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 INTRODUCTION 
 A great challenge in immunology is to understand the com-

plexities, mechanisms, and consequences of host interactions 

with microbial pathogens. Although all clinical infections are 

the result of a pathogen ’ s ability to circumvent, overcome, or 

even exploit innate immune defenses, chronic infections pose 

additional challenges because of their ability to evade or exploit 

adaptive immune responses.  Mycobacterium tuberculosis , which 

infects an estimated one of three individuals of the living human 

population, is an outstanding example of a pathogen that suc-

cessfully evades adaptive immune responses. Not only does this 

result in enormous human morbidity and mortality but it also 

poses unique challenges to the development of an efficacious 

vaccine to prevent infection or disease. 

 The past two decades have yielded considerable insights into 

the pathogenesis of tuberculosis (TB), the mechanisms of pro-

tective immunity, and the many ways by which  M. tuberculo-

sis  induces innate and adaptive immune responses and evades 

elimination by them. In addition, recent studies have provided 

substantial knowledge of regulation of adaptive immunity in TB, 

including contexts and mechanisms in which immune responses 

contribute to tissue injury, morbidity, and even transmission of 

bacteria to new hosts. 

 In this review, we have concentrated on recent studies that 

provide insights into the early cellular and molecular processes 

underlying the initiation of adaptive immune responses in TB. 

In particular, these studies have revealed multiple mechanisms 

that contribute to the long delay between initial infection and 

onset of detectable cellular immune responses. In addition, we 

discuss recent work that has provided insights into the mecha-

nisms of regulation of adaptive immunity to  M. tuberculosis ; 

some of these limit host tissue damage, whereas some provide 

apparent advantages to the bacteria.   

 DELAYED INITIAL ACTIVATION OF NAIVE CD4     +      AND CD8     +      T 
CELLS IN TB 
 In humans, the onset of adaptive immune responses in TB is 

considerably delayed compared with responses to other patho-

gens or inanimate antigens. 1  Classic studies of TB in isolated 

communities where there were incidents of brief ( � 24   h) expo-

sure of naive populations to an active case of pulmonary TB 

revealed that immune responses to  M. tuberculosis  (measured as 

skin test reactivity using the Pirquet test or as the appearance of 

erythema nodosum) occurred an average of 42 days after expo-

sure. 2,3  Experiments in mice have established that the onset of 

activation of antigen-specific T cells after aerosol infection with 

 M. tuberculosis  is similarly delayed 4 – 9  relative to that of other 

pathogens, such as influenza virus 10  ( Figure 1 ). 

 Early insights into the explanation for delayed adaptive 

immune responses in TB came from the discovery that after 
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aerosol infection, live bacteria must be transported to the lung-

draining (also termed  “ mediastinal, ”   “ pulmonary, ”  or  “ tho-

racic ” ) lymph node (LDLN) before T-cell priming can occur. 

Eventually, live bacteria appear in the LDLN between 9 and 11 

days after infection, and dissemination to the spleen follows. 

The activation of  M. tuberculosis  antigen-specific T cells never 

preceded this dissemination of live bacteria. 4  Moreover, those 

same studies revealed that bacteria appeared in the LDLN earlier 

in a relatively resistant (C57 / BL6) strain of mice than in a more 

susceptible (C3H / HeJ) strain, indicating the influence of vari-

able host factors on the kinetics of activation of naive T cells and 

that earlier activation of naive T cells is associated with supe-

rior control of bacterial growth. Subsequent studies that used 

adoptive transfer of naive  M. tuberculosis  antigen-specific CD4     +      

T cells (from mice with transgenic T-cell antigen receptors spe-

cific for ESAT-6 or Ag85B epitopes) demonstrated similar delays 

in T-cell activation after aerosol infection. 5,7,9  Furthermore, even 

fully functional effector Th1 cells transferred into mice and 

present in the lung parenchyma cannot recognize  M. tuberculosis  

antigens and become activated for     >    7 days after aerosol infec-

tion, 5  suggesting that TB bacilli reside in a relatively immune-

privileged site during the earliest stages of infection. 

