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ABSTRACT

Chlamydia trachomatis is the causative agent for many imporlant human diseases

including sexually transmitted diseases, trachoma and infant pneumonia. Despite the

availability of effective antimicrobial therapy, C. trachomatís remains a significant cause

for human morbidity worldwide. Owing to the lack of a clear understanding of the

immunological mechanisms underlying the protective and pathological responses to

chlamydial infection, human vaccines to the important pathogen and related diseases are

unavailable at the present time. In the present study, we examined the immunological

mechanisms of chlamydial infection by using mice with different genetic backgrounds

and gene knock-out mice.

First, we compared the susceptibility of C3H/HeN mice and C57BL 16 mjce to C.

trachomatis mouse pneumonitis (MoPn, more recently called C. muridarum) lung

infection. We found that C3H mice exhibited a more severe disease with higher mortality,

greater organism growth and more severe pathological changes in the lung compared to

C57BL|6 mice subjected to the same infection. However, the pattern of adaptive immune

responses including organism-specific delayed type hypersensitivity (DTH) responses,

antibody and cytokine (IFN-y, lL-12,IL-4,rL-5, IL-l0 and TNF-u,) production by spleen

and local draining lymph node cells in these two strains of mice appeared comparable

over the course of the infection. We fi.rther analyzed local inflammation of the infected

lungs and found that C3H mice exhibited significantly more neutrophit infiltration after

infection. It is in line with a greater increased expression of neutrophil chemokines MIp-2,

LIX, KC and chemokine receptor CXCR-2. However, the increased infiltration of

neutrophils is not protective against infection, but may contribute to tissue damage and



more severe inflammation. We further tested the kinetics of organism growth after

infection and found that as early as two days post infection (p.i.), the lungs of C3H mice

showed signif,rcant higher levels of C. muridaurm compared to those of C57BL|6 mice.

We then tested in vivo expression of cell cytotoxicity-related molecules including FAS,

FASL, perforin, granzymes A and B; IFN-y dependent IDO and p4TGTPases by RT-PCR

and found no significant difference between the two strains of mice. Interestingly, we

found that the macrophages in C3H mice are less efficient in clearing chlamydial

infection following exogenous IFN-y treatment compared to those of C57BL|6 mice. The

data suggested that the cellular events downstream of cytokine production in Chlamydia-

infected cells may be important in determining the differential susceptibility of hosts to

chlamydial infection.

Second, we examined the role of major histocompatibility complex (MHC) genes

and non-MHC genes on host resistance to chlamydial infection. Given that C3H/HeN (H-

2k1 mice were more susceptible to C. muridarum infection compared to C57BL\6 (H-zb)

mice, we compared the susceptibility to C. muridarum infection of MHC congenic mice,

B6.H2k LC57BL|6 background, C3H MHC (H-2k)l and C3H.H2b [C3HÆ{eN

background, C57BL|6 MHC (H-2b)l and their corresponding wild type C57BL\6 mice

and C3FVHeN mice, respectively. The data revealed that B6.H2k, C3H.H2b and

C3H/HeN mice were more susceptible to chlamydial lung infection compared to the wild

type C57BL/6. Congenic B6.H2k mice showed significantly lower levels of IL-12 and

IFN-y production compared to C57BL/6, C3HlHeN as well as C3H.H2b mice. On the

other hand, although congenic C3H.H2b mice displayed a similar cy'tokine response to

C57BL|6 mice, they were highly susceptible to C. muridarum infection. Overall, the



results suggest that protection against chlamydial lung infection is both MHC and non-

MHC gene dependent, and that the interaction between MHC and non-MHC elements

may contribute to host resistance to chlamydial infection.

Third, we studied the role of type I interferon in host susceptibility to chlamydial

infection. We used IFN-o/B receptor knock-our mice (IFNAR-/-) and wild type (WT)

mice to compare their resistance to C. muridarum lung infection. Surprisingly, WT mice

were signiflrcantly more susceptible to chlamydial infection than IFNAR-/- mice, as

evidenced by more organism growth, more bodyweight loss after infection, and more

severe lung inflammation. Both WT and IFNAR-/- mice showed strong Thl-like immune

responses post-infection with high IFN-y, and low IL-4,IL-5 and IL-10 from draining

lymph node and spleen cell cultures, and both groups of mice showed higher serum

IgG2a than IgGl following C. muridaurm infection. WT mice produced more IFN-y in

the infected lungs than IFNAR-/- mice. Histological analysis indicated that WT mice

have much less resident macrophages in the lungs after infection. Depletion of lung

macrophages with CL2MDP-lipsome rendered the otherwise resistant IFNAR-/- mice

highly susceptible to C. muridarum infection. The results also showed that WT mice had

weaker VCAM-i expression in the lungs, and VLA-4 expression in peripheral blood

monocytes. Apoptosis of macrophages was also more pronounced in the infected WT

mice. The type I interferon-induced apoptotic factors TRAIL, Daxx, and PKR were also

found to be highly expressed in WT mice than in IFNAR-/- mice. In addition, we fowrd

signiflrcantly more neutrophils in the lungs of WT mice, which was correlated with IFN-

alþ dependent inflammatory cytokine and chemokine expression. This may also

contribute to an increased susceptibility to chlamydial infection. Interestingly, we



observed that there were more activated dendritic cells (DC) (e.g., CD80-, CD86-, CD40-

positive) in the spleen of V/T mice. This study indicates that: 1) type I interferons

enhance host susceptibility to chlamydial infection, which is dependent on decreased

macrophage infiltration and increased macrophage apoptosis, and 2) type I interferon-

regulated innate immune responses play a critical role in host susceptibility to chlamydial

infection. Although type I interferons can activate DC and may promote their function in

antigen presentation, they are not protective against chlamydial primary infection.

Our study further highlights the complexity of the mechanisms underlying host

defence against chlamydial infection. It indicates that both innate and adaptive immune

responses are important in host defence against chlamydial infection. Specifically, it

suggests that: l) cellular events downstream of Thl cytokine production play an

important role in the host defence and/or disease development to chlamydial infection; 2)

macrophages, as an executioner of the host immune responses, are extremely important

against chlamydial infection. As such, any factors that may influence the macrophage

population such as macrophage infiltration and macrophage apoptosis may change host's

susceptibility to chlamydial infection; 3) type I interferons, although enhance IFN-y

production and activate DC, may suppress host resistance to chlamydial infection through

modulating the infiltration and survival of macrophages.
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INTRODUCTION

l. Chlømydiø trøchomatis: Biology and Pathogenesis

1.1 General history and classification

Chlamydia trachomatis, ate a group of gram-negative bacteria of the Chlamydiae

genus which can only grow inside host cells. Chlamydiae have been found broadly

existing in eukaryotic cells from amoebae to vertebrates. As obligate intracellular

pathogens, C. trachomatis can infect humans, live stocks and birds. The records of C.

trachomatis-induced disease can be traced back to thousands years ago when 'trachoma'

was described in ancient Egypt and Chinese books. But it was not until 1957 when live

Chlamydia was successfully isolated and cultured [1].

The members of the Chlømydiae family have a specific biphasic replication life

cycle. They share similar genetic and biological characters, and are phylogenetically

distinct from the other bacterial divisions. For a long time, Chlamydiae order was

classified to contain only one Chlamydia genus and four species: C. trachomatis, C.

psittaci, C. pneumonia and C. pecourm. Following the progress of molecular biological

techniques, nine species of Chlamydiaceae were arguably re-classified based on their

sequences of certain surface and intracellularproteins as well as structures of the 165 and

23S rRNA, LPS and chromosomes p-al. In particular, a biovar of C. trqchomatis,the

mouse pneumonitis, was reclassified as an independent species, C. muridarum.

According to the new classification, in the Chlamydiaceae family, C. trachomatis, C.

muridarum, and C. suis are evolutionarily the closest relatives and belong to the same

Chlamydia genus and species [2, 5]; C. pneumonia, C. pecourm and C. psittaci are re-

ascribed to Chlamydophila genus and species. C. trachomatis contains 15 biovars that



can induce eye trachoma, sexually transmitted diseases, arthritis and neonatal pneumonia.

At present, two strains of C. muridium, the MoPn (mouse pneumonitis) and SFPD

isolated from mouse and hamster, respectively have been discov ered,12,5, 6]. Because C.

muridarum MoPn is a natural murine pathogen and the pathological changes induced as a

result of C. muridarum infection in mice are similar to those manifested in human C.

trachomatis infection [7], C. muridarum MoPn mouse models have been widely used in

investigations of host immune responses to chlamydial infection. Here, in my project, the

C. muridarumlung infection mouse model was chosen to study the interactions between

host and Chlamydia.

1.2 Biology of Chlømydia

Originally, Chlamydiae were thought to be virus. It was not until significant

progress made in the areas of electron microscopy and biochemical technology that

Chlamydiae were found to possess all properties of bacteria. The rRNA sequences of

Chlamydia are more closely related to those of eubacteria than to the archaebacteria,

which conf,trmed that chlamydiae are eubacteria [8]. Unlike other extracellular and

intracellular bacteria, Chlamydiae display a unique biphasic development cycle t9l. A

complete development cycle of Chlamydiae is composed of: l) an invasion of a host cell

by infectious elementary body (EB) and transformation of EB to reticulated body (RB); 2)

a replication in the form of RB in inclusion bodies inside host cells; 3) transformation of

RB back to EB again and 4) release of EB to initiate a brand-new development cycle on

neighbouring cells [10-12]. EBs are small (0.3 ¡rm diameter), extracellular infectious

forms that can attach to and invade susceptible host cells. To survive the harsh

extracellular environment, Chlamydiae have adapted a similar survival strategy to that

6



used by bacterial spores which include possession of a hard cell surface and inactive

metabolism. In so doing, extra-cellular EBs would not need to exchange energy and

nutrients with the outer environment. Unlike the cell wall of the other bacteria, the

Chlamydiae EB cell wall contains very little or no peptidoglycan [13], but many cysteine-

rich proteins including OmpA, OmpB and OmpC [1a]. The disulfide bonds between

these proteins form a rigid structue that maintains the integrity of the Chtamydiae EB

cell wall and resists outside pressure [15]. To initiate a successful infection in non-

phagocytic cells, Chlamydiae allach and enter host cells through elaborate mechanisms

[16]. Although it is not very clearly understood, the initial step is thought ro be through a

receptor-ligand interaction. The possible ligands on the surface of Chtømydiae thathave

been studied include heparan sulfate-like glycosaminoglycan (GAG) [17], chlamydial

major out membrane protein (MOMP) and polymorphic outer membrane proteins

(POMP) [20]. The candidate cellular receptors include heparan sulfate proteoglycans

[19], mannose-receptor l2ll, estrogen receptor complex 122], and insulin-like growth

factor 2 receptor [23]. Following the initial reversible interaction between EB and host

cell, Chlamydiae is endocytosed into host cell, a process which is dependent on

chlamydial type III secretion system translocated phosphorprotein L241. After the

endocytosis, EBs remain in a membrane-bound inclusion and differentiate into RBs. RBs

are non-infectious and replicating forms of Chlamydia which are metabolically active and

can not survive outside the host cells. RB (approximately I ¡rm in diameter) is larger than

EB and contains diffused nucleic acids instead of condensed nucleic acids as EB, for the

pu{pose of active metabolism. About 8 hours after infection, RBs undergo repeated

binary fission similar to the other bacteria until there are about 500-1000 progeny in one



inclusion. Approximately 48-72h post-infection, RBs differentiate back to EBs l25l and

released through a burst of host cells. To escape from the normal endocytic or autophagic

trafficking pathway that may digest and destroy pathogens, Chlamydia have developed a

set of mechanisms to dissociate inclusions from late endosomes, lysosomes and the

autophagysomes [26,27]. This process needs de novo protein synthesis because it can be

blocked by antibiotics which inhibit transcription or translation [28].

1.3 Pathogenesis and epidemiology of Chlømyd¿a infection

As a major cause of trachoma and sexually transmitted diseases (STDs) in human,

C. trachomatis infections result in huge financial burdens to global public health systems

[25]. The annual cost of treatment for chlamydial infections and associated complications

in USA is about 2-6 billion dollars [29]. According to their specific target tissues, the

total 15 serovars of human C. trachomatis can be ascribed to 2 biovariants: the

lymphogranuloma venereum biovar (LGV) and trachoma biovar. LGV biovar includes

the serovars Ll, L2, and L3 that can invade and grow in lymph nodes and result in

necrotic granulomas [30]. Trachoma biovar normally invade and grow in epithelial cells

which lead to ocular or urogenital infection.

The ocular infection-associated serotypes include serovars A, B, Ba and C, while

serovars D to K induce urogenital infection. Eye trachoma is a chronic follicular

inflammation induced by ocular serovars which, if left untreated, may cause corneal

opacity and eventual blindness. This infection is normally transmitted by direct contact or

through flies in some endemic arca [31]. Trachoma is a very old disease that was

described in the Ebers Papyrus 3,500 years ago [32]. Currently, C. trachomatis has

abeady induced blindness in 6 million of the infected patients [33], which account for



15% of all blindness. As the major cause of preventable blindness and the second cause

of total blindness (after cataracts) 132-341, trachoma is a potential threat to at least 500

million people who are in close contact with 150 million people already infected with the

pathogen L35-371. Genital serotypes may also cause neonatal trachoma through infected

genital tract during birthl32,35]. The prevalence of trachoma is inversely correlated with

the socio-economical development of an area. Once an epidemic disease worldwide,

trachoma is now rare in developed countries, while it is still an endemic problem in many

developing countries in Asia, Latin America, Middle East and Africa [36, 38].

In contrast to trachoma as an endemic disease in developing countries, C.

trachomatis-induced STD remains a global epidemic problem. Because most genital tract

C. trachomatis infection is asymptomatic [39], it can be transmitted easily and

unknowingly through sexual activity. As the most common bacterial pathogen of STDs,

C. trachomalls causes approximately 90 million new episodes a year through sexual

activity [30, 40], of which, about 49 million cases occur in southern and southeastem

Asia, while 15 million in Africa [a0]. In industrialized countries, the incidence is also

disturbingly high and the pathogen mainly affects young sexually active adults. For

example, the prevalence rate is about 2.I%oin people of 20-64 years old in Britain [41]

but can be as high as 8.1% in those under 20 years oldl42l. Similarly in the US, the

incidence is approximately 4.2o/o for young adults at the age between 18-26 years old [30,

43]. Although chlamydial infection is mostly not life-threatening, it can result in

infertility if left untreated or infected multiple times 130, 441. Chlamydial genital tract

infection also facilitates the transmission of HIV and other STD [45, 46]. In women,

chlamydial infection can cause pelvic inflammatory disease, chronic pelvic pain,
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salpingitis, ectopic pregnancy and infertility. Although C. trachomatis-induced STDs

occur more frequently in female, it also causes a severe disease in males [a0]. The

infection in the latter group can lead to urethritis, epididymitis [47, 48], prostatitis [47],

and infertility þ91. A positivity for anti-Chlamydia IgG antibody in men has been shown

to be associated with a lower rate of pregnancy [49]. It is also reported that Chlamydia

can give rise to pathological changes, or even death, to the sperms, hence, male

infertility. Except trachoma and STD, C. trachomatis infection can also lead to

manifestation of other diseases including reactive arthritis [51, 52], ankylosing

spondylitis [51, 53], and likely Alzheimer's diseases [54].

In recent years, some Chlamydia species especially C. pneumonia and C.

trachomatis, have been reported to be associated with atherosclerosis, myocarditis and

endocarditis [55, 56]. Animal models of atherosclerosis with chlamydial infection were

also successfully reporled in rabbits and mice 157-6I). Lung infection with C. muridarum

may directly induce cardiovascular pathological change [61]. Moreover, chlamydial

hsp60 is correlated with myocarditis. It has been shown that chlamydial hsp60 regulates

tumor necrosis factor-cr (TNF-cr) and matrix metalloproteinase expression [62], which are

involved in immune pathology [63]. The 60 KDa cysteine-rich out membrane proteins of

Chlamydia can also cause atherosclerosis through antigen mimicry with mouse heart

muscle o-myosin [64].

Because of the severe outcomes of chlamydial infection, quick and early

diagnosis and treatment are necessary to control the infection. However, since it is

asymptomatic in 85o/o infected women and 45%o infected men [65, 66], the early

identification of the infection is difficult. Further, it is estimated that around I0 to I5o/o
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women treated with antibiotics display a recunent C. trachomølls infection [67]. Clinical

studies also show that antibiotic-resistant strains of C. trachomatís will induce treatment

failure [68-70]. For these reasons, it is highly necessary to study and understand the

pathogenesis of chlamydial infection and host immune responses, in order to rationally

develop an effrcient vaccine to prevent chlamydial diseases.

2. Immune responses to Chlømydiø infection

Both innate and adaptive immune responses are necessary to protect host against

chlamydial infection. The Thl-like immune response is thought to be the most important

players in host resistance to chlamydial infection and has been extensively studied. The

central mechanism of Thl-like immune response is the production of IFN-y, an important

cytokine that activates many bactericidal pathways to eliminate pathogens. Natural killer

cells (NK) and NKT cells, DC cells, CD4+ and CD8+ T cells, and macrophages are

among the major players which control the production of IFN-y and elimination of

Chlamydia.

2.1 Sense of Cltlamydia infection and innate resistance mechanisms

Mammalian immune system is composed of innate and adaptive immunity. Innate

immune responses are initiated through the recognition of the pathogen-associated

molecular patterns (PAMPs) by the germline encoded paffern recognition receptors (PRR)

that are expressed on the cell surface or in cytosol 171, 721. PAMPs are conserved in

different microbes during billions years of evolution and they are necessary for

microorganism survival. The most well known PRRs are Toll-like receptors (TLRs).

Twelve different TLRs have been identified in mammals, which are expressed unevenly
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in different tissues and cell types [71, 73]. TLRs are trans-membrane glycoproteins which

contain an extracellular leucine rich repeat (LRR) domains and a cytoplasmic Toll/IL-R

homology domain (TIR domain). The LRR domain participates in the binding and

recognition of PAMPs, and the TIR domain transmits the PAMP-TLR signal downstream,

which ultimately induces cell activation. TLRs recognize pathogens extracellularly or

intracellularly via endosome/lysosome. To sense the pathogens residing in the cytosol,

the cells also develop some other PRRs inside the cytoplasm such as NODs 171,741.

NODs also contain the LRR domain to recognize PAMPs, and some other domains to

transmit the signal to the nucleus. During the infection, PRRs interact with PAMPs and

the activating signals are transmitted through MyD88-dependent andlor -independent

pathways to activate host cells. Activated cells secret interferon (IFN)-olB and other

proinflammatory cytokines such as interleukin (IL)-i, IL-6, TNF-o and rL-12 [75,76].

These cytokines subsequently induce the production of microbicidal molecules such as

nitric oxide and reactive oxygen intermediates; depletion of necessary nutrients for

microbe growth such as tryptophan and Fe2*; phagocytosis of pathogens by macrophages

and DC; enhanced expression of MHC molecules that promote presentation of pathogen

antigens and induce adaptive immune responses l7l,72l.It has been found that PRRs

participate in the sensing of Chlamydia and regulate immune responses. When stimulated

with sonicated Chlamydia, peripheral blood mononuclear cells (PBMCs) produce

proinflammatory cytokines through TlR2-dependent pathways 1771. Ch\amydial heat

shock protein 60 (hsp60) activates macrophages through TLR4 [78]. When co-cultured

with live Chlamydia, DC activation mostly depends on TLR2 but not TLR4 [79].

Conespondingly, TLR2-|- mice produce significantly lower TNF-CI, and MIP-2 and
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develop less oviduct pathology during chlamydial genital tract infection compared to WT

mice [80]. Except TLR2 and TLR4, some other TLRs may be also involvedin Chlamydia

recognition and cell activation, because the production of iFN-P and IP-10 is not changed

in TLR2-/-, TLR4-/- cells relative to that in WT cells, but signifìcantly decreased in

MyD88-/- cells [81]. As intracellular bacteria, Chlamydia may release some of their

components into the cytosol during its replication thus cytosolic PRRs may also be

involved in the sensing of Chlamydiae. A. recent study has shown that Nodl can sense the

existence of trace peptidoglycan of Chlamyida and induce the production of

proinfl ammatory cytokines [82].

2.2 Small bactericidal molecules

In addition to nitric oxide (NO), indoleamine dioxygenase (IDO), and peroxide,

some other consistently expressed molecules can act as the first line of defense against

chlamydial infection as well. Mucosal antimicrobial peptides such as B-defesin and

surfactants, have been found to play a role in host resistance against chlamydial infection

[83]. For example, surfactant A and D, the colletins that participate in innate immunity,

were found to promote the phagocytosis of C. trachomatis and C. pneumonia by THP-I

cell, a macrophage cell line [84]. The cysteine-rich B-sheet anti-microbial peptides such

as HNP-2 and PG-l can inhibit the infection of C. trachomatis through direct damage of

the membrane and killing of the bacterial EBs [S5]. Another leukocyte derived anti-

microbial peptide is the cathelicidin peptide, which is also capable of suppressing

chlamydial infection [86]. Except being inhibited by anti-microbial peptides and other

cell surface secreted molecules, chlamydial infections aïe suppressed largely by

phagocytosis of leukocytes.
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2.3 Neutrophils and chlamydial infection

Neutrophils are professional phagocytes that can efficiently kill ingested microbes

during infection, which are critical innate immune cells involved in host protection

against many pathogens. The microbicides produced by neutrophils include toxic reactive

oxygen species (ROS)- Oz- and H2O2 G{ADPH oxidase catalyzed), HOCI (produced by

MPO), proteases and antimicrobial peptides such as cr-defensins [87]. The role of

neutrophils in host resistance against chlamydial infection appears controversial. It was

reported that during chlamydial intra-peritoneal or genital tract infection, complete

depletion of neutrophils with antibodies largely enhanced chlamydial growth and

transmission [88]. However, in this study, 2F,6, a monoclonal antibody (mAb) against

mouse CD18 which was used to deplete neutrophils, also inadvertently remove

monocytes. Similarily, the use of another antibody RB6-8C5 depletes both neutrophils

and plasmacytoid DC [89]. In consequence, such cross reactivity effectively remove

neutrophils and other cells which may be important in the host immune responses during

the infection. A later study using CXCR2 KO mice that had a deficiency in neutrophil

infiltration showed similar resistance to C. muridarum to V/T mice [90]. The data

indicated that over-infiltration of neutrophils is not necessary to combat chlamydial

infection. Interestingly, C. pneumonia can multiply inside neutrophils and infect

neighboring epithelial cells, and depletion of neutrophils with RB6-8C5 decreased

organism burden in the lungs l9I, 92). Therefore, it seems that neutrophils may be

beneficial or detrimental to hosts depending on the type of the infecting Chlamydia.ln

this regard, further work is needed to resolve the interdependences between neutrophil

infiltration and chlamydial infection.
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2.4 Macrophages znd Chlømydiø infection

Macrophages are recruited to infection area later than neutrophils. They can not

only phagocytose microbes, but also remove dead or apoptotic cells to suppress

inflammatory responses [87]. Compared with neutrophils, macrophages are longer lived,

and may differentiate to become DC to help regulate adaptive immune responses. The

fate of Chlamydia in macrophages is determined by the activation status of macrophages,

which in turn is modulated by cytokines secreted by the macrophage itself or by other

cells [93-99]. In vitro cell culture analysis showed that NO was important in the

inhibition of Chlamydiø growth by macrophages. It was further revealed that suppression

of the NO production via interference with the function of inducible nitric oxide synthase

(iNOS) in cultured peritoneal macrophages enhanced Chtamydia survival lg3, g4l. A

study with iNOS KO mice also indicated that iNOS was necessary in the control of

Chlamydia dissemination to the other organs in a genital tract infection model [95].

Along the same line, IFN-y and TNF-cr were also found to be required in macrophages to

control chlamydial growth, probably through among others, the activation iNOS

synthesis. While administration of rlFN-y suppressed chlamydial growth lg3, 96l,

neuttalization of TNF-cr was proposed to enhance the growth of Chlamydia 194,97, g8l.

Moreover, adoptive transferring of WT bone marrow-derived macrophages protected

RAG-1(-/-)/IFN-y(-/-) mice against chlamydial infection, while the transferring of

macrophages from IFN-y KO mice did not. In addition to killing Chlamydia directly,

macrophages were found to be able to present chlamydial antigen to T cells [99].

Although macrophages are important for inhibiting chlamydial growth, Chlamydia have

also developed a set of mechanisms to evade the destruction or even hijack macrophages.
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For example, C. trachomatis-infected macrophages can secret TNF-g that can induce

apoptosis of activated T-cells [100, 101], which may be a mechanism of persistent

chlamydial infection. If infected Chlamydia can not be cleared, they may migrate with

macrophages to other areas [102, 103].

2.5 NK, NKT cells and Chlamydiø infection

NK cells are important in host resistance to viral [104, 105], intracellular bacterial

(salmonella and listeria) [06, 107], and intracellular protozoan infections I10g]. NK cells

can directly lyse target cells when they are activated. NK cells express both activating

and inhibitory receptors on their surface. The interaction of the receptors with the target

cells and the subsequent transmitted signals will dictate the final outcome of NK cell

activation. The main inhibitory signals are mediated through the interaction between NK

cell inhibitory receptor (KIR) family molecules on the NK cell surface with the MHC

molecules on the target cells. Chlamydial infection can degrade the host transcription

factor regulatory factor X5 (RFX5) and upstream stimulatory factor-l (USF-1), thus

downregulate MHC class I and class II expression on the infected cells [109, 110].

Although this would help Chlamydia evade host adaptive immune response by

decreasing pathogen antigen presentation to CD4+ and CD8+ T cell, it also increases the

possibility to activate NK cells to lyse chlamydia infected host cells tl l ll.

During the early phase of chlamydial infection, NK cells are responsible for a

surge in IFN-y production. As such, depletion of NK cells will exacerbate the course of

infection and skew the adaptive response towards that typical of aTh2like response (i.e.,

low IFN-y, high IL-4, high IgGl) F121. Recent data have documented,thafhuman NK

cells express TLRs that can recognize PAMps t1l3l.
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NKT cells contain both NK cell markers and the T cell receptor (TCR). Similar to

typical CD4+ and CD8+ T cells, NKT cells develop in the thymus. They contain only a

limited TCR repertoire, which recognize lipids and glycolipids presented by CDI- an

atypical MHC class I-related molecule [114-116]. NKT cells play an important role in the

regulation of both Thl and Th2 immune responses. Moreover, NKT cells can modulate

host resistance to many different pathogens including virus, bacteria and protozoan [114,

1 15, 1 17-ll9l. Recent studies with CD-l KO mice and NKT KO mice showed that NKT

cells enhanced C. trachomatis infection through increased IL-4, IgE, and decreased DTH

responses [120]. Interestingly, in C. pneumonia infection model, it was found that CDl

and NKT KO mice were more susceptible to C. pneumonia infection. In line with these

findings, KO mice showed significantly less IFN-y production during C. pneumoniae

infection ll21l. The different roles of NKT cells in C. trachomatis and C. pneumoniae

infection were correlated with the activation of different NKT subsets that produced IFN-

y and IL-4, respectively U22,1231. The results indicated that the antigens from different

pathogens may regulate the specific cytokine secretion by different NKT cell subtypes.

2.6 Cytolnnes and Chlømydia infection

2.6.1 IFN-1 and Chlamydìø infection

IFN-y is probably the most important cytokine in controlling chlamydial infection

and also probably the most extensively studied cytokine in the research on Chlamydia 17,

61,124-1301. Studies using genital tract or lung infection models with IFN-y receptor KO

mice clearly showed that IFN-y was absolutely essential to the host resistance to

chlamydial infection as well as to prevent dissemination of the organism to the other

organs 16l, 126,131-133]. The lack of IFN-y signalling results in delayed resolution of
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genital tract infection, increased death post respiratory tract infection, and severe

dissemination of organisms following the infection [61, lz7, 129, I31]. IFN-1 has

pleiotropic functions which can activate many immune responses. IFN-y can activate

NADPH to induce ROS; iNOS to produce nitric oxide; IDO - a tryprophan-decyclizing

enzyme to deplete tryptophan, an essential amino acid for chlamydial growth; restrict ion

supply; enhance MHC molecule expression and antigen presentation to promote adaptive

immune responses.

Induction of iNOS, IDO and p47 GTPase are three important pathways thaf attract

the attention of scientists in recent years. Although NO is an important bactericide, its

function in chlamydial infection is controversial. Some studies with iNOS-deficient mice

showed that KO mice resolve chlamydial infections as fast as those of the V/T mice [95,

134, 1351, while the other in vivo and in vllro studies indicated NO could inhibit the

dissemination of chlamydial infection [95], and suppression of iNOS would promote

chlamydial growth in cells 193, 94, 136, 1371. As stated above, IFN-ytriggered IDo

degrades intracellular tryptophan and inhibit chlamydial growth L729, l3B, 1391. In vivo

regulation of tryptophan by DC may influence the adaptive immune responses and

resistance to chlamydial infection [1a0]. For a long time, it was observed that human

strain C. trachomatts are more susceptible to IFN-y compared to C. muridarum,

especially in mouse genital tract infection models. Recently, comprehensive study using

different human and mouse cell lines has revealed possible mechanisms underlying the

innate cellular resistance to the infection with mouse and human C. trachomølrs strains

(MoPn and L2). It was found that the bactericides induced by IFN-Ï were different in

human and mouse cells and that while human cell lines could produce IDO but not NO,
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the reverse was true for mouse cell lines. IDO inhibited the growth of both L2 and, C.

muridarum, while L2 was more greatly suppressed than C. muridarum in IFN-y treated

mouse cell lines [141]. These results indicated that C. trachomaÍis is adaptive to its

natural host during evolution, and IDO is an important factor for human against

chlamydial infection. Although IFN-y induced NO was correlated with C. muridarum

growth inhibition, blocking NO production could not rescue IFNy-suppressed C.

murídarum completely, suggesting that other factors/mechanisms were involved in the

host immune response against Chlamydia t141]. Recently, it was revealed that IFN-1

gives rise to the expression of p4TGTPase in murine epithelial cells, which may inhibit

chlamydial growth L1421. p4TGTPase, having a molecular weight of 47Kda, are

intracellular membrane binding proteins, which help regulate trafficking and maturation

of phagosomes that contain phagocytosed pathogens [143]. Probably for this reason,

P4TGTPases have been found to be critical to the host resistance against many

intracellular bacteria infections U44-146]. Most recently, p4TGTPase has been proposed

to be able to modulate host susceptibility to chlamydial infection. Attenuated or abolished

expression of specific members of p4TGTPase resulted in an increased susceptibility to C.

trachomatis U471.

2.6.21L-4 and Chlamydiu infection

IL-4 is the characteristic Th2 cytokine secreted by NKT cells and Th2-like T cells.

IL-4 can suppress T-bet triggered IFN-y production and Thl like responses through Stat6

signalling pathway U48, 1491, and induce Th2 like responses. Studies indicated that

increased IL-4 production was correlated with an increased susceptibility to chlamydial

infections [120, 150] or with a persistent chlamydial infection, which could potentially
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lead to pathological responses and trachoma formation Il51]. It remains unclear whether

IL-4 has a direct influence on Chlamydia growthor replication in host cells.

2.6.3 lL-10 and chlamydiat infection

L-10 was originally recognized as a Th2 cytokine but found later as an anti-

inflammatory cytokine secreted by T cells and macrophages. IL-10 can suppress both

Th1 and Th2 responses by inhibiting antigen presentation and inflammatory cytokine

secretion. For this reason, IL-10 is associated with suppressed Thi responses and

increased susceptibility to chlamydial infection. For example, BALB/' mice were

observed to be more susceptible to C. muridarum infection compared to C57BL6 mice

and this was accompanied by higher production of organism-specif,rc IL-10 ll52l.IL-10

KO mice were also found to be more resistant to C. muridarum infection compared to

WT mice. In those IL-10 KO mice which did develop the infection, they typically

endured a shorter duration of disease, less organism growth and less server pathological

changes including granulomas and fibrosis formation Il53]. It is postulated that the

mechanisms for the enhanced resistance of IL-i0 KO mice could probably be due to the

fact that antigen presenting cells (APC) from the IL-10 KO mice are more potent in

presenting antigens to T cells and illicit Thl responses. In contrast, increased production

of IL-10 is also associated with persistent infection and followed by chronic

inflammation and scar formation (trachoma) [154].

2,6.4 Infiammato ry cyto kin es and, C h I ømyl¿ø infecti o n

Infection of epithelial cells can quickly lead to large secretion of inflammatory

cytokines such as IL-1, IL-6, rL-l2,IL-8, TNF-c- f75,76, 1s5, 156]. These cytokines

promote host immune responses to inhibit Chtamydia growth, through aftracting and,
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activating neutrophils, monocytes and T cells [155, 157]. For example, deficiency of IL-6

cytokines enhanced host susceptibility to chlamydial infection [158], while IL-l would

potentiate the function of IFN-y in inhibiting Chlamydia growth [159]. Further,

lymphotoxin can suppress C. pneumoniae growth in vitro [160, 161]. However, this

response is a double-edged sword as these very same proinflammatory cytokines can also

cause signif,rcant tissue damage and pathological changes, which may be correlated with

the clinically evident chlamydial infection-induced scarring trachoma, infertility and

atherosclerosis [150, 155, 156]. Whether cytokine production will result in protection or

tissue damage to the host essentially relies on the interactions between the host and

pathogen. If the invading organism can not be cleared swiftly and completely and the

infection persists, secretion of a large amount of inflammatory cytokines followed by

infiltration of the immune cells may inevitably lead to tissue damage, fibrosis and scar

formation.

2.6.5 Dendritic cells and chlamydial infection

Dendritic cells are the most important APC that phagocytose, process and present

antigen to MHC-restricted T cells to illicit adaptive immunity. During chlamydial

infection, local resident DC will be activated through a direct interaction of their surface

or cytosol PRRs with chlamydial PAMPs, or through cytokine receptor-ligand binding

via autocrine and paracrine fashion. In consequence, activated immature DC phagocytose

Chlamydia, express CCRT and some other chemokine receptors and adhesion molecules

and migrate to local draining lymph nodes, where maturation of DC renders them the

ability to present processed antigens to T cells through MHC-antigen-TCR interaction.

