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Progress and Challenges in Infectious Diseases: The Case of Tuberculosis



Olivier Neyrolles CNRS - Institut de Pharmacologie et de Biologie Structurale Toulouse - France



The black plague 1347-1351



1351 1349



1348-50



Central Asia (1330’s)
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The black plague 1347-1451



83 million people In Europe



- 40%



50 million people



The black plague 1347-1451 Consequences



-Massive depopulation -Migrations -New distribution of richnesses -Poverty, malnutrition and hunger -Peasant uprisings, eg in France (Jacquerie), Italy (Ciompi rebellion) and England (English Peasant Revolt) -Persecutions, especially against Jews (and lepers)



Other plague episodes after the XIVth century (eg in London 1665-1666) 68,000 deaths in a few months (1665) 1,E+05 1,E+04 1,E+03 1,E+02 1,E+01 1,E+00 1662



1664



1666



1668



1670



Intestinal fevers (cholera, typhoid fever, dysenteria, typhus) Tuberculosis and leprosy The « spanish » flu 1918-1919 Killed 25-50 million people worldwide in 1918-1919 8 million people infected in Spain in May 1918



Towards more vaccines and antimicrobials



Better nutrition
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Decrease in host susceptibility
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Paralytic poliomyelitis in the US 70000 60000 50000



« The war against infectious diseases has been won! » US Surgeon General (1967)
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Mortality from infectious diseases in the US



« It is now time to close the book on infectious diseases » US Surgeon General (1969)



900 800 700



« By the end of the century, infectious diseases will no longer pose a significant threat to human beings, even in the poorest countries » Health For All 2000, UN members (1978)
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Annual deaths (WHO, 2002)



Asthma & chronic obstructive pulmonary diseases Injuries



Others



Neoplastic diseases Cardiovascular diseases



Infectious diseases 14.9 million (>25%) 45% in developing countries 63% in 0-4 yo children



Annual deaths due to infectious diseases (WHO, 2002) Malaria (1.27 million) O th e



rs



Respiratory infections



Childhood diseases



Diarrhoeal diseases



HIV / AIDS (2.77 million) Tuberculosis (1.56 million) Emerging diseases Legionnaire’s disease Toxic shock syndrome Lyme disease HIV Nipah virus Hantavirus Ebola virus Marburg virus E. coli O157:H7



Re-emerging diseases Cholera Tuberculosis Dengue fever Yellow fever Malaria



Microbes: here today, and here tomorrow



Global view of emerging and re-emerging infect diseases Red = newly emerging, blue = re-emerging / resurging



Most emerging diseases are of animal origin



Open markets with aquatic birds,chickens, intensive breeding of chickens and pigs



Wild animals food market



SARS



HIV



Influenza



Ebola



« Bush-meat » hunting of non-human primates



vCJD



Rendering of sheep bones



Some references… Rino Rappuoli. 2004. From Pasteur to genomics: progress and challenges in infectious diseases. Nature Medicine 10:1174 Mitchell L. Cohen. 2000. Changing patterns of infectious disease. Nature 406:762 David M. Morens et al. 2004. The challenge of emerging and re-emerging infectious diseases. Nature 430:242 Sue Binder et al. 1999. Emerging infectious diseases: public health issues for the 21st century. Science 5418:1311 Paul Farmer. 1999. Infections and Inequalities: The Modern Plagues. University of California Press. http://www.who.int



TB incidence in 2005 (/100,000)



TB incidence in 2005 (/100,000)
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The global emergency



1.7 million deaths 15 million TB cases



1.9 billion latently infected individuals



M. tuberculosis persistence in adipocytes and adipose tissue



IS6110 PCR detection



Adipocyte



Pre-adipocyte



LD



Detection of M. tuberculosis DNA in adipose tissue from French autopsy samples



M. tuberculosis CFUs (% day 0)



Donor n° (Sample n°)
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Time post-infection (days)



1 (1) 1 (2) 1 (3) 2 3 4 5 6 7 8 9 10 (1) 10 (2) 11 (1) 11 (2) 12 13 (1) 13 (2) 14 15 16 17 18 19 (1) 19 (2) 20



Patients’ characteristics Age at Sex death Cause of death (Years) M M M F M F F M F F F F F F F M M M F M M M F M M M



