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SUMMARY

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.

In the present study, we tested experimentally the effect of prior Chlamydia

trachomatis mouse pneumonitis (MoPn) infection on the allergic responses induced by

ovalbumin (OVA) and the potential underlying mechanisms. The data showed that

OVA-induced eosinophilia and goblet cell development were significantly inhibited by

prior infection with MoPn. The abrogation of OVA-induced mucus production and

pulmonary eosinophilia in MoPn-infected mice correlated with significantly decreased

Th2 cytokine (IL-4, IL-5 and IL-13) production and increased IFN-y and lL-12

production. Blocking of IFN-y in MoPn-infected mice during OVA exposure resulted

in partially restored eosinophilic inflammation and Thz cytokine production.

Additionally, the production of eosinophil-chemoattracting chemokine, eotaxin, and

the expression of adhesion molecule, VCAM-I following OVA exposure were

significantly reduced in the lungs of MoPn infected mice. However, MoPn infection

did not reduce the levels of OVA-specific IgE and IgGl production in the sera, nor did

it diminish the level of total serum IgE. These data provide direct evidence that

intracellular bacterial infection (i.e. MoPn) can inhibit airway allergic reaction induced

by environmental allergen. Fufthermore, the results suggest that increased IFN-1

production is partially responsible for the MoPn infection-mediated inhibition of

allergen-induced allergic inflammation and Th2 responses.
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Since the polarized T cell response is downstream from the events that initiate the

immune responses, we further examined the roles played by innate immune cells,

dendritic cells (DCs) and natural killer (NK) cells, in infection-mediated inhibition of

allergic responses.

Firstly, we examined the role played by dendritic cells (DCs) in chlamydial

infection-mediated modulation of allergic responses. The results showed that DC

freshly isolated from chlamydia-infected mice (iIDC), unlike those from naïve control

mice (iNDC), exhibited higher surface expression of CD8o, ICOS-L and Toll-like

receptors (TLRs), as well as higher IL-10 and IL-12 production than iNDC'

Co-culture of freshly isolated DC with naive CD4 cells from T cell receptor

transgenic mice (DOll.t0) showed that iIDC directed Thl-dominant, while iNDC

di¡ected Th2-dominant, allergen-specific CD4 T cell responses. By using antibodies

or recombinant cytokines in the co-culture systems, we showed that iIDC could

inhibit allergen specific Th2 cell differentiation and that the inhibitory effect could be

abolished by blockage of IL-10 or IL-12 activity. More interestingly, the co-blockade

of IL-10 and ICOS-L showed synergistic effect in enhancing allergen-driven Th2

cytokine production. Furlhermore, adoptive transfer of ilDC, but not iNDC, could

inhibit systemic and local eosinophilia induced by allergen exposure. The reduction of

eosinophilia was associated with a decrease in IL-5 receptor expression on bone

marrow cells and the production of IL-5 and IL-13 by T lymphocytes. The inhibitory

effect of transfer of iIDC could be reversed by administration of anti-ll-10 antibody

to block DC's IL-10 production. The data demonstrate a critical role played by

2



ICOS-L expressing and IL-I0 producing DCs from Chlamydia-infected mice in the

infection-mediated inhibition of allergic responses.

Secondly, we examined the role played by natural killer Q.{K) cells in chlamydial

infection-mediated modulation of allergic responses. We found NK cells were

activated upon chlamydial infection, demonstrated by quick expansion in cell number

and enhanced cytokine secretion. The blockage of NK cell function during infection

period led to more severe infection and less protective immunity. In the

infection-inhibit-allergy model, the administration of anti-NK antibody before OVA

sensitization and challenge partially abolished the inhibitory effect of chlamydial

infection and partially restored Th2 c¡okine production. Moreover, adoptive transfer

of NK cells that isolated from infected, but not from naïve mouse spleens, largely

mimicked the inhibitory effect that observed in natural infection model. ln the NK

adoptive transfer group, both systemic and local eosinophilia was inhibited and the

reduction of eosinophitic inflammation was associated with a decrease in VACM-l

expression and eotaxin production.

Overall, the data suggest that the innate immunity, particular DC and NK cells,

that activated by chlamydial infection is very important in determining the outcomes

of T cell response upon allergen exposure. Further studies on the interaction between

these cells will further enhance our understanding on the mechanism underlying the

inverse relationship between ceftain infection and allergic diseases.



INTRODUCTION

1. Allergic Diseases and Asthma

I .1 Allergy-Prevalence, Definition and Clinical Manifestations

Allergic diseases represent a major public health problem in most modem

societies over the past decades, and appear to be increasing in prevalence all over the

world, with 50% rising rate every decade. Now it is estimated that roughly 20%o of the

population is atopic, and between 100 and 150 million people around the globe suffer

from asthma alone (l-3).

Atopy is a genetically determined condition of some individuals that makes them

prone to develop allergy. The term "allergy" refers to a state of hypersensitivity

reaction of the body tissues of certain individuals to certain substance that is not

normally considered harmful. The substance causing the allergy is called allergen'

The spectrum of allergic diseases is extremely broad and involves a number of organ

systems. Respiratory manifestations are most common clinically, and include allergic

rhinitis and asthma. Cutaneous manifestations, including atopic dermatitis and acute

urticaria, are also quite common. Much less common, but potentially life threatening'

is anaphylaxis. The broad category of gastrointestinal manifestations also causes

considerable distress, particularly in the case of food allergies (4)' Among different

allergic diseases, asthma has received a great deal of attention and is one of the most

prevalent chronic conditions in Canada. In the 1996-7 National Population Health

survey, asthma was reporte d in 12.2o/o of children and youth less than 20 years of age

in Canada (5). According to the 2000/l Canadian Community Health Survey, asthma
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affects 2.2 millionpeople or 8.5o/o of canadians 12 years of age and over (6)' Asthma

is defined by the National Institutes of Health (NIH), USA's consensus panel as 'a

chronic inflammatory disorder of the airways in which many cells and cellular

elements play a role, in particular, mast cells, basophils, T lymphocy'tes, macrophages,

neutrophils and epithelial cells'. The characteristic features of most asthma

phenotypes, including allergic asthma, are airway inflammation, aiway

hyperresponsiveness (AHR), excessive airway mucous production due to goblet cell

hyperplasia and thickness of the airway wall'

1.2 Asthma-Pathological Features and Animal Models

Allergic asthma is characterized by an early-phase and a late-phase reaction in

atopic individuals. In allergic individuals, initial allergen exposure results in the

production of allergen specific IgE, namely allergic sensitization' The early-phase

reåction is an immediate hypersensitivity reaction, initiated by the cross-linking of

complex of allergens, allergen-specifìc IgE and FceRI on the surface of mast

cells/basophils, resulting in mast cell degranulation and the release of histamine'

heparin, tryptase and a range of cytokines. Mast cell activation also triggers the

release of prostaglandins, leukotriens and platelet-activating factors' The release of

these pro-inflammatory mediators initiates a cascade of events, including the

attraction of a variety of inflammatory cells into the site of allergen exposure' which

results in the late phase reaction and persistent tissue inflammation' In most cases' the

late phase reaction (LPR) is a complex network of inflammation phenomena that

happens 4-8 hours after exposure to allergens, involving the activation of adhesion
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molecules, influx of inflammatory cells, and the release of cytokines and mediators'

Late phase mediators are responsible for clinical symptoms, such as further wheezing'

sustained blockage of the airway, and eczema (7)'

Much of our understanding of allergic responses comes from the study of animal

models. Currently, the most widely used experimental animal is mouse, which mimics

many, although not all, of the features of human diseases. Mainly three aspects have

been studied using murine model, including lung function, pulmonary inflammation

and therapeutic intervention (8). Murine model of allergen-induced pulmonary

inflammation has proved to be extremely useful for examination of the basic

mechanisms of allergic inflammation and the underlying immunologic responses' Of

the various antigens, ovalbumin(OvA) is the most widely used antigen to induce

eosinophilic airway inflammation. This is established by intraperitoneal injection of

ove *itt, alum to sensitize mice followed by challenge with a short-term exposure to

aerosolized OVA or intranasal application of soluble OVA. Following airway allergen

challenge, allergic responses are developed in sensitized mice, characterized by

accumulation of eosinophils and lymphocytes in the lung and airway, increase in Th2

cytokine levels, goblet cell hyperplasia, increased IgE production and increased

airway reactivify. Similar to the responses of asthmatics, antigen-specific early and

late phase responses can be detected in sensitized mice following allergen

challenge(9). Investigations in this model have elucidated the crucial role of a range

of cellular and soluble mediators in the development of allergic responses and in

orchestration of airway chronic inflammation'
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1.3 Asthma-- Allergic Inflammation

As stated above, it is recognized now that asthma is a chronic inflammatory

disorder of the airway that is characlerized by episodic exacerbations of the acute

inflammation. Inflammation is central to the development and expression of asthma

and its pathophysiology. Allergic inflammation results from the interaction of a

complex, multifactorial process that involves the participation of different mediators

in various tissues and organs. The central cellular components include CD4+ T

lymphocytes, antigen presenting cells, eosinophils, basophils, macrophages, and mast

cells. The central immunoglobulin is IgE. There are also many soluble mediators

including histamine, leukotrienes, interleukins, and several chemokines which are

involved in either initiation or perpetuation of the inflammation process of asthma

(10).

1.3.1 CD4+ T lymphocytes in allergic airway inflammation

T cellpopulations can be divided based on their surface expression of either crB or

yõ T cell receptor. crB T cells can be further classified by the surface expression of

cD4 or cD8. In 1986, the concepts of Thl/Th2 subtypes of cD4 T cells.emerged

based on the secreted cytokine profiles. Specifically, Thl cells produce lL-Z and

IFN-T while Th2 cells producelL-4,1L-5,IL-g and IL-13 (11). Over the past few

years, strong evidences have been accumulated to indicate that the initiation and

regulation of allergic responses is dependent on allergen-specific type2 T helper cells'

This is supported by the presence of activated CD4 T cells and increased transcription

and production of Th2 cytokines in bronchoalveolar lavage (BAL) and bronchial
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biopsies of asthmatic subjects (12-15). Animals which failed to develop Th2

responses, e.g., mice lacking or depleted of CD4 T cells (16-18), mice lacking the

IL-4 receptor 6¿ chain(19), mice deficient in Th2 cytokines(2O) or type 2 transcription

factors(21), do not develop allergic airway inflammation and AHR following systemic

sensitization and airway challenge of allergen. In contrast, mice deficient in the type I

transcription factor T-bet, which are not able to mount a Thl response, develop

spontaneous eosinophilic airway inflammation, AHR and goblet cell hyperplasia (22).

Th2 response is not only necessary during sensitization period but also essential

during challenge phase. The inhibition of GATA-3, a Th2 transcription factor, after

sensitization but prior to allergen challenge still reduced eosinophilia and AHR in

mice (23,24).The important role of Th2 cells in the development of allergic response

is further supported by the finding that adoptive transfer of Th2 cells leads to

inåuction of AHR, airway inflammation, goblet cell metaplasia and mucus production

in recipient mice (20, 25). The mechanisms by which Th2 cells initiate, induce and

maintain lung inflammatory responses have been attributed to elaboration of Th2

cytokines, inducing the production of IgE by B cells, promotion of eosinophilic

infiltration, interactions between resident pulmonary leukocytes and structural cells,

and the induction of adhesion molecules and chemokines in the lung (10,26-32)'

1.3.2 Cytokines in allergic airway inflammation

A number of Th2 cytokines play important roles in mediating allergic

inflammation, including, but not limited to,lL-4,1L-5,IL-6,IL-9, and IL-13.

The prototypical Th2 cytokine IL-4 induces polarization of ThO cells into Th2

8



cells, enhances mast cell activation, induces IgE class switching in B cells, enhances

the expression of VCAM-I on endothelial cells, and upregulates the expression of

eotaxin produced by epithelial cells (33,34). From animal model studies, it is found

that IL-4 is more important for inducing the development of Th2 response other than

activating Th2 cells in challenge stage. IL-4 deficient mice or mice deficient in IL-4

receptor cr chain fail to develop sensitization, Th2 polarization, and IgE production

(35, 36). However, when normal mice were used to induce allergic responses, AHR

and airway eosinophilia were not abolished when antibodies to IL-4 were given

during challenge of the airways (37-39).

The importance of IL-5 in regulating lung eosinophilia is underscored in IL-5

knockout mice and in mice treated with blocking anti-Il-5 antibodies that show

significantly reduced blood and tissue eosinophilia (40, 41). When lL-s-l- CD4 Th2

cells were transferred into naive mice, they failed to induce airway eosinophilia but

induced normal mucus hypersecretion (19). In consistent with this, administration of

IL-5 to the lung and transgenic expression of IL-5 in the lung leads to profound

airway eosinophilia. However, the effect of IL-5 on the establishment of AHR is

complex, administration of IL-5 to the lung has shown neither effect nor an increase

in AF{R (42-44).

IL-13 is secreted by T:cells, NK cells, mast cells, and signals through a receptor

composed of a heterodimer of the IL-4 receptor cr. chain and the IL-13 receptor c¿l

chain (45). Although IL-13 shares most of its biological activity with IL-4 and has

criticalrole in Th2 development and IgE responses in mice, IL-13 is also important in

9



the effector response, an activity that is not shared with IL-4 (46)' Studies using the

antagonist sIL-l3Rc¿2-IgFc have shown that IL-13 is a major cytokine regulating

AHR and mucus cell hypersecretion, independently of tissue eosinophilia (47,48)'

Transgenic expression of IL-13 in the lung of naive mice leads to tissue infìltration

with eosinophils and mononuclear cells, goblet cell hyperplasia, subepithelial fibrosis,

and AHR (49). IL-13 is the factor responsible for mucus hypersecretion and goblet

cell hyperplasia and seems to be the most essentialTh2 cytokine for inducing eotaxin

expression in the lung (19, 50).

IL-6 has effects on B cell immunoglobulin production and enhances Th2

formation in the presence of IL-4 (51). IL-9 is another Th2 associated cytokine that

stimulates mast cell growth and differentiation, goblet cell hyperplasia, and IgE

production by B cells (52,53). Although IL-10 is aTh2 cytokine in mouse and could

enhance the formation of Th2 cells by downregulating lL-12 in antigen presenting

cells, its activities during challenge of the airways are mainly anti-inflammatory (54'

ss).

1.3.3 Eosinophils in allergic airway inflammation

The main pathological feature of asthmatic inflammation is infiltration of

eosinophils into the airway. Increased numbers of eosinophils have been documented

in the peripheral blood, bronchoalveolar lavage (BAL) fluid, airway epithelium, and

sputum of patients with asthma, and their numbers Seem to correlate with disease

severity (56-59). More important than its presence in the airway, eosinophil is

activated in asthmatic reaction and manufactures a number of toxic mediators'
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inctuding a) extracellular release of granule basic proteins: eosinophil major basic

protein (MBP), eosinophil cationic protein (ECP), eosinophil-derived

neurotoxin/eosinophil protein-X (EDN/EPX), and eosinophil peroxidase (EPO); b)

production of lipid mediators: platelet activating factor (PAF) and leukotriene C4

(LTCa); c) production of reactive oxygen species; d) production of cytokines and

chemokines:lL-1a,2,3,4,5,6,8,10 and l6;TGF-c¿ and B; GM-CSF; TNF-cr'; RANTES;

and MIp-lcx. On the whole, these mediators affect different lymphocytes, structural

cells and even interact with nervous system, leading to many of the pathological

features of asthma. Therefore, eosinophil is an important effector cell for tissue

damage and hyperresponsiveness in bronchial asthma (60-62)'

Eosinophil accumulation is also a distinctive feature of lung allergic inflammation

in murine model, characterized by large number of eosinophils present in BAL,

prript"rut blood (PB), and bone marrow (BM) (63, 64). Murine model has been used

to study the association between the existence of eosinophils and development of

AHR, mucus production and airway remodeling. Interestingly, results obtained remain

controversial, and numerous reports still come out to provide new information

continuously. Two recent back-to-back papers on Science have addressed this issue by

using genetically altered "eosinophil knockout mice". One group showed that

eosinophils were absolutely necessary for both AHR and mucus accumulation' while

another group found AHR and mucus production were unaffected by eosinophil

depletion. one thing that the two papers appear to agree on, is that eosinophils might

play a role in several aspects of airway remodeling (65' 66)'
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The recruitment of eosinophils to the site of allergic reactions involves complex

cellular and molecular interaction and is tightly regulated at several distinct levels: a)

eosinopoiesis in the bone marrow; b) release of eosinophils from the bone marrow

into the circulation; and c) recruitment of eosinophils from the vascular compartment

into the airways (67). IL-5 has been shown to be crucial in all these steps, and has

multiple effects on eosinophils, including increased proliferation' terminal

differentiation, activation, and increased survival time(68, 69). IL-5 knockout mice

fail to develop airway eosinophilia in response to allergen exposure unless IL-5 is

reconstituted (40, 70). Eosinophils are generated in bone marro\¡/ under the influence

of GM-CSF, IL-3 and IL-5 and local allergen exposure results in enhanced

eosinophilopoiesis, evident by increased IL-5 production and increased numbers of

IL-5Rcr,+ eosinophil precursor cells in BM following allergen challenge (71-73)' After

maturation, eosinophils leave the bone marrow and are released to the circulation

compartment. IL-5 is involved in the release process, which can be blocked by

anti-Il-5 antibody treatment (74). The traffic of eosinophils from peripheral blood to

airway is influenced by: a) adhesion receptors that mediated the adhesion of

eosinophils to vascular endothelium; b) cytokines and chemokines that induce the

expression of receptors; and c) other cells that are present at the inflammatory site and

regulate the expression of activating factors (17). Adhesion molecules are essential in

trans-endothelial migration of eosinophils. Numerous ligands are expressed by both

eosinophils and endothelium, including lymphocyte function-associated antigen I

(LFA-l) and very late activation antigen 4 (VLA-4) on eosinophils and intercellular
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adhesion molecule I (ICAM-l) and vascular cell adhesion molecule I (VCAM-I) on

endothelial cells. The blocking of VACM-I-VLA4 and ICAM-I-LFA-I

interaction can partially inhibit eosinophil migration (75,76)' Various mediators have

been shown to induce eosinophil migration. Some of the most important eosinophil

chemoattractant cytokines and chemokines are IL-5, IL-8, RANTES, eotaxin,

eotaxin-2, eotaxin-3, MCP-3, MCP-4 and TNF-alpha' Th2 cells, mast cells and

epithelial cells are important sources of these proinflammatory mediators (77-80)'

2. The Hygiene HYPothesis

Asthma and other atopic disorders are due to complex interactions between

genetic and environmental factors (81-83). The incidence of allergic diseases has

increased dramatically in industrialized countries over the past 40 years, and the

increasing westernization in some developing countries is also associated with a rapid

rise in the prevalence of previously uncommon atopic diseases. Even with the fact that

numerous loci and candidate genes have been reported to show linkage and

association with allergy/asthma, it is unlikely that the increases in allergy/asthma have

occurred is due to the potential genetic changes considering the short time frame'

Evidence indicates that environmental factors that have changed over the past several

decades may be the key events for the epidemic of allergy and asthma (84-86)'

In 1989, Strachan reported an epidemiological observation showing an inverse

correlation befween hay fever and the number of siblings in families (87)' This

observation, combined with other epidemiological studies, lead to a hypothesis that

infections in early childhood acquired from siblings might confer protection against
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the development of atopic diseases, and the environmental changes in the

industrialized world especially reduced microbial contact at an early age results in the

growing epidemic of atopic eczema, allergic rhinoconjunctivitis and asthma (88-95)'

This is referred to as the "Hygiene Hypothesis"'

2.1 Epidemiological Data

Although it is still debatable, many epidemiological data are in support of this

provocative hypothesis. It was shown that Mycobacterium tuberculosis infection rates

were significantly inversely correlated with the prevalence of allergic (96) or

asthmatic (97) manifestations. Within a population of BCG-vaccinated Japanese

children, a positive tuberculin reaction at 6 and 12 years of age correlated with a

reduced incidence of allergic manifestations compared with children with negative

tuberculin reactions (98). Studies using BCG (99) or heat-killed M' vaccae (100)

showed beneficial effects of mycobacterial treatment on established asthma or atopic

dermatitis. In a study of adults in Guinea-Bissau, Shaheen et a/' demonstrated that a

history of natural measles infection was associated with a reduction in the risk of

atopic sensitization (l0l). Several cross-sectional studies performed by Matricardi et

al. have demonstrated a protective effect of hepatitis A infection on the development

of atopy, asthma, and allergic rhinitis in both Italy and the United States (102-104)' In

addition, cumulative exposures to the food-borne and orofecal infections of hepatitis

A, Helícobacter pylorr,, and toxoplasmosis, which are considered markers of poor

hygiene, are inversely associated with atopy and atopic diseases (105, 106)'

2.2Mechanism Studies
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The Thl/Th2 paradigm of CD4 T cell responses provided the initial

immunological backbone for the hygiene hypothesis. As stated above, Th2 cells, by

secreting mediators such as IL-4 and IL-S, are important in initiating and sustaining

the allergic responses by regulating the production of IgE and the growth,

differentiation and recruitment of eosinophils. In contrast, Thl cells produce IFN-y,

and play important role in regulating the immune responses to most intracellular

bacterial and viral infections (107-109). It was shown that each T cell subset produces

cytokines that serve as its own autocrine growth factor and promotes differentiation of

naive T cells to that subset. More importantl¡ the two subsets produce cytokines that

cross-regulate each other's development and activity (110, lll). For instance, IFN-Ï

produced by Th1 cells amplifies Thl development and inhibits proliferation of Th2

cells (112-115), whereas Th2 c¡okines such as IL-4 determines the Th2 cell

differentiation and suppresses Th1 development by inhibiting production of IFN-y and

lL-lZ (116,ll7).In addition, it has been demonstrated recently that Thl and Th2 cells

cross-regutated at receptor and transcription factor levels. For examples, IL-4 inhibits

IL-12R B2 expression leading to the commitmenf to ThZ pathway, while IFN-y

treatment of early developing Th2 cells maintained IL-l2R p2 expression and restored

the ability to respond to IL-12 (118, ll9); Thl specifìc transcription factor T:bet

initiates Thl genetic programs and represses the opposing ThZ progtams (120), while

GATA-3 regulates Th2 cytokine expression and shuts down Th I development through

the repression of IL-12R B2-chain expression (121). The concept of the
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cross-regulation between Thl and Th2 responses suggests that Thl environment

promoted by infectious diseases might hamper the development of allergen specific

Th2 cells and prevent the consequences of the development of atopic disorders (94,

e5).

Certain experimental data have provided some evidences which support the

inhibitory effect of Th1 dominant infectious diseases on the development of allergic

asthma. Suppression of allergen-induced allergic responses by mycobacterial infection

such as Mycobacterium bovis-bacillus Calmette-Guerin (BCG) has been most studied

and is consistently repofted in different experimental animal models. It was showed

that BCG could inhibit airway inflammation, airway hyperresponsiveness, AHR, and

mucus production (122-125). The inhibitory effect was associated with type I

cytokines (IL-12 and IFN-y) production caused by BCG infection (124, 126, 127).

Moreover, BCG infection can not only inhibit de novo allergic responses, but also

suppress established allergen-induced asthma-like reactions (122, 128). Furtherrnore,

some studies observed the effects of BCG vaccination on induction of Th1 response

and prevention of the development of asthma in newborns (129-l3l). More recently,

the discovery of Nrampl (Slc1lal) gene provides more plausible explanation to the

reverse relationship between mycobacterial infection and the development of allergic

responses. Nrampl (Slcl lal) alleles determine susceptibility (lllrampl(s)) or

resistance (Nrampl(r)) to mycobacterial infection and also affect the efficacy of

mycobacterial infection in preventing allergic and asthmatic manifestations in mouse

model or human studies (132-135).
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Even more significant inhibitory effect was observed in studies using

administration of Thl inducer, bacterial oligodeoxynucleotides (ODNs) that contain

cpG motifs. Experiments demonstrated that allergic asthma could be reduced or

eliminated by the administration of CpG ODNs during or even after the sensitization

phase (136, 137). CpG-oDN treatment can Suppress airway inflammation, AHR, and

even airway remodeling (138-140)' The inhibitory effects are partially mediated

through induction of IFN-y and IL-12, and are neither model- nor strain- dependent

(141). More importantly, these effects are long-lasting, since mice continued to

generate strong Thl memory response to allergen challenge several weeks later (142)'

Data from ongoing human trials suggest that cpG oDN may be a potential therapeutic

tool for the treatment of allergic asthma (143-146)'

orofecal acquired infections have been implicated in preventing the development

of allergy. One of the general features of these infectious agents is that they induce

characteristic Th1 type immune responses (147).Recently, the studies of effect of TIM

gene family on T-cell differentiation provide a potential molecular explanation for the

inhibitory effect of hepatitis A (FIAV) infection on the development of allergy (148'

149). TIM (T-cell immunoglobulin mucin) proteins are coded by TIM gene family and

expressed by T cells. TIM 3 is expressed only by differentiated Thl cells' while TIM I

is expressed by kidney and liver cells and also affects Th2 cell differentiation(150)'

Human TIM1 was the cellular receptor for hepatitis A virus' The binding of HAV and

TIM I on the surface of differentiating Th2 cells directly alter Thl-Th2 balance and

promote protection against Th2 differentiation and atopy (151)' In human study' the

t'7



polymorphism of TIM I alleles is associated with protection from atopy, but this

protection is only observed in individuals exposed to HAV earlier (152)' These data

link new molecular evidences with ThlÆh2 paradigm and further support the hygiene

hypothesis.

