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Abstract

Tuberculosis is primarily a disease of the lung and dissemination is dependent upon productive 

infection of this critical organ. Upon aerosol infection with Mycobacterium tuberculosis (Mtb), the 

acquired cellular immune response is slow to be induced and to be expressed within the lung. This 

slowness allows infection to become established and forces the acquired response to be expressed 

in a context of an inflammatory site that has been initiated and modulated by the bacterium. Mtb 

has a variety of surface molecules that interact with the innate response and this interaction along 

with the auto-regulation of the immune response by several mechanisms results in less than 

optimal control of bacterial growth. To improve current vaccine strategies we must understand the 

factors that mediate induction, expression and regulation of the immune response in the lung. We 

must also determine how to induce both known and novel immunoprotective responses without 

inducing immunopathologic consequences.
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Introduction

The pathogenesis of tuberculosis is the product of the interaction between bacterial virulence 

and host resistance, which are two distinct and independent variables; this has been 

appreciated for a long time (1). However, modern tools have allowed us to define the role of 

specific bacterial and host components to an unprecedented degree in recent years. The 

desired end point of efforts to define bacterial and host components of this devastating 

disease is to identify virulence factors and drug targets within the bacterium as well identify 

components of the host’s immune system which can be augmented and indeed altered by 

vaccination. In this review I will touch only lightly on the classic literature of the early 

modern period as this work has been eloquently reviewed in the two most recent Annual 

Review articles (2, 3). I will focus more on the relatively recent literature, which has 

benefited from the maturation of the tools available as a result of the publication of the 

mouse and bacterial genome (4, 5). These tools, along with the ability to genetically alter the 

bacterium (6, 7), have resulted in an increased ability to manipulate the disease model in a 

directed manner.

Author contact: Trudeau Institute, Inc, 154 Algonquin Ave., Saranac Lake, NY 12983. 

NIH Public Access
Author Manuscript
Annu Rev Immunol. Author manuscript; available in PMC 2015 January 19.

Published in final edited form as:
Annu Rev Immunol. 2009 ; 27: 393–422. doi:10.1146/annurev.immunol.021908.132703.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



The detrimental impact of tuberculosis on public health worldwide is generally appreciated. 

Indeed with the number of exposed individuals being approximated at one third of the 

world’s population, the fact that only 5% of those exposed eventually develop disease is not 

comforting when the case rate is 8 million new cases per year (8). When the ability of HIV 

infection to reduce immunity to Mycobacterium tuberculosis (Mtb) infection is considered, 

the consequences for spread of both drug sensitive and drug resistant tuberculosis are 

daunting (9, 10). While the public health impact of the disease is enormous and warrants the 

high level of interest shown by scientists worldwide, the disease and the immunopathologic 

lesions it evokes have also fascinated immunologists since the birth of the discipline.

Perhaps the key reason for the interest of immunologists is that both immunity and 

pathogenesis are mediated by the lymphocyte response to mycobacterial infection. Thus, 

while in the absence of an acquired cellular response there is limited to no immunity, the 

absence of this response also limits the generation of the classical caseation associated with 

transmission of the pathogen. This statement is perhaps best supported by considering the 

consequences of HIV infection on the development of tuberculosis. Tuberculosis is an index 

disease for HIV infected individuals and develops when CD4 numbers are still much higher 

than those predisposing to other opportunistic infections (11). However, when the 

immunopathologic consequences of Mtb infection in AIDS patients are assessed there is a 

much altered disease state (11) and an altered inflammatory response. Specifically, there is a 

dominant granulocytic infiltrate and necrosis but not the typical caseous necrosis seen in 

non-HIV infected tuberculosis granulomas (12). This strong tendency to granulocytic 

involvement is also see in the mouse model wherein the CD4 molecule is genetically 

disrupted (13). The acquired cellular response, as represented largely by CD4 T cells, 

provides therefore protective immunity while also promoting the development of 

mononuclear lesions and the caseous necrosis required for transmission. It is the duality of 

the role of the acquired cellular response that leads to the apparently contradictory presence 

of a strong cellular immune response at the site of unresolving disease.

The most important aspect of the acquired cellular response is the rapidity with which it is 

expressed. If the response is too slow, bacteria grow and reach a point where although a 

potentially protective response is being expressed, the environment is such that it is not 

effective. In this same vein it is clear that dose plays a role in the ability of the host to 

control bacteria. Specifically, if one is infected by too high a dose then the local bacterial 

burden may reach a level that interferes with the efficient expression of protective immunity. 

These ideas were brought together eloquently by Rich (1) using the lung histopathology 

from patients in the pre-drug era to describe the natural history of the disease. He suggested 

that the acquired cellular response was able to control bacterial growth but that it failed to do 

so in the face of high numbers of bacteria. To support this idea he observed that within the 

same patient, large lesions tend to progress while small ones are restrained in their growth. 

Further, the nature of metastatic lesions was different from the primary lesion in that they 

are generally circumscribed and bacterial growth is controlled. Finally, he reported that the 

large number of bacteria that arrive at a new site as a result of aspiration of large primary 

lesions usually results in a sizeable progressive lesion. This interpretation predates our 

understanding of much of the acquired cellular response but supports the importance of the 
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kinetics of the response, the importance of the environment within which the response must 

occur and the potential for regulation of the response by either the bacteria or the acquired 

response itself.

The importance of lymphocytes in controlling tuberculosis was under appreciated in early 

work, as although these cells were clearly present in lesions their function was unknown. It 

was early mouse model work that demonstrated that T cells were required for anti-

tuberculous immunity in systemic (14, 15) and aerosol (16) challenge models. That CD4 T 

cells were the primary mediators of anti-tuberculous immunity was shown as a result of 

transfer models and then later by the use of gene-deficient mice (17, 18). It was also gene-

deficient mice that demonstrated the importance of cytokine mediated macrophage 

activation in the control of bacterial growth (19, 20). The relevance of these studies to the 

human condition was demonstrated by the observation that HIV-mediated loss of CD4 T cell 

rendered patients susceptible to tuberculosis (11) and that people genetically deficient for 

the cytokine-mediated macrophage activation pathway were also susceptible to tuberculosis 

(21).

While significant progress has been made in our understanding of what lymphocytes do 

during both primary and recall responses to mycobacterial infection, the vaccine that is 

currently in use, a derivative of Mycobacterium bovis called bacille Calmette Guerin (BCG), 

was first developed in 1921 when we had no idea what lymphocytes were doing. While the 

efficacy of this early vaccine is clear for limiting disseminated childhood tuberculosis (22) 

its efficacy is less obvious for pulmonary disease (23) and we are still limited in the rational 

design of vaccines by our lack of understanding of both the primary and recall acquired 

cellular response to tuberculosis.

In order for significant progress to be made in the development of vaccines we need to 

understand the interaction between the acquired cellular response and the pathogen from the 

beginning of infection throughout the disease process. There are several important issues to 

be addressed. We need to know whether the acquired cellular response that is expressed 

upon infection is truly optimal and to what extent it is modulated by the pathogen. We also 

need to know what types of effector cell are activated by infection and whether each sub 

type is required for immunity or whether it acts to mediate pathologic or regulatory 

consequences. Further, we need to know the extent to which lymphocytes induced by 

infection, modulate the function of other cells and indeed the extent to which the pathogen 

modulates the function of host cells. Indeed, we need to know the extent to which the 

inflammatory site itself impacts the ability of effector cells to mediate their protective 

function. Finally, we need to identify anti-bacterial activities that are not induced during 

natural infection but which can be augmented by vaccination and which do not lead to 

adverse pathologic consequences. This list of objectives is somewhat daunting but the field 

has made dramatic progress recently and in light of new tools and approaches further 

progress should result in significant breakthroughs (24).
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Initiation of the T cell response

