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This entry reviews the genetic evolution and adaptation to the host environment of M. tuberculosis and HIV-1. It provides

an overview of the latest developments in the knowledge about the genetic diversity of these devastating intracellular

human pathogens and its impact on the host immune system, virulence, drug resistance propensity and other relevant

aspects. We also proposed a novel topic in the literature regarding the use of single cell "omics" to study the interacting

evolutionary dynamics of M. tuberculosis and HIV-1 in co-infection, at the cellular niche of monocytes/macrophages.
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1. Introduction

Tuberculosis (TB), a disease caused by Mycobacterium tuberculosis infection, is one of the top ten leading causes of

death worldwide . Among the estimated 1.4 million TB deaths in 2019, 208,000 individuals were co-infected with the

Human Immunodeficiency Virus (HIV), representing approximately 30% of the Acquired Immunodeficiency Syndrome

(AIDS) related deaths (from a total of 690,000 ). Indeed, TB represents the leading cause of morbidity and mortality

among AIDS patients . Several efforts have been made to prevent transmission and treat the viral infection, relying

on antiretroviral therapy (ART), which contributed to the avoidance of 12.1 million deaths due to AIDS related illnesses

between the years 2010 and 2019 . Regarding M. tuberculosis/HIV co-infection, the combined effect of ART and TB

treatment prevented 11 million deaths between 2000 and 2019 .

According to the World Health Organization (WHO) in 2019, the risk of developing TB was 15 to 21 times higher in people

infected with HIV. Within the same host, HIV and M. tuberculosis present a synergetic relationship, leading to a faster

deterioration of the immune system and, consequently, to reduced life expectancy . In fact, studies have shown that low

CD4  T cell counts in HIV-infected patients relate with a higher probability of developing active TB , while

individuals undergoing ART therapy are less prone to develop TB .

One of the biggest challenges concerning TB treatment is the existence of drug-resistant M. tuberculosis strains. In 2019,

approximately 500,000 cases of resistance to rifampicin, the most effective first-line drug, were reported, from which 78%

presented multidrug-resistance (MDR) . Interestingly, transmission of drug-resistant strains is considered the main

contributor to this phenomenon, rather than genetic alterations of the bacterial genome arising de novo within infected

individuals .

Contrasting with several other human pathogens, M. tuberculosis generates smaller genetic diversity levels within the host

and at the transmission chain levels . Still, two M. tuberculosis strains can differ in thousands of single nucleotide

polymorphisms (SPNs) and associate with different clinically relevant phenotypes . In addition, analysis

of M. tuberculosis genomes revealed a biased geographic distribution for the phylogenetic lineages of the pathogen,

supporting a possible adaptation to specific host populations .

On the other hand, HIV-1 presents extremely high genetic variability at the intrahost and population levels . HIV-1

subtypes and recombinant forms have a dissimilar global distribution , and present distinct cell tropism, viral fitness

and plasma viral loads, which may play a role on the infection dynamics, disease progression and in the response to ART

. Moreover, HIV-1 genetic diversity is behind the emergence of drug-resistant viruses and underlies the biggest

challenges to find an effective treatment or cure to HIV-1 infection .
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2. Genetic Diversity of M. Tuberculosis

2.1. M. tuberculosis Lineages: Origin and Host-Pathogen Associations

The Mycobacterium tuberculosis complex (MTBC) is composed of obligate pathogens with no known environmental

reservoir . Mycobacterium spp. from the MTBC share high levels of DNA sequence identity, which leads to

controversial taxonomy and nomenclature . Despite this, members of the MTBC differ widely in host range and

geographic distribution . There is a clear interspecies difference in the ability to cause active disease,

with animal-adapted bacteria such as M. bovis or M. orygis being isolated occasionally in humans and associated with

extra-pulmonary forms of the disease . On the other hand, although the human pathogen M. tuberculosis has

been occasionally isolated in other animals , associated pathology in the lungs and lymph nodes of cattle was found to

be very low comparatively to M. bovis .