68 68 68 45 58 83 76 74 90 45 73 69 69 80 80 89 91 91 40 72 59 40 58 33 33 80



Aortic disruption Aortic disruption Aortic disruption Pulmonary embolism Respiratory failure Pulmonary embolism Peritonitis Heart failure Pneumonia Pulmonary carcinoma Stroke Peritonitis Peritonitis Peritonitis Peritonitis Heart failure Heart failure Heart failure Acute pancreatitis Pulmonary embolism Myocardial infarction Myocardial infarction Heart Failure Pneumonia Pneumonia Coronary heart disease



Presence of mycobacterial DNA Sample origin



In situ PCR



Conventional PCR



Mediastinum Mediastinum Mediastinum Diaphragm Heart Abdominal muscle Heart Kidney Peritoneum Diaphragm Heart Skin Intestine Intestine Intestine Kidney Kidney Coronary artery Heart Intestine Kidney Pancreas Breast Mediastinal lymph node Mediastinal lymph node Heart



+ + + + + -



+ + + + + + + -



Neyrolles et al. 2006 PLoS ONE



M. tuberculosis binding (% Ø)



M. tuberculosis enters adipocytes through scavenger receptors and persists in a non-replicating state within adipocytes Murine 3T3-L1 adipocytes Human sub-cutaneous adipocytes
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M. tuberculosis CFUs (% day 0)



Lectins



Scavenger receptors



3T3-L1 pre-adipocytes 3T3-L1 adipocytes



4 10000 10



Pre-adipocyte Adipocyte 3 1000 10
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Time post-infection (days)



Neyrolles et al. 2006 PLoS ONE 1:e43



M. tuberculosis is present in adipose tissue autopsy cases with latent TB



Table 2. Detection of M. tuberculosis DNA in adipose tissue from French autopsy samples Patients’ characteristics Presence of mycobacterial DNA Age at Donor n° (Sample n°) Sex death Cause of death Sample origin In situ Conventional (Years) PCR PCR 1 (1) 1 (2) 1 (3) 2 3 4 5 6 7 8 9 10 (1) 10 (2) 11 (1) 11 (2) 12 13 (1) 13 (2) 14 15 16 17 18 19 (1) 19 (2) 20



M M M F M F F M F F F F F F F M M M F M M M F M M M



68 68 68 45 58 83 76 74 90 45 73 69 69 80 80 89 91 91 40 72 59 40 58 33 33 80



Aortic disruption Aortic disruption Aortic disruption Pulmonary embolism Respiratory failure Pulmonary embolism Peritonitis Heart failure Pneumonia Pulmonary carcinoma Stroke Peritonitis Peritonitis Peritonitis Peritonitis Heart failure Heart failure Heart failure Acute pancreatitis Pulmonary emb olism Myocardial infarction Myocardial infarction Heart Failure Pneumonia Pneumonia Coronar y heart disease



Mediastinum Mediastinum Mediastinum Diaphragm Heart Abdominal muscle Heart Kidney Peritoneum Diaphragm Heart Skin Intestine Intestine Intestine Kidney Kidney Coronary artery Heart Intestine Kidney Pancreas Breast Mediastinal lymph node Mediastinal lymph node Heart
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The global emergency



1.7 million deaths 15 million TB cases



1.9 billion latently infected individuals



(Re)activation risk factors



•



HIV co-infection



•



Nutritional status & hygiene



•



Sex



•



Age



•



Host genetic factors



•



Infecting strain (virulence) Promoter variation in DC-SIGN is associated with protection against TB



Barreiro et al. 2006 PLoS Med



The Mycobacterium genus



M. canettii M. africanum M. bovis (incl. BCG) M. microti M. tuberculosis



W-Beijing lineage



From Filliol et al. 2006 J Bacteriol



Public health measures



1957 1921



1952



2007 1962



Future prospects



WHO projections by 2020 • 1 billion people newly infected • 200 million people sick • 35 million deaths



 New vaccine



 New drugs



6th FP 2002-2006 Budget R&D Poverty related dieases : > 255 M€ Over 75 projects - 250 teams public/private bodies



Diagnostic (3%)



Treatment (48%) Prophylaxy (49%)



R&D for poverty related diseases



R&D (World) Mortality Malaria (28%) HIV/AIDS (51%)



Malaria (11%)



Tuberculosis (14%) HIV/AIDS (75%)



Tuberculosis (21%)



R&D (EU) Malaria (25%)



HIV/AIDS (50%) Tuberculosis (24%)



« TB-VAC »



