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De zeekoet (Uria aalge), maakt geen nest, maar legt haar ei op de richel van een kale rots. Als het 
jong drie weken oud is en nog niet kan vliegen, springt het van zijn richel af om in de soms wel 
meer dan 400 meter lager gelegen zee te belanden. Daar kan het zich nog niet zelfstandig redden. 
Het jong kan wel duiken, maar beheerst de kunst van het vissen nog niet. Een jaar of vier, vijf later 
is de zeekoet pas volledig volgroeid.

Cover Photo: Mark Sisson (rspb-images.com)

�e guillemot (Uria aalge) makes no nest, but lays its egg on a bare rock ledge. When the chick is 
three weeks old, it leaves its cli�. At this moment it is unable to �y properly, so it jumps the 
sometimes more than 400 meters to reach the sea. �e young is able to dive, but does not yet 
master the art of �shing. It takes the guillemot four or �ve years to become fully grown.
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Foto kaft: Andy Hay (rspb-images.com), zeevogel kolonie in Fowlsheugh RSPB reservaat.
Zeevogel kolonies zijn zeer georganiseerde gemeenschappen, waarin vogels elke beschikbare 
nestelplek benutten. De verschillende soorten zijn aangepast om een bepaald deel van de klif 
als nestelplek te gebruiken: van de kuifaalscholvers op de rotsen van de klifbasis, de alken 
in de rotsspleten, de zeekoeten op de middelste rotsrichels, de noordse stormvogels en de 
drieteenmeeuwen op de hoogste richels tot de papegaaiduikers die in oude konijnenholen 
helemaal op de kliftop broeden. Zodoende hebben verschillende vogelsoorten elk hun 
eigen lokale niche.

Cover Photo: Andy Hay (rspb-images.com), seabird colony at Fowlsheugh RSPB reserve. 
Seabird colonies are highly organized communities, with birds occupying every available 
nesting site. The species are adapted to use a specific part of the cliff as their nesting site: 
from the shags on the boulders of the cliff base, the razorbills in the rock crevices, the 
guillemots on the middle cliff ledges, the fulmars and the kittiwakes on the highest cliff 
ledges to the puffins nesting in old rabbit burrows at the top. Thus different species occupy 
their own local niche.
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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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ABSTRACT
The human lung T cell compartment contains many CD8+ T cells specific for respiratory 
viruses, suggesting that the lung is protected from recurring respiratory infections by a 
resident T cell pool. The entry site for respiratory viruses is the epithelium, in which a 
subset of lung CD8+ T cells expressing CD103 (αE integrin) resides. Here, we determined 
the specificity and function of CD103+CD8+ T cells in protecting human lung against 
viral infection. Mononuclear cells were isolated from human blood and lung resection 
samples. Variable numbers of CD103+CD8+ T cells were retrieved from the lung tissue. 
Interestingly, expression of CD103 was seen only in lung CD8+ T cells specific for influenza 
but not in those specific for EBV or CMV. CD103+ and influenza-reactive cells preferentially 
expressed NKG2A, an inhibitor of CD8+ T cell cytotoxic function. In contrast to CD103–

CD8+ T cells, most CD103+CD8+ cells did not contain perforin or granzyme B. However, 
they could quickly upregulate these cytotoxic mediators when exposed to a type I IFN 
milieu or via contact with their specific antigen. This mechanism may provide a rapid and 
efficient response to influenza infection, without inducing cytotoxic damage to the delicate 
epithelial barrier. 
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INTRODUCTION
The lung parenchyma is only separated from the outside world by the 1-cell-layer thick 
epithelial barrier, which makes the lung a preferential entrance site for viruses. Respiratory 
viral infections are not only highly prevalent, they also form the main cause of virus-induced 
mortality in the Western world. The defense against viral infections is orchestrated by a 
cooperation of innate and adaptive immunity. One of the key components of the adaptive 
defense against viruses is the CD8+ T cell compartment. CD8+ T cells are abundantly present 
in both the airways and the lung parenchyma 1. They may kill virus-infected epithelial cells 
via the perforin/granzyme B pathway (cytotoxicity) or inhibit viral replication via secretion 
of IFN-γ 2-4. In mice it has been shown 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 5-7. This is especially important for viruses 
like the influenza virus that can circumvent antibody-mediated immunity by mutation. 
Memory CD8+ T cells are mostly specific for highly conserved internal virus proteins and 
are therefore able to mount fast and efficient recall responses against a broad range of virus 
strains 8;9. Previous research has shown that the human lung also contains pools of CD8+ T 
cells specific for respiratory viruses 10. 

Human lung CD8+ T cells differ phenotypically from peripheral blood CD8+ T cells 10. 
Moreover, the local intraepithelial T cell pool (intraepithelial lymphocytes [IELs]) in the 
human lung is markedly different from subepithelial lamina propria T cells 11. Intraepithelial 
CD8+ T cells express αEβ7 integrin, which binds to epithelial cadherin (E-cadherin), 
expressed by the epithelial cells 11-16. This interaction retains the IELs in the vicinity of the 
epithelium 17-19. However, it is currently unknown whether the specificities and functions 
of lung CD8+ T cells differ between distinct anatomical locations, i.e., epithelium versus 
parenchyma. Due to practical and ethical limitations, most lung-related immunological 
research in humans is carried out on peripheral blood cells or on cells derived from the 
airway compartment (bronchoalveolar lavage fluid or sputum). In the present study, we 
analyzed human lung tissue-derived T cells by isolating them from fresh lung resection 
material. Our aim was to determine the specificity and function of CD103+CD8+ T cells. 
Our data suggest that the lung is equipped with a local virus-specific epithelial CD8+ T cell 
subset that might protect the lung against recurring influenza virus infection.

RESULTS
Human lung CD8+ T cells expressing αE integrin are IELs. 
We collected paired peripheral blood and lung samples to be able to directly compare the 
expression of αE integrin (CD103) on lung CD8+ T cells with its expression on peripheral 
blood CD8+ T cells. We found a large and highly significant difference in CD103 expression 
on total CD3+CD8+ T cells between blood (mean of 1.9%) and lung (mean of 35%) (Figure 
1A and B). Immunohistochemistry confirmed that most lung CD103+CD3+CD8+ T cells 
were indeed located intraepithelially above the basement membrane of the small airways 
(Figure 1C), as was previously published 11;14-16.
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In humans, the majority of IELs in the intestine is CD8αβ+, and only a minority is 
CD8γδ+ 19. To quantify the contribution of γδ T cells to the CD103+ lung intraepithelial T cell 
pool, we analyzed the expression of TCR-γδ on lung CD8+ T cells in a subgroup of patients. As 
shown in Supplemental Figure 1, around half of the γδ T cells expressed CD103, but overall, 
γδ T cells formed only a minor proportion (<5%) of both the CD103+ and CD103–CD8+ T 
cell fractions. Thus CD103+CD8+ T cells are mainly intraepithelial CD8αβ+ T lymphocytes 
and comprise around one-third of the total human lung CD8+ T cell population.

Influenza-specific but not CMV- or EBV-specific CD8+ T cells in the human 
lung have an intraepithelial phenotype. 
CD103+CD8+ T cells are located mainly inside the epithelium, which is the entrance site for 
respiratory viruses. Therefore, we tested whether these T cells could play a role specifically in 
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FIGURE 1.  

FIGURE 1. CD103 expression on lung CD8+ T cells is highly increased compared with that on peripheral 
blood CD8+ T cells.  A: The percentages of peripheral blood CD8+ T cells and lung CD8+ T cells expressing 
CD103, as measured by flow cytometry in paired peripheral blood and lung samples (n = 34). *** p < 
0.0001; paired t-test.  B: Representative histogram plots for the expression of CD103 on CD8+ T cells in 
the peripheral blood and human lung. Histogram plots show only CD3+CD8+ cells within the lymphocyte 
gate. The numbers in the plot represent the percentage of CD103+ cells. C: Preferential localization of 
CD103+CD8+ T cells above the basement membrane (dotted line), inside the airway epithelium (E). Original 
magnification, x 20. Immunohistochemistry stainings were performed on frozen human lung sections. To 
preserve the original tissue structure, we embedded the tissue in TissueTek prior to freezing. Representative 
images of airway containing tissue section. The image on the left is the original image; the image in the 
middle is a spectral analysis of all stained cells; and the image on the right is a spectral analysis of exclusively 
triple+ cells. Blue = CD3+; red = CD8+; green = CD103+; yellow = CD3/CD8/CD103 triple+ (middle and right 
images). N = 4 patients.
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the defense against respiratory viruses. Virus-specific cells were identified by HLA-peptide 
tetrameric complexes and enumerated by flow cytometry. The tetramers were loaded with 
peptides specific for the respiratory influenza virus (FLU) or the nonrespiratory EBV or CMV.

Strikingly, a considerable proportion of the FLU-specific lung CD8+ T cells did express 
CD103, in marked contrast to CMV- and EBV-specific lung CD8+ T cells, which lacked 
expression of the integrin (Figure 2, B and C, and Supplemental Figure 2A). There was 
no difference in tetramer staining MFI between CD103+ and CD103–CD8+ T cells (data 
not shown). In addition, many FLU-specific cells in the lung expressed VLA-1 (α1β1 
integrin) (Figure 2, B and C), which in mice has been shown to be responsible for retaining 
influenza-specific memory CD8+ T cells in the lung by binding to the type IV collagen-
rich basement membrane 20-22. Although VLA-1 is expressed mainly by CD103+CD8+ 
lung T cells 16 (Supplemental Figure 3), both CD103+ and CD103– FLU-specific lung T 
cells expressed VLA-1. Thereby, the vast majority of FLU-specific T cells (mean of 87%) 
expressed at least 1 of these 2 integrins (Supplemental Figure 2B), whereas this was only 
the case for the minority of EBV- and CMV-specific T cells. Interestingly, a fraction of the 
FLU-specific T cells in the human lung expressed NKG2A (Figure 2, B and C), which is an 
inhibitory NK cell receptor that modulates CD8+ T cell effector function and that is known 
to be highly expressed by intraepithelial T cells in the intestine 23-28. CMV- and EBV-
specific CD8+ T cells in the lung expressed only little VLA-1 and were NKG2A negative. 
These results indicate that lung CD8+ T cells specific for influenza virus are equipped with 
cell surface molecules that enable them to reside at the epithelial entrance site of this 
respiratory virus. This is in contrast with cells specific for the nonrespiratory viruses CMV 
and EBV, which strongly suggests that these cells are not located in the epithelium but are 
either residing deeper inside the lung parenchyma or are just passersby. Virus-specific T 
cells in the peripheral blood were CD103 negative, whether they were specific for FLU, 
EBV, or CMV (Figure 2C and Supplemental Figure 2). FLU-specific cells, but not EBV- and 
CMV-specific cells, in the periphery expressed NKG2A and VLA-1, albeit at lower levels 
than those expressed in the lung (Figure 2C and Supplemental Figure 2A).

CD103+CD8+ T cells have an effector or memory phenotype and produce high 
amounts of IFN-γ and other Th1 cytokines. 
To correlate the possible cellular localization with CD8+ T cell phenotype and function, we 
first assessed the differentiation stage of the CD103+CD8+ T cells in the lung by performing 
FACS stainings for CD27 and CD45R0 29. CD103+ and CD103–CD8+ T cells had either a 
memory (CD27+CD45R0+) or an effector (CD27–CD45R0±) phenotype (Figure 3A). A 
remarkable difference though is the absence of CD45R0– cells (naive cells and CD45R0– 
effector-type cells) within the CD103+ subset (Figure 3B).

