisms were partially purified by successive 1s-min soo x g and 30-min

30,000 x g centrifugations. They were resuspended in sucrose-phosphate-

glutamic acid (sPG), and frozen at -80'c until used. our previous studies

showed that intranasal infection of C57BL/6 mice with Chtamydia muridarum

can readily cause pneumonia, demonstrated by pulmonary inflammatory

cellular infiltration and recovery of chlamydial organisms from the lungs

(Yang, Hayglass et al. 1998). The mice were intranasally inocurated with c.

muridarum chlamydia muridarum in 40 pl sPG at a concentration of 2.5 x 103

inclusion forming units (lFUs).

Mycobacterium bovis BGG infection

For induction of infection, intravenous BCG was given to mice via the tail vein.

Lyophilised BCG vaccine (freeze-dried, Pasteur Merieux connaught Group,

connaught Laboratories Ltd.) was dissolved in 1.5 mr diluent. Each vial

contained I mg/l of freeze-dried BCG vaccine and was diluted to a

concentration of 1 x 106 CFU.
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Allergen-induced Airway lnflammation

Mice ínfected with c. muridarum, BCG or narve mice were immunized

intraperitoneally (i.p.) with 100 pg of ragweed (RW) (Hotlister-stier canada

Co., Toronto, Ontario, Canada) in 2 mg of A|(OH)3 adjuvant (alum) at 30-45

days following the infection for chlamydia muridarum or 21 days post-BCG

infection. On day 14 post-RW sensitization, mice were challenged

intranasally (i.n.) with 150 pg of RW (a0 pl) and were killed 6-8 days later for

further analysis.

C. muridarum and Allergy (l host)

Mice were intranasally (i.n.) infected with 2.5 x 103 inclusion-forming units

(lFUs) of c. muridarum in a volume of 40 ¡rl. Dilution of the seed stock of

chlamydia muridarum was done using sPG medium as described above. An

acute Chlamydia muridarum infection (confirmed by chlamydial inclusion

recovery in the lungs) was achieved by day 7. Mice were immunized by i.p.

inoculation with 100 pg RW adsorbed to alum on day 30 or 4s days post-

infection, and boosted again with 150 pg RW i.n. 14 days later on day 45. On

day 6 post-challenge, mice were sacrificed by cervical dislocation or coz
fixation. The duration of infection (30 or 45 days) prior to the first allergen

sensitization was established and determined in the course of this thesis and

allowed us to address questions pertaining to an infection and allergic

reactivity. Days 30 or 45 represent a time point at which mice have cleared

the Chlamydial infection.

Mycobacterium bovís BCG and Allergy (l host)

Mice were infected intravenously (i.v.) with Mycobacterium bovis BCG at a
concentration of 1.0 x 106 colony-forming units (cFUs). Forty-five days

following infection, mice were sensitized with 100 pg ragweed
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intraperitoneally (i.p.) in conjunction with alum adjuvant. Two weeks after

sensitization, mice were given an ainruay challenge intranasally (i.n.) with 150

pg ragweed and sacrifïced 6-8 days post-challenge.

Established allergy and Mycobacterium bovis BCG infection (1 host)

Mice were initially sensitized intraperitoneally (i.p.)with 100 pg ragweed along

with 2 mg alum adjuvant. Two weeks following sensitization, mice were

challenged with 150¡rg ragweed i.n., and subsequently infected intravenously

with Mycobacterium bovis BCG [1.0 x 106 colony-forming units (CFU)]

immediately after challenge and then challenged intranasally (i.n.)with 150 pg

ragweed (40 pl) 21 days post-BCG infection. Mice were killed and analyzed

for allergic and immune responses 6-8 days following final allergen challenge.

lnfection of mice with C. muridarum and transfer of Dendritic cells

Mice were inoculated intranasally (i.n.) with 2.5 x 103 inclusion-forming units

(lFUs) o'f C. muridarum (Chlamydia muridarum) to generate respiratory tract

infection as previously described. Seven days post-infection, spleens were

aseptically removed. DC were isolated using a MACS (Miltenyi Biotech,

Auburn, CA) CD11c column according to the manufacturer's instructions.

Spleens were digested with Collagenase D (Boehringer Manheim

Biochemicals, Germany). Single-cells suspensions were prepared in PBS

with 0.5% bovine serum albumin. MACS CD11c microbeads were added to

cell suspensions and were isolated using positive selection columns specific

for CD11c* cells. Purified DCs were then analyzed for purity and expression

of cell surface markers characteristic for splenic dendritic cells, namely FITC

or PE anti-mouse CD11c (Pharmingen, clone HL3, Armenian Hamster lgG1,

À) and either FITC anti-mouse CDSo (clone 53-6.7, Rat (LOUAffsl/M lgG2a,

r), PE anti-mouse CD80 (clone 16-1041, Armenian Hamster lgG2, r), PE

anti-mouse CDB6 (clone GL1, Rat (Louvain) lgG2a, r) and FITC anti-mouse l-

Ab (clone 26-9-17, Mouse (C3H) lg32a, r) using a FACSCaliber ll and

CellQuest software (BD Bioscience, CA, USA). Fluorescence-conjugated
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monoclonal antibodies with appropriate isotype controls were purchased from

Pharmingen. Purity of the isolated CDllc* DC was 96-98% based on flow

cytometry. For adoptive transfer, isolated CD11c* cells were first washed in

protein-free PBS, and 5 x 105 DCs were injected intravenously to syngeneic

recipient mice. Recipient mice were naiVe C57BL/6 mice and were

subsequently sensitized immediately following DC transfer and challenged

with ragweed allergen 14 days later as described above.

Mycobacterium bovís BGG infection and Allergy: Dendritic cell adoptive
transfer

lnfection of mice, DC isolation and subsequent adoptive transfer of DCs from

either naive or M. bovis BCG-infected mice to either naTve or RW-sensitized

mice were similar as those procedures in the previous section. Briefly, mice

were inoculated with Mycobacterium bovis BCG [1.0 x 106 colony-forming

units (CFU)1. Twenty-one days post BCG-infection, spleens were aseptically

removed. DCs were isolated using a MACS (Miltenyi Biotech, Auburn, CA)

CD11c column according to the manufacturer's instructions. Spleens were

digested with Collagenase D (Boehringer Manheim Biochemicals, Germany).

Single-cells suspensions were prepared in PBS with 0.5% bovine serum

albumin. MACS CD11c microbeads were added to cell suspensions and

were isolated using positive selection columns specific for CD11c* cells.

Purified DCs were then analyzed for puriÇ and expression of cell surface

markers characteristic for splenic dendritic cells, namely FITC or PE anti-

mouse CD11c (Pharmingen, clone HL3, Armenian Hamster lgG1, À) and

either FITC anti-mouse CDSo (clone 53-6.7, Rat (LOUAffs1/M lgG2a, r), PE

anti-mouse CD80 (clone 16-1041, Armenian Hamster lgG2, r), PE anti-

mouse CD86 (clone GL1, Rat (Louvain) lgGla, r) and FITC anti-mouse l-Ab

(clone 26-9-17, Mouse (C3H) lgG2a, r) using a FACSCaliber ll and CellQuest

software (BD Bioscience, CA, USA). Fluorescence-conjugated monoclonal

antibodies with appropriate isotype controls were purchased from

Pharmingen. Purity of the isolated CD11c* DC was 96-98% based on flow

cytometry. For adoptive transfer, isolated CD11c* cells were first washed in
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protein-free PBS, and 5 x 105 DCs were injected intravenously to syngeneic

recipient mice. These recipient mice were narVe C57BL/6 mice and were

subsequently sensitized and challenged with ragweed allergen as described

above.

C. muridarum infection and Allergy: Dendritic cell subset adoptive
transfer

Mice were inoculated intranasally (i.n.) with 2.5 x 103 inclusion-forming units

(lFUs) of C. muridarum to generate respiratory tract infection. Seven days

post-infection, spleens were aseptically removed. DC were isolated using a

MACS (Miltenyi Biotech, Auburn, CA) CD11c column according to the

manufacturer's instructions. Spleens were digested with Collagenase D

(Boehringer Manheim Biochemicals, Germany). Single-cells suspensions

were prepared in PBS with 0.5% bovine serum albumin. MACS CD11c

microbeads were added to cell suspensions and were isolated using positive

selection columns specifìc for CD1 1c* cells. Purified DCs were then analyzed

for purity and expression of cell surface markers characteristic for splenic

dendritic cells, namely FITC or PE anti-mouse CD11c (Pahrmingen, clone

HL3, Armenian Hamster lgGl, À) and either FITC anti-mouse CDBo (clone

53-6.7, Rat (LOU/ìffs1/M lgG2a, r), PE anti-mouse CD80 (clone 16-1041,

Armenian Hamster lgG2, r), PE anti-mouse CD86 (clone GL1, Rat (Louvain)

lgG2a, r) and FITC anti-mouse l-Ab (clone 26-9-17, Mouse (C3H) lgG2a, r)

using a FACSCaliber ll and CellQuest software (BD Bioscience, CA, USA).

Fluorescence-conjugated monoclonal antibodies with appropriate isotype

controls were purchased from Pharmingen. Purity of the isolated CD1lc* DC

was 96-98% based on flow cytometry. Freshly-isolated DCs from nalVe or

Chlamydia muridarum-infected mice were also co-stained with PE anti-mouse

CD11c (clone HL3, Armenian Hamster lgG1, À) and FITC anti-mouse CDBo

(clone 53-6.7, Rat (LOUAtVsl/M) lgG2a, r) and sorted based on CD11c

positive, CDSo positive cell or CD11c positive, CDSo negative cells using

FACSCaliber Il (BD Biosciences, CA, USA). Sorled DC subsets isolated from

naiVe or infected donors were washed once with PBS. 5.0 x 105 softed DC

subsets from either phenotype were injected intravenously (i.v.) to naïve,

syngeneic recipient C57BL/6 mice. Following DC subset adoptive transfer,
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recipients were sensitized with 100 pg RW and alum adjuvant i.p., followed by

a challenge with 150 Ug RW i.n., as described above.

C. muridarum infection and Protective lmmunity: DC subset Adoptive
transfer

Mice were inoculated intranasally (i.n.) with 2.5 x 103 inclusion-forming units

(lFUs) of C. muridarum to generate respiratory tract infection. Seven days

post-infection, spleens were aseptically removed. DCs were isolated using a

MACS (Miltenyi Biotech, Auburn, CA) CD11c column according to the

manufacturer's instructions. Spleens were digested with Collagenase D

(Boehringer Manheim Biochemicals, Germany). Single-cells suspensions

were prepared in PBS with 0.5% bovine serum albumin. MACS CD11c

microbeads were added to cell suspensions and were isolated using positive

selection columns specific for CD1 1c* cells. Purified DCs were then analyzed

for purity and expression of cell surface markers characteristic for splenic

dendritic cells, namely FITC or PE anti-mouse CDl1c (Pharmingen, clone

HL3, Armenian Hamster lgG1, À) and either FITC anti-mouse CDSo (clone

53-6.7, Rat (LOUAffs1/M lgG2a, r), PE anti-mouse CD80 (clone 16-10A1,

Armenian Hamster lgG2, r), PE anti-mouse CD86 (clone GL1, Rat (Louvain)

lgG2a, r) and FITC anti-mouse l-Ab (clone 26-9-17, Mouse (C3H) lgG2a, r)

using a FACSCaliber ll and CellQuest software (BD Bioscience, CA, USA).

Fluorescence-conjugated monoclonal antibodies with appropriate isotype

controls were purchased from Pharmingen. Purity of the isolated CD11c* DC

was 96-98% based on flow cytometry. Freshly-isolated DCs from nalVe or

Chlamydia muridarum-infected mice were also co-stained with PE anti-mouse

CD11c (clone HL3, Armenian Hamster lgG1, À) and FITC anti-mouse CDBo

(clone 53-6.7, Rat (LOUAffs1/M) lgG2a, rc) and sorted based on CD11c

positive, CDSo positive cell or CD11c positive, CDSo negative cells using

FACSCaliber ll (BD Biosciences, CA, USA). Sorted DC subsets isolated from

naïve or infected donors were washed once with PBS. Adoptive transfer of

soÍed DC subsets was executed on naive recipients. 5.0 x 105 sorted DC

subsets from either phenotype were injected intravenously (i.v.) to naïve,
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syngeneic recipient mice. Following DC subset adoptive transfer, recipients

were given a challenge infection with 1.0 x 103 IFU C. muridarum intranasally

and were sacrificed 12 days post-infection.

Mycobacterium bovis BCG infection and Allergy: DC adoptive transfer
and antibody neutralization with anti-lL-10 and anti-lL-12 antibody (1

host)

Mice were treated using two different protocols. Mice were initially sensitized

intraperitoneally (i.p.) with 100 pg of ragweed extract (RW) (Hollister-Stier

Canada Co., Toronto, Ontario, Canada) in 2 mg alum adjuvant. On day 14

post-sensitization, mice were challenged intranasally (i.n.) with 150 pg RW

(a0 pl). NaiVe mice were simultaneously infected intravenously (i.v.) with

Mycobacterium bovis BCG [2.5 x 105 colony-forming units (CFUs)]. BCG-

infected mice were killed on day 21 post-infection and spleens were

aseptically removed for dendritic cell isolation as described above. RW-

sensitized/challenged mice were injected intravenously (i.v.) with dendritic

cells from BCG-|nfected or naiVe mice, with or without neutralizing lL-10 (1

mg/mouse, i.p.) or neutralizing lL-12 antibody (kindly provided by Dr. David

Gray, University of Edinburgh, UK) (1 mg/mouse, i.p.) and re-challenged with

RW i.n. (150 ¡rg in 40 pl). Mice were killed 6 days later and analyzed for

allergic and immune responses to RW.

q-Galactosylceramide treatment (KRN7000) and anti-lL-4 monoclonal
antibody treatment: Allergy and lnfection models

q-GalCer, which is 2S, 35, 4R, 1-O-(o-galactopyranosyl)-2-(N-

hexasosanoylamino)-1 , 3,4 -octadecanetriol, was synthesized by

Pharmaceutical Research Laboratories, Kirin Brewery (Gunma, Japan). The

200 pg/ml stock solution was dissolved to a final concentration of 4 ¡rg with

PBS. BALB/o, CD1 KO or 129 mice received a single intravenous injection of

2-4 ltg o-GalCer diluted in PBS. Control mice of the same strains were

injected with an identical volume of vehicle solution alone (0.025%
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polysorbate-2O). Mice were then either sensitized with RW, 2 h following o-

GalCer or polysorbate injection or infected with 1.0 x 103 inclusion-forming

units of C. muridarum Chlamydia muridarum infection 2 h following

administration of q-GalCer.

Determination of Allergic Phenotype

Bronchoalveolar lavage (BAL)

Six to eight days after the final airway challenge, mice were sacrificed by

means of cervical dislocation. The mouse trachea was cannulated and the

lungs were washed twice with 1 ml of sterile PBS.

BAL Differential Gell Gounts

The bronchoalveolar lavage (BAL) fluids were centrifuged immediately

following the washing of the mouse lungs. The supernatants were collected

for measurement of cytokines and eotaxin. The cell pellets were resuspended

to prepare bronchoalveolar lavage smears. The slide was air-dried, fixed with

ethanol, and then stained with the Fisher Leukostat Stain Kit (Fisher Scientific,

Nepean, Ontario, Canada) to stain the leukocytes. The numbers of

neutrophils, monocytes, lymphocytes, and eosinophils per 200 cells were

counted based on their morphology and staining characteristics.

Peripheral blood differential cell counts

Blood smears were prepared from naiVe, Chlamydia muridarum- or BCG-

infected and RW{reated mice, treated with RW alone or Chlamydia

muridarum infection alone. Several drops of blood were collected from each

mouse and air-dried on glass slides. Blood smears were then stained using a

Hema 3 Stain Set (Fisher Scientific) containing a cell fixative solution and

eosin Y stain. After samples were flxed, stained, and air-dried, the number of

leukocytes, including neutrophils, monocytes, lymphocytes, and eosinophils
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were counted. This count was determined based on cellular morphology and

staining characteristics. ln the allergy and allergy/infection models, special

attention was aimed at the number of eosinophils in each sample.

Mucus production: Histological Mucus lndex

Lungs were collected aseptically and fixed in 10% buffered formalin. The

fixed lungs were then embedded in paraffin, sectioned at a width of 10 ¡rm,

stained and examined for pathological changes. Bronchial mucus and

mucus-containing goblet cells were stained by thionin using the method of

Mallory and were analyzed with a histological mucus index (HMl), a

quantitative way of measuring mucus secretion. The HMI was determined by

examining slides at a final magnification of 400X with a rectangutar 10-mm2

reticule grid inseded into one eyepiece. lntersections of ainruay epithelium

with reticule grid were counted, distinguishing mucus-containing or normal

epithelium. The HMI represents the ratio of the total number of mucus-

positive intersections and the total number of all intersections.

Histological analysis: Hematoxylin and Eosin staining

Lungs were collected aseptically and fixed in 10% buffered formalin. The

fixed lungs were then embedded in paraffin, sectioned at a width of 10 ¡rm,

stained and examined for inflammation and histopathological changes as a
result of exposure to allergen or infection under light microscopy. Fixed lung

sections were stained with a hematoxylin and eosin (H & E) stain and

examined for inflammatory cell infiltrates based on cell morphology and

staining characteristics. H & E staining of lung sections also revealed any

epithelia cell hyperplasia.
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lmmunohistochemical staining : Eotaxin

Lungs were aseptically removed from narVe or treated mice and were snap-

frozen in liquid nitrogen and kept at -80'C until sectioning. Sections were

mounted onto slides and fixed with 100% acetone. Frozen lung sections were

prepared in this manner for the purpose of immunohistochemical staining of

eotaxin. Primary goat anti-mouse eotaxin antibody was purchased from R &

D Systems (Minneapolis, MN, USA). Secondary rabbit anti-goat antibody was

purchased from Jackson lmmunoResearch (West Grove, PA, USA), and the

developing AEC substrate was purchased from Dako (Mississauga, Ontario,

Canada).

lmmunohistochemical staining: Vascular Cell Adhesion Molecule-l
(vcAM-1)

Lung tissues were aseptically removed and snap-frozen in liquid N2 and kept

at -80'C until sectioning. Sections were mounted on glass slides and fixed by

100% acetone. Purified rat anti-mouse VCAM-1 antibody and lsotype-

matched control antibodies (Pharmingen, San Diego, CA, USA) were left on

slides for t h at room temperature and successively washed using wash

buffer. The sections were then incubated with secondary antibody (rabbit

anti-rat antibody) conjugated with horseradish peroxidase (HRP) and

developed with 3-amino-9-ethylcarbazol chromogen. The intensity of VCAM-

1 expression on the pulmonary vascular endothelium was classified according

to the criteria defined by Brisco. A score of 0 is faint staining of several

vessels, 2+ is moderate intensity staining of most vessels, and 3+ is intense

staining of most vessels (Yang, Wang et al. 1999). The sections were

examined by two observers in a blind manner, and the average of the two

determinations for each section was used for calculation of VCAM-1

expression.

90



Total serum lgE detection by ELISA

The level of total lgE was measured by capture ELISA. Monoclonal anti lgE

(BD PharMingen)was diluted to 2pglml in 0.06M carbonate buffer and coated

onto plates at SOpl/well and incubated overnight at 4'C. Wells were blocked

with 5% Foetal calf serum (FCS) in carbonate buffer at 37.C. Doubling

dilutions in TBS/0.05% Tween (Sigma-Aldrich, Canada) of serum samples

were added to the plate and incubated overnight at4C. Biotinylated anti-lgE

(BD PharMingen) was added at a concentration of 2¡4lml in TBST/FCS,

5Oul/well. Avidin-alkaline phosphate (Sigma-Aldrich, Canada) was added to

the plate at 4pglml for t hour at 37'C. Finally, p-nitrophenyl substrate was

added and the reaction was allowed to develop before monitoring at 405nm. A

standard curve was generated using dilutions of 500n9/ml to 0.122 ng/ml of

mlgE (BD PharMingen). Between each layer the plates were washed five

times with TBS/Tween.

C. muridarum lnfection model parameters

Body weight measurements

To examine the susceptibility of mice to chlamydial infection, one of the

parameters measured immediately after organism inoculation until the day of

sacrifice was body weight loss of each mouse. Original mouse body weights

prior to infection were noted and similar body weight was used at the

beginning of each study. Body weight loss was recorded throughout the

course of the studies and is a good indicator of morbidity (in conjunction with

other infection model parameters).

Quantification of Chlamydial In vivo Growth

Mice were inoculated intranasally with various doses of Chlamydia muridarum

in a volume of 40 pl. Mice were monitored daily for body weight changes as

described above, and sacrificed by means of cervical dislocation on selected
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days after infection. To determine in vivo growth of the chlamydial organism,

the lungs, liver, heart, and kidneys of each infected mouse were aseptically

removed and placed in sucrose phosphate glutamine (SPG) buffer. Each

organ was placed in an autoclaved homogenizer and homogenized in 4 ml of

SPG buffer. Tissue homogenates were then centrifuged at 500 x g for 10 min

at 4'C, and the supernatant were collected and divided into aliquots of 1

ml/vial and kept at -70'C until tested. All samples from the same experiment

were tested in the same titration assay. For Chlamydia muridarum

quantifìcation, Hela n299 cells were grown to confluence in 96-well flat-bottom

microtiter plates and washed in 100 pl of HBSS media. The monolayerwas

then inoculated in triplicate with 100 ¡ll of lung, liver, heart or kidney tissue

supernatants from mice infected with Chlamydia muridarum or nalVe mice.

After 2 h incubation at 37'C on a rocker platform, plates were washed, and

200 pl of MEM containing 1.5 ¡.rg/ml cyclohexamide, gentamycin, and

vancomycin was added. The plates were incubated for 48 h at 37"C in 5%

COz. Culture medium was then discarded and the cell monolayer was fixed

with absolute methanol. To identify inclusion-containing cells, plates were

incubated with a Chlamydia genus-specific murine monoclonal antibody and

stained with goat anti-mouse lgG conjugated to horseradish peroxidase. The

number of inclusions were counted under a microscope at 200X

magnification. At least five fields through the midline of each well were

counted. The chlamydial infectivity in each organ supernatant was then

calculated based on dilution titers.

Ch lamydial challen ge and Delayed-Type Hypersensitivity Measu rements

Delayed-type hypersensitivity (DTH) was determined by measuring the

increase in footpad thickness following local challenge with heat-inactivated

(56'C for 10 min) Chlamydia muridarum. A 27-gauge needle was used to

inject mice in the hind footpads with 0.025 ml Chtamydia muridarum (5 x 104

IFU) in the left foot and the same volume of Hela cell material in the right foot.

The thickness of the footpads were measured 24,48 and 72 h postinjection

using a dial-gauge calliper (Walter Stern 601A, Fisher Scientific, Ottawa, ON,
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Canada). The difference between the thickness of the two footpads was used

as a measure of the DTH response. No measurable changes were obserued

following Hela cell material injection alone in naiVe or Chlamydia muridarum-

infected mice nor following heat-inactivated Chlamydia muridarum injection in

naiVe mice.

Ghlamydial lnclusion Fluorescent Staining

Lungs from C. muridarum-infected or naive BALB/o, 129 and CD1 KO mice

were collected aseptically as outlined above. One lung from each mouse was

snap-frozen in liquid nitrogen for detecting chlamydial inclusions using

immunofluorescent staining. For this analysis, 10 pm lung sections were cut

from frozen tissue, treated with blocking buffer and incubated with mouse anti-

Chlamydia major outer membrane protein antibody (Chemicon). After

incubation, the sections were treated with FlTC-conjugated goat anti-mouse

lgG antibody (Sigma-Aldrich). To stain epithelial cells in the same lung

samples, tissue sections were treated with mouse anti-pan-cytokeratin

antibody (Calbiochem-Novabiochem). The sections were washed, incubated

with biotinylated rabbit anti-mouse antibody (Dako) and then developed with

Texas Red Avidin D (Vector Laboratories).

Proliferation Assay

All in vitro cultures were performed in RPMI 1640 medium supplemented with

penicillin (100U/ml) Streptomycin (100 pg/ml) (Sigma, Canada) and glutamine

(Sigma-Aldrich, Canada), plus 10% fetal calf serum (FCS) (Sigma-Aldrich,

Canada), unless othen¡yise stated. Single cell suspensions from lymph nodes

or spleen were incubated in quadruplicate at 3x106 cells/ well of a round-

bottomed 96 well plate in a total of 200p1 at 37"C. For cell proliferation

measurements, 3.0 x 106 cells were either incubated alone or with 4 pg/ml

Concanavalin A (ConA) (Sigma, Canada) in 96-well cell culture plates for 48

h. After incubation, 1 ¡rOi of [3H]thymidine (Sigma-Aldrich, Canada) was
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added to each well of culture and incubated at 37"C for 6h. [3H]Thymidine

incorporation was analyzed using a TopCount NXT microplate scintillation and

luminescence counter (Canberra Biosciences).

Gytokine and Chemokine Detection by Enzyme-Linked lmmunosorbent
Assay (ELISA)

Culture supernatants collected after 54 hours of incubation, or BAL fluid, was

assayed for cytokine secretions. Cytokines were measured by ELISA

according to suppliers' guidelines. Between each layer the plates were

washed five times with TBS/Tween. ELISA capture monoclonal antibodies

were prepared in 0.06% carbonate buffer (0.1 mM NaHCOs, pH 8.2) and

incubated overnight at 4'C at the following concentrations (Table 2.1), with

50pl added per well of an ELISA plate. Following incubation, plates were

blocked with 100 pl/well o'f 1% bovine serum albumin (BSA) in TBS, incubated

for 2 hours at 37'C. 5Opl/well of BAL fluid or supernatant was then added with

a siandard curve peformed, with doubling dilutions of the recombinant

cytokine. Following incubation and washing, 50 pl/well of matched biotinylated

detection antibody was added and incubated at 37'C for 2 hours or overnight

at 4'C. Streptavidin-alkaline phosphatase was added, 50 pl/well at 1pg/ml and

incubated at 37'C for a further hour. Finally, plates were washed and 100p1 of

p-nitrophenyl phosphate substrate (Sigma-Aldrich, Canada) was added. Once

colour had developed, optical densities, at 405 nm, were read, with cytokine

concentration determined by extrapolation from the standard curve. Standard

curves were obtained using recombinant murine IFN-y, lL-4, ll-g, lL-10, lL-12

(BD Pharmingen), and lL-S, Eotaxin, and lL-13 (R & D Systems, Minneapolis,

MN, USA) and are expressed in picograms per milliliter +/- standard error of

the mean (SEM), unless othenvise staied. The buffers, substrates and

concentrations of reagents used were adopted from previous protocols from

this laboratory or from in house testing and optimization.

94



Monoclonal

Capture Antibodies
(Concentration used

to coat plate)

Supplier

Biotinylated
Monoclonal

Detection
Antibodies

Supplier

lL-4 (4pglml),

lL-5 (2pglml),

lL- 9 (4pglml)

lL-10 (4pglml)

lL-13 (2pglml)

lL-12 (2.5pglml)

IFN-y (3 pg/ml)

Eotaxin (0,4pglml)

Pharmingen

Pharmingen

Pharmingen

Pharmingen

R&D

Pharmingen

Pharmingen

R&D

0.5 pg/ml

1pg/ml

1pg/ml

Z¡tglml

0.1pg/ml

1pg/ml

1pg/ml

0.4p9lml

Pharmingen

Pharmingen

Pharmingen

Pharmingen

R&D

Pharmingen

Pharmingen

R&D

Table 2.1. ELISA Antibodies

Allergen- and Chlamydia-specific antibody isotype detection by ELISA

Allergen-specific lgE, lgGl and lgG2a antibodies were determined by ELISA.

Unless othenruise stated, serum samples collected 6-8 days after final airuray

challenge were diluted in TBSÆween and wells washed between each

incubation step with TBS/Tween. Flat-bottomed 96 well plates were coated

with 20 pg/ml of RW allergen diluted in HBSS. After washing, non-specific

binding was blocked by incubating wells with 5% BSA (Fraction V, Gibco) in

carbonate buffer, for 2 hours at 37'C. Doubling dilutions of serum from 1:10 to

1:1280 was then added and plates were incubated overnight at 4'C. For

measurement of allergen-specific-lgE, lgG was flrst depleted as allergen-

specific-lgG antibodies, which may be in more than 1OO-fold excess to lgE

antibodies, interfere with the detection of allergen-specific lgE, possibly by

competitive binding to allergenic epitopes. Therefore, serum samples were

pre-treated by incubating twice with 50% slurry of protein G-Sepharose
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(Pharmacia Biotech, Uppsala, Sweden) to remove the competing lgG

antibodies. lgG-depleted serum was recovered by centrifugation, diluted in

TBS/Tween and added to allergen-coated plates. Following extensive

washing, biotinylated anti-lgE antibody was added. The plates were

developed using avidin-conjugated alkaline phosphatase and measured by a

microplate reader (Versamax; Molecular Devices, Sunnyvale, CA, USA).

For lgG1, HRP conjugated anti-mouse lgGl (BD PharMingen) was added at

1:6000 dilution, HRP conjugated anti-mouse lgG2a (BD PharMingen) was

used at 1:4000 dilution. Following incubation, 5Opl/well of ABTS peroxidase

substrate system was added, left to develop and monitored at 405nm.

To determine C. muridarum-specific serum antibodies, ELISA plates were

coated overnight with C. muridarum elementary bodies in bicarbonate buffer

(0.05M, pH 9.6). After blocking for 90 min with 2% BSA, 0.05% Tween 20

solution and extensive washing, serially diluted sera were incubated for 2 h at

37'C. The plates were washed, and biotinylated goat anti-mouse antibody

was added and incubated overnight at 4'C. Alkaline phosphatase-conjugated

streptavidin (Jackson lmmunoResearch Laboratories, Bio/Can Scientific) was

added, and the plates were kept for incubation at room temperature for 45

min. After extensive washing of the plates, p-nitrophenyl phosphate (in 0.5

mM MgCl2, 10% diethanolamine, pH 9.8) was added, and the reaction was

allowed to proceed for 60 min. The plates were read with the same above

microplate reader at 405 nm.

Spleen & Lymph Node Cell Gultures and Single-Cellsuspensions

ln allergy, allergy/infection, and infection models, mice were sacrificed by

means of COz fixation. Spleens and draining (mediastinum) lymph nodes

were aseptically removed. Spleen and lymph nodes were homogenized

manually and rinsed once with RPMI Complete medium RPMI 1640

containing 10% heat-inactivated FBS, 25 pg/ml gentamicin, 2 mM L-glutamine

and 5 x 10-5 2-ME (Kodak). Cell suspensions were then centrifuged and

resuspended in RPMI Complete medíum. Spleen and lymph node cells were
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then cultured at a concentration of 7.5 and 5.0 x 106 cells/ml, respectively,

alone or with RW (100 pg/ml) or with heat-inactivated C. muridarum ( 1 x 10

IFU/ml) at 37"C in Complete culture medium. Duplicate cultures were

established from the spleen and lymph node cells of individual mice in each

group. Culture supernatants were harvested at72h for the measurement of

cytokines by ELISA using purified (capture) and biotinylated (detection)

antibodies as described below.

lsolation of total RNA

To determine the levels of total RNA, tissues were homogenized in 1 ml of

TRlzol reagent per 50-100 mg of tissue and stored at -80'C until used.

Samples were thawed and 0.2 ml of chloroform added to each sample.

Tubes were shaken vigorously by hand for 30 seconds and incubated at 15-

30'C for2-3 minutes. Samples were centrifuged at 2-8"C for 15 minutes at

13,000 x g. Following centrifugation, the aqueous phase was removed and

transferred to fresh tubes. The RNA was precipitated from each sample's

aqueous phase by mixing with isopropyl alcohol. 1 ml of isopropyl alcohol

was used per 1 ml of TRlzol reagent. Samples were incubated at 15-30'C for

10 minutes and centrifuged at 15,000 x g for 15 minutes at 2-8"C.

Supernatants were removed by aspiration and the RNA pellet was washed

once with 1 ml 75% ethanol. Samples were mixed by vortexing and

centrifuged at 7,500 x g for 5 minutes at2-8"C. RNA was dissolved in 10 to

50 pl Rnase-free water and vortexed. Samples were incubated for 10

minutes at 55-60'C. RNA was diluted by 10O-fold and OD values were

determined for each sample (using UV light) at 260nm and 280 nm. To

determine individual RNA concentrations = 40 x Azoo X dilution factor.

PCR Analysis

For analysis of TLR gene expression in the isolated DC, total cellular RNA

was extracted from isolated DC using the phenol-guanidinium method

(TRlzol) reagents, lnvitrogen), followed by thanol precipitation. The first-
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strand nDNA was generated from 1.2p9 totla RNA in a final volume of 15pl

using M-MLV reveres transcriptase and oligo (dT) primer. One microliter of

cDNA was used for each PCR reaction. The presence pf RNA specific for

TLR2, TLR4, and TLRS was determined by semi-quantitative PCR. The PCR

primer sets used were as follows: TLR2, 5'-

(sense) and 5'-G CTCCAG GTCTTTCACCTCTATTC-3'

TCCAGCAGGAAAGCAGACTCGCTTA (anti-sense); TLR4, 5'-

GGAAGCTTGAATCCCTGCATAGAG-3' (sense) and

TCCACATGTACTAGGTTCGTCAG-3' (anti-sense); TLR9,

AACCTGCGGCAGCTGAACCTCAA-3' (sense) and

GAGTTCAGTGTATGGAGAGAGCTG-3' (anti-sense). F-actin was used as

internal control: 5'-GTGGGCCGCCCTAGGCACCA-3' (sense) and 5'-

CTCTTTGATGTCACGCACGAATTTC-3' (anti-sense). The reaction

conditions for PCR were as follows: 1 cycle at 95'C for 5 min; 31 cycles (for

TLR2) or 34 cycles (for TLR4 and TLR9) at 95"C for 1 min, at 55'C for 1 min,

and 72"C for I min. B-actin was used as a loading control. PCR products

were run on a 17o agarose gel containing 0.1 mg/ml ethidium bromide. lmage

analysis was performed using GelDoc 2000 gel documentation system

(BioRad, Hercules, CA) and quantified using Scion lmage Software (Scion

Corporation, Frederick MD).

Statistical Analyses

Student's t test was used for statistical comparisons between groups with

equal distributions. P values <0.05 were considered significant and were

calculated using GraphPad Prism.

5'-

5-

5'-
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3.1

Part lll: Results

The results section is divided into six chapters based on the various themes of

study. Each chapter begins with an introduction to that section of study,

followed by the experimental results and a small discussion.

Chapter 1: The effect of intracellular bacterial infection on the

allergic response induced by ragweed allergen.

ln this section, we intend to examine the "Hygiene Hypothesis" using a

common environmental allergen and a natural respiratory tract infection

model. The allergen used is ragweed extract (RW) which afflicts many

seasonally allergic individuals, and the infectious agent is Chlamydia

trachomatis mouse pneumonitis (Chlamydia muridarum) which normally

causes murine respiratory tract infection. The murine Chlamydia muridarum

infection model is well characterized and our previous studies have shown

that Chlamydia muridarum infection predominantly induces Th1-like

responses and IFN-y/lL-12 production in C57BL/6 mice.

3.1.1 Development of allergic inflammation phenotype following

ragweed (RW) exposure in mice.

To appreciate the immunological kinetics of a ragweed extract exposure in

mice, C57BL/6 mice were administered 100 pg ragweed extract in alum

intraperitoneally (i.p.) and subsequently challenged intranasally (i.n.) with 150

pg ragweed extract. On day 7 post-challenge, mice were killed and spleens

and peribronchial lymph nodes were removed for ln vitro T cell recall

responses; sera were also taken for antibody detection.

As this was a new allergy model to the laboratory, some basic in vitro

parameters were initially established with lymph node cells and splenocytes

recovered from mice 6 days post challenge, Optimal antigen concentration for
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in vitro re-stimulation was found to be at 100 pg/ml with optimal antigen

specific stimulation established with 5 x 106 lymph node cells and 7.5 x 106

splenocytes per well of a 48-well plate. Spleen and lymph node cells

recovered at day 6 post-challenge and re-stimulated in vitro with either

ragweed extract antigen or with the T-cell stimulant anti-CD3e produced large

amounts of lL-4, ll-s, lL-10 and lL-13 (Figure 1). The Th1 markers, IFN-y

and lL-12, were minimally expressed (or undetectable) in both lymph node

and splenocyte cultures (Figure 2), indicative of a governing Th2 response.

lsotype responses, measured in the sera of infected mice, revealed a Th2-

dominated phenotype with signiflcantly elevated serum RW-specific lgE and

lgGl with significantly elevated total serum lgE (Figure 2). The data shown

are from C57BL/6 mice. BALB/c mice were found to respond in a similar way.

ln agreement with the aforementioned RW-induced allergic phenotype, the

administration of RW allergen sensitization/challenge was also shown to

induce cellular infiltration into the lung. Eosinophils made up greater than

50% of the total number of infiltrating cells into the BAL (Figure 3A) in RW-

treated mice in comparison to PBS{reated controls. Additionally, the level of

mucus production demonstrated by the histological mucus index (HMl) in the

mice sensitized/challenged with RW was significantly higher than that in mice

with PBS alone (Figure 3B).

Together, these results validate the use of RW allergen extract as a suitable

allergen to induce allergic airway inflammation akin to human asthma, with

eosinophilia and mucus production, which significantly contributes to the

pathology in asthma.
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Figure 1. Local lymph node cells (peribronchial) from naive C57BL/6 mice were cultured in 48-
well plates in the presence or absence of 1O0¡rg/ml ragweed extract Ag or lpg/ml of anti-CD3e
antibody. Supernatants were collected 72 hours after stimulation with cytokine secretions measured
by ELISA. Data presented are mean + SEM of duplicate wells from 3 mice per group. *,p<0.05, **,
r<0.01
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Figure 2. Local lymph node cells (peribronchial) from nalve C5'ÌBL\6 mice were cuttured in 48-
well plates in the presence or absence of lO0pg/ml ragweed extract Ag or lpg/m[ of anti-CD3e
antibody. Supernatants were collected 72 hours after stimulation with cytokine secretions measured
by ELISA. Antibody isotype profiling from sera, was carried out on infected and naiVe BALB/c
blood samples. Antibody isotypes were measured by ELISA. Data presented are mean t SEM of
duplicate wells from 3 mice per group. *, p<0.05, +*, p<0.01.
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Figufe 3. (A) Nuiu" or mice sensitized./challenged with RW show a significant reduction in
BAL of eosinophils following RW sensitization and challenge compared to mice treated with
RW only. Mice were sensitized i.p. with RW (l00pg) in alum and were challenged.,vith RW
(l50pg) on day l4 following sensitization. Mice were sacrifìced day 6 post-challenge and
mice tracheas were cannulated and BAL fluids acquired by washing lungs twice with sterile
PBS. BAL cellular components were analyzed by differential cell counts using Fisher

Leukostat Stain Kit. (B) Mi." *"r" treated as described in Figure 3. Lung tissues were fixed
and sections were stained with thionin for mucus and mucus-containing goblet cells.
Histological mucus index (HMI) was calculated based on the percentage of the mucus-positive
area over the total area of the airway epithelium. Each group was composed of three mice.
Data represent means +/- SD.

