
REGULATION OF PRIMARY T CELL RESPONSES TO INTRACELLULAR 

INFECTION IN THE LUNG 

 

 

 

By SARAH M MCCORMICK B.MSc 

 

 

 

 

 

 

A Thesis Submitted to the School of Graduate Studies in Partial Fulfilment of the 

Requirements for the Degree  

Doctor of Philosophy 

 

 

 

McMaster University 

© Copyright by Sarah M. McCormick, September 2011 

 



 

i 
 

 

 

 

 

 

 

 

 

REGULATION OF PRIMARY T CELL RESPONSES TO INTRACELLULAR 

INFECTION IN THE LUNG 

 

 

 

 

 

 

 

 

 

 

 

 

PhD Thesis - S. M. McCormick McMaster Medical Science



 

ii 
 

DOCTOR OF PHILOSOPHY (2011)  

McMaster University, Hamilton, Ontario 

 (Medical Sciences) 

 

TITLE: Regulation of primary T cell responses to intracellular infection in 
the lung  

 

AUTHOR:  Sarah M McCormick 

   B.MSc University of Western Ontario 

 

SUPERVISOR: Dr. Zhou Xing 

 

NUMBER OF PAGES: 180 

 

 

 

 

 

 

 

 

 

 

 

PhD Thesis - S. M. McCormick McMaster Medical Science



 

iii 
 

Abstract 

Pulmonary infections caused by viruses, bacteria, mycobacteria and fungi, are a leading 

cause of death world-wide. Intracellular pathogens such as influenza virus and 

Mycobacterium tuberculosis live inside host cells, making it difficult for the host to 

eliminate the pathogen. Adaptive T cell immune responses are required to clear 

intracellular pathogens. Rapid T cell priming and recruitment of effector T cells to the 

lung is critical to eliminating the pathogen and ultimately host survival, however, 

unchecked T cell responses can be detrimental. The research in this thesis examines T cell 

priming during pulmonary intracellular infections and examines the consequences of 

impaired/enhanced T cell responses at the lung mucosa. 

Mycobacterium tuberculosis (M.tb), the bacterium that causes tuberculosis evades 

detection by the host and delays T cell priming. This delay is believed to allow M.tb to 

establish chronic infection. We show that DAP12 deficient mice prime T cell responses 

days sooner than wt controls, resulting in enhanced control of virulent M.tb. Enhanced T 

cell priming in DAP12 deficient mice is due to increased antigen presentation by 

professional antigen presenting cells in the local draining lymph nodes. These findings 

indicate that accelerating antigen presentation in the lymph node and T cell priming can 

dramatically improve host resistance to tuberculosis infection.  

Influenza infection in DAP12 deficient hosts also results in enhanced T cell activation 

however caused lethal lung pathology. We identified a previously unidentified role for 

CD4 T cells expressing FasL causing immunopathology. Furthermore, we show that 
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DAP12 deficient antigen presenting cells are responsible for priming hyperactivated CD4 

T cells and contribute to influenza mortality.   

Because T cell responses are so important in host defence against intracellular infection 

we examined the feasibility of using ex-vivo manipulated antigen presenting cells as a 

vaccine to generate T cell responses in the lung. Collectively these findings shed light on 

the factors which regulate host immune responses in the lung following intracellular 

infection and provide evidence that antigen presenting cells can be manipulated ex-vivo 

to elicit protective immune responses at the lung mucosa.      
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1.1 Intracellular pulmonary infections  

The mammalian lung is a highly evolved structure that facilitates oxygenation of the 

blood and removal of carbon dioxide waste. The lung can be divided into 2 anatomical 

sections, the upper respiratory tract and the lower respiratory tract. The upper respiratory 

tract is composed of the nasal cavity, pharynx, larynx and the trachea and these structures 

primarily serve to filter and conduct air to the lower respiratory tract. The lower 

respiratory tract includes the bronchus, bronchioles, alveolar ducts and alveoli where gas 

exchange occurs. Because of the architecture, the upper respiratory tract is chronically 

exposed to potentially pathogenic agents including bacteria, viruses, fungi, allergens and 

pollutants and is colonized by a variety of commensal organisms including bacteria, fungi 

and viruses. In contrast, the lower respiratory tract is relatively sterile. A number of 

intrinsic host defence mechanisms such as sneezing, coughing, mucous production and 

mucociliary flushing are highly effective at preventing most organisms from reaching the 

lower respiratory tract. Penetration of these barriers by viruses and bacteria such as 

influenza and Mycobacterium tuberculosis cause significant disease worldwide. 

Infections of the lower respiratory tract are the 4th leading cause of death in women 

globally. Dealing with intracellular infections is unique because in contrast to other 

extracellular pathogens which can be cleared by neutralizing antibodies and innate 

immune cells, clearance of intracellular pathogens requires destruction of infected host 

cells. This has serious implications for lung function; too much destruction will damage 

the alveoli and impair gas exchange leading to illness/death, whereas failure to kill 

infected cells will allow the pathogen to take over and destroy the lung. Therefore the 
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host must maintain a balance between pathogen elimination and preventing excess 

damage that could lead to impaired lung function.  
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1.1.1 Influenza A virus infection 

Influenza virus infection is a pressing global concern. Influenza infects 5-15% of the 

world’s population annually, leading to 3-5 million cases requiring hospitalization and 

250 000 to 500 000 deaths per year (1). Disease caused by influenza infection results in a 

spectrum of symptoms ranging from asymptomatic infection to febrile illness causing 

sudden onset of high fever, malaise, headaches, cough and extensive inflammation of the 

airways and pneumonitis. Symptoms appear 3-5 days after exposure and last for 7-10 

days. Seasonal influenza is generally mild, primarily infecting the aged and the young, 

resulting in more severe illness in those least able to defend themselves. In contrast, 

pandemic influenza typically causes severe illness in healthy adult populations. 

 

Influenza A virus, the most common pathogen to cause overt disease in humans, is a 

member of Orthomyxoviridae family. Influenza is spread through the inhalation of 

infectious aerosols or mucosal contact with contaminated surfaces. Influenza replicates in 

the superficial mucosal tissues, primarily infecting the epithelial cells of the trachea and 

bronchioles (2). The virus particle is roughly round, enveloped with glycoproteins 

hemagglutinin (HA) and neuraminidase (NA) embedded in the envelope and anchored to 

the viral particle by the M2 protein (Figure 1). Influenza enters the host cell by HA 

binding sialic acid on host target cells triggering endocytosis of the viral particle. The 

endosome acidifies by fusing with the lysosome, triggering a conformational change of 

the M2 protein which forms a pore in the endocytic membrane, allowing the viral 
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ribonucleo complex (vRNP) to be released into the cytoplasm. The vRNP is comprised of 

the influenza genome (8 segments of single stranded (ss) RNA encoding 10-11 genes), 

the nucleoprotein (NP), small amounts of the non-structural protein 2 (NS2) (AKA 

nuclear export protein) and the polymerase complex (PA, PB1, PB2) and the M2 protein. 

Once released into the cell cytoplasm, the vRNP travel to the nucleus of the host cell 

where viral gene replication will begin within 1 hour of infection (3,4). NP is highly 

conserved in influenza virus as it is critical to stabilize viral RNA and divert host 

transcriptional machinery to the vRNA. Because of its essential function in viral 

replication and it is so highly conserved amongst viral strains, NP is often a target for host 

adaptive immune responses and is a promising target for novel anti-viral therapies (5). In 

the nucleus, the polymerase complex synthesizes a positive (+ve) sense RNA strand from 

the negative (-ve) sense viral RNA (vRNA) which is transported to the cytoplasm for 

gene translation by host ribosomes (3,4). Newly synthesized proteins are either secreted 

through the Golgi apparatus to the cell surface or are transported back to the nucleus to be 

packaged with vRNA in progeny virus (4). Meanwhile, the non-structural protein 1 (NS1) 

participates in stabilizing vRNA so that multiple copies of the whole genome can be 

synthesized for viral progeny. vRNA associates with NP, NS2, M1 and the polymerase 

complex to form progeny vRNPs and migrate to the cell membrane where HA and NA 

cluster and allow progeny virus to bud from the cell (3,4). The newly formed virus buds 

from the cell, taking some of the host membrane as its envelop and is released from the 

cell through the cleavage of sialic acid from the cellular membrane by NA (3,4).     
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Influenza viruses infect all species on the planet. Human tropic influenza viruses also 

infect a wide range of other hosts including birds, cats and pigs. Pandemic influenza 

strains are a result of genetic recombination of HA and NA gene segments between 

influenza strains from different species. There is an estimated 16 HA and 9 NA subtypes 

that have the potential to recombine to form novel, possibly pandemic influenza strains. 

Pandemic influenza differs from the seasonal influenza strains because they either spread 

very rapidly through the population or cause robust immune activation and worse lung 

pathology. Throughout history, the human population has been periodically attacked by 

influenza pandemics. The 1918 Spanish influenza pandemic that killed an estimated 20-

100 million people, is reported to be a result of recombination of human and swine 

influenza strains resulting in an H1N1 virus that was not only highly virulent, causing 

fatal lung pathology, but was capable of rapid person to person transmission (6-8).  

 

Vaccination efforts have significantly lowered the annual disease burden caused by 

influenza infection. Vaccines typically elicit neutralizing antibody responses against HA 

and NA although adaptive cellular immune responses may also contribute to the 

effectiveness of the vaccine. Designing a vaccine against influenza poses unique 

challenges for two reasons; first, since influenza viruses so readily undergo genetic 

rearrangement, yearly vaccination is required to optimally protect the population, 

although antibody responses elicited by previous vaccination or influenza exposure may 

provide limited protection. Second, the yearly formulation of the vaccine must be decided 

months prior to flu season, forcing vaccine companies to make an educated guess as to 
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which strains of influenza will predominate, sometimes resulting in an ineffective 

vaccine. While vaccination provides good protection against yearly strains, the emergence 

of pandemic influenza strains is highly unpredictable. For many years there was serious 

concern that an avian H5N1 influenza strain which devastated the migratory bird 

populations in Europe and Asia would make the jump to the human population causing a 

severe pandemic. H5N1 is a threat to public health because it is highly virulent in both 

birds and humans and infection leads to high viral load. H5N1 viruses readily infects both 

structural as well as immune cells in the lung, and is believed to cause “cytokine storm”, 

an overproduction of pro-inflammatory cytokines, leading to tissue destruction and severe 

illness (9-11). In spite of all the attention surrounding avian influenza, the World Health 

Organization (WHO) reports that avian influenza has only been confirmed in 562 patients 

since 2003 and only in people that are in close contact with birds. Although H5N1 can 

cause severe disease in humans, in light of its inability to spread from human to human in 

the last 8 years of close monitoring suggests it is does not pose a great threat to the 

general population at present. In contrast, in 2009 a porcine H1N1 influenza virus 

emerged without warning and rapidly spread through the human population causing wide-

spread illness. The 2009 influenza attracted a lot of attention and generated legitimate 

concern over the preparedness of health care systems to support a major infectious 

disease outbreak, for example and H5N1 influenza strain, and the availability of anti-viral 

drugs. Retrospective analysis of the pandemic 2009 H1N1 infection (H1N1/09) revealed 

an estimated 45% of the American population had been infected with the virus, markedly 

more people than seasonal influenza (12). H1N1/09 appears to have caused severe lung 
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pathology only in the immune-compromised, however, it predisposed an estimated 40% 

of infected individuals to secondary bacterial infection (12, 18). According to the Centers 

for Disease Control (CDC), the mortality rate in the 2009-2010 influenza season was 

twice as high as recent years. The general perception is that the 2009-2010 influenza 

season was worse than in past years with more patients suffering from persistent 

pneumonia than usual. Contradictory findings exist with regards to the virulence of the 

virus. Some studies suggest that there was only weak induction of cytokine responses to 

H1N1/09, while others suggest that there were appreciably increased pro-inflammatory 

responses compared to other yearly influenza strains (13-17). In the coming years, 

characterization of the virus and the host immune response to this virus will be 

characterized and provide us with insight into the mechanisms that allowed the virus to be 

transmitted so efficiently from human to human. Whether it was because of excessive 

media coverage or the wide-spread illness caused by H1N1/09, our most recent encounter 

with a pandemic influenza and the ongoing concerns about highly virulent avian influenza 

highlights the importance of continuing to study the underlying cause of severe illness 

during influenza and mechanisms that lead to lung pathology. 
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Figure 1. Influenza A virus life cycle. The influenza viral particle is covered by lipid 
bilayer envelope, contained within the particle are 8 ssRNA genomic segments, each of 
which is associated with the viral RNA polymerase (PB1, PB2, PA) and nucleoproteins 
(NPs) to form the vRNPs (a). The vRNP is anchored by the M1 protein to the viral 
particle scaffolding. Embedded in the envelope are HA and NA spikes which are 
anchored to the viral particle by the M2 protein (a). HA binds sialic acid on the surface of 
the host cells, triggering endocytosis of the virus into the endocytic vesicle. Acidification 
of the endosome triggers the fusion of the viral and endosomal membranes and allows the 
M2 protein to form a pore in the endosomal membrane releasing the vRNP into the 
cytoplasm (b). NP targets the vRNP to the cell nucleus where the viral polymerase 
replicates –ve sense vRNA into +ve sense mRNA for gene translation (c). Viral mRNAs 
are transported to the cytoplasm for translation into viral proteins (d). Viral surface 
proteins HA, M2 and NA are processed in the endoplasmic reticulum (ER), processed in 

e 
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the Golgi and transported to the cell membrane, whereas vRNP proteins NP, M1 and NS2 
are transported back to the nucleus (e). The viral polymerase then begins the process of 
synthesizing multiple copies of –ve sense vRNA to be packaged in progeny virus. NP is 
required for the two-step process of replicating vRNA (-ve sense vRNA → +ve sense 
RNA → -ve sense vRNA) and is associated with vRNA throughout synthesis (f). The 
resulting vRNPs associate with M1–NS2 complex to form the vRNPs and is exported to 
the cell surface where the progeny viral particle is assembled and bud out of the host cell 
(g). NA of progeny virus cleaves host cell sialic acid releasing the virus from the host 
cell. Adapted from Das et al. 2010. Nature Structural & Molecular Biology 17:530-538. 
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1.1.2. Tuberculosis 

Mycobacterium tuberculosis (M.tb), the causative agent of tuberculosis (TB) has infected 

one-third of the world’s population. It is estimated that there are 9.2 million new cases of 

TB every year and 1.7 million deaths due to TB (19,20). Most people contract TB early in 

life, prior to teenage years. Infection with M.tb does not always result in active disease; 

90% of people living with TB will not develop clinical disease. The incidence of TB 

varies throughout the world with the greatest disease burden in sub-Saharan Africa, India, 

China, and the islands of Southeast Asia and Micronesia where an estimated 1 in 100 

persons are infected (19, 21-22). A single infected person with active TB has the potential 

to spread the infection to 10-15 people every year (23). Many factors contribute to the 

high prevalence of TB in some areas of the world including poverty, human 

immunodeficiency virus (HIV) co-infection and the emergence of multidrug resistant 

strains (MDR) and extensive drug resistant (XDR) strains of TB (21, 24-26). In Canada, 

the incidence of TB had been decreasing steadily over the last 50 years; however, the rate 

of decline has slowed. This is due to a disproportionate increase in the number of cases of 

TB in foreign-born Canadians and “at risk” Canadian-born populations, particularly the 

native-Indian population and Canadian health care workers who are never vaccinated. 

The currently available vaccine Mycobacterium bovis Bacille Calmette Guérin (BCG) 

provides protection against childhood forms and disseminated TB but fails to provide 

protection against adult pulmonary TB. While 80% of the world’s population is 

vaccinated during infancy, vaccination against TB is no longer common practice in North 

America, leaving much of the population at risk to community acquired TB infection. 
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Antibiotic therapy is the only treatment for TB, however the protocol is lengthy and has 

serious toxic side-effects. In recent years, drug resistant strains of M.tb have emerged 

making treatment increasingly difficult and in some cases impossible. The chronic nature 

of M.tb infection, inefficacy of the current vaccine in combination with the cumbersome, 

drawn out antibiotic therapy makes M.tb a highly successful human pathogen and serious 

health threat.  

 

Mycobacteria are aerobic, facultative intracellular bacteria. M.tb is a highly successful 

pathogen because of its resistance to environmental degradation, chemical disinfectants as 

well as mammalian host immunity. The cell wall of M.tb contributes greatly to its 

virulence. The cell wall is complex of tightly packed layers of mycolic acid, free lipids, 

peptidoglycan (PGN) and lipoarabinomannan (LAM) along with several enzymes which 

form a hydrophobic barrier responsible for the superior resistance against penetrating 

antibiotics as well as other chemicals. One of the dominant virulence proteins secreted by 

M.tb is the antigen 85 (Ag85) complex. Ag85 is essential for the maintenance and 

assembly of the cell wall making it an ideal target for new therapies as well as vaccination 

strategies (27-29). M.tb infection is acquired through inhalation of infectious droplets 

leading to infection of alveolar macrophages (AM) in the alveolar space  and to a lesser 

extent lung resident DCs. M.tb uses numerous receptors to initiate phagocytosis into the 

host cell, namely complement receptors (CR) 1 and CR3, mannose receptor (MR) as well 

as CD14 (30,31). M.tb is taken up in the phagosome where the host cell will attempt to 

degrade the bacteria by fusing the phagosome with the acidified lysosome. Mycobacteria 
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have the unique ability to evade degradation by host cells by either blocking phago-

lysosome fusion or by escaping the endosome to live in the host cell cytoplasm. LAM has 

potent immuno-modulatory properties inhibiting phagosome maturation and fusion with 

the lysosome as well as blocking antigen presentation by major histocompatibility 

complexes (MHC) (32-34). All of these immune evasion strategies allow M.tb to evade 

host innate anti-microbial defences and establish a chronic infection. In contrast to some 

other pathogens which infect, replicate rapidly and spread to new hosts, M.tb takes a 

slower approach. M.tb is a very slow growing bacterium doubling every 21-41 hours 

assisting the bacteria to evade host detection (35,36). Mycobacteria also have the ability 

to migrate away from the superficial mucosal surface into the deep tissues and enter a 

latent phase of infection. In this phase, bacteria do not actively replicate and maintain 

only a basal level of metabolic activity conducive to survival.   

 

Treatment of TB is a complicated drawn out process that involves the use of 3 antibiotics 

for 6-12 months. Lack of patient compliance with the drug regime makes it difficult to 

treat TB under in the best circumstances and almost impossible in developing countries. 

Failure to complete the full course of antibiotics is directly contributing to the emergence 

of drug resistant strains of TB. In 2008, there were 440 000 new MDR-TB cases and 150 

000 deaths due to MDR-TB and XDR-TB has been reported in every country around the 

world (37). The emergence of drug resistant strains of TB has complicated the global 

effort to control TB. It is becoming increasingly clear that vaccine strategies and therapies 

to boost host defence against TB infection are going to become important in coming 
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years. In spite of over 5000 years of co-evolution, we do not have a clear understanding 

of the factors that determine susceptibility to TB infection and how the host-pathogen 

interaction can be manipulated to tip the scales in the favour of host survival.   
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1.2 Host defense against intracellular infection 

 

1.2.1 Primary immune response against influenza A virus infection 

Innate immune responses against Influenza A virus 

Influenza virus infection is detected by innate pattern recognition receptors (PRRs), 

specifically toll like receptors (TLRs) and retinoic acid inducible gene-I (RIG-I) (38). 

Human TLR8 and murine TLR7 localize to the endosomal membrane where they can 

interact with ssRNA from influenza virus (39). RIG-I is found in the cell cytoplasm and 

also senses single stranded RNA (40-42). Type-1 interferons (IFN) α/β are released by 

infected epithelial cells as well as macrophages and dendritic cells (DCs) that reside 

within the airway. The innate IFN response is important in host defence against 

pulmonary viral infection because it promotes an “anti-viral state” in adjacent cells, 

inhibiting transcription and translation of host genes making cells non-permissive to viral 

infection and limiting viral replication. The innate immune response to influenza leads to 

the production of pro-inflammatory cytokines and chemokines in 2 distinct waves (Figure 

2). The first wave is initiated by the infected epithelial cells resulting in low levels of 

TNF (tumour necrosis factor)-α, interleukin (IL)-1, IL-6, IL-8, MCP-1(monocyte 

chemotactic protein-1), IP-10 (interferon gamma-induced protein 10 kDa) and RANTES 

(Regulated upon Activation, Normal T-cell Expressed, and Secreted) (Figure 2) (43,44). 

These inflammatory mediators recruit leukocytes (monocytes/macrophages, DCs, 

neutrophils) and innate like lymphocytes (natural killer (NK) cells and gamma delta T 

cells) to the site of infection. In spite of the type 1 IFN response, influenza continues to 
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replicate in epithelial cells resulting in the release of viral progeny. Immune cells 

recruited to the site of infection can become infected with influenza virus, and amplify 

inflammation by secreting a second wave of pro-inflammatory cytokines TNF-α, IL-1β, 

IL-6, IL-18 and IFN-α/β and chemokines RANTES, MIP (macrophage inflammatory 

protein)-1α, MCP-1, MCP (monocyte chemotactic protein)-3, IP-10 resulting in the influx 

of additional innate immune cells and adaptive lymphocytes (Figure 2) (43,44).  

 

One of the first immune cells recruited during any infection is the neutrophil. Not 

traditionally thought of as important during viral infection, the function of neutrophils in 

viral infection is controversial. Some reports suggest that neutrophils play a regulatory 

role in influenza infection by aiding in viral clearance and helping re-establish 

homeostasis by scavenging cellular debris and apoptotic bodies (45,46). On the other 

hand, neutrophils are potent sources of myeloperoxidase (MPO) which is associated with 

lung tissue damage, suggesting excessive neutrophil responses may actually perpetuate 

virus induced lung damage (47-50). Macrophages recruited to the lung following 

influenza infection are susceptible to infection but do not support viral replication. Instead 

they play a role in amplifying inflammation by secreting pro-inflammatory 

cytokines/chemokines (43,44). Thus macrophages play a two-fold role in influenza 

infection by limiting viral replication and amplifying inflammation (51,52). DCs are 

recruited into the infected lung within 24-48 hours of infection where they may become 

infected with influenza or acquire viral antigens from dead cells (53,54). DCs play a 

critical role in T cell priming which is discussed in detail in section 1.3.  Plasmacytoid 
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DC (pDC) is a unique subset of cells that are functionally distinct from conventional DCs. 

pDCs are predominantly found in the lung  and play a crucial role in response to viral 

infection by secreting type 1 IFNs, assisting in early control of viral replication (55). In 

addition, pDCs help co-ordinate the anti-viral immune response in the lung by activating 

NK cells and modulating T cell priming (55,56).        

NK cells are rapidly recruited to the lung following influenza infection to participate in 

control of controlling influenza virus. NK cells are early sources of IFN-γ (24-48 hours 

post infection) which stimulates the production of nitric oxide (NO) by macrophages, 

limiting viral replication and contributes to antigen presentation and chemokine 

production (57-60). In addition, NK cells can directly kill virally infected cells through a 

perforin-granzyme dependent mechanism and the secretion of IFN-γ and TNF-α (61-64).  

Innate anti-viral responses are highly effective in limiting viral replication and prevent 

viremia. Inflammatory responses in the lung result in recruitment of innate effector cells 

to control viral replication and begin the process of eliminating virally infected cells. 

Although innate immune responses are important for early viral control, adaptive immune 

responses are essential for elimination of influenza virus  

Adaptive immune responses against influenza A virus infection 

Influenza specific CD4 and CD8 T cell responses are primed in the draining lymph node 

(LN) 3-4 days after infection. Effector T cells are recruited back to the lung 5-7 days post 

infection by chemokines (IP-10, MIG and RANTES). CD8 T cells are the most abundant 

lymphocyte to be recruited to the lung following influenza infection and are essential for 
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viral clearance, as shown by the observation that CD8 deficient mice have impaired viral 

clearance (65-67). CD8 cytotoxic T lymphocytes (CTL) have several tools available to 

combat viral infection including the ability to trigger apoptosis of infected cells through 

perforin-granzyme, Fas-L and TRAIL (tumour-necrosis factor (TNF)-related apoptosis-

inducing ligand) (68-70). In addition, IFN-γ and TNF-α secreted by CD8 T cells help to 

eliminate virally infected cells. Compared to CD8 T cell responses, CD4 T cell responses 

are both slower to prime and lower in magnitude making it difficult to determine their 

precise role in anti-influenza immunity. CD4 T cells are thought to play a supportive role 

in anti-influenza responses by augmenting CD8 T cell responses and assisting in B cell 

priming/isotype switch. Indeed, CD4 deficient mice have impaired viral clearance 

attributed to delayed CD8 T cell priming and antibody responses (71-73). In addition to 

their supportive role in anti-influenza immune responses, polyfunctional CD4 T cells 

secreting numerous cytokines including IFN-γ, TNF-α, IL-2 and IL-17 (74-77). These 

effector functions confer the ability of CD4 T cells to clear virus in an antibody-

independent manner, suggesting CD4 T cells may play a direct role in eliminating virally 

infected cells and provide protection against lethal secondary influenza infection (76, 78).  

Primary influenza virus infection results in robust activation of highly specific B cell and 

Ab responses. B cells acquire viral antigen through their B cell receptor (surface bound 

immunoglobulin (Ig) M), antigen is internalized and presented to activated CD4 T cells 

by MHC-II in a process called linked recognition. CD40L on CD4 T cells binds CD40 on 

B cells and in conjunction with type 1 cytokine IFN-γ, drives the production of IgG 

isotype Abs. Abs serve a number of functions in influenza virus infection; first Ab 
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responses can readily neutralize influenza virus by blocking both HA and NA epitopes. 