As lung CD8+ T cells are effector or memory cells, we examined their cytokine 
production by stimulating total lung mononuclear cells (LMCs) with phorbol 12-myristate 
13-acetate (PMA) and ionomycin. This type of stimulation did not lead to upregulation 
of CD103 on CD8+ T cells (data not shown). The majority of lung CD8+ T cells produced 
IFN-γ, and a substantial portion of these cells also produced TNF-α and IL-2 (Figure 4A 
and Supplemental Figure 4).
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FIGURE 2. Influenza-specific lung CD8+ T cells have an intraepithelial phenotype, expressing CD103, 
VLA-1 and NKG2A, whereas cells specific for non-respiratory viruses lack the expression of these 
epithelial markers. A: FACS plots showing tetramer stainings on lung CD3+ cells after gating on live cells. 
Numbers indicate the percentages of CD3+ cells that are tetramer+. B: Percentages of influenza-specific, EBV-
specific and CMV-specific lung CD8+ T cells expressing CD103, NKG2A and VLA-1, as assessed by flow 
cytometry (n= 5-9 per tetramer). Bars represent the median. C: Representative FACS plots for phenotype 
of lung and peripheral blood CD8+ T cells. FACS plots show the expression of CD103, NKG2A and VLA-1 
on total lung CD8+ T cells (left column), on FLU- and EBV-specific lung CD8+ T cells (second and third 
columns, respectively), on total peripheral blood CD8+ T cells (fourth column), and on FLU- and EBV-
specific peripheral blood CD8+ T cells (fifth and sixth columns, respectively). Numbers in first and fourth 
columns indicate the percentages of CD3+CD8+ cells that are CD103+, NKG2A+, or VLA-1+. Numbers in the 
second, third, fifth and sixth columns indicate the percentages of tetramer+ cells that are CD103+, NKG2A+, 
or VLA-1+. Plots are representative of 5 to 9 patients per tetramer (lung) or 2 to 6 patients per tetramer 
(peripheral blood). FLU-specific cells could often not be detected in the blood with tetramer staining, 
although these patients did have FLU+ cells in the lung. CD8+ T cells were all identified as CD3+CD8+ cells 
within the lymphocyte gate. 
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FIGURE 3. Lung CD103+CD8+ T cells are CD45R0+ effector or memory cells.  Differentiation stages of the 
CD8+ T cells within the CD103+ and CD103- cell fractions as assessed by flow cytometry. Naive cells were 
defined as CD27+CD45R0-, memory cells were defined as CD27+CD45R0+ and effector cells were defined as 
CD27-CD45R0+/-. A: Representative FACS plots for CD103+ and CD103-CD8+ T cells. Dot plots are gated on 
CD3+CD8+CD103+ cells among live lymphocytes or on the CD3+CD8+CD103- cells among live lymphocytes. 
Numbers indicate the percentages of CD3+CD8+CD103+ or CD3+CD8+CD103- cells that are located within 
each quadrant. B: Naive CD8+ T cells (CD27+CD45R0-), memory CD8+ T cells (CD27+CD45R0+), effector/
memory (EM) CD8+ T cells (CD27-CD45R0+/-) and CD45R0- CD8+ T cells as percentages of total CD103+ 
and CD103-CD8+ T cell fractions (n=28). *** p < 0.0001.

Interestingly, the percentages of cells producing IFN-γ or IL-2 were significantly higher 
in the CD103+CD8+ T cell subset than in the CD103–CD8+ T cell subset (Figure 4A). IL-17, 
IL-4, IL-10, and IL-22 were only produced by a very small number of cells (Figure 4A 
and Supplemental Figure 4). IL-22 was produced by a significantly greater fraction of 
CD103+CD8+ T cells, and IL-4 was produced by a larger fraction of CD103–CD8+ T cells. 
Peripheral blood CD8+ T cells just contained a very small population of CD103+ cytokine-
producing CD8+ T cells (Supplemental Figure 5, A and C). Of the 3 main cytokines 
produced, only IL-2 was produced by more CD103+ than CD103–CD8+ peripheral blood 
T cells (Supplemental Figure 5B). Second, purified lung CD103+ and CD103–CD8+ T 
cells were stimulated with PMA and ionomycin, and cytokine secretion was measured 
in the culture supernatants. Overall, CD103+ and CD103–CD8+ T cells showed a similar 
Th1 cytokine production profile, excreting IFN-γ, TNF-α, IL-2, CCL3 (MIP1α), CCL4 
(MIP1β), CCL5 (RANTES), and GM-CSF (Figure 4B, top panels). Moreover, there was a 
significantly higher production of IFN-γ by the CD103+ cells, corroborating the data from 
the intracellular cytokine staining (Figure 4B). Various Th2 cytokines and IL-17 were hardly 
detectable, and IL-10 was not produced in relevant amounts by either cell fraction (Figure 
4B, top panels). The latter finding is important, because previous research has shown that 
peripheral blood CD103+CD8+ T cells can have regulatory capacity by producing IL-10 30. 
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FIGURE 4. CD103+ and CD103- lung CD8+ T cells produce high amounts of IFN-γ and other Th1 
cytokines, but hardly any Th2 cytokines, IL-10 or IL-17.  CD103+CD8+ T cells produce more IFN-γ than 
the CD103-CD8+ T cell fraction.  A: Intracellular cytokine production of lung CD8+ T cells was measured 
by flow cytometry after 4-hour stimulation with PMA and ionomycin in the presence of brefeldin A. Cells 
were stained with life/dead stain (to gate out dead cells) and with monoclonal antibodies against CD3, CD8 
and CD103 and fixed, permeabilized and stained for intracellular cytokines. Graphs show the percentages 
of CD103+ and CD103-CD8+ T cells that produced each indicated cytokine. N = 5-10 patients. * p ≤ 0.04, ** 
p = 0.003.  B: Cytokine production of CD103+ and CD103- lung CD8+ T cells as measured by luminex assay. 
CD103+ and CD103– lung CD8+ T cells from 4 patients were sorted with flow cytometry and stimulated for 
24 hours with PMA and ionomycin (PMA/iono). Culture supernatants were collected and measured by the 
Bio-Rad 27-plex luminex assay. The error bars show SEM. * p = 0.03.

Overall, these data imply that both CD103+ and CD103–CD8+ T cells in the human lung 
have the ability to attract and activate many types of immune cells by the production of 
various Th1 type chemokines and cytokines. In addition, CD103+ cells appear to be more 
potent in producing IFN-γ.
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CD103+CD8+ T cells have low expression of granzyme B and perforin.
One of the main functions of CD8+ T cells is the exertion of cytotoxic activity to eliminate 
virus-infected cells. A prominent pathway for CD8-mediated cytotoxicity is the perforin/
granzyme B axis 3;4. After entering the target cell in a perforin-mediated way, granzyme 
B induces apoptosis of target cells 31;32. Whereas CD103–CD8+ lung T cells expressed vast 
amounts of both perforin and granzyme B (mean expression 27% and 45%, respectively), 
their CD103+ counterparts hardly expressed any perforin and had a significantly reduced 
amount of granzyme B (mean expression 2.5% and 14%, respectively) (Figure 5, A and 
C). This difference was not caused by differences in the proportion of CD27– effector-type 
cells in the two CD8+ fractions, because these were comparable (Figure 3B). Peripheral 
blood CD103+CD8+ T cells also expressed less perforin and granzyme B than their 
CD103– counterparts (Supplemental Figure 6, A and B). However, this difference was less 
pronounced than that for lung CD8+ T cells and might be biased by the presence of recent 
thymic emigrants in the blood CD103+CD8+ T cell fraction 33.

CD103+CD8+ T cells have high expression of the inhibitory NK cell receptor 
complex CD94/NKG2A. 
CD94/NKG2A is an inhibitory NK cell receptor complex that was first identified on NK 
cells but is also expressed on the surface of CD8+ T cells. Ligation of CD94/NKG2A with 
its nonclassical MHC class I ligand HLA-E leads to inhibition of cytotoxic degranulation 
and TCR-mediated TNF production 23;24;26-28. CD94/NKG2A has been shown to be highly 
expressed by IELs in the human intestine 25. In concordance with these gut-derived data, 
the expression of CD94 and NKG2A was significantly increased on the lung CD103+CD8+ T 
cell fraction compared with that on the lung CD103–CD8+ T cell fraction (Figure 5, A and 
D). Most lung CD8+ T cells expressed CD94 and NKG2A equally, which is suggestive of 
dimerization (Figure 5B, left panel). CD94 can also form a dimer with NKG2C, the activating 
isoform of NKG2A 34, but only a very small fraction of lung CD8+ T cells expressed NKG2C, 
and there was no difference in NKG2C expression between CD103+ and CD103– cells 
(Figure 5B, right panel). In peripheral blood, CD103+CD8+ T cells had a higher CD94 and 
NKG2A expression than CD103–CD8+ T cells (Supplemental Figure 6, A and B). Similar to 
the expression of granzyme B and perforin, this difference was much smaller than that in 
the lung. Overall, CD94+, NKG2A+, perforin–, and granzyme B– CD103+CD8+ T cells did 
not constitute a substantial population within the total peripheral blood CD8+ T cell pool 
(Supplemental Figure 6C). The high expression of CD94/NKG2A on CD103+ lung CD8+ 
T cells implies that these cells can be inhibited in their effector function when ligated to 
HLA-E. In addition to their low levels of perforin and granzyme B content, this might lead 
to a further reduction in their cytotoxic capacity.

TCR activation and type I IFNs induce upregulation of effector capacity in 
CD103+CD8+ T cells. 
To test whether the differences in the expression of cytotoxic mediators and inhibitory 
receptors between CD103+ and CD103–CD8+ T cells lead to a difference in cytotoxic function, 
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FIGURE 5. CD8+CD103+ lung T cells have a low cytotoxic potential and a high expression of the inhibitory 
NK cell receptor complex CD94/NKG2A. A: FACS plots show the expression of perforin, granzyme B, 
CD94 and NKG2A plotted against CD103 expression. Plots show only CD3+CD8+ lung T cells within the 
lymphocyte gate and are representative of 22-30 patients. Numbers indicate the percentages of CD3+CD8+ 

cells that are located within each quadrant. B: Most lung CD8+ T cells express CD94 and NKG2A to the 
same extent, which is suggestive of dimerization (left). Numbers indicate the percentages of CD3+CD8+ cells 
that are located within each quadrant. Moreover, lung CD8+ T cells hardly express the activating isoform 
NKG2C, and there is no difference in NKG2C expression between CD103+ and CD103- T cells (right, n = 5). 
C: The percentage of CD103+CD8+ and CD103-CD8+ lung T cells containing perforin or granzyme B (n = 
22). D: The percentage of CD103+CD8+ and CD103-CD8+ lung T cells expressing CD94 (n = 27) and NKG2A 
(n = 30). All expression data were collected with flow cytometry; all FACS plots show only lung CD3+CD8+ 
cells within the lymphocyte gate. *** p < 0.0001.

we performed a redirected killing assay. We sorted pure cell populations of lung CD103+ and 
CD103–CD8+ T cells and determined cytotoxic T cell activity in an aCD3 mAb-mediated 
cytotoxicity assay. Surprisingly, CD103+CD8+ T cells proved to be even more potent in 
killing Fc-receptor bearing target cells than both CD103–CD8+ T cells and peripheral blood 
effector CD8+ T cells (Figure 6). This result implied that cytolytic effector molecules can be 
rapidly upregulated in CD103+ T cells after activation. Indeed, as early as 60 minutes after 
the start of aCD3 stimulation, intracellular FACS staining showed an upregulation of both 
perforin and granzyme B (data not shown). Thus, although CD103+CD8+ lung T cells do 
not express cytolytic effector molecules in vivo, they have the ability to quickly upregulate 
these mediators and execute cytolysis in vitro.



