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Abstract 

In vivo analysis of factors affecting the dynamics of the adaptive immune  
response to M. tuberculosis and contributing to bacterial persistence  

Andrea J. Wolf 
 

M. tuberculosis has persisted as one of the most prevalent and deadly human 

pathogens in large part because of its ability to evade the host immune system.   In 

addition to several cellular based evasion mechanisms have been described, the adaptive 

immune response to M. tuberculosis exhibits significantly delayed timing compared to 

most pathogens.  As a result M. tuberculosis is able to grow unchecked, expanding 

>20,000-fold in the first 3 weeks in the lungs.  The immune response that does develop 

only controls, but does not eliminate the infection, resulting in a chronic infection posing 

a constant threat to the host. Utilizing green fluorescent protein (GFP)-expressing M. 

tuberculosis we quantitated and characterized the infected cell subsets in the lungs 

determining that dendritic cells account for the largest percentage of infected cells after 2 

weeks of infection and they transport a portion of the bacteria to the draining lymph node 

in a CCL19/CCL21-dependent manner.  Incorporating the adoptive transfer of M. 

tuberculosis-specific transgenic CD4+ T cells into the studies demonstrated that CD4+ T 

cell activation in the draining lymph node is delayed until a threshold number of bacteria 

reached the lymph node.  Impaired dendritic cell migration to the draining lymph node 

resulted in fewer bacteria and consequently delayed the adaptive immune response even 

further.  One of the rate-limiting steps in the adaptive immune response to M. 

tuberculosis is the transport of bacteria by dendritic cells to the draining lymph node.  

Considering the rapid maturation of infected dendritic cells, we hypothesize that M. 
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tuberculosis initially infects a non-migrating cell compartment and a round of bacteria 

growth and spread is necessary in order to infect sufficient numbers of dendritic cells to 

achieve transport of the threshold number of bacteria needed to initiate a T cell response.  

Lastly, we show that after the first 3 weeks of infection there is a significant decrease in 

the ability to stimulate Antigen 85B-specific T cells potentially contributing to the ability 

of M. tuberculosis to establish a chronic infection. 

 
 



 viii

 

Table of Contents 

Acknowledgments ..................................................................................... iii 

Abstract ..................................................................................................... vi 

Table of Contents .................................................................................... viii 

Table of Figures ........................................................................................ xi 

Chapter 1:   Introduction .......................................................................... 1 

1.1 Components of the adaptive immune response to M. tuberculosis ..........................2 
1.2  Role of phagocytic cells during an M. tuberculosis infection .................................4 
1.3  Dynamics of naïve T cell activation ......................................................................5 
1.4  Dendritic cells as important antigen presenting cells .............................................6 
1.5  Role for dendritic cells during an M. tuberculosis infection...................................8 
1.6  Preliminary research regarding in vivo aspects of M. tuberculosis .......................10 

Chapter 2:  Optimization of the Detection of GFP-M. tuberculosis 

infected cells from infected tissues. ..........................................................15 

2.1  Difficulties associated with detecting GFP-M. tuberculosis by flow cytometry....15 
2.2  Procedure for identifying antigen presenting cell subsets in combination with 
detection of GFP-M. tuberculosis...............................................................................20 

Chapter 3:  Mycobacterium tuberculosis infects dendritic cells with high 

frequency and impairs their function in vivo...........................................24 

3.1 Abstract ...............................................................................................................24 
3.2 Introduction .........................................................................................................26 
3.3 Results .................................................................................................................28 

Flow cytometry detection of M. tuberculosis-infected cells from mouse tissues................................ 28 
M. tuberculosis infects lung cells with diverse phenotypes in vivo. .................................................. 29 
Dendritic cells transport M. tuberculosis to the mediastinal lymph node......................................... 31 
Immunohistochemistry localizes M. tuberculosis in DEC-205+ cells ............................................... 32 
Antigen-presenting cells in the lungs and mediastinal lymph nodes of M. tuberculosis-infected mice 
express surface MHC class II and costimulatory molecules ............................................................ 33 
Subsets of cells from tissues of M. tuberculosis-infected mice differ in their ability to stimulate M. 
tuberculosis-specific CD4+ T lymphocytes...................................................................................... 34 
M. tuberculosis inhibits MHC class II antigen presentation without reducing surface class II 
expression. .................................................................................................................................... 35 
Inefficient CD4+ T cell stimulation is accompanied by accumulation of intracellular bacteria in lung 
DCs and recruited macrophages.................................................................................................... 36 



 ix

3.4  Discussion ..........................................................................................................38 
3.5  Materials and Methods........................................................................................44 
3.6  Figures and Legends ...........................................................................................53 

Chapter 4:  Initiation of the adaptive immune response to M. 

tuberculosis depends on antigen production in the local lymph node, not 

the lungs.....................................................................................................73 

4.1  Abstract ..............................................................................................................73 
4.2  Introduction ........................................................................................................74 
4.3  Results ................................................................................................................76 

The adaptive immune response to M. tuberculosis in the lungs is delayed and has limited efficacy .. 76 
P25TCR-Tg CD4+ T cells recognize Antigen 85B produced by M. tuberculosis............................... 77 
Proliferation of Ag85B-specific CD4+ T cells begins in the mediastinal lymph node, and is delayed 
until 11 days post infection............................................................................................................. 77 
M. tuberculosis Ag85B-specific CD4+ T cells traffic to the lungs after proliferating in the mediastinal 
lymph node.................................................................................................................................... 78 
P25TCR-Tg CD4+ T cell responses are specific for Antigen 85B .................................................... 80 
Analysis of T cell activation markers and IFNγ production ............................................................. 80 
Delayed activation of M. tuberculosis-specific CD4+ T cells is not solely due to a low bacterial 
inoculum ....................................................................................................................................... 81 
Initial activation of M. tuberculosis-specific CD4+ T cells is determined by the number of bacteria in 
the mediastinal lymph node............................................................................................................ 82 
Delayed bacterial dissemination to the mediastinal lymph results in delayed T cell activation......... 83 
Ag85B-specific T cell proliferation occurs in non-draining lymph nodes and spleen if sufficient 
bacteria are present in the tissue.................................................................................................... 84 
Addition of a proinflammatory stimulus does not accelerate the T cell response to live M. 
tuberculosis ................................................................................................................................... 85 

4.4  Discussion ..........................................................................................................86 
4.5  Materials and Methods........................................................................................92 
4.6  Figures and Legends ...........................................................................................99 

Chapter 5:  Preliminary phenotyping of cells infected with M. 

tuberculosis prior to stimulation of the adaptive immune response .....119 

5.1  Introduction ......................................................................................................119 
5.2  Results ..............................................................................................................120 

M. tuberculosis infects cells and becomes tightly associated with lung tissue within the first 24 hours 
of infection. ................................................................................................................................. 120 
Alveolar macrophages are the first cells in the lung to be infected in the BAL fluid. ...................... 121 
In vitro alveolar macrophages stimulate naïve M. tuberculosis-specific T cells to proliferate as well 
as dendritic cell. .......................................................................................................................... 122 

5.3  Discussion ........................................................................................................123 
5.4  Materials and Methods......................................................................................126 
5.5  Figures and Legends .........................................................................................130 

Chapter 6: M. tuberculosis Antigen 85B-specific T cell stimulation is 

significantly diminished following the initial phase of the infection ....136 



 x

6.1  Introduction ......................................................................................................136 
6.2  Results ..............................................................................................................137 

CD4+ T cell responses to infection are reduced after 28 days of infection ..................................... 137 
Reduction in T cell responses coincides with a reduction in Antigen 85B mRNA expression in the lung
.................................................................................................................................................... 138 
Antigen loaded cells are sequestered from T cells in the mediastinal lymph node after 4 weeks of 
infection ...................................................................................................................................... 139 
Addition of exogenous antigen after 3 weeks of infection no longer leads to increased P25TCR-Tg T 
cell activation.............................................................................................................................. 140 
Antigen presenting cell recruitment to the mediastinal lymph node is decreased at time points after 3 
weeks of infection with M. tuberculosis ........................................................................................ 141 

6.3  Discussion ........................................................................................................142 
6. 4  Materials and Methods.....................................................................................147 
6.5  Figures and Legends .........................................................................................151 

Chapter 7:   Conclusions and Perspectives............................................161 

References ...............................................................................................171 

 



 xi

 

Table of Figures 

Chapter 1 
 
Chapter 2 
Figure 1.  Flow cytometry dot plot illustrating the autofluorescent diagonal  

associated with uninfected lung tissue……………………………………………..16 

 
Figure 2.  Fluorescence from GFP-M.tb. is low and very close to background. …………………..17 

 
Figure 3.  GFP-M.tb. infected lung tissue is stained with a PE-labeled antibodies………………....19 

 
Figure 4.  Antigen presenting cell gating scheme……………………………………………..22 
 
 
Chapter 3 
Figure 1. Flow cytometry detection of Mtb-GFP infected cells from mouse lung tissues…………....52 
 
Figure 2. Flow cytometry dot plots of the distribution of CD11c and CD11b-expressing  

cell subsets in the lungs  and the mediastinal lymph node  after aerosol 
infection……………………….........................................................................54 

 
Figure 3. Distribution of Mtb-GFP infected cells in the CD11c/CD11b-defined  

leukocyte subsets of the lung and mediastinal lymph node…………………………………..56 
 
Figure 4. Dendritic cells and M. tuberculosis cfu in lymph nodes of C57BL/6J  

and plt/plt mice…................................................................................................58 
 
Figure 5. Immunohistochemical localization of Mtb in DEC-205 and DEC-205 

lung cells……………………………………………………………………….60 
 
Figure 6.  Expression levels of surface MHC class II on the Mtb-GFP infected  

cells in the CD11c/CD11b-defined subsets of leukocytes in the lung 
and mediastinal lymph node...................................................................................62 

 
Figure 7.  Antigen-specific CD4+ T lymphocyte-stimulating capacity of  

CD11c/CD11b-defined cell subsets from lungs and mediastinal lymph  
nodes of M. tuberculosis-infected mice……………………………………………..64 

 
Figure 8.  Inhibition of antigen presentation by M. tuberculosis in vitro………………………….66 



 xii

 
Figure 9.  Frequency distribution of the number of Mtb-GFP per cell in  

recruited MØ and DC isolated from lungs (day 21postinfection)…………………….....68 
 
 
Table I.   Percentage of cells in each lung subset that are GFP+ over the course  

of the infection………………………………………………………………...70 
 
Table II.   Percentage of cells in each mediastinal lymph node subset that are 

 GFP+ over the course of the infection………………………………………….......70 
 
Table III.  Antigen-presenting cell subsets in mediastinal lymph nodes of 

 wild type and plt/plt mice, before and 14 days after  
 M. tuberculosis infection……………………………………………………......70 

 
Table IV.  Percentage of GFP+ cells in each subset expressing costimulatory molecules ……….....71 
 
Table V.    Percentage of all the cells in each subset expressing costimulatory molecules ………....71 
 
 
Chapter 4 
Figure 1.  Timing of the appearance of adaptive immunity compared to 

bacterial growth in the lungs of M. tuberculosis-infected C57BL/6 mice ……………...98 
 
Figure 2.  Proliferation of P25TCR-Tg CD4+ T cells occurs in the mediastinal  

lymph node 11 days post infection ……………………………………………....100 
 
Figure 3.  P25TCR-Tg CD4+ T cell responses are specific for M. tuberculosis Antigen 85B ……...102 
 
Figure 4.  Dependence of initiation of proliferation on the inoculum of M. tuberculosis…………..104 
 
Figure 5.  Delayed dissemination of M. tuberculosis in plt mice results 

in further-delayed T cell activation ………………………………………………106 
 
Figure 6.  M. tuberculosis disseminates and activates P25TCR-Tg CD4+ T  

cells in lymphoid tissues that do not drain the lungs ………………….........………..108 
 
Figure 7.  Airway administration of LPS does not increase translocation  

of M. tuberculosis from the lungs to the mediastinal lymph node,  
and does not accelerate P25TCR-Tg CD4+ T cell responses …………………………110 

 
Supplemental Figure 1.  Characterization of P25TCR-Tg CD4+ T cell 

 responses to Ag85B protein, peptide 25, and live M. tuberculosis………………….....112 
 
Supplemental Figure 2. Timing of P25TCR-Tg CD4+ T cell responses 

to immunization with Ag85B protein ………………………………….................114 
 



 xiii

Supplemental Figure 3.  Timing of T cell activation marker induction 
and production of IFNγ by P25TCR-Tg CD4+ T cells …………....…………………116 

 
 
Chapter 5 
 
Figure 1.  Within 24 hours of infection most M. tuberculosis are strongly  

associated with the lung tissue not the BAL fluid………………………………......129 
 
Figure 2.  The small number of infected cells recovered in the BAL during 

the first 24 hours of infection were all alveolar macrophages ……………………......131 
 
Figure 3.  Naïve T cells proliferate in response to M. tuberculosis infected 

alveolar macrophages ………………………………………………………….133 
 
 
Chapter 6 
Figure 1.  After 28 days of infection activation of adoptively transferred  

P25TCR-Tg T cells is markedly decreased ………………………………..............150 
 
Figure 2.  Ag85B mRNA expression is down regulated in the lungs of 

mice starting at 4 weeks post infection …………………………………………...152 
 
Figure 3.  P25TCR-Tg T cells that demonstrate reduced responsiveness 

in vivo after 28 days of infection are rapidly activated by  
incubation with peptide 25 ex vivo ………………………………………………154 

 
Figure 4.  After 21 days of infection there is reduced transport of antigen 

from the lung to mediastinal lymph node ……………………………………........156 
 
Figure 5.   The change in the number of antigen presenting cells in the  

mediastinal lymph node of infected mice following immunization …………………...158 
 

 



1

Chapter 1:   Introduction 

Diseases resulting from infection with a pathogen ultimately derive from a 

complex interaction between the host immune system and the microbe.  Very few 

pathogens have experienced as much continued success as Mycobacteium tuberculosis.  

Even though the bacteria was identified in 1882, it still represents a significant world 

health concern, infecting an estimated one third of the world’s population (WHO, 2004).  

Despite the infection rate, greater than 90% of individuals infected with M. tuberculosis 

control the infection and do not present with active tuberculosis as a result of a primary 

infection (Dolin et al., 1994).  The fact that only a small percentage of the large number 

of individuals infected with M. tuberculosis develop disease upon primary infection, 

indicates that early events in the immune response to M. tuberculosis are key to 

establishing control of the infection.  And yet, even though most infected individuals 

display no signs of disease their immune system only controls the infection, the bacteria 

is not completely eliminated and will persist for the life of the host.  The remaining 

bacteria represent a constant potential threat and will often reactive resulting in disease 

later in life or if the individual becomes immunocompromised (Marks et al., 2000).  

Understanding the factors that allow the body’s immune system to control but not 

eliminate the infection may be the key to developing better treatments and potential 

vaccines. 
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1.1 Components of the adaptive immune response to M. tuberculosis 

The development of an effective cellular immune response to M. tuberculosis is 

essential to the prevention of active disease.  In both humans and mice, the most widely 

used animal model in the study of M. tuberculosis, T lymphocytes have been shown to be 

essential to controlling the infection.  The increased prevalence of HIV around the world 

has provided evidence of the importance of CD4+ T cells in tuberculosis.  CD4+ T cell-

deficient, HIV+-infected individuals demonstrate an increased incidence of active 

tuberculosis (Selwyn et al., 1989; Daley et al., 1992).  Further evidence of the importance 

of T cells came from antibody depletion of both CD4+ and CD8+ T cells in mice, the 

result was a dramatic decrease in mean survival from approximately 300 days for a M. 

tuberculosis-infected wild-type C57BL/6 mouse to around 50 days following T cell 

depletion (Mogues et al., 2001).  However, separating the CD4+ and CD8+ T cell 

components revealed that the decrease in the mean survival was primarily due to the loss 

of CD4+ T cells. Anti-CD4 antibody treated mice survived only 83 days, while anti-CD8 

antibody treated mice survived to around 250 days (Mogues et al., 2001). 

In response to an M. tuberculosis infection CD4+ T cells are polarized to a Th1 

phenotype, primarily conferring protection through the secretion of the cytokines IFNγ 

and TNFα  (Cooper et al., 1993; Flynn et al., 1993; Serbina and Flynn, 1999).  In 

addition to IFNγ and TNFα, lung tissue from infected mice show increased levels of 

proinflammatory cytokines IL-12, IL-6, IL-1β and IL-18 (Giacomini et al., 2001).  

Elimination of any of the proinflammatory cytokines produced during an M. tuberculosis 

infection results in decreased survival of the animal.  The most dramatic decrease in 

survival is seen when IFNγ or TNFα  are eliminated, these mice only survive 
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approximately 32 and 35 days respectively (Flynn et al., 1993; Ehlers et al., 2000; 

Mogues et al., 2001).  Work also demonstrates that IL-12 plays an essential role in the 

control of M. tuberculosis, mediating its effects through enhanced CD4+ T cell activation 

and increased IFNγ production, without IL-12 the animals show uncontrolled bacterial 

growth and death between 40-45 days (Cooper et al., 1995; Cooper et al., 1997; Khader 

et al., 2005).  In addition to Th1 responses, there has been evidence of T cells producing 

Th2 cytokines, IL-4 and IL-5 (Barnes et al., 1993; Fenhalls et al., 2000), as well as 

individual CD4+ T cells expressing IL-10 instead of IFNγ  (Boussiotis et al., 2000), 

illustrating the distinctly individual immune responses to M. tuberculosis.  The 

consequences of this variablity are evident in the fact that among infected individuals 

who will progress to active disease 50% will do so with in the first two years of infection 

while the other half develop active disease later in life (Small and Fujiwara, 2001).  

These statistics imply that variability in the initial immune response to M. tuberculosis 

factors strongly in determining whether an individual progresses to active disease earlier 

rather than later in life. 

Infection with M. tuberculosis also results in the stimulation of CD8+ T cells 

specific for both peptide and nonpeptide antigens in humans and mice (Stenger et al., 

1997; Mohagheghpour et al., 1998; Serbina and Flynn, 1999; Cho et al., 2000; 

Lewinsohn et al., 2000; Lewinsohn et al., 2001).  A CD8+ T cell’s primary role is the 

lysis of M. tuberculosis infected cells and can possibly kill intracellular bacteria directly 

through the secretion of granulysin (Stenger et al., 1998).  In addition, CD8+ T cells may 

contribute through the secretion small amounts of IFNγ (Hahn and Kaufmann, 1981; 

Orme et al., 1992).  However, while there is clear evidence that CD8+ T cells are 
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necessary for optimal control of M. tuberculosis infection, their exact contribution is still 

unclear (Mogues et al., 2001). 

   

1.2  Role of phagocytic cells during an M. tuberculosis infection  

The importance of the T cell activation and the cytokines they produce, IFNγ and 

TNFα, is related in large part to their ability to activate the cellular immune responses of 

phagocytes in the lung.  In culture, macrophages treated with IFNγ or TNFα increase 

microbicidal activity such as NO production (Bodnar et al., 2001), acidification of 

vacuoles, lysosome fusion and increased expression of MHC molecules (Giacomini et al., 

2001). As well as increased secretion of inflammatory cytokines, an M. tuberculosis 

infection results in the secretion of several chemokines including MIP-1α, MIP-2, MCP-

1, and IP-10 that serve to attract T cells, monocytes, and dendritic cells to the site of 

infection where they can interact with infected cells (Rhoades et al., 1995; Giacomini et 

al., 2001; Peters et al., 2001). The downstream cellular effects of IFNγ signaling are 

clearly seen when STAT-1, one of the primary IFNγ-induced transcription factors 

necessary for the activation of macrophages, is knocked out resulting in death around 35 

days post infection due to uncontrolled bacterial growth (Sugawara et al., 2004). 

Considering the historical role of macrophages as a reservoir for M. tuberculosis 

in the lung, it is understandable that there is a substantial body of in vitro work describing 

the mechanisms by which macrophages respond to M. tuberculosis infection as well as 

mycobacterial antigens.  However, in addition to macrophages, dendritic cells are also 

present in the lungs and additional dendritic cells are recruited to the site of infection 
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(Gonzalez-Juarrero and Orme, 2001).  In vitro work with human and mouse derived 

dendritic cells has demonstrated that they also have the capacity to phagocytose M. 

tuberculosis, resulting in dendritic cell maturation (Henderson et al., 1997; Bodnar et al., 

2001; Gonzalez-Juarrero and Orme, 2001).   M. tuberculosis-infected dendritic cells have 

increased surface expression of all the classic maturation markers, MHC class II, 

costimulatory molecules CD80 and CD86, adhesion molecules, as well as the production 

of IL-12 and TNFα.  When this work was initiated infected dendritic cells had been 

identified in mice (Gonzalez-Juarrero and Orme, 2001), however little was known about 

what role dendritic cells may play in vivo during an M. tuberculosis infection or for that 

matter what role any of the different phagocytic cell subsets perform in initiating the 

cellular immune response to M. tuberculosis. 

 

1.3  Dynamics of naïve T cell activation 

The lymphatic system is designed to allow for rapid scanning of large numbers of 

potentially harmful sources of antigen by converging the circulation of lymphocytes with 

the migration of antigen-loaded phagocytes from the periphery in secondary lymphoid 

structures (lymph nodes, spleen and mucosal associated lymphoid tissues). The design of 

the system is such that naïve T cells (T cells that have not been activated by antigen) 

specifically express adhesion molecules and chemokine receptors that direct their 

migration to secondary lymphoid structures and do not express the chemokine receptors 

or the adhesion molecules required for migration into peripheral tissue. Consequently, 

naïve T cells are not found in the lungs in significant numbers (Butcher and Picker, 

1996).  In order for naïve T cells to recognize antigen bound to MHC class II molecules 
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on antigen presenting cells in the draining lymph node it is necessary for antigen from the 

infected lung tissue to reach the draining lymph node. In an M. tuberculosis infection, it 

was generally believed that alveolar macrophages were the cells that phagocytose M. 

tuberculosis in the lung and present antigen in the lymph node (Erb et al., 1980).  

Subsequent work demonstrated that dendritic cells are more efficient antigen presenting 

cells than macrophages and indicate that dendritic cells may initiate the immune response 

to M. tuberculosis.  However, almost all of the antigen-presenting cells studies using M. 

tuberculosis have been done in vitro with homogeneous populations of either dendritic 

cells or macrophages.  Understanding how cells in a complex tissue, like the lung, 

interact with each other and function to phagocytose M. tuberculosis and present antigen 

is integral to understanding how the body is able to control an M. tuberculosis infection, 

and where it fails when disease occurs.  

 

1.4  Dendritic cells as important antigen presenting cells 

Early work that identified macrophages as the primary antigen-presenting cells in 

an M. tuberculosis infection did not give dendritic cells much consideration.  Since then 

immunologists identified dendritic cells in the airways and demonstrated that over all 

dendritic cells activate naïve T cells more efficiently than macrophages.  Immature 

dendritic cells found in peripheral tissues, including the lung, exhibit strong phagocytic 

capacity (Fortsch et al., 2000).  Upon phagocytosing antigen, dendritic cells rapidly 

express high levels of MHC and costimulatory molecules, such as CD80, CD86, and 

CD40 that enhance T cell stimulation (Tascon et al., 2000; Bodnar et al., 2001; 

Giacomini et al., 2001).  In addition, dendritic cells express specialized surface molecules 
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MMR and DEC-205, both of which have been shown to direct the trafficking of 

phagocytosed particles to compartments rich in MHC molecules possibly enhancing the 

rate of antigen presentation (Steinman, 2001).  Bone marrow and monocyte derived 

dendritic cells have also been shown to express high levels of the proinflammatory and 

Th1 inducing cytokine IL-12 (Bodnar et al., 2001; Giacomini et al., 2001; Gonzalez-

Juarrero and Orme, 2001) that has been shown to been important in containing a M. 

tuberculosis infection. 

Furthermore, immature dendritic cells exposed to antigen in peripheral tissues 

acquire the ability to migrate from portals of entry like the skin or lung to the draining 

lymph node. Specifically, maturation of dendritic cells leads to the expression of 

chemokine receptor CCR7 (Sallusto et al., 1998; Foti et al., 1999).  Cells utilize CCR7 to 

recognize the chemokines CCL19 and CCL21 expressed by stromal cells and lymphatic 

endothelium in the paracortex of lymph nodes. CCL19 and CCL21 serve as one of the 

primary chemoattractants combinations responsible for directing the migration of 

dendritic cells and naïve T cells to the lymph node T cell zones creating an efficient 

environment for large numbers of naïve T cells to scan antigens presented by dendritic 

cells (Forster et al., 1999).  The importance of the CCL19 and CCL21 was demonstrated 

by studies using the plt mouse strain (paucity of lymph node T cells), a spontaneous 

mutation resulting in the lack of expression of CCL19 and one of the two CCL21 genes.  

The deficiency in CCL19 and CCL21 results in a significant decrease in naïve T cells and 

60% fewer dendritic cells in the lymph nodes. In addition, the naïve T cells and dendritic 

cells that enter the lymph node do not localize properly to the paracortex (Gunn et al., 
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1999). The consequences of which are severe abnormalities in lymphocyte-based 

response.  

 This significant increase in migratory capacity, antigen presentation capacity, and 

chemokine production are unique characteristics of dendritic cells that enhance the rate 

and efficiency with which present antigen and stimulate T cells to initiate the adaptive 

immune response.   

 

1.5  Role for dendritic cells during an M. tuberculosis infection 

With regards to M. tuberculosis specifically, in vitro dendritic cells can 

phagocytose M. tuberculosis as well as or better than macrophages.   Dendritic cells also 

activate T cells to produce about 5 times more IFNγ than macrophage subsets (Bodnar et 

al., 2001; Giacomini et al., 2001).  Interestingly, adoptive transfer of M. tuberculosis 

infected, irradiated dendritic cells into mice prior to challenge with a lethal dose of M. 

tuberculosis, significantly decreased the bacterial load in the mice and prolonged life 

over naïve control animals (Tascon et al., 2000). 

Despite the research that supports a potential role for dendritic cells in initiating 

the immune response to M. tuberculosis, no in vivo studies have confirmed these in vitro 

findings for M. tuberculosis.  Furthermore, several lines of evidence imply that the in 

vivo picture is more complicated than in vitro findings indicate.  First, although M. 

tuberculosis has been found in the draining lymph node (Teitelbaum et al., 1999), the 

identity of the cells carrying M. tuberculosis to the lymph node has not been determined.  

Second, dendritic cells are located in the interstitial spaces and comprise only 1-2% of the 

cells in the lung (Gonzalez-Juarrero and Orme, 2001; Wolf et al., 2007b) compared to 
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macrophages that comprise 5% to 10% of the total cells in the lung. This information 

brings into question whether dendritic cells have significant access to the alveolar spaces 

to phagocytose antigen.  Third, in vitro studies show that alveolar macrophages can 

inhibit the antigen presenting capacity of lung dendritic cells in an iNOS dependent 

manner (Holt et al., 1993).  Whether this inhibition is functioning to a significant level in 

vivo is not clear, but it suggests the microenvironment can affect the function of antigen-

presenting cells.  Fourth, in vivo and in vitro work has indicated that macrophages may 

enhance their antigen-presenting cell capabilities by undergoing changes to a more 

dendritic cell-like phenotype upon traveling from peripheral tissue to the lymph node.  