With the help of co-stimulatory factors and c¡okines such as IL-12, T cells and B cells
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will be activated and proliferate, eventually migrate back to the infected tissue where

secretion of cytokines and antibodies ensues. It was found that during chlamydial genital

tract infection, MHC class ll-positive APC infiltrated to infected organs of resistant strain

(BALB/o) mice but not of susceptible strain (C3H) mice, which may be associated with

protection against infection 1162l.Infection or immunized with Chlamydia can induce a

release of local granulocyte macrophage-colony stimulating factor (GM-CSF) and,IL-12

as well as trigger DC maturation [163]. How would DC participate in the immune

responses to chlamydial infection? Studies on in vitro culturing of DC with Chlamydia

have provided some clues. One study suggested that live Chlamydia were internalized,by

DC through nonspecific macropinocytosis because heparin, a reagent reported to inhibit

Chlamydia binding to cell, failed to suppress the internalization of Chlamydia by DC

1164l. In contrast, in another study with C. trachomatis L2, it was found that L2 entered

DC through heparin-inhibited pathway but not by macropinocytosis t1651. In both cases,

Chlamydia showed a similar fate after entering DC. Chlamydial inclusions in DC will not

develop normally like they would be in epithelial cells. Rather, the pathogen fuses with

lysosome and subsequently degraded and presented to both CD4+ or CDB+ T cells to

initiate the development of adaptive immune responses |64, 1651. At the same time, the

pulsed DC will express a complex profile of immuno-modulatory molecules including

CCR7, IL-IZ,IP-10, for their homing and stimulation of the protective immune response

[166]. It was found thatactivated DC upregulated MHC, cD40, CD80 and cDB6, and

secreted a large amount of IL-12 and TNF-o. Further, DC activation (e.g., secretion of

cytokines, expression of surface activation markers and co-stimulatory molecules) was

both TLR2- and TlR4-dependent [79]. These activated DC were able to initiate host
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immune responses and rendered the host resistant to pathogen challenge. When bone

marrow-derived DC were pulsed with killed Chtamydia, they were not only able to secret

IL-12 and activate Chlamydia-specihc CD4+ T cells in vitro, but also protect mice

against chlamydial genital tract challenge after being adoptively transferred to naiVe mice

116Tl.Immunized mice displayed a typical Th1 like response with strong IFN-y and weak

IL-4 production. The Thl-like response was IL-12-dependent because IL-I2p40 KO DC

would not induce IFN-y production and strong protection t168]. As mentioned before,

depletion of IL-10 could enhance host immune responses to chlamydial infection [153,

1691. Chlamydia-pulsed IL-10 KO APC or antisense IL-10 oligonucleoride-treated WT

APC acquired capability to promote arfti-Chlamydia infection upon adoptive transfer

[169]. Further, pulsed IL-10 deficient DC were found to express higher levels of CDl lc,

CD40, co-stimulatory molecules and IL-12, which collectively enhanced their ability to

activate T cells [170]. A recent study comparing live and UV-killed C. muridarum as

antigen found that live C. muridarum induced, stronger DC activation as determined by

higher expression of CD40, CD86 as well as higher levels of IL-12 and TNF-o compared

to UV-killed MoPn ll7ll. After adoptively transferred into mice, live C. muridarum -

pulsed DC exhibited better protection against chlamydial infection than UV-killed

organism' When DC were co-cultured with UV-EBs plus CpG, they displayed stronger

protection compared to those cultured with only UV-EBs suggesting that TLR may be

important in activating DC functions t17ll. Further, chlamydial proteins were also used

as antigens to stimulate DC for vaccination study. DC pulsed with recombinant

chlamydial MOMP will stimulate CD4+ T cell proliferation, but the T cells induced Th2_

like immune responses after adoptively transferred to mice, possibly owing to lack of the
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stimulatory signals from TLR L1721. Human monocyte-derived DC pulsed with

chlamydial hsp60 promote a Thl-type immune response through IL-lzlIL-z3 production

in vitro U731. Recently, it was documented that different subtypes of DC showed

different abilities to initiate protective Th1-like immune response to chlamydial infection.

In an adoptive transfer experiment, CD8o,+ DC isolated from mice which had been

infected with C. muridarum were found to be more effective in protecting the host

against C. muridarum infection compared to CDSc- DC highlighting the importance of

CD8u,+ DC in host resistance to chlamydial infection.[174].

2.7 Adaptive immune responses

Innate immunity is important but it may not be suffrcient to control the invasion of

Chlamydia. In fact, it has been reported that severe combined immunodef,rciency (SCID)

mice, which lack adaptive immunity, display a severe course of disease after chlamydial

infection as shown by significant organism growth and high mortality U75-l77l.In this

regard, adaptive immunity, especially Thl-like DTH response, is essential to the

resolution of infection.

2.7.lIMHC and Chlamyd¿ø infection

Before an adaptive immune response can be mounted, proteins from pathogens

either extracellularly or from inside an infected cell, have to be broken down into short

peptides, displayed on the cell surface of APC or target cells, in the context of MHC

molecules and recognizedby T cells. In addition to the classical MHC molecules (l.e.,

class I and class II), there are also non-classical MHC molecules such as CDl, which

may involved in antigen processing and NKT cell activation. MHC class I, expressed on

all nucleated cells, delivers a 8 to l0 amino acid long peptide from the cytosol to cell
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surface, where the peptide-MHC I complex is recognized by CD8+ T cells t17Sl.

Extracellular antigens processed intracellularly to antigenic peptides (13-20 amino acids

in length) are displayed in the context of MHC II molecules on the surface of APC and

recognized by CD4+ T cells ll79l.

MHC gene is polygenic, and highly polymorphic, the sequence of each type of

MHC gene may be different in each individual. As such, different MHC exhibit variable

binding affinity to different antigenic peptides, and thus in turn contributes to inherent

variations among individuals in the recognition of T cells to the particular antigenic

peptide. Because of the crucial role of MHC in T cell responses, one can predicate the

importance of MHC polymorphism in host-pathogen interactions. In a study with 810 H2

congenic mice, Bl0.M (H-2Ð and 810.S (H-2s) were observed to be more resistant to

Leishmqnia amazonesis induced cutaneous lesions [80]. The 810 congenic mice with

different MHC genes also demonstrated different degree of resistance to the infection of

Cryptococcus neoformans ll81l.In addition to its role in the initiation of T cell response,

MHC polymorphism were also reported to influence the antibody responses [182, 183].

For example, different MHC congenic Bl0 mice showed variable antigen-specifrc IgG

antibody responses after immunizationwith influenza virus hemagglutinin [182].

Some studies have reported the relationship between different MHC genes and the

susceptibility to chlamydial infection. Using MHC gene KO, Morrison et al demonstrated

that MHC class II- restricted response was important in the host defense against C.

trachomatis genital tract infection and that MHC class II-/- mice failed to resolve

chlamydial genital infection, producing low titers of IgG2a and failing to mount positive

DTH responses [184]. On the other hand, cefiain MHC class genes are involved in C.
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trachomatis-induced immunopathologic responses. Based on a molecular

epidemiological investigation, Kimani et al found that women expressing a specific HLA

type I molecule, HLA-431 is a risk factor for C. trachomatis pelvic inflammatory disease

[185]. HL{-B27-restricted peptides with possible relevance to HLL-B27-associated

diseases have been identified from C. trachomatis proteome t136].

2,7.2 Cell-mediated immunity (CMI) and Chlamdyia infection

Many different mouse models have been utilized to study the role of lymphocytes

in chlamydial infection including specific lymphocyte deficient micelI76,184, 187, lggl,

adoptive transfer of functional lymphocytes or T cell clones to naäe mice [175, 189-191],

and depletion of specific subpopulation of lymphocytes in vivo with antibodies [192-194].

A study using nude mice (i.e., deficient of T cells) in a genital tract infection

model revealed the importance of CMI in chlamydial infection tl95]. A subsequent

investigation revealed that the resistance was attributed to the presence of oB T cells since

oB T cell deficient mice displayed the same susceptibility to chlamydial infection as

RAG-/- mice, which lack both T and B cells, while yô T cells appeared to have no direct

in goveming host resistance to infection t196].

Evidence is available to support the notion that IFN-y may be one of the most

eff,rcient factors secreted by T cells after infection, that both cD4+ T cell and cD8+ T

cells participate in the protection against chlamydial infection, and that CD4+ T cells may

be more important than CD8+ T cells tl871. Specifically, depletion of CD4+ T cells

rendered mice susceptible to infection, while adoptive transfer of CD4+ T cells from

previously chlamydial infected mice showed protection to naiVe mice [190]. Transfening

of CD4+ Th2 clone could not protect mice against infection t1971. Similarly, a lack of
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IL-12, IFN-y or IFN-y receptor rendered hosts susceptible to chlamydial primary

infection [128, 133]. Taken together, these studies highlighted the importance of CD4+ T

cells in chlamydial infection.

During infection, CD8+ T cells also secret IFN-y which may inhibit Chlamydia

growth. But as mentioned above, the importance of CD8+ T cells may not be as great as

that of CD4+ T cells. Although CD8+ T cells can lyse Chlamydia infected cells in vítro

[198, 199], cytotoxicity may not be a major effect of CD8+ T cells in chlamydial

infection. For example, in mice deficient of perforin, Fas or Fas ligand, or of both

perforin and Fas, although CD8+ T cell-dependent killing activity was compromised,

their resistance to chlamydial infection was comparable to that of WT mice t200]. Further,

in genital infection models, p2 microglobulin gene KO mice (1.e., CD8+ T cell defîcient)

cleared the infection as fast as V/T mice [184]. In contrast, in lung infection models,

absence of CD8+ T cells rendered mice highly susceptible to chlamydial infection as

evidenced by organism growth and increased mortality, although such increase was not

as pronounced as that seen in CD4+ T cell deficient mice [187]. Because CDB+ T cells

are activated earlier than CD4+ T cells, they may be more important at an early stage of

infection via secretion of IFN-y and initiation of Thl-like responses t1771. In this

instance, the role of IFN-1 is supported by the finding that adoptive transferring of IFNy-

producing CD8+ T cell but not of lFNy-deficient CD8+ T cells showed protection tl91l.

2.7.3 B cells and antibody responses in Chlamyrliø infection

B cells are antibody-producing cells as well as APC in recall immunity. The

function of B cells during chlamydial infection has been studied for about twenty years.

In genital tract infection models, pMT gene KO mice (B cells deficient) were as resistant
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as WT mice to chlamydial infection [201]. However, following recovery from a primary

infection, B cell-deficient mice showed stronger susceptibility to secondary infection than

WT mice, as shown by more Chlamydia growth and delayed clearance of the pathogen

suggesting that humoral immunity was more important in secondary infection than in

primary infection 1202,2031.In contrast, in the lung infection model, B cell deficiency

resulted in stronger susceptibiliy to chlamyidal primary as well as secondary infections

[188]. After lung infection with Chlamydia, B cell-deficient mice not only lacked the

presence of antibodies, but also failed to mount a typical DTH response and induce Thl

cytokine production. The observation indicates that B cells are critical to the development

of humoral immunity and antigen presentation for CMI responses, and lung infection

models maybe more sensitive compared to genital tract infection models t1S8].

The role of antibodies in chlamydial infection has been studied for over 30 years

but is still not completely elucidated. A study of antibody function is appealing since its

role in neutralization, antibody-induced cell cytotoxicity (ADCC), activation of

complement, and enhancing antigen presentation through the FcR on APC [204,2051, all

of which are important features in the host resistance to chlamydial infection. Early

studies with human and monkeys suggested an association between locally secreted

Chlamydia-specific antibodies and protection 1206-2081. For example, ocular antibodies

from Chlamydia-infected children can neutralize the infectivity of the organism l20gl.

Later, it was found that locally secreted IgA (sIgA) was strongly inversely correlated with

the shedding of organisms from human endocevix L2101, i.e., female patients with highest

levels of sIgA harboring lowest numbers of organisms recovered t210]. Early studies

with guinea pig models showed that chlamydial infection induced strong humoral
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immune responses against several chlamydial antigens 1211). Guinea pigs with

suppressed humoral immune response by cyclophosphamide treatment but with intact

CMI showed increased susceptibility to chlamydial infection l2l2l, indicating that

humoral immunity was imporlant in acquiring the ability to resist Chlamydia re-challenge.

In addition, Sukumar et al. [213] developed two IgA monoclonal antibodies

(mAbs) which could inhibit Chlamydia-induced infertility when the organisms were

preincubated with the mAbs before infection. In vivo protection was also shown by less

organism shedding and shorter duration of disease after passive transfer of the mAbs to

naiVe mice [213]. Using IgA-l- mice, Murthy et al. found KO mice exhibited more severe

pathological changes after infection, suggesting a regulatory function of IgA during

chlamdyial infection and maintaining mucosal homeostasis although it was not absolutely

required for primary defense against pulmonary chlamydial infection 12141. Further, it

was demonstrated that IgA was not necessary for the resolution of secondary infection in

the genital tract infection mouse model l2l5l.

In the mouse genital infection model, it has been reported that infection of mice

through different routes (intravaginal, intranasal, subcutaneous, or oral) showed different

degree of protection against re-challenge 12161. Specifically, mice immunized

intranasally developed the strongest resistance against chlamydial re-infection, which was

conelated with approximately 6-fold higher in the level of IgG2a in the genital tract

compared to those infected by other routes, although there was no difference in IgA titers

and mucosal CMI between the groups L2l6l.

The availability of Fc receptor KO mice provides another useful tool to assess the

role of antibodies in chlamydial infection since many important functions of antibodies
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including ADCC and enhancing antigen presentation are mediated through the Fc

receptors. Similar to lgA-deficient mice, FcR-/- mice possessed the same resistance as

WT mice to chlamydial infection. However, the FcR-/- mice cleared the organisms more

slowly than did the FcR+/+ mice which was correlated with suppressed macrophage

killing of Chlamydia, and removing of Chlamydia-infected epithelial cells by ADCC

l2l7l. Moreover, the ability of APC from the FcR-/- mice to uptake and present antigens

to T cells is compromised in the presenc e of anti-Chlamydia antibodies l2l7l. It was later

found that it is the IgG2a and IgA which mediated the enhanced Thl responses by

antibodies [218]. Taken together, the induction of mucosal antibodies (IgA and IgG)

could be critical because these antibodies are the first line of barriers which can neutralize

and block the invasion of Chlamydia, thus preventing development of downstream

inflammatory responses and in effect, avoiding future complications of such responses

1219,2201.

Overall, these data indicate that humoral immunity is strongly mounted after

Chlamydia infection and antibodies can neutralize organisms, but the particular roles of

antibody response in host defense against chlamydial infection remain controversial. In

general, antibody responses may not be as important as CMI or IFN-1 in the protection

against primary or secondary infection. However, antibodies may contribute to the

optimal protection against the chlamydial infection.

2.8 Genetically determined resistance to Chlømydia infection

As mentioned above, many immune factors are involved in host resistance against

chlamydial infection. Genetic determinants which control the expression of the immune

factors can potentially regulate host immune responses to chlamydial infection. In human,
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it has been observed that single-nucleotide polymorphisms (SNPs) of certain cytokines

have been associated with chronicity in chlamydial infection or repeated exposure to the

pathogen. For example, IL-10 polymorphism was correlated with alteration in IL-10

production, lymphocyte proliferation and IFN-y responses, which may regulate host cell-

mediated immune resistance to C. trachomatis t2211. Further, it has also been suggested

that polymorphisms within the HLA and IL-10 gene was correlated with recurrent C.

trachomatis infection 12221. Matrix metalloproteinase 9 (MMP9) gene polymorphism

was found to be related to ocular C. trachomar¡s- induced scar formation l223l.In mice,

different strains of inbred mice show different susceptibility to chlamydial lung or genital

tract infection. C57BL|6 mice were more resistant to chlamydial lung infection than

BALB/o mice, owing to different ThllTh2 cytokine productions. Compared to BALB/g

mice, C57BL|6 mice produced more IFN-1 and less IL-10 as well as more IgG2a and,

less IgGl, and showed stronger DTH responses [ 52]. C57BL\6 mice were more resistant

to genital tract infection with Chlamydia compared to C3H mice, which produced nearly

comparable levels of IFN-y. It was suggested C3H produced less TNF-o 12241, but the

finding was not reproducible in the lung infection model, and TNF-a blocked mice

showed similar resistance to chlamydial infection 12251. Studies on the susceptibility of

different strains of mice to chlamydial infection may provide an insight on resistance-

determining factors.

3. Chlømydia Vaccine Development

As mentioned above, C. trachomqtis is an important human pathogen because of

its broad transmission, severe clinical complications and the cost for treatment. To
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control or prevent C. trachomatis infection efficiently, implementation of procedures

combining vaccination, early diagnosis, antibiotic treatment are necessary. Because most

chlamydial infections are asymptomatic 12261, new diagnosis is often missed even with

the development of sophisticated diagnosic tools such as polymerase chain reaction

(PCR). In consequence, a large number of patients will not be treated until symptoms are

manifested. Although antibiotic treatment is generally efficient, emergence of mutations

to the WT C. trachomatÌs genomic sequence would often lead to resistance to treatment

[227] or persistence of the infection 1220).In this regard, a prophylaxic vaccine would be

the most cost-effective approach to prevent new infections.

For several decades, scientists have tried many ways to develop a safe and

effective human chlamydial vaccine, but with limited success. Earliest attempts using

inactivated whole organisms (i.e., EBs) as antigens showed disappointing results.

Although a study from one field trial in india showed that the vaccine exhibited short-

term protection 1228,2291, another trial in Gambia documented that the vaccine not only

gave little protection, but also led to a more serious ocular infection in many vaccinated

volunteers than controls [230,231]. Similar results were observed in monkey models

12321. Later investigations suggested that some of the chlamydial components such as

hsp60 were involved in the immunopathological responses and induced hypersensitivity

responses to the organisms 129,233,2341.In consequence, subsequent vaccine studies

focused on the use of subcomponents of Chlamydia. Among others, chlamydial MOMP,

the major surface component of the bacteria, is by far the best understood candidate

antigen and has long been atargetof various vaccine studies 1229). Purified and re-folded

MOMP were found to induce strong protection 1220, 235, 2361, while recombinant
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MOMP (TMOMP) could only induce partial protection 1291. A possible reason for the

less protection of rMOMP could be due to a conformational change of rMOMP

compared to its native form displayed on the cell surface, or to a lack of an effective

adjuvant [220,236]. Recent DNA vaccination studies using MOMP along with cholera

holotoxin and CpG ODN as adjuvants have demonstrated increased protection against C.

trachomatis infection 1279, 220, 2371. Further studies with other antigens including

chlamydial type III secretion system structural proteins and chlamydial

protease/proteasome-like activate factor (CPAF) are in progress and may prove to be

promising candidate vaccines in the near future [239,239].

For chlamydial vaccine development, several specif,rc biological characteristics of

C. trachomatis have to be considered for choosing the antigen. As previously discussed,

since protective immunity to chlamydial infection is a cell-mediated Thl response, ¿Ìn

effective vaccine needs to stimulate vigorous but desirable this kind of immune response.

Because C. trachomatis mainly infects host mucosal cells, the induction of mucosal

immunity, especially the production of local mucosal antibodies (sIgA), is also an

important feature of a good vaccine 129). Yaccines using live, attenuated organisms,

particularly the whole organism, have been shown to induce strongest protection [163,

227,240,2411as they would elicit immune responses to many different antigens of the

pathogen such that mutations of several antigens within the pathogen may not effectively

exert a negative influence on the effectiveness of the vaccine. Having said that, owing to

the presence of potential immune pathological responses induced by the whole organism,

these vaccines may not be practical. Because of the specific development cycle of C.

trachomatis, RBs are always inside inclusions and to a greaf degree, avoid the
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surveillance of the host immune system. The use of RBs as a vaccine was proven to be

not protective to mice compared to that with EBs Qaz]. Thus, the subunit vaccines based

on EB components or secreted molecules of RBs, which can be processed and presented

to T cells, may be more efficacious to the host. In this regard, the subcomponents from

EBs may give rise to the production of mucosal neutralizing antibody, which can prevent

C. trachomatis entry to host epithelial cells. In consequence, this would help block a

release of proinflammatory cytokines and avoid inflammation, which is often associated

with development of trachoma and infertility [155, 156]. Recently, the sequencing of the

whole genome of C. trachomatiJ serovar D and technical advances in the area of

proteomics has paved a new approach to the development of chlamydial vaccines. The C.

trachomatis genome encodes about 900 proteins, and through analysis of the expression

and the location of chlamydial proteins at specific time, scientists can rationally

determine a candidate vaccine which may elicit protective immunity 12291. Further,

based on the sequence of specific antigens of different serovars, it is possible to elucidate

a general vaccine which can provide sterilizing protection against infections with many

different serovars.

In addition to choice of antigen, development of the adjuvant and delivery

systems are also important to elicit strong immune responses. New adjuvant such as

immunostimulating complexes (ISCOM), CpG and cholera toxin were proven to be

efficient in stimulating immune responses especially mucosal immunity [219,220,243-

2451. Cytokines such as IL-12 and GM-CSF have also been used as adjuvant in

chlamyidal vaccine study because of their role in activation of DC 1239,2461. Probably,

adjuvant which induces balanced Thl and mucosal immune responses when
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administrated intramuscularly may be an ideal standard for a good chlamydial vaccine in

the future.

4. Animal Models of chlamydial infection

Animal models are very useful for studies on host-Chlamydia interactions,

pathological changes, immune responses, vaccine development, and anti-Chlamydia

chemotherapy. Many animal models have been utilized to study the chlamydial infection

from different angles. The available animal models include primates such as monkeys,

guinea pigs, mice, rats and pigs. While monkeys are genetically closer to humans and the

pathological and physiological changes are most resemble to human chlamydial disease,

the source is limited. For trachoma study, the developed animal models include monkeys

and guinea pigs. Non-human primate (Macaque) and pigs were noÍnally used to study

genital and/or rectal infections and test topical microbicide function 12471. Rat and

guinea pig are used to study genital tract infection and Chlamydia-induced arthritis.

Among all animal models, mice are the most widely used model in chlamydial research

because of their wide-spread availability, including that of transgenic mice. As such,

majority of the scientif,rc advances made in regard to mechanisms pertinent to host

immune responses to chlamydial infection comes from studies using mouse models.

Mouse models for chlamydial infection include genital tract infection, respiratory tract

infection and intraperitoneal route [7, 88, 248]. The genital tract and respiratory tract

infection models are the most widely used.

Genital tract infection of female mice has been reported to closely mimic acute

infection, pathological responses, and disease outcome in human (e.g., infertility) [7]. In
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the genital tract infection model, mice or rats need to be pre-treated with progesterone to

successfully establish infection. It has been repofted that progesterone could not only

affect the susceptibility to chlamydial infection, but also enhanced the susceptibility of

mice to some other pathogens such as herpes virus and simian immunodeficiency virus

[249,250). There is a possibility that the administration of progesterone may affect host

immune responses to chlamydial infection.

Respiratory tract infection model is also widely used and has provided useful

information about the host immune factors that regulate susceptibility to chlamydial

infections. One advantage of this model is that it avoids possible artificial influence on

the immune system caused by administration of progesterone. In this article, all the

studies were performed by using respiratory tract infected mouse model.

5. Type I interferons (IFNIs)

IFNIs are the first group of cytokines discovered (1957) and named after their

special function as "interfering" with virus replication [251,252]. Quickly produced by

cells of the innate immunity in response to pathogen invasion, IFNIs are known to play

pleiotropic roles in regulating host immune responses, mediating inflammation, and

inducing or inhibiting autoimmune disease s [253, 25 4].

5.1 Biology of type I interferons

IFNIs belong to the o-helical cytokine class il family, which also includes IL-10

and IL-10 homology cytokines such as IL-19 andIL-2}1254-2561. As a multiple member

family, human IFNIs contain 12 IFN-o subtypes, I IFN-p, I IFN-ar, and some other

members including IFN-c and -rc. IFN-€, IFN-ô and IFN-I were found in non-human
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animals such as mice and pigs [254,2571.It is not clear why there are so many subtypes

of IFN-o, but all of them are capable of inhibiting viral infectivity and replication as well

as cell proliferation [258, 259]. Although sharing some degree of similarity in sequence,

structural differences of IFNIs were discovered and found critical to their interaction with

interferon receptors, which may influence the biological activity of different IFNIs [252,

260-2621. Recently, new members of the type I IFN family known as IFN-},1, -)r2 and, -L3,

or IL-284, IL-288 and IL-29 were discovered 1263,2641.INF-¡. exerts its effects on host

cells through receptors which are different from the traditional type I IFN receptors used

by the other IFNIs. But similar to the other IFNIs, INF-À can activate STAT2 and

suppress viral infection. [2651. Except IFN-],, almost all IFNIs act as monomer on the

target cells through the same receptor called the IFNo/B receptor (IFNAR) and signal

through the Jak-Stat pathway 1266, 2671. The IFNAR complex is composed of a

heterodimer, IFNAR1 and IFNAR2, which are expressed ubiquitously in all cells. Both

subunits are necessary for initiation of signalling events triggered by IFNIs. Similar to the

other enzyme-linked cell surface receptors, the high affinity binding between IFNIs and

IFNAR leads to receptor dimerization and phosphorylation of the associated kinases

Tyk2 and Jakl, followed by phosphorylation of the IFNAR2, and associated STAT2 and

STAT1' Phosphorylated STATI/STAT2 dimers will be released and interact with IFN

regulatory factor 9 (IRF9) to form IFN-stimulated gene factor 3 (ISGF3), a trimeric

complex that is translocated to the nucleus and binds to lFN-stimulated response

elements (ISRE) - the regulator consensus sequences of IFN-o/p inducible genes

initiating the transcription of IFNI activated genes [252,254,268]. Further, STAT-3, -4

and -5 have also been reported to participate in the lFNls-mediated signaling pathway. T-
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bet, an important transcription factor promoting Thl response is expressed in IFN-o

treated T cells through activation of STAT1 and STAT 3, which in tum, upregulates

expression of surface IL-12 receptor 82. Increased IL-12R promotes naive T cells to

differentiate into IFN-1 producing Thl cells 12691.IFN-o is also able to induce IFN-1

production through STAT4, which is observed in host responses to bacterial, protozoan

and viral infections [270-272].

5.2 Production of type I interferons

Under the stimulation of mitogen or pathogens, many cell types, which include

monocyte/macrophage, T cell, NK cell, neutrophil and different DC subtypes can

produce type I IFN (IFNI) [273-275]. Among all of rhem, plasmacyroid DC (pDC),

previously recognized as a natural lFN-producing cell (Ì.{IPC), remains the most potent

source of IFNI producing 1000-fold higher in the levels of IFNIs than any other cell types

stimulated under the same condition 1274,276-279]. Unlike other DC, immature pDC

contain less dendrits compared to typical DC. pDCs can induce tolerance but not

activation [280]. TLR expression is also different between common DC and pDC in that

the former express TLR3, TLR8, TLR2 and TLR4, while the latter are strongly positive

for TLRT and TLRS present in their intracellular endosome to sense the single-stranded

RNA and unmethylated DNA from pathogens. upon activated by IL-3, cD40L,

unmethylated CpG-DNA, or viruses, pDC undergoes maturation and gains function and

morphology of common DC expressing high-level surface MHC and co-stimulatory

molecules [281,282].

5.3 Mechanisms for fype I interferon induction
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As mentioned before, mammalian hosts depend on PRR to sense the presence of

pathogens and subsequently, activate the immune system. Because of the importance of

type I IFN in host resistance to viral infection, mammalians have evolved a set of sensors

and redundant pathways to induce quickly production of IFNIs during infection or upon

activation. Two classes of receptors, which differ in their localization and cognate ligands,

have been charccterized. The two different localizations of these receptors ensure both

infected cells and neighboring uninfected cells sense the products of pathogens and

initiate immune resistance status, with the latter one being important as some pathogens

may produce factors, which can block the production of IFNIs.

5.3.1 Induction of type I Interferons by Toll-like receptor signaling

As alluded to earlier. TLRs are a group of rnembrane-bound proteins with

leucine- rich repeat domains with each member of the superfamily recognizing a specific

PAMP [283]' For example, TLR3 binds to dsRNA, TLR4 to lipopolysaccharide (LpS),

TLRT and TLRS to single-strand RNA, and TLRS to unmethylated CpG DNA. Since

expressed on the cell surface, TLR4 can detect extracellular bacteria directly. However,

where TLR3, TLR7, TLRS and TLR 9 normally localize in cell endosome, these TLRs

can not readily interact with extracellular pathogens directly. Rather, the pathogen is

phagocytosed and processed in the endosome, where the products recognized by the

specific TLR. Binding of the TLR to its ligand initiates specific downstream signaling

cascades leading to activation of molecules required to elicit a targeted immune response.

For example, signal transmission resulting from the dsRNA- TLR3 interaction requires

an adaptor molecule known as Toll/interleukin-l receptor domain-containing adapter

protein (TzuF) and the kinase TBKI, which phosphorylates IFN regulatory factor 3
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(IRF3). Subsequent translocation of the activated IRF3 dimer to the nucleus initiates

transcription of the IFNI genes. Along the same line, through activation of NF-rcg and

AP-1, TRIF can also activate IÆB kinase and induce IFNI production l2S4l. Similarly, in

a cooperation with TRlF-related adaptor molecule (TRAM), TRIF also helps activate

IRF3 following binding of TLR4 to LPS and CDt4 lZB4l.

In contrast, the production of IFNIs triggered by binding of TLR-7, -8 and -9 to

their respective ligands is thought to be initiated by the activation of IRF7, a transcription

factor having a similar function as IFR3. The signalling pathway initiated by IRFT

depends on the presence of MyD88, IRAKI ,4 and, TRAF6, which lead to the activation

of MAPK cascades. Interestingly, IRFT and TLR-7, -8 and -9 arc found constitutively

expressed in pDC, which may be correlated with high levels of IFNI usually produced by

pDC. In the case of other cell types which weakly express TLR-7, -9 and IRF7, if at all,

activation of IRF3 is first required to initiate production of low-level IFN-p and IFN-cr4,

which upregulates transcription of the IRFT gene through IFNAR signals (ISGF3).

Subsequent activation of IRFT allows for "amplification" synthesis of all types of IFNIs

[28s].

5.3.2 Induction of IFNIs through the cytoplasmic pathway

During virus infection, two RNA helicases retinoic acid-inducible gene I (RIG Ð

and melanoma differentiation associated protein-5 (MDA-5) have been observed to be

responsible for sensing the presence of cytoplasmic dsRNA and production of IFNIs [284,

286]. Further, it has been reported that intracellular bacteria can also induce activation of

the TBK1-IRF3 pathway and secrerion of IFNIs [71].
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5.4 Functions of type tr interferons

5.4.1 Cell activation

IFNIs can activate macrophage to express iNOS, which catalyzes the production

of NO production - an important antimicrobial molecule. It has been reported that the

iNOS induction by IFNIs requires artificial stimulation with LPS or a true bacterial

infection 1287J.In contrast, others have documented that IFNIs is necessary for iNOS

induction by LPS or virus 1288,2891. However, it should be mentioned that new findings

with Chlamydia pneumonia-infected bone marrow derived macrophage (BMDM) have

disputed this notion in suggesting that IFNI, but not IFNu,, is responsible for the

production of iNOS by C. pneumonia-infected cells [290]. When prerreated with IFN-û,

or IFN-8, killing of tumor cells by macrophages via ADCC has been observed to be

greatly enhanced [291). IFNIs also activate NK cells to promote their cytotoxic activity,

which is important in controlling viral infection and tumor immunity 1292, 2931.

Although expression of granzymes A, B and perforin, which all have a role in promoting

cell death, is not increased, NK cell capability to lyse targetcells was significantly higher

in WT mice relative those in IFNAR-/- mice or STAT-/- mice [2g4, Zgsl.Interestingly,

evidence also suggests that IFNIs can downregulate the expression of NKG2D ligand

H60 on tumor cells, which may also activate the lytic function of NK cells [296].

In addition, IFNIs can efficiently stimulate the expression of proinflammatory

and/or anti-inflammatory cytokines including IL-|, -2, -6, -10, TNF-ü and chemokines

12971. Poly I:C, which stimulates production of IFN-cr, and in turn induces a release of

high mobility group protein I (HMGBl), which exerts inflammatory cytokine-like

activity [298]. Along the same line, IFN-B was found necessary for synthesis of IL-6,
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chemokine CCL5 and CXCLI0 by murine and human alveolar macrophages following

binding of TLR2 to lipopeptides [299].

Interestingly, although IFN-cr/B has been shown to partially suppress expression

of anti-inflammatory cytokine IL-10, thus, aggravate the inflammation [300], IFN-c, in

certain instances, can reverse the prototype anti-inflammatory function of IL-10 such that

the latter can give rise to expression of STAT1-dependent genes including IRF-1, IP-10

and other chemokines [301]. Further, IFNIs have been reported to induce IL-15, which is

necessary for NK cell activation and survival 12951 and enhance expression of IL-21 and

its receptor by T cells [302].

With respect to a role of IFNIs as anti-inflammatory modulators, it is thought that

IFN-P induces SOCS-1 expression which leads to suppression of STAT-1 activation and

CD40 expression [303]. By attenuating TNF-a production, and IFNIs might inhibit

infiltration of T cells or macrophages [304], which would be beneficial in the treatment

of autoimmune and inflammatory diseases [305].

In addition to their role in controlling innate immune response, IFNIs are also

equally important in the control of adaptive immune response [306, 307]. First, IFNIs

have been shown to induce differentiation of monocytes into DC, which are the most

important professional APC [308]. Second, it was found that during immunization with

chicken gamma globulin (CGG), IFN-o/p exerted a strong adjuvant function by

enhancing antibody secretion in primary as well as secondary immune responses.

Especially, the adjuvant function of complete Freund's adjuvant (CFA) is largely

dependent on the endogenous production of type I IFNs post administration [309]. Third,

IFNIs can modulate immature DCs to express MHC molecules and co-stimulatory
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molecules including CD80, CD86 and CD40; secret cytokines and chemokines; home to

secondary lymphoid organs and prime the activation of antigen-specif,rc T cells [310-313].

In fact, type I IFN receptor deficient DCs have a suppressed ability to stimulate naive T

cell proliferation compared to normal DCs [313]. Along the same line, IFNI signals

activate the maturation of DCs to cross-prime CDg+ T cells with viral antigens, a

potentially important mechanism in the host resistance to viral infection [314].

In addition to its role in activating APC, type I IFNs are also able to activate B

and T lymphocytes [316,317]. In fact, both cross priming of T cells as well as antibody

production (and isotype switching) by B cells are enhanced by the presence of T cells

[315]. Further, IFNIs are also needed to prolong proliferation and longevity of activated

T cells either directly or through secretion of IL-2,IL-15 by DC and NK cells as well as

up-regulation of the corresponding receptors on antigen- specific T cells [316-3lS].

5.4.2The roles of fype I interferons in infections

5.4.2.1 Viral infections

Many in vitro and in vivo studies have demonstrated an absolute requirement of

IFNIs in the resistance to viral infections L285,319]. The basic mechanism of resistance

is that IFNIs activate host cells to produce factors important in the suppression of viral

replication and enhance adaptive immune response to viral infection. Further, IFNIs have

also been attributed to apoptosis of virus-infected cells. It has been established that

binding of IFNIs to their receptor initiates activation of signaling cascades leading to

expression of a number of lFN-stimulated genes 0SG), which help induce anti-virus state

within the cell. Some of the most well known ISGs are 2'-5'-oligoadenylate synthetase

(2'-5'- OAS), dsRNA-activated protein serine/theronine kinase (pKR), MxA and
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guanylate-binding proteins (GBP). While OAS activates the riboendonuclease RNaseL

leading to degradation of viral RNA, PKR phosphorylates eukaryotic initiation factor 2a

(eIF2a) to suppress viral protein translation 12531. Although less characterized,,MxA and

GBP have also been documented to contribute to inhibition of viral replication. In

addition, IFN-o is thought to augment APOBEC3G (A3G) expression in macrophages

and liver cells [320]. Although the mechanism remains unclear, A3G is a factor with

broad antiviral functions, especially to retrovirus and HBV 1320-3231. With respect to

the role of IFNIs in apoptosis, RNaseL, PKR, p53 have all been shown to be associated

with apoptosis of virally infecred cells 1324-3261.