« Design and testing of vaccine candidates against tuberculosis: Identification, development and clinical studies » 30 partners - 11 countries - 16.8 M€ - 60 months (2004-2008)



1/ Optimization of existing vaccine candidates for phase I trials  Promising vaccine candidates  Markers and correlates of protection 2/ New vaccines  GMP production  Optimization of 3 attenuated vaccines showing higher efficacy than BCG  Search for new vaccines, in particular subunits targeting « dormancy antigens »



Most promising vaccines…



Sub-units  Purified proteins  Met-HBHA  Mtb 72F  Ag85-ESAT6  DNA



 Ag85  Mtb 72F  Rv3407



 Recombinant vectors  rMVA-Ag85



Candidate



Type



Status



Attenuated live vaccines



Mtb 72F / ASO2A



Sub-unit



Phase I



 Attenuated M. tuberculosis  ICL PDIM HBHA PhoP/PhoR-



Ag85-ESAT6 / IC31



Sub-unit



GMP → Phase I



rMVA-Ag85



Recombinant vector, « prime / boost »



Phase I



rBCG-Ag85



Attenuated live



Phase I



rBCGΔure-Hly



Attenuated live



GMP → Phase I



 Auxotrophic M. tuberculosis / BCG  Met-, leu-, ilv-BCG  MetB, proC-, trpD-M. tuberculosis  Recombinant BCG  rBCGΔure-Hly  rBCG-Ag85 « Prime / Boost »    



BCG BCG BCG BCG



/ / / /



Ag85 DNA(Rv3407) DNA(Mtb 72F) rMVA::Ag85



« NM4TB »



« New medicines for tuberculosis » 22 partners - 10 countries - 11.1 M€ - 60 months (2006-2010)



1/ Goal: to develop new antimicrobials for TB treatment     



High efficacy to shorten treament duration Active against dormant bacilli New targets Active against MDR Specific to M. tuberculosis



2/ Expected results    



To develop and implement novel technologies To validate novel targets Structures To develop and screen chemical libraries



Promising candidates…



Compound



Class



Status



Production



First results



Gatifloxacine



Fluoroquinolone



Phase 2-3



Bayer / TB Alliance



↓Treatment duration?



Moxifloxacine



Fluoroquinolone



Phase 3



IRD / OMS / CE



↓Treatment duration?



TMC207



Diarylquinoline



Phase 2



Tibotec (J&J)



↓Dose?



PA-824



ATPase modulator



Phase 1



TB Alliance



LL-3858



Pyrrole



Phase 1



Lupin Pharma.



↓↓Treatment duration?



SQ-109



Diamine



Phase 1



Sequella Pharma. NIH



↓Treatment duration?



OPC-67683



Nitroimidazole



Phase 2



Otsuka, TB Alliance



↓Treatment duration?



Our general interests • To better understand the cell biology of intracellular pathogens, using mycobacteria as a model system • To propose targets for novel antimicrobials against mycobacterial infections



INSTITUTE OF PHARMACOLOGY & STRUCTURAL BIOLOGY



FOUR DEPARTMENTS 1/ Functional proteomics & therapeutic targets 2/ Mechanisms of genome survey 3/ Membraneous receptors 4/ Molecular mechanisms of mycobacterial infections  Mycobacterial envelopes: structure, biosynthesis & function  Molecular pathogenicity of mycobacteria  Differentiation & activation of phagocytes  Immunochemistry & mycobacterial glycoconjugates  Structural biophysics  Mycobacteria interactions with host cells



Immune response to M. tuberculosis



Lung CCR7 CD1 CRs, MR SRs, DC-SIGN



MHC I



DN



CD8 γδ



Mφ



DC CCR2



IL12



MHC II CD4



IFNγ Perforin Granulysin



Lymph node



Mφ parasitism by M. tuberculosis - Cellular receptors involved in mycobacterial entry -



C-type lectins (types I & II)



From Figdor et al. 2002 Nat Immunol



DC-SIGN is a major M. tuberculosis receptor in human DCs



M. tuberculosis



Merged



% Binding to hDCs



DC-SIGN



Blocking antibodies



Tailleux et al. 2003 J Exp Med 197:121



DC-SIGN is a major M. tuberculosis receptor in human alveolar Mφs in TB patients



M. tuberculosis



DC-SIGN



Merged



Tailleux et al. 2005 PLoS Med 2:e381



DC-SIGN recognizes the α(1→2) mannopyranoside caps in M. tuberculosis lipoarabinomannan



Maeda et al. 2003 J Biol Chem 278:5513 Pitarque et al. 2005 Biochem J 392:615



A novel scenario of Mφ infection in TB



Primo-infection



Established Infection



Complement receptors (CRs) Mannose receptor (MR)



DC-SIGN ( / ManLAM) >> CRs - MR



Differential mycobacterial behavior? Pro / anti-inflammatory pathway? Protection / susceptibility?



