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Progress obtained by mycobacteriology in recent years is undeniable with regards 
to preventing, detecting, and treating cases of tuberculosis, millennial disease 

that is still present as public health issue worldwide. We present here high-impact 
research and interest topics related to the application of new methodologies, 

especially molecular methods for rapid diagnostic such as rapid DST, application of 
high performance liquid chromatography, molecular epidemiology and molecular 

diagnostic testing on post mortem.  Currently, the constant search for vaccines that 
prevent the disease is promising through research of the immune response generated 
by the host towards the bacterium, and the effectiveness that may be achieved from 
developed vaccines.  Another high-impact factor is the one generated by considering 

tuberculosis as a social disease with an infectious component reflected in research 
about tuberculosis and human rights. Finally, we present important issues of the 

pathogen interaction with different hosts. The constant knowledge generation that 
expands the frontiers of understanding is a key factor for finding solutions and 

successful activities for public health.
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Preface

Tuberculosis is a more severe disease than other ones produced by virus that have caused the highest
alerts worldwide. Tuberculosis has been declared a world emergency by the World Health Organiza‐
tion, and the governments of each country have been summoned to commit to its control. Over time,
and despite great efforts, the global situation of tuberculosis is not encouraging, and more commit‐
ment and willingness is needed in order to have progress in the search for solutions.

Tuberculosis is an infectious disease with a large social, cultural, and government component. Each
region is engaged by taking active part in different programs for diagnosis and treatment, therefore
cutting the chain of transmission within the community. Despite of the great achievements in these
governmental programs, several regions in the world still suffer from tuberculosis and show a high
transmission rate within the economically active population, patients infected by the Human Immuno‐
deficiency Virus, and other chronic diseases which frequency varies in accordance with each region.

It is indisputable that the most significant achievements in tuberculosis control have been gained by
means of scientific research which has managed to articulate community participation, traditional
medicine, cultural and religious beliefs of the communities with the most recent breakthroughs in
technology into successful initiatives. In this manner, new synthetic or natural compounds have been
studied as promising for the treatment of drug-sensitive and multidrug resistant TB. New diagnostic
methods have been provided; new vaccines have been developed, there has been evidence of infection
mechanism between the bacterium and different hosts, which have allowed to gain deeper under‐
standing of the microorganism virulence.

Knowledge and scientific research must be the starting point so that each government begins its con‐
trol plans. Results of the operative research are the ones that guide the decision-making progress to‐
wards success, and they must ensure accessibility of the population affected taking into account the
necessary cultural and religious considerations along with technological innovations under specific
conditions of each region in order to guarantee the respect for each community.

Our book collects great inputs and contributions for the control of tuberculosis as a worldwide prob‐
lem; we document significant technological, microbiological, social, diagnostic, and immunological
contributions, as well as the host-pathogen interaction, development and generation of new knowl‐
edge in the field of molecular epidemiology; and we state new scenarios as starting points for future
research that will have a positive impact on the short and middle terms on world health, expanding
the frontiers of knowledge in order to achieve an effective control of tuberculosis as a public health
issue, and providing experimental models applicable to other diseases endured by humanity.

Wellman Ribón
School of Microbiology

Universidad Industrial de Santander
Colombia





Chapter 1

Tuberculosis (TB) and Human Rights in Chiapas, Mexico

H.J. Sánchez-Pérez, Anaximandro Gómez-Velasco,
G. Leal, A. Bencomo-Alerm,
N. Romero-Sandoval and M. Martín-Mateo

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/59670

1. Introduction

Tuberculosis (TB) is a devastating disease from many points of view: from individuals
suffering the disease through public health systems, and health cost services [1]. Although TB
is a disease that can be prevented and cured, TB is worldwide spread [2]. Despite the universal
adopted Directly Observed Therapy Short Course (DOTS) strategy, TB is now more prevalent
than in any previous period of human history. According to the most recent report by World
Health Organization (WHO) [2], there were an estimated 8.6 million (8.3-9 million) new cases
and 1.3 deaths related to TB in 2013 [2]. Nevertheless, a recent study estimated that in 2013,
including in HIV-positive individuals, all-form TB incidence was 7.5 million, prevalence was
11.9 million, and number of deaths was 1.4 million [3]. In the same year and in only individuals
who were HIV-negative, all-form TB estimated incidence was 7.1 million, prevalence 11.2
million, and number of deaths was 1.3 million [3]. According with Stop Partnership TB Human
Rights Task Force, in 2009 1.7 million people died from TB, including nearly 600,000 women,
and 150,000 by multidrug-resistant TB (MDR-TB). The vast majority of deaths occur in
developing countries. In the same year, there were 440,000 MDR-TB cases (3.3% of all new
cases) [4].

In Latin America, 70% of the new cases are concentrated in five countries (Brazil, Peru, Mexico,
Haiti and Colombia) [5]. WHO estimated in 2012 that there were 219,349 new and relapsed
cases, 56% of them were smear-positives, 57% HIV positives and 1.35% MDR-TB cases [5].

Worldwide, co-infection with HIV-AIDS, co-morbidity with diabetes mellitus (DM), and the
emergence of drug-resistant Mycobacterium tuberculosis strains –the causal agent of the disease-
(DR-TB), MDR-TB, as well as the extensively drug-resistant TB (XDR-TB), and the most recent
TB strains, totally drug-resistant TB (TDR-TB) are the most accepted factors that have contrib‐

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and eproduction in any medium, provided the original work is properly cited.



uted enormously to the rise of TB [2]. A recent study has highlighted that even in places with
substantial decreases in TB incidence, prevalence and deaths, DR-TB could reverse important
gains in combatting TB [3]. In this regard, the emergence of DR-TB is iatrogenic and suggests
that the current biomedical and public health approaches for TB are failing [6].

However, renaissance of TB in the present days is caused not only by the above-mentioned
factors. It is a disease strongly associated with poverty and social inequality [7]. It affects first
of all people who have little or no access to basic services such as education, health and food,
among others. Furthermore, factors such as reduction to access to diagnostic, prevention and
treatment services increase people’s vulnerability to get TB.

Although the right to health is universally recognized and guaranteed through a range of
international, regional and national laws and treaties that the majority of countries have
ratified, the numerous evidences from all over the world indicate that it is ill implemented in
the case of TB prevention and treatment [1]. Experts point out that control over TB will require
both real compromise of governments to face the disease and the inclusion of people’s ability
to realize their human rights. However, there is little or poor discussion regarding to human
rights and its association to the control and management of TB, perhaps given the complexity
of this topic. Therefore, any health system and social security should prevent and control
diseases, either chronic or infectious, in a holistic approach (opportune and adequate diagno‐
sis, right treatment, and suitable rehabilitation), benefiting the person and his community.

The state of Chiapas lies in the southeast of Mexico and extends over an area of 74,415 square
kilometers [8]. Its estimated population, for 2014, is 5,149,319 inhabitants distributed in 122
municipalities [8]. Chiapas is one of the poorest Mexican states whose majority of population
lives in poverty. The state has important ethnographic, social, cultural, historical and socioe‐
conomic characteristics. All these factors are combined and reflect poor health indicators such
as: high maternal and child mortality, malnutrition, high prevalence of TB, lack or null access
to health services [9,10].

Chiapas has significant indigenous population (27.2% of the total population) from Mayan
groups such as Tseltal, Tsotsil, Ch’ol, Zoque and Tojolabal, among others, who are the most
marginalized population. A significant percentage (32%) lives in extreme poverty and 54% in
overcrowding conditions. Chiapas ranks in the last place among all Mexican states in terms of
both infant and child mortality and has the country’s highest maternal mortality ratio and the
highest proportion of mortality due to infectious diseases [9]. Chiapas historically has been in
the firsts places in the country, in mortality associated with diarrheal diseases, acute respira‐
tory infections, maternal mortality and pulmonary tuberculosis (PTB) [9]. Although the state’s
largest cities have greatly increased in size, 51.3% of Chiapas’s population still lives in rural
areas (less than 2,500 inhabitants), compared to the national average (23.2%) [11]. In these rural
areas, farming small parcels of collectively owned land or working as day laborers on larger
plots offers a poor and precarious existence for most residents [9].

In this chapter, we aim to examine situation of human rights compliance in the case of TB
patients residing in Chiapas, Mexico, taking into account the Mexican government’s obliga‐
tions to respect, protect and fulfill the right to health of all population. We will address the
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following topics: human rights, the right to health, principles of health rights, patient rights,
TB in several vulnerable populations (children, elderly, women, indigenous groups and
migrants); and legal health reforms in Mexico and its impact in DOTS strategy.

2. Chiapas: A brief description of epidemiological TB situation

In Mexico, in 2013 there were registered 21,381 cases of TB (in all its forms) with a incidence
rate of 16.7 per 100,000 inhabitants [12], from which 92.3% were new cases; 81.7% were PTB;
21% were associated with DM and 5.6% with HIV/AIDS; 1.05% were drug-resistant (any forms)
and 8.4% were pediatric [12]. Among the pediatric group, 68.2% were PTB and 31.8% extra-
pulmonary-TB [12]. Chiapas, Guerrero, Veracruz, Puebla, and Tabasco, are Mexican states
which contribute every year about 5,400 new cases of PTB, and this constitutes 36% of the total
national average [12]. Factors that contribute to the high prevalence of PTB in these states are:
(a) internal and external migration; (b) problems with accessibility to health services and social
security; (c) significant presence of indigenous populations; (d) more than 90% of their
municipalities are considered with low human development index [13,14]; (e) inadequate
implementation of the DOTS strategy [10]; (f) little or null access to early TB diagnosis [10].
The above-mentioned factors, related to life styles and living conditions also contribute to
health inequities increasing the high prevalence of TB in Chiapas and worldwide.

According to official data provided by the Mexican Ministry of Health, in 2012, Baja California,
Guerrero and Tamaulipas, were states with the highest incidence rates of TB, all its forms,
(54.8, 38.1 and 32.0, respectively, per 100,000 inhabitants), while Chiapas ranked eleventh place
with an incidence rate of 24.4 per 100,000 in the same denominator [15]. On the other hand,
Tlaxcala and the State of Mexico were ranked with the lowest incidence rates, 3.9 and 4.4 per
100,000, respectively [15]. Regarding to PTB, for the same year, the registered incidence rate
for the whole country was 13.6 per 100,000 inhabitants, whereas Chiapas ranked eighth with
21.8 incidence rate for the same denominator [15].

For administrative purposes, Chiapas is divided into ten health districts or sanitary jurisdic‐
tions. For 2012, the three regions with highest registered incidence rates were Tapachula,
Tonala and Pichucalco, having 59.3, 33.1 and 22.3 per 100,000 inhabitants, respectively, while
San Cristobal and Comitan regions reported the lowest incidence rate with 11.7 and 12.7 per
100,000 people, respectively [16]. However, epidemiological studies carried out in the San
Cristobal region1, also known as the Highlands region, have reported high morbidity and
mortality rates which doubles the state and national figures [9,10,17–25]. Furthermore, the
official epidemiological data is based on notified cases by the health sector systems, and this
could lead to under-quantification of cases in great part due to under-diagnosis. In Chiapas,
the main and only method to diagnose PTB is bacilloscopy which is well known to have low
sensitivity in rural and marginalized areas [26,17,19,9,23]. From the 122 municipalities located
in Chiapas, 28 indigenous municipalities reported in 2012, 203 new TB cases, from which 178

1 San Cristobal region is an area with strong presence of Tsotsil and Tseltal population, characterized by high levels of
poverty and social exclusion.
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were PTB, and 29 deaths associated with the disease [16]. It is important to highlight that San
Cristobal region is the place in Chiapas with highest number of smear positive cases with two
and three crosses (over 80%), which means both delay in diagnosis and the potential trans‐
missibility of TB in the region [16].

Regarding to TB mortality, official data for 2012, there were 2,253 deaths (in all its forms),
representing a mortality rate of 1.9 per 100,000 inhabitants [15]. From these deaths, 1,761 were
PTB with a rate of 1.5 per 100,000 people [15]. In the same year, Baja California, Sonora, Nayarit,
and Chiapas were the states with the highest mortality rate associated with TB (all its forms)
with 5.68, 4.38, 3.98 and 3.31 per 100,000 inhabitants2 [15]. The states with lower mortality rate
were Tlaxcala, State of Mexico, and Guanajuato with rates of 0.0, 0.57, and 0.69 per 100,000
inhabitants, respectively [15].

In 2011, the Prevention and Control TB Program reported 838 PTB cases, from which 90.1%
were considered as an anti-TB treatment success, while treatment defaulting and failure rates
were 4.1 and 1.31, respectively. However, health sector in Chiapas recognizes that between
2010 and 2013, 47 cases were multidrug-resistant (MDR-TB), one of which was extremely
resistant [16]. It is alarming to note, that between 2008-2014, the Tapachula Jurisdiction3

reported 73 cases of drug-resistant TB (DR-TB) (Dr. Julio Cesar de la Cruz, Coordinator of DR-
TB and Leprosy, personal communication), from which 17 had died, 5 had defaulted, 4 had
been reluctant to receive treatment, 22 were cured, 11 were still in treatment, 8 were awaiting
treatment and 6 were served by another health institution (Social Security Mexican Institute)
with no information regarding to their situation.

According to Dr. Julio Cesar de la Cruz, the main problems which account for follow-up DR-
TB cases are: (a) the lack of mycobacteriological cultures; (b) the lack of adequate medical
records by the physician treating the patients, which sometimes are incomplete and erroneous;
(c) adverse reactions from the drugs used in anti-TB treatment along with the lack of request
in time and form to treat such adverse reactions. Also, the main problems identified to
defaulting treatment are: (a) the adverse reactions; (b) the lack of adequate follow-up to
patients under treatment; (c) perception by patients who think they are cured; and (d) the lack
of financial resources from the patients, who need to continue working.

Statistics by The Population and Housing Census conducted in 2010 in Mexico [11], 38.9% of
households in Chiapas have moderate to severe food insecurity (FI)4. In 42% of households
where the head of family or spouse mentioned speaking an indigenous language, were

2 Noteworthy to mention is that in official statistics, there is a discrepancy on the data regarding to TB mortality rate of
Chiapas (all its forms); for 2011, when the mortality rate of Chiapas is compared with other states, the notified rate was
2.98 per 100,000 inhabitants (it is not indicated whether or not adjusted rate), but when a trend analysis is carried out for
the last years, only for the state of Chiapas, the mortality rate is 3.5 per 100,000 inhabitants, with 163 deaths reported.
3 This Jurisdiction is located in the border with Guatemala and is one of the main migrant passages mainly from Centro
American countries such as Guatemala, El Salvador, Honduras to United States of America. Lately is been reported
migrants from Asian and African countries. Due to its geographical location, and the number of migrants who cross this
region, a high number of TB cases is reported annually by this jurisdiction, which makes it one of the most important
area in terms of public health because the migrants poverty and bad health conditions.
4 The Food and Agriculture Organization of the United Nations (FAO) states that food security exists when "all people,
at all times, have physical and economic access to sufficient, safe and nutritious food to meet their needs and preferences,
to lead an active and healthy life". In contrast, no or uncertain access to food is defined as food insecurity (FI).
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Statistics by The Population and Housing Census conducted in 2010 in Mexico [11], 38.9% of
households in Chiapas have moderate to severe food insecurity (FI)4. In 42% of households
where the head of family or spouse mentioned speaking an indigenous language, were

2 Noteworthy to mention is that in official statistics, there is a discrepancy on the data regarding to TB mortality rate of
Chiapas (all its forms); for 2011, when the mortality rate of Chiapas is compared with other states, the notified rate was
2.98 per 100,000 inhabitants (it is not indicated whether or not adjusted rate), but when a trend analysis is carried out for
the last years, only for the state of Chiapas, the mortality rate is 3.5 per 100,000 inhabitants, with 163 deaths reported.
3 This Jurisdiction is located in the border with Guatemala and is one of the main migrant passages mainly from Centro
American countries such as Guatemala, El Salvador, Honduras to United States of America. Lately is been reported
migrants from Asian and African countries. Due to its geographical location, and the number of migrants who cross this
region, a high number of TB cases is reported annually by this jurisdiction, which makes it one of the most important
area in terms of public health because the migrants poverty and bad health conditions.
4 The Food and Agriculture Organization of the United Nations (FAO) states that food security exists when "all people,
at all times, have physical and economic access to sufficient, safe and nutritious food to meet their needs and preferences,
to lead an active and healthy life". In contrast, no or uncertain access to food is defined as food insecurity (FI).
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classified in the categories of moderate and severe FI. Moreover, 41.7% of population in
Chiapas lacks any social security scheme, although this percentage decreased with respect to
2000 (when it was 77.8%) [27], which may be explained by the introduction of the System of
Social Protection in Health (65.7%), called "Seguro Popular", a "basic package of health
services”. However, according to a recent study, this basic package has increased the inequality
gap in health services use between indigenous and non-indigenous populations [28].

In Mexico there are 150 municipalities in extreme poverty, and 28 are located in Chiapas. The
Highlands region has 11 of these municipalities, whose main characteristic is the important
presence of indigenous groups [8,13]. In Chiapas, there are at least 925,000 children (32.86% of
its population) aged between 0-14 years old [8] and the majority (60-74%) has not social security
scheme [29]. According to a study by Network for the Rights of Children in Mexico [29], the
number of children, mainly indigenous, with no social security scheme has increased which
make them more vulnerable to acquire any infectious disease. Alarmingly, in Mazapa de
Madero (a Chiapas municipality), 97.7% of its children have no access to health services [30].

In Chiapas, in 2013, there was 27,704 deaths from which 350 were children, with an infant
mortality rate of 18.16 per 1,000 live births [29], the second highest in the country. The Ministry
of Health has recognized that the infant mortality in indigenous population is 58% higher than
the national average. This figure indicates twice the probability of death of an indigenous child
before their first year of life compared to one non-indigenous. This situation is worse in rural
and indigenous areas with high socio-economic marginalization in which the infant mortality
rate has reached 75 per 1000 children, a number equivalent to those reported in Sub-Saharan
Africa [31].

Regarding to education, it is estimated that the rate of illiteracy among indigenous peoples is
four times higher (over 26% of the population aging 15 years and over) than the national
average (6.88%) [32]. Moreover, two out of three indigenous schools are multi-grade, that is,
their teachers attend more than one degree [32]. Noteworthy to mention is that in 2005 only
13% of indigenous students of sixth grade of primary school can read compared to that of the
national average (33%). On the contrary, 51% of indigenous students of sixth degree are in the
lowest level, while the national average is 25%. More alarmingly, indigenous children stop
going to school because they are engaged in working at their early age due to socioeconomic
issues [11].

3. Patients rights

3.1. What are human rights?

Human rights are universal and considered the birthright of every human being. Human rights
are aimed to safeguarding the dignity and equal value of everyone. They are inalienable, they
cannot be waived or taken away, and each one is closely related to and often dependent upon
the realization of others, and they are indivisible. Human rights are articulated as entitlements
of individuals and groups, thereby creating obligations of action and non-action, particularly
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for states [32]. Universal human rights are often expressed and guaranteed by law, in the forms
of treaties, customary international law, general principles and other sources of international
law. International human rights law lays down obligations of Governments to act in certain
ways or to refrain from certain acts, in order to promote and protect human rights and
fundamental freedoms of individuals or groups. Human rights are inherent entitlements to all
human beings without discrimination, whatever nationality, citizenship, place of residence,
sex, ethnic origin, color, religion, language, or any other status [32].

Human rights involve economic, social, political, health and cultural issues and are guaranteed
by law in national and international instruments, from local legislation to constitutions in
countries. States assume obligations under international law to respect, protect and fulfill
human rights as well as to refrain from interfering with the enjoyment of the right, prevent
others from interfering and adopt appropriate measures towards the full realization of the
rights [1,4].

The main international human rights treaties that involve the right to health, to which Mexico
is a party, are:

• The International Covenant on Economic, Social and Cultural Rights (ICESCR).

• The Convention on the Rights of the Child (the Children’s Convention, CRC);

• The Convention on the Elimination of All Forms of Discrimination against Women (the
Women’s Convention, CEDAW);

• The International Convention on the Elimination of All Forms of Racial Discrimination (Race
Convention, ICERD);

• The Additional Protocol to the American Convention on Human Rights in the Area of
Economic, Social and Cultural Rights (the Protocol of San Salvador), adopted in 1988,
entered into force in 1999), provides for the right to health and the right to a healthy
environment, and other health-related rights, such as social security.

• Convention 169 of the International Labor Organization Concerning Indigenous and Tribal
Peoples in Independent Countries (ILO Convention 169)

• The Convention against Torture and Other Cruel, Inhuman or Degrading Treatment or
Punishment (CAT);

• The International Covenant on Civil and Political Rights (ICCPR);

• The Convention on the Rights of Persons with Disabilities (CRPD);

• The American Declaration of the Rights and Duties of Man (1948), that in it’s Article XI,
refers to the “right to preservation of health”.

• The International Convention on the Protection of the Rights of All Migrant Workers and
Members of Their Families (ICRMW);
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On the other hand, in Latin American, the Inter-American Commission on Human Rights and
the Inter-American Court of Human Rights, make up the Inter-American System of Human
Rights.

4. The right to health

According with the ICESCR (Art. 12) the right to health is defined as “the right of everyone to
the enjoyment of the highest attainable standard of physical and mental health” [34]. This right
involves the right to be free from non-consensual and uninformed medical treatment, medical
experimentation, forced HIV testing, and other forms of cruel, inhumane and degrading
treatments [38]. In this sense, states have the obligation to provide adequate health services
necessary for the realization of the highest attainable standard of health. This include the right
to a system of protection (i.e. a system of prevention, treatment and control of diseases) for all
population in equal conditions, access to information and education about health, regular
provision of essential medicines, and sexual and reproductive health-care services. In fact, two
of the main steps that states should take in fulfilling the highest attainable standard of health
are the prevention, treatment and control of epidemic, endemic, occupational and other
diseases, and the creation of conditions which would assure to all medical service and medical
attention in the event of sickness [34]. In Mexico, Article 4 of its Political Constitution estab‐
lishes that “every person has the right to health protection” [35].

The right to health is dependent on and contributes to enjoy of other human rights. In
consequence also comprises the access to healthy occupational and environmental conditions,
drinking water, food, housing, education, and protection against epidemic diseases and rights
relevant to sexual and reproductive health [36]. The right to health is not an abstract aspiration;
on the contrary, international human rights norms provide a concrete set of principles by which
to evaluate the design and implementation of health policy-making and programming
[1,33,34]. The basic components of the right to health, commit to the states to guarantee that
health facilities, goods and services are: available, accessible, acceptable, of good quality and
applicable to all sectors of the population, including migrants [1,4,34,37,38]:

Availability means functioning public health and health facilities, goods (general supplies,
essential medicines and vaccinations, laboratory equipment, among others), services and
programs in sufficient quantity and in a timely manner, as well as to avoid stock shortage. It
includes drinking water, sanitation, and other determinants of health.

Accessibility includes several issues related to:

• Non-discrimination: all services and goods must be accessible to all population, especially
the most vulnerable and marginalized groups, in law and in practice. This includes mi‐
grants, independently if they are regular or irregular, and not only emergence interventions.

• Physical accessibility: provision of safe access to health services and underlying determi‐
nants of health for all groups and subgroups of population. It must be considered the
location and opening hours of health facilities.
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• Economic accessibility: affordable health services (including basic medicines) and health
insurance for all population, especially for individuals in poverty or in need of special
assistance.

• Equity: that poorer households should not be disproportionately burdened with health
expenses as compared to richer households [34].

• The right to seek, receive and impart information and ideas concerning health issues, which
includes health information in indigenous languages [38].

Acceptability: respectful of medical ethics and culturally appropriate, sensitive to age and
gender in order to reduce socioeconomic, cultural, gender and age barriers. It may include
interpretation, translated written materials and cultural mediation in health facilities (both
hospitals and health centers). Cultural acceptability requires respect for traditional medicines
and practices which have not been shown to be harmful to human health [9]. Barriers can have
negative effects on prevention, diagnostic (delays or mistakes) and medical care attention, and
affect anti-TB treatment and adequate follow-ups. It is not uncommon that people feel distrust
of government services and instances of outright denials of care or mistreatment due to such
factors as: bureaucratic arguments, ethnic, social and gender discrimination.

Quality: Health facilities, goods and services must be scientifically and medically appropriate
and good quality. It implies: sensitive and trained health professionals at all levels, scientifi‐
cally approved drugs, trustworthy laboratories, appropriate hospital equipment, adequate
sanitation and safe drinking water. In Chiapas, many of the programs administered by the
public health system are of inadequate quality [9-10, 17,19]. This situation is reflected in the
high levels of subdiagnosis of TB cases, as well as constant lack of appropriate treatment for
PTB [9-10, 17,19]

The perspective of human rights in the health services place people as the principal element
of any activity, program, policy and legislation. Thus, human rights regarding to health is
defined as: everyone should enjoy the highest possible standard of physical and mental health,
which include access to timely, acceptable, satisfactory quality and affordable health care, and
create conditions that allow people to live as healthy as possible. This is related and in function
of access to housing, jobs, clean and drinkable water, food security and education services,
among other basic services.

4.1. Principles of the right to health

The main principles of the right to health, are: principle of non-discrimination, principle of
Non-retrogression and adequate progress, principle of meaningful participation, accountabil‐
ity and multi-sectorial strategies [9].

4.1.1. Principle of non-discrimination

This principle is the core for the full realization of the right to health, as for all human rights.
In consequence all forms of discrimination create obstacles for the realization of the right to
health. The ESC Rights Committee stated that: “By virtue of article 2.2 and article 3, the
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Covenant proscribes any discrimination in access to health care and underlying determinants
of health [34]. Discrimination can adopt a lot of forms: sex, age, ethnic/race, color, language,
national or social origin, economic, political, religion, migrant status, sexual orientation,
property, physical or mental disability, health status (including HIV-AIDS, among other
status, which has the intention or effect of nullifying or impairing the equal enjoyment or
exercise of the right to health. Health personnel must not make distinction among persons in
any form because international human rights specify that all individuals, without discrimina‐
tion, must have access to health-care facilities, goods and services, especially the most
vulnerable groups [39]. Governments are obligated to ensure it. In Mexico, the Political
Constitution states the right to health in its Article 4 [35].

In addition, State responsibilities include: (a) ensuring equal protection and opportunity under
the law, as well as in policies, programs, etcetera, for the enjoyment of rights, including to
health and social security [36]; (b) to monitor the effects of their public health and social policies
and actions; and, c) to ensure that these are anchored in a system which does not allow
inequalities in the enjoyment of human rights. In order to achieve this, states are compelled to
gather disaggregated data on the realization of the rights to health, social security and
education, among others. The indicators under study must include special measures that
recognize the diversity of population groups and assist states in meeting their human rights
obligations by eliminating all forms of discrimination [38].

A study carried out in the conflict zones of Chiapas [9]5, found some of the effects of discrim‐
ination and structural inequalities faced by the largely indigenous populations. The fragmen‐
tation of communities and politicization of care and other governmental services has had
serious implications for the accessibility and utilization of health services in the region, such
as discrimination and denial of health services against patients on the basis of political and
religious affiliation, as well as on the basis of indigenous ethnicity. In Chiapas, it is common
that indigenous people feel discrimination in health services, and they claim that non-
indigenous patients are treated better than indigenous patients with better quality care, more
medicines, and a shorter wait time to be treated [10].

Other forms of discrimination are: (a) the availability of resources and programs –including
of the health sector- depending on political filiation. The effects of these discriminatory policies
have been the creation of a cycle of fragmentation and polarization among and within
communities that affect the utilization and access to health services in opposing groups to the
government; (b) the amazing differences among states in Mexico as well as between for the
insured and uninsured population with respect to distribution of health resources and health
care per capita spending: the allocation of health resources is inversely related to poverty, and
levels of unsatisfied health needs [40]; (c) indigenous people are disproportionately repre‐
sented among poor and uninsured, studies have shown that the availability of health care
resources increases when the proportion of indigenous people in a county is very low [41]; and
(d) the discrimination faced by women in Chiapas. The women’s health is affected by structural

5 In January 1, 1994, the Zapatista Army for National Liberation (EZLN) staged an armed uprising in Chiapas, Mexico
on behalf of the indigenous populations of the state, whose rights they claimed to be defending.
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problems in the health system, for example, they not participate at all in planning of health
services and the high levels of poverty in the majority of them in rural and indigenous areas,
constitutes a serious obstacle to enjoyment their rights [9] Mexico’s Constitution prohibits
discrimination in the enjoyment of all rights, including the right to health protection, and
recognizes that every person in the country shall enjoy the guarantees granted by this Con‐
stitution, and that “men and women are equal before the law”, but in practice, in Chiapas it is
not occurring. People with TB often are discriminated with exclusion and rejection, by both
society and health personnel [10,15,17,19,20,31], mainly because they are considered as source
of infection [10,23]. Health personnel avoid contact with patient with consequences in adequate
timely diagnosis, treatment and follow up, and even refusal to provide health care [43].

4.1.2. Principle of non-retrogression and adequate progress

Realizing the right to health requires not only avoiding retrogression but also deliberate steps
to make adequate progress. The ICESCR obligates States parties such as Mexico to take steps
“toward the progressive realization” of all rights contained in the Covenant to the “maximum
available extent of its resources” [34]. One of the principal governmental programs intended
to address the health conditions of marginalized people in Chiapas and elsewhere is the
“Prospera” program (firstly named Solidaridad, afterwards called Oportunidades and
nowadays Prospera). The program serves individuals who are not covered by formal health
insurance. It has an assistance perspective, which can have contradictory results since incen‐
tives do not lend recipients to have self-sufficiency or improve communal conditions. In order
to receive funding from this program, recipients must continually demonstrate that they live
in conditions of extreme poverty. As a result, women and families receiving benefits from the
program often reject other programs aimed at the improvement of their standard of living,
which may be community-oriented, so that they can continue benefiting from Oportunidades
Program (recently named Prospera) [9].

4.1.3. Principle of meaningful participation

Realization of the right to health entails providing individuals and communities with an
authentic voice in decisions defining, determining or affecting their well-being. According to
the United Nations Development Program [44] “participating in the rules and institutions that
shape one’s community is a basic human right and part of human development. More inclusive
governance can be more effective. When local people are consulted about the location of a
health clinic, for example, there is a better chance it will be built in the right place”. In Chiapas,
the socioeconomic and health situation require meaningful participation by all its citizens, and
should recognize indigenous autonomy and self-determination.

International instruments to which Mexico has voluntarily bound itself require inclusiveness
and democratic participation. People have the right to participate in the design and manage‐
ment of their health care services, as set forth under relevant international law. The Mexican
government has adopted international instruments related to genuine participation of
indigenous people’s in their own affairs, including health. The San Andrés Accords, an
agreement between the government and EZLN issued in 1996, but never implemented, would
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have provided some self-determination for indigenous communities in Chiapas and Mexico
[45]. However, in contrast to other states in the region, the government of Mexico has never
adopted national legislation to incorporate its international obligations into domestic law [9].
Nor has it recognized some meaningful degree of autonomy for indigenous communities, in
relation to the organization and delivery of social services [9].

Under international human rights law, participation requires more than using local health
promoters, on the contrary, states should provide resources and support for that communities
be able to define their own health priorities, design, deliver and control their health services
[9]. True rights-based participation requires programs that enable people to be active, informed
and critical agents and citizens, rather than objects of charity [46].This include formulation,
implementation and monitoring of health policies and programs. In Chiapas, genuine
participation of population (indigenous, civil society, women, etcetera) in matters relating to
health decisions, except Zapatistas communities, is poor or absent.

4.1.4. Principle of access to information

Three main aspects are important to have access to information. Firstly, every person must
have accessibility to health information, that include the right to seek, receive impartial
information and professional opinions in an accessible social and cultural format, easy to
understand, and according to different groups of society. In the case of TB, breach of this right
may result in misinformation about the disease, causing much greater probability of infection
to closer, stigma, and social discrimination. As a consequence, chain of transmission of the
disease is not interrupted, and increase the probabilities to defaulting because of lack of both
family and social understanding and support, and with the possibility that patients are not
cured, continue to infect other people, and even worse, die [10,24].

Secondly, social participation and monitoring health issues are impossible without access to
information. In Chiapas, the compliance of this principle is inadequate. On the one hand, there
is not transparency in information: government data is not easily accessible by the public,
academics or interested non-governmental organizations. Public servants tend to not propor‐
tion health information because they feel that, if indicators for example, are “not good”, they
can be affected and be the cause that they have to leave their job. On the other hand, health
data collected is usually no disaggregated by variables of great useful and interest. For
example, in an study to analyze TB mortality, we reviewed the registers of the TB Prevention
and Control Program, and data about ethnicity, occupation and schooling of patients, were
absent [10].

Finally, in Chiapas there is a consistent pattern of under-diagnosis and under-reporting health
data, including TB and others health problems as maternal deaths. In several studies carried
out by our work team, we have detected cases of PTB at least three times than the official state
level [9]. In addition, we have observed that many health workers do not keep any medical
records of their patients –especially in those cases when patients come from other villages- and
that patients complain of not being made aware of their most basic rights, such as their right
to their medical records or to informed consent in medical procedures.
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4.1.5. Principle of accountability

It is important that all states ratify international instruments which provide protection for the
right to health, and of enacting and implementing legislation in domestic legal orders, as well
as incorporate enables courts to adjudicate violations of the right to health to provide sanctions
for violations to human rights and, in this case, the right to health. Additionally, accountability
needs the adoption of a framework law to operationalize and monitoring the right to health.
For example, a human rights ombudsman with authority to investigate and sanction perpe‐
trators in cases of violations to the right to health. In Mexico, in spite of Mexico’s General Health
Law ensures health protection, and contains programmatic provisions, which commit the State
to action on health matters, in practice there is no effective monitoring and oversight, as well
as remedies for victims of violations [33]. Medical negligence cases are generally brought to
the National Commission on Human Rights (CNDH), state human rights commissions, and
the National Medical Arbitration Commission (CONAMED). Although they can review
negligence claims brought against individual providers, these institutions only deliver
mechanisms to enforce the patient rights against malpractice set out under Mexican law.
Mechanisms such as the amparo (protection writ), which is commonly used in civil and political
rights violations cases, would need to be reformed in order to: (1) provide people and groups
with a collective remedy; and (2) establish precedent for other related cases. Even in individual
cases, Mexican judges have been inappropriately reluctant to use the amparo to enforce the
right to health under the apparent misconception that “programmatic rights” are not action‐
able [9].

4.1.6. Principle of multi-sectorial strategies

The right to health goes beyond the provision of medical care as well as the health sector. States
must have institute coherent with development and food security policies, which incorporate
health affairs. It includes the promotion of adequate living conditions, access to sufficient safe
drinking water, to basic sanitation for disposal of excreta, access to educational opportunities
(especially for women) and access to arable land, among other issues. In spite of Mexico’s
General Health Law sets out an integrated, multi-sectorial approach to health, calling on
ministries of health, education, and labor to work jointly to, inter alia, to fulfill goals of the
National Health System. This coordination efforts seeks to integrate biological and socioeco‐
nomic factors essential to good health, however, in practice this is not materialized. Evidence
of this, are the high rates of diseases associated with poverty –including TB- in Mexico as a
whole, but particularly in Chiapas, as a result of a failure of the Mexican government to
establish a coherent rural development policy, which should incorporate health issues [9].
Therefore, coordination efforts among health, agricultural, educational, socioeconomic sectors
should combat the unfavorable health conditions of vulnerable populations. Likewise,
governments at different levels (Federal, State, and local) should coordinate efforts to strength
social security programs that met communities’ health needs and adopt approaches that
encourage cooperation and capacity-building. In Chiapas there is not adequate coordination
between health sector and government and non-government sectors. There are fragmentation,
dispersion and, sometimes, objectives in one direction in some programs, and in other direction
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in others [9]. For example, the “Vida Mejor (Better life)” program focused for women and child
in Chiapas, does have multi-sectorial components, and is directed towards the community. Its
impact has been limited because it competes with the federal program Oportunidades (now
named Prospera), which provides incentives for individuals and individual families to opt out
of Vida Mejor in order to retain their benefits from the Oportunidades. The lack of coordination
between these programs undermines potential progress in advancing the affected populations’
right to health.

In summary, as we stated before, the perspective of human rights in the health services should
place people as the principal element of any activity, program, policy and legislation. However,
most human rights are far from being met for the majority of the population. The right to health
is among rights which have tendency not to be considered as universal human right, but as a
merchandise [47]. This view of right to health emphasize on lifestyles promoting health
consumption, where individuals are victims and murders of their health-disease process.

5. The right to social security

According to the ICESCR, the States parties “recognize the right of everyone to social security,
including social insurance (Art. 9)”. This right encompasses the right to access and maintain
benefits, whether in cash or in kind and without discrimination, in order to secure protection,
inter alia, from (a) lack of work related income caused by sickness, disability, maternity,
employment injury, unemployment, old age, or death of a family member; (b) unaffordable
access to health care; and (c) insufficient family support, particularly for children and adult
dependents [48].

Social protection strategies such as cash transfers, microcredit, and training might be harnessed
to improve social and health conditions of vulnerable groups and therefore preventing and
mitigating causes and effects of TB. However, in some regions of Chiapas health programs -
including TB diagnosis and treatment- have been politicized threatening patients life and
hindering prevention and control of disease transmission [9,10].

6. Patient rights and TB

The five elements of DOTS and the six components of the TB Stop strategy should ensure TB
prevention, diagnosis and treatment to achieve early case detection and successful treatment
[49,50]. Nevertheless, those elements are not satisfied due to inadequate implementation of
DOTS in highly marginalized settings, where TB is often endemic or with high prevalence,
such as in Chiapas, Mexico.

It might be considered that TB is a disease that can be “easily” diagnosed (mainly the pulmo‐
nary form), prevented, treatable and curable, but it may lead to death if neglected. How TB
might be neglected? The failure of BCG to prevent M. tuberculosis infection, the appearance of
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DR-TB M. tuberculosis strains, the lack of an effective and affordable diagnostic methods, and
the growing HIV-AIDS as well as DM, threaten to overwhelm current TB control strategies in
many endemic areas where resources, human and material, are scarce.

6.1. Right to prevent TB: The failure of the BCG vaccine

Active immunization is one of the essential components of TB control. The bacilli Calmette-
Guérin (BCG) live vaccine was developed in 1909 by Albert Calmette and Camille Guérin and
is still the only worldwide vaccine used to protect against TB [51]. Despite its global use, with
over 100 million doses given annually, its efficacy remains controversial since in randomized
controlled trials and case control-studies range from detrimental effect to 80% protective
benefit [52], and 50% in a meta-analysis of the literature [53]. However, other studies have
shown its efficacy against severe forms of childhood TB, principally milliary and meningitis
[54], but limited benefit in preventing adult PTB, the form that is the most contagious and
hence fuels the continuing epidemic [52]. This variation has been attributed to genetic and
antigenic differences between BCG strains, geographic localization, and previous exposure to
environmental mycobacteria and genetic variation of the human population [51].

The WHO recommends that BCG is given at birth, or shortly after birth [55]. However, some
countries do not follow this guideline. BCG vaccination is not used at all in Netherlands and
USA [52]. In Norway, BCG is given only to school age or older children, while in the United
Kingdom, Sweden, and Switzerland is administered to risk groups only (health care workers,
people with positive tuberculin skin test, etc.) [52]. The WHO also recommends applying BCG
vaccination in countries with high burden of TB, including in HIV endemic areas, but vacci‐
nation of adults is not normally recommended [37, 38].

In Mexico, the BCG vaccine started to be used in 1951, but its massive application to the
Mexican population was on 1973 [57]. Although BCG vaccination is part of the national
childhood immunization program [57–59] and provided free by the state, its coverage remains
uncertain and impact of BCG vaccination on transmission of M. tuberculosis is therefore limited,
especially in regions such as Chiapas, with poor or null access to health services.

The Mexican National Council for Vaccination (Consejo Nacional de Vacunación, CONAVA)
and the state vaccine programs organize the vaccination campaigns all over Mexico [58].
Application of vaccines is considered a universal human right, regardless whether children
are engaged in an official health service. Thus, in Mexico and Chiapas children under five years
old must have vaccination booklet, a certificate that documents all vaccines, including BCG,
offered by official health services. According to official data, Chiapas’ BCG vaccination
coverage for children was 97.6% in 2012, while coverage at the national level in this year was
96.7% [27]. However, the percentage of vaccinated children might be lower due to several
regions of the state have null or lack of access to health services as well as political or religious
conflicts that act as barriers to the health services. To exemplify this situation, a study carried
out in three regions of Chiapas (North, Highlands, and Jungle), between 2001 and 2002, only
76.4% children under five years old had received their complete scheme vaccination [9]. This
study also documented that official health services did not vaccinate children because parents
either were not registered in an official program or belonged to a distinct political affiliation
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[19]. Furthermore, there was no BCG vaccine available because vaccine campaigns have ended
at the time parents took their children to the clinic [19]. Unfortunately there is no a current
study assessing the actual vaccination coverage in Chiapas.

Since there is uncertainty regarding to the protection time, some countries undertake BCG
revaccination programs. However, such programs have been considered highly costly [60–62],
because the price of preventing a single case of TB appears to be nine times greater than treating
a single patient with PTB [61]. Furthermore, revaccination has been associated with the
decrease childhood and adolescent TB in Hungary and Poland [52], but not in Chile [63] and
Brazil [62].

Independently of benefit-cost ratio effectiveness, meningeal TB (MTB) sometimes yields a
variety of complications, including permanent disability [64]. If BCG vaccine is a cost-effective
intervention against severe childhood TB, as based per disability-adjusted life year (DALY), its
prevention could be an important reason to continue revaccination [46].

One of the highest priorities of TB research is to develop vaccines that are more efficacious for
preventing TB than BCG. Novel vaccine development has accelerated in the past years, with
at least 16 candidates entering human trials, and a few vaccines have entered into Phase 2b
efficacy studies. However, different vaccines may be needed due to the varying disease states
(latently infected, or active), the ages affected (infants, adolescents, young and the elderly),
and patient health status (HIV and immunocompromised patients especially) [65,66]. It has
been argued that the development of a new vaccine is highly costly due to the relatively
regional incidence of TB, despite the high worldwide prevalence. It has been estimated that
proof-of-concept trials that use clinical endpoints are necessarily very large (1000-35,000
subjects) and highly expensive, a cost that countries with high incidence cannot afford in the
development of a new vaccine [67].

On the other hand, the satisfaction of the following rights prevent vulnerability to TB: Non-
discrimination, right to health, to work, to adequate housing, food and safe drinking water
and sanitation, right to education and right to information [4].

6.2. Active case contact finding and prophylaxis

Clinical manifestations of TB are simply divided into a binary classification: active disease and
latent infection. M. tuberculosis is transmitted to person to person through aerosols, but not all
develop the active disease [68,69]. Healthy individuals might suppress M. tuberculosis
following infection, with only a 10% lifetime risk of latent TB infection (LTBI) reactivating into
active TB disease, most commonly within a few years after exposure [68,69]. Persons closely
exposed to individuals with active infection (i.e. index case) are at higher risk for infection and
to ultimately develop active TB [70]. Risk is largely determined by the frequency and duration
of exposure to the index case, and increases in persons with HIV-AIDS, DM, and tumor
necrosis factor (TNF) neutralization therapy for other diseases [68,69]. Identifying and
prophylactically treating close contacts at higher risk, such as children and people with DM
and HIV-AIDS, has therefore become priority to disrupt transmission chain.
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Contact investigation involves the systematic evaluation of the contacts of known TB patients
to identify active disease or LTBI [71]. The WHO has launched guidelines, which should be
applied according to specific settings and among risk groups [53]. However, screening
depends on many conditions: (a) capacity of health systems (availability of human and material
resources as well as infrastructure); (b) focus risk group; (c) objective of screening; and (d)
epidemiological situation.

WHO has  recommended that  screening should be  carried out  in  settings  where  the  TB
prevalence  in  the  general  population  is  100  per  100,000  population  or  higher  and  in
subpopulations that have very poor access to health care, such as people living in urban
slums, homeless people, people living in remote areas with poor access to health care, and
other  vulnerable  or  marginalized  groups  including  some  indigenous  populations,  mi‐
grants and refugees [53].

Chiapas met all the above conditions to perform screening to search for active and latent
TB infection. It is well known that marginal groups are the ones presenting the highest TB
morbidity and mortality rates; however, their characterization is not usually considered in
the design of programs for their prevention and control. Thus, TB continues to cause high
rates of transmission, death and rising health costs in these marginalized groups, which
represents  a  violation  of  their  human  rights  as  a  consequence  of  the  governmental
incapability  of  preventing  this  situation.  Our  research  team  has  performed  active  case
finding  in  diverse  regions  of  Chiapas  and  has  found  worrisome  high  morbidity  and
mortality rates due to PTB [13-15, 17-23] (Table 1). It is alarming to note that in some regions
of Chiapas, high PTB incidence have reached 276.9 per 100,000 in inhabitants aged 15 and
over [21], one of the highest in the world for 1998. It is also probable that PTB incidence
in  Chiapas  is  underestimated,  in  part  due  to  under-diagnosis.  TB  cases,  and  therefore
incidence rates notified by health sector systems, basically corresponds to cases detected in
health  services  by  smear  microscopy  examination,  that  it  is  well  known,  to  have  low
sensitivity in rural and marginalized areas [9,10,17,19].

TB control programs are emphasized in adults. However, children contribute to the caseload
related to the disease and experience morbidity and mortality. In 2013, Chiapas, reported 1,238
new TB cases, from which 129 (10.4%) were pediatric (defined as those aged ≤19 years old) (Dr.
Alied Bencomo-Alerm, records of Prevention and Control TB Program at the Highlands
region). Yet, these estimations might not reflect the real magnitude of TB in children because
of the technical challenges in diagnosing pediatric TB. In an attempt to identify TB in children,
the local TB prevention and control program performed a pilot study in the Highlands region
using a point-based scoring system to aid in detecting TB in this vulnerable population. This
pilot study detected two TB cases in children < 5 years old. However, the study was limited to
only health services settings. This point-based scoring system has become an invaluable tool
for detecting pediatric TB at the community level. Nevertheless, health staff and mothers
should be trained and supervised through the application of this point-score system to ensure
its reliability and validity (Dr. Alied Bencomo-Alerm, unpublished data)

Tuberculosis - Expanding Knowledge16



Contact investigation involves the systematic evaluation of the contacts of known TB patients
to identify active disease or LTBI [71]. The WHO has launched guidelines, which should be
applied according to specific settings and among risk groups [53]. However, screening
depends on many conditions: (a) capacity of health systems (availability of human and material
resources as well as infrastructure); (b) focus risk group; (c) objective of screening; and (d)
epidemiological situation.