Besides directly targeting the virus within the infected cells, IFNIs are strong

modulators of the immune response. They contribute to the activation of macrophages,

NK cells and cytotoxic T cells, thus enhancing the adaptive arm of immunity, a necessity

in the host ability to recover from a viral infection.

5.4.2.2 Protozoan infections

IFNIs activate macrophages and induce iNOS, promote Thl-like responses via

production of IFN-y. Thus, IFNIs have a protective role to the host in protozoan

infections' For Leishmania infection, IFNIs are required for the expression of iNOS and

subsequent production of NO in macrophages - a major host target for Leishmania. It

should be noted that NO is highly important in the clearance of Leishmania [272,327].

ln Trypanosoma cruzl infection, IFNa/B can suppress parasite growth, while IFNAR-/-

mice exhibited 3-fold higher in the level of parasite growth post-infection compared to

WT mice. Interestingly, this higher number of parasite present was correlated with lower

production of NO 1273, 3281. With respect to infections with other parasites including
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Toxoplosmosis gondii and Plasmodiu, IFNIs have been reported to help enhance Thl-

type response and NK cell functions 12731.

5.4,2.3 Bacterial infections

Functions of IFNIs are complex in bacterial infection in that they can enhance or

suppress host immune responses. The role of IFNIs on host resistance has been studied

on about 10 different bacteria [259, 273]. Although some studies have supported the

notion of IFNIs being beneficial to the host, others have contradicted it in indicating that

IFNIs actually enhanced susceptibility to the infection. For example, pretreatment of cells

with IFNIs have been shown to reduce the number of Shigella flexnerÌ and Salmonella

typhimurium in infected cells 1329,3301or protect macrophages from Bacillua anthracis-

induced death and inhibited the growth of the bacteria t3311. Along the same line, it has

been documented that exogenously provided IFNIs significantly reduce S. typhimurium-

induced lethality in infant mice [332]. Heat-killed M protein wr (M+) s. pyogenes-

pretreated mice showed increased resistance to organism challenge, which is correlated

with enhanced IFN-g/B production t333]. Similarly, exogenous IFNIs inhibited

Legionella pneumophila replication in macrophages through an lFNy-independent

pathway 13341.

In some human studies, administration with type I IFN (e.g., IFN-o) improves

host resistance to pulmonary tuberculosis [335, 336]. IFN-B was also found protecting

mice from systemic M. avium infection 13371, while IFNAR-/- mice showed increased

susceptibility to BCG pulmonary infection, which was correlated with low levels of NO

production [338]. However, this positive effect of IFNg and IFNB was not observed in

other studies. In fact, administration of IFNo/B to human monocytes/macrophages
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promoted BCG growth in vitro 1339]. Especially, one highly virulent strain of M.

tuberculosis found to induce high production of IFNcr/B in mice, which was associated

with lower M. tuberculosis-specific Thl responses and early death of mice, compared to

those infected with other strains. Intranasal administration of purif,red IFNIs also

enhanced the susceptibility to M. tuberculosis 1340]. Such contradictory f,rndings of these

studies may be pattially due to inherent differences of the pathogen, the host as well as

the time and dosage of administrated IFNIs. Further work is prudent to tease out the

impact of these factors. In recent studies, comparing the susceptibility of IFNIR-/- mice

with rWT mice in Listeria monocytogen¿s infection[34]-3431, it has been found that KO

mice were more resistant to L. monocytogenes infection compared to WT mice. It is

possible that type I IFN signaling pathway promotes apoptosis of lymphocytes and

decreases IL-I2 production in the spleen, which collectively gives rise to weaker

resistance to listeria in the WT mice. In fact, Listeriolysin O (LLO) of Listeriq has been

documented to induce apoptosis of monocytes in wT but not in IFNAR Ko mice t3441.

In chlamydial infection, an early study using Newcastle disease virus or poly I:C as IFNI-

stimulating agents has indicated that IFNIs may be protective during the infection [345].

Later investigations supported this finding in that depletion of tryptophan via IFNIs was

shown to protect macrophages against chlamydial infection L|59,346,3471.

Although the study using IFNIR-/- macrophages showed that IFNI dependent

IFN-y and iNOS can inhibit Chlamydia pneumonia growth LZg}l. But this observation

was not reproducible in the mouse model and no significant difference in C. pneumonia

$owth between wr and IFNIR-/- mice could be found in another study t34gl.
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6. Rational and Hypothesis

Previously, we and others have proven that genetic backgrounds influence host

resistance to chlamydial infection, and a Thl-like response is an important determinant of

host susceptibility to chlamydial infection. The objectives of this project are: 1) To

elucidate molecular mechanisms which govem the differential susceptibility to C.

muridarum lung infection by C3H/HeN and C57BL /6 mice; 2) To investigate whether

only MHC, or both MHC and non-MHC genes participate in defence against chlamydial

infection, and 3) To assess the role of type I IFN in host resistance to chlamydial

infection.

Hypothesis 1: Differential susceptibility between C3H and CSTBL/6 mice to

chlamydial infection is due to different patterns of cytokine production

delaMaza et al and Darville et al reported dramatically different susceptibility to

genital tract chlamydial infection between C57BL 16 and, C3H/HeN (C3H) mice [224,

349-3511. However, whether this holds true in a lung infection and, more importantly, the

molecular mechanism underlying this phenomenon are largely unknown. In the present

study, we intended to fuither analyze the susceptibility and immune responses of

C57BL|6 and C3H mice to chlamydial infection using a respiratory tractinfection model.

Since studies in other laboratories and ours in recent years have demonstrated a

particularly important role of Thl+ype cytokines such as IFNy and IL-I2 and of T cell-

mediated immune responses in host defense against chlamydial infection [130, I 52,153,

176, 188, 190,352-354], we hypothesize that the different resistance between C3H and

Cí7BL|6 mice may be attributed to different patterns of cytokine production.
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Hypothesis 2: MHC dictates host susceptibility to chlamydial infection

Previous studies documented that C3H/HeN and C57BL16 mice exhibited a high

degree of variability in their susceptibility to C. trachomatis lung and genital tract

infections [93,224,350,351]. Because c57BLl6 (H-25 mice and c3H/HeN (H-2k) mice

possess different MHC molecules and that MHC is essential to the development of host

adaptive immunity, we hypothesize that MHC haplotypes determine the host

susceptibility to chlamydial infection.

Hypothesis 3: Type I IFNs regulate both innate and adaptive immune responses to

chlamydial infection

Type I IFNs, IFNo/B are cytokines with pleiotropic functions regulating both

innate and adaptive immunity. On one hand, the cytokines stimulate expression of iNOS,

IDO, and IFN-1 and may also participate in the inhibition of bacterial infection as well

1259,273,319, 355]. on the other hand, type I IFNs can enhance apoptosis of

lymphocytes and macrophages, which may be detrimental to host resistance to bacterial

infection [34]-343].IFNIs are also strong activators for DC by promoting expression of

MHC, co-stimulatory molecules, cytokines and chemokines leading to eventual

activation of T and B cells 1309, 356-3581. We hypothesize thar during chlamydial

infection, type I IFNs may influence host susceptibility by regulating both innate and

adaptive immunity.
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MATERIAI-,S AND METHODS

Animals

Female age matched C57BL/6 mice and C3H/HeN mice were purchased from

Charles River Canada. Female C3H. SW-H2b/SnJ mice (defined as C3H.HZb thafis H-2b

in C3H background) and 86. AKR-H2k/FlaEg mice (defined as 86. H2k that is H-2k in

C57BL|6 background) were purchased from the Jackson Laboratory (Bar Harbor, ME).

Female CXCR2-/- mice were from Jackson Lab, corresponding Balb/c were from GMC

(University of Manitoba). Breeding pairs of IFNAR-/- mice (interferon o/B receptor

knock out mice) [359] were from B&K universal (Grimston, England), the

corresponding breeding pairs of wild type control mice (129SviEv) were from Taconic

(Hudson, NY, USA). All animals were maintained under specific pathogen-free

conditions in the central animal facilities of the University of Manitoba and utilized under

the guidance of Canadian Council on Animal Care. Age-matched mice at B-12 week were

used for studies.

Culture and purification of C. murìdørum

Chlømydia muridarum biovar MoPn (mouse pneumonitis, previously called as C.

trachomatis mouse pneumonitis) was used throughout all studies. The procedures for C.

muridarum culture, harvest and purification were performed as previously described

11521' Briefly, HeLa229 cells were cultured in Eagle's MEM medium with l0% heat-

inactivated FBS and 2 mM L-glutamine to form confluent monolayers and treated with

Hanks' balanced salt solution (HBSS) (with 30 pglml DEAE-dextran) for 30 min. C.

muridarum EBs were inoculated onto cell layers at MOI 1:1. About 48 h after infection,

infected cells were harvested with sterile glass beads and disrupted by sonication to
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release EBs from the cells. Organisms were purified by i5 min centrifugation at 500 x g

(debride cell debris) followed by 30 min spin at 30,000 x g and then by discontinuous

density gradient centrifugation with 35% Renografin (Princeton, NJ). purified EBs were

resuspended in SPG (sucrose phosphate glutamic acid) and aliquots were stored at -80 
0C

until used.

Infectivity test of EBs

HeLa cells were cultured in 96-well flat-bottom plates and treated with HBSS-

DEAE. Cells were then inoculated in triplicate with 50 ¡rl serially diluted C. muridarum

MoPn stock at 370C îor 2 h. Washed cells were cultured in MEM complete medium

containing 25 pg/ml gentamycine and 1 ¡rglml cycloheximide. After 4Q-hour incubation,

cells were fixed with methanol and processed for inclusion staining. Inclusions were

stained with Chlamydia genus-specific anti-lipopolysaccharide (anti-LpS) monoclonal

antibody (mAb) and secondary goat anti-mouse IgG conjugated with horseradish

peroxidase. After substrate (4-chloro-1-naphthol) addition and color development,

inclusions were counted under microscope and C. muridarum titer was calculated based

on serial dilutions of the original inoculum.

Respiratory tract infection

Following anaesthesia with isoflurane in an anaesthetic vapori zer, age matched

mice were inoculated intranasally with various doses (specified in different experiments)

of C. muridarum in 40 pl of SPG buffer. The mice were monitored daily for morbidity

(e.g.,body weight loss, ruffled fur, piloerection, and difficulty in breathing) and mortality

following infection.
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Organism growth in organs

Mice were killed on selected days after infection as specified in particular

experiments. To analyze the in vivo growth of the organism, the major organs: lungs,

hearts, livers and kidneys (as depicted for each experiment) from each mouse were

aseptically isolated and homogenized in 3 ml SPG buffer. Tissue homogenates were spun

down at 1,900 x g for 30 min at 40C, and the supernatant aliquots (1 ml/vial) were kept at

-800C until tested. The infectivity of MoPn in the organ homogenates was assayed as

described above. For each experiment, all samples were tested at the same time. For

repeat testing, only fresh aliquots were used to avoid repeated freezing- thawing cycles

and loss of viability of the organisms.

Determination of DTH responses

Eleven days after infection, mice were injected subcutaneously (s.c). with 25 pl

ultraviolet light (Uv)-inactivated MoPn EBs (5 x 10a IFUs) on the left footpad and the

same volume of SPG buffer on the right side. The difference in thickness between the

two footpads at24,48 and T2hpost injection was measured with micrometer caliper and

used for comparison of the DTH response. Footpads were decalcified in l0%o formic acid

overnight and processed for histological analysis to compare the DTH responses in

different groups of mice.

Histopathological and immunohistochemical analysis

The lungs and footpads were collected and fixed in 10% neutral buffered

formalin, embedded in paraffin and six-micron sections were cut. Tissues were stained

with hematoxylin and eosin (H&E), and examined by light microscopy. The examiner

was blinded as to the samples were collected from which groups of mice.
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For immunohistochemical analysis, lung tissues were frozen in liquid nitrogen

and stored at -800C until analysis. Frozen tissues were imbedded in frozen tissue

embedding media (Fisher Scientific, Canada) and 10 micron sections were cut. Tissues

were fixed with acetone and specific antigens were stained with corresponding antibodies

as listed in Table 1. Single, double or tricolor staining was performed for tissues as

specified in particular experiments and the stained tissue sections were examined with a

fluorescent microscope (olympus AX70) or confocal microscope (olympus IX70).

Table 1 Reagenfs for fmmunohistochemistry

Antigens ls¡antibodies 2"" antibodies(Jackson ImmunoResearc,h¡ Fluorescent

Macrophage Rat o mouse F4l80 (BM8), egioscience Coat a Rat IgG FITC, Texas- Red

Epithel ial

cells

Mouse Anti-pan-cytokeratin 1B3ll¡,
Calbiochem

Goat o mouse IgG FITC

MoPn Mouse anti- chlamydia LpSl Biotinylated rabbit anti-mouse IgC2 AMCA-avidin D'

VCAM.I Rat o mouse VCAM-l (429), eBjoscience Coat û Rat IgG FITC

Cleaved

cæpæe-3

Rabbit a cleaved caspase-: mRbJell

Signalling Technology

Goat 0 rabbit IgG FITC

Neutrophil Rat o mouse Ly-6G (RB6-8CS1, enioscierrce Goat o Rat IgG Texas-Red

lymphocy'te Rat o, mouse CD2(RM2-5), eBioscience Goat 0 Rat IgG Texæ-Red

1. Kind gift from Dr. Jody Berry (PHAC, NML Canada)2. Chemicon lnternational (Temecula, CA)
3. Vecter Laboratories Inc (Burlingame, CA).

Spleen and Iocal draining lymph node cell culture

Infected mice were euthanized at selected days following infection. Spleens and

draining (mediastinum) lymph nodes were aseptically removed and homogenized to

release single cells. After erythrocyte lysis and filtration through 70 pmcell strainer (BD

Falcon), cells were resuspended in RPMI -1640 complete medium (10%o heat-rnactivated

FBS, 20pglml2-þ-mercaptoethanol,25 ¡tg/ml gentamycin). Spleen cells were cultured at
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7.5 x 106 cells/ml, lymph node cells were cultured at 5 x 106 cells/ml (with or without the

stimulation of UV-inactivated C. muridarum EBs at 5 x 10s IFUiml). Cultured

supematants were harvested at72h or 120h for cytokine determination.

cytokine and antibody determination and corresponding reagents

C¡okines in cultured supernatants and homogenized lung supernatants were

measured by using two-mAb sandwich enzyme-linked immunosorbent assay (ELISA).

Briefly, 96-well ELISA plates were coated with purified capture anti-cytokine mAbs

overnight, incubated with diluted samples followed by incubation with biotin conjugated

secondary antibodies and alkaline phosphatase-conjugated streptavidin. After substrate

(Sigma-Aldrich) addition, results were determined using a microplate reader (Molecular

Devices) at absorbance of 405 nm. Purified capture and biotinylated detection antibodies

and recombinant cytokine standards were purchased from BD PharMingen (San Diego,

cA), eBioscience (san Diego, cA), and R&D systems (Minneapolis, MN), respectively.

Serum IgM, IgGl, IgGZaand IgA antibodies specific to C. muridarumEBswere

determined by ELISA as previously described t1521. 96-well ELISA plates were

incubated with 10s IFU Uv-killed c. muridarum EBsil00 ¡rllwell. serially diluted sera

were incubated with coated antigen followed by incubation with the corresponding

biotin-conjugated anti-mouse immunoglobulin secondary antibodies. Results were

expressed as ELISA titers at 60 min using the end-point (cutoff at optical density at

405nm, 0.5) of the titration curves.

In vitro infection of macrophages with C. murírlørum

Peritoneal macrophages
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Peritoneal macrophages were collected from C3H/HeN and C57BL/6 mice

following intra-peritoneal (i.p) injection with 4%o thioglycollate (1.5 ml/mouse) as

described [360]. Peritoneal cells were harvested by lavaging the peritoneal cavity with

HBSS containing 1U/ml heparin followed by l0 min centrifugation of the lavage fluids at

210 x g. Following red blood cells (RBCs) lysis with 0.85% NHaCl, peritoneal cells

(mostly macrophages) were resuspended, at2 x 106 cells/ml with RpMI-1640 complete

medium and seeded at a concentration of 2 x 105 cells/100 pllwell in the 96-well cell

culture plates. After two-hour incubation at 370C, unattached cells were removed by

washing once with HBSS. Fresh complete medium (200 ¡rliwell) was added and the

plates were further incubated overnight to form cell monolayers. The macrophage

monolayers were then inoculated with C. muridarum EBs and incubated for 2 h followed

by a washing step with HBSS. Subsequently, fresh complete culture medium with or

without recombinant IFN-y (1 or l0 U/ml) or LPS (l pglml) was added to rhe wells at

200 ¡úlwell. In some experiments, aminoguanidin (AG) at a fina| concentration of 100

¡lM was added to the wells along with IFN-y. Cycloheximide was not added in

macrophage culture for the purpose of analysis of NO production. Chlamydial inclusions

in the macrophage monolayers were stained and counted after 48-hour inoculation, in the

same way as described previously [85].

Bone marrow-derived macrophages (BMDM)

Leg bones from naiVe IFNAR-/- and wild type l29SvlEv mice were treated with

70%o ethanol for 5 min to remove fibroblasts and muscle cells. Connective tissues were

completely removed and the bone marrow aseptically flushed out with DMEM. The cell
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suspension was heated with ACK lysis buffer to lyse RBCs. Resuspended cells were

cultured in complete L929 conditioned medium (DMEM with 10% FBS, 30yo LgZg

conditioned media, penicillin and streptomycin) at 0.5 x 106 cells/ml in a petridish.

Medium was changed every 2 or 3 days. Cells were harvested 10 days later with a

scraper, counted and resuspended af 2 x 106 cells/ml in DMEM complete medium as

described before. The purity of macrophages was analyzed by flow cytometry. Cells were

infected with C. murídarum and chlamydial inclusions were stained and counted using a

software (olympus DP controller) under microscopy (olympous IX51).

Measurement of Nitric Oxide (NO)

The levels of NO produced by ex vivo cultured macrophages following C.

muridarum infection in the presence or absence of IFN-1 stimulation were measured by

Griess assay. Briefly, culture supernatants were collected at 48 h post-infection and

serially diluted in phosphate buffered saline (PBS). The samples were added to 96-well

microplates at 150 ¡rllwell. Following the addition of Griess reagent (50 pl/well), plates

were incubated at RT for 10 min. The absorbance was measured using a microplate

reader at 570 nm. Serial dilutions of known concentrations of NaNOz were used to

generate a standard curve from which NO levels in test samples were to be extrapolated.

RT-PCR

Lungs of naïve mice and infected mice were harvested and frozen immediately in

liquid nitrogen, and stored at -80 
0C until used. Total RNA from frozen lungs was

isolated with TRIzol reagent (Invitrogen Canada) according to the manufacturer's

protocol. Total RNA was quantified and treated with TURBO DNase (Ambion) to

remove contaminating chromosomal DNA and reversely transcribed with Superscript III
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reverse transcriptase (Invitrogen). To confirm the efficiency of DNase treatment, i ¡rg

treated RNA from infected mouse lung was tested for DNA amplification of C.

muridarum 23sRNA by PCR and no amplification was detected (data not shown).

cDNAs were amplihed (30 cycles) using primers as listed in Table 2. Amplification of

test cDNAs using primers a housekeeping gene (B-actin) as a control. pCR products were

resolved on an agarose gel by electrophoresis and band density of samples was

determined using SCION IMAGE software analysis.

Table 2 Primers for RT-PCR

p-actin : sense 5'-GTGGGGCGCCCCACCCaCCn¡',

Anti-sense: 5'-CTCCTTAATGTCACGCACGATTTC_3'

IL-1B: sense 5'-GCAACTGTTCCTGAACiCa¡'

Anti-sense: 5'-CTCGGAGCCTGTAGTGCAG-3,

MIP-2: sense¡ 5'-ACCCTGCCAAGCCftCaCftC-¡;

Anti-sense: 5'-GGCACATCAGGTACGATTCCAG_3,

LIX: snese: 5'- AGCTCGCCATTCATGCGGATG-3'

Anti-sense: 5'- CTATTGAACACTGGCCGTTCT-3'

KC: sense: 5'- AACGGAGAAAGAAGACAGACTG-3'

Anti-sense: 5'- GACGAGACCAGGAcAAACAG-3'

CXCR2: sense¡ 5'- CTCCTTGGTGATGCTGGTCA¡'

Anti-sense: 5'- AGAATTAAGATGGGCAGGcC -3'

gp9l: sense: 5'-CTTTGTCATTCTGGTGTGGTTGG¡'

anti-sense: 5'-CCCCATTCTTCGATTTTGTCTGC-3'

IDO: sense: 5'-GTACATCACCATGGCGTATGJ

Anti-sense: 5'-GCTTTCGTCAAGTCTTCATTc_3'

FAS: sense: 5'-AGCAATACAAACTGCaç6aaaç¡'

Anti-sense:5'-TCTCCTCTCTTCATGcCTGG-3'
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FASL: sense:5'-cAcTTCTGTCCTTGACACCTGA-3'

Anti-sense: 5'-CATGAGGTCTTTGTGGCTCATGT-3'

l038bps

Perforin : sense-5'-GATGTGAACCCTAGGCCAGAG-3'

Anti-sense:5'-cTCTCCTACCTCATCAGCTGTcA-3'

369bps

GarnzymeA: sense-5'-ACACGGTTGTTCCTCACTCAA-3'

Anti-sense: 5'-CTACTCGGCATCTcGTTCCTc-3'

351 bps

GranzymeB: sense: 5'-TACTGCTGACCTTGTCTCTGG-3;

Anti-sense: 5'-CCTCACAGCTCTAGTCCTCTT-3'

359bps

GTPI: sense: 5'-ACTTCTCCGACGCTGTATTCAT-3'

Anti-sense: 5'-GAACTGCTCAGAAGCTACGATG-3'

422bps

IGTP: sense: 5'-TCTATGACTGCTGGTGAGTCAC-3'

Anti-sense: 5'-ATGTGCTGATCTGCATCTCCT-J' 385bps

IIGP: sense: 5'-CTCTTCACCTAAGAGTGATGAG-3'

Anti-sense: 5'-CAGGGTATTGATGAAGCTGGAC-3'

253bps

IRG47: sense: 5'-GCTAAGGAGTTTCTGCCTCAcT-3'

Anti-sense: 5'-CTTGGTCTAGATAAcCGTCTGA-3'

485bps

LRG47: sense: 5'-ACCATCACACAGTTCCTGCTA-3'

Anti-sense: 5'-CTGCTCAGAGGCAATGATGATcA-3,

493bps

TGTP: sense: 5'-GTACTGAGAGACATCGAGAGTG-3'

Anti-sense: 5'-CGCTGTCTATCTTGGTTCTGA-3'

382bps

TRAIL: sense: 5'-ACCTCAGCTTCAGTCAGCACTTCA-3'

Anti-sense: 5'-AAGCTGAGTTGCTTCTCCGAcTGA-3'

396bps

PKR: sense: 5'-GTGGACATCTTTGCTTTGGGCCTT-3'

Anti-sense: 5'-TGTTCCTCCATTCAGCCAAGGTCT-3'

223bps

DAXX: sense: S'-TGAACTTAGCTCCTGCAGCCTCAA-3'

Anti-sense: 5'-TTAATGAGCCGTTCAATGCGCCTc-3'

400bps

Flowcytmetry analysis
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Surface marker expression

For adhesion molecule analysis, mice were infected with i,000 IFUs of C.

muridarum. Four days post-infection, blood samples were collected in centrifuge tubes

containing EDTA-K3 as an anticoagulant. The whole blood was stained with anti-CD45

(PercP), cDl1b (APC), anti-mouse cDlla or ICAM-1 (FITC), anti-mouse cD49d, or

CD18, ot CD29 (PE) for 20 min. After which time, erythrocytes were lysed with a lysis

buffer, samples were washed, fixed, washed again and analyzed, with BD Calibur (BD

Bioscience) and CellQuest software.

For phenotyping of DC surface, 2 x 70s affinity-purified DCs (MACS beads,

Miltenyi Biotec) were incubated with a Fc blocker (anti-Cd 16132) and double stained

with anti-CDllc (FITC) and anti- CD80186140/I-Kb 1PE) anribodies for 20 min. The cells

were subsequently washed with FACS buffer (0.5% BSA in pBS), fixed (with 2%

paraformaldehyde) and analyzed with EPICS Altra flow cytometer (Beckman Coulter,

CA).

Intracellular cytokine staining

Spleen cells were cultured as mentioned before. After 72 h, supernatants were

harvested for ELISA analysis. Left-over cells were stimulated with pMA (50 nglml) and

ionomycin (1 pglml) for 3 h, and with brefeldin A (20 pglml) incubarion for anorher 4 h.

Cells were harvested, incubated with anti-CDl6l32 and stained with anti-CD3e (pE-

cy7), anti-cD4 (PE), anti-cD8 (FITC) antibodies. The cells were fixed and

permeabilized (freshly prepared 0.1% Saponin in flow buffer), and stained with ApC-

labeled anti-IFNy, anti-IL4 or anti-Ill0 antibodies. After washing, the cells were

analyzed with BD Calibur (flow cytometer)iCell Quest (software) (BD Bioscience).
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Identification of Bronchoalveolar lavage (BAL) and blood leukocytes

Euthanized mice were intra-trachea cannulated and the lungs were lavaged twice

with I ml PBS. After centrifugation, BAL fluid cells were resuspended immecliately for

cell counting and cell smear. Air-dried BAL smear slides were then fixed with acetone

and stained with Hema 3 Stain Set (Fisher Scientific, Ontario, Canada). Five hundred

cells of each slide were counted and the number of macrophages, neutrophils, ffid

lymphocytes were counted based on the staining characteristics of the cell, cytoplasma

and nuclei. Blood smear from mice were stained and counted similarly.

Lung macrophage depletion and susceptibility test

Pulmonary macrophages were depleted by intranasal administration with

liposome encapsulated dichloromethylene diphosphonate (clodronate, or CL2MDP), a

kind gift from Roche Diagnostics (Mannheim, Germany). Liposome containing CL2MDP

and liposome encapsulating PBS were prepared and provided by Dr. Van Rooijen Nico

(Free University Medical Center, Amsterdam, the Netherland) as mentioned previously

[361]. IFNAR-/- mice were administrated with 90 pl of CLzMDP liposome or PBS

liposome, or PBS by intranasal route at 3 days before infection with 200 IFUs of C.

muridarum. Four days post-infection, liposome administration was repeated once again.

Mice were euthanized at 7 days post-infection. Chlamydia yields and pathological

changes were analyzed as described above.

Apoptosis analysis

Wild type l29SvlBv and IFNAR-/- mice were intranasally infected with 1,000

IFUs of C. muridarum, and 4 days post-infection, mice were euthanized and lungs were

fixed with l0%o neutral buffered formalin. Apoptosis was tested using TLINEL in situ cell
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death detection kit- POD (Roche Diagnostic Canada) as mentioned before [341].Briefly,

paraffin-embedded tissue sections were dewaxed with xylene and subsequently processed

through ethanol/water mixture with gradually increasing the ratio of water to ethanol to

finally just water. Hydrated sections were treated with protease K (Sigma-Aldrich,

Canada) and blocked with blocking buffer (Dako, Canada). Tissue section were

incubated with 50 pl TUNEL reaction mixture for 60 min at 37 0C in darkness, then

labeled with converter-POD in 37 0C for 30 min. After thoroughly washed with pBS,

tissue sections were treated with 100 ¡rl DAB substrate and observed under microscope.

POD reaction was stopped by washing with PBS and counter staining was done with

hemoxylin. Tissue sections were then anaryzed under microscope.

Dendritic cell isolation and analysis

DC from mouse spleens were isolated with MACS Technology as described in

manufacture's protocol (Miltenyi Biotec). Briefly, mouse spleens were treated with

collagenase D (1 pglml) for 45min and f,rltered through 70-pm cell strainers to release

single cells. The cell were labeled with CDi 1c microbeads and passed through columns.

Isolated CDllc-positive cells were used for cell surface markers analysis by flow

cytometry.

Statistical analysis

The difference in the c¡okine levels and RT-PCR band density were analyzed,by

Student's /-test. The IFU counts and antibody titers were transformed to base l0

logarithms and analyzed by Student,s t-test.
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Lung

RESULTS A¡{D DISCUSSIONS

PART I Genetically Determined Susceptibitity to Chtømydia rnuritlarum
Lung Infection between C3H and C57BL/6 Mice

As mentioned above, studies by numerous laboratories in recent years have

demonstrated the particularly important role of Thl type cytokines such as IFN-y and IL-

12 and T cell-mediated immune responses in host defense against chlamydial infection

1130, r52, 153, 176, 188, 190, 196, 352-3541. Mice with higher IFN-1 and rL-r2

production and stronger cell-mediated immune responses such as DTH appear to be more

resistant to chlamydial infection [152, 153, 188, 196]. IFN-y gene and IFN-y receptor

gene knockout mice showed more serious diseases and higher chlamydial growth in vivo

[127, 133, 362]. IL-12 knockout mice displayed delayed clearance of C. trachomatis and

more serious pathological responses [363]. Conversely, supplement of recombinant IL-12

before and after infection with Chlamydia psittaci reduces the severity of chlamydial

pneumonia and the chlamydial load in the lung 13641. Similarly, some human studies

showed that individuals with severe scarring trachoma exhibited higher Th2 cytokine

production and impaired cell-mediated immune responses compared with the controls

[15], 365]. All of these reports support a significant protective role of Tht cytokine

production and cell-mediated immune responses in host defense against chlamydial

infection.

Genetically determined difference to chlamydial infection has been demonstrated

in humans as well as animal models. Persistent infection and severe sequelae of ocular

and genital tract chlamydial infection appear to occur only in certain individuals 1366]. It

has been reported that C57BL|6 and BALB/c mice are different in their susceptibility to
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respiratory tract chlamydial infection, which is associated with different patterns of

cytokine production and types of immune responses Ll52l. More recently, d,e laMaza et

al. arñ Darville et al' teported dramatically different susceptibility betwee n C51BL¡6 and,

C3H/HeN (C3H) mice to genital tract chlamydial infection [177, ZZ4, 349-351].

However, the mechanism for this difference is largely unknown.

In this part of the study, we analyzed the susceptibility and immune responses of

C57BL|6 and C3H mice to chlamydial infection using a respirator y tract infection model.

We found that C3H mice mounted as strong Thl type (i.e., IFN-1 and DTH) responses as

C57BL|6 mice following chlamydial lung infection, but suffered a much more serious

disease and higher organism growth than C57BL\6 mice. Comparative analysis of

chlamydial growth in cultured ex vivo macrophages from different strains of mice

revealed that the inhibitory effect of exogenous IFN-y on chlamydial growth in the

infected cells was signif,rcantly less in C3H mice than in C57BL\6 mice. The lower

inhibition of IFN-y on chlamydial growth in cultured ex vivo macrophages from C3H

mice was associated with significantly lower NO production by these cells following

IFN-Ï stimulation' Our study further highlights the complexity of the mechanisms

underlying host defense against chlamydial infection, which may include both innate and

adaptive immune responses, and suggests that the cellular events in host cells

downstream of Thl cytokine production play an important role in host defense and/or

disease development to C. trachomotís infection.

RESULT 1 C. muridørum-infected C3H mice showed signíJicøntly hìgher mortalìty,

pulmonary organßm growth, ønd more severe pothologícøl chønge thøn CSTBL/6 mìce
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To test the susceptibility to chlamydial infection, C3H and C57BL/6 mice were

intranasally inoculated with I x 104 IFUs of C. muridarum and, mouse survival was

monitored daily for 14 days post-infection. As shown in Figure lA, C3H mice started to

die at day 5 post-infection. 14 days after inoculation, 80% of C3H mice died of infection

while allC5TBL/6 mice survived. At a lower dose (3 x 103 IFUs), C3H mice started to

die at day 9 post-infection with a mortality rate of 50o/o at day 14 post-infection (Fig 1B).

When severity of disease was assessed based on body weight loss following exposure to a

lower dose (1.5 x lO3mUs¡ infection, C3H mice showed dramatic and continuous body

weight loss following infection, unlike CS7BL|6 mice which exhibited mild body weight

loss that started to recover within 2 weeks (Fig 2).

To further compare the susceptibility to C. muridarum infection between C3H and

C57BL|6 mice, we examined the growth of Chlamydiø organisms in the infected lungs.

Mice were infected with C. murídarum (1.5 x 103IFUs) and sacrificed at day 8 and day

14 post-infection, respectively. As shown in Figure 3, C3H mice displayed significantly

higher (> 10- fold) in vivo growth of Chlamydia than C57BL|6 mice at both early (day 8)

and late (day 14) stages of infection. Similarly, when mice were infected with a higher

dose (1 x 104 IFUs) of the organism, C3H mice showed more than lO-fold higher C.

muridqrum growth in the lungs compared to C57BL\6 mice (2.5 xl06 IFUs vs 1.9 x 105

IFUs) at day 4 post-infection.

