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A priori, it seems surprising that in 2011 a medical journal in a 
developed country such as ENFERMEDADES INFECCIOSAS Y MICROBIOLOGÍA 
CLÍNICA (EIMC) should publish a special issue entitled “Update in 
Tuberculosis (TB)”. However, as this issue stresses, the disease 
remains a major public health problem and one of the most important 
infectious diseases affecting mankind today. 

According to estimates by the World Health Organization (WHO; 
fifteenth annual report)1, about a third of the world’s population (2 
bn people) is infected with Mycobacterium tuberculosis; in 2009 there 
were 9.4 million new TB patients, with 1.3 million deaths among 
HIV-negative subjects and 0.38 million deaths among HIV-positives. 
The situation is particularly dramatic in the poorest areas of the 
world: 85% of these cases are concentrated in South-East Asia, Africa 
and the Western Pacific (35%, 30% and 20% respectively).1 In developed 
nations, including Spain, because of the phenomenon of mass 
immigration from countries with high endemic rates of TB the 
incidence of the disease has not fallen as much as had been hoped. 

TB control is based on complicated programs that focus on 
adherence to treatment (some of which date from as long ago as 
1977), contact tracing, early diagnosis and surveillance. Unfortunately, 
few of the world’s countries are able to implement these programs 
effectively. To make matters worse, the BCG vaccine has demonstrated 
very low efficiency in tuberculosis control. Since 2003, the Global 
Fund to fight AIDS, Tuberculosis and Malaria has made great efforts 
to promote the expansion of better control programs in countries 
with limited economic resources. As a result, important health 
benefits have been observed – for example, in the case of TB, the 
large number of lives saved after the implementation of directly 
observed treatment (DOT). It has been estimated that by the end of 
2007, DOT would have saved about 1.63 million lives compared with 
no TB treatment, and more than 400,000 lives compared with non-
DOT TB treatment.2

Identification of multidrug-resistant (resistance to at least 
rifampin and isoniazid) Mycobacterium tuberculosis (MDR-TB) is one 
of the cornerstones for global TB control as it allows early 
epidemiological and therapeutic interventions. In 2008, the WHO 
estimated that almost 500,000 new cases of MDR-TB occur globally 
every year, and placed special emphasis on the new cases of 
extensively drug-resistant TB (XDR-TB; MDR-TB plus resistance to 
any fluoroquinolone and any of the second-line anti-TB injectable 

drugs) which have been reported in 46 countries in all five continents.3 
However, trend data from different countries suggest that adequate 
treatment could reverse the spread of MDR-TB cases.4 

Although TB has been relatively neglected in recent years, several 
organizations have set up product development partnerships (PDPs) 
which have made significant joint efforts to push TB research forward. 
Substantial resources from public, private, academic, and philanthropic 
sectors have been allocated to the development of new diagnosis tools 
(FIND), drugs (TB Alliance) and vaccines (AERAS), as is the case in 
other neglected diseases. In addition to these and other global 
institutions such as the WHO, IUATLD, TB-NET and CDC, several small 
publicly and privately-funded groups around the world are also heavily 
involved in TB research. As a result, the scientific community currently 
has a growing body of information on TB at its disposal.

This special issue of the journal EIMC presents an update on the 
most relevant and innovative aspects of TB control, with contributions 
from international scientific experts. Multidisciplinary approaches 
that include studies of TB epidemiology, comparative genomics, 
evolution and host-pathogen interaction are essential to the 
development of better tools and strategies to control and eliminate 
TB. This issue is divided into nine chapters, each of which focuses on 
the most important features of the disease —epidemiology, 
immunology and pathogenesis, diagnostics, new drugs and vaccines— 
and discusses the most promising recent results. It is our hope that 
the insights presented here will contribute to the control of this 
disease, and to its eventual elimination.
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A B S T R A C T

Tuberculosis (TB) has affected humanity since the beginning of the recorded time and is associated with 
poverty, malnutrition, overcrowding, and immunosuppression. Since Koch discovered the infectious nature 
of the disease in 1882, knowledge about its history and physiopathology has advanced, but it continues to 
be a global public health problem.
More than 9 million new cases occurred in 2008 worldwide (with an incidence of 139/100,000 inhabitants), 
of whom more than one million died. Over half million of the cases presented with multidrug resistant-TB. 
Africa represents the continent with the highest incidence and the most HIV co-infection. The situation in 
Eastern Europe is also worrisome because of the high incidence and frequency drug resistance.
In developed countries, TB has been localized in more vulnerable populations, such as immigrants and 
persons with social contention. There is an increase of extra-pulmonary presentation in this context, 
related to non-European ethnicity, HIV infection, and younger age. In Spain, the increasing immigrant 
population has presented a need to improve coordination between territories and strengthen surveillance.
The global control plan is based on the DOTS strategy, although the objectives and activities were re-
defined in 2006 to incorporate the measurement of global development, and community and healthcare 
strengthening. Adequate control measures in a more local context and continual activity evaluation are 
necessary to decrease the burden of suffering and economic loss that causes this ancient disease.

© 2011 Elsevier España, S.L. All rights reserved.

Epidemiología actual de la tuberculosis. Programas de prevención y control

R E S U M E N

La tuberculosis (TB) afecta a la humanidad desde tiempos inmemoriales y se asocia a la pobreza, mala ali-
mentación, hacinamiento e inmunodepresión. Desde que Koch descubrió su naturaleza infecciosa en 1882, 
se ha avanzado mucho en el conocimiento de la historia natural y la fisiopatología de la infección, pero, sin 
embargo, continúa siendo un problema global de salud pública.
En 2008 ocurrieron más de 9 millones de nuevos casos en el mundo (incidencia de 139/100.000 habitantes) 
de los que más de 1 millón falleció. También más de medio millón de casos presentaron TB multirresisten-
te. África es el continente con mayor incidencia y el más afectado por la coinfección por el virus de la inmu-
nodeficiencia humana (VIH). Es preocupante la situación epidemiológica del este de Europa por su elevada 
incidencia y resistencia a los fármacos. 
En los países desarrollados, la enfermedad se está concentrando en poblaciones vulnerables, como inmigran-
tes y personas con exclusión social. En este contexto aumentan las localizaciones extrapulmonares, relaciona-
das con etnias no europeas, infección por VIH y menor edad. En España, el aumento de la proporción de inmi-
grantes pone de manifiesto la necesidad de mejorar la coordinación territorial y fortalecer la vigilancia.
La estrategia global de control se ha basado en la estrategia DOTS, aunque en 2006 se redefinieron los obje-
tivos y actividades incorporando medidas globales de desarrollo y fortalecimiento de las comunidades y de 
los sistemas sanitarios. La adecuación de las medidas de control al contexto específico y la evaluación con-
tinuada de las actividades son imprescindibles para conseguir disminuir la carga de sufrimiento y las pérdi-
das económicas que causa esta vieja enfermedad. 

© 2011 Elsevier España, S.L. Todos los derechos reservados.
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Introduction

Tuberculosis (TB) has affected humanity since the beginning of 
time:1 earlier well-described as consumption and historically causing 
high morbidity and mortality as the white plague. During the 
industrial revolution, urban living can be identified as a source of 
health and nutrition deficiencies and long work hours which 
facilitated TB transmission. Later progressive socio-economic 
improvement resulted in a decline in morbidity and mortality.

In 1882, Robert Koch’s Die Aetiologie der Tuberculose2 caused a 
great revolution, clarifying the infectious etiology of the disease 
which had been in question for so long. The introduction of modern 
anti-TB drugs in 1944 also contributed to a decrease in mortality in 
industrialized countries; however, as we will see in this chapter, TB 
has continued to be an important public health issue on a global 
scale.

The objective of this chapter is to review the present-day 
epidemiologic TB situation, and control programs, as well as 
additional contributing factors such as HIV infection, immigration, 
and the global economic recession.

Causal agent

Mycobacterium is a immobile, aerobic, acid-fast bacteria which is 
0.8-4 microns in size, sensitive to solar and ultraviolet light, heat, and 
disinfectants, but resistant to drying. TB is caused by Mycobacterium 
tuberculosis complex, mainly by M. tuberculosis, M. bovis, M. caprae 
and M. africanum. Other mycobacteria, (known as non-TB, atypical or 
environmental) can also more rarely cause pulmonary or extra-
pulmonary pathology.

The host

Host susceptibility is universal, but the risk of infection is directly 
and mainly related to the degree of exposure. The highest probability 
of progression to active disease occurs during the first 12-24 months 
after infection, especially among children, adolescents, the elderly, or 
immunosuppressed individuals.3 In countries of high or intermediate 
TB incidence, the disease more frequently affects children under 4 
years of age, followed by young adults. Young adults many times can 
be smear-positive and transmit the disease to children, who are more 
susceptible because of their immature immune system. It is also 
important to note that after 20 years of age, TB tends to affect more 
males due to higher exposure to infection and higher prevalence of 
risk factors. In countries where good control programs are in place, 
incidence among any age group is low and increases slightly with 
age; in this context, TB is caused by endogenous re-activation, 
affecting more males and the elderly.

Reservoir and source of infection

An infected person is the reservoir and can be considered a source 
of infection if active disease occurs. Patients who produce smear-
positive sputum are the most contagious, followed by those with 
positive culture results. It has been documented that even cases with 
smear and culture negative sputum might also transmit the disease. 
A correctly treated patient is unlikely to be contagious after 2-4 
weeks of treatment. Another source of infection which is of 
epidemiological interest is the bovine livestock. Other reservoirs also 
exist but are only of anecdotal interest.

Transmission mechanism

Aerosol transmission plays an important and relevant role in 
public health. A patient with pulmonary or laryngeal TB produces 
aerosol contaminants and expulses bacteria which others could 

inhale, when he or she coughs talks or sings. In industrialized 
countries, milk pasteurization has made digestive transmission of M. 
bovis anecdotal. Nonetheless, it is important to remember that bovine 
TB is far from eradicated in cattle, even in some developed countries, 
and as a consequence, the risk of infection in poor regions continues 
to be significant. Other transmission mechanisms include cutaneous-
mucosal, urogenital, transplacentarial and percutanial inoculation.

Natural history of Mycobacterium tuberculosis infection

Using the “iceberg” epidemiological model, M. tuberculosis 
infection can be separated into infected patients, sick patients and 
deceased. The sick and deceased patients, or tip of the iceberg, are 
easily detected, whereas it is difficult to identify the infected patients, 
which would require testing the entire population. These infected 
patients represent the hidden and larger part of the iceberg.

A physician can identify TB infection, for example, using tuberculin 
skin test conversion in the context of contact tracing. Infected 
patients have the highest probability (about 5%) of developing TB 
during the first few years after infection (exogenous TB infection), 
and another 5% could develop TB during their lifetime (endogenous 
TB reactivation). Therefore, more TB infected individuals means more 
future TB cases, some with severe clinical forms, such as the TB 
meningitis. During childhood, a pediatrician plays an important role 
in the early diagnosis of TB infection and disease, as well as ensuring 
the compliance of an adequate TB regimen to avoid further 
complications which could accompany the child throughout his or 
her life or even result in premature death. In our setting, TB lethality 
among sick patients must always be under 1%.

Epidemiological indicators to evaluate tuberculosis in a community

The most relevant indicators include: TB incidence, the decrease 
of this incidence over time, and TB meningitis incidence among 
children between 0 and 4 years of age. It is also important to use TB 
infection indicators such as infection prevalence at a specific age and 
annual infection incidence (AII). In a cohort of tuberculin skin test 
negative children, a second test must be performed after one year to 
determine AII. However, this measurement can be difficult to perform 
and a bias exists for those who are BCG vaccinated, which produces 
more positive results and hence an inflated AII. To avoid these 
complications, Styblo defines annual risk of infection (ARI) as the 
prevalence of infection in two cohorts of the same age during 
consecutive years. ARI is determined by calculating the decline and 
prevalence of the last year, which should be the same as the AII. 
Styblo also estimated that 8-12 infected cases would arise from one 
smear-positive TB case, even though a recent study reduced this 
approximation to 2.6-5.8 because of improved TB control.4

Disease burden in the world and control plans

Despite the wealth of knowledge about the disease’s natural 
history and the availability of adequate drugs to cure the majority of 
patients, TB continues to be a global public health problem and the 
second most common cause of death by an infectious agent in the 
world, following HIV.5 The last WHO report estimated that more than 
9 million cases occurred worldwide in 2008, with an incidence of 
139 cases per 100,000 inhabitants (Fig. 1), just under that of 2007. 
The majority of these cases are reported in Asia (55%) and Africa 
(31%) and one half of the total cases occur in 5 countries: India, 
China, Indonesia, Nigeria and South Africa. Of the total newly 
diagnosed cases, four million are smear-positive (incidence of 
61/100,000) and almost one and a half million are infected with HIV 
(80% live in Africa).6,7 Even though the absolute number of cases is 
increasing with the rising total population, the global incidence rate 
began to decrease in 2004, with an annual decline of less than 1%. 
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This pattern was also observed with HIV prevalence in Africa. Of the 
6 WHO regions, TB incidence is decreasing in five, with the exception 
of the European region, where it remains stable. There are more than 
a half million estimated cases of multi-drug resistant (MDR) TB, 56% 
of which are newly diagnosed cases and 70% are smear-positive. The 
5 countries with the highest number of MDR TB cases are India, 
China, the Russian Federation, South Africa and Bangla Desh.8,9 In 
2007, TB mortality was estimated at 19/100,000 habitants, with 1.3 
million non-HIV deaths and almost 1.5 million HIV infected deaths.

In the WHO European region, almost one half million cases were 
reported (incidence 52/100,000) in 2008, comprising 6% of the 
reported cases in the world. Incidence was increasing until 2004 but 
decreased by 2.5% last year and it is still early to predict whether this 
tendency will continue. Notification rates and mortality increase 
following a west to east gradient. Eighteen countries have been 
defined as High Priority Countries (HPC)*. These countries all present 
incidences over 100 cases/ 100,000 inhabitants, represent more than 
80% of the TB cases in the region and report rates more than 6 times 
higher than those of the European Union. The percentages of MDR TB 
cases among new diagnoses and previously treated cases are 14% and 
50%, respectively, in HPC. Extensively multi-drug resistant (XDR) TB 
prevalence is around 1.4%. The number of HIV infected TB patients 
has doubled since 2006 in HPC. This trend has only been observed in 
the HPC and it is assumed to be associated with improved detection 
of co-infected TB.10 Treatment outcome among new cases is also not 
good, with a success rate of 70%. Low treatment adherence, an 
elevated proportion of MDR TB and an increasing proportion of HIV 
co-infected patients all contribute to this poor result. Surveillance 
data in the region demonstrate diverse epidemiological trends, with 
the disease burden concentrated in the 18 HPC, which is truly 
worrisome.10

In European Union and European Economical Area countries, 
more than 80,000 cases were detected in 2008. Incidence was 16.7 
cases/100,000 inhabitants, which was 1% lower than in 2007. In the 
EU, incidence has been steadily declining in the last 5 years. Rates 
less than 20/100,000 have been reported in 21 countries, but high 
rates remain in Romania (115), the Baltic countries (between 33 and 
67), Bulgaria (41), Portugal (28) and Poland (21). Twenty three 
percent of the reported cases were immigrants, ranging from 20-
88%. Six percent of the reported cases with available drug 
susceptibility results present a MDR resistance pattern and 90 cases 
of XDR TB were reported.11

Spain reported one of the highest numbers of cases of EU in 2008 
(third after Romania and Great Britain), with an incidence of 
18.4/100,000 and 30% immigrants.12 Knowledge of TB epidemiology 
in our country is far from optimal, especially regarding important 
factors such as HIV co-infection and drug resistance.10,12 Program 
evaluation indicators are also not available on the national level. Two 
years ago in Spain, a national TB control program was created to 
improve program coordination between each autonomous 
community and to enforce disease surveillance and control. However, 
it does not appear to have reached the initial expectations.13 

Only 3 countries have achieved the successful treatment rate 
defined by the WHO objective and many countries report a rate 
under 85%, usually because of lack of information. Some countries, 
such as Spain, do not even report it. Even though an unknown 
treatment result does not necessarily represent a negative result, 
the absence of such important information complicates TB control 
planning.14 The TB epidemiological situation in the EU is 
heterogeneous; the poor evolution of TB incidence in high or 
intermediate burden countries requires their close follow-up. The 
quality of reported information, with respect to important indicators 
such as absolute number of cases, drug resistance and treatment 
outcome, is poor and complicates the control of the disease. It is 
also important to note that the disease is affecting vulnerable 
populations within low incidence countries, such as immigrants 
and the poor.15,16

Have there been changes in the site of tuberculosis? 
Epidemiological significance of extrapulmonary tuberculosis

Pulmonary TB is always the most frequent, even though 
extrapulmonary (EP) forms have increased its frequency in recent 
years among HIV infected patients and even more recently among 
distinct groups of immigrants. EP TB is a clinical problem rather than 
a public health problem, since isolated non-pulmonary disease is not 
contagious. However, between 6% and 20% of patients with EP TB 
also have active pulmonary infection.17-20 In addition, about 20% of 
patients with EP disease may have a positive sputum culture and 40% 
of them a positive sputum smear, even in the presence of normal or 
non-suspicious chest X-ray findings.

Several studies from European, North American and Asian 
countries in the last decade indicate that between 12% and 53% of TB 
patients present with a major form of EP TB. The variability of EP TB 
depends not only on the prevalence of well-characterized risk factors 
among the population, but also on the definitions. For example, 
patients with concomitant pulmonary involvement, intrathoracic 
lymphadenopathy, pleurisy or miliary disease may or may not be 
included.21-29 Longitudinal studies performed in industrialized 
countries have shown that the proportion of EP cases has remained 
stable or increased over time due to a disproportionally slower 
decrease in EP rates as compared to pulmonary TB18,24,25 This may be 
explained in part by the growing number of individuals of a non-
European ethnic background living in industrialized countries. 
However, a different dynamic of disease reactivation, in which EP 
forms are favored over time since infection, may also be involved. 
Although TB control is improving, clinicians should be aware of this 
trend in order to accurately diagnose EP TB among both specific 
high-risk groups and the native population.

Characterized risk factors for EP TB include a young age, female 
gender, non-European ethnic background and immunosuppression 
from HIV infection, end-stage renal disease, liver cirrhosis,17-20,22-29 
and probably anti-TNF therapy30 and solid organ transplantation.31 
Conversely, classic TB risk factors, such as diabetes mellitus, 
alcoholism, homelessness, incarceration, smoking, previous TB 
history and previous contact with a TB patient, are associated with 
pulmonary presentation rather than EP disease.18,19 Although 
literature is limited, strains isolated from EP TB cases seem to belong 

* Armenia, Azerbaijan, Bielorrusia, Bulgaria, Estonia, Georgia, Kazakhastan, Kyrgyzstan, 
Letonia, Lituania, Moldavia, Rumania, Rusia, Tajikistan, Turquia, Turkmenistan, Ucrania, 
Uzbekistan

Estimated new TB
cases (all forms) per
100,00 population

0-24
25-49
50-99
100
299
≥300
No estimate

Figure 1. Estimated tuberculosis (TB) incidence rates, 2008.
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less frequently to cluster18 and MDR strains than those from 
pulmonary cases.19 One study demonstrated that the time from 
migration to TB diagnosis was almost double for EP cases compared 
to pulmonary cases (45 vs 24 months)25 and within an endemic 
region, the time elapsed since contact with a contagious case to 
diagnosis was significantly longer for EP cases (<5 years for 23% of 
cases) than pulmonary cases (<5 years for 73% of cases).17 Several 
polymorphisms in some genes have also been associated with EP 
TB.32-36 However, the number of EP TB cases that are explained by 
these polymorphisms or their relationship to predisposing ethnic 
factors is unknown. Finally, some strain characteristics, such as 
belonging to the W-Beijing family37 or certain phosfolipase-C gene D 
(plcD) mutations are associated with EP disease.

The most common sites of EP TB are the lymph nodes and pleura, 
although significant differences of frequency are observed by age, 
gender, ethnic background and immunosuppressant conditions. 
Nonetheless, some classic associations still hold true, such as 
predominance of intrathoracic lymphatic disease, higher frequency 
of meningitis in children under 15 years of age, absence of 
genitourinary TB before 35 years of age and the predilection of 
pleurisy for older teenagers and young men. Lymphatic TB has been 
repeatedly associated with ethnic backgrounds other than white 
European, osteoarticular TB appears to be more frequent in sub-
Saharan Africa and peritonitis is more frequent in North Africa and 
Asia.25-27

Tuberculosis prevention and control programs

The present global TB control strategy was started during the 90’s, 
when TB incidence and mortality continued to increase. The WHO 
created the “Directly Observed Treatment, Short Course” (DOTS) 
strategy, which requires each country to detect smear-positive TB 
cases and offer standardized DOT , with the objective of curing over 
85% of TB patients.7 DOTS has been implemented in 180 countries 
and it has cured an estimated 25 million patients (Table 1).6,38

Despite these advances, TB has continued presenting new 
challenges on a global scale. In 2006, the TB Alliance created the 
Global Plan to Stop TB during 2006-2015. This strategy is the WHO-
recommended approach to reduce TB burden. The principle 
components of the strategy include:

– Pursue high-quality DOTS expansion and enhancement.
– Address TB/HIV, MDR-TB and the needs of poor and vulnerable 

populations.
– Contribute to health system strengthening based on primary 

healthcare.
– Engage all care providers.
– Empower people with TB and communities through 

partnership.
– Enable and promote research.39

Therefore, the global TB control objectives have been re-defined 
to detect 70% of new smear-positive cases and to cure at least 85% of 
them. TB incidence should start to decrease by 2015 and TB prevalence 

and mortality should decrease by half by 2015 as compared to figures 
from 1990. Various activities centered around DOTS were outlined to 
achieve the Stop TB Global Plan objectives. The 70% detection and 
85% cure rates will decrease the number of infectious TB cases and 
TB-infected contacts, thus decreasing disease burden and mortality. 
According to estimations from epidemiological parameters obtained 
in developed countries (average ARI and risk of disease development 
by primary infection, re-infection or reactivation), the goal of the 
proposed objectives is to decrease TB incidence to at least 5-10% per 
year, if no other event associated to greater risk of disease progression, 
such as HIV infection, occurs.

Nonetheless, interventions directed at increasing the quality of 
health and life in general, such as better housing, better nutrition or 
reducing smoking, will also influence infection transmission and the 
risk of disease progression, independent of DOTS implementation. In 
fact, in an analysis of the impact of specific activities for TB control 
compared to general country development factors (improved 
healthcare, economic growth, etc), better TB evolution was explained 
mainly by improved socio-economic development in most cou-
tries.40,41

Though the Global Plan calls for the coalition of various 
organizations to present diverse interventions which can be 
implemented, much criticism has been made about its difficulty.42 
Some challenges include to sustain the political commitment, the 
competition with other priorities, the threat of HIV, the quality of 
patient management to prevent drug resistance, to build human 
resources capacity, to improve the quality of diagnostic and to foster 
operative research.43 Furthermore, the adaptation of field activities 
and quality of information must also be taken into account. The use 
of the appropriate strategy requires full knowledge of the local TB 
situation, an adequate evaluation system of control activities and a 
functioning surveillance system.44 In high TB burden countries, 
considerable uncertainty exists about the indicators used to measure 
progress towards Global Plan objectives.45

In low burden countries, TB disproportionately affects vulnerable 
populations (immigrants, homeless, etc), which complicates case 
management (poor treatment adherence, increased drug resistance), 
requires additional professional training, and can increase diagnostic 
delays and disease advancement.46 In Spain, the decrease in TB 
incidence has been accompanied by a change in the epidemiological 
profile, especially in large cities such as Barcelona, where the 
proportion of immigrant cases has reached up to 50% (Fig. 2).47 
Similarly, highest incidence rates among native patients are found 
among the elderly, demonstrating improved disease control (Fig. 3). 
The city control program has incorporated the use of Community 
Health Workers to support immigrants in treatment adherence and 
contact tracing, and to act as facilitators during communication with 
the healthcare system.47,48 However, program development with 
respect to surveillance and TB control is uneven in each Autonomous 
Community in Spain, even though organizational models do exist, 
such as in Galicia, which produce positive results and considerable 
decreases in TB incidence.49,50

Another aspect to consider in a low burden setting is the absence 
of clinical suspicion in the presence of compatible symptoms. From 
a public health perspective, this increases diagnostic delays, time for 
transmission and the possibility of epidemic outbreaks especially 
affecting children.51 One study performed on 1,000 pediatric active 
TB cases in Barcelona from 1987 to 2007, the index case was identified 
in almost half (478) of the cases. The same study describes the 
outbreaks reported from 2000 to 2007 and states that 75 of the 219 
outbreaks (34%) involved children. The 98 secondary cases under 15 
years of age represented half of the pediatric TB cases in that 
period.52

As demonstrated, there is much knowledge about this old disease 
in the world and about the complications that exist to decrease its 
impact. The Global Plan to control TB should serve as a stimulant to 

Table 1
Components of “Directly Observed Treatment, Short Course” (DOTS) strategy

Political commitment with increased and sustained financing

Case detection through quality-assured bacteriology

Standardized treatment with supervision and patient support

An effective drug supply and management system

Monitoring and evaluation system and impact measurement
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decrease the burden of suffering and economical loss that is 
represented by TB, and also to direct us to the elimination of TB as a 
public health problem by 2050.39 It can also contribute to other 
initiatives, such as the Lancet TB Observatory, which will assess and 
monitor the progress in TB control and research, assess domestic and 
global financing, regularly disseminate information and advocate for 
intensified efforts with stakeholders at all levels.53
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Genotyping of Mycobacterium tuberculosis 
at the micropopulation level: analysis of epidemiologically-
related populations

An understanding of how Mycobacterium tuberculosis is 
transmitted requires the analysis of well-defined epidemiologically 
consistent populations based on universal genotyping of M. 
tuberculosis isolates and long-term surveillance.

The way in which M. tuberculosis genotyping data are used for 
epidemiological purposes has changed. Most molecular epidemiology 

studies of TB have been performed using IS6110-RFLP (restriction 
fragment length polymorphism), due to its reproducibility, 
discriminatory power, and low cost. Initially, M. tuberculosis 
genotyping patterns provided a picture of the features of recent 
transmission in a population. In the present review, this approach is 
termed descriptive molecular epidemiology, which defines cases in 
the population infected by the same strain in order to calculate the 
percentage of clustered tuberculosis (TB) cases (recent transmission 
events). The traditional application of molecular epidemiology 
techniques is moving toward real-time M. tuberculosis genotyping, 
which will make it possible to take advantage of cluster data for 
epidemiological research. We call this approach interventionist 
epidemiology, namely, an attempt to exercise control over TB 
transmission. 
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A B S T R A C T

The application of genotyping tools to the analysis of tuberculosis (TB) has allowed us to identify clinical 
isolates of Mycobacterium tuberculosis to strain level. M. tuberculosis fingerprinting has been applied at 
different levels: a) in the laboratory, to optimize identification of cross-contamination events which can lead 
to a false diagnosis; b) in the patient, to determine whether recurrences are due to reactivations or exogenous 
reinfections or to identify cases coinfected by more than one strain; c) at the micropopulation level, to identify 
clusters of cases infected by the same strains (recent transmission) and to differentiate them from orphan 
cases that are most probably due to reactivations; and d) at the macropopulation level, to define the global 
distribution of M. tuberculosis lineages, to monitor the international spread of high-risk strains, and to explore 
the evolutionary features of M. tuberculosis. In recent years, important methodological and strategic advances 
have been applied at these different levels of analysis. Rather than provide an exhaustive review, the present 
study focuses on specific advances in micropopulation and macropopulation analysis. 

© 2011 Elsevier España, S.L. All rights reserved.

Innovaciones en la epidemiología molecular de la tuberculosis

R E S U M E N

La aplicación de estrategias de genotipado al análisis de la tuberculosis (TB) ha permitido discriminar los 
aislados de Mycobacterium tuberculosis a nivel de cepa en distintos contextos: a) en el laboratorio, para op-
timizar eventos de contaminación cruzada; b) en el paciente, para discriminar recurrencias debidas a reac-
tivaciones o reinfecciones e identificar casos con infecciones mixtas; c) en el contexto “micropoblacional”, 
para identificar casos infectados por una misma cepa (transmisión reciente), y d) en el contexto “macropo-
blacional”, para definir la distribución internacional de linajes de M. tuberculosis, de cepas de alto riesgo o 
analizar aspectos evolutivos. En los últimos años hemos asistido a avances metodológicos y analíticos en 
cada uno de los contextos mencionados. Esta revisión no pretende ofrecer un análisis exhaustivo de éstos, 
sino destacar algunos avances de especial interés en el contexto del análisis micro y macropoblacional.

© 2011 Elsevier España, S.L. Todos los derechos reservados.
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Descriptive molecular epidemiology

Molecular epidemiology allows us to identify recent transmission 
events, analyze the risk factors associated with recent transmission, 
detect non-conventional transmission contexts, identify weaknesses 
in the assignment of microepidemics, and measure the impact of TB 
control programs. 

In recent years, changes in the socioepidemiological scenarios 
generated by immigration have revealed new challenges in molecular 
epidemiology. The key questions include comparison of the role of 
recent transmission with that of reactivation/importation in 
immigrant TB cases, the impact of potential importation of previously 
unidentified M. tuberculosis strains, and cross-transmission between 
cases from different nationalities. Without the support of molecular 
epidemiology, these questions would prove difficult to answer. 

Scenarios in recent transmission and immigration are country-
specific. Several studies have found that recent transmission plays a 
minor role in TB in immigrants,1,2 thus suggesting that it is mainly 
due to reactivation/importation. However, recent transmission 
involving immigrants has been observed, and some authors have 
identified transmission between cases from different origins and 
between immigrant and autochthonous populations.3-5 One recent 
study applied questionnaires to calculate an “integration-index,” and 
revealed higher values for cases in multinational clusters.6

One concern in molecular epidemiology studies is the low 
frequency with which clusters are confirmed by epidemiological 
data. Some authors7 consider that both, standard and molecular 
epidemiology, analyze independent subsets of cases, and 
discrepancies between their findings are therefore expected. 
Alternatively, a more frequent-than-expected role has been proposed 
for casual contacts, which are not identified by contact tracing. In 
fact, the difficulties in performing contact tracing in immigrant 
populations are usually considered responsible for the poor 
correlation between epidemiological data and molecular data. 

Some authors are using novel, innovative approaches to resolve 
this lack of correlation. One strategy has been to refine the quality 
and amount of epidemiological data obtained from the cases. 
Questionnaires compiling detailed information about cases and their 
social networks8 increase the limited data obtained using standard 
contact tracing. The clear improvements brought about by the 
application of these questionnaires9 have led to a high correlation 
between standard and molecular epidemiology. Another approach 
involves the use of photographs of cases as a tool to establish 
epidemiological links through visual recognition.10 When this strategy 
has been applied, clustered patients recognized more photographs of 
individuals in their cluster than from outside their cluster. These 
findings validate the strategy, and its application has made it possible 
to identify sites of TB transmission that could be open to intervention. 
Some authors have integrated the use of photographs with the 
application of detailed questionnaires, which have made it possible 
to identify transmission contexts that had not been identified by 
standard epidemiological approaches, thus increasing the percentage 
of clusters with demonstrated links.11

The descriptive application of molecular epidemiology has shown 
us that a certain proportion of transmission is expected to occur 
outside households, and this has generated interest in identifying 
transmission hot spots. In this sense, geographic information systems 
(GIS) to identify areas where transmission is likely to be occurring 
seem particularly useful. Cluster data obtained by genotyping have 
been integrated with those obtained by GIS to determine the spatial 
distribution of clustered cases in order to identify discrete geographic 
areas where ongoing transmission is actively occurring. Once hot 
spots were identified, targeted screening was applied and the number 
of cases of undiagnosed TB and latent TB infection identified were 
shown to exceed the number of cases normally revealed by standard 
screening programs.12

Interventionist molecular epidemiology

The refinements developed in descriptive studies have been 
followed by attempts to improve the speed with which genotyping 
data are made available, so that researchers can switch from 
retrospective descriptive designs to prospective real-time interventions. 
This approach makes it possible to identify ongoing transmission 
events in real time, to help epidemiologists identify sites of transmission 
—thus influencing their choices in contact tracing— and, to design 
efficient intervention strategies to improve TB control. 