WHO has  recommended that  screening should be  carried out  in  settings  where  the  TB
prevalence  in  the  general  population  is  100  per  100,000  population  or  higher  and  in
subpopulations that have very poor access to health care, such as people living in urban
slums, homeless people, people living in remote areas with poor access to health care, and
other  vulnerable  or  marginalized  groups  including  some  indigenous  populations,  mi‐
grants and refugees [53].

Chiapas met all the above conditions to perform screening to search for active and latent
TB infection. It is well known that marginal groups are the ones presenting the highest TB
morbidity and mortality rates; however, their characterization is not usually considered in
the design of programs for their prevention and control. Thus, TB continues to cause high
rates of transmission, death and rising health costs in these marginalized groups, which
represents  a  violation  of  their  human  rights  as  a  consequence  of  the  governmental
incapability  of  preventing  this  situation.  Our  research  team  has  performed  active  case
finding  in  diverse  regions  of  Chiapas  and  has  found  worrisome  high  morbidity  and
mortality rates due to PTB [13-15, 17-23] (Table 1). It is alarming to note that in some regions
of Chiapas, high PTB incidence have reached 276.9 per 100,000 in inhabitants aged 15 and
over [21], one of the highest in the world for 1998. It is also probable that PTB incidence
in  Chiapas  is  underestimated,  in  part  due  to  under-diagnosis.  TB  cases,  and  therefore
incidence rates notified by health sector systems, basically corresponds to cases detected in
health  services  by  smear  microscopy  examination,  that  it  is  well  known,  to  have  low
sensitivity in rural and marginalized areas [9,10,17,19].

TB control programs are emphasized in adults. However, children contribute to the caseload
related to the disease and experience morbidity and mortality. In 2013, Chiapas, reported 1,238
new TB cases, from which 129 (10.4%) were pediatric (defined as those aged ≤19 years old) (Dr.
Alied Bencomo-Alerm, records of Prevention and Control TB Program at the Highlands
region). Yet, these estimations might not reflect the real magnitude of TB in children because
of the technical challenges in diagnosing pediatric TB. In an attempt to identify TB in children,
the local TB prevention and control program performed a pilot study in the Highlands region
using a point-based scoring system to aid in detecting TB in this vulnerable population. This
pilot study detected two TB cases in children < 5 years old. However, the study was limited to
only health services settings. This point-based scoring system has become an invaluable tool
for detecting pediatric TB at the community level. Nevertheless, health staff and mothers
should be trained and supervised through the application of this point-score system to ensure
its reliability and validity (Dr. Alied Bencomo-Alerm, unpublished data)

Tuberculosis - Expanding Knowledge16

Region studieda Study population
Number of
population
studied

Prevalence of pulmonary
tuberculosis (PTB)

Year Reference

Border (Second
level Hospital)

Considerable percentage
were indigenous people
(Mayan Tojolabal)

221
21% of chronic coughers studied,
hospital users, aged 15 years and
over,

1994 [18]

bBorder
Considerable percentage
were indigenous people
(Mayan Tojolabal)

2,203
11.1% of chronic coughers studied
users of primary care services

1997 [19]

cBorder
19% indigenous
(Tojolabal)

11,274
276.9 per 100,000 people aged 15
and over

1998 [22,26]

d Los Altos
Mainly indigenous (Tsotsil
and Tseltal Mayan)

529
78 people deceased for whom the
cause of death was associated
with TB.

1998-2009 [10,24]

e Los Altos, Selva
and Norte regions

Mainly indigenous
(Tsotsil, Tseltal Mayan
Lacandon, Chol)

2,997
households

161.2 per 100,000 persons aged 15
years and over.

2000-2001 [9]

f Soconusco 710,716f 59.3 per 100,000 inhabitants 2013 [16]
g Central 705, 201g 19.7 per 100,000 inhabitants 2013 [12]

a Local Ministry of Health divides Chiapas into ten administrative regions. In 1994, an armed uprising begun led by the
Zapatista Army for National Liberation (EZLN or Zapatistas) on behalf of the indigenous population of the state,
which claimed the compliance of their human rights, including health services. After twenty years, the socioeconomic
situation of majority of indigenous people has not undergone significant changes.
b Active case finding of patients with chronic cough (15 days or more) was carried out among all patients aged over 14
years seeking consultation in a random sample of seven primary care centers; 573 coughers were found.
c The PTB incidence rate was extremely high in relation to official statistics reported during 1998 for Chiapas and Mexi‐
co (as a whole), 34.2 and 19.1 per 100,000 inhabitants. Authors also estimated that TB incidence rate might have reached
400 per 100,000 inhabitants aged 15 and over, if extrapulmonary cases were considered. The study included 32 com‐
munities.
d This study aimed to analyze the PTB mortality of a cohort of patients in Los Altos Region of Chiapas, who had been
diagnosed with PTB from January 1998 to December 2002. The records of the TB Program were reviewed, and patients
were located through a search attempting to locate them in their homes. Of the 40 deceased due to PTB found, 33 died
without having received any medical care. Advanced age was associated with higher PTB mortality, and this indicates
that among older patients, the accumulation of unfavorable living conditions (malnutrition and poverty) together with
the probably deficient medical care by health services, make them an especially vulnerable group. Furthermore, only
five of them had been treated via DOTS. The difference in the death proportion between those not treated via DOTS
and those treated via DOTS was considerable (93.6% versus 6.4%, respectively).
e This study undertook the first comprehensive population-based health research in the conflict zone. The study carried
out household survey in the municipalities most affected by the armed conflict among three types of communities: op‐
position, pro-government and divided communities, i.e. which contained both opposition and pro-government
groups. The PTB rate found, at the time of the study, was at least three times greater that registered for Chiapas State
as a whole.
f Data taken from Ministry of Health (Secretaría de Salud, SSA). In 2013, according to official statistics, the Soconusco
and Central regions have the highest incidence rates of PTB in Chiapas, with 59.3 and 19.7 per 100,000 inhabitants, re‐
spectively. The Soconusco region is another border area and limits Mexico and Chiapas from Guatemala; it is charac‐
terized for its high migration of Centro American people crossing Chiapas to United States of America.
g In the Central region is located the capital of Chiapas; the high incidence might be explained due to centralized health
services.

Table 1. Research projects carried out, from 1994 to 2010, at different regions of Chiapas, Mexico, to assess the
epidemiological situation of TB.
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On the other hand, the tuberculin skin test (TST) and interferon gamma release assays (IGRAS)
have been proposed as a means to identify people with LTBI. Yet, in many countries including
Mexico, efforts are focused in detecting active cases, despite the effect of isoniazid treatment
for LTBI to reduce the risk of progression to active TB. In resource-poor settings TST is rarely
available, and IGRAS are not even considered due to their high cost and complexity to interpret
[68]. Downsides that are common to both TST and IGRAS are that they do not differentiate
active from latent infection, nor do they provide any direct evidence of the presence of viable
bacilli, and are not specific to M. tuberculosis (for example, M. avium may cause false positive
test); all those factor hinders IGRAS useful in detecting LTBI in poor resource settings [72].
They simply determine that infection has at some point led to an acquired immune response
that is detectable following re-challenge with antigen.

Mexico does not have an efficient program to follow-up close TB contacts; consequently, no
reliable records exist to determine the prevalence of LTBI at national level. This situation is
especially true in Chiapas, which is one of the poorest states of the country, as well as one of
the most highly indigenous, marginalized, with high number of rural and dispersed com‐
munities, as well as presence of socioeconomic, political, and religious conflicts, and lack of
health care resources. All these factors combine and reflect poor health indicators, including
TB, for the state [9,10].

The Mexican official norm (NOM-006-SSA2-1993) continues to state that healthy adults with
positive TST should not receive prophylactic treatment unless people are HIV positive and/or
with DM [73]. TST is the only screening test used in Mexico to determine LTBI [74,75]. When
resources are available, and when cost-effectiveness is assessed against a range of other
expensive health interventions, TB screening in selected risk groups may be affordable and
have relatively low opportunity costs. Whether a country is struggling to eliminate TB, and
needs to invest additional resources to effectively provide those who are hardest to reach (see
section: vulnerable populations), screening selected high-risk groups may be a key part of the
response to tackle TB. In this regard, some studies have used IGRAS in Mexican population,
but those studies have been focused in some risk groups such as injection drug users [76],
migrant agricultural workers [77], PTB contacts [78,79], dairy farm and abattoir workers [80],
and HIV-infected people [81,82]. Controversial results have emerged when comparing TST
and IGRAS [83]. In Chiapas there is no a single study assessing the levels of LTBI, but it might
be expected to be high due to endemic prevalence of the disease as we described previously.

Some studies suggest that use of IGRAS is indicative of an approximately eight-fold higher
risk of progression to TB disease within two years on a cohort of adolescents in a high-TB
burden setting [84] and in low income countries [85,86]. Although neither TST nor IGRAs has
real value to diagnose TB among adults from low- and middle-income countries, TST appears
to perform well to identify LTBI among close contacts of individuals with TB in Mexico. If the
detection of people with active and LTBI is improved, as well as the adequate anti-TB treat‐
ment, situation of TB in Chiapas could be much better than today.
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6.3. Right to receive free, timely and appropriate diagnosis and treatment

Due to the increase of TB worldwide during the 1990’s, WHO launched the DOTS strategy
which comprises free TB diagnosis and treatment specified in five components: (a) political
commitment with increased and sustained financing by governments; (b) case detection
through quality-assured bacteriology, (c) standardized treatment, with supervision and
patient support, (d) an effective drug supply and management system, and (e) monitoring and
evaluating system, and impact measurement [49]. National governments that have adopted
this strategy, including Mexico, must ensure all the above elements in order to provide
adequate TB diagnosis and treatment. However, there are hidden costs assumed by patients.
In a study conducted in Malawi [87], the cost of obtaining diagnosis for TB could represent up
to 244% of the total monthly family income. These expenses were related to transport and the
loss of working hours.

Although DOTS has been the landmark of TB control, many people with TB remain undiag‐
nosed or are diagnosed only after long delays. This strategy was developed only from a
biomedical orientation without including other dimensions such as social, economic, cultural,
linguistic and physical access to TB services as well as migration and stigmatization
[10,17,19,21,23,26].

The high burden of undiagnosed TB causes much suffering and economic hardship, not only
for the individuals who have TB but also their families [88]. This burden is determined by a
range of factors, such as socioeconomic status, clinical needs, health system structure, TB
service delivery model, distance to health services, insurance coverage, capacity to work,
existence of any social protection scheme, and effectiveness of informal social networks
supporting patients and families [88].

Most countries aim to provide TB diagnosis and treatment free of charge within public health
services. Access to free TB care has expanded substantially over the past two decades through
national efforts and global financial support [88]. However, many TB patients and their
families are still facing very high direct and indirect costs due to TB illness and care-seeking,
hampering access and putting people at risk of financial ruin or further impoverishment. Total
costs for TB diagnosis and treatment might range from 55 to 8,198 United States Dollars (USD),
which include the following components: direct medical costs (consultations, tests, medicines
and hospitalization, etcetera), direct non-medical cost (transport, food, and accommodation
during healthcare visits) and indirect costs (lost income) [88].

The following rights increase access to quality TB diagnosis, treatment, care and support: Non-
discrimination, access to health services and anti-TB treatment, right to participation, infor‐
mation, education, right to social security and financial protection, right to privacy, freedom
of movement, right to body integrity and freedom from torture and inhuman or degrading
treatment, right to due process protection, Siracusa principles, and right to enjoy the benefits
of scientific progress and its applications [4].

Chiapas was one of the first Mexican states which adopted DOTS strategy [89] and therefore
Mexican and state governments assumed the responsibility to provide free diagnosis and
treatment. Although it is stipulated that the anti-TB treatment is free for all population, it is
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quite often that anti-TB drugs supply is not available for local TB programs during large
periods of time, even weeks. Chiapas is considered a high priority for prevention and control
of TB due to the presence of many DR-TB cases [16]. Moreover, a study carried out in three
different regions of Chiapas identified serious deficiencies in both the detection and treatment
of PTB, as well as alarming conditions that expose people to risk to PTB [9]. This study found
29 cases of PTB, from which four had not received any medical care. Of the 25 that had received
medical care, 22 had done in government health services and three in private services. Of these
25 cases, ten had not received any diagnosis, thirteen had been diagnosed with PTB, and two
received diagnosis other than PTB. From the 13 who were diagnosed by health services, one
had not received any treatment, six were receiving anti-TB drugs, and six had failed to comply
due to several irregularities and deficiencies in their treatment [9]. Furthermore, the study also
highlighted that patients with PTB did not seek health care due to lack of money, great walking
distance to nearest clinic, denial of health service, and mistreat by health personnel [9].
Whether TB patients receive free and adequate treatment by health services, their socioeco‐
nomic conditions (poverty, malnutrition, overcrowding, marginalization, etcetera) makes
them at high risk for defaulting treatment, either by the need to work and support their family,
or by the adverse effects of anti-TB drugs [10,19,23,90].

Economically productive people affected by TB are unable to work, and this has immediately
consequences for the family. Patients with TB and their family are condemned to a higher level
of poverty that often has a negative impact on their living conditions. Incapacity to work
reduces access to food, and forces other members of the family into the labor market. In many
occasions, children become the work force for the family and drop out their education. WHO
[1] has stated that if the social determinants of disease such as poverty, social exclusion, poor
working conditions and food insecurity, are not tackled, TB will remain a major public health.
Poverty has strongly been associated with prevalence of TB. In Mexico, in 2012, almost half
(45.5%) of its population lives in poverty [91], whereas Chiapas has 74.7% of its population in
poverty conditions [92]. The fact that Chiapas is one of poorest Mexican states and the
considerable shortage of health resources in the country, suggests that TB is, and will continue
to be a serious public health issue in terms of morbidity and mortality with impact in health
costs care. Our studies reflect this epidemiological situation in which we have reported high
incidence and mortality rates (See Table 1).

6.4. Public or individual health rights?

TB is transmitted to person to person and this implies and requires both individual and public
rights [93,94]. A fundamental function of government is public health protection that requires
formulation and implementation of policies in order to prevent transmission of diseases such
as TB [93,94]. Public health is sometimes used by States as a ground for limiting the exercise
of human rights. In the case of TB, governments have traditionally focused on preventing
transmission of disease by controlling the movement of infected persons [93,94]. However,
this causes a tension between individual rights and public health security, because govern‐
ments must protect public health as well as safeguard legal rights of individuals [93,94]. PTB
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poses a serious demonstrable threat to the public health, especially when any DR-TB strains
are being transmitted from endemic to global settings [95].

International law provides rights-limiting principles, which might justify enforcing compul‐
sory measures against TB patients who refuse to have diagnostic procedures or who refuse to
be monitored and treated once disease is confirmed [93,94]. Restrictions of human rights are
permitted, on limited duration and subject to review, if there is a need to protect public health,
but these limitations must fulfill the five criteria of the Siracusa Principles [96]:

a. The restriction is provided for and carried out in accordance with the law;

b. The restriction is in the interest of a legitimate objective of general interest;

c. The restriction is strictly necessary in a democratic society to achieve the objective;

d. There are no less intrusive and restrictive means available to reach the same objective;

e. The restriction is based on scientific evidence and not drafted or imposed arbitrarily i.e.
in an unreasonable or otherwise discriminatory manner.

Since interaction between infectious people and those susceptible to infection is a strategy to
interrupt TB transmission, some countries have adopted two approaches: (a) isolation, the
segregation of presently infectious people; and (b) quarantine, the segregation of people
exposed to TB but who are not yet infectious [97]. Isolation might be acceptable under
appropriate and effective means of preventing transmission if patients are released as soon as
transmission becomes unlikely [97]. However, quarantine is unethical for TB [97]. Either way
there are implications in both individual and collective human rights. The high incidence rates
of MDT-TB and XDR-TB in South Africa has challenged both points of view [98].

7. TB in several vulnerable populations: Children, elderly, indigenous
groups, migrants, and women

All societies are vulnerable in several ways and factors that contribute to this are: physical,
economic, social, cultural, ethnicity, religious, language, and political, among others. All these
conditions might determine people´s level of vulnerability. Poverty is one of the major
contributors to vulnerability, because poor people are more likely to live and work in areas
exposed to potential hazards, while they are less likely to have resources to affront such
hazards. Since the vast majority of people living with TB are from the poorer and vulnerable
segments of the society, the global TB control goals cannot be met unless these populations
segments have sufficient social and economic empowerment [1]. Key social determinants of
TB that include food insecurity, malnutrition, hunger, poor housing and environmental
conditions, as well as financial, geographical, cultural and linguistic barriers to health care
access, should also be addressed in order to achieve TB control and management [99]. Thus,
TB is deeply associated with vulnerability conditions such as: (a) poverty because of the low
socioeconomic status which implies legal, structural and social barriers that impede access to
health services and, in consequence, difficult TB prevention, diagnosis and treatment care; (b)
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demographic factors like age, sex and ethnic group; and, (c) socioeconomic issues as migration,
among others.

7.1. TB in children

In Chiapas, as in worldwide, TB in children is a crucial issue that has not received enough
attention despite that this state has a very high TB mortality rate among adult population –as
was stated before- and adult persons with TB can transmit the bacteria to their family members,
including children.

In 2012, WHO estimated that TB incidence among children (aged <15 years old) was 530,000,
from which the total number of deaths from TB among HIV-negative children was estimated
to be 74,000 [2]. However, these figures do not show the real burden of TB in children because
TB prevention and control programs are emphasized in adults, who mainly having the PTB
form. In this regard, TB in children is not considered a source of infection and therefore they
are a vulnerable population whose rights are violated for not receiving appropriate diagnosis
and treatment. TB diagnosis and treatment for children is difficult due to the following reasons:
(a) non-specific symptoms and problems in confirming diagnosis, requiring more expensive
diagnostic methods and experienced physicians; and (b) treatment is challenging due to the
lack of child-friendly formulations and difficulties in monitoring toxicity [100].

Globally, TB in children represents 5% to 30% of all cases, but regions with incidence greater
than 15% indicates poor TB control [2]. In Mexico, 8.4% new cases registered in 2013 were
pediatric  [15].  The  most  common  forms  of  TB  in  children  in  Mexico  are  pulmonary,
lymphatic,  renal  and meningeal,  while  miliary  TB continues  to  be  present.  From these,
miliary  and  meningeal  forms  of  TB  are  the  most  dangerous  to  the  child.  The  risk  of
developing the disease varies according to age, increasing overall for those 10 years and
over, while severe forms predominate among children under five. The Mexican states that
reported highest incidence rates of TB among children in 2013, were: Baja California (18.5%),
Chiapas (12%) Guerrero (8.5%), Tamaulipas (8.5%), and Nuevo Leon (7.7%) [15]. Howev‐
er, the Highlands region, which is characterized by large presence of indigenous groups,
the incidence rate of  TB in children has reached up to 22% [101].  The latter  figure con‐
trasts to that reported by official statistics, in which this region had the lowest incidence
rate (11.7 per  100,000 inhabitants),  even below the national rate [16].  Despite these num‐
bers, the burden of TB in children for Chiapas and Mexico is unknown and is expected to
be much greater due to the high prevalence of disease, lack or null access to health services,
and problems in diagnosis, preventing and treating patients [9,10].

Finally, it is important to remember that in the “International Childhood Tuberculosis
Meeting” [102] carried out in 2011, were set out, among others, the next key aspects:

• Children with TB infection today represent the reservoir of TB disease tomorrow.

• Children are more likely to develop more serious forms of TB such as meningeal and miliar,
resulting in high morbidity and mortality.
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• Despite policy guidelines, the implementation of contact tracing and delivery of isoniazid
preventive therapy (IPT) to young and HIV-infected children is often neglected by public
health programs.

• Most public health programs have limited capacity to meet the demand for care and high-
quality services for childhood TB.

• BCG, the only licensed TB vaccine, has limited efficacy against the most common forms of
childhood TB and its effect is of limited duration.

• Due to inadequate case detection it is estimated that a large number of children suffering
from TB are not appropriately treated. This is further compounded by drug stock outs and
the lack of child-friendly formulations of drugs for TB treatment and prevention.

• Children are rarely included in clinical trials to evaluate new TB drugs, diagnostics or
preventive strategies.

7.2. TB in elderly population

The demographic transition worldwide has resulted also in an ageing population. A weaken‐
ing in immunity and age related physiological changes leads to an increased burden of
communicable and non-communicable diseases in the elderly. Hence, elderly population is
the group that most suffer TB, independently of development degree and the efficacy of the
fight against TB in the past. At present, as the elderly population's growth in numbers, there
has been an increase in number of TB cases among this vulnerable group. In elderly patients,
many clinical features of TB are subtle or absent, making diagnosis difficult. Autopsy among
the elderly suggests that TB often remains unrecognized [103,104]. This population group is
also at greater risk for re-activation of LTBI and for acquisition of new TB infection. Further‐
more, the elderly also present challenging to receive treatment due to adverse effects (i.e.
hepatoxicity), and the poor outcome of treated TB in this age group warrants more aggressive
treatment [103,104]. Therefore, it is not surprising that compared with younger individuals,
the mortality rate of TB in elders is six times higher [103,104].

In Mexico, there are 10 million older adults (≥ 60 years old) representing 9% of the total
population [11]. Its annual growth rate is 3.8%, which means that there will be 14 million in
2018. A recent report has highlighted that there is an increase of up to 5% of chronic diseases,
primarily DM in this age group [105]. In 2012, there were 2,253 deaths associated to TB from
which 34.7% were people aged ≥ 65 years old, both women and men. However, epidemiolog‐
ical studies carried out in different regions of Chiapas have found that people aged ≥45 years
old are in high risk to die due to PTB [10,24]. Factors that might explain why TB affects the
elderly are: (a) the cumulative prevalence of TB through their lifetime; (b) their immune system
become weak as they grow up older; (c) the presence of other diseases, mainly chronic such
as DM, which form comorbidities with TB.

DM is one of the leading causes of deaths in Mexico, and has significantly increased the number
of TB cases in the elderly. The association between DM and TB is 20.9% in TB cases, versus
5.6% people infected with HIV [15]. Patients with DM respond late to the anti-TB treatment,
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and they have higher risk to become DR-TB [106]. It has been stated that DM increases three
times the risk of PTB, either by reactivation or new infections. However, a study carried out
in southeast of Mexico, people having DM had ten times risk to be infected by TB, than patients
having HIV. This study also found that the incidence rate was significantly higher in patients
with DM compared to the rest of the population (209.5 versus 30.7 per 100,000 inhabitants/year)
[107]. In Chiapas, the elderly group is the most affected by TB. Thus, in 2013, 15.44% of the
reported cases were people aged over 65 years old, and the association of TB and DM among
elder people was 18% [16]. However, the real burden determined by both diseases is unknown
because not all people have access to health services to measure its glucose levels.

7.3. TB in women

Worldwide, women have more probabilities to be poor than men because they suffer the more
generalized discrimination, more assistance work non remunerated, violence, violation of their
rights and less levels of income, among others gender inequalities [108].

Globally, in 2012, there were an estimated 2.9 million new cases of TB among women, from
which more than half (1.5 million) neither were diagnosed nor treated. Of the 2.9 million, it
was estimated that 410,00 died, of which 54% occurred in Africa [2]. In this sense, a study
carried out in Bangladesh, India and Malawi, identified gender and illness related factors of
diagnostic delay of TB [109] Furthermore, TB is one of the main causes of women’s death in
reproductive years, and kill more women that all causes of maternal mortality [110]. In fact,
in the age group 15-44 years, TB figures in the top three causes of death, and represents 9% of
deaths in this age group, versus 3% for HIV and heart diseases [4].

However, the burden of TB morbidity and mortality among women is larger than often
realized. Gender discrimination, even when not directly related to health care (for example
denying girls and women access to education, information, and various forms of economic,
social and political participation) can create increased health risk. Even if the best public health
services are available, a woman has to be able to decide when and how she is going to access
them, and that implies that she must have the ability to control and make decisions about her
life [111]. Unfortunately, in practice, TB-related stigma and discrimination affect women's
access to health care, delaying seeking care [4].

Stigma associated with TB may be greater for women than men, and its consequence include
ostracism, abandonment by the husband and/or her family, divorce or the husband’s taking
of a second wife, and loss of social and economic support, housing, access to one’s children,
etc. [1]. Marriage chances may be affected if women are known to have TB, or even if they have
a family member with TB, since stigma associated with the disease may affect all household
members. In situations of poverty, women have the least access to food, health, education,
training and opportunities for employment and other basic needs [1]. This highlights the social
structural inequalities resulting from the arbitrary assignment of biological, cultural, political,
and economic roles to women, which make them vulnerable in different situations, and
particularly the gain to access to health [111].
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The natural history of TB is different in both sexes. Women in reproductive age (15-40 years
old) are more susceptible to developing TB with twice the probability to progress to an active
phase after the infection, than men. Maternal and neonatal complications increase in pregnant
women with TB, who require up to 12 times more hospitalizations compared to women who
do not have the disease [110]. Risks of perinatal and neonatal deaths increase ten times in
women with TB, and risk of transmission of VIH from mother to child increases 2.5 times [110].

In Mexico, in 2013, of 19,738 new cases registered of TB (in all its forms), 38% were women,
with a ratio men/women of 1.6:1 [15] and a similar trend also observed in Chiapas [16].
Regarding to mortality, from the total number of deaths (2,253) related to TB reported in 2012,
652 were women [15]. However, the exact numbers of morbidity and mortality is unknown
among women because of the stigma associated with the disease with consequences in delays
in diagnosis and treatment, as well as null or lack of family support.

In a study of gender differences regarding to social support networks among people with PTB
in the State of Veracruz, Mexico, concluded that women struggle to receive either diagnosis
or treatment due to their family role (housekeeping, care of child, they have to attend sick
persons, go out to work, they are very busy and have no time to go to the doctor), fear to be
stigmatized, and lack of family support [112].

Another study [113] documented that men can influence women –negative or favorably- for
receiving diagnosis and adequate treatment, because their lack of empowerment to make
decisions about their health. Furthermore, the same study also documented more deficiencies
in care quality in women than men, such as: (a) they were not examined properly; (b) they
were not informed of the causes of and the required treatment for TB; and (c) their diagnosis
took a considerable amount of time [113]. A study carried out in the Highlands of Chiapas,
documented the case of an indigenous woman whose husband did not let her to take anti-TB
treatment [23].

In summary, It may be considered that female deaths due to TB is a form of gender and
structural violence given the high number of women TB-deaths avoidable, because a lot of
them occur as consequence of differences constructed by gender roles created by society. It is
necessary to examine disaggregated data of TB morbidity and mortality by age and sex in order
to emphasize the nature and extent of inequality between men and women [114]. The differ‐
ences in the prevalence of TB among women and men might be explained in terms of socio-
economic and cultural factor such as: (a) Level and time exposure and risk of infection; (b)
delay in seeking care; (c) difference in quality services; (d) compliance with treatment; (e)
impact of disease on individuals and their families [114].

7.4. TB in indigenous people

Disparities in health, including differences in TB risk and burden, between indigenous and
non-indigenous people, are the result of the complex interplay between the individual, the
community, and the social determinants of health. In Mexico, as in many Latin American
countries, the majority of indigenous people live in extreme poverty. Official statistics
estimates that in the country there are 13.7 million indigenous people, from which 76.1% live
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in conditions of poverty [13]. This socio-economic situation has favored migration from rural
areas to urban centers, where the population tends to settle on unfavorable living conditions.

Mexico has 2,443 municipalities of which 871 (35.7%) are considered indigenous or with
presence of indigenous population. Among these 871, 75.2% (655) have 40% and over of
indigenous population, and almost are classified as high or very high poverty level [115].

Studies have estimated that municipalities with over 70% indigenous populations contain
approximately 80% of the population living below the poverty line. Additionally, some of the
indigenous groups in Chiapas face even greater degrees of poverty than others in the country.
For example, 58% of the Mixtec population (in Central Mexico) live in municipalities classified
as having “very high” marginalization, compared with 93% of the Tseltal population in
Chiapas [9].

Chiapas, Oaxaca, Veracruz, Yucatan and Puebla, are Mexican states having large indigenous
population [11]. Indigenous populations represent 27% of the Chiapas population [11]. Most
of indigenous settlements are in remote communities, which have a negative impact on the
realization of human rights of these populations [9,10]. Indigenous condition in Mexico is not
only a demographic indicator, but also a socioeconomic one, because reflects socioeconomic
condition and level of accessibility to health services with quality, as well to social security,
among other basic human rights.

The life expectancy in indigenous population is 65 years, while in the general population is
74.70 [11]. In Chiapas, infant mortality is greater compared to other states and national average.
For example, the likelihood of one infant from Chiapas die before his first year of life is 80%
greater than one child from Mexico City and Nuevo Leon. Furthermore, 79% of indigenous
infant deaths could be prevented [116]. These statistics show that indigenous people are highly
vulnerable in terms of right to access to any social security, including health services [117]. In
this sense, there is strong evidence that poverty influence in the utilization of health services
and delay in seeking care [118,119].

Health coverage apparently increased among Mexican indigenous people due to the imple‐
mentation of the so-called “Seguro Popular”, however, this did not reflect in health services
utilization, neither better living conditions for indigenous populations [28]

Although northern Mexican states, such as Baja California, Tamaulipas, Sinaloa, reported high
number of new TB cases [15], a great number of cases are from indigenous people who have
migrated from southern states, such as Chiapas. Therefore, the burden of TB in northern
Mexican states is influenced due to migratory movements from the south of the country, a
region with high proportion of indigenous population.

In terms of TB morbidity and mortality, there are three important sanitary jurisdictions in
Chiapas: the Soconusco region (main region of migratory movements from Central America
to USA), the Centre (where is located the capital of the state) and the Highlands (with strong
presence of indigenous people). It is interesting to highlight that the incidence rate of TB for
these regions, in 2013, were: 59.3, 19.7, and 11.7 per 100, 000 inhabitants, respectively; the latter
figure was the lowest incidence rate reported for the whole state [16]. The TB epidemiological
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situation in these regions is controversial. Apparently the Soconusco and the Centre regions
hold the TB burden for the state, which might be explained as follows: (a) the Soconusco region,
which is a border with Guatemala, favors the continuous transmission of TB between countries;
(b) the Centre region is becoming rapidly urbanized without planning, with many poverty
surroundings. The marked difference of incidence rates of TB between the Soconusco and the
Centre regions with respect to the Highlands is unlikely because the latter one possesses
socioeconomic conditions that favors high TB burden. Our epidemiological studies show this
affirmation (See Table 1). The main factors that can contribute to explain such asymmetry, is
precisely the ethnic composition of each region: the Highlands is mainly indigenous, with low
human index, and the other ones are “mestizos”. This situation is the result of significant
differences in levels of under-diagnosis due to inequalities of health resources allocation, both
material and human, which violate people’s right to health. Noteworthy to mention is that in
a study carried out by our work team in the Highlands, we found that the only variable
“protective” in people with PTB to avoid MDR-TB form, it was being indigenous due to less
contact with health services compared to non-indigenous population [25].

The International Labour Organization (ILO) Convention 169, of which Mexico is party,
specifies in its Art. 25 the rights of indigenous persons to health: “Government shall ensure
that adequate health services are made available to the peoples concerned, or shall provide
them with resources to allow them to design and deliver such services under their own
responsibility and control, so that they may enjoy the highest attainable standard of physical
and mental health”. In Chiapas, these obligations are not being honored in practice [9].

7.5. TB and migrants

Migration, just after poverty, is one of the principle aspects that contribute to the continue
spread of TB [120]. Many migrants are likely to move into social and economic conditions
characterized by overcrowded, substandard housing, poor sanitation, and lack of access to
medical services [1]. Migrants often fall to the lower end of the social structure where they may
be at high risk to get TB, together with HIV-AIDS, DM, and the abandonment of programs of
TB prevention and control [1,6,37].

Chiapas  is  an  important  route  of  migration.  The  state  shares  more  than 660  kilometers
border with Guatemala [8].  A large number of Central Americans and South Americans
people pass through this state on their way to the United States of America (USA). Many
peasants and indigenous people from Chiapas have migrated to the USA. Migration from
the southern Mexican states of Chiapas, Oaxaca, Guerrero and Veracruz is an important
factor for the high morbidity and mortality rates found in the northern states of Mexico,
such as Baja California [15,101].

In Chiapas, international migration is an evident phenomenon in the last years [121]. Migration
is commonly linked to an image of prosperity and well-being, however, not always interna‐
tional migration increases the ability of migrants and their families to overcome poverty [122].
Migrants from Chiapas, who recently begun migratory movements, are considered a vulner‐
able subgroup due to their inexperience in migration. They neither have networks nor the
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resources to guarantee successful border crossings into the USA, they are unfamiliar with the
strategies and operations of the border guards, and they are ignorant of the climate, orography
and geography of the border region [123].

Additionally, a considerable number of migrants do not recuperate the expenses paid out
for their trip, resulting in increased debt. In these circumstances, migration represents a net
loss  in  various  senses:  monetary,  labor,  and  health.  Therefore,  the  family  continues  to
worsen  further  into  poverty  and  into  conditions  of  great  vulnerability,  which  only  are
remedied when the remittances begin to arrive with regularity.  The vulnerability of  the
family can worse when the unsatisfied needs have to be attended for all household members
–including  children  and  the  elderly-  into  the  work  force,  or  with  the  sale  of  the  few
belongings the family possesses. For a great number of migrants, the conditions of the trip
itself, and of the housing available upon arrival, as well as work conditions, reinforce the
vulnerability at each step in the process [124].

As we can see, in general terms, migrants suffer conditions of vulnerability. So, states must
take into account this condition, and guarantee their human rights, in this case, in the access
to TB prevention, diagnosis and treatment without discrimination of any kind, either countries
of origin, transit or destination [1,4,44].

The main human rights issues associated with TB with regard to migrants, refugees and
internally displaced persons, are [4]:

• Migrants in irregular situations often fall to the lower end of the social structure. Migrants,
refugees and internally displaced persons may be at risk of TB due to poor housing (crowed
living conditions), inadequate nutrition, lack of access to health facilities, information and
services and/or exploitative working conditions;

• Migrants may be denied access to diagnosis and treatment for TB because of their legal
status. They may avoid accessing health services for fear of deportation and delay seeking
treatment because of lack of education and information;

• Continuity of care is often unavailable to forcibly returned migrants.

• Prevention, diagnosis and continuity of TB care, can be affected in the context of protracted
humanitarian emergencies.

Unfortunately, despite the existence of national and international laws that protect their
human rights, many states constrain the effective and full realization of the right to health of
migrants, particularly those in an irregular situation. These practices include [4]:

• Legal barriers to accessing health services, based on the view that: it would be expensive
for taxpayers to shoulder the costs of irregular migrants health, and that excluding this
particular group from receiving social benefits would deter future irregular migration.

• Excluding migrants and their families from national health systems, limiting migrants’
access to emergency care, with which increases their susceptibility to ill health, but on the
other hand, may pose a public health risk to host communities. A person with active TB can
infect 20 people each year. Migratory movements facilitate the dissemination of the
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infection, especially when the migrant works and lives in overcrowded and in unsanitary
places, which greatly complicates its control. In addition, a person undergoing anti-TB
treatment who migrates will most likely abandon the treatment and not conclude it. At the
same time, migrants can contaminate each other with TB, either during transit to their
destination (many migrants travel in subhuman conditions of overcrowding) [125].

• Deny admission and residence to migrants with bad health conditions.

• Lack of health workers sensitized and trained in intercultural issues as well as on migrants’
rights. From a human rights perspective, accurate communication and, if necessary, the use
of professional interpretation services, are essential when obtaining consent for health
interventions and treatment and guaranteeing confidentiality and privacy about health
information [126].

• Involve health professionals in migration control. Due to the lack of financial and legal
protection in accessing health services, many migrants postpone seeking medical care until
they are seriously ill.

8. Legal health reforms in Mexico: Any impact in DOTS strategy?

In Mexico, the socioeconomic situation has led to setbacks in people’s to have right to health
due to the implementation of neoliberal  economy policies followed by structural  adjust‐
ments. Such policies are driven by structural reforms, economic regulations, trade opening and
law markets, instead of health needs [40]. From 2009 to 2012, there was a reduction of 6.5% to
6.1% of gross domestic product (GDP) in the total health expenditure [127]. The immediate
consequence is the deterioration of public institutions, which provide services to the Mexican
people, and this includes the delivery of health services. These policies are impacting all
structural bases, from legal reforms to the substantial reduction of budget [128]. The structur‐
al reforms in health sector only seek to reduce financial cost, but not to improve people living
conditions [40]. Our epidemiological studies investigating diverse epidemiologic and public
health issues in many regions of Chiapas show that the proposal changes by the Mexican
government will worsen the so-called social determinants for TB. Therefore, such reforms will
impact in the enjoyment of Human Rights to the majority of population, including the right to
health.  It  is  highly  probably  that  reduction of  financial  expenditure  on health  (worse  if
expenditures are solely based on political and administrative criteria) will affect local preven‐
tion and control TB programs, due to lack of resources such as: physicians, shortage of anti-
TB drugs, low resources to follow up TB patients, scarcity of equipment to prevent and diagnosis
of TB, among others.

9. Conclusions

Health is a human right, and the right to health is indispensable to the exercise of other human
rights, that is, it is also closely related to and dependent upon the realization of, among others
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rights. The right to health is equally tied to the key principle of non-discrimination, which
recognizes the “inherent dignity” of every human being. Through Mexico’s General Health
Law, and the National Health System theoretically guarantees both the availability and quality
of health services, particularly to vulnerable groups, such as indigenous persons. However, in
practice health care is not sufficiently available or accessible to many persons in Chiapas. In
consequence, the high levels of incidence, mortality and MDR-TB cases, are the reflection that
health services is not functioning adequately, and that the right to health in Chiapas is far away
to achieve. Therefore, it is necessary:

a. To guarantee that all federal, state, and municipal government programs and activities
related to health, be carried out without discrimination.

b. In keeping with the fulfillment of its obligations under the International Covenant on
Economic, Social and Cultural Rights, the Mexican federal and Chiapas state govern‐
ments should improve the availability, accessibility, acceptability and quality of health
facilities, goods and services in Chiapas. To achieve this, it is necessary to train and sensitize
health personnel about human rights considering local differences such as ethnic, culture,
language, social and political structures, among others social determinants of the dis‐
ease. Including these factors in DOTS strategy, it would be possible to improve diagnosis
and treatment and view people with respect and dignity.

c. To improve surveillance and detection systems related to prevention and control of TB on
disaggregated basis, so that disparities based on gender, socioeconomic indicators, and
ethnicity may be detected and addressed in order to review either progress or failure of
the local and regional TB programs.

d. The program of TB Prevention and Control in Chiapas should be strongly reinforced, with
more resources, sensitizing, training, supervising, evaluating a comprehensive DOTS
program, and incorporating mechanisms to ensure adequate follow-up of patients in
accordance with international standards.

Nomenclature

DR-TB (drug resistant-TB): TB strains that are resistant to the one or more drugs used to treat
it.

MDR-TB (multidrug-resistant TB): defined as TB that is resistant to at least rifampicin and
isoniazid, the most powerful first-line anti-TB drugs [129].

PTB (pulmonary TB): it is the common and most infectious form of TB affecting primarily the
lungs [130].

TDR-TB (totally drug-resistant TB): is defined as TB strains that showed in-vitro resistance to
all first and second line drugs tested (isoniazid, rifampicin, streptomycin, ethambutol,
pyrazinamide, ethionamide, para-aminosalicylic acid, cycloserine, ofloxacin, amikacin,
ciprofloxacin, capreomycin, kanamycin) [131]. TDR-TB has been identified in the following
countries: India, Iran, and Italy. However, it is not yet recognized by WHO.

Tuberculosis - Expanding Knowledge30



rights. The right to health is equally tied to the key principle of non-discrimination, which
recognizes the “inherent dignity” of every human being. Through Mexico’s General Health
Law, and the National Health System theoretically guarantees both the availability and quality
of health services, particularly to vulnerable groups, such as indigenous persons. However, in
practice health care is not sufficiently available or accessible to many persons in Chiapas. In
consequence, the high levels of incidence, mortality and MDR-TB cases, are the reflection that
health services is not functioning adequately, and that the right to health in Chiapas is far away
to achieve. Therefore, it is necessary:

a. To guarantee that all federal, state, and municipal government programs and activities
related to health, be carried out without discrimination.

b. In keeping with the fulfillment of its obligations under the International Covenant on
Economic, Social and Cultural Rights, the Mexican federal and Chiapas state govern‐
ments should improve the availability, accessibility, acceptability and quality of health
facilities, goods and services in Chiapas. To achieve this, it is necessary to train and sensitize
health personnel about human rights considering local differences such as ethnic, culture,
language, social and political structures, among others social determinants of the dis‐
ease. Including these factors in DOTS strategy, it would be possible to improve diagnosis
and treatment and view people with respect and dignity.

c. To improve surveillance and detection systems related to prevention and control of TB on
disaggregated basis, so that disparities based on gender, socioeconomic indicators, and
ethnicity may be detected and addressed in order to review either progress or failure of
the local and regional TB programs.

d. The program of TB Prevention and Control in Chiapas should be strongly reinforced, with
more resources, sensitizing, training, supervising, evaluating a comprehensive DOTS
program, and incorporating mechanisms to ensure adequate follow-up of patients in
accordance with international standards.

Nomenclature

DR-TB (drug resistant-TB): TB strains that are resistant to the one or more drugs used to treat
it.

MDR-TB (multidrug-resistant TB): defined as TB that is resistant to at least rifampicin and
isoniazid, the most powerful first-line anti-TB drugs [129].

PTB (pulmonary TB): it is the common and most infectious form of TB affecting primarily the
lungs [130].

TDR-TB (totally drug-resistant TB): is defined as TB strains that showed in-vitro resistance to
all first and second line drugs tested (isoniazid, rifampicin, streptomycin, ethambutol,
pyrazinamide, ethionamide, para-aminosalicylic acid, cycloserine, ofloxacin, amikacin,
ciprofloxacin, capreomycin, kanamycin) [131]. TDR-TB has been identified in the following
countries: India, Iran, and Italy. However, it is not yet recognized by WHO.

Tuberculosis - Expanding Knowledge30

XDR-TB (extensively drug-resistant TB): is defined as TB that has developed resistance to at
least rifampicin and isoniazid (resistance to these first line anti-TB drugs defines MDR-TB) as
well as to any member of the quinolone family and at least one of the following second-line
anti-TB injectable drugs: amikacin, capreomycin or kanamycin [132].

TB: this term usually does not define the kind of TB. Since Mycobacterium tuberculosis primarily
infects the lungs, this form is called pulmonary TB, while extrapulmonary TB involves the
infection of other organs or tissues [130].
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1. Introduction

Tuberculosis (TB) is one of the infections with major impact worldwide and it is produced by
members of the Mycobacterium tuberculosis complex, this bacteria mainly affects the lungs. The
TB is considered the second cause of death for an infectious disease after of the Human
Immunodeficiency Virus(HIV)in the world [1]. It is one of the oldest diseases and has accom‐
panied mankind during its evolution. Evidence of the etiologic agent for the disease was found
in skeletons 4000 years old in Europe and the Middle East [2].According to the Global
Tuberculosis Report 2013 of the World Health Organization, in the 2012, an estimated 8.6
million new cases of diseased and 1.3 million deaths from this cause occurred. This data shows
that despite the many efforts of government organizations to control the disease, it remains an
important public health public worldwide.

In the last years the biology molecular methodologies have led many advances which allow
the analyses of genetic material of different microorganisms such as M. tuberculosis, with the
analysis of the Insertion element IS6110, the polymorphism within the direct repeat (DR) locus
and analysis using mycobacterial interspersed repetitive units, this methodologies allow the
molecular typing of the mycobacteria and the knowledge of the different lineages of M.
tuberculosis, contributing to the development of the molecular epidemiology and the control
politics of the disease in the different cities and countries.

2. General aspects of disease and etiologic agent

2.1. Epidemiology

TB is a global disease. In 2012, the World Health Organization(WHO) estimated in its annual
report about 8.6 million new cases of the disease (100,000 less than in 2011) which represents

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



an incidence rate of 122 cases per 100,000 inhabitants in average worldwide: 5.7 million cases
were diagnosed as new cases, and it is estimated that 1.1 million of the total cases showed co-
infection infection with HIV; and 450,000 cases of multi-drug-resistant tuberculosis (MDR-TB),
being South East Asia, Africa, and the Pacific region the most affected areas. Additionally, an
estimate of 1.3 million deaths were caused by the disease, and despite of noticing a reduction
in the mortality rate, the increase of deaths in populations such as children and women is
remarkable.

On the other hand, approximately 2.9 million cases were lost, that is to say, they were not
diagnosed or they were not notified to the national tuberculosis programmes. Regarding
treatment, 56 million people were successfully treated from 1995 to 2012, saving 22 million
lives among the countries which adopted the Directly Observed Treatment, Short-course
(DOTS) strategy, proposed by the WHO.

According to the WHO report, the Americas and the Western Pacific regions are the only ones,
out of the six regions, which have achieved goals with regards to the decrease of mortality,
prevalence, and incidence by the year 2015.Prevalence of the disease was approximately 31 –
41 cases and incidence was 27 – 31 cases per 100,000 inhabitants in the Americas. Out of the
280,000 incident cases, about 31,000 showed co-infection with HIV; however only 219,349 cases
were reported. Mortality of the disease reached a rate of 1.9 deaths per 100,000 inhabitants,
that is to say 20,000 deaths among people suffering the disease.

In Colombia, 11990 confirmed cases of tuberculosis in all of its forms were confirmed for the
same period. Out of these, 10956 corresponded to new cases for an incidence of 23.5 cases per
100,000 inhabitants. According to the clinical presentation of the disease, 80.4% of cases were
pulmonary tuberculosis and 19.6% were extra pulmonary TB [3].