Beads injected into the skin were primarily phagocytosed by macrophage, however many 

of the cells containing beads in the lymph node had upregulated several markers typical 

of dendritic cells (Randolph et al., 1999).  The number of macrophages at the site of 

injection decreased simultaneously, suggesting that the macrophages were exiting the 

skin and making the change. Work by the same group in vitro showed that of monocytes 

that migrate across an endothelia layer, a proportion can increase their expression of 

several dendritic cell markers that would seem to increase their antigen presenting 

capacity (Randolph et al., 1998). Though these data are not conclusive, they do imply that 

in vivo both macrophages and dendritic cells may play a role in stimulating an immune 

response.  Because of the lack of clear in vivo data establishing how dendritic cells and 

macrophages interact with each other and M. tuberculosis more work needs to be done to 

define the roles these cells play in initiating the immune response to M. tuberculosis. 
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1.6  Preliminary research regarding in vivo aspects of M. tuberculosis 

Initial mouse experiments in the lab designed to identify factors involved in the 

adaptive immune response indicated that phagocytic antigen-presenting cells play an 

important role in the early control of M. tuberculosis infections.  Infection of CCR2 

deficient mice demonstrated that efficient control of bacterial growth and initiation of 

adaptive immunity are dependent on antigen presenting cell recruitment to the lung.   In 

the absence of CCR2, mice progress to rapid disease with >100-fold increase in bacterial 

load compared to wild type mice, ultimately leading to death around 23 days (Peters et 

al., 2001).  Defects in the cellular immune response were initially traced to a defect in 

macrophage recruitment to the lungs following infection.  There was a subsequent defect 

in CD4+ and CD8+ T cell recruitment to the lungs.  In the draining lymph node there was 

both a deficiency in the number of F4/80+ macrophages and CD11chi dendritic cells 

indicating an essential role for antigen presenting cell subsets in the early initiation of a 

timely immune response.  Further research identified a key role of CCR2 in the egress of 

antigen presenting cell precursors from the bone marrow into the blood (Serbina and 

Pamer, 2006), the downstream consequences of which result in a deficiency in antigen 

presenting cells available to contain the M. tuberculosis infection and initiate the immune 

response. 

To further differentiate the roles of different antigen presenting cell subsets in the 

stimulation of naïve T cells we examined the responses of cathepsin S-/- mice to infection 

with M. tuberculosis. The protease, cathepsin S, functions in the MHC class II loading 

pathway where it is responsible for cleaving the Iip10 form of the invariant chain (Ii) to 

make the CLIP peptide.   MHC class II exists as a complex of heterodimers of α and β 
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chains that are unstable in the absence of antigen.  During synthesis Ii substitutes for 

antigen to stabilize the peptide-binding groove of the MHC class II structure.  In order to 

substitute antigen for Ii, Ii must undergo a series of proteolytic cleavages the last of 

which, Iip10 to CLIP, is mediated by three known proteases: cathepsin L(Nakagawa et 

al., 1998),  cathepsin S(Riese et al., 1996) and cathepsin F(Shi et al., 2000).  Cathepsin S 

is expressed by professional antigen presenting cells (dendritic cells, macrophages and B 

cells), however, macrophages but not dendritic cells are able to compensate for a lack of 

cathepsin S through the expression of cathepsin F (Shi et al., 2000).  Dendritic cells from 

cathepsin S knockout mice express less MHC class II on their surface and of the MHC 

class II molecules that reach the cells surface most are bound to Iip10 (Shi et al., 1999). 

As a result, cathepsin S -/- dendritic cells have a diminished ability to present antigen on 

MHC class II, leaving macrophages as the primary CD4+ T cell-stimulating antigen 

presenting cells.  Initial characterization of the cathepsin S-/- mice showed a decrease in 

the ability of dendritic cells from cathepsin S -/- mice to sensitize T cells to OVA peptide. 

We hypothesized that if dendritic cell antigen presentation was an essential 

component of the control of an M. tuberculosis infection the cathepsin S-/- mice would 

have reduced T cell activation resulting in a higher bacterial load and increased mortality. 

Following i.v. challenge with M. tuberculosis, the cathepsin S-/- mice showed no 

significant difference in the number of macrophage , dendritic cells, CD4+, CD8+, or γδ T 

cells in the lungs or draining lymph node, and bacterial load and survival out to day 77 

were comparable to wild type mice (unpublished research).  There were some 

histological differences in granuloma structure and lymph node cellularity at day 77, but 

the relevance of these differences is unclear.   
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Though, these data are preliminary, three possibilities may explain why cathepsin 

S-/- mice control an M. tuberculosis infection as well as wild type mice.  First, dendritic 

cells may not be important in the early stages of initiating the CD4+ response to M. 

tuberculosis, which does not seem likely considering the body of dendritic cell research 

indicating their role in priming the immune system.  Second, cathepsin S-/- mice may be 

able to load some small amount of antigen on their dendritic cell MHC class II molecules 

and perhaps that alone or in conjunction with macrophages is enough antigen 

presentation to stimulate a satisfactory CD4+ response.  Third, the inflammatory 

environment created by an infection may cause cathepsin S-/- dendritic cells to 

upregulate another cathepsin or other protease that compensates for the loss of cathepsin 

S.  Further research by the Chapman lab determined that only dendritic cells generated by 

treating with Flt3L were affected by the loss of cathepsin S.  Dendritic cells generated by 

treating with GM-CSF have a redundant mechanism for processing Iip10 to CLIP and 

appear to be able to fulfill the necessary role of dendritic cells in the cathepsin S-/- mice, 

therefore we did not pursue this system further.   

The following work described here has two focuses with the ultimate goal of 

understand how M. tuberculosis can elicit an adaptive immune response and still avoid 

elimination by that immune response.  The first focus being to determine the antigen 

presenting cells involved in initiating the immune response to M. tuberculosis and second 

how the subsequent CD4+ T cell response is unable mediate the elimination of M. 

tuberculosis. An essential first step was to quantitate and characterize those cells in the 

lung and draining mediastinal lymph node that are infected with M. tuberculosis over the 

first phase of the infection.  In order to enumerate infected cells from mouse tissues, we 
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utilized a strain of M. tuberculosis that was transformed to constitutively express green 

fluorescent protein (GFP). A flow cytometry based detection system was optimized that 

allowed us to not only quantitate but fully characterize the surface markers expressed by 

infected cells.  The detection of GFP-M. tuberculosis-infected cells demonstrated that 

macrophages are not the only reservoir for M. tuberculosis, and that myeloid dendritic 

cells account for the largest percentage of infected cells by 3 weeks into the infection.  In 

addition, infected cell subsets undergo rapid upregulation of maturation markers during 

the third week of infection, with the highest expression levels found on dendritic cells 

subsets.  A myeloid dendritic cell subset with similar surface marker expression to lung 

dendritic cells accounted for almost all the infected cells in the mediastinal lymph node, 

and infection of the plt mice indicates the dendritic cells transport M. tuberculosis to the 

draining lymph node in a partially CCL19 and CCL21 dependent manner.  Despite the 

fact that a large percentage of infected cells are myeloid dendritic cells ex vivo this subset 

of cells was not the best antigen presenting cells when sorted from infected mice.   

The second step in analyzing the factors effecting the initiation of the immune 

response to M. tuberculosis was to look at spatial and temporal aspects of CD4+ T cell 

activation and the factors that affect them.  If defects in antigen presenting cell function 

play an important role the timing of the CD4+ T cell response we hypothesized that 

through modulation of the infection and the migration of antigen presenting cells we 

would be able to identify key factors affecting T cell activation.  We utilized the adoptive 

transfer of M. tuberculosis-specific transgenic CD4+ T cells and found that the earliest T 

cell activation can occur during an infection is at 11 days. The initiation of T cell 

activation is localized to the draining lymph node and requires a threshold number of 
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bacteria.  The transport of bacteria to the draining lymph node is a rate-limiting step in 

the initiation of the immune response to M. tuberculosis.  This work and the supporting 

literature lead us to conclude that the majority of bacteria initially enter a cell subset 

lacking the capacity to migrate to the draining lymph node, most likely alveolar 

macrophages, and that a round of bacterial growth and spread is necessary to get bacteria 

into migration competent cells for transport to the draining lymph node where T cell 

activation can occur. 

 

The final section of the work presented here looked at the CD4+ T cell responses 

after the initial priming of the immune response.  Using the same Antigen 85B-specific 

transgenic T cells we found that after the first 3-4 weeks of infection there is a significant 

reduction in the ability to stimulate new naïve T cell activation.  This T cell independent 

effect is linked to three contributing factors: a downregulation of Antigen 85B 

expression, reduced access to antigen presenting cells in the lymph node, and decreased 

migration of infected cells to the draining lymph node.  The prevalence of Antigen 85B 

as a possible vaccine component makes these observations about Antigen 85B-specific T 

cell responses very important to the future of M. tuberculosis treatment and prevention. 
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Chapter 2:  Optimization of the Detection of GFP-M. 

tuberculosis infected cells from infected tissues. 

 

2.1  Difficulties associated with detecting GFP-M. tuberculosis by flow 

cytometry 

In order to accurately determine the number of infected cells from tissue we 

needed a sensitive and quantitative technique, the best option for analyzing large number 

of samples is flow cytometry.  Previous work with airway infections had demonstrated 

that there were at least 4 subsets of antigen presenting cells are present in the lungs, the 

identification of which require detection of CD11c and CD11b expression patterns 

(Gonzalez-Juarrero et al., 2003; Legge and Braciale, 2003).  We used these surface 

markers in combination with a strain of wild-type M. tuberculosis that had been 

transformed to constitutively express green fluorescent protein (GFP).    If we could 

accurately detect cells containing GFP+ bacteria by flow cytometry this would provided 

us with a fast, accurate, quantitative method for determining the distribution of bacteria 

among the many antigen presenting cell subsets in the lung after infection. 

When this system was first being developed we encountered a number of 

experimental difficulties that had to be overcome in order to ensure that the system was 

accurate.  First, the lung tissue from infected mice displays a high level of 

autofluorescence.  
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This autofluorescence is associated with the antigen presenting cell subsets of interest in 

the lung making it impossible to exclude.  Considering the airborne hazard concerns 

associated with  M. tuberculosis and the limited availability of multicolor flow 

cytometers, samples from infected tissues must be fixed prior to analysis in order to kill 

the bacteria and eliminate potential infectious risk associated with analyzing cells in 

droplets at high speed.  However, paraformaldehyde fixation can result in increased 

autofluorescence as well.  Experimentation determined that overnight fixation in 1% 

paraformaldehyde was sufficient to render the bacteria inert while minimizing the 

autofluorescence associated with fixation. 

While the intensity of the GFP fluorescence expressed by the bacteria has been 

sufficient for many microscopy studies, the small size of the bacteria (~1 µm in length) 

meant that the total GFP from a cell infected with a single bacterium was very low and 

very close to the background of the lung tissue itself. 

Figure 1.  Flow cytometry dot plot illustrating the autofluorescent diagonal 
associated with uninfected lung tissue 
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In order to ensure accurate detection of as few bacteria per cell as possible we 

first selected for the most intense GFP expressing clones.  Lung tissue from GFP-M. 

tuberculosis infected mice was plated on 7H11 agar and single colonies were selected for 

growth in liquid culture.  The individual clonal cultures were then fixed and analyzed by 

flow cytometry to select for the most the clone with most intense GFP expression.  

Furthermore, because of the low numbers of infected cells in tissue early during infection 

as well as in each individual sample assayed, a matching GFP positive control was 

necessary enable consistent, accurate compensation of the infected samples.  This was 

accomplished by stabling transfecting RAW 264.7 cells with a plasmid (pEGFP-N1) for 

the constitutive expression of the same GFP variant expressed by our GFP-M. 

tuberculosis strain (GFP-RAW).  Compensation of the GFP fluorescence was 

accomplished by spiking a single cell suspension of tissue from mice infected with the 

Figure 2.  Fluorescence from GFP-M.tb. is low and very close to background and 
results in a histogram gate that significantly overlaps with the WT-M.tb. 
background. 
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wild-type strain of M. tuberculosis with the GFP-RAW cells.   Accurate GFP gates were 

then established by using an unspiked sample of tissue from wild-type infected mice to 

get the proper cellular composition following infection but without any GFP contribution.     

We confirmed the validity of our technique by sorting cells localized within the 

GFP+ and GFP- gates and analyzing them by microscopy.  These experiments confirmed 

that 90-95% of the cells in our GFP+ gate were infected with GFP+ rods of M. 

tuberculosis.  In addition, microscopic examination of cells from the GFP- gate did not 

yield any cells containing bacteria making the loss of GFP+ cells due to inaccurate gating 

at <0.1%. Furthermore, our limit of detection was actually a single bacterium per cell as 

we were able to identify significant numbers of cells containing only one GFP+ 

bacterium.  We also compared the number of infected cells enumerated based on our flow 

cytometry technique with those obtained from a single cell colony forming unit (cfu) 

analysis.  Under total cfu assay conditions cells are diluted in a detergent to lyse the cells 

and free the bacteria.  In order to enumerate the number of infected cells independent of 

the number of bacteria per cell, a known number of cells were plated on 7H11 agar plates 

after being serial diluted in sterile PBS.  Each colony resulted from a single cell, 

providing us with a number of infected cells per the number of live cells plated.    The 

resulting data showed a very tight correlation between the number of infected cells as 

determined by flow cytometry and cfu analysis.  Flow cytometry detection of infected 

cells was about 10% of  the total cfu in the tissue but that is explained in two ways, first 

there are often more than one bacteria per cell and second the processes of the lung tissue 

does resulting in some loss of bacteria that were either free in the tissue or as a result of 

cell lysis, but this was considered to be unavoidable and negligible. 
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During the optimization of the detection of GFP+ cells we also discovered one 

more important factor affecting our ability to identify and characterize infected cells, the 

fluorophore combination used to identify the cells surface markers.  When this work was 

initiated there were far fewer fluorophore color options available, one of the primary 

fluorophores used in most flow cytometry work is Phycoerythrin  (PE).  As with all 

fluorophores that are close to each on the spectrum there is some overlap between GFP 

and PE, but under most conditions compensation can make the detection of both colors 

possible.  However, when we tried to combine the detection of a surface marker using a 

PE-labeled antibody with the GFP+ bacteria, the GFP+ cells undetectable.  

Experimentation revealed that when GFP+ cells were also stained with a PE-labeled 

antibody the double positive cells merged with the substantial autofluorescent diagonal of 

the lung tissue making them unidentifiable.   

 

 

Working in conjunction with several flow cytometry experts I determined that in 

order to accurately identify GFP+ cells PE could not be used as a surface marker label.  

Figure 3. When GFP-M.tb. infected lung tissue is stained with a PE-labeled 
antibody the GFP+ cells can no longer be clearly identified 
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The GFP+ cell gate needs to be drawn on a plot of GFP plotted opposite the PE channel in 

the absence of any PE conjugated antibodies (i.e. an Empty Channel).  Therefore, in order 

to do many of the experiments described in the next chapter we had to have access to a 

flow cytometry able to detect far-red fluorophores and UV fluorophores (most work was 

done on an LSRII).  

 

2.2  Procedure for identifying antigen presenting cell subsets in 

combination with detection of GFP-M. tuberculosis 

 

Enough mice for all the desired time points are infected by the aerosol route with 

the desired number of GFP-M. tuberculosis usually 100 -250 bacteria per mouse.  On the 

same day or the following day 2 mice per time point are infected with the same number 

of wild type M. tuberculosis to use as negative controls for GFP detection.  At each time 

point the lungs from each mouse are individually processed to generate a single cell 

suspension as described in the chapters to follow, however the wild-type M. tuberculosis 

tissue samples can be pooled because they will only be used as controls to set up the flow 

cytometer.  The total number of cells in each tissue is enumerated by trypan blue 

exclusion.  In order to identify all the antigen presenting cell subsets each sample needs 

to be stained with anti-CD11c, anti-CD11b, and anti-Gr-1antibodies.  In order to 

accurately detect GFP-M. tuberculosis, it is essential not to use antibodies conjugated to 

PE.  In order to make the best use of the remaining possible fluorophores we had CD11c 

custom-conjugated to PerCP (now commercially available).  We found the following 

fluorophore combination gave us the most consistent results and allowed us to analyze 
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the largest number of antigen presenting cell maturation markers: PerCP anti-CD11c, 

APC-cy7 anti-CD11b, PE-cy7 anti-Gr-1, and antibodies to any additional surface markers 

were conjugated to APC and if necessary Pacific Blue.  Experimentally, we determined 

that optimal results were obtained by staining 1-2x106 cells per sample for the lung 

tissue, and a total of 100,000 live cells were acquired per sample after 2 weeks of 

infection.  At 14 days post infection, the frequency of infected cells the sample 

necessitates the acquisition of more total events.   

One of the key parameters for detection of GFP+ cells is having the proper set of 

controls for compensating the fluorophores.  A few days before the first time point GFP-

RAW cells should be thawed and maintain in culture for the duration of the experiment. 

For the GFP+ detection experiments it is essential to have two unstained samples of wild-

type M. tuberculosis infected tissue, one to establish the borders of the GFP+ gate and the 

other samples will be spiked with 10,000-50,000 GFP-RAW cells to be used to 

compensate the flow cytometer for GFP detection.  In addition, samples stained with each 

individual antibody should be prepared to establish the proper compensation of each 

fluorophore to be used in the experiment as well as all the necessary isotype controls.  

Optimum staining of the cells can be accomplished by staining at 4°C for 20-30 minutes, 

but the optimum antibody concentration must be determined by titrating each antibody in 

advance of the experiment.  During acquisition each of the controls are briefly viewed 

and used to set the compensation and acquisitions parameters, once those parameters 

have been established all samples, including all the controls especially the unstained 

wild-type M. tuberculosis sample, are acquired without further modification of the 

parameters. 
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Even though we based our gating scheme for identifying different antigen 

presenting cell subsets on previous work in the field, (Gonzalez-Juarrero et al., 2003; 

Legge and Braciale, 2003) we validated our gating scheme by sorting each of our cell 

subsets and analyzing nuclear morphology  using standard hematology stains.  Based on 

these experiments we determined that there was substantial overlap of the neutrophil 

subset with the dendritic cell and recruited macrophages when only CD11c and CD11b 

surface markers were used to identify the antigen presenting cell subsets in the lung.  The 

most effective means of accurately gating these three groups while minimizing cross 

contamination was to include Gr-1 in the standard staining set.  Neutrophils were 

determined to be very Gr-1 high but CD11c negative.  Excluding the Gr-1hi, CD11cneg 

prior to plotting the remaining cells on a CD11c verse CD11b plot resulted most pure 

determination of the myeloid dendritic cell and the recruited macrophage populations. 

Figure 4.  Antigen presenting cell gating scheme. (A)Total lung, there is significant 

overlap of neutrophils (red circle) with dendritic cells (DC) and recruited 

macrophages (RecM).  (B) Display total lung cells on CD11c v. Gr-1 plot. Gate on 

the neutrophils (CD11cneg,Gr-1hi). (C) Then take everything but the neutrophils and 

draw your dendritic cell and macrophage gates. 
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The boundaries of the GFP+ gate are established using the unstained wild-type M. 

tuberculosis infected sample, with a background level of GFP <0.1%.  Depending on the 

type of information the experiment is designed to obtain, the GFP+ gate can be applied to 

each antigen presenting cells subset or the all the antigen presenting cells subsets can be 

applied to the GFP+ gate.   

Detection of infected cells in the draining lymph node is even more problematic 

because of their rarity, however, the lymph node is far less autofluorescent.  The main 

modification required to detect GFP+ cells in the lymph node is the number of events 

acquired, 1-2x106  or more in some cases.  Acquiring so many positive events 

necessitates that the lymph nodes from multiple mice are pooled.  At early time points the 

infected cells are very rare.   But even as the number of infected cells increase with time, 

the activation of T cells results is a massive expansion of their numbers maintaining the 

GFP+ cells of interest at a very low percentage of the total cells.   

During the long optimization process, the benefits of enriching for leukocytes 

were explored using CD45+ magnetic beads from Miltenyi.  While this approach did 

significantly enrich for GFP+ cells in the samples, there were several drawbacks.  The 

sorting needs to be done separately for each mouse sample.  We tested gravity flow 

columns, which worked, but were slow, the sorting purity was not consistent and often 

antigen presenting cells of interest were lost on the column.  This approach may still be 

an option if automated, high throughput sorting procedures could be optimized to 

minimize loss and improve consistency. 
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Chapter 3:  Mycobacterium tuberculosis infects dendritic cells 

with high frequency and impairs their function in vivo 

 

3.1 Abstract 

M. tuberculosis is thought to reside in macrophages, though infected dendritic 

cells have been observed.  Thus, while cellular associations have been made, global 

characterization of the cells harboring M. tuberculosis is lacking.  We have performed 

temporal and quantitative characterization of the cells harboring M. tuberculosis 

following aerosol infection of mice, using GFP-expressing bacteria and flow cytometry.  

We discovered that M. tuberculosis infects phagocytic cells of diverse phenotypes that 

the predominant infected cell populations change with time, and that myeloid dendritic 

cells are the major cell population infected with M. tuberculosis in the lungs and lymph 

nodes.  We also found that the bacteria in the lung-draining lymph node are transported 

there from the lungs by myeloid dendritic cells by a CCL19/21-dependent mechanism, 

and that transport of bacteria to the lymph node is a transient phenomenon, despite 

chronic infection.  In addition, we found that the lymph node cell subsets that are most 

efficacious in stimulating M. tuberculosis-specific TCR-transgenic CD4+ T lymphocytes 

are not infected with the bacteria, and are scarce or absent from the lungs of infected 

mice.  Finally, we found that the lung cell populations that are infected with M. 

tuberculosis at high frequency are relatively ineffective at stimulating antigen-specific 

CD4+ T lymphocytes, and we have obtained evidence that live M. tuberculosis can 

inhibit MHC class II antigen presentation without a decrease in surface expression of 
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MHC class II.  These results indicate that M. tuberculosis targets DC migration and 

antigen presentation in vivo to promote persistent infection. 
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3.2 Introduction 

M. tuberculosis is an exceptionally successful pathogen, which indicates that it is 

particularly successful at evading immune responses.  Humans and experimental animals 

infected with M. tuberculosis exhibit robust antigen-specific CD4+ Th1 and CD8+ T 

lymphocyte responses to M. tuberculosis antigens (Mogues et al., 2001; North and Jung, 

2004; Sonnenberg et al., 2005), implying that initial steps in priming and differentiation 

of T lymphocytes are functional in the setting of tuberculosis.  However, since the early 

20th century, it has been known that M. tuberculosis is rarely, if ever, eliminated after 

infection (Wang, 1917; Opie and Aronson, 1927; Robertson, 1933). 

A major challenge to developing more efficacious vaccines against tuberculosis is 

the incomplete understanding of the mechanisms of immunity and of immune evasion by 

M. tuberculosis.  Despite strong evidence that in humans (Shafer et al., 1996; Perlman et 

al., 1997) and mice (Mogues et al., 2001), CD4+ T lymphocytes with a Th1 phenotype 

(Cooper et al., 1993; Flynn et al., 1993) are essential for preventing rapid progression of 

M. tuberculosis disease, little is known regarding the cellular mechanisms of initiation of 

CD4+ T cell responses following M. tuberculosis infection, and it is unclear how M. 

tuberculosis evades elimination once an adaptive immune response develops. 

For over 70 years (Cunningham et al., 1925) it has been known that M. 

tuberculosis survives within macrophages in the lungs, but it is unlikely that lung 

macrophages alone are capable of initiating cellular immune responses by activating 

antigen-specific naive CD4+ T lymphocytes.  Recently, dendritic cells (DC) have been 

found to contain M. tuberculosis in human (Tailleux et al., 2003) and mouse (Humphreys 
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et al., 2006) tissues, and depletion of CD11c+ cells (including DC) in mice prior to 

intravenous injection of M. tuberculosis delays the development of CD4+ T cell responses 

and results in impaired immune control of M. tuberculosis (Buettner et al., 2005).  While 

these data provide evidence that DC can contain M. tuberculosis and that they can 

contribute to timely development of protective immunity, the precise roles of DC and 

macrophages in trafficking of bacteria, in initiation of immunity, and as reservoirs of 

bacteria in tuberculosis remain undefined.  Moreover, it is unclear how each of these 

cellular subsets interacts with antigen-specific T lymphocytes in lungs and in lymph 

nodes to provide limited protective immunity in tuberculosis. 

We developed a technique for sensitive and specific flow cytometry detection and 

phenotyping of cells from mice infected with GFP-expressing M. tuberculosis, and found 

that DC are infected with M. tuberculosis at high frequency in the lungs and draining 

lymph nodes after aerosol infection.  We also found that DC transport M. tuberculosis 

from the lungs to the local draining lymph node, but the frequency of transport decreases 

markedly after a peak in the third week of infection.  Moreover, we found that the subsets 

of cells that are infected at high frequency in vivo are poor stimulators of M. tuberculosis 

antigen-specific CD4+ T cells, despite expressing surface MHC class II and costimulatory 

molecules. 
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3.3 Results 

Flow cytometry detection of M. tuberculosis-infected cells from mouse tissues. 

In order to identify, characterize, and quantitate M. tuberculosis-infected cells in a 

temporal fashion during infection, we performed flow cytometry analysis on lungs of 

mice infected with M. tuberculosis constitutively expressing green fluorescent protein 

(Mtb-GFP).  We first confirmed the specificity of detection by determining that green 

fluorescent events were detected in cells from mice infected with Mtb-GFP, but not in 

cells from mice infected with wild-type Mtb (Figure 1A).  To confirm that these green 

fluorescent events represented Mtb-GFP infected cells, we sorted cells in the positive and 

negative gates in the infected lung (Figure 1A, right panel) and found that > 90% of the 

cells in the positive gate contained one or more bacteria, whereas <0.002% of the cells in 

the negative gate contained bacteria, as detected by fluorescence microscopy. 

We next monitored the numbers of Mtb-GFP+ cells over several weeks of 

infection. First, we confirmed that the infection was progressing as expected by plating 

whole homogenates of total lung tissue for viable bacteria (Figure 1B).  We found the 

expected increase in bacterial counts from 14-21 days followed by a plateau in the 

number of bacteria.  The number of fluorescent events per lung detected by flow 

cytometry displayed the same temporal pattern as the total bacterial counts (Figure 1B).  

We consistently detected ~1 log10 fewer fluorescent events than viable bacteria (Figure 

1B). This difference could be accounted for by loss of bacteria during the washing steps 

that were performed prior to FACS analysis, as determined by assessing the colony 

forming units in the supernatant of each wash (data not shown).  In addition, microscopic 

examination of sorted cells showed that many infected cells contained more than one 
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bacteria (see below), resulting in a ratio of GFP+ events to cfu of less than one. 

Additionally, the number of fluorescent events detected compared very closely to the 

number of viable bacteria detected in the washed, single-cell suspensions that were not 

lysed with detergent prior to plating (Figure 1B).  Taken together, these data indicate that 

our flow cytometry technique is both sensitive and specific for detecting infected cells,  

and show that the number of infected cells first increases and then plateaus, mirroring the 

pattern of total bacterial counts.  This indicates that during the initial phase of infection 

with M. tuberculosis prior to appearance of the adaptive immune response, the growth of 

the bacterial population in the lungs is accompanied by expansion of the number of 

infected cells, which implies a high rate of cell-to-cell spread of the bacteria.  This cell-

to-cell spread is diminished by the adaptive immune response, as the number of infected 

cells plateaus with the same kinetics as the bacterial population size. 