IS6110-RFLP-based fingerprinting has consolidated the role of 
molecular epidemiology. However, this technique is labor-intensive 
and requires well-grown cultures, thus leading to delays in obtaining 
genotypes. Alternative polymerase chain reaction (PCR)-based 
strategies can facilitate the switch between descriptive studies and 
challenging interventional approaches, and several PCR-based 
genotyping alternatives have been developed in recent years. The 
most representative techniques were compared several years ago in 
a multicenter study,13 which concluded that variable number tandem 
repeat (VNTR)-based typing was the most robust approach. In 
parallel, more traditional approaches have also been improved, and 
amplified fragment length polymorphism (AFLP) including 
fluorescence targeting has also been used to analyze IS6110 locations.14 
Spoligotyping has evolved towards microbead-based designs and 
covers a higher number of targets.15 Application of the multilocus 
VNTR-based methods mentioned above has been studied, and 
mycobacterial interspersed repetitive unit (MIRU)-VNTR16 has been 
shown to meet new requirements.

Initially, MIRU-VNTR involved a 12-loci set which was considered17 
efficient for epidemiological purposes.18 However, some authors found 
it to have limitations,19,20 although it did have good discriminatory 
power when applied together with a second-line genotyping 
method.20,21 A new improved set of 24 targets with enhanced 
discriminatory power has been recommended, and a 15-loci subset 
has been shown to ensure reasonable discrimination.22,23 In addition, 
the initial design, which was based on simplex PCR, has been converted 
to a high-throughput format. Some authors apply high-performance 
liquid chromatography (HPLC),24 although most use multiplex 
fluorescence-labelled PCR and capillary electrophoresis.17 MIRU-15 
and MIRU-24 have been considered an alternative to RFLP, and several 
studies have found a good correlation with RFLP-based typing data 
using different population-based approaches and independent 
settings.22,25-27 Nevertheless, contradictory data have emerged.19,28 
Analysis of homogeneous lineages, such as the Beijing family, offers 
poorer results, and some authors have proposed suitable VNTR 
markers,29,30 although MIRU-24 recently provided acceptable results in 
settings where the Beijing family is prevalent.31 Inclusion of other 
hypervariable loci in standardized panels has recently been 
recommended in order to increase the quality of genotyping data.32 
The speed of MIRU-VNTR typing makes the technique suitable for 
intervention schemes.25,33

In the context of intervention, epidemiological resources are 
generally not sufficient to monitor all recent transmission chains. 
After identifying the more actively spread strain in a setting, some 
authors have developed targeted PCR-based genotypic strategies for 
specific monitoring.34 Epidemiological control of TB can also be 
optimized by identifying clusters that are expected to be more robust 
indicators of recent transmission, as some clusters are never 
supported by epidemiological data, even in innovative approaches 
that refine the epidemiological survey. The lack of epidemiological 
support behind some clusters may be due to the fact that the 
genotyping tool applied to define clusters has insufficient resolution 
to determine genetic heterogeneity between the isolates. 
Alternatively, some epidemiologically unrelated cases could be 
independently infected by strains that are highly prevalent or 
endemic, and therefore appear as clustered cases. In this context, 
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several authors favor second-line genotyping methods to target 
epidemiological resources at clusters that are confirmed to be 
genotypically homogeneous by two genotyping tools (and therefore 
expected to be epidemiologically robust). IS6110-fAFLP has been 
applied on a selection of RFLP-defined clusters with various degrees 
of epidemiological support; it split mainly clusters with weak 
support, thus confirming those that had already been identified.35 
Similarly, MIRU-VNTR splits RFLP-defined clusters lacking 
epidemiological links and confirms homogeneity in clusters that are 
epidemiologically robust.22,25,36,37 In addition to second-line 
genotyping, other analytical innovations have been applied to 
evaluate the robustness of RFLP-defined clusters and thus direct 
epidemiological resources more efficiently towards more 
epidemiologically significant clusters. Some research lines have 
determined whether the genotypes defining clusters in a population 
can also be involved in clusters in unrelated populations, thus 
minimizing their usefulness as markers of recent transmission. 
Strains belonging to the Haarlem lineage, which is prevalent in many 
settings, are preferentially split by MIRU,22,37 and some RFLP patterns 
belonging to this lineage are prevalent in unrelated populations.37

Future challenges

A novel interventional molecular approach is necessary to reduce 
genotyping response times and thus enable ongoing transmission 
events to be analyzed in real time. Research will be aimed at direct 
genotyping of bacilli in clinical specimens. Innovative approaches in 
the characterization of resistance mutations and species identification 
by direct analysis of bacilli in clinical specimens now offer good 
specificity and sensitivity.54 Therefore, future approaches should 
attempt to obtain fingerprints from bacilli in clinical samples before 
culture.

Application of molecular markers at the macropopulation level

The standard typing methods applied at the micropopulation 
level —IS6110 RFLP (based on mobile DNA elements), spoligotyping, 
and MIRU-VNTR (based on repetitive DNA elements)— have high 
discriminatory power. However, they are not completely suitable at 
the macropopulation level, because identical fingerprints can emerge 
in unrelated lineages (homoplasy) as a result of convergent 
evolution.38-40 The slower molecular clock of large-sequence 
polymorphisms (LSPs) and single-nucleotide polymorphisms (SNPs) 
makes these markers stable enough to fulfill the conditions necessary 
to define phylogenetic associations unambiguously in M. tuberculosis. 
LSPs in mycobacteria can be detected by comparative whole-genome 
hybridization using DNA microarrays,41 whereas SNPs can be 
identified using currently available in silico comparisons of the 
multiple whole-genome sequences of M. tuberculosis.42 In view of the 
high clonality of M. tuberculosis species, it is not surprising that the 
use of different markers produces highly congruent phylogenetic 
trees consisting of a limited number of large phylogenetic/
phylogeographic lineages.43

Evolutionary framework of M. tuberculosis

The genetically homogeneous M. tuberculosis complex is 
ecologically very diverse and includes M. tuberculosis, Mycobacterium 
africanum and Mycobacterium canetti (exclusively human pathogens), 
Mycobacterium microti (a rodent pathogen), and Mycobacterium bovis 
(with a wide host range), as well as Mycobacterium pinnipedii (seals) 
and Mycobacterium caprae (goats). 

Analysis based on large deletions and other markers has made it 
possible to propose a new evolutionary scenario for M. tuberculosis 
complex, while a series of deletions have sequentially differentiated 
M. africanum, M. microti, and the various subspecies of M. bovis.44,45 

The RD1 region that contains the highly immunogenic ESAT 6 family 
of antigens has been found in both M. tuberculosis complex and other 
mycobacteria, but not in M. microti or M. bovis.45,46 In particular, M. 
bovis has undergone many deletions of sequences that are present in 
M. tuberculosis; therefore, the hypothesis that M. tuberculosis evolved 
from M. bovis following the domestication of cattle is incorrect. 
Analysis based on large deletions also helps to elucidate the position 
of M. africanum and subdivide it into africanum I (an independent 
lineage within M. tuberculosis complex) and M. africanum II (a part of 
M. tuberculosis sensu stricto).

Horizontal gene transfer is virtually absent in M. tuberculosis, thus 
implying that its clonal population structure is presented by genetic 
families, namely, monophyletic clusters of genetically related strains. 
These families, or genotypes, originated in well-delimited geographic 
areas and were usually named according to the geographic, historical, 
or cultural name of the region/country where they were first 
isolated.

The low levels of sequence variation in M. tuberculosis have long 
precluded the use of multilocus sequence typing. However, recent 
advances in mycobacterial genomics show more substantial genetic 
variation at the whole-genome level. A recent study analyzing 
polymorphisms in DNA repair, recombination, and replication (3R) 
genes of a worldwide collection of tubercle bacilli42 revealed a 
surprisingly high level of polymorphism for the 3R genes as compared 
to housekeeping genes. The study also underlined the usefulness of 
3R-based trees for future discrimination between M. tuberculosis 
complex phylogenetic groups when more microbial genomes are 
sequenced. Indeed, suboptimal activity of the 3R genes (reportedly 
caused by a general negative/purifying selection) is reflected by their 
relaxed fidelity, which may in turn lead to adaptive variants, some of 
which will be able to survive. Niemann et al47 compared the complete 
genomes of Beijing representatives in a high-incidence region 
(Karakalpakstan, Uzbekistan). One was drug-susceptible (isolated in 
2001) and the other multidrug-resistant (MDR) isolated in 2004. 
Both isolates shared the same IS6110-RFLP pattern and the same 
allele at 23 out of 24 MIRU-VNTR loci, although they differed by 130 
SNPs and one large deletion. The susceptible isolate had 55 specific 
SNPs, while the MDR variant had 75 specific SNPs, including 
resistance-conferring mutations. This finding underlines that an 
identical genotypic pattern may not denote clonality sensu stricto, 
even when multiple (and independent) genetic markers are used. 
Differences in genetic diversity using additional markers reveal 
remote links during earlier transmission events. Additionally, some 
of the strain-specific SNPs in the MDR isolate might represent 
mutations compensating for putative fitness effects of resistance-
conferring mutations. 

Human demography-influenced macropopulation structure 
of M. tuberculosis

The genetic diversity of M. tuberculosis may be linked to human 
demographic and migratory events; differences in the occurrence of 
given lineages and sublineages, as well as their local gradients, could 
be strongly influenced by the historical events affecting the human 
host.48-51 Recent estimates49 based on the application of Bayesian 
statistics to VNTR allelic diversity suggested that M. tuberculosis 
complex might be 40,000 years old, a figure which coincides with 
the expansion of ‘‘modern’’ human populations out of Africa.52 
Additionally, the strong and recent demographic spread of nearly all 
M. tuberculosis complex lineages, which coincided with the increase 
in the world’s population over the last two centuries, has been 
corroborated by a coalescence analysis.49

Principal components analysis and its variant, multidimensional 
scaling (MDS), are widely used in human population genetics to 
visualize interpopulation relationships based on complex genetic 
data. The first application of MDS to M. tuberculosis VNTR data 
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highlighted strong geographic specificities of the local clonal variants 
of M. tuberculosis Beijing genotype.53 The strong affinity observed for 
Russian strains, even among geographically distant M. tuberculosis 
complex populations, suggests relatively recent propagation of the 
Beijing strains presumably exacerbated by massive human migrations 
in 20th century Russia. Nonetheless, some weak and less expected 
affinities observed for Beijing strains in distant M. tuberculosis complex 
populations (northern Vietnam, South Africa, Beijing, and Hong Kong) 
are fascinating and should be closely analyzed to elucidate concealed 
patterns of human migration or as yet unfamiliar epidemiological 
links between distant regions. It has been suggested that dissemination 
of the M. tuberculosis Beijing genotype to other regions of the world 
was driven by population movements to Russia during the Middle 
Ages, or, more recently, to South Africa (since the 17th century) and 
to Australia (since the 19th century). Their differential dissemination 
within these areas, on the other hand, has been influenced by climatic 
factors in addition to demographic factors.48,53

Local M. tuberculosis clones and human-microbial co-adaptation

Interplay between human host genetics and microbial burden 
have led to co-adaptation. In Vietnam, individuals with the T597C 
allele of the human TLR-2 gene were more likely to have tuberculosis 
caused by the East-Asian/Beijing genotype than other individuals.54 
In the Russian Slavic population in Siberia, the -336G allele of CD209, 
the gene encoding DC-SIGN was more common among patients 
infected with TB caused by Beijing strains than in those infected with 
non-Beijing strains.55

The acquisition of differential pathogenic characteristics by 
different M. tuberculosis complex lineages may lead to locally 
prevalent clones of the tubercle bacillus, some of which are better 
adapted to local human populations, such as a specific Beijing 
subtype in South Africa;56 others may have evolved in response to 
selection factors, such as long-term mass BCG vaccination in 
Vietnam57 and Tunisia.58 At the same time, some clones may develop 
a stable association with a given population leading to non-
competitive local circulation. In 2008, Namouchi et al58 showed that 
>60% of TB cases were caused by a single genotype in each of the 
prevalent clades, in contrast to the more clustered ST50/Haarlem, 
which is predominant in northern Tunisia. The more widespread 
ST42/LAM (Latin-American-Mediterranean), with a low transmission 
rate and weak clustering, suggests its stable association with the 
Tunisian population.58

Local specificity of clones can be explained by recent importation 
and fast dissemination (due to specific pathogenic properties), 
outbreak conditions, or long-term historical presence in an area. 
The Beijing genotype is the best known, although it is not 
exceptional. The heterogeneous genetic family of M. tuberculosis 
LAM has remarkable pathogenic features in settings as geographically 
distant as Brazil, Russia and Cameroon.59-61 Examples of the locally 
predominant but drug-susceptible clonal groups come from 
geographically diverse areas, both island and continental 
settings.30,62

New technologies and algorithms

Spoligotyping 
A new microsphere (bead)-based laser technology (Luminex, 

Austin, Texas, USA) permitting the identification and quantification 
of each PCR product was applied to spoligotyping as an alternative to 
reverse line blot hybridization.63 This method makes it possible to 
analyze a sample in less than 15 seconds and has recently been re-
evaluated in France by Zhang et al15, who found perfect agreement 
with the results of the membrane-based technique.

A novel alternative has recently been developed:64 automated 
MALDI-TOF mass spectrometry (MALDI-TOF MS) was adopted for 

spoligotype detection and replaced the hybridization step with a 
multiplexed primer extension assay. A homogeneous assay format of 
PCR and multiplexed primer extension assay followed by MALDI-TOF 
MS detection on the MassARRAY® system (Sequenom, Inc.) 
streamlines sample processing by avoiding extensive washing steps 
and microsphere conjugation.

New algorithms
Sequence evolution models are not appropriate for many non-

sequenced-based markers. In particular, adequate treatment of 
binary spoligotyping data is especially challenging, since the mode of 
evolution of the DR locus in M. tuberculosis is not completely clear. 
Numerical taxonomy is a simple approach that makes it possible to 
infer spoligotype-based phylogenies, although it is not very reliable. 
An interesting method has recently been proposed to visualize 
relationships between spoligotypes as a “spoligoforest” graph (http://
www.emi.unsw.edu.au/spolTools/). This method is based on a 
statistically tested model showing that changes in the DR locus more 
frequently involve the loss of a single or a low number of adjacent 
spacers.

Bionumerics and PAUP (Phylogenetic Analysis Using Parsimony) 
packages are the most frequently used approaches to analyze VNTR 
data. More recently, the BURST algorithm (http://eburst.mlst.net), 
initially implemented for MLST data, has also been applied to infer 
VNTR-based phylogenies. This algorithm identifies mutually exclusive 
groups of related genotypes in the population and attempts to 
identify the founding genotype of each group. It then predicts the 
pattern of descent from the predicted founding genotype to the other 
genotypes in the group and displays the output as a radial diagram 
centered on the predicted founding genotype.

There is still a certain degree of controversy surrounding the 
treatment of VNTR data. First, mathematical modeling suggested 
that VNTR loci in M. tuberculosis more likely evolve via a single locus 
change (loss rather than gain); therefore, VNTR alleles should be 
treated as quantitative variables. Second, currently used programs 
still consider VNTR alleles as categorical variables, that is, any change 
is assumed to be equally likely.

Databasing in molecular tuberculosis control

Monitoring and timely reporting of circulating M. tuberculosis 
complex clones are essential in anti-TB strategies in order to pinpoint 
the subpopulations that are susceptible to a targeted, high-priority 
response by TB control programs. A suitable molecular marker must be 
chosen for macropopulation studies; thus LSPs and SNPs are well suited 
for phylogeographical classification of strains, but not for purely 
epidemiological purposes, as opposed to IS6110-RFLP and 24-loci MIRUs, 
which are well adapted for molecular epidemiology. Combined use of 
spoligotyping and MIRU typing is probably the best available compromise 
that enables a relatively good insight into the major genotypic lineages 
of M. tuberculosis complex, and makes it possible to efficiently investigate 
clustered cases to monitor ongoing TB transmission in a given setting.65 
Publicly available databases to compare the ever-increasing amount of 
genotyping data are necessary.

One of the first databases used for inter-laboratory comparison of 
IS6110-RFLP patterns was developed, maintained, and housed at the 
National Institute of Public Health and the Environment (Dutch: 
Rijksinstituut voor Volksgezondheid en Milieu or simply RIVM), 
Bilthoven, The Netherlands. This database was widely used under 
the auspices of a project on new-generation genetic markers for the 
study of the epidemiology of TB (EU project Q2K2-CT-2000-630). 
However, for reasons of security and confidentiality, this database 
was not made publicly available. 

Although public MIRU-VNTR databases focusing on a global 
collection of M. tuberculosis complex strains did not become available 
until 2008, MIRU-VNTR patterns could be compared with those 
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included in an MLVA database at http://minisatellites.u-psud.fr/
MLVAnet. This option has recently been complemented by a freely 
accessible web-based server (http://www.MIRU-VNTRplus.org) that 
provides information on geographical origin, drug susceptibility 
profile, corresponding genetic lineage, IS6110-RFLP, 24-locus MIRU-
VNTR, spoligotyping, and SNP and LSP profiles for 186 reference 
strains.66 However, it cannot compare genotyping results at a global 
level, since the information it provides serves to predict lineages for 
classification purposes rather than to describe the worldwide 
diversity of M. tuberculosis complex genotypes.

Spoligotyping is the backbone of the largest publicly available 
database, SpolDB4, which, on its release in 2006, described a total of 
1939 clustered patterns (shared-types) representing 39,295 strains 
from 122 countries.67 It tentatively classified M. tuberculosis complex 
into 62 clades/lineages using a mixed expert-based and bioinformatics 
approach (http://www.pasteur-guadeloupe.fr:8081/SITVITDemo). 
Developed and housed at Institut Pasteur de Guadeloupe, SpolDB4 
has recently evolved to a proprietary multimarker database (SITVIT2) 
that contains genotyping information on nearly 75,000 M. tuberculosis 
complex isolates from 160 countries of isolation (including MIRU-
VNTRs on about 15,000 isolates). A smaller version of this proprietary 
database will be released online in 2010 and will contain information 
on about 62,500 clinical isolates (105 countries of isolation and 153 
countries of patient origin) and 3 markers (Spoligotyping, 5-loci ETR, 
and 12-loci MIRU-VNTR; personal communication from N. Rastogi).

Other databases that are not publicly available include: the database 
of the University of Zaragoza, Spain (5,694 IS6110-RFLP entries, of 
which 4,637 are from Spanish isolates);68 the database of the Public 
Health Research Institute Tuberculosis Center (http://www.phri.org/
programs/program_tbcenter.asp) that gives information on over 
17,000 clinical isolates, as well as the Houston and the Centers for 
Disease Control and Prevention databases.

Future challenges

Recent advances in mycobacterial genomics have shown a more 
substantial genetic variation at the whole-genome level. Accordingly, 
whole-genome sequencing may become a tool for routine molecular 
epidemiology studies if its cost becomes comparable to that of 
traditional typing techniques.

Whereas several global TB databases collectively contain a large 
amount of genotypic information, discrepancies between them make 
information sharing difficult, if not impossible. Thus, a synchronization 
mechanism must be set up, in order to check similar genotypic 
patterns across databases and establish a common nomenclature.

Accumulation of new data on the global diversity of different 
molecular markers, together with application of the refined statistical 
approaches, should better define a time scale for the evolution of M. 
tuberculosis and its families. A truly quantitative approach to the co-
evolution of M. tuberculosis and humans that takes into account the 
host-pathogen relationship has yet to be developed.
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a b s t r a c t

Confrontation between invading microbial pathogens and host defense systems involves intricate cellular 
and molecular interactions. Here we discuss the virulence factors as trumps, overriding the contest in favor 
of the tubercle bacillus (Mycobacterium tuberculosis). It evolved a number of molecular constituents, which 
can interfere with antigen presentation and Toll receptor function, thus impairing immune defenses. It also 
evolved stress responses, which can drive its cell cycle into a non-replicating, low metabolic mode. Although 
the low counts of latent bacilli prevent their direct detection, we contend that they retain a capacity to 
survive for long periods in foamy macrophages and within the necrotic parts of lung granulomas. We 
attributed significance to drainage of M. tuberculosis by the alveolar fluid: while out-flow is responsible for 
the clearance, the reverse-flow has an important capacity to re-infect the lungs and to transmit the 
infection to new recipients. We consider the cycling between replicating and latent organisms to be a 
continuous process, which is a departure from the concept of long-lived dormant organisms, with a 
capacity to resuscitate. These aspects impinge also on the actions of isoniazid (INH) chemotherapy and on 
the topography of human lung lesions. Eventually, fibrosis of the connective tissue of the lungs is known to 
encapsulate lung lesions, thus limiting the impact of both outward and reverse drainage. In conclusion, the 
novelty of our views on M. tuberculosis-host interactions rests in the dynamic perception of M. tuberculosis 
latency and its evolutionary importance for the pathogenesis of tuberculosis.

© 2011 Elsevier España, S.L. All rights reserved.

Los triunfos secretos que dan fuerza a la patogenicidad del bacilo tuberculoso

r e s u m e n

El enfrentamiento entre los patógenos invasivos y los sistemas defensivos del huésped implica interaccio-
nes celulares y moleculares. En el presente artículo se discuten los factores de virulencia como triunfos, fa-
voreciendo el éxito de la contienda a favor del bacilo tuberculoso (Mycobacterium tuberculosis). Éste desa-
rrolla un número de constituyentes moleculares que pueden interferir con la presentación antigénica y la 
función Toll receptor, deteriorando las defensas inmunes del huésped, así como respuestas al estrés que 
enlentecen su ciclo celular hasta convertirlo en no replicante. Aunque el recuento bajo de bacilos latentes 
previene su detección directa, postulamos que retienen cierta capacidad de sobrevivir dentro de macrófa-
gos espumosos y en las partes necróticas de los granulomas pulmonares. Mientras que el circuito natural 
del fluido alveolar hacia las vías respiratorias superiores es el responsable de la eliminación de bacilos, su 
retorno para generar aerosoles de forma fisiológica también implica la posibilidad de que con él ciertos 
bacilos puedan reinfectar de forma endógena los pulmones y transmitir la infección a nuevos individuos. 
Consideramos, pues, la tuberculosis latente como un proceso continuo, en contraposición al concepto de la 
existencia de bacilos largamente durmientes y con capacidad de resucitar. Creemos, además, que la fibrosis 
del tejido conectivo de los pulmones, capaz en ocasiones de encapsular lesiones pulmonares, es la respon-
sable de frenar el drenaje y la diseminación de bacilos, limitando el ciclo reinfectivo. En conclusión, la no-
vedad de nuestra visión radica en la percepción dinámica de la latencia de M. tuberculosis y sus consecuen-
cias sobre la patogénesis de la tuberculosis.

© 2011 Elsevier España, S.L. Todos los derechos reservados.
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“Behold, I tell you a mystery: we shall all be changed, in the twinkling 
of an eye. 

For our earthly bodies that can die, must be transformed into heavenly 
bodies that cannot perish but will live forever.”

1 Corinthians, 15:51-53.

Evolution of virulence by adapting the bacterial life cycle

The long history of co-evolution between Mycobacterium 
tuberculosis and our human ancestors is pertinent to the recent 200th 
birthday anniversary of Charles Darwin. It has been deduced that an 
ancestor of M. tuberculosis was able to infect our predecessors, the 
Australopithecus.1 M. tuberculosis adapted itself efficiently to the 
physiology of man and took advantage of it, for evolving its host 
pathogenicity and transmittance. The intricate outcome of this co-
evolution made the life cycle of the bacillus highly sophisticated to 
an extent that still frustrates current attempts for the global 
eradication of tuberculosis (TB). The menacing epidemiological 
figures suggest that one third of mankind carry latent M. tuberculosis 
infection (latent TB infection [LTBI]). There are 9 million cases of 
active TB and 1.8 million TB-related deaths per year.2 Unlike other 
microbial pathogens, the virulence of M. tuberculosis is not caused by 
any overtly cytopathic constituents, but rather by the intricate action 
of immunomodulatory cytokines. It has previously been suggested, 
that they act as “decoys” to provoke adaptive macrophage and 
immune reactions, pretending to be protective, but in effect causing 
host pathology.3,4 Here, we postulate, that the “secret trump” of M. 
tuberculosis for winning over the infected host involves an adaptation 
of its life cycle. We further discuss how the unraveling of the 
underlying mechanisms could be mandatory for turning the tables in 
favor of the host.

Mycobacterium tuberculosis constituents involved  
in pathogenicity

M. tuberculosis infects the host by the inhalation of small diameter 
infected aerosols of “droplet nuclei” into alveoli.5 After being 
phagocytosed by the alveolar “resident macrophages”, several 
constituents of M. tuberculosis cell walls can mediate a number of 
different strategies, by which the bacilli can avoid their destruction 
inside a phagolysosome.6-8 M. tuberculosis can inhibit the 
phagolysosome fusion by: increasing the pH,9 disturbing the ATPase 
pump,10 secreting the ESAT-6/CFP-10 (early secreted antigenic target 
6/culture filtered protein 10) complex11 or by the autophagy 
mechanism.12 Then, bacilli can grow until the death of the macrophage 
itself. This outcome is manifested by necrosis, which prevents the 
bacilli being killed by macrophage apoptosis.13-19 However, the burst 
of bacilli, released from the infected macrophages into the stressful 
extracellular milieu, instantly curtails their growth.20-22 Alternatively, 
a number of constituents of intracellular M. tuberculosis can interfere 
with the host defense mechanisms.23 Thus, Man-lipoarabinomannan 
(Man-LAM) and 19 kDa lipoglycoprotein can inhibit the antigen 
presenting functions and TLR-mediated inflammatory responses of 
infected cells.24,25

Granuloma and tumour necrosis factor-alpha functions

Blood derived monocytes and neutrophils are attracted to infected 
sites by the continuous production of tumour necrosis factor-alpha 
(TNF-α) by the infected resident macrophages (Fig. 1). The most 
prominent cellular response is represented by the phagocytosis of M. 
tuberculosis by macrophages. The induced accumulation of 
macrophages leads to granulomatous lesions (Fig. 1). While 
preventing the dissemination of bacilli, they are also an ideal milieu 
for the bacilli to grow. This has been called the “Citadel paradox”26, in 
analogy to the Citadel of 18th century (Barcelona), which had an 

architecture pretending to defend against foreign invaders, but in 
fact serving against the potential rioting of its own residents. 
Sustained TNF-α signaling is required to maintain the local chemokine 
gradients for holding the cells in close apposition, which favors the 
activation of infected macrophages.27-30 Although M. tuberculosis 
infected TNF-knock-out mice also develop granulomas,31 this requires 
a high bacillary concentration and results in larger and more necrotic 
structures. TNF-α apparently can induce the granulomatous response 
even with a lower bacillary concentration, thus helping to save the 
host integrity. 

The role of neutrophils, natural killer cells and dendritic cells, 
before specific immune response onset

Neutrophils have both mycobactericidal32 and regulatory anti-
inflammatory activities33 but their role is not fully understood. 
However, interferon-gamma (IFN-γ) producing natural killer cells 
can activate or lyse macrophages, containing other intracellular 
microbial infections,34 but do not curtail the TB infection. Monocytes 

Figure 1. Lung pathology changing the life cycle of Mycobacterium tuberculosis in the 
lungs. (I) M. tuberculosis transmitted by aerosol settles in the alveoli. (II) M. tuberculo-
sis growing inside macrophages, causing their necrosis. Infected monocytes become 
dendritic cells that are drained to the lymph nodes (green triangle) for antigen presen-
tation. (III) Neutrophils, natural killer cells, lymphocytes and new macrophages are 
attracted to the granuloma; infected macrophages, bactericidal or bacteriostatic deve-
lop into foamy macrophages. M. tuberculosis changed to non-replicating (NR) M. tuber-
culosis in necrotic tissue are drained by foamy macrophages towards alveoli. (IVb) 
Encapsulated necrotic granuloma, starting to mineralize; NR M. tuberculosis cannot 
drain. (V) NR M. tuberculosis infected alveolar fluid generates aerosols with the inhaled 
air or is swallowed and killed/drained in the gastrointestinal tract (Vb). Drainage of 
bacilli from infected lymph nodes through the thoracic ducts to the right atrium to be 
pumped back to the lung across the pulmonary artery also contributes to the re-infec-
tion process. Symbols: black, necrotic tissue; yellow, mineralized tissue.
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in the vicinity of infection develop rapidly into dendritic cells (DCs)35 
and emigrate to regional lymph nodes, thus favorable to the host by 
presenting antigen to T cells. However, infected DCs could also be the 
“Trojan horse” spreading the bacilli haematogenically from lymph 
nodes to distant organs. Gradually, antigen stimulated CD4 Th1 cells 
will proliferate36 and will be attracted to the lung granulomas to 
activate infected macrophages through the secretion of IFN-γ.37 When 
immune responses to M. tuberculosis infection had been established 
and tubercle bacilli become trapped in granulomas, there is notable 
bacillary killing.38 However, not all bacilli get killed and some will 
enter a stationary, non-replicating, latent phase and will become 
“hidden” and extremely resistant to host immunity generated stress 
(Fig. 2), conditions39,40 which are bactericidal toward replicating M. 
tuberculosis.41

Closing the ring by foamy macrophages

Foamy macrophages (FMs) develop as a consequence of 
macrophage necrosis and the accumulation of apoptotic short-lived 
neutrophils.42-44 FMs accumulate the cellular debris and generate 
lipid bodies in their cytoplasm. They can phagocytose from the 
extracellular milieu tubercle bacilli which had already become non-
replicating (or latent) under the influence of the stressing 
inflammatory process; this is represented by acidic pH and 
intermediate oxygen and nitrogen radicals.45-47 Oxidation of extravasal 
LDLs48 accumulate in macrophages and develop into FMs.49 In mice, 
these cells are drained into lung alveoli, building an external ring 
around the granulomas,42 because of limited alveolar space.50 
However, FMs can be drained into upper bronchi by the alveolar fluid 
in guinea pigs20 or minipigs21 which have larger alveolar spaces.

Reverse passage of alveolar fluid

Particles are drained out from the parenchyma of lungs in humans, 
towards the upper bronchial tree and then into the gastrointestinal 
tract. This process could be protecting the host by draining replicating 
M. tuberculosis and latent M. tuberculosis, organisms out of the body, 
in actively and latently infected individuals. However, there is also a 
reverse flow, as induction of aerosols with the inhaled air could lead 
to re-infection of the lungs (Figs. 1 and 2).22 This process could not be 
prevented by T cell immunity, because that develops only after the 
emigration of the infected DCs to the draining lymph nodes.51

“Continuous re-infection” origin of latent Mycobacterium 
tuberculosis

The continuous re-infection of lungs through the reverse flow of 
alveolar fluids has been integral to the previously formulated 
“dynamic hypothesis” of LTBI pathogenesis.52 Drained bacilli from 
infected hilar lymph nodes through the thoracic ducts to the right 
atrium are pumped back to the lung across the pulmonary artery. 
The mandatory role for a cycle between replicating and latent 
organisms in LTBI is supported also by the knowledge that T cells in 
LTBI recognize predominantly antigens expressed by replicating M. 
tuberculosis bacilli. Hence, the “dynamic hypothesis” differs from the 
traditional concept, which assumes that latent M. tuberculosis remain 
dormant for many years, while retaining a potential to resuscitate 
into active TB. 

Chronic production of new granulomas has been demonstrated 
by the production of small new lesions (0.25 to 2.5 mm of diameter) 
in minipigs (with pulmonary structure similar to human’s).21 
Furthermore, lesions of about 2 mm of diameter, which are too 
small to be detected by a routine chest X-ray, have been identified 
in human lungs, using High resolution CT (data not published). 
However, direct evidence for the “hidden trump” of M. tuberculosis 
bacilli, represented by their ability for continuous low-grade 
infection of aerosols would require more sensitive detection 
techniques.

