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Tuberculosis (TB) has been both instructing and confounding immu-
nologists and vaccinologists for many years. Bacteria can be detected 
within the lung tubercles using a stain developed more than 100 years 
ago, but it is not yet possible to define the mechanisms that generate 
the tubercle or, indeed, the specific pathways that mediate bacterial 
killing within this tubercle.

The currently held paradigm of how the body controls infection 
with M. tuberculosis (Mtb) is that macrophages recognize and take up 
the bacterium, whereupon it proliferates within this phagocyte until 
either the cell dies or is instructed by an antigen-specific T cell to kill 
or at least limit the growth of the bacterium. The current widely used 
vaccine, being a live attenuated strain of the related Mycobacterium 
bovis (BCG), mimics this lifestyle by infecting host phagocytes and 
driving antigen-specific T cell responses. This vaccine is highly effec-
tive at limiting disseminated disease in children1 but works errati-
cally to protect against pulmonary disease2. Although it is clear that 
antigen-specific CD4+ T cells and macrophage-activating cytokines 
are required for the control of TB3, it is not clear that simply inducing 
more of these T cells or cytokines will result in improved protection4. 
Our current failure to improve on BCG lies in the fact that we do 
not yet understand what constitutes a protective immune response 
to TB in the lung, nor do we know the extent to which the pheno-
type of antigen-specific CD4+ T cells contributes to this protective 
response. Another potential confounder is that Mtb seems to be adept 
at manipulating the human immune response.

Here we describe, using the mouse model as a tool, the factors 
contributing to the early interaction between host and pathogen. We 
will also discuss the phenotype of antigen-specific T cells and how 
this is important to the ability of the T cell to function within the 
Mtb-defined inflammatory lesion within the lung.

The unique interaction between Mtb and humans
Mtb and humans seem to have co-evolved during the period before 
the migration of humans out of Africa5, and this has prompted the 
speculation that Mtb has had considerable opportunity to develop 
tools with which to manipulate the human immune response to its 
own advantage. Indeed, the rate of Mtb mutation is the same regardless 
of generation time in the host6, which suggests that although there is 
significant genomic stability within Mtb, mutation occurs throughout 
the interaction between host and pathogen. Importantly, a substantial 
portion of the Mtb genome is devoted to secretion systems, which con-
tain the majority of immunodominant antigens7. Immunodominant 
epitopes have been suggested to be highly conserved8, but there is 
evidence of diversity in these epitopes9. Regardless of the diversity 
of the epitopes, the genetic investment of the bacterium in human  
T cell epitopes associated with secretion systems suggests that acti-
vated, antigen-specific T cells are required for essential elements of 
the Mtb life cycle. Mtb also invests strongly in the generation of a 
variety of molecules on its cell surface, and these are capable of influ-
encing the innate immune response. An example of a highly studied 
manipulator of host inflammation is trehalose dimycolate (TDM, also 
known as cord factor), which binds members of the Clec4 family of 
C-type lectins (MCL and Mincle) on host myeloid cells to drive granu-
loma formation in mice10–13, and within which alterations in structure 
result in substantial changes in inflammatory capacity14–16.