 Evidence that suggests that dendritic cell (DC) migration from 

the lungs to the LDLN is essential for initiation of CD4    +   T-cell 

responses in mice infected with  M. tuberculosis  was first obtained 

from interleukin (IL)-12p40-deficient mice that revealed a fail-

ure of T-cell activation associated with deficient DC migration 

from the lungs to the LDLN. 11  The lack of IL-12p40 was associ-

ated with the absence of expression of the chemokine receptor, 

CCR7, on DCs; treatment of DCs with IL-12p40 homodimers 

restored their ability to migrate to the LDLN and to activate 

CD4 cells  in vivo . The significance of these findings was further 

strengthened by the use of  M. tuberculosis  that expresses green 

fluorescent protein, together with flow cytometry, to determine 

that CD11c hi CD11b hi  DCs are a major subset of  M. tuberculosis -

infected cells in the lungs, and are the nearly exclusive subset of 

cells that contain bacteria in the LDLN. 12  

 Additional studies to understand the mechanisms that account 

for delayed activation of antigen-specific CD4    +   T cells in TB 

have revealed that a threshold number of bacteria ( ~ 1,500) was 

required in the LDLN to activate naive Ag85B-specific CD4    +   

T cells, and that bacteria reach the LDLN from the lungs by 

transport by CD11c hi CD11b hi  DCs, 9  consistent with the obser-

vation that IL-12p40-deficient DCs do not migrate to the LDLN 

or activate CD4    +   T cells after aerosol infection with  M. tubercu-

losis . 11  These results indicated that DC acquisition of bacteria 

and / or trafficking may be rate-limiting step(s) in the initiation 

of adaptive immune responses in TB. Moreover, pulmonary 

administration of an inflammatory stimulus that recruited DCs 

to the lungs and drove their migration to the LDLN failed to 

accelerate the delivery of  M. tuberculosis  to the LDLN or activa-

tion of Ag85B-specific CD4    +   T cells, 9  indicating that  M. tuber-

culosis -infected DCs may be defective in their ability to migrate 

from the lungs to the LDLN.   

  M. tuberculosis  delays T-cell responses by inhibiting 
apoptosis 
 An important role of  M. tuberculosis  inhibition of apoptosis in 

delaying and attenuating CD4    +   and CD8    +   T-cell responses has 

been revealed by several investigations. First, a proapoptotic 

(SecA2-deficient, resulting in defective secretion of superoxide 

dismutase A) mutant strain of  M. tuberculosis  promotes the devel-

opment of antigen-specific CD8    +   T-cell responses and improves 

control of bacterial growth  in vivo . 13  Second, virulent  M. tuber-

culosis  manipulates host eicosanoid metabolism to inhibit apop-

tosis and delay the onset of CD4    +   and CD8    +   T-cell responses. 

