
2021 288

Irene Pérez Sánchez

Construction and characterization
of live attenuated vaccines in

modem lieages of Mycobacterium
tuberculosis based on phoP an

fadD26 deletions

Director/es
Gonzalo Asensio, Jesús Ángel
Martín Montañés, Carlos



© Universidad de Zaragoza
Servicio de Publicaciones

ISSN 2254-7606



Irene Pérez Sánchez

CONSTRUCTION AND CHARACTERIZATION OF
LIVE ATTENUATED VACCINES IN MODEM

LIEAGES OF MYCOBACTERIUM TUBERCULOSIS
BASED ON PHOP AN FADD26 DELETIONS

Director/es

Gonzalo Asensio, Jesús Ángel
Martín Montañés, Carlos

Tesis Doctoral

Autor

2019

Repositorio de la Universidad de Zaragoza – Zaguan   http://zaguan.unizar.es

UNIVERSIDAD DE ZARAGOZA
Escuela de Doctorado





 
 

 

 

 

 

 

 

Construction and characterization of live attenuated 

vaccines in modern lineages of Mycobacterium 

tuberculosis based on phoP and fadD26 deletions 

 

 

 

 

 

 

 

Tesis Doctoral 2019 

Irene Pérez Sánchez  

 

 

 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

 

 

FACULTAD DE MEDICINA 

Departamento de Microbiología, Medicina Preventiva y Salud Pública 

 

 

Construction and characterization of live attenuated vaccines in 

modern lineages of Mycobacterium tuberculosis based on  

phoP and fadD26 deletions 

 

Memoria para optar al grado de Doctor presentada por: 

 

Irene Pérez Sánchez 

Licenciada en Bioquímica 

 

 

Directores: 

Carlos Martín Montañés 

Jesús Ángel Gonzalo Asensio 

 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

 

D. CARLOS MARTÍN MONTAÑÉS, Catedrático de Microbiología del Departamento de 

Microbiología, Medicina Preventiva y Salud Pública de la Universidad de Zaragoza. 

D. JESÚS ÁNGEL GONZALO ASENSIO, Doctor en Bioquímica y Biología Molecular y 

Celular por la Universidad de Zaragoza. Profesor Contratado Doctor del Departamento 

de Microbiología, Medicina Preventiva y Salud Pública de la Universidad de Zaragoza. 

Directores de la Tesis Doctoral presentada por Irene Pérez Sánchez bajo el título: 

Construction and characterization of live attenuated vaccines in 

modern lineages of Mycobacterium tuberculosis based on  

phoP and fadD26 deletions 

 (Construcción y caracterización de vacunas vivas atenuadas en linajes modernos de 

Mycobacterium tuberculosis basadas en deleciones de phoP y fadD26) 

 

EXPONEN: 

Que dicha Tesis Doctoral ha sido realizada bajo su dirección y reúne los requisitos 

necesarios para optar al grado de Doctor y a la mención de Doctorado Internacional. 

Por lo anterior, emiten el presente INFORME FAVORABLE. 

 

Zaragoza, 7 de junio de 2019 

 

 

 

 

Fdo: Carlos Martín Montañés                                           Fdo: Jesús Ángel Gonzalo Asensio 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

 

 

Esta tesis doctoral ha sido elaborada en el Departamento de Microbiología, Medicina 

Preventiva y Salud Pública de la facultad de Medicina en la Universidad de Zaragoza, dentro del 

Programa de Doctorado en Bioquímica y Biología Molecular. 

Irene Pérez es beneficiaria de una ayuda para la contratación de personal investigador 

predoctoral en formación concedida por el Departamento de Industria e Innovación, de la 

Diputación General de Aragón financiado por el Gobierno de Aragón y el Fondo Social 

Europeo. 

El trabajo experimental ha sido realizado con la ayuda de los siguientes proyectos de 

investigación: 

 “TBVAC2020; Advancing novel and promising TB vaccine candidates from discovery 

and early clinical development”. Financiado por la Unión Europea  (H2020-PHC-

643381) 

 “Innovando MTBVAC como vacuna contra la tuberculosis y nuevas aplicaciones 

terapéuticas contra el cáncer”. Financiado por el Ministerio de Economía y 

Competitividad y el Fondo Europeo de Desarrollo Regional (BIO2014-52580-P). 

Parte del trabajo se realizó en una estancia de tres meses en el Instituto Pasteur de París 

(Francia) cofinanciada por una beca para estancia de investigación de la Federación Europea 

de Sociedades de Microbiología (FEMS Research and Training Grant FEMS-GO-2018-118) y una 

beca del programa CAI-Ibercaja de Estancias de Investigación (CM 3/18).   

Agradecer el uso del Servicio General de Apoyo a la Investigación-SAI de la Universidad de 
Zaragoza. Agradecer también a las instalaciones de Proteómica de los Servicios Científico 
Técnicos del CIBA (IACS-Universidad de Zaragoza) (las instalaciones de proteómica son 
miembro de ProteoRed, PRB2-ISCIII, apoyado por la subvención PT13/0001), al Insitute of 
Pharmacology, Hannover Medical School (Hannover, Alemania) y a la Fundación Medina 
(Granada, España) por su apoyo técnico en las determinaciones del c-di-AMP. 

 

 

 

 

 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

INDEX 

LIST OF ABBREVIATIONS 1 

SUMMARY 3 

RESUMEN 5 

                                                                   INTRODUCTION  

Tuberculosis, a disease still present nowadays 9 

History of tuberculosis 9 

From sanatorium to vaccine and antibiotics 10 

Biology of M tuberculosis, pathogenesis of the disease and animal model in TB research 13 

The tubercle bacillus 13 

The mycobacterial cell envelope 13 

Pathogenesis of M. tuberculosis 15 

Animal models for TB research 17 

Diagnostics of TB 19 

History of BCG, the vaccine against TB since 1921 21 

BCG, the current vaccine against TB 21 

BCG, a live attenuated vaccine obtained from a cattle pathogen M. bovis 21 

Evolution of BCG substrains as a consequence of laboratory subcultivation 22 

Current TB vaccine pipeline 24 

Phases of clinical trials for TB vaccine development 24 

TB vaccine candidates in clinical trials 24 

 Subunit vaccines 24 

 Live attenuated vaccines 25 

 Whole cell inactivated or fragmented mycobacteria 26 

MTBVAC, a live attenuated vaccine candidate based on M. tuberculosis 28 

The rational construction of MTBVAC 28 

Implication of phoP in the virulence of M. tuberculosis 29 

Implication of fadD26 in the virulence of M. tuberculosis 31 

 Biosynthesis of PDIM 31 

Preclinical studies of SO2 and MTBVAC 33 

Clinical trials of MTBVAC 34 

References 36 

OBJECTIVES 45 



 
 

                                                                        CHAPTER 1  

Construction and characterization of new double phoP and fadD26 mutants in two clinical 

isolates of modern lineages 2 and 3 of M. tuberculosis 47 

Abstract 49 

Introduction 51 

Evolution of the M. tuberculosis Complex 51 

Lineage 2 of M. tuberculosis – East Asian 53 

 Differences between modern and ancient Beijing 55 

Lineage 3 of M. tuberculosis - East-African-Indian 56 

Material and methods 57 

Bacterial strains, media and growth conditions 57 

Mycobacterial DNA extraction 57 

Plasmid extraction (mini-prep) 58 

Polymerase chain reaction (PCR) 58 

Protein Extraction 59 

Gel electrophoresis of proteins 60 

 Western blot analysis 60 

 Coomassie staining 60 

Preparation of electrocompetent cells of E.coli 61 

Preparation of electrocompetent cells in Mycobacterium tuberculosis 61 

Preparation of electrocompetent cells in Mycobacterium tuberculosis for recombineering 61 

Neutral red staining 61 

RNA isolation from Mycobacteria 62 

Quantitative Real time PCR (qRT-PCR) 62 

Plasmids for unmarked deletion in phoP and fadD26 genes by suicide plasmid technique 64 

Plasmids for unmarked gene deletion by BAC-recombineering 65 

Results 67 

Genotyping of M. tuberculosis strains belonging to lineages 2 and 3 for construction of double 

mutants 67 

Construction of MTBVAC-L2, a double unmarked mutant ΔfadD26 ΔphoP in GC1237 67 

 Construction of the single mutant marked strain, GC1237 ΔfadD26::hyg 68 

 Construction of the single mutant unmarked, GC1237 ΔfadD26 70 

 Construction of the double marked mutant, GC1237 ΔfadD26 ΔphoP::hyg (MTBVAC-

L2::hyg) 71 

 Construction of the double unmarked mutant, GC1237 ΔfadD26 ΔphoP, MTBVAC-L2 73 

Construction of MTBVAC-L3, a double unmarked mutant ΔfadD26 ΔphoP in HMS13037 74 

 Growth of HMS13037 in media supplemented with ADC or OADC 75 

 Construction of the single mutant marked strain, HMS13037 ΔfadD26::km 75 

 Construction of the single mutant unmarked, HMS13037 ΔfadD26 78 

 Construction of the double marked mutant, HMS13037 ΔfadD26 ΔphoP::hyg (MTBVAC-

L3::hyg) 80 



 
 

 Construction of the double unmarked mutant, HMS13037 ΔfadD26 ΔphoP, MTBVAC-L3        

81 

Three phoP, fadD26 mutants constructed in three clinical isolates of the modern lineages of M. 

tuberculosis 82 

MTBVAC-L3 and MTBVAC, but no MTBVAC-L2, secrete PE_PGRS proteins 83 

MTBVAC-L2 and MTBVAC-L3 has lost the ability to fix the neutral red 85 

Secretion of ESAT-6 and CFP-10 in the three MTBVAC and WT strains 86 

PhoP regulon is downregulated in MTBVAC strains compared to WT strains 87 

Expression of PDIM operon in the MTBVAC strains 88 

In vitro growth of MTBVAC-L2, MTBVAC-L3 and WT and strains 89 

Conclusions 91 

References 92 

                                                                       CHAPTER 2  

Preclinical studies of new live attenuated vaccines based on phoP, fadD26 deletions in the 

mouse model 99 

Abstract 101 

Introduction 103 

Mouse model in TB research 103 

Material and Methods 105 

Quantification of bacterial glycerol stocks 105 

Neutral red staining 105 

Ethics for animal procedures, facilities, mouse strains and anesthesia 105 

Virulence experiments 106 

Protective efficacy experiments 106 

Attenuation experiment 106 

Results 107 

Protective efficacy of MTBVAC and MTBVAC-L2::hyg against H37Rv, a virulent strain from 

lineage 4 107 

Protective efficacy of MTBVAC and MTBVAC-L2::hyg against HN878, a strain from lineage 2

 108 

Virulence assays of lineages 2 and 3 strains of M. tuberculosis used in the mouse infection 

model 109 

Protective efficacy of the three phoP and fadD26 mutants (MTBVAC, MTBVAC-L2 and 

MTBVAC-L3) against modern lineages of M. tuberculosis 110 

 Protection of MTBVAC vaccine strains and BCG Pasteur against H37Rv (lineage 4 strain)   

111 

 Protection of MTBVAC vaccine strains and BCG Pasteur against W4 (linage 2, Beijing 

strain) 112 



 
 

 Protection of MTBVAC vaccine strains and BCG Pasteur against HCU3524 (lineage 3 

strain) 114 

Safety experiment in SCID mice 117 

Conclusions 119 

References 120 

                                                                      CHAPTER 3  

Implications of the metabolite c-di-AMP in MTBVAC in the host-pathogen interaction 123 

Abstract 125 

Introduction 127 

The cyclic di-nucleotide, c-di-AMP 127 

Synthesis and degradation of c-di-AMP in M. tuberculosis 128 

IFN-β and IL-1β host immune response in M. tuberculosis infection 128 

Type I IFN response and IL-1β pathways after M. tuberculosis infection 129 

 Role of c-di-AMP from M. tuberculosis and BCG in IFN-β host immune response 130 

 Role of cyclic dinucleotides in vaccines 131 

Material and methods 133 

Bacterial strains, media and growth conditions 133 

Eukaryotic cells and culture conditions 133 

Knock-out construction in MTBVAC 133 

Extraction of c-di-AMP 133 

THP-1 infection 135 

Results 136 

Production and secretion of c-di-AMP is a novel PhoPR-dependent phenotype in M. 

tuberculosis 136 

BCG, the current vaccine against TB, produced comparable levels to WT M. tuberculosis strains 

and no secretion was detected 138 

Role of c-di-AMP in the vaccine phenotype of MTBVAC 138 

 Construction of disA (Rv3586) and cnpB (Rv2837c) knock-outs in MTBVAC 138 

 Production and secretion of c-di-AMP in MTBVAC and disA and cnpB knock-outs 142 

 Evaluation of host-immune response in THP-1 infection with MTBVAC, disA and cnpB 

mutants 143 

Conclusions 145 

References 146 

GENERAL CONCLUSIONS 151 



 
 

CONCLUSIONES GENERALES 153 

APPENDICES 155 

Appendix 1 157 

Appendix 2                                                                                                                                              181 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



LIST OF ABBREVIATIONS 

1 
 

List of abbreviations  

 

ADC Albumin, Dextrose and Catalase 

AES Allelic exhange substrate 

Ag85 Antigen 85 

Amp Ampicilin 

BAC Bacterial artificial chromosome 

BCG Bacillus Calmette-Guérin 

bp base pair 

BSL Biosafety laboratory 

c-di-AMP Cyclic di-AMP 

c-DNA Complementary deoxyribonucleic acid 

CFP-10 10 KDa culture filtrate protein (esxB/Rv3874) 

CFU Colony forming unit 

Cm Cloramphenicol 

CTAB Cetyl Trimetyl Ammonium Bromide 

dsDNA Double strand DNA 

EDTA Ethylene Diamine Tetr-Acetic 

ELISA Enzyme-linked immunnosorbent assay 

ESAT-6 6 KDa early secretory antigenic target (esxA/Rv3875) 

fw Forward 

Gm Gentamicin 

GMP Good Manufacturing Practices 

GroEL-2 60 KDa chaperonin 2 (Rv0440) 

HCl Hydrochloric acid 

HCU Hospital Clínico Universitario Lozano Blesa 

HIV Human Immunodeficiency virus 

HMS Hospital Miguel Servet 

Hyg Hygromycin 

i.n. Intranasal 

i.p. Intraperitoneal 

IFN-γ Interferon gamma 

IGRA Interferon gamma release assay 

IL-1β Interleukin-1 beta 

IS6110 Insertion sequence 6110 

kb kilo base 

kDa kilo dalton 

Km Kamamycin 

L2-L4 Lineage 2 to 4 of M. tuberculosis 

LB Luria Bertani 

LTBI Latent tuberculosis infection 

MDR Multi-drug resistant 

MTBC Mycobacterium tuberculosis Complex 

MTBVAC  Mycobacterium tuberculosis vaccine (lineage 4) 



LIST OF ABBREVIATIONS 

2 
 

MTBVAC-L2 Mycobacterium tuberculosis vaccine lineage 2 

MTBVAC-L3 Mycobacterium tuberculosis vaccine lineage 3 

NaAc Sodium acetate 

NaCl Sodium chloride 

NaF Sodium fluoride 

NHP Non-human primate 

OADC Oleic, albumin, dextrose and catalase 

OD Optical density 

PBS Phosphate buffer saline 

PCR Polymerase chain reaction 

PDIM Phthiocerol dimycocerosates 

PIM Phosphatidylinositol mannosides 

PGL Phenol glycolipid 

PKs Polyketide synthase 

RD Region of difference 

RNA Ribonucleic acid 

rv Reverse 

s.c. Subcutaneous 

SDS Sodium Dodecyl Sulfate 

Suc Sucrose 

TAT Twin Arginine TranslocaseSecretion System 

TB Tuberculosis 

TE Tris-EDTA 

WHO World Health Organization 

WT Wild type 

XDR Extensively drug resistant 

  

 

 

 

 

 

 

 

 



SUMMARY 

3 
 

Summary  

 

Tuberculosis (TB) is the most devastating disease caused by a single infectious agent. 

Mycobacterium tuberculosis, the main causative agent of TB in humans, is transmitted from 

human to human by aerosol route. The estimation is that in 2017 TB caused 1.3 million deaths in 

HIV-negative people aside from 300, 000 deaths in HIV positive people and 10 million of new 

TB cases. 

Even though that there is a preventive vaccine, BCG, with a wide coverage for almost 90% and 

there are antibiotics available for TB treatment, the increase of drug-resistant strains and the 

variable protective efficacy of BCG against pulmonary TB make this disease the first cause of 

death due to an infectious agent today. 

To overcome this problem, several vaccine candidates are being developed to obtain a more 

efficacious vaccine. One of them is MTBVAC, a live attenuated vaccine based on deletion of 

phoP and fadD26 genes in a clinical isolate of lineage 4 of M. tuberculosis. Both genes are key 

virulence factors of M. tuberculosis. 

Mycobacteria adapted to infect humans show specific geographical distribution. They can be 

classified in seven lineages that can be grouped in “modern” or “ancient” lineages based on M. 

tuberculosis specific deletion (TbD1). Modern lineages are lineages 2, 3 and 4 of M. tuberculosis 

whereas ancient lineages are lineages 1 and 7 of M. tuberculosis and lineages 5 and 6 of 

Mycobacterium africanum. Lineages 2 and 4 of M. tuberculosis are the most globally widespread 

lineages, followed by lineages 1 and 3 of M. tuberculosis that present an intermediate 

distribution and the others are restricted to specific areas. 

Considering that MTBVAC was obtained in a clinical isolate of lineage 4 of M. tuberculosis, the 

same deletions as MTBVAC in phoP and fadD26 genes were obtained in two clinical isolates of 

M. tuberculosis lineages 2 and 3, named MTBVAC-L2 and MTBVAC-L3, using two different 

genetic engineering strategies. Consequently, these three vaccine candidates based on phoP and 

fadD26 deletions constructed in the modern lineages of M. tuberculosis allow the evaluation of 

lineage dependent protection. Western-blot analysis and qRT-PCR of the new double mutants 

were performed to confirm the PhoP and FadD26-deficient phenotypes previously described in 

MTBVAC. 

Preclinical characterization of safety and protective efficacy were performed in the mouse 

model. In safety studies, both MTBVAC-L2 and MTBVAC-L3 were attenuated, less attenuated 

than MTBVAC, being only MTBVAC more attenuated than BCG Pasteur in SCID mice. 

For protective efficacy evaluation, mice were vaccinated with MTBVAC, MTBVAC-L2, 

MTBVAC-L3, BCG Pasteur or unvaccinated as control. Bacterial burden in lungs and spleen 

was evaluated in protective experiments after the challenge with a virulent strain from lineage 

2, 3 or 4 of M. tuberculosis. MTBVAC, MTBVAC-L2 and MTBVAC-L3 conferred protection 

against the modern strains used in the challenge without significant differences among them. 
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Remarkably, MTBVAC and MTBVAC-L2 conferred superior protection against lineage 2-

Beijing strain in comparison with BCG Pasteur.  

These results suggested lineage-independent protection in mice, and reinforce previous 

knowledge about MTBVAC protective efficacy in several animal models. 

To further characterize MTBVAC, after genomics, transcriptomics and proteomics 

characterization, we focused on the study of metabolites differentially produced by MTBVAC. 

Production of cyclic-di-AMP (c-di-AMP) was PhoPR dependent. A phoPR mutant strain in 

H37Rv exhibited higher quantity of c-di-AMP than the wild type (WT) strain. Secretion of the 

metabolite was only observed in phoPR mutant. Increased production and secretion of c-di-

AMP was also observed in MTBVAC compared to the WT strain. 

c-di-AMP is a second messenger described to be involved in different processes in bacteria. In 

M. tuberculosis, bacterial c-di-AMP has been recently described to trigger type I interferon 

response (IFN-β) by activation of eukaryotic sensor STING. To evaluate whether c-di-AMP 

from MTBVAC activates this response in the host, deletions in genes that code for the c-di-AMP 

cyclase and the phosphodiesterase were obtained in MTBVAC. Therefore, three different 

MTBVAC with different levels of c-di-AMP were obtained. Despite increased bacterial c-di-

AMP in MTBVAC, no IFN-β response was observed after infection of THP-1 cells. By contrast, 

MTBVAC and mutants in c-di-AMP cyclase and phosphodiesterase exhibited IL-1β response. 
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Resumen 

 

Tuberculosis es la enfermedad más devastadora producida por un único agente infeccioso. 

Mycobacterium tuberculosis, el principal agente causal de la tuberculosis en humanos, se 

transmite entre humanos por el aire. Se estima que en 2017, 1.3 millones de personas (HIV-

negativas) murieron a causa de la tuberculosis además de 300, 000 muertes en personas con HIV 

y se estima que hubo 10 millones de nuevos casos de tuberculosis. 

A pesar de la existencia de una vacuna preventiva, BCG, con una amplia cobertura de casi el 

90% y la disponibilidad de antibióticos para el tratamiento de la tuberculosis, el aumento de 

cepas resistentes a los antibióticos y la variable eficacia de protección de BCG frente a la 

tuberculosis pulmonar hace que esta enfermedad sea la primera causa de muerte debido a un 

agente infeccioso en la actualidad. 

Para superar este problema, varios nuevos candidatos a vacuna están siendo desarrollados para 

obtener una vacuna más eficaz. Una de ellas es MTBVAC, una vacuna viva atenuada basada en 

deleciones en los genes phoP y fadD26 en un aislado clínico perteneciente al linaje 4 de M. 

tuberculosis. Ambos genes son importantes factores de virulencia de M. tuberculosis. 

Las micobacterias adaptadas a infectar a humanos presentan una distribución geográfica 

específica. Son clasificados en siete linajes que pueden diferenciarse entre “modernos” o 

“ancestrales” basándonos en la deleción TbD1. Los linajes 2, 3 y 4 de M. tuberculosis son los 

linajes modernos mientras que los linajes 1 y 7 de M. tuberculosis y los linajes 5 y 6 de 

Mycobacterium africanum son los linajes denominados ancestrales. Los linajes más ampliamente 

distribuidos son los linajes 2 y 4 de M. tuberculosis seguido de los linajes 1 y 3 de M. tuberculosis 

con una distribución intermedia y los otros linajes están presentes en determinadas zonas. 

Teniendo en cuenta que MTBVAC se obtuvo en un aislado clínico del linaje 4 de M. tuberculosis, 

las mismas deleciones que en MTBVAC en los genes phoP y fadD26 fueron obtenidas en dos 

aislados clínicos de M. tuberculosis de los linajes 2 y 3, denominadas MTBVAC-L2 y MTBVAC-

L3. Para obtener las deleciones se utilizaron dos estrategias diferentes de ingeniería genética. 

Por lo tanto, estas tres vacunas candidatas basadas en las deleciones de phoP y fadD26 obtenidas 

en los linajes modernos de M. tuberculosis, permiten la evaluación de la protección dependiente 

de linaje. Se realizaron análisis de Western-blot y qRT-PCR de los nuevos mutantes dobles para 

confirmar los fenotipos dependientes de PhoP y FadD26 que han sido descritos previamente en 

MTBVAC. 

Se realizó la caracterización preclínica de experimentos de seguridad y eficacia de protección en 

el modelo de ratón. En experimentos de seguridad, tanto MTBVAC-L2 como MTBVAC-L3 

mostraron atenuación, menor que MTBVAC, siendo solo MTBVAC más atenuada que BCG 

Pasteur en ratones SCID.  

Para la evaluación de la eficacia en la protección, grupos de ratones fueron vacunados con 

MTBVAC, MTBVAC-L2, MTBVAC-L3, BCG Pasteur o no vacunados como control. Se evaluó la 

carga bacteriana en pulmones y bazo en estudios de protección frente a cepas virulentas de los 



RESUMEN 

6 
 

linajes 2, 3 o 4 de M. tuberculosis. MTBVAC, MTBVAC-L2 and MTBVAC-L3 confirieron 

protección frente a las cepas modernas utilizadas para el desafío sin diferencias significativas 

entre ellas. Cabe destacar que las cepas MTBVAC y MTBVAC-L2 confirieron una mayor 

protegieron frente a la cepa del linaje 2-Beijijng en comparación con BCG Pasteur.  

Estos resultados sugirieron protección independiente de linaje en ratones y refuerza el 

conocimiento previo sobre la eficacia de protección de MTBVAC en varios modelos animales. 

Con objeto de profundizar con la caracterización de MTBVAC, tras estudio de genómica, 

transcriptómica y proteómica, nos enfocamos en el estudio de metabolitos producidos 

diferencialmente por MTBVAC. Se observó que la producción del metabolito di-AMP-cíclico (c-

di-AMP) era dependiente de PhoPR. El mutante phoPR en H37Rv producía mayor cantidad de 

c-di-AMP que la cepa silvestre. La secreción del metabolito se observó solo en el mutante phoPR. 

También se observó una mayor producción y secreción de c-di-AMP en MTBVAC en 

comparación con la cepa silvestre. 

El c-di-AMP es un segundo mensajero que está descrito su involucración en diferentes procesos 

en bacterias. En M. tuberculosis, el c-di-AMP bacteriano es capaz de desencadenar la respuesta 

de interferón de tipo I (IFN-β) mediante activación del sensor eucariótico STING. Para evaluar 

si el c-di-AMP de MTBVAC activa esta respuesta en el hospedador, se obtuvieron deleciones en 

MTBVAC en los genes que codifican para la ciclasa y la fosfodiesterasa del c-di-AMP. Por lo 

tanto, se obtuvieron tres cepas diferentes de MTBVAC con diferentes niveles de c-di-AMP. A 

pesar de los aumentados niveles de c-di-AMP bacteriano en MTBVAC, no se observó respuesta 

de IFN-β tras la infección en células THP-1. En cambio, MTBVAC y los mutantes en la ciclasa y 

fosfodiesterasa del c-di-AMP mostraron respuesta IL-1β. 

 

 

 

 

 

 



 

 
 

 

 

 

 

 

 

 

 

 

 

 

INTRODUCTION 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



INTRODUCTION 

9 
 

Tuberculosis, a disease still present nowadays 
 

History of tuberculosis 

Tuberculosis (TB) is an ancient disease whose history has been very close to human mankind. 

Globally, TB is the most devastating disease from single infectious diseases (1) and is still the 

major cause of mortality caused by an infectious agent (2) (Figure 1). 

TB is transmitted by air and caused by organisms from Mycobacterium tuberculosis Complex 

(MTBC). In humans, the disease is mainly caused by M. tuberculosis and Mycobacterium 

africanum although it has also been reported some human TB cases caused by Mycobacterium 

bovis. The majority of the cases are pulmonary TB, although the bacteria might also cause 

disease in other parts of the body, named extrapulmonary disease (3-6).  

 

Figure 1. Estimation of deaths caused by TB and other diseases in the last 200 years. TB disease 

has caused more deaths than any other infectious disease. Adapted from (1). 

It is considered that an early progenitor was present in East Africa 3 million years ago and 

coevolved with early hominids at that time (7). Presence of TB was reported in Egypt, India and 

China 5,000, 3,300 and 2,300 years ago respectively. In Egyptian and Peruvian mummies typical 

skeletal abnormalities of bony TB, including Pott´s deformities, have been found and M. 

tuberculosis DNA have been recovered from mummified tissues (8). In 1000-year old Peruvian 

skeletons were found mycobacterial genomes most closely related to the seal pathogen 

Mycobacterium pinnipedii (9).  

Around 400 BC Hippocrates used the word “phthisis”, from the Greek phthiein and means 

decaying, to define the wasting away TB patient´s body because of the pulmonary disease (10, 

11). In the 17th century, the disease caused an epidemic in Europe and it was known as “Great 

White Plague” because of the paleness as a consequence of the disease. In 1679, Sylvius de la 

Boë described the characteristic lesions in the lungs named “tubercles”. This term comes from 

the Latin word tuberculum, meaning protuberance. In the 19th century, the disease is known as 

“consumption” coming from the Latin word consumere, meaning to eat up or devour. This came 

from the idea that the body was wasted away because of the passions and beautify the paleness 

of TB patients. In 1834 Johann Lukas Schönlein coined the term of “tuberculosis” from the 

tubercles present in people suffering TB (10). 
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In 1865 the French military surgeon Jean-Antoine Villemin stablished the nature of TB as an 

infectious disease. He demonstrated that the disease could be transmitted from humans or 

cattle to rabbits or guinea pigs and he postulated that the disease is caused by a specific 

microorganism (10). 

On 24th March 1882, Robert Koch made the presentation of “Die Aetiologie der Tuberculose” in 

which he identified the tubercle bacillus as the causative agent of TB in humans and announced 

his famous postulates: identification of the pathogen in an infected tissue, isolation of the 

pathogen in a pure culture in vitro and inoculation to a healthy organism to develop the original 

disease and recovery the original microorganism from lesions of the diseased organism (12) 

(Figure 2). 

 

From sanatorium to vaccine and antibiotics 

Around mid-19th century the sanatoriums began as places to cure TB. It was described for the 

first time in 1854 by Hermann Brehmer in his doctoral dissertation “Tuberculosis is a curable 

disease” where explained his healing from TB after travelling to the Himalayan Mountains. He 

opened the first sanatorium for TB patients and proposed that continuous fresh air, a rich diet, 

rest and carefully supervised exercise had successful results. The subsequent sanatoriums were 

built in other places with the same purpose (13, 14). 

One of the major events to directly combat TB disease was given by Albert Calmette and 

Camille Guérin, who obtained the bacilli Calmette-Guérin (BCG) after 230 passages of a strain 

of M. bovis, the causative agent of TB in cattle. Calmette and Guerin demonstrated attenuation 

of BCG and protection against TB in laboratory animals. BCG immunization was carried out for 

the first time in 1921 and is still the current vaccine against TB (Figure 2) (10, 14).  

Another event that dramatically changed the TB landscape occurred in the middle of 20th 

century, when antibiotics with activity against M. tuberculosis were discovered. In 1944, 

streptomycin was described by S. Waksman as the first antibiotic and bactericidal agent 

effective against M. tuberculosis. During the next decades, new antituberculous drugs were 

discovered, p-aminosalicylic acid (1949), isoniazid (1952), pyrazinamide (1954), cycloserine 

(1955), ethambutol (1962) and rifampicin (1963) (10). Nowadays, TB treatment is based in the 

combination of different antibiotics during six months. The first two months (intensive phase of 

the treatment), the therapy consists of the combination of rifampicin, isoniazid, pyrazinamide 

and ethambutol and the next four months (continuation phase) treatment is based on 

combination of isoniazid and rifampicin (5). 

The combination of these two big advances led to a notably decrease in TB incidence. 

Unfortunately, the appearance of drug resistant strains, the irruption of human 

immunodeficiency virus (HIV), variable protection of BCG against pulmonary TB (from 20 to 

80%) and drop of TB programs in industrialized countries because of the thought that the 

disease was close to eradication have hampered to stop TB disease and allowed its re-

emergence. This re-emergence of the disease led to TB to be declared as a global health 

emergency in 1993 by the World Health Organization (WHO) (Figure 2) (15). 
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Figure 2. Timeline of M. tuberculosis history. Main events that have occurred in the history of TB 

from the discovery of the causative agent of the disease in humans in 1882 by Robert Koch until 

now. Adapted from (12). 

Antituberculous drug resistant strains gradually appeared. RR-TB is defined for strains 

resistant to rifampicin. Multidrug-resistant TB (MDR-TB) is referred to M. tuberculosis strains 

resistant to isoniazid and rifampicin. It is estimated that 3.5% of new TB cases and 18% of 

previously treated cases are RR/MDR-TB, with wide variability depending on the area. The 

extensively drug-resistant strains (XDR-TB) are defined as MDR-TB and additionally resistant 

to one drug of the most important medicines for MDR-TB treatment: fluoroquinolone and 

second-line injectable agents, amikacin, capreomycin or kanamycin (16).  

Evaluation of TB- and MDR-TB incidence rates in different areas exhibited that Europe is the 

area with almost the lowest TB-incidence rate together with America. However, incidence rate 

of MDR-TB in Europe is its highest because of the high incidence in Russian Federation (Figure 

3A) (2). 

For the last decades a big effort is focused on research to develop new vaccines and new drugs 

to decrease the high number of TB cases. In 2017, it is estimated that TB caused 1.3 million 

deaths in HIV-negative people in addition to 300,000 deaths in HIV-positive people (Figure 3B).  

It is estimated that during 2017, 10 million people developed TB and two thirds of the cases 

occurred in eight countries: India (27%), China (9%), Indonesia (8%), the Philippines (6%), 

Pakistan (5%), Nigeria (4%), Bangladesh (4%) and South Africa (3%). Drug resistance continues 

to be a public health problem, 558,000 of people who developed TB was resistant to rifampicin 

and the 82% of them were MDR-TB. Almost the 50% of the MDR-TB cases occurred in three 

countries; India (24%), China (13%) and the Russian Federation (10%) (2). 
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Figure 3. Estimated percentage of new TB cases with RR/MDR-TB and TB mortality rate. (A) 

Estimation of percentages of new RR/MDR-TB cases in 2017. (B) Estimated TB mortality rates from 

TB excluding TB deaths with HIV-positive people in 2017. From (2).  

Because of these alarming data, the World Health Organization described a Global Plan to End 

TB to diminish the global TB epidemic. The main objectives are the reduction of 75% of TB 

deaths by 2025 and 50% of reduction of TB incidence (<55/100,000) compared with data from 

2015. To achieve these goals it is required to raise the current 1.5% annual decline of global TB 

incidence to 10% per year (2) (17). 

Therefore, new diagnostics, effective TB vaccines and drugs against M. tuberculosis are required. 

Unfortunately, there is no new vaccine licensed aside BCG to combat TB and only two new 

drugs have been approved since the gold era of antibiotics. These new drugs against M. 

tuberculosis are bedaquiline and delamanid approved in 2012 and 2014 respectively (18).  

Nevertheless, good results of clinical trials from diverse vaccine candidates and different drugs 

are expected to improve the global scenario of TB. 

 

A 

B 
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Biology of M tuberculosis, pathogenesis of the disease and animal 

model in TB research 
 

The tubercle bacillus 

The Mycobacterium genus belongs to the family Mycobacteriaceae, included into the suborder 

Corynebacterineae, order Actinomycetales and phylum Actinobacteria (19).  

The Mycobacterium genus comprises strict and opportunistic pathogens and nonpathogenic 

bacteria and can be classified in fast- or slow-growth species. All strict and most opportunistic 

pathogens are slow growing mycobacteria, including M. tuberculosis, Mycobacterium ulcerans or 

Mycobacterium leprae that cause TB, Burulli ulcer and leprosy respectively (20). 

M. tuberculosis is an acid-fast bacilli, aerobe, non-motile and non-spore forming bacillus of 2-5 

µm length and 0.2-0.5 µm width in size and an approximate generation time of 24 h (20). The 

genome of M. tuberculosis H37Rv, the laboratory reference strain, was sequenced for the first 

time in 1998 and its DNA contains 4.4 megabase (Mb), which contains 4173 genes (Mycobroser 

database https://mycobrowser.epfl.ch/) and a high percentage of cytosine and guanine (65.6%) 

(21). 

One of the most remarkable characteristic of mycobacteria is the cell envelope, which differs 

from Gram-positive and Gram-negative bacteria and mycobacteria appear as “ghosts” in Gram 

staining. Despite being structurally more close to Gram-positive bacteria, mycobacteria do not 

fit into the Gram-positive category, because the molecules attached to the cell wall are mainly 

lipids instead of proteins or polysaccharides. The uncommon lipids of the cell envelope of the 

mycobacteria lead to its distinctive Ziehl-Neelsen staining. In this stain, mycobacteria retain the 

dye carbol-fuchsin after a wash with an alcoholic solution in acid medium and mycobacteria is 

stained in red in contrast to the rest of bacteria that are decolorized (Figure 4) (22) (19). 

 

Figure 4. Ziehl-Neelsen stain. Ziehl-Neelsen staining of NRK-49F fibroblasts infected with 

M.tuberculosis (23). 

  

The mycobacterial cell envelope  

The mycobacterial envelope is unique in molecular composition and in the organization of its 

components. From inside to outside, the cell envelope consists on: a typical bacterial plasma 

membrane, periplasm space, a cell wall core that includes peptigoglycan, arabinogalactan and 

https://mycobrowser.epfl.ch/
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mycolic acids, some specific lipids which are non-covalently associated to mycolic acids and  

the capsule (Figure 5) (24, 25)(26).  

The detailed composition of the cell envelope components of M. tuberculosis are: 

The innermost layer is the plasma membrane that is typical of bacterial membranes (24). The 

polar lipids of the mycobacterial plasma membrane are composed of hydrophilic head groups 

and fatty acid chains. The glycophospholipids, phosphatidylinositol mannosides (PIMs) and the 

related glycosylated, lipomannan (LM) and lipoarabinomannan (LAM) are non-covalently 

attached to the plasma membrane (27). 

The cell wall of mycobacteria consists on a “cell wall core” composed of peptidoglycan, 

arabinogalactan and mycolic acids (26).  

The peptidoglycan is composed of N-acetylglucosamine and N-acetyl/glycolylmuramic acid 

cross-linked by short peptides. The arabinogalactan is a heteropolysaccharide composed of 

arabinose and galactose residues covalently linked to the muramic acid residues of the 

peptidoglycan by a phosphodiester bond  (28) (26). Mycolic acids are long chain (C60-C90) α-

branched and β-hydroxylated fatty acids found esterifying the terminal pentaarabinofuranosyl 

units of arabinogalactan (26). 

A variety of long-chain lipids and glycolipids are non-covalently associated with the mycolic 

acids including: trehalose monomycolates (TMM), trehalose dimycolates (TDM), phthiocerol 

dimycocerosate (PDIM) and closely related phenolic glycolipid (PGL) (present in some strains) 

(29, 30), the trehalose ester families that include sulfolipid (SL), diacyltrehalose (DAT) and 

polyacyltrehalose (PAT) (24).  These complex lipids have been proposed to be involved in the 

virulence of the bacilli. This layer, together with mycolic acids, forms a highly impermeable 

asymmetrical bilayer, named outer membrane or “mycomembrane” and confers the natural 

characteristic resistance to many drugs (31) although it can also be a target for drugs (24, 32). 

The outermost layer is the capsule, which is mainly composed of polysaccharides, proteins and 

minor amounts of lipids (24). It is thought that this layer is not present in the bacteria when 

bacteria are grown in presence of detergents, which is commonly used in M. tuberculosis 

laboratory growth (33). 
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Figure 5. Schematic representation of the cell envelope of M. tuberculosis. From innermost to 

outermost layers, plama membrane, peptidoglycan, arabonigalactan, mycomembrane (composed 

by mycolic acids and lipids and glycolipids) and the capsule. Adapted from (34). 

 

Pathogenesis of M. tuberculosis 

Humans are the unique known reservoir of M. tuberculosis. TB is transmitted from human to 

human by aerosol route when small drops containing the bacilli are inhaled by an individual. In 

the respiratory tract, M. tuberculosis encounters alveolar macrophages, which are the dominant 

cell type that M. tuberculosis infects. M. tuberculosis is an obligate intracellular pathogen widely 

adapted to live inside macrophages. The majority of TB infections consist in pulmonary TB, 

although the pathogen can infect almost any tissue and develop extrapulmonary disease (5). 

The bacilli enter into the macrophages by phagocytosis via specific receptors and remain in the 

phagosome. Activated macrophages promote the fusion of the phagosome with the lysosome 

forming the phagolysosome. In this compartment, the pathogen finds antimicrobial features 

including acidic pH, reactive oxygen and nitrogen intermediates or hydrolases. However, 

intracellular pathogens have developed strategies to overcome these defense mechanisms. M. 

tuberculosis arrests the maturation of the phagosome at early-stages and has the ability to reduce 

phagosomal acidification (35).  

In addition, M. tuberculosis is able to escape to the cytosol in an ESX-1 (6-kDa early secretory 

antigenic target, ESAT-6, secretion system 1) dependent manner. ESAT-6 and CFP-10 are 

secreted through ESX-1 secretion system and ESAT-6 secretion is involved in the phagosome 

rupture. This phagosome rupture allows the bacteria to reach the cytosol. An ESX-1 functional 

system is required to the bacteria to disrupt the phagosome membrane and get access to the 

cytosol (36, 37). A recent study describes that PDIM and ESAT-6 act in concert to produce 
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membrane rupture of the phagosome (38). M. tuberculosis gaining access to the cytosol is a 

virulent factor of the bacilli and favors its dissemination. Deficient ESX-1 strains are unable to 

disrupt the phagosome membrane (39). 

The progression of the infection depends on the state of the host immune system (Figure 6). In 

the 90% of individuals, the pathogen persists in a latent state, known as latent TB infection 

(LTBI), and the bacilli are contained in an immune microenvironment called granuloma. The 

granuloma is a hallmark of TB and is an organized structure that comprises macrophages that 

contains the bacilli, highly differentiated cells including multinucleated giant cells, epithelioid 

cells and Foamy cells, surrounded by many other cells such as neutrophils, dendritic cells, B 

and T cell, natural killer (NK) cells, fibroblast and cells that secrete extracellular matrix 

components. Most individuals can content the infection within the granuloma without 

symptoms (40, 41). 

The containment could fail if the immune system of the host is altered, because of co-infection 

with HIV, malnutrition, old age or any condition that impairs the function of CD4+ T cells. In 

these individuals, the granuloma tends to become necrotic, facilitating bacterial released into 

the lung (pulmonary TB) or spread to other parts of the body (42). In this situation, individuals 

develop the disease (active TB) and patients with pulmonary TB can transmit the disease by 

coughing. It is estimated that 23% of the world´s population (1.7 billion people) has latent TB 

infection (2) although approximately 10% of these infected individuals will develop active TB 

during their lifetime. Risk to develop symptomatic TB is considerably increased in HIV co-

infected individuals and it has also been described to be related with age: infants and children 

under 5 years who are infected with M. tuberculosis are at relatively high risk because of their 

immature immune systems and usually the disease is manifested in disseminated forms of 

diseases (miliary TB and tuberculous meningitis). Children from 5-15 years are relatively 

resistant to TB and in adolescents risk of TB is increased. At this age, pulmonary TB is the most 

frequent form of the disease (43, 44). 
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Figure 6. Cycle transmission of M. tuberculosis. M. tuberculosis is transmitted by air from people 

with active disease (1). In the majority of cases, the immune system can contain the bacilli in the 

granuloma (LTBI) (3). However, in the 10% of the cases, the granuloma breaks down and the bacilli 

is released to the lungs and develop the disease (4). Adapted from (45). 