One could hypothesize that the need to be transmitted between 
humans (the only environmental niche for Mtb) requires that the 
Mtb-infected individual develop a lung lesion capable of mediating 
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Tuberculosis is a disease of the lung, and efficient transmission is dependent on the generation of a lesion in the lung, which 
results in a bacterium-laden cough. Mycobacterium tuberculosis (Mtb) is able to manipulate both the innate and acquired 
immune response of the host. This manipulation results in an effective CD4+ T cell response that limits disease throughout the 
body but can also promote the development of progressively destructive lesions in the lung. In this way Mtb infection can result in 
an ambulatory individual who has a lesion in the lung capable of transmitting Mtb. The inflammatory environment within the lung 
lesion is manipulated by Mtb throughout infection and can limit the expression of acquired immunity by a variety of pathways.
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transmission but remain ambulatory enough to come in contact with 
many other individuals in order to successfully transmit infection. 
This requirement could explain the focus of Mtb on manipulating 
both the innate and acquired immune response. Within this frame-
work, a feasible working model is that Mtb initiates recruitment of 
permissive phagocytes into the lung while limiting the early induc-
tion and recruitment of T cells capable of redirecting the permissive 
phagocytes to a bactericidal state. This would then result in a permis-
sive environment wherein the bacterium can grow without constraint. 
However, if this type of response were to occur throughout the body, 
the host would rapidly become sick and die, thereby failing to transmit 
infection to further potential hosts. Thus, expression of strong T cell 
immunity early in Mtb infection would compromise establishment 
of a permissive lesion in the lung, but this same T cell immunity is 
crucial in limiting bacterial growth in the non-lung organs to main-
tain the ambulatory state of the person infected (Fig. 1). In support 
of the concept that the T cell response is required for a ‘successful’ 
disease profile—for Mtb rather than the host—it is clear that in the 
absence of a strong T cell response, such as in T cell depletion dur-
ing HIV infection, humans develop a disseminated and rapidly fatal 
disease17. The potential for an overwhelming inflammatory response 
to compromise effective bacterial control has also been suggested 
by histological studies of human lungs in the pre-drug era. These 
studies showed that in the same patients, larger lesions progressed 
and smaller ones resolved, and the lesions arising from disseminating 
bacteria were more circumscribed and contained fewer bacteria18. 
This working model provides a rationale for why the majority of Mtb 
disease occurs within the lung (Fig. 1). It also suggests that events that 
occur early in infection could affect the development of disease.

Early events after infection
It is thought that Mtb enters the lung via small aerosolized droplets 
exhaled by people who are infected and have high bacterial burdens 
and disrupted lesions that have accessed the airways. It is not clear 
what transmissible Mtb bacteria look like or if all of the Mtb bacte-
ria in an infected person are equally able to transmit disease. In the 
absence of this information, most studies are done with cultured Mtb, 
and it is likely that subtleties associated with transmission have not 
yet been fully modeled.

Although deposition of Mtb in the alveoli is thought to be the pri-
mary route of entry, it has been shown that the bacterium can infect 
human lung epithelial cells and that these infected cells drive activation  

of mucosal associated invariant T (MAIT) cells, which suggests a 
surveillance role for these cells in recognizing primary infection19. 
Deposition on the epithelium and activation of MAIT cells may result 
in an unsuccessful infection process by limiting early bacterial growth 
and by alerting the acquired response to infection. Other defense 
mechanisms inherent to the airway are also likely to have a crucial role 
in limiting infection after initial exposure. Innate lymphoid cells such 
as invariant natural killer T cells (iNKT cells), which produce macro-
phage-activating GM-CSF20, or γδT cells, which respond rapidly to 
mycobacterial antigens and express a variety of effector functions21, 
are both potential players in limiting early infection. Current studies 
of associations between genetic polymorphisms in the innate immune 
system and risk of TB suggest that there is a potentially wide variety 
of innate responses that have protective roles in early infection22.  
In contrast, the immune defects underlying the spectrum of condi-
tions known as Mendelian susceptibility to mycobacterial disease in 
humans highlights the need for macrophage activation via interleukin 
12 (IL-12)–dependent interferon-γ (IFN-γ) signaling in resistance to 
mycobacterial disease23,24.