The initiation of the T cell response following mycobacterial infection has been studied 

indirectly for many years. The first modern analysis (17) demonstrated that lymphocytes 

induced by systemic infection were capable of mediating protection upon transfer by day 5 

post primary infection. This measure of protective function was seen first in L3T4 (CD4) T 

cells and later in Ly2 (CD8) T cells and both populations could protect against aerosol 

challenge. The protective ability of cells produced in the first 25 days post challenge was 

sensitive to the effects of cyclophosphamide indicating that these cells were dividing cells 

and were likely what is now termed effector T cells (17). Later studies utilized the effector 

function of antigen-specific cells as an indicator of the initiation of the cellular response and 

demonstrated that dissemination of bacteria to the draining lymph node occurred following 

aerosol infection (25). It was also shown that the draining lymph node was the first site of 

expression of effector function followed by the spleen and the lung. The temporal 

correlation between lymphocyte activation and bacterial arrival in the lymph node was taken 

to mean that acquired cellular immunity was initiated in the draining lymph node by bacteria 

disseminating from the lungs via the lymphatic drainage and that further dissemination 

occurred systemically thereafter (25). This paper also highlighted the importance of 

accelerated kinetics in the induction of protective acquired cellular responses. Specifically, 

the dissemination of the bacteria from the lung and the induction of effector cell responses 

were compared for the resistant B6 mouse compared to the susceptible C3H mouse. The 

resistant strain had equivalent bacterial growth in the lung compared to the susceptible strain 

but the dissemination and induction of cellular responses were accelerated in this strain 

compared to the susceptible strain (25). Thus, it was clear that slow induction of the immune 

response was detrimental to the ultimate success of the response. While Chackerian and 

colleagues demonstrated that induction of effector function required dissemination of 

bacteria from the lung to the draining lymph node they did not directly address the issue of 

naive T cell activation. This is an important issue, as the mechanism resulting in the slow 

expression of effector function in the antigen-specific lymphocyte population was not 

defined. One hypothesis to explain this slow induction is that Mtb exerts a regulatory 

activity via either inhibition of migratory activity or by modulation of antigen presenting cell 

function. Alternatively, slow induction could simply be a consequence of the low number of 

bacteria being delivered into an organ that has a limited ability to initiate cellular responses 

and that the delay is due to lack of inflammation and antigen. To begin to address this issue 

it was necessary to determine when and where sufficient antigen is presented for the 

activation of naive T cells to occur. In order to do this one needs to utilize T cell receptor 

(TCR) transgenic mice wherein naive T cells express a TCR specific for Mtb antigens that 

are expressed early in infection. To this end, two groups have recently reported data that 

strongly supports the conclusion of Chackerian and colleagues that antigen-specific T cells 

are first activated within the draining lymph node of the lung and that this activation is slow 

to occur. In one study, proliferation of antigen-specific naive cells was examined and found 

to occur first in the draining lymph node and to be subsequent to the dissemination of 

bacteria to this organ (26). Proliferation is however a downstream effect of naive T cell 

activation and in order to detect the first events in activation, the induction of CD69 on naive 

antigen-specific T cells was examined in a second paper. In this study, CD69 expression was 
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seen on T cells in the draining node first and was subsequent to the arrival of bacteria in this 

organ (27). Thus by any measure of naive T cell activation, it was clear that no T cell 

activation occurred within the host before day 9 following aerosol infection and that the lung 

draining lymph node was the first place where it was seen. In all studies the response was 

co-incident with the arrival of viable bacteria in the node demonstrating that it is very likely 

that dissemination is essential to priming of the response (Figure 1).

Why then is the dissemination so slow? In all three of the above models the bacteria was 

delivered to the lung via an aerosol cloud containing particles of a size that can pass through 

the lower bronchioles and be deposited in the alveolar space. Once in this location it is most 

likely that the cells infect alveolar macrophages although this is impossible to test due to the 

low number of events. The deposition of bacteria in the alveolar space places it in the lung 

parenchyma rather than the mucosal tissue of the airways and there are distinct differences 

in the phenotype and function of the cells encountered in these two compartments of the 

lung (28). The events that occur following initial infection with a low dose of bacteria have 

not been defined, however after nine days and substantial expansion of the population, the 

bacteria enter the lymphatic drainage as this is when they are first detected in the draining 

lymph node (25–27). Prior to this time even the delivery of an external inflammatory 

mediator, which should mobilize any infected cells to the lymph node, fails to accelerate the 

dissemination of bacteria or the initiation of immunity (26). While a more than 10 fold 

increase in dose can accelerate dissemination it can only do so by one to two days 

suggesting that the location where the bacteria are deposited is a key aspect that contributes 

to the slowness of the response (27) (Figure 1).

The involvement of the dendritic cell in the migration of bacteria to the lymph node is 

assumed to be an essential element of the initiation of the response. It is possible therefore 

that the different functionality of these cells in the airways compared to the alveolar areas 

may define the kinetics of the response. It has been shown several times that Mtb-infected 

dendritic cells delivered to the lung via the intratracheal route are capable of migrating to the 

draining lymph node and initiating cellular responses (29–31). It is however unlikely that 

these cells are deposited in the alveolar space and indeed it is not known if they represent the 

functional aspects of the dendritic cells that occupy this unique environment. It is thought 

that conducting airway dendritic cells are active samplers of the mucosal environment and 

migrate readily to the draining node (32, 33). In contrast, dendritic cell within the alveolar 

tissue are in a regulated environment with surfactant protein and alveolar macrophages that 

may limit their ability to respond to infection and migrate to the lymph node as rapidly as 

would dendritic cell in the airway tissue (28) (Figure 1). The delay in dissemination of 

bacteria and the initiation of the cellular response may therefore reflect the infection of 

alveolar phagocytes (both macrophages and dendritic cells) that are resistant to migration 

and indeed activation. This resistance to migration and activation is likely crucial to the 

maintenance of the alveolar space as an air exchange surface as opposed to an inflammatory 

site. It appears therefore that the slow initiation of the acquired immune response by Mtb is a 

product of the slow growth of this bacteria and the relatively immunoprivileged nature of the 

alveolar tissue.
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Development of cellular responses

Dendritic cells are currently considered to be the most efficient inducers of activation in 

naive T cells and to do this they provide not only the antigen-specific stimulus but also 

secondary and tertiary signals that promote efficient development of effector T cells. The 

impact of mycobacterial infection on dendritic cell function has been studied extensively. 

Indeed, the classic demonstration that immature dendritic cell are able to phagocytose 

particles and become efficient antigen presenting cells used BCG as the maturation agent 

(34). More recently however the ability of Mtb to interfere with T cell stimulation has been 

suggested by the fact that dendritic cells infected in vivo are less efficient at stimulating 

antigen-specific T cells than are equivalent uninfected dendritic cells (35).

As discussed above, once bacteria reach the draining lymph node initiation of naive T cell 

activation occurs. Whether this is as a result of direct interaction between lung-derived 

bacteria-infected dendritic cells has not been definitively proven. However in a model 

system wherein antigen-pulsed dendritic cells are delivered to the lung intratracheally, it is 

clear that those dendritic cells exposed to Mtb prior to delivery are better at migrating to the 

draining node and initiating T cell activation (29–31). It appears also that while IL-12p40 

promotes this migration, IL-10 may limit it (29, 31, 36). These data suggest that simple 

exposure to Mtb is not sufficient to limit the ability of an infected dendritic cell to initiate T 

cell activation. Infected lung dendritic cells can be seen to migrate from the lung to the 

draining lymph node however it is difficult to see this migration before day 14 of infection 

and this is after the initial migration and initiation of T cell activation has occurred (35). 

Despite our inability to define the exact population delivering the bacteria to the lymph node 

it is clear that bacteria are in the lymph node when activation of naive T cells occurs and that 

therefore the bacteria could inhibit the process of activation once initiated. Importantly 

however, as the naive T cells become activated, they proliferate, upregulate CD44 and down 

regulate CD62L and begin to accumulate in the lung with the expected kinetics (27) (Figure 

1). That this activation occurs with the expected kinetics indicates that the simple presence 

of the bacteria in the lymph node does not impact initial T cell activation; we do not know 

however whether the expansion and survival of the newly activated T cells is optimal. 

Indeed the observation that infection of the lymph node by either viral or bacterial pathogens 

results in altered chemokine expression in the T cell area and that this impacts generation of 

new antigen-specific responses (37, 38) suggests that infection of the draining lymph node 

with mycobacteria may impact naive T cell activation.

Once cells are activated they must migrate to the primary site of infection and this migration 

takes place 15–18 days post infection (27) (Figure 1). The question of whether this 

recruitment is delayed and indeed whether it is dependent upon antigen and or inflammation 

has not been definitively determined. However new real time imaging techniques are 

providing improved understanding of the factors modulating the generation of the 

inflammatory site. In particular, a recent paper has begun to determine how T cells and 

macrophages interact within the granuloma and shows that following systemic infection 

with BCG, tissue macrophages of the liver take up the bacteria and a granuloma forms as a 

result of migrating local uninfected macrophages and monocytes from the blood. T cells 

then enter the granuloma and remain within it using the myeloid cells as a framework for 
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moving throughout the granuloma (39). Live imaging using the zebra fish model is also 

providing information about the kinetics and development of the cellular response to 

mycobacterial infection (40, 41). In particular, the ability to genetically modify both 

bacterium and host in this model will allow for novel insight into the factors impacting the 

development of granulomata (40–42).

