
IDENTIFICATION OF NOVEL ANTIGENS FOR 
THE DEVELOPMENT OF A VACCINE TO 

PREVENT SEXUALLY TRANSMITTED 
CHLAMYDIA INFECTIONS 

 

A thesis submitted to the School of Life 
Sciences, Institute of Health and Biomedical 

Innovation, Queensland University of 
Technology for the degree of Doctor of 

Philosophy 

 
 

BY 

 

CELIA McNEILLY 

Bachelor of Applied Science (Medical Science) 
(Honours) 

 

September 2006 



ABSTRACT 

Chlamydia trachomatis infections are among the most frequently reported 

causes of human sexually transmitted infection. In Australia, the reported rate 

of infection in 2004 reached 175 per 100,000 population, the highest rate 

since surveillance of the condition began in 1991. Severe adverse sequelae 

that commonly occur following progression of the infection from the lower to 

the upper genital tract include pelvic inflammatory disease, infertility and 

ectopic pregnancy. However the frequent prevalance of asymptomatic 

infection makes diagnosis and treatment often late and therefore ineffective 

against upper genital tract complications. Hence there is a great need to 

develop a vaccine to protect against the sexual transmission of 

C.trachomatis.   

Despite many years of research investigating potential vaccine strategies to 

prevent sexually transmitted C.trachomatis infections, there remains no 

commercially available C.trachomatis vaccine. Early research showed that 

the use of live, attenuated or inactivated whole Chlamydia as a vaccine was 

not a viable option due to adverse effects caused by immunopathogenic 

cellular components. The early human vaccine trials that utilized whole 

chlamydial cells and resulted in exacerbated disease when immunized 

individuals were re-exposed to Chlamydia have led to the investigation of 

chlamydial subunit components as potential vaccine antigens.  

The most widely investigated vaccine candidate antigen is the major outer 

membrane protein (MOMP) as it is known to be immunogenic and surface 

exposed. Much research using this antigen has been undertaken with the 

antigen being delivered as a protein, peptide or DNA, via many mucosal and 

systemic routes of immunization, and in combination with various vaccine 

adjuvants. However, at best only partial protection against a chlamydial 

genital tract infection has been achieved. Only a few alternative candidate 

antigens have been investigated as potential vaccine targets to protect 
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against chlamydial infections. These include the outer membrane porin PorB, 

the large cysteine rich outer membrane protein Omp2 and the heat shock 

proteins DnaK and GroEL. Although other candidate antigens have been 

predicted in various models of chlamydial infection (Finco et al., 2005; 

Stemke-Hale et al., 2005; Li et al., 2006), few have been tested for their 

protective efficacy.  

The aim of this study was to use expression library immunization to screen 

the whole C.muridarum genome for novel vaccine candidates capable of 

protecting against a chlamydial genital tract infection. C.muridarum was 

selected as the disease model for chlamydial genital tract infection as it has 

similarities to C.trachomatis in pathogenesis, immune response to infection 

and gene content and order. Once protective antigens had been isolated 

from an expression library, these were screened individually for 

immunogenicity and protective efficacy in the C.muridarum model of 

infection.  

An expression library containing over 21,000 recombinant C.muridarum 

clones was constructed and divided into pools of clones. DNA was extracted 

from these pools and used to immunize mice through gene gun technology, 

delivering 1µg of DNA to the abdomen of mice. Following the immunization 

regime, mice were challenged intra-vaginally with live C.muridarum as this 

route of infection best resembles the natural route of infection that is 

responsible for the sexual transmission of C.trachomatis in humans. Four in 

vivo screens of the C.muridarum expression library, each time using reduced 

numbers of clones, resulted in the identification of seven novel vaccine 

antigens that conferred protection against a genital tract challenge infection 

in mice. These warrant further investigation as vaccine antigens in the 

development of a vaccine against C.trachomatis infection. The identified 

antigens include antigens not conventionally believed to be potential vaccine 

candidates such as hypothetical proteins and housekeeping genes, including 

a DNA gyrase subunit, TC0462, and the ATP-dependent Clp protease, ATP-

binding subunit ClpC, TC0559. Other antigens identified were more 
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traditional, surface exposed vaccine targets that have not been previously 

investigated as vaccine targets, including a novel outer membrane protein, 

TC0512, a polymorphic membrane protein, TC0693, and TC0850, a protein 

of the type three secretion system, a family of proteins that allow gram-

negative bacteria to inject virulence related proteins into the cytoplasm of a 

host cell. All antigens were shown to be partially protective with the putative 

outer membrane protein TC0512 showing an overall reduction in chlamydial 

burden of 55% and other antigens showing overall reductions in chlamydial 

burden of 26 – 44%.  These antigens were also either capable of stimulating 

an immune response, or predicted to contain epitopes that may stimulate 

strong immune responses and so warrant further investigation as vaccine 

antigens to protect against chlamydial genital tract infections.   

The results of this research demonstrate that it is possible to identify novel 

vaccine targets through screening an expression library in a disease model. 

This study has identified several novel vaccine targets that are partially-

protective against a C.muridarum infection and that are thought to be capable 

of stimulating strong immune responses. These antigens have high 

homology with C.trachomatis sequences, indicating that they have potential 

as vaccine candidates capable of protecting against the serovars of 

C.trachomatis that cause sexually transmitted infections in humans. Although 

the protection observed in this study was only partial, the immunization 

strategy utilised only fragments of the genes, an immunization mechanism 

known to elicit Th2 type immune responses, and no adjuvant to enhance the 

immunogenicity of the antigens. Through different immunization routes and in 

conjunction with adjuvants that stimulate Th1 type immune responses, 

complete protection against chlamydial genital tract infections may be 

achieved.  
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CHAPTER 1 

INTRODUCTION 

 

1.1 CHLAMYDIAL DEVELOPMENTAL BIOLOGY 

Chlamydiae are obligate intracellular gram-negative bacteria with a unique 

developmental cycle. Members of the order Chlamydiales differentiate, 

replicate and re-differentiate within a host cell, ultimately causing lysis and 

cell death of the host. They exist in two major forms, the metabolically 

inactive elementary body (EB) that is about 0.3µm in diameter and the 

metabolically active reticulate body (RB) that is approximately 1µm in 

diameter. The developmental cycle is illustrated in Figure 1.1, and although 

the cycle may vary according to the chlamydial species and host strain, it is 

fundamentally a conserved process (Beatty et al., 1994). 

The infectious EB is responsible for the dissemination of chlamydial infection 

through its ability to adhere to eukaryotic host cells. The EB is unusual in that 

it is thought to contain little or no peptidoglycan within its cell wall (Fox et al., 

1990). The ridgidity of the cell wall is instead thought to be attributed to the 

highly cross-linked nature of the outer membrane complex (Caldwell et al., 

1981). The attachment of the EB to a host cell is thought to involve two 

phases. The initial attachment is thought to occur through electrostatic 

interactions of the EB with heparan sulfate containing glycosaminoglycans on 

host cells (Su et al., 1996). The second phase of attachment is not well 

understood, but appears to be an irreversible binding step of the EB to a 

eukaryotic host cell for which the receptor involved remains unidentified 

(Carabeo and Hackstadt, 2001). The attachment of the EB to a host cell 

results in internalization of the EB into a membrane bound vacuole, generally 

known as an inclusion. Following entry into the host cell the EBs reorganize 

into the metabolically active RBs and transcription commences almost 

immediately. Protein expression has been shown to occur within the RB as  
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Figure 1.1 Chlamydial developmental cycle 

 

 
 
 

Schematic diagram of the chlamydial developmental cycle adapted from Beatty et al. (1994).  
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early as 15 minutes following internalization of the EB (Plaunt and Hatch, 

1988). Replication takes place at the RB stage of the chlamydial 

developmental cycle and occurs by binary fission. This is followed by re-

differentiation of the RBs into EBs and these are ultimately released through 

host cell lysis. The signals for re-differentiation of RBs into EBs and release 

of EBs from host cells are currently unknown. The process of multiplication 

requires from 30 to 60 hours, depending upon the species and serovar of 

Chlamydia, and results in thousands of infectious particles per inclusion 

(Moulder, 1991).  

 

1.2 TAXONOMY AND EPIDEMIOLOGY OF CHLAMYDIA 

The taxonomy of the Chlamydiales is currently a topic of controversy among 

leaders in the field of chlamydial evolution. For this work the terminology 

proposed by Schachter et al (Schachter et al., 2001) using the single genus 

Chlamydia will be used. The family Chlamydiaceae is divided into nine 

species, C.trachomatis and C.pneumoniae that comprise the major human 

pathogens, and C.muridarum, C.suis, C.abortus, C.psittaci, C.caviae, C.felis 

and C.pecorum, that, along with C.pneumoniae, are all mainly animal 

pathogens. The different species are further divided into biovars and 

serovars based on disease pathology and serology respectively.  

C.trachomatis is divided into two biovars, the trachoma biovar which 

incorporates serovars A, B, Ba, C, D, Da, E, F, G, H, I, Ia, J and K (Wang 

and Grayston, 1970) and the lymphogranuloma venereum (LGV) biovar that 

consists of serovars L1, L2 and L3 (Wang et al., 1973). Serovars A, B, Ba 

and C are the predominant causes of trachoma in humans, a chronic 

conjunctivitis, while serovars D-K and the LGV serovars are the main causes 

of sexually transmitted chlamydial infections. 

 Chlamydia pneumoniae is an important respiratory pathogen and is a 

common cause of community acquired pneumonia worldwide (Fang et al., 

1990; Kauppinen et al., 1995). However, C.pneumoniae has also been 

associated with a number of chronic human diseases including coronary 
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artery disease (Saikku et al., 1988), asthma (Hahn et al., 1991), multiple 

sclerosis (Sriram et al., 1999) and Alzheimer’s disease (Balin and Appelt, 

2001). 

 C.muridarum, also known as the mouse pneumonitis serovar of 

C.trachomatis, causes both genital tract (Barron et al., 1981) and respiratory 

tract infections of mice (Woodland et al., 1983). 

 C.suis primarily causes infections in pigs and has been associated with 

respiratory and intestinal disorders (Hoelzle et al., 2000).  

C.abortus is a cause of abortion in sheep, cattle and goats and has also been 

linked to abortion in humans following contact with infected animals 

(Pospischil et al., 2002).  

C.psittaci, or avian chlamydiosis, is an infection of birds involving the 

gastrointestinal tract and the respiratory tract (Meyer, 1967). C.psittaci is 

thought to be common amongst all avian species however most infections 

are clinically inapparent or latent. Infections generally cause disease under 

conditions of stress in the host, such as other concurrent infections and poor 

nutrition. C.psittaci can be transmitted to humans through faecal aerosols or 

oral transmission causing a severe atypical pneumonia or septicemia 

although infections may also be asymptomatic (Herring et al., 1987). 

C.psittaci infections in humans have been fatal, with respiratory failure the 

major cause of death (Wainwright et al., 1987).  

C.caviae is a naturally occurring pathogen of guinea pigs causing inclusion 

conjunctivitis (Gordon et al., 1966) and can also infect the genital tract of 

guinea pigs (Mount et al., 1972).  

C.felis is associated with pneumonia and conjunctivitis in cats (Sykes et al., 

1997). It has been known to be transmissible to humans, causing 

conjunctivitis (Hartley et al., 2001), however this transmission appears to be 

uncommon. C.pecorum causes infections in a range of animals including 

cattle, sheep, pigs, goats and koalas (Girjes et al., 1988; Fukushi and Hirai, 

1992; Kaltenboeck and Storz, 1992).  
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C.pecorum causes a wide range of diseases in these animals such as 

conjunctivitis, abortion, genital disease, intestinal disease, pneumonia and 

arthritis.  

 

1.3 EPIDEMIOLOGY OF C.TRACHOMATIS INFECTIONS 

Chlamydia trachomatis infections are the most common notifiable bacterial 

sexually transmitted infections in Australia with over 35,000 cases of sexually 

transmitted chlamydial infection reported in 2004 (Yohannes et al., 2006).  

The World Health Organisation (2001) estimated that 92 million new cases of 

genital chlamydial infection occurred worldwide in 1999. In developed nations 

the most common sexually transmitted C.trachomatis infections are caused 

by serovars D-K. The majority of these infections remain localized in the 

genital tract and often cause only mild inflammation or are asymptomatic. 

Without symptoms many affected individuals remain untreated and the 

infection can progress to serious upper genital tract complications. 

Lymphogranuloma venereum (LGV) is a sexually transmitted disease caused 

by infection with C.trachomatis serovars L1, L2, and L3 and resulting from 

dissemination of the infection in the genital tracts of women. LGV is a 

disease of lymphatic tissues that is a serious public health concern and is 

most prevalent in South East Asia and parts of Africa (Mabey and Peeling, 

2002), although recently outbreaks of LGV infections have occurred in 

European and North American populations among men who have sex with 

men (Centre for Disease Control and Prevention, 2004; Macdonald et al., 

2005; Ahdoot et al., 2006). 

C.trachomatis is a major cause of urethritis and cervicitis in women and the 

sequelae of these diseases include pelvic inflammatory disease, ectopic 

pregnancy, tubal factor infertility and reactive arthritis (Peipert, 2003). In 

humans, the majority of infections caused by C.trachomatis occur in the 

genital tract however serovars D-K can also infect the rectum and pharynx by 

sexual transmission or autoinoculation. Infants born to C.trachomatis infected 

women also can become infected with C.trachomatis with inclusion 

conjunctivitis and pneumonia being the most common manifestations of 
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infection (Zar, 2005). In women C.trachomatis infections most commonly 

manifest as mucopurulent cervicitis (Brunham et al., 1984) that can then lead 

to a number of complications. Intraluminal spread of the infection from the 

cervix can result in pelvic inflammatory disease (PID), a condition that is 

estimated to affect almost 60,000 women annually in Australia (Chen et al., 

2006) and about one million women annually in the United States of America 

(Cates and Wasserheit, 1991). It is estimated that approximately 8-10% of 

C.trachomatis infetions will progress to PID and that the risk of ectopic 

preganacy is 6 to 10 fold greater in women who have had PID (World Health 

Organization, 2005). A further complication of mucopurulent cervicitis results 

from ascending infection during pregnancy that can cause rupture of the 

membranes, premature delivery (Martin et al., 1982; Gravett et al., 1986) and 

neonatal conjunctival infections (Gencay et al., 1995). Further sequelae 

resulting from C.trachomatis cervicitis can lead to the development of cervical 

neoplasia. Although most cervical carcinomas are caused by human 

papilloma virus (HPV) it has been suggested that C.trachomatis may play an 

important cofactor role (Koskela et al., 2000). The impact that these infection 

sequelae impose on female reproduction is severe considering that PID 

caused by C.trachomatis is the most important preventable cause of infertility 

in women (Paavonen and Eggert-Kruse, 1999).  

The impact that C.trachomatis infection has in males is not nearly as well 

documented as for females. It is known that C.trachomatis is the most 

important agent for non-gonococcal urethritis, the most common clinical 

genital syndrome seen in males (Zelin et al., 1995). C.trachomatis infections 

in males most commonly present as urethritis although infections can ascend 

to other organs of the male reproductive system. Chlamydial infections are 

estimated to account for about 30% of epididymitis in males and 

C.trachomatis has been isolated in up to 30% of prostatic biopsies 

(Zdrodowska-Stefanow et al., 2000). There is some epidemiological evidence 

to suggest an association between asymptomatic infections with 

C.trachomatis and unexplained infertility in men (Greendale et al., 1993). It is 

also known that C.trachomatis infection in males can lead to stenosis in the 

infected organs, may induce autoantibodies and consequently inflammation, 
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and may also impair sperm quality. These factors indicate that C.trachomatis 

infections in males may impact on fertility (Wolff et al., 1991; Purvis and 

Christiansen, 1993). However, it is more commonly believed that the 

significance of male C.trachomatis infections lies in the transmission of the 

pathogen to women and the infection sequelae of C.trachomatis infection in 

women. 

Antibiotic therapy effectively eliminates chlamydial infection, however it does 

not always affect established pathology and has in fact been shown to have 

little impact on C.trachomatis infections at a population level (Brunham et al., 

2005). A study in Canada monitoring the level of infected population since 

the implementation of strategies to control C.trachomatis infections, including 

antibiotic therapy, showed that the level of C.trachomatis infections has 

continued to increase despite the control program (Brunham et al., 2005). 

Ineffective antibiotic therapy may also be detrimental to the infected 

individual. It has been shown that antibiotics such as erythromycin (Clark et 

al., 1982) as well as the production of certain cytokines or depletion in certain 

amino acids, have the ability to affect the normal chlamydial developmental 

cycle (Mpiga and Ravaoarinoro, 2006). These conditions result in the RBs 

being unable to re-differentiate into EBs and as a consequence a structurally 

abnormal RB known as an aberrant body (AB) forms. Although generally this 

state is reversible following removal of the stimulus, persistent chlamydial 

infections caused by erroneous antibiotic treatment may enhance the 

immunopathological sequelae of an infection. 

The presence of asymptomatic infections in both males and females makes 

control of C.trachomatis infection by treatment of symptomatic individuals 

alone unlikely to succeed. If left untreated C.trachomatis infections can lead 

to chronic inflammatory conditions and the severity of the disease is related 

to the persistence of infection or frequency of reinfection (Westrom et al., 

1992). Prevention of C.trachomatis infections by vaccination could have a 

significant impact on health worldwide.  
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1.4 ANIMAL MODELS OF CHLAMYDIAL GENITAL TRACT INFECTION 

Numerous animal models have been used for the study of chlamydial genital 

tract infections (Ward, 1995; Bavoil et al., 1996b; Rank and Bavoil, 1996). 

Many serovars of C.trachomatis that cause genital tract infections in humans 

also readily infect the genital tracts of mice (Ward, 1995; Bavoil et al., 1996b; 

Rank and Bavoil, 1996). Tuffrey and Taylor-Robinson (1981) demonstrated 

infection of the murine genital tract with the L2 serovar of C.trachomatis, 

however this was found to be dependent on progesterone treatment of the 

mice prior to infection. Inoculation of various strains of mice with 

C.trachomatis L2 both intra-vaginally and intra-uterine failed to establish a 

C.trachomatis genital tract infection. However following a single dose of 

progesterone to prevent the murine oestrous cycle, and thereby shedding of 

the epithelium, long-lasting C.trachomatis genital tract infections were 

established. Ito et al (1990) examined the virulence of seven of the genital 

strains of C.trachomatis, serovars D, E, F, G, H, I and K in mice. Mice were 

inoculated intra-vaginally following progesterone treatment with 

approximately 5-10 x 107 inclusion forming units (ifu) of each chlamydial 

serovar. The infections were then monitored by cervico-vaginal swabbing for 

6 weeks. Serovars G and H were found to have the shortest duration of 

infection, with all animals clearing the infection by 24 and 20 days post-

inoculation respectively. Serovars D and E were found to have the longest 

duration of infection with animals still detected to be shedding Chlamydia 62 

days following the initial infection. Further to this, the authors monitored 

spread of the infection to the upper genital tract in animals administered 

C.trachomatis serovars D and H. Serovar D was found to be more invasive 

than serovar H, with 75% of animals inoculated with serovar D showing 

infection of the uterine horns and only 12.5% of animals infected with 

C.trachomatis serovar H showing upper genital tract infection. However intra-

vaginal infection of mice with human serovars of C.trachomatis has been 

shown to result in reduced intensity and duration of infection, minimal 

inflammation of the upper genital tract and with none of the pathological 

consequences, such as infertility and salpingitis, that is seen in infected 

women (Ramsey et al., 2000). Further studies demonstrated that murine 
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infection with C.trachomatis serovars resulted in similar pathology to 

C.trachomatis of humans using alternative routes of inoculation (Tuffrey et 

al., 1986; Tuffrey et al., 1990). Mice inoculated either by the intra-bursa or 

intra-uterine routes with C.trachomatis serovars D and E showed salpingitis 

and endometriosis for up to 6 weeks following infection. Intra-bursal 

inoculation of mice with C.trachomatis serovar E followed by stimulation of 

the ovaries with pituitary gonadotrophins resulted in a failure of ova to travel 

to the oviducts. Microscopic analysis of tissues isolated from the upper 

genital tract of infected mice showed congestion and inflammation of the 

oviducts leading to the conclusion that the infertility seen in mice was due to 

the C.trachomatis infection. The authors concluded that the pathological 

changes seen in infected animals and subsequent infertility closely 

resembled the pathology seen in human C.trachomatis infections and 

suggested that the model was appropriate for vaccine development research. 

Although the intra-bursal or intra-uterine route of infection does not mimic a 

human intra-vaginal infection route, and high doses of C.trachomatis need to 

be delivered to obtain the pathological consequences that mimic human 

infections with C.trachomatis, a large number of researchers currently utilize 

C.trachomatis infection in mice to study the immunology and 

immunopathology of chlamydial genital tract infections.  

Ideally, non-human primates would be used in the investigation of 

C.trachomatis infections as they most closely resemble human disease and 

pathogenesis. Several studies demonstrated that infection of non-human 

primates with the serovars of C.trachomatis that cause sexually transmitted 

infection in humans resulted in inflammation of the upper genital tract, 

cervicitis, salpingitis and infertility in infected animals (Moller and Mardh, 

1980; Johnson et al., 1984; Patton et al., 1987). Further to this, the 

immunological response generated to C.trachomatis infection also resembled 

the immunological parameters seen in women following infection (Van 

Voorhis et al., 1997). However, non-human primates are expensive to use for 

research and large numbers of animals are often required to obtain 

statistically significant data. Although the use of non-human primates for the 

investigation of vaccines and therapeutics against chlamydial genital tract 
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infections is essential before progressing to human trials, alternative animal 

models of chlamydial infections are generally thought to be more useful for 

the initial research investigations.  

More recently, however, a study has investigated the potential use of pigs as 

a model for C.trachomatis genital tract infection (Vanrompay et al., 2005). 

Pigs have been shown to have similarity to humans genetically and 

physiologically (Vodicka et al., 2005) and are easier to breed and maintain 

than non-human primates. Vanrompay et al (Vanrompay et al., 2005) 

infected pigs with C.trachomatis serovar E intra-vaginally and monitored the 

infection for 21 days.  Following the infection, the reproductive tract along 

with local lymph nodes and various other organs were collected for 

histopathlogy. The infection in pigs resulted in ascending infection of the 

genital tract with acute inflammatory infiltrations in the oviducts and uterus. 

The infection was found to replicate in the superficial epithelial layers of the 

uterus and cervix, areas that are known to be target sites for a C.trachomatis 

genital tract infection in humans. The infection also resulted in IgM and IgG 

antibody responses in sera and IgM, IgG and IgA antibodies in vaginal 

secretions, responses also known to result in women following a chlamydial 

genital tract infection (Russell and Mestecky, 2002). This study showed that 

C.trachomatis is able to infect the reproductive tract of pigs and cause 

ascending infection, with similar cellular infiltrates to those seen in 

C.trachomatis infected women. This indicates that pigs may be a useful 

model for studying the pathology, pathogenesis and immunology of 

chlamydial genital tract infections, as well as having value for investigation 

potential vaccine developments for C.trachomatis.  

The murine species, C.muridarum, readily infects the female mouse genital 

tract (Bavoil et al., 1996b) although the duration of the infection and number 

of infected animals is increased with the administration of progesterone to 

prevent epithelial shedding (Tuffrey and Taylor-Robinson, 1981). Vaginal 

inoculation of mice with C.muridarum results in a cervicitis that ascends to 

the uterine and oviduct epithelia. Mice naturally resolve the infection without 

antibiotic therapy and develop long-lived immunity that protects against 

reinfection (Barron et al., 1981; Morrison et al., 1995). The initial 
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inflammatory response that is induced by vaginal infection with C.muridarum 

is characterized by mucosal and submucosal infiltration of 

polymorphonuclear cells. As the infection resolves, lymphocytes and 

macrophages diffuse into the submucosa (Barron et al., 1981; Morrison et al., 

1995; Su et al., 1997). These infiltrating lymphocytes include not only B-cells, 

but also both CD4+ T-cells and CD8+ T-cells (Morrison and Morrison, 2000). 

The similarity in pathogenesis and adaptive immune responses generated 

following the resolution of C.muridarum infection in the murine genital tract 

establishes the usefulness of the murine model for studies into vaccine 

development and associated protective immunity for C.trachomatis in human 

disease. Sequence analysis of the C.muridarum genome also showed that 

the pathogen was remarkably similar to C.trachomatis servoar D in both gene 

content and gene order (Read et al., 2000).  

Chlamydia caviae, formerly known as guinea pig inclusion conjunctivitis 

(GPIC), causes genital infection in guinea pigs that has similarities to 

C.trachomatis genital tract infections of humans with respect to pathogenesis 

and consequences of infection (Rank and Sanders, 1992) as well as 

immunology (Batteiger and Rank, 1987). The C.caviae infection is 

transmitted sexually in guinea pigs, as well as perinatally to cause 

conjunctivitis in neonates. The organism infects epithelial cells of the cervix 

and can also be induced to cause infection of the endometrium and fallopian 

tubes in female animals. Rank and Sanders (1992) showed that infection of 

the genital tract of guinea pigs with C.caviae resulted in an ascending 

infection of the reproductive tissues with cellular infiltration of the oviducts 

and endometrium. About 20% of infected animals were also shown to have 

long-term complications of infection, including hydrosalpinx and fibrosis.  In 

guinea pigs it has been determined that, similar to chlamydial infection in the 

reproductive tract of human females, both cell mediated immunity (Rank and 

Barron, 1983) and humoral immunity (Rank et al., 1979) are essential for the 

recovery from chlamydial infection and resistance to challenge infection. It 

has been suggested that reproductive hormones in humans may influence 

chlamydial genital tract infection (Sweet et al., 1986). In guinea pigs, Rank 

and Barron (1987) demonstrated that oestradiol treatment altered the course 
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of genital infection when the animals were inoculated with C.caviae. The use 

of guinea pigs as an animal model for studying chlamydial genital tract 

infection has a distinct advantage over mice in this regard, as the oestrus 

cycle of guinea pigs is approximately 18 days, closer to the human female 

menstrual cycle of 28 days, than the oestrous cycle of mice that is only about 

5 days.  The guinea pig model is therefore a useful model for the study of 

chlamydial genital tract infections, particularly in studies investigating the 

influence of hormones on chlamydial infection and immunity.  

 

1.5 PROTECTIVE IMMUNITY TO CHLAMYDIAL GENITAL INFECTIONS 

A schematic overview of the systemic immune system and the cellular 

components involved is shown in Figure 1.2. Animal models of chlamydial 

infection have established that T-lymphocytes play a critical role both in the 

clearance of the initial infection and in protection from re-infection of 

susceptible hosts (Su and Caldwell, 1995). Of particular importance in the 

protective immune response are CD4+ T-cells that produce gamma-

interferon (γ-IFN) and other T-helper 1 type cytokines (Cotter et al., 1997). 

The production of γ-IFN CD4+ T-cells has been shown to prevent 

dissemination of chlamydial genital tract infection in mice, however clearance 

of the infection and resistance to re-infection was shown to be independent of 

γ-IFN . Knockout mice lacking γ-IFN or its receptor displayed delayed 

clearance of C.trachomatis following primary infection of the genital mucosa, 

however the animals eventually controlled the infection indicating the 

presence and importance of alternative mechanisms for resistance to 

chlamydial infection which remain unidentified (Perry et al., 1997).  Although 

several studies have suggested that CD4+ cells play a more dominant role in 

protective immunity against chlamydial infection (Magee et al., 1995; Su and 

Caldwell 1995) CD8+ cytotoxic lymphocytes have also been associated with 

protection from chlamydial infection of the genital tract (Beatty and Stephens, 

1994; Starnbach et al., 1994).  

                                                                        13



Figure 1.2 Schematic diagram of the systemic immune system showing cellular components. 

 

When a foreign particle enters the body it is digested by an antigen presenting cell. 

Precursor T-cells are exposed to antigen by the antigen presenting cell which results in their 

differentialtion to T0 cells. The differentiation of Th1 cells and Th2 cells depends on the 

cytokines secreted by the antigen presenting cells. Generally, cells exposed to intra-cellular 

bacteria, cancer cells or virus secrete IL-12, thereby commiting T-helper cells to the Th1 

pathway, whereas antigen presenting cells exposed to extracellular bacteria, parasites, 

toxins or allergens will secrete IL-4, committing T helper cells to follow the Th2 pathway. The 

different arms of the T cell pathway are defined by the secretion of differing cytokines and 

stimulation and proliferation of various cells of the immune system. 
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Cytotoxic T-cells can directly lyse chlamydial infected cells and produce both 

γ-IFN and tumour necrosis factor-α (TNF-α)  which have been shown to 

exhibit anti-chlamydial activity (Murray et al., 1989; Igietseme, 1996). Despite 

this, however, the role of cytotoxic T-cells in the resolution of chlamydial 

genital tract infection remains unclear. Resolution of genital tract infection in 

β2-microglobulin gene knockout mice (CD8+ deficient) is equivalent to that of 

immunocompetent wild type mice (Morrison et al., 1995) and CD8+ deficient 

mice have also been shown to have protection against secondary challenge 

(Morrison et al., 1995). This indicates that the role CD8+ T-cells play in the 

elimination of C.trachomatis primary infection or in resistance to re-infection 

is likely not crucial.  

Early studies demonstrated a positive correlation between increased 

secretion or serum levels of anti-chlamydial specific antibodies with both the 

resolution of primary infection (Rank et al., 1979; Brunham et al., 1983) and 

protection against re-infection in both humans and animal models of 

C.trachomatis infection (Rank et al., 1979; Murray et al., 1989). Studies using 

monoclonal and monospecific polyclonal antibodies have shown that the 

major outer membrane protein (MOMP) of chlamydial EBs is the main target 

for neutralizing antibodies (Peeling et al., 1984; Lucero and Kuo, 1985; 

Zhang et al., 1987) although neutralizing antibodies to other chlamydial 

determinants have also been described (Peterson et al., 1988). The 

protective function of neutralizing antibodies is supported by results of in vitro 

studies showing that chlamydial specific antibodies block attachment and 

subsequent infectivity of chlamydiae to murine epithelial cells (Peeling et al., 

1984).  

However most recently, Morisson and Morisson (2005) have demonstrated 

an irrefutable role for antibody in adaptive immunity to chlamydial infection. 

They verified that immunity develops in antibody deficient mice following the 

resolution of primary chlamydial genital tract infection. They then depleted 

groups of Chlamydia-immune, antibody deficient mice of either CD4+ T cells 

or CD8+ cells and found that animals depleted of CD4+ cells and re-

challenged with C.muridarum could not prevent the secondary infection 
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following the resolution of primary infection. However mice deficient in only 

antibody or CD4+ cells showed some resistance to a secondary challenge 

infection.Adoptive transfer of immune serum collected after the primary 

chlamydial infection, conferred strong protective immunity against reinfection 

in both CD4+ and CD8+ depleted animals. Animals depleted of CD4+ cells 

showed an even greater reduction in chlamydial shedding following 

secondary chlamydial genital tract infection than animals not administered 

the immune serum, while immune, antibody deficient animals depleted of 

CD8+ cells that initially showed no change in the course of a secondary 

chlamydial infection, demonstrated augmented protective immunity following 

administration of the immune serum. Further to this, the researchers also 

showed that Chlamydia-specific monoclonal antibodies against membrane 

proteins were also capable of protecting antibody deficient, CD4+ depleted 

animals against re-infection with C.muridarum. While the mechanism by 

which either the monoclonal antibodies or the Chlamydia-specific serum 

antibody protects against chlamydial infection was not elucidated, the 

research demonstrated that immune serum has a significant impact on 

immunity to chlamydial genital tract re-infection. 

Chlamydiae are largely pathogens of the mucosal surfaces of humans, 

specifically the genital tract, respiratory tract and conjunctivae. The 

development of a vaccine that induces protective humoral and cell mediated 

immune responses at the site of entry of the pathogen is highly desirable for 

protection against disease in susceptible hosts. One of the primary functions 

of the mucosal immune system is to prevent the entry of potentially 

pathogenic organisms, such as Chlamydia, into and through the mucosal 

epithelium. Antigen uptake and initiation of mucosal immune responses occur 

predominantly in specialized inductive sites, namely the mucosa-associated 

lymphoid tissue that lines the respiratory, alimentary and genitourinary tracts. 

Microfold cells (M-cells) of the Peyer’s patches in the small intestine or lymph 

nodes in the closely surrounding mucosal tissue pinocytose and phagocytose 

antigen and deliver it intact to underlying macrophages and lymphocytes. 

The germinal centers of the Peyer’s patches are rich in B-cells that are 

committed to producing IgA (Jones and Cebra, 1974) through acting as a 
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pool of cells that can migrate to distant mucosal sites known as the effector 

sites. This cellular migration explains the observation that administration of 

antigen at one mucosal site may generate secretory IgA at distant mucosal 

sites (McGhee et al., 1992). Classical antigen presenting cells such as 

macrophages and Langerhans cells are also present at many mucosal sites 

and are thought to play a role in secondary induction of the immune 

response. M-cells are not present in the female vagina or cervix, however, 

and thus only limited immune responses are induced in vaccinated 

populations by intra-vaginal immunization with peptide antigens. Langerhans 

cells and macrophages are however present in the vaginal mucosa and 

these can act as the antigen presenting cells in the female genital tract. It is 

for this reason that immunization at a distant mucosal site, such as the nasal 

associated lymphoreticular tissue may induce specific immune responses at 

the genital surface.  

It has been suggested that secretory IgA (s-IgA) is the first line of defense 

against chlamydial infection of mucosal surfaces (Cui et al., 1991). S-IgA is a 

polymeric antibody and is the predominant antibody in most mucosal 

secretions (Tomasi and Zigelbaum, 1963). Secretory IgA is produced locally 

by plasma cells at mucosal surfaces and is translocated to external 

secretions by a transepithelial transport mechanism (Mestecky and McGhee, 

1992). S-IgA is transported through epithelial cells by an IgA-specific Fc 

receptor, the poly-Ig receptor (PIgR) that is synthesised by mucosal epithelial 

cells and expressed on their basal and lateral surfaces. Secreted IgA binds to 

the PIgR, the complex endocytosed into the epithelial cell and actively 

transported to the luminal surface. At the luminal surface, the PIgR is 

proteolytically cleaved and the extracellular domain of the receptor that 

carries the IgA molecule, also known as the secretory component is 

released. Oral immunization of mice with C.trachomatis EBs resulted in the 

production of specific anti-chlamydial IgA antibodies in mucosal secretions at 

multiple sites leading to the hypothesis that these immune responses 

resulted from the migration of B-lymphocytes from the Peyer’s patches to 

other mucosal tissues including the genital tract (Cui et al., 1991). Further to 

this, Brunham et al (1983) revealed a positive correlation between elevated 
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levels of s-IgA in cervical secretions and reduced levels of chlamydial 

shedding. However, athymic nude mice (i.e. T-cell deficient) have been 

shown to be incapable of resolving chlamydial genital tract infection (Rank et 

al., 1985) suggesting the importance of T-cell dependent help for antibody 

production. These studies suggest that both humoral and T-cell mediated 

immunity are required for host resistance to chlamydial infection of the genital 

tract, although the host cell mechanisms by which protection against 

chlamydial infection is induced remains undefined.  

 

1.6 EFFECT OF ROUTE OF ANTIGEN DELIVERY ON IMMUNE 
RESPONSES 

The route of delivery of a vaccine to a host is an important issue to consider 

when investigating a potential vaccine candidate for protection against 

mucosal diseases, such as those caused by C.trachomatis. An advantage for 

a vaccine against Chlamydia would be the concurrent induction of both a 

local and a systemic immune response. Systemic vaccination has been 

shown to be efficient at inducing antibodies at the genital tract and therefore 

may supplement mucosal immunity (Bouvet et al., 1994). As the mucosal 

immune system allows the translocation of B-cells from the inductive site (the 

site where the antigen presenting cells are located) to an effector site, the 

route that best induces an immune response at the genital tract should be 

utilized to prevent C.trachomatis infection in the genital mucosa. In a series 

of experiments rectal immunization of women with cholera toxin subunit B 

resulted in anti-cholera toxin antibody responses in the rectal mucosa, genital 

tract and small intestine (Kozlowski et al., 1997). Oral cholera toxin 

immunization resulted in specific antibody responses in saliva and genital 

tract secretions of immunized women. However, intra-gastric immunization of 

women resulted in the IgA immune responses restricted to the small intestine 

(Czerkinsky et al., 1993). Oral immunizations of mice with live C.trachomatis 

induced IgA responses in the genital tract, lungs and serum (Cui et al., 1991). 

However, booster immunization of the mice with live C.trachomatis at the 

genital tract induced a higher antibody response in the genital tract than 
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when the booster immunization was administered orally. These results 

suggest that following initial immunization at the inductive site and the 

migration of antigen-reactive cells to distant mucosal sites, re-exposure to the 

antigen at the distant mucosal site results in enhanced immune responses, 

possibly due to local proliferation of antigen reactive cells in response to re-

exposure to the antigen. Intra-nasal immunization of mice with pneumococcal 

surface protein A or a capsular polysaccharide-tetanus toxoid conjugate has 

been shown to induce effective mucosal, as well as systemic, immune 

responses and long lasting protection (Wu et al., 1997). Nasal immunization 

has been successfully used with live influenza A and B virus vaccines in both 

children and adults (Kuno-Sakai et al., 1994; Belshe et al., 1998). Intra-nasal 

immunization infection with C.muridarum has been shown to protect against 

infertility in mice when the animals are challenged in the genital tract with live 

EBs (Pal et al., 1994). Prior to challenge infection the immunized mice were 

seen to develop humoral immune responses, demonstrated by high serum 

antibody levels and moderate titres of IgG and IgA in vaginal secretions. The 

murine model of genital tract infection caused by C.muridarum has been 

used to show that the initial route of antigen administration is able to 

influence the T-cell cytokine profile produced in response to genital infection 

(Kelly et al., 1996). Mucosal immunization of mice with C.muridarum 

administered by genital, oral and intra-nasal routes elicited specific anti-

chlamydial Th1 responses in the genital tract of these animals while 

parenteral immunization resulted in a Th2 response. These studies have 

shown the importance of inductive sites in the initiation of systemic and 

mucosal immune responses, particularly at distant mucosal sites such as the 

female reproductive tract.  

DNA immunization is a technology that involves the direct inoculation of cells 

of a host with naked plasmid DNA that encodes an antigen from a pathogen, 

rather than the antigen itself. The gene encoding the antigen is expressed in 

host cells through an incorporated promotor, leading to intracellular synthesis 

of the pathogen protein and stimulation of the immune system. The use of 

pure plasmid DNA carrying selected antigens of choice for the specific 

pathogen offers many advantages over conventional vaccination technology 
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including the ease and speed of production and manipulation, as well as the 

lack of immunogenicity of the vector itself. Studies to date have 

demonstrated that genetic immunisation can result in a broad spectrum of 

immune responses to the antigen in the recombinant DNA vaccine and that 

these responses may be prolonged in comparison to conventional 

immunisation strategies (Whalen and Davis, 1995; Donnelly et al., 1997b). 

The use of pure plasmid DNA carrying selected antigens of choice for the 

specific pathogen offers many advantages over conventional vaccination 

technology including the ease and speed of production and manipulation, as 

well as the lack of immunogenicity of the vector itself. 

The majority of DNA vaccines traditionally have been delivered parenterally, 

primarily by intra-muscular or intra-dermal injections. However in recent 

years a number of studies have reported successful mucosal immunization 

with DNA vaccines. Parenteral administration of DNA vaccines has been 

shown to induce potent systemic immune responses, however mucosal 

immunity was not induced. One of the earliest studies, using plasmid DNA for 

immunization purposes, demonstrated that protective immunity against 

influenza virus could be induced by parenteral, mucosal and gene gun 

immunizations (Fynan et al., 1993). Gene gun immunization involves the 

coating of DNA onto gold particles that are then shot into the epidermis. The 

presence of antigen presenting cells within the epidermis, such as 

Langerhan’s cells and dendritic cells, potentially increase the efficacy of gene 

gun immunization when compared with alternative parental routes of 

immunization, such as intra-muscular DNA delivery. The DNA coated gold 

particles effectively transfect the antigen presenting cells, the DNA is 

transcribed and translated resulting in expression of protein. The protein is 

then digested in the cytosol of the host cell and transported to the 

endoplasmic reticulum for presentation by MHC class I molecules. 

Transfection of cells within the epidermis that are not antigen presenting 

cells, such as keratinocytes, also results in expression of the encoded 

protein. However, the protein is digested within the non-antigen presenting 

cell and secreted from the cell where it can be presented to an antigen 
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presenting cell and processed through the MCH class II pathway (reviewed in 

(Dean et al., 2003). 