Although the epithelium can become infected, macrophages in the 
alveoli are thought to be the primary target for Mtb once it enters 
the lung, and the interaction between Mtb and these cells is thought 
to define the subsequent progression of infection. It is crucial to the 
understanding of the earliest events in the lung to define the impact 
of the environment encountered by the bacterium. Some work has 
identified a role in this for the lung hydrolases. These hydrolases are 
present in human surfactant and alter the envelope of the invading 
Mtb, thereby reducing the ability of the bacterium to interact with 
and grow within alveolar macrophages25. Despite a perceived primary 
role in protection against Mtb infection, depletion of macrophages 
before a lethal infection with Mtb results in improved survival in the 
mouse model26; however, specific depletion of activated macrophages 
is detrimental27. These data support the idea that there are different 
cellular niches in the early accumulating phagocytes that respond 
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Figure 1 Events occurring early in infection influence infection outcome. 
Mtb bacteria enter the lung and establish infection in the alveoli.  
High numbers of neutrophils in the blood at the time of exposure are 
associated with lower likelihood of infection. If infection is established, 
migratory cells take bacteria to the draining lymph node in a CCR2-
dependent manner. In the draining lymph node, T cells become activated 
as a result of MHC class II expression on dendritic cells. During the  
time taken for the migration of the bacteria to the draining lymph node 
(7–9 d), permissive macrophages are recruited to the lung, and bacteria 
proliferate within these cells. Bacteria also disseminate to other organs, 
but this is delayed relative to the arrival of bacteria in the lung. Owing  
to this delay in seeding of other organs by the disseminating bacteria,  
the circulating activated T cells generated in the lung-draining lymph 
node will be ready to populate these newly infected organs. Owing to the 
concurrent arrival of disseminating bacteria and activated T cells in these 
other organs, there is reduced time available for the accumulation of 
noninfected macrophages, and the T cells will be better able to interact 
with and activate the infected macrophages. In this way, the impact of the 
acquired response on control of bacterial growth in the lung is compromised 
relative to other infected organs within the infected individual.
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to Mtb infection in the lung (Fig. 1). In strong support of this con-
cept, studies in zebrafish have demonstrated the ability of Mtb to 
manipulate the earliest recruitment of macrophages. This activity has 
been linked to the capacity of the bacterium to express lipids on its 
cell surface. Specifically, expression of the Mtb molecule phthiocerol 
dimycoceroserate (PDIM) limits innate recognition of Mtb, thereby 
reducing recruitment of Toll-like receptor (TLR)–activated macro-
phages28. In addition to this subversion of the pathogen-recognition 
pathway, other lipids on the Mtb surface—the phenolic glycolipids 
(PGLs)—drive recruitment of permissive macrophages via a pathway 
that depends on the chemokine CCL2 and the chemokine receptor 
CCR2 (ref. 28). One other defense pathway may be neutrophil recruit-
ment. Specifically, studies in contacts of people with pulmonary TB 
found that the risk of infection (not disease) was inversely associated 
with the number of neutrophils in the blood of the individuals tested 
and that the neutrophils were themselves antibacterial29 (Fig. 1). 
Although this study did not directly define the role of neutrophils in 
early control of infection, it suggests a working model for an underly-
ing mechanism whereby some people do not show signs of infection 
despite heavy exposure.

The above observations support the hypothesis that the outcome of 
Mtb infection in the lung depends on the initial environment encoun-
tered by the bacterium. This environment depends on the cells it first 
encounters, and these, in turn, may depend the genetics of the host30. 
These early events can also be affected by the general health of the 
lung (such as the presence of ongoing viral infection or smoking-
induced lung damage), and it is likely that the stochastic nature of 
these events contributes to the wide variation in outcomes—ranging 
from no sign of infection to the development of primary progressing 
TB—for people exposed to the same index case.

Events that contribute to dissemination
Regardless of the initial interaction between Mtb and the innate 
defense mechanisms of the lung, Mtb is known to migrate from the 
lung throughout the body; however, it is rare for signs of disease to 
appear outside the lung. Disseminated disease is seen in infants and 
in people infected with HIV and is thought to result from the absence 
of effective acquired immunity31,32. The initiation of the acquired 
response is preceded by the appearance of bacteria in the draining 
lymph nodes33,34 and is associated with the expression of Mtb antigen 
within this organ35. The acquired response is also delayed relative to 
the initiation of infection3.

It has been postulated that the alveolar macrophage initiates the 
granulomatous response to Mtb in the lung, and that the function of 
this response is to wall off the pathogen and limit the spread to other 
organs. It is likely, however, that there are waves of recruitment to 
the infection site, including the local accumulation of tissue mac-
rophages, the accumulation of inflammatory macrophages and the 
migration into and out of the lesion by migratory cells, which carry 
bacteria to other organs36. Some data suggest that the inflammatory 
response to Mtb is a dynamic process that potentially involves the 
migration of cells into and out of the granuloma in a continuous 
fashion37. Specifically, granulomata transplanted from an infected 
donor mouse into a new host release cells expressing the integrin 
CD11c into that host38, labeled macrophages also migrate out of the 
granuloma in the zebrafish39 and mouse40 models, and T cells migrate 
readily through the granuloma40,41. The earliest movement from the 
lung to the draining lymph node has been ascribed to dendritic cells, 
as these are heavily infected in the lung and in the lymph node35. 
Dendritic cells infected with Mtb deposited into the lung also migrate 
from this organ to the draining lymph node42, and this migration is 