29

EPITH
ELIA

L C
D

8
+ T C

ELLS

1

%
 s

pe
ci

fic
 k

ill
in

g 

E:T ratio 

40 

20 

  0 

30 

10 

  4:1   2:1   1:1 

FIGURE 6.  

lung CD8+CD103+ 

lung CD8+CD103- 

blood naive CD8+ 

blood effector CD8+ 

FIGURE 6. CD8+CD103+ lung T cells have a high cytotoxic activity in vitro. The amount of specific 
killing of target cells by purified T cell populations at varying effector/target (E/T) ratios is shown.  
A redirected killing assay was performed by incubating FACS-sorted CD103+ or CD103- lung CD8+ T cells 
with chromium-labeled P815 target cells at varying effector/target ratios in the presence or absence of aCD3 
mAb. FACS-sorted peripheral blood naïve (CD45RA+CD27bright) and effector (CD27-) CD8+ T cells were 
included in this assay as control. Measurements were performed in triplicate (n = 3 patients). The mean ± 
SEM of specific killing is shown.

To test whether lung CD8+ T cells also upregulate granzyme B and perforin upon 
encounter with their specific antigen, we stimulated LMCs from donors who were known 
to react with the FLU-A2 tetramer for 6 days with FLU-A2 peptide. A mean of 90% of 
FLU+CD8+ T cells expressed perforin and a mean of 95% of FLU-A2+CD8+ T cells expressed 
granzyme B after stimulation with FLU peptide (Figure 7A). This was significantly 
higher than the 30% and 24% of FLU-specific cells expressing perforin and granzyme B, 
respectively, in the medium control or the 23% and 15% of FLU-specific cells expressing 
perforin and granzyme B, respectively (percentages are mean expression levels), after 
stimulation with an irrelevant peptide (Figure 7A). Recent research findings by Kohlmeier 
et al. showed that expression of granzyme B by virus-specific CD8+ T cells in mouse lungs 
and human peripheral blood could also be induced by antigen-independent stimulation 
with type I IFNs 35. To analyze whether, next to that of TCR/CD3 ligation, type I IFN could 
also induce granzyme B upregulation in human lung CD8+ T cells, we cultured human 
LMCs in the presence of polyinosinic-polycytidylic acid (poly I:C) (to induce endogenous 
type I IFN production) or varying concentrations of IFN-α. Strikingly, FLU-specific cells 
already showed a marked increase in granzyme B expression after 12 hours in any of these 
conditions (Figure 7B, left panel; mean increase in the 3 conditions compared with that of 
medium control, 61% to 154%), and the effect of IFN-α seemed to be dose dependent. Total 
lung CD8+ T cells also upregulated granzyme B protein expression in a type I IFN milieu, 
although this increase was less pronounced than that in the FLU-specific cells (Figure 7B, 
right panel). These data show that when influenza-specific lung CD8+ T cells are confronted 
with their specific antigen or an antigen-independent viral infectious milieu, they have the 
ability to rapidly upregulate cytotoxic proteins.
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DISCUSSION
The respiratory influenza virus–specific CD8+ T cells in the human lung have an 
“intraepithelial fingerprint”, with high CD103, VLA-1, and NKG2A expression, which 
suggests that these cells are maintained preferentially close to the airway epithelium. This 
is in sharp contrast with CD8+ T cells in the lung specific for the nonrespiratory viruses 
CMV and EBV, which lack expression of CD103 and NKG2A, have a low expression of 
VLA-1, and are therefore more likely located in the parenchyma. We previously published 
that respiratory virus-specific T cells reside in the human lung, rather than in the peripheral 
blood 10, but their location within the lung had not been studied. The presence of virus-
specific memory cells at the viral entrance site is important, since this can facilitate local 
antigen presentation, which could enable these virus-specific T cells to directly exert their 
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FIGURE 7. Lung CD8+ T cells quickly upregulate cytotoxic molecules after specific antigen contact or 
under influence of a type I IFN infectious milieu. A: LMCs were cultured for 6 days in the presence of 
FLU-peptide, irrelevant peptide (OVA peptide) or medium. FACS plots and bar graphs show the expression 
of perforin and granzyme B on FLU-A2+ cells (n = 2), as measured by flow cytometry. Plots are gated on 
CD3+CD8+ T cells and are representative of 2 patients. Numbers indicate the percentages of CD3+CD8+ 

cells located in each quadrant. B: LMCs were stimulated for 12 or 36 hours with poly I:C or different 
concentrations of IFN-α. Granzyme B expression was measured by flow cytometry. The percentage increase 
in granzyme B expression as compared with that in medium control is shown for FLU+CD3+CD8+ T cells 
(left) and total CD3+CD8+ T cells (right) (n = 3 patients). The error bars show SEM.  * p < 0.05, ** p < 0.01.
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effector function, without migration to the lymph node being necessary 36. This way the 
viral load and epithelial damage can be reduced before the recruitment of memory cells 
from the circulation and lymphoid tissue has taken place, thereby substantially reducing 
disease duration and pathology. In addition, immunopathology may be limited, as the 
initially reduced viral load will lead to a reduced degree of immune activation 37.

A limitation to our study is the fact that we analyzed the exact location of CD103+CD8+ 
lung T cells only in a subgroup of our patients. However, our findings in this group are 
comparable to data published by Hirosako et al., who have meticulously analyzed CD103+ 
expression by intraepithelial T cells in human bronchi (third to fifth generation) in a patient 
group that is demographically very similar to our cohort 11;15. They showed that a range 
of 74% to 94% of intraepithelial CD8+ cells expressed CD103, whereas only 8% to 25% of 
lamina propria T cells expressed CD103. Although this means that there is not a one-on-one 
relationship between CD103 expression and intraepithelial location, the expression difference 
establishes CD103 as the best marker for distinguishing location-associated phenotypical and 
functional differences by flow cytometry.

A substantial fraction of the lung lymphocytes used in our study was derived from 
human lung tissue specimens obtained from patients undergoing a lobectomy for an 
isolated peripheral lung carcinoma. The peripheral lung tissue we used was sampled as 
far away as possible from the tumor. In these specimens, there were no macroscopic or 
microscopic abnormalities, and there were no signs of cellular infiltration. Furthermore, we 
found the same expression patterns of cytokines, CD103, CD94/NKG2A, VLA-1, granzyme 
B, and perforin on lung CD8+ T cells from the lung transplantation patients and our 
healthy donor, who were all free of malignancy. Therefore, we consider it highly unlikely 
that the phenotypical and functional characteristics of lung CD8+ T cells in our study were 
influenced by the presence of malignancy.

The environment plays an important role in maintaining local immunity. Several murine 
studies already showed that influenza-specific lung CD8+ T cells express VLA-1. Binding of 
VLA-1 to components of the ECM maintained virus-specific cells in nonlymphoid tissue by 
preventing migration and enhancing survival 20-22;38;39. The high VLA-1 expression that we 
find on both influenza-specific and intraepithelial CD8+ T cells in the human lung suggests 
evolutionary conservation of this mechanism and could well play a role in maintaining 
these cells in the vicinity of the port of entry of airway pathogens. The HLA-peptide 
tetramer technique we used for the identification of virus-specific CD8+ T cells will give an 
underestimation of the actual number of FLU-specific cells 40. Therefore, it is highly likely 
that influenza infection has a substantial impact on the formation of the epithelial CD8+ T 
cell pool. 

A prominent finding of our study is the strong difference in the expression of cytotoxic 
mediators between CD103+ and CD103–CD8+ T cells. However, we also found that lung 
CD8+ T cells have the ability to rapidly upregulate perforin and granzyme B upon antigen-
specific contact or in an antigen-independent viral infection (type I IFN) environment. In 
vitro, CD103+CD8+ T cells even surpass CD103– cells in cytotoxic killing capacity. CD103+ 
T cells have been shown before to be very potent cytotoxic killers in a number of other 
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settings 41-46. Additionally, CD103+CD8+ lung T cells are also strong Th1 cytokine producers. 
However, as IFN-γ is a potent inhibitor of herpes virus but not influenza virus replication, 
T cells need their cytotoxic function to adequately combat infection with this respiratory 
virus 47. We hypothesize that in the absence of infection CD103+ T cells are inhibited in their 
cytotoxic effector function by the epithelial environment. Upon viral (re-)infection, specific 
and aspecific stimuli might quickly overcome this environmental inhibition, which ensures 
a fast and powerful cytotoxic T cell response.

The fact that FLU-specific cells, but not EBV- and CMV-specific cells, in the peripheral 
blood expressed NKG2A, albeit at lower levels than in the lung, suggests that not only 
organ but also virus specificity plays a role in modulating CD8+ T cell phenotype. NKG2A 
expression on peripheral blood CD8+ T cells does not solely reflect the localization specificity 
of cells, it also plays a role in regulating effector functions 23;25-28. Influenza is a virus that is 
usually cleared, whereas CMV and EBV are viruses that persist latently. Influenza-specific 
CD8+ T cells may upregulate NKG2A to inhibit cytotoxicity and prevent immunopathology 
after viral clearance, whereas EBV- and CMV-specific cells should maintain their cytotoxic 
capacity to combat the persisting virus 48. These data indicate that the phenotype of virus-
specific T cells is determined both by organ-specific features and viral characteristics.

Increased knowledge of the lung CD103+CD8+ T cell compartment could lead to a better 
understanding of many diseases involving the respiratory epithelium, like COPD, asthma, 
airway infections, and bronchial carcinoma. For example, an increase in the activation 
threshold of epithelial CD8+ T cells could create favorable conditions for carcinogenesis 
at epithelial sites. Several studies have shown that diminished cytotoxic function and 
high CD94/NKG2A expression lead to a reduction in the killing of (pre-)malignant cells 
and therefore increase the risk for carcinogenesis 27;49-51. Apprehension of the epithelial 
localization of influenza-specific T cells contributes to the understanding of the first 
phase of the immune response upon secondary infection. The clinical importance of local 
respiratory virus-specific memory T cells for accelerated viral clearance and ameliorated 
survival upon secondary infection has extensively been shown 5-7. Memory CD8+ T cells 
retain the ability to mount recall responses against influenza strains after mutations 9. 
Therefore locally residing virus-specific T cells might be a good focus for the development 
of new therapies against the frequently mutating influenza viruses such as H1N1.

We showed that lung CD8+ T cells specific for influenza virus express CD103 and VLA-1, 
which suggests that they are mainly maintained inside the airway epithelium. This specific 
location would make them a very fast and efficient first line of defense upon reinfection. We 
also showed that CD103+CD8+ T cells form a distinct T cell subset, with a low expression 
of cytotoxic mediators and a high expression of the inhibitory NK cell receptor complex 
CD94/NKG2A. We suggest that this specific phenotype is created by the epithelial milieu 
to limit cytotoxicity-induced damage to the epithelial barrier. The ability of these cells to 
rapidly upregulate perforin and granzyme B upon virus infection rescues their cytotoxic 
effector function in situations in which lysis of virus-infected epithelial cells operates to 
limit viral spread.
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MATERIAL AND METHODS 
Patients
Material from a total of 50 subjects (28 male and 22 female) was collected. The median 
age of subjects was 63 years (interquartile range, 54.8–72.3 years). Thirty-nine patients 
underwent a lobectomy for a peripheral primary lung tumor, ten received lung 
transplantation because of end-stage pulmonological disease, and one tissue specimen was 
obtained from a healthy lung donor (Table 1). Patients with a history of asthma or a recent 
(< 4 weeks) lower respiratory tract infection were excluded from the study. Three of the 
COPD transplantation patients received low-dose (5–10 mg) prednisolone therapy, and 
the pulmonary fibrosis transplantation patient received high-dose (60 mg) prednisolone 
treatment. The other patients did not receive systemic corticosteroids or other systemic 
immunosuppressive therapy at the time of inclusion in the study or in the recent past. None 
of the patients recently received chemotherapy or radiotherapy. Two subjects were never-
smokers; the others were all (ex)smokers, of whom 18 still had smoked in the last 6 months 
prior to the moment we obtained the blood and lung specimens. The demographics of our 
cohort are comparable to those of cohorts used for previously published human lung CD8+ 
T cell studies 52. Lobectomy patients were recruited from the Academic Medical Centre and 
the Tergooi Hospitals. Lung transplantation patients were recruited from the University 
Medical Centre Groningen. All patients gave written informed consent prior to inclusion in 
the study, and the study was approved by the Ethical Review Board (ERB) of the Academic 
Medical Centre and the local ERBs of the other participating centers. 