The departments with the largest number of cases in Colombia correspond to Antioquia,
Cundinamarca concentrating its high number of cases in the city of Bogota, Valle del Cauca,
Atlántico, Risaralda, and Santander.

2.2. Clinical forms

2.2.1. Pulmonary tuberculosis

It is the most common type since it is the manner in which the disease can be spread to other
persons. The disease is directly transmitted from person to person; when a diseased person
coughs, sneezes, or spits, bacilli are expelled to the air and they will be inhaled by people
around the patient [4].

It is estimated that one third of the world population has latent TB; that is to say, they are
infected by the bacillus but they have not gotten sick, nor they can spread the infection. People
infected with the tuberculosis bacillus have a 10% risk of getting TB throughout their lives.
However, this risk is higher for people who have a deficiency or compromise of their immune
system, as in cases of infection with the human immunodeficiency virus (HIV), malnutrition,
diabetes, or tobacco users [5].
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When the disease appears, the symptoms (coughing, fever, night sweats, and weight loss,
among others) may be mild for several months. As a result, patients delay seeking medical
attention and they transmit the bacteria to other people. During one year, a tuberculosis
diseased may infect approximately 10 to 15 people by close contact. Up to two thirds of
tuberculosis patients die if they do not receive appropriate treatment [6].

2.2.2. Extra pulmonary tuberculosis

Even though it represents only a small proportion of TB cases, approximately 10 – 15%, patients
develop the most severe forms of the disease. Since the disease may affect any organ, the
diagnosis is often more difficult and delayed [7]. Populations most affected by extra pulmonary
TB are children and persons with immunosuppression, such as those who have leukemia,
diabetes and living with HIV.

In accordance with the WHO criteria, the forms of extra pulmonary TB are classified into severe
and less severe. Meningitis, milliary, pericarditis, peritonitis, extensive or bilateral pleural,
intestinal, spinal, genital urinary are considered to be severe forms. TB of lymph nodes,
unilateral pleural, bones (except for the spine), and skin are considered to be the less severe [8].

2.3. Etiologic agent

The Mycobacterium genus is taxonomically located in the Mycobacteriacea family (table 1) and
comprises 150 species [9], among which there are species of the M. tuberculosis complex, made
up of M. tuberculosis, M. bovis, M bovis BCG, M. africanum, M microtti, M caprae, M. pinipedii, M.
canetti, M. mungi, M. orygis [10].

Kingdom Bacteria

Phylum Actinobacteria

Class Actinobacteria

Subclass Actinobacteridae

Order Actinomycetales

Suborder Corynebacterineae

Family Mycobacteriaceae

Genus Mycobacterium

Table 1. Taxonomic classification

2.3.1. Microscopic characteristics

The dimensions of the bacillus are approximately 1-10 µm long (usually 3-5 µm) and 0.2 –
0.6µm wide (Figure 1) [11]. It has a complex cellular envelope composed of a cellular membrane
and cellular wall; the latter provides mechanical support for the bacteria and gives its charac‐
teristic in acid-fast staining due to the large content of lipids [12]. The morphologic feature of
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presence of cord in the Zielh Neelsen staining is presumptive of mycobacteria of the M.
tuberculosis complex; formation of the cord is attributed to the trehalose glycolipid 6, 6-
dimycolate or cord factor composed of mycolic acids molecules [13].

Figure 1. Acid-fast bacilli in a bacilloscopy.

2.3.2. Morphologic characteristics in culture

M. tuberculosis is characterized by having slow growth in synthetic media since its generation
time ranges from 18 to 24 hours. Low growth rate is associated to the wall permeability which
limits the entry of nutrients [14] and additionally, it has been observed that one or two operons
rm are found in the mycobacteria managed by the P1 and P2 promoters. The rmA operon
located in the murA gene is found in all of the species, including M. tuberculosis and M.
leprae. Nevertheless, in some species such as the fast-growth ones, an additional rmB operon
is found, located in the tyrS gene [15, 16]

Synthetic media use for the isolation of M. tuberculosis contain nutrients such as glycerol,
carbon source, asparagine, and ammonia ions as source of nitrogen and micronutrients besides
albumin incorporated in the culture media with the aggregate of hen eggs or bovine seroal‐
bumin. Colonies characteristic of M. tuberculosis developed in a solid medium based on eggs
are often rough, without pigment, and dry (Figure 2) [17]

Figure 2. M. tuberculosis culture
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3. Genome of Mycobacterium tuberculosis

With the complete genome sequencing of M. tuberculosis, H37Rv strain, more genetic infor‐
mation of the bacterium was generated. In total, a sequence of 4,411,539 pairs of bases which
contain about 4000 genes and a high content of guanine + cytosine (G+C) of 65.6%. The point
for the beginning of numbering was the initiation codon for the dnaA gene, a marker for the
origin of replication oriC. The G+C content is relatively constant and several regions showing
larger content of G+C were detected, corresponding to sequences that belong to a large family
of genes which include the polymorphic GC-rich repetitive sequence (PGRS) [18].

Genome is rich in repetitive DNA, particularly in insertion sequences and in new multigene
families; an example of these is the presence and distribution of insertion sequences (IS). IS6110,
a sequence of the IS3 family, is of particular interest. It is widely used for typing of strains and
molecular epidemiology due to its variation in the insertion site and the number of copies [19].
In the H37Rv M. tuberculosis genome, sixteen copies of IS6110 were identified; some sites of
these copies were grouped in sites with the insertion name of hot spots[20].

Recently another repetitive region highly preserved within the chromosome of M. tuberculo‐
sis was described: the DR locus [21] [22], which is a member of the Clustered Regularly
Interspersed Palindromic Repeats – CRISP sequences [23]. After the discovery of the DR region,
the variable number of tandem repetitions (VNTR) was found [24], subsequently, the myco‐
bacterial intergenic repetition units (MIRU) were identified [25] that are also listed as VNTR
multiple locus analysis. Multilocus sequences typing (MLST) was introduced as an alternative
method [26]; and recently, the single nucleotide polymorphism (SNP) was described [27]
followed by large sequence polymorphism (LSP). The latter is carried out either by micro
arrangements or polymerase chain reaction (PCR) in real time [28]

4. Molecular markers of M. tuberculosis genotyping

4.1. IS6110

Insertion element found within species of the M. tuberculosis complex, and was shown to be
related to the IS3 family of insertion sequences which were discovered in members of the family
Enterobacteriaceae [29].

IS6110 is 1,361 bp long and contains 28-bp, imperfect inverted repeats at its extremities with
three mismatches and 3-bp direct repeats that probably result from repetition of the target
sequence [30] are present in different copy numbers and are integrated at various chromosomal
site [31]. The number of IS6110 copies present in the genome is species- and strain-dependent.
Most strains of M. tuberculosis carry between eight to 15 copies in different positions of the
genome although single copy strains are common. [32]The polymorphism of restriction
fragments generated by breaking the IS6110 fragment with the PvuII enzyme, has been used
as a method for genotyping of M. tuberculosis complex species
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4.2. IS1081, direct repeat and major polymorphic tandem repeat

It is a 1324-bp insertion sequence found in M. tuberculosis complex. It has a lower degree of
polymorphism than IS6110 because of its low transpositional activity [33, 34]

4.3. Polymorphic GC-rich repetitive sequence

It has numerous copies [35- 37] and consists of many tandem repeats of a 96 bp GC rich
consensus sequence. PGRS elements are present in 26 sites of M. tuberculosis chromosomes [38]
and have been detected in mycobacteria not belonging to the M. tuberculosis complex [39].

4.4. DR locus

It contains multiple repeated DR regions of 36 pb, interspersed with non-repetitive spacer
sequences of 34 to 41 pb which constitute DVR (Figure 3); the size of the DR locus varies from
6 DVR (06 kb) to 56 DVR (6 KB), and both the DR region and the spacers have shown little
variation in the order of presentation among strains.

The DR region has been identified as an integration hot-spot of the IS6110 insertion element [40].

Figure 3. DR locus

Deletion of one or more DVR [41] and duplication of DVR are the mechanisms which generate
the variation among different strains. These deletions and duplications are likely to be
mediated by the homologous recombination among neighboring or distant DRs, or by Splicing
processes during DNA replication [42]. Nevertheless, the process in which the deletion of a
DR occurs due to transposition of the IS6110 has also been described [43]. All of these changes
generated in the DR locus are the foundation for the development of the Spoligotyping
methodology [44].
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4.5. VNTR

DNA segments containing “tandem repeated” sequences in which the number of copies of the
repeated sequence varies among strains. Variable Number Tandem Repeat (VNTR) sequences
have emerged as valuable markers for genotyping. MIRUs are a class oftandem repeated
sequences. There are a total of 41 MIRU loci[45].

5. Genotyping methodologies

The following are the genotyping methodologies based on repetitive regions of the M.
tuberculosis chromosome mostly used worldwide:

• IS6110-based restriction fragment length polymorphism (RFLP) analysis.

• Spoligotyping.

• Mycobacterial interspersed repetitive units (MIRU) analysis

5.1. IS6110-RFLP methodology

Identification of IS6110 was a great break through for epidemiology of tuberculosis [46]. IS6110
is an insertion sequence made up by 1361 bp, capable of making copies of themselves and then
inserting the copies in a genome locus in a process known as transposition [47]. IS6110-based
restriction fragment length polymorphism analysis has been considered the golden standard
method for M. tuberculosis genotyping [48-49]. Strains of M. tuberculosis differ in the number
of IS6110 copies and their distribution is highly variable in the genome [50].

The first step in conducting RFLP is purification of DNA from a culture of M. tuberculosis; then
the Pvull restriction enzyme cuts the DNA on specific sequences in hundreds of different
fragments. The fragments are separated per size in an agarose gel and transferred to a
membrane. A probe is used in order to detect fragments containing IS6110; the picture is caught
on a film, and each IS6110 copy produces a band. RFLP patterns with seven or more bands
provide more specificity for discrimination of isolations, contrary to strains with patterns of
six or less bands in which there is lower discrimination. Usually, there are eight to 18 copies
per strains, but the number may vary from zero to 25 [51].

There is a small number of M. tuberculosis strain that do not contain the IS6110 sequence, so a
print without bands will be obtained in the analysis, or those which contain a low number of
copies will show less polymorphism than the ones containing a large number of copies. The
main disadvantages of this methodology is the complexity of the procedure which has a length
of approximately five days, and the amount of DNA necessary for the digestion with restriction
enzymes; this requires obtaining cultures with sufficient growth in order to perform DNA
extraction unlike PCR based methods such as MIRU and spoligotyping [52].
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5.2. Spoligotyping

It is a PCR-based method for detection and typing of the M. tuberculosis complex using a single
chromosome locus with high polymorphism, the direct repeated region DR. It consists on a
sequence of 36 pb which are separated by 43 non-repeated spacers, each of which contains 36
to 41 pairs of bases [53].

The amplification of the DR locus is carried out by means of PCR, using primers, one of which
is marked with biotin. The PCR products are hybridized perpendicularly to the membrane
that contains 43 oligonucleotides of known sequence. The membrane is incubated with
streptavidine-peroxydase conjugate which links to biotin of the PCR products. The detection
of hybridization signals is made by means of a chemiluminiscence system (ECL). When DR
regions of several strains are compared, the order of the spacers is almost the same in all of the
strains, but deletions of the spacers may be found which generate the differences among each
one of the strains [54].

In order to compare the patterns obtained with the results published, it is necessary to make
the conversion of the obtained bands pattern. Each one of the 43 spacers produces either a dark
box (indicating the presence of the spacer) or a clear box (indicating the absence of the spacer),
and a binary numeric code 1 -0 is assigned respectively.

To simplify this numbering, the 43-digit binary code is converted to a 15-digit octal code (i.e.
digits 0 to 7). Each 3-digit binary set is converted to its octal equivalent, and ultimately the
remaining digit shall be either 1 or 0. The translation of the binary numbers to octal numbers
is as follows: 000 = 0; 001 = 1; 010 = 2; 011 = 3; 100 = 4; 001 = 5; 110 = 6; 111 = 7. Each octal
designation is unique, thus representing a specific brands pattern [55]. Finally, this code is
entered in the SITVIT WEB international database which presents information on the diverse
lineages and its world distribution. It contains information about the genetic diversity of the
M. tuberculosis complex based on 62,582 clinical isolates from 153 countries [56].

Spoligotyping offers great advantages such as its usefulness in genotyping strains of M.
tuberculosis that contain little IS6110 sequences [57]; the use of the methodology directly on
clinical samples [58] which would allow simultaneous diagnosis and typing of M. tuberculosis,
M. bovis, and differentiation of species comprising the M. tuberculosis complex. Studies
conducted with clinical samples showed unique hybridization pattern, whereas strains of an
outbreak shared the same pattern. Patterns obtained from direct examination of the clinical
samples were identical to the ones obtained by means of using DNA from cultures of these
samples [59].The use of a second generation spoligotyping membrane was proposed with the
aim of increasing the test´s power of discrimination using 51 oligonucleotides of spacers [60].

By using spoligotyping, species and subspecies comprising the M. tuberculosis complex can be
classified based on the patterns obtained on hybridization, and at the same time the diverse
lineages of the M. tuberculosis species [61].

5.3. MIRU-VNTR methodology

Mycobacterial interspersed repetitive units are loci in the genome of M. tuberculosis containing
a number of variable tandem repetitions [62]. The length of MIRU is in the range of 50 – 100
pb and belong to the category of VNTR “mini satellites” [63]. Forty-one loci of this type have
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been identified in M. tuberculosis, among them, 12 loci have shown that they vary in the number
of tandem repetitions and most of them among the repeating units.

It is a PCR-based method that uses these 12 different interspersed units for genotyping. The
estimation to determine the number of repetitions is based on the size of the amplicon. The
results are reported as 12 numbers, each one corresponding to the number of repetitions. The
power of discrimination of the 12 MIRU-VNTR regions is much greater than the one of
spoligotyping and close to IS6110 RFLP for typing of M. tuberculosis strains. Recently a system
was proposed which includes typing of 24-loci MIRU-VNTR combining multiplex PCR
analysis or a DNA analyzer based on fluorescence with the computer automation of genotyp‐
ing was proposed [64].

6. Species and lineages of M. tuberculosis

6.1. M. tuberculosis

It was the first member of the complex to be described by Doctor Robert Koch in 1882. It is the
species most frequently involved in the development of pulmonary TB in humans [65].M.
tuberculosisis by far the most important pathogen of the complex in terms of the number of
infected hosts and its public health implications.

6.2. M. bovis

It causes TB in a wide range of wild and domestic animals. M. bovis is naturally resistant to
pyrazinamide, a first-line anti TB drugs[66]. Its epidemiologic importance lies in the zoonotic
transmission of M. bovis to humans due to contact with infected animals, or to consumption
of products from these animals.

6.3. M. africanum

It is the species that causes more TB in humans in Western Africa [67]. There are two large
variants of M. africanum: the African Variation I, isolated in the east of Africa, and variant II,
to the west [68]. Besides, M. africanum type I has been recently subdivided into M. africanum
type I, eastern African I (MAF1), prevalent around the Gulf of Guinea; and M. africanum type
I, eastern African 2 (MAF2), prevalent in southeast Africa. M. africanum type II has been
reclassified into M. tuberculosis and indicated as the “Uganda” genotype [46].

6.4. M. bovis BCG or Bacillus Calmette-Guerin (BCG)

It is the vaccine’s strain, and it is a live attenuated variant of M. bovis. Its spoligotype is
characterized by the absence of spacers 3, 10, 17, 22, and 39 to 43 [47].The efficacy of this vaccine
varies in different populations, with a consistently low efficacy in many tropical regions of the
world [48], [49]. High efficacy when BCG is used to vaccinate newborns. Neonatal vaccination
with BCG imparts protection against the childhood manifestations of TB (in particular,
meningitis) [50], [51].
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6.5. M. microti

It causes the disease in voles,wood mice and shrews. Its isolation is rare in human clinical
samples, but recently, isolations from humans have been characterized. The spoligotypes
analysis in isolates reveals the single presence of spacers 37 and 38 [53].

6.6. M. canetti

It was added to the list of M. tuberculosis complex in 1997. It isolated in 1993 from a 2-year-old
Somali child with lymphadenitis, this isolate exhibited an unusually smooth and glossy colony
morphology. To this date there have been few reports of TB cases due to this subspecies, and
it is thought that animals are natural hosts of the bacterium [52].

6.7. M. caprae

This subspecies has been isolated mainly from goats in Spain [44], but it has also been found
in boars, pigs, and in some cases of persons related to goat breeding [54]. The genetic footprint
obtained by spoligotyping is characterized by the absence of spacers 1, 3 to 16, 10 to 33, and
39 to 43 [54].

6.8. M. pinnipedii

It was originally isolated from TB cases in pinnipeds such as sea lions and seals. Recently, cases
have been described in terrestrial animals such as the Brazilian tapir. Its spoligotype has only
the spacers 25 to 38 [55].

6.9. M. mungi

Identified in 2010 as a pathogen of the M. tuberculosis complex as TB causal agent in banded
mongooses that live close to humans in the district of Chobe, Botswana, because these animals
live in human-made structures and scavenge human waste, including feces.TB has been
identified in only humans and mongooses. Strain assessment of human TB has not been
conducted; the full host spectrum and transmission dynamics of this pathogen, currently
unknown [56].

The spoligotype pattern of M. mungi isolates is characterized by absence of spacers 3, 7, 9, 12
to 36, and 39. It was determined that this pattern is preserved in the described isolates, but it
is not included yet in international databases [56].

6.10. M. orygis

Species described in 2012 by Van Ingen and collaborators. It has been isolated from members
of the Bovidae family such as oryx, gazelles, antelopes, cows, rhesus monkeys and waterbucks,
although their exact host range remains unsettled, however cases have been described in
humans [57]. Its spoligotype pattern is characterized by the absence of spacers 4-9, 14-24. 35,
36, and 39.The most common spoligotype (ST587) is present in the SITVIT WEB database and
labeled M. africanum [58].
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6.11. M. tuberculosis lineages (Fig. 4)

The lineages of M. tuberculosis are distributive a worldwide.

6.12. Haarlem (H)

Characterized by a pattern with absence of spacer 31 and the presence of at least one spacer
between 1 and 30. It is highly prevalent in Northern Europe, while it is less extended in the
Caribbean and Central Africa, where it is thought to be introduced by the European coloni‐
zation [59].

6.13. Latin America and Mediterranean (LAM)

Characterized by the absence of spacers 21 to 24, 33 to 36, and the presence of at least one spacer
between 1 and 30. It is frequent in Mediterranean and Latin American countries. Some
genotypes have shown strong geographic associations, for instance LAM10-Cameroon or
LAM7-Turkey which were initially catalogued as LAM although there has not been phyloge‐
netic association with other spoligotypes [60, 61].

6.14. T Lineage

Comprised by modern strains of TB. This lineage is characterized “by default” and it includes
strains which are difficult to classify into other groups [11] It has absence of spacers 33 to 36
and presence of at least one spacer between 1 to 30 besides the presence of the spacers 9 or 10,
and 31; there is also presence of one spacer between 21 to 24 [62].

6.15. X lineage

Its pattern has absence of spacers 18 and 33 to 36. It was identified in Anglo-Saxon cities, and
it is highly prevalent in South Africa, less in Latin America. However, there is high presence
of this genotype in Mexico, which can be explained by its closeness to the United States. The
X lineage was the first group identified in Guadeloupe [63] and the French Polynesia [64].

6.16. East African-Indian (EAI)

Absence of spacers 29 to 32 and 34; and presence of at least one spacer between 1 and 30. It is
frequent in South East Asia, India, and Western Africa [62].

6.17. Central Asian (CAS)

Absence of spacers 4 to 27, and 23 to 34. It is highly prevalent in sub-Saharan countries and
Pakistan. This linage has also proved to be endemic in Sudan, sub-Saharan countries, and
Pakistan. This spoligotype has numerous variants and subgroups such as CAS1-Kili (Kili‐
manjaro), CAS-Dar (Dar-es-Salaam), and CAS-Delhi [62].
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6.18. Beijing

This genotype has absence of spacers 1 to 33 and presence of spacers 34 to 43; in terms of public
health it continues to be a serious problem for TB control due to its high virulence and
association with multi-drug resistance [11].

6.19. MANU

It may be the ancestral clone of the strains in genetic group 1. It was subdivided into Manu 1
(absence of spacer 34), Manu 2 (absence of spacers 33-34), and Manu 3 (absence of spacers 34
to 36). It is a new family from India [62].

Figure 4. World distribution of lineages M. tuberculosis (Modified of Demay,2012)

7. Molecular epidemiology support in controlling tuberculosis

Molecular epidemiology has become in recent years an essential tool in the study of cases of
tuberculosis, together with classical epidemiology, thus making the analysis of situations such
as:

• Early detection and rapid control of outbreaks.

• Set transmission cases restricted communities

• Establish the geographic origin of the strains

• Monitoring of cross-contamination in the laboratories of TB
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• Detection of genotypes associated with drug resistance

• Differentiation of cases of relapse and reinfection

In the analysis of data obtained by molecular epidemiology is essential to know definitions
created from the development of molecular epidemiology, as they are

Cluster: A genotyping cluster is two or more M. tuberculosis isolates that share matching
genotypes or the same DNA fingerprinting. An epidemiologic cluster is two or more persons
with TB who share known epidemiologic links [38].

Matching genotypes: two or more M. tuberculosis isolates that share the same genotype.

Nonmatching genotype: an isolate that has a unique genotype (i.e., a genotype pattern that
does not match the pattern of any other isolate in a TB program’s database) [38].

7.1. Early detection of outbreaks

Analysis of clinical isolates of certain areas can help determine if isolates share the same
genotype, and they form a cluster. But additionally be analyzed factors such as place of
residence, work and time spent on them [38].

Genotypic guide Atlanta CDC studies raises three criteria for an outbreak [38].

1. An increase in the expected number of TB cases.

2. Transmission continues despite adequate control efforts by the TB program.

3. The contact investigation has grown to a size that requires additional outside help.

7.2. Transmission between cases of restricted communities

In conducting the study epidemiologically linked contacts and TB patients can be established
[38]:

• Epidemiologic links between two TB cases that were identified during contact investigations
and later confirmed by subsequent cluster investigations.

• New epidemiologic links that were identified during cluster investigations but not discov‐
ered during previous contact investigations.

7.3. Establishment of the geographical origin of the isolates

The analysis of several clinical isolates obtained worldwide, has established partnerships
lineages with specific geographical areas, and in the case of LAM lineage or Latin American
and Mediterranean, which as its name suggests occurs at high frequency in these geographic
areas. The EIA or East African Indian [41].

7.4. Detecting genotypes associated drug resistance

The main genotype associated with drug resistance is the Beijing genotype, these strains exhibit
high virulence and ease of propagation, but additionally the majority of clinical isolates
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belonging to this lineage with mutations that confer drug resistance, so its eradication much
more difficult in the population, was first identified in China in 1995 [65], but has quickly
spread to other countries, and has been responsible for outbreaks of MDR-TB [66, 67]:

7.5. Differentiation of relapses and reinfections

Initially, we must take into account in terms of TB programs, it only considers the situation of
relapse which is defined as a patient previously treated for TB who has been declared cured
or completed treatment and is newly diagnosed with bacteriologically positive tuberculosis.
But the genotypic analysis classifies this situation relapse and reinfection, which are defined
as, a case of relapsed TB represents a worsening of an infection after a period of improvement
and is caused by the same strain of M. tuberculosis. TB that represents a reinfection is caused
by a second infection with a strain that is different from the strain that caused the initial
infection [38].

7.6. Cross contamination in the laboratories of TB

With the genotypic analysis of clinical isolates processed in a laboratory during the same time
period can be set if cross-contamination occurred between crops.

Genotyping can help identify instances of incorrect TB diagnoses that are based on false
positive cultures. Incorrect diagnoses can result from laboratory cross-contamination of
cultures during batch processing, pipetting, transfer of bacilli from a broth-culture system,
work in a faulty exhaust hood, and species-identification procedures, mislabeling of patient
specimens, clinical equipment contaminated [38].

The identification of cross-contamination in a laboratory setting allows control measures to
prevent patients are misdiagnosed.

7.7. Incorporating genotyping methodologies in TB diagnostic laboratories

Since the development of the genotyping methodologies, especially those that are based on
nucleic acid amplification, it has been observed their advantage for use with isolated genetic
material directly from clinical samples. Examples of these methodologies is spoligotyping,
described by Kameberck, which allows simultaneous detection and typing of M. tuberculosis.
Rapid identification and genotyping of M. tuberculosis families through the methodology
implemented in multibacillary cases of TB, causing the rapid spread of the disease in com‐
munity, reduce the time between suspicion of disease and treatment. Additionally, the
application of the methodology of Spoligotyping in paucibacillary cases allows for quick
diagnosis in cases of extrapulmonary tuberculosis, and rapid identification of M. tuberculosis
complex species involved in the infection, supporting the clinician in addressing treatment.

8. Conclusion

The methods most commonly used in developing countries via bacteriological diagnoses were
smear and culture show the presence of the causative agent of the disease. Currently being
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work in a faulty exhaust hood, and species-identification procedures, mislabeling of patient
specimens, clinical equipment contaminated [38].

The identification of cross-contamination in a laboratory setting allows control measures to
prevent patients are misdiagnosed.

7.7. Incorporating genotyping methodologies in TB diagnostic laboratories

Since the development of the genotyping methodologies, especially those that are based on
nucleic acid amplification, it has been observed their advantage for use with isolated genetic
material directly from clinical samples. Examples of these methodologies is spoligotyping,
described by Kameberck, which allows simultaneous detection and typing of M. tuberculosis.
Rapid identification and genotyping of M. tuberculosis families through the methodology
implemented in multibacillary cases of TB, causing the rapid spread of the disease in com‐
munity, reduce the time between suspicion of disease and treatment. Additionally, the
application of the methodology of Spoligotyping in paucibacillary cases allows for quick
diagnosis in cases of extrapulmonary tuberculosis, and rapid identification of M. tuberculosis
complex species involved in the infection, supporting the clinician in addressing treatment.

8. Conclusion

The methods most commonly used in developing countries via bacteriological diagnoses were
smear and culture show the presence of the causative agent of the disease. Currently being
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implemented new, more sensitive diagnostic technologies based on the detection of deoxyri‐
bonucleic acid (DNA) mycobacterial [68] and with which results are obtained in less time.
Some of these methods provide the additional advantage of performing genotyping processes
allowing the identification of family or families of M. tuberculosis present in the region, some
of these methods are the analysis of the insertion sequence IS6110, polymorphism of the spacer
sequences of Direct repeat region DR and analysis of the intergenic repeat units mycobacterial
MIRU, and thus support the strategies of disease control with the detection of cases, relapse,
and reinfection of new strain circulation, thus contributing to the development of molecular
epidemiology.

9. Application exercise

9.1. Exercise 1: analyses of cases

Case 1

Patient presented an episode of TB in 2010, he completed his treatment but with some
disruption, then in 2013, he presents a new case of TB. The following are spoligotypes patterns
identified for Spoligotyping in each of the isolated (table 2).

Book Title 12

tuberculosisfamilies through the methodology implemented in multibacillary cases of 1 
TB, causing the rapid spread of the disease in community, reduce the time between 2 
suspicion of disease and treatment. Additionally, the application of the methodology of 3 
Spoligotyping in paucibacillary cases allows for quick diagnosis in cases of 4 
extrapulmonary tuberculosis, and rapid identification of M. tuberculosiscomplex species 5 
involved in the infection, supporting the clinician in addressing treatment. 6 

7 
8 

Conclusion 9 
10 

The methods most commonly used in developing countries via bacteriological 11 
diagnoses were smear and culture show the presence of the causative agent of the 12 
disease. Currently being implemented new, more sensitive diagnostic technologies 13 
based on the detection of deoxyribonucleic acid (DNA) mycobacterial [107] and with 14 
which results are obtained in less time. Some of these methods provide the additional 15 
advantage of performing genotyping processes allowing the identification of family or 16 
families of M. tuberculosispresent in the region, some of these methods are the analysis 17 
of the insertion sequence IS6110, polymorphism of the spacer sequences of Direct 18 
repeat region DR and analysis of the intergenic repeat units mycobacterial MIRU, and 19 
thus support the strategies of disease control with the detection of cases, relapse, and 20 
reinfection of new strain circulation, thus contributing to the development of molecular 21 
epidemiology. 22 

23 
Application exercise  24 

25 
Analyses of cases  26 

27 
Case 1  28 

29 

Patient presented an episode of TB in 2010, he completed his treatment but with some 30 
disruption, then in 2013, he presents a new case of TB. The following are spoligotypes 31 
patterns identified for Spoligotyping in each of the isolated (table 2). 32 

2010   LAM9 

2013   LAM9 

33 

Table 2. Spoligotypes case 134 

Case 2  35 

Patient presented an episode of TB in 2012, he completed his treatment in June of this 36 
year. In October 10th 2013, the patient was diagnosed with TB. The analyses for 37 
spoligotyping of the strains showed the following patterns (table 3). 38 

Table 2. Spoligotypes case 1

Case 2

Patient presented an episode of TB in 2012, he completed his treatment in June of this year. In
October 10th 2013, the patient was diagnosed with TB. The analyses for spoligotyping of the
strains showed the following patterns (table 3).

 

Running Title 

13

2012   T1 

2013   LAM2 

1 

Table 3. Spoligotypes case 22 

Questions 3 

1. Define the situation of each case,  justified your response 4 
2. Which other diagnosis methodologies you can use for confirmation the case.5 

Exercise 2 6 

Complete the gaps on the table 4 7 

Number Binary code Octal code SIT Lineage 

001 1101111111110111111100001111111100001111111    

002 1111111111111111111111111111111100001111111    

003 1111111111111111111100001111111100001111111    

004 273

005 1111111111111111111111111000000100001110111 777777774020731 62  

006 91

007 1111111111111111111100001111111100001111111    

008 1111111111111111111111111000000100001110111    

009 777777777720771 

010 0000000000000000000000000000000000111111111 000000000003771 1  

011 1111111111111111111111111111110100001111111    

012   447  

013 1111111111111111111111101111111100001111111    

014 1111111111111111111111111111111100001111111    

015 1101111111110111111100001111111100001111111    

016 1110000111111111111111000000000000111111111    

017 1001111111111111111111111111000010110001111 11  

018 777777607760771 

019 1111111111111101111111111111111100001111111    

020 1111111111111111111100001111111100001111111    

Table 3. Spoligotypes case 2

Questions

1. Define the situation of each case, justified your response

2. Which other diagnosis methodologies you can use for confirmation the case.
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9.2. Exercise 2

Complete the gaps on the table 4

Number Binary code Octal code SIT Lineage

001 1101111111110111111100001111111100001111111

002 1111111111111111111111111111111100001111111

003 1111111111111111111100001111111100001111111

004 273

005 1111111111111111111111111000000100001110111 777777774020731 62

006 91

007 1111111111111111111100001111111100001111111

008 1111111111111111111111111000000100001110111

009 777777777720771

010 0000000000000000000000000000000000111111111 000000000003771 1

011 1111111111111111111111111111110100001111111

012 447

013 1111111111111111111111101111111100001111111

014 1111111111111111111111111111111100001111111

015 1101111111110111111100001111111100001111111

016 1110000111111111111111000000000000111111111

017 1001111111111111111111111111000010110001111 11

018 777777607760771

019 1111111111111101111111111111111100001111111

020 1111111111111111111100001111111100001111111

021 373

022 42

023 64

024 777777477760771

025 1111111100111111111111110000000000001110111

026 0000111111111111111000001111011100001110111

027 1111111111111111111101111111111100001110111

028 1111111111111111111100001111111100001111111

029 33

030 53

Table 4. Exercise 2

Tuberculosis - Expanding Knowledge58
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Complete the gaps on the table 4

Number Binary code Octal code SIT Lineage
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016 1110000111111111111111000000000000111111111

017 1001111111111111111111111111000010110001111 11

018 777777607760771

019 1111111111111101111111111111111100001111111

020 1111111111111111111100001111111100001111111

021 373

022 42

023 64

024 777777477760771

025 1111111100111111111111110000000000001110111

026 0000111111111111111000001111011100001110111

027 1111111111111111111101111111111100001110111

028 1111111111111111111100001111111100001111111

029 33

030 53

Table 4. Exercise 2
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1. Introduction

Tuberculosis (TB) is an old infectious disease that has affected humans for millennia [1]. This
disease is caused by infection with bacilli belonging to the Mycobacterium tuberculosis (Mtb)
complex and is responsible for 1.3 million deaths around the world, making TB the second
leading cause of death by infectious disease caused by a single pathogen. In addition to this
high number of deaths, a large proportion of individuals present latent TB infection (LTBI): it
is estimated that at least one third of the human population could have LTBI [2]. Why more
than 90% of the individuals infected with Mtb do not develop the active form of the disease is
unclear, although the immune status of the individual seems to play a crucial role for Mtb
containment [3]. This is evident in individuals with Human Immunodeficiency Virus co-
infection, who are more prone to develop active TB: a quarter of TB deaths occur in individuals
co-infected with HIV [2].

However, other factors are associated with TB development, such as the host environment and
the genetic diversity of Mtb. This genetic diversity has been organized into genotypes and
lineages, according to the genetic profiles obtained by techniques such as IS6110 fingerprinting,
spoligotyping and mycobacterial interspersed repetitive units-variable number of tandem
repeats (MIRU-VNTR). Interestingly, these genotypes show a differential distribution around
the world and exhibit different levels of virulence [4]. One of the genotypes that has attracted
more attention in recent years is the Beijing family, because it is highly prevalent among TB
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patients, it favours the spread of multidrug-resistant tuberculosis, and it has been suggested
that BCG vaccination confers poor protection against it [5].

It is not clear why the Beijing genotype prevails in infected individuals. One factor that could
be responsible for this phenomenon is the interaction that Mtb Beijing establishes with the
immune response. In this chapter, we analyze and discuss current knowledge regarding the
cellular and molecular mechanisms of the immune response to Mtb, and how these mecha‐
nisms are affected by the Beijing genotype in relation to human infections.

2. Immune response to Mycobacterium tuberculosis

Mtb can enter the body through several routes, but the most usual one is through the airways
[6]. This process is initiated by the release of small saliva droplets containing Mtb bacilli that
are expelled by active TB patients [7]. Some droplets are small enough to cross the mucociliary
barrier and reach the alveoli, where they interact with the first cellular element of the immune
response, the alveolar macrophage [8]. Macrophages are armed with a vast array of innate
immune receptors that allow direct recognition of Mtb; these receptors include Toll-like
receptors (TLR), Nod-like receptors (NLR), C-type lectin receptors (CLR) and scavenger
receptors [9]. After recognition, macrophages ingest bacilli by phagocytosis, but they are
unable to kill them due to the evolutionary mechanisms acquired by Mtb that actively inhibit
phagosome maturation and protect Mtb from destruction by toxic compounds, such as reactive
nitrogen and oxygen intermediates and hydrolytic enzymes from lysosomes; these mecha‐
nisms allow intracellular Mtb survival and proliferation [10, 11].

In addition to this intracellular proliferation, Mtb also induces a strong inflammatory response,
characterized by macrophage production of cytokines like TNF-α, IL-1β and IL-6, which
promote the recruitment of more macrophages from the blood [12]. The recruited macrophages
are able to ingest bacilli but, like alveolar macrophages, they are unable to eliminate the
ingested Mtb. The continuous recruitment of macrophages during these early stages provides
a constant supply of cells susceptible to infection, as well as an increase of inflammatory signals
that induces the recruitment of more susceptible cells from the blood, without causing
significant tissue damage. At the same time, lung resident dendritic cells (DCs) engulf bacilli
or their derived products; the inflammatory environment promotes DCs migration from the
lungs to the draining lymph nodes, where they activate Mtb antigen-specific naïve T cells and
induce a strong T cell response characterized by proliferation and activation of Mtb antigen-
specific CD4+and CD8+T cells [13]. These T cells travel through the blood and are recruited to
the infection site by the ongoing inflammatory process.

Upon recognition of the infected macrophages, T cells produce significant amounts of TNF-
α and IFN-γ, the cytokines that characterize a Th1 response. TNF-α and IFN-γ increase the
microbicidal mechanisms of the infected macrophages, which eventually leads to the intra‐
cellular killing of Mtb. Macrophage activation can be limited by the secretion of IL-4, IL-10 and
TGF-β produced by Th2 and T regulatory (Treg) cells [14-16]. The Th1 response, however, does
not lead to a complete elimination of Mtb, but to the formation of an organized cellular
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structure, the granuloma, where live mycobacteria persist in a dormant state known as latent
infection [17]. The structure of the granuloma varies, but usually its center is formed by caseum,
a structure that contains abundant remains of dead cells and forms a hypoxic, acidic and lipid-
rich environment that limits extracellular Mtb proliferation. The caseum is limited by highly
activated macrophages (multinucleated Langhans cells and foamy macrophages) surrounded
by CD4+and CD8+T cells [18]. While the host immune response is unaffected, the granuloma
structure is preserved and Mtb is contained within; however, the alteration of crucial elements
of the immune response, such as the decrease of CD4+T cells during HIV infection or the
blockade of TNF-α by therapeutic antibodies, causes disorganization of the granuloma
structure, caseum liquefaction and oxygen access, which promotes Mtb extracellular prolifer‐
ation and dissemination into the airways, from where Mtb can reach susceptible hosts [19-21]
(Figure 1).
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Figure 1. Development of the immune response to Mycobacterium tuberculosis. The main four stages of the immune
response to Mycobacterium tuberculosis (Mtb) are depicted. Macrophages are the first component of the cellular immune
response that is encountered by Mtb (top left); they are used by Mtb to replicate and to induce an inflammatory re‐
sponse that allows the recruitment of more macrophages susceptible to infection. Dendritic cells (top right) carry Mtb
antigens from the infection site to the draining lymph nodes, to activate antigen-specific T cells. The mycobacterial
granuloma (bottom right) plays a fundamental role in Mtb containment. Alterations in the dynamic equilibrium of the
granuloma (bottom left) promote disorganization and access of extracellular Mtb to oxygen, which allows its replica‐
tion and dissemination through the airways.
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3. Mycobacterium tuberculosis Beijing genotype

Because Mtb strains present over 99 % of similarity at their nucleotide sequence level and have
identical sequences of their 16S RNAs [22, 23], for several years it was thought that they were
genetically homogeneous and lacked genetic diversity. However, the development and use of
different genetic tools for the study of Mtb revealed greater diversity. Studies that analyzed
repetitive DNA elements in Mtb led to the discovery of high polymorphism in several strains.
The study of restriction fragment length polymorphism (RFLP) in IS6110 allowed van
Soolingen et al to identify a group of strains, isolated in Beijing, Mongolia, South Korea and
Thailand, which shared a unique RFLP pattern. Since the majority of these strains came from
Beijing, they became known as the “Beijing family”. Further genetic characterization showed
that all these strains shared an identical spoligotyping of the direct repeat (DR) region, and
similar patterns of polymorphic GC-rich sequence (PGRS) as well as an IS1081 restriction
fragments [24]. Mtb strains with these genetic characteristics were later found outside the
Southeast Asian region, in Russia, Spain, the United States, Cuba, Peru, Colombia, Iran, Israel
and South Africa [5, 25].

Beijing strains were classified as “typical”, if they presented one or more IS6110 insertions in
the noise transfer function (NTF) region, or “atypical”, if they lacked this insertion [26, 27].
Analysis of large sequence polymorphisms (LSP) indicated that Beijing strains could be
divided into four different lineages, depending on the presence of RD105, RD142, RD150 and
RD181 [28]. Further studies, using PCR to analyze 40 different loci in Beijing strains, showed
that this group could also be divided into seven different sub-lineages, thus revealing great
genetic diversity in this group [29].

4. Clinical importance of Mycobacterium tuberculosis Beijing genotype

In addition to the high prevalence of Beijing strains in the Southeast Asian region, Beijing
strains have been associated with outbreaks in different parts of the world. The strains that
were responsible for a TB outbreak in New York in the 1990’s were from the Beijing genotype,
and they were more frequent in patients co-infected with HIV, reaching a mortality rate of
more than 80%. Interestingly, strains from this outbreak had multidrug resistance to isoniazid,
rifampicin, streptomycin, ethambutol, ethionamide, rifabutin and kanamycin, favouring
treatment failure [30-32]. Later studies showed the global emergence of this genotype in
different parts of the world [25, 33, 34].

Several epidemiological studies have documented the hyper-virulence of the Beijing genotype.
For example, patients infected with Beijing strains have increased rates of treatment failure
and relapse [35-39]. In line with these studies, Kong et al showed that patients infected with
Beijing strains developed more extra-thoracic TB than patients infected with other genotypes
[40]. Other studies demonstrated that individuals infected with strains from the Beijing
genotype were more likely to progress to active TB [41, 42] and had increased drug resistance
[43, 44]. Furthermore, patients infected with these strains were younger than patients infected
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with other genotypes [45], and they developed febrile responses in earlier stages of treatment
[46]. Moreover, infection with Beijing strains was associated with HIV co-infection [47] and
BCG vaccination [48]. However, others have been unable to find an association between
infection with Beijing strains and the aforementioned clinical manifestations of the disease [38,
45, 49-54].

Few studies focused on the immune response have been conducted in patients infected with
Beijing strains. Sun et al found that the sera of patients infected with Beijing and non-Beijing
strains had similar levels of IFN-γ and IL-18, while peripheral blood mononuclear cells
(PBMCs) expressed similar mRNA levels for IFN-γ, IL-2, IL-18. However, patients infected
with Beijing strains had decreased levels of IL-4 [55]. In contrast with these results, Rakotosa‐
mimanana et al observed that PBMCs from patients infected with the “modern” Mtb strains
from Beijing and Central Asia produced less IFN-γ in response to ESAT-6 than PBMCs from
patients infected with other genotypes [56]. These results suggest that Mtb Beijing genotype
could induce an altered immune response that could favor infection by these strains.

5. Effects of Mycobacterium tuberculosis Beijing genotype on the immune
response: in vivo models

The first evidence of the hyper-virulence of the Mtb Beijing genotype came from studies with
different mouse models of infection. Manca et al showed that the Beijing strain HN878, isolated
from cases from an outbreak in Texas, led to higher bacterial loads in the lungs and to
accelerated death in immune-competent mice, compared to a non-Beijing strain. Moreover,
the lymph node and spleen cells from HN878-infected mice showed decreased proliferation
and IFN-γ production after in vitro re-stimulation, suggesting a defective induction of a Th1
response because of the early induction of type I IFN by HN878 [57, 58]. Later studies showed
that the decrease in the Th1 response was associated with the induction of Treg cells in mice
and also in guinea pigs, an animal model that resembles human tuberculosis [59, 60]. Intra‐
cisternal infection of rabbits with Mtb leads to the development of tuberculous meningitis. In
this model of infection, the Beijing strains HN878 and W4 led to higher bacterial loads in the
cerebrospinal fluid and brain, increased dissemination to the lungs and liver, earlier leukocy‐
tosis, increased levels of TNF-α during the later stages of the infection, and severe clinical
manifestations, compared to the low-virulence strain CDC1551 [61].

López et al reported that three Beijing strains, representing the predominant genotypes in Asia,
were hyper-virulent in a mouse model of progressive pulmonary tuberculosis, compared to
other genotypes (Somali, Haarlem, Canetti and H37Rv). This hyper-virulence was reflected as
an increased number of bacteria in the lungs and a rapid death of the mice infected with the
Beijing strains. The mice infected with the Beijing strains had altered immune responses: they
expressed TNF-α and iNOS in their lungs during the early stages of the disease, but had a
defective production of iNOS and IFN-γ during the later stages of the infection [62]. Further
studies associated this phenomenon with a decrease in Th1 cells caused by apoptosis and with
a defective cytotoxicity, indicative of a deficient CD8+T cell response [63, 64]. A more recent
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report with the Beijing strain K1, isolated in Korea, showed that this strain is hyper-virulent,
and the lungs of infected mice had a decreased production of Th1 and Th2 cytokines [65]. The
hyper-virulence of the Beijing strains was also observed when they were compared to East
African-Indian strains in mice [66].

However, Dormans et al showed that hyper-virulence is not associated with all the Beijing
strains. He observed that strain 9402008, isolated from Asia, caused little lung pathology,
bacterial load and mortality in mice [67]. Furthermore, Aguilar et al showed that Beijing strains
isolated in South Africa, which presented low transmissibility in humans, were less virulent
than the Beijing strains that were highly transmissible [68]. The highly transmissible Beijing
strains caused an early induction of TNF-α and delayed IL-4 production, as well as defective
induction of IFN-γ and iNOS in the lungs during the later stages of the disease, compared to
the low-virulence Beijing strains [68]. This difference in virulence among Beijing strains was
also observed in a mouse model of infection with seven Beijing strains isolated in Vietnam [69],
and in guinea pigs infected with ten Beijing strains isolated in the USA. Interestingly, the lungs
of these guinea pigs also showed differential patterns of T cell infiltration and cytokine
production: virulent strains induced less IFN-γ during the later stages of the infection,
compared to low-virulence strains [70]. A more recent study showed that heterogeneity in
virulence was also observed in mice infected with Beijing strains isolated from Brazil and
Mozambique [71].

From these in vivo experiments, it is clear that hyper-virulence is not a unique characteristic
that applies to all the strains from the Beijing genotype. However, all the hyper-virulent strains
from the Beijing group share a common characteristic: they are able to interfere with the Th1
response that is crucial for infection containment, favoring the dissemination of bacilli in the
lung and an increased pathology.