Macrophages infected with virulent  M. tuberculosis  (H37Rv) pro-

duce lower amounts of prostaglandin E2 and higher amounts of 

lipoxin A4 (LXA4) than after infection with an avirulent strain 

(H37Ra); LXA4 production is associated with an anti-apoptotic, 

pronecrotic effect. 14  Moreover, infection of  Alox5  (5-lipoxyge-

nase, required for generation of LXA4)-deficient mice with 

virulent  M. tuberculosis  is associated with a higher frequency of 

macrophage apoptosis, enhanced DC-dependent cross-priming, 

accelerated development of antigen-specific CD4    +   and CD8    +   

T-cell responses, and superior control of the bacterial burden 

when compared with that of  Alox5 -sufficient wild-type mice. 15  

The importance of this pathway in regulating immunity to myco-

bacterial infection was highlighted by a forward genetic screen 

in zebrafish, which revealed that mutations in  lta4h  (leukotriene 

A4 hydrolase) resulting in elevated LXA4 production severely 

impair host resistance to mycobacterial infection. 16  Furthermore, 

findings that polymorphisms in both  Alox5  and  lta4h  confer sus-

ceptibility to human TB confirm the relevance of these pathways 

to human disease. 16,17  Thus, inhibition of apoptosis seems to be 

a major mechanism whereby  M. tuberculosis  delays DC acquisi-

tion of bacteria and bacterial antigens and the onset of adaptive 

immunity. In addition to restricting the initiation of T-cell prim-

ing, it seems likely that the ability of  M. tuberculosis  to inhibit 

apoptosis may also explain why effector T cells resident in the 

lung parenchyma are unable to be activated by  M. tuberculosis  

antigens during the first week after aerosol infection, 5  although 

this idea has not yet been tested experimentally. Whether addi-

tional mechanisms of manipulation of DCs contribute to delays 

in adaptive immune responses in TB remain to be determined.   
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  Figure 1             Delayed onset of adaptive immunity in tuberculosis compared 
with other infections. In acute, resolving infections, T-cell responses are 
initiated 3 – 5 days after initial infection; they peak 7 – 8 days after infection, 
and subsequently contract to establish memory populations. After 
aerosol infection with  M. tuberculosis , T-cell responses are not initiated 
until 9 – 11 days after infection, peak several weeks after infection, and 
bacteria are not eliminated. LCMV, lymphocytic choriomeningitis virus.   
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  M. tuberculosis -specific Treg cells delay adaptive immunity 
 Another likely contributor to delayed T-cell responses during 

 M. tuberculosis  infection is the early induction of pathogen-spe-

cific, Foxp3     +      regulatory T (Treg) cells. Treg cells proliferate and 

accumulate at sites of infection in both murine 18,19  and human 

TB. 20,21  A critical question is whether this Treg cell expansion is 

simply driven by infection-related inflammation in conjunction 

with recognition of self-antigens, or whether Treg cells recognize 

and proliferate in response to  M. tuberculosis -derived antigens. 

The initial insight into this question was provided by the obser-

vation that expansion of Treg cells, like that of effector T cells, 

is also delayed. 8  The inflammation in the lung during the first 

2 weeks after aerosol infection with  M. tuberculosis  is not only 

insufficient to cause Treg cells to undergo enhanced prolifera-

tion but proliferation is actually diminished during this time. 

However, Treg cells undergo robust proliferation, in parallel to 

effector T cells, after DCs have transported bacilli to the LDLN. 8  

Transfer experiments using  M. tuberculosis -specific Treg cells 

(specific for Ag85B 240 – 254 :I-A b ) from T-cell receptor trans-

genic mice revealed Treg cell proliferation only in mice infected 

with wild-type  M. tuberculosis , but not in mice infected with a 

virulent strain of  M. tuberculosis  that lacked expression of the 

specific antigen, Ag85B. 8  Thus, inflammation associated with 

 M. tuberculosis  infection, and IL-2 produced by effector T cells, 

are both insufficient to drive the non-specific expansion of Treg 

cells, but Treg cells recognizing  M. tuberculosis  antigens expand 

preferentially. Moreover, transfer of as few as 40,000  M. tuber-

culosis -specific Treg cells resulted in an increase in the bacterial 

burden in the lung, whereas transfer of similar numbers of 

 M. tuberculosis -specific Foxp3-negative CD4     +      T cells had no effect. 8  

The increased bacterial load in mice receiving  M. tuberculosis -

specific Treg cells was associated with a further delay in the 

priming of effector T cells in the LDLN and in their subsequent 

arrival in the lung. This finding is consistent with a previous 

report in which administration of anti-CD25, a treatment that 

functionally depletes Treg cells, resulted in increased numbers 

of  M. tuberculosis -specific effector T cells in the lung. 22  Taken 

together, these results strongly suggest that Treg cells recognize 

 M. tuberculosis  antigens presented by DCs in the LDLN, prolif-

erate, and limit the rate of effector T-cell priming and expansion 

at this site. The potent ability of small numbers of  M. tuberculosis  

Treg cells to restrict effector T-cell priming / expansion may be 

explained by the previously described ability of activated Treg 

cells to inhibit the antigen-presenting cell function of DCs. 23,24  

Whether this mechanism is operative during TB needs to be 

explored. 