The study reported by Fynan et al (1993) showed that mice immunized by 

intra-muscular, intra-venous and epidermal (gene gun) routes with DNA 

encoding an influenza protein resulted in excellent protection from sub lethal 

challenge.  Only some protection against the sub lethal challenge was seen 

in animals immunized intra-nasally, poor protection was seen following intra-

dermal or sub-cutaneous immunization and no protection was noted following 

intra-peritoneal immunization. Mucosal immune responses were not 

measured in the study, however it demonstrated the possibility of vaccination 

using DNA via mucosal routes and even suggested that musocal 

immunization may be superior in inducing a protective immune response to 

some parenteral routes of administration. 

Transcutaneous immunization is a novel immunization strategy by which 

antigen and adjuvant are applied topically to intact skin. This method of 

immunization is advantageous as delivery is needle-free and results in 

humoral and cellular immune responses in animals and humans (Glenn et 

al., 1998; Glenn et al., 2000; Gockel et al., 2000; Hammond et al., 2001). It is 

hypothesized that after antigens were applied directly to the skin they were 

taken up by dendritic Langerhans cells that then migrated to regional lymph 

nodes, resulting in subsequent immune responses (Glenn et al., 1999). 

Transcutaneous immunization has been shown to induce specific IgA 

responses in stool, saliva and vaginal lavage fluid of immunized mice and 

transcutaneous immunization of mice with cholera toxin protects the animals 

from subsequent lethal pulmonary challenge with cholera toxin administered 

intra-nasally (Glenn et al., 1998; Gockel et al., 2000). When compared to 

traditional vaccine delivery methods the direct application of vaccines to the 

skin can offer several advantages. Transcutaneous immunization offers 

improved speed of application, ease of administration, a reduction in tissue 

damage and inflammation associated with needle administration, and a lower 

risk of injury to the administrator as a result of needlestick injury. 
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1.7 ADJUVANTS TO MODULATE THE IMMUNE RESPONSE 

Adjuvants are substances that are designed to enhance the antigen-specific 

immune response when administered with an antigen. There are two types of 

adjuvant, those that directly stimulate the innate immune system and those 

that target antigen presenting cells through the use of vaccine delivery 

vehicles. Immunostimulatory adjuvants include substances such as CpG 

motifs, cytokines and lipopolysaccharide derivates. Vaccine delivery systems 

include such vehicles as immune-stimulating complexes (ISCOMs), 

virosomes and liposomes. The most frequently used adjuvant in current 

commercial vaccines is aluminium salts, and although the mechanism by 

which aluminium salts enhance the immune system remains unclear, it has 

been shown that these adjuvants can enhance the antibody specific immune 

response against an antigen (Kenney et al., 1989). However, the need to 

develop vaccines against many infectious diseases that require the 

stimulation of CTL and Th1 type immune responses has led to the 

investigation of alternative adjuvants that can stimulate the cellular mediated 

immune system.  Synthetic oligodeoxynucleotides that contain CpG motifs 

have been shown to be a potent stimulator of the innate immune system. The 

innate immune system recognizes pathogen associated molecular patterns 

(PAMPs), including CpG motifs, that are expressed by pathogens. The toll-

like receptor 9, that is expressed intracellularly, has been found to be 

responsible for recognition of CpG motifs in both mice (Akira et al., 2000) and 

humans (Bauer et al., 2001). Synthetic oligodeoxynucleotides containing 

CpG motifs have been shown to stimulate similar immune responses to the 

bacterial DNA with B-cell activation and subsequent production of antigen-

specific antibody (Krieg et al., 1995). Several structurally different synthetic 

CpG motifs have been investigated and the structural differences between 

these molecules have been shown to have differing immunostimulatory 

properties. Sequence examples of the synthetic CpG oligodeoxynucleotides 

are shown in Figure 1.3. The “D” type of CpG motif contains a single CpG 

motif with the bases flanking the motif forming a palindrome and the 3’ end 
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having a poly-G tail. CpG motifs of this type generally stimulate the 

maturation of antigen presenting cells and the secretion of α-IFN from  

Figure 1.3 Examples of different CpG motif types 

 

Sequence examples of the three different CpG motif types, D, K and C, indicating the CpG 

motif (underlined), palindromic sequences and poly-G tail (Verthelyi et al., 2001; Marshall et 

al., 2003). 
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plasmacytoid dendritic cells (Verthelyi et al., 2001). The “K” type of CpG 

motif, also known as “B” type CpG motifs, contain multiple CpG motifs and 

stimulate B cell proliferation and the production of IL-6 and IgM (Verthelyi et 

al., 2001). The “C” type of CpG motif is a combination of both the “D” and “K” 

type, with the sequence containing a TCG dimer at the 5’ end of the 

sequence and an internal “K” type palindromic sequence. This CpG type 

stimulates B-cells to secrete IL-6 as well as stimulating dendritic cells to 

secrete α-IFN, a cytokine generally secreted by both T and B cells that 

stimulates the proliferation of both natural killer cells and macrophages 

(Marshall et al., 2003). Activation of B-cells by CpG motifs has been shown to 

result in the proliferation of Th1 type and pro-inflammatory cells, such as 

natural killer cells, T-cells and macrophages (Klinman et al., 1996; Stacey et 

al., 1996; Sun et al., 1998). Activation of these cells results in the secretion of 

a number of Th1 type cytokines and chemokines, such as γ-IFN, IL-12 and 

IL-6, but not the Th2 type cytokines IL-2, IL-3, IL-4, IL-5 or IL-10 (Klinman et 

al., 1996). Administration of CpG motifs with vaccine antigens has been 

shown to improve the immunogenicity of protein antigens (Roman et al., 

1997), shift the antibody isotypes elicited following immunization from a Th2 

to a Th1 profile (Roman et al., 1997) and enhance the number of cells 

producing antigen-specific cytokines (Klinman et al., 1999).  

Some research has been carried out to determine whether direct 

administration of cytokines or DNA coding for cytokines has any adjuvant 

effect. IL-1 has been shown to induce antigen-specific antibody responses in 

serum and mucosal secretions following administration with protein antigens 

(Staats and Ennis, 1999). Further to this, the Th1 type cytokines IL-1, IL-12, 

IL-18, as well as the general pro-inflammatory cytokine GM-CSF, have been 

shown to induce specific cell mediated immune responses and antigen 

specific antibody responses following intra-nasal immunization with a HIV 

peptide (Staats et al., 2001; Bradney et al., 2002). These cytokines 

administered as adjuvants resulted in both Th1 and Th2 type immune 

responses with γ-IFN, cytotoxic lymphocytes and s-IgA produced following 

immunization. IL-12 and the novel cytokines, IL-23 and IL-27 that are 
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structurally similar to IL-12 and also stimulate the differentiation of Th1 cells, 

have also recently been investigated as Th1 type immune adjuvants (Matsui 

et al., 2004). Administration of these cytokines with a hepatitis C plasmid 

resulted in a significant increase in the number of γ-IFN secreting CD8+ cells 

indicating the potential these cytokines have as immune modulators. 

However, despite these encouraging results, fatal toxic responses have been 

associated with the use of cytokines as adjuvants (Leonard et al., 1997) and 

further analysis needs to be undertaken before cytokines can be safely used 

in the development of vaccine preparations in humans. 

The lipopolysaccharide (LPS) of gram-negative bacterial cell walls is a potent 

stimulator of the immune system, known to stimulate proliferation of Th1 and 

Th2 type immune cells that results in the production of IL-10, IL-4 and γ-IFN 

(Johansen et al., 2005), however it has also been know to result in toxic side 

effects following administration (Takada et al., 1990). The toxicity is known to 

be caused by the lipid A portion of LPS (Raetz and Whitfield, 2002) and 

hence much research has been undertaken attempting to detoxify the lipid A 

portion of LPS while still retaining its adjuvant effect. One such LPS 

derivative, monophosphoryl lipid A (MPL), was isolated form Salmonella 

minnesota and engineered to lack a phosphate residue (Takayama et al., 

1981). MPL was found to be a potent adjuvant yet was found to be 100 fold 

less toxic than LPS in mice and rabbits (Vuopio-Varkila et al., 1988). MPL 

has since also been shown to be a strong inducer of Th1 type immunity, with 

levels of TNF-α and γ-IFN induced in mice following administration of MPL 

equal to that seen in animals administered LPS (Kiener et al., 1988).  LPS 

derived adjuvants appear to be promising in the development of vaccines 

that require stimulation of Th1 type cell mediated immunity for protection 

against a pathogen. 

Many adjuvants that are commonly used in experimental animals to enhance 

the immune response, such as cholera toxin, other bacterial toxins and 

Freund’s adjuvants are not safe for use in humans. Despite research efforts 

to reduce the toxicity of many of these immune stimulators, much of the 

toxicity has been found to remain and these adjuvants will likely not be useful 
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in the development of vaccines for delivery to humans (reviewed in Alving, 

2002). 

Virosomes are spherical vesicles that represent reconstituted empty 

influenza virus envelopes but that contain functional viral envelope 

glycoproteins such as haemagglutinin and neuraminidase (Gluck et al., 

2005). They are useful as vaccine adjuvants as the antigen of interest can be 

incorporated into the virosome, adsorbed to the virosome surface or 

integrated into the lipid membrane. Virosomes have been shown to stimulate 

both cell mediated and humoral immunity depending on the method of 

antigen attachment (Fortin et al., 2001). Antigens that are coupled to the 

surface of virosomes are degraded within the endosome and are presented 

to the immune system by MHC class II receptors, stimulating CD4+ T-helper 

cells. Antigens that are encapsulated are delivered to the cytosol during 

endosomal fusion and consequently enter the MHC class I pathway, resulting 

in cytotoxic T lymphocyte proliferation and CD8+ T-cell stimulation (Fortin et 

al., 2001).  

ISCOMs are structurally similar to virosomes but are lipid based and lack the 

influenza haemagglutinin. They also contain QuilA, a saponin mixture that 

may enhance the adjuvant effect of these molecules (Sanders et al., 2005). 

In a mouse model of HIV peptide immunization, ISCOMs were shown to be 

capable of stimulating serum antibodies at higher titres than animals 

receiving the peptides with the conventional aluminium adjuvant (Agrawal et 

al., 2003). The researchers also characterized the cell mediated immune 

response following immunization of animals with the HIV peptides and either 

aluminium or ISCOMs and showed that animals that received the ISCOM 

preparation had significantly higher levels of γ-IFN and IL-2, indicating a Th1 

type immune response. A study utilizing ISCOMs with a hepatitis B peptide 

also showed significant increases in γ-IFN production following subcutaneous 

delivery to mice, further indicating the Th1 type immune profile seen following 

administration of ISCOMs in animal models (Guan et al., 2002).  

Liposomes are enclosed lipid membranous vesicles that are bound by 

phospholipids bilayers. They are also potential adjuvants to which antigens 
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can be entrapped, surface-linked or admixed with liposomes for delivery of 

antigen. Intra-muscular immunization of mice with liposomes containing DNA 

encoding a fragment of a hepatitis B surface protein resulted in strong IgG1 

antibody responses as well as γ-IFN and IL-4 production (Gregoriadis et al., 

1997). A further study showed that similar antibody and cytokine profiles 

could be elicited following sub-cutaneous and intra-venous routes of 

immunization (Gregoriadis, 1998).  

Mannan, a polymannose derived from the cell wall of yeast is also being 

investigated as a vaccine adjuvant due to the ability of antigens coupled to 

oxidized mannan to induce mucosal IgA responses (Stambas et al., 2002a). 

It has been shown that oxidized mannan is capable of stimulating antigen-

specific IgA, IgG1 and IgG2a following intra-nasal immunization with antigens 

conjugated to the mannan. However, the route of immunization used when 

delivering mannan is important, as intra-peritoneal immunization was shown 

to induce a cell mediated Th1 type immune response, with the systemic 

production of CTL and γ-IFN, but no production of antibody or IL-4 

(Apostolopoulos et al., 1995). The cell mediated immune response resulting 

from intra-nasal delivery of antigens coupled to mannan shows a mixed 

Th1/Th2 profile, with T-cell proliferative responses and the production of the 

Th1 type cytokines IL-2 and γ-IFN, as well as the Th2 type cytokine IL-4 

(Stambas et al., 2002b). Oxidised mannan fusion proteins have been found 

to be relatively non-toxic in humans (Karanikas et al., 2001) and are currently 

in human trials of cancer vaccines.  

While many immunostimulatory compounds and antigen delivery systems are 

currently being evaluated as vaccine adjuvants, toxicity and safety for use in 

humans is an important aspect of this research. Improved understanding of 

the mechanisms of action of these adjuvants, much of which remains 

unknown, will lead to the identification of those adjuvants that will be safe and 

effective for use in new vaccines in humans.  
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1.8 CHLAMYDIAL VACCINE RESEARCH 

Many currently used vaccines are composed of live-attenuated pathogens 

that elicit a broad immune response in the host following administration. Live 

vaccines are often superior to antigen or subunit vaccines because of this 

property, however, a serious disadvantage in using live vaccines includes the 

risk of vaccine induced infection. Currently a killed whole cell vaccine exists 

to prevent C.felis disease in cats, however the vaccine does not protect 

against initial infection of animals and has also been associated with severe 

adverse systemic side effects including anorexia, lethargy and lameness. 

C.felis infections usually show clinical signs within a week following infection 

and respond favourably to antibiotic therapy. For these reasons veterinary 

practitioners generally do not recommend routine vaccination of animals to 

prevent C.felis disease.  

An alternative to the use of live or attenuated vaccines is to use antigens to 

single proteins derived from the pathogen, or to a limited number of proteins 

associated only with the pathogen itself. There is, however, no assurance 

that antibodies produced in response to an antigen will provide protection 

against subsequent infection by the pathogen. Consequently, a large number 

of antigens isolated from the pathogen may need to be tested before an 

antigen that is protective against infection is found. Some disadvantages of 

conventional vaccines were overcome with the development of DNA 

immunization invloving the inoculation of cells of a host with naked plasmid 

DNA encoding a pathogen protein (Tang et al., 1992). However, despite the 

relative speed and ease of production of recombinant DNA for immunization, 

the problem of identifying the particular gene or genes of a pathogen that will 

express an immunogen capable of priming the immune system for a 

protective immune response to challenge infection by the pathogen still 

remains.  

Vaccination can be described as the induction or modulation of an antigen-

specific immune response to prevent infection with a pathogen or cure an 

infection. Attempts to develop a vaccine for C.trachomatis infections have a 

long history. The earliest efforts in developing vaccines against C.trachomatis 
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infection used viable or inactivated whole organisms (Grayston and Wang, 

1978). These vaccine trials showed that patients were effectively protected 

against C.trachomatis infection if they had been immunized with sufficient 

antigen of the same serovar that they were then consequently exposed to. 

This protection, however, was short lived and patients immunized with 

insufficient antigen suffered a hypersensitivity reaction upon re-exposure to 

C.trachomatis. Consequently, since these early vaccine trials there has been 

a change in emphasis in the development of chlamydial vaccines with 

attempts to find antigens or antigenic subunits that stimulate both protective 

T-cell responses and antibody production without the pathological immune 

response.  

The major outer membrane protein (MOMP) has been the most widely 

targeted candidate antigen for a vaccine against Chlamydia due to its 

immunogenicity and surface exposure. Research has been carried out to 

determine how to deliver the antigen to enhance protection and stimulate the 

strongest protective immune response possible.  Results from studies using 

MOMP in models of chlamydial genital tract infection have had limited 

success, perhaps due to either ineffective delivery systems or adjuvants that 

are not capable of inducing mucosal immunity. However, MOMP contains 

several variable domains and it is against these domains that antibodies are 

generated (Stephens et al., 1982). Early studies investigating the diversity of 

C.trachomatis serovars showed that C.trachomatis MOMP consists of five 

domains constant between serovars in amino acid sequence and these 

domains are separated by four sequence variable domains (Stephens et al., 

1987). Hence a vaccine based on MOMP, that is capable of protecting 

against multiple serovars of C.trachomatis, will likely need to contain MOMP 

sequences from several serovars of C.trachomatis. Despite this however, 

much research has investigated the potential of MOMP as a vaccine 

candidate antigen.  

One study investigating MOMP as a potential vaccine antigen demonstrated 

the importance of IgA in protective immunity (Pal et al., 1997). Mucosal IgA is 

considered to be important in protection against chlamydial infection as it can 

act as an immune barrier and prevent adherence and absorption of antigens 
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(Mazanec et al., 1993). In their study, Pal et al (1997) raised two IgA 

monoclonal antibodies against MOMP and demonstrated that these had 

neutralizing effects in vitro. Further to this, they reported that one of these 

antibodies, when pre-incubated with chlamydial elementary bodies prior to 

inoculation of mice, protected against infertility. Passive transfer of this 

antibody into a mouse model of chlamydial genital tract infection resulted in 

reduced chlamydial shedding and shorter duration of infection. These results 

suggested that local IgA antibodies may play an important role in protection 

against a chlamydial infection.  

Intra-muscular DNA immunization with MOMP was investigated to determine 

whether this method of immunization could elicit a protective immune 

response against C.muridarum (Zhang et al., 1997). DNA immunization has 

been reported to induce both CD4+ Th1 immune responses and mucosal 

immunity, making this an attractive method for the delivery of chlamdyial 

antigens (Fynan et al., 1993). Animals immunized with a MOMP DNA 

preparation produced MOMP specific serum IgG2a and IgG1 and over a 100 

fold decrease in the lung chlamydial titre in comparison to control animals. 

This study concluded that DNA immunization of mice with the MOMP gene 

could successfully produce protective immune responses in a respiratory 

model of chlamydial infection, although sterilizing immunity was not achieved. 

A further study investigating the effect of MOMP in an animal model showed 

that the protective efficacy of MOMP could be enhanced if animals received a 

boost with MOMP protein with an immune stimulating complex (ISCOM) 

adjuvant after the initial DNA immunization (Dong-Ji et al., 2000). The 

immune stimulating complex are lipid vesicles that are thought to present the 

incorporated protein in its native conformational form, so that the antigenic 

sites on the protein are conserved. The immunization regime of intra-

muscular administration of MOMP DNA followed by MOMP-ISCOM boosting 

resulted in higher serum antibody titres than any immunization without the 

MOMP DNA priming, and significantly fewer Chlamydia recoverable from the 

lungs following an intra-nasal C.muridarum challenge. The authors attributed 

the protection to the priming with MOMP DNA, as DNA priming with vector 

alone followed by MOMP ISCOM boosting did not increase immunity.  
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Further research utilizing the ISCOM adjuvant compared protein 

immunization with MOMP alone and MOMP-ISCOM via both intra-nasal and 

intra-muscular routes of immunization, and the protective efficacy of these 

immunization methods following a genital challenge with C.trachomatis 

serovar D (Igietseme and Murdin, 2000). The results showed that 

immunization via both the intra-muscular and intra-nasal routes with MOMP-

ISCOM resulted in significant levels of Th1 type immune responses at the 

genital mucosa, while other antigen preparations failed to elicit any immune 

response in the genital tract. Further investigation by the authors then 

evaluated the protective efficacy of the MOMP-ISCOM preparations by 

isolating T-cells from the spleens of immunized animals and adoptively 

transferring these to naïve mice. Mice were then challenged with 

C.trachomatis serovar D and the results showed the strongest level of 

protection in those animals that received cells from mice immunized intra-

muscularly with MOMP-ISCOM. Partial protection was seen in animals that 

received cells from mice immunized via the intra-nasal route, but these 

animals were not resistant to re-infection. 

In contrast, a study investigating the effect of DNA immunization with 

recombinant MOMP in a genital route of infection, failed to elicit protection 

against the genital tract infection, and only weak immune responses (Pal et 

al., 1999). This study investigated the effects of intra-muscular and intra-

nasal DNA immunization with MOMP in three different vector systems as well 

as the effect of only the variable domain regions of MOMP, also in three 

different vector systems. The results in all cases showed no Chlamydia 

specific antibodies in vaginal washes following immunizations, and only 

minimal serum antibody levels in animals that received the MOMP variable 

domain constructs. Following an intra-bursal challenge infection with 

C.muridarum, no reduction in chlamydial shedding was seen in any group of 

immunized animals and no impact on infertility was noted when immunized 

animals were mated. The research concluded that while DNA immunization 

is an attractive method for immunization, the parameters for DNA 

immunization need to be optimised so that a strong immune response 

capable of protecting against a live challenge infection can be generated. 
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Immunization, however, with C.muridarum and C.trachomatis MOMP protein 

is still ongoing with researchers endeavouring to discover adjuvants and 

delivery systems that can confer significant protection against both intra-

nasal and genital challenge. Mice immunized by combined intra-muscular 

and subcutaneous routes with MOMP purified from the whole C.muridarum 

EB, using Freund’s adjuvant, resulted in significant cell mediated and 

humoral immune responses and protection against an intra-bursal challenge 

(Pal et al., 2001). However, Freund’s adjuvant cannot be used in human 

models of disease due to several deleterious side effects, including a severe 

and painful chronic inflammatory response at the site of injection. A 

subsequent study by the same researchers used bacterial CpG motifs as an 

alternative adjuvant (Pal et al., 2002), due to the ability of CpG motifs to elicit 

broad immunostimulatory effects, including stimulation of B cells to proliferate 

and secrete immunoglobulins and activation of macrophages, monocytes, 

and dendritic cells to produce cytokines and chemokines (Weeratna et al., 

2000; McCluskie et al., 2001). The animals were again immunized with 

MOMP through a combined intra-muscular and subcutaneous route, although 

the route of challenge was intra-nasal. The results showed significantly 

higher Chlamydia specific antibody responses in the serum of animals 

administered MOMP with CpG motifs than control animals, and following the 

intra-nasal challenge, significantly lower numbers of Chlamydia were isolated 

from these animals.  The authors concluded that CpG motifs could effectively 

be used as an alternative adjuvant to Freund’s adjuvant with C.muridarum 

MOMP protein to elicit partial protection against a respiratory challenge, 

however the effects of this immunization strategy on an intra-vaginal 

challenge was not addressed. 

Berry et al (2004) used CpG motfis in combination with the adjuvant cholera 

toxin, in a transcutaneous immunization strategy to elicit both Th1 and Th2 

immunity in mice. While CpG motifs are known to elicit a Th1 immune 

response (McCluskie et al., 2001), cholera toxin has been shown to elicit IgA 

responses when delivered mucosally (Elson, 1997) and IgG responses when 

delivered systemically (Glenn et al., 1998). These two adjuvants, when used 

to immunize mice transcutaneously with MOMP, resulted in a mixed Th1 and 
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Th2 serum antibody response and MOMP-specific antibodies in the genital 

tract. An intra-vaginal challenge infection also showed enhanced clearance of 

the infection in comparison to control animals.  

The most promising study to date, into the development of a vaccine using 

MOMP as the antigenic target against chlamydial infections, has shown 

strong protection against a genital tract infection following intra-muscular and 

subcutaneous immunizations (Pal et al., 2005). One significant advantage of 

this study was that the MOMP used for the immunizations had been prepared 

so that the native conformational structure was retained, meaning that the 

epitopes on the protein retain their structural conformation. The lack of 

protein conformation in many experiments with MOMP has been thought to 

be a possible reason why stronger protection in many studies has not been 

achieved (Qu et al., 1994; Pal et al., 1999).  Immunization of animals with this 

MOMP preparation in conjunction with the adjuvants Monatnide ISA 720 and 

CpG motifs resulted in protection against an intra-bursal challenge and 

immune responses as strong as those seen in animals immunized with whole 

C.muridarum EB. Montanide ISA 720 is an oil based adjuvant that has been 

shown to induce both cell mediated and antibody responses in malarial 

vaccine investigations (Saul et al., 1999; Hirunpetcharat et al., 2003).  

The increased immunogenicity of MOMP when administered with adjuvants 

indicates that adjuvants that enhance the protective efficacy of MOMP need 

to be established to obtain significant protection against infection. So, while 

partial protection against both respiratory and genital tract infections with 

C.muridarum have been achieved through various routes of immunization 

and with the use of adjuvants, the challenge still remains to elucidate whether 

there exist any alternative antigens within the chlamydial genome that may 

elicit stronger protection against a chlamydial infection, either alone, or as a 

multi-subunit vaccine incorporating MOMP. 

In other models of chlamydial infection, some research has been carried out 

to determine the protective efficacy of chlamydial antigens other than MOMP. 

Kawa et al. (2004) investigated the immune responses to immunization with 

the C.trachomatis PorB protein. PorB was thought to be an attractive 
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alternative to MOMP as an immunogen as it is localised to the chlamydial 

outer membrane surface and it is a highly conserved gene across 

C.trachomatis serovars. Mice were immunized with PorB protein by the sub-

cutaneous route with Freund’s complete adjuvant, followed by a boost with 

either PorB protein or live chlamydial elementary bodies. While some 

antibody response was noted following the initial immunization, a second 

immunization with PorB substantially increased the antibody levels. The 

immune response was also increased on exposure to C.trachomatis. This 

research suggests that PorB may be an alternative antigen for use in the 

development of a vaccine against chlamydial infection, however the T-cell 

immune responses generated by the immunization with PorB and protective 

efficacy of the antigen in response to a challenge infection was not studied.   

In a C.pneumoniae hamster model of chlamydial dissemination, 53 

recombinant chlamydial antigens that elicit antibodies capable of binding to 

the surface of the chlamydial cell were investigated (Finco et al., 2005). 

Traditionally, surface exposed structures have been thought to be ideal 

targets for vaccine developments due to the likelihood that surface proteins 

interact with the host immune system. Using in vitro neutralization screening, 

these 53 antigens were analysed for their ability to reduce the infectivity of 

C.pneumoniae. Six anti-sera were found to neutralize C.pneumoniae in vitro, 

these being 2 polymorphic membrane proteins, Pmp2 and Pmp10, the 

OmpH-like outer membrane protein, an enolase, an arginine binding protein 

and the serine protease HtrA. These six recombinant proteins were then 

assessed for their abilities to prevent C.pneumoniae dissemination in a 

hamster model of infection. The proteins were administered sub-cutaneously 

and 7 days following an intra-peritoneally challenge with live C.pneumoniae, 

spleens were collected and assessed for C.pneumoniae levels. Immunization 

with the Pmp proteins, the OmpH-like outer membrane proteins and the 

enolase protein all stimulated immune responses that resulted in significant 

reductions in C.pneumoniae loads in the spleen, indicating that these 

antigens may be useful targets for the development of a vaccine against 

C.pneumoniae.  
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Eko et al (2004), investigated the outer membrane protein 2 (OMP2) as a 

potential vaccine candidate antigen in a multi-subunit vaccine construct 

against C.trachomatis serovar D infection in mice. The protective efficacy of a 

vaccine construct containing both the MOMP and OMP2 sequences was 

compared with the protective efficacy of a vaccine contruct containing MOMP 

alone. Following the immunization of mice with these vaccine constructs, the 

animals were sacrificed and T-cells harvested from the spleen and local 

draining lymph nodes. Immunological analysis following the immunization 

showed that those animals immunized with the multi-subunit vaccine 

containing both MOMP and OMP2 resulted in T-cells producing significantly 

higher levels of the Th1 type cytokine γ-interferon than animals immunized 

with the vaccine construct containing MOMP alone. Further to this, higher 

levels of IgA were found both systemically and locally in animals immunized 

with the MOMP-OMP2 vaccine construct. To determine whether this potential 

vaccine construct could confer protection against a genital C.trachomatis 

infection, T-cells isolated from the spleen of immunized mice were adoptively 

transferred to naive mice and the animals challenged intra-vaginally with live 

C.trachomatis. At all time points analysed following the challenge infection 

fewer animals administered the MOMP-OMP2 T-cells were found to be 

shedding C.trachomatis when compared with animals administered MOMP 

only T-cells. Although the immunization strategy did not confer sterilizing 

immunity, the increase in the T-cell immune response and the greater level of 

protection seen in animals immunized with the multi-subunit vaccine 

construct, compared with the immune response and subsequent level of 

protection seen in animals administered the vaccine construct containing 

MOMP alone, indicate the advantages in designing a vaccine containing 

multiple antigens capable of protecting against chlamydial genital tract 

infection. While OMP2 appears to be a potential candidate antigen for the 

design of a multi-subunit vaccine against chlamydial genital tract infections, 

there is a need to identify additional antigens so that greater protection 

against a chlamydial genital tract infection can be achieved. 

The gene dnak encodes the heat shock protein (HSP) 70 of Chlamydia 

abortus. Two intra-muscular DNA immunizations of mice with this gene, 
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followed by a single protein boost resulted in DnaK specific antibodies in the 

serum, predominantly of the IgG2a isotype, indicating a Th1 type immune 

response (Hechard et al., 2002). Despite this, however, no neutralising effect 

of the antibodies was seen in vitro and the immunizations failed to protect the 

animals against a C.abortus intra-peritoneal challenge infection.  

The groEL gene encodes another heat shock protein, HSP-60 and has been 

shown to be immunogenic (Sanchez-Campillo et al., 1999). Again, intra-

muscular DNA immunization of mice with this gene resulted in groEL specific 

IgG2a antibody production in serum, indicative of a Th1 immune response 

(Hechard et al., 2004). However, the antibody was not found to have any 

neutralizing effect in vitro and also failed to protect mice against a systemic 

challenge infection with C.abortus.  

Expression library immunization (ELI) is a novel technology developed in 

order to identify protective antigens against a pathogen through screening 

the genome in a disease model (Johnston and Barry, 1997). ELI has been 

used in a C.abortus model of disease to identify protective chlamydial 

antigens (Stemke-Hale et al., 2005). A distinct advantage of this methodology 

is that it identifies antigens of a pathogen that provide protection against 

infection following a challenge infection in an animal model, rather than those 

that only stimulate an immune response. In the C.abortus model, DNA 

immunizations and several library screening experiments identified five 

clones from the expression library that conferred significant protection in a 

mouse model of infection. Further research demonstrated that this 

information could be extrapolated to the natural host of infection, as 

immunization of heifers with these five protective clones also provided 

significant protection of the cattle against infertility. Although membrane 

bound or surface exposed proteins have traditionally been thought to be the 

best targets for the development of a vaccine, of the genes identified in this 

study as protective, only one was a membrane protein, OMP90A. The other 

four genes identified as conferring a significant level of protection in the 

mouse model of C.abortus infection encoded a DNA polymerase III subunit, 

two different subunits from the Glu-tRNA Gln amido transferase and a 
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transglycolase/transpeptidase. This research revealed alternative vaccine 

candidate genes for the development of a vaccine against C.abortus.  

A similar study used a library of linear expression elements, recombinant 

DNA constructs built in vitro, to screen for protective vaccine candidates 

against a C.pneumoniae lung infection (Li et al., 2006). Mice were immunized 

with DNA extracted from the linear expression elements and challenged by 

inhalation of live C.pneumoniae. The lungs and spleens of immunized mice 

were analysed for chlamydial loads by real-time PCR. The study identified 

four C.pneumoniae genes that were partially protective against the 

respiratory challenge infection with C.pneumoniae however the level of 

protection seen was only modest. The protective antigens identified were 

Cpn0095, a protein kinase, Cpn0297, a malonyl acyl carrier transcyclase, 

Cpn0509, a predicted metalloenzyme and Cpn0386, a single stranded DNA 

binding protein.Again these genes are not antigens that are traditionally 

targeted for vaccine development.  

While the studies investigating alternative antigens for the development of a 

vaccine against chlamydial infections is encouraging, it may be difficult to 

extrapolate the data obtained in these studies to a model of human 

chlamydial genital tract infection, given that many of these studies utilized 

chlamydial species other than those that cause genital tract infections. The 

difference in pathogenesis between chlamydial species highlights the need to 

identify novel chlamydial vaccine targets in a model of chlamydial genital 

tract infection using those species and serovars of the Chlamydiaceae that 

cause genital tract infections.  

 

1.9 EXPRESSION LIBRARY IMMUNIZATION 

Expression library immunization (ELI) is a novel approach to vaccine 

production that has the potential to identify vaccine antigens (Johnston and 

Barry, 1997). ELI is an attractive method to investigate vaccine antigens 

because, unlike some more traditional vaccine strategies, it requires no prior 

knowledge of antigenic targets and has the potential to screen every gene in 
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the host pathogen genome. The process of screening the genome of a 

pathogen through a disease or infection model also has the ability to induce 

both cellular and humoral immune responses so that no assumptions 

regarding the best immune response need to be made.  

ELI involves the construction of a genomic library by fragmenting the 

pathogen DNA (or cDNA) and incorporating these library fragments into 

eukaryotic expression vectors. Pools, or sub-libraries, of these clones then 

are screened through an animal model of disease or infection to demonstrate 

whether immunization with the sub-library can confer a degree of protection 

against a challenge infection by the pathogen. The sub-library or libraries that 

offer protection can then be subfractionated to reduce the complexity of the 

genomic library and eventually identify protective clones (Johnston and 

Barry, 1997). ELI was first reported by Barry et al (1995) who demonstrated 

that DNA vaccination with genomic libraries of Mycoplasma pulmonis 

constructed in a eukaryotic expression vector could protect mice against 

infection with M.pulmonis. An expression library containing approximately 

27,000 M.pulmonis clones was generated in a CMV-GH plasmid, with Listeria 

monocytogenes as a negative control library prepared in the same manner. 

Animals were immunized with DNA extracted from sub-libraries containing 

3000 clones and challenged with M.pulmonis 64 days following the initial 

immunization. Animals immunized with two of the M.pulmonis sub-libraries 

showed no culturable mycoplasma in lung lavages and no lung lesions in 

tissue sections. In contrast, animals immunized with the L.monocytogenes 

expression library, or a plasmid only negative control group had high levels of 

mycoplasma in lung lavages and severe lesions in lung tissue isolated from 

the animals. This showed that the protection seen was specific to 

M.pulmonis, given that animals immunized with the L.monocytogenes 

expression library were not protected against the challenge infection. This 

report was encouraging for vaccine development as the methodology 

requires no knowledge of candidate genes that afford protection against a 

pathogen. Since this initial study, there have been several reports of the use 

of expression library immunization to identify potential vaccine targets against 

other pathogens.   
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Melby et al. (2000), were the first to report the identification of individual 

components of an expression library conferring protection against a 

pathogen. A cDNA expression library containing fragments of the pathogen 

Leishmania donovani, the causative agent of visceral leishmaniasis, was 

screened in a mouse model of infection and protective sub-libraries were 

sub-fractionated to identify the protective components of the pool of clones. 

After two sequential screens of the expression library, clones were partially 

sequenced and grouped according to protein similarity for the tertiary screen. 

Two groups of plasmids containing L.donovani genes conferred significant 

protection against a challenge and also resulted in strong parasite-specific T-

cell responses. These libraries contained 14 individual clones encoding 

histone proteins and other unidentified proteins, and while the genes were 

not screened individually for protective efficacy, the research indicated that 

individual vaccine candidate antigens could be identified from an expression 

library following only a few series of screening.  

The first study to identify a protective antigen following expression library 

immunization screening identified a vaccine target against Coccidioides 

immitis, a fungal pathogen that causes respiratory disease of humans (Ivey 

et al., 2003). A C.immitis cDNA library was constructed and used to 

immunize mice after which the animals received a lethal dose with C.immitis 

arthroconidia. Four rounds of sequential fractionation of the expression 

library led to the identification of a single clone that conferred the greatest 

protection against the lethal challenge, although this protection was only 

partial with 80% of mice surviving the challenge. Interestingly, the 

penultimate screen, using a pool containing 10 clones of the C.immitis 

expression library, resulted in greater protection against the challenge 

infection than the individual antigen, with protection levels of 90% and 100% 

seen in two separate experiments. This indicates the additive effect that 

partially protective antigens may have in an expression library immunization 

screen.  

Other studies have also used expression library immunization to identify 

individual genes that are protective against infection with a pathogen. As 

mentioned earlier, two studies have been reported that have used variations 
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of the expression library immunization protocol to identify candidate antigens 

in two chlamydial species, C.abortus and C.pneumoniae (Stemke-Hale et al., 

2005; Li et al., 2006). It is interesting to note that these studies have 

identified different antigens of the respective chlamydial genomes that may 

be useful in the design of chlamydial vaccines, although given the differences 

in pathogenesis, the identification of different vaccine candidate antigens is 

perhaps not surprising.  

The studies with ELI have used a variety of vectors for library construction, 

however, a major problem with all the libraries has been the large percentage 

of unproductive plasmids. Fragments of the pathogen genome that are in the 

wrong orientation, wrong reading frame or in intergenic regions will not 

express fusion proteins and hence are not able to induce an immune 

response. Recently, Moore et al (2001) developed improved vectors that 

allow screening for clones expressing a recombinant protein to overcome 

these problems. This was achieved by using a polyHis fusion partner and 

screening the transformed library in E.coli using polyHis detection methods. 

Unproductive clones, or those not producing a fusion protein, were negative 

in the screen because small, unfused polyHis proteins have a very short half-

life within the cells, and any residual protein binds poorly to the membranes 

used in the screening process. In this manner the clones capable of 

expressing protein, and hence those capable of inducing an immune 

response, were isolated. The authors used these improved vectors for ELI 

against Mycoplasma hyopneumoniae in pigs to reduce a library of 20,000 

clones to a protective group of just 96 clones. ELI is readily applicable to 

pathogens with small genomes, such as Chlamydia, that has an average 

genome size of 1.1Mbp, because the genetic complement of such organisms 

can be represented in small libraries.  
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1.10 AIMS OF THIS STUDY 

This project aimed to identify novel chlamydial antigens from the 

C.muridarum genome that are able to elicit protection against sexually 

transmitted chlamydial infection in the murine model of genital tract infection. 

Overall, it is aimed for this work to:  

1. Construct a genomic C.muridarum expression library using the novel 

vector pCI30 

2. Screen the C.muridarum expression library in vitro for clones 

expressing C.muridarum protein and verify sequences through BLAST 

analysis 

3. Screen sequential subfractions of the C.muridarum expression library 

in an in vivo murine model of chlamydial genital tract infection until 

individual protective antigens are identified 

4. Determine protective efficacy and immunogenicity of individual 

recombinant C.muridarum clones  

The duration and levels of protection afforded by each antigen was assessed 

following a C.muridarum genital tract challenge infection to identify those 

antigens that may be useful in the development of a vaccine capable of 

affording protection against chlamydial infections in humans.  
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2.1 STRAINS AND SOURCES OF ORGANISMS USED 

2.1.1 Bacterial strains 

E.coli XL-10 gold cells, used for construction of the C.muridarum expression 

library were obtained from Stratagene (Stratagene, California, USA). 

2.1.2 Cell line 

The cell line used for the propagation of C.muridarum and analysis of genital 

samples obtained from infected mice was the McCoy B, a mouse fibroblast 

cell line. Original stocks were purchased from the American Type Culture 

Collection (ATCC, Virginia, USA) and have been continually propagated. 

2.1.3 Chlamydial strain 

The C.muridarum stock used in this study was obtained initially from the 

American Type Culture Collection (ATCC, Virginia, USA) and propagated in 

our laboratories.  

2.1.4 Animals 

BALB/cJ mice were obtained from the Animal Resources Centre (ARC, 

Canning Vale, Western Australia). All animals were specific pathogen free, 

female mice at 6-8 weeks of age. ARC BALB/cJ mice were initially obtained 

from The Jackson Laboratory (Maine, USA) and re-derived via caesarean 

section. All mice were inbred, albino animals with the MHC haplotype H-2d.  

 

2.2 SOLUTIONS FOR CHLAMYDIAL CELL CULTURE 

2.2.1 Water (ddH20) 

All water used for cell culture was sterile, deionised water with conductivity of 

less than 0.05 µS. Water was obtained from a Millipore MilliQ water 

purification system (Millipore Australia Pty Ltd, North Ryde, Australia) and 

sterilised at 1210C for 15 minutes before use.  
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2.2.2 Cell culture growth medium 

Cell lines and C.muridarum seed were propagated in Dulbecco’s Modified 

Eagle Medium containing 4mM L-glutamine (Invitrogen, Mt Waverley, 

Australia). The media was supplemented with 5% fetal calf serum (Invitrogen, 

Mt Waverley, Australia), 50µg/mL gentamycin sulfate (Invitrogen, Mt 

Waverley, Australia) and 100µg/mL streptomycin (Sigma-Aldrich Pty Ltd, 

Castle Hill, Australia). For chlamydial cultures the media was replaced 4 

hours following infection with media containing the above supplements as 

well as 1µg/mL of cycloheximide (Sigma-Aldrich Pty Ltd, Castle Hill, 

Australia), an antibiotic that inhibits protein synthesis of eukaryotic cells, but 

not prokaryotic cells including Chlamydia.  

2.2.3 Fetal Calf Serum (FCS) 

FCS (Invitrogen, Mt Waverley, Australia) was placed in a 560C water bath for 

45 minutes for heat inactivation, so that proteases of the complement system 

were destroyed before use.  

2.2.4 Phosphate Buffered Saline (PBS) 

PBS was prepared by dissolving 8g of NaCl, 0.2g of KCl, 1.44g of Na2HPO4 

and 0.24g of KH2PO4 (all from Biolab, Mulgrave, Australia) in 1L of ddH20 

and the pH adjusted to 7.4 using a 1M NaOH solution. The PBS was 

autoclaved at 1210C for 15 minutes to sterilize before use. 