Human-adapted MTBC bacteria are divided into at least nine distinct lineages, as determined by whole-genome

phylogenetic analysis using clinical isolates from several world regions . These lineages are thought to have

originated several millennia ago in the Neolithic period , with their phylogeographic pattern subsequently defined by

sociodemographic events  and biological factors . The “ancient” lineages 1, 5, 6 and the

newly proposed lineage 9 (based on five genomes isolated from East African countries ) were considered the first to

split from the common ancestor, while the “modern” lineages (lineages 2, 3 and 4) diverged later. Lineage 1 strains are

more abundant in East Africa, Southeast Asia, South Asia and Oceania; lineage 2 in Eastern Asia (e.g., China); lineage 3

in East Africa, Southwest Asia, Central and South Asia; lineage 4 in Europe, Africa and America; lineages 5 and 6 are

typically restricted to West Africa and lineage 7 was only isolated in Northern Ethiopia (Figure 1 and ).

Additionally, two M. tuberculosis genomes from Rwanda and Uganda highlighted the existence of a sister clade to the

MTBC (i.e., with an immediate common ancestor), which was named Lineage 8 . The geographic distribution of these

phylogenetic lineages across the globe is not likely to be a mere consequence of founder effect. Instead, it seems to be

partially driven by the interaction with specific human populations . Strikingly, the phylogeographic profile of M.
tuberculosis is maintained even in highly urbanized settings, as demonstrated for San Francisco (USA). In this metropolis,

the active TB cases in immigrant communities were predominantly caused by strains belonging to lineages that were

characteristically abundant in the patient’s country of origin, rather than the highly prevalent lineage 4 strains . On a

similar note, the predominant sublineages in bordering areas of Southeast Asia were found to be different, contrasting

with the high level of interregional flows of people . This fact suggests that some level of host–pathogen co-adaptation

exists and is important to the development of active TB. M. tuberculosis lineages are also substantially different in terms of

human host population range, which might reflect on the relative success to cause active disease. Indeed, lineages 2 and

4 cover considerably more territory than the remaining lineages (Figure 1). Moreover, lineage 4 was isolated in patients

from all inhabited continents. Nevertheless, certain sublineages of lineage 4 are more geographically restricted than

others . In addition, robust phylogenetic dating revealed the existence of these “specialist” sublineages over many

centuries , demonstrating that there was enough time for a more global spread in light of globalization and airborne

transmission. Interestingly, “specialist” sublineages presented lower levels of sequence diversity in experimentally

validated T cell epitopes , indicating a possible role for human adaptive immune system in the definition of host-

pathogen combinations that can more likely result in active TB after infection .
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Figure 1. Global distribution of the genetic diversity of Mycobacterium tuberculosis and Human Immunodeficiency Virus

typ1 1 (HIV-1). (a) Frequencies of M. tuberculosis lineages (outer ring/circle) and HIV-1 subtypes (inner ring/circle) across

10 geographic regions. Pie chart size is related with both diseases’ prevalence in each region . Geographic regions

are according to Los Alamos HIV database (http://www.hiv.lanl.gov/) . M. tuberculosis spoligotype clades (n = 64,555

sequences) were extracted from the SITVIT2 database  and converted to Mycobacterium tuberculosis complex (MTBC)

lineages 1–6 . HIV-1 data (n = 815,431 sequences) were obtained from Los Alamos HIV database . (b) Global

frequency of M. tuberculosis lineages and HIV-1 subtypes. The estimated number of people living with TB or HIV-1 was

obtained from the World Health Organization (WHO)  or from the Joint United Nations Programme on HIV/AIDS

 (UNAIDS) .

2.2. Biomedical Implication of M. tuberculosis Genetic Diversity

The population structure of M. tuberculosis was shown to influence several biomedically relevant aspects, such as

transmissibility, disease severity, drug resistance and immune response (as extensively covered in previous reviews 

). Here, we describe evidence of the interaction of M. tuberculosis with distinct human genetic backgrounds and HIV-1.