 Although these experiments using Treg cells from T-cell recep-

tor transgenic mice support the existence of  M. tuberculosis -

specific Treg cells, epitopes recognized by endogenous Tregs 

still need to be defined, not only in TB but also in other infec-

tions. 25  Although support for the existence of pathogen-specific 

Tregs has been reported in several infections (most clearly in the 

case of persistent  Leishmania major  infection) 25,26  major his-

tocompatibility complex class II tetramers containing epitopes 

recognized by effector T cells have failed to identify Foxp3     +      Treg 

cells in several murine infections, including  Listeria mono-

cytogenes  27  and retroviral infections, 28  suggesting that not every 

infection may induce pathogen-specific Treg cells. Very little is 

known about the specificity of Treg cells in any experimental 

system, and whether  M. tuberculosis  epitopes recognized by 

Treg cells are the same, different, or partially overlapping with 

those recognized by effector T cells needs to be determined. 

The immunological pathways manipulated by  M. tuberculosis  

to achieve this induction and to restrict protective immunity 

should be a rich area for future investigation. Recently, mesen-

chymal stem cells have been shown to be recruited to sites of 

 M. tuberculosis  infection and to suppress T-cell responses, at 

least  in vitro . 29  In addition, infusion of mesenchymal stem cells 

into  M. tuberculosis -infected mice confers susceptibility to dis-

ease that is associated with increased induction of Foxp3     +     CD4     +      

T cells. 29  Whether mesenchymal stem cells contribute to the 

induction of  M. tuberculosis -specific Treg cells requires further 

investigation. 

 Are the abilities of  M. tuberculosis  to inhibit apoptosis of 

infected cells and to induce  M. tuberculosis -specific Treg cells 

two distinct mechanisms by which effector T-cell responses are 

delayed? Or are they causally related? There are at least two rea-

sons to hypothesize that inhibition of apoptosis, especially by 

LXA4, may promote expansion of Treg cells. First, inhibition of 

apoptosis may restrict antigen presentation to infected macro-

phages and DCs, whereas apoptosis might otherwise promote 

cross-presentation of  M. tuberculosis  antigens on bystander DCs, 

which may be uninfected and have more potent stimulatory 

capacity. Although studies to date have focused on how apop-

tosis and antigen cross-presentation leads to increased numbers 

of primed effector T cells, it seems likely that the types of T cells 

induced may also be affected. For example, restricting antigen 

presentation to infected cells may allow  M. tuberculosis  to better 

manipulate the type of signals delivered to antigen-specific 

T cells, which may, in turn, lead to the pathogen-driven expansion 

of antigen-specific Treg cells. Second, LXA4 induced by virulent 

strains of  M. tuberculosis  may directly promote the expansion 

of Treg cells through interactions with the aryl hydrocarbon 

receptor, AhR, which is a ligand-activated transcription factor 

expressed in both DCs and T cells. It has a promiscuous ligand-

binding site that has been shown to bind multiple synthetic and 

naturally occurring ligands. 30  Activation of T cells in the pres-

ence of exogenous AhR ligands has been shown to promote the 

induction of Foxp3     +      Treg cells or Th17 cells, depending on the 

circumstances, but little is known about the functional impor-

tance of natural AhR ligands in T-cell differentiation  in vivo . 30  

It is attractive to speculate that  M. tuberculosis -induced LXA4 

may promote the expansion of Treg cells through interactions 

with AhR in DCs and / or CD4     +      T cells.   