2.2.2 Regulatory T cells and Immune Suppression

Even though Thl/Th2 paradigm provides a useful tool to explain the hygiene

hypothesis, more recent studies indicated that the immunological process behind the

hypothesis might be much more complex. New evidence comes from several aspects:

a) no beneficial effects were observed in clinical trials on asthma patients with

subcutaneous or aerosolized IFN-y (153, 154); and transfer of OVA-specific IFN-y

secreting Thl cells increased, instead of decreasing, Th2-induced airway

inflammation (155, 156) ; b) the inhibitory effects of some infectious diseases are

beyond ThllThz paradigm. such as helminth infection, which induce strong Th2

responses, can protect the development of allergic diseases (157-160); and the

inhibitory effeú or Mycobacterium vaccae infection on allergic inflammation is IFN-y

independent (161, 162); c\the increase in prevalence ofatopic diseases over the past

decades has been accompanied by an increase in the prevalence of autoimmune'

Th 1-driven diseases (93).

The current studies on T regulatory cells, as well as on cytokines and molecules

with strong immunosuppressive properties, have provided some new concepts in

understanding of the mechanism underlying the hygiene hypothesis (163-165)' The

term ,regulatory T cell' (Treg) refers to cells that actively control or suppress the
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function of other cells, generally in an inhibitory fashion. The specifìc mechanisms by

which these regulatory cells function, and the specific characteristics of these cells,

are still being investigated. However, at least three major types of CD4* regulatory T

cells have been described: Th3 cells, Trl cells, and CD4*CD25* cells (166,167).Th3

cells produce TGF-B and varying amounts of IL-4 and IL-I0 (168); Trl cells have a

low proliferative capacity, produce high levels of IL-10, low levels of IL-Z and no

lL-4, and suppress the proliferation of CD4* T cells in response to antigen (169);

CD4+CD25+ T cells constitutively express thelL-2 receptor o chain, they are similar

to cells identifred as CD45RBlo, and they are produced by the thymus as a

functionally mature T-cell subpopulation (170-172). The most important cytokines

that have immunosuppressive function are IL-10 and transforming growth factor-B

(TCF-p). IL-10 is made by a wide variety of cells and provides an all-purpose

'anti-danger'signal to down-regulate a range of inflammatory process (165)' TGF-P

is a pleiotropic cytokine which exists in three isoforms in mammals' Over the past

decade, TGF-P has been proposed as a significant modulator of connective tissue

protein synthesis and an important negative regulator of airway inflammation in

asthma (173). A number of molecules are also indicated to be involved in regulatory

process, including co-stimulatory molecules, such as ICOS-L (174-176); Toll-like

receptors (TLRs) (177, 178); some cytokine receptors and signal transduction

molecules (179, 180)'

The description of regulatory cells has spurred interest in the role of Treg in

allergic diseases. In a study of adults that allergic to pollen or dust mite' Akdis e¡ a/'
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reported that the frequency of IL-10 producing Treg cells was greatly diminished in

comparison to healthy controls (181). In another study of infants that allergic to cow's

milk, Karlss on et al. found tolerant children had higher numbers of CD25+ Treg with

greater suppressive function than those who remained allergic (182). In animal model

studies, the adoptive transfer of different subtypes of Tregs can suppress the

development of allergic responses (176, 183, 184).

The fact that regulatory cells can be induced by different infectious agents

provides a new framework to understand the hygiene hypothesis. Numerous studies

have indicated that regulatory T cells are induced or activated in different infectious

disease models, thus the immune responses to pathogens can be maintained within

appropriate levels to minimize tissue damage (177, 185-189). In this respect, could a

relative decline in Treg induction due to a decreased exposure to infectious agents, be

a possible explanation for the recent rise in atopic diseases (163)? In several

experimental models, the development of Treg or immuo-suppression induced by

infections has been linked to the inhibition of allergic responses, and currently, the

data mainly come from studies of three groups of infectious agents: Mycobacteria,

helminthes, and microflora'

It has been demonstrated long time ago that treatment with Mycobacterium vaccae

are capable of inhibiting allergen induced allergic responses either in animal model or

in human studies (100, 122,190-196). Induction of Thl response by M.vaccaewas

thought as a potential mechanism (193, 194, 197). Interestingly, further studies

showed that no allergen-specific Thl response was induced and the inhibitory effect is
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IFN-y independent(162,198). Zuany-Amorim and co-workers provided evidence that

the down-regulatory effect of M. vaccae was mediated through the induction of

specific regulatory T cells and dependent on production of IL-10 and TGF-p (161).

This conclusion was confirmed by the observation thal. M. vaccae induced a

population of pulmonary CDl lc+ dendritic cells that produced tL-10 and TGF-B and

potentially induced Treg (199).

Although helminth infections and atopic diseases are similar in inducing some

immunological phenomena, such as stimulating Th2 responses, the clinical outcome

of these two with respect to immediate hypersensitivity and inflammation is clearly

notthesame (158). Many studies have indicatedthat little allergic disease is found in

developing countries where helminth infection is still endemic. Indeed, some recent

epidemiological and clinical studies have suggested an inverse association between

helminth infection and allergy (200-202). These human studies are complemented by

a series of animal experiments, which showed helminth infections inhibit airway

allergy and food allergy, and the protective effect cannot be explained by ThllThz

paradigm because of the absence of Thl-inducing stimuli (203, 204). A key

development towards understanding this phenomenon was the finding of Tregs in

helminth infection models, which tightly related to IL-10 production(z}s, 206).

Furthermore, infection-generated Tregs can be transferred to uninfected sensitized

animals with end-result of suppression of airway allergic inflammation (207). These

results offer a mechanistic explanation for how the helminth infection can protect

against allergy.
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The evidence that the intestinal microflora is closely linked to the development of

allergic diseases is supported by several studies performed in mice and in humans

(208-210). Specific strains of the healthy gut microbiota (probiotic) have been shown

to induce the production of IL-10 and transforming growth factor-beta, which possess

an important regulative role in the development of allergic type immune response (21 l,

212). In addition, based on in vitro studies, some probiotic strains have been found to

stimulate DCs and modulate their cytokine profiles, as evidenced by the increased

production of IL-10(213-216), suggesting that probiotics, through the modulation of

DC phenotype and cytokine production, may stimulate the production of Tregs (217).

3. Chlamydial Infection in Mouse Model

3.1 Organism and Pathogenesis

. Chlamydiae aÍe Gram-negative, obligately intracellular bacteria that are

phylogenetically distinct from other bacterial divisions. The genus Chlamydia

comprises a group of pathogens that are characterized by a unique biphasic

developmental cycle and cause a variety of diseases in vertebrates. In human,

Chlamydia trachomatis is a major agent of sexually transmitted diseases (STD) in the

Western world, and a major cause of preventivable blindness (trachoma) in

non-developed countries, while Chlamydia pneumoniae is a widespread respiratory

pathogen, implicated also in some chronic diseases(218). C. trachomatis isolates

consist of l5 major serovars and additional serovariants and the closely related murine

strain designated MoPn (for mouse pneumonitis), which was recently reclassified as C.

muridarum (219). MoPn was originally isolated from mouse tissues and is thought to
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be a natural murine pathogen, thus MoPn mouse model has been especially helpful in

defining disease features of chlamydial infection(22O).

The key to understand the pathophysiology of chlamydial disease is an

appreciation of the chlamydial developmental cycle. Chlamydial infection is initiated

by the attachment to a susceptible host cell of the infectious, metabolically inen

elementary body (EB), which then enters the cell within a membrane-bound vesicle,

termed an inclusion. The EB rapidly differentiates into a reticulate body (RB), which

replicates by binary fission within the confines of the inclusion. Following several

rounds of replication, the RBs reorganizeto form infectiousEBs, which are released

by cytolysis from the cell to initiate new infections. Deviations from this typical

developmental cycle have been experimentally induced by a variety of stimuli,

including IFN-y, antibiotics, and nutrient deprivation (221,222).

Two widely studied murine models of MoPn infection are genital tract infection

and respiratory tract infection. Intranasal inoculation of MoPn can induce a typical

interstitial and peribronchial pneumonitis in the lung (223). Histopathologic findings

showed that the lung infìltration was predominantly polymorphonuclear cellS at Day 2

and gradually changed to mononuclear cells after Day 3. The lung showed moderate

congestion with patchy consolidation 2-3 days after infection, which will be resolved

on Day 20. Intracytoplasmic inclusions were frequently found in the interstitial cells

and occasionally in the bronchial epithelial cells. Typical chlamydial bodies

(elementary intermediate, and reticulate forms) can be identified by electron

microscopy and the organisms can be recovered from mouse lungs on Dayl to 20'



Specific antichlamydial IgM antibody was detected at days 6 through 27 and higher

titer IgG at days l0 through 28. Splenic lymphocyte stimulation responses to

chlamydial antigen were observed at i0 and 2l days. A delayed hypersensitivity

reaction (DTH) was observed by footpad test from Day 5 to Day 21, with the peak

reaction at Day 7 (224,225).The body weight loss in infected mice is an indicator of

disease morbidity, and wild fype mice will gain original body weight after 2-3 weeks

of infection (226).

3.2 Immunity to MoPn Lung Infection

The intracellular lifecycle of Chtamydia influences which elements of host

immunity will be effective in reducing the burden of organisms in the host. Multiple

immune mechanisms, including innate responses and acquired immunity, are

employed to control the growth and spread of this organism during infection

(ZZl-ZZg). However, numerous published findings demonstrated that cell-mediated

immunity (CMI) and Th1-like response (type I cytokine production) is the major

protective mechanism against chlamydial infection, while Th2 type response (type 2

cytokine production) is associated with dissemination of infection and severely

impaired ability to resolve the infection (230-232).

3.2.1 Cytokines in protective immuniry

It is consistently demonstrated that the production of IFN-y is critical for protective

immunity, since IFN-y has a variety of activities that appear to limit C. trschomatis

infection. IFN-y can upregulate macrophage phagocytic potential and the expression of

MHC molecules by both professional and non-professional APCs, leading to enhanced
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presentation of microbial antigens to both CD4* and CD8* T cells (233, 234). IFN-y can

also directly inhibit the replication of C. tachomats within infected cells by at least

three mechanisms. Firstly, IFN-y induces the expression of indoleamine

2,3-dioxygenase (IDO), a host enzyme that degrades intracellular tryptophan stores.

Because Chlamydía has little or no ability to produce its own tryptophan,

IFN-y-induced expression of IDO can limit the growth of intracellular Chlamydia.

Secondly, IFN-y upregulates the expression of inducible nitric oxide synthase (iNOS),

which catalyzesthe production of various reactive nitrogen intermediates, most notably

nitric oxide CNO). NO has been identified as an important defense molecule against

bacterial pathogens and has been shown to restrict the growth of Chlamydia in vitro.

Thirdly, IFN-y downregulates the expression of transferrin receptor on the surface of

infected cells, resulting in an intracellular iron deficiency that may also limit C.

trachomatis replication. It seems likely that control of intracellular C. trachomatis

replication will require multiple IFN-y-dependent inhibitory activities, including some

that remain to be identified (228,235). Studies using antibody depletion of IFN-1,

IFN-y gene knockout mice, or IFN-y receptor gene knockout mice have all shown that

IFN-y plays a significant role in immune defense against various species of

Chlamydiae. In various experimental systems, the removal of IFN-y led to higher

bacterial loads, reduction in lgGzu levels, dissemination of infection, failure to resolve

disease, and failure to develop protective immunity (236-239).IFN-y can be produced

by CD4+ cells, CD8+ cells, as well as innate immune cells, such as natural killer (NK)

cells and macrophages, so the relative contributions of these cells to protect infection
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are also very important. Other type I cytokines that have been shown to be important

in protective immunity are IL-72,1L-6 and IL-18, in which gene knockout mice

showed impaired clearance of infections (240-243)-

There are significant data demonstrating that both CD4* and CD8* T cells are

involved in controllin g C. trachomatis infection. In human and animal models, both T

cell subsets are detected at the site of C. trachomatis infecfion. In addition, adoptive

transfer of either immune splenocytes or C. trachomatis-specific CD4* or CD8* T

cells into infected mice has been shown to be able to provide protection. Studies using

knockout mice have demonstrated the predominant role of CD4+crB T cells to host

defence against chlamydial infection (228). Significant higher mortality and

chlamydial in vivo growth can be found in T cell or CD4 knockout mice (237, 243'

244). Andadoptive transfer of CD4 T cells obtained from infected mice significantly

enhances the rate of clearance of infection in naäe mice(245). A major function of

CD4* helper T cells is to promote the activation of B cells, CD8* T cells, and other

inflammatory cells, both by contact-dependent and cytokine-mediated processes

(246).

3.2.2 Adoptive lymphocytes in protective immunity

The importance of B cells and antibodies in immunity to C. trachomal¡s is still

debatable (247-24g). B cells might not have a decisive role in resolution of primary

infection but probably important for resistance to secondary infection (250)' Possible

mechanisms for how B cells contribute to immunity to re-infection include

26



antibody-mediated neutralization and opsonization, as well as enhanced antigen

presentation to T cells(227,251).

3.2.3 Innate immune cells in protective immunity

Multiple arms of the immune system are activated in response to chlamydial

infection, and innate immune mechanisms constitute not only a first banier against

pathogens, but also dictate the quality and the quantity of the following adaptive

immunity.

Macrophages are one of the primary immune host cells for Chlamydia and play a

critical role in both innate and acquired immunity because of their unique ability to

intemalize and degrade bacterial pathogens through the process of phagocytosis.

Recruitment of macrophages to the site of infection and the subsequent release of

pro-inflammatory cytokines appear to be crucial for innate resistance to Chlamydía

(252,253). The recent data showed MoPn growth in the cultured ex vivo macrophages

from C3H mice was found to be significantly less inhibited by the exogenous IFN-y

present in the culture compared to C57BL\6 mice, which correlated with the sharp

difference between C3H and C57BL\6 mice in susceptibility to chlamydial infection,

indicating the cellular events inside macrophages may be important in the genetically

determined difference in susceptibility to chlamydial infection (254).

Neutrophils are professional phagocytes which contribute to host defense against

numerous infections. Chlamydial infection is accompanied by significant infiltration of
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neutrophils at the site of infection. However, the role of neutrophil infiltration in host

defense against chlamydial infection is not clearly understood. Barteneva et al.

inoculated mice with the granulocyte-depleting monoclonal antibody RB6-8C5 and

showed that neutrophils are critical protective effector cells during a Chlamydia

trachomatís infection (255). Recently, by using CXCR-2 knockout mice, which have a

dramatic reduction in neutrophil activity, Bai et a/. showed that neutrophils are not

efficient for contro I ling chlamydi al infection (25 6).

Many reports indicate the involvement of other innate immune cells in protective

immunity against chlamydial infection, the function of two important cell types, natural

killer cells and dendritic cells, will be discussed in next section.

Innate Immunity Regulates Adaptive Immune Responses

The innate immune system represents the fìrst line of internal defense against

'danger' i.e., foreign bodies, particularly microorganisms. In order to provide prompt

protection, the innate immune system must be able to respond to many different

pathogens and deliver immediate effectors to control invading pathogen. The innate

system must distinguish self from nonself. In addition, it must deliver regulatory

signals to promote an adaptive immune response. The primary cells involved in the

innate immune response are those at the surfaces, including surveillance cells -

macrophages and DCs, and the nonspecific effector cells, such as natural killer (NK)

cells and granulocytes recruited by the inflammatory response. This section will
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discuss the critical role played by dendritic cells (DCs) and natural killer (NK) cells in

linking the innate and adaptive systems and responding to infection and allergen'

4.1 Dendritic Cells

4.1.1 Immunobiology of Dendritic Cells

Dendritic cells (DCs) are a unique population of leucocytes, and their basic cell

surface phenotype shows expression of CD45 and major histocompatibility complex

(MHC) class II molecules in the absence of markers for the other haematopoietic

lineages including CD3, CDl9, CDl4, CDl5, and CDl6. DCs are unique antigen

presenting cells (APCs) because they are the only ones that are able to induce primary

immune responses, thus permitting establishment of immunological memory Q57)'

' DCs are derived from a bone marrow precursor and circulate in blood in an

immature form. From the blood they migrate to and reside in nonlymphoid tissues

where they form a network of interstitial DCs. These peripherally located DCs are

surveillance cells that capture Ag which is then processed and, following migration to

the T-lymphocyte areas of the draining lymph nodes, presented to T lymphocytes and

induces immunity (25s). DCs's function is different in distinct stages of differentiation;

several key events have been delineated in each developmental stage' At the same time,

some questions also arise regarding to the complexity of DC biology.

(a) DC bone malrow progenitors -- DC lineage and subtypes'
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DCs are generated from bone marrow. An unresolved issue is whether DCs are

generated from common myeloid progenitors or from common lymphoid progenitors

or both. This question is asked because DCs represent a very heterogeneous population,

comprising a variety of DC sub-populations that greatly differ in phenofype,

localization and function. In mouse, six main DC sub-populations were described,

including CD8- DCs, CD8* DCs, CDSint DCs, Langerhans cells, Dermal DCs and

BZZ0* DCs. Original evidence from in vilra studies indicated CD8- and CD8* DCs

could be derived from two distinct differentiation pathways: myeloid or lymphoid.

However, recent findings that are derived from in vivo studies have shown that DC

subsets could differentiate from either lymphoid or myeloid precursors depending on

environmental conditions, such as the location and the presence of inflammation or

infection (259). A technique benefit from DC developmental study is to generate DCs

in vitro culture condition, facilitating DC immunology research or even clinical

application. In mouse studies, conditioned medium, GM-CSF, and sometimes

interleukin-4 (IL-4) have been used to generate DCs from BM(260,261).

Mouse DCs that are classed as "mature" express CDllc (the integrin-cr chain),

co-stimulator molecules CD80, CD86 and CD40, and have moderate to high surface

levels of MHC II, although the levels of all of these can be further elevated on

activation. In addition, T cell markers such as CD4 and CD8 are also expressed on some

mouse DCs and are useful for segregating subtypes. Mouse spleen contains at least

three DC subtypes: the CD4-CD8*, the CD4*CD8- and the CD4-CD8- DCs, allof which

share a common capability to present antigens to T cells but differ in other aspects of
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functional specialization (262,263). Acomprehension of DC phenotype offers reliable

markers to isolate DCs from tissues. The major selective procedures currently used to

isolate DC from mouse are sophisticated flow cytometric and immunomagnetic bead

selection.

(b) Immature DCs - antigen capture, DC migration and maturation

Newly generated DCs migrate to non-lymphoid tissue and become resident cells in

sentinel position. DCs at this stage are immature, and are very efficient in antigen (Ag)

capture, by using several pathways such as macropinocytosis, receptor-mediated

endocytosis and phagocytosis. As innate immune cells serve the first line of defense,

DCs confer non-specifìc protection against a large number of pathogens, utilizing

pattern recognition receptors (PRRs) to recognize and bind pathogen-associated

m'olecular patterns (PAMPs). Many types of PRRs are expressed by DCs, including

C-type lectins, mannose receptors and Toll-like receptors (TLRs). However, TLR

family members represent critical PRRs, whose signals lead to the generation of

effector responses. TLRs detect multiple PAMPs, such as lipopolysaccharide (LPS)

(detected by TLR4), bacterial lipoproteins and lipoteichoic acids (detected by TLR2),

flagellin (detected by TLR5), and the unmethylated CpG DNA of bacteria and viruses

(detected by TLRS) (264, 265). Studies have revealed that TLRs have distinct

expression patterns and responsiveness in different DC subsets, which raise interesting

questions about function of these DCs and the immunity induced by different

recognition processes.
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The uptake of antigen induces the immature DCs to undergo phenotypic and

functional changes that culminate in the complete transition from Ag-capturing

immature DCs to Ag-presenting mature DCs. DC maturation is intimately linked with

their migration from the peripheraltissue to the draining lymphoid organs in search of

antigen-specific T cells. The maturation process is associated with several coordinated

events such as: loss of endocytic/phagocytic receptors; up-regulation of costimulatory

molecules CD40, CD58, CD80 and CD86; change in morphology; and change in

lysosomal compartments and change in class II MHC compartments (258, 266,267).

(c) Mature DCs - Antigen Presentation and T Cell Activation

It is clear now that mature DCs are crucial for the initiation of T cell immunity. As

a professional antigen presenting cell, DC fulfills necessary conditions in order to

switch on an immune response: (i) the capture of antigen and its processing; (ii) the

expression of antigenic peptide in the context of self MHC; (iii) the physical interaction

of antigen-bearing APC with T cells specific for the same antigen; and (iv) the presence

of T cell activation signals (268).

DCs provide quantitative and qualitative framework of signals that are required

for activation and differentiation of na'lVe T cells, including peptide-MHC complexes,

co-stimulatory molecules, and cytokines. MHC products and MHC-peptide

complexes are l0- to 100-fold higher on DCs than on other APCs like B cells and

monocytes (269). DCs also express adhesion molecules to form immunological

synapse, which provide sufficient strength to retain T cells and allow TCR recognition.
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There is growing evidence that level of peptide-MHC complexes and the duration of

TCR-MHC binding determine the progressive differentiation of CD4* T cells. The

interaction between co-stimulatory molecules expressed by DCs and their ligands

expressed by T cells is another crucial factor that required to sustain T cell activation.

The interaction between CD80/86 (F7-1187-2) and CD28 is required for optimal IL-2

production and cell cycle progression. In contrast to this, the interaction between B7

and CTLA-4, another member of the CD28 family, delivers a negative signal to the

activated T cell (270, 271). However, in recent years, other related members of the

immunoglobulin (lg) superfamily, such as inducible costimulatory molecules (ICOS)

and the TNF receptor family members which include OX40, have also been

demonstrated to play an important role in providing unique and complementary

signals that regulate the outcome of immune responses (272, 273). These positive

costimulatory signals are counterbalanced by signals that dampen down immune

responses and include PD-l and the recently described Ig superfamily members

BTLA and TIM-3(274, 275). The cytokines produced by DCs in the local

microenvironment are key in determining the type of T helper response generated.

The best explored factor is IL-12, which appears to be the most crucial cytokine in

driving the development of naive precursors into Thl cells. Several other

well-recognized Thl- and Th2-driving factors are IFN-y,IL-4,IL-10, prostaglandin

Ez (PGEz) and IFN-a (107,276).

(d) Dendritic Cell-Mediated T cell Polarization
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DCs are central to immune response because DCs are not only crucial for the

initiation of T cell immunity, but also essential for determining the balance between

Thl, Th2 or regulatory T cell response. "Generating the right class of immune

response can be a matter of life and death itself'(277). A long lasting question is

whether the induction of a distinct Th phenotype is dependent on a particular DC

subtype or depends on the stimuli that DCs received to induce different states of

activation and maturation.

Different subsets of DC are distinguished on the basis of different expression

profìles of costimulatory molecules, differentiation/activation molecules, C-type

lectins or TLR, resulting in a differential responsiveness to pathogens and the

selective production of signature molecules that drive the development of Th I , Th2 or

regulatory T cells (278). For example, classical myeloid CDllc*/CDlb* DC can

recognize several bacterial components via TLRI, 2, 4, 5 and 6. In contrast,

plasmacytoid DC (PDC) selectively recognize bacterial DNA-containing CpG motifs

via TLR9, ssRNA via TLRT and 8 and appear to be of particular importance in innate

immunity against several viruses via the production of IFN-c¿ (279). In mic'e, freshly

isolated CDScr* and CDSc¿- DCs from spleens or Peyer's patches induce Thl and Th2

responses, respectively (280, 281). In human, monocyte-derived DCs and

plasmacytoid DCs can induce Thl and Th2 responses in vitro, respectively (282).

Certain characteristics of the microbe also play an important role in tuning the

immune response. For example, studies with the fungus Candida albicans showed that

yeast-pulsed DCs stimulate protective Th1 response, whereas hyphae-pulsed DCs

34



induce a nonprotective Th2 response (283,284). Several other studies have indicated

that DC activated by specifìc pathogens or their compounds such as Mycobacteria

vaccae, Plasmodium falciparum, Bordetella pertussis and Schistosoma mansoni

induce the development of adaptive regulatory T cells (161, 189, 285).