Second, Abs can opsonise viral particles targeting them for phagocytosis by macrophages 

and/or neutrophils. Third, Ab responses can actually inhibit viral budding from host cells, 

blocking viral spread. Ab responses are critical for protection against secondary viral 

challenge and are the basis of anti-influenza vaccine strategies.  
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Figure 2. Innate and adaptive immune responses during influenza A virus infection. 
Influenza virus infects epithelial cells of the lung (A) and rapidly trigger a type 1 IFN 
response resulting in the production of IFNα/β and pro-inflammatory cytokines and 
chemokines (B). Pro-inflammatory cytokines/chemokines recruit neutrophils (PMN) 
followed by macrophages and DCs from the blood (C). Newly recruited innate immune 
cells are activated directly by influenza virus or become activated by necrotic/apoptotic 
cells leading to a second wave of pro-inflammatory cytokines (D). Adaptive immune 
responses are initiated when DCs acquire antigen in the lung and migrate to the local 
draining LN to prime T cells. Lung resident NK cell and NK cells recruited from the 
blood can directly lyse influenza infected cells and play an important role in limiting viral 
burden early during infection until adaptive immune responses can be recruited. Effector 
CD8 and CD4 T cells are recruited to the lung from the blood to eliminate influenza virus 
infection through the secretion of cytotoxic cytokines TNF-α and IFN-γ. CTLs directly 
lyse virally infected cells through perforin/granzyme, FasL and TRAIL (E). Both CD8 
and CD4 T cells contribute to lung tissue immunopathology through the same effector 
mechanisms that clear viral infection (F). Created by S. McCormick, 2011. 
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Lung immunopathology in influenza virus infection 

Fatal cases of human influenza infection such as those during the 1918 H1N1 pandemic 

and more recently in the 2009 H1N1 epidemic are often due to destruction of lung tissues 

by host immune responses. The same anti-influenza immune responses necessary to clear 

viral infection may also contribute to lung immunopathology characterized by cytopathic 

damage of bronchial and alveolar epithelial cells, necrotizing bronchiolitis and metaplasia 

of the larger airways (79). Both innate and adaptive immune components can contribute 

to lung pathology. Virulent strains of influenza may trigger hypercytokinemia (cytokine 

storm) leading to excessive infiltration of immune cells, pneumonia, respiratory failure 

and death. Overproduction of NO by macrophages and neutrophils may contribute to non-

discriminate tissue destruction and pneumonia (80,81). Neutrophils also have the ability 

to produce MPOs which degrade the extracellular matrix leading to holes in the lung 

tissues and severe lung dysfunction. While innate immune responses certainly may 

initiate lung damage, it is the adaptive immune response that is responsible for much of 

the tissue destruction. To date, the majority of lung immunopathology has been blamed 

on CD8 T cells. CD8 T cells have the potential to contribute to tissue damage through a 

variety of effector T cell functions. Perforin/granzyme and FasL are not generally thought 

to contribute to immunopathology, but rather effector cytokines TNF-α and IFN-γ are 

believed to have the greatest immunopathogenic potential (82). This is likely because 

these cytotoxic effector functions require effector T cells to directly recognize viral 

peptide presented by MHC class I molecule. The contribution of TNF-α and IFN-γ to 

influenza induced lung immunopathology is difficult to ascertain because of the 
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pleotropic nature of these cytokines. Indeed, in a murine model of respiratory syncytial 

virus infection, depletion of TNF-α ameliorated lung pathology and improved survival 

(83-84). In contrast, TNF-α deficient mice developed uncontrolled immunopathology and 

fibrotic remodelling following influenza infection due to unchecked T cell activation and 

IFN-γ production by activated CD4 and CD8 T cells (unpublished data). These findings 

together with similar observations in a variety of models suggest TNF-α has the potential 

to cause or regulate immunopathology although the mechanisms remain unclear (85-89). 

Similarly, neutralization of IFN-γ results in decreased cellular responses, impaired viral 

clearance and dysregulated CTL numbers which are hypothesized to contribute to lung 

pathology (66, 90-91). Determining the contribution of cytokines such as TNF-α and 

IFN-γ to immunopathology is difficult because the same mechanisms that lead to viral 

clearance are the cause of pathology. Furthermore, these seemingly pro-inflammatory 

cytokines have potent immunoregulatory effects by limiting the magnitude of the T cell 

response. CD4 T cells also have the potential to cause tissue injury. Although there are 

fewer CD4 than CD8 T cells recruited to the lung during primary influenza infection, 

memory CD4 T cells persist in the lung, local draining LN causing exaggerated 

inflammatory responses upon secondary influenza exposure (92). The contribution of 

CD4 T cells to lung immunopathology during primary influenza infection has been 

largely overlooked. In other pulmonary diseases, CD4 T cells contribute directly to lung 

destruction and remodelling leading to impaired lung function (93,94). IL-17 producing 

CD4 T cells (Th17) have been implicated in influenza immunopathology although they 

do not appear to contribute directly to viral clearance (48, 95). IL-17 is a potent 
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neutrophil chemotactic cytokine. Recruitment of excessive neutrophils to the influenza 

infected lung leads to the generation of oxidized phospholipids which have previously 

been shown to play a critical role in acute lung injury in viral infections (75). Because of 

their effector functions during viral infection T cells have the potential to cause severe 

lung damage if left unchecked. Several regulatory mechanisms exist to prevent aberrant T 

cell responses and are discussed below in Section 1.2.4.  
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1.2.2 Primary immune response against mycobacterial infection 

Innate immune responses against mycobacterial infection 

M.tb infection is acquired by inhalation of infectious droplets leading to deposition of 

bacilli in the terminal airspaces of the lower respiratory tract. AMs are the first to come 

into contact with the bacterium and are instrumental in initiating an immune response. 

M.tb will spend the majority of its life hiding within the macrophage. Indeed, M.tb 

infection can only be eliminated when macrophages are activated to degrade intracellular 

bacteria. Often times the macrophage cannot accomplish this alone and requires 

additional innate and adaptive immune cells to provide stimulatory cytokines in order to 

eliminate infection. M.tb is a highly complex pathogen with many components such as 

mycolic acid of the cell wall, PGN, LAM, 19kDa protein and cord factor that can be 

sensed by extracellular as well as intracellular PRRs on AM (96-98). TLR2 expressed on 

the surface of AM recognizes extracellular bacteria through LAM and the secreted 19 

kDa protein resulting in the production of TNF-α (99,100). In vivo studies reveal 

TLR2KO mice are more susceptible to M.tb infection and develop worse lung pathology 

in the first weeks following infection indicating TLR2 is essential for host defence against 

M.tb infection (101-103). TLR4 and TLR6 form heterodimers with TLR2 suggesting that 

they may play a role in sensing M.tb infection and host resistance. Indeed TLR4 and TLR 

6 deficient mice show some increased susceptibility to M.tb infection. However, they are 

not as susceptible to M.tb infection as TLR2 deficient mice pointing to TLR2 as the 

dominant innate immune sensing molecule of extracellular M.tb bacilli (102-104). TLR9 

is also important for an effective anti-mycobacterial immune response. TLR9 is 
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embedded in the membrane of the endosome and allows the host cell to sense bacterial 

DNA from degraded bacteria. TLR9 deficient mice have impaired ability to produce IL-

12 and IFN-γ and have impaired ability to mount sustained adaptive immune responses 

leading to impaired bacterial control (105-107). In spite of the clear ability of host cells to 

sense M.tb in vitro, in vivo pro-inflammatory responses following primary mycobacterial 

infection are not detected until 7 days post infection (unpublished data).  

 

TNF-α serves a dual function in M.tb infection, first it initiates the inflammation cascade, 

loosening tight junctions of endothelial cells and promoting cellular infiltration and 

second, TNF-α promotes the production of antimicrobial mediators such as reactive 

oxygen species (O-, NO, H2O2) to eliminate intracellular bacteria and promote apoptosis. 

AMs secret numerous chemokines including MIP-1α/β, MCP-1, IP-10 and RANTES 

which recruit additional monocytes/macrophages, DCs and neutrophils to the site of 

infection. In cases where infected macrophages are unable to eliminate intracellular 

bacteria, innate immune cells cluster around the infected macrophage to form an innate 

granuloma. The innate granuloma serves to wall off the infection, forming a physical 

barrier against bacterial dissemination. With time this granuloma will mature and form 

the basis for the immune granuloma that will contain bacteria for the lifetime of the host.  

 

The role of neutrophils in host defence against M.tb infection is contentious. Some studies 

provide evidence that neutrophils help control early bacterial replication (108-111) while 

others suggest there is little/no protective role for neutrophils in M.tb infection (112-114). 
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We and others have shown that neutrophils predominate the lung inflammation 5-7 days 

post infection and preceded influx of a large number of macrophages and DCs 

(unpublished data) (115,116). Neutrophils certainly participate in the formation of the 

innate granuloma through the secretion of chemokines (IP-10, MCP-1, MIP-1α/β) (117), 

activate macrophages through the secretion of cytokines (TNF-α, IL-12, IFN-γ) (117-

119), modulate antigen presentation by DCs (109) and even cause lung pathology (109). 

Most recently, it was shown that phagocytosis of M.tb-infected apoptotic neutrophils by 

DCs amplified naive T cell activation by accelerating DC migration to the LN (115). 

Taken together these findings indicate that neutrophils likely play a very important role in 

host defence against M.tb infection by supporting the inflammatory process, capturing 

bacteria and bacterial components and may influence the outcome of the adaptive 

immune response by activating DCs as well as providing potent Th1 stimulating 

cytokines.  

 

Innate lymphocytes such as NK, NKT and γδ T cells are also implicated in early host 

defence against M.tb infection. In vitro analysis of NK cells indicates that NK cells can 

directly lyse M.tb infected cells and direct CTL to lyse infected macrophages (120,121). 

Furthermore NK cells secrete IFN-γ to activate macrophages to overcome pathogen 

driven immune evasion leading to increase antigen presentation on MHC (122,123). In 

vivo studies indicate that NK cells are the primary source of IFN-γ during the first 2 

weeks following infection and may play a minimal role in bacterial control (124). 

Similarly, NKT cells are reportedly involved in early IFN-γ cytokine secretion during 
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intracellular infections (125). Innate γδ T cells were recently identified to secrete IL-17 in 

response to M.tb infection (126-128). The contribution of these cells in resistance to M.tb 

is not yet known although elimination of IL-17 results in impaired granuloma formation 

and enhanced lung pathology (129). The precise contribution of innate lymphocytes in 

anti-M.tb immunity has been largely overlooked for many years. Investigation into their 

role in early and sustained anti-M.tb responses will be important in developing novel 

strategies to improve vaccination and therapeutic strategies.    

 

In most pulmonary infections, the innate immune response is without a doubt critical in 

host defence until adaptive immune responses can be recruited. This is particularly true in 

M.tb infection where there is such a dramatic lag time in initiating an adaptive immune 

response. It is widely accepted that although long term control of M.tb requires robust 

activation of cellular adaptive immune responses, these responses are never able to 

completely clear the bacteria. An estimated 10% of persons exposed to TB do not appear 

to contract the disease and are apparently resistant to infection. In this case, the innate 

response is thought to sufficient to eliminate the infection before the bacteria can subvert 

the immune responses and establish a chronic infection.  This notion has shifted research 

efforts to understanding the innate host factors that limit bacteria replication immediately 

upon infection and investigate factors that regulate adaptive T cell responses in order to 

better design therapeutic interventions. 

 

 Adaptive immune responses against M.tb infection 
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Cellular adaptive immune responses are critical for protection against M.tb infection. In 

contrast to viral and other intracellular bacterial infections, the protective adaptive 

immune response is dominated by CD4 T cells as opposed to CD8 T cells. Absent or 

impaired CD4 T cell responses, for example during end stage HIV infection, are 

associated with increased susceptibility to M.tb infection and loss of bacterial control 

(130-134). M.tb has evolved mechanisms to evade degradation by macrophages in order 

to prolong survival by inhibiting phagolysosome formation or escaping into the 

cytoplasm (135). This leaves the host with 2 potions to eliminate the bacteria; overcome 

M.tb induced modulation or undergo apoptosis, eliminating the bacteria in the process.  

 

M.tb primed effector CD4 T cells secrete potent immuno-stimulatory cytokines IFN-γ and 

TNF-α in order to stimulate infected macrophages to form the phagolysosome thereby 

exposing intracellular bacteria to low pH and anti-microbial peptides NO and ROS (130, 

136). CD4 T cells are also able cause apoptosis of infected macrophages by secreting 

high concentrations of TNF-α, IFN-γ and the Fas-FasL pathway (137,138). CD8 T cells 

also contribute to bacterial control through the secretion of IFN-γ and TNF-α and also 

have the potential to stimulate macrophage apoptosis through perforin/granzyme and Fas-

FasL (138,139). Effector T cell responses arrive in the lung 14-21 days after initial 

infection (Figure 3) (140,141). Once in the lung, T cell localize to the innate granuloma 

where they secrete IFN-γ and TNF-α. In humans, T cells wall off infection from the rest 

of the lung by forming a lymphocytic cuff surrounding infected macrophages. In mice, T 

lymphocytes intersperse among infected macrophages to maintain bacterial control. 
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Cytokine secretion is absolutely critical in host defence against M.tb. Optimal NO 

production and an anti-microbial function of macrophages requires both cytokine signals 

from IFN-γ and TNF-α (142). Suboptimal production of either one of these cytokines 

results in impaired NO production and bacterial control (89, 142-144).   

 

A new subset of CD4 T cells secreting IL-17 (Th17) was recently identified in several 

intracellular infections. Because γδ T cells also produce IL-17, teasing apart the 

contribution of Th17 cells vs. γδ T cell has been difficult. In models of adoptive transfer 

aimed at minimizing the contribution of γδ T cells, Th17 cells were capable of partially 

compensating for IFN-γ deficiency, suggesting that they may play a direct role in 

bacterial control (145).    

 

In addition to delayed innate immune responses, T cell priming and effector T cell 

recruitment is delayed following pulmonary mycobacterial infection compared to viral or 

other intracellular bacterial infection. In humans with known TB exposure, systemic T 

cell responses begin to be detected at 42 days post infection. In mice, T cell priming does 

not occur in the LN unit 8-9 days post infection (Figure 3) (140,141). In addition to 

delayed T cell priming, recruitment of effector T cells into the lung is also delayed to 14 

to 21 days post infection. In contrast, during viral infection such as influenza infection, T 

cell priming can be detected in the LN 3-5 days post infection followed by effector T cell 

recruitment between 5 and 7 days post infection (Chapter 3). Delayed T cell responses 

will be discussed in depth below. The mechanisms contributing to delay T cell priming 
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are an area of intense interest in the hopes of identifying strategies to improve T cell 

priming and ultimately protective immune responses.  

 

B cell responses are primed as a result of M.tb infection and Ab responses are detectable 

in humans as well as animal models. Neutralizing and opsonising Abs have the potential 

to bind M.tb, however, because of the thick bacterial wall and waxy layer, Ab responses 

are not very effective in controlling bacterial spread.  
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Figure 3. Current understanding of the kinetics of T cell priming during pulmonary 
M.tb infection. M.tb is deposited in the lower airways where it infects AM and DCs (A). 
Several studies report that bacteria do not disseminate to the local draining LN until 9 
days post infection, M.tb infected DCs undergo a process of maturation whereby they 
migrate to the LN and shuttle live bacteria in the process (B). The arrival of DCs 
harbouring M.tb immediately precedes naive T cell activation (C). Effector T cells are 
recruited back to the lung and the site of infection where they activate the infected 
macrophage to produce anti-microbial compounds nitric oxide (D). Adapted from 
Cooper, AM. 2009. Cell-Mediated Immune Responses in Tuberculosis. Adapted from 
Cooper. 2009. Annu Rev Immunol. 27:393-422. 
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1.2.3 Initiation of adaptive immune responses 

T cell priming is carried out by DCs, a professional APC specialized to be more efficient 

at naïve T cell priming than either macrophages or B cells (146). DCs are myeloid 

derived cells, with a unique morphology of branched projections that allow them to 

interact at multiple points with other immune cells i.e. T cells and B cells. DCs enter the 

tissues from the blood as immature DCs where they populate every tissue in the body 

forming a network designed to sense and respond to attack from the outside world.  

 

There are several types of DCs found in the alveolar space and lung. Alveolar DCs 

(ADCs) reside in the airway and are the first to encounter antigen (116, 147-148). Like 

AM, ADCs use TLRs to sample inhaled antigen and respond to pathogens/dangerous 

matter in the air. ADCs are specialized to priming naïve T cells whereas AMs are better 

equipped to activate secondary T cell responses (149). Lung tissue is populated by a 

network of DCs that reside within tissues as well as associated with the conducting 

airways. A unique population of DCs was recently found interdigitated with epithelial 

cells termed intra-epithelial DC (iDC) that have the unique ability to project their 

dendrites into the airway lumen to sample antigen (150-152). Several other APC 

populations have been identified in the lung and are reviewed in Appendix I. Pulmonary 

DCs play a very important role in immune surveillance because they are the front line 

defense against pathogens. DCs sample inhaled antigen though pinocytosis of small 

molecules, this is contrast to macrophages which can phagocytose whole organisms and 

larger molecules. DCs sense pathogens through TLRs and secrete pro-inflammatory 
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cytokines in response to PAMPS. Upon detection of bacteria, viruses and/or fungi, DCs 

undergo a process of maturation and leave the lung for the LN within 12 hours in order to 

rapidly prime T cell responses (153).  

 

DC maturation begins immediately following pathogen recognition. TLR signaling 

stimulates transcription factors to enter the nucleus leading to expression of genes 

necessary for T cell priming including chemokine receptors, immuno-stimulatory 

cytokines, MHC molecules and co-stimulatory molecules (CD80/B7-1 and CD86/B7-2). 

T cell priming occurs in the local draining LN, for the lung this is the mediastinal LN 

(mLN). One of the first molecules to be upregulated by maturing DCs is cc-chemokine 

receptor (CCR) 7, allowing DCs to exit the airway/lung through the lymphatics and home 

to the T cell rich zones of the LN in response to chemokine (c-c motif) ligand 19 

(CCL19) and CCL21 (Figure 4A) (154-157). Cytokines secreted by the mature DC are 

important for optimal T cell priming as well as T cell polarization. IL-12, a type 1 

immune polarizing cytokine, is secreted by DCs in response to intracellular pathogens as 

well as strong TLR signaling and is indispensible for Th1 and CD8 T cell priming (Figure 

4A). Recently IL-12 was shown to optimize CCR7 dependent migration to the LN 

(158,159). Migration of DCs to the LN is a rapid process, with mature DCs appearing in 

the LN as little as 24 hours following infection (158). The efficiency of this migration 

process has a profound impact on the subsequent immune response. Failure of DCs to 

migrate to the LN severely impairs T cell priming and more often than not results in 
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decreased lung function and pathology due to formation of inducible bronchus associated 

lymphoid tissue (iBALT) and T/B cell priming in the tissues (160-162).  

 

Once in the LN, DCs migrate to the T cell zone where peptide fragments of ingested 

antigen is presented to CD4 and CD8 T cells by MHC class II and MHC class I 

respectively. The DC and T cell come into close contact allowing the T cell receptor 

(TCR) to bind MHC presenting foreign peptide. The DC-T cell interaction is stabilized by 

the CD4/CD8 molecule providing T cells with a stimulatory signal (Figure 4B). Co-

stimulatory molecules CD80 and CD86 provide a second stimulatory signal resulting in 

phosphorylation of the immuno-tyrosine activating motif (ITAM) on the cytoplasmic tails 

of the T cell signaling complex. In the presence of IL-12, TCR signaling preferentially 

activates transcription factor T-bet and transcription of effector genes such as IFN-γ, 

TNF-α, IL-2, perforin, granzyme and Fas-L amongst others (163-166). Newly activated T 

cells will undergo several rounds of expansion before exiting the LN and migrating via 

the blood to the infected tissue. 
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Figure 4. T cell priming by pulmonary dendritic cells. Pulmonary DCs sense infection 
through TLRs and initiate an adaptive immune responses. High concentrations of PAMPS 
results in strong TLR signaling and the production of IL-12 resulting in Th1 T cell 
priming whereas low concentration of PAMPS do not stimulate IL-12 production by DCs 
leading to Th2 polarized T cell responses. Upon maturation, DCs upregulate CCR7 
expression and migrate from the lung to the draining LN (A). MHC class II bound to 
pathogen derived peptide on DCs interacts with the naïve TCR in the LN. Engagement of 
the TCR along with co stimulatory molecules leads to phosphorylation of ITAM on the 
TCR signaling complex and activation of the naïve T cell (B). Adapted from Herrick et 
al. 2003. Nat Rev Immunol 3:405-412 (A) and Janeway et al. 2005. Immunobiology 6th 
edition: The Immune System in Health and Disease, Garland Science (B). 
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1.2.4 Regulation of adaptive cellular immune responses  

Unchecked T cell responses inevitably lead to tissue destruction and respiratory failure. T 

cell responses are regulated by a number of mechanisms. Although expansion of antigen 

specific T cells is required to generate sufficient T cells for pathogen clearance, 

overexpansion can be detrimental. TNF-α serves a dual purpose in intracellular infection, 

first by activating macrophages but also by limiting the extent of T cell proliferation (89). 

Another mechanism limiting effector T cell responses and preventing inappropriate 

tissues damage is to eliminate effector T cells after pathogen clearance. The lifespan of an 

effector T cell is therefore limited by intrinsic pro-apoptotic signals. Effector T cells are 

eliminated by activation induced cell death (AICD) and ultimately apoptosis (167). In 

activated T cells, expression of Bcl-2 interacting mediator of death (Bim) promotes 

activation of caspases and cell death, limiting the lifespan of effector T cells (168). In 

contrast, expression of Bcl-2 can help resist cell death. Some T cells can become the pool 

of memory T cells which may persist indefinitely. Effector T cells also express Fas which 

makes them susceptible to FasL mediated killing but other effector T cells (169,170). 

These mechanisms ensure that the effector T cell do not persist after the infection is 

cleared and helps return the host to homeostasis.   

 

Regulatory T cells (Tregs) modulate the immune response by inhibiting effector T cell 

functions. Tregs secrete immuno-suppressive cytokines such as IL-10 and transforming 

growth factor (TGF)-β which inhibit IFN-γ secretion and prevent the cytolytic functions 

of CD4 and CD8 T cells (171,172). In addition, IL-10 and TGF-β have inhibitory effects 
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on APCs including DCs, providing a 2-tiered approach to minimizing T cell activation 

(172,173). Tregs can directly inhibit T cell responses in a contact dependent manner 

(172,173) although these mechanisms require further investigation. Tregs control the 

extent of T cell priming during pulmonary viral infection, such as influenza, and limit 

CTL functions in vivo (173,174). These functions are especially important during chronic 

viral infection, such as herpes simplex virus or hepatitis infection where small amounts of 

viral antigen persist for years and can cause slow destruction of essential tissues. The 

same actions of Tregs that preserve host tissues may also promote viral persistence 

leading to debate whether the production of IL-10 by T cells is advantageous for the host 

or the virus. Clinical findings indicate that regulatory T cells are over expanded in the 

elderly, providing one possible explanation for the decreased/ineffective immune 

responses and increased mortality associated with influenza infection (175). To date, 

these observations have not been definitively correlated with disease outcome and the 

precise role of Tregs during influenza infection in healthy adults is not yet defined. 

Although influenza virus infection does not lead to chronic infection, Tregs may limit 

acute lung pathology during highly virulent influenza infection and thus may be key to 

improving survival.  

 

Tregs have been documented in human TB, where increased frequency of circulating IL-

10 producing T cells is linked with increased risk of reactivation of latent TB (176-178). 

It is reasonable to speculate that Tregs are present in the granuloma and function to limit 

T cell activation leading to long term maintenance of an immunosupressed environment. 
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This immune dampening is likely essential to preserve host tissues and prolong survival. 

Indeed experimental depletion of regulatory T cell populations leads to mostly enhanced 

bacterial control and at the expense of increased lung pathology. Tregs have also been 

implicated in decreased effectiveness of the BCG vaccine by interfering with protective 

immune responses (179,180).  

 

Regulating immune responses is an important feature of host defence, especially during 

intracellular infection of the lung. Not to be overlooked is the contribution of tissue 

macrophages in regulating host T cell responses. Both macrophages and DCs have the 

potential to secrete immunomodulatory cytokine IL-10 in response to TLR stimulation 

(181). Indeed macrophages play a critical role in regulating the level of immune 

activation in the granuloma, preventing destruction of host lung tissues (182). Similarly, 

DCs secrete IL-10 in response to many TLR ligands and live pathogens in order to limit 

the extent of T cell activation and prevent destruction of host tissues (183). While direct 

modulation of adaptive cellular immune responses usually prevent immunopathology, in 

some situations overactivation T cells at the time of priming causes irrevocable tissue 

damage and intrinsic immunoregulatory mechanisms cannot prevent immunopathology.  
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1.3 Role of dendritic cells in adaptive immune responses 

Maturation of pulmonary DCs by influenza virus is the first step in priming adaptive T 

cell responses. DC maturation will ultimately dictate the outcome of an immune response. 

Weak activation of DCs and subsequent incomplete maturation of DCs may lead to 

impaired/delayed T cell priming or inappropriate Th2 skewing whereas heightened DC 

activation may contribute to accelerated or increased T cell priming (184).  

Pathogenic T cell responses leading to lethal tissue destruction and respiratory failure 

have been documented in influenza infection, however, it is not known what factors may 

precipitate these responses. One of the possibilities is dysregulated T cell priming as a 

result of alterations in APC populations. There is evidence that highly pathogenic 

pandemic strains of influenza greatly enhance the level of cytokines and APCs recruited 

to the airway (185,186). These findings suggest that the virus has the potential to directly 

influence a number of factors including the extent of antigen presentation, the level of co-

stimulation and the amount of cytokine produced by DCs at the time of priming. The 

observation that influenza can directly influence DC activation and maturation, and by 

extension T cell responses, has important implications when trying to identify the 

therapies to improve survival in cases of sever influenza infection and merits further 

investigation. 

During pulmonary M.tb infection, delayed T cell priming has serious consequences for 

bacterial control. Because of the immune-evasive strategies of the bacteria and the low 

level of immune activation in vivo, it was suggested that the delay in T cell priming was 
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due to delayed antigen availability in the LN in a timely manner. Indeed the consensus in 

the field is that bacteria do not appear in the LN until 8-9 days post infection (Figure 3). 