Histological analysis of the lungs also showed significant difference in

pathological responses between C3H and C57BL|6 mice. On day 8, all C3H mice showed

severe inflammatory cell infiltration and broad lung consolidation (Fig. a). The infiltrates

included mononuclear cells, lymphocytes and polymorphonuclear cells, especially more
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neutrophils. In contrast, C. muridarum infected lungs of C57BL/6 mice showed less

severe inflammation and consolidation at the same stage (Fig. 4). on day 14 post-

infection, the difference between C3H and C57BL\6 mice was even more pronounced,

with the former showing serious consolidation while the latter nearly resolved the

inflammation (Fig. 4). Taken together, the data indicate that C3H mice are much more

susceptible to C. muridarum infection and suffer more severe diseases than C57BL\6

mice following chlamydial lung infection.
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Figure 1. C3H mice showed higher mortalify following intranasal C, murídarum
infection. A: Age-matched female C3H and C5TBLl6mice (10 mice/group) were
intranasally infected with 1 x 104 IFUs C. muridarum and monitored dailylor survival.
The data are representative of four independent experiments that showed similar results.
B: Age-matched female C3H and C57BL|6 mice (12 micelgroup) were intranasally
infected with 3 x 103 IFUs C. murídarum and,monitored daily for survival. The data are
representative of two independent experiments that showed similar results.
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Figure 2. C3FI mice showed more bodyweight loss following chlamydial infection.
Age-matched female C3H and C57BL|6 mice (11 mice/group) were intranasally infected
with 1.5 x 103 IFUs C. muridarum and the body weìght-changes of the mice were
measured daily following infection. The initial body weights before infection were
similar between the two strains of mice. The data show the net body weight change
(mean t SD) following infection. The data are representative of three independent
experiments that showed similar results.
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B

X'igure 3. C3H mice showed more organism growth in lungs at early and late stages
of infection. Mice were intranasally infected with C. murÌdarum at 1.5 x 103 IFUs and
sacrificed at day I (Panel A) and day 14 (Panel B) post-infection. Chlamydial infectivity
in the lung tissues was determined as describedin Materials and Methods. Each column
represents the mean + SD of IFUs (log10) for seven mice. *: p<0.05. The experiment was
repeated three times and similar results were obtained.
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Figure 4 C3H mice show more severe inflammation and consolidation in the lungs
following chlamydial infection. C3H and C57BL|6 mice were infected with Ó.
muridarum MoPn as described in the legend of Figure 2. Mice were sacrificed at 8 or 14
days post infection. Lung sections were stained with hematoxylin and eosin (H&E) and
analyzed by light microscopy.
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RESULT 2 C3H mice ønd C57BL/6 mice showed similar ThI lìke responsesfollowing

C. muridarum infection

Previous studies have suggested that the difference in susceptibility to C.

muridarum infection in different mouse strains may be associated with different types of

immune response induced by infection [152,352]. We therefore compared DTH and

antibody responses elicited by C. muridarum infection in C3H and C57BL 16 mice.

Surprisingly, both strains of mice after infection exhibited strong and similar levels of

DTH reaction shown by similar footpad changes in thickness following local dead EB

challenge (Fig. 5A). Histological analysis of the footpad also showed similar patterns and

types of cellular infiltration in the two strains of mice (Fig. 5B), confirming the finding

obtained from the measurement of footpad thickness. In addition, for serum anti-

Chlamydia antibodies, both strains of infected mice consistently demonstrated

significantly higher titers of IgG2a subclass than IgGl subclass, but no significant

difference was found between C3H and C57BL\6 mice (Table 3). Similarly, when mice

were infected with a higher dose of C. murÌdarum (l x 104IFUs), C3H survivors showed

comparable levels of antibodies (IgGl and IgG2a) and DTH response to C57BL\6 mice

(Table 4). Moreover, there was no significant difference in IgA production between the

two groups of mice.

Since T cell cytokine patterns have been found to be highly associated with the

types of immune response and host susceptibility/resistance to chlamydial infection, we

further analyzed cytokine production by spleen and local lymph node cells collected from

C- muridarum-infected C3H and C57BL\6 mice following organism-specific in vitro rc-

stimulation. Notably, spleen cells from C3H and C57BL\6 mice produced similar levels
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of IFN-y in 8 and 14 days post lung infection. Furthermore, for Th2-type cytokine

production, C3H and C57BL/6 synthesized comparable levels of IL-10 and IL-4 on day

14 post-infection (Table 5). An analysis of Chlamydia-driven cytokine producrion by

local draining lymph node cells also demonstrated that both strains of mice secreted

similar levels of IFN-y, IL-4 and IL-10 but C3H mice made less IL-5 in the spleen and

draining lymph nodes than C57BL|6 mice (Table 5). There was no significant difference

in the production of proinflammatory cytokines IL-I2 and TNF-a at these sites in the two

strains of mice at day 14 post-infection, while at d,ay 8 post-infection, C3H mice appeared

to make higher levels of IL-12p40 in the lymph nodes (Table 5). These data collectively

demonstrate that C3H, like C57BL|6 mice, mount strong Thl-like cytokine production

following respiratory tract chlamydial infection. We also analyzed, cytokine

concentrations in the lung tissues after infection. Interestingly, there was a significantly

greater amount of IFN-y in the lungs of C3H mice (Fig 6), which may be correlated with

higher C' muridarum growth and increased antigenic stimulation. Taken together, these

data indicate that although both C3H and C57BL 16 mice mount strong cell mediated

immunity to C. muridarum infection, the host immune responses fail to protect C3H mice

from the infection.
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Figure 5. Comparable DTH responses befween C3H and C57BL|6 mice. 54. Mice
(7-10 miceigroup) were infected intranasally with 1.5X103 IFUs C. muridqrum MoPn
and delayed type hypersensitivity (DTH) was determined at 11 days following infection
as describedin Materials and Methods. Changes in the footpad thickness at various times
following local dead EB challenge were shown as mean + SD. 58. Histological photo
shows comparable DTH responses (inflammatory cell infiltration). C3H and C57BL|6
mice were infected with MoPn and DTH response determined as described in Materials
and Methods. The picture shows footpad DTH at 48 h following dead EB challenge.
Pictures were taken under 200x and 400x magnifications
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Table 3 Serum Chlømydíø-specifïc antibody production following intranasal C.
muridarum infection

IgGlu IgG2a^ IgAo

C3H/HeN C57BL/6 C3H/HeN C57BL|6 C3H/HeN C57BL\6

1.5+ 0.5 1.5+ 0.4 3.6+0.4 3.1+ 0.4 5.1+ 1.5 4.2+ 1.4

C3H/HeN and C57BL|6 mice (9 mice/group) were infected with C. murÌdarum
(1'5X103) and bled at day 14 following iniection. Sera were collected individually and
test for MoPn specific antibody production using ELISA as describe d, in Materials and
Methods. a, Antibody titers were transformed into log10. b. Antibody tires were
transformed into natural log (Ln).

Table 4 Antibody production and DTH responses following high dose of c.
muríduram infection

IgGl (Ln) IgG2a (Ln) DTH (mmx100,48h)

C3H 4.18+0.31 7.62+0.56 3l+12

C,7BLI6 4.55+0.39 6.93+0.60 33+9

C3HÆIeN and C57BL/6 mice were infected with C. muridarum (lXI}a) and bled at day
14 following infection. Sera titer and DTH responses weïe assayed as described in
Materials and Methods.
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Table 5. Organism-driven cytokine production by spleen and draining tymph node cells
(pg/ml)

IFN-y TNF-c¿ TL-4 IL-5 IL-10IL-12
Day 8 c3H 5100+1300

c57BLt6 6500+2700

29751880 977+280

2667+790 t053+354

67+64 402!17

531+262 496+125

<8

<8

Spleen cells
Day 14 c3H I500+500

c57BLt6 1500+600

1427!699 7t4+336

969t561 564+365

29+n 469+12l

201+55 361+124

25+3

24+ll

Day 8 c3H 20g00+7200 3571+312*

c57BLt6 24900+6800 2666+317

3l+28 297!143

146+70 212+85

846+226

97t+293

<8

<8Lymph
node
cells Day 14 c3H 23500+8700

c57BLt6 18400+8300

2564+885 972!t96

2361+1326 841+450

74+40 168+32

25t+ 7l t5+l I

38tr2

3 I+6

Cytokine production by spleen and draining (mediastinum) lymph node cells following
organism-specific re-stimulation. C3H and C57BL/6 mice (4 mice/group) were infecteã
with C. muridarum at 1.5 x 103 IFUs and sacrificed on day 8 or dãy li post-infection.
Spleen and lymph node cells were cultured separately in the presencð of ÚV-inactivated
EBs for 72 h or 120 h (IL-10) and cytokine levels in the culture supernatants were
measured by ELISA. Data are shown as mean t sD in each group of mice. A
representative experiment of three independent experiments with similar reìults is shown.
*, p < o.ol
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Figure 6. C3H mice showed higher IFN-y and lower IL-S in infected lungs post-
infection. C3H and C57BL|6 mice (4 mice/group) were infected with C. muridarum at
1.5 x 103 IFUs and were sacrificed on day 8 or dãy 14 post-infection. Supernatants from
homogenized lungs were used for cytokine measurement by ELISA. Data are shown as
mean! SD in each group of mice. A representative experiment of three independent
experiments with similar results is shown. *, p 10.05, **, p < 0.01
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RESULT 3 The lung tissues of C3H míce showed more severe inflammation antl

neutrophíl inJïltratíon after infection, which is not assocíated with better protection

øg aíns t c h lamy diø I infe ctio n

Replication of Chlamydia in infected lungs causes extensive inflammation as a

result of infiltration by neutrophils, macrophages and lymphocytes and of increased

inflammatory cytokine and chemokine production in local tissues 1127,152]. Here, we

found that the inflammation is correlated with the severity of infection. As shown in

Figure 4, both in early (day 8) and late stages (day 14) of infection, Chlamydia

susceptible C3H mice showed significantly more lung inflammatory cell infiltration.

Correspondingly, significantly greater proinflammatory cytokines IL-6 and TNF-cr were

found in the lungs of C3H mice than in those of C57BL\6 mice (Fig. 7). There was no

difference in the production of anti-inflammatory cytokine IL-10. Both C3H and

C57BL|6 mice showed increased expression of IL-l8 after infection compared to naive

mice, although only in C3H mice did the augmented IL-lP expression persisted to later

stages of the infection (day 14). This was correlated with the load of Chtamydia in

different strains of mice, with C57BL|6 mice already cleared most of the pathogens and a

stimulation from the organism was decreased at a later stage of infection. Also shown in

Figure 4, C3H mice contained signifîcantly more neutrophils in the infected lungs at day

8 and day 14. 'We further confirmed the pathological result using cytological approaches.

We examined the percentage and the absolute numbers of infiltrated neutrophils in the

lungs post C. muridarum infection through lung digestion and cell counting (Fig. 8). In

both strains of mice, C. muridorum infection promoted greatly neutrophil infiltration in

the lungs. However, it was found that the lungs of C3H mice contained more neutrophils,
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both in the absolute number and the percentage, than in those of C57BL/6 mice. The

results indicate that chlamydial infection induces significant inflammatory cell infiltration,

and that the recruitment of different pattems of the inflammatory cells depends on the

genetic background of the host. Next, we asked why the neutrophil infiltration differs in

different strains of mice during infection. Because the proinflammatory cytokines IL-lp,

IL-6 and TNF-c¿ are able to induce chemokine production and trigger inflammatory cell

infiltration, we analyzed the expression of particular CXC chemokines which are

important to the recruitment of neutrophils. As illustrated in Figure 9, although the lungs

of both strains of naïve mice expressed very low mRNA of MIp-2, LIX and KC,

expression of these chemokines was up-regulated significantly 2 days after infection. In

line with the infiltration of neutrophils, the expression of these chemokines was higher in

C3H mice than in C57BL|6 mice. Particularly, the expression of MIP-2 in C3H mice was

consistently higher than that in C57BL|6 mice throughout the infection period, while that

of LIX and KC was not significantly different between these two strains of mice after 7

days post infection. Generally, CXC chemokine expression in the infected mice was

correlated with the neutrophil infiltration, which suggested that CXC chemokines

participate in the recruitment of neutrophils into the lungs of infected mice. Given that

CXCR2 is an important receptor of CXC chemokines Íhat attract neutrophils during

inflammatory responses, we also analyzed the level of CXCR2 mRNA in the lungs and

found that although it was very low in naiVe mice, transcription of the CXCR2 gene was

greatly up-regulated after infection in both strains of mice (Fig9). However, the

expression of CXCR2 is much higher in C3H mice than in C57BL\6 mice during

infection, and the expression pattern of CXCR2 is similar to that of MIP-2. The increased
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expression of chemokine receptor as well as enhanced levels of corresponding

chemokines, might have contributed to the constant higher neutrophil infiltration in C3H

mice following infection.

Although C3H mice showed extensive neutrophil infiltration after chlamydial

infection, a significantly higher bacterial load was found in the lungs of C3H mice

compared to those of C57BL|6 mice. To investigate the role of neutrophils in chlamydial

infection, we used CXCR2-/- mice (Balb/c background) and examined neutrophil activity.

As shown in Figure 10, although both CXCR2-/- and wild type (wT) Balb/c mice

showed similar titers of C. muridarum in the lungs following infection, there was much

less neutrophil activity detected in the lungs of CXCR2-/- mice (Figure l0). These results

indicate that neutrophils are not critical for host resistance in Chlamydial infection.
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Figure 7. C3H mice showed higher proinflammatory cytokine expression in the lung
following C. muridarum infection. A. Mice were infected wittr t.5 x 103 IFUs C]
muridarum and homogenized lungs were subjected to cytokine ELISA. B. Mice were
infected with 3 x 10'IFUs C. muridarum and fresh lung tissues were collected at7 and
14 days post-infection and snap frozen in liquid nitrogen. Total RNA from frozen lungs
was isolated, RT-PCR of c¡okine mRNA was performed as described in the Materials
and Methods. The data are presented as mean* SEM of the band density of test samples
as a percentage of that given by B-actin. * p < 0.05 and ** p < 0.01: comparison between
C3H and C57BL|6 mice.
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Figure 8. Significantly higher neutrophil infiltration in the lungs of C3H than in
those of C57BL/6 mice after chlamydial infection. C3H and C57BL16 mice (14 mice
per group) were infected with 3,000 IFUs C. muridarum MoPn and killed at specific
days following infection. The lungs were digested with collagenase and the recovered
cells were enumerated post staining. A. Different cell populations in the lungs at 7 days
post-infection. B. Neutrophils in the recovered lung cells. Data are presented as mean +
SEM. *p < 0.05: comparison between C3H and C57BL\6 mice.
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Figure 9. C3H mice displayed more chemokine/chemokine receptor expression in
the lungs following infection. C3H and C57BL|6 mice were infected with 3, 000 IFUs
C. muridqrum. Fresh lung tissues were collected and frozen in liquid nitrogen. Total
RNA was isolated with TRIzol Reagent. Chemokine and chemokine receptor mRNA
expression were analyzed by RT-PCR as described in Material and Methods. The data
are presented as mean + SEM of the band density as a percentage of that given by B-actin.tP < 0.05, ** P 10.01, ***p < 0.001
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Figure 10. CXCR2-/- mice exhibited comparable Ievels of infection to wild type mice
but less neutrophil. CXCR2-/- mice and control wild type BALB/c mice (4 miðe/group)
were infected intranasally with I x 103 IFUs of C. mui¡darum and killed on day 7 post-
infection. The levels of chlamydial infection in the lungs and MpO activities were
analyzed as described in the Mqterials and Methods
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RESULT 4 SusceptÍbílity to C. muridørum lung infection in C3H mice is lørgely due

to the innøte ímmune responses

C3H mouse lymphocytes cultured with C. muridarum in vitro produced Thl and

Th2 c¡okines, DTH responses and antibody responses which were similar to those of

C57BL|6 mice. These results indicate both strains of mice mounted adaptive immune

responses to an equal degree. However, since C3H mice suffered a more serious disease

compared to C57BL|6 mice, it was prudent to ascertain whether both strains of mice

possess inherent difference in innate immunity to chlamydial infection. In order to

address this question, we tested the kinetics of C. muridarum growth in vivo following

infection. As shown in Figure 11, 2 days after infection, C3H mice harboured

significantly more organism in the lungs compared to C57BL|6 mice, and differences in

the bacterial load were observed to be increased during subsequent days of the infection.

For example, at day 6 post-infection, the lungs of C3H mice contained 10-fold higher in

the amounts of C. muridarum than those of C57BL|6 mice. We also tested cytokine

production at 3 days post- infection. As shown in Figure 12, except that C3H mice

contained a higher titer of C. muridarum inthe lungs, there was no significant difference

in the levels of cytokines released between C3H and C57BL|6 mice. It should be pointed

out that IFN-1 production in C3H mice was found to be higher than that in C57BL|6 mice,

albeit not statistically significant. These data indicate that compared to C57BL|6 mice,

C3H mice seem to acquire a deficiency in the innate immune system which may

contribute to their greater susceptibility to chlamydial infection. The difference in

cytokine production, especially the production of IFN-y does not appear to the reason for

the differential susceptibility.
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Because there was no difference in IFN-y production after infection, we tested

other possible innate immune mechanisms that may regulate immune resistance to

Chlamydial infection. gp91 is an important component of the NADPH oxidases in

resident phagocytes and catalyze the production of superoxide (O2-), a source of massive

reactive oxidants (oxidized halogens, free radicals, and singlet oxygen), which is

important in killing microorganisms. IDO is a critical enzyme in regulating the

consumption of tryptophan, a necessary amino acid for Chlamydia growth. As shown in

Figure 13, both naiïe C3H and C57BL|6 mice produced comparably low levels of gpgl

and IDO mRNA. However, 7 days post-infection, both strains of mice showed highly

elevated expression of gp91 and IDO. There was no significant difference in the

expression of gp91 and IDO between the lungs of C3H and of C57BL\6 mice. On day 14

post-infection, there was no difference in IDO expression, while that of gp91 was higher

in C3H mice than in C57BL/6 mice, which was correlated with an increased number of

Chlamydia growth in the former. As an obligate intracellular bacterium, Chlamydia needs

living host cells for their replication. As such, host cell death would suppress the growth

of Chlamydiø. We tested the expression of apoptosis-related molecules. As evident in

Figure 14, FAS and FASL were not differentially expressed in the both strains of mice at

day 7 post-infection. Similarly, expression levels of perforin and granzymes A and B in

C3H mice was similar to that of C57BL|6 mice. The expression of perforin and granzyme

A was even higher in the lungs of C3H mice, which may corelate with higher levels of

IFN-y produced in C3H mice.

Since IFNy-induced p4TGTPase is important in suppressing the growth of many

intracellular pathogens 1143-146), we analyzed expression of all available p4TGTPase
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genes during the course of the infection. As shown in Figure 15A and B, at 7 days post-

infection, the expression of 6 different p4TGTPases in the lungs of C3H and C57BL\6

mice appeared similar, which may suggest that expression of the GTPases may not play a

role on the differential susceptibility of C3H and C57BL 16 mice to chlamydial lung

infection.

84



MoPn growth post infection

Figure ll. C. muridarum growth at the early stages post infection.4-5mice lgroup I
time were infected with 3,000 IFU and euthanized at 2, 4 and 6 days post-infection.
Bacterial titers were assayed as mentioned in Materials and Methods. * p < 0.05; ** p <
0.01
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Figure 12. Differences in Chlamydia growth in C3H and C57BL/6 mice at 3 days
post-infection despite comparable cytokine production in the lungs. Four mice/group
were infected with 3,000 IFUs and killed at day 3 post infection. C. muridarumlFtJs and
lung cytokines were measured as mentionedin Materials and Methods. A. Chlamydial
growth in the lungs. B. Cytokine production in the lungs. *** p < 0.001
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Figure 13. Similar expression of gp91 and IDO in the lungs of C3H mice and
C57BL|6 mice. C3H and C57BL|6 mice were infected with 3,000 IFU C. muridarum.
Fresh lung tissues from naiïe mice and infected mice were collected and frozen in liquid
nitrogen. Total RNA was isolated with TRIzol Reagent. mRNA expression were
analyzed by RT-PCR as described in Material and Methods. The data are presented as
mean + SEM band density of gp9IlIDO as a percentage of that given by B-actin.
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Figure 14. Similar mR.NA expression of cytotoxic molecules in the lungs of C3H
mice and C57BL|6 mice. C3H and C57BL|6 mice were infected with 3,000 IFU C.
muridarum. Fresh lung tissues from naïve mice and infected mice were collected and
frozen in liquid nitrogen. Total RNA was isolated with TRIzol Reagent. mRNA
expression were analyzedby RT-PCR as described in Material and Methods. The data
are presented as mean + SEM band density of cytotoxicity molecules as a percentage of
that given by B-actin.
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Figure 15. Similar expression of p4TGTPases in the lungs of C3H mice and
C57BL/6 mice. C3H and C57BL|6 mice were infected with 3,000 IFU C. muridarum.
Fresh lung tissues obtained from the infected mice on day 7 post-infection were collected
and frozen in liquid nitrogen. Total RNA was isolated with TRIzol Reagent. mRNA
expression were determined by RT-PCR as describe d in MaterÌal and Methods. The data
are expressed as mean + SEM band densify of p4TGTPases as a percentage of that given
by p-actin.
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RESULT 5 Chlamydiøl growth in ex vivo culfured macrophages from C3H mice wøs

less inhíbited by exogenously províded IFN-y

The finding that C3H mice exhibit similar Thl-type immune responses to

C57BL|6 mice but suffer a more serious disease than the latter appeared contradictory to

the protective role of Thl responses, especially of IFN-y, in chlamydial infection.

Because the differential susceptibility appears to be due to a defect in innate immunity, it

raised the question as to whether host cells such as macrophages from the two strains of

mice respond equally to IFN-y to suppress chlamydial growth. In an attempt to this

question, we tested the in vitro growth of C. muridarum in ex vivo cultured macrophages

from C3H and C57BL/6 mice in the absence or presence of exogenously provided

recombinant IFN-y (rIFN-y). Peritoneal macrophages collected from the naiVe mice of

the two strains were infected in vitro with C. muridarum and various concentrations (1 or

10 U/ml) of rIFN-y were added to the culture before or after inoculation. In the absence

of rIFN-y, macrophages from both C3H and C57BL16 mice were found to be infected

with C. muridarum and chlamydial inclusions were readily measurable using an

immunocytochemical method as described in Materials and Methods.ln the presence of

rIFN-y before or after infection, chlamydial inclusions in the macrophages from both

strains of mice were still readily measurable, but the levels of chlamydial growth within

the cells (i.e.,fhe number of chlamydial inclusions per well) showed a dramatic decrease

in a dose-dependent manner, with pre-infection treatment of rIFN-y showing stronger

inhibition of organism growth. However, the degree of inhibition of rlFN-y on C.

muridarum growth in ex vivo cultured macrophages was significantly different in the two

strains of mice. The difference was more significant when low levels of exogenous rIFN-
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y (1 U/ml) were present in the culture (Figure l6A and B). Thus, the results suggest that

the macrophages from C3H mice were less responsive to the inhibitory effect of rlFN-y

on chlamydial growth compared to those from C57BL|6 mice.

To further elucidate the mechanism underlying the less effectiveness of rIFN-y in

inhibiting C. muridarum growth in C3H mice, we examined the production of NO by the

infected macrophages from the two strains of mice following exogenous rIFN-y

stimulation. NO production has been shown to be important in host defense against

microbial infection including Chlamydia. As shown in Figure i6C and D, Chlamydia-

infected macrophages from C3H mice produced significantly lower levels of NO than

C57BL|6 mice in the presence of various doses of rIFN-y. To confirm the role of NO in

the inhibition of chlamydial growth, we examined the effect of AG, an analogue of L-

arginine, which is a potential inhibitor of iNOS 1361,3681, on rlFN-y-induced inhibition

of C. muridarum growth in macrophages. As shown, in both C3H and C57BL|6 mice,

following rIFN-y stimulation, NO production in samples treated with AG was

significantly lower than in those without (Fig. 17A). Also, the decreased NO production

by AG was correlated with an increase in chlamydial growth (Fig. 178). The results

therefore imply that lower levels of NO produced by the infected cells following rlFN-y

stimulation might be one of the reasons for the less inhibition induced by rIFN-y in

chlamydial growth observed in C3H mice. Since LPS is a potent stimulator of

macrophages, r¡/e also examined the role of LPS-mediated NO production on chlamydia-

infected macrophages. Interestingly, although chlamydial growth in vitro was less in

LPS-activated macrophages from C3H mice, we did not find a difference in LPS-

triggered NO production in macrophages, lungs or sera from either strain of mice,
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suggesting that factors other than NO play a role in suppressing chlamydial growth (Fig.

18). We also tested the production of NO in the sera and lungs of infected mice and there

were no difference between those two strains of mice (Fig 19). Probably NO was

produced not only by macrophages in vivo.
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Figure 16. Inhibitory effect of rIFN-y on Chlamydial growth in cultured peritoneal
macrophages from C3H and C57BL/6 mice and its association with NO production.
Peritoneal macrophages were collected from C3H and C57BL|6 mice following
thiogycllate (TG) injection. Macrophage monolayers in 96-well culture plates were
inoculated with C. muridarum EBs and cultured in the presence or absence of various
concentrations of rIFN-y for 48 h. Chlamydial inclusions in the macrophage monolayers
were stained and counted the same way as those in cultured Hela 229 cells (Materials
and Methods). Panels A and B. Inhibition of Chlamydial growth in macrophages from
C3H and C57BL|6 mice which were treate d ex vivo with various concentrations of rIFN-
T. on organism growth in macrophages. The percentage of inhibition in organism growth
by rIFN-y in ex vivo cultured macrophages was calculated based on the following
formula: o/o : (the number of inclusions in the wells without rIFNy - the number of
inclusions in the wells with rIFN-1)i the number of inclusions in the wells without rIFN-y
x 100. Panels C and D. NO levels released in culture supernatants of macrophages
infected ex vivo with C. muridarum which were treated with various concentrations of
rIFN-y at 48 h following infection.
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Figure 17. Inhibition of NO production decreases the inhibitory effect of rIFN-y on
chlamydial growth. Peritoneal macrophages collected from C3H and C57BL|6 mice
following thioglycollate injection were inoculated with C. muridarum EBs and cultured
in medium containing 10 Uiml rIFN-y with or without AG (100 ¡rM) for 48 h.
Chlamydial inclusions in the macrophage monolayers were stained and counted as

described in Materials and Methods. Panel A. NO levels in culture supernatants of C.

muridarum-infected macrophages treated with rIFN-y with or without the simultaneous
presence of AG. Panel B. The percentage of inhibition of chlamydial growth by rIFN-y in
the presence or absence of AG. ** p < 0.01; * p < 0.05
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Figure 18. LPS-treated macrophages showed differential ability in inhibiting
chlamydial growth. Peritoneal macrophages from C3H and C51BL|6 mice following
TG injection were inoculated with C. muridarum EBs and cultured in the presence or
absence of 1 pglml LPS for 48 h. Chlamydial inclusions in the macrophage monolayers
were stained and counted the same way as those in cultured Hela 229 cells (Materials
snd Methods). Panel A. LPS-induced inhibition on C. muridarum grovrth in macrophages
from C3H and C57BL/6 mice. The percentage of inhibition by LPS on chlamydial
gowth in ex vivo cultured macrophages was calculated based on the same formula
described in legend to Figure 16. Panel B. NO levels in supernatants of macrophage
cultures infected ex vivo with C. muridarum in the presence of LPS at 48 h following
infection.
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Figure 19. NO production in the sera and lungs of C3H and C57BL/6 mice. 5

mice/group were inoculated (i.n) with 3,000 IFUs C. muridarum and killed at day 7 post-
infection. NO levels from sera and homogenized lung supernatants were measured by the
Griess assay as described in Materials and Methods. The data are presented as mean *
SEM of NO concentrations.
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DISCUSSION OF PART I

Here, we show that C3H mice are significantly more susceptible fo C. muridarum

lung infection compared to C57BL/6 mice. The higher susceptibility in C3H mice was

demonstrated by higher mortality, greater body weight loss, more organism growth and

more severe tissue damage in the lung. Although on one hand, our data, generated using a

respiratory tract infection model, extend previous f,rndings in the genital infection model

[224,349-351], they, on the other hand, also reveal the complexity of the mechanisms of

host defense against Chlamydial infection. Largely consistent with the findings reported

by Darville et al. 1349-3511, we found that C57BL|6 and C3H mice mounted similar

levels of Thl-type cytokine production and cell-mediated immune responses following

respiratory fiact C. muridarum infection.

Although it remains unclear as to why C3H mice produce comparable levels of

IFN-y to C57BL|6 mice but suffer a much more serious infection and disease than the

latter, our present study has shed some light on this issue. The experiments comparing ex

vivo cultured macrophages from C3H and C57BL16 mice showed significantly different

degrees of inhibitory effect of IFN-y on chlamydial growth in macrophages from the two

strains of mice. In the presence of the same levels of exogenous IFN-y, especially when

the IFN-y concentration \,vas relatively low (1 U/ml), the chlamydial growth in the

macrophages was significantly less inhibited in C3H compared to C57BL|6 mice (Fig.

164 and B ). This lower inhibition by IFN-y in C3H mice was correlated with lower

levels of NO production by these Chlamydia-infected macrophages following IFN-y

stimulation (Fig. 16C and D). It has been found that IFN-y can regulate NO production by

macrophages via induction of transcriptional activating factors needed for the expression
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of the iNOS gene [369] and that NO plays a critical role in immunity to various

pathogens including Chlamydia |37,370-3741. Igietseme et al. reported previously that

co-culture of Chlamydia-specific T cell clones with infected epithelial cells induced NO

production, which was correlated with inhibition of Chlamydial growth in the epithelial

cell [137]. In addition, the same group documented that delivery of iNOS inhibitors ln

vivo and in vitro inhibited the clearance of Chlamydia 13701. Therefore, it is likely that

the comparable levels IFN-y produced by C3H and C57BL 16 mice may result in different

levels of NO production or those of other inhibitory factors by the infected cells in the

different strains of mice, leading to the variation in Chlamydial growth in vitro and in

vÌvo. It should be noted, however, that our present study did not directly examine the

inhibition of IFN-y on Chlamydial growth in epithelial cells. Since epithelial cell is the

major cell type infected by Chlamydia in vivo, analysis of this cell population to

Chlamydial infection especially its response to IFN-y in the two strains of mice will shed

more light on the basis of the high susceptibility of C3H mice to Chlamydial infection.

Notably, previous studies using the genital infection model have shown some

mild differences in host immune responses between C3H and C57BL\6 mice. Darville et

al.reported a slight switch in the cytokine patterns at the late stage of infection in C3H

mice following C. muridarum infection [351]. They found that although IFNy production

in local tissues was comparable between C3H and C57BL/6 mice at the early stage of

infection (prior to day 10 post-infection), the latter produced significantly higher levels of

IFN-y than the former at the late stage of infection (after day l0 post-infection). In

contrast, the production of IL-10, aTh}-relafed cytokine in mouse, increased at the late

stage of infection in C3H, but not in C57BL|6, mice. The authors proposed that the

98



difference might contribute to the difference of these two strains of mice to genital tract

chlamydial infection. Since C3H mice suffered avery serious disease with high mortality

following respiratory tract infection even when low dose C. muridarum (L 5 x 103 IFUs)

was used, the latest time point tested in the present study for cytokine production was day

14 post-infection. Unlike that observed in the reported genital infection model, the

production of IFNy and IL-10 in intranasally infected C3H mice at the late stage of

infection (day la) were still similar to those in C57BL|6 mice, as found at the early stage

(day 8) of infection. Therefore, the more serious disease in C3H mice following

respiratory fract C. muridarum infection can not be explained by a late cytokine pattern

switch. Moreover, another study [224] previously showed significantly lower levels of

TNFcr production in local tissues in C3H mice compared to C57BL|6 mice following

genital tract chlamydial infection. The authors argued that the lower TNFa production

might be an important reason for the higher susceptibility of C3H mice to chlamydial

genital tract infection. Our data from a respiratory tract infection model, however, failed

to show this difference. We examined TNFo levels in lung tissues (Fig. 7) and its

production by spleen and lymph node cells (Table 5). All of these experiments showed

similar levels of TNFcr production between these two strains of mice. The reason for the

minor difference between our data obtained from the lung infection model and the

previously reported data from the genital infection model remains to be determined.

However, in addition to the possibility that local tissues of the genital and respiratory

1'ract may respond differently to Chlamydial infection, some other apparent differences

exist between the two models: (a) C3H mice in the former (lung) model virtually suffer

lethal diseases even after being exposed to a relatively low dose of Chlamydia, but no
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mortality has been reported in the latter model; (b) the Chlamydial strains used in these

studies were different. The previous study used a human serovar, C. trachomaf¡s serovar

E, while our study used C. muridarum, a natural pathogen of mice.

Pro-inflammatory cytokines were found to participate in host resistance to

chlamydial infection. By using IL-6 deficient mouse model, Williams et al. 1158)

reported that IL-6 is critical for the host to resist chlamydial lung infection. Neutralization

of TNF-u, with antibody also significantly increased chlamydial growth and mouse death

rate following intranasal inoculation with C. muridarum 13751. On the other hand, some

other studies argued against the protective role of proinflammatory cytokines in host

defense against chlamydial infection [150,225]. Moreover, TNF-cr and IL-l may also be

involved in the pathological responses in chlamydial infection through mediating the

production of collagenase and prostaglandin E2 13761, which will lead to tissue

destruction and remodeling[377]. In this study, C. muridarum infection leads to a release

of proinflammatory cytokines such as IL-6, IL-18 and TNF-o in both strains of mice, and

that C3H mice expressed signif,rcantly higher levels of IL-6 and IL-lB than C57BL|6

mice. These data indicate that the proinflammatory cytokines may have only a marginal

role for differential susceptibility to infection. On the contrary, the higher production of

these proinflammatory cytokines in C3H mice supports the hypothesis that

proinflammatory cytokines enhance lung pathological responses following C. muridarum

infection.

Some previous studies with intraperitoneal or intravaginal infection mouse models

showed that in vivo depletion of neutrophils or blocking neutrophil migration promoted

chlamydial growth at the early stage of infection, which suggested that neutrophils are
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beneficial in chlamydial infection [88]. In our study, employing the lung infection model,

we found that C3H mice could not control the growth of C. muridarum though they

showed significantly greater neutrophil infiltration compared to C57BL/6 mice, in both

the absolute numbers and the percentage. Moreover, CXCR2 KO mice showed similar

resistance to chlamydial infection as that of wild type mice, though the KO mice

exhibited significantly weak neutrophil activity in the lungs. The results suggested that

during the lung infection, neutrophils are not efficient in controlling chlamydial infection

but may contribute to lung tissue damage via the production of high concentrations of

neutrophil proteases and reactive oxygen intermediates. These molecules can destroy

structural proteins, which may enhance pathological responses in C3H mice and lead to a

more serious disease.

In chlamydial infection, it was reported that MIP-2 presence is correlated with

neutrophil infiltration [350, 364]. To further elucidate the mechanism of neutrophil

infiltration to infected tissue, we studied the association between neutrophil recruitment

and the expression of chemokines. Our data suggested that neutrophil infiltration is

highly associated with the expression of chemokines MIP-2, KC and LIX and chemokine

receptor CXCR-2. In mouse, both MIP-2 and LIX bind to CXCR-2 and lead to neutrophil

chemotaxis and exocytosis [378]. In this study, all chemokines and chemokine receptors

were significantly higher in C3H mice than in C57BL\6 mice at the early stage of

infection. 7 days post-infection, expression of LIX and KC was comparable in both

strains of mice, while MIP-2 and CXCR-2 werc still higher in C3H mice than in

C57BL|6 mice. The data indicates that the consistent expression of MIP-2 and CXCR-2

help regulate different neutrophil recruitment between the two strains of mice over the
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course of infection, while KC and LIX only contribute to the greater neutrophil

infiltration in C3H mice at the early stage of infection (day 7).

The data in the present study provide one explanation for the sharp difference

between C3H and C57BL|6 mice in their susceptibility to chlamydial infection by

showing the difference in inhibition by IFN-y to Chlamydial growth in the infected cells.