2.2.5 Trypsin 

A 0.5% trypsin with EDTA·4Na stock was purchased from Invitrogen 

(Invitrogen, Mt Waverley, Australia) and diluted 1/5 with sterile PBS before 

use.  

2.2.6 Sucrose Phosphate Glutamine Buffer (SPG) 

Sterile SPG was prepared for use as a cryopreservative for chlamydial 

stocks. This was prepared to final concentrations of 219 mM sucrose, 3.8 mM 

KH2PO4, 8.6 mM Na2HPO4 and 4.9 mM glutamic acid (all Biolab, Mulgrave, 
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Australia). The pH was adjusted to 7.0 before the solution was sterilised at 

1210C for 15 minutes.  

2.2.7 Mycoplasma detection reagents 

Mycoplasma detection in cell lines and chlamydial stocks was carried out 

using the MycoSensor PCR assay kit (Stratagene, California, USA). DNA 

from chlamydial seed was obtained by DNA extraction methods described in 

section 2.7.1.  PCR and agarose gel electrophoresis reagents used were as 

described in section 2.6 and 2.7.  

 

2.3 METHODS FOR CHLAMYDIAL CELL CULTURE 

2.3.1 Growth and maintenance of McCoy cells 

McCoy cell monolayers were grown in 175cm2 tissue culture flasks (BD 

Biosciences, North Ryde, Australia) containing 20mL of cell culture growth 

medium. Confluent cell monolayers were passaged using the following 

methodology. All reagents were pre-warmed to 37oC in a water bath prior to 

use. The used media in the flask was discarded into waste container 

containing 10mL 12.5% sodium hypochlorite (Asia Pacific Specialty 

Chemicals Limited (APS), Seven Hills, Australia) and the cell monolayer 

washed in sterile PBS. The PBS was discarded into the waste container and 

3mL of trypsin added to the flask. The flask was rocked to distribute the 

trypsin over the entire monolayer of cells and the excess trypsin drained from 

the flask. The cells were then placed in a 37 oC humidified incubator for 1-2 

minutes to allow the cells to detach. Cells were dislodged by gently tapping 

the sides of the flask and 7mL media added to prevent cell damage by further 

trypsin activity. Cells were resuspended in this medium and 1mL of cells 

(approximately 1 x 106 cells) used to seed new 175cm2 tissue culture flasks. 

A further 19mL of media was added to each flask and the cells incubated in a 

humidified 5% CO2 atmosphere at 37oC.  
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2.3.2 Propagation of C.muridarum 

Frozen samples of C.muridarum elementary bodies (EBs), initially obtained 

from the ATCC and propagated previously in the laboratory were thawed for 

further propagation. A vial of C.muridarum containing 1 x 107 chlamydial 

inclusion forming units (ifu) was used to inoculate a 175cm2 tissue culture 

flask containing an 80% confluent monolayer of McCoy cells, giving a 

multiplicity of infection (MOI) of approximately 1. The flasks were incubated 

for 4 hours at 37 oC in a 5% CO2 atmosphere to allow the chlamydial EBs to 

attach and internalise. At 4 hours post-infection the media was removed from 

the flask and discarded into a waste container containing 12.5% sodium 

hypochlorite as previously described. The flasks were then given 20mL of 

media containing 1µg/mL of cycloheximide as described in section 2.2.2. The 

flasks were incubated for a further 44 hours at 37oC in a 5% CO2 

atmosphere. This level of inoculation resulted in 175cm2 flasks infected at 

rates of 70-90% with C.muridarum as determined by Chlamydia specific LPS 

staining (see section 2.3.4). Further amplification for C.muridarum was then 

made from the infected flask. Cell monolayers containing C.muridarum 

inclusions were scraped into suspension using a sterile cell scraper (Sarstedt 

Australia Pty Ltd, Ingle Farm, Australia) and processed with all steps on ice. 

A probe sonicator (Misonix, New York, USA) was used to disrupt the cells 

and release the chlamydial inclusion bodies. The chlamydial cell suspension 

was centrifuged at 1000 rpm for 5 minutes at 4oC to pellet any large 

fragments of the host cells. The supernatant was then used to infect fresh 

McCoy cell monolayers at a MOI of approximately 1. The flasks were 

incubated at 37oC with 5% CO2 for 4 hours before the media was changed to 

media containing cycloheximide as per section 2.2.2. The flasks were 

incubated for a further 44 hours at 37oC in a 5% CO2 atmosphere. For 

storage, half of the spent media was removed from infected flasks and 

replaced with and equal volume of SPG buffer. Flasks were then placed into 

a -80oC freezer with the flasks lying flat to protect the infected cell monolayer. 
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2.3.3 Coverslip cultures 

Coverslip cultures were established in parallel with flask cultures to 

determine the level of chlamydial infection. McCoy cell monolayers were also 

used for the analysis of animal swab samples and titrations of semi-purified 

or purified C.muridarum stocks. A 13mm glass coverslip (ProSciTech, 

Thuringowa, Australia) was placed into each well of a 24 well tissue culture 

plate (BD Biosciences, North Ryde, Australia). Following detachment of the 

McCoy cells (as described in section 2.3.1), 5 x 104 cells were aliquoted into 

each well and 1.5mL of media added. The plates were incubated overnight at 

37oC in a 5% CO2 atmosphere to allow the cells to attach prior to infection 

with C.muridarum.  

When C.muridarum was propagated in flask cultures, a proportional volume 

of C.muridarum seed was added to duplicate coverslip cultures to determine 

the infectivity of the flask culture. The surface area of a 13mm coverslip is 

130 fold less than the area of a 175 cm2 tissue culture flask hence a volume 

of C.muridarum 130 fold less than that added to the flask culture, was added 

to the coverslip culture. Coverslips were treated in the same manner as flask 

cultures with the replacement of media to media containing cycloheximide 4 

hours following infection and identical incubation conditions. 

2.3.4 Staining 

Coverslip cultures of C.muridarum were stained for inclusions with a 

fluorescein isothiocynate conjugated anti-chlamydial LPS antibody containing 

an Evans blue conterstain (Cellabs, Brookvale, Australia). The media was 

removed from the wells containing coverslips and washed with PBS. 

Following removal of the PBS 100% methanol was added for 5 minutes to fix 

the cells to the glass coverslip. The methanol was then discarded and the 

coverslips removed from the well. Coverslips were placed cell side 

uppermost on a glass slide and 25µL of Chlamydia specific-LPS antibody 

added. Cultures were incubated with the antibody for 30 minutes at 370C in 

the dark. Following incubation, coverslips were washed in PBS for 1 minute 

then placed cell side down onto a glass slide containing a drop of mounting 

fluid (Cellabs, Brookvale, Australia). Coverslips were viewed on a Leitz 
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Labourlux S ultra-violet microscope (Leica Microsystems Pty Ltd, Gladesville, 

Australia) using blue light illumination. 

2.3.5 Mycoplasma detection 

McCoy cell lines were tested for contamination with Mycoplasma using the 

MycoSensor PCR assay kit (Stratagene, California, USA). McCoy cells were 

cultured in the absence of antibiotics for 7 days prior to testing for 

Mycoplasma. The cells were harvested by scraping the flask with a sterile 

cell scraper (Starstedt Australia Pty. Ltd., Ingle Farm, Australia) and 1mL of 

the cell suspension transferred to a sterile eppendorf tube. The tube was 

centrifuged for 15 seconds at 13,000 rpm in a bench top centrifuge and the 

supernatant discarded. The cells were resuspended in 1mL of sterile PBS 

and again centrifuged for 15 seconds at 13,000 rpm. The supernatant was 

again discarded and this wash process repeated. The cells were 

resuspended in 1mL of sterile PBS and a cell count performed using a 

haemocytometer (ProSciTech, Thuringowa, Australia). 100,000 cells were 

aliquoted into a fresh sterile eppendorf tube and the sample centrifuged for 

15 seconds at 13,000 rpm. The supernatant was aspirated and the cells 

resuspended in 100µL of sterile water. The cell suspension was placed in a 

950C heating block for 10 minutes and the cell suspension again centrifuged 

briefly following this incubation. The StrataClean resin supplied in the 

MycoSensor kit was resuspended by vortexing for 30 seconds and 10µL was 

then added to the cell pellet extract. The tube was flicked to mix the cells and 

resin and centrifuged for 1 minute to pellet the resin. Volume equivalents of 

5,000 cells (5µL) and 50 cells (5µL of a 1/100 dilution) were used in the PCR 

reaction.  

C.muridarum DNA was extracted using the method described in section 

2.7.1. 1µL of undiluted or of a 1/100 dilution of the resulting genomic DNA 

were used in the PCR reaction to detect contaminating Mycoplasma. PCR 

reagents used are described in section 2.6 of this chapter and methods are 

described in sections 2.7 of this chapter.  
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2.4 SOLUTIONS FOR USE IN ANIMAL MODEL 

2.4.1 Anaesthetics and drugs 

For gene gun immunizations animals were anaesthetised by 4% isofluorane 

inhalation (Abbott Australasia, NSW, Australia) via an isofluorane vaporizer 

(Kent Scientific Cooperation, Connecticut, USA). Infection of the animals with 

C.muridarum was carried out by administering 15mg/kg xylazine (Bayer, 

Pymble, Australia) and 100 mg/kg ketamine hydrochloride (Parnell 

Laboratories (Aust) Pty Ltd, Alexandria, Australia) intra-peritoneally prior to 

C.muridaurm delivery. Sacrifice was achieved by administering a dose of 

200mg/kg of sodium pentobarbitone (Nembutal, Abbott Australasia, Botany, 

Australia) into the peritoneal cavity. Animals were administered 2.5mg of 

medroxyprogesterone acetate (Ralovera) (Kenral Division of Pharmacia 

Australia Pty Limited, Rydalmere, Australia) to synchronise the oestrous 

cycles of the animals and prevent shedding of the vaginal epithelium prior to 

challenge. 

2.4.2 Swabs 

Individually packaged sterile cotton swabs (Sarstedt Australia Pty Ltd, Ingle 

Farm, Australia) were used to collect samples from the genital tract of 

animals. Following collection the swabs were stored in individually labelled 

tubes containing sterile SPG, prepared as described in section 2.2.6.  

 

2.5 METHODS FOR USE IN ANIMAL MODEL 

All animal techniques were carried out in a biohazard cabinet. 

2.5.1 Isoflurane anaesthesia 

The isoflurane vaporizer was filled with isoflurane with the vaporizer gauge in 

the off position. The fill port on the front of the machine was opened and filled 

to the designated line with isoflurane. The oxygen gas cylinder was opened 

and the flow meter adjusted to deliver 2L/minute. The isoflurane vapourizer 

was adjusted to 4% isoflurane and the scavenger waste tube placed inside 
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the biohazard hood.  The hose from the vaporizer was connected to the 

induction chamber. The mouse was then placed in the induction chamber 

and once anaesthesia was achieved, the isoflurane level reduced to 1.5-2% 

as prolonged exposure to 4% isoflurane can cause death. Animals were 

removed from the induction chamber for immunizations and the nose cone 

held over the nose and mouth of the animal to maintain anaesthesia. Once 

the immunization procedure was completed, the nose cone was removed 

and the isoflurane vaporizer and oxygen flow meter turned off. Animals were 

returned to their cage once complete recovery from the anaesthesia was 

obtained.  

2.5.2 Gene gun immunization of mice 

Animals were administered DNA via gene gun methodology (Helios Gene 

Gun System, Bio-rad Laboratories Pty Ltd, Regents Park, Australia) while 

under isoflurane anaesthetic (see section 2.5.1). The helium regulator was 

attached to a tank of high grade helium gas (BOC Australia, Tighes Hill, 

Australia) and the seal tightened. The stem of the Swagelok Quick-Connect 

fitting on the helium hose was attached to the body of the Swagelok Quick-

Connect fitting on the helium regulator. In a similar manner the stem of the 

Swagelok Quick-Connect fitting on the gene gun was inserted into the 

opening in the body of the Swagelok Quick-Connect fitting on the helium 

hose thereby locking the gene gun into the helium hose. To pressurise the 

helium hose and internal reservoirs of the gene gun, an empty cartridge 

holder was inserted into the gene gun, the flow of helium was set to deliver 

400 psi and the gene gun discharged by depressing the trigger. Hearing and 

eye protection was used at all times. The cartridge holder was then removed, 

loaded with cartridges containing DNA bound to gold particles, and replaced 

in the gene gun. Animals were anaesthetised as described in section 2.5.1 

and the fur covering the abdomen of the animals removed with clippers. The 

barrel of the gene gun was placed on the shaved abdomen of the mouse, so 

that the gene gun was perpendicular to the target surface and the trigger 

button depressed to deliver the DNA coated gold particles to the abdomen of 

the animal. The ratchet was used to move to the next cartridge in the 

cartridge holder, 5 seconds allowed to pass in order to recharge the gene 
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gun, and further cartridges containing DNA coated gold particles delivered to 

the animals. Following delivery of the DNA coated gold particles, the gene 

gun was de-pressurised, the gas system turned off, and the gene gun 

disconnected from the gas cylinder.  

2.5.3 Intra-peritoneal injections 

Intra-peritoneal injections were made into the lower right quadrant of the 

abdomen of the mouse. The animal was restrained with its head tilted lower 

than its body to avoid injury to internal organs. The lower right quadrant was 

swabbed with 70% ethanol prior to making the injection. All injections used 

1mL sterile syringes with 0.5 inch 26G needles (both Terumo Medical 

Corporation, Macquarie Park, Australia). The needle was introduced gently 

through the skin, subcutaneous tissue and abdominal wall. The syringe 

plunger was withdrawn before delivering the substance to ensure that no 

internal organs had been hit. The material was then slowly administered to 

the animal by depressing the plunger of the syringe. The needle was quickly 

withdrawn from the abdomen of the animal and discarded in a sharps 

container. 

2.5.4 Sub-cutaneous injections  

Sub-cutaneous injections were made into the loose skin of the mouse using a 

sterile 1mL syringe and 0.5 inch 26 gauge needle as for intra-peritoneal 

injections. The loose skin over the back of the neck of the mouse was raised 

using the thumb and forefinger and the needle inserted between the fingers. 

The needle was inserted approximately 5-10mm under the skin before the 

substance was delivered to the animal by depressing the plunger of the 

syringe. Again the needle was quickly removed and discarded in a sharps 

discard container.  

2.5.5 Chlamydial challenge 

For administration of live C.muridarum, animals were anaesthetised using a 

combination of ketamine hydrochloride and xylazine delivered intra-

peritoneally. Once the animals had reached unconsciousness C.muridarum 

was delivered to the vaginal vault of the mice. Animals were held with the 

                                                                        52 



head downwards and the vaginal region cleaned with 70% ethanol. 20µL of 

C.muridarum stock was drawn into a pipette tip and the tip inserted 5-10mm 

into the vaginal vault. C.muridarum was delivered by depressing the pipette 

plunger. The vaginal region was again swabbed with 70% ethanol to remove 

any remaining C.muridarum from the external area thereby avoiding oral 

inoculation as a result of grooming and the mouse placed on its back in a 

recovery tub. Anaesthesia was maintained for approximately 30 minutes and 

the animals returned to their cage once consciousness had been regained. 

2.5.6 Vaginal swab collection 

Vaginal swabs were collected from infected mice using sterile cotton swabs. 

500µL of sterile SPG was aliquoted into sterile eppendorf tubes. The swab 

was removed from the wrapper and moistened in the SPG prior to insertion 

into the mouse. Animals were restrained by the tail and the swab inserted 

about 1cm into the vaginal vault of the mouse. The swab was rotated 5 times 

in a clockwise direction, then 5 times in an anti-clockwise direction to collect 

cellular material from the vaginal epithelium. The swab was removed and 

placed into a tube containing SPG. The aluminium stem of the swab was cut, 

leaving the cotton swab in the tube containing SPG. Tubes were then sealed 

and vortexed and were stored at -800C until required.  

2.5.7 Blood and serum collection 

Mice were bled from the saphenous leg vein. Animals were restrained in a 

50mL Falcon tube (BD Biosciences, North Ryde, Australia) and the hind leg 

was extended. Gentle downward pressure was applied above the knee joint 

stretching the skin and immobilizing the saphenous vein. A dilute solution of 

chlorhexidine (Biolab, Mulgrave, Australia) was applied over the hind leg and 

the hair shaved using a 0.38mm thick scalpel blade (ProSciTech, 

Thuringowa, Australia). The shaved area was cleaned and a thin layer of 

Vaseline applied over the vein. A 25-gauge needle (Terumo Medical 

Corporation, Macquarie Park, Australia) was used to puncture the vein and 

the blood collected in a capillary tube (Chase Scientific Glass, Inc., 

Tennessee, USA). Following collection gentle pressure was applied over the 

puncture site to stop the blood flow. The blood was deposited into an 
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eppendorf tube and allowed to clot for 60 minutes. The samples were 

centrifuged at 13,000 rpm for 10 minutes to separate red cells and serum. 

The serum was collected and placed in a fresh eppendorf tube. Serum was 

stored at -200C until required.  

2.5.8 Sacrifice 

Animals were sacrificed with an overdose of sodium pentobarbitone delivered 

intra-peritoneally. Once deep anaesthesia had been achieved, the animal 

was sprayed with 70% ethanol to matt the fur. An incision was made in the 

abdominal cavity and the skin layers removed by pulling the incision in 

opposite directions, towards the head and towards the feet of the mouse. The 

musculature was then removed using fine surgical scissors and the thoracic 

cavity exposed. A 26 gauge needle attached to a 1ml syringe (Terumo 

Medical Corporation, Macquarie Park, Australia) was then inserted just 

behind the xiphoid cartilage and slightly left of the middle of the heart of the 

mouse. The needle was introduced at 10-30 degrees from the horizontal axis 

of the sternum in order to enter the heart. The plunger of the syringe was 

pulled to remove the blood from the heart. Blood was transferred to an 

eppendorf tube and serum separated as previously described. Spleens were 

collected and transferred to sterile Hanks Buffered Salt Solution (Invitrogen, 

Mt Waverley, Australia). Iliac lymph nodes were also isolated and transferred 

to sterile Hanks Buffered Salt solution for T-cell isolation. Carcasses were 

stored at -200C prior to incineration.  

 

2.6 SOLUTIONS FOR MOLECULAR ANALYSES 

2.6.1 Tris-borate EDTA buffer (TBE buffer) 

TBE buffer was prepared by combining 10.8g of Tris-base, 5.5g of boric acid 

and 0.93g of Na4EDTA in 1L of ddH2O. This results in a final concentration of 

89mM Tris-borate and 2mM Na2EDTA. The Ph was adjusted to 8.3.  

2.6.2 Agarose gel loading buffer 
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Gel loading buffer for visualisation of DNA on an agarose gel was made by 

combining 40% glycerol, 0.25% bromophenol blue and 0.25% xylene cyanol.  

2.6.3 Tris-EDTA buffer (TE Buffer) 

Generally, DNA was resuspended in UltraPure DNase/RNAase free distilled 

water (Invitrogen, Mt Waverley, Australia) following extraction. Where DNA 

was resuspended in TE buffer after extraction, this was made by preparing a 

solution of 10mM Tris-Cl at a pH of 7.5 and 1mM EDTA.  

2.6.4 Proteinase K and buffer 

A 10mg/mL stock of proteinase K was made by dissolving 10mg of 

proteinase K (Roche Diagnostics Australia Pty Ltd, Castle Hill, Australia) in 

1mL of ddH2O. Proteinase K was used at a final concentration of 1mg/mL by 

diluting the stock solution in Proteinase K buffer immediately prior to use. 

Proteinase K buffer contained 100mM Tris (pH 7.5), 12.5mM EDTA, 150mM 

NaCl and 1% SDS.  

2.6.5 Luria Bertani (LB) broth and agar 

LB broth was prepared by dissolving 10g of tryptone, 5g of yeast extract 

(both Oxoid Australia Pty Ltd, Thebarton, Australia) and 10g of NaCl in 1L of 

dd H2O. To make LB agar, 15g of agar (also Oxoid Australia Pty Ltd, 

Thebarton, Australia) was also added. The solution was sterilised by 

autoclaving at 1210C for 15 minutes. Following sterilisation, LB broth was 

allowed to cool to room temperature before 100mg/mL of ampicillin (Roche 

Diagnostics Australia Pty Ltd, Castle Hill, Australia) was added. LB agar was 

placed in a 550C waterbath following sterilization and allowed to cool for 60 

minutes. Once the agar reached 550C, 100mg/mL ampicillin was added and 

the the agar poured into sterile petri dishes. 20mL of agar was poured into 

each 150mm petri dish and 100mL poured into 245mm square bioassay 

plates (both Crown Scientific Pty Ltd., Minto, Australia).  

2.6.6 NZY+ broth  

NZY+ broth was prepared by dissolving 10g of casein hydrolysate, 5g of 

yeast extract, 5g of NaCl, 12.5mM MgCl2, 12.5mM MgSO4 and 20mM 
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glucose in 1L of ddH20. The pH was adjusted to 7.5 before the solution was 

sterilized by autoclaving at 121 0C for 15 minutes.  

 

2.7 MOLECULAR METHODS 

2.7.1 Isolation of C.muridarum genomic DNA 

C.muridarum DNA was isolated by digestion with proteinase K overnight at 

370C. DNA was extracted from proteinase K digested C.muridarum through a 

phenol-chloroform protocol. An equal volume of phenol: chloroform: 

isoamylalcohol (25:24:1) (Invitrogen, Mt Waverley, Australia) was added to 

the chlamydial DNA and the suspension vortexed. The sample was 

centrifuged at 13,000 rpm in a benchtop centrifuge at room temperature for 

10 minutes. The aqueous phase containing the DNA was transferred to a 

fresh tube and a one tenth volume of 3M sodium acetate (pH 5.2) along with 

2.5 times the volume of 100% ice-cold ethanol was added. The suspension 

was incubated at -700C for 30 minutes before centrifugation at 13,000 rpm at 

room temperature was carried out to pellet the DNA. The supernatant was 

removed and discarded and the DNA pellet washed three times with 70% 

ethanol at room temperature. The pellet was allowed to dry for 30 minutes at 

room temperature before being re-suspended in sterile DNase/RNase free 

distilled water (Invitrogen, Mt Waverley, Australia). 

2.7.2 Isolation of plasmid DNA 

2.7.2.1 Growth of recombinant C.muridarum clones 

Prior to isolation of plasmid DNA, the appropriate recombinant C.muridarum 

clones were streaked onto LB agar plates containing 100mg/mL ampicillin. 

Colonies were grown overnight at 370C and individual colonies were selected 

and used to inoculate a starter culture of 1-5mL of LB broth containing 

ampicillin. Starter cultures were also incubated overnight at 370C with 

vigorous shaking. For low quantities of DNA, the starter cultures were used 

directly for plasmid DNA isolation. For larger quantities of DNA, 1mL of the 

starter culture was used to inoculate the appropriate volume of LB broth 
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containing ampicillin and the cultures incubated overnight at 370C with 

vigorous shaking. 

2.7.2.2 HiSpeed Plasmid Maxi-kits (Qiagen Pty Ltd, Doncaster, Australia). 

Cultures were centrifuged at 6000 g for 15 minutes at 40C, the supernatant 

discarded and the pellet resuspended in 10mL of buffer P1 containing RNAse 

A (100µg/mL). Following complete resuspension of the pellet, 10mL of lysis 

buffer P2 was added, the culture mixed by inversion and allowed to stand for 

5 minutes. After the incubation 10mL of ice cold neutralization buffer P3 was 

added and the suspension mixed by inversion. The suspension was then 

transferred to a Qia-filter cartridge and allowed to stand for 10 minutes at 

room temperature. During this incubation step a Hi-speed Maxi tip was 

equilibrated by applying 10mL of buffer QBT and allowing the column to 

empty by gravity flow. The cap was then removed from the Qia-filter cartridge 

and the plunger insterted into the cartridge. The cell lysate was filtered into 

the equilibrated Hi-speed tip and allowed to empty by gravity flow. The tip 

was washed with 60mL of buffer QC, before the DNA was eluted from the 

resin with 15mL of the elution buffer QF. The DNA was precipitated by the 

addition of 10.5mL of isopropanol at room temperature and the suspension 

mixed and incubated at room temperature for 5 minutes. During this 

incubation step the plunger from a 30mL syringe was removed and a 

QIAprecipitator Maxi Module attached to the outlet of the syringe. The 

DNA/isopropanol mixture was transferred to this module following the 

incubation, and the plunger inserted to dispel the waste from the 

Qiaprecipitator. The Qiaprecipitator was washed with 2mL of 70% ethanol 

and dried by pushing air through the Qiaprecipitator quickly and forcefully 

twice. DNA was then eluted by removing the plunger of a new 5mL syringe 

and attaching the Qiaprecipitator onto the outlet nozzle. 1mL of TE buffer 

was added to the syringe and the DNA eluted into a fresh 1.5mL eppendorf 

tube. The eluate was transferred into the syringe again, and the DNA eluted 

in this way twice more to maximize the yield. 
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2.7.2.3 QIAfilter Plasmid Maxi Kit (Qiagen Pty Ltd, Doncaster, Australia).  

Cultures were pelleted, resuspended, lysed and neutralized as described in 

section 2.7.2.3. A cap was screwed onto a QIAfilter maxi cartridge and the 

cartridge placed in a collection tube. The cell lysate was poured into the 

barrel of the cartridge and allowed to incubate for 10 minutes at room 

temperature. During this incubation a Qiagen-tip 500 was equilibrated by 

applying 10mL of buffer QBT and allowing the column to empty by gravity 

flow. After the 10 minute incubation of cell lysate, the cap was removed from 

the cartridge and the plunger inserted. The cell lysate was filtered into the 

Qiafilter cartridge and allowed to empty by gravity flow. The Qiagen-tip was 

washed twice, with 30mL buffer QC each time. The DNA was then eluted 

with 15mL of Buffer QF. The DNA was precipitated through the addition of 

10.5mL of room temperature isopropanol. The suspension was mixed and 

then centrifuged at 15,000g for 30 minutes at 40C. The supernatant was 

discarded and the DNA pellet washed with 5mL of room temperature 70% 

ethanol. The sample was again centrifuged at 15,000g for 10 minutes and 

the supernatant again discarded. The DNA pellet was allowed to air dry for 

20 minutes before being dissolved in 200µL of TE buffer. 

2.7.2.4 Qiafilter Plasmid Midi Kits (Qiagen Pty Ltd, Doncaster, Australia).  

Cultures were centrifuged at 6000 g for 15 minutes at 40C, the supernatant 

discarded and the pellet resuspended in 4mL of buffer P1 containing RNAse 

A (100µg/mL). The protocol for plasmid purification using Qiafilter Plasmid 

Midi Kits is identical to the protocol for Qiafilter Plasmid Maxi Kits described 

in section 2.7.2.2, however with 2.5 fold lower volumes of buffers and other 

reagents. 

2.7.2.5  QIAprep Spin Miniprep Kit (Qiagen Pty Ltd, Doncaster, Australia). 

Cultures were centrifuged at 13,000 rpm in a benchtop microfuge for 3 

minutes at room temperature. The supernatant was discarded and the 

bacterial cell pellet resuspended in 250µL of buffer P1 containing 100µg/mL 

RNAse A. 250 µL of buffer P2 was then added and the tube inverted to mix 

the reagents. 350mL of buffer N3 was added and the tube again mixed by 
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inversion. The samples were centrifuged for 10 minutes at 13,000 rpm and 

the resulting supernatant was poured onto the Qiaprep spin column. The 

columns were centrifuged for 1 minute and the flow through discarded. The 

columns were washed through the addition of 500mL of buffer PB and the 

again centrifuged for 1 minute. The flow through was discarded and the 

column again washed with 750mL of buffer PE. Following centrifugation for 1 

minute, the flow through was discarded and the column again centrifuged for 

an additional minute to remove residual buffer. The columns were placed into 

fresh eppendorf tubes, 50mL of buffer EB added, the columns allowed to 

stand for 1 minute and then centrifuged for 1 minute to elute the DNA. 

2.7.2.6 Roche Genopure Plasmid Midi Kit (Roche Diagnostics Australia Pty 

Ltd, Castle Hill, Australia) 

Cultures were centrifuged at 6000 rpm for 10 minutes at 40C. The 

supernatant was discarded and the pellet resuspended in 4mL of suspension 

buffer containing 100µg/mL RNAse. 4mL of lysis buffer was then added and 

the suspension mixed by inversion. Samples were incubated at room 

temperature for 3 minutes before 4mL of cold neutralisation buffer was 

added. The suspension was again mixed by inversion and the samples 

incubated on ice for 5 minutes. The samples were then centrifuged for 30 

minutes at 13,000 rpm at 40C. During centrifugation, NucleoBond AX 

columns were prepared. A sealing ring was placed around the neck of the 

column and the column fixed in a collection tube. The column was 

equilibrated through the addition of 2.5mL of equilibration buffer and the 

column allowed to empty by gravity flow. The flow through was discarded. 

The supernatant collected from samples following centrifugation was applied 

to the column and the column allowed to clear by gravity flow. The flow 

through was again discarded and the column washed with 5mL of wash 

buffer. The wash process was repeated and the flow throughs discarded after 

each wash step. The column was then placed into a fresh collection tube and 

the plasmid DNA eluted with the addition of 5mL of elution buffer at 500C. 

The column was allowed to clear by gravity flow and the eluted DNA then 

precipitated with the addition of 3.6mL of room temperature isopropanol. The 

samples were immediately centrifuged for 30 minutes at 10,000 rpm at 40C 
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and the supernatant discarded. The DNA pellet was washed with 3mL of cold 

70% ethanol and again centrifuged at 10,000 rpm at 40C for 10 minutes. The 

ethanol was then carefully removed and the pellet allowed to air dry for 10 

minutes. The DNA was then redissolved in TE buffer.  

2.7.3 Quantitation of DNA 

DNA concentrations were quantitated by estimation with known standards on 

ethidium bromide stained agarose gels (see section 2.7.5) and by measuring 

the ratios of the absorbances at 260 and 280nm. For absorbance readings, 

DNA was diluted 1/100 and read on a DU 800 UV/visible spectrophotometer 

(Beckman Coulter, Gladsville, Australia).  

2.7.4 Polymerase Chain Reaction (PCR) 

Standard PCR amplification mixes contained 2mM MgCl2, 2U Taq DNA 

polymerase diluted in Taq reaction buffer, 200µM each of dATP, dCTP, 

dGTP and dTTP and approximately 50pM of each primer. PCR reagents 

were obtained from Roche Diagnostics Australia Pty Ltd (Castle Hill, 

Australia) and primers obtained from Proligo Proligo Pty. Ltd., (Lismore, 

Australia). Ultra-pureTM DNAse/RNAse free distilled water (Invitrogen, Mt 

Waverley, Australia) was used in all reactions and QSP First Class sterile 

filter tips (Quantum Scientific, Paddington, Australia) were used to prepare 

PCR mixtures. Cycle parameters were optimised for each set of primers. 

Thermal cycling was done on an MJ Research PTC-200 Thermal Cycler 

(GeneWorks Pty Ltd, Hindmarsh, Australia).  

2.7.5 Agarose gel electrophoresis 

Agarose gels were prepared by combining low electroendosmosis agarose 

(Roche Diagnostics Australia Pty Ltd, Castle Hill, Australia ) in TBE buffer to 

the desired percentage depending on the anticipated product size. Agarose 

was dissolved in the TBE buffer by microwaving the mixture for 1 minute 

bursts until completely dissolved. The agarose was allowed to cool to 600C, 

0.5µg/mL ethidium bromide added (Sigma-Aldrich Pty Ltd, Castle Hill, 

Australia) and the solution poured into 7cm x 10cm or 15cm x 10cm gel 

moulds containing an agarose gel comb (all Bio-rad Laboratories Pty Ltd, 
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Regents Park, Australia). DNA was combined with agarose gel loading buffer 

prior to electrophoresis. Bands were visualised under ultra-violet light (UVP 

Gel-documentation system, UVP Inc, Upland, USA). 

2.7.6 Sequencing 

1µL of BigDye Terminator v3.1 and 3.5µL of BigDye Terminator Dilution 

Buffer (both Applied Biosystems, Scoresby, Australia) were combined with 

3.2 pmol of primer and the appropriate amount of DNA to a final volume of 

20µL. For PCR product, 1-100ng of DNA was used, depending upon the 

product size, while for double stranded plasmid DNA, 200 – 500ng of DNA 

was used. The cycling conditions were as follows: i) 960C for 1 minute, ii) 

960C for 10 seconds, iii) 500C for 5 seconds and iv) 600C for 4 minutes. 

Steps ii) to iv) were repeated 30 times and the samples held at 40C until 

required. Samples were cleaned to remove unwanted salts, enzymes, 

primers, unincorporated dyes and nucleotides, and other contaminants that 

diminish the quality of DNA sequence read. The entire contents of the 

sequencing reaction was transferred to a fresh eppendorf tube and 2µL of 

3M sodium acetate, pH 5.2 and 2µL of 125mM EDTA, pH 8.0 added. The 

samples were vortexed briefly and then 50µL of 100% ethanol was added to 

each tube. Tubes were vortexed and centrifuged briefly then allowed to stand 

at room temperature for 15 minutes. Samples were then centrifuged for 20 

minutes at 13,000 rpm and the supernatant carefully removed and discarded. 

The samples were again centrifuged and any residual supernatant removed. 

The pellet was washed in 250µL of 70% ethanol, vortexed briefly and 

centrifuged again for 5 minutes at 13,000 rpm. Supernatant was discarded 

and the samples again briefly centrifuged to remove residual ethanol. The 

pellets were air dried and stored at 40C until sequenced. All samples were 

sequenced at the Australian Genome Research Facility (Brisbane, Australia).   
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2.8 SOLUTIONS FOR PROTEIN ANALYSES 

2.8.1 isopropyl-β- -thiogalactopyranoside (IPTG) 

IPTG was obtained from Sigma-Aldrich (Castle Hill, Australia) in powder 

form. It was resuspended in sterile deionised water to give a stock 

concentration of 100mM. IPTG was used to induce protein expression in 

bacterial cultures at a final concentration of 1mM. 

2.8.2 Laemmli dye 

Laemmli dye, or protein gel loading buffer, consisted of 1.25mL 1M Tris, pH 

6.8, 4mL of 10% sodium dodecyl sulfate (SDS), 2mL glycerol, 200µL β-

mercaptoethanol, 0.2mg bromophenol blue and 2.55mL of deionised water. 

Samples were mixed at a 1:1 ration with Laemmli dye prior to 

electrophoresis. 

2.8.3 Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS 
PAGE) 

Reagents used in the preparation of SDS gels were as follows: 

2.8.3.1 40% acrylamide/0.8% bisacrylamide (Bio-rad Laboratories Pty Ltd, 

Regents Park, Australia) 

The acrylamide used had a cross linker ratio of 29:1 for protein separation 

and the 40% solution was diluted to 30% with deionised water prior to use. 

2.8.3.2 4x 0.5 M Tris-Cl , 0.4% SDS 

This was prepared by dissolving 151.25 g of Tris base in ddH2O and 

adjusting the pH to 6.8 with HCl. The solution was filtered through a 0.45-µm 

filter, 4 g SDS added, and the solution brough to 1L.  

2.8.3.3 4x 1.5 M Tris-Cl , 0.4% SDS 

303 g of Tris base was dissolved in ddH2O and the pH adjusted to 8.8 with 

HCl. The solution was filtered through a 0.45-µm filter, 4g of SDS added, and 

the solution brought to 1L. 
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2.8.3.4 Deionised water  

As previously described. 

2.8.3.5 10% (w/v) ammonium persulfate (Bio-rad Laboratories Pty Ltd, 

Regents Park, Australia) 

0.1g of ammonium persulfate was dissolved in 1mL of deionised water. 

2.8.3.6 N,N,N′,N′-Tetramethylethylenediamine (TEMED) (Bio-rad 

Laboratories Pty Ltd, Regents Park, Australia) 

2.8.4 SDS electrophoresis buffer 

SDS Electrophoresis buffer was made up to contain 0.025M Tris base and 

0.192M glycine. The pH was adjusted to 8.3 and SDS added to 0.1%.  

2.8.5 CAPS (cyclohexylaminopropane sulfonic acid) transfer buffer 

2.21g of CAPS was dissolved in 800mL of ddH20. 150mL of methanol was 

added and the pH adjusted to 11.0. ddH20 was then added to make 1L.  

2.8.6 Blocking solution 

A 5% skim milk solution (Diploma skim milk powder, Fonterra Brands Pty Ltd, 

Mt Waverley, Australia) in TBS was used as a blocking reagent for 

membranes where the primary antibody to be used was serum. For 

membranes where the primary antibody was an anti-His antibody, blocking 

buffer was supplied with the antibody (Qiagen Pty Ltd, Doncaster, Australia).  

2.8.7 Tris-buffered Saline (TBS) 

A buffer containing 10mM Tris-Cl at pH 7.5 and 150mM NaCl was prepared 

and stored at 40C. 

2.8.8 Tris-buffered Saline containing Tween (TBST) 

A buffer containing 20mM Tris-Cl at pH 7.5, 500mM NaCl and 0.05% Tween-

20 was prepared and stored at room temperature.  
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2.9 PROTEIN METHODS 

2.9.1 Sample preparation 

Recombinant C.muridarum clones were grown as described in section 

2.7.2.1. Individual colonies were grown to OD600 0.6 and 1mM IPTG was 

added to induce protein expression. The cultures were allowed to grow for a 

further 4 hours at 370C with shaking. 100µL of culture was then mixed with 

100µL of Laemmli dye and stored at -200C until required. Prior to 

electrophoresis samples were heated to 1000C for 5 minutes. 

2.9.2 SDS-PAGE  

The glass plate sandwich for the Mini-Protean 3 Gel Casette was assembled 

according to the manufacturer’s instructions (Bio-Rad Laboratories, Regents 

Park, Australia). A 12% separating gel was prepared by adding 6mL of 30% 

acrylamide/0.8% bisacrylamide, 3.75mL of 4x 1.5 M Tris-Cl, pH8.8, 0.4% 

SDS, 5.25mL of ddH20, 0.05mL of 10% ammonium persulfate and 0.01mL of 

TEMED. The separating gel was poured into the cassette, 200µL of water-

saturated butanol layered over the top to prevent drying of the gel, and the 

gel allowed to set for 30 minutes. A 3.9% stacking gel was prepared by 

adding 0.65 ml of 30% acrylamide/0.8% bisacrylamide, 1.25 ml 4x 0.5 M Tris-

Cl, pH6.8, 0.4% SDS, 3.05 ml H2O, 25 µl of 10% ammonium persulfate and 5 

µl TEMED. The mixture was swirled to mix and layered over the separating 

gel following removal of the butanol. A Teflon comb was inserted into the 

layer of stacking gel solution and the gel allowed to polymerise for 20 

minutes at room temperature. Following polymerisation, the Teflon comb was 

removed and the gel cassette placed in an electrophoresis tank. The tank 

was filled with SDS electrophoresis buffer and the protein samples loaded 

into wells using a capillary tip. The tank was then connected to a power 

supply and the gel electrophoresed at 15mA until the dye front reached the 

bottom of the separating gel. The power supply was then switched off and 

the gel removed from the cassette. 

2.9.3 Transfer of proteins 
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A container was filled with CAPS transfer buffer for assembly of the 

immunoblot sandwich. A transfer cassette (Bio-Rad Laboratories, Regents 

Park, Australia) was placed in the container with the transfer buffer and a 

sponge placed on the bottom layer of the cassette. This was followed with 2 

sheets of Whatman 3MM filter paper (Crown Scientific, Minto, Australia) and 

the SDS-PAGE gel being careful to avoid air bubbles between the layers. A 

piece of nitrocellulose membrane (GE Healthcare Bio-Sciences Pty Ltd, 

Castle Hill, Australia) was placed over the gel, followed again by 2 sheets of 

Whatman 3MM filter paper and another sponge. The cassette was then 

locked in place and inserted into a transfer tank. The tank was filled with pre-

chilled CAPS transfer buffer and connected to a power supply. The proteins 

were electrophoretically transferred from the gel to the membrane at 100V for 

60 minutes at 40C. Following the transfer, the gel was discarded and the 

membrane immunoblotted for protein detection.  

2.9.4 Western blotting 

Membranes were allowed to air dry so that the methanol in the CAPS 

transfer buffer evaporated prior to staining. The membranes were then 

blocked for 60 minutes in blocking buffer with gentle agitation. The blocking 

buffer was then discarded and primary antibody, diluted in blocking buffer, 

added to the membrane. Primary antibody was allowed to incubate for 60 

minutes at room temperature with gentle agitation. Membranes were then 

washed thoroughly in TBST buffer, 3 times for 10 minutes each time. The 

membranes were rinsed in TBS buffer and HRP-conjugated secondary 

antibody, also diluted in blocking buffer, added to the membrane. Again the 

antibody was allowed to incubate for 60 minutes before the membranes were 

washed as before. Detection was carried out using ECL Plus Western 

Blotting Detection Reagents (GE Healthcare Bio-Sciences Pty Ltd, Castle 

Hill, Australia) and proteins visualised following exposure to X-ray film 

(Fujifilm, Stafford, Australia) and development in a AGFA CP 1000 automatic 

film processor (AGFA-GEVAERT Limited, Burwood, Australia). 
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3.1 INTRODUCTION 

Chlamydia trachomatis infections are the most prevalent bacterial sexually 

transmitted infections recognized in Australia (Yohannes et al., 2006) and 

worldwide it has been estimated that 92 million new cases of chlamydial 

infection occurred in adults in 1999 (World Health Organization, 2001). 