M. tuberculosis - DC-SIGN interactions in mice



DC-SIGN



CD23



L-SIGN



hChr. 19 CD23



SIGNR5



SIGNR4



SIGNR3



SIGNR1



SIGNR2



SIGNR6



SIGNR8 SIGNR7



mChr. 8



A. Tanné



Binding & internalization profiles of SIGNR-1, -3 and -5



M M M LA nLA aLA n a a Ar M αM



a a a kD kD kD 19 38 45



M M M LA nLA aLA n a a Ar M αM



Ctrl



ManLAM



AraLAM



19-kDa



SIGNR1



a a a kD kD kD 19 38 45



SIGNR3



M M M LA nLA aLA n a a Ar M αM



SIGNR5



a a a kD kD kD 19 38 45



SIGNR1 and SIGNR3 might cooperate with TLRs in NF-κB activation



LAM



TLR-2



SIGNR-1 SIGNR-3



CD14 TLR-4



Interleukin-8 (pg/ml)



TLR-1



TLR-4



MD2



IL-8



TLR-2 Interleukin-8 (pg/ml)



NF-κB



Ongoing…



Lungs



Spleen



Mφ parasitism by M. tuberculosis - Mycobacterial virulence genes -



The M. tuberculosis genome



From Cole et al. 1998. Nature



The M. tuberculosis genome



« This history, together with the clues to conquer the tubercle bacillus, is written in its genome. (…) we now have the sequence of every potential drug target and of every antigen we may wish to include in a vaccine …» « … But can we convert this mass of information into a usefull understanding? » Douglas B. Young 1998



The M. tuberculosis genome



Function unknown 41%



Genomics for virulence gene & drug target discovery



Genome comparison



Mutant library screening



Transcriptomics & proteomics



Gene candidate



Knowledge-based approach



High throughput drug screening



Signature-tagged Transposon Mutagenesis (STM) has allowed to identify the first M. tuberculosis virulence gene cluster: PDIMs



Camacho et al. 1999 Mol Microbiol 34:257 Camacho et al. 2001 J Biol Chem 276:19845



Identification of M. tuberculosis genes involved in macrophage parasitism by Signature-tagged Transposon Mutagenesis (STM)



M. tuberculosis (STM library)



hMφ



2 x 7-8 days



PCR / Hybridisation



Candidates



Individual confirmation



LM-PCR / Sequencing



Identification of M. tuberculosis genes involved in macrophage parasitism by Signature-tagged Transposon Mutagenesis (STM)



Mutant



Disrupted ORF



Putative function



27AC3 28AD1 38AA2 28AA4 31AC3 36AB4 36BF6 38AC3 28AA2 27BB3 31AA2 36AF2 27AC6 28AB3 35AA4 36AC2 36AC3 28BG4 29BG6 31AG4 34AG4 36AF4 38AB3 27AA2



Rv2227 mmpL2 Rv0097 Rv0986 Rv2227 Rv1817 drrB 1 Rv2954c-Rv2955c yrbE4A 1 bfrB moaC1 Rv1502 alkB papA1 ppe5 pks6 ppe8 Rv2336 1 Rv2104c-Rv2105 Rv2336 1 Rv2958c moaX 1 Rv1502-Rv1503c ppe5



Unknown Fatty acid transport Possible oxido-reductase ABC transporter Unknown Flavoprotein Phthiocerol dimycocerosate transport Unknown-Unknown Part of mce4 operon Iron metabolism (bacterioferritin) Molybdopterin synthesis Unknown Fatty acid metabolism Sulfolipid synthesis PE/PPE family Polyketide synthase PE/PPE family Unknown Unknown-IS6110 transposase Unknown Glycosyltransferase Molybdopterin synthesis Unknown-Unknown PE/PPE family



Growth 2 index 0.9 0.7 0.7 0.7 0.6 0.6 0.6 0.6 0.5 0.4 0.4 0.4 0.3 0.3 0.3 0.3 0.3 0.2 0.2 0.2 0.2 0.2 0.2 0.2