 

Animal models for TB research 

Different animal models are used in TB research to understand the process of the disease 

process, the immune response of the host and to evaluate new vaccine candidate and new 

drugs. Some of the animal models used for TB research are: mice, guinea pigs, rabbits and non-

human primates (NHP). Differences in susceptibility to the human pathogen and variable 

histopathology have been observed in the different species (Table 1). 

Despite the variability of different animal models for TB, there is no a perfect one and all of 

them present some advantages and disadvantages, summarized in Table 1.  
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Table 1. Characteristics of mouse, guinea pig and non-human primate animal models in TB 

research. Adapted from (46-48). 

Model 
 

Lung lesion 
Susceptibility 

to TB 

Laboratory 
space 

requirements 
and cost 

Application 
Necrosis Caseation Cavitation 

Mouse No, 
except 
C3HeB/ 
FeJ 

Usually  
not 

No Low Relatively 
small 

Evaluation of 
drug and 
vaccines. 

Guinea pig Yes Yes Sporadic High Moderate Vaccine 
safety and 
efficacy 
studies. Drug 
evaluation. 

NHP Yes Yes Yes High Large Drug, vaccine 
efficacy and 
treatment 
strategy.  

 

Most relevant animal models for TB research are: 

Mouse: is the most widely animal model used in TB research despite the low susceptibility to 

the human pathogen. An immune system that resembles that of humans, availability of 

immunology reagents, well-annotated mice genome, possibility of disruption genes in mice that 

can be used to decipher the role of molecules in host immune system, small size of animals, 

relatively low housing costs and affordable costs for biosafety level 3 (BSL3) facilities are some 

of the advantages of the use of this model. Different routes of TB infection (aerosol, intravenous, 

intranasal or intratracheal) have been successfully described in the mouse model (48-50). 

Even though the immune system of mice is comparable to human immune system, lung 

pathology of TB differs from the histopathology observed in humans. After mice infection 

formation of granulomatous lesions containing macrophages, T cells and B cells are observed 

but the spherical shape of human granulomas is not observed. Caseous necrotic tissue is not 

formed because no hypoxia occurred inside the lesions and macrophages undergo apoptosis 

instead of necrosis (50). An exception in lung pathology was observed in C3HeB/FeJ, which was 

similar to humans (necrotic lesions with caseous centers) (51).  

Guinea pig: from the studies of Robert Koch in which he tried to identify the causative agent of 

TB to the present days, guinea pig has been an important animal model for better 

understanding of TB. The main advantages of this model are: high susceptibility to TB in 

comparison with mice, similarity of human granulomas with necrosis enclosed by lymphocytes, 

macrophages and multinucleate giant cells and a fibrotic capsule (52) and the possibility to 

perform more analyses in the same animal compared to mice because of the higher size (48). 

However this model is not more extensively used because of the restricted immunologic 

reagents available and the higher costs of this model in comparison with mice (increased space 
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needed for the animal and BSL3 requirements). Fortunately, the limitation of immunology 

reagents for this specie has been gradually changed during the last years (48, 49). 

This model has been highly used to test protective efficacy of new vaccine candidates because of 

its high susceptibility to TB and the protection observed of BCG in this model (50). Efficacy can 

be evaluated by the observation of a reduction of bacterial burden in lungs and spleen from 

four to five weeks after challenge or by comparison of survival time over a prolonged period 

compared to unvaccinated animals (52).  

Additionally, guinea pig model has been used to develop diagnostic skin test reagents and to 

novel drugs (50, 52).  

NHP: are naturally susceptible to M. tuberculosis and develop all the states of the disease in 

humans, including latency and hypoxic caseous granulomas of similar structures (50). NHP are 

the closest to humans of all species mentioned and present high genetic similarities to humans 

and similar immune response (49). For all these reasons studies in NHP are usually a link 

between animal and humans studies although its use is limited. 

The most commonly non-human primate used for TB research are rhesus macaque (Macaca 

mullatta) and cynomolgus macaques (Macaca fascicularis) (53), presenting considerable 

differenced in TB susceptibility (54), disease manifestations (55) (rhesus macaques are more 

susceptible to progressive TB than cynomolgus macaques) and protection of BCG (BCG protects 

almost completely in cynomolgus while inefficient BCG protection is observed in rhesus) (56). 

 

Diagnostics of TB 

Active TB diagnostic: four main technologies are used: imaging techniques, microscopy, 

culture-based techniques and molecular techniques. 

Chest X-ray is a rapid technique that permits observing the lesions in the lungs. Nevertheless, 

the technique has poor specificity because the observation of some abnormalities consistent 

with pulmonary TB can be also as a consequence of other lungs pathologies. Sputum smear is 

one of the most widely used to detect TB disease; this technique is based on visualizing the 

presence of bacteria with the microscope after Ziehl-Neelsen stain or with fluorescence 

microscopy using the acid-fast fluorochrome dye auramine-rhodamine. Culture-based method 

is based on mycobacterial cultivation on liquid media, but the disadvantage is that it takes 2 or 

3 weeks to obtain the result (5). Molecular techniques, such as Xpert ® MTB/RIF assay 

(Cepheid), are based on nucleic acid amplification and present higher sensitivity compared to 

conventional sputum smear microscopy (5, 57). 

An Xpert MTB/RIF Ultra assayed has been developed to improve Xpert MTB/RIF, because of 

decreased sensitivity and some false identification of rifampicin resistance (58, 59). 

Latent TB detection: tuberculin skin test (TST) and the interferon gamma release assay (IGRA) 

are available. IGRA is more specific than TST and can distinguish between BCG vaccinated 

individuals and latent TB. 
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TST or Mantoux test is based on an intradermal injection of tuberculin or purified protein 

derivative (PPD). A hypersensitivity reaction occurs after 48-72 hours in an individual who has 

cell-mediated immunity to these antigens. The disadvantage is that BCG vaccination or 

previous exposure to non-TB mycobacteria could interfere in the result.  

IGRA consists of in vitro blood tests of cell-mediated immune response measuring T cell release 

of interferon gamma after stimulation with M. tuberculosis antigens encoded in RD1 to 

differentiate BCG vaccinated from M. tuberculosis infected individuals. Currently available 

IGRAs are QuantiFERON®-TB Gold In-Tube (QFT-GIT) and ELISpot (T-SPOT®.TB). QFT-GIT 

comprises ESAT-6, CFP-10 and TB7.7 antigens. Whole blood is processed and IFN-γ 

concentration is measured. In T-Spot, ESAT-6 and CFP-10 antigens are used, isolated PMBCs 

are processed and it is measured number of IFN-γ producing cells. (60)  

QuantiFERON Gold Plus has been recently approved by FDA and has some differences from 

QFT-GIT. First, TB7.7 antigen is removed of there is a fourth tube which contains peptide 

configuration of ESAT-6 and CFP-10 to measure responses from CD8+ cells (61). Also, a new 

ESAT-6 free IGRA has been developed for diagnostic for TB vaccines based on ESAT-6. The 

study exhibits similar levels of sensitivity and specificity compared to Quantiferon (62). 

Further studies of T-SPOT.TB exhibited that EspC (encoded outside RD1, similar size and 

sequence homology than ESAT-6 and CFP-10) could be potentially used for T-cell based 

immunodiagnosis being at least as immunodominant as ESAT-6 and CFP-10 (63). Second 

generation of T-SPOT.TB which includes EspC, ESAT-6 and CFP-10 had significantly higher 

diagnostic sensitivity than T-SPOT.TB and QFT-GIT (64). 
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History of BCG, the vaccine against TB since 1921 
 

BCG, the current vaccine against TB 

BCG is the current and the only vaccine licensed to be used against TB to date. BCG was 

delivered orally for the first time in 1921 to a child whose mother has died a day after birth from 

TB and whose grandmother also was infected with M. tuberculosis. This first vaccination 

succeeded without serious side effects and without TB infection. During the next seven years 

more than 100,000 children had been vaccinated (10, 65, 66). The introduction of BCG 

vaccination notably reduced the mortality to 1.8% in vaccinated newborns in contrast to 25% in 

unvaccinated children (67). 

BCG is still administrated, nowadays by intradermic route, with a global coverage close to 90% 

of newborns (2). Consequently, BCG is one of the vaccines most widely used with more than 

4,000 million of doses in total and approximately 200 million of doses per year (67). The 

experience during this century is that BCG has a huge efficacy protection against the severe 

forms of the disease in children, although the protective efficacy against the pulmonary disease 

is adults is variable (68). Lack of central memory T cells, variability of BCG strains, different 

BCG preparations, loss of immunodominant antigens during the subcultivation or pre-exposure 

of environmental mycobacteria are some of the reasons proposed to try to explain this 

variability (67-69). 

To overcome this variable protection of protective efficacy against pulmonary disease, new 

vaccine candidates are being developed based on different strategies. 

 

BCG, a live attenuated vaccine obtained from a cattle pathogen M. bovis 

BCG was obtained after subcultivation of M. bovis, the causative agent of TB in cattle, during 13 

years (1908-1921) with a total of 230 passages by the physician Albert Calmette and the 

veterinarian Camille Guérin. The bacilli were grown in potato slides saturated in beef bile with 

5% of glycerine and passages were done every three weeks. After subcultivation in the 

laboratory, the bacilli failed to produce TB in several animal models (65, 70). 

Extensive studies of BCG exhibited that the main cause of its attenuation is the loss of the RD1 

region. BCG complemented with RD1 exhibited more virulence in immunocompromised mice 

than BCG (71) and deletion of RD1 in M. tuberculosis and M. bovis led to an increased 

attenuation in immunocompromised and immunocompetent mice (72, 73). However, after 

complementation of BCG with RD1, virulence was not completely restored. This observation 

suggested that there are other mutations or insertions in the genome which may collaborate in 

the attenuation of BCG (71). 

RD1 region encodes some components of ESX-1 protein secretion system, which is the most 

characterized of the five type-VII secretion systems contains in the genome of M. tuberculosis 

(Figure 7) (74, 75). This region comprises 9.5 kilobase (kb) and 9 genes are codified in this 

region, including the T-cell antigenic targets ESAT-6 and CFP-10. BCG complemented with the 
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complete RD1 recovers the secretion of ESAT-6. Secretion of ESAT-6 is related with an increased 

virulence in SCID mice (76) and the complementation with RD1 in BCG confers better 

protection in mice and guinea pigs compared to BCG after challenge with M. tuberculosis H37Rv 

(77). 

 

Figure 7. Genetic organization of ESX-1 and extended ESX-1 genes from M. tuberculosis. Scheme 

of ESX-1, espACD operon and espR in M. tuberculosis. ESAT-6 and CFP-10, also known as EsxA and 

EsxB proteins, are secreted through ESX-1 system. ecc genes are considered to encode ESX-

conserved components and esp genes encode ESX secretion-associated proteins. RD1 is deleted in 

all BCG strains and considered the main cause of attenuation of BCG. From (78). 

 

Evolution of BCG substrains as a consequence of laboratory subcultivation 

After the succeeded vaccinations with BCG during the 1920 decade, BCG was distributed 

worldwide. Until 1960, when the lyophilized methods to conserve bacteria appeared, BCG was 

maintained in the different laboratories by passaging the bacilli. As a consequence of parallel 

BCG subcultivation in several laboratories, different substrains of BCG appeared and were 

named with the place of subcultivation (Figure 8) (79, 80). 

Genotypic diversity is observed in BCG substrains, including region of difference (RD), specific 

nucleotide polymorphisms (SNPs), insertion sequences (IS6110), deletions and tandem 

duplications (65) (Figure 9). The most notable genomic modifications are the tandem 

duplications, DU1 and DU2. DU1, only present in BCG Pasteur, consists of 29,667 bp and spans 

the chromosomal origin of replication. DU2 is present in all BCG strains although this 

duplication is observed in four different forms, named DU2-I-IV. DU2-I is present in early BCGs 

strains (BCG Moreau, Russia and Japan) and consists on a duplication of ~ 20 kb. A duplication 

of ~140 kb and later Δint is the precursor of groups II, II and IV. DU2-II group comprised by 

BCG Birkhaug and Sweden have and additional deletion, ΔII, and the duplicated segment with 

Δint had switched position relative to groups III and IV. The duplicated fragment in DU2-III 

consists of 78.5 kb and is present in BCG Prague, Glaxo, Mérieux and Danish. BCG Tice, 

Frappier, Connaught, Phipps and Pasteur constitute the last group, containing DU2-IV which is 

obtained from DU2-III as a precursor and the deletion named ΔIV (81). 

Other genetic modifications differs the BCG substrains, different RDs have been described in 

the genealogy of BCG strains, presence of IS6110 in early BCGs (BCG Russia, Moreau and 
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Japan), missense mutation in BCG strains except in the early BCG strains in the start codon of 

sigK gene that lead to lose of expression of major antigens MPB70 and MPB83 (81, 82).  

A remarkable variable phenotype is the presence or absence of PDIM in BCG substrains. BCG 

Pasteur, Denmark, Russia, Sweden, Prague, Frappier, Phipps, Tice and Birkhaug produce PDIM 

in contrast to BCG Japan, Moreau and Glaxo (83). This phenotype does not correlate with BCG 

phylogeny, suggesting these mutations were acquired in these strains independently. 

Polymorphisms in the PhoPR virulence system have been also identified in BCG substrains in 

addition to the mutation Gly71Ile in PhoR that abolishes synthesis of SL, DAT and PAT (84). 

Group I of BCG has an IS6110 insertion upstream of phoP, absent in the other BCG groups. 

Group II of BCG contains a deletion in phoR that truncates the C terminus. In BCG group III, 

BCG Prague is a natural phoP mutant because of a frameshift in phoP which eliminates C-

terminal DNA binding domain. In the other three BCG from group III (BCG Glaxo, BCG Danish 

and BCG Mérieux) a 10 bp deletion in codon 91 in phoR is observed. In group IV, a frameshift in 

phoR abolishes its expression in BCG Frapier (85). 

 

Figure 8. Genealogy of BCG substrains. The scheme shows the distribution of the BCGs in the four 

different groups based on the DU2 groups, different deletion or SNPs and several polymorphisms 

in the two components system PhoPR. Underlined BCG means absence of PDIM. Adapted from 

(81, 85). 
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Current TB vaccine pipeline 
 

Phases of clinical trials for TB vaccine development 

The existence of a TB vaccine, BCG, implies that new TB vaccines require to be as safe as BCG 

and to confer higher protection compared to BCG (86, 87).   

After successful rigorous preclinical development, vaccine candidates could enter in clinical 

evaluation that consists mainly in three phases. Phase I aims to validate safety of new vaccine 

candidates in healthy adults unexposed to M. tuberculosis and later in healthy exposed adults. 

Phase II continues the safety control, give information about immunogenicity and selection of 

the dose on a target population. Phase III clinical trial is to study protective efficacy with a 

natural exposure of M. tuberculosis. (88). 

 

TB vaccine candidates in clinical trials 

New TB vaccines can be administered in different stages of the infection or the disease. Pre-

exposure vaccines are administered before infection with M. tuberculosis and the population 

targeted is infants, while post-exposure vaccines are thought to target vaccinated adolescents 

and adults with LTBI. Therapeutic vaccines target population with active TB and the goal is to 

be administered in combination with chemotherapy to shorten the treatment and patients with 

XDR-TB (89). It is suggested that the most effective pathway to control TB disease is the 

combination of efficient pre- and post-exposure vaccines (90). 

TB vaccines in the current pipeline have been obtained using different strategies: subunit 

vaccines (adjuvanted recombinant proteins or viral vectors expressing antigens), live attenuated 

vaccines, whole cell inactivated or fragmented mycobacteria (Figure 9) (67, 89, 91, 92). 

 Subunit vaccines 

Subunit vaccines consist of the presence of one or a few immunodominant antigens of M. 

tuberculosis and they are being developed to boost BCG, pre or post-exposure. There are two 

different types of subunit vaccines: recombinant proteins used with an adjuvant and viral 

vector systems (89). 

Adjuvanted protein subunit vaccines consist of one or more antigens formulized with an 

adjuvant. M72/ASOE1 harbors the antigens Rv1196 (Mtb39A) and Rv0125 (Mtb32A) with ASO1 

adjuvant (93). Phase IIb of efficacy against progression of disease has recently concluded. HIV-

negative adults from Kenya, South Africa and Zambia with LTBI and most of them BCG 

vaccinated were randomized to be vaccinated with M72/ASOE1 or placebo. Results concluded 

increased efficacy against active pulmonary disease in M72/ASOE1 group compared to placebo. 

M72/ASO1E provided 54% protection in adults infected with M. tuberculosis against active 

pulmonary TB disease (94). 

H56 contains Ag85B, ESAT-6 and Rv2660c antigen and H4 harbors Ag85B with antigen TB10.4. 

These three fusion proteins are combined with IC31© adjuvant. Results in clinical trial of 
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H56:IC31 in BCG vaccinated and HIV negative adults with or without LTBI and without history 

of TB disease showed that the vaccine was safe and immunogenic in all doses tested (95). A trial 

to evaluate safety and immunogenicity of H56:IC31 and BCG revaccination was performed in 

HIV negative and QFT negative adolescents BCG vaccinated at birth. Neither H4:IC31 nor BCG 

prevented from initial QFT conversion. However, revaccination with BCG reduced the rate of 

sustained conversion (96). Currently a phase IIb of H56:IC31 is ongoing to evaluate safety and 

efficacy in reducing rate of TB disease recurrence in HIV negative adults successfully treated for 

drug-susceptible pulmonary TB.  

ID93/GLA-SE contains Rv2608, Rv3619, Rv3620 and Rv1813 antigens formulated with GLA-SE 

adjuvant (97). A phase IIa trial for therapeutic use in HIV-negative TB patients has been 

completed and a phase IIa in BCG-vaccinated for prevention of infection is ongoing. 

GamTBvac consist on Ag85A, EST-6 and CFP-10 with dextran-binding domain immobilized on 

dextran and with and adjuvant consisting of DEAE-dextran core (98). Phase I trial has been 

completed in healthy BCG vaccinated adults. 

Viral vectored vaccines consist of replicon-deficient variants of virus. These subunit vaccine 

candidates in clinical trials, named MVA85A, Ad5Ag85A, ChadOx185A and TB/FLU-04L are 

viral vectors that all contains Ag85A from M. tuberculosis. TB/FLU-04L also contains ESAT-6. 

They are based on the modified vaccinia virus Ankara, adenovirus of serotype 5 vector, simian 

adenovirus and influenza vector respectively (67, 91). MVA85A was the first efficacy trial of a 

novel vaccine against TB since BCG. Unfortunately, no evidence of prevention of M. tuberculosis 

infection or TB disease was observed in the Phase IIb clinical trial in South Africa (99). Phase Ia 

of Ad5Ag85A is ongoing, phase I trial of ChAdOx185A alone or as part of a prime-boost 

strategy with MVA85A in BCG-vaccinated adults has been completed. TB/FLU-04L  is currently 

in phase IIa and is administered by mucosal route (2) (89). 

 Live attenuated vaccines 

Two live attenuated vaccine candidates are in clinical trials. The former is a recombinant BCG 

(rBCGΔUreC::hly), also named VPM1002, based on deletion of ureC and expression of 

listeriolysin O (LLO) encoded by hly gene from Listeria monocytogenes. Hly perturbates the 

phagosome membrane in acidic pH conditions and these acid conditions are reached because of 

ureC deletion. Consequently, this recombinant BCG can reach the cytosol and its 

immunogenicity is improved by antigenic presentation (100). Two phases I were performed 

containing Hyg marker, one in healthy adults in Germany (BCG vaccinated or unvaccinated) 

and the other in the endemic country South Africa in healthy BCG-vaccinated adults. Results 

showed that the vaccine was safe in both trials (101, 102). Phases IIa were performed in HIV-

unexposed newborns in South Africa and results exhibited that VPM1002 is safe and 

immunogenic in newborns (102). The next step, a phase IIb in HIV-unexposed and HIV-

exposed uninfected, BCG-naive newborns in South Africa were performed with VPM1002 with 

and without Hyg marker. HIV-exposed uninfected newborns are included in the trial because it 

represents 30% of the newborns that will receive BCG vaccine in South Africa and the may be a 

high risk group of M. tuberculosis infection. In addition of prime vaccine at birth, VPM1002 is 

being developed as a post-exposure vaccine. A phase II/III trial is ongoing in India in adults that 
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have been successfully treated of TB. The aim is to defined if VPM1002 can prevent TB 

recurrence, because this population has high risk of recurrence (103). 

The latter is a recombinant M. tuberculosis strain, named MTBVAC, based on two independent 

non-reverting deletions in phoP and fadD26 genes without antibiotic markers, both key 

virulence factors of the bacilli (104). MTBVAC is being developed at the University of Zaragoza 

in collaboration with the industrial partner Biofabri, responsible of industrial and clinical 

development. Currently two phases IIa are ongoing in newborns and adults in South Africa. 

Molecular details, preclinical and clinical trials of MTBVAC are detailed in the next section. 

 Whole cell inactivated or fragmented mycobacteria  

Mycobacterium vaccae (VaccaeTM) is a whole cell, heat killed M.vaccae, MIP is a whole cell heat-

inactivated mycobacterium indicus pranii (92). 

RUTI® consists on cell wall fragments from M. tuberculosis. Both are planned to be used as 

therapeutic vaccines (89, 105). 

DAR-901 is a non-TB mycobacteria inactivated, Mycobacterium obuense to use as booster vaccine 

against TB. DAR-901 exhibited safety profile in healthy adults in phase Ia trial (106), and Phase 

II is ongoing to study the prevention of infection in adolescents and adults.  
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Figure 9. TB vaccine pipeline. Different box colours represent the type of vaccine: live attenuated 

vaccine, proteins with an adjuvant, viral vectored vaccines or whole cell inactivated or fragmented 

mycobacteria. Adapted from (107) 

 

In addition to the phase IIb clinical trial of MVA85A (99), results of two clinical trials IIb have been 

recently published. H4:IC31 or BCG revaccination in adolescents BCG vaccinated QFT negative; none of 

them prevented initial QFT conversion although BCG revaccination reduced the rate of sustained 

conversion, opening the possibility to continue the study of revaccination with BCG (96). In a prevention 

of progression of disease, M72/ASO1E exhibited superior efficacy against TB disease than placebo group in 

adults with LTBI (94). 
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MTBVAC, a live attenuated vaccine candidate based on M. 

tuberculosis  
 

The rational construction of MTBVAC 

New live attenuated vaccine candidates against TB should fulfill the Geneva consensus to enter 

into clinical trials. Two independent non-reverting mutations without antibiotic markers are 

recommended for live attenuated candidates (108).  

The rational construction of MTBVAC started in 1991, when an outbreak was reported in Spain 

caused by a M. bovis strain, which exceptionally was transmitted between humans (109). 

Genetic studies revealed the presence of two IS6110 insertions, a rare event since M. bovis strains 

usually contains only one IS6110. The second copy of IS6110 in the human outbreak strain, 

named M. bovis B, was upstream phoP gene. This insertion was responsible of the increased 

expression of this gene and this event suggested the involvement of phoP in virulence (110). 

Deletion of phoP in a clinical isolate of lineage 4 of M. tuberculosis, named Mt103, led to an 

attenuated strain named SO2. A M. tuberculosis clinical isolate was chosen because it is the main 

causative agent of TB in humans and also in order to avoid side effects of laboratory 

subcultivation. SO2 was constructed by insertion of kanamycin (Km) resistant cassette in phoP 

(111). Subsequent experiments with SO2, revealed a spontaneous loss of PDIM. (112). 

Consequently SO2 has the genetic profile of phoP mutant and PDIM deficient phenotype (113) 

(Figure 10). 

This phoP mutant/PDIM deficient strain showed reduction of multiplication in mouse bone 

marrow-derived macrophages from BALB/c mice and highly attenuation in the mouse model in 

comparison with the parental strain and even increased attenuation compared to BCG Pasteur 

(111, 114). Also, SO2 conferred protection in mice, guinea pigs and NHP (114, 115). 

These promising results suggested the feasibility of a new vaccine candidate based on SO2 

prototype. Taking into account the recommendations of new live attenuated vaccines for TB, the 

Geneva consensus stablished that two independent non-reverting mutations without antibiotic 

markers are recommended. To fulfill the Geneva consensus, the Km resistant cassette was 

replaced for a resolvable hygromycin (Hyg) cassette that was subsequently removed and the 

second deletion was obtained in fadD26 gene, which is required for PDIM synthesis (104). 

As a result, MTBVAC is a double unmarked mutant based on deletion of phoP and fadD26 

genes, both involved in virulence, in the clinical isolate of M. tuberculosis Mt103 (Figure 10) 

(104). MTBVAC harbors the epitope repertoire of M. tuberculosis because it was obtained from 

an isolate of the human pathogen M. tuberculosis. Comparison of BCG and MTBVAC in the 

number of T cell epitopes showed that 433 of the 1603 experimentally demonstrated T cell 

epitopes (27%) are located in RD regions absent in BCG Pasteur and almost the 20% of them 

were located in RD1 region. Therefore MTBVAC harbors 1603 epitopes and BCG 1170 epitopes 

(116).  
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Strain phoP deficiency PDIM deficiency 

SO2 Insertion of Km within phoP gene Spontaneous mutation in PDIM operon 

MTBVAC Internal deletion in phoP gene Internal deletion in fadD26 gene 

 

Figure 10. Genotype of Mt103, SO2 and MTBVAC strains. Mt103 is the parental strain with phoP 

and fadD26 genes WT. In SO2, phoP mutant was obtained by insertion of Km cassette resistance and 

is PDIM deficient (spontaneously). MTBVAC is a double mutant unmarked in phoP and fadD26 

genes. Adapted from (113). 

 

Implication of phoP in the virulence of M. tuberculosis 

phoP gene (Rv0757) codes for the transcription factor PhoP, a constituent of the two-component 

system (TCS) PhoP/PhoR from M. tuberculosis. TCS are bacterial sensors that respond 

extracellular stimuli. TCS are composed of membrane-associated sensor (histidine kinase) 

which detect the environmental stimuli and have the ability to phosphorylate itself and after 

transfer the phosphate to the response regulator which acts as effector. The response regulator 

alters its conformation after being phosphorylated and control the expression of particular 

genes (117). PhoP is the response regulator of the TCS PhoP/PhoR and controls approximately 

2% of the coding capacity of the M. tuberculosis genome (118).  

Genes positively regulated by PhoP include: genes required for hypoxia adaptation, genes 

involved in aerobic/anaerobic respiration, genes within the RD1, genes encoding stress proteins 

and genes involved in lipid metabolism (118-120) (Figure 11).  
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Figure 11. The PhoP regulon of M. tuberculosis. Positive PhoP regulated genes (with green 

arrows) and negative PhoP regulated genes (with red arrow), from (118).  

Phenotypic molecular implications of PhoP are: 

 Transcriptomics reveals that PhoP regulates pks2/3 genes which are involved in the 

synthesis DAT, PAT and SL (121). Consequently, a phoP mutant is devoid of DAT, PAT 

and SL in the mycomembrane. 

 PhoP controls the secretion of ESAT-6, one of the major antigens secreted by M. 

tuberculosis (122). PhoP is the key of a complex pathway that regulates ESAT-6 

secretion. PhoP can directly activate expression of espACD operon, which controls the 

ESAT-6 secretion, or indirectly by activating the expression of espR or whiB6, which can 

also activate the expression of espACD operon (85). Therefore, a phoP mutant produce 

ESAT-6 but its secretion is impaired. 

A single nucleotide insertion in the promoter region of whiB6 in H37Rv and H37Ra 

leads to downregulation of whiB6 by PhoP in contrast to clinical strains in which PhoP 

upregulates whiB6 expression (78). 

 ChIP-seq analysis reveals that the most prominent PhoP-regulated region is the non-

coding RNA (ncRNA) mcr7. PhoP upregulates mcr7 expression and this ncRNA inhibits 

the translation of tatC mRNA. tatC gene encodes a transmembrane protein which is a 

component of the Twin Arginine Translocation (TatABC) apparatus which is involved 

in the secretion of proteins that contains a twin arginine motif (RR) in their signal 

peptide. Immunodominant Ag85 complex is secreted through TAT system (119). 

Consequently, expression of mcr7 is notably downregulated in a phoP mutant and there 

is no inhibition of translation of tatC mRNA, and increased amounts of TAT substrates 

are secreted in phoP mutants.  

 Metabolomics studies showed that synthesis of PIM derivatives is a novel-PhoP 

regulated phenotype. Production of PIMs was higher in H37Rv ΔphoP, GC1237 ΔphoP 
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and MTBVAC than in the parental strains. In addition 34 metabolites were differentially 

observed in MTBVAC compared to Mt103 (123).  

Implication of fadD26 in the virulence of M. tuberculosis 

fadD26 gene (Rv2930) belongs to a family of 36 fadD genes. The gene is located in M. tuberculosis 

genome adjacent to the polyketide synthases (PKSs) genes. fadD26 gene shows homology to 

acyl-CoA synthetases. FadD26 constitute one of the long-chain fatty acyl-AMP ligases (FAALs), 

involved in the activation of long-chain fatty acid as acyl-adenylates, subsequently transferred 

to multifunctional PKSs for further chain extension, for phthiocerol synthesis, indispensable for 

PDIM synthesis (124).  

Early studies suggest the relation of PDIM in pathogenicity of the bacteria. PDIM synthesis and 

transport is required for growth in lungs and required for M. tuberculosis during acute phase 

infection (125, 126). Attenuation experiments demonstrated that BALB/c mice inoculated 

intravenously with Mt103 ΔfadD26 showed increased survival, lower granuloma size and lower 

bacterial loads than WT strain (127).  

A recent work has described a new function of PDIM, which seems to act in concert with ESX-1 

to destabilize membranes of phagosomes containing M. tuberculosis and subsequent rupture of 

infected macrophages. Presence of PDIM was essential for phagosome disruption, which 

suggests that PDIM is needed for optimal ESX-1 activity (38). 

 Biosynthesis of PDIM 

The majority of genes involved in PDIM synthesis are located in a cluster of ~50 kb of the 

genome, with 15 open reading frames (ORF) with 35 catalytic steps.  

In the first step, FadD26 activates long-chain fatty acids and transfers them to the first PKSs, 

PpsA. Phthiocerol is obtained after subsequent steps in the ppsA-E cluster. In a parallel pathway 

FadD28 activate fatty acids that are transferred to the PKs protein Mas to obtain mycocerosic 

acid. Then, PaPA5 mediates the direct transfer of the mycocerosic acids on to the phthiocerol to 

obtain the final product, PDIM (Figure 12). The six multifunctional PKSs proteins contain β-

ketoacyl ACP synthase (KS), acyl transferase (AT), ketoreductase (KR) and ACP domains are 

involved in the loading, decarboxylate condensation, and ketoreduction of the acyl 

intermediates. Dehydratase (DH) and enoylreductase (ER) domain converts these β-hydroxy 

acylthioester to the reduced products (128).  
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Figure 12. Byosinthesis of PDIM. Sequential steps for PDIM synthesis. Adapted from (124). 

Accordingly, the phenotype of MTBVAC is the combination of the phenotypes described 

because of phoP and fadD26 deletions (Figure 13). 

 
 

Figure 13. Comparative scheme of M. tuberculosis and MTBVAC. In M. tuberculosis (left panel) 

PhoR phosphorylate PhoP which controls the expression of a large set of genes. Some phenotypes 

have been already described to be PhoP-dependent: synthesis of SL, DAT/PAT, secretion of ESAT-6 

and post-transcriptional regulation of tatC, mediated by mcr7. MTBVAC (right panel) is devoid of 

SL, DAT and PAT; produce but no secrete ESAT-6 and secretion of TAT-secreted proteins are 

increased because of phoP deletion. Deletion of fadD26 leads to devoid of PDIM. Adapted from (85). 
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Preclinical studies of SO2 and MTBVAC 

Before enter into clinical trials, new live vaccine candidates against TB require different 

preclinical experiments in different animal models to demonstrate protection efficacy, safety 

and stability. New vaccine candidates also need to be manufactured in Good Manufacturing 

Practice (cGMP), and preclinical and nonclinical testing needs to be performed in the GMP 

product (87, 108).  

In general, observation of efficacy protection is recommended in more than one animal model 

(usually in mice, guinea-pigs, which is highly relevant model for protection efficacy studies or 

NHP model). Safety studies are usually performed in immunocompromised animals (mice) and 

stability of new vaccines is related with the maintenance of the genetic modification and non-

reversion to virulent phenotype (87). 

In SO2, the prototype of MTBVAC, safety studies in BALB/c mice exhibited significant 

increased survival of SO2 compared to Mt103 (129); in SCID mice,  high attenuation of SO2 was 

observed compared to Mt103 and also SO2 was more attenuated than BCG Pasteur (114). 

Experiments in guinea pig also confirmed the safety profile of SO2, the strain was inoculated in 

guinea pigs and no weight differences were observed in SO2 inoculated mice compared to 

control and no histological lesions were observed which confirmed no toxicity effects. No 

reversion of phoP mutation was observed after 6 months of laboratory culture and after 3 

months in SCID mice (130). 

Comparable levels of SO2 protection to BCG-Phipps were observed with subcutaneous 

vaccination in BALB/c mice and intravenous or intratracheal challenge with H37Rv (114, 129). 

Similar protection efficacy was observed in guinea pig model, with subcutaneous vaccination of 

SO2 or BCG Pasteur followed by a low dose (10-50 CFU) H37Rv aerosol challenge. In high-dose 

challenge (500 CFU) in guinea pig, SO2 exhibited increased protection compared to BCG 

Pasteur or Danish vaccination followed by higher guinea pig survival, reduction of lung 

pathology and decreased in lung and spleen bacterial burden (114). In NHP (rhesus macaques) 

increased protective efficacy was observed in comparison with BCG (115) (Table 2). 

In MTBVAC preclinical experiments, similar safety profile to BCG Pasteur and Danish was 

observed in SCID mice, with significant reduction in bacterial burden in lungs and spleen after 

13 weeks of post-subcutaneous inoculation compared to Mt103 (104). MTBVAC also exhibited 

increased safety, immunogenicity and protective efficacy than BCG Danish in C57BL/6 newborn 

mice (131). In guinea pig model, MTBVAC exhibited protection against H37Rv aerosol 

challenge (104) (Table 2). 

Table 2. Preclincial studies of SO2 and MTBVAC.  

Safety studies Protective efficacy 

Mice (SCID and BALB/c) (104, 114, 129) Mice (C57BL/6, BALB/c) (104, 114, 129, 131) 

Guinea pig (114) Guinea pig (104, 114) 

 Non-human primates (rhesus macaques) (115) 
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Clinical trials of MTBVAC 

GMP development of freeze-dried MTBVAC is the result of collaborative partnership of 

University of Zaragoza, Biofabri and the European non-profit Tuberculosis Vaccine Initiative 

(TBVI). MTBVAC entered in clinical trials in 2012, two phases I have been completed and two 

phases IIa are ongoing (Figure 14). 

Phase Ia 

Phase Ia (NCT02013245) of MTBVAC was approved in 2012 by Swissmedic to evaluate safety, 

local tolerance and immunogenicity testing three escalating doses. Phase Ia was performed at 

Lausanne University Hospital (CHUV) in Switzerland. Healthy adults without history of BCG 

vaccination or exposure to TB (PPD negative) and HIV negative were vaccinated with 

escalating doses of MTBVAC (5x103, 5x104 and 5x105 colony forming units, CFU) or with 5x105 

CFU of BCG SSI. BCG SSI is a commercial formulation of BCG of the Danish strain from Statens 

Serum Insitute (Copenhagen, Denmark). Successful results showed that MTBVAC is at least as 

safe as BCG. Promising immunogenic results were obtained: at the same dose (5x105 CFU) there 

was greater frequency of polyfunctional CD4+ central memory T cells in MTBVAC group that in 

BCG group although there were no significant differences. However, until now it is unknown 

the immune correlation of protection against TB and consequently efficacy trials in high burden 

are required to validate the efficacy of new vaccine candidates (132). 

Phase Ib 

Data from phase Ia supported the advance to phase Ib clinical trial in an endemic country. 

Phase Ib (NCT02729571) was performed in South African Tuberculosis Vaccine Initiative 

(SATVI) in Cape Town, South Africa. This clinical trial comprised two-stage randomized and 

double blind clinical trial. First, 18 healthy adults BCG-vaccinated, QFT-negative and HIV-

uninfected were randomized 1:1 to be vaccinated with MTBVAC or BCG SSI (5x105 CFU). A 

follow up during 6 months show a safety profile of MTBVAC allow the beginning of the second 

stage of the phase Ib in infants. 36 infants BCG naïve, HIV-unexposed were randomized 1:3 to 

receive BCG SSI (2.5x105 CFU) or escalating doses of MTBVAC (2.5x103, 2.5x104, 2.5x105 CFU).  

Phase Ib finished in September 2016 and results were obtained in the first quarter of 2018 and 

are expected to be published during this year. Safe results allowed the progress to phase IIa. 

Phase IIa 

Two phases IIa have started during the first quarter of 2019 to develop MTBVAC with different 

population target. Both phases IIa are being performed in SATVI. The hypothesis is that the 

most successful strategy to achieve WHO End TB objectives is the combination of vaccination in 

adults and neonates. 

The first strategy targets neonates and the strategy is as prime vaccine at birth. Phase IIa 

(NCT03536117) dose-defining trial of MTBVAC will evaluate safety, reactogenicity, 

immunogenicity and potential for IGRA conversion and reversion of MTBVAC in newborns in 

South Africa. Neonates BCG naïve, HIV-unexposed will be randomized to be vaccinated with 

BCG SSI (2.5x105 CFU) or escalating doses of MTBVAC (2.5x104, 2.5x105 and 2.5x106 CFU).  
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The second strategy is the use of MTBVAC as booster in BCG vaccinated adolescents and young 

adults. This phase IIa (NCT02933281) dose-defining enrolls healthy adults, BCG vaccinated 

with or without LTBI. Four different doses will be evaluated (5x103, 5x104, 5x105 and 5x106 CFU) 

or BCG revaccination (5x105 CFU). Adults will receive MTBVAC vaccination or BCG Japan 

revaccination in eight cohorts (four cohorts of QFT-negative and four cohorts of QFT-positive).  

MTBVAC vaccine is based on the attenuation of M. tuberculosis and harbors the whole antigen 

repertoire of this pathogen. Therefore, MTBVAC contains ESAT-6 and CFP-10, which are the 

antigens used for the diagnostic with Quantiferon and EliSpot TB. Consequently, a new 

diagnostic test may be required to differ between MTBVAC vaccination and M. tuberculosis 

infection (113). 

 

Figure 14. Clinical trials of MTBVAC.  Two phases IIa are ongoing, one in newborns and the other 

in adults in South Africa after successful phase Ia in healthy adults in Switzerland and a phase Ib in 

an endemic country in healthy adults and neonates. 
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OBJECTIVES  
 

The general objectives of the Thesis are: 

New TB vaccines should confer protection against all lineages causing TB in humans. Three of 

M. tuberculosis lineages, 2, 3 and 4, named modern lineages, are worldwide spread. We 

construct two vaccine candidates based on the same deletions than MTBVAC and study 

lineage-dependent protection. Results obtained with these vaccines candidates could anticipate 

their use as either a trivalent vaccine or in the context of specific geographic distribution of the 

different lineages. 

Additionally, the recent discovery that the secondary messenger c-di-AMP impacts on immune 

signaling in M. tuberculosis, led us to study the involvement of this molecule in the immune 

responses triggered by MTBVAC. 

 

The specific objectives are: 

 Construction of phoP and fadD26 deletions in two clinical isolates of lineages 2 and 3 of 

M. tuberculosis, named MTBVAC-L2 and MTBVAC-L3, fulfilling the Geneva consensus. 

 

 Molecular characterization of the new MTBVAC-L2 and MTBVAC-L3 vaccine 

candidates to confirm previously described PhoP- and FadD26-dependent phenotypes. 

 

 Preclinical studies in immunocompromised mice to study the attenuation of MTBVAC, 

MTBVAC-L2 and MTBVAC-L3. 

 

 Preclinical studies to evaluate the protective efficacy of MTBVAC, MTBVAC-L2 and 

MTBVAC-L3 after the challenge with virulent strains belonging to the three modern 

lineages of M. tuberculosis. 

 

 Deletion of genes in MTBVAC that codes the cyclase and phosphodiesterase involved 

in c-di-AMP synthesis and degradation respectively. Evaluation of IFN-β and IL-1β 

response in infected macrophages. 
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Construction and characterization of new double 

phoP and fadD26 mutants in two clinical isolates of 

modern lineages 2 and 3 of M. tuberculosis 
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Abstract 
 

MTBVAC is a live attenuated vaccine based on deletions in phoP and fadD26 genes in the clinical 

isolate Mt103, which belongs to lineage 4 of M. tuberculosis (Euro-American lineage). Both genes 

are involved in virulence of the bacilli; phoP codes for the transcription factor PhoP which 

controls approximately the expression of the 2% of the genes of M. tuberculosis, and fadD26 gene 

is required for PDIM synthesis. MTBVAC is one of the most promising TB vaccine candidates 

and the only live attenuated vaccine based on the human pathogen M. tuberculosis.  

TB in humans is caused by M. tuberculosis sensu stricto (comprised by lineages 1-4 and 7) and M. 

africanum (lineages 5 and 6). Lineages 2, 3 and 4 (L2, L3 and L4) of M. tuberculosis are named 

“modern” lineages because of the deletion of TbD1 region while the others are named “ancient” 

lineages. Modern linages, in particular lineage 2 and lineage 4 are the most globally widespread 

according to their geographic distribution while lineage 3 presents an intermediate distribution, 

being present mostly in East Africa, Central- and South-Asia. 