dependent on the expression of IL-12p40 (ref. 43) (Fig. 1) and the 
receptor IL-12Rβ1 (ref. 44) in the migrating dendritic population. 
In addition, Mtb induces an alternative splice variant of IL-12Rβ1 
in the CD11c-expressing population in the lung at the same time 
that the migration of Mtb from the lung to the draining lymph node 
occurs, and this alternatively spliced receptor is required for optimal  
stimulation of antigen-specific T cells44. Studies have implicated the 
tumor necrosis factor (TNF) receptor TNFRp75 as a specific down-
regulator of the availability of bioactive TNF. In the absence of this 
molecule, mice infected with Mtb have more bioactive TNF and 
IL-12p40, more IL-12p40-dependent migration of dendritic cells to 
the draining lymph node, more T cell activation and lower bacterial  
burden45. This suggests that TNFRp75 acts a sink for TNF and  
downregulates the protective response to Mtb in the lung. Work using 
chimera models and depletion of specific cells during the early stages 
of infection has implicated inflammatory monocytes in the actual 
movement of the Mtb from the lung to the draining lymph node. 
Importantly, although inflammatory monocytes expressing CCR2  
are required for the movement of bacteria to the lymph node, it 
is major histocompatibility complex (MHC) class II–expressing  
dendritic cells that are required for T cell activation46 (Fig. 1).

These findings suggest that migration of Mtb away from the pri-
mary site of infection—the lung—occurs despite the generation of 
granulomatous responses and that the bacterium uses host cells to 
mediate this migration. The problem with this migration is that it 
occurs only 7–9 days after initial infection. As a consequence, there is 
a delay of up to 18–20 days before antigen-specific T cells accumulate 
to sufficient numbers in the lung to stop bacterial growth33–35,47. Even 
after vaccination, when a population of circulating memory T cells is 
present, this accumulation of antigen-specific T cells is accelerated by 
only five days, and Mtb bacteria still have 15 days in which to define 
the lung lesion before T cells arrive48.

Recruitment of T cells to the lung environment
Once the acquired response has been initiated, it must migrate from 
the circulation into the parenchyma of the lung and then into the 
infected site, which is composed largely of macrophages and den-
dritic cells49,50 expressing a variety of effector functions51. This pre-
dominantly mononuclear environment is thought to be maintained 
by the expression of the protective cytokine IFN-γ52. IFN-γ limits 
the survival of neutrophils53 and reduces the expression of IL-17 and 
recruitment of neutrophils by acting on radio-resistant cells in the 
lung54. Indeed, when protective immunity is ineffective, one of the 
most dramatic outcomes is the accumulation of neutrophils within the 
lung. Infected neutrophils can be seen in airway samples from patients 
with active disease55, and a neutrophil-driven signature is also associ-
ated with active disease in peripheral blood analysis56. Thus, although 
neutrophils might have a protective role immediately after exposure29, 
they are strongly associated with the loss of Mtb containment and the 
progression to active disease.

One way in which neutrophils could interfere with the protective 
response to Mtb is to limit the interaction between infected phago-
cytes and antigen-specific T cells. It has been assumed that T cells and 
infected macrophages must interact for efficient control of Mtb, and 
this was shown by the use of a chimeric mouse model wherein some 
phagocytes expressed MHC class II and others within the same lung 
environment did not. In this model, if the T cell and infected macro-
phage could not interact via MHC class II, then the number of Mtb 
bacteria in the infected macrophage was higher than in those infected 
macrophages able to express MHC class II57 (Fig. 2). This observa-
tion ties in with other work in which the migration of lymphocytes 
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in the granuloma is compromised in the absence of the homeostatic 
chemokines CXCL13, CC19 and CCL21 (ref. 58). In this model, the  
T cells were not able to enter the macrophage areas in the infected lung 
effectively—even though they were in the parenchyma and able to 
produce cytokines—and this was temporally associated with reduced 
control of bacterial growth58 (Fig. 2). Expression of homeostatic 
chemokines and the associated development of lymphoid follicles 
have been shown in the Mtb-infected lung in mouse and nonhu-
man primate (NHP) models and in humans, and they are associated 
with a positive outcome58–61. The function of these follicles is not 
yet fully defined, but in their absence there is a reduction in focused 
CXCL13 expression in the follicles and an increase in lymphocyte 
perivascular accumulation62, as well as diminished Mtb containment 
in the absence of CXCL13 and its receptor CXCR5 on T cells58,61,62  
(Fig. 2). It seems, therefore, that CXCL13 and CXCR5 can act to 
recruit T cells to the infected macrophage areas, either by genera-
tion of a gradient associated with the location of induced lymphoid 
follicles or as a signal that simply releases the effector T cells from 
the perivascular region. These data support the hypothesis that the 
granuloma is a dynamic lesion that has the capacity to influence  
T cell migration both locally and distally.

