
A. SPECIFIC AIMS

Chlamydia trachomatis is an obligate intracellular pathogen that is a common cause of sexually transmitted disease in the westernized world and the leading cause of preventable blindness in developing countries.  These bacteria attach to and are taken up by eukaryotic epithelial cells where they reside in a membrane-bound vacuole called an inclusion.  The inclusion resists acidification and lacks markers of early and late endosomes and lysosomes.  Additionally, inclusion-bound chlamydiae have been shown to acquire host sphingomyelin, inhibit apoptosis, and downregulate the induction of MHC class I and II molecules (1, 2, 3).  The processes by which these bacteria are taken into host cells and modify their vacuole are not well understood.  Recently, a type III secretion system (TTSS) was identified in chlamydiae.  TTSSs in other bacteria function as machines that deliver bacterial proteins to a eukaryotic cell’s cytosol to effect changes that promote the survival of the bacteria, and these systems are generally considered virulence determinants.  This proposal is based on the hypothesis that components of the type III secretion system of C. trachomatis are essential for the bacteria’s ability to successfully infect and replicate within host cells.  The specific aims of this proposal are to:

1. Test the hypothesis that components of the newly-identified type III secretion system (TTSS) play a role in uptake of chlamydia into host cells.  TTSS components are present in the infectious elementary body (EB) form of the bacteria (4).  To test whether or not this TTSS is assembled and exposed on the EB surface where it may play a role in adhesion and or uptake, sera from infected animals will be screened for reactivity to TTSS components.  Additionally, antibodies to specific EB surface proteins will be generated and tested for their ability to block EB internalization.

2. Identify host proteins that interact with effectors delivered by the TTSS.  Bacterial proteins that are secreted by type III machinery into the cytosol of eukaryotic cells to alter host cellular activities are called effectors.  Secretion of putative chlamydial effectors by a heterologous TTSS and yeast two-hybrid studies will be used to identify the host proteins with which they interact.   

C. trachomatis infection affects a significant number of people every year, and disease sequelae are often severe, ranging from blindness to infertility.  These studies will provide important information about how this pathogen subverts basic host cell processes to evade host immunity and ensure its own propagation.  Additionally, the knowledge gained may contribute to the development of a vaccine or impact other therapeutic strategies.  

B. BACKGROUND AND SIGNIFICANCE

C. trachomatis and disease.  C. trachomatis infects millions of people every year.  At this time, it is responsible for 15% of blindness worldwide; an estimated 146 million people are actively infected and will progress to irreversible blindness without treatment (5).  The inflammatory response to bacteria in the eye leads to scarring of the eyelids and subsequent inversion of the eyelashes; these then rub against the cornea, causing blindness.  C. trachomatis is also a common cause of sexually transmitted disease, with an annual incidence of 89 million cases (6).  Genital chlamydial disease is further complicated by the fact that infection is often asymptomatic, and chronic infection can lead to pelvic inflammatory disease, sterility, and an increased risk of ectopic pregnancy and HIV infection.  Maternal transmission during birth can also lead to eye infections in the infant.  Chlamydial infections are successfully treated with antibiotics, but access to pharmacotherapy is limited in many areas in which the disease is endemic, and prior infection does not protect against reinfection. 

C. trachomatis lifecycle.  These bacteria exist in two developmentally and morphologically distinct forms: metabolically inert, infectious elementary bodies (EBs), and noninfectious, vegetative reticulate bodies (RBs).  Infection occurs when EBs attach to and are taken up by eukaryotic epithelial cells, a process which has recently been shown to involve local actin cytoskeleton remodeling (7).  Within a few hours, they differentiate into RBs and begin to replicate within a membrane-bound, nonacidified vacuole called an inclusion.  The inclusion does not appear to interact with the endocytic pathway (8), but instead localizes to the peri-Golgi region where it appears to sit in the exocytic pathway and is able to acquire sphingomyelin from the host cell (1).  At this time, various chlamydial proteins, which have been grouped into a family on the basis of a large hydrophobic domain and termed Incs, have been shown to localize to the inclusion membrane but their function is unknown (9).  After 16 to 20 hours, the RBs begin to differentiate nonsynchronously into EBs, and by 48 to 72 hours, EBs predominate within the inclusion.  Host cell lysis results in the release of the EBs to the extracellular space where they can infect more cells.  

