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Introduction : mycobacteria 

Stricts pathogens ≠ Opportunistic pathogens 

Reservoir Sick human or animal Environnement  

Transmission Interhuman 
CONTAGIOUS 

Not Interhuman 

Species - "tuberculosis" complex 
(M.tuberculosis, M. bovis, 
M.africanum) 
→ tuberculosis 
- M. leprae → lepropsy 

-200 species : 20 cause 
infections (M. avium …) 
=« non tuberculous 
mycobacteria » 



Natural resistance 

•  Antibiotic tolerance (Aldridge, Microbiol Spectr 2014) 
–  Dormancy regulon en hypoxie : DosR (Voskuil, J Exp Med 2003) 
–  Biofilms 
–  Efflux pumps (Adams, Cell, 2011) 

Impermeability 

mecanism ATB 
Target 

modification erm37 (methyltransferase) macrolides 

ATB 
modification blaC (beta-lactamase) beta-lactams 



TRAITEMENT 

MOLECULES 



Drug serum levels and MICs 
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Isoniazid 

Meyer H, Mally J.  Monatshefte Chemie 1912;33:393-414 

MIC = 0,05 mg/l 
Peak serum level= 3 to 5 mg/l (5 mg/kg) 



Isoniazid : mechanism of action 
 

              KatG 
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Maggi N, Pasqualuci C, Ballotta R, Sensi P. 
Chemotherapy 1966;11:285-92 

OH 

Rifampin 

O MIC = 0,5 mg/l 
Peak serum level = 10 to 15 mg/l (10 mg/kg) 



Rifampin : mechanism of action 

–  Binds to beta sub-unit of RNA polymerase : 

  α2 β β' σ 

  rifampin 

–  Blocks transcription 

     



PK of Rifampin 

Hours after ingestion 
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Fasting 
100 g glucose 
2 egg white 
50 g butter 

Purohit SD, et al.  Tubercle 1987;68:151-2 



Pyrazinamide 

Kushner S, et al.  Am J Chem Soc 1952;74:3617 

MIC= 6 to 50 mg/l at pH 5,5 
Peak serum level = 30 mg/l (20 mg/kg) 



 

Pyrazinamide : mode of action 
•  Zhang, Int J Tuberc Lung Dis, 2003  

–  Target : FAS1 ("fatty acid synthetase")  
Zimhony et coll., Nature Med, 2000 

Pyrazinamidase (pncA) 
Pyrazinamide Pyrazinoïc acid 

H57D  
Natural resistance 

M. bovis 



Ethambutol 

Thomas JP, et al.  Am Rev Respir Dis 1961;83:891-3 

Inhibits  
Arabinogalactane synthesis 
= cell wall 

MIC= 0,5 to 2 mg/l 
Peak serum level = 2 to 3 mg/l (25 mg/kg) 



The role of antituberculous drugs 



Early bactericidal activity 
 

SHRZM : streptomycin+isoniazid+rifampicine+pyrazinamide+ethambutol 
Nil : no treatment 

Jindani, 1980 



 

Serum level 
(mg/l) 

EBA (log10) 

0-0,5 -0.034 
0,5-1 0.342 
1-,1,5 0.455 
1,5-2 0.390 
2-3 0.609 
3-6 0.633 
≥6 0.526 

Isoniazid EBA depending on dosing 

Donald, 2004 

⇒ At least 2 mg/l peak serum level 



Rifampin EBA depending on dosing 

20 mg/kg more active than 10 mg/kg 



Rifampin high dosing 

EBA increases over 30 mg/kg 
No toxicity after 2 weeks 

Confirmed at 12 weeks (Boeree, LID 2017) 

Boeree, AJRCCM 2015 



Activity against «dormant» bacilli: 
isoniazid and rifampin 

•  Bacilli « dormant » in vitro by reducing temperature to 8°C 
- isoniazid and rifampin inactive 

•  Bacilli at 8°C then temperature raised at 37°C for 1h 
- isoniazid inactive 
-  rifampin active 

→ Rifampin  active  dormant bacilli with short periods of metabolic acitivity 
= sterilizing activity 
 

Dickinson, 1981 



Activity against «dormant» bacilli : 
pyrazinamide 

→ pyrazinamide active against dormant bacilli =  sterilizing activity 

Hu, 2006 



TREATMENT 

Choice of a therapeutic regimen 



2 caracteristics of treatment 
•  Many antibiotics 

•  Long treatment 



Despite initial improvment, smear again strongly positive at 6 months 
What happened? 