Although migration of T cells in the parenchyma is crucial for 
optimal interaction with infected macrophages and the control of 
bacterial growth, studies have begun to address the question of how  
T cells get from the vasculature into the parenchyma and whether they 
remain within the parenchyma. A study in mice infected with Mtb and 
injected with an antibody specific to hematopoietic cells immediately 
before death showed that many of the antigen-specific T cells thought 
to have been in the lung parenchyma were actually in the vasculature63.  
These vascular T cells express CX3C chemokine receptor 1 CX3CR1 
and killer cell lectin-like receptor subfamily G member 1 (KLRG1) and 
have high expression of the transcription factor T-bet, suggesting that 
they are terminally differentiated effector cells63 (Fig. 2). When these 
T cells are transferred into infected recipient mice, they are unable to 
migrate into the parenchyma and are not efficient mediators of pro-
tection63. In contrast, T cells within the parenchyma express CXCR3, 
migrate back to the lung and can mediate protection63. Importantly, 
antigen-specific memory T cells in people with latent infection  
(i.e., those who are controlling the infection) have a CXCR3+CCR6+ 
phenotype7 and have multifunctional transcriptional profiles64. These 
observations have fundamentally changed the understanding of  
T cell activities in the lung. It is clearly not sufficient to induce large 
numbers of differentiated antigen-specific T cells by vaccination if 
these T cells do not have the capacity to enter the lung parenchyma 
and then migrate to the correct location within the lung (Fig. 2). It is 
imperative that vaccine studies address the issue of T cell migratory 
capacity in addition to functional capacity to better define the T cell 
phenotype crucial in mediating protection.

Interplay between inflammation and acquired immunity
Despite the presence of activated phagocytes and antigen-specific  
T cells, the initial lesion produced in response to infection can develop 
into a multilayered structure. The components of this structure vary 
depending on species and, indeed, within the lungs of infected indi-
viduals. In a detailed study of macaques it was apparent that indi-
vidual granulomata could be initiated by a single Mtb bacterium but 
that the outcome of each lesion was different, even within the same 
host65. The outcome was thought to depend on the rate of killing by 
the acquired response in each lesion and could result in either a pro-
gressive lesion or one that became sterile65. This internal variability 
again points to the fact that the generation of acquired immunity, 
while crucial, is not sufficient for control of disease. It is necessary 
that the acquired response be able to function efficiently within each 
individual granuloma.

What, then, affects the function of the acquired response in the 
granuloma (Fig. 3)? As discussed above, the presence of neutrophils 
is associated with the loss of containment, and other data have shown 
that regulatory T (Treg) cells can also limit the expression of immunity 
in the lung66,67. These Treg cells seem to have a role in the delay of  
T cell priming after infection but are lost in an IL-12–dependent man-
ner when mice are infected with the H37Rv laboratory strain of Mtb68 
(Fig. 3a). In contrast, in mice infected with the W-Beijing clinical 
strain HN878, the number of T cells expressing the Treg-associated 
transcription factor Foxp3 and IL-10 increases over time and coin-
cides with the loss of T cells producing IFN-γ69. Importantly, this tem-
poral association of Foxp3-expressing T cells and the loss of bacterial 
control also occurs when mice vaccinated with BCG are infected with 
HN878 (ref. 70). These data suggest that Treg cells have the capacity 
to compromise protective immunity even after vaccination, and this 
should be considered in vaccine development studies.