Continuous re-infection of macrophages apparently proceeds 
despite pronounced T cell immunity, which accompanies LTBI. As 
existence of an extracellular stage seems integral for the re-infection 
concept, one can speculate, that antibodies against surface expressed 
antigens might have a protective potential for LTBI.52

Fibrotic processes in the lungs

The fibrotic process is important for stabilizing cellular 
accumulation in granulomas. With an early onset, TNF-α and 
chemokines attract new macrophages and neutrophils to alveoli. 
Here, new macrophages take up apoptotic bodies containing bacilli, 
or (in larger proportion) the extracellular bacilli released from 
necrotized macrophages. Epithelial and endothelial cells and 
fibroblasts also participate in this process. These cells build a 
cellular architecture involving fibrin,53 proliferation of transforming 
growth factor-beta (TGF-β) stimulated fibroblasts54 and production 
of mainly type III collagen.21,55 The TGF-β anti-inflammatory 
response may counterbalance excessive local Th1 reactions. In 
guinea pigs and minipigs the structure of granulomas containing 
necrosis is also stabilized by collagen.56 In these animals, TGF-β 
transforms fibroblasts to myofibroblasts21 which organize collagen 
fibers, leading to sphere-like structures that help to control the 
mechanical stress, induced by lung respiration. The necrotic tissue 
of granulomatous lesions in guinea-pigs57 and minipigs21 is linked 
to the accumulation of the apoptotic cells and phosphatidylserine-
rich lipid bodies58 from destroyed FMs.49 Phosphatidylserine 
accumulation, retaining calcium and phosphate from the local 
blood transudate leads to calcification, particularly when the 
inflammatory response is reduced.59 The mineralization process at 
alkaline pH is an important starvation, hypoxic and osmotic stress 
inducer, trapping latent M. tuberculosis extracellular bacilli in 
necrotic tissues.60 

A different type of fibrotic process, encapsulating the granulomas 
using a net of intralobular septa, takes places in larger mammals, 
including humans.21 Fibroblasts producing type I collagen in these 
septa proliferate around the granuloma, when stimulated by TGF-β. 
This process named as the “double patron” of fibrosis, was observed 
by Canetti61 in necropsies of M. tuberculosis-infected subjects without 
active TB, whom he classified as a “benign” progression of TB 
infection (Fig. 1).

Figure 2. Changing life styles of Mycobacterium tuberculosis within and outside granu-
lomas. (I) Non-replicating (NR) M. tuberculosis in aerosol. (II) Growing M. tuberculosis. 
(III) NR M. tuberculosis developing within and outside activated macrophages. (IV) NR 
M. tuberculosis being either killed or persisting inside the phagolysosome or (IVb) in-
side the mineralized tissue or (V) spreading out by alveolar fluid aerosols.
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A strong fibrotic process also takes place around the granulomas 
in the hilar lymph nodes to curtail further drainage to the right 
atrium. 

Isoniazid-chemotherapy needs to be long-term

Slow metabolism is one of the most important, fundamental 
features of M. tuberculosis bacilli. It leads to a slow cell division cycle 
and thus favors bacterial persistence. Since INH chemotherapy is 
bactericidal only at a certain stage of the cycle, it has to be delivered 
for a long period (Fig. 3). However, INH by its bactericidal action and 
by inducing a stress response62 in bacilli also reduces the occurrence 
of infected DCs and of the induction of T cell mediated surveillance of 
new infected cells. Nevertheless, M. tuberculosis has a possibility  
of returning and re-growing in the lungs, if INH is discontinued. The 
longer the INH treatment period, the lower the probability of bacillary 
re-growth: a 6 months treatment has about 60% efficacy and 9 months 
90% efficacy.63 During that period, latent M. tuberculosis would be 
removed, returned to the parenchyma, but could not re-grow in the 
presence of INH. Drainage of macrophages through the alveolar fluids 
and their removal through the gastrointestinal tract would hinder the 
return of viable bacteria to the lung parenchyma.

Association of tuberculosis with the topography of the lungs

The upper lobes of the lung are known to be a predilected site for 
cavitary lesions, harbouring extracellular bacilli in adult patients 
with reactivated TB.64 Reactivation of latent M. tuberculosis bacilli 
when reaching an upper lobe, could involve a number of different 
mechanisms, none of which is fully understood. These could be 

related to increased speed of bacillary growth, caused by: a) high 
oxygen pressure;65-67 b) the more discrete net of capillaries; and c) 
less acidity in upper lobes; all these factors may be somehow 
unfavourable to immune surveillance. A burst of inflammation with 
high IFN-γ/TNF-α ratio53 in response to bacterial replication would 
then interfere with the development of fibrosis. Lung lesions would 
develop into cavities, under influence of increased levels of plasmin, 
generated from plasminogen, trapped at the bacillary cell wall.68,69 
The stronger mechanical ventilation of the upper lobes, leading to 
liquefaction, will impair the fibrotic structure of granulomas.70

According to the “damage framework” concept of infectious 
diseases,71 the development of TB could be favoured by either a too 
strong or too weak host responses to the infection. In the first 
instance, an excessive IFN-γ level could interfere with the production 
of fibrin, thus inducing liquefaction. This can lead to extracellular 
growth of the M. tuberculosis bacilli, enhancing the local inflammatory 
response and tissue destruction.  Eventually, large cavities eroding 
the bronchi would drain out massive numbers of bacilli, thus 
generating highly contagious aerosols (Fig. 4). 

In immunosuppressed patients however, bacilli grow diffusely, 
without predilection to the upper lobe, inducing weak inflammation 
and less liquefaction and the aerosols are less contagious.72 
Malnutrition interferes with the development of both innate and 
acquired immunity, because they require a large supply of nutrients;73 
consequently, this is a significant factor that favors TB incidence, 
particularly in poor-resource countries.

It has previously been proposed, that the evolutionary advantage 
of tubercle bacilli rests in efficient transmission, rather than in killing 
of the infected host.74 From this angle, infection of immunocompetent 
individuals appears to be to the best advantage of the tubercle bacilli. 

Figure 3. Impact of T cell immunity and isoniazid (INH) treatment on the life style of Mycobacterium tuberculosis. (A) Activated macrophages present secreted antigens from live 
M. tuberculosis. Negative feedback of responses against structural antigens allows the “escape and hiding” of non-replicating (NR) M. tuberculosis.41 (B) Short term treatment with 
INH kills the growing bacilli, but leave the NR M. tuberculosis. Once the treatment ceases, these NR M. tuberculosis can reactivate. (C) Long term INH treatment kills the growing 
bacilli; drained NR M. tuberculosis avoid re-growth risk.
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Moreover, the predilection to the lungs seems mandatory for 
transmission, while extrapulmonary localization of lesions (about 
10% of active TB) is a wasted option for the pathogen’s expansion as 
a microbial species

Conclusions

Persistance of infection with M. tuberculosis leading to tuberculosis 
symbolically resembles the “mysteries”, eluded to in the 1 Corinthians 
(see motto). We discussed here the trumps played by the bacillus 
and the tenacity of the infected host’s resistance. The bacterial 
response to the stress, encountered with the infected host cells 
drives the M. tuberculosis cell cycle into a non-replicating (latent, 
dormant) mode and a low metabolic rate. Latent bacilli retain a 
capacity to induce necrotic granulomas in the lungs and to survive 
embedded in the necrotic tissue for long periods. The flow of draining 
fluids in cases of active TB re-infects the original host and also 
transmits the infection to new susceptible hosts. Though the host 
immune reactions are not capable to destroy M. tuberculosis bacilli, 
the host tries at least draining them out by the flow of alveolar fluids. 
However, this reverse flow is harnessed in favor of the pathogen 
through continuous re-infection of the lungs. Eventually, a 
mineralization process, leading to fibrosis of the connective tissue of 
the lungs counters the pathogen. This encapsulates the lesions and a 
limits both outward and reverse drainage. However, continuous re-

infection by the surviving M. tuberculosis persists. In conclusion, the 
trumps used in the intricate contest between M. tuberculosis and 
humans have been perfected over millions of years of evolution. 
Better understanding of the formidable natural resilience of the M. 
tuberculosis bacillus in relation to humans gives at least some clue, 
why it evaded so far elimination by the various used strategies. Better 
understanding of these factors is mandatory for developing more 
effective means of control for the many, still vulnerable populations 
around the world.
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Introduction

The pathogenesis of tuberculosis is closely related to immunity. 
The host’s immune response plays a key role in the proliferation and 
spread of the tubercle bacilli, and in the tissue damage that is 
responsible for the clinical manifestations of the disease. Therefore, 
both the susceptibility of progression to tuberculosis after infection 
and the degree of dissemination of the primary infection are directly 
determined by the age and comorbidity of the patient affected1 
(Table 1).

In developed countries, immigrants and refugees born in countries 
with a high endemicity of tuberculosis make up a significant 
proportion of incident cases of the disease. As a result, the 
implementation of adequate policies for rapid detection of active 
cases and prophylaxis for high risk immigrants is essential in 
tuberculosis prevention and control. 

Tuberculosis in immunosuppressed people

Tuberculosis and human immunodeficiency virus infection

The convergence of the human immunodeficiency virus (HIV) 
epidemic and tuberculosis has had a considerable impact on 
morbidity and mortality worldwide. In some areas of sub-Saharan 
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A B S T R A C T

The susceptibility to infection, the pathogenesis and the clinical manifestations of tuberculosis (TB) depend 
on the immunological status of the host. Immunological status is largely determined by age and 
comorbidities, but is also affected by other less well known factors. In Spain, most incidental cases of TB 
arise from the reactivation of remotely acquired latent infections and are favored by the aging of the 
population and the use of aggressive immunosuppressive therapies. The diagnosis and management of TB 
in these circumstances is often challenging. On the one hand, the atypical presentation with extra-
pulmonary involvement may delay diagnosis, and on the other, the toxicity and interactions of the anti-
tuberculous drugs frequently make treatment difficult. Immigration from resource-poor, high incidence TB 
countries, where the social and economic conditions are often suboptimal, adds a new challenge to the 
control of the disease in Spain. This chapter summarizes our current knowledge of epidemiological, clinical 
and treatment aspects of TB in particularly susceptible populations.

© 2011 Elsevier España, S.L. All rights reserved.

Tuberculosis en poblaciones especiales

R E S U M E N

La susceptibilidad a la infección, patogenia y manifestaciones clínicas de la tuberculosis (TB) dependen de 
la situación inmunológica del hospedador, lo cual, a su vez, está determinado en gran medida por la edad y 
las comorbilidades, pero también por otros factores no bien conocidos. La mayor parte de casos nuevos de 
TB en España tiene su origen en la reactivación de una infección remota latente, y es favorecida por el enve-
jecimiento y las terapias inmunosupresoras agresivas. A menudo, el diagnóstico y tratamiento de la TB en 
este contexto representan un reto. Las presentaciones atípicas, con afectación extrapulmonar, pueden re-
trasar el diagnóstico, pero además la toxicidad y las interacciones de los fármacos antituberculosos, a me-
nudo, dificultan el tratamiento. La inmigración de países en vías de desarrollo y alta incidencia de TB, fre-
cuentemente con condiciones sociales y económicas desfavorables, añade un nuevo reto al control de la 
enfermedad en España. En este capítulo se resume el conocimiento actual acerca de los aspectos epidemio-
lógicos, clínicos y terapéuticos de la TB en poblaciones especialmente susceptibles.

© 2011 Elsevier España, S.L. Todos los derechos reservados.
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Africa, annual notification rates of tuberculosis are above 400 cases 
per 100,000 population, and more than two-thirds of patients are 
co-infected with HIV.2

HIV infection produces cellular immunodeficiency by depleting 
CD4+ lymphocyte cells and impairing macrophage function, which 
increases the risk of infection with M. tuberculosis, progression to 
active disease, and reactivation of latent infection (LTBI). The occurrence 
of multidrug-resistant epidemics among HIV groups reflects the 
extreme vulnerability of these patients to tuberculosis infection and 
disease.3,4 The clinical presentation of tuberculosis in HIV-infected 
patients varies with the immunological status of the host. Patients 
with early HIV infection frequently present a “classic” pattern of 
pulmonary tuberculosis. Conversely, in patients with low CD4 cell 
counts, extrapulmonary involvement and disseminated disease are 
frequent even though chest radiographs may be normal.5,6

HIV-related tuberculosis should be treated with a regimen 
including rifamycin for the full course of therapy. If a rifamycin 
cannot be given, treatment should be extended to 18-24 months. The 

rifamycins induce the cytochrome P450-3A (CYP3A) system, 
increasing the metabolism of most antiretroviral drugs. Rifabutin is 
a less potent inhibitor than rifampin and may be a reasonable 
alternative.7 Table 2 shows the interactions between rifamycins and 
antiretrovirals and recommended dose adjustments. Although 
increased rates of recurrence have been reported with the standard 
regimen of six months in HIV-infected patients, there is insufficient 
evidence to recommend more prolonged therapy in this setting.8,9 
Regardless of HIV status, patients with cavitation and positive 
cultures after the first two months of therapy should be treated for 
nine months.9 Intermittent treatment with rifampin twice a week or 
rifapentine weekly is not recommended in HIV patients because of 
the development of resistance to rifampin, especially in patients 
with CD4 cell counts less than 100 cells/mm3.10,11

The ideal time to start antiretroviral therapy in HIV-infected patients 
with tuberculosis when both are diagnosed simultaneously has not 
been definitively established. Deferring antiretroviral therapy until 
treatment of tuberculosis has been completed avoids potential drug 
interactions, overlapping drug toxicities, and paradoxical reactions. 
However, this strategy is not safe in patients with low CD4 cell counts, 
in whom delaying treatment may increase mortality due to opportunistic 
infections and AIDS progression.12,13 The current ATS/CDC/IDSA guidelines 
suggest an individualized decision on timing of antiretroviral therapy in 
patients with CD4 counts below 350 cells/mm3 and advise delaying 
antiretroviral therapy for 4–8 weeks if possible.9

The paradoxical worsening of symptoms known as the “immune 
reconstitution inflammatory syndrome” (IRIS) is a frequent 
complication when antiretroviral therapy is started in patients being 
treated for active tuberculosis.14 Immune reconstitution symptoms 
typically appear in the first days or weeks of treatment and frequently 
affect patients with low CD4 cell counts.15 A short course of steroids 
may be of benefit in these cases. IRIS may also explain the 
development of tuberculosis in patients with subclinical or latent 
infection and low CD4 cell counts presenting with clinical symptoms 
of the disease shortly after initiating antiretroviral therapy.16

Table 1
Risk for developing active tuberculosis relative to a control population1

Condition Relative risk

Silicosis 30

Diabetes mellitus 2-4

Chronic renal failure-hemodialysis 10-25

Jejunoileal by-pass 27-63

Renal transplantation 37

Heart transplantation 20-74

Head and neck cancer 16

HIV infection 20-100

HIV: human immunodeficiency virus.

Table 2
Interactions between rifampin-rifabutin and antiretroviral drugs 

Antiretroviral Rifampin (RIF) Rifabutin (RFB)

Protease inhibitors (PI)

   Atazanavir RFB AUC ↑ 2-3 fold
   Ritonavir-atazanavir
   Ritonavir-lopinavir
   Ritonavir-saquinavir
   Ritonavir-fosamprenavir
   Ritonavir-darunavir

PI concentrations markedly decreased (>75%): 
   co-administration contraindicated

Decrease RFB to 150 mg/48 h or 3 times a week
No change in PI dose

Non-nucleoside reverse transcriptase inhibitors (NNRTI)

   Nevirapine (NVP) NVP AUC ↓ 37%; NVP dose unchanged; RIF dose 
   unchangeda

NVP Cmin ↓ 16%; RFB AUC ↑ 17%; NVP dose unchanged; 
   RFB unchangedb

   Efavirenz (EFV) EFV AUC ↓ 26%; EFV dose unchanged; consider 
   800 mg/d; RIF dose unchanged

RFB ↓ 38%; EFV dose unchanged; RFB 450-600 mg/d if EFV is not
   coadministered with a PI

   Etravirine (ETR) ETR concentration markedly decreased: do not 
   coadminister

ETR AUC ↓ 37%; RFB ↓ 17%; no dose adjustment unless PI 
   co-administration

Entry inhibitors

   Enfuvirtide (T20) No significant interaction: dose unchanged No significant interaction: dose unchanged

   Maraviroc (MVC) MVC ↓ 78%: Increase MRV dose 600 mg/12 h; 
   RIF dose unchanged

No clinical experience; a significant interaction is unlikely

Integrasa inhibitors

   Raltegravir (RAL) RAL AUC ↓ 40% and Cmin ↓ 61% with RAL 400 mg
Rifampin with RAL 800 mg BID compared with 
   RAL 400 mg BID alone: RAL AUC ↑ 27% 
   and Cmin ↓ 53%

Dose: RAL 800 mg BID

aRecent issued guidelines recommend do not coadminister. If coadministration is needed, use 600 mg BID. Available at: http://aidsinfo.nih.gov
bStandard rifabutin dose: 300 mg/day or 300 mg/48 h. 
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HIV-infected people should be screened for LTBI with the TST. 
Reactors to TST must be thoroughly evaluated, and once active 
disease has been ruled out preventive chemotherapy must be offered. 
Although early studies suggested that HIV-seropositive patients with 
cutaneous anergy had a risk of tuberculosis similar to that of patients 
with positive TST, nowadays the evidence argues against treating 
anergic HIV-infected patients.17 The role of interferon–gamma release 
assays (IGRA) either in addition to TST or instead of it is still 
controversial.18 Daily isoniazid for 9 months remains the treatment 
of choice for LTBI in HIV-infected patients. Multidrug short-course 
regimens (rifampin plus pyrazinamide for 2 months, and rifampin 
plus isoniazid for 3 months) have proved as effective as standard 
isoniazid treatment in HIV-infected patients.1,19,20 However, the 
combination of rifampin and pyrazinamide is no longer recommended 
due to the unacceptable rate of severe liver toxicity.21 Rifampin or 
rifabutin for four months are also good alternatives.

Tuberculosis in transplant recipients

The incidence of tuberculosis in either solid organ or hematopoietic 
progenitor cell recipients is closely related to the background of 
tuberculosis infection in the area considered, and it is estimated to 
be 30 to 100-fold higher than in the general population.22 A 
prospective cohort study23 in Spain found an incidence was 0.48% 
and an estimated relative risk in relation to the general population of 
26.6.

Most cases of tuberculosis in transplant recipients arise from a 
reactivation of remote infection. Rarely, tuberculosis is transmitted 
by the transplanted graft. Most cases of tuberculosis develop in the 
first year after transplantation. Late infections may be related to the 
treatment of chronic rejection or graft versus host disease in allogenic 
bone marrow recipients.23,24

Treatment of tuberculosis in transplant recipients may be 
complicated by the potential of drug interactions and toxicity. 
Rifampin interacts with most immunosuppressive drugs, potentially 
leading to graft rejection. The experience in renal transplants has 
been favorable provided that levels of immunosuppressive drugs are 
carefully monitored.25 There is no consensus on other solid organ or 
hematopoietic progenitor cell transplants. Experience with rifabutin, 
a weaker cytochrome P-450 inducer, is scarce. Regimens not containing 
a rifamycin must be prolonged up to 18-24 months. The Spanish 
network for transplant related infections (RESITRA) recommends the 
use of a rifamycin-based regimen in solid organ transplants which 
develop a severe or disseminated form of tuberculosis or if isoniazid 
resistance is suspected.26

Pre-transplant evaluation of candidates for transplantation should 
include screening for tuberculosis, and treatment of patients with 
positive TST and those with evidence of inappropriately treated or 
untreated past tuberculosis. Treatment of latent infection in 
candidates for liver transplantation is challenging as the risk of 
severe liver toxicity is very high in patients with end stage liver 
disease. Some authors recommend postponing chemoprophylaxis 
until after transplantation.26

Tuberculosis in anti-TNF treated patients

Anti-tumor necrosis factor (TNF) drugs are used in a growing 
number of immune-mediated inflammatory diseases (IMID). The 
main drawback of suppressing TNF activity is the blockage of the 
immune response to infection. Not surprisingly, several opportunistic 
infections have been reported in association with the use of these 
agents, such as systemic mycosis and mycobacterial infections.27 The 
first descriptions of tuberculosis associated with anti-TNF agents 
were in patients treated with infliximab, and showed that more than 
half had extrapulmonary and disseminated infections.28 Later series 
found similar features of tuberculosis in other anti-TNF treated 

patients.29 After recommendations of screening and chemoprophylaxis 
for candidates to anti-TNF treatment were issued, the incidence of 
tuberculosis fell notably.30 Candidates for anti-TNF therapy and 
diagnosed with LTBI should receive either isoniazid for nine months 
or rifampin for four months.31 There is also some experience with 
IGRA in patients with IMID for the screening of tuberculosis infection 
before anti-TNF therapy. The currently available data suggest that 
these tests perform better than TST in individuals receiving 
immunosuppressive treatment, but false-negative and indeterminate 
results also occur.32,33

Tuberculosis in the pediatric patients

The burden of childhood tuberculosis has been somewhat neglected 
in the past. However, of the estimated 8.3 million new tuberculosis 
cases diagnosed in 2000, 884,019 (11%) were children.34

Most cases of pediatric tuberculosis are acquired through 
inhalation of bacilli from a person with active tuberculosis. Rarely, 
transplacental infection may occur after acute primary or miliary 
tuberculosis during pregnancy. Neonatal infection may very 
occasionally be acquired by fetal aspiration or ingestion of infected 
amniotic fluid. The risk of developing active tuberculosis in children 
varies with age: infants in the first year of life have the highest risk 
(40-50%), and also the most severe forms (10 to 20% miliary 
tuberculosis or meningitis). The risk of progression is still high in 
children infected up to the fifth year of life, and then falls between 5 
and 10 years of age.

Primary lung disease may be asymptomatic and may resolve 
spontaneously. The classic form of primary lung disease is a 
parenchymal infiltrate with hilar lymphadenopathy. Progression of 
primary tuberculosis leads to lung consolidation, lymph node 
enlargement with bronchial obstruction, and pleural disease.35 
Common symptoms of pulmonary tuberculosis in children include 
chronic cough, prolonged fever and weight loss or failure to thrive.36 
Complications related to massive lymph node enlargement are more 
frequent in children under five years of age. Lung cavitation is rare in 
the under-tens. Peripheral lymphatic tuberculosis and meningitis are 
the most common forms of extrapulmonary disease. Microbiologic 
confirmation of tuberculosis in children is hampered by the difficulty 
of obtaining appropriate respiratory secretions.35 Sputum smears are 
positive in less than 20% of cases, and culture confirmation is 
achieved in less than half of these. The yield of 3 consecutive early 
morning gastric aspirates is higher than bronchoalveolar lavage in 
the diagnosis of pulmonary pediatric tuberculosis.37 Nasopharyngeal 
aspiration and induced sputum with hypertonic saline aerosol are 
good alternatives.38

A six-month regimen of isoniazid and rifampin with pyrazinamide 
during the initial phase is effective in most forms of pulmonary or 
extrapulmonary disease. In meningeal and disseminated tuberculosis, 
as well as in HIV-infected children, treatment should be extended to 
9-12 months.9 Ethambutol is contraindicated in children less than 13 
years, in whom ophthalmological monitoring may not be sufficient 
to exclude optical neuropathy. However, in the experience reported 
with 15-20 mg/kg daily doses in young children, optical toxicity is 
exceptional.39

Children are high priority targets of preventive chemotherapy 
after contact with active tuberculosis. Household exposure must be 
treated as infection from the first moment onwards, as tuberculin 
response may be delayed for up to 3 months. Treatment may be 
stopped if the second TST remains negative. In immunosuppressed 
children TST is not sensitive enough to rule out infection, and 
therefore chemotherapy must be completed for the whole nine-
month course despite the lack of conversion. Isoniazid is well 
tolerated, and severe liver toxicity is extremely rare. As in adults, 
rifampin is the alternative of choice in intolerant children or after 
contact with isoniazid resistant strains.40



 M. Santín Cerezales and E. Navas Elorza / Enferm Infecc Microbiol Clin. 2011;29(Supl 1):20-25 23

Tuberculosis in pregnancy and breastfeeding

The stress and the physiological changes experienced in pregnancy 
create a state of cellular immunodeficiency that may facilitate the 
development of tuberculosis.41 In the early 20th century, after a 
publication that reported a less favorable course of tuberculosis in 
pregnant than in non-pregnant women, therapeutic interruption of 
the pregnancy was recommended. Nowadays, it is clear that if anti-
tuberculosis treatment is started early, the outcome is the same as in 
non-pregnant women.42,43

Diagnosis may be delayed because certain manifestations of 
pregnancy, such as asthenia, tachycardia and anemia, and manifestations 
of tuberculosis may confuse clinicians. Diagnosis of tuberculosis 
infection relies on TST, which is valid in pregnancy and is safe for the 
woman and fetus. New diagnostic blood tests (IGRA) can be used, but 
they have not been evaluated in pregnant women. Chest x-ray can be 
performed safely by shielding the abdomen, as fetal exposure is below 
0.3 mrads.44

Treatment for active tuberculosis in pregnant women should be 
started promptly since its delay has been associated with hazard for 
mother and fetus. The preferred regimen includes rifampin, isoniazid 
and ethambutol for two months, followed by rifampin and isoniazid 
for seven additional months. Pirazynamide is not recommended 
because its effect on the fetus is unknown.9 However, no theratogenic 
effects have been reported; the WHO recommends it, and in fact its 
use is widespread in many countries. Streptomycin should not be used 
because of its interference with the aural development of the fetus. 
Due to the potential harmful effects on the fetus and the unknown 
risks of second-line drugs, terminating pregnancy or suspending 
treatment during pregnancy is frequently advised in pregnant women 
who require treatment with these drugs.42 A recent retrospective study 
of pregnant women treated with second-line drugs for multidrug-
resistant tuberculosis (MDR-TB) showed similar birth outcomes to 
those of healthy women and no congenital defects in newborns.45 This 
experience indicates that the benefits of treating MDR-TB probably 
outweigh the risk for mother and fetus. Therefore, after receiving 
counselling concerning the potential risks, women should have the 
option to continue treatment without termination of pregnancy.45

Breastfeeding is not contraindicated in women treated with first-
line antituberculous drugs. Isoniazid, rifampin, ethambutol, and 
pyrazinamide are considered safe for breastfeeding because the 
levels of these drugs achieved in breast milk are too low to produce 
toxicity in the baby.46,47 Fluoroquinolones are not recommended 
during breastfeeding.9

Tuberculosis in the frail population

Tuberculosis in the elderly

Incidence of tuberculosis is higher in the elderly, due to the 
increased prevalence of the infection and the higher rates of 
reactivation as a result of impairment of T-cell mediated immune 
response with aging. Other age-associated factors, such as malignancy 
and chronic diseases, also contribute to the greater risk of reactivation 
of latent infection.48 In addition, nursing home residents have a two 
to four-fold higher incidence of tuberculosis, due not only to 
reactivation but also to an increased transmission in this clustering 
environment.49,50

Around 75% of elderly persons with tuberculosis present 
pulmonary involvement, and the clinical features are similar to those 
found in younger persons.51 However, tuberculosis may present 
atypically: unexplained low-grade fever, fatigue, reduction in daily 
living activities, anemia and liver function test abnormalities being 
the predominant manifestations.52 Respiratory sample collection 
may be limited by the difficulty of obtaining sputum from old people. 
In addition, the sensitivity of TST wanes with aging. Radiographic 

findings do not differ significantly from those in younger people, 
except for the lower proportion of cavitation.52

Current standard treatment for tuberculosis is also recommended 
for older people. While also applicable to young patients, two main 
issues are of particular relevance in the elderly: the greater risk of 
drug toxicities, and the risk of interactions with other drugs, since 
these patients are more likely to be taking other medications.53,54 
Particularly, an increased risk of hepatic toxicity from isoniazid with 
aging has been found.48,55 Preventive treatment may also be indicated 
in elderly people.1 Prevention of tuberculosis in long-term care 
facilities requires each unit to apply an appropriate prevention and 
control program in order to protect residents and staff.56

Tuberculosis and end-stage renal disease

Patients with end-stage renal disease (ESRD) undergoing 
hemodialysis are at increased risk of developing tuberculosis.57 
Diagnosis may be challenging due to false-negative TST results, more 
frequent extrapulmonary involvement and on occasion the non-
specificity of symptoms, which may be attributable to uremia or 
other infections. 

Since some antituberculous medications are cleared by the 
kidney, drug-dosing adjustment is required, which complicates 
treatment of tuberculosis in these patients.9 Furthermore, some 
antituberculosis drugs are removed by haemodialysis.58 Rifampin 
and isoniazid are metabolized by the liver, so dosing adjustment is 
not necessary in ESRD.9 Pyrazinamide, which is metabolized by the 
liver but whose metabolites are cleared by the kidneys, and 
ethambutol which is 80% cleared by the kidneys, may accumulate in 
case of renal insufficiency  and require adjustment.9 Although 
isoniazid, pyrazinamide and ethambutol are removed by 
haemodialysis, only in the case of pyrazinamide is the dialysis 
significant. So, if pyrazinamide is given after dialysis, a supplementary 
dose is not necessary. Rifampin is not dialyzable and does not require 
dosing-adjustment.9 Renal clearance of fluoroquinolones varies from 
drug to drug. Of the two most commonly used for tuberculosis 
treatment, levofloxacin is mainly cleared by kidneys; moxifloxacin 
undergoes hepatic metabolism, and the urinary excretion of the 
unchanged drug only accounts for 19-22% of the given dose.59 
Antituberculosis aminoglycosides (streptomycin, kanamycin and 
amikacin) and capreomycin are excreted by kidneys, and require 
dosing-adjustment in patients with renal insufficiency.9 Table 3 
shows the dosing adjustment for the commonest antituberculosis 
agents in patients with renal function impairment.

Tuberculosis and liver disease

Treatment of tuberculosis in patients with chronic liver disease is 
complicated by the increased hepatotoxicity of antituberculosis 
drugs, the potentially harmful consequences of toxicity in patients 
with marginal liver function reserve and, finally, the difficulty of 
monitoring drug-related alterations in liver tests.9 In addition, the 
high incidence of alcohol use may lead to poor compliance and 
treatment failure. The first line antituberculosis agents rifampin, 
isoniazid and pyrazinamide may produce hepatotoxicity, but they 
should be used whenever possible. Careful assessment of hepatic 
disease and expert consultation is advisable in treating these patients 
with drugs or regimens other than the standard ones.9

Tuberculosis and immigration

The increase in immigration during the last decade has slowed 
the steady fall in the incidence of tuberculosis in Spain. The proportion 
of foreign-born subjects among tuberculosis patients has increased 
consistently since the late 1990s, reaching figures as high as 67% in 
some areas.60,61
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It has commonly been assumed that tuberculosis in immigrants 
results from the reactivation of latent infection acquired in their 
country of origin.62-64 However, data from two molecular epidemiology 
studies in Spain, in which 29% and 33% respectively of isolates from 
immigrant patients were clustered, suggest that recent transmission 
also plays a significant role in the development of tuberculosis in 
immigrants in our country.60,65 Most cases of tuberculosis in 
immigrants occur within two or 3 years of arrival.66,67 However, the 
risk not only persists beyond this point but its incidence remains 
higher than in the native-born population for more than five years.68,69 
Clinical and radiographic characteristics do not differ substantially 
from those of Spanish-born patients, except for a younger age at 
diagnosis.67,70 Some authors reported a higher proportion of 
extrapulmonary involvement than in native-born patients.70

Most immigrants to Spain come from Latin American and African 
countries with higher rates of resistant tuberculosis.71 Although the 
resistance of M. tuberculosis in Spain has not increased substantially 
in recent years, rates of resistance in immigrants are higher than in 
Spanish-born people.3,66,70,72,73 In a study conducted in Madrid the rate 
of resistance to any first-line antituberculous drug was 33% in 
immigrants who had no prior treatment, compared with 10.7% 
among all patients with tuberculosis.72

Treatment for tuberculosis in immigrants should not differ from 
that of native-born patients, and all isolates should be tested for 
susceptibility to first-line antituberculous drugs. Early diagnosis and 
treatment are the two best preventive and control measures. 
Diagnosis of tuberculosis should be coupled with detection and 
treatment of secondarily infected people. Treatment of active disease 
and infection in the immigrant population presents significant 
challenges to tuberculosis control measures: several studies have 
found lower rates of treatment completion, including preventive 
treatment, among immigrants than in native-born people.74,75

How to screen people from areas with high tuberculosis rates 
who migrate to developed countries is a matter of debate. Strategies 
including chest radiograph screening and TST to detect cases of 
active tuberculosis have little (if any) public health impact and are 
not cost-effective.76 On the other hand, detection of LTBI using the 

TST, and universal treatment of those with positive results is limited 
by the low positive predictive value of the test, low rates of treatment 
completion, and toxicity. Nowadays, early diagnosis and treatment of 
active tuberculosis cases and detection of subjects with latent 
infection at risk of progression seems to be the most reasonable 
strategy for tuberculosis control.
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A B S T R A C T

Interferon-γ-based assays, collectively known as IFN-γ release assays (IGRAs), have emerged as a reliable 
alternative to the old tuberculin skin test (TST) for the immunodiagnosis of tuberculosis (TB) infection. The 
2 commercially available tests, the enzyme-linked immunosorbent assay (ELISA), QuantiFERON-TB Gold In-
tube (QFT-IT), and the enzyme-linked immunospot assay (ELISPOT), T-SPOT.TB, are more accurate than TST 
for the diagnosis of TB, since they are highly specific and correlate better with the existence of risk factors 
for the infection. According to the available data, T-SPOT.TB obtains a higher number of positive results 
than QFT-IT, while its specificity seems to be lower. Although the sensitivity of the IFN-γ -based assays may 
be impaired to some extent by cellular immunosuppression and extreme ages of life, they perform better 
than TST in these situations. Data from longitudinal studies suggest that IFN-γ-based tests are better 
predictors of subsequent development of active TB than TST; however this prognostic value has not been 
consistently demonstrated. This review focuses on the clinical use of the IFN-γ -based tests in different risk 
TB groups, and notes the main limitations and areas for future development. 