Finally, cytokines secreted by other immune cells can also modulate DC function.

IL-10 and PGEz inhibit both the ability of DCs to produce IL-12 and their stimulatory

capabiliry thus inducing the development of a tolerogenic type of DC. In contrast, the

presence of IFN-y during DC maturation results in the development of type-l

polarized effector DCs with an elevated ability to produce IL-12 and a strong

Th I -inducing capability (286).

Overall, DC display significant plasticity in their ability to respond to infection and

direct adaptive immunity. DCs determine T immune response by recognizing different

type of microbe, presenting different DC subsets, and providing the right

co-stimulatory receptors and cytokine microenvironment.

4.l.2Dendritic Cells in Chlamydial Infection

The importance of DCs in presenting chlamydial antigens and promoting protective

immunity has been demonstrated by various in vitro and in vivo studies. DCs have been

found to be recruited to the site of inflammation in response to infection with MoPn

(287). Evidence indicates that chlamydiae are internalized by the mouse DCs in a

nonspecific manner through macropinocy'tosis, and DCs kill the chlamydiae,

apparently due to early fusion befween Chlamydia vacuoles and host-cell lysosomes, a
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fusion that is inhibited in epithelial cells (288). Recently, Matyszcak et al. reported

uptake and processing of C. trachomafrs by human DC, and showed that the entry of

chlamydia was mediated by the attachment of chlamydia to heparan sulfates and

could be inhibited by heparin (2S9). It remains to be confirmed which particular TLRs

expressed by DCs are engaged by chlamydia, although Prebeck et al. showed that the

recognition of the C. pneumoniae by DCs depended largely on TLR2 and only to a

minor extent on TLR4 (290).

The interaction of DCs with chlamydia leads to the activation of DCs , indicated

by NF-rc8 translocation, cytokine (like IL-12p40 and TNF-cr) and chemokine (like

CXCLl0) production, expression of MHC class II and up-regulation of CD40' CD80,

and CD86 molecules (291, 292). More importantly, the interactions lead DCs to

present chlamydial antigens and activate chlamydia-specific CD4+ T cells.

Interestingly, in ín vivo condition, different immune responses can be induced by

chlamydia-activated DCs depending on the type of antigens and the

microenvironment of cytokines. Su er a/. showed that the vaccination with heat-killed

chlamydia-pulsed DC induced protective Thl immune response in mibe (293).

However, a recent study showed that although DC exposed to live chlamydial-EBs

acquired a mature DC morphology and were efTiciently recognized by

Chlamydia-specific CD4+ T cells, UV-killed-EB-pulsed DC expressed low levels of

activation markers, and exhibited reduced recognition by chlamydia-specific CD4+ T

cells. Adoptive transfer of live EB-pulsed DC was more effective than that of

UV-killed-EB-pulsed DC on protecting mice against challenge with live C'
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trachomatis (294). Although potent immunity can be achieved by DC pulsed ex vivo

with whole organisms, it was shown that DC pulsed ex vivo with recombinant

chlamydial MOMP antigen (TMOMP) and adoptively transferred to naiVe mice

generated aThZ rather than a Thl immune response, and the latter DC immunized

mice were not protected following infectious challenge (295). This finding suggests

that the nature of the antigen used to pulse DC ex vivo influences the Thl -Th2 balance

of the immune response invivo.In line with these finding, some other studies showed

the importance of cytokines in inducing protective immunity by using

chlamydia-pulsed DCs. It was shown that DCs from mice deficient in the IL-12 p40

gene failed to produce lL-12 after ex vivo pulse with chlamydial organisms, and more

importantly, immunization with these DCs failed to induce a Thl cell-dominant

response and did not induce strong protection against chlamydial infection (296).The

result is correlated with a previous finding that IL-12 KO mice showed significantly

reduced clearance of MoPn and severe pathological changes in MoPn lung infection

model (240). Similar aslL-12,IL-10 is a cytokine that can be produced by DCs and

influences both DC and T cell development. Studies showed both Ag-pulsed DCs

from IL-10 KO mice and IL-10 antisense-treated DCs from wild-type mice were

potent activators of Thl response and were efftcient cellular vaccines in adoptive

immunotherapeutic vaccination against chlamydial infection. Furthermore, IL-10

deficiency caused early maturation and activation of pulsed DCs and consequently an

enhanced ability to process and present chlamydial Ags for a rapid and robust T cell

activation (297,298). These findings are also consistent with a previous report that
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IL-10 KO mice suffered a shorter duration of infection, less microbial burden, and

limited ascending infection than immunocompetent wild-type mice against

chlamydial infection (232).

A question that has not been studied is whether distinct DC subsets are involved in

inducing differential patterns of immune responses to chlamydial infection (230). In

particular, it is unclear whether regulatory DCs have a role in either promoting or

inhibiting disease pathogenesis of chlamydial infection.

4.1.3 Dendritic Cells in Airway Allergic Responses

It is clearly known that allergen-specific CD4+ T cells mediate eosinophilic

airway inflammation in allergic asthma. However, dendritic cell is an essential factor

in CD4+ T cell priming and differentiation. Work done in the past several years has

established the central role of DCs in the induction and re-elicitation of Th2-mediated

airway inflammation in asthma.

DCs are widely distributed throughout the lung to form an extensive network and

have an immature phenotype (299-302). DCs might take up allergens by several

pathways, such as macropinocytosis or mannose receptor binding (303-305).

Increasing evidence suggest that clinical relevant allergens also modif, the function

and surface phenotype of DCs in a T cell-independent manner (306-310). Studies in

human and animal models both showed that DCs are recruited to the airways during

allergen exposure(311,312); an 8O-fold increase in the number of myeloid DCs has

been observed in airway mucosa and BAL of mice with experimentally induced
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asthma, which is correlated with the increased production of precursors from the bone

marrow (313-315). Upon recognition of allergen, DCs have to migrate to draining

lymph nodes (DLN), and the migration of airway DCs in response to a stimulus is

rapid and lung derived DCs can be traced in the Tcell area of the mediastinal lymph

nodes within 12 h (316, 317). DCs reaching the DLN are fully mature and induce

antigen-specific Th2 cell activation (312,318, 319). The strongest evidence for a

direct role of DCs in allergen sensitization has recently come from DC transfer

experiments showing the administration of OVA-pulsed myeloid DCs to the airway of

naiVe mice and rats induce sensitization to OVA, leading to a marked Th2-cell

response (320,321).

DCs are not only important for allergen sensitization, but also able to efficiently

induce T-cell memory responses to relevant allergen. Interestingly, in established

allergic diseases, DCs can present antigenic peptides to memory T cells both in lymph

nodes and within the airway mucosa(315, 322-324). The critical effect of DCs on

established allergy was proven by the experiments that showed that the removal of

systemic or selected airway DCs from sensitized mice eliminated all of the'asthmatic

features induced by antigen challenge, accompanied by a decreased Th2 type effector

cytokine production (325,326).These findings strongly suggest that memory/effector

cD4+ Th2 cells were not properly activated in the absence of DCs.

Finally, DCs also play a vital role in the maintenance of chronic local immune

response in the airway (301, 305, 327-329). A subset of Dcs retain the ability to

activate memory T-cells long after antigen inhalation(330), and DCs can secrete
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chemokines (TARC and MDC) to selectively attract Th2 memory cells (331, 332).

Moreover, it has been shown that chronic allergen presentation by DCs leads to

neo-formation of organized lymphoid tissues in the airway (333). Additionally, DCs

might directly interact with B cells in the airways to enhance immunoglobulin

production (334).

Response pattern to common allergens are established in early life and are mainly

dependent on DC's function, hence, it is important to study the role DCs might play in

immune homeostasis and immune deviation, especially their linking to the hygiene

hypothesis. Because of the essential function of DCs in asthmatic diseases, there are

considerable amount of interest in the development of novel therapeutic interventions

that target DCs.

4.2 Natural Killer Cells

4.2.1 NK Cell Biology

Natural killer (NK) cells are large granular lymphocytes with innate immune

function which play a critical role in the early host defense against infectious agents

such as virus, bacteria, as well as cancer. NK cells exert their effector function,

without prior sensitization, by killing infected cells and tumor cells and producing

immunoregulatory cytokines and chemokines (335). NK cells are derived from the

bone marrow and constitute approximately 10-15% of circulating lymphocytes. NK

cells are also found in lymphoid tissues, especially the spleen, where they have a

similar frequency as in the blood (336). In addition, NK cells are normally present in

significant numbers in human lung interstitium, suggesting the possibility of
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involvement of these celts in pulmonary immunity (337). NK cells are quiescent cells

that undergo low proliferation, with only l-3%o of splenic NK cells dividing in naive

mice(338). After pathogen challenge, they rapidly proliferate in an initial nonspecific

phase resembling the 'bystander' proliferation seen in T cells. This nonspecific phase

is followed by a specific phase of proliferation of NK cells expressing the activation

receptors that recognize infected cells in a way somewhat analogous to T cell clonal

expansion. Finally, NK cell function is terminated by a resolution phase during which

NK cell numbers contract and rapidly return to steady state in a way similar to the

resolution of an adaptive immune response (339).

NK cell phenotype is characterizedby the expression of the CD56 surface antigen

and the lack of CD3. Subsets of NK cells can be distinguished by the surface density

expression of the CD56 antigen (i.e., CD56b'ishtand CD56di') as well as the presence

or absence of CDl6. Resting CD56di'cells (comprising 90% of total NK cells) are

the most cytotoxic subset. The CD56brieht ¡ç cell subset (-10% of NK cells) was

found to produce a series of cytokines, including IFN-y, TNF-cx, TNF-P, GM-CSF

and IL-10 upon activation, while the CD56di'NK cell subset produced few of these

cytokines. In addition, resting CD56b'ieht and CD56d'' NK cell subsets show

differences in their NK receptor repertoires (340,341).

NK cells were first identified because of their capacity of rapid lysis of certain

cell targets without prior stimulation (342). NK cells function through a diverse

repertoire of activating and inhibitory receptors. Activating receptor ligation triggers

the cytotoxic mechanism while inhibitory receptors protect from NK cell lysis (343).
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As originally proposed by Ljunggren and Karre in the "missing self' hypothesis, it is

now well recognized that MHC class I downregulation by transformation or infection

may make cells susceptible to NK cell lysis (344). The classical and nonclassical class

I MHC NK inhibitory receptors include Ly49 in mouse, killer immunoglobulin-like

receptors (KIR), leukocyte immunoglobulin-like receptor (LIR) and lectin-type NK

receptor (NKG) (345-348). When NK cells interact with potential target cells, a set of

activating receptors will regulate the recognition and killing, including B2 integrins,

284, CDz (349,350), and natural cytotoxicity receptors (Ì.{CRs), which were recently

identified. It has been shown that blocking antibodies against NKp46, NKp44, and

NKp30 can inhibit almost all lysis of specific targets (351-354). Since multiple

receptors are involved in the interaction between NK cells and their targets, the

decision of whether or not to kill a targeÍ is the net sum of all receptor interactions

(3ss-3s7).

Another properfy of NK cells is their capacity to produce large amounts of

cytokines in response to various activation stimuli, thereby regulating adaptive (T-

and B-cell-mediated) immune responses. NK cells secrete a number of Th l'and Th 2

effector cytokines (358, 359). NK-cell production of these cytokines occurs at

different stages during NK-cell maturation. Functionally mature NK cells lose the

ability to produce Th2 cytokines and acquire the capacity to produce IFN-y (360, 361).

IFN-y is probably the most important cytokine produced by NK cells with

anti-infection activity, which was shown in several infection models (362-366)- IFN-7

produced by NK cells also acts as a self-activating molecule since impairment of
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NK-cell activation correlates with reduced secretion of IFN-y and limited

NK-cell-mediated killing (367). NK cells produce TNF and also express at least three

TNF-family ligands. TNF-c¿ directly promotes NK-cell-mediated killing, with a

supportive role of GM-CSF in increasing NK-cell cytotoxicity synergistically with

other cytokines. IL-10 production by NK cells may have a regulatory role by

inhibiting IFN-y production (368, 369). Since NK cells produce a series of cytokines

that have important effector/regulator function, NK cells are considered to provide

links between innate and cognate immune responses through bidirectional crosstalk

with dendritic cells (DCs), which will be discussed in later section.

4.2.2 NK Cells in Chlamydial Infection

The importance of NK cells in chlamydial infection has been shown by different

groups using murine model and human cells, arguing the effect of NK cells'function

on the resolution of infection (370-374). It was found NK cells from C.

trachomatis-infected patients have decreased l¡ic capability against target cell lines;

decreased ability to kill bounded target cells; and low levels of released TNF-cr and

IFN-y after incubation, suggesting that the impaired NK cell functión during

chlamydial infection is related to defects both at the target and post-binding levels

(372).Invitro .work 
showed that infection of epithelial cell lines with chlamydia led to

decreased expression of classical and non-classical MHC molecules on infected cells,

which renders them susceptible to lysis by human NK cells. However, heat or UV

inactivated chlamydiae did not induce susceptibility to NK cell lysis (373). In murine

models, genital tract C. trachomatis infection activated NK cells; NK cells are
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recruited into genital epithelium at early time-points and may recognize/lyse infected

cells which exhibit decreased expression of classical and non-classical major

histocompatibility complex (MHC) molecules on cell surface (373). NK cells are also

potent producers of IFN-y in response to C. trachomatis. The depletion of NK cells

inhibits IFN-y production (375) and also exacerbates the course of infection in the mice

which is associated with a Th2 response. The early IFNy response is not only play a

direct role in controlling infection, but also is a significant factor in the development

of protective Thl response (371). Although the role of NK cells played during C'

trachomatis airway infection is not fully elucidated, it is pertinent to hypothesize that

functional NK cells are necessary for optimal clearance of the infection in respiratory

tract infection model.

To date, more and more evidence is emerging that NK cells contribute to the

development of appropriate adaptive immune responses against infection (360, 376,

377). The mechanisms by which NK cells influence antigen-specific immune

responses are under intensive study, several possibilities have been proposed:

(a) NK cells produce regulatory cytokines and chemokines

As a major source of IFN-y in the early response to infection, NK cells are

thought to direct the phenotype of nascent adaptive immuniry by stimulating naive

helper T cells down to a Thl developmental pathway, which is essential for the

long-term control of many kinds of pathogens (378-330). Kelly et a/- reported that

NK cell-mediated clearance of tumor target cells could efüciently prime both CD4*

44

4.2.3 NK Cells in Immune Regulation



and CD8+ T-cell antitumor immunity against a parental, NK-resistant tumor. However,

tumor-specific T-cell responses require IFN-y produced by NK cells (381). Upon viral

and bacterial infection, NK cells coordinately produce IFN-y and a group of specific

chemokines that are important to attract and activate other inflammatory cells (382,

383). NK cell production of IFN-y is a decisive factor in Thl development in

leishmania infection model (38a); experiment showed that blockade of TGF-B

signaling in NK cells caused the accumulation of a large pool of NK cells secreting

IFN-y, responsible for Thl differentiation and protection from leishmania infection

(385).

(b)

There are emerging data suggesting the possibility that activated NK cells might

also communicate directly with T cells by a process involving cognate cell--cell

interactions, which is suggested by the fact that activated human NK cells express

MHC class II (336). Recent studies indicate that activation of human NK cells by

innate cytokines (e.g.,lL-72 and IL-15) is sufücient to induce the expression of CD86

and OX40 ligand, two potent costimulatory receptors required for the optimal

activation of CD4* T cells, on NK cells surface, which further suggests that activated

NK cells may communicate directly with CD4 T cells (387). An unresolved question

is where might activated NK and T cells interact. This interaction may happen in

peripheral tissues, such as the liver, in which both NK cells and T cells accumulate

following murine cytomegalovirus (MCMV) infection (388). Furthermore, recent

reports have revealed that human NK cells are abundant in secondary lymphoid
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organs (389) and, importantly, they were localizeó in the parafollicular areas of

human lymph nodes (390), providing another possible location in which NK-T cell

interactions might occur during an immune response.

(c) NK cells interact with DC

NK cells can influence the adaptive immune response in several ways. The

crosstalk between NK cells and DCs is believed to be especially important not only

for promoting rapid innate responses but also favoring the generation of appropriate

downstream adaptive responses. Based on recent data, interactions between NK and

DCs could occur in inflamed peripheral tissues and subsequently in secondary

lymphoid compartments (39 I -394).

Activation of NK cells, including IFN-y production, cytotoxicity, cD69

expression, and proliferation, may be in large part due to interactions with DCs' NK

cell activation requires direct contact with DCs. Thus, receptor-ligand interactions

occurring between these cells are important, although DC-derived cytokines may be

also involved (395-399). The mouse model of cytomegalovirus (CMV) infection

provides a good example of DC-NK cell coordination in response to viral infection

(400, 401). Control of early MCMV infection in the mouse is critically dependent

upon NK cells, both in terms of IFN-y production and cytotoxici$ (a0\' Further

analyses have shown that expansion of Ly-49H* NK cells during the first week of

infection is dependent upon splenic CDScr* DC-derived \L-12 and IL-18 production'

and that this population of DC is, in turn, dependent upon activated Ly-49H* NK cells

for survival (338, 403). Furthermore, initial recruitment of NK cells to the spleen and
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maturation of CDSc¿* DC appear to be mediated by another DC subset that secretes

high levels of IFN-cx/p (plasmacytoid DC) (404). In chlamydial infection model, it

was shown that NK cell-produced-IFN-y is induced by IL-12 and IL-I8, which are

produced by dendritic cells and epithelial cells following the infection, respectively

(405).

Communication between NK cells and DCs is not unidirectional. In fact, the

maturation of DCs stimulated by NK cells may represent a key mechanism to bridge

the NK response to the stimulation of T cell responses. In co-culture with NK cells,

immature DCs undergo maturation and produce TNF and IL-12 (397,398)' Efficient

DC activation in cell culture requires contact with NK cells, with the NKp30 receptor

being important in the interaction (406). Soluble factors, principally TNF and IFN-y,

are also required for effective maturation of DCs (407, 408), and GM-CSF would

promote DC survival and differentiation (391). Recently,4-1BB has been proposed to

influence the proliferation and activation of DCs (409). In the case of mice infected

with MCMV virus-responsive Ly49H* NK cells are necessary for the maintenance of

CDSc¿* DCs in the spleen (403). In another tumor model, activated NK célls prime

DCs to produce IL-12 and to induce highly protective CD8 T cell memory responses

(376).

Paradoxically, although NK cells promote the activation of immature DCs, they

also kill rhem (410,411). Lysis of DCs is mediated mainly by recognition through the

NKp30 receptor and, to a lesser extent, the NKp46 receptor(360, 412). Lysis of

immature DCs might be seen as one of several checkpoints for preventing T cell
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responses in the absence of dangerous signals and could help prevent autoimmune

reactions (360).

5. Rationale and Hypothesis of the Present Project

The major goal of this project is to explore the mechanisms underlying the

inverse relationship between intracellular bacterial infection and allergy. Our lab had

reported that systemic BCG infection inhibits the development of allergic responses,

which is also conelated with a switch of allergen-driven cytokine production pattern

from Th2 to Thl. In the present study, "hygiene hypothesis" was further examined by

using a different intracellular bacterium, Chlamydia trachomatis mouse pneumonitis

(MoPn). The aim of this study is to examine: (1) the effect of MoPn infection on the

development of allergic responses; (2) the involvement of T cell activity, especially

cytokine producing patterns in infection-induced modulation of allergy; (3) the

contribution of innate immune responses to the modulating effect.

5.1 Hypothesis 1: Prior MoPn infection inhibits the development of allergic

responses

Same as mycobacterium, chlamydiae is a intracellular bacterium and MoPn

infection also induces a strong Thl response that is associated with protective

immunity (230,231). We hypothesized that prior MoPn infection would inhibit the

development of allergic responses. To examine this, we infected mice with MoPn first,

and then gave OVA immunization to recovered mice. We analyzed the allergic
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inflammation and cytokine profiles to determine the effect of prior MoPn infection on

the development of allergy.

5.2 Hypothesis 2: Infection-mediated inhibition of allergy is particularly

dependent on IFN-y production

IFN-y is a Thl cytokine that is induced by MoPn infection and is critical for

protective immunity. IFN-y has also been shown to inhibit the development of Th2

response. We hypothesized that IFN-y induced by MoPn infection would contribute to

the inhibition of allergic responses. To test this, we used IFN-y knock out mice and

anti-IFN-y treatment approach, to evaluate the function of IFN-y in infection-mediated

inhibition of allergy.

5.3 Hypothesis 3: Dendritic cells (DCs) play an important role in the

infection-mediated inhibition of allergic responses

DCs are professional antigen presenting cells that determine the development of T

cell response. We hypothesized that DCs from infected mice were different from those

of naiVe mice, which is related to the modulating effect of infection on allergic

responses. We studied the phenotypes and cytokine production of isolated DCs, and

their ability of directing T cell differentiation. We also examined the effect of

transferring DCs from infected mice on the development of allergic responses.

5.4 Hypothesis 4: Natural killer (NK) cells are activated and involved in the

infection-mediated inhibition of allergic responses

NK cells play a critical role in the early host defense to different kinds of

infections. We hypothesized that NK cells were activated by MoPn infection and the
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activated NK cells were involved in the infection-mediated inhibition of allergy. To

explore this hypothesis, we used NK cell depletion and adoptive transfer of NK

approaches to investigate the role of NK cells in infection-mediated inhibition of

allergy.
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MATERIALS AND METHODS

Animals

Female C57BL\6 mice and BALB/o mice (7-10 weeks old) were bred at the

University of Manitoba breeding facility (Winnipeg, Manitoba, Canada).

I-Ad-restricted DOll.l0 TCR-cr/B-transgenic mice (TCR recognizes OVAgz¡-¡:q

peptide), the breeding pairs purchased from the Jackson Laboratory (Bar Harbor, ME),

were bred and maintained at the University of Manitoba. IFN-7 knockout mice were

purchased from the Jackson Laboratory. Animals were used in accordance with the

guidelines issued by the Canadian Council on Animal Care.

Organism and Reagents

The mouse pneumonitis biovar of C. trachomatis (MoPn) / C. murídarum was

used as infectious agent in this study. MoPn was cultured in HeLa 229 cells in Eagle's

MEM containing l0o/o fetal bovine serum and 2 mM glutamine. Infected cells were

harvested with sterile glass beads and ultrasonically disrupted and were purified by

discontinuous density gradient centrifugation. For inoculum preparation, the cell

culture-grown organisms were resuspended in sucrose-phosphate-glutamic acid (SPG)

buffer, and frozen at -80"C until used. Infectivity of the purified chlamydial

elementary bodies (EBs) was titrated by infection of HeLa cell monolayers for 48 h

followed by methanol fixation of cells and enumeration of inclusions that were stained

by a genus-specific mAb conjugated with horseradish peroxidase'

Ovablumin (OVA) (ICN Biomedicals, Montreal, Canada) was used as allergen in

this study. OVA $¡tg/ml) in Zmg of AI(OH)3 adjuvant (alum) was used for
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sensitization, and OVA (50pg/a0pl) in PBS was used for challenge.

Complete RPMI 1640 medium containing 10% heat-inactivated fetal bovine

serum, lYo L-glutamine, 25 pglml gentamycin and 5*10-sM 2-mercaptoethanol

(Kodak, Rochester, NY) was used for cell culture. Peptide corresponding to residues

323-339 of OVA (ISQAVHAAHAEINEAGR) was synthesized by the GenomeBC

Proteomics Centre at University of Victoria (Victoria, British Columbia, Canada).

Anti-CD3 (145-2cll) and anti-CD4 (YTS 191.1) mAbs, purchased from PharMingen

(San Diego, CA).

Fluoresces-conjugated anti-CD3e, anti-CD4, anti-CDl1c, anti-CD8cx,,

anti-CD40, anti-CD80, anti-CD86, anti-I/Ad and anti-NKl.l antibodies and matched

isotype controls were purchased from BD PharMingen (San Diego, CA).

pÉ-conjugated and purified anti-ICOS-L antibody (clone HK5.3) and APC-conjugated

anti-IFNy antibody and isotype control were purchased from eBioscience (San Diego,

CA). Paired antibodies for ELISA analysis of IFN-1, IL-4,1L-5,IL-10 and IL-12 were

purchased from BD PharMingen. Paired antibodies for IL-13 ELISA were purchased

from R&D System (Minneapolis, MA). Purified neutralizing anti-Il-10 mAb

(JES5-245) and anti-ll-12 (clone 15.6) mAb for in vitro analysis were purchased

from BD PharMingen. Recombinant mouse IL-10 and IL-12 were purchased from BD

PharMingen and PeproTech (Rochy Hill, USA), respectively. Anti-NK1.1 mAb and

anti-IFN-y mAb for in vivo injection was produced by hybridoma PKl36 and

hybridoma H22 and purified by ammonium sulphate precipitation, followed by
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dialysis and spectrophotometry. Anti-CDllc and anti-NK (DX5) microbeads was

purchased from MiltenyiBiotec Inc. (Auburn, CA, USA)

Imm unization schedules

a). To study the asthmatic asthma model: mice were sensitized intraperitoneally

(i.p.) with 2¡t"g of OVA in 2mg of alum. Two weeks post-sensitization, mice were

challenged with 50pg OVA (a0pl) intranasally. The mice were killed on various days

post-challenge and allergic responses will be studied.

b). To study the relationship between infection and allergv: Mice were inoculated

intranasally with different (lxl03 to 6x103) inclusion-forming units (IFUs) of MoPn

in a volume of 40 pl or treated with phosphate-buffered saline (PBS) at dayO, 15-45

days after infection, mice were sensitized intraperitoneally (i.p.) with 2¡rg of OVA in

2mg of alum. Twenty days post-sensitization, mice were challenged with 5Opg OVA

(aO¡rl) intranasally. Mice were sacrificed 7 days after challenge, and samples were

collected for further analysis.

c). To study the effect of IFNy on the development of allergr Mice were infected

with lxl03 IFUs of MoPn and 30-45 days after infection, mice were sensitized and

challenged with OVA and were sacrificed 7 days after challenge as described in (a).