Isolation of mononuclear cells from peripheral blood and lung tissue
Heparinized peripheral blood samples were obtained prior to or during the surgical 
procedure. PBMCs were isolated using standard density gradient techniques. Directly after 
lobectomy, a piece of peripheral lung tissue, as far away from the tumor as possible, was 

TABLE 1. Patient characteristics.

Lobectomy LTX Healthy donor
Number of patients 39 10 1
Lung tumor 39 0 0
Mild to moderate COPD 17 0 0
Severe COPD 0 8 0
Severe COPD caused by 
α1-antitrypsin deficiency

0 1 0

Idiopathic lung fibrosis 0 1 0
Male 23 5 0
Smokers 17 0 1
Ex-smokers 20 10 0
Never-smokers 2 0 0
Age in years (median and IQR) 66.0 (58.0-73.0) 58.0 (54.0-60.3) 54
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dissected by a pathologist. LMCs were isolated from this tissue specimen, as described by 
Holt et al. 53. In brief, tissue specimens (1 × 1 cm) were sliced with a McIlwain tissue chopper 
into 1-mm pieces and incubated for 20 minutes in RPMI with 20 mM HEPES, 15% FCS, 
50 U/ml DNAse type I (Sigma-Aldrich) while shaking at 37°C. Tissue pieces were carefully 
dried with sterile gauzes and transferred to medium supplemented with collagenase type 
I 300 U/ml (Worthington). The material was incubated in this medium for 60 minutes 
while shaking at 37°C. A cell suspension was obtained by grinding the tissue through a 
flow-through chamber. Mononuclear cells were isolated from the lung cell suspension by 
standard density gradient techniques. To exclude the possibility of contamination with 
peripheral blood, the erythrocyte counts were confirmed to be less than 5% of erythrocyte 
counts in the paired blood sample. Standard extra- and intracellular stainings were 
performed on freshly isolated LMCs, while tetramer stainings and stimulation experiments 
were performed on cells that were cryopreserved in liquid nitrogen for later analysis.

Immunohistochemistry 
Small sections of the fresh lung material were embedded in TissueTek for optimal preservation 
of the original tissue structure and were subsequently snap frozen by short exposition to 
liquid nitrogen. Five-μm cryostat lung tissue sections were acetone-fixed and air dried. The 
sequential triple immunohistological staining started with aCD8 (rabbit IgG, clone SP16, 
Thermo Fischer Scientific) and aCD103 (mouse IgG1, clone Ber-ACT8, Dako), followed by 
anti-rabbit IgG/alkaline phosphatase–labeled (AP-labeled) polymer and anti-mouse IgG/
HRPlabeled polymer (both from ImmunoLogic). AP activity was demonstrated with Vector 
Red (Vector Laboratories), and HRP activity was demonstrated by brown staining with 
Bright DAB (ImmunoLogic). The slides were shortly fixed with neutral buffered formalin 
and subjected to a heat-induced antigen retrieval procedure in citrate pH 6.0. This heat step 
removes and inactivates immunoreagents used in the first staining sequence, preventing 
unwanted cross-reactivity with the second immunohistochemistry staining sequence. Next, 
the slides were incubated with aCD3 monoclonal antibody (rabbit IgG, clone SP7, Thermo 
Fisher Scientific), followed by anti-rabbit IgG/AP-labeled polymer (ImmunoLogic). AP 
activity was demonstrated with Vector Blue (Vector Laboratories). Slides were fully dried 
with a hot plate and coverslipped with VectaMount (Vector Laboratories). The red, brown, 
and blue chromogens in the tissue sections were unmixed by the Nuance spectral imaging 
system (Cambridge Research Instrumentation) and imaged, according to the method for 
fluorescent images, with the Nuance 2.10 software in pseudocolors 54;55.

Tetrameric complexes 
The following APC-conjugated HLA-peptide tetrameric complexes were used: HLA-A1 
tetramer loaded with FLU NP-derived CTELKLSDY peptide or CMV pp65-derived 
YSEHPTFTSQY peptide; HLA-A2 tetramer loaded with FLU M1-derived GILGFVFTL 
peptide, EBV BMLF1-derived GLCTLVAML peptide, or CMV IE1-derived VLEETSVML 
peptide; HLA-A11 tetramer loaded with EBV EBNA4-derived IVTDFSVIK peptide; 
HLA-B7 tetramer loaded with EBV EBNA3A-derived RPPIFIRRL peptide or CMV pp65-
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derived TPRVTGGGAM peptide; HLA-B8 tetramer loaded with EBV EBNA3A-derived 
FLRGRAYGL peptide, EBV BZLF1-derived RAKFKQLL peptide, CMV IE1-derived 
ELKRKMIYM peptide, CMV IE1-derived ELRRKMMYM peptide, or CMV IE1-derived 
QIKVRVDMV peptide; and HLA-B35 tetramer loaded with EBV EBNA1-derived 
HPVGEADYFEY peptide or CMV pp65-derived IPSINVHHY peptide. All tetramers were 
provided by Sanquin.

Flow cytometric analysis
PBMCs or LMCs (0.3 × 106 to 1.0 × 106 cells) were incubated with tetrameric complexes 
and different combinations of the following antibodies: aCD103 FITC (BD), aTCR-γδ 
FITC Immunotech), aCD103 PE (eBioscience), aCD27 PE (BD), aNKG2A PE (Beckman), 
aNKG2C PE (R&D Systems), aCD49a PE (BD Pharmingen), aCD45RA PerCP-Cy 5.5 
(eBioscience), aCD8 PerCP-Cy 5.5 (BD), aCD8 PE–Alexa Fluor 610 (Invitrogen), aCD3 
PE-Cy 7 (BD), aCD45R0 APC (BD Pharmingen), aCD94 APC (BD Pharmingen), aCD27 
APC–Alexa Fluor 750 (eBioscience), and aCD27 APC-eFluor 780 (eBioscience). Cells 
were labeled according to the manufacturers’ instructions and washed and analyzed 
in PBS containing 0.01% (w/v) NaN3 and 0.5% (w/v) bovine serum albumin (PBA). For 
intracellular perforin, granzyme B, and cytokine staining, the following technique was used: 
after extracellular staining on 0.5 × 106 PBMCs or LMCs, cells were washed, fixed with 2% 
PFA solution, and permeabilized by washing with PBA with 0.1% saponin. Subsequently, 
cells were incubated with 1 or more of the following antibodies: anti-perforin FITC (BD), 
aTNF-α FITC (BD), anti-granzyme B PE (Sanquin), aIL-17A PE (eBioscience), aIL-22 
PE (R&D Systems), aIFN-γ PerCP-Cy5.5 (eBioscience), aIL-2 APC (BD), aIL-4 APC (BD 
Pharmingen), and aIL-10 APC (BD Pharmingen). Cells were analyzed by FACSCanto (BD 
Biosciences) multicolor flow cytometry and FlowJo software (Tree Star Inc.).

Stimulation of LMCs and PBMCs
For intracellular cytokine staining, cells were stimulated at 37°C in culture medium (RPMI 
with 10% [w/v] HPS and antibiotics) for 4 hours with PMA (2 ng/ml; Sigma-Aldrich) and 
ionomycin (1 μg/ml; Sigma-Aldrich) in the presence of brefeldin A (10 μg/ml; Invitrogen). 
For FLU peptide stimulations, LMCs were stimulated at 37°C in culture medium (RPMI 
with 10% [w/v] HPS and antibiotics) for 6 days with IL-2 (50 U/ml; Biotest Ag) and FLU-A2 
peptide (1.25 μg/ml; Microbix Biosystems Inc.). As control, we cultured LMCs for 6 days 
at 37°C in culture medium with either IL-2 alone or IL-2 and an irrelevant peptide (OVA).
Stimulations with IFN-α (IFNα2a, PBL InterferonSource) and poly I:C (Sigma-Aldrich) 
were performed by stimulating LMCs for 12 or 36 hours with recombinant human IFN-α 
in an end concentration of 5,000 or 20,000 U/ml or poly I:C in an end concentration of  
20 μg/ml. 

Luminex assay
To obtain pure cell populations of either CD103+CD8+ T cells or CD103–CD8+ T cells, 
cells were sorted using a FACSAria (BD Biosciences). Sorted cells were stimulated at 37°C 
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in culture medium (RPMI with 10% [w/v] HPS and antibiotics) for 24 hours with PMA  
(2 ng/ml; Sigma-Aldrich) and ionomycin (1 μg/ml; Sigma-Aldrich). Supernatants were 
collected and analyzed by Bioplex human cytokine 27-plex Luminex assay (Bio-Rad) 
according to manufacturer’s instructions. 

Redirected killing assay
Cytotoxic T cell activity was determined in an aCD3 mAb-mediated cytotoxicity assay 
as previously described 56. In brief, FcR-bearing P815 target cells were radiolabeled with 
Na51CrO4 (PerkinElmer) for 30 minutes at 37°C. Purified CD8+ T cell subsets were incubated 
with P815 target cells at varying effector/target ratios in the presence or absence of 5 μg/ml 
aCD3 mAb (CD3 1X1; CLB). After a 4-hour incubation period at 37°C, the supernatants of 
triplicate cultures were collected and counted in a gamma counter. Specific cytotoxicity was 
determined according to the following formula: percentage of specific lysis = 100 × ([cpm 
experimental release – cpm spontaneous release]/[cpm maximal release – cpm spontaneous 
release]). To obtain pure cell populations of lung CD103+CD8+ T cells, lung CD103–CD8+ 
T cells and peripheral blood naive (CD45RA+CD27bright) and effector (CD27–) CD8+ T cells, 
cells were sorted using a FACSAria (BD Biosciences).

Statistics
Paired samples that showed a Gaussian distribution were analyzed by the paired t-test, and 
paired samples without Gaussian distribution were analyzed with the Wilcoxon signed-
rank test. Unpaired samples were analyzed with the unpaired t-test or the Mann-Whitney 
test. All t-tests were 2 tailed. P < 0.05 was considered statistically significant.
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SUPPLEMENTAL FIGURE 1.  γδ T cells form a minor population within the lung CD8+ T cells and 
contribute equally to the CD103+ and CD103-CD8+ T cell subsets. A: FACS plot showing TCRγδ and 
CD103 expression on lung CD3+CD8+ T cells. Numbers indicate the percentages of CD3+CD8+ cells that 
are located within each quadrant. B: Histogram plots showing the percentage of γδ T cells within lung 
CD103+CD8+ and CD103-CD8+ T cell populations. Histogram plots show CD3+CD8+CD103+ (left) and 
CD3+CD8+CD103- (right) T cells within the lymphocyte gate. Numbers indicate the percentages of CD103+ 

cells. All FACS plots are representative of 5 patients. 
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SUPPLEMENTARY FIGURE 2.  SUPPLEMENTAL FIGURE 2. CMV-specific lung CD8+ T cells lack the expression of CD103, VLA-1 
and NKG2A. A: Representative FACS plots of phenotype of lung (left) and peripheral blood (right) CMV-
specific CD8+ T cells. Plots are representative of 5 to 6 patients per staining. CD8+ T cells were all identified 
as CD3+CD8+ cells within the lymphocyte gate. Numbers indicate the percentages of tetramer+CD8+ cells 
that are located within each quadrant. B: Percentages of influenza specific (mean 87%), EBV-specific (mean 
13%) and CMV-specific (mean 8%) lung CD8+ T cells expressing CD103 and/or VLA-1, as assessed by flow 
cytometry (n = 5-9 per virus-specificity). Bars represent the mean.
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SUPPLEMENTARY FIGURE 3.  