Considering the encouraging results of MTBVAC as vaccine candidate, fadD26 and phoP 

deletions were obtained in two clinical isolates of lineages 2 (East-Asian lineage) and 3 (East-

African-Indian lineage) of M. tuberculosis, named MTBVAC-L2 and MTBVAC-L3. Therefore, 

three MTBVAC vaccine candidates were obtained in clinical isolates of the modern lineages of 

M. tuberculosis. Previous phenotypes described in MTBVAC were confirmed in the new double 

mutants MTBVAC-L2 and MTBVAC-L3: inability to fix neutral red, downregulation of PhoP 

regulon, secretion of CFP-10 in contrast to the inability to secrete ESAT-6. 
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Introduction 

 

Evolution of the M. tuberculosis Complex  

M. tuberculosis Complex (MTBC) consists of a clonal group of mycobacterial lineages, with 

99.9% of nucleotide identity and pathogenic to a wide range of mammalian hosts. MTBC 

comprises lineages adapted to humans for which are the unique known reservoir, called 

“human-adapted” mycobacteria and “animal-adapted” mycobacteria that affect wild and 

domestic mammalian hosts (1-3) (Figure 15A).  

Mycobacteria adapted to infect humans can be classified in seven lineages and comprise 

lineages 1-4 and lineage 7 of M. tuberculosis sensu strictu and lineages 5 and 6 of M. africanum. 

The geographical distribution of these lineages differs considerably (Figure 15B); some of them 

are globally widespread whereas others are geographically restricted (4). Lineage 4 (Euro-

American lineage) and lineage 2 (East-Asian lineage) of M. tuberculosis are the most globally 

widespread and considered the most transmissible lineages. Lineage 1 (Indo-Oceanic) and 

lineage 3 (East-African-Indian) of M. tuberculosis show intermediate distributions. These 

lineages are geographically associated all around the Indian Ocean and East Africa, Central- 

and South-Asia respectively. The remaining lineages, lineage 7 of M. tuberculosis and lineages 5 

and 6 of M. africanum, called M. africanum West Africa 1 and West Africa 2 respectively are 

geographically restricted (4, 5). Lineage 7 occurs particularly in Ethiopia and lineages 5 and 6 

occurs specially in West-Africa (6). 

Additionally, human-adapted mycobacteria can be divided in “modern” or “ancient” lineages 

based on the deletion in modern lineages of the region of the genome called, M. tuberculosis 

specific deletion 1 (TbD1), which comprises mmpS6 and mmpL6 genes. Hence, lineages 2, 3 and 

4 of M. tuberculosis are named modern lineages whereas lineages 5 and 6 of M. africanum and 

lineages 1 and 7 of M. tuberculosis are known as ancient lineages (7). 

Differences in immune response and disease progression are found in modern and ancient 

lineages. Modern lineages produce lower proinflammatory response compared to ancient 

lineages in human monocyte-derived macrophages (Figure 16A) (8). Relation between low 

inflammatory innate immune response and increased virulence in animal models has been 

previously described (9, 10). The hypothesis is that the reduction of immune response observed 

in modern lineages could contribute to a fast progression to active disease and increased 

transmission. The notion is that modern lineages have evolved in the context of high population 

densities and these lineages have adapted to large host populations and became more virulent. 

By contrast, ancient lineages have evolved in low population densities until very recently and 

these lineages remain less virulent because of the limited host availability (Figure 16B) (8).  
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Figure 15. MTBC and geographical distribution of human adapted mycobacteria. (A) Maximum 

likelihood phylogeny, adapted from (11). Large Sequence Polymorphisms (LPs) indicated along 

branches are described in (7) (B) Geographical distribution of human adapted mycobacteria, 

adapted from (4). 

However, differences and controversial results have been described in the immune response 

produced by strains belonging to lineages 2, 3 and 4. Some studies observed lower levels of 

proinflammatory response in lineage 2 strains compared to lineage 4 strains in monocyte-

derived macrophages and peripheral blood mononuclear cells (12, 13). The opposite was 

observed in bone-marrow-derived murine macrophages (14). These controversial results could 

be explained by the different cell lines used in the experiments, and the variability of strains in 

the lineages.  

A recent study of lineage 4 confirms the intra-lineage heterogeneity of lineage 4, which is 

constituted by 10 sublineages that present high differences in geographical distribution. Three 

sublineages (L4.1.2/Haarlem, L4.3./LAM and L4.10/PGG3) are widely widespread and named 

“generalists” and can cause disease in many populations. By contrast, L4.6.1/Uganda and 

L4.6.2/Cameroon sublineages are geographically restricted to certain countries and seem to be 

specialized to infect specific populations, and are named “specialists”. The five remaining 

sublineages present an intermediate geographical distribution. MTBVAC was obtained from the 

clinical isolate Mt103 which belongs to sublineage L4.10/PGG3, considered a generalist 

sublineage and the third most frequent of the ten sublineages of M. tuberculosis lineage 4 (11.9%) 

according to Stucki and colleagues (15). 
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Figure 16. Spectrum of responses of human adapted mycobacteria. (A) IL-6 detection in 

supernatants of macrophages 24 h post-infection from 3 independent donors. Same trend was 

observed other cytokines including, IL-12p40/70 and TNF-α. (B) It is suggested that modern 

lineages elicit a delayed innate immune response and progression to an active disease is faster than 

in ancient lineages. From (16) 

Besides human adapted mycobacteria, MTBC comprises animal-adapted mycobacteria. Animal-

adapted mycobacteria can be considered as “ecotypes” and are constituted of different 

mycobacteria adapted to infect a specific mammal. Differences in genomics have been observed 

among them, with different RDs and SNPs. Mycobacteria ecotypes are: Mycobacterium microti, 

causative agent of TB in rodents, Mycobacterium mungi, adapted to infect mongoose, 

Mycobacterium suricattae, and cause TB in meercats, Mycobacterium orygis, Mycobacterium caprae, 

M. pinnipeddi and M. bovis, which are mainly adapted to infect oryxes, caprine, seals and cattle 

respectively (3). 

 

Lineage 2 of M. tuberculosis – East Asian  

Lineage 2 of M. tuberculosis (East-Asian) is one of the most widespread lineages and is 

geographically associated with East-Asia, Russia and South Africa. Lineage 2 has been 

extensively classified by eight different studies, based on insertion of IS6110, RDs, SNPs 

database, VNTR or WGS, reviewed by Shitikov and colleagues (17).  

All lineage 2 strains are defined by RD105 or a mutation at position (pos.) 4974491(G>A), and 

the lineage can be classified in two major phylogenetic clades. The first clade is named lineage 

2.1, proto-Beijing or group 1 by Luo, Shitikov or Tsolaki and Gagneux and colleagues 

respectively (4, 17-19). The second major clade, named lineage 2.2 by Coll, Luo and colleagues 

(18, 20), is composed of all Beijing strains/Beijing family, which are the majority of lineage 2 

strains. Beijing strains are defined by the RD207 deletion, mutation at pos. 2505085 (G>A) (20) 

and pos. 4280708 (G>A) (21) and can be divided in several sublineages. The next division point 

is the presence or deletion of RD181 or three different SNPs described in different studies. 

Presence of this region defines Asian Ancestral 1 by Merker and colleagues (22) or lineage 2.2.1 

by Coll and colleagues (20). In the next level, mutation at pos. 886115 (T>C) defines Asian 

Ancestral 2 lineage, while Asian Ancestral 3 is defined by mutation at pos. 1477522 (C>A) by 
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Merker and colleagues (22). All these Beijing sublineages described until now are referred as 

ancestral Beijing strains. 

The next phylogenetic point is the insertion of IS6110 in the noise transfer region (NTF), which 

defines modern Beijing clade (23) and comprise seven groups taking into account all the studies, 

including  Asian African 1, Europe/Russia BO/W148 outbreak, Central Asia, Asian African and 

Pacific RD150 (22) (Figure 17). 

 

Figure 17. Scheme of sublineages of lineage 2 of M. tuberculosis. Representation of the major 

phylogenetic groups and genetic markers of lineage 2 of M. tuberculosis based on different studies. 

Adapted from (17).  

Beijing genotype family represents 50% of strains in East Asia and at least 13% of strains 

worldwide (24). Beijing strains are usually associated with hyper-virulent phenotypes, 

increased pathogenicity, rapid progression to active disease, drug resistance and recent major 

TB outbreaks (25-28). Highest content of IS6110 were observed in Beijing strains. Additionally, 

lineage-specific content of IS6110 was observed being higher in modern lineages (29).   

Some molecular characterizations have been associated with the increased virulence observed. 

Presence of PGL in a subset of Beijing strains, although its presence is variable in Beijing strains, 

is associated with increased virulence (10). Intact pks1-15 cluster is essential for PGL 

biosynthesis. A 7-base-pair deletion in H37Rv and CDC5115, both from lineage 4 of M. 

tuberculosis, lead to the absence of PGL in these strains (30). 

Other phenotype described is that some Beijing strains show higher levels of expression of 

DosR, which is a regulon of 48 co-regulated genes controlled via DosR-DosS/DosT two-

component system and it is required for MTBC persistence (31, 32). Duplication gene and SNP 

immediately upstream of DosR are suggested to be associated with its augmented expression 

(33, 34).  
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In the mouse model, several studies have observed an increased virulence of Beijing strains. 

Beijing strains showed higher mortality and increased bacterial burden than H37Rv after 

intratracheal injection in BALB/c mice (35, 36) and lower survival was also observed in Beijing 

strain compared to CDC1551 in B6D2/F1 mice challenged by aerosol route (9). 

One of the hypothesis of the emergence of Beijing strains is the possibility of less protection of 

BCG against these Beijing strains than against others or that BCG vaccination may have a 

selective factor that favored a genotypic and phenotypic characteristic acquired by Beijing 

family (37, 38).  Controversial results have been obtained in the mouse model and 

epidemiologic studies. In mice, reduced protection of BCG was observed against Beijing strains 

compared to challenge with other M. tuberculosis strains from other lineages in BALB/c mice (36) 

whereas this phenotype was no observed in C57BL/6 mice (39, 40). In epidemiologic studies, 

disagreement conclusions were obtained. In some studies, BCG vaccinated patients were more 

frequently infected with Beijing strains than non-Beijing strains in Vietnam, Hong Kong and the 

Netherlands (41, 42). However, no association was found in other studies between BCG 

vaccination and the spread of Beijing strains in Vietnam and Indonesia (43, 44). Therefore, the 

hypothesis of BCG vaccination and emergence of Beijing strains remains unresolved (45).  

 Differences between modern and ancient Beijing 

Ancestral or modern Beijing differs in the presence or absence of IS6110 in NTF region, (46),  

mentioned before in the classification of lineage 2 

Differential molecular characterization, specifically organization of ppe38 locus, has been 

recently described between modern and ancient Beijing strains. Modern Beijing strains contains 

an IS6110 that truncates ppe38 (mt2419) and ppe71 (mt2422) genes and deletes esxXY genes 

(which are localized between ppe38 and ppe71). By contrast, ancient Beijing strains used in the 

study contains an intact copy of ppe71 and esxXY genes and an insertion of IS6110 in ppe38. 

Modern Beijing strains have lost the ability to secrete PE_PGRS proteins while ancient Beijing 

strain can secrete them because of the differences in ppe38 locus. Lack of secretion of these 

proteins is linked to increased virulence in mice (47). 

Differential induction of proinflammatory cytokines was observed between modern and ancient 

Beijing strains. Induction of IL-1β, IFN-γ and IL-22 was significantly lower in peripheral blood 

mononuclear cells (PBMCs) by modern Beijing strains compared to ancient Beijing isolates (13). 

Same phenotype was observed in human-monocytes derived macrophages (48). In C57BL/6 

mice, three different patterns were observed when modern and ancient Beijing strains were 

studied. Some modern Beijing exhibited higher virulence than ancient Beijing strain. However, 

intermediate phenotype was observed in one modern and one ancient Beijing strain (49). 

In general, modern Beijing group is more likely to exhibited increased virulence in comparison 

with ancient Beijing strains, although both groups can exhibit high virulent phenotypes. For 

example, similar or higher levels of virulence were observed in ancient Beijing strains compared 

to modern Beijing strains in guinea pigs (50).  
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Lineage 3 of M. tuberculosis - East-African-Indian  

Lineage 3 of M. tuberculosis (East-African-Indian) presents and intermediate geographical 

distribution and is less widespread than lineages 2 and 4 of M. tuberculosis. This lineage is 

mostly geographically associated with East Africa, Central and South-Asia.  

M. tuberculosis lineage 3 strains are characterized by the genomic deletion RD750. Lineage 3 

includes sublineages for CAS1-Delhi, CAS1-Kili, CAS and CAS2 spoligotypes. All non-CAS1-

Delhi samples are grouped in the same sublineage 3.1. CAS1-Delhi and CAS1-Kili were the 

most frequent sublineages of the studied strains (20).  

In vitro cultures showed that lineage 3 M. tuberculosis strains reach an early plateau compared to 

strains from lineages 2 and 4 M. tuberculosis and the growth was lower in lineage 3 strains. 

Lower growth in human monocyte derived macrophages was also observed in lineage 3 strains 

compared to lineages 2 and 4 isolates although no differences in bacteria uptake were observed 

among all the modern strains (12). 

Intermediate phenotype of IL-6 production was observed in human monocyte-derived 

macrophages in response to lineage 3. Lowest levels of IL-6 were produced by lineages 2 and 4 

strains, followed by lineage 3 and strains, and the highest levels of this interleukin were 

observed in the ancient lineage 6 (8).   

 

In this chapter, we describe two new phoP and fadD26 deleted strains in two clinical isolates of 

lineages 2 and 3 of M. tuberculosis. In agreement with the Geneva consensus, antibiotic markers 

were eliminated. Finally, we characterize previously described PhoP and FadD26 phenotypes. 
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Material and methods 
 

Bacterial strains, media and growth conditions 

Escherichia coli MC1061, DH5α, DH10B, XL1-BLUE and BW25141 strains were grown at 37°C in 

Luria-Bertani (LB) broth. When required, media were supplemented with ampicillin (Amp, 100 

µg/ml), kanamycin (Km, 20 µg/ml), hygromycin (Hyg, 50µg/ml) or chloramphenicol (Cm, 12.5 

µg/ml); 0.15% arabinose was used for induction. For cultivation in solid media, LB agar was 

used. 

E.coli DH10B containing a BAC library of H37Rv chromosome cloned in pBeloBAC were grown 

at 30°C when the thermosensitive pKD46 plasmid was contained. 

Mycobacterial strains were cultured at 37 °C in Middlebrook 7H9 (DifcoTM) liquid medium 

supplemented with 10% (vol/vol) ADC (0.2% dextrose, 0.5% bovine serum albumin, 0.085% 

NaCl and 0.0003% beef catalase) and 0.05% of Tween 80. For cultures in solid media, 

Middlebrook 7H10 agar (DifcoTM) were used supplemented with 10% (vol/vol) of ADC and 

0.05% Tween 80 with the exception of HMS13037 lineage 3 strain in which was supplemented 

with OADC (ADC with 0.005% oleic acid). When necessary Hyg 20 µg/ml, Km 20 µg/ml or Gm 

5 µg/ml were added to media. Catechol solution was obtained to test XylE activity: 0.55 g of 

catechol were dissolved in 47.5 ml of water and 2.5 ml of PBS. 2% (w/v) sucrose (Suc) was 

added to 7H10 supplemented with ADC or OADC for the negative selection in mutant 

constructions. 0.2% acetamide was used for induce the expression of gp60/61 contained in the 

pJV53 plasmid.  

Mycobacterial strains used and mutants obtained are detailed in Table 3. 

Manipulation of E. coli and mycobacterial strains was performed in a biosafety level 1 

laboratory (BSL1), in a biosafety level 2 laboratory (BSL2) or biosafety level 3 laboratory (BSL3), 

with facilities notification A/ES/10/I-05, A/ES/06/I-02 and A/ES/04/I-05 respectively.  

 

Mycobacterial DNA extraction 

Mycobacteria were resuspended in 400 µl of TE (100 mM Tris/HCl, 10 mM 

ethylenediaminetetraacetic acid, EDTA, pH=8) and heated at 85 °C during 20 min. Samples 

were incubated at 37 °C overnight after addition of 0.5 mg of lysozyme. Subsequently, 0.05 mg 

of proteinase K and 72.5 µl of 10% SDS were added and incubated at 65 °C for 10 min. 100 µl of 

CTAB (Cetyltrimetylammonium bromide)/sodium chloride,  NaCl. 10% CTAB in 0.7 M of NaCl, 

pre-warmed at 65 °C was added to the samples and incubated at 65 °C for 10 min. The aqueous 

phase were collected after adding 750 µl of chloroform:isoamyl alcohol 24:1 (v/v), vortex for 10 s 

and centrifuged for 5 min at 12000 rpm. Genomic DNA was precipitated by adding 0.6 volumes 

of isopropanol and an incubated of 30 min at -20 °C. Precipitated nucleic acids were collected by 

centrifugation (5 min at 12000 rpm) and washed with 70% ethanol by tube inversion. Nucleic 

acids were collected again by centrifugation (12000 rpm for 5 min). Pellets were dissolved in 50 
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µl of double-distilled water after the complete evaporation of the ethanol. DNA was quantified 

by Abs260/Abs280 readings using a ND-1000 spectrophotometer (NanoDrop) 

 

Plasmid extraction (mini-prep) 

Bacteria were resuspended in 500 µl of TE. Samples were incubated at room temperature after 

addition of 100 µl of Solution I (50 mM Glucose, 10 mM EDTA, 25 mM Tris/HCl pH=8 and 4 

mg/ml of lysozyme). Subsequently, 200 µl of fresh Solution II (0.2 M sodium hydroxide, NaOH 

and 1% of sodium dodecyl sulfate, SDS) were added and tubes were inverted several times to 

favor the lysis of the bacteria. After 5 min of incubation on ice, 150 µl of cooled Solution III (3 M 

potassium acetate, KAc, 11.5% v/v acetic acid glacial) were added and incubated on ice during 5 

min after vortex the mixture. 

The aqueous phase (upper) was mixed with 500 µl of chloroform:isoamylic alcohol 24:1 (v/v) by 

inversion. After centrifugation (12000 rpm for 5 min), the upper phase was added to a fresh 

tube containing 0.1 volumes of 3 M KAc and 2 volumes of absolute ethanol and incubated at -20 

°C for 30 min. Plasmid DNA was pelleted by centrifugation (12000 rpm for 30 min at 4 °C) and 

washed with 70% ethanol. Hereafter, pellet was dried in a vacuum drier and dissolved in 50 µl 

of double-distilled water. To remove co-purified RNA, samples were incubated at 37 °C for 15 

min with 1 µl of RNase A (1 mg/ml). 

Plasmid extraction was also performed using High Pure Plasmid Purification Kit (Roche). 

 

Polymerase chain reaction (PCR) 

PCR amplifications for constructions and genomic analyses were performed in a final volume of 

10µl or 50µl with 0.38 and 1.87 U of Mytaq DNA polymerase respectively (Bioline), 25 µM of 

each primer (Table 4) and MyTaq Reaction Buffer 5x. PCR program consisted on an initial step 

of 1 min at 95 °C, followed by 30 cycles (95 °C 15 s, 58 °C 15 s and 72 °C 1 min/kb) and a final 

step of 7 min at 72 °C. For colony PCR, initial step was 95 °C for 10 min. PCR amplification 

products were analyzed in 0.8-2% agarose gel electrophoresis. For molecular weight 

comparison, DNA Molecular Weight 100 bp or λ PstI were used. PCR products were purified 

by High Pure PCR product purification Kit (Roche). 
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Table 3. Mycobacterial strains used classified by lineages. 

L Strains Description Reference 
 

Li
n

e
ag

e
 4

 Mt103 Clinical isolate of M. tuberculosis lineage 4 (51) 

MTBVAC 

 
  

Double unmarked mutant of phoP and fadD26 in 

Mt103 strain 

(52) 

 

Li
n

e
ag

e
 2

 

GC1237 Clinical isolate of M. tuberculosis lineage 2 (53) 

GC1237 ΔfadD26::hyg Single mutant marked of fadD26 in the clinical 

isolate GC1237  

This study 

GC1237 ΔfadD26 Single mutant unmarked of fadD26 in the clinical 

isolate GC1237  

This study 

GC1237 ΔfadD26 ΔphoP::hyg 

(MTBVAC-L2::hyg) 

Double mutant, phoP::hyg and unmarked fadD26 in 

the clinical isolate GC1237  

This study 

GC1237 ΔfadD26 ΔphoP 

(MTBVAC-L2) 

Double mutant unmarked of phoP and fadD26 in 

the clinical isolate GC1237  

This study 

 

Li
n

e
ag

e
 3

 

HMS13037 Clinical isolate of M. tuberculosis lineage 3, from 

Hospital Universitario Miguel Servet,  

This study 

HMS13037 ΔfadD26::km Single mutant marked of fadD26 in the clinical 

isolate HMS13037 

This study 

HMS13037 ΔfadD26 Single mutant unmarked of fadD26 in the clinical 

isolate HMS13037  

This study 

HMS13037ΔfadD26 

ΔphoP::hyg (MTBVAC-L3::hyg) 

Double mutant, phoP::hyg and unmarked fadD26 in 

the clinical isolate HMS13037  

This study 

HMS13037 ΔfadD26 ΔphoP 

(MTBVAC-L3) 

Double mutant unmarked of phoP and fadD26 in 

the clinical isolate HMS13037  

This study 

 

 

BCG Pasteur Vaccine against TB, attenuated strain of M. bovis (54) 

 

Protein Extraction 

Mycobacteria were grown in Middlebrook 7H9 (DifcoTM) supplemented with Tween 80 and 

ADC or OADC. Bacteria were pelleted and washed twice with PBS to remove albumin and 

resuspended in PBS. Bacteria were transferred to Middlebrook 7H9 (DifcoTM) supplemented 

with 0.05% Tween 80 Dextrose/NaCl with catalase (dextrose, NaCl and catalase in the absence 

of albumin) to avoid interference of albumin in the secreted fraction. 50 ml of bacterial cultures 

were grown until late log-phase (OD600nm  ̴ 0.8). Bacteria were pelleted by centrifugation.  

The supernatant fractions were filtered through a 0.22 µm-pore-size low binding protein and 

10% (v/v) of trichloroacetic acid was added and incubated on ice for 2 h to favor protein 

precipitation. Hereafter, samples were centrifuged (1 h at 4000 rpm at 4°C) and pellets were 

washed with acetone. Supernatants were discarded after centrifugation (4000 rpm for 10 min) 

and pellets were air dried and dissolved in 250 µl of Tris 150 mM pH=8.8.   
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For extraction of cellular proteins, bacteria were resuspended in 1 ml of PBS containing 1% 

Triton X-100 and transferred to tubes containing glass beads (MP Biomedicals). Mycobacterial 

suspensions were disrupted by Fast-Prep (6.5 m/s, 45 s) twice and samples were incubated on 

ice for 5 min between the cycles. Supernatants containing the whole-cell lysate were collected 

after centrifugation (12000 rpm for 5 min at 4 °C). 

Proteins samples were quantified using the QuantiPro BCA assay (Sigma Aldrich) and stored at 

-20 °C. 

 

Gel electrophoresis of proteins 

Samples were heated at 100 °C for 10 min in presence of laemmli sample buffer  (150 mM 

Tris/HCl pH=7.4, 3% SDS, 0.3 mM sodium molybdate, 30 mM sodium pyrophosphate, 30 mM 

sodium floride, NaF, 30% glycerol, 30% mercaptoethanol and 0.06% bromophenol blue). 

Equivalent quantities of proteins were separated in 12-17% polyacrylamide gels containing 0.1% 

SDS in running buffer (25 mM Tris, 192 mM glycine, 3.4 mM SDS) at constant amperage of 30 

mA per gel.  

PageRuler Plus Prestained Protein Ladder (Thermo Scientific) was used as molecular weight 

marker (kDa). 

 Western blot analysis 

Proteins were transferred to a PDFV membrane (preactivated with methanol) in transfer buffer 

(48 mM Tris/HCl pH=8.3, 39 mM glycine, 0.037% SDS, 20% methanol) for 1 h at 20 V with a 

semi-dry electrophoretic transfer cell (Trans-Blot® Semi-Dry Transfer cell, Bio-Rad). 

Proteins were blocked with 5% (w/v) of skimmed milk in TBS-T buffer (25 mM Tris pH=7.5, 150 

mM NaCl, 0.05% Tween 20) for 30 min and incubated overnight with primary antibodies. 

Subsequently membranes were washed with TBS-T buffer three times before incubation with 

human serum adsorbed secondary antibodies conjugated with peroxidase for 1 h. Signals were 

detected using chemiluminescent substrate (Western BrightTM Quantum, Advansta).  

Immunodetection was carried out using PhoP-antiserum (1:5000), antibodies anti-sigA (1:5000) 

and anti-CFP-10 (Thermo Scientific) (1:5000) with the incubation with secondary antibody anti-

rabbit IgG human serum adsorbed conjugate (1:5000) (KPL).  

Incubation with monoclonal antibody anti-ESAT-6 (1:2500) (abcam), antibody anti-GroEL2 

(Hsp65) (1:2500) (Invitrogen) or anti-PE_PGRS (1:2000) followed by incubation with anti-mouse 

IgG Human Serum Adsorbed conjugate (1:5000) (KPL) were used to detect ESAT-6, GroEL2 and 

PE_PGRS proteins respectively. 

To reprobe blots, membranes were incubated at room temperature for 15 min with ReBlot Plus 

Strong Antibody Stripping Solution (Millipore).  

 Coomassie staining 

Gels were stained with Colloidal Blue Staining kit NOVEX®, Invitrogen. 
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Preparation of electrocompetent cells of E.coli  

50 ml of bacterial culture were grown until OD600 nm  0.4-0.6 at 37 °C (in case of E.coli containing 

pKD46, bacteria were grown at 30 °C and induced with 0.15% arabinose w/v at OD600 nm 0.1). 

When the optimal OD was reached, bacteria cultures were incubated on ice for 30 min. After 

two washes with chilled water and one with chilled 10% glycerol, bacteria were resuspended in 

500 µl of 10% glycerol. Electroporation of 500 ng of double strand DNA or 250 ng of plasmid 

DNA were performed in 50 µl of aliquoted competent cells in a 0.2 cm cuvette (Bio-Rad) with a 

single pulse in a GenePulser XcellTM (Bio-Rad)(2500 V, 25 µF, 200 Ω). Cells were recovered in 1 

ml of LB and incubated at 37 °C for 1 h to allow the expression of the resistance to the antibiotic 

and then serial dilutions were plated onto LB containing the required antibiotic. 

 

Preparation of electrocompetent cells in Mycobacterium tuberculosis 

200 ml of bacterial cultures were grown until OD600nm 0.6-0.8 and 20 ml of 2 M glycine were 

added and incubated overnight at 37 °C. After two washes with water-0.05% Tween-80 and one 

with 10% glycerol-0.05% Tween-80, bacteria were resuspended in 2 ml of 10% glycerol-0.05% 

Tween-80. Aliquots of 400 µl were transformed with plasmid DNA in 0.2 cm cuvettes (Bio-Rad) 

with a single pulse in a GenePulser XcellTM (Bio-Rad) (2500 V, 25 µF, 1000 Ω). Bacteria were 

recovered in 1 ml of 7H9-ADC-0.05% Tween 80 and incubated at 37 °C overnight to allow the 

expression antibiotic resistance. Serial dilutions were plated onto 7H10-ADC containing the 

required antibiotic for selection. 

 

Preparation of electrocompetent cells in Mycobacterium tuberculosis for recombineering 

200 ml of M. tuberculosis strains containing pJV53H plasmid were grown until OD600nm 0.6-0.8. 

Acetamide were added to a final concentration of 0.2% (w/v) and incubated at 37 °C overnight. 

Bacteria were resuspended in 2 ml of 10% glycerol-0.05% Tween 80 after four washes with 10% 

glycerol-0.05%. Aliquots of 400 µl were transformed with 500 ng of purified PCR amplification 

product in 0.2 cm cuvettes (Bio-Rad) with a single pulse in a GenePulser XcellTM (Bio-Rad) (2500 

V, 25 µF, 1000 Ω). Bacteria were recovered in 1 ml of 7H9-ADC-0.05% Tween 80, incubated 

overnight at 37 °C and plated onto 7H10-ADC with the required antibiotic. 

 

Neutral red staining 

Bacteria were grown in 7H10-ADC and transferred to a tube containing 4 ml of 50% methanol 

in water and incubated for 1 h at 37°C. Bacteria were centrifuged (4000 rpm for 5 min) and 

resuspeded in 750 µl of barbital buffer (1% sodium barbital in 5% NaCl, pH=9.8). Hereafter, 

bacteria were resuspended in 4 ml of barbital buffer after centrifugation (4000 rpm for 5 min). 

150 µl of a solution of 0.05% neutral red in barbital buffer were added and incubated at 37 °C 

for 1 h. Fixation of neutral red was evaluated after the supernatants were discarded. 
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RNA isolation from Mycobacteria 

Mycobacteria cultures were grown in 7H9-ADC-0.05% Tween-80 at 37 °C until log-phase 

(OD600nm 0.6-0.7). Bacteria were centrifuged (3000 rpm for 10 min) and pellets were resuspended 

in 250 µl in wash buffer (aqueous solution containing 0.137 M NaCl and 0.5% Tween 80) and 

500 µl of RNA protect reagent (Quiagen) to avoid RNA degradation. Suspensions were 

centrifuged (14000 rpm for 5 min) after incubation at room temperature for 5 min. Pellets were 

dissolved in lysis buffer (20 mM NaAc, 0.5% SDS, 0.1 mM  EDTA) and 1 ml of 

phenol:chloroform (5:1), pH=4.5. Bacterial suspensions were placed in tubes containing glass 

beads (MP Biomedicals) and cells were lysed by mechanical fraction (Fast-Prep) (2 cycles, 45 s at 

speed 6.5 m/s each cycle and samples were cooled between cycles by incubation on ice). Tubes 

were centrifuged and aqueous phases (upper) were transferred to a tube containing 900 µl of 

chilled chloroform:isoamylic alcohol (24:1).  After centrifugation (14000 rpm for 5 min at 4 °C) 

upper phases were transferred to a fresh tube containing 900 µl of isopropanol and 90 µl of 3 M 

sodium acetate, NaAc pH=5.5 and samples were incubated over night at -20 °C. Precipitated 

nucleic acids were collected by centrifugation (14000 rpm for 1 h at 4 °C). Supernatants were 

discarded and pellets were washed with 500 µl of 70% ethanol. Samples were again centrifuged 

and pellets were dissolved in diethylpyrocarbonate-treated water (RNase free). DNA was 

removed by two consecutive incubations with Turbo DNA-free (Ambion), by addition of 1 µl of 

DNase and incubating at 37 °C for 1 h. RNA was purified by adding phenol:chloroform (5:1), 

pH=4.5, and the previous steps were repeated to precipitate, collect, dry and dissolve the RNA 

in diethylpyrocarbonate-treated water (RNase free). Concentration of RNA was estimated by 

reading of Abs260/Abs280 with the ND-1000 spectrophotometer (NanoDrop). RNA integrity was 

confirmed by agarose gel electrophoresis and RNA extractions were stored at -80 °C.  Absence 

of DNA was confirmed by lack of amplification product by PCR using BCG2A and BCG2B 

primers (Table 4). 

 

Quantitative Real time PCR (qRT-PCR) 

Reverse transcription was performed using 500 ng of RNA, 2 µl of PrimeScriptTM RT Master Mix  

(Takara) and RNase Free dH2O (Takara) until a volume of 10 µl per reaction. cDNA was 

obtained after 15 min at 37 °C and 15 s at 85 °C for enzyme inactivation. 

For qRT-PCR reaction, TB Green Premix Ex TaqTM (Tli Rnase H Plus) (Takara) was used. Gene-

specific primers at final concentration of 0.25 µM and cDNA obtained as described above 

diluted one tenth were used. The reaction was performed in the StepOne Plus Real Time PCR 

System (Applied Biosystems). Meting curves were performed for each pair of primers (Table 5) 

to verify that they produce a single specific product. PCR amplification program used was 95 

°C for 10 min; 40 cycles of 95 °C for 15 s, 60 °C for 1 min). 
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Table 4. Primers used in the chapter for PCR 

Primers Sequence 5´3´ 

fadD26up CAACGCAAGACGACATGG 

fadD26down GCACCGTCTTGATGAAGC 

res1 (CG) CTAGAGCAACCGTCCGAAATATTATAA 

res2 (CG) GATCTCATAAAAATGTATCCTAAATCAAATATC 

fadD26I1 CACGAATGTCATTGCCAATG 

fadD26I2 GCTTGAGCATGACCTCTTCG 

fadD26-P1-Fw 
GCCTGACAGCACTGCATATACGTACATCGACTACGGATCCGTGTAGGCTGGAGC

TGCTTC 

fadD26-P2-rv 
AACGAGATCGGCCACCCGCAGGCTGTGTGACTTCGATATCCATATGAATATCCTC

CTTAGT 

Confirm-fadD26-Fw GGCTCGGGGGTCAACACCTG 

Confirm-fadD26-Rv GCTTCCCAGGCCACTTCCAGC 

fadD26F CTCGAGTTCTCTATCCGTGTATTC 

fadD26R CTCGAGGTTGGTCTTGACAG 

KO-fadD26-Fw GACACACACGGGGGCGGTG 

KO-fadD26-Rv CCGCGTCGAAGGCGTCGATG 

P1-inv GAAGCAGCTCCAGCCTACAC 

P2-inv-long CTTCGGAATAGGAACTAAGGAGGATATTCATATG 

phoPup ACATCGTCAGGCATCACC 

phoPR GATCACCCGAACGTAGAACC 

KO-phoP-rv GGTGGTCAAGTAGCCATCCGAC 

RT-phoP-Fw GCCTCAAGTTCCAGGGCTTT 

phoP-I1 GCTCGACGAGGAGACCCAC 

phoP-I2 GGTGAATTCGGTGGGCGACAG 

phoRF GGGCAAGGGCAACAAGGAAC 

PPE38F TTTTCGGTGTGGATTGTCT 

PPE38R GCCAGGGATTTCCAACGAC 

PPE38IntF ATGTCGGCGGAGTTGGGTAAG 

PPE38IntR TAGCCTGACCAGCCGACAACT 

pKD46-gam-fw CCTGTTTTCCTAATCAGCCCGGC 

pKD46-bet-rv AAATGCCGTCTGGCGAAGAGTG 

Km-pKD4-out-1  
(pKD13-2R) 

CCACGATAGCCGCGCTGCCTCG 

Km-pKD4-out2 
(pKD13-1F) 

GGGCTGACCGCTTCCTCGTGCT 

gp60fw ATCCGGCTCTACGCCGAC 

gp61rv CGGCAAATGACTCTTGCGT 

BCG-2A GCCGTCCATCCCGGGCATC 

BCG-2B CCATGTTCAAACCGGTGTC 
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Table 5. Primers used for RT-PCR 

Primers Sequence 5´3´ 

RT-sigA-Fw CCGATGACGACGAGGAGATC 

RT-sigA-Rv CGGAGGCCTTGTCCTTTTC  

RT-mcr7-Fw ACGCCGCGAGGACATG  

RT-mcr7-Rv AGGGAGCTGCTTGGACAGAA  

RT-pks2-Fw GCATCGGTGAAGACCAACTTC  

RT-pks2-Rv GATTACGTGGAACCACACCATGT  

RT-pks3-Fw GACGCTCGCTGAATCACAAA  

RT-pks3-Rv TCGCCGTGTGTCAGTCCTAC  

ppsA1 GCCGAGAGGTCGGTGTGATGC 

ppsB1 AGCATTCGCTGCTGCGGGTCC 

ppsB-se1 TGTGGATGGACCAGAGAG 

 

Plasmids for unmarked deletion in phoP and fadD26 genes by suicide plasmid technique 

Suicide plasmids pAZ5 and pAZ18 contains a copy of fadD26 and phoP respectively disrupted 

by res-Ωhyg-res cassette from pWM27 (55). The counter-selectable marker sacB and the reporter 

gene xylE are also contained in both plasmids (52) (Figure 18).  

To obtain unmarked mutants, the replicative plasmid pAZ20 containing γδ-resolvase was used. 

pAZ20 also contains Km and Gm resistance cassettes, the counter-selectable sacB, and E.coli and 

mycobacteria origins of replication (52) (Figure 19).  

                    

Figure 18. Suicide plasmids pAZ5 and pAZ18 for fadD26 and phoP deletion. pAZ5 contains 

fadD26 gene disrupted by Hyg gene resistance flanked by res sites while in pAZ18 the disrupted 

gene is phoP. Both plasmids contain the reporter gene xylE and the counter selectable marker. sacB. 

Adapted from (56).   
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Figure 19. Components of pAZ20 plasmid. pAZ20 replicative plasmid contains tnpR gene, which 

codes for γδ-resolvase, the counter-selectable marker sacB and the resistance markers of Gm and 

Km. Adapted from (56). 

 

Plasmids for unmarked gene deletion by BAC-recombineering 

Thermosensitive plasmid pKD46 contains the Red system which contains three genes: γ, β and 

exo, whose products are Gam, Bet and Exo. Bet and Exo gain access to DNA ends to promote 

recombination and Gam inhibits host exonucleases. The expression of these genes is controlled 

by the presence of arabinose. pKD46 also contains Amp resistance cassette, RepA101 

temperature sensitive origin in E. coli, and origin of replication for E. coli (57) (Figure 20).  

pKD4 plasmid contains replicative origin for E. coli and Km cassette flanked with FLP 

recognition target (FRT) sequences. This plasmid is used as template for PCR amplification of 

FRT-km-FRT flanked with 40 bp homology arms to the target gene present in the BAC (57). 

pJV53H, is a replicative plasmid that contains the mycobacteriophage Che9c-encoded proteins 

gp60 and gp61. Expression of gene product 60 (gp60) and gp61, phage exonuclease and 

recombinase, increase the recombination frequencies. The expression of these genes is induced 

by acetamide. Resistant cassette to Hyg and replicative origin of E. coli and mycobacteria are 

also contained in pJV53H (58, 59) (Figure 20). 

pRES-FLP-Mtb is a replicative plasmid used to remove the Km cassette. This plasmid contains 

the flp recombinase from Saccharomyces cerevisiae with adapted codon usage of M. tuberculosis 

(60). The FLP recombinase acts on the directly repeated FRT that flanked the antibiotic cassette. 

Additionally Hyg resistance cassette and origins for E. coli and mycobacteria are present in the 

plasmid (Figure 21). 
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Figure 20. Components of pKD46 and pJV53H plasmids. (A) The replicative plasmid pKD46 

contains the Red system that includes γ, β and exo preceded by arabinose-inducible promoter, 

termosensitive origin of E.coli and cassette of Amp resistance. (B) pJV53H, is a replicative plasmid 

that contains origins of replication of E. coli and mycobacteria, Hyg resistant cassette  and 

mycobacteriophage Che9c gene products gp60 and gp61 whose expression is controlled by the 

presence of acetamide. 

 

  

Figure 21. Components of pRES-FLP-Mtb plasmid. This replicative plasmid for E.coli and 

mycobacteria consist of the gene flp that codifies for the FLP recombinase, origins for E.coli and 

mycobacteria, and Hyg antibiotic resistance marker. 
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Results 

 

Genotyping of M. tuberculosis strains belonging to lineages 2 and 3 for construction of 

double mutants 

The construction of the double mutant in a lineage 2 strain was performed in the clinical isolate 

GC1237. GC1237 has been extensively described by the group and used in the laboratory. This 

strain was responsible of an outbreak in Canary Island in the 1990 decade. RD105, RD207 and 

RD181 are deleted in GC1237. Any copy of IS6110 is present in NTF region and the study of 

pks1/15 region showed intact gene in this strain suggesting that GC1237 could retain the ability 

to synthesize functional PGL (53). Consequently this clinical isolate is an ancestral Beijing strain 

that belongs concretely to Asian Ancestral 3 sublineage according to Merker and colleagues (22) 

or 2.2.1 according to Coll and colleagues (20).  

For double mutant construction in a lineage 3 M. tuberculosis strain, the clinical isolate 

HMS13037 was used. HMS13037 was isolated in Aragón in 2013 from a Pakistani patient. This 

strain belongs to the sublineage CAS1-Delhi and this is the first time that this strain is used for 

laboratory manipulation. 

For the classification of these strains three genotyping methods were performed in collaboration 

with Dr. Sofía Samper: IS6110 RFLP revealed the presence of 19 copies of IS6110 in GC1237 

while HMS13037 contained 13 copies. Spoligotyping was performed for both strains; GC1237 

showed deletion of spacers 1-34 in the spoligoprofile which is typical of Beijing genotype, and 

HMS13037 showed spoligo international type SIT26; 15 or 24 MIRU-VNTR (variable number of 

DNA tandem repeats) was also performed for GC1237 and HMS13037 respectively. Genotyping 

methods and previous studies confirmed that GC1237 strain belongs to lineage 2 of M. 

tuberculosis (East-Asian) and specifically to an ancestral Beijing sublineage. HMS13037 belongs 

to lineage 3 of M. tuberculosis belonging to sublineage CAS1-Delhi. 

 

Construction of MTBVAC-L2, a double unmarked mutant ΔfadD26 ΔphoP in GC1237 

Suicide plasmids and BAC-recombineering strategies were used in parallel to obtain phoP and 

fadD26 deletions in GC1237. First deletion was obtained in both genes phoP and fadD26 by 

suicide plasmid strategy whereas no recombinants were obtained using BAC-recombineering 

strategy. We continued with single mutants GC1237 ΔfadD26 and GC1237 ΔphoP to try to obtain 

the second deletion in phoP and fadD26 respectively with the suicide plasmids pAZ18 and pAZ5 

(Figure 22). 
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Figure 22. Results of BAC-recombineering and suicide plasmids strategies to obtained 

MTBVAC-L2. Single mutants of fadD26 and phoP were obtained using suicide plasmids.MTBVAC-

L2 was obtained using the suicide plasmid pAZ18 in GC1237 ΔfadD26. 