Three days before and one day after the sensitization and challenge, one group of

infected mice were injected with anti-IFN-y antibody intraperitoneally to block IFN-y

function.

d). To studv the effect of NK cells on chlamydial infection: Mice were infected
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with lxl03IFU of MoPn and then randomly divided into two groups, one group of

mice received anti-NKl.l (0.2mgl0.5m1, supernatant from PK-136) antibody

intraperitoneal injection on day3, day5 and dayT following infection, while another

group of mice only received PBS. The mice were monitored daily for body weight

changes and viability following infection Mice were sacrif,tced on dayl3 to determine

in vivo growth of the organism and lung pathologicalchanges.

e). To study the effect of NK cells on the development of allergy: Mice were

infected with lxl03 IFUs of MoPn and 30-45 days after infection, mice were

sensitized and challenged with OVA and were sacrificed 7 days after challenge as

described in (a). For NK cell depletion-- three days before and one day after the

sensitization and challenge, one group of infected mice were injected with anti-NKl - 1

arltibody intraperitoneally to deplete NK celts. For NK cell transfer-- two hours

before sensitization and challenged, two groups of mice received NK cell transfer

intravenously. NK cells were isolated from either infected mice or naive mice'

Another group of mice only received NK cells transfer before challenge. Control mice

were immunized at the same manner without NK cells transfer. Mice were sacrificed

at the 7th day post OVA challenge and samples were collected for further analysis.

Ð To study the effect of DC on the development of allergy: Transfer beþre

sensitization-- mice with or without DC transfer were sensitizedi.p. with 4 pg OVA in

2 mg alum adjuvant. For DC recipients, the sensitization was performed aI2h after

adoptive transfer of DC. Skin challenge was performed at day I I post OVA

sensitization. The ventral surface of the mouse was shaved, followed by intradermal
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injecrion of 20 pl OVA (0.5 mg/ml) in PBS or PBS alone. Mice were killed 7-14 days

post OVA sensitization. Transfer beþre challenge- mice were sensitized with OVA

plus alum. Fourteen days after sensitization, the mice received DC transfer through

intravenous (i.v.) injection. DCs were isolated from either infected or naive mice. Two

hours following adoptive transfer, mice were challenged intranasally with 5Opg OVA

(a0 ¡rl). Control mice were sensitized and challenged in the same manner but without

DC transfer. Mice were sacrificed at 7 days post OVA challenge and different tissue

samples were collected for further analysis.

g). To isolate NK cells and DCs: Mice were intranasally (i.n.) infected with I x 103

IFU MoPn. For NK cell isolation-- 3-5 days after infection, spleens from either

infected or naäe mice were aseptically collected to isolate NK cells. For DC

isolation-- 7-14 days post-infection, spleens were aseptically collected to isolate DCs.

Disease severity measurement

After MoPn infection, the mice were monitored daily for body weight changes

following infection. Mice were sacrificed to determine invivo growth of the organism

and lung pathological changes. Lung from infected mouse was homogenizêd in 3ml

sucrose phosphate glutamic acid (SPG) buffer. Tissue homogenates were spun down at

1900g for 30 min at 4oC, and the supernatants were divided into aliquots (l ml/vial)

and kept at -80oC until tested. Chlamydial infectivity in the lung homogenates was

titrated by infection of HeLa 229 cell monolayers for 48 h and stained by a

genus-specific monoclonal antibody and secondary antibody conjugated with

horseradish peroxidase. The number of inclusions was counted under a microscope at
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X200 magnification. At least five fields through the midline of each well were counted.

The chlamydial infectivity in each lung was then calculated based on dilution titers. All

samples from the same experiment were tested in the same titration assay, and the

leftover thawed samples were not used again for testing of chlamydial infectivity.

Repeating tests always used fresh aliquots of the tissue samples.

Isolation of DCs

Spleens were aseptically collected from MoPn-infected or nalVe mice and DCs

were isolated using MACS (Miltenyi Biotec, Aubum, CA) CDllc column according

to manufacturer's instructions. The purity of the isolated CDllc+ DC was -95%

based on flow cytometric analysis. The isolated CDl lc+ cells from

Chlamydia-infected mice are designated as iIDC; The CDllc* cells isolated from

age- and sex-matched naiVe mice are designated as iNDC. To test the spontaneous

production of cytokines by the freshly isolated DCs, the cells were cultured with

complete medium using 96 well culture plates at 5 x lOscells/well for 72-120 h' The

levels of IL-12 and IL-10 in culture supernatants were measured by ELISA' For

adoptive transfer, isolated CDllc* cells were first washed in protein-free PBS, and

5x106 DC were injected intravenously to syngeneic recipient mice.

Isolation of NK cells

Spleens from either infected or naive mice were aseptically collected and NK

cells were isolated using anti-NK (DX5) microbeads and MACS positive selection

column (Miltenyi Biotec, Auburn, CA, USA) according to manufacturer's instructions.

The isolated DX5+ cells from Chlamydia-infected mice are designated as iINK; The
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DX5+ cells isolated from age- and sex-matched naiVe mice are designated as iNDL.

The purity of the isolated NKl.l+ NK cells was -90% based on flow cytometric

analysis. For adoptive transfer, isolated NK cells were first washed in protein-free

PBS and 2*106 cells were injected into the tail vein of the syngeneic recipient mice.

FACS analysis

Surface phenotyping of isolated DCs was performed by double or triple staining

lxlgs cells with FlTC-conjugated anti-CDllc and PE-conjugated other marker

specific antibodies for 30 minutes on ice. After 30 minute incubation, the cells were

fixed, washed and analyzed on EPICS Altra flow cytometer (Beckman Coulter, CA).

For NK cell staining, mice were intranasally (i.n.) infected with I x 103 IFU MoPn,

on dayg, dayl, day3, dayT and day10 post infection, PBMC and spleen cells were

stained with anti-CD3e (PE) and anti-NKl.l (FITC) and matched isotype controls.

Intracellular clokine production was analyzed by stimulating spleen cells that

isolated from day3 and dayl0 post-infection mice with PMA and ionomycin

(Sigma-Aldrich) for 8h, with GolgiPlug (BD PharMingen) added for the last 6 h.

Cells were srained with anti-NKl.1 (FITC) and anti-CD4 (PE) for surface marker,

cells were then washed, ftxed and permeabilized (Fix/Perm Kit, BD PharMingen), and

ApC-labeled anti-IFNy was used to stain intracellular IFNI. All samples were

analyzed on a FACSCalibur (BD Biosciences).

purification of CD4* T cells and the set up of DC-T cell co-culture

Naive CD4* T cells were isolated from the spleen of Dol1.10 ovA

peptide-specific TCR-cr/p transgenic mice (BALB/c background) using a MACS
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positive selection column. The naive CD4* T cells (5x105 cells/well) were co-cultured

with ilDC or iNDC at 1:10 (DC:T) ratios in the presence of OVA (100 ¡rg/ml) or

OVArz¡-:¡q peptide (5-50 ¡rg/ml). Cell culture supematants were collected at 72h fot

cytokine analysis. As indicated in particular experiments, purified anti-Il-10 (Clone

JES5-245) and anti-ll--12 (clone c15.6) mAbs (BD PharMingen) were added to the

co-culture wells at 5 pglml or rll-10 (0.2-20nglml) or rIL-12 (0'2-20 ng/ml) were

added to co-culture wells to either block endogenous cytokine activity or

supplement exogenous cytokines. Anti-ICOS-L mAb (clone HK5.3, purchased from

eBioscience) was added in indicated wells at 5pg/ml'

PCR and RT-PCR analYsis

To test whether MoPn exists in the ilDC, total DNA from iIDC was isolated using

DNAzol reagent according to the manufacturer's instruction (Invitrogen, Carlsbad'

cA). Major outer membraneprotein genes of MoPn were determined by PCR using

the following primer: 5'-TGGTGTGATGCCATCAGCCTACG-3' (forward) and 5'

-CAAGCGTGTCTCAACAGTAACTGC-3' (reverse)'

For analysis of gene expression in isotated DCs, total cellular RNA was extracted

from isolated DC using the phenol-guanidinium method (TRIzol reagents, Invitrogen),

followed by ethanol precipitation. The first-strand oDNA was generated from l'2 Vg

total RNA in a final volume of l5 ¡.il using M-MLV reverse transcriptase (Invitrogen)

and oligo(dT) primer. one microliter of cDNA was used for each PCR reaction'

The presence of mRNA specific for TLR2, TLR4, TLR9 ,CDl4 and ICOS-L was

58



determined by semiquantitative PCR. The PCR primer sets used in this study were as

follows:TlR2, 5 ' -GCTCCAGGTCT"I"|CACCTCTATTC-3 ' (sense) and 5'

-TCCAGCAGGAAAGCAGACTCGCTTA-3 ' (antisense); TLR4, 5 '

.GGAAGCTTGAATCC CTGCATAGAG -3

-TCCACATGTACTAGGTTCGTCAG-3 '

-AACCTGCGGCAGCTGAACCTCAA-3 '

-GAGTTCAGTGTATGGAGAGAGCTG-3 '

-TGTTCCTGCAACTTCTCAGATCC-3 '

-CAATTCAGGAITGTCAGACAGGTC-3 ' (antisense); ICOS-L'

5,-CATCACTAGCATTAGCCAGGC-3, (SCNSC) ANd

5'-TGATGTTGTGAAGCTGAGTGC-3' (anti-sense); B-actin' 5 '

(sense) and 5

(antisense); TLR9, 5 '

(sense) and 5 '

(antisense); CD14, 5 '

(sense) and 5 '

-GTGGGCCGCCCTAGGCACCA-3 
¡

-CTCTTTGATGTCACGCACGATTTC-3' (antisense). The reaction condition for

pcR were as follows: I cycle at 95'C for 5 min; 3l cycles (for TLR2 and cDl4) or

34 cycles (for TLR4 and TLRS) at 95"C for I min, at 55'C for I min, and 72"C for

I min. p-actin was used as a loading control. PCR products were run on a lYo agatose

gel containing 0.1 mglml ethidium bromide. Image analysis was performed using

Gel Doc 2000 ,gel documentation system (Bio-Rad, Hercules' CA) and quantified

using Scion Image software (Scion Corporation, Frederick, MD)'

The presence of mRNA specif,rc for IL-10 and IL-12 was determined by real time

pcR. Real time PCR was performed using Lightcycler PCR system (Roche

Molecular Biochemichals, Quebec, canada). Murine-specific primer pairs were:
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GAPDH, 5'-AACGACCCCTTCAITGAC-3' (sense) and

5'-TCCACGACATACTCAGCAC-3' (anti-sense); IL-10'

5'-GGTTGCCAAGCCTTATCGGA-3' (SENSE) ANd

5'-ACCTGCTCCACTGCCTTGCT:3' (anti-sense); lL-12'

5'-GGAAGCACGGCAGCAGAATA-3' (SENSC) ANd

5'-AACTTGAGGGAGAAGTAGGAATGG-3' (anti-sense). A Master SYBR Green I

(Roche Molecular Biochemichals) detection system was used, and the reactions

generated a melting temperature dissociation curve enabling quantitation of the PCR

product. All genes were norrnalized to GAPDH'

BAL and blood leukocyte differentials

The mouse trachea was cannulated and the tungs were washed twice with lml of

PBS. The bronchoalveolar lavage (BAL) fluids were centrifuged immediately' The

supernatants were collected for measurement of cytokines and the cells were

resuspended for cell counting and BAL smears. cytokines (IL-4, IL-5, IL-13 and

IFNy) were measured by ELISA. For leukocyte differential, the BAL smear slides

were air-dried, fixed and stained with Hema 3 Stain Set (Fisher Scientifrc, Ontario'

Canada). The numbers of monocytes, lymphocyes, neutrophils and eosinophils per

200 cells were counted based on cellular morphology and staining characteristics'

Blood Smears from mice were prepared and stained by the same reagent for blood

leukocyte d ifferentials.

Histopathological and Immunohistochemical analysis
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Lungs were collected and fixed with l0% formalin, embedded, sectioned and

stained by haematoxylin and eosin (H&E). Slides were examined for pathological

changes under light microscopy. Mucus and mucus-containing goblet cells within

bronchial epithelium were analysed by a Periodic acide-schiff (PAS) staining kit

(Sigma, st. Louis, Mo). The histological mucus index (HMI) was measured by

Image-Pro Plus software (Media Cybernetics, Maryland) and the result was indicated

as HMI: Area of mucus containing goblet celts (¡rm2) / Areaof epithelial cells (ptt')

x 100%:o.

For analysis of VCAM-1 and eotaxin expression, lung tissues were snap-frozen in

liquid nitrogen when the mice were killed and stored at -80"c until sectioning' Frozen

sections (l0pM) were placed on slides and fixed by 99'6% acetone' For VCAM-I

staining, slides were incubated with rat anti-mouse vcAM-l (clone 429), or

isotype-matched control antibodies, followed by biotin-conjugated anti-rat IgG

(pharMingen), developed by Texas Red (vector Lab [nc., Burlingame' cA)' For

eotaxin staining, slides were incubated with purified goat anti-mouse eotaxin antibody

that purchased from R&D (Minneapolis, MN, USA) followed by PE-conjugated

anti-goat IgG secondary antibody purchased from Jackson ImmunoResearch (west

Grove, PA). Eukaryotic and epithelial cells were stained with anti-Pan-cytokeratin

(8311.1) (calBiochem, cA), followed by FlTC-conjugated anti-mouse IgG

secondary anribody (slGMA). The blocking reagent was purchased from DAKO

(Carpinteria, CA, USA)'

IL-5 recePtor exPression on BM cells was determined by immunohistochemical
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analysis. Femora were collected from mice at 7 days post oVA (alum) sensitization'

BM cell smears were air-dried and stained for IL-5Rc¿' Rabbit anti-mouse IL-SRcr

antibodywaspurchasedfromRDl(Flanders,NJ).Theblockingreagent,secondary

antibody and AEC substrate were purchased from DAKO (Carpinteria, CA) as a

peroxidase kit. The percentage of IL-5Rc¿* cells was calculated based on the counting

of totalcells (200 cells) and IL-SRc¿* cells on the smear'

Skin tests were performed at day 11 post ovA sensitization' The ventral surface

of the mouse was injected with 20 pl oVA (0.5 mg/ml) in PBS or PBS alone' skin

tissue samples of about 0.5 cm2 were collected from injection sites at 72 h

post-injection for histological analysis. The tissues were fixed in l0% buffered

formalin, embedded in paraffrn and continuously sectioned using a microtome' The

sections were stained by hematoxylin and eosin (H&E) and examined under a light

microscope. Infiltrating inflammatory cells were identified based on cellular

morphology and staining characteristics. Infiltrating cells in ten continuous skin

sections were counted, and the percentage of eosinophils in total infiltrating.cells was

calculated.

AntibodY analYsis

Serawerecollectedfrommicel0days(forIgE)and14days(forlgGland

|gG2a)post-sensitizationtodetectprimaryantibodyresponseandserathatcollected

from mice 7 daysafter challenge will be used to detect secondary antibody response'

ELISAswereusedfordeterminationofoVA.specificIgE,IgGlandIgGZa
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antibodies. Sera were examined for OVA-specific IgGl and IgG2a using biotinylated

goat anti-mouse IgGl or goat anti-mouse fg32a antibodies purchased from Southern

Biotechnology Assoc. Inc. (Birmingham, AL). For determination of ovA-specific

IgE, sera were measured using biotinylated anti-mouse IgE antibody purchased from

PharMingen.

spleen and local tymph node cell culture and cytokine analysis

spleen and draining (mediastinum) lymph node cells were cultured' Briefly,

spleen cells were cultured at 7.5x106 cells/ml, lymph node cells were cultured at

5x106 cells/ml alone or with immobilized anti-cD3 mAb (145-2C11), or anti-cD4

mAb (YTS 191.1), or ovA(1 mg/ml). culture supernatants were harvested at72h

(for IL-4, IL-5, IL-13, IFN-Y and IL-12) and 120 h (for IL-10) for the measurement of

cylokines. All cytokine determinations were done by purified (for capture) and

biotinylated (for detection) antibodies sandwich ELISA'

Statistical analYsis

Results are expressed as mean + SEM' Unpaired

determine statistic significance between the groups' Ap

considered signifi cant.

Student's t test was used to

value of less than 0.05 was
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RESULTS AND DISCUSSION

PqLI Prior MoPn Infection Inhibit the Development of Allergic Responses

RESULTS

L OVA-índuced allergic asthma in a mouse model

To setup a mouse model to study asthmatic allergic reaction, ovablumin (OVA)

was used as allergen, along with AI(OH)3 (alum) as adjuvant, which has been shown to

induce Th2 response in vivo. A group of C57BL|6 mice were sensitized intraperitoneally

(i.p.) with Z¡tg of OVA in 2mg of alum. Two weeks post-sensitization, mice were

challenged with 50pg OVA (aOpl) intranasally (i.n.). The mice were killed on Day3,

Day6, Dayl0, Dayl4, and Day20 post-challenge to study allergic responses.

Antigen-specific IgE production, excessive bronchial mucus production and

goblet cell development, and pulmonary eosinophilic inflammation are among the

hallmarks of atopic asthmatic reaction. Cellular infiltration in the lungs of the mice

challenged intranasally with OVA was examined by differential counting of

bronchoalveolar lavage (BAL) cells. After challenge, mice showed massive pulmonary

inflammation with 2-6x106 inflammatory cells recovered from the BAL of each mouse.

Eosinophils comprised 50-80% of the total BAL cells. In contrast, naiVe mice showed

undetectable eosinophils in BAL fluid. Eosinophilic inflammation was apparent 3 days

after challenge, BAL cells reached the highest number on day 6, and on day 10,

eosinophils still comprise the highest percentage of all the infiltrating cells. The cell

numbers didn't decline until day 20 post challenge (Figure 1). Histological analysis also

showed remarkable eosinophil infiltration in the bronchial and pulmonary tissues in the

lung of mice with OVA sensitization and challenge. Moreover, the mucus-containing
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goblet cells, mucus secretion and bronchial epithelial hyperplasia were induced by OVA

sensitization/challenge. The area of mucus containing goblet cells can be counted and

converted to histological mucus index as described in Materials and Methods. Results

showed that naïve mice had minimal mucus production (0-4%), while local OVA

administration induced mucus over-production starting at day 3, peaking at day 6 after

challenge, and lasting until 20 days post challenge (Figure 2a). Serum antibodies,

including total IgE, and OVA-specific IgE, IgGl and IgG2a, were also measured

following OVA challenge. Results showed that 6 days after challenge, significant amount

of allergen-specific antibodies has been present in serum. Even though IgGl titer was still

going up in the following days, OVA-specific IgE and IgG2a levels were going down

after 6 days post-challenge (Figure 3). Total IgE levels were high at 6-14 days post

challenge (Figure 2b).

Base on the results from studies of the dynamic changes of different parameters in

allergic reaction, 6-7 days post-challenge was chosen to be the date to collect samples in

future studies, in order to comprehensively analyze airway inflammation, mucus

production and antibody responses.

2. The effect of MoPn infection on the development of allergic responses

Previous studies in our laboratory have shown that MoPn infection is normally

cleared by C57BL|6 mice within 20-25 days following intranasal infection. To study the

effect of a resolved infection on the development of allergic responses, 30-45 days post

infection was chosen as the starting point for OVA sensitization, followed by intranasal

challenge with the same allergen 14-20 days post sensitization.
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Figure 1. The time course of cell infiltration in the lungs following OVA exposure.

A group of C57BL16 mice were intraperitoneal (i.p.) sensitized with 2¡tg of OVA in 2mg

of AI(OH)3 adjuvant (alum). Two weeks post-sensitization, mice were i.n. challenged

with 50pg OVA (40¡rl). Different days after challenge, mice were sacrificed and the lungs
were washed twice with lml of PBS by tracheal cannulation. The cells in the

bronchoalveolar lavage (BAL) fluids were examined by differential cell counting. (2
mice in each group in each experiment)

E Monocytes
I@ Lymphocytes

I Eosinophils

Day 6 Day l0 Day 14 Day 20

66



A

xo!ts
Ø

o
E
(ú
o
E)o
õ
.9,

s

B

Day 3 Day 6 Day 10 Day 14 Day 20

tr
El)

E

o
U,

.=
]UI
õ
ot-

Figure 2. The time course of (a) mucus production and (b) total IgE production in
mice following OVA exposure. A group of mice were immunized with OVA as described
in Figure 1. a), the mucus production was quantif,red as histological mucus index (HMI),
which represented the percentage of the mucus-positive arca and the total area of the
airway epithelium. b), sera were collected from mice and total IgE was determined using
ELISA.
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Figure 3. The time course of OVA-specific antibody production in mice following
OVA exposure. A group of mice were immunized with OVA as described in Figure 1.

Sera were collected and OVA-specific IgE, IgGl, andIgG2a were determined by ELISA.
ELISA titers were converted to log 10.
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2.1 Príor MoPn infectíon ínhíbited pulmonary eosínophilía and mucus

overproductíon induced by OVA exposure

Airway inflammation was examined by differential counting of BAL cells and

pulmonary histological analysis. As shown in Figure 4, mice without prior MoPn

infection exhibited signiflrcantly higher infiltration of inflammatory cells (>2.0x106 cells),

among which 82Yo were eosinophils. In contrast, mice with prior MoPn infection showed

much less cellular inf,rltration. The total cell number in BAL was markedly reduced, and

only 23Yo of BAL cells were eosinophils (- 2r10s cells). The severity of airway

inflammation was confirmed by histological analysis of the lung (Figure 5). Mice without

prior infection showed massive eosinophilia in bronchial submucosa, alveoli and peri-

vascular sheaths, with infiltration of a few lymphocytes and monocytes (Figure 5A). At

the same time, mice with prior infection developed less cellular infiltration, mainly

containing monocytes and lymphocytes around the small bronchi, bronchioles and blood

vessels in the lungs with few eosinophils (Figure 5B). The mucus-containing goblet cells

staining also showed that the MoPn infected mice had less mucus secretion and epithelial

hyperplasia when compared to only OVA treated mice (Figure 5 C vs. Figure 5D). The

results indicate that prior MoPn infection is able to inhibit airway eosinophilic

inflammation and mucus over-production following allergen immunization and local

challenge.

2.2 Locøl MoPn ínfection reduces blood eosìnophil levels induced by the

OVA exposure

OVA sensitization/challenge not only induces lung eosinophilia, but also elevates

circulating blood eosinophil level in mice (Figure 6). To address the question of whether

69



or not previous MoPn infection was also capable of reducing blood eosinophilia levels in

response to allergen, the number of blood eosinophils in MoPn-infected, OVA-treated

mice was compared to that of mice administered with OVA only. As seen in Table 1,

OVA exposure induced high levels of blood eosinophilia in mice without previous MoPn

infection. In contrast, those mice with previous MoPn infection displayed a significant

decrease in their levels of blood eosinophils in response to the OVA challenge. The

results demonstrate a clear ability of prior MoPn infection not only to reduce the level of

eosinophilia at the site of infection and allergen exposure, but also to reduce the level of

circulating eosinophils within the blood in response to a local allergen challenge.

2.3 MoPn infectionfails to reduce serum IgE responses

OVA-specific antibodies and total IgE were measured in MoPn-infected, OVA-

treated mice and in mice treated with OVA only. Blood samples were collected after

sensitization (10 days for IgE and 14 days for IgGl and IgG2a) to study the primary Ab

response and also were collected after challenge to study the secondary Ab response.

Results showed that the infected and uninfected mice produced comparable levels of total

IgE and OVA-specific IgE, IgGl, andIgG2a antibodies, no matter in primary response or

in secondary response (Figure. 7). The data suggest that prior MoPn infection is

ineffective at reducing the levels of both total and OVA-specific IgE antibodies in the

semm.