Antibiotic therapy effectively eliminates chlamydial infection however it does 

not always affect established pathology. The presence of asymptomatic 

chlamydial infections in both males and females makes control of 

C.trachomatis genital tract infection by treatment of symptomatic individuals 

alone unlikely to succeed. If left untreated C.trachomatis infections are likely 

to lead to chronic inflammatory conditions and the severity of the disease is 

related to the persistence of infection or frequency of reinfection (Westrom et 

al., 1992). Prevention of C.trachomatis infections by vaccination could have a 

significant impact on health worldwide (de la Maza and de la Maza, 1995).  

Attempts to develop a vaccine for C.trachomatis infections have a long 

history. The earliest efforts in developing vaccines against C.trachomatis 

infection used viable or inactivated whole organisms (Grayston and Wang, 

1978). These vaccine trials showed that patients were effectively protected 

against C.trachomatis infection if they had been immunized with sufficient 

antigen of the same serovar to which they were subsequently exposed. This 

protection however was short lived and patients immunized with insufficient 

antigen suffered a hypersensitivity reaction upon re-exposure to 

C.trachomatis. Consequently, since these early vaccine trials there has been 

a change in emphasis in the development of chlamydial vaccines with 

attempts to find antigens or antigenic subunits that stimulate both protective 

T-cell responses and antibody production without the pathological immune 

response.  

The most widely investigated chlamydial molecule to date is the major outer 

membrane protein (MOMP). MOMP is attractive as a vaccine candidate as it 

is the dominant surface exposed protein and it has been shown to be 

immunodominant (Cotter et al., 1995). However, despite numerous attempts 
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to develop MOMP as a vaccine candidate, only partial protection against 

genital tract infections in mice has been achieved (Dong-Ji et al., 2000; Eko 

et al., 2003; Berry et al., 2004; Pal et al., 2006; Singh et al., 2006). Few 

alternative chlamydial antigens have been investigated as vaccine 

candidates. Another membrane protein, OMP2 has been studied as part of a 

multi-subunit vaccine construct with MOMP and was shown to give stronger 

protection than MOMP alone (Eko et al., 2004) in response to a 

C.trachomatis challenge infection of mice. PorB, also a membrane surface 

protein has also been studied as a potential vaccine candidate antigen (Kawa 

et al., 2004). While PorB has been shown to induce antibody responses in 

mice following sub-cutaneous immunization, no studies have yet investigated 

the protective efficacy of the protein to a chlamydial challenge infection. 

Studies in other animal models have investigated alternative genes as 

vaccine candidate antigens. In separate studies using a C.abortus model of 

infection Dnak and GroEL were used to immunize animals, and while 

immune responses to the immunizations were seen, both antigens failed to 

protect against an intra-peritoneal C.abortus challenge infection (Hechard et 

al., 2002; Hechard et al., 2004).  

Expression library immunization (ELI) is a novel approach to vaccine 

production that has the potential to identify vaccine antigens of infectious 

disease agents (Johnston and Barry, 1997). ELI utilizes fragmented DNA of a 

pathogen against which a vaccine is desired. Fragmentation of the pathogen 

genome enables DNA fractions differing in size and composition to be 

created. These DNA fragments can then be ligated into a vector to create an 

expression library. Subfractionation of the entire expression library into 

smaller pools of clones, or sub-libraries, can then be used to immunization 

animals. Subsequent challenge infection of immunized animals with the live 

pathogen allows sub-libraries containing a protective antigen or antigens to 

be identified. The sub-library or libraries that confer protection can then be 

selected and the in vivo screening process repeated using futher subfractions 

of the protective sub-library until  individual protective clones are identified 

(Johnston and Barry, 1997). 
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The process of screening the genome of a pathogen through a disease 

model also has the ability to induce both cellular and humoral immune 

responses so that no assumptions regarding the best immune response need 

to be made. ELI was first reported by Barry et al (1995) who demonstrated 

that DNA vaccination with genomic libraries of Mycoplasma pulmonis 

constructed in a eukaryotic expression vector could protect mice against 

infection. Since then there have been several reports of the use of this 

method in parasites (Johnston and Barry, 1997; Brayton et al., 1998; Melby 

et al., 2000; Smooker et al., 2000).  

The construction of a novel vector for ELI experiments by Moore et al (2001), 

allows both in vitro screening of an expression library through expression of 

proteins by a P7 promoter and in vivo screening of the library in mammalian 

systems through proteins expressed by a CMV promoter. This offers 

significant advantages over earlier expression library experiments as it is 

able to rapidly reduce the number of clones in the expression library to only 

those clones expressing protein, prior to screening in an animal model.  

ELI has been used in C.abortus and C.pneumoniae models of infection to 

identify potential vaccine targets (Stemke-Hale et al., 2005; Li et al., 2006). 

Stemke-Hale et al (2005) identified five genes that conferred protection 

against a challenge infection following the screening of a C.abortus genomic 

DNA expression library in a mouse model of infection. Only one of these 

genes was identified as being membrane exposed, while the remaining 

genes were identified as house-keeping genes, indicating that perhaps the 

criteria for identifying potential vaccine candidate antigens in Chlamydia 

needs to be reconsidered.  In a C.pneumoniae mouse model of lung 

infection, Li et al (2006) used a library of linear expression elements, 

recombinant DNA constructs built in vitro, to screen for protective vaccine 

candidates by ELI. The study identified four C.pneumoniae genes that were 

partially protective against a respiratory challenge infection with 

C.pneumoniae, however, the level of protection seen was only modest and 

the authors suggest that further research to develop these genes as vaccine 

candidates is unwarranted.  
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This study aims to use ELI to identify potential vaccine candidates in a 

C.muridarum model of genital tract infection. C.muridarum  readily infects the 

female mouse genital tract (Bavoil et al., 1996a) and vaginal inoculation of 

mice with C.muridarum  results in a cervicitis that ascends to the uterine and 

oviduct epithelia. Mice naturally resolve the infection without antibiotic 

therapy and develop long-lived immunity that protects against reinfection 

(Barron et al., 1981; Morrison et al., 1995). The similarity to C.trachomatis 

genital tract infections in humans in pathogenesis and adaptive immune 

responses generated following the resolution of C.muridarum infection in the 

murine genital tract establish the usefulness of the murine model for studies 

into vaccine development and associated protective immunity. Recent 

sequence analysis of the C.muridarum genome also showed that the 

pathogen was remarkably similar to C.trachomatis servoar D in both gene 

content and gene order (Read et al., 2000). The use of ELI to successfully 

identify vaccine candidate antigens in parasitic and bacterial models of 

disease as well as the recent development of ELI for research involving 

chlamydial species, supports the hypothesis that ELI may be able to identify 

novel vaccine candidate antigens capable of protecting against chlamydial 

genital tract infections.  
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3.2 MATERIALS AND METHODS 

An overview of the experimental plan is summarised in Figure 3.1.  

3.2.1 Growth of chlamydial stocks 

The C.muridarum strain Nigg II was was grown in McCoy cells using 

Dulbecco’s Modified Eagle Media supplemented with 5% fetal bovine serum, 

50µg/mL gentamycin sulfate and 100µg/mL streptomycin. Following infection 

of McCoy cells with C.muridarum, the medium was removed and replaced 

with medium supplemented as before with streptomycin, gentamycin, fetal 

bovine serum but also with 1µg/mL cycloheximide. 48 hours following 

infection C.muridarum EB were obtained by scraping of the cell monolayer 

and centrifugation of the sonicated supernatant at 14,000g and stored in 

sterile sucrose-phosphate-glutamate (SPG) cryopreservative buffer  -800C.  

3.2.2 Amplification and purification of C.muridarum 

C.muridarum was propagated as described in section 2.3.2. To purify the 

C.muridarum material, flasks were thawed, sonicated and centrifuged as 

before. The supernatant was then transferred to sterile 500mL centrifuge 

bottles (Beckman Coulter Australia Pty Ltd, Gladesville, Australia) and 

centrifuged at 10,000 rpm for 30 minutes at 40C (JLA10.5 rotor, Beckman 

Coulter Australia Pty Ltd, Gladesville, Australia). The pellet was then 

resuspended in 5mL of sterile SPG buffer. Heparin (0.5mg/mL) (Sigma-

Aldrich Pty Ltd, Castle Hill, Australia ) and DNase (0.7mg/mL) (Sigma-Aldrich 

Pty Ltd, Castle Hill, Australia) were added to the chlamydial suspension to 

prevent the Chlamydia from attaching to host cell debris and to degrade host 

cell DNA contaminants, respectively. The chlamydial suspension was 

incubated at 370C for 30 minutes before being layered onto a 29% 

renograffin suspension (Schering Pty Ltd, Bowen Hills, Australia) in sterile 

SW41 tubes (Beckman Coulter Australia Pty Ltd, Gladesville, Australia). The 

chlamydia was then centrifuged at 20,000 rpm for 30 minutes at 40C (SW41 

rotor, Beckman Coulter Australia Pty Ltd, Gladesville, Australia). The 

supernatant was discarded and the pellet resuspended in 5mL sterile SPG. A 

renograffin gradient of 50-20% was prepared in sterile SW41 tubes and the  
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Figure 3.1 Chapter 3 overview 
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chlamydial suspension layered onto the top of the 20% phase. The 

suspension was centrifuged again at 20,000 rpm for 30 minutes at 40C and 

resulted in the Chlamydia separating out at the 50%/20% renograffin 

interface. The Chlamydia was removed from the interface, pelleted by 

centrifugation at 10,000rpm, and resuspended in sterile SPG. Aliquots were 

frozen at -800C for titration and DNA extraction. 

3.2.3 Isolation of chlamydial genomic DNA  

Purified C.muridarum was incubated in proteinase K buffer containing 

10mg/mL proteinase K at 370C overnight. Following digestion of the 

C.muridarum, DNA was extracted using standard phenol-chloroform methods 

as described in section 2.7.1. DNA was quantitated by spectrophotometry. 

3.2.4 Fragmentation of C.muridarum genomic DNA 

The C.muridarum DNA was fragmented using 10pg of DNaseI (Progen 

Industries Limited, Darra, Australia) for every 1 mg DNA in buffer (50 mM 

Tris-Cl pH 7.5, 10 mM MnCl2, 1 mg/ml BSA). After incubation at room 

temperature for 3 minutes, 24mM EDTA was added to stop the DNase 

treatment. The mixture was then heated to 650C for 15 minutes to inactivate 

the enzyme. The digested DNA was then electrophoresed on a 0.8% 

agarose gel and bands corresponding to DNA fragments of 1-3kb and 3-10kb 

were excised. The DNA was purified using the Gibco BRL Concert kit 

(Invitrogen, Mt Waverley, Australia) according to the manufacturer’s 

instructions. Briefly, the gel slice was dissolved in 3mL of NaI solution at 

550C for 30 minutes. The DNA suspension was then divided into aliquots of 

1mL and 20µL of glass milk was added to each tube. The samples were 

agitated on a rotating wheel for 60 minutes at room temperature. The tubes 

were spun for 5 minutes at 4000 rpm in a benchtop centrifuge and the 

supernatant discarded. The pellets were washed in a high salt wash, re-

pelleted, and each pellet washed in a low salt wash before again being re-

pelleted. The DNA pellet was then air dried at 370C for 10 minutes and 

resuspended in 20µL of TE buffer. DNA ends were repaired by adding 

multicore buffer (Promega Corporation, Annandale, Australia), 0.6mM each  
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of dATP, dCTP, dGTP and dTTP (Roche Diagnostics Australia Pty Ltd, 

Castle Hill, Australia), 0.2mg/mL bovine serum albumin (Sigma-Aldrich Pty 

Ltd, Castle Hill, Australia) and 9 units of T4-DNA polymerase (Promega 

Corporation, Annandale, Australia). After incubation at room temperature for 

10 minutes, the samples were incubated at 650C for 10 minutes to inactivate 

the enzyme. The DNA was precipated using ethanol precipitation methods as 

previously described. The DNA was resuspended following precipation in 

Red-Taq buffer (Sigma-Aldrich Pty Ltd, Castle Hill, Australia) for DNA end 

tailing. The DNA was combined with 2.6 mM MgCl2, 2 mM of each dNTP, as 

before, and 2 units of RedTaq (Sigma-Aldrich Pty Ltd, Castle Hill, Australia). 

The samples were incubated for 20 minutes at 720C and the reaction again 

stopped with 24mM EDTA. The DNA was purified using the QIAquick PCR 

purification kit (Qiagen Pty Ltd, Doncaster, Australia) and eluted in 30µL of 

distilled water.  

3.2.5 Library construction 

The novel vector pCI30, kindly donated by Rob Moore (Australian Animal 

Health Laboratory, CSIRO Livestock Industries, Geelong, Australia) was 

used to create the C.muridarum expression library (Figure 3.2).  

Fragmented C.muridarum DNA was ligated with 100µg/mL pCI30 vector 

DNA, cut with the restriction enzyme BamHI (Roche Diagnostics Australia 

Pty Ltd, Castle Hill, Australia) using 1.5 units of ligase (Roche Diagnostics 

Australia Pty Ltd, Castle Hill, Australia) in ligation buffer (Roche Diagnostics 

Australia Pty Ltd, Castle Hill, Australia). The ligation reaction was carried out 

at 150C overnight. The ligated DNA was then transformed into XL-10 gold 

ultracompetent E.coli cells (Stratagene, California, USA) according to the 

manufacturer’s instructions. Briefly, cells were thawed on ice and aliquoted 

into pre-chilled polypropylene tubes. 4µL of β-mercaptoethanol mix was 

added to each 100µL aliquot of cells to increase the transformation 

efficiency. The tubes were gently mixed and incubated on ice for 10 minutes. 

2mL of the ligation mixture or a 1/10 dilution of the provided pUC18 control 

DNA was added to the cells and after gentle mixing, the cells were incubated  
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on ice for 30 minutes. The cells were then heat shocked at 420C for 30 

seconds before being returned to the ice for a further 2 minutes. 0.9mL of 

pre-heated (420C) NZY+ broth (10g/L casein hydrolysate, 5g/L yeast extract, 

5g/L NaCl, 12.5mM MgCl2, 12.5mM MgSO4, 20mM glucose, pH 7.5 was then 

added to the cells and the cells incubated for 60 minutes at 370C with 

shaking at 225rpm. 1 mL of the cells transformed with the C.muridarum 

ligation were plated onto 245mm square bio-assay plates (Corning, New 

York, USA) containing LB agar supplemented with 100µg/mL ampicillin 

(Roche Diagnostics Australia Pty Ltd, Castle Hill, Australia) and the plates 

incubated at 370C overnight. 5 µL of the control cells were plated onto 

standard 35mm LB plates supplemented with 100µg/mL ampicillin and 

incubated at 370C overnight. Colonies were picked using the MicroGrid II 

TAS BioPick machine (BioRobotics, Cambridge, UK) and placed into 

individual wells of a 384 well plate containing 80µL of Terrific broth. Plates 

were incubated at 370C overnight in a humidity chamber. Dimethyl sulfoxide 

(DMSO) was added to each well following overnight growth, at a final 

concentration of 7%, and the plates sealed and frozen at -800C. In total, four 

ligation reactions and 16 transformation reactions were performed to result in 

the selection of over 20,000 recombinant C.muridarum clones. 

3.2.6 Library screening by colony blotting 

Recombinant C.muridarum colonies from the expression library were 

aseptically transferred, in duplicate, to Hybond C nitrocellulose membranes 

(Amersham, GE Healthcare Pty Ltd, Castle Hill, Australia) and grown in 

plates containing 3MM paper (Crown Scientific, Acacia Ridge, Australia) 

soaked in terrific broth containing 1mM isopropyl-β- -thiogalactopyranoside 

(IPTG) for 2 hours at 370C. The membranes were then washed in 10% SDS 

for 10 minutes, denaturing solution (0.5M NaOH, 1.5M NaCl) for 5 minutes, 

two washes in neutralising buffer (1.5M NaCl, 0.5M Tris-Cl, pH 7.4) for 5 

minutes each, rinsed in a solution of 2 x SCC (0.3 M NaCl, 34 mM 

C6H5Na3O7·2H2O) then washed in a 2 x SCC solution for 15 minutes with 

agitation. The excess 2 x SCC solution was drained from the membranes, 

the membranes transferred into blocking solution (5% skim milk in TBS-
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Tween buffer (20mM Tris-Cl, pH 7.5, 500mM NaCl, 0.05% Tween 20)) and 

incubated at room temperature for 1 hour with agitation. The membranes 

were washed three times in TBS-Tween buffer for 15 minutes each time then 

incubated in anti-His antibody (Qiagen Pty Ltd, Doncaster, Australia), diluted 

1/2000 with blocking solution, for 60 minutes with agitation. After incubation, 

the membranes were again washed three times with TBS-Tween and 

incubated with HRP conjugated sheep anti-mouse immunoglobulin (GE 

Healthcare Pty Ltd, Castle Hill, Australia), diluted 1/5000 in blocking solution, 

for 60 minutes at room temperature with agitation. The membranes were 

washed four times in TBS-Tween before detection with ECL Plus Western 

Blotting Detection Reagents (Amersham Biosciences, Castle Hill, Australia). 

Membranes were exposed to medical X-ray film (Fujifilm, Stafford, Australia) 

and visualised after processing the film. Clones staining His positive were 

selected and transferred to fresh 384 well microtitre plates, grown overnight 

in 80 µL terrific broth, 5% DMSO added and stored at -800C. 

3.2.7 Analysis of clone selection 

To confirm the presence of C.muridarum inserts in the expression library 

clones, DNA was extracted from clones, selected as His positive, using 

standard DNA extraction techniques. Briefly, clones were grown in LB media 

supplemented with ampicillin overnight at 370C with vigorous shaking. The 

clones were then centrifuged at 2000 rpm for 10 minutes to pellet the cells 

and the pellet resuspended in 0.5M NaCl. The cells were centrifuged as 

before, the supernatant removed and the pellet again washed in 0.5M NaCl. 

The cells were then centrifuged at 3500 rpm for 6 minutes, the supernatant 

discarded and the cells lysed in lysis buffer (50 mM glucose, 10 mM EDTA, 

25 mM Tris, pH 8.0, 100 ug/mL RNase A). Alkaline lysis solution (0.2M 

NaOH, 1% SDS) was then added and the suspension mixed by inversion. 

Neutralization solution (1.32 M potassium acetate, pH 4.8) was added and 

the tubes incubated on ice for 10 minutes. The samples were centrifuged for 

10 minutes at 15000 rpm and the supernatant transferred to a fresh tube. 

The DNA was then precipitated with isopropanol and the DNA pelleted by 

centrifugation at 15000 rpm for 10 minutes. The supernatant was discarded 

and the DNA washed in 70% ethanol. After centrifugation and removal of the 
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supernatant, the DNA pellet was allowed to air dry before being resuspended 

in TE buffer. DNA was analysed by both PCR amplification and sequence 

analysis. The plasmid DNA was amplified using a forward primer designed to 

the T7 promoter region of the vector and a reverse primer designed to 

sequence following the stop codon of the vector (both Proligo Australia Pty 

Ltd, Lismore, Australia). Following amplification the products were 

electrophoretically separated on a 1% agarose gel and size analysis carried 

out with respect to the molecular weight Marker X (Roche Diagnostics 

Australia Pty Ltd, Castle Hill, Australia). DNA sequencing was carried out by 

Dr V Haring of the Australian Animal Health Laboratory (AAHL, Australian 

Commonwealth Scientific and Research Organization (CSIRO), Geelong, 

Australia) using a primer designed to the T7 promoter region of the vector. 

Sequence analysis was carried out with the use of the web based computer 

programs BLASTn and CMR BLAST.  
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3.3 RESULTS 

3.3.1 Construction of a C.muridarum expression library  

The C.muridarum genomic expression library was created by ligating 

fragments of C.muridarum DNA into the novel expression vector, pCI30. The 

vector pCI30 carries the human cytomegalovirus (CMV) immediate-early 

enhancer/promoter region that drives the expression of protein in mammalian 

cells, a T7 RNA polymerase promoter, a multiple cloning region and a 6xHis 

tag coding sequence.  XL-10 gold ultracompetent E.coli cells were used for 

transforming the DNA as these cells exhibit the Hte phenotype, which 

increases the transformation efficiency of large and ligated DNA molecules. 

To construct the C.muridarum expression library, four ligation reactions and 

16 transformation reactions were carried out in total. The resulting library 

contained 21,120 individual clones incorporating fragments of the total 

C.muridarum genome.   

Sequence analysis of 22 selected clones showed an average insert size of 

391bp (Table 3.1) indicating that the library represented over 8 times the 

entire C.muridarum genome. This is important as the size of the expression 

library needs to account for clones carrying an insert in the wrong orientation 

or incorrect open reading frame. Genomic DNA fragments were randomly 

inserted in the vector, meaning that only one in every three inserts will be in 

an open reading frame that aligns with the start codon, and of these only one 

in two will be in the correct orientation thus, the library needs to contain at 

least 6 fold the entire genome size to account for these clones. With an 

average C.muridarum insert size of 391 nucleotides, and a library of 21,120 

clones, the total number of chlamydial base pairs represented in the library is 

approximately 8.26 Mb. The total genome size of C.muridarum is 1.07 Mb 

(Read et al., 2000) indicating that the total genome is represented 7.71 times 

in the C.muridarum expression library. 
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Table 3.1. Analysis of sequence results displaying putative gene identification, the smallest 

sum probability (that is, the probability of that score occurring purely by chance) and the 

homology of sequence results with the C.muridarum sequence. 
 
Sequence 

number 
C.muridarum 
gene number 

Putative gene identification Smallest sum 
probablilty 

(P(N)) 

Identity 
(nucleotides) 

1 TC0155 3`(2`),5`-bisphosphate 
nucleotidase, putative 

4e-114 217/219 
(99%) 

2 TC0490 UvrD/REP helicase family 
protein 

0.0 976/984 
(99%) 

3 TC0579 ATP synthase, subunit I, 
putative 

0.0 614/619 
(99%) 

4 TC0346 recF protein, putative 9e-72 134/135 
(99%) 

5 TC0760 phenylalanyl-tRNA 
synthetase, beta subunit 

(pheT) 

2e-120 227/231 
(98%) 

6 TC0906 conserved hypothetical 
protein 

0.0 819/826 
(99%) 

7 TC0390 conserved hypothetical 
protein 

0.0 659/659 
(100%) 

8 TC0757 conserved hypothetical 
protein 

0.0 437/440 
(99%) 

9 TC0693 polymorphic membrane 
protein A family (pmpA) 

0.0 492/495 
(99%) 

10 TC0767 conserved hypothetical 
protein 

1e-179 321/321 
(100%) 

11 TC0319 hypothetical protein 0.0 586/586 
(100%) 

12 TC0035 conserved hypothetical 
protein 

0.0 
 

371/372 
(99%) 

13 TC0372 N utilization substance 
protein A (nusA) 

0.0 
 

381/383 
(99%) 

14 TC0333 6-phosphogluconate 
dehydrogenase, 

decarboxylating (pgd) 

0.0 
 

371/374 
(99%) 

15 TC0272 glutamyl-tRNA(Gln) 
amidotransferase subunit B 

(gatB) 

3e-167 307/310 
(99%) 

16 TC0610 excinuclease ABC, subunit A 
(urvA) 

0.0 373/373 
(100%) 

17 TC0173 excinuclease ABC, subunit C 
(urvC) 

8e-165 305/308 
(99%) 

 
18 TC0324 2-oxoglutarate 

dehydrogenase, E1 
component (sucA) 

9e-150 273/274 
(99%) 

 
19 TC0780 DNA polymerase I (polA) 3e-108 217/221 

(98%) 
20 TC0691 poly(A) polymerase family 

protein 
5e-81 177/177 

(100%) 
21 TC0730 glutamyl-tRNA synthetase 

(gltX) 
1e-79 189/193 

(97%) 
 

22 TC0522 inner membrane protein, 
putative 

9e-48 102/103 
(99%) 
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3.3.2 In vitro screening of C.muridarum expression library 

The vector pCI30 allows in vitro screening for clones expressing His-tagged 

protein through poly-His detection methods. Screening of all 21,120 

recombinant C.muridarum clones generated for the expression library using 

an anti-His antibody resulted in the identification of 3,072 protein expressing 

clones. An example of an anti-His colony blot, with corresponding scoring 

grid, is shown in Figure 3.3.  

 
 
Figure 3.3 Example of His-tag screening blot and corresponding scoring grid 

 
Example of His-tag screening blot and corresponding scoring grid for selection of protein 

expressing clones. Colonies were selectively blotted onto nitrocellulose membranes and 

those expressing protein detected using anti-His detection methods. A transparent overlay, 

corresponding to the 384 well plate dimensions was used to determine those wells 

containing clones expressing His-tagged protein. 
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The intensity of reactions in the anti- antibody screen varied from very strong 

to very weak, so to avoid bias, all positive clones were selected. Using the 

average insert size of 391 nucleotides, the sub-library of 3,072 expressing 

clones can be determined to be equivalent to 1.12 fold representation of the 

genome. It was expected that approximately 1/6 of the total number of clones 

would contain chlamydial inserts in the correct orientation and in an open 

reading frame and would therefore express protein. The selection of 3,072 

positive clones does in fact represent approximately 1/6 of the total 

expression library of 21,120 recombinant clones.  A random selection of 

clones that showed positive reactions to the anti-His antibody screen were 

analysed for insert size by PCR and gel electrophoresis. The results 

indicated that the recombinant clones contained inserts ranging in size from 

about 500bp to 1,500 bp when amplified from the T7 region of the vector, of 

which approximately 100bp corresponds to vector DNA and the remainder 

corresponding to foreign DNA inserted in the multiple cloning region of the 

vector through the ligation procedure (Figure 3.4).  
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Figure 3.4 PCR and subsequent gel electrophoresis of recombinant clones from the 

C.muridarum expression library. 
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DNA was extracted from clones and amplified by PCR using primers designed to the T7 

region of the vector. Lane 1 shows the molecular weight marker 10 (Roche Diagnostics 

Australia Pty Ltd, Castle Hill, Australia) with base pair sizes indicated with arrows, Lanes 2 to 

12 show the results of the PCR reaction of 11 recombinant clones from the C.muridarum 

expression library with amplified products ranging in size from approximately 1,500 bp to 500 

bp, and lane 13 shows a negative control PCR reaction. 
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3.4 DISCUSSION 

Expression library immunization (ELI) is a strategy developed by Barry et al 

(1995) as an alternative to traditional methodologies used to identify potential 

vaccine candidate antigens within a pathogen. Traditionally protective 

antigens of a pathogen have been difficult to identify as many proteins that 

can elicit strong immune responses have been found to not necessarily be 

capable of eliciting a protective immune response. Further to this, only a few 

antigens can be investigated simultaneously, making the process of 

screening antigens for immunogenicity and protective efficacy a time 

consuming and random process, given the number of potential epitopes 

encoded within a pathogen’s genome. ELI can overcome these problems by 

providing a method of rapidly screening the entire genome of a pathogen for 

those antigens capable of eliciting strong protective immune responses in a 

disease model.  

Chlamydial organisms are readily applicable to expression library 

immunization studies as the small genetic complement of these organisms, 

approximately 1Mb, can be represented in relatively small expression 

libraries. In this research, an expression library representing the entire 

genome of C.muridarum has been created. C.muridarum was selected for 

study as the organism readily infects the female mouse genital tract and 

results in a cervicitis that ascends to the uterine and oviduct epithelia (Bavoil 

et al., 1996a). Similarity in pathogenesis and adaptive immune responses 

generated following the resolution of C.muridarum infection in the murine 

genital tract, when compared with those serovars of C.trachomatis that cause 

sexually transmitted infections in humans, establish the usefulness of the 

murine model for studies into vaccine development and associated protective 

immunity in females (Morrison et al., 1995; Su et al., 1997; Morrison and 

Morrison, 2000). Additionally, the genomes of C.muridarum and a fully 

sequenced human isolate, C.trachomatis serovar D, are remarkably similar in 

both gene content and gene order, further supporting the use of C.muridarum 

in the investigation of potential vaccine targets for a human vaccine (Read et 

al., 2000). The C.muridarum genome is expected to code for 921 proteins in 
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total, with an average size of 1062bp. The C.trachomatis genome is 1.04Mb 

in size, with 894 proteins expected to be coded by the genome. The number 

of coding bases withing the genome results in an average C.trachomatis 

protein size of 1111bp. 

This research utilized a vector specifically designed for expression library 

immunization screening (Moore et al., 2001). The inclusion of both a CMV 

promoter and a T7 polymerase promoter (refer to Figure 3.2) enables 

expression of any protein fusions in both eukaryotic and mammalian systems 

and the presence of a poly-His fusion protein upstream from the multiple 

cloning site allows protein producing clones to be identified using anti-His 

antibodies. In this way, clones generated in the construction of the 

C.muridarum expression library could be screened in vitro for those 

expressing chlamydial protein. The entire library of 21,120 recombinant 

C.muridarum clones was screened in this manner and resulted in the 

selection of 3,072 clones identified as expressing chlamydial protein. This 

85% reduction in the number of clones was achieved in only four weeks and 

created a C.muridarum expression library without those clones containing 

short fusion proteins resulting from insertion of chlamydial DNA in the 

incorrect open reading frame or wrong orientation. This is of importance as 

most expression library screening is carried out in an animal model of 

disease, however, through this in vitro screen, a reduction in the number of 

clones was achieved that would ordinarily require a five month animal 

immunization and challenge experiment utilising up to 100 mice.  

An alternative vector to the pCI30, designated ORF-FINDER (Open Reading 

Frame - FINDER) has also been described for use in selecting clones that 

are expressing protein from a desired pathogen (Rombel et al., 2002). This 

vector contains a translational start site that is out of frame with respect to a 

gene coding for green fluorescent protein (GFP). In contrast to the pCI30 

vector, the GFP gene is inserted downstream from the intron donor site so 

that an insert must bring the start codon into frame and not contain any stop 

codons to result in expression of the GFP and subsequent fluorescence. 

Moore et al (2001) claim that any short fusion proteins resulting from DNA 

insertions out of frame or in the wrong orientation are negative by anti-His 
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screening as small, unfused, poly-His protein has a short half-life within the 

bacteria and any residual protein binds very poorly to the membranes used 

for screening. However, the use of a downstream fusion protein designed for 

screening expression libraries would eliminate the possibility that these 

fusions would give falsely positive results. Regardless, the usefulness of 

these vectors in distinguishing ORF-containing clones from clones that 

contain non-coding DNA or genetic material that is cloned in the wrong frame 

or orientation cannot be disregarded as the reduction in expenses, time and 

animal experimentation are particularly valuable.  

The sequence analysis of 22 clones from the expression library showed the 

clones contained inserts varying in size from 103 base pairs to 984 base 

pairs. The identity of the sequences had high homology with C.muridarum 

DNA, with 97-100% identity in every analysis. The parameter of smallest sum 

probability was used to determine the likelihood of the sequence alignment 

being purely a chance occurrence. This statistic describes the random 

background noise that exists for matches between sequences. The lower the 

value is, or the closer the number is to zero, the more significant is the match 

between the two sequences. This calculation also takes into consideration 

the length of the sequence, as short sequences have a higher probability of 

occurring purely by chance. While 11 of the 22 sequences analysed gave a 

smallest sum probability of 0, the remaining 50% of sequences analysed all 

had very low smallest sum probabilities, with the highest value being 9e-48. 

This indicates that the probability of the alignment occurring by chance was 

extremely remote. For all clones analysed, the smallest sum probability was 

low enough to verify the alignments with the corresponding C.muridarum 

gene. 

The creation of a sub-library from the original C.muridarum expression library 

containing only those clones expressing chlamydial protein can subsequently 

be used to identify single antigens that elicit protection against C.muridarum 

genital tract infection in mice. To date this in vivo screening of expression 

libraries has been utilized to identify protective antigens against a variety of 

organisms including bacterial, fungal and parasitic organisms (Talaat and 

Stemke-Hale, 2005). In chlamydial vaccine research most of the focus has 
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been on the major outer membrane protein (MOMP) that has been shown to 

elicit strong immune responses and partial protection against infection in 

disease models (Igietseme et al., 2002). The use of expression library 

immunization aims to determine whether alternative antigens exist within the 

chlamydial genome, that are capable of eliciting protection against infection 

stronger than the partial protection afforded by MOMP. The work described in 

this chapter has generated a suitable ELI library to be used for the 

identification of antigens capable of protecting against C.muridarum genital 

tract infection in the murine model.  
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IN VIVO SCREENING OF A C.MURIDARUM EXPRESSION 
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 4.1 INTRODUCTION 

The development of novel technologies, such as genetic immunization and 

expression library immunization, has allowed considerable advancements in 

vaccine development. In 1990, the first publication involving direct plasmid 

transfer of naked DNA into mice was published (Wolff et al., 1990) that 

successfully demonstrated gene expression in an animal model was possible 

following immunization with plasmid constructs encoding genes. Since this 

time, the technology of genetic immunization has been investigated in many 

animal models using constructs expressing genes from numerous different 

pathogens.  

There are many advantages to genetic immunization when compared with 

traditional immunization technologies. DNA immunization is safe compared 

with live vaccines as there is no risk of infection to the host, DNA vaccines 

can be easily and inexpensively prepared, and immune responses generated 

following immunization of mice with DNA vaccine constructs have been 

shown to be long lasting (Donnelly et al., 1997a). Early research into DNA 

immunizations in animal models showed that both cell mediated immunity 

and humoral immune responses could be elicited following the immunization 

of animals with DNA encoding proteins from various pathogens.  

Ulmer et al (1993) were amongst the first to utilise DNA immunisation to elicit 

immune responses to an influenza antigen and demonstrate the protective 

efficacy of this method of immunization.  They showed that intra-muscular 

delivery of DNA encoding an influenza protein resulted in the production of 

specific antibodies and cytotoxic T lymphocytes in a mouse model of 

influenza disease. Further to this, the research also showed strong protection 

in DNA immunized animals against a subsequent challenge infection with the 

influenza virus. Experimental work with the envelope protein of the Human 

Immunodeficiency Virus (HIV) also investigated the immune responses 

generated following intra-muscular DNA immunization of mice, and 
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compared this response with traditional intra-muscular immunization with 

recombinant protein (Wang et al., 1993). The research found that 80% of 

animals immunized with the DNA construct elicited humoral immune 

responses specific to the HIV envelope protein. Cellular immunity was also 

demonstrated in DNA immunized animals through spleen cell proliferation 

responses to the protein, reflecting activation of helper T-cells. Interestingly, 

DNA immunization of mice resulted in immune responses to HIV specific 

epitopes different to those recognised following immunization with 

recombinant protein. The authors hypothesised that DNA immunization 

directly into mouse muscle could result in processing of gene products 

through cleavage of certain regions of the protein and re-folding to represent 

a native protein conformation, leading to presentation of an effective target 

antigen. The authors also commented that the lack of any detectable immune 

response in 20% of the animals immunized with DNA extracted from the 

recombinant HIV construct could be overcome through improved DNA 

delivery protocols.  

To address this issue Fynan et al (1993) investigated several different routes 

for DNA immunization using a vaccine consisting of purified plasmid DNA 

expressing an influenza virus antigen. They compared intra-muscular DNA 

immunization, a traditional route of immunization that has been shown to 

support efficient transfection, with parenteral routes of immunization that 

were traditionally used to deliver vaccine antigens to animal models (intra-

venous, intra-peritoneal). In addition to these routes of immunization, the 

research investigated novel routes of DNA immunization to areas of animals 

thought to be capable of enhancing immune responses. DNA was delivered 

to tissues containing cells capable of presenting the antigen to both T-helper 

cells and to lymphoid tissues known to be involved in protective immune 

responses against invading pathogens such as the skin and mucosal tissues 

(intra-nasal, intra-dermal, sub-cutaneous). These routes of immunization 

were also compared with gene gun delivered DNA, a method of antigen 

delivery that delivers DNA into the epidermis where immune cells, such as 

Langerhans cells, can capture the antigen and transport it to draining lymph 
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nodes (Peachman et al., 2003). Langerhans cells mature during this 

migration to become potent antigen presenting cells and also stimulate T-cell 

responses specific to the protein antigen. The results demonstrated that low 

levels of IgG antibodies were found in the sera of animals immunized, either 

by the intra-venous or by the intra-muscular routes, as well as by gene gun 

administration of the DNA. The research also investigated the level of 

protection of immunized mice against a lethal influenza challenge. No mice 

immunized via the intra-peritoneal route survived the challenge infection, 

however all other routes of immunization afforded some protection. The 

strongest protection was seen in groups immunized via gene gun DNA 

inoculation, intra-muscular immunization and a combined route of 

immunization where the animals received immunization by each of the intra-

muscular, intra-venous and intra-peritoneal routes, with all of these groups 

showing a 95% survival rate. Interestingly, the results showed that although 

these groups of animals demonstrated the same level of protection against a 

challenge infection, the amount of DNA required to achieve this protection 

was significantly lower in gene gun immunized animals than in other groups 

of animals. Animals administered the DNA construct via gene gun inoculation 

were immunized with only 0.4µg of DNA per dose while animals immunized 

via parental routes were immunized with 200µg of DNA per dose. This effect 

of gene gun immunization was thought to be attributable to the presence of 

immune cells in the epidermis of the skin and subsequent effective antigen 

presentation to T-helper cell populations that are absent in structures such as 

muscle tissue.  

The results of the study by Fynan et al (1993) prompted further research into 

the amount of DNA required to elicit immune responses when delivered via 

gene gun technology. Pertmer et al (1995) compared the immune responses 

in mice following delivery of decreasing quantities of plasmid DNA expressing 

either a human growth hormone protein or a human alpha-1-anti trypsin 

protein with intra-muscular delivery of the plasmid DNA. Humoral immune 

responses following a single immunization of mice with DNA extracted from 

vectors containing DNA inserts encoding either human growth hormone or 
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human alpha-1 anti-trypsin protein showed highest IgG titres in animals 

administered DNA via the gene gun, regardless of the quantity of DNA 

delivered. Delivery of 16ng of DNA by gene gun to mice resulted in IgG titres 

equivalent to delivery of 1600ng of DNA by the same route. Intra-muscular 

delivery via needle injection of 100µg of plasmid DNA expressing the human 

growth hormone protein resulted in IgG titres 20 fold lower than those IgG 

titres in animals administered the antigen by gene gun. The research also 

showed that the IgG titre could be increased by 5 to 10 fold by administering 

a booster immunization of antigen to mice. To demonstrate that the high 

titres of antibody were due to the method of immunization rather than the site 

of administration, another dose titration study was undertaken comparing 

intra-dermal immunization with gene gun delivery. The results again showed 

that the highest immune responses were observed in animals administered 

DNA by the gene gun, with titres at least 5 fold lower in animals immunized 

via the intra-dermal route. The study also showed higher cytotoxic T-cell 

immune responses in animals administered DNA by gene gun methodology 

compared with intra-dermal immunizations, with CTL immune responses 

again being elicited independent of the amount of DNA delivered and with as 

little as 16ng of DNA (Fynan et al., 1993).  

A significant advantage of DNA immunization seen in these studies is that 

low amounts of DNA are required to elicit immune responses when delivered 

using gene gun technology, and protection against lethal challenge infections 

of mice with influenza was seen following immunization with plasmid DNA 

encoding an influenza antigen. These results, combined with the novel 

technology of expression library immunization, have allowed simple, 

inexpensive, safe antigens against infectious diseases to be investigated as 

potential vaccine candidates and the immunogenicity of these antigens to be 

determined. The powerful combination of gene gun immunization and 

expression library immunization has been utilised to identify protective 

vaccine candidates from a variety of infectious organisms, including 

C.pneumoniae (Li et al., 2006), Plasmodium chabaudi adami (malaria) 

(Rainczuk et al., 2003), simian immunodeficiency virus (Sykes et al., 2002), 
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Mycoplasma hyopneumoniae (Moore et al., 2001) and Mycobacterium avium 

subsp. paratuberculosis (Huntley et al., 2005).  

The aim of this research is to identify novel antigens of the pathogen 

C.muridarum that are capable of protecting mice against an intra-vaginal 

infection with the live chlamydial organism. This study will combine the 

technologies of expression library immunization and gene gun immunization 

to deliver sub-libraries of the C.muridarum expression library to groups of 

mice and evaluate the level of protection in the immunized mice following an 

intra-vaginal challenge infection with C.muridarum. The identification of novel 

protective antigens in a C.muridarum model of infection may prove useful in 

the development of a vaccine that protects against C.trachomatis infections 

in humans, as ultimately a vaccine that protects humans against sexually 

transmitted chlamydial infections is desired.  
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4.2 MATERIALS AND METHODS 

An overview of the experimental plan is summarized in Figure 4.1.  