New subsets of effector T cell

As discussed above, while we know that lymphocytes accumulate in the inflammatory lesion 

and that they probably mediate protective immunity by activating infected phagocytes we 

have not yet fully defined their function in vivo. Indeed, although it is widely stated that 

CD4 T cells making IFN-γ are required for protective immunity there is largely based on 

correlative data. In particular it is clear that cessation of bacterial growth correlates with 

arrival of IFN-γ-producing CD4 T cells (43–46) and that loss of CD4 T cells increases the 

likelihood of succumbing to tuberculosis (11). However, while we appreciate the role that 

CD4 T cells play in protecting against bacterial growth we have not yet fully defined their 

capacity to mediate protection or the mechanisms whereby they mediate immunity. It has 

become apparent recently that there is a variety of CD4 T cell effector subtypes ranging 

from early activated cells making just IL-2, through cells making IFN-γ and to 

multifunctional cells expressing IL-2, IFN and TNF and the presence of these 

multifunctional cells is associated with protection (47). There are also cytolytic CD4 T cells 

that have been identified in mice (43) and man (48). Multifunctional cells are seen at high 

frequency in tuberculosis patients (49) and also in those people in high incidence areas (50) 

and in vaccinated infants (51). Development and function of all effector cells depends upon 

the ability of dendritic cell within the draining node to prime and promote survival of these 

cells efficiently. This priming will require expression of antigen in the context of MHC, 

costimulatory molecules and the necessary cytokines that promote T cells polarization. In 

the case of IFN-γ-producing cells the role of IL-12p70 has been demonstrated extensively 

(52) however the conditions required to generate and maintain the multi-functional and 

cytolytic antigen-specific lymphocytes have not been fully defined (Figure 1).

Other subsets of functional T cell such as those producing IL-17 and IL-22 have also been 

identified recently and these cells have been seen in the mouse model and in humans 

exposed to tuberculosis (53). Their protective role in tuberculosis has yet to be 

demonstrated, however their recent discovery demonstrates that we are still learning about 

the cellular response to tuberculosis even in the well-defined mouse model. IL-17 producing 

antigen-specific cells are induced in mice following aerosol infection, these cells and indeed 

the majority of the IL-17 response in the lung is dependent upon the presence of IL-23 (54). 

γδ T cells are a source of IL-17 and produce this cytokine very early following a high dose 

intranasal challenge with BCG (55). A large portion of the IL-17 response in the mouse 

model is within the γδ T cell population (56). When IL-17 is blocked during a high dose 

challenge, neutrophil recruitment is hindered and this may alter subsequent development of 

inflammation (55). In the absence of IL-23 and therefore the majority of the IL-17 response 

in the mouse model, there is a modest alteration in the early inflammatory response (54). 

Whether these cells are protective or damaging we do not yet know, however when Mtb 

infected animals are repeatedly challenged with mycobacterial antigen they develop 
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significantly increased lung lesions containing a higher frequency of granulocytes and 

necrosis (57, 58). Recently we investigated the role of IL-17 in this enhanced pathology and 

found that increased lesion size and increased granulocyte presence in the lesions was 

dependent upon IL-23 and could be ablated by the delivery of anti-IL-17 antibody (Cruz 

pers com). These data suggest that the nature of the inflammation that develops in response 

to chronic antigen exposure is dependent upon IL-23 and IL-17. It also demonstrates that 

there is the potential for a dual role for these two cytokines in the response to Mtb infection 

in the mouse. Whether this response is equally important in humans is as yet unknown, 

however it is clear that CD4+ antigen-specific IL-17 and IL-22 producing cells can be 

detected in humans exposed to Mtb although only IL-22 is detected in the lung (50).

Effector functions

Determining the lymphocyte response to mycobacterial infection is essential to rational 

vaccine development however the response of the phagocyte to both infection and activation 

is also crucial in this regard. Specifically, if infected phagocytes are resistant to activation, 

despite the presence of acquired cellular responses, then this is an important limitation of 

any vaccine-induced response. It is also known that infected phagocytes limit cellular 

responses as a result of feedback pathways involving products of phagocyte activation (59).

In most vertebrate infections, bacterial growth occurs logarithmically until acquired 

immunity is expressed, whereupon control of bacterial growth occurs (60). This pattern is 

true for the B6 mouse model (61) and in this model there is a clear inability to control 

bacterial growth if phagocyte activating cytokines such as IFN-γ (19, 20) and TNF (62) are 

missing and if the phagocyte cannot elaborate large amounts of nitric oxide (63). However 

there are other mouse strains which fail to either stop bacterial growth or are unable to 

maintain control of the infection. The cause of increased susceptibility is variable depending 

on strain (25, 64–68). The variability seen in the mouse models illustrates how complex the 

control of this Mtb infection is and provides tools to investigate the mechanisms involved. 

Specifically, a potentially novel function of infected phagocytes has recently been suggested 

by the use of linkage analysis. By crossing C3HeB/J mice, which are susceptible to Mtb, 

with resistant C57BL/6J mice, a locus has been identified which is associated with 

decreased survival and increased development of necrotic lesions (sst1) (68). The candidate 

gene within the sst1 locus Ipr1, is induced in phagocytes upon infection with Mtb and is 

associated with ability to control bacteria and limit necrotic death of infected macrophages 

(68). Importantly the impact of the locus is highest in the lung, with resistance being 

associated with reduced necrosis and increased apoptosis in the lung lesions. The 

development of T cell responses is not different between resistant and susceptible mice 

however vaccination is less effective in the susceptible mice suggesting that defective 

phagocyte responses can limit the protective effect of vaccination (69).

Unlike most animal models, the data from humans regarding the role of specific cellular 

pathways in controlling Mtb is less clear. It is apparent that although most humans who are 

exposed do not become diseased, exposure to the pathogen does result in the development of 

an acquired delayed type hypersensitivity (8). The mechanism mediating control of Mtb in 

people exposed but not developing disease is currently unknown. However the prolonged 

Cooper Page 8

Annu Rev Immunol. Author manuscript; available in PMC 2015 January 19.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



expression of an antigen-specific T cell response and the increased risk of disease in AIDS 

patients and in those lacking elements of the IFN-γ/IL-12 pathway suggests that acquired 

cellular immunity is induced upon infection and provides protection in the majority of those 

exposed.

Recent studies have focused on the unique abilities of human phagocytes to control Mtb. In 

particular, mechanistic analysis of anti-mycobacterial activity in humans has resulted in 

potential explanations for the increased susceptibility to disease exhibited by those with 

Vitamin D deficiency. Early work implicated vitamin D in the ability of human 

macrophages to control Mtb proliferation (70, 71). More recently it has been shown that 

addition of 1α,25 dihydroxyvitamin D3 (the biologically active metabolite of Vitamin D) 

reduces growth of mycobacteria in human peripheral blood mononuclear cells in a dose 

dependent manner. This action is mediated via the nuclear vitamin D receptors and is 

associated with induction of the cathelicidin hCAP-18 gene. Addition of the active peptide 

LL-37, which is cleaved from cathelicidin, reduces growth of Mtb in culture (72). Toll like 

receptor (TLR) activation of human macrophages and monocytes (but not dendritic cells) 

results in upregulation of the vitamin D receptor and the vitamin-D-1-hydroxylase genes and 

leads to induction of the antimicrobial peptide cathelicidin and killing of Mtb (73). The link 

between vitamin D-triggered anti-mycobacterial activity in monocytes and cathelicidin has 

been confirmed using siRNA inhibition of 1α,25 dihydroxyvitamin D3-induced cathelicidin 

protein production which resulted in increased mycobacterial growth (74).

A second macrophage function that has come to the fore with regard to anti-mycobacterial 

activity in recent years is autophagy. Cells perform autophagy to ‘clean house’ by 

sequestering their own cytoplasm into an autophagosome that is then delivered to the 

lysosome (75). It was recently shown that IFN-γ induces autophagy and that inhibition of 

autophagy increases the viability of intracellular mycobacteria in mice and humans (76, 77). 

Interestingly, this activity has been linked to ‘immunity-related p47 guanosine 

triphosphatases’ one of which, lrgm1 (LRG-47) has been previously shown to be essential 

for IFN-γ-mediated control of mycobacterial growth in mice (78); the human ortholog of 

this gene IRGM also plays a role in autophagy and the control of mycobacterial burden (77). 