Transmissibility of a pathogen might ultimately dictate its prevalence among host populations. The transmission potential

of “modern” MTBC lineage strains has a tendency to be higher than in their “ancient” partners . Increases in relative

prevalence have been consistently reported in several world regions for Lineage 2 . In agreement, three

quarters of the transmission clusters in Ho Chi Minh City (Vietnam) involved recently introduced lineage 2 strains .

Importantly, lineage 2 strains progressed to active disease in younger people and in shorter periods of time, while the

endemic lineage 1 led to increased chance of reactivation from latent TB and in older people . Another study

demonstrated the ability of the Beijing sublineage of lineage 2 (L2-Beijing) to spread to Africa, following a series of

multiple and timely independent events . This suggests that the introduction of L2-Beijing was not solely due to its

increased mutation rate, previously found to augment drug resistance acquisition in vitro . Overall, both host and

bacterial factors might be involved in the colonization of different ecological niches by M. tuberculosis lineages. One

interesting approach is to dissect this issue in light of the large disease spectrum of TB. TB manifestations can range from

latency or subclinical disease  to increased severity . To bring clarity to these topics, some authors are addressing

the host and pathogen simultaneously. For instance, a significant association was reported between a nonsynonymous

substitution (G254K) on the Arachidonate 5- Lipoxygenase (ALOX5) gene and increased predisposition to develop TB due

to lineage 6. Accordingly, the variant G254K of ALOX5 is highly frequent in Africa when compared to other world regions

, indicating that lineage 6 strains (abundant in West Africa) might have a selective advantage in hosts harboring the

referred polymorphism. In a genome-wide association study (GWAS) with nearly 700 M. tuberculosis clinical isolates, a

SNP near the leukocyte surface antigen CD53 gene was significantly associated with older age onset TB cases caused by

lineages other than lineage 2 . Interestingly, results are in agreement with the different transmission dynamics by

lineage described for Ho Chi Minh City (Vietnam) . On the other hand, recent work  could not find a single SNP

explaining all the association between severe TB and M. tuberculosis clinical isolates inducing low levels of IL-1β

secretion. Instead, several candidate mutations were found, with possible impacts at the protein level (ESX-1 secretion

system) and transcription regulation (sigma factor sigA). These data show a complex interaction between the bacterium

and the immune system of its host.

CD4  T cells are crucial immune components to control M. tuberculosis . This is particularly evident when viewed in the

context of HIV-1 co-infection. A molecular epidemiology study performed by Lukas Fenner and colleagues  showed a

significantly higher percentage of active TB infections due to allopatric M. tuberculosis strains (i.e., belonging to lineages

not usually associated with the patient’s country of origin) in cases of HIV-1 co-infection. The statistical association was

stronger in patients with lower CD4  T cell counts and remained significant after adjusting for sex, age, contact with

foreign populations and immune comorbidities. Thus, these results highlight the importance of studying the immune

synapse between bacterial peptides and different human leukocyte antigen (HLA) class II proteins. However, a large

majority of the experimentally validated T cell epitopes were described to be hyperconserved across the MTBC .

Nonetheless, amino acid mutations in predicted CD4  T cell epitopes were identified in a comprehensive

immunoinformatic screening aiming at highly diverse genes. Furthermore, amino acid variants in 10 out of 14

experimentally tested epitopes led to differential immune responses, as measured by IFN-y secretion in the blood of 82

individuals from the Gambia, latently infected with M. tuberculosis . Other elaborated approaches have been also

uncovering relevant CD4  T cell epitopes, including some that are highly prevalent in certain MTBC lineages .

Another important feature of the immune response in TB is the balance between pathogen clearance and

immunopathology . In this context, a recent study reported the death of a patient with Merkel cell carcinoma after the
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use of anti-T cell inhibitory receptor PD-1 as an immunotherapeutic strategy, possibly caused by an exacerbated immune

response . Overall, immune findings highlight the need for an integrative approach to diagnose and treat TB, taking into

account important comorbidities such as the ones caused by HIV-1.
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