SUPPLEMENTAL FIGURE 3. VLA-1 is expressed higher on lung CD8+ T cells than on blood CD8+ 
T cells and is mainly expressed on CD103+CD8+ T cells. A: The percentages of CD8+ T cells in paired 
blood and lung samples expressing VLA-1 (n = 7). B: The percentages of CD103+ and CD103- lung CD8+ T 
cells expressing VLA-1 (n = 13). Expression was measured by flow cytometry. CD8+ T cells were gated as 
the CD3+CD8+ fraction within the lymphocyte gate. ** p = 0.001, ***p < 0.0001.

IFN-γ 

TNF-α IL-2 IL-17 IL-4 IL-10 

0.09 0 

0.18 

0.81 0 

0.47 2.29 

0.08 0.32 

0.07 

0 0.01 0.23  0 

0.23 

0.05 0 

0.07 

0.13 0 

0.23 0.51 

0 0.05 

34.8 

35.1 2.17 3.86 41.3 

34.8 

0.31 0.15 

69.8 

0.32 1.59 

65.1 68.7 

2.29 0.97 

0.02 0.04 

54 

1.69 1.46 

57.8 

5.03 16.3 

50.2 22.8 

36.4 6.29 0.62 0.45 

59.9 

0.52 0.13 

0.26 0.09 

0.09 0.09 
CD103+ 

medium 

CD103- 

medium 

CD103+ 

PMA/iono 

CD103- 

PMA/iono 

SUPPLEMENTARY FIGURE 4.  

SUPPLEMENTAL FIGURE 4. CD103+ and CD103- lung CD8+ T cells produce high amounts of IFN-γ 
and other Th1 cytokines, but hardly any Th2 cytokines, IL-10 or IL-17.  FACS plots representative of 
Figure 4A (4-10 patients). Dot plots were gated on CD3+CD8+CD103+ or CD3+CD8+CD103- cells within the 
lymphocyte gate. Numbers indicate the percentages of CD3+CD8+ cells that are located within each quadrant. 
PMA/iono: cells stimulated with PMA and ionomycin.



42

EPITH
ELIA

L C
D

8
+ T C

ELLS

1

A 

C 

% IFN-γ+ 

CD103+ CD103- 

%
 IF

N
-γ

+  
of

  C
D

8+ 

0 
20 
40 
60 
80 

100 
% TNF-α+ 

CD103+ CD103- 

%
 T

N
F-
α+

 o
f  

C
D

8+ 

0 
20 
40 
60 
80 

100 

%
 IL

-2
+  

of
  C

D
8+ 

CD103+ CD103- 
0 

20 
40 
60 
80 

100 

B 

IFN-γ 

CD103 

TNF-α IL-2 

1.1 

0.8 

24.2 16 0.7 

1.2 0.8 

1.3  13.5 

%
 C

D
10

3+ I
FN

-γ
+  

of
 C

D
8+ 

blood lung %
 C

D
10

3+ T
N

F-
α+

 o
f C

D
8+ 

0 

  5 

10 

15 

0 

  5 

10 

15 

0 

  5 

10 

15 

%
 C

D
10

3+ I
L-

2+  
of

 C
D

8+ 

blood lung blood lung 

* 
% IL-2+ 

SUPPLEMENTARY FIGURE 5.  

SUPPLEMENTAL FIGURE 5.  Equal percentages of CD103+ and CD103- peripheral blood CD8+ T 
cells produce IFN-γ. A: FACS plots show the expression of IFN-γ, TNF-α and IL-2 plotted against CD103 
expression. Plots show CD3+CD8+ peripheral blood T cells within the lymphocyte gate and are representative 
of 4 patients. Intracellular cytokine production of lung CD8+ T cells was measured by flow cytometry 
after 4-hour stimulation with PMA and ionomycin in the presence of brefeldin A. Numbers indicate the 
percentages of CD3+CD8+ cells that are located within each quadrant. B: The percentages of CD103+CD8+ 
and CD103-CD8+ peripheral blood T cells expressing IFN-γ, TNF-α and IL-2 (n = 4). C: The percentages 
of blood and lung CD8+ T cells that are double positive for CD103 and IFN-γ, TNF-α or IL-2 (n = 4).  All 
expression data were collected with flow cytometry. * p = 0.04.
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SUPPLEMENTAL FIGURE 6. The small population of CD8+CD103+ peripheral blood T cells has a lower 
expression of cytotoxic molecules and a higher expression of CD94/NKG2A than CD8+CD103- T cells.  
A: FACS plots show the expression of perforin, granzyme B, CD94 and NKG2A plotted against CD103 
expression. Plots show CD3+CD8+ peripheral blood T cells within the lymphocyte gate and are representative 
of 5 to 25 patients. Numbers indicate the percentages of CD3+CD8+ cells that are located within each 
quadrant. B: The percentages of CD103+CD8+ and CD103-CD8+ peripheral blood T cells expressing perforin, 
granzyme B, CD94 and NKG2A (n = 5-25). C: The percentages of blood and lung CD8+ T cells that are 
CD103+ and perforin-, granzyme B-, CD94+ or NKG2A+ (n = 5-25). All expression data were collected with 
flow cytometry. *** p < 0.001, ** p < 0.01 and * p < 0.05.
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ABSTRACT 
It is unknown whether human lung T cells, like other lymphocytes, recirculate or rather 
belong to a distinct tissue-specific population. This issue is important for understanding 
their role in the defense against viral infection and their contribution to pathophysiology 
of lung diseases such as chronic obstructive pulmonary disease (COPD). By comparing 
transcriptional profiles of blood and lung CD8+ T cells, we aimed to reveal specific 
traits of lung CD8+ T cells. Cluster analysis showed that localization of T cells had a far 
greater impact on mRNA expression profiles than differentiation state or inter-individual 
variability. Pathways guiding cellular recruitment, retention, proliferation and survival of 
CD8+ T cells in the lung were highly enriched for differentially expressed genes. Specifically, 
chemokine receptors, chemokine receptor ligands and integrins were upregulated in lung 
T cells. Interestingly, our expression data suggested a strong translational suppression in 
lung CD8+ T cells compared to peripheral blood. Thus, lung CD8+ T cells have an organ-
specific transcriptome, with high expression of genes that could play a role in cell migration, 
survival and retention. 
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INTRODUCTION
COPD is an inflammatory lung disease, characterized by a non-reversible, progressive 
airflow limitation, and severe morbidity. It is the 4th cause of death worldwide and due to 
a lack of effective therapies, the number of deaths is still increasing. Better knowledge of 
the pathogenesis of COPD will lead to new clues for therapeutic interference. Increased 
numbers of CD8+ T cells have been found in lungs of COPD patients and their presence in 
lung and airways correlates with the amount of airflow limitation 1. It has therefore been 
hypothesized that CD8+ T cells are instrumental in the pathogenesis of COPD. However, 
the processes that drive this local accumulation and the pathophysiological role of CD8+ T 
cells are unknown. 

Increased lung CD8+ T cell numbers may result from enhanced recruitment, local 
proliferation, increased survival, or a combination of these processes. Studies in mice have 
shown that respiratory infection is one of the main factors driving T cell recruitment to the 
lung 2;3. Post-infection a virus-specific memory T cell pool is maintained in the lungs that 
provides protection against re-infection 2-5. Retention and survival of these murine virus-
specific T cells is achieved via integrin-mediated mechanisms 5;6. Our previous research 
suggested that a similar virus-specific memory CD8+ T cell population is maintained 
in human lungs 7;8. Moreover, we demonstrated that this CD8+ T cell population differs 
phenotypically and functionally from its peripheral blood counterpart 7;8. 

Previous microarray studies using lung tissue either have compared expression profiles 
between total peripheral blood and lung T cells 9 or used total lung homogenates to identify 
gene expression differences between COPD and healthy lung tissue 10-12. The latter studies 
mainly identified differentially regulated genes involved in tissue remodeling and repair. We 
here compared gene expression profiles of paired human peripheral blood and lung CD8+ 
T cells to determine which genes may guide the specific (patho)physiological processes of 
lung CD8+ T cells.

RESULTS
Location has a major impact on CD8+ T cell mRNA expression profiles 
We compared the gene expression profiles of non-naïve circulating CD8+ T cells with 
non-naïve lung CD8+ T cells. By sorting only CD45R0+ cells we prevented a bias due to the 
different contribution of naïve cells to the peripheral blood and lung CD8+ T cell pool 7. To 
distinguish between mechanisms that may play specific roles in either effector- or memory-
type CD8+ T cells, we subdivided the lung CD8+ T cell populations based on the expression 
of CD27 13. Gene expression levels were compared to those of pooled naïve peripheral blood 
CD8+ T cells 14. 

More than 2,700 genes were significantly differentially expressed between blood and 
lung. Slightly more genes were differentially regulated between the CD27- lung fraction 
and blood than between the CD27+ lung fraction and blood. However, the vast majority 
of differentially regulated genes overlapped between CD27+ and CD27- lung CD8+ T cells 
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(Figure 1A). The comparison between paired CD27+ and CD27- lung CD8+ T cell samples 
yielded only 15 differentially regulated genes (Supplemental Table 1 shows genes with an 
adjusted p value < 0.1) which was surprising as CD27+ and CD27- peripheral blood CD8+ T 
cells are known to have distinct gene expression profiles 14. 

Genes encoding for proteins that are expressed in peripheral blood memory CD8+ T 
cells like CCR7, granzyme K, CD28 and IL-8 were increased in lung CD8+CD27+cells. Genes 
that are higher expressed in effector than in memory T cells such as KLRD1 (CD94), CXCR6 
and GZMB (granzyme B) were also increased in lung CD8+CD27- cells 14;15, corroborating 
the validity of our microarray data. To obtain an impression of the influence of cellular 
location on gene expression, we performed a cluster analysis on gene expression profiles of 
the different samples (Figure 1B). Strikingly, location was a greater determinant for gene 
expression profile than differentiation state or inter-individual variability. 
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FIGURE 1.  

FIGURE 1. Location has a greater impact on CD8+ T cell RNA expression profile than differentiation 
state or inter-individual variability. A: Venn diagram showing genes significantly and differentially 
regulated between blood and  lung CD8+ T cells, between blood and CD27+ lung CD8+ T cells and between 
blood and lung CD27-CD8+ T cells.  Circles show overlap in differentially regulated genes between these 
three comparisons, numbers indicate amount of genes. B: Hierarchical clustering of all hybridized samples. 
Samples above the line are lung samples, samples below the line are peripheral blood samples. From the pool 
of naive CD8+ T cells and the lung memory CD8+ T cells from patient 2 duplicates were hybridized.
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FIGURE 2.  
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FIGURE 2. Enrichment of biological processes for genes significantly up- and downregulated between 
blood and lung. A: Analysis of the 940 genes that were upregulated in lung CD8+ T cells (left) and analysis 
of  the 1053 genes that were downregulated in lung CD8+ T cells (right) compared to peripheral blood CD8+ 
T cells. Naive = pool of naive CD8+ T cells sorted from 5 healthy donors,  blood CD45R0+ =  3 separate 
fractions of CD45R0+CD8+ T cells sorted from peripheral blood from 3 patients and lung CD45R0+CD27+/- = 
paired lung fractions of CD27+ and CD27- CD45R0+CD8+ T cells. B: Biological function enrichment profile 
of upregulated (left) and downregulated genes (right). Analysis performed with Ingenuity software, -log 
(p-value) is shown.
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Biological function enrichment of differentially regulated genes is mainly 
determined by genes upregulated in lung CD8+ T cells
To search for a potential “lung mRNA fingerprint”, we compared gene expression levels 
of lung (containing CD27+ and CD27- samples) and blood samples. 1,993 genes with a 
significant p-value after correction for multiple testing and showing at least 1.5 fold 
change between blood and lung, were selected for further analysis. We separated these 
genes in a group of downregulated and a group of upregulated genes and analyzed with 
Ingenuity software for these two groups which biological functions were most enriched for 
differentially regulated genes. The top 15 of these functions is shown separately for up- and 
downregulated genes in Figure 2A and B. The effects on biological functions can be reduced 
to four main categories: cell movement and adhesion, cell viability and cell death, cell cycle 
and proliferation and protein synthesis and translation. Biological functions were most 
enriched for genes that were upregulated in the lung, with the exception of protein synthesis, 
which was only enriched for genes that were downregulated. In the next sections we will 
discuss those genes that were significantly and at least 1.5 fold differentially regulated. 