Careful inspection of the current literature and our own observations clearly indicate that 

viable mycobacterial bacilli are present in the local draining LN prior to 5 days post 

infection, albeit in low numbers, refuting the hypothesis that lack of early T cell priming 

is due to lack of antigen availability in the LN (unpublished data) (140). It was further 

suggested that delayed T cell priming could be accelerated by increasing the antigenic 

dose. Increased bacterial inoculation does not dramatically accelerate T cell priming 

(unpublished data). These observations taken together with the findings that pro-

inflammatory responses in the lung are similarly delayed following M.tb infection lead us 

to the hypothesis that delayed T cell priming could be attributed to impaired activation of 

DCs and/or impaired migration of DCs to the LN. If indeed these hypotheses hold true, 

enhanced activation of DCs and accelerated migration of DCs to LN should accelerate T 

cell priming.  

Modulating the host DC response will have a profound impact on resistance to 

intracellular infections. Vaccinologists have long appreciated the importance of 

enhancing DC activation in vaccine efficacy. Numerous approaches have attempted to 

optimize vaccine delivery in the hopes of priming a more robust protective immune 

response and subsequent immune protection. Cytokine adjuvants that target DCs like 

GM-CSF, IL-12 and IL-15 all enhance vaccine induced immunity although this approach 

has serious safety limitations when vaccinating the human populations (187-190). 

Recombinant viral vaccines like adenoviruses and vesicular stomatitis virus show promise 

PhD Thesis - S. M. McCormick McMaster Medical Science



[41] 
 

because they preferentially infect APCs, simultaneously delivering antigens for 

presentation to T cells while providing the necessary TLR signals to upregulate pro-

inflammatory cytokine. A more direct approach that gained favour in recent years is 

direct manipulation of DCs ex vivo for subsequent antologous immunization. Most often 

employed in cancer vaccinology, ex vivo manipulated DCs show promise as vaccines and 

therapeutic treatment strategies in situations where mainstream treatment fails (Reviewed 

in Appendix I and Appendix II).  
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1.4 DNAX activating protein of 12kDa  

Signaling adaptor molecule DNAX activating protein of 12kDa (DAP12) is a signal 

adaptor molecule found in the plasma membrane of myeloid cells (macrophages, DCs, 

neutrophils) and NK cells (191-195). The functional DAP12 signaling molecule is made 

up of 2 homodimers each containing an ITAM and docking sites for signal transduction 

molecules (Figure 4). DAP12 does not have an extracellular binding domain or a ligand 

binding domain but non-covalently associates with numerous ligand receptors that are not 

capable of signaling alone. DAP12 was first described in natural killer (NK) cells for its 

ability to bind to and signal for killer activating receptors NKp44 and NKG2D (191-192, 

196). DAP12 signaling is critical for NK cell cytotoxicity and cytokine production during 

viral infection (197,198). In myeloid cells, DAP12 non-covalently associates with 

numerous receptors including signal regulatory protein (SIRP)-1β, triggering receptor on 

myeloid cells type-1 (TREM-1), TREM-2, TREM-3 as well as myeloid DAP12-

associating lectin (MDL-1) (199-204). Interestingly enough, the function of these 

receptors are still unclear and the ligands for these receptors have not yet been identified.  

 

DAP12 was initially described as a pro-inflammatory molecule (199-201, 205). However, 

substantial evidence indicates that DAP12 negatively regulates TLR induced pro-

inflammatory responses in macrophages and dendritic cells (202-204, 206). We have 

further demonstrated that DAP12 negatively regulates cytokine and chemokine responses 

in the lung during mycobacterial infection (207). TLR signaling in the absence of DAP12 

results in increased Syk signaling, ERK1/2 phosphorylation and NF-κB translocation to 
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the nucleus suggesting the increased pro-inflammatory response in the absence of DAP12 

is a failure to turn off pro-inflammatory signals (203). In line with in vitro data, in vivo 

studies indicate that TREM-1 is involved in host defence against infection by amplifying 

the inflammatory cytokine response (208,209). To complicate matters, a limited number 

of studies suggest that TREM-2 plays a more anti-inflammatory role by limiting 

inflammation and promoting DC survival by blocking pro-apoptotic signaling (210). How 

the same signaling cascade leads to such opposing biological effects remains to be 

elucidated.  

 

The contribution of DAP12 to T cell priming is equally conflicting. Early reports in a 

murine model of EAE showed impaired MOG T cell priming and subsequently enhanced 

resistance of DAP12 deficient mice to EAE (211). More recently, it was shown that the 

observed decrease in T cell priming was due to inefficient MHC class II recycling on the 

surface of APCs and enhanced ubiquitin-targeted MHC degradation (212). We were the 

first to report the contradictory evidence that DAP12 deficiency enhanced T cell 

responses (207). We report not only enhanced T cell priming by DAP12 deficient APCs 

but also enhanced bacterial control. In line with our findings, Sumpter et al. show that 

DAP12 deficient liver DCs stimulate enhanced T cell proliferation indicating DAP12 

helps maintain homeostasis by inhibiting inappropriate activation of T cells against 

commensal bacteria (213). DAP12 signaling is complex and the precise role DAP12 plays 

in controlling host immune responses against intracellular infection remains unclear.  
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Figure 5. Simplified DAP12 signaling pathway. DAP12 forms a homodimers in the 
plasma membrane and non-covalently associated with cell surface receptors. The ITAM 
motifs of DAP12 become phosphorylated by Src kinase leading to recruitment of Syk 
family of kinases. DAP12 signaling results in nuclear translocation of a number of 
transcription factors. DAP12 signaling inhibits TLR singling and apoptosis through PI3 
kinase. Created by S. McCormick, 2011. 
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1.5 Thesis Objectives 
 
T cells are primed in the LN by professional APCs, most often DCs, leading to expansion 

of antigen specific effector T cells which disseminate throughout the body and into 

tissues in order to control and eliminate pathogens. The APC - T cell interaction is 

complex and has a profound impact on the kinetics, amplitude and effector function of the 

T cell response. A great deal of research has gone into understanding the basic mechanics 

of the APC – T cell interaction, however, host factors that may enhance T cell priming are 

less well defined. The aim of this thesis was to examine the biological consequences of 

enhanced T cell responses during primary M.tb and influenza infection.  

 

Rapid T cell priming following pulmonary infection is essential for pathogen control and 

ultimately survival. In TB, T cell priming is delayed leading to impaired bacterial control. 

In Chapter 2, the outstanding issues surrounding the biological consequences of delayed 

T cell priming were addressed. We hypothesized that earlier antigen presentation and 

accelerated T cell priming would improve host defense against primary M.tb infection. 

Using a model of primary M.tb infection in DAP deficient and wt mice we found that 

enhanced T cell responses lead to enhanced bacterial control. Furthermore, we found that 

accelerated T cell priming was due to enhanced APC maturation and antigen presentation 

in the local draining LN.   

 

It is well known that adaptive CD8 T cell responses are important for host defense against 

influenza virus infection. In Chapter 3, the biological consequence of enhanced anti-

influenza CD4 T cell activation was examined. Using a model of pulmonary influenza 

infection in DAP12 deficient and wt mice, we found enhanced CD4 T cell responses in 

DAP12 deficient hosts were associated with lethal lung immunopathology. Pathogenic 

CD4 T cell responses were a result of altered T cell effector functions in T cells primed 

by DAP12 deficient APCs.  
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APCs are critical for priming T cell responses and improving the efficacy of vaccines 

against M.tb and influenza infection has largely focused on enhancing APCs maturation 

and antigen presentation. Recently, ex vivo manipulation of APCs for the purpose of 

generating a vaccine has garnered a great deal of interest. Indeed, DC based vaccines 

have been used to prime T cell responses in cancer immunotherapy, although the 

applicability of this vaccine formulation had not been examined in eliciting protective 

immune responses at the lung mucosa. In Chapter 4, the ability of ex vivo manipulated 

DCs to prime protective T cell responses against TB was evaluated. This study shows that 

enhancing the level of APC maturation leads to enhanced T cell priming and protective 

immune responses in the lung. These findings provide evidence that DCs can be 

manipulated to safely prime T cell responses priming at the lung mucosa.  

 

In Chapter 5, the implications of these findings are summarized and discussed along with 

future directions.  
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Chapter 2: Accelerated T cell priming leads to enhanced protection 
against pulmonary Mycobacterium tuberculosis infection in DAP12 

deficient hosts. 
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Daniela Damjanovic and Zhou Xing 
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Accelerated T cell priming leads to enhanced protection against 

pulmonary Mycobacterium tuberculosis infection in DAP12 deficient 

hosts.  
 

The timing of T cell priming has profound consequences on host resistance to infection 

Delayed T cell priming in humans and mice following pulmonary mycobacterial infection 

is hypothesized to lead to impaired bacterial control and chronic tuberculosis. Here, using 

a model of pulmonary M.tb infection in DAP12 deficient and wt mice, we found that 

accelerated T cell priming leads to enhanced bacterial control in DAP12 deficient hosts.  

The accelerated T cell priming can be attributed to earlier and enhanced antigen 

presentation by DAP12 deficient APCs in the draining LN. Furthermore, APCs from 

DAP12 deficient mice are more activated, secrete higher levels of immune activating 

cytokines, express higher levels of T cell co-stimulatory molecules leading to enhanced T 

cell priming. These findings indicate enhanced T cell priming improved bacterial control 

and DAP12 has a profound regulatory effect on the kinetics of T cell priming by 

controlling the level of APC maturation during M.tb infection.  

I designed, executed all the experiments, analyzed and interpreted the data. I generated all 

figured and wrote the manuscript. Dr. Zhou Xing established the foundation for the 

project and provided general guidance and supervision. Christopher (Ryan) Shaler 

provided invaluable technical assistance and scientific discussion. Carly Horvath and 

Mangalakumari (Mathy) Jeyanathan executed the virulent M.tb challenge in the Level III 

biocontainment facility. Daniela Damjanovic provided technical support by running the 

Luminex assay. A special thanks to Anna Zganiacz for all her support and work in Level 

III.   
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Abstract 

Delayed T cell priming and recruitment to the lung during pulmonary M.tb infection is 

hypothesized to lead to impaired bacterial control and chronic infection. Delayed T cell 

priming is hypothesized to be due to impaired antigen presentation. We observed that 

DAP12 deficient mice are better able to control virulent M.tb challenge than wt mice. 

Enhanced bacterial control in DAP12 deficient mice was associated with accelerated T 

cell priming in the LNs of DAP12 deficient mice and subsequently enhanced recruitment 

of T cells to the infected lung days sooner than in wt control mice. Such accelerated T cell 

priming in DAP12 deficient mice was due to enhanced antigen presentation by CD11c+ 

antigen presenting cells in the draining LN 5 days post infection. Furthermore we show 

that DAP12 deficient lung derived antigen presenting cells are highly activated in 

response to M.tb infection, leading to enhanced antigen presentation. Here we provide 

evidence that earlier T cell responses improve bacterial control and enhanced activation 

of pulmonary antigen presenting cells contribute to improved host resistance to TB 

infection.        
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Introduction 

Mycobacterium tuberculosis (M.tb), the causative agent of tuberculosis (TB), infects one 

third of the world population causing 2 million deaths annually. M.tb primarily infects 

antigen presenting cells (APCs) in the alveolar space, most often the alveolar macrophage 

(AM), where it evades innate host defence mechanisms in order to establish chronic 

intracellular infection. Mycobacteria modulate the host immune response by stimulating 

the production of immunoregulatory cytokine IL-10 which inhibits effector immune 

responses and promotes a most hospitable growing environment for the bacteria (1). 

Priming adaptive immune responses and robust recruitment of effector CD4 T cells to 

help activate infected macrophages is crucial for controlling bacterial dissemination and 

replication. Recruitment of activated T cells to the lungs of mycobacterially infected 

animals is delayed until 15-20 days post infection (2-4), compared with T cell recruitment 

during viral infection or other intracellular bacterial infection such as Listeria 

monocytogenes where T cells appear 4-9 days post infection (5-8). Delayed T cell 

responses are believed to allow unchecked bacterial replication and dissemination of 

bacteria throughout the body. Indeed there is an inverse relationship between 

susceptibility to M.tb infection and the Th1 immune response (9,10). We and others have 

reported that Balb/c and C3H/HeJ mice are more susceptible to mycobacterial infection 

than C57Bl/6 mice as a result of lower Th1 responses (11-13). These findings lead to the 

hypothesis that accelerating T cell priming will result in earlier recruitment of T cell to 

the lung and enhanced bacterial control, however, this hypothesis has yet to be adequately 

investigated.  
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Delayed effector T cell response following M.tb infection is a result of delayed T cell 

priming in local draining lymph node (LN) (2, 4, 14).  It is widely believed that live 

bacteria are necessary to prime T cell responses in the LN but priming does not occur 

until 11 days post infection (3-4, 15). Wolf et al. went on to show that DCs were highly 

susceptible to M.tb infection and upon infection had an impaired ability to migrate to the 

local draining LN in order to present antigen to T cells (16). Taken together these findings 

lead to current belief that pulmonary DCs acquire M.tb bacilli in the lung and upon 

infection, migrate to the draining LN where they prime T cell responses, however, this 

process is delayed due to the immunomodulatory properties of M.tb. It is hypothesized 

that this delayed antigen presentation by professional APCs is the cause of the delayed 

effector T cell responses.  

DNAX activating protein of 12kDa (DAP12) is a signaling adaptor molecule containing 2 

cytoplasmic ITAM signaling motifs expressed by innate immune cells including 

macrophages, DCs, neutrophils and NK cells (17-20). A number of receptors associate 

with DAP12 including triggering receptor expressed on myeloid cells (TREM)-1, 2, 

myeloid DAP12 associating lectin (MDL)-1 on myeloid cells and activating receptors 

(NKp44, NKp46 and NKG2D) on NK cells (17-22). In APCs, DAP12 signaling limits the 

amplitude pro-inflammatory cytokine released in response to pathogen associated 

molecular patterns (PAMPs) by regulating the level Erk phosphorylation (23,24). We and 

others have shown DAP12 has profound regulatory effects on adaptive immune responses 

by negatively regulating DC activation and subsequent T cell activation (25,26). We have 

previously shown that DAP12 deficient mice mount a more robust T cell response to 
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pulmonary Mycobacterium bovis infection due to enhanced T cell priming by DAP12 

deficient DCs (25). In this study, we aimed to determine if the increased T cell responses 

observed in DAP12 deficient mice were due to accelerated T cell priming by APCs in the 

local draining LN and elucidate the role of accelerated T cell priming host defense against 

M.tb infection. We provide evidence that T cell priming is accelerated in M.tb infected 

DAP12 deficient mice and accelerated recruitment of effector CD4 T cell responses into 

the lung leads to enhanced bacterial control. Furthermore we provide evidence that 

heightened activation of DAP12 deficient APCs leads to enhanced antigen presentation in 

the draining LNs days sooner than in wt controls.  

 

 

Materials and Methods  

Mice 

DAP12-gene knockout (DAP12KO) mice were fully backcrossed to the C57BL/6 genetic 

background and the breeding colony is maintained at McMaster University. Age and sex 

matched wild type (wt) C57BL/6 control mice were purchased from Harlan. Transgenic 

OT-I and OT-II mice were purchased from Taconic (27-29). Age and sex matched Balb/c 

mice were purchased from Harlan. All mice were housed in the specific pathogen-free 

facility at McMaster University and experiments were conducted in accordance with the 

guidelines of animal research ethics board of McMaster University. 

Pulmonary mycobacterial infection 
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Mycobacterium tuberculosis H37Ra (ATCC 25177; M.tb) was provided by Dr. Marcel 

Behr and grown as previously described (30). Immediately prior to infection, frozen 

mycobacteria were washed with PBS containing 0.05% Tween 80 once followed by 2 

PBS washes and passed through a 27 gauge needle 10 times to disperse clumps. Infection 

was carried out by modified intratracheal infection with 0.5x106 CFU. Briefly, mice were 

anaesthetized and suspended by the front teeth from a suspension wire; the tongue was 

pulled out and to the side of the mouth using sterile forceps in order to open up the 

trachea and 40μl of PBS containing bacilli instilled at the back of the throat. Mice were 

allowed to inhale 5 times before being removed from the apparatus and allowed to 

recover. The level of bacterial burden was determined at the described time points in the 

lung and spleen by plating serial dilutions of tissue homogenates in triplicate onto 

Middlebrook 7H10 agar plates containing Middlebrook OADC enrichment. Plates were 

incubated at 37°C for 17 days in semisealed plastic bags. Colonies were counted, 

calculated, and presented as log10 CFU per organ.  

Challenge with virulent M.tb H37Rv (ATCC 27294) was carried out in the level III bio-

containment facility at McMaster University. Bacteria were prepared as described above 

and 10 000 CFU delivered intranasally to naive mice. The level of bacterial burden in the 

lungs and spleens of mice at 2, 4 and 8 weeks post challenge was determined by plating 

serial dilutions of tissue homogenates as described above. Plates were incubated at 37°C 

for 17 days in semisealed plastic bags. Colonies were counted, calculated, and presented 

as log10 CFU per organ. 

Lung pathology and mononuclear cell isolation for evaluation of immune activation 
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At 2 and 4 weeks following virulent M.tb challenge, mice were sacrificed and fixed in 

10% formalin, sectioned and H&E stained. Lungs and mediastinal lymph nodes (LN) 

were removed aseptically and the intra-airway luminal cells were removed from the lung 

by exhaustive bronchoalveolar lavage (BAL) as previously described (31). Supernatants 

from BAL samples were collected and stored at –20°C. Lungs were processed to single 

cell suspension by collagenase digestion as previously described (31). All cells were 

cultured in RPMI 1640 supplemented with 10% FBS, 1% L-glutamine, and 1% penicillin 

and streptomycin. 

Analysis of cytokines and chemokines in BAL fluid and cell culture supernatants 

Cytokine or chemokine contents in BALF or cell culture supernatants were measured by 

Quantikine ELISA (R&D Systems, Minneapolis, Minnesota) or by Luminex (Medicorp, 

Montreal, Quebec) according to the manufacturer’s protocol. 

Intracellular cytokine staining and flow cytometric analysis 

Freshly isolated cells were cultured in vitro in a U-bottom 96 well plate and stimulated 

with M.tb culture filtrate (10ug/ml) and UV inactivated Mycobacterium bovis Bacille 

Calemette-Guerin (BCG) for 18 hours at 37°C 5% CO2. Golgi–plug (BD Biosciences) 

was added for the final 6 hours. Cells were immunostained with CD3-PerCpCy5.5, CD4-

PECy7, CD8α-APCCy7 and IFNγ-APC (all antibodies purchased from BD Pharmingen, 

Mississauga, Ontario). Stained cells were then run on a FACS Canto and analyzed on 

FlowJo software (version 6.3.4; Tree Star Inc).  

In vitro analysis of antigen presenting cells  
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Naive lung antigen presenting cells (APCs) from wt and DAP12 mice were isolated by 

positive selection of CD11c+ cells using either MACS column purification kit (Miltenyi 

Biotec Inc, Auburn, California) or the EasySep separation kit (STEMCELL 

Technologies, Vancouver British Columbia) according to the manufacturers protocol. 

Cell purity was determined to be greater than 90% by flow cytometry. For APC 

characterization, cells were infected or stimulated in vitro with M.tb H37Ra (MOI = 5 

CFU) or LPS (1ug/ml) for 48 hours. Cell culture supernatants were harvested for cytokine 

assay or the cells were immunostained for cell surface markers including CD11c-APC, 

CD11b-PECy7, IAb-Biotin and CD86-Alexa 700 (all antibodies purchased from BD 

Pharmingen). Stained cells were then run on a LSRII and analyzed on FlowJo software 

(version 6.3.4; Tree Star Inc).  

Ex vivo quantification of antigen presentation by lung and LN derived APCs 

In order to evaluate the extent of antigen presentation by APCs during pulmonary 

mycobacterial infection, chicken ovalubumin (OVA; 2.5ug) was administered alone or 

co-administered with M.tb intratracheally to wt and DAP12KO mice. At various time 

points following infection, mice were sacrificed and lung or LN CD11c+ cells were 

isolated as described above and co-cultured in a ratio of 1:5 with CFSE labelled OT-II or 

OT-I cells purified by CD4 positive or CD8 positive MACS selection or  (Miltenyi Biotec 

Inc, Auburn, California) according to the manufacturer’s protocol. Cells were cultured at 

37°C 5% CO2 for 72 hours or 48 hours and then immunostained for CD3-PerCpCy5.5, 

CD4-PECy7, CD8α-APC and CFSE dilution in T cells analyzed by flow cytometry. A 

mixed lymphocyte reaction was set up at the same time as transgenic OT proliferation 
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experiments. In this case, CD11c+ cells were co-cultured in a ratio of 1:5 with CFSE 

labelled Balb/c T cells purified by negative Pan T cell isolation (Miltenyi Biotec Inc, 

Auburn, California). Purified lung and LN derived CD11c+ cells were phenotyped at the 

time of antigen presentation assays by immunostaining for cell surface markers including 

CD11c-APC, CD11b-PECy7, IAb-Biotin and CD86-Alexa 700. Stained cells were run on 

the LSRII and their phenotype analyzed using FlowJo software.  In separate experiments, 

the level of M.tb antigen present in lung and LN CD11c+ cells was measured by ex vivo 

co-culture with BB7 hybridoma cells. The CD4 BB7 T cell hybridoma was kindly 

provided by Drs. Henry Boom and Clifford Harding (Case Western Reserve University, 

Cleveland, Ohio). BB7 cells recognize M.tb Ag85B (241-256) when bound to IAb and 

produce IL-2 in response to antigen stimulation (32-33). LN and lung derived CD11c+ 

cells were isolated as described above and co-cultured with BB7 cells grown to log-phase 

at a ratio of 1 APC: 2 T cells for 23 hours and sups harvested and stored at -20°C until 

cytokine measurement could be carried out. IL-2 levels were measured by ELISA (R&D 

Systems).  

Confocal microscopy 

Naive lung derived CD11c+ cells were purified as described above and cultured at 37°C 

for 1 hour. Cells were pulsed with M.tb H37Ra and at various time points following 

infection, cells were harvested, washed with PBS and a cytospin centrifuge was used to 

mount cells onto a slide for staining. Cells were fixed in 2% paraformaldehyde for 1 hour 

and blocked in (5% normal goat serum, 5% BSA, 0.1% Triton-X) for 2 hours to prevent 

non-specific staining. Cells were washed with 5% Tween 20 PBS and probed with an 
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NFκB primary antibody (p65 rabbit polyclonal; Santa Cruz Biotechnology, Santa Cruz, 

California) at room temperature for 2 hours. Cells were washed and stained with a 

secondary antibody (AlexaFluor 488 conjugated goat anti-rabbit, Molecular Probes, 

Mississauga, Ontario) at room temperature for 1 hour. Cells were washed and 

counterstained with propidium iodide (Molecular Probes, Mississauga, Ontario) for 5 

minutes before being coverslipped with Vectashield (Vector Laboratories, Burlingame, 

California) hard mounting media. The extent of NFκB nuclear translocation was 

visualized using the Carl Ziess LSM 510 confocal microscope and images were analyzed 

using LSM510 image software. 

 

Results 

Enhanced control of virulent M.tb in DAP12 deficient lungs 

We previously showed that DAP12 deficient animals were better able to control 

pulmonary infection with attenuated Mycobacterium bovis Bacille Calmette Guerin 

infection (25). To determine if KO mice were similarly better able to control virulent M.tb 

infection, DAP12 deficient and wt animals were challenged with virulent M.tb H37Rv. 

Both strains of mice remained healthy and steadily gained weight over the course of 

infection although DAP12 deficient mice gained significantly more weight than wt 

controls (data not shown). Bacterial burden in the lungs and spleens of DAP12 deficient 

and wt mice was similar 2 weeks post infection (Figure 1A), and significantly lower in 

DAP12 deficient lungs 4 weeks post infection (Figure 1B). It is important to note that the 

level of bacterial burden in the lungs of DAP12 deficient mice declined between 2 and 4 
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weeks (1 log reduction) whereas the bacterial burden in the wt mice did not change. 

Bacterial burden in the spleens of DAP12 deficient animals was consistently lower 

compared to wt animals, although the level of bacterial burden did not change over the 4 

week infection. Histopathological examination of lung sections 2 weeks post infection 

revealed wt mouse lungs had only mild inflammation, with small patchy areas of 

monocytic infiltration (Figure 1C). DAP12 deficient lungs had more diffuse inflammation 

and clusters of lymphocytic aggregates associated with the large conducting airways and 

adjacent blood vessels (Figure 1C). The inflammation in the parenchyma in wt lungs 

intensified between 2 and 4 weeks and numerous granulomas were found throughout the 

lungs (Figure 1D). In sharp contrast, no granuloma could be found in the DAP12 deficient 

mouse lung at 4 weeks post infection. Instead, there was diffuse inflammation throughout 

lung parenchyma which was predominantly lymphocytes and neutrophils (Figure 1D).  

 

Kinetics of bacterial control in DAP12 deficient and wt mice   

Having observed enhanced bacterial control in the DAP12 deficient lungs 4 weeks post 

infection but not earlier, we sought to better understand how DAP12 deficient mice 

managed to better control bacterial replication by mapping bacterial burden during the 

first month following infection. Furthermore, we needed to establish an infection protocol 

that would allow us to carry out immune analysis outside of the Level 3 biocontainment 

facility. To this end, DAP12 deficient and wt control mice were challenged with M.tb 

H37Ra, a strain of M.tb that has been attenuated through the silencing of the RD1 region 

of the genome which contains numerous virulence factors (34). At 3, 7, 10, 14, 21 and 28 
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days post infection the bacterial burden in the lung and spleen was enumerated by colony 

assay. In line with our observations with virulent M.tb, bacterial titres were similar in 

DAP12 deficient and wt mouse lungs between 1 day (data not shown) and 21 days post 

infection (Figure 2A). In both strains of mice, bacterial titres rose steadily for the first 21 

days suggesting bacterial replication was unchecked by the host immune response. At 28 

days post infection bacterial burden in the lungs of DAP12 deficient mice was 

significantly lower than in wt mice. This difference was a result of DAP12 deficient mice 

halting bacterial replication in contrast to wt mice where bacteria continued to grow 

between 21 and 28 days post infection. Bacterial dissemination to the spleen occurred at 

the same time in both mouse strains, with bacteria first appearing in the spleen at 7 days 

post infection (Figure 2B). Systemic bacterial burden in the spleen mirrored that in the 

lung, with similar bacterial titres between DAP12 deficient and wt mice up to 21 days 

post infection and enhanced bacterial control in DAP12 deficient spleens 28 days post 

infection (Figure 2B). Taken together these data indicate DAP12 deficient mice are able 

to arrest bacterial replication between 21 and 28 days post infection whereas wt mice 

cannot effectively control bacterial replication. In addition, we found that infection with 

attenuated M.tb indeed recapitulates the observations made using the virulent M.tb strains. 

