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iThis thesis describes our work on the characterization of the human lung T cell immune 
system. In this introduction I will first illustrate the relevance of our research by pointing 
out the impact of some of the most prevalent lung diseases on global health. All of these 
diseases might be prevented or alleviated by adequate T cell function, or caused or 
aggravated by inadequate T cell function. Then I will discuss the basic components of the 
immune system and their function, the nature and location of antigen-recognition by T 
cells, the importance of local T cell memory and the role of T cells in chronic obstructive 
pulmonary disease (COPD). I will conclude by briefly describing the scope and contents of 
this thesis.

Global impact of pulmonary disease
The lung parenchyma is only separated from the outside world by the one-cell-layer thick 
epithelial barrier, which makes the lung an entrance site for pathogens and noxious gases and 
particles that are present in the inhaled air 1. Resulting infections and sterile inflammation 
not only cause direct morbidity and mortality, but also predispose to the later development 
of malignancy and COPD 2-4. The mechanisms behind this are not fully elucidated, but there 
is strong evidence that inflammasome activation by frustrated phagocytosis of particles 
plays a role in malignant degeneration after inhalation of crystals, such as asbestos 5.  
Also, it has been demonstrated that inflammatory cell proteinases are capable of releasing 
growth factors that drive malignant conversion of dysplastic cells 6. Respiratory infections, 
pulmonary malignancies and COPD pose a major global health burden. Lower respiratory 
infection is the third, COPD the fourth and pulmonary malignancy the seventh cause of 
death worldwide. In high-income countries pulmonary malignancy is even the third cause 
of death, and it is the number one cause of global malignancy-related death 7. Finally, all 
these diseases cause frequent and severe morbidity, making them not only a health, but also 
an economic burden.

The human immune system
The defense against viral infections and malignant degeneration in humans is orchestrated 
by a cooperation of the innate and adaptive immune systems. The innate immune system 
consists of cellular and non-cellular components. Non-cellular components are the 
complement system and anti-microbial proteins such as defensins and surfactant proteins, 
which can be secreted by airway epithelial cells 8;9. Cellular components are dendritic cells 
(DCs), granulocytes, macrophages and natural killer (NK) cells 10.   Innate immune cells 
react immediately to possible threats and facilitate and coordinate the subsequent reaction 
of the adaptive immune system 11.  NK cells detect downregulation of MHC-molecules on 
aberrant cells and are subsequently able to kill these cells via cytotoxicity. Most of the other 
innate immune cells recognize pathogen-associated molecular patterns (PAMPs) that are 
broadly expressed by microorganisms or by host cells in response to cellular stress 12;13. 
They engulf pathogens and process them into peptide antigens that are presented to T cells 
in the context of MHC-molecules. In addition, an inflammatory response is triggered that 
leads to increased microbicidal and cytotoxic function of immune cells and clearance of the 
eliciting agent 14-16.
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i B and T lymphocytes form the cellular components of the adaptive immune system. 
Contrary to innate cells, B and T cells recognize antigens very specifically. Each cell 
has its unique, single specificity 10. B cells recognize antigen via membrane- bound 
immunoglobulin (Ig) that forms the B cell receptor. Each B cell produces Ig (or antibody) 
of a single specificity. Activated B cells can differentiate into memory B cells, or plasma cells 
that secrete antibodies. These antibodies are in fact secreted B cell receptors. Antibodies can 
bind to the surface of a pathogen, thereby preventing binding of pathogens to target cells 
(neutralization) and facilitating uptake of pathogens by phagocytic cells (opsonization). 
Activation of the complement system by antibodies can lead to enhanced opsonization of 
pathogens, recruitment of phagocytic cells and even direct lysis of microorganisms by pore-
forming 10. 

T cells recognize antigen via their membrane-bound T cell receptor that is structurally 
related to immunoglobulins. Although immunoglobulins recognize antigen directly, T cell 
receptors recognize pathogen-derived short peptide fragments that are bound to major 
histocompatibility complex (MHC) molecules on the surfaces of other cells. Based on this 
recognition, an important dichotomy can be made. T cells expressing CD4 recognize antigen 
in an MHC class II context and T cells expressing CD8 recognize antigen in the context of 
MHC class I 10. All nucleated cells express class I, whereas class II is only expressed by 
professional antigen presenting cells (APCs), such as dendritic cells, macrophages and B 
cells. Cytosolic proteins are generally presented in MHC class I. Extracellular proteins on 
the other hand, are taken up and processed by APCs, to be presented in MHC class II.   T 
cells differentiate into memory or effector cells upon encounter with their specific antigen. 
They are able to kill infected or malignant cells (mainly CD8+ T cells) and provide help to 
other immune cells (mainly CD4+ T cells). 