6. Effects of Mycobacterium tuberculosis Beijing genotype on the immune
response: in vitro models

6.1. Macrophages

Several studies have analyzed the ability of the Beijing strains to replicate inside macrophages
and to induce cytokine production by these cells. One of the first studies that showed a
differential response of macrophages to the Beijing strains was performed in human macro‐
phages. The Beijing strain 210, isolated in the USA, grew faster in human macrophages than
other Mtb strains tested, but there were no differences among the strains regarding the
induction of TNF-α, IL-6, IL-10 or IL-12 [72]. A faster intracellular replication of the bacilli in
human macrophages was also observed with four different Beijing strains [73]. In contrast with
these results, Manca et al showed that human monocytes infected with the Beijing strain HN878
produced increased mRNA levels for IL-4, IL-11, IL-13, type I IFN, TRAIL and VEGF, com‐
pared to monocytes infected with the low-virulence strain CDC1551 [74], and our group
reported that the hyper-virulent Beijing strain 9501000 induced higher expression of IL-1β,
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differential response of macrophages to the Beijing strains was performed in human macro‐
phages. The Beijing strain 210, isolated in the USA, grew faster in human macrophages than
other Mtb strains tested, but there were no differences among the strains regarding the
induction of TNF-α, IL-6, IL-10 or IL-12 [72]. A faster intracellular replication of the bacilli in
human macrophages was also observed with four different Beijing strains [73]. In contrast with
these results, Manca et al showed that human monocytes infected with the Beijing strain HN878
produced increased mRNA levels for IL-4, IL-11, IL-13, type I IFN, TRAIL and VEGF, com‐
pared to monocytes infected with the low-virulence strain CDC1551 [74], and our group
reported that the hyper-virulent Beijing strain 9501000 induced higher expression of IL-1β,
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TNF-α and IL-12 in mouse bone marrow-derived macrophages (mBMDM), in comparison to
a low-virulence strain of the Canetti genotype [75].

Theus  et  al  used  fifteen  different  strains  of  the  Beijing  genotype  and  infected  IFN-γ-
activated  THP-1  cells  (a  human  monocyte-like  cell  line);  interestingly,  they  observed  a
spectrum of growth and TNF-α induction among these Beijing strains [76]. Tanveer et al
observed that ten Beijing strains induced similar levels of TNF-α in PMA-stimulated THP-1
cells  than  Central  Asian  strains,  but  lower  levels  of  TNF-α  than  H37Rv  [77].  A  low
production of TNF-α, IL-6, IL-10 and CXCL1 was also observed in monocyte-derived human
macrophages infected with nine different Beijing strains, compared to macrophages infected
with H37Rv [78]. In line with this study, Reiling et al  reported that human macrophages
stimulated with four Beijing strains produced lower levels of TNF-α, IL-1β, IL-6, IL-12 and
CCL5 than Haarlem strains  [66],  and Portevin  et  al  extended this  observation to  “mod‐
ern” Mtb lineages, including Beijing genotype strains [79]. However, Krishnan et al observed
that seven Beijing strains induced higher IL-1β and TNF-α production than Euro-Ameri‐
can strains, but there was considerable heterogeneity in the amount of cytokines induced
by  each  Beijing  strain  [69].  Heterogeneity  in  the  amount  of  IL-1β  produced  was  also
observed in mBMDM infected with seven Beijing strains [80].

Altogether, these results point to a heterogenic response of macrophages to different isolates
of the Beijing genotype. Besides the obvious differences in the biological systems used in the
studies summarized in the previous paragraphs, which could explain the differing results,
experiments that have used the same in vitro model show that the induction of heterogenic
cytokine responses is a common characteristic of the Beijing genotype. Two patterns are
observed: one is characterized by low induction of pro-inflammatory cytokines, which is
associated with a poor regulation of intracellular bacterial replication. The second pattern is
characterized by a higher production of pro-inflammatory cytokines, and in vivo evidence
indicates that, during the early stages of an infection with these strains, there is an inflamma‐
tory response of equal or higher magnitude than the inflammatory response induced by other
genotypes. This, however, raises a question: how could high levels of pro-inflammatory
cytokines be favorable to the pathogen? The paradox may be explained by the function that
these cytokines play during Mtb infection. For instance, macrophage-produced TNF-α is
associated with macrophage self-activation and control of the intracellular replication of Mtb
during the early stages of the infection but, according to a mouse model of infection, it is the
T cell-produced TNF-α that is essential for mycobacterial containment during the chronic
infection [81]. The recruitment of macrophages with low anti-mycobacterial capacity during
the early stages actually favors infection dissemination [82], so the induction of an inflamma‐
tory environment that allows the recruitment of such cells could be actively pursued by some
virulent Mtb strains.

6.2. Dendritic cells

Although DCs play a crucial role for the mounting of T cell responses to Mtb, few studies have
analyzed how Beijing strains affect DC functions. The first studies on this subject analyzed
cytokine production by DCs. Wang et al observed that human derived DCs stimulated with
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Beijing strains produced low levels of TNF-α, IL-6 and CCL3, compared to DCs stimulated
with H37Rv [78]. Portevin et al observed that human DCs stimulated with “modern” Mtb
lineages, which include Beijing genotype strains, produced less pro-inflammatory cytokines
than DCs stimulated with “ancient” Mtb lineages [79], while Krishnan et al did not observe
any difference in cytokine production by mouse bone marrow derived DCs (mBMDDCs)
stimulated with Beijing strains, H37Rv or other genotypes [69]. Recently, our group reported
that a hyper-virulent Beijing strain failed to activate mBMDDCs (assessed by MHC class II
expression) but did not affect the induction of CCR7 expression, which is essential to drive DC
migration from the tissues to the lymph nodes. Moreover, these DCs had higher levels of PDL-1
and IL-10 than DCs stimulated with low-virulence strains. Interestingly, the phenotypic
changes correlated with alterations in DC function, as revealed by their inability to induce a
Th1 response [83]; a phenomenon usually observed during in vivo infections with hyper-
virulent Beijing strains.

6.3. Human peripheral blood mononuclear cells

Human PBMCs consist mainly of monocytes, T cells, B cells and NK cells. Assays where PBMCs
are stimulated with pathogens or their antigens can be used to evince T cell-mediated immune
responses [84]. In one of the first studies that used PBMCs to assess granuloma formation in
vitro, the authors analyzed two Beijing strains and did not observe a difference in the number
or size of the granulomas induced by these strains, compared to the granulomas induced by
Haarlem, Latin American-Mediterranean or East African-Indian strains [78]. Our group
reported that the PBMCs from healthy BCG-vaccinated individuals stimulated with Beijing
strains presented CD4+and CD8+T cell proliferation responses similar to those induced by the
less virulent Canetti and H37Rv strains, and that the Beijing strains induced higher production
of IL-10 and IL-12, but similar levels of IFN-γ [85]. Recently, van Laarhoven et al analyzed the
effect of fourteen Beijing strains on cytokine production by PBMCs from non-BCG-vaccinated
healthy individuals; “modern” Beijing strains induced lower levels of IL-1β, IFN-γ and IL-22
than “ancient” Beijing strains [86]. In contrast, Portevin et al did not observe a difference in
cytokine production by PBMCs stimulated with several Beijing strains [79]. One explanation
for the different response of PBMC’s, beyond the genetic diversity of Beijing strains, is the
immune status of the donors: only one study analyzed the response of BCG vaccinated
individuals, and BCG vaccination has been associated with increased susceptibility to infection
with Beijing strains [48].

The studies described above show that Beijing strains modulate the response of different cell
populations that participate during the immune response to this pathogen. However, most of
these studies are focused on macrophages, leaving aside other cell populations that are known
to participate in the immune response to mycobacteria, such as pneumocytes, neutrophils,
mast cells, NK, NKT cells, γδ T cells, B cells, etc. Studying how these cells respond to Beijing
strains will help to understand the mechanism used by this Mtb genotype to override the
immune response.
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7. Components of Mycobacterium tuberculosis Beijing genotype that
modulate the immune response

7.1. Lipids

Several Mtb components are associated with evasion of the immune response. Among them,
lipids have been widely studied, mainly because of the atypical structure of the mycobacterial
cell wall and the predominance of some types of lipids in this cell wall. Lipid extracts from the
Beijing strain HN878 induced higher expression of IL-13, G-CSF and VEGF in human macro‐
phages, compared to the expression induced by lipids from the CDC1551 strain [74]. The cell
wall lipids from hyper-virulent Beijing strain 9501000 also induced higher expression of TNF-
α and IL-10 than the cell wall lipids from H37Rv and Canetti genotype [87].

Reed et al showed that three hyper-virulent Beijing strains expressed a phenolic glycolipid
(PGL) that was not expressed by the lower-virulence strains H37Rv and CDC1551. When the
HN878 strain lost the expression of this PGL, its hyper-virulence in mice and rabbits was
diminished, and the cytokine pattern that it induced in macrophages became similar to that
induced by H37Rv [88]. Later studies showed that 102 Beijing strains had unaltered pks15/1,
the open reading frame (ORF) coding for the enzyme responsible for PGL production [28].
However, the presence of intact pks15/1 is not exclusive of the Beijing genotype [89], and some
Beijing strains that express this ORF do not produce PGL [90]. In addition, a study reported
that induction of PGL production by non-Beijing strains did not increase their virulence [91].
Regarding other lipids, Reed et al observed that 36 Beijing strains, but not Indo-Oceanic or
Euro-American strains, uniformly expressed triacylglycerides [90]. Huet et al showed that
Beijing strains presented a pattern of phthiocerol dimycoceroserates (PDIM) different to that
of other Mtb strains; this difference was associated with the mutation Rv2952G526A in the Beijing
strains, but it was not associated with the virulence of these Beijing strains [92]. Another study
reported that total lipids extracts from Beijing strains induced higher TNF-α production by
mBMDM than total lipids extracts from Euro-American strains. These Beijing strains had a
characteristic pattern of PDIM, which was different to that of other Mtb strains [69].

These studies indicate that lipids from Mtb Beijing play an important role in the regulation of
macrophage activation and in the induction of cytokine production. However, further studies
are needed to clarify how these lipids impact other arms of the immune response that are
crucial for infection containment, such as DCs and T cells specific for Mtb lipid antigens [93].
Another potential role for the lipids of the Beijing strains could be as carbon and energy
reservoirs, which would be valuable in the harsh conditions that the bacilli find inside
macrophages or in the anoxic granulomas [90].

7.2. Proteins

One of the first studies that analyzed proteins identified that a Beijing strain, but not Canetti
or H37Rv strains, expressed mRNA for PE_PGRS Rv3652 [94]. Wu et al observed that the
Beijing strain 210 had higher SigA mRNA levels than H37Rv, and that blockade of SigA
expression attenuated bacterial growth in human macrophages and in the lungs of infected
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mice, a phenomenon that was associated with increased Mtb susceptibility to reactive oxygen
intermediates [95]. Later studies showed that SigA induced up-regulation of Eis, which in turn
promoted TNF-α and IL-10 production by macrophages [96, 97].

Pheiffer et al, using proteomic techniques, found that a Beijing strain expressed higher levels
of α-crystallin and lower levels of Hsp65, PstS1 and 47kDa protein than H37Rv [98]. Interest‐
ingly, Reed et al found that Beijing strains constitutively expressed high mRNA levels of genes
in the DosR regulon, including dosR, Rv3130c, hspX, fdxA and narX; the levels of these mRNAs
were up to 50 times higher than the levels found in non-Beijing strains [90]. Usually, Mtb
induces the expression of the DosR regulon under two conditions: 1) in the lungs of infected
mice and in artificial granulomas [99], and 2) inside macrophages that are activated with IFN-
γ [100]. In consequence, the authors hypothesized that a constitutive high expression of the
genes in the DosR regulon would allow a fast adaptation of Mtb to this harsh conditions leading
to Mtb survival. The mechanisms that maintain this high expression of the DosR regulon are
unknown, but mutations in DosT sensor kinase and chromosomal duplication have been
implicated in this phenomenon [101, 102].

Rindi et al found that Beijing strains expressed high levels of PPE44, a member of the Mtb PPE
proteins that are related with antigenic variation [103]. Another approach, using proteomic
analysis among several Beijing strains with different virulence, showed that the virulent strains
over-expressed 53 proteins involved in regulation, cell wall synthesis and cell processes [104].
Recent reports indicate that the virulent Beijing strain K1 expressed higher levels of ESAT-6,
HSP-X and CFP-10 than strains from other genotypes, and it also expressed InsB, a protein
which shares homology with ESAT-6 [105, 106].

Altogether, these results indicate that Beijing strains express a different set of proteins that
could participate in many stages of the infection. First, they could modify the innate immune
response through a differential engagement of pattern recognition receptors (PRRs), inducing
a response that would favors infection [107]. Second, they could facilitate a rapid adaptation
of the bacilli to the adverse conditions found during infection (hypoxic, or rich in reactive
nitrogen and oxygen intermediates, for example) [90]. Third, the regulation of the expression
of proteins that are recognized by the adaptive immune response could facilitate immune
evasion and fostering survival of the bacteria [98].

7.3. Other molecules

Carbohydrates from Beijing strains have been poorly analyzed. Usually, carbohydrates are
associated with lipids or proteins, and they are abundant on bacterial cell walls. Carbohydrates
play a crucial role in the recognition of microbes by innate immune cells through PRRs, and
consequently, they could modulate the whole immune response to the bacilli [108, 109].

As we have seen, the immune response is crucial role for infection containment, but other non-
immune factors contribute to Mtb virulence, and a conjunction of all these factors defines the
outcome of the infection. Metabolomic studies of hyper-virulent and hypo-virulent Beijing
strains have reported a difference in the presence of different metabolites, including amino
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acids, carbohydrates and lipids [110]. How this difference impacts bacterial phenotype needs
further clarification.

8. Evolution as a driving force in the success of Mycobacterium
tuberculosis Beijing genotype

The studies cited above highlight a great variation in the responses to infection with Beijing
strains, both in vivo and in vitro. One explanation for this variation could be the genetic diversity
of the Beijing strains, but some studies have been unable to correlate the different responses
with the genetic diversity of the Beijing genotype [111, 112]. So, how can we understand this
variation? Evolution has played a fundamental role in shaping the actual scenario of TB on
earth. Humans have co-existed with Mtb since our appearance as a species on this planet, and
Mtb accompanied humans since the first migrations from Africa to other parts of the world [1,
113]. These migrations and settlings allowed a co-evolution of each human population with
its pathogens, including Mtb, and this is reflected in the distribution of Mtb diversity: six
different Mtb lineages are stably associated with specific human populations, according to
their geographic distribution [4]. Mtb lineages are so well adapted to their hosts that even in
cosmopolitan areas, where diverse human populations from different geographic origins
coexist, a specific Mtb lineage preferentially infects individuals from a specific geographic
origin (sympatric transmission) [114]. Allopatric human transmission of Mtb occurs, but
infection of individuals from one geographic origin with Mtb from a different lineage is usually
associated with other factors, such as HIV co-infection. Patients with allopatric infections have
increased pulmonary impairment, compared to patients with sympatric infections [114, 115].

Mtb Beijing genotype belongs to the East-Asian lineage, and it is strongly associated with hosts
from this geographic area. When Mtb Beijing genotype is introduced to new areas, where it is
uncommon, it preferentially infects hosts that also come from its original geographic area.
Studies in Italy and Sweden indicate that infection with Mtb Beijing genotype is uncommon
among natives and more frequent among migrants from areas commonly infected by this
genotype, which suggests a poor adaptation of Mtb Beijing genotype to the native hosts [116,
117]. In fact, the genetic diversification of Mtb Beijing genotype has been associated with
adaptation to particular human populations [118].

Which host factors predispose to infection with Mtb Beijing genotype? Some studies indicate
that infection with Beijing strains occurs preferentially in hosts that have particular polymor‐
phisms in immune response genes. In Vietnamese patients, infection with Beijing strains was
associated with the presence of the TLR-2 allele T597C [119], and recent reports indicate that
TLR-2 polymorphisms are differentially distributed in human populations according to their
geographic localization and ethnicity [120]. Whether these polymorphisms affect the immune
response to Beijing strains still needs to be analyzed, but differential activation of TLR-2 and
TLR-4 by Mtb strains from different genotypes has an impact on the immune response to the
bacilli [121].
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Crevel et al found that, in Indonesian patients, the polymorphism D453N G and an insertion
in the 3’untranslated region (UTR) of the slc11a1 gene (formerly known as nramp1) were
strongly associated with Beijing strains infection [122]; polymorphisms in this gene (which
codes for an iron transporter in macrophages) have been associated with TB susceptibility
[123]. Salie et al documented an association between MHC class I alleles and infection with
Beijing strains in South Africans, where the allele B*07:05 increased the odds of infection with
Beijing strains, while the allele B*35:01 had the opposite effect. Interestingly, B*07:05 is a
frequent allele in East Asian populations [124]. MHC class I molecules are essential for antigen
presentation to CD8+T cells, which are needed for the containment of Mtb infection [125]. These
studies provide evidence of a co-evolution between Beijing strains and their hosts.

9. Conclusion

Mtb Beijing genotype has attracted attention because of its high prevalence among TB patients,
but despite multiple studies, the causes of this success remain obscure. An interesting aspect
of Mtb Beijing genotype infection is the diversity of the immune responses that are induced in
humans and in experimental models (in vivo and in vitro). It is possible that this diversity results
from the adaptation of Mtb Beijing genotype to the genetic background of its hosts and to other
evolutionary pressures, such as drug treatment, BCG vaccination and HIV co-infection. These
factors, and others still unknown, will shape the strategies used by Beijing strains to override
the immune response and to establish successful infections in the host.
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Chapter 4

Early Exposure of Human Neutrophils to Mycobacteria
Triggers Cell Damage and Pro-Inhibitory Molecules, but
not Activation

M. Orozco-Uribe, L. Donis-Maturano, J. Calderón-Amador,
R. Chacón-Salinas, J. Castañeda-Casimiro, S. Estrada-Parra,
I. Estrada-García and L. Flores-Romo

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/59832

1. Introduction

Mycobacterium tuberculosis (Mtb) is responsible for causing tuberculosis (TB) [1], a chronic re-
emerging infectious disease with a major impact on public health worldwide [2]. Primary TB
occurs by inhalation of microdroplets containing Mtb bacilli [3]. If the innate immune response
is not efficient to control and eliminate the mycobacteria, then adaptive T cell responses might
contain the bacteria resolving the infection [3-5].

Being TB a long-lasting affliction, most research on the immune responses to TB has addressed
the chronic stages. In contrast, the earliest contacts of bacilli with cells responsible of the first
defenses have been rather neglected, until recent years. Neutrophils (PMNs) are short-lived
leukocytes, functioning as the primary defense against microorganisms [6, 7], with special
ability to kill pathogens by phagocytosis, degranulation and the formation of extracellular
traps [8-11]. The activation of neutrophils is associated with changes in the spatial and temporal
expression of certain molecules [12, 13] such as CD16b, CD11b and CD66b, molecules respon‐
sible for adhesion, degranulation and migration, and are therefore well established as neutro‐
phil activation markers [13-19]. On the other hand, it is documented that intracellular
pathogens causing chronic infections can co-opt the pathway of a pair of molecules, PD-1 and
its ligand PD-L1, involved in decreasing crucial T cell responses, provoking a phenomenon
called "T cell exhaustion" [20]. In physiological conditions, this pathway is important for
peripheral tolerance and the control of adaptive immune responses [21], but it has been barely
explored in TB.

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and eproduction in any medium, provided the original work is properly cited.



In this work we wanted to assess the phenotype of neutrophils during the very early interac‐
tions with three different strains from the Mycobacterium tuberculosis-complex.

2. Materials and methods

2.1. Ethics

This research was performed on healthy competent volunteers in accordance with the
Declaration of Helsinki of the world Medical Association, and the Mexican General Health
Law regarding research. The ethics committee of the National School of Biological Sciences
ENCB-IPN approved this study (permission number: “Protocolo #CEI-ENCB 011/2013”) and
informed written consent was obtained from donors.

2.2. Bacterial strains and cultures

Mycobacterium tuberculosis H37Rv, Mycobacterium canetti and Mycobacterium bovis Bacillus
Calmette-Guérin (BCG) strains were grown in Middlebrook 7H9 broth (Difco, Detroit, MI,
USA. Cat. 271310), enriched with 10% OADC (Oleic, Albumin, Dextrose, Catalase) (Becton,
Dickinson, USA. Cat. 211886) at 37°C until exponential growth phase. Bacteria were diluted
in D-MEM (Dulbecco’s modified Eagle’s medium) (Invitrogen, Grand Island, NY, USA. Cat.
12430) supplemented with 10% FBS (fetal bovine sera) (Invitrogen, Grand Island, NY, USA.
Cat. 16000). Mycobacteria were quantified prior to use.

2.3. Isolation of human neutrophils

Human blood neutrophils were isolated from healthy donors using two gradients: Histopaque
1119 (Sigma-Aldrich, St. Louis, MO, USA. Cat. 11191) for 20 min at 800g and Percoll (GE
Healthcare Bio-sciences AB, Uppsala, Sweden. Cat. 17-0891-01) at the densities indicated next:
1105 g/mL (85%), 1100 g/mL (80%), 1093 g/mL (75%), 1087 g/mL (70%) y 1081 g/mL (65%), for
20 min at 800g.

2.4. Stimulation and staining of neutrophils

106 healthy neutrophils/mL of RPMI-1640 medium supplemented with 5% fetal bovine serum
(FBS) were used either unstimulated or stimulated with 10 nM Phorbol 12-Myristate 13-Acetate
(PMA) (Sigma-Aldrich, St. Louis, MO, USA. Cat. P-81-39), 5 µg/mL LPS (Sigma-Aldrich, St.
Louis, MO, USA. Cat. L-3755), Mycobacterium bovis BCG, Mycobacterium canetti or Mycobacte‐
rium tuberculosis H37Rv at 37°C in 5% CO2 atmosphere for 15, 30 and 60 min. Subsequently,
cells were treated 5 min with universal blocking reagent (Biogenex¸ cat HK085-5K) and stained
with different combinations of purified fluorochrome-conjugated antibodies: anti-human
CD16b-APC (R&D Systems, Minneapolis, MN, USA. Cat. FAB2546A), CD66b-FITC (AbD
Serotec, Kidlington, UK. Cat. MCA216F) and CD11b-PE (BD Pharmingen, San Jose, CA, USA.
Cat. 340712). To evaluate the pro-inhibitory phenotype we used anti-human PD-1-FITC
(BioLegend, San Diego, CA, USA. Cat. 329903) and anti-human PD-L1-PE (BioLegend, San
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Diego, CA, USA. Cat. 329705). After this, cells were washed with 2 mL of FACS solution (PBS
1X, BSA 1%, Sodium azide 0.01%) and the events were acquired in FACS CyAn™ ADP
(Beckman Coulter, Inc). FACS data were analyzed using FlowJo X 10.0.7r2 software (Tree Star
Inc.)

2.5. Statistics

Statistics were performed with Two-way ANOVA using Bonferroni t-test for all multiple
pairwise comparisons using GraphPad Prism 5 project (©2013 GraphPad Software).

3. Results

3.1. Neutrophils purity

Blood neutrophils from healthy donors were enriched to about 90% purity, which was checked
through staining with Hematoxylin and Eosin (H&E) as well as by flow cytometry parameters
such as cell size (FSC) vs. granularity/internal complexity (SSC) (Figure 1 A, B). PMNs were
incubated either with culture medium alone, LPS, PMA or the various mycobacteria at two
different multiplicity of infection (MOI: 0.1, 1) of Mycobacterium bovis BCG, Mycobacterium
canetti and Mycobacterium tuberculosis H37Rv. To corroborate that isolated neutrophils were
not contaminated with other leukocyte subpopulations, by means of Fluorescence Activated
Cell Sorter (FACS) we evaluated the presence of T lymphocytes (Lc), B Lc and macrophages
(Mfs) using specific antibodies to CD3, CD19 and CD14 (Figure 1 B right panel).

Figure 1. Analysis of peripheral blood neutrophils isolated from healthy donors. Enriched Neutrophils were analyzed
both by staining with H&E (A) and by flow cytometry (B). By flow cytometry (B) we evaluated the Size and Granulari‐
ty (left panel) of the isolated PMNs. The purity of the PMN-enriched cell suspensions was also verified by using mark‐
ers both for T and B cells (right top panel) and macrophages (right bottom panel).
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3.2. Mycobacterium affects neutrophils integrity at early times of interactions

By means of flow cytometry we analyzed the neutrophils incubated either with culture
medium alone, LPS, PMA, Mycobacterium bovis BCG, Mycobacterium canetti or Mycobacterium
tuberculosis H37Rv. We observed an increase in neutrophils autofluorescence, i.e., those that
were incubated only with mycobacteria but that were not labeled with any fluorescent reagent
at all. Autofluorescence was analyzed in a free channel or filter without staining (FL-6=405 nm)
(figure 2). In flow cytometry it has long been described that autofluorescence indicates
(membrane) cell damage or even cell death [22-27]. In this case, the neutrophils incubated with
BCG or with Mtb H37Rv increased their autofluorescence emission since early times of
exposure to mycobacteria. At 15 min of incubation (figure 2B, D) approximately 60-80% of
PMNs were autofluorescent, while for neutrophils interacting with Mycobacterium canetti the
autofluorescence increased approx. 15% at 30 minutes (figure 2G). In contrast, neutrophils
incubated with culture medium alone showed basal levels, approximately 10% of autofluor‐
escence (figure 2 A, E, I)

Figure 2. Mycobacteria of different virulence can induce damage to neutrophils at early exposure times, as determined
by autofluorescence using flow cytometry. Healthy volunteers' neutrophils were incubated 15, 30 and 60 min with ei‐
ther culture medium alone (Medium), Mycobacterium bovis (BCG), Mycobacterium canetti or Mycobacterium tuberculosis
H37Rv. Histograms show the autofluorescence emitted by neutrophils in a free channel (FL-6=405 nm) when using ba‐
cilli at a multiplicity of infection (MOI) of 3:1 for each mycobacterial strain.
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3.3. Mycobacteria do not activate neutrophils at early times of interaction

Blood neutrophils incubated separately with three different strains of Mycobacteria (BCG,
Canetti and Mtb) were evaluated for the expression of CD16b (Figure 3), CD11b and CD66b
(Figure 4), at 15, 30 and 60 min incubation. Although these molecules are constitutively
expressed on neutrophils, it is well documented that neutrophils modify the expression of
these markers upon activation [13, 15, 17, 19, 28-30].

Neutrophils incubated with mycobacteria did not display changes in the percentages of
expression of CD16b (Figure 3A), CD11b, CD66b (Figure 4A, C) at the 3 time-points evaluated.
There was, however, a decreased in the median fluorescence intensity (MFI) for CD16b (figure
3B) and CD66b (figure 4D) and an increment for CD11b (Figure 4B) with Mtb at 15 min
incubation, compared with neutrophils in culture medium alone. Short incubation periods
with the microbial product LPS or with PMA (both used as positive controls) increased the
expression of CD11b (figure 4B) and CD66b (figure 4C), i.e., since 15 min of exposure.

Figure 3. FcγRIIIb-expression in neutrophils exposed to different Mycobacteria. Healthy donor neutrophils were incu‐
bated with medium alone (white bars), LPS (gray bars), PMA (black bars), Mycobacterium bovis (BCG) MOI 0.1 (aqua
bars) and 1 (green bars), Mycobacterium canetti MOI 0.1 (pink bars) and 1 (orange bars) and Mycobacterium tuberculosis
H37Rv MOI 0.1 (blue violet bars) and 1 (red bars). Percentage (A) and MFI (B) of neutrophils labeled for CD16b evalu‐
ated at 15, 30 and 60 min incubation with mycobacteria of different virulence. Error bars denote the s.e.m. and dotted
lines represent the basal level of CD16b expression (A, B). s.e.m: standard error mean, MFI: Median fluorescence inten‐
sity, MOI: Multiplicity of infection, M: Mycobacterium.

3.4. Mycobacteria rapidly induce pro-inhibitory molecules on neutrophils

Mycobacteria have evolved diverse mechanisms to escape, divert or even subvert the immune
responses [4, 31]. The molecular pair PD1-PD-L1 has been recently shown to induce a phe‐
nomenon called T cell exhaustion, and the expression of these two molecules has been shown
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manipulated by certain pathogens for their advantage [32, 33]. The percentage of PD1 expres‐
sion in neutrophils incubated with mycobacteria increased only with Mtb H37Rv (figure 5A,
black arrows) since 15 min, compared with basal expression levels. In contrast, PMNs inter‐
acting with the other mycobacterial strains did not modify the percentage of PD-1 expression
(Figure 5A). Regarding MFI we observed a decrease in PD-1 intensity in neutrophils incubated
with Mtb H37Rv MOI:1 at 15 and 30 min, but an increase at 60 min (figure 5B, black arrow).
With respect to PD-1 Ligand (PD-L1), the percentage increased in neutrophils incubated with
BCG and Mycobacterium canetti at 15 min, compared with basal controls (Figure 5C). Neutro‐
phils incubated with Mtb H37Rv show a tendency to increase the MFI of PD-L1 at 15 and 60
min of incubation (figure 5D, blue arrow), this increase was more clear after 60 min, compared
with basal intensity and with the other mycobacterial strains tested.

Figure 4. Activation kinetics of human neutrophils exposed to different Mycobacteria. Healthy donor neutrophils were
incubated with culture medium alone (white bars), LPS (gray bars), PMA (black bars), Mycobacterium bovis (BCG) MOI
0.1 (aqua bars) and 1 (green bars), Mycobacterium canetti MOI 0.1 (pink bars) and 1 (orange bars) and Mycobacterium
tuberculosis H37Rv MOI 0.1 (blue violet bars) and 1 (red bars). Percentage (A, C) and MFI (B, D) of neutrophils labeled
for CD11b and CD66b evaluated at 15, 30 and 60 min incubation with different bacilli. Error bars denote the s.e.m. and
dotted lines represent CD11b (A,B) and CD66b (C,D) basal expression. *P=0.01; ***P < 0.0001, one-way ANOVA, s.e.m:
standard error mean, MFI: Median fluorescence intensity, MOI: Multiplicity of infection, M: Mycobacterium.
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Figure 5. Kinetics of expression of pro-inhibitory molecules in neutrophils exposed to Mycobacteria at early time
points. Healthy donor neutrophils were incubated with medium alone (white bars), LPS (gray bars), PMA (black bars),
Mycobacterium bovis (BCG) MOI 0.1 (aqua bars) and 1 (green bars), Mycobacterium canetti MOI 0.1 (pink bars) and 1 (or‐
ange bars) and Mycobacterium tuberculosis (Mtb) H37Rv MOI 0.1 (blue violet bars) and 1 (red bars). Percentage (A, C)
and MFI (B, D) of neutrophils labeled for PD-1 and PD-L1 evaluated at 15, 30 and 60 min incubation with different
mycobacteria. Error bars denote the s.e.m. and dotted lines represent the basal levels for PD-1 (A, B) and PD-L1 (C, D).
*P=0.01; **P=0.001; ***P < 0.0001, one-way ANOVA, s.e.m: standard error mean, MFI: Median fluorescence intensity,
MOI: Multiplicity of infection, M: Mycobacterium.

4. Discussion

Mycobacterium tuberculosis is the causative agent of tuberculosis (TB) [1]. According to the
World Health Organization (WHO), TB caused the death of 1.3 million people worldwide in
2012 [2]. Despite the vast amount of TB research in more than 100 years, there are still many
aspects of the disease that remain poorly known, for instance the host’s innate response during
the earliest stages of the infection. The involvement of neutrophils in the immune response
against Mtb has been rather neglected until recently. Conceivably, this might be due to the
short life span of these cells, the quickness of their mechanisms of action and also to the
chronicity of TB.

We aimed at assessing activation as well as pro-inhibitory molecules on neutrophils from
healthy donors using flow cytometry, thus PMNs were incubated for short periods with three
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different strains of mycobacteria. As positive controls for PMN activation at the time points
evaluated, we used two standard components, a microbial one such as lipopolysaccharide
(LPS), and a chemical one such as phorbol myristate acetate (PMA). At least two main FACS
criteria were evaluated, the percentage of cells and the median fluorescence intensity (MFI).
The latter directly reflects the intensity of expression of a given molecule in the cells evaluated.

In flow cytometry the emission of autofluorescence in both animal and plants cells has been
indicative of cell damage or even cell death. In addition, the reduction of NADH induces
intracellular fluorescence, also indicating cell damage [22-27]. When we cultured mycobacteria
with neutrophils, these increased their autofluorescence emission since 15 min, compared with
neutrophils in medium alone. Previously, Perskvist et al. (2002) demonstrated that Mtb H37Rv
induced apoptosis in neutrophils, but this was evaluated at 5h of interaction [34, 35]. However
other studies of neutrophils with Leishmania major showed increased IL-8 production and
inhibition of apoptosis at 24h [36]. Corleis et al. (2012) described that at 20 min, neutrophils can
kill Mycobacterium smegmatis but not Mycobacterium tuberculosis [37]. In addition, Ramos-Kichik
et al. (2009) showed that Mtb induced neutrophil extracellular traps (NETs) at 180 min [38],
compared with other microorganisms such as C. albicans that do it in shorter time [39].

Few and recent studies have focused on the effects that mycobacteria might have on neutro‐
phils [40-42], for instance whether mycobacteria can induce neutrophil extracellular traps, as
seen when PMNs interact with other microorganisms [38]. Of note, even the phenotype of
neutrophils during and after their interaction with mycobacteria remains poorly addressed.

From the set of molecules that we measured, some (CD16b, CD11b, CD66b) are well established
neutrophil activation markers, while the others (PD1/PD1-L) are very important pro-inhibitory
molecules. Interestingly, however, even at the longest time of incubation with mycobacteria
(60 min), we did not observe statistically significant differences in the percentages of PMNs
expressing CD16b, CD11b or CD66b, compared to neutrophils incubated with the control
substances LPS, PMA or with culture medium alone. In contrast, it is known that certain
components from microorganisms such as E. coli, S. thyphimurium. S. flexneri and Y. enteroco‐
litica induce activation of neutrophils at early times (30 min) of exposure [43]. Interestingly,
even at 15 min incubation the percentage and the MFI of CD11b, CD66b, CD18 or CD62L
increased in human healthy neutrophils incubated with DNA of E. coli, LPS, fMLP, C5a and
three different strains of Staphylococcus aureus [19, 44].

On the other hand, decrease in surface CD16b in neutrophils is also related to the activation
of these cells [29, 30]. When we analyzed the median fluorescence intensity (MFI) of CD16b on
mycobacteria-incubated neutrophils, we did not find significant differences compared to the
controls, although there was a slight decrease at 15 minutes in cells incubated with Mtb H37Rv
compared to freshly isolated neutrophils. Regarding the expression of CD11b and CD66b, both
LPS and PMA (used as positive controls for stimulation), increased the expression of these two
markers since 15 minutes compared to neutrophils in medium alone, indicative of the intact
capacity of neutrophils to respond. Although there was a subtle decrease in CD66b expression
at 15 minutes of incubation with bacilli, compared to freshly isolated neutrophils.

Previous studies have evaluated the expression of CD16b and CD66b as activation markers in
neutrophils from patients with active TB [45]. Likewise, in healthy neutrophils incubated with
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clinical isolates of Mtb, the expression of CD16, CD69 and CXCR2 was evaluated, but only at
3 and 18 h [46]. Hilda et al. in 2012 demonstrated that the virulent strain Mtb H37Rv can
modulate the expression of FcγRII (CD32), FcγRI (CD64), TLR-4 and CXCR3 in neutrophils,
while BCG increased CD32 expression only, and a vaccine strain, Mycobacterium indicus
pranii, did not produce any apparent effect with MOI: 3, all at 4h of incubation [47]. We did
not see differences in neutrophil activation in response to the three strains of mycobacteria,
regardless of their different virulence.

The PD-1/PD-L1 pathway is important for the establishment and maintenance of peripheral
tolerance as well as to modulate immune and inflammatory responses to pathogens [21, 48].
This pathway has been found altered during chronic viral [49, 50], parasitic [51], fungal [52]
and bacterial [32] infections, provoking a phenomenon known as “exhaustion” in CD8+T cells,
exerting an inhibitory effect related to pathogens evasion of immune responses [20]. Appa‐
rently, Mtb H37Rv can also modulate and manipulate the PD/PD-L1 path not only in T cells,
but also in antigen presenting cells and even in elements of the innate immune response, such
as NK cells [53]. However, this pair of molecules has been poorly explored in neutrophils,
especially in the interplay with microorganisms. Therefore, we sought to evaluate also the
neutrophils expression of PD-1 and PD-L1 in the early response to mycobacteria. There was
an apparent increase in the proportion of neutrophils expressing surface PD-1 following
incubation with Mtb H37Rv (MOI 1), which was more evident at 60 minutes; although not
statistically significant. These results are interesting and opposed to data by Yao et al. (2009)
where they reported that neither NK cells, macrophages nor neutrophils express PD-1 during
infection with Listeria monocytogenes [54]. On the other hand, we did not observe changes in
the proportion of neutrophils expressing PD-L1 after incubation with the different mycobac‐
teria strains at the time points we evaluated. Regarding the mean fluorescence intensity (MFI)
of PD-1, we observed that at 15 and 30 min there were no differences in its expression in
neutrophils incubated with mycobacteria. However, at 60 min the expression of PD-1 increased
importantly in neutrophils but only with Mtb H37Rv at MOI 1. When evaluating the MFI for
PD-L1 we did not find significant differences among neutrophils incubated with mycobacteria
or with culture medium alone. McNab et al. (2011) also evaluated these pro-inhibitory
molecules but at the mRNA level in the blood from tuberculosis patients [55]. They found that
the polymorphonuclear population overexpressed the PD-1 ligand in patients with active TB,
in comparison to patients with latent TB and healthy donors.

Our results indicate that, while neutrophils are readily stimulated upon short time of incuba‐
tion with either LPS or PMA, they do not get activated during early interactions with three
mycobacteria of different virulence. This is revealed by the PMNs inability to modify activation
molecules which are involved in crucial processes such as migration, adhesion, phagocytosis
and degranulation. However, at these early times of interactions with mycobacteria, there are
indeed alterations occurring in other important molecules in PMNs, such as PD1/PD1-L.

It is conceivable that early during a mycobacterial infection neutrophils might encounter and
interact with other recruited cells of the immune system while still expressing inhibitory
molecules such as PD-1 or PD-L1, thus limiting the intensity of the response at the site of
infection. The fact that neutrophils infected with Mtb express both the receptor and the ligand
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of PD-1 could be related to an autocrine regulation of this population. Further experiments are
required to understand the role of the early innate immune response against Mycobacterium
tuberculosis. Since there are few studies focused on the neutrophils phenotype during the very
early interactions with mycobacteria, we consider our results of interest and we expect that
this work will instigate more research on the participation of neutrophils during the early
stages of mycobacterial infection.
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1. Introduction

Short description of the chapter: The chapter gives an overall view of attempts at preventing
tuberculosis; this disease has a high impact on public health worldwide. Aspects concerning
the development of anti-tuberculosis vaccines being tested by different research groups
around the world are analysed in this chapter. The current vaccine is described, as is the search
for new antigens, the use of adjuvants, the approaches adopted to date for designing new
vaccines, and current trials in their different phases of research. An analysis is made of the
results obtained to date and comments are made about the future regarding the development
of an effective anti-tuberculosis vaccine.

Tuberculosis is considered the second worldwide cause of mortality after AIDS; it is caused
by an infectious agent (Mycobacterium tuberculosis) and 8.6 million people were reported as
having acquired tuberculosis in 2012 and 1.3 million people died from tuberculosis in the same
year [1].

Even though tuberculosis is curable and can be prevented, it has been calculated that a third
of the world’s population has latent tuberculosis (i.e., they are infected by Mycobacterium
tuberculosis (Mtb) but have not yet become ill nor can they transmit the infection). Mtb usually
affects the lungs (pulmonary tuberculosis) but can affect other sites (extra-pulmonary tuber‐
culosis). People infected with the tubercle bacilli have around a 10% risk of developing the
disease throughout their lifetimes, and this risk becomes much greater for smokers or people
who have a deficient immune system, as happens with cases of infection caused by the human
immunodeficiency virus (HIV), malnutrition or diabetes.

The best way to avoid the disease is to find a totally efficient vaccine which can prevent
mycobacteria entering the target cell for infection, vaccines which can protect individuals from
initial infection, those which can prevent progression to active tuberculosis in recently infected

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



individuals, or else those which can reduce the ability of those having active disease to transmit
it to others.

Tuberculosis is currently controlled by using antibiotics; however, the socioeconomic panor‐
ama of endemic areas, the extensive period of time represented by treating it, together with
intense secondary effects produced by anti-tuberculosis drugs, as well as the appearance of
cases of multi-resistant tuberculosis, make this a limited solution regarding the enormous
problem which this disease represents.

The publication of the H37Rv strain genome in 1998 [2], more than 100 years after Robert Koch
discovered the existence of Mtb (in 1882), provided information with great potential for
identifying its gene repertory, some of which is key when ascertaining mycobacterial virulence,
pathogenesis, survival and latency. Such an advance has led to thinking about designing new
drugs against this disease, overcoming resistance to drugs and, above all, obtaining an effective
vaccine. However, despite around 4,000 of the genes forming this microorganism already
being known and the pertinent data being already available in enormous databases, functional
information regarding the proteins encoding them is still very limited.

The Mycobacterium bovis Bacillus Chalmette–Guerin (BCG) vaccine has been used for almost
100 years for preventing tuberculosis. This vaccine may offer protection against serious forms
of tuberculosis in children (tuberculous meningitis and miliary tuberculosis) [3], but it
continues to be controversial regarding the variability of protection results (0% to 80%), being
especially effective in preventing infant tuberculous meningitis but not pulmonary tubercu‐
losis in adults [4]. BCG use is not recommended in HIV patients due to the risk of infection
being disseminated by the Mycobacterium bovis strain used in this vaccine. Even though around
12 anti-tuberculosis vaccine candidates are currently in clinical trials, the following should be
born in mind as obstacles preventing the development of efficient anti-tuberculosis vaccines.
There is a poor correlation among protection in animal models which could be applied to
studies in humans, there is the impossibility of validating an animal model since an efficient
vaccine for preventing pulmonary tuberculosis has still not been found, and there is the cost
and sample size regarding clinical trials due to a low regional incidence despite the disease’s
high prevalence. Many aspects concerning a natural immune response in humans following
infection remain unknown and it is not clear which model would be suitable in choosing the
best antigens for an anti-tuberculosis vaccine [5]. However, it is becoming clearer that there
are substantial differences in humans’ immunological responses to tuberculosis (as well as
concerning other inflammatory diseases) which cannot be found in or predicted by studies in
animals [6].

The complicated natural history of tuberculosis suggests that at least three vaccination
strategies are possible. One would prevent primary infection and disease followed by exposure
to the mycobacteria, another would prevent reactivation in cases of already infected individ‐
uals, while a third would advocate immunotherapeutic treatment complemented by normal
procedures against tuberculosis directed at patients who are already ill from this disease [7, 8].

Research into prophylactic methods against tuberculosis has been based on antigens which
are recognized by tuberculosis patients and which produce a cellular immune response;
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however, more recent results have led to the conclusion that Mtb is a very complex pathogen,
and it seems that the T-cell response is not strong enough for controlling the disease in humans.
As part of the search for antigens with prophylactic or diagnostic potential, in vitro culturing
of Mtb has led to a set of culture filtrate proteins (CFPs) being recognized whose main
characteristic is their immunodominance. Some antigens have been implicated in a protective
immune response or in T-cell activation in infected humans and animal models, which is why
they have been considered good vaccine candidates. Such antigens have been identified by
biochemical approaches and have been characterized by being abundant proteins, secreted by
a culture medium [9, 10]. Despite efforts having been made in the field of research into antigens
with immunoprophylactic potential, only a few have passed experimentation Phase II; it has
been reported recently that one of the vaccines being developed, which has been in the most
advanced clinical studies (MVA85A), has not provided greater protection than that currently
offered by BCG [11]. Some antigens with immunogenic potential have been identified by using
synthetic peptides; their versatility has been shown in developing alternatives against
tuberculosis [9, 12-14].

Another has involved bioinformatics as a recent discipline integrating the large amount of
biological information which has been obtained regarding different microorganisms and
which can be found in large-scale databases, along with their biological significance. This
approach has been used for rationally selecting sequences from the best immunomodulator
candidates from among the thousands of genes which microorganisms have. Bioinformatics
can thus contribute towards limiting the amount of candidates to be tested [15, 16].

Tuberculosis (TB), a disease caused by Mycobacterium tuberculosis (Mtb) infection, remains a
major public health problem. The Mycobacterium bovis strain-derived Bacillus Chalmette–
Guerin (BCG) vaccine is the only one currently available against this disease; it effectively
protects against TB disseminated in younger children, but it has not managed to reduce
infection prevalence and it has only shown variable protection against pulmonary TB, which
constitutes the global disease burden [3]. Several facts highlight the urgent need for an efficient
vaccine against this disease:

• A lack of knowledge regarding the mechanisms by which the BCG vaccine has not provided
sufficient protection against Mtb;

• Mtb is responsible for almost two million deaths annually and remains in a latent stage in
a third of the world’s population;

• TB is one of the diseases with the greatest potential for evolutionary adaptation; and

• The slow decline in TB incidence globally and the emergence of multidrug-resistant forms
of TB is devastating for patients (especially HIV-positive individuals) and healthcare
providers.

WHO data reports that efforts at developing new diagnostic tests, new vaccines and drugs
against TB have increased considerably during the last decade [1]. Twelve anti-TB preventative
vaccine candidates were reported as being in trial Phases I, II or IIb, and two more immuno‐
therapeutic vaccines in Phases II or III by 2013.

Vaccines – Recent advances and clinical trials
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The Phase IIb results for vaccine candidate MVA85A published in February 2013, which was
tested in children and administered as a BCG backup, were seen to provide no additional
protection when comparing the results with those obtained when just applying the BCG
vaccine [11]. However, this study showed that the vaccine had an acceptable safety profile in
the study population, and that a high quality trial could be carried out in a high TB load setting
after solid results were found.

Even though the nature of protective immunity which must be produced against TB has not
been completely understood to date, and despite that biomarkers of protection have not been
clearly established, it has been suggested that Mtb antigens included in a possible vaccine must
induce a strong Th1 cell immune response. It has usually been held that antigens which are
immunogenic are recognized by TB patients or else are those which are expressed during Mtb
infection; however, more recent results have led to concluding that Mtb is a very complex
pathogen, and it seems that the T-cell response is not strong enough for controlling the disease
in humans. As part of the search for antigens with prophylactic or diagnostic potential, the in
vitro culturing of Mtb has led to a set of culture filtrate proteins (CFPs) being recognized whose
main characteristic is their immunodominance. Some antigens have been implicated in a
protective immune response or in T-cell activation in infected humans and animal models,
which is why they have been considered good vaccine candidates. Such antigens have been
identified by biochemical approaches and have been characterized by being abundant
proteins, secreted by a culture medium [9, 10]. Despite efforts having been made in the field
of research into antigens with immunoprophylactic potential, only a few have passed experi‐
mentation Phase II; it has been reported recently that one of the vaccines being developed,
which has been in the most advanced clinical studies (MVA85A), has not provided greater
protection than that currently offered by BCG [11]. Some antigens with immunogenic potential
have been identified by using synthetic peptides; their versatility has been shown for devel‐
oping alternatives against TB [9, 12-14].

