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Mycobacterium tuberculosis is a respiratory pathogen 
that is estimated to infect one- quarter of the world’s 
population, and it has killed more people over the 
course of human history than any other microorganism.  
M. tuberculosis is thought to have originated from envi-
ronmental mycobacteria that entered human popu-
lations in the Horn of Africa more than 70,000 years ago, 
and the global lineages of M. tuberculosis today mirror 
the subsequent routes of human migration1. Having 
evolved with humans for millennia, M. tuberculosis is 
exquisitely well adapted to navigate the human immune 
system. The life cycle of M. tuberculosis (Fig. 1) depends  
on its ability to interact with the immune system in 
seemingly distinct ways: it evades the innate immune 
res ponse, persists in the face of an adaptive immune res-
ponse without causing symptomatic disease, and elicits a 
robust inflammatory response to cause extensive tissue 
pathology for it to be transmitted. Understanding how 
M. tuberculosis orchestrates its life cycle is crucial for the 
design of preventive and therapeutic vaccines, as well as 
novel therapies and disease biomarkers.

A central feature of tuberculosis (TB) pathogenesis 
is the ability of the causative organism, M. tuberculosis, 
to survive in diverse intracellular environments within 
a variety of myeloid cell populations. The outcome of 
M. tuberculosis infection is shaped by host genetics, 
co- morbidities, environmental factors and microbial 
virulence determinants in ways we are just beginning to  

understand. To establish infection, M. tuberculosis resists  
and disarms macrophages and neutrophils in the lung, 
undermining lysosomal trafficking pathways to survive 
intracellularly. M. tuberculosis infects tissue- resident alve-
olar macrophages (AMs), which arise during embryo-
genesis, as well as a variety of phenotypically distinct  
macrophage populations of haematological origin2–7. 
Infected dendritic cells (DCs) travel to the draining 
lymph node and prime T cells, which then return to 
the infected lung. This takes several weeks, but once an 
effective adaptive immune response develops, T cells, 
B cells and activated macrophages form the character-
istic granuloma, and bacterial control is established. 
Most often, bacterial replication is contained, and the 
inflammatory response subsides, leading to latent TB. 
Individuals with latent TB have an adaptive immune 
response to M. tuberculosis but no symptoms, culturable 
bacilli or disease manifestations. Latent TB likely encom-
passes a spectrum of outcomes that include bacterial 
elimination and subclinical disease8, although currently 
there is no way to distinguish individuals who steri-
lized infection from those that harbour viable bacilli. 
Approximately 5–10% of infected individuals will go on 
to develop active TB, due to either progressive primary 
infection or ‘reactivation’, which can occur long after 
initial infection9. In reactivation, TB develops in the set-
ting of a previously ‘successful’ (although not sterilizing) 
adaptive immune response. A wide variety of disease 
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manifestations are possible, from cavitary lung disease 
to focal infection involving nearly any organ system, to  
widely disseminated infection. Cavitary lung disease is 
most common, and, importantly, individuals with cavi-
tary lesions are the most infectious. Thus, although dis-
seminated infection can be devastating for the infected 
individual, it is not a successful outcome for the bacteria 
either, as it is much less likely to lead to transmission. 
In this Review, we discuss how M. tuberculosis evades 
immune- mediated clearance while capitalizing on  
the host inflammatory response at different phases  
of its life cycle. We focus on recent studies, highlight 
gaps in knowledge and consider how our current 
under standing will inform new therapies, vaccines and  
diagnostics.

How M. tuberculosis establishes infection
The cellular niche of M. tuberculosis. Understanding the 
earliest events of infection is crucial for the development 
of a preventive vaccine. The infectious dose of M. tuber
culosis is remarkably low, estimated to be approximately 
three bacilli, highlighting how effective M. tuberculosis 
is at evading the innate immune response10. Even before 
uptake by phagocytic cells, M. tuberculosis encounters 
alveolar lining fluid (Fig. 2), a complex mixture of lipids 
and proteins secreted by alveolar epithelial cells, which 
includes surfactant proteins and hydrolases that inter-
act with mycobacterial surface glycolipids. Alveolar 
lining fluid enhances pathogen uptake and killing by 
phagocytes and has a variable impact on interactions 
with alveolar epithelial cells11,12. Deficiencies in pul-
monary surfactant due to inflammageing or smoking 
promote intracellular M. tuberculosis replication and 
increase the risk of developing TB12,13. In addition, anti-
body opsonization may promote innate immune con-
trol against M. tuberculosis14. Interestingly, recent data 
suggest that M. tuberculosis- specific IgM antibodies 
elicited by vaccination might be protective15. This indi-
cates that it might be possible to develop vaccines that 
gene rate humoral responses that disrupt the earliest 
steps of infection, for example, by neutralizing secreted 
or cell envelope- associated virulence factors or by func-
tionally altering subsequent macrophage interactions,  
as discussed further herein.

Much of our knowledge of the earliest events of infec-
tion come from the mouse model. In that model, epi-
thelial cells are infected in the first 48 h after infection; 
however, M. tuberculosis does not appear to replicate or 
persist in these cells7. The mycobacterial lipid phthiocerol 
dimycocerosate (PDIM) can spread into epithelial mem-
branes and modulate immune responses16. Microfold 
cells (M cells) may also be a portal of entry, allowing  
M. tuberculosis to gain access to underlying lymphoid  
tissue in the upper airways17,18. In mice, tissue- resident 
AMs are the predominant cell type infected during the 
first 2 weeks7. AMs are located in the air spaces, where they 
are continually exposed to environmental particulates.  
In the absence of a microbial challenge, AMs are poised  
to suppress inflammatory responses to foreign material to  
prevent lung injury19,20. M. tuberculosis infection of AMs 
initiates a nuclear factor erythroid 2- related factor 2  
(NRF2)- driven antioxidant transcriptional response 

that correlates with impaired control of M. tuberculosis  
growth21,22. Ageing may also make AMs more permissive 
to M. tuberculosis replication23. After 2 weeks, infected 
AMs migrate out of the alveolar space into the lung 
interstitium in a process dependent on host IL-1β sig-
nalling and an M. tuberculosis type VII secretion sys-
tem, ESX-1 (ESAT-6 secretion system 1; ESAT-6 is also 
known as EsxA), which is discussed later. After entering 
the lung interstitium, M. tuberculosis infects additional 
phagocytic cell types7. On the basis of its transcriptional 
responses, M. tuberculosis within AMs appears to be 
able to access host iron and fatty acids, experiences 
minimal oxidative and nitrosative stress, and has a high 
replicative capacity2,4. Moreover, selective depletion of 
AMs decreases lung M. tuberculosis burden in mice2,24, 
supporting the idea that AMs are a particularly permis-
sive niche that facilitates the establishment of infection. 
However, by 3 weeks after infection, infected AMs can 
exhibit a pro- inflammatory response5. Recent single- cell 
RNA sequencing analyses revealed that there are multi-
ple AM subpopulations after infection, some of which 
mount a pro- inflammatory response and impose stress 
on the bacilli3. In addition, another study implicated 
AMs as an M. tuberculosis- restrictive cell type following 
their migration out of the airways into granulomas25. 
Overall, the data support the idea that AMs exert lit-
tle control over M. tuberculosis during the first 2 weeks 
of infection; however, some AM populations may be 
restrictive, particularly as the infection progresses and 
an adaptive immune response develops.