Upon first encounter with a pathogen T and B cells require more time to react than 
innate immune cells, but their highly specialized nature ensures an efficient defense without 
the collateral damage of innate protection mechanisms. The key trait of B and T cells is 
their capacity to undergo clonal expansion upon recognition of their specific antigen. In 
response to pathogens, naive antigen-specific CD8+ T cells can divide more than 15 times, 
leading to a total expansion of as much as 50,000-fold. This process creates a large army 
of effector T lymphocytes within a week 17-19. After clearance of the pathogen, the antigen-
specific effector CD8+ T cell pool undergoes contraction by apoptosis, and the remaining 
cells (5-10% of the initial burst size) survive as memory cells and establish a  memory 
population that can be maintained for life 20;21. This immunological memory provides often 
life-long protection against recurring infections with the same or related pathogens 10. 
Viruses such as the influenza virus can escape this immunological defense mechanism by 
mutation. Most frequently, they change their external proteins, which are recognized by 
antibodies and in this way they may circumvent B cell mediated immunity 22. Memory T 
cells however are often specific for the highly conserved internal virus proteins, and are 
therefore able to mount recall responses against a broader range of virus strains 1;23. 
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T cells can be divided into αβ and γδ T cells. The T cell receptor (TCR) of γδ T cells is made 
up of invariant gamma and delta chains, whereas the αβ-TCR consists of highly variable 
alpha and beta chains. γδ T cells recognize conserved stress-induced ligands in an MHC-
independent way 10;16;24;25. Mucosal T cell pools are enriched for γδ T cells, although this 
enrichment is much stronger in mice than in humans 26. The exact function of γδ T cells 
in humans still has to be elucidated, but in mice they play a role in pathogen clearance, 
inflammation and tissue homeostasis in response to tissue stress 16;27;28.

 αβ T cells (further on and previously referred to as T cells) are antigen-specific and 
recognize a composite of pathogen-derived peptides and MHC molecules. As mentioned 
earlier, they can be divided in T cells expressing CD4 and T cells expressing CD8, based 
on this recognition. An enormous diversity in antigen-specificity is created by genetic 
recombination of the αβ-TCR in the thymus. However, some of these TCRs will by chance 
recognize self antigens or have insufficient affinity to adequately bind alien antigens. To 
prevent  strong auto-immunity and to ensure efficient protective immune responses, these 
cells are eliminated by thymic selection 29. Further, also outside the thymus selection takes 
place. Auto-reactive T cells in the periphery are either eliminated by activation-induced 
cell death, or rendered anergic 10. Still, a highly diverse peripheral TCR-repertoire is 
generated. Such a high diversity leads to a low frequency of  each individual TCR,  raising 
the question how naïve antigen-specific T cells can quickly encounter their specific antigen 
upon infection 30.

T cell migration and function 
The solution to this problem lies in the highly organized structure of the immune system. 
Matured T cells leave the thymus to enter the bloodstream, from which they migrate to the 
secondary lymphoid organs (spleen, lymph nodes, tonsils and Peyer’s patches). Naïve T 
cells continually recirculate through these organs 10. Dendritic cells take up antigen at sites 
of infection and migrate to the secondary lymphoid organs to present this antigen to T cells. 
When T cells recognize their specific antigen via their TCR (signal 1) and at the same time 
receive co-stimulatory signals from the antigen presenting cell (signal 2), they proliferate 
and differentiate into effector cells.  Signal 3, required for the polarization of the T cell, is 
mediated by various soluble or membrane-bound factors, The nature of signal 3 strongly 
depends on the conditions under which DCs are primed and is determined by the activation 
of particular PRRs on DCs by pathogen-associated molecular patterns or inflammatory 
tissue factors 31. Thus, the nature of the antigen, the characteristics of the antigen presenting 
cell and the local milieu at the antigen presentation site induce the desired T cell phenotype 
and function.  By downregulation of lymph node homing markers and upregulation of 
chemokinereceptors that induce migration to inflamed tissue, T cells subsequently migrate 
to the site of infection to carry out their effector function 1;32. 

Effector CD8+ T cells kill virus infected epithelial cells via the perforin-granzyme B 
pathway (cytotoxicity) 33. In addition, they produce chemokines and cytokines that can 
attract and activate other immune cells and that also have direct effector functions such 
as inhibition of viral replication 34. CD4+ T cells provide essential help for B cell isotype 
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i switching and somatic hypermutation to generate high-affinity antibodies, for macrophage 
antimicrobial activity and for CD8+ T cell memory and effector function 35. Also, they can 
exert effector functions themselves by means of cytotoxicity 36 and the production of effector 
cytokines 37-41. On the other hand, CD4+ T cells are pivotal for downregulation of immune 
responses and prevention of auto-immune disease 42;43. Downregulation or termination of the 
immune response is just as vital as its initiation. Mice that have disorders in the mechanisms 
regulating these processes develop severe, often lethal immunological disease 44-46. 