Days after treatment initiation 

% patients with 
resistant strains 
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Selection of drug resistant mutants 

  
 

  

 ATB 

Effective 
Monotherapy 

Susceptible bacilli 

Drug resistant 
bacilli 

Cavern 

Drug susceptible 
bacillary population 

Resistant bacillary population 
= acquired or secondary resistance 

Secondary cases = primary resistance 



How to prevent drug resistance 
•  1949 : streptomycin + PAS 

 

⇒Drug combination prevents selection of drug resistant 
mutants 

Tempel  
Am Rev Tuberc  
1951 



Is a 2 drugs combination enough? 

Isoniazid + rifampin 

? 



A 2 drugs combination is not enough 

Isoniazid + rifampin 

rifampin  
alone 

⇒ MDR! 

Isoniazid 
resistant 
strain 

4% in France 
among patients 
not having been  
treated before 



3 drugs combination 

Isoniazid + rifampin + ethambutol 

2 drugs combination 
⇒ No MDR 

Isoniazid 
resistant 
strain 



3 drugs combination 

Isoniazid + rifampin + pyrazinamide 

   

? 

Isoniazid 
resistant 
strain 



Not all 3 drugs combinations 

Isoniazid + rifampin + pyrazinamide 

   
⇒ MDR risk ! 

Isoniazid 
resistant 
strain 

Active at acidic pH 
not active against actively multiplying 
bacilli 
⇒ Not active against bacilli of the caverna 
which are at risk of selection of drug 
resistance 



A real case 
•  30 years old man, born in Tunisia 
•  Wegener disease, deeply immunosupressed 
•  Disseminated TB (positive blood culture) 
•  Standard 4 drugs therapy 

–  isoniazid and ethambutol resistant strain ! 
•  Clinical improvment 

•  2 months later,  relapse sur un gluteal asbcess 
• MDR strain! 

⇒ Pyrazinamide does not prevent selection of drug resistant mutants 



Pyrazinamide not active? 

•  Int J Tuberc Lung Dis. 1997 
•  Tuberculosis Research Centre, Madurai, Inde. 
•  1203 patients 

Isoniazid-R cases 

End of treatment 
Unfavorable outcome 

Isoniazid+rifampin+pyrazinamide+ethambutol 2 months  
puis Isoniazid+rifampin+ethambutol 4 months  

12/59 (20%) 
Isoniazid+rifampin+pyrazinamide 2 months  

puis Isoniazid+rifampin 4 months  
46/74 (62%) 

p<0.05 



2 caracteristics of treatment 
•  Many antibiotics in order to prevent selection of 

drug resistant mutants 

•  Long treatment 



Lenght of treatment 
•  Isoniazid + streptomycin + PAS 

– 1 year : 22% relapses 
– 2 or 3 years : 4% relapses 

•  Long treatment required 

MRC, Tubercle, 1962 



Dormant bacilli: the Cornell model 

Isoniazid + pyrazinamide 

Mice cured 

3 months without treatment 

1/3 RELAPSES 

Antibiotic tolerance 



Tolerance mechanisms 
•  Dormancy regulon in hypoxia : DosR 

(Voskuil, J Exp Med 2003) 
•  Biofilms 
•  Efflux pumps (Adams, Cell, 2011) 
•  Pulsed KatG (Wakamoto, Science 2013) 