Consecutive steps that led to MTBVAC-L2 construction (fadD26 and phoP deletions obtained 

using pAZ5 and pAZ18 suicide plasmids respectively) are described in the next sections. 

 Construction of the single mutant marked strain, GC1237 ΔfadD26::hyg  

GC1237 clinical isolate was transformed with 1 µg pAZ5 and plated onto 7H10-ADC containing 

Hyg. Allelic exchange was selected in two steps: a positive selection followed by a negative 

selection (52) (Figue 23A). 

In the first step, colonies resulting from the pAZ5 transformation were tested for XylE activity. 

Catechol solution was added to the colonies and the ones that stained yellow (positive XylE 

activity) confirmed single recombination event and the integration of the plasmid into the 

genome of the mycobacteria (Figure 23B).  

In the second step, single recombinants were grown in 7H9-ADC-0.05% Tween 80 containing 

Hyg to allow the second recombination event to occur. Serial dilutions were plated onto 7H10-

ADC containing 2% Suc and Hyg to select the colonies in which the second recombination had 

occurred. Consequently, sacB was lost and double cross over recombinants were able to grow in 

presence of Suc. Considerable decrease of colony number was observed in the plates containing 

Suc compared to plates without Suc, because of the sacB selection (Figure 23C). Replica plating 

in 7H10-ADC-Hyg of colonies grown in 2% of Suc were performed to confirm the second 

recombination by evaluation of XylE activity. Unstained colonies after catechol addition (XylE 

negative activity) confirmed that the second recombination had occurred (Figure 23D). 
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Figure 23. Schematic representation of fadD26 deletion using pAZ5 suicide plasmid.  (A) Suicide 

plasmid pAZ5 was transformed in WT strain. Single recombinants (phenotype Hyg, XylE+, SucS) 

were selected in plates in presence of Hyg and XylE positive activity. Double cross-over 

recombinants were selected in plates containing Hyg, 2% Suc and negative to XylE activity. 

Phenotype of double cross-over colonies was Hyg, XylE-, SucR. Adapted from (56) (B) Study of XylE 

activity in single cross-over recombinants. Positive colonies colored yellow after catechol addition 

confirmed the integration of xylE (and the plasmid) in the chromosome. (C) Double cross-over 

recombinants were selected in plates containing 2% of Suc and Hyg. Colonies that grow in presence 

of Suc is because of the loss of sacB gene and consequently loss of the plasmid backbone. (D) 

Colonies grown in 2% Suc plates were tested for XylE activity. Double recombinants remained 

unstained because of the loss of xylE gene in the second recombination.   

A final confirmation of allelic exchange was obtained with PCR amplification using different 

combination of primers (Figure 24A). One of the primers is designed 5´upstream or 

3´downstream of the genomic region cloned in the plasmid (fadD26up, fadD26down 

respectively) and the other in the res sites (res1, res2). The amplification will occur if the double 

recombination has occurred in the correct site of the mycobacteria genome. fadD26I1 and 

fadD26I2 primers hybridized in fadD26 deleted region. This PCR amplified in the WT strain 

(fadD26 WT) but no amplification was observed in fadD26::hyg strains (Figure 24B). 
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Figure  24. Analysis of GC1237 ΔfadD26::hyg by PCR. (A) Representation of genetic structures of 

fadD26 mutant disrupted with res-Ωhyg-res cassette and WT fadD26 gene.  Primers used are 

indicated in the scheme. fadD26I1 and fadD26I2 primers hybridized in deleted fadD26 region. 

fadD26up and fadD26down hybridized upstream and downstream of recombination sites 

respectively. (B) PCR analysis of the GC1237 ΔfadD26::hyg mutant and the WT strain with different 

combinations of the primers in panel A.  

 Construction of the single mutant unmarked, GC1237 ΔfadD26 

GC1237 ΔfadD26::hyg was transformed with 500 ng of pAZ20, a replicative plasmid that 

contains γδ resolvase, TnpR, that recognize res sites and allows the elimination of antibiotic 

resistance marker from res-Ωhyg-res cassette (52, 55) (Figure 25A). 

Transformed bacteria were recovered in 5 ml of 7H9-ADC-0.05% Tween 80 and incubated 

overnight at 37 °C to allow expression of the antibiotic resistance. The next day, Km was added 

to the liquid media to select positive colonies after the transformation and incubated for five 

days to allow expression of the resolvase and consequent removal of the antibiotic cassette. 

Then, serial dilutions were plated onto 7H10-ADC containing 2% Suc to select colonies that had 

lost pAZ20. 

To confirm the elimination of Hyg cassette and the loss of pAZ20 plasmid (Km), colonies were 

replica plating without antibiotic or containing Hyg or Km. The sensibility to Hyg and Km of 

the 95% of tested colonies confirmed the loss of both antibiotic cassettes (Figure 25B).  
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Figure 25. Removal of Hyg resistant cassette. (A) Schematic representation of removal of Hyg 

cassette by transformation of pAZ20 plasmid. (B) Elimination of Hyg cassette and loss of pAZ20 

was confirmed by replica plating in plates without antibiotic or containing Hyg or Km. 

An additional confirmation of elimination of Hyg cassette was performed by PCR amplification 

(Figure 26A). fadD26F and fadD26R primers were used to verify the elimination of Hyg cassette 

in GC127 ΔfadD26 (2.5 kb) compared to GC1237 WT (3.9 kb). Lack of amplification in GC1237 

ΔfadD26 with fadD26I1 and fadD26I2 primers confirmed the deletion in fadD26 gene (Figure 

26B). 

 

Figure 26. Confirmation of unmarked single mutant, GC1237 ΔfadD26. (A) Representation of 

genetic structures of deleted fadD26 and fadD26 WT.  Primers used in the PCR are indicated in the 

scheme. (B) PCR analysis of the mutant GC1237 ΔfadD26 and GC1237 WT with fadD26F, fadD26R 

and fadD26I1, fadD26I2 primers.  

 Construction of the double marked mutant, GC1237 ΔfadD26 ΔphoP::hyg (MTBVAC-

L2::hyg) 

To obtain the double mutant, GC1237 ΔfadD26 was transformed with 1 µg of pAZ18, a suicide 

plasmid harboring phoP gene disrupted by res-Ωhyg-res cassette. Selection in two steps was 

performed as described before in construction of the single mutant marked strain, GC1237 

ΔfadD26::hyg section. 

After the positive and negative selection final confirmation by PCR was performed to confirm 

that double marked mutant GC1237 ΔfadD26 ΔphoP::hyg had been obtained. 
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Several PCR were performed (Figure 27A). One of the primers was designed outside the 

genomic region cloned in the pAZ18 plasmid (phoPup and KO-phoP-rv) and the other 

hybridized in the res sites (res1 and res2). The amplification with primers confirmed the specific 

recombination and the insertion of res-Ωhyg-res cassette in phoP. phoPI1 and phoPI2  primers 

hybridize in the region deleted in phoP. Therefore, no amplification was obtained in 

phoPI1/phoPR primers and RT-phoP-fw/phoPI2 reactions in phoP mutants whereas both PCR 

amplified in phoP WT strain (Figure 27B).   

After PCR confirmation, a Western-blot was performed to confirm the absence of PhoP in 

GC1237 ΔfadD26 ΔphoP::hyg clones. Double marked mutant GC1237 ΔfadD26 ΔphoP::hyg was 

named MTBVAC-L2::hyg (Figure 28). 

 

Figure 27. Analysis of GC1237 ΔfadD26 ΔphoP::hyg by PCR. (A) Representation of genetic 

structures of phoP mutant disrupted with Hyg cassette and phoP WT.  Primers used are indicated in 

the scheme. PhoPI1 and PhoPI2 primers hybridized in deleted phoP region. (B) PCR analysis of the 

mutant and the GC1237 WT with different combinations of the primers in panel A.  
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Figure 28. Confirmation of lack of PhoP by Western-blot. Detection of PhoP (  ̴ 27 kDa) in GC1237 

and GC1237 ΔfadD26 ΔphoP::hyg (MTBVAC-L2::hyg) in whole cell lysate fraction. PhoP was 

detected in WT strain and no detection was observed in phoP mutants, as expected. GroEL2 ( ̴ 57 

kDa) was detected as load control.  

 Construction of the double unmarked mutant, GC1237 ΔfadD26 ΔphoP, MTBVAC-L2 

GC1237 ΔfadD26 ΔphoP::hyg was transformed with pAZ20 to remove the antibiotic resistance 

cassette by recognition of the flanking res sites by the γδ-resolvase encoded in pAZ20 plasmid. 

After transformation of pAZ20 in GC1237 ΔfadD26 ΔphoP::hyg, bacteria were plated onto 7H10-

ADC-Km and after colonies were replica plating onto 7H10-ADC-Km and 7H10-ADC-Gm to 

confirm transformation of pAZ20. Colonies grown in presence of Km and Gm were grownin 

7H9-ADC-0.05% Tween 80 to allow the expression of the recombinase. Cultures were plated 

onto 7H10-ADC containing 2% Suc to select colonies which had lost pAZ20 plasmid. To confirm 

the removal of Hyg cassette and the loss of pAZ20, replica plating of the colonies were 

performed in 7H10-ADC without antibiotic or containing Km or Hyg. 

Double mutants unmarked GC1237 ΔfadD26 ΔphoP grew in 7H10-ADC without antibiotic and 

did not grow in presence of Km or Hyg antibiotics. 

Confirmation of elimination of Hyg cassette was verified by PCR amplification using phoRF 

and phoPR primers (Figure 29A). Amplification of in ΔphoP with these primers is a fragment of 

705 bp compared to 630 bp in the phoP WT gene (Figure 29B). 

 

Figure 29. Confirmation of elimination of Hyg resistance cassette. Differences in the size product 

of the PCR using phoRF and phoPR primers confirmed the removal of antibiotic cassette by the 

resolvase. Elimination of Hyg cassette had ccurred in all colonies tested. MTBVAC was used as 

control positive (unmarked phoP mutant).  
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General scheme of the steps performed to construct MTBVAC-L2 is represented in the 

following figure (Figure 30).  

 

Figure 30. Schematic representation of double deletion in GC1237 strain. Sequential steps to 

obtain double mutant in phoP and fadD26 genes using suicide plasmids pAZ5 and pAZ18. 

 

Construction of MTBVAC-L3, a double unmarked mutant ΔfadD26 ΔphoP in HMS13037 

Likewise in GC12237 strain, suicide plasmid and BAC-recombineering strategies were 

performed in parallel to obtain deletions in phoP and fadD26 genes. First deletion was obtained 

in fadD26 gene by Bac-recombineering strategy and no mutants were obtained using the suicide 

plasmids. Second deletion in phoP gene was obtained using suicide plasmid pAZ18 and no 

recombinants were obtained with BAC-recombineering strategy (Figure 31). 

 

Figure 31. Results of BAC-recombineering and suicide plasmids strategies to obtain MTBVAC-

L3. Single mutant of fadD26 was obtained with Bac-recombineering strategy. Second deletion in 

phoP was obtained with pAZ18 suicide plasmid. 
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Sequential steps that led to MTBVAC-L3 construction (fadD26 deletion with Bac-

recombineering strategy and phoP deletion with pAZ18 suicide plasmid) are detailed in the 

following sections. 

 Growth of HMS13037 in media supplemented with ADC or OADC 

HMS13037 was grown in the laboratory for the first time and we encountered difficulties since 

very small size colonies were observed in 7H10-ADC plates (usual solid media used in the 

laboratory).  

To improve the growth of the strain, HMS13037 was grown in different solid media to test 

differences in in vitro growth. 7H10 supplemented with ADC or OADC and Sauton with ADC, 

OADC or no supplemented were tested. Significant differences were observed. HMS13037 

growth was remarkably better in media supplemented with OADC compared to the 

supplementation with ADC (Figure 32). 

In liquid media, we also changed to 7H9 supplemented with OADC. At the beginning the 

bacteria grown, but at some point the growth in liquid was also impaired. Then, we observed 

that in liquid cultures, the bacteria grew in liquid media supplemented with ADC. 

 

Figure 32. Growth of HMS13037 in solid media. (A) 7H10 supplemented with ADC or OADC. (B) 

Sauton non supplementated or supplemented with ADC or OADC. 

 Construction of the single mutant marked strain, HMS13037 ΔfadD26::km  

BAC recombineering method consists of two steps; the first is performed in E. coli to obtain the 

allelic exchange substrate (AES) that will be used in M. tuberculosis to obtain gene deletion. The 

entire process is summarized in Figure 33. Each step of the process is detailed below. 

A bacterial artificial chromosome (BAC) from H37Rv library constructed in pBeloBAC11 vector 

and contained into E. coli DH10B was used for this methodology (61).  

Steps performed in E. coli: 

pKD46 plasmid was transformed into DH10B containing BAC Rv209 which contains a fragment 

of the M. tuberculosis H37Rv genome including fadD26 gene (3243697- 3245448). pKD46 is a 

thermosensitive plasmid that contains λ Red system which includes three genes that codes for  

Gam, Bet and Exo proteins. These proteins inhibit host exonucleases and promote 

recombination. Expression of the three genes is induced by arabinose (57). Transformation was 

plated onto LB-Amp-Cm and incubated overnight at 30 °C. Transformation of pKD46 was 

confirmed by PCR using pKD46-gam-fw and pKD46-bet-rv (Figure 34A).  

DH10B BAC Rv209 pKD46 induced with arabinose was transformed with a PCR product 

containing FRT-km-FRT cassette flanked with 40 bp of identity arms to the site where 
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recombination is directed. FRT-km-FRT cassette was amplified from pKD4 plasmid (57) and 

identity arms were added in the primers (fadD26-P1-Fw and fadD26-P2-Rv) (Figure 34B). 

Transformation was incubated for 1 h at 37 °C to allow expression of resistance cassette and to 

cure pKD46 plasmid. Afterwards, serial dilutions were plated onto LB-Km at 37 °C. 

Recombinants were confirmed by PCR amplification using one primer outside from the 40 bp of 

identity (KO-fadD26-fw and KO-fadD26-rv) and the other inside the FRT-km-FRT cassette (km-

pKD4-out-1 and Km-pKD4-out-2) (Figure 34C).  

DH10B BAC Rv209 ΔfadD26::km were grown overnight at 37 °C in LB-Km and BAC 

ΔfadD26::km was purified. BAC Rv209 ΔfadD26::km was used as template to obtain AES 

to transform in M. tuberculosis (Figure 34D). AES product, consists in FRT-km-FRT 

flanked with 670 bp of identity arms for site specific recombination. 

 

Figure 33. Deletion of fadD26 gene by BAC-recombineering. Left column represents the steps 

performed in E.coli (blue) to obtain AES for transformation in M. tuberculosis (right column, bacteria 

represented in red). 
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Figure 34 . Disruption of fadD26 with FRT-km-FRT cassette in BAC Rv209. (A) Confirmation of 

pKD46 in DH10B BAC Rv209 with pKD46-gam-fw and pKD46-bet-rv primers. (B) PCR product 

amplification using fadD26-P1-fw and fadD26-P2-rv primers. pKD4 plasmid was used as template 

to obtain the PCR product (FRT-km-FRT flanked with 40 bp of identity arms to site specific 

recombination) to transform in DH10B BAC Rv209 pkD46 bacteria induced by arabinose. (C) 

Scheme of genomic structure of fadD26 disrupted by FRT-km-FRT cassette. PCR analysis to confirm 

recombination in E.coli and disruption of fadD26 gene. (D) AES to transform in M. tuberculosis were 

obtained using BAC Rv209 ΔfadD26::km as template. 

Steps performed in M. tuberculosis: 

M. tuberculosis HMS13037 was transformed with pJV53H plasmid that contains gp60 and gp61 

from the mycobacteriophage Che9c. Che9c gp60 and gp61 encode exonuclease and DNA-

binding activities, respectively. The expression of these proteins increases recombination 

facilitating allelic exchange in M. tuberculosis (58). 

Transformation was plated onto 7H10-OADC-Hyg and PCR amplification (gp60fw and gp61rv 

primers) was used to confirm the presence of the plasmid (Figure 35A). HMS13037 pJV53H was 

induced with 0.2% acetamide, to allow the expression of Che9c gp60 and gp61, and HMS13037 

pJV53H was transformed with AES (Figure 34D) and plated onto 7H10-OADC-Km. AES 

product, FRT-km-FRT flanked with identity arms for site specific recombination. 

Recombination was confirmed by PCR amplification with primers designed to hybridize 

outside of the genomic region amplified as AES (comfirm-fadD26-Fw and confirm-fadD26-Rv) 

and primers inside the FRT-km-FRT cassette (Figure 35B and C). HMS13037 pJV53H 

ΔfadD26::km was grown in 7H9-OADC-0.05% Tween 80 containing Km and in absence of Hyg. 
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Several passages were performed to lose pJV53H and bacteria were plated onto 7H10-OADC 

containing Km. Loss of pJV53H was confirmed by replica plating in plates containing or not 

Hyg and single mutant HMS13037 ΔfadD26::km was obtained (Figure 36). 

 

Figure 35. Confirmation of HMS13037 ΔfadD26::km. (A) Confirmation of pJV53H plasmid in 

HMS13037 strain using gp60fw and gp61rv primers. pJV53H was used as template in the positive 

control of the reaction. (B) Schematic representation of fadD26 disrupted by FRT-km-FRT cassette 

and fadD26 WT gene and primers used. Primers confirm-fadD26-fw and confirm-fadD26-rv 

hybridized upstream and downstream of the recombination site, P1inv and P2inv-long hybridized 

in the resistance cassette and fadD26I1/fadD26I2 hybridized in fadD26deleted region. (C) PCR 

analysis of the mutant and HMS13037 WT strain using different combinations of the primers in 

panel B. BAC Rv209 ΔfadD26::km was used as control.  

 

Figure 36. Loss of pJV53H. After several passages without Hyg, replica plating in 7H10-OADC and 

7H10-OADC-Hyg were performed to evaluate pJV53H loss. 

 Construction of the single mutant unmarked, HMS13037 ΔfadD26 

HMS13037 ΔfadD26::km was transformed with pRES-FLP-Mtb (Hyg), a replicative plasmid that 

contains flp recombinase gene from S. cerevisiae with codon usage optimized to M. tuberculosis 

that recognizes the FRT sequence. FLP recombinase acts on the directly repeated FRT sites 

flanking the Km resistance marker and it allows obtaining the mutant unmarked.  

After pRES-FLP-Mtb transformation, bacteria were plated onto 7H10-OADC containing Hyg. 

Replica plating either with Km or without antibiotic were performed to confirm removal of Km 

resistance marker. The simple mutant HMS13037 ΔfadD26 was obtained, although the strain 

still harbored pRES-FLP-Mtb plasmid (Figure 37).  
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Final confirmation of Km cassette removal was verified by PCR amplification (Figure 38 A and 

B). To cure pRES-FLP-Mtb plasmid, several passages were performed in 7H9-ADC-0.05% 

Tween 80 without antibiotic and plated onto 7H10-OADC without antibiotic. Loss of pRES-FLP-

Mtb plasmid was confirmed by replica plating in plates without antibiotic or with Hyg (Figure 

37).  

 

Figure 37. Sequential steps for antibiotic removal. Evaluation of Km cassette removal by replica 

plating either with or without Km. After several passages, loss of pRES-FLP-Mtb was confirmed by 

replica plating in plates without antibiotic or with Hyg. 
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Figure 38. Removal of Km cassette. (A) Schematic representation of unmarked fadD26, fadD26 

disrupted with Km cassette and fadD26 WT, and primers used. (B) PCR analysis of unmarked 

mutant, HMS13037 WT and BAC ΔfadD26::km using fadD26F/fadD26R and fadD26I1/fadD26I2 

primers.  

 Construction of the double marked mutant, HMS13037 ΔfadD26 ΔphoP::hyg 

(MTBVAC-L3::hyg) 

For phoP deletion, 1 µg of pAZ18 was transformed in HMS13037 ΔfadD26 strain. pAZ18 

contains a phoP deleted copy distupted by res-Ωhyg-res cassette. Selection in two steps, positive 

selection followed by a negative selection was performed as described above (see section 

Construction of the single mutant marked strain, GC1237 ΔfadD26::hyg). Double mutant 

HMS13037 ΔfadD26 ΔphoP::hyg, named MTBVAC-L3::hyg, was obtained and verification of phoP 

deletion by PCR was performed as described in construction of GC1237 ΔfadD26 ΔphoP::hyg 

section (Figure 39A and B). Western-blot of PhoP was also preformed to confirm phoP deletion 

(Figure 40). 

 

Figure 39. PCR analysis of HMS13037 ΔfadD26 ΔphoP::hyg. (A) Representation of genetic 

structures of phoP mutant disrupted with Hyg cassette and phoP WT.  Primers used are indicated in 

the scheme. PhoPI1 primer hybridized in deleted phoP region. (B) PCR analysis of the mutant and 

the WT with different combinations of the primers in panel A.  
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Figure 40. Confirmation of phoP deletion by Western-blot. Detection of PhoP ( ̴ 27 KDa) in WT 

strains (H37Rv, GC1237, Mt103 and HMS13037) and in the double mutant HMS13037 ΔfadD26 

ΔphoP::hyg, MTBVAC-L3::hyg in whole cell lysate fraction. PhoP was detected in WT strain and no 

detection was observed in phoP mutants, as expected. GroEL2 ( ̴ 57 KDa) was detected as load 

control.  

 Construction of the double unmarked mutant, HMS13037 ΔfadD26 ΔphoP, 

MTBVAC-L3 

For Hyg cassette removal, pAZ20 (harboring the gene that codes for γδ-resolvase) was 

transformed in HMS13037 ΔfadD26 ΔphoP::hyg and consequent steps were performed as 

described before (see section Construction of the double unmarked mutant, GC1237 ΔfadD26 

ΔphoP, MTBVAC-L2). 

PCR amplification for confirmation of antibiotic elimination was verified by phoRF and phoPR 

primers. Amplification of ΔphoP with these primers is 705 bp compared to 630 bp in phoP WT 

gene (Figure 41). 

 

Figure 41. Confirmation of phoP unmarked construction. (A) Schematic representation of phoP 

deleted gene and phoP WT. (B) PCR analysis using phoRF/phoPR primers confirmed removal of 

Hyg cassette. MTBVAC was used as positive control (phoP deleted) and HMS13037 was used as 

phoP WT control. 

Steps performed for fadD26 and phoP deletions in HMS13037 lineage 3 strain are represented in the 

following figure (Figure 42). 
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Figure 42. Schematic representation of fadD26 and phoP deletions in HMS13037. Steps 

performed to obtain double mutant MTBVAC-L3 using Bac-recombineering and suicide plasmid 

strategies. 

 

Three phoP, fadD26 mutants constructed in three clinical isolates of the modern lineages of 

M. tuberculosis 

In conclusion, in this study, together with MTBVAC (52), three phoP and fadD26 vaccine 

candidates have been constructed (MTBVAC, MTBVAC-L2 and MTBVAC-L3) in the modern 

lineages of M. tuberculosis.  

New double unmarked mutants obtained in this study in clinical isolates from lineages 2 and 3 

of M. tuberculosis are named MTBVAC-L2 and MTBVAC-L3 respectively. All gene deletions 

were obtained by suicide plasmid strategy with the exception of deletion of fadD26 gene in the 

clinical isolate from lineage 3 which was obtained by BAC-recombineering (Figure 43). 

 

Figure 43. Schematic representation of the three phoP, fadD26 strains obtained in clinical isolates 

of the modern lineages of M. tuberculosis. Deletion gene strategy and parental strains are detailed 

in the figure. 
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BAC–recombineering allows construction of marked mutants in less time compared to suicide 

plasmid strategy. However, the method can be improved adding counter-selectable markers to 

pJV53H and pRES-FLP-Mtb, to reduce the time taken to cure these plasmids. In addition to the 

time required to cure the strain from the plasmids, we have obtained a very low efficiency with 

the BAC-recombineering method. We suggest that this is because of the identity arms of the 

AES were approximately 700 bp and the increase of the homology of the flanked arms (up to 1 

kb) could enhance the number of recombinants obtained. 

After the construction of the double mutants, the following experiments consisted on the 

characterization of the three double mutants in the secretion of PE_PGRS proteins and to 

confirm the maintenance in MTBVAC-L2 and MTBVAC-L3 of the PhoP and FadD26 

phenotypes previously described in MTBVAC. 

 

MTBVAC-L3 and MTBVAC, but no MTBVAC-L2, secrete PE_PGRS proteins 

PE_PGRS proteins are a subfamily of the protein family with the characteristic Pro-Glu (PE) 

motif and its secretion depends on ppe38 locus organization. Disruption of ppe38 and ppe71 

genes by an insertion of IS6110 has been described in some Beijing strains and entailed a lack of 

secretion of PE_PGRS proteins, whereas intact of ppe38, esxXY and ppe71 genes result in 

secretion of PE_PGRS proteins. Lack of secretion of PE_PGRS proteins has been linked with 

increased virulence of M. tuberculosis in mice (47). However, no involvement of these proteins in 

protective efficacy was observed in the mouse model (62). 

Study of ppe38 locus organization in the parental strains of the three phoP and fadD26 double 

mutants constructions (Mt103, GC1237 and HMS13037) by PCR amplification with primers 

described in (63) (Figure 44A) showed that Mt103 and HMS13037 contained intact ppe38, esxXY 

and ppe71 genes (Figure 44B). 

No amplification PCR product was obtained in GC1237 strain using PPE38F/PPE38R and 

PPE38IntF/PPE38IntR primers (Figure 44B). To further study the ppe38 locus in GC1237, we 

evaluated the reads from two clones with the same genotype of GC1237 isolated from the same 

outbreak whose genomes were sequenced by the group. There were no reads in esxXY genes 

suggesting lack of these genes in GC1237.  

PE_PGRS proteins in total and secreted fraction were detected by Western-blot in the three 

phoP, fadD26 mutants (MTBVAC, MTBVAC-L2 and MTBVAC-L3) and their parental strains. 

Results exhibited that all strains contained PE_PGRS proteins, whereas MTBVAC-L3 and 

MTBVAC secrete PE_PGRS proteins in contrast to MTBVAC-L2 (Figure 45). 
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Figure 44. Genomic analysis of ppe38 locus. (A) Schematic structure of ppe38 locus and primers 

used, adapted from (63). (B) PCR amplification of Mt103, GC1237 and HMS13037 using 

combination of primers of panel A. 

 

Figure 45. Detection of PE_PGRS proteins with anti-PE_PGRS antibody. (A) Detection in the 

whole cell lysate of MTBVAC, MTBVAC-L2, MTBVAC-L3 strains and WT strains. (B) PE_PGRS 

detection in supernatant fraction of MTBVAC, MTBVAC-L2, MTBVAC-L3. 

Lack of secretion of PE_PGRS proteins in GC1237 and MTBVAC-L2 strains is controversial 

with the hypothesis of Ates and colleagues (47). They suggest that ppe38/71 truncation may 

occurred in the branching point of the modern Beijing lineages, because they observed this 

truncation in ppe38 locus in all modern Beijing strains studies in contrast to ancestral Beijing 

strains tested (from F31, previously of RD181 branching point). 
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GC1237 is an ancestral Beijing strain which belongs to Asia Ancestral 3 sublineage and 

according to Ates and colleagues hypothesis, secretion of PE_PGRS would be observed in 

GC1237 (47). However, secretion of these proteins was no detected. Further studies are 

required to decipher whether GC1237 is an exception in this phenotype of ancestral Beijing 

strains or other mechanism could interfere in the secretion of these proteins. Another 

possibility is that the insertion of IS6110 that truncates ppe38 and ppe71 may have occurred in 

an earlier branching point from ancient/modern Beijing strains, and some ancestral Beijing 

strains could present lack of secretion of PE_PGRS proteins while others can secrete them.  

 

MTBVAC-L2 and MTBVAC-L3 has lost the ability to fix the neutral red 

The ability of M. tuberculosis to fix neutral red has been associated with virulence for more than 

six decades. In 1948, Dubos and Middlebrook observed that the virulent strain H37Rv fixed the 

dye in an alkaline solution of neutral red in contrast to the avirulent H37Ra (64).  

A more recent study, negative neutral red staining was related with loss of synthesis of PDIM 

or other cell wall methyl-branched lipids such as SL and PAT. Strains were neutral red negative 

when they were deficient in more than one type of methyl-branched lipids. Consequently, 

neutral red staining could be a marker of virulence and shows significant changes in the outer 

membrane of M. tuberculosis (65).   

phoP positively regulates the synthesis of methyl-branched fatty acid-containing acyltrehaloses 

(DAT, PAT and SL). phoP mutants exhibit neutral red negative staining in comparison to WT 

strains (66). Same phenotype is observed for MTBVAC compared to Mt103 (56). 

Neutral red staining was performed in MTBVAC strains (in lineages 2, 3 and 4) and parental 

strains. MTBVAC-L2 and MTBVAC-L3 (marked and unmarked) showed inability to fix neutral 

red, in accordance with neutral red phenotype previously described in MTBVAC (Figure 46).  

All MTBVAC strains are expected to be DAT, PAT and SL deficient because of phoP deletion 

and comparing with previous bibliography, neutral red negative. 

 

Figure 46. Neutral red staining of WT strains and mutants. Neutral red staining of 

double mutants (marked and unmarked) and WT strains showed the inability to fix 

neutral red in MTBVAC strains (phoP, fadD26 deleted). 
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Secretion of ESAT-6 and CFP-10 in the three MTBVAC and WT strains 

ESAT-6 secretion has been previously characterized as a PhoP dependent event (67). MTBVAC 

produced ESAT-6 but is unable to secrete it because of phoP deletion (52). Surprisingly, it was 

recently described the ability of MTBVAC to secrete CFP-10 (68). This result was unexpected 

because it has been thought that ESAT-6 and CFP-10 are co-secreted as 1:1 dimers through ESX-

1 system (69). However, two studies described uncoupled ESAT-6 and CFP-10 secretion under 

some conditions. CFP-10 could be secreted independently of ESAT-6 in the presence of an 

aberrant ESX-1 system (70, 71).  

ESAT-6 and CFP-10 have been described to be secreted through ESX-1 system and ESAT-6 

secretion is involved in phagosome membrane disruption. This phagosome membrane 

disruption allows the bacilli to reach the cytosol and this process requires a functional ESX-1 

(72, 73). 

ESAT-6 and CFP-10 detection were performed by Western-blot in whole cell lysates and culture 

filtrate fractions of the three MTBVAC strains and parental strains. In whole cell lysate, ESAT-6 

and CFP-10 were detected in all strains (Figure 47). 

In secreted fraction, ESAT-6 secretion was detected in WT strains in contrast to MTBVAC 

strains. CFP-10 was observed in MTBVAC strains and WT strains. Some lysis was observed in 

MTBVAC and HMS13037 strains since SigA was detected in the supernatant fraction (Figure 

47). Coomassie staining was performed of secreted fractions to ensure presence of protein 

(Figure 48).  

Therefore, same results were obtained in MTBVAC-L2 and MTBVAC-L3 according to previous 

results described in MTBVAC: MTBVAC-L2 and MTBVAC-L3 produce ESAT-6 but ESAT-6 is 

not secreted in both strains (secretion of ESAT-6 is controlled by PhoP) and MTBVAC-L2 and 

MTBVAC-L3 produce and secrete CFP-10. 
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Figure 47. Western-blot analysis. ESAT-6 and CFP-10 detection in whole cell lysate and culture 

filtrate of MTBVAC, MTBVAC-L2, MTBVAC-L3 and WT strains. SigA was detected as load 

control in whole cell lysate and lysis control in the culture filtrate. 

 

Figure 48. Coomassie staining. Coomassie staining of supernatant fractions of MTBVAC, 

MTBVAC-L2 and MTBVAC-L3. 

 

PhoP regulon is downregulated in MTBVAC strains compared to WT strains 

The transcription factor PhoP controls the expression of approximately 2% of M. tuberculosis 

genes (74-76). Expression of three PhoP-regulated genes in MTBVAC strains was compared 

with the WT strains by qRT-PCR (mcr7, pks2 and pks3 genes) (Figure 49). 

mcr7 gene, which codes for the nc-RNA mcr7, is the most prominent site of PhoP regulation (75), 

and complete downregulation was observed in the three MTBVAC strains compared to their 

parental strains. Similar profile was observed in pks2 gene, while a controversial result was 

observed in expression of pks3 in lineage 3 (higher expression in phoP mutant than in the WT 

strain was observed). New RNA extractions of lineage 3 strains should be obtained to evaluate 

whether the expression profile is maintained. Further studies, including sequence the binding 

region of PhoP, will be required to understand differential expression of pks3 in HMS13037 and 

the possibility to be differentially regulated compared to MTBVAC-L2 and MTBVAC. 
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Although the controversial result of increased expression of pks3 in MTBVAC-L3, completely 

downregulation of the nc-RNA mcr7 and pks2 gene confirmed the downregulation of PhoP-

regulated genes in MTBVAC-L2 and MTBVAC-L3.  

 

Figure 49. Expression of PhoP-regulated genes by qRT-PCR. mcr7, pks2 and pks2 were studied to 

compare their expression in MTBVAC, MTBVAC-L2 and MTBVAC-L3 strains compared to 

parental strains. 

Expression of PDIM operon in the MTBVAC strains 

fadD26 gene is expressed in an operon. Evaluation of expression of ppsA and ppsB were 

performed in the double mutants (MTBVAC, MTBVAC-L2 and MTBVAC-L3) and WT strains 

by qRT-PCR (Figure 50). ppsA and ppsB are 3´ downstream of fadD26 in M. tuberculosis genome 

and code two PKSs involved in PDIM synthesis.  

Results exhibited a remarkable downregulation of ppsA and ppsB in MTBVAC and MTBVAC-L2 

compared to their parental strains (Mt103 and GC1237). By contrast, their expression was 

higher in MTBVAC-L3 than its WT strain (approximately 2 fold) (Figure 50). 

Different scars are present in MTBVAC-L3 compared to MTBVAC and MTBVAC-L2 as the 

result of different removable cassettes used in the two methods used for fadD26 deletion. Res 

sequence (55) is present in MTBVAC-L2 and MTBVAC while FRT sequence (57) is present in 

fadD26 deleted gene in MTBVAC-L3 (60).  

In MTBVAC, previous results of transcriptomics revealed the absence of expression of PDIM 

operon (fadD26, ppsA-D). A start transcriptional point is observed before ppsE gene and 

expression of ppsE and 3´downstream genes were observed in MTBVAC (Figure 51).  

This previous result was confirmed by observation of complete downregulation of ppsA and 

ppsB genes by qRT-PCR. Res sequence is present in fadD26 deleted gene after removal of 

antibiotic resistance gene from res-Ωhyg-res cassette. Same res scar is present after fadD26 

deletion in MTBVAC-L2 and comparable result of ppsA and ppsB downregulation was observed 

in this strain. Therefore, mutations obtained with the res-Ωhyg-res cassette disrupt the 

expression of the operon if the deleted gene is expressed in an operon. 

In contrast to MTBVAC and MTBVAC-L2, downregulation of ppsA and ppsB was not observed 

in MTBVAC-L3 compared to the WT strain. This observation can be explained considering that 

fadD26 deletion was obtained by BAC-recombineering strategy, after removal of antibiotic 
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resistance gene from FRT-km-FRT cassette (in pKD4 plasmid). This cassette has been described 

to create nonpolar gene deletions within operons (57). 

 

Figure 50. Expression of PDIM operon in fadD26 mutants and WT strains. Expression of ppsA and 

ppsB was compared in MTBVAC, MTBVAC-L2 and MTBVAC-L3 to their respective parental strain 

by qRT-PCR. 

 

 

 

 

Figure 51. PDIM operon in Mt103 and MTBVAC. Start transcription sites (TSS) in plus and minus 

strands. RNA-seq of Mt103 and MTBVAC in plus and minus strains. Deletion of fadD26 led to lack 

of transcription of fadD26 and ppsA-D genes. 

 

In vitro growth of MTBVAC-L2, MTBVAC-L3 and WT and strains 

Growth curves were obtained to study possible differences in in vitro growth of the mutants 

compared to the WT strains. OD590 nm was followed during three weeks in liquid medium (7H9-

ADC-0.05% Tween 80).  

Similar growth profile was observed in MTBVAC-L2::hyg, MTBVAC-L2, MTBVAC-L3::hyg, 

MTBVAC-L3 compared to WT strains GC1237, HMS13037 and Mt103. (Figure 52A). Different 

colony morphology in 7H10-ADC were observed in MTBVAC-L2 compared to WT strain 

GC1237 (Figure 52B) in agreement with small size colony observed in SO2 and MTBVAC in 

comparison with Mt103(52) (77). However, similar size colony was observed when HMS13037 

and MTBVAC-L3 were compared (Figure 52C). Difficulties encountered to grow HMS13037 

and different media culture (supplementation with OADC instead of ADC) could explain this 

result but further studies are required.   
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Figure 52. In vitro growth of strains. (A) Growth in liquid media of lineage 4 strain Mt103, lineage 

2 strains, (GC1237, MTBVAC-L2::hyg and MTBVAC-L2) and lineage 3 strains (HMS13037, 

MTBVAC-L3::hyg and MTBVAC-L3). (B) Differential size colony of GC1237 and MTBVAC-L2 in 

7H10-ADC. (C) Similar size colony of HMS13037 and MTBVAC-L3. 
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Conclusions 

 

Two different techniques of genetic-engineering, suicide plasmids and BAC-recombineering, 

were used in parallel to obtain phoP and fadD26 deletions in the clinical isolates GC1237 and 

HMS13037 from lineages 2 and 3 from M. tuberculosis. In MTBVAC-L2 both deletions were 

obtained with suicide plasmid strategy (same method that was used to obtain MTBVAC). In 

MTBVAC-L3, fadD26 deletion was obtained by BAC-recombineering and phoP deletion was 

obtained by suicide plasmid. 

Novel molecular characterization of PE_PGRS secretion was performed. MTBVAC and 

MTBVAC-L3 secrete PE_PGRS proteins in contrast to MTBVAC-L2. Lack of secretion of this 

subfamily of proteins that belongs to PE proteins has been recently related to increase M. 

tuberculosis virulence in mice although their role in protective efficacy was not observed in the 

mouse model. 

Additional molecular characterization of MTBVAC-L2 and MTBVAC-L3 were performed to 

confirm maintenance of previous MTBVAC phenotypes described: MTBVAC-L2 and MTBVAC-

L3 are unable to fix neutral red, both are unable to secrete ESAT-6 although CFP-10 is secreted 

and downregulation of PhoP regulon (mcr7 and pks2). Further analyses are required to 

understand increased expression of pks3 gene in MTBVAC-L3 compared to its WT strain. 

Lack of expression ppsA and ppsB genes contained in PDIM operon were observed in MTBVAC 

and MTBVAC-L2 whereas this phenotype was not observed in MTBVAC-L3 comparing to their 

respective parental strains. Different methods and different cassettes used (res-Ωhyg-res or FRT-

km-FRT) to obtain fadD26 deletion could explain this result. FRT-km-FRT cassette can be used to 

create nonpolar gene deletions within operons while disruption of expression of the PDIM 

operon has been previously observed by RNA-seq when res-Ωhyg-res cassette was used and res 

scar was contained in fadD26 deleted gene. 

Thanks to the know-how in mycobacterial genetics, genetic engineering methods have been 

developed to reduce time to obtain knock-outs in M. tuberculosis. 
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Abstract 
 

New live attenuated vaccine candidates against TB should succeed tough preclinical studies of 

safety, protective efficacy and stability in different animal models before entering into clinical 

trials. 

Following the Geneva consensus we have constructed two new vaccine candidates in two 

clinical isolates of lineages 2 and 3 of M. tuberculosis, based on the same deletions of MTBVAC 

(deletion of phoP and fadD26 genes). We performed initial preclinical characterization of 

MTBVAC-L2::hyg and MTBVAC-L3::hyg of protective efficacy and safety in the mouse model. 

The main objective is to evaluate the protective efficacy of MTBVAC, MTBVAC-L2 and 

MTBVAC-L3 vaccines against representative virulent isolates of the three modern lineages of 

M. tuberculosis. In case that lineage dependent protection is observed, it would be possible to 

combine the three vaccine candidates (MTBVAC, MTBVAC-L2 and MTBVAC-L3) as a trivalent 

vaccine, and evaluate the protective efficacy of the three strains in combination against modern 

lineages of M. tuberculosis. Since they contain identical deletions, recombination events could 

not revert the phenotype. 

In protective efficacy experiments to evaluate lineage dependent protection, we observed that 

all double mutants (MTBVAC, MTBVAC-L2::hyg and MTBVAC-L3::hyg) protected against the 

strains tested belonging to the modern lineages. However, no lineage dependent protection was 

observed.  

Safety experiment in SCID mice of MTBVAC, MTBVAC-L2::hyg and MTBVAC-L3::hyg showed 

that they were attenuated but with significant differences. MTBVAC was the most attenuated 

while MTBVAC-L2::hyg was the least attenuated of the strains tested. BCG Pasteur and 

MTBVAC-L3::hyg exhibited an intermediate attenuated profile between MTBVAC and 

MTBVAC-L2 . 
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Introduction 

 

Mouse model in TB research 

Mice are the most widely model used in TB research. Small size, wide range of immunology 

reagents, possibility of knock-out animals and an immune system that resembles that of 

humans are the main advantages of this animal model (1-3).  

Available knock-out mice helped in the study of TB disease, confirming the important role of 

IFN-γ, TNF and IL-12 in the control of M. tuberculosis infection (4-6). The mouse model have 

been also used to evaluate new antimicrobial drugs to study new therapies against TB (3). 

To study safety and protective efficacy of new vaccine candidates, the mouse model is usually 

the first choice. A decrease of 0.7 log10 in CFU should be observed in new vaccine candidates, as 

in BCG-vaccinated mice in comparison with unvaccinated mice (7).  