The TTSS of chlamydiae.  The TTSS was initially identified on the basis of homology between four proteins of the chlamydial TTSS and the structural components of better-studied systems in other pathogenic bacteria such as Salmonella and Yersinia (10).  At least seven additional broadly conserved homologs have since been identified (11).  The TTSS is conserved across chlamydial species, but it is unique in that the genes are located in at least four subclusters scattered throughout the genome, unlike other TTSSs that are encoded on pathogenicity islands (PI).  Additionally, the GC content of chlamydial TTSS subclusters resembles that of the chlamydial genome, while PI-based TTSSs generally have a lower GC content; this suggests Chlamydia acquired the system earlier (12).

Most TTSSs encode machinery that is used by extracellular bacteria to secrete proteins into the cytosol; the Salmonella pathogenicity island 2 (SPI-2) is the only other known example of a TTSS used to modify vacuolar conditions.  SPI-2 genes are specifically induced inside the host cell and are required to inhibit phagosomal maturation and prevent the production of reactive oxygen species (13).  SPI-2 mutants are defective in intracellular parasitism; thus, SPI-2 plays an important role in the intracellular survival and proliferation of Salmonella.  Studies of the chlamydial TTSS have been hampered by the lack of a cell-free culture system and good genetic tools with which to manipulate the bacteria.  In spite of this, progress has been made in the recognition of additional TTSS components.  The developmental regulation of TTSS gene expression has also been studied, and bacterial effectors, which are the least likely TTSS components to share homology with TTSS proteins in other organisms, are gradually being identified.  Thus, the evidence strongly suggests that C. trachomatis possesses a fully functional TTSS although the precise role that it plays in infection remains to be determined.  

Significance.  The research plan proposed here will provide new information about how the TTSS of this important pathogen contributes to the subversion of normal eukaryotic cell processes while promoting bacterial survival.  Additionally, this is one of only two situations identified thus far in which a TTSS is used by a pathogen to effect these modifications from within an intracellular vacuole.  Finally, the information gathered will lead to a better understanding of how C. trachomatis infection influences the immune response of the host, and this may lead to the development of better therapeutic strategies to combat the disease.  

C. RESEARCH PLAN

Aim 1. Test the hypothesis that components of the newly-identified type III secretion system (TTSS) play a role in uptake of chlamydia into host cells.  Components of the chlamydial TTSS may be exposed on the surface of EBs where they could play a role in the uptake of the bacteria into host epithelial cells.  This question will be addressed by raising antibodies against TTSS proteins and observing their effect on EB entry, and by studying the immunological response of animals exposed to inactivated EBs.  

The host cell receptor and bacterial ligand involved in the EB entry have not been identified.  Previous data suggests that a bacterial surface molecule that is heparan sulfate-like and protease-sensitive mediates uptake of the bacteria (14), although a role for multiple surface proteins has not been excluded.  A TTS apparatus must necessarily be membrane-associated to function, and in other bacteria, structural proteins of the secretion apparatuses that bridge both bacterial membranes and extend away from the cell (e.g., the needle complex) have been identified (15).  TTSS proteins have been detected in purified EBs by MALDI-TOF analyses and are thought to be present on the surface of the bacteria, a hypothesis that is supported by the detection of rod-like projections on EBs by electron microscopy (4, 16).  Thus, the TTS apparatus of C. trachomatis could be exposed on the surface of the EB where it mediates the initial interactions with the host cell.  

Experiment 1. Raise antibodies against specific TTS components.  CopN is the chlamydial homolog of YopN, a protein that is secreted by the TTSS of Yersinia.  CopN is thought to act as a peripherally associated regulator that prevents secretion in the absence of proper signals from a host cell; in effect, it “plugs” the terminal end of the secretion apparatus until an inductive signal is received (17).  As such, it is a candidate for localization on the outer membrane of the EB.  SctC is a homolog of YscC/InvG of Yersinia and Salmonella, respectively.  This protein is a structural component located in the outer membrane of the bacteria.  