3.1.2 Local Chlamydia muridarum lnfection lnhibits Pulmonary

Eosinophilia and Bronchial Mucus Production

Our previous studies using Chlamydia muridarum in murine respiratory

infection models have demonstrated that the Chlamydia muridarum lung

infection in C57BL/6 mice are cleared within 20-25 days following inoculation

(Wang, Fan et al. 1999). We intended in the present study to examine the

effect of prior infection (when the infection has been cleared and the mice

have recovered from the disease) on RW induced asthma-l¡ke reaction, thus

choosing 30-45 days post infection as the starting point for RW sensitization.

As both eosinophil infiltration into the lung as well as mucus over-secretion

are the hallmarks of the asthma-like reaction, a direct comparison was made

between the differential cell count from the BAL of uninfected, RW-treated

mice and the Chlamydia muridarum-infected, RWtreated mice. The results
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showed that the mice with previous Chlamydia muridarum infection had

significantly less cellular infiltration into the lung following RW challenge

compared to those mice treated with RW only. Signifìcantly eosinophilic

infiltration was dramatically reduced (2 x 105 eosinophils in mice with RW

treatment only compared to 3 x 104 eosinophils in the Chtamydia mur¡darum-

infected, RW-treated mice). Eosinophils made up greater than 50% of the

total cell number of infiltrating cells into the BAL of the mice treated with RW

only, whereas eosinophils in the Chlamydia muridarum-infected, RW-treated

mice represented <25o/o of the total BAL cells (p<0.05) (Figure 4).

Lymphocyte numbers within the BALs of both groups was unchanged. ln

addition, histological analysis also showed remarkably reduced levels of

infiltrating eosinophils into the bronchial and pulmonary tissues of the RW-

treated mice with previous Chlamydia muridarum infection, regardless of

whether the mice were sensitized with RW at 30 or 45 days post-infection

(Figure 5). Mice that had been treated with RW alone displayed significant

infiltration of eosinophils in the bronchial submucosa, alveolar, and

perivascular sheaths, accompanied by a small amount of infiltrating

monocytes and lymphocytes. ln contrast, mice with prior Chlamydia

muridarum infection displayed milder cellular infiltrations that consisted mostly

of macrophages and lymphocytes, accompanied by a minute number of

infiltrating eosinophils (Figure 5). ln addition, there was increased goblet cell

staining as well as epithelial hyperplasia in the mice with RW treatment only,

which was abrogated significantly in mice infected with Chlamydia muridarum

infection prior to RW exposure (Figure 6 & 7). Collectively, these results

indicate that a local Chlamydia muridarum infection which has been cleared

prior to RW immunization is capable of inhibiting the local allergic

inflammatory response, especially eosinophilia, and reducing mucus

production which greatly contributes to the pathology in the asthma-like

reaction.
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Figufe 4. Chlamydia muridarum-, RW-treated mice or mice treated with RVy' alone show a
significant reduction in BAL eosinophils following RW sensitization and challenge compared
to mice treated with RW only. One group of mice were infected i.n. with 5 x 103 IFUS
Chlamydia muridarum. Thirty days post-infection, all mice were sensitized i.p. with RW
(l00pg) in alum and were challenged with RW (l50pg) on day l4 following sensitizarion.
Mice were sacrificed day 6 post-challenge and mice hacheas were cannulated and BAL fluids
acquired by washing lungs twice with sterile PBS. BAL cellular components weÍe analyzed
by differential cell counts using Fisher Leukostat Stain Kit.

Figure 5. Mice infected with Chlatnydia muridarnn prior to RW sensitization show a significant reduction in
peribronchial eosinophilic inflammation following RW challenge compared to mice treated with RW only. One
group of mice was infected with 5 x 103 IFU Chlamydia trachomatis (Òhlamydia mur-idantm) and were ailowed
tocleartheinfectionfor30days. Onday30,allmicewe¡esensitizedi.p.withRW(100¡rg)inalumandwere
challenged with R'W (l50pg) on day 14 following sensitization. Mice were sacrificed on day 8 post-challenge
and the lungs were removed and fixed in formalin. Lung were sectioned and stained with H & E and examined
in a double blind manner. Sections were photographed at low (x t00) magnification. Panel A: Chlamydia
muridarum-infected, RW-heated mice; Panel B, RW-treated mice without previous Chlamydia tnuridarum
infection.
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FigUfe 6. Dramatic reduction in mucus secretion in mice infected with Chlamydia
muridarum 30 days before RW sensitization-/challenge. Mice were killed on day 6 post-RW
challenge. Lung tissues were fixed and stained for mucus and goblet cells. Histological mucus
index (HMI) was calculated based on the percentage of the mucus-positive area over the total
area of the airway epithelium. Each group was composed of three mice. Data represent

Rlt[/RlY (nai've] MoPn/RW/Rtff

Figufe 7. Dramatic reduction in mucus secretion in mice infected with Chlanydia
muridarum 30 days before RVy' sensitization/challenge. Mice were killed on day 6 post-RW
challenge. Lung tissues were fixed and stained for mucus and goblet cells. Mucus is stained
as brownish red by thionin staining and cytoplasm is stained as orange by counterstaining with
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3.1.3 Local chlamydía muridarum lnfection Reduces Blood Eosinophil

Levels lnduced by RW Allergen

Another pertinent hallmark of allergic disease which occurs frequently within

atopic patients is the elevation of blood eosinophilia compared to non-atopic

individuals upon allergen exposure. To address whether previous chlamydia

muridarum infection was also capable of reducing blood eosinophilia levels in

response to allergen, the number of blood eosinophils in Chlamydia

muridarum-infected, RW-treated mice were compared to those mice

administered with RW only. As seen in Table 1, RW exposure induced high

levels of blood eosinophilia in mice without previous Chlamydia muridarum

infection. ln contrast, those mice with previous chlamydia muridarum

infection displayed a significant decrease in their levels of blood eosinophilia

in response to the RW treatment. The results demonstrate a clear ability of

the prior chlamydia muridarum infection to not only reduce the level of

eosinophilia at the site of infection and allergen exposure, but also its ability to

reduce the level of circulating eosinophils within the blood in response to a
local allergen challenge.
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3.1.4 Local Chlamydia muridarum infection Alters Gytokine and

Chemokine Patterns Induced by Allergen

To directly examine the effect of Chlamydia muridarum infection on the

subsequent response to RW allergen, a direct comparison was made

between Th1-líke cytokines, Th2-like cytokines, and a C-C chemokine,

eotaxin, produced by RW-treated mice with or without prior Chlamydia

muridarum infection. The latter has been documented to be crucial in

eosinophilic chemoattraction to the site of the allergic inflammation.

According to the cytokine profile patterns of spleen and draining lymph node

cells from Chlamydia muridarum-infected, RWtreated mice re-stimulated with

RW allergen in vitro, the levels of Th2-like cytokines, namely lL-4, ll-s, lL-10,

and lL-13, were dramatically decreased compared to mice with RW treatment

only (Figure 8). BAL fluid samples also demonstrated a significant decrease

in the Th2-like cytokines in mice with previous Chlamydia muridarum infection

(Figure 8). Furthermore, the levels of eotaxin, within BAL fluids were

significantly reduced in those samples obtained from Chlamydia muridarum-

infected, RW-treated mice, in comparison with those without prior Chlamydia

muridarum infection (Figure 9). ln contrast, either RW or polyclonal T-cell

(anti-CD3) stimulation (data not shown), the levels of IFN-y produced by

spleen or lymph node cells 'lrom Chlamydia muridarum-infected, RW-treated

mice was significantly higher compared to RW-treated mice without prior

Chlamydia muridarum infection (Figure l0). Similar increases in IFN-y

production in the RW-treated mice with previous Chlamydia muridarum

infection was observed in BAL samples. Moreover, lL-12 in the lymphocyte

culture supernatant of Chlamydia muridarum-infected mice was also

significantly higher than in mice without infection (Figure 10). Based upon

these data, there was an obvious increase in the fhllÍh2 ratio in the

Chlamydia muridarum-infected, RW{reated mice due to both a decrease in

Th2 cytokine production (lL-4, lL-s, lL-10, & lL-13), and an increase in Th1

cytokine production (lFN-y & lL-12) bV these mice. These results clearly

demonstrate an alteration in the profile of cytokines, both local and systemic,

produced in mice that were infected previously with Chlamydia muridarum

compared to those who were not infected before exposure to RW.
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Figufe 8. D¡astic reduction in Th2 cytokines in spleen and lymph node cell cultures and BAL of
Chlamydia muridarunt-infected, RW-treated mice compared to mice heated with RW only. Mice
were infected with 5 x 103 or treated with PBS, sensitized with 100¡rg RW in alum and 14 days later,
challenged with l5Qls RW and sacrificed_at 6 days post-challenge. Spleen and lymph node cells were
cultured at 7.5 x I 06 cells/ml and 5.0 x I 06 cells/ml, iespectivelyãnd È¡,L cotlecied from aseptically
acquired lungs. Culture supematants were harvested at 72 hours and tested for various Th2 cytokines
using ELISA. Data are presented as the mean +/- SD ofeach group. *, p<0.05, ***, p<0.0001,
cytokine production in infected mice versus uninfected mice.
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Figure 9. A significant reduction was seen in the eotaxin measured in the BALs of Chlarnydia
muridarum-infected, RWtreated mice compared to mice treated with RW only. Mice (three

mice/group) were treated as mentioned in the legend to Figure 8. Six days post-Rw challenge, mice
were sacrificed and the lungs of mice were flushed with sterile PBS to obtain BALs. Eotaxin in the

BALswasmeasuredbyELISA. Dataarepresentedasthemeans+/-SDofeachgroup. **+,

p<0.000 I , comparison between infected and uninfected mice following RW sensitization/challenge.

Spleen Lymph nodes BAL

Figure 10. A marked increase was seen in IFN-1 and IL-12 production by both spleen and lymph
node cells and in BALs from mice infected with Chlamydia muridarum prior to RW
sensitization/challenge compared to mice without Chlamydia muridarum before RW heatment.
Seventy-two-hour culhrre supematants of spleen and lymph node cells and BALs as described in the

legend to Figure 8 were determined for IL- 12 and IFN-1 by ELISA. Data are presented as the means
+/-SDofeachgroup. *,P<0.05,**,P<0.00l,cytokineproductioninmicewithpreviousChlamydia

nturidarum infection versus mice treated with RW only.
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3.1.5 Local Chlamydia murídarum infection Alters Cytokine and

Ghemokine Patterns Induced by Allergen

Serum antibodies specific for the RW allergen were measured in both groups

of mice; i.e. Chlamydia muridarum-infected, RW{reated mice and mice

treated with RW only. When mice from both groups were sacrificed on day 6

post-RW challenge, which is the peak of lgE responses, the level of RW-

specific lgE in RW-treated mice was significantly increased (p<0.05)

compared to the levels in Chlamydia muridarum-infected, RW{reated mice.

Unexpectedly, the infected and uninfected mice showed comparable levels of

RW-specific lgE, lgGl and lgG2a responses. lnterestingly, those mice who

had prior Chlamydia muridarum infection before RW sensitization/challenge

displayed exacerbated levels of total lgE compared to mice treated with RW

only (Figure 11). The data suggests that previous Chlamydia muridarum

infection is ineffective at reducing the levels of both total and RW-specific lgE

antibodies in the serum.

Figufe I 1. A significant increase was seen in total IgE levets in mice infected with Chlamydia
nturidarum prior to RW sensitizatior/challenge. Mice (three mice/group) were treated as described in
the legend to Figure 8 and were bled on day 6 post-RW challenge. The serum RW-specific IgE, IgGl,
IgG2a, and total IgE were determined using ELISA. ELISA titers for RW-specific antibodies were
converted to log l0 and presented as the means +/- SEM. +, P<0.05, infected versus uninfected mice.
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3.1.6 BGG infection Alters Cytokine and Chemokine Patterns, Lung

Eosinophilia, and Bronchial Mucus production lnduced by

Ragweed Allergen and can re-direct the established allergic

response

As demonstrated above, the delivery of a Th1-inducing infection such as

Chlamydia is capable of inhibiting the development of the asthma-like reaction

in a murine model of allergic ainruay inflammation.

Another model of intracellular bacterial infection was also established in our

laboratory, namely Mycobacterium bovis BCG. We therefore tested the ability

of the Mycobacterium bovis BCG to re-direct an already-established allergic

phenotype induced by exposure to ragweed allergen.

Mice were sensitized with 100p9 RW in conjunction with alum adjuvant and

challenged 14 days later with 150p9 RW. Following RW challenge, mice

were infected with Mycobacterium bovis BCG [1.0 x 106 colony-forming units

(CFU)l and then further challenged intranasally (i.n.) with 150p9 ragweed

(aO¡rl) 21 days post-BCG infection. Mice were killed and analyzed for allergic

and immune responses 6 days following final allergen challenge.

To directly examine the effect of Mycobacterium bovis BCG infection on the

established allergic response to RW allergen, a direct comparison was made

between Th2-like cytokines and Th1-like cytokines produced by RW-treated

mice with or without BCG infection. Spleen and draining lymph node cells

from BCG-infected, RW-treated mice re-stimulated with RW allergen in vitro,

had dramatically decreased Th2-like cytokines, namely lL-4, ll-s, lL-10, and

lL-13, were compared to mice with RW treatment only (Figure l2).

ln contrast, either RW-specific or polyclonal T-cell (anti-CD3) stimulation, the

levels of IFN-y produced by spleen and lymph node cells from BCG-infected,

RW-treated mice was significantly higher compared to those RW-treated mice
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without BCG infection (Figure 13). Moreover,lL-12 in the lymphocyte culture

supernatant of Chlamydia muridarum-in'fected mice was also significantly

higherthan in mice without infection (Figure l3).

Serum antibodies specific for the RW allergen were measured in both groups

of mice; i.e, BCG-infected, RW-treated mice and mice treated with RW only.

Mice from both groups were sacrificed on day 6 post-RW challenge, which is

the peak of lgE responses, RW-specific lgE in RW-treated mice was

significantly increased (p<0.05) compared to the levels of BCG-infected, RW-

treated mice. lnfected and uninfected mice showed comparable levels of

lgG2a responses. lnterestingly, mice who had received BCG infection after

RW sensitization/challenge displayed exacerbated levels of total RW-specific

lgE, RW-specific lgG2a and total lgE compared to those mice treated with

RW only (Figure 14). The data indicate that BCG infection is ineffective at

reducing the levels of both total and RW-specific lgE antibodies in the serum,

but rather increases these levels above RW{reated only mice.

These results demonstrate that mice with BCG infection after allergen

challenge significantly reduce cellular infiltration into the lung following RW

challenge compared to mice treated with RW only, especially in eosinophilic

infiltration (Figure 15). Eosinophils made up greater than 50% of the total cell

number of infiltrating cells into the BAL of the mice treated with RW only,

whereas eosinophils in the BCG-infected, RW-treated mice represented

<25o/o of the total BAL cells (p<0.05) (Figure 15). The level of lymphocytes

within the BALs of both groups of mice were comparable.

ln addition, there was significantly more goblet cell staining in those mice with

RW treatment only, which was abrogated significantly in those mice infected

with BCG infection in the midst of established allergic ainruay inflammation

induced by exposure to RW allergen (Figure l6).
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Figufe 12. Drastic reduction in Th2 cytokines in lymph node cell cuttures of BCG-infected, RW-
treated mice compared to mice treated with RW only. Mice were sensitized with 100¡rg
RW in alum and l4 dayslater, challenged with 150¡rg RW. Mice were then infected or not
with infected with I x l0' CFUs BCG or treated with PBS, challenged with I 50¡.rg RW and
sacrificed 6 days post-challenge. Lymph node cells were culn¡red at 5.0 x l0o cells/mI..
Culture supematants were harvested at 72 hours and tested for various Th2 cytokines using
ELISA. Data are presented as the mean +/- SD ofeach group. *, p<0.05, ***, p<0.0001,
cy'tokine production in infected mice versus uninfected mice.

-ô

--r".

".+t".¡r'"t

--r"- -"""
.tot

--r"

114



Spleen

0.4

0.3

o.2

0.'l

0,0

Figufe 14. A significant increase was seen in total serum IgE and serum RW-specific IgE levels in
mice infected with BCG infection and treated with RW. Mice (three mice/group) were
treated as described in the legend to Figure 8 and were bled on day 6 post-RW challenge.
The serum RVy'-specific IgE, IgGl, IgG2a, and total IgE were determined using ELISA. *,
P<0.05, infected versus uninfected mice.
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Figure 13. A marked increase was seen in IFN-1 and IL-12 production by both spleen and lymph
node cells from mice infected with BCG following to RW sensitization/challenge compared
to mice without BCG during established RW allergic inflammation. Seventy-two-hour
culture supematants ofspleen and lymph node cells as described in the legend to Figure 8

were determined for lL-12 and IFN-y by ELISA, Data are presented as the means */- SD
of each group. *, P<0.05, **, P<0.001, cytokine production in mice with previous BCG
infection versus mice treated with RW only.
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Figufe 1 5. gCC-, RW-treated mice or mice treated with RW alone show a significant reduction in

BAL eosinophils following RW sensitization and challenge compared to mice treated with
RW only. Mice were sensitized i.p. with l00pg RW in alum and challenged l4 days later

with l50pg RW i.n. One group of mice were then infected i.v. with 1.0 x 10" CFUs

Mycobacterium bovis BCG. Mice were challenged with RW (l50pg) and sacrificed 6 days

post RW re-challenge. Tracheas were cannulated and BAL fluids acquired by washing

lungs twice with sterile PBS. BAL cellular components were analyzed by differential cell

counts using Fisher Leukostat Stain Kit. *, P<0.05, infected versus uninfected mice.

Figure 16. Dramatic reduction in mucus secretion in mice infected with BCG following

RW sensitization/chaltenge. Mice were killed on day 6 posrRW challenge. Lung tissues were

fixed and stained for mucus and goblet cells. Histological mucus index (HMI) was calculated

based on the percentage of the mucus-positive area over the total area of the airway

epithelium. Each group was composed of three mice. Data represent means +/- SD. +,

P<0.05, comparison between RW/RW-treated mice and RWRWBCGIRW-treated mice.
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3.1.7 Discussion

Previous studies, in addition to our present study, demonstrate that infection

of mice with mycobacteria is capable of suppressing allergen-induced ainruay

eosinophilia and local inflammatory Th2 responses in the lung (Alm, Lilja et al.

1997; Alm, Lilja et al. 1998; Aaby, Shaheen et al.2000). ln this study, we

extended and confirmed these observations by demonstrating the alteration of

the allergen-induced asthma-like response in mice with previous respiratory

tract Chlamydia trachomatis (Chlamydia muridarum) infection. More

importantly, the choice of allergen in this study, namely ragweed, has not

cenn previously tested in animal models examining the relationship between

allergy and infection. Most studies to date have used mouse models of

asthma induced by ovalbumin (OVA) exposure. Compared to OVA, ragweed

is a natural allergen existing in the environment and is a major cause of

clinical asthma in humans. This portion of this Hygiene Hypothesis-based

study was clear in demonstrating both the ability of the intracellular bacterial

infection (Chlamydia muridarum or BCG) to inhibit the subsequent

development of the allergic response induced by the ragweed antigens,

especially eosinophilic infiltration and mucus production by goblet cells.

Eosinophils have been the focus of many investigative studies of asthma,

both in mice and in humans. Airway eosinophils induce inflammatory

reactions, with increased surface expression of adhesion molecules and

superoxide anion (O2-) release. ln addition, the mucus overproduction by

epithelial goblet cells is another hallmark of the asthmatic reaction, which, as

a result, is a major factor in human deaths due to asthma. The reduction in

these parameters in infected mice indicates significantly inhibited asthma-like

reaction by the following prior infection with Chlamydia or post-allergen

challenge infection with BCG. Moreover, Bettiol ef a/ reported that not only

atopic asthma, but also intrinsic asthma patients displayed increased levels of

blood eosinophilia (Bettiol, Bartsch et al. 2000). This is likely due to impaired

release of IFN-y from peripheral blood leukocytes and an increased

production of lL-4 compared to healthy, non-atopic subjects (Bettiol, Bartsch

et al. 2000). Our murine model is consistent with an elevated level of blood

eosinophils in RW treated mice compared to nalVe mice, with a significant
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reduction in blood eosinophilia numbers with prior Chlamydia muridarum

infection or the with the delivery of BCG infection during established RW

allergy. The inhibitory effect of prior Chlamydia muridarum infection or BCG

infection on the asthma-like reaction and peripheral eosinophilia induced by

RW is evidently well beyond the clearance of infection, as the Chlamydia

muridarum infection within this strain of mouse (C57BL/6) is cleared within 20-

25 days after inoculation in the case of Chlamydia muridarum, or beyond 21

days in the case of BCG infection. An interesting finding that has not yet been

reported is the ability of either intracellular bacterial infection to reduce the

levels of eotaxin in the lungs of allergen-treated mice. This is key as eotaxin is

the most important chemokine in eosinophil recruitment. ln addition, eotaxin

can induce eosinophil degranulation, via CCR3 expressed on the eosinophil

cell surface, which may also contribute to eosinophilic inflammation in the

airway (Fujisawa, Kato et al. 2000). More recently, it was reported that

eotaxin elicits rapid vesicular transport-mediated release of preformed lL-4

from human eosinophils (Bandeira-Melo, Sugiyama et al. 2001). The

decrease in eotaxin levels within the lungs of Chlamydia muridarum-infected,

RW{reated mice or RWtreated, BCG-infected mice may explain the reason

for the reduction in eosinophilia within the lungs of these mice. This

phenomenon was not observed in other studies using OVA with previous

Chlamydia muridarum infection (Han, Fan et al. 2004). However, similar

reduced ainruay eosinophilic inflammation was observed. The difference in

eotaxin levels suggest that the mechanism by which infection alters ainruay

inflammation may be different depending on the nature of the allergen, thus

emphasizing the importance to examine the responses caused by natural

common environmental allergens.

Another interesting finding in the present study involves the obvious

elevation of both total serum lgE in mice infected with Chlamydia muridarum

prior to RW sensitization/challenge or with the delivery of BCG during

established RW allergy. Numerous studies have concluded that the levels of

serum lgE measured in diseases such as asthma is not necessarily a

concrete parameter for determining and/or predicting human airuvay reactivity

and hyperresponsiveness (van der Pouw Kraan, Aalberse et al. 1994).
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Numerous other studies demonstrated that the level of lgE is not always

consistent with asthmatic symptoms and eosinophilic reaction (Wilder, Collie

et al. 1999). Some cytokines are capable of exacerbating the level of serum

lgE while still significantly decreasing other parameters which are associated

with allergic diseases. lL-18, also known as interferon-gamma-inducing

factor, is involved in enhancing IFN-y production and promoting a Th1

response, however Yoshimoto et alhave clearly shown that lL-18 alone has

the potential to stimulate basophils (Yoshimoto, Tsutsui et al. 1999). These

cells, upon degranulation, release a variety of chemical mediators such as

serotonin and histamine and a setof cytokines including lL-4 and lL-13, which

can contribute to class switching of B cells to lgE production. This suggests

that lL-18, in conjunction with other pro-inflammatory cytokines could

contribute also to the differentiation process of precursor CD4 T cells, working

in synergy with lL-4, into the Th2 phenotype. Our previous data have shown

that Chlamydia muridarum infection induces an lL-18 response (Lu, Yang et

al. 2000). Therefore, the previous infection may contribute to the generation of

cytokines that might exacerbate lgE production, with reduction of ainrruay

eosinophilia. Another potential cellular mechanism which may contribute to

both eosinophil reduction and lgE increase is NKT cells. NKT cells appear

to be an extremely versatile group of cells that are involved in the promotion

of a Th1 reaction induced by intracellular bacterial infection, and the

production of Th2 cytokines such as lL-4. lt is possible that NKT cells may

play a dual role in inhibiting airway eosinophilia by producing IFN-y and in

enhancing lgE production as a result of lL-4 production. Data that supports

this unusualfinding is discussed and data shown in a later.

The findings in this chapter also suggest that it is possible to re-direct

an immune response to allergens that may normally be detrimental to the

responding host with an íntracellular bacterial infection. The altering effect of

infection, suppressing the development of the asthma-like reaction, extends

well beyond the time frame of active infection. The establishment of the role

of cytokines in the regulation of immune responses provides an explanation

for the possible link between increase in allergy and decreases in

infection.Some studies have demonstrated an inverse correlation between
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childhood infection and the development of asthma in later life (Alm, Lilja et al.

1997; Ball, Castro-Rodriguez et al. 2000;Anderson, Ruggles et al. 2004). lt is

also reported that the occurrence of allergy within an individual family

inversely correlates with the birth order of each sibling and that the youngest

child is the least likely to develop an allergic disease (Ball, Castro-Rodriguez

et al. 2000; Beasley, Crane et al. 2000). The present study provided

experimental evidence that microbial infection may be potent modulators of

the allergic process.
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3.2 Chapter 2: NKT cells and Allergic Disease.

ln this section, we intended to perform a comprehensive investigation into the

role of NKT cells in the development of the asthma-like reaction using a

common environmental allergen, ragweed (RW). CD1 is constitutively

expressed by cortical double-positive CD4*8* thymocytes, which positively

select for developing NKT cells. CD1 KO mice are thus deficient in NKT cells

(Bendelac, Lantz et al. 1995; Bendelac, Rivera et al. 1997; Coles and Raulet

2000). Using a well-characterized asthma-like reaction model (Zhu,

Greenstein et al. 1995), we found that, in comparison with BALB/o control

mice, the NKT cell-deficient CD1 KO mice (backcrossed to BALB/c 'Íor 11

times) showed significantly lower pulmonary eosinophilia and bronchial mucus

production following ragweed sensitization and local challenge. ln addition,

the levels of both RW-specific and total serum lgE antibody responses in the

CDl KO mice were significantly lower than control BALB/c mice following RW

sensitization and challenge. The reduction of allergic reaction in CD1 KO

mice was associated with an impaired allergen-driven lL-4 production by

spleen and draining lymph node cells and reduced eotaxin production in the

lung. Moreover, stimulation of NKT activity with o-galactosylceramide (o-

GalCer) enhanced airway eosinóphilia, lL-4, and eotaxin production in wild-

type BALB/c mice, but not in CD1 KO mice. These data provide evidence for

the involvement of NKT cells in allergic reaction and in the development of

Th2-type immune responses induced by environmental allergens such as

ragweed and dysregulated airway inflammation, characteristic of airway

allergy.

3.2.1 CD1 KO mice display reduced pulmonary eosinophilia and
bronchial mucus production.

Our previous studies using RW allergen have demonstrated that RW is

capable of inducing an allergic response and local lung pathology

characteristic of the asthma-like reaction (Bílenki, Wang et al. 2002). ln order

to examine the role of NKT cells in the allergic response induced by RW

allergen, CD1 KO mice and BALB/o control mice were analyzed for ainruay
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inflammatory reaction and mucus secretion following RW sensitization and

challenge. These two parameters were analyzed because eosinophilic

infiltration and mucus oversecretion by goblet cells in the airway epithelium

are the classical hallmarks of an asthma-like reaction. CD1 KO mice

demonstrated significantly less cellular infiltration into the lung following RW

challenge, compared to control BALB/c mice with the same treatment (Figure

17). Specifically, the number of infiltrating eosinophils were significantly

reduced (4.1 x 105 +l-0.5 in CD1 KO mice versus 1.6 x 106 +/- 0.6 in BALB/c

mice; P<0.05). ln addition, histological analysis also showed remarkable

difference in cellular infiltration to the lung of CD1 KO and control BALB/c

mice following RW treatment (Figure 18). BALB/o control mice displayed

significant infiltration of eosinophils in the bronchial submucosa, alveolar, and

perivascular sheaths, accompanied by a small amount of infiltrating

monocytes. CDI KO mice had significantly fewer infiltrating cells, especially

eosinophils. ln addition, the levels of mucus production within the bronchial

epithelium of RW-treated CD1 KO mice were signifìcantly lower than those

found in RW-treated BALB/c mice (Figure l9). These results demonstrate

that CD1 KO mice mount less asthma-like reaction to a natural allergen,

implicating a role for NKT cells in the development of allergic pathological

reactions in the lung.

I monoc¡es

@Lympnocytes
I Eoslnophils

Figure 77 , COt KO mice show decreased pulmonary eosinophilic infìltration induced by RW. Mice were

sensitized intraperitoneally (i.p.) with l00pg RW in alum. The mice were intranasally challenged with 150¡tg

RW at day l4 following RW sensitization and were sacrificed 6 days post-challenge. Pulmonary cellular
infiltration was examined by differential cell counts of the bronchoalveolar lavage fluid cells. Data presented

represent three independent experiments. **,represents P<0.05, CDI KO versus BALB/o mice.
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Figufe 18. Ragweed+reated CDI KO mice display a dramatic reduction in infìltrating eosinophils into the

Iung tissues compared to RW-treated BALB/o mice. Mice were sensitized intraperitoneally (i.p.) with l00pg
RW in alum. The mice were intranasally challenged with i50pg RW at day 14 following RW sensitization
and were sacrificed 6 days post-challenge. Lungs from BALB/o and CDI KO mice were aseptically excised

and fixed in l0% buffered formalin. Lungs were cut into l0pm thick sections and stained with hematoxylin
and eosin (H & E) staining and examined at 400X magnification. Panel A, BALB/c mice; Panel B, CDI KO
mice.

FigUfe 19. CDI KO mice show reduced mucus production induced by RW exposure in comparison with
BALB/o mice. Mice were treated as described in Figure 3. Mice were sensitized intraperitoneally (i.p.) with
l00pg RW in alum. The mice were intranasally challenged with l50pg RW at day 14 following RW sensitization
and were sacrificed 6 days post-challenge. Lung tissues were fixed and sections were stained with thionin for
mucus and mucus-containing goblet cells. Histological mucus index (HMI) was calculated based on the

percentage ofthe mucus-positive area over the total area ofthe airway epithelium. Each group was composed of
four mice. Data represent means +/- SD. One representative experiment ofttrree independent is shown. *P< 0.05,
HMI in RW-heated CDI KO mice versus BALB/c mice treated with RW.

p<0.05
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3.2.2 CDl KO mice exhibit reduced circulating eosinophils following
RW exposure.

Ainruay eosinophilia in asthma is often associated with elevated peripheral

blood eosinophil levels, resulting from increased eosinophil production and/or

release from the bone marrow. We therefore further tested the impact of NKT

cell deficiency on the development of systemic eosinophilia caused by RW

exposure. As seen in Table 2, although RW exposure induced blood

eosinophilia in both BALB/c and CD1 KO mice, the latter showed significantly

less increase in blood eosinophils than the former. These results

demonstrate that NKT cells are involved in the development of the allergic

reaction at both local and systemic levels.

Table 2
Circulating Eosinophils in Peripheral Blood of RW-treated CDI KO mice versus
BALB/c mice treated with RW

Lymphocytes

Neutrophils

Monocytes

Eosinophils

BALB/c

60.0 + 0.05

38.1 + 0.69

2.91+0.37

0.650 + 0.183

CDl KO

64.8 + 0.37

30.4 + 0.21

4.33 t0.41

0.333 + 0.0318-

Table 2, There is a significant reduction in the circulating eosinophils measured in the peripheral blood of
RW-treated CDI KO mice compared to Rw-treated BALB/o mice. Mice (three mice/group) were
sensitized with l00pg RW with alum i.p. and were challenged fourteen days later with l50pg RW i.n. Six
days post-challenge, all mice were bled, and the blood smears were stained using a Hema 3 Stain Set
(Fisher Scientific). Differential cells were counted based on cell characteristics and cellular morphology.
*, P<0.05, comparison between RW-treated CDI KO and BALB/c mice. One representative experiment
from three independent experiments is shown.
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3.2.3 The Absence of NKT cells results in Altered lL-4 and Eotaxin
production induced by RW allergen exposure.

ln order to examine the mechanism by which NKT cells regulate allergic

responses to the RW allergen, we studied the cytokine and chemokine

response in RW-treated BALB/c and cD1 Ko mice. The results, as shown in

Figure 20, demonstrated that upon re-stimulation with the RW allergen, both

spleen and draining lymph nodes from RW-treated cD1 Ko mice produced

significantly lower levels of lL-4, a stereotypic Th2-like cytokine, compared

with those from RW{reated BALB/c mice. ln addition, cD1 Ko mice exhibited

significantly lower levels of eotaxin, a C-C chemokine crucial for eosinophil

recruitment, in their bronchoalveolar lavage fluíds following RW challenge

(Figure 2l). lnterestingly, cD1 Ko mice exhibited comparable levels of

allergen-driven Th1-like cytokine (lFN-y and lL-12) production to BALB/o mice

(Flgure 22). lnterestingly, lL-13 and ll-s, which have arso been shown to
play a role in the maintenance of the allergic response, were not significantly

affected in the cD1 Ko mice (Figure 20). Thus, NKT cells play a critical role

in allergen-driven lL-4 and eotaxin production.
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Figufe 20. tvtice (three mice/group) were sensitized with l00pg RW with alum i.p. and were
challenged fourteen days later with 150¡rg RW i.n. Six days post-challenge, local lymph node cells
(peribronchial) and spleen cells from RW-treated BALB/o and CDI KO mice were cultured in 48-
well plates in the presence or absence of tO0¡rg/ml ragweed extract Ag or 1¡rg/ml of anti-CD3e
antibody. Supematants were collected 72 hours after stimulation with cytokine secretions measured
by ELISA. Data presented are mean t SEM of duplicate wells from 3 mice per group. *, p<0.05.

Figure 2I. ¡¡¡ce (three mice/group) were sensitized with l00pg RW with alum i.p. and were
challenged fourteen days later with l50pg R'W i.n.. For the determination of eotaxin, lungs were
washed twice with PBS. Bronchoalveolar lavage fluid was centrifuged and supernatants were
collected. Eotaxin levels were measured by ELISA. *, P<0.0005, eotaxin production in RW-treated
CDI KO mice versus RW-treated BALB/o mice. One representative experiment of three
independent experiments is shown. Data presented are mean t SEM of duplicate wells from 3 mice
per group.
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Figufe 22. ¡vtice (three mice/group) were sensitized with 100¡rg RW with alum i.p. and were
challenged fourteen days later with I 50pg RW i.n.. Local lymph node cells (peribronchial) and
spleen cells from RW-treated BALB/o and RW-heated CDI KO mice were cultured in 48- well
plates in the presence or absence of lO0pg/ml ragweed extract Ag or l¡-rg/ml of anti-CD3e antibody.
Supernatants were collected 72 hours after stimulation with cytokine secretions measured by
ELISA. One representative experiment of three independent experiments is shown. Data presented

are mean t SEM of duplicate wells from 3 mice per group.

3.2.4 CD1 KO and wild-type BALB/c mice display comparable levels of
lymphocytes number and function.

To exclude the possibility that the difference observed between CD1 KO and

BALB/c mice is caused by an intrinsic defect in other immune cells of the

former mice rather than due to NKT deficiency, we analyzed the frequency of

immune cells including conventional T lymphocytes, namely CD3-, CD4-,

CD8-positive cells, and B lymphocytes; i.e. CD19-expressing cells in NKT

cell-deficient CDl KO mice. As shown in Figure 23, the percentage of CD3-,

CD4-, CD8-, and CD19-positive cells found in the spleen of CD1 KO mice was

comparable to those found in the BALB/o control mice. ln addition, the levels

of NK (DXs+¡ cells and yõ T cells were also comparable between these mice

(Figure 23). We next examined whether the function of lymphocytes from

CD1 KO mice are functionally intact. Spleen cells from both naïve BALB/c

wild{ype mice and CD1 KO mice were cultured alone or in the presence of a
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polyclonal activator, ConA. Following ConA stimulation, spleen cells from

CD1 KO and wild-type mice showed comparable levels of proliferative

reaction (Figure 24A) and lL-4 production (Figure 248). Therefore, although

the CD1 KO mice are deficient in NKT cells, their key immune cells, namely

cD3-, CD4-, CD8-, and cD19-expressing lymphocytes appear normal in

frequency and function. The data suggest that the reduction of allergic

reaction in CD1 KO mice is due to the deficiency of NKT cells rather than

defect in conventional immune cells.
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Figure 23. Naive CDI KO mice display comparable levels of CD3-, CD4-, CD8-, CDlg- (B
cells), y6 TcR-, and DXs- (NK cells)-positive cells compared to BALB/o control mice. Single
spleen cell suspensions from naive CDI KO and BALB/o mice were stained for T, B, and NK cell
markers using fluorescence-labeled monoclonal antibodies, followed by fixation with 4%
paraformaldehyde. Cells were analyzed by flow c¡ometry. Data presented represent three
independent experiments using a FACSCaliber II and CellQuest program. The fìgure shows the
percentage ofeach cell type.
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FigUfe 24. Lymphocytes from CDI KO mice show normal levels of cellular proliferation and IL-
4 production following polyclonal stimulation. Spleens from naïve CDI KO and BALB/o mice
\.vere aseptically removed. Spleen cells were cultured in the presence or absence ofConA
polyclonal stimulation. (A) ConA-stimulated cells were putsed with [3H]thymidine and

['H]thymidine incorporation was assessed using a TopCount NXT microplate scintillation and
luminescence counter. Simulation index (Sl) was calculated based on the fold of counts un Con A-
stimulated cells over the control wells. (B) IL-4 levels in the 72 h-culture supernatants were
measured by ELiSA.