 REGULATION OF T-CELL RESPONSES DURING CHRONIC 
 M. TUBERCULOSIS  INFECTION 
 To date, the activity of Treg cells during  M. tuberculosis  infection 

has been investigated only during the early immune response, 

and the data point to their role in delaying T-cell priming in the 

LDLN. Foxp3     +      Treg cells are also present in the lung, including 

within granulomas, 19  and their activity in regulating immune 
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responses during chronic infection needs to be explored. 

However, a recent study has provided insights into other regu-

latory networks that are operative. Evidence for regulation of 

T-cell effector phenotypes in the lungs was obtained by studying 

bone marrow chimeric mice that expressed interferon (IFN)- �  

receptors (IFN � Rs) on hematopoietic (namely macrophages, 

DCs, lymphocytes, and neutrophils) but not on non-hematopoi-

etic (namely epithelial, endothelial, smooth muscle, and fibro-

blast) cells. After infection with  M. tuberculosis , these mice were 

observed to have moderately higher lung bacterial burdens and 

shortened survival compared with control mice that expressed 

IFN � Rs on all cells. 31  In addition, the lungs of  M. tuberculosis -

infected IFN � R chimeric mice contained a large excess of 

neutrophils, indicating markedly dysregulated inflammation. 

Further investigation revealed marked overexpression of IL-17 

in the lungs of IFN � R chimeric mice, and this was accompanied 

by overexpression of IL-23, which promotes terminal differenti-

ation and survival of Th17 cells. 32  A role for IFN �  signaling was 

revealed by the findings that IFN � R chimeric mice markedly 

underexpressed IFN � -responsive gene coding for indoleam-

ine-2,3-dioxygenase, and that specific products of indoleam-

ine-2,3-dioxygenase catabolism of tryptophan inhibited IL-17 

expression  in vitro , at least in part by blocking the action of 

IL-23. These results indicate that, in addition to the determi-

nants of T-cell differentiation during initial activation of naive 

cells in secondary lymphoid organs, the environment of the 

lungs can also regulate the fate and function of effector cells 

that are recruited in response to  M. tuberculosis  infection.   

 MAINTENANCE OF T-CELL RESPONSES TO CHRONIC 
 M. TUBERCULOSIS  INFECTION 
 As in other contexts, such as immunization with foreign pro-

teins, differentiation of naive T cells into polarized effector cells 

occurs largely, if not exclusively, in secondary lymphoid tissues 

in mice infected with  M. tuberculosis . 5  However, several obser-

vations indicate that maintenance and / or survival of polarized 

effector CD4    +   cells may also occur in the lungs during infection 

with  M. tuberculosis . 

 First, although IL-12 is clearly essential for differentiation 

of naive CD4     +      T cells into IFN � -producing effector cells in 

TB, 6,33,34  strong evidence indicates that continuous expression 

of IL-12 is required to maintain control of infection. Parenteral 

administration of IL-12p70 to  M. tuberculosis -infected IL-

12p40-deficient mice restores CD4     +      T-cell production of IFN �  

and control of bacterial growth in the lungs and spleen, whereas 

these effects are lost when administration of IL-12p70 is discon-

tinued. 35  After cessation of IL-12p70 administration, the total 

number of CD4     +      T cells in the lungs decreased as did the fre-

quency of IFN � -producing CD4     +      T cells. Furthermore, when 

CD4     +      T cells from chronically infected mice were adoptively 

transferred into  M. tuberculosis -infected  RAG2      −     /     −      mice, expan-

sion and survival of total CD4     +      T cells and CD4     +      T cells capa-

ble of producing IFN �  were much poorer in IL-12p40-deficient 

 RAG2      −      /      −      recipients than in IL-12-sufficient  RAG2      −      /      −      recipi-