The similar kinetics of infection between the virulent and attenuated M.tb strains provides 

us with a suitable model to examine the immune response in DAP12 deficit hosts.  

 

Enhanced inflammation in the airways of DAP12 deficient hosts 

PhD Thesis - S. M. McCormick McMaster Medical Science



[61] 
 

To begin investigating the mechanisms leading to enhanced bacterial control in DAP12 

deficient mice, we examined the inflammation in the airways of DAP12 deficient and wt 

controls. To this end, we examined the composition of the inflammatory infiltrates in the 

airway at 3, 7, 10, 14 and 21 days post infection. Three days following infection, DAP12 

deficient mice had markedly more total cells in the airway lumen than wt controls (Figure 

3A). The total number of cell in the airway lumen contracted slightly between 3 and 7 

days post infection and then steadily increased over the course of infection. 

Morphological analysis of the cells recovered from the airway revealed significantly 

increased number of monocytes in the airway of DAP12 deficient mice 3 days post 

infection (Figure 3B). By 14 days post infection the inflammation in the airways of 

DAP12 deficient mice became predominantly neutrophilic, accounting for 40-60% of 

cellular infiltrates between 7 and 21 days post infection (Figure 3C). In contrast, the 

inflammation in wt mouse airway was predominantly monocytic, accounting for 60-90% 

of infiltrating cells between 7 and 21 days post infection. Only very low numbers of 

lymphocytes were observed in the airway lumens of DAP12 deficient and wt mice prior 

to 10 days post infection and increased dramatically between 10 and 21 days post 

infection (Figure 3D). We found that the overall level of inflammation in the airway of 

DAP12 deficient and wt mice was similar following M.tb infection, although neutrophils 

predominated the inflammation in DAP12 deficient mice.   

 

Accelerated T cell priming in the LNs of DAP12KO mice 
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It has been reported that T cell priming is delayed during M.tb infection leading to 

delayed recruitment of effector T cells and unchecked bacterial replication for the first 20 

days (2). CD4 Th1 cells are especially important in host resistance to infection due to 

their ability to activate macrophages to kill intracellular bacteria through the secretion of 

potent activating cytokines IFN-γ and TNF-α. Having previously examined only T cell 

responses at 14 days post infection and beyond (25) we sought to determine if the 

increased T cell numbers in DAP12 deficient mice was due to accelerated T cell priming 

and effector T cell recruitment. To assess the kinetics of the T cell priming, LNs from 

DAP12 deficient and wt mice were isolated 3, 7, 10, 14 and 21 days post infection and the 

total number of T cells as well as the number of antigen specific T cells secreting IFN-γ 

was quantified by ICCS. The total number of CD4 T cells (Figure 4A) and antigen 

specific IFN-γ secreting T cells (Figure 4B) in the LN of DAP12 deficient mice expanded 

markedly between 3 and 7 days post infection. In contrast, CD4 T cell responses 

remained very low in the LNs of wt mice prior to 14 days post infection. These findings 

indicate CD4 T cell priming occurs approximately 7 days sooner in DAP12 deficient 

hosts than in wt controls. Of note, we observed markedly more antigen specific CD4 T 

cells in DAP12 deficient mice compared to wt controls which are in line with our 

previous observations. Having demonstrated that T cell priming does indeed occur earlier 

in DAP12 deficient mice, we then sought to determine if primed T cells are also recruited 

earlier to the infected lung. To this end, we quantified the CD4 T cell response in the lung 

and airway lumen. CD4 T cells began accumulating in the DAP12 deficient lung tissue 7 

days post infection (Figure 4C and D) and in the airway between 14 and 21 days post 
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infection (Figure 4E and F). Here we show that CD4 T cell priming occurs 7 days sooner 

in DAP12 deficient LNs and reaches a higher magnitude than wt controls. M.tb specific 

CD4 T cells appear in the lungs of DAP12 deficient mice 7 days post infection, 7 days 

earlier than in wt lungs. In addition to the early arrival of CD4 T cells, both the frequency 

and magnitude of the IFN-γ CD4 T cell responses in DAP12 deficient mice was strikingly 

elevated over wt controls.      

 

Selectively elevated chemokines in the DAP12 deficient airway 

In light of the increased protection against M.tb infection observed in DAP12 deficient 

mice, we aimed to determine if increased chemokine production in the airway could 

contribute to increased recruitment of immune cells to the lung. To this end, we measured 

the level of chemokines present in the BAL fluid 3, 7, 10, 14 and 21 days post infection. 

We found the levels of macrophage/DC recruiting chemokines MIP-1α (Figure 5A), MIP-

1β (data not shown) and MCP-1 (Figure 5B) remained only slightly above naive controls, 

in both strains of mice until 14 days post infection at which point we found markedly 

elevated chemokine levels in DAP12 deficient hosts. The level of neutrophil chemotactic 

factor KC (Figure 4C) was strikingly elevated in DAP12 deficient hosts throughout 

infection. In contrast, neutrophil chemokine MIP-2 levels remained low and were similar 

between mouse strains throughout infection (Figure 5D), suggesting the increased 

neutrophil responses observed in DAP12 deficient host can be attributed to enhanced KC 

chemokine response in DAP12 deficient hosts. Having observed heightened T cell 

responses in DAP12 deficient mice we examined the levels of several T cell recruiting 
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chemokines. T cell recruiting chemokines remained low prior to 10 days post infection. 

IP-10 (Figure 5E), MIG (Figure 5F) and RANTES (Figure 5G) were elevated in DAP12 

deficient hosts became highly elevated over wt controls at 14 and 21 days post infection. 

Together these findings indicate heightened chemokine responses in DAP12 deficient 

host contribute to enhanced inflammation and host resistance to M.tb infection.  

 

Enhanced T cell effector cytokine responses in DAP12 deficient hosts 

Cytokine production in response to M.tb antigen in the tissues is required for macrophage 

activation and elimination of intracellular bacteria. To determine if the increased CD4 T 

cell recruitment in the DAP12 deficient lungs and airways translated into increased 

cytokine production at the site of infection, we quantified the amount of cytokine in the 

supernatants of LN cell cultures and the BAL fluid. In line with our ICCS data, no IFN-γ 

could be detected in the LN supernatants prior to 7 days post infection (Figure 6A). 

DAP12 deficient LN cells released staggering amounts of IFN-γ beginning at 7 days post 

infection. Wt cells in contrast, produced only very low levels of IFN-γ at all time points 

examined. Cytokine analysis from BAL fluids revealed similar amounts of IFN-γ 

produced by lung derived cells from DAP12 deficient and wt mice 3 through 10 days post 

infection (Figure 6B). Higher levels of IFN-γ were present in the DAP12 deficient lung 

cultures 14 and 21 days post infection, indicating the enhanced level of CD4 T cells 

recruited to the lung correlates with enhanced cytokine production. Since Th1 cells were 

so strikingly elevated in DAP12 deficient lungs we sought to determine if the increased 

CD4 T cells might also translate into heightened levels of other T cell cytokines. To this 
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end we measured the level pro-inflammatory cytokine TNF-α (Figure 7A), Th1 polarizing 

cytokine IL-12 (Figure 7B) and Th17 cytokine IL-17 (Figure 7C). In line with the IFN-γ 

data, there was enhanced TNF-α and IL-12 in the lungs of DAP12 deficient lungs 14 and 

21 days post infection. IL-17 levels were significantly elevated in DAP12 deficient lungs 

10 through 21 days post infection. In light of the universally enhanced level of Th1 

cytokines, we asked if the enhanced CD4 T cell activation could be attributed to 

dysregulated CD4 T cell activation leading to both Th1 and Th2 polarized cells. To 

address this, we measured Th2 cytokines IL-4 (Figure 7D), IL-5 and IL-13 (data not 

shown). Similar levels of Th2 cytokines were observed in both DAP12 deficient and wt 

mice. Immunoregulatory cytokine IL-10 has important roles in not only controlling T cell 

effector functions but also the magnitude of the immune response. Increased IL-10 

producing regulatory T cells leads to impaired bacterial control and unchecked bacterial 

replication (35). In this situation the enhanced Th1 activation could be attributed to 

decreased immunoregulatory cytokines in DAP12 deficient hosts. To rule out this 

possibility, we measured IL-10 in the BAL fluid and found no difference in the amount of 

IL-10 in DAP12 deficient and wt mice (Figure 7E). Together these findings suggest the 

CD4 T cell activation DAP12 deficient mice is a result of expansion of specific T helper 

subsets, specifically Th1 and Th17 subsets and is not a result of decreased 

immunoregulatory cytokines.  

 

Increased antigen presentation in the draining LNs of DAP12 deficient hosts 
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Having observed earlier T cell priming in the draining LNs of DAP12 deficient mice, we 

hypothesized that accelerated T cell responses could be due to accelerated migration of 

APCs to the draining LNs. To begin to test our hypothesis, we carried out experiments 

using ovalbumin (OVA) specific transgenic T cells (OT) to assess the level of antigen in 

the LNs of DAP12KO and wt mice during M.tb infection. To this end, we treated mice 

with either soluble OVA alone or co-delivered with M.tb and 3, 5, 7 and 14 days later 

purified CD11c cells from the mediastinal LNs and co-cultured them with either purified 

transgenic OT cells or MHC mis-matched T cells (see schema Figure 8A). Phenotypic 

analysis of LN derived CD11c cells from mice treated with OVA alone revealed 

heightened MHC class II expression on DAP12 deficient cells compared to wt controls 

(Figure 8B), M.tb infection further increased MHC expression on both DAP12 deficient 

and wt APCs. Co-stimulatory molecule CD86 expression was only marginally increased 

on DAP12KO cells compared to wt at 7 days post infection and highly increased in M.tb 

infected DAP12 deficient APCs 14 days post infection (Figure 8C). In order to better 

determine if the increased MHC expression observed by flow cytometry would translate 

into greater T cell activation, we measured the ability of these cells to drive allogenic T 

cell proliferation. At 3 days post infection, only baseline levels of T cell proliferation was 

observed in both strains of mice (data not shown). At 5 and 7 days post infection, DAP12 

deficient CD11c cells elicited greater CD4 T cell proliferation (Figure 8D) and CD8 T 

cell proliferation (Figure 8F) than wt controls. This level of proliferation was further 

enhanced by M.tb infection indicating DAP12 deficient APCs express higher levels of 

MHC expression by 5 days post infection and are superior T cell activators early during 
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infection. By 14 days post infection, the level of T cell proliferation had normalized 

between the mouse strains suggesting APCs in the LNs of wt mice do indeed upregulate 

MHC expression later than DAP12 deficient APCs. The level of OVA transported to the 

LNs was measured by assessing the level of OT-II and OT-I proliferation in response to 

purified CD11c cells from the LN. No antigen specific T cell proliferation could be 

detected in the LNs at 3 days in either strain of mice (data not shown). LN derived 

DAP12 deficient CD11c cells drove slightly greater OT-II proliferation at 5 and 7 days 

than wt CD11c cells and markedly enhanced OT-II proliferation 7 days post infection 

(Figure 8E). No CD8 OT-I proliferation could be detected 5 days post infection (Figure 

8G). CD11c cells from DAP12 deficient mice drove greater OT-I proliferation at 7 and 14 

days compared to wt controls. Taken together these data provide evidence that in DAP12 

deficient hosts, activated APCs expressing higher levels of MHC class I and II arrive in 

the LN between 3 and 5 days post infection while the arrival of activated wt APCs arrive 

between 7 and 14 days post infection. Furthermore, DAP12 deficient APCs in the LN 

present antigen better than their wt counterparts.  

We went on to confirm these findings using a transgenic CD4 T cell hybridoma that 

produces IL-2 in response to M.tb antigen 85B. DAP12 deficient LN derived CD11c 

APCs stimulated greater IL-2 production than wt CD11c APCs indicating they present 

more M.tb antigen 7 days post infection (Figure 9A). Similarly, DAP12 deficient lung 

derived CD11c APCs stimulated greater IL-2 production than wt counterparts indicating 

DAP12 deficient APCs are superior antigen presenters compared to wt (Figure 9B). 
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Taken together these data suggest that DAP12 deficient APCs arrive in the draining LN 

earlier than wt APCs. 

 

Prolonged NF-κB nuclear translocation in DAP12 deficient APCs 

We have previously reported that DAP12 deficient CD11c cells mount a heightened 

inflammatory response to TLR ligands as well as attenuated M. bovis infection (25) 

however, we have never examined the response to M.tb infection. First we sought to 

determine if DAP12 deficient APCs were similarly hyperactivated in response to M.tb 

infection in a dose dependent manner. CD11c cells from naive DAP12 deficient and wt 

mouse lungs were purified and treated with varying concentrations of M.tb for 48 hours. 

As expected, DAP12 deficient APCs produced greater amounts of TNF-α in response to 

low concentrations of M.tb than wt controls, with the greatest cytokine production in cells 

treated with M.tb at an MOI=5 (Figure 10A). MHC class II expression was only 

marginally increased in DAP12 deficient CD11c cells treated with M.tb at an MOI of 5 

and 10 but not with an MOI of 1. These data indicated that CD11c cells treated with an 

MOI=5 were optimal for studying the effects of M.tb infection in vitro. In order to 

understand why DAP12 deficient APCs produce such an exaggerated inflammatory 

response to M.tb we examined the speed and duration of NF-κB translocation in purified 

lung APCs. CD11c cells were purified from the lungs of naive DAP12 deficient and wt 

mice and immunostained for NF-κB before being examined by confocal microscopy. NF-

κB translocated to the nucleus within 30 min of M.tb exposure in both DAP12 deficient 

and wt APCs. Nuclear NF-κB could reliably be found in the nucleus of DAP12 deficient 
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APCs 6 hours following M.tb treatment, hours longer than in wt controls. These data 

provide some evidence that the enhanced activation observed in DAP12 deficient APCs is 

due to prolonged activity of NF-κB in the nucleus and suggests it may have a profound 

impact on gene transcription although this remains to be examined.  

 

Discussion  

Delayed T cell priming has been observed in both animal models as well as human 

infection and has a major impact on bacterial control and dissemination. In mouse 

models, adaptive immune responses are not observed in the lungs until 18-20 days 

following infection, allowing for bacterial expansion. It is believed that this delay puts the 

host at a disadvantage, rendering it incapable of clearing the infection. Here we provide 

for the first time direct evidence that DAP12 deficient mice are better able to control 

virulent M.tb infection. Based on our prior observations that DAP12 deficient hosts 

mount a heightened T cell response to the vaccine strain M. bovis 14 days post infection 

and APCs were highly activated in response to M. bovis, we wondered whether the 

enhanced T cell responses were actually due to accelerated T cell priming. We found that 

antigen specific CD4 T cells in the LNs of DAP12 deficient hosts expanded 7 days sooner 

than in wt controls, indicating T cell priming indeed occurred earlier in the absence of 

DAP12. Furthermore, recruitment of effector T cells to the lung and airway was also 

accelerated in DAP12 deficient hosts, provided evidence that earlier T cell priming leads 

to enhanced protection against M.tb challenge. In both strains of mice, the arrival of 

effector T cell responses precedes obvious decline in bacterial burden in the lungs by 7 
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days. This is in contrast to other intracellular infections such as influenza virus or Listeria 

monocytogenes where the appearance of effector adaptive immune responses was closely 

followed by pathogen control (Chapter 3) (5, 7-8). We do not yet understand why there is 

such a delay between the appearance of adaptive immune responses but may speculate 

that M.tb infected macrophages require a great deal of cytokine activation in order to 

overcome immune suppression imposed by the pathogen. While these data provide 

compelling evidence that accelerated T cell priming is the direct cause of enhanced 

bacterial control in DAP12 deficient mice, further experiments are necessary to definitely 

rule out the contribution of other immune components. To address these issues we plan to 

inhibit T cell priming in DAP12 deficient mice prior to 10 days post infection using a 

CTLA-4 fusion antibody, thus normalizing the timing of T cell recruitment to the lung, 

and examining the ability of DAP12 deficient and wt mice to control bacterial burden. A 

complementary approach will be to block the recruitment of effector T cells to the lung in 

DAP12 deficient and wt mice prior to 14 days using lymphocyte inhibitor FTY720 and 

assess the ability of these mice to control bacterial burden. Because DAP12 deficient 

mice mount heightened CD4 T cell responses which may enhance bacterial control, we 

plan to adoptively transfer a fixed number of effector T cells from DAP12 deficient or wt 

mice to the lungs of immune-deficient (Rag2KO) mice prior to challenge, 7 days post 

challenge and 14 days post challenge and then compare the bacterial load in the lungs and 

spleens of these mice. These experiments will allow us to definitively prove that earlier 

recruitment of activated CD4 T cells is directly responsible for enhanced bacterial 

control.  
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In addition to the enhanced IFN-γ production in DAP12 deficient mice, we observed 

enhanced IL-17 cytokine levels in the BAL fluid. The contribution of IL-17 in host 

defence against M.tb is not well defined although IL-17 has been implicated in granuloma 

formation and in some cases controlling bacterial replication (36). Still others report IL-

17 plays a pathogenic role in M.tb infection leading to lung pathology (37). In this study, 

it is not clear if the increased IL-17 is a result of increased γδ T cells or CD4 Th17 

responses although based on the markedly increased CD4 T cell numbers in the lungs and 

airways of DAP12 deficient mice we may speculate that Th17 responses are elevated. It is 

not yet known if the IFN-γ positive cells are also positive for IL-17. It has been reported 

that DAP12 deficient mice have decreased regulatory T cell numbers (38), in light of the 

enhanced level of activated CD4 T cells, it is possible that there are decreased regulatory 

T cells in DAP12 deficient mice leading to unchecked T cell activation. Based on our 

observations in a similar model of influenza infection we find no major differences in the 

number of regulatory T cells in DAP12 deficient mice. Additionally, we have found 

similar levels of IL-10 in the lungs of M.tb infected DAP12 deficient mice, suggesting 

regulatory T cells are indeed functional, although this remains to be investigated. 

 

DCs are professional antigen presenting cells specialized in T cell priming. During 

mycobacterial infection, there is a correlation between the amount of mycobacteria in the 

LN and the extent of T cell activation (2). Since mycobacteria are believed to be brought 

to the LN by APCs, as a result the more bacteria in the LN is thought to correlate with 
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greater APC migration. We aimed to determine if the accelerated T cell priming in the LN 

was due to earlier accumulation of antigen in the LNs of DAP12 deficient mice. Indeed 

APCs from DAP12 deficient LN triggered greater T cell proliferation at 5 and 7 days post 

infection than wt APCs. This observation, along with the findings that there were more 

CD11c APCs in the LNs of DAP12 deficient mice suggest that APCs in DAP12 deficient 

hosts migrate to the local draining LN sooner than their wt counterparts. These findings 

are being confirmed using other experimental approaches including using M.tb Ag85B 

transgenic T cell to measure Ag85B levels in LN derived CD11c cells and tracking the 

arrival of mycobacteria in the LN using green fluorescent protein tagged M.tb. In addition 

to earlier APC arrival, DAP12 deficient APCs are more activated in response to M.tb 

infection, producing enhanced levels of pro-inflammatory cytokines compared to wt 

APCs. We provide evidence that DAP12 deficient APCs also remain activated for longer 

than wt controls providing early evidence that DAP12 deficient DCs prime greater T cell 

responses by becoming overactivated in response to mycobacteria. Indeed over 

production of some pro-inflammatory cytokine such as IL-12p40 may even enhance the 

ability of DAP12 deficient DC to migrate to the draining LNs (31). Our data appear to 

confirm the hypothesis that accelerated T cell responses following M.tb infection enhance 

resistance to virulent M.tb infection and are a direct result of enhanced antigen 

presentation by APCs in the local draining LN.  

 

We found that compared to wt mice, DAP12 deficient mice generate earlier and more 

pronounced innate immune responses in response to M.tb infection. Inflammation in the 
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DAP12 deficient lung was highly neutrophilic and did not result in granuloma formation. 

The increased neutrophil recruitment is likely caused by the enhanced production of the 

chemokine KC throughout infection and further amplified by IL-17 after 10 days post 

infection and may play a role in the production of other inflammatory chemokines 

responsible for the recruitment of conscripted immune cells. Recruitment of neutrophils is 

a normal consequence of any infection. The role of neutrophils in resistance to M.tb 

infection has been largely overlooked until a recent study suggested neutrophils may in 

fact play a significant role in innate defence susceptibility to mycobacterial infection (39). 

Indeed neutrophils have been reported to shuttle live mycobacteria to the draining LN 

faster than macrophages or DCs (40). This may have a significant impact in our model, 

where neutrophils predominate the lung inflammation and T cell responses are primed 

days sooner than expected. It is possible the increased neutrophil numbers accelerate the 

accumulation of mycobacteria in the draining LN leading to enhanced T cell priming. 

These findings highlight a previously unidentified role for neutrophils in host resistance 

against TB. DAP12 is expressed in neutrophils and reportedly amplifies inflammatory 

responses through TREM-1 signaling (41-44). The role of DAP12 in controlling 

neutrophil responses during M.tb infection merits further investigation. 

 

 

  

PhD Thesis - S. M. McCormick McMaster Medical Science



[74] 
 

References 
 
1. Shaler, C. R., K. Kugathasan, S. McCormick, D. Damjanovic, C. Horvath, C. L. Small, 

M. Jeyanathan, X. Chen, P. C. Yang, and Z. Xing. 2011. Pulmonary mycobacterial 
granuloma increased IL-10 production contributes to establishing a symbiotic host-
microbe microenvironment. Am J Pathol 178:1622-1634. 

2. Wolf, A. J., L. Desvignes, B. Linas, N. Banaiee, T. Tamura, K. Takatsu, and J. D. Ernst. 
2008. Initiation of the adaptive immune response to Mycobacterium tuberculosis depends 
on antigen production in the local lymph node, not the lungs. The Journal of 
Experimental Medicine 205:105-115. 

3. Chackerian, A. A., J. M. Alt, T. V. Perera, C. C. Dascher, and S. M. Behar. 2002. 
Dissemination of Mycobacterium tuberculosis Is Influenced by Host Factors and Precedes 
the Initiation of T-Cell Immunity. Infect. Immun. 70:4501-4509. 

4. Reiley, W. W., M. D. Calayag, S. T. Wittmer, J. L. Huntington, J. E. Pearl, J. J. Fountain, 
C. A. Martino, A. D. Roberts, A. M. Cooper, G. M. Winslow, and D. L. Woodland. 2008. 
ESAT-6-specific CD4 T cell responses to aerosol Mycobacterium tuberculosis infection 
are initiated in the mediastinal lymph nodes. Proc Natl Acad Sci U S A 105:10961-10966. 

5. van Faassen, H., R. Dudani, L. Krishnan, and S. Sad. 2004. Prolonged Antigen 
Presentation, APC-, and CD8+ T Cell Turnover during Mycobacterial Infection: 
Comparison with Listeria monocytogenes. The Journal of Immunology 172:3491-3500. 

6. Russell, M. S., M. Iskandar, O. L. Mykytczuk, J. H. E. Nash, L. Krishnan, and S. Sad. 
2007. A Reduced Antigen Load In Vivo, Rather Than Weak Inflammation, Causes a 
Substantial Delay in CD8+ T Cell Priming against Mycobacterium bovis (Bacillus 
Calmette-Guérin). The Journal of Immunology 179:211-220. 

7. Lawrence, C. W., and T. J. Braciale. 2004. Activation, differentiation, and migration of 
naive virus-specific CD8+ T cells during pulmonary influenza virus infection. J Immunol 
173:1209-1218. 

8. Kursar, M., K. Bonhagen, A. Köhler, T. Kamradt, S. H. E. Kaufmann, and H.-W. 
Mittrücker. 2002. Organ-Specific CD4+ T Cell Response During Listeria monocytogenes 
Infection. The Journal of Immunology 168:6382-6387. 

9. Tian, T., J. Woodworth, M. Sköld, and S. M. Behar. 2005. In Vivo Depletion of CD11c+ 
Cells Delays the CD4+ T Cell Response to Mycobacterium tuberculosis and Exacerbates 
the Outcome of Infection. The Journal of Immunology 175:3268-3272. 

10. Paula, M. O., D. M. Fonseca, P. F. Wowk, A. F. Gembre, P. F. Fedatto, C. A. Sergio, C. 
L. Silva, and V. L. Bonato. 2011. Host genetic background affects regulatory T-cell 
activity that influences the magnitude of cellular immune response against 
Mycobacterium tuberculosis. Immunol Cell Biol 89:526-534. 

11. Wakeham, J., J. Wang, and Z. Xing. 2000. Genetically determined disparate innate and 
adaptive cell-mediated immune responses to pulmonary Mycobacterium bovis BCG 
infection in C57BL/6 and BALB/c mice. Infect Immun 68:6946-6953. 

12. Chackerian, A. A., T. V. Perera, and S. M. Behar. 2001. Gamma interferon-producing 
CD4+ T lymphocytes in the lung correlate with resistance to infection with 
Mycobacterium tuberculosis. Infect Immun 69:2666-2674. 

13. Chackerian, A. A., and S. M. Behar. 2003. Susceptibility to Mycobacterium tuberculosis: 
lessons from inbred strains of mice. Tuberculosis (Edinb) 83:279-285. 

14. Wolf, A. J., B. Linas, G. J. Trevejo-Nuñez, E. Kincaid, T. Tamura, K. Takatsu, and J. D. 
Ernst. 2007. Mycobacterium tuberculosis Infects Dendritic Cells with High Frequency 
and Impairs Their Function In Vivo. The Journal of Immunology 179:2509-2519. 

PhD Thesis - S. M. McCormick McMaster Medical Science



[75] 
 

15. Wolf, A. J., L. Desvignes, B. Linas, N. Banaiee, T. Tamura, K. Takatsu, and J. D. Ernst. 
2008. Initiation of the adaptive immune response to Mycobacterium tuberculosis depends 
on antigen production in the local lymph node, not the lungs. J Exp Med 205:105-115. 