3.2.5 Stimulation of NKT activity with q-GalCer (KRN7000) enhanced
allergic react¡ons to RW exposure, which was correlated with
enhanced lL-4 and eotax¡n product¡on.

To confirm the role of NKT cells in the development of allergic reaction, we

further tested the effect of o-galactosylceramide (o-GalCer) treatment on the

allergic reaction in wild-type BALB/c and cD1 Ko mice. u-GalCer is a natural

ligand of NKT cells, which can specifically stimulate NKT cell activity in vivo

(Burdin, Brossay etal. 1999; Cui, Watanabe et al. 1999). As shown in Figure

25, BALB/c mice treated with o-GalCer (KRN7000) showed dramatically

enhanced allergen-driven lL-4 production by lymphocytes, eotaxin expression

in ainruay tissues, RW-specific lgE production and eosinophil infiltration in the
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BAL. Similar responses to cr.-GalCer stimulation were observed in wild-type

129 mice (data not shown). ln contrast, CDI KO mice, which are deficient in

NKT cells, failed to respond to q-GalCer treatment in the perspectives of lL-4,

eotaxin and RW-specific lgE production and ainruay eosinophilic infiltration.

Therefore, the enhanced effect on the allergic reaction and cytokine (lL-

4)/chemokine (eotaxin) production seen in wild-type mice following o-Galcer

treatment reflect the rn yiyo function of NKT cells. This experiment, by

enhancing NKT activity, confirms the finding obtained from the experiments

using NKT deficient mice as shown above, reinforcing a critical role played by

NKT cells in the development of the allergic reaction. Moreover, the increase

in lL-4 and eotaxin production and enhancement of the allergic reaction

(eosinophilia and lgE production) by in vivo activation of NKT cells

demonstrate that NKT cells play a role in the development of the allergic

response, possibly by enhancing lL-4 and eotaxin production.
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Figufe 25. h vivo activation ofNKT cells results in exacerbated allergen-driven IL-4 production,
eotaxin expression, RTV-specific IgE measurements, and eosinophilia in wild-type BALB/c mice
compared to CD I KO mice. Naïve CD I KO and BALB/o mice were injected i.v. with 4pg o-
GalCer in PBS or polysorbate vehicle control. Mice were sensitized 2 h following a-GalCer or
vehicle injection with RW and challenged. Mice were sacrificed six days post-challenge and
spleens were cultured in the presence ofRW for allergen-driven IL-4 measurements. BAL fluid
was collected and used to measure eotaxin and eosinophils levels, and sera were measured for RW-
specific IgE levels. Data are presented as the means */- SD ofeach group. One representative
experiment of four independent experiments is shown.

3.2.6 Discussion.

This section, using a common environmental allergen, ragweed, provides

evidence that NKT cells play an important role in the outcome of the allergic

responses. Ainruay eosinophilic inflammation induced by RW was significantly

reduced in NKT cell deficient CD1 KO mice, which is with impaired lL-4 and
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eotaxln production. CD1 KO mice also displayed a signifìcant decrease in

serum allergen-specific and total lgE levels in their sera compared to BALB/c

mice. The difference between CD1 KO and wild type BALB/o mice is unlikely

due to potential intrinsic deflciencies of CD1 KO mice in the development of

immune cells as the frequency of T and B cells in the two types of mice are

comparable (Figure 23) and more importantly, lymphocytes from both strains

of naïve mice showed similar levels of cell proliferation and cytokine

production upon polyclonal stimulation (Figures 24A & 248). The inability of

CD1 KO mice to produce lL-4 in response to allergen-specific re-stimulation

provides evidence that NKT cells are responsible for the development of lL-4

responses to natural allergen, capable of affecting downstream allergic

disease parameters. ln contrast, the Th1 arm of the immune response (lFN-y

and lL-12) appears unaffected by the lack of NKT cells in our model. The

explanation for such a phenomenon may be two-fold. Firstly, the study model

is an asthma-like reaction, which is dominated by Th2-like responses,

therefore the impact of NKT deficiency may be more visible with regards to

the parameters of Th2type responses. Notably, the allergen-driven IFN-y

production even in wild-type mice is very low. Secondly, it is possible that

NKT cells play a more dominant role in lL-4 responses, although they are

capable of producing IFN-y in ceftain circumstances (Apostolou, Takahama et

al. 1999). Th2 cytokines other than lL-4, such as lL-5 and lL-13, remain

largely unaffected by the absence of NKT cells in the allergen-treated CD1

KO mice (Figure 20), suggesting that it is likely that NKT cells are particularly

critical for allergen-driven lL-4 responses.

Another novel finding is the dependence on NKT cells for eotaxin production.

Several Th2 cytokines such as lL-4, lL-S, and lL-13 may be able to promote

eotaxin production. The present study, however, showed that allergen-driven

lL-S and lL-13 production in CD1 KO mice were normal, while eotaxin

production in these mice was significantly reduced, which paralleled with

significantly decreased allergen-driven lL-4 production (Figure 21). The

association between NKT cells and reduced allergen-driven lL-4 and eotaxin

production was also confirmed in the study involving cr-GalCer treatment,

which showed that in vivo stimulation of NKT cells with o-GalCer significantly
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increased both lL-4 and eotaxin responses (Figure 25). lt has been reported

that lL-4 can bind to its receptors expressed on the surface of ainruay epithelial

cells and induce eotaxin production (Romagnani 2002). The results in the

present study suggest that NKT cells play a particularly important role in

eotaxin production through either a direct effect or indirect mechanisms such

as enhancing lL-4 production.

A novel but not surprising finding in this section study is the association

between NKT cells and mucus overproduction by epithelial goblet cells

following allergen exposure. Mucus overproduction by goblet cells within the

airway epithelial layer is a classical hallmark of the asthma-like reaction and is

a major factor in human asthmatic deaths. There are no previous links

established between mucus production by epithelial goblet cells and NKT

cells in an allergic response, thus the present data represent a key piece of

evidence that implicates the role played by NKT cells in the development of

the multiple components of allergic disease pathology. This finding is

particularly interesting because previous studies have shown that lL-13 plays

a critical role in mucus production (Shim, Dabbagh et a|.2001; Kuperman,

Huang etal.2002). The present study, however, showed that, although lL-13

levels are comparable between CDl KO and control mice, the former

exhibited significantly lower mucus production. The data suggest that factors

other than lL-13, which are directly or indirectly related to NKT cells, may

independently enhance allergen-driven mucus overproduction.

The findings in the present study has provided in vivo evidence that NKT cells

play an important role in the development of allergic responses. The

demonstration of the involvement of NKT cell in allergic responses extends

our understanding on the function of NKT cell in modulating immune

responses in natural diseases. The use of the ragweed allergen in this model

is particularly significant as many atopic individuals suffer seasonal allergies

as a result of the abundance of RW in the environment and some studies on

NKT cells have used less relevant allergens.
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3.3 Chapter 3: Ghlamydia lnfection and NKT cells

Functional studies on NKT have suggested an important role of these cells in

immunoregulation. NKT cells are reported to be involved in the promotion of

both Thl-like reaction (Singh, Wilson et al. 2001), as well as the production of

Th2 cytokines (Leite-De-Moraes, Hameg et al. 2001; Kukreja and Maclaren

2002). They appear to have essential roles in tumour rejection as well as the

prevention of the development of autoimmune diseases (Smyth, Thia et al.

2000; Yang, Bao et al.2001). Moreover, a role of NKT in host defense against

infections has been documented in virus, parasite and bacterial infection

models (Apostolou, Takahama et al. 1999; Gonzalez-Aseguinolaza, de

Oliveira et a|.2000; Kakimi, Guidotti et a|.2000; Exley, Bigley et al.2001;

Grubor-Bauk, Simmons et al. 2003). For example, studies on NKT with q-

GalCer inhibited hepatitis B viral replication in HBV transgenic mice (Kakimi,

Guidotti et al. 2000) while CD1 KO mice showed substantial impairment in

antiviral response to encephalomyocarditís virus infection (Exley, Bigley et al.

2001) and herpes simplex type 1 virus infections (Grubor-Bauk, Simmons et

al. 2003). Moreover, q-GalCer treatment significantly enhanced protective

anti-malaria immunity (Gonzalez-Aseguinolaza, de Oliveira et al. 2000) and

reduced bacterial burden and tissue injury in a Mycobacterium tuberculosis

mouse models (Apostolou, Takahama et al. 1999). Furthermore, CD1 KO

mice are less resistant to Borrelia burgdofferi infection (Kumar, Belperron et

al. 2000) and showed impaired eradication of Pseudomonas aeruginosa

infection (Nieuwenhuis, Matsumoto et al. 2002). These studies strongly

suggest a protective role of NKT in host defence against infectious diseases.

As an obligate intracellular bacterial pathogen, Chlamydia trachomatis is a
major cause of sexually transmitted diseases, blindness, and infertility in

humans (Brunham, Zhang et al. 2000). A clear understanding of the adaptive

and innate immune responses to chlamydial infection is critical in the rational

development of an effective vaccine to this infection. The studies on the role

played by distinct CD4 T cell subsets and the cytokines have provided insight

into the mechanisms of the adaptive immune response to chlamydial
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infection. The difference in the cytokine patterns have been correlated with

the severity of disease progression in both human subjects and animal

models. ln particular, Th1 responses have been found to be associated with

protection while Th2 responses are associated with immunopathology

{Holland, 1996 #587; Su, 1995 #5BB; Yang, 1999 #244; Wang, 1999 #5Bg).

So far, there is no report on the role of NKT cells in chlamydial infection and

the effect of NKT on adaptive immune responses to chlamydial infection. ln

the present study, we examined the role of NKT in chlamydial lung infection

using two approaches. Firstly, we used CD1 gene knockout (KO) mice, which

lack NKT cells, and secondly, we treated mice with o-galactosylceramide (o-

GalCer), a natural ligand of NKT cell, to stimulate these cells.

3.3.1 CDl KO mice show reduced morbidity, lower chlamydial in vivo

growth, and less pathologicalchanges in the lung.

To examine the role of NKT cells in the susceptibility to chlamydial infection,

CD1 KO and BALB/c wild{ype mice were intranasally infected with a

sublethal dose (1 x 103 IFU) of C. muridarum and monitored for body weight

changes and in vivo growth of the organism. As shown in Figure 26 A, the

body weight loss was significantly less in CD1 KO mice than wildtype mice.

The overall physical condition of CD1 KO mice was also better (i.e. more

activity, less fur ruffling and dehydration) than that of wild-type controls. The

chlamydial levels in the lung in CD1 KO mice was close to 1OO-fold lower than

control mice (Figure 26 B & C). The same is true for the chlamydial burdens

in the liver. More importantly, although wild-type mice showed detectable level

of Chlamydia in the heart, CD1 KO mice consistently exhibited negativity of

Chlamydia in this organ. lmmunofluorescence staining of the lung sections

also showed less chlamydial inclusions in the lung tissues of CDlKO mice

than BALB/c mice (Figure 27 C, Fl. lnterestingly, the size of the inclusions in

the lung were significantly smaller in CD1 KO mice than in wild-type mice

(Figure 27 C, F). The results indicate higher resistance of CDI KO mice to

chlamydial infection, including the dissemination of the infection.

The histological analysis showed differential changes in the lung in the two

types of mice (Figure 27). BALB/c mice showed severe tissue inflammation
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with inflammatory exudates and diffused cellular infiltration in the lung,

indicative of a significant pathological reaction. The cellular infiltrates were not

only comprised of lymphocytes and macrophages, but also a significant

portion of neutrophils (Figure 27 B). ln contrast, in the CD1 KO mice, the

inflammatory changes in the lungs were much less severe, characterized by

more localized and less dense cellular infiltration with mainly macrophages

and lymphocytes (Figure 27 E). Neutrophils were scarcely seen in the lung of

infected CD1 KO mice. These observations demonstrate that CD1 KO mice

suffer less severe tissue damage during the process of chlamydial infection.

Heart Kldney

Figure 26. Less body weight loss (A) and chtamydial growth in uivo (B & C) after chlamydial infection in
CDI KO mice than in control infected BALB/o mice. Mice were intranasally infected with C. tnuridarum
(1 000 IFUs) and were monitored daily for body weight changes. Each point represents the mean +/- SD of
three mice. The original body weights of the mice were similar between the groups. Mice were sacrificed on
days I I and l6 in panels B & C, respectively, post-infection, and the different organs (lung, liver, hearÇ and
kidney) were analyzedfor in vivo chlamydial as described in Materials and Methods. One representative
experiment of three independent experiments with similar results is shown. *, P<0.05, KO versus BALB/c
mice-
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Figufe 27. COt KO mice exhibit less inflammatory responses and chlamydial growth in the lung than
wild-type BALB/c mice. The lungs from mice intranasally infected with C. muridarum (1000 IFLI) at day I I
post-ìnfection were analyzed for histological changes by H&E staining (Panels A, B, D & E) and chlamydial
inclusions by immunofluorescence using C. murida¡um major outer membrane protein-specific mAb (Panels
C & F) as described in Materials and Methods. Top panel shows BALB/o mice. Bottom panel shows CDI KO
mice. Graphs A&D are at the magnification of 200x and the rest of the graphs are at the magnification of
400x. Craphs C & F, yellow color represents chlamydial inclusions in the lung. In graphs B&E, open arrows
indicate lymphocytes; thin black arrows indicate neutrophils; and wide black arrows indicate macrophages,

3.3.2 CD1 KO mice exhibit reduced C. muridarum-spec¡fic Th2 cytokine

product¡on.

To examine the effect of NKT activation on T cell responses to chlamydial

infection, we analyzed the C. mur¡darum-driven cytokine production by spleen

and lymph node cells from infected CD1 KO and BALB/c mice. The results

revealed that both spleen and lymph node cells of C. muridarum-infected CD1

KO mice produced significantly lower levels of lL-4 and lL-s compared to that

of the infected wild-type mice. The production of other Th2-like cytokines,

such as lL-13 and lL-10, were also reduced in the C. muridarum-infected CD1

KO mice, although the differences were not statistically significant (Figure

28). Analysis of Th1-like cytokines showed similar levels of C. muridarum-

driven IFN-y production between CD1 KO and wild-type mice. Similarly, the

two strains of mice showed similar levels of pro-Th1 (lL-12 and lL-18) and
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pro-inflammatory cytokine (TNF-o) production (Figure 29). Our results

suggest that NKT cells promote a Th2-type cytokine response to chlamydial

infection.

Lymph nodes
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Figufe 28. Lower C. muridarum-driven Th2 cytokine production in CDI KO mice compared to BALB/o

mice. Mice (three mice/group) were infected intranasally with C. muridar¿rm as described in the legend to

Fig.3, and were sacrificed I I days post-infection. Spleen and lymph node cells were cultured with heat-

inactivated C. muridarum as described in Materials and Methods. Th2 cytokines (lL-4, IL-5, IL-10 and IL-
12) in72h culture supematants were determined by ELISA. Data are presented as the mean +/- SD of each

group. *, p<0.05, cytokine production in C. muridarum-infected CDI KO mice versus BALB/c mice. One

representative experiment of three independent experiments is shown.
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Figufe 29. S¡mltu. Thl and pro-inflammatory cytokine production by spleen and lymph node cells

from C. muridarum-infected CDl KO mice and BALB/c control mice. Cy'tokine determination for IFN-1,

IL- 12, IL- 18 and TNFü was performed with 72h culture supematants from the experiments shown in Figure

28 by ELISA. Data are presented as the mean +/- SD of each group. One representative experiment of three

independent experiments is shown.
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3.3.3 CD1 KO mice show significantly lower serum C. murídarum-

specific lgE and lgGl antibody responses.

To see if changes in cytokine responses influenced humoral responses, we

then measured the levels of total lgE as well as C. muridarum-specific lgE, C.

muridarum-specific lgGl and lgG2a in serum samples from CD1 KO and

BALB/c control mice prior to and after chlamydial infection. Following

infection, the levels of total lgE, as well as C. muridarum-specific lgE were

increased in CD1 KO and BALB/c mice, but the levels of lgE antibodies were

significantly lower (P<0.05) in CD1 KO mice than wild-type mice (Figure 30 A

& B). While the C. muridarum-specific serum lgG2a levels were similar

between the two groups of mice, the lgGl levels were significantly lower in

the CD1 KO mice than in the wild type mice (Figure 30 C & D). The results

indicate that the production of antibody isotypes which are regulated by Th2

cytokines, especially lL-4 were significantly affected in NKT deficient CD1 KO

mice.
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Figure 30. Signifrcantly lower levets of IgE and IgGl production and stronger DTH responses in CDl

Kõ mice compared to control BALB/c mice. Top two panels: the sera collected fiom mice (three

mice/group) priór to and post (day I l) inhansat C. muridarum infection (1000 IFUs) were determined for total

igø, ö. 
^riia*.rm-specific 

IgE,-lgGl and IgG2a using ELISA. For detection oî C. muridarum-specific IgE,

tñ" ,.ru w"r" pre-treàted twiJe wittr 50% slurry of protein G sepharose to remove IgG. Untreated samples

were tested for c. muritlarun-specific IgG2a and IgGl. ELISA readings (optical density, oD) at proper

dilutions are presented as the mean +/- SEM. *, p< 0.05, C. muridarum-infected CDI KO mice versus

BALB/o conkol mice infected with C. muritlata¿¡. Pooled data for three experiments (3 mice in each group)

are presented. For DTH response (bottom panel), mice (three mice/group) were intranasally infected with c'
,nuiidoru^ (1000 IFU) and challenged with heat-inactivated C. muridawr in the fooþads at I I days post-

infection. Fàoçad swelling was mãasured at24,48, and72h following dead C. muridarurz injection. The

difference in the thickness of footpads with or without C. muridarum injection was used as a measure of DTH

responses as described in Maùrial and Methods. Data show the mean +/- sD. * represents p<0'05,

.o.puriron between CDI KO and wild-type mice. One of three independent experiments with similar results

is shown.
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3.3.4 CDl KO mice exhibit enhanced DTH response after C. muridarum

infection.

To examine whether the increased resistance to chlamydial infection

observed in CD1 KO mice was correlated with alterations in cell-mediated

immune responses, we tested DTH responses in these mice following

infection. While DTH response could be observed in both CD1 KO and wild-

type mice, the levels of these responses were markedly stronger in the former

than in the latter. Statistically significant enhancement in DTH responses in

CD1 KO mice was determined at 48hrs and 72hrs following footpad challenge

with heat-inactivated EBs (Figure 30 E). The data suggest that NKT cells play

an immunoregulatory role in T cell-mediated immune responses in vivo during

chlamydial infection.

3.3.5 Similar differences between CD1 KO mice and wild'type controls

are observed in experiments using 129 mice.

As CD1 KO mice used in the study were originally developed in a 129

background, they may still carry some 129 background genes despite being

backcrossed to BALB lc for 1 1 generations. Furthermore, previous studies

have shown that different mouse strains are variable in susceptibility to

chlamydial infection {Yang, 1996 #34; Darville, 2001 #590; Ramsey, 2001

#591), this it is important to exclude the possibility that the differences

observed between CD1 KO mice and BALB/c controls shown above are

caused by the potential slight differences of the mice in genetic backgrounds.

To this end, we also performed some experiments using 129 mice as controls.

As shown in Figure 31, similar to the differences observed between CD1 KO

and BALB/c mice, a greater body weight loss and Chlamydia growth was

observed in 129 mice compared to CD1 KO. Again, the lL-4 production in

CD1 KO mice was significantly lower than in wild-type (129) mice. The results

suggest that the difference observed between CD1 KO mice and wild{ype

mice is due to the deficiency in NKT rather than any potential slight difference

in genetic background between these mice.
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Figure 31. Similar differences between CDI KO and wild-type mice were observed in experiments using

129 mice as controls. CDI KO and 129 mice were intranasally infected with C. muridarum (1000 IFU) and

monitored for body weight changes. At day l6 following infection, mice were killed and chlamydial rr vivo
growth in the lung and organism-driven cytokine production by spleen cells were analyzed using the methods

described in Materials and Methods. * represents p<0.05, 129 versus CDI KO mice.

3.3.6 CDl KO and wild-type controls display similar levels of

lymphocyte number and function.

To exclude the possibility that the altered susceptibil¡ty and immune

responses observed in CD1 KO mice following C. muridarum infection might

be due to the potential alteration of other immune cells in the genetically

modified mice, we analyzed the frequency of T, B and NK cells in CD1 KO

mice. As shown in Table 3, the percentages of T cells (CD3-, CD4-, CD8-

positive cells), yõ T cells, NK cells (DX5 positive cells), B cells (CD19-positive

cells) and dendritic cells (CD1 1c+ cells) in the spleen of CD1 KO mice were

similar to those found in the two types of wild-type control mice. Similar

results were obtained ¡n analysis using per¡pheral blood cells (data not

shown). Moreover, we found that the levels of neutrophils and monocytes in

the peripheral blood were similar between BALB/c and CDI KO mice (Table

4). We also examined the functional integrity of the T lymphocytes from CD1
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KO mice. Spleen cells from BALB/o and CD1 KO mice were cultured alone or

in the presence of ConA, a polyclonal T activator. Following ConA stimulation,

spleen cells from CD1 KO mice and wild-type mice showed similar levels of

proliferation and production of lL-4 (Table 3). These data suggest that, while

the CD1 KO mice are deficient in NKT cells, their major immune cells are

normal in amount and function. Therefore, the alteration in host susceptibility

to chlamydial infection observed in CD1 KO mice is unlikely due to potential

intrinsic changes in immune cells other than NKT cells.

Table 3
comparison between intrinsic properties of BALB/C and cDl KO mice

T cells
CD4+
CD8+

B cells
yôT cells
NK cells
Dendritic cells
NKT cells
*, p<0.05

Proliferation index

IL-4 production (pg/ml)

7o cells in SPleen
BALB/C CDl KO

73.7 +09 77.5 r0.7
65.7 +1.9 70.8+1.2
10.1+2.0 790+1.3
21.5 + L4 22.3 + 0.9

t2.3 *0.7 13.2+1.2
t7.9 + 1.4 19.2+2.3
1.0 + 0.1 1.1 + 0.1

0.8 + 0.1 0.2 + 0.1.

4.6

9t6

4.1

880

Table 3. Naive CDI KO mice display similar levels of major immune cells and the T cell function. Spleen

cells from naive BALB/o and cDl Ko mice were prepared and stained for T, B (CDl9), NK (DX5+)'

dendritic cell (CDl lc+) and NKT (CDld/PBS57 ligand) cell markers using fluorescence labeled

m4bs/tetramer ànd analyzed by flow using a FACSCaliber II and CellQuest program. For cellular

proliferation measurements, single spleen cell suspensions were cultured in the presence or absence of

concanavalin A (ConA) stimulation. ConA-stimulated cells were pulsed with [3H]thymidine and

[3H]thymidine incorporation was assessed using a TopCount NXT microplate scintillation and luminescence

ðounto. Sti¡¡utation index (S.1.) was calculated based on the folds of counts in ConA-stimulated cells over

the confiol wells; IL-4 levels following potyclonal stimulation in the 72h culture supernatants were measured

by ELISA.
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Table 4
Comparison between intrinsic properties of B4!Þ4r1?2:-t!9 CDl KO mice

7o cells in PeriPheral
blood

Lymphocytes
Neutrophils
Monocytes
Eosinophils

BALB/C CDI- KO

70.6+0.96 71.5 +0.70
15.7 +0.4r
t5.4 +0.23
0.t4 + 0.32

t2.1t0.74
1 1.0 + 0.56
0.20 +0.67

Table 4. Blood smears from naive BALB/o and CDI KO mice were stained using a Hema 3 Stain Set

(Fisher Scientific). Differential cells were counted based on cell characteristics and cellular morphology.

3.3.7 Stimulation of NKT activity with q'GalGer enhances chlamyd¡al

growth in vivo, which is correlated w¡th enhanced Thz

cytokine/lgE production and reduced DTH responses'

q-GalCer is a natural ligand of type 1 NKT, which can specifically stimulate

NKT activity in the context of CD1 in vivo (Burdin, Brossay et al. 1999; Brigl,

Bry et al. 2003). To further confirm the regulatory role of NKT cells in

chlamydial infection, we tested the effect of q-GalCer treatment in wild-type

BALB/c and CD1 KO mice prior to infection with C' muridarum' BALB/c mice

treated with o-GalCer showed dramatically enhanced chlamydial growth in the

lung (Figure 32). ln addition, the q-GalCer treated BALB/o mice displayed

significantly increased C. muridarum-driven lL-4 and lL-5 production and C'

mur¡darum-speciflc lgE production, compared to untreated mice. Moreover,

the q-GalCer treated mice had less pronounced DTH responses following C'

mur¡darum infection (Figure 32). lnterestingly, lFNy levels were similar

between the C. mur¡darum-infected mice with or without s-GalCer treatment.

As expected, CD1 KO mice failed to respond to q-GalCer treatment, with

unchanged chlamydial growth, lL-4, lgE, and DTH responses, confirming the

specifìcity of q-GalCer on CD1/NKT. Moreover, neutralization of lL-4 activity in

vivo in qGalCer treated BALB/c mice significantly reduced the promoting

effect of q-GalCer treatment on chlamydial growth in vivo (Figure 32). Taken

together, these observations provide firm evidence that NKT cells play an
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important role in modulating the immune responses to Chlamydia during a

lung infection, thus significantly influencing the process of this infection. ln

addition, the production of lL-4 by NKT cells is a key mechanism for the

immunomodulating and infection-promoting effect of these cells.
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FigUre 32. øffect of in vivo stimulation of NKT by c-GalCer treatment on host respons e to Chlamydiø

and the role of IL-4. Panels A-G: Naìve CDI KO and BALB/c mice (three mice/group) were injected i.v.
with 4 ¡.rg a-GalCer in PBS or with polysorbate vehicle control. Mice were intranasally infected with C.

muridarum (1000 IFU), 2 h following a-GalCer or vehicle injection. Mice were sacrificed on day I I for
analysis of serum LgE, C. muridatzm-specific c¡okine production by spleen cells and chlamydial growth in
the lung using the methods described in Malerials and Methods. For DTH responses, C. muridarum infected

mice were challenged in footpads with dead C. murida¡am as described in Figure 5 and the fooþad swelling
at 72 h post fooþad challenge is shown. * represents p<0.05. One representative experiment of three

independent experiments is shown. Panel H:, neutralization of IL-4 activity in vivo reduced the promoting

effect of o-GalCer treatment on chlamydial in vivo growth. BALB/o mice (three mice /group) received a

single i.v. injection of 4¡rg a-GalCer diluted in PBS. Immediately following a-GalCer injection, mice were

treated or not intraperitoneally with 0.5 mg anti-ll--4 antibody (clone llBll) in PBS. One hour later, both

groups were infectãd with 1.0 x 103 lFU C. muridaruø intranasally. Five days post-infection, mice initially
treated with anti-ll.-4 mAb were re-injected i.p. with this antibody at the same dose. Both gtoups were

sacrificed Day I I post-infection and the chlamydial burden in various organs vr'as determined as described in

Figure l. * represents p<0.001.

3.3.8 Discussion.

ln the present section, we investigated the role of NKT cells in modulating

immune responses against C. muridarum infection. CD1 KO mice, lacking

NKT cells, mounted more protective immune responses than the wild{ype

control (BALB/o and 129) mice following C. muridarum infection. C.

muridarum-infected CD1 KO mice did not lose as much body weight, had

lower chlamydial growth and milder pathological changes during infection.

Moreover, stimulation of NKT cells using q-GalCer increased host

susceptibility to chlamydial infection. The data indicate that CDld-restricted

NKT cells can modulate the immune response to Chlamydia infection and

contribute to pathological outcome caused by the infection. As only classical

type 1, but not type 2 CD1-dependent NKT are responsive to q-GalCer

stimulation (Godfrey, MacDonald et al. 2004), the results suggest that the

NKT cells, which play immunomodulatory role during chlamydial infection in

the lung are type 1 NKT cells.

ln this section, we further demonstrated that the reduced pathology and

decreased bacterial burden in CD1 KO mice correlated with a reduced Th2

type immune response, especially lower levels of C. muridarum-driven lL-4

and lL-5 production. lnitial lL-4 production by NKT cells may be one

mechanism how these cells modulate adaptive immune response and

promote host susceptibility to chlamydial infection. This idea is reinforced
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from observations when neutralization of lL-4 immediately following o-GalCer

treatment significantly reduced the promoting effect of this NKT ligand on

chlamydial growth in vivo (Figure 32). The reduction in Th2 cytokines in CD1

KO mice was associated with a sígnificant reduction in serum total lgE, C.

muridarum-specific lgE and lgGl responses. As far as we know, this is the

first report regarding Chlamydia-specific lgE in mouse models and its

correlation with susceptibility to chlamydial infection.

The present study found that CD1 KO mice mounted significantly stronger

DTH response than wild-type mice following C. muridarum infection. Our

previous study demonstrated that a DTH response is one of the major

protective mechanisms against chlamydial infection, which is highly

associated with enhanced Th1 response such as lFNy, lL-12 and lL-18

production (Wang, Fan et al. 1999; Yang 2001). lnterestingly, the results in

the present study revealed that the Th1-related cytokines (lFN-y, lL-12 and lL-

18) were not significantly changed by the lack of NKT cells in CD1 KO mice

although their Th2 cytokine production appeared to be significantly reduced.

Therefore, it is possible that Th2 cytokines (lL-4 and lL-5) have a direct

inhibitory effect on cell-mediated DTH responses during chlamydial infection.

It is also possible and even more likely that the change in the balance of

Tt11lThz cytokines, rather than the absolute level of individual cytokines,

caused by the lack of NKT cells accounts for the alteration in DTH response.

Overall, the comparison of cytokine responses between CDI KO and wild-

type mice suggest that NKT cells play a crucial role in polarizing immune

responses towards a Th2 phenotype, increasing susceptibility and

downstream pathological outcomes caused by chlamydial infection.

Collectively, the findings suggest that NKT cells play a crucial role in the

regulation of the immune responses to chlamydial infection. Our data

reconfirm that Th2-like immune responses mediate host susceptibility to, and

pathological consequences of, chlamydial infection. More impoñantly, the

data suggest that NKT cells may not be protective, but rather NKT cells may

enhance host susceptibility to certain infections. lt would be important to

further evaluate the role of NKT cells in various infections and the

mechanisms underlying the variability in the role of NKT cells to derive new

preventive and therapeutic strategies for infectious diseases.
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3.4 Ghapter 4: Re-direction of Ragweed-lnduced Allergic lnflammation

by Dendritic Cells from BGG'infected mice.

The previous sections have demonstrated that prior mycobacterial infection as

welt as Chtamydia trachomatis mouse pneumonitis (Chlamydia muridarum)

can inhibit established allergic responses induced by either ovalbumin (OVA)

or ragweed (RW) (Bilenki, wang eL al.2002; Yang, Fan et al. 2002). The

cellular and molecular basis of infection-mediated inhibition of de novo and

established allergy remains unclear. As a key point in determining T helper

cell differentiation is the interaction between DCs and T cells, we hypothesize

that DCs play a central role in Mycobacterium bovis BCG infection mediated

inhibition of allergic asthma-like reaction with ragweed. To test this

hypothesis, the present study examines the ability of freshly isolated DCs,

from BCG-infected mice, adoptively transferred to RW sensitized/challenged

mice to re-direct and polarize the response to RW in vivo' Our results

demonstrate that DCs isolated from mice infected with BCG are capable of re-

directing the allergic response induced by RW, in contrast with DCs from

narVe mice, which fail to alter the allergic phenotype. The modulating effect of

DCs from BCG infected mice on established allergic response to ragweed

was associated with a switch of allergen-driven cytokine production and

reduced VCAM-1 and eotaxin expression. Comparative analysis of DCs from

BCG infected and those from naive mice showed that the former had higher

percentage of CDScr+ cells and expressed higher levels of TLR-9. Moreover,

the data suggest a particularly important role played by DCs in infection-

mediated inhibition of allergy and demonstrated the importance of lL-10 and

lL-12 produced by DCs in the inhibition process. The data also indicate the

effectiveness of adoptive transfer of DCs in modulating established allergic

responses.
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3.4.7 Adoptive transfer of Dcs from BcG-infected mice to Rw-

sensitized/challenged mice inhibits eosinophilia and mucus

overproduction.

Our previous studies using RW allergen have demonstrated that the RW

allergen is capabte of inducing an allergic response and lung pathology

characteristic of the asthma-like reaction, including Th2-like cytokine

production and allergen-specific lgE responses. ln addition, our lab has

demonstrated that mycobacterial infection can inhibit established allergic

inflammatory responses induced by allergen (Yang, Fan et a|.2002). DCs

are key antigen-presenting cells capable of substantially directing T helper cell

differentiation, we therefore analyzed the effect of DCs isolated from BCG-

infected mice on the asthma-like reactions induced by local challenge with

RW in animals which had established allergy (lgE and Th2 responses)' Mice

were first sensitized with RW, subsequently challenged, administered DCs

intravenously from BCG-infected mice, and further challenged with RW.

Control mice had the same established allergy induced by RW, but received

DCs from naTve mice. At 6 days post-challenge, mice were bled and

sacrificed and analyzed for airway inflammatory responses and mucus

secretion following RW challenge. These two parameters were analyzed

because eosinophilic infiltration and mucus oversecretion by goblet cells in

the airuuay epithelium are the classical hallmarks of an asthma-like reaction.

Mice that received DCs from BCG-infected donors demonstrated significantly

less cellular infiltration into the lung following RW challenge than the control

mice that received DCs from najVe animals (Figure 32A). ln particular, the

number of infiltrating eosinophils were significantly reduced (1.6 tO.2 x 106 in

recipients of DCs from naive mice versus 0.28 10.08 x 106 in the recipient of

DCs from infected mice). This is also reflected in the percentage of infiltrating

eosinophils into the lung tissue following RW re-challenge (Figure 328). ln

addition, histological analysis also showed remarkable differences in cellular

infiltration into the lung of the recipients of DCs from BCG-infected mice

compared to those that received DCs from naive mice following RW challenge

(Figure 334-D). RW{reated recipients of DCs from najVe donors displayed

massive infiltration of eosinophils in the bronchial submucosa, alveolar, and
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perivascular sheaths (Figures 334 & B , whereas recipients of DCs from

BCG-infected mice with the same RW treatment showed a remarkably lower

level of infiltrating cells, especially eosinophils (Figures 33C & D). ln

addition, the levels of mucus production within the bronchial epithelium of

mice that received DCs isolated from BCG-infected mice (Figure 348) were

significanfly lower than those found in RWtreated mice given DCs from nalVe

donors (Figure 344). The results clearly indicate that DCs taken from BCG-

infected mice are able to inhibit established airway eosinophilic inflammation

and mucus over-production elicited by re-challenge with the RW allergen'

Figufe 32.1øicetreated with DCs isolated from BCG-infected mice during established RW allergy show

deõeased pulmonary eosinophilic infiltration induced by RW. Mice were sensitized intraperitoneally (i.p.)

with t00pi RW in alum. The mice were intranasally challenged with l50pg RW at day 14 following RW

sensitizaiiãn and were administered DCs from naive or BCC-infected donors' Mice were re-challenged with

i lO¡rg nW and sacrificed 6 days post-challenge. Pulmonary cellular infilhation was examined by differential

cell cãunts ofthe bronchoalu"ólui luuug" fluid cells, with particular attention given to eosinophil counts. Data

presented represent three independent experiments. *, represents P<0.05, RWRW/DC(BCG)/RW versus

RWRW BCG(f.laïve)/RW-treated mice.
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Figure 33. Adoptively rransfened DCs from BCG-infected mice during established RW allergy dramatically
" reducedinfiltiating eosinophils into the lung tissues compared to RW-allergic mice given DCs from

naiVe donors. Luágs from both groups ofmice were aseptically excised and fixed in l0% buffered

formalin. Lungs wãre cut into lQpm thick sections and stained with hematoxylin and eosin (H & E)

staining and exãmined at l00X and 400X magnifications. Panels A & B, RWRW/DC,/RW (naiïe)

mice; Panels C & D, RWRW/DC/RW (BCG) mice'
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FigUfe 34. Dramatic reduction in mucus secretion in mice administered DC from BCG-

infãcted mice following RW sensitization/chaltenge compared to mice given DCs from naiïe

mice following challenge. Mice were kilted on day 6 posrRW challenge. Lung tissues were

snap-frozen uñd rtuin"ã for mucus and goblet cells by means of the Periodic Acid-schiff
(PAS) staining method. (A) RWRW/DC/RW (Naive); (B) RWRWDC/RW (BCG)'

3.4.8 Adoptive transfer of DCs from BGG'infected m¡Ge results ¡n

reduced circutating eosinoph¡ls following RW re'challenge.

Airuuay eosinophilia in asthma is often associated with elevated peripheral

blood eosinophil levels, resulting from increased eosinophil production and/or

release from the bone marrow. Therefore, we further tested the impact of

adoptively transferred DCs from BCG-infected mice to mice with established

RW allergy on the development of systemic eosinophilia caused by RW

exposure. As seen in Table 5, although RW exposure induced blood

eosinophilia in both groups of mice, the mice that received DCs from BCG-

infected donors had significantly fewer blood eosinophils compared to mice

that received DCs from naiVe mice. Taken together, these data demonstrate

that DCs taken from BCG-infected mice and delivered to mice w¡th
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established RW allergy can inhibit allergic eosinophilia at both local and

systemic levels.

Table 5

Differential cell count in DC (NaiVe) versus DC (Bcc)-treated mice during

established allergy induced by ragweed allergen (x 103 cells/mm3)

Monocytes

Lymphocytes

Neutrophils

Eosinophils

DC (Naive)

5.68 + 0342

7.92 + r.65

6.24 + 0.323

2.31+ 0.0213

DC (BCG)

3.44 + 1.95

2.72+0.354

2.04 + 0.149

0.900 + 0.0432-

Table 5. There is a significant reduction in the circulating eosinophils measured in the peripheral blood of

RW-treated mice given DCs from BCG-infected mice. Mice (three mice/group) were sen_sitized with

100¡rg RW with al-um i.p. and were challenged fourteen days later with 150¡rg RW i'n. Mice were

administered DCs from naTve or BCG-infected donors. Mice were re-challenged with l50pg RW and

sacrificed 6 days post-challenge. All mice were bled and the blood smears were stained using a Hema 3

Stain Set (Fisher Scientific). óifferential cells were counted based on cell characteristics and cellular

morphology. *, p<0.05, cómparison between RW-treated mice given DCs isolated from-BCG-infected

*i.å u"rsi, those given R'W ànd DCs from naive mice. One representative experiment from three

independent experiments is shown.