ents. These studies clearly indicate a role for IL-12 in the main-

tenance of differentiated Th1 effector cells, and likely also in the 

overall survival of Th1 cells. Whether the chronic effects of IL-

12 on lung CD4    +   T cells are due solely to IL-12 expression in the 

lungs was not determined, although IL-12 is clearly expressed 

in the lungs of  M. tuberculosis -infected mice. 36  

 Although T-cell responses need to be maintained for 

 M. tuberculosis  to be controlled during chronic disease, the 

degree to which  M. tuberculosis  antigens recognized by T cells 

change between acute and chronic stages of TB is currently 

unclear. Some antigenic proteins, such as Ag85B, are primarily 

expressed during the early stages of  M. tuberculosis  infection, 37  

and T cells recognizing Ag85B, and other antigens expressed 

with similar kinetics, may not contribute to protection during 

chronic infection. Other antigenic proteins (such as ESAT-6), 

seem to be recognized by antigen-specific T cells during both 

acute and chronic stages of disease. 38  T cells recognizing ESAT-

6 express cell surface markers with characteristics of effector 

T cells and undergo high levels of proliferation, both suggesting 

chronic antigenic stimulation. 39  A third group of T cells may 

recognize  M. tuberculosis  antigens expressed during chronic but 

not acute infection, but this group of T cells is the least well char-

acterized. 40,41  The relative contribution of each of these types 

of T cells to protective immunity during each stage of infection 

remains poorly understood, but has obvious implications for 

vaccine design. 

 Typically, effector T cells are short-lived cells that die after 

a period of robust antigen-driven proliferation. 42  Long-lived 

 antigen-specific memory T cells, by definition, are only generated 

after antigen has been cleared. Memory T cells are maintained by a 

slow, but a steady rate of proliferation that is not antigen depend-

ent. 42  How then, are high numbers of rapidly dividing, antigen-

specific T cells maintained during persistent  M.  tuberculosis  

infection? Why do  M. tuberculosis -specific T cells not succumb to 

the same fate as antigen-specific T cells in a well-studied chronic 

viral infection (i.e., chronic lymphocytic choriomeningitis virus 

infection), in which antigenic T cells gradually lose effector T-cell 

function, become anergic, and then die? 43,44  Importantly, main-

taining antigen-specific T cells during  M. tuberculosis  infection 

does not require the generation of new T cells from the thymus, 

as even thymectomized animals maintain near-normal T-cell 

responses during persistent infection. 38  This is fortuitous, as 

 M. tuberculosis  has been located in DCs in the thymic medulla, 

raising the possibility that newly developing  M. tuberculosis -

specific T cells may be deleted during thymic development. 45  

 A recent study has begun to address these questions by iden-

tifying subsets of antigen-specific CD4    +   T cells with distinct 

functional properties. 39  Most antigen-specific (i.e., ESAT-6 4 – 17 -

specific) CD4    +   T cells, defined by a major histocompatibility 

complex class II tetramer, were found to express cell surface 

markers previously associated with effector T-cell functional 

exhaustion (programmed death-1 (PD-1)), or terminal differ-

entiation (killer cell lectin-like receptor G1 (KLRG1)). Although 

a few antigen-specific T cells expressed both of these receptors, 

most were either PD-1     +     KLRG1 or PD-1     −     KLRG1     +     , and these 

sub-populations had unique functional properties. PD-1     +      

T cells exhibited a high degree of proliferation, whereas KLRG1     +      

T cells proliferated less, but expressed high levels of IFN- γ  and 
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tumor necrosis factor- � . 39  Adoptive transfer studies demon-

strated that PD-1     +      T cells were maintained at high levels and a 

subset differentiated into KLRG1     +      T cells. In contrast, KLRG1     +      

T cells maintained their phenotype, but underwent rapid attri-

tion. 39  These results support a model in which antigen-specific 

PD-1     +      CD4     +      T cells represent a proliferating precursor popu-

lation that serves as an  “ engine ”  for the T-cell response. They 

maintain a high degree of proliferative capacity and have the 

potential to give rise to more terminally differentiated effector 

T cells. More understanding of the functional characteristics of 

these PD-1     +      T cells is critical. Cellular and molecular signals 

that facilitate their survival, as well as signals that prevent, and 

eventually facilitate, terminal differentiation in a subset of these 

cells need to be identified. 