This suggests that IFN-y production and Thl type immune responses alone may not be

sufficient in controlling chlamydial infection. The responsiveness of Chlamydia-infected

cells to the inhibitory cytokines such as IFN-y may be important in determining the

outcome of infection. The cellular events downstream of Thl cytokine production such as

NO synthesis by Chlamydia-infected cells may be imporlant in the genetically

determined difference in susceptibility to chlamydial infection. It should be noted,

however, that the variation in NO production may not be the only reason for the

difference observed in the two strains of mice in the inhibition of chlamydial growth

following IFN-y stimulation. This is because IFN-y can activate multiple cellular events

which may inhibit chlamydial growth ï3791. Further studies on these cellular events

downstream of IFN-y stimulation are required to elucidate the mechanisms determining

the variation of host susceptibility to chlamydial infection. Recently, Bernstein-Hanley e/

ol. reported that the p4TGTPase lrgbl0 is likely coruelated with the susceptibility to

chlamydial infection in C3H mice [147]. By using an i.v C. trachomatis L2 infection

model, the authors identified three quantitative trait loci (QTL) - Ctrq-l, 2, and 3, which

are conelated with the susceptibility to Chlamydial infection. They mapped Ctrq-3 in

mouse chromosome il and identified two p4TGTPase Igtp and lrgbl0 in Ctrq-3 with

both p4TGTPases regulating in vitro embryonic fibroblasts resistance to chlamydial
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infection. Because the expression of Irgbi0 was differential and much less in C3H mice,

it is possible that Irgb10 regulates host susceptibility to chlamydial infection [47,380].
'We also tested the expression of a series of p4TGTPase in the lungs after chlamydial

infection. Our previous analysis showed no difference in the mRNA expression of 6

p4TGTPases including Igtp. Because Irgbl0 was recently found to be a member of

p4TGTPase 1147, 3811, we have not tested the expression of this gene in mice. It will be

interesting to test the in vivo level of lrgbl0 in both C3H and C57BL\6 mice after

chlamydial infection and IFN-y stimulation.

In general, our present study further emphasizes the complexity of the

mechanisms underlying host defense against chlamydial infection and in the development

of related diseases. The mechanisms likely involve both the innate and adaptive arms of

immunity. Further studies focusing on the both arms will be needed if elucidation of the

mechanisms by which Chlamydia cause human diseases were to be realized.
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PART TX

Resistance to Chlamydial lung infection is dependent on MHC as well as

non-MIIC determinants

Our study shown in Part I and those of others found that C3H/HeN and C57BL|6

were highly variable in their susceptibility patterns to C. muridarum lung and genital tract

infections 193, 142,224,350,351]. In pafiicular, the results in Part I have shown that,

even though both strains of mice displayed similar Th1-like responses, C3H/HeN mice

were more susceptible to C. muridarum lung infection, as determined by more severe

morbidity and higher mortality compared to C57BL|6 mice [93].

As mentioned in introduction, both innate and adaptive immune responses are

important in controlling chlamydial infection. Our work and those of others have

demonstrated that innate immunity is necessary in the enhanced resistance to chlamydial

infection in C57BL|6 mice compared to C3H mice and as such, this may involve NO

production and p4TGTPase expression [93, 147). Local synthesis of cytokines and

chemokines may also have a role in the protective responses to chlamydial infectionf224,

350, 351]. But the role of adaptive immune responses in such differential susceptibility to

chlamydial infection is still not clear. Because C57BL\6 (H-2b) mice and C3HÆIeN (H-

2k¡ mice possess different MHC molecules and that MHC is essential to the initiation of

host adaptive immunity, we aimed to further analyze whether different MHC

backgrounds influence host susceptibility to chlamydial infection. In the present study,

we compared MHC congenic mice, B6.H2K [C57BL|6 background, C3H MHC (H-25]

and C3H.H}b lC3HlHeN background, C57BL\6 MHC (H-2b)l and their corresponding

wild type C57BL|6 mice and C3H/HeN mice, respectively, in their susceptibility to C.

muridarum infection.
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RESULT I C. muridørum MoPn-infected MHC congenic B6.H2k ønd C3H.H2î míce

showed sìgniJicøntly higher ín vivo chlømydiøl growth, body weight loss ønd more

severe pathological change than C57BL/6 mÍce

To determine the contribution of MHC and non-MHC genes in host defense

against chlamydial infection, we first compared the resistant C57BL\6 and susceptible

C3FVHeN mice and their respective MHC congenic mice (B6.H2k and, C3H.H2b) in

susceptibility to chlamydial lung infection. Body weight changes were evaluated daily

following C. muridarumMoPn (3 x 103 tFUs¡ intranasal infection. It was observed that

although all strains of mice lost body weight following infection, the degree of weight

loss in C57BL|6 mice was significantly less than that endured by both strains of congenic

mice, one with background from resistant C57BL 16 but MHC from susceptible C3FVHeN

(B6.H2k) and the other with background from susceptible C3H/HeN but MHC from

resistant C57BL|6 (C3H.H2b) (Fig. 20). Although all C57BL 16 mice can completely

recover within three weeks following infection as we previously reported [93], the

congenic mice started to die about 10 days after inoculation (data not shown). On day 8

post- infection, while the average body weight loss in CS7BL\6 mice was less than 15%,

the congenic mice showed body weight loss of about 25% (Fig.20). In addition, relative

to C57BL|6 mice, the congenic mice also experienced more severe symptoms including

shortness of breath, ruffled fur and slow movement. Severity of disease in the congenic

mice was similar to that of susceptible C3FVHeN mice. The quantitative analysis of the

level of in vivo chlamydial growth showed a similar pattern to that of body weight loss.

As shown in Figure 2I, C57BL|6 mice harboured significantly lower organism load (>

lO-fold) in the lungs when compared to the other three strains of mice. Similarly,
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C57BL|6 mice also displayed significantly lower bacterial burden in the heart compared

to the congenic mice, suggesting higher chlamydial dissemination in the congenic mice

(Fig. 21). Interestingly, although the levels of chlamydial growth in the lung were

comparable among B6.H2k, C3H and C3H.H2b mice, the former strain showed

significantly higher chlamydial growth in the hearl than the two latter strains þ < 0.05)

(Fig.21).

Histopathological analysis of the lung tissues showed the most severe

inflammatory and pathological changes in the lungs of the B6.H2k mice on day 8 post-

infection among the four strains of mice. The lung tissues showed dense cellular

infiltration and broader areas of lung consolidation under microscopy. The inflammatory

cells were seen to infiltrate into interstitial tissue and most alveoli were filled with tissue

exudates (Fig. 22A), indicating almost complete lung dysfunction. Consistent with our

previous findings [93], the C3HiHeN mice also displayed very severe lung inflammation.

The cellular inf,rltrates mainly comprised of polymorphnuclear cells especially

neutrophils but also included mononuclear cells including lymphocytes (Fig. 22C). The

congenic C3H.H2b mice showed pathological changes like the wild-type C3H/HeN mice

(Fig.22D). In contrast, lung histology of C57BL|6 mice showed only a narrow area of

inflammation and consolidation under microscope (Fig. 228) with much less

polymorphnuclear cells. Collectively, the results showed that the two types of MHC

congenic mice, one with MHC (C3H.H2b) and one with non-MHC (B6.H2k) of C57BL|6

mice, were more susceptible to C. muridarum infection than wild-type C57BL16 mice,

suggesting the importance of the co-existence of "right" MHC and non-MHC elements in

host defense against chlamydial lung infection.
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Figure 20. C57BL/6 mice show significantly less body weight loss than MHC
congenic (B6.H2k and C3H.H2b) and C3H/HeN mice following C. murídsrum mouse
po.l-ooitis (MoPn) intranasal infection. Mice were infected intranasally with 3 x 103

IFU C.muridarum, and measured for body weight changes daily. The data (mean t SEM)
represent pooled results from three independent experiments with similar results (total
mice number is 10-12 mice in each group).* p < 0.05: C57BL|6 mice versus B6.H2k
mice, C3HAtreH and C3H.H2b mice.
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Heart IFU

c3H B6(H2k) C57BU6

Figure 21. MHC congenic mice show significantly higher organism growth in vivo
than C57BL/6 mice following intranasal C. muridørum infection. Mice (3 to 4 per
group) were intranasally infected with 3 x 103 IFU C. muridarum and sacrificed at day 8
post-infection. The lungs and hearts were collected aseptically from the mice. The levels
of C. muridarum infectivity in the supernatants of tissue homogenates were measured as
described in Material and Methods. ** p 10.01, t** p < 0.001, the comparison between
C57BL|6 mice and B6.H2k or C3H.H2b or C3H/HeN mice. The data (mean t SEM) is a
representative of three independent experiments with similar results.
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f igure 22.NI{Ij{C congenic mice showed much more severe inflammation in the lungs
than C57BL/6 mice following C. muridarum infecfion. Mice were infected intranasally
as described in Figure 19. Lung tissues from infected mice at day 8 post-infection were
fixed, embedded, sectioned and stained (H & E) and analyzed under light microscope
(200x). Panel A. B6.H2k; Panel B, C57BL|6; Panel C, C3H.H2b; and Panel D,
C3H/FIeN.
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RESULT 2 B6.H2k congeníc mice showed lower orgønism-driven IFN-ç IL-12, ønd

serum IgG2a response compared to C57BL/6 @2b) mice following C. muridarum

infectíon

Because congenic B6.H2k mice showed considerably higher ín vivo organism

growth, we compared cytokine production in the draining lymph nodes upon antigenic re-

stimulation. As shown in Figure 23, B6.H2k mice produced signif,rcantly lower IFN-y

(about i0-fold) and IL-12 (about 3-fold) compared to the wild type C57BL|6 mice.

Because the only genetic difference between B6.H2k (H-2k) and C57BL /6 (H-2\ mice is

the MHC, the results suggest that MHC plays a critical role in determining IFN-y and IL-

12 responses to chlamydial infection. On the other hand, the MHC congenic C3H.H2b

mice produced comparable levels of IFN-y and IL-12 as wild type C3H/HeN mice (Fig.

23). Because C3H.H2b (H-2b) and C3H/HeN (H-2k) mice are different in MHC but

sharing the same genetic background (non-MHC element), the results suggest that MHC

is not the only element which determines production of IFN-y and IL-12. Conversely, the

congenic B6.H2k and wild+ype C3H/HeN mice possessed the same MHC but showed

significantly different IFN1 and IL-12 production, suggesting a critical interaction

between MHC and non-MHC elements in H-2b mice. Similarly, serum antibody testing

also revealed that congenic B6.H2k mice made less IgG2a compared to B6.H2b mice

Fig.2Ð. However, the titer of serum IgGl was similar in both strains of mice (Fig.23).

Antibody titers of both C3H.H2b and C3H.H2k mice were similar to that of wild type

B6.H2b mice (data not shown). These results indicate that congenic B6.H2k mice

produce less Thl-like responses compared to the other three strains of mice.
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Figure 23.B,6.H2k mice showed significantly lower IFN-y andIL-12 production post
infection compared to C57BL /6 and other strains of mice. Mice were infected as
described in Figure 19 and single-cell suspensions from the draining lymph nodes were
cultured in the presence of UV-killed chlamydia elementary bodies (EB) for 72 h as
described in Materials and Methods. Cytokine levels of each culture sample were
compared to the mean level of C57BL|6 mice cell culture (reference set at 100%) and
expressed as the percentage of the reference. The data represent pooled data from three
independent experiments with similar results (mean *SEM). ** p < 0.01, C57BL/6 versus
B6.H2k, C3H.H2k, or C3H/HeN mice. A. Average concentration of IL-12 in C57BL|6
mice is 1956 pglml B. Average concentration of IFN-y of C57BL|6 mice is 63.9 nglml.

Ab titers

Et 86.H2k
I B6.H2b

Figure 24, B6.H2k mice showed signifTcantly lower serum IgGZa post-infection
compared to wild-type B6.H2b mice. Mice were infected as described in Materials and
Methods and serum antibody titers were assayed as described in Materials and Methods.
The data represent pooled data from three independent experiments with similar results
(mean*SEM). tp<0.05
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RESULT 3 Congeníc and wild-type mice showed similør orgønism-clriven IL-4 and.

IL-L0 production

L-10 is a regulatory cytokine secreted by macrophages, DC and T cells. IL-10

has been shown to interfere with the antimicrobial activity of protective IFN-y responses

against various pathogens, and is associated with increased susceptibility to chlamydial

infection L152, 153, 3821. IL-4 and IL-5 are prototypic Th2 cytokines with capability to

inhibit Th1 responses. Because the congenic B6.H2k mice displayed much lower levels

of IFN-y and IL-12, we further analyzed IL-I0, IL-4 and IL-5 production to ascertain

whether the lower IL-I2 and IFN-y production is caused by a higher synthesis of these

Th2-related cytokines. As shown in Figure 25, the 4 strains of mice had similar levels of
IL-l0 and IL-4 in the draining lymph nodes. Moreover, although the production of IL-5

in C3H mice appeared to be lower than the other three strains of mice (Fig. 25). These

results suggest that the change in the MHC gene from H-2b to H-2k in mice with

C57BL|6 background does not have a significant effect on IL-10, IL-4 and IL-5

production following chlamydial lung infection.
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Figure 25. B6.HZk mice show similar levels of IL-  and IL-10 production post-

infection compared to C57BL16 and other strains of mice. IL-4,IL-S and IL-10 levels

in the cells of draining lymph nodes cultured in the presence of C.muridarum EBs as

described in Figure 23 were measured by ELISA. Cytokine concentration of each culture

sample was compared with the average amount of C57BL/6 mice cell culture (reference

set at 100%) and expressed as percentage of the reference. The data represent pooled

results from three independent experiments with similar results (mean + SEM). A.

Average concentration of IL-4 in C57BL|6 mice is 6.4 pglml. B. Mean concentration of
[-10 of C57BL|6 mice is 576 pglml C. Average concentration of IL-5 of C57BL\6 mice

is249pglml.* p < 0.05: c3H/HeN versus c57BLl6,B6.H2k, or c3H.H2b mice.
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DSICUSSION OF PART II

Our previous study showed that C57BL 16 and C3H/HeN mice displayed highly

differential susceptibility to C. muridarum lung infection [93] in Part I. Differences in the

susceptibility to other infectious organisms has also been reported in these two strains of

mice. Because the MHC complex is essential to the initiation and maintenance of host

adaptive immunity and in consequence, to the control of progression of infectious

diseases, we analyzed the immune responses in different inbred and MHC congenic

strains of mice following lung infection with C. muridarum. Our results showed that in

vivo chlarnvdial growth was significantly higher in congenic B6.H2k mice, which have

C57BL/6 background with MHC from the susceptible strain (H-2k), than in C57BL\6

mice. At the same time, C3H.H2b mice which acquire the same MHC genes as the

resistant C57BL\6 mice (H-2b) failed to show an increase in resistance to C. muridarum

infection compared to wild-type C3H/HeN mice. Overall, the results suggest that both

MHC and non-MHC genes are equally important in host defense against chlamydial lung

infection.

while the codependence of MHC and non-MHC linked genes on the

determination of cytokine responses and resistance to infection was not previously

studied in respiratory tract chlamydial infection previously, it had been examined in other

infection models [180, 181,383-385]. For example, it has been shown that different

genetic factors contribute to susceptibility to Leishmania infection by different

mechanisms mediated by H-2 genes as well as non-H-2 genes [180, 384, 385].

Moreover, using the genital infection model, Tuffrey et al. found that some, but not all,

tested inbred mouse strains developed salpingitis following genital infection with human
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C. trachomatis strain [386]. In particular, they found that borh BALB/c (H2d) and

congenic BALB/k (H2k) mice showed intact fertility following the infection while

infected C3H mice (H2k) were less fertile than naiVe mice [386]. Furthermore, using an

intravenous infection model, Busonit-Gatel et al. reported that both non-H-2 and H-2

gene complex were responsible for the differences in the resistance of various mouse

strains to C. psittaci infection [3S7]. In the current study, in sharp contrast to findings in

inbred C57BL/6 (H-2) and congenic B6.H2k (H-2) mice where the MHC appeared ro

have a prominent role in determining host susceptibility to chlamydial infection, we

found no such phenomenon between the inbred C3H/l.IeH (H-2k) and congenic C3H.H2b

(H-25 mice. Specifically, it was evident that an alteration in the MHC gene status (H2k to

HZb¡ in the C3H/HeN genetic background in congenic C3H.H2b mice can not confer

resistance to chlamydial infection, suggesting that there might exist some non-MHC

determinants that contribute to the differential susceptibility between C3FVHeN and

C57BL|6 mice. Our previous study demonstrated that IFN-y production alone may not be

sufficient and that cellular events downstream of IFN-y cytokine production such as NO

production or other possible microbicidal mechanisms are also important in controlling

chlamydial infection t93]. It is likely that these downstream cellular events are

determined, at least in part, by non-MHC genes. Moreover, since the association of H-2b

with resistance to chlamydial infection was obvious in C57BL\6, but not in C3H/Ì.{eH

background, it is likely interdependences of both MHC or non-MHC genes are prudent in

dictating the resistance phenotype to chlamydial infection. This notion is further

supported by our finding that although B6.H2k mice have non-MHC genes from the

resistant mice (C57BL|6), they showed higher dissemination of Chlamydia to the heart
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than C3H and C3H.H2b mice (Fig. 21). In addition, from the cytokine pattern point of

view, the finding that C3H mice produced less IL-5 than other strains of mice (Fig. 25)

also suggests the importance of both MHC and non-MHC genes in modulating cytokine

production, although the levels of IL-5 did not appear to be correlated with susceptibility

to chlamydial infection in this model. Clearly, further studies are required to identify and

elucidate the role of MHC and non-MHC determinants, and more importantly, the

interaction between MHC and non-MHC genes in regulating immune responses and host

susceptibility to chlamydial infection.

To our knowledge, this is the first report on the use of congenic mice to explore

the role of MHC and non-MHC elements on host susceptibility to respiratory tract

chlamydial infection. Our results suggest that resistance to chlamydial infection is

dependent on MHC as well as non-MHC genetic determinants. These data, based on

mouse models, may have implications on human studies which aim to elucidate the

impact of HLA or other genes, if any, on susceptibility to chlamydial infection. Further

work is needed to identifu specific genes responsible for these differences. Initially, one

may use microsatellite markers and linkage-mapping techniques which have been shown

to be useful in the identification of specifîc loci responsible for resistance to microbial

infections [388, 389]. Moreover, as the susceptibility pattern with respect to MHC in

chlamydial infection can vary depending on the genetic background of the host, an

investigation on the interaction between MHC and non-MHC linked genes is also critical

in understanding host resistance to chlamydial infection.
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PART TII

Type I interferons enhance susceptibility to Chlamydia muridørum lung infection by

reducing local infTltration, and enhancing apoptosis, of macrophages

IFNIs were named after their role in "interfering" with viral replication in

mammalian cells, an essential function for host coping with viral infections. As

mentioned before, IFNIs belong to a multiple-member family t254l.IFN-c¿ and IFN-B

are the major components of IFNIs in human and rodents, and they share the same

receptor known as the IFNo/B receptor (IFNAR), to initiate downstream STAT signal

transduction1254,319]. Physiological levels of IFNIs are very low, but upon stimulation,

they are produced in great quantities 1254,309,3901. IFNaIþ are among the earliest

cytokines which are induced during infection and play an important regulatory role in

both innate and adaptive immune responses. Previous reports have shown that IFNa/B

are able to activate cytol¡ic activity of NK cells [282], activate macrophages 12731,

promote differentiation of Thl cells and IFN-y secretion and [282].In particular, IFNa/B

can activate and modulate the function of DCs, the most important professional ApC, via

promoting expression of MHC, co-stimulator molecules and secretion of cytokines and

chemokines, thus modulating adaptive T cell immune responses [309, 356-35g].

Both viral and bacterial infections can promptly and strongly induce release of

IFNIs through their specific genomic components or metabolic products. Although the

function of IFNs in viral infection has been well documented, the role of IFNs in bacterial

infections appears complicated and varies in different infection models t25gl. Studies on

Legionella pneumonphila [334], Salmonella typhimurium 12711, Shigelta flexneri [330],

Bøcillus anthrasis [331] and Mycobacterium tuberculosis [338] showed that IFNIs are

117



protective for the host, at least partially through enhancing production of IFN-y and NO

as well as suppressing bacterial invasion. IFN-y and IL-12 have been suggested to be

required for host resistance to chlamydial infection [30, 127,128,363,364]. Previous in

vitro and in vivo studies have demonstrated that IFNIs can inhibit the growth and

infectivity of C. trachomatis in different cell types [290, 3911. On the other hand,

findings from other studies have suggested that IFNIs are detrimental to the infected host.

For example, it has been reported that IFNIs can promote infection with intracellular

bacteria Listeria monocytogenes tltrough increasing listeriolysin O-dependent apoptosis

of macrophages and lymphocytes [344]. Studies using IFNa/B receptor KO (IFNAR-/-)

mice showed that these mice were more resistant to L. monocytogenes infection that WT

mice, which was correlated with less lymphocyte apoptosis, and elevated IL-12p70

production in IFNAR-/- mice 134l-3431. Along the same line, it has been also shown that

a highly virulent strain of Mycobacterium tuberculosis can promote IFNI production in

the host cells, which enhanced susceptibility to the infection in a mouse model [340].

Further, in certain instances, poly I:C-mediated IFNI production through administration

of Poly I:C during C. trachomatis lung infection, can accelerate mouse death following

infection [345]. Administration of exogenous IFNo has also been shown to enhance

hosts' susceptibility fo M. tuberculosis infection [340].

In the case of C. pneumonia infection, bone marrow derived macrophage

(BMDMs) from IFNAR-/- mice were found to be more susceptible to C. pneumonia

infection than those from V/T mice, which was correlated with lower IFN-y and iNOS

production l290l.In contrast, IFNAR-/- and WT mice were suggested in another study to

possess similar susceptibility to C. pneumonia infection [348]. Such controversial results

118



in chlamydial and other infection studies indicate an absolute necessity to further

investigate the role of IFNIs in host resistance or susceptibility to chlamydial infection

using especially in vlvo models.

In the current study, using the mouse model of respiratory tract Chlamydial

infection, we examined the susceptibility of IFNAR-/- mice to C. muridarum, and

possible mechanisms underlying lFNl-regulated immune responses to chlamaydial

infection.

RESULT 1 IFNAR-/- mìce showed enhanced resistønce to C. muridarum lung

infectíon

Following intranasal infection with C. muridarunt, WT mice displayed continuous

body weight loss without signs of recovery when they were infected with relatively

higher (1000 IFUs) or lower doses (200 IFUs). On the contrary, IFNAR-/- mice showed

much less body weight loss at high dose infection (Fig. 26A) and marginal body weight

loss at low dose infection (Fig. 268). The IFNAR-i- mice regained their original body

weight within 7 days after infection (Fig. 268).In line with the body weight loss, the

IFNAR-/- mice showed significantly lower in vivo organism growth at day 6 post-

infection, when higher dose was used (Fig. 26C). The bacterial loads were similar

between the V/T and IFNAR-/- mice at days 2 and 4 post-infection. When a lower dose

was used, at 14 days post-infection, while the infection in IFNAR-/- mice was close to

being resolved (less than 103 IFUs in the whole lung), the WT mice showed increase in

bacterial burden in their lungs, 1000-fold higher than that in the IFNAR-/- mice (Fig.

26D). IVe also analyzed the titers of C. muridourm in the other organs and found that
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both groups of mice had very few organisms in the heafts, livers and kidneys (Fig. 27).

The data overall indicates that C. muridarum is restricted in the lungs after i.n. infection

of 129 mice. Histological analysis (Fig. 28) showed more intense lung inflammation in

WT mice than IFNAR-/- mice since early on in the infection (day 2). A large portion of

the inf,rltrating inflammatory cells of WT mice were neutrophils and a more severe

inflammation in WT mice became more evident on days 6 and 7 post-infection. Most of

the interstitial tissues were infiltrated with inflammatory cells and most alveoli were

filled with inflammatory exudates in WT mice. In contrast, IFNAR-/- mice showed only

mild inflammation, with minimal cellular infiltration around some bronchi (Fig. 28). At

14 days post-infection, the IFNAR-/- mice showed close to normal lung structure while

the WT mice still exhibited extensive lung tissue damage and diffused cellular

infiltration, which was correlated with continuous bacterial growth (Fig. 26D). These

results indicate that IFNIs play a promoting role in host susceptibility to C.muridarum

infection.
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Figure 26. Wild-type mice showed more severe disease after infection. Mice were
intranasally inoculated with a designated dose of C. muridarum, body weights were
monitored daily and compared with the initial weight before the infection. Organism
growth in the infected lungs at each time point was assayed as mentioned (Materials and
Methods). A. Body weight changes of 20 mice in each group after infected with 1,000
IFU C. muridarum. The initial body weight before infection were comparable between
WT and KO mice. B. Body weight changes of 8-10 mice of each group after infected
with 200 IFU MoPn. This data are representative of three independent experiments that
showed similar results. C. 6-8 mice of each group at each time point were infected
intranasally with 1,000 IFU C. muridarum, and Chlamydia growth in the lungs assayed as

described (Materials and Methods). D. 4-5 mice per group were infected with 200 IFU C.
muridarum and euthanized at day 7 and day 14 separately and Chlamydia growth assayed
as above. Each column represents the mean + SEM of IFUs (log 10). *xx p < 0.001
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Figure 27. C. murìdørum infection is not highly transmittable in 129 mice. Organism
growth in hearts, livers and kidneys. Infectivity of Chlamydia measured as described
(Materials and Methods).Eachcolumn represents the mean t SEM of IFUs (log 10).
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Figure 28. Wild-fype mice showed more severe inflammation post infection. Wild-
type and IFNAR-/- mice were infected with MoPn as described (Materials and Methods).
Mice were killed at days 2, 4, 6, 7 and day 14 post-infection. Lung sections were stained
with hematoxylin and eosin and analyzed under light microscopy. Slides were
photographed at 100x and 400x magnifications.
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RESULT 2 Cytokine ønd øntibody responses øfter infection

Since cytokine/chemokine production patterns have been shown to be important

the development of in inflammation and host defense against chlamydial infection [7,

30], we examined cytokine release in the lung tissues of the infected mice (Table 6).

Consistent with a more severe inflammation observed in WT mice (Fig. 28), the levels of

pro-inflammatory cytokines IL-1cr, IL-lP, IL-6 and IFN-y, were significantly higher in

the lungs of 'WT mice than in IFNAR-/- mice atearly stage of infection (Table 6). In

addition, the'WT mice showed significantly higher expression of MCP-1 and MIp-2, the

important chemokines for neutrophil infiltration [90, 392,393] than IFNAR-/- mice. The

results suggest that WT mice produce significantly higher local pro-inflammatory

cytokines and chemokines than KO mice, which may be the basis for the more profound

inflammation observed in the lung of WT mice.

To further elucidate the Chlamydia-driven T cell responses in the infected WT

and IFNAR-I mice, we examined ex vivo cylol<ine production in spleen and draining

lymph node (LN) cells from infected mice upon organism-specific re-stimulation. As

shown in Table 7,the V/T and IFNAR-/- mice showed similar levels of Thl-type(i.e.,

IFN-y, lL-r2p70 and rNF-o) and Th2-type (i.e., rL-4, IL-5 and IL-10) cyrokine

production in the spleen at both early (day 7) and late (day 14) stages of infection.

Similar pattern was observed when analyzing cytokine synthesis by draining lymph node

cells at day 7 post-infection. In contrast, at late stages of infection (day 14) the lymph

node cells in WT mice produced significantly higher IFN-y and TNF-o and lower IL-l0

than IFNAR-/- mice. We also tested intracellular production of IFN-y, IL-4 and IL-10 in

T cells from draining lymph nodes and spleens at day 7 post-infection. The results
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revealed a similar pattern in both groups of mice (Fig. 29). Noticeably, IFN-y positive T

cells in lymph node cell culture was higher than in spleen cell culture indicating that the

immune responses mostly happened in the draining lymph nodes but not in the spleen

(Fig. 29C). Intracellular cytokine staining also indicated that both CD4+ and CD8+

positive T cells can produce IFN-y although most IFNy-positive T cells were CD8+ T

cells in this infection model. The similar Chlamydia-driven Thl- and Th2- related

cytokine production by spleen and draining lymph node lymphocytes in the WT and

IFNAR-/- groups at the early stage of infection suggests a comparable pattem of T cell

responses to the infection in these two groups. The persistently high level IFN-y and

TNF-o production by WT mice at a late stage of infection may reflect persistent

infection in these mice.

Antibody production in the infected mice at 14 days post-infection is shown in

Fig. 30. There was no significant difference in the levels of C. muridarum-specifrc serum

IgM, IgGi and IgG2a between WT and IFNAR-/- mice. Both WT and IFNAR-/- mice

displayed higher titers of IgG2a than IgGl, which is in line with the cytokine patterns

(i.e., higher IFNy production), indicating that both groups of mice showed Thl-like

response following infection. Interestingly, we found that IFNAR-/- mice produced

significantly higher levels of serum IgA compared to V/T mice (Fig. 30). Overall, the

analyses of organism-driven cytokine patterns and IgGl/IgG2a responses did not show

significant differences in the adaptive immune responses in the WT and IFNAR-/- mice,

suggesting that IFNIs are more important in mounting innate immunity to C.muridarum

infection.
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Table 6 lung cytokine and chemokine production post infection

IL-lo IL-lp lL-6 IFN-y MCP-I MIP-2
Day 2 wr 444+75- I t4+31- 902+246-- 650+3 t0 2298+264 0.54+0.04

KO 232+41 54+t5 260+132 325+50 2014+566 0.57+0.057

Day 4 wT 2281+300'- 426+78 4347+1364-.' 5256+t471... 4010+966.** 0.8+0.04
KO 1503+213 310+58 1918+613 1218+409 2332+226 0.64+O.O:

Day 6 WT 3393+320 554+89 6390+1276- 14000+3200' 6449+405--' 1.45+0.25
KO 3942+450 662+93 4023+799j 5575+2076 2218+142 0.85+0.04

tWhole lungs were homogenized, supernatants harvested and assayed for IL-1c¿, IL-18,
IL-6, IFN-y and MCP-I by ELISA and for'MIP-Z by RT-PCR as described in Materials
and Methods. Shown are mean + SD protein concentrations as determined by ELISA
assay or band density given by PCR amplicon from RT-PCR analysis.
*p<0.05, ** p<0.01, **tp<0.001.

Table 7 cytokine production by spleen and draining lymph node cells

4-5 micelgroup were infected intranasally with 200 IFU MoPn and euthanized at day 7
and day 14 post-infection. Supernatant from the infected lungs and that from 72-hour
cultures of draining lymph node and spleen mononuclear cells were harvested and
assayed for cytokines (Materials and Methods). Shown is a representative of three
independent experiments that showed similar results. * p < 0.05, x8 p < 0.01, *** p <
0.001

IFN-y IL-12p70 TNF-c¿ IL-4 IL-5 IL-I O

LN

Day 7 WT
KO

32420+2930
3 I 200+4880

l2+9
l2+8

129!69
82+50

l.6tl.3 148+74 3238+1000
2.2+1.6 r90tr 40 264t!698

Day 14 WT 14200+8720
4433+1347

51+20
53+23

r 48145
40+l 9

9.1+8.4 t56+71 2401+971
8.5+7 207+132 4915+1579KO

SP

Day 7 WT
KO

20730+12600 4t+29
20240+12170 29+22

94t39
104+15

4'7+15

45+9
I 46+90
l2l+70

1742+565
l4l7+82

Day 14 WT
KO

5214+2005
3654+2551

66tt6
7 l+32

22t!63
94+64

50+24
l8+15

100+ 7t
98+77

603+75
352+88
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Figure 29. lntracellular cytokine staining showed similar patterns of T cells
producing IFN-y, IL-4 and IL-10 in WT and KO mice. 7 days post-infection, spleen
and draining lymph node cells were harvested and cultured for 3 days with antigenic
stimulation. Cells were then treated with PMA, ionomycin and Brefeldin A, and
intracellular were stained for different cytokines as mentioned in Materials and Methods.
A. IFN-y staining in draining lymph node cells. B. IFN-y staining in the spleen. C.
Statistical analysis of intracellular staining patterns (4 mice per group). D. Staining for
[-10 andIL-14 in the lymph nodes. FLl: FITC-CDB; FL2: PE-CD4; FL3: PE-Cy7-
CD3e and FL4: APC-cytokines.
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Figure 30. Antibody production in response to C. muridsrum infection. 10 mice per

group were infected intranasally with 200 IFU C. muridarum and bled at day 14 post-

infection. Sera were used for measurement of Chlamydia-specific antibodies as described

in Materials and Methods. The titers of antibodies were transformed into log 10. * p <

0.05.
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RESULT 3 Higher filtration of macrophages in the lungs of IFNAR-/- mice øfter C.

muridarum ínfection

V/e fuither analyzed the cellular composition of infiltrating cells in the lungs

following infection. As shown in Figure 31, the lung tissues of IFNAR-/- mice contained

significantly higher number of macrophages compared to that in the WT controls, albeit

the inflammation was much heavier in the WT mice. Similarly, analysis of BAL cells

also revealed a much higher infiltration of macrophages in the lungs of IFNAR-/- mice,

while those in V/T mice had signif,rcantly higher number of neutrophils (Fig. 31,A).

Furthermore, we examined the kinetics of macrophage inf,rltration in the lungs following

C. muridarum infection by immunohistochemical staining analysis using an anti-

macrophage antibody. As shown in Figure 3lB, at days 2,4, and 7 post-infection,

macrophages \A/ere consistently present in a higher density in the lungs of IFNAR-/- mice

compared those of V/T mice seen starting from day 4 p.i. These results suggested a

beneficial role of macrophages infiltration in respiratory tract C. muridarum infection.
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F'igure 31. Higher macrophage infiltration in the lungs of IFNAR-/- mice after C.
murídarum infection. A. Presence of inflammatory cells ìn BAL. IFNAR-/- and WT
mice were infected with 1,000 IFU C. muridarum and killed at day 4 p.i. Lungs were
washed, counted and stained for infiltrating inflammatory cells with hematoxylin and
eosin. 500 infiltrated inflammatory cells were counted, the percentage of each kind of
inflammatory cells were calculated, and the absolute number were expressed based on
total BAL cell numbers. ** p < 0.01, *** p < 0.001. B. Kinetics of resident macrophages
in the infected lungs. IFNAR-/- and WT mice were infected intranasally with 1,000 IFU
of C. muridarum and killed at day 2, 4, 7 (infected with 200 IFU) post-infection.
Macrophages were assessed as mentionedin Materials and Methods.
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RESULT 4 Macrophages flre an ímportant host defense component in C. muridarum

ínfectíon

To determine whether macrophages contribute to host resistance to C.muridarum

infection in this infection model, we used ClzMDP-liposome treatment to deplete

pulmonary macrophages as described before [361]. As shown, ClzMDP-liposome-treated

IFNAR-/- mice exhibited greater body weight loss (Fig. 32A), increased organism growth

(Fig. 328) and more severe lung inflammation (Fig. 32C) compared to the two control

mice groups treated with PBS only or with PBS-liposome. Macrophage depletion in the

lungs was conf,rrmed by H&E staining (Fig. 32C) and by immunohistochemical staining

(data not shown). Most of the infiltrating inflammatory cells in ClzMDP-lipsome treated

mice were neutrophils following C. muridarum infection (Fig. 32C). Notably, PBS-

liposome treated mice also showed slightly higher bacterial load and more pathological

changes compared to the PBS-treated mice. This is probably due to the non-specific

suppression of liposome on macrophages. The macrophage depletion experiments were

also performed using another mouse strain, C57BL|6, which is more resistant to C.

muridarum infection [93, 152] and a similar protective effect of macrophages was

observed (Fig. 32D). The data suggests that local macrophages are impoftant in host

defense against C. muridarum infection.