3.4.9 Adoptively-transferred DCs from BÇG-infected mice alter

established, allergen-driven cytokine and Ghemokine production.

As we have reported previously, RW alum sensitization followed by intranasal

challenge induces Th2-like cytokine responses, characterized by predominant

lL-4 and lL-S production with minimal IFN-y and lL-12 production. To test

whether DCs transferred from infected mice could affect allergen-driven

cytokine and chemokine responses in v¡vo, we exam¡ned the cytokine and

chemokine profiles of both spleen and draining lymph node cells from mice

receiving DC from BCG-infected mice or from na'ive mice. As shown in

Figures 35, both spleen and draining lymph node cells from mice receiving

DCs from BCG-infected donors produced significantly lower levels of Th2-

related cytokines, namely lL-4, lL-5, lL-9, and lL-13, in comparison with
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recipients of DCs from natVe. ln addition, mice treated with DCs from BCG-

infected mice exhibited significantly lower levels of eotaxin in their

bronchoalveolar lavage fluids following RW re-challenge (Figure 35). The

results also showed that mice receiving DC isolated from BCG-infected mice

during established RW allergy displayed significantly higher levels of Th1-

related cytokines, namely lL-12 and IFN-y in comparison with those recipients

of DCs isolated from najVe mice upon re-stimulation with RW allergen (Figure

36).

We fudher examined the effect of adoptively transferred DCs from BCG-

infected mice, compared to those from naiVe mice, on established lgE

responses. Both RW-specific and total serum lgE were analyzed. Consistent

with significantly lower Th2 cytokines, mice with DC transfer from BCG-

infected mice following RW sensitization/challenge and prior to RW re-

challenge showed significantly reduced levels of both RW-specific and total

lgE production compared to those with naÏve DC transfer (Figure 37).

Additionally, the results demonstrated a significant increase in the levels of

RW-specific lgG2a production in mice that received DC from BCG-infected

donors compared to those that received DCs isolated from nalve donors'

Taken together, the results demonstrate that adoptive transfer of DCs from

infected mice can alter established allergen-driven Th2 cytokine production

and lgE responses, which provide the basis for the reduction of local

eosinophilic inflammation and bronchial mucus production.
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Figure 35. Dramatic reduction in allergy-driven Th2 cytokine production in mice_ treated with DCs

fro"m Bcc-infected mice during establiiûed RW allergy compared to those treated \üith DCs from

naïve mice. Mice (four mice/gioup) were sensitized intraperitoneally (i.p.) with 100¡rg Rw in alum.

Mi." *"r" intranasally challengedwith l50pg RW at day 14 following RW sensitization' Mice were

inþcted intravenourty 1i.v.¡ *ittt DCs isolateã from BCG-infected or naÏve mouse spleens and re-

cñattenged with 150 r,g nw i.n. and sacrificed 6-8 days post-RW re-challenge. spleen and lymph

node ce-ils were culturãd at 7.5 x 106 cells/ml and 5.0 x 106 cells/ml, respectively, in the presence of

nw ro r mg/ml), and the culrure supematants were harvested at 72h. Thz cytokines in the culture

supeìnutunti wer" determined by E|ISA. Data are presented as the means */- SD of each group'

*Ë.O.OS, cytokine production ú RWRWDC/RW (BCG) versus RWRWDC/RW (naiïe) mice' One

,"pr.r.niutíu. "*p.ìi..nt 
ofthree independent experiments is shown. Bronchoalveolar lavage fluid

wås centrifuged ánd supematants were iollected. Eotaxin levels in the supernatants were determined

by ELISA. Data are presented as meantsD. one representative experiment oftwo independent

experiments is shown.
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Figure 36. Dramatic reduction in allergy-driven Th I cytokine production in mice. treated with DCs

fro"m ecc-infected mice during establiiired RW allergy compared to those treated with P9: l'"1
naïve mice. Mice (three mice/g"roup) were sensitized intraperitoneally (i.p.) with 100¡rg Rw in alum'

Mice were intranasally chalten-geo witn l50pg RW at day l4 following RW sensitization. Mice were

in¡."*"Jin,ruu"nousty 1i.v.¡ wiitr OCs isolatäã from BCG-infected or naive mouse spleens and re-

cdalienged with r50 pg Rw i.n. and sacrificed 6-8 days post-RW re-challenge. Spleen and lymph

node ce'íls were culh¡red at 7.5 x 106 cells/ml and 5.0 x lb6 cells/ml, respectively, in the presence of

nw to'r mg/ml), and the culture supematants were harvested at.12h. Thl cytokines in the culture

,up"ìnutunÃweiedeterminedbyEilsA. Dataarepre_sentedâsthemeans+/-SDofeachgroup.
*Ë.O.OS, cytokine production in nWnWnC¡nW (BCG) versus RWRWDC/RW (naive) mice. One

representative expeìiment of three independent experiments is shown'
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Figure 37. Mice administered DCs from BCG-infected mice during established RW allergy display

,i!îin"unt d".r.ase in RW-specifìc IgE,IgGl, and total sen:m ttt Yi":flltt-:Ïtt*t"Ìplii:
irãated as described in the legend to Èig.t ãnd were bled 6-8 days post-RW re-challenge' The RW-

specific IgE, IgG I, IgG2a, und totul Ige in the sera colle_cted post-RW treatment were determined as

dlscribed"in'Mlterial-s and Methods. lLlS¡, titers for RW-specifrc antibodies were converted to log

l0 and presented as the means +/- SEM' +, p<0'05, RWRWDC/RW (BCG) versus

RWRW/DC/RW (naiVe) mice.
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3.4.10 DCs from BGG-infected mice display altered expression of TLR9

compared to those from naiVe mice.

The results of the adoptive transfer experiments suggest that the DCs from

BCG-infected and naive mice function differently in modulating allergic

reaction. To investigate the basis for functional difference of these DC

populations, we examined the relative expression of various TLR messages

and cytokine production associated with DC phenotype. RT-PCR analysis of

messenger RNA for TLRs showed that DCs from infected mice expressed

higher TLR-$ message (Figure 38). As seen in Figure 39, a population of

DCs isolated from BCG-infected mice expressed significantly higher levels of

CDBo on their cell surface than those from natVe mice'

We also examined the spontaneous cytokine production profile of DCs

isolated from either BCG-infected or najVe mice. As shown in Figure 40, DCs

isolated from BCG-infected mice, when placed in culture, spontaneously

produce significantly higher levels of both lL-10 and lL-12 in comparison with

those isolated from natVe mice. Thus DCs isolated from BCG-infected mice

differ with regards to the cellular marker expression and cytokines secretion

compared to DCs from nalVe mice.

TLR4

CDl4

TLR9

p-actin

MWMM
Figure 38. DCs from BCG-infected mice express

higher levels of TLR9 mRNA than DC isolated from

naïve mice. DCs were isolated using CDI lc column
(MACS) from the spleen from naïve (DC Q'laive)) or
BCG-infected mice (DC (BCG)). Total cellular
RNA was extracted and RT-PCR was executed for
measuring mRNA of TLR2, TLR4, CDl4, TLR9,
and p-actin. Electrophoretic visualization of the

amplicons in one representative ofthree independent
experiments with similar results is shown.

160

DC (BCG) DC (Naive)



DC (NaiVe) DC (BCG)

O
F
=
co
â
U

u(

':.iíl*u"¡,.;:,,"'i::!:lffii!:' 6
'.'1. q r:1f"j -

CDl lc-PE

Figure 39. Characterization of DCs isolated from BCG-infected and naïve mice. Naive mice or mice
infected with BCG were incubated for 2l days. Following incubation, mice were sacrificed and
spleens were aseptically excised. DCs were positively selected by means of CDI lc-coated MACS
beads. Single spleen cell suspensions from naiVe or BCG-infected mice were prepared and stained for
mature DC cell surface markers using fluorescence labeled mAbs, particularly CD I I c-PE and CD8a-
FITC followed by fixation wíth 4%o paraformaldehyde. Cells were analyzedby flow cfometry. Data
presented represent three independent experiments using a FACSCaliber II and CellQuest program.

Figure 40. Characterization of DCs isolated from BCG-infected and na'iVe mice. NaTve mice or mice
infected with BCG were incubated for 21 days. Following incubation, mice were sacrificed and
spleens were aseptically excised. Dcs were positively selected by means of cDl lc-coated MACS
beads. Single cell suspensions from naiVe or BCG-infected C57BL/6 mice were prepared and 1.0 x 106
cells were placed into culture and incubated at37"Cfor 48 hours. Following incubation, DC
supematants were collected and IL-10 and IL-12 c¡okines were detected by means of ELISA. *,
p<0.001, DCs (BCG) versus DCs (naiVe).
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3.4.11 ln vivo neutralization of lL-10 or lL-12 results in partial reversal of

the inhibitory effect of DC (BCG) delivery to RW-allergic mice.

To investigate the role of lL-12 and lL-10 produced by DCs in the inhibition of

allergic reactions, we treated RW sensitized/challenged mice with subsequent

administration of anti-lL-10 or anti-lL-12 neutralizing antibody. The results

showed that mice receiving DCs from BCG-infected mice in conjunction wíth

anti-lL-10 or anti-lL-12 antibody exhibited partial, but significant, reversal of

the inhibitory effect on allergic reactions (Figure 41)and allergen-driven Th2

cytokine production (Figure 42). Of note, mice sensitized/challenged with

RW and administered DCs from naiVe mice in conjunction with anti-ll-10 or

anti-ll-12 antibody did not increase Th2 cytokine production (Figure 42). The

data indicate that DCs isolated from BCG-infected mice are able to re-direct

the rn vivo allergic response induced by RW and their ability to secrete lL-10

and lL-12 is at least partially responsible for this phenomenon with regards to

key Th2 cytokine production patterns.

I Macrophages

E Lymphæytes

s
o
J
ú

Figure 41. Mice delivered neutralizing IL-10 or IL-12 anribodies
exhibit partial reversal of allergic airway inflammation. Lung
tissues were fixed and sections were stained with thionin for
mucus and mucus-containing goblet cells. Histological mucus
index (HMI) was calculated based on the percentage of the
mucus-positive area over the total area ofthe airway epithelium.
*P<0.05, HMI in RW-treated mice administered DCs from BCG-
infected mice compared to mice administered DCs from naive
mice. Pulmonary cellular infiltration was examined by
differential cell counts ofthe bronchoalveolar lavage fluid cells.
Data presented represent three independent experiments.
*represents P<0.05, DC (BCG) versus DC (BCG)/aJL-10 or
versus DC (BCG)/a-lL-12. Data represents means */- SD. One
representative experiment of three independent experiments is
shown.
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Figure 42. Neutralizing IL-10 or IL-12 antibodies partially reverse the inhibition ofTh2 cytokines that
is significantly higher than those mice delivered DCs from BCG-infected mice without antibodies.
Mice (three mice/group) were sensitized intraperitoneally (i.p.) with 100¡rg RW in alum. Mice were
intranasally challenged with 150¡rg RW at day l4 following RW sensitization. Mice were injected
intravenously (i.v.) with DCs isolated from BCG-infected or naïve mouse spleens. Immediately
following DC adoptive transfer from naiVe or BCG-infected mice, mice were administered I mg/ml of
anti-lL- I 0 or anti-lL- I 2 antibody intraperitoneally and subsequently re-challenged with I 50 pg RW
intranasally. Six days post-re-challenge, mice were sacrificed and spleen and lymph node cells were
cultured at 7.5 x 106 cells/ml and 5.0 x 106 cells/ml, respectively, in the presence of RW (0.1 mg/ml).
Culture supernatants r,¡yere harvested at72h. ThZ cytokines in the culture supematants were
determined by ELISA. Data are presented as the means +/- SD ofeach group. *P<0.05, cltokine
production in RWRWDC/a-IL-1O/RW versus RWRWDC (BCG)/RW or RW/RWDC/aIL-12lRW
versus RWRWDC(BCGyRW.
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3.4.12 Discussion.

ln the present section, using an adoptive transfer approach, we showed that

DCs play a pivotal role in the infection-mediated modulation of the allergic

responses to ragweed. We found that adoptive transfer of DCs isolated from

infected mice is capable of reducing the established Th2-like cytokine

response and eosinophilic inflammation induced by RW. ln addition, this DC

transfer also reduced systemic eosinophilia in established RW allergy. These

data provide clear evidence that DCs isolated from mice infected with

Mycobacterium bovis BCG can efficiently modify and re-direct key T cell

responses involved in the allergic asthma-like reaction. This is a novel finding

as, although previously reported data have demonstrated a reduction in

pulmonary eosinophilia (induced by OVA) as a result of BCG infection in de

novo and established allergy models (Erb, Holloway et al. 1998; Major,

Wohlleben et al.2002), the present finding extends towards the cellular basis

of the infection mediated inhibition of allergy.

The mechanism by which transferred DCs from BCG-infected mice mediate

protection from allergic reactivity appears to influence allergen-specific CD4 T

cell differentiation. lt is clear that the recipients of DCs from infected mice

showed Th1-like allergen-driven cytokine production instead of Th2-like

responses. The transferred DCs may present allergen directly to RW-specific

T cells and/or modulate the function of the existing DCs in the recipients. The

cytokine microenvironment generated by the DCs from BCG-infected mice

may lead to an overall decrease in the development of the established Th2

phenotype and an increase of Th1-like RW-specific T cells. lndeed, our data

showed that the adoptive transfer of DCs isolated from BCG-infected mice

switched allergen-specific T cell cytokine pattern from established Ih2
responses to Th1 phenotype. Specifically, our results showed that spleen and

lymph node cells cultured in the presence of RW antigen obtained from mice

with adoptive transfer of DCs from infected mice demonstrate significantly

lower levels of allergen-driven lL-4, ll-s, lL-9, and lL-13 compared to mice

given DCs from naïve mice during established RW allergy.

ln addition to the change in cytokine patterns, this data demonstrate

significant reaction in chemokine production and adhesion molecule
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expression related to eosinophil infiltration. Recipients of DCs from BCG-

infected mice showed reduced levels of eotaxin in the lungs of allergen-

treated mice. This is important because eotaxin is not only a key chemokine

in eosinophil recruitment but a inducer of eosinophil degranulation via CCR3

expressed on the eosinophil cell surface, which may also contribute to

eosinophilic inflammation in the ainvay (Bandeira-Melo, Sugiyama et al.

2001). Further elucidation of the mechanisms by which DCs from infected

suppress eotaxin and expression may significantly enhance our

understanding of the regulation of allergy by DCs.

ln summary, these results have demonstrated a pivotal role played by DCs in

infection-mediated modulation of established allergic reaction induced by RW

allergen. The present data suggest that the function of DCs in re-directing ihe

established allergic response is capable of highly influencing changes in the

microenvironment initially established in a BCG-infected host. lt is clear that,

within the present model, the re-direction of the asthma-like reaction induced

by RW proposes that T-cell re-polarization could be determined at several

levels, including: the pathogen, pathogen recognition receptors on DCs, DC

subsets, the microenvironment, and cytokines released by DCs and other

cells in the vicinity. Moreover, the present study provides clear evidence for

the ability of an intracellular bacterial infection such as Mycobacterium bovis

BCG to induce a population of DCs capable of secreting key

immunomodulatory cytokines such as lL-10 and lL-12 which contributes to the

infection-mediated inhibition of allergy. Further studies investigating the

relative contributions to this pool of either lL-10 or lL-12 by various DC

subsets and their relationship with CDSo and TLR-9 marker expression could

potentially elucidate a mechanism by which DCs play a crucial role in

mediating the allergic response in human diseases.
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3.5 Ghapter 5: Protection against Chlamydia muridarum lnfection /n

Vivoby Dendritic Cell Subsets.

DCs are the most efficient APCs in priming T cells. Based on functional

preferences in directing Th1 or Th2 differentiation, APCs have been recently

divided into type-1 or type-2 APCs (Kalinski, Hilkens et al. 1999; Kapsenberg

2003; Cerundolo, Hermans et al. 2004). Lineage and phenotypic differences

have been identified between type 1 and type 2 DC. Similarly, human

studies have found that monocyte-derived CD11c+ DC (DC1) cells polarize

naive T cells towards Th1-like while CD11c- DC (DC2) directs T cells to Th2-

like cells (Palucka, Taquet et al. 1998; Cella, Jarrossay et al. 1999). Mouse

DC normally express CD11c and can be divided into CDSo+ and CDBo-

subsets (Grabbe, Kampgen et al. 2000). Several studies found that CD8o,+

lymphoid DC (DC1) primes naive CD4 T cells to Th1, whereas CDSa- myeloid

DC (DC2) primes CD4 T cells toward Th2 differentiation (Maldonado-Lopez,

De Smedt et al. 1999; Pulendran, Smith et al. 1999).

Su ef a/ showed that vaccination with murine bone marrow-derived DC pulsed

with Chlamydia induced protective immune response in a genital infection

model (Su, Messer et al. f 998). Similar results were obtained in a study using

cultured DC line (D3SC/1) (Ojcius, Bravo de Alba et al. 1998). Lu and Zhong

reported that lL-12 production is required for chlamydial antigen-pulsed DC to

induce protection against infection (Lu and Zhong 1999). We also reported

that Chlamydia muridarum infection in the peritoneum induced the maturation

of DC (Zhang, Yang et al. 1999) and DC from Chlamydia infected C57BL/6

mice express higher levels of lL-12 than those from najVe mice (Han, Fan et

al.2004). However, a critical analysis of the DC subsets relating to differential

host responses to Chlamydia has yet to be performed.

ln this section, we demonstrated an expansion of CDSo+ DC population in

mice infected with Chlamydia trachomatis mouse pneumonitis (Chlamydia

muridarum), more recently called C. muridarum. We compared the ability of

sorted CDSo* and CDSq- DC subsets in transferring protection against

challenge infection and show that CDSo+ DC subset was more protective

than CDBo- subset. Additionally, we have analyzed cytokine patterns of DC
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subsets and the immune responses generated in the recipients of different DC

subsets to elucidate potential mechanisms involved in protection against

chlamydial infection by transferred DC subsets.

3.5.1 Adoptive transfer of GD1lc+GDBcr+ DGs from infected mice

reduced body weight loss and chlamydial growth in vivo.

To compare the effectiveness of DC subsets in inducing protection against

chlamydial infection, najVe C57BLl6 mice were adoptively transferred

intravenously (i.v.) with DP DC (double-positive DC, CD11c+, CDSa+) or

SPDC (single-positive DC, CD1 1c+ CDSa+) isolated from syngeneic

Chlamydia muridarum-infected or narVe mice followed by intranasal challenge

infection with Chlamydia muridarum. As shown in Figure 43, the body weight

loss was significantly less in mice given DP DC from infected mice (iDPDC)

before Chlamydia muridarum challenge infection, compared to mice without

DC adoptive transfer. The overall physical condition of mice delivered |DPDC

was also better (i.e. more activity, less fur ruffling and dehydration). The

recipients of SP DC from infected mice (iSPDC) also showed reduced body

weight loss compared to control mice. ln contrast, the adoptive transfer of DC

subsets from naiVe mice (CD11c+CDBq+, nDPDC, and CDl1c+CD8q-,

nSPDC) had no significant effect on mouse conditions. The analysis of

chlamydial levels in the lung showed that the recipients of iDPDC had

significantly lower (1000 folds less) in vivo chlamydial growth than the control

mice treated with PBS (Figure M). Similar to the finding in body weight

changes, the recipients of iSPDC also showed less chlamdydial growth in the

lung than control mice, but their chlamydial levels were still 100 times higher

than the iDPDC recipients (Figure 44). The adoptive transfer of DPDC and

SPDC from naiVe mice failed to show protective effects (Figure 43 & 44).

The results indicate that the adoptive transfer of DC subsets from infected

mice can induce significant protective immunity in recipient mice with but

CDSq+ DC being most potent in inducing protection.
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Figure 43. Less body weight loss following chlamydial infection in mice administered CD8a* DC and
exposed to C. muridarum infection. NaiVe recipient mice (C57BL/6) were delivered CDSa+ or CDSa- DC
isolated from the spleen of Chlamydia muridarum-infected (intransal, 1000 IFU) mice or naïve C5'1BL/6
mice followed by intranasal challenge infection with same chlamydial sfiain, Chlamydia muridarum (3000
IFU). Mice were monítored daily for body weight changes. Each point represents the mean +/- SD of four
mice. The oríginal body weights of the mice were similar between the groups. *,p<0.05, compared to mice
without cell transfer. One representative experiment of three independent experiments with similar results is
shown.
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Figure 44. Less chlamydial growth iD vivo following C. muridarum infection in mice treated with CDSa+
DC isolated from Chlamydia-infected mice. The different groups of mice shown in Figure I were
sacrificed on day I 2 post-infection and the different organs ([ung, liver, and heart) were analyzed for in vivo
chlamydiaI growth as described in Malerials and Methods. One representative experiment of three
independent experiments with similar results is shown. * represents p<0.05, compared to mice without cell
transfer.
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3.5.2 CDBa+ DC induce stronger DTH responses and Chlamydia

muridarum-specific lgG2a antibody protection than CDBa- DC.

To examine the relationship between the degree of protection observed in

mice delivered different DC subsets and the types of immune response, we

tested DTH and antibody responses in these mice following challenge

Chlamydia muridarum infection. As shown in Figure 45, while DTH responses

were observed in all groups of mice, the levels in recipients of DPDC from

infected mice were markedly stronger than other groups of mice. The data

suggest that CDSo* DC from infected mice are more powerful in inducing cell-

mediated immune responses in vivo during chlamydial infection.

Antibody measurement showed that the levels of Chlamydia muridarum-

speciflc lgG2a were significantly higher in mice treated with DPDC from

infected mice compared to those treated with PBS (Figure 46). The transfer

of SPDC from infected mice or DC subsets from naïve mice had no significant

effect on lgG2a production. ln contrast, both the levels of Chlamydia

muridarum-specific lgGl and lgE were significantly lower in the mice pre-

treated with DPDC or SPDC from infected mice than the control mice. (Figure

46). Taken together, the results indicate that the immune responses including

DTH, and the production of antibody isotypes, were significantly increased in

mice pre-treated with DC isolated from Chlamydia muridarum-infected donors.
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Figure 45. Significantly stronger DTH responses in mice treated with CDSo' DC and infected with C.

muridarum. For DTH response, mice (three mice/group) were treated and infected as described in Figure l.
At I I days post intranasal challenge infection, the footpads of different groups of mice were challenged
with heat-inactivated Chlamydia muridaru¡n (left fooþad) or SPG (right fooþad) and the thickness of the
footpads were measured at24,48, and72h following dead Chlamydia muridarum injection. The difference
in the thickness of footpads with or without C. muridarum injection was used as a measure of DTH
responses as described in Material and Methods. Data show the mean +/- SD. * represents p<0.05,
compared to mice without DC adoptive transfer. One of three independent experiments with similar results
is shown.

Figure 46. Recipients of DC from infected mice produce significantly lower levels of serum IgE and lgGl
following challenge infection. The sera collected from mice (three mice/group) post adoptive hansfer ofDC
and post (day l2) intransal Chlamydia muridarum infection as described in Figure I were determined for
Chlarnydia muridarum-specific IgE, IgGl and IgG2a using ELISA. For detection oî Chlamydia
muridarum-specific IgE, the sera were pre-treated twice with 50% slurry of protein G sepharose to remove
IgG. Data are presented as mean + SD. +,p<0.05, *+, p<0.001; compared to mice without DC adoptive
transfer. One representative experiment ofthree independent experiments is shown.
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3.5.3 Mice pre-treated with GDBa+ DC isolated from Chlamydia

muridarum-infected mice exhibit Chlamydia muridarum-driven

Thl and Th2 cytokine production upon chlamydial infection.

We examined the celtular immune responses in mice receiving DC subsets

before challenge infection, by re-stimulating spleen and draining lymph node

cells in vitro. Both spleen and lymph node cells of Chlamydia muridarum-

infected mice pre-treated with iDPDC produced significantly higher levels of

TNF-q, IFN-y and lL-12 compared to mice without DC adoptive transfer

(Figure 47). Notably, recipients of |SPDC also showed increased of Th1

cytokines however to a lesser degree but than the iDPDC recipients.

lnterestingly, the recipients of nDPDC also showed significant increase of

TNFo and lFNy although they were lower than the recipients of DC subsets

from infected mice. ln contrast, Th2 cytokines such as lL-4, lL-S and lL-13

were significantly reduced in |DPDC treated mice (Figure 48). The transfer of

iSPDC also appeared to decrease Th2 cytokine production, but in a lesser

degree. Together, the data demonstrate a powerful role of CDSq* DC in

promoting protective Th1 type immune responses to chlamydial infection.
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Figure 47. Recipients of DC from
infected mice produce significantly
higher Chlamydia ¡nuridarum-driven
Thl cytokines following challenge
infection. Mice (three mice/group) were
treated and infected as described in the

legend to Fig.l, and were sacrificed at

l2 days post-infection. Spleen and

lymph node cells were cultured with
UV-inactivated Chlamydia muridarum
as described in Materials and Methods.
TNF-c, IFN-1 and IL-l2 in 72h culture
supematants were determined bY

ELISA. Data are presented as the mean
+/- SD of each group. *, p<0.05, **,
p<0.001; compared to mice without DC
adoptive transfer. One representative
experiment of three independent
experiments is shown.
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Spleen Lymph nodes

Figure 48. Recipients of DC from infected mice produce significantly lower Chlamydia muridarum-driven
Th2 cytokines following challenge infection. Spleen and lymph node cell culture supematants from
experinrents described in Figure 4 were determined for Th2 cytokines (IL-4, lL-s and IL-13) by ELISA.
Data are presented as the mean +/- SD ofeach group. *,p<0.05, **,p<0.001; compared to mice \¡/ithout
DC adoptive transfer. One representative experiment ofthree independent experiments is shown.

E

è

J

E

172



3.5.4 Chlamydia murídarum infection induces expansion e1 Çþ$s+ DC

population which show different cytokine production patterns.

To test the cytokine production pattern of the DC subsets, sorted DPDC and

SPDC were placed in culture and the spontaneous cytokine production was

measured by ELISA in recovered supernatants. As shown in Figure 49,

DPDC produced significantly higher levels of lL-12 and lL-10 than SPDC. The

results indicate that CD8+ DC from infected mice produce higher immune

regulatory cytokines than CDB- DC.

Figure 49. CDSc* DC isolated from Chlamydia muridatam-inîected mice produce significantly higher

levels of IL-12 and IL-10 compared to CD8o'DC isolated from infected mice or DC isolated from naive

mice. MicewereinfectedintranasallywithChlamydiamuridarum(1000 IFU)andweresacrificedTdays
post-infection. Naive mice were used as controls. Spleen cells were surface stained for CD I I c and CD8a

ând subjected to cell sorting resulting in CDllctCDSo* and CDllc*CD8o'subpopulations from infected

and naive mice. The DC subsets were placed in culture for 72 hrs and c¡okines in the supematants were

measured by ELISA. +, p<0.05, **, p<0.001. One representative experiment of three independent
cvnerimcnfs ic chnr¡rn
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3.5.5 Discussion.

ln the present model we have shown that the transfer of CDBo+ DC,

compared to CDBo- DC, isolated from C. trachomatis Chlamydia muridarum-

infected mice are much more capable of transferring protective immunity to

naiVe mice to subsequent challenge infection. To our knowledge, this is the

first report showing variable capacity of DC subsets in inducing protective

immunity against chlamydial infection. Our results showed that the DC

subsets were different in cytokine production, in particular, CDSo+ DCs

secrete lL-12 and lL-10 at significantly higher levels compared to CDSo- DC

isolated from infected mice or either subset taken from naiVe mice. The ability

of iDPDC to produce higher levels of these cytokines indicates a pertinent role

for these cytokines secreted in the transfer of protective immunity against

subsequent infection.

The approach used in this study is more physiological than most previously

reported studies on the function of DC subsets. Most previous studies

examined bone marrow derived, or peripheral monocyte derived DCs which

were manipulated in in vitro culture conditions to generate different DC

subsets.

Notably, although our data strongly suggest that CDSo+ DC are DC1-like cells

which induce preferentially induce Th1-like responses, the CDSo- DC in our

model are not typical CD2-like cells. ln fact, the adoptive transfer of CDBo-

DC from infected mice also enhanced Th1-related cytokine production

(Figure 47) and inhibited Th2-related cytokine production (Figure 48). One

possible reason for this is that the CDSo- DCs are still a heterogeneous

population which includes both DC1- and DC2-like cells. lndeed, we found

that within the CDSo- DC population, further separation based on CD4

expression could obtain distinct CD4+ and CD4- DC subsets and the former

produced least lL-12 in in vitro culture (Han et al, unpublished data).

Therefore, using CDSo as a sole discriminative marker for DC1- and DC2-like

cells may be an over-simplification.

A rather surprising but also very interesting finding in the present study is the

higher lL-10 (in addition to higher lL-12) production by CDSo+ DC from
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infected mice which confer strong protective immunity against chlamydial

challenge infection. Although lL-12 has been consistently found to be

associated with protection (Lu and Zhong 1999; Lu, Yang et al. 2000), higher

lL-10 production has been previously linked to susceptibility to C. trachomatis

infection and pathology in mouse and human chlamydial diseases (Yang,

HayGlass et al. 1996; Cohen, Plummer et al. 1999; Yang, Gartner et al.

1999). lt remains unclear why DC subsets which produce higher levels of

these two apparently functionally counter cytokines showed dominant

protective phenotype. However, several possibilities may exist accounting for

this phenomenon. First, the ratio and the degree of increase of these two

cytokines may enhance lL-12 production by the CDBu+ DC from infected

mice. lndeed, these cells produce 2.5 folds higher lL-10,7.5 fold higher lL-12,

than CDBo- DC. lt is likely that the relative degree ot lL-12llL-10 production,

rather than the absolute value of lL-10 or lL-12, is more important in

determining ihe type of immune response and protection. Notably, the transfer

of CDBq+ DC from infected mice not only induced significantly higher IFN-y

and TNF-q production but lower Th2 cytokine (lL-4, lL-5 and lL-13)

production by Chlamydia-specific T cells, demonstrated by organism-specific

re-stimulation studies (Figures 47 & 48). As the recipients of CDSo+ DC

demonstrated higher cell-mediated immunity (DTH) and lower lgE and lgGl

antibody production, the results further confirm the importance of Th1 type

immunity in host defense against Chlamydia infection. The finding that the

approaches which induce higher lL-12 production elicit strong protection even

with increased lL-10 is not without precedents. We have demonstrated in

previous studies that DNA vaccination using chlamdydial MOMP gene

induces both lL-12 and lL-10 production but provide significant protection

(Zhang, Yang et al. 1997). Moreover, we have shown that live, compared to

heat-inactivated, chlamydial vaccination induced higher lL-10 (and lL-12) and

also provide strong protection. Therefore, in addition to increased Th1

responses by higher lL-12 production and higher lL-12llL-10 ratio, CDSo+

DCs might play an inhibitory role on the development of Th2 cytokines by way

of its higher lL-10 production. Recent studies have showed that lL-10

production by tolerogenic DC can induce T regulatory cells which can inhibit

Th2 cells in allergy model (Zhang, Yang et al. 1999). lt is likely that the
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CDBq+ DC population is still heterogeneous, meaning that some CDSq+ DC

produce higher lL-12 thus DC1-like while others produce high lL-10, like

tolerogenic DC, which may lead to unresponsiveness of Th2 cells or the

development of regulatory T cells. ln general, we feel the results in the

present study showing lower Th2 cytokine production in iCDSo+ DC recipients

may be a combinational outcome of higher lL-12 production by these DC and

subsequent IFN-y production by T cells and the inhibitory effect of lL-10 on

Th2 cell development via direct suppression of Th2 cells and/or the

development of regulatory T cells. Further studies on the heterogeneity of

CDSo+ DC and taking the approach of analyzing DC from lL-10 gene

knockout mice or blocking its lL-10 production by RNA interference

techniques may be helpful for addressing this question.

Collectively, the findings of the present study suggest that CDSq* DC, in

contrast to CDSo- DC, play a crucial role in the mounting of protective immune

responses to active chlamydial infection. The difference in cytokine profiles of

the various DC subsets could present a possible mechanism by which the

subsets from C. trachomatis Chlamydia muridarum-infected mice provide

different levels of protective immunity to recipient mice. lt would be important

to further investigate the conditions and the chlamydial components which

predominantly induce DC subset(s) which are beneficial for preventive and

therapeutic strategies for chlamydial diseases.
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3.6 Chapter 6: lnfection-Mediated lnhibition of Allergic Airway

lnflammation by Dendritic Gell Subsets.

ln previous studies, we have shown that prior Chlamydia muridarum and

mycobacterial infections can inhibit allergic asthmatic responses in murine

models, which is correlated with enhanced Thl-type cytokine (lFN-y)

production and reduced Th2{ype cytokine (lL-4, lL-5 and lL-13) production

(Akira, Takeda et al.2001; Lanzavecchia and Sallusto 2001; Liu, Kanzler et

al. 2001). However, the mechanism for the alteration in T cell cytokine

production and allergic inflammation mediated by these infections remains

unclear. As DC play an important role in directing T cell differentiation and

different types of immune responses, We were interested in examining the role

played (if any) in the chlamydial infection-mediated inhibition of the allergic

response. Additionally, aS a result of previous studies executed by other

groups, we wanted to probe further the involvement of particular DC subsets

isolated from naiVe or Chlamydia-infected mice. Many studies have already

shown data to support the heterogeneity of DC sub-populations and their

differential capacity to prime for various disease states such as allergy

(Hammad, de Vries et al. 2004). Different subsets of DC, identified in mouse

spleen by their differential expression of CDSo can induce different T helper

cell responses after systemic administration. CDSo- DC have been shown to

preferentially induce Th type 2 responses whereas CDBo+ DC induce Th1

responses (Hammad, de Vries et al. 2004). Other groups have also shown

that the type of antigen DC become exposed to can determine the

downstream T-cell response (Langenkamp, Messi et al. 2000). For example,

Charbonnier et alhave demonstrated that Der p 1-pulsed DC, a common dust

mite allergen, isolated particularly from dust mite-sensitized allergic patients,

can dysregulate the immune response towards Th2 (Charbonnier, Hammad et

al. 2003). Also, as we hypothesize that CDBo+ DC isolated from Chlamydia-

infected mice can inhibit the allergic response, others have demonstrated that

other infections, such as Mycobacterium VaCCae, can induce a population of

pulmonary CDllc+ cells with the ability to regulate allergic disease (Adams,

Hunt et al. 2004). Additionally, Manickasingham et al have recently shown
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that the ability of murine DC subsets to direct T helper cell differentiation is

dependent upon exposure to bacterial antigens and the exposure to various

microbial signals (Manickasingham, Edwards et al. 2003).

The results in the following section shows that firstly, previous Chlamydia

muridarum infection in mice, followed by sensitization and challenge with

ragweed (RW) can inhibit the production of RW-specific, Th2{ype cytokine

responses. BAL cell numbers, particularly eosinophils, were also reduced in

Chlamydia muridarum-infected, RW-treated mice compared to mice

administered RW only. DC isolated from Chlamydia muridarum-infected mice

and transferred to naïve mice and also had the same inhibitory effect on the

RW-induced allergic response following RW exposure with regards to Th2-

type cytokines, lung eosinophils numbers and mucus production in the

ainruays. The inhibition of RW-induced allergic response did not occur if mice

were administered DC from naiVe mice. Additionally, to test which DC sub-

population from Chlamydia muridarum-infected mice are the most potent

inhibitors of the allergic response, mice were infected with Chlamydia

muridarum and CD11c+CDBq+ (DP) DC as well as CDl1c+CD8q- (SP) were.

The data show that DP DC isolated from Chlamydia muridarum-infected mice

were capable of inhibiting the allergic response induced by RW

sensitization/challenge. This was evident in terms of RW-driven Th2

cytokines, BAL eosinophils numbers, eotaxin production, and mucus

production by airuray epithelia goblet cells. This effect was not seen in those

mice delivered SP DC isolated from Chlamydia muridarum-infected mice, and

even less so in mice given DP or SP DC isolated from nalVe donors. Cell

sorting of these two subsets from Chlamydia muridarum-infected mice and

spontaneous cytokine measurements in culture showed a significantly higher

level of both lL-10 and lL-12 production from those DP compared to SP. The

data demonstrate a critical role played specifically by the CD11c+CD8q+ DC

subset (DP) isolated from Chlamydia muridarum-infected mice in chlamydial

infection-mediated inhibition of the allergic response.
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3.6.1 Local Chtamydia muridarum lnfection Alters Gytokine Patterns

lnduced by Allergen as well as Pulmonary Eosinophilia.

Our previous studies using Chtamydia muridarum in murine respiratory

infection models have demonstrated that the Chlamydia muridarum lung

infection in C57BL/6 mice is cleared within 20-25 days following inoculation.

ln the present study, we examined the effect of DC subset delivery from

Chtamydia muridarum-infected mice on a subsequent RW-induced asthma-

like reaction. To first demonstrate the effect of Chlamydial infection on the

outcome of RW-specific Th2 cytokine production, we infected mice and then

sensitized with RW when the infection had been cleared and the mice had

recovered. Thirty days post-infection, mice were sensitized with RW and

subsequently challenged. As both RW-specific Th2-type cytokine production

and eosinophils infiltration into the lung are classic hallmarks of the asthma-

like reaction, a direct comparison was made between Th2-like cytokines

produced by RW{reated mice, with or without prior Chlamydia muridarum

infection. According to the profile of the cytokine patterns of draining lymph

node cells (peribronchial) from Chtamydia muridarum-infected, RW-treated

mice (three mice/group) re-stimulated with RW allergen in vitro, their levels of

Th2-like cytokines, namely lL-4, ll-s, lL-10 and lL-13, were dramatically

decreased compared to mice with RW treatment only (Figure 50).