© 2011 Elsevier España, S.L. All rights reserved.

Diagnóstico de la tuberculosis mediante las técnicas basadas en la detección 
de interferón-γ
R E S U M E N

Las técnicas de detección de la liberación de interferón-γ conocidas como IFN-γ release assays (IGRA), cons-
tituyen una alternativa fiable a la clásica prueba de la tuberculina (PT) para el inmunodiagnóstico de la in-
fección tuberculosa. Las 2 pruebas comerciales disponibles, QuantiFERON-TB Gold In-tube (QFT-IT) y T-
SPOT.TB, son más precisas que la PT para el diagnóstico de tuberculosis (TB), ya que son muy específicas y 
presentan una mejor correlación con la existencia de factores de riesgo para la infección tuberculosa. Con 
los datos disponibles, T-SPOT.TB detecta mayor número de positivos que QFT-IT, pero parece ser menos es-
pecífica. Aunque pueden verse afectadas en determinadas situaciones de inmunosupresión celular y en las 
edades extremas de la vida, estas técnicas siguen siendo superiores a la PT en estas situaciones. Estudios 
longitudinales sugieren que las pruebas de liberación de IFN-γ son mejores predictores de la progresión a 
enfermedad tuberculosa; sin embargo, este hecho no ha sido demostrado completamente. Esta revisión 
trata el uso de los test de liberación de IFN-γ en diferentes grupos de riesgo de TB. Asimismo, remarca sus 
principales limitaciones y las áreas de desarrollo futuro. 

© 2011 Elsevier España, S.L. Todos los derechos reservados.
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From the tuberculin skin test to the interferon-γ-based assays

The tuberculin skin test (TST), that recalls the delayed-type 
hypersensitivity response to the intradermal inoculation of purified 
protein derivate (PPD),1 has been used to diagnose TB infection for 
the last hundred years. The PPD contains a mixture of more than 200 
antigens that are widely shared by mycobacteria other than 
Mycobacterium tuberculosis, including the vaccinal strain of 
Mycobacterium bovis bacilli Calmette-Guérin (BCG) and many non-
tuberculous mycobacteria (NTM). As a result, individuals sensitized 
by previous exposure to NTM or BCG vaccine may respond 
immunologically to PPD. The other main limitation of the TST is its 
low sensitivity in certain groups of individuals, such as 
immunosuppressed patients and young children.2

Immunodiagnostic methods have been developed based on the in 
vitro quantification of the cellular immune response, by detecting 
interferon-gamma (IFN-γ) released by sensitized T-cells stimulated 
with specific M. tuberculosis antigens. The two main antigens used 
are the 6-kD M. tuberculosis early-secreted antigenic target protein 
(ESAT-6) and the 10-kD culture filtrate protein (CFP-10), encoded in 
the region of difference 1 (RD1), which is present in M. tuberculosis 
but not in BCG or in most NTM.3 This new in vitro technology has 
been rapidly adapted from initial in-house methods to the two 
commercially available techniques: QuantiFERON-TB Gold assays 
(QFT-G) (Cellestis Limited, Carnegie, Victoria, Australia) and T-SPOT.
TB assay (Oxford Immunotec, Oxford, UK). Both tests, collectively 
known as IGRAs (Interferon-Gamma Release Assays), have been 
approved for sale in Europe and have received final approval from 
the U.S. Food and Drug Administration (FDA) as an aid for diagnosing 
M. tuberculosis infection. T-SPOT.TB detects the number of IFN-γ 
producing T-cells after stimulating a definite number of isolated 
peripheral blood mononuclear cells (PBMCs) with ESAT-6 and CFP-10 
separately by means of enzyme-linked immunospot assay (ELISPOT). 
QFT-G tests are whole blood assays that use an enzyme-linked 
immunosorbent assay (ELISA) to detect IFN-γ produced in 
supernatants by stimulated T-cells. The QFT-G In Tube version (QFT-
IT), includes a third antigen, TB7.7. This new antigen is encoded in 
RD11 and is missing from the BCG strains as well as most common 
environmental mycobacteria.4 In the QFT-IT assay, the three specific 
M. tuberculosis antigens are already incorporated into the same tube 
(Fig. 1). Both in vitro tests include a positive control that detects the 
capacity of T cells to produce IFN-γ upon stimulation with a mitogen 
(phytohemagglutinin), in order to distinguish false-negatives from 
indeterminate results. 

Interferon-γ-based assays for detecting latent infection 
in high-risk populations

This section will discuss the potential value of the IFN-γ-based 
tests in diagnosing latent TB infection (LTBI) in people at high risk of 
progression to active disease. 

Contact tracing study

Between 5% and 10% of recently infected contacts will develop 
active TB within 2-5 years after exposure. The identification and 
treatment of these individuals constitutes an essential component of 
the TB control strategy in low-prevalence countries. Numerous 
studies have explored the utility of the IFN-γ-based tests in contact 
investigations.5-9 In the absence of a gold standard test for the 
diagnosis of LTBI, the best approach to compare IFN-γ-based tests 
and TST consists of correlating their results with the degree of 
exposure to an infectious case. Positive results of IFN-γ-based tests 
were found to be more strongly associated with greater recent 
exposure than TST;5,8 however, this association could not be 
demonstrated by others.9 Besides, IFN-γ-based tests offer the 

advantage of high specificity, since they are not affected by prior BCG 
vaccination or by infection with most NTM.

Health care workers

Due to the risk of infection with M. tuberculosis through 
occupational exposure, periodical testing is recommended for all 
health care workers (HCWs). Serial TST testing may induce a boosting 
phenomenon, compromising its interpretation.10 In a study performed 
in Barcelona (Spain),11 prevalence of LTBI in HCWs without a previous 
positive TST was higher according to T-SPOT.TB (23.1%), and QFT-IT 
(17.3%) than according to TST (15.4%). Positive IFN-γ tests were 
associated with age and degree of occupational exposure, but not 
with BCG vaccination, a finding consistent with previous studies 
with QFT-G tests.12,13 Although IFN-γ-based tests have became a good 
alternative to TST for serial testing of HCWs, factors such as reversions 
and conversions should be taken into account. Choi et al14 described 
conversions of QFT-IT in HCWs 2-4 weeks after performing a TST test 
among TST reactors, but not among non-reactive individuals. 
Similarly, van Zyl-Smit et al15 reported conversions a week after TST 
administration. However, when using a two-step screening strategy, 
IFN-γ test results were not influenced if TST was performed within 
three days.

Immunocompromised patients

The performance of the IFN-γ tests in immunocompromised 
patients and the effect of immunosuppression on these tests remains 
unclear.16 Previous studies including different groups of 
immunocompromised patients found impaired performance of IFN-
γ-based tests related to malfunction of cellular immune system, but 
they performed better than TST nonetheless.17,18 In a prospective 
study including 369 immunosuppressed participants, Richeldi et al19 
found that IFN-γ tests detected more patients as being infected with 
M. tuberculosis than did TST.

HIV infected patients
Patients co-infected with HIV and M. tuberculosis are particularly 

prone to a reactivation of LTBI and development of disseminated 
disease. In studies evaluating T-SPOT.TB and its ELISPOT pre-
commercial version20,21 or the QFT-G tests,22,23 in vitro tests obtained 
higher rates of positive results than TST in diagnosing LTBI,23,24 and a 
better association between positive results and presence of risk 
factors for LTBI.22,23 In recent years, some studies in HIV-infected 
populations reported similar sensitivities for both IFN-γ tests.21-25 As 
regards indeterminate results, a correlation between low CD4+ cell 
counts and a low control positive response was found with QFT-IT,22 
while T-SPOT.TB and in-house ELISPOT appeared to be relatively 
unimpaired by low CD4+ cell counts.24,26,27 However, higher rates of 
indeterminate results with T-SPOT.TB and in-house ELISPOT have also 
been reported.24,28

Chronic immune-mediated inflammatory disease 
Tumor necrosis factor (TNF)-α antagonists provide reliable 

treatment in patients with immune-mediated inflammatory diseases 
(IMID).29 TNF-α is one of the key molecules involved in granuloma 
formation and containment of TB infection. Due to the increased risk 
of TB in patients receiving anti-TNF-α agents,30 exclusion of active TB 
and screening for latent infection is mandatory before starting anti-
TNF-α therapy.31 However, cellular-mediated response to PPD is 
compromised by the corticosteroids and/or immunosuppressive 
drugs that most patients with IMID are already taking.29,31 Experience 
with the IFN-γ-based tests in this population, although promising, is 
still limited.32,33 Overall, agreement with the TST seems to be poor.34-

36 The discordant positive TST and negative IFN-γ-based test results 
have been attributed to false-positive TST results,37,38 whereas the 
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discordant negative TST and positive IFN-γ-based test results have 
been considered false-negative TST results due to the 
immunosuppressive therapy being taken by these patients.35,36,39 The 
available data show that the IFN-γ-based tests detect more cases of 
LTBI than TST does,36,40 and a closer association with the presence of 
risk factors for TB infection.34,35 The effect of IMID-associated 
immunosuppression on the performance of the IFN-γ-based tests has 
not been completely clarified. In a study involving 398 consecutive 
subjects, Bartalesi et al41 did not find an association between results 
of the TST or QFT-IT and the use of conventional disease-modifying 
antirheumatic drugs, but reported an association of steroids with a 
lower likelihood of a positive result. In view of the high risk of TB in 
IMID patients receiving anti-TNF-α therapy, a strategy based on a 
simultaneous TST and one of the IFN-γ tests might maximize 
diagnostic sensitivity for the detection of LTBI. 

Paediatric population

Children have a high risk of progression to active TB, especially 
infants under the age of two.42 Early, specific diagnosis of LTBI is 
therefore crucial to prevent active disease. The sensitivity of TST in 
young children is unknown, but the existence of immaturity certainly 
induces a lower cutaneous response. In addition, BCG-vaccination, 
especially in TB endemic areas, reduces the test’s specificity. Overall, 
T-SPOT.TB provides higher rates of positive results for LTBI than TST 
or the QFT-G tests. Recently, Davies et al43 found that, in contrast to 
TST, ELISPOT results were not affected by young age or severe 

immunosuppression. Furthermore, a high correlation with the 
degree of exposure to M. tuberculosis with both IFN-γ-based tests has 
been demonstrated.44 Results of both IFN-γ-based tests are unrelated 
to the BCG-vaccination status, which contributes to their high 
specificity.4,7 Discordant results between these tests and TST are 
frequently found.7,45-48 In a study conducted in Barcelona (Spain),7 
among BCG-unvaccinated children, 60% and 57% of those with 
positive TST had negative QF-IT and T-SPOT.TB respectively. Latorre 
et al49 reported that 48% of children with TST positive and negative 
T-SPOT.TB had sensitized T cells against Mycobacterium avium 
sensitins. As regards the indeterminate results, a significantly lower 
IFN-γ release in response to mitogen (positive control) has been 
described in young children tested with QFT-IT, suggesting an age-
dependent response.47,50 As for T-SPOT.TB, it does not seem to be 
related to age,17 except in the first weeks of life.51 However, Nicol et 
al48 reported a decline in positive T-SPOT.TB results in children less 
than 1 year of age, whereas TST results were unaffected.

Interferon-γ-based assays for diagnosing active tuberculosis

Although the IFN-γ-based tests are widely used together with or 
in place of TST, their role in the diagnosis of active disease is still 
undefined. According to the results of two recent meta-analyses,52,53 
both commercial IFN-γ-based tests, performed in blood, have better 
sensitivity than TST for active TB. As expected, specificity for active 
disease was low, ranging from 59% for T-SPOT.TB to 79% for QFT-IT 
and 75% for TST.53
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Figure 1. Comparison of T-SPOT.TB and QuantiFERON-TB Gold In Tube (QFT-IT) methodology. ELISA: enzyme-linked immunosorbent assay; ELISPOT: enzyme-linked immunospot 
assay; IFN: interferon; PBMCs: peripheral blood mononuclear cells.
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While a positive result of an IFN-γ-based assay does not distinguish 
between active and latent infection, in combination with the TST 
result it may help to exclude active TB.54-56 A recent multicentre 
study55 showed a very low likelihood of TB with a negative result on 
both TST and IFN-γ-based tests. Unfortunately, only 4% of patients 
were immunosuppressed, which precludes its generalization to the 
whole risk population. The usefulness of levels of IFN-γ, measured by 
QFT-IT, to predict clinical outcome was evaluated in two studies.56,57 
Although active TB was associated with higher IFN-γ levels, the 
benefit was presumed to be marginal in highly experienced centres. 

Cellular immunosuppression and age, among other factors, may 
impair performance of IFN-γ-based tests.58 In 4 studies that compared 
performance of QFT-IT in HIV-infected and non-infected adults with 
active TB, mean sensitivity was 64% in HIV-infected patients and 79% 
in non-HIV-infected patients.59-62 Although the overall sensitivity of 
T-SPOT.TB is higher than that of QFT-IT in otherwise healthy people, 
data from head-to-head comparisons in HIV-infected patients are 
scarce.60,63,64 In three studies, covering a total of 39 patients with 
culture-confirmed TB, QFT-IT and T-SPOT.TB detected 74% and 82% of 
cases respectively.60,64 Despite impaired sensitivity, IFN-γ-based tests 
are clearly superior to TST for the diagnosis of active TB in these 
patients.61,65-67

IFN-γ-based tests may be of value in diagnosing TB in childhood, 
due to the absence of microbiological confirmation in a high 
proportion of cases. In a large prospective study, the sensitivity of 
T-SPOT.TB was 83%, and was not affected by HIV status.20 A hospital-
based study reported sensitivity rates of 100% for TST and 73% for 
T-SPOT.TB and QFT.IT, and specificity rates of 58%, 98% and 100% for 
TST, T-SPOT.TB and QFT-IT respectively.68 A multicentre study 
comparing both IFN-γ-based tests with TST in 333 children aged 2 
months to 16 years found that in 49 TB-confirmed cases, sensitivity 
was 82% for TST, 78% for QFT-IT and 66% for T-SPOT.TB, increasing to 
96% and 91% when TST was combined with T-SPOT and QFT-IT 
respectively.69

As regards aged patients, the data available show that QFT-G is 
more sensitive than TST in patients older than 80 years with active 
TB.70,71 Although the sensitivity of QFT-G decreased with age, it 
remained better than that of TST.71,72

Interferon-γ-based assays in fluids other than blood 

IFN-gamma is predominantly produced by effector T-cells. The 
recruitment of specific T cells during active TB and the process via 
which antigen-specific cells clonally expand and migrate to the site 
of infection have been described.73 Therefore, during active TB, it 
makes sense to apply IFN-based assays in samples collected directly 
from the site of infection. Data from a recent metanalysis53 indicate 
that the T-SPOT.TB assay in extrasanguineous fluids is a promising 
tool for the diagnosis of active TB.

Pulmonary tuberculosis
 Rapid diagnosis of pulmonary TB relies on the detection of acid-

fast bacilli (AFB). However, this can be difficult due to the low 
sensitivity of the sputum smear. In addition, a significant proportion 
of cases cannot be confirmed by culture. In a prospective study by 
Jafari et al,74 all 12 patients with smear-negative pulmonary TB, but 
none of the 25 controls, had positive T-SPOT.TB test from the 
bronchoalveolar lavage (BAL). TB-specific T cells were more 
concentrated in BAL than in peripheral blood, indicating a highly 
selective compartmentalization at the site of infection.75 A recent 
large study carried out by the TBNET confirmed the high sensitivity, 
specificity and predictive values of T-SPOT.TB from the BAL.76

Pleural tuberculosis
The diagnosis of pleural TB is often difficult due to the limitations 

of conventional tests.77 Wilkinson et al73 found a 15-fold greater 

concentration of ESAT-6-specific spot-forming T cells in pleural fluid 
than of PBMCs in 10 patients with pleural TB. These cells were not 
found in the pleural fluid of 8 patients with nontuberculous pleuritis.73 
In a TBNET study,78 T-SPOT.TB was performed on mononuclear cells 
from blood and pleural fluid in 20 patients with pleural TB and in 21 
with pleural effusion of other causes. T-SPOT.TB was positive in 90% 
of cases on blood samples and in 95% of cases pleural fluid. Specificity 
was 67% for blood and 76% for pleural fluid. In another study of 28 
patients with pleural TB, results in pleural fluid were inconclusive in 
52% of cases, due to high background IFN-γ production.79 Commercial 
IFN-γ tests, T-SPOT.TB and QFT-IT in pleural fluid were compared to 
unstimulated IFN-γ for the diagnosis of pleural TB in 74 patients.80 In 
11 (15%) cases, the cell counts were not large enough to perform the 
tests. In the 63 remaining patients, sensitivity, specificity, positive 
predictive value and negative predictive value were: for T-SPOT.TB, 
86, 60, 84 and 64% respectively; for QFT-IT, 57, 80, 87 and 44% 
respectively, and for unstimulated IFN-γ, 97, 100, 100 and 94% 
respectively. The authors concluded that the IFN-γ-based assays had 
suboptimal accuracy for the diagnosis of pleural TB.

Tuberculous meningitis
Tuberculous meningitis (TBM) is a challenge for clinicians because 

of the frequent absence of microbiological confirmation and high 
mortality if not promptly treated. In one study including 10 patients 
with a diagnosis of TBM, T-SPOT.TB detected M. tuberculosis antigen-
specific IFN-γ in CSF from nine patients (90%), but in none of the seven 
controls (specificity 100%).81 In a study with 12 patients with TB of the 
central nervous system and 25 without TB, T-SPOT’s sensitivity and 
specificity in CSF were 75%.82 Recently, in a prospective observational 
study of 31 patients with confirmed or probable TBM, the same group 
of investigators83 reported a sensitivity of 59% and a specificity of 89% 
for T-SPOT.TB in CSF mononuclear cells. However, since the diagnosis 
was not confirmed microbiologically in 21 of these patients, the 
sensitivity may have been underestimated. Similarly, in a study of 140 
patients with meningitis (81% HIV-infected), using ≥46 spot-forming 
cells as cut-off point and after excluding bacterial and cryptococcal 
meningitis, the positive and negative predictive values of T-SPOT.TB in 
CSF were 100% and 68% respectively.84

Interferon-γ-based assays for predicting subsequent active 
tuberculosis

The ability to predict subsequent active TB among latently infected 
people is essential in order to select those who would benefit from 
chemoprophylaxis and to avoid unnecessary treatment for low-risk 
persons. Doherty et al85 demonstrated a strong association of 
reactivity to ESAT-6 and progression to active TB in twenty-four 
household contacts of smear-positive TB patients. In a study involving 
601 close contacts of sputum smear-positive TB, Diel et al86 found 
that while 14.6% of contacts with positive QFT-IT who declined 
treatment developed TB within the 2-year follow-up, only 2.3% of 
those with positive TST did. This difference between TST and QFT-IT 
disappeared when only unvaccinated contacts were considered.86 
More recently, the same group of investigators88 extended the 
original study and reported progression to active TB for up to four 
years for a cohort of 954 close contacts of smear-positive index cases. 
Of 147 untreated contacts with a positive QFT-IT test 19 (12.9%) 
developed active TB, whereas only 17 of 555 (3.1%) with TST >5 mm 
did. The progression rate was higher among children (28.6%). In 
addition, none of 824 untreated contacts with negative QFT-IT 
developed active TB, confirming the high negative predictive value of 
the test.87 In a cohort of 308 silicosis patients, Leung et al88 found that 
a positive T-SPOT.TB significantly predicted development of active TB 
during a follow-up of more than 2 years (RR 7.80; 95%CI 1.02-59.6). 
Unexpectedly, TST was not predictive of TB, regardless of the cut-off 
point used. In the study by Kik et al89 of 339 close contacts of sputum 
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smear-positive TB, TST, QFT-IT and T-SPOT.TB were comparable in 
predicting development of TB during a two-year period. Positive 
predictive values were 3.1% for TST ≥10 mm, 3.8% for TST ≥15 mm, 
2.8% for positive QFT-IT and 3.3% for T-SPOT.TB. In a study with 2348 
household contacts in Gambia, Hill et al90 found that neither the TST 
nor the T-SPOT.TB predicted development of TB. The lack of predictive 
value was attributed to the high-burden of TB and recent 
transmission.

Two studies assessed QFT-IT and progression to active disease in 
HIV-seropositive individuals.91,92 In a large study in a low-prevalence 
country, 8.1% of HIV-seropositive patients with a positive QFT-IT 
result at baseline, and left untreated, developed TB during a median 
follow-up of 19 months. None of the 738 patients with negative 
results had TB.91 In a study in Spain of 135 HIV-infected individuals 
without active disease, none of the patients who had a negative or 
indeterminate QFT-IT result at baseline had TB after a median follow-
up of 20 months.92

Development of TB was also assessed in child and adolescent 
contacts. Bakir et al93 studied 908 children with recent household 
exposure to TB, most of whom received preventive therapy. During a 
follow-up of 1.3 years, children with positive T-SPOT.TB had a 3- to 
4-fold higher risk of developing active TB than those with negative 
T-SPOT.TB. However, rates of progression were similar in children 
with positive T-SPOT.TB and TST reactors. Since a high proportion of 
children were treated, the true incidence rates may have been 
underestimated. In the study by Higuchi et al,94 349 students 
underwent QFT-G and TST simultaneously, but only those with 

positive QFT-G were given chemoprophylaxis. Follow-up of the 91 
students with positive TST but negative QFT-G showed no cases of 
active TB.

Although IFN-γ-based tests seem to predict subsequent active TB 
better than TST, the majority of high-risk people with positive tests 
will not develop active TB. Conversely, subsequent active TB in the 
next two to three years seems to be extremely low among people 
with a negative result.85,87,89-94 Table 1 summarizes the nine studies 
assessing development of active TB with IFN-γ-based tests.

Final remarks and areas of future development

IFN-γ-based assays have become a reliable alternative to the old 
TST for the diagnosis of TB infection. Both commercial tests, QFT-IT 
and T-SPOT.TB, have a higher specificity than TST, and a better 
correlation with risk factors for TB and the degree of contact with an 
infectious case. Although their sensitivity may be affected to some 
extent by immunosuppression and extreme ages of life, they perform 
better than TST in these situations. Besides, IFN-γ-based tests do not 
induce boosting, and no additional visits are required for reading.

A great deal is now known about IFN-γ-based assays, and their 
use has expanded considerably. However, the prognostic value of a 
positive/negative result for the development of active TB, the 
significance of discordant results, the cut-off points to use in 
immunosuppressed people, the conversion/reversion phenomenon, 
and their role in the diagnosis of paucibacillary forms of TB, are some 
of the important questions that remain unresolved. 

Table 1
Summary of 9 studies evaluating the predictive value of the interferon-γ based tests for the development of tuberculosis 

Study (reference) Country Study population
Period of 
follow-up 

(years)
Test Positive test n/N (%) Sensitivity (%) Specificity (%) PPV (%) NPV (%)

Doherty et al85 Ethiopia Household contact 
adults

2 ELISA (PPD) 21/24 (88) 100 18 33 100

ELISA 
(ESAT-6)

9/24 (38) 86 83 67 93

Diel et al87 Germany Close contact adults 4 TST 555/903 (60) 89 61 3.1 99

QFT-IT 147/903 (16) 100 86 12.9 100

Leung et al88 Hong Kong Silicosis patients 2.5a TST (10 mm) 203/308 (66) 77 35 6.4 96

T-SPOT.TB 204/308 (66) 88 36 7.4 98

Kik et al89 Netherlands Contact immigrant 
adults

2 TST 339b 100 16 3.1 100

QFT-IT 178/324 (55)b 63 45 2.8 98

T-SPOT.TB 181/299 (61)b 75 40 3.3 98

Hill et al90 Gambia Household contact 
childre & adults 

2 TST 843/2230 (38) 54 62 1.7 99

(HIV +ve and -ve) T-SPOT.TB 649/1736 (37) 42 63 1.7 99

Aichelburg et al91 Austria HIV +ve adults 1.6 QFT-IT 44/783 (5.6) 100 95 8.1 100

Santín et al92 Spain HIV –ve adults 1.6a TST 7/120 (6) – 94c – 100c

QFT-IT 13/120 (11) – 89c – 100c

Bakir et al93 Turkey Contact children 1.3 TST 550/908 (61) 80 40 2 99

T-SPOT.TB 381/908 (42) 73 59 3 99

Higuchi et al94 Japan Contact adolescents 3.5 TST 95 – 73 – 100

QFT-G 4/88d – 96e – 100e

NPV: negative predictive value; PPV: positive predictive value.
 aMean follow-up.
 bOnly subjects with positive TST were tested with QFT-IT and T-SPOT.TB.
 cCalculated with 120 non-treated patients (those with negative TST and negative/indeterminate QFT-IT).
 dOnly subjects with positive TST were tested with QFT-G.
 eCalculated with 84 non-treated subjects (those with negative QFT-G).
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The actual prognostic value of a positive IFN-γ result needs to be 
clarified. Although the available data suggest that IFN-γ tests 
predict progression to active disease better than TST, most people 
with a positive result will not develop TB. Large prospective studies 
are urgently needed. Furthermore, the question of whether 
quantification of IFN-γ release may be of help in this situation, as 
has been previously suggested,85,86 should also be addressed. 
Because of the discordance between IFN-γ tests and TST results, 
practitioners are reluctant to use them in everyday clinical practice. 
Trials focusing specifically on understanding the discordant results 
between IFN-γ tests and the TST, and between IFN-γ tests 
themselves, are required. This issue is especially relevant in 
childhood, where the effect of NTM infection may play an important 
role.49 Since in vitro assays rely on the secretion of IFN-γ, which is 
largely produced by CD4+ T cells, determining the CD4 threshold at 
which the performance of these assays declines is of particular 
importance. In addition, studies exploring the effect of the different 
immunosuppressor drugs on the response, as well as the accuracy 
of new cut-offs for diagnosing LTBI in immunosuppressed patients, 
are needed. Detection of M. tuberculosis specific T cells in samples 
other than blood with ELISPOT is a promising tool for the diagnosis 
of smear-negative pulmonary TB76 and other paucibacillary forms 
of TB.78,81 The methodological procedures and appropriate cut-offs 
should be established. 

While awaiting answers to these questions, the use of the IFN-γ-
based tests in clinical practice should be guided by clinical judgement 
and evidence-based guidelines for different groups of patients must 
be developed. 

Finally, technical modifications of IFN-γ-based tests are being 
explored.95 The attempts to improve IFN-γ-based tests include the 
study of alternative readouts to measure IFN-γ release.95,96 the use of 
alternative M. tuberculosis specific antigens,4,97 and the simultaneous 
measurement of chemokines98 and interleukins.99 The next generation 
of IFN-γ-based tests will significantly enhance diagnostic sensitivity 
without diminishing specificity, and will also reduce the rate of 
indeterminate results, especially in immunosuppressed patients and 
children. 
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A B S T R A C T

Rapid diagnosis of tuberculosis (TB) and multidrug-resistant (resistance to at least rifampin and isoniazid) 
Mycobacterium tuberculosis (MDR-TB) is one of the cornerstones for global TB control as it allows early 
epidemiological and therapeutic interventions. The slow growth of the tubercle bacillus is the greatest 
obstacle to rapid diagnosis of the disease. However, considerable progress has recently been made in 
developing novel diagnostic tools, especially molecular methods (commercial and ‘in-house’), for direct 
detection in clinical specimens. These methods, based on nucleic acid amplification (NAA) of different 
targets, aim to identify the M. tuberculosis complex and detect the specific chromosome mutations that are 
most frequently associated with phenotypic resistance to multiple drugs. In general, commercial methods 
are recommended since they have a better level of standardization, reproducibility and automation. 
Although some aspects such as cost-efficiency and the appropriate setting for the implementation of these 
techniques are not yet well established, organizations such as the WHO are strongly supporting the 
implementation and universal use of these new molecular methods. This chapter summarizes current 
knowledge and the available molecular methods for rapid diagnosis of TB and anti-tuberculous drug 
resistance in clinical microbiology laboratories. 

© 2011 Elsevier España, S.L. All rights reserved.

Avances en el diagnóstico rápido de la enfermedad tuberculosa y de la resistencia 
a los fármacos antituberculosos

R E S U M E N

El diagnóstico rápido de la enfermedad tuberculosa y la resistencia múltiple a los fármacos antituberculo-
sos (al menos isoniazida y rifampicina) en Mycobacterium tuberculosis complex (MDR-TB) es una de las 
piedras angulares en el control de esta enfermedad, ya que permite una acción epidemiológica y terapéuti-
ca precoz. El crecimiento lento del bacilo tuberculoso es uno de los mayores impedimentos para un diag-
nóstico rápido. En los últimos años ha existido un importante avance en el desarrollo de nuevas herramien-
tas diagnósticas, sobre todo moleculares (comerciales y caseras), para el diagnóstico directo de muestra 
clínica. Estos métodos se basan en la amplificación de diversas dianas de ácidos nucleicos (AAN), para la 
identificación de M. tuberculosis complex y la detección de las mutaciones cromosómicas más frecuente-
mente relacionadas con la resistencia fenotípica a diversos fármacos. En general, entre las múltiples técni-
cas existentes, se recomiendan los métodos comerciales por su mayor estandarización, reproducibilidad y 
automatización. A pesar de que aspectos como el coste-efectividad y las indicaciones para la adecuada im-
plementación de estas técnicas no están del todo bien establecidos, organizaciones como la OMS están 
apoyando de forma firme la aplicación y utilización universal de estos nuevos métodos moleculares. Este 
capítulo resume el conocimiento actual y los métodos moleculares disponibles para el diagnóstico rápido 
de la TB y la resistencia a los fármacos en los laboratorios de microbiología clínica. 

© 2011 Elsevier España, S.L. Todos los derechos reservados.
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Introduction

Delayed diagnosis of tuberculosis (TB) and multi-drug resistant 
forms of the disease constitute one of the biggest obstacles to 
effective control of TB worldwide.1 Recently, the Stop TB Partnership, 
a network of concerned governments, organizations and donors led 
by the World Health Organization (WHO) (http://www.stoptb.org/
stop_tb_initiative/), outlined a global plan to halve TB prevalence 
and mortality by 2015 and eliminate the disease as a public health 
problem by 2050. Multidisciplinary approaches, including studies of 
TB epidemiology, comparative genomics, evolution and host-
pathogen interaction, will be necessary in order to develop better 
tools and strategies to control and eliminate TB.2 In this context, 
several rapid and accurate diagnostic methods have recently 
appeared, and they will be briefly discussed in this chapter. 

Rapid detection of Mycobacterium tuberculosis

Although the presumptive diagnosis of TB is often based on clinical 
suspicion and radiological data, a definitive diagnosis of disease and 
drug resistance requires microbiological assays. Laboratory diagnosis 
of TB has traditionally been based on smear microscopy, culture and 
phenotypic identification. While the quickest, easiest and cheapest 
method available is acid-fast staining, its low sensitivity (45%-80% of 
positive cultures) has limited its usefulness, especially in geographical 
areas of lower incidence, in extrapulmonary forms (paucibacillary) of 
TB, and in HIV-infected patients. It should also be noted that a 
significant percentage (17%) of transmission occurs from smear-
negative pulmonary tuberculosis patients.3 A further point is that 
despite having good overall specificity the smear has a low positive 
predictive value (50%-80%) in areas of higher incidence of non-
tuberculous mycobacteria (NTM) clinical isolates.4-6

By contrast, the culture technique is still regarded as the reference 
method due to its sensitivity and the fact that further studies can be 
conducted with the isolated mycobacteria (identification, sensitivity 
and epidemiological typing).5,6 However, the slow growth of the 
tubercle bacillus is a major obstacle to rapid disease diagnosis. 
Indeed, while the last two decades have witnessed spectacular 
improvements to the culture method through the use of new media 
and automated systems such as Bactec 460TB (Becton Dickinson 
Diagnostics, Sparks, USA), MB/BacT ALERT (bioMérieux, Marcy-
l’Etoile, France), MGIT 960 (Becton Dickinson Diagnostics) and 
VersaTREK (Trek Diagnostic System, Westlake, USA), several weeks 
are still required to obtain the final laboratory confirmation, and 
even longer in the case of conventional phenotypic identification 
procedures.4-7 Therefore, in recent years new methods have been 
developed for the rapid diagnosis of active TB, the best alternative 
being the molecular or genotypic techniques.