Over time, the bacilli diversify their niche by infect-
ing polymorphonuclear neutrophils (PMNs), DCs and 
a variety of tissue- resident and recruited macrophage 
populations. Although PMNs eradicate a wide variety 
of microorganisms with reactive oxygen species (ROS) 
and neutrophil extracellular traps (NETs), M. tuberculo
sis resists ROS- mediated and NET- mediated killing26,27, 
and PMNs create a permissive niche for M. tuberculosis  
replication28–30. M. tuberculosis induces necrosis of 
infected PMNs, which promotes further M. tuberculosis 
growth following their phagocytosis by macrophages, 
which in turn recruits even more PMNs31,32. In humans, 
PMNs are implicated in lung immunopathology and 
the failed immune response that is characteristic of 
active TB33. On the other hand, during initial infection,  
PMNs promote CD4+ T cell priming in mice34. Thus, PMNs  
may mediate an indirect role in protection early in  
M. tuberculosis infection but overall appear to exert 
little direct antimycobacterial activity and are strongly 
associated with disease progression. Monocyte- derived 
DCs have been found to play a key role in transporting 
M. tuberculosis antigens from the lung to the draining 
lymph node, where conventional DCs present antigens 
to naive T cells35. Conventional lung DCs can be sepa-
rated into two major populations on the basis of the sur-
face markers CD11b and CD103. Both DC populations 
become infected with M. tuberculosis and exhibit delayed 
migration to the draining lymph node, but they differ in 
their capacity to prime naive T cells36,37. More recently, 
eosinophils have been shown to be recruited to the  
M. tuberculosis granuloma and were found to be protective  
against M. tuberculosis infection in mice38.

Cavitary lung disease
A pathological process in the 
lungs that results in gas- filled 
spaces, which are typically 
thick- walled and arise in areas 
of consolidation, mass or 
nodule.

Inflammageing
Age- associated chronic, sterile 
and low- grade inflammation 
that leads to disease 
exacerbation.

Opsonization
The coating of microorganisms 
by components of the immune 
system such as antibodies  
and complement proteins  
to facilitate their uptake and 
elimination by phagocytes.
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After infected AMs migrate into the lung interstit-
ium, the bacilli infect additional populations of macro-
phages. The myeloid cells that become infected have 
been difficult to classify as they are recruited, proliferate, 
respond to stimuli and differentiate into macrophages 
and DCs in the inflammatory environment of the  

M. tuberculosis- infected lung. Aside from AMs, there 
are additional CD11c+ populations (which have been 
classified as either DCs or macrophages), as well as 
CD11clow/int populations (called ‘interstitial macrophages’ 
or ‘recruited macrophages’2,5–7,36) that become infected. In 
mice, selective depletion of circulating monocytes using 
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Fig. 1 | Life cycle of Mycobacterium tuberculosis. Mycobacterium tuberculosis is 
transmitted by aerosol from an individual with active pulmonary infection. The first cells 
infected are alveolar macrophages. After infected alveolar macrophages migrate into 
the lung interstitium, the bacilli infect a variety of monocyte- derived and tissue- resident 
macrophages, dendritic cells and neutrophils. Whether the innate immune response 
clears infection in some individuals is not clear. Dendritic cells travel to the draining 
lymph node, where antigen- specific T cells are primed. T cells return to the site of 
infection and are crucial to establish control and prevent dissemination. With an 
effective adaptive immune response, most infected individuals develop latent infection, 
a spectrum of outcomes ranging from sterilized infection to subclinical disease. For 
reasons that are not well understood, ~5–10% of infected individuals will develop active 
tuberculosis (TB), most often cavitary disease in the lungs. Most transmission occurs from 
individuals with cavitary pulmonary disease.

◀

intravenous clodronate increases lung M. tuberculosis 
burden, suggesting the importance of monocyte- derived 
macrophages in M. tuberculosis control2. In addition, 
transcriptomic analysis of human monocyte- derived 
macrophages revealed that they generate a more robust 
inflammatory response to M. tuberculosis than AMs39. 
Thus, a prevailing idea is that monocyte- derived, 
recruited macrophages are more restrictive than AMs. 
However, recent data suggest a more complex picture. 
Single- cell RNA sequencing suggests there are at least 
four distinct M. tuberculosis- infected interstitial macro-
phage populations3. By 6 weeks after infection, a subset 
of CD11c+ monocyte- derived macrophage- like cells 
becomes the predominantly infected cell type, with up to 
30% of this population in the lung infected5. The bacilli 
within this cell population also appear to experience less 
stress, suggesting that this CD11c+ macrophage popu-
lation is more permissive than other monocyte- derived 
populations3. In a zebrafish larva model, Mycobacterium 
marinum selectively recruits permissive macrophages40. 
M. tuberculosis may also promote the recruitment of per-
missive macrophages as a consequence of manipulation 
of myelopoiesis and epigenetic reprogramming41 (Box 1). 
Thus, as suggested above for AMs, different interstitial 
and recruited macrophages may differ in the degree to 
which they are able to control M. tuberculosis replication. 
Interestingly, differences in the antimicrobial capacity of 
distinct macrophage populations are associated with dif-
ferent metabolic phenotypes (as discussed in more detail 
later), with AMs broadly appearing more committed to 
oxidative phosphorylation and interstitial macrophages 
broadly appearing more committed to glycolysis2. As 
macrophage control of M. tuberculosis appears to depend 
on direct interaction with CD4+ T cells42, some of the 
more restrictive macrophages may be those that have 
productively engaged with T cells. The extent to which 
the distinct myeloid populations are epigenetically pre-
programmed is an area of investigation3. Whether some 
individuals are able to sterilize the infection during the 
innate immune phase is unknown. Interestingly, there 
is evidence that monocytes from some individuals who 
appear resistant to M. tuberculosis infection have altered 
immunometabolic responses43.

To conclude, M. tuberculosis is remarkably effective 
at disarming the innate immune response. It appears 
to grow readily in AMs, which deliver the bacilli to the 
lung interstitium, where additional phagocytes support 
expansion of the bacterial niche and dissemination 
from the site of infection. With the onset of adaptive 

immunity, some myeloid cell subsets appear to restrict 
bacterial growth, whereas others continue to provide a 
permissive niche. Interestingly, in mice that have been 
vaccinated with the attenuated vaccine (Mycobacterium 
bovis bacillus Calmette–Guérin (BCG)) before M. tuber
culosis infection compared with unvaccinated mice, 
there is earlier transfer of bacilli from AMs into other 
macrophage populations and PMNs44. Strategies to shift 
the balance of infection towards restrictive macrophages 
or to enhance the antimycobacterial capacity of the per-
missive subsets might enable novel host- directed thera-
pies (HDTs) to promote bacterial clearance. In addition, 
there is intense interest in understanding how these 
innate responses could be ‘trained’ to generate enhanced 
protection as part of vaccine strategies45 (Box 1).

Mechanisms of macrophage control. Macrophages 
detect a variety of M. tuberculosis pathogen- associated  
molecular patterns and respond by activating anti-
microbial pathways. Cell surface and intracellular pattern- 
recognition receptors that respond to M. tuberculosis  
infection include Toll- like receptors (TLRs), C- type lec-
tin receptors, NOD- like receptors and cyclic GMP–AMP 
synthase (cGAS)–STING, which drive macrophage 
transcriptional responses and modulate intracellular 
trafficking. Additionally, phagocytic receptors such as 
Fcγ receptors, complement receptors and scavenger 
receptors promote mycobacterial uptake (reviewed in 
reF.46). Detection of M. tuberculosis pathogen- associated 
molecular patterns by TLR2 and C- type lectin receptors 
activates NF- κB signalling, resulting in the produc-
tion of pro- inflammatory cytokines, such as TNF and 
IL-6, as well as IL-1β and IL-18, which are processed 
to mature proteins by the NLRP3 (NOD-, LRR- and 
pyrin domain- containing 3) inflammasome. Some host 
pattern- recognition receptors actually restrain pro- 
inflammatory responses, such as DC- SIGN, a major 
M. tuberculosis- binding C- type lectin receptor, which 
favours M. tuberculosis replication in macrophages47. 
These early host–pathogen interactions also influence 
downstream intracellular trafficking pathways. For 
instance, Fcγ receptor- mediated phagocytosis directs 
the bacteria to lysosomes, whereas mannose- receptor 
engagement inhibits this process48. In addition, in 
humans, M. tuberculosis- specific antibodies have been 
found that differ in their functional profiles and glyco-
sylation patterns, and these antibodies impact lysosomal 
maturation and inflammasome activity49. How signals 
from these different pathways are integrated when indi-
vidual bacilli engage multiple macrophage receptors, the 
degree to which different receptors operate in distinct 
myeloid cells and whether M. tuberculosis differentially 
regulates engagement of pattern- recognition receptors 
at different times of its life cycle are all open questions.