 

M. tuberculosis infects lung cells with diverse phenotypes in vivo. 

Differential quantitative expression of the leukocyte markers, CD11b and CD11c, 

together with bronchial lavage, identified three major and two minor subsets of myeloid 

cells in the lungs (Gonzalez-Juarrero et al., 2003; Jakubzick et al., 2006; Landsman et al., 

2007) (Figure 2).  At the earliest time point that Mtb-GFP could be reliably detected (14 

days post infection), alveolar macrophages, myeloid DC, and neutrophils were the 

predominant infected cells in the lungs (Figure 3).  By 19 days post infection, myeloid 

DC and interstitial macrophages were recruited to the lungs, and outnumbered the 

alveolar macrophages (Figure 2).  Concurrent with their recruitment to the lungs, myeloid 

DC and recruited interstitial macrophages became infected (Figure 3), and were the 
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predominant populations of infected cells in the lungs, while alveolar macrophages, 

which changed minimally in total number during the course of infection, decreased as a 

fraction of the total infected cells in the lungs.  Myeloid DC and recruited macrophages 

remained the predominant infected cells in the lungs throughout the remainder of the 

monitored infection. Despite the longstanding belief that macrophages represent the 

resident cells for M. tuberculosis, myeloid DC account for the largest percentage (>50%) 

of infected cells in the lung after 14 days of infection.  While recruited interstitial 

macrophages represent a significant percentage of the infected cells, infected myeloid DC 

outnumber infected recruited macrophages by 2:1 at the peak of the infection in the lung 

(Figure 3A and 3C).  While accounting for approximately half the infected cells after 3 

weeks, the myeloid DC only represent 6.8% of the total cells in the lung, therefore a high 

proportion of the DC in the lung become infected with M. tuberculosis (Tables I and II). 

In addition to macrophages and DC, between 14 and 21 days post infection we 

found GFP+ cells within a CD11cnegCD11bhiGr-1hi population.  Examination by 

microscopy of flow-sorted GFP+ cells from this population confirmed that the GFP+ cells 

contained M. tuberculosis, histological staining by Hema3 showed that 80% of the cells 

possessed granulocyte-like nuclei, and 72% of the cells were strongly positive for 

myeloperoxidase activity by Leder stain.  Taken together, these results indicate that 

granulocytes are transiently infected with M. tuberculosis early in infection, but that they 

represent a minor fraction of the infected cells at later times.  
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Dendritic cells transport M. tuberculosis to the mediastinal lymph node 

We also utilized flow cytometry to characterize the cells in the mediastinal lymph 

node, which drains the lungs.  After day 14 post infection, one population of cells 

dominated the distribution of infected cells in the mediastinal lymph node (Figure 3 D-F).  

Greater than 65% of the infected cells were CD11chiCD11bhi myeloid DC, which 

resemble the predominant infected cell population in the lungs.  The total number of 

these cells increased progressively in the lymph node during the course of infection (from 

1 x 104 to 2 x 105), and by day 19, approximately 25% of these cells in the mediastinal 

lymph node contained bacteria detectable by flow cytometry.  In contrast to the total 

number of myeloid DC in the mediastinal lymph node, the number of infected myeloid 

DC reached a peak of approximately 2.5 x 104 by day 21 post infection, and then 

decreased to approximately 8 x 103 per lymph node by day 28.  The number of viable 

bacteria in the lymph node decreased by a similar extent between days 21 and 28. 

Infected lymph node cells could arise by several different mechanisms, including 

by drainage of cell-free bacteria from the lungs in lymphatic fluid, by phagocytosis of 

hematogeneously-spread bacteria by resident cells in the lymph node, or by transport by 

DC that become infected in the lungs and then migrate to the lymph node when they 

mature.  To distinguish these possibilities, we infected plt mice, which lack expression of 

CCL19 and CCL21ser (Nakano and Gunn, 2001), which are normally expressed in 

lymphatic endothelium and the paracortical zone of lymph nodes, and serve as ligands for 

CCR7 on mature DC.  Compared to wild-type controls, mediastinal lymph nodes of plt 

mice contained 89% fewer CD11chiCD11bhi cells and 95% fewer bacteria on day 14 after 

M. tuberculosis infection (Figure 4).  The number of lung DC or macrophages, and the 
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number of bacteria in the lungs did not differ significantly on day 14 between plt mice 

and controls.  These results support the hypothesis that mature DC transport live M. 

tuberculosis from the lungs to the local draining lymph node, at least during the early 

phase of infection.  The observation that the number of M. tuberculosis-infected myeloid 

DC in the lymph node decreases later in infection, when the number of infected myeloid 

DC in the lungs remains at the high level achieved by day 21, implies that migration of 

M. tuberculosis-infected myeloid DC from the lungs to the mediastinal lymph node is a 

transient phenomenon, and is downregulated in later stages of infection. 

 

Immunohistochemistry localizes M. tuberculosis in DEC-205+ cells 

  For an alternative approach to determining the frequency of M. tuberculosis 

infection of dendritic cells, we used immunohistochemistry and a well-characterized 

antibody to the dendritic cell marker, DEC-205.  Since immunohistochemistry staining 

and acid-fast staining of mycobacteria are incompatible, we performed these studies 

using a strain of M. tuberculosis transformed with a plasmid for constitutive expression 

of E. coli β-galactosidase.  This revealed that bacteria could be detected in DEC-205+ as 

well as DEC-205– cells in pulmonary granulomas, and that infected DEC-205+ cells 

formed aggregates with other infected DEC-205+ cells, while infected DEC-205– cells 

clustered with other DEC-205– cells (Figure 5). When we quantitated the frequency of M. 

tuberculosis-infected DEC-205+ cells in the lungs, we found that 21 days after infection, 

53% of the bacteria were in DEC-205+ cells; this increased to 63% by 28 days after 

infection.  These results support the observations obtained by flow cytometry that the 

majority of bacteria reside in lung cells with characteristics of dendritic cells. 
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Antigen-presenting cells in the lungs and mediastinal lymph nodes of M. 

tuberculosis-infected mice express surface MHC class II and costimulatory 

molecules  

Secondary lymphoid tissues such as lymph nodes are the sites of priming of naïve 

CD4+ T lymphocytes by MHC Class II-restricted recognition of peptide antigens, usually 

on DC.  In the lungs, antigen presentation is necessary for recognition of infected cells by 

M. tuberculosis antigen-specific effector CD4+ T cells.  Our finding that M. tuberculosis 

infects DC in the lungs and mediastinal lymph node indicates that these cells contain M. 

tuberculosis antigens, and may participate in activation of naïve (lymph node) and 

effector (lung) CD4+ T cells.  We found that myeloid DC from lungs and from the 

mediastinal lymph nodes of M. tuberculosis-infected mice expressed high levels of MHC 

class II (Figure 6).  Dendritic cells in the lungs of infected mice expressed progressively 

higher levels of surface MHC class II from 14-21 days after infection, consistent with 

progressive maturation of resident and newly-recruited DCs by bacterial products and by 

proinflammatory cytokines induced by infection (Hertz et al., 2001; Buettner et al., 

2005).  Likewise, myeloid DC in the mediastinal lymph node expressed high levels of 

MHC class II, consistent with maturation.  Further evidence for maturation of DC in the 

lungs and mediastinal lymph node was provided by increased expression levels of 

costimulatory molecule (CD80, CD86, and CD40) expression on lung and mediastinal 

lymph node DC (Tables III and IV).  Consistent with other studies in mice (Gonzalez-

Juarrero et al., 2003) and in humans (Somoskovi et al., 2000), we found that alveolar 

macrophages also expressed high levels of MHC class II, although the levels were not as 

high as those on DC.  By comparison, newly-recruited interstitial macrophages, which 
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represent a major subset of the M. tuberculosis-infected cells in the lungs, expressed 

lower levels of MHC class II, as reflected by 10-fold lower fluorescence intensity by flow 

cytometry, and a lower proportion of these cells expressed CD80 and CD86 (Figure 5 and 

Tables III and IV). 

 

Subsets of cells from tissues of M. tuberculosis-infected mice differ in their ability to 

stimulate M. tuberculosis-specific CD4+ T lymphocytes 

The differences in expression of MHC II and costimulatory molecules on distinct 

subsets of cells from M. tuberculosis-infected mice suggested that cells in the subsets 

might differ in their capacity to stimulate CD4+ T lymphocytes.  To test this hypothesis, 

we sorted lung and mediastinal lymph node cells on the basis of their quantitative 

expression of CD11b and CD11c, and used the sorted cells to stimulate T cell antigen-

receptor (TCR) transgenic (P25TCR-Tg) CD4+ T cells that recognize a peptide from M. 

tuberculosis antigen 85B (Tamura et al., 2004). 

In the lymph node, we expected that the myeloid DC from M. tuberculosis-

infected mice would be the most efficient antigen-presenting cells to CD4+ T cells, since 

they exhibit a mature phenotype, and are well known for their efficiency as antigen-

presenting cells. However, we found that myeloid DC from mediastinal lymph nodes of 

M. tuberculosis-infected mice were poorer antigen-presenting cells than were 

CD11chiCD11blo/neg DC, which elicited twice as much IFNγ from the responding T cells 

as than did myeloid DC (Figure 6A).  The same pattern was observed for stimulation of 

IL-2 release, indicating that the differential ability of the antigen-presenting cell subsets 



35

was not confined to stimulation of a Th1 response (not shown).  When we compared the 

ability of the same subsets of DC (after maturation with TNF and LPS) from lymph 

nodes of uninfected mice to stimulate P25 TCR-Tg cells, myeloid DC were the most 

efficacious in stimulating production of IFNγ from the responding T cells (data not 

shown). Since myeloid DC are the predominant M. tuberculosis-infected cells in the 

lymph node, and nonmyeloid DC are infected with very low frequency, these results 

suggest that M. tuberculosis infection may inhibit direct antigen presentation by myeloid 

DC. 

Among the cells in the lungs, we also anticipated that myeloid DC would be 

efficient antigen-presenting cells, since they express the highest levels of surface MHC 

class II and costimulatory molecules.  However, as in the mediastinal lymph nodes, 

myeloid DC isolated from the lungs stimulated P25 TCR-Tg CD4+ cells poorly.  Indeed, 

myeloid DC isolated from the lungs of M. tuberculosis-infected mice stimulated the 

CD4+ T cells no more effectively than did recruited macrophages, which express lower 

levels of MHC II and costimulatory molecules (Figure 6B).  In contrast, alveolar 

macrophages, which represent a small percentage of the total of the infected cells, 

consistently elicited the greatest amount of IFNγ from P25 TCR-Tg CD4+ T cells.  In 

comparison to mediastinal lymph node cells with comparable surface phenotypes, all of 

the subsets of cells from the lungs were less efficacious stimulators of CD4+ T cells. 

M. tuberculosis inhibits MHC class II antigen presentation without reducing surface 

class II expression. 

The finding that cells from M. tuberculosis-infected mice were poor stimulators of 

antigen-specific CD4+ T cells suggested that M. tuberculosis infection might inhibit class 
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II antigen presentation.  To test this hypothesis, we constructed a cell line that 

constitutively expresses high levels of surface MHC class II and other mediators of class 

II antigen presentation, due to constitutive expression of class II transactivator.  These 

cells were efficient antigen-presenting cells to DO11.10 ovalbumin-specific TCR-Tg 

CD4+ T lymphocytes (Figure 7).  When these cells were infected with live, virulent M. 

tuberculosis, their stimulation of DO11.10 cells was reduced by 90%, without a 

significant change in their surface expression of MHC class II or a reduction in surface 

expression of CD80 or CD86.  Inhibition of antigen presentation by the CIITA-RAW 

cells required live M. tuberculosis, as no effect was observed when the cells were treated 

with gamma-irradiated M. tuberculosis. 

  

Inefficient CD4+ T cell stimulation is accompanied by accumulation of intracellular 

bacteria in lung DCs and recruited macrophages 

CD4+ T cells provide protection against progressive growth of M. tuberculosis by 

secreting TNF and IFNγ, and by incompletely-characterized cell contact-dependent 

mechanisms (Bonecini-Almeida et al., 1998; Silver et al., 1998; Cowley and Elkins, 

2003).  The observation that M. tuberculosis-infected recruited interstitial macrophages 

and myeloid DC were poorly recognized by M. tuberculosis-specific CD4+ T cells 

suggests that these cells would be permissive for intracellular growth of M. tuberculosis 

in vivo.  To test this hypothesis, we counted the number of bacteria per cell after sorting 

GFP+ myeloid DC and recruited macrophages from the lungs (Figure 8).  Accurate 

enumeration of the number of bacteria per cell was only possible at low cellular bacterial 

densities, so we used a conservative cut-off, and scored all cells with 5 or more bacteria 
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as having 5 bacteria per cell.  Despite this conservative cut-off, we found that lung DC 

contained 3.76 ± 0.05 bacteria per cell, while recruited macrophages contained 4.13 ± 

0.05 bacteria/cell (p = 0.0001, by Mann-Whitney U test).  Moreover, while 32% of 

infected lung DC contained ≥5 bacteria per cell, nearly twice as many infected recruited 

macrophages (59%) contained ≥5 bacteria per cell, and many of the macrophages were 

densely packed with bacteria, while few densely-infected DCs were found (Figure 8).  

These findings indicate that multiple subsets of antigen-presenting cells are permissive 

for growth of M. tuberculosis in vivo, and that cells that stimulate antigen-specific CD4+ 

T cells poorly contain more bacteria per cell. 
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3.4  Discussion 

The studies reported here reveal several major findings regarding the early stages 

of infection and the adaptive immune response after aerosol infection with M. 

tuberculosis.  First, they demonstrate that M. tuberculosis infects cells of diverse 

phenotypes, that the predominant infected cell populations change with time, and that 

myeloid DC are one of the major cell populations that are infected with M. tuberculosis 

in the lungs and lymph nodes.  Second, we found that the population of M. tuberculosis-

infected cells in the lung-draining lymph node is much less diverse than in the lungs: up 

to 80% of the bacteria in the lymph node are found in myeloid DC.  Moreover, we found 

evidence that the bacteria in the lung-draining lymph node are transported there from the 

lungs by myeloid DC by a CCL19/21-dependent mechanism, and that transport of 

bacteria to the lymph node is a transient phenomenon.  Third, we found that the lymph 

node cell subsets that are most efficacious in presenting an M. tuberculosis peptide 

antigen to CD4+ T lymphocytes are not infected with the bacteria, and are not represented 

in the lungs of infected mice.  Finally, we found that the cell populations that are infected 

with M. tuberculosis at high frequency are relatively ineffective at stimulating antigen-

specific CD4+ T cells, and we have obtained evidence that live M. tuberculosis can 

inhibit MHC class II antigen presentation without a decrease in surface expression of 

MHC class II. 

Since 1925, mononuclear phagocytes have been known to be resident cells for M. 

tuberculosis in vivo (Cunningham et al., 1925).  Until recently, M. tuberculosis has been 

thought to reside exclusively in macrophages, though recent studies have detected 

bacteria in DC in tissues of mice and humans (Jiao et al., 2002; Tailleux et al., 2003; 
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Humphreys et al., 2006). The sensitive and specific flow cytometry assay we have 

developed has allowed us to detect and characterize cells infected with GFP-expressing 

M. tuberculosis, and to find that the cell populations that contain M. tuberculosis during 

the initial 4 weeks of infection are highly dynamic, and that DC, not macrophages, are the 

quantitatively predominant subset of the infected cells in the lungs after the first two 

weeks of infection.  In the studies reported here, lung dendritic cells were identified by 

their high level expression of both CD11c and CD11b, as previously described 

(Gonzalez-Juarrero and Orme, 2001; Jakubzick et al., 2006; Landsman et al., 2007).  In 

addition, we found that this cell subset in the lungs other characteristics of dendritic cells, 

including IFNg-independent expression of high levels of surface MHC class II, and high 

levels of the costimulatory molecules, CD80 and CD86.  This same subset of cells in the 

lungs has been found by other investigators to exhibit properties of dendritic cells, 

including characteristic morphology in situ (Landsman et al., 2007), the ability to migrate 

from the lungs to the mediastinal lymph node (Legge and Braciale, 2003; Jakubzick et 

al., 2006), and the ability to prime naïve T cells (Jakubzick et al., 2006; Landsman et al., 

2007).   

 The number of DC and recruited macrophages in the lungs increases 

progressively during the first four weeks of infection, at least in part due to CCR2-

dependent signaling (Peters et al., 2001; Scott and Flynn, 2002; Peters et al., 2004), and 

upon arrival in the lungs, DC and recruited macrophages become infected and markedly 

outnumber the initially-infected alveolar macrophages, which do not change in total 

number or number of infected cells after the first two weeks of infection.  After the third 

week of infection, newly-recruited DC and macrophages account for 80-90% of the 
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infected cells in the lungs, and afterward, the distribution of the bacteria in these cells 

remains stable.  Between days 14 and 19 post infection, concurrent with dendritic cell 

recruitment and infection in the lungs, DC mature, as assessed by expression of surface 

MHC class II and the costimulatory molecules CD80 and CD86.  Within this same 

interval, infected DC transport live M. tuberculosis from the lungs to the lung-draining 

mediastinal lymph node, which indicates that at least a subset of infected lung DC 

express CCR7, CCR8, and/or other chemokine receptors required for migration, at least 

in the first 14-17 days of infection. 

Within the lung-draining mediastinal lymph node, all of the subsets of cells 

defined by expression of CD11b and CD11c increased in number by day 19 of infection, 

and all of them stayed persistently increased in number compared to that in uninfected 

mice for at least the first four weeks of infection.  Of the lymph node cells that contained 

M. tuberculosis, up to 80% are CD11chiCD11bhi myeloid DC, which implies that only 

this subset of cells, and neither of the macrophage subsets, is capable of migrating from 

the lungs to the lymph node, consistent with the results observed after administration of 

fluorescent latex particles (Jakubzick et al., 2006) or infection with influenza virus 

(Legge and Braciale, 2003).  The number of M. tuberculosis-infected DC in the lymph 

node reached a peak on day 21 after infection, when the number of DC containing 

bacteria in the lungs also reached its maximum level.  On day 21, the number of M. 

tuberculosis-infected myeloid DC in the lymph node was approximately 10% of the 

number in the lungs, which suggests that during the initial weeks of infection, a high 

proportion of the DC in the lungs that become infected migrate from the lungs to the local 

lymph node.  Unlike the pattern seen in the lungs, the number of infected myeloid DC in 
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the lymph node decreases markedly after day 21, so that by day 28, the number of 

infected cells in the lymph node is only 2% of that in the lungs.  One potential 

explanation for this is that infected DC stop migrating from the lungs to the lymph node, 

as has been observed for lung DC after infection with influenza virus (Legge and 

Braciale, 2003).  However, this is not likely to be the sole explanation, since the total 

number of myeloid DC in the lymph node remains stable from days 19-28.  An additional 

possibility is that total dendritic cell migration from the lungs does not cease, but that 

migration of M. tuberculosis-infected DC is selectively arrested after days 17-21.  Further 

studies will be required to determine whether selective differences in migration of M. 

tuberculosis-infected and uninfected lung DCs occurs after an initial wave of migration 

of infected lung DCs.  The finding that dendritic cell migration from the lungs to the 

lymph node is temporally restricted, despite chronic infection implies that M. 

tuberculosis antigens that are only expressed during the later stages of infection may not 

be efficiently presented to naive T lymphocytes. 

Since myeloid DC are the predominant population of cells that contain M. 

tuberculosis in the mediastinal lymph node, we expected that they would also exhibit the 

highest capacity for antigen presentation to M. tuberculosis-specific CD4+ T 

lymphocytes.  Instead, the CD4+ T cell stimulating capacity of myeloid DCs from the 

mediastinal lymph node was exceeded by that of two alternative populations of lymph 

node DCs that expressed low or negligible levels of CD11b.  Since neither of these cell 

populations is infected at high frequency in vivo, and since neither is found in the lungs, 

our results suggest that while myeloid DCs transport live M. tuberculosis from the lungs 

to the lymph node, priming of naive M. tuberculosis-specific CD4+ T lymphocytes may 



42

be accomplished by resident lymph node DCs, as has been reported during the early 

immune response to Leishmania major after intradermal infection (Iezzi et al., 2006).   

When we examined the antigen presentation capacity of DC and macrophages 

isolated from the lungs of infected mice, we found that they were less able to stimulate 

M. tuberculosis Ag85B-specific CD4+ T lymphocytes than were lymph node cells.  

Myeloid DCs from the lungs stimulated M. tuberculosis-specific CD4+ T cells to secrete 

approximately half the amount of IFNγ observed when DCs from the lymph node were 

used, despite comparable levels of expression of surface MHC class II, CD80, CD86, and 

CD40.  These results indicate that the DC found in the lungs are less efficacious antigen-

presenting cells than those in the lymph node.  One possible explanation is that M. 

tuberculosis-infected lung DCs undergo a defective maturation program that limits their 

capacity to migrate to lymph nodes as well as to present peptide antigens by the class II 

pathway.  Indeed, M. tuberculosis has been reported to inhibit maturation of human 

peripheral blood-derived DCs in vitro (Hanekom et al., 2003), but the results reported 

here are the first to demonstrate that this phenomenon also occurs in vivo. 

To seek evidence that M. tuberculosis inhibits MHC class II antigen presentation 

in cells that do not require treatment with IFNγ for class II expression, we constructed a 

macrophage cell line that constitutively expresses class II transactivator which drives 

high levels of surface class II.  Using those cells, we found that live, but not gamma-

irradiated, M. tuberculosis inhibits class II antigen presentation to CD4+ T lymphocytes 

despite abundant surface class II.  This cell line should prove valuable for studies of the 

cellular basis of the inhibition of class II antigen presentation, and for screening libraries 
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of mutant M. tuberculosis to identify bacterial mechanisms of inhibiting antigen 

presentation. 

In addition to the poorer antigen-presenting capacity of DCs from the lungs 

compared to that of DCs from the lymph node, recruited lung macrophages exhibited 

even lower efficacy in stimulating M. tuberculosis Ag85B-specific CD4+ T lymphocytes.  

This was accompanied by lower surface expression of MHC class II, and in the presence 

of lower frequency of expression of CD80 and CD86 in recruited macrophages compared 

to lung DCs.  That this may have functional relevance is indicated by our finding that 

recruited macrophages contain significantly more bacteria per cell than do DC in the 

lungs, although from these experiments it is not possible to determine whether the greater 

number of bacteria is the cause or the effect of poor antigen presentation and T cell 

stimulation. 

In summary, we have found that M. tuberculosis infects phagocytes with diverse 

phenotypes in vivo, and that myeloid DC transport M. tuberculosis from the lungs to the 

local lymph node during the early, but not later stages of infection. Moreover, we have 

found that DC and recruited macrophages in the lungs are poor stimulators of M. 

tuberculosis antigen-specific CD4+ T cells.  Taken together, these results imply that 

vaccines that induce cellular immune responses to M. tuberculosis antigens may have 

limited efficacy if the responding memory and effector T lymphocytes cannot effectively 

recognize infected lung cells.  In addition to ongoing vaccine development, efforts to 

develop strategies for overcoming immune evasion by M. tuberculosis need to be a high 

priority.  
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3.5  Materials and Methods 

Mice 

C57BL/6J mice were bred and housed in the NYU School of Medicine animal 

facilities or purchased from Jackson Laboratories. plt/plt (backcrossed against C57BL/6 

for 10 generations, and obtained from S. Luther and J. Cyster) and P25 TCR-Tg mice 

were bred and housed in the NYU animal facility. Mice were infected at 8-12 weeks of 

age.  

M. tuberculosis Strains and Growth 

Mycobacterium tuberculosis (H37Rv) was transformed with plasmid pMV262 

encoding FACS-optimized GFPmut3 under the control of the M. bovis BCG Hsp60 

promoter (provided by Dr. Lalita Ramakrishnan, U. of Washington).  Bacteria were 

grown in Middlebrook 7H9 media supplemented with 10% (v/v) ADC enrichment and 50 

µg/ml kanamycin.  Aerosol infection stocks were generated by initial passage in 

C57BL/6J mice.  After 36 days of infection, lungs were homogenized and plated on 

Middlebrook 7H11 Selective media plates (Difco) with 50 µg/ml Kanamycin and grown 

for 2-3 weeks at 37° C.  Bacterial colonies were scraped into Falcon T75 flasks containing 

7H9+ADC enrichment and grown lying flat to mid-log phase growth, approximately 7 
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days at 37°C.  Bacteria were pelleted at 2000 x g and resuspended in 1/10 the original 

growth volume of PBS containing 0.5% Tween 80, aliquoted, and frozen at -80°C.  

Aerosol stock titer was determined by preparing eight 10-fold serial dilutions in triplicate 

in PBS containing 0.5% Tween 80 of 5 random vials of stock and plating on Middlebrook 

7H11 plates. 

Antibodies 

All antibodies were purchased from BD-Pharmingen unless otherwise stated.  

Anti-CD11c PerCP (H3L) was a custom conjugate from BD-Pharmingen, anti-CD11b 

APC-Cy7, anti-Gr-1 APC or PE-Cy7, anti-CD86 APC.  Purified anti-CD80, anti-CD40, 

anti-I-A/I-E were purchased from BD-Pharmingen and conjugated to Alexa Fluora 647 

using Molecular Probes MAb conjugation kit.  

Mouse Aerosol Infections 

Mice were infected by the aerosol route using a Glas-Col Inhalation Exposure 

Unit (Glas-Col, Terre Haute, IN).  An aliquot of aerosol infection stock was thawed at 

room temperature, and the bacterial suspension was forced 10 times through a 25-gauge 

needle fitted to a 1 ml syringe, to disperse clumps of bacteria.  The inoculum was 

prepared by diluting the bacterial stock of known concentration to a concentration equal 

to 2 x 104 times the intended dose per mouse into sterile water to yield 6 ml of inoculum.  

5 ml of the inoculum was loaded into Inhalation Exposure Unit nebulizer, and the 

remaining 1 ml was used to confirm the inoculum concentration by serial dilution and 

plating on 7H11 agar.   The following program was used to infect the mice: 900s Preheat, 

2400s Nebulizing, 2400s Cloud Decay, 900s Decontamination.  After infection, mice 

were returned to their original cages and housed in individually-ventilated microisolator 
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cages.  For controls for the specificity of GFP fluorescence as a measure of infection, a 

group of C57BL/6J mice were infected with wild-type M. tuberculosis H37Rv by the 

same procedure within 24 hr of the Mtb-GFP group.  For all infections, the actual 

infection dose was determined by euthanizing 5 mice within 24 hours of infection.  Lungs 

were removed and homogenized, and plated on 7H11 agar plates.  CFU were counted 

after incubation at 37°C for 2-3 weeks. 