16. Wolf, A. J., B. Linas, G. J. Trevejo-Nunez, E. Kincaid, T. Tamura, K. Takatsu, and J. D. 
Ernst. 2007. Mycobacterium tuberculosis Infects Dendritic Cells with High Frequency 
and Impairs Their Function In Vivo. J Immunol 179:2509-2519. 

17. Turnbull, I. R., and M. Colonna. 2007. Activating and inhibitory functions of DAP12. Nat 
Rev Immunol 7:155-161. 

18. Lanier, L. L. 2009. DAP10- and DAP12-associated receptors in innate immunity. 
Immunol Rev 227:150-160. 

19. Hamerman, J. A., M. Ni, J. R. Killebrew, C. L. Chu, and C. A. Lowell. 2009. The 
expanding roles of ITAM adapters FcRgamma and DAP12 in myeloid cells. Immunol Rev 
232:42-58. 

20. Aoki, N., S. Kimura, and Z. Xing. 2003. Role of DAP12 in innate and adaptive immune 
responses. Curr Pharm Des 9:7-10. 

21. Bakker, A. B., E. Baker, G. R. Sutherland, J. H. Phillips, and L. L. Lanier. 1999. Myeloid 
DAP12-associating lectin (MDL)-1 is a cell surface receptor involved in the activation of 
myeloid cells. Proc Natl Acad Sci U S A 96:9792-9796. 

22. Lanier, L. L., and A. B. Bakker. 2000. The ITAM-bearing transmembrane adaptor 
DAP12 in lymphoid and myeloid cell function. Immunol Today 21:611-614. 

23. Hamerman, J. A., N. K. Tchao, C. A. Lowell, and L. L. Lanier. 2005. Enhanced Toll-like 
receptor responses in the absence of signaling adaptor DAP12. Nat Immunol 6:579-586. 

24. Hamerman, J. A., J. R. Jarjoura, M. B. Humphrey, M. C. Nakamura, W. E. Seaman, and 
L. L. Lanier. 2006. Cutting edge: inhibition of TLR and FcR responses in macrophages 
by triggering receptor expressed on myeloid cells (TREM)-2 and DAP12. J Immunol 
177:2051-2055. 

25. Divangahi, M., T. Yang, K. Kugathasan, S. McCormick, S. Takenaka, G. Gaschler, A. 
Ashkar, M. Stampfli, J. Gauldie, J. Bramson, T. Takai, E. Brown, W. M. Yokoyama, N. 
Aoki, and Z. Xing. 2007. Critical Negative Regulation of Type 1 T Cell Immunity and 
Immunopathology by Signaling Adaptor DAP12 during Intracellular Infection. J Immunol 
179:4015-4026. 

26. Sumpter, T. L., V. Packiam, H. R. Turnquist, A. Castellaneta, O. Yoshida, and A. W. 
Thomson. 2011. DAP12 Promotes IRAK-M Expression and IL-10 Production by Liver 
Myeloid Dendritic Cells and Restrains Their T Cell Allostimulatory Ability. The Journal 
of Immunology 186:1970-1980. 

27. Mombaerts, P., J. Iacomini, R. S. Johnson, K. Herrup, S. Tonegawa, and V. E. 
Papaioannou. 1992. RAG-1-deficient mice have no mature B and T lymphocytes. Cell 
68:869-877. 

28. Barnden, M. J., J. Allison, W. R. Heath, and F. R. Carbone. 1998. Defective TCR 
expression in transgenic mice constructed using cDNA-based alpha- and beta-chain genes 
under the control of heterologous regulatory elements. Immunol Cell Biol 76:34-40. 

29. Hogquist, K. A., S. C. Jameson, W. R. Heath, J. L. Howard, M. J. Bevan, and F. R. 
Carbone. 1994. T cell receptor antagonist peptides induce positive selection. Cell 76:17-
27. 

30. Mostowy, S., C. Cleto, D. R. Sherman, and M. A. Behr. 2004. The Mycobacterium 
tuberculosis complex transcriptome of attenuation. Tuberculosis 84:197-204. 

31. McCormick, S., M. Santosuosso, C. L. Small, C. R. Shaler, X. Zhang, M. Jeyanathan, J. 
Mu, S. Takenaka, P. Ngai, J. Gauldie, Y. Wan, and Z. Xing. 2008. Mucosally delivered 

PhD Thesis - S. M. McCormick McMaster Medical Science



[76] 
 

dendritic cells activate T cells independently of IL-12 and endogenous APCs. J Immunol 
181:2356-2367. 

32. Noss, E. H., R. K. Pai, T. J. Sellati, J. D. Radolf, J. Belisle, D. T. Golenbock, W. H. 
Boom, and C. V. Harding. 2001. Toll-like receptor 2-dependent inhibition of macrophage 
class II MHC expression and antigen processing by 19-kDa lipoprotein of 
Mycobacterium tuberculosis. J Immunol 167:910-918. 

33. Ramachandra, L., E. Noss, W. H. Boom, and C. V. Harding. 2001. Processing of 
Mycobacterium tuberculosis antigen 85B involves intraphagosomal formation of peptide-
major histocompatibility complex II complexes and is inhibited by live bacilli that 
decrease phagosome maturation. J Exp Med 194:1421-1432. 

34. Mostowy, S., C. Cleto, D. R. Sherman, and M. A. Behr. 2004. The Mycobacterium 
tuberculosis complex transcriptome of attenuation. Tuberculosis (Edinb) 84:197-204. 

35. Paula, M. O., D. M. Fonseca, P. F. Wowk, A. F. Gembre, P. F. Fedatto, C. A. Sergio, C. 
L. Silva, and V. L. D. Bonato. 2011. Host genetic background affects regulatory T-cell 
activity that influences the magnitude of cellular immune response against 
Mycobacterium tuberculosis. Immunol Cell Biol 89:526-534. 

36. Okamoto Yoshida, Y., M. Umemura, A. Yahagi, R. L. O’Brien, K. Ikuta, K. Kishihara, 
H. Hara, S. Nakae, Y. Iwakura, and G. Matsuzaki. 2010. Essential Role of IL-17A in the 
Formation of a Mycobacterial Infection-Induced Granuloma in the Lung. The Journal of 
Immunology 184:4414-4422. 

37. Blanco, F. C., M. V. Bianco, V. Meikle, S. Garbaccio, L. Vagnoni, M. Forrellad, L. I. 
Klepp, A. A. Cataldi, and F. Bigi. 2011. Increased IL-17 expression is associated with 
pathology in a bovine model of tuberculosis. Tuberculosis (Edinb) 91:57-63. 

38. Hall, H. T., H. Sjolin, H. Brauner, E. Tomasello, M. Dalod, E. Vivier, and P. Hoglund. 
2008. Increased diabetes development and decreased function of CD4+CD25+ Treg in the 
absence of a functional DAP12 adaptor protein. Eur J Immunol 38:3191-3199. 

39. Martineau, A. R., S. M. Newton, K. A. Wilkinson, B. Kampmann, B. M. Hall, N. 
Nawroly, G. E. Packe, R. N. Davidson, C. J. Griffiths, and R. J. Wilkinson. 2007. 
Neutrophil-mediated innate immune resistance to mycobacteria. J Clin Invest 117:1988-
1994. 

40. Abadie, V., E. Badell, P. Douillard, D. Ensergueix, P. J. M. Leenen, M. Tanguy, L. Fiette, 
S. Saeland, B. Gicquel, and N. Winter. 2005. Neutrophils rapidly migrate via lymphatics 
after Mycobacterium bovis BCG intradermal vaccination and shuttle live bacilli to the 
draining lymph nodes. Blood 106:1843-1850. 

41. Mocsai, A., C. L. Abram, Z. Jakus, Y. Hu, L. L. Lanier, and C. A. Lowell. 2006. Integrin 
signaling in neutrophils and macrophages uses adaptors containing immunoreceptor 
tyrosine-based activation motifs. Nat Immunol 7:1326-1333. 

42. Bouchon, A., J. Dietrich, and M. Colonna. 2000. Cutting edge: inflammatory responses 
can be triggered by TREM-1, a novel receptor expressed on neutrophils and monocytes. J 
Immunol 164:4991-4995. 

43. Martineau, A. R., S. M. Newton, K. A. Wilkinson, B. Kampmann, B. M. Hall, N. 
Nawroly, G. E. Packe, R. N. Davidson, C. J. Griffiths, and R. J. Wilkinson. 2007. 
Neutrophil-mediated innate immune resistance to mycobacteria. The Journal of Clinical 
Investigation 117:1988-1994. 

44. Tessarz, A. S., and A. Cerwenka. 2008. The TREM-1/DAP12 pathway. Immunol Lett 
116:111-116. 

 
 

PhD Thesis - S. M. McCormick McMaster Medical Science



[77] 
 

Figures Legends 

 

Figure 1. Control of virulent M.tb in DAP12 deficient hosts. DAP12KO and wt mice 

were challenged i.n. with 10 000 CFU of virulent M.tb H37Rv. At 2 weeks (A) and 

4weeks (B) post infection, bacterial burden in the lung and spleen was quantified by 

colony-forming assay. At 2 weeks (C) and 4 weeks (D) lungs of M.tb infected mice were 

formalin-fixed and underwent H&E staining for histological examination. Data are the 

mean ± SEM of 7-8 mice/group/time point. * p<0.05 

 

Figure 2.  Early bacterial control in DAP12 deficient mice. The kinetics of infection in 

DAP12KO and wt mice was assed following M.tb H37Ra infection. At various time 

points following infection the bacterial burden in the lungs (A) and spleens (B) was 

assessed by colony-forming assay. Data are mean ± SEM of 5-10 mice/group/time point 

from 1-2 independent experiments. * p<0.05 

Figure 3. Increased neutrophilic inflammation in the lung of DAP12KO mice following 

pulmonary M.tb infection. At various time points following M.tb infection, DAP12KO 

and wt mice were subject to bronchoalveolar lavage and the total cell numbers (A), 

number of macrophages (B), neutrophils (C) and lymphocytes (D) in the airway were 

enumerated on cytospins by differential cell counting. Data are expressed as the mean ± 

SEM of 5–10 mice/group/time from 2 independent experiments.  *p<0.05, **p<0.01, # 

p<0.001 

 

Figure 4. Accelerated CD4 T cell priming and heightened T cell responses in DAP12KO 

mice. The kinetics of CD4 T cell priming was assessed following M.tb infection of 

DAP12KO and wt mice. At 3, 7, 10, 14 and 21 days post infection, airway lumenal cells 

were collected by BAL and LN as well as lung cells were processed to a single cell 

suspension. The expansion of CD4 T cells in the LN (A), lung (C) and airways (E) was 

measured by immunostaining and FACS analysis. At the same time points, the number of 
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CD4 IFN-γ secreting T cells was quantified by ICCS. LN cells (B), whole lung cells (D) 

and BAL cells (F) were stimulated ex vivo with M.tb culture filtrate and crude BCG for 

18 hours followed by 6 hours in the presence of Golgi-plug. Cells were immunostained 

and analysed by flow cytometry.  Data are mean ± SEM of 5-10 mice/group/time point 

from 2 independent experiments. * p<0.5, ** p<0.001, # p<0.005 

 

Figure 5. Chemokine and cytokine responses in the BAL fluid of M.tb infected mice. At 

various time points following infection, lungs from M.tb infected mice underwent 

conventional lavage and BAL fluid stored at -20°C until analysis could be carried out. 

Cytokine responses were measured by  multiplex cytokine assay for MIP-1α (A), MCP-1 

(B), KC (C), MIP-2 (D), IP-10 (E), MIG (F) and RANTES (G) .  Data are expressed as 

mean ± SEM of 3-5 mice per group per time point. * p<0.5, ** p<0.001 

 

Figure 6. Enhanced IFN-γ responses in DAP12KO mice. At various time points 

following infection, airway lumenal cells were collected by BAL fluid from conventional 

lavage was collected and stored at -20°C until analysis could be carried out. LN cells 

were processed to a single cell suspension and cells stimulated with M.tb culture filtrate 

and crude BCG for 48 and then supernatants were harvested and stored at -20°C  until 

analysis could be carried out. The amount of IFN-γ in the cell culture supernatants of LN 

derived cells (A) and in the BAL fluid (B) was measured my ELISA.  Data are mean ± 

SEM of 4-5 mice/group/time point from1-2 independent experiments. * p<0.05 

 

Figure 7.  Heightened type 1 and Th17 cytokine responses in DAP12KO mice. At 

various time points following infection, lungs from M.tb infected mice underwent 

conventional lavage and BAL fluid stored at -20°C until analysis could be carried out. 

Cytokine responses were measured by multiplex cytokine assay for TNF-α (A), IL-12p40 

(B), IL-17 (C), IL-4 (D) and IL-10 (E).  Data are expressed as mean ± SEM of 4-5 mice 

per group per time point. * p<0.5, ** p<0.001 
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Figure 8. Heightened T cell proliferation driven by LN derived DAP12 deficient antigen 

presenting cells. The level T cell proliferation elicited by DAP12KO and wt APCs in the 

LN was assessed at various time points following delivery of OVA alone or with M.tb i.t 

(A). The activation status of freshly isolated CD11c+CD11b+ APCs in the LN was 

examined by processing LNs to a single cell suspension and immunostaining for MHC 

class II (B) and co-stimulatory molecule CD86 (C) for flow cytometric analysis. CD11c+ 

cells were isolated from LNs by MACS purification and co-cultured with CFSE labelled 

purified T cells from either MHC-mismatched (D and F) mice or OT-II (E) or OT-I (G) 

transgenic mice. The level of CFSE dilution was assessed by flow cytometry 96 hours 

(CD4 T cells) and 48 hours (CD8 T cells) later. Data are from 1 experiment.    

 

Figure 9. Antigen presentation by LN and lung derived CD11c+ APCs. DAP12KO and 

wt mice were infected with M.tb i.t and 7 days later, LN (A) and lung (B) CD11c cells 

were purified by MACS. Purified CD11c cells were cultured alone or with BB7 cells for 

24 hours. The level of IL-2 in the supernatant was measured by ELISA. Data are 

representative of 2 independent experiments. 

 

Figure 10. Enhanced cytokine responses and prolonged NF-κB translocation in DAP12 

deficient lung antigen presenting cells. CD11c cells were purified naive DAP12KO or wt 

lungs by MACS and cultured alone or in the presence of varying concentrations of live 

M.tb for 48 hours. The level of TNF-α in the cell supernatant was measured by ELISA 

(A). Data are mean ± SEM of cells plated in triplicate. The effect of M.tb on lung derived 

CD11c cells was assessed by measuring the surface expression of MHC class II (B) by 

flow cytometry following culture alone or with varying concentrations of live M.tb after 

48 hours. NF-κB translocation was examined by confocal microscopy following in vitro 

culture of DAP12KO and wt lung derived CD11c cells with M.tb (H37Ra). Purified cells 

were stimulated for 0 minutes to 6 hours with M.tb (MOI=5) before being harvested and 
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cyto-centrifuged onto glass slides. Cells were fixed and immunostained before being 

scanned (C). Data are representative of 2 independent experiments. 
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Figures 

 

Figure 1. 
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Figure 2.  
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Figure 3. 
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Figure 4. 
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Figure 5.  
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Figure 6. 
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Figure 7. 
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Figure 8.  
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Figure 9.  
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Figure 10. 
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Control of pathogenic CD4 T cells and lethal immunopathology by signaling 

immuno-adaptor DAP12 during influenza infection 

 

T cell responses against influenza virus are necessary to eliminate infection however 

excessive T cell responses have been linked to lung pathology. Here using a model of 

influenza A H1N1 infection in DAP12 deficient and wt mice we found that DAP12 

deficient mice succumb to lethal lung immunopathology due to heightened CD4 T cell 

responses. We found that CD4 T cells primed by DAP12 deficient APCs expressed higher 

FasL levels and were capable of greater cytotoxicity than wt controls. These findings 

suggest that DAP12 plays a regulatory role in controlling the amplitude of the T cell 

response and protects the host from the development of pathogenic T cell responses.  
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Mucosally delivered dendritic cells activate T cells independently of IL-12 and 
endogenous APCs 

 

DCs are sentinel cells that specialize in T cell priming. DCs can be manipulated ex vivo 

to present antigen, and secrete immunostimulatory factors providing a safe way to 

generate vaccines against infectious disease and cancer. The applicability of a mucosally 

delivered DC based vaccine had not been addressed. By virally transducing DCs ex vivo 

we were able to show that vaccine DCs rapidly migrated to the local draining LN in an 

IL-12 dependent manner within 24 hours of delivery and primed protective CD4 and CD8 

T cell responses in the airway and lung parenchyma. The observed T cell activation was a 

direct result of antigen presentation and activation by vaccine DCs rather than relying on 

endogenous host DCs. Our observations indicate that mucosal delivery of vaccine DCs 

represents an effective approach to enhance mucosal T cell immunity.  

 

I designed, executed the experiments, analyzed and interpreted the data. I generated 

figures and wrote the manuscript. Dr. Zhou Xing established the foundation for the 

project and provided general guidance and supervision. Dr. Michael Santosuosso 

provided invaluable technical support and aided in experimental design. Dr. Cherrie-Lee 

Small provided technical assistance and scientific discussion. Christopher (Ryan) Shaler 

provided technical assistance. Xizhong Zhang, Mangalakumari (Mathy) Jeyanathan and 

Jingyu Mu carried out the virulent M.tb challenge in the Level III biocontainment facility. 

Shunsuke Takenaka provided technical support and scientific discussion. Patricia Ngai 

provided technical assistance. Jack Gauldie and Yonghong Wan provided scientific 

support and people that helped establish the techniques.   
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Primary T cell responses must strike a fine balance between eliminating the pathogen and 

preserving host tissues. The aim of this thesis was to examine the biological consequences 

of enhanced T cell priming during primary M.tb and influenza virus infection. Here, both 

the positive and negative consequences of enhanced T cell priming were examined.  

Enhanced T cell priming enhances host resistance to pulmonary TB 

Delayed T cell responses in TB have a negative impact on overall bacterial control. It is 

widely believed that because the host adaptive response is so slow to prime, bacteria have 

the opportunity to grow and reach a point where even robust T cell responses cannot 

efficiently eliminate the bacteria. In Chapter 2, we showed that effector T cell responses 

were primed by 7 days post infection in DAP12 deficient hosts, days sooner than in wt 

hosts. The earlier T cell priming in DAP12 deficient mice is due to enhanced antigen 

presentation in the local draining LNs by APC. Furthermore, APCs from DAP12 deficient 

mice are hyperactivated in response to mycobacterial infection, they not only express 

higher levels of MHC and co-stimulatory molecules but also pro-inflammatory cytokines 

including TNF-α and IL-12. (Chapter 2) (207). One of the theories to explain the slow T 

cell responses following mycobacterial infection is the lack of inflammation elicited by 

the bacterium. In line with this theory, we show there is little to no evidence of immune 

activation in the lungs of wt mice prior to 14 days post infection (Chapter 2) suggesting 

M.tb evades host detection by hiding out in the APC (182, 214) and suppresses immune 

activation (215,216). Several strategies to accelerate T cells priming have been tested 

which focus on increasing DC activation. One such approach was to administer an 

activating TLR ligand 14 days following infection but this approach had little effect on 

host immune responses. This lead the authors to conclude that T cell responses could not 

be accelerated by broad spectrum immune activation (215). Based on our observations we 

now know applying an immune adjuvant 14 days post infection is days too late to alter T 

cell priming because antigen presentation and T cell activation has already occurred in the 

LN. Here we provide evidence to contradict the belief that T cell activation cannot be 

potentiated by showing that enhanced DC activation as seen in DAP12 deficient APCs, 
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can indeed accelerate T cell priming. It is important to note that these alterations must be 

made immediately or in the first days following infection, rather than later. These 

findings highlight the need to better define the factors which limit T cell activation 

following M.tb infection including investigating the direct contribution of the bacterium 

itself in modulating the host response and developing experimental therapeutics which 

would accelerate T cell priming following a known exposure.       

Another factor that may contribute to poor bacterial control is slow recruitment of 

effector T cells to the lung. We and others have shown that effector T cell responses are 

not recruited to the prior to 14 days post infection in wt mice. In contrast, cytokine 

secreting T cells are found it the lungs of DAP12 deficient mice in low number by 7 days 

post infection and robustly by 10 days post infection (Chapter 2). We may hypothesize 

that the increased recruitment of effector T cells into the lung and airway lumen of 

DAP12 deficient mice is due to enhanced chemokine production in the lung. Indeed lung 

derived APCs from DAP12 deficient mice are superior cytokine producers and are 

capable of greater antigen presentation during M.tb infection (Chapter 2). These data 

suggest that enhanced activation of lung resident APCs may also improve bacterial 

control by recruiting more activated T cells. We have not yet confirmed the increased 

chemokine levels observed in the BAL fluid contribute directly to increased activated T 

cell recruitment. This can be easily addressed by carrying out selective depletion of T cell 

chemokines IP-10, MIG and RANTES, alone and in combination to definitively show 

that heightened inflammatory responses in the lung during M.tb infection can improve 

survival. This has profound implications when designing vaccination strategies and 

therapeutic interventions. We and others have shown that vaccines that recruit effector T 

cells into the lung consistently provide better protection against pulmonary infections 

than parenterally administered vaccines because effector T cells are readily available at 

the lung mucosa to efficiently control bacteria upon infection. This lends itself to the idea 

that local activation of the immune response may stimulate the production of T cell 

recruiting chemokines, notably IP-10, MIG and RANTES, and result in increased T cells 

at the site of M.tb infection. This can be exploited in a therapeutic vaccination strategy to 
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recruit protective T cell responses into the lungs of previously vaccinated individuals. 

Several studies have shown that co-delivery of M.tb antigens and TLR ligands results in 

increased mycobacteria specific T cell responses to the lung and enhanced protection 

against virulent M.tb challenge. In reality, most individuals living in TB endemic 

countries contract M.tb before they reach adulthood making boost vaccine strategies more 

complicated. It is becoming increasing clear we must develop therapeutic vaccines that 

will allow us to boost pre-existing immunity and relocate activated T cells to the lung in 

order to ensure long term control of pulmonary bacteria. This approach will not only 

protect the individual but will also help to minimize bacterial spread to others. Some 

approaches are currently under investigation, including a therapeutic vaccination by 

delivering killed M.tb to the lung mucosa in latently infected patients in an attempt to 

increase the number of M.tb specific T cells in lung and boost protective immunity. This 

approach does boost adaptive immune responses in the lung and improve bacterial control 

although the mechanism leading to this enhanced control is not well defined (217). Indeed 

this approach may prove effective in boosting immune responses and relocating effector 

T cells to the lung mucosa, depositing a large bolus of M.tb antigen may also contribute to 

lung pathology in the long term.  

CD4 T cell priming contributes lethal lung immunopathology   

Robust T cell activation is generally considered beneficial during pulmonary infection 

with M.tb or influenza virus. On the flip side, excessive T cell responses can have 

deleterious effects on the host. In Chapter 3 we investigated the consequences of 

unchecked T cell activation following influenza infection. CD8 T cells are classically 

considered the major contributor to viral clearance due to their ability to produce cytokine 

and lyse infected cells. In recent years, we have come to appreciate that CD8 as well as 

CD4 T cells participate in viral clearance (73, 76, 218). Both CD4 and CD8 T cells 

produce potent cytotoxic cytokines IFN-γ and TNF-α to combat viral infection. These 

same cytokines have been linked to development of immunopathology (219-220). Here 

using DAP12 deficient mice we provide evidence in support of the idea that CD4 T cells 

are not only a potent source of anti-microbial cytokines but may also play a significant 
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role in lung injury. In hosts lacking DAP12 there is greater CD4 T cell priming, 

accumulation of effector T cells in the airways which is associated with severe 

destruction of the airway epithelial cells and the formation of pus, which untimely leads 

to death. In light current belief that patients with severe acute respiratory distress 

following pulmonary viral infection suffer from cytokine storm, we initially hypothesized 

that that elimination of cytotoxic cytokine IFN-γ would improve the outcome of infection. 

Surprisingly, cytokine neutralization did not improve survival at all. These findings are in 

line with the observation that immunosuppressive therapies do not dramatically improve 

severity of illness in virally infected patients. Instead, we found CD4 T cells from DAP12 

deficient mice expressed greater FasL which has been implicated in lung injury in human 

pulmonary fibrosis. Indeed neutralization of FasL improved not only lung pathology but 

also overall survival. It is somewhat surprising that increased FasL expressed on activated 

T cells did not limit the amplitude of the T cell response. Fas mediated killing is well 

documented to preferentially eliminate Th1 cells. In our model, we still see increased Th1 

cells in DAP12 deficient hosts. We have not examined the expression levels of Fas on T 

cell and as such cannot directly comment if this mechanism is impaired. However, at least 

some mechanisms that limit the size of the effector pool are intact based on the findings 

that beyond 9 days post infection DAP12 deficient hosts no longer succumb to infection 

and the Th1 T cell pool begins to decrease 18 days post infection. In summary, the work 

in Chapter 3 highlight that CD4 T cells have the potential to cause lung pathology and 

identify a previously unknown mechanism of lung pathology during influenza infection. 

These data provide rationale for further investigation into the role of CD4 T cells in 

human disease and help identify a novel therapeutic option for combating severe 

respiratory virus illness.          

DAP12 regulates APC maturation and T cell priming 

APCs play a critical role in initiating an immune response. APCs sense infection through 

innate pattern recognition receptors. Early experimentation indicated DAP12 amplified 

inflammation in APCs though it is now clear that DAP12 also plays a critical role in 
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regulating inflammatory responses. In both live M.tb and influenza infection we observed 

accelerated and heightened T cell responses in DAP12 deficient hosts, and in both models 

found heightened APC maturation in response to infection. Here we showed that DAP12 

deficient APCs are highly sensitive to live replicating pathogenic challenge and are able 

to secrete pro-inflammatory cytokines in response to lower concentrations of pathogen 

derived stimuli. We also found that DAP12 deficient APCs responses most strongly to 

live replicating pathogen. Killed pathogen or TLR ligands alone still stimulated a 

heightened pro-inflammatory cytokines response from DAP12 deficient APCs however it 

is not as strikingly elevated compared to live pathogen challenge. These findings suggest 

DAP12 signaling controls the inflammatory response by raising the threshold necessary 

to respond to a pathogen. We further show that this enhanced level of APC activation 

translates into more APCs expressing MHC class II and B7 co-stimulatory molecules in 

response to both mycobacteria and influenza. DAP12 deficient APCs present more 

antigen and prime greater T cell responses suggesting not only are DAP12 deficient APCs 

more activated in response to intracellular infections, but present antigen better than 

DAP12 competent APCs. The reason behind this increased T cell activation is not yet 

understood although others have suggested that DAP12 signaling promotes 

immunoregulatory IL-10 production by APCs, thus limiting T cell activation (213). 