Once bacilli are internalized, macrophages have 
many ways to eliminate bacteria: restricting essential 
nutrients, such as iron; intoxication with heavy metals; 
antimicrobial peptide production; generation of reac-
tive oxygen and nitrogen intermediates; and progres-
sive phagosome acidification and lysosomal fusion50. 
Fighting off infection also induces a major overhaul 
of host metabolism to provide ATP and NADPH to 

Clodronate
A bisphosphonate that, when 
encapsulated in liposomes,  
is preferentially taken up  
by macrophages, where it 
accumulates and causes  
cell death.
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fuel antimicrobial pathways. Macrophages switch 
to an inflammatory phenotype characterized by a 
Warburg- like shift to glycolysis, which contributes to 
M. tuberculosis growth restriction as shown in bone 
marrow- derived macrophages, mice and non- human 
primates (NHPs)2,51,52. The inflammatory metabolic 
phenotype is associated with remodelling of the tricar-
boxylic acid cycle, which enhances IL-1β production53,54, 
and supports production of itaconate55, which limits 
inflammatory responses and can inhibit enzymes of  
M. tuberculosis central carbon metabolism56,57. Although 
IL-1β is host- protective during early stages of TB, as the 
disease progresses, it can enhance pro- inflammatory 

eicosanoid production, resulting in an influx of neutro-
phils and exacerbating tissue pathology58,59. In the case 
of human pulmonary TB, a recent study of patients with 
untreated multidrug- resistant M. tuberculosis found that 
IL-1β and pro- inflammatory eicosanoids correlated with 
tricarboxylic acid cycle remodelling60. Mitochondria are 
central to host immunometabolism as they house mul-
tiple metabolic pathways, impact cell death and inflam-
masome activation, and produce ROS61. M. tuberculosis 
also induces the accumulation of fatty acids and cho-
lesterol in lipid droplets by modulating the expression 
of host factors such as miR-33 and PPARα62–64. Host 
lipid droplets play a role in immune defence, and they 
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Fig. 2 | Infection establishment and innate immune evasion by Mycobacterium tuberculosis. In the airways, 
Mycobacterium tuberculosis first encounters alveolar macrophages (AMs), which present a permissive niche for infection 
establishment. In addition, M. tuberculosis infects pulmonary epithelial cells and sheds virulence lipids such as phthiocerol 
dimycoserosate (PDIM) and sulfolipids into epithelial host cell membranes. Infected AMs migrate into the lung interstitium, 
in a manner that depends on the ESX-1 secretion system of M. tuberculosis and production of host IL-1β. When M. tuber
culosis enters the lung interstitium, it infects additional macrophage populations. Neutrophils respond to M. tuberculosis 
infection by inducing reactive oxygen species (ROS) and neutrophil extracellular traps (NETs), which do little to control 
bacterial replication and exacerbate inflammation instead. Some macrophages appear to be better at controlling infec-
tion than others, using antimicrobial mechanisms such as phagolysosomal fusion, autophagy and oxidative stress to kill  
M. tuberculosis, and exhibit a pro- inflammatory metabolic shift. M. tuberculosis detoxifies reactive oxygen with the catalase–
peroxidase KatG, and also inhibits ROS production in macrophages and neutrophils using NuoG. When infected macro-
phages undergo an apoptotic mode of cell death, they can be cleared by efferocytosis, which limits pathogen spread.  
M. tuberculosis uses virulence factors such as EsxA, CpnT and PDIM to induce necrosis and promote M. tuberculosis dis-
semination, extracellular replication and immunopathology. M. tuberculosis also induces a foamy macrophage phenotype 
by enhancing accumulation of host lipids, which support bacterial nutrition and persistence. Host cytokines, such as  
type I interferons and TNF, and leukotrienes contribute to tissue inflammation, which in turn recruits more cells. Further, 
M. tuberculosis EsxH suppresses antigen presentation by dendritic cells to delay the onset of adaptive immunity.
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Box 1 | Trained immunity: a novel paradigm of innate immunity

Traditionally it was thought that only the adaptive immune system remembers previous 
encounters with microorganisms and mounts a heightened immune response in the 
event of a secondary infection. Accumulating evidence challenges this dogma and 
ascribes a memory component to the innate arm of immunity185. Indeed, a primary 
immune challenge with the fungal cell wall constituent β- glucan or bacillus calmette–
Guérin (bcG) vaccination confers enhanced protection against subsequent infection. 
Trained immunity (or innate immunological memory) is independent of T cells and  
b cells, and is mediated largely by macrophages, dendritic cells and natural killer cells. 
Innate immune system training involves epigenetic modifications in the long- lived 
haematopoietic stem cell population that etch a memory response that is retained 
during myelopoiesis. recently, a crucial role of immune gene- priming long non- coding 
rNA was demonstrated in epigenetic reprograming186. Studies using β- glucan- trained 
monocytes have described increased aerobic glycolysis, accumulation of fumarate  
and enhanced cholesterol synthesis as metabolic hallmarks of trained immunity187,188. 
Interestingly, the trained immune response is less specific than its adaptive immune 
counterpart, and can participate in cross- protection. For instance, pre- exposure to 
β- glucan or bcG protects mice against Mycobacterium tuberculosis infection in an 
Il-1- dependent or type II interferon- dependent pathway117,186. A protective role of 
bcG- mediated training is also well documented in the case of infections with Candida 
albicans and Schistosoma mansoni, and even sterile diseases such as bladder cancer189. 
In addition, vaccination of children with bcG protects not just from tuberculosis but 
also from respiratory viral infections190. Although largely beneficial, a dysregulated 
trained immune response can result in chronic inflammation and tissue damage as  
in atherosclerosis and tuberculosis41,191. moreover, it was recently demonstrated that 
although bcG vaccination offers protection against influenza virus, it may not protect 
against severe acute respiratory syndrome coronavirus 2 infections, further warranting 
investigations into pathogen- mediated blockade of trained immunity192. The existence 
of a trained response might be exploited to enhance vaccination strategies for  
M. tuberculosis45. by inducement of an innate immunological memory as part of vaccine 
strategies, it might be possible to retune the early response to M. tuberculosis infection 
by the development of a memory- like phenotype in alveolar macrophages and other 
myeloid populations, rendering them more restrictive to subsequent infection45. 
Interestingly, although bcG vaccination in humans can elicit trained immunity193,  
M. tuberculosis erases innate immune memory by inducing cell death in bone marrow 
myeloid progenitors41.

Myelopoiesis
The process in which mature 
myeloid cells such as 
macrophages and neutrophils 
differentiate from myeloid 
progenitors that arise from 
haematopoietic stem cells.