Tissue Harvests and CFU Determination 

Mice were euthanized by CO2 followed by cervical dislocation.  The lungs and 

mediastinal lymph node were removed and placed in Digestion Buffer (RPMI, 5% FCS, 

10 mM HEPES).  Tissues were minced using forceps and scissors into pieces 2 mm3 in 

greatest dimension.  Tissue was then incubated in 1 mg/ml Collagenase D (Roche) and 30 

µg/ml DNase I (Roche) at 37°C for 45 minutes.  Each tissue was forced through a 70 µm 

cell strainer (BD Falcon) and an aliquot removed to determine the bacterial load.  The 

single cell suspension was washed, and the red blood cells removed using ACK Lysis 

Buffer (155 mM NH3Cl, 10 mM KHCO3, 88 µM EDTA).  Live cells were counted using 

trypan blue exclusion.  

FACS Staining and Acquisition 

Staining for surface markers was done by resuspending 1 x 106 cells in FcR 

blocking antibody (2.4G2) for 10 min at 4° C followed by FACS Buffer (PBS, 1% FCS, 

0.1% sodium azide, 1 mM EDTA) containing antibodies and incubating at 4° C for 20 

min.  Cells were then washed twice and fixed in 1% PFA overnight at 4° C.  Samples 

were acquired using a FACS Diva, LSR II or FACS Vantage depending on the 
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experiment.  Because Mtb-GFP+ cells are rare, especially early in infection, and lung 

cells exhibit high autofluorescence, special conditions were required to detect and 

phenotype Mtb-GFP+ cells.  First, unstained lung cells from mice infected with wild-type 

M. tuberculosis H37Rv were used to set the boundary between the GFP+ and negative 

populations.  Second, due to the low frequency of GFP+ cells, an abundant positive 

control was required to standardize the GFP compensation. For this purpose, RAW264.7 

cells were transformed with plasmid pEGFP-N1 (Clontech) and a stable GFP-expressing 

line (RAW-GFP) was generated.  RAW-GFP cells were spiked into a sample of unstained 

lung cells in order to compensate the GFP.  Finally, due to autofluorescence associated 

with lung cells, it was not possible to costain with an antibody conjugated to a 

fluorophore spectrally adjacent to GFP.  An empty/unused channel was necessary to 

establish a consistent GFP+ gate.  Mtb-GFP+ cells could then be phenotyped using 

fluorophores with at least one spectral channel of distance from GFP. 

Phenotyping and quantitation of lung and lymph node cells 

CD11chiCD11bhi lung cells were designated as myeloid dendritic cells, based on 

the marker expression previously described (Gonzalez-Juarrero et al., 2003; Jakubzick et 

al., 2006; Landsman et al., 2007), and by the observation that after aerosol infection of 

IFNγR-/- mice with M. tuberculosis, they expressed high levels of surface MHC class II, 

while in other lung cell subsets, surface class II expression was markedly reduced in 

infected IFNγR-/- mice (data not shown).  Alveolar macrophages (CD11chiCD11blo) were 

identified by the pattern of staining of cells recovered by bronchoalveolar lavage and by 

the depletion of this cell subset from post-lavage lung homogenates.  Recruited 

macrophages (CD11cmedCD11bmed) were identified by their presence in low numbers in 
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uninfected mice, their absence from bronchoalveolar lavage, the marked increase in their 

number in the lungs after aerosol infection with M. tuberculosis, and their dependence on 

IFNγ responsiveness for surface expression of MHC class II.  Monocytes 

(CD11cnegCD11bmed) were also identified as in (Gonzalez-Juarrero et al., 2003), and 

expressed low amounts of surface MHC class II in the presence or absence of IFNγ 

responsiveness.  Neutrophils were identified as described in the text, on the basis of their 

nuclear morphology and presence of myeloperoxidase.  Myeloid dendritic cells 

(CD11chiCD11blo) in  mediastinal lymph nodes were identified as described (Gonzalez-

Juarrero et al., 2003; Jakubzick et al., 2006).  CD11chiCD11blow lymph node cells, despite 

their resemblance in expression of these markers, were considered to be distinct from 

alveolar macrophages in the lungs, since they are present in lymph nodes that do not 

drain the lungs.  They and the CD11chiCD11bneg cells are likely to be similar, if not 

identical, to dendritic cell subsets previously identified in mouse lymph nodes (Vremec 

and Shortman, 1997; Henri et al., 2001). 

M. tuberculosis expressing beta-galactosidase, and immunohistochemistry 

M. tuberculosis Η37Rv was transformed with plasmid pUS989 (gift from Dr. 

Douglas McIntosh), which expresses β-galactosidase under the control of the Hsp60 

promoter (Medeiros et al., 2002), to prepare a strain termed Mtb-β-gal.  Wild-type 

C57BL/6 mice were infected with mouse-passaged Mtb-β-gal by the aerosol route as 

described above.  At designated time points, lungs were inflated with Tissue-Tek O.C.T. 

(Sakura Finetek, Torrance, CA) and embedded and frozen in Tissue-Tek O.C.T.  Samples 

were stored at -80oC.  Tissue was sectioned into 6 µm sections using a Leica cryostat 

fitted with a Cryo-Jane Tape-Transfer System and Cryo-Vac-Away (Instrumedics, St. 
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Louis, MO). Sections were dried and fixed for 10 min with acetone. Mtb-β-gal was 

detected in sections by staining with a solution of 1 mM MgCl2, 5 mM potassium 

ferrocyanide, 5 mM potassium ferricyanide, and 1 mg/ml X-gal in PBS for 12 hr at 37oC.  

Immunohistochemistry was performed using a monoclonal antibody to DEC-205 

(Serotec; NLDC-145), which was detected using biotin-labeled anti-rat IgG (Vector 

Laboratories, Burlingame, CA), and Vector ABC–AP Kit, using Vector Red as the 

substrate.  Sections were counterstained with Vector Hematoxylin and mounted using 

Permount. Sections were viewed and photographed using a Leica DMRB microscope 

equipped with a SPOT Slider camera and SPOT Software. 

Cell Sorting and Microscopy 

Paraformaldehyde-fixed single-cell suspensions of lung and lymph node were 

stained with DAPI (Molecular Probes) and  ~1000 cells were sorted onto slides based on 

CD11b and CD11c surface stains using a FACS Vantage (NYU Center for AIDS 

Research).  Cells were mounted using Slow Fade mounting media (Molecular Probes) 

and visualized at 1000x oil immersion on a Leica DMRB fluorescent microscope.  

Pictures were taken using a Spot Slider digital camera and Spot Software. 

Stimulation of M. tuberculosis-specific CD4+ T lymphocytes by cells from M. 

tuberculosis-infected mice  

T cells and B cells were removed from single cell suspensions of lungs and lymph 

node using Dynal magnetic bead selection (Invitrogen) to enrich for antigen presenting 

cells.  For live sorts, cells were stained in sterile PBS, 10% FCS, kept on ice and sorted 

using a FACS Vantage at the NYU Center for AIDS Research.  CD4+ T cells were 

isolated from P25TCR-Tg mice (Tamura et al., 2004) using a CD4 T cell Isolation Kit 
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and AutoMACS (Miltenyi). 1-2x105 CD4+ T cells were combined with sorted antigen-

presenting cells at designated ratios in Complete Media (RPMI, 10% FCS, L-glutamine, 

Non-essential amino acids, sodium pyruvate, HEPES, β-mercaptoethanol)  in the 

presence of 10 µg/ml P25TCR-specific peptide (M. tuberculosis antigen 85B amino acids 

240-254; FQDAYNAAGGHNAVF, synthesized by Invitrogen) for 3 days at 37°C with 

5% CO2.  Supernatants were assayed in triplicate for IFNγ by ELISA (BD-Biosciences). 

CIITA-RAW264.7 Cell  Antigen Presentation Assay 

The FLAG epitope and open reading frame of human CIITA III were excised 

from p3FgCIITA8 (provided by Dr. Jenny Ting) using EcoRI and ligated into pQCXIN 

(Clontech).  The product was used to transfect GP2-293 cells, together with pVSV-G, to 

prepare VSV G-protein pseudotyped retroviral particles for constitutive expression of 

CIITA and neor as a bicistronic message driven by the CMV IE promoter, with a viral 

IRES for translation of neor.  Packaged retroviral particles were used to transduce 

RAW264.7 cells, and stably-transduced cells were selected in G418, and individual 

clones were characterized for their level of expression of surface MHC class II by FACS.  

A clone that expressed surface class II at levels that resembled that of mature bone 

marrow-derived DC was expanded and used for subsequent studies. 

For antigen presentation experiments, CIITA-RAW cells were grown in RPMI 

1640 medium with 10% heat-inactivated FCS and 2 mM L-glutamine and plated at a 

density of 2.5x106 cells per 10 cm tissue culture dish.  M. tuberculosis (H37Rv) was 

grown in Middlebrook 7H9 broth supplemented with ADC enrichment to an OD580 of 

0.5-1.0.  The culture was centrifuged at 2,200 x g for 10 min, and the pellet was 

resuspended in 2 ml RAW cell growth media. Clumps of bacteria were disrupted by 
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vortexing on high for 3 min in the presence of 3 mm glass beads and passed through a 5 

µm syringe filter (Millipore) by gravity flow to remove clumps.  Bacterial density was 

determined by counting in a Petroff-Hausser counter and was confirmed by serial dilution 

and plating on 7H11 agar.  CIITA-RAW cells were infected at an MOI = 10 or treated 

with 200 ng/ml gamma-irradiated H37Rv for 18-24 hrs. CIITA-RAW cells were scraped 

and harvested in PBS + 5mM EDTA and replated in a round-bottom 96-well plate at 

designated densities in triplicate in Complete Media (RPMI 1640 medium, 10% heat-

inactivated FCS, 10 mM HEPES, 100 µM Nonessential Amino Acids, 1 mM Sodium 

Pyruvate, 100 U/ml Penicillin and 100 µg/ml Streptomycin sulfate, and 1x β-

mercaptoethanol). Cells were incubated with 1 µΜ OVA peptide (aa 323-339) (Peptides 

International) for 6 hours then fixed for 10 minutes with 1% paraformaldehyde and 

thoroughly washed with PBS.  DO11.10 CD4+ T cells that had been primed for 4 days  in 

the presence of 1 ng/ml IL-12, 1 µM OVA peptide (323-339)  and 10 µg/ml anti-IL4 

were purified using CD4+ Isolation Kit and AutoMACS machine and added to the 

CIITA-RAW cells at 2x105 in complete media, and incubated at 37oC and 5% CO2 for 

two days. Supernatants were harvested and assayed in triplicate using ELISA with anti-

mouse IFN-γ antibodies (BD Biosciences) and absorbance was read on a microplate 

reader (Bio-Tek Instruments Inc.). 

Statistical Analysis 

Statistical comparison of the number of bacteria per cell in myeloid DC and in 

recruited macrophages was performed by the Mann-Whitney U test, and comparison of 

the number of DC and bacteria in lymph nodes of wild-type and plt/plt mice was 
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performed by unpaired Students’ t test, both using Prism 4 for Macintosh (Version 4.0a), 

from GraphPad Software. 
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3.6  Figures and Legends 

Figure 1. Flow cytometry detection of Mtb-GFP infected cells from mouse lung tissues. 

(A)  Flow cytometry dot plots showing single-cell suspensions from lungs of mice 

infected with wild-type M. tuberculosis H37Rv (left panel) or GFP-expressing M. 

tuberculosis H37Rv (Mtb-GFP) (right panel) 28 days post infection confirming that GFP+ 

cells are only found in mice infected with Mtb-GFP  (B)  Quantitation of infection by 

comparison of the number of infected cells as determined by flow cytometry and 

bacterial colony forming units in total lung homogenate and in washed lung cells.  GFP+ 

was calculated as the percentage of GFP+ cells determined by flow cytometry multiplied 

by the total number of cells in the single-cell suspension. For total homogenate CFU, an 

aliquot of total disrupted lung tissue prior to any washing was serial diluted and plated on 

7H11 agar in triplicate.  For single-cell suspension CFU, an aliquot of the final single-cell 

preparation from the lung used to determine the total cell number was serial diluted 

without lysing the cells and plated on 7H11 agar in triplicate.  Colonies were counted 14-

21 days later.  Data are the mean ± SD of 5 mice per time point.  (C)  Bacterial load in 

the mediastinal lymph node was assessed by serial dilution of the total homogenate 

before any washing, and plating on 7H11 agar, from the experiment displayed in Figure 

3. 
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Figure 2. A and B: Flow cytometry dot plots of the distribution of CD11c and CD11b-

expressing cell subsets in the lungs (A) and the mediastinal lymph node (B) after aerosol 

infection. C and D: The total number of cells in each of the CD11c/CD11b-defined 

subsets during the course of infection in the lungs (C) and mediastinal lymph node (D)  

mDC: myeloid dendritic cells; RM: recruited interstitial macrophages; AM: alveolar 

macrophages; Mono: monocytes; Neut: neutrophils.  Cell numbers were calculated by 

multiplying the percentage of cells in each subset obtained by flow cytometry by the total 

number of cells determined by manual count of the total number of cells in the single cell 

suspension from each tissue.  Error bars represent ± SD of 5 mice per time point. 
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Figure 3. Distribution of Mtb-GFP infected cells in the CD11c/CD11b-defined leukocyte 

subsets of the lung and mediastinal lymph node.  A and D:  Percentage of GFP+ cells that 

fall within each of the subsets of leukocytes in the lung (A) and mediastinal lymph node 

(D) during the course of infection.  B and E: Flow cytometry dot plot of the distribution 

of GFP+ cells in the lung (B) and mediastinal lymph node (E) at day 28 post infection on 

a plot of CD11c vs. CD11b. The gates represent the subsets of APCs identified in each 

tissue based on the surface expression of CD11c and CD11b.  Fewer than 5% of the 

CD11c+ cells in the lungs expressed either CD3 or CD8α, and Mtb-GFP were not 

detected in any CD11c+CD3+ or CD11c+CD8α+ cells (not shown).  The numbers in the 

gates represent the percentage of GFP+ displayed in that gate.  C and F:  The total 

number of infected cells within the leukocyte subsets in the lung (C) and mediastinal 

lymph node (F) during the first four weeks of infection.  The total number of infected 

cells in each subset was determined by multiplying the percentage of the total cells that 

are GFP+ within each subset as determined by flow cytometry by the total number of 

cells isolated from the tissue at each time point.  Data shown are mean ± SD for 5 mice 

per time point. 



58



59

Figure 4. Dendritic cells and M. tuberculosis cfu in lymph nodes of C57BL/6J and plt/plt 

mice 14 days after aerosol infection with ~100 M. tuberculosis cfu/mouse.  Data 

represents the mean ± SD of at least 5 mice in each group. 
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Figure 5. Immunohistochemical localization of Mtb in DEC-205 and DEC-205  lung 

cells. Mtb-β-gal was visualized with X-galactosidase(blue-green) and DEC-205 (red) was 

visualized with the mAb NLDC-145in hematoxylin-counterstained (blue) lung sections 

from a mouse infected by the aerosol route 28 days earlier. A, Original magnification:  

20; arrows designate bacteria in DEC-205  cells and arrowheads designate bacteria in 

DEC-205  cells. B, Original magnification:  100 with oil immersion.C, Isotype control 

stained lung, counterstained with hematoxylin. D, On days 21 and 28 postinfection Mtb- -

gal was scored for its localization in DEC-205  or DEC-205  cells in lung sections. DEC-

205  cells were further categorized as staining with high (lower section of bar) or 

low(upper section of bar) intensity. At each time point the distribution of Mtb-β-gal was 

determined in cells on six lung sections; the percentage of bacteria in DEC205  and DEC-

205  cells was calculated for each section; data shown are mean   SD for the six sections 

from each time point. On sections from day 21, a total of 525 Mtb-gal cells were counted; 

on sections from day 28, a total of 722 Mtb-β-gal  cells were counted. 
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Figure 6.  Expression levels of surface MHC class II on the Mtb-GFP infected cells in 

the CD11c/CD11b-defined subsets of leukocytes in the lung and mediastinal lymph node. 

(A) MHC class II mean fluorescent intensity (MFI) of the GFP+ cells within each cell 

subset during the first four weeks of infection.  Data shown are mean ± SD for 5 mice per 

time point. (B)  MHC class II MFI for the GFP+ cells within each of the CD11c/CD11b-

defined cell subsets in the mediastinal lymph node.  The mediastinal lymph nodes of 5 

mice per time point were pooled into a single sample in order to acquire sufficient GFP+ 

events for quantitation. 
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Figure 7.  Antigen-specific CD4+ T lymphocyte-stimulating capacity of CD11c/CD11b-

defined cell subsets from lungs and mediastinal lymph nodes of M. tuberculosis-infected 

mice. (A) Cells in each of the CD11c/CD11b-defined subsets in the mediastinal lymph 

node of mice infected 28 days earlier were sorted by FACS and combined with M. 

tuberculosis Ag85B-specific transgenic CD4+ T lymphocytes (P25TCR-Tg) at designated 

ratios in the presence of antigenic peptide.  Three days later supernatants were assayed 

for the presence of IFNγ to assess T cell activation.  (B) Cells in each of the 

CD11c/CD11b-defined subsets from the lungs of mice infected for 28 days were sorted 

by FACS and combined with P25TCR-Tg CD4 T cells at 1:10 APCs to T cells.  After a 

three-day incubation, supernatants were assayed for IFNγ. Graphs are representative of 5 

independent experiments with each tissue. 
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Figure 8.  Inhibition of antigen presentation by M. tuberculosis in vitro. (A)  Histogram 

of surface expression of MHC class II on the clone of CIITA-RAW cells used for 

antigen-presentation experiments.  Shaded area: untreated CIITA-RAW cells; dashed 

line: CIITA-RAW cells exposed to gamma-irradiated M. tuberculosis; dotted line: 

CIITA-RAW cells infected with live M. tuberculosis.  (B) CIITA-RAW cells were 

exposed to gamma-irradiated or live M. tuberculosis, or media alone and assayed for their 

ability to present OVA peptide (325-339) to Th1-polarized DO11.10 T cells, assayed as 

production of IFNγ after 48 hr. 
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Figure 9.  Frequency distribution of the number of Mtb-GFP per cell in recruited MØ 

and DC isolated from lungs (day 21 postinfection).  GFP+ Recruited MØ and DC were 

sorted by FACS and nuclei visualized with DAPI.  Approximately 450 cells of each type 

were examined by fluorescent microscopy and the number of bacteria in each cell was 

assessed visually, with all cells that contained ≥ 5 bacteria per cell counted as “5+”.  

Micrographs show representative cells from the DC 5+ bacteria per cell group and the 

recruited MØ 5+ bacteria per cell group. 
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Table I. Percentage of cells in each lung subset that are GFP+ over the course of the infection. 

Numbers represent average of 5 mice + SD 
 
 
Table II.. Percentage of cells in each mediastinal lymph node subset that are GFP+ over the 
course of the  
infection. 

Numbers were obtained by pooling lymph nodes from 5 mice.  
 
 
Table III.  Antigen-presenting cell subsets in mediastinal lymph nodes of wild 
type and plt/plt mice, before and 14 days after M. tuberculosis infection. 

Wt plt/plt 
 Uninfected d14 Uninfecteda d14 

Cell Subset % # x104 % # x104 % # x104 % # x104 

Total Cells  182  950  50  54.8 

Total APC 7.91 14.4 
+0.35 

4.7 44.8 
+22.5 5.43 2.72 7.76 4.21+2.0

7 

mDC 0.83 1.51 
+0.10 0.54 4.89 

+3.83 0.57 0.29 0.95 0.54 
+0.38 

CD11blo DC 1.48 2.69 
+0.02 

0.96 9.38 
+5.61 

0.61 0.31 1.36 0.74 
+0.39 

CD11bneg DC 0.49 0.89 
+0.05 1.04 9.89 

+6.74 0.55 0.28 2.32 1.22 
+0.98 

CD11cnegCD11b
hi 1.59 2.89 

+0.09 0.56 5.06 
+2.91 1.56 0.78 0.75 0.42 

+0.25 
CD11cnegCD11bl

o 
3.52 6.41 

+0.17 
1.6 15.44 

+8.5 
2.15 1.08 2.38 1.29 

+0.66 
a Data from uninfected plt mice were obtained by pooling cells from lymph nodes of 5 mice; the remaining data are mean 

± SD of 5 mice per group. 
 

 DC AvMØ RecMØ Mono Neut 

14 1.89 + 0.99 0.77 + 0.21 0.63 + 0.28 0.11 + 0.07 1.26 + 0.77 

19 10.14 + 0.84 2.07 + 0.36 4.88 + 1.32 1.21 + 0.41 9.09 + 2.09 

21 16.2 + 1.82 4.09 + 0.97 7.86 + 2.71 2.76 + 1.32 12.86 + 3.62 

28 15.63 + 2.95 2.79 + 0.4 6.82 + 2.13 1.91 + 0.43 3.52 + 0.57 

 CD11c+, 
CD11bHi 

CD11c+, 
CD11blo 

CD11c+, 
CD11bNeg 

CD11cNeg, 
CD11bHi 

CD11cNeg, 
CD11blo 

14 2.83 1.51 1.69 1.17 0.13 
19 8.22 0.40 0.15 0.87 0.0095 
21 6.78 3.25 4.97 1.73 0.07 
28 3.44 0.21 0.029 1.15 0.03 
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Table IV.  Percentage of GFP+ cells in each subset expressing costimulatory molecules  
 CD86  CD80  CD40 

Subset 14 21 28  14 28  14 28 
DC 73.8 + 

7.32 
91.6 + 
1.38 

53.9 + 
1.82 

 97.4 + 
2.78 

83.3 + 
1.78 

 40.8 + 
9.65 

72.1 + 
3.07 

AvMØ 35.5 + 
8.94 

92.8 + 
0.96 

74 + 6.48  94.1 + 
3.91 

86.3 + 
2.03 

 6.68 + 
2.56 

73.5 + 
8.29 

RecMØ 51.7 + 
18.3 

27 + 3.7 28.9 + 
3.36 

 71 +14.1 47.8 + 
5.51 

 36.1 + 
13.7 

21.1 + 
3.88 

Mono 17.9 + 
12.5 

13.9 + 
2.31 

8.29 + 
2.33 

 38.8 + 
38.8 

16.5 + 
7.24 

 17.35 + 
4.85 

3.19 + 0.4 

Neut 78.3 + 
6.95 

27.4 + 
2.56 

9.87 + 
1.94 

 89.5 + 
7.74 

21.8 + 
3.29 

 75.6 + 
3.63 

15.2 + 
3.04 

Numbers represent the mean of 5 mice +SD 
 

Table V. Percentage of all the cells in each subset expressing costimulatory molecules. 
 CD86  CD80  CD40 

Subset 14 21 28 14 28  14 28 
DC 62.3 + 

5.64 
85.1 + 
3.48 

65.4  + 
1.64 

 54.4 + 
20.9 

83.1 + 
1.08 

 32.4 + 
10.1 

57.2 + 
1.38 

AvMØ 36.9 + 
4.24 

88.9 + 
1.52 

71.1 + 
2.64 

 80.7 + 

10.4 
87.5 + 
0.64 

 3.33 + 
2.23 

27.2 + 
3.17 

RecMØ 41.2 + 
5.82 

45 + 4.66 28.1 + 
4.48 

 62.4 + 9.3 46.8 + 3.5  33.9 + 
2.79 

11.9 + 
0.39 

Mono 19.4 + 
5.94 

31 + 2.06 13.8 + 
2.27 

 27.7 + 
10.5 

23.3 + 
3.61 

 7.24 + 
2.52 

3.5 + 0.44 

Neut 76.1 + 
5.99 

33.7 + 
4.26 

6.67 + 
0.91 

 87.7 + 
5.06 

11.7 + 
1.41 

 73.1 + 
3.63 

3.18 + 
0.34 

Numbers represents the mean of 5 mice +SD 
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Chapter 4:  Initiation of the adaptive immune response to M. 

tuberculosis depends on antigen production in the local lymph 

node, not the lungs 

 

4.1  Abstract 

The onset of the adaptive immune response to M. tuberculosis is delayed 

compared to that of other infections or immunization, and allows the bacterial population 

in the lungs to expand markedly during the preimmune phase of infection.  We used 

adoptive transfer of M. tuberculosis Ag85B-specific CD4+ T cells to determine that the 

delayed adaptive response is due to a delay in initial activation of CD4+ T cells, which 

occurs earliest in the local lung-draining mediastinal lymph node.  We also found that 

initial activation of Ag85B-specific T cells depends on production of antigen by bacteria 

in the lymph node, despite the presence of 100-fold more bacteria in the lungs.  While 

dendritic cells have been found to transport M. tuberculosis from the lungs to the local 

lymph node, airway administration of LPS did not accelerate transport of bacteria to the 

lymph node and did not accelerate activation of Ag85B-specific T cells. These results 

indicate that delayed initial activation of CD4+ T cells in tuberculosis is due to the 

presence of the bacteria in a compartment that cannot be mobilized from the lungs to the 

lymph node where initial T cell activation occurs. 
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4.2  Introduction 

Protective immunity to tuberculosis depends on CD4+ T lymphocytes in humans 

and in mice (Perlman et al., 1997; Mogues et al., 2001), but adaptive immune responses 

are unable to eradicate M. tuberculosis or to provide sterile immunity.  One characteristic 

of the adaptive immune response to tuberculosis is the long interval required for its 

development compared to the response to immunization or to other infections.  In 

humans, development of adaptive immunity to tuberculosis, measured as a response to a 

tuberculin skin test, requires up to 5 to 6 weeks after infection (Wallgren, 1948; Poulsen, 

1950), while in mice, the earliest antigen-specific CD4+ T cell responses require a 

minimum of 12 days after aerosol infection (Chackerian et al., 2002). While these 

intervals are much longer than those required for development of adaptive immune 

responses to other pathogens such as Salmonella, Listeria, Francisella, Influenza virus, 

Leishmania, or Plasmodium yoelii sporozoites (Moskophidis and Kioussis, 1998; Lira et 

al., 2000; Kursar et al., 2002; McSorley et al., 2002; Srinivasan et al., 2004; Baron et al., 

2007; Chakravarty et al., 2007), the mechanisms that account for the delay in adaptive 

immune responses in tuberculosis are poorly understood.  Indeed, the mechanisms that 

underlie the initiation of adaptive immune responses to M. tuberculosis are themselves 

poorly understood.  One prior study revealed that antigen-specific CD4+ T lymphocytes 

did not appear in the lung-draining mediastinal lymph node until after M. tuberculosis 

had disseminated to that lymph node, indicating that, while M. tuberculosis is a lung 

pathogen residing in antigen presenting cells, the adaptive immune response to M. 

tuberculosis antigens is initiated in the local lymph node (Chackerian et al., 2002).  That 

study also found that bacteria and T cell recall responses appear earlier in the mediastinal 
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lymph nodes of C57BL/6 than in C3H/HeJ mice infected with M. tuberculosis, but it did 

not address the mechanisms of dissemination of the bacteria from the lungs to the 

mediastinal lymph node. 

We recently reported that, in addition to macrophages, dendritic cells are infected 

with M. tuberculosis with high frequency in the lungs and mediastinal lymph node of 

mice, and we reported evidence that dendritic cells transport M. tuberculosis from the 

lungs to the mediastinal lymph node (Chakravarty et al., 2007).  In the present studies, we 

used adoptive transfer of CD4+ T cells that express a transgenic T cell antigen receptor 

specific for a peptide from M. tuberculosis Antigen 85B to characterize the spatial and 

temporal determinants of initiation of the adaptive immune response to M. tuberculosis.  