4.2.1 Expression library immunization strategy 

The overall strategy for in vitro expression library screening, as described in 

Chapter 3, and the in vitro expression library screening described in this 

study is shown in Figure 4.2.  

4.2.2 C.muridarum stocks 

C.muridarum and McCoy cells determined to be free from Mycoplasma 

contamination were used for culture and amplification as described in 

Chapter 2.3. Stocks were titrated using 10-fold serial dilutions onto coverslips 

and level of C.muridarum infection determined by staining with an anti-

chlamydial LPS antibody as described in sections 2.3.3 and 2.3.4.   

4.2.3 Plasmid DNA preparation 

Recombinant C.muridarum clones were isolated on Luria-Bertani agar plates 

containing 100µg/mL ampicillin as described in Chapter 2.7.2. Following 

growth for 18 hours at 370C on selective agar plates, individual clones were 

selected and amplified in Luria-Bertani broth supplemented with 100µg/mL 

ampicillin. 

4.2.3.1 Expression library screen A (384 clones per sub-library) 

Individual His-positive C.muridarum recombinant clones were grown 

overnight in 2mL 96 well deep well plates (Nalge Nunc International, 

Rochester, USA) in LB broth containing 100µg/mL ampicillin. Following  
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Figure 4.1 Chapter 4 overview 
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Figure 4.2 Overview of the strategy used to identify recombinant C.muridarum clones 

capable of protection against a genital tract challenge infection with C.muridarum. 
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The in vitro anti-His antibody expression library screen described in Chapter 3 is 

summarised in 1A. In vivo expression library screen A (Figure 4.2B) will utilize the His-

positive fraction of the C.muridarum expression library. This will subdivided into 8 smaller 

pools of 384 clones for the in vivo screen. The sub-library that demonstrates the strongest 

protection against an intra-vaginal C.muridarum challenge infection, defined as a reduction in 

the intensity and duration of infection, will then be selected for ELI screen B. In order to more 

rapidly identify individual protective antigens, 150 clones from the protective sub-library will 

be randomly selected from the pool of 384 clones, and arrayed in a 2-dimensional matrix for 

ELI screen B (Figure 4.2C). For ELI sceen B, DNA extracted from pools of 20 clones will be 

used to immunize animal groups. Again, protective sub-libraries will be identified following a 

C.muridarum genital challenge. The DNA from the 20 clones in the sub-library, identified in 

ELI screen B as conferring protection, will be sequenced and the C.muridarum protein 

encoded by the gene identified. The proteins identified as being expressed within the 

recombinant C.muridarum clone will be analysed for homology to human protein, homology 

to C.trachomatis serovar D, putative function and protein size. Based on this analysis, 

individual clones will be selected and DNA extracted from these clones used to immunize 

groups of mice in ELI screen C (Figure 4.2D). Challenge infection of the mice will lead to the 

identification of individual antigens that are capable of conferring protection against a 

C.muridarum genital tract infection. 
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overnight incubation at 370C, 384 individual cultures were pooled to form 

each sub-library. Plasmid DNA was prepared using HiSpeed plasmid maxi-

kits (Qiagen Pty Ltd, Doncaster, Australia) as described in section 2.7.2.2. 

The DNA was quantitated by both gel electrophoresis and spectrophotometry 

and the concentration adjusted to give 500µg/mL. 

4.2.3.2 Expression library screen B (20 clones per sub-library) 

Individual C.muridarum clones were grown in 2mL of LB broth containing 

100mg/mL ampicillin overnight. To create each expression library, 20 

individual clones were pooled for DNA extraction following the overnight 

growth. DNA was extracted and purified using the QIAfilter Plasmid Maxi Kit 

(Qiagen Pty Ltd, Doncaster, Australia) as described in section 2.7.2.3. Again, 

the DNA was quantitated both by gel electrophoresis and by 

spectrophotometry and the concentration adjusted to give 500µg/mL. 

4.2.3.3 Expression library screen C (individual clones) 

Individual C.muridarum clones were grown in 10mL of LB broth containing 

100mg/mL ampicillin overnight. For this expression library screen individual 

clones were used following purification with Qiafilter Plasmid Midi Kits 

(Qiagen Pty Ltd, Doncaster, Australia) as described in section 2.7.2.4. Two 

pools of clones were used as controls in this experiment, sub-libraries 4/209 

and 4/309, and the DNA for these was prepared in the same way as for 

Expression library screen B, section 4.2.3.2. Again, the DNA was quantitated 

by both gel electrophoresis and spectrophotometry and the concentration 

adjusted to give 500µg/mL. 
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4.2.4 Production of DNA coated gold beads for immunization  

DNA extracted from recombinant C.muridarum clones was precipitated onto 

gold microcarriers (Bio-Rad Laboratories Pty Ltd, Regents Park, Australia) as 

detailed in the Helios gene gun system instruction manual. Briefly, 25mg of 

1µm gold microcarriers was resuspended by sonication in 100µL of 0.05M 

spermidine. 100 µL of DNA at a concentration of 500 µg/mL was then added 

and sonicated. 100 µL of 1M CaCl2 was then added to the plasmid-

spermidine suspension and the solution was allowed to precipitate for 10 

minutes. The gold was then washed 3 times in 100% ethanol and finally 

resuspended in 3mL of 0.05mg/mL polyvinylpyrrolidone in 100% ethanol. 

This resulted in a microcarrier loading quantity (MLQ) of 0.5mg of gold per 

shot, and a DNA loading ratio (DLR) of 2ug of DNA per mg of gold, which 

results in the delivery of 1µg of DNA per shot. The DNA-gold suspension was 

then used to coat lengths of Tezfel tubing using the Tubing Prep Station (Bio-

Rad Laboratories Pty Ltd, Regents Park, Australia). A 30 inch piece of Tezfel 

tubing (Bio-Rad Laboratories Pty Ltd, Regents Park, Australia) was dried by 

purging with nitrogen gas for 15 minutes at a rate of 0.3 – 0.4 litres per 

minute. The gas was then closed off, the DNA-gold preparation re-

suspended by vortexing and then loaded into the tubing. The microcarriers 

were allowed to settle for 3 – 5 minutes before the ethanol was slowly 

removed from the tubing, leaving behind the DNA coated gold particles. The 

tubing was then turned 1800 to allow the gold to begin coating the tubing 

before the Tubing Prep Station was switched on to continuously rotate the 

tubing. The gold was allowed to smear in the tubing for 3-5 minutes, using a 

flow of 0.4 litres per minute of nitrogen to dry the tubing thoroughly. The 

tubing was then removed from the Tubing Prep Station and cut into 0.5 inch 

lengths that were stored at 40C until required.  

Two microcarriers from each DNA preparation were used to confirm the 

presence of DNA on the gold particles. Briefly, the microcarriers were placed 

in an eppendorf tube and 60µL of TE buffer added. Capillary tips were used 
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to pipette the liquid in the centre of the microcarrier until the gold had eluted 

from the Tezfel tubing. The tubing was then removed from the tube and 

10 µL of agarose gel loading buffer added to each sample. The samples 

were loaded into wells of an agarose gel and electrophoresed as described in 

Chapter 2.7.5. The presence of DNA was confirmed by visualizing DNA 

bands under ultra-violet light.  

4.2.5 Animals, DNA immunizations and C.muridarum challenge  

Female BALB/c mice, aged 6-8 weeks were obtained from the Animal 

Resources Centre (Canning Vale, Western Australia) and housed in an 

accredited laboratory animal care facility in the David Madison Building, 

University of Newcastle. Animals were given food and water ad libitum, and 

housed in groups in an environmentally controlled area with a 12 hour 

light/dark cycle. For the initial expression library screen, ELI screen A, 5 

animals per group were used with this number being increased to 7 mice per 

group for ELI screen B and ELI screen C. For ELI screen C a further 2 

animals were included in the groups administered the live immunization, 

vector only DNA and DNA extracted from the clones containing a fragment of 

either TC0665 or TC0579 for immunological assays. All procedures were 

approved by the University of Newcastle Animal Care and Ethics Committee 

(Animal Ethics Approval #958/0407) and the QUT Ethics Committee 

(Approval #1474/A).

Mice were anaesthetized via inhalation of 4% isofluorane (Abbott Australasia, 

NSW, Australia) and the abdominal fur of each mouse was removed with 

electric clippers. The barrel liner of the Helios gene gun was held directly 

against the abdominal skin and a DNA/microcarrier shot delivered using a 

helium pressure of 400 psi. Each animal received two shots with the 

appropriate DNA/microcarrier preparation, resulting in administration of 

approximately 2µg of DNA. Each mouse was immunized three times at three 

week intervals (Figure 4.3).  
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Figure 4.3 Immunization and C.muridarum challenge timeline 

 

 
 
Timeline detailing the immunization schedule and challenge timepoint for the in vivo 

expression library screen using sub-libraries containing C.muridarum gene fragments. The 

immunization strategy was based on previously published research (Lindinger et al., 2003).  
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Positive control mice received 2.5 mg of medroxyprogesterone acetate 

(Ralovera) (Kenral Division of Pharmacia Australia Pty Limited, Rydalmere, 

Australia) subcutaneously 7 days prior to receiving a dose of 5 x 104 live 

C.muridarum elementary bodies. The mice were anaesthetized intra-

peritoneally with a combination of 15mg/kg xylazine (Bayer, Pymble, 

Australia) and 100 mg/kg ketamine hydrochloride (Parnell Laboratories (Aust) 

Pty Ltd, Alexandria, Australia) before the live C.muridarum was delivered to 

the vaginal vault of animals. When mice had recovered from the anaesthesia, 

generally 30 – 60 minutes, the genital region was swabbed with ethanol so 

that any remaining C.muridarum was removed from the external area to 

avoid oral inoculation as a result of grooming. 

All animals were challenged with 5 x 104 live C.muridarum elementary bodies 

10 days following the final gene gun immunization, or 30 days following the 

live immunization, as described for the positive control mice.   

4.2.6 Genital cultures for C.muridarum  

Vaginal swab samples were collected from all animals every three days 

following the intra-vaginal challenge for a period of 3 weeks. The swabs were 

vortexed in 500µL of sterile SPG and frozen at -800C until processed. McCoy 

cell monolayers were prepared the day prior to the swab samples being 

analysed using 13mm glass coverslips in 24 well tissue culture plates. Two 

100µL aliquots from each swab sample were inoculated onto McCoy cells 

and the infection allowed to progress for 24 hours. The coverslips were then 

fixed in 100% methanol and stained for chlamydial inclusions as described in 

chapter 2.3.4.  

4.2.7 DNA sequence analysis 

Recombinant C.muridarum clones from groups of animals showing a 

reduction in the intensity and/or duration of the C.muridarum challenge were 
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selected for sequence analysis. Clones were grown as previously described 

and DNA extracted using QIAprep Spin Miniprep Kit. DNA was quantitated by 

agarose gel electrophoresis and spectrophotometry. Sequencing reactions 

were carried out as described in chapter 2.7.6 using a 5’ vector specific 

primer targeting the T7 promoter region (5’-TAATACGACTCACTATAGGG-

3’) (Proligo Australia Pty Ltd, Lismore, Australia) .DNA sequencing was 

performed by the Australian Genome Research Facility (AGRF, St Lucia, 

Australia). Nucleotide sequences generated were searched for homology 

with known genes using the BLASTn and CMR BLAST computer programs. 

Nucleotide sequences were translated using the translate tool of the web 

based program Expasy. Resulting amino acid sequences were also aligned 

with corresponding C.muridarum proteins to confirm open reading frame and 

insert orientation using BLASTp and CMR BLAST. Random DNA sequences 

were generated using the Dolan DNA Learning Centre’s Random Sequence 

Generator (Cold Spring Harbor Laboratory, New York, USA).  

4.2.8 Lymphocyte stimulation assay 

Seven days following the final immunization, lymphocytes were extracted 

from the spleens and iliac lymph nodes draining the genital region of two 

mice from the groups immunized with either live C.muridarum, vector only 

DNA (EVC) or DNA extracted from clones containing a fragment of either 

TC0579 or TC0665. The organs were homogenized and enriched for T-cells 

by passage over a nylon wool strainer (Becton Dickinson, Sydney, Australia). 

The cells were washed twice in Hanks buffered salt solution and 

resuspended in red blood cell lysis buffer (Tris-buffered NH4CL) to remove 

the erythrocytes. The lysis was stopped with the addition of DMEM 

supplemented with 10% FCS, L-glutamine, 5 x 10-5 M 2-mercaptoethanol, 

HEPES buffer, penicillin-streptomycin, and amphotericin B (all from Trace 

Biosciences, Castle Hill, Australia). The concentration of the cells was 

adjusted to 5 x 106 cells/mL and 100µL of each was added to wells of a 96 

well tissue culture plate. Lymph node derived lymphocytes were added to a 

single well, due to the low number of cells recovered from the lymphoid 
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organs, while spleen cells were added to four wells for each group of 

immunized animals. The well containing the lymphoid cells and duplicate 

wells containing spleen cells were stimulated with 5 x 104 ifu’s of UV-

irradiated C.muridarum elementary bodies. A single well of spleen cells was 

stimulated with Concanavalin A (Sigma-Aldrich Pty Ltd, Castle Hill, Australia) 

at a concentration of 1µg/well as a positive stimulant while the remaining well 

of spleen cells were treated with media alone as a negative control. The 

plates were incubated at 370C for 72 hours. Following incubation the plates 

were centrifuged at 3000rpm to pellet the cells, and the supernatants were 

collected for cytokine analysis. Supernatants were stored at -800C until 

required. 

4.2.9 Measurement of cytokines 

Levels of IL-10, IL-4, IL-12, γ-interferon (γ-IFN), tumour-necrosis-factor-α  

(TNF-α) and GM-CSF were measured using the Bio-Plex Cytokine Assay kit 

in combination with the Bio-Plex Manager software (Bio-Rad, Regents Park, 

Australia). The lyophilized standards were resuspended with 500µL of media 

and incubated on ice for 30 minutes. Following this incubation serial 4-fold 

dilutions were prepared for use in the assay. The sterile filter microtitre plate 

provided was pre-wet with 150µL of assay buffer and the buffer removed by 

vacuum filtration. The multi-plex bead suspension was diluted from the 25x 

stock supplied, to a 1x stock in assay buffer. The bead suspension was 

vortexed and 50µL added to each well of the filter plate. The assay buffer 

was then removed using vacuum filtration, leaving the multi-plex beads in the 

wells. The wells were washed twice with 100µL of wash buffer before 50µL of 

either standard or sample was added to the appropriate well of the microtitre 

plate. The plate was then briefly shaken at 1100rpm before being incubated 

at room temperature for 60 minutes on a plate rocker at a speed of 300 rpm. 

The plate was protected from light by covering with foil at all times. Following 

incubation wells were washed three times with wash buffer, with the waste 

removed after each wash by vacuum filtration. The cytokine detection 

antibody was diluted from the 50x stock provided to a 1x stock with the Bio-
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Plex detection antibody diluent. 25µL of the cytokine detection antibody was 

added to each well and the plate incubated for 30 minutes after shaking as 

before. The plate was then again washed 3 times with wash buffer and the 

streptavidin-phycoerythrin detection reagent prepared by diluting the 100x 

stock to a 1x stock solution with assay buffer. 50µL of the detection reagent 

was then added to each well and the plate again incubated for 30 minutes as 

described. Again, the plate was washed three times in wash buffer before the 

beads were resuspended in 125µL of assay buffer. The plate was sealed 

with sealing tape, shaken for 30 seconds at 1100 rpm and loaded into the 

Bio-Plex Suspension Array System for analysis. Prior to analysis the Bio-Plex 

Suspension Array System was calibrated according to the manufacturer’s 

instructions. Results were analysed using the Bio-Plex Manager software. 

4.2.10 Analysis of data 

Area under curve data was calculated using SigmaPlot version 9.0 (Systat 

Software Inc, Point Richmond, USA). Levels of C.muridarum infection were 

compared using the Tuckey test for comparison of all groups. The level of 

significance was judged at p<0.05.   
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4.3 RESULTS 

4.3.1 Primary in vivo screen of the expression library by immunization 
and challenge (ELI screen A) 

The 3,072 His-positive clones of the C.muridarum expression library (Chapter 

3) were subdivided into eight pools, each containing 384 clones. The primary 

goal was to determine which of the C.muridarum sub-libraries conferred 

protection against a genital challenge with C.muridarum. Seven of the eight 

His-positive sub-libraries were initially tested. Mice were immunized by gene 

gun technology with plasmid DNA extracted from each pool of 384 clones 

prior to intra-vaginal challenge with live C.muridarum. Progression of 

infection was monitored in the animals for three weeks following the infection 

and parameters for protection were both enhanced clearance of infection and 

reduction in the initial intensity of infection. Groups of animals immunized 

with DNA from the C.muridarum expression library were compared with both 

a non-immunized group of animals (n=5) and a group of animals 

administered vector only DNA (n=5). The animals administered vector only 

DNA were considered to be a measure of any innate immune responses 

generated by the gene gun immunization protocol while the non-immunized 

animals were included as an indication of the natural clearance of a 

C.muridarum genital tract infection. The average number of C.muridarum 

inclusions visualized per microscope field for each group of animals was 

displayed graphically for each time point measured, and the overall level of 

protection for each group of animals was determined by calculating the total 

area under the curve.  

The primary expression library immunization screen, summarized in Figure 

4.4A, showed that sub-library 4 displayed the maximal reduction in the 

intensity of disease at early time points, days 3 and 6 post infection, as well 

as enhanced clearance of the disease 3 weeks post infection in comparison  
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Figure 4.4 Results of protection analysis of the in vivo screen of the expression library (ELI 

screen A: 384 clones per sub-library). 
A 

 
B      C 

   
D      E 
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F      G 
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Vaginal swab samples collected from each animal in each group (n=5), and stored in 500µL 

of sterile SPG were analysed for C.muridarum burden. Monolayers of McCoy cells were 

prepared on coverslips, 100µL of each vaginal swab sample used to inoculate duplicate 

coverslips, and the infection allowed to progress for 24 hours. At 24 hours, the coverslips 

were fixed and stained with a Chlamydia-specific LPS antibody. The total number of 

inclusions in each of ten fields per coverslip was counted, bringing to 100 the total number of 

microscope fields counted for each group of immunized animals. Error bars indicate the 

standard error of mean for each group of animals and were determined from the average 

number of C.muridarum inclusions counted in the 100 microscope fields for each group of 

animals at each timepoint. All groups are shown in Figure 4.4A. Figures 4.4 B-H are 

graphical representations of the number of C.muridarum ifu recovered from the genital tract 

of each group of animals immunized with DNA extracted from a C.muridarum sub-libary 

compared with the vector alone immunized group. B) represents sub-library 2, C) represents 

sub-library 3, D) represents sub-library 4, E) represents sub-library 5, F) represents sub-

ibrary 6, G) represents sub-library 7, H) represents sub-library 8. In all graphs the number of 

C.muridarum inclusions visualized per microscope field is shown on the y-axis, and the 

number of days post challenge infection with C.muridarum is shown on the x-axis. Asterisks 

indicate significantly lower levels of recoverable C.muridarum (p<0.05).  
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to both the control groups and other groups of animals immunized with 

C.muridarum DNA (Figure 4.4).  

The level of protection, as determined by the area under the curve (Table 

4.1), generated by the graphical representation of sub-library 4 was 59% less 

than the curve seen for animals administered vector only DNA and 53% 

lower than non-immunized animals). Three days following the challenge 

infection mice immunized with sub-library 4 DNA showed 55% reduction in 

the number of recoverable Chlamydia compared with negative control 

animals (Figure 4.4D). By 12 days following infection, sub-library 4 had 

reduced the infection by 84% in comparison to negative control animals. The 

level of recoverable C.muridarum was significantly lower than animals 

immunized with vector only DNA at all time points measured (p<0.05) and 

lower than non-immunized animals up to day 15 (p<0.05).  The highest titre 

of recoverable Chlamydia seen in animals immunized with sub-library 4 DNA 

(45 ifu per microscope field) was also 55% lower than the titre from animals 

immunized with vector alone (101 ifu’s per microscope field). 

As figure 4.4 shows, there were varying degrees of protection of animals 

immunized with sub-library fractions of the C.muridarum expression library. 

Sub-libraries 2, 3 and 5 (Figures 4.4 B, C and E respectively) all showed 

some reduction in the intensity of the initial infection while animals immunized 

with DNA extracted from sub-libraries 6, 7 and 8 (Figures 4.4 F, G and H 

respectively) demonstrated no protection against the initial infection when 

compared with the animals administered vector only DNA. Interestingly, 

animals immunized with DNA from sub-libraries 7 and 8 showed even more 

severe infection than control animals 6 days following the challenge infection 

with significantly higher levels of Chlamydia recovered from the genital tracts 

of these animals (p<0.05). Sub-library 3 appeared to be a promising 

candidate sub-library, with a 49% overall reduction in the area under the 

curve (Table 4.1) when compared with the empty vector control group, 

however at day 21 only 1 animal in this group had successfully  
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Table 4.1 Results of protection analysis of the in vivo screen of the expression library (ELI 

screen A). The total area under the curve generated by each group of immunized animals 

(see Figure 4.4) was calculated using SigmaPlot version 9.0 software. The peak infection 

indicates the greatest number of recoverable C.muridarum at any timepoint post challenge. 

Percentage clearance was calculated by assuming that the minimal rate of clearance of the 

C.muridarum infection would be demonstrated by animals administered empty vector DNA 

and hence these animals were assigned a value of zero for the rate of clearance of 

Chlamydia from the genital tract. The degree of clearance of Chlamydia from the genital tract 

of other animals was calculated as a percentage with respect to this value. Complete 

clearance of Chlamydia from the genital tract of an animal would therefore result in a 

percentage score of 100%.  A significantly lower percentage clearance of infection (p<0.05) 

is indicated with an asterix. 
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completely cleared the C.muridarum infection. Natural resolution of a 

C.muridarum infection in mice has been reported to be 3-4 weeks following 

an initial infection, and this was seen in the non-immunized group of animals. 

One animal in the non-immunized group cleared the infection at day 3, 

however no further clearance was seen until 18 days after the challenge 

infection when a further 2 animals cleared the infection and by 21 days 

following the C.muridarum intra-vaginal challenge, all animals had cleared 

the infection. Sub-library 3 was not further investigated, as by 21 days 

following the challenge infection, only one animal had completely cleared the 

infection. In comparison, three animals administered sub-library 4 DNA had 

completely cleared the challenge infection 12 days following challenge, with 

only one animal still remaining infected at 21 days post-challenge.  

In this initial expression library screen, two groups of negative control animals 

were used (n=5), a group administered empty vector DNA (EVC) and a group 

that remained non-immunized. Both groups of negative control animals were 

challenged simultaneously with the experimental animal groups. These 

negative control animals were used to eliminate any non-specific immunity 

afforded by the gene gun immunization process itself. The negative control 

animals administered empty vector DNA displayed a slight reduction in the 

initial intensity of the infection when compared to animals that remained non-

immunized (Figure 4.5) however this lower level of recoverable Chlamydia 

was not significant (p<0.05). This reduced intensity of infection was, 

however, short lived and by day 12 following the challenge infection the 

negative control animals administered empty vector DNA showed higher 

levels of Chlamydia recovered from the genital tract than animals not 

immunized at all. This indicates some non-specific, immune adjuvant effect of 

gene gun immunization. For further experiments it was determined that the 

empty vector control was the most appropriate negative control to use to take 

into account this non-specific immune response. 
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Figure 4.5 Comparison of 2 negative control groups used in the in vivo Expression Library 

Screen A, a non-immunized group of mice and a group of animals administered vector only 

DNA. 

 
 
Vaginal swab samples collected from each animal in each group (n=5), and stored in 500µL 

of sterile SPG were analysed for C.muridarum burden. Monolayers of McCoy cells were 

prepared on coverslips, 100µL of each vaginal swab sample used to inoculate duplicate 

coverslips, and the infection allowed to progress for 24 hours. At 24 hours, the coverslips 

were fixed and stained with a Chlamydia-specific LPS antibody. The total number of 

inclusions in each of ten fields per coverslip was counted, bringing to 100 the total number of 

microscope fields counted for each group of immunized animals. Error bars indicate the 

standard error of mean for each group of animals and were determined from the average 

number of C.muridarum inclusions counted in the 100 microscope fields for each group of 

animals at each timepoint. 
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4.3.2 Secondary in vivo screen (ELI screen B) 

The primary expression library screen identified a single sub-library of 384 

clones, sub-library 4, that afforded the greatest protection against an intra-

vaginal challenge with live C.muridarum. Subsequently, 150 of the 384 

clones from sub-library 4 were selected at random for further investigation. In 

order to rapidly narrow down the number of clones, a two dimensional array 

was constructed for the secondary expression library screen. The 150 

randomly selected clones were organized into overlapping rows (20) and 

columns (15), so that each individual clone was represented in two of the 15 

separate sub-libraries. This second, and subsequent library screens, also 

incorporated a positive control group of animals that received a single intra-

vaginal immunization of live C.muridarum. High levels of protection against 

chlamydial infections have been reported following infection with low doses of 

live chlamydial elementary bodies (Pal et al., 1994). Again the parameters for 

protection were defined as a reduction in the severity and duration of a 

challenge infection.  

The expression library screen A revealed the critical time points to measure 

these parameters to be Day 3, Day 12 and Day 15 post challenge. For 

analysis of the second animal experiment, the levels of infection at these time 

points, as well as day 6 for select groups, were analysed (Figure 4.6A). The 

secondary in vivo library screen revealed two sub-libraries, 4/209 and 4/213, 

that showed enhanced clearance of the initial infection and reduced duration 

of infection in comparison to negative control animals administered only 

vector DNA (Figure 4.6B).   
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Figure 4.6 Results of protection analysis of the secondary in vivo screen of the expression 

library (ELI screen B: 20 clones per sub-library). 
A 

 
B 

 
Figure 4.6A shows results of all animal groups while Figure 4.6B shows results only of sub-libraries 

4/209 and 4/213 with control groups. Vaginal swab samples collected from each animal in each group 

(n=7), and stored in 500µL of sterile SPG were analysed for C.muridarum burden. Monolayers of 

McCoy cells were prepared on coverslips, 100µL of each vaginal swab sample used to inoculate 

duplicate coverslips, and the infection allowed to progress for 24 hours. At 24 hours, the coverslips 

were fixed and stained with a Chlamydia-specific LPS antibody. The total number of inclusions in each 

of ten fields per coverslip was counted, bringing to 100 the total number of microscope fields counted 

for each group of immunized animals. Error bars indicate the standard error of mean for each group of 

animals and were determined from the average number of C.muridarum inclusions counted in the 100 

microscope fields for each group of animals at each timepoint. Asterisks indicate significantly lower 

levels of recoverable C.muridarum (p<0.05).  
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Sub-library 4/209 showed an overall 39% reduction in the area under the 

curve generated when compared with the empty vector control animals while 

sub-library 4/213 showed a 37% overall reduction (Table 4.2). Animals 

immunized with sub-library 4/209 DNA showed a significant reduction in the 

amount of recoverable Chlamydia three days after the challenge infection 

(p<0.01), with a 47% reduction in the amount of recoverable Chlamydia when 

compared with the animals administered vector only DNA, and only 3 

animals in the group shedding C.muridarum at this time. This reduction had 

increased to 63% by 15 days post-challenge and only 2 animals continued to 

shed Chlamydia. Animals administered sub-library 4/213 DNA showed an 

initial 58% reduction in the intensity of infection although only two animals 

showed clearance of the infection at day three following the challenge 

infection. By day 15 after the challenge infection three animals in this group 

had completely cleared the C.muridarum infection and showed a level of 

infection 27% lower than control animals. Sub-library 4/213 showed 

statistically lower numbers of recoverable Chlamydia from the genital tracts 

of animals than the negative control at days 3,6 and 12 post-challenge 

(p<0.05) while sub-library 4/209 showed statistically lower number at days 3, 

6 and 15 post challenge (p<0.05). 

Other groups of animals immunized with DNA extracted from pools of the 

C.muridarum expression library sub-library 4 showed different patterns of 

infection, with some groups showing exacerbated infection when compared 

with the animals immunized with vector only DNA (Figure 4.6A). In particular, 

at 15 days post infection sub-library 4/214 showed aggravated infection, with 

over two fold the number of inclusions visualized in comparison to the 

negative control animals. Fifteen days following the challenge infection four 

groups of animals, those immunized with DNA from sub-libraries 4/202, 

4/207, 4/209 and 4/212, showed significantly lower counts of recoverable 

Chlamydia when compared with the empty vector control (p<0.05), four 

groups of animals, those immunized with DNA from sub-libraries 4/206, 

4/208, 4/211 and 4/214, showed significantly higher counts (p<0.05) and  
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Table 4.2. Results of protection analysis of the secondary in vivo screen of the expression 

library (ELI screen B). Again, the total area under the curve generated by each group of 

immunized animals (see Figure 4.6A) was calculated using SigmaPlot version 9.0 software. 

The peak infection indicates the greatest number of recoverable C.muridarum at any 

timepoint post challenge. Percentage clearance was calculated by assuming that the 

minimal rate of clearance of the C.muridarum infection would be demonstrated by animals 

administered empty vector DNA and hence these animals were assigned a value of zero for 

the rate of clearance of Chlamydia from the genital tract. The degree of clearance of 

Chlamydia from the genital tract of other animals was calculated as a percentage with 

respect to this value. Complete clearance of Chlamydia from the genital tract of an animal 

would therefore result in a percentage score of 100%.  A significantly lower percentage 

clearance of infection (p<0.05) is indicated with an asterix. 
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seven groups of animals, those immunized with DNA from sub-libraries 

4/201, 4/203, 4/204, 4/205, 4/210, 4/213 and 4/215, showed no statistically 

significant difference to the negative control group (p<0.05).  

 Although there was only a single overlapping clone in the two sub-libraries 

selected for further analysis, 4/209 and 4/213, all of the clones were 

sequenced to determine their encoded genes. This was because the varying 

degrees of protection seen in other sub-libraries prevented eliminating the 

other clones as potential protective antigens. Somewhat surprisingly, 

sequence analysis revealed that only 21 of the 40 clones from the two 

protective sub-libraries encoded genes from the C.muridarum genome. The 

remaining clones aligned with either mammalian DNA indicating some 

contamination of the C.muridarum DNA with DNA from McCoy cells used for 

propagation of the Chlamydia, or vector DNA, implying some clones not 

containing a chlamydial DNA insert had screened positive with anti-His 

antibody in the initial in vitro library screen. The intensity of reactions in the in 

vitro His antibody screen discussed in Chapter 3 varied from very strong to 

very weak, so to avoid bias, all positive clones were selected. The presence 

of some false positives is not entirely unexpected.  The 21 clones containing 

C.muridarum DNA contained fragments of 18 different genes (Table 4.3). 

There were 4 genes that were represented separately four times within the 

two sub-libraries, and two genes that were represented twice each. 

Interestingly there were six clones that contained overlapping fragments from 

two adjacent genes, and one instance where the insert contained regions 

from three neighbouring genes. 

                                                                        117



Table 4.3 Sequence identification of C.muridarum genes represented in sub-libraries 4/209 

and 4/213 that showed partial protection against a C.muridarum infection following 

immunization.
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The recombinant C.muridarum clones were analysed for their homology to 

C.trachomatis serovar D, as ultimately a vaccine targeting the human 

serovars of Chlamydia is desirable (Table 4.4). The clones were also 

analysed for high homology with human DNA so that genes that could 

potentially cross stimulate the human immune system and accelerate 

disease could be eliminated. Eighteen random protein sequences were 

generated of the same amino acid size as the C.muridarum proteins. These 

random sequences were analysed by the web based computer database 

BLAST for homology to human protein and the cut off for random homology 

was, in this way, determined to be 44%. Any C.muridarum that had higher 

then 55% homology to human protein was eliminated from further study. 

Protein size and predicted protein function of the clones was also taken into 

consideration when selecting clones for further analysis.  

From the results of the BLAST analysis, seven clones were selected for 

further analysis. The clone containing C.muridarum DNA from the gene 

TC0439 was eliminated due to the large protein size (>364kDa) and the 

difficulty that would be involved in creating full length protein for 

immunological assays. The protein sequence corresponding to the 

C.muridarum gene TC0346 showed high homology with human protein 

(65%) and the clone identified as containing DNA from this gene was 

eliminated from the study for this reason. Clones containing DNA from 

TC0445 and TC0446 were also eliminated due to the high homology of the 

corresponding protein sequence with human protein (>58%). Removal of the 

clone containing DNA from the C.muridarum gene TC0445 also eliminated 

TC0444 from the study as these two DNA sequences were contained within 

a single clone. Similarly, the removal of clone 13 containing DNA from the 

C.muridarum TC0446 gene, also eliminated TC0447 as the DNA fragments 

of these two clones were contained within a single clone. The protein 

sequence of C.muridarum gene TC0718 was also identified as having high 

homology with human sequences and was also removed from the study. This 

resulted also in the elimination of TC0718 as these genes were both found 

within clone 85. The remaining nine genes were contained within eight  
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Table 4.4. Results of the BLAST analysis of C.muridarum genes that were identified within 

sub-libraries 4/209 and 4/213. The entire length of the protein sequence of each 

C.muridarum gene was analysed for homology to human protein, homology to C.trachomatis 

serovar D protein and protein size. Data highlighted in red indicates those genes that were 

omitted from further experiments due to high homology with human protein. Data highlighted 

in green indicates the gene that was omitted from further experiments due to the large 

protein size. Data highlighted in blue indicated the genes contained within recombinant 

C.muridarum clones selected forr screening in ELI screen C.  
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clones. Fragments of DNA from the C.muridarum gene TC0490 were found 

to be contained within four separate clones and were included in further 

expression library studies as the high frequency at which fragments of this 

gene were found in the sub-library was perhaps significant. The four clones 

contained nearly identical fragments of the gene TC0490, a surprising 

phenomenon considering the total nucleotide length of the gene is 2673 base 

pairs. The largest fragment of DNA represented in these four clones included 

the sequence from position 1400 of the gene to position 2372 (clone 118), 

while the smallest fragment incorporated the sequence from position 1522 to 

2372 of the gene (clone eight). All further research utilized clone 118 as it 

incorporated the largest fragment of DNA and no other clone was found to 

contain DNA outside of this sequence.  

The clones incorporating DNA from genes TC0032, TC0155, TC0300/0301 

and TC0665 were included in further expression library studies due to the 

high level of homology with the human isolate, C.trachomatis serovar D 

(>90%). The clone containing DNA from the gene TC0207 was included due 

to the role the gene FtsY plays in signal recognition and subsequent mRNA 

translation of secretory proteins, while the clone containing a fragment of 

DNA from the gene TC0579, an ATP synthase, was included due to the 

involvement the gene has in energy metabolism.  

4.3.3 Tertiary in vivo screen (ELI screen C) 

DNA was extracted from the seven clones selected for further analysis, 

TC0032, TC0155, TC0207, TC0300/0301, TC0490, TC0579 and TC0665, 

and individually delivered to groups of animals (n=7). Two extra control 

groups were included in this expression library immunization experiment, 

sub-library 4/209 and sub-library 4/309. Sub-library 4/209 is a pool of clones 

identified in the secondary in vivo screen as conferring protection against an 

intra-vaginal challenge in mice. This group was included in the tertiary 

expression library screen in order to confirm the protective efficacy of the 

pool of clones. Another control group was included in the tertiary ELI screen. 
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This group, designated sub-library 4/309, contained DNA extracted from the 

C.muridarum recombinant clones contained within sub-library 4/209, but 

without the clones identified by sequence analysis as containing only vector 

DNA or host cell DNA. This group was included in the experiment to 

determine whether the host cell DNA played any adjuvant role in the 

immunization regime. The level of protection against disease was again 

monitored by cell culture methodology following an intra-vaginal challenge 

with C.muridarum (Figure 4.7A). The cell culture analysis of genital swabs 

collected from mice following the C.muridarum infection identified two groups 

of animals immunized with recombinant C.muridarum clones conferring 

significant levels of protection (p<0.01) against the genital tract infection 

(Figure 4.7B) at various timepoints. These clones had been identified from 

earlier sequence analysis to contain DNA from the genes TC0665, a 

conserved hypothetical protein, and TC0579, an ATP synthase subunit.  

Both TC0665 and TC0579 immunized groups of animals showed almost a 

50% reduction in the infectious titre as early as day 3 after the challenge 

infection (Table 4.5). The clone containing DNA from TC0665 showed an 

89% decrease in the number of recoverable Chlamydia at day 18, with only 

one animal still shedding C.muridarum at this time. The overall measure of 

protection as determined by the area under the curve generated by 

graphically plotting the data, showed a 49% overall reduction in the infection 

over time when compared with the animals administered vector only DNA. 

While the overall level of protection determined for animals immunized with 

DNA extracted from the clone containing TC0579 DNA sequence was 46%, 

three animals continued to shed C.muridarum 18 days following the 

challenge infection. Although the overall level of recoverable Chlamydia in 

these animals was significantly different from the negative control animals up 

to day 12 (p<0.01), at day 15 and 18 post-challenge, the difference between 

the groups was not significant (p<0.05).  
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Figure 4.7 Results of protection analysis of the tertiary in vivo screen of the expression 

library (ELI screen C: individual clones). 
A 
 

 
B 
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Figure 4.7A shows results of all animal groups while Figure 4.7B shows results only of 

animals immunized with clones containing a fragment of either TC0579 or TC0665. Vaginal 

swab samples collected from each animal in each group (n=7), and stored in 500µL of sterile 

SPG were analysed for C.muridarum burden. Monolayers of McCoy cells were prepared on 

coverslips, 100µL of each vaginal swab sample used to inoculate duplicate coverslips, and 

the infection allowed to progress for 24 hours. At 24 hours, the coverslips were fixed and 

stained with a Chlamydia-specific LPS antibody. The total number of inclusions in each of 

ten fields per coverslip was counted, bringing to 100 the total number of microscope fields 

counted for each group of immunized animals. Error bars indicate the standard error of mean 

for each group of animals and were determined from the average number of C.muridarum 

inclusions counted in the 100 microscope fields for each group of animals at each timepoint. 

Asterisks indicate significantly lower levels of recoverable C.muridarum (p<0.05). 
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Table 4.5 Results of protection analysis of the tertiary in vivo screen of the expression library 

(ELI screen C). The total area under the curve generated by each group of immunized 

animals (see Figure 4.7) was calculated using SigmaPlot version 9.0 software. The peak 

infection indicates the greatest number of recoverable C.muridarum at any timepoint post 

challenge. Percentage clearance was calculated by assuming that the minimal rate of 

clearance of the C.muridarum infection would be demonstrated by animals administered 

empty vector DNA and hence these animals were assigned a value of zero for the rate of 

clearance of Chlamydia from the genital tract. The degree of clearance of Chlamydia from 

the genital tract of other animals was calculated as a percentage with respect to this value. 

Complete clearance of Chlamydia from the genital tract of an animal would therefore result in 

a percentage score of 100%.  A significantly lower percentage clearance of infection 

(p<0.05) is indicated with an asterix. 
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The secondary in vivo expression library screen resulted in the discovery that 

several clones included in the sub-libraries contained DNA fragments from 

host cells used in the propagation of C.muridarum as well as several clones 

containing no foreign DNA insert. The sub-libraries 4/209 and 4/309 were 

included in the animal experiment to determine the adjuvant effect of 

including these clones in the sub-library.  Sub-library 4/209 contained DNA 

extracted from the 40 clones used in the secondary expression library 

screen, while sub-library 4/309 contained DNA extracted from only those 

clones containing C.muridarum DNA inserts. The results indicate that there 

was no adjuvant effect afforded through the inadvertent inclusion of clones 

containing host cell DNA or vector only DNA in the sub-library (Table 4.5). 

Eighteen days following the challenge infection, only two animals 

administered sub-library 4/209 DNA continued to shed C.muridarum, 

compared with 3 animals from the group administered SL4/309 DNA. At day 

three following the challenge infection, sub-library 4/209 animals showed a 

32% reduction in the amount of recoverable Chlamydia and animals 

immunized with sub-library 4/309 DNA showed a 33% reduction in the level 

of Chlamydia recovered from the genital tract of the animals when compared 

with the animals administered vector only DNA. At day 15, the amount of 

recoverable Chlamydia in  sub-libraries 4/209 and 4/309 were 20% and 18% 

lower than the negative control animals respectively. While there was a slight 

difference in the overall level of recoverable Chlamydia as determined by the 

area under the curve, with animals administered the 4/209 sub-library 

showing a 21% overall reduction and animals immunized with sub-library 

4/309 showing as overall 31% overall reduction compared with the animals 

administered empty vector alone, these differences were not thought to be 

significant. 