Chromatographic methods

Direct M. tuberculosis identification from clinical samples has 
been attempted by using different chromatography methods to 
detect tuberculostearic acid (TBSA) alone or in combination with 
other structural components of the mycobacterial cell wall.8,9 Several 
fairly fast and sensitive methods have been developed so far,9 one of 
the most interesting of which is fast gas chromatography mass 
spectrometry (GC-MS).10,11 However, because TBSA is not specific to 
species and its detection requires a differential diagnosis between 
Mycobacterium and Nocardia species and other Gram-positive bacilli, 
which also contain the same acid, other lipids have been studied and 
proposed. Among these, hexacosanoic acid in combination with 
TBSA appears to be quite specific for the presence of M. tuberculosis.11 
However, although chromatographic methods may have some utility 
for mycobacterial identification from positive cultures, such as in the 
case of the new immunochromatographic assays based on the MPT-

64 antigen,12 they do not yet represent a significant alternative for 
the rapid diagnosis of tuberculosis from clinical specimens.

Phagotypic methods

During the last decade a number of bacteriophages with specific 
affinity for mycobacteria have appeared for the rapid diagnosis 
of tuberculosis. Since 1947, over 250 different types of 
mycobacteriophages have been isolated and described, and they 
have constituted important tools for the genetic manipulation of 
mycobacteria. However, a degree of clinical utility has only been 
shown by two of the phage-based approaches developed to date, 
namely the Luciferase Reporter Phage Assay (LRP) and the Phage 
Amplified Assay (PhaB or MAB).13-15 The most important difference 
between these methods concerns the detection of phage-infected 
mycobacterial cells. LRP relies on the emitted light that is encoded 
by the gene for luciferase (fflux), which is inserted into the phage 
genome. By contrast, PhaB or MAB is based on the presence of 
viable M. tuberculosis complex cells after phage amplification 
(Mycobacteriophage D29) in Mycobacterium smegmatis.

LRP has proven useful in differentiating M. tuberculosis and NTM 
from culture and, especially, in susceptibility tests to isoniazid and 
rifampin.13 PhaB or MAB has been commercialized (FASTPlaque-TB or 
the variant PhageTeK MB, Biotec Laboratories Ltd, Ipswich, Suffolk, 
UK) for diagnosing tuberculosis in respiratory specimens,14 and has 
also been studied for antimicrobial susceptibility testing in M. 
tuberculosis.16 Both techniques are generally quick and simple, 
requiring little training and technical equipment, and they are 
relatively inexpensive. However, although they have demonstrated 
good specificity, several problems of sensitivity have been 
encountered in most studies.14,15,17 Their routine application has 
therefore been somewhat delayed, and it remains to be seen what 
their real usefulness will be in the diagnosis of tuberculosis or the 
detection of resistance to anti-tuberculosis drugs 

Genotypic methods

Numerous molecular techniques (commercial and ‘in-house’) 
and various applications of them are now available for the 
microbiological diagnosis of mycobacterial infections.7,18-20 Although 
DNA probes were the first major innovation in the molecular 
diagnosis of tuberculosis, the direct detection from clinical samples 
of M. tuberculosis and specific mutations correlating with resistance 
(see below) requires methods based on amplifying specific 
sequences of nucleic acids (NAA). These techniques have several 
advantages, such as a fast turnaround time and feasibility for 
automation. However, a number of disadvantages emerge when 
applying these methods directly to clinical specimens, for example, 
problems with inhibitors, sensitivity in smear-negative samples 
and DNA extraction.

Although the clinical utility of these methods has been widely 
discussed, solid evidence and a global consensus regarding their 
implementation has yet to be definitively achieved.21 This is due in 
part to the wide variety of techniques available, as well as to the lack 
of standardization between studies, most of which use culture as the 
gold standard, which theoretically has a lower sensitivity than nucleic 
acid amplification (NAA) tests. Furthermore, the lack of assessment 
of clinical aspects in most studies has led to some confusion regarding 
how, with whom and when to use this technology. Nevertheless, the 
current findings regarding the use of NAA tests to diagnose 
tuberculosis suggest that: a) they can quickly detect the presence of 
M. tuberculosis in 50%-85% of acid-fast bacillus (AFB) smear-negative 
and culture-positive specimens; b) the positive predictive value in 
AFB smear-positive specimens is higher (>95%) than that of 
microscopy in geographical areas with a large number of NTM 
isolates; and c) in general, these molecular methods can diagnose TB 
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several weeks earlier than culture in 80%-90% of patients with a high 
level of TB suspicion.21-23

NAA tests include a wide variety of ‘in house’ methods with multiple 
protocols of nucleic acid extraction and amplification (PCR) of different 
genetic targets (IS6110, rpoB, hsp65, 16S rDNA or MBP64). However, 
although these ‘in house’ amplification tests have generally improved in 
recent years, the recommendation is to use commercial tests that have 
a greater level of standardization and reproducibility.20,23,24

All NAA methods require further post-amplification analysis by 
electrophoretic observation of the amplified fragment or hybridization, 
restriction or sequencing.18,20,25 The analysis based on sequencing (16S 
rDNA) or restriction (such as PCR-RFLP of the hsp65 gene or 16S-23S 
spacer region) could theoretically be used on clinical specimens. 
However, for the diagnosis of tuberculosis the most developed and 
commercialized methods are based on hybridization assays, and these 
are briefly described below, especially the newly marketed systems 
(Table 1). 

Conventional DNA amplification by PCR. The Amplicor 
Mycobacterium tuberculosis test (Roche Diagnostic System Inc., 
Basel, Switzerland) is one of the oldest marketed techniques to 
rely on standard PCR. It is a DNA-based test that amplifies a 
specific segment of the 16S rRNA gene, followed by hybridization 
and colorimetric detection. This method may be automated (Cobas 
Amplicor) and was approved in 1996 by the US Food and Drug 
Administration (FDA) for use in respiratory samples that have 
positive AFB smears.23 Numerous studies have reported high 
sensitivity in smear-positive respiratory specimens (87%-100%), 
the figure being lower in smear-negative cases (40%-73%) and 
extrapulmonary samples (27%-98%). The specificity of this method 
ranges from 91% to 100%.20,24,26,27 

Transcription-mediated amplification (TMA). The commercial 
Amplified M. tuberculosis Direct Test (AMTD; Gen-Probe Inc., San 
Diego, CA, USA) is a rapid isothermal (42 ºC) method based on the 
amplification of 16S rRNA. Reverse transcriptase is used to copy rRNA 
to a cDNA-RNA hybrid, and the chemiluminiscent method is then 
applied to detect the M. tuberculosis complex by specific DNA probes. 
The AMTD was the first test to be approved by the FDA (1995) for 
smear-positive respiratory specimens, and in 2000 the FDA 
recommendation was extended to smear-negative samples.23 There 
is now evidence that AMTD shows high specificity (95%-100%) and 
high sensitivity (91%-100%) for smear-positive respiratory samples, 
although the latter is lower for smear-negative (65%-93%) and 
extrapulmonary samples (63%-100%). The most important 
disadvantages are the lack of internal amplification control (IAC) and 
no possibility of automation.20,24,26,27

Ligase chain reaction (LCR). The LCX M. tuberculosis assay (Abbot 
Laboratories, Chicago, IL, USA) is a semi-automated DNA amplification 
method using LCR for direct detection, from clinical samples, of 
chromosomal gene encoding the M. tuberculosis protein antigen b. 
However, although good specificity (90%-100%) and sensitivity (65%-
90%) were reported in several studies from respiratory specimens, this 
product was withdrawn from the European market in 2002.20,26,27,28

Strand displacement amplification (SDA). The BD ProbeTec ET Direct 
TB System (DTB; Becton Dickinson) was introduced in 1998 as a 
semi-automated technique for rapid detection of MTBC in respiratory 
samples. It is an isothermal (52.5 ºC) enzymatic amplification process 
for generating multiple copies of target sequences of the IS6110 and 
16S rRNA genes, whose amplification product is detected by the 
fluorescent method. Evaluations in respiratory samples have shown 
a sensitivity of 90%-100% in smear-positive samples and 30%-85% in 
smear-negative ones, with high specificity (90%-100%).20,24,26,27

Solid-phase hybridization assays. Three line probe assays are 
commercially available: the INNO-LiPA Rif. TB kit (Innogenetics, 
Gent, Belgium), the GenoType MTBDRplus assay and the GenoType 
Mycobacterium Direct (MD) assay (Hain Lifescience, Nehren, 
Germany). Although the first two systems can detect and identify 
M. tuberculosis complex from clinical samples their major use is 
with positive cultures and for the detection of rifampin and 
isoniazid (by GenoType MTBDRplus only) resistance (see below). 
However, the GenoType MD assay is specific for the direct detection 
of RNA in clinical specimens of M. tuberculosis complex and other 
common NTM (Mycobacterium avium, Mycobacterium intracellulare, 
Mycobacterium kansasii and Mycobacterium malmoense) by the 
NASBA amplification method. The limited data available to date 
indicate good sensitivity and specificity in respiratory specimens, 
with the potential advantage that this assay can detect five clinically 
common mycobacterial species.29-31

Real-time PCR (RT-PCR). These techniques are based on simultaneous 
amplification of different DNA targets and fluorimetric detection by 
labelled probes (for example, TaqMan, molecular beacons, bioprobes or 
FRET). These tests have a number of important advantages, especially 
their rapidity and fewer cross-contamination problems; this is because 
the processes, after DNA extraction, occur in a single tube. In recent 
years, numerous commercial techniques, such as the Cobas TaqMan 
MTB test (Roche Diagnostic System), have been developed with high 
overall sensitivity and specificity, especially in smear-positive respiratory 
samples (Table 1).19,20,24,32 Among these, the GeneXpert MTB/RIF (Cepheid, 
Sunnyvale, CA, USA and FIND Diagnostics, Geneva, Switzerland) has 
recently been introduced as a semi-quantitative nested RT-PCR in vitro 

Table 1
Comparison of different commercial nucleic acid amplification (NAA) tests for direct detection of Mycobacterium tuberculosis complex from clinical samples

Assay Amplification method Target Detection Sample vol (�l) Turnaround Time (h) Automation IAC

Cobas Amplicor PCR 16S rRNA Colorimetric 100 6-7 Yes Yes

AMTD TMA 16S rRNA Chemiluminiscent 450 2.5 No No

LCx LCR PAB Fluorimetric 500 6 Yes No

BD Probe Tec SDA IS6110 – 16S rRNA Fluorimetric 500 3.5-4 Yes Yes

Inno-Lipa Nested-PCR rpoB gene Colorimetric 500 12 Yes No

GenoType MD NASBA 23S RNA Colorimetric 500 5.5 Yes Yes

RT-PCR* Real-time PCR 16S rRNA Fluorimetric 10-100 2-3 Yes Yes

GeneXpert Real-time PCR rpoB gene Fluorimetric 1,000 2 Yes Yes

GenoQuick PCR IS6110 Colorimetric 500 2.5 No Yes

IAC: internal amplification control; LCR: ligase chain reaction; NASBA: nucleic acid sequence-based amplification; PCR: polymerase chain reaction; SDA: strand displacement 
amplification; TMA: transcription-mediated amplification. 
*RT-PCR: several commercial techniques of real-time PCR.
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diagnostic test, one that integrates and automates sample processing 
(DNA extraction) and offers simultaneous detection of M. tuberculosis 
complex and rifampin resistance (see below) within single-use 
disposable cartridges. The time to result is less than two hours and 
minimal training is required to use the test. Preliminary studies suggest 
good sensitivity and specificity in pulmonary samples.33-36 Although 
further research is needed, the WHO has recently supported the use of 
this system as an initial diagnostic test in respiratory specimens of 
patients with high clinical suspicion of having tuberculosis or who 
could be multidrug resistant (see below).37

Other new methods. The loop mediated isothermal amplification 
(LAMP; Eiken Chemical Co. Japan and FIND Diagnostics, Geneva, 
Switzerland) is a relatively new isothermal (64-65 °C) amplification 
DNA technique.38 The LAMP assay can synthesize large numbers of 
DNA targets (gryrB or IS6110) in a single tube, and the amplification 
product may be detected by turbidity or colorimetric and fluorimetric 
methods. Despite limited testing in the context of tuberculosis the 
early data are promising and the assay has the advantage of being 
rapid (2 hours) and relatively inexpensive, which could be useful in 
resource-limited settings.24,39 Another new commercial NAA assay for 
rapid diagnosis of tuberculosis in respiratory samples is the GenoQuick 
MTB test (Hain Lifescience), which is based on PCR and subsequent 
hybridization. The complex obtained binds selectively to a dipstick 
and is detected by a colorimetric method (gold labelling). No studies 
have been published to date, but the preliminary data are promising. 

Rapid diagnosis of anti-tuberculous drug resistance 

The rapid emergence of multidrug-resistant Mycobacterium 
tuberculosis (MDR-TB: resistance to at least rifampin and isoniazid) 
and extensively drug-resistant tuberculosis (XDR-TB: MDR plus 
resistance to fluoroquinolone and one of the three injectable second-
line drugs, amikacin, kanamycin and capreomycin) poses a serious 
threat to the treatment of tuberculosis. The World Health Organization 
estimates that 500,000 new cases of MDR-TB occur globally every 
year and more than 45 countries have reported XDR cases.

Because genetic resistance to an anti-tuberculosis drug is due to 
spontaneous chromosomal mutations the MDR/XDR phenotype is 
caused by sequential accumulation of mutations in different genes 
involved in individual drug resistance. This drug resistance may be 
attributable to direct transmission of drug-resistant strains (primary 
resistance) or to de novo acquisition of resistance during individual 
patient treatment (secondary resistance), i.e. due to inappropriate 
treatment or poor adherence to treatment.

A delay in diagnosing MDR-TB associated with standard drug 
susceptibility testing methods is likely to contribute to the acquisition 
of further drug resistance, as well as to the dissemination of drug-
resistant strains through person-to-person transmission. By contrast, 
the rapid detection of drug-resistant strains facilitates early access to 
the appropriate therapy, reduces transmission rates and improves 
treatment outcomes. The long turnaround time and laboriousness of 
drug susceptibility testing methods has therefore stimulated the search 
for alternative and faster techniques. New genotypic methods search for 
the genetic determinants of resistance rather than the resistance 
phenotype. In this regard, the WHO has recommended the worldwide 
use of rapid genotypic assays for the rapid diagnosis of MDR-TB. Those 
genotypic assays should be able to detect the mutations responsible for 
isoniazide (INH) and rifampin (RMP) resistance. Moreover, if XDR-TB is 
to be ruled out, then the mutations responsible for resistance to 
streptomycin (STR), amikacin (AMK), kanamycin (KAN), capreomycin 
(CM) and fluoroquinolones should also be screened for. 

Mutations confined to a short 81bp DNA region of the rpoB gene, 
encoding the β-subunit of RNA polymerase and spanning codons 
507-533, have been found in ∼95% of RMP-resistant strains. Mutations 
in rpoB generally result in high-level resistance to RMP and cross 

resistance to all rifamycins. However, specific mutations in codons 
511, 516, 518 and 522 result in a phenotype of lower-level resistance 
to RMP and rifapentin, and retained susceptibility to rifabutin and 
rifalazil.40 As RMP monoresistance is relatively rare, molecular 
detection of mutations in this region (RRDR, rifampin resistance 
determining region) is a good indicator of MDR-TB. It should be 
noted that a recent paper by Zaczek et al41 reported that direct 
molecular identification for RMP-resistant M. tuberculosis clinical 
isolates is only possible for strains carrying selected mutations in 
RpoB. The identification of other mutations suggests that investigated 
strains might be resistant to this drug, in other words, these mutations 
require a specific genetic background to develop resistance. 

The molecular mechanisms of resistance to INH are more complex. 
They have been associated with a variety of mutations which affect 
one or several genes involved in mycolic acid biosynthesis or that are 
overexpressed as a response to the build-up or cellular toxicity of 
INH. Mutations in the katG gene are responsible for 60%-70% of INH-
resistant strains, with the most frequent mutation occurring at codon 
315 (S315T, serine-to-threonine substitution). The S315T alteration 
located within the active site of katG prevents KatG-mediated 
activation of INH and results in a high level of resistance. Mutations 
in the mabA-inhA regulatory region that exhibit both low-level INH 
resistance and ethionamide resistance account for 8%-20% of INH 
resistance. A C-to-T substitution at nucleotide -15 results in the 
overexpression of InhA, an NADH-dependent enoyl-acyl reductase 
involved in mycolic acid synthesis, and INH resistance arises as a 
result of drug titration.42 In our experience, a rapid genotypic assay 
including the 315-katG codon and -15 nt of the mabA-inA regulatory 
region would cover 62% of isoniazid-resistant strains in Barcelona.43

STR acts on the ribosome, inhibiting the translation of mRNA and, 
therefore, disrupting protein synthesis. Mutations associated with 
STR resistance in M. tuberculosis have been identified in the rpsL and 
rrs genes, which encode the ribosomal proteins S12 and 16S rRNA, 
respectively. More than half the STR-resistant clinical isolates present 
mutations associated with these genes.44 The most common 
mutations in the rpsl gene have been detected in codons 43 and 48, 
and in two specific regions (the 530 loop and 912 regions) of the rrs 
gene.45 In our experience, mutations in the rpsL and rrs genes are 
detected in 37.7% of STR-resistant M. tuberculosis isolates46. There is 
also a strong correlation between the level of resistance and the type 
and position of mutations.46,47 High-level resistance has mainly been 
associated with rpsL gene alterations, whereas intermediate and low 
levels of resistance have been linked with mutations in the rrs gene 
and wild-type patterns.46,47

Only a few studies have investigated the genetic background of 
AMK, KAN and CM resistance.48-50 Resistance to AMK and CM is 
associated with mutations in the rrs gene, especially in the region 
between nucleotides 1.400 and 1.500, each of which are responsible 
for a specific resistance pattern. Mutations G1484T and A1401G were 
found to cause high-level resistance to all drugs, whereas C1402T 
only causes resistance to CM and KAN. Resistance to CM is thought 
to be additionally mediated by mutations located anywhere in the 
tlyA gene, which encodes a 2’-O-methyltransferase.

Resistance to fluoroquinolones is mediated mainly by mutations in 
gyrA (around 85%) and less frequently by those in gyrB (around 10%),51 
which are genes that encode the respective subunits of the DNA 
topoisomerase gyrase.52 Most mutations accumulate in a short discrete 
region known as the quinolone resistance-determining region (QRDR). 
It has been observed that certain isolates show a mixture of wild-type 
and multiple mutant alleles of gyrA (heteroresistant isolates).53 
Heteroresistance is considered a preliminary stage of full resistance.

In summary, a genotypic method to detect INH resistance should 
be based on the analysis of the 315-katG codon and -15 nt of the 
mabA-inA regulatory region. For RMP resistance the method should 
explore the short 81bp DNA region of the rpoB gene. In this context, 
it has to be stressed that RMP resistance is a surrogate marker for 
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MDR-TB. Finally, detection of XDR-TB would be based on the study of 
rpsL, rrs and tlyA, for resistance to STR, AMK, KAN and CM, and of 
gyrA and gyrB, for fluoroquinolone resistance.

Several molecular methods have been proposed to detect the 
specific mutations correlating with resistance in the amplified 
products: DNA sequencing, PCR-single-strand conformation 
polymorphism, PCR-heteroduplex formation, RT-PCR or solid-phase 
hybridization assays.20,54 As solid-phase hybridization assays and RT-
PCR have been commercialized and are widely used in clinical 
laboratories, they will be reviewed in some detail.

Solid-phase hybridization assays 

Line probe assays. Line probe assays are a family of novel DNA strip 
tests that use PCR and reverse hybridization methods. Results are 

determined by colorimetric development. They have been designed 
to identify M. tuberculosis complex and simultaneously detect genetic 
mutations related to drug resistance. Amplified DNA can be obtained 
from cultured strains or clinical samples. Commercially available kits 
include the INNO-LiPA Rif. TB kit (Innogenetics, Gent, Belgium), the 
GenoType MTBDRplus assay and the GenoType MTBDRsl assay (Hain 
Lifescience).54 The INNO-LiPA Rif. TB kit hybridizes the amplified 
DNA to ten oligonucleotide probes (one specific for the M. tuberculosis 
complex, and nine encompassing the core region of the rpoB gene: 
five overlapping wild-type S probes and four R probes for detecting 
specific mutations) that are immobilized on a nitrocellulose strip.55 A 
number of studies have evaluated the diagnostic accuracy of LiPA for 
detecting resistance in several settings (Table 2). A recent 
metaanalysis56 suggests that the LiPA assay is highly sensitive and 
specific for detecting rifampin-resistant M. tuberculosis in culture 

Table 2
Description of studies that have evaluated line probe assays*

Author (year) Country Reference test Sample Susceptible/resistant Sensitivity Specificity

Genotype MTBDRplus assay (Hain Lifescience, Nehren, Germany)

Isoniazid

    Lacoma (2008) Spain Bactec460TB Isolate 14/48 73 100

    Mohito (2008) Italy Bactec460TB Isolate 0/173 79 100

    Hillemann (2007) Germany Bactec460TB Isolate 50/75 92 100

    Evans (2009) South Africa DNA sequencing Isolate 90/123 83.8 98.9

    Lacoma (2008) Spain Bactec460TB Clinical specimen 21/30 93 100

    Causse (2008) Spain MGIT Clinical specimen 22/37 94.6

    Hillemann (2007) Germany Bactec460TB Clinical specimen 31/41 90.2 100

Rifampin

    Lacoma (2008) Spain Bactec460TB Isolate 50/12 91.7 100

    Hillemann (2007) Germany Bactec460TB Isolate 50/75 98.7 100

    Evans (2009) South Africa DNA sequencing Isolate 131/92 90.8 100

    Lacoma (2008) Spain Bactec460TB Clinical specimen 22/29 100 95.4

    Causse (2008) Spain MGIT Clinical specimen 23/36 100

    Hillemann (2007) Germany Bactec460TB Clinical specimen 41/31 96.8 100

INNO-LiPA Rif. TB kit (Innogenetics, Gent, Belgium)

    Ahmad (2002) Kuwait Bactec460TB Isolate 29/12 97 100

    De Oliveira (1998) Brazil Proportion Isolate 113/15 97 100

    Gamboa (1998) Spain Bactec460TB Isolate 46/13 100 100

    Hirano (1999) Japan Proportion Isolate 90/26 92 100

    Johansen (2003) Denmark Bactec460TB Isolate 35/24 97 100

    Jureen (2004) Sweden Bactec460TB Isolate 27/26 100 92

    Lemus (2004) Belgium Bactec460TB Isolate 10/10 100 100

    Rossau (1997) Belgium Proportion Isolate 203/61 98 100

    Sintchenko (1999) Australia Bactec460TB Isolate 22/11 96 100

    Somoskovi (2003) USA Proportion Isolate 64/37 95 100

    Srivastava (2004) India MIC Isolate 45/10 82 100

    Tracevska (2002) Latvia Bactec460TB Isolate 34/19 100 100

    Traore (2000) Belgium Proportion Isolate 266/145 99 100

    Watterson (1998) England Bactec460TB Isolate 16/16 100 94

    De Beenhouwer (1995) Belgium Proportion Clinical specimen 21/46 91 100

    Gamboa (1998) Spain Bactec460TB Clinical specimen 46/13 98 100

    Johansen (2003) Denmark Bactec460TB Clinical specimen 26/21 100 100

    Watterson (1998) England Bactec460TB Clinical specimen 10/24 80 100

*Modified from references 56 and 57.
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and, to a slightly lesser degree, in clinical specimens. The Genotype 
MTBDRplus assay detects mutations in the rpoB gene for rifampin 
resistance, in the katG gene (S315T) for high-level INH resistance and 
in the promoter region of the inhA gene (nucleotides -8, -15, and -16) 
for low-level INH resistance. Various studies on the kit’s accuracy 
have been performed and summarized in a recent metaanalysis.57 
Sensitivities for the detection of rifampin resistance range from 91% 
to 100%, whereas in the case of INH they range from 73% to 94%. The 
main limitation for the detection of INH resistance is that the 
molecular mechanisms behind some INH-resistant M. tuberculosis 
isolates are not known. Differences in the observed sensitivity could 
be due to the distribution of resistance-associated mutations in the 
different studies.58 The GenoType Mycobacterium tuberculosis second 
line (MTBDRsl) assay was developed with a specific focus on the 
most prevalent gyrA, rrs and embB mutations. Although few studies 
have been published to date, this new assay may represent a reliable 
tool for the detection of fluoroquinolone and amikacin/capreomycin 
resistance, and, to a lesser extent, ethambutol resistance. In 
combination with a molecular test for the detection of RMP and INH 
resistance, the potential to detect XDR-TB can also be postulated.53

LCD microarrays. A low cost and density microarray (LCD) to detect 
RMP and INH resistance has been developed by Chipron GmbH 
(Berlin, Germany). Owing to high costs, complex protocols and the 
need for substantial additional laboratory equipment, microarrays 
have yet to become part of routine molecular diagnostics. However, 
LCD arrays do not need special equipment and the working protocols 
are similar to those used with line probe assays. Moreover, the LCD 
array offers increased throughput (eight samples per chip). The LCD 
array has been tested with M. tuberculosis clinical isolates59 and a 
good correlation with sequencing data was obtained for katG S315T 
and S315N, for -8, -15, -17 nt of the mabA-inA regulatory region, and 
for rpoB core region mutations. Additional studies based on clinical 
samples are now needed. 

Real-time PCR (RT-PCR) 

As mentioned above, the GeneXpert MTB/RIF system (Cepheid) 
has recently been introduced. In addition to the high sensitivity and 
specificity obtained for the detection of M. tuberculosis, the few 
studies performed to date have also observed a good response as 
regards resistance to rifampin.33-36 Although these results are 
promising, they obviously require further validation.

It is widely accepted that the extent of any future MDR or XDR 
tuberculosis epidemic will largely depend on the transmission efficiency 
or relative fitness of drug-resistant M. tuberculosis compared to drug-
susceptible strains. For infectious pathogens, fitness is a composite 
measure of an organism’s ability to survive, reproduce and be 
transmitted. However, the fitness cost associated with drug-resistance, 
in terms of reduced virulence and transmissibility, remains largely 
unknown.60 Although INH-resistant strains were, in general, less often 
transmitted between humans in recent years, several studies have 
shown that the katG S315T mutation is associated with INH resistance 
without diminishing the virulence or transmissibility of M. tuberculosis 
strains.61 This lack of attenuation, its high frequency among INH-
resistant clinical isolates and the association between katG S315T and 
the Haarlem strain family (which may partly explain the successful 
spread of Haarlem strains in South America) suggests that the majority 
of these isolates will be virulent. In other words, it can therefore be 
considered a ‘no-cost’ mutation. Similarly, several studies have shown 
that different mutations conferring resistance to RMP varied in their 
effects on bacterial fitness.62 It is important to highlight that a strain’s 
genetic background could also influence the fitness effects of particular 
mutations. In light of these data, it may become necessary to provide 
information not only about the molecular mechanisms of resistance, 
but also about the particular clone that harbours them.
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Introduction

Early treatment of tuberculosis (TB) and preventing latent 
tuberculosis infection (LTB) from progressing to disease are two 
fundamental strategies of the objective of TB control. In this 
monograph chapter, we deal with both aspects which are essential 
for reducing morbidity and mortality due to TB. 

Antituberculosis drugs

Antituberculosis drugs (ATD) have traditionally been classified in 
terms of first-line, second-line and third-line drugs. The objective of 
this classification is to identify which ATDs —on the basis of their 
effectiveness, strength, toxicity or tolerance— should be used 
preferentially in the initial treatment of TB, and to distinguish them 
from others that should only be used in situations of intolerance or 

resistance to the previous drugs.1-3 In addition, this classification is of 
particular interest currently in the treatment of in multi-drug-
resistant tuberculosis (MDR-TB) and extensively drug-resistant 
tuberculosis (XDR-TB), since it provides a framework for taking 
decisions when designing a treatment regimen.1-3

General principles of antituberculosis treatment

The major objectives of anti-TB therapy are: to eliminate the TB 
bacillus as rapidly as possible; to prevent the emergence of ATD-
resistance; and to avoid relapses by eliminating persistent bacilli 
from their reservoirs2 To achieve these objectives, an ATD combination 
should be employed for an extended period of time.1,2 Mycobacterium 
tuberculosis has a long generation time and the ability to enter 
periods of dormancy with slow metabolic activity when antimicrobial 
penetration is difficult.4 In TB patients, most of the bacillary 
population is made up of rapidly multiplying extracellular bacilli, 
located fundamentally in the tuberculous cavitary walls and the 
caseum, where the number of microorganisms may reach 109 and 
105/mL, respectively. This population, because of its size, is the one 
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A B S T R A C T

The major objectives of tuberculosis (TB) control are to reduce morbidity and mortality via an early and 
appropriate treatment of the disease, to prevent carriers of the Mycobacterium tuberculosis bacillus from 
transmitting it to others, and to prevent latent tuberculosis infection (LTB) sufferers from progressing to 
the disease. To achieve these objectives, it is imperative to start an appropriate, effective antituberculosis 
treatment as early as possible, as well as identify contacts of the infected TB patient and others at risk of 
LTB progressing to TB, in order to establish an appropriate treatment for them. Here we review the bases 
for treating TB and LTB infections, including those produced by strains resistant to anti-TB drugs.

© 2011 Elsevier España, S.L. All rights reserved.

Tratamiento actual de la infección y la enfermedad tuberculosas

R E S U M E N

El objetivo del control de la tuberculosis (TB) es reducir su morbilidad y mortalidad mediante el tratamien-
to precoz y adecuado de la enfermedad, la prevención de la transmisión de Mycobacterium tuberculosis 
desde personas bacilíferas y la prevención de la progresión a enfermedad de personas con infección latente 
tuberculosa (ILT). Para alcanzar estos objetivos se requieren el inicio precoz y la correcta cumplimentación 
de un tratamiento antituberculoso efectivo, y la identificación de contactos de pacientes con TB infectante 
y de otras personas con ILT con riesgo de progresar a enfermedad tuberculosa para establecer el tratamien-
to adecuado de estas personas. Revisamos las bases del tratamiento de la TB y de la ILT, incluyendo las 
producidas por cepas resistentes a los fármacos antituberculosos.

© 2011 Elsevier España, S.L. Todos los derechos reservados.
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which most often gives rise to the appearance of ATD-resistant 
mutations. The second of these populations is made up of slow 
growing bacilli, located at the periphery of the cavities in necrotic 
tissue in an acid-fast medium, and the third would consist of 
sporadically replicating dormant bacilli. The two latter populations 
are responsible for the appearance of TB relapse. In order to eradicate 
them properly, extended treatment is fundamental, using ATDs with 
a sterilizing effect.1,2,4

M. tuberculosis has the ability to spontaneously mutate, and this 
may give rise to the development of ATD-resistance. The bacillary 
population necessary to generate an ATD-resistant mutant varies 
according to the drug: 106 for isoniazid (H), 108 for rifampicin (R), 105 
for ethambutol (E), 106 for streptomycin (S) and 103 for pyrazinamide 
(Z). The bacillary population necessary to develop a mutation resistant 
to more than one ATD is calculated by adding together the exponents 
of the bacillary population needed to develop resistance to each 
individual drug; so, a bacillary population of 1021 would be needed to 
acquire resistance to a regimen containing H, R and Z. In the absence 
of pre-existing mutations, an appropriate three drug combination 
therapy would make resistance development impossible.1,2,4,5

Data arising from experimental observations and randomized 
clinical trials enable us to assert that of all the combinations tried, 
the one with greatest bactericidal and sterilizing activity is H plus R, 
and when administered for 9 months, the relapse rate is less than 3%. 
Reducing the period of this combination to 6 months gives rise to an 
increase in the incidence of relapses, although adding Z to RH during 
the first two months is successful in sterilizing the cultures more 
rapidly without increasing the relapse rate.1,3,6-9

The treatment of tuberculosis disease 

Indications for start of treatment 

The decision to start anti-TB treatment should be based on 
epidemiological, clinical, radiological and microbiological data. In 
the case of clinical forms following a serious, potentially fatal course 
and where TB is highly suspected, the priority objective should be to 
initiate empirical anti-TB therapy, even without microbiological 
confirmation.1,3,6-8 In such cases it is important, before commencing 
treatment, to obtain the biological samples needed for the subsequent 
confirmation of the diagnosis and an ATD sensitivity analysis of the 
isolated strain. For suspected TB patients in a stable clinical condition, 
the priority should be to arrive at a microbiological diagnosis before 
starting treatment, since there is no clinical manifestation or X-ray 
image —however suggestive it may appear— specific to TB.