As described in Result I, macrophages from different strains of mice may have

different resistance characteristics to C. muridarum MoPn infection. It was found that

wild-type BMDMs are more resistant to C. pneumonia infection compared to those from

IFNAR-/- mice [290]. Thus, we tested C. muridarumMoPn growth in BMDMs from the

both groups of mice. As illustrated in Fig. 33A, a vast majority of bone-marrow cells
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cultwed inL929-conditioned media for 10 days were of the macrophage phenotype (e.g.,

positive for both F4180 and CDl lb). After infected with C. muridarum MoPn, cells were

fixed at various times and stained with Chlamydia-specifrc antibody. No significant

difference in chlamydial growth was observed in BMDMs from WT and IFNAR-/- mice

with respect to both the number and the area of inclusion bodies as determined

microscopically (Fig. 338). We further assessed the growth of C. muridarum and NO

production in cultured peritoneal macrophages and found no difference in the two groups

(data not shown). Taken together, the data suggest that macrophages from WT and

IFNAR-/- have the same ability to restrict chlamydial infection.
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Figure 32. Depletion of lung macrophages enhanced chlamydial infectivify in
IFNAR-/- mice. 4 mice per group were treated with PBS, PBs-Liposome and CLzMDP-
Liposome separately and infected with 200 IFU C. muridarum as mentioned in Materials
and Methods. Body weight change, MoPn infectivity and lung pathological changes were
assess as mentioned in Material and Methods. Shown is representative data of two
independent experiments with similar results. A. Body weight change following lung
infection with C. muridarum (200 IFU). Body weight changes were measured and
analyzed as mentioned before. B. Chlamydia growth post-infection. 7 days post-infection,
lungs were aseptically cut and homogenized. Supernatants were harvested after
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centrifugation. MoPn IFUs were measured as mentionedin Materials and Methods. C.
Lung histological change. 7 days after infection, lungs were collected and analyzed, as
described in Materials and Methods. D. C57BL|6 mice were treated with PBS or
CI2MDP as described in Materials and Methods and, infected with 200 IFU C.
muridarum, organism titers in the lungs were assayed.** p < 0.01 , *** p < 0.001.
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F'igure 33. Similar C. muridarum growth rate in BMDM from wild-fype and
IFNAR-/- mice. A. Bone-marrow cells from WT and KO mice were cultured in L929
conditioned media for 10 days (Materials and Methods). Attached cells were harvested
and stained with fluorescent antibodies and analyzed by FACS. Left graph is of cells
stained an isolyps control antibody. B. BMDM cultured in 96-well plate were infected
with 5 x 10" IFU C. muridarum MoPn and harvested at various time, stained and counted
as detailed in Materials and Methods. The inclusion body positive area was calculated
automatically and compared as specif,red (MaterÌals and Methods).
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RESULT 5 Adhesion molecule expression in wr and IFNAR-/- mice

In an attempt to elucidate the molecular basis underlying the difference in lung

macrophage infiltration between the WT and IFNAR-/- mice, we examined VCAM-

INLA-  expression in the lung tissues and peripheral blood monocytes to assess

migration of monocytes/macrophages to the lung following infection. The analysis was

performed at a very early stage of infection (day 4 post-infection) before significant

difference in chlamydial growh between the WT and IFNAR-/- mice occuned (Fig.

26C). The data showed that the latter group exhibited significantly higher VCAM-I

expression in the lung tissues compared to the WT mice (Fig. 3aA). Given that VCAM-I

binds to CD49d and CD29 which are two components of VLA-4 on macrophages, we

analyzed expression of CD29 and CD49d on monocytes in peripheral blood. Monocytes

were gated as SSCintCD45ro* CDllbhi cells [394]. As shown in Figure 348 and C,

monocytes from the IFNAR-i- mice showed higher expression of CD49d, and to a lesser

extent, CDlS relative to those of WT mice following infection. There was no difference

in the expression of CD29 and CDI ia. These results indicate that IFNIs may down-

regulate expression of certain adhesion molecules which are involved in macrophage

infiltration during the early phase of chlamydial infection, thereby affecting

monocyte/macrophage recruitment to the infection site.
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Figure 34. Adhesion molecule expression after infection. 4 days after infection with
1,000 IFU C. muridarum,lungs and peripheral blood of WT and IFNAR-/- mice were
used for analysis. A. Cryogenic sections of lungs were stained with anti-mouse VCAM-l
antibody as mentioned in Materials and Methods and photographed with fluorescent
microscopy. B. Peripheral blood was collected and treated (Materials and Methods).
Histogram graphs show gated CD45lo*CD1 lb*id monocytes/macrophages. C. Statistical
analysis of CD49d expression on blood monocytes.

ro3

lo3 ìoa

C-
àeõ
o
o
E
o

õ
oo
E

ôo

137



RESULT 6 Macrophøge apoptosis wøs more pronounced in llT mice than in IFNAR-

/- míce

It has been suggested that lFNu/B-dependent apoptosis of lymphocytes and

macrophages may be a mechanism contributing to increased susceptibility to infection in

the mouse models of L. monocytogenesis 1341, 3431. We therefore performed a TUNEL

assay to analyze apoptosis in the lung following C. muridarum infection. As shown in

Fig. 354, the lung tissues of WT mice contained more apoptotic inflammatory cells, as

indicated by the presence of cells with DAB stained nuclei, than IFNAR-/- mice as early

as 4 days post-infection. However, no differences in the level of epithelial cell apoptosis

observed between the WT and IFNAR-/- mice (Fig. 35A).

To confirm this finding, we fi;rther tested early expression in the infected lungs of

PKR, Daxx, and Trail, factors related to lFNcx/B-induced apoptosis t34lJ. As shown in

Figure 35B, lung tissue of WT mice consistently showed significantly higher expression

of Trail, Daxx and PKR compared to that of IFNAR-/- mice at as early as 2 days after

infection and persisted up to day 6 post-infection when the difference in the bacterial

loads in the 2 groups of mice became noticeable. In addition, a significantly higher

number of activated caspase 3-positive inflammatory cells, with most of them being

F4180 positive macrophages, was observed in the lungs of WT mice suggesting a higher

level of apoptosis in these mice following C.muridarum infection and a promoting role of

IFNIs in apoptosis of macrophages (Fig. 35C, 35D).
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Figure 35. WT mice showed more inflammatory cell apoptosis post-infection. A.
Lungs from V/T and KO mice were harvested 4 days post- infection and analyzed for the
presence of cell apoptosis using TLINEL assay (Materials and Methods). Slides were
photographed under light microscopy and shown is representative pictures of at least 5

mice per group. B. Whole lungs from 4 mice/group were harvested and frozen by liquid
nitrogen. Total RNA were isolated and analyzed by RT-PCR for mRNA expression of
IFN-c/B-stimulated apoptotic factors (Materials and Methods). The daÍ.a are presented as

mean t SD of band density expressed as percentage of that given by B-actin. * p < 0.05
and *** p
Immunohistochemistry analysis of active caspase 3-positive cells post-infection. Lungs
from WT and IFNAR-/- mice collected 4 days post-infection were stained with anti-
cleaved caspase 3 as described (Materials and Methods). Shown is a representation of at
least 5 mice/group. D. Immunohistochemistry analysis of active caspase 3-positive
inflammatory cells post infection. Lungs harvested at 4 days post-infecition from WT
mice were stained with anti-cleaved caspase 3 and anti-F4/80 mAbs, as mentioned in
Materials and Methods. Green: cleaved caspase 3 and Red: F4l80.
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RESULT 7 Type I interferons changed tlendritic cell responses øfter chlamydiøl

infection

Earlier results showed that induction of IFNIs early on after infection enhanced

host susceptibility to C. muridarum via modulating innate immune response. Since DCs

are among the most important cells linking innate and adaptive immune immunity, we

assessed changes in the phenotype and function of DC after infection. As shown in

Figure 36, at 7 days post-infection, spleen DC from WT mice contained significantly

higher percentage of not only CD8+ DC but also of activated phenotype (e.g., CD40+,

CD80+, CD86+ and MHC-II+) compared to those from IFNAR-/- mice. Further,

supernatants from affinity-purified DC cultures from WT mice were also found to contain

significantly lower levels of IL-12p40, but higher levels of TNF-o, relative to those from

IFNAR-/- mice (Fig. 38). Practical consequences of such a change in the activation and

functions of DC require a separate study.
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Figure 38. Cytokine secretion profÏles by dendritic cells from wild-type and IFNAR-/- mice" Affinity-purified DC were cultured with or without antigenic stimulation and
crtgkiles in the supematant assayed by ELISA as describe d in Marerials and Methods. *
p<0.05; **p < 0.01.
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DISCUSSION of PART III

Previous reports have shown that IFNIs are beneficial to ex vivo cultured host

cells in their resistance to chlamydial infection via enhancing IFN-y and NO production

12901. However, in the current study, we have demonstrated that IFNIs actually promote

C. muridarum infection in vivo and that following respiratory tract C. muridarum

infection, IFNAR-/- (KO) mice displayed much less body weight loss, lower organism

burden and milder pathological changes in the lungs than WT mice. More importantly,

we observed not only significantly less macrophage infiltration in the lungs but also less

apoptosis of the infiltrating macrophages in KO mice than in WT mice. However,

analysis of Thl- and Th2-types cytokine patterns in the two groups of mice failed to

show a clear correlation between cytokine expression, organism clearance and severity of

disease, especially at the early stage of infection. The higher production of IFN-y, TNF-g,

and lower secretion of IL- 10 in V/T, relative to KO, mice at i 4 days of infection may not

be directly attributed to IFN-o/B, but rather, due to the uncontrolled chlamydial growth

and continuous stimulation of the host immune system (Table 7). Taken together, the

results lend support to the notion that IFNIs are critical in the innate immunity in

chlamydial lung infection.

One interesting finding in this study is the particularly important role of IFNIs in

the effector function of macrophages in chlamydial infection. Significant differences

befween WT and KO mice in susceptibility to C. muridarum was observed starting from

the early stage of infection indicating that the functional effects of IFNIs occur in the

innate phase of infection. The data showed that KO mice had less inflammation at both

early and late stages of infection, but the number of infiltrating macrophages in the lungs
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of the Ko mice was higher than that in 'WT mice, which experienced more neutrophil

influx' Notably' the difference in bacterial loads between the WT and Ko mice occurred

after the time when the difference in macrophage infiltration and survival was observed

in these two groups of mice, suggesting a positive correlation between macrophage

infiltration and bacterial clearance. The role of macrophages in restricting C. muridarum

infection was confirmed by the macrophage depletion experiment using liposome-

encapsulated CIzMDP' This finding is consistent with that from a previous study which

illustrated an important role of macrophages in host resistance to C. pneumoniae, another

chlamydial species, infection through an adoptive transfer approach t I 91].

What then contributes to the reduction in macrophages in the lungs of WT mice

after chlamydial infection? Based on our data, less recruitment of the cells to the lungs

and a higher in apoptosis of the infiltrating macrophages may be responsible for the

decrease in the cell number. An important factor that regulates leukocyte infiltration is

the expression of adhesion molecules which are involved in cell-matrix interaction and

binding. We found significantly higher expression of VCAM-l and CD49d (a componenr

of VLA-4) in the lungs of KO mice than in those of WT mice. previous studies have

demonstrated the importance of VCAM-I and vLA-4 interaction in macrophage

migration and recruitment [395-397]. As such, reduced expression of VCAM-I in the

lung blood vessel endothelial cells and CD4gd, on blood monocytes in the V/T mice may

result in a weaker/diminished interaction between peripheral monocytes and endothelial

cells lining lung blood vessels, which ultimately leads to less monocyte/macrophage

infiltration. It remains unclear how IFNIs regulate the expression of VCAM-l and VLA-

4' However' some in vivo and, in vitro studies have reported that IFN-B can convert
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membrane-bound VCAM-I to soluble VCAM-1 (sVCAM-1), thus reducing VCAM-I

expression on the cell surface. The increased level of sVCAM-1 can also down-regulate

VLA-4 expression on lymphoc¡tes resulting in the inhibition of interaction between

lymphocytes and blood vessel endorhelial cells [304].

The presence of more apoptosis in lung macrophages from WT than in those of

KO mice was evidenced by signif,rcantly increased TuNEl-positive cells in the former,

which was correlated with markedly higher gene expression of IFNl-dependent apoptotic

factors including TRAIL, PKR and Daxx. Also observed was a high number of cleaved

caspase 3-positive macrophages in the lungs of WT mice than in those of KO mice.

Caspase 3 is a central executioner of apoptosis and inactive zymogen caspase 3 must be

cleaved into activated caspase 3 (18 KDa) to initiate apoptosis l3gï,3ggl. Therefore, our

finding suggested that fewer macrophages in the lungs of WT mice may be due to a

combination of reduced recruitment and increased local apoptosis after C. murídarum

infection. Since higher macrophage apoptosis in the WT mice was seen at day 4 post-

infection before the appearance of a differential bacterial load, it is reasonable to

speculate that the less recruitment and more apoptosis of macrophages contribute

significantly to the higher chlamydial growth in the lungs of WT mice. This notion is

supported by the data from the macrophage depletion experiment with CI2MDP-lipsome

(Fig. 32). Although the reason is not clear as to why without macrophage depletion mice

treated with PBS-liposome alone also showed more chlamydial growth in vivo than pBS-

treated mice (Fig 32), it is likely that the phagocytosis of liposome by macrophages can

non-specifically suppress, to a certain degree, the killing capability of macrophages

13431.
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Macrophages from mice with different genetic backgrounds may exhibit

differential resistance to chlamydial infection [93]. Specifically, recent studies with

macrophages from wild-type or IFNcI/BR-/- mice revealed that the former was more

resistant to C. pneumonía infection in vitro than the latter 12901. However, we found no

difference in the growth of C. muridarum in macrophages isolated from wild-type or

IFNoiBR-/- mice suggesting that the killing ability of macrophages may not have a direct

contribution to the difference in susceptibility to C. muridarum infection of the 2 groups

of mice.

It has been shown that, during respiratory tract viral or fungal infections,

IFNa/BR-/- mice produced more Th2-type cytokines and chemokines in the lungs

compared to WT mice, which is correlated with enhanced eosinophil infiltration [400,

401]. In our chlamydial infection model, we found lower levels of inflammatory

cytokines ll--lcr, IL-lP and IL-6 and of chemokines MCP-I and MIP-2 in the lungs of

IFN0/BR-/- mice, which was associated with less severe inflammatory responses post-

infection. MIP-2 has recently been reported to be involved in neutrophil chemotaxis and

infiltration 1392,3931, which can contribute to significant tissue damage and pathological

responses [30].

Also evidenced from our study is that IL-6 and IFN-y were produced at

significantly higher levels in the lungs of WT mice starling ar. day 4 post-infection and

persisted to day 14 (data not shown). Our data showing a higher level of apoptosis by

neutrophils in WT mice lend support to the hypothesis that an interplay between IL-6 and

IFN-Ï enhances neutrophil infiltration and apoptosis [402]. Further, our findings imply

that the higher number of apoptotic neutrophils in WT mice may ultimately contribute to
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the overall loss of protective function of macrophages since the more apoptotic

neutrophils are in the lungs, the more macrophages are needed to remove the dead cells.

In consequence, bacterial clearance by macrophages may be compromised.

Although no difference in the titer of serum igM, IgGl and IgG2a between WT

and KO mice, we found the titer of serum IgA of KO mice is statistically higher that that

of WT mice. It is interesting to continue study whether the difference is correlated with

higher susceptibility of WT mice. Because IFNIs can influence the activation and

proliferation of B cell, it is also possible that IFNIs may suppress IgA production at the

later stage of infection.

In summary, our study has demonstrated that IFNIs responses are detrimental to

the host defense against primary respiratory tract C. muridarum infection. Our study has

also revealed a particularly important role of IFNIs in hindering macrophage recruitment

and function. Given that IFNIs are pleotropic in their functions ln vivo, moïe in-depth

studies are needed to fully elucidate the interdependences of different factors underlying

the immunological responses.
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GENERAI, DISCUSSIONS AND FUTURE DIRECTIONS

The present research, by using C3H mice, C57BL\6 mice, MHC congenic mice, and

IFNAR-/-mice, studied the genetic background determined susceptibility to C.

muridarum respiratory tract infection, and the possible mechanisms for the differential

susceptibility. Our work, has not only confirmed that adaptive Thl-type response is

important for the host to resist chlamydial infection, but also further provided strong

evidence to support the notion that innate immunity is highly essential for the host to

restrict chlamydial infection.

By comparing the susceptibility of B6.H2k congenic mice to that of wild-type

C57BL|6 mice, we found that the former, with the C57BL/6 genetic background but

altered MHC gene, exhibited increased susceptìbility to chlamydial infection, which is

correlated with suppressed Thl-like c¡okine production (i.e., IFN-y and IL-IZ). This

data, suggested that the MHC can efficiently influence the adaptive T cell responses, and

Thl-like responses are important in the host resistance to chlamydial infection.

However, it is also evident from this work that although C3H. H2b congenic mice

possess the MHC from the resistant strain C57BL\6, they exhibited similar susceptibility

to chlamydial infection relative to C3H/HeN mice, and both C3H mice were much more

susceptible to chlamydial infection compared to C57BL/6 mice. Interestingly, in all of

these three groups of mice, similar Thl-like responses after chlamydial infection were

observed implying that non-MHC determinants could also influence the susceptibility to

chlamydial infection, and that strong Thl-like immune response was not always

associated with increased resistance to chlamydial infection.
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Our subsequent findings have shown that significantly more C. muridarum grew in

the lungs of C3H mice as early as 2 d,ays after chlamydial infection, compared to those of

C57BL/6 mice. Given that adaptive immune responses are not yet elicited 2 days post-

infection, the data clearly suggested that inadequate innate immune response in C3H

mice is likely a contributing factor. For this reason, we analyzed in the lungs the

expression of cytotoxicity-related molecules including Fas, FasL, perforin, granzymes A

and B, IFNy-induced IDO and p4TGTPases but could not f,rnd significant differences in

the levels of these molecules between C3H and C57BL\6 mice. However, when we

compared the in vitro resistance of peritoneal macrophages to C. muridarum infection, it

was evident that macrophages from C3H mice were less efficient in inhibiting

Chlamydial growth compared to those from C57BL\6 mice after being stimulated with

IFN-y and this was attributed to lower NO production in these cells from C3H mice. The

observation thus suggests a possible mechanism underlying the difference in

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

consequence, supports a protective role of innate immunity.

Similarly, by comparing the susceptibility of IFNAR-/- and wild-type mice, we have

revealed a mechanism which once again lends support to the notion that in¡ate immune

responses are important in chlamydial infection. Although both IFNAR-/- and wild-type

mice exhibited similar Th1-type responses following C. muridarum infection, wild-type

mice were indeed much more susceptible to the infection as evidenced by significantly

greater organism growth, body weight loss, and manifestation of inflammation. Although

the adaptive immune responses were similar between the 2 groups of mice with respect to

antibody production and cytokine secretion, we found them differed in: 1) the amount of
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chlamydial growth observed at as early as 6 days post-infection, when adaptive

immunity is not completely induced and 2) the number of macrophages at 4 days post-

infection. In fact, depletion of lung macrophages with Cl2MDP-liposome conf,irmed a

critical role of macrophages in restrictin g C. muridarum over the course of infection.

We have found that IFNIs enhanced host susceptibility to Chlamydial infection by

suppressing macrophage infiltration, which is in turn probably through inhibiting the

expression of adhesion molecules VCAM-I and VLA-4, and enhancing macrophage

apoptosis in the lungs. Further, although we did not find a different pattern of c¡okine

secretion by lymphocytes from the spleen and draining lymph nodes of the infected wild-

type and knockout mice, we did observe a change in the DC phenotype between these

two groups of mice in response to infection. To fully understand how IFNIs regulate

adaptive immunity, it is prudent to study the adaptive immune responses and DC

functions using mice first immunized with dead Chlamydia and then challenge them with

the pathogen and assess their resistance to chlamydial infection.

Overall, our study strongly supports the importance of innate immune responses

during Chlamydial infection. Especially, the function of macrophage migration,

activation and surviving largely influence host's resistance to chlamydial infection.

Further studies focusing on down-stream bactericidal mechanisms activated by IFN-y and

on macrophage frrnctions would provide new information on how the host can resist

chlamydial infection.

t52



REFERENCES

1' Wang, Y., Etiologt of trachoma: o greaÍ success in isolating and cultivating
chlamydia trochomatís. chin Med J (Engl), tggg.ltz(to¡:-p. o:s_+t.2. Everett, K.D., R.M. Bush, and A.A. Andãrsen, Emende:d deiuptron of the order
Chlamydiale s, pr opo s al of P ar achlamydiac e ae fam. nov. and iimkanlac eae fam.nov., each containÌng one monotypic genus, reiised taxonomy of the famityChlamydiaceae, including a new genus andfive nev,species, and standardsfor

- the identification of organisms.IntJ Syst Bácteriol, tggg. qg pt2: p.415-40.3' Schachter, J., et al., Radical changes to chlamydial taxonomy are not necessary
just yet. Int J sysr Evol Microbiol, 2001. 5l(pt l): p.249; author reply 251_3.4' Everett, K'D. and A.A. Andersen, Radicat c'hangei to chlamydial taxonomy are
not necessary just yet-reply.lnt J Syst Evol Microbiolo, z00l.5l(pt l): p. 251_3.5' Bush, R.M. and K.D. Everett, Molecular evolution of the Chlamyàncáae.Int J
Syst Evol Microbiol, 200t.51(pr l): p.203_20.

6. zhang, Y.X., et al., comparison of tie major outer-membrane protein (MoMp)
gene of mouse pneumonitÌs (MoPn) and h.amster SFPD straini of Chlamydia
trachomatis with other Chlamydia strains. Mol Biol Evol, 1993. 10(6): p.1327-
42.

7. Morrison, R.P. and H.D. cardwell,Immunie ro murine chlamydial genital
infection. Infect Immun, 2002. 7 0(6): p. 27 4l _5 I .8' Weisburg, W.G., T.P. Hatch, and C.R. Woese, Eubacterial origin of chlamydiae.
J Bacteriol, 1986. 167(2): p. 570-4.

9. Hackstadt, T., et al., OrÌgins andfunctions of the chlamydial inclusion. Trends
Microbiol, 1997.5(7): p. 288-93.

l0' Moulder, J.W., Interaction of chtamydiae and host cells in vitro. Microbiol Rev,
1991. ss(l): p.143-90.

11' Koo, I'C. and R.S. Stephens, A developmentally regulated rwo-component signal
transduction system in chtamydia. J Biol chem, zool. zTg(19): p.ilst+_s.12. Belland, R.J., et al., Genomic transcriptional profiling of th'e inirlop*ental cycle
of Chlamydia trachomatis. Proc Natl Acad sói u s e, z-oo:. 100(14'): p. g47g-g3.

13. Rockey, D.D., J. Lenart, and R.s. stephens, Genome sequencing and our
understanding of chlamydiae. Infect Immun, 2000.6s(lb): p. sl+lz-e.14. Hatch, T.P., leylorment bíology. Intracelrular Biology, pathogenesis, and
Immunity, ed. R.s. stephens. 1999, washington, nc:ãsu pre-ss. pp)s_al.15' Hatch, T.P., Disulfide cross-linked envelopiproteins; the funuionåi equrvatent of
peptidoglycan in chlamydiae? J Bacteriol,1996.lTS(1): p f _S

16' Abdelrahman, Y.M. and R.J. Belland, The chlamydnì,t ctevetopmental cycle.
FEMS Microbiol Rev, 2005. 29(5): p.949_59.

17' Zhang, J.P. and R.S' Stephens, Mechanism of C. trachomatis a¡achment to
eukaryoric host cells. Cell, 1992.69(5): p. g6l_9.

18' Swanson, A'F. and C.C. Kuo, Binding of the glycan of the møjor ouïer membrane
protein of Chlamydia trachomatis to HeLq cells.Infect Immun, 1994.62(l): p.
24-8.

153



21.

22.

23.

19.

20.

24.

25.

26.

Su, H., et al., A recombinant Chlamydia trachomatis major outer membrane
protein binds to heparan sulfate receptors on epithelial cells. Proc Natl Acad Sci
U S A, 1996.93(20): p. 1l143-8.
wehrl, w., et al., From the insíde out--processing of the chtamydial
autotransporter PmpD and its role in bacterial adhesion and activation of human
host cells. Mol Microbiol, 2004. SL(Z): p.319-34.
Kuo, c.c., et al., Mannose-receptor positive and negative mouse macrophages
diff", in their susceptibility to infection by Chlamydia species. Microb pathõg,
2002.32(1): p.43-8.
Davis, c.H., J.E. Raulston, and p.B. wyrick, protein dísuffide isomerase, a
component of the estrogen receptor complex, is associated wíth Chlamydia
trachomatis serovor E attached to human endometrial epithelial cells. Infect
Immun, 2002.70(7): p. 3413-8.
Puolakkainen, M., c.c. Kuo, and L.A. campbell, chlamydia pneumoniae uses
the mannose 6-phosphate/insulin-like growthfactor 2 receptor for infection of
endothelial cells. Infect Immun, 2005. 73(8): p. 4620-5.
clifton, D.R., et al., A chlamydiat type III translocated protein is tyrosine-
phosphorylated at the site of entry and associated with recruitment of actin. proc
Natl Acad Sci U S 4,2004. t0t(27): p. 10166-71.
wyrick, P.B.,Intracellular survival by chtamydia. cell Microbiol, 2000. 2(4): p.
275-82.
Al-Younes, H.M., v. Brinkmann, and r.F. Meyer,Interaction of chtamydia
trachomatis serovar L2 with the host autophagic pathway.Infect Immun, 2004.
72(8): p.4751-62.
Hackstadt, T., Cell Biolog,,,in Chlamydia; lntracellular Biology, pathogenesis,
ønd Immuniôl, R.s. stephens, Editor. 1999, ASM press: washington, Dó. p. 101-
1 38.
scidmore, M.4., et al., vesicular interactions of the chtamydia trachomatís
inclusion are determined by chlamydial early protein synthesis rather than route
of entry.Infect Immun, 1996.64(12): p. 5366-72.
Beagley, K.W. and P. Timms, Chlamydia trachomatis infection; incidence, health
costs and prospects for vaccine developmenr. J Reprod Immunol, 2000. ag(l): p.
47-68.
Brunham, R.c. and J. Rey-Ladino,lmmunology of chtamydia infection:
implications for a Chlamydia trachomatis vaccine. Nat Rev Immunol, 2005. 5(2):
p.149-61.
Emerson, P.M., et al., Effect offly control on trachoma and diarrhoea. Lancet,
1999. 353(9 t 62): p. 1 401 -3.
Kalayoglu, M.v., ocular chlamydial infections; pathogenesis and emerging
treatment strategies. curr Drug Targets Infect Disord, 2002. 2(l): p. g5-91 .

Thylefors, 8., et al., Global data on blindness. Bull world Health õrgan, 1995.
73(1): p. tt5-21.
Lewallen, S. and P. Courtright, Blindness in Africa; present situation andfuture
needs. Br J Ophthalmol, 2001 . 85(8): p. 897 -903 .

Belland, R., D.M. ojcius, and G.L Byrne, chtømydia. Nat Rev Microbiol, 2004.
2(7): p. s30-1.

27.

28.

29.

30.

31.

32.

JJ.

34.

r54

35.



36.

5t.

38.

39.

schachter, J. and c.R. Dawson, Elimination of blinding trachoma. curc opin
Infect Dis, 2002. 15(5): p.491-5.
. in World Health Organization. Global Elimination of Blinding Trachoma, 5lst
World Health Assembly Resolution 5I.l I . 1999. Geneva.
Mabey, D.c., A.w. solomon, and A. Foster, Trachoma. Lancet, 2003.362(9379):
p.223-9.
Pal, s., E.M. Peterson, and L.M. de laMaza, New murine modelfor the study of
Chlamydia trachomatis genitourinary trac[ infections in males.Infect Immun,'
2004.72(7): p. 4210-6.
Gerbase,4.c., J.T. Rowley, and r.E. Mertens, Global epidemiology of sexually
transmitted diseases. Lancet, i998. 3Sl Suppl 3: p.2-4.
Fenton, K.4., et al., Sexual behaviour in Britain: reported sexually transmitted
infectíons and prevalent genital Chtamydia trachomatis ìnfection. Lancet, 2001.
3s8(9296): p. 1851-4.
Adams, E.J., et al., Chlamydia trachomatis in the united Kingdom; a systematic
review and analysis of prevalence studies. Sex Transm Infect, 2004. s0(5): p.
3s4-62.
Miller, w.c., et al., Prevqlence of chlamydial and gonococcal infections among
young adults in the United States. Jama,2004. 2gl(lï): p.2229-36.
lltorld Health Organization. in Global Prevalence and Incidence of Selected
curable Sexually Transmitted Infections; Overview and Estimates ( tltorld Health
Organization, Geneva, 200 I). 2001.
chesson, H.w. and s.D. Pinkerton, sexually transmitted di,çeases and the
íncreased riskfor HIV transmission; implicarions for cost-ffictiveness analyses
of sexually transmitted disease prevention interventio,rzs. J Acquir Immune Defic
Syndr, 2000.24(l): p. 48-56.
Plummer, F.4., et al., cofactors in male-female sexual transmission of human
immunodeficiency vírus type 1. J Infect Dis, 1991 . 163(2): p.233-9.
rvagenlehner, F.M., K.G. Naber, and w. weidner, chlamydial infections and
prostatitís in men. BJU Int, 2006.97(4): p. 687-90.
Zdrodowska-Stefanow, 8., et al, Role of Chtamydia trachomatis in epididymitís.
Part I: Direct and serologic diagnos¿s. Med Sci Monit, 2000.6(6): p. l1l3-g.
Idahl, 4., et al., Demonstration of Chlamydia trachomatis IgG antibodies in the
male partner of the infertile couple is cotelated with a reduced liketihood of
achieving pregnancy. Hum Reprod,2004.l9(5): p. 112I-6.
Eley, 4., et al., can chlamydia trachomatis directly damage your sperm? Lancet
Infect Dis, 2005. 5(1): p. 53-7.
Posnett, D.N. and D. Yarilin, Amplification of autointmune disease by infection.
Arthitis Res Ther, 2005. 7(2): p.74-84.
zeidle\ H., J. Kuipers, and L. Kohler, chlamydia-induced arthritis. cun opin
Rheumatol, 2004. 16(4): p. 3 80-92.
Lange, u., et ar., [Anlrylosing spondylitis and urogenital infection: diagnosis of
urologic infection and correlation with rheumatologic findingsJ. Z Rheumatoi
1996. ss(4):p.249-55.
rtil1aki, R.F., et ar.,Infiltration of the brain by pathogens causes Alzheimer,s
disease. Neurobiol Aging, 2004.25(5): p. 619-27 .

40.

4t.

42.

43.

44.

47.

48.

49.

50.

45.

46.

51.

52.

53.

54.

155



55. de Kruif, M.D., et al., Chlamydia pneumoniae infections in mouse models:
relevance þr atherosclerosis research. Cardiovasc Res, 2005. 65(2): p. 317-27.

56. Grayston, J.T., Background and current knowledge of Chtamydia pneumoniae
and atherosclerosis. J Infect Dis, 2000. 181 Suppl 3: p. 5402-10.

57 . Fong, I.W., et al., Rabbit model for Chlamydia pneumoniae infection. J Clin
Microbiol, 1997 . 35(1): p. 48-52.

58. Laitinen, K., et al., Chlamydia pneumoniae infection induces inflammatory
changes in the qortos of rabbits.Infect Immun, 1997. 6s(rl): p. 4g32-5.

59. Moazed, T.c., et al., chlamydia pneumoniae infecrion accelerates the
progressíon of atherosclerosis in apolipoprotein E-de./ìcient mÌce. J Infect Dis,
1999. 180(1): p. 238-41.

60. Hu, H., G.N. Pierce, and G. zhong,The atherogenic effects of chlamydia are
dependent on serum cholesterol and specific to Chlamydia pneumontiae. J Clin
Invest, 1999. 103(5): p.747-53.

61. Fan, Y., S. wang, and X. Yang, chtamydia trachomatis (mouse pneumonitis
strain) induces cardiovascular pathologtfoltowing respiratory trqct infection.
Infect Immun, 1999.67(11): p. 6145-51.

62. Kol, 4., et al., Chlamydial heat shock protein 60 localizes in human atheroma
and regulates macrophage tumor necrosis factor-alpha and matrix
metalloproteinase expression Circulation, 1998. 98(a): p. 300-7.

63- Yi, Y., X. Yang, and R.C. Brunham, Autoimmunity to heat shockprotein 60 and
antigen-specific production of interleukin-10. Infect Immun, 1997.65(5): p.1669-
74.

64. Bachmaier, K., et a1., Chlamydia infecrions and heart clisease linked through
antigenic mimicry. Science, 1999.283(5406): p. 1335-9.

65. Burst, H.V., Sexually transmitted diseases and reproductíve health in women. J
Nurse Midwifery, 1998. a3(6): p.431-44.

66. Stamm WE, H.K., Chlamydia trachontatic infection.s in
the adult,in Sexuall Transmitted Diseases, M.B.r.p. Holmes KK, Sparling pF, et al,,

Editor. 1990, McGraw-Hil: New york. p. 181-193.
67. Whittinglon, W.L., et al., Determinants of persistent and recurrent Chlamydiø

trachomatis infectÌon Ìn young women; results of a multicenter cohort study. Sex
Transm Dis, 2001 .28(2): p. II7-23.

68. Somani, J., et al., Multiple drug-resistant Chlamydia trachomatis associated with
clÌnical treatment failure. J Infect Dis, 2000. lSl(4): p, l42l-7 .

69. Lefevre, J.C. and J.P. Lepargneur, Comparative in vitro susceptibility of a
tetracyclíne-r esistant Chlamydia trachomatis strain is olate d in Toulous e
(France). Sex Transm Dis, 1998. 25(7): p.350-2.