2.4 Príor MoPn infection inhibíted Th2 cytokìne production ønd íncreøsed

Th 1 cyto kine pro duction following OVA c høllenge

To examine the effect of MoPn infection on allergen-specific T cell activation, we

compared Thl-related (IFNy andIL-12) andTh2-related cytokine (IL-4,IL-5 and Il-13)
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production in OVA-treated mice with or without prior MoPn infection. Spleen cells and

draining lymph node cells were re-stimulated with OVA in presence or absence of anti-

CD4 mAb to test allergen-driven cytokine profile.IL-4,IL-5, IL-13 and IFN-y were

produced mainly by CD4 T cells because the presence of anti-CD4 mAb inhibited most

of the production of these cytokines. The mice with prior MoPn infection showed

dramatically decreased levels of allergen-driven Th2 cytokine production, namely lL-4,

IL-5 and IL-13. In contrast, OVA-driven IFNy and lL-12 production in mice with prior

infection was significantly higher than in those without infection, and this cytokine

pattern switch was more apparent in local draining lymph node cell cultures (Figure 8).

These results suggest that intracellular bacteria, MoPn, infection is capable of switching

the allergen-driven cytokine producing pattem from Th2 dominance to Thl dominance.

2.5

endothelìum ìnduced by OVA chøllenge

Beside the potent effect of Th2 cytokines, especially IL-5, on the development,

migration and activation of eosinophils in airways, chemokines and adhesion molecules

play important roles in the recruitment process. To compare the chemokine production

and adhesion molecule expression in uninfected and prior infected mice upon OVA

challenge, eotaxin level in BAL and VCAM-I expression on airway vascular

endothelium were analyzed. As shown in Figure 9, prior MoPn infection inhibited

eotaxin, an eosinophil-aftracting chemokine, production in the lung (Figure 9a).

Furthermore, the expression of VCAM-I on vascular endothelial cells was also

significantly suppressed by prior MoPn infection (Figure 9b). The results indicate that the

suppression of eotaxin production and VCAM-I expression are also important

mechanism by which MoPn infection inhibits local eosinophilic inflammation.
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Figure 4. Prior chlamydial infection inhibits airway eosinophilic infiltration induced
by OlA sensitization and challenge. C57BL|6 mice were intranasally (i.n.) infected with
2xI03 inclusion-forming units (IFU) Chlamydia trachomatis mouse pneumonitis (MoPn)
or treated with phosphate-buflered saline (PBS) at30-45 days before intraperitoneal (i.p.)
sensitization with 2¡tg of OVA in Zmg of AI(OH)3 adjuvant (alum). Two weeks post-
sensitization, mice were i.n. challenged with 50¡rg OVA (aOpl). Seven days after
challenge, mice were sacrificed and the lungs were washed twice with lml of PBS by
tracheal cannulation. The cells in the bronchoalveolar lavage (BAL) fluids were
examined by differential cell counting. Pooled data from 6 independent experiments (4
mice in each group in each experiment) are shown as meanfSEM.
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Figure 6. The time course of eosinophils present in blood in mice before and after
OVA exposure. A group of mice were treated with OVA as described in Figure 1. On the
date indicated on figure, mice were bled and the blood smears were stained using a Hema
3 Stain Set. Differential cells were counted based on cell characteristics and cellular
morphology (4 mice in each group in each time point).
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Monocytes

Table I

NaiVe
OVAiOVA
MoPn/OVA/OVA 6.310.0.9959

Percentage of Blood Leukocyte Differentials

Table 1. Prior chlamydial infection inhibits systemic eosinophilia induced by OVA

sensitization and challenge. Mice were treated as described in Figure 4. Cell differentials

in peripheral blood were analyzed as described in Figure 6. * , P< 0.05, comparison of

eosinophils between uninfected mice (OVA/OVA) and prior infected mice

(MoPr/OVA/OVA).

3.68310. 1545

4.393r0.7188

Lymphocytes Neutrophils

63.45!2.304 32.71!2.468
57.19!2.673 37.85!2.0s5
68.0211.087 25.42!0.782

Eosinophils

0.1s33x0.0296
0.5633t0.0s45
0.2467+0.0185*
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Figure 7. MoPn infection fails to reduce serum IgE responses. Mice were treated as
described in Figure 4. OVA-specific antibodies and total IgE were measured in Mopn-
infected, OVA-treated mice and in mice treated with OVA only. Blood samples were
collected after sensitization (10 days for IgE and14 days for IgGl and lgGza) to study
the primary Ab response and also were collected after challenge to study the secondary
Ab response. Antibody levels were determined by ELISA. ELISA titers for OVA-specifrc
antibodies were converted to log10 and presented as the mean+SEM. Pooled data from
four experiments are presented.
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Figure L The effect of prior chlamydial infection on allergen-driven cytokine
production by splenic and lymph node lymphocytes. Mice were treated as desuibed in
Figure 4. At7 days post OVA challenge, spleen cells and lymph node cells were cultured
in the presence of OVA. C¡okines in the supernatants were measured by ELISA. Pooled
data from 4 independent experiments (4 mice/group in each experiment) are presented as
meantSEM. *, p<0.05; **, p<0.01.
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Figure 9. Prior chlamydial infection inhibits eotaxin production and VCAM-I
expression induced by OVA sensitization and challenge. Mice were treated as described
in Figure 4. At 7 days post OVA challenge, a), the lungs of mice were flushed to obtain
BALs. Eotaxin in BALs was measured by ELISA. b), the intensiry of vCAM-l
expression on the lung sections of the mice was examined and represented as different
scores. Score 0 represents absent staining or faint staining of an occasional vessel only;
l-f represents faint staining of several vessels; 2* represents moderate intensity staining
of most vessels; and 3+ means intense staining of most vessels. The sectiors *rt.
examined by two observers in a blind manner and the average of the two determinations
for each section was used for calculation of VCAM-I expression. Data from th¡ee
independent experiments were pooled and are presented as meantSEM.
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3. The effect of ínfection dosage ønd durøtìon on the development of altergíc

responses

3.1 The effect of infection dosage on the development of atlergíc responses

The infection dose of previous experiments is 2x103 IFU MoPn, which induce

mild disease in C57BL16 mice, and can significantly inhibit the development of allergic

responses. The next question is whether different infection dosages are different in

modulating allergic responses. Mice were infected with different doses of MoPn, and 30-

45 days post infection, allergic responses were induced by OVA sensitization and local

challenge as described before. Clearly, all MoPn infections inhibited local and systemic

eosinophiliafhat was induced by OVA exposure and comparable inhibitory effects were

observed in the mice with different dose of infections (Figure 10). In addition, the levels

of mucus production demonstrated by HMI were also the same among different groups of

mice with different dose of infection, showing steadily decreased HMI in all prior

infected mice when compared to HMI in OVA-treated-only mice (Figure 11a). To

elucidate the effect of infection dosage on IgE responses, OVA-specific IgE production

was examined in uninfected, OVA-treated mice, or mice with different dose of infection

and OVA administration. Same as the results shown above, prior MoPn infection failed to

inhibit OVA-specific IgE production. Interestingly, mice with higher infection dosage

showed higher, rather than lower, OVA-specific IgE production compared to those with

lower dose of infection although the difÊerence was not statistically significant (Figure

11b). To examine the effect of infection dosage on allergen-specific T-cell activation,

Thl-related (IFN-y) and Th2-related (IL-4) cytokine production in different groups of

mice were studied. Prior MoPn infection significantly induced more IFN-y as well as less
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IL-4 production by lymph node cells upon same OVA stimulation, however, different

dose of infection didn't affect cytokine-producing levels (Figure 12). Taken together,

these results indicated that the use of higher infection dosage in the tested range did not

result in a higher degree of suppression than did a dose of 1x103 IFU organisms, so 1x103

IFU was chosen as the infection dose in following studies.

3.2 The effect of infectíon durution on the development of allergic responses

To study whether different infection duration will affect the inhibitory effect on

the development of allergic responses, groups of mice were infected with 1x103 IFU

MoPn, and either 15 days later or 30 days later, mice were received OVA sensitization

and subsequent challenge. 15 days after 1x103 IFU MoPn infection, mice recovered well,

and their body weight reached 99.03% (t3.45%) of original body weight. Same as

observed before, prior MoPn infection inhibited eosinophilia. In mice infected with

MoPn 15 days before OVA exposure, lung eosinophils were significantly less, not only

compared to uninfected, OVA treated mice, but also compared to mice infected with

MoPn 30 days before OVA treatment. However, the reduction of blood eosinophilia in

mice with 15 day MoPn infection was same as those in mice with 30 days of MoPn

infection (Figure 13a). Interestingly, with shorter recovery time, infection also inhibited

IgE production in primary and secondary responses. Mice with 15 days of infection

produced less total IgE upon allergen sensitization and challenge (Figure 13b). More

importantly, OVA-specific IgE level was also reduced in mice with 15 days of infection,

in both primary response and secondary response. A similar trend was observed in

primary response of OVA-specific IgGl production, but the difference was not

statistically significant (Figure 14). To investigate the influence of 15 days of infection on
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T cell responses, allergen-driven IFN-y ,IL-4 and IL-5 produced by draining lymph node

cells were examined. Even though 15 days of infection showed more pronounced

suppressive effect on Th2 cytokine production, but the results were not significant.

Moreover, Thl cytokine (IFN-y) production was not altered by shorter infection time

(Figure 15). These findings suggest that the closer the time of MoPn infection before

OVA exposure, the more pronounced suppressive effect on lung eosinophilia and IgE

production, but no obvious effect on blood eosinophilia and cytokine response.

4. The effect of IFN-y induced by MoPn infectíon on the development of øltergíc

response

Previous results showed that prior MoPn infection followed by OVA exposure

enhanced allergen-driven IFN-y production. IFN-y has been shown to inhibit the

development of Th2 response. To address the question whether IFN-y was mediating the

observed inhibition of allergic responses, IFN-y knockout mice were subjected to OVA

immunization protocol and used to study the effect of prior MoPn infection on the

development of allergic response. Unexpectedly, standard OVA sensitization and

challenge induced less eosinophils accumulation in IFN-y knockout mice, much less total

inflammatory cells and eosinphils were recovered from the lung, and the percentage of

eosinophils on total BAL cells was lower in knockout mice than those in wild type mice

(Figure 16). IFN-y knockout mice were very susceptible to MoPn infection. However, if

antibiotics were used to help IFN-y knockout mice survived from MoPn infection, very

few cells were recovered from the lung of infected and OVA-treated IFN-y knockout

mice.

82



J

o
,9

a.
oc,õ
o

UJ

àR

E'oo
m-

'9

CL
o
,õ
o
lU

s

"-","-"."-"."-"."-"
.**tluo*t"uo*"o}"'

"+" .,f" ,rÑ ..a"

Figure 10. The effect of infection dosage on the development of local and systemic
eosinophilia following OVA exposure. Mice were infected with different doses of MoPn,
and subjected to OVA immunization as described in Figure 4. Eosinophils presented in
BAL and blood were examined as described in Figure 4 and Figure 6. Data from two
independent experiments were pooled and are presented as mean*SEM.
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Figure 11. The efflect of infection dosage on mucus production and total IgE
production following OVA exposrne. Mice were infected witÀ different doses of MoÈn,
and subjected to OVA immunization as described in Figure 4. Mucus production and total
IgE production were examined as described in Figure 2 and. Figurã 7 . Data from two
independent experiments were pooled and are presented as mean*sEM.
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Figure 12. The effect of infection dosage on allergen-driven cytokine production by
lymph node lymphocytes. Mice were treated as described in Figure 10. At day 7 poit
OVA challenge, lymph node cells were cultured in the presence of OVA. Cytokines in the
supernatants were measured by ELISA. Data from two independent experiments were
pooled and are presented as meantSEM.
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Figure 13. The effect of infection dwation on the (a) development of eosinophilia and
(b) total IgE production following OVA exposure. Mice were infected with 1x103 Mopn
or treated with phosphate-buffered saline (PBS) at 15 or 30 days before sensitization, two
weeks post-sensitization, mice were challenged with 50pg OVA. Seven days after
challenge, mice were sacrificed. a), the percentages of eosinophils in total BAL cells and
peripheral blood of the different groups of mice were examined. b), serum total IgE
production was examined as described in FigureT. Data from two independent
experiments were pooled and are presented as meanfSEM.
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Figure 14. The effect of infection duration on OVA-specific antibody production
following OVA exposure. Mice were treated as described in Figure 13. OVA-specific
antibody levels were examined as described in Figure 7. Data from two indepèndent
experiments were pooled and are presented as meantSEM.
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Figure 15. The effect of infection duration on allergen-driven cytokine production by
lymph node lymphocytes. Mice were treated as described in Figuie i3. Aì 7 days post
OVA challenge, lymph node cells were cultured in the presence oiOVR. Cytokines in the
supematants were measured by ELISA. Data from two independent experiments were
pooled and are presented as meanrSEM.
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Since IFN-y knockout mice have intrinsic deficiency in developing the same level

of allergic responses as observed in wild type mice, we used another approach to study

the role IFN-y played in infection-mediated inhibition of allergic responses. Prior infected

mice were subjected to OVA immunization protocol, but before sensitization and before

challenge, anti-IFN-y antibody was used to treat one group of infected mice to block IFN-

y function. As showed in Figure 17, anti-IFN-y antibody treatment partially abolished the

inhibitory ef[ect induced by prior MoPn infection. Blocking IFN-y in prior infected mice

resulted in more eosinophils infiltrating into the lung compared to those in only infected

mice, but still showed less eosinophil infiltration compared to mice without infection

(Figure 18). More importantly, Th2 cytokine production, namely IL-4,IL-5 and IL-13,

were partially restored in prior infected mice with anti-IFN-y treatment (Figure 18),

indicating the inhibitory effect of IFN-y on the development of allergen-driven Th2

responses.
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Figure 16. IFN-y knock out mice developed less airway eosinophilia than those in
wild type mice following same OVA immunization. Wild type (C57BL16) and IFN-y
knock out mice were subjected to same OVA immunization as described in Figure 1.

Eosinophilic inflammation in the lung was examined as described in Figure 1. Data from
two independent experiments were pooled and are presented as meantSEM.

Wild Type |FN-gamma knockoul

El Monocytes
@ Lymphocytes
I Eosinophils

91



gt

'9

CL
oq
a
o
u¡

s

P=0.01l5

'o.\F

""*

Figure 17. In vivo depletion of IFN-y partially abolished the inhibitory effect of
MoPn infection on systemic eosinophilic inflammation. Mice were infected with MoPn
or treated with PBS. Thirty to forty-five days later, mice were sensitized with OVA. Two
weeks post-sensitization, mice were challenged. Three days before and one day after the
sensitization and challenge, one group of infected mice were injected i.p. with anti-IFN-y
antibody. Mice were sacrificed at 7 days after challenge. The percentages of eosinophils
in total BAL cells of the different groups of mice were examined. Pooled data from two
independent experiments (4 mice in each group in each experiment) are shown as
meanlSEM.
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Figure 18. The effect of IFN-y that induced by MoPn infection on allergen-driven
cytokine production by lymph node lymphocytes. Mice were treated as described in
Figure 17. At the 7th day following challenge, mediastinum lymph node cells were
cultured in the presence of OVA. Cytokines in the supernatants were measured by
ELISA. Pooled data from two independent experiments are shown as meantSEM.
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DISCUSSIONS

L OVA-induced allergic osthmø ìn ø mouse model

Allergic asthma is a complex syndrome, characterized as a chronic inflammatory

disorder of the airways associated with airway obstruction and airway

hyperresponsiveness (AHR). Airway inflammation is thought to play centre role in

mediating other pathophysiological features. Murine asthma model is a useful tool to

properly reflect 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 asthmatic reactions can be induced in mice by using different

exposure protocols. In our model, allergic responses were achieved by systemic

sensitization of mice to OVAplus alum, then intranasal challenge of mice to soluble OVA

protein. Following this protocol, mice developed strong eosinophilic inflammation,

mucus overproduction, OVA-specific antibody production, and Th2-polarized T cell

respons9.

In contrast to our model, some studies used systemic sensitization followed by

several aerosolized allergen challenges to induce allergic responses, because one

challenge with brief exposure to nebulised allergen is not suffrcient to fully establish the

allergic responses in the lung (413). This might be due to the fact that the actual amount

of allergen delivered to the lung by nebulisation is very limited and hard to control. By

contrast, a single intranasal application of allergen in sensitized mice can induce

significant allergic airway disease in our model, indicating adequate amount of allergen

has been delivered to the lung. In some other studies, development of allergic asthma was
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induced by systemic administration of allergen alone without adjuvant followed by

airway challenge, or, in the absence of systemic sensitization, by repeated administration

of allergen directly into the lung either by inhalation, intranasal, or intratracheal

instillation (414-4T6). Compared with the model that we used, the other protocols, which

avoid sensitization or adjuvant, elicit less prominent airway inflammation, develop

weaker Th2 response, and take much longer time to establish the allergic responses.

In our model, we examined the time course of eosinophil infrltration, mucus

production, and antibody responses. Eosinophil infiltration was the first feature that

present in response to OVA airway challenge. As indicated by other studies, increased

eosinophil numbers can be detected in lung shortly after challenge (417,418). However,

it took longer time to clearly present goblet cell hyperplasia, and even longer to develop

antibody responses. Since 6-7 days after challenge is the time point that all allergic

reaction features are measurable, we chose 6-7 days post challenge as the time to collect

samples in further studies.

2. The effect of MoPn ínfection on the development of øllergic responses

The results presented in this part of study clearly demonstrate that prior C.

trachomatis (MoPn) infection inhibits OVA-induced allergic reactions, characterized by

significant reduction of systemic and local eosinophilic inflammation and mucus

production. The reduction of airway pathogeneses to allergen was associated with a

switch of allergen-driven cytokine-production pattems of local CD  T cells and

paralleled a dramatic decrease of VCAM-1 expression and eotaxin production in the lung,

suggesting intracellular bacterial infection, which induces Thl dominant immune

response, may modulate immune response in Th2 direction to allergens. Moreover, the
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shorter time of recovery from MoPn infection before OVA immunization, the greater the

degree of suppression of eosinophil accumulation can be observed in the airways.

However, the inhibitory effect of prior MoPn infection on the development of allergic

responses lasts well beyond the time frame of active infection. These results support the

hypothesis that a reduction of infectious diseases may contribute to the increase

prevalence of atopic disorders in humans.

The data suggest that alteration in cytokine pattems is crucial for bacterial

infection-mediated suppression of the allergic reaction. Immune responses to newly

encountered antigens may be generally divided into two classes: Thl, which are

chatacterized by the generation of IFN-y and IL-I2; andTh2, which are associated with a

release of IL-4 and IL-5(11). Bacterial infection is generally a strong trigger for Thl

responses. Asthma is thought to resultfrom the inappropriate generation of Th2 responses

to environmental antigens, resulting in acute pulmonary inflammation (15, 419). MoPn, a

Gram-negative, intracellular bacterium, elicits a strong cell-mediated, Thl dominant

immune response in mouse model (230). Our results showed that the previous MoPn

infection in mice induced a Thl rather than Th2 immune response to subsequent OVA

immunization, charactenzed by increased IFN-y and lL-12 production, as well as

decreased IL-4,IL-5 and IL-13 production. How can prior intracellular bacterial infection

modulate the host's cytokine-producing pattems and airway reactivity induced by

allergen? The commitment to Thl or Th2 cells is determined by a variety of factors,

including the cytokine milieu in which the antigen is initially presented to specific

lymphocytes (420, 42I), whose selective differentiation is affected by

microenvironmental factors that regulate transcriptional activation of cassettes of specific
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cytokine genes (422-424). The early presence of IFN-Y and IL-12 favours Thl

polarization whereas IL-4 is the potent stimulus for Th2 polarization. IL-12 is the most

important c¡okine, which has the ability to enhance the differentiation of Th-cell

precursors into Thl-like cells. IL-12 can activate transcription factors related to the Thl

phenotype, including Stat4, which is activated solely by lL-12@25-427). In addition,

mice with germline disruption of the IL-4 gene fail to generate Th2-like cells and fail to

produce IgE antibodies(428, 429). IL-4 induces the development of Th2-like cells, via

signaling, through the activation of Stat6, a transcriptional factor for the Th2

phenotype(430-432).Intracellular bacteria often induce Thl-like responses because they

can innately activate macrophages and dendritic cells, which produce IFN-y and IL-72,

and natural killer QrlK) cells, which produce IFN-y, thereby establishing a setting for

Thl-like T-cell priming. In contrast, allergens may fail to establish a setting for Thl

priming when being exposed in vivo, resulting in the development of Th2-like cells. It is

possible therefore that the Thl-like setting in the microenvironment of antigen-presenting

cell-allergen peptide-T-cell interaction, established by previous intracellular bacterial

infection, can direct the allergen-specif,rc T cells to Thl-like cells when allergen is

subsequently exposed (I25).

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

IL-5 production in the lung is one of the major factors responsible for the observed

inhibition of airway eosinophilia, since accumulation of eosinophils into the airway is

highly dependent upon IL-5 (433,434). Treatment with anti-Il-5 antibodies inhibited the

eosinophilic infiltration in allergen-sensitized and allergen-challenged mice(44, 435).
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Furthermore, in IL-5 deficient mice, airway eosinophilia could not be induced, and IL-5

transgenic mice displayed eosinophilic infiltration and increased AHR in the absence of

allergen challenges (42, 433). Erb et al. reported infection of mice with BCG suppressed

allergen-induced airway eosinophilia, and administration of IL-5 into the lung only partly

restored airway eosinophilia (20-25% of the levels observed in control mice)(124). Since

IL-5 administration into the lung did not totally restore eosinophil accumulation into the

airway, infection must induce some other factors thus contributing to the suppression of

airway eosinophilia. Our results indicated that beside suppressed IL-5 production,

decreased VCAM-I expression and eotaxin production in the lung both significantly

contributed to the reduction of eosinophilia. VCAM-1 has been shown to be critical in the

interaction between eosinophil and vascular endothelial cells during the migration of

eosinophils into airways (75). The mechanism by which MoPn infection inhibits VCAM-

I expression remains unclear. As IL-4 plays an important role in the expression of

VCAM-1(436), and because IL-4 production in MoPn-infected mice was significantly

lower than that in uninfected mice, the infection may inhibit OVA-induced VCAM-I

expression via inhibition of IL-4 production (128). Eotaxin, a CC chemokine, stimulates

the migration of eosinophils from the small blood vessels in the lungs by acting on the

CC chemokine receptor CCR3, which is located on the leukocyte cell surface(78).

Several animal models have demonstrated that the eotaxin levels correlated with the

number of eosinophils infiltrating into the lung tissue (437, 438). In multiple allergen

challenge experiments in mice, an antibody to eotaxin reduced eosinophil recruitment and

abolished hyperresponsiveness of the lung(439). Cytokines that are synthesized by Th2

lymphocytes, such as interleukin-4, interleukin-13 and interleukin-5, have been showed

98



as potential intermediaries in eotaxin production(77,79,80). Our results showed that

prior infected mice produced less Th2 cytokine upon OVA challenge, which provided a

possible mechanism that linked Th2 cells, eotaxin production and eosinophil recruitment

in infection-mediated inhibition of allergic responses.

An interesting finding in this study is that antibody responses in MoPn infected

mice are disassociated with altered eosinophilic inflammation and cytokine production.

Our results showed that, although MoPn infection in mice shifted the T-cell cytokine

pattern elicited by OVA challenge from Th2 predominant to Thl predominant, OVA-

specific antibody production, as well as production of total IgE, did not change in prior

infected mice. However, mice with higher infection dosage demonstrated a trend of

increase, rather than decreased, OVA-specif,rc IgE production compared to those in mice

with lower dose of infection or without infection. Actually, some studies have

demonstrated that the level of IgE is not always consistent with asthmatic symptoms and

eosinophil reaction(44},441). Our f,inding also was in agreement with a previous report

which showed that administration of certain levels of IL-IZ enhance, rather than

suppress, established IgE responses(442). So, the IL-12 induced by the infection, in

combination with other unknown factors, may enhance IgE responses in this model.

Another explanation is that some OVA-specific B cells, primed in the stage of

sensitization, survive as memory cells that may not need T-cell cytokines for reactivation

andlor expansion following challenge exposure to allergen. It has been documented for

decades that these long-term-survival allergy-specific memory B cells play an important

role in the maintenance and mediation of allergic responses(128, 443). Moreover, recent

studies showed NKT cell deficient mice produced significantly lower levels of IL-4 and
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IgE and activation of NKT cells significantly increased IL-4 and IgE response to allergen

in wild type mice(444, 445). Since NKT cells can be activated by MoPn infection(4 46), it

is likely that NKT cells may be the key cell mediating the enhancing effect of infecrion

on IgE responses. On the other hand, it was hard to explain that why the mice that had

shorter recovery time from MoPn infection showed reduced IgE production, even though

we speculated that NKT cells that produced both IFN-y and IL-4, may function as an

impartial amplifier of immune responses that have been determined by antigen

recognition.