Atherosclerosis
A disease of arteries that is 
characterized by deposition of 
plaque, which is composed  
of fats, cholesterol and 
lipid- laden macrophages,  
on the artery wall.

are also metabolized by M. tuberculosis as a carbon 
source and used to build virulence lipids necessary 
for pathogenesis62,65,66. Thus, macrophages respond to 
infection by profoundly changing their metabolism, and  
M. tuberculosis appears to take advantage of the changes 
to its benefit.

Mycobacterial immune evasion strategies. Decades of 
work has been directed at defining how M. tuberculosis 
resists and impairs the myriad of macrophage defences. 
Its ability to impair phagolysosomal fusion was doc-
umented as early as 1971 (reF.67). We now appreciate 
that M. tuberculosis survives within diverse intracel-
lular environments (Fig. 3). We also have an increasing 
understanding of the protein and lipid effectors that  
M. tuberculosis uses to undermine distinct host lyso-
somal trafficking pathways, as briefly discussed here 
and reviewed in detail recently68. NdkA prevents recruit-
ment of endosomal markers such as RAB5 and RAB7,  
and SapM dephosphorylates phosphatidylinositol  
3- phosphate69. PknG, a serine/threonine protein 
kinase, targets the RAB GTPase RAB7L1 to inhibit 
phagosome maturation, and more recently has been 
described to function as an unusual ubiquitin ligase 
that interferes with NF- κB signalling70,71. A variety of 
M. tuberculosis lipids, including phosphatidylinositol 
mannosides, lipoarabinomannan, diacyltrehaloses, 

polyacyltrehaloses, trehalose dimycolates and sulfogly-
colipid 1, modulate inflammatory signalling and have 
also been implicated in arresting phagosome matura-
tion, as recently reviewed68. The M. tuberculosis proteins 
NdkA, CpsA and PPE2 impair acquisition of NADPH 
oxidase on mycobacterial phagosomes, whereas M. tuber
culosis catalase (KatG) detoxifies ROS72–75. By blocking 
NADPH oxidase, M. tuberculosis impairs an autophagy- 
related pathway called ‘LC3- associated phagocytosis’ 
which normally traffics microorganisms to the lyso-
some. M. tuberculosis NuoG can also detoxify phagoso-
mal ROS and thereby limit subsequent TNF- mediated 
apoptosis76. M. tuberculosis encodes five type VII secre-
tion systems (ESX-1–ESX-5) that export substrates out 
of the cell. ESX-1 and ESX-3 effectors play prominent 
roles in macrophage interactions and are required for 
virulence77. EsxA (exported by ESX-1) and PDIM (a cell  
envelope lipid) promote damage to the phagosomal  
membrane78–82, although exactly how remains unclear. 
Permeabilizing the phagosome enables M. tuberculosis 
to access nutrients and deliver effectors to the cytosol. In 
addition to modulating lysosomal trafficking, M. tuber
culosis effectors inhibit the AIM2 and NLRP3 inflam-
masome and promote host cell necrosis83–85 (reviewed in 
reF.68). Phagosomal damage sets off a complex series of 
host–pathogen attacks and counterattacks. Macrophages 
can repair damage to the endolysosomal system, but the 
M. tuberculosis ESX-3 effector EsxH interferes with 
repair86. Macrophages recognize damaged phagosomes 
and attempt to route bacteria to the lysosome through 
selective autophagy. Damaged phagosomes expose gly-
can residues on intraluminal proteins, which are then 
bound by galectins, whereas ubiquilin 1 and the ubiq-
uitin ligases parkin and SMURF1 promote ubiquitin 
deposition around the bacilli69,87,88. Galectin- tagged and 
ubiquitin- tagged mycobacteria are recognized by adap-
tor proteins such as p62, NDP52 and TAX1BP1 and 
are targeted for autolysosomal degradation. Bacterial 
and mitochondrial DNA that enter the cytoplasm acti-
vate the cGAS–STING pathway to promote produc-
tion of type I interferons and activate autophagy89,90. 
Members of the M. tuberculosis PE- PGRS protein family 
block autophagy91,92, and, at least in human lymphatic 
endothelial cells, cytosolic mycobacteria aggregate to 
form cords, which are resistant to selective autophagy93. 
In addition, unlike infection with other bacilli,  
M. tuberculosis infection does not generate substantial  
mitochondrial ROS, which also appears to contribute 
to impaired NADPH oxidase activity and autophagy94. 
The ability of M. tuberculosis to block lysosomal traf-
ficking pathways is overcome in part if macrophages 
are stimulated with interferon- γ before infection. 
Interferon- γ has a major impact on macrophage phys-
iology and phagosome biology, as discussed further 
later. Finally, M. tuberculosis neutralizes the pH of the 
phagosome by producing an unusual terpene nucleoside 
(1- tuberculosinyladenosine) and also has mechanisms 
to resist killing by acidification95,96. As a final resort to 
eliminate intracellular infection, the host cell initiates 
apoptosis, a programmed cell death pathway, in which 
degraded cellular contents are retained inside membrane 
blebs (reviewed in reF.97). An apoptotic mode of cell 
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death, combined with subsequent efferocytosis, is host 
protective98; however, M. tuberculosis induces necrosis 
using factors such as CpnT, PDIM and iron overload to 
favour bacterial dissemination68,81,83,99–102. Excessive tissue 
inflammation by type I interferons and TNF also contrib-
utes to M. tuberculosis- induced macrophage death61,103. 
Overall, M. tuberculosis takes a multifaceted approach 
to undermine macrophage antimicrobial responses and 
survive in diverse intracellular environments.

Our molecular understanding of how M. tuberculosis 
undermines macrophage functions comes largely from 
ex vivo studies, although there are efforts to develop 

more physiologically relevant systems12,104. As discussed 
earlier herein, in vivo macrophages differ on the basis of 
ontogeny, tissue residence and inflammatory environ-
ment. They are exposed to the alveolar lining fluid and 
undergo epithelioid transformations, form multinucle-
ated giant cells and become lipid- laden and ‘foamy’. How 
ex vivo macrophages (most often bone marrow- derived 
or monocyte- derived macrophages) recapitulate the 
diverse macrophage subsets in vivo is poorly defined. 
Whether M. tuberculosis preferentially resides in parti-
cular intracellular compartments in particular macro-
phage populations is not known. M. tuberculosis could 
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Fig. 3 | Mycobacterium tuberculosis resides in diverse intracellular 
compartments. Mycobacterium tuberculosis is taken up in a single 
membrane- bound phagosome, which is targeted by the host to promote 
bacterial clearance. The interactions between host proteins (blue) and  
M. tuberculosis virulence factors (proteins in dark green; lipids in light green)  
shape infection outcomes. Sequential recruitment of molecular markers 
such as RAB5, RAB7 and phosphatidylinositol 3- phosphate (PtdIns3P) 
normally promote maturation of early to late phagosomes, but  
M. tuberculosis actively evades phagosomal maturation. In a process called 
‘LC3- associated phagocytosis’ (LAP), NADPH oxidase assembles on  
the M. tuberculosis phagosome (LAPosome) and induces oxidative stress,  
but M. tuberculosis effectors impair the recruitment of the NADPH oxidase. 
M. tuberculosis can also be targeted to spacious phagosomes in  
a RAB20- dependent manner. In addition, the M. tuberculosis ESX-1 substrate 