Another approach has involved bioinformatics as a recent discipline integrating a large
amount of biological information which has been obtained regarding different microorgan‐
isms and which can be found in large-scale databases, along with their biological significance.
This approach has been used for rationally selecting sequences from the best immunomodu‐
lator candidates from among the thousands of genes which microorganisms have. Bioinfor‐
matics can thus contribute towards limiting the number of candidates to be tested [15-17], and
a new approach has been proposed based on a functional approach involving the pathogen–
host interaction in the search for antigens to be included in designing an efficient, minimal,
subunit-based anti-TB vaccine [16, 18].

It  should be born in mind,  here,  that  vaccines must  perform well  in  a  series  of  clinical
phases,  thereby  establishing  vaccine  candidate  efficacy  and  safety,  encompassing  the
following phases [19]:

• First-in-human clinical trials: First-in-human studies are small studies in healthy adults
(usually 20-80 subjects) to evaluate a vaccine candidate’s safety and immunogenicity;
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• Phase I clinical trials: Phase I clinical trials are small safety studies in different target popu‐
lations. These may include a preliminary assessment of dose-range and/or age de-escalation;

• Phase IIa clinical trials: Phase IIa clinical trials are larger studies (usually 100-300 subjects)
exploring dose-range in target populations aimed at identifying the optimum dose, the
dosing schedule and/or administration route based on safety, immunogenicity and/or
biological end-points. These are focused studies designed to provide evidence of biological
activity in the target population;

• Phase IIb clinical trials: Phase IIb clinical trials are larger, well-controlled studies evaluating
safety and proof-of-concept/efficacy. These trials usually include more than 1,000 subjects
and are designed to demonstrate evidence of disease prevention or treatment in the target
population; and

• Phase III clinical trials: Phase III clinical trials are pivotal registration studies to support
licensure. They are designed to demonstrate statistically significant evidence of disease
prevention or treatment and long-term safety in target populations as required by national
regulatory authorities. These studies are conducted with the final manufactured product.

2. The existing BCG vaccine

The established vaccine referred to as ‘Bacille de Calmette et Guérin’ (BCG), a live-attenuated
bacterial vaccine developed in 1921, efficiently protects children against disseminated disease,
and this is probably the most convincing argument for its use; however, it induces highly
variable protection against TB. Even though the mechanisms have not been identified to date
which allow this vaccine to protect against severe forms of TB in children (TB meningitis and
miliary TB), while its efficacy in preventing pulmonary TB in adults remains highly variable,
it continues to be the gold standard regarding prevention against TB caused by Mtb, being
given to more than 80% of neonates and nursing infants in countries where it forms part of
their national infant immunization programme.

Continued emphasis has thus been placed on understanding the mechanisms behind the
failure of BCG to provide sufficient protection against Mtb in the lungs, and to designing new
vaccines to be used in conjunction with BCG as booster strategies for installing protective
immunity at the site of infection. It seems that protective immunity with the current vaccine
requires mycobacterial replication in the host, meaning that a pre-existing immune response
could lead to a cross-reaction with BCG.

Trials have indicated that BCG has 60-80% protective efficacy against severe forms of TB in
children, particularly meningitis [20, 21], and controversial attempts have been made to relate
its efficacy against pulmonary diseases with the vaccinated population’s geographical location
and exposure to environmental mycobacteria [22, 23]. It has also been proposed that different
BCG strains induce different levels of protection.

Greater BCG vaccine efficiency regarding protection against pulmonary, miliary and menin‐
geal TB has been associated with the absence of prior Mtb infection or sensitization to envi‐
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ronmental mycobacteria. This fact is relevant when designing new vaccines against TB since
prior infection could mask or block their effects [23]. Other authors have shown the BCG
vaccine’s efficacy against leprosy and against TB itself [24].

Recent  systematic  studies  have  concluded  that  the  BCG  vaccine  protects  against  Mtb
infection  as  well  as  its  progression  towards  active  disease,  determined  by  interferon-
gamma release assays (IGRAs) in children [25]. These IGRAs were based on INF-γ release
by T-cells from individuals who had been infected by Mtb, and led to the clear differentia‐
tion of individuals who had been previously vaccinated with BCG or who had been infected
by other mycobacteria [26].

It could be concluded that the BCG vaccine has shown great variety regarding its efficiency
concerning protection against TB, thereby creating great controversy and encouraging
numerous efforts aimed at producing better vaccines against this disease. However, it cannot
be ignored that BCG is the most used vaccine around the world – more than three thousand
million doses having been administered to date – and that this fact must be taken into account
when designing new vaccines which must necessarily be compared to classic BCG efficacy.

3. Different approaches

Bearing in mind the results obtained in animal models regarding protective immunity
concerning TB, most vaccine candidates have been based on vectors, adjuvants and antigens,
inducing classical cytokines for a Th1 profile, such as INF-γ and TNF-α, produced by CD4+
and CD8+ T-cells. The main immunization strategies used for developing vaccines against TB
would include:

• Prime vaccines are those seeking to be more efficient than the current BCG and which might
replace it. These would include those which have improved on the M. bovis BCG strain or
new vaccines based on live attenuated M. tuberculosis. Attempts have also been made to
improve the safety of the actual BCG so that it can be used with children exposed to HIV,
since using the actual vaccine is not recommended. They prevent infection and are consid‐
ered pre-exposure, are prophylactic and their intention is to obtain a longer-lasting and more
effective immune response;

• Vaccines administered after BCG has been applied to the new born are known as boost or
prime-boost vaccines for improving efficiency and extending the protection time produced
with the first immunization with classical BCG. They form part of a prophylactic booster
strategy for classical BCG vaccination for prolonging the immunity induced by it;

• Post-exposure vaccines include those which prevent the disease’s primary progression or
latent TB reactivation. They are directed towards individuals with latent tuberculosis
infection (LTBI), meaning that it should be considered that any Mtb infection could become
a clinically active disease or a latent infection (as it is believed that mycobacteria could persist
in metabolic stages of slow replication until practically remaining inactive), depending upon
the host’s immune state. The antigens require careful selection; if the antecedents provoked
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by immunization with tuberculin in the past are born in mind [27], proteins are selected in
this strategy which are expressed during the infection’s latent state and which are recog‐
nized by individuals with dormant Mtb infection. It is thought that vaccination is a more
effective means than antibiotics for eliminating mycobacteria in a latent state. A consider‐
ation to be born in mind when selecting antigens is the fact that it has been described how
antigens recognized by the immune systems of individuals with latent infection differ from
those recognized by patients with active disease [28]; and

• Immunotherapeutic vaccines include whole-cell and fragmented mycobacteria and might
become synergized with chemotherapy to shorten treatment for active TB or LTBI.

Subunit vaccines offer great advantages in all cases as they allow for the selective design of
antigens which could induce an effective protective immune response. Using these vaccines
is justified as only a few antigens are needed to achieve the same protection obtained with
complete bacteria, and their use leads to obtaining safe, reproducible vaccines, and no
problems have been foreseen regarding their application to immunocompromised individuals.

While DNA-based vaccines offer the induction of robust MHC class I-restricted cytotoxic T-
lymphocyte (CTL) cells, due to their strong potential for inducing memory responses, DNA
vaccines are particularly suited for priming immune responses. The co-administration of BCG
with plasmid DNA encoding immunodominant, subdominant and phase-specific antigens –
poorly expressed by BCG – may lead to the development of improved TB vaccines [29].

4. Vaccines currently being developed

Regarding vaccine candidates currently in experimental clinical phases (Figure 1), there are a
great variety of strategies for inducing the desired protective response; these would include
complete microorganisms, cell extracts and non-pathogenic mycobacteria (M. vaccae, RUTI,
M. smegmatis) [30, 31], candidates included with viral vectors (MVA85A, AERAS-402 and
AdAg85A) [11, 32], fusion proteins with Th1 response-inducing adjuvants (M72/AS01, Hybrid
1/CAF01, Hybrid 1/IC31 and HyVac 4) [33, 34], and BCG-based live recombinant vaccines
(VPM 1002, Aeras 422, rBCG30) [35, 36] and those based on Mtb (MTBVAC) [37].

A broad range of vaccine candidates are already being evaluated pre-clinically, which
contributes towards broadening clinical portfolio diversity and filling current scientific gaps.
Consensus has been achieved among investigators regarding new TB vaccines to rationalize
and streamline advancing TB vaccine candidates, with increased emphasis being placed on
global coordination among key stakeholders to advance a common research agenda. A re-
prioritized focus on early-stage research is also underway to supplement existing efforts. In
this way, resources and research efforts must be devoted to the search for new alternatives for
vaccine design, the deepening of immunological mechanisms in humans, and the development
of reliable biomarkers that would predict vaccine efficacy and disease progression; using these
strategies together we can find new vaccine alternatives and progress towards successful
future clinical trials [5].
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Figure 1. The development pipeline for new TB vaccines, 2013

4.1. Phase I clinical trials:

Ad5 Ag85A is a human adenovirus serotype 5 vector expressing Ag85A (fbpA, Rv3804c,
secreted antigen 85-A, mycolyl transferase 85A), an immunodominant antigen produced by
all mycobacterial species. It has been developed by McMaster University with support from
Tianjin CanSino Biotechnology Inc. The vaccine was evaluated in a Phase I trial in 12 BCG-
naive and 12 previously BCG-immunized, healthy, Canadian adults, which demonstrated no
vaccine-related serious adverse events. It showed that Ad5Ag85A was immunogenic in both
groups and that it stimulated polyfunctional T-cell responses, but it more potently boosted
both CD4+ and CD8+ T-cell immunity in previously BCG-vaccinated volunteers compared to
BCG-naive volunteers, supporting its further clinical development as a booster vaccine after
BCG priming [38, 39].

ID93/GLA-SE is being developed by the Infectious Disease Research Institute (IDRI) in
collaboration with Aeras. It consists of a recombinant fusion protein expressing the antigens
Rv2608, Rv3619 and Rv3620 associated with virulence and the Rv1813 Mtb latency antigen; all
of them are combined with a stable oil-in-water emulsion incorporating glucopyranosyl lipid
adjuvant, a synthetic TLR-4 agonist (GLA-SE), together with the recombinant protein.
ID93ID93/GLA-SE induced multifunctional CD4+ Th1 cell responses (IFN-γ, TNF-α, IL-2) in
mice and protected both mice and guinea pigs against Mtb [40]. It is beginning a Phase Ib trial
in adults to assess safety and immunogenicity in such a population. The purpose of this Phase
I trial is to determine ID93/GLA-SE safety, tolerability and immunogenicity in BCG-vaccinated
healthy adult subjects in South Africa for preventing pulmonary TB; results have yet to be
published for this clinical trial.

MTBVAC is being developed by the University of Zaragosa, Institut Pasteur, BIOFABRI and
the Tuberculosis Vaccine Initiative (TBVI). It is a live Mtb strain which has been attenuated via
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4.1. Phase I clinical trials:

Ad5 Ag85A is a human adenovirus serotype 5 vector expressing Ag85A (fbpA, Rv3804c,
secreted antigen 85-A, mycolyl transferase 85A), an immunodominant antigen produced by
all mycobacterial species. It has been developed by McMaster University with support from
Tianjin CanSino Biotechnology Inc. The vaccine was evaluated in a Phase I trial in 12 BCG-
naive and 12 previously BCG-immunized, healthy, Canadian adults, which demonstrated no
vaccine-related serious adverse events. It showed that Ad5Ag85A was immunogenic in both
groups and that it stimulated polyfunctional T-cell responses, but it more potently boosted
both CD4+ and CD8+ T-cell immunity in previously BCG-vaccinated volunteers compared to
BCG-naive volunteers, supporting its further clinical development as a booster vaccine after
BCG priming [38, 39].

ID93/GLA-SE is being developed by the Infectious Disease Research Institute (IDRI) in
collaboration with Aeras. It consists of a recombinant fusion protein expressing the antigens
Rv2608, Rv3619 and Rv3620 associated with virulence and the Rv1813 Mtb latency antigen; all
of them are combined with a stable oil-in-water emulsion incorporating glucopyranosyl lipid
adjuvant, a synthetic TLR-4 agonist (GLA-SE), together with the recombinant protein.
ID93ID93/GLA-SE induced multifunctional CD4+ Th1 cell responses (IFN-γ, TNF-α, IL-2) in
mice and protected both mice and guinea pigs against Mtb [40]. It is beginning a Phase Ib trial
in adults to assess safety and immunogenicity in such a population. The purpose of this Phase
I trial is to determine ID93/GLA-SE safety, tolerability and immunogenicity in BCG-vaccinated
healthy adult subjects in South Africa for preventing pulmonary TB; results have yet to be
published for this clinical trial.

MTBVAC is being developed by the University of Zaragosa, Institut Pasteur, BIOFABRI and
the Tuberculosis Vaccine Initiative (TBVI). It is a live Mtb strain which has been attenuated via

Tuberculosis - Expanding Knowledge110

deletion of the phoP gene encoding a transcription factor, which is key to virulence regulation,
and fadD26 which is essential for the synthesis of the lipid complex involving phthiocerol
dimycocerosate (DIM), one of the major mycobacterial virulence factors [37]. MTBVAC has
been shown to be safe in all preclinical studies and has conferred better protection than BCG
in mice. It has been the first live attenuated Mtb vaccine to enter a Phase I clinical trial in
Lausanne; 36 healthy volunteers participated to ensure the vaccine candidate MTBVAC’s
safety and immunogenicity.

4.2. Phase II trials:

AERAS-402/Crucell Ad35 is an adenovirus-vectored vaccine formed by replication-deficient
adenovirus serotype 35 (Ad35), which functions as a viral vector expressing a fusion protein
with three Mtb antigens: Ag85A, Ag85B and TB10.4. The antigen 85 complex is highly
conserved among different species of mycobacteria and consists of multiple secreted compo‐
nents, Ag85A and Ag85B being highly homologous and the most immunogenic. The TB10.4
antigen (low molecular weight protein antigen 7 ESXH, cfp7 or Rv0288) has been shown to be
an immunodominant antigen. AERAS-402/Crucell Ad35 is designed as a booster vaccine for
infants, adolescents and adults. It has been shown to induce polyfunctional CD4T cells and
strong CD8T-cell responses when given to adults after priming with BCG, which were fiftyfold
higher than those detectable pre-boost [41]. A single AERAS-402 dose has induced CD4T cells
predominantly expressing single IFN-γ, whereas two doses induced CD4T cells predomi‐
nantly expressing IFN-γ, TNF-α and IL-2 together. Although begun as a Phase IIb proof-of-
concept trial, preliminary data has led to it now being revised as a smaller Phase II trial, having
safety and immunogenicity in healthy infants previously vaccinated with BCG at birth as its
primary end-points [42]. AERAS-402/Crucell Ad35 and MVA85A are also being tested in
combination to try to drive a balanced CD4+/CD8+ immune response. One or two doses of
AERAS-402/Crucell Ad35 followed by a dose of MVA85A are being evaluated for safety and
immunogenicity in a combined Phase I/Phase II trial in adults in the United Kingdom. Three
vaccines are protein subunit adjuvanted vaccines which were initially developed by the Statens
Serum Institute in Copenhagen, Denmark.

Hybrid 1 + IC31 is based on a fusion protein containing Ag85B and ESAT-6 in adjuvant IC31.
IC31 (Intercell) is a new adjuvant containing two components (an immunopotentiating cationic
peptide (KLKL5KLK) and a single-stranded oligodeoxynucleotide ODN1) and has been shown
to induce potent, sustained, antigen-specific cellular immunity via the Toll-like receptor-9/
MyD88 signalling pathway [43], as well as humoral responses to a variety of peptides and
antigens. ESAT-6 (in contrast to antigen 85 complex members) is a virulence factor which is
restricted to mycobacteria from the Mtb complex. The two proteins fused in Hybrid 1 contain
epitopes recognized by TB patients’ T-cells with a broad range of HLA from different types;
this has been determined by the high number of INF-γ-secreting T-cells specific for these
antigens. The results from a clinical Phase I study have shown that the vaccine is well-tolerated,
highly immunogenic in naïve individuals, and that it has induced strong Th1 responses
persisting for more than two-and-a-half years after vaccination [34].
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Hybrid 56 + IC31 contains a fusion protein which includes the antigens 85B and ESAT6 (as
Hybrid 1) as well as antigen Rv2660c, which has been described as a hypothetical protein,
originally identified on the basis of enhanced transcription in a starvation model of Mtb growth
arrest [44]. The strong induction of Rv2660c has been associated with hypoxia-induced, non-
replicating persistence and an enduring hypoxic response. However, it has been proposed,
recently, that there could have been a fortuitous crossed reaction between the response of T-
cells induced by recombinant protein Rv2660c and a yet-to-be-defined Mtb antigen, and it is
expected that results will be obtained for Hybrid 56 + IC31 providing relevant information
about latent infection physiology [45]. This vaccine combines antigens characteristic of early
infection and latency, and seems to have protected mice against TB – as would be ideal – before
and after exposure to infection [46].

Hybrid 4 + IC31 uses adjuvant IC31. However, this Sanofi Pasteur candidate includes a fusion
protein candidate which expresses Ag85B and TB10.4; the latter antigen is from the same gene
family as ESAT-6 and has been included in vaccine candidate AERAS-402.

RUTI is a therapeutic vaccine developed in Badalona (Catalonia, Spain) by Archivel Farma; it
is formed by biotransformed Mtb cell fragments, delivered in liposomes. The original idea of
introducing this vaccine was to boost the dominant immunological response against growing
Mtb which already exists in a host. RUTI has already demonstrated its efficacy in controlling
LTBI in experimental mice and guinea-pig models after a short period of chemotherapy; such
experiments in animals have shown the induction of a mixed Th1/Th2/Th3, polyantigenic
response involving no local or systemic toxicity [30].

The Phase I clinical trial showed that vaccination was reasonably well-tolerated as judged by
local and systemic clinical evaluation, although dose-dependent local adverse reactions were
noted; it also trigged a specific immunological response against Mtb in healthy subjects
compared to a placebo [47]. It has also been shown that it can induce a cellular immune
response measurable as IFN-γ secretion.

The results of a double-blind, randomized, placebo-controlled Phase II clinical trial for
assessing the safety, tolerability and immunogenicity of three doses of RUTI vaccine admin‐
istered after completion of one month of isoniazid treatment in HIV-infected and –uninfected
subjects with LTBI have been reported recently [48]. The study involving 111 subjects was
carried out at three South African sites (Bloemfontein, George and Port Elizabeth); the RUTI
safety profile was considered acceptable. As some HIV-positive individuals were found in the
group, this suggested that the RUTI vaccine did not cause any variation in the HIV viral load
or CD4 count. Vaccination thus did not affect HIV infection evolution.

VPM 1002 is a recombinant ΔureC hly+ BCG (rBCG) strain which expresses Listeria monocyto‐
genes membrane-perforating listeriolysin (hly) and which is devoid of urease C. This rBCG
construct induces superior protection against aerogenic challenges with MTB compared to
parental BCG. Phase I clinical trials in adults in Germany and South Africa have proven safe
and immunogenic for B-cell and T-cell responses [49], and a current Phase IIa trial is ongoing
for assessing immunogenicity and safety in its target population (i.e., the new born in a high
TB incidence setting). A second Phase II trial will assess the vaccine’s safety and immunoge‐
nicity in HIV-exposed and -unexposed new-borns.
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4.3. Phase IIb studies:

M72/AS01E is a protein subunit vaccine, formulated in a novel adjuvant system which induces
type I to enhance cell-mediated immunogenicity. It contains a fusion protein containing Mtb
antigens Mtb32A (pepA, probable serine protease pepA, Rv0125) and Mtb39A (Rv1196, a PPE
family protein) in adjuvant system AS01E, which is a liposome formulation with monophos‐
phoryl lipid A (MPL) and QS21 immunostimulants. The M72 antigen expressed in BCG and
Mtb mycobacteria contains human CD4+ and CD8+ T-cell epitopes and induces proliferation
and INF-γ production by T-cells from PBMC in TB-infected individuals. Although no immune-
correlate regarding protection has been identified, T-cells expressing Th1 cytokines (INF-γ and
TNFα) are associated with protection. Safety and immunogenicity were tested in different
populations: as a booster to BCG in Gambian infants [50], in HIV-infected adults on combi‐
nation antiretroviral therapy in Switzerland [51] and healthy PPD-positive adults in the
Philippines [52]. The Phase IIb study will be the largest trial of a novel TB vaccine in adults,
aiming to enrol 4,500 HIV-negative adults in TB-endemic countries in Africa. The primary end-
point will be the protective efficacy of two doses of M72/AS01E against pulmonary TB.
Secondary end-points will include safety and immunogenicity.

MVA85A is the first virally vectored TB vaccine to be tested in humans. It is a recombinant,
attenuated vaccinia-vectored vaccine candidate expressing Mtb Ag85A. It was designed as a
booster vaccine for BCG-vaccinated infants and this vaccine’s first Phase IIb trial was con‐
ducted in South Africa from 2009 to 2012, results being published in early 2013 [11]. An
additional MVA85A Phase IIb trial was conducted in adults infected with HIV-1, at two clinical
sites, in Cape Town, South Africa and Dakar, Senegal; the trial concluded that MVA85A was
well-tolerated and immunogenic in adults infected with HIV-1. However, it was detected as
offering no efficacy against Mtb infection or disease [53].

Although the MVA85A vaccine has produced some protection in murine models of TB, the
recent trial in BCG-vaccinated children in South Africa revealed that, although it could
generate a high level of multifunctional CD4+ T cell response in the host and produce IFN-γ,
failed to prevent either TB infection or disease in vaccinated subjects.

4.4. Phase III studies:

Vaccae consists of a heat-inactivated Mycobacterium vaccae preparation, developed by Anhui
Zhifei Longcom Biopharmaceutical. It has been approved for TB adjuvant therapy and is the
only drug recommended for TB immunotherapy by the WHO [54]. Killed M. vaccae is safe and
does not present any adverse side-effects, except for local reaction at the injection site. Injectable
M. vaccae (Vaccae) was approved in 2001 for sale in China as adjunct immunotherapy for TB
drugs; nevertheless, M. vaccae appeared to produce a measurable improvement in some
geographical regions but not in others; such inconsistency has led some researchers to doubt
its efficacy [55]. The cell wall seems to be responsible for M. vaccae immunostimulating effects,
which have been greater than those produced by inactivated complete mycobacteria, and this
would partly explain the variability of results obtained in different studies.

The purpose of the Phase III study is to add new indications for Vaccae, mainly to prevent TB
for high-risk groups of infection; it has passed this phase, including testing in MDR-TB and
HIV co-infected individuals.
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5. Conclusion

Even though significant achievements have been made in research into different aspects
related to the prevention, diagnosis and treatment of TB, and the group of researchers
dedicating their time to the topic has grown worldwide, it has been recognized that a more
effective vaccine is needed for reducing the high levels of mortality caused by this disease.

Several development stages and clinical trials are involved in developing new vaccines and,
while new vaccine candidates emerge, it is essential that work continues on discovering new
approaches. It is considered that immunization is one of the most profitable interventions
regarding health, despite this leading to significant investment in terms of time and money.
Candidates selected during the design phase must pass the preclinical phase to advance to
clinical Phase I, clinical Phases IIa and IIb and clinical Phase III.

Research in this field has involved different approaches regarding the selection of the best
antigens, adjuvant use, antigen dose, and immunization strategy. For the development of TB
vaccines, two strategies have been mainly suggested: in the first case, the widely-used BCG
vaccine is substituting by an improved vaccine, either a recombinant BCG or an attenuated
Mtb strain. The other strategy implies a boosting vaccine which improves the protection
provided by the actual BCG vaccine. It must thus be born in mind that different groups of the
population are exposed, so that emphasis is placed on vaccines to be administered to children,
the new born and suitable vaccine candidates for adolescents and adults. A search is also being
made for therapeutic vaccines which will lead to the potentiating treatment of drug-resistant
TB. All vaccines must be safe for people affected by HIV and those suffering latent TB infection.

Trying to find effective vaccines against TB continues to be a significant challenge as a greater
understanding of a protective immune response is still required and there remain gaps
regarding the mechanisms regulating Mtb immunopathology in human hosts [56]. An
additional complication concerns the fact that TB may be the only pathogen manipulating the
host’s immune response in promoting its transmission. Some aspects needing to be clarified
are related to protective immunity in humans, making surrogate end-points inadequate for
evaluating TB vaccine efficacy. To date, no biomarker has been validated in TB, thereby
hampering selection during the early phase and the clinical evaluation of new vaccine
candidates.

Even though the systematic study and selection of vaccine antigens has led to the development
of promising candidate vaccines [40, 46], these vaccines’ efficacy in preventing TB in the human
population remains to be determined. Studies carried out so far have suggested that TB vaccine
development should not be limited to the most antigenic proteins during natural infection. It
is hoped that Phase I and II clinical trials data with different antigens and vaccine delivery
systems will be crucial to understanding which immunological parameters are important for
vaccine efficacy.

The animal models which have helped during the early phases of research into protective
antigens against TB and which have provided valuable information about vaccine candidate
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regarding health, despite this leading to significant investment in terms of time and money.
Candidates selected during the design phase must pass the preclinical phase to advance to
clinical Phase I, clinical Phases IIa and IIb and clinical Phase III.

Research in this field has involved different approaches regarding the selection of the best
antigens, adjuvant use, antigen dose, and immunization strategy. For the development of TB
vaccines, two strategies have been mainly suggested: in the first case, the widely-used BCG
vaccine is substituting by an improved vaccine, either a recombinant BCG or an attenuated
Mtb strain. The other strategy implies a boosting vaccine which improves the protection
provided by the actual BCG vaccine. It must thus be born in mind that different groups of the
population are exposed, so that emphasis is placed on vaccines to be administered to children,
the new born and suitable vaccine candidates for adolescents and adults. A search is also being
made for therapeutic vaccines which will lead to the potentiating treatment of drug-resistant
TB. All vaccines must be safe for people affected by HIV and those suffering latent TB infection.

Trying to find effective vaccines against TB continues to be a significant challenge as a greater
understanding of a protective immune response is still required and there remain gaps
regarding the mechanisms regulating Mtb immunopathology in human hosts [56]. An
additional complication concerns the fact that TB may be the only pathogen manipulating the
host’s immune response in promoting its transmission. Some aspects needing to be clarified
are related to protective immunity in humans, making surrogate end-points inadequate for
evaluating TB vaccine efficacy. To date, no biomarker has been validated in TB, thereby
hampering selection during the early phase and the clinical evaluation of new vaccine
candidates.

Even though the systematic study and selection of vaccine antigens has led to the development
of promising candidate vaccines [40, 46], these vaccines’ efficacy in preventing TB in the human
population remains to be determined. Studies carried out so far have suggested that TB vaccine
development should not be limited to the most antigenic proteins during natural infection. It
is hoped that Phase I and II clinical trials data with different antigens and vaccine delivery
systems will be crucial to understanding which immunological parameters are important for
vaccine efficacy.

The animal models which have helped during the early phases of research into protective
antigens against TB and which have provided valuable information about vaccine candidate
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safety, immunogenicity and efficacy have not so far led to predictive results being obtained in
developing vaccines which can be used with human beings.

Despite consensus having been achieved regarding the fact that only a vaccine is the solution
which will lead to eradicating TB from the world, there remain many unanswered questions
in this field which must be resolved to ensure obtaining an efficient and safe vaccine against
this emergent disease, which causes a large number of deaths annually. Significant advances
have been made regarding basic and applied research directed towards finding definitive
solutions against this disease, showing that a vaccine against TB can be obtained in the mid-
term.
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1. Introduction

Mycobacterium tuberculosis is the world’s most successful pathogen, having survived over
70,000 years and currently infecting nearly 2 billion people worldwide [1]. With around 9
million new cases of tuberculosis (TB) each year, almost one third of the population is at risk
for developing active disease [2]. In 2012 alone, an estimated 3,500 people per day died of TB
and, in fact, human immunodeficiency virus (HIV) is the only other infectious disease
responsible for more deaths each year than M. tuberculosis [1, 3]. Because of these deadly
statistics, the World Health Organization (WHO), the Centers for Disease Control (CDC), and
the Bill and Melinda Gates foundation, among many others, have committed to eradicating
M. tuberculosis by the year 2050. A combined strategy of drug treatment, better diagnostics,
and prevention (i.e. vaccine development) is the only way to reach this goal [4].

While finding a cure and treating the disease is an essential aspect of medicine, of equal
importance are prevention measures to stop contracting the disease in the first place. Because
extreme and totally drug resistant strains of M. tuberculosis are appearing with increasing
frequency, it is essential that we block the spread of this pathogen by developing a vaccine
that provides protection against infection.

1.1. Vaccine development

The hallmark of an effective vaccine is one that can be given to a young population, with no
adverse side effects, and which will provide lifelong immunity against a particular pathogen.
The basis of a functional vaccine is dependent on the immune system’s ability to ‘remember’
an encounter with a foreign pathogen. Typically, immunological memory is established upon
the first encounter with a pathogen by the creation of memory T cells. These memory T cells
are specific to a particular antigen and will reside in tissues and lymph nodes until they
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recognize their specific pathogen and become activated. Upon activation by a second exposure,
the memory T cells will quickly and efficiently initiate a response to eliminate the pathogen
and prevent disease. The creation of memory T cells and life-long immunity can be obtained
either by primary exposure to the pathogen followed by disease and eventual recovery, or by
being given a vaccine. Vaccines act to prime the immune system by exposing a person to a
non-lethal, milder version of the pathogen’s antigens so that those memory T cells can be
created without causing disease in the individual. Ideally, a vaccine is made of pathogen-
derived components that are critical for induction of protective immunity and consequently,
are often composed of either an attenuated (non-virulent) or killed version of the bacteria,
inactivated bacterial toxins, or subunits of the pathogen. The vaccines will have antigens
similar to the virulent version of the pathogen but would lack factors necessary for disease.
Thereafter, if a vaccinated individual is exposed to that particular set of antigens a second time,
the immune system will quickly eliminate the pathogen and prevent disease. The immune
system is therefore required to respond in a proper manner both to vaccination and to
subsequent challenges with the pathogen.

In the case of M. tuberculosis infection, however, the immune response initiated upon exposure
does not result in memory and instead, infection follows a more complex pathogenesis route.
The main route of transmission for M. tuberculosis is via aerosolization of liquid droplets
containing bacilli that are then breathed in by an individual. After inhalation, organisms are
carried into the deep lung where it is phagocytosed by antigen presenting cells (APCs), such
as macrophages or dendritic cells, which then travel to the draining lymph nodes and initiate
an immune response [1, 5]. M. tuberculosis specific T cells then migrate to the lungs and are
required for the formation of a granuloma around the site of infection [1]. In an immunocom‐
petent individual, this granuloma will contain the infection in the lungs and prevent active
disease [6] [1].

CD4+T cells are the hallmark of the immune response to M. tuberculosis infection and, together
with CD8+T cells play significant roles in the various stages of infection and disease [6, 7].
Interferon (IFN)-γ and tumor necrosis factor (TNF)-α are essential cytokines for the induction
of immunity to infection [6, 7]. Our understanding of the network of immune cells and
cytokines required by the host to contain the infection, generate granulomas, and limit the
extent of tissue involvement is increasing and will provide a better understanding of the
requirements for generating vaccine mediated immunity.

This chapter will focus on the varied and unique aspects of M. tuberculosis that have made the
development of a vaccine a challenging prospect. We will discuss the only vaccine currently
on the market, BCG, its history, and why it has failed to prevent the spread of this pathogen.
We will also discuss the various animal models and methodologies that are used by researchers
to study the immune response to M. tuberculosis in the hopes of developing a more effective
vaccine. We will also discuss a few of the vaccines that have already been developed and are
being tested in clinical trials. Additionally, we will briefly discuss the various regulatory
approval processes that are required to test a vaccine before it can finally be approved for
release on the market.
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2. The BCG vaccine

Bacillus Calmette-Guérin (BCG) is the most widely used vaccine having been delivered to
nearly 3 billion people [8-10]. Despite its widespread use, BCG delivers only minimal protec‐
tion and has failed to eradicate or reduce the disease burden of TB. The mechanisms by which
BCG works to provide its marginal protection are incompletely understood. Even though BCG
provides an imperfect defense against M. tuberculosis infection, it is still the best vaccine
available. In this section of the chapter we will discuss the history of BCG and some possible
reasons why it has failed to stem the tide of deaths due to M. tuberculosis infection.

2.1. History

Albert Calmette and Camille Guérin developed BCG at the beginning of the 20th century.
Developed from a virulent strain of Mycobacterium bovis, the BCG vaccine was attenuated by
serially passing the strains on potato slices supplemented with glycerol over a period of 13
years until a non-virulent strain was obtained [8-10]. Trials of the newly developed vaccine
were performed in cows, monkeys, and African apes and proved to be efficacious [11] [12].
The strain was first used as a vaccine in humans in 1921 with few adverse side effects observed
in the patients who received it [8, 9]. The non-virulence of this strain was then established
before it was sent out to several laboratories throughout the world and used as a vaccine. The
vaccine was then propagated in the various countries in different ways with varying passage
numbers, resulting in the emergence of different variants of the BCG vaccine [8, 10].

2.2. World use

BCG is very cheap to produce and at only $2-3USD per dose, it is one of the most cost effective
ways to provide at least partial protection against M. tuberculosis to millions of children
worldwide [13]. Most of the BCG given in the world is supplied by UNICEF – obtained from
three major sources; producers in Denmark, Japan, and Russia [8, 9]. Most countries around
the world require that the BCG vaccine be given during childhood. The US, Canada, and Italy
are some of the very few countries that have never required that children be given BCG. Most
of Europe and Australia did at some point in their history require BCG to be given to children,
but have since changed their policies. All of Africa, Asia, and most of South America currently
require BCG to be given in early childhood [14].

2.3. Safety and efficacy

A huge reason for the widespread use of BCG is that it is considered to be one of the safest
vaccines on the market [15]. Side effects of BCG are very rare with the most common compli‐
cation being swelling around the injection site [15]. The most significant issue to arise from
BCG vaccination is in HIV infected and other immunocompromised individuals. The increased
risk of dissemination in HIV infected children lead the WHO to change its policy and recom‐
mend that they not be given BCG [15, 16]. Even so, BCG is still part of the WHO’s expanded
program of vaccination [8].
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Studies into the efficacy of BCG have revealed wide-ranging results from vaccination programs
with some reports suggesting 80% efficacy and others showing no protection at all [15, 17].
BCG is thought to convey protection against dissemination of the mycobacteria to other organs
during childhood, an event that is highly fatal if left untreated. BCG does not, however, provide
protection against adult pulmonary disease, which is the main route by which M. tuberculo‐
sis is transmitted [16].

2.4. Variability in efficacy

There are several possible reasons behind the huge variability in the reported efficacy of BCG;
we will discuss some of these reasons in this section. It is important to keep in mind that some
of the issues surrounding BCG efficacy variability are also issues which apply to the new M.
tuberculosis vaccines currently being developed.

2.4.1. Variation in the strain of BCG that is used for vaccination

There are at least 11 different types of BCG vaccines currently available throughout the world
[8]. A major reason for the different types of BCG and the genetic variability between the strains
is mainly a product of the time period when the vaccine was developed. When Calmette and
Guérin first developed BCG, they sent it out to several other laboratories around the word.
Those laboratories cultured, grew, and stored BCG, each in their own way. It must be remem‐
bered that this occurred in the early part of the 20th century, before the advent of current
molecular techniques and storage methods that can maintain parent strain homogeneity.
Instead, as BCG was grown and cultured in these various laboratories, it accumulated a series
of independent mutations that continued to build upon themselves [8]. It was not until the
1960s, with the introduction of culture seed stocks that soon became the norm, that the
standardization of these lines became possible. By that time, however, the various strains of
BCG had diverged and modern analysis has demonstrated that there is significant variability
in the genetic make-up of these strains [8, 10]. The genetic variation in BCG strains can lead to
variation in how well they protect against infection due to difference in the cell surface proteins
that would elicit an immunogenic response [10]. However, all of these BCG strains have
remained non-virulent and a commonality among all of the strains is the loss of the ESX-1
excretion system. It is still not completely understood how the loss of the ESX-1 system blocks
virulence since its re-addition to at least two separate BCG strains does not restore virulence
back to wild type levels [10, 18]. Due to this variation in BCG strains, it is essential that accurate
record keeping be in place when conducting efficacy studies for the vaccine [8].

2.4.2. The genetic diversity of the tested population

The genetic diversity of a population can affect the outcome of any clinical research study and
this is an important factor to consider when examining vaccine efficacy. Various single
nucleotide polymorphisms (SNPs) within a genome can affect a person’s susceptibility to
disease and how their immune system responds to a vaccine. The spectrum of immune system
responses to a vaccine can vary from no response to complete activation and protection.
Variations within a person’s genome could prevent their immune system from properly
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responding to the vaccine and therefore it would not convey protection when the person is
exposed to the pathogen. For instance, it has been found that mutations in the IFN-γ receptors
leads to an increased risk of developing disseminated disease from BCG vaccination rather
than protection from M. tuberculosis infection [19]. Individuals with mutations in these
susceptibility genes are also more prone to infection by non-virulent, environmental myco‐
bacteria as well [19] [19].

Therefore, it is essential when designing a vaccine study in humans to have a large population
that is statistically powerful enough that some variability in immune response will not skew
the data. Additionally, no matter where a study is being conducted, the genetic diversity of
the population must be considered. An ethnically homogenous population is more desired for
a research study since that population will be more likely to share SNPs, and therefore more
likely to respond to a vaccine in a similar manner. It also follows that it may also be useful to
test multiple ethnic groups; indeed, some studies have suggested that the reason some vaccine
trails show high protection with BCG is because they were conducted within certain popula‐
tion groups [15].

2.4.3. Pre-vaccination exposure to the pathogen

Another issue that is of huge importance when conducting vaccine efficacy tests is whether or
not an individual has been pre-exposed to the pathogen. The immune response of an individual
who has already been exposed may be quite different than someone without prior exposure.
Especially in areas where TB is endemic, it is likely that a child will have already been exposed
to M. tuberculosis prior to vaccination [1]. A child could be exposed to both M. tuberculosis in
the form of infected adults, or to environmental nontuberculous mycobacteria (NTM) – both
of which could alter how that child responds to a vaccine. Some studies have also suggested
that pre-exposure to NTM may provide some protection that cannot be improved upon by
BCG delivery [9, 15, 20]. This may indeed be the case with BCG as it has been found that vaccine
programs with the highest degree of efficacy are those with more rigorous screening to only
include children who had not been previously exposed to the antigen [17].

2.4.4. Inaccurate diagnostic methods

Because of the complications that result from pre-exposure to the pathogen, it is essential
to have accurate diagnostic methods available when deciding which individuals to include
in a study. A non-homogeneous population (a mixture of non-and pre-exposed individu‐
als)  can  produce  misleading  results  that  can  hinder  accurate  interpretation  of  vaccine
efficacy.  In  the  case  of  M.  tuberculosis,  current  diagnostic  methods  are  often  slow  or
inaccurate. One of the most common diagnostics for M. tuberculosis is the tuberculin skin
test (TST), a delayed-type hypersensitivity reaction to protein purified from M. tuberculo‐
sis and injected just below the skin [21, 22]. It takes two to three days after injection of the
purified protein derivative (PPD) before the results can be read; a delay that can result in
loss of study participant compliance or even exposure. Additionally, the TST, as well as
many new serological tests, cannot distinguish between exposure to environmental NTM
and  infectious  M.  tuberculosis  [23].  Newer  IFN-γ  release  assays  (IGRAs)  are,  however,
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becoming  more  commonly  used  for  research  studies  since  they  are  selective  for  M.
tuberculosis  and  are  more  sensitive  than  the  TST  [21,  22].  IGRAs  are  in  vitro  tests  that
stimulate T cells with M. tuberculosis specific antigens (such as ESAT-6), if the T cells have
been previously exposed to these antigens, they will release IFN-γ [22].

3. Specific difficulties associated with M. tuberculosis vaccine
development

The complications involved with studying M. tuberculosis in a laboratory are numerous and
range from the practical to the scientific. Due to the complex nature of the pathogen, M.
tuberculosis presents some very unique challenges for the researcher studying it. In this section
we will go into more depth as to the specifics of these challenges and how they have delayed
the development of a vaccine.

3.1. Biosafety considerations

When a researcher decides to investigate the development of a vaccine against M. tuberculo‐
sis one of the very first considerations that must be taken into account is the safety of those
working with the pathogen. In the United States, the CDC provides a set of guidelines for the
safety measures that need to be in place in order to work with various pathogenic organisms.
These biosafety levels range from 1 (least likely to cause harm to an individual) to 4 (most
harmful and infectious) [24]. The basis for these biosafety measures are derived from the WHO,
which, in turn, base their recommendations upon the availability of effective preventive
measures and treatment options [25]. As the biosafety level of a pathogen increases, it is
necessary to increase the safety measures for a person working in these conditions. In the
research laboratory setting, M. tuberculosis is considered a biosafety level 3 (BSL3) pathogen;
a BSL3 pathogen is defined by the WHO as one that poses a high risk for an individual but a
low risk for the community and can cause serious harm to an infected human. The various
safety measures that must be put in place include laboratory practices, facility construction,
security, and safety equipment. The exact nature of the measures put in place will vary slightly
from facility to facility but in general, this includes separate rooms and equipment for work
with the pathogen. Rooms in which the pathogen is manipulated must be under negative
pressure so that airflow is directed from a clean room into a ‘dirty’ room to prevent it from
spreading. All work done with the microbe needs to be conducted in a properly outfitted
biosafety cabinet and special personal protective equipment (e.g. respirators) must be worn at
all times.

These biosafety mechanisms can be a limiting factor when attempting to study M. tuberculo‐
sis, as they require full facility involvement and specialized equipment to be in place. Addi‐
tionally, these biosafety measures, while necessary, can be relatively uncomfortable, and may
therefore limit the time with which a person can work under them. While these are obviously
not insurmountable obstacles, they should be taken into consideration before research of this
nature is undertaken.
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3.2. Slow growth of the pathogen

M. tuberculosis is a slow growing pathogen with a doubling time of approximately 24 hours
[26]. Because it grows so slowly, it is necessary to let a significant amount of time pass after
infection in order to resolve differences in vaccine treatments. If an unvaccinated mouse is
given a low dose aerosol infection of virulent M. tuberculosis, it can take upwards of 3 to 4
weeks before visible granulomatous lesions will form in the lungs [6]. When conducting
immunological research, mice are generally sacrificed 30 to 120 days after infection to examine
short and long term immunity and determine if a vaccine has had any effect on the reduction
in mycobacterial number. When the animal is sacrificed, the lungs must then be plated on
selective agar media in order to enumerate the number of mycobacteria growing in the lungs.
The time of plating the lungs until the formation of visible colonies is between 2-3 weeks. All
told, experiments of this nature often require 6-9 months of work before any data is even
collected. Therefore, when planning out experiments involving infected animals, researchers
must consider the significant amount time it will take between the initiation of the experiment
and the completion of the study.

3.3. Disease stages

As mentioned previously, infection with M. tuberculosis can be divided into distinct stages. In
humans, infection with M. tuberculosis can be divided into four stages: infection, latency,
reactivation, and transmission [5]. At each of these stages, the proteins expressed by the
organism are thought to vary significantly and therefore protection in one stage may not
protect in all. After primary infection, in an immunologically healthy individual, an infection
will progress to a latent TB infection (LTBI). The persistence of infection despite no active
disease in a clinically ‘cured’ individual, make end point goals difficult to define for a re‐
searcher developing a vaccine [16]. There is significant evidence that sterile clearance of M.
tuberculosis is a rare occurrence and rather, it is the maintenance of an active immune system
to contain the mycobacteria in the latent state that prevents active disease from forming [1,
27]. In most individuals, this is where the infection will remain unless there is an outside
occurrence that reduces the functionality of their immune system [1]. A person with a LTBI
will not have active disease, but will have developed memory cells against M. tuberculosis
antigens. It is generally believed that when M. tuberculosis is in a latent stage it is slow growing
or non-replicative and most likely expresses a different set of antigens than during the primary
infection stage of the life cycle [1]. The exact immunological events that are required in order
for the pathogen to progress from latency into an active state are incompletely understood.

The immune response that humans develop against M. tuberculosis infection appears to contain
the bacteria and induce it into a latent stage, yet fails to sterilize the infection [5]. This leads to
some interesting questions as to what types of antigens to target for vaccine development.
When a person has a LTBI, their immune system is effectively containing the mycobacteria
and they do not get sick. Do we therefore design vaccines to elicit an immune prolife similar
to someone with a latent infection even though that profile is not sufficient to eliminate the
pathogen? It is interesting to note that individuals that are infected with M. tuberculosis and
progress on to latency are not protected from re-infection. However, because detection of M.
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tuberculosis when it is in a latent stage is quite difficult with our current diagnostic methods,
it is often challenging to distinguish between reactivation of the primary (latent) infection or
re-infected from a new exposure [1, 16]. Since our understanding of the possibility of lung
sterilization post-M. tuberculosis infection is incomplete, the comparison of persons with LTBI
to those with active disease is limited in what it can tell us about protective immunity.

Ideally,  the best vaccine would be one that provides protection from all  stages of infec‐
tion,  i.e.  a  vaccine must be effective against  primary infection,  latency,  reactivation,  and
reinfection [1, 2].