Genes regulating cellular migration and adhesion are upregulated in lung CD8+ 
T cells 
Cellular extravasation and migration to the lung is mediated by chemokine receptors and 
adhesion molecules. Moreover, adhesion molecules, particularly integrins, maintain cells at 
specific locations, by binding to structural cells or extracellular matrix (ECM) components. 
CXCR6, the receptor for CXCL16, was upregulated more than 7-fold in lung CD8+ T cells 
(Supplemental Table 2). The only other significantly upregulated chemokine receptor was 
CXCR3, which is the receptor for CXCL9, CXCL10 and CXCL11. Importantly, the ligands for 
CXCR6 and CXCR3 are known to be highly expressed by bronchial epithelial cells, alveolar 
macrophages and pulmonary dendritic cells 16;17. The increased expression of CXCR3 and 
CXCR6 was confirmed on the protein level, as was the increased expression of CXCR6 by 
CD27- compared to CD27+ lung CD8+ T cells (Figure 3A, B and C). Studies in mice have 
not only shown a possible role for CXCR3, but also for CCR5 and CCR6 in CD8+ T cell 
recruitment to the airways and lung respectively 18-20. CCR5 was not differentially regulated 
and CCR6 was not significantly upregulated (2.1 fold, adjusted p 0.16). However, as CCR6 
protein was slightly increased and CCR5 protein was highly increased on lung CD8+ T 
cells (Figure 3A and B) post-transcriptional mechanisms might contribute to differences 
in chemokine receptor expression between blood and lung. CCR7, which regulates CD8+ 
T cell migration from  lung to  lymph node 21 was low on lung CD8+ T cells (Figure 3A 
and B).  L-selectin, mediator of adherence of lymphocytes to high endothelial venules in 
peripheral lymph nodes, was more than 3 fold downregulated. The downregulation of the 
sphingosine-1-phosphate receptor, which is required for lymph node egress, is consistent 
with the phenotype of effector-memory CD8+ T cells 22;23.

The most differentially expressed integrins were ITGA1, encoding the α1-subunit 
of integrin-α1β1 (VLA-1) and ITGAE, encoding CD103, the αE-subunit of integrin-αEβ7 
(Supplemental Table 2). VLA-1 binds to ECM components laminin and collagen, which are 
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abundantly present in the pulmonary basement membrane 6. CD103 binds to E-cadherin on 
lung epithelial cells and is a marker for intraepithelial lymphocytes 8;24;25.  The upregulation 
of VLA-1 and CD103 protein on lung CD8+ T cells (respectively 28 and 12 fold) (Figure 
4A) was much more pronounced than the mRNA difference. This was also the case for 
the upregulation on lung CD27- compared to lung CD27+ cells (Figure 4B). Interestingly, 
VLA-1 8, CCR5 and CXCR6 expression were highest and CCR7 expression was lowest on 
intraepithelial CD103+ lung T cells (Figure 3D). 

Two other integrin-encoding genes were increased in lung CD8+ T cells: ITGAV, 
encoding integrin alpha V and ITGA4, encoding integrin-α4. Integrin-α4 associates with a 
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FIGURE 3.  Chemokinereceptor expression is differentially regulated between blood and lung. A: 
Representative histogram overlays showing the expression of various chemokinereceptors on blood CD8+ 
T cells (dashed line) and lung CD8+ T cells (continuous line). Histogram plots are representative for 4-6 
patients. B: Expression of CXCR6, CCR5 and CCR7 on paired blood and lung CD8+ T cells. C: Expression 
of CXCR6 and CCR5 on CD27+ and CD27-lung CD8+ T cells. D: Expression of CXCR6, CCR5 and CCR7 on 
CD103+ and CD103- lung CD8+ T cells. * p < 0.05, **p < 0.01,*** p < 0.001. N = 4-6.
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β1-chain to form VLA-4 or a β7-chain to form integrin-α4β7, both receptors for fibronectin and 
vascular cell adhesion molecule 1 (VCAM-1). VCAM-1, a member of the immunoglobulin 
superfamily that mediates leukocyte-endothelial cell adhesion and signal transduction, 
was upregulated 6 fold. ICAM-1/VLA-4 interactions mediate leukocyte migration to sites 
of inflammation. Integrin-α4 protein was slightly increased on lung CD8+ T cells (Figure 
4A). Both integrin-α4 and integrin-αE can dimerize with integrin-β7. Integrin-β7 was not 
differentially regulated (Figure 4C), but FACS-data showed that whereas in the peripheral 
blood integrin-β7 dimerizes with integrin-α4, in the lung it mainly forms a receptor with 
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FIGURE 4. Expression of integrin-α1 and CD103 is increased on lung CD8+ T cells. A: Percentage of  
paired blood and lung CD45R0+CD8+ T cells expressing CD103 (left), CD45RA-CD8+ T cells expressing 
integrin-α1 (middle) or peripheral blood and lung CD8+ T cells expressing integrin-α4 (right). B: Percentage 
of lung CD45R0+ or CD45RA- CD27- or CD27+ CD8+ T cells expressing CD103, integrin-α1 and integrin-α4. 
C: Percentage of cells expressing integrin-β7. D: FACS-plots showing the expression of integrin-β7, integrin-α4 
and CD103 on CD3+CD8+ cells. One representative donor is shown. Data obtained by flow cytometry. * p < 
0.05, **p < 0.01,*** p < 0.001. N = 4-17.
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integrin-αE (Figure 4C and D). Summarizing, lung CD8+ T cells lack lymph node homing 
receptors and are instead equipped with chemokine receptors and integrins that enhance 
binding to and movement towards lung structural cells, lung immune cells and ECM. This 
phenotype is especially pronounced in the CD103+ intraepithelial CD8+ T cell fraction.

Cell cycle and cell survival are differentially regulated between blood and lung
Many genes involved in regulation of cell cycle progression and modulation of proliferation 
at the transcriptional level were differentially regulated (Supplemental Table 3), but the 
biological result of this differential regulation is difficult to predict. It should be noted that cell 
division associated genes such as TYMS and KI67 that are strongly upregulated in HCMV-
specific T cells during the acute response 14 were equally expressed in blood and lung.  

In analyzing expression of genes influencing cell survival, it was striking that the anti-
apoptotic BCL-2 family protein MCL-1 was 4.6 fold increased (Supplemental Table 4) as 
was the expression of pro-apoptotic genes like BIK and BMF. Several TNF receptors and 
ligands that enhance cell survival were upregulated: TNFR-II, 4-1BB, 4-1BBL and LIGHT. 
The apoptotic suppressors BIRC2 and BIRC3 and TRAF1, which recruits these suppressors 
to TNFR-II 26 were also increased. Lymphotoxin-β (LTB), which can induce apoptosis by 
binding to the LTBR (TNFR-III), was decreased 6.3 fold. Thus, the regulation of cell death 
and cell survival appears to differ between blood and lung CD8+ T cells, and likely, cues 
coming from the local environment will be important in determining cellular maintenance. 

High activation state of lung CD8+ T cells is accompanied by an increased 
expression of inhibitory genes
We next focused on functions of lung CD8+ T cells. The gene encoding T cell differentiation 
protein mal was 11 fold downregulated (Supplemental Table 5). Mal is a proteolipid 
integral membrane protein that functions in the formation, stabilization and maintenance 
of glycosphingolipid-enriched membrane microdomains, and enhances apoptosis via 
the Fas signaling pathway 27. T cell activation markers like HLA class-II molecules and 
the immunoglobulin superfamily member lymphocyte-activation gene 3 (LAG3), were 
increased in lung T cells. The upregulated CD58 (LFA-3) is not only important for 
mediating antigen-dependent, but also antigen-independent interactions of T lymphocytes 
with antigen-presenting cells. LFA-3 is a ligand of the T lymphocyte CD2 protein and 
thereby LFA-3/CD2 interactions may support T-T cell interactions that function in cellular 
maintenance. The other ligand for CD2, CD48 (BLAST1), was downregulated. 

Although lung CD8+ T cells showed a gene expression profile typical for increased 
activation, negative regulators of TCR-signaling and effector function were also increased. 
Src-like-adaptor proteins 1 and 2 (SLA and SLA2) negatively regulate TCR-signaling by 
inhibiting TCR-induced activation of nuclear factor of activated T cells (NFAT). Protein-
tyrosine phosphatase PTPN22 negatively regulates TCR-signaling by dephosphorylating 
and inactivating the SRC family kinases. KLRD1 and KLRC1 encode for CD94 and NKG2A 
respectively that dimerize to form the inhibitory CD94/NKG2A complex 28. Especially 
CD103+ lung CD8+ T cells are known to express CD94/NKG2A 8. KLRF1, encoding the 
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cytotoxicity enhancing C-type lectin-like receptor NKp80 29, was downregulated. We 
confirmed that HLA-DR, CD94 and NKG2A were upregulated at the protein level (Figure 
5). Thus, lung CD8+ T cells are accommodated with receptors required for efficient cell-cell 
contact and antigen recognition but are refrained from uncontrolled effector function by an 
increase in inhibitory molecules.

Cytokine receptors
Cells in the mucosal lung environment will have to respond to a different cytokine milieu 
than cells in the peripheral blood and therefore may have to express specific cytokine 
receptors. Surprisingly, the only cytokine receptor that was increased was IL-21 receptor 
(Supplemental Table 6) which is important for proliferation and differentiation of T cells, B 
cells, and natural killer cells. IL10RA and IL10RB which together are required for mediation 
of the immunosuppressive signal of IL-10 were both decreased, as was the receptor for IL-11. 
Downregulated IFNAR2 associates with IFNAR1 to form the receptor for interferon-α and 
-β and is involved in IFN-mediated STAT1, STAT2 and STAT3 activation. 