The autophagic response to Mtb is abrogated by IL-4 and IL-13 (79) and enhanced by TLR4 

ligation (80).

Careful analysis and identification of novel effector functions capable of limiting bacterial 

growth in both animal models and humans will provide increased insight into potential 

pathways that can be used to augment immunity both in intact and in immunocompromised 

individuals.

TLR and pattern recognition receptors

Both the innate and acquired response to Mtb infection depends to a large degree on 

recognition of Mtb as a pathogen by the pattern recognition receptors. The role of these 

receptors in mycobacterial infection has been extensively investigated recently. Of recent 

primary interest have been the TLR as well as the common adapter molecule MyD88, which 

mediates many of the intracellular signaling events subsequent to pattern recognition 
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receptor ligation. MyD88 is required for survival upon mycobacterial infection (81–84) and 

the disease phenotype exhibited as a result of this deficiency is interesting. MyD88 deficient 

mice are able to generate high levels of cytokine in the lung and ex vivo stimulation of cells 

with mycobacterial antigen results in an IFN-γ response; however bacterial growth is not 

regulated and the lung develops an acute necrotic pneumonia. Analysis of the phagocytes in 

these mice reveals that they exhibit reduced responsiveness to the activating signals 

produced by the acquired response (82–84). It appears therefore that, in Myd88-deficient 

mice the induction of some aspects of acquired immunity remain intact while the effector 

function of the phagocytes is lost. It was initially thought that loss of TLR2, TLR4 and/or 

TLR9-induced phagocyte activation was the defining element of MyD88 deficiency 

phenotype and indeed it has been shown that deficiency of TLR2 and TLR9 results in 

increased susceptibility to Mtb infection (85). However, in direct comparison between 

TLR2/4/9 and MyD88 deficiency it is clear that deficiency in these TLR does not account 

for the susceptibility seen in the MyD88 mice (84). In other work, the function of MyD88 as 

an adapter of IL-1 and IL-18 receptor signaling was investigated and it was found that the 

absence of IL-1R but not the absence of IL-18R or the Toll-IL-1R domain-containing 

adapter protein (TIRAP) recapitulated the MyD88 phenotype; specifically, increased 

susceptibility to disease, induction of cellular responses with the absence of phagocyte 

activation and the development of necrotic pneumonia (86).

While MyD88 and IL-1R appear essential for induction of phagocyte activation and survival 

of acute infection, deficiencies in TLR are associated with reduced induction of acquired 

immunity and increased susceptibility to chronic or high dose infection. For example while 

the absence of TLR4 or TLR6 results in little impact on infection or disease in mice, the 

absence of TLR2 results in slightly increased bacterial growth in low dose aerosol and 

greater susceptibility to high dose aerosol (85, 87–89). TLR2 has been implicated in 

recognition of mycobacterial antigens and modulation of phagocyte function. In particular, 

lipoproteins from Mtb that are recognized by TLR2 can limit the ability of macrophages to 

upregulate class II MHC in response to IFN-γ; this effect is seen after prolonged exposure 

and is associated with reduced antigen-presentation (90–95). Mycobacterial peptidoglycan 

can also inhibit IFN-γ-mediated induction of the class II transactivator (CIITA) by a TLR2, 

Myd-88 independent pathway (96, 97). Despite the strong in vitro data, it has been difficult 

to address the impact of the bacteria on phagocyte function in vivo, however this was 

attempted recently. By infecting a chimeric mouse containing congenically marked 

phagocytes that were either TLR2 sufficient or deficient, the relative importance of TLR2 

dependent and independent pathways on class II MHC expression in vivo in response to Mtb 

was assessed. While it was demonstrated that the regulation of class II MHC in infected 

lungs is dependent upon the presence of the IFN-γ-R, the presence of TLR2 does not impact 

the level of class II MHC on either infected or uninfected phagocytes within the infected 

lung (98). This could mean that either both TLR2-dependent and TLR2-independent 

pathways are involved in regulating class II MHC in vivo or that Mtb does not regulate class 

II MHC in vivo. There is some evidence that Mtb can alter T cell activation without altering 

class II expression (35), but this still needs to be demonstrated in vivo. In other studies, it is 

clear that when macrophages enter infected lung tissue they upregulate class II MHC in an 

IFN-γ dependent manner (99).
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The fact that reduced acquired immunity and increased immunopathologic consequences 

seen in TLR2 and TLR9 mice (85, 88) only modestly impacts the control of bacterial growth 

indicates that the low dose aerosol model may not stress the immune response to a sufficient 

degree. This may explain why the profound differences in cellular responses of TLR 

deficient cells seen in vitro are not recapitulated in vivo.

With regard to induction of the acquired response it is clear that dendritic cells and 

macrophages have different responses to Mtb based on the expression of specific TLR (85, 

100). The level and activity of TLR mediated signaling by the dendritic cells encountering 

the bacteria will influence the outcome of the cellular response but in the low dose aerosol 

infection any differences may result in subtle outcomes early in infection and may only be 

seen by careful analysis. For example, the relative levels of IFN-γ and IL-17-producing cells 

during mycobacterial infection in both mouse and human will depend on the level of 

specific cytokines present during and subsequent to T cell activation (101). In a recent 

analysis of the response of human dendritic cells to Mtb it was found that IL-23 was 

preferentially expressed, likely in a TLR2-dependent manner, compared to IL-12p70 in the 

absence of IFN-γ; IL-10 was also induced. Following IFN-γ activation, the dendritic cell 

responded to Mtb by producing both IL-23 and IL-12p70 and reducing the level of IL-10 

(102). These data suggest that in humans prior to expression of IFN-γ, the preferential T cell 

effector type would likely be an IL-17 producer but that thereafter both the IFN-γ and IL-17 

response would be promoted. In the murine model, Mtb-infected dendritic cells generate 

IL-12 and IL-23 and promote both IFN-γ and IL-17 populations in CD4 T cells (54) (Figure 

1).

The C-type lectins have also recently been implicated in modulation of phagocyte function 

in response to mycobacteria (103, 104). Mycobacteria are able to impact dendritic cell 

function via ligation of the C-type lectin DC-SIGN on immature human dendritic cell and 

this interferes with LPS induced maturation while promoting IL-10 production (105). This 

interference appears to be mediated by the acetylation of the p65 subunit of NF-kB that 

prolongs the transcription rate of the IL10 gene (106). The C-type lectin, Dectin-1, in 

conjunction with TLR2, is involved in the cytokine response of macrophages to Mtb (107) 

and has also been implicated in Mtb-induction of IL-12p40 in splenic dendritic cells (108). 

Our understanding of the role of specific cell types and receptors in the development of 

tuberculosis is still being developed, it is therefore important that while we may not consider 

a specific ligand and receptor interaction as essential to survival it could be crucial for the 

development of balanced acquired cellular responses. We should therefore continue to 

determine the role of these molecules in both protection and development of pathologic 

consequences.

Phagocyte phenotypes in the infected lung

To understand the dynamic environment within which the acquired cellular response must 

act to mediate protection it is necessary to define the cellular components of the 

inflammatory response to Mtb infection. It has long been assumed that the phagocytic 

mononuclear cells that accumulate at the inflammatory site in the Mtb-infected lung are 

monocyte-derived macrophages. It is clear from recent data however that even in the naive 
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lung the myeloid cell population is a complex mixture of phenotypes (28). Indeed, 

investigation of the cell phenotypes accumulating in the lesion following infection using 

flow cytometry and immunohistochemistry have challenged the conventional view that 

macrophages are the principal host cell for Mtb. Specifically, early observations that 

mycobacteria could infect cells of dendritic cell phenotype in vivo (109) have been followed 

up to demonstrate that Mtb infects a variety of cells within the lung as the lesion develops 

(35, 110). The potential importance of the dendritic cell in the lung lesion was suggested 

when the DEC-205 (CD205) dendritic cell marker was used to determine that the majority 

of “foamy macrophages” within the inflammatory lesion were in fact positive for this 

dendritic cell marker (111) as well as being CD11b and CD11c high. A similar subset was 

recently determined to be a primary host for Mtb within the infected lung (35). The origin of 

these cells and their function in controlling infection is still under investigation, however a 

recent elegant study using cell transfer techniques has shown that circulating monocytes can 

become one of five different types of cells when entering the Mtb infected lung. In these 

studies it was shown that when circulating monocytes are recruited to the lung in response to 

mycobacterial infection they express high levels of CD11c, MAC-3 and class II MHC (112). 