We found that activation of CD4+ T cells in the mediastinal lymph node is the limiting 

step in development of the adaptive immune response, and that after initial proliferation 

in the lymph node, effector CD4+ T cells traffic rapidly to the lungs.  We also found that 

initial CD4+ T cell responses depend on the presence of bacteria in the mediastinal lymph 

node, and that prior to dissemination the lymph node, the bacteria are in a compartment 

in the lungs that cannot be mobilized to the lymph node by an additional proinflammatory 

stimulus.  These findings indicate that initiation of an adaptive immune response to M. 

tuberculosis depends on transport of live bacteria from the lungs to the mediastinal lymph 

node, and that M. tuberculosis may delay this process in order to expand the bacterial 

population in the lungs and evade immune effector mechanisms and establish chronic 

infection. 
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4.3  Results 

The adaptive immune response to M. tuberculosis in the lungs is delayed and has 

limited efficacy 

In wild type C57BL/6 mice infected by the aerosol route, M. tuberculosis grows 

progressively in the lungs for approximately 17-19 days (Fig. 1).  Coincident with the 

appearance of a detectable adaptive immune response, the bacterial population stops 

expanding, and reaches a stable plateau.  IFNγ, primarily produced by CD4+ T cells, is 

one measure of adaptive immunity to M. tuberculosis and its expression in the lungs 

coincides with appearance of CD4+ and CD8+ T lymphocytes (not shown) and with 

control of bacterial growth (Fig. 1).  During the time required for appearance of an 

adaptive immune response to M. tuberculosis in the lungs, the bacterial population 

expanded >20,000-fold, and while the adaptive immune response is capable of arresting 

progressive growth of the bacteria, it does not lead to apparent bacterial killing. 

The long interval between infection and appearance of adaptive immunity to M. 

tuberculosis could be attributable to delayed priming of naive antigen-specific T 

lymphocytes, or to delayed trafficking of effector T lymphocytes to the site of infection.  

To determine the contributions of these two steps to the time required for appearance of 

M. tuberculosis-specific T lymphocytes in the lungs, we used CD4+ T lymphocytes from 

transgenic mice that express a T cell antigen receptor, termed P25TCR-Tg, which is 

specific for peptide 25 (a.a. 240-254) of M. tuberculosis Antigen 85B. 
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P25TCR-Tg CD4+ T cells recognize Antigen 85B produced by M. tuberculosis 

We first assessed the ability of P25TCR-Tg CD4+ T cells to respond to antigen 

presented by cultured cells. Splenocytes from P25TCR-Tg mice stimulated with peptide 

antigen (peptide 25) and whole Antigen 85B (Ag85B) responded in a dose dependent 

manner with maximal responses achieved at 10 µg/ml for both peptide 25 and native 

Ag85 isolated from M. tuberculosis (Fig. S1).  In addition, naïve P25TCR-Tg/Rag1-/- 

CD4+ T cells responded to Ag85B expressed by M. tuberculosis in cultured macrophages 

by producing IFNγ and proliferating (Fig. S1).  These results confirm that P25TCR-Tg 

CD4+ T cells are capable of sensitive detection of Ag85B produced by live, intracellular 

M. tuberculosis. 

Proliferation of Ag85B-specific CD4+ T cells begins in the mediastinal lymph node, 

and is delayed until 11 days post infection 

To characterize the time and location of M. tuberculosis Ag85B-specific T cell 

priming following M. tuberculosis infection in vivo, we adoptively transferred CFSE-

labeled P25TCR-Tg CD4+ T cells into CD45.1 congenic wild type mice (Parish, 1999). 

Following adoptive transfer, the P25TCR-Tg CD4+ T cells trafficked to secondary 

lymphoid tissues and represented an equal percentage (1.3%) of the CD4+ T cells in all of 

the secondary lymphoid tissues examined, as well as in the lungs and blood (not shown).  

When examined 7 or 11 days after aerosol infection with M. tuberculosis (~100 

cfu/mouse), a single population of CFSEbright P25TCR-Tg CD4+ T cells was detected in 

the lungs and mediastinal lymph node, indicating that none of the cells had proliferated 

(Fig. 2 A).  Fourteen days post infection, a small percentage of the P25TCR-Tg  CD4+ T 

cells had proliferated in the mediastinal lymph node, but not in other tissues examined 
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(lung, spleen, inguinal lymph node).  Since some P25TCR-Tg CD4+ T cells had 

undergone up to 7 cycles of replication, we estimated that proliferation had begun (but 

was not completed) on day 11, assuming ~10.6 hr per cell cycle (Gudmundsdottir et al., 

1999).  This was confirmed in a subsequent experiment in which approximately 4% of 

the P25TCR-Tg CD4+ T cells in 5 mice were in the first two cycles of proliferation in the 

mediastinal lymph node on day 12 post infection (not shown).  By day 17 of infection, 

the absolute number of P25TCR-Tg CD4+ T cells in the mediastinal lymph node reached 

a peak after expanding 110-fold, and accounted for 8% of the CD4+ T cells in the 

mediastinal lymph node. 

M. tuberculosis Ag85B-specific CD4+ T cells traffic to the lungs after proliferating in 

the mediastinal lymph node 

We also assessed Ag85B-specific T cell proliferation in the lungs.  Few (2x105) 

CD4+ T cells were found in the lung prior to infection and during the first week of 

infection, of which 1.03% were P25TCR-Tg CD4+ cells. After 14 days of infection, when 

T cell proliferation was detectable in the mediastinal lymph node, none of the P25TCR-

Tg CD4+ T cells had proliferated in the lungs (Fig. 2 A).  By day 17 post infection, when 

a high proportion of the P25TCR-Tg CD4+ T cells were actively proliferating in the 

mediastinal lymph node, P25TCR-Tg CD4+ T cells in the lung were either CFSEhigh or 

CFSElow, with few cells of intermediate CFSE intensity.  The lack of cells in the first 3 

cycles of proliferation in the lungs at those time points indicates that the CFSE low-to-

negative cells had migrated to the lungs after undergoing several cycles of proliferation in 

the lymph node. This observation is consistent with the regulation of T cell egress from 

the lymph node by sphingosine-1-phosphate and its receptor following initial T cell 
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activation (Matloubian et al., 2004). Further evidence that Ag85B-specific CD4+ T cells 

are recruited to the lungs after proliferating in the mediastinal lymph node was provided 

by the observation that the total number of P25TCR-Tg CD4+ T cells in the lungs 

increases coincident with a decrease in the number of P25TCR-Tg CD4+ T cells in the 

mediastinal lymph node (Fig. 2 B).  The observation that the number of P25TCR-Tg 

CD4+ T cells in the lung does not equal the number produced in the mediastinal lymph 

node is likely due to death of a large number of the cells that initially proliferated in the 

mediastinal lymph node (Ahmed and Gray, 1996).  These observations with P25TCR-Tg 

CD4+ T cells are likely to be representative of overall M. tuberculosis antigen specific 

CD4+ T cell responses, as the increases in P25TCR-Tg CD4+ T cells in the lung mirror 

the overall increase in CD4+ T cells in the lung (Fig. 2 C).  

We considered the possibility that the delayed initial activation of P25TCR-Tg 

CD4+ T cells was a consequence of the number of cells administered, since adoptive 

transfer of large numbers of TCR transgenic CD4+ T cells influences their extent of 

expansion (Rivera et al., 2006), differentiation (Foulds and Shen, 2006), and survival 

(Hataye et al., 2006).  However, adoptive transfer of lower numbers (in 10-fold dilutions 

to as low as 103/mouse) of P25TCR-Tg CD4+ T cells did not result in a detectable 

decrease in the time required for their initial activation after M. tuberculosis infection 

(not shown).  We also considered the possibility that the long interval required for 

activation of P25TCR-Tg CD4+ T cells was an intrinsic property of the cells, or was the 

consequence of the route of antigen delivery.  Therefore, we examined the proliferation 

of P25TCR-Tg CD4+ T cells after administration of recombinant Ag85B by the 

respiratory and subcutaneous routes.  This revealed that adoptively-transferred P25TCR-
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Tg CD4+ T cells could respond by proliferating extensively in vivo within 3 days of 

immunization irrespective of the route of antigen delivery (Fig. S2).  These findings 

indicate that the delayed initial activation of P25TCR-Tg CD4+ cells in vivo after M. 

tuberculosis infection is not attributable to an artifact of the experimental system. 

P25TCR-Tg CD4+ T cell responses are specific for Antigen 85B 

To characterize the specificity of P25TCR-Tg CD4+ T cells in vivo, we infected 

mice with an Antigen 85B-null strain of M. tuberculosis (Ag85BKO-Mtb).  Following 

aerosol infection, the Ag85BKO-Mtb strain grew in the lungs and disseminated to the 

mediastinal lymph node at a rate equivalent to that of wild type M. tuberculosis H37Rv 

(Fig. 3 A). Nevertheless, P25TCR-Tg CD4+ T cell proliferation was not detectable in the 

mediastinal lymph node or in the lung, even as late as 27 days post infection (Fig. 3 B).  

The results demonstrate that all the P25TCR-Tg CD4+ T cell proliferation detected in 

vivo was Antigen 85B specific.  Additionally, the lack of any response in the absence of 

antigen implies a lack of expansion of bystander CD4+ T cells during the initial phase of 

M. tuberculosis infection. 

Analysis of T cell activation markers and IFNγ production  

We also considered the possibility that M. tuberculosis-specific CD4+ T cells 

might become partially activated earlier in infection, but that there is an abnormally long 

lag period between initial activation and proliferation.  We therefore assessed expression 

of the early activation marker CD69 as well as CD25 expression on the surface of 

P25TCR-Tg CD4+ T cells during the course of infection. CD69 expression on P25TCR-

Tg CD4+ T cells was first observed on day 12, approximately coincident with the 
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beginning of measurable proliferation in the mediastinal lymph node, though 5% more of 

the P25TCR-Tg CD4+ T cells had upregulated CD69 than had begun to proliferate, 

indicating that CD69 is upregulated before proliferation begins (Fig. S3).  The percentage 

of CD25+ P25TCR-Tg CD4+ T cells increased concurrent with the onset of proliferation 

in the mediastinal lymph node (Fig. S3).  In addition, a small percentage (4%) of the 

adoptively-transferred cells were competent to produce IFNγ by day 14 of infection; the 

percentage of IFNγ-producing P25TCR-Tg cells increased further between 14 and 17 

days post infection, and was highest in cells that had undergone 4 or more cycles of cell 

division (Fig. S3). 

 Analysis of CD69 and CD25 expression on P25TCR-Tg CD4+ cells in the lungs 

revealed that neither of these markers were expressed prior to the appearance of cells that 

had previously proliferated (Fig. S3) further supporting the conclusion that initial CD4+ T 

cell activation occurs prior to recruitment to the lungs.  Likewise, cells that were 

competent for IFNγ production did not appear in the lungs until the arrival of P25TCR-

Tg CD4+ T cells that had previously proliferated (4 or more cycles) outside the lungs. 

Delayed activation of M. tuberculosis-specific CD4+ T cells is not solely due to a low 

bacterial inoculum 

Since infection with M. tuberculosis was routinely established with a small 

bacterial inoculum (~100 cfu), it is possible that one determinant of the delay in initiation 

of adaptive immune responses is the abundance of antigen, especially since M. 

tuberculosis replicates slowly. To assess this possibility, we infected four groups of mice 

by the aerosol route with a range of bacterial inocula between 15 and 700 cfu per mouse 

and assessed proliferation of adoptively-transferred P25TCR-Tg CD4+ T cells during the 
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first 24 days of infection.  In the lungs, each inoculum resulted in a distinct bacterial 

burden over the course of the infection, with a 2 log10 difference between the highest and 

lowest dose at each time point (Fig. 4 A).  Varying the inoculum also resulted in a 2 log10 

difference in bacteria in the mediastinal lymph node in mice that received the highest and 

lowest inocula (Fig. 4 B).  This revealed that decreasing the initial inoculum below 30 

cfu/mouse led to a 3 day further delay in P25TCR-Tg CD4+ T cell proliferation, while 

increasing the inoculum to 700 cfu/mouse did not lead to earlier proliferation but caused 

a slight increase in the fraction of the cells that proliferated by day 14 (Fig. 4 B).  These 

results indicate that, while initial activation of Ag85B-specific CD4+ T cells is partially 

sensitive to the number of bacteria administered, the delay between initial infection and 

the earliest activation of CD4+ T cells could not be attributed solely to the low number of 

bacteria used to initiate infection. 

Initial activation of M. tuberculosis-specific CD4+ T cells is determined by the 

number of bacteria in the mediastinal lymph node. 

Since naïve T lymphocytes traffic to the lungs and other peripheral tissues with 

low frequency, it was not surprising that activation of M. tuberculosis-specific T cells 

occurred earliest in the mediastinal lymph node.  To determine whether the source of 

antigen for initial stimulation of Ag85B-specific  CD4+ T cells is in the lungs or in the 

mediastinal lymph node (which have ~100-fold fewer bacteria than the lungs), we tested 

the hypothesis that stimulation of CD4+ T cells depends on the number of bacteria in the 

lymph node by examining the relationship between the number of bacteria in the 

mediastinal lymph node and proliferation of adoptively-transferred P25TCR-Tg cells. We 

pooled the results of 3 independent experiments and plotted the log10 mediastinal lymph 
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node cfu versus the percentage of P25TCR-Tg CD4+ T cells that had proliferated in the 

mediastinal lymph node for each mouse.  The resulting plot revealed that no proliferation 

occurred when there were fewer than ~1500 cfu in the mediastinal lymph node, even 

when there were as many as 5 x 104 cfu in the lungs.  However, once a threshold number 

of bacteria (1,500-3,000 per lymph node) were present in the lymph node, there was a 

linear correlation between cfu and the percentage of P25TCR-Tg CD4+ T cells that 

proliferated (r2=0.77) (Fig. 4 C).   

When lung cfu were plotted against the mediastinal lymph node cfu, there was 

little correlation between the lung cfu and the lymph node cfu in individual mice early in 

infection, when lung cfu were <5 log10 (Fig. 4 D).  When we analyzed a subgroup of mice 

with lung bacterial loads in the narrow range between 4.33-4.71 log10 cfu, individual 

mice exhibited a broad range (1.24-4.7 log10) in the number of bacteria in the mediastinal 

lymph node.  In these mice, proliferation of P25TCR-Tg CD4+ T cells also exhibited a 

broad variation (1.2-40%), and correlated closely with the number of bacteria in the 

lymph node and not in the lung.  Thus, we conclude that the timing of CD4+ T cell 

activation is tightly linked to the number of bacteria in the mediastinal lymph node.  

Delayed bacterial dissemination to the mediastinal lymph results in delayed T cell 

activation 

We recently reported that plt mice, which lack expression of the CCR7 ligands 

CCL19 and CCL21ser, exhibit defective trafficking of M. tuberculosis from the lungs to 

the mediastinal lymph node(Wolf et al., 2007b).  If initiation of CD4+ T cell responses to 

M. tuberculosis depends on the number of bacteria expressing antigen in the lymph node, 

then plt mice should exhibit delayed activation of M. tuberculosis-specific CD4+ T cells 
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in the mediastinal lymph node.  To test this hypothesis, we adoptively transferred CFSE-

labeled P25TCR-Tg CD4+ T cells into M. tuberculosis-infected wild type and plt mice, 

and assessed the timing of T cell proliferation.  Fourteen days after infection, when 

antigen-specific CD4+ T cell proliferation was detected in wild type mice, 50% fewer 

P25TCR-Tg  CD4+ T cells had started to divide in plt mice at the same time point (Fig. 5 

A). The reduced T cell proliferation in plt mice was accompanied by a 40% reduction in 

the number of bacteria in the mediastinal lymph node compared to wild type mice at day 

14 (Fig. 5 B).  Overall, the CD4+ T cell responses were delayed by approximately 3 days 

in plt mice. 

Ag85B-specific T cell proliferation occurs in non-draining lymph nodes and spleen if 

sufficient bacteria are present in the tissue 

To further test the hypothesis that activation of M. tuberculosis-specific CD4+ T 

cells requires production of antigen by bacteria in the lymph node, rather than occurring 

by transfer of soluble antigen synthesized by bacteria in the lungs, we assessed 

proliferation of P25TCR-Tg CD4+ T cells in the inguinal lymph node, which does not 

receive lymphatic drainage from the lungs.  This revealed that activation and proliferation 

of Ag85B-specific CD4+ T cells could be initiated in the inguinal lymph node after 

aerosol infection with M. tuberculosis (Fig. 6 A).  The timing of P25TCR-Tg CD4+ T cell 

proliferation in the inguinal lymph node followed responses in the mediastinal lymph 

node by 7-10 days, and varied more from mouse to mouse than did responses in the 

mediastinal lymph node.  Nevertheless, proliferative responses in the inguinal lymph 

node correlated closely with the number of bacteria present in the lymph node (Fig. 6 B 

and C).  Additionally, we found that lymph nodes in diverse anatomic locations could be 
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sites of proliferation of P25TCR-Tg CD4+ T cells, if they contained sufficient numbers of 

viable M. tuberculosis (not shown).  The initiation of proliferation of M. tuberculosis-

specific CD4+ T cells in lymph nodes that contain viable M. tuberculosis but that do not 

drain the lungs further supports the conclusion that CD4+ T cell activation requires 

synthesis of antigens in the local lymph node, and that production of M. tuberculosis 

antigens in the lungs plays little, if any, role in initiating responses of naive T 

lymphocytes. 

In the spleen, we found that on day 14 of infection there were >10-fold fewer 

bacteria in the spleen compared to the mediastinal lymph node (Fig. 6 B).  The difference 

in bacterial load narrowed over the following two weeks of the infection. Proliferation of 

P25TCR-Tg CD4+ T cells occurred in the spleen but followed T cell responses in the 

mediastinal lymph node by approximately 3 days (Fig. 6 A).  At the point when P25TCR-

Tg CD4+ T cell proliferation occurred in the spleen (day 17), the bacterial load in the 

spleen had reached approximately the same level as in the mediastinal lymph node when 

initial proliferation was detected. 

Addition of a proinflammatory stimulus does not accelerate the T cell response to 

live M. tuberculosis 

The observations that the initial adaptive immune response to an M. tuberculosis 

is delayed, that activation of M. tuberculosis-specific CD4+ T cells depends on bacterial 

production of antigen in the lymph node, and that the number of bacteria in the lymph 

node is only ~1% of that in the lung suggest that M. tuberculosis might impair maturation 

and/or trafficking of dendritic cells from the lungs to the lymph node.  To test this 

hypothesis, we administered LPS intranasally to mice that had been infected with wild 
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type M. tuberculosis 10 days earlier.  The administration of LPS resulted in a 12.4-fold 

increase in the number of myeloid dendritic cells (CD11chiCD11bhi) in the lungs, and in a 

12-fold increase in myeloid dendritic cells recruited to the mediastinal lymph node (Fig. 7 

A). The increase in the number of myeloid dendritic cells was accompanied by their 

increased maturation as assessed by surface expression of MHC class II (Fig. 7 B).  

However, despite the increased number of DC in the lungs and mediastinal lymph node, 

there was no increase in the number of bacteria transported to the mediastinal lymph node 

from the lungs (Fig. 7 C), and there was no increase in proliferation of P25TCR-Tg CD4+ 

T cells in the mediastinal lymph node following treatment with LPS (Fig. 7 D), unless 

recombinant Ag85B was coadministered with LPS (Fig. 7 E).  

 

4.4  Discussion 

The adaptive cellular immune response to M. tuberculosis is only partially 

efficacious, as it can restrict progressive growth of the bacteria, but rarely if ever 

eradicates them.  In the studies reported here, we used adoptive transfer of cells from 

transgenic mice whose CD4+ T lymphocytes express an antigen receptor specific for a 

peptide from M. tuberculosis Antigen 85B to characterize the initial events in the 

adaptive immune response to M. tuberculosis.  In accord with studies that used ex vivo T 

cell restimulation to characterize the location and timing of CD4+ T cell responses to M. 

tuberculosis, we found that the earliest detectable responses of adoptively-transferred 

Ag85B-specific CD4+ T cells occur in the lung-draining mediastinal lymph node, are 

delayed until 10-12 days after infection, and are preceded by the appearance of live M. 

tuberculosis in the mediastinal lymph node.  In addition, we found strong evidence that 
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activation of Ag85B-specific CD4+ T cells depends on the number of M. tuberculosis in 

the lymph node rather than in the lungs.  We also found that transfer of M. tuberculosis 

from the lungs to the lymph node could not be accelerated by pulmonary administration 

of LPS, indicating that early in infection, the bacteria are in a compartment that is not 

competent to migrate, suggesting that slow growth of M. tuberculosis in the lungs does 

not fully account for delayed T cell activation.  Taken together, these results indicate that 

during early stages of infection in vivo, M. tuberculosis occupies one or more 

compartments that do not promote antigen presentation to naïve CD4+ T cells, and this 

allows dramatic expansion of the bacterial population in the lungs.  We propose that this 

allows the large bacterial population to resist effector mechanisms of the adaptive 

immune response, and allows M. tuberculosis to persist in the lungs. 

Antigen 85B is an abundant secreted protein of M. tuberculosis that represents 

over 20% of the protein in culture filtrates, and is expressed and secreted by M. 

tuberculosis within host cells (Lee and Horwitz, 1995; Harth et al., 1996).  As a secreted 

protein and frequent target of immune responses in humans (Havlir et al., 1991) and 

mice, Ag85B has been considered to be a potential candidate vaccine antigen, and a 

recombinant BCG strain that overproduces Ag85B is currently being prepared for human 

clinical trials.  Since Ag85B is secreted, has been observed in extraphagosomal vesicles 

of macrophages (Harth et al., 1996), and can the expression has been detected in the 

lungs early during infection (Shi et al., 2003), we expected that production and secretion 

of Ag85B by M. tuberculosis in the lungs would be sufficient to deliver soluble antigen to 

activate Ag85B-specific CD4+ T cells in the local draining lymph node.  If this were the 

case, Ag85B-specific T cell responses in the lymph node should directly correlate with 
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the number of bacteria in the lungs.  Instead, we found that while the number of bacteria 

in the lungs increases progressively during the first 2-3 weeks of infection, Ag85B-

specific CD4+ T cell responses were not observed until a threshold number of viable 

bacteria (~1,500-3,000) appeared in the mediastinal lymph node.  Moreover, while the 

number of bacteria in the lymph node in most mice was closely related to (and 

approximately 100-fold less than) the number of bacteria in the lungs, analysis of several 

mice with discordant bacterial burdens in the lungs and lymph node revealed that 

responses of Ag85B-specific CD4+ T cells correlated with the number of bacteria in the 

mediastinal lymph node, and not with the number of bacteria in the lungs.  Additional 

evidence that production of Ag85B by live bacteria in the lymph node is essential to 

initiate T cell responses in the context of M. tuberculosis infection was provided by 

analysis of Ag85B-specific CD4+ T cell responses in lymph nodes that do not drain the 

lungs. This analysis revealed that Ag85B-specific CD4+ T cell responses occurred in 

peripheral (non-lung draining) lymph nodes as long as a sufficient number of live 

bacteria were present in the same lymph node. These results indicate that, even for an 

abundant secreted protein antigen, stimulation of CD4+ T cells requires short-range 

interactions between M. tuberculosis-infected cells and antigen-specific T cells. 

We considered the possibility that the immune response to M. tuberculosis Ag85B 

is aberrant or otherwise unrepresentative of M. tuberculosis antigens.  However, we 

found that the temporal and quantitative characteristics of expansion of adoptively-

transferred Ag85B-specific CD4+ T cells paralleled that of total CD4+ T cell responses 

during the course of M. tuberculosis infection (Fig. 2).  Moreover, our results correspond 
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closely to those obtained by ex vivo restimulation with an M. tuberculosis lysate 

(Chackerian et al., 2002).  

The observation that initial Ag85B-specific CD4+ T cell responses require the 

presence of live bacteria in the lymph node suggests that the time required for M. 

tuberculosis to enter a compartment that is competent for transport to the local lymph 

node may account for the delay in initiation of the adaptive immune response in 

tuberculosis.  While slow replication of M. tuberculosis could be assumed to account for 

the delayed cellular immune response, our data imply that slow bacterial growth cannot 

fully explain the temporal characteristics of the immune response.  If a simple model of 

slow growth accounted for insufficient antigen for CD4+ T cell activation, the time 

required to initiate the immune response should be reduced by a higher inoculum of 

bacteria.  For example, increasing the inoculum from 100 to 700 bacteria/mouse in the 

initial inoculum should have reduced the time dependence of Ag85B-specific CD4+ T 

cell activation by approximately 2.6 bacterial doubling times (71 hours, based on the 

growth curve shown in Fig. 1).  Instead, we found no difference in the time required to 

initiate proliferation of Ag85B-specific CD4+ T cells in mice infected with 100 or 700 

bacteria, which implies that one or more factors other than a low initial inoculum 

contribute to the long interval preceding Ag85B-specific CD4+ T cell responses. 

We recently reported that, after aerosol infection of mice with M. tuberculosis, 

myeloid dendritic cells become infected in the lungs, and represent the predominant cells 

that contain M. tuberculosis in the mediastinal lymph node (Wolf et al., 2007b).  

Moreover, we found that plt mice exhibited a parallel decrease in dendritic cell 

recruitment and dissemination of M. tuberculosis to the mediastinal lymph node.  These 
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results provide evidence that myeloid dendritic cells become infected in the lungs and 

transport live M. tuberculosis to the local lymph node.  Together with the observation that 

plt mice also show an increased delay in activation of Ag85B-specific CD4+ T cells (Fig 

5), these results suggest that myeloid dendritic cell transport of M. tuberculosis to the 

local lymph node is a critical determinant of the initiation of the adaptive immune 

response in tuberculosis. 

Since transport of M. tuberculosis to the mediastinal lymph node was not apparent 

until 11-12 days post infection, we tested the hypothesis that administration of 

lipopolysaccharide to M. tuberculosis-infected mice would accelerate migration of 

infected dendritic cells from the lungs to the mediastinal lymph node, and thereby 

accelerate activation of Ag85B-specific CD4+ T cells.  While intranasal administration of 

lipopolysaccharide did result in recruitment of additional macrophages and dendritic cells 

to the lungs of infected mice, and resulted in recruitment of additional dendritic cells to 

the mediastinal lymph node, this did not result in an increase in the number of bacteria 

transported to the lymph node, and did not result in increased activation of Ag85B-

specific CD4+ T cell responses.  These results imply that during the early stage of M. 

tuberculosis infection, the bacteria are in a cellular compartment that is unable to migrate 

from the lungs to the lymph node.  Whether the bacteria are in cells that intrinsically lack 

the ability to migrate, or whether they inhibit migration of dendritic cells from the lungs 

to the lymph node, will require further study. 

The findings reported here have several implications for understanding the 

biology of tuberculosis.  In particular, they indicate that even though the lungs are the site 

of infection with M. tuberculosis, the cellular immune response is not initiated in the 
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lungs.  This is consistent with the well-characterized trafficking patterns of naïve T 

lymphocytes that circulate through peripheral nonlymphoid organs with low frequency 

(Westermann et al., 2001; Mora and von Andrian, 2006).  Therefore, even though a large 

number of bacteria are present and a large quantity of antigen is produced by bacteria in 

the lungs (Shi et al., 2003), initiation of the adaptive immune response requires transport 

of bacteria from the lungs to the local draining lymph node or other secondary lymphoid 

tissues.  Second, the observation that the bacterial population in the lungs expands 

10,000-100,000-fold between the time of initial infection and appearance of the adaptive 

immune response in the lungs implies that the effector mechanisms of the adaptive 

immune response confront a large bacterial burden when they do appear in the lungs.  