Aldridge, Microbiol Spectr 2014 



Rifampin and caseum 
•  Prideaux, Nature Medicine 2015, Sarathy, AAC 2018 
Bactericidal activity in caseum    RIF penetration in pulmonary lesions 

Accumulation of RIF in caseum may explain that it reduces treatment duration 



Treatment duration shortening thanks to sterilizing drugs 

⇒ Treatment duration depends mainly on the use of « sterilizing » 
drugs (rifampin and pyrazinamide) 

Year Treatment Consequence 
1948  Streptomycin 1er antiTB drug 
1950  Streptomycin+ PAS > Streptomycin A drug combination prevents  

drug resistance 
60s Isoniazid + Streptomycin + PAS 

18 months 
1st real TB treatment 

70s Isoniazid + Rifampin + Ethambutol 
9 months 

Lenght of treatment divided by 2 

80s Isoniazid + Rifampin + Pyrazinamide 
6 months 

« Short » treatment of TB 



2 caracteristics of treatment 
•  Many antibiotics in order to prevent selection of 

drug resistant mutants 

•  Long treatment in order to prevent relapses with 
drug susceptible bacilli 



Bacteriological basis of treatment 

108 bacili = caverna 

105 bacilli = caseum 

Risk of failure due to selection of drug resistant mutants 
⇒ Combination of antibiotics 

Risk of relapses due to drug susceptible bacilli 
⇒ Long treatment 
⇒ Sterilizing drugs 

6 months 

RIF / INH 

PZA 



Treatment 

•  Isoniazid + rifampin for 6 months plus during the 
first 2 months  
– pyrazinamide (allowing a 6 months duration) 
– ethambutol (in order to avoid multidrug resistance in 

case of pre-existing isoniazid resistance) 



Combined treatments 
•  Dosings(mg/kg) : 
•  isoniazid : 5 
•  rifampin : 10 
•  ethambutol : 15 
•  pyrazinamide : 25 

•  Combined treatments:   
–  isoniazid + rifampin + pyrazinamide = RIFATER®      
–  isoniazid + rifampin = RIFINAH® 

•  Albanna, 2013 
–  More failures or relapses when using combined treatments RR 1,28 (95% CI 0,99-1,7) 
–  No trial shows positive impact of combined treatemnt on treatment observance 



Fluoroquinolones 

Zumla, 2014 



Fluoroquinolones 
•  Antituberculous activity known since more than 30 

years 
•  Tsukamura, ARRD 1985 : ofloxacin 

–  19 patients, TB treatment failure 
–  Decrease of sputum bacillary load 
–  Appearance of ofloxacin resistant mutants 
→ Demonstration of in vivo activity 

•  Moxifloxacin MIC = 0,25 mg/l 
–  Peak serum level = 3 mg/l 
 



Fluoroquinolones 

FLUOROQUINOLONE J0 CFU decrease after 4 weeks (spleen) 

Ofloxacin 200 mg/kg 7,4 -0,9 
Levofloxacin 200 mg/kg 7,4 -2,4 
Moxifloxacin 100 mg/kg 6,8 -4,8 

•  EBA equivalent to that of rifampin but less than that of isoniazid (Gillespie 
2003) 

•  Sterilizing activity in vitro (Mitchison 2003) 



Nuermberger 
AJRCCM 2004 

RHZ = 6 mois 

RMZ = 4 mois 

Moxifloxacin and drug susceptible TB :  
mouse model 

Moxifloxacin may reduce treatment duration 



Moxifloxacin : human 

Burman, AJRCCM 2006 
Culture negativity at 2 months 
Isoniazid (H) +rifampin (R) + pyrazinamide (Z) + 
ethambutol  (E) 3/week  
ou  
moxifloxacin (M) (5/week) 

Moxifloxacin increase treatment activity but… 
No difference at 2 months 



Treatment shortening with fluoroquinolones 
•  Gillespie, NEJM 2014 
•  Merle, NEJM 2014 
•  Jindani, NEJM 2014 

•  More than 4000 patients 
•  4 months moxifloxacin or gatifloxacin based 
treatment instead of isoniazid or ethambutol 
⇒ Less active than standard 6 months treatment 

Despite faster culture negativity, no shortening at 4 months 

Gillespie SH et al.  
N Engl J Med 2014 



Nuermberger 
AJRCCM 2004 

RHZ = 6 mois 

RMZ = 4 mois 

Moxifloxacin and drug susceptible TB :  
mouse model (2) 

Moxifloxacin much less active than rifampin! 