Despite the general notion that mice are resistant to TB, it has been described diversity of 

resistance to TB in different mice strains. Survival curves of different mice strains after an 

intravenously inoculation of 105 CFU have been described. Results exhibited two differentiated 

phenotypes, classified as susceptible or resistant mice strains (Figure 53). Major 

histocompatibility complex (MHC) haplotype was shown that can influence in susceptibility 

although other genes are more important (8). This susceptibility profiles in the different mouse 

strains were maintained after vaccination with BCG (9). 

 

Figure 53. Survival curve of inbred strains and F1 hybrids. Time of survival after inoculation of 105 

CFU by intravenous route. CBA, C3H, DBA/2 and 129/SvJ are susceptible strains and C57BL/6 and 

BALB/c are resistant strains. All F1 hybrids are resistant. From (8). 

Kamath and colleagues observed that C3H (H-2k) mice recognize CFP-10 peptides in contrast to 

C57BL/6 (H-2b) and BALB/c (H-2d) (10). Extensive studies showed that C3H mice recognize 

ESAT-6 and CFP-10 but does not recognize Ag85B. In contrast, C57BL/6 recognizes ESAT-6 and 

Ag85B but no CFP-10. BALB/c does not recognize any of the three antigens. A reduction of half 

log was observed in MTBVAC compared to BCG Danish in C3H and similar protection of 

MTBVAC and BCG Danish was observed in C57BL/6 and BALB/c mice. When ESAT-6 and 
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CFP-10 were deleted in MTBVAC, same bacterial burden was observed compared with BCG 

Pasteur (Figure 54) (11). 

 

Figure 54. Protection of BCG Danish and MTBVAC against C57BL/6, BALB/c and C3H mice. 

Bacterial load in lungs in C57BL/6, BALB/c and C3H/HeNRj mice of BCG Danish and MTBVAC 

vaccinated mice and unvaccinated (NV) and challenged with H37Rv. MTBVAC conferred 

increased protection in C3H/HeNRj mice compared to BCG Danish vaccinated group. From (11). 

Safety studies for TB research are usually performed in immunocompromised mice such as 

SCID, Nude or CD4 or interferon gamma knock-out (12).  

SCID mice have severe combined immunodeficiency and these mice are defective in functional 

B and T cell due to a defect in the variable region gene recombination. Nude strains harbor a 

mutation that lead to absence of hair and lack of a functional thymus. These mice cannot 

produce functional T-cells (2).  

 

In this chapter we evaluate attenuation of MTBVAC, MTBVAC-L2 and MTBVAC-L3 in 

immunocompromised SCID mice. We also study lineage-dependent protection of these 

vaccines against clinical isolates belonging to modern linages of M. tuberculosis.  
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Material and Methods  
 

Quantification of bacterial glycerol stocks 

Strains were cultured in 7H9-ADC-0.05% Tween 80 strain until log-phase was reached (Hyg 

was added if required).  Cultures were centrifuged and pellets were resuspended in 0.1 volume 

of PBS-0.05% Tween 80. Suspensions were incubated at room temperature for 10 min to allow 

sedimentation of the clumps. Supernatants were centrifuged (1400 rpm for 10 min) to remove 

all clumps. 50% glycerol was added to the supernatants until final concentration of 5% glycerol 

and stored at -80 °C. 

Duplicates of serial dilutions were plated onto 7H10 supplemented with ADC (or OADC for 

HMS13037 strain) to assess bacterial concentration in the stock. Hyg was added if needed. 

 

Neutral red staining 

Evaluation of fixation of neutral red was performed as described in Chapter 1, Materials and 

Methods section. 

 

Ethics for animal procedures, facilities, mouse strains and anesthesia 

The care and use of animals were performed accordingly with the Spanish Policy for Animal 

Protection RD53/2013 and the European Union Directive 2010/63 on the protection of animals 

used for experimental and other scientific purposes. All procedures were performed under 

Project License 50/14 approved by Ethic Committee for Animal Experiments of the University of 

Zaragoza. Experiments were performed in the facilities of Centro de Investigación en 

Encefalopatías y Enfermedades Transmisibles Emergentes (Zaragoza, Spain, Reference number ES 50 

297 0012 009). 

All animal procedures were performed by qualified researchers with the degree of “Carrying 

out procedures, Function C” (Orden ECC 566/2015) and taking into account the three R´s 

principles.  

For protective and safety experiments, female C57BL/6JRj, C3H/HeNRj, and SCID (mice with 

Severe Combined Immunodeficiency) (Janvier Labs) were used for in vivo  experiments. For 

virulence experiments, C3H, C57BL/6 and C57BL/6 IgA-/- mice were used. 

Mice were allowed to acclimatized one week before the experiments started. Food and water 

were provided ad libitum. For animal procedures (vaccination and challenge), animals were 

anesthetized by inhalation route with 5% of isofluorane using a vaporizer (Isoba Vet®) and 

anesthesia was maintained with a 2% of isofluorane. At the end of the experiment for virulence 

and protective efficacy experiments, or when the 20% of lost weight was observed in the 

attenuation experiment, mice were euthanatized.  
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Virulence experiments 

To confirm virulence of M. tuberculosis strains that will be used for the challenge in the mouse 

model to evaluate the protection efficacy of vaccine candidates, C3H or C57BL/6 IgA-/- mice 

were inoculated by intranasal route with different doses (200 CFU – 104 CFU). Four weeks post-

challenge, bacterial load in lungs were quantified to evaluate the virulence of the strains in the 

mouse model.  

 

Protective efficacy experiments 

Groups of six female of C57BL/6JRj or C3H/HeNRj mice were used to evaluate protective 

efficacy. Mice were eight-week old when the experiment started. Mice were vaccinated 

subcutaneously with 106 bacteria per mouse contained in 100 µl of PBS. Vaccination was 

performed with BCG Pasteur, MTBVAC, MTBVAC-L2::hyg or MTBVAC-L3::hyg, and one 

unvaccinated group was used as control. Eight weeks later, mice were challenged by intranasal 

route with 200 CFU of a M. tuberculosis strain belonging to one of the modern lineages (lineages 

2, 3 and 4). Challenge of 200 CFU was prepared in 40 µl of PBS. Preparations used for 

inoculation were plated to confirm correct dosage. Four weeks post-challenge, bacterial burden 

was evaluated in lungs and spleen. Serial dilutions were plated onto 7H10-ADC. 

We are grateful to Dr. Gilla Kaplan for sharing HN878 and W4 strains and to Dr. Sofía Samper 

for sharing HCU3524 strain. These strains were used for the challenge in the protective efficacy 

experiments.  

  

Attenuation experiment 

Groups of six SCID mice were inoculated by intraperitoneal route with 106 bacteria in 100 µl 

PBS, equivalent to 2 times the dose of BCG recommended for humans. Mice were eight-weeks 

old when the experiment started. Mice were controlled and examined in case any abnormality 

of behavior was observed. Weight of mice was followed during the experiment. The euthanasia 

endpoint was defined at the point that the loss of weight was more than 20%.  
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Results 
 

Protective efficacy of MTBVAC and MTBVAC-L2::hyg against H37Rv, a virulent strain from 

lineage 4 

Group of six C57BL/6 mice were subcutaneously vaccinated with 106 CFU by subcutaneous 

route with MTBVAC, MTBVAC-L2::hyg or non-vaccinated (NV) as control. Eight weeks after 

vaccination, mice were challenged with 200 CFU by intranasal route with the virulent reference 

strain H37Rv. Four weeks post-challenge (endpoint experiment) bacterial burden were assessed 

in lung and spleen of the different groups (Figure 55A). 

Results showed a reduction of one log in lungs in mice vaccinated with MTBVAC and 1.3 log 

reduction in vaccination with MTBVAC-L2::hyg in comparison with unvaccinated group 

control. In the spleen, a reduction of approximately 1.3 log was observed in both groups 

vaccinated with MTBVAC and MTBVAC-L2 compared to naive group (Figure 55B and C). 

These results demonstrate that both MTBVAC and MTBVAC-L2::hyg protect against H37Rv in 

C3H mice, with a slightly higher reduction of the bacillary load in MTBVAC-L2::hyg vaccinated 

mice. 

 

Figure 55. Protective efficacy of MTBVAC and MTBVAC-L2::hyg in C57BL/6 mice against 

H37Rv. (A) Schematic procedure. Bacterial burden in (B) lungs and (C) spleen of vaccinated and 

non-vaccinated mice (NV) four weeks post-challenge. Significant reduction in bacterial load was 

observed in mice vaccinated with MTBVAC and MTBVAC-L2::hyg in lungs and spleen compared 

to unvaccinated mice. All data are mean ± sem. Statistical analysis, by one-way ANOVA and 

Bonferroni post-test. **p<0.01, ****p<0.0001 
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Protective efficacy of MTBVAC and MTBVAC-L2::hyg against HN878, a strain from lineage 2 

The same experiment as described before was performed to evaluate protective efficacy of 

MTBVAC and MTBVAC-L2::hyg against a strain from lineage 2 of M. tuberculosis (Figure 56A). 

The strain chosen for the challenge was a Beijing strain, HN878. This strain has been previously 

described as a hyper virulent strain (13).  

C57BL/6 mice were vaccinated with MTBVAC, MTBVAC-L2::hyg or unvaccinated as control (six 

mice per group). Eight weeks post-vaccination, mice were challenged with 200 CFU of HN878 

by intranasal route. Protective efficacy was evaluated by comparison of the number of bacilli in 

lungs and spleen. 

Surprisingly, almost none bacteria was detected in lungs and spleens in none of the animals of 

all the groups (vaccinated and unvaccinated mice) (Figure 56B and C). 

 

Figure 56. CFU detected in C57BL/6 mice after HN878 challenge. (A) Scheme of the experimental 

procedure. Homogenized of the organs were plated to evaluated the number or bacteria. (B) Total 

CFU in lungs. (C) Total CFU in spleen. All data are mean ± sem. 

The results suggested that the strain of the challenge, HN878, had lost virulence. To further 

investigate this result, we performed a proof of virulence in which a high dose of bacteria was 

inoculated by intranasal route in a C57BL6 IgA-/- female mouse (5x103 bacilli). Four weeks later 

bacterial load in lungs was 104 (Figure 57A). This result was in agreement with the previous 

results and again suggested that this strain seemed to be no virulent in the mouse model. 

Additionally, we performed a neutral red staining of the strain of the stock (which is quantified 

for the mice experiment) and the original received strain (HN878). Remarkably, the original 
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strain fixed the dye while the HNH878 strain used for the mice experiment has lost the ability to 

fix neutral red (Figure 57B). With all these findings we suggest that in the process of laboratory 

cultivation to obtain the stock quantified for mice experiments, the strain has suffered some 

changes in the external surface and probably has lost more than one type of methyl-branched 

lipids. 

 

Figure 57. Bacterial load assessed in lungs and neutral red staining. (A) Bacterial burden in lungs 

four weeks after high dose challenge with HN878. (B) Variation of fixation of neutral red in the 

original HN878 and the strain HN878 used in the mice experiment. 

A neutral red staining of six colonies obtained from the lungs were performed. We observed a 

reversion of neutral red phenotype in the six strains tested (Figure 58). All colonies were able to 

fix the dye after one month in the mouse whereas the strain was neutral red negative before 

being inoculated in the animal (Figure 57B). We hypothesized that during the infection in the 

mouse, some mutations could occur in the bacilli that could revert to the neutral red phenotype. 

 

Figure 58. Fixation of neutral red dye. Fixation of neutral red was observed in the all colonies 

tested obtained from the lungs after 4 weeks in the mouse. 

 

Virulence assays of lineages 2 and 3 strains of M. tuberculosis used in the mouse infection 

model 

Taking into account previous results, two virulent strains from lineages 2 and 3 are required for 

the challenge to test protective efficacy of MTBVAC, MTBVAC-L2 and MTBVAC-L3 vaccine 

candidates against modern lineages of M. tuberculosis. For lineage 4, H37Rv will be used, the 
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reference laboratory strain of M. tuberculosis, widely used and a virulent phenotype confirmed 

in the mouse model. 

Consequently, before protective efficacy assays, an experiment in mice to evaluate virulence of 

W4 and HCU3524 were performed. W4 and HCU3524 are two M. tuberculosis strains that belong 

to lineages 2-Beijing and lineage 3 respectively. HCU3524 was isolated at the Hospital Clínico 

Universitario Lozano Blesa (HCU).  

Inoculation was performed by intranasal route and bacterial load was evaluated in lungs four 

weeks post-inoculation. 300 CFU of W4 (two C3H female mice and one C57BL/6 IgA-/- female 

mice) were inoculated and different doses of HCU3524 were evaluated (300, 1,5x103 and 2x104 

CFU) in the mouse model. Two C3H female were used for the lowest dose, two C3H female for 

the intermediate dose and four C3H male were used for the highest dose (Figure 59A). At the 

end of the experiment, animals with the highest dose had started to lose weight and 

piloerection was observed. Both signs suggested that HCU3524 was virulent. 

Results showed that in both challenges with 300 CFU the bacterial burden in lungs was 106 or 

increased in higher doses (Figure 59B). Therefore, once demonstrated the virulence of these 

strains in the mouse model, these two strains from lineages 2 and 3 of M. tuberculosis will be 

used for the challenge in protective efficacy experiments. 

 

Figure 59. Log CFU of W4 or HCU3524 in lungs. (A) Schematic procedure to test virulence of the 

strains in the mouse model. (B) Log CFU of lineages 2 and 3 strains four week post-challenge. All 

data are mean ± sem 

 

Protective efficacy of the three phoP and fadD26 mutants (MTBVAC, MTBVAC-L2 and 

MTBVAC-L3) against modern lineages of M. tuberculosis 

Once new double phoP and fadD26 mutants in lineages 2 and 3 were obtained (MTBVAC-

L2::hyg and MTBVAC-L3::hyg), and virulence of strains from lineages 2, 3 and 4 of M. 

tuberculosis were confirmed to be used for the challenge, protective efficacy assays were 

performed. 
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Protective efficacy of the three MTBVAC vaccine candidates constructed in the three modern 

lineages of M. tuberculosis was evaluated against strains from the modern lineages. H37Rv from 

lineage 4, W4-Beijing strain from lineage 2 and HCU3524 from lineage 3 were used for the 

challenge. BCG Pasteur was used as a comparator for the vaccine candidates, as the current 

vaccine against TB. 

The aim is to evaluate the protective efficacy of the new double mutants constructed and to 

study lineage-dependence protection. For these experiments, C3H/HeNRj mice were used. 

The experiments of protection were performed as described below: 

 Protection of MTBVAC vaccine strains and BCG Pasteur against H37Rv (lineage 4 

strain) 

C3H mice were subcutaneously vaccinated with 106 CFU of MTBVAC, MTBVAC-L2::hyg, 

MTBVAC-L3::hyg, BCG Pasteur or unvaccinated as control. After the resting period of eight 

weeks, mice were challenged by intranasal route with 200 CFU of H37Rv, a virulent strain from 

lineage 4. The end of experiment is defined four weeks after the challenge, and bacterial load 

was assessed in lungs and spleen (Figure 60A). 

Results showed that all MTBVAC strains and BCG Pasteur had a comparably bacterial burden 

in lungs. An approximately 1.3 log reduction was observed in lungs all vaccinated groups 

compared to unvaccinated animals (Figure 60B). In the spleen, all vaccinated mice had 

diminished bacterial burden than unvaccinated group, and a reduction of 0.86 to 1.25 log was 

observed in vaccinated mice in comparison with unvaccinated group (Figure 60C). In 

conclusion, new constructions MTBVAC-L2::hyg and MTBVAC-L3::hyg conferred protection 

against H37Rv and this protection was comparable with MTBVAC and BCG Pasteur. 
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Figure 60. Protective efficacy of MTBVAC strains and BCG Pasteur in C3H mice against H37Rv. 

(A) Schematic representation of the experiment. (B) and (C), bacterial burden in lungs and spleen 

respectively. Significant and similar reduction in both organs were observed in all vaccinated 

groups compared to unvaccinated group. All data are mean ± sem. Statistical analysis by one-way 

ANOVA and Bonferroni post-test. *p<0.5, ***p<0.001, ****p<0.0001 

 

 Protection of MTBVAC vaccine strains and BCG Pasteur against W4 (linage 2, 

Beijing strain) 

Mice received a dose of 106 CFU of MTBVAC, MTBVAC-L2::hyg, MTBVAC-L3::hyg or BCG 

Pasteur by subcutaneous route. A group of unvaccinated mice was used as control. Two 

months later, mice were challenged by intranasal route with 200 CFU of W4 strain. Four weeks 

after the challenge, differences of bacterial load in lungs and spleen were assessed in all groups 

(Figure 61A). 

All vaccinated mice showed a significant reduction in the bacterial burden in lungs compared to 

unvaccinated mice. The most notable decrease in bacillary load was observed in MTBVAC and 

MTBVAC-L2::hyg vaccinated groups (2.8 and 2.6 log respectively) in comparison with 

unvaccinated group. Mice vaccinated with MTBVAC-L3::hyg and BCG Pasteur also showed a 

significant decrease (2.3 and 2 log). Remarkably, a significant reduction in bacterial burden in 
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lungs was observed in MTBVAC and MTBVAC-L2::hyg vaccinated mice compared to BCG 

Pasteur vaccinated group (Figure 61B).  

In the spleen, variable reduction of bacterial burden was observed (from 1.5 log until 2.2 log) 

compared to unvaccinated mice, but the reduction was significant in all vaccinated groups. 

MTBVAC vaccinated mice showed significantly lower bacterial burden compared to MTBVAC-

L3::hyg vaccinated mice (Figure 61C). 

These results suggest that all the vaccines tested protect against W4-Beijijng strain, but 

increased protection was conferred after vaccination with MTBVAC and MTBVAC-L2::hyg 

compared with the current vaccine BCG Pasteur.  

 

Figure 61. Protective efficacy of MTBVAC strains and BCG Pasteur in C3H mice against W4-

Beijing strain. (A) Schematic representation of the experiment. (B) and (C), bacterial burden in 

lungs and spleen respectively. Significant reduction in both organs was observed in all vaccinated 

groups compared to unvaccinated mice. MTBVAC and MTBVAC-L2::hyg conferred significant 

increased protection compared to BCG Pasteur. All data are mean ± sem. Statistical analysis, by 

one-way ANOVA and Bonferroni post-test. *p<0.5, **p<0.01, ****p<0.0001 
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 Protection of MTBVAC vaccine strains and BCG Pasteur against HCU3524 (lineage 3 

strain) 

Experiment was performed as the two experiments described above. Briefly, mice were 

vaccinated subcutaneously (106 CFU) with MTBVAC, MTBVAC-L2::hyg, MTBVAC-L3::hyg, 

BCG Pasteur or non-vaccinated as control. Eight weeks post-vaccination, mice were challenged 

by intranasal route with 200 CFU of HCU3524, a virulent strain belonging to lineage 3 of M. 

tuberculosis. Four weeks later, bacterial burden was evaluated in all groups in lungs and spleen 

(Figure 62A). 

Results showed variable protection of vaccinated animals compared to unvaccinated group. The 

highest reduction in bacterial burden was observed with MTBVAC and MTBVAC-L3::hyg with 

a reduction of 1.1 log in both vaccine candidates followed by vaccination with MTBVAC-L2::hyg 

with a reduction of 0.75 log and finally BCG Pasteur with a 0.6 log of reduction (Figure 62B). 

In the spleen, the bacterial load in the saline group was relatively low, and no significant 

differences were observed in vaccinated groups compared to non-vaccinated with the exception 

of MTBVAC-L3::hyg (Figure 62C). 

These results exhibit variable protection of the vaccines tested. MTBVAC and MTBVAC-L3::hyg 

conferred the best protection against the lineage 3 HCU3524 strain in C3H mice, followed by 

MTBVAC-L2::hyg and BCG Pasteur. 
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Figure 62. Protective efficacy of MTBVAC strains and BCG Pasteur in C3H mice against 

HCU3524 strain. (A) Schematic representation of the experiment. (B) and (C), bacterial burden in 

lungs and spleen respectively. Reduction of bacterial burden in lung was observed in all vaccinated 

groups compared to unvaccinated animals. Significant difference was observed in MTBVAC-L3 

vaccinated mice in the spleen. Data are represented mean with SEM. Statistical analysis, by one-

way ANOVA and Bonferroni post-test. *p<0.5, **p<0.01, ****p<0.0001 

 

In summary, the three MTBVAC strains conferred protection against the modern strains of M. 

tuberculosis tested (H37Rv, W4 and HCU3524) without significant differences among them. This 

result suggests the lack of lineage dependent protection is congruent with hyperconservation of 

T cell epitopes (14). Even though the lack of lineage dependent protection, this work in 

consistent with the use of MTBVAC as a prototype of new vaccine against tuberculosis, because 

the double mutants conferred protection, independently of the modern lineage in which it is 

constructed. 

Protective efficacy experiments were performed in C3H mice, which have a MHC haplotype 

that recognize ESAT-6 and CFP-10. Superior protection was observed in MTBVAC compared to 

BCG Danish in previous data published. When ESAT-6 and CFP-10 where deleted in MTBVAC, 
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these superior protection disappeared and equivalent protection were observed comparing 

BCG Danish and MTBVAC ΔESAT-6 ΔCFP-10 (11).  

The expected superior protection in MTBVAC strains compared to BCG, because of recognition 

of ESAT-6 and CFP-10 was not observed with the exception of the experiment challenged with 

W4-lineage 2 strain. Further studies to understand this disagreement result are required, but 

one possibility could be the different BCG strains used in the previous study, BCG Danish (11), 

and the present work, BCG Pasteur. Both BCG Pasteur and Danish contain PDIM. Differences in 

the TCS phoPR have been described. Both contain the mutation Gly71Ile in PhoR (15), but BCG 

Danish additionally contains a 10 bp deletion in codon 91 in phoR (16). Additional 

polymorphisms could be involved in different phenotypes of BCG substrains that can influence 

in protective efficacy. 

Several studies have tried to reveal differences of the diverse BCG strains and protection in 

different animal models. In mice, Zhang and colleagues demonstrated that BCG strains showed 

different levels of attenuation in SCID mice. Protective efficacy of BCG strains against H37Rv in 

BALB/c mice exhibited a trend that the more virulent the BCG strain was, the better protection 

conferred. In BCG Danish and BCG Pasteur, similar protection efficacy was observed (0.07 log 

reduction in BCG Danish compared to BCG Pasteur) although BCG Danish is more attenuated 

than BCG Pasteur (17). In other study, protective efficacy of 10 BCG substrains was compared in 

BALB/c mice. Comparing BCG Danish and Pasteur, increased reduction in bacterial burden was 

observed in BCG Danish (0.14 log reduction between BCG Danish and BCG Pasteur) (18). By 

contrast, in other mice study, a reduced bacterial burden was observed in BCG Pasteur 

vaccinated mice compared to BCG Danish after H37Rv challenge (19).  

An outstanding result is the superior protection of MTBVAC and MTBVAC-L2::hyg against W4 

Beijing strain in comparison with BCG Pasteur. Previous studies proposed the inefficacy of BCG 

in conferring protection against Beijing strains (20), although this is not widely accepted 

because of the controversial results obtained in protection experiments using BCG vaccination 

against Beijing strains (21, 22) (more detailed in Introduction section, Chapter 1, Lineage 2 of M. 

tuberculosis – East Asian Lineage). 

Even though different protection was not observed using the mouse model, it is worth to 

remember that intralineage heterogenicity exist in M. tuberculosis. Future studies with a 

representative collection of clinical isolates would provide further insights into the lineage-

dependent protection of the vaccines studied in this Thesis.  

Evaluation of current and future clinical data of MTBVAC-vaccinated individuals would 

provide information about the protective efficacy of this vaccine against different lineages of M. 

tuberculosis. In this context, the new MTBVAC-L2 and MTBVAC-L3 constructed in this Thesis 

would pave the way to progress phoP, fadD26-based vaccines.  
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Safety experiment in SCID mice 

Attenuation of the three MTBVAC strains and BCG Pasteur was evaluated by survival of 

immunocompromised SCID mice after inoculation of 106 CFU by intraperitoneal route (Figure 

63A). In SCID mice, survival after and inoculation of 106 CFU of Mt103 by intraperitoneal route 

was 24 days (23). In this study, MTBVAC, MTBVAC-L2::hyg, MTBVAC-L3::hyg and BCG 

Pasteur showed attenuation in SCID mice. However, differences in the level of attenuation were 

observed. MTBVAC was the most attenuated strain of all strains assayed while MTBVAC-

L2::hyg was the least attenuated strain of the strains tested. BCG Pasteur and MTBVAC-L3::hyg 

exhibited an intermediate attenuation between MTBVAC-L2::hyg and MTBVAC (Figure 63B). 

The median of survival for MTBVAC-L2::hyg was 85.5 days, followed by MTBVAC-L3::hyg with  

93.5 days, 108.5 days in BCG Pasteur and the most attenuated strain was MTBVAC with a 

median of survival of 125.5 days. 

In conclusion, new constructions MTBVAC-L2::hyg and MTBVAC-L3::hyg showed attenuation 

in SCID mice, albeit both were less attenuated than MTBVAC. Additionally, MTBVAC was the 

only MTBVAC strain that exhibited higher attenuation than BCG Pasteur.  

Lack of PE_PGRS proteins in MTBVAC-L2::hyg can contribute to the inferior attenuation 

observed, because lack of secretion of these proteins has been correlated with increased 

virulence. Other phenotype that could be involved in this inferior attenuation is the presumable 

presence of PGL in GC1237, because of an intact pks1/15 region (24), required for PGL synthesis. 

Disruption of PGL synthesis in HN878 strain was correlated with loss of its hypervirulent 

phenotype in the mouse model (13). 

Lineage 3 has been less characterized than lineage 2-Beijing strains and lineage 4 strains, and 

the possible reasons for its inferior attenuated phenotype in comparison with MTBVAC are still 

unknown. 
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Figure 63. Attenuation in SCID mouse. (A) Scheme of the experimental procedure. (B) Survival 

curves of SCID mice after inoculation of 106 bacilli by intraperitoneal route. Statistical analysis, 

Gehan-Breslow-Wilcoxon with a confidence interval or 95%. Rectangle showed survival of SCID 

mice after intraperitoneal route with 106 CFU of Mt103, the parental strain of MTBVAC (23).
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Conclusions 
 

After construction and characterization of new live attenuated vaccine candidates MTBVAC-L2 

and MTBVAC-L3, we performed preclinical characterization of these new double mutants in 

the mouse model. 

A first experiment of protective efficacy was performed in mice to compare the protection of 

MTBVAC and MTBVAC-L2::hyg vaccine candidates against H37Rv and HN878 (lineage 4 and 

lineage 2-Beijing strains respectively). Results showed that both MTBVAC and MTBVAC-

L2::hyg conferred similar protection against H37Rv, but unexpected results were obtained in the 

challenge of HN878 because the strain seemed to have suffered some changes as a consequence 

of cultivation in the laboratory that lead the loss of virulence in mice, presumably by lack of 

methyl-branched derived lipids involved in virulence. 

Consequently, we previously confirmed virulence of lineages 2 and 3 strains used as challenge 

to study the protection of the three MTBVAC strains against lineages 2, 3 and 4 of M. 

tuberculosis. The strains tested, W4 from lineage 2, HCU3524 from lineage 3 and H37Rv from 

lineage 4 were virulent in the mouse model. 

Protective efficacy experiments were performed to evaluate the protection of MTBVAC, 

MTBVAC-L2::hyg and MTBVAC-L3::hyg against virulent strains representative of each modern 

lineages (H37Rv, W4 and HCU3524). BCG Pasteur, the current vaccine against TB, was used as 

comparator and unvaccinated group as control. 

Significant and similar protection efficacy was observed in MTBVAC, MTBVAC-L2::hyg and 

MTBVAC-L3::hyg and BCG Pasteur against the lineage 4 strain, H37Rv. In the challenge against 

the lineage 2-Beijing strain, W4, all vaccine candidates tested conferred protection. Significant 

superior protection of MTBVAC and MTBVAC-L2::hyg was observed compared to BCG Pasteur 

against W4 strain. After challenge with the lineage 3 strain, significant and comparable 

protection was observed in MTBVAC and MTBVAC-L3::hyg, followed by MTBVAC-L2::hyg and 

the lowest bacterial decrease was observed in the group of BCG Pasteur vaccinated mice. 

In safety studies performed in immunocompromised SCID mice, significant differences were 

observed in attenuation although all vaccine candidates (MTBVAC, MTBVAC-L2::hyg, 

MTBVAC-L3::hyg and BCG Pasteur) were attenuated. MTBVAC was the most attenuated of all 

strains tested in the experiment and resulted the only one that was more attenuated than BCG 

Pasteur. MTBVAC-L2::hyg was the least attenuated strain, and MTBVAC-L3::hyg exhibited 

similar survival curve than BCG Pasteur, and their attenuated profile was intermediate between 

MTBVAC-L2::hyg and MTBVAC. 

Results suggested that phoP, fadD26 deleted strains succeed in protection against TB in the 

mouse model. MTBVAC, MTBVAC-L2::hyg and MTBVAC-L3::hyg conferred protection against 

M. tuberculosis strains belonging to modern lineages. Additionally, MTBVAC protective efficacy 

was tested against lineages 2 and 3 strains for the first time and results showed that MTBVAC 

succeed in protection against the three modern lineages of M. tuberculosis.
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Abstract 
 

Nucleotides derived metabolites have been described as important second messenger signaling 

molecules in bacteria, archaea and eukaryotic cells. During the last years, enzymes involved in 

synthesis and degradation of the cyclic di-nucleotide, cyclic-di-AMP (c-di-AMP), with 

diadenylyl cyclase and phosphodiesterase activities respectively, have been described in 

different bacteria and this molecule has been proposed to be involved in diverse processes. 

One of the pathways in which this molecule is involved in M. tuberculosis is to induce type I IFN 

response in the infected host cell. Bacterial c-di-AMP can reach the cytosol and triggers IFN-β 

response in the eukaryotic cell. This response is enhanced when phosphodiesterase is deleted or 

cyclase is overexpressed, as consequence of increased levels of c-di-AMP in the bacilli. 

However, beneficial or detrimental effect of IFN-β in bacterial infections is still under debate. 

Evaluation of c-di-AMP in M. tuberculosis phoPR mutants revealed higher production of this 

metabolite in the phoPR deleted strain compared to WT strain. The same phenotype was 

described in MTBVAC in comparison with Mt103. These results demonstrated that c-di-AMP 

production is a new PhoPR-regulated phenotype. Evaluation of the secreted fractions also 

confirmed the role of phoPR in c-di-AMP export. 

ESAT-6 secreted protein (secreted through ESX-1) is involved in phagosome rupture and the 

escape of the bacilli into the cytosol. It has been described that c-di-AMP of M. tuberculosis, that 

can reach the cytosol, triggers host IFN-β response via cytosolic sensor STING. 

To decipher the possible involvement of bacterial c-di-AMP in the host immune response, 

knock-outs in the cyclase (ΔdisA) and phosphodiesterase (ΔcnpB) involved in c-di-AMP 

metabolism were obtained in MTBVAC. Even though the different levels of c-di-AMP in 

MTBVAC and knock-outs, none of the strains triggers IFN-β response in THP-1 cells, 

suggesting that bacterial c-di-AMP would not reach the cytosol. By contrast, MTBVAC and 

knock-outs exhibited response of the proinflammatory cytokine IL-1β despite the impaired 

ESAT-6 secretion. 
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Introduction 

 

The cyclic di-nucleotide, c-di-AMP 

Nucleotide derived molecules have been described as signaling metabolites in bacteria, archaea 

and eukaryotic cells. One of the nucleotide metabolite identified in a wide range of bacteria is 

cyclic-di-AMP (c-di-AMP) (1). This cyclic dinucleotide is synthesized from two molecules of 

ATP by a diadenylyl cyclase enzyme and degraded to either phosphoadenylyl adenoseine 

(pApA) or AMP by a phosphodiesterase enzyme (2-8) (Figure 64).  

c-di-AMP has been described as important second messenger to be involved in diverse cellular 

processes: growth of Staphylococcus aureus in low-potassium conditions (9), regulation of fatty 

acid synthesis in Mycobacterium smegmatis by binding to the transcription factor DarR (a TeTR-

like regulator) (10), control of sporulation checkpoint in Bacillus subtilis by sensing DNA 

integrity (11) or cell wall homeostasis in S. aureus, B. subtilis and L. monocytogenes suggesting 

that the phosphodiesterase deletion leads to increase resistance to β-lactam antibiotics and 

conversely, increased susceptibility to cell-wall antibiotics is observed when the 

phosphodiesterase is overexpressed (4, 6, 12-14). In L. monocytogenes, which utilizes the is 

listeriolysin O (LLO) to reach the cytosol, c-di-AMP is described to be involved in modulation 

of host immune response via c-di-AMP secretion to the cytosol that triggers IFN-β response 

(15). 

 

Figure 64. Synthesis and degradation of c-di-AMP. c-di-AMP is synthesized from two molecules 

of ATP by a diadenylyl cliclase enzyme and is cleavage by a phosphodiesterase enzyme. The 

metabolite can control diverse cellular pathways. Adapted from (1). 
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Synthesis and degradation of c-di-AMP in M. tuberculosis 

Genes involved in synthesis and degradation of c-di-AMP in M. tuberculosis have been 

described during the last decade.  

Rv3865 (disA, also named dacA from diadenylate cyclase), which is an ortholog of Bacillus 

subtilis DisA, codes for a diadenylate cyclase that converts ATP into c-di-AMP. In B. subtilis, the 

cyclase is named DisA for DNA integrity scanning protein A, which is involved in cell-cycle 

checkpoints. Characterization of DisA from M. tuberculosis shows that DisA can catalyze the c-

di-AMP synthesis reaction from ATP, although it also catalyzes c-di-AMP synthesis from ADP, 

but at lower yields. Additional ATPase and ADPase activities were observed in DisA but no 

specific activity was observed with GTP. RHR motif in DisA is essential for interaction with 

ATP and therefore, to have the adenylate cyclase activity. DisA constitutes an octamer and 

divalent cations (Mg2+, Mn2+ or Co2+) are required for enzymatic activity and higher activity is 

observed in basic pH than in acid pH (3, 16).  

The gene that codifies for the phosphodiesterase responsible of c-di-AMP degradation, Rv2837c 

(named cnpB), was identified as ortholog of S. penumoniae pd2 (2), being a soluble protein in 

contrast to gdpP and yybT phosphodiesterases from S. aureus and B. subtilis respectively (4, 5). 

CnpB contains a DHH domain and a DHHA1 domain, divalent cations Co2+ or Mg2+ are 

required for its activity and the pH 8.5 is the condition with the highest activity. CnpB cleavages 

c-di-AMP to AMP in two steps: c-di-AMP is first linearized into pApA that will be hydrolyzed 

to 5’ AMP (8, 16). 

In vitro studies exhibit that deletion of disA abolish the production of c-di-AMP in M. 

tuberculosis and BCG suggesting this is the only cyclase that synthesis c-di-AMP in these bacilli. 

On the other hand, higher levels of c-di-AMP are observed after deletion of cnpB in M. 

tuberculosis and BCG in comparison with WT strains. Surprisingly, in the secreted fraction, c-di-

AMP is detected in a cnpB knock-out in M. tuberculosis in contrast to a BCG ΔcnpB mutant (8, 17, 

18). 

 

IFN-β and IL-1β host immune response in M. tuberculosis infection 

Type I IFN (IFN α/β) is important for defense against viruses. However the role of type I IFN in 

bacterial infections remains elusive: protective effects have been described in some bacterial 

infections including Chlamydia trachomatis, Chlamydia pneumoniae, Legionella pneumophila and 

Bacillus anthracis in contrast to detrimental effects observed in L. monocytogenes and M. 

tuberculosis infections (19).  

Detrimental effects of type I IFN in M. tuberculosis infection have been described in humans and 

mice. In humans, transcriptomics revealed increased transcriptomic profile of IFNα/β that 

correlates with reduced successful treatment and with the extent of radiographic disease. In 

other study devoid of signaling of type I IFN because of a functional mutation in the receptor 

was correlated with increased resistance to the disease. In mice, lack of IFNα/β led to a 

decreased bacterial load together with increased survival. Decreased IL-1α and IL-1β 

production, which are crucial for host defense, inhibited by IFNα/β was observed both in mice 
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and humans (19, 20). In addition, it has been described that the hypervirulent isolate HN878 

showed increased induction of type I IFN and failed to induce Th1 immunity response (21). 

Despite the strong support of detrimental effects of type I IFN response, it has been also 

described some protective effects of type I IFN response under specific conditions. Comparable 

bacterial burden and survival have been observed in presence and absence of type I IFN 

response, protective effect of type I IFN has been described in absence of IFN-γ and even 

improved symptoms have been reported after IFN-α administration in combination with 

antimycobacterial drugs to patients that conventional treatment failed (20, 22). Furthermore, 

BCG::ESX-1 ,which triggers IFN-β response, exhibited superior protection in comparison with 

BCG. However, the contribution of this IFN-β production in the protection requires further 

studies (23). 

IL-1 cytokines comprises IL-1α, IL-1β, IL-18 and IL-33 which are proinflammatory cytokines. IL-

1β is involved in control of bacteria, demonstrated by diminished survival of IL-1β and IL-1R 

(IL-1α/β receptor) knockouts mice after M. tuberculosis infection. Knockout IL-1β mice exhibit 

increased susceptibility to M. tuberculosis infection and confirming that IL-1β has a non-

redundant function that is not compensated with IL-1α (24, 25). Additionally, subcutaneous 

administration of anti-IL-1β antibodies to M. tuberculosis infected mice exhibited loss of body 

weight and lethality. IL-1 is suggested to help the maintenance of the balance between sufficient 

phagocytes to control the pathogen and inhibit the recruitment of permissive macrophages by 

inhibition of type IFN (26).  

In addition, polymorphisms in the IL1 gene cluster have been described to influence the 

susceptibility of individuals to TB (24). Recent studies associated upregulation of IL-1β with 

induction of trained immunity, defined as non-specific protection against infections after 

previous exposure to certain microbial components) (27). It has been demonstrated that BCG 

vaccination induces epigenetic reprogramming in human monocytes in vivo which induced 

protection against non-related viral infection and IL-1β played a key role for these trained 

immunity responses (28).  

 

Type I IFN response and IL-1β pathways after M. tuberculosis infection 

After aerosol infection, M. tuberculosis is engulfed by alveolar macrophages. M. tuberculosis has 

developed different strategies to prevent macrophage defenses, such as prevention the 

acidification of the phagosome which results in optimal activity of lysosomal digestive enzymes 

and production of oxygen species to control multiplication of the bacilli.  

Additionally, M. tuberculosis has developed the ability to escape of the phagosome and this 

event depends on the correct function of ESX-1 secretion system (29, 30). Consequently BCG, 

with the RD1 deleted region that induces the ESX-1 system, is not able to reach the cytosol.  

Type I IFN response is produced by different pathways: bacterial DNA is sensed by cGAS 

which converts one molecule of ATP and one molecule of GTP into cyclic-di-GAMP (c-di-

GAMP) which can activate STING which triggers type I IFN response (IFN-β) (31-33). 

Additionally, mitochondrial DNA released into the cytosol because of mitochondrial stress 
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caused by bacterial infection and recognition of peptidoglycan fragments in the cytosol 

recognized by the cytosolic sensor NOD2 can also induce type I IFN responses (20). 

Type I IFN response is suggested to depend on the functional ESX-1 protein secretion system 

(32, 34), although some controversial results have been described. IFN-β response is not 

observed after BCG infection in THP-1 cells and BMDMs (18, 23, 32) while IFN-β is observed in 

the macrophage cell line RAW264.7 from mouse and in BMDMs and bone marrow dendritic 

cells (BMDCs) after BCG infection (17). Groschel and colleagues observed that complementation 

of BCG with ESX-1 leads to induce IFN-β response in THP-1 cells (23) whereas Zhang and 

colleagues did not observe IFN-β in BCG RD1 complemented strain in BMDMs from C57BL/6 

(18).  

Production of IL-1β is tightly controlled and its synthesis leads to production of reactive oxygen 

and nitrogen intermediates and activation of other proinflammatory cytokines (25, 35). IL-1β is 

produced by the canonical pathway of inflammasome activation and the action of caspase-1 in 

the precursor pro-IL-1β (26) (Figure 65). In addition, mycobacterial DNA in the cytosol can be 

sensed by AIM-2 and can activate the NLRP3-inflammasone (20) (Figure 65). However, other 

inflammasome independent pathways can induce IL-1β production (25, 36).  

It has been generally supposed that response of IL-1β via inflammasome is mediated by ESX-1 

(37, 38). On the other hand, a recent study exhibited that inflammasome activation and IL-1β 

response is not affected when ESAT-6 secretion is impaired. Blocked ESAT-6 secretion 

downregulated IFN expression while IL-1β response is still observed (32). 

 

Figure 65. Type I IFN and IL-1β pathways after M. tuberculosis infection, from (32). Bacterial 

DNA can be sensed by cGAS and AIM2 that lead to type I IFN response and IL-1β responses 

respectively. These two phenotypes are suggested to be dependent on ESX-1 secretion system and 

ESAT-6 secretion. An independent mechanism of ESAT-6 secretion can produce IL-1β response. 

 Role of c-di-AMP from M. tuberculosis and BCG in IFN-β host immune response  

The ability of M. tuberculosis to produce c-di-AMP led to study the possibility that bacterial c-di-

AMP contributes to enhance IFN-β response in the host cell. For these studies, several mutants 

in cnpB and disA were obtained in different strains from M. tuberculosis. cnpB mutant exhibited 
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increased levels of c-di-AMP compared to the WT whereas disA mutant abolished c-di-AMP 

production. 