3.4. Vaccination in immunocompromised individuals

Of the estimated 1.3 million people who died of TB in 2013 around 25% of them were co-
infected with HIV [3]. In fact, TB is the number one killer of HIV infected individuals [7, 28-30].
The resurgence of M. tuberculosis infections in the 1990s has largely been attributed to the
advent of the HIV epidemic [30, 31]. The reasons behind the increased susceptibility of HIV
infected individuals to M. tuberculosis infection are not completely understood. An infection
with HIV leads to a reduction in CD4+T cells and this is believed to be the cause of greater
susceptibility to M. tuberculosis by most individuals [28, 30, 32]. One hypothesis is that HIV
disrupts the function of the granuloma and allows for the replication of the organism [28]. The
immune system of an HIV infected individual is, therefore, not able to control or contain the
M. tuberculosis infection, resulting in reactivation of the disease [28, 30]. HIV infection may also
disrupt the function of macrophages and M. tuberculosis specific T-cells that prevents the killing
of the pathogen [28]. An interesting aspect of the M. tuberculosis-HIV co-infection is that HIV
infection leads to susceptibility to M. tuberculosis even after anti-retroviral therapy has
commenced and CD4+T cell counts have been restored to normal [33] [30, 34]. It has also been
found that HIV infected infants do not produce a robust T helper (Th)1 immune response when
vaccinated with BCG [30]. Additionally, HIV positive infants are at a significantly increased
risk of dissemination of BCG after vaccination [7, 15, 16].

Another group of immunocompromised individuals that must be considered are those with
poor living conditions and poor nutrition. TB is a disease of the poor and mainly affects those
who are already at a socioeconomic disadvantage. Poor nutrition and living conditions
increases a person’s susceptibility to disease and dampens their immune response to a
challenge. These living conditions could impair the ability of the immune system to respond
properly both to a vaccination and exposure to a pathogen. Other conditions, such as diabetes
or vitamin D deficiency, can also impair the ability of the immune system to produce a robust
response and indeed, both conditions have been associated with an increased risk for devel‐
oping TB [35-37].

3.5. Vaccination post exposure to the pathogen

In the case of TB, it is important to consider if the vaccine is aimed at pre or post-exposure to
the pathogen. As mentioned in the previous section, a person’s immune system will respond
differently to a vaccine if they have already been exposed to the pathogen. Since the immune
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system will have already been primed to respond to particular M. tuberculosis antigens that are
not capable of protection, it is necessary to find a new method of immune activation. Because
of the high prevalence of M. tuberculosis in endemic countries, it is likely that in order to
eradicate TB, a vaccine will need to be effective post-exposure.

3.6. Laboratory strains versus clinical isolates

Mycobacteria from clinical isolates are often quite different than the strains commonly used
in laboratory practice. Laboratories, by necessity for the repeatability of their experiments,
must maintain an unchanging common lab strain. There are currently several strain types used
in laboratories throughout the world (H37Rv, HN878, Erdman, CDC1551, etc.) that vary in
their virulence and antigenic composition. Variation can also occur within a strain depending
on how it is handled in the laboratory. Unfortunately, however, these strains can be signifi‐
cantly different than the mycobacteria isolated from infected patients. The mycobacteria found
‘in the wild’ is going to be constantly changing and mutating depending on various selection
factors. The extent of the divergence between laboratory strains and clinical isolates will
depend upon the strength of the selection factor. These selection factors can include incomplete
drug treatments or the strength of a non-drug treated person’s immune response to the
pathogen. Additionally, there is a natural mutation rate for the genome of all organisms
independent of selection factors due to DNA replication errors or un-repaired DNA damage.
The selection factors and mutational changes observed in clinical isolates are most apparent
with the emergence of multi, extreme, and totally drug resistant organisms. While it is hoped
that there is enough similarity between laboratory strains and the clinical isolates that
vaccination against one will provide protection from all forms of M. tuberculosis, the constant
mutation of wild-type strains should be considered.

3.7. Intrinsic properties of M. tuberculosis which make it difficult to immunize against

Currently, almost all vaccines that have proven to be efficacious in humans against infectious
pathogens convey protection through the production antibodies [1, 38]. These antibodies will
coat a pathogen and signal to the immune cells that it should be removed from the system. M.
tuberculosis, however, is intracellular, which means that the immune system must be able to
recognize and then eliminate infected host cells without causing excessive damage to the host.

M. tuberculosis has established several methods by which it can evade recognition by the host
immune system. Most of these mechanisms revolve around ways of keeping the pathogen in
a quiescent state within the macrophage. For example, the recruitment of professional
phagocytic cells to the site of infection provides an increased number of ideal environments
for M. tuberculosis survival. Once phagocytic cells have taken up the organism, it can survive
within macrophages by arresting and inhibiting the maturation of the phagosome to prevent
its own clearance from the cell [37]. These blocks in phagosome maturation prevent fusion of
the phagosome with the lysosome and acidification of the compartment and thus elimination
from the cell [37]. This block in phagocytosis also prevents proper presentation of M. tubercu‐
losis antigens [1]. Presentation of antigens is essential for recognition that an antigen is foreign
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and needs to be eliminated, as well as for the creation of immune memory. M. tuberculosis also
evades removal by the ability to regulate both the necrotic and apoptotic death of host cells [5].

All of the elimination avoidance methods developed by M. tuberculosis serve to maintain the
pathogen within the macrophages where it can live for decades as a latent infection [1, 37].
While M. tuberculosis infection does produce an immune response in the host, this response
fails to result in protection or complete clearance of the pathogen [1, 5]. Therefore, when
designing a vaccine, it is necessary to activate the immune system in such a way that the host
can overcome these evasion methods and recognize that the pathogen infected cells should be
destroyed.

4. Animal models used for vaccine development

In some cases where the pathogen is non-lethal or there are readily available treatment options
(such as malaria or influenza), it is possible to test the efficacy of a vaccine in a human model.
In these instances, a willing volunteer is vaccinated, and then exposed to the pathogen by the
researcher in a controlled manner [16]. In the case of M. tuberculosis however, this course of
experimentation is unethical as it is still controversial if sterilization of the lungs post-infection
is even possible. It is therefore imperative that we use animal models for the development of
vaccines. A vaccine is considered efficacious in an animal model if it is able to reduce the
number of colony forming units (CFU) in the lung. Currently, the goal for new vaccines is to
reduce the number of CFU in the lung better than BCG, which consistently provides around
a 1 log10 CFU reduction in the mouse model of tuberculosis.

4.1. Mouse model

4.1.1. Advantages

Cost effectiveness and scalability. One of the biggest reasons for the use of mouse models in
research is their cost effectiveness. With the exception of highly specialized knock-in or knock-
out models, inbred mice can be purchased in large numbers at very low cost. Since mice can
often be housed with multiple animals per cage, this further reduces the facilities cost by
utilizing less space per animal. A researcher can therefore scale a study up to a magnitude that
would be impossible with larger or more costly animals.

Inbred mouse strains and genetically modified models. Through the use of genetically identical
inbred strains, researchers from all over the world have the ability to collaborate using the
same set of tools and more effectively build upon previous studies. The ready availability of
facilities like The Jackson Laboratories and Charles Rivers, which specifically maintain these
inbred mouse strains are an invaluable resource for researchers. These facilities also make it
easy to custom order genetically modified mouse models to test the importance of various
proteins during vaccination or pathogen challenge. The availability of total or conditional
knock-out mice, as well as knock-in models, allows researchers to effectively use in vivo system
to ask questions that are unavailable by other methods.
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Availability of immunological reagents. The use various molecular assays after completion of an
animal experiment can provide vital information about the function of the immune system.
An additional advantage to using the mouse model is that because it is so widely used, reagents
are available for many types of immunological assays. In particular, antibodies for western
blot, enzyme linked immunosorbent assays (ELISAs), flow cytometry, and many others, are
commonly used on mouse models and are therefore relatively easy to optimize for a particular
experiment.

Susceptibility of various strains. The strain of mouse that will be used for an experiment is of
great importance when designing an experiment. There is significant variability between
mouse strains as to their susceptibility to TB infection. This variance in susceptibility of a mouse
strain can depend up on several important factors including the route of infection, the dosage,
and the strain of M. tuberculosis [39]. While genetic modification is commonly done on a C57Bl/
6 background, these mice are actually resistant to M. tuberculosis infection and aerosol infection
does not reduce their lifespan [39]. Some strains such as CBA are very susceptible to infection,
while others, such as the BALB/c, appear to be susceptible depending on the route of infection
[39]. These last two strains, however, do have the disadvantage that there are fewer genetically
modified strains available with this background. The immune systems of both the susceptible
and resistant strains clearly respond differently to both vaccination and challenge infection
and therefore, it is often useful for researchers to test a vaccine in more than one mouse model.

4.1.2. Disadvantages

A major disadvantage of the mouse model is that the immune system is not the same as that
of a human. The underlying genomic inflammatory response to infection in a mouse has been
shown to bear little correlation to what occurs in humans [40]. Many drugs that have been
designed to modify inflammatory responses in mice, have failed human clinical trials [40].
While humanized mice (a mouse containing human genes, cells, or tissue) may allow for an
immune response closer to that of a human, it is impossible to create an identical response.
Additionally, unlike in humans, BCG vaccination of a mouse model does convey some
protection from M. tuberculosis infection and reduces the number of CFU in the lungs. A better
understanding of the critical cellular differences between the mouse and human immune
system is needed before we can effectively translate studies from the bench to the clinic.

4.2. Guinea pig model

4.2.1. Advantages

Historically, the guinea pig was the first animal model used for tuberculosis research. Guinea
pigs are considered the gold standard by which M. tuberculosis vaccines are tested before
continuing to larger animal models or even humans. This is because guinea pigs have an
immune response that more closely resembles that which is seen in susceptible humans.
Guinea pigs are very susceptible to infection and demonstrate a tuberculosis disease progres‐
sion that is similar to that seen in humans [41].
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One aspect of guinea pig research that is both an advantage and a disadvantage is the lack of
in-bred laboratory strains. There are only a handful of laboratory guinea pig strains available
commercially and these are mostly out-bred stock that will not be genetically identical at every
locus. This provides greater genetic diversity within an animal strain with which to tests
vaccine efficacy. Obviously when vaccines move into human trials, genetic diversity will be
unavoidable (as mentioned previously), and therefore the guinea pig provides a more realistic
model of what will happen in humans. However, this does limit the exact repeatability of an
experiment due to the lack of genetically identical animals.

4.2.2. Disadvantages

A disadvantage of the guinea pig model is that they are very susceptible to infection, but
humans are relatively resistant. While the phenotype observed during disease progression
does resemble that of humans with active disease, this represents only a small fraction of people
infected with M. tuberculosis. It is believed that most humans are resistant to infection and will
not go on to active disease unless an outside force reduces their immune response and ability
to contain infection in a latent state [6, 7]. The exact mechanisms behind reactivation of latent
M. tuberculosis are not completely understood, but it is a vital step in disease pathogenesis that
is missed in the guinea pig model.

The guinea pig also has the disadvantage that, because it is a larger animal, housing costs tend
to be much higher than for mice. Guinea pigs require larger cages with fewer animals per cage
and thus facility space limitations may reduce the number of animals included in a study.
Additionally, because they are not as commonly used as the mouse model, it is more difficult
to find the facilities and veterinary expertise necessary to house and care for guinea pigs.

Of great importance is the lack of genetically modified guinea pig models for the researcher
to use. This can severely limit the ability of the researcher to develop and improve upon vaccine
models.

4.3. Other animal models

The mouse and guinea pig are the most commonly used animal models for research into M.
tuberculosis vaccine development. However, there are several other animal models that are also
sometimes utilized for this purpose including rabbit, cattle, non-human primates (NHP) and
even zebrafish [42-44].

Macaques are an NHP that are a promising model to use for the development of a tuberculosis
vaccine. The pathophysiology of TB infection in a macaque closely resembles that of what
occurs in human populations, including latency – an aspect of infection that has been difficult
to model in other animals [43, 45]. Due the size of the animals, their limited availability, the
cost of housing and care, as well as ethical considerations, use of NHP, while highly informa‐
tive, is extremely limited and generally only done after a vaccine has been tested in smaller
animal models.

One of the biggest disadvantages to use of any of these non-mouse models is that there are
very few reagents available for post-mortem tissue analysis. Few antibodies or other com‐
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monly used immunological reagents are available for the study of the immune response in
many animal models. Sometimes there is enough overlap in antigens between mouse and
humans and other animals that some tests can be conducted, but this is a fairly rare occurrence.
While these are not limitations that preclude the use of non-mouse animal models, it does limit
the information that can be acquired from using them [46]. There is therefore a huge need to
expand our animal model base beyond just the mouse. Genetic evaluation of and the ability
to produce inbred strains of other animal models would be an unbelievable advantage to all
clinical research beyond just tuberculosis vaccine development.

We can garner important information from all of these animal models and it is clear that their
use is absolutely essential for progress in medical researcher to be made. However, it must be
remembered that these models are imperfect and there are scientific limitations to the results
from studies using them. For instance, in a laboratory setting, animals tend to be exposed only
once and to only one strain of pathogen. We know this will not be the case for humans since,
as discussed above, M. tuberculosis is constantly mutating and in endemic regions a person will
likely be exposed to several different strains at multiple times throughout their life [47].
Ultimately, the only way to test out if a vaccine will be effective in a human population is to
actually test it in a human population. While it is certainly possible to move on to human trials,
there are many steps that must be undertaken before a vaccine can be put into widespread use.
This process will be discussed in the next section.

Another important question to consider when examining results from animal models is if we
are missing vaccines that would be highly efficacious in a human, but discarding them because
they do not act well in our animal models. This is a problem for all areas of clinical research
and is, unfortunately, unavoidable given our current knowledge. The only way to overcome
this limitation is for research to continue to close the gap in our understanding of how animal
and human immune systems differ. The continued refinement of our animal models will
provide us with the tools necessary to produce an effective vaccine. This is another reason why
the use of multiple animal models is often needed in order to improve the translatability of
the research. Most animal models recapitulate some, but not all, aspects of the human features
of a disease. If multiple animal models are tested, it increases the likelihood of finding a vaccine
that will work in humans.

5. The future of M. tuberculosis vaccine development

There is a profound lack of understanding about what exactly a good immune response to M.
tuberculosis infection actually looks like. This is due, in part, to our limited information about
how the immune system contains infection in a latent state as well as how it can revert to active
disease. Because our knowledge is incomplete, it complicates decisions regarding which
vaccine candidates to pursue in animal models. Our best vaccine, BCG, is not 100% effective
in killing off M. tuberculosis in a mouse despite eliciting a strong Th1 immune response that is
thought to be necessary to produce immunity against the pathogen [1]. In general, if a new
vaccine candidate can also elicit a strong Th1 response in a mouse model, it will then move on
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to challenge studies where an animal model is immunized, then infected. While it is clear that
protection from infection does require strong T cell immunity, it is also clear that that form of
immunity is not sufficient to prevent disease. Sometimes, even when a vaccine candidate is
promising in preliminary trials, this will not lead to protection when challenged with infection.
This is why many of the vaccines currently in the approval process pipeline have multiple
pathways by which they induce an immune response. The hope is that one of these other
pathways, or a combination of various pathways, will give us more and better information
about what immunological protection would look like [1].

There are at least 12 new vaccines candidate that have entered the pipeline for efficacy and
safety testing and are the first to be put through the approval process in over 100 years [2, 48].
It is encouraging to note that there are so many vaccines being tested as it increases the
likelihood of finding a formulation that will be effective. The arrival of these new vaccines,
even those that fail, is a promising step forward in our understanding of immunity and what
protection will look like. In this section we will discuss some of the characteristics of these
vaccines as well as the steps that must be gone through before they can be put into widespread
use.

5.1. Common tactics taken for vaccine development

There are two main tactics for the development of a new vaccine against M. tuberculosis
infection. The first is the prime-boost or enhancing the efficacy of the existing vaccine, BCG.
In this approach, an individual can be given an adjuvanted vaccine at the same time or at a
specified period of time after BCG vaccination. The other tactic is to develop a whole new
vaccine that is given instead of BCG. There are advantages and disadvantages to both strategies
and a discussion on the ethics of trial design for both of these can be found in the next section.

Many of the vaccines that are being developed contain one or more of a select group of antigens
for the initiation of an immune response. Antigen 85A/B (Ag85A/B) and the 6kD early secreted
antigenic target (ESAT-6) are proteins that are commonly included in a vaccine make up [2].
Ag85A/B are M. tuberculosis surface proteins that are involved in bacterial cell wall biosynthesis
and elicit an immune response in animal models [23]. ESAT-6 is a secreted protein critical for
virulence that is not found in BCG and can also stimulates a strong immune response [18, 49].
These proteins, along with several others that have been found to be immunogenic, have been
put into various formulations and are currently being tested.

In addition to multiple combinations of proteins found to be immunogenic, there has also been
testing of which delivery route will provide the best protection. For instance, some vaccines
provide better immune protection if they are delivered via aerosol route rather than through
intradermal injection. Therefore, many studies are being conducted looking at both multiple
delivery routes as well as vaccine make-up.

5.2. Ethical considerations

There are also important ethical considerations that must be addressed when developing a
new vaccine. When testing out a vaccine, it is important to consider the health and safety of
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the control groups as well as those receiving the novel vaccine. For instance, if you have in
your possession a vaccine (i.e BCG) that conveys at least some protection against TB, you
ethically cannot withhold access to that vaccine simply because you need a placebo control
group for your research study. Additionally, a researcher attempting to test out an entirely
new vaccine must also consider the possibility that their vaccine will not work and therefore
those test subjects are at an increased risk of developing disease. While there are ways to
circumvent these issues and still produce an ethically sanctioned and scientifically sound
vaccine trial, it does require additional preparation and manpower to execute. Because of these
significant ethical complications, however, much of the recent research into TB vaccines has
been for the development of adjuvants to boost BCG rather than to develop completely new
vaccines.

5.3. MVA85A

The most notable of these new vaccines is MVA85A, which is the first modern day M.
tuberculosis vaccine to reach an efficacy trial. MVA85A is a Modified Vaccinia virus Ankara
that has been engineered to express Ag85A [1, 50]. In animal models, MAV85A was shown to
produce a strong Th1 response and provide better protection against M. tuberculosis infection
than BCG [47, 51-53]. It was designed as a prime boost, to enhance the efficacy of BCG, by
giving it to infants a few months after BCG vaccination. In a Phase 2b clinical trial, MVA85A
was found to be quite safe and did produce an immunogenic response, but unfortunately, did
not provide better protection against infection than BCG alone [53]. This was despite earlier
findings that MVA85A induces the immune responses believed to be necessary for protection
[54]. In fact, this (previously assumed to be beneficial) CD4+T cell response to Ag85A is still
detectable in individuals given MVA85A up to 6 years after vaccination [55]. Even though
MVA85A did not provide the protection that was hoped, there are some promising indications
that this vaccine may be useful in other settings. For instance, the authors suggest that this
vaccine maybe beneficial in preventing the spread of disease in adults rather than in infants
[53]. Clearly further testing of the MVA85A vaccine needs to be conducted. Even though initial
results with MVA85A were disappointing, it does represent a promising step in vaccine
development. Given the state of the field, any knowledge gained about immunity against M.
tuberculosis, even if negative, can provide useful information and guide future studies

5.4. Vaccine approval process

The WHO offers a set of guidelines for the approval of a vaccine, and many countries adopt
these standards or use them as a basis for their own set of regulations. The point of these
regulations is to do as much as possible to ensure the safety and efficacy of the vaccine before
it is put into widespread use. In the United States, the Federal Drug Administration (FDA)
regulates and oversees the approval process for the development of all vaccines. This discus‐
sion will give a quick overview of the FDA regulations specific to the US as an example of what
must be undertaken before a vaccine is approved for use. The FDA approval process involves
an exploratory stage, a pre-clinical stage, an Investigational New Drug (IND) application, and
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finally a three phase clinical trial in human subjects [56]. The FDA has the authority to stop a
vaccine trial at any point if safety becomes a concern.

The exploratory stage is the basic science side of the vaccine development process. It is in this
stage where researchers investigate the potential of various antigens to induce an immune
response and are frequently done in vitro although some in vivo studies may be conducted.
This is where the formulation of the vaccine is first tested and the identification of immuno‐
genic proteins is determined.

The pre-clinical stage involves animal model testing of the various antigens that were discov‐
ered in the exploratory stage. In this stage, animals are immunized using a new antigen or
vaccine make up and then challenged with M. tuberculosis infection. The various animal models
discussed in the previous section are used in this stage of vaccine development. In order for
the vaccine to move on to humans, it must first demonstrate efficacy in multiple animal models.
The animal models used can vary depending on pathogen, but for M. tuberculosis these models
generally include (in order), mouse, guinea pig, and non-human primates. Once a vaccine has
been found to be effective, it must pass toxicology and distribution studies in the animal
models, as well as demonstration of the ability to produce the vaccine in a lab with Good
Manufacturing Practice (GMP) certification [57]. After the completion of these studies an IND
application is submitted and, upon approval, human clinical trials will commence.

Phase 1 clinical trials are small studies designed to test the safety and immunogenicity of the
vaccine. Phase 2 clinical trials are larger and used for further refine dosage and efficacy of the
vaccine as well as determining what population it can be most effectively used on. Phase 3
clinical trials involve thousands of individuals and require additional safety documentation
to complete [56].

Once all of these stages have been completed, a cross-disciplinary committee from the FDA
must then approve a lengthy Biologics License Application (BLA). The BLA will include not
only safety and efficacy information but also guidelines for the mass manufacture and
distribution of the vaccine as well. As may be obvious from this brief description, the process
of vaccine approval can be quite lengthy and will often last 10-15 years. The enormous cost
associated with undertaking such an endeavor often requires the collaboration of both private
and public funds at multiple institutions in order to be completed.

6. Conclusions

The development of a vaccine against M. tuberculosis has been one of the hardest puzzles facing
immunologist for the past century. When examining an infection and an appropriate immune
response, the traditional approach, at least in relation to tuberculosis research, has been to try
to amplify the immune response of a healthy person in order to clear the bacteria. However,
is this really the approach we should take when examining M. tuberculosis? In the case of M.
tuberculosis infection, is it the body’s very own defense mechanisms that is causing lung tissue
damage and forcing the mycobacteria into a latent stage? Is the body’s response to infection
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actually a good thing or is it contributing to disease progression because it creates an envi‐
ronment that harbors the bacteria (a granuloma) rather than eliminating it? Should we instead
be attempting to induce activation of a whole new pathway in order to sterilize the lungs?

The urgency to find of an effective vaccine is nowhere as apparent as the emergence of drug
resistant tuberculosis that been appearing with increasing frequency in the last decade. The
currently available drugs are expensive and require a lengthy course of treatment; increasing
the likelihood of non-adherence by sick people and therefore increasing the possibility of even
more resistant strains evolving. Because a person does not naturally develop immunity to the
pathogen when they are infected, they can become re-infected if they are exposed to the
pathogen a second time and have to endure the same drug regimen as before. Only by
providing continuous, protective immunity against recurrent infection can we hope to
eradicate this devastating disease from the population.
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1. Introduction

Members of the Mycobacterium tuberculosis complex are successful pathogens due in a large
part to the complex interactions of an array of very special lipid molecular classes and
associated macromolecules that have been known for many years [1-6]. The cooperative
assembly of these components results in the presence of very robust cell envelopes. In
particular there is a specialised outer membrane; this can be termed a “mycomembrane”, but
in this review the abbreviation, MOM, for “mycobacterial outer membrane” will be used.
Subtle structural variations in mycobacterial lipid components point to important roles in the
integrity and function of the mycobacterial cell envelope. Over three decades ago, an attempt
was made to rationalise the role of the known constituent molecules with a proposal for a
“chemical” model of the cell envelope [4]. This general model has been supported in subse‐
quent studies but a wealth of new knowledge suggests that a significant upgrade is needed.
Each class of cell envelope structural units will be introduced, reasons for “why” such
structures are produced will be explored and an updated cell envelope model presented as a
working hypothesis. Close comparisons of the cell envelope compositions of M. tuberculosis
and related taxa will be interpreted in terms of evolution and pathogenicity. In various
diseases, the term “pathophysiology” is usually used to describe physiological changes in
affected hosts; here its meaning is turned around to explore the impact of aspects of myco‐
bacterial cell physiology in pathogenic members of the M. tuberculosis complex.

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



Precise structures of the lipid moieties displayed in members of the M. tuberculosis complex
have become established during the past five decades, so it is now possible to explore the
significance of structure in the pathophysiological role of such lipids. Attention will focus on
lipids, whose regular occurrence in significant proportions indicates that they are integral
structural members of the mycobacterial cell envelope. Details of general biosynthetic
pathways will not be considered, nor will particular biological effects of individual lipid
classes. Recent cryo-electron microscopy studies have allowed the absolute dimensions of the
mycobacterial cell envelope to be estimated [7-9] so all components must adopt conformations
that allow their integration into an effective organelle. Tubercle bacilli also have a less clearly
defined capsule external to the more coherent cell envelope [10,11]; a detailed discussion of
this important region will not be attempted here. Similarly, a detailed exploration of protein
content is not given, even for structurally vital proteins such as well-characterised porins [12].
The main chemical structures that must be accommodated in the cell envelope of M. tubercu‐
losis are considered in the following sections, commencing with the long-chain mycolic acids
that are mycobacterial signature components [4,13-18].

2. Mycolic acids

The 70 to 90 carbon mycolic acids (MAs) are very characteristic chemical components in the
genus Mycobacterium. Members of the M. tuberculosis complex have three classes, the so-called
α-mycolates, methoxymycolates and ketomycolates (Figure 1) [4,13-18]. The latter two
varieties (Figure 1B) are comprised of subclasses having either cis-cyclopropane rings or
trans-cyclopropane rings with an adjacent methyl branch. In the case of the α-mycolates (Figure
1A), representative C80 mycolates from Mycobacterium kansasii and the M. tuberculosis complex
are compared to highlight the importance of key structural differences, whose importance will
be discussed later. All these MA classes occur naturally with at least five homologues and
variations in the numbers of carbons between the various functional groups. The majority of
MAs are covalently bound to arabinose termini of a mycoloylarabinogalactan-peptidoglycan
(mAGP) macromolecule to form a lipid monolayer inner leaflet of the MOM [4,19], as will be
described in detail later.

Recent physiochemical investigations have clearly demonstrated that mycolic acids charac‐
teristically adopt distinctly different folded conformations depending on structural niceties
[20-24]. Ketomycolates in M. tuberculosis predominately fold to yield a compact “W” confor‐
mation, with four chains in parallel [20,21,23,24]. Such tight packing can provide the founda‐
tion for an effective hydrophobic permeability barrier in the inner leaflet of the MOM. In
contrast, α- and methoxymycolates can form W-conformations but also more readily inhabit
a range of more extended conformations [20-23], some of which can be visualised as “U” or
“Z” shaped [24]. The α-mycolates tend towards an open fully extended U-conformation with
the two distal chains extended and methoxymycolates show intermediate behaviour between
the two other classes [22,24]. For the purpose of illustrating the importance of mycolate
conformation in MOM inner leaflet function (see later), ketomycolates are restricted to W-
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conformations, methoxymycolates are shown with both semi-folded sZ and fully folded W-
shapes [24] and α-mycolates have extended eU-conformations [24] (Figure 2).

Figure 2. Two-dimensional representative conformations of M. tuberculosis mycolic acids. A. Extended α-mycolate. B.
Two alternatives for methoxymycolates. C. Fully folded ketomycolate.

Figure 1. Representative structures of mycolic acids. A. α-Mycolates (C80), comparing M. kansasii and M. tuberculosis
complex. B, C. The main methoxy- and ketomycolates from M. tuberculosis.
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3. Esters of mycolic acids

The so-called “cord factors” are the best known mycolic acid esters in mycobacteria; they are
principally trehalose dimycolates (TDMs) with trehalose monomycolates (TMMs) also being
encountered (Figure 3). The proportions of TDMs and TMMs vary widely in mycobacteria so
an integral structural role is not indicated, their main importance lying in the key role as
intermediates in the transfer of mycolic acids on to arabinosyl units in the cell envelope [13].
Glucose monomycolates (GMMs) are common in mycobacteria, but in highly variable
proportions [25]. Consistent proportions, however, are recorded for monomycoloyl glycerols
(MMGs) (Figure 3) in the Mycobacterium bovis members of the M. tuberculosis complex [26,27],
thereby suggesting some cell envelope structural involvement. Mycobacteria also produce
very complex mixtures of di- and triacylglycerols, some of which contain non-hydroxylated
fatty acids that correspond to the meromycolate portion of mycolic acids [28,29], the so-called
“mycobacteric” acids [2]. Triacylglycerols have a storage role in “lipid bodies” [30] but they
have also been suggested as contributors to the MOM outer leaflet [31]; the complex mixtures
of di- and triacylglycerols must be fully unravelled before precise roles can be properly defined.

Figure 3. Mycolic acid esters. A. Trehalose dimycolate (TDM). B. Monomycoloyl glycerol (MMG).

4. Phthiocerol and phenolphthiocerol dimycocerosate families

The phthiocerol and phenolphthiocerol long-chain diols are esterified by multimethyl-
branched “mycocerosic” acids whose chiral centres have R absolute configuration in members
of the M. tuberculosis complex and M. kansasii (Figure 4) [32-35]. Phthiocerol dimycocerosates
(PDIMs) are mainly based on long-chain diols, the phthiocerol As and phthiodiolones (Figure
4). Related families of the phenolphthiocerol dimycocerosates have characteristic antigenic
oligosaccharides linked to the phenolic residue and these are commonly known as “phenolic
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glycolipids” (PGLs) (Figure 4) [33-36]. PDIMs are large (> 90 carbons) hydrophobic molecules
that are considered to be “free lipid” constituents of the outer leaflet of the external MOM,
interacting with the chains of the covalently bound MAs of the inner leaflet. The PDIMs from
the M. tuberculosis complex are relatively large in comparison with those of other taxa. Other
interesting cases are the so-called “Beijing” variants of M. tuberculosis [37] and M. kansasii [32,
33,35] where only restricted selections of members of the phthiocerol family are encountered.

Figure 4. Representative structures of mycocerosate esters of phthiocerols and glycosyl phenophthiocerols. A. Phthio‐
cerol family. B. Glycosyl phenophthiocerol (phenolic glycolipids). C. Simplified structures for illustrative use in Fig‐
ures 10 and 11.
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The oligosaccharide substituents of PGLs have demonstrable antigenicity [38] but the indi‐
vidual sugar units are relatively hydrophobic. Certain members of the M. tuberculosis complex,
such as the rare smooth morphology tubercle bacilli termed “Mycobacterium canettii”, have two
PGL types with different oligosaccharides but M. bovis, for example, has only a single type
(Figure 4). The PGLs from M. kansasii have close structural similarities to those from “M.
canettii” (Figure 4), but not to those from Mycobacterium marinum [33-36]. The chiral centres in
the multimethyl-branched fatty acid substituents in both the PGLs and PDIMs from M.
marinum and Mycobacterium ulcerans are of S absolute configuration [33-36]. Significantly, the
1,3-diol units in the phthiocerol and phenolphthiocerol moieties (Figure 4) from M. marinum
and M. ulcerans have erythro geometric configuration in contrast to the more common threo
stereochemistry [33-36].

5. Acyl trehaloses

In addition to TDMs and TMMs, there are families of trehalose-based glycolipids acylat‐
ed  with  multimethyl  branched  fatty  acids  with  S  absolute  configuration  of  their  chiral
centres  (Figure  5)  [34,39,40].  The  main  fatty  acids  encountered  are  C24  mycosanoic,  C27

mycolipenic,  C27  mycolipanolic,  C37  phthioceranic  and  C40  hydroxyphthioceranic  acids
(Figure 5). Diacyl trehaloses (DATs) are the simplest representatives, based on C24 mycosa‐
noic and C27 mycolipanolic acids. The C27 mycolipenates are the characteristic acyl compo‐
nents of pentaacyl trehaloses (PATs) (Figure 5). The exceptionally long phthioceranic and
hydroxyphthioceranic  acids  are  the  fatty  acids  found  in  a  family  of  sulfated  trehalose
glycolipids (SGLs) (Figure 5) [3,41].

6. Lipooligosaccharides

A highly polar series of lipids, which include trehalose in their saccharide core, are termed
lipooligosaccharides (LOSs) [42,43]. Such lipids are absent in many modern M. tuberculosis
isolates but they are characteristic of “M. canettii” and M. kansasii (Figure 6). Lipooligosac‐
charides are associated with biofilms and motility [44]. Indeed, it has been shown that smooth
variants of M. kansasii, containing LOSs, are rapidly cleared from the organs of infected
animals, but rough variants, lacking all LOSs, produce chronic systemic infections [45].

7. Phosphatidylinositol mannosides and other polar lipids

The mycobacterial plasma membrane incorporates conventional polar lipids, such as phos‐
phatidylethanolamine (PE), phosphatidylinositol (PI) and diphosphatidylglycerol (DPG)
(Figure 7), which can interact together to form the basis of a typical membrane bilayer.
However, most mycobacteria have a remarkably consistent family of four phosphatidylinosi‐
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tol mannosides (PIMs); these comprise mono- (AcPIM2) and diacyl phosphatidylinositol
dimannosides (Ac2PIM2) and mono- (AcPIM6) and diacyl phosphatidylinositol hexamanno‐
sides (Ac2PIM6) (Figure 7) [46-49]. Recent research has provided evidence that PIM2 and
PIM6 classes may be unevenly distributed over the two leaflets of the mycobacterial plasma
membrane [31]. These findings will be interpreted, later, as showing that PIMs may act to
reinforce the plasma membrane, perhaps adding a further level of selective permeability to
the mycobacterial cell envelope.

Figure 5. Acyl trehaloses. A. Diacyl trehalose (DAT). B. Pentaacyl trehalose (PAT). C. Sulfoglycolipid (SGL). D. Simpli‐
fied structures for illustrative use in Figures 10 and 11.
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8. Lipomannan and lipoarabinomannan

The basic structures of the PIMs polar lipid family (Figure 8) share the same manno-phospha‐
tidylinositol (MPI) anchor with two classes of characteristic large lipoglycans, namely lipo‐
mannans (LMs) and lipoarabinomannans (LAMs) (Figure 8) [50-54].

9. Mycoloylarabinogalactan-peptidoglycan (mAGP)

The overall chemical structure of this complex macromolecule has been clarified during the
past decade [55-58]. A specific linker unit covalently binds the proximal galactan portion of
the arabinogalactan to peptidoglycan with the distal arabinose moieties providing anchorage
for the 70 to 90 carbon long-chain mycolic acids (Figure 9) [19,55-58]. While chemical connec‐

Figure 6. Lipooligosaccharides (LOSs). A. M. kansasii. B. “M. canettii”. Simplified structures are included.
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Figure 7. Phosphatidylinositol mannosides (PIMs). A. Phosphatidylinositol dimannosides. B. Phosphatidylinositol
hexamannosides.C. Phosphatidylinositol. D. Phosphatidylethanolamine. E. Diphosphatidylglycerol. Simplified struc‐
tures are included.
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tivity is established, conformational preferences of the carbohydrate domains remain a matter
of conjecture with diverse interpretations. It is becoming evident that versatile peptidoglycans
can adopt different conformational arrangements, depending on the length of the polymeric
disaccharide chains with helices being possible for shorter units [59]. It was shown that a
synthetic peptidoglycan adopted a right-handed helical conformation [60]. A distinctive
feature of mycobacterial peptidoglycan is the presence of a proportion of N-glycolyl muramic
acid substituents, rather than the N-acetyl groups found in many other bacterial taxa [55-59].
The size and complexity of the mycoloylarabinogalactan- peptidoglycan, which is an extensive
single macromolecule, provides a major challenge in perceiving how it can be coherently
organised in three dimensions. This is not such a difficulty in many other bacterial taxa where
no really major macromolecules are directly attached to peptidoglycan. It is now well estab‐
lished that the mycolic acids form a coherent inner leaflet of the MOM and this necessitates
support from a well-integrated underlying platform.

The proposed mAGP arrangement (Figure 10) is based on a “scaffold” model [61,62], where
peptide cross-linked helices are interspersed with helices of the galactan part of the arabino‐
galactan; the arabinan portion is then arranged to provide linkage points for mycolic acids. An

Figure 8. Essential structural topography of M. tuberculosis lipomannan and lipoarabinomannan. MPI is manno-phos‐
phatidylinositol.
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attractive arrangement can be envisaged with the galactan extending to a level similar to that
of the peptidoglycan helix to produce an essentially level “mosaic platform” as a stable
anchorage for mycolic acids. While the helical galactan can provide a relatively rigid base unit,
the arabinan may be more flexible so that the bound mycolic acids can jostle for position and
occupy optimal locations. Indeed, arabinan flexibility may be an important factor in allowing
hydrophobic interactions to govern the relative location of mycolic acid chains and associated
free lipids. Calculations [63] indicate that the arabinofuranose polymer is reluctant to adopt a
rigid compact helical conformation, thereby allowing a degree of flexibility.

10. Cell envelope organisation

The original model [4], with an inner and outer membrane, was based mainly on chemical
principles, supported by freeze-etching results [64] that showed two clear distinct parallel
cleavage planes in the mycobacterial cell envelope. The dual membrane proposal was con‐
firmed by a confocal microscopy study that showed differential location of two fluorescent
dyes of different lipophilicity [65]. The outer membrane was visualised directly by cryo-
electron microscopy and the essential dimensions of the mycobacterial cell envelope were
revealed [7-9]. An updated model for the cell envelope organisation for tubercle bacilli is
proposed in Figure 10. Justification for the details of the proposal will build outwards from
the plasma membrane.

The inner plasma membrane in mycobacteria has been traditionally regarded as conventional,
even though a significant role was lacking for the unusual phosphatidylinositol mannosides

Figure 9. Essential structural topography of M. tuberculosis arabinogalactan-peptidoglycan.
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(PIMs) (Figure 7). A resolution of this conundrum has been indicated in a study [31], which
showed strong evidence for locating Ac2PIM2 (Figure 7) as the sole polar component of the
inner leaflet of the inner membrane. It was suggested that PIM6 would be present in the outer
leaflet of the inner membrane, projecting into the periplasm. It is not clear why there are two
versions of PIM2 and PIM6, with either three or four fatty acid chains (Figure 7), but as a working
hypothesis both PIM2 lipids are placed in the inner leaflet and both PIM6 lipids in the outer
leaflet of the plasma membrane (Figure 10). As demonstrated by two-dimensional thin-layer
chromatography [26], the proportions of the principal four PIM types are remarkably consis‐
tent, as is the proportion of PI. It is possible that equal proportions of PIMs with three and four
fatty acid constituents are optimal for close packing in membranes; detailed physical studies
on these lipids would be instructive. The proportions of PIM2 exceed those of PIM6 so if
PIM2 lipids are considered to predominate in the inner leaflet [31], then PI, PE and DPG (Figure
7) may complete the outer leaflet along with PIM6. There is a distinct possibility that myco‐
bacterial inner plasma membranes, rich in PIMs with three and four fatty acid chain anchors,
have special physical properties that enhance its stability and perhaps governs permeability.
Indeed, it has been suggested that this inner membrane may be “a bilayer environment of
unusually low fluidity” [31] contributing to drug resistance. It was also noted [31] that the
behaviour of PIM2 liposomes had been found [66] to have behaviour suggestive of exceptional
stability. It is now apparent that the inner mycobacterial plasma membrane is a highly
specialised organelle, worthy of being distinguished with special nomenclature. Given the
developing popularity of “MOM” for the mycobacterial outer membrane, a related simple
suggestion might be “MIM” for the “mycobacterial inner membrane”. It was found that
disruption of PIM2 production causes growth arrest [67,68] but the higher PIMs were dispen‐
sable [69], thereby indicating an important structural role for PIM2. It has also been indicated
that the acylation state of PIMs is also significant [70].

The outer leaflet of the MIM inner plasma membrane is also a suggested location for the PIM-
related LM and LAM (Figure 10), but unequivocal evidence is elusive with alternative MOM
location being a possibility. In a well-balanced objective analysis [71], it was concluded that
LAM had at least an initial anchorage in MIM. However, in some cases [72,73], the undoubted
presence of LAM at the cell surface required invoking specific lipoglycan transport mecha‐
nisms that need to be fully defined. At least a transient MIM location for LAM is supported
by the presence of related lipoglycans in other actinomycetes, which do not have mycolic acids
and an outer membrane, as summarised recently [72]. The basic fact that the lipid anchors of
LM and LAM are identical to those in PIMs (Figures 7,8) suggests very strongly that all these
components have a common anchorage in MIM. This should not rule out possible interactions
with the hydrophobic MOM surface, but such lipophilic binding is predictably less specific
and it is very difficult to envisage LM and LAM as important integral components of the MOM
outer leaflet. The PIM-based lipid anchors appear to be all very similar for related LM and
LAM lipoglycans across the genus Mycobacterium and related mycolata; however, enormous
variations in the surface of the MOM in such taxa would militate strongly against any specific
incorporation of LM and LAM into the MOM outer leaflet. Immunogold atomic force micro‐
scopy failed to detect cell surface LAM in M. bovis BCG, but LAM was revealed after treatment
with drugs that attack cell envelope targets [74]. For Corynebacterium glutamicum, it was found
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with drugs that attack cell envelope targets [74]. For Corynebacterium glutamicum, it was found
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Figure 10. Two-dimensional representation of the location and interaction of structural components in the cell enve‐
lope of M. tuberculosis. MOM and MIM are “mycobacterial outer membrane” and “mycobacterial inner membrane”,
respectively. AGP is the arabinogalactan-peptidoglycan. Mycolic acid conformations (Figure 2) in the MOM are label‐
led “αu” for α-mycolate for fully extended “eU” shape, “Kw” and “Mw” for fully folded keto- and methoxymycolate
“W” shape, respectively, and “Ms” for semi-folded “sZ” shape. Correlating dimensions of all components are drawn to
fit within the spatial constraints imposed by cryo-electron microscopy [8,9]. Dimensions of peptidoglycan (PG) helices
are derived from synthetic material [60]. Helices of the mannan sections of lipomannan (LM) and lipoarabinomannan
(LAM) and both the arabinan and galactan components of arabinogalactan (AG) were modelled using GLYCAM.
Woods Group. (2005-2014) GLYCAM Web. Complex Carbohydrate Research Center, University of Georgia, Athens,
GA. (http://www.glycam.com) [63]. Details of simplified lipid structures are in Figures 4-6.
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that LM and LAM are embedded in the plasma membrane, along with the PIMs [75]. Overall,
the importance of lipophilic anchors in external LM and LAM is diminished by the observation
that their lipid-free glycan counterparts, mannan and arabinomannan, may be one destination
of these components [72].

The extensive supposed “periplasmic space” (Figure 10) will, in fact, be an area of intense
activity as all cellular components of the MOM whose synthesis is initiated in the cytoplasm,
and continued through MIM, may be assembled and organised within [51-54]. The fact that
many of these cell envelope components are relatively large may explain why such a relatively
extensive compartment is needed. Cryo-electron microscopy studies [7-9,76] gave indications
of some rather indistinct structural elements within the periplasm, labelled as layers L1 and
L2 [7,76]. The internal L1 layer is most probably associated with “granular” material of protein
origin, with the outer L2 layer corresponding to some of the peptidoglycan-arabinogalactan
matrix [76]. It has been proposed that the maintenance of the relatively low-density periplasmic
space could be facilitated by the presence of large polymeric material [9]. The helical mannan
polysaccharide moiety in LM (Figure 10) may have such a role, but it could also act as a scaffold
or template to compartmentalise various biochemical activities. In M. smegmatis it was shown
that LAM was dramatically reduced as the bacteria approached stationary phase, but LM,
mycolic acids and arabinogalactan were unchanged; this indicates that all these latter three
components have important structural roles [73].

The accommodation and conformation of the mycoloyl arabinogalactan peptidoglycan
macromolecular structure is a major challenge in the relatively limited space available (Figure
10). An informed choice has been made to use the “scaffold” approach of [61,62], with a helical
peptidoglycan network interspersed with helical galactan units, as detailed in Figure 10. The
relatively heavy peptidoglycan peptide cross-linking [52] may be a factor in favouring the
scaffold arrangement in mycobacteria. This proposal echoes a previously advanced arrange‐
ment [52] that did not attempt to make precise spatial correlations and neglected to include
the extensive periplasm. It would be interesting to explore the possibility that the N-glycolyl
muramic acid substituents may have some influence on mycobacterial peptidoglycan confor‐
mation. The proposed coherent peptidoglycan – galactan “mosaic platform” layer (Figure
10) could provide a coherent anchorage for the arabinan moieties, some of which are esterified
with mycolic acids. As noted previously, conformations of MAs vary with structural type and
these are illustrated with W-conformations for keto-MAs, an extended U-conformation for α-
MAs and equal numbers of W- and U-conformations for methoxy-MAs (Figure 2, 10). The MAs
are comprised of approximately 50% α-MAs [17,18] as reflected in Figure 10. Such covalently
bound MAs are instrumental in providing a stable MOM inner leaflet with potential for
interaction with diverse free lipids to produce an effective outer membrane permeability
barrier. Detailed spatial calculations attempted to simulate the accommodation of W-folded
α-MAs into the MOM [77]; however, other MA conformations must be incorporated to provide
a full picture. In a detailed quantitative study [31] of the cell envelope of M. smegmatis it was
demonstrated that there were sufficient hydrocarbon chains in both inner and outer mem‐
branes to confirm the viability of the original dual membrane model [4].
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A  wide  range  of  free  lipid  types  are  considered  to  form  the  outer  leaflet  of  the  outer
mycomembrane of members of the M. tuberculosis  complex. These range in polarity from
the hydrophilic LOSs (Figure 6), through PGLs (Figure 4), DATs, SGLs and PATs (Figure
5),  to  the  highly  apolar  hydrophobic  PDIMs  (Figure  4).  All  these  unusual  lipids  have
specialised  fatty  acid  components,  incorporating  varying  numbers  of  methyl  branches
located near to the carboxyl group (Figures 4-6).  For the original chemical model of the
mycobacterial  cell  envelope [4],  it  was conjectured that the presence of methyl branches
might moderate the depth of insertion of the fatty acids into the MOM bilayer. This remains
an attractive hypothesis,  though detailed physical studies would be of value. The proxi‐
mal multimethyl branches would favour a coiled conformation, leaving the distal straight-
chain portion of such fatty acids to interact with mycolic acid chains. The straight-chain
fatty acids in DATs, PATs (Figure 5) and LOSs (Figure 6) could possibly be layered parallel
to  the  MOM surface  providing  elements  of  lateral  stabilisation.  In  certain  previous  cell
envelope models [9,78] there has been an unjustified tendency to include inverted TDMs
as major components in the MOM outer leaflet. A proven role of TDMs is as an agent for
the transfer of mycolic acids onto the arabinan matrix, presumably in the assembly of the
inner leaflet of the MOM. It is more likely, therefore that TDMs would align themselves
with  the  trehalose  unit  adjacent  to  the  arabinan,  as  previously  indicated  [4].  Similarly,
monomycoloyl glycerols (MMGs) (Figure 3) in M. bovis would be more readily accommo‐
dated with an internal glycerol unit. Such a location might possibly act to modify MOM
fluidity in M. bovis whose mycolic acid composition has high proportions of cis-cycloprop‐
yl  keto-MAs,  in  comparison  with  the  predominant  trans-cyclopropyl  keto-MAs  in  M.
tuberculosis  [17,18].  However,  in  related  taxa,  such  as  Corynebacterium  glutamicum,  it  is
probable  that  the  structurally  much  simpler  mycolic  acids,  and  perhaps  their  trehalose
esters, are able to participate as members of the outer leaflet of the outer membrane [8,78].