Furthermore, it has been reported that regulatory T cells are impaired in DAP12 deficient 

hosts (221). To date, we have not observed any defect in IL-10 production in APC 

populations or in the number of regulatory T cells nor in immuno-modulatory cytokines. 

We believe the enhanced T cell priming can be attributed to increased pro-inflammatory 

cytokine production, most notably IL-12 and TNF-α. IL-12 plays a dual role in DC 

functionality. IL-12 is required for migration of DCs to the local draining LN as well as T 

cell priming. Indeed IL-12 deficient hosts have impaired effector T cell responses and 

mounting evidence suggests that IL-12 levels strongly correlate with enhanced Th1 

polarization (222,223). Gene array analysis is immanently required to fully identify genes 

regulated by DAP12 signaling including receptors and molecules such as integrins, cell 
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adhesion molecules, cytokine/chemokine receptors and survival genes that may direct 

affect T cell priming.  

Our findings show that abrogation of DAP12 signaling results in accelerated and 

increased T cell priming and activation in both M.tb and influenza infection as a result of 

increased activation by APCs. It is important to note that T cells primed in the absence of 

DAP12 become fundamentally overactivated in response to APCs and this level of 

activation is maintained even when transferred to a DAP12 proficient environment 

(Chapter 3). This led us to conclude that T cells are fundamentally altered as a result of 

priming. These findings confirm our previous observation that T cell activation is 

increased following infection with a live replicating pathogen. This is in direct contrast to 

other publications showing that T cell priming is impaired in DAP12 deficient hosts. The 

reason for this discrepancy is not understood. Based on the observations made over the 

course of experimentation, it is obvious that DAP12 deficient APCs are highly sensitive 

to live replicating pathogen. Models showing impaired T cell priming in KO animals used 

parenteral inoculation of killed/fragmented adjuvants in conjunction with peptide antigen. 

While we do not currently understand why, we believe live replicating pathogen is 

responsible for these differences.     

DC can be manipulated ex vivo to present “your favourite antigen”, express T cell co-

stimulatory molecules and even secrete cytokines necessary to polarize T cell responses. 

This allows us to tailor a vaccine strategy to prime the most appropriate immune 

response, be it Th1 or Th2 polarized, NK cell biased or Ab mediated, to combat a wide 

variety of diseases including cancer and infectious disease. A lot of effort has gone into 

increasing the immunogenicity of DC based vaccines with optimal T cell priming in 

mind. Viral transduction of DCs results in greater antigen presentation, cytokine 

production and T cell priming that antigen pulsed DCs (224). Parenteral vaccination with 

DC based vaccines primed robust T cells in the systemic compartment but fail to elicit 

protective T cell responses at the mucosa (224). In Chapter 4, using a model of TB 

infection we explored the feasibility of using ex vivo manipulated DCs to prime T cell 

responses at the lung mucosa. Delivery of vaccine DCs to the lung primed both CD4 and 

PhD Thesis - S. M. McCormick McMaster Medical Science



[131] 
 

CD8 T cell response which provided protection against virulent TB. Migration of vaccine 

DCs to the local draining LN occurred with 24 hours of delivery. This migration is 

independent of host factors such as IL-12. Furthermore, vaccine DCs were primarily 

responsible for T cell priming as opposed to transferring antigen to endogenous DCs. 

These findings are important because they confirm DC based vaccine strategies can prime 

T cell responses independently of the host immune response. This is direct contrast to 

most vaccine strategies where the host must sense foreign antigen, initiate inflammation, 

acquire and present antigen to T cells. These processes may be severely impaired in some 

populations including the elderly, the immunocompormized, and those with HIV 

infection. These individuals have a marked decline in the number and functionality of 

DCs (225,226). Developing vaccine strategies to stimulate protective memory responses 

without relying on host APCs is especially important when attempting to boost immune 

responses in those individuals who are most susceptible to infection.  

Virally transduced DC vaccines serve not only as the antigen presenting cell but also 

provide immune activating cytokines giving them the ability to prime T cell responses. 

Virally transduced DCs will sense and respond to the viral infection through innate PRRs 

resulting in the production of T cell polarizing cytokines such as IL-12 in order to 

preferentially prime Th1 responses. This is in contrast to the mechanism traditional 

vaccines use to elicit immune responses whereby proteins administered with an adjuvant 

resulting predominantly in humoral or Ab responses. The most common vaccine adjuvant 

is alum, which along with the vaccinating antigen, is phagocytosed by macrophages. 

Because alum conjugated proteins lack the necessary PAMPS to mimic intracellular 

infection, antigen is almost exclusively presented on MHC class II to CD4 T cells. In the 

absence of Th1 polarizing PAMPS, T cell responses are very weak or become Th2 

polarized. Indeed current vaccine strategies fail to elicit robust T cell responses and 

instead provide protection through neutralizing antibodies. Here we have shown the 

potential of DC based vaccines in priming Th1 dominated protective immune responses. 

In clinical trials, DC vaccines have been variably effective. Primarily used as a cancer 

immunotherapy, DC based vaccines are typically pulsed with tumour antigen and can 
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stimulate modest T cell response and is some instances limit tumour growth (reviewed in 

ref 227). In many of the studies that report efficacy with DC based vaccines, extensive 

manipulation of vaccine DCs is required. Lapteva et al. show that introduction of a 

molecular switch that continually signals through the CD40 in conjunction with TLR4 

stimulation generates vaccine APCs that produce greater amounts of IL-12 and were 

highly effective at priming T cell responses (228,229). This vaccine formulation has 

successfully stimulated immune response in human patients with metastatic prostate and 

liver cancer and even stimulated tumour regression in patients with metastatic liver cancer 

(unpublished data). Similarly, Turnis et al. show that silencing of IRAK-M, a negative 

regulatory of TLR signaling, results in greater migration of vaccine DCs to the LN, 

increased IL-12 production and T cell priming leading to enhanced tumour control in 

mice (230). These approaches to targeted overactivation of vaccine DC may prove 

beneficial in optimizing T cell priming and enhance the efficacy of therapeutic DC 

vaccination. In Chapters 2 and 3 we showed that DAP12 negatively regulates T cell 

priming by limiting the amplitude of APC maturation, controlling the threshold of 

activation and limiting migration to the LN. Our findings suggest that DAP12 can 

potentially be targeted to increase the effectiveness of DC based vaccines aimed at 

priming anti-tumour T cell responses. Experiments carried out in mouse DCs indicate that 

DAP12 signaling can be effectively inhibited by small interfering RNA technology prior 

to adoptive transfer into patients (213). This approach is much less labour intensive, more 

cost effective and safer than other DC based vaccine strategies currently in clinical trial. 

Based on the collective findings presented in this thesis, we unexpectedly identified 

DAP12 singling is an under-appreciated negative regulatory pathway that limits APC 

maturation and subsequent T cell priming. Further investigation into the therapeutic 

potential of DAP12 in immunotherapy is required.   

DC based vaccines also hold promise as a therapeutic option for treating patients with 

chronic infectious disease such as MDR and XDR TB, Hepatitis and HIV. Effective long 

term management of all three diseases rely heavily on T cell responses to control the 

pathogen and prevent pathogen mediated destruction of vital organs. Boosting T cell 
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responses may increase mean survival as well as limit pathogen replication. Indeed there 

is evidence that DC based vaccines may be able to boost protective immunity during 

chronic infection. Vaccination of humans with chronic Hepatitis B infection with antigen 

pulsed DCs resulted in decreased viral burden (231). The goal of DC vaccination in TB 

infected individuals is 2-fold. First, mucosal vaccination will recruit M.tb specific T cells 

to the lung and second, vaccination may boost T cell responses, together improving 

bacterial control. DC based vaccines are more effective than subunit vaccines and are 

believed to be safer than live vaccines in those with a pre-existing infection.  

 

  

PhD Thesis - S. M. McCormick McMaster Medical Science



[134] 
 

References 

1. WHO. 2003. Influenza fact sheet No 211. 
2. Matrosovich, M. N., T. Y. Matrosovich, T. Gray, N. A. Roberts, and H.-D. Klenk. 2004. 

Human and avian influenza viruses target different cell types in cultures of human airway 
epithelium. PROC NATL ACAD SCI U S A  101:4620-4624. 

3. Nayak, D. P., E. K. Hui, and S. Barman. 2004. Assembly and budding of influenza virus. 
Virus Res 106:147-165. 

4. Samji, T. 2009. Influenza A: understanding the viral life cycle. Yale J Biol Med 82:153-
159. 

5. Das, K., J. M. Aramini, L.-C. Ma, R. M. Krug, and E. Arnold. 2010. Structures of 
influenza A proteins and insights into antiviral drug targets. Nat Struct Mol Biol 17:530-
538. 

6. Dunham, E. J., V. G. Dugan, E. K. Kaser, S. E. Perkins, I. H. Brown, E. C. Holmes, and 
J. K. Taubenberger. 2009. Different Evolutionary Trajectories of European Avian-Like 
and Classical Swine H1N1 Influenza A Viruses. J. Virol. 83:5485-5494. 

7. Kobasa, D., S. M. Jones, K. Shinya, J. C. Kash, J. Copps, H. Ebihara, Y. Hatta, J. Hyun 
Kim, P. Halfmann, M. Hatta, F. Feldmann, J. B. Alimonti, L. Fernando, Y. Li, M. G. 
Katze, H. Feldmann, and Y. Kawaoka. 2007. Aberrant innate immune response in lethal 
infection of macaques with the 1918 influenza virus. Nature 445:319-323. 

8. Cillóniz, C., K. Shinya, X. Peng, M. J. Korth, S. C. Proll, L. D. Aicher, V. S. Carter, J. H. 
Chang, D. Kobasa, F. Feldmann, J. E. Strong, H. Feldmann, Y. Kawaoka, and M. G. 
Katze. 2009. Lethal Influenza Virus Infection in Macaques Is Associated with Early 
Dysregulation of Inflammatory Related Genes. PLoS Pathog 5:e1000604. 

9. Keawcharoen, J., J. van den Broek, A. Bouma, T. Tiensin, A. D. Osterhaus, and H. 
Heesterbeek. 2011. Wild Birds and Increased Transmission of Highly Pathogenic Avian 
Influenza (H5N1) among Poultry, Thailand. Emerg Infect Dis 17:1016-1022. 

10. Otte, A., M. Sauter, L. Alleva, S. Baumgarte, K. Klingel, and G. Gabriel. 2011. 
Differential Host Determinants Contribute to the Pathogenesis of 2009 Pandemic H1N1 
and Human H5N1 Influenza A Viruses in Experimental Mouse Models. A J Pathol 
179:230-239. 

11. Yu, W. C., R. W. Chan, J. Wang, E. A. Travanty, J. M. Nicholls, J. S. Peiris, R. J. Mason, 
and M. C. Chan. 2011. Viral Replication and Innate Host Responses in Primary Human 
Alveolar Epithelial Cells and Alveolar Macrophages Infected with Influenza H5N1 and 
H1N1 Viruses. J Virol 85:6844-6855. 

12. 2010. Clinical Aspects of Pandemic 2009 Influenza A (H1N1) Virus Infection. New Engl 
J Med 362:1708-1719. 

13. Osterlund, P., J. Pirhonen, N. Ikonen, E. Ronkko, M. Strengell, S. M. Makela, M. 
Broman, O. J. Hamming, R. Hartmann, T. Ziegler, and I. Julkunen. 2010. Pandemic 
H1N1 2009 Influenza A Virus Induces Weak Cytokine Responses in Human 
Macrophages and Dendritic Cells and Is Highly Sensitive to the Antiviral Actions of 
Interferons. J. Virol. 84:1414-1422. 

14. Ohta, R., Y. Torii, M. Imai, H. Kimura, N. Okada, and Y. Ito. 2011. Serum 
concentrations of complement anaphylatoxins and proinflammatory mediators in patients 
with 2009 H1N1 influenza. Microbiol Immunol 55:191-198. 

15. Geiler, J., M. Michaelis, P. Sithisarn, and J. Cinatl, Jr. 2011. Comparison of pro-
inflammatory cytokine expression and cellular signal transduction in human macrophages 
infected with different influenza A viruses. Med Microbiol Immunol 200:53-60. 

PhD Thesis - S. M. McCormick McMaster Medical Science



[135] 
 

16. Mukherjee, S., V. C. Vipat, A. C. Mishra, S. D. Pawar, and A. K. Chakrabarti. 2011. 
Pandemic (H1N1) 2009 influenza virus induces weaker host immune responses in vitro: a 
possible mechanism of high transmissibility. Virol J 8:140. 

17. Sakabe, S., K. Iwatsuki-Horimoto, R. Takano, C. A. Nidom, M. t. Q. Le, T. Nagamura-
Inoue, T. Horimoto, N. Yamashita, and Y. Kawaoka. 2011. Cytokine production by 
primary human macrophages infected with highly pathogenic H5N1 or pandemic H1N1 
2009 influenza viruses. J Gen Virol 92:1428-1434. 

18. Skarbinski, J., S. Jain, A. Bramley, E. J. Lee, J. Huang, D. Kirschke, A. Stone, T. 
Wedlake, S. M. Richards, S. Page, P. Ragan, L. Bullion, D. Neises, R. M. Williams, B. P. 
Petruccelli, M. Vandermeer, K. H. Lofy, J. Gindler, and L. Finelli. 2011. Hospitalized 
Patients with 2009 Pandemic Influenza A (H1N1) Virus Infection in the United States—
September–October 2009. Clin Infect Dis 52:S50-S59. 

19. Lonnroth, K., and M. Raviglione. 2008. Global epidemiology of tuberculosis: prospects 
for control. Semin Respir Crit Care Med 29:481-491. 

20. WHO. 2008. Global Tuberculosis control. WHO/HTM/TB/2008.393. Geneva: World 
Health Organization. 

21. Corbett, E. L., B. Marston, G. J. Churchyard, and K. M. De Cock. 2006. Tuberculosis in 
sub-Saharan Africa: opportunities, challenges, and change in the era of antiretroviral 
treatment. Lancet 367:926-937. 

22. Dye, C. 2006. Global epidemiology of tuberculosis. Lancet 367:938-940. 
23. WHO. 2007. Influenza fact sheet No 104. 
24. Corbett, E. L., C. J. Watt, N. Walker, D. Maher, B. G. Williams, M. C. Raviglione, and C. 

Dye. 2003. The growing burden of tuberculosis: global trends and interactions with the 
HIV epidemic. Arch Intern Med 163:1009-1021. 

25. Wright, A., M. Zignol, A. Van Deun, D. Falzon, S. R. Gerdes, K. Feldman, S. Hoffner, F. 
Drobniewski, L. Barrera, D. van Soolingen, F. Boulabhal, C. N. Paramasivan, K. M. 
Kam, S. Mitarai, P. Nunn, and M. Raviglione. 2009. Epidemiology of antituberculosis 
drug resistance 2002-07: an updated analysis of the Global Project on Anti-Tuberculosis 
Drug Resistance Surveillance. Lancet 373:1861-1873. 

26. Zignol, M., M. S. Hosseini, A. Wright, C. L. Weezenbeek, P. Nunn, C. J. Watt, B. G. 
Williams, and C. Dye. 2006. Global incidence of multidrug-resistant tuberculosis. J Infect 
Dis 194:479-485. 

27. Belisle, J. T., V. D. Vissa, T. Sievert, K. Takayama, P. J. Brennan, and G. S. Besra. 1997. 
Role of the Major Antigen of Mycobacterium tuberculosis in Cell Wall Biogenesis. 
Science 276:1420-1422. 

28. Takayama, K., C. Wang, and G. S. Besra. 2005. Pathway to Synthesis and Processing of 
Mycolic Acids in Mycobacterium tuberculosis. Clin. Microbiol. Rev. 18:81-101. 

29. Schroeder, E. K., N. de Souza, D. S. Santos, J. S. Blanchard, and L. A. Basso. 2002. 
Drugs that inhibit mycolic acid biosynthesis in Mycobacterium tuberculosis. Curr Pharm 
Biotechnol 3:197-225. 

30. Schlesinger, L., and M. Horwitz. 1991. Phagocytosis of Mycobacterium leprae by human 
monocyte-derived macrophages is mediated by complement receptors CR1 (CD35), CR3 
(CD11b/CD18), and CR4 (CD11c/CD18) and IFN-gamma activation inhibits 
complement receptor function and phagocytosis of this bacterium. J Immunol 147:1983-
1994. 

31. Ernst, J. D. 1998. Macrophage Receptors for Mycobacterium tuberculosis. Infect  Immun 
66:1277-1281. 

PhD Thesis - S. M. McCormick McMaster Medical Science



[136] 
 

32. Chua, J., I. Vergne, S. Master, and V. Deretic. 2004. A tale of two lipids: Mycobacterium 
tuberculosis phagosome maturation arrest. Curr Opin Microbiol 7:71-77. 

33. Vergne, I., J. Chua, S. B. Singh, and V. Deretic. 2004. Cell biology of mycobacterium 
tuberculosis phagosome. Annu Rev Cell Dev Biol 20:367-394. 

34. Majumder, N., S. Bhattacharjee, R. Dey, S. Bhattacharyya, N. K. Pal, and S. Majumdar. 
2008. Arabinosylated lipoarabinomannan modulates the impaired cell mediated immune 
response in Mycobacterium tuberculosis H37Rv infected C57BL/6 mice. Microb Infect 
10:349-357. 

35. Manca, C., L. Tsenova, C. E. Barry, A. Bergtold, S. Freeman, P. A. J. Haslett, J. M. 
Musser, V. H. Freedman, and G. Kaplan. 1999. Mycobacterium tuberculosis CDC1551 
Induces a More Vigorous Host Response In Vivo and In Vitro, But Is Not More Virulent 
Than Other Clinical Isolates. J Immunol 162:6740-6746. 

36. Dunn, P., and R. North. 1995. Virulence ranking of some Mycobacterium tuberculosis 
and Mycobacterium bovis strains according to their ability to multiply in the lungs, 
induce lung pathology, and cause mortality in mice. Infect Immun 63:3428-3437. 

37. WHO. 2010. Global tuberculosis control 2010. 
38. Ichinohe, T., H. K. Lee, Y. Ogura, R. Flavell, and A. Iwasaki. 2009. Inflammasome 

recognition of influenza virus is essential for adaptive immune responses. J  Exp Med 
206:79-87. 

39. Crozat, K., and B. Beutler. 2004. TLR7: A new sensor of viral infection. PROC NATL 
ACAD SCI U S A  101:6835-6836. 

40. Opitz, B., A. Rejaibi, B. Dauber, J. Eckhard, M. Vinzing, B. Schmeck, S. Hippenstiel, N. 
Suttorp, and T. Wolff. 2007. IFNβ induction by influenza A virus is mediated by RIG-I 
which is regulated by the viral NS1 protein. Cell Microbiol 9:930-938. 

41. Pichlmair, A., O. Schulz, C. P. Tan, T. I. Näslund, P. Liljeström, F. Weber, and C. Reis e 
Sousa. 2006. RIG-I-Mediated Antiviral Responses to Single-Stranded RNA Bearing 5'-
Phosphates. Science 314:997-1001. 

42. Sirén, J., T. Imaizumi, D. Sarkar, T. Pietilä, D. L. Noah, R. Lin, J. Hiscott, R. M. Krug, P. 
B. Fisher, I. Julkunen, and S. Matikainen. 2006. Retinoic acid inducible gene-I and mda-5 
are involved in influenza A virus-induced expression of antiviral cytokines. Microb Infect 
8:2013-2020. 

43. Julkunen, I., K. Melén, M. Nyqvist, J. Pirhonen, T. Sareneva, and S. Matikainen. 2000. 
Inflammatory responses in influenza A virus infection. Vaccine 19:S32-S37. 

44. Kaufmann, A., R. Salentin, R. G. Meyer, D. Bussfeld, C. Pauligk, H. Fesq, P. Hofmann, 
M. Nain, D. Gemsa, and H. Sprenger. 2001. Defense against Influenza A Virus Infection: 
Essential Role of the Chemokine System. Immunobiology 204:603-613. 

45. Tate, M. D., A. G. Brooks, P. C. Reading, and J. D. Mintern. 2011. Neutrophils sustain 
effective CD8+ T-cell responses in the respiratory tract following influenza infection. 
Immunol Cell Biol (e-pub ahead of print). 

46. Tate, M. D., Y.-M. Deng, J. E. Jones, G. P. Anderson, A. G. Brooks, and P. C. Reading. 
2009. Neutrophils Ameliorate Lung Injury and the Development of Severe Disease during 
Influenza Infection. J Immunol 183:7441-7450. 

47. Hasan, Z., K. Palani, M. Rahman, and H. Thorlacius. 2011. Targeting CD44 Expressed 
on Neutrophils Inhibits Lung Damage in Abdominal Sepsis. Shock 35:567-572. 

48. Crowe, C. R., K. Chen, D. A. Pociask, J. F. Alcorn, C. Krivich, R. I. Enelow, T. M. Ross, 
J. L. Witztum, and J. K. Kolls. 2009. Critical Role of IL-17RA in Immunopathology of 
Influenza Infection. J Immunol 183:5301-5310. 

PhD Thesis - S. M. McCormick McMaster Medical Science



[137] 
 

49. Soehnlein, O., S. Oehmcke, X. Ma, A. G. Rothfuchs, R. Frithiof, N. van Rooijen, M. 
Morgelin, H. Herwald, and L. Lindbom. 2008. Neutrophil degranulation mediates severe 
lung damage triggered by streptococcal M1 protein. Eur Respir J 32:405-412. 

50. Narasaraju, T., E. Yang, R. P. Samy, H. H. Ng, W. P. Poh, A.-A. Liew, M. C. Phoon, N. 
van Rooijen, and V. T. Chow. 2011. Excessive Neutrophils and Neutrophil Extracellular 
Traps Contribute to Acute Lung Injury of Influenza Pneumonitis. Am J Path (e-pub ahead 
of print). 

51. Rodgers, B., and C. A. Mims. 1981. Interaction of influenza virus with mouse 
macrophages. Infect Immun 31:751-757. 

52. Tumpey, T. M., A. Garcia-Sastre, J. K. Taubenberger, P. Palese, D. E. Swayne, M. J. 
Pantin-Jackwood, S. Schultz-Cherry, A. Solorzano, N. Van Rooijen, J. M. Katz, and C. F. 
Basler. 2005. Pathogenicity of Influenza Viruses with Genes from the 1918 Pandemic 
Virus: Functional Roles of Alveolar Macrophages and Neutrophils in Limiting Virus 
Replication and Mortality in Mice. J. Virol. 79:14933-14944. 

53. Legge, K. L., and T. J. Braciale. 2003. Accelerated Migration of Respiratory Dendritic 
Cells to the Regional Lymph Nodes Is Limited to the Early Phase of Pulmonary Infection. 
Immunity 18:265-277. 

54. Hao, X., T. S. Kim, and T. J. Braciale. 2008. Differential Response of Respiratory 
Dendritic Cell Subsets to Influenza Virus Infection. J. Virol. 82:4908-4919. 

55. Biron, C. A. 2001. Interferons [alpha] and [beta] as Immune Regulators--A New Look. 
Immunity 14:661-664. 

56. Cella, M., F. Facchetti, A. Lanzavecchia, and M. Colonna. 2000. Plasmacytoid dendritic 
cells activated by influenza virus and CD40L drive a potent TH1 polarization. Nat 
Immunol 1:305-310. 

57. Rimmelzwaan, G. F., M. M. J. W. Baars, P. de Lijster, R. A. M. Fouchier, and A. D. M. 
E. Osterhaus. 1999. Inhibition of Influenza Virus Replication by Nitric Oxide. J Virol 
73:8880-8883. 

58. Leung, K. N., and G. L. Ada. 1981. Induction of natural killer cells during murine 
influenza virus infection. Immunobiology 160:352-366. 

59. Stein-Streilein, J., J. Guffee, and W. Fan. 1988. Locally and systemically derived natural 
killer cells participate in defense against intranasally inoculated influenza virus. Reg 
Immunol 1:100-105. 

60. Long, B. R., J. Michaelsson, C. P. Loo, W. M. Ballan, B. A. Vu, F. M. Hecht, L. L. 
Lanier, J. M. Chapman, and D. F. Nixon. 2008. Elevated frequency of gamma interferon-
producing NK cells in healthy adults vaccinated against influenza virus. Clin Vaccine 
Immunol 15:120-130. 

61. Small, C. L., S. McCormick, N. Gill, K. Kugathasan, M. Santosuosso, N. Donaldson, D. 
E. Heinrichs, A. Ashkar, and Z. Xing. 2008. NK cells play a critical protective role in 
host defense against acute extracellular Staphylococcus aureus bacterial infection in the 
lung. J Immunol 180:5558-5568. 

62. He, X.-S., M. Draghi, K. Mahmood, T. H. Holmes, G. W. Kemble, C. L. Dekker, A. M. 
Arvin, P. Parham, and H. B. Greenberg. 2004. T cell–dependent production of IFN-γ by 
NK cells in response to influenza A virus. J Clin Invest 114:1812-1819. 

63. Liu, B., I. Mori, M. Jaber Hossain, L. Dong, Z. Chen, and Y. Kimura. 2003. Local 
immune responses to influenza virus infection in mice with a targeted disruption of 
perforin gene. Microb Pathog 34:161-167. 

64. Long, B. R., J. Michaelsson, C. P. Loo, W. M. Ballan, B.-A. N. Vu, F. M. Hecht, L. L. 
Lanier, J. M. Chapman, and D. F. Nixon. 2008. Elevated Frequency of Gamma 

PhD Thesis - S. M. McCormick McMaster Medical Science



[138] 
 

Interferon-Producing NK Cells in Healthy Adults Vaccinated against Influenza Virus. 
Clin Vaccine Immunol 15:120-130. 