A direct comparison was also made between the differential cell counts from

the BAL of uninfected, RW{reated mice and that of the Chlamydia

muridarum-infected, RW-treated mice. The results showed that the group

(three mice/group) of mice with previous Chlamydia muridarum infection

demonstrated significantly less cellular infiltration into the lung following RW

challenge than mice treated with RW only, especially in eosinophilic infiltration

(1.2x 106 t 0.4 eosinophils in mice with RW treatment only compared to 2.0 x

105 t 0.4 eosinophils in the Chtamydia muridarum-infected, RW-treated mice;

P<0.05). Eosinophils made up greater than 44o/o J 0.3% of the total number

of infiltrating cells into the BAL of the mice treated with RW only, whereas

eosinophils in the Chtamydia muridarum-infected, RW-treated mice

represented 213% t 0.6% of the total BAL cells (P<0.05) (Figure 51). The

experiments were repeated three times, and similar results were obtained.
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Together, these results show that the local Chlamydia muridarum infection

which has been cleared prior to RW immunization is capable of inhibiting the

local allergic inflammatory response.
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Figure 50. Drastic reduction in Th2 cytokines in draining lymph node cell cultures of Chlamydia
muridarum-infected, RWtreated mice compared to mice treated with RW only. Mice
were infected with 1 x l0t IFU 30 days before sensitization with RW. All mice were

sensitized/challenged with RW and sacrificed 6 d_ays post-challenge. Lymph node
cells were cultured at a concentration of 5.0 x 10o cells/ml. Culture supematants were

harvested at 72 hours and tested for various Th2 cytokines using ELISA. Data are

presented as the mean +/- SD ofeach group. ***, p<0.0001, cytokine production in
infected mice compared to those levels measured in uninfected mice.
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Figure 51. Mice infected with Chlamydia muridarum prior to RW sensitization show a significant
reduction in BAL of eosinophils following RW sensitization and challenge compared
to mice treated with RW only. One group of mice was infected with I x 104 IFU
Chlamydia trachomatis (Chlanydia muridarum) and were allowed to clear the
infection for 30 days. On day 30, all mice were sensitized i.p. with RW (100pg) in
alum and were challenged with RW (150¡rg) on day 14 following sensitization. Mice
were sacrihced day 6 post-challenge and mice tracheas were cannulated and BAL
fluids acquired by washing lungs twice with sterile PBS. BAL cellular components
were analyzed by differential cell counts using Fisher Leukostat Stain Kit. The data
shows the proportion of each cell population in the BAL fluids of both groups of mice.
*, p<0.05, eosinophils cell number in infected mice compared to those levels measured
in rrninfected mice

3.6.2 lnhibition of the allergic response med¡ated by DC from

Chlamydia mu ridarum-infected m¡ce.

To test whether transferred DC isolated from Chlamydia muridarum-infected

mice could interfere with allergen-driven cytokine prof¡les, we isolated draining

lymph node cells from mice following DC transfer from Chlamydia muridarum-

infected or naìVe controls. Local lymph node cells from mice receiving DC

from infected mice produced significantly lower levels of Th2-type cytokines

(lL-4, lL-5, lL-9 and lL-13) in comparison to recipients of DC isolated from

naive mice (P<0.05) (Figure 52). Additionally, we examined the effect of the

prior delivery of DC from Chlamydia muridarum-infected donors on the

outcome of lung eosinophilia following RW sensitization/challenge. As shown

in Figure 534, mice that received DC isolated from infected mice had

significantly less cellular infiltration into the lung following RW challenge than

those mice treated with RW only, especially in the percentage of eosinophilic

infiltration (36% t 0.6% eosinophils in mice with RW treatment only compared
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to 20% t 0.4% eosinophils in the Chlamydia muridarum-infected, RW{reated

mice; P<0.05). Finally, the level of mucus production, demonstrated by HMl,

in mice that received DC from Chlamydia muridarum-infected donors was

signifìcantly reduced (Figure 538). Taken together, the data demonstrate

that adoptive transfer of DC isolated trom Chlamydia muridarum-infected mice

can modulate not only Th2 cytokine patterns to allergen exposure, but also

classic hallmarks of allergic airway inflammation such as lung eosinophil

infiltration, as well as mucus production by airway epithelial goblet cells.

Figure 52. Effect ofwhole DC transfer on allergen-driven cytokine production by draining lymph

node cells. Recipient mice (C57BL/6, n:3/group) of adoptively transferred DC from
Chlamydia muridarum-infected or naiVe mice from syngeneic mice were sensitized i.p.

with RW (100 pg in alum). At fourteen days following sensitization, mice were

challenged i.n. with 150 pg RW and sacrificed 6 days post-challenge. Draining lymph

node cells from different groups ofmice were cultured in the presence ofRW (0.1

mg/ml). Cytokines in the supematants were analyzed by ELISA. Data are presented

as mean + SD. One representative of three independent experiments with similar

results is shown. *, P<0.05, cytokine production in mice delivered DC from
Chtamydia muridarum-infected mice compared to levels detected in mice given DC

from naTve mice prior to RW sensitization/challenge.
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Figure 53. Dramatic reduction in the percentage of BAL eosinophils as well a-s mucus production

in mice administered wholè DC isolated Chtamydia muridarum infection prior to RW

sensitization/challenge compared to mice which received RW treatment only. One

group of mice was infected with I x 104 IFU Chlamydia Írachomatis (chlamydia

huridorum¡. On day 7 post-infection, DC were isolated using CD I 1 c beads using

MACS system. 2 h following DC adoptive transfer from chlamydia muridarum-

infected or naTve mice, all mice were sensitized i.p. with RW (100¡rg) in alum and

were challenged with RW (150¡rg) on day l4 following sensitization. (A) Mice were

sacrificed day 6 posrchallenge and mice tracheas were cannulated and BAL fluids

acquired by washing lungs twice with sterile PBS. BAL cellular components were

anãlyzedby differential cell counts using Fisher Leukostat Stain Kit. (B) Lung tissues

werè frxed and stained. Mucus was stained by means of the Periodic Acid-Schiff stain.

(PAS) and the Histological Mucus Index (HMI) \.vas calculated by based on the

percentage of the mucus-positive area over the total area of the airway epithelium.
-Bronchoãlveolar 

lavages were used to measure eotaxin levels by ELISA and were also

used for a differential cell count. Data are presented as the mean +/- SD ofeach group.
*, P<0.05.
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3.6.3 GDl1c+GD8a+ DC (DP) isolated from Chlamydia muridarum-

infected mice and adoptively transferred to naiVe mice can inhibit

Th2 cytokines, lung eosinophilia and eotaxin production induced

by RW exposure.

To examine the potential sub-populations of DC capable of regulating the

responses to RW allergen, we were interested in sorting whole DC isolated

from either naiVe or infected mice, adoptively transferring them to naïve mice,

and sensitizing/challenging mice with RW. Donor mice were infected

intranasally with Chlamydia muridarum and sacrificed seven days later.

NarVe mice were used as uninfected controls. Seven days post-infection,

infected or narVe mice were sacrificed and spleens were aseptically excised.

Single cell suspensions were made and cells were isolated based on CD11c

expression using MACS beads (see Materials and Methods). CD11c+ cells

were then further subjected to cell sorting based on CD11c+CD8u+ (DP) or

CD11c+CDBo- (SP) cell-surface expression. Sorted DC subsets, namely DP

and SP DC, collected from Chlamydia muridarum-infected mice or DP and SP

DC collected from narVe mice, were adoptively transferred to nalVe, syngeneic

recipients, and2 h later, were sensitized with RW allergen i.p. Fourteen days

later, all four groups were challenged with RW i.n. and sacrificed 6 days later

to assess the severity of the allergic reaction. As shown in Figure 54, upon

RW re-stimulation in vitro, local draining lymph node cells from DP DC

(Chlamydia muridarum)-, RW-treated mice produced significantly lower levels

of Th2-related cytokines, namely lL-4, lL-5, lL-9 and lL-13 in comparison to

mice treated with either SP DC from Chlamydia muridarum-infected mice or

either subset isolated from naiVe donors. Furthermore, DP DC from

Chlamydia muridarum4nfected mice could significantly reduce cellular

infiltration into the lung following RW challenge, compared to mice given

CDSo- DC from infected mice or either subset sorted from naiVe mice (Figure

554). Eotaxin levels within BAL fluids were significantly reduced in samples

obtained from mice treated with CDSq+ DC sorted from Chlamydia

muridarum-infected mice, in comparison to those mice treated with RW

following delivery of CDSo- DC from Chlamydia muridarum-infected mice or

either subset isolated from naiVe donor mice (Figure 558). These results
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clearly demonstrate an alteration in the profile of RW-induced Th2-related

cytokines, lung eosinophilia as well as eotaxin production in mice pre-treated

with CDBq+ (DP) DC isolated from Chlamydia-infected mice.
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Figure 54. Recipients of CD8o+ DC from infected mice produce signihcantly lower RW-driven

Th2 cytokines following challenge infection. Draining lymph node cell culture
supernatants from experiments described in were determined for Th2 cytokines (lL-4,
lL-5,1L-9 and IL-l3) by ELISA. Data are presented as the mean +/- SD of each group.
*,p<0.05, compared to mice with DC adoptive transfer from naïVe mice. One

representative experiment of three independent experiments is shown.
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Figure 55. Dramatic reduction in the percentage of BAL eosinophils as well as mucus production
in mice administered CDSa+ DC isolated Chlamydia muridarum-infected mice prior
to RW sensitization/challenge. One group of mice was infected with I x 104 IFU
Chlamydia trachomatis (Chlamydia muridarum). On day 7 post-infection, DC were
isolated using CD I 1c beads using MACS system and sorted based on cell-surface
expression of CD8o. 2 h following DC adoptive transfer from Chlamydia muridarum-
infected or naTve mice, all mice were sensitized i.p. with RW (l00pg) in alum and
were challenged with RW (l 50pg) on day l4 following sensitization. Mice were
sacrificed day 6 post-challenge and mice tracheas were cannulated and BAL fluids
acquired by washing lungs twice with sterile PBS. (A) BAL cellular components were
analyzed by differential cell counts using Fisher Leukostat Stain Kit. Lung tissues
were fixed and stained. (B) Bronchoalveolar lavages were used to measure eotaxin
levels by ELISA and were also used for a differential cell count. Data are presented as
the mean +/- SD of each group. *, P<0.05.
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3.6.4 Delivery of CDllc+GDBq+ (DP) DC lrom Chlamydia muridarum-

infected mice inhibits pulmonary eosinophilia and bronchial

mucus production induced by RW.

As both eosinophils infiltration into the lung and mucus oversecretion are the

hallmarks of the asthma-like reaction, a direct comparison was made between

the histological analysis of these groups of mice and the subset of dendritic

cells received prior to exposure to RW allergen. Histological analysis also

showed remarkably reduced levels of infiltrating eosinophils into the bronchial

and pulmonary tissues of the RW-treated mice with previous CDSo+ DC

isolated from Chlamydia muridarum-infected mice. Mice that had been

treated with CDBq- DC taken from Chlamydia muridarum-infected mice,

CDSq+ DC from naiVe mice or CDSq- DC isolated from narVe mice displayed

massive infiltration of eosinophils in the bronchial submucosa, alveolar, and

perivascular sheaths, accompanied by a small amount of infiltrating

monocytes and lymphocytes (Figure 56, #1). ln addition, the level of mucus

production demonstrated by Periodic Acid-Schiff (PAS) staining in mice given

CDBo+ DC followed by RW exposure was significantly lower than that of

those mice pre-treated with CDBo- DC from Chlamydia muridarum-infected

mice or either subset isolated from naive mice (Figure 56, #2). Collectively,

these results show that the adoptive transfer of CDSo+ DC sorted from

Chlamydia muridarum-infected mice prior to RW sensitization/challenge is

capable of inhibiting the local allergic inflammatory response, especially lung

tissue eosinophilia (the site of allergen challenge), and of reducing the mucus

production which greatly contributes to the pathology in the asthma-like

reaction.
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Figure 56. Significant reduction in peribronchial eosinophilic inflammation and bronchial mucus

production in mice previously administered CDSo+ DC prior to RW

sensitization/challenge. Lungs were treated with DC subsets (DP or SP from

chlamydia muridarum-infected or naive mice) prior to RW sensitization were

aseptically removed and fixed in formalin. Lungs were sectioned and stained with H
& E. Sections were photographed at low (x 100) magnification; Mucus staining was

performed using the PAS technique; mucus -positive cells stain as red/purple, and

cytoplasm as blue. All sections were photographed at the same magnification (x 200).

For both figures 1 & 2: Figure A: CDBa+ (Chlamydia muridarum)lRw/RW, B: CD8a-
(Chlamydia muridarum)lRv//Rw, C: CDSa+ Qrlaïve)/RWIR'W, D: CD8u-

fNaïve)/RWRWl.
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3.6.5 Chlamydía muridarum lnfection induces expansion s1 Çþ$1r+ DC

populat¡on which show difference cytokine product¡on patterns.

We next examined the effect of Chlamydia muridarum infection on DC

population in vivo. To test the cytokine production pattern of the DC

subsets, sorted DPDC and SPDC were placed in culture and the spontaneous

cytokine production was measured. As shown in Figure 57, DPDC produced

significantly higher levels of lL-12 and lL-10 that SPDC. The results indicate

that CDBq+ DC from infected mice produce more immune regulatory

cytokines than CDSo- DC.

Figure 57. CDSq* DC isolated from Chlamydia muridarum-infected mice produce signihcantly

higher levels of IL-12 and IL-l0 compared to CDSa-DC isolated from infected mice

or DC isolated from naive mice. Mice were infected intranasally with Chlamydia
muridarum (1000 IFU) and were sacrificed 7 days post-infection. Naïve mice were

used as controls. Spleen cells were surface stained for CD1 lc and CD8a and subjected

to cell sorting resulting in cDl lc*cD8s* and cDl lc*CD8o'subpopulations from

infected and naive mice. The DC subsets were placed in culture for 72 hrs and

cytokines in the supernatants were measured by ELISA. *,p<0.05, **,p<0.001. One

representative experiment of three independent experiments is shown'
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3.6.6 Discussion.

ln the present model we have shown that the transfer of CDSo+ DC,

compared to CDSo- DC, isolated from C. trachomatis Chlamydia muridarum-

infected mice are much more capable of transferring protection against RW-

induced allergy to naiVe mice. To our knowledge, this is the first repoñ

showing variable capacity of DC subsets in inducing protection against RW-

induced allergy in a murine model of allergic airuray inflammation. Our results

showed that the DC subsets were different in cytokine production, in

particular, CDSo+ DC secrete lL-12 and lL-10 at significantly higher levels

compared to CDBo- DC isolated from infected mice or either subset taken

from narVe mice. The ability of CDSo+ DC from Chlamydia muridarum-

infected mice to produce higher levels of these cytokines indicate a pertinent

role for these cytokines secreted in the transfer of protective immunity against

subsequent allergy induced by RW delivery.

The finding that different DC subsets induce different levels of inhibition may

be helpful in understanding the previous reports on the role of DC in allergic

disease mechanisms. For example, Shaw et al have reported that adoptive

transfer of whole Chlamydia organism-pulsed bone marrow derived DC

induce strong Th1 responses and protection to challenge infection (Su,

Messer et al. 1998) while major outer membrane protein (MOMP)-pulsed

bone marrow derived DC induce Th2 type responses and failed to provide

protection (Shaw, Grund et al. 2002). They also found that the DC pulsed with

whole organism produce higher lL-12 than the DC pulsed with MOMP protein.

It is therefore likely that the two system preferentially elicit different DC

subsets, i.e., the former mainly induce DC1-like cells which are functionally

similar to the DP DC in our model, thus inducing responses favouring an arm

of immunity which is skewed away from the typical Th2-type response

normally induced by RW allergen. O'Connell ef a/ have also reported that DC

isolated from mouse liver are also phenotypically distinct with regards to

CDSq+ and CDSq- DC subsets (O'Connell, Son et al. 2003). These

similarities between DC subsets in various tissues may not necessarily

represent identical populations and also be tissue specific.

190



Collectively, the findings of the present study indicate that CDBo* DC from

infected donors, in contrast to CDBo- DC, play a crucial role in the infection-

mediated inhibition of allergic response induced by RW. The difference in

cytokine profiles of the various DC subset isolated from Chlamydia muridarum

or naiVe mice could present a possible mechanism by which the subsets from

C. trachomatis Chtamydia muridarum-infected mice provide different levels of

protection against allergy to recipient mice. As DC are exquisitely sensitive to

environmental signals, there is considerable interest in the development of

therapeutic interventions targeted specifically at DC. Whether switching from

aThZ to a more Th1{ype immune response, or inducing an lL-1O-producing

regulatory DC population remains controversial, and there is clearly a need to

develop a greater understanding of how DC and their subsets can be induced

and hence manipulated to induce an inhibitory response against allergen, for

the prevention and/or treatment of allergic disease.
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Part lV. General Discussion

Human epidemiological studies support an inverse association between

exposure to infections and allergic responsiveness (reviewed by

(Yazdanbakhsh, van den Biggelaar et al. 2001)). This thesis supports these

observations with experimental data and provides evidence of bacterial-

i nduced responses restraining al lergic ai rway i nfl ammation.

Using experimental murine models, this thesis aimed to dissect the

relationship between infection with a prominent intracellular bacteria such as

C. muridarum as well as Mycobacterium bovis BCG and allergic reactivity. We

hypothesized that immunological events invoked during either one of these

infections and allergic reactivity interact with the net effect of a suppressed

allergic response to a common environmental allergen, namely ragweed.

Additionally, we hypothesized that other key innate immune cells, such as

natural killer T (NKT) cells have a key role to play in the response to either

ragweed allergen or the Chlamydia intracellular bacterial infection. To

address this aim and test our hypotheses, we used a murine model of allergic

airway inflammation using ragweed allergenic extract, and two individual

models of intracellular bacterial infection, C. muridarum (Chlamydia

muridarum) as well as Mycobacterium bovis BCG. These models allowed us

to observe modífications in cellular recruitment, cytokine and chemokine

expression, and airuuay pathology in the presence of an intracellular bacterial

infection with this allergen. As well, the use of mice deficient in NKT cells and

the murine Chlamydia infection model as well as murine RW allergy model

allowed us investigate the involvement of NKT cells in the immune response

against RW or Chlamydia muridarum.
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RW-induced allergic airway inflammation in a mouse model

Allergy, particularly allergic asthma, is a complex syndrome, characterized as

a chronic inflammatory disorder of the ainruays associated with airway

obstruction and ainruay hyperresponsiveness (AHR). Airuray inflammation is

thought to play a central role in mediating other pathophysiological features.

Murine asthma models are useful tool to study the complicated mechanism of

human pulmonary inflammation, since human and murine immune systems

have similar patterns of cytokine and immunoglobulin production. However,

despite the similarity, mice do not spontaneously develop asthma, but rather

asthmatic reactions can be induced in mice by using different exposure

protocols. ln our model, allergic responses were achieved by systemic

sensitization of mice to RW plus alum, followed by intranasal challenge with

RW pollen extract. Using this protocol, mice developed robust eosinophilic

inflammation, mucus overproduction, RW-specific antibody production as well

as elevated total serum lgE levels and Th2-polarized T cell cytokine

production patterns.

ln contrast to this model, some studies have used systemic sensitization

followed by several aerosolized allergen challenges to induce allergic

responses, because one challenge with brief exposure to nebulized allergen

is not sufficient to fully establish the allergic responses in the lung

(Hamelmann, Tadeda et al. 1999). This might be due to the fact that the

actual amount of allergen delivered to the lung by nebulization is difficult to

control. ln contrast, a single intranasal application of allergen in sensitized

mice can induce significant allergic ainruay disease in our model, indicating

adequate amount of allergen has been delivered to the lung. ln some other

studies, development of allergic asthma was induced by systemic

administration of allergen alone without adjuvant followed by ainruay

challenge, or, in the absence of systemic sensitization, by repeated

administration of allergen directly into the lung either by inhalation, intranasal,

or intratracheal instillation (Renz, Smith et al. 1992; Yu, Shieh et al. 1999;

Williams and Galli 2000). Compared to our present model of RW allergy, all
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of the aforementioned protocols, which avoid sensitization or adjuvant, elicit

less prominent airuay inflammation, develop weaker Th2 response, and take

a longer period of time in order to establish the allergic response. More

importantly, the choice of allergen in this study, ragweed, has not as yet been

tested in models examining the relationship between allergy and infection.

Most studies to date have used mouse models of asthma induced by

ovalbumin (OVA) exposure. Compared to OVA, ragweed is a natural allergen

existing in the environment and is a major cause of clinical asthma. To

investigate the effect of infection on the allergic response, it was essential to

establish a reproducible allergic airway inflammation model induced by

ragweed exposure. The data showed that RW sensitization and challenge

was able to successfully induce the classic Th2 allergic phenotype, including

RW-driven Th2 cytokines, lung tissue as well as systemic eosinophilia, mucus

overproduction and elevated RW-specific and total serum lgE compared to

mice without RW exposure.

The effect of Chlamydia muridarum lnfection or BGG infection on the

Development of the RW-induced Allergic Response

The results presented in this part of the study clealyr demonstrated that prior

C. trachomatis (Chlamydia muridarum) infection inhibits RW-induced allergic

reactions, characterized by significant reductions of systemic and local

eosinophilic inflammation and mucus production. The reduction of airway

pathogenesis was associated with a switch of allergen-driven cytokine

production patterns of local CD4 T cells towards a Th1 phenotype, and this

was accompanied by a dramatic decrease of VCAM-1 expression and eotaxin

production in the lung, suggesting intracellular bacterial infection, which

induces Th1 dominant immune responses, may re-direct the immune

response to the RW allergen. Additionally, the inhibitory effect of prior

Chlamydia muridarum infection on the development of allergic responses

lasted beyond the time frame of active infection. These results support the
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hypothesis that a reduction of infectious diseases may contribute to the

increased prevalence of atopic disorders in humans.

The data suggest that alteration in cytokine patterns is crucial for bacterial

infection-mediated suppression of the allergic response. lmmune responses

to newly encountered antigens may be generally divided into two classes:

Th1, which are characterized by the generation of IFN-1 and lL-12; and Th2,

which are associated with a release of lL-4 and lL-5 (Piccinni, Mecacci et al.

1993; Holgate 1998). Bacterial infections are generally a strong trigger for

Th1 responses. Asthma, on the other hand, results from the inappropriate

generation of Th2 responses to environmental antigens, accompanied by

pulmonary inflammation (Yabuhara, Macaubas et al. 1997)' Chlamydia

muridarum, a Gram-negative, intracellular bacterium, elicits a strong cell-

mediated, Th1 dominant immune response in mouse model (Yang 2003)'

Our results showed that a previous Chlamydia muridarum infection in mice

induced a Th1 rather than Th2 immune response to subsequent RW

sensitization, characterízed by increased IFN-y and lL-12 production, as well

as decreased lL-4, lL-5, ll-g and lL-13 production.

How can prior intracellular bacterial infection modulate the host's cytokine-

producing patterns and airway reactivity induced by allergen? The

commitment to Th1 or Íh2 cells is determined by a variety of factors, including

the cytokine milieu in which the antigen is initially presented to specific

lymphocytes (Seder, Paul et al. 1992), whose selective differentiation is

affected by microenvironmental factors that regulate transcriptional activation

of cassettes of specific cytokine genes (Constant and Bottomly 1997; Lohoff,

Ferrick et al. 1997; Zheng and Flavell 1997). The early presence of IFN-y and

lL-12 favours Th1 polarization whereas lL-4 is the potent stimulus for Th2

polarization. lL-12 can activate transcription factors related to the Th1

phenotype, including Stat4 (Kaplan, Sun et al. 1996; Magram, Connaughton

et al. 1996; Morinobu, Gadina et al. 2002). ln addition, mice with germline

disruption of the lL-4 gene fail to generate Th2-like cells and fail to produce

lgE antibodies (Kuhn, Rajewsky et al. 1991; Kopf, Le Gros et al. 1993;

Lederer, Perez et al. 1996). lL-4 induces the development of Th2-like cells,

via signaling, through the activation of Stat6, a transcriptional factor for the
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Th2 phenotype (Lederer, Perez et al. 1996). lntracellular bacteria often induce

Th1-like responses because they can innately activate macrophages and

dendritic cells, which produce IFN-y and lL-12, and natural killer (NK) cells,

which produce IFN-y, thereby establishing a setting for Th1-like T-cell priming.

ln contrast, allergens may fail to establish a setting for Th1 priming when

being exposed in vivo, resulting in the development of Th2-like cells. lt is
possible therefore that the Th1-like setting in the microenvironment of antigen-

presenting cell-allergen peptide-T-cell interaction, established by previous

intracellular bacterial infection, can direct the allergen-specific T cells to Th1-

like cells when allergen is subsequently exposed.

One of the most significant differences of allergic responses between mice

with or without prior infection is the suppression of systemic and local

eosinophilia. Reduction of lL-S production in the lung is one of the major

factors responsible for the observed inhibition of ainvay eosinophilia, since

accumulation of eosinophils into the ainruay is highly dependent upon lL-5

(Coffman, Seymour et al. 1989; Kopf, Le Gros et al. 1993). Treatment with

anti-lL-5 antibodies can inhibit eosinophilic infiltration in allergen-sensitized

and allergen-challenged mice (Nagai, Yamaguchi et al. 1993). Furthermore,

using lL-5 deficient mice, ainriray eosinophilia could not be induced, and lL-5

transgenic mice displayed eosinophilic infiltration and increased AHR in the

absence of allergen challenges (Kopf, Le Gros et al. 1993). Erb ef a/.

reported infection of mice with BCG suppressed allergen-induced ainrvay

eosinophilia, and administration of lL-5 into the lung only partly restored

airuuay eosinophilia (20-25% of the levels observed in control mice) (Erb,

Holloway et al. 1998). Since lL-S administration into the lung did not fully

restore eosinophil accumulation into the ainruay, infection may induce some

other factors, contributing to the suppression of ainr'ray eosinophilia. An

interesting finding that has not yet been reported is the ability of intracellular

bacterial infection to reduce the levels of eotaxin in the lungs of allergen-

treated mice. Eotaxin is the most important chemokine in eosinophil

recruitment. ln addition, eotaxin can induce eosinophil degranulation via

CCR3 expressed on the eosinophil cell surface, which may also contribute to

eosinophilic inflammation in the ainruay (Fujisawa, Kato et al. 2000). More

recently, it was reported that eotaxin elicits rapid vesicular transport-mediated

196



release of pre-formed lL-4 from human eosinophils (Bandeira-Melo, Sugiyama

et al.2001). The decrease in eotaxin levels within the lungs of Chlamydia

muridarum-infected, RWtreated mice or RW-treated, BCG-infected mice

could be a reason for the reduction in eosinophilia within the lungs of infected

mice. Several animal models have demonstrated that eotaxin levels correlate

with the number of eosinophils infiltrating into the lung tissue (Yang, Loy et al.

1998). ln multiple allergen challenge experiments in mice, an antibody to

eotaxin reduced eosinophil recruitment and abolished hyperresponsiveness of

the lung (Campbell, Kunkel et al. 1998). Cytokines that are synthesized by

Th2 lymphocytes, such as interleukin-4, interleukin-13 and interleukin-5, are

potential intermediaries in eotaxin production (Rankin, Conroy et al. 2000;

Conroy and Williams 2001). Our results showed that prior Chlamydia

muridarum infection in mice produced less Th2 cytokine upon RW challenge,

which provided a possible mechanism that linked fh2 cells, eotaxin

production and eosinophil recruitment in infection-mediated inhibition of

allergic responses.

Another interesting finding in the present study was the elevation of total

serum lgE in mice infected with either Chlamydia muridarum prior to RW

sensitization/challenge or with the delivery of BCG during established RW

allergy. Numerous studies have concluded that the levels of serum lgE are

not a concrete parameter for determining and/or predicting human airway

reactivity, hyperresponsiveness (van der Pouw Kraan, Aalberse et al. 1994),

asthmatic symptoms or eosinophilic reaction (Wilder, Collie et al. 1999).

Some cytokines are capable of exacerbating the level of serum lgE while still

significantly decreasing other parameters which are associated with allergic

diseases. lL-18, also known as interferon-gamma-inducing factor, is involved

in enhancing IFN-y production and therefore a Th1 response, Yoshimoto ef a/

have clearly shown that lL-18 alone has the potential to stimulate basophils

(Yoshimoto, Tsutsui et al. 1999). These cells, upon degranulation, release a

variety of chemical mediators such as serotonin and histamine and a set of

cytokines such as lL-4 and lL-13, which can contribute to class switching of B

cells to lgE production. This suggests that lL-18, in conjunction with other

pro-inflammatory cytokines, could contribute to the differentiation process of
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precursor CD4 T cells, working in synergy with lL-4, into the Th2 phenotype.

Our previous data have shown that Chlamydia muridarum infection induces

lL-18 responses (Lu, Yang et a|.2000). Therefore, a previous bacterial

infection may contribute to the generation of cytokines that might exacerbate

lgE production, while also reducing ainruay eosinophilia. Another potential

cellular mechanism which may contribute to both eosinophil reductions and

lgE increase is NKT cells. NKT cells are an extremely versatile group of

cells that are involved in the promotion of a Th1 reaction induced by

intracellular bacterial infection, and the production of th2 cytokines such as

lL-4. lt is possible that NKT cells may play a dual role in inhibiting ainruay

eosinophilia by producing IFN-y and in enhancing lgE production as a result of

lL-4 production. Data that supports this unusual finding is discussed.

The findings in the present study also suggest that it is possible to re-direct an

immune response to allergens following BCG ínfection, which may normally

be detrimental to the responding host. The othen¡vise protective effect of

infection, in suppressing the development of the asthma-like reaction, extends

well beyond the time frame of active infection. Other studies have

demonstrated an inverse correlation between childhood infection and the

development of asthma in later life (Alm, Lilja et al. 1997; Ball, Castro-

Rodriguez et al. 2000; Anderson, Ruggles et al. 2004). lt is also reported that

the occurrence of allergy within an individual family inversely correlates with

the birth order of each sibling and that the youngest child is the least likely to

develop an allergic disease (Ball, Castro-Rodriguez el al. 2000; Beasley,

Crane et al. 2000). The present study provided experimental evidence that

microbial infections may be potent modulators of the allergic process,

providing potential explanation of these observations.
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Dendritic Gells from lnfected mice in the Regulation of the Allergic

Response

ln the present study, using both in vitro and in vivo approaches, we

demonstrated a crucial role played by DCs in the infection-mediated

modulation of allergen-specifìc CD4+ T cell responses and allergic

inflammation. We found that DC isolated from BCG infected mice expressed

significantly higher levels of CDBo and TLR9, and produced higher levels of

lL-10 and lL-12 than DC from naiVe mice. The blockade of lL-10 or lL-12

abolished the protective effect of DC on Th2 cytokine production by allergen-

specific CD4 T cells. Furthermore, we showed that adoptive transfer of DCs

isolated from infected mice are capable of reducing the development of Th2-

like cytokine responses and eosinophilic inflammation induced by allergen.

The data further extend our knowledge on the mechanisms by which infection

inhibit allergy, especially the role of DC in this process.

We have shown that, similar to that observed in natural infection, the adoptive

transfer of ilDC is capable of suppressing allergic airway inflammation

following OVA exposure (Han, Fan et al. 2004). The data provide clear

evidences that DCs educated by chlamydial infection in vivo can efficiently

modulate T cell responses to allergen. Although previous studies have shown

the modulating effect of microbial ínfection and microbial products on DC

function, direct evidence is lacking for the modulating effect of DCs educated

by microbial infection on allergen-specific CD4 T cells. The results suggest

that intracellular bacterial infection may prevent the development of Th2-like

allergic responses by deviating the immune responses away from a th2
profile towards a Th1 profile through the modulation of DC function. There are

at least two mechanisms, which may account for the modulating effect of

transferred ilDC on CD4 T cell response to allergen in vivo. One is that the

ilDCs which are educated by microbial infection can directly present allergen

to T cells in recipient mice, as shown in the in vitro experiments in this study,

and the other is that transferred ilDCs can further influence the function of

DCs in the recipient mice, leading to decreased Th2-like cell development.
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A novel finding in the present study is the high TLR9 expression on DCs

isolated from BCG-|nfected mice. TLRs provide important links between

innate and adaptive immune responses (Akira, Takeda et al. 2001; Edwards,

Diebold et al. 2003). Several studies comparing farm and non-farm children

in the development of allergy and asthma have shown significantly fewer

allergies in the children growing up in a farming environment who arguably

have higher exposure to microbial products (Akira, Takeda et a|.2001). A
recent study showed that the expression of TLRs on peripheral blood cells of

farm and non-farm children are different, suggesting the contribution of the

alteration in innate immuniÇ caused by microbial exposure in the modulation

of allergic reaction (Lauener, Birchler el al. 2002). Thus, higher TLR-9

expression in the present study is particularly interesting because TLR-9 is

the receptor for bacterial CpG motifs. Numerous studies have shown that

CpG can inhibit de novo and established allergic responses in animal and

human models (Bohle 2002). Therefore, we can speculate that BCG

infection, via modulation of TLR expression, can change the phenotype of

DCs, leading to decreased allergen-specific Th2 cell and, to a lesser degree,

enhanced Th1 cell development. By examining the effect of DCs with different

TLR expression on allergic responses in vivo, our present study provides a

closer link between the changes in innate immunity and the alteration of

adaptive immune responses to allergen.

How do DCs from infected mice modulate allergen-specific T cell cytokine

production? lt has been previously reported that the ability of DCs to modulate

T cell responses is largely dependent upon their cytokine patterns. DCs are

the príncipal cell required for induction of primary peptide-specific Th1

activation and clonal expansion (Macatonia, Hsieh et al. 1993; Langenkamp,

Messi et al. 2000; Moser and Murphy 2000; Vieira, de Jong et al. 2000;

MacDonald and Pearce 2002). Moreover, down-regulatory molecules which

are produced by DCs such as lL-10, transforming growth factor beta (TGF-B),

and nitric oxide (NO) have been implicated in the suppression of various arms

of the immune system (Levings, Bacchetta et al. 2002; Zemann, Schwaezler

et al. 2003). lnterestingly, our data showed that DCs from infected mice

produced higher levels of both lL-12 and lL-10 and the blockade of either

could partially reverse the inhibition effect of DCs from infected mice on the
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allergic responses. lt is likely that the DCs from BCG infected mice are

heterogeneous in terms of cytokine production. One population may be higher

lL-12 producers, enhancing the development of Th1 cells which inhibit

allergen-specific Th2 cells, while another population may produce higher lL-10

(tolerogenic DC or DCreg), leading to unresponsiveness of allergen-specific

Th2 cells or the development of Treg. ln line with this thought, DCs from BCG

infected mice also express higher levels of TLR-9, a receptor for CPG which

is strong inducer of Th1 responses, which, in combination with higher lL-12

production, suggests the development of DC1-like cells. On the other hand,

amagaloid DC, a newly defined DC subset which produce lL-10, are often

tolerogenic DCs, also express higher TLR-9, therefore supporting the

existence of a tolerogenic subset in DCs from BCG infected mice. Moreover,

we found that DCs from BCG-infected mice showed a significantly larger

CDSq+ population than the DCs from najVe mice. lt is likely that this larger

population of CDSo* DCs from BCG-infected mice play a prominent role in re-

directing the established Th2 allergic phenotype towards a more Th1-like

reaction following RW re-challenge. lt has been previously reported that,

although CDBo* DCs are comparable to CDSo- DCs with regards to other cell

surface marker expression and can both capture Soluble antigens, process

them, and prime antigen-specific CD4* and CDB* T cells efficiently in vivo, the

CDBq* DC subset induce a predominant Th1-like response (Pulendran,

Banchereau et a|.2001). The significantly higher percentage of Th1-inducing

CDSo* DCs present in BCG-infected mice compared to naiVe mice could be a

mechanism by which the adoptive transfer of DCs from infected mice alters

the established allergic response to RW allergen. Further studies on the

subsets of the DCs from BCG infected mice will lead to better understanding

of the mechanisms by which DCs modulate allergic responses'

ln the present model we have shown that the transfer of CDBq+ DC,

compared to CDSo- DC, isolated from C. trachomatis Chlamydia muridarum-

infected mice are much more capable of transferring protection against RW-

induced allergy to naïve mice. To our knowledge, this is the fìrst report

showing variable capacity of DC subsets in inducing protection against RW-

induced allergy in a murine model of allergic airway inflammation. Our results

showed that the DC subsets were different in cytokine production, in
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particular, CDBo+ DC secrete lL-12 and lL-10 at significantly higher levels

compared to CDBo- DC isolated from infected mice or either subset taken

from najVe mice. The ability of CDSu+ DC from Chlamydia muridarum-

infected mice to produce higher levels of these cytokines indicate a pertinent

role for these cytokines secreted in the transfer of protective immunity against

subsequent allergy induced by RW delivery.

An interesting finding in this study was the elevated lL-10 production from

whole DC isolated from BCG-infected mice, similar to the CDBu+ subset of

DC from Chlamydia muridarum-infected mice. We therefore tested the

involvement of this immunoregulatory cytokine in DC-mediated inhibition of

allergen-driven fh2 responses, and found that partial inhibition of the

infection-mediated protection from allergic inflammation could be achieved by

in vivo delivery of anti-lL-10 neutralizing antibody. As well, in the adoptive

transfer model of DC subsets and their induction of protective immunity

against C. muridarum infection, there was a significantly higher production of

both lL-10 and lL-12 from CDSu+ DC taken from Chlamydia muridarum-

infected mice which correlated with a higher level of protection against a

challenge infection with Chlamydia muridarum. Consistently, in both models

of infection alone and infection-mediated inhibition of allergy by transfer of

DCs from Chlamydia muridarum- or BCG-infected mice, respectively, lL-10

and lL-12 were both significantly elevated. As a result, mice were either

protected from subsequent infection, had severe RW-induced pathology prior

to RW sensitization or could inhibit an already-established RW allergy

phenotype. lt is becoming increasingly apparent that cytokines produced by

DC play a central role in directing T cell polarization and in manipulating

immune responses. lL-10 which is produced by DC has been shown to be

related to the induction of immunological unresponsiveness and the

suppression of immune reactions. The present study suggests that lL-10 may

play an important role in DC-mediated inhibition of allergen-driven Th2

cytokine production and allergic responses. There are at least three potential

mechanisms which might account for the inhibitory effect of lL-10 produced by

DC from mice infected with either intracellular bacteria on the allergic. First,

lL-10 may have directly regulatory function on allergen-specific T cell

differentiation and allergic reaction (Moore, de Waal Maleflrt et al. 2001). For
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example, the presence of lL-10 may result in non-responsiveness of allergen

specific Th2 cell progenitors during DC:CD4+ T cell interaction, thus reducing

general Th2 cytokine production. As well, lL-10 can reduce eosinophil

survival and eotaxin production, resulting in reduced eosinophil recruitment to

the sites of allergic inflammation (Bellinghausen, Knop et al. 2001). Secondly,

lL-10 producing DC may induce regulatory T cells such as Tr1 cells

(Bilsborough, George et a|.2003). Akbari et al have found that lL-10

producing DC can stimulate the development of antigen-specific T regulatory

cells that also produce high levels of lL-10, resulting in the inhibition of allergic

responses (Akbari, DeKruyff et al. 2001). lnterestingly, we found, in the

present study, that DC from BCG-infected mice as well CD8a,+ DC isolated

from Chtamydia muridarum-infected mice produced higher levels of lL-10.