Cytokines and chemokines
The gene encoding one of the most prominent Th-1 cytokines, IFN-γ, was more than 3 fold 
upregulated (Supplemental Table 6). IFN-γ is a potent activator of macrophages, has anti-
proliferative effects on transformed cells and can potentiate the antiviral and anti-tumor 
effects of type I interferons 30. The only other cytokine that was differentially upregulated 
was IL-32. Expression of IL-32 is increased after activation of T cells by mitogens and in 
viral infection 14. In addition, IL18BP (IL-18 binding protein) was decreased. This protein 
inhibits IL18-induced IFN-γ production 31; therefore downregulation favors a Th-1 response. 
In concordance with this, Th-1 chemokine CCL5 (RANTES), a chemoattractant for blood 
monocytes, memory T-helper cells and eosinophils, was upregulated. Lung CD8+ T cells do 
indeed secrete large amounts of IFN-γ and CCL5 protein 8 and secrete significantly more 
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FIGURE 5. Lung CD8+ T cells have an increased expression 
of HLA-DR, NKG2A and CD94. A: Percentage of paired 
blood and lung CD45R0+CD8+ T cells expressing HLA-DR 
(left), CD45RA-CD8+ T cells expressing NKG2A (middle) 
or peripheral blood and lung CD8+ T cells expressing CD94 
(right). B: Lung CD27-CD8+ T cells express more NKG2A than 
their CD27+ counterparts. Data obtained by flow cytometry. * 
p < 0.05, **p < 0.01,*** p < 0.001. N = 7-23.
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IFN-γ than peripheral blood CD8+ T cells (data not shown).  XCL1 and CCL20, which both 
have chemotactic activity on lymphocytes, were also upregulated. Interestingly, CCL20 can 
be induced by IFN-γ and is implicated in the formation and function of mucosal lymphoid 
tissues via attraction of lymphocytes and dendritic cells towards epithelial cells. Because 
the receptors for CCL5 and CCL20, CCR5 and CCR6, are also upregulated on lung T cells, 
there could be an autocrine feedback loop.  Although only a small number of cytokines and 
chemokines was differentially regulated between blood and lung CD8+ T cells, those that 
were upregulated have important Th-1 lymphocyte-attracting, anti-viral and immune cell 
activating functions.

Lung CD8+ T cells show increased expression of mRNA encoding effector 
molecules
The lung is an organ that is in very close contact with the outside world. In addition to Th-1 
cytokine production, adequate cytotoxic CD8+ T cell effector function is essential at such a 
location for the protection against respiratory viruses and malignant degeneration. Indeed, 
granzyme B, perforin and FAS-ligand were upregulated (Supplemental Table 6). The extent 
to which granzyme B was upregulated (27 fold) was however unexpectedly high, especially 
as there was no difference at the protein level (Figure 6). FAS/FAS-ligand-mediated 
apoptosis may have a role in induction of peripheral tolerance and in antigen-stimulated 
suicide of mature T cells. This mechanism might play an important role in preventing 
immunopathology, by regulating tolerance to innocuous antigens and contraction of the T 
cell pool after viral infection 32;33. 

Surfactant protein D was increased, which is important as it contributes to the lung’s 
defense against influenza virus and inhaled microorganisms 34. It is not known whether 
the strongly upregulated surfactant protein C also plays a role in host defense. The major 
function of surfactants is to maintain the stability of pulmonary tissue by reducing the 
surface tension of fluids that coat the lung. S100 proteins A8, A9, A10 and A11 were 
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FIGURE 6. Lung CD8+ T 
cells have a similar perforin 
and granzyme B content as 
peripheral blood CD8+ T 
cells. A: Percentage of paired 
blood and lung CD8+ T cells 
expressing perforin (left) or 
granzyme B (right). B: Lung 
CD27-CD8+ T cells contain 
significantly more perforin 
and granzyme B than their 
CD27+ counterparts. Data 
obtained by flow cytometry. 
* p < 0.05. N= 5-21.
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differentially regulated. They have antimicrobial activity towards bacteria and fungi and 
regulate a great number of other cellular processes.

Lung CD8+ T cells have a different transcription factor profile than peripheral 
blood CD8+ T cells
As lung CD8+ T cells have an increased expression of granzyme B, perforin and IFN-γ, 
it is striking that known regulators of CD8+ T cell effector function like T-bet, Blimp-1 
and eomesodermin were not significantly different and that Bcl6, which is a repressor of 
the granzyme B promoter, was upregulated. However, Bhlhe40, Id2 and Zeb2, all genes 
associated with CD8+ T cell memory or effector differentiation 23;35;36, were increased 
(Supplemental Table 7). 

As the high expression of effector molecules already suggested, lung CD8+ T cells did 
not have features of exhausted T cells: none of the genes specific for exhausted T cells were 
upregulated and the only in analogy downregulated genes were Junb and Klf2 37. Klf2 can 
regulate T cell quiescence and migration 37. Kruppel-like factor 6 is the transcription factor 
that was most upregulated in lung CD8+ T cells. Interferon regulatory factors 4, 7 and 8, which 
regulate interferons and interferon-inducible genes in response to viral infection, were also 
increased. Runt-related transcription factor 3 (Runx3), a main regulator of CD4 silencing 
and TGF-β-dependent CD103 induction during thymocyte development 38, was upregulated, 
which may be related to the high proportion of CD103 expressing cells in the lung.

Thus, lung CD8+ T cells have a different transcription factor profile than peripheral 
blood CD8+ T cells with increased expression of transcription factors involved in gene 
regulation after antigen contact or viral infection. However, in spite of their higher granzyme 
B expression, lung CD8+ T cells do not have a higher expression of transcription factors that 
are classically known to regulate cytotoxic T cell function. 

Differential regulation of protein synthesis in lung CD8+ T cells
Genes encoding factors important for protein synthesis were downregulated in the lung. 
After the initiation of translation by attachment of a ribosome to the mRNA, eukaryotic 
initiation factors (EIFs) form the preinitation complex (PIC) with ribosomal subunits and 
Met-tRNAi, recruiting the PIC to mRNA and regulating recognition of the AUG initiation 
codon. 14 EIFs were downregulated in lung CD8+ T cells (Supplemental Table 8) and 6 
were upregulated. Importantly, three of these six upregulated EIFs (EIF2B4, EIF2C2 
and EIF6) have an inhibiting effect on translation. FAM129A, encoding a regulator of 
phosphorylation of several EIFs, was 10 fold upregulated. Phosphorylation of EIFs leads 
to their sequestering, which leads to translational repression. As essential components of 
ribosomes, ribosomal proteins are indispensable for translation. 26 ribosomal proteins 
and 13 mitochondrial ribosomal proteins were downregulated, whereas only 2 ribosomal 
proteins and 3 mitochondrial ribosomal proteins were upregulated. As the ribosome moves 
down the mRNA strand, tRNA brings the corresponding amino acid to each codon. This 
process of elongation is mediated by elongation factors, two of which were downregulated 
(EEF1B2 and EEF1G).  
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Protein degradation on the other hand seemed to be increased in lung CD8+ T cells. 
Genes playing a role in the process of ubiquitination, which labels and directs misfolded 
or short-lived proteins to the proteasome for degradation, were upregulated (Supplemental 
Table 8), including ubiquitin B and C, several ubiquitin conjugating enzymes and ligases 
(ARIH1, UBE2K and UBR5) and proteasome proteins (PSMC4 and PSMD14). Interestingly, 
one of the few downregulated genes of the ubiquitination process, ITCH, is an essential 
component of a ubiquitin-editing protein complex that ensures the transient nature of 
inflammatory signaling pathways.  The strong upregulation of several heat shock proteins 
suggests that stabilization and chaperoning of proteins in lung CD8+ T cells was enhanced 
(Supplemental Table 8). As molecular chaperones, heat shock proteins play a critical role in 
protein folding, intracellular trafficking of proteins, and coping with proteins denatured by 
heat and other stresses. These data suggest that degradation of misfolded, short-lived and 
denatured proteins is increased in lung CD8+ T cells. Together with the overall translational 
suppression, this might reflect activation of the unfolded protein response in lung T cells as 
a protection mechanism against ER-stress 39.

DISCUSSION
We here show that CD8+ T cells in the human lung have a gene expression signature that 
is distinct from antigen-experienced circulating CD8+ T cells. Not only do they have an 
organ-specific phenotype with upregulation of integrins-αE, and -α1, CXCR6 and CXCR3, 
they also show a different functional profile with high expression of granzyme B, perforin 
and IFN-γ. The fact that even naive and antigen-experienced peripheral blood CD8+ T cells 
were more alike than antigen-experienced blood and lung CD8+ T cells, suggests that lung 
CD8+ T cells belong to a distinct tissue-specific population with distinct gene expression 
regulation. This finding is in agreement with previous results that suggested the presence 
of a resident population of intraepithelial virus-specific CD8+ T cells in the human lung 7;8. 

It is possible that respiratory virus-specific CD8+ T cells are a great determinant for 
the lung CD8+ T cell mRNA expression profile. Many upregulated genes were shown to 
have a much higher protein expression on CD103+ than CD103-CD8+ T cells, suggesting 
that the CD103+ intraepithelial CD8+ T cell population 8;24;25, containing respiratory virus-
specific cells, strongly defines the lung CD8+ T cell gene expression picture. This implies 
that the organ-specific mRNA fingerprint could (partly) be a virus-specific fingerprint. 
Many genes known to be upregulated in virus infection were indeed upregulated, including 
chemokine and TNF receptors, interferon regulatory factors, integrins, inhibitory NK-
receptors and effector molecules. Mice studies have shown roles for CXCR3 and CCR5 
in CD8+ T cell effector function and recruitment to respectively the lung and airways in 
acute and secondary influenza and RSV infection 40;41. The increased expression of CCR5 
on CD103+CD8+ T cells compared with CD103-CD8+ T cells suggests that CCR5 might also 
in humans guide T cell migration to the airways. 

An intriguing finding from our array is the 27-fold upregulation of granzyme B mRNA, 
without increased granzyme B protein content. Although a discrepancy between granzyme 
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B mRNA and protein level has been demonstrated for resting murine NK cells 42, for 
CD8+ T cells and human NK cells this has not been shown before. However, it might be 
an explanation for our previous finding that a subset of lung CD8+ T cells expresses very 
little cytotoxic proteins under non-inflammatory conditions, but has the ability to quickly 
upregulate cytotoxic function upon stimulation 8. The putative translational suppression 
in lung CD8+ T cells might indicate that human lung CD8+ T cell granzyme B content is 
controlled by translational regulation.

CCR5, CCR6, CXCR3 and CXCR6 and CCL5 and CCL20 have all been implicated in the 
pathogenesis of COPD and were upregulated in lung T cells 20;43. CXCR6 has been suggested 
to function as a lung homing receptor for CD8+ T cells, based on its expression profile 9;17. 
However, other more functional studies merely showed a role in retention and adhesion of 
CD8+ T cells 43;44. We found that the receptors and ligands implicated in cell recruitment 
to the lung under inflammatory conditions are also expressed in patients without COPD. 
Therefore, their role in migration within the lung (i.e. to the airways) or other processes 
like CD8+ T cell adhesion, survival and/or antigen recognition might have caused their 
association with COPD.  Up till now, CD8+ T cell research in COPD has focused on 
mechanisms of CD8+ T cell recruitment. Interesting new therapeutic options may arise by 
analyzing possibilities to interfere with the local pathways that maintain the resident lung 
CD8+ T cell pool. In fact this approach could also be valuable to increase our understanding 
of other diseases in which lung CD8+ T cells have been implicated to cause pathology, like 
asthma and interstitial lung disease 45 and for improving the clinical outcome of lung cancer 
or virus infections in which CD8+ T cells play a protective role.

Thus, CD8+ T cell location in the lung had a far greater impact on the mRNA expression 
profile than differentiation state or interindividual variability. Pathways guiding cellular 
retention, proliferation and survival of CD8+ T cells in the lung were highly enriched for 
differentially expressed genes, indicating that the lung CD8+ T cell pool under homeostatic 
conditions is maintained locally instead of by recruitment from the periphery. Furthermore, 
we found a substantial discrepancy between lung CD8+ T cell granzyme B mRNA and 
protein expression. We suggest that granzyme B translation is repressed to prevent cytotoxic 
damage to the epithelium under non-inflammatory conditions and that the very large 
granzyme B mRNA stock is sufficient to ensure a fast supply of granzyme B protein when 
required for host defense.