65. Eichelberger, M., W. Allan, M. Zijlstra, R. Jaenisch, and P. C. Doherty. 1991. Clearance 
of influenza virus respiratory infection in mice lacking class I major histocompatibility 
complex-restricted CD8+ T cells. J Exp Med 174:875-880. 

66. Moskophidis, D., and D. Kioussis. 1998. Contribution of virus-specific CD8+ cytotoxic T 
cells to virus clearance or pathologic manifestations of influenza virus infection in a T 
cell receptor transgenic mouse model. J Exp Med 188:223-232. 

67. Bender, B. S., T. Croghan, L. Zhang, and P. A. Small, Jr. 1992. Transgenic mice lacking 
class I major histocompatibility complex-restricted T cells have delayed viral clearance 
and increased mortality after influenza virus challenge. J Exp Med 175:1143-1145. 

68. Brincks, E. L., A. Katewa, T. A. Kucaba, T. S. Griffith, and K. L. Legge. 2008. CD8 T 
cells utilize TRAIL to control influenza virus infection. J Immunol 181:4918-4925. 

69. Brincks, E. L., T. A. Kucaba, K. L. Legge, and T. S. Griffith. 2008. Influenza-induced 
expression of functional tumor necrosis factor-related apoptosis-inducing ligand on 
human peripheral blood mononuclear cells. Hum Immunol 69:634-646. 

70. Topham, D., R. Tripp, and P. Doherty. 1997. CD8+ T cells clear influenza virus by 
perforin or Fas-dependent processes. J Immunol 159:5197-5200. 

71. Bennett, S. R., F. R. Carbone, F. Karamalis, J. F. Miller, and W. R. Heath. 1997. 
Induction of a CD8+ cytotoxic T lymphocyte response by cross-priming requires cognate 
CD4+ T cell help. J Exp Med 186:65-70. 

72. Topham, D. J., and P. C. Doherty. 1998. Clearance of an influenza A virus by CD4+ T 
cells is inefficient in the absence of B cells. J Virol 72:882-885. 

73. Belz, G. T., D. Wodarz, G. Diaz, M. A. Nowak, and P. C. Doherty. 2002. Compromised 
Influenza Virus-Specific CD8+-T-Cell Memory in CD4+-T-Cell-Deficient Mice. J Virol 
76:12388-12393. 

74. Roman, E., E. Miller, A. Harmsen, J. Wiley, U. H. Von Andrian, G. Huston, and S. L. 
Swain. 2002. CD4 effector T cell subsets in the response to influenza: heterogeneity, 
migration, and function. J Exp Med 196:957-968. 

75. Crowe, C. R., K. Chen, D. A. Pociask, J. F. Alcorn, C. Krivich, R. I. Enelow, T. M. Ross, 
J. L. Witztum, and J. K. Kolls. 2009. Critical role of IL-17RA in immunopathology of 
influenza infection. J Immunol 183:5301-5310. 

76. Teijaro, J. R., D. Verhoeven, C. A. Page, D. Turner, and D. L. Farber. 2010. Memory 
CD4 T Cells Direct Protective Responses to Influenza Virus in the Lungs through Helper-
Independent Mechanisms. J Virol 84:9217-9226. 

77. Richards, K. A., D. Topham, F. A. Chaves, and A. J. Sant. 2010. Cutting Edge: CD4 T 
Cells Generated from Encounter with Seasonal Influenza Viruses and Vaccines Have 
Broad Protein Specificity and Can Directly Recognize Naturally Generated Epitopes 
Derived from the Live Pandemic H1N1 Virus. J Immunol 185:4998-5002. 

78. McKinstry, K. K., T. M. Strutt, and S. L. Swain. 2011. Hallmarks of CD4 T cell 
immunity against influenza. J Intern Medicine 269:507-518. 

79. Mauad, T., L. A. Hajjar, G. D. Callegari, L. F. da Silva, D. Schout, F. R. Galas, V. A. 
Alves, D. M. Malheiros, J. O. Auler, Jr., A. F. Ferreira, M. R. Borsato, S. M. Bezerra, P. 
S. Gutierrez, E. T. Caldini, C. A. Pasqualucci, M. Dolhnikoff, and P. H. Saldiva. 2010. 
Lung pathology in fatal novel human influenza A (H1N1) infection. Am J Respir Crit 
Care Med 181:72-79. 

PhD Thesis - S. M. McCormick McMaster Medical Science



[139] 
 

80. Akaike, T., Y. Noguchi, S. Ijiri, K. Setoguchi, M. Suga, Y. M. Zheng, B. Dietzschold, 
and H. Maeda. 1996. Pathogenesis of influenza virus-induced pneumonia: involvement of 
both nitric oxide and oxygen radicals. PROC NATL ACAD SCI U S A  93:2448-2453. 

81. Jayasekera, J. P., C. G. Vinuesa, G. Karupiah, and N. J. King. 2006. Enhanced antiviral 
antibody secretion and attenuated immunopathology during influenza virus infection in 
nitric oxide synthase-2-deficient mice. J Gen Virol 87:3361-3371. 

82. Xu, L., H. Yoon, M. Q. Zhao, J. Liu, C. V. Ramana, and R. I. Enelow. 2004. Cutting 
edge: pulmonary immunopathology mediated by antigen-specific expression of TNF-
alpha by antiviral CD8+ T cells. J Immunol 173:721-725. 

83. Neuzil, K. M., Y. W. Tang, and B. S. Graham. 1996. Protective Role of TNF-alpha in 
respiratory syncytial virus infection in vitro and in vivo. Am J Med Sci 311:201-204. 

84. Hussell, T., A. Pennycook, and P. J. M. Openshaw. 2001. Inhibition of tumor necrosis 
factor reduces the severity of virus-specific lung immunopathology. Eur J Immunol 
31:2566-2573. 

85. Rutigliano, J. A., and B. S. Graham. 2004. Prolonged Production of TNF-α Exacerbates 
Illness during Respiratory Syncytial Virus Infection. J Immunol 173:3408-3417. 

86. Elewaut, D., P. Jacques, L. Melis, and K. Venken. 2011. Mechanisms Regulating TNF-
Driven Gut and Joint Inflammation. Advances in TNF Family Research. D. Wallach, A. 
Kovalenko, and M. Feldmann, eds. Springer New York. 403-408. 

87. Roulis, M., M. Armaka, M. Manoloukos, M. Apostolaki, and G. Kollias. 2011. Intestinal 
epithelial cells as producers but not targets of chronic TNF suffice to cause murine 
Crohn-like pathology. PROC NATL ACAD SCI U S A  March Early Edition. 

88. Goncalves, N. S., M. Ghaem-Maghami, G. Monteleone, G. Frankel, G. Dougan, D. J. 
Lewis, C. P. Simmons, and T. T. MacDonald. 2001. Critical role for tumor necrosis factor 
alpha in controlling the number of lumenal pathogenic bacteria and immunopathology in 
infectious colitis. Infect Immun 69:6651-6659. 

89. Zganiacz, A., M. Santosuosso, J. Wang, T. Yang, L. Chen, M. Anzulovic, S. Alexander, 
B. Gicquel, Y. Wan, J. Bramson, M. Inman, and Z. Xing. 2004. TNF-α is a critical 
negative regulator of type 1 immune activation during intracellular bacterial infection. J 
Clin Invest 113:401-413. 

90. Baumgarth, N., and A. Kelso. 1996. In vivo blockade of gamma interferon affects the 
influenza virus- induced humoral and the local cellular immune response in lung tissue. J 
Virol 70:4411-4418. 

91. Turner, S. J., E. Olivas, A. Gutierrez, G. Diaz, and P. C. Doherty. 2007. Disregulated 
Influenza A Virus-Specific CD8+ T Cell Homeostasis in the Absence of IFN-γ Signaling. 
J Immunol 178:7616-7622. 

92. Teijaro, J. R., M. N. Njau, D. Verhoeven, S. Chandran, S. G. Nadler, J. Hasday, and D. L. 
Farber. 2009. Costimulation modulation uncouples protection from immunopathology in 
memory T cell responses to influenza virus. J Immunol 182:6834-6843. 

93. Varga, S. M., X. Wang, R. M. Welsh, and T. J. Braciale. 2001. Immunopathology in RSV 
Infection Is Mediated by a Discrete Oligoclonal Subset of Antigen-Specific CD4+ T 
Cells. Immunity 15:637-646. 

94. Kuwano, K., N. Hagimoto, M. Kawasaki, T. Yatomi, N. Nakamura, S. Nagata, T. Suda, 
R. Kunitake, T. Maeyama, H. Miyazaki, and N. Hara. 1999. Essential roles of the Fas-Fas 
ligand pathway in the development of pulmonary fibrosis. The Journal of Clinical 
Investigation 104:13-19. 

95. McKinstry, K. K., T. M. Strutt, A. Buck, J. D. Curtis, J. P. Dibble, G. Huston, M. Tighe, 
H. Hamada, S. Sell, R. W. Dutton, and S. L. Swain. 2009. IL-10 deficiency unleashes an 

PhD Thesis - S. M. McCormick McMaster Medical Science



[140] 
 

influenza-specific Th17 response and enhances survival against high-dose challenge. J 
Immunol 182:7353-7363. 

96. Bowdish, D. M. E., K. Sakamoto, M.-J. Kim, M. Kroos, S. Mukhopadhyay, C. A. Leifer, 
K. Tryggvason, S. Gordon, and D. G. Russell. 2009. MARCO, TLR2, and CD14 Are 
Required for Macrophage Cytokine Responses to Mycobacterial Trehalose Dimycolate 
and Mycobacterium tuberculosis. PLoS Pathog 5:e1000474. 

97. Vander Beken, S., J. a. R. Al Dulayymi, T. Naessens, G. Koza, M. Maza-Iglesias, R. 
Rowles, C. Theunissen, J. De Medts, E. Lanckacker, M. S. Baird, and J. Grooten. 2011. 
Molecular structure of the Mycobacterium tuberculosis virulence factor, mycolic acid, 
determines the elicited inflammatory pattern. Eur J Immunol 41:450-460. 

98. Geisel, R. E., K. Sakamoto, D. G. Russell, and E. R. Rhoades. 2005. In Vivo Activity of 
Released Cell Wall Lipids of Mycobacterium bovis Bacillus Calmette-Guérin Is Due 
Principally to Trehalose Mycolates. J Immunol 174:5007-5015. 

99. Kleinnijenhuis, J., M. Oosting, L. A. Joosten, M. G. Netea, and R. Van Crevel. 2011. 
Innate Immune Recognition of Mycobacterium tuberculosis. Clin Dev Immunol 
2011:405310. 

100. López, M., L. M. Sly, Y. Luu, D. Young, H. Cooper, and N. E. Reiner. 2003. The 19-kDa 
Mycobacterium tuberculosis Protein Induces Macrophage Apoptosis Through Toll-Like 
Receptor-2. J Immunol 170:2409-2416. 

101. Drennan, M. B., D. Nicolle, V. J. Quesniaux, M. Jacobs, N. Allie, J. Mpagi, C. Fremond, 
H. Wagner, C. Kirschning, and B. Ryffel. 2004. Toll-like receptor 2-deficient mice 
succumb to Mycobacterium tuberculosis infection. Am J Pathol 164:49-57. 

102. Sugawara, I., H. Yamada, C. Li, S. Mizuno, O. Takeuchi, and S. Akira. 2003. 
Mycobacterial infection in TLR2 and TLR6 knockout mice. Microbiol Immunol 47:327-
336. 

103. Reiling, N., C. Hölscher, A. Fehrenbach, S. Kröger, C. J. Kirschning, S. Goyert, and S. 
Ehlers. 2002. Cutting Edge: Toll-Like Receptor (TLR)2- and TLR4-Mediated Pathogen 
Recognition in Resistance to Airborne Infection with Mycobacterium tuberculosis. J 
Immunol 169:3480-3484. 

104. Fremond, C. M. C., D. M. M. Nicolle, D. S. Torres, and V. F. J. Quesniaux. 2003. Control 
of Mycobacterium bovis BCG infection with increased inflammation in TLR4-deficient 
mice. Microb Infect 5:1070-1081. 

105. Bafica, A., C. A. Scanga, C. G. Feng, C. Leifer, A. Cheever, and A. Sher. 2005. TLR9 
regulates Th1 responses and cooperates with TLR2 in mediating optimal resistance to 
Mycobacterium tuberculosis. J Exp Med 202:1715-1724. 

106. Ito, T., M. Schaller, C. M. Hogaboam, T. J. Standiford, S. W. Chensue, and S. L. Kunkel. 
2007. TLR9 activation is a key event for the maintenance of a mycobacterial antigen-
elicited pulmonary granulomatous response. Eur J Immunol 37:2847-2855. 

107. Pompei, L., S. Jang, B. Zamlynny, S. Ravikumar, A. McBride, S. P. Hickman, and P. 
Salgame. 2007. Disparity in IL-12 release in dendritic cells and macrophages in response 
to Mycobacterium tuberculosis is due to use of distinct TLRs. J Immunol 178:5192-5199. 

108. Pedrosa, J., B. M. Saunders, R. Appelberg, I. M. Orme, M. T. Silva, and A. M. Cooper. 
2000. Neutrophils Play a Protective Nonphagocytic Role in Systemic Mycobacterium 
tuberculosis Infection of Mice. Infect Immun 68:577-583. 

109. Zhang, X., L. Majlessi, E. Deriaud, C. Leclerc, and R. Lo-Man. 2009. Coactivation of 
Syk kinase and MyD88 adaptor protein pathways by bacteria promotes regulatory 
properties of neutrophils. Immunity 31:761-771. 

PhD Thesis - S. M. McCormick McMaster Medical Science



[141] 
 

110. Feng, C. G., M. Kaviratne, A. G. Rothfuchs, A. Cheever, S. Hieny, H. A. Young, T. A. 
Wynn, and A. Sher. 2006. NK Cell-Derived IFN-γ Differentially Regulates Innate 
Resistance and Neutrophil Response in T Cell-Deficient Hosts Infected with 
Mycobacterium tuberculosis. J Immunol 177:7086-7093. 

111. Martineau, A. R., S. M. Newton, K. A. Wilkinson, B. Kampmann, B. M. Hall, N. 
Nawroly, G. E. Packe, R. N. Davidson, C. J. Griffiths, and R. J. Wilkinson. 2007. 
Neutrophil-mediated innate immune resistance to mycobacteria. J Clin Invest 117:1988-
1994. 

112. Denis, M. 1991. Human neutrophils, activated with cytokines or not, do not kill virulent 
Mycobacterium tuberculosis. J Infect Dis 163:919-920. 

113. Eruslanov, E. B., I. V. Lyadova, T. K. Kondratieva, K. B. Majorov, I. V. Scheglov, M. O. 
Orlova, and A. S. Apt. 2005. Neutrophil responses to Mycobacterium tuberculosis 
infection in genetically susceptible and resistant mice. Infect Immun 73:1744-1753. 

114. Seiler, P., P. Aichele, B. Raupach, B. Odermatt, U. Steinhoff, and S. H. Kaufmann. 2000. 
Rapid neutrophil response controls fast-replicating intracellular bacteria but not slow-
replicating Mycobacterium tuberculosis. J Infect Dis 181:671-680. 

115. Blomgran, R., and J. D. Ernst. 2011. Lung Neutrophils Facilitate Activation of Naive 
Antigen-Specific CD4+ T Cells during Mycobacterium tuberculosis Infection. J Immunol 
186;7110-7119. 

116. Wolf, A. J., B. Linas, G. J. Trevejo-Nunez, E. Kincaid, T. Tamura, K. Takatsu, and J. D. 
Ernst. 2007. Mycobacterium tuberculosis infects dendritic cells with high frequency and 
impairs their function in vivo. J Immunol 179:2509-2519. 

117. Petrofsky, M., and L. E. Bermudez. 1999. Neutrophils from Mycobacterium avium-
infected mice produce TNF-alpha, IL-12, and IL-1 beta and have a putative role in early 
host response. Clin Immunol 91:354-358. 

118. Riedel, D. D., and S. H. Kaufmann. 1997. Chemokine secretion by human 
polymorphonuclear granulocytes after stimulation with Mycobacterium tuberculosis and 
lipoarabinomannan. Infect Immun 65:4620-4623. 

119. Scapini, P., J. A. Lapinet-Vera, S. Gasperini, F. Calzetti, F. Bazzoni, and M. A. 
Cassatella. 2000. The neutrophil as a cellular source of chemokines. Immunol Rev 
177:195-203. 

120. Vankayalapati, R., B. Wizel, S. E. Weis, H. Safi, D. L. Lakey, O. Mandelboim, B. 
Samten, A. Porgador, and P. F. Barnes. 2002. The NKp46 Receptor Contributes to NK 
Cell Lysis of Mononuclear Phagocytes Infected with an Intracellular Bacterium. J 
Immunol 168:3451-3457. 

121. Vankayalapati, R., A. Garg, A. Porgador, D. E. Griffith, P. Klucar, H. Safi, W. M. Girard, 
D. Cosman, T. Spies, and P. F. Barnes. 2005. Role of NK Cell-Activating Receptors and 
Their Ligands in the Lysis of Mononuclear Phagocytes Infected with an Intracellular 
Bacterium. J Immunoly 175:4611-4617. 

122. Schierloh, P., N. Yokobori, M. Alemán, R. M. Musella, M. Beigier-Bompadre, M. A. 
Saab, L. Alves, E. Abbate, S. S. de la Barrera, and M. C. Sasiain. 2005. Increased 
Susceptibility to Apoptosis of CD56dimCD16+ NK Cells Induces the Enrichment of IFN-
γ-Producing CD56bright Cells in Tuberculous Pleurisy. J Immunol 175:6852-6860. 

123. Marcenaro, E., B. Ferranti, M. Falco, L. Moretta, and A. Moretta. 2008. Human NK cells 
directly recognize Mycobacterium bovis via TLR2 and acquire the ability to kill 
monocyte-derived DC. Int Immunol 20:1155-1167. 

124. Junqueira-Kipnis, A. P., A. Kipnis, A. Jamieson, M. G. Juarrero, A. Diefenbach, D. H. 
Raulet, J. Turner, and I. M. Orme. 2003. NK Cells Respond to Pulmonary Infection with 

PhD Thesis - S. M. McCormick McMaster Medical Science



[142] 
 

Mycobacterium tuberculosis, but Play a Minimal Role in Protection. J Immunol 
171:6039-6045. 

125. Chackerian, A., J. Alt, V. Perera, and S. M. Behar. 2002. Activation of NKT Cells 
Protects Mice from Tuberculosis. Infect Immun 70:6302-6309. 

126. Peng, M., Z. Wang, C. Yao, L. Jiang, Q. Jin, J. Wang, and B. Li. 2008. Interleukin 17-
Producing [gamma][delta] T Cells Increased in Patients with Active Pulmonary 
Tuberculosis. Cell Mol Immunol 5:203-208. 

127. Poggi, A., S. Catellani, A. Musso, and M. R. Zocchi. 2009. Gammadelta T lymphocytes 
producing IFNgamma and IL-17 in response to Candida albicans or mycobacterial 
antigens: possible implications for acute and chronic inflammation. Curr Med Chem 
16:4743-4749. 

128. Lockhart, E., A. M. Green, and J. L. Flynn. 2006. IL-17 Production Is Dominated by γδ T 
Cells rather than CD4 T Cells during Mycobacterium tuberculosis Infection. J Immunol 
177:4662-4669. 

129. Okamoto Yoshida, Y., M. Umemura, A. Yahagi, R. L. O’Brien, K. Ikuta, K. Kishihara, 
H. Hara, S. Nakae, Y. Iwakura, and G. Matsuzaki. 2010. Essential Role of IL-17A in the 
Formation of a Mycobacterial Infection-Induced Granuloma in the Lung. J Immunol 
184:4414-4422. 

130. Mogues, T., M. E. Goodrich, L. Ryan, R. LaCourse, and R. J. North. 2001. The Relative 
Importance of T Cell Subsets in Immunity and Immunopathology of Airborne 
Mycobacterium tuberculosis Infection in Mice. J Exp Med 193:271-280. 

131. Orme, I. 1987. The kinetics of emergence and loss of mediator T lymphocytes acquired in 
response to infection with Mycobacterium tuberculosis.  J Immunoly 138:293-298. 

132. Barnes, P. F., A. B. Bloch, P. T. Davidson, and D. E. Snider. 1991. Tuberculosis in 
Patients with Human Immunodeficiency Virus Infection. New Eng J Med 324:1644-1650. 

133. Muller, I., S. P. Cobbold, H. Waldmann, and S. H. Kaufmann. 1987. Impaired resistance 
to Mycobacterium tuberculosis infection after selective in vivo depletion of L3T4+ and 
Lyt-2+ T cells. Infect Immun 55:2037-2041. 

134. Caruso, A. M., N. Serbina, E. Klein, K. Triebold, B. R. Bloom, and J. L. Flynn. 1999. 
Mice Deficient in CD4 T Cells Have Only Transiently Diminished Levels of IFN-γ, Yet 
Succumb to Tuberculosis. J Immunol 162:5407-5416. 

135. Lancioni, C. L., Q. Li, J. J. Thomas, X. Ding, B. Thiel, M. G. Drage, N. D. Pecora, A. G. 
Ziady, S. Shank, C. V. Harding, W. H. Boom, and R. E. Rojas. 2011. Mycobacterium 
tuberculosis Lipoproteins Directly Regulate Human Memory CD4+ T Cell Activation via 
Toll-Like Receptors 1 and 2. Infect Immul 79:663-673. 

136. Cooper, A. M., D. K. Dalton, T. A. Stewart, J. P. Griffin, D. G. Russell, and I. M. Orme. 
1993. Disseminated tuberculosis in interferon gamma gene-disrupted mice. J Exp Med 
178:2243-2247. 

137. Oddo, M., T. Renno, A. Attinger, T. Bakker, H. R. MacDonald, and P. R. A. Meylan. 
1998. Fas Ligand-Induced Apoptosis of Infected Human Macrophages Reduces the 
Viability of Intracellular Mycobacterium tuberculosis. J Immunol 160:5448-5454. 

138. Canaday, D. H., R. J. Wilkinson, Q. Li, C. V. Harding, R. F. Silver, and W. H. Boom. 
2001. CD4+ and CD8+ T Cells Kill Intracellular Mycobacterium tuberculosis by a 
Perforin and Fas/Fas Ligand-Independent Mechanism. J Immunol 167:2734-2742. 

139. Woodworth, J. S., Y. Wu, and S. M. Behar. 2008. Mycobacterium tuberculosis-Specific 
CD8+ T Cells Require Perforin to Kill Target Cells and Provide Protection In Vivo. J 
Immunol 181:8595-8603. 

PhD Thesis - S. M. McCormick McMaster Medical Science



[143] 
 

140. Chackerian, A. A., J. M. Alt, T. V. Perera, C. C. Dascher, and S. M. Behar. 2002. 
Dissemination of Mycobacterium tuberculosis Is Influenced by Host Factors and Precedes 
the Initiation of T-Cell Immunity. Infect Immun 70:4501-4509. 

141. Wolf, A. J., L. Desvignes, B. Linas, N. Banaiee, T. Tamura, K. Takatsu, and J. D. Ernst. 
2008. Initiation of the adaptive immune response to Mycobacterium tuberculosis depends 
on antigen production in the local lymph node, not the lungs. J Exp Med 205:105-115. 

142. Xing, Z., A. Zganiacz, and M. Santosuosso. 2000. Role of IL-12 in macrophage 
activation during intracellular infection: IL-12 and mycobacteria synergistically release 
TNF-alpha and nitric oxide from macrophages via IFN-gamma induction. J Leukoc Biol 
68:897-902. 

143. Tascon, R. E., E. Stavropoulos, K. V. Lukacs, and M. J. Colston. 1998. Protection against 
Mycobacterium tuberculosis Infection by CD8+ T Cells Requires the Production of 
Gamma Interferon. Infect Immun 66:830-834. 

144. Flynn, J. L., J. Chan, K. J. Triebold, D. K. Dalton, T. A. Stewart, and B. R. Bloom. 1993. 
An essential role for interferon gamma in resistance to Mycobacterium tuberculosis 
infection. J Exp Med 178:2249-2254. 

145. Wozniak, T. M., B. M. Saunders, A. A. Ryan, and W. J. Britton. 2010. Mycobacterium 
bovis BCG-specific Th17 cells confer partial protection against Mycobacterium 
tuberculosis infection in the absence of gamma interferon. Infect Immun 78:4187-4194. 

146. Levin, D., S. Constant, T. Pasqualini, R. Flavell, and K. Bottomly. 1993. Role of dendritic 
cells in the priming of CD4+ T lymphocytes to peptide antigen in vivo. J Immunol 
151:6742-6750. 

147. Cleret, A., A. Quesnel-Hellmann, A. Vallon-Eberhard, B. Verrier, S. Jung, D. Vidal, J. 
Mathieu, and J.-N. Tournier. 2007. Lung Dendritic Cells Rapidly Mediate Anthrax Spore 
Entry through the Pulmonary Route. J Immunol 178:7994-8001. 

148. Jakubzick, C., F. Tacke, J. Llodra, N. van Rooijen, and G. J. Randolph. 2006. Modulation 
of dendritic cell trafficking to and from the airways. J Immunol 176:3578-3584. 

149. Kugathasan, K., E. K. Roediger, C. L. Small, S. McCormick, P. Yang, and Z. Xing. 2008. 
CD11c+ antigen presenting cells from the alveolar space, lung parenchyma and spleen 
differ in their phenotype and capabilities to activate naive and antigen-primed T cells. 
BMC Immunol 9:48. 

150. Sung, S. S., S. M. Fu, C. E. Rose, Jr., F. Gaskin, S. T. Ju, and S. R. Beaty. 2006. A major 
lung CD103 (alphaE)-beta7 integrin-positive epithelial dendritic cell population 
expressing Langerin and tight junction proteins. J Immunol 176:2161-2172. 