Recommended therapeutic regimens

Currently recommended schedules for treating TB last for 6 
months. This period is made up of an initial phase of 2 months 
—during which the basic objective is to eliminate the rapid growth 
bacilli and reduce the period of infection and contagion— and a 
maintenance phase of 4 months, during which the objective is to 
eliminate all intracellular bacilli and prevent a relapse.1,3,6-8 An 
extension of the continuation phase to 7 months is indicated in cases 
where cultures remain positive beyond the first two months of initial 
therapy, and in special situations.1,3,6-8 At present, courses of treatment 
lasting less than 6 months are not recommended, although trial 
schedules using new drugs are being tested which will enable this 
possibility to be explored.9,10 

Guidelines for the initial phase of treatment
The prescription of choice for the initial phase of TB treatment 

consists of a daily administration of combinations of H, R and Z for 2 
months.1,3,6-8 Fixed dose preparations of these drug combinations are 
available, and the use of these formulations confers undoubted 

benefits, simplifying the complexity of the treatment and making it 
easier to follow correctly, which, in turn, minimizes the risk of 
monotherapy and the consequent development of resistance. The 
replacement of H by moxafloxacin (M) in the initial phase of TB 
treatment in one randomized clinical trial did not demonstrate 
greater effectiveness or safety.11 The addition of a fourth drug to the 
selected regimen does not increase the bactericidal or sterilizing 
activities of the regimen but it does supply extra protection against 
developing resistant mutations. Its use is indicated in patients with 
suspected baseline resistance to one of the drugs included in the 
initial treatment plan, or when the primary resistance rate to H 
exceeds 4% in any particular population, or is unknown.1,3,6-8 The 
recommendation for an associated fourth drug has traditionally been 
one of the first-line drugs (E or S), although it should be borne in 
mind that in one double-blind randomized clinical trial, the use of M 
instead of E as the fourth drug was associated with more rapid 
sterilization of the sputum,9 and another non-randomized study also 
demonstrated that adding M to the standard TB treatment with 4 
ATDs (RHEZ) was associated with more rapid negative sputum 
culture conversion.10 Once the results of the laboratory ATD sensitivity 
tests are known, treatment can be adjusted accordingly, with the 
fourth drug in the regimen being suspended in cases where the 
bacilli are susceptible to all the drugs. There is no evidence arising 
from randomized clinical trials that enables firm recommendations 
to be made about the best pattern of treatment in situations where 
either R or H cannot be used in the initial treatment schedule because 
of intolerance or because it has been contraindicated. It is however 
recommended to replace the drug concerned with another first-line 
ATD and to increase the treatment period to 12-18 months.3 Nor is 
there evidence to enable recommendations to be laid down 
concerning the best treatment option when neither R nor H can be 
used in the initial treatment because of intolerance, although 
replacing both drugs by first-line ATDs or M and increasing the 
treatment period to a minimum of 18-24 months, are 
recommended.3 

Guidelines for continuation phase treatment
After the initial treatment phase, H and R may be continued for 4 

months. There is no evidence which permits firm recommendations 
to be made about the therapeutic strategy or its duration in the 
maintenance phase when it is impossible to use R or H, either 
separately or together. However, it seems reasonable to recommend 
increasing the treatment time in accordance with the indications 
made in the previous point, and to lay down a sequence for the drugs 
to be used on an individual basis, depending on the toxicity profile of 
the drugs used.1,3,6-8 

Treating antituberculosis drugs-resistant tuberculosis 

Concepts
ATD-resistant TB is a worldwide problem of the first order which 

makes the disease difficult to control and entails an increase in 
morbidity and mortality rates.12 The presence of resistance to a single 
drug is referred to as monoresistance, and resistance to more than 
one drug, not including the H and R combination, polyresistance. The 
term MDR-TB is reserved for the presence of resistance to at least H 
and R,13 and that of XDR defines resistance to H, R, fluoroquinolones 
and at least one of the following parenterally-administered drugs: 
amikacin, kanamycin and capreomycin.14 

Basic principles for treating resistant tuberculosis cases.1,3,6,12-14

– When it comes to designing a new therapeutic regimen in 
cases of TB resistance, the possibility should always be 
considered that the patient may have followed covert 
monotherapy or bitherapy during the initial treatment phase 
which may have given rise to the development of resistance to 
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one of the initially susceptible ATDs that the patient received. 
This situation is especially likely in scenarios of MDR-TB and 
XDR-TB. 

– In patients with therapeutic failure, the addition of a new ATD 
to the failing regimen may give rise to covert monotherapy and 
the acquisition of resistance to the new ATDs introduced, thus 
compromising the success of future therapy.

– A laboratory report for ATD sensitivity that includes at least R 
and H should be carried out for every patient diagnosed with 
TB. The diagnosis of MDR-TB or XDR-TB requires sensitivity 
testing that extends to second- and third-line ADTs.

– Changing treatment due to therapeutic failure should always 
be guided by the results of the baseline sensitivity analysis to 
ATDs, while taking into account the existence of cross-
resistances between different ATDs.

– It is not advisable to reduce the number of ATDs in the initial 
regimen of TB treatment before the baseline sensitivity test is 
available, especially in patients who do not respond to 
treatment.

– MDR-TB and XDR-TB treatments should be carried out in 
consultation with and on the advice of a TB specialist.

– Appropriate therapy for MDR-TB and XDR-TB requires the use of 
at least 4 active drugs not used previously, and always including 
as far as possible a drug for parenteral administration.

– There is insufficient evidence of the kind necessary to be able 
to make firm recommendations concerning the optimal 
duration of MDR-TB and XDR-TB treatments. Given these 
limitations, we consider that the minimum period of treatment 
should be 12-18 months after the sterilization of cultures, with 
an injectable agent being maintained, whenever possible, for 
up to 6 months after their negative conversion, and continuing 
with a minimum of 3 active oral drugs until the end of 
treatment. 

Treatment of monoresistant and polyresistant tuberculosis
The existence of baseline M. tuberculosis resistance to one or two 

ATDs requires a change in the initially established therapeutic 
regimen to be evaluated. How the new regimen should be drawn up 
will depend on factors such as: the number of ATDs the patient 
received during the initial regimen, the number of ATDs received to 
which the infectious strain is resistant, the presence or absence of a 
response to treatment, and the estimated initial bacillary population 
in relation to the clinical form of TB. We can distinguish various 
scenarios:

–  The patient is treated initially with 4 ATDs (R, H, Z and E), with 
baseline resistance to one of them. In this scenario, once the 
sensitivity test results are known, the drug to which there is 
resistance will be suspended, while the others are maintained 
until the initial phase of treatment is complete. During the 
continuation phase, where the M. tuberculosis strain is 
susceptible to R and H, treatment with R and H will be 
maintained until 6 months are up, given that the patient will 
have undergone an initial treatment phase with 3 active ATDs 
that include R and H. If the strain is resistant to H or R, the 
initial phase of treatment can be completed with the remaining 
3 active ATDs; in the continuation phase, the drug to which the 
strain is resistant will be replaced with Z or E and treatment 
prolonged until 9 months are completed. 

–  The patient is treated initially with 3 ATDs (R, H and Z), with 
baseline Z resistance. In this case, Z will be replaced by a new 
first-line drug, and R and H maintained until the initial phase 
of treatment is complete. Subsequently, treatment with R and 
H will continue for a total of 9 months. 

–  The patient is initially treated with 3 ATDs (R, H and Z) with 
baseline resistance to R or H. In this scenario, account should 

be taken of the time that the patient has received treatment 
with only 2 active drugs and the bacillary population required 
to develop resistant mutations which, in the cases of resistance 
to R or H, would be 109 and 1011 respectively. It should be 
remembered that this bacillary population may be present in 
cases of cavitary TB, and that there is, therefore, a possibility 
that new drug resistances may have developed, especially if 
the treatment time has been prolonged. In this situation the 
most conservative approach would be to assume that the 
patient may have developed new ATD resistances. We should 
therefore suspend the drug to which the strain is resistant, 
maintain the other ATDs to which the strain is susceptible (in 
view of the possibility that they might still be active), add at 
least 3 new active ATDs including first-line drugs wherever 
possible, and carry out a new ATD sensitivity test when the 
treatment is changed. After the results are known, the 
therapeutic regimen and its duration can be optimized.

–  The patient is treated initially with 3 ATDs, with baseline 
resistance to two of them. In this scenario, it should be 
considered that the patient may have received covert 
monotherapy during the anti-TB medication and that the 
probability of developing resistance to this drug is consequently 
very high. In this case, the drugs to which the strain is resistant 
should be suspended, the drug to which the strain was 
susceptible be maintained, and at least 4 active drugs added, 
always including first-line ATDs wherever possible. A new 
sensitivity test should be performed at the time the treatment 
is changed. After the laboratory results are known, the 
therapeutic regimen and its duration can be optimized.

–  The patient is treated initially with 4 ATDs with baseline 
resistance to two of them. If the isolate is not resistant to H or 
R, the drugs to which it is resistant should be replaced by a new 
first-line ATD, and the others maintained until the initial phase 
of treatment has been completed. Treatment with R and H will 
be maintained subsequently until a total of 9 months of 
treatment has been completed. In cases where R or H is one of 
the drugs to which the strain is resistant, the period during 
which the patient has received treatment with only 2 active 
drugs, and the bacillary population necessary for the 
development of mutations resistant towards them, should be 
considered (see scenario C, above)

Treatment of multi-drug-resistant tuberculosis
There are many possible combinations of ATD resistance. On a 

practical level, however, we can distinguish 2 scenarios, based on the 
number of ATDs used in the initial regimen:

–  Patients treated initially with a regimen including 3 ATDs (R, H 
and Z or E). In this situation, the patient should be considered 
as having received monotherapy with Z or E, and has most 
probably developed a resistance to the drug. In this situation, 
the whole failing regime should be suspended and replaced by 
a combination of 4 active ATDs, selected in the following order 
of priority (Table 1): a) include, wherever possible, the first-
line ATD not used previously (E or Z), because of its profile of 
baseline resistance; b) include a fluoroquinolone (preferably 
M); c) include a parenterally-administered ATD (S, kanamycin, 
capreomycin or amikacin); d) include a second-line ATD 
(cycloserine, para-aminosalicylic acid [PAS] or ethionamide) 
until 4 active drugs have been incorporated; and e) if it has not 
been possible to select the desired number of active ATDs in 
the 4 previous steps, include third-line drugs until this has 
been achieved (linezolid, clofazimine, amoxicillin-clavulanate, 
clarithromycin, imipenem). 

–  Patients treated initially with a regimen that included 4 ATDs 
(R, H, Z and E). In this situation, the patient should be considered 
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as having undergone bitherapy with Z plus E. Since the bacillary 
population necessary to develop mutations resistant to these 
drugs is 108, it may have triggered off resistance to both, 
especially if the period of treatment was prolonged and the 
patient presented with cavitary TB. In this situation, R and H 
should be suspended and a new regimen designed with 6 
active drugs, selected in the following order of priority: if 
possible, include E and Z because of their profile of baseline 
resistance and regardless of the risk, already mentioned, of 
secondary resistance; then, steps 2, 3, 4 and 5 outlined in the 
previous case should be followed.

Treatment for extensively drug-resistant-tuberculosis
The new regimen should consist of a combination of 6 active 

ATDs, selected in the following order (Table 2): a) include E or Z 
wherever possible because of their profile of baseline resistance; b) 
if the resistance profile permits, include an ATD for parenteral 
administration (S, kanamycin, capreomycin or amikacin); c) include 
a second-line ATD (cycloserine, PAS or ethionamide); and d) include 
third-line ATDs (linezolid, clofazimine, amoxicillin-clavulanate, 
clarithromycin, imipenem) until there are 6 active ATDs. The future 
treatment of patients with MDR and XDR-TB may change substantially 
as a result of the development of new ATDs, as is explained in a 
separate chapter of this monograph. 

Treatment of latent tuberculosis infection

After the detection and treatment of active TB cases, the second 
most pressing measure in the control of TB is the diagnosis and 
treatment of people with a high risk of developing the disease. 

General principles for treating latent tuberculosis infection

The therapeutic objective is to avoid progression from latent to 
active TB. Only 10% of LTB patients are at risk of developing 
tuberculosis disease. For this reason, and also because treating it may 
provoke serious adverse and potentially fatal side effects, LTB 
treatment is only recommended in those individuals who are at 
greatest risk of progressing to TB.3 On the other hand it should be 
remembered that TB may also develop because of the rapid 
progression of a recent infection, especially in immunocompromised 
patients (ICP). This possibility should be borne in mind when 
considering starting prophylactic treatment in IPC who have been in 
contact with active TB. Some ICP may have a limited ability to 
respond to the tuberculosis antigen and show negative to the 
tuberculin test, despite being infected with M. tuberculosis; for this 
reason, starting prophylaxis ought to be considered in ICP following 
obvious exposure, despite the negative tuberculin test.12 Finally, the 
bacillary population in LTB patients is considerably lower than that 
found in patients with TB, so that the use of combination drug 
therapy is not necessary to avoid the development of resistant 
mutations.3 

Who should receive preventive therapy?

Ideally, LTB treatment should be recommended exclusively for 
those with a significant risk of developing TB and a low risk of 
toxicity. LTB treatment is recommended for those who have had a 
recent tuberculin skin test conversion, for people with a positive 
reaction to tuberculin who may have had significant contact with TB 
carriers, and for patients with a high risk of developing TB.3,15 

Guidelines for treating latent tuberculosis infection 

Isoniazid
H has been considered the therapy of choice for LTB since 1965. 

The earliest randomized clinical trials that evaluated the effectiveness 
of H in LTB therapy were carried out between 1950 and 1970. Most 
of these compared H with a placebo for 12 months (12H), and 
demonstrated 90% effectiveness in reducing TB development.16 In a 
clinical trial designed to evaluate the optimum treatment time for 
LTB using H,17 a placebo was compared with H regimens for 3 (3H), 6 
(6H) and 12 months (12H). In this study, the incidence of TB at 5 
years was 1.4% for the placebo and 1.1%, 0.5% and 0.3% for 3H, 6H, and 
12H, respectively. Patients in receipt of 6H had a 40% higher risk of 
TB than those in receipt of 12H. For this reason, 12H is considered the 
standard for LTB treatment. In a study was observed that the TB rate 
dropped the longer that H treatment continued, although beyond 9 
months, it did not manage to bring down the incidence of TB any 
further. The study concluded that 9 months treatment could be 
enough for LTB therapy.16 Intermittent administration of 9H in LTB 
treatment has not been studied comparatively, but by analogy with 
what was demonstrated in the continuation phase of TB treatment 
—where a twice-weekly dose was equivalent to daily administration—
the twice-weekly administration of 9H is an alternative choice for 
LTB treatment.15 Likewise, 6H administered daily or intermittently is 
also recommended as an alternative option in LTB treatment.15 In 
short, 9H is the preferred regimen recommended at the present time 
for treating LTB.15), on the grounds that this length of treatment 
offers maximum benefits, and that an extension to 12 months would 
bring only minimal extra benefit. 

Table 1
Selection of drugs for multi-drug-resistant tuberculosis treatment: order of priority

1 2 3 4 5

Pyrazinamide Moxifloxacin Amikacin Cycloserine Clofazimine

Ethambutol Levofloxacin Streptomycin PAS Clarithromycin

Kanamycin Ethionamide Amoxicillin-Clavulanate 

Capreomycin Linezolid

Imipenem

PAS: para-aminosalicylic acid.

Table 2
Selection of drugs for treating extensively drug-resistant tuberculosis: order 
of priority

1 2 3 4

Pyrazinamide Amikacin Cycloserine Clofazimine

Ethambutol Streptomycin PAS Clarithromycin

Kanamycin Ethionamide Amoxicillin-Clavulanate

Capreomycin Linezolid

Imipenem

PAS: para-aminosalicylic acid.
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Rifampicin
The evidence concerning the effectiveness and safety of R 

administered daily for 4 months (4R) in LTB treatment is limited. In 
a placebo-controlled double-blind clinical trial, the effectiveness of 
3 regimens of LTB treatment —R for 3 months (3R), 6H, and RH for 
3 months (3RH)— was compared with the placebo.18 After 5 years 
of follow-up, there was a higher incidence of TB in the placebo 
group than in the 3 therapeutic regimens, with no differences of 
effectiveness and safety being found between the 3 regimens 
evaluated. Available evidence, therefore, suggests that a 4R in LTB 
treatment achieves higher rates for completion of treatment, with 
a lower incidence of serious adverse outcomes and at less cost than 
the standard 9H regimen.19-22 However, due to the absence of solid 
evidence concerning its effectiveness, 4R should be regarded as an 
alternative regimen for treating LTB, although given its low cost and 
short duration, 4R may be of some therapeutic use for LTB in certain 
special situations: in areas with a high incidence of H-resistance 
and in populations where a short treatment program may be 
indicated. 

Rifampicin with isoniazid
The first clinical trial in which the effectiveness and safety of this 

program was evaluated was mentioned earlier.18 In another 
randomized open clinical trial including 196 patients, the effectiveness 
of 3RH turned out to be similar to that of 9H, although the size of the 
population sample in the study did not permit demonstrate the 
comparability across the two regimens.23 The 3RH regimen has been 
evaluated in various clinical trials in HIV-infected LTB patients. So, in 
a randomized clinical trial carried out on patients with a positive 
tuberculin skin test and infected with HIV, 3RH gave a similar level 
of protection to 6H and reduced the risk of TB compared to the 
placebo by 60%.24 In another randomized open trial, 3RH demonstrated 
a similar effectiveness to 12H; however, the study included both 
tuberculin reactor and anergic patients, and lacked sufficient power 
to demonstrate the comparability of the two regimens. In another 
randomized open clinical trial which evaluated the safety and 
adherence to 3 short courses of LTB treatment, the TB rate and safety 
profiles of the 3RH and 6H schedules were similar, although the 
population sample size did not enable the equivalence of the two 
regimens to be evaluated.25 Finally, in a clinical trial carried out on 
HIV-infected patients with cutaneous anergy, the safety of 3RH was 
comparable to 6H.26 In a meta-analysis of randomized clinical trials 
which included the data of 1926 patients, the effectiveness and 
incidence of serious adverse outcomes and mortality were equivalent 
in 3RH and 6-12H.27 

Therefore, the available data suggest that the safety of 3RH in 
treating LTB is equivalent to that of 6-12H. However, given that there 
is currently no solid evidence of its effectiveness, 3RH should be 
considered an alternative regimen for treating LTB. 

Rifampicin with pyrazinamide
In a randomized clinical trial performed among HIV-infected 

patients, it was demonstrated that the effectiveness and safety of 
2RZ and 12H were equivalent, although there was a significantly 
higher rate of compliance with treatment in the former.28 On the 
basis of these results, the 2RZ and 12H regimens were regarded as 
preferential for treating LTB in HIV-infected patients,29 with 2RZ as 
an alternative therapeutic course in patients not infected with HIV.15 
However, the description of a higher incidence of hepatotoxicity 
with 2RZ,30 the communication of cases of severe hepatitis during 
LTB therapy in patients not infected with HIV in receipt of 2RZ,31 and 
the observation that there was a higher incidence of hepatotoxicity 
with 2RZ than 6H in a randomized clinical trial carried out on 
patients not infected by HIV.32 all served to dissuade use of 2RZ in 
HIV-negative patients and sowed doubts about the advisability of 
administering it to HIV-positive ones.31 The greater risk of 

hepatotoxicity has been corroborated by other observational 
studies.33 In a meta-study comparing the safety and effectiveness of 
2RZ with 6-12H, which included clinical trials carried out on HIV-
infected and non-infected patients, it was affirmed that 2RZ was 
equivalent to H for treating LTB in terms of effectiveness and 
mortality, but that it increased the risk of a serious negative outcome 
in patients not infected with HIV.34 

Nevertheless, it is worth mentioning that none of the randomized 
clinical trials carried out among HIV-infected patients verified a 
significant increase in hepatotoxicity due to 2RZ.25,26,28,35,36 In a meta-
analysis of randomized clinical trials, designed to compare rates of 
severe hepatotoxicity in HIV-infected patients using 2RZ against 6H-
12H, an increased risk of severe hepatotoxicity due to 2RZ was not 
demonstrated.37 However, it should be remembered that the 
population represented in the clinical trials carried out among HIV-
infected patients may not be representative of present-day HIV-
infected populations, since all the studies were carried out before 
powerful antiretroviral treatment was available. 

In summary, LTB treatment with 2RZ provokes a higher incidence 
of adverse outcomes and serious hepatotoxicity than a regimen using 
H in patients not infected by HIV, so that its use is not advised. 
Despite the fact that this has not been verified in HIV-infected 
patients, for reasons already remarked upon, it seems reasonable to 
advise against its use in these patients too. 

Treatment of latent tuberculosis infection due to antituberculosis 
drugs-resistant M. tuberculosis strains

The preferential regimen for LTB treatment in subjects in contact 
with TB patients brought about by H-resistant strains should be 4R. 
The treatment of LTB in subjects in contact with MDR-TB has not 
been evaluated in randomized clinical trials, so that there is 
insufficient evidence to make firm recommendations about it. In 
such cases, a careful evaluation should be made of the risk of the LTB 
patient developing TB. In cases where the risk is high, it seems 
reasonable to use a combination of two drugs, adjusting the choice 
of these to the resistance profile of the infecting strain, with a 
preference —if the resistance profile of the infectious strain permits— 
for first-line drugs or fluoroquinolones. In cases of XDR-TB, the use of 
two drugs to which the infecting strain is susceptible is recommended, 
basing choice on the order set out in Table 2. 
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In every bit of honest writing in the world there is a base theme: Try 
to understand men.1 But for every bit of research, to be properly done, 
there should be a base theme as well: Try to comprehend Nature.

From mice to men I. Old drugs, higher doses, 
and new combinations

Required properties of tuberculosis drugs are summarized in 
Table 1.

Rifampin 

Rifampin is considered to be the cornerstone in the current 
treatment of tuberculosis (TB).2 Results from studies with mice and 
early bactericidal activity (EBA), in which the fall in colony forming 
units (CFU) during the first 2 days of therapy is measured, suggest 
that the standard dose of rifampin in TB treatment is at the lower 
end of the concentration-response curve.3 Rifampin inhibits the 
β-subunit of the RNA polymerase, a multisubunit enzyme that 
transcribes bacterial RNA.2 Mycobacterial resistance to the rifamycins 
results from mutations in the rpoB gene that codes for that β-subunit,4 
and its increasing prevalence concurrently with isoniazid resistance 
(multidrug-resistant tuberculosis [MDR-TB]) is a serious concern.5 
The pharmacokinetics (PK) and pharmacodynamics (PD) of rifampin 

Keywords:
High dose of rifamycins
New drug combinations

Palabras clave: 
Altas dosis de rifamicinas
Nuevas combinaciones de fármacos

A B S T R A C T

Available data on anti-tuberculosis drug research reveal different properties of the agents and provoke 
speculation about future directions. Higher doses of the rifamycins are promising and are currently being 
evaluated in regimens of shorter duration that the isoniazid plus rifampin-based, six-to-nine month-course 
therapy. Moxifloxacin and gatifloxacin might shorten tuberculosis treatment as well, possibly in 
combination with rifapentine, while SQ109 could enhance the activity of rifampin-containing regimens. On 
the other hand, co-administration of moxifloxacin and PA-824 could be active against latent tuberculosis, 
whereas linezolid, PA-824 and TMC207 are candidates for a rifampin-free regimen in multidrug-resistant 
and extensively-resistant tuberculosis. Unfortunately, shorter than existent treatment regimens based on 
the new agents discussed here are likely to take at least another decade to be fully developed and 
implemented in clinical practice.

© 2011 Elsevier España, S.L. All rights reserved.

Nuevos fármacos para el tratamiento de la tuberculosis

R E S U M E N

Los datos disponibles en el proceso de investigación de nuevos fármacos antituberculosos han descubierto 
diferentes propiedades de los compuestos que permiten crear expectativas acerca de sus futuras indicacio-
nes. Modelos terapéuticos que incluyan altas dosis de rifamicinas y pautas que asocien rifapentina con 
moxifloxacino o gatifloxacino podrían acortar el tratamiento de la tuberculosis, mientras que SQ109 incre-
mentaría la actividad de las combinaciones basadas en esta rifamicina. Por otra parte, la tuberculosis laten-
te podría tratarse adecuadamente con la asociación de moxifloxacino y PA-824, y la tuberculosis multirre-
sistente y extensamente resistente con linezolid, PA-824 y TMC207, en pautas sin rifampicina. 
Desgraciadamente, tratamientos más cortos que los existentes, basados en asociaciones de los fármacos 
que se comentan en este trabajo, llevarán al menos otra década para ser completamente desarrollados e 
introducidos en la práctica clínica.

© 2011 Elsevier España, S.L. Todos los derechos reservados.
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in adults treated with the licensed dose (10 mg/Kg of body weight) 
are summarized in Table 2. In the 1960s and 1970s, PK of higher 
single doses (up to 30 mg/Kg) and repeated doses (up to 16 mg/Kg) 
of rifampin in adults were assessed, showing nonlinear increases in 
exposure.6 More recently, PK of daily rifampin at 13 mg/Kg have been 
compared with 10 mg/Kg in 50 Indonesian patients with pulmonary 
TB who were treated with the standard regimen (2 months of RHZE 
followed by 4 months of rifampin and isoniazid [2RHZE/4RH]).7 
Increasing the dose by 30%, the maximum concentration (Cmax) 
increased by 49%, and the area under the curve (AUC) increased by 
65%. AUC is an important parameter for concentration-dependent 
killers such as the rifamycins. It indicates total exposure to the drug 
over a certain time period. A higher dose of rifampin is not likely to 
affect the PK of other anti-TB drugs and antiretroviral drugs more 
strongly than the standard dose, as rifampin’s inductive effect on the 
cytochrome P450 (CYP450) enzyme system appears to be maximal 
at a daily dose of 300 mg.8 The minimal inhibitory concentration 
(MIC) of rifampin is 0.15 mg/L in broth culture.9 Rifampin exhibits 
concentration-dependent activity that correlates best with the AUC/
MIC ratio, as was shown in the mouse model. Results from an efficacy 
study in mice predicted a one-third reduction in TB treatment 
duration when the rifampin dose was increased by 50%.10 Only a few 
data are available on the efficacy of regimens based on a higher dose 
of rifampin in humans. A short regimen of a high dose of rifampin 
(1,200 mg daily or every other day) with a high dose of isoniazid 
(900 mg) and streptomycin (1,000 mg) daily yielded almost 100% 
sputum culture conversion after 3 months.11 All patients remained 
culture negative for up to 1 year, but sixteen percent of patients 
relapsed after 12 to 24 months. Another study in TB patients did not 
show a difference in efficacy between 600 mg or 750 mg rifampin 
daily combined with 300 mg isoniazid for 20 weeks,12 however, the 
EBA of 1,200 mg rifampin daily was studied in 14 patients with 
pulmonary TB in another study and the mean 2-day EBA was almost 
twice as high as that of 600 mg rifampin.3

Little is known about the tolerability of higher than standard 
doses of rifampin. Past attempts to use large intermittent rather than 
daily doses of rifampin were met with a high incidence of the flu-like 

syndrome. This was ascribed to the intermittency of dosing rather 
than the size of the dose.2 Daily rifampin at 13 mg/Kg was tolerated 
well by Indonesian patients.7 Grade 1 and 2 hepatotoxicity was more 
common in the higher-dose group (46% versus 20%; P = 0.054), but 
none of the patients developed serious hepatotoxicity. Higher doses 
of rifampin did not cause tolerability problems in patients with 
brucellosis (900 mg, 45 days) or cutaneous leishmaniasis (1,200 mg, 
divided in two doses, 28 days).13,14 The tolerability of rifampin in 
other diseases was reviewed in 650 patients; it was good with doses 
up to 1,200 mg but less favorable with doses of 1,800 mg.15

Available data suggest that higher daily doses of rifampin can 
shorten TB treatment. The maximum tolerable dose of rifampin and 
the EBA of a range of higher doses of rifampin given alone and in 
combination are planned to be investigated more extensively in 
phase II and III clinical trials in different multidrug regimens. 
Drawbacks of rifampin are its inductive effect on the CYP450 enzyme 
system, which is involved in the metabolism of many other drugs, 
and the increasing rate of mycobacterial resistance to rifampin.

Rifapentine 

Rifapentine is a cyclopentyl rifamycin, whose activity and 
resistance mechanisms are the same as rifampin and other 
rifamycins.16 PK of rifapentine in the standard dose is shown in Table 
2.17 When the dose of rifapentine was increased from 600 to 900 or 
1,200 mg in 35 TB patients, the AUC increased by 39% or 61%, 
respectively.18 Rifapentine induces the CYP450 enzyme system to a 
lesser extent than rifampin.2 Rifapentine autoinduction —the 
phenomenon that induction of the CYP450 enzyme system also 
increases metabolism of the drug itself— was shown in a phase I 
study: rifapentine AUC decreased by 20% after 7 days of thrice-
weekly rifapentine at 900 mg in 13 healthy volunteers.19 Rifapentine 
(900 mg thrice weekly) reduced the AUC of moxifloxacin (400 mg 
daily) by 17% in the same study. The MIC of rifapentine ranges from 
0.02 to 0.125 mg/L, i.e., two to four times lower than that of rifampin.20 
When adjusted for protein binding, the AUC/MIC ratio for rifapentine 
in standard dose is 76.6 (AUC/MIC ratio for rifampin, 70.8).21

Table 1
Required properties of new anti-tuberculosis (TB) drugs 

What a new drug should do? Characteristics required

Simplify treatment or reduce treatment duration Strong early bactericidal and sterilizing activity

Low pill count, fixed-dose combination

Allow for intermittent therapy

Have an acceptable toxicity profile Low incidence of treatment-limiting adverse events

No overlapping toxicity profile with other TB drugs

Be active against MDR-TB/XDR-TB No cross resistance with first-line drugs

Be useful in HIV-infected patients with TB Minimal interactions with antiretroviral drugs

No overlapping toxicity profile with antiretrovirals

Be active against latent TB Active against dormant bacilli

Favorable toxicity profile

HIV: human immunodeficiency virus; MDR-TB: multi-drug resistant tuberculosis; XDR-TB: extensively drug-resistant tuberculosis.

Table 2
Summary of pharmacokinetics/pharmacodynamics and activity of rifampin and rifapentine*

Drug dose Bio availability (%) AUC (mg·h/l) Cmax (mg/L) t1/2 (h) Plasma protein binding (%) MIC (mg/L) AUC/MIC ratio

Rifampin (10 mg/Kg) 68 21.5 8-20 2-5 85 0.15 70.8

Rifapentine (600 mg) Unknown 319-394 10-18 13-20 97 0.02-0.125 76.6

AUC: area under the curve; Cmax: maximum concentration; MIC: minimal inhibitory concentration. 
*Drug concentrations estimated for single compounds, not in combination.
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Rifapentine (10 mg/Kg) was approved for the treatment of 
pulmonary TB by the U.S. Food and Drug Administration (FDA) in 
1998 (Priftin, Hoechst Marion Roussel, Kansas City, MO), but it has 
not been approved by the European Medicines Agency (EMEA). Based 
upon its long half-life, rifapentine allows for intermittent dosing at 
wider intervals, which facilitates observed treatment. However, 
regimens with rifapentine and isoniazid once weekly in the 
continuation phase of treatment are slightly inferior to regimens 
with rifampin and isoniazid twice weekly, especially in patients with 
cavitary TB.22 A high rate of mycobacterial monoresistance to 
rifamycins was seen in human immunodeficiency virus (HIV)-
infected patients treated with rifapentine and isoniazid.23 The use of 
rifapentine once weekly has therefore been restricted to HIV-negative 
pulmonary TB patients without cavitation and with a negative 
sputum culture after the intensive phase of treatment.24 Higher than 
standard doses of rifapentine have shown the potency to shorten TB 
treatment in mice, especially when combined with moxifloxacin.25 
Rifapentine is being evaluated with moxifloxacin as a companion 
drug. A higher dose of rifapentine (15 mg/Kg) with moxifloxacin (100 
mg/Kg twice per day) in a once-weekly continuation-phase regimen 
in mice showed better sterilizing activity than once-weekly 
rifapentine (15 mg/Kg) and isoniazid (75 mg/Kg) or twice-weekly 
rifampin (10 mg/Kg) and isoniazid (75 mg/Kg).26 A twice-weekly 
regimen in mice containing rifapentine (15 or 20 mg/Kg), 
pyrazinamide (300 mg/Kg), and moxifloxacin (100 mg/Kg), preceded 
by 2 weeks of daily rifampin (10 mg/Kg), pyrazinamide (150 mg/Kg), 
and moxifloxacin (100 mg/Kg), resulted in stable cure after 4 months 
of treatment. Substitutions of rifampin (10 mg/Kg) by rifapentine (10 
mg/Kg) and of isoniazid (25 mg/Kg) by moxifloxacin (100 mg/Kg 
twice per day) in a daily standard regimen in mice lead to bacillus 
eradication rates twice as fast as the standard regimen.27 A recent 
study in mice showed that the main sterilizing component in 
regimens containing rifapentine, moxifloxacin, and pyrazinamide is 
rifapentine, rather than moxifloxacin.28 An experiment in mice 
revealed a dramatic increase of bactericidal activity with increased 
rifapentine dose up to 80 mg/Kg in a regimen of rifapentine, 
moxifloxacin (100 or 400 mg/Kg), and pyrazinamide (150 or 600 mg/
Kg), indicating the potential of higher doses of rifapentine to shorten 
TB treatment.29 The optimum higher dose of rifapentine has not yet 
been defined, but it is assumed that rifapentine will cause fewer 
problems of drug-drug interactions than rifampin. 