EsxA and phthiocerol dimycoserosate (PDIM) promote phagosomal 
damage. M. tuberculosis EsxH inhibits the host endosomal sorting complex 
required for transport (ESCRT) machinery to prevent membrane repair.  
M. tuberculosis escapes into the cytosol and can replicate to form cords.  
The host attempts to recapture cytosol- exposed M. tuberculosis in 
double- membrane autophagosomes, which is inhibited by effectors, 
including PE- PGRS family members. M. tuberculosis contained within 
single- membrane or double- membrane compartments is targeted  
for lysosomal killing. M. tuberculosis has mechanisms to resist acidification, 
such as blocking vacuolar- type ATPase (V- ATPase) and producing  
the antacid 1- tuberculosinyladenosine (1- TbAd) to neutralize the pH.  
DAT, diacyltrehalose; LAM, lipoarabinomannan; PAT, polyacyltrehalose;  
PIM, phosphatidylinositol mannoside; ROS, reactive oxygen species;  
SL-1, sulfoglycolipid 1; TDM, trehalose dimycolate.

www.nature.com/nrmicro

R e v i e w s

756 | December 2022 | volume 20 



0123456789();: 

also selectively deploy effectors to differentially manip-
ulate macrophages on the basis of the macrophage state. 
There are several notable examples in which the findings 
of the ex vivo studies and in vivo data appear discordant. 
For example, numerous autophagy proteins contribute 
to macrophage control of M. tuberculosis ex vivo, but 
they are dispensable in vivo28, and NLRP3 is essential 
for M. tuberculosis- induced inflammasome activity in 
macrophages ex vivo but is expendable for IL-1β pro-
duction in vivo105. In addition to differences between 
macrophages, these discrepancies could reflect com-
pensatory host pathways in vivo or differences in the 
physiology of bacilli grown in vivo compared with liquid 
culture. For example, in vivo M. tuberculosis has access to 
host cholesterol and fatty acids, which impact virulence 
lipids of M. tuberculosis, such as PDIM66. Moreover, in  
ex vivo studies, investigators routinely generate single- cell  
suspensions of M. tuberculosis before macrophage infec-
tions, which could impact macrophage interactions. 
Although future work will have to assess the relevance 
of individual effectors in distinct cell types and during 
different stages of the life cycle of M. tuberculosis, overall, 
these studies have yielded substantial insight into molec-
ular mechanisms that enable M. tuberculosis to disrupt 
macrophage functions. Understanding these immune 
evasion strategies of M. tuberculosis lays the groundwork 
for HDTs aimed at enhancing mycobacterial clearance, 
as discussed in more detail later.

Withstanding adaptive immunity
Mechanisms of host control. An effective adaptive 
immune response is required to prevent progressive, 
disseminated TB. Granulomas are the histopathological  
hallmark of M. tuberculosis infection. Mature granulomas  
are an organized collection of macrophages, neutro-
phils and lymphocytes. When there is an effective  
adaptive immune response, granulomas control and 
even sterilize the infection, becoming sclerotic and cal-
cified, whereas active TB granulomas are necrotic and 
have a caseating appearance (like cheese). CD4+ T cells 
and TNF are crucial for well- organized granuloma for-
mation and host protection106,107. Individuals with CD4+ 
T cell dysfunction from HIV infection or those treated 
with TNF inhibitors fail to form well- organized granu-
lomas, and they are at high risk of developing active TB 
and disseminated infection8,46. CD8+ T cells are also acti-
vated during M. tuberculosis infection, and are detectable 
in the blood of human patients with TB108. Recent data 
support the idea that CD8+ T cells and CD4+ T cells syn-
ergize to control M. tuberculosis infection109. The role of 
B cells and humoral immunity in TB is less well estab-
lished than that of T cells. Historically, B cell depletion 
studies failed to definitively establish a role for B cells or 
antibodies in M. tuberculosis infection control, although 
recent studies have uncovered potentially protective 
antibodies in NHPs and humans after intravenous BCG 
vaccination15,110. Inducible bronchus- associated lymphoid 
tissue is ectopic lymphoid tissue that contains B cell fol-
licles and is found in a variety of inflammatory lung dis-
eases. The abundance of inducible bronchus- associated 
lymphoid tissue and its proximity to M. tuberculosis  
granulomas correlates with protection against TB111.

Interferon- γ has long been implicated as a key 
factor through which CD4+ T helper 1 (TH1) cells 
mediate protection112. Interferon- γ has a major 
impact on macrophage physiology and phagosome 
biology, including enhancing autophagy and pro-
moting RAB20- dependent targeting to spacious 
phagosomes113,114. There are a number of differences 
in how interferon- γ enhances the antimicrobial activ-
ity of human macrophages as compared with murine 
macrophages. Interferon- γ induces the expression of 
immunity- related GTPases, which target intracellular 
pathogens for destruction115. In mice, this is a large fam-
ily, whereas humans have only two immunity- related 
GTPases, and their expression is not interferon- γ 
dependent115. In mouse macrophages, but not human 
macrophages, interferon- γ increases nitric oxide pro-
duction by enhancing expression of inducible nitric 
oxide synthase114. Nitric oxide has direct toxic effects 
on M. tuberculosis and reduces immunopathology 
in vivo30,58. In human cells, interferon- γ induces the 
expression of the antimicrobial peptide cathelici-
din, which depends on vitamin D116. Despite these 
apparent species- specific differences in macrophage 
responses to interferon- γ, a deficient type II interferon 
response is associated with TB susceptibility in both 
mice and humans. In addition to potentiating the anti-
microbial activity of macrophages, the susceptibility of 
interferon- γ- deficient hosts may also be explained by 
impaired myelopoiesis and a lack of trained, protective 
monocytes and macrophages117 (Box 1). Interferon- γ also 
represses the recruitment of M. tuberculosis- permissive 
PMNs by inhibiting IL-1 and 12/15- lipoxygenase30, and 
it limits the accumulation of terminally differentiated, 
non- protective CD4+ T cells in the lung vasculature118. 
Interferon- γ is particularly important to limit dis-
seminated infection in the spleen, whereas excessive 
interferon- γ in the lung can be detrimental if it is not 
repressed by PD1119. Similarly, infection of mice lacking 
cyclophilin D, a mitochondrial matrix protein, led to 
increased T cell proliferation, with higher production 
of TNF and interferon- γ, with associated tissue damage 
and reduced survival120.

Interferon- γ- independent mechanisms also con-
tribute to CD4+ T cell- mediated control in the lungs in 
ways that are not well understood121. Studies to define 
interferon- γ- independent mechanisms identified the 
TNF family member CD153, whose expression on 
M. tuberculosis- specific TH1 cells inversely correlates 
with bacterial burden within granulomas in mice and 
NHPs, and is required for the protective capacity of 
CD4+ T cells122. In humans, CD153 expression is higher 
in patients with latent TB than in patients with active 
TB123. Further defining protective T cell subsets on the 
basis of their effector capabilities, memory and activa-
tion status, and migratory potential may reveal T cell 
signatures that correlate with protection and can guide 
vaccine strategies124. In conclusion, CD4+ TH1 cells are 
crucial for the control of M. tuberculosis infection and to 
limit dissemination. Interferon- γ plays a key role in their 
function, but interferon- γ- independent mechanisms 
also contribute to M. tuberculosis infection control in 
ways that are not well defined.
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How M. tuberculosis undermines adaptive immu-
nity. Although a robust adaptive immune response to  
M. tuberculosis develops, it is delayed and fails to steri-
lize the infection. In animal models, it takes several 
weeks before antigen- specific T cells are detected in the 
lungs. Similarly, in humans, it takes 2–8 weeks before  
TB- specific T cell responses are detectable. M. tuberculosis  
delays T cell priming by impairing DC maturation and 
interfering with efficient antigen presentation through a 
variety of mechanisms, as recently reviewed125 (Fig. 4). For 
example, infected DCs export M. tuberculosis antigens 
through kinesin 2- dependent vesicular transport to divert 
them from major histocompatibility complex class II  
presentation, making them less effective at activating 
T cells than uninfected DCs that take up M. tuberculosis 
antigens126. The cell envelope- associated serine protease 