More importantly, we found that blocking of lL-10 increased Th2 cytokine

production by allergen-specific CD4+ T cells. Lastly, lL-10 which is produced

by DC isolated from BCG- or Chlamydia muridarum-intecled mice may

influence the development and the function of endogenous DC in recipient

mice, which subsequently inhibit the development of allergen-specific Th2

cells. FuÍher studies are necessary to clarify whether some or all of the

mechanisms play a role in the DC-mediated inhibition of allergy and allergen-

specific Th2 cell development as well as their role in protective immunity

against infection in vaccine-based studies'

NKT cells in lnfection and Allergic Airway lnflammation

Our present study using a common environmental allergen provides evidence

that NKT cells play an important role in allergic responses. The data show that

airuuay eosinophilic inflammation induced by RW is significantly reduced in

NKT deficient CD1 KO mice, which correlates with impaired lL-4 and eotaxin

production. CD1 KO mice also displayed a significant decrease in serum

allergen-specific and total lgE levels compared to BALB/c mice. The

difference between CD1 KO and wild type BALB/c mice is unlikely due to

other intrinsic immunological deficiencies of CD1 KO mice as the
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development of immune cells,T and B cells, in the two types of mice are

comparable (Figure 23) and more importantly, showed similar levels of T-cell

proliferation and cytokine production upon polyclonal stimulation (Figures

24A & 24B). The inability of CD1 KO mice to produce lL-4 in response to

allergen-specific re-stimulatíon provides evidence that NKT cells are

responsible for the development of lL-4 responses to natural allergen, thus

capable of affecting downstream allergic disease parameters. ln contrast, the

Th1 arm of the immune response (lFN-y and lL-12) appears unaffected by the

lack of NKT cells in our research model. The explanation for such a

phenomenon may be two-fold. Firstly, the study model is an asthma-like

reaction, which is dominated by Th2-like responses, therefore the impact of

NKT deficiency may be more visible with regards to the parameters of Th2-

type responses. Notably, the allergen-driven IFN-y production even in wild-

type mice is very low. Secondly, it is possible that NKT cells play more

dominant role in lL-4 responses, although they are capable of producing IFN-y

in certain circumstances. Since Th2 cytokines other than lL-4 such as lL-5

and lL-13 remain largely unaffected by the absence of NKT cells in the

allergen-treated CD1 KO mice (Figure 20), it is likely that NKT cells are

particularly critical for allergen-driven lL-4 responses. Our data is in contrast

with a previous report, which shows that NK cells, rather than NKT cells, play

a significant role in allergic reaction in a mouse model (Korsgren, Persson et

al. 1999). The reason for this discrepancy between the studies is unclear.

However, our data collected from a comprehensive study analyzing ainruay

eosinophilia, mucus secretion, antibody production and cytokine/chemokine

responses focuses primarily on NKT cells, whereas the other study only

partially assess the implication of NKT cells. More importantly, the study using

q-GalCer treatment which showed enhanced allergic reaction in wild-type

BALB/c, but not CD1 KO mice (Figure 25), provided convincing evidence that

confirms the involvement of NKT cell in the allergic reaction. Moreover, the

use of ragweed, a common environmental human allergen, in the present

study further emphasizes the relevance of this finding to human asthma-like

reaction. The results are also inconsistent with another study, which showed

c¿-GalCer treatment inhibits lgE production (Cui, Watanabe et al. 1999).
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Notably, the strain of mice (C57BL/6 vs. BALB/c) and allergen used

(ovalbumin vs. ragweed) in these studies were different. lt remains unclear

whether these differences may account for the different observations.

However, it should be pointed out that the present data are consistent with the

originalfinding that NKT cells can promote lgE responses (Burdin, Brossay et

al. 1999).

ln addition to the role of NKT cells in our model of RW-induced allergic ainrvay

inflammation, we also showed another prominent role for NKT cells, namely

their involvement in the development of C. muridarum-induced lung

pathology. Overall, in this murine model of mouse pneumonitis (Chlamydia

muridarum) infection, we found that CD1 KO mice, lacking NKT cells,

mounted a stronger protective immune response than the wild-type control

(BALB/c or 129) mice following C. muridarum infection. Furthermore, C.

muridarum-infected CD1 KO mice showed significantly less body weight loss,

lower chlamydial rn vivo growth, and milder pathological changes during the

infection. Moreover, it is supported by the finding that stimulation of NKT using

o-GalCer increased host susceptibility to chlamydial infection. The data

indicate that CDld-restricted NKT cells can modulate the immune response to

Chlamydia infection and contribute to pathological outcome caused by the

infection. As only classical type 1, but not type2 CD1-dependent NKT cells

are responsive to o-GalCer stimulation (Godfrey, MacDonald et al. 2004), the

results suggest that the NKT cells which play an immunomodulatory role

during chlamydial infection in the lung are type 1 NKT cells. Cytokine

analyses have shed light on the mechanism by which NKT influence host

susceptibility to chlamydial infection. Previous animal and human studies in

our lab (Yang, HayGlass et al. 1996; Wang, Fan et al. 1999) and by other

researchers (Holland, Bailey et al. 1993; Holland, Bailey et al. 1996) have

shown that Th2 cytokine responses are associated with susceptibility to

chlamydial infection and accompanying pathology. ln the present study, we

demonstrated that the reduced pathology and decreased bacterial burden in

CD1 KO mice were correlated with a reduced Th2 type immune response,

especially lower levels of C. muridarum-driven lL-4 and lL-5 production. The

initial lL-4 production by NKT may be the mechanism by which these cells
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modulate adaptive immune response and promote host susceptibility to

chlamydial infection, as neutralization of lL4 immediately following o-GalCer

treatment significantly reduced the promoting effect of this NKT ligand on

chlamydial growth in vivo.

lnnate Responses: Potential Exploitation of Key lnnate lmmune Cells to

Control Allergic Asthma & lnfection

Allergic asthma is a multifactorial respiratory disease involving both genetic

and environmental factors which, in combination, lead to the development of a

strongly polarized Ihz immune response towards innocuous antigens,

characterized by lgE production and tissue inflammation including

eosinophilia. ln ainrvays, inflammation is accompanied by tissue remodelling

(fibrosis) and mucus hypersecretion leading to ainruay hyperreactivity. ln the

classical view, the immunological factors involved in the development of

asthmatic reactions include, but are not limíted to, lL-5 (which is associated

with eosinophilia) plus lL-4 and lL-13 (which are individually or jointly

associated with lgE production). At the cellular level, in addition to bronchial

epithelial cells which contribute to the pathology, DCs (prototypical antigen-

presenting cells) are considered to be important factors in the initiation, and

according to some authors, the maintenance of the inflammatory phenotype.

As has been shown in the presented data, it is increasingly clear that DC have

a key role to play in the regulation of allergic airurtay inflammation. Through

the exposure of mice to Th1-inducing agents, such as Chlamydia or BCG

infection, a particular phenotype of DC, with regards to cell-surface molecule

expression and cytokine production patterns, is generated. The ability of this

lL-12- and lL-10-expressing DC to inhibit Th2-type reactions to RW

sensitization and challenge (or even an already-established allergic

phenotype) is clear by the use of the adoptive transfer studies from these

infected mice and subsequent RW immunization and challenge and the

showing reduced allergen-induced inflammatory response. This infection-

mediated inhibition by DC isolated from infected mice appears to be partially

dependent on the ability of these DC to produce lL-10 and lL-12 as
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neutralization of either cytokine rn vivo following transfer of these DC has a

partial reversal of the inhibitory effect. The induction of the DC1-like

phenotype, capable of inhibiting the allergic response induced by RW

delivery, is also consistent with the phenotype of DC induced by Chlamydial

infection and the subsequent protective immunity seen in mice pre-treated

with DC isolated from Chlamydia-infected mice. Also, following the adoptive

transfer of DC from Chlamydia muridarum-infected mice we see an enhanced

protection against the pathology normally induced in infection with Chlamydia.

This protection against Chlamydial infection as a result of this adoptive

transfer of DC from infected mice also appears to be dependent upon the

expression of CDSo+- and production of lL-10 and lL-12, as seen in the

allergy model. These are key findings in both models, and particularly with

regards to allergic disease. Lambrecht et alhave recently suggested that DC

have such a key role to play, that they follow the Koch's postulates in human

asthma: 1) Allergic airway inflammation is accompanied by an increase in

airway OC; 2) Administration of DC induces and exacerbates asthmatic

features; and 3) lnhibition of DC function reduces asthmatic features

(Lambrecht and Hammad 2003). As such, the therapeutic intervention with

DC taken from an infection model may perhaps hold even more potential with

such a strong influence of these particular cells on the outcome of allergic

disease.

ln addition to DC, it is evident that from the outlined results, that NKT cells

might also exert agonistic affects on the outcome of asthma, at least in mouse

experimental models. At this time, it is unrealistic to conclude that NKT cells

are a solid, single target for allergy immunotherapy. This thesis' data strongly

suggests a consistency of NKT cells in the ability to rapidly secrete cytokines,

particularly lL-4, both in response to RW and Chlamydia, and influence the

severity of allergic disease and Chlamydia pathology, respectively. ln

contrast, three papers have demonstrated that NKT cell activation by a-

GalCer, whose administration suppresses tumor cell growth and autoimmune

pathologies in various experimental models, inhibits allergic ainruay

inflammation in an IFN-y-dependent manner (Hachem, Lisbonne et al. 2005;

Matsuda, Suda et al. 2005; Morishima, lshii et al. 2005); however, the papers
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differ regarding some of the parameters affected by the treatment, as well as

the mechanisms involved. Hachem et aldemonstrate that both intranasal and

intravenous treatments with cr-GalCer immediately prior to intranasal antigen

challenge inhibit AHR, eosinophilia and lgE production, an effect abrogated by

treatment with anti-lFN-y but not with anti-ll-10 receptor (Hachem, Lisbonne

et al. 2005). The effect of cr-GalCer injection is mimicked by the transfer of

sorted NKT cells or spleen cells from o-GalCer-treated wild-type but not a-

GalCer-treated Jq218-/- or IFN-yJ- animals. The total NKT cellfrequency and

cytokine balance within lung or spleen NKT cells was directly affected by the

treatment, with decreased lL-4-producing and increased IFN-y-producing NKT

cell frequency. ln a model using aerosolized antigen challenges, Matsuda ef

a/ demonstrate that, in addition to the parameters mentioned above (with the

exception of lgE concentrations), lL-13 production and goblet cell hyperplasia

are also decreased upon intraperitoneal u-GalCer injection, while lgG2a (a

Th1 isotype in mouse) levels are increased (Matsuda, Suda et al. 2005).

Most of these effects are abrogated in IFN-yJ- animals, again suggesting a

Th2 to Th1 shift in the immune response. lntriguingly, Morishima et al

demonstrate the opposite effects of o-GalOer treatment with continuous o-

GalCer administration increasing eosinophilia and lgE production, while a

single subcutaneous delivery at the time of intranasal antigen challenge

abrogates eosinophilia, fibrosis and AHR in wild-type but not in Jq281-/- mice

(Morishima, lshii et al. 2005). A stronger sensitization protocol and a more

Th2-prone background might explain these differences. ln addition to the

altered Th1-Th2 balance obserued following a-GalCer treatment, VCAM-1

expression, which promotes eosinophils recruitment, is inhibited by a-GalCer

treatment. lnterestingly, while the first two papers (Hachem, Lisbonne et al.

2005; Matsuda, Suda et al. 2005) indicate a direct effect of o-GalCer on

cytokine production by NKT cells, the last one (Morishima, lshii et al. 2005)

shows that NK, rather than NKT, cells account for the increased IFN-y

production. lt is likely that NKT cells are involved in the initial trigger of the

process due to a very rapid, but transient, cytokine production, while NK cells

have been associated with induction of asthmatic pathology (Korsgren,

Persson et al. 1999).
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Future Perspectives

Data in this thesis demonstrate an intricate role for both DC and NKT cells in

infection and allergy models supports a more current view of NKT cell and DC

interactions. The exposure to infectious products as well as allergens appear

to differentially induce the expansion and cytokine secretion patterns of DC.

Although the data provides evidence for the differential expression of cell-

surface molecules (such as CDBa) and cytokine profiles (enhanced lL-10 and

lL-12 production) in Chlamydia and BCG infections as well as RW allergy,

there is also the potential for a change in expression of other key molecules

on the surface of the DC. The expression of other cell-surface molecules may

change in different microenvironments and affect the activation of other key

innate cells capable of shaping the subsequent adaptive immune response.

For example, Hayakawa ef a/ have demonstrated that the regulation of NKT

cells and their ability to become activated in a Th1 or Th2 manner is

dependent upon their ligation by CD28 and CD40 co-stimulatory pathways

(Hayakawa, Takeda et al. 2001). They showed that CD28-deficient mice

showed impaired IFN-y and lL-4 production in response to specific NKT cell

activation with o-GalCer stimulation both in vitro and in vivo, whereas

production of IFN-y but not lL-4 was impaired in CD4O-deficient mice. These

may be one of many signals that NKT cells require, and could be differentially

expressed by DC in certain microenvironments, in both infection and/or

allergic scenarios.

The present rise in allergic and autoimmune diseases may be accounted for

by a lack of immune regulation (Tsitoura, Blumenthal et al. 2000; Wills-Karp,

Santeliz et al. 2001; Bach 2002; Umetsu, Mclntire et al. 2002; Zuany-Amorim,

Sawicka et al. 2002; Akbari, Stock et al. 2003; Herrick and Bottomly 2003;

Jutel, Akdis et al. 2003; Karlsson, Rugtveit et al.2Q04). Restoring regulatory

networks with both a reduction in key Th2-associated cytokines such as lL-4

in combination with elevated lL-1O-producing cells, such as DC, may reduce

these diseases, as demonstrated in this thesis.
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One way in which this knowledge could be applied is the design of new

vaccines to prevent sensitization to inhaled allergen or even within the realm

of DC vaccination strategies for Chlamydia infection. Furthermore, a greater

appreciation of how DC react to both allergens and microbial patterns could

be used in immunotherapy of asthma as well as infectious diseases.

Additionally, the understanding of how other quick-responding innate cells

such as NKT cells would be affected, either directly or in a bystander effect-

type manner would also be an asset.

210



Part V. References

(1996). "Variations in the prevalence of respiratory symptoms, self-reported
asthma attacks, and use of asthma medication in the European
Community Respiratory Health Survey (ECRHS)." Eur Respir J 9(4):
687-95.

(2000). "Variation and trends in incidence of childhood diabetes in Europe.
EURODIAB ACE Study Group." Lancet 355(9207): 873-6.

(2004). "Containing the allergy epidemic: summary and recommendations of a
new report from the Royal College of Physicians." Ç[n Expéllglgy
34(a):515-7.

Aaby, P., S. O. Shaheen, et al. (2000). "Early BCG vaccination and reduction
in atopy in Guinea-Bissau." Clin Exp Allerqv 30(5): 644-50.

Adams, V. C., J. R. Hunt, et al. (2004). "Mycobacterium vaccae induces a
population of pulmonary CD1 1c+ cells with regulatory potential in
allergic mice." Eur J lmmunol 3a(3): 631-8.

Akbari, O., R. H. DeKruyff, et al. (2001). "Pulmonary dendritic cells producing
lL-10 mediate tolerance induced by respiratory exposure to antigen,"
Nat lmmunol 2(8): 725-31 .

Akbari, O., G. J. Freeman, et al. (2002). "Antigen-specific regulatory T cells
develop via the ICOS ICOS-Iigand pathway and inhibit allergen-
induced ainruay hyperreactivity." Nat Med 29:29.

Akbari, O., P. Stock, et al. (2003). "Mucosaltolerance and immunity:
regulating the development of allergic disease and asthma." lnt Arch
Allerqv lmmunol 130(2): 108-l 18.

Akbari, O., P. Stock, et al. (2003). "Essential role of NKT cells producing lL-4
and lL-13 in the development of allergen-induced airway
hyperreactivity." Nat Med 9(5): 582-8.

Akdis, C. A. and K. Blaser (1999). "lL-1O-induced anergy in peripheralT cell
and reactivation by microenvironmental cytokines: two key steps in

specific immunotherapy." Faseb J 13(6): 603-9.
Akdis, C. 4., F. Kussebi, et al. (2003). "lnhibition of T helper 2-type

responses, lgE production and eosinophilia by synthetic lipopeptides."
Eur J lmmunol 33(10): 2717-26.

Akdis, M., J. Verhagen, et al. (2004). "lmmune responses in healthy and
allergic individuals are characterized by a fine balance between
allergen-specific T regulatory 1 and T helper 2 cells." J Exp Med
199(11): 1567-75.

Akira, S., K. Takeda, et al. (2001). "Toll-like receptors: critical proteins linking
innate and acquired immunity." Nat lmmunol2(8): 675-80.

Alm, J. S., G. Lilja, et al. (1997). "Early BCG vaccination and development of
atopy." Lancet 350(9075): 400-3.

Alm, J. S., G. Lilja, et al. (1998). "BCG vaccination does not seem to prevent
atopy in children with atopic heredity." Allerqv 53(5): 537.

Anderson, H. R., J. D. Poloniecki, et al. (2001). "lmmunization and symptoms
of atopic disease in children: results from the lnternational Study of
Asthma and Allergies in Childhood." AmJ-PuUþ_Heallh 91(7): 1126-9.

Anderson, H. R., R. Ruggles, et al. (2004). "Trends in prevalence of
symptoms of asthma, hay fever, and eczem a in 12-14 year olds in the

211



B riti sh I sles, 1 995-2002: q uestion nai re su rvey." Bmi 328(7 447 ): 1 052-
3.

Anderson, K. V. (1998). "Pinning down positionalinformation: dorsal-ventral
polarity in the Drosophila embryo." Cell 95(4): 439-42'

Apostolou, 1., A. sarukhan, et al. (2002). "origin of regulatory T cells with

known specificity for antigen." Mllrud3(8): 756-763.
Apostolou, 1., Y. Takahama, et al. (1999). "Murine natural killerT(NKT)cells

[correction of natural killer cells] contribute to the granulomatous
ieaction caused by mycobacterial cellwalls." Proc Natl Acad Sci U S A

96(9): 5141-6.
Araujo, L. M., J. Lefort, et al. (2004). "Exacerbated Th2-mediated airway

inflammation and hyperresponsiveness in autoimmune diabetes-prone
NOD mice: a critical role for CDld-dependent NKT cells'" Eur J

lmmunol 34(2):327-35.
Bach, J. F. (2002). "The effect of infections on susceptibility to autoimmune

and allergic diseases." N Enql J Med 347(12):911-20'
Baldini, M., l. c- Lohman, et al. (1999). "A Polymorphism* in the 5' flanking

region of the cD14 gene is associated with circulating soluble cD14
levels and with total serum immunoglobulin E." Am J Respir Cell Mol

Biol20(5): 976-83.
Ball, T. M., J. A. Castro-Rodriguez, et al. (2000). "Siblings, day-care

attendance, and the risk of asthma and wheezing during childhood." N

EnqlJ Med 343(8): 538-43.
Bancherezu, J. and R. M. Steinman (1998). "Dendritic cells and the control of

immunity." Nature 392(6673): 245-52'
Bandeira-Melo, C., K. Sugiyama, et al. (2001). "Cutting edge: eotaxin elicits

rapid vesicular transport-mediated release of preformed lL-4 from
human eosinophils." J lmmunol 166(8): 4813-7'

Barends, M., A. Boelen, et al. (2002). "lnfluence of respiratory syncytial virus

infection on cytokine and inflammatory responses in allergic mice." Clin

Exp Allerqv 32(3): 463-71.
garker, DJ (1998). "ln utero programming of chronic disease." clin sci

(Lond) 95(2): 115-28'
Barnes, K. C. (1999). "Gene-environment and gene-gene interaction studies

in the molecular genetic analysis of asthma and atopy'" Clin Exp

Allerqv 29 SuPPI 4: 47-51'
Bashir, M. E., P. Andersen, et al. (2002). "An enteric helminth infection

protects against an allergic response to dietary antigen." J lmmunol
169(6): 3284-92.

Battaglia, It¡., g R. Blazar, etal. (2002). "The puzzling world of murine T
regulatory cells." Microbes lnfect 4(5): 559-66.

Beasley, n. 1t ooa¡. "worldwide variation in prevalence of symptoms of
ãsthma, allergic rhinoconjunctivitis, and atopic eczema: ISAAC. The

lnternational study of Asthma and Allergies in childhood (lsAAC)
Steeri ng Committee." .hee! 351 (9 1 1 1): 1225-32 -

Beasley, R., J. Crane, et al. (2000). "Prevalence and etiology of asthma." J
Allerqv Clin lmmunol '105(2 Pt 2): 5466-72.

Becker, Y. (2004). "HlV-1 induced AIDS is an allergy and the allergen is the
Shed gp120--a review, hypothesis, and implications." Virus Genes
28(3): 319-31 .

212



Behrendt, H. and W. M. S. Becker (2001)' "Localization, release and

bioavailability of pollen allergens: the influence of environmental
factors." Curr Opin lmmunol f 3(6): 709-15.

Belkaid, Y., C. A. Piccirillo, et al. (2002)'"CD4+CD2$+ regulatory T cells

control Leishmania major persistence and immunity." Nature

420(6915): 502-7 .

Bellinghausen, 1., B. Klostermann, et al. (2003). "Human CD4+CD25+ Ï cells

derived from the majority of atopic donors are able to suppress TH1

and TH2 cytokine production." J Allerqv clin lmmunol 111(4):862-8.
Bellinghausen, 1., J. Knop, et al. (2001). "The role of interleukín l0 in the

regulation of allergic immune responses." lnt Arch Allerqv lmmunol
126(2):97-101.

Bellinghausen, 1., J. Knop, et al. (2001). "The role of interleukin 10 in the
regulation of allergic immune responses." lnt Arch Allergv lmmunol
126(2):97-101.

Bendelac,4., O. Lantz, et al. (1995). "CD1 recognition by mouse NKl+ T
lymphocytes." Science 268(5212): 863-5.

Bendelac,4., M. N. Rivera, et al. (1997). "Mouse CD1-specific NK1 T cells:

development, specificity, and function." Annu Rev lmmunol l5: 535-62.

Bettiol, J., P. Bartsch, et al. (2000). "cytokine production from peripheral

whole blood in atopic and nonatopic asthmatics: relationship with blood

and sputum eosinophilia and serum lgE levels." Allerqv 55(12): 1134-
41.

Bilenki, L., S. Wang, et al. (2002). "Chlamydia trachomatis infection inhibits

airway eosinophilic inflammation induced by ragweed." Clin lmmunol
102(1):28-36.

Bilenki, L., J. Yang, et al. (2004). "Natural killer T cells contribute to ainruay

eosinophilic inflammation induced by ragweed through enhanced lL-4

an d eotaxi n p rod u ction. " &!-h F¡-U.e! saQ): 345-54.
Bilsborough, J., T. C. George, et al. (2003)' "Mucosal CDSalpha+ DC, with a

plaémacytoid phenotype, induce differentiation and support function of
T cells with regulatory properties'" Il¡nuno.lsgy 108(4): 481-92.

Bjorksten, 8., P. Naaber, et al. (1999). "The intestinal microflora in allergic
Estonian and swedish 2-year-old children." clin Exp Allerqv 29(3):

342-6.
Bjorksten, 8., E. Sepp, et al. (2001). "Allergy development and the intestinal

microflora during the first year of life." J Allerqv Clin lmmunol 108(4):

516-20.
Blandin, S. and E. A. Levashina (2004). "Mosquito immune responses against

malaria parasites." Curr Opin lmmunol f 6(1): 16-20.

Bobo, L., N. Novak, et al. (1996). "Evidence for a predominant
proinflammatory conjunctival cytokine response in individuals with

trachoma." lnfect lmmun 6a(B): 3273-9-
Bohle, B. (2002). "CpG motifs as possible adjuvants for the treatment of

allergic diseases." lnt Arch Allergv lmmunol 129(3): 198-203'
Bonecchi, R., S. Sozzani, et al. (1998). "Divergent effects of interleukin-4 and

interferon-gamma on macrophage-derived chemokine production: an

amplification circuit of polarized T helper 2 responses." Blood 92(8):
2668-71.

213



Borish, L. (1998). "1L-10: evolving concepts." J Allerqv Clin lmmunol 101(3):
293-7.

Bradding, P. and S. T. Holgate (1999). "lmmunopathology and human mast
cell cytokines." Crit Rev Oncol Hematol 31(2): 1 19-33.

Bradding, P., J. A. Roberts, et al. (1994). "lnterleukin-4, -5, and -6 and tumor
necrosis factor-alpha in normal and asthmatic airways: evidence for the
human mast cell as a source of these cytokines." Am J Respir Cell Mol
Biol l0(5): 471-80.

Braun-Fahrlander, C., J. Riedler, et al. (2002). "Environmental exposure to
endotoxin and its relation to asthma in school-age children." N Enql J
Med 347(12):869-77.

Brigl, M., L. Bry, et al. (2003). "Mechanism of CDld-restricted natural killer T
cell activation during microbial infection." Nat lmmunol 4(12): 1230-7.

Brunham, R. C., D. J. Zhang, et al. (2000). "The potential for vaccine
development against chlamydial infection and disease." J lnfect Dis
181 Suppl 3: 5538-43.

Brusselle, G. G., J. C. Kips, et al. (1994). "Attenuation of allergic ainruay
inflammation in lL-4 deficient mice." Clin Exp Allerov 2a():73-80.

Burdin, N., L. Brossay, et al. (1999). "lmmunization with alpha-
galactosylceramide polarizes CD1-reactive NK T cells towards Th2
cytokine synthesis." Eur J lmmunol 29(6): 2014-25.

Burke-Gaffney, A. and P. G. Hellewell (1996). "Eotaxin stimulates eosinophil
adhesion to human lung microvascular endothelial cells." Biochem
Biophys Res Commun 227(1):35-40.

Burrows, 8., F. D. Martinez, et al. (1989). "Association of asthma with serum
lgE levels and skin-test reactivity to allergens." N Enql J Med 320(5):
271-7.

Campbell, E. M., S. L. Kunkel, et al. (1998). "Temporal role of chemokines in
a murine model of cockroach allergen-induced airway hyperreactivity
and eosinophilia." J lmmunol 161(12): 7047-53.

Campos, R.4., M. Szczepanik, et al. (2003). "Cutaneous immunization
rapidly activates liver invariant Valphal4 NKT cells stimulating B-1 B
cells to initiate T cell recruitment for elicitation of contact sensitivity." J
Exp Med 198(12): 1785-96.

Carnaud, C., D. Lee, et al. (1999). "Cutting edge: Cross{alk between cells of
the innate immune system: NKT cells rapidly activate NK cells." J
lmmunol 163(9): 4647 -50.

Carr, 4., D. A. Cooper, et al. (1991). "Allergic manifestations of human
immunodeficiency virus (HlV) infection." J Clin lmmunol 11(2):55-64.

Cavani, 4., F. Nasorri, et al. (2003). "Human CD25+ regulatory T cells
maintain immune tolerance to nickel in healthy, nonallergic individuals."
J lmmunol 171(11): 5760-8.

Cella, M., D. Jarrossay, et al. (1999). "Plasmacytoid monocytes migrate to
inflamed lymph nodes and produce large amounts of type I interferon."
Nat Med 5(B): 919-23.

Cerundolo, V., l. F. Hermans, et al. (2004). "Dendritic cells: a journey from
laboratory to clinic." Nat lmmunol 5(1): 7-10.

Charbonnier, A. S., H. Hammad, et al. (2003). "Der p 1-pulsed myeloid and
plasmacytoid dendritic cells from house dust mite-sensitized allergic
patients dysregulate the T cell response." J Leukoc Biol 73(1): 91-9.

214



Chiappara, G., R. Gagliardo, et al. (2001). "Ainruay remodelling in the
pathogenesis of asthma." l (1): 85-93.

Chilmonczyk, B.4., L. M. Salmun, et al. (1993). "Association between
exposure to environmental tobacco smoke and exacerbations of
asthma in children." N Enql J Med 328(23): 1665-9'

Chu, H. W., J. M. Honour, et al. (2003). "Hygiene hypothesis of asthma: a
murine asthma modelwith Mycoplasma pneumoniae infection." Chest
123(3 Suppl): 3905.

Chvatchko, Y., M. H. Kosco_Vilbois, et al. (1996). "Germinal center formation
and local immunoglobulin E (lgE) production in the lung after an ainruay

antigenic challenge." The Journalof Experimental Medicine f 8a(6):
2353-60.

Coffman, R. L., B. W. Seymour, et al. (1989). "Antibody to interleukin-5
inh i bits helminth-i nduced eosinophilia in mice." science 245(491 5):

308-1 0.
Cohn, L., C. Herrick, et al. (2001). "lL-4 promotes ainruay eosinophilia by

suppressing IFN-gamma production: defining a novel role for IFN-
gamma in the regulation of allergic airuray inflammation." J-þ@[
166(a): 2760-7.

Cohn, L., R. J. Homer, et al. (1999). "T helper 1 cells and interferon gamma
regulate allergic airway inflammation and mucus production." J Exp

Med 190(9): 1309-18.
Cohn, L., J. S. Tepper, et al. (1998). "lL-4-independent induction of ainruay

hyperresponsiveness by Th2, but not Th1 , cells." J lmmunol 161(B):

3813-6.
Coles, M. C. and D. H. Raulet (2000). "NK1 .1+ T cells in the liver arise in the

thymus and are selected by interactions with class I molecules on

CD4+CD8+ cells." J lmmunol 16a(5): 2412-8.
Conroy, D. M. and T. J. Williams (2001). "Eotaxin and the attraction of

eosinophils to the asthmatic lung." Respir Res 2(3): 150-6.
Constant, S. L. and K. Bottomly (1997). "lnduction of Th1 and Th2 CD4+ T

cell responses: the alternative approaches." Annu Rev lmmunol 15:

297-322.
Cookson, W. O. and M. F. S. Moffatt (2000). "Genetics of asthma and allergic

disease." Hum Mol Genet 9(16): 2359-64.
Cooper, P. J., M. E. Chico, et al. (2003). "Reduced risk of atopy among

school-age children infected with geohelminth parasites in a rural area
of the tropics." J Allerqv Clin lmmunol 111(5): 995-1000.

Cooper, P. J., M. E. Chico, et al. (2004). "Risk factors for atopy among school
children in a rural area of Latin America." Clin Exp Allerqv 34(6): 845-
52.

Corry, D. B. and F. S. Kheradmand (1999). "lnduction and regulation of the
lgE response." M]lure 402(6760 Suppl): 818-23.

Cotter, T. W., K. H. Ramsey, et al. (1997). "Dissemination of Chlamydia
trachomatis chronic genital tract infection in gamma interferon gene

knockout mice." lnfect lmmun 65(6): 2145-52.
Cottrez, F., S. D. Hurst, et al. (2000). "T regulatory cells 1 inhibit aTh2-

specific response in vivo." J lmmunol f 65(9):4848-53.

215



Coyle, A. J., G. Le Gros, et al. (1995). "lnterleukin-4 is required for the
induction of lung Th2 mucosal immunity." @
13(1): 54-9.

Crowe, N. Y., A. P. Uldrich, et al. (2003). "Glycolipid antigen drives rapid
expansion and sustained cytokine production by NK T cells'" J

lmmunol 171 (B): 4020-7.
Cui, J., N. Watanabe, et al. (1999). "lnhibition of T helper cell type 2 cell

differentiation and immunoglobulin E response by ligand-activated
Valphal4 natural killer T cells." J Exp Med 190(6): 783-92.

Culley, F. J., J. Pollott, et al. (2Q02). "Age at First Viral lnfection Determines
the Pattern of T Cell-mediated Disease during Reinfection in

Adulthood." J Exp Med 196(10): 1381-6.
Custovic, 4., B. M. Simpson, et al. (2003). "Current mite, cat, and dog

allergen exposure, pet ownership, and sensitization to inhalant
allergens in adults." J Allergy Clin lmmunol 111(2):402-7 '

Dagoye, D.,2. Bekele, et al. (2003). "Wheezing, allergy, and parasite
infection in children in urban and rural Ethiopia." Am J Respir Crit Care
Med 167(10): 1369-73.

Dahl, M. E., K. Dabbagh, et al. (2004). "Viral-induced T helpertype 1

responses enhance allergic disease by effects on lung dendritic cells."
Nat lmmunol 5(3): 337-43.

de Kluijver, J., C. E. Evertse, et al. (2003). "Are rhinovirus-induced ainruay

responses in asthma aggravated by chronic allergen exposure?" Am J
Respir Crit Care Med 168(10): 1174-80.

de Lafaille, M. 4., S. Muriglan, et al. (2001). "Hyper immunoglobulin E

response in mice with monoclonal populations of B and T
lymphocytes." Jl¡gM.gd 1 9a(9): 1 349-59.

Diaz-Sanchez,D., A. Tsien, et al. (1997). "Combined diesel exhaust
particulate and ragweed allergen challenge markedly enhances human
in vivo nasal ragweed-specific lgE and skews cytokine production to a
T helper cell 2{ype pattern." J lmmunol 158(5): 2406-13.

Dikeacou, T., A. Katsambas, et al. (1993). "Clinical manifestations of allergy
and their relation to HIV infection." lnt Arch Allerqv lmmunol 102(4):
408-l 3.

Dougherty, L. J., E. G. Brown, et al. (1996). "Modification of the iron protein of
Gloeothece nitrogenase: a mass spectrometric study." Biochem Soc
Trans 24(3):4775.

Edwards, A. D., S. S. Diebold, et al. (2003). "Toll-like receptor expression in

murine DC subsets: lack of TLRT expression by CDB alpha+ DC
correlates with unresponsiveness to imidazoquinolines." Eur J lmmunol
33(a): 827-33.

Eisenbarth, S. C., D. A. Piggott, et al. (2002). "Lipopolysaccharide-enhanced,
toll-like receptor 4-dependent T helper cell type 2 responses to inhaled
antigen." J Exp Med 196(12): 1645-51.

Elias, J. A. (2000). "Airway remodeling in asthma. Unanswered questions."
Am J Respir Crit Care Med f 61(3 Pt 2): 5168-71.

Erb, K. J., J. W. Holloway, et al. (1998). "lnfection of mice with Mycobacterium
bovis-Bacillus Calmette-Guerin (BCG) suppresses allergen-induced
ainruay eosinophilia." J Exp Med 187(4):561-9.

216



Exley, M.4., N. J. Bigley, et al. (2001). "CD1d-reactive T-cell activation leads
to amelioration of disease caused by diabetogenic
encephalomyocarditis virus." J Leukoc Biol 69(5): 713-8.

Farooqi, L S. and J. M. Hopkin (1998). "Early childhood infection and atopic
disorder." Thorax 53(1 1): 927-32.

Farrokhyar, F., E.T. Swarbrick, et al. (2001). "4 critical review of
epidemiological studies in inflammatory bowel disease." Scand J
Gastroenterol 36(1 ): 2-l 5.

Finkelman, F. D., l. M. Katona, et al. (1988). "lL-4 is required to generate and
sustain in vivo lgE responses." ünnu-æ] 14'l(7):2335-41.

Fischer, K., E. Scotet, etal. (2004). "Mycobacterial phosphatidylinositol
mannoside is a naturalantigen for CDld-restricted T cells." Proc Natl
Acad Sci U S A 101(29): 10685-90.

Folkerts, G., G. Walzl, et al. (2000). "Do common childhood infections'teach'
the immune system not to be allergic?" lmmunol Today 21(3): 118-20.

Fontenot, J. D., M. A. Gavin, et al. (2003). "Foxp3 programs the development
and function of CD4+CD25+ regulatory T cells." Nat lmmunol 4(4):
330-6.

Fort, M. M., J. Cheung, et al. (2001). "lL-25 induces lL-4, lL-5, and lL-13 and
Th2-associated pathologies in vivo." lruUnlly 15(6): 985-95.

Fujii, S., K. Shimizu, et al. (2003). "Activation of natural killer T cells by alpha-
galactosylceramide rapidly induces the full maturation of dendritic cells
in vivo and thereby acts as an adjuvant for combined CD4 and CD8 T
cell immunity to a coadministered protein." J Exo Med f 98(2): 267-79.

Fujisawa, T., Y. Kato, et al. (2000). "Chemokines induce eosinophil
degranulation through CCR-3." J Allerqv Clin lmmunol 106(3): 507-13.

Gale, E. A. (2002). "E. A. M. Gale: A missing link in the hygiene hypothesis?"
Diabetolooia 45(4): 588-94.

Gavett, S. H., X. Chen, et al. (1994). "Depletion of murine CD4+ T
lymphocytes prevents antigen-induced ainrvay hyperreactivity and
pulmonary eosinophilia." Am J Respir Cell Mol Biol f 0(6): 587-93.

Geha, R. S. (2003). "Allergy and hypersensitivity. Nature versus nurture in
allergy and hypersensitivity." Curr Opin lmmunol 15(6): 603-8.

Gereda, J. E., D. Y. Leung, et al. (2000). "Relation between house-dust
endotoxin exposure, type 1 T-celldevelopment, and allergen
sensitisation in infants at high risk of asthma." Lancet 355(9216): 1680-
3.

Gerhold, K., K. Blumchen, et al. (2002). "Endotoxins prevent murine lgE
production, T(H)2 immune responses, and development of airway
eosinophilia but not airuray hyperreactivity." J Allerov Clin lmmunol
110(1 ): 1 10-6.

Gern, J. E., C. L. Reardon, et al. (2004). "Effects of dog ownership and
genotype on immune development and atopy in infancy." J Allerqv Clin
lmmunol 113(2): 307 -1 4.