 KLRG1     +      T cells in TB have properties consistent with those 

demonstrated by KLRG1     +      T cells in other infections and experi-

mental systems; they are terminally differentiated effector 

T cells that produce effector cytokines, but have a low prolifera-

tive capacity and a short lifespan. 46,47  In contrast, the properties 

of PD-1     +      T cells in TB are surprisingly different from previous 

studies. In chronic lymphocytic choriomeningitis virus infec-

tion, e.g., PD-1 is expressed on functionally exhausted T cells, 

and blockade of PD-1-programmed cell death ligand 1 leads 

to improved T-cell function and enhanced viral clearance. 48  

However, in TB, PD-1-expressing T cells are not functionally 

anergic, but undergo robust proliferation and seem to be central 

to maintaining a productive effector T-cell response. 39  A positive 

role for PD-1 in promoting immunity during TB is supported by 

the recent finding that PD-1     −     /     −      mice are extremely susceptible 

to  M. tuberculosis  infection with exacerbated immunopathology 

and high bacterial burdens in the lung. 49,50  This immunopathol-

ogy is associated with a profound expansion of antigen-specific 

CD4    +   T cells and extremely elevated secretion of proinflam-

matory cytokines, and depletion of CD4    +   T cells rescues PD-1-

deficient mice from early death. 50  Putting these results together 

with the finding that PD-1     +      CD4     +      T cells represent a proliferat-

ing precursor population, it is attractive to speculate that PD-1 

functions to restrain CD4    +   T cells from fully differentiating, 

which is critical for preventing deleterious immunopathology, 

maintaining long-term populations of antigen-specific T cells, 

and ultimately for controlling  M. tuberculosis  infection.   

 CONCLUSIONS: RELEVANCE FOR IMMUNIZATION 
STRATEGIES 
 The immune response to TB is a tightly regulated process, at 

least some of which is driven by  M. tuberculosis  to facilitate per-

sistent infection. This probably explains why the rate at which 

adaptive immunity is initiated has been found to be so criti-

cal for successful immune protection; 51  if effector T cells can 

be induced early, perhaps immune control can be established 

before  M. tuberculosis  can effectuate an array of pathogen-ben-

eficial regulatory networks. To avert this early control, virulent 

 M. tuberculosis  has devised multiple strategies to slow the initial 

T-cell response. Particularly daunting to immunization efforts 

is the ability of  M. tuberculosis  to evade recognition by effector 

T cells in the lung parenchyma for at least a week after aerosol 

infection, 5  which helps to explain why parenterally administered 

vaccines have no effect on the replication of  M. tuberculosis  in 

the lungs for 2 weeks after infection. 52  Recent studies showing 

that mucosally administered vaccines induce airway luminal 

effector T cells that are capable of curbing  M. tuberculosis  rep-

lication much earlier offer promise as an adjunct to parental 

vaccines. 52 – 54  The finding that  M. tuberculosis -specific CD4     +      

T cells are maintained through a PD-1     +      proliferative precursor 

population 39  also seems highly relevant for vaccine design. A 

vaccine that induces antigen-specific CD4    +   T cells capable of 

becoming PD-1     +      cells with the potential for self-renewal may 

lead to enhanced long-term protection compared with a vaccine 

that simply generates large numbers of short-lived terminally 

differentiated effector T cells. Many puzzling questions regard-

ing T-cell-mediated immunity to TB are starting to be solved, 

but a more fundamental understanding is required to inform 

the rational design of an effective vaccine.     
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