Hip1 cleaves the chaperone GroEL2, which is strongly 
immunogenic in its full- length form, to prevent its pres-
entation by DCs127. Several effectors that undermine 
phagosome integrity and phagosome maturation have 
also been shown to impair T cell priming. For example, 
EsxH impairs antigen processing by inhibiting the endo-
somal sorting complex required for transport (ESCRT) 
machinery128, PE_PGRS47 impairs antigen presenta-
tion by inhibiting autophagy92, and PDIM inhibits 
CD86 and IL-12p40 expression in infected DCs129.  
In addition, as mentioned earlier, NuoG, which inhibits 
apoptosis of infected neutrophils, delays antigen acqui-
sition by DCs and trafficking to the lymph nodes130. It is 
possible to experimentally overcome the delay in T cell 
priming by direct pulmonary installation of M. tuber
culosis antigen- treated DCs at the time of infection131.  
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Fig. 4 | Mycobacterium tuberculosis delays and impairs the adaptive 
immune response. During Mycobacterium tuberculosis infection, there is 
a delay in migration of dendritic cells (DCs) to the lungs. NuoG contributes 
to this delay by inhibiting apoptosis of infected polymorphonuclear neu-
trophils (PMNs) and antigen uptake by DCs. Once infected DCs arrive in 
the lymph node, M. tuberculosis impairs their ability to prime CD4+ T cells 
by degrading antigens (for example, Hip1 degrades GroEL2), exporting 
antigens out of the cell, and inhibiting antigen processing (mediated by 
EsxH). Exported M. tuberculosis lipoglycans such as lipoarabinomannan 
also interfere directly with T cell responses. Phthiocerol dimycoserosate 

inhibits CD4+ T cell priming and differentiation by inhibiting expression of 
CD86 and IL-12. M. tuberculosis also preferentially elicits CD4+ and CD8+ 
responses to decoy antigens (for example, Ag85B and TB10.4), whose 
expression is downregulated after T cell priming or whose targeting by 
T cells is not protective. T cells in the infected lung are physically sepa-
rated from infected macrophages. High levels of IL-10 and transforming 
growth factor- β (TGFβ) in granulomas also inhibit T cell effector functions. 
Finally, by inhibiting antigen presentation in infected macrophages,  
M. tuberculosis also prevents recognition of infected cells. TCR, T cell 
receptor.
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This leads to earlier recruitment of antigen- specific 
T cells to the lungs and more immediate control of  
M. tuberculosis replication. Overall, the delay in the 
adaptive immune response allows M. tuberculosis 
to establish infection, spread from the initial site of 
infection and grow relatively unhindered for weeks.

Even when antigen- specific T  cells are rapidly 
recruited to the lungs experimentally, they do not steri-
lize the infection131. Thus, the adaptive immune response 
is not just late but is also inadequate. Direct interaction 
between M. tuberculosis- specific CD4+ T cells and 
infected macrophages seems to be crucial for control of 
M. tuberculosis infection42. Effectors discussed above that 
impair T cell priming, such as EsxH, can impair recog-
nition of infected macrophages by CD4+ T cells128. In 
addition, M. tuberculosis- infected macrophages release  
M. tuberculosis cell wall components, such as lipoarabino-
mannan, in extracellular vesicles. Lipoarabinomannan 
and other mycobacterial lipoglycans inhibit T cell 
receptor- mediated activation of naive and effector 
CD4+ T cells132. CD8+ T cell responses to M. tuberculosis 
are defined largely by immunodominant antigens, and 
T cells that are specific for these antigens have a poor 
ability to recognize infected macrophages133,134. Similarly, 
CD4+ T cells that recognize epitopes of Ag85B are ren-
dered ineffective by the downregulation of Ag85B dur-
ing chronic infection135,136. Furthermore, the MVA85A 
candidate vaccine was found to confer no more pro-
tection than BCG despite inducing a robust TH1 cell 
response to Ag85A137. Thus, immunodominant antigens 
may act as decoys, priming T cell populations that fail 
to recognize the directly infected cells because the anti-
gen they recognize is exported from or not expressed in 
infected cells. The idea of decoy antigens is supported 
by the identification of a strain of M. tuberculosis con-
taining a polymorphism in esxH, which encodes TB10.4, 
disrupting its immunodominance through increased 
proteolytic cleavage of the immunodominant epitope, 
thereby allowing other clonal populations to expand138. 
On the other hand, persistently expressed M. tuberculosis 
antigens can lead to CD4+ T cell and CD8+ T cell exhaus-
tion through T cell receptor downregulation139–141. This 
phenomenon has been observed in EsxA- specific CD4+ 
T cells in humans136. Interestingly, CD4+ T cells specific 
for the non- dominant, or cryptic, epitopes of EsxA resist 
terminal differentiation and confer more protection than 
the CD4+ T cells specific for the dominant epitopes142. 
However, one study reported low levels of T cell exhaus-
tion markers in TB granulomas in NHPs, suggesting 
that exhaustion does not fully explain the defects in 
T cell- mediated protection143. Another study found that 
CD4+ T cell responses against the immunodominant 
proteins encoded in the ESX-1, ESX-3 and ESX-5 loci 
are associated with protection in latent TB144.

Although granulomas are important in host pro-
tection and for preventing disseminated infection, 
they also facilitate persistent infection. To form a 
granuloma, macrophages undergo a programme of 
epithelialization that is driven by T helper 2 (TH2) cell 
immunity145,146. The immunosuppressive environment 
of the TB granuloma exhibits a PDL1 signature similar 
to that seen in tumours147. Granulomas also appear to 

keep CD4+ T cells peripherally located, away from the 
more central, infected macrophages148,149. Recruitment of 
nonspecific T cells may also limit antigen- specific T cell– 
macrophage interactions150. Granulomas are an immuno-
suppressive environment in which IL-10 impairs TH1 cell 
immunity and lysis of infected macrophages by CD8+ 
T cells151–153. Transforming growth factor- β (TGFβ) 
also inhibits CD4+ T cell function and survival in the 
TB granuloma154. Moreover, the lipid- rich caseum of 
necrotic granulomas provides fatty acids and cholesterol 
for M. tuberculosis metabolism. Even within an infected 
individual, different granulomas establish different 
degrees of immune control155,156, and the basis for this 
heterogeneity is not well understood. In summary, both 
the ability of M. tuberculosis to inhibit T cell function 
and the nature of the host granulomatous response con-
tribute to a maladaptive immune response that fails to 
reliably sterilize the infection.

Reactivation and transmission
Why M. tuberculosis reactivates in seemingly immuno-
competent hosts and how it promotes transmission 
are questions of intense interest. It has been difficult to 
approach these questions because mouse models do not 
have latent infection, and there are no well- established 
systems for studying transmission. Host responses 
that are important in maintaining the latent state were 
recently reviewed8. Polyfunctional CD4+ T cells produc-
ing interferon- γ, TNF and IL-2 appear to be important, 
and treatment with anti- TNF agents or co- infection with 
simian immunodeficiency virus promotes reactivation 
in NHP models8. CD8+ T cells and donor- unrestricted 
T cells may also play a role, and antibodies, natural 
killer cells and type 3 innate lymphoid cells are also 
correlated with the latent TB state8. In the face of this 
immune pressure, M. tuberculosis is thought to survive 
in a dormant state, although the physiology of the bacilli 
during latent infection is not well understood. Hypoxic 
conditions, as found inside solid granulomas, promote 
a non- replicating, persistent phenotype and activate the 
bacterial DosR regulon, which is required for persistence 
in NHPs157,158.