Due to the importance immune responses play in chlamydial infections, and 

the desire to create a vaccine capable of eliciting not only protection against 

an infection but also strong immune responses to confer long lasting 

immunity, it was considered important to elucidate the immune parameters 

involved in the protection seen in the expression library screen. Although 
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there are many approaches to determine the immune parameters involved in 

a protective response, it was thought that utilizing purified protein to stimulate 

T-cells isolated from immunized animals would provide the most accurate 

measure of immunoglobulin titres present in serum and vaginal secretions, 

hence, providing as an indication of the type of immune response elicited by 

the expression library immunization experiments. Sequence analysis of the 

C.muridarum genes contained within the clones was carried out to determine 

the size of the protein fragment incorporated in the clone. The outcome of 

this analysis yielded surprising results, with only two of the seven clones 

used to immunize groups of animals in the tertiary expression library screen 

expressing C.muridarum protein, those containing DNA from TC0032 and 

TC0155. The remaining clones were determined to either be in the incorrect 

orientation (clones containing DNA from TC0207, TC0300/0301 and TC0490 

aligning with the minus strand) or not in an open reading frame (clones 

containing DNA from TC0579 and TC0665 not aligning with the vector’s start 

codon). This result was surprising as the vector used to create the 

C.muridarum expression library contains a poly-His tag and all recombinant 

clones were initially screened for His reactivity. Only those clones from the 

expression library that screened positive to an anti-His antibody were 

selected for screening in in vivo experiments. However the lack of any 

positive control for use in the in vitro expression library screen made the 

detection of false positive reactions difficult.  

4.3.4 Immunological analysis of DNA immunization with clones 
containing TC0579 and TC0665 fragments 

To determine whether the apparent protection elicited through immunization 

with clones containing C.muridarum inserts out of frame with the vector 

transcription start site was Chlamydia specific or innate immunity, spleen 

cells and lymphatic cells were analysed for T-cell cytokine production. Eight 

animals were immunized as described for protection studies using gene gun 

technology; two animals with each of the clones containing C.muridarum 

TC0579 and TC0665 DNA, two animals with vector only DNA and two 
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animals with live C.muridarum as a positive control. One week following the 

final immunization the animals were sacrificed and T-cells harvested from the 

spleen and iliac lymph nodes to analyse systemic and local immune 

responses respectively. This timepoint was selected for analysis of cytokine 

levels, based on previously published research (Igietseme et al., 1998). The 

cells from each organ were pooled and stimulated with UV-inactivated whole 

C.muridarum elementary bodies. Production of γ-interferon, granulocyte 

macrophage colony stimulating factor (GM-CSF), interleukin-10 (IL-10), 

interleukin-4 (IL-4), interleukin-12 (IL-12) and tumour necrosis factor-α (TNF-

α) were measured using the Bio-Plex cytokine assay kit.  

While all cytokines were detected systemically in the cells isolated from the 

live immunized animals, the strongest cytokine responses were seen with the 

production of γ-IFN, a cytokine that promotes the differentiation of CD4+ 

lymphocytes into Th1 cells, the general inflammatory cytokine TNF-α and the 

regulatory cytokine IL-10 that is produced by antigen-presenting cells 

stimulated by bacterial pathogens (Figure 4.8). The level of γ-IFN in the live 

immunized animals was almost 80 fold higher than the levels seen in the 

animals immunized with vector only DNA. TNF-α, a pro-inflammatory 

cytokine that stimulates the production of other Th1 type cytokines such as 

GM-CSF and interleukin-1 was 5 fold increased over animals administered 

vector only DNA, while GM-CSF, a general cytokine known to stimulate 

leukocytes and the growth and maturation of dendritic cells was increased by 

almost 20-fold.  IL-12, a cytokine also known to regulate the differentiation of 

naive T cells into Th1 cells was only detected at background levels. The 

cytokines included to measure Th2 immunity, IL-4 and IL-10, were detected 

at low levels in the live immunized animals. IL-4 was detected 4-fold above 

the negative control animals, while IL-10 was found to be 2-fold increased. 

When considered together, these results indicate a strong Th1 immune 

response, mediated primarily by γ-IFN, a cytokine known to play an important 

role in the resolution of chlamydial infection in animal models.  
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Figure 4.8 Systemic cytokine levels in T-cells isolated from the spleen of immunized animals 

and stimulated with UV-inactivated C.muridarum elementary bodies. 

 

Results are shown as the fold increase above animals immunized with vector only DNA.  
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While IL-10, IL-4 and TNF-α were all detected following the stimulation of 

spleen cells isolated from animals immunized with DNA from the clone 

containing a fragment of C.muridarum TC0665, in no case was the level 

higher than the cytokine level seen in animals immunized with vector alone.  

These results indicate no C.muridarum specific T-cell immune responses in 

spleen cells isolated from immunized animals. The cytokine profile resulting 

from the stimulation of spleen cells isolated from animals immunized with 

DNA from the clone containing a C.muridarum TC0579 insert also showed 

the presence of IL-4 and IL-12 in levels equal to the negative control animals 

and levels of TNF-α approximately 3-fold above negative control animals. 

Levels of γ-IFN were increased when compared to the animals immunized 

with only vector DNA. The level of γ-IFN was increased almost 12 fold above 

the animals immunized with vector only DNA, and while this response was 

not as strong as that seen in live immunized animals, it appears to indicate 

the induction of a Chlamydia specific Th1 type immune response.  

The local cytokine profiles for animals immunized with live C.muridarum 

elementary bodies appeared to also indicate a Th1 type immune response 

with levels of γ-IFN increased almost 25-fold over negative control animals 

and the pro-inflammatory cytokine GM-CSF also increased 10-fold above 

negative control animals (Figure 4.9). IL-10 was present at 7-fold greater 

levels than the negative control animals and low levels of TNF-α, IL-12 and 

IL-4 were also detected, all having about a 2-fold increase when compared 

with the animals immunized with vector only DNA. The presence of IL-12 is 

consistent with a Th1 type immune response as this cytokine is associated 

with the promotion of cytotoxic lymphocyte activity and the subsequent 

adaptive immune response generated against the pathogen.  
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Figure 4.9 Local cytokine levels in T-cells isolated from the local lymph nodes of immunized 

animals and stimulated with UV-inactivated C.muridarum elementary bodies. 

 

Results are shown as the fold increase above animals immunized with vector only DNA. 
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The local cytokine profile seen resulting from the stimulation of cells isolated 

from animals immunized with DNA from the clone containing C.muridarum 

TC0665 DNA  showed the presence of IL-10, IL-12 and IL-4, however, they 

were not greater than the levels seen in the animals immunized with the 

vector only DNA. These results again indicate no C.muridarum specific T-cell 

immune responses in lymph cells isolated from immunized animals. The 

cytokine profile seen in animals immunized with DNA extracted from the 

clone containing a fragment of the TC0579 gene showed a strong Th2 type 

immune response, with levels of IL-10 114-fold higher than animals 

immunized with vector only DNA. This tends to suggest a strong 

C.muridarum specific Th2 response in the local draining lymph nodes of 

immunized animals.  

Analysis of the short amino acid sequence expressed by the clone containing 

TC0579 DNA sequence, showed that the protein had 53% homology with a 

C.muridarum protein, TC0850 (Figure 4.10). It is possible that the 

C.muridarum specific immune responses generated, following stimulation of 

T-cells with UV-inactivated C.muridarum, is due to the expression of this 

short peptide within the clone.  
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Figure 4.10 Amino acid alignment of protein expressed by the recombinant C.muridarum 

clone and the protein expressed by the C.muridarum gene TC0850. 
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4.4 DISCUSSION 

The use of expression library immunization to identify potential immunogenic 

or protective antigens of a pathogen is a powerful tool, allowing potentially 

the entire genome of a pathogen to be screened. Expression library 

immunization involves random fragmentation of the entire genome of a 

pathogen and subsequent cloning of these fragments into vectors for protein 

expression. In order for the entire genome of a pathogen to be represented in 

this expression library, generally at least six times the genome size is 

incorporated into the vector, to allow for fragments that are inserted in the 

incorrect orientation or incorrect open reading frame for expression. The 

expression library can then be divided into sub-libraries and used to 

genetically immunize an animal model of the disease allowing protective sub-

libraries to be identified through a challenge infection in the animal.  As well 

as the in vivo screening methods, in vitro screening procedures have been 

established to identify candidate genes that are expressing protein, prior to 

immunization of an animal model. These in vitro screening methods involve 

tagging the vector with fusion proteins that only express when in an open 

reading frame and correct orientation within the vector. Together, these 

screening tools have been utilized to identify potential vaccine candidate 

genes in many disease models including C.pneumoniae (Li et al., 2006), 

C.abortus (Stemke-Hale et al., 2005), M.hyopneumoniae (Moore et al., 

2001), Mycobacterium avium subsp. Paratuberculosis (Huntley et al., 2005), 

Neisseria meningitidis (Yero et al., 2005), Coccidioides immitis (Ivey et al., 

2003), Toxoplasma gondii (Fachado et al., 2003), Ixodes scapularis 

(Almazan et al., 2003), Leishmania donovani (Melby et al., 2000) and 

Plasmodium chabaudi (Smooker et al., 2000).  

The use of genetic immunization to induce immune responses in animals has 

enabled expression library immunization to advance as a tool for the rapid 

identification of vaccine antigens. DNA immunization involves antigen 

encoding bacterial plasmids that are capable of inducing an antigen specific 
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immune response following delivery to a host. Immunization via both 

systemic and mucosal routes of antigen delivery has been shown to induce 

antigen specific immune responses, with gene gun DNA delivery of antigens 

showing several benefits over other delivery systems (Fynan et al., 1993). 

Gene gun delivery of DNA to animals can result in specific immune 

responses providing protection against a lethal challenge infection of 

influenza that was equivalent to protection following intra-muscular 

immunization, with 500-fold less DNA (Fynan et al., 1993). This method of 

antigen delivery is thought to be superior to intra-muscular delivery due to the 

direct inoculation of antigen presenting cells in the skin.  

The research described in this chapter aimed to utilize both novel 

technologies of expression library immunization and gene gun delivery of 

DNA to identify protective antigens of C.muridarum. The ultimate goal of 

developing a vaccine that protects against C.trachomatis infections is 

desirable to reduce the considerable social, economic and medical burden 

these infections have worldwide (World Health Organization, 2001). 

C.muridarum infection of mice parallels C.trachomatis infections in humans in 

both pathogenesis and adaptive immune response, thereby establishing its 

usefulness as a disease model for the development of a vaccine against 

Chlamydia (Barron et al., 1981).  

This study used the clones of the initial C.muridarum expression library that 

screened positive in an in vitro anti-His antibody screen as these clones were 

expected to express C.muridarum protein. This His-positive fraction of the 

expression library was screened in vivo using a mouse model of chlamydial 

genital tract infection. Through selectively reducing the number of clones in 

protective sub-libraries, it was thought that individual clones conferring 

protection against a genital C.muridarum infection could be identified. Three 

in vivo expression library screening experiments were completed in an 

attempt to achieve this goal.  
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The initial ELI screen (ELI screen A), resulted in the identification of a sub-

library, SL4, containing 384 individual clones that appeared to confer the 

greatest degree of protection against the C.muridarum challenge infection in 

comparison to other sub-libraries and negative control groups (animals 

administered either vector only DNA or no immunization). This sub-library 

showed an overall 59% reduction in infection over a three week period, when 

compared with animals immunized with vector only DNA. This sub-library 

was selected for the secondary expression library screen (ELI screen B), 

where 150 of the 384 clones were arrayed into a two-dimensional matrix. 

This system of arranging clones in overlapping arrays was reported by 

Stemke-Hale et al (Stemke-Hale et al., 2005) as a means of more rapidly 

identifying protective clones. Once the protective sub-libraries are identified, 

the individual overlapping clones from these sub-libraries can be identified 

and sequenced to identify the genes involved in protection, reducing the 

need for further in vivo experiments using sub-libraries or pools of clones.  

ELI screen B identified two sub-libraries conferring protection against the 

challenge infection, 4/213 and 4/209, and these sub-libraries contained only 

two overlapping clones. Sub-library 4/209 showed a 39% reduction in the 

overall reduction over a 15 day time period, while sub-library 4/213 showed a 

37% reduction in the same time frame, when compared with the negative 

control animals. This level of reduction in the overall infection was, however, 

only approximately 65% of the reduction noted by sub-library 4 in ELI screen 

A.  

There are several possible explanations for this lower level of protection seen 

in ELI screen B when compared with ELI screen A. As only 150 of the 384 

clones from ELI screen A were used in ELI screen B, there is a distinct 

possibility that a clone containing a fragment of C.muridarum DNA that is 

capable of conferring stronger protection against a C.muridarum infection 

was not tested in ELI screen B. 234 clones from sub-library 4, or 61% of the 

sub-library, were not screened for protective efficacy in ELI screen B. This 

was due to the decision that screening overlapping arrays of clones could 
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potentially reduce the number of in vivo ELI screens needed to identify 

potential vaccine candidate antigens. The number of animals required to 

screen the C.muridarum expression library in this way was vastly reduced in 

comparison to the traditional sub-fractionation methods used by other 

researchers.  

Another possible explanation for the lesser level of protection seen in ELI 

screen B, when compared with ELI screen A, is the potential additive effect 

immunization with a greater variety of clones can have. It has long been 

thought that a vaccine capable of protecting against C.trachomatis infections 

would need to be a multi-subunit vaccine, containing immunogenic epitopes 

from a number of chlamydial genes (Eko et al., 2004). Immunization with 

several immunogenic antigens has the potential to increase both the level of 

protection against a challenge infection and the immune response generated 

against the vaccine. Eko et al (2004) have shown, in a C.trachomatis 

infection model, that immunization with a vaccine construct expressing both 

MOMP and OMP2 gave stronger specific Th1 immune responses and 

greater protection against a challenge infection, than immunization with a 

construct expressing MOMP alone. Expression library immunization with sub-

libraries, or pools of clones, does not allow for characterization of individual 

immune responses, and hence the cumulative effect of any two or more 

immunogenic antigens upon sub-fractionation could be lost. However, the 

two sub-libraries 4/209 and 4/213 gave the strongest protection of any 

immunized group of animals.  

The third expression library screen, ELI screen C, aimed to determine the 

individual clones in sub-libraries 4/209 and 4/213 capable of protecting 

against a C.muridarum infection. Although there were only two clones that 

overlapped in ELI screen B, all clones contained within sub-libraries 4/209 

and 4/213 were sequenced to identify the C.muridarum gene fragment 

contained within the clone. The sequence results showed only 52% of clones 

were in fact carrying an insert containing C.muridarum DNA. There was 

obviously some contaminating DNA host McCoy cell DNA resulting from the 
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use of the mouse fibroblast cell line to propagate the C.muridarum prior to 

DNA extraction. This is an inherent problem with Chlamydia, and while every 

effort was made to remove host cell debris during purification, the carryover 

of some host cell material is inevitable. Several clones were found to contain 

no foreign DNA and were simply vector that had re-annealed during the 

ligation process. The fact that there was no positive control available during 

the poly-His screening process made the elimination of these false positives 

from the C.muridarum expression library difficult. Further to this, all clones 

that screened positive in the in vitro expression library screen were selected 

to create the poly-His positive C.muridarum library, regardless of the intensity 

of the anti-His reaction. This was done to avoid falsely eliminating poly-His 

positive clones from the library as the level of reactivity of each clone to the 

anti-His antibody was expected to vary depending on the insert present. The 

selection of some false positives is therefore not entirely unexpected.  

The clones that were confirmed by sequence analysis to contain a fragment 

of C.muridarum DNA were further analysed for homology to C.trachomatis 

serovar D DNA, homology to human DNA, protein size and predicted protein 

function. As not all clones could be individually analysed in the third in vivo 

expression library experiment, ELI screen C, this analysis enabled selective 

reduction of the clones contained within the two sub-libraries. Only those 

clones having low homology to human DNA were selected, as a vaccine 

having high homology with the human DNA sequence has the potential to 

influence the human immune system and accelerate disease. Ultimately, a 

vaccine against the serovars of C.trachomatis that cause disease in humans 

is desired, hence clones were selected only if they had high homology with 

C.trachomatis serovar D, currently the only fully sequenced and annotated 

serovar of C.trachomatis that causes genital tract infections in humans.  

As DNA immunization of humans is not currently approved by the United 

States Food and Drug Administration, any potential vaccine candidate 

antigens identified in this work would need to be investigated using traditional 

vaccine delivery methods. For this reason the full length protein sequences of 
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the gene fragments identified by nucleotide sequence BLAST analysis were 

analysed as these would possibly need to be constructed for future research. 

One clone was eliminated due to the protein size, as the total protein size of 

364kDa was considered to be too difficult to clone and express for any future 

work. Predicted protein function of the genes was also analysed as it is 

generally believed that membrane exposed proteins or secreted proteins are 

the best vaccine candidate antigens. Interestingly, the sequence analysis of 

the clones contained in sub-libraries 4/209 and 4/213 contained no outer 

membrane or secretory proteins. The majority of the genes were 

housekeeping genes with five of the 18 genes being hypothetical proteins, 

therefore protein function was only taken into consideration after other 

parameters for selection had been considered. From these results, seven 

clones were selected as potential vaccine candidate antigens and screened 

individually in the mouse model of C.muridarum infection (ELI screen C). 

These clones contained fragments from: TC0032, a DNA gyrase subunit; 

TC0155, a putative bisphosphate nucleotidase; TC0207, the signal 

recognition particle protein FtsY; TC0300/0301, a conserved hypothetical 

protein and a methionyl t-RNA synthetase; TC0490, a UrvD/REP helicase 

protein; TC0579, a putative ATP synthase subunit and TC0665, a conserved 

hypothetical protein.  

To determine whether DNA extracted from a single recombinant clone 

containing a fragment of a C.muridarum  gene could confer protection 

against a C.muridarum challenge infection, a third expression library 

screening experiment, ELI screen C, was undertaken. This third expression 

library screen identified two clones conferring protection against the 

challenge infection, those containing fragments from the genes TC0579 and 

TC0665. Immunization with these clones resulted in 46% and 49% total 

reduction in infection over an 18 day period when compared with the 

negative control group. Again, this reduction in the overall clearance of 

infection was not as high as the 59% reduction seen by sub-library 4 in ELI 

screen A, although both groups showed better protection overall, determined 

from the area under the curve resulting from a graphical representation of the 
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chlamydial burden over time, when compared with sub-libraries 4/209 and 

4/213 from ELI screen B.  

However, following this experiment, sequence analysis showed that these 

clones, as well as three of the other seven clones used to immunize animals 

in ELI screen C, were not expressing chlamydial protein. Protein BLAST 

analysis showed that TC0579 and TC0665 were out of frame with respect to 

the start codon and promoter sequence of the vector, while clones containing 

fragments of the genes TC0207, TC0300/0301 and TC0490 were in the 

incorrect orientation. These results were surprising considering the initial in 

vitro expression library screen with an anti-His antibody designed to detect 

those clones expressing chlamydial protein.  While protein BLAST analysis 

showed the clones containing fragments from the genes TC0032 and 

TC0155 to be expressing proteins 268 and 106 amino acids in length, the 

proteins expressed by the remaining clones ranged from 18 to 47 amino 

acids in length. The clones that appeared to confer some protection against 

infection, those containing gene fragments from TC0579 and TC0665 were 

25 and 19 amino acids in length, respectively. The short peptide sequence 

from the clone containing a fragment of TC0665 had no homology with 

C.muridarum protein sequence, however the clone containing a fragment of 

TC0579 showed 53% protein homology to the gene TC0850, a type III 

secretion translocase protein. This finding was interesting as not only are 

many proteins involved in the type III secretion system surface exposed 

(Blocker et al., 2001), a property thought to be important in the design of 

experimental vaccines, but the type III secretion system is also known to play 

an important role in the virulence of a pathogen (Perry and Fetherston, 1997; 

Ohlson et al., 2005). In a recent study investigating the potential of a surface 

exposed type III secretion protein from Yersinia pestis, the authors showed 

that immunization with this protein induced specific antibody responses and 

provided protection against a challenge infection in a mouse model of 

Y.pestis infection (Matson et al., 2005). These findings indicate that protein 

complexes of bacterial type III secretion systems could in fact be potential 

vaccine candidates. Although the protein fragment expressed from the clone 
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containing nucleotide sequence from TC0579 had only low homology with 

the C.muridarum protein TC0850, the SctL protein of the C.muridarum type 

III secretion system, the protective immunity seen following the challenge 

infection could potentially be due to the partial homology the protein 

sequence has with the type III secretion protein SctL. Analysis of the gene 

SctL in C.muridarum showed that the short peptide fragment from this protein 

expressed in the clone was in fact predicted to be surface exposed, further 

supporting the possibility that the peptide fragment induced some 

C.muridarum specific immunity. 

Considering that the only difference between clones that showed protection 

against the C.muridarum infection, and those that did not, was the DNA 

sequence from C.muridarum inserted into the vector, any immunogenic effect 

afforded by the immunization mechanism or route, or by the vector itself, was 

eliminated as a source of protection. To determine whether the protection 

seen in the groups of animals immunized with clones containing DNA from 

TC0579 and TC0665 was C.muridarum specific, T-cell stimulation assays 

were undertaken. Both spleen and lymph T-cells were isolated and 

stimulated with whole UV inactivated C.muridarum EB’s. Live immunized and 

vector only groups were used as positive and negative controls respectively. 

T-cells isolated from animals immunized with vector only DNA and stimulated 

with UV inactivated C.muridarum showed only background levels of 

cytokines following detection in both cells isolated from the spleen and from 

lymph nodes. In contrast, although as expected from previous reports in the 

literature (Pal et al., 1994), animals immunized with live C.muridarum and 

stimulated with the inactivated pathogen showed a predominantly Th1 type 

immune response. T-cells isolated from the spleen showed a 79-fold 

increase in γ-IFN over negative controls, with low levels of TNF-α and GM-

CSF also being detected. Local cytokine profiles, determined from cells 

isolated from the lymph nodes that drain the genital mucosa, also showed a 

Th1 type immune response dominated by a 24-fold increase in γ-IFN above 

background levels. This result was not unexpected as the importance of γ-

IFN mediated immunity has long been known to play an important role in the 
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resolution of Chlamydia infections both in humans and in the mouse model of 

infection (Rank et al., 1992; Rank and Sanders, 1992; Cotter et al., 1997; Ito 

and Lyons, 1999).  

The clone containing a fragment of TC0665 DNA exhibited no specific Th1 or 

Th2 type immune response in either the systemic or local cytokine profiles. In 

order to attempt to explain the protection seen in the cell culture assays, the 

sequence expressed in the clone was analysed for T-cell epitopes, B-cell 

epitopes and CpG motifs. The program PREDBALB/c (Zhang et al., 2005) was 

used to identify T-cell epitopes that bind to murine BALB/c major 

histocompatibility complex class I and class II molecules. The analysis 

showed no peptides with significant binding capability to either class I or 

class II MHC molecules. Similarly, prediction of B-cell epitopes in the short 

peptide sequence using the program BCIPEP (Saha et al., 2005) showed no 

possible B-cell epitopes within the short peptide sequence resulting from the 

frame shift of TC0665. However searches within the DNA fragment for CpG 

motifs showed the presence of two identical CpG motifs with the sequence 

ATCGTC. Generally, the strongest CpG motifs in mouse have the formula 

purine-purine-CG-pyrimidine-pyrimidine (Krieg et al., 1995) however CpG 

motifs with the alternative formulae such as pyrimidine-purine-CG-pyrimidine-

purine were also shown to have some immuno-stimulatory effect. The CpG 

motifs contained within the clone containing a fragment of TC0665 have the 

formula purine-pyrimidine-CG-pyrimidine-pyrimidine. It is not known exactly 

what effect this single nucleotide variation from the strongest six nucleotide 

sequence would have, however, considering the enhanced immune 

responses seen in variations of the strongest motif sequences, it is possible 

that the protective effect seen in animals immunized with this clone is due to 

the innate immune response stimulated by these CpG sequences. Krieg et al 

(Krieg et al., 1995) also showed that increasing the frequency of CpG motifs 

within a sequence increased the immuno-stimulatory effect of mice following 

immunization. This further supports the hypothesis that the protective effect 

seen in mice immunized with the clone containing a fragment of the gene 

TC0665 that was not in frame and therefore does not express chlamydial 
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protein, is due to the presence of two immunogenic CpG motifs within the 

DNA sequence.  

Immunological analysis of the clone containing a fragment of DNA from the 

C.muridarum gene TC0579 was also undertaken. The Bio-plex bead analysis 

for cytokine levels produced from T-cells isolated from both the spleen and 

draining lymph nodes showed a systemic C.muridarum specific Th1 immune 

response mediated by γ-IFN. The levels of γ-IFN in animals immunized with 

this clone were over 11-fold higher than negative control animals. The 

animals also showed a strong Th2 type immune response with levels of IL-10 

produced 114-fold above negative control animals in T-cells isolated from the 

iliac lymph nodes. This immune response shows that the protection seen in 

animals immunized with the clone containing a fragment of the TC0579 gene 

is in fact C.muridarum specific. It is possible that the immune response 

generated is against the short TC0850 peptide expressed as a result of the 

frame shift of the fragment within the vector, although the protein fragment 

expressed aligns with only 53% of the amino acid sequence. In silico analysis 

of the protein fragment through both PREDBALB/c and BCIPEP failed to detect 

any predicted T or B-cell epitopes respectively. However, a single CpG motif 

with the distinctive formula purine-purine-CG-pyrimidine-pyrimidine was 

detected within the DNA sequence of this clone. CpG motifs with this formula 

have been shown to cause B-cell proliferation and secretion of 

immunoglobulin in mice (Krieg et al., 1995). The presence of the 

immunogenic sequence AACGTT within the clone containing a DNA 

fragment from the C.muridarum gene TC0579 may have enhanced any 

C.muridarum specific immunity generated to the TC0850 type III secretion 

translocase protein that resulted from the DNA fragment being out of frame. 

The protection seen in animals immunized with the clone containing TC0579 

DNA appears to be a result of two factors. Firstly, the failure of the DNA 

sequence to align with the start codon has resulted in the expression of a 

protein fragment that has 53% homology with a C.muridarum type III 

secretion protein. Immunization with the peptide fragment showing homology 

to the TC0850 protein showed specific Th1 and Th2 immune responses 
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following immunization and stimulation of T-cells with UV-inactivated 

C.muridarum. Secondly, the presence of a strong CpG motif within the DNA 

sequence itself theoretically led to the proliferation of B-cells and secretion of 

immunoglobulin that possibly enhanced the immune response. These 

combined factors may have resulted in both C.muridarum specific and innate 

immune responses that translated to protection in an animal model of 

C.muridarum infection.  

While this study has identified several problems with expression library 

screening methodologies, it also serendipitously identified a potential vaccine 

candidate antigen, TC0850, that may be capable of providing protection 

against C.muridarum infection and with potential to be useful in the design of 

a vaccine against genital C.trachomatis infections in humans. The use of a 

vector designed to identify recombinant clones of an expression library, while 

useful in reducing the number of in vivo screenings, requires more stringent 

controls and rigorous evaluation to eliminate the large numbers of false 

positives seen in this research. An alternative vector to the pCI30 vector used 

in this work, ORF-FINDER, is advantageous as it contains a translational 

start site that is out of frame with a gene coding for a green fluorescent 

protein (Rombel et al., 2002). Any insert must bring the start codon into 

frame, resulting also in expression of the GFP, allowing for selection of 

recombinant clones expressing protein. While the pCI30 vector is useful, as it 

allows for expression in both mammalian and bacterial systems, the 

incorporation of the poly-His tag at the C-terminal end of the multiple cloning 

site may have reduced the number of false positives resulting from the in 

vitro screen. This would result in only those clones expressing protein to also 

express the His tag, thereby perhaps eliminating clones in the wrong 

orientation or not in an open reading frame. However, despite the problems 

detected through the use of the pCI30 vector, protective sub-libraries of the 

C.muridarum expression library were still identified through the in vivo 

screening. The initial ELI screen (ELI screen A) identified a protective sub-

library, SL4, whose overall protective efficacy of 59% against a C.muridarum 

infection, when compared with the negative control, was not seen in any 
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other group of animals immunized with fractions of the expression library in 

any ELI screen. Further research will aim to determine the genes contained 

within this sub-library that are expressing chlamydial protein, through western 

blotting and DNA sequence analysis. The protective efficacy of the individual 

clones expressing C.muridarum protein will then be screened in an in vivo 

model of C.muridarum infection to identify those clones contributing to 

protective C.muridarum specific immune responses.  

Expression library immunization is a technique useful in the identification of 

antigens of a pathogen capable of protecting against infection. ELI has been 

used to identify a number of vaccine candidates in many pathogens 

(reviewed in Talaat and Stemke-Hale, 2005), including bacterial, fungal and 

parasitic organisms. This research has used expression library immunization 

in a C.muridarum model of infection to identify a single potential vaccine 

candidate, TC0850, that may be useful in the design of a vaccine against 

genital C.trachomatis infections in humans. Further research will elucidate 

other potential C.muridarum vaccine candidates from the partially protective 

sub-library, SL4. Current research appears to indicate that a multi-subunit 

vaccine has the greatest potential in the development of a vaccine against 

chlamydial infections. Identification of antigens that protect against 

C.muridarum infections in mice through expression library immunization will 

provide valuable information useful in the design of a vaccine against 

C.trachomatis infections in humans.  
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5.1 INTRODUCTION 

The use of whole Chlamydia as a vaccine, live, attenuated or inactivated, 

does not appear to be a viable vaccine option due to adverse effects caused 

by immunopathogenic cellular components of the whole organism (Brunham 

and Peeling, 1994). Although protection against chlamydial shedding and 

infertility has been seen in animal models following immunization of animals 

with the live bacterium (Pal et al., 1994) the early human vaccine trials 

utilizing intact bacterial cells that resulted in exacerbated disease following 

re-exposure to live Chlamydia (Grayston and Wang, 1978) has led to 

investigations into chlamydial subunit components as targets for vaccine 

antigen. The most widely investigated chlamydial vaccine candidate antigen 

to date is the major outer membrane protein (MOMP). MOMP is known to be 

immunodominant (Caldwell and Schachter, 1982) and has induced strong 

cellular and humoral immune responses both in human and in animal models 

(Ward et al., 1986; Batteiger and Rank, 1987; Zhang et al., 1999; Dong-Ji et 

al., 2000; Penttila et al., 2004; Pal et al., 2005). However, despite these 

immune responses, protection against a challenge infection in animal models 

of chlamydial infection has been either only partial or non-existent. Recently, 

immunization of mice with native, conformational MOMP from C.muridarum, 

in conjunction with the adjuvants Montanide ISA 720 and bacterial CpG 

motifs, showed levels of protection against a challenge infection comparable 

to that of a live C.muridarum, intra-nasal infection of mice (Pal et al., 2005). 

This is the most promising report to date of successful vaccination using 

MOMP, however the authors note some limitations with the experimental 

model. They acknowledge that production of large quantities of native, 

conformational MOMP would be both challenging and expensive, that the 

protection with a MOMP from a human C.trachomatis serovar may not be 

able to protect across multiple serovars, and the infection route of intra-bursal 

challenge used in the experiment does not reflect a natural intra-vaginal route 

of infection.  

Other chlamydial subunit components have been investigated as potential 

chlamydial vaccine candidate antigens with varying degrees of success in 
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protection against infection. In animal models of C.trachomatis infection the 

outer membrane protein OMP2 as well as the gene encoding the pgp3 

protein have been investigated as potential vaccine candidate antigens. DNA 

immunization of mice intra-dermally and intra-abdominally with the gene 

encoding the pgp3 protein resulted in strong systemic and local antibody 

responses in immunized animals, although the cell mediated immune 

responses were not investigated in this study (Donati et al., 2003). Protection 

against ascending chlamydial infection was evaluated in immunized mice 

following an intra-vaginal challenge infection by determining the chlamydial 

burden in the upper genital tract of mice. While immunized animals showed 

reduced chlamydial burdens in comparison to non-immunized mice, the 

protection against infection was seen in only about 50% of the animals. Intra-

muscular immunization of mice with the outer membrane protein OMP2 in a 

multi-subunit vaccine also incorporating MOMP resulted in significant 

protection in mice against a lower genital tract infection with C.trachomatis 

serovar D  (Eko et al., 2003; Eko et al., 2004). This vaccine construct also 

induced a stronger Th1 immune response than either MOMP alone, or 

negative control animals. Although the delivery mechanisms of these two 

studies differed substantially, both studies imply not only the need to 

investigate alternative vaccine antigens in the development of a vaccine 

against chlamydial genital tract infections, but also the possibility of creating 

multiple subunit vaccine constructs that will confer greater protection against 

the infection than a single antigen alone. 

The principle aim of this study is to identify novel protective antigens from the 

C.muridarum genome using expression library immunization. A C.muridarum 

expression library was created that potentially contains every gene from the 

C.muridarum genome. The library was then used to identify those genes 

capable of conferring protection against a live C.muridarum infection in the 

mouse model of genital tract infection. Earlier expression library studies 

highlighted a single pool of recombinant C.muridarum clones, SL4, that 

conferred significant protection against a C.muridarum genital tract infection 

when administered as a pool of antigens (see Chapter 4.3.1). The discovery 

in the earlier research that, despite in vitro His-antibody colony blotting of all 
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recombinant clones, many clones in the sub-library were not expressing 

C.muridarum protein, meant that western blotting and sequence analysis of 

all clones in the protective sub-library SL4 was necessary to identify those 

clones that were expressing protein from the pathogen. Once this was 

achieved, DNA extracted from individual recombinant C.muridarum clones 

was used to immunize animals to identify those clones that were able to 

confer protection against lower genital tract infection with C.muridarum. 

Further to this, immunological assays were carried out to determine the type 

of immune response generated in response to the vaccination strategy used 

in this investigation.  
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5.2 MATERIALS AND METHODS 

An overview of the experimental plan is summarized in Figure 5.1.  

5.2.1 Anti-His western blotting 

Clones from the protective sub-library SL4 were recovered from glycerol 

stocks and streaked onto LB agar plates containing 100µg/mL ampicillin. 

Following 18 hours growth at 37oC colonies were selected and individually 

grown to OD600 0.6. Protein expression was induced as previously described 

before cell growth was terminated by resuspending the cells in Laemmli dye. 

10 µL of each recombinant clone was electrophoresed on a 12.5% 

polyacrylamide (12.5%) gel as described in Chapter 2.9.2, with vector only as 

a negative control and a known L.fermentum His-tagged positive control 

(M.Turner, personal communication). The gels were transferred onto 

nitrocellulose membrane and anti-His detection carried out using the Qiagen 

penta-His HRP conjugate kit (Qiagen Pty Ltd, Doncaster, Australia). Briefly, 

non-specific sites of the membranes were blocked with blocking reagent in 

blocking buffer (supplied) before washing twice in TBS-Tween buffer (20mM 

Tris-Cl, pH 7.5, 500mM NaCl, 0.05% Tween 20). Anti-His HRP conjugate 

solution was used at a 1/10,000 dilution in blocking reagent and following 

washing in TBS-Tween detection was carried out using the ECL Plus 

Western Blotting Detection Reagents (Amersham Biosciences, Castle Hill, 

Australia).  

5.2.2 Sequencing reactions and gene alignments 

Recombinant C.muridarum clones that screened His-positive were 

subsequently selected for DNA sequence analysis. Clones were grown as 

previously described and DNA extracted using QIAprep Spin Miniprep Kit as 

described in section 2.7.2.5. DNA was quantitated by agarose gel 

electrophoresis and spectrophotometry Purified DNA for sequencing was 

carried as described in section 2.7.6 and sequencing reactions performed by 

the Australian Genome Research Facility (AGRF, St Lucia, Australia). 

Nucleotide sequences generated were searched for homology with known 
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Figure 5.1 Chapter 5 overview 
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genes using the BLASTn and CMR BLAST computer programs. Nucleotide 

sequences were translated using the translate tool of the web based program 

Expasy. Resultant amino acid sequences were also aligned with 

corresponding C.muridarum proteins to confirm open reading frame and 

insert orientation using BLASTp and CMR BLAST.  

5.2.3 C.muridarum stocks 

The C.muridarum strain Nigg II was grown in McCoy cells as described in 

chapter 2.3. C.muridarum elementary bodies were obtained by centrifugation 

at 14,000g and stored in sterile SPG at -800C. Stocks were titrated using 10-

fold serial dilutions onto coverslips of pre-prepared McCoy cell monolayers in 

24 well tissue culture plates. Cell counts were obtained by staining as 

described in section 2.3.4. 

5.2.4 Purification of C.muridarum plasmids  

Eighteen recombinant C.muridarum clones were selected from the 

expression library to use for immunization of mice. The clones were grown on 

LB agar plates as previously described in section 2.7.2. Single clones 

containing either a DNA insert from the xylG gene of M.hyopneumoniae, 

(Australian Animal Health Laboratories, Geelong, Australia) or empty vector 

were grown in parallel for use as negative controls in the animal experiment. 

Single colonies were selected and used to inoculate a starter culture of 3mL 

LB broth containing ampicillin. Cultures of clones and controls were grown for 

18 hours at 370C with shaking at 225rpm. Following this, 1mL of the starter 

culture was used to inoculate 80mL of selective LB broth and the cultures 

again incubated for 18 hours at 370C with vigorous shaking. DNA was then 

extracted from cell pellets using Roche Genopure Plasmid Midi kits as 

described in Chapter 2.7.2.6. DNA purity and concentration was determined 

by agarose gel electrophoresis (1% agarose in Tris-borate buffer) and 

spectrophotometry. DNA concentrations were adjusted to 500µg/mL using 

sterile, distilled water.  
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5.2.5 Production of DNA coated gold beads for immunization  

Prepared plasmid DNA was precipitated onto gold microcarriers as detailed 

in Chapter 4.2.4. A microcarrier loading quantity (MLQ) of 0.5mg of gold per 

shot, and a DNA loading ratio (DLR) of 2ug of DNA per mg of gold, which 

results in the delivery of 1µg of DNA per shot was prepared. The coating of 

DNA onto gold beads was carried out twice for each plasmid preparation in 

order to create sufficient material for multiple immunizations of the animals 

and the presence of DNA on the microcarriers confirmed as described 

previously.  

5.2.6 DNA immunization and challenge of mice 

Female BALB/c mice, aged 6-8 weeks (10 per group) were again obtained 

from the Animal Resources Centre, Canning Vale, Western Australia and 

were housed as described in Chapter 4.2.5. Anaesthesia, DNA immunization 

of mice and the immunization schedule was identical to protocols outlined in 

Chapter 4.2.5 (see also Figure 4.3). Positive control mice were administered 

medroxyprogesterone acetate and live C.muridarum elementary bodies as 

detailed in Chapter 4.2.5. Challenge infection of all animals was also carried 

out as detailed in Chapter 4.2.5. 

5.2.7 Serum collection 

Blood was collected from all animals 7 days following the final immunization. 

For mice receiving the challenge infection, blood was collected from the 

saphenous vein of individual mice into non-heparinized capillary tubes as 

detailed in Chapter 2.5.7. The blood was then transferred to sterile 0.5 ml 

eppendorf tubes and allowed to clot. For all other animals blood was 

collected by heart puncture using 23G needles and 1mL sterile syringes. The 

blood was transferred to sterile 1.5mL eppendorf tubes and allowed to clot. In 

both cases serum was separated by centrifugation and frozen at −20 °C until 

required. 
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5.2.8 Genital cultures for C.muridarum  

Vaginal swab samples that were collected every three days following the 

intra-vaginal challenge of control and DNA vaccinated animals, were 

analysed as described in Chapter 4.2.6.  

5.2.9 Lymphocyte stimulation assay 

Lymphocytes were extracted from the spleen and iliac lymph nodes draining 

the genital region of four mice from each group seven days following the final 

immunization. The cells were enriched for T-cells as described in Chapter 

4.2.8. The concentration of the cells was adjusted to 5 x 106 cells/mL and 

100µL of each was added to wells of a 96 well tissue culture plate. Lymphoid 

cells were added to duplicate wells while spleen cells were added to six wells 

for each group of immunized animals. Duplicate wells of both lymphoid cells 

and spleen cells were stimulated with 5 x 104 ifu of UV-irradiated 

C.muridarum elementary bodies. Duplicate wells of spleen cells were 

stimulated with Concanavalin A (Sigma-Aldrich Pty Ltd, Castle Hill, Australia) 

at a concentration of 1µg/well as a positive stimulant while the remaining 2 

wells of spleen cells were treated with media alone as a negative control. The 

plates were incubated at 370C for 72 hours. Following incubation the plates 

were centrifuged at 3000rpm to pellet the cells, and the supernatants were 

collected for cytokine analysis. Supernatants were stored at -800C until 

required. 