The cellular environment generated by Mtb is composed of inflam-
matory monocytes, macrophages, dendritic cells and neutrophils, in 
addition to Treg cells. This myeloid-dominated environment can com-
promise the function of T cells in a variety of ways, and the impact 
may depend on the relative frequency of each type of cell (Fig. 3b). In 
this regard, Mtb seems to actively recruit permissive macrophages via 
a CCR2-CCL2 pathway28, and this recruitment may be influenced fur-
ther by the amount of type I interferon expressed. Specifically, an arti-
ficial increase in the amount of type I interferon in chronically infected 
mice results in the recruitment of greater numbers of permissive mac-
rophages, which are recruited in a CCR2-dependent manner71. Work 
has shown that type I interferon, IL-1 and prostaglandin PGE2 act 
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chemokines and chemokine receptor expression. To interact with infected 
macrophages to effectively control mycobacterial growth, T cells must 
leave the vasculature and migrate toward the macrophage-dominated 
lesion. Expression of CXCR3 is associated with the ability to enter the 
parenchyma, and CXCR5 is required for the T cells to migrate toward  
the infected site within the parenchyma. Focused expression of CXCL13  
in the lung, which is associated with the generation of B cell follicles 
close to the inflamed site, is required for optimal focusing of T cells 
away from the perivascular region and toward the macrophage-dominated 
lesion. The combined expression of chemokines by the inflamed tissue 
and of chemokine receptors by effector T cells is crucial for the optimal 
control of infection in the lung.
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within a cross-regulatory network such that while type I interferon 
limits the production of IL-1 (refs. 72,73), IL-1 drives production of 
PGE2, which in turn regulates type I interferon74. The crucial action 
of IL-1 in this model is to promote PGE2, which promotes the capac-
ity of infected macrophages to limit bacterial growth74 (Fig. 3b).  
Published studies suggest that PGE2 acts to limit macrophage necro-
sis and promote apoptosis75,76, whereas the anti-inflammatory 
lipid mediator LXA4 promotes necrosis of infected macrophages, 
which increases bacterial growth75–77. The importance of the  
balance between pro- and anti-inflammatory eicosanoids has also 
been shown in studies where polymorphisms in leukotriene A4 hydro-
lase (which controls this balance) influence the outcome of disease 
and the efficacy of anti-inflammatory treatment78,79. This observation 
contributed substantially to the concept that in mycobacterial disease, 
both too little and too much inflammation can be bad for outcome, 
and it gave rise to the suggestion that intervention be focused on the 
inflammatory tendency of the individual being treated79.

Although Mtb bacteria are present throughout the granulomatous 
lesion, they do not occupy every macrophage in the lesion. Uninfected 
macrophages may present a barrier to the function of antigen-specific  
T cells in a variety of ways. The T cells could be limited in their migration  
toward infected macrophages by the physical barrier resulting from 
closely associated epithelioid macrophages surrounding the infected 
cells (Fig. 1). Similarly, secreted antigen may be presented by a variety 
of uninfected macrophages and act as a decoy for T cells. In addition, 
it is apparent that the activation of macrophages within the mycobac-
teria-induced lesion is detrimental to T cell accumulation. Mice that 
lack the capacity to generate the activated macrophage product nitric 
oxide, accumulate high numbers of T cells and have a lower bacterial  
burden80. Not all activated T cells are equally susceptible to nitric 
oxide—the more differentiated T cells are more susceptible81  
(Fig. 3a). Nitric oxide is also crucial in limiting the development of 
macrophage-mediated pathology. Importantly, it limits the activity of 
the NLRP3 inflammasome, which is required for IL-1–mediated innate 
inflammatory responses82 (Fig. 3b). The role of IL-1 as a mediator of 
damaging inflammation is in contrast to its function in driving PGE2 
and controlling bacterial growth mentioned above74, but this serves 
to highlight the crucial importance of balance between protection and 
immunopathology in the outcome of Mtb infection (Fig. 3b).

ConClusIon
The more investigators learn about the response to Mtb in the lung, 
the more complex it seems to become. Strong immune responses 

are induced and are required for survival; however, they are equally 
strongly regulated. If there is too much inflammation, the acquired 
response is compromised. If there is too little inflammation, bacteria 
grow without hindrance. The chances of infection leading to disease 
are low, and the crucial parameters mediating progression from infec-
tion to disease are unknown. The failure to identify those who are 
progressing to disease limits the capacity to intervene. Indeed, the 
enormous number of people currently infected makes it prohibitive 
to treat them all, so identifying those at risk in order to target inter-
vention is essential. Defining the inflammatory tendency of the indi-
vidual infected through prospective studies before disease develops 
should be highly informative.
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