Type I interferon signalling accompanies reacti-
vation, and accumulating evidence suggests it plays a 
causative role in reactivation. To identify host signa-
tures associated with reactivation, a cohort of adole-
scents with latent TB were followed up prospectively. 
A neutrophil- driven blood transcriptional signature of 
type I interferon signalling preceded clinical diagnosis 
of active TB33,159. This fits with the idea discussed above 
that neutrophils provide a replicative niche for M. tuber
culosis, and they may also play an immunoregulatory 
role30. In addition, a genetic mutation in interferon- α/β 
receptor subunit 1 that is associated with increased risk 
of hepatitis C virus infection in humans is asso ciated 
with decreased susceptibility to M. tuberculosis160.  
M. tuberculosis resuscitation- promoting factors are cell 
wall active enzymes that play a role in the transition from 
dormancy to active replication161, but the involvement 
of other bacterial factors that influence reactivation 
is not clear. As ESX-1 function and PDIM abundance 
impact type I interferon production, as discussed earlier,  
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we speculate that they might be important bacterial 
drivers of reactivation, but there are no well- established, 
facile systems for studying this. The lack of small animal 
models of reactivation disease makes it difficult to estab-
lish whether responses that are correlated with disease 
progression are causally linked to reactivation. The large 
knowledge gap regarding the relevant host and bacterial 
determinants hampers strategies to develop therapeutic 
vaccines that prevent disease progression in infected 
individuals. However, substantial efforts have made use 
of signatures of the host response to M. tuberculosis to 
try to develop new biomarkers and diagnostics (Box 2).

For transmission, M. tuberculosis gains access to the 
airways, grows to a high number and is aerosolized by 
cough. M. tuberculosis takes advantage of the adaptive 
immune response to promote transmission. Cavities 
play a central role; they are immune privileged sites with 
few blood vessels and a fibrotic cuff that limits immune 
cell access. When growing extracellularly in cavities,  
M. tuberculosis reaches burdens of 107–109 bacilli162. 
The development of cavities requires a tissue- damaging 
immune response directed against viable M. tubercu
losis or M. tuberculosis antigen. Individuals with HIV 
infection are less likely to develop cavitary disease or to 
transmit infection163. There is a correlation between the 
number of circulating CD4+ T cells and the frequency of 
cavitary disease163, and rabbits are more likely to develop 
cavitary disease after repeated exposure164. The associa-
tion between T cell responses and cavitary disease might 
explain why CD4+ T cell antigens are hyperconserved165. 
In addition, high levels of IL-1β and TNF, which are usu-
ally considered host protective, are associated with cavi-
tary disease166. TNF can drive necrotic cell death and 

expression of matrix metalloproteinases to promote tis-
sue destruction61. Interestingly, when tested in C3HeB/
FeJ mice, M. tuberculosis strains with different pro-
pensities for transmission caused strikingly differ ent 
pathology, with high- transmission strains causing more  
caseating granulomas, and low- transmission strains 
resulting in more extensive and diffuse pneumonia167. 
How the genetic differences between these strains 
leads to differences in transmission potential is not 
yet established168. It is possible that M. tuberculosis  
could manipulate its cell envelope glycolipids to 
alter the balance between masking and eliciting host 
inflammation169. It is also plausible that virulence factors 
that promote macrophage necrosis, such as CpnT and 
ESX-1, promote cavity formation and transmission, but 
this has not been directly tested. Interestingly, neutro-
phils may promote transmission for reasons beyond 
their association with tissue damage, as a recent study 
demonstrated that M. tuberculosis aerosolized within 
infected PMNs had enhanced viability compared with 
extracellular bacilli170. Finally, direct evidence for cell 
envelope lipids in transmission comes from recent 
data showing that sulfolipid in the mycobacterial cell 
envelope promotes cough in guinea pigs171.

Implications for therapies and vaccines
How can a better understanding of TB pathogene-
sis inform new approaches for vaccines and thera-
pies? Because TB investigators demonstrated that 
interferon- γ, TNF and CD4+ TH1 cells are crucial 
determinants of host immunity, most vaccine efforts 
have focused on augmenting these immune responses. 
However, although they are crucial for controlling TB, 
particularly to prevent dissemination, ‘more’ does not 
promote sterilizing immunity and instead can exacer-
bate tissue damage and pathology. Given the plethora of 
strategies that M. tuberculosis has to undermine both the 
efficacy of CD4+ T cells and the antimicrobial capacity 
of macrophages, it is not surprising that this approach 
has been largely unsuccessful. Prior infection does not 
prevent reinfection in humans, and NHPs can be sec-
ondarily infected even while they have ongoing active 
infection143, suggesting that an immune response that 
prevents infection is going to be different from what  
M. tuberculosis normally elicits in most people. New vac-
cine strategies should take into account the immune eva-
sion mechanisms of the bacilli (Fig. 5). A protective host 
response will require overcoming of the immune evasion 
mechanisms of M. tuberculosis, restoration of the anti-
microbial capacity of myeloid cells and restoration of 
their functional interactions with the adaptive immune 
system. Understanding how M. tuberculosis undermines 
host immunity can define its Achilles heel. Protection 
could be achieved at the level of phagocyte function 
by enhancing autophagy, LC3- associated phagocytosis 
and phagosome–lysosome fusion; production of ROS; 
nutritional immunity; optimal metabolic responses; or 
antigen presentation and communication with innate 
and adaptive lymphocytes.

How could we overcome immune evasion mecha-
nisms in the context of a vaccine? As we learn more, we 
may be able to harness trained immunity to increase the 

Paucibacillary disease
Tuberculosis with such a low 
number of bacilli that they  
are not apparent on smear 
microscopy.

Box 2 | Leveraging host–pathogen interactions for tuberculosis diagnostics 
and biomarkers

Active tuberculosis (Tb) can be challenging to diagnose and difficult to treat. current 
diagnostic tests, based on culture, smear microscopy or nucleic amplification tests,  
are most often performed from sputum. However, it can be difficult to make a diagnosis 
in patients with paucibacillary disease, which is common in individuals with HIv 
co- infection, or to obtain an adequate sputum sample, particularly in children194,195. 
Thus, there is an urgent need for non- sputum- based diagnostics.

recent approaches have focused on detecting unique transcriptional or metabolic sig-
natures that distinguish individuals with Tb from controls or predict the progression from 
latent to active disease196,197. Signatures have been defined that perform well in research 
settings when comparing individuals with Tb to individuals without Tb, but co- infections 
and co- morbidities can impact the host signatures, and such diagnostics have yet to 
enter clinical practice. We also need biomarkers that can guide clinical decision- making. 
Despite patients being treated with multiple antibiotics for months, relapse occurs in 
3–5% of individuals195. biomarkers that predict treatment success would minimize over-
treatment, which subjects patients to the toxicity of long antibiotic courses, as well as 
stopping therapy prematurely, resulting in relapse. A variety of parameters have been 
shown to correlate with bacterial load and/or treatment response. For example, sputum 
abundance of cholestenone, a mycobacterium- derived cholesterol metabolite, corre-
lates with Mycobacterium tuberculosis lung burden198. M. tuberculosis- specific cD4+ 
T cells that express PD1 define a population of T cells that have seen antigen and corre-
late with mycobacterial load199. Similarly, circulating natural killer cell counts decrease 
during active infection and can be used to track treatment response200, whereas a high 
blood neutrophil count correlates with a negative treatment outcome201. Thus, exploit-
ing our understanding of host–pathogen interactions has the potential to yield novel Tb 
diagnostics and biomarkers, but paucibacillary disease and the heterogeneity of the host 
response remain challenges. moreover, to be clinically useful, such tests will also need  
to be rapid, inexpensive and validated in diverse populations.
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barrier to primary infection (Box 1 and Fig. 5). There 
is also increasing evidence suggesting that antibod-
ies can be protective against TB. For example, certain 