151. Jahnsen, F. L., D. H. Strickland, J. A. Thomas, I. T. Tobagus, S. Napoli, G. R. Zosky, D. 
J. Turner, P. D. Sly, P. A. Stumbles, and P. G. Holt. 2006. Accelerated antigen sampling 
and transport by airway mucosal dendritic cells following inhalation of a bacterial 
stimulus. J Immunol 177:5861-5867. 

152. GeurtsvanKessel, C. H., M. A. Willart, L. S. van Rijt, F. Muskens, M. Kool, C. Baas, K. 
Thielemans, C. Bennett, B. E. Clausen, H. C. Hoogsteden, A. D. Osterhaus, G. F. 
Rimmelzwaan, and B. N. Lambrecht. 2008. Clearance of influenza virus from the lung 
depends on migratory langerin+CD11b- but not plasmacytoid dendritic cells. J Exp Med 
205:1621-1634. 

153. Vermaelen, K. Y., I. Carro-Muino, B. N. Lambrecht, and R. A. Pauwels. 2001. Specific 
migratory dendritic cells rapidly transport antigen from the airways to the thoracic lymph 
nodes. J Exp Med 193:51-60. 

PhD Thesis - S. M. McCormick McMaster Medical Science



[144] 
 

154. Anis, M. M., S. A. Fulton, S. M. Reba, Y. Liu, C. V. Harding, and W. H. Boom. 2007. 
Modulation of pulmonary dendritic-cell function during mycobacterial infection. Infect 
Immun 76(2):671-677. 

155. Sallusto, F., P. Schaerli, P. Loetscher, C. Schaniel, D. Lenig, C. R. Mackay, S. Qin, and 
A. Lanzavecchia. 1998. Rapid and coordinated switch in chemokine receptor expression 
during dendritic cell maturation. Eur J Immunol 28:2760-2769. 

156. Dieu, M.-C., B. Vanbervliet, A. Vicari, J.-M. Bridon, E. Oldham, S. Aït-Yahia, F. Brière, 
A. Zlotnik, S. Lebecque, and C. Caux. 1998. Selective Recruitment of Immature and 
Mature Dendritic Cells by Distinct Chemokines Expressed in Different Anatomic Sites.  J 
Exp Med 188:373-386. 

157. Sanchez-Sanchez, N., L. Riol-Blanco, and J. L. Rodriguez-Fernandez. 2006. The Multiple 
Personalities of the Chemokine Receptor CCR7 in Dendritic Cells. J Immunol 176:5153-
5159. 

158. McCormick, S., M. Santosuosso, C.-L. Small, C. R. Shaler, X. Zhang, M. Jeyanathan, J. 
Mu, S. Takenaka, P. Ngai, J. Gauldie, Y. Wan, and Z. Xing. 2008. Mucosally Delivered 
Dendritic Cells Activate T Cells Independently of IL-12 and Endogenous APCs. J 
Immunol 181:2356-2367. 

159. Khader, S. A., S. Partida-Sanchez, G. Bell, D. M. Jelley-Gibbs, S. Swain, J. E. Pearl, N. 
Ghilardi, F. J. Desauvage, F. E. Lund, and A. M. Cooper. 2006. Interleukin 12p40 is 
required for dendritic cell migration and T cell priming after Mycobacterium tuberculosis 
infection. J Exp Med 203:1805-1815. 

160. Day, T. A., M. Koch, G. Nouailles, M. Jacobsen, G. A. Kosmiadi, D. Miekley, S. 
Kuhlmann, S. Jorg, P. Gamradt, H. J. Mollenkopf, R. Hurwitz, S. T. Reece, S. H. 
Kaufmann, and M. Kursar. 2010. Secondary lymphoid organs are dispensable for the 
development of T-cell-mediated immunity during tuberculosis. Eur J Immunol 40:1663-
1673. 

161. Tian, T., J. Woodworth, M. Skold, and S. M. Behar. 2005. In Vivo Depletion of CD11c+ 
Cells Delays the CD4+ T Cell Response to Mycobacterium tuberculosis and Exacerbates 
the Outcome of Infection. J Immunol 175:3268-3272. 

162. Heer, A. K., N. L. Harris, M. Kopf, and B. J. Marsland. 2008. CD4+ and CD8+ T cells 
exhibit differential requirements for CCR7-mediated antigen transport during influenza 
infection. J Immunol 181:6984-6994. 

163. Szabo, S. J., S. T. Kim, G. L. Costa, X. Zhang, C. G. Fathman, and L. H. Glimcher. 2000. 
A Novel Transcription Factor, T-bet, Directs Th1 Lineage Commitment. Cell 100:655-
669. 

164. Ylikoski, E., R. Lund, M. Kyläniemi, S. Filén, M. Kilpeläinen, J. Savolainen, and R. 
Lahesmaa. 2005. IL-12 up-regulates T-bet independently of IFN-γ in human CD4+ T 
cells. Eur J Immunol 35:3297-3306. 

165. Lord, G. M., R. M. Rao, H. Choe, B. M. Sullivan, A. H. Lichtman, F. W. Luscinskas, and 
L. H. Glimcher. 2005. T-bet is required for optimal proinflammatory CD4+ T-cell 
trafficking. Blood 106:3432-3439. 

166. Macatonia, S., N. Hosken, M. Litton, P. Vieira, C. Hsieh, J. Culpepper, M. Wysocka, G. 
Trinchieri, K. Murphy, and A. O'Garra. 1995. Dendritic cells produce IL-12 and direct the 
development of Th1 cells from naive CD4+ T cells. J Immunol 154:5071-5079. 

167. Algeciras-Schimnich, A., T. S. Griffith, D. H. Lynch, and C. V. Paya. 1999. Cell cycle-
dependent regulation of FLIP levels and susceptibility to Fas-mediated apoptosis. J 
Immunol 162:5205-5211. 

PhD Thesis - S. M. McCormick McMaster Medical Science



[145] 
 

168. Wojciechowski, S., M. B. Jordan, Y. Zhu, J. White, A. J. Zajac, and D. A. Hildeman. 
2006. Bim mediates apoptosis of CD127(lo) effector T cells and limits T cell memory. 
Eur J Immunol 36:1694-1706. 

169. Alderson, M. R., T. W. Tough, T. Davis-Smith, S. Braddy, B. Falk, K. A. Schooley, R. G. 
Goodwin, C. A. Smith, F. Ramsdell, and D. H. Lynch. 1995. Fas ligand mediates 
activation-induced cell death in human T lymphocytes. J Exp Med 181:71-77. 

170. Zhang, X., T. Brunner, L. Carter, R. W. Dutton, P. Rogers, L. Bradley, T. Sato, J. C. 
Reed, D. Green, and S. L. Swain. 1997. Unequal Death in T Helper Cell (Th)1 and Th2 
Effectors: Th1, but not Th2, Effectors Undergo Rapid Fas/FasL-mediated Apoptosis. J 
Exp Med 185:1837-1849. 

171. Sakaguchi, S., T. Yamaguchi, T. Nomura, and M. Ono. 2008. Regulatory T Cells and 
Immune Tolerance. Cell 133:775-787. 

172. von Boehmer, H. 2005. Mechanisms of suppression by suppressor T cells. Nat Immunol 
6:338-344. 

173. Belkaid, Y., and B. T. Rouse. 2005. Natural regulatory T cells in infectious disease. Nat 
Immunol 6:353-360. 

174. Chappert, P., M. Leboeuf, P. Rameau, M. Lalfer, S. Desbois, R. S. Liblau, O. Danos, J. 
M. Davoust, and D.-A. Gross. 2010. Antigen-specific Treg impair CD8+ T-cell priming 
by blocking early T-cell expansion. Eur J Immunol 40:339-350. 

175. Williams-Bey, Y., J. Jian and D.M. Murasko. 2009. Expansion of Tregs in Aged, but not 
young Mice following Influenza Infection. Am Assoc Immunol 182 (Meeting Abstract 
Supplement) 89.7   

176. Guyot-Revol, V., J. A. Innes, S. Hackforth, T. Hinks, and A. Lalvani. 2006. Regulatory T 
Cells Are Expanded in Blood and Disease Sites in Patients with Tuberculosis. Am. J. 
Respir Crit Care Med 173:803-810. 

177. Coleman, M. M., J. Keane, and K. H. G. Mills. 2010. Editorial: Tregs and BCG—
dangerous liaisons in TB. J Leuk Biol 88:1067-1069. 

178. Almeida, A. S., P. M. Lago, N. Boechat, R. C. Huard, L. C. O. Lazzarini, A. R. Santos, 
M. Nociari, H. Zhu, B. M. Perez-Sweeney, H. Bang, Q. Ni, J. Huang, A. L. Gibson, V. C. 
Flores, L. R. Pecanha, A. L. Kritski, J. R. Lapa e Silva, and J. L. Ho. 2009. Tuberculosis 
Is Associated with a Down-Modulatory Lung Immune Response That Impairs Th1-Type 
Immunity. J Immunol 183:718-731. 

179. Li, L., S. H. Lao, and C. Y. Wu. 2007. Increased frequency of CD4(+)CD25(high) Treg 
cells inhibit BCG-specific induction of IFN-gamma by CD4(+) T cells from TB patients. 
Tuberculosis (Edinb) 87:526-534. 

180. Li, L., D. Qiao, X. Zhang, Z. Liu, and C. Wu. 2011. The immune responses of central and 
effector memory BCG-specific CD4+ T cells in BCG-vaccinated PPD+ donors were 
modulated by Treg cells. Immunobiology 216:477-484. 

181. Boonstra, A., R. Rajsbaum, M. Holman, R. Marques, C. Asselin-Paturel, J. P. Pereira, E. 
E. M. Bates, S. Akira, P. Vieira, Y.-J. Liu, G. Trinchieri, and A. O’Garra. 2006. 
Macrophages and Myeloid Dendritic Cells, but Not Plasmacytoid Dendritic Cells, 
Produce IL-10 in Response to MyD88- and TRIF-Dependent TLR Signals, and TLR-
Independent Signals. J Immunol 177:7551-7558. 

182. Shaler, C. R., K. Kugathasan, S. McCormick, D. Damjanovic, C. Horvath, C. L. Small, 
M. Jeyanathan, X. Chen, P. C. Yang, and Z. Xing. 2011. Pulmonary mycobacterial 
granuloma increased IL-10 production contributes to establishing a symbiotic host-
microbe microenvironment. Am J Pathol 178:1622-1634. 

PhD Thesis - S. M. McCormick McMaster Medical Science



[146] 
 

183. Corinti, S., C. Albanesi, A. la Sala, S. Pastore, and G. Girolomoni. 2001. Regulatory 
Activity of Autocrine IL-10 on Dendritic Cell Functions. JImmunol 166:4312-4318. 

184. Langenkamp, A., M. Messi, A. Lanzavecchia, and F. Sallusto. 2000. Kinetics of dendritic 
cell activation: impact on priming of TH1, TH2 and nonpolarized T cells. Nat Immunol 
1:311-316. 

185. Baskin, C. R., H. Bielefeldt-Ohmann, T. M. Tumpey, P. J. Sabourin, J. P. Long, A. 
García-Sastre, A.-E. Tolnay, R. Albrecht, J. A. Pyles, P. H. Olson, L. D. Aicher, E. R. 
Rosenzweig, K. Murali-Krishna, E. A. Clark, M. S. Kotur, J. L. Fornek, S. Proll, R. E. 
Palermo, C. L. Sabourin, and M. G. Katze. 2009. Early and sustained innate immune 
response defines pathology and death in nonhuman primates infected by highly 
pathogenic influenza virus. Proc Natl Acad Sci U S A 106:3455-3460. 

186. Perrone, L. A., J. K. Plowden, A. García-Sastre, J. M. Katz, and T. M. Tumpey. 2008. 
H5N1 and 1918 Pandemic Influenza Virus Infection Results in Early and Excessive 
Infiltration of Macrophages and Neutrophils in the Lungs of Mice. PLoS Pathog 
4:e1000115. 

187. Zhang, X., M. Divangahi, P. Ngai, M. Santosuosso, J. Millar, A. Zganiacz, J. Wang, J. 
Bramson, and Z. Xing. 2007. Intramuscular immunization with a monogenic plasmid 
DNA tuberculosis vaccine: Enhanced immunogenicity by electroporation and co-
expression of GM-CSF transgene. Vaccine 25:1342-1352. 

188. Wang, J., A. Zganiacz, and Z. Xing. 2002. Enhanced immunogenicity of BCG vaccine by 
using a viral-based GM-CSF transgene adjuvant formulation. Vaccine 20:2887-2898. 

189. Zhang, S.-N., I.-K. Choi, J.-H. Huang, J.-Y. Yoo, K.-J. Choi, and C.-O. Yun. 2011. 
Optimizing DC Vaccination by Combination With Oncolytic Adenovirus Coexpressing 
IL-12 and GM-CSF. Mol Ther (e-pub ahead of print).  

190. Zhao, Y., K. Cheng, Y. Wu, X. C. Peng, Y. Chen, B. X. Tan, J. Ge, H. Dong, M. Wei, F. 
Gao, J. M. Su, J. M. Hou, and J. Y. Liu. 2011. Interleukin-15 enhances T-cell responses 
by stimulation with dendritic cells. Clin Transl Oncol 13:275-280. 

191. Lanier, L. L. 2009. DAP10- and DAP12-associated receptors in innate immunity. 
Immunol Rev 227:150-160. 

192. Turnbull, I. R., and M. Colonna. 2007. Activating and inhibitory functions of DAP12. Nat 
Rev Immunol 7:155-161. 

193. Lanier, L. L., and A. B. Bakker. 2000. The ITAM-bearing transmembrane adaptor 
DAP12 in lymphoid and myeloid cell function. Immunol Today 21:611-614. 

194. Hamerman, J. A., M. Ni, J. R. Killebrew, C. L. Chu, and C. A. Lowell. 2009. The 
expanding roles of ITAM adapters FcRgamma and DAP12 in myeloid cells. Immunol Rev 
232:42-58. 

195. Aoki, N., S. Kimura, and Z. Xing. 2003. Role of DAP12 in innate and adaptive immune 
responses. Curr Pharm Des 9:7-10. 

196. Takaki, R., S. R. Watson, and L. L. Lanier. 2006. DAP12: an adapter protein with dual 
functionality. Immunological Reviews 214:118-129. 

197. French, A. R., H. Sjolin, S. Kim, R. Koka, L. Yang, D. A. Young, C. Cerboni, E. 
Tomasello, A. Ma, E. Vivier, K. Karre, and W. M. Yokoyama. 2006. DAP12 signaling 
directly augments proproliferative cytokine stimulation of NK cells during viral 
infections. J Immunol 177:4981-4990. 

198. Sjolin, H., E. Tomasello, M. Mousavi-Jazi, A. Bartolazzi, K. Karre, E. Vivier, and C. 
Cerboni. 2002. Pivotal role of KARAP/DAP12 adaptor molecule in the natural killer cell-
mediated resistance to murine cytomegalovirus infection. J Exp Med 195:825-834. 

PhD Thesis - S. M. McCormick McMaster Medical Science



[147] 
 

199. Bakker, A. B., E. Baker, G. R. Sutherland, J. H. Phillips, and L. L. Lanier. 1999. Myeloid 
DAP12-associating lectin (MDL)-1 is a cell surface receptor involved in the activation of 
myeloid cells. Proc Natl Acad Sci U S A 96:9792-9796. 

200. Bouchon, A., J. Dietrich, and M. Colonna. 2000. Cutting edge: inflammatory responses 
can be triggered by TREM-1, a novel receptor expressed on neutrophils and monocytes. J 
Immunol 164:4991-4995. 

201. Bouchon, A., F. Facchetti, M. A. Weigand, and M. Colonna. 2001. TREM-1 amplifies 
inflammation and is a crucial mediator of septic shock. Nature 410:1103-1107. 

202. Hamerman, J. A., J. R. Jarjoura, M. B. Humphrey, M. C. Nakamura, W. E. Seaman, and 
L. L. Lanier. 2006. Cutting edge: inhibition of TLR and FcR responses in macrophages 
by triggering receptor expressed on myeloid cells (TREM)-2 and DAP12. J Immunol 
177:2051-2055. 

203. Hamerman, J. A., N. K. Tchao, C. A. Lowell, and L. L. Lanier. 2005. Enhanced Toll-like 
receptor responses in the absence of signaling adaptor DAP12. Nat Immunol 6:579-586. 

204. Tessarz, A. S., S. Weiler, K. Zanzinger, P. Angelisova, V. Horejsi, and A. Cerwenka. 
2007. Non-T cell activation linker (NTAL) negatively regulates TREM-1/DAP12-
induced inflammatory cytokine production in myeloid cells. J Immunol 178:1991-1999. 

205. Bakker, A. B., R. M. Hoek, A. Cerwenka, B. Blom, L. Lucian, T. McNeil, R. Murray, L. 
H. Phillips, J. D. Sedgwick, and L. L. Lanier. 2000. DAP12-deficient mice fail to develop 
autoimmunity due to impaired antigen priming. Immunity 13:345-353. 

206. Sjolin, H., S. H. Robbins, G. Bessou, A. Hidmark, E. Tomasello, M. Johansson, H. Hall, 
F. Charifi, G. B. K. Hedestam, C. A. Biron, K. Karre, P. Hoglund, E. Vivier, and M. 
Dalod. 2006. DAP12 Signaling Regulates Plasmacytoid Dendritic Cell Homeostasis and 
Down-Modulates Their Function during Viral Infection. J Immunol 177:2908-2916. 

207. Divangahi, M., T. Yang, K. Kugathasan, S. McCormick, S. Takenaka, G. Gaschler, A. 
Ashkar, M. Stampfli, J. Gauldie, J. Bramson, T. Takai, E. Brown, W. M. Yokoyama, N. 
Aoki, and Z. Xing. 2007. Critical Negative Regulation of Type 1 T Cell Immunity and 
Immunopathology by Signaling Adaptor DAP12 during Intracellular Infection. J Immunol 
179:4015-4026. 

208. Aoki, N., A. Zganiacz, P. Margetts, and Z. Xing. 2004. Differential regulation of DAP12 
and molecules associated with DAP12 during host responses to mycobacterial infection. 
Infect Immun 72:2477-2483. 

209. Turnbull, I. R., J. E. McDunn, T. Takai, R. R. Townsend, J. P. Cobb, and M. Colonna. 
2005. DAP12 (KARAP) amplifies inflammation and increases mortality from 
endotoxemia and septic peritonitis. J Exp Med 202:363-369. 

210. Turnbull, I. R., S. Gilfillan, M. Cella, T. Aoshi, M. Miller, L. Piccio, M. Hernandez, and 
M. Colonna. 2006. Cutting edge: TREM-2 attenuates macrophage activation. J Immunol 
177:3520-3524. 

211. Bakker, A. B. H., R. M. Hoek, A. Cerwenka, B. Blom, L. Lucian, T. McNeil, R. Murray, 
J. H. Phillips, J. D. Sedgwick, and L. L. Lanier. 2000. DAP12-Deficient Mice Fail to 
Develop Autoimmunity Due to Impaired Antigen Priming. Immunity 13:345-353. 

212. Graham, D. B., H. M. Akilesh, G. B. Gmyrek, L. Piccio, S. Gilfillan, J. Sim, R. Belizaire, 
J. A. Carrero, Y. Wang, G. S. Blaufuss, G. Sandoval, K. Fujikawa, A. H. Cross, J. H. 
Russell, M. Cella, and W. Swat. 2010. ITAM signaling in dendritic cells controls T helper 
cell priming by regulating MHC class II recycling. Blood 116:3208-3218. 

213. Sumpter, T. L., V. Packiam, H. R. Turnquist, A. Castellaneta, O. Yoshida, and A. W. 
Thomson. 2011. DAP12 Promotes IRAK-M Expression and IL-10 Production by Liver 

PhD Thesis - S. M. McCormick McMaster Medical Science



[148] 
 

Myeloid Dendritic Cells and Restrains Their T Cell Allostimulatory Ability. J Immunol)e-
pub ahead of print). 

214. Wolf, A. J., B. Linas, G. J. Trevejo-Nuñez, E. Kincaid, T. Tamura, K. Takatsu, and J. D. 
Ernst. 2007. Mycobacterium tuberculosis Infects Dendritic Cells with High Frequency 
and Impairs Their Function In Vivo. J Immunol 179:2509-2519. 

215. Wolf, A. J., L. Desvignes, B. Linas, N. Banaiee, T. Tamura, K. Takatsu, and J. D. Ernst. 
2008. Initiation of the adaptive immune response to Mycobacterium tuberculosis depends 
on antigen production in the local lymph node, not the lungs. J Exp Med 205:105-115. 

216. Reiley, W. W., M. D. Calayag, S. T. Wittmer, J. L. Huntington, J. E. Pearl, J. J. Fountain, 
C. A. Martino, A. D. Roberts, A. M. Cooper, G. M. Winslow, and D. L. Woodland. 2008. 
ESAT-6-specific CD4 T cell responses to aerosol Mycobacterium tuberculosis infection 
are initiated in the mediastinal lymph nodes. Proc Natl Acad Sci U S A 105:10961-10966. 

217. Cardona, P. J., I. Amat, S. Gordillo, V. Arcos, E. Guirado, J. Diaz, C. Vilaplana, G. 
Tapia, and V. Ausina. 2005. Immunotherapy with fragmented Mycobacterium 
tuberculosis cells increases the effectiveness of chemotherapy against a chronical 
infection in a murine model of tuberculosis. Vaccine 23:1393-1398. 

218. Brown, D. M., E. Román, and S. L. Swain. 2004. CD4 T cell responses to influenza 
infection. Semin Immunol 16:171-177. 

219. Wiley, J. A., A. Cerwenka, J. R. Harkema, R. W. Dutton, and A. G. Harmsen. 2001. 
Production of Interferon-{{gamma}} by Influenza Hemagglutinin-Specific CD8 Effector 
T Cells Influences the Development of Pulmonary Immunopathology. Am J Pathol 
158:119-130. 

220. La Gruta, N. L., K. Kedzierska, J. Stambas, and P. C. Doherty. 2007. A question of self-
preservation: immunopathology in influenza virus infection. Immunol Cell Biol 85:85-92. 

221. Hall, H. T., H. Sjolin, H. Brauner, E. Tomasello, M. Dalod, E. Vivier, and P. Hoglund. 
2008. Increased diabetes development and decreased function of CD4+CD25+ Treg in the 
absence of a functional DAP12 adaptor protein. Eur J Immunol 38:3191-3199. 

222. Guler, R., M. Afshar, B. Arendse, S. P. Parihar, M. Revaz-Breton, M. Leitges, A. 
Schwegmann, and F. Brombacher. 2011. PKCδ regulates IL-12p40/p70 production by 
macrophages and dendritic cells, driving a type 1 healer phenotype in cutaneous 
leishmaniasis. Eur J Immunol 41:706-715. 

223. Rivera, A., T. M. Hohl, N. Collins, I. Leiner, A. Gallegos, S. Saijo, J. W. Coward, Y. 
Iwakura, and E. G. Pamer. 2011. Dectin-1 diversifies Aspergillus fumigatus–specific T 
cell responses by inhibiting T helper type 1 CD4 T cell differentiation. The Journal of 
Experimental Medicine 208:369-381. 

224. Malowany, J. I., S. McCormick, M. Santosuosso, X. Zhang, N. Aoki, P. Ngai, J. Wang, J. 
Leitch, J. Bramson, Y. Wan, and Z. Xing. 2006. Development of Cell-Based Tuberculosis 
Vaccines: Genetically Modified Dendritic Cell Vaccine Is a Much More Potent Activator 
of CD4 and CD8 T Cells Than Peptide- or Protein-Loaded Counterparts. Mol Ther 
13:766-775. 

225. Grassi, F., A. Hosmalin, D. McIlroy, V. Calvez, P. Debré, and B. Autran. 1999. Depletion 
in blood CD11c-positive dendritic cells from HIV-infected patients. AIDS 13:759-766. 

226. Pacanowski, J., S. Kahi, M. Baillet, P. Lebon, C. Deveau, C. Goujard, L. Meyer, E. 
Oksenhendler, M. Sinet, and A. Hosmalin. 2001. Reduced blood CD123+ (lymphoid) and 
CD11c+ (myeloid) dendritic cell numbers in primary HIV-1 infection. Blood 98:3016-
3021. 

227. Boudreau, J. E., A. Bonehill, K. Thielemans, and Y. Wan. 2011. Engineering dendritic 
cells to enhance cancer immunotherapy. Mol Ther 19:841-853. 

PhD Thesis - S. M. McCormick McMaster Medical Science



[149] 
 

228. Narayanan, P., N. Lapteva, M. Seethammagari, J. M. Levitt, K. M. Slawin, and D. M. 
Spencer. 2011. A composite MyD88/CD40 switch synergistically activates mouse and 
human dendritic cells for enhanced antitumor efficacy. J  Clin Invest 121:1524-1534. 

229. Lapteva, N., M. R. Seethammagari, B. A. Hanks, J. Jiang, J. M. Levitt, K. M. Slawin, and 
D. M. Spencer. 2007. Enhanced Activation of Human Dendritic Cells by Inducible CD40 
and Toll-like Receptor-4 Ligation. Cancer Res 67:10528-10537. 

230. Turnis, M. E., X.-T. Song, A. Bear, A. E. Foster, S. Gottschalk, M. K. Brenner, S.-Y. 
Chen, and C. M. Rooney. 2010. IRAK-M Removal Counteracts Dendritic Cell Vaccine 
Deficits in Migration and Longevity. J Immunol 185:4223-4232. 

231. Chen, M., Y. G. Li, D. Z. Zhang, Z. Y. Wang, W. Q. Zeng, X. F. Shi, Y. Guo, S. H. Guo, 
and H. Ren. 2005. Therapeutic effect of autologous dendritic cell vaccine on patients with 
chronic hepatitis B: a clinical study. World J Gastroenterol 11:1806-1808. 

 
 
 
 

 
  

PhD Thesis - S. M. McCormick McMaster Medical Science



[150] 
 

Appendix I: 
 

Review article: Pulmonary mucosal dendritic cells in T cell activation: implications 
for TB therapy 

 
Sarah McCormick, Christopher R. Shaler and Zhou Xing 

 
 

Published in Expert Review of Respiratory Medicine, 2011, 5(1):75-85 
© Expert Reviews Ltd, 2011 
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Review article: Manipulation if dendritic cells for host defence against intracellular 
infections 
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