Local memory T cells 
As mentioned earlier, local memory T cells provide long-term protection against infections. 
These memory cells are often maintained at the site of initial infection, as reinfection with 
the same or related pathogens most likely occurs via the same route. In mice, these local 
memory cells have been shown to be capable of mounting a fast and efficient response upon 
reinfection, thus ameliorating disease outcome 37;47;48.  In humans, CD4+ and CD8+ T cells 
are abundantly present in both the airways and the lung parenchyma 49. Previous research 
by our group has shown that these human lung T cell pools contain CD4+ and CD8+ T cells 
specific for respiratory viruses 50;51. These cells have a different phenotype than cells with 
the same virus specificity in the peripheral blood 50. These findings suggest that recurring 
respiratory infection in the lung is guarded by a local resident T cell pool. Importantly, 
it has been shown in mice that the presence of local respiratory virus specific memory T 
cells accelerates viral clearance and ameliorates survival upon secondary challenge with the 
same or related viruses 47;48;52.

Other evidence for locally residing T cells originates from research in the intestinal 
immunity field. It has been shown by several research groups that there is a local intraepithelial 
T cell pool in the human intestine. These T cells express αEβ7-integrin, which binds to 
epithelial cadherin (E-cadherin), expressed by epithelial cells 53;54. Intestinal intraepithelial 
T cells differ not only phenotypically, but also functionally from the sub-epithelial lamina 
propria T cells. It has recently been shown that human lung epithelial and sub-epithelial 
lymphocytes can likewise be distinguished based on the expression of αE-integrin (CD103) 
55-57. CD103 does not function as a homing marker, but it does enhance the retention of 
lymphocytes in the epithelial tissue 26;58;59. An important question is which factors regulate 
the maintenance of this local T cell compartment. Previous studies in mice have shown 
that virus-specific T cells in peripheral tissue are relatively resistant to apoptosis. This may 
be caused by a lower expression of FAS, or by survival signals via TNFR-II signaling and 
integrin binding to the extracellular matrix 60-62. Another mechanism that contributes to the 
maintenance of virus-specific T cells in the lung in mice is their steady state recruitment 
from the periphery. This has been shown to occur dependent and independent of antigen 63.

T cells and COPD
Chronic obstructive pulmonary disease (COPD) is a lung disease that is associated with an 
abnormal inflammatory response to noxious gases or particles, primarily caused by cigarette 
smoking.  It is per definition characterized by a non reversible airflow limitation, although 
a reduction in diffusion capacity due to emphysematous destruction of lung parenchyma 
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imight dominate the clinical picture 64-66. COPD causes severe morbidity and high mortality: 
as mentioned before it is the 4th cause of death worldwide 64-66. Disease models in mice show 
a role for T cells in the pathogenesis of smoking- or infection-induced COPD-like disease 
67-71. Since increased numbers of CD4+ and CD8+ T cells have been found in lungs of humans 
with COPD and the number of CD8+ T cells in human lung and airways correlates with the 
amount of airflow limitation 49;72-74, it has been hypothesized that these cells are instrumental 
in the pathogenesis of COPD. However, the processes that drive this accumulation of T cells 
in the lung and the pathophysiological role of these cells are unknown. 

Respiratory infection is one of the main factors driving T cell recruitment to the lung 
1;75. Interestingly, there is evidence for an increased oligoclonality of the T cell repertoire in 
emphysematous lung 69;76, suggesting a local antigen-driven T cell expansion. Together with 
other studies 44;73;77, these data support the role of virus infection in the pathogenesis of COPD. 
Several hypotheses exist, varying from aggravation of smoking-induced inflammation by 
infection to uncovering of auto-antigens by infection-induced damage 73. Infection not 
only plays an important role in the pathogenesis, but also in the clinical course of COPD. 
COPD is associated with an impaired immune response to pathogens, leading to microbial 
colonization and frequent infection of the lower airways 78;79. In addition, exacerbations of 
the disease are often caused by infection 80. T cell function and dynamics might therefore 
not only play a role in the development but also in the further course of the disease. 

SCOPE OF THIS THESIS
The aim of this thesis was to investigate phenotype and function of T cells in the challenged 
environment of the human lung and to shed some light on their possible role in the 
defense against viral infections and the pathogenesis of COPD. As phenotype, function and 
specificity of T cells derived from peripheral blood, sputum and bronchoalveolar lavage 
fluid are not representative for lung tissue T cells 50;51;81, we obtained human lung resection 
material to conduct our research on human lung parenchyma derived T cells. In the first 
chapter we demonstrate important differences between phenotype, function and virus-
specificity of intraepithelial (CD103+) and subepithelial (CD103-) lung CD8+ T cells. In 
the second chapter we investigate the gene expression profiles of blood and lung CD8+ T 
cells by whole human genome wide microarray analysis. The third chapter analyzes the 
role of the circulating CD8+ T cell pool in maintaining lung intraepithelial and influenza-
specific CD8+ T cell populations, by comparing TCR-Vβ usage of various cell populations 
by high throughput sequencing. In chapter four we analyze differences in phenotype, gene 
expression and function between peripheral blood and lung CD4+ T cells and between 
different subsets of CD4+ T cells within the lung. In chapter five we describe the relationship 
between human lung CD8+ T cell phenotype and lung function in order to clarify the role 
of intraepithelial and subepithelial lung CD8+ T cells in COPD. In the concluding general 
discussion in chapter six, we place our findings in the perspective of current immunology. 
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