In vitro and ex vivo infections using these mutants in M. tuberculosis revealed that bacterial c-di-

AMP modulates host immune response by triggering IFN-β response (Figure 66). This 

activation was STING-dependent and independent of cGAS.  Studies in different cells (J774.1 

cells, BMDMs and BMDcs from C57BL/6) showed that ΔcnpB or disA overexpression strains of 

M. tuberculosis or BCG overexpressing disA  (higher levels of c-di-AMP compared to WT strains) 

enhanced IFN-β response, and this phenotype was reverted in complemented strains (8, 17, 18, 

39). Additionally, Dey and colleagues observed an increased production of TNF, IL-6 and IL-1α 

in BMDMs and BMDCs obtained from C57BL/6 mice when the phosphodiesterase was deleted 

(39) and Dey and colleagues observed an increase of TNF-α when disA is overexpressed (17). 

These phenotypes suggest that increased levels of bacterial c-di-AMP led to enhanced type I 

IFN and proinflammatory cytokine response. Increased pro-inflammatory response was also 

observed in BCG overexpressing disA (40). 

Disagreement results were observed in BCG derivatives regarding IFN-β response. 

Overexpression of disA enhanced IFN-β response in RAW264.7 murine cells, BMDMs and 

BMDCs from C57BL/6 and this response was significantly decreased in STING-KO cells (17). By 

contrast, neither BCG ΔcnpB nor BCG ΔcnpB complemented with RD1 produce IFN-β response 

in BMDMs from C57BL/6 mice (18). 

In vivo studies in BALB/c and C57BL/6 mice exhibited that levels of c-di-AMP are involved in 

virulence. cnpB mutants or disA overexpressing strains, showed attenuation by enhance 

survival in mice, lower bacterial burden in lung and smaller and fewer lesions compared to WT 

strains. In agreement with these results, increased virulence was observed in disA mutants, 

which were unable to synthesize c-di-AMP (mice survival was diminished) (8, 17, 39).  

 Role of cyclic dinucleotides in vaccines 

Cyclic dinucleotides have been described as mediators of innate host defenses and have been 

tested as new adjuvants in mice (41).  

In TB, administration of cyclic dinucleotides has been described to conferred protection. STING 

was required for protection whereas type I IFN signaling was not needed for protection (42).  

One disadvantage of cyclic dinucleotides as adjuvants vaccines is their rapid elimination. To 

overcome this problem, a BCG strain overexpressing disA was obtained by Dey and colleagues. 

In protective efficacy studies in guinea pig model, BCG overexpressing disA conferred superior 

protection after 18 weeks post-challenge with H37Rv compared to BCG Pasteur. Additionally, 

increased proinflammatory cytokine response have been observed after infection of bone-

marrow derived macrophages (BMDMs) (40). 
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Figure 66. Modulation of IFN-β host immune response by bacterial c-di-AMP after M. 

tuberculosis infection. Deletion of disA, that codes for the cyclase to synthesize c-di-AMP or 

overexpression of cnpB gene which codes for the phosphodiesterase that cleavages c-di-AMP leads 

to no production of the metabolite in the bacilli and lower IFN-β response in comparison with WT 

strain. By contrast, cnpB deletion or disA overexpression drive to increased levels of c-di-AMP and 

consequently increased IFN-β response in the host cell. These results conclude that bacterial c-di-

AMP can reach the cytosol and activate IFN-β response via STING. 

In this chapter we evaluate the production and secretion of c-di-AMP in H37Rv, ΔphoPR, 

complemented strain, Mt03 and MTBVAC. We obtain knock-outs in MTBVAC of the cyclase 

and phosphodiesterase involved in the synthesis of c-di-AMP and evaluate IFN-β and IL-1β 

response after infection of THP-1 cells with these strains. 

 

 

 

 

 

 



CHAPTER 3 

133 
 

Material and methods 
 

Bacterial strains, media and growth conditions 

E. coli DH10B strains were grown at 37°C in Luria-Bertani (LB) broth. When required, media 

were supplemented with ampicillin (Amp, 100 µg/ml), kanamycin (Km, 20 µg/ml), hygromycin 

(Hyg, 50µg/ml) or chloramphenicol (Cm, 12.5 µg/ml); 15% arabinose. 

E.coli DH10B containing a BAC library of H37Rv chromosome cloned in pBeloBAC were grown 

at 30°C when contained the thermosensitive pKD46 plasmid.  

Mycobacteria strains (Table 6) were grown at 37 °C in Middlebrook 7H9 liquid medium 

containing 0.05% Tween 80 and 10% (vol/vol) ADC (0.2 % dextrose, 0.5% bovine serum 

albumin, 0.085% NaCl and 0.0003% beef catalase). For solid media Middlebrook 7H10 broth 

supplemented with ADC was used. Hyg 20 µg/ml, Km 20 µg/ml were added to the media if 

required.  0.2% acetamide was used to induce the expression of gp60/61 in pJV53H plasmid. 

 

Eukaryotic cells and culture conditions 

THP-1 human monocytic cells line was grown in RPMI1640 supplemented with 10% (vol/vol) 

fetal bovine serum (FBS). Culture conditions were grown at 37 °C, 5% CO2 and 95% humidity. 

THP-1 cells were differentiated with 10 ng/ml of PMA for 72 h.  

 

Knock-out construction in MTBVAC 

Deletion of cnpB and disA were obtained by BAC-recombineering strategy (described in chapter 

1). 

Plasmid extraction (mini-prep), preparation of electrocompetent cells in M. tuberculosis for 

recombineering, polymerase chain reaction (PCR)  and plasmids used for gene deletion by 

BAC-recombineering (pKD46, pKD4 and pJV53H) are described in detail in Materials and 

Methods section of Chapter 1. For PCR amplification to obtain AES for MTBVAC, 2 U of MyTaq 

DNA polymerase (BIOLINE) and 0,06 U of Pwo DNA polymerase (Roche) were used in a total 

volume of 50 µl with MyTaq Buffer 5x. 

Primers used for PCR are detailed in Table 7.  

 

Extraction of c-di-AMP 

Mycobacterial cultures were grown in 7H9-0.05% Tween-80 supplemented with Dextrose/NaCl 

to avoid presence of contaminating albumin in the supernatant. 
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Bacteria cultures were grown until log-phase (OD600 ~ 0.6) and pelleted by centrifugation (4000 

rpm 5min at 4 °C). Supernatant fraction was filtered through 0.22 µm-pore-size to evaluate c-di-

AMP secretion of the strains.  

For total c-di-AMP extraction, pellets were resuspended in 300 µL of extraction solution 

(acetronitrile/methanol/water, 2/2/1, vol/vol/vol, HPLC grade) and transferred to tubes 

containing glass beads (MP Biomedals). Mycobacterial suspensions were disrupted by Fast Prep 

(6.5 m/s, 45 s), incubated on ice for 15 min and heated at 95 °C for 10 min. Suspensions were 

cooled on ice and supernatants were transferred into a new vial after centrifugation at 14000 

rpm, at 4 °C for 10 min. Two additional extractions were performed by addition of 200 µL to the 

tubes containing glass beads. Suspensions were disrupted by Fast Prep (6.5 m/s, 45 s), incubated 

on ice for 15 min and supernatants were combined into the vial after centrifugation (14000 rpm, 

at 4 °C for 10 min). The vials with the combination of the supernatants (approximately 700 µL) 

were stored at -20 ° overnight. Supernatants were centrifuged at 14000 rpm for 10 min at 4 °C 

and supernatants were filtered through 0.22 µm-pore-size.  

Quantification of total c-di-AMP and c-di-GMP of H37Rv, H37Rv ΔphoPR, H37Rv ΔphoPR 

complemented, Mt103 and MTBVAC strains were performed in collaboration with Institute of 

Pharmacology, Hannover Medical School, Hannover (Germany). These measurements were 

performed using an isotope labeled 13C15N of c-di-AMP. Same extractions were also quantified 

in Proteomics facility of Servicios Científico Técnicos del CIBA (IACS-Universidad de Zaragoza) 

using c-di-GMP as internal control, because of our previous finding demonstrated lack of 

production of this metabolite in M. tuberculosis. Comparable results were obtained between 

both institutions.  

All secreted fractions were evaluated in collaboration with Fundación Medina, Granada (Spain). 

Detection limit is 14.7 ng/ml. 

 

Table 6. Mycobacteria strains used in this chapter 

Strain Despcrition Reference 

Mt103 Parental clinical isolate of M. tuberculosis lineage 4 (43) 

H37Rv Reference laboratory strain of M. tuberculosis (44) 

H37Rv ΔphoPR Mutant of phoP and phoR genes in H37Rv (45) 

H37Rv ΔphoPR 
complemented 

Complemented phoPR genes in H37Rv ΔphoPR strain (45) 

H37Rv ΔRD1 H37Rv deleted RD1 region (46) 

BCG Pasteur Current vaccine against TB, attenuated from M. bovis (47) 

BCG Danish Current vaccine against TB, attenuated from M. bovis (47) 

MTBVAC::hyg 
(Mt103 ΔfadD26 
ΔphoP::hyg) 

Double mutant marked in phoP with res-Ωhyg-res 
cassette 

(48) 

MTBVAC 
Double unmarked mutant of phoP and fadD26 in Mt103 
strain 

(49) 

MTBVAC ΔcnpB::km Marked mutant of cnpB gene in MTBVAC This study 

MTBVAC ΔdisA::km Marked mutant of disA gene in MTBVAC This study 
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Table 7. Primers used in this chapter for PCR 

Primers Sequence 5´3´ 

cnpB-P1-Fw 
GGGTGCGGCAAGCGGGTAGAGGTCAGCTTTGCCGCGCCGGGTGTAGGCTGGAGCTGC
TTC 

cnpB-P2-Rv 
GCGTCGTCGATCGAGCCGGTGGTCGTATACCCCGCGGCCACATATGAATATCCTCCTTA
GT 

KO-cnpB-Fw GGGCGTTGTTCCGGTCTTCG   

KO-cnpB-Rv CCTAGCCCTAACGCCGCTG   

Confirm-KO-cnpB-
Fw 

GCGGTGATCATCGGTTTCAATGTGCG    

Confirm-KO-cnpB-
Rv 

CAACGCACTCGCCACCGTC  

cnpB-I1 GGGCGATCTAACTGATTCCGGGC       

cnpB-I2 CGACCTCCTTGAACACCGCCG  

disA-P1-Fw 
GCACGCTGTGACTCGTCCGACCCTGCGTGAGGCTGTCGCCGTGTAGGCTGGAGCTGCTT
C 

disA-P2-Rv 
CGTCCGACAGGGCGTCCAGTTCGTCCAGGGTGGCATTGATCATATGAATATCCTCCTTA
GT 

KO-disA-Fw CTCGCCGCACAGTCCGAC    

KO-disA-Rv GATCGCGGTGGCCATCGTCATC        

Confirm-KO-disA-
Fw 

GCGCGCTCTATGTCTCTGGTGAG 

Confirm-KO-disA-
Rv 

CGTTTGCGTGACCTGGCCCTAC   

disA-I1 GATGGTGGCTTCTCCCTCGATGTC    

disA-I2 CACCACCGTCATCACATCGCG       

pKD46-gam-fw CCTGTTTTCCTAATCAGCCCGGC 

pKD46-bet-rv AAATGCCGTCTGGCGAAGAGTG 

P1-inv GAAGCAGCTCCAGCCTACAC 

P2-inv-long CTTCGGAATAGGAACTAAGGAGGATATTCATATG 

gp60fr ATCCGGCTCTACGCCGAC 

gp61rv CGGCAAATGACTCTTGCGT 

 

THP-1 infection 

THP-1 cells were cultured in RPMI1640 supplemented with 10% of FBS and cells were 

differentiated with 10 ng/ml of PMA. Infections were performed in 24 well plates and 5*105 cells 

were distributed per well at multiplicity of infection (MOI) of 5:1. For bacteria preparation, 

liquid cultures of bacteria were centrifuged at 4000 rpm for 10 min at room temperature. 

Supernatants were discarded and bacteria were resuspended in 5 ml of DPBS 1x, and OD600 nm 

were measured to determine the volume required for infection. Bacteria were added to cells for 

infection experiment and incubated at 37 °C and 5 % CO2. Supernatants were collected after 24 

and filtered through 0.22 µm-pore-size. IL-1β and IFN-β released were detected by ELISA. 
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Results 

 

Production and secretion of c-di-AMP is a novel PhoPR-dependent phenotype in M. 

tuberculosis 

To study the potential regulation of c-di-AMP by PhoPR, c-di-AMP was detected in phoPR 

mutant in H37Rv M. tuberculosis strain. Total c-di-AMP and c-di-GMP were measured in 

H37Rv, H37Rv ΔphoPR and complemented strain (grown until log-phase) using radiolabelled 

isotopes. Results exhibited that total c-di-AMP were higher in phoPR mutant compared to WT 

and complemented strains (Figure 67A). Complemented strain with phoPR partially recovered 

WT phenotype. Remarkably, no c-di-GMP production was observed in none of the samples.  

The above extractions were quantified using c-di-GMP as internal control, because of the 

previous finding of no production of this metabolite. Comparable results were obtained; total c-

di-AMP measured was higher in phoPR mutant compared to the WT strains and lower levels of 

c-di-AMP were observed after complementation in comparison with ΔphoPR strain (Figure 

67B). 

 

Figure 67. Comparable results of total c-di-AMP in WT strain, ΔphoPR mutant and 

complemented strain in 7H9-ADC-0.05% Tween 80. Quantification obtained (A) using labelled 

isotopes and (B) using c-di-GMP as internal control. Data are represented mean ± sd. 

To further support the phoPR dependent phenotype, total c-di-AMP was quantified in Mt103 

and MTBVAC (Mt103 ΔphoP ΔfadD26) using two different methods with comparable results 

(again no detection of c-di-GMP was obtained) (Figure 68A and B). MTBVAC vaccine candidate 

produced higher levels than the WT strain observing a 20 fold increase in comparison with 

Mt103. 

Both experiments confirmed a new PhoPR-dependent phenotype. However, the reasons of the 

increased levels of c-di-AMP in MTBVAC compared to H37Rv ΔphoPR are still unknown. 
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Further studies are required to decipher the precise mechanism by which PhoPR might control 

c-di-AMP production or can inhibit its degradation. 

 

Figure 68. Comparable results of total c-di-AMP in Mt103 and the double mutant phoP, fadD26 

MTBVAC in 7H9-ADC-0.05% Tween 80. Quantification obtained (A) using labelled isotopes and 

(B) using c-di-GMP as internal control. Data are represented mean ± sd. 

After total metabolite detection in the lysate fraction, c-di-AMP was quantified.in the 

supernatant fraction. 

Results exhibited presence of c-di-AMP exclusively in H37Rv ΔphoPR in contrast to H37Rv and 

complemented strain (Figure 69A). Similarly, in Mt103 and MTBVAC secreted fractions, c-di-

AMP was only observed in MTBVAC while no c-di-AMP detection was obtained in the parental 

Mt103 strain (Figure 69B). 

In conclusion, c-di-AMP was only detected in the secreted fraction in phoPR mutant strains. This 

phenotype could be as a consequence of the increased levels of c-di-AMP in the total fraction in 

phoPR mutants that led to the bacteria to secrete the metabolite to counter the high levels of the 

metabolite or regulation of a transporter system by PhoPR. 

Mechanisms by which c-di-AMP could be exported are still unknown. It has been reported that 

Rv3877 and Rv1877 efflux pumps are not involved in the secretion (18). 

 

Figure 69. Secreted c-di-AMP. (A) Secretion of c-di-AMP was observed in H37Rv ΔphoPR in 

contrast to H37Rv and complemented strain. (B) Secretion of c-di-AMP was observed in MTBVAC 

and no detection was observed in Mt103. Data are represented mean ± sd. 
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BCG, the current vaccine against TB, produced comparable levels to WT M. tuberculosis 

strains and no secretion was detected 

Once observed higher levels of c-di-AMP in total and secreted fraction in the MTBVAC vaccine 

candidate, we aimed at measuring production of this metabolite in the current vaccine against 

TB, BCG.  

Total production of c-di-AMP in BCG Pasteur and BCG Danish were evaluated in total and 

secreted fraction. Comparable results were obtained in the two strains in the total production of 

c-di-AMP (9 and 5 ng/ml respectively) (Figure 70) and no secretion of the metabolite was 

detected. Higher c-di-AMP production levels were expected because of the SNP in phoR (codon 

71 GGTATT) in all animal-adapted mycobacteria and L6 from M. africanum (45) responsible of 

downregulation of phoPR operon. Taking into account this evidence, we would expect 

comparable levels of production and secretion of c-di-AMP in BCG and M. tuberculosis phoPR 

mutants. By contrast, c-di-AMP production in BCG showed similar levels than M. tuberculosis 

WT strains, suggesting that other SNPs or mutations might have an impact on c-di-AMP 

production or degradation. Further studies are required to decipher other genetic 

polymorphisms involved in production and cleavage of c-di-AMP. 

 

Figure 70. Total c-di-AMP in BCG strains. Similar results in production of c-di-AMP were detected 

in BCG Pasteur and BCG Danish strains. Data are represented mean ± sd. 

 

Role of c-di-AMP in the vaccine phenotype of MTBVAC 

In order to study whether bacterial c-di-AMP from MTBVAC has a role in modulating IFN-β 

and IL-1β response, deletion of the cyclase and the phosphodiesterase involved in c-di-AMP 

synthesis and degradation (disA and cnpB genes respectively) were obtained in MTBVAC. 

For evaluation of c-di-AMP in immune host response, THP-1 cells were infected with MTBVAC 

and cnpB and disA knock-outs and IFN-β and IL-1β responses were evaluated. 

 Construction of disA (Rv3586) and cnpB (Rv2837c) knock-outs in MTBVAC 

A bacterial artificial chromosome from H37Rv (BAC) library was constructed in pBeloBAC11 

vector and transformed in E. coli DH10B. DH10B harboring BAC-Rv222 and BAC-Rv404 

containing disA and cnpB respectively were transformed with pKD46 thermosensitive plasmid 
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and plated onto LB-Amp and incubated at 30 °C overnight (Figure 71A). pKD46 contains γ, β 

and exo genes from λ Red system and their expression is controlled by the presence of 

arabinose.  

DH10B BAC Rv222 and DH10B BAC Rv404 both containing pKD46 plasmid and induced with 

arabinose were transformed with PCRs obtained with disA-P1-Fw/disA-P2-rv and cnpB-P1-

Fw/cnpB-P2-rv primers using pKD4 as template (Figure 71B). PCR products contained FRT-km-

FRT cassette flanked with 40 bp of identity arms for site specific recombination in cnpB and disA 

genes respectively (Figure 71C). Transformation were plated onto LB-Km and incubated at 37 

°C overnight. Recombinants were confirmed using two pairs of primers, one 5´upstream of the 

recombination site and the other inside the Km cassette and the other pair of primers one of 

them inside the Km cassette and the other 3´downstream recombination site (Figure 72A-D).  

DH10B BAC Rv222 ΔdisA::Km and DH10B BAC Rv404 ΔcnpB::Km were grown overnight and 

DH10B BAC Rv222 ΔdisA::Km and BAC Rv404 ΔcnpB::Km were purified. PCR products 

containing 1 kb of identity arms were obtained using DH10B BAC Rv222 ΔdisA::Km and BAC 

Rv404 ΔcnpB::Km as templates. These PCR products will be used as allelic exchange substrate 

(AES) to obtain the knock-outs in MTBVAC (Figure 73A and B). 

 

Figure 71. Confirmation of pKD46 plasmid and PCR product for transformation in E. coli. (A) 

Transformation of pKD46 plasmid in DH10B Rv404 and DH10B Rv222 was confirmed using 

pKD46-gam-fw and pKD46-bet-rv primers. All colonies tested were positive. pKD46 was used as 

control positive. (B) Schematic representation of primers used for PCR amplification of FRT-km-

FRT flanked with 40 bp identity arms (added to the primers) of cnpB and disA using pKD4 as 

template. (C) PCR product obtained using cnpB-P1-Fw/cnpB-P2-Rv and disA-P1-Fw/disA-P2-Rv. 
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Figure 72. Confirmation of deletion in disA and cnpB in BAC Rv404 and BAC Rv222 respectively 

in DH10B. (A and C)  Genetic structure of disrupted disA and cnpB genes by FRT-km-FRT cassette. 

(B and D) PCR amplification using different combination of primers represented in panels A or C to 

confirm deletion of disA and cnpB gene in BACRv222 and BACRv404. WT BAC Rv222 or BAC 

Rv404 were used as control. 

 

Figure 73. AES for recombination in mycobacteria. (A) Schematic representation to obtain PCR 

product of FRT-km-FRT cassette flanked with 1 kb of identity arms for site specific recombination to 

obtain knock-outs in cnpB and disA genes (named PCR product ΔcnpB::km and PCR product 

ΔdisA::km respectively)  using BAC Rv404 ΔcnpB::km and BAC Rv222 ΔdisA::km respectively.  (B) 

PCR products obtained after amplification with primers detailed in A.  
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MTBVAC was transformed with pJV53H plasmid, which contains Che9c gene products 60 and 

61 that allow recombination in mycobacteria. PCR products (AES) were transformed in 

MTBVAC harboring pJV53H plasmid, induced with acetamide, and plated onto 7H10-Km. 

Recombinants were confirmed using different combinations of primers that hybridize 

5´upstream or 3´downstream of recombination site, inside the FRT-km-FRT cassette or in the 

deleted region of disA and cnpB genes (Figure 74A-D). 

 

Figure 74. Confirmation of deletion of disA and cnpB genes in MTBVAC. (A and C) Genetic 

structures of disA and cnpB disrupted with FRT-km-FRT cassette or WT genes. (B and D) PCR 

amplification using the primers represented in panels A and C. Amplification should be observed 

using confirm-Fw/P1-inv and confirm-Rv/P2-inv-long primers and absence of amplification with 

internal primers which hybridize in the deleted region (disAI1/disAI2 and cnpBI/cnpBI2 primers). 

MTBVAC was used as control. 

A schematic representation of the mutant constructions in MTBVAC is detailed in Figure 75. 
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Figure 75. Scheme of genomic structure of mutants obtained in MTBVAC. Km marked 

mutants were obtained in disA and cnpB genes involved in c-di-AMP metabolism  

 Production and secretion of c-di-AMP in MTBVAC and disA and cnpB knock-outs 

MTBVAC, MTBVAC ΔdisA::km and MTBVAC ΔcnpB::km were grown until log-phase and 

evaluation of total and secreted c-di-AMP were obtained. When disA gene was deleted in 

MTBVAC, which codes for the cyclase involved in c-di-AMP synthesis, no detection of c-di-

AMP was observed in total and secreted fraction. By contrast, when the phosphodiesterase cnpB 

was deleted in MTBVAC a 70-fold increase of total c-di-AMP and almost 20-fold increase in 

secreted fraction were observed (Figure 76A and B). Therefore, three different strains in the 

MTBVAC genetic background (MTBVAC, MTBVAC ΔcnpB::km and MTBVAC ΔdisA::km) were 

obtained. This strains displayed different levels of total production and secretion c-di-AMP 

representing useful genetic tools to study its role in the host immune response in the vaccine 

candidate MTBVAC. 

 

Figure 76. Total and secreted c-di-AMP of MTBVAC and disA and cnpB mutants. Deletion of disA 

gene abolished the production of c-di-AMP and therefore no secretion of c-di-AMP was observed 

in these mutants, while cnpB deletion led to an increase of c-di-AMP in total and secreted fraction 

compared to MTBVAC. Data are represented mean ± sd. 
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 Evaluation of host-immune response in THP-1 infection with MTBVAC, disA and 

cnpB mutants 

Previous observations of increased c-di-AMP levels in MTBVAC compared to Mt103 led to 

consider whether this bacterial c-di-AMP from MTBVAC could reach the cytosol and triggers 

IFN-β expression in the host cell. To solve this question THP-1 cells were infected with 

MTBVAC and derivatives and IFN-β production were measured by ELISA. For the 

experimental infection, we also used BCG Pasteur, H37Rv ΔRD1 and M. tuberculosis strains 

Mt103 and H37Rv. 

Results showed no production of IFN-β in MTBVAC, disA and cnpB mutants. This observation 

suggested that despite the high levels of c-di-AMP in MTBVAC, and especially in MTBVAC 

ΔcnpB::km, c-di-AMP did not trigger type I IFN response. We hypothesize that MTBVAC 

resides in the phagosome, and as consequence, bacterial c-di-AMP cannot reach the cytosol of 

the cell (because of inability to secrete ESAT-6) and activate INF type response via STING. IFN-

β was detected in the virulent strains of M. tuberculosis H37Rv and Mt103, used as positive 

control for the infection. No detection in BCG Pasteur and H37ΔRD1 were observed (Figure 

77A). 

In other studies, IFN-β response was observed after infection of BCG and BCG overexpressing 

disA in RAW264.7 murine cells, BMDMs and BMDCs from C57BL/6 (17) whereas no IFN-β 

response was detected after BCG, BCG ΔcnpB or BCG::RD1 infection in BMDMs from C57BL/6 

(18). 

These controversial results in BCG open the question whether bacterial c-di-AMP could reach 

the host cytosol even in an ESX-1 defective strain. Our results suggested that a functional ESX-1 

system were required for induction IFN-β response, in agreement with several studies (18, 23, 

32). However, Dey and colleagues observed IFN-β response after BCG infection, although 

different cell lines were used (17). 

IL-1β response was also measured by ELISA (Figure 77B). Results showed no significant 

variability among MTBVAC, cnpB and disA mutants suggesting no relation of c-di-AMP in 

triggering IL-1β response. This response was comparable to Mt103 and H37Rv IL-1β levels.  

IL-1β response was observed in MTBVAC in agreement with Wasserman and colleagues (32), 

observing a robust IL-1β response even though ESAT-6 secretion was blocked. Diminished IL-

1β response was observed in BCG Pasteur and H37Rv ΔRD1, suggesting that RD1 is partially 

involved in IL-1β response. These data are in agreement with several studies (29, 32, 37, 38). No 

significant differences were observed in MTBVAC, MTBVAC ΔcnpB::km and MTBVAC 

ΔdisA::km. However, Dey and colleagues observed increased IL-1β response in BCG 

overexpressing disA compared to BCG WT in mouse bone marrow-derived macrophages(40). 

In summary, MTBVAC and derivatives induced proinflammatory cytokine IL-1β response. 

Conversely, no IFN-β response was observed after infection with MTBVAC and derived strains. 

Despite increased bacterial c-di-AMP in MTBVAC ΔcnpB::km no IFN-β response was observed. 

We hypothesize that even though MTBVAC produces higher levels of c-di-AMP in comparison 

to Mt103, this c-di-AMP was not involved in host immune signaling. 
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Our results suggested that a functional ESX-1 is required for IFN-β response. For IL-1β, results 

suggested that RD1 trigerred less IL-1β response compared to WT strains. In MTBVAC, IL-1β 

response was observed despite impaired ESAT-6 secretion. 

 

Figure 77. IFN-β and IL-1β response after 24 h of infection in THP-1 cells. (A) No IFN-β response 

was observed in MTBVAC and derivatives confirmed that bacterial c-di-AMP of MTBVAC could 

not trigger IFN-β response. (B) No significant differences were observed in IL-1β in MTBVAC and 

derivatives.  

Further studies are required to define the influence of c-di-AMP in the immune responses 

conferred by MTBVAC. In a recent study, BCG overexpressing disA in guinea pig model 

conferred higher protection in comparison with BCG (40). In this context, future experiments of 

attenuation and protective efficacy of MTBVAC, MTBVAC ΔcnpB and MTBVAC ΔdisA should 

be performed. 
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Conclusions 

 

Several PhoP-dependent phenotypes have been extensively characterized in M. tuberculosis: 

control of SL, DAT and PAT synthesis, post-transcripcional regulation of tatC mRNA by ncRNA 

mcr7, ESAT-6 secretion and secretion of Ag85. 

In this chapter, a new PhoPR-dependent mechanism has been described. Production of c-di-

AMP metabolite, which acts as a second messenger, was increased in H37Rv ΔphoPR mutant 

compared to parental strain and partially restored after the complemetation. Presence of the 

metabolite in the supernatant was only observed in phoPR mutant. Therefore, levels of c-di-

AMP were higher in MTBVAC compared to Mt103 in the total fraction and the metabolite was 

also detected in supernatants MTBVAC but no in Mt103. 

To further investigate the role of this metabolite in MTBVAC, in the context of vaccines, knock-

outs in cnpB and disA genes, involved in degradation and synthesis of bacterial c-di-AMP were 

obtained. Accordingly, three strains with different levels of c-di-AMP production and secretion 

in MTBVAC genetic background were obtained. Production of c-di-AMP was abolished in disA 

knock-out and increased levels of c-di-AMP were observed in MTBVAC ΔcnpB knock-out in 

comparison to MTBVAC. 

Neither MTBVAC nor MTBVAC ΔcnpB::km triggered IFN-β response in THP-1 cells, suggesting 

that even though increased c-di-AMP was observed in MTBVAC compared to Mt103, bacterial 

c-di-AMP from MTBVAC cannot activate the IFN-β response. These results indicate the 

requirement of a functional ESX-1 for IFN-β response. The biological significance in the context 

of protection needs to be studied. 

By contrast, a robust IL-1β was observed after THP-1 infection with MTBVAC, cnpB and disA 

mutants. Despite ESAT-6 impaired secretion, MTBVAC and derivatives exhibited comparable 

levels of IL-1β response with M. tuberculosis WT strains. However, BCG Pasteur and H37Rv 

ΔRD1 exhibited lower levels of IL-1β, suggesting that RD1 is involved in this process. The 

implication of IL-1β in protection needs to be studied. 
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General conclusions  

 

 MTBVAC-L2 and MTBVAC-L3 have been constructed in two clinical isolated from 

lineages 2 and 3 M. tuberculosis. These new live attenuated vaccine candidates are based 

on phoP and fadD26 deletions as MTBVAC. 

 

 PhoP-dependent phenotypes previously described have been characterized in 

MTBVAC-L2 and MTBVAC-L3 (inability to secrete ESAT-6 and downregulation of 

PhoP-regulated genes). Moreover, it has been demonstrated that MTBVAC and 

MTBVAC-L3 but not MTBVAC-L2 secrete PE_PGRS proteins. 

 

 MTBVAC, MTBVAC-L2 and MTBVAC-L3 are attenuated in SCID mice. MTBVAC is the 

only vaccine candidate more attenuated than BCG Pasteur. 

 

 MTBVAC, MTBVAC-L2 and MTBVAC-L3 confer protection in C3H mice against M. 

tuberculosis strains from modern lineages. 

 

 Production and secretion of c-di-AMP is increased in M. tuberculosis phoPR mutants. 

MTBVAC and mutants in c-di-AMP cyclase and phosphodiesterase fail to trigger IFN-β 

response in THP-1 cells. In contrast, all these strains exhibit a robust IL-1β response in 

macrophages. 
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Conclusiones generales  
 

 MTBVAC-L2 y MTBVAC-L3 han sido construidas en dos aislados clínicos de los 

lineages 2 y 3 de M. tuberculosis. Estas nuevas candidatas a vacunas están basadas en las 

deleciones de phoP y fadD26 como MTBVAC. 

 

 Fenotipos dependientes de PhoP previamente descritos fueron caracterizados en 

MTBVAC-L2 y MTBVAC-L3 (no secreción de ESAT-6 y disminución de la expresión de 

genes regulados por PhoP). Además, se demostró que MTBVAC y MTBVAC-L3, pero 

no MTBVAC-L2, secretan las proteínas PE_PGRS. 

 

 MTBVAC, MTBVAC-L2 y MTBVAC-L3 son cepas atenuadas en ratones SCID. 

MTBVAC es la una vacuna candidata más atenuada que BCG Pasteur. 

 

 MTBVAC, MTBVAC-L2 y MTBVAC-L3 confieren protección en ratones C3H frente a 

cepas de M. tuberculosis de los linajes modernos.  

 

 La producción y secreción de c-di-AMP está aumentada en mutantes phoPR de M. 

tuberculosis. MTBVAC y los mutantes en la ciclasa y fosfodiesterasa de c-di-AMP no 

desencadenan respuesta de IFN-β en células THP-1. Por el contrario, todas estas cepas 

exhiben una respuesta robusta de IL-1β en macrófagos. 
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During the Thesis I have collaborated in two papers published on April 2018 and May 2019. 

 

Appendix 1 
 

New insights into the transposition mechanisms of IS6110 and its dynamic distribution between 

Mycobacterium tuberculosis Complex lineages. 
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Abstract

The insertion Sequence IS6110, only present in the pathogens of the Mycobacterium tuber-

culosis Complex (MTBC), has been the gold-standard epidemiological marker for TB for

more than 25 years, but biological implications of IS6110 transposition during MTBC adap-

tation to humans remain elusive. By studying 2,236 clinical isolates typed by IS6110-RFLP

and covering the MTBC, we remarked a lineage-specific content of IS6110 being higher in

modern globally distributed strains. Once observed the IS6110 distribution in the MTBC, we

selected representative isolates and found a correlation between the normalized expression

of IS6110 and its abundance in MTBC chromosomes. We also studied the molecular regula-

tion of IS6110 transposition and we found a synergistic action of two post-transcriptional

mechanisms: a -1 ribosomal frameshift and a RNA pseudoknot which interferes translation.

The construction of a transcriptionally active transposase resulted in 20-fold increase of the

transposition frequency. Finally, we examined transposition in M. bovis and M. tuberculosis

during laboratory starvation and in a mouse infection model of TB. Our results shown a

higher transposition in M. tuberculosis, that preferably happens during TB infection in mice

and after one year of laboratory culture, suggesting that IS6110 transposition is dynamically

adapted to the host and to adverse growth conditions.

Author summary

Since the pioneering discovery of transposition by Barbara McClintock in eukaryotes and

later in prokaryotes by Robert W. Hedges and Alan E. Jacob, it has become clear the key
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role of mobile genetics elements in chromosome remodelling, microbial evolution and

host adaptation. The insertion sequence IS6110 is widely recognized for its utility in TB

diagnosis and epidemiology because it is only present in the M. tuberculosis Complex

(MTBC) and its transposition provides an excellent chromosomal polymorphic variability

allowing the study of recent TB transmission. This inherent feature of IS6110 leads us to

hypothesize that IS6110 plays a crucial role during the TB infectious cycle. However, the

biological significance of IS6110 has been hindered by its almost exclusive use as an epide-

miological marker. Here, we study the regulatory mechanisms and the distribution of

IS6110 in the different MTBC lineages. We discuss the potential biological implications of

IS6110, that is much more than an excellent TB epidemiological tool. Since IS6110 could

play an important role in the adaptation of MTBC to the host, this study opens new ave-

nues to decipher the biological roles of IS6110 in TB pathogenesis.

Introduction

Tuberculosis (TB) is the largest infectious cause of death in history having claimed more

deaths than smallpox, malaria, plague, influenza and AIDS together [1]. In addition to the

alarming 1.7 million deaths and 10,4 million of new TB cases in 2016, the emergence of multi-

drug resistant strains is an increasing threat which makes TB treatment difficult or occasion-

ally impossible [2]. Thus, early diagnostics and identification of transmission chains greatly

contribute to control the TB epidemic.

The adaptation of M. tuberculosis to the host is extremely complex. Most of the infected

individuals are chronically infected in the form of latent TB infection (LTBI) and only one of

10 will develop clinical TB disease. The essential, yet unanswered question, on the natural his-

tory of TB is when M. tuberculosis decides to establish either LTBI in the host, resembling the

lysogenic cycle of lambda phage, or to cause pulmonary TB disease, like the lytic cycle of

lambda phage. In this latter case, M. tuberculosis decide to kill the host with the aim of achiev-

ing transmission to new hosts [3].

Seminal studies by Barbara McClintock deciphered the key role of mobile genetic elements

in chromosome remodelling of maize in 1950 [4]. In the late 60’s insertion sequences were

described by the groups of Shapiro, Malamy, Sybalsky and Starlinger and in 1974 Robert W.

Hedges and Alan E. Jacob coined the term “transposition” in bacteria [5]. The insertion

sequence IS6110 is a mobile genetic element exclusively found in the M. tuberculosis Complex

(MTBC) [6], the causative agent of TB in humans and other mammals including farm animals

responsible for zoonotic TB transmission. This feature makes IS6110 a valuable tool in the

diagnosis of MTBC in biological samples [7, 8]. In addition, IS6110 is present in multiple cop-

ies in the chromosome of M. tuberculosis and IS6110 restriction fragment length polymor-

phism (RFLP) analysis of strains isolated from patients who developed TB showed identical

patterns over years [9]. On the other side a high degree of polymorphism was observed

between strains of the MTBC isolated from different patients due to IS6110 transposition [10].

Standardized IS6110 RFLP typing has been the gold standard for more than 25 years, being the

most reliable TB epidemiological marker [11]. IS6110 typing allows the detection of TB out-

breaks as well as to identify transmission chains using conventional and molecular methods

[12]. To date tens of thousands of MTBC stains all around the world have been typed by this

method but the biological role, if any, of IS6110 remains elusive. In the last 5–10 years IS6110
typing is being replaced by less time-consuming methods based in PCR amplification of

IS6110 in the M. tuberculosis COMPLEX

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007282 April 12, 2018 2 / 23

funders had no role in study design, data collection

and analysis, decision to publish, or preparation of

the manuscript.

Competing interests: The authors have declared

that no competing interests exist.

https://doi.org/10.1371/journal.pgen.1007282


mycobacterial interspersed repetitive units (MIRU) [13, 14], or more recently by whole

genome sequencing (WGS) [15, 16].

The MTBC comprises eight defined phylogenetic lineages. M. tuberculosis sensu-stricto
includes lineages L1–L4 and L7. These human-adapted lineages are responsible for the vast

majority of global human TB cases, whereas M. africanum lineages (L5, L6) are mainly

restricted to humans from West Africa. The L8 comprises animal-adapted strains with eco-

types adapted to different mammals, such as M. caprae and M. bovis, which branched from the

M. africanum lineage [17]. All these lineages are classified into sub-lineage / clonal complexes

or families on the basis of different spoligotyping profiles [18] or on specific genomic signa-

tures [19, 20]. The more distantly related M. canettii is outside the clonal population of the

MTBC and it is considered the most ancestral progenitor from which the above mentioned

MTBC members emerged [21].

According to the IS6110 content, MTBC members are classified into high (>6) and low

(<7) IS6110 copy number strains [22]. It is not clear whether differences in IS6110 content

account for biological phenotypic consequences in bacterial physiology and pathogenesis.

However, it is well known that the M. tuberculosis Beijing/W lineage (L2), with a remarkably

high content of IS6110 [23], is associated with higher virulence and massive spread of drug

resistant strains, being possibly better adapted to high density populations [19]. Beijing/W

lineage was originally described in the 1990’s as a predominant genotype found in countries of

East Asia designated Beijing-family [24] and after observing an interstate spread from New

York of the multidrug-resistant M. tuberculosis clone family named W [25].

During its transposition, the IS6110 promotes a number of important genetic modifications

in MTBC strains. This confers plasticity to the MTBC genomes and could have significant bio-

logical implications. As for other IS, insertion of IS6110 into a coding region frequently ren-

ders the gene inactive, the basis of transposon mutagenesis, or the recombination between two

IS6110 copies can lead to either inversion or deletion of the chromosomal fragment between

them [26–28]. Furthermore, it has been demonstrated that IS6110 acts as a mobile promoter

and this phenotype is selectively activated during in vitro infection of monocytes/macrophages

[29, 30]. This latter finding has extraordinary consequences in the host-pathogen evolution of

the MTBC, as will be discussed below.

It has been suggested that a moderate number of IS6110 might translate into strain-specific

phenotypes that provide selective advantages during the course of the infection [26]. Con-

versely, it has been demonstrated that excessive accumulation of IS6110 copies could result in

inactivation or deletion of essential genetic regions, being deleterious to the bacterium [31].

This later finding implies that transposition rates of IS6110 should be finely regulated and

maintained at relatively low levels (7.9x10-5 events per site per generation) [32]. Considering

the clonal evolution of the MTBC, the rate of point mutations is estimated at 10−9 events per

site per generation and comparatively the mutation rate of IS6110 is orders of magnitude

higher. This reinforces the notion that IS6110 transposition is under positive selection when

infecting or causing disease to the host [32] and accordingly it constitutes an excellent TB epi-

demiological marker.

At the genetic level the IS6110 belongs to the IS3 family and it is annotated as two open

reading frames: ORF1 (327 bp) and ORF2 (987 bp) which overlap in 52 bp and are flanked by

28 bp imperfect Inverted Repeats (IR). The 3–4 bp boundaries of IS6110 are duplicated upon

transposition [10]. Despite the massive use of WGS, the repetitive nature of IS6110makes diffi-

cult to finely map their localizations in the MTBC chromosomes. Although some studies have

attempted to localize IS6110 in M. tuberculosis genomes [27, 33–35], little is known about its

involvement in other MTBC members including M. canettii, M. africanum and ecotypes

responsible for animal TB (i.e. M. bovis and M. caprae) which possess a zoonotic risk.

IS6110 in the M. tuberculosis COMPLEX
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Similar to other members of the IS3 family, it is thought that transposition of IS6110 occurs

when its two constituent ORFs are translationally fused producing an active transposase [36].

Former studies using M. smegmatis (a non-pathogen fast growing mycobacteria) as surrogate

host to demonstrate that IS6110 transposition occurs more readily when this element is located

in transcriptionally active locations and also upon exposure to a microaerobic environment [37,

38]. However, there is a definite lack of evidence about the precise mechanisms leading to the

production of an active IS6110 transposase and the physiological conditions that promote trans-

position in the MTBC. In the present study, we analyse biological data from more than two-

thousand clinical isolates covering the MTBC to dissect the molecular mechanism of IS6110
transposition and its dynamic distribution between the different MTBC lineages. We discuss its

biological significance in the tubercle bacillus and also in the clinical presentations of TB.