MHZ 



TB meningitis 

•  Ruslami, Lancet 2013 
•   TB meningitis: randomization rifampin 450 mg PO 

(=10 mg/kg) or 600 mg IV (=13 mg/kg) and 
ethambutol or moxifloxacin 400 mg or 800 mg 

•   Heemskerk, N Engl J Med 2016 
•   Rifampin 15 mg/kg, levofloxacin 20 mg/kg 

Disappointing results for rifampin, higher dosing needed? 



Drug resistance 





From drug susceptible TB to XDR : F15/
LAM4/KZN strain, South Africa 

Pillay CID 2007 

1994 INH-S 

1994-7 MDR 

1994-5 INH-R + autres 

1999-03 MDR + R FQ ou 
AMG 

2003 XDR 



Definitions 
•  Mycobacterium tuberculosis multi-drug resistance 

(MDR) defined by simultaenous resistance to at 
least 
– isoniazid 
– rifampin  

•  Extensive-drug resistance (XDR) defined by 
resistance to at least isoniazid and rifampin and 
–  fluoroquinolones 
– one of second-line injectables (amikacin, kanamycin, 

capreomycin) 



DS TB 
MDR TB 

XDR TB 

Shah et al., JAMA, 2008 

Prognosis of MDR and XDR cases 



Epidemiology 



Tuberculosis 
epidemiology 

•  2 billions with latent infection 
•  In 2017 

–  10 million new cases 
– 1,6 million death  



Multidrug resistance : world 
•  Estimation : 450 000 new cases in 

2017  
–  Primary  : 3% of new cases 
–  Secondary  : 20% of previsouly treated 

cases 

•  10% of MDR cases are XDR 
% TB RIF-R among 

new TB cases 
Country 

25 to 50 Belarus, Kirghizstan, Russia, Ukraine, Kazakhstan, Moldavia	  

10 to 25 Uzbekistan, Tajikistan, Egypt, Estonia, Turkmenistan, 
Azerbaijan, Samoa, Lithuania, Armenia, Bahamas, Bhutan,  

Georgia	  



Diagnosis of resistances 



Proportion method : reference method for phenotypic diagnosis of resistance 
One critical concentration 

Long, due to slow growth of M. tuberculosis 
 



⇒ Genotypic tests  
(study of genes encoding proteins involved in drug resistance) 

1.  Know the genes 
-  rpoB (rifampin) 

-  gyrA/B (fluoroquinolones) 
-  embB (ethambutol) 

-  rrs (aminosides) 
-  katG, inhA (isoniazid) 

 

2. Know  the impact of each 
mutation on resistance phenotype 

Genotypic diagnosis of resistance 

Requires 



MTBDR, Xpert MTB/RIF 



Sensitivity, specificity of commercial tests 
sensitivity specificity Performances 

Rifampin 
MTBDRplus 98% 99%  

Excellente Xpert MTB/RIF 94% 98% 

Isoniazid MTBDRplus 84% 99% Good 
Fluoroquinolones 

MTBDRsl 

87% (95%V2) 97% Good 
Amikacin 83% 99% Good 

Kanamycin 44% (91% V2) 98% Poor 
Capreomycin 82% 95% Good 
Ethambutol 68% 80% Poor 

Performances  
-  Excellent for rifampin→recommandation in France for each new TB case 