A study in 150 HIV-negative TB patients treated with either 600, 
900, or 1,200 mg rifapentine plus isoniazid at 15 mg/Kg once weekly 
in the continuation phase showed good tolerability of the 900-mg 
dose and an insignificant trend towards more adverse events in the 
1,200-mg arm.30 In another study (35 patients), no association 
between the occurrence of adverse events and a higher dose of 
rifapentine (up to 1,200 mg) was found.31 Two of 14 healthy volunteers 
developed adverse events (grade 2 hepatitis and a flu-like syndrome 
with rash) after treatment with daily moxifloxacin (400 mg) and 
thrice-weekly rifapentine (900 mg).19

There is a renewed rifapentine registration trial, conducted by the 
Tuberculosis Trials Consortium (TBTC), in which rifapentine 600 mg, 
daily dose, substitutes rifampin in the standard intensive phase, 
four-drug regimen, for treating smear-positive, pulmonary TB (TBTC 
study 29). On the other hand, the International Consortium for Trials 
of Chemotherapeutic Agents in Tuberculosis (INTERTB) is currently 
conducting the RIFAQUIN trial with moxifloxacin (400 mg) instead of 
isoniazid (300 mg) in the standard regimen and with rifapentine 
once weekly (20 mg/Kg for 4 months) or twice weekly (15 mg/Kg for 
2 months) in the continuation phase.

Rifapentine is also a candidate drug for latent TB. A once weekly, 
3-month regimen of rifapentine (15 mg/Kg) plus either moxifloxacin 
(100 mg/Kg) or isoniazid (75 mg/Kg) was as active as 6 months of 
daily isoniazid (25 mg/Kg) in monotherapy in a mouse model for 
latent TB.32 A regimen of rifapentine (900 mg) plus isoniazid (900 
mg) once weekly for 12 weeks was tolerated better than daily 
rifampin (450 to 600 mg) plus pyrazinamide (750 to 1,500 mg) for 8 
weeks by patients with latent TB. The regimen protected well against 
active TB.33 TBTC study 26 is also a clinical trial comparing rifapentine 
plus isoniazid (900 mg each), administered weekly for 12 weeks, to 
the standard regiment of daily isoniazid (300 mg) during 9 months. 
Summarizing, increasing the dose of rifapentine could shorten TB 
treatment, especially in combination with moxifloxacin, and may be 
useful against latent TB as well. 

From mice to men II. New agents under clinical 
investigation

Table 3 provides an overview of new anti-TB drugs in the clinical 
pipeline, and new indications and combinations of anti-TB drugs 
currently assessed in clinical trials are summarized in Table 4.

Table 3
Overview of anti-tuberculosis (TB) drugs in the clinical pipeline

Drug Trial phase
Potential to 
shorten treatment

Acceptable toxicity 
profile

Active against 
MDR-TB

Useful in HIV-infected 
patients with TB

Active against 
latent TB

Interaction with 
rifampin

High-dose rifampin II Yes To be established Limited Yes but not with 
protease inhibitors

Yes, but not first 
choice

–

High-dose rifapentine II Yes To be established Limited To be established Yes –

Moxifloxacin III Yes Yes Yes Yes Yes Reduced AUC of 
moxifloxacin by 
30%

Gatifloxacin III Yes Caution in elderly Yes Yes Unknown Possible

TMC207 II Yes To be established Yes Unknown Unknown Reduced serum 
TMC207 
concentration by 
30%

PA-824 II Doubtful Moderate increase 
in creatinine 
observed

Yes Unknown Yes No

OPC-67683 I/II Yes To be established Yes Unknown Unknown No

SQ 109 I/II Yes To be established Yes Unknown Unknown Synergism in vitro

LL3858 I Yes Unknown Yes Unknown Unknown Synergism in vitro

AUC: area under the curve; HIV: human immunodeficiency virus; MDR-TB: multi-drug resistant tuberculosis.
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Fluoroquinolones 

The fluoroquinolones are registered as second-line anti-TB drugs.34 
Moxifloxacin and gatifloxacin are candidates for shortening TB 
treatment, since they have the lowest MICs 35and greatest bactericidal 
activity, as expressed in the rate of fall in CFU count.36

Moxifloxacin is a broad-spectrum 8-methoxy fluoroquinolone 
with activity against both gram-positive and gram-negative bacteria, 
including anaerobes.37 It inhibits bacterial DNA gyrase, an enzyme 
that is essential for the maintenance of DNA supercoils, which are 
necessary for chromosomal replication.38 The development of 
mycobacterial resistance to fluoroquinolones has been described in 
MDR strains39 and in strains from HIV-infected TB patients with a low 
CD4 count.40 Fluoroquinolone resistance is due to stepwise mutations 
in the quinolone resistance-determining region of the mycobacterial 
gyrA and gyrB genes.41 No cross-resistance with the first-line anti-TB 
drugs has been shown, but cross-resistance within the group of 
fluoroquinolones was proved.42 A study in newly diagnosed TB 
patients showed higher rates of M. tuberculosis resistance to 
fluoroquinolones in patients with prior exposure to fluoroquinolones 
than in patients who were fluoroquinolone naïve.43 Other studies did 

not find such an association.44 Moxifloxacin is metabolized by 
glucuronidation and sulfation (phase II metabolism) rather than by 
CYP450-mediated (phase I) metabolism.45 Up to 20% of moxifloxacin 
is excreted unaltered in urine and 25% in feces. The AUC from 0 to 24 
h (AUC 0-24) of moxifloxacin decreased by 27 to 31% when 
coadministered with rifampin.46 This could be due to induction of 
phase II metabolic enzymes (uridine diphosphatase, 
glucuronosyltransferase, and sulfotransferase) by rifampin. The 
clinical relevance of this interaction is unknown. In vitro studies with 
moxifloxacin show MICs of 0.25 to 0.50 mg/L. The bactericidal activity 
of fluoroquinolones is generally considered to be concentration 
dependent,47 although a recent report showed time-dependent killing 
as well. The ratio of AUC to MIC is thought to be the best predictor of 
fluoroquinolone efficacy in gram-negative, fast-multiplying bacteria. 
It was shown in vitro and in vivo that the greatest bactericidal activity 
occurs at AUC/MIC ratios of 100 to 125 or more. While it is unclear 
whether this also applies to the slowly multiplying M. tuberculosis, 
this observation would suggest that moxifloxacin is the fluoroquinolone 
with greatest efficacy, followed by gatifloxacin (AUC/MIC ratios of 96 
and 68, respectively, derived from in vitro and in vivo work). Aside 
from the AUC/MIC ratio, the other important indicator of efficacy of 

Table 4
Summary of clinical trials on going as 31st of May, 2010

Study Title Characteristics Sponsor

TBTC Study 26 Phase III randomized, open-label clinical trial of ultra short-course treatment of latent TB infection 
among contacts of active cases, using a 3-month once-weekly regimen of isoniazid and 
rifapentine, compared to standard 9-month daily therapy with isoniazid. Enrolment of main 
populations is completed (more than 8,100 participants have been enrolled and are in 
follow-up). Extended enrollment for HIV+ and children closed as December 15th, 2010

CDC

TBTC Study 29 Phase II randomized, open-label clinical trial assessing the antimicrobial activity and safety of 
substituting rifampin for rifapentine in standard intensive phase TB treatment regimen

CDC

TBTC Study 29PK Substudy to characterize rifapentine PK parameters in patients with TB CDC

TBTC Study 30 Phase I/II randomized, placebo-controlled, double-blind clinical trial assessing the safety and 
microbiological activity of linezolid added to OBT for MDR-TB or XDR-TB

CDC

TBTC Study 30PK Substudy to characterize to characterize linezolid PK and linezolid time over the MIC in patients 
with MDR-TB and XDR-TB

CDC

Rifaquin Study Phase II, open-label 3-arm clinical trial powered to demonstrate non-inferiority of the two trial 
arms compared with the standard 6-month TB regimen. Trial regimens are: 2 months of daily 
ethambutol, moxifloxacin (400mg/qd), rifampin and pyrazinamide, followed by a) 2 months of 
twice weekly moxifloxacin (400 mg) and rifapentine (900mg) (2EMRZ/2P2M2) or b) 4 months of 
once weekly moxifloxacin (400mg) and high dose rifapentine (1,200mg) (2EMRZ/4P1M1)

INTERTB Biomedical Research 
and Training Institute, 
Zimbabwe

Linezolid for XDR-TB Phase 2a, randomized, 2-arm, open-label, clinical trial of the efficacy of linezolid combined with 
anti-TB therapy in subjects with XDR-TB

NIAID

4-month quinolone for treating 
pulmonary TB

Phase III, randomized open-label controlled trial of a 4-month gatifloxacin-containing regimen 
versus standard regimen for the treatment of adult patients with pulmonary TB

IRD

TMC207 in patients with MDR-TB Phase II, placebo-controlled, double-blind, randomized trial to evaluate the anti-bacterial activity, 
safety, and tolerability of TMC207 in subjects with newly diagnosed sputum smear+ pulmonary 
infection with MDR-TB

Tibotec-Virco Virology BVBA

OPC 67683 in patients with 
MDR-TB

Phase II, double-blind, placebo-controlled clinical trial, to evaluate OPC 67683 in patients with 
sputum culture-positive, MDR-TB

Otsuka Pharmaceutical

RE-MoxTB study Phase III, double-blind controlled trial, comparing two moxifloxacin-containing treatment 
shortening regimens in pulmonary TB

University College, London

Levofloxacin and moxifloxacin for 
MDR-TB

Phase III, randomized, multicentre, open-label, with parallel groups comparing the effect between 
levofloxacin and moxifloxacin among MDR-TB patients

Seoul National University 
Hospital

Rifapentine plus moxifloxacin for 
treatment of pulmonary TB

Phase II randomized, open-label trial of a rifapentine plus moxifloxacin-based regimen for intensive 
phase treatment of smear+ pulmonary TB

Johns Hopkins University

Evaluation of early bactericidal 
activity in pulmonary TB

Phase II-dose ranging trial to evaluate the extended early bactericidal activity, safety, tolerability, 
and pharmacokinetics of PA-824 in adults with newly diagnosed, uncomplicated, smear+, 
Pulmonary TB

TB Alliance

Study of daily rifapentine for 
pulmonary TB

Phase II-randomized, open-label trial of daily rifapentine 450mg or 600mg in place of rifampicin 
600mg for intensive phase treatment of smear+ pulmonary TB

Johns Hopkins University

CDC: Centers for Diseases Control and Prevention; HIV: human immunodeficiency virus; IRD: Institut de Recherche pour le Développement; MIC: minimum inhibitory concen-
tration; MDR-TB: multi-drug resistant tuberculosis; NIAID: National Institute of Allergy and Infectious Diseases; OBT: optimized background therapy; PK: pharmacokinetics; TB: 
tuberculosis; TBTC: Tuberculosis Trials Consortium; XDR-TB: extensively drug-resistant tuberculosis. 
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concentration-dependent killers is the Cmax/MIC ratio, which should 
be more than 8 to 12 for effective killing of gram-negative bacteria. 
Data adapted from a single-oral-dose study in healthy volunteers 
showed that the Cmax/MIC90 ratio of moxifloxacin 400 mg (the 
approved dose in humans) is 8.6.23 In vitro studies and studies in mice 
showed enhanced bactericidal activity of moxifloxacin and isoniazid 
when coadministered.48 Ethambutol adversely affected the activity of 
moxifloxacin in vitro: it reduced moxifloxacin efficacy by 80%.49 
Moxifloxacin (100 mg/Kg) was able to reduce the time to culture 
conversion in mice by 2 months when replacing isoniazid in the 
standard 6-month regimen. This reduction was not found when 
moxifloxacin was either added to the standard regimen or when it 
replaced any of the other drugs. It is hypothesized that the superior 
activity of 2 months of rifampin plus moxifloxacin plus pyrazinamide 
followed by 4 months of rifampin plus moxifloxacin (2RMZ/4RM) to 
2RHZ/4RH is caused by a synergistic activity of rifampin, moxifloxacin, 
and pyrazinamide or antagonistic activity of rifampin, isoniazid, and 
pyrazinamide.50 Moxifloxacin efficacy has also been shown in humans. 
EBA studies in newly diagnosed pulmonary TB patients showed 
comparable activity of moxifloxacin (400 mg) and isoniazid (300 mg 
or 6 mg/Kg).51 The VT50 (the time needed to kill 50% of viable bacteria) 
of isoniazid was lower than that of both rifampin and moxifloxacin. 
The EBA and VT50 of combined moxifloxacin and isoniazid did not 
differ significantly from the two drugs in monotherapy. Based on 
these results, no antagonistic effect of adding moxifloxacin to the 
standard, isoniazid-containing regimen is expected, nor will it 
enhance the bactericidal activity of the regimen.52 The effect of 
replacing ethambutol with moxifloxacin in the standard regimen on 
the 2-month sputum culture conversion rate was analyzed in 277 
patients with pulmonary TB from African and North American sites.53 
No difference in percentage of negative cultures after 2 months of 
treatment was found. However, more patients treated with 
moxifloxacin had negative cultures after 4 weeks of treatment than 
patients treated with ethambutol (37% versus 26%; P = 0.05). A 
comparable study is ongoing in Brazil. The Gatifloxacin for TB Study 
Team (OFLOTUB) performed a phase II clinical trial in which 
ethambutol in the standard regimen was replaced by gatifloxacin, 
moxifloxacin, or ofloxacin.54 The regimen with moxifloxacin caused 
the fastest decrease in CFU during the early phase of a biexponential 
fall (in a nonlinear model that differentiates between quickly and 
slowly eliminated bacilli). Both moxifloxacin and gatifloxacin 
accelerated bacillary elimination significantly in the late phase. The 
percentage of negative sputum cultures after 2 months of treatment 
did not differ significantly between the treatment groups (82% versus 
77% on solid medium and 40% versus 44% on liquid medium [in MGIT] 
for moxifloxacin versus gatifloxacin, respectively). Two-month 
sputum culture conversion rates have also been evaluated in a double-
blind randomized controlled trial in which isoniazid in the standard 
regimen was replaced with moxifloxacin (TBTC study 28). Culture 
conversion after 8 weeks of treatment was achieved in 60% of patients 
treated with the moxifloxacin-containing regimen and in 55% of 
patients using isoniazid (J. Grosset, presented at the 1st International 
Workshop on Clinical Pharmacology of Tuberculosis Drugs, Toronto, 
Canada, 2008). A multicenter three-armed REMoxTB trial in which 
the standard regimen is compared to a) a regimen of 2RHZM/2RHM 
and b) a regimen of 2RMZE/2RM has recently started. The possibility 
of combining moxifloxacin with rifapentine, two agents with a long 
half life, is explored in the RIFAQUIN trial (see section about 
rifapentine).55 Finally, moxifloxacin could be of use in the treatment 
of latent TB. The combination of 3 months of once-weekly moxifloxacin 
and rifapentine was as effective as 6 months of isoniazid monotherapy 
in a mouse model for latent TB.53 A single dose moxifloxacin of up to 
800 mg was tolerated well. Little is known about the long-term 
tolerability in TB patients. Moxifloxacin (400 mg, administered for an 
average of 6.3 months) was withdrawn in 4 of 38 TB patients because 
of a major adverse event (including nausea, vomiting, muscle pain, 

tremors, insomnia, and dizziness), but no irreversible or fatal events 
occurred.56 In another study, no toxicity was experienced by patients 
who were treated with moxifloxacin, rifampin, and isoniazid for 6 
months. Prolongation of QT time has been seen in patients using 
moxifloxacin for a variety of other bacterial infections. In February 
2008, Bayer distributed a “Dear Doctor” letter warning physicians 
about rare but severe hepatological and dermatological adverse 
events associated with moxifloxacin. In July 2008 the European 
Medicines Agency (EMEA) sent out a review on the association of 
moxifloxacin and hepatological problems. It was concluded that the 
benefits of moxifloxacin in treatment of respiratory tract infections 
outweigh the risks, but its use should be restricted.57

Moxifloxacin could shorten TB treatment. However, its optimal 
dose in TB treatment must be evaluated with respect to the recently 
observed decrease in AUC0-24 when coadministered with rifampin, 
and ambiguous results revealed from efficacy studies in mice and 
humans. Finally, the adverse events of moxifloxacin require extended 
evaluation.

Gatifloxacin has many of the favorable features of moxifloxacin.58 
However, the risk of mycobacterial resistance development and the 
recently found association between gatifloxacin and dysglycemic 
events59 are concerns. In vitro studies and studies in mice showed 
improved activity of rifampin and isoniazid when gatifloxacin was 
added and even more when the regimen also included pyrazinamide,60 
but some results were contradictory: while ethambutol reduced 
gatifloxacin activity in vitro, the combination of ethambutol, 
ethionamide, and gatifloxacin was highly effective in mice.61 A 
multicenter trial of the OFLOTUB consortium (see section on 
moxifloxacin) is enrolling patients at five African sites. It compares 
the efficacy and tolerability of a 4-month regimen of 2 months of 
rifampin plus isoniazid plus pyrazinamide plus gatifloxacin followed 
by 2 months of rifampin plus isoniazid plus gatifloxacin (2RHZG/2RHG) 
to the standard 2RHZE/4RH regimen. As per rifapentin, gatifloxacin 
has not been approved by the EMEA.

Oxazolidinones

Linezolid has been the first oxazolidinone to be developed and 
approved for clinical use. It is active against a range of bacteria, but its 
primary clinical role is the treatment of infections caused by aerobic 
Gram-positive organisms, including resistant strains such as 
vancomycin-resistant enterococci, methicillin-resistant Staphylococcus 
aureus and penicillin-resistant pneumococci.62

In vitro studies have shown good activity of linezolid against 
different species of mycobacteria, including resistant strains. The 
linezolid MIC90 for M. tuberculosis was in the range 1–2 mg/L.63 MICs 
of linezolid against other non-tuberculous mycobacteria are higher 
than the MIC for M. tuberculosis.64 In experimental studies with the 
murine model of tuberculosis, oxazolidinones have shown an activity 
similar to isoniazid.65 Clinical experience with the use of linezolid in 
the management of mycobacterial infections is still sparse. Some 
authors have reported successful results in the treatment of both 
multidrug-resistant M. tuberculosis infections66 and non-tuberculous 
mycobacteria infections.67 In addition to the lack of information on 
the efficacy of linezolid in the treatment of tuberculosis, toxicity is a 
matter of concern when the drug has to be used for long periods.68 
Clinical trials have shown that linezolid (600 mg twice daily in 
adults) is safe and generally well tolerated for courses of therapy of 
<28 days69 but long-term linezolid use has been associated with 
reversible haematopoietic suppression, primarily thrombocytopenia70 
and neuropathy.71 However, this drug is being used as salvage therapy 
when no better options are available, with some successful results.72 
Efficacy and safety of lower doses of linezolid73 for treating MDR-TB 
and extensively-resistant tuberculosis (XDR-TB) are being assessed 
in phase II clinical trials by the TBTC and the National Institute of 
Allergy and Infectious Diseases (NIAID).
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Diarylquinolines 

Diarylquinolines have been identified in a process of screening 
various compounds for potential anti-TB activity.74 The most active 
diarylquinoline (TMC207, also called R 207910, or compound J) is 
currently being evaluated in phase II clinical trials at a dose of 400 
mg/day.

TMC207 inhibits the mycobacterial ATP synthase enzyme.75 
TMC207 has shown equal activity in susceptible and MDR strains.76 
No cross-resistance with available drugs is expected since the target 
of the diarylquinolines differs from that of the currently available 
anti-TB drugs. Mycobacteria that are resistant to TMC207 in vitro 
show mutations in the atpE gene, which encodes subunit c of ATP 
synthase.77 Oral administration with a meal results in a twofold 
increase of serum TMC207 concentrations. The Cmax is reached after 
5 h; the half-life is long: about 24 h in humans. PK of TMC207 show 
linearity with dose. TMC207 is metabolized by the CYP450 3A4 
enzyme to an active N-monodesmethyl metabolite (M2).78 Rifampin 
reduces plasma TMC207 concentrations by 50%; however, a recent 
study in mice showed significant activity of TMC207 even with a 50% 
reduction in exposure, indicating that the relevance of this interaction 
is questionable.79 No drug-drug interactions were observed between 
TMC207 and isoniazid plus pyrazinamide (De Beule and Van Heeswijk 
presented at the 1st International Workshop on Clinical Pharmacology 
of Tuberculosis Drugs, Toronto, Canada). Steady-state concentrations 
in humans take more than 7 days to establish due to the extensive 
tissue distribution of TMC207. In vitro studies show MICs ranging 
from 0.030 to 0.120 mg/L in both fully susceptible and MDR strains.80 
The in vitro activity of TMC207 did not increase with increasing drug 
concentration, suggesting time-dependent rather than concentration-
dependent killing. The activity of TMC207 is limited to mycobacterial 
species only. Treatment with TMC207 (25 mg/Kg), isoniazid (25 mg/
Kg), and pyrazinamide (150 mg/Kg), and with TMC207, rifampin (10 
mg/Kg), and pyrazinamide yielded 100% negative lung cultures in 
mice after only 2 months of treatment. When any of the drugs in the 
standard regimen was replaced with TMC207 (25 mg/Kg), the 
bactericidal activity improved.74 Regimens based on the standard 
anti-TB drugs and/or moxifloxacin that contained both pyrazinamide 
and TMC207 were more active than regimens without these two 
drugs. A 2-month regimen of once-weekly TMC207 (125 mg/Kg), 
pyrazinamide (300 mg/Kg), and rifapentine (15 mg/Kg) was more 
active than rifampin (10 mg/Kg), isoniazid (25 mg/Kg), and 
pyrazinamide (150 mg/Kg) five times per week.81 These results 
suggest synergistic activity of TMC207 and pyrazinamide in mice.82 
The guinea pig model was used to demonstrate sterilizing activity of 
TMC207. Almost complete eradication of primary and secondary 
lung lesions was achieved after 6 weeks of TMC207 monotherapy (15 
mg/Kg), whereas the standard regimen had limited effect.83 An EBA 
study was done in which patients with pulmonary TB received 
various doses of TMC207, rifampin, or isoniazid in monotherapy for 
7 days. The EBA of both rifampin and isoniazid was better than that 
of TMC207. Only a dose of 400 mg TMC207 showed an EBA between 
days 4 and 7 of the same magnitude as that of rifampin and isoniazid 
in the same period.74 Because of the pharmacokinetic interaction 
between rifampin and TMC207, the primary focus in the development 
of TMC207 is now on regimens without rifampin. Recently, a 
multicenter phase II study in 200 patients with MDR-TB was started 
in which a standard second-line, rifampin-free regimen is compared 
with the same regimen plus TMC207. No serious adverse events were 
reported in single-dose (up to 700 mg) and multiple-dose (up to 400 
mg) studies in healthy, male volunteers (see supporting data in 
reference 77). In the EBA study, no adverse events related to the 
study drugs were encountered.

TMC207 has greater bactericidal activity than the standard first-
line regimen in mice. It is active in susceptible and MDR strains. 
However, the EBA of TMC207 in humans is not as good as that of 

rifampin and isoniazid. The variability of serum TMC207 
concentrations with food intake is a disadvantage. TMC207 could be 
of use in rifampin-free regimens against MDR and XDR-TB. 

Nitroimidazopyrans 

The nitroimidazopyrans have been derived from the bicyclic 
nitroimidazofurans that were originally developed for cancer 
chemotherapy but also exhibited activity against actively growing and 
dormant M. tuberculosis.84 The compounds are structurally related to 
metronidazole.85 PA-824 (a nitroimidazo-oxazine) and OPC-67683 (a 
dihydroimidazo-oxazole) are currently being investigated in clinical 
trials.

PA-824 is a prodrug that needs the mycobacterial glucose-6-
phosphate dehydrogenase (FDG1) or its cofactor, coenzyme F420, to 
be transformed into an active form.86 Activated PA-824 inhibits the 
synthesis of proteins and cell wall lipids. PA-824 activity is limited to 
M. tuberculosis complex. PA-824 is active in susceptible and resistant 
M. tuberculosis strains. No cross-resistance with standard anti-TB 
drugs has been observed. Mutations in the mycobacterial genes fbiA, 
fbiB, and fbiC lead to impaired coenzyme F420 synthesis and therefore 
resistance to PA-824.87 Mutations in the Rv3547 gene, encoding a 
protein with unknown function, have been described in PA-824 
resistant strains. Complementing these mutants with intact Rv3547 
fully restored the ability of the mutants to metabolize PA-824. This 
suggests mediation of a highly specific protein, next to FGD1 and 
coenzyme F420, in PA-824 activity.88 Serum PA-824 concentrations 
in mice are not influenced by coadministration of rifampin, isoniazid, 
and pyrazinamide in various combinations, and PA-824 does not 
influence concentrations of the latter drugs in serum.89 PA-824 is 
currently being investigated in phase I clinical trials under the 
auspices of the Global Alliance for TB Drugs Development (GATB, TB 
Alliance). Studies in healthy volunteers showed a half-life of about 18 
h and a time to reach Cmax of 4 to 5 h. About 65% of PA-824 is 
excreted in urine and 26% in feces. In vitro studies showed MICs of 
PA-824 against fully susceptible and MDR strains ranging from 0.015 
to 0.25 mg/L. PA-824 activity is concentration dependent.90 The 
bactericidal activity of PA-824 (25 to 50 mg/Kg) was comparable to 
that of isoniazid (25 mg/Kg) in mice and guinea pigs and to those of 
rifampin (20 mg/Kg) and moxifloxacin (100 mg/Kg) in mice.91 PA-824 
showed greater activity than isoniazid and moxifloxacin in vitro and 
in mice and comparable activity to combination therapy with 
rifampin and isoniazid. PA-824 (100 mg/Kg) has been incorporated 
in the standard regimen in mice to evaluate its potential to shorten 
treatment duration. Only the regimen in which isoniazid was 
replaced with PA-824 achieved faster lung culture conversion and a 
lower CFU count after 2 months of treatment than the standard 
regimen. However, relapse rates were the same in these regimens. 
The sterilizing activity of a regimen containing PA-824 (100 mg/Kg), 
moxifloxacin (100 mg/Kg), and pyrazinamide (150 mg/Kg) was 
recently found to be better than that of rifampin (10 mg/Kg), isoniazid 
(25 mg/Kg), and pyrazinamide (150 mg/Kg) in mice, indicating that 
PA-824 could be incorporated in a rifampin-free regimen to treat 
MDR-TB.92 PA-824 (100 mg/Kg) was highly active in a mouse model 
for latent TB when combined with moxifloxacin (100 mg/Kg).32 An 
extended EBA study in humans with daily PA-824 doses of 200 to 
1,200 mg over 14 days is ongoing in South Africa. Results are expected 
soon (Spigelman, presented at the 1st International Workshop on 
Clinical Pharmacology of Tuberculosis Drugs, Toronto, Canada, 2008). 
Single PA-824 doses ranging from 50 to 1,500 mg were tolerated well 
by healthy volunteers, but multiple doses of 1,000 mg were associated 
with a moderate, reversible increase in creatinine. This renal effect of 
PA-824 was found to be of insignificant clinical relevance in 
consecutive studies (Spigelman, presented at the 1st International 
Workshop on Clinical Pharmacology of Tuberculosis Drugs, Toronto, 
Canada, 2008).
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The potential of PA-824 to shorten TB treatment duration when 
combined with the standard, first-line anti-TB drugs was reassessed 
in the mouse model.93 Mice treated with rifampin (10 mg/Kg), PA-
824 (100 mg/Kg), and pyrazinamide (150 mg/Kg) remained free of 
relapse after 4 months of treatment, while 15% of mice treated with 
a 4-month regimen of rifampin, isoniazid (25 mg/Kg), and 
pyrazinamide relapsed. The combinations of PA-824 and pyrazinamide 
and of PA-824 and rifampin displayed synergistic activity in the same 
study. Results from this study hold promise for PA-824 to shorten TB 
treatment duration in combination with first-line drugs.

OPC-67683 is a mycolic acid biosynthesis inhibitor.94 While 
isoniazid inhibits the synthesis of all mycolic acid subclasses, OPC-
67683 inhibits methoxy and ketomycolic acid synthesis only.95 OPC-
67683 has to be activated by M. tuberculosis to exert its activity. 
Mutations in the mycobacterial Rv3547 gene found in OPC-67683 
resistant M. tuberculosis strains suggest that this gene codes for the 
key enzyme in activating OPC-67683 (as well as PA-824). Studies in 
healthy volunteers showed a more than dose-proportional increase 
in systemic exposure to OPC-67683 with a stepwise increase of the 
dose from 5 to 400 mg. Absorption rates were higher when OPC-
67683 was administered with a high-fat meal. OPC-67683 was 
consecutively analyzed in a different administration formula. This 
improved systemic absorption. The newer formula is used in ongoing 
evaluations of OPC-67683. OPC-67683 does not affect the activity of 
liver microsome enzymes, nor is it affected by activated liver 
enzymes.95 Interactions with drugs that are metabolized by these 
enzymes are therefore not expected. The MICs of OPC-67683 are 
equal in drug-susceptible and -resistant M. tuberculosis strains and 
range from 0.006 to 0.024 mg/L.94 OPC-67683 exhibits concentration-
dependent activity also against intracellular M. tuberculosis. The in 
vitro intracellular activity of OPC-67683 was better than that of 
isoniazid and PA-824 and as good as that of rifampin. OPC-67683 
showed sterilizing activity that was superior to that of isoniazid and 
equal to that of rifampin in an in vitro model of drug-tolerant M. 
tuberculosis, representing semidormant bacilli. No antagonism of 
OPC-67683 with rifampin, isoniazid, ethambutol, and streptomycin 
was shown in vitro. In mice, a regimen of OPC-67683 (2.5 mg/Kg), 
rifampin (5 mg/Kg), and pyrazinamide (100 mg/Kg) achieved faster 
eradication of bacilli than the standard RHZE regimen (5, 10, 100, and 
100 mg/Kg, respectively). Whereas no mycobacterial colonies were 
detected after 4 months of treatment with the OPC-67683-containing 
regimen, colonies were still detected after 6 months of treatment 
with the standard regimen.95 The EBA of 400 mg OPC-67683 in 
patients with pulmonary TB was low during the first 4 days. From 
day 4 onwards, a significant decrease in CFU was seen. This activity 
is currently being explored in an extended (14 days) EBA study. OPC-
67683 in multiple doses up to 400 mg was tolerated well by healthy 
volunteers. No serious adverse events were reported.

OPC-67683 could be useful in treatment of MDR and XDR-TB. Its 
optimal formulation and its role in TB treatment in humans still need 
to be established. The low EBA is not favorable.

Diamines 

A library of more than 60,000 compounds was generated by 
synthesizing ethambutol analogues with 1,2-diamine pharmacophore.96 
So far, the most promising diamine candidate from this library for TB 
treatment is SQ109.