In an important analysis demonstrating the phenotype of the protective effector cell, a 

correlation between CD205 and iNOS expression was shown to occur in the CD11b+CD11c

+ monocyte derived cells that accumulated in the lung (112).

It is clear that the cellular environment within the lung becomes more complex as infection 

develops into disease. Determining the nature of the infected cells and indeed the overall 

environment within the lesion is crucial to rational design of vaccines as we need to know 

whether cells induced by vaccination are capable of functioning within the inflammatory 

environment generated by the bacteria. In this regard, it has recently been demonstrated that 

the inflammatory lesion in several animal models (but not the intact mouse (113)) are locally 

hypoxic environments (114). Whether this environment could impact cellular immunity is 

unclear as these hypoxic sites are highly disrupted; the possibility should however be 

considered. One final consideration of an indirect impact of mycobacterial infection on the T 

cell response is the fact that several mycobacterial species are known to infect the thymus 

even when they have entered the body though the lung. Although this infection does not 

result in granulomatous responses it is likely that the normal function of the thymus may be 

impacted by this infection (115).

Effector B lymphocytes

The ability of acquired immune responses to limit bacterial growth is key to survival upon 

Mtb infection, however the fact that this immunity is insufficient to eliminate the bacteria 

suggests several potential failures in the response. The first is that the phagocyte is not 

capable of eliminating bacteria regardless of activated state. The second is that macrophage 

activation is optimal but that it is limited by the bacterium. The third is that activation of the 

infected phagocyte by T cells is compromised within the inflammatory environment. This 

latter failure could be addressed and potentially remedied by generating either T cells more 

able to express function in the inflammatory site or by modulating the inflammatory site. 

The importance of CD4 and CD8 T lymphocytes in controlling Mtb in the lung has been 

reviewed extensively elsewhere (2, 3) and it is these cells that are the focus of most current 
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vaccine development. In this section the potential for B cells to impact the cellular control of 

Mtb infection will be proposed.

While the location of antigen-specific T cells within the granuloma has not been defined, it 

is clear that CD3+, CD4+ and CD8+ T cells are present within the inflammatory lesion. The 

largest population of lymphocytes within the lesions are however the B220+ cells, which are 

likely B cells (116). These cells accumulate in follicles that look like nascent lymphoid 

tissue, are dependent upon specific chemokines and may play a role in regulating immunity 

within the lesional site (117) (Figure 2). Further, while low dose aerosol infection of B cell 

deficient mice does not result in increased susceptibility to bacterial growth it does alter 

lesion development (118–120) and when B cell deficient mice are challenged intravenously 

with a large dose of bacteria they are more susceptible to disease (121). The role of B cells 

in immunity to tuberculosis may therefore need reassessment. Recently, higher dose aerosol 

infection has supported a role for B cells in immunity against lung disease (122, 123). In 

these recent papers, the nascent follicles in the lung are proposed to be germinal centers and 

are shown to contain PNA and GL7 positive cells as well as T helper follicular cells 

expressing CXCR5 and which respond to CXCL13. In the absence of B cells, mice exposed 

to these higher dose aerosols have exacerbated immunopathologic consequences with 

increased neutrophil accumulation; these changes in the cellular response correlate with an 

increase in bacterial burden (122). In an extension of this work it has recently been shown 

that the nature of the Fcγ receptor expressed in the lung correlates with susceptibility, thus 

while activating receptors aid protection, inhibiting receptors limit protection (123). The 

expression of immunity correlates with IL-12p40, CD4+IFNγ+ cells and class II MHC 

expression. These data suggest that either the B cells and their products or the follicles 

themselves are able to modulate both the inflammatory and the cytokine response. In this 

regard the ability of B cells to impact the inflammatory site has been demonstrated in a post-

exposure vaccine model wherein the absence of B cells resulted a severe increase in 

pathologic consequences (120). Based on the high frequency and potential of B cells to 

impact both immunity and immunopathologic consequences at the site, it is difficult to 

ignore the potential of these cells. Whether it will be possible to harness the power of B cells 

by vaccination will depend upon our understanding of the degree of antigen-specificity and 

of the specific functions expressed by these cells. An element of caution should be raised 

here however as guinea pigs, which are highly susceptible to death from Mtb infection, 

elaborate an early T cell response in lung lesions which is subsequently replaced by a 

predominantly B cell and granulocyte response (124). Whether the B cells are causative of 

the susceptibility of guinea pigs will have to be determined and the function of B cells 

within protected and susceptible species may provide insight into what represents a useful B 

cell.

Control of T cell responses

Despite the potential of B cells, it is the T cell response that must mediate protection once 

Mtb is within host cells. In mice, the lung, liver and spleen are infected following aerosol 

infection however significant disease, as measured by the level of inflammatory 

involvement of parenchymal tissue, occurs primarily in the lung (125, 126). In the spleen 

and liver, inflammatory lesions are small and contained whereas in the lung, these lesions 
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continue to develop and become destructive at rates depending upon the strain of mouse or 

species of host (60). In order to control tuberculosis we need to understand what is 

regulating the cellular response in the lung and also whether removal of this regulation will 

allow for efficient clearance of the bacteria or result in overwhelming inflammation, which 

could kill the host. There is mounting evidence that the immune response to Mtb infection is 

regulated.

With the increased interest in regulatory T cells the potential of these cells to modulate the 

immune response to tuberculosis has been the focus of several investigations. When a CD4 

T cell population is depleted of regulatory T cells (based on surface phenotype) and 

transferred into Rag mice this population can mediate efficient control of bacteria; the 

regulatory activity is not dependent upon IL-10 (127). Further, in a direct aerosol infection it 

has been demonstrated that T cells with a regulatory cell phenotype accumulate both in the 

draining lymph nodes of the lung and within the lung itself at a rate similar to effector T 

cells (128). These regulatory T cells are also located within the inflammatory lesion (Figure 

2). Using a chimera model wherein cells sufficient for the transcription factor required for 

regulatory T cell development were congenically marked, it was possible to deplete 

regulatory T cells from infected mice and demonstrate that depletion of regulatory T cells 

results in a modest reduction in bacterial number (128). Together these data suggest that 

regulatory T cells do impact the ability of the effector T cell response to mediate immunity 

however it is unclear what the long-term consequences of depletion of this regulatory 

activity are.

The potential role of IL-10 to regulate the protective cellular response to Mtb has been 

investigated extensively in recent years. The human data is of interest as there are reports of 

an association between the risk of developing tuberculosis and the presence of specific IL-10 

polymorphisms. One example is the increased tendency toward development of primary 

progressive tuberculosis in humans with increased innate IL-10 responses (129). This 

association is not seen in all populations and a recent meta-analysis suggests that while a 

tendency towards increased susceptibility and IL-10 polymorphisms can be seen it is not 

strong (130). In the mouse model, CBA mice have a strong IL-10 response to Mtb as 

expressed in the lung phagocytes and this strain develops progressive tuberculosis, which is 

poorly controlled by the cellular response (65). If this excess IL-10 is modulated by anti-

IL-10 treatment the susceptibility of this strain is reduced (131). If IL-10 is over-expressed 

in the lungs of Mtb-infected B6 mice, then bacterial growth is poorly controlled compared to 

wild type mice (65). In the B6 model, IL-10 is not expressed at high levels in lung 

phagocytes (65) and in its absence there is little impact on control of bacterial growth (132) 

(Figure 2). These data suggest that IL-10 can impact cellular immunity but that its 

involvement is dependent upon genetic factors impacting its expression in response to 

infection; this may explain the variable nature of the impact of IL-10 polymorphisms on the 

progression of human disease.

In several other mouse models, the loss of one gene can result in improved bacterial control 

(Figure 2). For example, in the absence of IL-27R activity, bacterial burden is decreased 

while there is an increase in the amount of inflammation within the parenchyma (133, 134). 