1



Tn insertion occured upstream the starting site or in between the two genes. Growth index was calculated as the doubling time of wild type M. tuberculosis divided by that of the mutant in THP-1 cells over a 7-day period. 2



Rosas Magallanes et al. 2006 Infect Immun 75:504



M. tuberculosis intracellular trafficking



pH~6.3



Mtb / DAMP



« Is the nonfusion response to M. tuberculosis due to the surface properties of the bacterium or to an active inhibitor derived therefrom? Does it represent a fixed character or can manipulation cause a fusion response to be substituted? If so, what is the effect of such conversion on subsequent intracellular bacterial survival and multiplication?»



vATPase



pH~5.0-5.5



Killed Mtb / DAMP



vATPase



Identification and functional characterisation of novel M. tuberculosis virulence factors involved in macrophage parasitism



W-Beijing



GC1237



Genome covering STM library (≈11,500 mutants ordered in 96-well plates)



Identification and functional characterisation of novel M. tuberculosis virulence factors involved in macrophage parasitism



Magnetic sorting-based screening at the phagosome level Mutant pools Lysosomes Phago-lysosomes Sequencing



Iron-dextran



Macrophages



Infected macrophages



Cell lysis & magnetic sorting



Phagosomes



Fluorescent sorting-based screening at the phagosome level Mutant pools Lysosomes Phago-lysosomes Sequencing



Macrophages



Infected macrophages Lysotracker staining



Cell lysis & flow sorting



Phagosomes



Identification and functional characterisation of novel M. tuberculosis virulence factors involved in macrophage parasitism Signature-tagged Transposon Mutagenesis (STM)



Transposon site hybridization (TraSH) Pooled mutants, n = up to 105 (input)



Mutant library n=48



Selection (mice, macrophages…)



Pooled mutants (input) Selection (mice, macrophages…)



Output



Genomic DNA



Output PCR-amplified adjacent regions Genomic DNA RNA Real time-PCR-amplified tags Cy3- vs Cy5-labelled cDNA Genomic microarray hybridization



Identification and functional characterisation of novel M. tuberculosis virulence factors involved in macrophage parasitism



Electron & confocal microscopy



Density Gradient Electrophoresis (DGE)



Assessment of virulence in vivo



Identification of M. tuberculosis genes involved in macrophage parasitism by Signature-tagged Transposon Mutagenesis (STM)



Mutant



Disrupted ORF



Putative function



27AC3 28AD1 38AA2 28AA4 31AC3 36AB4 36BF6 38AC3 28AA2 27BB3 31AA2 36AF2 27AC6 28AB3 35AA4 36AC2 36AC3 28BG4 29BG6 31AG4 34AG4 36AF4 38AB3 27AA2



Rv2227 mmpL2 Rv0097 Rv0986 Rv2227 Rv1817 drrB 1 Rv2954c-Rv2955c yrbE4A 1 bfrB moaC1 Rv1502 alkB papA1 ppe5 pks6 ppe8 Rv2336 1 Rv2104c-Rv2105 Rv2336 1 Rv2958c moaX 1 Rv1502-Rv1503c ppe5



Unknown Fatty acid transport Possible oxido-reductase ABC transporter Unknown Flavoprotein Phthiocerol dimycocerosate transport Unknown-Unknown Part of mce4 operon Iron metabolism (bacterioferritin) Molybdopterin synthesis Unknown Fatty acid metabolism Sulfolipid synthesis PE/PPE family Polyketide synthase PE/PPE family Unknown Unknown-IS6110 transposase Unknown Glycosyltransferase Molybdopterin synthesis Unknown-Unknown PE/PPE family



Growth 2 index 0.9 0.7 0.7 0.7 0.6 0.6 0.6 0.6 0.5 0.4 0.4 0.4 0.3 0.3 0.3 0.3 0.3 0.2 0.2 0.2 0.2 0.2 0.2 0.2



1



Tn insertion occured upstream the starting site or in between the two genes. Growth index was calculated as the doubling time of wild type M. tuberculosis divided by that of the mutant in THP-1 cells over a 7-day period. 2