Since M. tuberculosis has been found to inhibit cellular responses to interferon gamma 

(Ting et al., 1999; Kincaid and Ernst, 2003; Fortune et al., 2004; Arko-Mensah et al., 

2007) and MHC class II antigen presentation (Noss et al., 2000; Noss et al., 2001; Fulton 

et al., 2004), the existence of such a large bacterial population in the lungs may interfere 

with recognition by and/or effector functions of CD4+ T cells, and thereby inhibit the 

ability of the adaptive immune response to eradicate M. tuberculosis from the lungs.  

Third, these findings may provide a basis for further analysis of the differential outcomes 

in humans infected with M. tuberculosis.  While a high proportion of humans that 

encounter M. tuberculosis develop immune responses that contain the infection as latent 

tuberculosis, approximately 5% progress to active, symptomatic infection within two 

years of initial infection (Comstock et al., 1974). While identifiable factors such as HIV 

infection account for some cases of progressive infection (Daley et al., 1992), most are 

unexplained.  The findings reported here from studies of mice suggest that variations in 
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transport of bacteria from the lungs to the local lymph node and initiation of the adaptive 

immune response may underlie some of the differential outcomes of M. tuberculosis 

infection in humans.  

 

4.5  Materials and Methods 

Mice 

P25TCR-Tg mice, whose CD4+ T cells express a transgenic T cell antigen 

receptor that recognizes peptide 25 (a.a. 240-254) of M. tuberculosis Antigen 85B bound 

to I-Ab was prepared on a C57BL/6 background as described (Tamura et al., 2004). Mice 

for experiments were bred in the NYU School of Medicine animal facility. Genotypes of 

all mice were confirmed by PCR testing of tail genomic DNA.  CD45.1 mice were either 

bred in the NYU School of Medicine animal facility or purchased from Taconic Farms, 

Inc.  All animal experiments were done in accordance with procedures approved by the 

New York University School of Medicine Institutional Animal Care and Use Committee. 

Generation and characterization of Antigen 85B deficient M. tuberculosis 

Antigen 85B (Rv1886c)-deficient M. tuberculosis mutant was created with the 

conditionally replicating mycobacteriophages as previously described (Bardarov et al., 

2002).  The upper and lower allelic exchange substrates (AES) were PCR amplified from 

H37Rv gDNA and cloned into pCR2.1-TOPO (Invitrogen).  The AES were sequenced 

and directionally cloned into pYUB854.  Following transduction of H37Rv and plating 

on Middlebrook 7H9 agar supplemented with ADC, several colonies were picked and 

screened for the absence of Antigen 85B mRNA by real-time RT-PCR.  Antigen 85B 

deficient clones (Ag85BKO-Mtb) were also examined by Western blot to confirm the 
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absence of Antigen 85B protein using a monoclonal antibody against the Antigen 85B 

complex. 

Preparation and Characterization of Recombinant Antigen 85B 

Recombinant Antigen 85B was produced using the expression plasmid 

pMRLB47.Rv1886c obtained through the NIH TB Vaccine Testing and Research 

Materials Contract, (NIAID N01AO040091).  E. coli BL21(DE3)pLysS (Novagen) was 

transformed with the expression plasmid. Bacteria were grown in LB broth at 37°C until 

OD600=0.5 then the culture was shifted to 30°C in the presence of 0.5 mM IPTG.  Lysis 

of E. coli and extraction of recombinant protein was done using Novagen BugBusters 

reagent and His-Bind Kit according to the manufacturer’s instructions, followed by 

dialysis in PBS and quantitation using BCA Protein Assay (Pierce).  Protein purity was 

assessed by SDS-PAGE and Bio-Safe Coomassie staining (Bio-Rad).  Endotoxin was 

removed using EndoClean reagent (BioVintage). Recombinant Antigen 85B was 

considered entotoxin-free when it was determined to contain <0.1 EU/ml as assessed by 

PyroGene Recombinant Factor C Endotoxin Detection System (Cambrex).   

In vitro T cell stimulation assays 

Bone marrow macrophages (BMDM) from C57BL/6 mice were cultured as 

described previously (Banaiee et al., 2006).  After 6-7 days of culture, cells were replated 

at 1x105 cells/well in flat bottom 96-well plates and treated for 24 hrs with recombinant 

mouse IFNγ (20 ng/ml; BD Biosciences).  For infection of cultured cells, M. tuberculosis 

H37Rv was grown to an OD580 of 0.5-1 in 7H9 broth supplemented with ADC 

Enrichment.  A suspension of single bacteria was generated by pelleting the bacteria, 

resuspending in macrophage culture media, and allowing the bacteria to flow by gravity 
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through a 5 µm Millipore syringe filter to remove clumps.  Bacteria were enumerated by 

counting a dilution in a Petroff-Hausser chamber and confirmed by serial dilution and 

growth on 7H11 agar.  BMDM were incubated with bacteria for 24 hrs in BMDM growth 

media.  Growth media was removed and extracellular bacteria were removed by washing 

with PBS. P25TCR-Tg CD4+ T cells were added at 2x105/well in complete media 

(RPMI, 10% FCS, L-glutamine, Non-essential amino acids, sodium pyruvate, HEPES, β-

mercaptoethanol) with or without peptide 25 (custom synthesis by Invitrogen and 

EZbiolabs) , and cells were incubated for 1-5 days. Supernatants of triplicate wells were 

pooled and assayed for IFNγ by ELISA (BD Biosciences) and read on a Bio Tek EXL800 

plate reader, or proliferation of CFSE-labeled P25TCR-Tg/Rag1-/- CD4+ T cells was 

assessed by flow cytometry. 

P25TCR-Tg CD4+ T cell isolation and labeling 

P25TCR-Tg mice between 8-16 weeks of age were euthanized according to 

approved laboratory animal procedures.  Lymph nodes and spleen were aseptically 

removed, and tissues were disrupted by forcing them through a 70 µm cell strainer  (BD) 

in RPMI, 5% FCS, 10 mM HEPES.  Red blood cells were removed using ACK lysis 

buffer (155 mM NH3Cl, 10 mM KHCO3, 88 µM EDTA). Live cells were counted in a 

hemacytometer using trypan blue exclusion.  CD4+ T cells were magnetically isolated 

using a CD4+ T cell Isolation Kit and an AutoMACS (Miltenyi Biotech).  CD4+ T cell 

purity was routinely >90% as assessed by flow cytometry.   For proliferation assays, 

CD4+ T cells were labeled with CFSE by resuspending the P25TCT-Tg CD4+ cells at a 

density of 1x107 cells/ml in room temperature PBS containing 1 µM CFSE (CFDA-SE, 
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Molecular Probes).  Cells were incubated with CFSE for 7 min at 37oC.  Labeling was 

stopped with an excess of FCS and the cells were washed 3 times with RPMI, 10% FCS. 

Adoptive Transfer and Infection  

CD45.1 mice routinely received 3-5x106 CFSE-labeled CD4+ P25TCR-Tg CD4+ 

T cells (CD45.2) by tail vein injection in 100 µl of sterile PBS.  After 24 hours, mice 

were infected by the aerosol route using a Glas-Col Inhalation exposure unit as 

previously described (Wolf et al., 2007b).  The infectious dose was confirmed by 

euthanizing 4-5 mice within 24 hours and removing the lungs and forcing them through a 

70 µm cell strainer (BD Biosciences) and plating the homogenate on 7H11 agar.  Plates 

were incubated at 37°C and colonies were counted 14-21 days later. 

Tissue Processing and Flow Cytometry 

At designated time points, 3-5 infected mice in each group were euthanized, and 

tissues were used to prepare single cell suspensions as described previously (Wolf et al., 

2007b), with the exception that enzyme digestion was omitted when tissues were used 

only for T cell isolation. 5x106 cells were stained with anti-CD4, anti-CD45.2, and other 

surface marker antibodies at a density of 1.5x107/ml in FACS Buffer (PBS, 1% FCS, 

0.1% sodium azide, 1mM EDTA) and incubated at 4° C for 20-30 min.  Cells were 

washed and fixed in 1% PFA overnight at 4°C.  Data was acquired on either a FACS 

Calibur or LSRII  (BD Biosciences).  Flow cytometry antibodies were purchased from 

BD Biosciences or BioLegend. The number of cells of a specific phenotype was 

determined by taking the percentage of that cell type determined by flow cytometry 

multiplied by the number of total cells.  ‘Percent proliferating’ was defined as the 

percentage of all P25TCR-Tg CD4+ T cells that had undergone at least one cycle of 
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replication.  ‘Percent divided’ was defined as the percentage of the original number of 

P25TCR-Tg  CD4+ T cells that have begun to proliferate assuming no cell death, 

calculated by FlowJo proliferation platform. 

Detection of IFNγ producing cells by intracellular cytokine staining 

Single-cell suspensions of lung and lymph node were prepared as above.  Cells 

were plated at 1x106 cells per well in a round bottom 96-well tissue culture plate 

(Corning) in Complete Media.  5-7 wells of cells were plated for each mouse and 

incubated with or without 10 µg of peptide 25 per well for 4-6 hours in the presence of 

Brefeldin A at 37°C with 5% CO2.  Cells were stained for surface markers CD4, CD45.2, 

for 30 min at 4oC followed by fixation for 2 hours at 4°C in 2% PFA.  IFNγ was detected 

using Cytofix/Cytoperm kit (BD Biosciences) according to the manufacturer’s 

instructions.   Data were acquired on an LSR-II flow cytometer using FACSDiva 

Software and analyzed using FlowJo software. 

Determination of bacterial load 

At every time point, each tissue from each mouse was assessed for bacteria load 

by taking an aliquot of the total tissue homogenate prior to any washing.  The aliquot was 

serial diluted and plated on 7H11 agar.  Plates were incubated at 37°C and colonies were 

counted 14-21 days later. Total colony forming units were determined based on the total 

volume of tissue homogenate. 

Intranasal  and subcutaneous immunization with recombinant Antigen 85B 

M. tuberculosis-infected or uninfected mice were anesthetized with a mixture of 

ketamine and xylazine administered i.p., and given sterile PBS with or without 50 ng of 

endotoxin-free recombinant Antigen 85B in 30-50 µl of sterile PBS together with 1 µg of  
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LPS for intranasal immunization or in an emulsion of TiterMax adjuvant (Sigma) for 

subcutaneous immunization. Three days after immunization, tissues were harvested and 

single cell suspensions were analyzed by flow cytometry and plated for cfu as described 

above.  

Online Supplemental Materials 

An analysis of the in vitro response of P25TCR-Tg T cells to Antigen 85B, 

peptide 25 and M. tuberculosis-infected cells can be found in Fig. S1.  Fig. S2 shows the 

P25TCR-Tg T cell responses to intranasal and subcutaneous immunization with Ag85B 

demonstrating that the transgenic T cells do not display inherently delayed 

responsiveness. The expression patterns of CD69, CD25 and IFNγ on P25TCR-Tg T cells 

over the course of the infection in the lung and mediastinal lymph node are depicted in 

Fig. S3. In addition, Fig. S3 shows the expression of IFNγ relative to the number of cells 

of proliferation the T cells have undergone in both the lung and mediastinal lymph node. 
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4.6  Figures and Legends 

Figure 1.  Timing of the appearance of adaptive immunity compared to bacterial 

growth in the lungs of M. tuberculosis-infected C57BL/6 mice. C57BL/6 mice were 

infected by the aerosol route with 50 cfu of M. tuberculosis (H37Rv).  At designated time 

points, the lungs were removed and assayed for bacteria by plating and for IFNγ gene 

expression by real-time RT-qPCR.  Four mice were assayed at each time point.  Error 

bars represent SEM. 
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Figure 2.  Proliferation of P25TCR-Tg CD4+ T cells occurs in the mediastinal lymph 

node 11 days post infection. (A) CFSE proliferation profile of P25TCR-Tg CD4+ T cells 

in the mediastinal lymph node and lungs over the course of the infection with M. 

tuberculosis.  Plots are representative of 5 mice at each time point.  Data from days 7, 14, 

17, and 21 are from one experiment; day 11 results are from a separate experiment, using 

the same bacterial inoculum and number of adoptively-transferred cells. (B) Total 

number of P25TCR-Tg CD4+ T cells in the mediastinal lymph node (solid line) and lung 

(dashed line).  Replicates were averaged and the error bars represent the SEM of 5 mice 

per time point. (C) Comparison of the number of total CD4+ T cells and the P25TCR-Tg 

CD4+ T cells in the lungs with time.  Error bars represent ±SD. 
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Figure 3.  P25TCR-Tg CD4+ T cell responses are specific for M. tuberculosis Antigen 

85B.  (A) CFSE-labeled CD4+ P25TCR-Tg CD4+ T cells were adoptively transferred into 

C57BL/6J mice, and after 24 hours, mice were infected with either wild type M. 

tuberculosis (Wt-Mtb, solid lines) or Antigen 85BKO M. tuberculosis (Ag85BKO-Mtb, 

dashed lines with open symbols) by the aerosol route.  The initial inoculum for both 

strains was ~100 bacteria/mouse.  Total bacterial load was assessed over the first 28 days 

of infection in the lungs (circles) and the mediastinal lymph node (squares).  At each time 

point, two Ag85BKO-Mtb infected mice were assessed with a difference of less than 0.5 

log10. Error bars for WT-Mtb represent ±SD of 5 mice. The dashed line represents the 

limit of detection for the cfu assay (18.75 cfu/mouse).  The mediastinal lymph node cfu 

of all the mice at day 7 were below the limit of detection.  (B) CFSE proliferation profile 

of P25TCR-Tg  CD4+ T cells in the mediastinal lymph node. 
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Figure 4.  Dependence of initiation of proliferation on the inoculum of M. 

tuberculosis Bacterial colony forming units (cfu) in the lung (A) and mediastinal lymph 

node (B) over the course of the infection after inocula of <15, 30, 100, or 700 bacteria per 

mouse. (B) Histograms are representative of P25TCR-Tg CD4+ T cell proliferation in the 

mediastinal lymph node 14 (left column) or 17 (right column) days after infection in mice 

that received the designated inocula. (C) Correlation of mediastinal lymph node bacterial 

burden and proliferation of P25TCR-Tg  CD4+ T cells.  Data are from three independent 

experiments, and include data from mice that received distinct inocula and that were 

harvested on various days post infection.  (D) Correlation of lung and mediastinal lymph 

node cfu and P25TCR-Tg CD4+ T cell proliferation.  Six mice with similar lung cfu and 

dissimilar mediastinal lymph node cfu are highlighted.  Inset table shows the log10 lung 

cfu (Lung), log10 mediastinal lymph node cfu (LN), and the percentage of P25TCR-Tg 

CD4+ T cells that had undergone one or more cycles of proliferation in the mediastinal 

lymph node for each of the highlighted mice. 



106



107

Figure 5.  Delayed dissemination of M. tuberculosis in plt mice results in further-

delayed T cell activation.  (A) Proliferation of CFSE-labeled P25TCR-Tg CD4+ T cells 

after adoptive transfer to M. tuberculosis-infected wild type C57BL/6J or plt mice.  

Results shown are the percentage of P25TCR-Tg CD4+ T cells that had started to divide, 

to correct for the partial defect in the number of adoptively-transferred cells that 

trafficked to the mediastinal lymph node of plt mice.  In order to detect P25TCR-Tg 

CD4+ T cells on days 10 and 14 it was necessary to pool lymph nodes from 5 mice, 

therefore statistical analysis was not done on those samples. Error bars on days 19 and 21 

represent ±SD of 3 C57BL/6J mice and 5 plt mice. * = P <0.05 by Student t test.  The 

percentage of CD69+ P25TCR-Tg CD4+ T cells was also 4-fold lower in plt mice 

compared to wild type at day 14 (data not shown).  (B) Bar graph displaying the % of 

P25TCR-Tg CD4+ T cells that had divided and the cfu at day 14 and 19 for the plt mice 

as the % of wild type levels. 
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Figure 6.  M. tuberculosis disseminates and activates P25TCR-Tg CD4+ T cells in 

lymphoid tissues that do not drain the lungs. (A) Bacterial load in the mediastinal 

lymph node (MLN), spleen, and inguinal lymph node (ILN) with time. The dashed line 

represents the limit of detection (18.75 cfu/mouse).  Error bars represent SD.   (B) The 

percentage of P25TCR-Tg  CD4+ T cells that have undergone at least 1 cycle of 

proliferation in the mediastinal lymph node (MLN), spleen, and inguinal lymph node 

(ILN). Error bars represent the SEM. (C) CFSE histograms form the inguinal lymph node 

at day 17 and 21 post infection; each histogram represents one mouse.  Values in the 

upper left corner represent the number of cfu found in the inguinal lymph node of that 

mouse. 
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Figure 7.  Airway administration of LPS does not increase translocation of M. 

tuberculosis from the lungs to the mediastinal lymph node, and does not accelerate 

P25TCR-Tg CD4+ T cell responses.  Mice that were either uninfected or infected 10 

days earlier with wild type M. tuberculosis received 5x106 CFSE-labeled P25TCR-Tg 

CD4+ T cells 4 days prior to harvest.  Twenty four hours later, i.e. 3 days prior to harvest, 

mice were given sterile PBS or 1 µg LPS with or without 50 ng of recombinant Antigen 

85B (rAg85B) by the intranasal route. (A) The number of myeloid DC in the mediastinal 

lymph node. (B) Surface MHC class II mean fluorescence intensity (MFI) on mediastinal 

lymph node myeloid DC.  (C) Colony forming units (cfu) in the lung and mediastinal 

lymph node (MLN) in mice infected with wild type M. tuberculosis that either received 

PBS or LPS i.n. (D) Change in the number of P25TCR-Tg CD4+ T cells due to 

proliferation as assessed in the mediastinal lymph node at day 14 post infection (4 days 

post LPS or control).  Histograms show day 14 CFSE proliferation profiles of 

representative mice given either (D) PBS (left) or LPS (right) i.n. (E) Comparison of the 

number of P25TCR-Tg CD4+ T cells in the mediastinal lymph node of uninfected or M. 

tuberculosis-infected mice that received either PBS or rAg85B+LPS i.n. Histograms 

represent the proliferation profile of the CFSE-labeled P25TCR-Tg cells in uninfected 

+rAg85B+LPS (left) and infected +rAg85B+LPS (right). The number of cells was 

determined by multiplying the percentage as determined by flow cytometry by the total 

number of cells in the lymph node assessed by trypan exclusion.  Three mice were 

examined per group and the error bars represent standard deviation. Statistics were done 

using Student t-test,  * p<0.05,  ** p<0.01, ns = not significant. 
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Supplemental Figure 1.  Characterization of P25TCR-Tg CD4+ T cell responses to 

Ag85B protein, peptide 25, and live M. tuberculosis.  Splenocytes from P25TCR-Tg 

mice were stimulated with synthetic Peptide 25 (A) or Antigen 85 isolated from M. 

tuberculosis (B) for 5 days.  Supernatants were assayed for IFNγ by ELISA. (C) IFNγ-

activated BMDM infected at an MOI of 20 were used to stimulate CFSE-labeled 

P25TCR-Tg T cells for 3 or 5 days and proliferation was assessed by flow cytometry. 
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Supplemental Figure 2. Timing of P25TCR-Tg CD4+ T cell responses to 

immunization with Ag85B protein. Mice that had received 3-5x106 CFSE-labeled 

P25TCR-Tg T cells were immunized intranasally with recombinant Ag85B and 1 µg of 

LPS (A) or subcutaneously with recombinant Ag85B and TiterMax adjuvant (B).  Three 

days later, in vivo P25TCR-Tg CD4+ T cell proliferation was assessed by flow 

cytometry.  Three mice were assayed at each antigen concentration.  Left plots show the 

total number of P25TCR-Tg T cells (CD4+, CD45.2+), the right panels show the CFSE 

proliferation profile of the  P25TCR-Tg CD4+ T cells. 
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Supplemental Figure 3.  Timing of T cell activation marker induction and 

production of IFNγ by P25TCR-Tg CD4+ T cells.  Percentage of P25TCR-Tg CD4+ T 

cells that had proliferated (solid line, solid circles), or express CD69 (dashed line, open 

diamonds) or CD25 (dotted line, solid diamonds) or produce IFNγ (dashed line, dotted 

open circles) in the mediastinal lymph node (MLN) (A) and lung (B).  Percentage of cells 

expressing each surface marker was determined by flow cytometry.  For detection of 

IFNγ production, cells were assayed after 4 hr of ex vivo restimulation with 10 µg/ml 

peptide 25 in the presence of Brefeldin A.  Error bars represent ±SD of 5 mice per time 

point.  (C) Bar graphs of activation marker data for day 12 and 14 post infection.  (D) Dot 

plots of IFNγ production by P25TCR-Tg T cells compared to the cycle of proliferation in 

lung and MLN at day 17 post infection.  (E) The percentage of MLN P25TCR-Tg cells in 

each cell cycle (0 to 4+) that produce IFNγ following restimulation at day 14 and day 17 

post infection.  Error bars represent + SD of 3-5 mice per time point.  
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Chapter 5:  Preliminary phenotyping of cells infected with M. 

tuberculosis prior to stimulation of the adaptive immune 

response 

5.1  Introduction 

The initial adaptive immune response to M. tuberculosis is essential to arresting 

the rate of bacteria growth.  Yet during the first 3 weeks of infection the bacteria are able 

to replicate at a rate equivalent to the rate of growth in broth culture, indicating that 

during the first three weeks the immune system has almost no effective means of counter 

the M. tuberculosis infection. Previously, we demonstrated that the delay in the onset of 

the adaptive immune response is partially a result of the time required to transport 

sufficient numbers of bacteria to the draining lymph node where the T cell response is 

initiated (Wolf et al., 2007a). Neither increasing the initial dose of M. tuberculosis 7-fold 

nor administering a strong maturation stimuli (LPS) resulted in a more rapid CD4+ T cell 

response.  Research has shown that dendritic cells that encounter a maturation stimuli, 

such as a pathogen, upregulate CCR7 expression and migrate to the draining lymph node 

within 24 hours (Ingulli et al., 1997; Federica Sallusto, 1998; Saeki et al., 1999).  

Therefore, we hypothesize that the cells initially infected by M. tuberculosis lack the 

ability to migrate to the draining lymph node.  The resulting delay in transporting bacteria 

to the draining lymph node is a consequence of the necessity for a round of bacteria 

growth and spread to migration competent dendritic cells.   
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To address this possibility we set out to assess the infected cell subsets during the 

first 10 days of infection, however the limited number of bacteria in the lungs during this 

phase of the infection makes detection of infected cells very difficult.  We first attempted 

to characterize the dynamics of the M. tuberculosis infection during the 24 hours 

following exposure to infectious aerosol droplets.  We found that within the first 24 hours 

of infection the bacteria enter a compartment that tightly associated with the lung tissue, 

indicating that slow entry into cells is not a component of the delay.  In addition, >95% of 

the bacteria localized within a cell in the bronchoalveolar lavage (BAL) fluid were 

determined to be in alveolar macrophages.  Infected alveolar macrophages in culture 

exhibit an excellent capacity to activate naïve T cells, yet infected alveolar macrophages 

do not lead to rapid T cell activation in vivo.  The results indicate that alveolar 

macrophages, the cells designed to be the first line of defense in the lung, may actually be 

a contributing factor in allowing M. tuberculosis to establish a substantial infection 

before the adaptive immune response can be mobilized. 

5.2  Results   

M. tuberculosis infects cells and becomes tightly associated with lung tissue within 

the first 24 hours of infection.   

One possible explanation for the long time before the arrival of bacteria in the 

draining lymph and the onset of adaptive immunity is that M. tuberculosis does not gain 

entry to cells promptly after inhalation.  To address this possibility, we infected mice by 

the aerosol route and looked for bacteria in the BAL fluid, if the phagocytosis of M. 

tuberculosis is delayed we would expect to find large numbers of free bacteria in the 
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BAL fluid.  However, we found that within 1 hour of infection only 20% of the total 

bacteria were recovered in the BAL fluid.  By 24 hours this had decreased to < 3% of the 

bacteria in the BAL (Fig. 1A).  The results indicate that very rapidly after infection M. 

tuberculosis enters a compartment that is tightly adhered to the lung tissue or resides in 

the interstitium.  Of the bacteria that could be recovered by BAL, only a small number 

(<1%) were observed to be inside of a cell by microscopy (Fig. 1B).   

 

Alveolar macrophages are the first cells in the lung to be infected in the BAL fluid.  

The lung tissue from a mouse when it first encounters M. tuberculosis is 

composed of 3 primary subsets of cells: alveolar macrophages, myeloid dendritic cells 

and neutrophils (mixed with a few resident macrophages) (Fig. 2A).  The alveolar 

macrophages, which express high levels of CD11c and low to negative CD11b, are easily 

identified as the major cell type recovered by BAL (Fig. 2B).  While there are a small 

number of dendritic cells also recovered by BAL, they usually account for <2% of the 

cells, as compared to the alveolar macrophages which account for >90% of the BAL 

cells, equaling around 2.7-4.5x105 cells.  While not all the alveolar macrophages are 

recovered by BAL, the remaining alveolar macrophages account for <2% of the 

remaining lung cells (Fig. 2C).  We tested immunohistochemistry (IHC) staining for 

CD11b as a means of differentiate the alveolar macrophages and dendritic cells recovered 

by BAL (Fig. 2D).  The results show that only an average of 1.45% of the cells counted 

from the lavage stained for CD11b expression (Fig. 2E), which closely matches the 

percentage of dendritic cells in the BAL as determined by flow cytometry making IHC 

staining for CD11b a good technique for determining whether an infected cells is an 
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alveolar macrophage or a dendritic cell.  We combine the IHC identification of dendritic 

cells with β-galactosidase expressing M. tuberculosis to analyze the cells recovered in the 

BAL fluid of mice within 24 hours of infection.  While we only isolate a few infected 

cells in BAL fluid, the bacteria were only present in CD11bneg cells classified as alveolar 

macrophages (Fig. 2F).   

 

In vitro alveolar macrophages stimulate naïve M. tuberculosis-specific T cells to 

proliferate as well as dendritic cell.   

We hypothesized that if alveolar macrophages are the first infected cells, the 

delayed T cell activation seen in vivo may result from a defect in the ability of M. 

tuberculosis-infected alveolar macrophages to activate naïve T cells.  To address this 

possibility, we isolated alveolar macrophages by a combination of bronchoalveolar 

lavage and magnetic bead selection followed by infection in vitro with M. tuberculosis.  

The infected cells were used to stimulate naïve M. tuberculosis Antigen 85B-specific T 

cells.  An equivalent percentage of naïve T cells proliferated in response to M. 

tuberculosis-infected bone marrow derived dendritic cells (BDDC) and alveolar 

macrophages (AvM) following 3 days exposure in vitro (Fig. 3).  A slightly higher 

percentage of T cells responded to alveolar macrophages then dendritic cells after 5 days 

in culture.   
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5.3  Discussion 

The results of the preliminary research presented here examine the dynamics of 

cells infected by M. tuberculosis during the first 24 hours after exposure as a means of 

addressing possible aspects of the infection contributing to the long interval between 

infection and adaptive immune response.  During the first 24 hours, M. tuberculosis is 

phagocytosed by cells that become tightly associated with the lung tissue.  