Both proteins contain hydrophobic regions that may need to be deleted to facilitate expression in recombinant systems.  The truncated genes will be cloned into commercially available, tag-bearing expression vectors and expressed in E. coli.  The tag used may depend on the solubility and expression levels of the proteins in this system.   Recombinant proteins will be affinity purified using anti-tag antibodies and used to immunize rabbits.  Sera will be collected from the animals, and the specificity of the antibodies will be tested against the recombinant proteins and EB lysates by Western blotting.  Reactive antibodies will also be tested against protease-treated and -untreated purified EBs.  Antibodies that react positively will be used in Experiment 3 described below. 

Failure to generate reactive antibodies would suggest that CopN and SctC are not exposed on the surface of the EB before internalization.  Alternatively, the antibodies generated may not recognize the native conformation of the proteins on the EB surface, or the epitope they specifically recognize is not accessible.  

Experiment 2. Raise antibodies against purified EBs.  To complement the method described above, mice will be immunized with purified, irradiated EBs.  This approach is expected to generate antibodies that are reactive to all surface molecules on EBs.  However, sera will be screened against TTSS complexes affinity purified from EB lysates and specific recombinant TTS proteins such as CopN and SctC described above.  A known surface protein such as major outer membrane protein (MOMP) or the PorB porin will be useful as a negative control.  If a positive clone is found, B cells will be harvested from the immunized animal and immortalized, and the hybridoma generating the TTSS-specific antibody will be isolated.  Although this strategy could also fail to generate TTSS-reactive antibodies, it is less susceptible to the issue of epitope conformation than the previously described method.  

Experiment 3. Assess the effect of anti-TTS complex antibodies on EB uptake.  Purified EBs will be mixed with anti-TTS antibodies, added to monolayers of epithelial cells, and observed for altered entry.  Additionally, Fab fragments will be generated and used in similar experiments to investigate the role of Fc-mediated uptake.  Irradiated EBs will also be included in the studies to help differentiate between processes that occur passively, and those that require the active response of the bacteria.  Entry will be measured by indirect immunofluoresence and confirmed by electron microscopy. 

If the TTSS complex is surface-exposed and plays a role in EB uptake, EB entry into epithelial cells should be inhibited by the addition of antibodies and Fab fragments.  In a model where the TTSS is surface-exposed but does not play a role in C. trachomatis uptake, EB entry should be unaffected, but inclusion formation and intracellular survival could be compromised by the steric hindrance of TTSS-bound antibodies.  Finally, it is possible that the antibodies, though specific for the TTSS components, will not interfere with its function, and uptake and inclusion development will be unaffected.  Even if the TTSS is not implicated, these studies may provide additional information about the surface molecules that are involved in EB entry.  

Aim 2. Identification of host proteins that interact with effectors delivered by the TTSS.  To identify host proteins that interact with chlamydial effector proteins, plasmids containing bacterial genes of interest will be constructed as His-tag fusions, then expressed by a heterologous secretion system.  Protein complexes will be isolated by affinity purification and analyzed by mass spectrometry.  This method will be complemented using a yeast two-hybrid screen.  Finally, anti-effector antibodies will be tested for their ability to abrogate C. trachomatis activities within the cell.  

Effector proteins of the chlamydia TTSS are gradually being identified.  The successful secretion of three previously identified Inc proteins, IncA, IncB and IncC, and three out of five predicted Inc proteins, by the TTSS of S. flexneri suggests that these proteins are exposed to the cytosol where they may interact with host proteins (18).   IncC has also been successfully secreted by Y. pseudotuberculosis TTS machinery, and its expression in C. trachomatis within two hours of infection suggests that it may be an early effector in the infection process (4).  Finally, a yeast two-hybrid screen identified, and indirect immunofluoresent microscopy confirmed, an interaction between the mammalian protein 14-3-3 and IncG (19).  Given the numerous changes that occur in the host cell upon C. trachomatis infection, the proteins discussed above are likely only the beginning of what will be a long list of effectors.  Subtil et al. have proposed criteria to facilitate the discovery of additional effectors in the Chlamydia genome.  They identify as secretion candidates proteins that contain no obvious signal for secretion by other mechanisms, that are encoded in one of the TTSS subclusters in the genome, or that are known to be found in the host cell (12).  