11. Evolutionary and pathogenicity aspects of cell envelope composition

It is of particular interest to attempt to obtain an understanding of the influence and importance
of cell envelope composition in mycobacterial pathogenicity and evolution. A consensus is
developing that an attractive evolutionary pathway can be envisaged from environmental
Mycobacterium kansasii, through “M. canettii” to all the modern biotypes of the M. tuberculosis
complex [79-83]. M. kansasii is the environmental organism that phenotypically resembles M.
tuberculosis most closely and this relationship has been supported by genomic comparisons
[79-81]. Cogent arguments have been advanced to associate the evolution of ancient tubercle
bacilli, such as “M. canettii”, with bacteria similar to M. kansasii, including indications of
horizontal gene transfer between these taxa [80,81]. Key genes acquired by horizontal gene
transfer include those coding for mycobacterial lipids, transferases and proteins related to
adaptation to anaerobic conditions [80,81]. M. kansasii continues to cause pulmonary disease
in Silesian and South African miners, the bacterium being contracted from water in showers
[81]. A detailed study has shown that the unusual smooth morphology “M. canettii” strains
appear to form a pivotal role in the evolution of tuberculosis [84]. Although extant strains of
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“M. canettii” still cause human tuberculosis, they differ significantly in infectivity and appear
to be relatively ancestral [85,86]. Genomic studies indicate that the very diverse “M. canettii”
isolates appear to coalesce into a form of bottleneck after which all the modern human and
animal biotypes evolved in a relatively linear manner [83,84,87,88]. A plausible working
hypothesis for the evolution of M. tuberculosis sensu stricto is outlined in Figure 11, highlighting
the possible contribution of cell envelope lipid composition.

The most fundamental underlying difference between members of the M. tuberculosis complex,
broadly including “M. canettii”, and M. kansasii and related environmental taxa is seen in the
mycolic acids. The α-mycolic acids from M. kansasii have the regular spacing of the proximal
and distal cis-cyclopropyl groups (Figure 1), common to a wide range of mycobacteria [17,18].
In clear contrast, α-mycolates from “M. canettii” and members of the M. tuberculosis complex
have the chain between the hydroxyl group and the proximal cyclopropyl group shortened
most significantly from 17 methylene groups in, for example, M. kansasii to 11 and 13 methyl‐
enes in members of the M. tuberculosis complex [4,17,18,79]. Additionally, the chains in 2-
position and the terminal meromycolate chain are both relatively extended by two carbons.
As noted above [20,22,24,79], M. tuberculosis α-mycolic acids extend more readily in molecular
dynamics simulations with apparent interaction of the chain in 2-position with the chain
between the two cyclopropyl groups, in a “fully extended shape” (Figure 2) [22] or “eU”
conformation [24]. The methoxymycolates and ketomycolates of “M. canettii” and M. tubercu‐
losis (Figure 1) conform to the general pattern of these components in related mycobacteria,
such as M. kansasii, but, significantly, these oxygenated mycolates are slightly larger than any
others [17,18]. The particular ability of α-mycolates to adopt extended flexible U-conforma‐
tions is probably significant for interactions with free lipid components of the MOM outer
leaflet. Indeed it is possible that the exceptionally long terminal chain in M. tuberculosis α-
mycolic acids may penetrate right to the MOM outer leaflet to contribute to the hydrophobicity
of the cell envelope surface. In this context, the balance of the three main types of mycolates
is probably significant; the ratios of the α-, methoxy- and ketomycolates are, respectively,
~10:5:8 for M. kansasii, ~10:6:8 for “M. canettii” and ~10:5:5 for M. tuberculosis [17,18,79]. It is
conceivable that having 50% α-mycolates may optimise hydrophobic interactions with the
particular range of free lipids in the MOM outer leaflet in M. tuberculosis. In a detailed
consideration [79], it was found possible to discern quite a range of distinct differences in the
overall mycolic acid composition of these three taxa; the overall conclusion was an apparent
simplification and tightening up of mycolate composition in modern M. tuberculosis.

There are also very significant changes in cell envelope MOM free lipid composition between
all the taxa, shown in Figure 11. M. kansasii has characteristic polar LOSs (Figure 6), relatively
polar PGLs (Figure 4) and PDIMs based only on phthiodiolones (Figure 4). These three lipid
families appear to be the principal components of the outer leaflet of the MOM of M. kansasii,
possibly contributing to a relatively polar cell surface compatible with a native hydrophilic
environment. The PGLs of M. kansasii and “M. canettii” provide an appealing phenotypic link,
with a loss of a single sugar to give a triglycosyl PGL and three sugar units to give a mono‐
glycosyl PGL (Figures 4 and 11), as also highlighted previously [81]. However, some most
significant new lipid structural principles are introduced in “M. canettii” (Figure 11). Two
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major classes of acyl trehalose glycolipids, the DATs and PATs (Figure 5), are encountered [86].
The relatively polar DATs are good antigens, which probably contribute to the cell surface
properties of tubercle bacilli [38]. In contrast, the barely antigenic PATs are very non-polar and
are likely to increase cell surface hydrophobicity quite significantly. The reduced 9-sugar
oligosaccharide in the LOSs of “M. canettii”, compared with the 13-sugar oligosaccharide in
M. kansasii might also result in reduced hydrophilicity. It is not known if all the diverse isolates
of “M. canettii” have similar lipid profiles, but it certainly appears that the MOM free lipid
composition of this taxon has some redundancy with perhaps an over-generous provision of
lipid types (Figure 11). This redundancy might correlate with a high propensity for horizontal
gene transfer, positively accumulating new mycobacterial lipid principles at the expense of a
rather overblown excess of lipid biosynthesis. This might support a concept that “M. canet‐
tii” is a low pathogenicity intermediate taxon in evolutionary transit, rather than an efficient
pathogen with a particular niche. In contrast, as will be detailed below, the modern M.
tuberculosis complex has emerged out the ancestral melange as a group of efficient pathogens
with a range of specialised hosts.

Aspects of the cell envelope lipid composition of “M. canettii” are essentially the same as for
M. tuberculosis sensu stricto, including mycolic acid composition, but there are a number of key
differences. Significantly, the LOSs and PGLs present in “M. canettii” are absent in M. tuber‐
culosis, but the latter is uniquely characterised by the presence of SGLs [89]. As noted above,
the highly polar LOSs are associated with hydrophilic interactions, such as motility and biofilm
formation [44]. The PGLs are also relatively polar, but in addition to having a structural role
in the outer leaflet of the MOM, particularly specific functions are elusive. SGLs behave on
chromatography as quite polar lipids, presumably due to the presence of the sulfated trehalose
unit. However, SGLs have very large nonpolar phthioceranic and hydroxyphthioceranic fatty
acid acyl chains (Figure 5), which are likely to provide enhanced hydrophobicity. In two
informative studies, it was shown that deficiencies in SGLs [90] and DATs and PATs [91] did
not have decisive effects on replication and persistence. In bacterial disease, clear distinctions
must be made between transmissibility and the pathogenic process once the infection has been
established. It would appear that the very hydrophobic SGLs and PATs (Figure 5) may have
primary value in the transmission process, perhaps accompanied by some secondary roles in
pathogenicity.

Previous studies have shown an important link between hydrophobicity and aerosol per‐
formance in Mycobacterium avium [92]. Preliminary studies are under way to compare the
hydrophobicity of “M. canettii” and M. tuberculosis. For cultures grown on solid media in the
presence of Congo Red [93], the smooth colonies of M. kansasii and “M. canettii” resisted
staining by the dye, but two different rough strains of M. tuberculosis absorbed so much dye
that they almost merged into the background (Figure 12). In preliminary standard partitioning
experiments between hexadecane and water [94], it was found that M. tuberculosis was
approximately one fifth more hydrophobic than “M. canettii” (details not shown). These simple
experiments indicate a distinct difference in hydrophobicity between one member of the
smooth supposed ancestral “Cannetti” taxon and rough modern human tubercle bacilli. It
follows, therefore, that M. tuberculosis sensu stricto may be specifically adapted for aerosol
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transmission, whereas “M. canettii” is less favoured for this mode of transmission [85,86]. A
link between cell envelope hydrophobicity and aerosol transmission is also probably signifi‐

Figure 11. A generalised scenario for the significance of lipid composition in the evolution of M. tuberculosis. Details of
the simplified lipid structures are in Figures 4-6. The numbers of sugars in particular LOSs and PGLs are shown in
brackets with an asterisk, e.g. LOS (13)*.
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cant in Mycobacterium abscessus infections [95,96]. Airway infections are often associated with
rough variants that lack polar glycopeptidolipids and are likely to be more hydrophobic and
aerosol transmissible than the usual smooth strains [95,96]. It was also shown that rough
Gordona species were much more hydrophobic than smooth morphology variants of the same
strain [97]. By use of chemical force microscopy the cell envelope surface of M. bovis BCG was
found to be uniformly hydrophobic, but drugs disrupting mycolic acid synthesis destroyed
this feature [74].

A jump from environmental  M. kansasii  to  the  obligate  M. tuberculosis  human pathogen
requires the cooperation of suitable animal hosts, in which evolutionary changes can take
place.  The  total  dearth  of  any  evidence  for  tuberculosis  in  Homo  sapiens,  prior  to  the
Holocene, suggests zoonotic evolutionary hosts [79,98,99]. Characteristic skeletal lesions in
a variety of Pleistocene megafauna are suggesting the presence of tuberculosis over a wide
time period, going back to at least 120 ka BP [100,101]. In one well-documented example
of a 17ka extinct bison, diagnosis by lesion was conclusively confirmed by amplification of
M.  tuberculosis  complex  DNA  and  recovery  of  pristine  mycolipenate  (Figure  5)  and
mycocerosate (Figure 4) tuberculosis lipid biomarkers [99,102,103]. The complex digestive
organs in megafauna, such as bison and mastodons are potentially ideal vessels to facilitate
evolutionary development, as the rich population of other microbial species present would
be well situated to participate in horizontal gene transfer. There is substantial evidence for
Pleistocene horizontal gene transfer in ancestral strains of the tubercle bacillus before linear
evolution in the Holocene [80,81,104].

It is conceivable that, during the Pleistocene, thinly spread members of Homo sapiens, and also
Homo neanderthalensis, may have contracted evolving ancestral tuberculosis from infected
megafauna. However, there is no evidence to suggest that modern tuberculosis developed
from ancestral strains solely in the human vehicles, mentioned above. Indeed, recent studies
indicate that Neanderthals all became extinct before about 40ka BP [105], which precedes the
perceived ~30 to 12ka BP evolutionary bottleneck in tubercle bacilli [84,87,106]. A feasible
scenario, therefore, for the emergence of all the modern biotypes of the M. tuberculosis complex
through the bottleneck would involve a complex web of interactions between H. sapiens and
Pleistocene animal reservoirs until the dramatically ameliorated climatic conditions at the

Figure 12. Differential uptake of Congo Red by M. kansasii ATCC12478, “M. canettii” CIPT 140010059 MNC1485, M.
tuberculosis H37Rv and M. tuberculosis CDC1551. Strains were cultivated on 7H11 agar with 40µg/ml Congo Red.
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beginning of the Holocene allowed humans to form settlements and promulgate communal
tuberculosis. The apparent ready spread of human M. tuberculosis in early Holocene settle‐
ments was probably a result of the ability of the tubercle bacillus to fly in aerosols. This could
be a consequence of the dramatically enhanced hydrophobicity of M. tuberculosis sensu stricto
as compared with the most likely ancestral strains, labelled “M. canettii”. It will not be easy to
pinpoint a precise event when modern M. tuberculosis made its decisive debut on the human
stage. As noted above, the digestive systems of Pleistocene megafauna were probably very
efficient vessels for the evolution of tubercle bacilli and the change from the relatively
hydrophilic “M. canettii”, in the digestive tract, to the hydrophobic M. tuberculosis that could
be expelled from the lung. The enormous diversity of the extant surviving “M. canettii” taxon
[84] probably points to an even greater range of smooth ancestral strains being passaged,
recycled and adapted through animals and the environment. Indeed it probably reasonable to
suggest that the great genetic diversity of smooth strains of the tubercle bacilli may be a result
of their emergence over a wide time scale and geographical area.

12. Conclusion

The cell envelope of M. tuberculosis and related taxa is an assemblage of efficiently coordinated
and closely interacting macromolecules and exquisitely designed lipid moieties. One of the
most characteristic organelles is the “mycobacterial outer membrane” or “MOM”, but recent
studies have shown that the “mycobacterial inner membrane”, or “MIM”, may be comparable
in importance (Figure 10). Indeed the MIM, if it has a very characteristic inner leaflet composed
predominately of PIM2 phospholipids, may be a formidable barrier protecting the cytoplasm
(Figure 10). The MOM is composed of an outer leaflet of “free lipids”, which interacts with a
monolayer of mycolic acids covalently bound to the relatively flexible arabinan portion of an
arabinogalactan that, in turn, is linked to peptidoglycan. Utilising the hypothesis of the
“scaffold” model, the peptidoglycan and the galactan section of the arabinogalactan form
helices perpendicular to the cell surface resulting in a stable type of “mosaic platform” from
which the MOM can be linked via an arabinan cushion (Figure 10). The space between the MIM
and peptidoglycan, usually termed the “periplasm”, is envisaged as being the initial place for
the linkage of the characteristic lipoglycans, namely “lipomannan” (LM) and “lipoarabino‐
mannan” (LAM) (Figure 10). However, LAM certainly is transported to the external capsular
regions, but LM may linger in the periplasm affording a degree of organisation and stability.
Overall, it is important to note that the mycobacterial cell envelope is a dynamic three-
dimensional organelle; the hypothetical arrangement pictured in Figure 10 can only be a two-
dimensional snapshot illustrating likely locations and interactions.

Given the hypothesis that tubercle bacilli evolved from an environmental organism, such as
M. kansasii, via a mammalian adapted semi-environmental ancestral taxon, such as “M.
canettii”, parallel linked changes in the lipid components of the MOM can be discerned (Figure
11). A clear phenotypic link between M. kansasii and “M. canettii” is provided by clearly
comparable “phenolic glycolipids” (PGLs) (Figure 4). The introduction of distinct mycolic acid
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arabinogalactan that, in turn, is linked to peptidoglycan. Utilising the hypothesis of the
“scaffold” model, the peptidoglycan and the galactan section of the arabinogalactan form
helices perpendicular to the cell surface resulting in a stable type of “mosaic platform” from
which the MOM can be linked via an arabinan cushion (Figure 10). The space between the MIM
and peptidoglycan, usually termed the “periplasm”, is envisaged as being the initial place for
the linkage of the characteristic lipoglycans, namely “lipomannan” (LM) and “lipoarabino‐
mannan” (LAM) (Figure 10). However, LAM certainly is transported to the external capsular
regions, but LM may linger in the periplasm affording a degree of organisation and stability.
Overall, it is important to note that the mycobacterial cell envelope is a dynamic three-
dimensional organelle; the hypothetical arrangement pictured in Figure 10 can only be a two-
dimensional snapshot illustrating likely locations and interactions.

Given the hypothesis that tubercle bacilli evolved from an environmental organism, such as
M. kansasii, via a mammalian adapted semi-environmental ancestral taxon, such as “M.
canettii”, parallel linked changes in the lipid components of the MOM can be discerned (Figure
11). A clear phenotypic link between M. kansasii and “M. canettii” is provided by clearly
comparable “phenolic glycolipids” (PGLs) (Figure 4). The introduction of distinct mycolic acid
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(Figure 1) and acyl trehalose (DATs, PATs, Figure 5) structures shows that “M. canettii” has
an indisputable link with modern members of the M. tuberculosis complex (Figure 11).
Refinement of the MOM lipid composition of “M. canettii”, leads to the simplified MOM free
lipids of M. tuberculosis, comprising PDIMs, DATs, PATs (Figures 4,5) and the very character‐
istic sulfoglycolipids (SGLs, Figure 5). The apparent enhanced hydrophobicity of the cell
envelope of M. tuberculosis sensu stricto correlates well with the ability to be transmitted in
aerosols. In broad evolutionary terms, a plausible scenario involves various Pleistocene
megafauna passaging environmental mycobacteria, such as M. kansasii, until horizontal gene
transfer resulted in the diverse family of smooth morphology strains labelled “M. canettii”.
Further evolutionary development, with possible human involvement for the first time,
produced modern M. tuberculosis whose novel ability to fly in aerosols probably coincided
with congregating settled humans multiplying together along with tubercle bacilli as new
devastating companions.
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1. Introduction

Tuberculosis (TB) is one of the oldest diseases that afflicts mankind, and has re-emerged as a
significant cause of morbidity and mortality in several countries [1]. It is an infectious and
contagious disease caused by a bacterium, Mycobacterium tuberculosis, also called Koch´s
Bacillus (KB) [2]. According to the location of the outbreak, it can be classified as pulmonary
TB, primary TB, TB reactivation and extrapulmonary TB [3].

2. Epidemiology

According to the World Health Organization (WHO), there were nearly nine million new cases
in 2011, and about 1.4 million TB deaths (990,000 among Human Immunodeficiency Virus
(HIV) negative people and 430,000 TB deaths associated with HIV). TB is also more common
in men than in women, affecting in particular adults in economically productive age groups [4].

Figure 1 shows the estimated number of TB cases and deaths [4].

The estimates show that most cases have occurred in Asia (59%) and Africa (26%). Smaller
proportions of the global total have occurred in the Eastern Mediterranean Region (7.7%),
Europe (4.3%) and the Americas (3%) [4].

Figure 2 shows the estimated incidence rates of TB in each country [4].

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



In Brazil, TB is still a serious health problem. Each year, approximately 70,000 new cases are
reported and 4,600 deaths occur due to the disease [5]. In Pernambuco in 2012, the incidence
rate of TB was 52.21 per 100 thousand inhabitants with 3,879 new cases of pulmonary TB
reported, of which 2,657 were in the metropolitan region of Recife [6].

Source: World Health Organization. Global Tuberculosis Control Report 2012. Available at: http://apps.who.int/iris/
bitstream/10665/75938/1/9789241564502_eng.pdf (accessed on 18 June 2014).

Figure 1. Estimated absolute numbers of TB cases and deaths (in millions), 1990–2011.

Source: World Health Organization. Global Tuberculosis Control Report 2012. Available at: http://apps.who.int/iris/
bitstream/10665/75938/1/9789241564502_eng.pdf (accessed on 18 June 2014).

Figure 2. Estimated TB incidence rates, 2011.
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3. Transmission

Transmission usually occurs through direct contact of the patient with a healthy person.
Indirect contagion by handling contaminated material and animals can take place, but this is
exceptional. When one coughs, sneezes or talks, Flügge droplets are exhaled, which can lead
to contagion in a healthy individual. The gateway in about 90% of cases is the airway.
Therefore, pulmonary TB is the dominant form. Other pathways, may, however, be conduits,
such as the digestive system, skin, tonsils, eye and others that might have direct contact with
the aggressor agent [7].

4. Clinical manifestations

Manifestations of TB in cervico-cephalic regions are among the most frequent, and have
attracted interest mainly because of the changes in the pattern of attack of the disease. This is
because it is currently uncommon to find acute or rapidly progressive forms, it being more
frequent to find forms that evolve with a subclinical pattern [8].

In the region of the head and neck, TB manifests itself predominantly in the larynx; less
frequently, it is found in the middle and external ear, tonsils, cervical lymph nodes, pharynx,
oral cavity, and salivary glands [9].

4.1. Laryngeal TB

One of the organs that can be secondarily affected by TB is the larynx, even although in some
cases, laryngeal TB may have a primary involvement [7].

There are two theories that attempt to explain its pathogenesis: bronchogenic theory, which is
the most accepted, says bronchogenic secretions are responsible for contaminating the larynx
through the direct contact of the secretions with the laryngeal mucosa; and hematogenous
theory, which says that Mycobacterium tuberculosis reaches the blood and lymph vessels and
thus affects the larynx, it being possible for there not to be any pulmonary damage [10].

Before the use of antibiotic therapy, laryngeal TB was considered one of the most serious
complications of pulmonary TB and was often fatal. In the 1940s, after the development of
various treatment regimens, the incidence of pulmonary TB decreased and pharyngolaryngeal
involvement became less frequent. However, in the last two decades due to the decline in the
quality of treatment and supervision worldwide, and as a consequence of the emergence of
AIDS as a global epidemic and the development of multidrug-resistant strains of TB, the
number of cases of the disease has been increasing progressively [11].

In the clinical framework of laryngeal TB, the most common symptom is dysphonia, which
is present in 100% of patients in many studies, and this can progress to aphonia. In addition,
other  important  manifestations  include  dysphagia  due  to  ulceration  of  the  laryngeal
vestibule or perichondritis of the cricoid cartilage; cough and hemoptysis because of the
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affect on the lungs; dyspnea due to edema or laryngeal granulomas that may obstruct light
from the larynx [12].

In laryngeal TB, the most commonly affected site is the region of the vocal folds, followed by
the vestibular folds and may involve the epiglottis, the aryepiglottic fold, the arytenoids, the
posterior commissure and the subglottis [10]. Figure 3 shows a lesion in the posterior third of
the left vocal fold [7].

Source: Garcia, 2004, p.257.

Figure 3. A lesion in the posterior third of the left vocal fold.

4.2. TB of cervical lymph nodes

Lymph node TB may result from dissemination via the blood stream, of bacillary pulmonary
foci [13], as well as from the bacilli gaining entrance via the tonsils, dental or pharyngeal foci
[14]. It is located most frequently in the cervical, supraclavicular and hilar and mediastinal
regions. However, any lymph node may be affected [13].

It is one of the most prevalent forms of TB in the head and neck. In general, it presents itself
insidiously with a gradual increase in the lymph node and evolution to caseification [14].

No gender difference was found among those suffering from TB in cervical lymph nodes.
However, what was verified is that there was greater prevalence in the 35-44 year-old age
group [15].

4.3. TB of the ear

TB located in the middle ear as the primary focus is uncommon. Classically it affects children
more than adults [9].
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Several theories attempt to explain the infection of the middle ear by TB, but its pathogenesis
is still controversial. It is suggested that routes may be through the bloodstream by direct
extension from the nasopharynx through the Eustachian tube via the lymphatic system;
externally, by perforation of the tympanic membrane; by direct extension from adjacent
structures, the central nervous system, congenital infection (via the placenta) or during passage
through the birth canal [9].

Classically it is presented as the triad: painless otorrhea, multiple perforation of the tympanic
membrane, and peripheral facial palsy; but currently its presentation has become polymorphic.
Among its complications are the following: peripheral facial paralysis, retro-auricular fistula,
labyrinthitis, meningitis, tuberculous osteomyelitis of the petrous pyramid, subperiosteal,
cerebral or cerebellar abscess, acute mastoiditis and cellulites [9].

4.4. Nasal TB

Nasal TB is an extremely rare form [16]. Butt in his review of nasal TB in the 20th century
identified only 35 reported cases, 12 of which were of the primary form. The most common
symptoms were nasal obstruction and aqueous secretions [17].

Less common symptoms include nasal discomfort, presence of a mass, epistaxis, crusting,
lachrymation, postnasal drip, recurrent polyps, and nasal ulcer [17]. The most common site is
the anterior-inferior portion of the nasal septum, in the region of greatest arteriovenous
confluence called the Kiesselbach zone. In anterior rhinoscopy, a pale, torpid mucosa is
observed and can present with perforation of the nasal septum [14].

Figure 4 shows an image of nasal TB lesions. Figure 5 gives the histopathological assessment
which revealed a caseous granulomatous reaction, epithelioid cells lymphatics, and some giant
cells [18].

Source: Alavi, 2014, p.50.

Figure 4. Reddish ulcerative lesion on the nose and in the internal mucosal layer.
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Source: Alavi, 2014, p.50.

Figure 5. Caseating granulomatous reaction, epithelioid cells, lymphocytes, and a few giant cells.

4.5. TB in the oral cavity

Oral TB is a rare form representing 0.1-5% of the total of TB infections. Mycobacterium tuber‐
culosis can infect all parts of the mouth, such as gums, hard and soft palate, lips, maxilla and
mandible [19]. It is more frequent in men than in women appearing mainly in the form of
ulcerative lesions [20]. The tongue is the most common site of TB oral [19].

The integrity of the oral mucosa, the cleaning action of the saliva, the presence of oral sapro‐
phytes and submucosal antibodies represent a natural resistance to the invasion of Mycobacte‐
rium tuberculosis [19]. Oral trauma, tooth extraction, inflammatory conditions and poor hygiene
represent gateways [20].

Its presentation occurred as a secondary infection in 58% of patients and as a primary infection
in 42%. Carcinomas have been found coexisting in the same site of the lesion in 3% of patients.
In approximately 50%, the oral manifestation of TB led to the diagnosis of systemic infection
[20].

4.6. TB in the tonsils

Primary tuberculosis in tonsils, in the absence of active pulmonary disease is rare [21]. In a
study by Ricciardiello [8] et al., 0.62% of the sample was found to have this form of TB.

It may result from contact with materials containing bacilli. In the secondary form, it may be
due to the contact of sputum containing bacilli from a pulmonary focus. What favors this site
being affected are factors such as alcoholism, HIV and infection [22].

Its clinical features are nonspecific; sometimes it can simulate chronic tonsillitis [23]. The oral
examination may show hypertrophy of the tonsils, bulging in the oropharynx with edema and
erythema, as well as yellow platelets on its surface [24].
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4.7. TB in the salivary glands

Primary TB is a relatively common cause of granulomatous disease of the salivary glands.
Generally it affects one side, and the usual target is the parotid gland. The primary form can
occur in two ways: as an acute inflammatory lesion mimicking an acute suppurative sialade‐
nitis, or as a chronic tumor [25].

As to secondary tuberculosis, unlike the primary form, this more often involves the subman‐
dibular and the sublingual glands than it does the parotid one [25].

TB of the salivary gland is more common in immune-depressed patients, and it is difficult to
distinguish it clinically from other diffuse diseases of this site [26].

Figure 6 shows a patient who has TB of the submandibular gland [26].

Figure 6. Photograph of the patient showing right submandibular swelling (a) Frontal view. (b) Right lateral view.
Source: Tauro, 2011, p.83.

5. Diagnosis

The forms of extrapulmonary TB can be challenging to diagnose because bacteriological
confirmation can only be obtained in about a quarter of cases. The reasons for this difficulty
include difficult access to some lesions and the fact they are usually paucibacillary. Moreover,
the histopathological findings of granulomatous reaction do not rule out the possibility of other
diseases. Imaging studies can provide important information, although there are no specific
standards for the sites affected [27].

In laryngeal TB, diagnosis may be obtained from the isolation and culture of Mycobacterium
tuberculosis, but this diagnosis only emerges after about four weeks of cultivation. The best
material for culture is obtained by biopsy, but this is positive in only 40% of cases. A biopsy
can also be used to check if there is concomitance with cancer of the larynx [28]- [30].

Some authors consider the anatomatopathological exam as the "gold standard" for the
diagnosis of laryngeal TB [7]. By using microscopy, we observe inflammatory, granulomatous
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reactions. The granulomas consist of giant cells, and central caseous necrosis can occur, which
aids a positive diagnosis to be made before receiving a positive culture of Mycobacterium
tuberculosis [29]. Since most patients have a concomitant pulmonary problem, chest radiogra‐
phy can assist in this diagnosis [7], [12].

The Mantoux or intradermal test is often used. Its positivity is given by a 10mm diameter wheal
after up to 48 hours or 5mm in immune-compromised patients. This positive test only indicates
infection [7], [12]. The PCR is a test that can amplify amounts of specific segments of deoxy‐
ribonucleic acid from microorganisms such as Mycobacterium tuberculosis present in a sample
[12]. Chest X-ray, the Mantoux test and PCR tests are examinations that are sensitive to the
presence of Mycobacterium tuberculosis. However, they are not specific to laryngeal disease.

We stress the importance of taking care over recording the patient´s medical history and
conducting an ENT examination accurately, with emphasis being given to indirect laryngo‐
scopy and videolaryngoscopy [28].

In the form of TB affecting lymph nodes, diagnosis can be made by aspirative punction. The
smear material is positive in 10% to 25% of cases as is culture, in 50% to 85% of them. A biopsy
of the lymph node is often inconclusive, showing granuloma with caseous necrosis in 91% to
96% of patients. Usually, the tuberculin test is a strong reactor, except in immumo-suppressed
individuals [27].

In suspected cases of tuberculosis of the middle ear, the following tests are important: Gram
stain and culture of the middle ear secretion, specific for AFB (acid fast bacilli); biopsy of polyp
or mucosa of the middle ear and histopathological studies with tissue culture; tuberculin skin
test (Mantoux); chest X-ray. Other tests may clarify some details: a radiological and tomo‐
graphic study of the mastoids; audiogram [31].

In TB of the middle ear, the histopathological examination of the granulation tissue (when it
is abundant), is still the most reliable diagnostic method, but very often the biopsy needs to be
repeated for confirmation. The method is used to demonstrate caseous necrosis and specific
granulation with epithelioid and giant Langerhans cells [10].

Audiometric tests detect precocious hipoacusia and out of proportion to the apparent degree
of development of the disease seen at otoscopy. Radiographic studies of the middle ear and
mastoid do not reveal specific features, but the detection of well-pneumatized mastoid in
patients with chronic otorrhea may suggest the possibility of hypocausia [31].

The diagnosis of nasal TB can be established by smear (using nasal exudate) and the biopsy of
the lesion [14]. The diagnosis of tonsillar TB is also based on histopathological findings and on
identifying the bacillus [21].

6. Differential diagnosis

In laryngeal TB, differential diagnosis with inflammatory diseases and with laryngeal
carcinoma should be conducted [7]. Similarly, in TB which affects the ear, differential diagnosis
may reveal other diseases with chronic suppuration which do not improve with conventional
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treatment, such as cholesteatoma, syphilis, Wegener's granulomatosis, fungal infection,
eosinophilic granulomatosis and sarcoidosis [9].

Traumatic ulcers, aphthous ulcers, blood disorders, actinomycosis, syphilis, midline granulo‐
ma, Wegener's disease and cancer are differential diagnoses of oral tuberculosis [21]. In nasal
TB, differential diagnosis should include looking for inflammatory processes, as well as other
diseases that can manifest themselves with similar lesions, such as herpes simplex, leishma‐
niasis, syphilis and some fungal infections [16].

TB of lymph nodes can be determined by making a differential diagnosis with diseases such
as lymphomas and atypical mycobacterioses [13].

7. Tuberculosis and HIV

Individuals who live with HIV and who are also infected with TB are more likely to develop
the disease of TB than those who are HIV negative. From the 80s, the HIV epidemic has led to
a large increase in TB cases and TB mortality in several countries [4].

In 2011, 1.1 million (13%) of the 8.7 million people who had developed tuberculosis worldwide
were HIV positive. In the same year, there were an estimated 0.4 million deaths from HIV-
associated tuberculosis in the world [4].

HIV has been pointed out as being one of the factors for the resurgence of TB, as well as having
an impact on its epidemiology, natural history and clinical evolution. This is also related to
the reactivation of latent infections of TB [32]. HIV infection also modifies the clinical presen‐
tation of TB, the duration of treatment, tolerance to antituberculosis and resistance to the drugs
available [33].

8. Treatment

TB is a serious but curable disease in almost 100% of new cases, as long as the principles of
chemotherapy are followed [34]. However, in the absence of beginning treatment, it is
estimated that 60-70% of patients with pulmonary TB without co-infection by HIV progress to
death [35].

Treatment of active baciliferous TB is the priority activity of TB control, since this allows the
greatest sources of infection to be annulled. Tubercle bacilli practically lose their virulence, a
few days after the start of chemotherapy [34].

The drugs used are: isoniazid, rifampicin, pyrazinamide and ethambutol. The inclusion of
ethambutol in Brazil, was authorized in 2008 and is indicated for adults and adolescents (> 10
years old), in the first-line treatment of TB in Brazil. Thus, the use of rifampicin, isoniazid,
pyrazinamide and ethambutol in the first phase of treatment is recommended for two months
followed by rifampicin and isoniazid for four months, thus maintaining the short duration
regime of 6 months. For children, this continues with three drugs in the first phase [34].
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This scheme is used in Brazil for the treatment of all forms of pulmonary and extrapulmonary
TB (except meningoencephalitis) in new cases of patients whether or not they are infected by
HIV [34].

9. Prevention

The best way to prevent TB is to diagnose and isolate infectious cases quickly by administering
treatment appropriately until the patient is no longer infectious the disease is cured [36].

BCG vaccination and the treatment of individuals with latent TB infection, who are at high
risk of developing the disease are other strategies that can be used [36].

10. Final remarks

TB is a disease with a very long history and one which has sprung up again and been affecting
various countries. Among the factors responsible for this resurgence, HIV should be men‐
tioned. HIV has been regarded as responsible for changing the characteristics of TB, such as
its epidemiology, natural history, clinical presentation, and resistance to drugs.

The manifestations of TB in cervico-cephalic regions are frequent and have aroused interest,
mainly because of changes in the pattern of how the disease is caught. These forms can also
be challenging to diagnose.

Provided appropriate treatment is begun promptly, TB is a curable disease, and doing so for
infectious cases is moreover a form of prevention.

In this context, public policies are needed that encourage not only the adoption of preventive
measures, but also aid early diagnosis and seek to ensure adherence to TB treatment. This is
because the earlier that treatment is started and is done so appropriately, the more likely that
the patient will suffer from fewer sequelae and deformities.
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1. Introduction

Bovine tuberculosis (BTB) is an infectious disease of chronic evolution and debilitating effects.
The etiologic agent of this disease is Mycobacterium bovis, which, alongside M. tuberculosis, M.
bovis BCG, M. africanum, M. caprae, M. canettii and M. microti, form the Mycobacterium tubercu‐
losis complex (MTC) [1]. Members belonging to this complex exhibit high homology between
gene sequences present in their genomes. The M. bovis genome AF2122/97 (4.345.492-bp) was
sequenced in 2003 by Garnier [2], who detected a 99.95% genetic similarity between M. bovis
and M. tuberculosis.

Cattle are the primary hosts for M. bovis. Several mammalian species, however, including
humans, are also susceptible to this bacillus [3, 4]. This zoonosis is of global importance and
shows a high prevalence in developing countries, due to lack of or ineffectiveness of tubercu‐
losis control and eradication programs. BTB can be considered a socioeconomic disease, since
it causes decreases in herd productivity, which lead to significant economic losses in the global
agriculture industry, estimated at approximately 3 billion dollars a year [5, 6]. Whereas more
than 94% of the world population lives in countries where BTB control is limited or absent [7],
there is a consensus regarding the imminent risks to human health, especially immunossu‐
pressed or convalescent individuals, such as patients infected with the human immunodefi‐
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ciency virus (HIV) or patients undergoing cancer chemotherapy treatments [8] which present
greater risk of infection by BTB [9, 10].

Infection by M. bovis in humans is typically caused by the consumption of animal products
contaminated with the bovine bacillus, usually unpasteurized milk and milk derivatives [11],
leading to disease development in extrapulmonary form [12]. According to the Centers for
Disease Control and Prevention (CDC, USA), 35 cases of M. bovis infection were reported in
the city of New York from 2000 to 2004, and some of these cases were associated with the
consumption of cheeses made with unpasteurized milk, imported from countries where BTB
is endemic [13]. Another form of M. bovis infection in humans is through airborne transmission
[14, 15]. Infections caused in this manner are clinically and pathologically indistinguishable
from tuberculosis caused by M. tuberculosis [5, 12]. It is suspected that infections caused by M.
bovis are responsible for more than 4000 cases among the 100,000 cases of human tuberculosis
described annually in Brazil [10, 16]. However, according to the World Organisation for
Animal Health (OIE), the number of human TB cases caused by M. bovis in Brazil cannot be
estimated [17], since bacteriological culture tests and biochemical identification tests to
diagnose whether the infection is caused by M. bovis or M. tuberculosis are not performed in
most tuberculosis cases [18]. The absence of a specific diagnosis to identify the etiological agent
of tuberculosis in humans is very detrimental, as patients infected with M. bovis require special
treatment since the antibiotic pyrazinamide, used as the standard treatment for human
tuberculosis, is not effective in infections caused by M. bovis. This results in incorrect treatment
and subjects resistant to M. bovis, that in turn become potential transmitters of resistant strains
to other people and animals [19].

Concerning M. bovis transmission to cattle, approximately 80-90% of the animals are infected
by airborne transmission through inhalation of bacillus-contaminated aerosols [20, 21]. It is
important to note that cattle with chronic or recent infections may excrete viable bacilli, thus
causing infections in other animals [22]. In calves, airborne transmission of M. bovis is also
regarded as the most important transmission route [20], although healthy calves can also
become infected by ingestion of bacillus-contaminated milk [20, 23]. In countries where no
effective measures to control and eradicate the disease exist, the morbidity rates in BTB-
infected cattle range at about 8-10%, and fatality rates can reach up to 50% [23, 24]. It should
be emphasized that BTB is a disease that mainly affects stabled cattle (dairy cattle), spreading
rapidly due to the proximity of the animals to each other. In beef cattle, the opposite occurs,
due to the fact that the animals are raised extensively [23, 25].

An important feature of mycobacterial infections is the cell-mediated immune response
developed by the infected host, due to the intracellular location of mycobacteria. This leads to
the development of granulomatous inflammations in the host, resulting in tuberous lesions
[26, 27]. These lesions often occur in organs rich in reticuloendothelial tissue, especially in the
head, neck, mediastinal and mesenteric lymph nodes, but also in the lungs, intestines, liver,
spleen, pleura and peritoneum [28, 29]. Although tuberous lesions are not considered patho‐
gnomonic for BTB in cattle, their presence is closely linked to the appearance of clinical signs
of BTB in animals [4, 5].
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In developed countries, where TB control programs have been established longer and executed
with rigor, BTB control is accomplished through mandatory procedures such as pasteurization
of cow milk and its derivatives and sanitary inspection of cattle during slaughter, thereby
drastically reducing cases of the disease in humans and animals [30]. Although a tuberculosis
control and eradication plan exists in Brazil, illegal sales of meat, milk and dairy products not
inspected by sanitary control agents still occur and constitute a risk to public health [19].

The detection of the pathogen responsible for BTB is crucial for the control and eradication of
the disease and should be performed as recommended by the OIE [31], by late hypersensitivity
reactions in cattle (intradermal tuberculin tests), sanitary inspection in slaughterhouses,
tracing the origin of diseased animals and disease sanitation [31].

With the aim of reducing the prevalence and incidence of new BTB outbreaks, the Brazilian
national program for control and eradication of brucellosis and tuberculosis (PNCEBT) was
instituted in 2001. This program is based on the performance of intradermal tuberculin tests
and the slaughter of reactive animals (test and slaughter), associated with the health inspec‐
tions carried out in slaughterhouses [15]. Although the intradermal tuberculin test is widely
used worldwide for BTB diagnosis, this test presents sensitivity and specificity problems,
generating false-positive or false-negative results. These flaws are important, since the
reference microbiological methods for BTB diagnosis also exhibit low sensitivity and are
effective for pathogen detection only when the number of viable bacilli is higher than 100
bacilli/mL. In addition, microbiological testing procedures are laborious and time consuming,
taking from 1 to 3 months for bacilli isolation and a further two or three weeks for the
biochemical identification of the isolates [32].

Despite the occurrence of BTB, there is no official data on the current prevalence of the disease
in Brazil. Data from official reports from 1989-1998 indicate that the national average preva‐
lence was of 1.3% of infected cattle [15]. Since the beginning of the PNCEBT program, however,
few studies have been conducted to determine the prevalence of the disease, and estimates
vary from 0.7% to 3.3% [33, 34-35, 36]. According to the data obtained by Roxo and Kantor [37,
38], the estimated national prevalence was of 0.83% and the region with the lowest prevalence
of BTB was the Brazilian Midwest (0.37 %), where beef cattle in its majority is raised. In studies
conducted by Salazar and Furlanetto [6, 39], in slaughterhouses in the state of Mato Grosso,
located in the Midwest region of the country, a very low BTB prevalence was detected, of only
0.007%.

One of the main economic activities in the state of Mato Grosso is cattle production. This state
is prominently the largest producer of beef cattle, with around 28 million cattle heads, and the
second largest beef exporter the country [40], increasing beef exports to EU countries each year.
However, countries that buy Brazilian beef are increasing pressure to implant effective, quick
and definitive BTB diagnosis methods to identify tuberculosis-suspected lesions. In 2012, the
Ministry of Agriculture, Livestock and Supply (MAPA), determined that farms in which
suspected cases of BTB had been detected could no longer export beef to the Customs Union
of Belarus, Kazakhstan and Russia, and that all lots of animals of the property must be
sequestered during slaughter, until confirmation of the diagnosis of the BTB-suspected lesions
by official MAPA laboratories [41, 42].
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Due to the demands imposed by countries that import Brazilian beef and the difficulties in
achieving quick and specific BTB diagnoses, molecular tests based on PCR assays and its
variations (multiplex-PCR, nested-PCR, real-time PCR and nested real-time PCR) [42,43 – 44],
have been considered the most promising alternatives to accomplish BTB identification quickly
and effectively in both live animals [45, 46] and in fragments of tissue samples presenting BTB-
suspected lesions [5, 47 – 48, 49, 50], nasal exudates [5, 46 – 51, 52] and milk [53, 54 – 55].

In the present study, different BTB diagnosis tests, used singly or in combination with each
other,  were  evaluated.  Different  methods,  i.e.  macroscopic  analyses,  histopathological
examinations and multiplex-PCR, were evaluated for the rapid and specific detection of BTB
(M. bovis and M. tuberculosis complex) directly from BTB-suspected lesions, with the aim of
accelerating  and  adding  specificity  to  the  diagnosis  of  the  disease,  and,  consequently,
supporting the rulings of the health inspection service (SIF) performed in slaughterhous‐
es, as stipulated by the tuberculosis control and eradication program in Brazil. The apparent
prevalence of  BTB among animals slaughtered in the state of  Mato Grosso was also re-
estimated and discussed, due to the great importance that this region has in the produc‐
tion of exported meat to different consumer countries worldwide, including the European
Community.

2. Geographic region and study conditions

The study of the prevalence of BTB in animals slaughtered in the state of Mato Grosso, Brazil,
was carried out by monitoring cattle slaughter and by post-mortem inspection of 41.193
carcasses. The duration of sample collections in each slaughterhouse was of approximately 10
days, between May and October 2009. The inspected carcasses belonged to 492 herds, from 85
(60%) municipalities in the state of Mato Grosso. Most of the slaughtered cattle was male
(76.2%), from 1 to 2 years old (2.4%), 2 to 3 (54.2%) and> 3 years old (43.4%). A total of 77.8%
(32.048/41.193) of the animals originated form herds monitored by the PNCEBT Program. The
sample size (n) was calculated using the standard formula for simple random sampling,
considering a degree of confidence of 95%, level of absolute accuracy of ± 0.022% [56] and
expected prevalence of 0.05%, considering the results previously described by Salazar [39].

Seven slaughterhouses inspected by the SIF were monitored, located in six different cities in
the state of Mato Grosso (Figure 1). As mentioned above, this region is considered the largest
producer and second largest beef exporter in the country [40]. For the sampling to be consid‐
ered representative with regard to cattle herds in this geographical area, slaughterhouses in
four areas of Mato Grosso which have significant cattle herd production were selected:
Southeast, south central, southwest and north. No sampling was conducted in the northeast
area due to the unavailability of establishments with SIF inspection. However, animals from
that region were slaughtered at the Paranatinga municipality, an area fortunately covered by
this study. The selected sampling sites covered the four Mato Grosso cattle-producing circuits,
divided according to Negreiros [57], in: Pantanal-represented by the Cáceres (16º 04' 14" S, 57º
40' 44" W) and Várzea Grande (15º 38' 48" S, 56º 07' 57" W) municipalities; Milk-represented by
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the Rondonópolis municipality (16º 28' 15" S, 54º 38' 08" W); Fattening-represented by the
Paranatinga municipality (14º 25' 54" S, 54º 03' 04" W); and Reproduction-represented by the
Juara (11º 15' 18" S, 57º 31' 11" W) and Tangará da Serra (14º 37' 10" S, 57º 29' 09" W) munici‐
palities. Cattle slaughter at Juara was only monitored in two slaughterhouses.

During carcass inspections, all fragments of lesions classified by SIF as lymphadenitis or
tuberculosis lesions located in the head, neck, chest cavity or cervical area lymph nodes (areas
frequently affected by BTB) were sampled, according to official standards [58]. Once identified,
the lesions were photographed, divided into samples and properly packaged. Information on
body condition score, age and sex, origin (municipality and property where the cattle were
raised) and health status of animals (participation or non-participation in the PNCEBT
program), were obtained and recorded during sampling by means of the Animal Traffic Guide
(GTA) of each lot.

Figure 1. Map of the state of Mato Grosso, Brazil. Municipalities in gray indicate where samplings suggestive of BTB
were taken during post-mortem inspections carried out in slaughterhouses in the region.