Despite this improved bacterial control the gene-deficient mice succumb to infection earlier 
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than do wild type mice (134). In a different model, the enzyme required for the generation of 

the immunoregulatory lipoxins, 5-lipoxygenase, is detrimental to reduction of bacterial 

numbers as mice deficient for this enzyme elaborate greater Type 1 immunity to 

mycobacterial infection (135). While the impact of this deficiency on survival has not been 

reported, the absence of this enzyme is detrimental to the survival of mice infected with 

Toxoplasma gondii due to excessive Type 1-induced damage (136). In a further model, the 

absence of the chemokine receptor CXCR3 also results in improved control of bacterial 

burden in the chronic phase of disease, the extent of which is mouse strain dependent. In this 

model there is no apparent impact on the inflammatory response and it appears that CXCR3 

expression regulates the size of the antigen-specific T cell population (137). Finally 

comparison of the phagocyte response to infection between DAP12 deficient and wild type 

mice, demonstrated that the DAP12-deficient cells had a much greater NFκB activation and 

an increased cytokine response to infection than did wild type cells. This resulted in an 

enhanced inflammatory response and increased numbers of IFN-γ-producing antigen-

specific cells in the tissue. This increase in response resulted in reduced bacterial burden 

within 25 days of infection, which was combined with an accelerated and increased 

granulomatous response within the lung (138). These data suggest that DAP12, which is an 

immunoreceptor tyrosine-based activation motif (ITAM) containing co-receptor, regulates 

the cellular response following mycobacterial infection likely through its ability to regulate 

the phagocyte response to the pathogen.

The regulatory nature of the inflammatory lesion that occurs in response to Mtb means that 

acquired cellular immunity should be expressed as rapidly as possible in order to control 

bacterial growth before any regulatory activity is expressed. One way to do this is via 

vaccine-induced generation of immunological memory.

Memory T cell responses

As discussed above, following infection via the aerosol route there is a significant delay in 

the induction of acquired cellular responses. It is likely that this delay contributes to the 

establishment of a productive infection and progression to disease in susceptible individuals. 

The best way to accelerate the kinetics of acquired cellular responses is to expose the 

adaptive cells to specific antigens of the pathogen in an environment that will generate long 

lived antigen-specific cells capable of ‘remembering’ the pathogens upon subsequent 

challenge; this is of course the basis of vaccination. While we know that vaccination is an 

excellent way to protect against some diseases (primarily those controlled by antibody) 

vaccination against tuberculosis is not generally protective against pulmonary disease in 

adults (23) (Figure 3). In contrast, vaccination can significantly limit the dissemination of 

disease to other organs and does protect children from disease sequellae such as tuberculous 

meningitis (22).

To improve vaccination strategy we must understand why the current strategy is ineffective. 

One potential issue with current models is that while sizeable populations of circulating 

antigen-specific memory cells are induced, the kinetics of the protective cellular memory 

response to aerosol challenge is only accelerated by a few days (45, 46, 139, 140). This 

modest acceleration allows for earlier expression of anti-mycobacterial activity within the 
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lung but as there is still a substantial delay, a significant bacterial burden becomes 

established prior to expression of the memory response. The memory cells then have to act 

within an environment that the Mtb has had an opportunity to modulate (Figure 3). As 

dissemination occurs at the same time as activation of T cell responses it is likely that 

disseminated bacteria encounter the acquired response very shortly after arrival at a site and 

are therefore less able to modulate the environment. This may be why BCG is only modestly 

protective against lung disease but it is very effective against disseminated disease (22). It 

also explains why measuring the circulating population of antigen-specific IFN-γ-producing 

cells does not provide a good correlate of protection (141). Specifically, while memory cells 

may be present in the circulation it is the ability of these cells either to populate the lung or 

to get to the lungs quickly upon infection that is important; this ability is not measured by 

determining frequency of antigen-specific effector cells within the peripheral blood.

In order to overcome the low frequency of antigen-specific cells within the lung, 

investigators have employed in situ boosting regimens. Using BCG priming in the lung 

followed by boosting with either BCG or modified vaccinia virus Ankara (MVA) expressing 

antigen85 (Ag85) it has been found that extremely good protection against aerosol challenge 

could be obtained and that this correlated with induction of Ag85 specific cells within the 

lung draining lymph node (142). In a separate study using intramuscular DNA vaccination, 

it was found that very few Mtb reactive CD8 T cells were found in the airway despite a 

substantial systemic population. Unlike BCG vaccination wherein a predominantly systemic 

population of cells can mediate a modest level of protection in the murine model, this 

systemic CD8 population was not protective. However if the cells were recruited to the lung 

lumen by low dose antigen exposure these cells could mediate protection from challenge 

(143) (Figure 3). The authors of this work took these data to demonstrate that the protective 

activity of antigen-specific memory T cells is defined by the location of the cells. In an 

effort to induce mucosally located antigen-specific T cells, these authors have delivered 

dendritic cells transduced to express Ag85 intranasally to mice. These dendritic cells migrate 

to the lung mucosa and the draining lymph nodes in an IL-12p40-dependent manner and 

generate antigen-specific effector cells in the airway lumen in an IL-12-independent manner. 

This route of vaccination resulted in a modest level of protection (36). Further data on the 

longevity and any potential immunopathogic role of lung resident effector cells should be 

obtained prior to using pulmonary vaccination as a tool to control tuberculosis.

Prime-boost regimens have also been proposed in order to augment the routine BCG 

vaccination given either to newborns or adolescents, the rationale for this is that the response 

to BCG wanes; this has been demonstrated recently in a study from the UK (144). The MVA 

expressing Ag85, shown to be protective in mice (142), has been used to boost BCG induced 

responses in people and has been found to be highly immunogenic (145). It has also been 

shown that boosting with this vaccine results in populations of polyfunctional cells that 

retain proliferative potential (146). While it is difficult to test the protective efficacy of these 

prime-boost regimens in humans the data support the use of these regimens to maintain 

cellular immune responses.

One concern with repeated boosting is the potential to induce pathologic consequences. As 

discussed above, the repeated delivery of mycobacterial antigen to already infected mice can 
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result in augmentation of the pathologic response in the lung (57, 58, 120). This is 

reminiscent of the work by Koch wherein he demonstrated that delivery of live 

mycobacteria or mycobacterial antigen to tuberculous guinea pigs could result in necrosis 

and sloughing of the skin. This effect was dependent upon dose of antigen and at lower 

doses hypersensitivity is seen without necrosis (1). While there has been little evidence of 

this “Koch phenomenon” during the currently performed prime-boost models, it is likely 

that if we can identify what mediates any damaging response and isolate it from the 

protective response we may be able to boost the protective response to a greater degree. In 

this regard we have determined that IL-23 and IL-17 appear to be required for the enhanced 

pathologic responses seen in repeatedly exposed Mtb-infected mice (Cruz pers comm).

While it is possible that IL-17-producing cells are detrimental during chronic infection we 

have identified a function for these cells during the recall of antigen-specific IFN-γ-

producing memory CD4 T cells. In a model of vaccine-induced protection using a sub-unit 

vaccine containing a peptide from an early expressed Mtb antigen (ESAT-6) delivered in an 

adjuvant of monophosphoryl lipid A (MPL), trehalose dicorynomycolate (TDM) and 

dimethyldioctadecylammonium (DDA), we have shown that a population of antigen-

dependent cells responsible for IL-17 production is induced in the lung (46). These cells 

respond more rapidly to aerosol challenge and are required for early expression of 

chemokines within the lung. In their absence neither an accelerated IFN-γ response nor 

vaccine-induced protection is seen in the lung (46). These data suggest that surveillance 

cells can be induced in the lung by subcutaneous vaccination and that vaccination may be 

rationally targeted to these cells. The caveat to this is of course that these cells could also 

mediate destructive immunopathologic consequences if not sufficiently regulated.

The increase in our ability to modulate mycobacteria genetically has allowed the design and 

testing of genetically modified mycobacteria as vaccine candidates. This is a rational method 

of generating candidates as long as we can augment immunogenicity while reducing 

virulence. Two recent studies highlight the practicality of this approach. In one, the 

expression of two genes in BCG that promote antigen translocation to the cytoplasm of 

infected cells results in improved protection compared to the parental BCG and this is 

thought to be due to cross-priming (147). In a more recent study, vaccination with an Mtb 

mutant lacking the ability to inhibit apoptosis of infected macrophages resulted in enhanced 

CD8 T cell responses and excellent early protection against protection both in mice and 

guinea pigs (148).