Results

IS6110 copy number in the MTBC is lineage-specific

Different members from the MTBC have evolved by accumulation of genomic deletions and

specific polymorphisms [39, 40]. Accordingly, the MTBC phylogeny is the result of a genomic

decay after an evolutionary bottleneck which led to speciation [41]. Upon examination of fully

sequenced and assembled MTBC genomes, we observe that the M. bovis AF2122/97 reference

strain contains a single IS6110 while M. africanum and M. tuberculosis have higher copy num-

bers of this element (an average of 6 and 17 respectively) (Fig 1A). When interrogating M.

canettii, considered as the most ancestral linage known from which all MTBC members

emerged, we only found potentially functional IS6110 sequences in subgroups STB-A, -D,

and–L. Those subgroups that show greater phylogenetic distances (STB–J and–K) have no

traces of IS6110 [21]. Only STB-L carries identical IS6110 sequences to the MTBC (S1 Fig).

Supporting this finding, another study demonstrated the presence of IS6110 in evolutionarily

closer M. canettii isolates [42].

The IS6110 content in MTBC genomes suggested to us that the copy number of this trans-

poson might be lineage-specific. However, since a limited number of genomes have been fully

sequenced and assembled, we decided to investigate this hypothesis in a representative collec-

tion of TB causing strains. We systematically genotyped clinical isolates from TB patients dur-

ing the last 25 years and subdivided them in families according to spoligotyping profiles. A

total of 2,236 clinical samples from our data base covering the MTBC were analysed by stan-

dardised Restriction Fragment Length Polymorphism (RFLP) of IS6110. Results confirmed

that the average IS6110 content is lineage-specific, ranging from low copy number (M. bovis,
L1, the L4 sub-lineage X and M. africanum L5 and L6) to high copy number in modern M.

tuberculosis lineages (LAM, CAS and Beijing from L4, L3 and L2 respectively) (Fig 1B).

Among the M. tuberculosis human-adapted species, these high copy number families are glob-

ally distributed and accordingly they could be considered as generalists capable of infecting

and causing disease in many different human populations [43]. Of these, the LAM family is

distributed in America, Africa, Europe, Oceania and East Asia [20], the CAS family affects the

Indian continent and East Africa [44] and the Beijing family is amply distributed in East Asia

and East Europe [19].

Normalised IS6110 expression data indicates an exponential transposition

dynamics in the MTBC

Once we established that MTBC phylogenetic clades have different IS6110 content, we interro-

gated the molecular mechanisms underlying this observation. First, we selected representative

IS6110 in the M. tuberculosis COMPLEX
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isolates of the MTBC (BCG, M. bovis, M. caprae, M. africanum and M. tuberculosis). Then we

analysed their global IS6110 mRNA levels and found that animal-adapted and M. africanum
species have lower levels of IS6110 mRNA than M. tuberculosis L2 and L4 (Fig 2A). We also

found that ORF1 and ORF2 were similarly expressed (S2 Fig), with is compatible with the

presence of a single RNA molecule with two out-of-phase reading frames translated into a sin-

gle ORF by way of a translational frameshift. This result resembles other IS3 family members

[36, 45]. Altogether these results indicated a proportional relationship between the copy num-

ber content and IS6110 mRNA expression, which led us to quantitate the “normalised mRNA

expression” by calculating expression ratios relative to the IS6110 content in every MTBC

strain (IS6110 mRNA / IS6110 copy number). First, the IS6110 copy number in the above-

mentioned strains was checked by RFLP (Fig 2B) and our previous results were reanalysed

considering this IS6110 content. Our results demonstrated that expression per IS6110 copy is

lower in animal adapted strains and in M. africanum than in M. tuberculosis (Fig 2C).

IS6110 distribution in representative MTBC members indicates a proportional relationship

between the copy number content and the normalised expression of this element and this rela-

tion follows an exponential trend (r2 = 0.80) (Fig 2D). To gain further insight into the transpo-

sition dynamics of IS6110, we analysed M. bovis and M. tuberculosis isolates showing an

uncommon copy number of this element. We selected M. tuberculosis clinical isolates from X

and T families of lineage 4 containing 1, 2, 3 and 11 IS6110 copies. Beijing strains from lineage

2 known to possess the highest copy number of IS6110 were also included [34]. We also

selected M. bovis strains causative of human TB with 3, 4 and 5 copies of IS6110 [46], which

represent an unusually high copy number for the animal adapted lineage (S3 Fig). Results

demonstrated that M. tuberculosis strains having a single IS6110 expresses this mRNA similarly

to M. bovis BCG. Accumulation of additional copies of IS6110 resulted in higher mRNA

expression of the transposase to reach expression levels comparable to M. tuberculosis H37Rv

(S3 Fig). On the other hand, accumulation of more than one IS6110 in M. bovis resulted in

exacerbated expression of its coding gene. This expression was 5-fold higher than that

Fig 1. IS6110 in the MTBC. (a) Schematic phylogenetic relationships of MTBC members arisen from a most recent common ancestor (MRCA) after an evolutionary

bottleneck. For M. tuberculosis different lineages and families are indicated. The position of IS6110 sequences in fully assembled genomes in indicated by black dots.

The arrow indicates the position of IS6110 in the Direct Repeat region of the CRISPR-Cas locus, which is common to most MTBC strains. For the remaining 17 M.

tuberculosis strains different from H37Rv, the number of IS6110 sequences is indicated by a box plot (median = 17). (b) Box plots showing the IS6110 copies in MTBC

families. For each family, the lineage according to panel (a) is provided in parenthesis in the X-axis. For clarity, L4 have been subdivided into 5 different families

according to spoligotyping.

https://doi.org/10.1371/journal.pgen.1007282.g001
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observed in M. tuberculosis H37Rv even if the latter contains 15 IS6110 compared to the 3–5

copies in these atypical M. bovis isolates (S3 Fig).

Translation of an active IS6110 transposase is post-transcriptionally

regulated by a ribosomal frameshift and a RNA pseudoknot

The use of IS6110 as molecular epidemiological marker is useful due to its relatively low fre-

quency of transposition which allows investigators to distinguish between currently circulating

strains (transmission) and older episodes of TB (reactivation) in individual patients. Since

transcription per IS6110 copy is within the range of other genes producing physiological phe-

notypes in M. tuberculosis (S4 Fig), it is predictable that low transposition rates must be sub-

jected to some type of post-transcriptional regulation. Our results show that both ORFs are

similarly transcribed (S2 Fig). The transposase is composed of a DNA binding domain (N-

term) and a catalytic integrase domain (C-term) which contains the residues forming the puta-

tive active site (D310, D350, E379) (S5A and S5B Fig). By analysing the IS6110 genetic

sequence we found that the intergenic region of the constituent ORFs contained a putative

Fig 2. IS6110 gene expression and determination of transposition dynamics in the MTBC. (a) Total IS6110 expression in representative strains from the MTBC.

Data are relative to BCG Pasteur. Columns and error bars are the average and standard deviation from three independent cultures. (b) IS6110 RFLP from MTBC

strains analysed in panel (a). (c) IS6110 expression values normalised to the copy number content of this element. Columns represent normalised expression of IS6110
according to the left Y-axis. Red squares show the IS6110 copy number in each strain indicated in the right Y-axis. Normalised expression of BCG Pasteur is used as

reference. (d) Expression per IS6110 copy relative to the copy number content in MTBC strains. Data fit with an exponential curve (r2 = 0.80) indicated by a grey

shadowed line.

https://doi.org/10.1371/journal.pgen.1007282.g002

IS6110 in the M. tuberculosis COMPLEX

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007282 April 12, 2018 6 / 23

https://doi.org/10.1371/journal.pgen.1007282.g002
https://doi.org/10.1371/journal.pgen.1007282


translational frameshift that could produce an active transposase as described for other

members of the IS3 family [47]. Since the precise translational frameshift has not been docu-

mented for IS6110, we searched for heptanucleotide U/A-rich sequences defined by the motif

XXX-YYY-Z [47] in the overlapping region of ORF1 and ORF2 since these sequences are

prone to ribosomal slippage. A auUUU-AAA-Gac sequence was located in the appropriate

location (Fig 3A and 3B). This sequence codes for Ile91 (AUU), Leu92 (UUA) and Lys93

(AAG) codons of ORF1 and upon translational slippage it codes for Lys1 (AAA) and Asp2

(GAC) of ORF2 (Fig 3B). Additionally, we found a tight RNA secondary structure known as

pseudoknot immediately downstream of the slippage sequence (Fig 3A and 3B). Pseudoknots

are very complex and stable RNA structures with diverse biological functions, which include

self-catalytic activity or the induction of ribosomal frameshifting [48]

To validate these mechanisms, we constructed three genetic variants of IS6110 fused to a

3xFLAG epitope in order to detect the functional transposase by western blot. These variants

were: the wild type (WT) sequence containing the UUU-AAA-G slippage region (IS6110-

WT-FLAG), a construct with an A insertion in the slippage sequence (UUU-AAAA-G) to pro-

duce a complete transposase in the absence of ribosomal frameshift (IS6110-FS-FLAG) and a

third construct including the previous A insertion and several mutations to disrupt pseudo-

knot formation without affecting the coding sequence (IS6110-FS+PK-FLAG) (S6 Fig). These

variants were introduced in Escherichia coli to detect IS6110 protein expression. We barely

detected the IS6110 using the WT sequence. In contrast, by introducing an A insertion a tran-

scriptionally active transposase was detected as a discrete band (Fig 3C). Further, introduction

of mutations in the pseudoknot sequence resulted in even more increased translation of the

Fig 3. Post-transcriptional regulatory mechanisms of IS6110 translation. (a) Genetic organization of IS6110. Overlapping ORF1 and ORF2 and the sense of

transcription are indicated as blue and red arrows respectively. The scheme also shows the 28bp inverted repeats (IR) flanking both overlapping ORFs. (b) Mechanisms

of post-transcriptional regulation of IS6110. The image shows an enlarged view of the region indicated with a dotted box from panel (a). The UUUUAAAG slippery

sequence is indicated by a grey box. ORF1 and ORF2 as well as their coding triplets are indicated by blue and red letters according to panel (a). The RNA pseudoknot is

included within a red rectangle and those regions involved in base pairing formation of secondary structures are indicated by blue, green and orange boxes. The

position of the ribosome and the translated codons are also indicated. Asterisks in the pseudoknot indicate positions carrying mutations that disrupt this structure. (c)

Expression of 3xFLAG variants of IS6110-WT, the transcriptionally active transposase IS6110-FS and the latter variant carrying mutations to disrupt pseudoknot

formation IS6110-FS+PK. The upper and lower parts of the panel show a western-blot using and anti-FLAG antibody and a Coomassie staining which serves as loading

control respectively. The right side of the panel shows the band intensity average from three independent experiments. (d) Post-transcriptional regulation of IS6110 to

produce a biologically active transposase. The image shows translation steps indicating the sense of ribosomal advance and the mRNA structure indicated in panel (b).

Translation of the ORF1 produces the aminoacids from the N-terminus of IS6110 (blue spheres) until it translates Ile91 and Leu92 coded by AUU and UUA triplets in

the slippery region (grey box). At this position ribosome stalls probably because the presence of the downstream pseudoknot presenting a tight secondary structure.

Stalling favours a -1 frameshift in the slippery region. Translation continues in the AAA codon coding for the Lys1 position of ORF2 (red sphere) until the ribosome

reaches the C-terminus of IS6110 coded in this latter ORF.

https://doi.org/10.1371/journal.pgen.1007282.g003
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functional transposase (Fig 3C). Based on these findings, we infer that post-transcriptional

regulation of IS6110 occurs by the combined action of two genetic mechanisms inherent to its

coding sequence. The presence of a slippage sequence and a downstream pseudoknot would

favour ribosome stalling at the appropriate location and the subsequent -1 translational frame-

shift (Fig 3D). In addition, the 5’ end of the IS6110 transcript is predicted to form a hairpin

structure which occludes the ribosome binding sequence (S5C Fig) and possibly interferes

with translation.

Transcriptionally active IS6110 results in higher transposition frequencies

during laboratory growth

Our next step was to demonstrate that the IS6110 transposase produced after translational

frameshift is biologically active when mycobacteria are grown under laboratory conditions. To

avoid homologous recombination or other potential confusing effects that could be produced

from orthologue IS6110 sequences, we decided to study transposition in M. smegmatis mc2155, a

fast growing, non pathogen mycobacterial surrogate host in which the IS6110 is not present [49].

It is important to remark that IS6110 is exclusive of the MTBC and albeit a related IS6110 (67%

aminoacid identity) has been found in the MKD8 strain of M. smegmatis, this copy is non func-

tional [49]. We cloned in a mycobacterial integrative plasmid either the wild type (pIS6110-WT)

or a variant carrying the A insertion in the slippage region (pIS6110-FS) expected to be transcrip-

tionally active (Fig 4A). Active transposases recognize the ends flanking the transposon, which

in the case of IS6110 are the IR, and catalyse “copy-out-paste-in” transposition [50, 51]. Accord-

ingly, we constructed a third plasmid to act as a transposition reporter. A kanamycin resistance

cassette flanked by the IR regions of the IS6110was cloned in a conditionally replicating plasmid

with thermosensitive origin and sacB counter-selectable marker and named pIR-Km (Fig 4A).

Plasmid pIR-Km was introduced in M. smegmatis mc2155 carrying either pIS6110-WT or

pIS6110-FS and maintained at 30˚C. We confirmed that both strains grew at comparable rates

(Fig 4B). To measure transposition frequency, aliquots were plated on 7H10 medium to enu-

merate total CFU or on 7H10 medium containing kanamycin and sucrose and incubated at

42˚C. Under these latter conditions pIR-Km does not replicate and consequently kanamycin

and sucrose resistant colonies arise from transposition of the IR-Km-IR construct into the chro-

mosome (Fig 4C). Our results revealed that the transcriptionally active transposase in pIS6110-

FS exhibited 20-fold higher transposition rates than the wild type IS6110 (Fig 4D). Differences in

transposition frequencies between both transposase variants were notably significant during the

exponential and early stationary growth with a higher proportion of colonies resulting from

transposition in this latter phase (Fig 4D). This result opens the door to hypothesize whether

transposition in vitro is phase-dependent or conversely it results from accumulation of transposi-

tion events during mycobacterial growth. In order to confirm that transposition occurs ran-

domly across M. smegmatis chromosome, we used a similar RFLP-IS6110 analysis to that used in

MTBC clinical isolates. Several kanamycin and sucrose resistant colonies were chosen at random

and their restriction fragments were hybridised with a probe against the IR-Km-IR fragment.

The RFLP showed loss of signal from the pIR-Km indicative of the appropriate plasmid loss. A

polymorphic RFLP pattern was observed, indicative that IS6110 transposition occurred at ran-

dom locations in the chromosome (Fig 4E).

Transposition in M. bovis and M. tuberculosis preferentially occurs during

laboratory starvation and in a mouse infection model of TB

Once studied the IS6110 distribution in more than 2.000 strains covering various MTBC line-

ages and after we have experimentally demonstrated that low transposition frequencies of
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IS6110 are due to a post-transcriptional mechanism in M. smegmatis, we pursued our investi-

gations in analysing potential biological conditions” promoting IS6110 transposition in slow

growing MTBC. We chose as reference strains M. tuberculosis H37Rv (15 IS6110 copies)

belonging to L4 and M. bovis AF2122/97 (1 IS6110 copy) as representative of the animal-

adapted L8. Each strain was transformed with the IS6110 transposition reporter pIR-Km plas-

mid to measure transposition during growth on laboratory media or in a mouse infection

model of TB. Aliquots of the culture or from organ homogenates at different time points were

plated on conventional 7H10 medium to enumerate total CFU or on 7H10 supplemented with

sucrose and kanamycin to recover colonies resulting from IS6110 transposition (Fig 5A). For

in vitro transposition experiments, we first confirmed that both strains carrying pIR-Km grew

at comparable rates at 30˚C, a permissive temperature for this plasmid (S7 Fig). Then, we

selected 1, 4 and 12 months’ time points as representative for exponential, stationary and star-

vation periods in in vitro cultures according to growth curves at 30˚C (S7 Fig). Our results for

M. tuberculosis H37Rv indicate that transposition rates were 10- and 60-fold higher in station-

ary and starvation periods respectively relative to exponential growth (Fig 5B). When examin-

ing M. bovis AF2122/97, similar transposition frequencies were observed under exponential

Fig 4. Construction of a transcriptionally active IS6110 and measure of transposition frequencies during laboratory growth. (a) Plasmids used in the transposition

reporter system. pIS6110-WT and pIS6110-FS are mycobacterial integrative plasmids carrying either the wild type IS6110 or a mutated variant producing a

transcriptionally active transposase respectively. The upper side of this panel shows Sanger sequencing histograms indicating the position of the A insertion in pIS6110-

FS. pIR-Km is a conditionally replicating plasmid with thermosensitive origin of replication and the sacB gene conferring sucrose sensitivity. This plasmid contains a

Kanamycin resistance cassette (km) flanked by the IR regions of IS6110. Positions of PstI sites and probe (grey rectangle) used in RFLP shown in panel (e) are indicated.

(b) Growth rates of liquid cultures at 30˚C of M. smegmatis transformed with either pIS6110-WT+pIR-Km (black lines) or pIS6110-FS+pIR-Km (red lines). Growth

curves measured by OD600 and enumeration of CFU/mL are represented by continuous or dotted lines respectively. Error bars represent the standard deviation from

three independent cultures. (c) CFU from M. smegmatis cotransformed with pIS6110-WT+pIR-Km or pIS6110-FS+pIR-Km and plated on 7H10 media supplemented

with or without kanamycin and sucrose. Dilution used and incubation temperature are indicated. Note the increase in the number of CFU grown in kanamycin and

sucrose medium for the pIS6110-FS variant relative to the pIS6110-WT. (d) Determination of transposition frequencies in M. smegmatis cotransformed with pIS6110-

WT+pIR-Km (black columns) or pIS6110-FS+pIR-Km (red columns). Error bars indicate the standard deviation from three independent experiments. Note that the

transcriptionally active transposase in pIS6110-FS increases up to 20-fold its transposition frequency relative to the wild type transposase in exponential and stationary

periods. (e) RFLP analysis of DNA from colonies grown in kanamycin and sucrose plates resulting from transposition events. Note the loss of signal for pIR-Km

indicative of the appropriate plasmid loss and the concomitant presence of an aleatory band pattern indicative of randomised transposition in the M. smegmatis
chromosome.

https://doi.org/10.1371/journal.pgen.1007282.g004
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Fig 5. Transposition in the laboratory and in a mouse infection model using reference M. bovis and M. tuberculosis strains. (a) Experimental model to measure

transposition rates in M. tuberculosis H37Rv (15 IS6110 copies) and M. bovis AF2122/97 (1 IS6110 copy). Both strains are transformed with pIR-Km and used to

inoculate liquid media or to intranasally infect C57BL/6 mice. After the indicated time points aliquots are plated in kanamycin and sucrose containing plates to

ensure pIR-km loss and to recover colonies resulting from transposition. (b) Transposition frequencies in laboratory medium in M. bovis and M. tuberculosis are

indicated by red and blue columns respectively. Error bars indicate the standard deviation of the mean value from three independent cultures. Transposition

IS6110 in the M. tuberculosis COMPLEX

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007282 April 12, 2018 10 / 23

https://doi.org/10.1371/journal.pgen.1007282


growth with respect to M. tuberculosis. However, although transposition in M. bovis strain was

5-fold higher in stationary and starvation periods, this was noticeably lower than that observed

for M. tuberculosis (Fig 5B). We also quantitated M. tuberculosis IS6110 expression during lab-

oratory growth and we found higher mRNA transcription in the starvation period (Fig 5C).

This result indicates that even if high mRNA expression does not necessarily imply high trans-

lation rates, there is a remarkable correlation between the transposase expression and the

transposition frequencies. These results indicate that transposition increases starting from the

stationary growth and similarly to that observed in M. smegmatis we cannot rule out the possi-

bility that transposition events accumulate during growth in vitro. Further, the comparison of

both strains allows us to establish lineage-defined transposition frequency. These results are

remarkably comparable with our previous findings indicating that normalised expression of

IS6110 is lineage-specific, being 35-fold higher in M. tuberculosis than in M. bovis (Fig 2C).

Our transposition experiments in mice correlate with our findings during laboratory

growth with an interesting exception: transposition rates for M. bovis AF2122/97 did not differ

in the mouse model relative to exponential growth in laboratory medium, both being in the

order 10−6 (Fig 5B and 5D). This result agrees with current biological and clinical data indicat-

ing that the single IS6110 copy of M. bovis strains has been maintained during evolution with

rare cases of transposition in this lineage. Further supporting these observations, our previous

results demonstrate marginal levels of normalised IS6110 mRNA expression in M. bovis iso-

lates (Fig 2C). Conversely, for M. tuberculosis H37Rv, we observed a 10-fold increase in the

transposition rates during mouse infection relative to exponential growth (Fig 5D). This

increase was observed not only in the lung -the primary site of infection-, but also in the spleen

of infected animals (Fig 5D). Finally, we also demonstrate that normalised expression of

IS6110 increases upon infection of murine alveolar macrophages (S8 Fig) and this result sup-

ports our transposition experiments in the mouse model of TB.

Discussion

The IS6110 belongs to the IS3 family whose more representative member is IS911. In this

work, we first demonstrate that similarly to IS911, the IS6110 is subjected to -1 ribosomal fra-

meshifting [36, 52], contains a RNA pseudoknot [47] and its transposition occurs by a copy-

out-paste-in mechanism [53–55]. Then, we go a step ahead to understand the biological role of

IS6110 transposition in the MTBC biology. The reliability of IS6110 as a clinical epidemiologi-

cal marker is unquestionable. In 1993 DNA fingerprinting using IS6110 was standardized and

became the gold standard for epidemiological studies of TB in the last 25 years. Since then tens

of thousands MTBC strains have been studied by IS6110 RFLP [11]. IS6110 RFLP requires

extraction of DNA from pure cultures/sputum samples which is then used in a Southern-Blot

hybridization. Consequently, this is a laborious and time-consuming technique that in the last

5–10 years is being replaced by PCR methods based on amplification of MIRU [13, 14] or even

more recently, by WGS [15, 16]. However, MIRU does not allow to know the number and

position of IS6110 insertions in the MTBC strains and most WGS studies fail to determine the

number and localizing repeated sequences in the genome, such as the insertion sites of IS6110.

preferentially occurs in M. tuberculosis after the stationary phase reaching it maximum in the starvation period. (c) Expression of M. tuberculosis IS6110 during

exponential, stationary and starvation periods in vitro. Expression of ORF1 and ORF2 are indicated by dark and light blue columns respectively. Results are from

three independent cultures. (d) Transposition frequencies during mouse infection with M. bovis or M. tuberculosis are indicated by red and blue columns

respectively. Data from lung and spleen are shown and error bars indicate the standard deviation of the mean value from three independent mice. M. bovis does not

exhibit increased transposition rates in vivo relative to liquid culture. Conversely M. tuberculosis show 10-fold higher transposition rates compared to exponential

growth in vitro. In all cases, transposition frequencies were calculated relative to the total number of CFU in either cultures or mouse organs.

https://doi.org/10.1371/journal.pgen.1007282.g005
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Hopefully, new PacBio and Oxford Nanopore sequencing technologies will improve the reso-

lution of WGS.

After an in depth systematic analysis of 2,236 clinical isolates typed by IS6110-RFLP our

findings show the different distribution of IS6110 between the various MTBC lineages. Our

results reveal that modern lineages of the MTBC (L2, L3 and L4) have accumulated higher

IS6110 copy number than ancient lineages (L1, L5 and L6) (Fig 1). Since modern lineages are

widely distributed and consequently they are more successfully adapted to high density popu-

lations they have been referred to as generalists [43]. Conversely, lineages geographically

restricted to certain regions are considered specialists [43]. Given the role of mobile genetic

elements in providing chromosomal variability, it is tempting to think that the higher IS6110
number in generalists might represent a strategy of the MTBC to adapt to different popula-

tions. A potential limitation of our study is the predominance of strains corresponding to L4,

more frequent in Europe, Africa and America. Similar studies in other places of the world

using larger number of the remaining MTBC lineages would be important to confirm the

results of the present study.

As with any mutational event, transposition could be deleterious, neutral or advantageous

and these events might impact on the pathogen fitness. Accordingly, another limitation of our

study is inherent to the use of clinical isolates since only advantageous phenotypes are selected

and we might be observing only those IS6110 transposition events providing benefits in terms

of enhanced transmissibility or pathogenicity. In this context, those transposition events

observed during our mouse infection experiments might be the result of enhanced fitness in
vivo. Accordingly, serially infecting batch of mice with those bacteria resulting from transposi-

tion events would surely enrich the bacterial population for IS6110 locations conferring selec-

tive phenotypes.

The transposition dynamics of IS6110 imply an exponential relationship between the copy

number content and mRNA expression per IS6110 copy, (Fig 2D). Accordingly, the increased

expression per IS6110 copy observed in high copy number strains (Fig 2C) provide more mes-

senger molecules and this probably results in increased probability of ribosomal frameshift

and translation of a functional transposase, leading to accumulation of this mobile element

across the chromosome. On the other hand, even if transposition generally occurs at random

across the MTBC chromosomes, it remains to be answered why some genomic regions such as

a 600Kb close to the origin of replication lack IS6110, pointing to the detrimental effect of

insertions in this location [56], while other regions such as plcD are prone to accumulate

IS6110 insertions and result in IS6110-mediated deletions such as RvD2 [57].

Since only subgroups STB-A, -D and–L (but not–J and–K) of the MTBC progenitor M.

canettii contain IS6110, we can hypothesize about the origin of this transposon prior to or dur-

ing the evolution of the MTBC progenitor. Recent evidence has shown that M. canettii strains,

in contrast to the MTBC, are not clonal and could exchange DNA [58]. M. canettii STB-D, -A

and -L share adjacent C-term and N-term truncated regions of IS6110 separated by 1,2 Kb (S1

Fig). DNA binding and integrase domains are located in the opposite ends of the IS6110 cod-

ing sequence (S5 Fig) and we can hypothesize about the origin of IS6110 by a recombination

between these adjacent regions (S1 Fig). Reinforcing this hypothesis, similar recombination

events leading to surface remodelling have been recently documented in M. canettii [59].

The low transposition frequencies observed during the natural infection support the

remarkable value of IS6110 as a molecular epidemiology marker. Transposition is probably

maintained at low levels by the action of several mechanisms. Here, we found two regulatory

pathways involving translational slippage or the formation of secondary RNA structures, such

as pseudoknot, but we cannot discard other regulatory mechanisms. The putative ribosome

binding sequence of the IS6110 is occluded by a stem loop (S5C Fig) and formation of this
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structure is expected to have some impact over translation of the transposase. An important

question is whether the mRNA initiates within the own IS6110 or whether it initiates upstream

from an adjacent promoter in the MTBC chromosome. In this latter case, IS6110 transcription

might very well depend on the precise location of this transposon within the host chromo-

some. This assumption would justify why high copy number strains are associated with higher

expression rates per IS6110 copy and vice versa (Figs 1 and 2). The exploration of M. bovis
RNA-seq data indicates negligible transcription of the unique IS6110 copy in this species with

no presence of neighbour transcription start sites [60, 61]. The position of the IS6110 copy in

M. bovis is shared by most members of the MTBC and it is located within the Direct Repeats

(DR) region of the CRISPR-Cas locus. Since this region is subjected to a complex post-tran-

scriptional regulation involving RNA processing steps, this might explain the low expression

of this IS6110 copy. This is congruent with our expression data (Fig 2) and reinforces the

hypothesis that lower transcription is likely associated with decreased probability of transla-

tional frameshift and consequently with low transposition rates in M. bovis (Fig 5B and 5C).

Our results with M. tuberculosis H37Rv indicate that transposition of IS6110 is not limited

to the natural infection and also occurs during growth in vitro (Fig 5B). Supporting this find-

ing, the examination of H37Rv reference strains across multiple laboratories worldwide indi-

cate different transposition events of IS6110 [62]. Other example of changes in the IS6110
pattern is the presence of 19 and 15 IS6110 copies in H37Ra and H37Rv respectively. Since

these strains arose during laboratory subculture of the original H37R strain in the 1930’s, dif-

ferential IS6110 are likely the result of separate and individual transposition events during in
vitro passage. It is interesting to observe higher transposition frequencies in long-term cultures

(Fig 5B), but it remains to be answered whether this is the result of cumulative transposition

events during the growth curve or transposition increases as a consequence of starvation sig-

nals. Examination of the IS6110 mRNA expression indicates a strong upregulation during star-

vation (Fig 5C) which could indicate the presence of yet unknown stimulating signals

triggering IS6110 mobilization. To rule out that differences in the mutation rate of starved bac-

teria influence the transposition frequency, we should have performed a fluctuation test or

similar. Nevertheless, a previous work demonstrated similar mutation rates during latency and

during active disease or in a logarithmic growing culture [63], which agrees with the low muta-

tion rates observed for MTBC chromosomes [40].

Several lines of evidence support a possible role for IS6110 during adaptation to different

hosts. Diverse epidemiological studies have demonstrated that IS6110 RFLP presents distinct

profiles in M. tuberculosis transmission clusters [28, 64–67]. Since these studies involve isolates

from different patients isolated during prolonged periods of time, it is plausible to think that

IS6110-mediated adaptive mechanisms might be involved in the patient-to-patient transmis-

sion of M. tuberculosis. Supporting this idea, our results indicate higher transposition rates

during infection (Fig 5D). Another evidence comes from the observation that M. bovis are

able to infect humans but rarely transmits between this population. However, a specific M.

bovis strain was responsible of a deathly human MDR TB outbreak [68, 69] and this phenotype

is largely related to transposition of a second IS6110 [70]. This second IS6110 is located

upstream the phoPR virulence genes and acts as a mobile exogenous promoter increasing viru-

lence phenotypes in M. bovis [71]. A very recent study demonstrates that IS6110-mediated

deletions in the ppe38-ppe71 genes are widespread in “modern” Beijing strains. This genotype

result in lack of secretion of PE_PGRS and PPE-MPTR proteins and lead to increased viru-

lence. Accordingly, this specific deletion mediated by IS6110 may have contributed to the suc-

cess and global distribution of this Beijing sublineage [72]. A previous study confirmed that

Beijing (L2) strains have higher mutation rates than L4 strains, which result in increased acqui-

sition of drug resistance in the former [73]. It is at present unknown whether varying
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mutational rates across MTBC lineages can impact on transposition rates. Further work is

needed to confirm whether higher mutation rates provide the driving force for increased

transposition or viceversa.

In conclusion, our findings indicate that the lineage-specific number of IS6110 results from

differential transcriptional and posttranscriptional mechanisms inherent to the MTBC chro-

mosomes in order to control the copy number of this transposon. Our results show that

IS6110 transposition increases during mouse infection and during growth in starvation sug-

gesting the potential role of IS6110 transposition during the MTBC adaptation to the host. In

the future, many MTBC strains are being massively sequenced, this opportunity should be

taken into consideration to locate the IS6110 insertion sites, which would lead us to a better

understanding of its biological role in TB pathogenesis and life cycle.

Material and methods

Ethics statement

All procedures were carried out under Project Licence PI14/14 approved by the Ethic Com-

mittee for Animal Experiments from the University of Zaragoza. The care and use of animals

were performed accordingly with the Spanish Policy for Animal Protection RD53/2013, which

meets the European Union Directive 2010/63 on the protection of animals used for experi-

mental and other scientific purposes.

MTBC strains, growth conditions and chemicals

Strains from the MTBC and M. smegmatis mc2155 were routinely grown at 37˚C in 7H9

medium (Difco) supplemented with 0.05% Tween 80 and 10% albumin-dextrose-catalase

(ADC, Middlebrook) or on 7H10 plates supplemented with 10% ADC. For MTBC strains dif-

ferent from M. tuberculosis, 40 mM sodium pyruvate was added to the medium. E. coli DH5α
used for cloning procedures was grown at 37˚C in LB broth or on LB agar plates. Ampicillin

(100 μg/ml), kanamycin (20 μg/ml) and hygromycin (20 μg/ml) were used as appropriate. For

transposition experiments, cultures were incubated at 30˚C or 37˚C and sucrose was added to

7H10 plates at a final concentration of 2% for M. tuberculosis and M. bovis and 10% for M.

smegmatis if appropriate. All chemicals were purchased from Sigma-Aldrich, unless otherwise

stated.

Plasmid construction

IS6110 containing IR was PCR amplified from M. tuberculosis H37Rv DNA using primers

NheI-IS6110-fw (GCTAGCTGAACCGCCCCGGCATG) and NheI-IS6110-rv (GCTAGCTG

AACCGCCCCGGTGAGT). The PCR product was digested with NheI and cloned into NheI
cut pMV361 to yield pIS6110-WT. To construct IS6110 carrying the -1 translational frameshift,

a two-step overlapping PCR strategy was used. ORF1 was amplified with primers NheI-IS6110-

fw and IS6110-FS-rv (CGACGCGGTCTTTTAAAATCGCGT) and ORF2 with NheI-IS6110-rv

and IS6110-FS-fw (ACGCGATTTTAAAAGACCGCGTCG). Both PCR products overlap in 24

nucleotides and carry the extra nucleotide required for the translational frameshifting (under-

lined nucleotides). These products were used as self-templates in a PCR reaction that was ampli-

fied using the flanking primers NheI-IS6110-fw and NheI-IS6110-rv, digested with NheI and

introduced in the NheI site of pMV361 to yield pIS6110-FS. The resulting constructs were con-

firmed by Sanger sequencing, introduced in M. smegmatis mc2155 by electroporation and colo-

nies carrying a chromosome-integrated vector were checked by PCR.
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To construct the transposition reporter, a kanamycin resistance cassette from pKD4 was

amplified with primers BamHI-IR1-P1 (cgcggatccgcgTGAACCGCCCCGGCATGTCCGGAG

ACTCgtgtaggctggagctgcttc) and BamHI-IR2-P2 (cgcggatccgcgTGAACCGCCCCGGTGAGT

CCGGAGACTCcatatgaatatcctccttag), which include the IR from IS6110 indicated in capital

letters. The PCR product was confirmed by Sanger sequencing, digested with BamHI and

introduced into pPR27 cut with the same enzyme. The final plasmid was named pIR-Km and

was introduced into M. smegmatis mc2155, M. tuberculosis H37Rv and M. bovis AF2122/97 by

electroporation. Transformants were selected with kanamycin at 30˚C and cultured at this per-

missive temperature to allow plasmid replication.

Tagged variants of IS6110 were obtained by gene synthesis (Genescript) as follows: a

3xFLAG epitope (DYKDHDGDYKDHDIDYKDDDDK) with codons optimized for M. tuber-
culosis was placed in frame immediately after the IS6110 coding sequence. To construct the

transcriptionally active IS6110-FS, an A insertion was placed after the Leu92 codon. To con-

struct the IS6110-FS+PK variant carrying mutations disrupting the pseudoknot, the original

sequence (cgcggccgagctcgaccggccagcacgctaattacccggttcatcgccgatcatcagggccaccgcgagggcccc-

gatggtttgcggtggggtgtcgag) was replaced by (cgggggcgtgcacgtcccgcgagtacgctaattacgcggtttattgcc-

gaccaccaagggcaccgcgaggggcccgacggcttaaggtggggagtggaa) to maintain the aminoacid sequence.

The final constructs were flanked by XmnI and EcoRI sites at the 5’ and 3’ ends respectively

and cloned between these sites in pMV361. These plasmids were introduced in E. coli DH5α
for subsequent experiments.

Restriction fragment length polymorphism of IS6110
DNA from MTBC strains or M. smegmatis mc2155 were extracted by the CTAB/NaCl proce-

dure. DNA integrity was confirmed by agarose gel electrophoresis. For standard IS6110 RFLP,

DNA was digested with PvuII and separated overnight in 0.8% agarose gels. DNA was trans-

ferred from the gel to a positively charged nylon membrane (Hybond N+, Amersham) by

using a vacuum transfer device. The membrane was hybridized with a probe amplified with

primers INS-1 (CGTGAGGGCATCGAGGTGGC) and INS-2 (GCGTAGGCGTCGGTGAC

AAA). After hybridization with labeled DNA probes, the bound probes were detected with an

enhanced chemiluminescence direct nucleic acid detection system (Amersham) according to

the manufacturer’s recommendations.

For RFLP of colonies resulting from transposition of the IR-Km-IR cassette from the

pIR-Km transposition reporter, these modifications were introduced in the RFLP protocol:

DNA was digested with PstI and hybridized with a probe amplified with P1 (GTGTAGGCTG-

GAGCTGCTTC) and Km-pKD4-out1 (CCACGATAGCCGCGCTGCCTCG) primers using

pIR-Km as template.

Bioinformatic analysis

Genome sequences were retrieved from NCBI GenBank (http://www.ncbi.nlm.nih.gov/). The

copy number content and genomic polymorphisms in IS6110 were calculated using nucleotide

BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi).

Secondary RNA structures were predicted using the RNA fold WebServer (http://rna.tbi.

univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi). Pseudoknot structures and their estimated

free energy were located and computed using DotKnot (http://dotknot.csse.uwa.edu.au/).

RNA extraction and normalized expression of IS6110
Mycobacterial cultures were grown to exponential phase (OD600 = 0.5–0.6) and pelleted by

centrifugation. To minimize RNA degradation bacteria were resuspended in 1 ml RNA Protect
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Bacteria Reagent (Qiagen), incubated for 5 min at room temperature and then centrifuged. Bac-

terial pellets were resuspended in 0.4 ml lysis buffer (0.5% SDS, 20 mM NaAc, 0.1 mM EDTA)

and 1 ml phenol:chloroform (pH = 4.5) 1:1. Suspensions were transferred to tubes containing

glass beads (Qbiogene) and lysed using a Fast-prep instrument with a three-cycle program (15

sec at speed 6.5 m) including cooling the samples on ice for 5 min between pulses. Samples

were then centrifuged and the homogenate was removed from the beads and transferred to a

tube containing chloroform:isoamylalcohol 24:1. Tubes were inverted carefully before centrifu-

gation and the upper (aqueous) phase was then transferred to a fresh tube containing 0.3 M Na-

acetate (pH = 5.5) and isopropanol. Precipitated nucleic acids were collected by centrifugation.

The pellets were rinsed with 70% ethanol and air dried before being re-dissolved in RNase-free

water. DNA was removed from RNA samples using Turbo DNA free (Ambion) by incubation

at 37˚C for 1 h. RNA integrity was assessed by agarose gel electrophoresis and absence of con-

taminating DNA was checked by lack of amplification products after 30 PCR cycles.

One microgram of MTBC RNA was converted to cDNA using SuperScript III Reverse

Transcriptase (Invitrogen) according to the manufacturer’s recommendations. The 10 μl PCR

reaction consisted of 1X SYBR Green PCR Master Mix (Applied Biosystems), 0.25 μM of each

primer and 1 μl of 1:10 diluted cDNA or IP DNA from immunoprecipitation reactions. Reac-

tions were carried out in triplicate in an Applied Biosystems StepOnePlusTM Sequence Detec-

tion System (Applied Biosystems) according to the manufacturer’s instructions. Melting

curves were constructed to ensure that only one amplification product was obtained. Normali-

zation was obtained to the number of sigA molecules in each sample. To obtain normalized

expression values per IS6110 copy number, data normalized with respect to sigA were subse-

quently divided by the total number of IS6110 for every strain used. All qRT-PCR primers

were designed using Primer Express software (Applied Biosystems) and sequences are as fol-

lows: RT-IS6110-1-fw (TCAGCACGATTCGGAGTGG), RT-IS6110-1-rv (CCAAGTAGACG

GGCGACCT), RT-IS6110-2-fw (CGCAAAGTGTGGCTAACCCT), RT-IS6110-2-rv (GCAT

CTGGCCACCTCGAT), RT-sigA-fw (CCGATGACGACGAGGAGATC) and sigA-rv

(CGGAGGCCTTGTCCTTTTC).

Western blot

The pelleted fraction of bacterial cultures was resuspended in PBS containing 1% triton X100

and a cocktail of protease inhibitors (Roche) and disrupted using a Fast-Prep during three

pulses, 1 minute each, cooling on ice between pulses. Samples were then centrifuged and the

upper phase containing whole-cell lysate was quantitated using the RC DC protein assay

(BioRad). Equal amounts of protein preparations were loaded per well. Proteins were sepa-

rated on SDS-PAGE 12–15% gels and transferred onto PVDF membranes using a semidry

electrophoresis transfer apparatus (Bio-Rad). Membranes were incubated in TBS-T blocking

buffer (25 mM Tris pH 7.5, 150 mM NaCl, 0.05% Tween 20) with 5% w/v skimmed milk pow-

der for 30 min prior to overnight incubation with primary antibodies at the dilution indicated

below. Membranes were washed in TBS-T three times, and then incubated with secondary

antibodies for 1 h before washing. Anti-FLAG (M2 clone, Sigma) antibody was used at

1:10,000 dilution and horseradish peroxidase (HRP) conjugated IgG secondary antibody

(Sigma-Aldrich) was used at a 1:20,000 dilution. Signals were detected using chemilumines-

cent substrates (GE Healthcare).

Mouse infection procedures

All mice were kept under controlled conditions and observed for any sign of disease. Experi-

mental work was conducted in agreement with European and national directives for
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protection of experimental animals and with approval from the competent local ethics com-

mittees (approved protocol PI14/14). We performed a single biological replicate using 3 mice

per group. Female C57BL/6 mice (Janvier Biolabs) were intranasally inoculated with 104 CFU

of M. tuberculosis H37Rv or M. bovis AF2122/97 (both carrying the transposition reporter).

Infection was left to progress for 4 weeks and bacterial burden was determined by plating

homogenized lungs and spleen on solid medium. Transposition events were enumerated as

described in the “transposition experiments” section.

Transposition experiments

Liquid cultures grown at 30˚C or organ homogenates from infected mice were serially diluted

and plated on 7H10 medium without sucrose at 30˚C to enumerate viable bacteria. In parallel,

appropriate dilutions were plated on 7H10 medium containing kanamycin and sucrose at

37˚C to obtain colonies resulting from transposition of the IR-Km-IR cassette in the mycobac-

terial chromosome. The transposition frequency was calculated as the number of bacteria

resulting from a transposition events divided by the number of total viable bacteria.