antibodies targeting arabinomannan, an immunomod-
ulatory component of the mycobacterial cell wall, and 
those targeting the PstS1 transporter of the bacilli can 
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Fig. 5 | Potential vaccine strategies to promote protection from Mycobacterium tuberculosis infection. a | Possible 
strategies for generating a protective vaccine. A vaccine could generate antibodies that neutralize a panel of essential cell 
surface or secreted virulence factors that are required for Mycobacterium tuberculosis to establish infection. Opsonizing 
antibodies could promote bacterial uptake specifically into protective macrophages or direct the bacilli to a bactericidal 
path intracellularly. By generating epigenetic changes, macrophages could be trained to a more protective phenotype.  
It may be possible to identify antigens that generate a protective T cell response, as opposed to the decoy antigens that 
are dominant during natural infection. Finally, generating lymphocytes that are poised in the lung, ready to respond  
to infection, would overcome the delay in T cell priming. b | The approaches proposed in part a could protect against  
M. tuberculosis infection by restoring macrophages’ effector functions, such as lysosomal trafficking, reactive oxygen 
species (ROS) production and signalling, optimal metabolic responses and protective cell death pathways. Antibodies  
or training could also skew cellular recruitment towards protective myeloid cells and away from permissive macrophages 
and neutrophils. Finally, restoring functional interactions with the adaptive immune system could enhance the antimicrobial 
capacity of myeloid cells and their protective inflammatory responses. LAM, lipoarabinomannan; LAP, LC3- associated 
phagocytosis; Me1, 1- methylation.
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be protective110,172. There has been minimal investiga-
tion into identifying protective antigens or exploring 
antigens that are not normally generated in most peo-
ple during natural infection. For example, generating 
vaccine- induced antibodies that neutralize a panel of 
essential cell surface or secreted virulence factors, such 
as ESX effectors or CpsA, which are required for the ear-
liest events of infection, could be one approach. Humoral 
or trained responses may also promote bacterial uptake 
into protective macrophages or direct the bacilli to a 
bactericidal path intracellularly. Along the same lines, 
skewing responses away from decoy antigens might 
confer protective adaptive immune responses. Finally, 
creative approaches to overcome the delay in T cell 
priming would also be protective131. Given the myriad 
of approaches M. tuberculosis uses to resist clearance, 
a combination of these strategies to overcome immune 
evasion by M. tuberculosis is likely to be necessary to 
generate substantial protection.

Although these strategies may seem fanciful or out of 
reach currently, the idea that a protective vaccine is going 
to need to overcome the macrophage and T cell dysfunc-
tion imposed by M. tuberculosis is based on a wealth of 
pathogenesis studies and provides an important frame-
work for future approaches. Recent work demonstrating 
that BCG administered by an intravenous route provides 
remarkable protection from infection offers the possibil-
ity to define heretofore elusive correlates of protection173 
and to elucidate how they overcome M. tuberculosis 
immune evasion. Protective immunity might also be 
exhibited by a small fraction of individuals who resist 
M. tuberculosis infection despite heavy exposure43,174.

Understanding molecular mechanisms of immune 
evasion by M. tuberculosis may also lead to HDTs, 
which could be used as an adjunctive therapy along 
with direct- acting antimicrobials to shorten treat-
ment duration and circumvent the problem of antibi-
otic resistance. HDTs might be able to clear persistent 
and drug- tolerant M. tuberculosis reservoirs, thereby 
reducing relapses. A rational approach towards HDT is 
to reverse the M. tuberculosis- imposed deficiencies in 
immune cells. For example, AMs may be particularly 
permissive to infection because they rely predomi-
nantly on fatty acid metabolism rather than glycolysis2. 
Inhibiting macrophage fatty acid oxidation induces 
mitochondrial ROS, enhances NADPH oxidase activ-
ity and promotes autophagy2,94, thereby overcoming key 
immune evasion strategies of M. tuberculosis. Similarly, 
metformin enhances mitochondrial ROS production  
and autophagy in infected cells, decreasing M. tuber
culosis burden in macrophages and mice. Metformin can  
also educate CD8+ T cells and enhance BCG vaccine 
responses, and is currently in clinical trials as an adjunct 
for TB therapy175. As an alternative to small molecules, 
targeting host microRNAs that are induced by M. tuber
culosis may also have the potential to enhance antimi-
crobial immunity63,176. Although a handful of HDTs 
have been shown to have antimycobacterial activity in 
mice, their ability to reduce bacterial burden has gen-
erally been modest59,94,177,178. This may be because the 
cells infected in vivo are not as responsive to the treat-
ment as macrophages infected ex vivo. In the hope of 

translating findings to humans, an animal model that 
better recapitulates human pathology, such as NHPs, 
ultra- low- dose infections and C3HeB/FeJ mice, as well 
as capturing more genetic diversity, such as the use of 
collaborative cross and diversity outbred mice, may be 
important179–182. In addition, many of the HDTs that have 
been evaluated are premised on restoring macrophage  
antimicrobial responses; restoring T cell function-
ality would address the other side of the equation.  
As granulomas promote M. tuberculosis persistence and 
support an immunosuppressive environment, another 
strategy is to reverse the immunosuppressive environ-
ment or disrupt the granuloma architecture to promote 
lymphocyte infiltration and access to the inner region 
harbouring infected macrophages and free bacteria, an 
approach that has shown promise in mice, NHPs and 
zebrafish145,148,154. Approaches to develop rational com-
binations of HDTs that synergize are needed. Finally, 
it may seem paradoxical to treat infection by reducing 
inflammation, but in combination with antibiotics such 
an approach might improve immune function, reduce 
tissue injury and enhance drug penetration into granu-
lomatous tissue183. Given their role as a permissive niche 
for M. tuberculosis and their role in immunopathology, 
neutrophils have also been evaluated as targets of HDTs 
to reduce lung pathology and M. tuberculosis burden184.

Conclusions
To conclude, TB research in the past decade has made 
huge strides. We have an increasing understanding of 
how the tubercle bacilli undermine macrophage and 
T cell functions. The bacilli also take advantage of the 
host immune response to establish a cellular niche, gen-
erate extensive tissue damage and drive transmission. 
We have gained substantial mechanistic insight into 
how M. tuberculosis modulates intracellular trafficking, 
undermines macrophage effector functions, controls cell 
death pathways, impairs antigen presentation and sur-
vives in diverse intracellular environments. Recent work 
has highlighted the complexity of the cellular response 
to M. tuberculosis, demonstrating that there are a vari-
ety of distinct myeloid cell types that are infected and 
that these cells differ in the degree to which they can 
restrict M. tuberculosis growth. How virulence strate-
gies of the bacilli are deployed in vivo in the different 
types of infected myeloid cells and during different 
phases of the infection cycle remains to be established. 
Understanding the immune evasion strategies of  
M. tuberculosis is crucial for the development of HDTs 
and an effective vaccine. For the host to clear the bacilli, 
therapies and vaccines will have to overcome myeloid 
cell dysfunction and the failure of the innate and adap-
tive immune systems to communicate effectively. In the 
context of preventive vaccines, recent work suggests that 
trained immunity, unique antibody responses and novel 
T cell epitopes are promising paths to pursue. Although 
there are many gaps remaining, the fundamental under-
standing of host–pathogen interactions should ena-
ble well- reasoned, new approaches to develop better  
biomarkers, therapies and vaccines.
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A medication that is used to 
treat type 2 diabetes mellitus 
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