It is by increasing our understanding of the nature and functionality of vaccine-induced cells 

that we will provide a rational basis for new vaccine design. Key elements of this 

understanding include the location of the vaccine-induced cells, their ability to respond 

quickly and their ability to respond efficiently within a highly regulated environment. We 

can achieve this using basic animal models, however we also need to improve our analysis 

of humans to vaccination.
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Human cellular responses

Recent technological advances have allowed for improved analysis of the cellular responses 

occurring in vaccinated, Mtb-exposed, and tuberculosis patients. The most dramatic 

improvement in data generation has been in analysis of antigen-specific responses and in the 

ability to identify several parameters of responding cells using flow cytometry. Analysis of 

cellular responses has shown that infected and diseased individuals express a high frequency 

of multifunctional cells (49). In recent studies of a European population there is a limited 

Mtb-specific IL-17-specific response whereas there is a strong IL-17 response to fungal 

antigens (149). In contrast, when South African populations are examined, Mtb-specific 

IL-17 producing and IL-22-producing T cells can clearly be identified both in exposed and 

disease individuals although the frequency of such cells in the periphery is lower in the 

diseased patients (50). Despite low frequency of these cells peripherally, IL-22 can be 

detected in the BAL of patients suggesting that IL-22-producing cells are active in the lung 

of patients (50). This compartmentalization of the response has also been seen in a recent 

study using an Ag85/HLA-A*0201 pentamer to assess frequency of antigen-specific cells in 

tuberculous children pre and post drug treatment. In this study it was found that patients 

have a low frequency of antigen-specific CD8 T cells in the blood but that this frequency 

increases after treatment (150). This could be due to the treatment reducing inhibition of T 

cell activation by the bacteria or because lung lesions were resolving and thus recruitment of 

antigen-specific cells from the blood to the lesional site was reduced. Interestingly the 

circulating antigen-specific cells had low cytokine and cytolytic activity pre treatment 

whereas more activated cells were present in the lung pre-treatment (150). In a separate 

study, it was found that at the beginning of treatment the frequency of antigen-specific IFN-

γ-producing cells is higher than that for IL-2-producing antigen-specific cells but that as 

treatment progressed over 28 months the dominance of the IFN-γ response is lost and the 

majority of responding cells are of the IL-2 producing phenotype (151). Further detailed 

studies will allow for greater understanding of the kinetics and nature of the antigen-specific 

cellular response in humans.

The high level of BCG vaccination occurring in newborns in South Africa has allowed for 

an unprecedented screen of the ability of BCG to induce specific cell types in this 

population. In a recent study, cells from BCG vaccinated newborns were restimulated in 

vitro with BCG and the cellular response analyzed by flow cytometry. Importantly while 

IL-4 and IL-10 producing CD4 T cells occurred at low frequency, IFN-γ, IL-2, and TNF 

were all produced either singly or in combination by activated CD4 T cells. Activated CD8 

T cells were less frequent and when present were predominantly IL-2 and/or IFN-γ positive. 

In a detail which is telling, it was noted that many of the responding T cells were not 

positive for IFN-γ thus the effector phenotype of many of the responding cells is still to be 

determined. The majority of the responding, IFN-γ-producing cells had an effector cell 

surface phenotype whereas those expressing IL-2 alone were of the central memory 

phenotype (51, 152).

One aspect of the human immune response that has received increased attention recently is 

the identification of antigens recognized by exposed individuals. In a study using synthetic 

peptide arrays of known immunodominant antigens, the antigen-specificity of a large 
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number of CD8 T cells clones was obtained and new epitopes identified (153). In a separate 

study, the regions of difference (RD) that have been identified between Mtb and BCG were 

utilized to compare the peptide specific responses of patients with tuberculosis and healthy 

individuals vaccinated with BCG. In this study both groups responded to peptides from the 

RD1 region (perhaps reflecting a high degree of exposure to Mtb) however peptides from 

RD12, RD13 and RD15 peptides elicited an IL-10 response from peripheral blood 

mononuclear cells suggesting that antigens within the different RD are associated with 

distinct cellular responses (154). These kinds of studies are being used to fill the gaps in our 

understanding of the specificity of the T cell response to Mtb in humans (155).

Although acquired cellular immunity is the focus of many studies, the study of the innate 

response of humans to infection has been gaining momentum recently. Neutrophils have 

been implicated in anti-mycobacterial immunity due to their ability to provide antibacterial 

activity to infected macrophages as a result of being phagocytosed (156). This was first 

shown in the murine model with M. avium and M. microti experiments (157) and has 

recently been confirmed using human cells and virulent Mtb (158). It has been shown that 

both apoptotic neutrophils and purified neutrophil granules are able to reduce the viability of 

extracellular bacteria and augment the ability of infected macrophages to reduce growth of 

bacteria. The granules traffic to the early endosomes and colocalize with the bacteria (158). 

In an exciting extension of this work, the potential importance of neutrophils in protection 

against infection was assessed in 187 contacts of newly diagnosed Mtb patients (159). In this 

study, a whole blood assay was used to demonstrate that when neutrophils were depleted 

from whole blood the release of anti-microbial peptides in response to mycobacterial 

exposure was dramatically reduced; the same peptides were also shown to be anti-

mycobacterial. Also when neutrophils were depleted from the whole blood the ability of the 

blood to limit mycobacterial viability was reduced. Importantly, an inverse relationship 

between the number of peripheral neutrophils and the risk of Mtb infection in contacts of 

pulmonary tuberculosis patients was observed suggesting that neutrophils may play a 

protective role very early in infection (159). Human NK cells have also been investigated for 

their ability to mediate anti-mycobacterial activity. When macrophages are infected with 

Mtb they upregulate vimentin and NK cells are able to lyse infected mycobacteria via 

ligation of the vimentin by the NKp46 molecule on NK cells (160–162). This ability of NK 

cells to lyse infected cells is seen with infected human alveolar macrophages suggesting that 

this interaction could play a role in the earliest responses to infection (160). In an extension 

of this work, it has been demonstrated that human NK cells can lyse expanded T cells that 

expres a regulatory phenotype (CD25+FoxP3+) (163). How this ability of NK cells to 

regulate the acquired response impacts disease will be intriguing to determine. Indeed, while 

the impact of NK activity on disease is not clear NK-mediated cell lysis is reduced in 

patients with advanced disease (162). In the murine model, IL-12p70 dependent NK cell 

activity can control bacterial growth in the absence of acquired immunity and also limits 

accumulation of granulocytes at lesional sites (164).

The study of human immunity is being improved by the availability of tools that allow for 

the visualization of the cellular response both immediately ex vivo and even in vivo (24). 

Despite these advances it is still difficult to experiment on humans directly and it is therefore 
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imperative that we maintain an active dialog between those studying mycobacterial infection 

in the variety of animal models and those studying the disease in humans. Comparative 

pathology is an excellent tool to improve our knowledge of this complex disease.

Mtb modulates its environment

The chronicity of Mtb infection results in an inflammatory and dynamic environment within 

which the acquired cellular response must act. In this regard the impact of the 

mycobacterium on cellular inflammation is a key element. The different mycobacterial 

species such as M. leprae and M. ulcerans induce profoundly different consequences upon 

infection compared to Mtb. However it is only recently that the genetic variability and strain 

differences within Mtb have been appreciated to be extensive and to contribute to the 

pathogenesis of disease (165). The impact of this genetic variability is now well established. 

As more strains are identified and their ability to modulate immunity has been investigated it 

is clear that Mtb has a variety of tools with which to modulate the inflammatory response to 

infection. This is not surprising as the bacterium depends upon the inflammatory response to 

mediate dissemination of disease. It is also not surprising as the surface of the bacteria 

contains a variety of highly stimulatory molecules the structures of which are finely tuned to 

interact with the immune response (Figure 2).

The impact of very small changes in the molecules that comprise the cell wall of 

mycobacteria can be dramatic. For example, an Mtb mutant that lacks the pcaA gene 

(Rv0470c) and thus is unable to cyclopropanate alpha mycolates, is unable to persist in the 

mouse model despite reaching initially equivalent levels of infection in the lung (166). The 

reduced virulence of this mutant is not apparent in TNF-deficient mice suggesting that it is 

the induction of TNF by the altered molecule that is associated with the decreased virulence 

of this mutant. It appears that it is the defective structure of trehalose dimycolate (TDM) in 

this mutant that results in the hypoinflammatory response. Indeed, while systemic delivery 

of wild type TDM results in long-lived granulomatous inflammation in the lung, the mutant 

TDM is much less able to induce this response. It also fails to induce an early TNF response 

in macrophages in vitro (167).

In an interesting contrast to the impact of the pcaA gene, a mutant lacking cmaA2, which is 

required to trans-cycloproponate methoxy and ketomycolates but does not impact alpha-

mycolate, exhibits normal bacterial growth in vivo but is more virulent than wild type in 

mice following aerosol infection. This virulence correlates with increased inflammatory 

involvement in infected organs where larger but lymphopenic lesions are seen. The mutant 

is hyperinflammatory and the cmaA2-dependent lipid fraction from wild type bacteria 

inhibits this hyperinflammatory response. As was seen for the pcaA mutant, the defect in the 

cmaA2 mutant is associated with the TDM fraction and the wild type TDM inhibits the 

ability of the cmaA2 mutant TDM to induce a TNF response (168).