Gerrard, J. W., C. A. Geddes, et al. (1976). "Serum lgE levels in white and
metis communities in Saskatchewan." Ann Allerqv 37(2):91-100.

Godfrey, D. 1., H. R. MacDonald, et al. (2004). "NKT cells: what's in a name?"
Nat Rev lmmunol 4(3):231-7.

Godfrey, D. 1., J. McCluskey, et al. (2005). "CD1d antigen presentation: treats
for NKT cells." Nat lmmunol 6(8): 754-6.

217



Godfrey, R. C. (1975). "Asthma and lgE levels in ruraland urban communities
of The Gambia." Clin Allerov 5(2):201-7.

Gombert, J. M., A. Herbelin, et al. (1996). "Early quantitative and functional
deficiency of NK1+-like thymocytes in the NOD mouse." Eur J lmmunol
26(12):2989-98.

Gong, J. L., K. M. Mccarthy, et al. (1992). "lntraepithelial ainruay dendritic
cells: a distinct subset of pulmonary dendritic cells obtained by
microdissection." The Journal of Experimental Medicine 175(3):797-
807.

Gonzalez-Aseguinolaza, G., C. de Oliveira, et al. (2000). "alpha -
galactosylceramide-activated Valpha 14 natural killer T cells mediate
protection against murine malaria." Proc Natl Acad Sci U S A 97(15):
8461-6.

Gould, H. J., B. J. Sutton, et al. (2003). "The biology of IGE and the basis of
allergic disease." Annu Rev lmmunol 21:579-628.

Grabbe, S., E. Kampgen, et al. (2000). "Dendritic cells: multi-lineal and multi-
functional." I mmunol Todav 21 (9): 431 -3.

Grindebacke, H., K. Wing, et al. (2004). "Defective suppression of Th2
cytokines by CD4CD25 regulatory T cells in birch allergics during birch
pollen season." Clin Exp Allerqv 34(9): 1364-72'

Grubor-Bauk, 8., A. Simmons, et al. (2003). "lmpaired clearance of herpes
simplex virus type 1 from mice lacking cDld or NKT cells expressing
the semivariant V alpha 14-J alpha 281 TCR." J lmmunol 170(3): 1430-
4.

Gumperz, J. E., C. Roy, et al. (2000). "Murine CDld-restricted T cell
recognition of cel|ular lipids." Immunitv 12(2):211-21'

Hachem, P., M. Lisbonne, et al. (2005). "Alpha-galactosylceramide-induced
iNKT cells suppress experimental allergic asthma in sensitized mice:
role of IFN-gamma." Eur J lmmunol 35(10): 2793-802.

Haczku,4., K. Takeda, et al. (1997). "CD23 deficient mice develop allergic
airuuay hyperresponsiveness followin g sensitization with ovalbu mi n. "

Am J Respir Crit Care Med 156(6): 1945-55.
Hadeiba, H. and R. M. Locksley (2003). "Lung cD25 CD4 Regulatory T Cells

Suppress Type 2lmmune Responses But Not Bronchial
Hyperreactivity." J lmmunol 170(11): 5502-1 0.

Hagel, 1., N. R. Lynch, et al. (1993). "Modulation of the allergic reactivity of
slum children by helminthic infection." Parasite lmmunol 15(6): 311-5.

Hall, G., C. G. Houghton, et al. (2003). "suppression of allergen reactive Th2
mediated responses and pulmonary eosinophilia by intranasal
administration of an immunodominant peptide is linked to lL-10
production." @j.ne 21 (5-6): 549-61 .

Hamblin, S. (1993). "Cytokines and cytokine receptors 2nd Edition." IRL press

at Oxford Universitv press.

Hamelmann, E., G. Cieslewicz, et al. (1999). "Anti-interleukin 5 but not anti-
lgE prevents airway inflammation and aitway hyperresponsiveness."
Am J Respir Crit Care Med 160(3): 934-41.

Hamelmann, E., K. Tadeda, et al. (1999). "Role of lgE in the development of
allergic airway inflammation and airway hyperresponsiveness--a
murine model." Allerqv 5A(): 297 -305.

218



Hammad, H., V. C. de Vries, et al. (2004). "Differential capacity of CD$+ alpha

or cD8- alpha dendritic cell subsets to prime for eosinophilic airuuay

inflammation in the T-helper type 2-prone milieu of the lung." Clin Exp

Allerqv 3a(l:1834-40.
Han, X., Y. Fan, et al. (2004). "Dendritic cells from chlamydia-infected mice

show altered Toll-like receptor expression and play a crucial role in

inhibition of allergic responses to ovalbumin." Eur J lmmunol 3a():
981-9.

Hansen, G., J. J. Mclntire, et al. (2000). "CD41+¡ T helper cells engineered to
produce latent TGF-beta1 reverse allergen-induced ainruay

hyperreactivity and inflammation." J Clin lnvest 105(1): 61-70.

Hansen, G., V. P. Yeung, et al. (2000). "Vaccination with heat-killed Listeria

as adjuvant reverses established allergen-induced airuuay

hyperreactivity and inflammation: role of CD8+ T cells and lL-18." J
lmmunol f 6a(1 ): 223-30.

Harrison, A. M., C. A. Bonville, et al. (1999). "Respiratory syncyticalvirus-
induced chemokine expression in the lower airuuays: eosinophil
recruitment and degranulation." Am J Respir Crit Care Med 159(6):

1918-24.
Hart, P. H. S. (2001). "Regulation of the inflammatory response in asthma by

mast cell products." lmmunol Cell Biol 79(2):149-53.
Hattori, K., A. Yamamoto, et al. (2003). "[Effects of administration of

bifidobacteria on fecal microflora and clinical symptoms in infants with

atopic dermatitisl." Alerugi 52(1): 20-30.
Hayakawa, Y., K. Takeda, et al. (2001). "Differential regulation of Th1 and

Th2 functions of NKT cells by CD28 and CD40 costimulatory
pathways." J lmmunol 166(10): 6012-8'

Heil, F., P. Ahmad-Nejad, et al. (2003). "The Toll-like receptor 7 (TLR7)-
specific stimulus loxoribine uncovers a strong relationship within the
TLR7, I and 9 subfamily." Eur J lmmunol 33(11): 2987-97.

Helin, T., S. Haahtela, et al. (2002). "No effect of oral treatment with an
intestinal bacterial strain, Lactobacillus rhamnosus (ATCC 53103), on

birch-pollen allergy: a placebo-controlled double-blind study." Allerqv
57(3): 243-6.

Hellings, P. W., P. Vandenberghe, et al. (2002). "Blockade of CTLA-4
enhances allergic sensitization and eosinophilic ainruay inflammation in

genetically predisposed mice." Eur J lmmunol 32(2):585-94.
Henri, S., D. Vremec, et al. (2001). "The dendritic cell populations of mouse

lymph nodes." J lmmunol 167(2):741-8.
Herman, A. E., G. J. Freeman, et al. (2004). "CD4+CD25+ T regulatory cells

dependent on ICOS promote regulation of effector cells in the
prediabetic lesion." J Exp Med 199(11): 1479-89'

Herrick, C. A. and K. Bottomly (2003). "To respond or not to respond: T cells

in allergic asthma." Nat Rev lmmunol 3(5): 405-12.
Herz, U., K. Gerhold, et al. (1998). "BCG infection suppresses allergic

sensitization and development of increased airuuay reactivity in an

animal model." J Allergv Clin lmmunol 102(5): 867-74'
Herz, U., P. Lacy, et al. (2000). "The influence of infections on the

devetopment and severity of allergic disorders." curr opin lmmunol
12(6):632-40.

219



Hesselmar, 8., N. Aberg, et al. (1999). "Does early exposure to cat or dog
protect against later allergy development?" Clin Exp Allerqv 29(5): 611-
7.

Hirai, H., K. Tanaka, et al. (2001). "Prostaglandin D2 selectively induces
chemotaxis in T helper type 2 cells, eosinophils, and basophils via
seven-transmembrane receptor CRTH2." J Exp Med 193(2): 255-61.

Holgate, S. T. S. (1998). "Asthma and allergy-disorders of civilization?" Qim
91(3): 171-84.

Holland, M. J., R. L. Bailey, et al. (1996). "T helpertype-1 (Th1)/Th2 profiles
of peripheral blood mononuclear cells (PBMC); responses to antigens
of Chlamydia trachomatis in subjects with severe trachomatous
scarring." Clin Exp lmmunol 105(3): 429-35.

Holland, M. J., R. L. Bailey, et al. (1993). "Conjunctival scarring in trachoma is
associated with depressed cell-mediated immune responses to
chlamydial antigens." J lnfect Dis 168(6): 1528-31.

Holt, B. F., 3rd, D. A. Hubert, et al. (2003). "Resistance gene signaling in
plants-complex similarities to animal innate immunity." Curr Opin
lmmunol 15(1): 20-5.

Holt, P. G., J. Oliver, et al. (1993). "Downregulation of the antigen presenting
cell function(s) of pulmonary dendritic cells in vivo by resident alveolar
macrophages." The Journal of Experimental Medicine 177(2):397-407.

Holt, P. G. and P. D. Sly (2002). "lnteractions between RSV lnfection,
Asthma, and Atopy: Unraveling the Complexities." J Exp Med 196(10):
1271-5.

Honda, K., M. Arima, et al. (2003). "Prostaglandin D2 Reinforces Th2 Type
lnflammatory Responses of Ainvays to Low-dose Antigen through
Bronchial Expression of Macrophage-derived Chemokine." J Exp Med
198(4): 533-43.

Hong, S., M. T. Wilson, et al. (2001). "The natural killer T-cell ligand alpha-
galactosylceramide prevents autoi mmu ne diabetes in non-obese
diabetic mice." Nat Med 7(9): 1052-6.

Hopfenspirger, M. T. and D. K. Agrawal (2002). "Aitway hyperresponsiveness,
late allergic response, and eosinophilia are reversed with
mycobacterial antigens in ovalbumin-presensitized mice." J lmmunol
168(5): 2516-2522.

Hopfenspirger, M. T., S. K. Parr, et al. (2001). "Mycobacterial antigens
attenuate late phase response, ainruay hyperresponsiveness, and
bronchoalveolar lavage eosinophilia in a mouse model of bronchial
asthma." lnt lmmunopharmacol 1(9-10): 1743-51.

Hori, S., T. Nomura, et al. (2003). "Control of regulatory T cell development by
the transcription factor Foxp3." Science 299(5609): 1057-61 .

Howard, T. D., D. G. Wiesch, et al. (1999). "Genetics of allergy and bronchial
hyperresponsiveness." Clin Exp Allerqv 29 Suppl 2: 86-9.

Hubacek, J.4., G. Rothe, et al. (1999). "C(-260)-tt polymorphism in the
promoter of the CD14 monocyte receptor gene as a risk factor for
myocardial infarction." Circu lation 99(25): 321 8-20.

Hussain, R., R. W. Poindexter, et al. (1992). "Control of allergic reactivity in

human filariasis. Predominant localization of blocking antibody to the
lgG4 subclass." Jlnlm_un_ql 148(9): 2731-7.

220



Hylkema, M. N., W. Timens, el al. (2002). "The effect of bacillus Calmette-
Guerin immunization depends on the genetic predisposition to Th2-
type responsiveness." Am J Respir Cell Mol Biol 27(2):244-9.

llli, S., E. von Mutius, et al. (2001). "Early childhood infectious diseases and
the development of asthma up to school age: a birth cohort study." Bmi
322(7283):390-5.

ISAACSubject (1998). "Worldwide variation in prevalence of symptoms of
asthma, allergic rhinoconjunctivitis, and atopic eczema: ISAAC. The
lnternational Study of Asthma and Allergies in Childhood (ISAAC)
Steerin g Committee." Lancet 351 (9 1 1 1 ): 1 225-32.

lsolauri, E., A. Huurre, et al. (2004). "The allergy epidemic extends beyond
the past few decades." Clin Exp Allergv 3aQ): 1007-10.

lwasaki, A. and B. L. Kelsall (2000). "Localization of distinct Peyer's patch
dendritic cell subsets and their recruitment by chemokines macrophage
inflammatory protein (MlP)-3alpha, MIP-3beta, and secondary
lymphoid organ chemokine." J Exp Med 191(8): 1381-94.

Jaenisch, R. and A. Bird (2003). "Epigenetic regulation of gene expression:
how the genome integrates intrinsic and environmental signals." Nat
Genet 33 Suppl: 245-54.

Jaffar, 2., T. Sivakuru, et al. (200a). "CD4+CD25+ T cells regulate ainruay

eosinophilic inflammation by modulating the Th2 cell phenotype." J
lmmunol 172(6): 3842-9.

Janeway, C. 4., Jr. (1989). "Approaching the asymptote? Evolution and
revolution in immunology." Cold Sprinq Harb Svmp Quant Biol 54 Pt 1:

1-13.
Janeway, C. A., Jr. and R. Medzhitov (2002). "lnnate immune recognition."

Annu Rev lmmunol 20:197-216.
Jang, A. S. and M. H. Son (2002). "The association of airuuay

hyperresponsiveness and tuberculin responses." Allerov 57 @): 341 -5.
Jankovic, D., M. C. Kullberg, et al. (1997). "Fc epsilonRl-deficient mice

infected with Schistosoma mansoni mount normalTh2-type responses
while displaying enhanced liver pathology." J lmmunol 159(a): 1868-
75.

Jarvis, D. and P. Burney (1998). "ABC of allergies. The epidemiology of
allergic disease." Bmi 316(7131 ): 607-10.

Jeannin, P., S. Lecoanet, etal. (1998). "lgEversus lgG4 production can be
differentially regulated by lL-10." J lmmunol f 60(7): 3555-61.

Jentoft, H. F., E. Omenaas, etal. (2002). "Absence of relationship between
tuberculin reactivity and asthmatic symptoms, level of FEVI and
bronchial hyperresponsiveness in BCG vaccinated young adults."
Allerqv 57(4):336-40.

Joetham, 4., K. Takeda, et al. (2005). "Airway hyperresponsiveness in the
absence of CD4+ T cells after primary but not secondary challenge."
Am J Respir Cell Mol Biol 33(1): 89-96.

Johansson, M., K.Schon, et al. (1997). "Studies in knockout mice revealthat
anti-chlamydial protection requires TH1 cells producing IFN-gamma: is
this true for humans?" Scand J lmmunol 46(6): 546-52.

Johansson, M., M.Ward, et al. (1997). "B-cell-deficient mice develop
complete immune protection against genital tract infection with
Ch lamydia trachomatis." lruþgy 92$): 422-8.

221



John, M., S. Lim, et al. (1998). "lnhaled codicosteroids increase interleukin-10
but reduce macrophage inflammatory protein-1 alpha, granulocyte-
macrophage colony-stimulatin g factor, and interferon-gamma release
from alveolar macrophages in asthma." Am J Respir Crit Care Med
157(1):256-62.

Johnson, C. C., D. R. Ownby, et al. (2002). "Environmental epidemiology of
pediatric asthma and allergy." Epidemiol Rev 24(2):154-75.

Jones, A. P. (1998). "Asthma and domestic air quality." Soc Sci Med 47(6):
755-64.

Jose, P. J., L M. Adcock, etal. (1994). "Eotaxin: cloning of an eosinophil
chemoattractant cytokine and increased mRNA expression in allergen-
challenged guinea-pig lungs." Biochemical and Biophvsical Research
Communications 205(1 ): 7 88-94.

Joyce, S., A. S. Woods, et al. (1998). "Natural ligand of mouse CD1d1:
cellular glycosylphosphatidylinositol." Science 279(5356): 1541-4.

Julia, V., E. M. Hessel, et al. (2002). "A restricted subset of dendritic cells
captures airborne antigens and remains able to activate specific T cells
long after antigen exposure." lmmunity 16(2):271-83.

Justice, J. P., J. Crosby, et al. (2002). "CD4(+) T cell-dependent ainruay

mucus production occurs in response to lL-S expression in lung." Am J
Phvsiol Lunq Cell Mol Phvsiol 282(5):L1066-74.

Jutel, M., M. Akdis, et al. (2003). "lL-10 and TGF-beta cooperate in the
regulatory T cell response to mucosal allergens in normal immunity and
specific immunotherapy." Eur J lmmunol 33(5): 1205-1214.

Jutel, M., M. Akdis, et al. (2003). "lL-10 and TGF-beta cooperate in the
regulatory T cell response to mucosal allergens in normal immunity and
specific immunotherapy." Eur J lmmunol 33(5): 1205-14.

Kaisho, T. and S. Akira (2002). "Toll-like receptors as adjuvant receptors."
Biochim Biophvs Acta 1589(1): 1-13.

Kakimi, K., L. G. Guidotti, et al. (2000). "Natural killer T cell activation inhibits
hepatitis B virus replication in vivo." J Exp Med 192(7):921-30.

Kalinski, P., C. M. Hilkens, et al. (1999). "T-cell priming by type-1 and type-2
polarized dendritic cells: the concept of a third signal." lmmunol Today
20(12):561-7.

Kalliomaki, M., S. Salminen, et al. (2001). "Probiotics in primary prevention of
atopic disease: a randomised placebo-controlled trial." Lancet
357(9262): 1 076-9.

Kaplan, M. H., Y. L. Sun, et al. (1996). "lmpaired lL-12 responses and
enhanced development of Th2 cells in Stat4-deficient mice." Nature
382(6587): 174-7.

Kapsenberg, M. L. (2003). "Dendritic-cell control of pathogen-driven T-cell
polarization." Nat Rev lmmunol 3(12):984-93.

Karlsson, M. R., J. Rugtveit, et al. (2004). "Allergen-responsive CD4+CD25+
Regulatory T Cells in Children who Have Outgrown Cow's Milk
Allergy." J Exp Med 199(12): 1679-88.

Karp, C. L., A. Grupe, et al. (2000). "ldentification of complement factor 5 as a
susceptibility locus for experimental allergic asthma." Nat lmmunol
1(3):221-6.

222



Kasprowicz, D. J., P. S. Smallwood, et al. (2003). "Scurfin (FoxP3) controls T-
dependent immune responses in vivo through regulation of CD4+ T cell
effector function." J I mmunol 17 1 (3): 1 21 6-23.

Kawakami, K., Y. Kinjo, et al. (2002). "Minimal contribution of Valphal4
natural killer T cells to Th1 response and host resistance against
mycobacterial infection in mice." Microbiol lmmunol46(3): 207-10.

Kawakami, T. and S. J. Galli (2002). "Regulation of mast-cell and basophil
function and survival by lgE." Nat Rev lmmunol 2(10):773-86'

Kawano, T., J. Cui, et al. (1997). "CD1d-restricted and TCR-mediated
activation of valphal4 NKT cells by glycosylceramides." Sçjæ
278(5343): 1626-9.

Kero, J., M. Gissler, et al. (2001). "Could TH1 and TH2 diseases coexist?
Evaluation of asthma incidence in children with coeliac disease, type 1

diabetes, or rheumatoid arthritis: A register study." J Allerqy Clin
lmmunol 108(5 Part 1): 781-3.

Khattri, R., T. Cox, et al. (2003). "4n essential role for Scurfin in CD4+CD25+
T regulatory cells." Nat lmmunol 4@):337-342.

Kim, J. O., D. H. Kim, et al. (2004). "Asthma is induced by intranasal
coadministration of allergen and natural killer T-cell ligand in a mouse
model." J Allerqv Clin lmmunol f 14(6): 1332-8.

Kim, Y. S., K. S. Kwon, et al. (2004). "lnhibition of murine allergic ainruay

disease by Bordetella pertussis." lmmunoþgy 112$): 624-30.
King, C., J. Davies, et al. (1998). "TGF-beta1 alters APC preference,

polarizing islet antigen responses toward aTh2 phenotype." lmmunitv
8(5):601-13.

Kinjo, Y., D. Wu, et al. (2005). "Recognition of bacterial glycosphingolipids by
natural killer T cells." Nature 434(7032):520-5.

Kline, J. N., A. M. Krieg, et al. (1999). "CpG oligodeoxynucleotides do not
require TH1 cytokines to prevent eosinophilic airway inflammation in a
murine model of asthma." J Allerqv Clin lmmunol f 0a(6): 1258-64.

Kline, J. N., T. J. Waldschmidt, et al. (1998). "Modulation of airway
inflammation by CpG oligodeoxynucleotides in a murine model of
asthma." J lmmunol 160(6): 2555-9.

Kobayashi, E., K. Motoki, et al. (1995). "KRN7000, a novel immunomodulator,
and its antitumor activities." Oncol Res 7(10-11):529-34.

Kobayashi, T., T. Miura, et al. (2000). "An essential role of mast cells in the
development of ainrvay hyperresponsiveness in a murine asthma
model." J lmmunol 164(7):3855-61 .

Koh, Y. 1., l. S. Choi, et al. (2001). "BCG infection in allergen-presensitized
rats suppresses Th2 immune response and prevents the development
of allergic asthmatic reaction." J Clin lmmunol 21(1): 51-9.

Kohm, A. P., P. A. Carpentier, et al. (2002). "Cutting edge: CD4+CD25+
regulatory T cells suppress antigen-specific autoreactive immune
responses and central nervous system inflammation during active
experimental autoimmune encephalomyelitis." J lffiffil 169(9): 4712-
6.

Kopf, M., G. Le Gros, et al. (1993). "Disruption of the murine lL-4 gene blocks
Th 2 cyto ki ne responses. " Nglu re 362$a17 ): 245-8.

Kopp, E. and R. Medzhitov (2003). "Recognition of microbial infection by Toll-
like receptors." ÇUIt.Qpirllmmure! l5(4): 396-401.

223



Korsgren, M., C. G. Persson, et al. (1999). "Natural kíller cells determine
development of allergen-induced eosinophilic ainruay inflammation in
mice." J Exp Med 189(3): 553-62.

Kramer, U., J. Heinrich, et al. (1999). "Age of entry to day nursery and allergy
in later childhood." Lancet 353(9151):450-4.

Krieg, A. M. (2002). "CpG motifs in bacterial DNA and their immune effects."
Annu Rev lmmunol20: 709-60.

Kuhn, R., K. Rajewsky, et al. (1991). "Generation and analysis of interleukin-4
deficient mice." Science 254(5032): 7 07 -1 0.

Kumar, H., A. Belperron, et al. (2000). "Cutting edge: CDld deficiency impairs
murine host defense against the spirochete, Borrelia burgdorferi." I
lmmunol 165(9): 4797-801.

Kuperman, D. A., X. Huang, elal. (2002). "Direct effects of interleukin-13 on
epithelial cells cause airway hyperreactivity and mucus overproduction
in asthma." Nat Med 8(8): 885-9.

Kurniawan, 4., M. Yazdanbakhsh, et al. (1993). "Differential expression of lgE
and lgG4 specific antibody responses in asymptomatic and chronic
human filariasis." Journal of lmmunoloqv 150: 3941-3950.

Kusunoki, T., T. Nakahata, et al. (2002). "Possible dual effect of CD14
molecule on atopy." Am J Respir Crit Care Med 165(4): 551-2; author
reply 552.

Lacy, P., S. Mahmudi-Azer, et al. (1999). "Rapid mobilization of intracellularly
stored RANTES in response to interferon-gamma in human
eosinophils." Blood 94(1): 23-32.

Lambrecht, B. N. and H. Hammad (2003). "Taking our breath away: dendritic
cells in the pathogenesis of asthma." Nat Rev lmmunol 3(12):994-
1 003.

Lambrecht, B. N., H. C. Hoogsteden, et al. (2001). "Dendritic cells as
regulators of the immune response to inhaled allergen: recent findings
in animal models of asthma." lnt Arch Allergv lmmunol 12a():432-46.

Langenkamp, A., M. Messi, et al. (2000). "Kinetics of dendritic cell activation:
impact on priming of TH1, TH2 and nonpolarized T cells." Nat lmmunol
I (4): 31 1-6.

Lanzavecchia, A. and F. Sallusto (2001). "The instructive role of dendritic cells
on T cell responses: lineages, plasticity and kinetics." Curr Opin
lmmunol 13(3): 291-8.

Lauener, R. P., T. Birchler, etal. (2002). "Expression of CD14 and Toll-like
receptor 2 in farmers' and non-farmers' children." Lancet 360(9331):
465-6.

Leckie, M. J., A. ten Brinke, et al. (2000). "Effects of an interleukin-5 blocking
monoclonal antibody on eosinophils, airway hyper-responsiveness, and
the late asthmatic response." Lancet 356(9248): 2144-8.

Lederer, J. A., V. L. Perez, et al. (1996). "Cytokine transcriptional events
during helper T cell subset differentiation." J Exp Med 184(2):397-406.

Lefort, J., M. A. Nahori, etal. (1996). "ln vivo neutralization of eosinophil-
derived major basic protein inhibits antigen-induced bronchial
hyperreactiviÇ in sensitized guinea pigs." The Journal of Clinical
lnvestioation 97 @): 1 1 17 -21 .

224



Lemaitre, 8., E. Nicolas, et al. (1996). "The dorsoventral regulatory gene
cassette spatzle/Toll/cactus controls the potent antifungal response in
Drosophila adults." Cell 86(6): 973-83.

Levings, M. K., R. Bacchetta, et al. (2002). "The role of fL-10 and TGF-beta in

the differentiation and effector function of T regulatory cells." lnt Arch
Allerqv lmmunol 129(4): 263-7 6.

Leynaert, 8., C. Neukirch, et al. (2001). "Does Living on a Farm during
Childhood Protect against Asthma, Allergic Rhinitis, and Atopy in

Adulthood?" @ 1 6a(1 0): 1829-1834'
Li, L., J. F. Elliott, et al. (1994). "1L-10 inhibits cytokine production, vascular

leakage, and swelling during T helper 1 cell-induced delayed-type
hypersensitivity." J lmmunol I 53(9): 3967 -78.

Lima, C., A. Perini, et al. (2002). "Eosinophilic inflammation and airuray
hyperresponsiveness are profoundly inhibited by a helminth (Ascans
suum) extract in a murine model of asthma." Clinical and Experimental
Allerqv 32: 1659-1666.

Ling, E. M., T. Smith, et al. (2004). "Relation of CD4+CD25+ regulatory T-cell
suppression of allergen-driven T-cell activation to atopic status and
expression of allergic disease." Lancet 363(9409): 608-15.

Linneberg,4., C. Ostergaard, et al. (2003). "lgG antibodies against
microorganisms and atopic disease in Danish adults: the Copenhagen
Allergy Study." J Allerqv Clin lmmunol 111@):847-53'

Lisbonne, M., S. Diem, et al. (2003). "Cutting edge: invariantV alpha 14 NKT
cells are required for allergen-induced ainruay inflammation and
hyperreactivity in an experimentalasthma model." J lmmunol 171(4):
1637-41.

Lisbonne, M., P. Hachem, et al. (2004). "ln vivo activation of invariant V alpha
14 natural killer T cells by alpha-galactosylceramide sequentially
induces Fas-dependent and -independent cytotoxicity." Eur J lmmunol
3a(5): 1381-8.

Liu, Y. J., H. Kanzler, et al. (2001). "Dendritic cell lineage, plasticity and cross-
regulation." Nat lmmunol 2(7): 585-9.

Lohoff, M., D. Ferrick, et al. (1997). "lnterferon regulatory factor-1 is required
for a T helper 1 immune response in vivo." lmmunitv 6(6): 681-9.

Longphre, M., D. Li, et al. (1999). "Allergen-induced lL-9 directly stimulates
mucin transcription in respiratory epithelial cells." J Clin lnvest 104(10):
1375-82.

Lu, H., X. Yang, et al. (2000). "Chlamydia trachomatis mouse pneumonitis
lung infection in lL-18 and lL-12 knockout mice: lL-12 is dominant over
lL-18 for protective immunity." Mol Med 6(7):604-12.

Lu, H. and G. Zhong (1999). "lnterleukin-12 production is required for
chlamydial antigen-pulsed dendritic cells to induce protection against
live Chlamydia trachomatis infection." bfec!]mmg! 67 ($: 1 763-9.

Lynch, N. R., J. Goldblatt, et al. (1999). "Parasite infections and the risk of
asthma and atopy." Thorax 5a(8): 659-60.

Lynch, N. R., l. Hagel, et al. (1993). "Effect of anthelmintic treatment on the
allergic reactivity of children in a tropical slum." J Allerqv Clin lmmunol
92(3): 404-11.

Mabey, D. and R. Bailey (1996). "lmmunity to Chlamydia trachomatis: lessons
from a Gambian village." J Med Microbiol 45(1):1-2.

225



Macatonia, S. E., C. S. Hsieh, et al. (1993). "Dendritic cells and macrophages
are required for Th1 development of CD4+ T cells from alpha beta TCR
transgenic mice: lL-12 substitution for macrophages to stimulate IFN-
gamma production is lFN-gamma-dependent." !¡!-!@¡el 5(9): 1 1 19-

28.
MacDonald, A. S. and E. J. Pearce (2002). "Cutting edge: polarized Th cell

response induction by transferred antigen-pulsed dendritic cells is
dependent on lL-4 or lL-12 production by recipient cells." J lmmunol
168(7): 3127-30.

Maclean, J. A., A. Sauty, et al. (1999). "Antigen-induced airway
hyperresponsiveness, pulmonary eosinophilia, and chemokine
expression in B cell-deficient mice." Am J Respir Cell Mol Biol 20(3):
379-87.

Magnus, P., K. Berg, et al. (1985). "The heritability of smoking behaviour in

pregnancy, and the birth weights of offspring of smoking-discordant
twins." Scand J Soc Med 13(1): 29-34.

Magram, J., S. E. Connaughton, et al. (1996). "lL-12-defìcient mice are
defective in IFN gamma production and type 1 cytokine responses."
lmmunitv 4(5):471-81.

Maizels, R. M. (2005). "lnfections and allergy - helminths, hygiene and host
immune regulation." Curr Opin lmmunol f 7(6): 656-61.

Majamaa, H. and E. lsolauri (1997). "Probiotics: a novelapproach in the
management of food allergy." J Allerov Clin lmmunol 99(2): 179-85.

Major, T., G. Wohlleben, et al. (2002). "Application of heat killed
Mycobacterium bovis-BCG into the lung inhibits the development of
allergen-induced Th2 responses." Vaccine 20(1 1-12): 1532-40.

Makela, M. J., A. Kanehiro, et al. (2002). "The failure of interleukin-10-
deficient mice to develop airuuay hyperresponsiveness is overcome by
respiratory syncytial virus infection in allergen-sensitized/challenged
mice." Am J Respir Crit Care Med 165(6): 824-31.

Maldonado-Lopez, R., T. De Smedt, et al. (1999). "Role of CD8alpha+ and
CDSalpha- dendritic cells in the induction of primary immune responses
in vivo." J Leukoc Biol 66(2): 242-6.

Manickasingham, S. P., A. D. Edwards, et al. (2003). "The ability of murine
dendritic cell subsets to direct T helper cell differentiation is dependent
on microbialsignals." EurJ lmmunol 33(1): 101-7.

Mao, X. Q., D. J. Sun, et al. (2000). "The link between helminthic infection and
atopy." Parasitol Todav 16(5): 186-8.

Marshall, G. D., Jr. (1999). "AIDS, H|V-positive patients, and allergies."
Allerqy Asthma Proc 20(5): 301-4.

Martinez, F. D. and P. G. Holt (1999). "Role of microbial burden in aetiology of
allergy and asthma." Lancet 354 Suppl 2: Sll12-5.

Masoli, M., D. Fabian, et al. (2004). "The global burden of asthma: executive
summary of the GINA Dissemination Committee report." Allerqy 59(5):
469-78.

Masuda, A., Y. Yoshikai, et al. (2002). "Th2 cytokine production from mast
cells is directly induced by lipopolysaccharide and distinctly regulated
by c-Jun N-terminal kinase and p38 pathways." J lmmunol 169(7):
3801 -1 0.

226



Matricardi, P. M. and S. S. Bonini (2000). "High microbialturnover rate
preventing atopy: a solution to inconsistencies impinging on the
Hygiene hypothesis?" Clin Exp Allerqv 30(1 1 ): 1506-10.

Matricardi, P. M. and S. S. Bonini (2000). "Mimicking microbial 'education'of
the immune system: a strategy to revert the epidemic trend of atopy

and allergic asthma?" Respir Res 1(3):129-32.
Matricardi, P. M., F. Franzinelli, et al. (1998). "Sibship size, birth order, and

atopy in 11,371ltalian young men." J Allerqv clin lmmunol 101(4 Pt 1):

439-44.
Matricardi, P. M., F. Rosmini, et al. (1997). "Cross sectional retrospective

study of prevalence of atopy among ltalian military students with
antibodies against hepatitis A virus." Bmi 314(7086): 999-1003.

Matricardi, P. M., F. Rosmini, et al. (2000). "Exposure to foodborne and
orofecal microbes versus airborne viruses in relation to atopy and

allergic asthma: epidemiological study." Bmi 320(7232): 412-7
Matsuda, H., T. Suda, et al. (2005). "alpha-Galactosylceramide, a ligand of

natural killer T cells, inhibits allergic ainruay inflammation." M*|þgpjl
Cell Mol Biol33(1): 22-31.

Matsuda, J. L., L. Gapin, et al. (2003). "Mouse V alpha 14i natural killer T cells

are resistant to cytokine polarization in vivo." Proc Natl Acad Sci U S A
100(14): 8395-400.

Matsuda, J. L., L. Gapin, etal. (2002). "Homeostasis of V alpha 14i NKT

cells." Nat lmmunol 3(10): 966-74.
Mayr, S. 1., R. l. zuberi, elal. (2002). "lgE-dependent mast cell activation

potentiates airway responses in murine asthma models." Journal of
lmmunoloqy (Baltimore. Md.: 1950) 169(4): 2061-8.

McGuirk, P., C. McCann, et al. (2002). "Pathogen-specific T regulatory 1 cells

induced in the respiratory tract by a bacterial molecule that stimulates
interleukin 10 production by dendritic cells: a novel strategy for evasion
of protective T helper type 1 responses by Bordetella pertussis." J Exp

Med 195(2):221-31.
Mclntire, J. J., S. E. Umetsu, et al. (2001). "ldentification of Tapr (an airway

hyperreactivity regulatory locus) and the linked Tim gene family." Nat

lmmunol 2(12): 1 109-16.
Mehlhop, P. D., M. van de Rijn, et al. (1997). "Allergen-induced bronchial

hyperreactivity and eosinophilic inflammation occur in the absence of
lgE in a mouse model of asthma." Proc Natl Acad Sci U S A 9 @):
1344-9.

Mempel, T. R., S. E. Henrickson, et al. (2004)' "T-cell priming by dendritic
cells in lymph nodes occurs in three distinct phases." Nature
427(6970): 154-9.

Miller, H. R., s. H. Wright, et al. (1999). "A novel function for transforming
growth factor-beta1: upregulation of the expression and the lgE-
independent extracellular release of a mucosal mast cell granule-
specific beta-chymase, mouse mast cell protease-1." Blood 93(10):
3473-86.

Min, 8., M. Prout, et al. (2004). "Basophils produce lL-4 and accumulate in
tissues after infection with a Th2-inducing parasite." JEXplleç[ 200(a):

507-17.

227



Mizuki, D., T. Miura, et al. (2001). "lnterference between host resistance to
Listeria monocytogenes infection and ovalbumin-induced allergic
responses in mice." lnfect lmmun 69(3): 1883-8.

Mocci, S. and R. L. Coffman (1995). "lnduction of aTh2 population from a
polarized Leishmania-specific Th1 population by in vitro culture with lL-
4." |þnU¡91 15a(8): 3779-87.

Moller, G. M., S. E. Overbeek, et al. (1996). "lncreased numbers of dendritic
cells in the bronchial mucosa of atopic asthmatic patients:
downregulation by inhaled corticosteroids." Clinical and Experímental
Allerqv : Journal of the British Societv For Allerqy and Clinical
lmmunoloqv 26(5): 517 -24.

Montero Mora, P., F. Suarez Nunez, et al. (2004). "[HlV-infection and its
implications on allergic diseasesl." Rev Alero Mex 51(2):54-60.

Moore, K. W., R. de Waal Malefyt, et al. (2001). "lnterleukin-10 and the
interleukin-10 receptor." Annu Rev lmmunol 19: 683-765.

Morinobu, 4., M. Gadina, etal. (2002). "STAT4 serine phosphorylation is
criticalfor lL-12-induced IFN-gamma production but not for cell
proliferation." Proc NatlAcad Sci U S A 99(19): 12281-6.

Morishima, Y., Y. lshii, et al. (2005). "Suppression of eosinophilic ainruay
inflammation by treatment with alpha-galactosylceramide." Eur J

lmmunol 35(1 0): 2803-1 4.
Moser, M. and K. M. Murphy (2000). "Dendritic cell regulation of TH1-TH2

development." M|lmmuno! 1(3): 199-205.
Mosmann, T. R. and R. L. Coffman (1989). "TH1 and TH2 cells: different

patterns of lymphokine secretion lead to different functional properties."
Annu Rev lmmunol 7:145-73.

Mosmann, T. R. and S. Sad (1996). "The expanding universe of T-cell
subsets: Th1 , Th2 and more." lmmunol Today f 7(3): 138-46.

Mozo, L., A. Suarez, et al. (2004). "Glucocorticoids up-regulate constitutive
interleukin-10 production by human monocytes." Clin Exp Allerqv
3a(3): 406-12.

Muller, U., C. A. Akdis, et al. (1998). "Successful immunotherapy with T-cell
epitope peptides of bee venom phospholipase A2 induces specific T-
cell anergy in patients allergic to bee venom." J Allerqv Clin lmmunol
101(6 Pt 1):747-54.

Murosaki, S., Y. Yamamoto, et al. (1998). "Heat-killed Lactobacillus plantarum
L-137 suppresses naturally fed antigen-specific lgE production by
stimulation o'f lL-12 production in mice." J Allerqv Clin lmmunol f 02(1 ):
57-64.

Murray, C. S., A. Simpson, et al. (2004). "Allergens, viruses, and asthma
exacerbations." @ 1 (2): 99-1 04.

Nafstad, P., P. Magnus, et al. (2000). "Early respiratory infections and
childhood asthma." Pediatrics 106(3): E38.

Nagai, H., S. Yamaguchi, et al. (1993). "Effect of anti-ll-S monoclonal
antibody on allergic bronchial eosinophilia and ainruay
hyperresponsiveness in mice." Life Sci 53(15): PL243-7 .