2.1. Prevalence of bovine tuberculosis in herds slaughtered in 2009 in the state of Mato
Grosso, Brazil, determined using conventional tests [6]

The inspected carcasses 41.193 carcasses belonged to 492 herds, from 85 (60%) municipalities
in the state of Mato Grosso (Figure 2). From the 41.193 carcasses assessed during the post-
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mortem inspection, 198 (0.48%) showed lesions suggestive of BTB or lymphadenitis located in
the front portion of the carcass (BTB-suspected lesions) (Table 1), according to the official
standards for post-mortem examinations [58]. The decision to sample all lymphadenitis lesions
from the head, neck and chest cavity lymph nodes was adopted to avoid losing potentially
positive samples due to errors during the evaluations of the macroscopic lesions, since BTB
lesions, lymphosarcomas or nonspecific lymphadenitis have very similar features and are
difficult to be distinguished by the naked eye [59]. In addition, previous studies report that
86% of BTB lesions are present in the lymph nodes of the head and chest cavity (superior
portion of the carcass) [28, 60 – 61].

After the post-mortem inspections, the collected lesions were photographed, divided into
samples and either preserved in 10% buffered formalin for the histopathology analyses or
frozen at-20°C for the bacteriology analyses and subsequent molecular technique applications.
All samples fixed in 10% buffered formalin were cleaved so that each fragment of the lesion
covered all layers of the granuloma (the necrotic material, capsule and transition area between
the lesion and normal tissue). They were then subjected to dehydration techniques, diafani‐
zation clarification, embedding in paraffin and microtomizaion of the paraffin block at 4 µm,
thus obtaining two histological slides of each sample for hematoxylin and eosin (HE) staining,
with the purpose of observing histopathological changes, and Ziehl-Neelsen (ZN) staining,
used for the detection of alcohol-acid resistant bacilli (AARB or BAAR) [62].

The HE histopathological examination performed on 198 samples of BTB-suspected lesions,
indicated that 83.8% of the lesions were granulomatous, 8.1% were pyogranulomatous, 6.1%
were suppurative, and 2.0% were lesions characteristic of interstitial pneumonia. The ZN
histopathological examination indicated no AARB in the samples. The absence of AARB in
BTB-suspected lesions has been reported by Salazar [39], and may occur due to the low bacilli
concentrations in the examined lesions (paucibacillary lesions) [63].

Although granulomas are a classic BTB lesion, they cannot be considered pathognomonic of
the disease [20, 32 – 59]. This statement was confirmed in the present study, where 91.9%
(182/198) of the samples were granulomatous or piogranulomatose lesions (classic BTB lesions)
and only 1.64% (3/182) of the lesions were affected by M. bovis. Therefore, the presence of the
granulomas observed during the histopathological examinations is not conclusive and cannot
be considered a supportive BTB diagnosis.

Samples stored at-20°C were processed for bacteriological analyses within three months after
their collection. Approximately 3g of each sample were macerated with ground glass, and
subjected to the hexadecylpyridinium chloride (HPC) 0.75% decontamination method and an
adapted Petroff method (4% NaOH). The 0.75% HPC decontamination method was performed
as described by Ambrosio [64], and the Petroff method [64] was adapted for the simultaneous
processing of up to five samples, respecting the collection order and slaughterhouse of origin.
When colony growths were observed, samples were reprocessed individually to identify the
infected sample. After decontamination, the samples were plated in duplicate in Stonebrink
and Lowenstein-Jensen (LJ) culture media, and incubated at 37°C. The samples were observed
weekly during the first month and subsequently every two weeks until 90 days of culture.
After isolate growth, the samples were stained by ZN to indicate the presence of AARB [62],
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be considered a supportive BTB diagnosis.

Samples stored at-20°C were processed for bacteriological analyses within three months after
their collection. Approximately 3g of each sample were macerated with ground glass, and
subjected to the hexadecylpyridinium chloride (HPC) 0.75% decontamination method and an
adapted Petroff method (4% NaOH). The 0.75% HPC decontamination method was performed
as described by Ambrosio [64], and the Petroff method [64] was adapted for the simultaneous
processing of up to five samples, respecting the collection order and slaughterhouse of origin.
When colony growths were observed, samples were reprocessed individually to identify the
infected sample. After decontamination, the samples were plated in duplicate in Stonebrink
and Lowenstein-Jensen (LJ) culture media, and incubated at 37°C. The samples were observed
weekly during the first month and subsequently every two weeks until 90 days of culture.
After isolate growth, the samples were stained by ZN to indicate the presence of AARB [62],
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as recommended in the National Manual of tuberculosis and other mycobacteria laboratory
surveillance, by the Ministry of Health [65].

Sampling municipality
Number of slaughtered

cattle
Number of carcasses presenting lesions

n %

Cáceres 4,328 77 1.78

Juara 6,591 17 0.26

Paranatinga 8,068 23 0.29

Rondonópolis 5,914 03 0.05

Tangará da Serra 9,689 20 0.21

Várzea Grande 6,603 58 0.80

Total 41,193 198 0.48

Table 1. Occurrence of BTB-suggestive lesions in lymph nodes in the front portion of carcasses during post mortem
inspection in 41,193 cattle in slaughterhouses from different municipalities in the state of Mato Grosso, between May
and October 2009.

The bacteriology analyses isolated M. bovis in three animals from distinct herds, from the cities
of Guarantã do Norte and Juína (upstate) and Pontes e Lacerda (southwest region), located in
the Mato Grosso cattle reproduction circuit (Figure 2), according to Negreiros [57]. Their
lesions were all located in the retropharyngeal lymph nodes and had been classified during
HE histopathological examinations as granulomatous or pyogranulomatose.

Because of the characteristics of the present study, in which the purpose was to estimate the
prevalence of BTB through animals destined for slaughter without possessing knowledge of
the number of cattle specimens from each sampled property, it was not possible to calculate
the actual prevalence of BTB in the state. Therefore, we calculated only the simple apparent
prevalence of BTB in cattle and herds slaughtered in the state of Mato Grosso under SIF
supervision, according to the method described by Martin [66]. BTB prevalence was calculated
as 0.007% [CI 95%=-0.001%; 0.016%] for cattle and 0.61% [CI 95%=-0.08%; 1.30%] for herds.
These results were similar to those found by Salazar [39], 0.007%, when surveying 57.641 cattle
slaughtered in the state of Mato Grosso under supervision of the state sanitary inspection (SSI)
service, from November 2004 to August 2005, during the PNCEBT program deployment by
bacteriological analyses [15]. Of the total inspected cattle, 0.05% (27/57.641) showed BTB-
suggestive lesions according to SISE, with four of these animals (14.8%) confirmed as BTB-
positive by the bacteriological analyses. Similar results observed in the present study, four
years after the start of the PNCEBT program, indicate a slow progress of the BTB eradication
program in Mato Grosso, with the need for greater involvement of all the public and private
links involved in this process.
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Between 1993 and 1997, the prevalence of BTB in cattle slaughtered at ten slaughterhouses in
the state of Minas Gerais (southeastern region) under SIF supervision, was of 0.08%, consid‐
ering only official macroscopic findings [34]. Meanwhile, estimates on the apparent prevalence
of infected animals in the same state, considering the results of the comparative cervical
tuberculin test (CTT) (official in vivo examination) were 10 times higher (0.8%), according to
the 1999 survey conducted on 22.990 animals from 1586 properties [67]. These results con‐
firmed that the estimated prevalence of BTB is higher when applying in vivo diagnoses (bovine
herds) when compared to post-mortem inspection diagnoses. Given this reasoning, it is expected
that the prevalence of BTB in cattle herds in the state of Mato Grosso is higher than estimated
by the present study, since the macroscopic inspections performed routinely in slaughter‐
houses are not able to identify all of the infected animals [32]. Other extrinsic factors can also
interfere extensively in these estimates, such as the lack of random sampling in the slaughter
groups, possible disposal of cattle shipments to state, municipal or clandestine plants, and the
elimination of BTB-positive cattle in the breeding areas themselves. Therefore, the low
prevalence observed in the present study, should be considered only as an indicative of the
real cattle BTB situation in the state of Mato Grosso.

Figure 2. Mato Grosso municipalities, indicating total inspected cattle properties. *Municipalities where 03 animals
with BTB were found.
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According to Kantor [38], estimates lower than 0.1% suggest areas considered low-prevalence
or virtually tuberculosis-free. Therefore, the results of the present study may be underesti‐
mating up to 14 times the total number of infected animals and yet, even with this underesti‐
mation, Mato Grosso would still be considered a low prevalence or virtually tuberculosis-free
area. To provide confirmatory estimates of the disease in Mato Grosso, it would be necessary
to conduct a representative BTB sampling survey of the main cattle raising properties in the
region [34].

The low prevalence status found in Mato Grosso was expected, since the area presents certain
characteristics that hinder the spread of BTB, including a tropical climate, cattle raised
predominantly by the extensive system, aimed at beef exports, low pasture stocking, and early
slaughter of the animals. Because of this, the animals end up having less contact with each
other and, consequently, shorter exposure to possibly infected animals [68].

As a result of the low prevalence status observed in this study, the state of Mato Grosso may
advance to the stage of BTB eradication, using strategies such as the implementation of an
efficient monitoring system, performed alongside inspection officers and the health defense
service, so that, together, they are able to detect remaining BTB foci in the region, the applica‐
tion of post-mortem inspection routines in slaughterhouses and the use of additional BTB-
diagnostic techniques, such as molecular techniques applied directly to BTB-suggestive
lesions. Consequently, these suggested strategies can contribute to accelerate the process of
bovine tuberculosis eradication in the state of Mato Grosso, Brazil.

2.2. Use of complementary tests in the post-mortem inspection of suspected bovine
tuberculosis infections [69]

The association of molecular tests and conventional tests was evaluated to contribute to the
choice of additional tests in order to reach the BTB-eradication stage in Mato Grosso, identi‐
fying the limitations and benefits of each approach regarding their use in post-mortem cattle
inspection. The same 198 lymph node samples were evaluated by macroscopic examinations,
histopathology and multiplex-PCR assay using DNA fragments arrays obtained directly from
BTB-suggestive lesions.

DNA extraction was performed using the commercial Qiagen extraction and purification kit
(DNeasy® Blood & Tissue kit), with modifications in the protocol as described by Figueiredo
[5]. Five microliters of template DNA-about 100 ng-were used for the m-PCR test based on the
method described by Figueiredo [50] using a reaction mixture of 5 µL reaction buffer (Invi‐
trogen, USA), 0.2 mM dNTPs (Fermentas, USA), 1.5 U of recombinant Taq polymerase
(Platinum® Taq – Invitrogen, USA), 5 mM MgCl2 (Invitrogen, USA) and 20 pmols of each
primer (Invitrogen, USA) for the amplification of IS6110 genomic sequences (245 bp) Ixlink:
(5’-CGTGAGGGCATCGAGGTGGC-3’) and INS2: (5’-GCGTAGGCGTCGGTGACAAA-3’)
[70] present only in MBC members, and RvD1Rv2031c (500 pb) Jb21: (5’-TCGTCCGCTGATG‐
CAAGTGC-3’) and Jb22: (5’-CGTGAACGTAGTCGCCTGC-3’) [71], present only in M. bovis,
with a final volume of 50 µL. Amplification of the target sequence was performed in a
thermocycler GeneAmp 9700 PCR System (Applied Biosystems, USA) according to the
following parameters: 94°C for 5 min, followed by 37 1 min cycles at 94°C, 1 min at 68°C and
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1 min at 72°C with a final extension at 72°C for 7 min. The resulting PCR products were
analyzed by 1.5%, ultrapure agarose gel electrophoresis (Invitrogen, USA) stained with
ethidium bromide (10 mg/mL) and visualized/documented in a MiniBIS pro system (DNR Bio-
Imaging Systems, USA).

M. bovis was detectable in 7.0% of the samples when performing the m-PCR technique directly
on the fragments of BTB-suspicious lesions (Figure 3) (14/198), including lesions from the same
three strains in which M. bovis was isolated. The results obtained without applying M. bovis
cultivation and isolation steps, allowed the detection of the pathogen in 14 samples, repre‐
senting an increment of almost 5 times in method efficiency, consistent with other studies
conducted by Meikle, Cardoso and Figueiredo [46, 49-72]. Thus, according to the results, it is
suggested that the m-PCR method may be useful in monitoring BTB in slaughterhouses,
reducing the diagnosis time from 90 days to only 2 working days in addition to increasing
pathogen detection sensitivity.

Figure 3. Detection of M. bovis directly from fragments of BTB-suspicious lesions using the m-PCR technique. Tem‐
plate DNA extracted directly from the lesions was used to amplify the RvD1Rv2031c (500 bp) sequences specific to M.
bovis and IS6110 (245 bp) specific to the MTC. Lane M: molecular marker (DNA ladder-100 bp); Lanes 1, 2 and 3: posi‐
tive reaction to m-PCR, originating from three of the 14 carcasses with BTB-suggestive lesions, inspected in slaughter‐
houses in the state of Mato Grosso, Brazil.; Lane 4: negative for m-PCR reaction, injury not affected by M. bovis; Lane 5:
reference strain of M. bovis (ATCC 19210), used as positive control reaction; Lane 6: Negative control reaction.

On the revaluation of the macroscopic analyses of the carcasses inspected in the present study,
a high incidence of lesions in the pre-scapular and pre-pectoral lymph nodes, of approximately
73.2% (145/198) was observed (Table 2). Despite M. bovis having already been detected in these
lymph nodes [28, 32], these lesions could be attributed to vaccine reactions (Figure 4A), since
the HE histopathological examinations showed that 84.5% (126/145) of the lesions exhibited
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granulomatous reactivity with intralesional vacuoles (Figure 4B), that indicate the presence of
mineral oil drained from the vaccine application site (shoulder or neck), to the cervical lymph
nodes (pre-scapular and pre-pectoral lymph nodes), triggering an immunostimulatory effect
by vaccine adjuvants [73]. This fact becomes more relevant, since mycobacteria were not
isolated from these lesions. Thus, macroscopic findings in these nodes should be considered
only alongside the presence of BTB-suggestive lesions in several areas of the carcass and/or in
animals from herds showing a history of bovine tuberculosis.

Figure 4. (A). Pre-pectoral lymph node containing a granuloma with a caseous mass of pasty, yellow and calcified con‐
sistency surrounded by a capsule of approximately 1 cm of connective tissue; (B). Lesion visualized on a 5X objective
during HE histopathological examination, showing a granulomatous reaction characterized by central caseous necrosis
(CN) with intense mineralization (M) surrounded by a predominantly mononuclear infiltrate (I), containing occasional
intralesional vacuoles (arrow). The lesion is surrounded by fibrous tissue (F) and well-defined when compared to
whole tissue (T).

The affected retrofaringeal lymph nodes showed increases in size and number of lesions
(Figure 5-A, B and C). However, the lesions were localized (restricted to the retropharyngeal
node) with no BTB-suggestive lesions in other areas of the carcasses.

Figure 5. Bovine tuberculosis lesions collected during post-mortem examination in slaughterhouses in the state of Mato
Grosso, Brazil; (A). retropharyngeal lymph node affected by M. bovis, containing purulent exudate; (B-C). retrophar‐
yngeal lymph nodes affected by M. bovis.
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According to these results, it is advisable that post-mortem inspections be carried out carefully,
especially with regard to the head and thoracic cavity lymph nodes, especially in the retro‐
pharyngeal node, since the number of retropharyngeal node samples containing M. bovis was
higher (Table 2). These results have already been described by other authors, who also found
high percentages (22.9 to 49.2%) of BTB lesions in retropharyngeal lymph nodes [28, 74].

Number and percentage of lesions

Animal body parts Post mortem evaluation Culture m-PCR

N % N % N %

Respiratory apparatus 29 14.6 0 0 4 2

Lung 6 3 0 0 1 0.5

Apical lymph node 4 2 0 0 1 0.5

Esophageal lymph node 7 3.5 0 0 0 0

Mediastinal lymph node 4 2 0 0 0 0

Tracheo-bronchial lymph node 6 3 0 0 2 1

Thoracic cavity 2 1 0 0 0 0

Head 22 11.1 3 1.5 5 2.5

Retropharyngeal lymph node 19 9.5 3 1.5 5 2.5

Parotid lymph node 1 0.5 0 0 0 0

Sublingual lymph node 2 1 0 0 0 0

Carcass 147 74.2 0 0 5 2.5

Pre-pectoral lymph node 108 54.5 0 0 4 2

Pre-scapular lymph node 37 18.6 0 0 1 0.5

Ischiatic lymph node 2 1 0 0 0 0

Total 198 100 3 1.5 14 7.0

Table 2. Diagnosis of bovine tuberculosis in samples with BTB-suspected, collected from inspected and slaughtered
cattle at slaughterhouses in the state of Mato Grosso, Brazil.

When comparing macroscopic analyses, bacteriological cultures and m-PCR, the results
indicate that the macroscopic analyses correctly identified 93% (184/198) of the samples,
considering these lesions as common lymphadenitis (non-tuberculosis) samples. However, M.
bovis was identified in 7.0% (14/198) of samples that were also considered as non-tuberculosis
samples. Despite the mistakes made by SIF inspection when ruling positive BTB lesions as
common lymphadenitis, the destination of the carcasses adopted by the inspection service
(partial condemnation) was consistent with the standards established in Article 196 of the
Regulation for Industrial and Sanitary Inspection Products of Animal Origin-RIISPOA [58],
with regard to the presence of BTB-suggestive lesions in only one part or area of the carcass.
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These mistakes in the rulings of BTB-suspected lesions may be due to the occurrence of, mainly,
paucibacillary lesions similar to those observed in the present study, since they did not present
classic tuberculosis features, probably because the animals displayed recent infection and were
slaughtered early (2-3 years old). This factor can distort BTB estimations in slaughterhouses,
and, consequently, hinder the success of the PNCEBT program, making it difficult to eradicate
the disease in areas such as in Mato Grosso, where the prevalence of BTB is low. In this case,
the Federal Inspection plays a very important role in evaluations of the carcasses in slaugh‐
terhouses for BTB diagnoses, assisting in the detection of remaining disease foci and in tracing
infected herds. This role is confirmed by the results of disease control programs implemented
in high prevalence areas [32, 75]. However, as noted above, as the prevalence decreases, the
identification of remaining BTB infected livestock becomes increasingly difficult. Although at
present there is no diagnosis method (ante or post mortem) able to identify all animals infected
with M. bovis, the detection is more efficient when more than one diagnostic method is used
[60]. Thus, in areas where the disease prevalence is very low, such as in the state of Mato Grosso,
[6, 39], awareness should be raised regarding the increased difficulty of detecting BTB during
post-mortem inspections. In addition, the use of complementary tests that result in rapid
diagnoses should be adopted, such as the m-PCR in this study, which showed the versatility
of combining sensitivity and specificity for rapid diagnoses (approximately 2 working days),
since this technique can be used to detect M. bovis directly from fragments of BTB-suspected
lesions and may contribute to the success of the PNCEBT program with regard to tracking
remaining BTB foci.

3. Discussion

The state of Mato Grosso has emerged in the Brazilian national scene as the largest beef cattle
producer and second largest beef exporter in the country [40], leading to annual increases in
the amount of meat exported to EU countries. Consequently, the pressure on Brazil by
countries that buy Brazilian products to implant an effective, rapid and definitive diagnosis
of BTB in tuberculosis-suspected lesions has also increased.

In 2012, the Ministry of Agriculture, Livestock and Supply (Ministério da Agricultura, Pecuária
e Abastecimento-MAPA) determined that farms where the detection of BTB cases took place
can no longer export beef to the Customs Union of Belarus, Kazakhstan and Russia, recalling
all lots from these animal farms until the diagnosis of suspicious lesions in samples collected
after slaughter could be conducted at an official MAPA laboratory [41, 42].

In view of these commercial and sanitary restrictions, the difficulties in tuberculosis diagnosis
must be overcome. Diagnosis alternatives for the quick and specific identification of BTB in
clinical samples or isolated colonies have emerged, such as molecular methods based on PCR
and its variants (simplex PCR, multiplex-PCR, nested PCR, real-time PCR and real-time nested
PCR) [42, 43-44].

In this context, the purpose of the present study was to evaluate the performance of diagnostic
tests, such as m-PCR, culture and histopathology, on the detection of MTC species directly
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from suspected BTB lesions. The apparent prevalence of BTB among animals slaughtered in
the state of Mato Grosso was also re-evaluated and discussed, due to the great importance of
this geographic region in meat production and export to several consumer countries world‐
wide, including the European Community.

When comparing macroscopic analyses, bacteriological cultures and m-PCR, the results
indicate that the macroscopic analyses correctly identified 93% (184/198) of the samples,
categorizing these lesions as common lymphadenitis (non-tuberculosis) samples. However,
M. bovis was identified by m-PCR tests in 7.0% (14/198) of samples previously considered as
non-tuberculosis samples.

As a result of the low prevalence status established in this study, BTB in the state of Mato
Grosso may advance to the stage of eradication, using strategies such as the implementation
of an efficient monitoring system, performed alongside inspection officers and the health
defense service. Alongside the application of post-mortem inspection routines in slaughter‐
houses and the use of additional BTB-diagnostic tests, such as molecular methods applied
directly to BTB-suggestive lesions, these strategies should be efficient in detecting any
remaining BTB foci in this geographic region, contributing to accelerate the process of bovine
tuberculosis eradication in the state of Mato Grosso, Brazil.

Currently, there is no diagnosis test (ante or post mortem) able to identify all animals infected
by M. bovis. Detection of contaminated animals is more efficient if two or more diagnostic tests
are combined [60]. In geographic regions where the disease shows low prevalence, as the
observed in the state of Mato Grosso [6, 39], awareness should be raised regarding the
augmented difficulty of detecting BTB during post-mortem inspections. The use of comple‐
mentary tests that result in rapid diagnoses should be adopted, such as the m-PCR described
in this study, which demonstrated the versatility of both sensitivity and specificity in the rapid
detection of M. bovis (approximately 2 working days), directly from fragments of BTB-
suspected lesions. The guidelines proposed herein may contribute to the success of the
PNCEBT program with regard to tracking remaining BTB foci.

4. Conclusions

The results of the present study indicate that mistakes can occur during rulings of suspected
bovine tuberculosis lesions in cattle, particularly those presenting paucibacillary lesions. These
mistakes cause a distortion in BTB estimates in slaughterhouses, with harmful consequences
to the success of the Brazilian Tuberculosis Control Program (PNCEBT). The results point to
the use of complementary molecular assays for rapid diagnoses of lesions situated in fre‐
quently BTB-affected carcass areas, thus minimizing mistakes in judging the disease in
slaughterhouses. m-PCR was the most sensitive, rapid and specific method among the
complementary methods tested in the present study when compared to conventional methods
for BTB-diagnosis. It is, therefore, a promising alternative in disease surveillance to be used
by the federal inspection service to contribute to the bovine tuberculosis control and eradica‐
tion program, for disease surveillance in slaughterhouses and for tracking remaining BTB foci
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in the state of Mato Grosso, as well as in other regions of the country, contributing even further
to the success of the PNCEBT program.
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1. Introduction

Since 1896, when Lehmann and Neumann described the bacterium responsible for causing
tuberculosis and leprosy, about 150 species of Mycobacterium have been described. Except for
Mycobacterium leprae, which does not grow in vitro, those species were classified in two distinct
groups: species that belong to the Mycobacterium tuberculosis complex (MTC), and non-
tuberculous mycobacteria (NTM) [1, 2]

Mycobacterium  tuberculosis  infects  over  one-third  of  the  human  population  worldwide,
causing nine million new cases of tuberculosis and two million deaths annually [3]. While
members of the MTC cause more disease worldwide than any other bacteria [4], NTM are
widespread in nature and, with some significant exceptions, are free-living saprophytes and
opportunistic pathogens. Although considered to be non-pathogenic, NTM can pose a threat
to  humans,  mainly in  patients  with underlying conditions such as  AIDS or  cancer,  and
there is  an increasing awareness of  their  public-health importance,  especially as nosoco‐
mial pathogens [5].

Some strategies employed to identify Mycobacterium  spp.  included observations of  stain‐
ing properties of bacilli,  cultural morphology, biochemical tests,  and, rarely, the inocula‐
tion of susceptible animals with live bacilli for observation of animal pathogenicity [6]. At
the beginning of  mycobacterial  research identification the differentiation of  species level
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was  performed  by  traditional  culture  methods  based  on  phenotypic  and  biochemical
characteristics.  The principal disadvantage of this method is the time-consuming evalua‐
tion. Currently a genotypic evaluation is more preferred by the mycobacterial species [7].
Different species can display distinct antibiotic resistances and require different prescrip‐
tions for treatment. For this reason it is important to identify Mycobacterium  species in a
rapidly and accurately way [8, 9]

Complex high-molecular-weight β-hydroxyl fatty acids with a 22-or 24-carbon alkyl chain at
the α-position are structural characteristics of mycolic acids (MAs), a type of fatty acid found
in the Mycobacterium spp. cell wall. Several methods of fatty-acid analysis have indicated that
MAs are species-or group-specific [10]. High-performance liquid chromatography (HPLC)
analysis of MAs is a reliable method for the detection of mycobacteria, because of the rapid
and reproducible nature of the method and because the MAs elution spectrum observed for
each mycobacterial species has generally been found to be unique, except for two species (M.
bovis and M. tuberculosis) that share the same spectrum pattern [11, 12]. The HPLC method has
been considered a standard test for chemotaxonomic classification and rapid identification of
Mycobacterium species by the Centers for Disease Control and Prevention (CDC) since 1990,
and has been reported to be more than 96% accurate compared with DNA probe tests [6]. Even
HPLC is considered one of the most reliable and cost-effective tools for the rapid identification
of Mycobacterium spp. isolated in culture based on the presence of different MAs [13] and it
was well described and standardized [14], the methodology could be affected by several factors
and must be optimized in accordance with local laboratory capabilities in order to assure
accurate diagnosis.

In this review are presented the procedures to saponification, extraction (chloroform),
derivatization (p-bromophenacyl), separation (C18 column and a gradient of methanol and
methylene chloride) and detection (ultraviolet spectrophotometer) of MAs. Also is explored
the importance of built a pattern chromatogram library for successful identification of clinical
samples based on comparison of the relative retention times (RRT) of the chromatogram
patterns with those obtained from reference strains and with those available in external
databases. HPLC is necessary for separation of MAs due to their large size and complexity that
requires the use of different columns and solvents. Initial methods required manual interpre‐
tation of chromatograms with eventual development of automated systems.

2. Mycobacterium species and mycolic acids

The analysis of lipid fractions has contributed significantly to the knowledge of Mycobacteri‐
um species. The abundance of lipid constituents in mycobacterial cell walls made them classic
candidates for early chemical investigations [6, 15]. MAs, 2-alkyl, 3-hydroxy long-chain fatty
acids, are the hallmark of the cell envelope of Mycobacterium tuberculosis (Figure 1). They are
found either unbound, extractable with organic solvents (esters of trehalose or glycerol) or
esterifying the terminal pentaarabinofuranosyl units of arabinogalactan, the polysaccharide
that, together with peptidoglycan, forms the insoluble cell wall skeleton [16]. Both forms
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presumably play a crucial role in the remarkable architecture and impermeability of the cell
envelope, also called the mycomembrane [17-19].

Figure 1. Diagrammatic presentation of mycobacterial cell wall and location of mycolic acids.

Structurally similar substances to MAs have been found in all mycobacterial species, with very
few exceptions (e.g., Corynebacterium amycolatum and Corynebacterium kroppenstedtii). The
identification of MAs structure has been addressed through the application of analytical
techniques such as thin-layer chromatography (TLC), gas chromatography (GC), HPLC, mass
spectrometry, and nuclear magnetic resonance spectroscopy. Based on their structural
variability and complexity, MAs were largely used as taxonomic markers [17]. These large
fatty acids contain a variety of functional groups and can vary in both qualitative and quan‐
titative characteristics between species. This variety provides the basis for separation and
identification of a large number of mycobacterial species using the HPLC.

Application of High Performance Liquid Chromatography for Identification of Mycobacterium spp
http://dx.doi.org/10.5772/59630

215



3. High performance liquid chromatography methodology

Reverse-phase high-performance liquid chromatography of MAs esters has been demonstrat‐
ed to be a rapid, reproducible, species-specific method for the identification of mycobacterial
species. Also this method is relatively inexpensive and has been found to be more rapid
alternative laboratory technique than the use of commercial nucleic acid probes [20]. Different
methods have been developed for the detection of mycobacteria in clinical samples (e.g., blood,
sputum) but they can also be applied to detection in other sources such as water [21] and milk
[22]. Standard procedures to HPLC identification of mycobacterial species and most common
steps used for different researchers are showed in the Figure 2 and Table 1, respectively.

Saponification
Fatty acid
extraction

Stationary
phase

Mobile phase/flow rate
Derivatization/
detector

Ref.

25% KOH in 50%
ethanol

Chloroform C18

Chloroform (C) + methanol (M):
10 % C:90%M: 13 min
25% C:75%M: 14 min
70% C:30%M: 20 min
Gradient elution: 0.6 mL/min

p-bromophenacyl/UV
(254nm)

[13]

25% KOH in 50%
methanol

Chloroform C18

Methanol (M) + methylene chloride (MC):
98% M:2% MC: Initial
80% M:20% MC:1 min
35% M:65% MC: 10 min
98% M:2% MC: 10.5
98% M:2% MC: 12 min
Gradient elution: 2.5 mL/min

p-bromophenacyl/UV
(260nm)

[20]

50% aqueous
potassium
hydroxide
Autoclaved: 1
h /121 ºC

Chloroform C18

Methanol (M) + methylene chloride (MC):
98% M:2% MC: Initial
85% M:15% MC:1 min
55% M:45% MC: 1.75 min
55% M:45% MC: 8.75 min
30% M:70% MC: 11.75
98% M:2% MC: 12 min
Gradient elution: 2.5 mL/min.

4-bromomethyl- 6,7-
dimethoxycoumarin/
FL (Emission: 418nm;
Excitation: 240-420nm)

[26]

Methanolic
potassium
hydroxide

Chloroform C18
Methanol-methylene chloride
Gradient elution

p-bromophenacyl/UV
(254nm)

[34]

25% of KOH in
50% ethanol

Chloroform C18
Methanol (M) + methylene chloride (MC):
98% M:2% MC: Initial
80% M:20% MC:1 min

p-bromophenacyl /UV
(254-260nm)

[35]
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Saponification
Fatty acid
extraction

Stationary
phase

Mobile phase/flow rate
Derivatization/
detector

Ref.

Autoclaved: 1
h /121 °C

35% M:65% MC: 10 min
98% M:2% MC: 10.5
98% M:2% MC: 12 min
Gradient elution: 2.5 mL/min

25% KOH in a
water methanol
(1:1) mixture.
Autoclaved: 1
h /121 °C.

Chloroform C18 Not referenced p-bromophenacyl /UV [36]

2 ml KOH 25% in
50% ethanol
Autoclaved: 1
h /121 °C.

Chloroform C18

Methanol (M) + methylene chloride (MC):
80% M:20% MC: Initial
60% M:40% MC:1 min
40% M:60% MC: 5.5 min
40% M:60% MC: 6 min
80% M:20% MC: 8 min
Gradient elution: 3 mL/min

p-bromophenacyl /UV
(254nm)

[37]

2 ml KOH 25% in
methanol:H2O
(v:v)
Autoclaved: 1
h /121 °C, 15 psi

Chloroform C18

Methanol (M) + methylene chloride (MC):
98% M:2% MC: Initial
80% M:20% MC:1 min
35% M:65% MC: 2 min
98% M:2% MC: 17.5 min
98% M:2% MC: 20 min
Gradient elution: 2 mL/min

p-bromophenacyl /UV
(260nm)

[22]

25% KOH in 50%
ethanol

Chloroform C18

Chloroform (C) + methanol (M):
9 % C:91%M: Initial
70% C:30%M: 65 min
Gradient elution: 2 mL/min

p-bromophenacyl /UV
(254nm)

[38]

50% KOH in
methanol
solution

Chloroform C18

Methanol (M) + 2-propanol (P):
60 % M: 40% P: Initial
60 % M: 40% P: 3 min
6 % M: 94% P: 21 min
30 % M: 70% P: 25 min
Gradient elution: 1.5 mL/min

p-bromophenacyl /UV
(260nm)

[25]

Table 1. Different chromatographic methods to Mycobacterium species identification from bacterial grown medium.
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 Figure 2: Flowchart for isolation and detection of mycolic acids. Adapted from [6]. 32

Mycobacterium cells

Disruption of Fatty Acids
a) Methanolic potassium hydroxide 
b) Heat

Extraction of Fatty Acids 
a) Acidification 
b) Chloroform Soluble Extract 

Evaporation of Extract 
a) Potassium bicarbonate 
b) Heat 

Derivatization of Fatty Acids 
a) Bromophenacyl bromide 
b) Dicyclo-hexyl-18 crown-6-ether 
c) Heat 

Clarification of sample
a) Liquid-liquid 
b) Filter 
c) Solid phase 

UV/HPLC analysis of Mycolic acids

Mycolic Acids Pattern  
a) Visual interpretation 
b) Identification 

Figure 2. Flowchart for isolation and detection of mycolic acids. Adapted from [6].
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Figure 2. Flowchart for isolation and detection of mycolic acids. Adapted from [6].
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3.1. Bacterial culture

HPLC still requires initial culture of isolates on solid medium before analysis. This can be
problematic because the slow growth rate of mycobacteria delays full identification and leaves
treating physicians with little useful information after the initial report of an acid-fast bacilli
(AFB)–positive broth culture [23]. The identification is achieved when Mycobacteriae are
grown under standardized culture medium conditions such as Lowenstein-Jensen (L-J) slant,
which may be supplemented with additional growth factors for those strains of Mycobacteriae
that are unable to grow on L-J. A carbol fuchsin/phenol or fluorochrome stain is performed to
verify the presence of AFB. Another common solid medium used for mycobacterial species is
the Middlebrook 7 H10 or 7 H11 at 35–37 °C. Currently available databases have been
developed which incorporate mycobacterial species which require different growth conditions
such as Mycobacterium haemophilum and Mycobacterium marinum (30 °C) [24]. According the
Brazilian National Manual for the Laboratory Surveillance of Tuberculosis and other Myco‐
bacteria [1], mycobacteria strains are cultured in L-J culture, except for Mycobacterium bovis
that is grown in Stonebrink media, at 35 °C. Recently Buchan et al. [23] explored the use of
broth culture for mycobacterial species such as an alternative for the solid medium and
demonstrated a rapidly and accurately identification of mycobacteria to the species level from
solid medium (7H11) or directly from broth culture such as Myco broth. It is important remark
that culturing of Mycobacterium tuberculosis must be performed in special laboratorial condi‐
tions (Biosafety level 3) and follow and appropriate guidelines for the use and handling of
pathogenic microorganisms [25].

3.2. Saponification

The autoclaving-saponification steps in the HPLC procedure is performed for two reasons:
frees MAs and kills the mycobacteria, assuring laboratory safety. Also this step is important
because it will determine the amount of MAs that will be extracted. MAs are covalently linked
to the cell wall arabinogalactan matrix. Removal of the MAs requires saponification with
potassium hydroxide (50 % w/v), which is often performed in an autoclave to accelerate the
process and provide for the safety of laboratory personnel working with Biosafety Level III
mycobacterial species. Once autoclaved, the organisms are killed by the procedure and the
mycolic acids released from the cell wall [24]. A standard protocol for HPLC identification of
mycobacteria of CDC suggest transfer 1–2 loops of bacterium culture to a glass tube (13 by 100
mm) and add 2 mL of methanolic saponification reagent (25% potassium hydroxide in 50%
methanol). The tube is capped tightly, homogenised and autoclaved for 1 h at 121°C and 15
psi [14].

3.3. Extraction

MAs exist in the cell in two basic forms: covalently bound to the cell wall, and loosely associated
with an insoluble matrix esterified to a variety of carbohydrate containing molecules. Treat‐
ment of intact cells with mixtures of chloroform and methanol is suitable for extracting the
smaller quantity of non-covalently attached mycolate [16]. Once autoclaving has been
completed, samples are cooled to room temperature, acidified, and extracted into chloroform.
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Free MAs are extracted by acidifying with 1.5 ml of a 50% solution of concentrated HCl and
H20 (v/v) and 2 mL chloroform. The chloroform layer is dried under air at 80-100 °C, and 2 mg
of potassium bicarbonate is added [14].

3.4. Derivatization

The preparation from extraction step is resuspended in 1.0 mL chloroform, and a derivatize
reagent (p-bromophenacyl) is added. Derivatization is completed in a water bath at 80-100 °C
for 20 min. Tubes are cooled, the mixture is acidified with 1 mL of the acidification solution
(concentrated HCl and H2O; 1:1, v/v), and 1 mL methanol is added. After that the solution is
thoroughly mixed, the bottom chloroform layer is transferred to a glass tube and evaporated
to dryness. Samples are resuspended in 50 µL methylene chloride before analysis.

Some experiences make done using fluorescence-labeling compounds. According to Butler
and Guthertz [6] these compounds evolved as a follow: 4-bromomethyl-7-methoxycoumarin
(Br-Mmc), performed in TLC analysis for detection of picomolar amounts; 4-bromomethyl-7-
acetoxycoumarin (Br-Mac), suggested for femtomolar detection and finally 4-bromometh‐
yl-6,7-dimethoxycoumarin and 3-bromomethyl-7-methoxy-1,4-benzoxazin-2-1 and 4-
bromomethyl-7-acetoxycoumarin. All fluorophores produced mycolic acid patterns similar to
the patterns for p-bromophenacyl derivatives and were suggested for optimization of the
method for clinical mycobacterial species identification. Jost et al. [26] reported the excellent
analytical sensitivity of fluorescence (4-bromomethyl-6,7-dimethoxycoumarin) for the
detection of MAs ester patterns and resulted in a substantial decrease in the time required to
identify mycobacteria from cultures.

3.5. HPLC conditions

MAs are analyzed using a HPLC apparatus, in a gradient elution, and a UV detector set at 260
nm. Samples are separated in a C-18 reverse-phase column. The mobile phase is a mixture of
methanol and methylene chloride in a flow rate of 2 mL min-1. Authors performed some
modifications in a CDC protocol for HPLC identification of MAs. Du et al. [9] tested a column
with different dimensions (15.0 cm × 4.6 mm, 5 µm) and also a different elution program (run
time 30 min and 1.5 mL min-1 flow rate) from the CDC specifications [14]. However, they
obtained chromatograms quite similar to those from the CDC protocol. On the other hand,
Figueiredo et al. [22] use a C-18 column 33% taller than those used in the CDC protocol (7.5
cm), increased the run time to 20 min. With these changes they observed a superior resolution
in an adapted protocol and could be an alternative to discriminate between species with
homologous HPLC chromatogram patterns. Special careful must be taken when manual
injection is performed. Its is recommended cleaned the syringe at least five times with HPLC-
grade methylene chloride and the injection loop be cleaned one time with 1 mL of the mobile
phase solvent; it is also recommended that a blank injection be used between samples when
the prior MAs signal is high [27].
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4. Identification of mycobacteria species

There is a wide range of structures and also concentrations of types or classes of MAs (α,
methoxy, keto, epoxy mycolates, etc.) among mycobacterial species. The HPLC methodology
is unable to separate all the homologous series of MAs, and for this reason the chemical
composition of the chromatogram components could not be precisely identified. Although the
individual mycolate cannot be identified, this is not necessary for identification of mycobac‐
teria, since a species-specific chromatographic pattern is generated [10, 28].

In order to identify unknown mycobacteria specimens using HPLC, the laboratory maintains
chromatograms of mycobacteria commonly seen in the laboratory. HPLC profiles of unknown
mycobacteria are compared to the patterns contained in this spectral library. The chromato‐
graphic pattern for each strain is examined for differences in the heights for pairs of peaks.
HPLC patterns are grouped according to species, and the values calculated for each ratio are
combined, sorted in numerical order, and examined for their ability to discriminate species,
using the range of the relative standard deviation (RSD) of the absolute retention times (ART)
and the relative retention times (RRT). RRTs are adjusted by comparison with external
mycobacterial MA peaks [29]. The Mycobacterium intracellulare mycolic acid fingerprint is
usually used as a reference standard to help differentiate Mycobacterium spp.

The visual pattern recognition method employs only chromatographic criteria, although when
available, other identification test results should be included in the decision-making processes.
The initial step for identifying a species is determining the overall complexity and number of
MA peak clusters. These clusters may consist of a few peaks or many peaks and are further
defined as single-, double-, and triple-or multiple-peak clusters [6]. The amount of MA present
is related to the amount of light emitted and the structure of the MA is related to the time of
elution off the column. Pattern recognition is performed by visual comparison of sample
results with MA patterns from reference species of known Mycobacteriae; however, a correct
pattern of interpretation requires training. For that reason computer-assisted pattern recogni‐
tion software, which utilizes retention time, peak width, and peak amount to provide a peak
name which can then be compared to a library database, was developed [24].

5. Chromatogram profile database from Mycobacterium spp.

Due to the interpretation of chromatographic data can become tedious and time consuming
for laboratories that process large numbers of samples, some studies recommend the con‐
struction of computer-based file (library) of Mycobacterium species. This library is to be used
in conjunction with commercially available pattern recognition software packages like a
Pirouette [20] or more recently, the Sherlock Mycobacterial Identification System (SMIS; MIDI,
Inc.) has been developed for the rapid, computer-assisted identification of mycobacterial
species based on the separation and quantification of MAs using HPLC technology [30].
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Figueiredo et al. [22] grouped 35 strains of Mycobacterium species according a fingerprint library
into three general patterns (single-, double-and triple-peak clusters) and divided in subgroups
according to the chromatogram characteristics of MAs derivatives (Figure 3).

Figure 3. HPLC mycolic acid chromatograms from Mycobacterium reference strains, with single-cluster peak. M. tuber‐
culosis H37Ra (ATCC 25177) and H37Rv (ATCC 27294) and M. bovis (ATCC 19210). *peaks showing a high degree of
separation (appearing as a “double peak”), named according to [10]

5.1. Single-peak cluster patterns

Members of the MTC such as Mycobacterium bovis (Figure 4) and Mycobacterium tuberculosis,
and others species such as Mycobacterium asiaticum, Mycobacterium gordonae chromotype I and
Mycobacterium. kansasii showed chromatogram patterns with a single, late-emerging peak
cluster. Mycobacteria species within the same taxonomic groups, such as the M. tuberculosis
complex species, show very similar chromatographic patterns, since they share the same MA
structural types. A means to discriminate between the closely related species with similar
HPLC chromatogram profiles could further distinguish the MAs that might be present in the
same peak. Considerable heterogeneity exists within a particular class of MAs, considering
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the chain length of individual acids (which can show a mixture of up to 100 structural isomers
of α mycolates) and the potential range of heterogeneity in each species or subspecies [16].

Figure 4. Representative reverse-phase HPLC chromatograms of bromophenacyl esters of mycolic acids from isolates
of tissue fragments of Comparative Intradermal Tuberculin Test reactive cows: M. bovis ATCC 19210 (A) and M. bovis
clinical isolates from bovines (B).

5.2. Double-peak cluster patterns

Mycobacterium chitae, Mycobacterium porcinum and Mycobacterium agri are representatives of
this group that displays late-emerging and close-together clusters of peaks. Mycobacterium
fortuitum, Mycobacterium peregrinum and Mycobacterium smegmatis are members of the Myco‐
bacterium fortuitum complex and displayed very similar chromatogram patterns. Therefore, the
HPLC results obtained for these species provided insufficient information to distinguish
between them. The Mycobacterium chelonae-Mycobacterium abscessus taxonomic group has
undergone several revisions following the identification of newly recognized species such as
Mycobacterium massiliense, which was proposed based mainly on genotypic analysis. As
expected for closely related species all the members of this group showed a single chromato‐
gram pattern [31, 32].

5.3. Triple-peak cluster patterns

Mycobacterium simiae could be included in this group. The last group included Mycobacterium
chubuense, Mycobacterium obuense, Mycobacterium parafortuitum and Mycobacterium vaccae,
which showed early-peak clusters emerging before 10.0 min.
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6. Application of high performance liquid chromatography

According to Figueiredo et al. [22] the identification of mycobacteria by HPLC is performed
by comparing fingerprint patterns obtained from each clinical sample with those from the
reference strains. The first criterion for identifying Mycobacterium spp. is to match the overall
complexity and number of MA peak clusters: single, double and triple peaks. The second
criterion is the range of time of elution between multiple peak groups, where the positions of
peaks are determined as RRTs, adjusted by comparison to an external mycobacteria MA peak.
To increase reliability, the relationships of peak heights of major diagnostic peaks are deter‐
mined and compared to those from reference strains. Mondragón-Barreto et al. [33] describe
the advantages of HPLC method to Mycobacterium identification but if results are unclear
(problems are principally for inadequate HPLC reference patterns, the isolate should be
analyzed using PCR-RFLP. Another interesting application to MAs identification by HPLC is
the estimation of bacterial growth [27]. It was described a linear relationship between the total
area under the MA chromatographic peaks of a culture of Mycobacterium tuberculosis and log
CFU per milliliter, suggesting the possibility of using this results as a good estimator of
mycobacterial growth.

7. Conclusion

HPLC procedure for MAs separation is a rapid, reproducible and easily way to Mycobacteria
identification and can be executed by many laboratories, making this approach one of the most
appropriate methods to distinguish among the species. A customized database, using locally
adapted protocols, must be developed in order to obtain chromatogram spectra from reference
strains in the new analytical conditions, accrediting the local methodology and allowing
accurate analysis of clinical samples. Although HPLC equipment is too expensive for many
laboratories, it is realize that this system is useful to MAs identification. It is recommended
that the HPLC can be combined with other techniques like PCR as a confirmatory diagnosis
for the identification of clinical isolates where the matching chromatogram fingerprints failed
or were inconclusive in differentiating species within the same taxonomic group, such as the
M. tuberculosis complex species.

Acronyms

AFB=Acid-fast bacilli

ART=Absolute retention time

CDC=Centers for Disease Control and Prevention

CFU=Colony forming unit

DNA=Deoxyribonucleic acid
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GC=Gas chromatography

HPLC=High-performance liquid chromatography

L-J=Lowenstein-Jensen

MAs=Mycolic acids

MTC=Mycobacterium tuberculosis complex

NTM=Non-tuberculous mycobacteria

RRT=relative retention times

RSD=Relative standard deviation

SMIS=Sherlock Mycobacterial Identification System

TLC=Thin-layer chromatography
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