Supporting information

S1 Fig. IS6110 in M. canettii. Network phylogeny of M. canettii sequenced strains adapted

from [21]. The position of IS6110 sequences in fully assembled genomes of M. canettii is indi-

cated. Black dots indicate a wild type sequence, red dots indicate a mutated protein and red

squares show positions of truncated IS6110. Only STB-D, STB-A and STB-L subgroups of M.

canettii containing IS6110 are indicated. The lower part of this figure indicate the positional

arrangement of 5’ and 3’ terminus of the IS6110 shared by STB-A, STB-D and STB-L and that

of a functional IS6110 in the remaining members of the MTBC. This organization suggest a

recombination between both fragment in M. canettii to produce an active transposase.

(TIFF)

S2 Fig. Normalised expression of ORF1 and ORF2. Blue and red bars indicate expression per

IS6110 copy for ORF1 and ORF2 respectively according to the left Y-axis. Red squares indicate

the IS6110 copy number n the analysed strains according to right Y-axis. Note that both con-

stituent ORF from the transposase are equally expressed.

(TIFF)

S3 Fig. IS6110 gene expression in atypical copy number strains. (a) Normalised IS6110
expression in low copy number M. tuberculosis strains. Note that M. tuberculosis containing a

single IS6110 expresses this gene at comparable levels to BCG Pasteur used as reference. Accu-

mulation of further IS6110 copies results in higher normalised expression values. (b) Normal-

ised IS6110 expression in “high copy” number M. bovis strains. Note that the presence of>1

IS6110 copies in M. bovis results in high expression values compared to either BCG Pasteur

used as reference or M. tuberculosis H37Rv. (c) Normalised IS6110 expression in M. tuberculo-
sis Lineage 2 (Beijing) strains. Note that normalised expression values are noticeable higher

than those observed in M. tuberculosis H37Rv from lineage 4. (d, e, f) RFLP from MTBC

strains analysed in panels a, b and c. Columns and error bars from panels (a), (b) and (c) are

the standard deviation of the mean value from three independent cultures according to the left

Y-axis. Red squares in panels (a), (b) and (c) indicate the IS6110 copy number according to the

right Y-axis.

(TIFF)

S4 Fig. Expression of IS6110 in the context of gene expression from diverse genes in M.

tuberculosis. Each gene is measured relative to the sigA expression levels and columns indicate
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log10 values of normalised expression values. Note that IS6110 expression per copy is within

the range of genes producing physiological phenotypes such as tatC involved in protein secre-

tion or pks3 involved in acyltrehalose containing lipids.

(TIFF)

S5 Fig. Genetic features and domain organization of the IS6110 protein. (a) The two con-

stituent ORF ara indicated by blue and red arrows. Position of transposase, integrase and

helix-turn-helix domains are shown. The lower part of the panel include a description of the

indicated domains. (b) The putative content of alpha-helices and beta-strands in the IS6110
aminoacidic sequence is indicated by cylinders and arrows respectively (c) RNA secondary

structure of the N-terminus. The RBS and the start codon are indicated by bold and under-

lined characters respectively. Note the presence of the stem loop occluding the RBS.

(TIFF)

S6 Fig. Pseudoknot structure and mutational analysis. (a) Structure of the IS6110 pseudo-

knot indicating the positions selected for mutation (asterisks). (b) Alignment of wild type and

mutated variants of the pseudoknot. (c) Formation of secondary structures in the wild type

and mutated variant indicating the ΔG values. Note the formation of a stable pseudoknot in

the wild type but not in the mutated variant.

(TIFF)

S7 Fig. Growth rates of liquid cultures at 30˚C of M. tuberculosis or M. bovis transformed

with pIR-Km are indicated blue and red lines respectively. Enumeration of CFU/mL repre-

sent the average and standard deviation from three independent cultures.

(TIFF)

S8 Fig. IS6110 expression during macrophage infection. Bars indicate normalised expression

per IS6110 copy after 4 and 24 hours of MHS macrophage infection (dark grey columns) rela-

tive to expression under laboratory growth (light grey columns). Data from two M. tuberculosis
clinical isolates are provided. Results represent average and standard deviation from three

independent infections.

(TIFF)
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Carlos Lampreave, Alberto Cebollada.

Project administration: Sofı́a Samper, Carlos Martı́n.
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ABSTRACT: MTBVAC is a live attenuated M. tuberculosis
vaccine constructed by genetic deletions in the phoP and
fadD26 virulence genes. The MTBVAC vaccine is currently in
phase 2 clinical trials with newborns and adults in South
Africa, one of the countries with the highest incidence.
Although MTBVAC has been extensively characterized by
genomics, transcriptomics, lipidomics, and proteomics, its
metabolomic profile is yet unknown. Accordingly, in this
study we aim to identify differential metabolites between M.
tuberculosis and MTBVAC. To this end, an untargeted
metabolomics approach based on liquid chromatography
coupled to high-resolution mass spectrometry was imple-
mented in order to explore the main metabolic differences between M. tuberculosis and MTBVAC. As an outcome, we identified
a set of 34 metabolites involved in diverse bacterial biosynthetic pathways. A consistent increase in the phosphatidylinositol
species was observed in the vaccine candidate relative to its parental strain. This phenotype resulted in an increased production
of phosphatidylinositol mannosides, a novel PhoP-regulated phenotype in the most widespread lineages of M. tuberculosis. This
study represents a step ahead in our understanding of the MTBVAC vaccine, and some of the differential metabolites identified
in this work might be used as potential vaccination biomarkers.

KEYWORDS: live attenuated vaccine, phoP, virulence, phosphatidylinositol mannosides, vaccination biomarkers

A live attenuated derivative of M. tuberculosis -MTBVAC-
was constructed by the rational attenuation of a clinical

strain belonging to the most widespread lineage (Europe−
America−Africa; lineage 4) of the tubercle bacillus. Notably,
MTBVAC is the first live attenuated M. tuberculosis vaccine
satisfying the requirements of its clinical evaluation in humans.1

The first in-human phase 1 clinical trials began in 2013 in adults
in Switzerland (clinical trial registration number
NCT02013245) and continued in 2016 in South African
newborns (NCT02729571). The successful results allowed
advancement into two phase 2 trials in 2019 in South Africa,
both in newborn (NCT03536117) and in adult

(NCT02933281) populations. In accordance with the Second
Geneva Consensus document,2 MTBVAC contains two
unmarked genetic deletions in virulence genes phoP and
fadD26. As a consequence, MTBVAC is devoid of virulence
phenotypes described in the next paragraph but maintains the
whole antigenic repertoire of M. tuberculosis.3

PhoP is a transcriptional regulator that controls at least 2% of
the genome of M. tuberculosis.4−6 Among those genes under
PhoP regulation, we found some within the ESX-1 region
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involved in the secretion of themain antigen and virulence factor
ESAT-6. Consequently, although M. tuberculosis phoP mutants
produce ESAT-6, they are unable to export this virulence
factor.6,7 ESAT-6 has been described to inhibit autophagy,8 and
it is also involved in cell-to-cell spread by promoting the
apoptosis of infected host cells.9 In addition, phoP mutants
exhibit a smaller bacillary size and diminished cording formation
compared to the wild type and also present an altered colony
morphology.10 These phenotypes, posibly related to the cell wall
content, led to the study of the lipid composition in various phoP
and phoPR knockouts, demonstrating that phoP controls the
synthesis of polyketide-derived lipids, namely, sulfolipids (SL)
and di- and polyacyltrehaloses (DAT and PAT).11,12 On the
other side, gene fadD26 is involved in the biosynthesis of
phticeroldimycocerosates (PDIMs), a major virulence lipid in
theM. tuberculosis cell wall.13 PDIMs are essential to the survival
of M. tuberculosis in the host; accordingly, PDIM-deficient
mutants are severely attenuated. A lack of PDIM renders M.
tuberculosis more susceptible to attack from the early innate
immune response14 and also less able to arrest phagosomal
maturation, leading to accumulation in acidified phagosomes
and consequent bacterial killing.15 Recently, the concerted role
of PDIM and ESAT-6 secretion in promoting cell apoptosis and
phagosomal rupture has been shown.16

Metabolomics is a unique top-down approach for studying
complex systems.17 Metabolomics information is representative
of the cellular status and therefore can be used to link the
phenotype of a cell to genetic alterations or environmental
changes. Metabolomics complements traditional -omics techni-
ques used to identify molecules that cannot be directly inferred
by transcriptomics, proteomics, and genomics.18 In this context,
the integration of transcriptomics and metabolomics recently

allowed us to elucidate the metabolic network ofM. tuberculosis
during infection.19

Previous metabolomics studies onM. tuberculosis were mainly
focused on detection from culture and species/strain identi-
fication by the analysis of intracellular metabolites.20 However,
little is known about the differential metabolites between M.
tuberculosis strains or the potential of M. tuberculosis-specific
metabolites as potential biomarkers of infection.21

Our objective was to explore differences in intracellular
metabolites between vaccine candidate MTBVAC and its
parental strain of M. tuberculosis. We hypothesize that some
differential metabolites might be specific to M. tuberculosis and
may be related to the virulence of this pathogen; consequently,
they could be used as biomarkers of tuberculosis in bodily fluids.
Conversely, MTBVAC-specific metabolites could be used to
differentiate vaccinated from infected individuals in clinical
trials. For this purpose, four different modes of liquid
chromatography coupled to high-resolution mass spectrometry
(LC-HRMS) analysis were implemented for a nontargeted
metabolomics approach. In this regard, we used a combination
of reverse-phase liquid chromatography (RPLC) and hydro-
philic interaction liquid chromatography (HILIC). Intracellular
metabolites are complex mixtures containing molecules over a
wide polarity range.22 Traditional techniques such as RPLC
enable the separation of nonpolar metabolites. Alternatively,
HILIC, because of its multimodal separation ability, yields an
improvement in the selectivity and reproducibility of more polar
compounds23

The choice of ionization mode in LC-HRMS analyses is of
utmost importance in metabolomics because of the differ-
entiation in the physicochemical properties of the molecules. In
this work, we used electrospray ionization (ESI) in both positive

Figure 1. Total ion chromatograms showing the metabolite content of theM. tuberculosisMT103 parental strain (red lines) and its MTBVAC vaccine
derivative (green lines). (A) HILIC ESI(+). (B) HILIC ESI(−). (C) Reverse-phase ESI(+). (D) Reverse-phase ESI(−). Arrows indicate those
metabolites showing the most significant differences between M. tuberculosis and MTBVAC, and some differential compounds between both strains
identified in this study are indicated above the chromatograms.
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(+) and negative (−) ion modes as applied to the previously
mentioned chromatographic approaches.
For data analysis, we used a combination of multi- and

univariate statistical analysis: principal component analysis
(PCA) is appropriate for detecting clusters and outliers,18 and
the Student’s t test is used to select differential metabolites. This
approach enabled us to observe significant differences in
intracellular metabolites of M. tuberculosis and MTBVAC.

■ RESULTS AND DISCUSSION

Metabolomics Profiling of Virulent and Vaccine
Strains ofM. tuberculosis. After the extraction of intracellular
metabolites, we compared the metabolite profiles from M.
tuberculosis and MTBVAC strains for the four analyses, RPLC
ESI(−), RPLC ESI(+), HILIC ESI(−), andHILIC ESI(+). The
total ion chromatogram (TIC) representative of each HPLC/
HRMS analysis is shown in Figure 1. As a result of the data
extraction and alignment process, 4.872, 1.496, 1.781, and 1.523
m/z were obtained in HILIC ESI(+), ESI(−), reverse-phase
ESI(+), and ESI(−), respectively. To diminish the dimension-
ality of the data matrix and lessen redundant signals, only peaks
indicating monoisotopic ions were selected. In addition, there
were signals that were reproducible in the five biological

replicates and signals that did not come from the solvent. After
data filtration, we reduced the number of metabolites to 271 for
HILIC ESI(+), 142 for HILIC ESI(−), 214 for RPLC ESI(+),
and 267 for RPLC ESI(−). The application of PCA to the data
matrices explained more than 93% of the total variance using the
first two principal components in all cases. The scores plot
revealed close clustering indicative of a clear difference between
the intracellular metabolites of M. tuberculosis and MTBVAC
(Figure 2).
After applying the Student’s t test with FDR correction, we

obtained a total of 125 metabolites with p < 0.05 and at least a 2-
fold change for the four LCMS analyses. A total of 26
metabolites for HILIC ESI(+), 26 for HILIC ESI(−), 48 for
reverse-phase ESI(−), and 25 for reverse-phase ESI(+) were
obtained. Metabolites present in more than one analysis were
identified by comparing the mass spectra, fragment mass, and
retention time, and only one of themwas the selected differential
in the study. Also, different ion adducts of the same metabolite
were identified using mass spectra, the fragment mass, and the
retention time, and only one of these forms was the selected
differential. A total of 34 of the 125 metabolites were tentatively
identified, 25 were increased in MTBVAC, and 9 metabolites
were higher inM. tuberculosis. For the rest of the metabolites, it

Figure 2. (A) PCA score plot generated using MetaboAnalyst for reverse-phase ESI (−) analysis. (B) PCA score plot for reverse-phase ESI (+)
analysis. (C) PCA score plot for HILIC ESI (−). (D) PCA score plot for reverse-phase ESI (−). Green dots and clouds correspond to the MTBVAC
sample, and red dots and clouds indicate the M. tuberculosis MT103 strain sample.
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was not possible to assign a molecular identity. This fact suggests
that some of them might be novel compounds exclusive to M.
tuberculosis. This is not unexpected because metabolomics
applied to the study of bacteria is an emerging field, and in
particular, the number of known metabolites from M. tuber-
culosis is very limited.21

Identification of Differential Metabolites between
Virulent and Vaccine Strains of M. tuberculosis. The
metabolites were identified at different confidences from the
confirmed structure to a putative structure.24,25 The structure of
mannitol was confirmed using the standard compound, which
was acquired and analyzed to check the compound identity of
m/z 181.0718 with MS, MS/MS, and the retention time
matching (Figure 1, Supporting Information). Sixteen of them
were identified with a probable structure25 {glutamine,
glutamate, nicotinamide adenine dinucleotide (NAD), 2-

sulfotrehalose, trehalose 6-phosphate, mycobactin (Mbt) + Fe
(R = 20:1), 1-tuberculosynadenosine, 1-hexadecanoyl-sn-
glycero-3-phospho-(1′-myo-inositol) PI(16:0/0:0), 1,2-dihexa-
decanoyl-sn-glycero-3-phospho-N-ethanolamine PE(16:0/
16:0), 1,2-dihexadecanoyl-sn-glycero-3-phospho-N-methyl-
ethanolamine PNMe(16:0/16:0), 1-hexadecanoyl-2-(9Z-octa-
decenoyl)-sn-glycero-3-phosphoethanolamine PE(16:0/18:1),
1-hexadecanoyl-2-octadecenoyl-sn-glycero-3-phosphoethanol-
amine PE(16:0/18:0), 1-hexadecanoyl-2-(9Z-octavdecenoyl)-
sn-glycero-3-phosphoglycerol PG(16:0/18:1), 1-hexadecanoyl-
2-(9Z-octadecenoyl)-sn-glycero-3-phospho-(1′-myo-inositol)
PI(16:0/18:0), 1-hexadecanoyl-2-octadecenoyl-sn-glycero-3-
phospho-(1′-myo-inositol) PI(16:0/18:0), and 1,2-di(9Z-octa-
decenoyl)-sn-glycero-3-pyrophosphate (PPA(18:1/18:1)}
using difference evidence matching literature21 or library
spectra, mainly NIST. Other phospholipids were putatively

Table 1. Differential Intracellular Metabolites of the M. tuberculosis MT103 Strain and MTBVACa

tentative structure m/z adduct chromatography
retention
time

mass error
(ppm)

p value
(FDR)

fold
change

Shymanski et al.
classification

glutamine 145.0624 −H HILIC 4.13 3.0 1.60 × 10−7 2.86 level 2
glutamate 146.0466 −H HILIC 3.83 2.0 7.89 × 10−8 2.01 level 2
mannitol 181.0718 −H HILIC 3.78 0.2 7.89 × 10−8 12.34 level 1
2-sulfotrehalose 421.0654 −H reverse 1.52 0.1 7.82 × 10−6 2.08 level 2
trehalose 6-phosphate 421.0747 −H HILIC 6.10 −1.3 1.60 × 10−7 −2.63 level 2
conjugate-mycothiol 487.1588 +H HILIC 2.61 −0.9 7.74 × 10−3 >52.49 level 3
1-tuberculosynadenosine 540.3536 +H reverse 8.56 −0.8 4.40 × 10−2 −2.86 level 2
NAD 662.0997 −H HILIC 5.85 −0.5 4.57 × 10−7 2.05 level 2
aPositive fold change values indicate that more metabolites were produced in the M. tuberculosis MT103 strain, and negative values indicate that
more metabolites were produced in MTBVAC.

Table 2. Differential Intracellular Lipids of the M. tuberculosis MT103 Strain and MTBVACa

tentative structure m/z adduct chromatography
retention
time

mass error
(ppm)

p value
(FDR)

fold
change

Shymanski et al.
classification

PPA(18:1(9Z))/18:1((9Z)) 413.2247 +2 Na reverse 5.50 1.0 8.00 × 10−3 12.8 level 2
PI(16:0/0:0) 571.2871 −H HILIC 3.27 −2.3 2.73 × 10−7 −2.00 level 2
PE(16:0/16:0) 690.5047 −H HILIC 1.58 −1.6 4.96 × 10−3 −2.94 level 2
PE-NMe(16:0/16:0) 704.5236 −H HILIC 1.58 −1.3 3.13 × 10−3 −4.55 level 2
PE(16:0/18:1 ((9Z)) 716.5228 −H HILIC 1.55 −1.1 4.14 × 10−3 −3.57 level 2
PE(16:0/18:0) 718.5360 −H HILIC 1.59 −2.1 8.35 × 10−3 −3.03 level 2
PE(R1CO2H+R2CO2H = 35:1) 730.5395 −H HILIC 1.55 0.1 9.08 × 10−3 −2.67 level 3
PE(R1CO2H+R2CO2H = 36:1) 744.5553 −H HILIC 1.54 −0.4 1.82 × 10−2 −2.47 level 3
PE(R1CO2H+R2CO2H = 36:0) 746.5670 −H HILIC 1.61 −3.1 1.22 × 10−2 −2.94 level 3
PG(16:0/18:1(9Z)) 747.5159 −H HILIC 1.70 −3.0 1.16 × 10−5 3.06 level 2
PG(R1CO2H+R2CO2H = 38:0) 805.5985 −H reverse 14.47 1.2 1.74 × 10−5 −24.39 level 3
PG(R1CO2H+R2CO2H = 37:0) 823.6067 +FA−H reverse 12.15 0.4 3.02 × 10−5 −58.80 level 3
PI(16:0/18:1 ((9Z)) 835.5325 −H HILIC 2.74 −2.0 2.89 × 10−4 −3.33 level 2
PI(16:0/18:0) 837.5477 −H HILIC 2.79 −2.6 1.19 × 10−3 −3.23 level 2
PC(R1CO2H+R2CO2H = 44:7) 846.6026 +H reverse 12.07 −1.0 5.33 × 10−5 −16.67 level 3
PI(R1CO2H+R2CO2H = 37:0) 847.6066 +H−H2O reverse 13.24 0.0 8.00 × 10−3 −11.63 level 3
PI(R1CO2H+R2CO2H = 38:0) 861.6226 +H−H2O reverse 13.85 1.2 8.00 × 10−3 −10.00 level 3
PI(R1CO2H+R2CO2H = 40:5) 863.5814 +H−2H2O reverse 13.27 0.6 1.20 × 10−2 −8.07 level 3
PI(R1CO2H+R2CO2H = 36:0) 865.5763 −H HILIC 2.88 −1.1 4.61 × 10−3 −3.57 level 3
PI(R1CO2H+R2CO2H = 36:4) 903.5199 +FA−H HILIC 2.74 4.0 7.50 × 10−4 −4.34 level 3
PI(R1CO2H+R2CO2H = 36:3) 905.5352 +FA−H HILIC 2.78 4.0 1.27 × 10−3 −3.70 level 3
Mbt+Fe (R = 20:1) 921.4509 −H reverse 6.05 −2.6 1.38 × 10−7 11.30 level 2
PI(R1CO2H+R2CO2H = 42:3) 925.6127 −H reverse 11.01 5.0 1.94 × 10−6 −10.10 level 3
PI(R1CO2H+R2CO2H = 44:2) 927.6259 −H2O−H reverse 13.34 −3.4 1.38 × 10−7 −12.98 level 3
PI(R1CO2H+R2CO2H = 40:2) 937.5990 +FA−H reverse 13.34 −3.7 1.11 × 10−7 −18.52 level 3
PIP(R1CO2H+R2CO2H = 38:3) 1013.5347 +FA−H reverse 5.66 0.6 1.21 × 10−5 −2.95 level 3

aPositive fold change values indicate lipids of higher abundance in M. tuberculosis MT103, and negative values indicate lipids of higher abundance
in MTBVAC.
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identified as phosphatidylinositol (PI) {PI(R1CO2H
+R2CO2H = 37:0), PI(R1CO2H+R2CO2H = 38:0), PI-
(R1CO2H+R2CO2H = 40:5), PI(R1CO2H+R2CO2H =
36:0), PI(R1CO2H+R2CO2H = 36:4), PI(R1CO2H
+R2CO2H = 36:3), PI(R1CO2H+R2CO2H = 42:3), PI-
(R1CO2H+R2CO2H = 44:2), and PI(R1CO2H+R2CO2H =
40:2)}, phosphatidylethanolamine (PE) {PE(R1CO2H
+R2CO2H = 35:1), PE(R1CO2H+R2CO2H = 36:0), and
PE(R1CO2H+R2CO2H = 36:0)}, and phosphatidylglycerol
(PG) {PG(R1CO2H+R2CO2H = 38:0) and PG(R1CO2H
+R2CO2H= 37:0)} using the match with known compounds in
different databases, the in-silico fragmentation of metabolites,
and/or retention behavior. Also, a metabolite exclusively
detected in M. tuberculosis samples was putatively identified as
a conjugate of mycothiol using a formula finder for assigning
molecular formulas comparing mass and mass/mass spectra.
These differential metabolites are shown in Tables 1 and 2. The
rest of metabolites could not be identified because they did not
match the known compounds (Supporting Information Tables
1−4).
Targeted Metabolomics Analysis between M. tuber-

culosis and phoP Mutants. The consistent increase in PI
species produced by the MTBVAC vaccine relative to M.
tuberculosis led us to perform a targeted study of PI derived
glycolipids as phosphatidyl-inositol mannosides (PIMs). Fur-
thermore, to generalize this phenotype beyond the MTBVAC
vaccine, we included in our study M. tuberculosis phoP mutants
constructed in the H37Rv reference strain and the GC1237
clinical isolate belonging to lineages 4 and 2, respectively. PIMs
are heterogeneous in structure and contain up to four fatty acids
and six mannoses. The predominant variants of PIM are
triacylated species termed AcPIM2 and AcPIM6, which contain
two and six mannose residues, respectively.26 PIM2 constitutes
the anchor motif of a key component of the mycobacteria cell
wall, named lipoarabinomannans (LAM), and both LAM and
PIM are agonists of the Toll-like receptor involved in innate
immunity.27 The major monoisotopic ions detected and
quantified for the different structural phospholipids of the
mycobacteria studied are given in Supporting Information Table
5, and the ratio of PIM species in the mutants relative to the
parent strains is shown in Table 3. It is noteworthy that the

production of PIMs was higher in H37Rv ΔphoP, GC1237
ΔphoP, and MTBVAC than in their parent strains (Figure 3 and
Table 3). Accordingly, the synthesis of PIM derivatives
represents a novel PhoP-regulated phenotype generalizable to
the most widespread lineages of M. tuberculosis.
Biological Interpretation. Genomics, lipidomics, tran-

scriptomics, and proteomics have been applied to understand
the implications of phoP and fadD26mutations in theMTBVAC
vaccine,1,3,5,6,11,12,28 leading to a deep understanding of the
mechanisms underlying its protective efficacy. This study
represents a step ahead in MTBVAC characterization, and to
our knowledge, this is the first metabolomics approach to

compare a live attenuated vaccine with its parental strain.
Because MTBVAC was derived from an M. tuberculosis clinical
isolate by introducing well-known genetic modifications, it is
expected that differential metabolites exist between both strains
that could be otherwise overlooked or that would require
complex techniques for their discovery.
The ability of M. tuberculosis to infect host cells results from

multiple phenotypes, some of them related to the mycobacterial
cell envelope.29 The outer membrane is mainly composed of
mycolates and a set of noncovalently bound lipids that include
PDIM, acyltrehaloses, trehalose mycolates, sulfatides, and
phospatidyl-myo-inositol mannosides, and it is surrounded by
a capsule.30,31 MTBVAC carries phoP and fad2D6 gene
deletions, with both genes being involved in lipid metabolism.
In this study, we have identified metabolites involved in the
synthesis of the cell envelope such as phospholipids, and in
particular, we have found changes in PI, PG, and PE. Other
metabolites also implicated in the synthesis of the cell envelope
such as trehalose 6-phosphate and 2-sulfotrehalose were
differential between strains.
PI plays an important structural, physiological, and immuno-

logical role inM. tuberculosis. For example, the mycobacteria cell
wall carries complex lipoglycans such as lipoarabinomannan and
lipomannan, anchored to the membrane by a common PI
anchor that constitutes their first building block. In M.
tuberculosis, these lipids act as modulators of the host immune
response and virulence factors.32 We demonstrate a differential
composition in PIMs between MTBVAC and M. tuberculosis.
Notably, this phenotype is not exclusive to the vaccine, and our
results demonstrate that PIMs are more abundant in M.
tuberculosis phoP mutants of lineages 2 and 4, which are the
most widespread lineages of this pathogen. Accordingly, the
synthesis of PIMs represents an as-yet unknown PhoP-regulated
phenotype in Mycobacterium. This increased concentration of
free PI and PIMs might be related to the attenuation of phoP
mutants1,10,12 as a result of a reduction in the number of
anchored lipids such as lipoglycans.
In mycobacteria, PG is an intermediate in the biosynthesis of

PI, cardiolipins, and lisinylated PG.33 We have found higher
values of PG(16:0/18:1) in M. tuberculosis, while other
lipoforms were identified with an increased signal in MTBVAC.
On the one hand, these differences might support the immunity
of the vaccine and its decreased synthesis of cardiolipins and
lisinylated PG, and on the other hand, PGs appear to be a
molecular signature that allows immune recognition of bacterial
infection.34,35

Differences in the detected concentrations of trehalose
phosphate suggest a difference in the production between M.
tuberculosis and MTBVAC. Nevertheless, we have not identified
significant differences for trehalose in our analysis. The OtsA-
OtsB pathway, wherein OtsA catalyzes the condensation of
UDP-glucose and glucose-6-phosphate to form trehalose-6-
phosphate and OtsB is a dephosphorylase releasing free
trehalose from trehalose-6-phosphate, represents a key pathway
required forM. tuberculosis growth in laboratory culture and for
virulence in mice.36 We suggest that a higher concentration of
trehalose 6-phosphate in MTBVAC can be linked to the altered
activity of OtsA-OtsB. Also, this sugar serves as a metabolic
building block for some glycolipids, namely, trehalose
monomycolate (TMM) and trehalose dimycolate (TDM),
also known as the cord factor. TDM prevents M. tuberculosis
killing by macrophages, acts as a potent modulator of the
activation of macrophages, and increases the antibiotic

Table 3. Comparative Abundance of PIMs in M. tuberculosis
phoP Mutants Relative to Their Wild Type Strains

PIM abundance

strains compared PIM2 monoacyl-PIM2 diacyl-PIM2

MTBVAC versus MT103 1.1 1.8 1.4
GC1237 ΔPhoP versus GC1237 wt 3.9 1.7 2.4
H37Rv ΔPhoP versus H37Rv wt 8.9 1.1 3.2
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resistance inmycobacteria.37 A reduction in trehalose phosphate
synthesis could also be related to the decreased production of
these glycolipids and consequently to the absence of cord
formation in M. tuberculosis phoP mutants.11

SL constitutes a family of polyacylated trehalose-2-sulfate
glycolipids esterified with two to four acyl chains. PhoP is
required for the production of SL,4,11,12 and a Ser219Leu

substitution in the phoP gene of the reference H37Ra strain is

responsible for the absence of SL, DAT, and PAT in this strain.28

Decreased production of trehalose 2-sulfate in MTBVAC in our

metabolomics study contributes to the explanation of the lack of

SL in the attenuated strain as a consequence of the phoP

mutation.

Figure 3. ESI−TOF-MS analysis of PIM2 in (A)Mycobacterium tuberculosisMT103 and (B) MTBVAC. The ratios of PIMs between these strains are
calculated in Table 3, and the identification of the different species is detailed in Supporting Information Table 5. Ions used to detect each PIM subclass
are as follows: for PIMan2 (phosphatidylinositol dimannoside), the ion considered was m/z 1175.6694 (TBS + 16:0); for monoacyl-PIMan2, m/z
1413.8999 (TBS + 16:0 + 16:0); and for diacyl-PIMan2,m/z 1652.1295 (TBS + 16:0 + 16:0 + 16:0),m/z 1680.1580 (TBS + 16:0 + 16:0 + 18:0), and
m/z 1694.1798 (TBS + 16:0 + 16:0 + TBS).27,48 TBS, tuberculostearic acid (10-methyl octadecanoic acid); 16:0, hexadecanoic acid; and 18:0,
octadenoic acid.
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Mycothiol (MSH) is the functional equivalent of glutathione
(GSH) in mycobacteria38 and protects M. tuberculosis from
external factors such as antibiotics and oxidative stress.39 We
have tentatively identified a component conjugated with MSH
exclusively in M. tuberculosis (Table 1). This result might
indicate that the antioxidant capacity is diminished in
MTBVAC, and we hypothesize that some of the MSH
biosynthetic enzymes, and probably the MSH-S transferase,
could have decreased activity in MTBVAC, lowering the
production of the conjugate mycothiol.
We have found a reduction in glutamine and glutamate in

MTBVAC. These amino acids represent nitrogen donors for the
synthesis of cell metabolites.40 They are also the two main
metabolites of a metabolic feedback loop that integrates
information from carbon and nitrogen metabolism in the
control of the carbon−nitrogen ratio in the cell.41 In
mycobacteria, the assimilation of inorganic nitrogen and its
conversion to glutamine and glutamate is carried out by
glutamine synthetase (GS) and glutamate synthetase.42 GS has
traditionally been related to M. tuberculosis virulence and
pathogenicity. Virulent mycobacteria secrete the GS enzyme,
and this extracellular GS might play a role in the production of
poly-L-glutamine-glutamate (PLG), a polymer found only in
pathogenic mycobacterial cell walls and/or the extracellular GS
activity may modulate phagosomal pH and thereby avoid
phagosome−lysosome fusion.43 We hypothesize that an
elevated concentration of these amino acids could be related
to a higher activity of GS and therefore to increased virulence.
Also, we have found higher levels of NAD in M. tuberculosis.
NAD acts widely in glutamate catabolism to form α-
ketoglutarate through the action of nicotinamide adenine
dinucleotide (NAD)-dependent glutamate dehydrogenase and
can be reduced by GDH to form glutamate. NAD and
glutamine/glutamate showed a clear increase in M. tuberculosis
compared to MTBVAC, which might explain the attenuated
phenotype of the vaccine in the context of energetically
disfavored metabolism.
Altogether, these results expand our knowledge of the

MTBVAC vaccine, particularly in the context of the lipid
metabolism, and lay foundations to identify metabolites
exclusively produced by virulent M. tuberculosis. Additional
experiments using different media, growth conditions, or even in
vivo models will help to identify either potential biomarkers of
tuberculosis infection or alternatively MTBVAC-specific bio-
markers, which will be enormously useful in future MTBVAC
efficacy trials.

■ METHODS
Cultivation of Strains and Whole-Cell Metabolite

Extraction. M. tuberculosis MT103 clinical isolate and
MTBVAC were cultured at 37 °C in 7H9-ADC medium. Five
independent biological replicates were carried out per strain.
Once the cultures reached the appropriate growth (1 unit of
optical density at 600 nm), they were centrifuged at 4000g for 10
min at 4 °C. Bacterial pellets were washed with 10mL of ice-cold
Tris-HCl, pH 7.4 and centrifuged at 4000g for 10 min at 4 °C.
This step was repeated three times. Methanol (1 mL) at−80 °C
was added to each sample to resuspend the bacterial pellet.
Bacteria were lysed in the fast prep for 45 s, lysates were
centrifuged at 12 000g for 5min at 4 °C, and the supernatant was
transferred to a tube kept on dry ice. This step was repeated two
times. Methanol at −80 °C (7 mL) was added to the lysed
bacteria. To further extract metabolites in the pellet, 1 mL of

50% methanol/water (v/v) at −20 °C was added to the tubes
containin a bacterial pellet, and bacteria were lysed again in the
fast prep. Lysates were centrifuged at 12 000g for 5 min at 4 °C.
The total supernatant was filtered through 0.22 μm syringe
filters. Quality control (QC) was conducted by pooling equal
volumes of all extracted samples.

Liquid Chromatography−High Resolution Mass Spec-
trometric (LC−HRMS). Supernatants were transferred to the
analytical vials, stored in the autosampler at 4 °C, and analyzed
with LC−HRMS. For liquid chromatography, the separation
was performed with an Agilent series 1290 LC system (Agilent
Technologies, Santa Clara, CA, USA) in HILIC mode using a
Waters XBridge BEH amide column (2.1 mm × 150 mm, 2.5
μm) (Waters Corporation, Milford, MA, U.S.) with an XBridge
BEH amide guard column (2.1 mm × 5 mm, 2.5 μm). The
injected sample volume was 3 μL. The mobile phase (MP)
consisted of 0.1% formic acid−[water:AcN] [90:10] (MP A)
and 0.1% formic acid−[AcN:water] [90:10] (MP B). The
gradient program was applied as follows: t = 0−0.1 min 99%MP
B; t = 7 min 30% MP B, t = 7.10 min 99% MP B. The stop time
was 10 min. The flow rate was 0.4 mL/min.
The column temperature was maintained at 25 °C in ESI(+)

and at 45 °C in ESI(−). For RPLC, the chromatographic
separation and mass detection were performed using an Atlantis
T3 column (C18:2.1 mm× 150mm, 3 μm) fromWaters, kept at
30 °C in ESI(+) and ESI(−). The injected sample volume was 5
μL. The MP was the same as that used for HILIC. The gradient
elution was performed as follows: t = 0−0.5min 1%MPB; t = 11
min 99%MP B; t = 15.50 min 99%MP B; t = 15.60 min 1%MP
B. The stop run was 20 min. The flow rate was 0.3 mL/min.
Mass detection was performed using an AB SCIEX Triple TOF
5600 quadrupole time-of-flight mass spectrometer (Q-TOF)
(SCIEX, Concord, ON, Canada). The exact mass calibration
was automatically achieved every 10 and 7 injections in HILIC
and RPLC, respectively.

Data Set Creation. First, we evaluated the retention time
and m/z variability of three peaks positioned at different points
on the chromatogram for each analysis using Peak View software
(version 1.1.2, AB SCIEX, Concord, ON). This information was
used to correct the alignment of the peaks. All mass spectra data
were processed using Marker View software (version 1.2.1, AB
SCIEX, Concord, ON) to perform peak detection, alignment,
and data filtering. Data mining was accomplished with an
automated algorithm in the retention time between 1.20 and
8.70 min in HILIC and between 1.50 and 15.50 min in reverse-
phase analysis. Collection parameters were set as follows: mass
window 20.0 ppm, retention time window 0.12 min, and
minimum intensity 100 counts/s in all cases. Only variables that
are present in at least one of the groups were selected for the four
analyses. Next, only monoisotopic peaks were considered in
order to decrease mass redundancy and improve the selection of
the true molecular feature.

Analytical Method Validation. The QC samples were
used in order to check the precision and repeatability of our
sample analysis. Precision was evaluated by using random
injections of the QC during the study sample sequence. Also,
QC samples were included to validate the quality of the
analytical system’s performance44 using Marker View software.
Our study was evaluated by performing PCA for all analyses.
PCA is the most common unsupervised method used in
metabolomics. It is a common first step in data analysis and
entails an algorithm that reduces a set of high-dimensional data
to a small number of dimensions that explain as much of the
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variation in the data as possible.19 We reviewed the relative
standard deviation (RSD) for the peak intensity of all ions after
data set creation. Variables with unacceptable reproducibility
(RSD > 30%) were rejected from the data matrix. Organic
solvent samples were run alongside QC samples to identify
impurities in the solvents or extraction procedures and to check
carryover contamination from intense analytes.45 All signals
from the mobile phases were excluded from the analysis.
Statistical Analysis. Metaboanalyst 2.0.was used for

statistical analysis. First, we normalized the intensity of each
ion to the summed total ion intensity of the chromatogram, and
then the data was transformed using the Pareto scaling method
to transform the data matrix into a more Gaussian-type
distribution.46 Multivariate statistical analysis, PCA was used
to detect clusters and possible outliers. For the univariate
analysis of metabolites in the culture supernatant, statistical
significance was determined using the Student’s t test with two
experimental groups, M. tuberculosis and MTBVAC. The
Benjamini−Hochberg false discovery rate (FDR) correction
for multiple comparisons was performed afterward to reduce the
expected proportion of false positives (type I errors). A p value
<0.05 was considered to be statistically significant, and
differences in the 2-fold change were considered for the
selection of differential metabolites.
Identification of Differential Metabolites. Peak View

software (version 1.0 with Formula Finder plug-in version 1.0,
AB SCIEX, Concord, ON, Canada) was used to determine a
molecular formula according to the exact mass and isotope
pattern. The elemental formula approximation was completed
from both single HRMS and MS/MS accurate mass spectra
obtaining tentative formulas, reflecting the differences between
calculated and measured m/z values for both parent and
fragment ions. We conducted additionalMS/MS experiments to
identify metabolites in cases that were necessary. The
identification of molecular components was achieved through
comparative searches of available mass spectral using the CEU
mediator as tool for searching metabolites in several databases
such as Metlin, the Human Metabolome Data Base, and Lipid
Maps in a first analysis. In the next steps, the identification was
confirmed by comparing experimental fragmentation mass
spectra in a database (NIST 2012 mass spectral library and
mass bank). In cases in which it was not possible to assign an
identification another database was consulted (Mtb LipidDB,
PubChem, ChemSpider, Metacyc encyclopedia of metabolic
pathways, the Escherichia coli Metabolome, and the Biocyc
database collection) and/or a literature search was performed.
Also, we used parent compound information and the
experimental conditions, ionization behavior, and/or retention
time under the different chromatographic conditions. Metabo-
lite identities were searched for using amass tolerance of <5 ppm
as the mass window.
Targeted Metabolomics of PIMs. Strains MT103,

MTBVAC, H37Rv, H37Rv ΔphoP::hyg, GC1237, and
GC1237 ΔphoP::hyg11 were grown in 7H9-ADC medium as
previously described. The pelleted cells were successively
extracted with chloroform−methanol (1:2 v/v, 1:1 v/v, and
2:1 v/v) overnight at room temperature. The extracts were
combined, partitioned in chloroform−methanol−water (4:2:1
v/v/v), evaporated to dryness under N2 (40 °C), adjusted to
approximately 0.5 mg/mL, and dissolved in chloroform−
methanol (2:1 v/v). Mass spectrometry analyses were
performed in an ESI−TOF mass spectrometer 6220 (Agilent)
connected to an HPLC 1200 series (Agilent) operated in

negative mode (m/z 100−2000) and direct insertion; the
mobile phase (0.4 mL/min) consisted of methanol/water
(75:25 v/v) containing 0.1% formic acid and 0.5 mM
ammonium formate. The spectra were acquired under standard
conditions in centroid mode.47 Phospholipids were identified
according to their exact masses (Table 3) (calculated at www.
chemcalc.org; error below 5 ppm). Phospholipids data from
Mycobacterium bovis BCG27,48 was employed as a reference. The
pairs of strains were analyzed once the same day within a period
of 10 min, employing the same reference calibration of the
system. Ratios of lipids between pairs of strains (phoP mutants
versus parent strain) were calculated by taking into account the
TIC area and the intensities of the different monoisotopic ions
of a given phospholipid.
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de Andaluciá. I.P. was a recipient of a DGA-Fondo Social
Europeo grant.

■ REFERENCES
(1) Arbues, A., Aguilo, J. I., Gonzalo-Asensio, J., Marinova, D., Uranga,
S., Puentes, E., Fernandez, C., Parra, A., Cardona, P. J., Vilaplana, C.,
and Ausina, V. (2013) Construction, characterization and preclinical
evaluation of MTBVAC, the first live-attenuated M. tuberculosis-based
vaccine to enter clinical trials. Vaccine 31 (42), 4867−4873.
(2) Walker, K. B., Brennan, M. J., Ho, M. M., Eskola, J., Thiry, G.,
Sadoff, J., Dobbelaer, R., Grode, L., Liu, M. A., Fruth, U., and Lambert,
P. H. (2010) The second Geneva Consensus: Recommendations for
novel live TB vaccines. Vaccine 28 (11), 2259−2270.
(3) Gonzalo-Asensio, J., Marinova, D., Martin, C., and Aguilo, N.
(2017) MTBVAC: Attenuating the Human Pathogen of Tuberculosis
(TB) Toward a Promising vaccine against the TB epidemic. Front.
Immunol. 8, 1803.
(4)Walters, S. B., Dubnau, E., Kolesnikova, I., Laval, F., Daffe, M., and
Smith, I. (2006) The Mycobacterium tuberculosis PhoPR two-
component system regulates genes essential for virulence and complex
lipid biosynthesis. Mol. Microbiol. 60 (2), 312−330.
(5) Gonzalo-Asensio, J., Mostowy, S., Harders-Westerveen, J.,
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Jimeńez-Luna, C., Melguizo, C., Prados, J. C., Genilloud, O., Vicente
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