SQ109 inhibits mycobacterial cell wall synthesis; the exact target 
is not yet known.97 Since resistance rates to SQ109 are low, it is 
thought that two mycobacterial gene changes are needed to result in 
resistance. Therefore, SQ109 may have more than one target in M. 
tuberculosis. SQ109 undergoes a first-pass step in the liver before it 
enters the systemic circulation. Liver microsomes convert SQ109 in 
four predominant metabolites. CYP2D6 and CYP2C19 enzymes are 
involved in SQ109 metabolism; CYP3A4 has little effect on SQ109.98 

It has been suggested that SQ109 is a prodrug that needs activation 
by mycobacterial CYP enzymes. Results from a recent drug-drug 
interaction study in rats suggest that SQ109 induces its own 
metabolism.99 SQ109 binding to plasma proteins ranges from 6 to 
23% in humans, mice, rats, and dogs. Binding to tissue proteins is 
higher than that to plasma proteins. SQ109 has a long half-life (61 h) 
in humans. The MIC of SQ109 ranged from 0.16 to 0.64 mg/L in 
susceptible and drug-resistant MTB isolates, including ethambutol-
resistant strains.100 SQ109 also exhibits bactericidal activity within 
macrophages. Its activity is concentration dependent. Synergistic 
activity was shown in vitro between SQ109 and isoniazid and 
especially rifampin. Synergy was even present in rifampin-resistant 
strains. Streptomycin had an additive effect on SQ109 activity; 
ethambutol and pyrazinamide had no effect on the activity of SQ109. 
Four weeks of monotherapy with SQ109 (0.1 to 25 mg/Kg) in mice 
resulted in a reduction of mycobacterial load in spleen and lungs that 
was comparable to the effect of treatment with ethambutol (100 mg/
Kg) but less than that of treatment with isoniazid (25 mg/Kg). When 
ethambutol (100 mg/Kg) was substituted for by SQ109 (10 mg/Kg) in 
an 8-week regimen of rifampin (20 mg/Kg) and isoniazid (25 mg/Kg), 
with or without pyrazinamide (150 mg/Kg), in mice with chronic TB, 
the mycobacterial load was 1.5 log10 lower than with the standard 
RHZE regimen.101 No adverse events were reported in a phase I single-
dose study. Multiple doses of SQ109 (up to 300 mg) were tolerated 
well by healthy volunteers.

SQ109 is a potential anti-TB drug that has entered phase I/II 
clinical trials. It has low MICs against both susceptible and resistant 
MTB strains. SQ109 has different and more favorable properties than 
ethambutol, suggesting that it should be regarded as a truly new 
diamine, and not just as an ethambutol analogue. SQ109 could be 
included in regimens containing rifampin and isoniazid, since 
synergism with both drugs has been shown. Clinical trials are 
ongoing to establish its future role in TB treatment.

Pyrroles 

In the search for compounds with activity against mycobacteria 
and fungi, several pyrrole derivatives have been developed. LL3858 is 
being investigated in phase I clinical trials.102 A fixed-dose combination 
called LL3848, containing LL3858 and the standard, first-line anti-TB 
drugs, is also being developed.103

The mycobacterial target of LL3858 is not yet known. Since LL3858 
is active against M. tuberculosis strains that are resistant to available 
anti-TB drugs, the target probably differs from the targets of the 
currently used drugs. No data about the pharmacokinetics of LL3858 
in humans are available yet. The MIC90 of LL3858 for MTB is 0.25 
mg/L. LL3858 exhibits concentration-dependent activity. LL3858 
(12.5 mg/Kg) reduced the mycobacterial load in mice to a greater 
extent than isoniazid. Regimens of 8 weeks of LL3858, isoniazid, and 
rifampin with or without pyrazinamide sterilized lungs and spleens 
of 3 of 6 and 4 of 6 mice, respectively. When the treatment period 
was extended to 12 weeks, complete sterilization of the target organs 
was achieved in 6 of 6 mice. The tolerability of LL3858 is currently 
being investigated in phase I clinical trials.104

From mice to men III. Animal models of tuberculosis. Limits 
and lessons

When humans are infected with M. tuberculosis, they may develop 
primary active TB, latent TB, chronic active TB, or reactivation disease. 
Not all manifestations are mutually exclusive, as 10% of non-
immunosuppressed individuals progress from latent to reactivation 
TB over their lifetimes, while HIV-infected individuals have a 10% 
annual risk of reactivating latent disease. Immunosuppression, HIV 
infection, nutritional status, intensity of exposure, BCG vaccination, 
and age determine, in part, individual outcomes. Less commonly 
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reported, but of increasingly recognized importance, is the role that 
re-exposure to TB and re-infection play in the risk of developing 
disease.105 Although there are no true animal reservoirs for M. 
tuberculosis, each of these stages of infection in humans can be 
approached by the use of one or more of the animal models showed 
in Table 5.

Conclusion

To our knowledge, control of the TB epidemic implies more than 
developing new drugs, however experimental models as well as the 
aforementioned clinical assay-based initiatives to try them in humans 
are crucial to be successful in the global contest to eradicate TB.
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A B S T R A C T

The current tuberculosis (TB) vaccine, bacille Calmette-Guerin (BCG), is a live vaccine used worldwide, as it 
protects against severe forms of the disease, saving thousands of lives every year, but its efficacy against 
pulmonary forms of TB, responsible for transmission of the diseases, is variable.
For more than 80 years now no new TB vaccines have been successfully developed. Over the last decade 
the effort of the scientific community has resulted in the design and construction of promising vaccine 
candidates. The goal is to develop a new generation of vaccines effective against respiratory forms of the 
disease. We will focus this review on new prophylactic vaccine candidates that aim to prevent TB diseases. 
Two are the main strategies used to improve the immunity conferred by the current BCG vaccine, by 
boosting it with new subunit vaccines, and a second strategy is focused on the construction of new more 
effective live vaccines, capable to replace the current BCG and to be used as prime vaccines.
After rigorous preclinical studies in different animal models new TB vaccine candidates enter in clinical 
trials in humans. First, a small Phase I for safety followed by immunological evaluation in Phase II trials and 
finally evaluated in large population Phase III efficacy trials in endemic countries. At present BCG prime 
and boost with different subunit vaccine candidates are the more advanced assessed in Phase II. Two prime 
vaccines (based on recombinant BCG) have been successfully evaluated for safety in Phase I trials. A short 
number of live attenuated vaccines are in advance preclinical studies and the candidates ready to enter 
Phase I safety trials are produced under current good manufacturing practices.
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Nuevas vacunas contra la tuberculosis

R E S U M E N

La actual vacuna contra la tuberculosis, bacilo de Calmette-Guerin (BCG), en uso desde 1921, protege contra 
las formas más graves de la enfermedad, pero su eficacia es muy variable contra las formas de tuberculosis 
pulmonar, por lo que la investigación y desarrollo de nuevas vacunas es un reto importante para la comuni-
dad científica. 
En la última década, importantes esfuerzos en investigación han dado como resultado el diseño y construc-
ción de nuevos candidatos a vacunas contra la tuberculosis. El objetivo es desarrollar una nueva generación 
de vacunas eficaces contra las formas respiratorias de la enfermedad, responsables de la transmisión de la 
tuberculosis. 
Esta revisión se centra en el progreso preclínico y clínico de nuevas vacunas profilácticas, dirigidas a preve-
nir la enfermedad. Dos son las principales estrategias: la primera busca mejorar la inmunidad conferida por 
BCG, revacunando con vacunas subunidades, y la segunda estrategia se centra en la construcción de nuevas 
vacunas vivas más eficaces, capaces de sustituir la actual BCG.
Tras rigurosos estudios preclínicos en modelos animales, algunos candidatos a la vacuna contra la tubercu-
losis han entrado en ensayos clínicos en humanos. Actualmente, las vacunas subunidades son las más avan-
zadas en estos ensayos y están siendo evaluadas en fase II en individuos previamente vacunados con BCG. 
Vacunas vivas basadas en BCG recombinante se están evaluado en fase I, y nuevas vacunas vivas atenuadas 
han mostrado buenos resultados de atenuación y protección en estudios preclínicos, y están listas para en-
trar en ensayos de fase I en humanos.
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Introduction

Prophylactic vaccines are one of the most useful and cost-effective 
tools for reducing the morbidity and mortality associated with 
infectious diseases.1 There is no other vaccine so widely used and as 
controversial in terms of efficacy as the current bacille Calmette-
Guerin (BCG). Its protective effects in randomized controlled trials 
and case-control studies have provided mixed results ranging from 
excellent protection to no protection against tuberculosis.2 The 
majority of studies have shown that BCG vaccine produces a higher 
degree of protection against severe forms of TB such as TB meningitis 
and TB disseminated, than against moderate forms of the disease.3,4

The effectiveness of BCG vaccine also appears to vary with latitude 
- the greater the distance from Ecuador, the greater the effectiveness 
of the vaccine. Probably exposure to nonpathogenic mycobacteria, 
which is more intense in warm climates, induces a degree of 
protective immunity in exposed populations, masking the potential 
BCG protection against TB.5 Most evidence suggests that BCG efficacy 
is maintained after 10 years of vaccination have been described as 60 
years.6 Since today is possible to differentiate between vaccinated 
individual and infected with Mycobacterium tuberculosis (MTB) by 
using Interferon gamma based assays,7 a recent study showed that 
BCG could protect not only TB disease but also MTB infection.8

Since one third of the world population is infected by MTB, new 
strategies that could avoid the progression of latent infection to 
active disease, such as immunotherapeutic vaccines designed for use 
post-infection in adults, could have tremendous impact on TB control. 
Today some therapeutic vaccines are in Phase I clinical trials for 
safety.9

Considering the natural history of tuberculosis and its wide 
distribution by age, there is a need for vaccines that can prevent 
disease having a greater efficacy in preventing respiratory forms of 
TB in adults and help avoiding transmission of TB. That is why 
research on new TB vaccine strategies, which improve the efficacy of 
the present BCG to prevent respiratory forms of the disease or the 
development of new TB vaccines more effective than the current 
BCG is a priority. We will focus this review on prophylactic vaccines 
that can prevent TB disease, with special emphasis on pulmonary 
forms of TB responsible for transmission of the disease.

Bacille Calmette-Guerin the present vaccine in use against 
tuberculosis 

BCG is the current vaccine for tuberculosis. It is a live vaccine 
obtained from a strain of Mycobacterium bovis isolated from an 
infected cow. Calmette and Guérin needed thirteen years and over 
200 subcultures to obtain the attenuated version of the original 
virulent strain of M. bovis isolated.

BCG was used in 1921 for the first time in children, orally. Later 
other methods were introduced for administration, including the 
currently in use, intradermal injection. It is estimated that the 
systematic use of BCG is saving thousands of lives each year but its 
benefit seems to be linked to the prevention of severe childhood 
forms of disease, including extra pulmonary TB and the often fatal TB 
meningitis.3,4 For this reason, BCG vaccination is recommended and 
include in the calendar of vaccination by WHO in countries with high 
incidence of TB. The 100 million BCG vaccinations given to infants in 
2002 will have prevented 30,000 TB meningitis cases in children 
during their first 5 years of life, and about 11,000 cases of disseminated 
or miliary TB.10 In Spain, BCG is not applied systematically in the 
pediatric population and is not included in the immunization 
schedules of the various autonomous communities, although it is 
present in the immunization schedule of the Basque Country.

Despite BCG being the most widely used vaccine in human history, 
the mechanisms of attenuation are just starting to be understood. 
Recent genetic studies have revealed that that the current vaccine 

has lost more than 100 genes in Regions of Difference (RD) from its 
original genome, with some regions involved in virulence such as 
RD1, which codes for ESAT-6 secreted protein implicated in MTB 
virulence.11 BCG is a highly immunogenic complex, immunogen and 
which induces a cell type immunity. Originally each BCG was known 
by the name of the place of production, e.g., BCG (Russia), BCG 
(Brazil) and BCG (Japan), among others, or after the laboratories 
where they were produced, such as BCG Pasteur, BCG Meriéux or 
BCG Glaxo. The name could be followed by the number of the last 
passage from which it was obtained, as BCG Pasteur 1173, for example. 
Interestingly from 1921 BCG was generosity distributed worldwide 
between microbiologists, resulting in the evolution of a number of 
daughter substrains, as laboratories have used various procedures in 
the preparation of BCG changing its residual virulence and 
immunogenic characteristics. This lasted until in the early 1960’s 
when batch 1331 of BCG Danish was freeze-dried and was adopted 
as the primary seed lot in 1966.11 During the subcultivation process 
that led to attenuation, BCG has lost so many genes with respect to 
MTB and has been considered that BCG could be attenuated to the 
impotence.12 Subculture of the original BCG strain in different 
laboratories and this makes that BCG is not a single organism but 
comprise a number of substrains that differ in genotype and 
phenotype with different immunological properties.13

The publication in 2007 of the complete sequence of the first BCG 
strain (Pasteur) and in 2009 BCG Tokyo, has revealed differences in 
genetic and molecular characteristics.14,15 These would explain the 
differences found in the substrains currently used as a BCG vaccine. 
BCG Tokyo and BCG Pasteur are “more immunogenic” and probably 
more capable than other strains “less immunogenic” (BCG Glaxo, 
BCG Danish). Between the molecular mechanisms that contribute to 
attenuation, BCG substrains comprise natural mutants of major 
virulence factors of MTB including ESAT6, PDIM/PGL and PhoP, and 
differ markedly in virulence level that could be responsible for the 
differences in the protective efficacy and tuberculin reactivity or 
adverse reactions between different substrains.11,16 The study and 
understanding of these new insights have extremely important 
implications for the development of future vaccines.

The need for new tools for tuberculosis control, from preclinical 
to clinical trials

The scientific community effort has resulted in the construction 
of numerous vaccine candidates over the last decade. In search of 
candidate vaccines to enhance the effectiveness of the current BCG, 
there are various teams that have used different approaches. Two 
main strategies used to improve the immunity are subunit vaccines 
to “boost” the current BCG vaccine and new more efficient “prime” 
strategies, able to replace the current BCG, such as novel attenuated 
live vaccines. 

Subunit vaccines mainly use antigens of the bacillus of tuberculosis 
to improve the immunogenicity of BCG. These MTB antigens consist 
generally in protein selected for their ability to be recognized by the 
immune system after infection in humans. These proteins can be 
administered directly with potent adjuvans or by inserting their 
genes in different viruses genetically modified such as non replicative 
vaccinia virus.

Live vaccines mainly consist in nonvirulent mycobacterial strains 
such as Mycobacterium vaccae17 or the most promising use of 
recombinant BCG including MTB antigens or other genes from a 
different microorganism than MTB. Finally another approach is based 
in the construction from the scratch of rationally attenuated MTB 
strains which are based on the removal of virulence genes and 
immunomodulatory lipids which rending safe and more effective TB 
vaccines.

All vaccine candidates are evaluated to know their safety and 
effectiveness as degree of protection against MTB disease. In the 
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evaluation of new vaccines, BCG remains the “gold standard.” Studies 
have been conducted in various animal models and the most 
commonly used animal model is the mouse, followed by the guinea 
pig. Primate models have been developed and are being used as a 
final testing prior to entry in clinical trials.

The advantage of mouse model is based on the amount of reagents 
and genetic information available, and because of its logistical and 
economical advantages in comparison with other models like guinea 
pig. Mice have certain tolerance to infection with MTB, whereas it 
triggers a moderate inflammatory reaction that allows the control of 
the bacillary concentration to a low level but without ending up 
eradicating it. The commonest route of infection is the intravenous 
route, because switches on acquired immunity very rapidly. The 
experimental model induced by aerosol is the most physiologic 
infection route and at the same time is more aggressive for the host 
than the intravenous one. This is because the induction of immunity 
is quicker after the intravenous inoculation than in the aerosol one. 
In this model has been demonstrated that the immunity against this 
infection is based essentially on the stimulus of a Th1 type response, 
that is to say, in the stimulation of T cells CD4+ able to produce 
gamma interferon and to activate the infected macrophages.18

Protection in new vaccines using the guinea pig model has become 
a compulsory experiment since the extreme sensibility that has 
demonstrated this animal against MTB, and the toxic response 
generated allowing the comparison between different TB vaccine 
candidates.19 On the other hand, the necessity to evaluate the 
protection of any new vaccine before to carry on human clinical trials 
in an experimental model closer physiologically to humans has lead 
to the development of the primate model. In this model the protection 
mechanisms against the MTB infection are established.20

Once the candidate is proven safe and effective, is proposed for 
study in clinical trials in humans. Clinical trials are divided into 3 
consecutive phases, phases I-III, which correspond to the actual 
development stage, and a phase IV or post-marketing pharmaco 
vigilance and be released. The first phase of the trial, Phase I, aims to 
determine the safety and biological effects, including immunogenicity 
and takes place in a small group of healthy volunteers. Phase II 
focuses on the immunogenicity and to determine the effectiveness of 
the vaccine in a limited number of volunteers. Since there is not a 
clear correlation of protection in humans, the only way to demonstrate 
the efficacy of a new vaccine candidate is to test in a population with 
a high incidence of tuberculosis and compare unvaccinated, with 
gold standard BCG vaccinated. Phase III aims to assess the safety and 
effectiveness in vaccinated and unvaccinated volunteers by large 
double-blind trials. Phase III of the vaccine against tuberculosis is 
predicted long (3-4 years) in the absence of biological markers of 
protection and require the study of their effectiveness in reducing 
disease in immunized individuals, the participation of thousands of 
individuals. According to the Global Plan to Stop TB to have a new 
licensed vaccine available for 2015, it is estimated that at least 20 
vaccine candidates should enter phase I safety trials, with about half 
going forward for immunological evaluation in phase II trials and 
three / four being evaluated in phase III efficacy trials.10

Improving bacille Calmette-Guerin: subunit vaccine candidates

Numerous subunit vaccines have been developed using different 
experimental approaches. The justification for these vaccines is that 
a few antigens can achieve the same protection that comes with the 
complete bacteria and their use would provide the vaccine safe, 
reproducible and without posing problems for application to 
immunocompromised individuals. To date subunit vaccines alone 
have not demonstrated a better protection than BCG in different 
animal model tested and is for that that the new strategy fort subunit 
vaccines is to be used as boost Improving the effectiveness of BCG.21 
These approaches are aimed at enhancing the protection of BCG. The 

experiments consist of priming revaccinated animals with BCG and 
boosting with subunit vaccine candidates.

Subunit antigens have been chosen by different approaches. The 
study of the immune response in healthy individuals, who have 
been in contact with MTB, has identified several antigens that would 
be key to containing tuberculosis infection. The immunization 
consists of a recombinant fusion protein Mtb72 and adjuvant that 
provokes a good cellular immune response. This candidate vaccine 
of GlaxoSmithKline Biologicals (Rixensart, Belgium), Mtb72 has 
passed Phase I in humans and in collaboration with Aeras Global TB 
Vaccine Foundation is allowing its progress in clinical trials for 
safety and immunity, involving adults previously infected with TB or 
vaccinated with BCG.22,23

Another promising approach is the use of ESAT 6 that has been 
developed from antigens of the bacillus of tuberculosis. It is a major 
secreted protein. In experimental animals infected, treated and 
reinfected with MTB, it was noted that at the time of reinfection 
animals developed a strong T cell response to ESAT-6 making this 
protein relevant as a source of protective immunity. By merging with 
another major antigen Ag85B, derivatives have been built of this 
protein. This subunit vaccine administered with different adjuvants 
causes an immune response in mouse and primate models inducing 
protection against infection with MTB. Currently this candidate is in 
Phase I within the European TB Vaccine Initiative TBVI.24,25

Adrian Hill’s group at the University of Oxford has used the non 
replicative modified vaccinia virus Ankara (MVA) to introduce an 
antigen of the bacillus of tuberculosis (Ag85A). An experiment 
involving prime vaccination of guinea pigs with BCG, boost with the 
virus carrying Ag85A and boost with Ag85A protein with an adjuvant, 
shows greater protection than BCG alone in this animal models.19 
Phase I studies with this candidate have been published26 and 
currently is in Phase II clinical evaluation for efficacy and safety in 
previously BCG vaccinated individuals.27

Development of prime live vaccines based on recombinant 
bacille Calmette-Guerin

BCG-based vaccines consist of recombinant BCG derived from 
genetically modified strains of BCG aiming to increase their immunity. 
Different groups have chosen this strategy to build their candidates. 
The group of Marcus Horwitz of UCLA (University of California, Los 
Angeles, USA) developed through genetic engineering techniques 
rBCG30 strain. It is based on the Tice BCG strain, enhanced with MTB 
antigen Ag85B, and its overexpression is achieved by increasing the 
stimulation of the immune system.28,29 rBCG30 has been noted that 
the first live vaccine candidate has passed Phase I clinical evaluation. 
However, as a consequence of less than expected immunogenicity, 
rBCG30 is no longer in clinical development.

Different strategy is used in the construction of rBCG: RD1 based 
on the introduction of MTB genes that are absent in BCG coding for 
ESAT6.30,31 Such as approach has shown higher protection in animal 
models but rigorous residual virulence studies are ongoing for 
regulatory approval to enter in clinical trials.

A third strategy is to increase cellular immunity conferred by BCG 
by inserting the gene that encodes for a protein of Listeria 
monocytogenes. This gene inside the infected macrophage increased 
presentation of BCG antigens to other immune system cells. This line 
of research is led by the group of Stefan Kaufmann, director of Max 
Planck Institute in Berlin and today this candidate is successfully 
exiting Phase I safety trials, with plans to enter Phase II in TB endemic 
countries for safety and immunogenicity.32,33

Prime vaccines based in new live attenuated vaccines

Classical vaccine candidates have to mimic natural infection as 
closely as possible without causing disease.10 Provided that immune 
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response evolved to provide protection against infectious diseases, 
the optimal development of a protective immune response by a 
vaccine should reproduce the steps and processes elicited during the 
establishment of natural immunity.34 Epidemiological and animal 
studies indicate that previous infection with tuberculosis confers 
relative protection against subsequent disease due to post 
exposure.35,36

The improvement of live attenuated vaccines has often been 
limited by a lack of tools for genetic manipulation of mycobacteria. 
Pioneering studies performed in Europe by the group of Brigitte 
Gicquel37,38 and USA by the group of William Jacobs39 were able to 
develop the mycobacterial genetic tools today in use. This strategy is 
more laborious, meaning starting from scratch and demonstrating in 
a first stage the attenuation of the vaccine candidate constructed 
and, secondly, a higher immunity to TB.

Pantothenic acid (vitamin B5) is an essential molecule for the 
synthesis of coenzyme A and acyl-carrier proteins, two important 
molecules in fatty acid metabolism and biosynthesis of polyketides 
among other metabolic reactions. A double-deletion mutant of MTB 
in the panC and panD genes involved in the pantothenate synthesis 
has been constructed.40 This auxotrophic mutant is attenuated when 
tested in Balb/c and SCID mice, and conferred protection when used 
as subcutaneous vaccine in mice challenged with low aerosol doses 
of virulent H37Rv. In order to increase attenuation and stability of 
attenuated phenotype a deletion of virulence region RD1 was 
performed.41 A representative of this strategy is the mc26020 strain 
constructed by inactivation of the panCD and lysA genes involved in 
pantothenate and lysine metabolism respectively.40). Protection 
levels equivalent to BCG were generated in the lungs and spleen of 
vaccinated guinea pigs, with reduced dissemination of infection to 
the spleen at five weeks after aerosol challenge with MTB.42

Another strategy to rationally attenuate MTB consists on inactivation 
of secA. This gene encodes a component of a mycobacterial protein 
secretion system involved in inhibiting the host immune system and 
consequently promoting MTB survival within the host. Conversely, 
inactivation of secA results in increased host cell apoptosis and 
increased priming of antigen-specific CD8+ T cells in vivo. These results 
pave the way for a new approach to improving live vaccine candidates; 
the secA mutant is currently in preclinical development.43

In order to build a new vaccine from a MTB a rational inactivation 
of major its virulence genes, was performed by the by the Group of 
the University of Zaragoza, in collaboration with the Pasteur Institute. 
The hypothesis to build a new live vaccine arose from studies on 
molecular epidemiology of multidrug-resistant MTB strains, assuming 
that if only a few MTB complex strains are transmitted in a different 
way than the rest, they have some characteristic that makes them 
increase their virulence. Therefore, if we decipher the role of the gene 
in MTB know how to increase their virulence, is possible to inactivate 
these genes to decrease its virulence. In the late 1990´s the group 
focus their studies on the strain which caused the largest outbreak of 
multidrug-resistant TB described in Europe,44 later described as an M. 
bovis XDR strain.45 It was found that phoP gene, annotated as a possible 
regulator of virulence genes in the genome of MTB, was highly 
expressed in this strain, so it was hypothesised that its inactivation 
may reduce the virulence of MTB. Using genetic engineering 
techniques phoP gene was inactivated. The inactivation of this single 
gene led to an important attenuation both the cellular model as in the 
mouse model. Subsequent studies have shown attenuation in the 
mouse model with reduced immune system (SCID mice, severe 
combined immunodeficiency) and higher attenuation than BCG 
Pasteur.46

Today we know that the phoP gene regulates 2% of the genes of 
MTB most involved with virulence, including complex lipids, which 
could be the basis of its high attenuation. Trials of protection against 
infection, conducted in collaboration with national and international 
teams from Spain, England, France and Mexico, have shown promising 

results in the mouse model and superior protection and greater 
immunity to BCG in the guinea pig model.20,46 Immunity conferred by 
the phoP mutant is under study. Experiments with primates 
performed in the PBRC in the Netherlands, were very encouraging.20

Another important question that arises is whether after MTB 
attenuation the sensitivity profile to antituberculous drugs could be 
changed. The phoP mutant strain was found to be fully sensitive to 
ethambutol, isoniazid, rifampicin and streptomycin. And the mutant 
was more sensitive to isoniazid than MTB wild type and this could be 
due to changes in the cell envelope of the phoP mutant.47,48 All these 
results indicate that MTB phoP mutant is sensitive to major 
antituberculous drugs and, in case of hypothetical infection with the 
vaccine strain, it would be possible to be treated.

Inoculation of a high dose of vaccine candidates in guinea pigs is 
a study inspired by the BCG validation standards for toxicity. In one 
such study, animals were inoculated with 2.5 × 106 CFU (colony-
forming units) of attenuated vaccine (50 times the standard 
vaccination dose).49 Data indicate the lack of toxicity of phoP mutant 
strain since the health status of the animals was satisfactory, as 
evidenced by the constant increase of their weight and lack of 
pathology after the end of a 6 month follow up. Determination of 
DTH in guinea pigs at the end of this study reflected similar values to 
the ones obtained 4 or 6 weeks after immunization with BCG, thus 
reflecting the conservation of the immune response. 

The use of post-exposure infection models for checking toxicity 
when vaccines are administered in a therapeutic way is based on 
previous data showing that this administration can be dangerous 
because of potential induction of the “Koch phenomenon”. A number 
of vaccine candidates have recently been tested to assess the 
effectiveness and lack of toxicity after post exposure vaccination. The 
results suggest that although most vaccine candidates are unlikely to 
evoke the “Koch phenomenon”, extreme caution should be taken to 
avoid serious reactions in previously infected individuals in clinical 
trials. By using previous validated models of post-exposure infection 
in guinea pigs and mice to address this question, and we can conclude 
that no toxic effects have been developed in any of the cases, as it has 
been demonstrated after examining the bacillary concentration and 
histology of the tissues.49 In fact, in the guinea pig post-exposure 
model, the administration of phoP mutant vaccine decreased the 
pathology, which could be related to a kind of protective effect, 
although this was not confirmed by a reduction in the bacillary 
counts. In any case, the lack of toxicity in these models gives an idea 
about how safe this vaccine is, including the potential secure profile 
to be used in subjects with latent TB infection. All together extended 
safety studies encourage the use of phoP mutant strain as a starting 
point for the construction of a next generation attenuated live 
vaccines.49

For live vaccines based on attenuated MTB, a consensus document 
was developed at the Geneva conference and the presence of at least 
two non-reverting independent mutations in the mycobacterial 
genome was recommended in order to avoid reversion and 
elimination of antibiotic resistance markers.50 Regulatory issues are 
fundamental for the development of new tuberculosis vaccines51 and 
a second Geneva Consensus include recommendations for novel live 
TB vaccines prior to entry in phase I safety trials, criteria through to 
Phase III, review of manufacturing considerations and considering 
requirements and associated issues related to the use of these new 
vaccines within an existing BCG vaccination programme.52

Future challenges

Vaccination against tuberculosis poses great challenges. One third 
of the world population is infected with TB bacilli, for this whom 
investigation in so-called “therapeutic vaccines” aimed at reducing 
the time of treatment with conventional drugs is ongoing. Another 
challenge in vaccination against TB is to protect the population 
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currently vaccinated with BCG. Recent trials using protein subunit 
vaccines in animals previously vaccinated with BCG are giving good 
results. Live rationally constructed vaccines derived from a phoP 
based mutant strain of tuberculosis, are in advanced preclinical 
stage. Live vaccines rationally attenuated by the inactivation of genes 
that regulate virulence, are promising vaccine candidate because of 
low cost of production, and by the tremendous experience, both in 
the use, production and distribution of BCG. In addition live vaccines 
are easily produced and affordable.

Today, after almost 100 years since the development of BCG, there 
is more than a dozen of developing preventive vaccine candidates in 
human trials or in advanced preclinical stages with excellent results. 
Due to the lake of correlation of protection the real value of their 
efficacy could be assed in a large scale phase trials in countries with 
a high incidence of TB. The development of a new vaccine that 
confers higher level of protection is a challenge for the scientific 
community that would, with a low cost, consider the eradication of 
tuberculosis in the medium term and replace the current BCG in the 
long term.53

For the future panorama on TB vaccines against TB there are 3 
scenarios that could help to the Millennium goal to eradicate TB as a 
public health problem in 2050 (http://www.stoptb.org/global/plan/): 
a) a subunit vaccine to increase the immunity of individuals 
vaccinated with BCG administered after vaccination with BCG 
(boost); b) a new vaccine to replace BCG with a birth dose (prime); 
and c) a new vaccine to replace BCG with a birth dose plus a subunit 
vaccine (Tables 1-3).

Developing new vaccines against TB. Currently there are 12 
vaccines in a research designed to improve the immunity of BCG and 
others to replace BCG.

Aeras: Foundation in the United States for the development of 
new vaccines against tuberculosis sponsored by the Bill Gates 
Foundations. http://www.aeras.org/

Tuberculosis Vaccine Initiative (TBVI). European foundation for 
the development of new vaccines against tuberculosis (http://www.
tbvi.eu/).

In 2006, a new initiative called Stop TB was launched according to 
the Millennium Development Goals, it aims to reduce the global 
burden of tuberculosis in 2015 and posing as a goal to eliminate TB 
as a public health problem in 2050 (http://www.stoptb.org/
globalplan/).

For a complete list of vaccine candidates including post infection 
and immunotherapy consult the Stop TB partnership working group 
on new TB vaccines (www.stoptb.org/wg/new_vaccines/).The 
document “vaccine pipeline” include a complete list of TB vaccine 
candidates in 3 sections: a) in clinical trials; b) in advanced preclinical 
studies and good manufacturing practices, and c) next generation.
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Table 1
Tuberculosis vaccine candidates using a heterologous “prime-boost strategy” to complement the immune response induced by current bacille Calmette-Guerin (BCG)

Type of vaccine Product Sponsor Status 2010 Product description

Viral vector MVA-85A Aeras-485 Oxford/Aeras Phase I, Phase II Mofdified vaccinia Ankara vector expressing MTB antigen 85A

Viral vector Aeras-402 Crucell Ad35 Crucell/Aeras Phase I, Phase II Replication-deficient adenovirus 35 vector expressing MTB antigens 85A, 85B, 
TB10.4

Recombinant protein Mtb72f GSK/Aeras Phase I, Phase II Recombinant protein composed of a fusion of MTB antigens Rv1196 and 
Rv0125 and adjuvant

Recombinant protein Hyrbid +IC-311 SSI/Intercell/TBVI Phase I, Phase II Adjuvanted recombinant protein composed of MTB antigens 85B and ESAT-6

Table 2
New recombinant bacille Calmette-Guerin (BCG) replacement BCG vaccine as “prime” in clinical trials

Type of vaccine Product Sponsor Status 2010 Product description

Recombinant BCG Live rBCG 30 UCLA/INH/Aeras Phase I rBCG Tice strain expressing 30Kda MTB Antigen 85B

Recombinant BCG Live VPM 1002 Max Planck TBVI Phase I rBCG Prague strain expressing listeriolysin and carries a urease deletion mutation

Table 3
New live vaccines to replacement bacille Calmette-Guerin (BCG) vaccine as “prime” in pre clinical and good manufacturing practices (GMP)

Type of vaccine Product Sponsor Status 2010 Product description

Recombinant Live MTBVAC01
Δ phoP
Δ fad26 (DIM)
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