-  Good for isoniazid, fluoroquinolones, amikacin, capreomycin 
- Poor for kanamycin and ethambutol (better with MTBDRsl V2) 

  

Theron, 2014; Steingart 2013 ; Feng 2013 ; Ling 2008; Brossier 2016 
 



•  10 000 M. tuberculosis genomes  
•  WGS performances for susceptibility and resistance detection : 

Isoniazid Rifampin Ethambutol Pyrazinamide 
Resistance detection 97% 98% 95% 91% 
Susceptibility detection 99% 99% 94% 97% 

Very goog prediction for 1st line drugs 

Whole genome sequencing 



TREATMENT 



When the ship is sinking… 
You can take off the water 

= treat MDR and XDR 



But you’d better… 

Plug the hole = 
prevent MDR and XDR 



Plug the hole 
= to prevent resistance 

1.  Prevention of primary resistance 

 = prevention of community transmission  
 

 = prevention of hospital transmission 
   



XDR TB: South Africa, early 2000s 

•  53 XDR 
•  100% HIV+ 
•  Mortality 98% 

•  2/3 hospital acquired 

Gandhi Lancet, 2006  



•  Man 34 years old 
–  Schizophrenia 
–  ankylosing spondylitis, Pitié-Salpêtrière hospital:  

•  TST 10 mm : RIFINAH)  3 months in 2008 
•  adalimumab (HUMIRA®) from 2008 to 2011 then again from August 2012 

•  June 2014 : fever, cough, asthenia, etc 
•  Disseminated TB : lung, liever, spleen testicles 

•  katG : S315T 
•  rpoB : S531L 

•  gyrA : D94G  
•  rrs : A1401G 

•  DST: XDR strain susceptible pyrazinamide, linezolide, PAS and cycloserine 

• MIRU-VNTR : 1 identical strain among all strains in France since 2006 

•  Man 38 years,  
IV drug abuse, HIV+, HCV+ 
Georgian arrived in France in november 2013 after 2 years treatment of TB 

•  Does not respect respiratory isolation 
•  Hospitalized at Pitié-Salpêtrière ! 

A case born in France 



No hospitalization at the same moment 

Invesigation inside hopsital 



Invesigation outside hopsital 

Rue où habite 
le patient 

Secondary case lives 400 m from hospital 



Plug the hole = PREVENTION 
= to avoid creating resistance 

2.  Prevention of secondary resistance 

 =  Avoid selection of drug resistant mutants 



How to avoid creating resistance 

 -To add one molecule to a failing regimen 

 -No detection of pre-existing resistance 

 -Wrong choice of treatment regimen 

 -No to take into account compliance problems 

 -Preventive treatment of TB diseases 

Mahmoudi, JAMA 1993 



In case of despair… 
•  XDR-TB: entering the post-antibiotic era? 

 Raviglione Int J Tuberc Lung Dis 2006 
 
•  Drug resistant tuberculosis: back to sanatoria, 

surgery and cod-liver oil?  
 Murray Eur Respir J. 1995 

 



DS TB 
MDR TB 

MDR TB 
MDR TB + aminoglycosides 
 

MDR TB + FQ R 
XDR TB 
 

Kim et al., AJRCCM, 2010 

XDR TB 

Shah et al., JAMA, 2008 

Prognosis of MDR and XDR cases 



Clofazimine 

CFZ  
has no EBA   

increases sterilizing activity in MDR TB but not XDR TB??  