Immunuohistochemical analysis of the infected cells in BAL fluid suggests that the 

majority of cells initially infected are alveolar macrophages.  

The lag in M. tuberculosis dissemination to the draining lymph node has already 

be identified as a rate limiting step in the activation of the adaptive immune response 

(Wolf et al., 2007a).  Previously we demonstrated that dendritic cells transport M. 

tuberculosis to the draining lymph node and account for the majority of infected cells in 

the draining lymph node (Wolf et al., 2007b).  Yet, dendritic cells are known to 

upregulate their expression of CCR7 and use it to migrate to the draining lymph node 

within 24 hours of exposure to maturation stimuli (Forster et al., 1999; Saeki et al., 1999) 

including infection with M. tuberculosis (Lande et al., 2003).  Therefore, if M. 

tuberculosis infected dendritic cells in the lung early during infection bacteria should be 

found in the draining lymph node as well, however no cfu were detected in the draining 

lymph node at 24 hours post infection as determined by plating of total lymph node 

homogenate on 7H11 agar (unpublished observation).   In fact, the earliest M. 

tuberculosis cfu have been detected is between 7 and 11 days (Chackerian et al., 2002; 

Wolf et al., 2007a).   
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Considering ~80% of the bacteria can not be retrieved in the BAL fluid within 1 

hour of exposure suggests the bacteria enter a cell subset that can not migrate to the 

draining lymph node, and our research indicates that alveolar macrophages are likely to 

be the initial infected cell subset.  However, we were only able to recover a small number 

of infected cells from the BAL so it is still possible that bacterial entry may be delayed 

and the bacteria themselves tightly adhere to the lung wall preventing them from being 

lavaged from the lung.  In order to provide definitive proof that alveolar macrophages are 

the first cells to be infected, the difficult and time consuming processes of sorting cell 

subsets from total lung homogenate followed by microscopic and cfu analysis will need 

to be undertaken. 

However, our conclusions are supported by work in the Randolph lab showing 

that beads administered intranasally are transported to the draining lymph node by 

pulmonary dendritic cells, but not alveolar macrophages, using CCR7 and CCR8 

(Jakubzick et al., 2006).  There is no work demonstrating that alveolar macrophages 

express CCR7 or CCR8 while simultaneously eliminating possible dendritic cell 

contamination during the experiment. Nor have alveolar macrophages be shown to 

possess the ability to migrate to the draining lymph node.  In addition, we showed that 

alveolar macrophages infected with M. tuberculosis demonstrate a strong capacity to 

induce naïve T cell proliferation arguing that if alveolar macrophages were able to 

migrate to the draining lymph node we would see T cell activation much earlier than 11 

days post infection (Wolf et al., 2007a).  Though it will be necessary to sort infected 

alveolar macrophages from the lungs of mice to confirm that in vivo infected alveolar 
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macrophages are also able to stimulate naïve T cells, but this will be a difficult 

experiment considering how few infected cells there are in vivo early during infection. 

The results of our work together with the evidence in the literature substantiate 

the hypothesis that M. tuberculosis initially infects a non-migrating cell subset, likely to 

be alveolar macrophages.  In order for bacteria to disseminate to the draining lymph node 

and T cell activation to commence, a round of bacterial replication and spread to 

migration competent dendritic cells is necessary.  Considering the in vivo 27 hour 

doubling time of M. tuberculosis, the result is that there is no T cell activation until 11 

days post infection. There is also no evidence to suggest that anything other than chance 

plays a part in determining which phagocytic cell type is infected.  M. tuberculosis is able 

to utilize a number of different molecules to adhere to cells, all expressed by the 

phagocytes present in the lung.  It is more likely that the relative rarity of dendritic cells, 

compared to alveolar macrophages, dictates that bacterial replication and spread is 

required to infect enough dendritic cells to satisfy the threshold number of bacteria 

(1500-3000) we previously demonstrated is necessary to initiate a T cell responses in the 

lymph node (Wolf et al., 2007a).    

Further studies of carefully separated alveolar macrophages and pulmonary 

dendritic cells will be necessary to determine if M. tuberculosis-infected alveolar 

macrophages are incapable of expression chemokine receptors associated with migration 

or if M. tuberculosis actively inhibits their expression.  These conclusions have 

significant implications considering the factors that result in the delayed adaptive 

immune response ultimately allow for >20,000-fold expansion of M. tuberculosis in the 

lungs.  It becomes essential to understand the properties of this very early phase of the 
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infection to better develop treatment and vaccination strategies.  If our model of the early 

stage of infection is accurate, intratracheal installation of infected dendritic cells should 

result in an earlier T cell response, which we have an ideal system to assay.  Lastly, if the 

delay in dendritic cell acquisition of M. tuberculosis is truly the rate limiting step it could 

explain why none of the current M. tuberculosis vaccine strategies yield better than a 1-2 

log reduction in bacterial load.  Following infection antigen-loaded dendritic cells would 

still be required in the draining lymph node to activate memory T cells.  Therefore even 

flowing immunization the time to achieve infected dendritic cells would allow for 

substantial expansion of the bacterial population in the lungs. 

 

5.4  Materials and Methods 

Mice and Reagents 

Wild type C57BL/6 mice were used for all infection experiments. All animal 

experiments were done in accordance with procedures approved by the New York 

University School of Medicine Institutional Animal Care and Use Committee.  Anti-

CD11b and anti-CD11c antibody for flow cytometry and IHC were purchased from BD 

Biosciences. 

Infection and BAL 

Mice were infected by the aerosol route with 3000 cfu of β-galactosidase 

expressing M. tuberculosis in a Glas-Col Inhalation Exposure Unit as describe previously 

(Wolf et al., 2007b).  Actual infectious dose was assessed at 24 hours post infection by 

euthanizing the mice, removing the lungs and homogenizing in detergent, the 
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homogenates were plated on 7H11 agar plates and colonies were assesses after 2-3 weeks 

of incubation at 37°C.  At the designated time points the mice were euthanized using 

sodium pentobarbital administered i.p.  The trachea was exposed and a 24 gauge catheter 

(Excel, Fisher) was inserted into the trachea and secured with a suture.  The lung was 

lavaged with 1 ml of sterile cold PBS + 2 mM EDTA and then the same 1 ml was forced 

into the lung again. This was repeated 5x for a total of ~5 ml of lavage fluid.  The exact 

volume recovered was measured for each mouse.   After the lung was lavaged, it was 

removed and homogenized in detergent followed by plating for cfu as described above.  

Flow cytometry analysis of the cellular composition of the total lung, BAL and post-BAL 

lung tissue was done by processing and staining the cells as described previously (Wolf et 

al., 2007b) 

Assessing the number of infected cells in the BAL fluid 

To assess for total bacteria in the BAL the entire volume from some mice was 

plated on 7H11 plates and cfu were determined.  To identify intracellular bacteria all the 

cells in the BAL fluid of each mouse were spun down on to a slide using EZ megafunnels 

and a Cytospin (Thermo Shandon).  The cells were fixed in acetone for 10 minutes and 

rehydrated in PBS. Mtb-β-gal was detected in sections by staining with a solution of 1 

mM MgCl2, 5 mM potassium ferrocyanide, 5 mM potassium ferricyanide, and 1 mg/ml 

X-gal in PBS for 1-12 hr at 37oC.  Immunohistochemistry was performed using a 

monoclonal antibody to CD11b and detected using biotin-labeled anti-rat IgG (Vector 

Laboratories, Burlingame, CA), and Vector ABC–AP Kit, using Vector Red as the 

substrate.  Sections were counterstained with hematoxylin.  After the cells were removed 
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from the BAL fluid by centrifugation the remaining supernatant was plated on 7H11 agar 

to assess extracellular bacteria.  

Antigen 85B-specific CD4+ T cell isolation and labeling 

 

P25TCR-Tg, Rag1-/- mice between 8-16 weeks of age were euthanized according 

to approved laboratory animal procedures.  Lymphoid tissue cell suspension were 

prepared as described previously (Wolf et al., 2007a).  CD4+ T cells were magnetically 

isolated using a CD4+ T cell Isolation Kit and an AutoMACS (Miltenyi Biotech) and 

labeled with CFSE (CFDA-SE, Molecular Probes).   

  

In vitro T cell stimulation Assay 

Bone marrow dendritic cells (BDDC) from C57BL/6 mice were cultured as 

described previously (Lutz et al., 1999) with a few modifications.  In brief, bone marrow 

was isolated from the leg bones and plated at 1x106 cells/plate in media containing and 

optimized concentration of GM-CSF containing conditioned media from a GM-CSF 

melanoma cell line (a gift from H. Chapman).  Immature dendritic cells were isolated 

after 4-5 days and the phenotype was confirmed by flow cytometry analysis. AvM were 

isolated from BAL by removing potential contaminating dendritic cells using CD11b+ 

magnetic beads and an AutoMACS machine (Miltenyi). Purity was confirmed by flow 

cytometry analysis, dendritic cells were <0.1%.   BDDC and AvM were plated at 

1x105/well in a flat bottom 96-well plates for infection.  M. tuberculosis H37Rv was 

grown to an OD580 of 0.5-1 in 7H9 broth supplemented with ADC Enrichment.  A 
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suspension of single bacteria was generated by pelleting the bacteria, resuspending in 

macrophage culture media, and allowing the bacteria to flow by gravity through a 5 µm 

Millipore syringe filter to remove clumps.  Bacteria were enumerated by counting a 

dilution in a Petroff-Hausser chamber and confirmed by serial dilution and growth on 

7H11 agar.  BDDM and AvM were incubated with bacteria for 24 hrs in growth media.  

Growth media was removed and extracellular bacteria were removed by washing with 

PBS. CFSE-labeled P25TCR-Tg/Rag1-/- CD4+ T cells were added at 2x105/well in 

complete media (RPMI, 10% FCS, L-glutamine, Non-essential amino acids, sodium 

pyruvate, HEPES, β-mercaptoethanol) and cells were incubated for 1-5 days proliferation 

of CFSE-labeled T cells was assessed by flow cytometry. 
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5.5  Figures and Legends 

Figure 1.  Within 24 hours of infection most M. tuberculosis are strongly associated 

with the lung tissue not the BAL fluid.   Mice were infected by the aerosol route with 

3000 cfu, at 1, 12 and 24 hours the number of bacteria associated with the BAL and the 

lung tissue were assessed.  (A) The percentage of the total cfu that were either present in 

the BAL fluid (intracellular or extracellular) compared to the number that remained 

associated with the lung tissue after BAL. (B) The BAL fluid of mice were cytospun and 

microscopically examined for intracellular and extracellular bacteria, also the 

supernatants after the spin were plated for cfu.  The remaining lung tissue was 

homogenized and plated for lung associated cfu.  BAL Extracellular is the number of 

bacteria seen outside of a cell together with the number of cfu in the supernatant post-

cytospin.  BAL Intracellular is the number of bacteria that could be identified inside of a 

cell from the BAL fluid.  Lung is the number of cfu in the remaining homogenate of the 

lung tissue after BAL. Error bars + SD of 6 mice at each time point. 
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Figure 2.  The small number of infected cells recovered in the BAL during the first 

24 hours of infection were all alveolar macrophages. (A) Flow cytometry dot plot of 

the CD11c, CD11b expressing antigen presenting cells in the total lung tissue at 24 hours 

after infection. (B,C) The distribution of CD11c, CD11b expressing antigen presenting 

cells in the BAL fluid of mice (B) and the lung tissue after lavage (C). 

CD11chi,CD11blo/neg = alveolar macrophages, CD11chi,CD11bhi = myeloid dendritic cells, 

CD11cneg,CD11bhi = neutrophils. (D) The BAL fluid cells were transferred to slide using 

cytospin technology and the alveolar macrophages and dendritic cells were differentiated 

by IHC staining for CD11b expression (red cells).  The left panel was shows the CD11b 

staining of BAL fluid together with the corresponding isotype control, right panel.  (E).  

The graph shows the percentage of cells counted during microscopic examination of the 

BAL that were either CD11b+ (dendritic cells) or CD11bneg (alveolar macrophages).  

Cells in the BAL fluid of 3 mice were examined and 1000 cells were counted for each 

mouse. Error bars + SD. (F)  All the infected cells in the BAL were negative for CD11b 

making them alveolar macrophages (n= 46). 



133

 



134

Figure 3.  Naïve T cells proliferate in response to M. tuberculosis infected alveolar 

macrophages.  Bone marrow derived dendritic cells (BDDC) and alveolar macrophages 

(AvM) were infected with M. tuberculosis at an MOI of 20.  The infected cells were used 

to stimulate CFSE-labeled naïve T cells from Rag1-/-, P25TCR-Tg mice. Flow cytometry 

dot plots of the CD4+ T cell proliferation after 3 and 5 days exposure to the infected cells.  

Numbers in the gates represent the percentage of CD4+ cells within the gate.  To control 

for spontaneous T cell activation, naïve T cells were incubate alone for 5 days (far right 

plot).    
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Chapter 6: M. tuberculosis Antigen 85B-specific T cell 

stimulation is significantly diminished following the initial 

phase of the infection 

 

6.1  Introduction 

It has long been known that a strong CD4+ T cell responses together with 

secretion of Th1 cytokine, IFNγ, are essential for the control of a Mycobacterium 

tuberculosis infection (Flynn et al., 1993; Mogues et al., 2001).  A large percentage of the 

CD4+ T cells generated against M. tuberculosis during the early stages of the infection 

are specific to one of the bacteria’s immunodominant proteins, Antigen 85B (Huygen, 

2003; Rogerson et al., 2006).  Antigen 85B together with 85A and 85C form a complex 

of secreted (Rambukkana et al., 1991; Wiker and Harboe, 1992) proteins functioning as 

mycoloyltransferase enzymes in cell wall biogenesis (Belisle et al., 1997).   In infected 

macrophages, Antigen 85B was found to be efficiently processed out of the M. 

tuberculosis phagosome for presentation on MHC class II (Ramachandra et al., 2001).  

Work demonstrating that the primary antigenic epitope, peptide 25, drives CD4+ T cells 

toward a Th1 phenotype (Takatsu and Kariyone, 2003) together with abundance of T cells 

specific to Antigen 85B induced by M. tuberculosis in humans and mice has made 

Antigen 85B a leading component of many new tuberculosis vaccine candidates (Wiker 

and Harboe, 1992; Gupta et al., 2007). 
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While tuberculosis vaccine development has the standard focus of preventing 

infection or disease, the prevalence of infected individuals around the world (2 billion) 

necessitates that strategies also be examined to address post-exposure vaccination 

possibilities.  We previously utilized Antigen 85B-specific TCR-transgenic CD4+ T cells 

to demonstrate that responses were initiated in the draining lymph node and required a 

threshold number of bacteria (Wolf et al., 2007a).  Through this work we have 

established Antigen 85B-specific TCR-transgenic T cells (P25TCR-Tg) as a valuable tool 

to study Antigen 85B antigen presentation and potential T cell responses at different 

phases during infection.  In the present study, we used the adoptive transfer of P25TCR-

Tg T cells to assess the availability of Antigen 85B after the initial peak of the adaptive 

immune response.  The results indicate that after 3 weeks of infection there is a 

significant decrease in the ability to activate new naïve Antigen 85B-specific T cells.  

The decreased T cell activation may be a consequence of decreased Antigen 85B 

availability as well as restricted access to antigen presented by phagocytes.  In addition 

there is evidence that after the initiation of the immune response dendritic cell migration 

from the lung to the draining lymph node is restricted.  All of these observations have 

profound implications for vaccine and treatment strategies. 

 

6.2  Results 

CD4+ T cell responses to infection are reduced after 28 days of infection 

In order to test the responsiveness of M. tuberculosis specific T cells to infection 

at different points during infection, we adoptively transferred P25TCR-Tg T cells specific 



138

to M. tuberculosis Antigen 85B, into mice at different time points post infection.  We 

found that when you inject T cells into mice after 28 days of infection the percentage of T 

cells proliferating at 7 days post injection (55.8%) was even less than seen only 3 days 

after injection at a time point prior to day 28 of infection (83%) (Fig 1A).  In 3 days of 

exposure to the infection the overall expansion of T cells in response in the draining 

lymph node (mediastinal) after day 28 was less than half of that seen when the T cells 

were transferred prior to day 28 of infection (Fig 1B).  A difference was also seen in T 

cell expansion by analyzing only the number of T cells that had proliferated.  The T cell 

expansion for the post 28 dpi (days post infection) group after 3 and 7 days of exposure 

in vivo was only 5.7% and 39% respectively of the T cell expansion seen after only 3 

days when the T cells were injected prior to 28 dpi.  These differences in T cell expansion 

can not be accounted for by differences in the starting number of P25TCR-Tg T cells in 

the draining lymph node because the total number of cells in the draining lymph node is 

lowest in the pre 28 dpi 3 days post transfer lymph node.  Additionally, screening of the 

distribution of P25TCR-Tg T cells after adoptive transfer found that the T cells distribute 

evenly throughout lymphoid tissues as a consistent percentage of the total CD4+ T cells in 

the tissue (data not published). 

 

Reduction in T cell responses coincides with a reduction in Antigen 85B mRNA 

expression in the lung 

One possible explanation for the reduced T cell responsiveness later in infection 

would be a decrease in the amount of antigen available after day 28 of infection.  By 

means of an optimized technique for quantifying the mRNA expression level of different 
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M. tuberculosis genes in infected tissues, we were able to demonstrate that in the lungs of 

mice there is a decreased level of Antigen 85B mRNA expression after the first 3 weeks 

of infection (Fig 2A).  Because the draining lymph node consistently has 2.5-3 log10 

fewer bacteria than the lung it has not been technically possible to assess the Antigen 85B 

mRNA levels in the mediastinal lymph node.  However, in the mediastinal lymph node 

cfu do not remain at a high constant number as they do the lung, after the first three 

weeks of infection there is a gradual drop and the cfu in the mediastinal lymph node (Fig 

2B).  These two facts support the conclusion that the reduction in T cell activation after 4 

weeks of infection may be partially due to a reduction in the production and/or 

availability of Antigen 85B late in infection. 

 

Antigen loaded cells are sequestered from T cells in the mediastinal lymph node 

after 4 weeks of infection 

Considering the evidence that Antigen 85B expression levels are down regulated 

in the lungs and that the number of cfu in the lymph node decreases after 4 weeks of 

infection we set out to test if these were the only factors affecting T cell activation after 4 

weeks of infection.  To address this question we did a series of ex vivo restimulations of 

the lymph node cells of mice that either received T cells prior to 28 days or post 28 days 

of infection.  Compared to the activation of the T cells exposed to antigen in vivo for 7 

days at time point post 28 days of infection (Fig 1A), there was significantly more T cell 

proliferation when the lymph node was disrupted after 3 days and the cells were 

incubated for 3 days in culture without additional of antigen (Fig 3A).  When T cells 

were exposed to antigen from infection in vivo for 7 days at a time point after 28 days of 



140

infection only 53% of the P25TCR-Tg T cells were had diluted their CFSE.  However 

disruption of the mediastinal lymph node prior to incubation for 3 days in culture (for a 

total of 6 days exposure to infected cells) resulted in 82% of the P25TCR-Tg T cells 

diluting their CFSE, almost equal to the percentage of cells dividing in vivo after 3 days 

at a time point prior to 28 dpi (83% proliferating) (Fig 1A).  Considering the only 

difference between the T cells exposed to antigen from infection in vivo verses infected 

cells in vitro is the structure of the mediastinal lymph node, the data suggest that infected 

cells may be sequestered or restricted from interacting with T cells in the post 28 dpi 

lymph node.   

There does not seem to be a global defect in the antigen presenting cells 

considering the addition of peptide 25 resulted in as good as or better T cell proliferation 

in the post 28 dpi T cells in ex vivo culture as the pre 28 dpi T cells (Fig 3A).  Not only 

was there an increase in the percentage of T cell dividing with the addition of peptide but 

also in the total number of P25TCR-Tg T cells and the expression of CD25 on their 

surface (Fig 3B-D).  The results with the addition of peptide 25 lead to the conclusion 

that the antigen presentation capacity of the cells in the lymph node is not globally 

inhibited post 28 days of infection.  

 

Addition of exogenous antigen after 3 weeks of infection no longer leads to increased 

P25TCR-Tg T cell activation 

To address the possibility that infection with M. tuberculosis might in itself result 

in an inhibitory environment we did a series of respiratory immunizations with Antigen 

85B.  We performed the experiments in mice that were infected with a strain of M. 
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tuberculosis lacking Antigen 85B (Ag85BKO-Mtb) so that we could dissociate infection 

from antigen availability. We had previously shown that respiratory immunization with 

recombinant Antigen 85B and LPS led to significantly more T cell activation than 

infection alone (Wolf et al., 2007a), suggesting that there may be restricted antigen 

availability or presentation in the mediastinal lymph node.  When we did similar 

respiratory immunization experiments with mice infected with Ag85BKO-Mtb, we found 

that around the time of initial T cell activation (day 11) immunization with Antigen 85B 

resulted in T cell activation equivalent to that seen in uninfected mice (Fig 4A) and 

infection alone had no effect on T cell activation (Fig 4B). However, in mice infected for 

greater than 3 weeks there was virtually no response to immunization with Antigen 85B 

and LPS (Fig 4A).  Compared to uninfected mice there were 2.7-fold fewer Ag85B-

specific T cells in the immunized infected mice (Fig 4C), and compared to the day 14 

infected mice the day 23 infected mice showed 60% fewer T cells and a 75% reduction in 

the number of T cells that had divided after immunization (Fig 4C,D). 

 

Antigen presenting cell recruitment to the mediastinal lymph node is decreased at 

time points after 3 weeks of infection with M. tuberculosis 

One explanation for the lack of T cells activated following immunization at day 

23 could be that there is a deficiency in antigen reaching the draining lymph node. We 

previously showed that over the first 3 weeks of the infection there is a continual increase 

in antigen presenting cells in the lung and a corresponding increase in the draining lymph 

node. At least a portion of the antigen presenting cells migrate from the lung to the lymph 

node via a CCL19/CCL21 dependent mechanism (Wolf et al., 2007b). Considering this 
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data we hypothesized that the decreased T cell responses could be a result of decreased 

transport of antigen to the draining lymph node. Therefore, we analyzed the number of 

antigen presenting cells in the lung and draining lymph node at day 14 and 23.  At both 

time points immunization in the presence of LPS resulted in 3.66 and 2.77-fold increase 

in the number of total antigen presenting cells in the lung at day 14 and 23 respectively.  

However, compared to the day 14 draining lymph node, where there was a 3-fold 

increase in the total number of antigen presenting cells, the day 23 lymph node showed 

no increase in the number of antigen presenting cells when the mice received antigen 

with LPS compared to without (Fig 5).  While there was no increase in the number of 

antigen presenting cells in the presence of LPS, there were still eight times as many 

myeloid dendritic cells in the draining lymph node at day 23 compared to day 14, a 

normal consequence of the infection.  In addition, the antigen presenting cells in the 

draining lymph nodes at both time points appear to be equally activated based on 

equivalent levels of MHC Class II on their surface (data not shown).  The results suggest 

that there plenty of available antigen presenting cells in the lung but that after 3 weeks of 

infection there is a decrease in the migration of antigen presenting cells carrying antigen 

to the draining lymph node resulting in reduced T cell response to antigen following 

immunization with a maturation stimuli after 3 weeks of infection.   

 

6.3  Discussion 

Among the M. tuberculosis antigens, Antigen 85B is one of the most 

immunodominant antigens and has been a prominent vaccine candidate.  The study 

described in this paper utilized the adoptive transfer of Antigen 85B specific transgenic T 
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cells at different time points post infection to study the availability of antigen and 

responsiveness of CD4+ T cells at various stages of a M. tuberculosis infection.  We 

found that after the initial adaptive immune response there is a diminished capacity to 

active new antigen specific T cells in the draining lymph node that is independent of the 

T cells capacity for activation.  The defect in T cell activation after the first 4 weeks of 

infection with M. tuberculosis is the result of three alterations in the antigen presentation 

pathway.  First being a possible reduction in the production of Antigen 85B by the 

bacteria, second limited accessibility to antigen presenting cells loaded with antigen, and 

third the retention of dendritic cells in the infected lung tissue.  The results presented here 

indicate that the persistent nature of an M. tuberculosis infection may be a consequence 

of a limited immune response after the first three weeks of infection contributing to an 

inability to eliminate M. tuberculosis. Considering all the current diagnostic tests do not 

identify infected individuals until after the peak of the adaptive immune response, these 

results have implications for both treatments and vaccination protocols under 

development. 

Antigen 85B specific T cells are one of the more abundant antigen-specific T cells 

during the course of the infection (Rogerson et al., 2006).  We have established a CD4+ T 

cell adoptive transfer experimental system using P25TCR-Tg T cells specific to M. 

tuberculosis Antigen 85B.  The system previously demonstrated that Antigen 85B 

specific T cell responses are initiated in the draining lymph node where a threshold 

number of bacteria are required before T cell activation is initiated.  The link between the 

number of cfu in the draining lymph node and T cell activation indicted the P25TCR-Tg 

may provide useful tool to analyze the antigen availability and presentation at different 
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stages of infection with M. tuberculosis.  Considering the chronic nature of an M. 

tuberculosis infection, we hypothesized that there would be a supply of antigen available 

for continual T cell activation. However, when we adoptively transferred T cells at 

different time points after infection, we discovered that there was a 94% reduction in T 

cell expansion following 3 days of in vivo exposure to infection when T cells were 

transferred after 28 days of infection (40 days post infection) suggesting that after the 

initial peak of the adaptive immune response there is an alteration in the antigen 

presentation pathway.  In accordance with previous work in the field, an analysis of M. 

tuberculosis gene expression showed that after 4 weeks of infection there was decrease in 

Antigen 85B gene expression in the lung (Shi et al., 2003).  Due to the substantially 

lower numbers of bacteria in the draining lymph node compared to the lung analysis of 

bacterial gene expression was not technically possible however the lung result indicate 

that reduced gene expression may be a partial cause of the reduced T cell activation.  The 

decrease in Antigen 85B expression is coincident with plateau in total T cells in the lung 

after the initial peak in the adaptive immune response (Feng et al., 1999), which could be 

a result of the combined decrease in available antigenic stimuli in the lung and lack of 

continued T cell activation in the draining lymph node.    

Considering we could not confirm the reduced bacterial gene expression in the 

draining lymph node, we wanted to determine if antigen availability alone could account 

for the decreased T cell response.  We performed a series of ex vivo restimulation 

experiments to modulate the amount of antigen available to the T cells.   At time points 

prior to and post 28 days of infection, we disrupted the lymph node and incubated the 

cells with or without additional antigen.   A strong proliferation response was elicited 
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from the T cells in the presence of additional antigen at both time points providing 

evidence that there is not intrinsic T cell functional change and that overall, the antigen 

presenting cells in the lymph node still possess the capacity to stimulate a naïve T cell 

response.  Though the substantial T cell response in the presence of additional antigen 

indicates that at both time points infection with M. tuberculosis has not resulted in 

maximal T cell activation most likely due to limited antigen availability during infection. 