5.2.10 Measurement of cytokines 

Levels of IL-10, IL-4, IL-12, γ-interferon (γ-IFN), tumour-necrosis-factor-

α (TNF-α) and GM-CSF were measured in cell culture supernatants from 

C.muridarum stimulated spleen and lymph T-cell populations using the Bio-

Plex Cytokine Assay kit in combination with the Bio-Plex Manager software 

(Bio-Rad, Regents Park, Australia). Procedures for the cytokine assay are 

described in detail in section 4.2.9. Results were analysed using the Bio-Plex 

Manager software version 4.0. 

 

                                                                        154 



5.2.11 Detection of antibodies 

Antibody detection in each group of immunized animals was performed using 

pooled serum. 3 mL cultures of recombinant C.muridarum clones and vector 

alone were grown as described for anti-His western blotting and protein 

expression induced with IPTG. Background E.coli proteins were removed 

from the culture by semi-purification of the chlamydial protein, as follows. 

Cells were pelleted and resuspended in 300µL of phosphate buffered saline 

(PBS) containing 0.3mg lysozyme (Sigma-Aldrich Pty Ltd, Castle Hill, 

Australia). The cells were allowed to lyse for 20 minutes at room temperature 

and stored overnight at -200C. Guanidine hydrochloride (Invitrogen, Mt 

Waverley, Australia) was added to a concentration of 6M and the suspension 

sonicated five times for 15 seconds each time. The cells were stored on ice 

between sonication bursts. The cell debris was then pelleted by 

centrifugation at 12,000g for 20 minutes at room temperature and the 

supernatant added to pre-washed BD Talon metal affinity resin (Clontech, 

Mountain View, USA). Following incubation at room temperature for 4 hours 

with agitation, the resin was pelleted by centrifugation. The resin was washed 

twice with 10x bed volumes of 6M guanidine hydrochloride then twice with 

PBS. Following the final wash, the resin was resuspended in 75µL of 

Laemmli dye. Presence of chlamydial protein was confirmed by SDS-PAGE 

gel analysis and both Coomassie staining and ant-His western blotting as 

previously described. 

For antibody detection 10µL of semi-purified protein was electrophoresed on 

12.5% SDS-PAGE gels. Vector alone was used as a negative control to 

account for any non-specific binding. Proteins were transferred onto 

nitrocellulose membranes and non-specific sites blocked with 5% skim milk in 

TBS-Tween (20mM Tris-Cl, pH 7.5, 500mM NaCl, 0.05% Tween 20) for 60 

minutes at room temperature. Serum samples were diluted 1/50 in 5% skim 

milk in TBS-Tween and incubated with the appropriate membrane for 60 

minutes at room temperature. Secondary antibodies used were rabbit anti-

mouse IgG (H+L), horse radish peroxidase (HRP) conjugated, rabbit anti-

mouse IgG1-HRP and rabbit anti-mouse IgG2a-HRP (all from Zymed 
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laboratories, South San Fransisco, USA). Total IgG was used at a 1/8000 

dilution in 5% skim milk in TBS-Tween while IgG1 and IgG2a were used at a 

1/2000 dilution in the same diluent. Detection was carried out using ECL 

Plus™ Western Blotting Detection Reagents (Amersham Biosciences, Castle 

Hill, Australia) according to the manufacturer’s instructions. 

 

5.2.12 Analysis of data 

Area under curve data was calculated using SigmaPlot version 9.0 (Systat 

Software Inc, Point Richmond, USA). Levels of infection were compared 

using the Tuckey test for comparison of all groups. The level of significance 

was judged at p<0.05.   
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5.3 RESULTS 

5.3.1 Western blot analysis of recombinant C.muridarum clones 

Individual E.coli clones from the partially protective C.muridarum sub-library, 

SL4, were grown in selective broth and protein expression induced prior to 

lysis of cells and SDS-PAGE gel electrophoresis. Protein extracts from 234 of 

the 384 clones contained within this sub-library were analysed for insert 

orientation and frame by Western transfer and subsequent His-antibody 

detection. Results were compared with a known His-reactive Lactobacillus 

fermentum positive control clone. The Western blot analysis revealed 36 His-

positive clones expressing C.muridarum protein, varying in size from <10kDa 

to 47 kDa. Results of 12 representative clones are shown in Figure 5.2.  

5.3.2 Sequence analysis of recombinant C.muridarum clones 

To confirm that the inserts were actually from C.muridarum, DNA sequence 

analysis was performed. DNA was extracted from all clones that 

demonstrated His-antibody reactivity, regardless of size. The resulting 

sequences were analysed using BLASTn and CMR BLAST computer 

programs for homology to C.muridarum. The results demonstrated that of the 

36 His-positive clones, 34 clones showed DNA sequence homology to 

C.muridarum DNA. The remaining two clones contained DNA fragments from 

M.hyopneumoniae, an organism against which an expression library was 

also created in the laboratory. DNA sequences were then translated, from the 

start codon and incorporating the His-tag, into amino acid sequences using 

the translate tool of the web based program Expasy. The translated amino 

acid sequences were also analysed using BLASTp and CMR BLAST for 

homology to C.muridarum protein. Of the 34 clones identified to contain 

C.muridarum DNA sequence, 17 clones contained C.muridarum DNA in the 

correct reading frame and orientation for expression of C.muridarum protein. 

There were three instances where a DNA sequence from a C.muridarum  
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Figure 5.2 Western blot analysis of clones from sublibrary 4 of the entire C.muridarum 

expression library. 

 
 

Clones were screened for reactivity with an anti-His antibody. Lane 1 contained a molecular 

weight marker, Lane 2 contained a L.fermentum positive control, Lane 3 contained an empty 

vector negative control and Lanes 4 – 15 contained protein extracts from recombinant 

C.muridarum clones, in this case clones 151 – 162. In this example, clones #152 and #161 

appear to be anti-His positive.  
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gene was found to be contained within two separate clones. The DNA 

sequences in two of these three instances was identical, however in one 

circumstance the DNA represented two distinctly different parts of the gene 

sequence. Of the two gene sequences represented twice in the sub-library, 

only one clone was selected for inclusion in the animal experiments.  

The remaining 17 clones contained C.muridarum DNA in the wrong 

orientation or incorrect open reading frame and therefore were determined 

not to be expressing chlamydial protein. These clones corresponded to the 

proteins that were seen to be under 10kDa in size by western blotting. The 

protective efficacy of these 15 clones containing C.muridarum DNA in the 

correct open reading frame and orientation, along with three clones identified 

as containing C.muridarum protein following expression library screen B 

(Chapter 4.3.2) but not screened in expression library screen C, for reasons 

outlined in Chapter 4.3.2, were then investigated in an infection model of 

genital C.muridarum infection (Table 5.1). 

 5.3.3 Vaginal shedding of C.muridarum 

All immunized mice were challenged intra-vaginally with 5 x 104 ifu of live 

C.muridarum, 10 days following the final immunization. Vaginal swabs were 

collected from day three following the C.muridarum challenge infection every 

three days for a total of three weeks to follow the course of infection. Due to 

logistical circumstances, day 15 swab samples could not be collected. Swab 

samples were cultured on McCoy cell monolayers and the numbers of 

chlamydial ifu shed at each time point by each animal was determined. A live 

immune model was used as an optimum positive control, as high levels of 

protection against chlamydial infections have been reported following 

infection with low doses of live chlamydial elementary bodies (Pal et al., 

1994). Two negative control groups were included in the experiments, one 

group of animals was immunized with vector only DNA while a second group 

of animals were immunized with M.hyopneumoniae DNA to account for any 

innate immune responses generated to non-chlamydial bacterial 

immunization.  
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Table 5.1. Protein analysis of 18 recombinant C.muridarum clones expressing chlamydial 

protein used individually to immunize mice in an in vivo expression library screen. 
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Varying degrees of C.muridarum infection were seen at all time points 

analysed in all animals tested, ranging from more severe infection compared 

to negative control animals, to significant levels of protection (Figure 5.3). 

The data resulting from the cell culture analysis of swab samples was 

analysed in a number of ways. Firstly, the level of recoverable Chlamydia for 

each group of animals at each time point was averaged and significance 

determined with respect to both the vector only immunized animals and 

animals immunized with DNA extracted from a clone containing 

M.hyopneumoniae. Secondly, the average data from each group of animals 

was displayed graphically using the same y-axis scale for each group. The 

total area under the curve was then calculated using the software SigmaStat 

and used to describe the overall burden of infection. Finally, the percentage 

clearance was calculated for groups of animals in comparison to the vector 

only (EVC) immunized, negative control animals. This was done by assuming 

that the minimal rate of clearance of the C.muridarum infection would be 

demonstrated by animals administered empty vector DNA and hence these 

animals were assigned a value of zero for the rate of clearance of Chlamydia 

from the genital tract. The degree of clearance of Chlamydia from the genital 

tract of other animals was calculated as a percentage with respect to this 

value. Complete clearance of Chlamydia from the genital tract of an animal 

would therefore result in a percentage score of 100%.  The number of 

animals shedding C.muridarum at each time point was also analysed, with 

the number of animals not showing C.muridarum inclusions by fluorescent 

microscopy deemed to have cleared the infection completely. A summary of 

the parameters analysed following the DNA immunization and C.muridarum 

challenge infection is shown in Table 5.2.  
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Figure 5.3 Three week time course of genital C.muridarum infection in mice following 

immunization with DNA extracted from expression library clones containing single 

C.muridarum gene fragments 
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Three week time course of genital C.muridarum infection in mice following immunization with 

DNA extracted from expression library clones containing single C.muridarum gene fragments 

(A). Negative control animals received either vector only DNA (empty vector) or DNA 

extracted from a clone containing M.hyopneumoniae DNA. Positive control animals received 

a low dose C.muridarum immunization 33 days prior to the challenge infection. Individual 

groups are shown in comparison to the vector only negative control (EVC) (B-T). Vaginal 

swab samples collected from each animal in each group (n=6), and stored in 500µL of sterile 

SPG were analysed for C.muridarum burden. Monolayers of McCoy cells were prepared on 

coverslips, 100µL of each vaginal swab sample used to inoculate duplicate coverslips, and 

the infection allowed to progress for 24 hours. At 24 hours, the coverslips were fixed and 

stained with a Chlamydia-specific LPS antibody. The total number of inclusions in each of 

ten fields per coverslip was counted, bringing to 100 the total number of microscope fields 

counted for each group of immunized animals. Error bars indicate the standard error of mean 

for each group of animals and were determined from the average number of C.muridarum 

inclusions counted in the 100 microscope fields for each group of animals at each timepoint. 

Asterisks indicate significantly lower levels of recoverable C.muridarum (p<0.05). 
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Table 5.2 Summary of parameters measured in groups of mice following DNA immunization 

and C.muridarum challenge infection. The total area under the curve generated by each 

group of immunized animals (see Figure 5.3) was calculated using SigmaPlot version 9.0 

software. Percentage clearance was calculated by assuming that the minimal rate of 

clearance of the C.muridarum infection would be demonstrated by animals administered 

empty vector DNA and hence these animals were assigned a value of zero for the rate of 

clearance of Chlamydia from the genital tract. The degree of clearance of Chlamydia from 

the genital tract of other animals was calculated as a percentage with respect to this value. 

Complete clearance of Chlamydia from the genital tract of an animal would therefore result in 

a percentage score of 100%.  A significantly lower percentage clearance of infection 

(p<0.05) is indicated with an asterix. 
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C.muridarum was recovered from the genital tracts of all animals 

administered empty vector DNA as a negative control at all time points with 

the exception of the final swab at day 21 post-challenge. By day 21 post 

challenge however, only one animal in the empty vector negative control 

group had ceased to shed C.muridarum. In contrast some innate immunity 

was afforded to those animals administered the negative control 

M.hyopneumoniae DNA (Figure 5.3B). Although all animals in this group 

initially appeared to shed C.muridarum in a pattern similar to the empty 

vector control group animals, by day 18 post-challenge three animals had 

cleared the infection while three were still shedding Chlamydia, although at 

day 21 post-challenge these three animals continued to shed Chlamydia.  

Although varying degrees of protection were observed in the experimental 

groups of animals administered C.muridarum DNA, there were several 

interesting groups to note. Most significantly, the animals administered DNA 

containing a fragment of the TC0512 gene (Figure 5.3K), a putative outer 

membrane gene, showed a decrease in the number of animals shedding 

Chlamydia as early as 12 days post challenge. At this time point, only two 

animals continued to shed Chlamydia and by day 18 this number had 

decreased to a single animal (see Table 5.2).  

The number of chlamydial ifu recovered from the genital tracts of animals 

administered DNA extracted from the clone containing a fragment of TC0512 

DNA was significantly lower (p<0.01) at 9 days following the challenge 

infection when compared to animals administered both empty vector DNA 

and M.hyopneumoniae DNA (Table 5.2). At nine days following the challenge 

infection, the animals administered TC0512 DNA showed 73% clearance of 

infection when compared to the empty vector animals (Figure 5.4) and a 65% 

clearance compared with animals administered M.hyopneumoniae DNA.  By 

21 days following the challenge infection the clearance of C.muridarum from 

the genital tract of these animals was 92% lower than the numbers recovered 

from animals administered empty vector DNA (Figure 5.4) and 77% lower 

than animals administered M.hyopneumoniae DNA. 
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Figure 5.4 Percentage clearance of C.muridarum burden from the genital tract of animals 

immunized with DNA extracted from a clone expressing TC0512. 
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Animals immunized with DNA extracted from an expression library clone containing a 

fragment of the C.muridarum gene TC0512 show enhanced clearance of infection, 

compared with animals administered vector only DNA,  following genital challenge with 

C.muridarum. Percentage clearance was calculated by assuming that the minimal rate of 

clearance of the C.muridarum infection would be demonstrated by animals administered 

empty vector DNA and hence these animals were assigned a value of zero for the rate of 

clearance of Chlamydia from the genital tract. The degree of clearance of Chlamydia from 

the genital tract of other animals was calculated as a percentage with respect to this value. 

Complete clearance of Chlamydia from the genital tract of an animal would therefore result in 

a percentage score of 100%.  A vaginal swab sample collected at each time point was 

analysed by cell culture methodology for C.muridarum burden. Data was calculated from an 

average of 100 microscope fields counted for each group at each time point. 
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Animals administered TC0439 (amino acids 1102 – 1353) DNA, an 

adherence factor gene, or TC0757 DNA, a conserved hypothetical gene 

showed enhanced clearance of the C.muridarum infection with only one 

animal continuing to shed C.muridarum at day 21 (Table 5.2). In all other 

groups of animals immunized with C.muridarum DNA the numbers of animals 

that continued to shed Chlamydia at 21 days post challenge were higher than 

this, with one group of animals that had been immunized with TC319, a 

hypothetical gene, all still shedding Chlamydia (Table 5.2). Animals 

administered TC0439 DNA (amino acids 1103 – 1353) showed significantly 

reduced levels of recoverable Chlamydia at day 3 post infection with a 32% 

decrease in levels of Chlamydia seen with respect to both the empty vector 

negative control animals and the animals administered M.hyopneumoniae 

DNA (p<0.01). However the reduction in recoverable Chlamydia was short 

lived with these animals then not showing protection against the infection 

again until day 18 post challenge. At both 18 and 21 days post infection 

significantly enhanced clearance of Chlamydia was noted with respect to the 

empty vector control group (p<0.01) (Figure 5.5).  
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Figure 5.5 Percentage clearance of C.muridarum burden from the genital tract of animals 

immunized with DNA extracted from a clone expressing TC0439 (amino acids 1103 – 1353). 
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Animals immunized with DNA extracted from an expression library clone containing a 

fragment of the C.muridarum gene TC0439 (amino acids 1103-1353) show enhanced 

clearance of infection at day 18 and 21, compared with animals administered vector only 

DNA,  following genital challenge with C.muridarum. Percentage clearance was calculated 

by assuming that the minimal rate of clearance of the C.muridarum infection would be 

demonstrated by animals administered empty vector DNA and hence these animals were 

assigned a value of zero for the rate of clearance of Chlamydia from the genital tract. The 

degree of clearance of Chlamydia from the genital tract of other animals was calculated as a 

percentage with respect to this value. Complete clearance of Chlamydia from the genital 

tract of an animal would therefore result in a percentage score of 100%.  A vaginal swab 

sample collected at each time point was analysed by cell culture methodology for 

C.muridarum burden. Data was calculated from an average of 100 microscope fields 

counted for each group at each time point. 
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 Animals immunized with TC0757 DNA, encoding a hypothetical protein, 

showed significantly lower levels of recoverable Chlamydia (p<0.01) at all 

time points analysed, with the exception of day 9, when compared with the 

vector only immunized animals (Figure 5.3F). At three days following the 

C.muridarum challenge the clearance of Chlamydia was 37% higher than 

both negative control groups. By 21 days post challenge the clearance of 

chlamydial ifu’s from the genital tract of animals administered TC0757 DNA 

was 74% greater than the animals immunized with empty vector DNA (Figure 

5.6).  

Other groups of animals immunized with C.muridarum DNA displayed 

varying degrees of protection against the challenge infection (Figure 5.3B-

5.3T). Several groups showed significant protection against the initial stages 

of infection but no lasting protection when compared with both negative 

control groups of animals. These groups included those immunized with 

TC0684/685 DNA, a conserved hypothetical gene and riboflavin synthase, 

alpha subunit gene (p<0.01 at day 3), TC0693 DNA, the polymorphic 

membrane protein A family (pmpA) gene (p<0.01 at day 3) and TC0462 

DNA, the DNA gyrase, subunit B gene (p<0.01 at day 3 and day 9).  

Other groups of animals administered C.muridarum DNA from expression 

library clones showed no initial protection against the challenge infection, but 

enhanced clearance of the infection in comparison to the vector only 

immunized negative control group of animals. Animals in this category 

included those immunized with TC0767/768 DNA, a conserved hypothetical 

gene and hypothetical gene (p<0.01 at days 18 and 21), TC0490 DNA, the 

UvrD/REP helicase family gene (p<0.01 at days 18 and 21) and TC0559 

DNA, an ATP-dependent Clp protease, ATP-binding subunit ClpC (p<0.01 at 

days 18 and 21). These groups of animals were the only ones to 

demonstrate significantly enhanced clearance when compared with the 

negative control groups of animals, however, although the level of 

recoverable Chlamydia was also lower when compared with the 

M.hyopneumoniae negative control animals, the results were not significant.  
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Figure 5.6 Percentage clearance of C.muridarum burden from the genital tract of animals 

immunized with DNA extracted from a clone expressing TC0757. 
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Animals immunized with DNA extracted from an expression library clone containing a 

fragment of the C.muridarum gene TC0757 show enhanced clearance of infection compared 

with animals administered vector only DNA,  following genital challenge with C.muridarum. 

Percentage clearance was calculated by assuming that the minimal rate of clearance of the 

C.muridarum infection would be demonstrated by animals administered empty vector DNA 

and hence these animals were assigned a value of zero for the rate of clearance of 

Chlamydia from the genital tract. The degree of clearance of Chlamydia from the genital tract 

of other animals was calculated as a percentage with respect to this value. Complete 

clearance of Chlamydia from the genital tract of an animal would therefore result in a 

percentage score of 100%.  A vaginal swab sample collected at each time point was 

analysed by cell culture methodology for C.muridarum burden. Data was calculated from an 

average of 100 microscope fields counted for each group at each time point. 
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5.3.4 Immune responses following DNA immunizations 

One week following the final immunization, four animals from each group 

were sacrificed for T-cell stimulation assays. The cells from the iliac lymph 

nodes were collected to analyse the local immune response while cells from 

the spleen were isolated to analyse the systemic immune response. As 

purified proteins for the 18 C.muridarum genes were not available, T-cells 

isolated from the lymph and spleen were stimulated with whole UV-

inactivated C.muridarum elementary bodies. Following the stimulation 

assays, the supernatants were assessed for a panel of Th1 and Th2 

cytokines by the Bio-Plex cytokine assay kit.  A summary of the cytokine 

production for all groups of animals is Table 5.3. 

5.3.4.1 Local immune responses 

The animals immunized with live C.muridarum showed high levels of γ-

interferon (84.9 pg/mL) and GM-CSF (70.9 pg/mL) in the lymphoid cells with 

some IL-12 (2.5 pg/mL), IL-10 (12.0 pg/mL) and IL-4 (1.1 pg/mL) also present 

(Figure 5.7). The cytokines included to detect any Th2 immunity, IL-10 and 

IL-4, were detected in low levels in the live immunized animals.  There was 

no cytokine production in response to C.muridarum stimulation in animals 

immunized with vector only DNA and only background levels of IL-4 

(0.5pg/mL) and IL-12 (0.08pg/mL) in animals immunized with 

M.hyopneumoniae DNA.  

Low levels of cytokines were detected in animals immunized with DNA 

extracted from recombinant C.muridarum clones, however considering the 

systemic route of immunization, low levels of cytokine production by cells 

isolated from the lymph nodes that drain the genital region is not surprising. 

All groups of animals immunized with C.muridarum DNA showed some 

production of IL-4 in response to the stimulation of lymphoid cells with UV-

inactivated C.muridarum EBs, however the levels were only low, with no 

group of animals producing IL-4 above 0.9 pg/mL. Only one group of animals 

produced IL-10 following stimulation of the lymphoid cells, those animals  
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Table 5.3 Cytokine production following stimulation of spleen (systemic) and lymph node 

(local) T-cells with UV-inactivated C.muridarum. L, M and H indicate low (0.1 - 5 pg/mL), 

medium (5 – 30 pg/mL) and high (over 30 pg/mL) cytokine production respectively.  
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Figure 5.7 Cytokine levels in T-cells isolated from the local draining lymph nodes following 

immunization and stimulated with UV inactivated C.muridarum elementary bodies.  
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Levels of both Th1 type cytokines, TNF-α, GM-CSF, γ-IFN and IL-12, and Th2 type 

cytokines, IL-4 and IL-10 were measured. Figure 5.8A shows the results for all animal 

groups, while Figure 5.8B shows the results for all groups except the live immune animal 

group, thereby more clearly showing the differences between experimental groups. 
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immunized with TC0390, a conserved hypothetical protein. Again the level of 

IL-10 production was only low, 0.155 pg/mL and is likely not significant.  

The general pro-inflammatory cytokine TNF-α was detected only in three of 

the 18 groups of animals immunized with C.muridarum DNA, those 

immunized with DNA from the genes TC0693, TC0319 and TC0559 (Table 

5.3). Animals immunized with DNA extracted from the clone containing a 

fragment of TC0693, the gene encoding the pmpA protein, showed the 

highest level of TNF-α, 4.4 pg/mL, while animals immunized with DNA 

extracted from clones containing fragments corresponding to the hypothetical 

protein TC0319 and the ATP-dependent Clp protease TC0559 showed lower 

levels of TNF-α, 1.3pg/mL and 0.4 pg/mL respectively. Only one group of 

animals showed any production of the cytokine GM-CSF, those immunized 

with DNA from the clone containing a fragment of the genes encoding 

virulence proteins pGP3-D and pGP4-D (TCA04/TCA05). Again the level was 

low, with a concentration of 1.93 pg/mL being detected. Eleven of the 18 

animals immunized with C.muridarum DNA produced low levels of the Th1 

type cytokine IL-12 and of these, only two groups also produced γ-IFN in 

response to the C.muridarum stimulation. Levels of both these Th1 type 

cytokines were low in all groups with the highest level of IL-12 seen in those 

animals immunized with DNA extracted from the clone containing a fragment 

of the TC0390 gene, a conserved hypothetical gene (Table 5.3). These 

animals showed levels of IL-12 similar to that produced by the live immunized 

animals (2.7 pg/mL) however the lack of any γ-IFN response, another Th1 

type cytokine included in the assay, indicated that this low level of IL-12 is 

probably not a significant increase above background concentrations.  

5.3.4.2 Systemic immune responses 

Spleen cells isolated from immune animals administered live C.muridarum 

showed production of high levels of TNF-α (30.3 pg/mL) and  some IL-10 

(16.5 pg/mL) in response to stimulation with UV-irradiated C.muridarum 

(Figure 5.8), however no GM-CSF was detected in the live immunized 

animals. The lack of a strong Th1 type immune  
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Figure 5.8 Cytokine levels in T-cells isolated from the spleen of immunized animals and 

stimulated with UV-inactivated C.muridarum elementary bodies.  
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Levels of both Th1 type cytokines, TNF-α, GM-CSF, γ-IFN and IL-12, and Th2 type 

cytokines, IL-4 and IL-10 were measured.  

                                                                        176 



response systemically in these animals is most likely due to the mucosal 

route of immunization used, which has been shown to be a poor inducer of 

systemic immune responses (Russell and Mestecky, 2002). However, other 

studies have shown the production of Th1 γ-IFN mediated systemic immune 

responses in stimulated spleen cells following intra-vaginal immunization with 

Chlamydia (Kelly et al., 1996). The strong Th1 type immune response seen 

in the local draining lymph nodes of immune animals is evidence that the 

strong protection against a challenge infection in these animals is γ-IFN 

mediated C.muridarum specific. All other groups of animals were immunized 

using gene gun technology, a methodology known to induce stronger Th2 

type immune responses (Feltquate et al., 1997).   

Animals immunized with vector only DNA (EVC) showed no production of 

any cytokine following stimulation of spleen cells with UV-inactivated 

C.muridarum EBs. Animals immunized with DNA extracted from a clone 

containing a M.hyopneumoniae insert however showed a Th2 type immune 

response with some IL-10 production (28.6 pg/mL) and low levels of IL-4 (1.1 

pg/mL). The general inflammatory cytokines GM-CSF and TNF-α were 

detected at low levels (3.3 pg/mL and 3.0 pg/mL respectively) and 

background levels of the Th1 type cytokine IL-12 were also detected (Table 

5.3).  

All groups of animals immunized with DNA extracted from clones containing 

C.muridarum inserts produced the Th2 type cytokines IL-4 and IL-10, an 

expected immune response to the gene gun method of immunization. Levels 

of IL-10 varied between chlamydial DNA vaccinated animal groups from 2.6 

pg/mL (TC0684/TC0685) to 135.2 pg/mL (TC0416) while the levels of IL-4 

were lower and less variable between these groups, with concentrations 

ranging from 0.2 pg/mL (TCA04/TCA05) to 5.3 pg/mL (TC0490) (Table 5.3). 

Twelve of the 18 groups showed production of the cytokine TNF-α and of 

these groups, seven also produced GM-CSF in response to the C.muridarum 

stimulation. Of the Th1 type cytokines, 14 groups produced low levels of IL-

12 with concentrations ranging from 0.02 pg/mL to 3.2 pg/mL, and of these 

groups, eight also produced γ-IFN following stimulation. In seven of the eight 
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groups producing γ-IFN, levels were low (below 2.2 pg/mL) however animals 

immunized with DNA extracted from a clone containing a fragment of the 

gene TC0416, a peptide ABC transporter gene, showed levels of 14.9 pg/mL. 

Interestingly, animals in this group showed high levels of all cytokines 

measured. The immune response appeared to be dominated by the 

production of Th2 type cytokines, with high levels of IL-10 (135.2 pg/mL) 

being detected as well as 4.5 pg/mL of IL-4. However all other cytokines 

measured were detectable following stimulation of the spleen cells isolated 

from these animals, with 30.4 pg/mL of TNF-α, 21.1 pg/mL of GM-CSF, 0.9 

pg/mL of IL-12 and 14.9 pg/mL of γ-IFN. Despite this apparently strong 

immune response however, animals in this group failed to show clearance of 

C.muridarum following the challenge infection with five of the six animals 

challenged still shedding C.muridarum 21 days after the infection and no 

significant reduction of C.muridarum shedding when compared with the 

vector only immunized animals at any time point (p<0.01) (Table 5.2).   

Animals immunized with DNA extracted from a clone containing TC0512 

DNA, a putative outer membrane protein, that showed protection against a 

challenge infection, also showed production of cytokines systemically 

following T-cell stimulation with C.muridarum. These animals showed a Th2 

type cytokine profile with 42.6 pg/mL of IL-10 detected as well as lower levels 

of IL-4, GM-CSF, TNF-α and background levels of γ-IFN and IL-12, indicating 

that the fragment of TC0512 contained in the recombinant clone is 

immunogenic and capable of inducing partial protection against a challenge 

infection in the mouse model of genital tract infection. Animals immunized 

with clones containing fragments of the TC0757 or TC0439 (1102 – 1353) 

genes, resulted in only a single animal still shedding C.muridarum 21 days 

following a challenge infection, however the cytokine responses detected 

systemically from these animals were only weak. Both groups of animals 

showed some IL-10 and IL-4 production, however the level of IL-10 detected 

was about 6-fold lower in both groups than that detected in animals 

immunized with DNA extracted from a clone containing a fragment of the 

TC0512 gene. The lack of a significant reduction in  levels of C.muridarum 

between days 6 and 18 following the challenge infection in animals 
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immunized with DNA extracted from a clone containing a fragment of 

TC0439 (1102 – 1353), may however be due to the poor immunogenicity of 

this gene fragment. Animals immunized with DNA extracted from the clone 

containing a fragment of the gene TC0757 however, showed significantly 

lower levels of recoverable C.muridarum at all time points except day 9 

following the challenge infection when compared with animals immunized 

with vector only DNA (p<0.01), despite the lack of a strong immune 

response. Animals that showed the strongest systemic Th2 cytokine 

production, those immunized with DNA extracted from a clone containing 

fragments of TC0559, TC0490, TC0767/768, TC0847 and TC0446/447, did 

in fact also show significantly reduced levels of C.muridarum 21 days 

following the challenge infection when compared with vector only immunized 

animals (p<0.01) but poor reduction in initial clearance of the infection (days 

3 – 9).  

 5.3.4.3 Systemic antibody responses 

The IgG isotype generated during an immune response can be indicative of 

the type of T-helper cell response, with Th1 cells inducing IgG2a, while Th2 

cells induce IgG1. Western blotting was undertaken to confirm the cytokine 

profile seen in animals immunized with the best protective clone, TC0512 

DNA. No local cytokine response to stimulation was seen in cells isolated 

from the local draining lymph nodes of immunized mice, however, a profile 

indicative of a Th2 immune response was seen in cells isolated from the 

spleen of immunized animals. Serum was collected from animals that were 

sacrificed for the T-cell stimulation assays and was used to detect antibodies 

against recombinant TC0512 protein immobilized on a membrane. Although 

the levels of antibodies detected were low, both IgG1 and IgG2a to TC0512 

protein were detected in the serum. The level of IgG1 in response to the 

TC0512 protein was stronger then the level of IgG2a, confirming the Th2 type 

immune response seen in the cytokine profiles (data not shown). 
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5.4 DISCUSSION 

The development of a safe and effective vaccine to protect against 

chlamydial genital tract infections remains an important goal in chlamydial 

research. The development and administration of even a partially effective 

vaccine against chlamydial infections would have a significant impact on 

public health and economy world wide (de la Maza and de la Maza, 1995). 

One of the current challenges in chlamydial vaccine design is the 

identification of chlamydial components that protect against infection. To date 

the most successful vaccine candidate antigen appears to be the major outer 

membrane protein (MOMP), a protein shown to induce strong immune 

responses and, in conjunction with adjuvants and various delivery routes, has 

also demonstrated partial protection against infection (Igietseme and Murdin, 

2000; Pal et al., 2002; Berry et al., 2004; Pal et al., 2005; Pal et al., 2006; 

Singh et al., 2006). While other chlamydial antigens have been investigated 

as alternative vaccine candidates with varying degrees of success (Penttila et 

al., 2000; Whittum-Hudson et al., 2001; Donati et al., 2003; Eko et al., 2004; 

Hechard et al., 2004), the challenge still remains to identify chlamydial 

antigens that are capable of protecting against an infection and that can elicit 

strong immune responses.  

The results presented in this chapter demonstrate that, through the screening 

of individual C.muridarum genes isolated from protective expression library 

pools, candidate antigens that may confer protection against C.trachomatis 

genital tract infections in humans have been identified. The immune 

responses elicited by the immunization protocols in these experiments were 

considered only as a secondary parameter, the most important aspect of the 

research being the identification of novel genes that were capable of 

protecting against a genital tract infection. The results have identified several 

promising new candidate antigens that need to be investigated as potential 

vaccine targets, either individually or as part of a multi-subunit construct. Of 

the genes identified, the putative outer membrane protein, TC0512, appears 

to be the most promising novel vaccine target. The clearance of a challenge 

infection in the animals immunized with DNA from this gene was far superior 
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to not only the control animals but also other groups of animals immunized 

with DNA extracted from recombinant C.muridarum clones. The production of 

high concentrations of IL-10 and TNF-α from systemic T-cell populations of 

animals immunized with TC0512 indicates a C.muridarum specific immune 

response to the antigen. IL-10 is a Th2 type cytokine that generally inhibits 

the production of Th1 type cytokines. TNF-α, a pro-inflammatory cytokine, is 

known to play an important role in immunity to bacterial infections, including 

Chlamydia, and causes stimulation of both IL-1 and GM-CSF. The Th2 type 

cytokine response produced in animals immunized with TC0512 DNA 

correlates with the infection profile seen following the C.muridarum genital 

tract challenge in these animals. Enhanced clearance of the C.muridarum 

genital tract infection of mice immunized with TC0512 is likely mediated by a 

Th2 type immune response induced by the gene gun methodology of 

immunization. Antibody responses in the serum are in accordance with this, 

with both IgG1 and IgG2a being detected at low levels, where the level of 

IgG1 was stronger than that of IgG2a, again indicating a Th2 type immune 

response. However, stronger immunogenicity may be able to be induced 

through the inclusion in immunization strategies of adjuvants and through 

using alternative routes of immunization that may enhance the level of 

protection seen in these animals following the challenge infection. Th2 type 

immunity is thought to be associated with B-cell maturation and subsequent 

antibody production in response to chlamydial infection in the genital tract, 

whereas a reduction in the initial level of infection is likely mediated by a Th1 

immune response (Hawkins et al., 2002). The fact that immunization with 

DNA extracted from a recombinant C.muridarum clone containing a fragment 

of the TC0512 gene has resulted in some protection against a C.muridarum 

infection, and the finding that the gene fragment is also immunogenic, 

suggests that further research is warranted to determine whether the 

immunogenicity of TC0512 can be enhanced though these methods.  

The putative outer membrane protein TC0512 is homologous to the 

C.trachomatis serovar D protein omp85 analogue expressed by the CT241 

gene yaeT. The fragment contained within the C.muridarum TC0512 clone 

was identified to contain 218 of the total 792 amino acids.  Sequence 
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alignment of this 218 amino acid fragment showed 95% homology with 

CT241 protein, while the entire protein sequence has 92% identity. The high 

homology between the C.muridarum and C.trachomatis proteins also 

supports further investigation of TC0512 as a vaccine candidate since an 

ideal vaccine that protects against the serovars of C.trachomatis that cause 

infection in humans is desired.  

The entire amino acid sequence of the C.muridarum TC0512 protein, as well 

as the fragment contained within the recombinant clone, were searched for 

B-cell and MCH class II T-cell epitopes using in silico prediction programs, to 

elucidate whether the protein was likely to elicit Th1 and antibody responses 

using alternative immunization strategies. No B-cell epitopes were found 

within the TC0512 amino acid sequence using the prediction program 

BCIPEP, a database containing over 3000 known B-cell epitopes (Saha et 

al., 2005). However, PREDBALB/c (Zhang et al., 2005), a program designed to 

predict the binding of peptides to the MHC class II molecules of BALB/c mice, 

identified two potential T-cell epitopes in the TC0512 amino acid sequence, 

one of which is found within the sequence contained in the recombinant 

C.muridarum clone. This indicates that, when administered in a method 

designed to target binding to the MHC class II molecules, TC0512 can 

potentially stimulate a strong T-cell mediated immune response. The amino 

acid sequence of the C.trachomatis protein CT241 was also screened for B-

cell and MHC class II T-cell epitopes to determine the validity of utilizing this 

molecule in further vaccine investigations. Again, the database BCIPEP was 

used to search for B-cell epitopes. No B-cell epitopes were found to be 

contained within either the C.trachomatis sequence corresponding to the 

fragment contained in the C.muridarum recombinant clone or within the entire 

CT241 protein sequence. The T-cell epitope prediction program, SYFPEITHI, 

(Rammensee et al., 1999) was used to predict the binding of peptides to the 

MHC class II molecules of humans, that may be contained within the 

homologous C.trachomatis protein sequence. The results identified six 

potential T-cell epitopes within the entire protein sequence and one of these 

was found to be contained within the homologous sequence to the 

C.muridarum fragment contained in the recombinant clone TC0512. The 
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identification of possible T-cell epitopes within the protein sequence, 

combined with the immunogenicity and partial protective efficacy of TC0512, 

highlights the need for this molecule to be further investigated as a vaccine 

candidate antigen to protect against sexually transmitted C.trachomatis 

infections.  

Further to this, the current research has also revealed several other points of 

consideration that may be useful in the design of a multi-subunit vaccine 

construct. Animals administered a fragment of the gene TC0439 an 

adherence protein, the recombinant clone containing the  amino acids from 

1102 - 1353,  showed significantly lower levels of chlamydial shedding at day 

3 post-infection compared with the vector only negative control group of 

animals, although this protection was short lived. However another group of 

animals immunized with a different fragment of the same gene, from amino 

acid 203 – 438, showed no significant protection against the infection at any 

stage of monitoring. TC0757, a hypothetical protein also showed some initial 

protection against the challenge infection and enhanced clearance of the 

infection, although the clearance of the infection was not significantly faster 

than the M.hyopneumoniae control. However, despite some protection 

against a C.muridarum infection, results from the cytokine analysis showed 

these fragments of C.muridarum genes to be poorly immunogenic in this 

model. T-cells isolated from the spleen of animals immunized with DNA 

extracted from clones containing a fragment of either TC0757 or TC0439 and 

stimulated with C.muridarum elementary bodies produced only low levels of 

the Th2 type cytokines IL-10 and IL-4. The C.trachomatis hypothetical protein 

CT166 showed the highest homology to the C.muridarum adherence factor 

TC0439. CT166 however, is likely not a good candidate antigen for the 

development of a vaccine against C.trachomatis infections, as it shows only 

63% nucleotide homology and 44% protein homology with the C.muridarum 

gene TC0439 used in this study. One of the fragments, containing the 

C.muridarum TC0439 amino acid sequence from position 203 to 438, 

showed similar levels of homology with the corresponding C.trachomatis 

CT166 amino acid sequence, with 48% protein identity. However, the other 

fragment used in this study, containing the amino acids from position 1102 to 
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1353 of the C.muridarum TC0439 protein, showed no homology with the 

C.trachomatis protein CT166. Hence, while some early protection was seen 

in animals administered DNA extracted from the clone containing the 

fragment of TC0439 from amino acid 1102 to 1353, the poor immunogenicity 

of this fragment, as well as the fact that this sequence has no homology with 

the C.trachomatis hypothetical protein CT166, suggest that there is little 

worth in further investigating this antigen as a vaccine candidate.  

Animals immunized with DNA extracted from a clone containing a fragment 

of the C.muridarum gene TC0757, showed enhanced clearance of the 

challenge infection when compared with the control animals. Although poorly 

immunogenic in this study, TC0757 may be worthwhile investigating as a 

potential vaccine candidate antigen. Sequence alignment of the entire gene 

with the corresponding C.trachomatis hypothetical protein CT472 showed 

95% amino acid identity, while the fragment of the C.muridarum gene used in 

this study aligned with 100% of the amino acid sequence of the CT472 

protein. The protection seen in animals following the challenge infection, 

along with this high homology with C.trachomatis serovar D protein, alone 

indicated some worth in further investigation as a vaccine candidate antigen.  