MIC = 0,06 to 2 mg/l 
Plateau serum level 0,24 mg/l after 1 month at 50 mg/j 

Tang, CID 2015, Randomized trial MDR TB 

Diacon, AJRCCM 2015 
No EBA after 2 weeks 

Wang, AAC 2018, Randomized trial XDR TB 



Linezolide Culture negativity Lee M N Engl J Med 2012 

Survival probability without toxicity 

Linezolide increases culture negativity after 2 months if added to 
XDR TB regimen 
Toxicity warning 

Oxazolidinone 
MIC 0,5 mg/l 
Peak serum level = 10 à 20 
mg/L 
Lee, 2012 
•  RCT 
•  41 cases XDR TB, failure 
•  Adds linezolide 600 mg/day 

immediatly or after 2 months 



2 years outcome 
Diacon AH N Engl J Med 2014 Bedaquiline 

BDQ improves treatment outcome when added to background MDR 
regimen 

Mortality warning 

MIC = 0,01 mg/L 
Peak serum level = 2 to 3 
mg/L 



Delamanid 

Proportion of patients culture 
negative at 2 months 

Gler N Engl J Med 2012 

Delamanid increase culture negativity at 2 months when added to 
background MDR regimen 

MIC = 0,006 mg/L 
Pieak serum level = 0,5 
mg/L 



Impact of antibiotic use on treatment success or 
death of MDR TB depending on in vitro DST 
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CYC-R ETH-S 
STM-R STM-S CFZ-S 

PZA-S 
OFX-S CYC-S LEV-S 

MOX-S 

LZD-S 
BDQ no DST 

KAN-R 
CAP-R 

ETH-R AMC 
no 

DST 
EMB-R 

MACRO no DST 
PZA-R 

CAP-S 

PAS-S 

KAN-S AMK-R 
EMB-S 

AMK-S IMP no DST 

CIP-S 

LEV or MOX vs OFX-R 

PAS-R 
Significant increase of success and decrease of death 
Significant increase of success or decrease of death 
Significant decrease of success or increase of death 
Significant decrease of success and increase of death 

Ahmad, Lancet 2018 

Individual patient data meta-analysis of 12 030 patients from 25 countries  



Impact of in vitro susceptibility/resistance on 
treatment success and mortality 

0 1 2 3 4 5 6 

capreomycin 
ethambutol 

para-aminosalicylic acid 
ethionamide 

pyrazinamide 
kanamycin 

cycloserine or terizidone 
levofloxacin 
moxifloxacin 

amikacin 
streptomycin 

mean 
death decrease X times of resistant vs susceptible strains 
success increase X times of susceptible vs resistant strains Ahmad, Lancet 2018 



Impact of antibiotic 
use on treatment 

success or death of 
XDR TB depending 

on in vitro DST 

Ahmad, Lancet 2018 



Impact of number of antibiotics used on treatment 
success of MDR TB 

5 drugs initial phase 
4 drugs continuation 
phase 

Ahmad, Lancet 2018 



Impact of duration of treatment on 
treatment success of MDR TB 

Ahmad, Lancet 2018 

6-8 months initial 
phase 
18-20 months total 
duration 



Available antituberculous drugs : WHO list 

First phase 8 months 
Then without injectable for total duration 20 months 



Available antituberculous drugs : WHO list 

First phase 8 months 
Then without injectable for total duration 20 months 





Short-course regimen : DST restriction 

•  Lange, AJRCCM 2016 

Is short-course regimen applicable worldwide? 



Resistance to new drugs? 

•  Pang, AAC 2017 
•  China, XDR strains 

Resistance to new drugs already described 



Bedaquiline resistance in France 

2% BDQ-R among MDR in France in 2014-2015 : 
1/2 = secondary resistance 

1/2 = primary resistance = selection par another molecule? 

Veziris, ERJ 2017 



Tiberi, Lancet ID, 2018 

MDR TB : 
ongoing 

trials 



What we do in France 
Suspicion MDR 

rpoB : rifampin 

WT= not MDR Standard 
treatment Mutated = MDR 

gyrA, B : fluoroquinolones 
rrs : AMK, KAN, CAP 

Complete phenotypic DST 

Final 
treatment 

Probabilistic 
treatment 

XDR? 

katG : isoniazid 
pncA : pyrazinamide 
embB : ethambutol 

ethA, ethR, Rv0678, 
atpE,, etc 

WT= 
not XDR 

Mutated = 
XDR TB consilium 