Additionally, we observed that the act of disrupting the post 28 day lymph node 

from infected mice and incubating them in culture resulted in 29% more T cells 

proliferation (and more had undergone a greater number of cycles of proliferation) than 

exposing the T cells to infected lymph node cells in vivo for the same amount of time.  

Considering these two groups of mice were infected at the same time, for the same 

number of days and the T cells were exposed to infected cells for the same number of 

days, the one difference being that one group’s lymph node was removed, disrupted, and 

incubated in culture, the results suggest that antigen in the intact lymph node is 

sequestered from the T cells.  Alternatively, disrupting the lymph node could have 

released antigen for presentation by uninfected cells or the tissue processing could have 

induced the bacteria to produce more antigen.  To address these other possibilities we 

delivered additional antigen to the draining lymph node via respiratory immunization. For 

these experiments we infected mice with an Antigen 85B deficient strain of M. 

tuberculosis so we could ensure that all the T cell responses we observed were a result of 

the antigen we administered intranasally. The experiment was also designed to separate 

any potential inhibitory effect that infection with M. tuberculosis might have by 

comparing immunization in infected and uninfected mice.  Compared to both uninfected 
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mice and mice infected for fewer than 21 days, intranasal immunization after 21 days 

resulted in dramatically reduced T cell proliferation.  The reduced T cell response 

correlated with a marked decrease in antigen presenting cell recruitment to the draining 

lymph node.  Together with the observed decrease in cfu in the draining lymph node after 

21 days of infection the results suggest that there is reduced trafficking of antigen 

presenting cells to the draining lymph node. 

The results of these experiments together indicate that during the fourth week of 

the infection with M. tuberculosis there is a shift in the antigen presentation pathway 

resulting in an overall decreased capacity to stimulate new T cell activation.  Antigen 

presentation, and therefore T cell activation, appear to be disrupted by possibly three 

distinct mechanisms: reduced Antigen 85B gene expression by the bacteria, decreased 

accessibility to Antigen 85B presented in the proper context, and reduced dendritic cell 

trafficking from the lung to the draining lymph node.  Considering the large number of 

different M. tuberculosis vaccines under development that utilize Antigen 85B in order to 

stimulate an immune response (Huygen et al., 1996; Huygen, 2003; Gupta et al., 2007), 

these result have important implications for the efficacy of Antigen 85B vaccination 

strategies.  Currently, there is no evidence to suggest what may be the trigger for the 

bacteria to down-regulate Antigen 85B expression in the lung, however considering the 

timing is coincident with the peak of the adaptive immune response it could be an 

immune evasion mechanism developed by M. tuberculosis and triggered by the adaptive 

immune response itself.  This is one possible explanation for why none of the current 

Antigen 85B vaccines have yielded better than a 1.5-2 log10 reduction in the bacterial 

plateau (Feng et al., 1999; Kamath et al., 1999; Tanghe et al., 2001; Bennekov et al., 
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2006).  If the adaptive immune response is the trigger, Antigen 85B expression may be 

down-regulated even earlier during the course of the infection in an immunized 

individual and therefore limits the antigen availability for a large subset of the memory T 

cells blunting the potential immune response.  

There are additional implications for treatment protocols. In many areas of the 

world tuberculosis is so prevalent with in the population that vaccination prior to 

exposure may not be very effective.  Instead, vaccination strategies for previously 

exposed individuals to help boost their immune response may be the more practical 

approaches.  However, the down-regulation/reduced accessibility of Antigen 85B late 

during infection may make infected antigen presenting cells unrecognizable by the large 

subset of Antigen 85B-specific T cells in the lung. Many of these vaccination strategies 

have utilized intranasal delivery methods, which may be ineffective in individuals already 

infected if dendritic cell trafficking is disrupted by infection even in the presence of a 

maturation stimuli like LPS.  The P25TCR-Tg T cell adoptive transfer system offers an 

excellent tool to further analyze the factors affecting the decreased T cell responsiveness 

after the initial peak of the adaptive immune response. 

 

6. 4  Materials and Methods 

Mice 

P25TCR-Tg mice are on a C57BL/6 background and were initially provided by 

our collaborators Kioshi Takatsu and Toshiki Tamura at the University of Tokyo, Japan.  

Mice for experiments were bred in the NYU animal facility. Genotype of all mice was 

confirmed by PCR testing of tail genomic DNA. CD45.1 mice were either bred in the 
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NYU animal facility or purchased from Taconic Farms, Inc.  All animal experiments 

were done in accordance with procedures approved by the New York University School 

of Medicine Institutional Animal Care and Use Committee. 

Adoptive Transfer and Infection  

CD4+ P25TCR-Tg T cells were isolated from mice between 8-16 weeks of age as 

described previously.  In brief, lymphoid tissue was removed and disrupted by forcing 

through a cell strainer (BD) followed by isolation of CD4+ T cells using Miltenyi mouse 

CD4+ T cell Isolation Kit in conjunction with and AutoMACS machine.  T cells were 

labeled with 1 µM CFSE (CFDA-SE, Molecular Probes) in PBS at a density of 

1x107cells/ml for 7 min at 37°C. Labeling was stopped with an excess of FCS and the 

cells were washed 3 times with nutrient rich media.  Live cells were reassessed by trypan 

blue exclusion. CD45.1 mice received 3-5x106 CFSE-labeled CD4+ P25TCR-Tg T cells 

(CD45.2) by tail vein injection in 100 µl of sterile PBS. T cells were adoptively 

transferred either 24 hours before infection or in some cases at the designated dates 

during the course of infection.  Mice were infected by the aerosol route using a Glas-Col 

Inhalation exposure unit as previously described.   Infection dose of 100-150 was 

confirmed by euthanizing 4-5 mice within 24 hours by removing the lungs and forcing 

them through a 70 µm cell strainer (BD Biosciences) and plating the homogenate on 

7H11 agar.  Plates were incubated at 37°C and colonies were read 14-21 days later. 

Tissue Processing and Flow Cytometry Analysis 

For each time point 3-5 mice per group were euthanized and the tissue was 

removed into Digestion Buffer (RPMI, 5% FCS, 10mM HEPES).  Tissues were digested 

with collagenase and DNase and previously described (GFP paper) to generate a single 
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cells suspension.  An aliquot of total homogenate was saved and the total tissue cfu were 

assessed by plating dilutions on 7H11 agar.  Total cell numbers in the tissue were 

determined by trypan blue exclusion.  Cells were stained with anti-CD4 (RM4-5), anti-

CD45.2 (104), and any other surface marker antibodies at a density of 1.5x107cells/ml in 

FACS Buffer (PBS, 1% FCS, 0.1% sodium azide, 1mM EDTA) and incubated at 4°C for 

20-30min. Cells were fixed overnight at 4°C in 1% PFA and date was acquired on a 

FACS Calibur or LSRII  (BD Biosciences) and analyzed using FlowJo software 

(Treestar).  All flow cytometry antibodies were obtained from BD Biosciences or 

BioLegend. 

Ex vivo T cell Restimulation 

Single cell suspension of total cells was plated at 1x106 cells/well in round bottom 

96-well plates in Complete Media (RPMI, 10% FCS, L-glutamine, Non-essential amino 

acids, sodium pyruvate, HEPES, β-mercaptoethanol) with or without peptide 25 (Ag85B 

a.a. 240-254) (custom synthesized by EZbiolabs) for 3 days at 37°C and 5% CO2.  

Following stimulation cells were removed from the plate, counted and stained as above.   

Immunization 

Uninfected mice or mice infected with Ag85B deficient strain of M. tuberculosis 

(∆Ag85B-Rv)(P25paper) were anesthetized with a mixture of ketamine and xylazine 

administered i.p., and given sterile PBS with or without 50 ng of endotoxin-free 

recombinant Ag85B in 30-50 µl together with 1 µg of  LPS intranasally. Three days after 

immunization, tissues were harvested and single cell suspensions generated were 

analyzed by flow cytometry and plated for cfu as described above.   
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M. tuberculosis nucleic acid isolation and quantitative PCR (qPCR) 

On designated dates, mice were sacrificed and lungs were removed and 

immediately frozen in liquid nitrogen and stored at –70°C.  M. tuberculosis lungs were 

homogenized in TRI reagent using a high speed electric homogenizer.   Homogenized 

lung was sedimented and the pellets were resuspended in TRI reagent and mechanically 

disrupted with 0.1-mm zirconia/silica beads with two 1-min bursts in a BioSpec Products 

Bead Beater. RNA was extracted from the aqueous layer and precipitated and treated 

with DNase I. DNA was isolated from the interphase and dissolved in 5 mM sodium 

hydroxide. RT reactions with gene-specific primers (Table 1) were performed with 

ThermoScript transcriptase according to the manufacturer's instructions (Invitrogen). 

Identical reactions not treated with reverse transcriptase (–RT) were included as controls 

for genomic DNA carryover. Quantitative PCR with SYBR Green (Invitrogen) was 

performed in an MJ Research DNA Engine Opticon 2 Continuous Fluorescence 

Detection System in duplicates, and the specificity of PCR products was confirmed by 

sequencing (data not shown) and melting point analysis. When the amplification curve 

differences between +RT and –RT reactions were <10 cycles, genomic RNA samples 

were reprocessed as stated above. The copy number of genes were extrapolated from a 

standard curve prepared using 10-fold dilutions of estimated copies (104 to 108) of M. 

tuberculosis H37Rv genomic DNA. cDNA copy numbers were normalized to 16S rRNA 

in the same sample, and the fold change of target genes was calculated according to the 

following equation: fold change = (Rv genecopy number/16S rRNA copy number)in vivo 

or ex vivo/(Rv genecopy number/16S rRNAcopy  number)in vitro. 
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6.5  Figures and Legends 

Figure 1.  After 28 days of infection activation of adoptively transferred P25TCR-Tg 

T cells is markedly decreased. CFSE-labeled P25TCR-Tg T cells were adoptively 

transferred into mice that had been infected with wild-type M. tuberculosis for less than 

28 days or more than 28 days.  For mice infected less than 28 days T cells were injected 

at 17 days post infection and mediastinal lymph node was harvested 3 days later at 20 

days post infection.  Fore mice infected for greater than 28 days T cells were injected at 

41 days post infection and mediastinal lymph node was harvested 3 and 7 days later at 44 

and 48 days post infection.  (A) The proliferation profile of the CD4+ P25TCR-Tg T 

cells.  (B) The total number of CD4+ P25TCR-Tg T cells at each time point.  Error bars 

represent + SEM of 3 mice per time point. 
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Figure 2.  Ag85B mRNA expression is down regulated in the lungs of mice starting 

at 4 weeks post infection.   Lung tissue was processed for the isolation of M. 

tuberculosis mRNA and quantitative real-time PCR was used to assess the mRNA 

expression of Ag85B compared and expressed as a ratio compared to the number of 16S 

copies.  
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Figure 3.  P25TCR-Tg T cells that demonstrate reduced responsiveness in vivo after 

28 days of infection are rapidly activated by incubation with peptide 25 ex vivo.  

Mice that had been infected for 20 (pre 28 dpi) or 44 (post 28 dpi) days received an 

injection of 3-5x106 CD4+ P25TCR-Tg T cells 3 days prior to the harvest day. 

Mediastinal lymph node cells were then incubated for 3 days in culture with or without 

additional peptide 25.  (A) The CFSE proliferation profile of the cells after three days of 

incubation. (B) With the addition of peptide 25 the percentage of the total cells that were 

P25TCR-Tg after 3 days of incubation with peptide 25 increased 3-fold in the pre 28 dpi 

lymph node and 2-fold in the post 28 dpi lymph node.  (C) The percentage of the original 

number of P25TCR-Tg T cells that had started to divide.  (D) As a marker of the level of 

activation the percentage of cells that had begun to express CD25 was also assessed.  For 

both time points 3 mice were assessed per parameter and error bars represent +SD. 
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Figure 4.  After 21 days of infection there is reduced transport of antigen from the 

lung to mediastinal lymph node.  Mice infected with ∆Ag85B-Mtb or uninfected 

received CFSE labeled CD4+ P25TCR-Tg T cells 4 days prior to the date of harvest and 3 

days prior to the harvest were immunized intranasally with recombinant Ag85B in PBS 

containing 1 µg LPS.  (A) The CFSE proliferation profile was assessed in mediastinal 

lymph node 3 days after immunization.  (B) No proliferation was detected in mice only 

infected with ∆Ag85B-Mtb.  (C and D) The total number and the percentage of the 

original population of CD4+ P25TCR-Tg T cells that had divided was assessed for each 

parameter at both time points.  Error bars represent + SD of three mice. 
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Figure 5. The change in the number of antigen presenting cells in the mediastinal 

lymph node of infected mice following immunization. Mice infected with ∆Ag85B-

Mtb or uninfected received CFSE labeled CD4+ P25TCR-Tg T cells 4 days prior to the 

date of harvest and 3 days prior to the harvest were immunized intranasally with 

recombinant Ag85B in PBS containing 1 µg LPS. The fold-increase in the total number 

of antigen presenting cells (APC) and each subset of APC was assessed at day 14 (A) and 

23 (B) in the infected mice at the same time as the P25TCR-Tg proliferation using the 

expression of CD11c and CD11b. Error bars represent + SD of three mice. 
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Chapter 7:   Conclusions and Perspectives 

 

The dynamics of an infection with M. tuberculosis exhibit a clear dichotomy, on 

one hand a very strong immune response to the bacteria and on the other the bacteria’s 

ability to avoid elimination by the immune response.  When we compare the course of an 

M. tuberculosis infection to other bacteria, viruses and parasites, the time it takes to 

develop an adaptive immune response is incredibly long in humans and in mice infected 

with M. tuberculosis.  As consequence, the bacteria are able to grow unchecked for 

almost 3 weeks.  Understanding the factors that result in this course of infection, are key 

to understanding the chronic nature of M. tuberculosis infections.  We set out to try to fill 

in the gap in the current understanding of the cell subsets that are involved in initiating 

the immune response.  Early on in the study of M. tuberculosis, macrophages were 

identified as the reservoir for the bacteria in the lungs.  However, dendritic cells were 

identified and characterized as the initiators of basic T cell responses, it also became clear 

that there were many different subsets of phagocytic cells.  As a consequence, there arose 

a gap in the information surrounding the steps and cells involved in the initiation of M. 

tuberculosis-specific immune responses.  The first of which being that while M. 

tuberculosis could infect many different phagocytic cell types, until this work was 

initiated there was no quantitative information about the distribution of M. tuberculosis 

among the different phagocytic cell types.  The development of a flow cytometry based 

detection of cells infected with GFP-expressing bacteria is the first opportunity to 

characterize and quantitate infected cells.  The results of the work presented here 
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demonstrate that cells with a myeloid dendritic cell phenotype account for about 50% of 

the infected cells in the lung by three weeks into the infection and greater than 70% in the 

draining lymph node.  As would be expected, the dendritic cells in the lungs of infected 

mice exhibit the classic signs of maturation after infection, expressing high levels of 

MHC and costimulatory molecules.  In addition, we demonstrate here that in mice 

lacking the proper expression of CCR7-specific chemokines resulting in diminished 

dendritic cell migration to the lymph node, there are correspondingly fewer bacteria the 

draining lymph node, indicating that dendritic cells play a role in transporting M. 

tuberculosis to the draining lymph node.  Yet, for all the evidence that M. tuberculosis-

infected dendritic cells mature in response to infection, sorted myeloid dendritic cells 

from the lymph nodes of infected mice stimulate T cells to make less IFNγ compared to 

the other uninfected cells subsets in the lymph node. This does not hold true for the same 

dendritic cells from uninfected mice or mice infected with Lieshmania major (Iezzi et al., 

2006).  There already exists a large body of work clearly showing that macrophages 

exposed to M. tuberculosis or its cell wall comports are inhibited for responses to IFNγ, 

included MHCII expression and consequently T cell activation (Ting et al., 1999; Noss et 

al., 2000; Noss et al., 2001; Kincaid and Ernst, 2003; Pai et al., 2003; Fortune et al., 

2004; Gehring et al., 2004; Banaiee et al., 2006).  Corresponding research in dendritic 

cells exposed to M. tuberculosis is limited and conflicting (Bodnar et al., 2001; Hanekom 

et al., 2003), but the prevalence of infected dendritic cells and their apparently diminished 

antigen presentation capacity indicates that new focus should be put on studying the 

effects of M. tuberculosis infection on the cellular functions of dendritic cells.  Despite 

the large numbers of infected dendritic cells, the migration of infected dendritic cells to 
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the draining lymph node equals less than 10% of the total infected dendritic cells in the 

lung.  Further analysis is required to determine the reason only a small percentage of 

infected dendritic cells migrate to the draining lymph node.  Our ability to detected CCR7 

expression on dendritic cells from infected tissues was very poor, so it is unclear if only a 

subset of infected dendritic cells are able to express migratory chemokine receptors or if 

inhibition is occurring.  Alternatively, microarray data suggest M. tuberculosis infection 

results in increase expression of CCR7 chemokines CCL19 and CCL21 in the lungs 

(unpublished research) possibly resulting in disruption in the chemokine gradient. In 

addition, while there is also evidence CCR8 may also play a role in dendritic cell 

migration from tissues to lymph nodes (Jakubzick et al., 2006), there is currently no work 

on the role of this chemokine receptor during an M. tuberculosis infections.  Further 

study will determine if retention of large numbers of infected dendritic cells could be 

relevant to the timing of T cell responses seen during infection and should be studied 

further. 

 

Once we had characterized the infected cells in the lung and lymph node we 

began to look at T cell activation in an effort to integrate information about infected cell 

subsets and their role in priming of an adaptive immune response.  These studies were 

greatly influenced by the availability of the first M. tuberculosis antigen-specific CD4+ T 

cell transgenic mouse.  Up until this point T cell activation could only be examined 

through ex vivo restimulation experiments and were limited in their sensitivity until such 

point as enough T cells are present to detect a restimulation response.  Using the adoptive 

transfer of CFSE-labeled Antigen 85B-specific TCR transgenic T cells, we found that 
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CD4+ T cell activation correlated to the number of bacteria that disseminated to the 

draining lymph node such that there is a threshold number of bacteria required before T 

cells are induced to proliferate (11 days post infection). 

  

The long time to the onset of T cell activation in M. tuberculosis is in stark 

contrast to other bacterial and viral pathogens.  T cell responses to either oral or i.v. 

infection with Salmonella results in CD4+ T cells upregulating CD69 expression within 9 

hours and beginning to proliferate in the draining lymph node within 2 day of infection 

(McSorley et al., 2002; Srinivasan et al., 2004).  L. monocytogenes induces T cell 

responses within 3 days after the intestines are colonized by 104 bacteria by the oral route 

and the entire infection is cleared with 14 days of infection (Kursar et al., 2002). Oral 

infection with Citrobacter rodentium leads to CD 4+ T cell activation in the draining 

lymph node within 7 days of infection (Goncalves et al., 2001). In the lung, infection 

with low dose influenza virus or Francisella tularensis LVS leads to peak T cell 

responses in the lung within 8 days (Moskophidis and Kioussis, 1998; Baron et al., 2007).  

Comparing M. tuberculosis to these other pathogens is problematic considering they all 

replicate far faster than M. tuberculosis and in most cases it is necessary to use much 

higher infectious doses than with M. tuberculosis. Therefore, there may significant 

differences in the antigen available during infection.  It is also important to note that most 

of these pathogens do not possess M. tuberculosis’s ability to evade killing by 

phagocytes, the results lysosome fusion and bacterial killing are likely to enhance the rate 

of antigen presentation.  
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However two pathogen examples do exist that more closely match the 

circumstances seen during an M. tuberculosis infection.  Like M. tuberculosis the parasite 

Leishmania major can establish a chronic infection following cutaneous infection with an 

initial dose of 102 promastigotes, an initial dose equivalent to most low dose M. 

tuberculosis aerosol infections.  However, L. major can elicit IFNγ from T cells by 7 days 

post infection, which is still several days earlier than M. tuberculosis (Lira et al., 2000).  

More recently, injection of low numbers (5000) of Plasmodium yoelii sporozoites, which 

lack the capacity to replicate, into the skin produced T cell responses by 3 days 

(Chakravarty et al., 2007).  For comparison, a preliminary experiment we did infecting 

mice subcutaneously with M. tuberculosis, required the injection of more than 10,000 

bacteria in order to produce even minor T cell activation by 7 days (unpublished results).  

The infection dynamics associated with M. tuberculosis clearly differ compared to most 

pathogens.  Therefore, addressing the reason for the delayed onset of adaptive immunity 

to M. tuberculosis infection is essential to understanding the nature of the bacteria’s 

persistence as well as the developing new treatments. 

 

 One possible explanation for the delayed T cell response is that considering M. 

tuberculosis is such a slow-growing bacteria with a doubling time of 27 hours in vivo, the 

time to the onset of adaptive immunity is merely a consequence of the low infection dose 

(~100) coupled with a rate of growth leading to limited antigen availability.  However, 

infection with high numbers of bacteria was unable to induce T cell activation any earlier, 

but lowering the dose could delay T cell activation even further.  At lower doses of 

bacteria the further delay in T cell proliferation was linked to delayed arrival of 
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significant numbers of bacteria in the draining lymph node supporting the presence of 

threshold that must be reached to initiate the immune response to M. tuberculosis.  

Dissemination of bacteria was confirmed to be an important factor in the timing of the T 

cell response by experiments infecting plt mice.  The delayed transport of bacteria to the 

draining lymph node by dendritic cells in the plt mice was accompanied by a further 3-

day delay in T cell proliferation compared to wild type mice.  

 

Considering our studies focused on an abundant secreted M. tuberculosis antigen 

(Antigen 85B), there exists the possibility that free Antigen 85B was draining to the 

lymph node once there was enough antigen produced in the lung.  However, when we 

examined T cell proliferation in the non-draining lymph nodes we found initiation of 

antigen-specific T cell proliferation.  We had clearly demonstrated that the transgenic T 

cell responses were restricted to Antigen 85B using Antigen 85B-deficient bacteria.  

Further examination of the non-draining lymph nodes confirmed the presence of bacteria. 

Even more informative we found the proliferation of T cells in non-draining lymph nodes 

was restricted to lymph nodes that contained the same threshold number of bacteria as 

determined for the draining lymph node.   

 

The factors affecting the rate of dissemination of M. tuberculosis emerged as 

essential to the delayed nature of the adaptive immune response.  In spite of the evidence 

that dendritic cells are a dominant infected cell subset and partially responsible for 

bacterial dissemination to the draining lymph node, no bacteria have been detected in the 

draining lymph node prior to 9 days post infection (Chackerian et al., 2002).  We 
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hypothesize that rate of bacterial dissemination can be explained by the bacteria initially 

infecting a non-migratory cell compartment, therefore in order to reach the draining 

lymph node the bacteria replicate and undergo a round of spread in order to infect 

migratory dendritic cells.  Furthermore, we believe that alveolar macrophages are the 

most likely candidate for this non-migratory cell type.  This model of the dynamics of 

early infection is supported by several observations.  First, dendritic cells comprise only 

1-2% of the total lung cells as compared to 5-7% for alveolar macrophages (Gonzalez-

Juarrero and Orme, 2001).  No evidence supports the idea that M. tuberculosis infects 

cells in a targeted manner and all phagocytes express one or more of the many receptors 

for surface molecules M. tuberculosis may utilize for entry (Schlesinger, 1996).  The 

suggestion being that the type of antigen presenting cells that phagocytosis M. 

tuberculosis is purely a product of proximity and probability.  Based on the composition 

of the lungs, alveolar macrophages are more likely to encounter bacteria early and be 

infected, and our preliminary analysis of 24 hour BAL fluid only found infected alveolar 

macrophages and no infected dendritic cells.  Second, depletion of alveolar macrophages 

using clodronate liposomes results in an influx of dendritic cells into the lung (Jakubzick 

et al., 2006), and when alveolar macrophage-depleted mice were infected with a lethal 

dose of M. tuberculosis they controlled bacterial growth and were protected against 

lethality (Leemans et al., 2001). The implication being that the presence of alveolar 

macrophages is detrimental to control of the infection.  However, since no analysis of 

exactly what types of cells were infected in the control liposome treated mice was done, it 

is still possible that alveolar macrophages have a negative impact on other lung cells.  

There is at least one report that alveolar macrphages can inhibit dendritic cells function 
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(Holt et al., 1993) and this possibility still needs to be addressed in vivo.  Thirdly, while 

still more work needs to be done to fully determine which cells are infected during the 

first week of infection, if it holds true that alveolar macrophages are the first cells 

infected and they did possess the capacity to migrate not only would we detect cfu in the 

lymph node sooner than 9 days. But also in vitro we demonstrated that infected alveolar 

macrophages are proficient at stimulating a naïve T cell response, therefore T cell 

proliferation should also occur sooner. All of this data supports the idea that the first 

infected cells lack the capacity to migrate to the draining lymph node resulting in delayed 

T cell activation.   

 

However, further work is needed to address whether the delayed T cell activation 

is mainly the basis for M. tuberculosis’s ability to evade elimination by the host immune 

response.  This question could be partially addressed by experiments that endeavor to 

prime a T cell response earlier than 11 days.  Important information may come from 

infecting dendritic cells and introducing them into the airway in an effort to avoid the 

alveolar macrophage step of the infection.  Alternatively, we have shown that intranasal 

administration of Antigen 85B around day 11 can lead to more T cell proliferation than 

infection alone, therefore immunizing with Antigen 85B at or shortly after infection may 

indicate whether a stronger, faster immune response could eliminate M. tuberculosis.  On 

the other hand, if a stronger, faster immune response does not eliminate the M. 

tuberculosis it could indicate that M. tuberculosis’s ability to modulate and evade cellular 

microbicidal responses may be the more important mechanisms regarding its persistent 

nature. 
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Our analysis of T cell responses late in infection may also have implications for 

the persistent nature of M. tuberculosis infections.  When we adoptively transferred naïve 

antigen-specific T cells into mice after 28 days of infections there was very little T cell 

proliferation.  Several factors contribute to this observation, beginning with a decrease in 

Antigen 85B expression by the bacteria in the lung starting around 4 weeks.  While we 

have so far not been able to confirm that the same is true for the draining lymph node, 

decreased Antigen 85B expression may result in infected cells being poorly recognized 

by antigen-specific T cells and therefore diminished T cell help to promote phagocyte 

killing after 28 days.  The previously mention reduced dendritic cell migration from the 

lung is also apparent in this context, as intranasal immunization with Antigen 85B and 

adjuvant no long results in T cell activation after 21 days, which can be traced to fewer 

antigen presenting cells migrating to the draining lymph node.  An additional 

contributing factor in the reduced T cell activation after 28 days is that there are fewer 

infected cells in the lymph node. And the antigen loaded cells that are in the lymph node 

seem to be sequestered from contact with T cells, considering merely disrupting the 

lymph node and remixing the cells leads to a stronger T cell response.  All of these 

factors suggest there is a lack of new T cell activation and that Antigen 85B-specific T 

cells may not be continually activated to their full potential as the infection persists. 

Understanding the early and late dynamics of the adaptive immune response to M. 

tuberculosis that contribute to bacteria’s ability to persist will continue to be of 

paramount importance to the efforts to develop new treatments and vaccines.  While the 

work here has helped to shed light one some of the complicated in vivo immune 
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responses, the experimental systems that have been developed hold great potential to 

more fully assess many of the dynamics associated with M. tuberculosis infections. 
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