Experiment 1. Deliver putative effector proteins to eukaryotic cells and affinity purify protein complexes.  Initial studies will focus on Chlamydia protein associating with death domains (CADD), Pkn5, and uncharacterized hypothetical Inc proteins; additional putative effectors will be determined using the criteria described above (12).  CADD was identified on the basis of significant amino acid homology to the death domains of the mammalian TNF receptor family.  Recombinant CADD interacts with TNF family receptors in vivo, and when transfected and expressed in mammalian cells, it induces apoptosis (20).  Whether CADD is delivered to host cells, and how, has not been determined.  Pkn5 is a ser/thr kinase that is located in the third subcluster of TTSS genes that may phosphorylate bacterial or eukaryotic proteins (12).  Finally, more than 50 putative Inc proteins have been identified on the basis of a common large hydrophobic domain, yet few of these have been characterized to date.  

The genes for the proteins discussed above will be cloned into an expression vector that includes an in-frame His-tag.  Since there is currently no method to stably transform C. trachomatis, proteins will be delivered to target epithelial cells using the heterologous TTSS of the Y. pseudotuberculosis YopEHJ- triple mutant.  Chlamydial proteins have successfully been secreted by Y. pseudotuberculosis in other studies (4), and the principal benefit of using this strain is that it lacks three of the Yersinia effectors yet retains secretion capability.   Thus, the effects of the delivery system itself on target cells in this experiment should be minimized.  IncG, which interacts with the mammalian protein 14-3-3, and NrdB, a chlamydial cytoplasmic protein, will be used as positive and negative controls, respectively.   

Y. pseudotuberculosis mobilizing putative chlamydial effectors will be allowed to infect host cells for various periods of time, then host cell lysates will be collected and passed over a nickel column.  After washing the column, the His-tagged effectors and any mammalian proteins with which they stably interact should be the majority of the proteins retained on the column.  These will be eluted; portions of the eluate will be subjected Western blotting to confirm the purification of tagged proteins, polyacrylamide gel electrophoresis to determine the approximate sizes of any interacting mammalian proteins, and mass spectrometry to identify components of the complex.  Positive results will be confirmed by co-immunoprecipitating the same protein complexes out of C. trachomatis-infected epithelial cells.  

There are several steps in this experimental design at which problems might be encountered.  The conformation of tagged proteins may inhibit interaction with normal host partners.  Additionally, these screens will not detect transient interactions between proteins.  Additionally, the expression constructs might produce insoluble proteins.  This has been encountered in previous studies when the expression of certain full-length C. pneumoniae Inc proteins, including the hydrophobic domain, was attempted.  However, truncation of these proteins led to increased solubility (18).  As the secretion sequence is thought to be located within the N-terminal domain, and the host is unlikely to encounter the hydrophobic domain of the Inc proteins (which are thought to be embedded in the membrane), it is possible that expression of this domain alone will be sufficient to allow interaction with host proteins to occur should the effector prove to be insoluble as a full-length product.  Finally, the Y. pseudotuberculosis system used may elicit effects from target cells itself, despite the deletion of three of the major effectors.  It will be important to include not only the NrdB nonsecreted protein control, but also a control experiment in which Y. pseudotuberculosis transformed with an empty expression vector is added to epithelial cells.  

Experiment 2. Test putative effectors in a yeast two-hybrid system using a human epithelial library as prey.  This will be used an alternate approach to the Experiment 1 described above, and the same controls will be employed.  Putative effectors will be cloned into bait plasmids and used to screen a human epithelial cell library.  Any positive results will be confirmed by co-immunoprecipitation. 

Experiment 3. Microinject anti-effector antibodies and observe whether or not C. trachomatis pathogenesis progresses normally.  C. trachomatis causes certain characteristic events to occur upon entry into host cells.  These include actin remodeling, the inhibition of endosomal maturation, host lipid acquisition, and MHC Class I and Class II molecule downregulation.  Injecting anti-effector antibodies into the mammalian cells at various time points before and during infection may provide clues about the specific pathways targeted by the effector, when these events occur, and whether or not the effects of C. trachomatis subversion of host cell processes are reversible.  One would predict that inclusion morphology and or bacterial replication and survival will be affected.  Microinjection itself may be traumatic to the eukaryotic cell, thus it will be important to include a control injection of nonspecific IgG.   
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