3. The effect of IFN-y ìnduced by MoPn ínfection on the development of øllergíc

response

We used IFN-y knock out mice to investigate whether IFN-y was the Thl related

cytokine responsible for the observed inhibition of airway eosinophilia. Surprisingly,

IFN-y knock out mice either receiving OVA immunization protocol or infecting with

MoPn and then receiving OVA immunization developed less airway eosinophilia

compared to wild type counter-partners. IFN-y has been showed to suppress the

development of Th2 cells both in vitro and in vivo (113, 447,448). Previous studies have

also demonstrated the efficacy of IFN-y in diminishing or preventing eosinophilic

inflammation in murine models of asthma (449, 450).In contrast to the expectation of

massive eosniophilia2 we observed less eosinophils infiltrated into the lung of IFN-y

knock out mice than those in wild-type mice in response to OVA exposure. In fact, our

results are in agreement with other studies showing IFN-y knock out develop less

eosinophilic inflammation upon allergen challenge (451, 452).Interestingly, it has been
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described that IFN-y knock out mice have reduced MHC class II expression on

macrophages (453). Accordingly, it can be assumed that antigen presentation is less

efficient in these mice, resulting in a less efficient allergic response. Antigen challenge in

IFN-y knock out mice might, as a consequence, induce less pronounced allergic

symptoms such as antigen-specific IgE, eosinophilic infiltration, and airctay

hyperresponsiveness. It has been also shown that IFN-y is capable of upregulating the

expression of ICAM-1 on endothelial cells(454), which is important for the migration of

eosinophils into lung tissues (76). This offers an explanation for the reduced infiltration

of eosinophils in the airways of IFN-y knock out mice. Because IFN-y is capable of

inducing survival of eosinophils (455), the lack of IFN-y in IFN-y knock out mice might

decrease the survival of eosinophils, presumably leadingto fewer airway eosinophils.

Our initial hypothesis is that type 1 cytokines, IFN-y and IL-72 are important in

mediating the protective effects of prior MoPn infection against Th2-mediated airway

eosinophilia. Since the allergic responses induced in IFN-y knock out mice were not

comparable with allergic responses in wild type mice, we used anti-IFN-y antibody to

block IFN-y function during allergen immunization and study whether IFN-y was the

Thl-related cytokine responsible for the observed inhibition of airway eosinophilia. Our

results showed that prior infected and anti-IFN-y treated mice developed profound airway

eosinophilia, indicating that MoPn infection-induced inhibition was mediated by IFN-y.

Our observations are supported by previous reports showing that the inhibitory effect of

BCG infection or CpG treatment on the development of allergic responses are associated

with IFN-y production (124, 456). However, the blocking of IFN-y did not fully restore
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the airway eosinophilia and Th2 responses that were inhibited by prior infection,

suggesting other factors, other than IFN-y, may play a role in the inhibition of allergic

responses. In this context, it is important to note that although administration of allergen-

specific Thl cells inhibited Th2-cell-mediated asthma in some animal models(457, 458),

other studies reported cooperation between allergen-specific Thl and Th2 cells in the

pathogenesis of allergic disorders(459, 460).In addition, another studies showed that the

transfer of Thl cells did not attenuate Th2 cell-induced airway hyperreactivity and

inflammation, but rather caused severe airway inflammation (156, 461).

Actually, the commitment to Thl or Th2 cells is determined by a variety of

factors, and the established Thl or Th2 response is the downstream from the events that

initiate the primary immune responses to potential dangerous signals. An important

component of the upstream events that determine the polarization of T cell response is

innate immunity, which is strongly qualified to initiate and supervise the adoptive

immune responses. So, in the next two sections, we studied whether innate cells, such as

dendritic cells and natural killer cells were activated by MoPn infection and how they

affect T cell response and further influenced the development of allergic responses.
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RESULTS AND DISCUSSION

Part II The Effect of Dendritic Cells on Infection-mediate Inhibition of Allergic

Responses

RESULTS

1. Dendritíc cellsfrom ínfected mice are dffirentfrom those of nøive míce

1.1 DC isolatedfrom MoPn-ìnfected míce express hígher levels of CDSa

ønd ICOS-L and produce higher levels of IL-10 and IL-12

To determine the potential phenotypic changes in DC following chlamydial

infection, we isolated DC from the spleens of infected mice (iIDC) and naive mice

(iNDC) using a DC isolation system (CDllc column) from MACS. The isolated DCs

were double stained with anti-CDllc and mAbs specific for other surface markers related

to DC function and classification. As shown in Figure 19, iIDC expressed significantly

higher levels of CDSo than iNDC (41.9% vs.24.7%o). The expression of MHC class II (I-

A) (95.2% vs. 87.0%o) and co-stimulatory CD80 (61.6% vs. 47.3%o) molecules on iIDC

also appeared to be higher compared to iNDC. The mean channel fluorescence (X-mean)

of MHC class II molecule (I-A) in iIDC was significantly higher than that on iNDC (23.9

vs. 13.6). Interestingly, iIDC expressed significantly higher levels ICOS-L than iNDC, as

determined by flow cytometry and RT-PCR (Figure 20). The data demonstrate that DC

isolated from MoPn-infected and naiVe mice are different in the expression of cell surface

markers which are considered to be related to DC function.

To study the cytokine profiles of the iIDC and iNDC, the expression of mRNA

for cytokines by these freshly isolated cells and the cytokine protein levels in the ex vivo

DC cultures were determined by real-time RT-PCR and ELISA, respectively. Real{ime
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RT-PCR analysis showed that freshly isolated iIDC expressed signif,rcantly higher levels

of mRNA for IL-10 as well asIL-l2 compared to iNDC (Figure 21a). Similar differences

were observed when the cytokine proteins in the supernatants of ex vivo iIDC and iNDC

cultures were measured (Figure 21b). For the other tested cytokine messages (IFN-q,,

IFN-P and TGF-B), no significant difference between iIDC and iNDC was found by RT-

PCR analysis (Figure 21c). The results indicate that iIDC and iNDC are different in

cytokine profiles, especially in IL-10 andIL-I2 production.

1.2 DCs ísoløtedfrom Chlamydia-ínfected míce express high tevels of TLR

mRNA and response to CpG stìmulatíon

To examine the Toll like receptor expression pattern on isolated DCs, TLR

message expression by isolated DCs were analyzed, and results showed that iIDCs

expressed significantly higher TLR-9 messages compared to iNDCs (Figure 22). The

expression of other pattem recognition receptors, TLR-2, TLR-4 and CD14, also showed

a trend of higher expression in iIDCs, although the differences were not statistically

signiflrcant' The data suggest that DCs from chlamydia-infected mice have altered

patterns of TLR expression.

To test whether the iIDCs are directly infected with chlamydia, we used pCR to

detect the existence of MoPn major outer membrane protein gene in the iIDC preparation.

The results showed that there is no measurable chlamydial DNA in the iIDC, suggesting

that the DCs isolated from the spleen of lung-infected mice are not directly infected by

chlamydia.

1.3 DCs isolated from Chlamydía-infected míce present dístinct DC subsets

producing dffirent levels of IL-12 and IL-10
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Figure 19. Surface marker expression on dendritic cells (DC) from Chtamydia-
infected (iIDC) and naiVe (iNDC) mice. Female BALB/c mice (7-10 weeks old) were
infected intranasally with Chlamydia trachomatis mouse pneumonitis (Mopn, I x 103
IFUs) and their splenic DC (ilDC) were isolated at d,ay 14 post-infection using a MACS
CD11c column. Splenic DC from naiVe mice (iNDC) were tested as confiõI. Freshly
isolated DC cells were double-stained by FlTC-conjugated anti-CDllc and pE-
conjugated other marker specific antibodies. The particular marker expression (solid
lines) or matched antibody isotype control (dotted line) were analyzed, ãn a Beckman
Coulter EPICS Altra fluorescence-activated cell sorter. All histograms were based on
10,000 cells satis$'ing a gate set on a forward vs. side light scatter histogram, as well as a
gate defining CDllc+ cells. The percentage of positive cells anã mean channel
fluorescence intensity (X-mean) were indicated. The flow cytometric data are
representative of five independent experiments with similar results.
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Figure 20. The expression of ICOS-L on isolated DCs. Panel A, DCs were isolated
and double stained with anti-CD11c and anti-ICOS-L, the surface expression of ICOS-L
on iNDC (thin line), iIDC (thick line) and isotype control (dotted úne) were analyzed
after gated on CDllc positive cells. The flow cytometric data are representative of five
independent experiments with similar results. Panels C & D, the expression of ICOS-L
mRNA in iIDC were measured by RT-PCR as described in Materials and Methods. C,
representative image of four independent experiments with similar results; D, the ratio of
ICOS-L : B-actin band density is shown as mean + SEM for the pooled data from the
four independent experiments.
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Figure 21. DCs from Chlamydia-infected mice (iIDC) produce higher IL-l0 and IL-
12 than those from naiVe mice (iNDC). (A) Freshly isolated DCs from mice described in
Figure 19 were analyzed for IL-10 and IL-12 mRNA by real time PCR using a Light
Cycler as described in Materials and Methods. (B) Freshly isolated DCs were cultured
using complete culture medium for 48 hrs and cytokine (IL-10 and IL-12) levels in the
culture supernatants \ilere determined by ELISA. (C) Freshly isolated DCs were analyzed
for cytokine mRNA by KI-PCR as described in Materials and Methodes. Data are shown
as mean + SD. One representative experiment of four independent experiments with
similar results is shown.
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Figure22. DCs isolated from MoPn-infected mice (iIDCs) express higher levels of
TLR-9 mRNA than iNDCs. DCs were isolated using CDllc column UAtS) from the
spleen of naive (iNDCs) or MoPn-infected mice. Total cellular RNA was extiacted and
RIPCR for measuring mRNAs of TLR2, TLR4, TLR9 and CD14 were performed as
described in the Material and Methods. Panel A shows electrophoretic visualìzationof the
amplicons in one representative experiment of three independent experiments with
similar results. Panel B shows B-actin normalized quantification of the pCR products
from iNDCs (!) and iIDCs (!). Pooled data from the three independent experiments are
shown. Dataare presented as mean + SE.
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DCs in mouse spleen can be divided into three sub-populations:

CDllc*CD8o*CD4-, CDllc+CD8a-CD4* and CD11c*CD8c¿-CD4-. To investigate the

influence of MoPn infection on the change of DC subsets, the isolated DCs were triple-

stained with anti-CDllc, anti-CD8c¿ and anti-CD4 mAbs to distinguish three sub-

populations. As shown in Figure 23a, the percentage of CDScr*CD4- DCs significant

increased upon MoPn infection (from 21.83+3.057 to 36.30+3.469), in paralleled with the

decreased CDSc¿-CD4* DC proportion (from 48.60+3.745 to 24.53+1.734). CDSc¿-CD4-

DC number didn't change after MoPn infection.

To further examine whether the different DC subsets had different ability to

produce cytokines, iIDCs were sorted into three sub-populations according to surface

marker expression, andIL-IZ and IL-10 cytokine proteins in the supematants of ex vivo

subset cultures were measured. Among three DC subsets, CDSo*CD4- DCs produced the

highest level of lL-72, and CD8cr-CD4* DCs produced less level of lL-12 (Figure 23b).

[-10 production was quite low in three subsets from sorting procedure. The increased

proportion of CD8o*CD4- DCs with the ability to produce more cytokines may account

for the observation of higher production of IL-IZ in DCs that isolated from infected mice.

2.0 Dendritíc cells ínfluence CD4 T cell development in in vítro co-culture system

2.1 DCs isoløted from Chlamydia-infected mice substøntiølly reduce Th2-

like OVA-specffic CD4 T cells dffirentìøtion

To determine whether DCs isolated from chlamydia-infected mice (iIDCs) and

DCs isolated from naiVe mice (iNDCs) are functionally different in directing naiïe T cell

difflerentiation, we co-cultured these different types of DCs from Balb/c mice respectively

with naiVe CD4 T cells from syngeneic OVA peptide-specific TCR transgenic mice
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(Balb/c Do11.10) with the stimulation of specific oVA:z¡-g:q peptide or whole oVA

protein. The results showed that, followingT2 h co-culture with iIDCs, the CD4* T cells

produced significantly higher levels of IFN-y, but lower levels of IL-4, in comparison

with those co-cultured with iNDCs (Figures 24a, b). The difference appears to be more

dramatic in IL-4 (4-5 folds) than in IFN-y (1.2-2.2 folds) production. Similarly,

stimulation with OVA peptide34-33e also showed higher IFN-y and lower IL-4 production

in iIDC-CD4 T co-cultures compared to iNDC-CD4 T co-cultures (Figure 24c, d). The

results suggest that chlamydial infection can modulate the function of DCs, which then

inhibit the development of Th2-like allergen-specific CD4 T cells.

2.2 IL-10 ønd IL-12 production snd ICOS-L expression contríbute to the

ínhíbitory effect of íIDC on Th2-like OVA-specific CD4+ cell development

To examine whether the cytokine (IL-10 and IL-12) production and ICOS-L

expression by iIDC play a role in modulating CD4+ T cell responses, we tested the effect

of the neutralizing anti-II--IO/anti-Il-l2 mAbs and anti-ICOS-L antibody on allergen-

specific CD4* T cell differentiation in the DC:CD4* T cell co-culture system (Figure 25).

The CD4* T cells were isolated from naiVe transgenic DO11.10 mice which express TCR

specific for OVA peptide. As shown in Figure 25a, LIDC significantly reduced OVA-

specific Thz CD4 T cell differentiation, demonstrated by significantly reduced IL-4 and

IL-5 production and increased IFN-y production in the co-culture. However, when anti-

L-10 mAb were added to block endogenous IL-l0 in the co-cultures of iIDC and naiïe

CD4* T cells, the production of both Th2 (IL-4 and IL-5) and Thl (IFN-1) cytokines by

the allergen-specific CD4T cells were dramatically increased (Figure 25a).In contrast,

the blockade of endogenous lL-12 only increased Th2 cytokine, but not IFN-y production
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(Figure 25a). Moreover, the addition of exogenous rIL-10 to iNDC:CD + T cells co-

culture reduced both IL-4 and IFN-1 production in a concentration dependent matter

(Figure 25b). Not surprisingly, the addition of rIL-12 inhibited IL-4 production but

increased IFN-y production (Figure 25b). More interestingly, although the blockade of

ICOS-L alone failed to alter cytokine production by OVA specific CD4* T cells, a

synergistic effect in increasing both Th2 and Thl cytokine production was found when

both IL-10 and ICOS-L were blockaded in the iIDC:CD4* T cell co-culture (Figure 25c).

These results suggest that IL-10 production and ICOS-L expression by iIDC play an

important role in the inhibition of allergen-specific Th2 cell differentiation.

3. Adoptive trønsfer of dendritíc cells affects the development of allergíc responses

índuced by OVA sensitizøtíon

3.1 Adoptíve trønsfer of DCs isoløted from ínfected mice inhibits systemíc

and locøl eosínophiliø índuced by OVA exposure.

Having demonstrated the ability of DCs isolated from Chlamydia-infected mice in

preferentially promoting Thl-like allergen-specific CD4 T cell response in vitro, we

further analyzed the role of these DCs in the allergic response induced by OVA exposure

in vivo. Freshly isolated iIDCs and iNDCs were adoptively transferred respectively to

syngeneic naiVe mice (5x106 cells/mouse) by intravenous injection. Two hours afterthe

adoptive transfer, the groups of DC recipient mice and the group of naive mice without

cell transfer were all sensitized intraperitoneally with OVA in alum. Seven days post-

sensitization, peripheral blood leukocyte differentials \ilere counted and the effect of DC

transfer on systemic eosinophilia induced by allergen exposure was examined. It was

found that OVA exposure induced significant increase in peripheral blood eosinophils
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Figure 24. Co-culture of iIDCs with OVA peptide-specific CD4 T cells reduces
allergen-driven Th2 cytokine production. NaiVe CD4+ T cells (5xl0s cells/well) from
OVA peptide-specific TCR transgenic mice (DO1i.10, I-Ad) *"i" .o-rultured for 72 h
with DCs isolated from the spleen of naive Balblc (H-25 mice (iNDC) (!) or Chlamydia-
infected Balb/c mice (iIDC) (!). Culture supematants were analyzed.for IL-4 and IFN-y
concentrations by ELISA. Panel A&B: DCs and naiVe CD4 T cells at various DC: T
ratios were co-cultured inthe presence of intact OVAprotein (0.1 mg/ml); Panel C&D:
DCs and CD4 T cells (DC: T : 1:5) were co-cultured in the presence of various
concentrations of the specific OVA323-33e peptide. Four replicate wells were set up for
each culture condition. Data are presented as mean t SD. The experiments were repeated
three times and one representative experiment of these three independent experiments
with similar results is shown. * means p<0.05; ** means p<0.01; and x** means
p<0.001, comparison between iNDC:CD4 T cell and iIDC:CD4 T cell co-cultures.
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Figure 25. The modulating effect of DC from Chlamydia-infected mice (iIDC) on
allergen-specific CD4 cell cytokine production and the contribution of IL-10 ,IL-72 and
ICOS-L in this process. Panel A, OVA peptide-specific CD4* T cells from DOl1.10 mice
were co-cultured with freshly isolated iNDC or iIDC (1 :10, DC:T) with OVA stimulation
( 1 00 ¡rglml) in the absence or presence of anti-Il- 1 0, anti-Il- 1 2 or both. Th 1 (IFN-y) and
Th2 cytokine (IL-4 and IL-5) production in the 48 hour culture supematants were
determined by ELISA. Pooled data from 6 independent experiments are presented as

meantSEM. Panel B, freshly isolated iNDC were co-cultured with OVA peptide-specific
CD4* T cells from DO11.10 mice in presence of OVA (100¡rg/ml) plus various
concentrations of recombinant mouse IL-10 or IL-l2.IFN-1 and IL-4 production in the
culture supernatants (48 hrs) were measured by ELISA. Data are shown as mean + SEM
Panel C, OVA-peptide speciftc CD4 T cells were co-cultured with freshly isolated iIDC
with OVA stimulation in the absence or presence of anti-Il.-l0 or anti-ICOS-L mAbs or
both. C¡okine levels in culture supernatants were measured by ELISA. Pooled data from
three independent experiments are shown as mean + SEM.
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(from 13.5 + 5.2lmm3 in naiVe mice to 84.6+8.21mm3 in sensitized mice without DC

transfer). However, the same OVA sensitization induced a much lower degree of

eosinophil increase in mice received iIDCs (33.0+5.9/mm3 eosinophils in peripheral

blood). This difference between recipients of iIDC and the mice without DC transfer was

statistically significant (p<0.01). As a control, transfer of iNDC had no significant effect

on the allergen-induced eosinophil increase (69.8+6.91mm3 eosinophil in peripheral

blood). The difference between the levels of eosinophil in iNDC recipients and mice

without DC transfer was not statistically significant (p>0.05). The data suggest that

adoptive transfer of iIDCs can significantly inhibit systemic eosinophilia caused by

allergen exposure.

In order to test the basis for the reduced increase in circulating eosinophils in the

recipients of iIDCs following OVA exposure, BM cells from the different groups of mice

were stained for IL-5Ro expression post OVA sensitization. As shown in Figure 26

þanels A,B,C&D), following OVA sensitization,20-25% BM cells from mice without

cell transfer or from recipients of iNDCs expressed IL-5Ro, the level being 6-10 times

higher than those from naiVe mice (2-4Yo) without OVA sensitization. In contrast, the

recipients of iIDCs showed significantly less IL-5Rcr+ cells (5-8%) in their BM

following the same OVA treatment (Figure 26C). Since the IL-5Rc¿+ cells are largely

eosinophil precursors in the BM, the results suggest that adoptive transfer of iIDCs can

significantly inhibit the production of eosinophils in the BM.

To further examine the role of DCs in modulating allergic reaction in vivo, we

tested local eosinophilic inflammation to allergen challenge in OVA sensitized mice. As

shown in Figure 268, the cutaneous allergen challenge of the sensitized mice without DC
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transfer showed heavy intradermal edema and eosinophilic inflammatory cell infiltration.

In contrast, the intensity of local inflammation, especially eosinophil infiltration, was

very mild in the recipients of iIDCs (Figure 26G). The eosinophil infiltration in the skin

of iNDC recipients was comparable to that in the control mice without DC transfer

(Figure 26F). Figure 26H which displays the quantitation of the percentage of eosinophils

in infiltrating inflammatory cells of different groups of mice shows that the recipients of

iIDCs exhibited statistically lower percentage of local eosinophil infiltration compared to

the mice without DC transfer or those receiving iNDCs (p<0.01). The results demonstrate

that transfer of iIDCs, but not iNDCs, has a significant inhibitory effect on local

eosinophilic inflammation. Tâken together, the data suggest that DCs in Chlamydia-

infected mice play a critical role in the inhibition of systemic and local eosinophilia

induced by allergen exposure.

3.2 The ínhibítíon of øllergic response medíated by \IDC transfer ís

associated wìth decreøsed øllergen-driven Th2 cytokine protluction

To test the effect of transferred DCs on cytokine responses in vivo, we examined

the allergen-driven cytokine profîles of spleen cells from mice with or without iIDC

transfer. The results showed that spleen cells from iIDC recipients produced higher levels

of IL-72, and significantly lower levels of Th2-related cytokines, IL-5 and IL-13, in

comparison with those from iNDC recipients or the mice without DC transfer (Figure

27). The levels of IL-4 and IL-10 also showed a decreased trend in iIDC recipients,

although the differences were not statistically significant. The data demonstrate that

adoptive transfer of DCs from Chlamydia-infected mice to recipients, similar to naturally

infecting mice with the micro-organism, can modulate the cytokine profile, especially

ThZ related cytokine production by T cells in response to allergen, indicating a key role

played by DCs in infection-mediated modulation of allergic responses.
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Figure 26. Adoptive transfer of iIDCs inhibits IL-SRcr expression on BM cells and
local eosinophilic inflammation induced by OVA exposure. Panels A,B,C&D: C57BL\6
mice (4 mice/group) receiving adoptively transferred iNDCs or iIDCs from syngeneic
mice and control mice (C57BL/6) without cell transfer were sensitized with OVA (4 :g in
alum) by intraperitoneal injection. Seven days following sensitization, BM cells were
stained for IL-SRa positive cells using an immunohistochemical technique described in
the Materials and Methods. Magnification: 200x; Panel A: control mouse without cell
transfer; Panel B: recipient of iNDCs; and Panel C: recipient of iIDCs. panel D,
percentage of IL-5R positive cells (mean t SD) in total BM cells of the different groups
of mice (iNDC recipients, iIDC recipients and control mice without cell transfer). The
experiment was repeated for four times and one representative experiment of these four
independent experiments with similar results is shown. Panels E,F,G&H: C57BL/6 mice
(4 micelgroup) receiving adoptively transferred iIDCs or iNDCs isolated from syngeneic
mice and the C57BL/6 control mice without cell transfer were sensitized intraperitonealy
with OVA (a pg) in alum. Fourteen days following sensitization, mice were challenged
with 20 prl OVA (0.5 mg/ml in PBS) into the ventral surface of mice. Local skin tissues
were isolated at 72 h following challenge injection and the sections were stained by
H&8. Ten continuous tissue sections were analyzed in each mouse. Magnif,rcation:
A,B&C, 200x; e,f&,g,400x. The arrows indicate eosinophils infiltrating the skin. Panel E:
control mice without cell transfer; Panel F: recipients of iNDC; and Panel G: recipient of
iIDC. Panel H, percentage of eosinophils of local inflammatory cells (mean t SD) in the
recipients of various DCs and control mice. The experiment was repeated twice and one
representative experiment of these two independent experiments with similar results is
shown.
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Figare27. Effect of DC transfer on allergen-driven cytokine production by splenic
lymphocytes. Recipient mice (C578L16,4 mice/group) of adoptively transferred iNDCs
or iIDCs from syngeneic mice and control C57BL|6 mice without cell transfer were
sensitized with OVA (4 þg in alum) by intraperitoneal injection. Seven days following
sensitization, spleen cells from different groups of mice were cultured in the presence of
OVA (1 mg/ml) for 120 h (for IL-10) or 72 h (for other cytokines). Cytokines in the
supernatants were analyzed by ELISA. Data are presented as mean + SD. * means
p<0.05, comparison between iIDC recipient and control mice without cell transfer. The
experiment was repeated four times and one representative experiment of these four
independent experiments with similar results is shown.
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4. Adoptíve transfer of dendrític cells affects the development of øllergíc responses

índuced by OVA challenge

4.1 Adoptíve trønsfer of LIDC inhibits systemíc ønd øírwøy eosínophiliø

induced by øllergen exposure

Having observed that adoptive transfer of iIDC could inhibit the allergic reaction

induced by allergen sensitization and cutaneous challenge, we further tested the effect of

iIDC adoptive transfer on airway allergic reaction. As shown in Figure 28 and Table 2,

the adoptive transfer of iIDC had significantly inhibitory effect on the allergic responses

in OVA sensitized/challenged BALB/o mice. The iIDC recipient mice showed

significantly reduced eosinophilia in circulating peripheral blood (Table 2) and expressed

much less IL-5 receptors o chain expression on bone maffow cells, suggesting the

decrease of eosinophil precursor cells (Figure 28a). The adoptive transfer of iIDC also

dramatically inhibited local eosinophil infiltration in the lung. The control mice without

iIDC adoptive transfer showed large amount of eosinophils in BAL (Figure 28b) and

severe eosinophil infiltration in the bronchial submucosa, alveolar, and perivascular

sheaths following OVA challenge (Figure 29A, B). In mice that received iIDC, the

proportions of eosinophils in BAL (Figure 28b) and pulmonary tissues (Figure 29A, B)

\ilere remarkably reduced. Since airway mucus overproduction is another hallmark of

asthmatic reaction, we also tested the effect of iIDC adoptive transfer on allergen induced

mucus production. The results showed that the mucus-containing goblet cells, mucus

secretion and bronchial epithelial hyperplasia induced by OVA sensitizatior/challenge

were markedly decreased in iIDC transferred mice (Figure 29C). The histological mucus

index (HMI), a quantitative way to measure airway mucus production, was decreased
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from26.57x1.32% in control mice to 13.18+3.74% inLIDC transferred mice (p<0.05). In

contrast, the adoptive transfer of iNDC showed much less effect on airway inflammation

and mucus production (Figure 28b, Figure 29C). The results clearly indicate that iIDC

transfer is able to inhibit allergic airway eosinophilia and mucus overproduction.