Modification of the TDM is also involved in induction of the IL-12p40 gene. An Mtb 

mutant lacking the mmaA4 gene, which is required for oxygen-containing modifications of 

cell wall mycolic acids, is less virulent in vivo and this reduced virulence is not observed in 
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IL-12p40 deficient mice. Both the mutant bacteria and its TDM induce more IL-12p40 than 

the wild type Mtb and the wild type TDM is inhibitory (169).

In a further example of the role of TNF induction in the virulence of mycobacteria it appears 

that some isolates of the highly successful W-Beijing strains are able to modulate their 

induction of TNF. These strains are present throughout the world and are associated with 

acute outbreaks (170). It appears that several virulent isolates of the W-Beijing strains do not 

have the frameshift mutation, present in many strains of Mtb, that prevents generation of 

phenolic glycolipid (PGL) and thus they produce this lipid. In the mouse model, there is 

little impact on the bacterial burden as a result of the generation of PGL however infected 

mice are subject to greater mortality. When the ability to make this lipid is disrupted by 

mutation, the hypervirulence is lost and there is an increase in induction of TNF, IL-6 and 

IL-12. Over expression of the PGL by mycobacteria or treatment with free PGL results in 

decreased induction of these cytokines (171). Virulence of the W-Beijing strains in a rabbit 

model of tuberculosis meningitis is also dependent upon the production of PGL (172). 

Further analysis of the role of the PGL suggests that its ability to impact virulence may 

depend on other as yet undefined aspects of the bacteria, as simple expression of the PGL in 

the laboratory strain H37Rv does not result in hypervirulence but does inhibit cytokine 

induction (173). It also appears that when the acquired cellular response to one of the 

hypervirulent W-Beijing strains is examined, a significant Th1 type immune response is 

induced but is lost as a regulatory T cell population expands (174). Thus while the W-

Beijing strains are clearly altered in their ability to modulate the immune response to 

infection and it is clear that the expression of PGL is essential to this process, the exact 

mechanism by which this hypervirulence occurs is still to be definitively determined.

Together the above evidence suggest that Mtb devotes considerable energy to directing the 

induction of the cellular response to infection and that the ability of strains and mutants to 

modulate the kinetics and extent of cytokine induction plays an important role not in the 

control of bacteria but in the nature of the inflammatory response induced.

Conclusions

Our knowledge of the cellular response to Mtb infection has improved dramatically over the 

years. We are have not however been able to define the type of acquired cellular response 

that will mediate immunity and which should therefore be induced by vaccination; this 

severely limits our ability to develop novel vaccines. We are also at a loss to test new 

vaccines in humans, as we do not have a definitive correlate of protection. Improvements in 

locally available technology at sites of high disease incidence are improving our ability to 

define the human cellular response to both infection and disease. These improvements 

combined with the much greater communication between groups that is being facilitated by 

funding of large consortia should dramatically improve our understanding of human disease. 

Combining this greater understanding with definitive experimentation within the animal 

models will allow for the determination of the protective and pathologic function of specific 

cellular responses as well as how best to induce each type of response.
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Terms and Definitions

Immunity Being able to stop or significantly limit the ability of a pathogen to 

cause disease

Acquired cellular 
immune response

The adaptive response of the vertebrate immune system resulting in 

the development of antigen-specific lymphocytes and thereby the 

enhanced specificity of the effector mechanisms of the system

Inflammation The physiological process by which the body responds (in this case) 

to an invading and persistent pathogen. This includes the acute 

inflammation associated with activation of infected tissue 

macrophages as well as the chronic inflammation associated with 

mononuclear cell accumulation
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Summary Points

1. The induction of naive T cell activation occurs more than a week after delivery 

of bacteria to the lung. Bacterial dissemination to the draining lymph node 

correlates with initiation of T cell responses in the draining lymph node

2. A variety of effector lymphocyte subsets are induced by infection including 

multifunctional and cytolytic cells. Not all responding cells make IFN-γ.

3. Phagocyte effector function is key to the ability of the host to express immunity.

4. The MyD88 mediated phagocyte response required for control of Mtb is not a 

TLR dependent event but likely a result of IL-1R activity. TLR ligation is 

involved in efficient induction of lymphocyte effector subsets and may be 

important in the balance between protection and pathologic consequences.

5. The phagocytes that accumulate in the lung in response to Mtb infection 

represent a complex population that includes cells that express both macrophage 

and dendritic cell markers.

6. The inflammatory lesion is a dynamic environment that is regulated both by the 

bacteria and by the host. TDM is a key bacterial modulator of the immune 

response while B lymphocytes, T lymphocytes and phagocytes are key host 

regulators of the inflammatory site.

7. Vaccine-induced memory cells need to be either in the lung or capable of being 

rapidly recruited to the lung in order to be effective in limiting bacterial growth 

following aerosol infection.

8. Detailed investigation of the human response to infection is highlighting the 

complexity of the response. Demonstration of novel lymphocyte subsets as well 

as novel phagocyte functions highlights the need to maintain an open view as to 

what constitutes a protective response in humans.
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Future Issues

In order to improve current vaccine strategies the field should:

1. Determine where bacteria are deposited in the lung during primary infection and 

why it takes 8–9 days for the acquired immune response to be initiated.

2. Determine the factors, both bacterial and host, that regulate expression of 

immunity in the lung

3. Identify effector lymphocyte subsets that can mediate protection within the 

context of an Mtb-induced inflammatory site.

4. Identify novel phagocyte functions that can be activated by vaccine-inducible 

antigen-specific lymphocytes.

5. Determine how to augment the protective activity of the acquired cellular 

response without increasing immune-mediated damage.

6. Determine the potential of B cells, which are plentiful at the lesional site, to 

modulate immunity and/or immunopathologic consequences. Can we (should 

we) harness B cells by vaccination?

7. Determine how to generate antigen-specific lymphocytes capable of persisting 

in the lung and of responding rapidly to aerosol infection.

8. Continue to enhance the consortium arrangements that promote communication 

between bacteriologists, animal modelers and those investigating the human 

disease.
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Figure 1. 
Low dose aerosol infection, which approximates the natural delivery route for induction of 

tuberculosis, results in low numbers of Mtb (green) being deposited in the lower airways and 

the alveolar tissue. Bacteria do not disseminate from the lung until 9 days post infection 

when they can be detected in the draining lymph nodes. This dissemination coincides with 

the first activation of naive T cells (pink). The fact that bacteria do not disseminate rapidly, 

suggests that they either inhibit migration of dendritic cells or that the cells that they infect 

cannot migrate readily to the lymph node. Activation of naive T cells occurs in the presence 

of live bacteria and effector cells develop with expected kinetics. The effector cell 

phenotype will depend upon the availability of specific cytokines. These effector cells 

migrate to the lung in response to inflammation and mediate protection by activating 

infected phagocytes (red). The response takes 18–20 days to reach an effective level and to 

thereby stop bacterial growth.
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Figure 2. 
The inflammatory lesion within the lung is a dynamic environment containing a variety of 

protective and regulatory cells. Effector T lymphocytes (pink) mediate control of bacterial 

growth and the mononuclear composition of the granuloma. Regulatory T lymphocytes (red) 

also accumulate in the lesion and limit the ability of the acquired response to stop bacterial 

growth. Infected phagocytes elaborate cytokines and effector molecules that limit the 

activity of the lymphocyte response. B cells (blue) accumulate within the lesion in the form 

of nascent lymphoid follicles; these cells can impact bacterial control and the 

immunopathologic consequences of infection. Mtb (green) can modulate the inflammatory 

response via the modification of TDM expressed at the bacterial surface.
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Figure 3. 
(A) The host with previous antigenic experience has an increased frequency of memory 

lymphocytes either in the circulation (pink) or within the lung (green). Cells within the lung 

can respond to infection before bacteria migrate to the lymph node and can therefore 

activate infected phagocytes and stop bacteria growth. Cells within the lung can also 

recognize infection and act to rapidly to recruit circulating memory cells that may require 

dissemination of bacteria to become activated. As effector cells arrive in the lung they 

activate phagocytes and stop bacterial growth. (B) The cessation of bacterial growth by 

memory cells can occur 5 days sooner than is seen for naive cells. This acceleration though 

significant does not stop substantial bacterial growth and thus effector cells must act within 

a site that has been initiated and modulated by Mtb. If the memory response can be 
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improved such that the response occurs within 10 days as opposed to 15 then the T cell 

response may be expressed more efficiently and thereby limit the development of disease.
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