70. Wang, S.4., et al., Evaluarion of antimicrobial resistance and treatmentfailures
for ChlamydÌa trachomatis: a meeting report. J Infect Dis, 2005. 191(6): p.917-
23.

71. Akira, S., s. uematsu, and o. Takeuchi, pathogen recognition and innate
immunity. Cell, 2006. 124(4): p. 783-801.

72. Kawai, T. and S. Akira, Pathogen recognition r4)ith Toll-like receptors. Cun Opin
Immunol, 2005. fi(g: p.338-44.

156



73.

75.

77.

74.

76.

79.

80.

89.

Takeda, K., T. Kaisho, and S. Akira, Tort-tike receptors. Annu Rev Immunol,
2003. 2l: p. 335-7 6.
Inohara, etal., N)D-LRR proteins; role in host-microbial interactions and
inflammatory disease. Annu Rev Biochem, 2005. 74: p.355-g3.
Summersgill, J.T., et al., Interactions of chlamydia pneuntoniae with human
endothelial cells. J Infect Dis, 2000. l8l Suppl 3: p.5479-g2.
Y*9, J., et al., Induction of proinflammatory cytokines in human lung epithelial
cells during Chlamydia pneumoniae infection.Infect Immun, 2003. l1Q¡: p. 614-
20.
Netea, M.G., et al., Non-LPS components of chlamydia pneumoniae stimulate
cytokine production through Toll-like receptor 2-dependent pathways. Eur J
Immunol, 2002.32(g: p. 1188-95.
Bulut, Y., et al., Chlamydial heat shock protein 60 activates macrophages and
endothelial cells through Toll-like receptor 4 and MD2 in a MyDgg-dipendent
pathway. J Immunol,2002.16S(3): p. 1435-40.
Prebeck, S., et al., Predominant role of toll-like receptor 2 versus 4 in Chlamydia
pneumoniae-induced activation of dendritic cells. J Immunol, 2001. 167(6): p.
3316-23.
Darville, T., et al., Toll-like receptor-2, but not Toll-tike receptor-4, is essential
þr development of oviduct pathology in chlamydial genital tract infection. J
Immunol, 2003. l7l(11): p. 6l 87 -97.
Nagarajan, u.M., et al., chlamydia trachontatis induces expressíon of IFN-
gamma-inducible protein I0 and IFN-beta independent of TLR2 and TLR4, but
Iargely dependent on MyD88. J Immunol,2005. l7S(1): p.450-60.
welter-stahl, L., et al., stimulation of the cytosolic receptor.for peptidoglycan,
NodI, by infectionwith Chlamydia trachomatis or Chlamydia muridarim. Cell
Microbiol, 2006.8(6): p. 1047-57.
zasloff,M., Antimicrobial peptides of multicellular organisms. Nature, 2002.
415(6870): p. 389-95.
oberley, R.8., et al., surfactant proteins A and D enhance the phagocytosis of
Chlamydia into THP-l cells. Am J physiol Lung celt Mol physiol,2004. ztiçz¡:
p.L296-306.
Yasin, 8., et al., susceptibility of chtamydia trachontatis Ío protegrins and
defensins. Infect Immun, 1996. 64(3): p. 709-l 3.
Donati, M., et al., Activity of cathelicidin peptides against chlantydia spp.
Antimicrob Agents Chemother,2005. a9e): p. l20l-2.
Allen, L.A., Mechanisms of pathogenesis; evasion of kitting by
polymorphonuclear leukocyte s. Microbes Infect, 2003 . 5( 1 a) : p. 1329 -3 5.
Barteneva, N., et al., Role of neutrophils in controlling earry stages of a
chlamydia trachomatis infection.Infecr Immun, 1996. 64(ll): p-. 4sã0-3.
de Heer, H.J., et al., Essential role of lung ptasmacytoicl dendriiic cells in
preventing qsthmatic reactions to harmless inhaled antigen. J Exp Med, 2004.
200(1): p. 89-98.
Bai, H., et al., Intranasal inoculation of chtamydia trachomatis mouse
pneumonitis agent induces significant neutrophil infiltration which is not fficient
in controlling the infection ín mice.Immunology,2005. flae): p.246-54.

84.

81.

82.

83.

86.

85.

87.

88.

90.

t57



91. Rodriguez, N., et al., Polymorphonuclear neutrophils improve replication of
Chlamydia pneumoniae in vivo upon MyD\8-dependent attraction J Immunol
200s. fia(\: p. 4836-44.
vanzandbergen, G., et al., chlamydia pneumoniae multiply in neutrophil
granulocytes and delay their spontaneous apoptosis. J Immunol ,2004. l7Z(3): p.
1768-76.

Qiu, H., et al., Less inhibitÌon of interferon-gamma Ío organism growth in host
cells may contribute to the high susceptibility of c3H mice to Citamydia
trachomatis lung infection. Immunology, 2004.l l l( ): p. 453-61.
chen, 8., R. Stout, and w.F. campbell, Nitric oxide production; a mechanism of
Chlamydia trachomatis Ìnhibition in interferon-gamma-treated RAW264.7 cells.
FEMS Immunol Med Microbiol, 1996.l4(Z-3): p. 109-20.
Igietseme, J.u., et al., chlamydial infection in inducible nitric oxide synthase
lcnockout mice.lnfect Immun, 1998.66(4): p. 1282-6.
carratelli, c.R., et al., Effict of nitric oxide on the growth of chtamydophila
pneumoniae. CanJ Microbiol, 2005. 51(1 1): p. 941-7.
Haranaga, s., et al., chlamydia pneumoniae infection of alveolar macrophages: a
model. J Infect Dis, 2003. 187(7): p. l t07-15.
Manor, E. and I. Sarov, Inhibition of Chlamydia trachomatis replication in HEp-2
cells by human monocyte-derived macrophages. Infect Immun, 19gg. 56(12): p.
3280-4.
Su, H. and H.D. caldwell, Kinetics of chlamydial antigen processing and
presentation to T cells by paraformaldehyde-fixed murine bone maryow-deríved
macrophages. Infect Immun, 1995. 63(3) : p, 946-53 .

Jendro, M.c., et al., chlamydia trachontatis-infecÍed macrophages induce
apoptosis of activated T cells by seuetion of tumor necrosis factor-alpha in vitro.
Med Microbiol Immunol (Berl), 2004.193(t): p.45-52.
Jendro, M.c., et al., Infection of human monocyte-derived macrophages with
Chlamydia trachomatis induces apoptosis of T cells; a potential mechanismþr
persistent infection. Infect Immun, 2000. 68(1 2): p. 6704-Il.
Kalayoglu, M.V., et al., Chlamydial virulence determinants in atherogenesis: the
role of chlamydial lipopolysaccharide and heat shock protein 60 in macrophage-
Iipoprotein interactions. J Infect Dis, 2000. I8l Suppl 3: p. 5483-9.
Kuroda, S., et al., Role of chlamydia pneumoniae-infected macrophages in
atherosclerosis developments of the carotíd artery. Neuropatho logy, i003 . 23(l):
p. 1-8.
Biron, C.A., Activation andfunction of natural killer cell responses during viral
infections. Curr Opin Immunol, 1997.9(l): p.24-34.
Biron, c.4., K.s. Byron, and J.L. sullivan, severe herpesvirus infections in an
adolescent without natural killer cells. N Engl J Med, lgïg. 320(26): p. I 731-5.
Griggs, N.D. and R.A. Smith, Natural killer cell activity against uninfected and
Salmonella typhimurium-infected murinefibroblast L929 cells. Nat Immun,lgg4.
r3(1): p.42-8.
Unanue, E.R.,Inter-relationshíp among macrophages, natural killer cells and
neutrophils in early stages of Listeria resistance. Cur opin Immunol, 1997 .9(l):
p.35-43.

93.

94.

95.

97.

98.

96.

99.

100.

101.

102.

103.

t04.

105.

106.

r07.

158



108. Dann, S.M., et al., Interleukin-l5 activates human natural killer celts to clear the
intestinal protozoan cryptosporidium. J Infect Dis, 2005. 192(7): p. 1294-302.

109. Zhong, G., et al., Degradatíon of transcriptionfactor RFX5 during the inhibition
of both constitutive and interferon ganxma-inducible major histocompatibitity
complex class I expression in chlamydia-infected cells. I Exp Med, 2000. 191(9):
p.1525-34.

110. Zhong, G., T. Fan, and L. Liu, Chlamydia inhibits inrerferon gamma-inducible
major histocompatibility complex class II expression by degradation of upstream
stimulatory factor 1. J Exp Med, 1 999. lB9(12): p. 193 l -8.

1 1 1. Hook, C.E., et al., Effects of Chlamydia trachomatis infection on the expression of
natural kíller Q{K) cell ligands and suscepribility to NK cell lysis. Clin Exp
Immunol, 2004.138(1): p. 54-60.

ll2. Tseng, C.T. and R.G. Rank , Role of NK cells in early host response to chlamydial
genital infection, Infect Immun, 1998. 66(12): p. 5867 -7 5.

113. Eriksson, M., et al., TLRs mediate lFN-gamma production by human uterine NK
cells ín endometriun. J Immunol, 2006. 176(10): p.6219-24.

ll4. Kakimi, K., et al., Natural killer T cell activation inhibits hepatitis B virus
replication in vivo. J Exp Med, 2000 . l9Z(7): p. 921-30.

1 15. Park, S.H. and A. Bendelac, CDI -restricted T-cell responses and microbial
infection. Nature, 2000. 406(67 97): p. 7 BB -92.

11,6. Porcelli, S.A. and R.L. Modlin, The CDI systenx; antigen-presenting molecules
for T cell recognition of lipids and glycotipids. Annu Rev Immunol, 7999. 17: p.
297-329.

rl7. Grubor-Bauk, 8., et al., Impaired clearance of herpes simplex virus type t from
mice lacking CDId or NKT cells expressíng the semivariant V alpha t4-J atpha
281 TCR. J Immunol,2003.170(3): p. 1430-4.

118. Gonzalez-Aseguinolaza, G., et al., alpha -galacrosylceramide-acrivated Valpha
I4 natural killer T cells mediate prorccrion against murine malaria. Proc Natl
Acad Sci U S A, 2000.97(15): p.8461-6.

119. Nieuwenhuis, E.E., et al., CDId-dependent macrophage-media[ed clearance of
Pseudomonas aeruginosafrom lung. NatMe{2002. 3(6): p. 588-93.

120. Bilenki, L., et al., NK T cell activarion promotes Chlamydia trachomatis infection
in vivo. J Immunol, 2005. 175(5): p. 3197 -206.

l2l. Joyee,4.G., et al., Distínct NKT cell subsets are induced by dffirent Chlamydia
species leading to dffirential adaptive immunity and host resÌstance to the
ínfe ctions. J Immunol, 2007 . 17 8(2): p. 1 048-5 8.

122. Singh, 4.K., et al., Natural killer T cell activation protects mice against
experimental autoímmune encephalomyelitis. J Exp Med, 2001 . ßael: p. 1g0l-
11.

123. Leite-De-Moraes, M.c., et al., L-lB enhances IL-4 production by ligand-
activated NKT lymphocytes: a pro-Th2 ffict of IL- l8 exerted through NKT cells.
J Immunol ,2001. 166(2): p. 945-5 1 .

124. Byme, G.I. and D.A. Krueger, Lymphokine-mediated. inhibition of Chlamydia
replication in mouse fibroblasts is neutralized by anti-gamma interferon
immunoglobulin. Infect Immun, lgï3. 4Z(3): p. 1 1 52-8.

r59



125. Rank, R.G., et al., Effect of gamma interferon on resolution of murine chlamydial
genital infection. Infect Immun, 1992. 60(10): p. 4427 -9.

126. Ito, J.I. and J.M. Lyons, Role of gamnta inrerferon in controlling murine
chlamydial genítal tract infection. rnfecr Immun, lggg.67(10): p. 5519-21.

I27. Wang, S., et al., IFN-gamma knockout ntice shout Th2-associated delayed-type
hypersensitivity and the inflammatory cells fail to localize and control chlamydial
infection. Eur J Immunol, 1999 .29(11): p.3782-92.

128. Perry, L.L., K. Feilzer, and H.D. Caldwell, ImmuniÍy to Chlamydia trachomatÌs is
mediated by T helper I cells through lFN-gamma-dependent and -independent
pathways. J Immunol, 1997. f 58(7): p.3344-52.

I29. Morrison, RP., Dffirentíal sensitivities of Chlamydia trachomatis strains to
inhibitory efficts of gamma interferon.Infect Immun, 2000.68(10): p. 6038-40.

130. Rottenberg, M.E., A. Gigliotti-Rothfuchs, and H. wigzell, The role of IFN-
gamma in the outcome of chlamydial infection Cun Opin Immuno|2002. M(4):
p.444-51.

131. Cotter, T.V/., et al., Dissemination of Chlamydia trachomatis chronic genital tract
infection in gamma interferon gene knockout mice.lnfect Immun, 1997.65(6): p.
2I4s-52.

132. Perry, L.L., et al., Dffirential sensitiviry of distinct Chlamydia trachomatis
isolates to lFN-gamma-mediated inhibitiorz. J Immunol,1999.162(6): p. 3541-8.

I33. Johansson, M., et al., Genital tract infection with Chlamydia trachomatis fails to
induce protective immunity in gamma interferon recepror-deficient mice despite a
strong local immunoglobulin A response. Infect Immun, 1997.65(3): p. 1032-44.

134. Perry, L.L., K. Feilzer, and H.D. Caldwell, NeÌther interleukin-î nor inducible
nitric oxide synthase is requiredfor clearance of ChlamydÌa trachomaris from the
murine genital tract epithelium. Infect Immun, 1998. 66(3) : p. 1265-9.

135. Ramsey, K.H., et al., Inducible nftric oxide synthase does nor affict resolution of
murine chlamydÌal genÌtal tracr infections or eradication of chlamydiae in
primary murine cell culture. Infect Immun, 1998.66(2): p. 835-8.

136. Igietseme, J.u., et al.,Immune control of chlamydial growth in the human
epithelial cell line RT4 involves multiple mechanisms that include nitric oxide
induction, tryptophan catabolism and iron deprivarion Microbiol Immunol, 1998.
42(9): p.617-25.

137. Igietseme, J.U., et al., Integrin-mediated epithelial-T cell interaction enhances
nitric oxide production and increased intracellular inhibition of Chtamydia. J
Leukoc Biol, 1996. 59(5): p.656-62.

138. Byrne, G.I., L.K. Lehmann, and G.J. Landry, Induction of tryptophan catabolism
is the mechanism þr gamma-interferon-mediated inhibition of intracellular
Chlamydia psittaci replication in T24 cells. Infect Immun, 1936. 53(2) : p. 347-51.

139. Rothermel, C.D., G.I. Byrne, and E.A. Havell, Effect of interferon on the growth
of Chlamydia trachomatis in mouse fibroblasts (L celts). Infect Immun, 1983.
39(1): p.362-70.

140. Mellor, A.L. and D.H. Munn, IDO expression by dendritic cells: tolerance and
tryptophan cotqbolism. Nat Rev Immunol, 2004. a(10): p.762-74.

160



141. Roshick, C., et al., Comparison of gamma interferon-ntediated antichlamydíal
defense mechanisms in humqn and mouse cells.Infect Immun, 2006.74(l): p.
22s-38.

I42. Nelson, D.8., et al., Chlamydíal lFN-gamma immune evasion is tinked to hosr
infection tropism. Proc Natl Acad Sci U S A, 2005.102(30): p. 10658-63.

143. Taylor, G.4., c.G. Feng, and A. sher, p47 GTPases; regulators o.f immunity to
intracellular pathogens. Nat Rev Immunol,2004. 4(Z): p. 100-9.

144. MacMicking, J.D., G.A. Taylor, and J.D. McKinney,lmntune contror of
tuberculosis by lFN-gamma-inducible LRG-47. Science, 2003.302(5645): p.654-
9.

145. Collazo, C.M., ef al.,Inactivation of LRG-47 and IRG-47 reveals afamíty of
interferon gamma-inducible genes with essential, pathogen-specific roles in
resistance to infection J Exp Med, 2001 .194(2): p. 181-8.

146. Taylor, G.4., et al., Pathogen-specffic loss of host resistance in mice lackíng the
IFN-gamma-inducible gene IGTP. Proc Natl Acad Sci u s A, 2000. 97(2): p.
751-5.

147. Bemstein-Hanley, I., et al., The p47 GTPases lgtp and lrgbl0 map to the
Chlamydia trachomatis susceptibility locus Ctrq-3 and mediate cellular
resistance in mice. Proc Natl Acad Sci U S A, 2006.103(38): p. 14092-7.

148. Mullen,4.c., et aI., Role of T-bet in commitntent of THI cells before IL-|2-
dependent selection. Science, 2001. 292(5523): p. 1907-10.

I49. O'Shea, J.J. and W.E. Paul, Regulation of T(H)l dffirentiation--controlling the
controllers. Nat Immunol, 2002. 3(6): p. 506-8.

150. Y*9, X., Role of cytokines in Chlamydia trachomatis protective immunity and
immunopathology. Cun Pharm Des, 2003. 9(1): p. 67-73.

151. Holland, M.J., et al.,T helper type-l Qhl)/Th2 profiles of peripheral blood
mononucleqr cells (PBMC); responses Ío antigens of Chlamydia trachomatis in
subjects with severe trachomatous scaruing. Clin Exp Immunol, 1996. 105(3): p.
429-35.

152. Y*g, X., K.T. HayGlass, and R.C. Brunham, Genetically determined dffirences
in IL-10 and lFN-gamma responses correlate with clearance of Chlamydia
trachomatis mouse pneumonÌtis infection. J Immunol , 1996.156(l l): p. 4338-44.

153. Yang, X., et al., L-L0 gene knockout ntice show enhanced Thl-like protective
immunity and absent granulomaformationfollowing Chlamydia trachomatis lung
infection. J Immunol,1999.162(2): p. 1010-7.

154. Mozzato-Chamay, N., et al., Polymorphisms in candìdate genes and risk of
scarring trachoma in a Chlamydia trachomatis--endemic population. J Infect Dis,
2000. 182(s): p. 1 545-8.

155. Rasmussen, S.J., et al., Secretion of proinflantmatory cytokines by epithelial cells
in response to Chlamydia infection suggests a central role for epithelial cells in
chlamydial pathogenes¿s. J Clin Invest, 1997.99(l): p.77-87.

156. Abu el-Asrar, 4.M., et al., Immunopathogenesis of conjunctival scaruing in
trqchoma. Eye, 1998. 12 (Pt3a): p. 453-60.

157. Baggiolini, M., B. Dewald, and B. Moser, Interleukin-B and related chemotøctic
cytokines--CXC and CC chemokines. Adv Immunol, 1994. SS p.97-I79.

161



158. Williams, D.M., et al., A roleþr interleukin-í in host defense against murine
Chlamydia trachomatis infection. Infecr Immun, 1998. 66(9): p. 4564-7 .

159. Carlin, J.M. and J.B. Weller, Potentiation of interferon-mediated inhibition of
Chlamydia infection by interleukin-l in human macrophage cultures.Infect
Immun, 1995. 63(5): p. 1870-5.

160. Matsushima, H., et al., Lymphotoxin inhibils Chlamydia pneumoniae growth in
HEp-2 cells. Infect Immun, 1999 . 67 (6): p. 3 17 5 -9.

161. Summersgill, J.T., et al., Inhibition of Chlamydia pneun'roniae growth in HEp-2
cells pretreated with gamma interferon and tuntor necrosis factor alpha. Infect
Immun, 1995.63(7): p. 2801-3.

162. Stagg, 4.J., et al., Protection against ascending infecïion of the genital tracr by
Chlamydia trachomatis is associaled with recruitment of major histocompatibítity
complex class II antigen-presenting cells into uterine tis,sue.lnfect Immun, 1998.
66(8): p.3535-44.

163. Zhang, D., et al.,Immunity to Chlantydia trachontatis n,touse pneutnonitis induced
by vaccinatíon with live organisms correlates with early granulocyte-macrophage
colony-stimulatingfactor and interleukin-12 production and with dendritic cell-
like maturation.Infect Immun, 1999.67(4): p. 1606-13.

164. Ojcius, D.M., et al., Internalization of Chlamydia by dendritÌc cells and
stimulation of Chlamydia-specific T cells. J Immunol, 1998. 160(3): p. 1297-303.

165. Matyszak, M.K., J.L. Young, and J.S. Gaston, Uptake and processing of
Chlamydia trachomatis by human dendritic cells. Ew J Lnmunol,2002.32(3): p.
742-sr.

166. Shaw, J.H., et al., Expression of genes encodÌng Thl cell-activating cytokines and
lymphoid homing chemokines by chlantydia-pulsed dendritic cells correlates with
protective immunizing fficacy. Infect Immun, 2001. 69(7): p. 4667-72.

167. Su, H., et aL, Vaccination against chlamydial genital rract infection after
immunization with dendritic cells pulsed ex vitto tvilh nonviable Chlamydiae. J
Exp Med, 1998. 188(5): p. 809-18.

168. Lu, H. and G. Zhong, Interleukin-12 production is requiredfor chlamydial
antigen-pulsed dendritic cells to induce prolection against Iive Chlamydia
trachomatís infection. Infect Immun, 1999. 67 (4): p. 17 63-9.

169. Igietseme, J.U., et al., Suppression of endogenotts IL-10 gene expression in
dendritic cells enhances antigen presentationfor s:pecific Thl induction: potential
for cellular vaccine development. J Immunol, 2000. 16a(8): p.4212-9.

170. He, Q., et al., Molecular basÌsfor the potency of fL-|}-deficient dendritic cells as
a highly fficient APC systemþr activating Thl response. J Immunol ,2005.
174(8): p. 4860-9.

l7l. Rey-Ladino, J., et al, A live and inactivated Chlantvdia trachomatis mouse
pneumonitis strain induces the maturation of dendritic cells that are
phenotypically and Ìmmunologically disrinct.lnfèct Immun, 2005.73(3): p. 1568-
77.

172. Shaw, J., et al., Dendritic cells pulsed with a recombinant chlamydial major outer
membrane protein antigen elicit a CD4(+¡ type 2 rather than type I immune
response that is not protective. Infect Immun, 2002.70(3); p. 1097-105.

t62



173. Ausiello, C.M., eL al.,60-kDa heat shock protein of Chlamydia pneumoniae
promotes a T helper type I immune response through IL-l2/lL-23 production in
monocyte-derived dendritic cells. Microbes Infect ,2006.8(3): p. 714-20.

174. Bilenki, L., et al., Adoptive Transfer oJ CD9{alpho}+ psn¿ritic Cells (DC)
Isolatedfrom Mice Infected with Chlantydia muridarum Are More Potent in
Inducing Protective Immunity Than CD8{alpha}- DC. J Immunol, 2006.177(10):
p.7067-75.

175. Thoma-Uszynski, S., et al., Clearance of Chlamydia trachomatis-induced
polyserositis in SCID mice requires both CD4+ and CDB+ cells. Med Microbiol
Immunol (Berl), 1998. 187(2): p.7I-8.

176. Magee, D.M., et a1., Chlamydia trachomatis pneunxonia in the severe combined
immunodeficiency (SCID) mouse. Reg Immunol, 1993.5(6): p. 305-1 1.

177. Rottenberg, M.8., et al., Role of innate and adaptive immunÌty in the outcome of
primary infection with Chlamydia pneumoniae, as analyzed in genetically
modified mice. J Immunol, 1999. 162(5): p.2829-36.

178. Rock, K.L. and A.L. Goldberg, Degradation of cell proteins and the generation of
MHC class l-presented peptides. Annu Rev Immunol, 1999.17: p.739-79.

I79. Watts, C., Capture and processing of exogenous antigens .for presentation on
MHC molecules. Annu Rev Immunol,199l.15: p. 821-50.

180. Terabe, M., et al.,lnfluence of H2 complex and non-H2 genes on progression of
cutoneous lesions in mice infected with Leishntania amazonensis. Parasitol Int,
2004. s3(3): p.2t7-21.

181. McClelland,8.E., D.L. Granger, and V/.K. Potts, Major histocompatibility
complex-dependent susceptibility to Cryptococcus neoformans in mice.Infect
Immun, 2003. 71(8): p. 4815-7 .

182. Yoshikawa, T., et al., Antibody responses and protection against influenza virus
infection in dffirent congenic strains of mice immunized Ìntranasally with
adjuvant-combined A/Beijing/262/95 (H I NI ) virus hemagglutinin or
neur amini das e. Y accine, 2002. 2l (1 -2) : p. 6 0-6.

183. Lagranderie, M., et aI., Genetic control of antibody responses induced by
recombinant Mycobacterium b ovis B CG expr e s s ing a for eign antigen. Infect
Immun, 1997. 65(8): p.3057-64.

184. Monison, R.P., K. Feilzer, and D.B. Tumas, Gene knockout mice establish a
primary protective rolefor major histocompatibiliry contplex cless II-restricted
responses in Chlamydia trachomatis genital tract infection.Infect Immun, 1995.
63(12): p.4661-8.

185. Kimani, J., et al., Riskfoctors for Chlamydia trachomatis pelvic inflamntatory
disease among sex workers in Nairobi, Kenya. J Infect Dis, 1996. 173(6): p. 1437-
44.

186. Kuon, 'W., et al., Identification of HLA-827-restricted peptides from the
Chlamydia trachomatis proteonxe with possible relevance to HLA-827-associated
diseases. J Immunol,200l. 167(8): p. 4738-46.

187 . Magee, D.M., et al., Role of CDB T cells in printary Chlamydia infection. Infect
Immun, 1995. 63(2): p. 516-21.

188. Y*g, X. and R.C. Brunham, Gene knockout B cell-deficient mice demonstrate
that B cells play an importønt role in the initiation of T cell responses to

t63



Chlamydia trachomatis (mouse pneumoniris) lung infection. J Immunol, 1998.
161(3): p.1439-46.

189. Ramsey, K.H. and R.G. Rank, Resolution of chlamydial genital infection with
antigen-specific T-lymphocyte lines. Infect Immun, I 991 . 59(3) : p. 925-31.

190. Su, H. and H.D. Caldwell, CD4+ T cells play a significant role in adoptive
immunity to Chlamydia trachomatis infection of the mouse genilal nacL Infect
Immun, 1995.63(9): p. 3302-8.

191. Rothfuchs,4.G., et al., Macrophages, CD4+ or CD9+ cells are each sfficient
for protection against Chlamydia pneumoniae infection through their ability to
secrete lFN-gamma. J Immunol,2004. 172(4): p.2407-15.

I92. Buzoni-Gatel, D., et a1., Protection against Chlamydia psittaci in mice conferred
by Lyt-2+ T cells. Immunology, 7992.77(2): p.284-8.

I93. Morrison, S.G., et al.,Immunity to murine Chlamydia Írachomatis genital tract
reinfectÌon ínvolves B cells and CD4(+) T cells but not CD?(+¡ T cells.lnfect
Immun, 2000. 68(12): p.6979-87.

194. Morrison, S.G. and R.P. Monison, Resolution of secondary Chlamydia
trachomøtis genital tract infectton in immune mice with depletion of both CD4+
and CD9+ T cells. Infect Immun, 2001. 69@): p.2643-9.

195. V/illiams, D.M., et al., Pneumonia due to Chlamydia trachomatis in the
immunocompromised (nude) mouse. J Infect Dis, 1981. 143(2): p.238-41.

196. Y*9, X., K.T. Hayglass, and R.C. Brunham, Dffirent roles are played by alpha
beta and gamma delta T cells in acquired immunity to Chlamydia trachomatis
pulmonary infection. Immunology, 1 998. 9 a$): p. 469 -7 5 .

I97. Hawkins, R.4., R.G. Rank, and K,A. Kelly, A Chlamydia trachomatis-specific
Th2 clone does not provide protection against a genital infection and displøys
reduced trfficking to the infected genital mucosa.Infecl Immun, 2002.70(9): p.

5132-9.
198. Beatty, P.R. and R.S. Stephens, CDB+ T lymphocyte-ntediared lysis of

Chlamydia-infected L cells using an endogenous antigen pathway. J Immunol,
1994. 1s3(10): p. 4588-95.

199. Beatty, P.R., S.J. Rasmussen, and R.S. Stephens, Cross-reactive cytotoxic T-
lymphocyte-mediated lysis of Chlamydia trachontatis- and Chlamydia psittaci-
infected cells. Infect Immun, 1997 . 65(3): p. 951-6.

200. Perry, L.L., et al., Clearance o/'Chlamydia trachomatis.from the murine genital
mucosa does not require perforin-mediated cytolvsis or Fas-mediated apoptosis.
Infect Immun, 1999.67(3): p. 1379-85.

201. Ramsey, K.H., L.S. Soderberg, and R.G. Rank, ResoluÍion of chlamydial genital
infection in B-cell-deficient mice and immunily to reinfection. Infect Immun,
1988. s6(s): p. 1320-5.

202. Su, H., et al., Chlamydia trachomatis genital tract infection of antíbody-deficient
gene knockout mice. Infect Immun, 1997 . 65(6): p. 1993-9.

203. Williams, D.M., et al., Humoral and cellular imntunity in secondary infection due
to murine Chlamydia trachomstis. Infect Immun. 1997 . 65(7): p.2876-82.

204. Manca, F., et al., Effect of antigen/antibody ratio on macrophage uptake,
processíng, and presentøtíon to T cells of antigen complexed with polyclonal
ontibodies. J Exp Med, 1991. f 73(1): p.37-48.

164



205. Amigorena, S. and C. Bonnerot, Fc receptors for IgG and antigen presentation on
MHC class I and class II molecules. semin Immunol, lggg.ll(6): p. 385-90.

206. Jawetz, E., et al., Experimental inclusion conjunctivitis in n,tan; measurements of
infe ctiv ity and r e s i s t anc e. J ama, I 9 6 5 . 19 4(6) : p. 620 -32.

207. Nichols, R.L., et al., Immunity to chlamydial infections of the eye. VI.
Homologous neutralization of trachoma infectivity þr [he owl monkey
conjuctivae by eye secretionsfrom humans wfth ftachoma. J Infect Dis, 1973.
127(4): p.429-32.

208' W*g, S.P., J.T. Grayston, and E.R. Alexander, Trachonta vaccine studies in
monkeys. Am J Ophthalmol, 1967 .63(5): p. Suppl: t 615-30.

209. Barenfanger, J. and A.B. MacDonald, The role of immunoglobulin in the
neutralization of trachoma infectivíty. J Immunol, 1974. ll3(s): p. 1607-r7.

210. Brunham, R.C., et al., Correlation of host immune response with quantitative
recovery of Chlamydia trachomatis,from the huntan endocervix. Infect Immun,
1983. 39(3): p. t491-4.

2ll. Batteiger, B.E. and R.G. Rank, Analysis of the humoral imntune response to
chlamydial genital infection in guinea pþ. Infect Immun, 1987. 55(S): p.1767-
-^tJ.

212. Rank, R.G. and A.L. Barron, Humoral immune response in acquired immunity to
chlamydial genital infection offentale guinea pigs. Infect Immun, 1983. 39(l): p.
463-5.

2r3. Pal, S., et al., Monoclonal immunoglobulin A an.tibody to rhe major outer
membrane proteín of the Chlamydia trachomcrlis mouse pneumonitis biovar
protects mice against a chlamydial genital challenge. Vaccine, 1997. 15(5):p.
575-82.

214. Murthy,4.K., et al., Chlamydia trachomatis pulmonary infection induces greater
inflammatory pathology in immunoglobulin A de.ficient mice. CeIl Immunol, 2004.
230(l): p.56-64.

215. Morrison, S.G. and R.P. Morti son, The protective effect o/ antibody in itnmunity
to murine chlamydial genital tract reinfection is independent of imntunoglobulin
L lnfect Immun, 2005.73(9): p. 6183-6.

216. Igietseme, J.U., et al., Route of infection that induces a high Ìntensity of gamma
interferon-secreting T cells in the genital tracÍ produces opÍintal protection
against Chlamydia trachomatis infection in mice.Infect Immun, 1998. 66(9): p.
4030-s.

2I7. Moore, T., et al., Fc receptor regulation of prorective immunity against
Chlamydia tr achomatis. Immunolo gy, 2002. I 05(2) : p. 2 | 3 -2L

218. Moore, T., et al., Fc receptor-mediated antibody regulation of T cell immunity
agoinst intracellular pathogens. J Infect Dis, 2003. 188(a): p.617-24.

2I9. Berry, L.J., et al., Transcutaneous immunization v¡ith combined cholera toxin and
CpG adjuvant protects against Chlamydia muridarum genital tract infection.
Infect Immun, 2004.72(2): p. 1019-28.

220. Singh, S.R., et al., Mucosal immunization with recombinant MOMP genetically
Iinked with modified cholera [oxin confers protection against Chlamydia
trachomatis infection. Vaccine, 2006.za(Q: p. 1213-24.

t65



22L Ohman, H., et al., L-10 polymorphism and cell-mediared intmune res¡tonse to
Chlamydia trachomatis. Genes Immun, 2006.7(3): p. 243-9.

222. w*g, c., et al., Human leukocyte antigen and c.ytokine gene variants as
predictors of recurrent Chlamydia trachomctri,s' infection in high-risk ctdolescents.
J Infect Dis, 2005. 191(7): p. 1084-92.

223. Natividad, 4., et al., A coding polymorphism in rnatrix ntetalloproteinase 9
reduces risk of scarring sequelae of ocular Chlamydia trachomatis infection.
BMC Med Genet,2006. 7: p. 40.

224. Darville, T., et al., Mouse strain-dependent variation in the course and outcome
of chlamydial genital tract infection is qssociated with differences in host
response. Infect Immun, 1997. 65(8): p.3065-73.

225. Darville, T., C.W. Andrews, Jr., and R.G. Rank, Does inltibition of tutnor necrosís
factor alpha affect chlamydial genital tract Ìnfection in ntice and guinea pigs?
Infect Immun, 2000. 68(9): p.5299-305.

226. Stamm, W.8., Chlamydia trachomatis infections; progress and probleirzs. J Infect
Dis, 1999. 179 Suppl2: p. 5380-3.

227. Brunham, R.C., et al, The potential for vctccine developntenr ãgainst chlamydial
infection and disease. J Infect Dis, 2000. 181 Suppl 3: p. S538-43.

228. Dhir, S.P., et al., Field trial of nuo bivalent trachoma vaccines in chiklren of
Punjab Indian villages. Am J Ophthalmol, 1967 . 63(5): p. Suppl: t63g-44.

229. Christiansen, G. and S. Birkelund,ls a Chlamyclia vaccine a reality? Best Pract
Res Clin Obstet Gynaecol, 2002.16(6): p. 889-900.

230. sowa, S., et al., Trachoma vaccine field trials in The Gantbia. J Hyg (Lond),
1969. 67 (4): p. 699-7 17 .

231. Ghaem-Maghami, S. and D.J. Lewis, Chlamycliu trachomcttis; the role of cellular
and humoral immune mechanisms in rhe development of bÌÌndness. Curr Opin
Infect Dis, 1999. l2(3): p. 229-233.