4.2 Adoptive transfer of íIDC inhibits VCAM-I and eotøxin expressíon in

the lung following allergen chøllenge

VCAM-I expression and eotaxin production in the airways play an important role

in eosinophil infiltration to the lung in asthmatic reactions. To elucidate the mechanism

by which iIDC reduced airway allergic inflammation, we examined the effect of iIDC

transfer on eotaxin and VCAM-I expression in the lung by immunohistochemical

staining. High density VCAM-I and eotaxin expression was observed in mice without

DC transfer (Figure 29D and E). In sharp contrast, undetectable VCAM-I (Figure 29D)

and eotaxin expression (Figure 298) were observed in mice with iIDC transfer. However,

mice received iNDC, unlike iIDC, showed similar levels of VCAM-I and eotaxin

expression to those without DC transfer (Figure 29D and E). These results suggest that

the inhibitory effect of iIDC transfer on airway eosinophilia may be mediated by

inhibition of VCAM-1 and eotaxin expression.

4.3 Adoptive transfer of íIDC ínhibits Th2 cytokine productíon ín the lung

fo llowíng allergen øírway c høllenge

Mounting local Th2 cytokine responses is one of the major mechanisms by which

allergens induce allergic reactions. In order to elucidate the effect of iIDC on airway

cytokine patterns, we examined the cytokine profiles in the BAL fluids of the mice

received iIDC following local OVA challenge. The results showed that Th2 cytokines,
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Figure 28. Adoptive transfer of iIDC to OVA sensitized mice inhibits airway
eosinophilic inflammation and IL-5Rc¿ expression on bone marrow cells induced by
intranasal OVAchallenge. BALBlcmice were first sensitized intraperitoneally with OVA
(2 pginalum) and 74 days later, they received iIDC (5x106 celVmõuse) or the same dose
of iNDC intravenously. The mice were then challenged intranasally with OVA (50

¡rglmouse) 2 hours post DC transfer. The control mice received the same sensitization and
challenge without DC transfer. Mice were sacrificed at day 7 post OVA challenge. Panel
A, bone marrow cells were stained for IL-5Rcr* cells and the percentage of IL-SRa+ cells
in total bone marrow cells of the different groups of mice were shown; Panel B, airway
cellular infiltration was examined by differential cell counts of the bronchoalveolar
lavage (BAL) cells. Pooled data from 3 independent experiments (4 mice in each group
in each experiment) are shown as meantSEM.
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Table2

Peripheral blood leukocvte differential (%)

Monocytes

Lymphocytes

Neutrophíls

Eosinophils

None/OVA iNDCtransfer/OVA

10.610.67

56jtz.76

32.6x2.36

0.60r0.08

14.6+2.22

63.6x2.11

21.3!4.14

0.55t0.11

Table 2. Adoptive transfer of iIDC to OVA sensitized mice inhibits systemic

eosinophilia induced by intranasal. OVA challenge Mice were treated as described in

Figure 28. Cell differentials in peripheral blood were analyzed by a Fisher Scientific

leukocyte differential kit. * , P: 0.0085, comparison of eosinophils between control mice

(None/OVA) and iIDC recipients.

ilDC transfer/OVA

8.82t3.03

59.615.08

31.3t2.19

0.32+0.06*

*, 
P=0.0085
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Figure 29. The efflect of adoptive transfer of iIDC on airway inflammation, bronchial
mucus production, vascular cell adhesion molecule-l (VCAM-I) expression and Eotaxin
expression in the lung. Lung tissues from mice described in Figure 28 were analyzed.
Pane, A, the lung tissues were fixed with formalin and the sections (5 pM) were stained
with haematoxylin and eosin (H&E) and examined under microscopy (magnification
200x). Panel B, higher power (1000X) of Panel A. Panel C, the lung sections were
stained with a periodic acide-schiff (PAS) staining kit for mucus-producing goblet cells in
the airway. Panel D, frozen sections of the lung were stained with anti-VCAM-l antibody
followed by biotin-conjugated secondary antibody and developed with Texas Red. The
red color indicates VCAM-I expression. Panel E, the sections were stained with anti-
eotaxin and anti-epithelial antibody (831i.1) followed PE-conjugated and FITC-
conjugated secondary antibody as described in Materials and Methods. The orange color
respresents eotaxin on bronchial epithelial cells.
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Figure 30. The effect of adoptive transfer of iIDC on airway Th2 cytokine production
induced by OVA sensitization/challenge. Mice were treated as described in Figure 28 and
the cytokines in broncheoalveolar lavage (BAL) fluids were measured using ELISA.
Pooled data from 3 independent experiments (4 mice/group in each experiment) are
presented as meantSEM.
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including IL-4,IL-5 and IL-13, produced in the lung of the mice received iIDC were

significantly lower than the mice without iIDC transfer (Figure 30). The level of IFN-1,

the Thl cytokine, in the BAL fluids was undetectable in all of these groups. The results

demonstrate that iIDC transfer can modulate the cytokine pattern in airways following

allergen exposure.

5. The role of IL-10 in LIDC medíated inhibítion of øllergíc responses

5.1 Blockade of IL-I0 øbolished the inhibitory effect of adoptive transfer of

íIDC on systemic and local eosìnophilia índuced by allergen exposure

A distinguished feature of iIDC is the high production of IL-10. So, we examined

the potential role of IL-l0 produced by iIDC in this inhibitory effect. Systemic and local

eosinophilia induced by OVA sensitization and challenge \¡/ere examined and compared

among three groups: iIDC transfer group, iIDC transfer with anti-Il-l0 mAb treatment

group, and the control group without DC adoptive transfer. Interestingly, the treatment

with anti-Il-l0 mAb in iIDC recipients virtually abolished the inhibitory effect of iIDC

adoptive transfer on allergic reaction. The eosinophil levels in the peripheral blood were

significantly increased in the group with anti-Il-lO mAb treatment (Table 3). The IL-5R

expression on bone maffow cells were also significantly increased in iIDC transferred

group with anti-Il-10 mAb treatment compared to the iIDC recipients without anti-Il-10

treatment. Moteover, the treatment of anti-Il-l0 mAb in iIDC recipients induced a

significant increase of eosinophil infiltration in the lung shown by BAL differential and

lung tissue histology (Figure 31 and 32A). Since airway mucus overproduction is another

hallmark of asthmatic reactions, we also tested the involvement of IL-10 on allergen

induced mucus production. The results showed that the mucus-containing goblet cells,
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mucus secretion and bronchial epithelial hyperplasia induced by OVA

sensitiz¿tion/challenge were markedly decreased in iIDC transferred mice, and anti-Il-10

treatment brought mucus production back to the control level, completely abolishing the

inhibitory effect of iIDC transfer (Figure 328). The results clearly indicate that iIDC

transfer is able to inhibit allergic airway eosinophilia and mucus overproduction and that

IL-10 produced by iIDC is an important factor in mediating the inhibitory effect.

5.2 IL-10 contributes to the inhibitory effect of ìIDC on VCAM-I ønd

eotøxin expression in the lungfollowing øllergen challenge

To test the effect of IL-10 produced by iIDC on eotaxin and VCAM-1 expression,

we analyzed by immunohistochemical staining of the lung tissues from the three groups

of mice, i.e., mice with iIDC transfer, iIDC transfer with anti-L-l0 treatment and mice

without iIDC transfer. As showed previously, high density of VCAM-I and eotaxin

expression in the lung was observed in mice without DC transfer, and very faint or

undetectable VCAM-I and eotaxin expression were observed in mice with iIDC transfer.

However, VCAM-I and eotaxin expression were significantly increased in the mice with

iIDC transfer plus anti-Il-10 antibody treatment compared to the mice with iIDC transfer

only (Figure 32C and D). These results suggest that IL-10 is actively involved in this

inhibitory process.

5.3 IL-10 produced by LIDC is ctssocisted with decreased Th2 cytokine

production in the lung

V/e also examined the effect of IL-10 produced by iIDC on cytokine profiles in

the BAL fluids following local OVA challenge. When the ilDC-transferred mice were

treated with anti-Il.-l0 antibody, the Th2 cytokines, IL-4, IL-5 and IL-l3 increased in the
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lung, especially for IL-5 production. As shown in Figure 33, anti-IL-lO antibody

treatment almost totally restored the IL-5 production in iIDC recipients to the level in the

group without cell transfer. The results suggest that the inhibitory effect of iIDC on Th2

cytokine production in the lung may be at least partially attributed to their IL-10

production.
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Figure 31. Adoptive transfer of iIDC inhibits airway eosinophilic inflammation and
IL-SRcr expression on bone marrow cells induced by OVA sensitization and challenge,
which is largely abolished by neutralizing anti-Il-lO mAb treatment. OVA sensitized
Balb/c mice receiving iIDC with or without co-administration of anti-Il-lO mAb were
challenged with OVA (50pg) at 14 days post sensitization. At7 day post challenge, mice
were killed. (A), bone maffow cells from these mice were stained for IL-SRcx,* cells and
the percentage of IL-5Ra* cells in total bone marrow cells of the different groups of mice
were shown; (B), airway cellular infiltration was examined by differential cell counts of
the bronchoalveolar lavage (BAL) cells. Pooled data from 3 independent experiments (4

mice in each group in each experiment) are shown as meantSEM.
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Table 3

Peripheral blood leukocvte differential (%)

Monocytes 10.610.67 8.8213.03 9.20t2.12

Lymphocytes 56j12.76 59.615.08 55.3t3.91

Neutrophils 32.612.36 31.3!2.19 35.5!4.52

Eosinophils 0.6010.08 0.32t0.06* 0.45t0.08**

No transfer ilDC ilDC+anti-ll-10

* P:0.0085; *r< P:0.0759

Table 3. Treatment with anti-Il-l0 mAb abolishes the inhibitory effect of adoptive
transfer of iIDC on eosinophilic inflammation in blood. Mice were treated as described in
Figure 31. Cell differentials in peripheral blood were analyzedby a Fisher Scientific
leukocyte diflerential kit. * , P:0.0085, comparison of eosinophils between control mice

Q.üone/OVA) and iIDC recipients. **, P: 0.0759, comparison of eosinophils between
control mice Q.üone/OVA) and iIDC recipients received anti-[-10 treatment.
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Figure 33. Anti-IL-10 mAb treatment abolishes the inhibitory effect of adoptive
transfer of iIDC on Th2 cytokine production in the BAL following OVA
sensitization/challenge. Mice were treated as described in the legend to Figure 31, and the
cytokines in BAL fluids were measured using ELISA. Pooled data from 3 independent
experiments (4 mice/group in each experiment) are presented as meantsEM.
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DISCUSSION

In 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-specific

CD4+ T cell responses and allergic inflammation. 'We found that iIDC expressed

significantly higher levels of CD8o, ICOS-L and TLRs, and produced higher levels of IL-

10 and IL-12 than iNDC. The blockade of IL-l0,1L-12 and ICOS-L (with co-blockade of

IL-10) abolished the inhibitory effect of iIDC on Th2 cytokine production by allergen-

specific CD4 T cells. Furthermore, we showed that adoptive transfer of DCs isolated

from infected mice is 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 infections inhibit allergy, especially the role of

DCs in this process.

We have shown that, similar to that observed in natural infection, the adoptive

transfer of iIDC is capable of suppressing allergic airway inflammation following OVA

exposure. The data provide clear evidence that DCs educated by chlamydial infection in

vivo can efficiently modulate T cell responses to allergen. This finding is novel because,

although previous studies have shown the modulating effect of microbial infection and

microbial products on DC function, direct evidence is lacking for the modulating effect of

DCs educated by microbial infection on naiVe 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 from Th2 profile through the

modulation of DC function. There are at least two mechanisms, which may account for

the modulating effect of transferred iIDC on CD4 T cell response to allergen in vivo. One
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is that the iIDCs 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 transfened iIDCs can further infiuence the function of DCs in the recipient

mice, leading to decreased Th2-like cell development.

A novel finding in the present study is the high TLR message expression on DCs

isolated from Chlamydia-infected mice. TLRs have been shown to be important in

linking innate and adaptive immune responses (265, 462). 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(463,464). A recent study showed

that the expression of TLRs on peripheral blood cells of farmer's and non-farmer's

children are different, suggesting the contribution of the alteration in innate immunity

caused by microbial exposure in the modulation of allergic reaction (465). The finding

for high TLR-9 message 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 (I40,466-468). Therefore, it is logical to speculate that chlamydial infection, via

modulation of TLR expression, can change the function of DCs, leading to decreased

allergen-specific Th2 cell and, to a lesser degree, enhanced Thl 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.

Another interesting finding in the present study is the reduced IL-SRa expression
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on BM cells in recipients of iIDCs following allergen exposure. Previous studies in

human and mouse systems have shown that local allergen exposure results in enhanced

eosinophilopoiesis in BM that prominently contributes to local eosinophilia, possibly via

a feedback mechanism existing between the local tissue and BM that triggers allergic

inflammatory reaction (71-73). Recent studies have shown that eosinophil precursors in

BM are identifiable as CD34*lIL-5Rcr* cells (469). CD34 is an O-sialyated glycoprotein,

whose expression within the hemopoietic system is restricted to primitive progenitor cells

of all lineages (470), while IL-5R expression is essentially limited to the eosinophil and

basophil lineages (471, 472). We have performed experiments to examine the co-

expression of CD34 and IL-SRcr on BM cells in our model. It was found that the most of

the IL-5Rcr* cells in BM were CD34* cells. The small percentage of (10-15%) L-5Rcr+

cells, which are CD34 negative, may be mature eosinophils and late lineage-committed

CD34-CD33* cells (471). The dramatic decrease of IL-SRo* cells in the BM of iIDC

recipients suggests that iIDCs may inhibit the development of eosinophils. The direct

mechanism by which adoptively-transferred iIDCs inhibits eosinophil production in the

BM is not clear. However, it is likely to be related to the inhibitory effect of iIDCs on IL-

5 production by T cells. IL-5 has been found to play a central role in eosinophil biology,

by means of promoting the differentiation and maturation of eosinophil-basophil lineage-

committed progenitors (473, 474), as well as affecting the circulation, recruitment,

survival and activation of mature eosinophils (475).IL-5 mediates its effects through the

IL-5 receptor. Recent studies have shown that IL-5 can up-regulate IL-5Ro on BM

CD34* progenitors (476). Our present data showing lower IL-5 production by T cells and

lower IL-5Rø expression on BM cells in iIDC recipients not only confirmed the critical
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role of IL-5 in the development of eosinophilia, but also provided a link between DC

subset, IL-5 production and IL-5R expression.

Cytokine production by DCs has been shown to be critical in modulating T cell

responses to antigen. Our results showed that iIDCs produced significantly higher IL-IZ

and IL-10 in the ex vivo culture compared to iNDCs (Figure 21b). It has been reported

that the Thl-prone ability of murine DCs is largely dependent on its capability to produce

IL-12 (281, 477-479).In the present study, we found that blockade of endogenouslL-12

activity in the iIDC-CD4 T cell co-culture significantly decreased IFN-y production

(Figures 25a). The results suggest that higher IL-I2 production by iIDCs is the major

reason for the enhancement of IFN-y production by allergen-specific CD4 T cells.

The most interesting finding to the author in this study is the higher IL-10

production and ICOS-L expression by iIDC and the involvement of these two molecules

in ilDC-mediated inhibition of allergen-driven Th2 responses. Cytokines produced by DC

play a central role in directing T cell polarization and manipulating immune responses.

[-10 produced by DC has been shown to be related to the induction of immunological

unresponsiveness and the suppression of immune reactions. The present study showed

that IL-10 plays an important role in ilDC-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 IL-10 produced by iIDC on allergic

reaction andTh2 cell development. Firstly, IL-l0 may have directly regulatory function

on allergen-specific T cell differentiation and allergic reaction (180). For example, the

presence of IL-10 may result in non-responsiveness of allergen specific Th2 cell

progenitors during DC:CD4+ T cell interaction, thus reducing general Th2 cytokine
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production. As well, L-10 can reduce eosinophil survival and eotaxin production,

resulting in reduced eosinophil recruitment to the sites of allergic inflammation (480,

481). Secondly, IL-10 producing DC may induce regulatory T cells such as Tr1 cells(i61,

167,482). Akbari et al have found that IL-10 producing DC can stimulate the

development of antigen-specific T regulatory cells that also produce high levels of IL-10,

resulting in the inhibition of allergic responses (4S3). Moreover, they have shown that the

development of regulatory T cells were dependent on the presence of both IL-10 and the

ICOS-ICOS-L interaction, which were provided by DC (176). Interestingly, we found, in

the present study, that iIDC produced higher levels of IL-10 as well as expressing higher

level of ICOS-L than iNDC (Figure 20). More importantly, we found that although the

blockade of ICOS-L alone failed to show significant effect on Th2 cytokine production,

the co-blockade of IL-10 and ICOS-L exhibited dramatic synergy in increasing Th2

cytokine production by allergen-specif,rc CD4* T cells (Figure 25c). Lastly, IL-10 which

is produced by iIDC may influence the development and the function of endogenous DC

in recipient mice, which subsequently inhibit the development of allergen-specif,rc Th2

cells. Obviously, further study is necessary to clarifu whether some or all of the

mechanisms play a role in the ilDC-mediated inhibition of allergy and allergen-specific

Th2 cell development.

The fact that certain pathogens/microbial products can induce Il-I0-producing

DC which show immunoregulatory function has been reported in several previous studies

(I77, I89, I99,484-488). For example, CDllc* cells isolated from mice exposed to

Mycobacterium vaccae produce high levels of IL-10 and have regulatory function(l99).

A Bordetella pertusis-derived molecule, filamentous haemagglutinin, has been shown to
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be able to induce the production of IL-10 by DC, which promote differentiation of

regulatory T cells (189). In a Cqndida albicans study, it was found that the invasive

hyphal form of the fungus, germ-tube, other than commensal yeast, triggered DC to

produce high levels of IL-10 (486). Moreover, Toll-like receptor binding and the cross-

linking of mannose receptor on DC surface have been shown to induce the production of

[-10 by DC(177,484,485). The function of IL-i0 production induced by pathogen

exposure may have opposite effect on host-pathogen interaction. On one hand, IL-10 may

lead to dysfunctional immune protection, thus providing an opportunity for immune-

evasion by the microbes (189, 487); On the other hand, IL-10 production may be

beneficial to the host, given the fact that IL-10 is essential in regulating immune

responses and thus preventing excessive inflammatory response which may be

detrimental (I77,483,488). The present study suggests that, in addition to contributing to

pathogen-host interaction, bacterial infection can induce IL-10 producing DC, which can

modulate immune responses in the host to unrelated antigens such as allergens.

DCs in mouse represent a very heterogeneous cell population that may include

DCs variable in lineage, maturation stage and function. Cell surface markers appear to be

related to, although not exclusively defining, DC subpopulations (259, 262,489). We

found CDScr* DC produced the highest level of IL-I2 among three subsets, however, the

potential DC subpopulation within iIDC which is responsible for IL-10 production and

ICOS-L expression following chlamydial infection is unknown. It has been documented

that CDSo* DC can make either IL-I} or IL-10 in response to different combination of

microbial stimulus and CD40L (284). It is unclear whether the increased CDSo* DC

subpopulation observed in iIDC is also responsible for the increased IL-10. Similarly, it is
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unclear which DC subpopulation represents the increased ICOS-L expression on iIDC.

However, it is possible that the IL-10 producing DCs are the subpopulation of DCs which

express ICOS-L. This speculation is based on the observation that the co-blockade of IL-

10 and ICOS-L showed strong synergy in enhancing iIDC on Th2 cytokine production by

allergen-specif,rc CD4 T cells. Notably, it has been reported that plasmacytoid DCs

express TLR-9 and produce IL-l0 (490-492), so it is also possible that IL-l0 producing

DCs co-express TLR-9.

Interestingly, the present study showed similar and addictive effect of IL-10 and

lL-I2 on the inhibition of Th2 cytokine production by allergen-specific CD4 T cells in

the iIDC:CD4+ T cell co-culture (Figure 25a). Since lL-12 can promote Thl responses

which may be inhibitory for Th2 responses, iIDC can inhibit allergen-driven Th2

cytokine production through enhancing allergen-specific Thl responses. Our current

hypothesis is that chlamydial infection can induce at least two subtypes of DC, one

produces IL-10 and expresses ICOS-L, thus leading Th2 cell unresponsiveness or the

generation of Th2-inhibiting regulatory T cells, and the other produces IL-12 which

enhances Thl cell development, resulting in inhibition of Th2 cells. The inhibitory efÊect

of the different DC subsets on allergic reaction could be additive and even synergistic,

although the dominance of each mechanism may vary depending on the allergen models

which are different in in vivo location, the time course and the type of exposed allergen

etc. Further studies to test this hypothesis, especially exploring the nature of the

interaction among the various subtypes of DC will deepen our understanding on the

mechanisms underlying infection-mediated inhibition of allergy.
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RESULTS AND DISCUSSION

Part III The Effect of Natural Killer Cells on

Allergic Responses

RESULTS

L Naturul killer cells were actívøted upon MoPn infection

1.1 MoPn ínfectíon induced NK cells expansion and lFN-ysecretion

In addition to studying the role of dendritic cells in infection-mediated inhibition of

allergic responses, we also examined the involvement of NK cells in the process. We first

examined the kinetics of NK response following MoPn infection. We found that NK cells

expanded rapidly upon MoPn infection. Twenty-four hours after intranasal infection, a

steady and significant increase in NK cells was observed in both PBMC and splenocytes.

The increase of NK was more apparent after 3 days of infection. The numbers of NKl.l

positive cells were doubled in peripheral blood and the spleen (Figure 34a). Further

analysis revealed that the NK cells from infected mice also produce IFN-y. Three days

after infection, high frequency of IFN-y producing splenocytes were NKl.1+ (C57BL|6

mice) and DX5+ (Balb/c mice) cells, confirming that NK cells were responsible for the

early IFN-y secretion. Ten days after infection, both of the NK cell number and the

frequency of IFN-y producing NK cells dropped, but still higher than those in naiVe mice

(Figure 34b).

1.2 The depletíon of NK cells coruelated with íncreøsed dísease severity

We examined the role of NK cells in protection against MoPn infection by depleting

NK cells with anti-NKl.l antibody during infection. The antibody was given to one

group of mice at the 3rd, 5th and 7th day post MoPn infection. Compared with untreated

Infection-mediated Inhibition of
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MoPn-infected mice, antibody treated mice showed continuous decline of their body

weight with about 30o/o weigltt loss in 13 days following infection, when untreated-mice

had recovered to 90Yo of the original body weight (Figure 35a). The different body

weight changes were coffelated with the growth of MoPn in the lungs. The chlamydial

growth in the lung was about 4-5 times higher in anti-NKl.l treated infected mice than

those in only infected mice (Figure 35b). Histological study also found more severe

inflammation in the lungs of antibody-treated mice (Figure 35c, A&B vs. C&D). The

antibody treatment in infected mice also affected the other immune component, dendritic

cells, which is important for the development of a protective immune response. DCs that

isolated from antibody-treated, MoPn-infected mice showed decreased IL-12 production

when compared to those from only infected mice (Figure 36). These results indicated NK

cells were activated upon MoPn infection, and NK cells are an important component in

protective immunity against MoPn infection.