Nahori, M. 4., M. Lagranderie, et al. (2001). "Effects of Mycobacterium bovis
BCG on the development of allergic inflammation and bronchial
hyperresponsiveness in hyper-lgE BP2 mice vaccinated as newborns."
Vaccine 19(1 1 -12): 1 484-95.

228



Negrao-Correa, D., M. R. Silveira, et al. (2003). "Changes in pulmonary
function and parasite burden in rats infected with Strongyloides
venezuelensis concomitant with induction of allergic ainruay
infl ammation." h.@L!roUn 7 1 (5): 2607 -1 4.

Nieuwenhuis, E. E., T. Matsumoto, et al. (2002). "CD1d-dependent
macrophage-mediated clearance of Pseudomonas aeruginosa from
lung." Nat Med 8(6): 588-93.

Ober, C., N. J. Cox, et al. (1998). "Genome-wide search for asthma
susceptibility loci in a founder population. The Collaborative Study on
the Genetics of Asthma." Hum Mol Genet 7(9): 1393-8.

O'Connell, E. J. (2004). "The burden of atopy and asthma in children." Allerqv
59 Suppl 78:7-11.

O'Connell, P. J., Y. l. Son, et al. (2003). "Type-1 polarized nature of mouse
liver CDBalpha- and CDSalpha+ dendritic cells: tissue-dependent
differences offset CDSalpha-related dendritic cell heterogeneity." Eur J
lmmunol 33(7): 2007 -13.

O'Donnell, D. R. and P. J. Openshaw (1998). "Anaphylactic sensitization to
aeroantigen during respiratory virus infection." Qli!-E¡p éllglgy 28(12):
1501-8.

Oettgen, H. C., T. R. Martin, et al. (1994). "Active anaphylaxis in lgE-deficient
mice." Nature 370(6488): 367-70.

Oh, J. W., C. M. Seroogy, et al. (2002). "CD4 T-helper cells engineered to
produce lL-10 prevent allergen-induced airway hyperreactivity and
inflammation." @ 1f 0(3):460-8.

Ojcius, D. M., Y. Bravo de Alba, et al. (1998). "lnternalization of Chlamydia by
dendritic cells and stimulation of Chlamydia-specific T cells." J lmmunol
160(3): 1297-303.

Omenaas, E., H. F. Jentoft, et al. (2000). "Absence of relationship between
tuberculin reactivity and atopy in BCG vaccinated young adults."
Thorax 55(6): 454-8.

Ownby, D. R., C. C. Johnson, et al. (2002). "Exposure to dogs and cats in the
first year of life and risk of allergic sensitization at 6 to 7 years of age."
Jama 288(8): 963-72.

Palucka, K. 4., N. Taquet, et al. (1998). "Dendritic cells as the terminal stage
of monocyte differentiation." J lmmunol 160(9): 4587-95.

Pearce, N., J. Pekkanen, et al. (1999). "How much asthma is really
attributable to atopy?" Thorax 5a(3): 268-72.

Perry, L. L., K. Feilzer, et al. (1997). "lmmunity to Chlamydia trachomatis is
mediated by T helper 1 cells through IFN-gamma-dependent and -
independent pathways." J lmmunol 158(7): 3344-52.

Perry, L. L., K. Feilzer, et al. (1998). "Neither interleukin-6 nor inducible nitric
oxide synthase is required for clearance of Chlamydia trachomatis from
the murine genital tract epithelium." !-nfec!-!-mmun 66(3): 1265-9.

Perzanowski, M. S., E. Ronmark, et al. (2002). "Effect of cat and dog
ownership on sensitization and development of asthma among
preteenage children." Am J Respir Crit Care Med 166(5): 696-702.

Pessi, T., Y. Sutas, et al. (2000). "lnterleukin-10 generation in atopic children
following oral Lactobacillus rhamnosus GG." Clin Exp Allerqv 30(12):
1804-8.

229



Piccinni, M. P., F. Mecacci, et al. (1993). "Aeroallergen sensitization can

occur during fetal life." lnt Arch Allerqv lmmunol 102(3): 301-3'

Pierkes, M., l. Bellinghausen, et al. (1999). "Decreased release of histamine

and sulfidoleukotr¡enes by human peripheral blood leukocytes after
wasp venom immunotherapy is partially due to induction of lL-10 and

¡¡¡-gamma production of T cells." J Allerqv clin lmmunol 103(2 Pt 1 ):

326-32.
Platts-Mills, T., J. Vaughan, et al. (2001). "sensitisation, asthma, and a

modified Th2 response in children exposed to cat allergen: a

population-based cross-sectional study." Lancet 357(9258) : 7 52-6.
platts-Milis, T. A. (1gg7). "Asthma among inner city children." Pediatr

Pulmonol 2 @):231-3.
ptatts-n¡¡ltsJ. R. (2002). "Paradoxical effect of domestic animals on asthma

and allergic sensitization." Jama 288(8): 1012-4.

Platts-Mills, T. À., J. W. Vaughan, et al' (2001). "Serum lgG and lgG4
antibodies to Fel d 1 among children exposed to 20 microg Fel d 'l at

home: relevance of a nonallergic modifiedTh2 response." lnt Arch

Allerqv lmmunol 124(1 -3): 126-9.
ponsonuy, nL., o. couper, et al. (1999). "Relationship between early life

respiratory illness, family size over time, and the development of
asthma and hay fever: a seven year follow up study." Thorax 54(8):

664-9.
Posflethwaite, A. E., M. A. Holness, et al. (1992). "Human fibroblasts

synthesize elevated levels of extracellular matrix proteins in response

to interleukin 4." J Clin lnvest 90(4): 1479-85'
Prell, C., N. Konstantopoulos, et al. (2003). "Frequency of Valpha24+CD161+' 

natural killer T cells and invariant TCRAV24-AJ1B transcripts in atopic

and non-atopic individuals." lmmunobioloqv 208(4): 367-80'
Prescott, s. L., P. D. Sly, et al. (1998). "Raised serum lgE associated with

reduced responsiveness to DPT vaccination during infancy." Lancet

351(91 14):1489.
Pulendran, 8., J. Banchereau, et al. (2001). "Modulating the immune

response with dendritic cells and their growth factors." Trends lmmunol

22(1):41-7.
Pulendran, 8., J. L. Smith, et al. (1999). "Distinct dendritic cellsubsets

differentially regulate the class of immune response in vivo'" Proc Natl

Acad Sci U S A 96(3): 1036-41.
punnonenJ., n. de waal Malefyt, et al. (1993). "lL-10 and viral lL-10 prevent

lL-4-induced lgE synthesis by inhibiting the accessory cell function of
monocytes." J lmmunol 15f (3): 1280-9-

Ramsay, A. J., A. J. Husband, et al. (1994). "The role of interleukin-o in

mucosal lgA antibody responses in vivo." science 264(5158): 561-3.

Rankin, S. M., D- M. Conroy, et al' (2000). "Eotaxin and eosinophil
recruitment: implications for human disease." Mol Med Today 6(1): 20-

7.
Rautava, S., M. Kalliomaki, et al. (2002). "Probiotics during pregnancy and

breast-feeding might confer immunomodulatory protection against
atopic disease in the infant." J Allerqv clin lmmunol 109(1): 119-21.

Reed, C. E. and D. K. Milton (2001). "Endotoxin-stimulated innate immunity:A
contributingfactorforasthma.''@108(2):157-66'

230



Reefer, A. J., R. M. Carneiro, et al. (2004). "A role for lL-1Q-mediated HLA-

DR7-restricted T cell-dependent events in development of the modified

Th2 response to cat allergen." J lmmunol 172(5):2763-72.
Renz, H., H. R. Smith, et al. (1992). "Aerosolized antigen exposure without

adjuvant causes increased lgE production and increased airuay
responsivenessinthemouse','@89(6):1127-38'

Rescigno, M., M. Urbano, et al. (2001). "Dendritic cells express tight junction

proteins and penetrate gut epithelial monolayers to sample bacteria."

2(4):361-7.
Riedler, J., C. Braun-Fahrlander, et al. (2001). "Exposure to farming in early

life and development of asthma and allergy: a cross-Sectional suruey."

Lancet 358(9288): 1 129-33.
Rocha-Campos, A. C., R. Melki, et al. (2006). "Genetic and Functional

Analysis of the Nktl Locus Using Congenic NOD Mice: lmproved
V{alpha}14-NKT Cell Performance but Failure to Protect Against Type
1 Diabetes." Diabetes 55(a): 1163-70.

Rogers,D.F.(2oo3).''TheainruaygobletceIl'.'@35(1):
1-6.

Romagnani, s. (1994). "Regulation of the development of type 2 T-helper
cells in allergy." Curr Opin lmmunol 6(6): 838-46.

Romagnani, s. (2002). "cytokines and chemoattractants in allergic
infl ammation." @!-lroUrì91 38(12-13): 88 1 -5'

Romagnani, s. (2004). "The increased prevalence of allergy and the hygiene

hypothesis: missing immune deviation, reduced immune suppression,
or both?" lmmunoloqv 1'12(3): 352-63.

Romagnani, S. S. (2001). "T-cell responses in allergy and asthma." Curr Opin

Allerqv Clin lmmunol 1(1): 73-8.
Ronchetti, R., M. P. Villa, et al. (2001). "ls the increase in childhood asthma

coming to an end? Findings from three surveys of schoolchildren in

Rome, ltaly." Eur Respir J 17(5): 881-6.
Rook, G. A. and J. L. Stanford (1998). "Give us this day our daily germs."

lmmunol Todav 19(3): 113-6.
Roost, H. P., N. Kunzli, et al. (1999). "Role of current and childhood exposure

to cat and atopic sensitization. European community Respiratory
Health Survey." J Allerqv Clin lmmunol 104(5): 941-7.

Rosati, G., l. Aiello, et al. (1988). "lncidence of multiple sclerosis in the town

of Sassari, Sardinia, 1965 to 1985: evidence for increasing occurrence
of the disease." Neuroloqy 38(3): 384-388.

Rumold, R., M. Jyrala, et al. (2001). "secondhand smoke induces allergic
sensitization in mice." J lmmunol 167(8): 4765-70-

saini, s. s. and D. MacGlashan (2002). "How lgE upregulates the allergic
response." Curr Opin lmmunol 1a(6): 694-7 '

Sakaguchi, S., N. Sakaguchi, et al. (2001)' "lmmunologic tolerance
maintained by CD25+ CD4+ regulatory T cells: their common role in

controlling autoimmunity, tumor immunity, and transplantation
tolerance." lmmunol Rev 182: 18-32.

Sarinho, E., D. Schor, et al. (2000). "BCG scar diameter and asthma: a case-

control study." J Allerqv Clin lmmunol 106(6): 1199-200'

231



Sato, K., T. Nakazawa, et al. (1997). "Yearly and seasonal changes of
specific lgE to japanese cedar pollen in a young population." Ann
Allerqv Asthma lmmunol 79(1): 57-61.

Scheerens, J., G. Folkerts, et al. (1999). "Eotaxin levels and eosinophils in
guinea pig broncho-alveolar lavage fluid are increased at the onset of a
viral respiratory infection." Clin Exo Allerqv 29 Suppl 2:74-7 .

Schmieg, J., G. Yang, et al. (2005). "Glycolipid presentation to natural killer T
cells differs in an organ-dependent fashion." Proc Natl Acad Sci U S A
102():1127-32.

Schwarze, J., G. Cieslewicz, et al. (1999). "lL-5 and eosinophils are essential
for the development of airuray hyperresponsiveness following acute
respiratory syncytialvirus infection." J Immunol f 62(5): 2997-3004.

Schwarze, J., E. Hamelmann, et al. (1997). "Respiratory syncytial virus
infection results in airuay hyperresponsiveness and enhanced ainruay

sensitization to allergen." J Clin lnvest 100(1): 226-33.
Sears, M. R. (1997). "Epidemiology of childhood asthma." Lancet 350(9083):

1015-20.
Seder, R. 4., W. E. Paul, et al. (1992). "The presence of interleukin 4 during in

vitro priming determines the lymphokine-producing potential of CD4+ T
cells from T cell receptor transgenic mice." J Exp Med 176(4): 1091-8.

Seymour, B. W., K. E. Pinkerton, et al. (1997). "Second-hand smoke is an

adjuvant for T helper-2 responses in a murine model of allergy." J

I mmunol 1 59(12): 6 1 69-75.
Shaw, J., V. Grund, et al. (2002). "Dendritic cells pulsed with a recombinant

chlamydial major outer membrane protein antigen elicit a CD4(+)type
2 rather than type 1 immune response that is not protective." !-nfeç!
lmmun 70(3): 1097-105.

Shim, J. J., K. Dabbagh, et al. (2001). "1L-13 induces mucin production by
stimulating epidermal growth factor receptors and by activating
neutrophils." 280(1): L134-40.

Shirakawa, T., T. Enomoto, et al. (1997). "The inverse association between
tuberculin responses and atopic disorder." Science 275(5296):77-9.

Shirota, H., K. Sano, et al. (2000). "Regulation of murine airway eosinophilia
and Th2 cells by antigen-conjugated CpG oligodeoxynucleotides as a
novel antigen-specific immunomodulator." J lmmunol 164(11): 5575-
82.

Sigurs, N., R. Bjarnason, et al. (2000). "Respiratory syncytialvirus
bronchiolitis in infancy is an important risk factor for asthma and allergy
at age 7." Am J Respir Crit Care Med 161(5): 1501-7 .

Silveira, M. R., K. P. Nunes, et al. (2002). "lnfection with Strongyloides
venezuelensis induces transient airway eosinophilic inflammation, an
increase in immunoglobulin E, and hyperresponsiveness in rats." lnfect
lmmun 70(1 1): 6263-72.

Simpson, C. R., W. J. Anderson, et al. (2002). "Coincidence of immune-
mediated diseases driven by Th1 and Th2 subsets suggests a common
aetiology. A population-based study using computerized general
practice data." Clin Exp Alleroy 32(1): 37-42.

Singh, A. K., M. T. Wilson, et al. (2001). "Natural killer T cell activation
protects mice against experimental autoimmune encephalomyelitis." J

Exp Med 19A(\: 1801-1 1 .

232



sklar, L. 4., H. Tsuji, et al. (2004). "Eosinophiltraffic jn the_circulation

following allergen challenge." Allerqv 59(6): 596-605'

Smyth, M. J., t<. Y. Tñia, et al. (2000). "Differential tumor surveillance by
' 'natural 

killer (NK) and NKT cells." J Exp Med 191(4): 661-8'

soumelis, v., P. A. Reche, etal. (2002). "Human epithelial cells trigger

dendritic cell mediated allergic inflammation by producing TSLP." 3(7):

673-80.
Sriram,V.,W.Du,etal.(2005)."Cellwallglycosphingolipidsof

Sphingomonas pâucimobilis are CDld-specific ligands for NKT cells."

Eur J lmmunol 35(6): 1692-701'
StaOell Aenn, CJ Wohlfahrt, et al. (2004). "Breastfeeding and risk of atopic

dermatitis, by parental history of allergy, during the first 18 months of

life." Am J Epidemiol 160(3): 217-23.

Stampfli, M. R, M. Cw'lartka, et al. (1999). "lnterleukin-10 gene transfer to the
' uí*"y regulates allergic mucosal sensitization in mice." Am J Respir

Cell Mol Biol2l(5): 586-96.
stein, R. T- C. J. Holberg, et al. (1999). "lnfluence of parental smoking on' 

respiratory symptoms during the first decade of life: ihe Tucson

Chitdren's Respiratory Study." Am J Epidemiol 149(11): 1030-7.

Stene, L. C. and P. Nafstad-(2001). "Relation between occurrence of type 1

diabetes and asthma." Lancet 357(9256): 607-8'

Stock, P., O. Akbari, et al. (2004). "lnduction of T helper type 1-like regulatory

cells that express Foxp3 and protect against airway hyper-reactivity."

Nat lmmunol.
Stractrãn, O. p. (t ggg). "Hay fever, hygiene, and household size." Bmi

299(6710): I259-60.
Stumbles, Þ. 4.,'J. A. Thomas, et al. (1998). "Resting respiratory tract

dendritic cells preferentially stimulate T helper cell type 2 (Th2)

responses and require obligatory cytokine signals for induction of Th1

immunity." J Exp Med f 88(11):2019-31.
Su, H., f. feitzer, et at¡OO7). "Chlamydia trachomatis genitaltract infection

of antibody-deficient gene knockout mice." lnfect lmmun 65(6): 1993-9.

Su, H., R. Messer, et al. (19Þ8¡. "Vaccination against chlamydial genital tract

infection after immunization with dendritic cells pulsed ex vivo with

nonviable Chlamydiae." J EXp&d f 88(5): 809-18'

Su, y. C., H. J. Peng, ei al. (2001). "Effects of BCG on ovalbumin-induced
bronchial hypãrreactivity in a guinea pig asthma model." J Microbiol

lmmunol lnfect 34(1): 25-34'
SunOertanO, R- S. anO D. M. Fleming (2004). "Continuing decline in acute

asthma episodes in the community." Arch Dis child 89(3): 282-5.

Suzuki, S., Y. Suzuki, et al. (1998). "lnfluenza A virus infection increases lgE

production and airuuay responsiveness in aerosolized antigen-exposed

mice." J Allerqv Clin lmmunol 102(5): 732-40'
Takeda, K., E. Hamelmann, et al. (1997). "Development of eosinophilic airuay

inflammation and ainruay hyperresponsiveness in mast cell-deficient

mice." J ExP Med 186(3): 449-54'
Taube, c., A. Dakhama, et at. (zoo+). "lnsights into the pathogenesis of

'asthma 
utilizing murine models." lnt Arch Allerqv lmmunol 135(2):173-

86.

233



Taylor-Robinson, A. (2001 ). "Schistosomiasis-induced lL-1 0 suppresses
al lergy prevale n ce. " f[en dS Palæjlgl 17 (2): 62'

Tenscher, ti., b. f,¡ettner, et al. (1996). "Recombinant human eotaxin induces

oxygen radical production, Ca(2+)-mobi lization, actin reorganization,

an'o-cot 1b upregulation in human eosinophils via a pertussis toxin-

sensitive heterotrimeric guanine nucleotide-binding protein'" Blood

88(B): 3195-9.
Tiemessen, tr¡. tt¡., A. G. Van leperen-Van Dijk, et al. (2004). "cow'S milk-

specific T-cell reactivity of children with and without persistent cow's

mitt altergy: key role for lL-10." J Allerqv clin lmmunol 113(5): 932-9.

Toelle, B. G., K.-Ng, ei al. (2004). "Prevalence of asthma and allergy in

schoolchildren in Belmont, Australia: three cross sectional surveys over

20 years." Bmi328(7436): 386-7.
Tomkinsoñ, 4., A. Kanehiro, et al. (1999). "The failure of STAT6-deficient

mice to develop ainrvay eosinophilia and airway hyperresponsiveness is

overcome by interleukln-5." Am J Respir Crit Care Med 160(a): 1283-

91.
Tomura, M., W. G. Yu, et al. (1999). "A novelfunction of valphal4+ÇD4+NKT

cells: stimulation of lL-12 production by antigen-presenting cells in the

innate immune system." J lmmunol 163(1): 93-101 '

Tournoy, K. G., J. C. Kips, et al. (2001). "The allergen-induced ainruay

ñyperresponsiveness in a human-mouse chimera model of asthma is T

ceil anO lL-4 and lL-S dependent." J_lm_r'ìun-el 166(11): 6982-91.

Triantafilou, M. and K. Triantafilou (2002). "Lipopolysaccharide recognition:

cD14,TLRs and the LPS-activation cluster." Trends lmmunol 23(6):

301-4.
Tsai, J. J., Y. H. Liu, et al. (2002). "Prevention of Der p2-induced allergic' 

airway inflammation by Mycobacterium-bacillus calmette Guerin." J

Microbiol lmmunol lnfect 35(3): 152-8'
Tsitoura, D. C. R. L. Blumenthal, et al. (2000). "Mechanisms preventing

aílergen-induced ainruays hyperreactivity: role of tolerance and immune

deviãtion." J Allerqy Clin lmmunol 106(2): 239-246'
Tulic, M. K., D. A. Knigült, et al. (2001). "Lipopolysaccharide inhibits the late-

phase responsé to allergen by altering nitric oxide s_ynthase activity and

interleukin-10." Am J Respir Cell Mol Biol 2aþ):640-6'
Tulic, M. K., J. L. Wale, et al. (2000). "Modification of the inflammatory

response to allergen challenge after exposure to bacterial

lipopolysaccharid-e." Am J Respir Cell Mol Biol 22(5):604-12'
Tupin, Ë., R. N¡coletti, et al. (200a). "CD1d-dependent activation of NKT cells

aggravates atherosclerosis." J Ëxp Med 199(3): 417-22'

Turton, J. n. tt g76). "Letter: lgE, parasites, and allergy." Lancet 2(7987): 686'

umetsu, D. T., O. Akbari, et al. (2003). "Regulatory T cells control the

developmentofallergicdiseaseandasthma'.'@
1 12(3): 480-7 ; quiz 488.

Umetsu, O. Í., ¡. J. Mclntire, elal. (2002). "Asthma: an epidemic of
dysregulated immunity." N{!mu no,! 3(8): 7 1 5-20-'

Uter, W., C. étock, et al. (2003). "Association between infections and signs

and symptoms of 'atopic' hypersensitivity-results of a cross-sectional

survey among first-year university students in Germany and spain."
Allerqv 58(7): 580-4.

234



van den Biggelaar, A. H., R. van Ree, et al. (2000). "Decreased atopy in

children infected with Schistosoma haematobium: a role for parasite-

induced interleukin-1 0." Lancet 356(92a3): 1723-7 .

van der Pouw Kraan, C. T., R. C. Aalberse, et al. (1994). "lgE production in

atopic patients is not retated to lL-4 production." Ç.[LExp-|m-ru.l
s7(2):254-e.

Van Eerdèwegh, P., R. D. Little, et al. (2002). "Association of the ADAM33
gene wìth asthma and bronchial hyperresponsiveness'" Na[@
418(6896): 426-30.

van Neervèn, R. J., T. Wikborg, et al. (1999). "Blocking antibodies induced by

specific allergy vaccination prevent the activation of CD4+ T cells by

inh i biti ng seru m-l gE-facilitated al lergen presentation." Jlmmu!91
163(5):2944-52.

van Rijt, L.'s., N. Vos, et al. (2003). "Airway eosinophils accumulate in the
'mediastinal 

lymph nodes but lack antigen-presenting potential for naive

T cells." J lmmunol 171(7):3372-8.
Vannier, E., J. Lefort, et ãt. ltOOt). "Lipopolysaccharide from Escherichia coli

red uces antigen-ind uced bronchoconstriction in actively sensitized
guinea pigs." J Clin lnvest 87(6): 1936-44'

Vasu, õ., B. S. Þrabhakar, et al. (2004). "Targeted CTLA-4 engagement
induces cD4+CD25+CTLA-4high T regulatory cells with target
(allo)antigen specificity." J lmmunol 173@): 2866-76'

Venturà, M. T., G. Munno, etal. (2004). "Allergy, asthma and markers of
infections among Albanian migrants to southern ltaly." allelgy 59(6):

632-6.
Vercelli, D., M. Baldini, et al. (2001). "The monocyte/lgE connection: may

polymorphisms in the cD14 gene teach us about lgE regulation?" lnt

Arch Allergy lmmunol 124(1-3): 20-4.
Vermaelen, K Y. l. Carro-Muino, et al. (2001). "Specific migratory dendritic

cells rapidly iransport antigen from the airways to the thoracic lymph

nodes." J ExP Med 193(1): 51-60.
Vieira, P. L., E. c! de Jong, et al. (2000). "Development of Th1-inducing'capacity 

in myeloid dendritic cells requires environmental instruction'" J

lmmunol 16a(9): 4507 -12.
Vissers,J. L- B. C. van Esch, et al. (2004). "Allergen immunotherapy induces

a suppressive memory response mediated by lL-10 in a mouse asthma

model." J Allerqv Clin lmmunol 113(6): 1204-10'
Von Ehrenstein, o. s. E. Von Mutius, et al. (2000). "Reduced risk of hay

fever and asthma among children of farmers." Clin Exp Allerqv 30(2):

187-93.
von Hertzen, L., T. Klaukka, et al. (1999). "Mycobacterium tuberculosis

infection and the subsequent development of asthma and allergic

conditions." J Allerqv Clin lmmunol 104(6): 1211-4'
von Mutius, E., N. pearce, et al. (2000). "lnternational patterns of tuberculosis

and the prevalence of symptoms of asthma, rhinitis, and eczema."

Thorax 55(6): 449-53.
VremeilD]. pooiey, et al. (2000). "CD4 and CD$ expression by dendritic

cell subtypes in mouse thymus and spleen." J-]¡o@l16a(6): 2978-

86.

235



Wahn, U., S. Lau, et al. (1997). "lndoor allergen 9xi9:Yr9.is a risk factor for

sensitization during the first three yeais of life." J Allerqv Clin lmmunol

99(6 Pt 1): 763-9.
walter, o. rr¡., J. J. Mclntire, et al. (2001). "critical role for lL-13 in the

ãevelopment of allergen-ind'uced airway hyperreactivity'" J lmmunol

167(8): 4668-75.
Walzl, G., i. R. Humphreys, et al. (2003)' "Prior exposure to live

Mycobacteriu'm bóvis BCG decreases Cryptococcus neoformans-

induced lung eosinophilia in a gamma interferon-dependent manner'"

lnfect lmmun 71(6): 3384-91 .

wan, H., Hll$inton, àt'"1. (lggg). "Der p 1 facilitates transepìthelial allergen
' -- ' 

àåf¡uery by disruption òt tighi junctions." The Journal of Clinical

lnvestiqation 104(1): 123-33. --
Wang,ã.J:Ë3eng, ei át. (2001). "CD1-restricted NK T cells protect

nonobese dia[etic miôe from developing diabetes." J Exp Med 194(3):

313-20.
wang, c. c., T. J. Nolan, et al. (2001). "lnfection of mice with the helminth

" Strongyloides stercoralis'suppresses pulmonary allergic responses to

ovalbumin." Clin Exp Allerqv 31(3):495-503'
Wang, ô.-c. ano G.4 Rook (1998). 'lnhibition of an established allergic

response to ovalbumin'in BALB/G mice by killed Mycobacterium

vaccae." lmmunoloqy 93(3): 307-1 3'

wang, s., y. rañletã!õõg¡. ì'lFN-gamma knockout mice show Th2-

associated oetayed-typ'e r,ypersensitivity anthe infl ammatory cells fail

to localize anO óontról'chlamydial infection'" Eur J lmmunol 29(11):

3782-92.
waser, M., R. Schierl, et al. (2004). "Determinants of endotoxin levels in living

environments of farmèrs' children and their peers from rural areas'"

Clin ExP Allerqv 34(3): 389-97.
Watanabe, S.l\1Ñãiãawà,'et al. (2003). "Differences in fecal microflora

between patients with atopic dermatitis and healthy control subjects." J

Allerqv Clin lmmunol 111(3): 587-91 '
w"oeffiat.(zobo¡.'.RoleSofmastcellsandbasophilsin

innate and acquired immunity." curr opin lmmungl 12(6):62!-31.

Weinbàrg, E. G. (2oo'0). "Urbanization and childhood asthma: an African

pãispective." J Allersv Clin lmmunol ß5ePt1):.224-31'
Wheelår,A.W.,J.S@1).'.ATh1-inducingadjuvant,.MPL,

enhances antibody profiles in experimental animals suggesting it has

the potential to imþiove the efficacy of allergy vaccines." lnt Arch

Allerqv lmmunol 126(2): 1 35-9'
Wict<ensJ<. tr¡.Þéarce, et ât.'1tOO9). "Antibiotic use in early childhood and

thedevelopmentofasthma.',ClinExpAller'qv29(6):766.71'
Wilder, J. 4., D. ó. Collie, et al. (1999). "Dissociation of ainruay

hyperresponsivenessfromimmunoglobulinE-and.airwayeolngo!tjg'
in a murine model of allergic asthmã." Am J Resoir Cell Mol Biol 20(6):

1326-34.
Williams, C. M. and S. J. Galli (2000). "Mast cells can amplify airway rea-ctivity

and features of chronic inflammation in an asthma model in mice." J

ExP Med 192(3): 455-62.

236



Williams, D. M., B. G. Grubbs, et al. (1998). "A role for interleukin-O in host

defense against murine Chlamydia trachomatis infection." lnfect lmmun

66(9): 4564-7.
Williams, b. tr¡., B. G. Grubbs, et al. (1996). "Role of gamma-delta T cells in

murine chlamydia trachomatis infection." lnfect lmmun 6a(9): 3916-9.

Williams, D. M., B. G. Grubbs, et al. (1997). "Humoral and cellular immunity in

secondary infection due to murine chlamydia trachomatis." lnfect

lmmun 65(7): 2876-82.
wills-Karp, M. and s. L. Ewart (2004). "Time to draw breath: asthma-

susceptibility genes are identified." Nat Rev Genet 5(5): 376-87.

wills-Karp, M., J. Santeliz, et al. (2001). "The germless theory of allergic

disease: revisiting the hygiene hypothesis." Nüevlmmunel 1(1): 69-

75.
Wilson, M. S. and R. M. Maizels (2004). "Regulation of allergy and

autoimmunity in helminth infection." clin Rev Allerqy lmmunol 26(1):

35-50.
Wohlleben, G. and K. J. Erb (2001). "Atopic disorders: a vaccine around the

corner?" Trends lmmunol 22(1 1): 618-26'
Wohlleben, G., C. Trujillo, et al. (2004). "Helminth infection modulates the

development oi aI Iergen-ind uced ainruay i nflammation." .!¡!-!mmungl
16(a):585-e6.

Wong, G.'W., D. S. Hui, et al. (2001)' "Asthma, atopy and tuberculin
responses in chinese schoolchildren in Hong Kong." Thorax 56(10):

770-3.
Yabuhara, 4., C. Macaubas, et al. (1997). "TH2-pOlarized immunological

memory to inhalant allergens in atopics is established during infancy
and early childhood." Clin Exp Allerqv 27(11):1261-9.

Yamaguchi, tr¡., t<.Sayama, et al. (1999). "lgE enhances Fc epsilon receptor I

-expression and lgE-dependent retease of histamine and lipid mediators

from human umbllical cord blood- derived mast cells: synergistic effect

of lL-4 and lgE on human mast cell Fc epsilon receptor I expression
and mediator release." J lmmunol 162(9): 5455-65.

Yang, X. (2001). "Distinct function of Th1 and Th2 type delayed type- 
hypersensitivity: protective and pathological reactions to chlamydial
infection." Microsc Res Tech 53(a): 273-7 '

Yang, X. (2003). "Role of cytokines in chlamydia trachomatis protective- 
immunity and immunopathology." Q-u.û-Ph.@ Des 9(1): 67-73'

yang, X. and R. C. Brunham (1998). "Gene knockout B cell-deficient mice

demonstrate that B cells play an important role in the initiation of T cell

responses to Chlamydia trachomatis (mouse pneumonitis) lung

infection." J lmmunol 161(3): 1439-46'
yang, X., Y. Fan, et al. (2002). "Mycobacterial infection inhibits established- 

allergic inflammatory responses via alteration of cytokine production

and vascular cell adhesion molecule-1 expression." lmmunoloqv
105(3): 336-43.

yang, X., J'. êartner, et al. (l ggg). "lL-10 gene knockout mice show enhanced- 
Th1-like protective immunity and absent granuloma formation following

Chlamydia trachomatis lung infection." J-lmmIJE! 162(2): 1010-7 '
Yang, X., K. i. HayGlass, et al. (1996). "Genetically determined differences in

lL-10 and IFN-gamma responses correlate with clearance of

237



chlamydia trachomatis mouse pneumonitis infection." J lmmunol

156(1 1 ): 4338-44'
yang, x., x. r. Hayglass, et al. (1998). "Different roles are played by alpha" 

beta and gamma delta T cells in acquired immunity to chlamydia
trachomatis pulmonary infection." lmmunoloqv 94|É): 469-7 5'

Yang, X., S. Wang, et al. (19-99). "systemic mycobacterial infection inhibits
"' 

antigen-spécific immunoglobulin E production, bronchial mucus

prodTuction and eosinophilic inflammation induced by allergen."

lmmunoloqv 98(3): 329-37 .

Yang, Y., M. Bao, et al. (ZOOt ). "lntrinsic defects in the T-cell lineage results in
-' 

natural killer T-ceil deficiency and the development of diabetes in the

nonobese diabetic mouse." Diabetes 50(12): 2691-9'
Yang, Y., J. Loy, et al. (1998). "Antigen-induced eosinophilic lung- 

inflammation develops in mice deficient in chemokine eotaxin." Blood

92(10): 3912-23'
yazdanbâkhsh, M., P. G. Kremsner, et al. (2002). "Allergy, parasites, and the

hygiene hypothesis'" Science 296(5567): 490-4' 
- -

Yazdanbãfhsh, M., A. van den Biggelaar, et al. (2001)' "Th2 responses

without atopy: immunoregulation in chronic helminth infections and

reduced allergic disease." Trends lmmunol 22(7):372-7 '
yemaneberhan, H.,2. Bekele, et al. (1997). "Prevalence of wheeze and

asthma and relation to atopy in urban and rural Ethiopia." Lancet

350(9071): 85-90.
yeung, V. Þ., R. S. Gieni, et al. (1998). "Heat-killed Listeria monocytogenes

- 
as an adjuvant converts established murine Th2-dominated immune

1.erponrér into Th1-dominated responses." J lmmunol 161(8): 4146-

52.
Yilmaz, M., G. Bingol, et al. (2000). "Correlation between atopic diseases and

tuberculin responses." Allergv 55(7): 664-7 -

ying, S., M. Humberi, et al. (1997). "Expression of lL-4 and lL-S mRNA and

protein product by CD4+ and CD$+ T cells, eosinophils, and mast cells

in bronchial biopéies obtained from atopic and nonatopic (intrinsic)

asthmatics." Jl@-W! f 58(7): 3539-44'
Yoshimoto, T., A. Bendelac; et al. (1995). "Defective lgE production by sJL

mice is linked to the absence of CD4+, NK1'1+ T cells that promptly

produce interleukin 4." Proc NatlAcad sci u s A 92(25):11931-4.
Yoshimoto, T., H. Tsutsui, et al. (1999). "lL-18, although antiallergic when

administered with lL-12, stimulates lL-4 and histamine release by

basophils." Proc Natl Acad Sci U S A 96(24): 13962-6'
yu, C. K., i. M. Shieh, et'dl. (1999). "Repeated intratracheal inoculation of

house dust mite (Dermatophagoides farinae) induces pulmonary

eosinophilic inflammation and lgE antibody production in mice." J

Allerqy Clin lmmunol f 04(1): 228-36.
zambrano, J. C- l-1. T. carper, et al. (2003). "Experimental rhinovirus

chailenges in adults with mild asthma: response to infection in relation

to lgE." J Allerqy Clin lmmunol 1f 1(5): 1008-16'

Zemann, ã., C. Scnwaerzler, et al. (2003). "Oral administration of specifìc

antigens to allergy-prone infant dogs induces lL;'!o and TGF-beta

expiession and þievents allergy in adult life." J Allerqy Clin lmmunol

111(5):1069-75.

238



Zhang, D., X. Yang, et al. (1997). "DNA vaccination with the major outer-
- 

membrane þrotein gene induces acquired immunity tg Chlamydia

trachomatis (mousã pneumonitis) infection." J lnfect Dis 1761¿): 1035-

40.
zhang, D., X. Yang, et al. (1999). "lmmunity to c_hlamydia.trachomatis mouse

"'pn"uronitiõ 
¡nOuceà by úaccination with live organisms correlates with

barly gran ulocyte-maciophage colony-stimulatin g factor and

interleukin-12 þroduction and with dendritic cell-like maturation'" lnfect

lmmun 67(4): 1606-13.
Zhang, D. Hl t. iãng, et al. (1999). "lnhibition of allergic inflammation in a

murine modelãf asthma by expression of a dominant-negative mutant

of GATA-3." lmmunitv 11( ): 473-82'
Zhang,y., K. H. nogers, et al. (ì996). "Beta 2-microglobulin-dependentT _"'celis 

are disp-ensable foiallergen-induced T helper 2 responses." J Exp

Med 184(4):1507-12.
Zheng,-w. ano n.'R. Flavell (1997).','The transcription factor GATA-3 is

necessary and sufficiônt foi ThZ cytokine gene expression in CD4 T

cells." Cell 89(4): 587-96.
Zhou, D., J. Mattner,'ei al. (2004). "Lysosomal glycosphingolipid recognition

by NKT cells." Science 306(5702): 1786-9'

Zhu, X.,i. L. Greenstãin, etã¡. (1995). "T cell epitopemapp.ing of ragweed

pollen allergen Ambrosia'artemisiifolia (Amb a 5)Td Ambrosia trifida

in*O t 5) and the role of free sulfhydryl groups in T cell recognition." J

lmmunol 155(1 0): 5064-73.
Zhu, Z. R. JJomei, 

"i 
al. (1999). "Pulmonary expression.of interleukin-13

causes inflammation, mucus hypersecretion, subepithelial fibrosis,

physiologic abnormaiities, and-eotaxin production." J Clin lnvest

r03(6): 779-88.
zhu,z., c.'G. Lee, et al. (2001). "Ainruay inflammation al.d remodeling in

asthma. Lessons from interleukin 11 and interleukin 13 transgenic

mice." Am J Respir Crit Care Med 164(10 Pt 2): 567-70'
Zuany-Amor¡m, c., C. tr¡anlius, et al. (2002). "Long-term protective and

antigen-specific effect of heat-killed Mycobacterium vaccae in a murine

model of allergic pulmonary inflammation." Jjmro.d 169(3): 1492-

1499.
Zuany-Amorim, c., E. sawicka, et al. (2002). "suppression of ainruay

' 
eosinophilia by killed Mycobacterium vaccae-induced allergen-specific

regulatory T-cells." Nat Med 8(6): 625-9'

Zuany-Añrorim, b., E. Sawicka, et al. (2002). "Suppression of ainrvay
' 

eosinopñilia by ki lled Mycobacterium vaccae-induced allergen-specific

regulatory T-cells." Nat Med 8(6): 625-629'

239