232. W*9, S.P. and J.T. Grayston, Pannus with experimental trachonta and inclusion
coniunctivitis agent infection of Taiwan monkeys. Am J Oplrthalmol, 1967.63(5):
p. Suppl:1133-45.

233. Morrison, R.P., et al., Chlamydial disease parhogenesis. The 57-kD chlamydial
hypersensitivity anïigen is a stress response protein. J Exp Med, I 989. 170(4): p.
1271-83.

234. Monison, R.P., K. Lyng, and H.D. Caldwell, Chlamydial di..çease pathogenesis.
Ocular hypersensitivity elicited by a genus-speci/ic 57-kD ¡trotein. J Exp Med,
1989. 169(3): p. 663-7 5.

235. Pal, S., et al., Immunization with the Chlamydict trachomatis mouse pneumonitis
maior outer membrane protein can elicit a pruttective immune response agaínst a
genital challenge. Infect Immun, 2001. 69(1 0): p. 6240-7 .

236. Pal, S., E.M. Peterson, and L.M. de laMaza, Vctccination yvith the Chlamydia
trachomatis major outer membrane protein can elicit an intmtme response os
protective as that resultingfront inoculation u¡ith live bacteria.Infect Immun,
2005. 73(12): p. 8 1 53-60.

237. Zhang, D., et al., DNA vaccination with the ntcjor oLrter-n,teri.tbrane protein gene
induces acquired immunity to Chlamydia trcrchr,¡ntatis (moLrse pnewnonitis)
infection. J Infect Dis, I 997 . 176(4): p. 1035-40.

r66



238' Stephens, R.S', Chlamydial genomics and vaccine antigen discovery. J Infect Dis,
2000.181 Suppt 3: p. S521-3.

239. Murthy, 4.K., et al., Intranasal Vaccination with a Secreted Chtamydial protein
Enhances Resolution of Genital Chtamydia muridarum Infection, irotects against
oviduct Pathology, and Is Highly Dependent upon Endogrnow Gamma
Interferon Production Infect Immun, 2007.75(2): p. 666_76.

240- Petrovsky, N. and J.C. Aguilar, Vaccine adjuvaints.: current sture andfuture
trends.Immunol Cell Biol, 2004.82(5): p. 4gg_96.

241. Woldehiwet,2., Vaccines against chlamydial infectíons--a complex but ffictive
strategy for disease control. Vet J, 2006. l7l(2): p.200_3.

242. Pal, S', et al., Immunogenic and protective abilÌty of the two developmental þrmsof Chlamydiae in a mouse model of infertility. Vu"ðin", lggg.lg(7--g): p.752-61.243. Dong-Ji, 2., et al., Priming with Chlamydia trachomatis major outer màmbrane
protein (MOMP) DNAfollou,ed by MOMP ISCOM boosting enhances protection
and is associated with increased immunoglobulin A and Th-l cellular Ìmmune
responses. Infect Immun, 2000. 63(6): p. 3074_g.

244. Igietseme, J.u. and A. Murdin, Induction of protective immunity against
Chlamydia trachomatis genital infection by a vaccine based oi mã¡or outer
membrane protein-lipophilic itnmune response-stimulating compláxes.Infect
Immun,2000. 68(t2): p. 6798-806.

245. Pal, S', et al., Immunization with the Chlamydia trachomatis mouse pneumonitis
maior outer membrane protein by use of CpG oligodeoxynucleotidei as qn
ødjuvant induces a protective immune response against an intranasal chlamydial
challenge. Infect Immun, 2002. 70(9): p. 4912-7 .

246. Lu, H., Z.Xing, and R.C. Btunham, GM-CSF transgene-based adjuvant allows
the establishment of protective mucosal immunityþllo'w,ing vacciiation with
inactivated Chlamydia trachomatis. J ImmunoI, 2002. 169( 1 l): p. 6324-3 1 .

247 . Patton, D'L., et al., Safety and fficacy evaluations for vaginal lnd rectal use of
BuffirGel in the macaque model. sex Transm Dis, 2004. sris¡, p.290-6.

248. woodland, R.M., A.P. Johnson, and M. Tuffrey, Animal moaóË of chlamydial
infection. Br Med Bull, 1983. 39(2): p. 175-g0.

249.

250.

25t.

252.

253.

254.

2s5.

Kaushic, C', et al., Progesterone increases susceptibility and decreases immune
responses to genital herpes infection. J Virol, 2003.77(g): p.455g-65.
Marx, P.4., et al., Progesterone implants enhance SIV vaginal transmission and
early vÌrus load. Nat Med, 1996. 2(10): p. 1084-9.
Isaacs, A. and J. Lindenmann, virus interference. I. The interferon. proc R soc
Lond B Biol Sci, 1957. 147(927): p.258-67.
Pestka, s., c.D. Krause, and M.R. walter, Interferons, interferon-like cytokines,
and their receptors.Immunol Rev, 2004. 202: p. g-32.
stetson, D.B. and R. Medzhitov, Type I interferons in host defense.Immunity,
2006.25(3): p. 373-81 .

Theofilopoulos, 4.N., et al., Type I interferons (alpha/beta) in immunity and
autoimmunity. Annu Rev Immunol, 2005. 23: p.301-36.
Pestka, s., et al., Interleukin-|0 and related cytokines ond receptors. Annu Rev
Immunol, 2004. 22: p. 929-79.

t67



256. Donnelly, R.P., et a1., The expandedfamily of class II cyrokines that share the IL-
I0 receptor-2 QL-L0R2) chain. J Leukoc P,iol,2004.76(2):p.314-21.

257. Smith, P.L., G. Lombardi, and G.R. Foster, Type I interferois and the innate
immune response--more than just antiviral cytokÌnes. Mol Immunol, 2005. 4Z(g):
p. 869-77.

258. van Pesch, V., et al., Characterization of the murine alpha interferon gene family.
J Virol, 2004.78(15): p. B2t9-28.

259. Decker, T., M. Muller, and S. stockinger, The yin and yang of type I interferon
activity in bacterÌal infection. Nat Rev Immunol, 2005. 5(9): p. als-gl.

260. Radhakrishnan, R., et al., Zinc mediated dimer of human tni'teiferon-alpha 2b
revealed by x-ray crystallography. structure, 1996. 4(12): p. 1453-63-.

261. Karpusas, M., et al., The crystal structure of human tn'terfeion beta at 2.2-A
resolution. Proc Natl Acad Sci U S A, 1997 . 94(22): p. 1 1g 13_g.

262. Radhakrishnan, R., et al., Crystal structure of ovine titerferon-tau at 2.1 A
resolution. J Mol Biol, l g99. 286(l): p. I 5l-62.

263. Kotenko, S.V., et aL,lFN-lambdas mediaÍe antiviral protection through a distinct
class II cytokine receptor complex. Nat Immunol,2003. a(1): p. 69-71.

264' Sheppard, P., et al., IL-28, IL-29 and their class II cytokine reieptor IL-28R. Nat
Immunol, 2003. a(l): p. 63-8.

265. Dumoutier , L., 
-et 

al., Cloning of a new type II cytokine receptor activating signal
transducer and activator of transcription 6fAT)1, STAT2 and STAT3. Biochem
I, 2003. 370(Pt 2): p. 39t-6.

266. Stark, G.R., et al., How cells respond to interferons. AmuRev Biochem, 1998.
67: p.227-64.

267. Pestka, S.,The interferonreceptors. Semin oncol, 1gg7.z4(3 Suppl g): p. S9-1g-
s9-40.

268- Damell, J.8., Jr., I.M. Kerr, and G.R. stark, Jak-srAT pathways and
transcriptional activaîion in response to IFNs and other extracellular signaling
proteins. Science, 1994. 264(5164): p. l4l5-21.

269. Hibbert, L., et al., IL-27 and lFN-alpha signal via Statl and Stat3 and induce T-
Bet and IL-l2Rbeta2 in naive T cells. J Interferon Cytokine Res, 2003. 23(9): p.
5t3-22.

270. Nguyen, K.8., et al., Critical role for STAT4 activation by type I interferons in
the interferon-gemma response to viral infectíon. Science, 2002.297(5589): p.
2063-6.

271. Freudenberg, M.4., et al., Cutting edge; a mLffine, IL-|2-independent pathway of
IFN-gamma induction by gram-negative bacteria based on STAT4 acfivation by
Type I IFN and IL-lB signaling. J Immunol, 2002.169e): p. 1665_g.

272. Mattner, J., et al., Protection against progressive leishmanlasis by IFN-beta. J
Immunol, 2004. 172(t2): p. 7 57 4-82.

273. Bogdan, C., J. Mattner, and U. Schleicher, The role of type I interferons in non-
viral infections. Immunol Rev, 2004.202: p.33-4g.

274. Colonna, M., A. kug, and M. Cella, Interferon-producing cells; on thefront line
ín immune responses against pathogens. cun opin Immunol, 2002.1a(3): p.373-
9.

168



275' Shirafuji' N., et al., Granulocyte colony-stimulatingfactor stimulates human
mature neutrophilic granulocyles to produce interferon-alpha. Blood, 1990.
75(1): p. t7-9.

276' Coccia, E.M.' et al., Viral infection and Totl-like receptor agonists induce a
dffirential expr,ession of type I and lambda interferons in human plasmacytoid
and monocyte-derived dendritic cells. Ew J Immïnol ,2004.3a(3j: p.796-g05.277. cella, M., et al., pktsmacytoid monocytes migrate to inflamed t *pn nodes and
produce large amounrs of type I interferon ñat Med, iwo. s1i¡, p. oto_zz.278. Nakano, H., M. yanagita, and M.D. G,r*, cDt Ic(+)Bzzo¡*)cr-t (+) ceils in
mouse lymph nodes and spleen dßplay characteristics of piai*oryìoíd dendritic
cells. J Exp Med, 2001 . l9a(g): p. I 171_g.

279' Asselin-Paturel, C., et al., Mouse type I lFN-producing cells are immature ApCs
with plasmacytoid morphology. Nat Immunol, 2001 .16z¡, p. 1144-50.280' Martin, P., et al., Characterization of a new subpopulation of mouse CDgalpha+
8220+ dendritíc cells endowed with rype I tnteiftiron prodiction capacity and
tolerogenic potential. Blood, 2002.100(2): p. :S:_OO.281' Shortman, K' and Y.J. Liu, Mouse and human dendritic cell subtypes. Nat Rev
Immunol, 2002. Z(3): p. t 5 I -61 .

282. colorma, M., G. Trinchieri, and y.J. Liu, prasmacytoÌd dendritic ce¡s in
immunity. Nar Immun o1,2004. S(12): p. 1219_26.

283' Medzhitov, R' and C'4. Janeway, Jr.,Innate immune recognition and control of
adaptive ímmune responses. semin Immunol, 199g. l0(5): p. 351-3.284. Asselin-Paturel, c. and G. Trinchieri, production of tyie'I interferons;
plasmacytoid dendritic cells and beyond. J Exp tt¿e¿,-ioos . zoiç+¡: p. 461_5.285. Garcia-sastre, A. and c.A. Biron, Type I Ìnteiferons and the virus_host
relationship: a lesson in detente. sciènce, 2006.312(5775): p. g79_g2.

286' Yoneyama, M., et al., The RNA heticase RIG-I has o, ,rrrrliolfunction in
double-stranded RNA-induced innate antiviral responses. Nat Immun o1,2004.
s(7): p. 730-1.

287 ' Bogdan, C., M. Rollinghoff, and A. Diefenbach , Reactive oxygen and reactive
nítrogen intermediates Ìn innate and specific Ìmmunity. Currõpin Immunol,
2000.12(1): p.64-76.

288. Gao, J.J., et al., Autocrine/paracríne lFN-alphabeta mediates the
lipopolysaccharide-induced activation of *ànscriptionfactor Statlalpha in mouse
macrophages: pivotal role of Statlatpha in induciion iTtttu inducible nilric oxide
synthase gene. J Immunol, l9gg.16l(9): p. 4g03_10.

289. Katayama, Y., A. Hirano, and T.c. wong, Human receptorfor measles virus
(CD46) enhances nitric oxide productioi and restricts virui replication in mouse
macrophages_by modulating production of alpha/beta interferon. J Virol, 2000.
74(3): p. 1252-7.

290' Rothfuchs, A.G:, et al., IFN-alpha beta-dependent, IFN-gamma secretion by bone
marrow-deriued macrophages controls an intracellular lauerial infection. J
Immunol, 2001. tG7 (11): p. 6453-61.

291. Ralph, P., I. Nakoinz, and,D. Rennick, Role of interleukin 2, interleukin 4, and
alpha, beta, and gamma interferon in stimulating macrophage antibody_
dependent tumoricidal activity. J Exp Med, 19gg. 167ei: p.ltz-1.

r69



292.

293.

294.

295.

297.

299.

304.

296.

298.

300.

301.

302.

303.

305.

306.

307.

Biron, c.4., et al., Naturat kiiler cells in antiviral defense; function and
regulation by innate cytokines. Annu Rev Immun ol, 7999. 17: p. lgg-220.
wu, J. and L.L. Lanier, Natural killer cells and cancer. Adv cåncer Res, 2003.
90: p. 127-56.
Lee, C.K., et al., Distinct requirements for IFNs and STATI in NK cell function. JImmunol, 2000. 165(7): p. 357 l-7 .

Nguyen, K.8., et al., coordinated and distinct roles for lFN-alpha beta, IL_l2,
and IL-L5 regulation of NK cell responses to viral infection. J Immunol, 2002.
169(8): p. 4279-87.
Bui, J.D., et al., IFN-dependent doutn-regulation of the NKG2D ligand H60 on
tumors. J Immunol,2006.176(2): p. 905-13.
Taylor, J.L' and S.E. Grossberg, The fficts of interferon-alpha on the production
and action of other cytokines. semin oncol, lggs. rso suppl 1): p. 2í-9.
Jiang, W. and D.S. Pisetsky, The rote of lFN-alpha oid nitri, oxide in the release
of HMGBI by RAW 264.7 cells stimulatedwiti potyÌnosinic-polycytidylic acid or
lipopolysaccharide. J Immunol ,2006. 177(5): p. Sán-+2.
Punturieri, 4., et al., conserved nontypeabre Haemophilus influenzae-derived
TLR2 -binding lipopeptide s syner gize with lFN-beta'to incre as e cytokine
production by resident murine and human alveolar macrophages. J Immunol,
2006. 177 (t): p. 673-80.
VanDeusen, J.8., et al., STAT-l -mecliated repression of monocyte interleukin-l0
gene expression in vivo. Eur.J Immunol, 2006.36(3): p.623_30.
sharif, M.N., et al., IFN-alpha priming results tn a gitn of proinflammatory
function by IL-10: implications þr sysremic lupus lrythematosus pathogenesis. J
Immunol, 2004. 172(10): p. 647 6-Bt.
strengell, M., I. Julkunen, and S. Matikainen,lFN-alpha regulates IL-21 and IL_
2l R expression in human NK and T cells. J Leukoc Élot, zob+. 76(2): p. 416_22.
Qin, H., et al., IFN-beta-induced socs-r negatively regulates cD40 fene
expression in macro_phages and microglia. Faseb 1,2006.20(7): p. sts-l .

Pil]i,uu, A., Anti-inflammatory properties of Type I interferonç. Antiviral Res,
2006. 7 t(2-3): p. 1 08- 1 6.
sharif, M.N., et al.,.Tyist mediates suppression of inflammation by rype I IFNs
and Axl. J Exp Med, 2006. 203(8): p. I 89 1 -90 1 .

Santini, S.M., et al., The natural alliance between type I interferon and dendritic
cells and its role in linking innate and adaprive immunity. J Interferon Cytokine
Res,2002. 22(Il): p. 1071-80.
Le Bon, A. and D.F. Tough, Linl<s between innate and adaptive immunity via type
I interferon. Curr Opin Immunol,2002.l4(4): p. 432-6.
Paquette, R.L., et al.,Interferon-alpha and granulocyte-macrophage colony-
stímulatingfactor dffirentiate peripheral btood monocytes into potent oriigrn-
presenting cells. J Leukoc Biol, l99B.6ae): p.35g_67.
Le Bon, 4., et al., Type i interferons potentry enhance humoral immuniry and can
promote isotype switching by stimulating dendritic cells in vivo.Immunity, 2001.
M(fl: p.461-70.
Biron, c.A' Interferons alpha and beta as immune reguløtors--a new look.
Immuniry, 2001. M(6): p. 661-4.

308.

309.

3 10.

n0



31 i. Breckpot, K., et al., Dendritic cells dffirentiated in the presence of IFN-{beta}
and IL-3 are potent inducers of an antigen-specific CD8+ T cell risponse. J
Leukoc Biol, 2005. 78(g: p. 898-908.

312. Svane, I.M., et al., Characterization of monocyte-derived dendritic cells
maturated with lFN-alpha. scand J Immunol ,2006.63(3): p. zl7-22.

313' Montoya, M', et al., Type I interferons produced by den:dritic cells promote their
pheno typi c and functi onal activ ation. Blood, 2002. 99(9) : p. 3z$ -1 r .

314. Le Bon, 4., et al., Cross-priming of CD|+ T cells stimtulaied by virus-induced
type I interferon. Nat Immunol, 2003. a(10): p. i009_15.

315. Le Bon, 4., et al., Direct stimulation of T cells by type I IFN enhances the CDB+
T cell response during uoss-priming. J rmmunol, 2006. 176(g): p.46g2-9.

316' Zhang, X., et al., Potent and selective stimulqtion of memory-phenotype CDB+ T
cells in vivo by IL-l 5. Immunity, 199g. S(5): p. 591_9.

317 ' Marack, P., J. Kappler, and T. Mitchell , Type I inter.ferons keep activated T cells
alive. I Exp Med, 1999. tS9(3): p. 521-30.

3i8. Kamath, 4.T., c.E. Sheasby, and D.F. Tough, Dendritic cells and NK cells
stímulate bystander T cell activation in response to TLR agonists through
secretion of lFN-alpha beta and lFN-gamma. J Immunol, 2005.174(2); p.767-
16.

319. Decker, T., et al., IFNs and STATs in innate immunily tu microorganisms. J Clin
Invest, 2002.109(10): p. 1271-7.

320. Sarkis, P.T., et al., STATI-independent cell type-specific regulation of antiviral
APOBEC3G by lFN-alpha. J Immunot, 2006. 177(7): p. 4530-40.

32t. Harris, R.S., et al., DNA deamÌnation mediates innate immunity to retroviral
infection. Cell, 2003. tt3(6): p. 803-9.

322. Newman, E.N., et al., Antivirøl function of APOBEC3G can be dissociatedfrom
cytidine deaminase activity. Curr Biol, 2005.lS(2): p. 166-70.

323. Chiu, Y.L., et al., Cellular APOBEC3G restricts HIV-l infection in resting CD4+
T cells. Nature, 2005.435(7038): p. 108-14.

324. Seet,8.T., et al., Poxviruses and Ìmntune evasion. Annu Rev Immunol,2003.2l:
p.377-423.

325. Balachandran, S., et al., Essential role for the dsRNA-dependent protein kinase
PKR in innate immunity to viral infection.Immunity,2000. l3(1): p.129-41.

326. Takaoka,4., et al.,Integration of interferon-alpha/beta signalling-to p53
responses in tumour suppression and antiviral defence. Nature, 2003. a24$948):
p.516-23.

327. Diefenbach, 4., et al., Type I interferon (FNalpha/beta) and type 2 nftric oxide
synthase regulate the innate immune response to a protozoan parasile. Immunity,
1998. 8(1): p.77-87.

328' Costa, V'M., et al., Type I IFNs stimulate nitric oxide production and resistance
to Trypanosoma cruzi infection. J Immunol ,2006. r77(5): p.3193-200.

329. Bukholm, G. and M. Degre, Effect of human leukocyte interferon on invasiveness
of Salmonella species in HEp-2 cell cultures. Infect Immun, IgS3. 42(3): p. I 198-
202.

330. Niesel, D.W., et al., Natural and recombinant interferons inhibit epithelial cell
invasion by Shigella spp.Infect Immun, 1986. SZ(3): p. B2g-33.

171



33 i. Gold, J.A', et al., Exogenous ganxma and atpha/beta interferon rescues human
macrophages from cell death induced by Bacillus anthracis.Infect Immun, 2004.
72(3): p. 1291-7.

332. Bukholm, G., et al., Mousefibroblasr iúerferon modifies Salmonella typhineurium
infection in infant mice.Infect Immun, 19g4. 45(l): p. 62_6.

333. Weigent, D.4., et al', Role of interferon in strept:ococcal infection in the mouse.
Microb Pathog, 1986. t(4): p.399-407.

334. Schiavoni, G., et al., Type I IFN protects permissive macrophages from
Legionella pneumophila infection through an lFN-gam*o-¡rdãpnident pathway.
J Immunol,2004. 173(2): p. 1266-75.

335. Giosue, S., et al., Aerosolized interferon-alpha treatment in patients with multi-
drug-resistant pulmonary tuberculosls. Eur c¡okine Netw, 2000. ll(1): p.gg_
r04.

336. Giosue, s., et al., Effects of aerosolized interferon-alpha in patients with
pulmonary tuberculosis. Am J Respir Crit Care Med, 1998. 153(4): p. 1156-62.

337. Denis, M., Recombinant murine beta interferon enhances resistancà of mice to
systemic Mycobacterium avium infection. Infect Immun, 1991. 59(5): p. 1857-9.338. Kuchtey, J., et al., Interferon-alphabeta mediates partial control i¡Loiry
pulm o nary My c o b ac t er ium b ov i s b ac ill us C al me t t e -G u e r in i nfe c t io n.
Immunology, 2006. I lB(1): p. 39-49.

339. Bouchonnet, F., et at., Alpha/beta interferon impairs the ability of human
macrophages to control growth of Mycobacterium bovÌs BCG.Infect Immun,
2002.70(6): p.3020-5.

340. Manca, C., et al., Virulence of a Mycobacterium tuberculosis clinical isolate in
mice is determined by failure to induce Thl type immunity and is associated wÌth
induction of lFN-alpha /beta. Proc Natl Acad Sci U S A, 2001. 98(10): p. 57 5Z-7.341' O'Connell, R.M., et al, Type I interferon production enhances tutàrpttøtttty to
Listeria monocytogenes infection. J Exp Med, 2004.200(4): p. a3l-as.

342. Auerbuch, V', et al., Mice lacking the type I interferon receptor are resistant to
Listeria monocytogenes. J Exp Med, 2004.200(4): p. 527_i3.

343. carrero, J.4., B. calderon, and E.R. unanue, Typel iúerferon sensitizes
lymphocytes to apoptosis and reduces resistance to Listeiia infection. J Exp Med,
2004.200(g: p.535-40.

344. Stockinger, S., et al., Production of type I IFN sensitizes macrophages to cell
death induced by Listeria monocytogenes. J Immunol, 2002. f Olqf f ¡' p. 6522-9.345. Kazar, J., J.D. Gillmore, and F.B. Gordon, Effect of Interfero, oìd írtnr¡uron
Inducers on Infections utith a Nonviral Intracellular Miiroorganism, Cúlamydia
trachomatis. Infect Immun, 197 l. 3(6): p. 925-g32.

346. Shemer-Avni, Y., D. V/allach, and I. Sarov, Reversion of the antichlamydial ffict
of tumor necrosis factor by tryptophan and antibod¡es to beto interferoi. Infect
Immun, 1989. 57(11): p. 3484-90.

347. Ishihara, T., et al.,Inhibition of chlamydia trachomatis growth by human
interferon-alpha: mechanisms and synergistic ffict wtlh nterferon-gamma and
tumor necrosis factor-alpha. Biomed Res, 2005. 26$): p. r79t-g5.

172



348. Rothfuchs,4.G., et al., srATI regulates lFN-atpha beta- and lFN-gammct-
dependent control of infection with Chlamydia pneumoniae by nonhemopoietic
cells. J Immunol, 2006.176(ll): p.6982-90.

349. delaMaza, L.M., et al., Intravaginal inoculation of mice wíth the Chlamydia
trachomatis mouse pneumonitis biovar results in infertility. Infect Immun, i994.
62(s): p.2094-7.

350. Darville, T., et al., Early local cytokine profiles in strains of mice with different
outcomesfrom chlamydial genital tract infection.Infect Immun, 2001. elqO¡: p.
35s6-61.

351. Darville, T., et al., Mouse strain-dependent chemokine regulation of the genital
tract T helper cell type I immune response. Infect Immun, 2001. 69(12): p. 74lg-
24.

352. Y*g, x., R.c. Brunham,, Role of r-cell mediated immunity in host defence
against Chlamyida trachomatis and its implicationfor vaccine development. Can
J Infec Dis, 1998. 9: p. 99-108.

353. Cain, T.K' and R.G. Rank, Local Thl-like responses are induced by intravaginal
infection of mice with the mouse pneumonitis biovar of Chtamydia trachomatis.
Infect Immun, 1995. 63(5): p. l7B4-9.

354. Landers, D.V., et al., Role of L3T4-bearing T-cell populations in experimental
murine chlamydial s alpingitis. Infect Immun, 1 99 l . 59( 1 0): p. 377 4-7 .

355' Bogdan, C., The function of |ype I interferons in antinticroblal immunity. Cun
Opin Immunol, 2000. D(): p.419-24.

356. Santini, s.M., et al, Type I interferon as a powerful adjuvant for monocyte-
derived dendritic cell development and activity in vitro and in Hu-PBL--SCID
mice. I Exp Med, 2000. f 9t(10): p. t777-BB.

357. Mohty, M., et al., IFN-alpha skews monocyte dffirentiation inro Tolt-tike
receptor 7-expressing dendritic cells with potent functional activities. J Immunol,
2003. l7t(7): p. 3385-93.

3s8.

3s9.

360.

361.

362.

Honda, K., et al., selective contribution of lFN-alpha/beta signaling to the
maturation of dendritic cells induced by double-stranded RNA or viral infection.
Proc Natl Acad Sci U S A, 2003. 100(19): p. 10872-7.
Muller, U., et al., Functional role of type I and type II ìnterferons in antiviral
defense. Science, 1994. 264(5|67): p. I9lB-21.
Lewis, J.,Isolation of alveolar macrophøge, perionteal macrophages, and
Kupffer cells. Methods in Immunotoxicology, ed. G.D. Burlesòn, jH. Munson,
AE. Vol. 2.1995, New York: 'Wileyliss. 15-26.
van Rooijen, N. and A. sanders, Liposome mediated depletion of macrophages:
mechanism of action, preparation of liposomes and applications. J Immùnof
Methods, 1994. 17 4(1 -2): p. 83-93.
Rottenberg, M.E., et al., Regulation and role of lFN-gamma in the innate
resistance to infectionwith Chlamydia pneumoniae. J Immunol, 2000.16a(9): p.
4812-8.

363. Lu, H., et al., Chlamydia trachomatis mouse pneumonitis lung infection in IL-lB
qnd IL-12 knockout mice: IL-12 is dominant over IL-l8for piotective immunity.
Mol Med, 2000.6(7): p. 604-12.

173



364. Huang, J., et al., L-l2 administered during Chlamydia psittaci lung infection in
mice confers immediate and \ong-term protection and reduces macrophage
inflammatory protein-2 level and neutrophit infittration in lung tissuò. J Immunol,
1999. 162(4): p. 2217 -26.

365. Holland, M.J., et al., Conjunctival scarring in trachoma is associated with
depressed cell-mediated immune responses to chlamydial antígens. J Infect Dis,
1993. 168(6): p. i528-3i.

366. Brunham, R.c. and R.w. Peeling, chlamydia trachomatis antigens; role in
immunity ønd pathogenesis. Infect Agents Dis, 1994. 3(5): p. 2lg-33.

367. Corbett, J.A. and M.L. McDaniel, Does nitric oxide mediate autoimmune
destruction of beta-cells? Possible therapeutic interventions in IDDM. Diabetes,
1992. 4t(8): p. 897 -903.

368. Huang, J., et al., The quantity of nitric oxide released by macrophages regulates
chlamydia-induced disease. Proc Natl Acad Sci u s A, 2002.99(6): p.3914-9.

369. Salkowski, C.4., et al., Dffirential dysregulation of nitric oxide proãucüon in
macrophages with targeted di.sruptions in IFN regulatoryfactor-l and -2 genes. J
Immunol, 1996.156(9): p. 3107-10.

370. Igietseme, J.U., Molecular mechanism of T-cell control of Chlamydia in mice;
role of nitric oxide in vivo. Immunology, 1996. SS(l): p. 1-5.

371. Karupiah, G., et al.,Inhibition of viral replication by interferon-gamma-induced
nitric oxide synthase. Science, 1993.26L(5127): p. 1445-8.

372. Stenger, S., et al., Tissue expression of inducible nitric oxide synthase is closely
associated with resistance to Leishmania major. J Exp Med, 1994. 1S0(3): p.783-
93.

373' Cobb, J.P. and R.L. Danner, Nitric oxide and septic shock. Jama,1996.275(15):
p.1192-6.

374' MacMicking, J., Q.W. Xie, and C. Nathan, Nitric oxide and macrophagefunction.
Annu Rev Immunol, 1997.15: p. 323-50.

37 5 ' Williams, D.M., et al., A role in vivo for tumor necrosis factor alpha in host
defense against Chlamydia trachomatis. Infect Immun, 1990. 53(6) : p. 1572-6.

376. Dayer, J.M., B. Beutler, and A. cerami, cachectin/tumor necrosis factor
stimulates collagenase and prostaglandin E2 production by human synovial cells
and dermal fibroblasts. J Exp Med, 1985 . 162(6): p.2163-8.

377 . Williams, D.M., et al., Tumor necrosis factor alpha is a cytotoxin induced by
murine Chlamydia trachomatis infection.Infect Immun, 1989. 57(5): p. 1351-5.

378. Tsai, W.C. , et al., CXC chemokine receptor CXCR2 is essential for protective
innate host response in murine Pseudomonas aeruginosa pneumonia.Infect
Immun, 2000. 68(7): p. 4289-96.

379. Der, s.D., et al., Identification of genes dffirentially regulated by interferon
alpha, beta, or gamma using oligonucleotide aruays. Proc Natl Acad Sci U S A,
1998. 9s(26): p. 1 5623-8.

380. Bemstein-Hanley, I., et al., Genetic analysis of susceptibility to chlamydiø
trachomatis in ntouse. Genes Immun, 2006.7(2): p.122-9.

381. Bekpen, C., et al., The interferon-inducible p47 (IRG) GTPases invertebrates:
Ioss of the cell autonomous resistqnce mechanism in the human lineage. Genome
Biol, 2005. 6(1 1): p. R92.

174



382. McGuirk, P. and K.H. Mills, Pathogen-specffic regulatory T cells provoke a shift
in the Thl/Th2 paradigm in immunity to infectious diseases. Trends Immunol,
2002.23(9): p. 450-5.

383. Simmons, A., H-2Jinked genes influence the severity of herpes simplex virus
infection of the peripheral nervous system. J Exp Med, 1989.169(4): p. 1503-7.

384. Lipoldova, M., et al., susceptibiliry tu Leishmania major infection in mice:
multiple loci and heterogeneity of immunopathological phenotypes. Genes
Immun,2000. 1(3): p. 200-6.

385. Vladimirov, V., et al., Dffirent genetic control of cutaneous andvisceral disease
after Leíshmania major infection in mice.Infect Immun, 2003.7\$: p.204l-6.

386. Tuffrey, M., et al., Genetic susceptibility to chlamydial salpingitis and subsequent
infertility ín mice. J Reprod Fertil, 1992.95(1): p. 31-8.

387. Buzoni-Gatel, D., et al., Role of H-2 and non-H-2-related genes in mouse
susceptibilie ro chlamydia psittaci. Microb parhog, 1994. 16(3): p.229-33.

388. Iwasa, M.4., et al., Modes of hantavirus transmission in a population of
C I e thr i o no my s rufo c anus b e dfo r di ae inferr e d fr o m mi t o c ho n dr i al and
microsatellite DNA analyses. Arch Virol ,2004. la9(5): p. 929-41.

389. Hernandez-Valladares, M., et al., Mapping of a new quantitative trait locus for
resistance to malaria in mice by a comparative mapping approach with human
Chromosome 5q3 I -q3 3. Immunogenetics, 2004. 56(2): p. ll5-7 .

390. Taniguchi, T. and A. Takaoka, A weak signal for strong responses: interferon-
alpha/beta revisited. Nat Rev Mol Cell Biol, 2001 .2(5): p. 378-86.

391. delaMaza, L.M., et al., Inrerferon-induced inhibition of Chlamydia trachomatis;
di s s o c i at i on fr o m ant iv tr al an d ant ip r o I ifer at iv e ffi c r s. Infect Immun, 1 9 I 5.
a7Q): p.719-22.

392. Feterowski, C., et al., CC chemokine receptor 2 regulates leukocyte recruitment
and IL-10 production during acute polymicrobial sepsis. Eur J Immunol,2004.
3aQl: p.3664-73.

393. v/eighardt, H., et al., Type I IFN modulates host defense and late
hyperinflammation in septic peritonitis. J Immunol,2006.l77(S): p. 5623-30.

394. Sunderkotter, c., et al., subpopulations of mouse blood monocytes dffir in
maturation stage and inflammatory response. J Immunol,2004.172(7): p.4410-
1t.

395. Deloire, M.S., et al., Macrophage brain infiltration in experimental autoimmune
encephalomyelitis Ìs not completely compromised by suppressed T-cell invasion:
in vivo magnetic resonance imaging illustration in ffictive anti-VLA-4 antibody
treatment. Mult Scler,2004. 10(5): p. 540-8.

396. Bellingan, G.J., et al., Adhesion molecule-dependent mechsnisms regulate the
rate of macrophage clearance during the resolution of peritoneal inflammation. J
Exp Med,2002.196(11): p. 1515-21.

397. Khurana, R., et al., Vascular endothelial growthfactor gene transfer inhibits
neointimal macrophage accumulation in hyper cholesterolemic r abbits.
Arterioscler Thromb Vasc Biol, 2004.2a9): p. 1074-80.

398. Boatright, K.M. and G.S. Salvesen, Mechanisms of caspase activation. Cu-r Opin
Cell Biol, 2003.15(6): p.725-31.

t7s



399.

400.

401.

Srinivasan, 4., et al.,In situ immunodetection of activated caspase-3 in apoptotic
neurons ín the developing nervous systenx. Cell Death Differ, 1998. 5(12): p.
1004-16.
Garvey, T.L., et al.,lnflammatory responses to pneumovirus infection in IFN-
alpha beta R gene-deleted mice. J Immunol ,2005. 175(7): p. 4735-44.
Meissner, N.N., et al., Role of type I IFNs in pulmonary complications of
Pneumocystis murina infection. J Immunol,2005.174(9): p. 5462-71.
Mcloughlin, R.M., et al., Interplay between lFN-gamma and IL-6 signaling
governs neutrophil trfficking and apoptosis during acute inflammation. J Clin
Invest, 2003. ll2(4): p. 598-607.

402.

t76