2.0 In vivo depletíon of NK cells partíally øbolished the ínhíbítory effect of MoPn

infectíon on the development of allergíc responses, which coruelated with increøsed

VCAM-I and eotaxìn expression

In order to study the role of NK cells in MoPn-mediated inhibition of allergic

responses to OVA, we depleted NK cells from one group of mice that had recovered from

prior MoPn infection, by administration of anti-NKl.l antibody before and after OVA

sensitization and challenge. As shown above, mice with prior MoPn infection showed

significantly less eosinophilic infiltration in the BAL than mice without prior infection.

Interestingl¡ the MoPn-infected mice that were subsequently treated with anti-NKl.l

antibody developed significantly higher levels of local and systemic eosinophilia,
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Figure 34. Chlamydial infection induces the expansion of NK cells which produce
IFN-y. a), C57BL|6 mice were infected i.n. with 1x103 IFU MoPn. PBMC and spleen
cells were double-stained with anti-CD3e (PE) and anti-NKl.l (FITC) antibodies or
matched isotype controls at various days post-infection. Cells from mice without
infection (day 0) served as control. All histograms were based on 20,000 cell analysis
satisfuing a gate set on a forward vs. side light scatter histogram that represent
lymphocytes. The percentages of NK positive cells were indicated in the right lower
quadrant. b), Intracellular IFN-y in NK cells was analyzed by stimulating spleen cells that
were isolated from naiVe mice or mice at 3 or 10 days post-infection with PMA and
ionomycin, followed by GolgiPlug. Cells were then stained with anti-NKl.l (FITC) or
matched isotype control followed by washing, fixing and permeabilization. APC-labeled
anti-IFN-y or matched isotype control antibodies were used to stain intracellular IFN-y.
The percentages of IFN-y producing NK cells were indicated in the right upper quadrant.
All samples were analyzed on a FACScalibur. The flow cytometric data are representative
of five independent experiments with similar results.
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Figure 36. Anti-NK antibody treatment affects dendritic cell IL-12 production. Mice
were intranasally (i.n.) infected with 1x103 IFU MoPn,12 days after infection, one group
of mice were irfected with anti-NKl.l antibody. 15 days post infection, spleens from
either infected mice or infected and Ab treated mice were aseptically collected and DC
were isolated using MACS CDllc column. To test the spontaneous production of
cytokines by the freshly isolated DC, the cells were cultured with complete medium. IL-
12 in culture supernatants were measured by ELISA. Spontaneous IL-12 production was
presented as meantSD.

MoPn MoPn+anti-NK
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(Figure 37 a&b), compared with infected mice without anti-NKl.1 treatment following

OVA exposure. However, the levels of OVA-induced eosinophilia in MoPn-infected,

antibody{reated mice were still lower than those in mice without infection. The analysis

of mucus production also showed increased airway mucus production in anti-NKl.l

treated mice (Figure 38C). Moreover, we found that the expression levels of VCAM-1 on

airway vascular endothelium and C-C chemokine eotaxin on bronchial epithelium, which

are important molecules related to eosinophil recruitment, were notably different among

the three $oups of mice (Figure 38). High density of VCAM-I and eotaxin expression

was seen in mice without infection; while very faint or undetectable expression of these

molecules was observed in mice with prior MoPn infection. More importantly, the anti-

NKl.1 treated, MoPn-infected mice showed significantly higher levels of the expression

of these molecules than the infected mice without antibody treatment, although the levels

were still lower than those in mice without infection (Figure 38 D and E). The results

indicate that NK cells play a signif,rcant role in infection-mediated inhibition of

eosinophilia and the expression of VCAM-I and eotaxin in the lung caused by allergen

exposure.

3. Adoptíve trønsfer of NK cells thøt were ísolated from infected mice beþre

sensitizstion inhíbíted the development of øllergic responses induced by OVA exposure

3.1 Adoptive trønsfer of infection-activøted NK cells inhíbited eosinophílic

ínflømmøtìon induced by OVA exposure

To further study the role of NK cells in modulating allergic reaction in vivo, we

analyzed the effect of adoptively transferred NK cells on the development of allergic

responses. NK cells were isolated from either infected or naiïe mice, then adoptively
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transferred, respectively, to syngeneic naiVe mice at 2x106 cells/ mouse for two times,

one at two hours before sensitization and the other at two hours before challenge. Another

group of mice with the same OVA treatment but without cell transfer served as control.

As observed before, OVA sensitization and local challenge induced massive eosinophil

infiltration in the lungs of the mice without cell transfer. In contrast, similar to the mice

with prior live infection, the recipients of NK cells that were isolated from infected mice

showed significant decrease of eosinophilic inflammation, mucus over-production, as

well as VCAM-I and eotaxin expression in the lung (Figure 38). However, the transfer of

NK cells isolated from naive mice had no significant efflect on the development of these

allergic reactions (Figure 38). Furtherrnore, the transfer of NK cells isolated from

infected mice not only inhibited the increase in circulating and infrltrating eosinophils

(Table 4), but also remarkably suppressed the production of IL-5Ra* eosinophil

precursors in the bone marrow (BM). OVA exposure resulted in 10-15 folds higher

expression of IL-5Rc (-30% of BM cells) in control mice, while the mice received NK

cells from infected mice exhibited significantly less IL-5Rc¿+ cells (10%) in their BM.

The recipients NK cells from naïve mice (Table 4). The results suggest that adoptive

transfer of NK cells that isolated from infected mice had significantly inhibitory effect on

the development of allergic reaction. These finding, in combination with NK cell

depletion results, demonstrate that NK cells activated by MoPn infection play an

important role in infection-mediated inhibition of allergic responses.

3.2 Infection-øctìvated NK cells contributed to the modulating effect of

ínfectíon-medíøted inhibition of allergìc responses via øltering allergen-driven cytokine

producing patterns
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Figure 37. In vivo depletion of NK cells partially abolished the inhibitory effect of
MoPn infection on local and systemic eosinophilic inflammation. Mice were infected i.n.
with 1x103 IFU MoPn or treated with PBS. Thirty to forty-five days later, mice were
sensitized i.p. with OVA (2 pg) in AI(OH)3. Two weeks post-sensitization, mice were i.n.
challenged with 50¡rg OVA (40¡rl). Three days before and one day after the sensitization
and challenge, one group of infected mice were injected i.p. with anti-NKl.l antibody.
Mice were sacrificed at 7 days after challenge. The percentages of eosinophils in total
BAL cells (panel A) and peripheral blood (panel B) of the different groups of mice were
examined. Pooled data from 4 independent experiments (4 mice in each group in each
experiment) are shown as meantSEM.
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F'igure 38. The effect of NK activity on infection-mediated inhibition of airway
inflammation, bronchial mucus production and the expression of vascular cell adhesion
molecule-l (VCAM-l) and Eotaxin in the lung. Lung tissues from uninfected mice
(OVA/OVA), mice with prior MoPn infection (MoPn/OVA/OVA), MoPn-infected mice
with anti-NKl.l treatment (MoPn/anti-NK+OVAianti-NK+OVA), mice received NK
cells that were isolated from infected mice (iINK+OVA/iINK+OVA), and mice received
NK cells that were isolated from naive mice (iNNK+OVA/iNNK+OVA) were analyzed
following OVA sensitization and challenge. Pane, A, the lung tissues were fixed with
formalin and the sections (5 pM) were stained with haematoxylin and eosin (H&E) and
examined under microscopy (magnification 200x). Panel B, a higher power (1000X) of
Panel A. Panel C, the lung sections were stained with a periodic acide-schiff (PAS)
staining kit for mucus-producing goblet cells in the airway. Panel D, frozen sections of
the lung were stained with anti-VCAM-l antibody followed by biotin-conjugated
secondary antibody and developed with Texas Red. The red color indicates VCAM-I
expression. Panel E, the sections were stained with anti-eotaxin and anti-epithelial
antibody (8311.1) followed by PE-conjugated and FlTC-conjugated secondary
antibodies, repectively, as described in Materials and Methods. The orange color
respresents eotaxin on bronchial epithelial cells.
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Table 4 The effect of adoptively transferred NK cells on the development of
allergen-induced local and systemic eosinophilia.

% Eosinophils in Blood 0.70110.095

% Eosinophils in BAL 79.24t5.652

% IL-SRa+ cells in BM 28.5114.732

OVA/OVA

Table 4. The effect of adoptively transferred NK cells on the development of allergen-

induced local and systemic eosinophilia. NK cells were isolated from spleens of infected

or naiVe mice as described in Materials and Methods. Cell transfer was performed twice,

one before OVA sensitization and the other before OVA challenge. Seven days after OVA

challenge, different groups of mice were examined for eosinophil infiltration in the lung,

eosinophils in peripheral blood and eosinophil precursors (IL-5R+) in bone marrow.

Pooled data from 3 independent experiments (4 mice/group in each experiment) are

presented as meantSEM. *, p < 0.05 (OVA/OVA group vs. OVA+iINIIOVA+iINK

group).

OVA+iINK/OVA+iINK

0.280+0.104-

43.81x13.14.

10.16x2.522*

OVA+iNNK/OVA+iNNK

0.57010.1 15

77.24!4.702

22.9Ox3.424
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In order to elucidate the mechanism by which NK cells from infected mice

inhibits allergic responses, we examined the pattem of allergen-driven cytokine

production in infected mice that were depleted of NK cells or in mice with NK cell

adoptive transfer. Local draining lymph nodes were collected 7 days post OVA intranasal

challenge, and cells from diflerent groups of mice were cultured with in vitro allergen re-

stimulation. The results showed that, compared to positive control mice (OVA sensitized

and challenged only), previously infected mice produced signif,rcantly higher IFN-y and

less Th2 cytokines, IL-4 and IL-5, following OVA specific stimulation. Interestingly, the

group of infected mice with NK depletion showed reduced IFN-y production and

increased IL-4 and IL-5 production, although their Th2 cytokine levels were still higher

than the mice with OVA exposure only (Figure 39). The influence of activated NK cells

on allergen-driven cytokine producing patterns was further confirmed in the adoptive

transfer experiments. Draining lymph node cells from mice received NK cells that were

isolated from infected mice produced significant less Th2 cytokines, namely IL-4 and IL-

5, than those from either positive control mice or mice received NK cells from naive

mice, upon the same allergen exposure. Unlike observed in infected mice, the transfer of

NK cells didn't afiFect Thl cytokine, IFN-y, production (Figure 39). The results suggest

that NK cells are an important, but not sole, player in MoPn-mediated inhibition of

allergic reaction. The mechanism by which infection-activated NK cells modulate allergic

responses is to alter allergen-driven cytokine producing patterns.

155



=E
f
(ú

E(!
E)
z
l.l.

-E
ct,
CL

\t
IJ

=E
E)
CL

¡o
I

J

Figure 39. The effect of NK cell activity on allergen-driven cytokine production by
lymph node lymphocytes. Mice were treated as described in Figure 38. At 7 days

following challenge, mediastinum lymph node cells were cultured in the presence of
OVA. C¡okines in the supematants were measured by ELISA. Pooled data from 4
independent experiments (4 mice/group in each experiment) aÍe presented as

meanlSEM. *, p ( 0.05; **, p < 0.01, ***, P < 0.001.
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4. Adoptive transfer of NK cells øfter sensitízatíon but before chøllenge díd not

ínhíbít øllergic responses índuced by OVA exposure

To further study the timing of infection-activated NK cells to take the action, we

examined the effect of NK cell transfer on established allergic responses. Two groups of

mice were sensitized with OVA with alum, 14 days later, one group of mice received NK

cell transfer from infected mice, two hours later, OVA challenge were given to both group

of mice. Unlike what we observed in experiments where NK cells were transferred before

allergen exposure, adoptive transfer of NK cells after sensitization failed to inhibit

eosinophilic inflammation induced by OVA exposure. In mice received NK cells that

isolated from infected mice, NK cell transfer did not change eosinophil infiltration into

the lung when compared to those from mice without NK cell transfer (Figure 40a).

Moreover, mice received NK cell transfer before OVA challenge even developed more

severe systemic eosinophilia when compared with mice without NK transfer,

demonstrated by higher numbers of eosinophils presenting in peripheral blood (Figure

40b). FurtheÍnore, NK cell transfer after sensitization did not inhibit mucus over-

production induced by OVA local challenge. Mice with or without NK cell transfer

showed comparable levels of epithelial hyperplasia and mucus production (Figure 40c).

These results indicated that unlike NK cell transfer before sensitization and challenge,

NK cell transfer after sensitízation failed to inhibit allergic responses induced by OVA

local challenge.
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Figure 40. The effect of adoptively transfened NK cells after sensitization on the

development of allergic responses. NK cells were isolated from spleens of infected or
naiVe mice as described in Materials and Methods. Cell transfer was performed after

OVA sensitization and before OVA challenge. Seven days after OVA challenge, different

$oups of mice were examined for: a), eosinophil infiltration in the lung, b), eosinophils

in peripheral blood, and c), mucus production in the lung.
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DISCUSSION

In order to further determine the components of the immune system which

contribute the down-regulation of Th2 response in addition to DCs and T cells, we

examined, in this part of study, the role played by NK cells in infection-mediated

inhibition of allergic responses. We found that chlamydial infection activated NK cells

which actively participated in the process of allergy inhibition. The data suggest that NK

cells play a crucial role in regulating T cell responses to allergen. The study represents an

important step in revealing the role of NK cells in the context of mechanistic

investigation on hygiene hypothesis.

NK cells were considered as pivotal players in immune responses against certain

pathogens and tumors (339,343). The activation of NK cells in chlamydial infection has

been suggested by different groups using murine model and human cells, arguing for the

effect of NK cells' function on the resolution of infection (370-374). Regardless of the

debate about direct killing of chlamydia-infected cells by NK cells, all the studies agreed

on the signifìcantly increased NK activity during early chlamydial infection. Our data in

flow cytometric experiments (Figure 34) clearly demonstrated that NK cells expanded

rapidly in both spleen and blood upon chlamydial infection, and the examination of

intracellular cytokine confirmed that NK cells actively produced IFN-y, a major effector

against infection. It was controversial regarding the role of NK in protective immunity

against chlamydial infection. Williams's group found ablation or stimulation of NK

activity did not affect Chlamydia growth 5 days post-infection and host survival when

infected with high dose (10s IFU) in nu/nu and nul+ mice (370). In contrast, our present

data provide evidence that depletion of NK cells will exacerbate the course of infection,
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as also suggested by studies using chlamydial genital tract infection model (371). The

different findings suggest that the effect of NK function on infection will be represented

by morbidity rather than mortality, and by indirect regulation rather than direct killing,

since a lethal dose of infection may overwhelm NK cell function, and difference of

disease severity only can be observed in later days of infection, when adaptive immunity

has already taken the stage (Figure 35a). Moreover, a detailed study showed that the

magnitude of the innate cell response directly depended on the inoculative dose of

chlamydia (493), which further explained the different effects that have been seen in

different studies.

The role of NK cells in regulating acquired T cell response has been demonstrated

recently in various infection models (350, 360, 494).In mice infected with MCMV virus-

responsive Ly49H+ NK cells are necessary for maintenance of CDBo+ DCs in the spleen,

which is essential for the resistance to MCMV infection (403). In a Bordetella pertussis

infection model, depletion of NK cells in mice resulted in a lethal infection, associated

with a reduction of antigen-specific Thl response but enhancement of Th2 response

(495). Although the immunoregulatory role of NK cells in infection is manifested and

supported by plentiful evidence; studies have not yet been performed to examine the

ability of infection activated NK cells in regulating T cell response in allergy. Herein, for

the first time, we showed that the depletion or transfer of infection-activated NK cells did

influence the outcome of antigen-specific T cell response, indicating an important role

played by NK cells in infection-mediated inhibition of allergic responses.

The mechanisms by which NK cells may regulate the subsequent acquired immune

responses to allergen in our model remain unclear. There are at least three potential
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regulatory pathways which might be employed by activated NK cells to inhibit the

development of Th2 response upon allergen challenge. Firstly, the cytokines, particular

IFN-y, secreted by activated NK cells may contribute to the creation of

microenvironments that promote the development of Thi phenotype and prevent the

naïVe T cells from differentiating into Th2 direction. IFN-y has been shown to enhance

Thl polarization by facilitating IL-12 production and inducing T-bet expression (496,

497).In an elegant study, Martin-Fontecha et a/ showed that neither NK cell depletion

nor NK cells from lfrg'- mice can prime naive T cells and induce lFN-y-producing T

cells in draining lymph nodes with LPS-matured DCs, indicating NK cells provide an

early source of IFN-y that is necessary for Thl polaúzation (408). The inhibitory eflect of

IFN-y and Thl cells on the development of Th2 response has been shown in numerous

studies in support of the ThIlTh2 counter-regulation paradigm (498, 499). In present

study, we observed that activated NK cells produced IFN-y shortly after chlamydial

infection, which may explain why the depletion of NK cells in infected mice result in

decreased allergen-specif,rc Thl cytokine production but increased Th2 cytokine

production. However, the transfer of lFN-y-producing NK cells to naiVe mice didn't

induce higher allergen-specific Thl cytokine production, while did inhibit Th2 cytokine

production andT|Z responses. The data suggest that IFN-y produced by NK cells in this

system may mainly inhibit Tlt2rather than enhancing Thl, as discussed below.

The second possible mechanism is that NK cells directly interact with T cells or

inflammatory cells to inhibit allergic responses. There are emerging data suggesting that

activated NK cells might communicate directly with T cells by a process involving

cognate cell-cell interactions (386). It was found that activated human NK cells express
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MHC class II, B7 and OX40L, suggesting that they may interact with TCR, CD28 and

OX40 that expressed on T cells and affect T cell proliferation, cytokine production and

immune memory (387). Moreover, an interaction was identified to occur between 284

and CD48 and the expression of 2B4 on NK cells was related to proliferation of T cells

(s00).

Lastly and even more likely, activated NK cells might affect allergen-specific T cell

responses via interacting with DCs, a key player in initiating and shaping adaptive

immune responses upon allergen exposue. It has become evident in recent years that the

reciprocal interaction between NK cells and DCs appears to play a crucial role in

determining the outcome of immune responses (391, 392). Activated NK cells release

cytokines that influence DC maturation/differentiation and select most suitable DC for

subsequent migration to lymph nodes and efficient T:cell priming. In addition, NK cells

also mediate the elimination of immature DCs by cell-contact-dependent interactions

(393,407,501). As shown in Part II , DCs produced significantly higher level of IL-12

and IL-10 upon chlamydial infection, which play an important role in inhibiting allergic

inflammation and Th2 responses (502). In line with this, we found depletion of NKl.1

cells in infected mice result in decreased IL-12 production by DCs (Figure 36), which

was correlated with the reduced Thl response and increased Th2 response that have been

observed in anti-NK antibody treated mice (Figure 39). Given the evidence that NK cells

ate necessary for the maintenance of CDScr+ DC subset (403), it is possible that the

activated NK cells in our model may stimulate CDScr+ DCs, thus modulating allergen-

specific T cell responses.

From the present results, it is apparent that several factors are very important in
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determining the role of NK cells in infection-mediated inhibition of allergic responses.

Firstly the activation by infection is critical in determining the inhibitory effect of NK

cells, since the transfer of NK cells that isolated from naiVe mice does not show

significant effect on the development of allergic inflammation and Th2 response (Figure

38 and 39). In line with this, a previous study showed that allergen activated NK cells can

contribute to the allergic airway inflammation(503). Moreover, it has already been

demonstrated that depletion of NKi.l cells decreased the allergen-induced pulmonary

eosinophil and CD3 T cell infiltration and blunted Thz cytokine production in BAL

(337). Another important factor that infiuences the inhibitory effect of NK cells is the

time of action. We observed that transfer of infection-activated NK cells after

sensitization and before challenge could not inhibit airway allergic responses (Figure 40).

This is similar to the finding by Broide et al who showed that depletion of NK cells

during allergen challenge stage did not affect the abilify of immunostimulatoy DNA

sequences (ISS) to inhibit allergic eosinophilic inflammation and airway hyperreactivity

(504). The results suggest that infection activated NK cells regulate the initial stage of

antigen presentation to T cells andlor the differentiation of naiVe T cells into effector

cells, but not the secondary activation of antigen-specific T cells. Lastly, combining with

our recent report which showed the importance of DC in infection-mediated inhibition of

allergic responses (502), the present study indicates that the interaction within innate

immune system, including the function of NK cells and DCs, is an important mechanism

underlying the infection mediated inhibition of allergy and the alteration of allergen-

specific T cell response.
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GENERAL CONCLUSION

In the present study, we tested experimentally the effect of prior Chlamydiø

trachomatis mouse pneumonitis (MoPn) infection on the allergic responses induced by

ovalbumin (OVA) and the potential underlying mechanisms. The data showed that OVA-

induced eosinophilia and goblet cell development were significantly inhibited by prior

infection with MoPn. The abrogation of OVA-induced mucus production and pulmonary

eosinophilia in MoPn-infected mice correlated with significantly decreasedTh2 cytokine

(IL-4,IL-5 and IL-13) production and increased IFN-y andIL-LZ production. Blocking of

IFN-1 in MoPn-infected mice during OVA exposure resulted in partially restored

eosinophilic inflammation and Th2 cytokine production. Additionally, the production of

eosinophil-chemoattracting chemokine, eotaxin, and the expression of adhesion

molecule, VCAM-I following OVA exposure were significantly reduced in the lungs of

MoPn infected mice. These data provide direct evidence that intracellular bacterial

infection (i.e. MoPn) can inhibit airway allergic reaction induced by environmental

allergen. Furthermore, the results suggest that increased IFN-y production is partially

responsible for the MoPn infection-mediated inhibition of allergen-induced allergic

inflammation and Th2 responses.

Since the polarized T cell response is downstream from the events that initiate the

immune responses, we further examined the roles played by innate immune cells,

dendritic cells (DCs) and natural killer (1.{K) cells, in infection-mediated inhibition of

allergic responses.

Firstly, we examined the role played by dendritic cells (DCs) in chlamydial
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infection-mediated modulation of allergic responses. The results showed that DC freshly

isolated from chlamydia-infected mice (iIDC), unlike those from naïve control mice

(iNDC), exhibited higher surface expression of CD8o, ICOS-L and Toll-like receptors

(TLRs), as well as higher IL-10 and IL-12 production than iNDC. Co-culture of freshly

isolated DC with naive CD4 cells from T cell receptor transgenic mice (DO11.10)

showed that iIDC directed Thl-dominant, while iNDC directed Th2-dominant, allergen-

specific CD4 T cell responses. By using antibodies or recombinant cytokines in the co-

culture systems, we showed that iIDC could inhibit allergen specific Th2 cell

differentiation and that the inhibitory effect could be abolished by blockage of IL-10 or

IL-12 activity. More interestingly, the co-blockade of IL-10 and ICOS-L showed

synergistic effect in enhancing allergen-driven Th2 cytokine production. Furthennore,

adoptive transfer of iIDC, but not iNDC, could inhibit systemic and local eosinophilia

induced by allergen exposure. The reduction of eosinophilia was associated with a

decrease in IL-5 receptor expression on bone marrow cells and the production of IL-5 and

IL-13 by T lymphocytes. The inhibitory effect of transfer of iIDC could be reversed by

administration of anti-[-lO antibody to block DC's IL-10 production. The data

demonstrate dendritic cells, as the most potent antigen presenting cells, directed T cells

differentiating away from Th2 direction, and further modulated allergic responses. The

results also suggest that ICOS-L expression and IL-10 production by DCs from

Chlamydia-infected mice played a critical role in the infection-mediated inhibition of

allergic responses.

Secondl¡ we examined the role played by natural killer (ltlK) cells in chlamydial

infection-mediated modulation of allergic responses. We found NK cells were activated
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upon chlamydial infection, demonstrated by quick expansion in cell number and

enhanced cytokine secretion. The blockage of NK cell function during infection period

led to more severe infection and less protective immunity. In the infection-inhibirallergy

model, the administration of anti-NK antibody before OVA sensitization and challenge

partially abolished the inhibitory effect of chlamydial infection and partially restored Th2

cytokine production. Moreover, adoptive transfer of NK cells that isolated from infected,

but not from naiVe mouse spleens, largely mimicked the inhibitory effect that observed in

natural infection model. In the NK adoptive transfer group, both systemic and local

eosinophilia was inhibited and the reduction of eosinophilic inflammation was associated

with a decrease in VACM-I expression and eotaxin production. NK cells might interact

with DCs or CD4 T cells and positively involved in infection-mediated inhibitory

process.

Overall, the data suggest that the innate immunity, particular DC and NK cells,

that activated by chlamydial infection is very important in determining the outcomes of T

cell response upon allergen exposure. Further studies on the interaction between these

cells will further enhance our understanding on the mechanism underlying the inverse

relationship between certain infection and allergic diseases.
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