Rosas Magallanes et al. 2006 Infect Immun 75:504



Rv0986-8 has been acquired by horizontal gene transfer to the ancestor of M. tuberculosis



attE attF attG



M. tuberculosis H37Rv CDC1551



attH



63



44



45



48



M. tuberculosis Rv0986 Rv0987



is os l cu is er b ov u t b . . M M



Rv0988



m nu ti ti t a o e r c ic fri an a c . .m . M M M



is tis os m l ii m e ma u i s u u a it rc in m op ca g ns be ar viu en rtu ac me a u o .v .s .k .f .t .m .a .x M M M M M M M M



Fast Growing



AA similarity (%)



Slow Growing



A. tumefaciens



Rv0986



Rv0987



Rv0988
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grcC2 Rv0990c



+ +



+



+



+



+



M. microti M. bovis (incl BCG) M. africanum M. canetti M. leprae M. avium M. marinum M. ulcerans M. xenopi M. smegmatis M. fortuitum M. vaccae



+ + + + + + + + + + + +



+ + + +



+ + + +



+ + + +



+ + + + + + + + + + + +



C. glutamicum



+



TB complex + + + +



+



GC content



Rosas-Magallanes et al. 2006 Mol Biol Evol 23:1129



Genomic signature analysis can identify atypical regions in complete bacterial genomes



Genomic signature: 4-letter words (256 combinations) / 5-kb windows



4x4x4x4 = 256 possible words
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CCCC
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GGTT
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.. .. .. ... .. .. .



.. .. .. ... .. .. .



.. .. .. ... .. .. .



.. .. .. ... .. .. .



.. .. .. ... .. .. .



.. .. .. ... .. .. .



TTTT



AACC



GGTT



TTTT



5 kb Genome position (kb)



Position (kb) From Dufraigne et al. 2005 Nucl Acids Res



Genomic signature analysis can identify atypical regions in complete bacterial genomes



Genomic signature: 4-letter words (256 combinations) / 5-kb windows CCCC



Word



AACC



GGTT



TTTT Position (kb)



Position (kb) From Dufraigne et al. 2005 Nucl Acids Res



Rv0986-8 originates from a γ-proteobacterium



M. tuberculosis (whole genome)



M. tuberculosis (Rv0986-8)



γ



The M. tuberculosis ancestor has undergone massive episodes of HGTs



 4.8% of the genome with atypical characteristics  265 genes  91 regions  49 TB-specific regions



Becq et al. 2007 Mol Biol Evol 24:1861



Some M. tuberculosis HGTs are organized in typical genomic islands



Rv1044



M. tuberculosis (whole genome)



Gene



Predicted Function



Rv1041c
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Serine protease
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MarR Transcriptional repressor



Rv1050



Short chain dehydrogenase



Rv1051c



Unknown



Rv1052



Unknown



Rv1053c



Unknown



Rv1054



IS



Rv1055



IS



leuX



Rvppe15 pe8 MM4452 4451



IS



% G+C



33 bp DR



64



IS 1056 4414 33 bp DR



1057 4413



Most HGTs originate from the rhizosphere



Other actinobacteria (180) Burkholderiales (43) Bifidobacteriales (9)



Pseudomonales (41)



Mycobacterium (141) Rhizobiales (113)



Sphingomonadales (19)



Viruses (21)



200



Other proteobacteria (22) 187



175
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Genomic island diversity among M. tuberculosis complex members and within the progenitor « Mycobacterium prototuberculosis » species Rv #
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• To evaluate HGT variability in a collection of strains representing the different M. tuberculosis / « M. prototuberculosis » genotypes • To evaluate the contribution of HGT in the virulence of present-day M. tuberculosis populations



Role of M. tuberculosis genomic islands in mycobacterial virulence A selected example: the serine-threonine kinase PknJ



From Narayan et al. 2006 Physiol Genomics



J. Jang



Mφ parasitism by M. tuberculosis - Host cell response to infection -



Host cell response to infection in human Mφs



Mφ



+ Mtb
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4h



18h



48h



Cellular transcriptome



Reprogramming of the solute carriers (SLCs) family upon infection



SLC11A2 / NRAMP2



Amino acids Metals



Time p.i. (h):
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48



Lipids
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Summary & Perspectives Our work integrates functional genomics and cellular microbiology:



• To identify and characterize novel virulence genes involved



in host cell parasitism and intracellular trafficking by the tubercle bacillus



• To understand the role of « recent » horizontal gene transfers in mycobacterial virulence and evolution



• To better understand the cell biology of mycobacterial infections



• To propose targets for novel antimicrobials
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