Both C.muridarum TC0757 and C.trachomatis TC472 sequences were 

analysed for B cell epitopes using the database BCIPEP and T-cell epitope 

predictions were carried out using SYFPEITHI for the C.trachomatis 

sequence and PREDBALB/c for the C.muridarum sequence. A B-cell epitope 

was found within both the C.muridarum amino acid sequence and the 

C.trachomatis sequence, however this peptide was not contained within the 

fragment utilized in this study. Further to this, a single MHC class II T-cell 

epitope was predicted to be contained within the C.muridarum sequence and 

three MHC class II T-cell epitopes were predicted to be contained within the 

C.trachomatis sequence. However, again, these predicted epitopes were not 

contained within the fragment of the protein used to immunize animals in this 

study. These results perhaps explain the poor immunogenicity seen resulting 

from the T-cell stimulation assays and indicate that the immunogenicity, and 

perhaps the protective efficacy of the molecule, could be enhanced by 

immunizing with the entire protein sequence rather than a fragment.  
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Several groups of animals immunized with DNA extracted from recombinant 

C.muridarum clones showed some initial protection against the challenge 

infection but no increased clearance at the later time points. Groups that 

appeared to display this pattern of infection were those animals immunized 

with DNA extracted from clones containing fragments of the genes 

TC0684/685 (encoding a conserved hypothetical protein and riboflavin 

synthase, alpha subunit protein), TC0693 (encoding the polymorphic 

membrane protein A family (pmpA) protein) and TC0462 (encoding the DNA 

gyrase, subunit B protein). Of these groups, both TC0693 and TC0462 

appear to be immunogenic, with high levels of IL-10 and TNF-α detected 

following the T-cell stimulation assays, however, animals immunized with 

TC0684/0685 showed only low levels of all cytokines assayed indicating that 

it is poorly immunogenic. Both TC0693 and TC0462 have high homology with 

C.trachomatis serovar D proteins, TC0693 having 76% identity with the 

putative outer membrane protein A (pmpA) CT412 and TC0462 having 92% 

identity with the DNA Gyrase Subunit B (gyrB_1) CT190. The level of 

homology of the fragments contained within the recombinant C.muridarum 

clone was similar to the identity of the entire protein alignment. Searches for 

B-cell epitopes within both the C.muridarum and C.trachomatis protein 

sequences identified a single potential B-cell epitope within the sequence of 

the polymorphic membrane proteins but no predicted epitopes within the 

sequences of the DNA gyrase proteins. Sequence searches of the 

C.muridarum proteins identified three potential MHC class II T-cell epitopes 

within the TC0693 protein and two possible epitopes within the sequence of 

TC0462. Similar searches of the homologous C.trachomatis protein 

sequences identified eight potential MHC class II T-cell epitopes within the 

protein sequence of CT421 and nine possible epitopes within the sequence 

of CT190. Both TC0693 and TC0462 warrant further investigation as 

candidate vaccine antigens, given their immunogenicity, partial 

protectiveness following a challenge infection, and the presence of epitopes 

that may be capable of stimulating strong T-cell and antibody immune 

responses.  
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Other groups of animals administered C.muridarum DNA showed no initial 

protection against the challenge infection, but enhanced later clearance of 

the infection in comparison to the vector only immunized negative control 

group. Clones in this category included TC0767/768 DNA, encoding a 

conserved hypothetical protein and hypothetical protein, TC0490 DNA, 

encoding the UvrD/REP helicase family protein and TC0559 DNA, encoding 

an ATP-dependent Clp protease, ATP-binding subunit ClpC. These protein 

fragments all appear capable of stimulating strong immune responses with 

spleen cells isolated from immunized animals showing high levels of IL-4 and 

TNF-α, with IL-4 and GM-CSF also being produced by T-cells from animals 

immunized with DNA extracted from the C.muridarum clone containing a 

fragment of TC0490. Despite this however, TC0490 does not appear to be a 

viable candidate antigen in the development of a vaccine that protects 

against C.trachomatis infections, as the corresponding C.trachomatis gene, 

the DNA Helicase uvrD, has only 25% protein homology and no nucleotide 

homology with TC0490.  

TC0559 has 96% protein identity with C.trachomatis CT286 (ClpC Protease 

ATPase), with the fragment contained within the recombinant C.muridarum 

clone showing 98% identity with the corresponding CT286 sequence. While 

no B-cell epitopes were predicted in either the C.muridarum or the 

C.trachomatis protein sequence, both were predicted to contain potential 

MHC class II T-cell epitopes. The C.muridarum protein was found to contain 

two potential MHC class II T-cell epitopes, one within the fragment of the 

protein expressed by the recombinant clone and one found external to this 

region of the protein. The C.trachomatis CT286 protein was predicted to 

contain ten potential MHC class II T-cell epitopes, two of which were 

predicted to be located within the fragment of the protein corresponding to 

the C.muridarum TC0559 insert.  

Animals immunized with DNA extracted from the clone containing a fragment 

of two neighbouring genes, TC0767 and TC0768, also showed some 

enhanced clearance of the C.muridarum challenge infection and 

immunogenicity following the T-cell stimulation assays. The C.muridarum 

gene fragments expressed in the recombinant clone have 77% and 69% 
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identity with the hypothetical proteins CT481 and NT01CT0505 (primary 

locus has not yet been annotated by TIGR, hence the Berkley locus 

identification number is used here) of C.trachomatis. Again, analysis of the 

amino acid sequences was undertaken to identify any B or MHC class II T-

cell epitopes contained within the protein. No B-cell epitopes were predicted 

to be contained within the C.muridarum proteins TC0767 or TC0768. 

Similarly, no B-cell epitopes were identified within the amino acid sequence 

of the C.trachomatis homologous protein NT01CT0505, however the 

sequence of CT481 was predicted to contain a single B-cell epitope, 

indicating that immunization with this protein may be capable of stimulating 

Chlamydia specific memory cells. Both C.muridarum TC0767 and TC0768 

amino acid sequences were predicted to contain MHC class II T-cell 

epitopes, with two predicted to be contained in TC0767 and a single epitope 

predicted within TC0768. Of these three predicted epitopes, two were 

predicted to be contained within the fragment expressed by the recombinant 

C.muridarum TC0767/768 clone. No MHC class II T-cell epitopes were 

predicted to be contained within the C.trachomatis protein NT01CT0505, and 

given this lack of any T-cell and B-cell epitopes in the protein, the 

immunogenicity of this molecule may be unable to be enhanced through 

immunization strategies. The C.trachomatis protein CT481 however, was 

predicted to contain four MHC class II epitopes, three of which were 

predicted to be within the sequence homologous to the fragment of 

C.muridarum TC0767 contained within the recombinant clone. These results 

indicate that, in a C.trachomatis model of infection, immunization with the 

hypothetical protein CT481 is likely capable of inducing a strong immune 

response and warrants further investigation as a vaccine candidate antigen, 

while the hypothetical protein, NT01CT0505, is probably not strongly 

immunogenic molecule. Although immunization of mice with DNA extracted 

from a recombinant clone containing fragments of both TC0767 and TC0768 

resulted in some enhanced later clearance of a C.muridarum challenge 

infection (days 12 – 21) but no initial protection against infection (days 3-9), 

immunological analysis showed that the immunization strategy resulted in 

C.muridarum specific immune responses, indicating that this molecule is 

immunogenic. This fact, combined with the finding that the C.trachomatis 
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homolog, CT481, is predicted to contain both B-cell and T-cell epitopes, 

suggests that immunization with CT481 may be capable of stimulating 

stronger immune responses than those detected in this study, and thereby 

stronger levels of protection, when used in immunization strategies designed 

to elicit protection against a C.trachomatis infection. 

The analysis of cytokine production by immunized animals in this study 

showed that immunization with DNA extracted from a clone containing a 

fragment of a M.hyopneumoniae gene, used as a negative control to 

determine any innate protection afforded through the immunization strategy, 

stimulated some low level C.muridarum specific immune responses. While 

initially surprising, analysis of the protein sequence expressed by the 

recombinant M.hyopneumoniae clone showed some areas of homology to 

C.muridarum amino acid sequences. Overall the homology between the 

M.hyopneumoniae protein and any C.muridarum protein was low, however 

there were areas of the protein, up to 13 amino acids in length, that showed 

60 – 70% identity with a C.muridarum sequence. Given that gene gun 

immunization results in the digestion of the protein into small peptides for 

presentation to MHC molecules, these small areas of homology may account 

for the C.muridarum specific immune responses resulting from the T-cell 

stimulation assays.  

The induction of strong immune responses, while important, was not the 

primary means of selecting candidate vaccine antigens in this study. Gene 

gun immunization was chosen as, although it has been shown to induce 

stronger Th2 than Th1 responses (Feltquate et al., 1997) only small amounts 

of DNA are required. This was the most appropriate method of immunization 

for this study, as the number of animals required, as well as the number of 

antigenic targets being investigated, precluded both the production of large 

quantities of DNA or purified protein. The mouse model of C.muridarum was 

used in this research as it is widely thought to be an appropriate 

representation of human chlamydial infection, both in immunology and 

subsequent pathology (Morrison and Caldwell, 2002). The lack of strong 

immune responses and poor protection against infections in animal models of 

chlamydial infection using MOMP and other chlamydial antigens has 
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necessitated the investigation of alternative candidate antigens capable of 

protecting against infection. The development of expression library 

immunization has enabled the screening of entire genomes for these targets 

and it has been used with success in other models of disease (Melby et al., 

2000; Smooker et al., 2000; Ivey et al., 2003; Huntley et al., 2005; Li et al., 

2006). The results of the current research have revealed several novel 

antigenic targets, capable of protecting against C.muridarum infection in 

mice, through expression library immunization. Six novel vaccine targets 

have been identified for the first time in C.muridarum, of which the 

homologous C.trachomatis proteins may be useful in the design of a vaccine 

against C.trachomatis infections in humans. Of these, two are membrane 

proteins, the polymorphic membrane protein PmpA and the Omp85 analogue 

YaeT; two are hypothetical proteins, CT472 and CT481; and the remaining 

two are the ClpC protease ATPase, an ATP dependent molecule thought to 

be involved in the presentation of protein substrates to protein complexes, 

and the DNA gyrase subunit B, GyrB_1, an enzyme involved in the control of 

topological transitions of DNA. While membrane proteins have traditionally 

been thought to be good vaccine targets, neither the Omp85 analogue nor 

the PmpA have been investigated as vaccine candidates in a chlamydial 

model of genital tract infection. The six novel vaccine targets identified in this 

study, will lead to further investigations designed to determine the protective 

efficacy of these molecules in a C.trachomatis model of infection, and the 

development of a subunit vaccine capable of protecting against sexually 

transmitted C.trachomatis infections in humans.  
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CHAPTER 6 

GENERAL DISCUSSION 

The potential worldwide impact that a vaccine capable of protecting against 

C.trachomatis infections of the genital tract of humans could have is 

undeniable. Currently, chlamydial infections are the most commonly notified 

infection in Australia, with over 35,000 new cases being reported in 2004 

(Yohannes et al., 2006).  The infection rate in 2004 of 175 per 100,000 

population represents a 99% increase in infected individuals since 2000, 

indicating that, despite antibiotic therapy administered to affected individuals, 

the rate of chlamydial infections in the Australian population continues be a 

major burden in heath care, both socially and economically. Worldwide, the 

World Health Organization (2001) estimated 92 million new cases of 

C.trachomatis infections in adults in 1999. South and South-east Asia was 

predicted to be the most affected area of the world with the World Health 

Organization estimating 43 million new cases of C.trachomatis infections in 

1999. A study undertaken to predict the effect a vaccine could have on 

chlamydial infections through computer modeling, showed that even a 

partially protective vaccine that does not confer life-long immunity against the 

infection would have a significant impact on the prevalence of the disease 

(de la Maza and de la Maza, 1995).  

The significant impact that vaccines can have on other diseases can be seen 

with the commercialization, immunization strategies and widespread use of 

vaccines developed in the last century. Perhaps the most legendary case of 

disease eradication through the use of a vaccine is the annihilation of 

smallpox. Smallpox, caused by the variola virus, is a highly contagious 

disease, transmitted from person to person via aerosols and direct contact 

that was fatal to approximately 30% of the infected population. In 1950, over 

50 million cases of infection were predicted to occur worldwide each year. No 

effective treatment for the infection was ever developed, however in 1798 

Edward Jenner developed a vaccine from the related cowpox vaccinia virus 

that protected against the disease. Despite this, it wasn’t until the induction of 
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compulsory immunization strategies that the reduction in disease burden was 

seen. Although the number of smallpox infections decreased from over 50 

million cases per year to 10-15 million cases per year by 1967 due to 

vaccination, it wasn’t until the World Health Organization instigated a global 

eradication plan that smallpox infections were eradicated worldwide. Global 

eradication of smallpox was confirmed in 1980 and endorsed by the World 

Health Assembly. This significant impact on smallpox infections was due to 

the development of a vaccine and immunization strategies to deliver the 

vaccine to affected populations. The results indicate that eradication of an 

organism that caused disease via human-to-human transmission from the 

human population is possible, given an efficacious vaccine, a strategic plan 

to deliver the vaccine to affected individuals or at risk populations, and 

sufficient funding to achieve these first two objectives.  

In order to achieve this ideal for Chlamydia, the first step is to identify vaccine 

candidate antigens that are capable of eliciting strong immunogenic, non-

inflammatory and protective responses. Many commercially available 

vaccines that have had major impacts on health and disease, such as the 

measles, mumps and rubella vaccines, are live attenuated or whole cell, 

killed vaccines. However, early studies with inactivated and live 

C.trachomatis as vaccines, although conferring protection in some 

individuals, frequently resulted in delayed type hypersensitivity reactions 

upon re-exposure to the pathogen (Grayston and Wang, 1978). Since these 

efforts in the early 1960’s, the use of whole cell vaccines for human 

chlamydial infections has been virtually abandoned. To date, the majority of 

research in the development of a vaccine to protect against genital tract 

infections caused by C.trachomatis has focused on one antigen of the 

organism, the major outer membrane protein (MOMP). However, despite 

almost 20 years of research using MOMP as a vaccine candidate, no 

vaccination strategy using this protein alone has achieved sterilizing 

immunity. Research aiming to enhance the partially protective efficacy of 

MOMP is ongoing. However only a small number of research papers have 

been published recently that have attempted to identify novel vaccine 

candidate antigens that may protect against a chlamydial genital tract 
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infection. Three chlamydial molecules have been investigated as alternative 

vaccine candidate antigens to MOMP, the pgp3 gene (Donati et al., 2003), 

the outer membrane protein 2 (OMP2) (Eko et al., 2004) and antibodies 

against the chlamydial glycolipid exoantigen (GLXA) (Whittum-Hudson et al., 

2001). This highlights the uniqueness of the research undertaken in this 

study that has utilized novel vaccination strategies to identify vaccine 

candidate antigens that protect against chlamydial genital tract infections.  

Despite the lack of research investigating novel chlamydial vaccine antigens 

as potential vaccine candidates for chlamydial infections, several commercial 

vaccine manufacturing companies are attempting to identify novel chlamydial 

vaccine antigens in order to develop a vaccine against C.trachomatis genital 

tract infections, as the potential return for a marketable C.trachomatis 

vaccine is immense. Sanofi Pasteur have used a C.pneumoniae mouse 

model of respiratory infection to screen 206 ORFs of the C.pneumoniae 

genome for protective efficacy following DNA immunization and an intra-

nasal challenge infection of the animals (Murdin et al., 2000; 2004). The 206 

candidate antigens of C.pneumoniae were selected based on the predicted 

roles of the proteins and homology to human DNA. The antigens included 

genes that were membrane exposed, virulence factors and a set of genes 

classified as host cell metabolic modulators. Of the 206 genes analysed in 

the mouse model, 46 were identified as conferring some level of protection. 

While not directly identifying the potential vaccine candidate genes, the study 

states that MOMP was among the antigens found to confer protection against 

intra-nasal challenge infection, although it was not the best protective antigen 

identified. Other genes identified as protective included one that encodes a 

60kDa cystein-rich membrane protein, some of the polymorphic membrane 

proteins (Pmps), some that encode virulence factors including type III 

secretion effectors and ADP/ATP translocases. While little data is available 

regarding experiments designed to determine the protective efficacy of these 

genes against a C.trachomatis genital tract infection, or a C.muridarum 

genital tract infection in mice, Brunham et al (2004), reported that the gene 

encoding C.pneumoniae ADP/ATP translocase protein, while protective 

against a C.pneumoniae intra-nasal infection, also protected 50% of 
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immunized mice against a C.muridarum infection, although the route of 

challenge is unclear. There is about 80% homology at the nucleotide 

sequence level between the C.pneumoniae and C.muridarum ADP/ATP 

translocase genes, hence the protection seen in mice immunized with the 

C.pneumoniae DNA and challenged with C.muridarum is not surprising. 

Although in this case, the researchers were perhaps fortuitous to identify an 

antigen with high homology to the C.muridarum homolog, and presumably 

therefore also C.trachomatis given the high level of homology between 

C.muridarum and C.trachomatis, C.pneumoniae differs from C.trachomatis in 

gene content,  tissue tropism and disease spectrum (Kalman et al., 1999).  

While the study by Sanofi Aventis may be useful in the design and 

development of a vaccine to protect against C.pneumoniae infections, the 

research was not designed to identify potential vaccine candidates for use in 

the design of a vaccine against C.trachomatis genital tract infections.  

The company Antex appear to be focusing research and development into a 

vaccine protective against C.trachomatis genital tract infections based on the 

PmpG gene of C.trachomatis (Woodall, 2004). They have found that pmpG is 

highly conserved in many serovars of C.trachomatis that cause genital tract 

infections, an important consideration in the design of a vaccine, as a vaccine 

that protects against multiple serovars is essential. Mice were immunized 

intra-nasally with a modified form of the PmpG protein, termed CT110, in 

combination with a mucosal adjuvant designed to trigger a strong cell 

mediated immune response. It should be noted that the designation of the 

vaccine preparation CT110, does not represent the gene annotation for the 

PmpG protein. The C.trachomatis locus CT110 actually refers to the heat 

shock protein 60 gene groEL_1, while pmpG of C.trachomatis serovar D is 

usually identified by the locus CT871. Animals immunized with the vaccine 

preparation CT110 were challenged via the ovarian bursa with C.trachomatis. 

While the results of shedding experiments were not made available, fertility 

studies were also undertaken in this study. They showed that mice 

immunized intra-nasally with the CT110 protein with a mucosal adjuvant had 

a fertility rate of about 70%, while the fertility rate of negative control animals 

was 11%. The animals immunized with CT110 produced the same number of 
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litters and approximately the same number of animals per litter as the 

positive control animals. The limited data available from this study appears 

promising, however there are several weaknesses associated with the 

research. The use of an intra-bursal challenge route for infection does not 

resemble a natural intra-vaginal route of infection that would occur in the 

sexual transmission between humans. Also, the adjuvant used, while not 

identified, is likely not approved for use in humans by the FDA.  

The company Corexia, have identified about 40 polypeptides in 

C.trachomatis that may be useful in the development of a vaccine against 

sexually transmitted C.trachomatis infections (Woodall, 2004). They used 

sera and T-cells isolated from patients that had been exposured to 

C.trachomatis to identify these polypeptides. Recombinant proteins to these 

40 antigens were purified and used with an adjuvant to immunize mice 

systemically. Immunized animals were then challenged intra-vaginally with 

C.trachomatis serovar K and the animals monitored for clearance of the 

infection and subsequent levels of inflammation. Approximately 10 antigens 

conferred some degree of protection against the infection as determined by 

vaginal shedding of Chlamydia, but no protection against inflammation of the 

uterus. Two genes CT315 and CT322 encoding an RNA polymerase beta 

and the elongation factor Tu, appeared to give some protection against a 

challenge infection and stimulated strong γ-IFN and antibody mediated 

immune responses. However, the gene CT322 has high homology with the 

human mitochondrial elongation factor Tu (52%) and therefore is likely not a 

good candidate antigen for the development of a vaccine.  

The results of these previous studies highlight the importance of identifying 

novel vaccine candidate antigens for the design of a vaccine against 

C.trachomatis genital tract infections and thereby the uniqueness of the 

expression library immunization research undertaken in this study. The 

expression library immunization work detailed in this study has identified 

several novel vaccine candidate antigens that may be useful in the design of 

a vaccine against C.trachomatis genital tract infections. This work used the 

mouse C.muridarum model of genital infection to identify vaccine candidates, 

as this animal model has been shown to closely mimic human genital tract 
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infections in both adaptive immune responses and pathogenesis, making it 

an ideal model for the study of chlamydial genital tract infections. The first 

gene that requires further investigation as a potential vaccine candidate 

through was the type III secretion translocase TC0850. Although the DNA 

fragment used to immunize animals encoded a short polypeptide of only 25 

amino acids and had only 53% homology with the C.muridarum gene, 

animals showed a 46% overall reduction in chlamydial shedding following a 

challenge infection. This C.muridarum fragment stimulated a mixed Th1/Th2 

type immune response mediated by the production of γ-interferon 

systemically and IL-10 in the draining lymph nodes. Although the gene gun 

method of immunization used in this research has been shown to induce 

predominantly Th2 type immune responses (Feltquate et al., 1997), a mixed 

Th1 and Th2 type immune response was seen following immunization of 

animals with the clone containing a protein sequence having homology to 

TC0850, the Th1 immunity likely being due to the presence of a CpG motif 

contained within the sequence. There are several factors that make the 

protein worthy of further investigation. Firstly, immunization with a DNA 

sequence that translates to a protein with 53% homology with the protein 

TC0850 has been shown to be partially protective against a challenge 

infection and capable of stimulating C.muridarum specific T cell responses. 

Several genes involved in the type III secretion system are thought to be 

surface exposed, making them ideal vaccine candidates and analysis of the 

TC0850 gene has predicted it to be surface exposed.  The C.muridarum 

gene TC0850 corresponds to the C.trachomatis CT561 Yop translocation L 

(yscL) gene. This latter gene should be investigated as a vaccine candidate 

in models of C.trachomatis genital tract infection to determine whether similar 

protection and immunogenicity can be afforded with the C.trachomatis 

homolog of TC0850. CT561 also has low homology with human protein 

(23%), and this is an important consideration when developing vaccines for 

human administration. However the intrinsic CpG motif found in the 

C.muridarum TC0850 sequence used to immunize animals in the expression 

library screen is not contained within the C.trachomatis CT561 sequence, 

hence alternative adjuvants need to be investigated that may enhance the 

immune response generated by immunization with this molecule.  
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Further expression library immunization work then identified six other 

molecules that have potential as vaccine candidates. Two membrane 

proteins, a putative outer membrane protein (TC0512) and the polymorphic 

membrane protein A (TC0693), two hypothetical proteins (TC0757 and 

TC0767) and two housekeeping proteins, the DNA gyrase subunit B 

(TC0462) and the ATP-dependent Clp protease, ATP-binding subunit ClpC 

(TC0559) were identified as potential vaccine candidate antigens. All of these 

proteins and their C.trachomatis homologs have less than 35% homology 

with any human protein, indicating that any potential problems in stimulating 

auto-immune responses through immunization with the C.trachomatis 

homologs of these genes can be avoided.  

Immunization of mice with DNA extracted from the recombinant C.muridarum 

clone containing a fragment of the TC0512 gene resulted in an overall 55% 

reduction in the chlamydial burden, seen in the three weeks of monitoring 

following the challenge infection, when compared with the vector only 

immunized animals. The gene fragment was also shown to be immunogenic, 

stimulating strong systemic IL-10 responses following immunization of mice. 

Analysis of the homologous C.trachomatis gene, the Omp85 analogue 

expressed by CT241 (yaeT), indicates the potential that the C.trachomatis 

gene has as a vaccine candidate. It remains to be seen whether 

immunization with C.trachomatis yaeT can elicit similar immune responses 

and protection against infection, however the presence of several predicted 

T-cell epitopes indicate that strong Th1 immune responses could be 

stimulated through immunization strategies designed to target MHC class II 

molecules.  

Immunization of mice with DNA from a recombinant C.muridarum clone 

containing a fragment of the pmpA gene, TC0693, showed some protection 

against the initial stages of a C.muridarum challenge infection, but no 

significant clearance of the infection compared with negative control animals 

after day 12 of the infection. The molecule was also shown to be 

immunogenic, stimulating IL-10 responses following immunization of animals. 

The homologous C.trachomatis gene, the putative outer membrane protein A 

CT412 gene (pmpA), may be capable of stimulating similar protection and 
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immune responses following immunization given the high level of homology 

between the two genes. The C.trachomatis protein CT421 was also found to 

contain a predicted B-cell epitope and several MHC class II T-cell epitopes, 

indicating the potential this molecule has to stimulate both T-cell and 

antibody immune responses. However, given that no significant protection 

was seen in mice immunized with TC0693 after day 12 of the C.muridarum 

challenge infection, the protein is likely to be most useful as part of a multi-

subunit vaccine construct where alternative antigens are included to confer 

longer-lasting protection against chlamydial infections.  

Immunization of mice with a clone containing a fragment of the hypothetical 

protein encoded by TC0757 showed both some reduction in the initial stages 

of the challenge infection and enhanced clearance of the infection compared 

with vector only immunized animals. This resulted in an overall 44% 

reduction in the levels of infection over the 21 day monitoring period. 

However significant cytokine levels were not stimulated, with only low levels 

of IL-10 detected following immunization. The hypothetical protein has high 

homology with the C.trachomatis protein CT472, also a hypothetical protein, 

and low homology with any human protein. Analysis of the C.trachomatis 

protein showed the presence of a single B-cell epitope and three T-cell 

epitopes within the protein, however none of these were found to be 

contained within the fragment used to immunize mice in the expression 

library immunization study. These findings indicate that the immunogenicity 

of the molecule could be enhanced if the full length protein was used in 

immunization strategies. Given the protection seen in immunization 

experiments with the C.muridarum hypothetical protein TC0757, the 

protective efficacy of C.trachomatis CT472 should be evaluated, as this 

molecule has potential as a vaccine candidate against C.trachomatis genital 

tract infections.  

The other hypothetical protein identified in the expression library 

immunization study as a potential vaccine candidate conferred partial 

protection to mice following immunization with DNA from the clone containing 

a fragment of the C.muridarum gene TC0767. The results from the challenge 

infection showed no initial reduction of the infection when compared with the 
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vector only immunized animals, but significantly lower levels of recoverable 

Chlamydia from day 12 of the infection. Immunization with this molecule also 

showed some C.muridarum specific immune responses with IL-10 and TNF-

α produced in response to stimulation with inactivated C.muridarum after 

immunization. The C.trachomatis homolog, CT481 is predicted to contain a 

B-cell epitope, indicating that immunization with this protein may be capable 

of stimulating Chlamydia specific memory B-cells. Further to this, the CT481 

hypothetical protein was also found to contain several predicted MHC class II 

T-cell epitopes, warranting investigation of this molecule as a potential 

vaccine candidate likely to be capable of eliciting some protective immune 

responses against C.trachomatis genital tract infections. However again, 

given the lack of any initial reduction in the amount of recoverable Chlamydia 

following a genital tract challenge infection, the molecule may need to be 

investigated as a component of a multi-subunit vaccine construct that also 

includes molecules capable of reducing the initial intensity of an infection.  

Surprisingly, two house-keeping genes were also identified as potential 

vaccine candidates from the expression library immunization study. The 

discovery is surprising only as molecules of this nature are not traditionally 

thought to be good vaccine candidate antigens. However, expression library 

immunization studies to identify vaccine antigens in other pathogens, as well 

as the Sanofi Pasteur study mentioned previously have also identified house-

keeping genes as potential vaccine targets. The genes identified in the 

current work, the DNA gyrase subunit B (TC0462) and the ATP-dependent 

Clp protease, ATP-binding subunit ClpC (TC0559) both showed some 

reduction in the levels of recoverable C.muridarum in mice following 

immunization with DNA extracted from recombinant clones containing 

fragments of these genes. Immunization of mice with DNA extracted from the 

clone containing a fragment of the TC0462 gene resulted in an overall 40% 

reduction in the levels of recoverable C.muridarum, and strong IL-10 and 

TNF-α immune responses. The C.trachomatis DNA gyrase subunit B protein, 

CT190 has over 90% homology with the C.muridarum protein, and only 25% 

homology with any human protein, indicating that the protective efficacy seen 

following immunization with the C.muridarum gene TC0462 may also be 
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afforded by immunization with the C.trachomatis homolog CT190 and that 

auto-immune responses to the immunization can be avoided due to the low 

homology of the C.trachomatis protein with human protein. The 

C.trachomatis CT190 protein was also found to contain up to nine potential 

T-cell epitopes, indicating that the molecule has the potential to stimulate 

strong T-cell immune responses following immunization, however no B-cell 

epitopes were predicted to be contained within the CT190 protein sequence. 

Immunization of mice with DNA extracted from the clone containing a 

fragment of the C.muridarum TC0559 gene resulted in an overall reduction of 

29% in recoverable C.muridarum following challenge infection of these 

animals. There was some initial protection against the challenge infection, 

with significantly lower levels of Chlamydia at 6 and 9 days post-challenge, 

as well as lower levels of recoverable Chlamydia at days 18 and 21 post 

challenge. Immunization with this construct also elicited strong Th2 type 

immune responses with high levels of IL-10 and the general pro-inflammatory 

cytokine TNF-α produced in response to stimulation with inactivated 

C.muridarum. The C.trachomatis homolog, ClpC Protease ATPase (CT286), 

has 96% homology with TC0559, indicating that the protection and 

immunogenicity seen following immunization with TC0559 may be able to be 

extrapolated to protection against C.trachomatis infections following 

immunization with CT286. The CT286 molecule is also thought to be capable 

of stimulating strong Th1 type immune responses when administered in a 

manner designed to trigger Th1 type immunity, as the protein is predicted to 

contain 10 MHC class II T-cell epitopes.  

While the expression library work utilized gene gun DNA immunization of 

mice with no adjuvant to enhance the immune response, the primary aim of 

the research was to identify novel vaccine candidate antigens, as this is the 

first step in the design of a vaccine that is capable of protecting against 

chlamydial genital tract infections. The proteins identified in this work as 

being potential candidate antigens need to be investigated in C.trachomatis 

models of infection, using delivery methods and adjuvants approved for 

human use. DNA immunization is not a method of antigen delivery approved 

by the FDA for use in humans.  
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While the majority of vaccines currently available on the market are delivered 

intra-muscularly or sub-cutaneously, mucosal delivery is also utilized for 

several vaccines, such as the cholera, typhoid and the original polio vaccines 

that are administered orally and the live attenuated influenza A and B 

vaccine, that is delivered intra-nasally. For a chlamydial vaccine designed to 

trigger Th1 type immune responses, intra-muscular delivery is a viable option 

as immunization via this route has been shown to induce predominantly Th1 

type immune responses. Intra-nasal delivery of a vaccine is a feasible 

alternative however, as this route of immunization has been shown to induce 

high levels of Chlamydia specific γ-interferon following immunization intra-

nasally with live C.muridarum and resistance to re-infection with C.muridarum 

(Igietseme et al., 1998). The same study investigated the oral route of 

immunization and showed that the level of protection was not as great as that 

seen in animals immunized by the intra-nasal route. The oral route of 

immunization also failed to elicit significant levels of γ-IFN secreting T-cells, 

indicating that the oral route of immunization is likely not a route of 

immunization useful in the development of a vaccine against chlamydial 

genital tract infections.  

Of particular interest in the development of a vaccine that protects against 

chlamydial genital tract infections, is the recent licensing approval of 

Gardasil, a vaccine that protects against human papillomavirus infection in 

the female genital tract (Villa et al., 2005). The vaccine is a quadrivalent, 

recombinant protein vaccine that is delivered intra-muscularly to women and 

is the first commercially available vaccine designed to protect against a 

sexually transmitted infection.  The vaccine uses aluminium salts as an 

adjuvant as currently these are approved by the FDA as suitable vaccine 

adjuvants although several alternative adjuvants are now being incorporated 

into other licensed vaccine formulations as immunostimulatory components. 

These include, virosomes, MF59 which is a micro-fluidized, detergent-

stabilized, oil-in-water emulsion and MPL, monophosphoryl lipid A (Pink and 

Kieny, 2004).  

Many studies have been undertaken to investigate the effects various 

adjuvants have on the ability of chlamydial vaccine constructs to protect 
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against challenge infections. However, most of the adjuvants commonly 

investigated, such as CpG motifs and cholera toxin, are not approved for use 

in humans. Aluminium salts are the most commonly used adjuvant in vaccine 

preparations, however their usefulness in a chlamydial vaccine may be 

limited. Aluminium salts stimulate predominantly humoral immune responses, 

although they can also stimulate the production of cytokines such as IL-4 and 

IL-5 (Ulanova et al., 2001). While the enhancement of the humoral immune 

response for a chlamydial vaccine is useful, ideally a strong Th1 type 

immune response is required, a response that is not stimulated through the 

use of aluminium alone. Virosomes are spherical vesicles that represent 

reconstituted empty influenza virus envelopes but that contain functional viral 

envelope glycoproteins such as haemagglutinin and neuraminidase. They 

are useful as vaccine adjuvants as the antigen of interest can be 

incorporated into the virosome, adsorbed to the virosome surface or 

integrated into the lipid membrane. Virosomes are currently used in two 

licensed vaccines, the hepatitis A and influenza vaccines. While for these 

vaccine preparations, the stimulation of a humoral response, rather than a 

cell mediated immune response, is desired, virosomes have been shown to 

stimulate both arms of the immune system, depending on the method of 

antigen attachment (Fortin et al., 2001). Antigens that are coupled to the 

surface of virosomes are degraded within the endosome and are presented 

to the immune system by MHC class II receptors, stimulating CD4+ T-helper 

cells. Antigens that are encapsulated are delivered to the cytosol during 

endosomal fusion and consequently enter the MHC class I pathway, resulting 

in induction of cytotoxic T lymphocyte proliferation and CD8+ T-cell 

stimulation. However there are few studies available that have investigated 

the delivery of foreign protein using virosomes to the MHC class II pathway 

with the aim of inducing a strong Th1 type immune response. The immune 

responses generated through the fusion of chlamydial proteins to the surface 

of virosomes and delivered by either intra-nasal or intra-muscular routes of 

immunization should be investigated. Advantages that the use of virosomes 

have over other adjuvant systems is that they are already licensed for use as 

vaccine adjuvants, and appear to be safe and immunogenic in humans.  
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ISCOMs are structurally similar to virosomes but are lipid based and lack the 

influenza haemagglutinin. They also contain QuilA, a saponin mixture that 

may enhance the adjuvant effect of these molecules (Sanders et al., 2005). 

The lipid based adjuvant, immune stimulating complexes (ISCOMs), has 

been investigated in a chlamydial model of genital tract infection. The major 

outer membrane protein of C.trachomatis was coupled to ISCOMs and 

delivered intra-muscularly and intra-nasally to mice (Igietseme and Murdin, 

2000). The results showed that the fastest local genital tract immune 

response was generated in those animals immunized with MOMP-ISCOMs 

by the intra-muscular route. This response was measured by quantitation of 

the levels of γ-IFN produced in T-cells draining the genital tract however 

initial levels of γ-IFN in these cells were low and did not peak until eight 

weeks following immunization. The study also showed that immunization by 

the intra-muscular route with MOMP-ISCOMs can induce Th2 type immune 

responses systemically and that these immune responses corresponded to 

partial protection against a challenge infection following adoptive transfer of 

T-cells from immunized mice and resistance to reinfection. While these 

results are encouraging for the potential use of virosomes to deliver 

chlamydial vaccine antigens, ISCOMs are not yet approved for use as 

vehicles for the delivery of vaccines to humans.  

MF59 was the first adjuvant after aluminium salts that was licensed for use in 

humans and is currently used in a subunit influenza vaccine distributed in 

Europe. MF59 is an oil-in-water emulsion that consists mainly of the oil 

squalene, a normal component of cell membranes and a metabolite of 

cholesterol in humans (Podda and Del Giudice, 2003). Intra-nasal 

immunization with influenza vaccine preparations in combination with the 

adjuvant MF59 have been shown to enhance mucosal IgA immune 

responses in humans (Boyce et al., 2000), a component of the immune 

system that is necessary for protection against chlamydial genital tract 

infections. Experiments in mice have shown that the adjuvant MF59 induces 

a predominantly Th2 type immune response systemically, with strong 

increases in the cytokine IL-5 in mice immunized subcutaneously with 

antigen and MF59 (Higgins et al., 1996). While the induction of a Th1 type 
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immune response is preferable for a chlamydial vaccine, enhancement of 

mucosal antibody responses and the induction of T-cell proliferative 

responses may be useful in increasing the immunogenicity of a vaccine 

preparation. Pal et al (2006) investigated the immunogenicity of the 

chlamydial MOMP with various adjuvants including MF59. Mice were 

administered C.muridarum MOMP and MF59 by a combined intra-muscular, 

intra-nasal and subcutaneous route of immunization before being challenged 

in the left uterine horn with live C.muridarum and mated to determine the 

effect of the immunization strategy on fertility. Mice were immunized three 

times at two week intervals and the humoral immune response was 

evaluated two weeks after the final immunization. The results showed high 

chlamydial IgG and IgA titres in the serum of all animals and the presence of 

chlamydial IgG and IgA in vaginal washes. T-cell proliferation assays showed 

strong proliferative responses following stimulation of T-cells isolated from 

the spleen with C.muridarum elementary bodies. Mice were mated six weeks 

after the challenge infection and the number of embryos in pregnant mice 

determined. While the pregnancy rates were not significantly different 

between animals immunized with MOMP and MF59 and control animals, the 

number of embryos in the uterine horns was found to be significantly higher 

in animals immunized with MOMP and MF59 than in negative control 

animals. The study showed that there appeared to be a balance between the 

Th1 and Th2 immune response, with similar levels of IgG1 and IgG2a in the 

serum, however no studies were undertaken to determine the cytokines 

produced in response to stimulation with C.muridarum. The study also 

investigated the protective efficacy of the immunization strategy, through 

monitoring of the challenge infection for six weeks. No significant differences 

in the level of protection afforded by immunization with MOMP and MF59 

was seen in comparison to negative control animals, however the authors 

noted a protective trend, with lower numbers of animals shedding 

C.muridarum in immunized animals. Although the adjuvant MF59 does not 

appear to stimulate a strong Th1 immune response, and the level of 

protection in animals immunized with MOMP and MF59 was poor, it would be 

interesting to determine the protective efficacy of the adjuvant with the novel 

vaccine candidate antigens identified in the expression library immunization 
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study, given that strong mucosal antibody responses can be elicited through 

the use of MF59 as well as the fact that is already licensed for use in 

humans.  

Perhaps the best vaccine adjuvant for use in the development of a vaccine 

that protects against chlamydial genital tract infections is monophosphoryl 

lipid A (MPL) that is already licensed for use in humans.  MPL is derived from 

the lipopolysaccharide of Salmonella minnesota and is thought to interact 

with toll-like receptor 4 on the surface of antigen presenting cells (Persing et 

al., 2002). Although only currently licensed in Canada, the commercial 

adjuvant Detox contains the detoxified endotoxin MPL isolated from 

S.minnesota, cell wall skeleton from Mycobacterium pheli, squalene and an 

emulsifier and is used to enhance the immune response of the melanoma 

vaccine, Melacine. MPL has also been used in human clinical trials for 

vaccines to prevent malaria, hepatitis B and genital herpes (Fries et al., 1992; 

Thoelen et al., 1998; Bernstein et al., 2005). A study to investigate the effects 

of MPL on the T-cell immune response in humans used a pneumococcal 

vaccine with the traditional adjuvant alum and compared the humoral and cell 

mediated immune responses with those of subjects administered the vaccine 

with MPL (Vernacchio et al., 2002). The results showed a significant increase 

in T-cell proliferation following immunization in subjects administered the 

MPL adjuvant when compared with controls and this immune response was 

characterized by a significant increase in γ-IFN production. These results are 

consistent with other research demonstrating the Th1 type immune response 

stimulated following immunization with antigen and MPL both in humans and 

mice (Thompson et al., 1998; Wheeler et al., 2001; Reed et al., 2003). When 

administered orally or intra-nasally, the adjuvant has also been shown to 

induce production of both mucosal and systemic antigen specific antibodies 

(Baldridge et al., 2000; Doherty et al., 2002; Yang et al., 2002), further 

warranting the need to investigate this adjuvant as a potential 

immunostimulator of humoral and cell mediated immune responses in 

conjunction with novel chlamydial vaccine candidate antigens.  

In order to develop a marketable vaccine capable of protecting against 

chlamydial genital tract infections, novel antigen targets that can be 

 204 



administered as a subunit vaccine need to be identified. The expression 

library immunization study presented in this thesis has identified several 

novel target antigens that have shown partial protection against a chlamydial 

genital tract infection and stimulation of Chlamydia specific immune 

responses when administered to mice. The fact that partial protection against 

a chlamydial genital tract infection was achieved following immunization of 

mice without any adjuvant to enhance the immune response is encouraging. 

Further work needs to determine whether the immune responses seen in the 

study, and thereby the protective capability, can be enhanced through the 

use of currently licensed adjuvants, particularly the adjuvant monophosphoryl 

lipid A, that stimulates strong γ-IFN mediated Th1 type immune responses as 

well as systemic and mucosal antibody responses. A Th1 type immune 

response and the presence of γ-IFN is essential for the clearance of a 

chlamydial genital tract infection and antibody is thought to play a key role in 

the prevention of re-infection upon subsequent exposure to the serovars of 

Chlamydia that cause sexually transmitted disease. A multi-subunit vaccine 

is likely to be needed in order to protect against the multiple serovars of 

C.trachomatis that cause genital tract infections in humans. The novel 

chlamydial antigens identified in the expression library immunization work, 

along with potential vaccine candidates identified in other studies, such as 

the MOMP, need to be combined in vaccine constructs, to determine whether 

a multi-subunit vaccine approach can induce sterilizing immunity to protect 

against C.trachomatis genital tract infections and long-lived immunological 

memory with the ability to prevent re-infection. The effect that such a vaccine 

would have on worldwide health and economy is undeniable. In this work, the 

first step towards this goal has been achieved, with the identification of 

protective antigens from C.muridarum that have high homology with 

C.trachomatis proteins. The C.trachomatis homologs, as single or multi-

subunit constructs, can be used in the development of a vaccine able to 

protect against genital tract infections of humans caused by C.trachomatis.  
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