MATERIAL AND METHODS
Subjects
Material from 50 subjects was collected. 39 patients underwent a lobectomy for a peripheral 
primary lung tumor, 10 received lung transplantation because of end-stage lung disease 
and one tissue specimen was obtained from a healthy lung donor. Supplementary Table 
9 shows the demographics of our cohort. Patients with a history of asthma or a recent 
lower respiratory tract infection were excluded from the study. Except for four transplanted 
patients, patients did not receive systemic immunosuppressive therapy at the time of 
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inclusion in the study or in the recent past. None of the patients recently received chemo- 
or radiotherapy. Our cohort is comparable to those used for previously human lung T cell 
studies 46. For microarray analysis we used material obtained from 3 lobectomy patients 
who were all ex-smokers with a normal lung function. Protein quantification by flow 
cytometry was performed on randomly chosen samples from the other 47 patients in the 
cohort. Lobectomy patients were recruited from the Academic Medical Centre, Amsterdam 
and the Tergooi Hospitals, Hilversum, the Netherlands. Lung transplantation patients were 
recruited from the University Medical Centre Groningen, Groningen, the Netherlands. All 
patients gave written informed consent prior to inclusion in the study and the study was 
approved by the Ethical Review Board (ERB) of the Academic Medical Centre and the local 
ERB of the other participating centers.

Isolation of mononuclear cells from peripheral blood and lung tissue
Buffy coats from healthy donors were purchased at Sanquin Blood Supply (Amsterdam,  
the Netherlands). Peripheral blood mononuclear cells (PBMC) were isolated from buffy 
coats and patient peripheral blood samples using standard techniques. Directly after 
lobectomy, a piece of peripheral lung tissue as far away from the tumor as possible was 
severed. Lung mononuclear cells (LMC) were isolated from this tissue specimen as 
described 47. To exclude the possibility of contamination with peripheral blood, erythrocyte 
counts were confirmed to be less than 5% of erythrocyte counts in paired blood samples. 

Flow cytometric cell sorting
PBMC or LMC (17-100 x 106 cells) were incubated with different combinations of the 
following antibodies:  CD27 Fitc (CLB), CD27 PE (BD), CD45R0-PE (BD), CD8 PerCP-
Cy5.5 (BD), CD3 PE-Cy7 (BD), CD45RA APC (BD Pharmingen), CD45R0 APC (BD 
Pharmingen), CD4 APC-AlexaFluor750 (eBioscience). Cells were labelled according to 
manufacturer’s instructions and FACS-sorted using a FACSAria (BD Biosciences) multi-
color flow cytometer. From healthy donors naive peripheral blood CD8+ T cells were sorted 
(CD3+CD8+CD45RA+CD27bright). From patient PBMC CD3+CD8+CD45R0+ cells were 
sorted. From LMC CD3+CD8+CD45R0+CD27+ and CD3+CD8+CD45R0+CD27- cells were 
sorted. Sorted patient PBMC and LMC populations contained between 97.1 % and 99.8% 
CD45R0+CD8+ T cells. Lung CD8+ T cell sorting for CD27 was less pure, due to the gliding 
scale of CD27 expression by lung CD8+ T cells: purity was ≥95% in patient 2 and 3, but only 
56% and 94% in patient 1. 

RNA isolation, amplification, labeling and hybridization
RNA was isolated from sorted T cells with the Invisorb Spin Cell RNA kit (Invitek) 
according to manufacturer’s instructions. mRNA isolated from naive CD8+ T cells from 
healthy donors was pooled. mRNA quality was checked with an Agilent 2100 bioanalyzer. 
RNA-integrity numbers were between 8.6 and 9.8. Amplification, labeling, hybridization 
and data extraction were performed at ServiceXS (Leiden, the Netherlands). Hybridization 
was performed on to Whole Human Genome HT12-Microarrays (Illumina) following the 
manufacturer’s protocol.
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Microarray imaging and data-analysis
Analyses were carried out with packages from Bioconductor 48 in the statistical software 
package R (Version 2.9.0). The raw scan data were read using the beadarray package (version 
1.12.1) 49. Quality control checks showed no evidence of experimental bias between arrays. 
Illumina’s default pre-processing steps were performed using beadarray. In short, estimated 
background was subtracted from the foreground for each bead. For replicate beads, outliers 
greater than 3 median absolute deviations from the median were removed and the average 
signal was calculated for the remaining intensities. Log-transformation was applied to 
summarized data in order to remove mean-variance relationship in intensities. Resulting 
data were then quantile normalized 50. Non-normalized and quantile-normalized data are 
available at the Gene Expression Omnibus (GEO) with accession number GSE30027.

Statistics
Unsupervised hierarchical clustering (average linkage, Pearson’s correlation distance) 
was performed on normalized data, excluding all probes with a coefficient of variation 
<0.1 across all arrays. Next, normalized data of the technical replicate microarrays was 
averaged. Differential gene expression for the (paired) pairwise comparisons between 
blood and lung CD8+ T cell samples and between CD27+ and CD27- samples was assessed 
using a moderated t-test. The resulting p-values were corrected for multiple testing using 
the Benjamini-Hochberg False Discovery Rate adjustment. Genes were considered to be 
differentially expressed if the corrected p-values were <0.05 (controlling the expected false 
discovery rate to no more than 5%). 

Statistical analysis of flow cytometry data was performed as follows. Paired samples that 
were normally distributed were analyzed by paired t-test and paired samples that were not 
normally distributed were analyzed with Wilcoxon’s signed rank test. Unpaired samples 
were analyzed with unpaired t-test or Mann-Whitney test. All t-tests were two-tailed and 
p-values <0.05 were considered statistically significant.

Flow cytometric analysis
PBMC or LMC (0.3-0.5 x 106 cells) were incubated with different combinations of the 
following antibodies: CD103 Fitc (BD), HLA-DR Fitc (BD), CD103 PE (eBioscience), 
CD27 PE (BD), NKG2A PE (Beckman), CD49a PE (BD Pharmingen), CD49d PE (R&D 
Systems), CD45RA PerCP-Cy5.5 (eBioscience), CD4 PerCP-Cy5.5 (BD), CD8 PerCP-
Cy5.5 (BD), CCR7 PerCP-Cy5.5 (ITK), CD8 PE AlexaFluor610 (Invitrogen), CD3 PE-Cy7 
(BD), CD45RA APC (BD Pharmingen), CD45R0 APC (BD Pharmingen), CD94 APC (BD 
Pharmingen), CD8 AlexaFluor700 (eBioscience), CD27 APC-AlexaFluor750 (eBioscience) 
and CD27 APC-eFluor780 (eBioscience), CCR6 Fitc (R&D Systems), CXCR3 PE (R&D 
Systems), CCR5 PE (BD Pharmingen) and CXCR6 AlexaFluor647 (BioLegend). Cells 
were labeled according to manufacturer’s instructions and washed and analyzed in PBS 
containing 0.01% (w/v) NaN3 and 0.5% (w/v) bovine serum albumin. For intracellular 
staining, the following technique was used: after extracellular staining on 0.5 x 106 PBMC 
or LMC, cells were washed, fixed with 2% PFA solution and permeabilized by washing 
with PBA with 0.1% saponin. Subsequently cells were incubated with perforin Fitc (BD) 
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or granzyme B PE (Sanquin). Cells were analyzed by FACSCanto (BD) multi-color flow 
cytometry and FlowJo software (Tree Star Inc.).
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SUPPLEMENTAL TABLE 1. Genes differentially regulated between lung CD27+ and CD27- CD8+ T

cells.

Gene symbol Name Alias Accession number Fold change adj.p value
CCR7 chemokine (C-C motif) receptor 7 NM_001838.2 3.5 0.001
GZMK granzyme K (granzyme 3; tryptase II) NM_002104.2 2.7 0.027
DKK3 dickkopf homolog 3 (Xenopus laevis) NM_013253.4 2.5 0.038
SFTPC surfactant protein C NM_003018.2 2.5 0.056
IL1B interleukin 1, beta NM_000576.2 2.5 0.094
SFTP1 surfactant protein A1 NM_001093770.1 2.4 0.024
CD27 CD27 molecule NM_001242.4 2.4 0.060
IL8 interleukin 8 CXCL8 NM_000584.2 2.3 0.043
SFTPD surfactant protein D NM_003019.4 2.2 0.094
TM4SF1 transmembrane 4 L six family member 1 NM_014220.2 2.2 0.094
BEX2 brain expressed X-linked 2 NM_032621.2 2.0 0.027
ADAM7 ADAM metallopeptidase domain 7 NM_003817.2 2.0 0.024
PASK PAS domain containing serine/threonine kinase NM_015148.2 2.0 0.027
HLA-DRA major histocompatibility complex, class II, DR alpha NM_019111.3 1.9 0.027
CD28 CD28 molecule Tp44 NM_006139.1 1.9 0.027
KLF4 Kruppel-like factor 4 (gut) NM_004235.3 1.9 0.060
SGK1 serum/glucocorticoid regulated kinase 1 NM_005627.2 1.9 0.056
SFTPA2 surfactant protein A2 NM_006926.1 1.7 0.094
LOC729009 hypothetical LOC729009 NR_002204.1 1.7 0.054
BANP BTG3 associated nuclear protein NM_079837.2 1.6 0.056
CD74 CD74 molecule, major histocompatibility complex, class II invariant chain NM_001025159.1 1.6 0.082
CMTM7 CKLF-like MARVEL transmembrane domain containing 7 NM_181472.1 1.6 0.088
LEF1 lymphoid enhancer-binding factor 1 TCF1α NM_016269.2 1.6 0.078
RPS2P5 ribosomal protein S2 pseudogene 5 NM_002952.3 1.5 0.094
GZMB granzyme B NM_004131.3 -1.5 0.094
SLC27A2 solute carrier family 27 (fatty acid transporter), member 2 NM_003645.2 -1.6 0.082
CXCR6 chemokine (C-X-C motif) receptor 6 Bonzo NM_006564.1 -1.6 0.094
DSE dermatan sulfate epimerase NM_013352.2 -1.6 0.056
GPR65 G protein-coupled receptor 65 NM_003608.2 -1.6 0.094
EGR2 early growth response 2 KROX20 NM_000399.2 -1.7 0.056
SOCS2 suppressor of cytokine signaling 2 NM_003877.3 -1.8 0.056
KLRD1 killer cell lectin-like receptor subfamily D, member 1 CD94 NM_007334.1 -1.8 0.027
ANKRD28 ankyrin repeat domain 28 NM_015199.2 -1.9 0.027
ZNF683 zinc finger protein 683 HOBIT NM_173574.2 -1.9 0.027
LOC100133643 hypothetical protein LOC100133643 NM_002284.3 -2.0 0.094
IL18RAP interleukin 18 receptor accessory protein NM_003853.2 -2.0 0.092
DUOX2 dual oxidase 2 P138 NM_014498.2 -2.1 0.024
IQCG IQ motif containing G NM_032263.2 -2.2 0.027

SUPPLEMENTAL TABLE 2. Cell migration and adhesion. Genes significantly differentially regulated 

between lung and blood CD8+ T cells.

Chemokine receptors
CXCR6 chemokine (C-X-C motif) receptor 6 BONZO NM_006564 7.2 0.018
CXCR3 chemokine (C-X-C motif) receptor 3 IP10-R NM_001142797 3.2 0.024
Integrins
ITGA1 integrin, alpha 1 VLA-1, CD49a NM_181501 2.8 0.018
ITGAE integrin, alpha E CD103 NM_002208 2.4 0.012
ITGAV integrin, alpha V vitronectin receptor NM_001144999 1.9 0.015
ITGA4 integrin, alpha 4 VLA-4, CD49d NM_000885 1.8 0.019
Other
VCAM1 vascular cell adhesion molecule 1 NM_001078 6.0 0.025
S1PR1 sphingosine-1-phosphate receptor 1 NM_001400 -3.3 0.000
SELL selectin L CD62L NM_000655 -3.8 0.001
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SUPPLEMENTAL TABLE 3. Cell cycle and proliferation. Genes significantly differentially regulated 

between lung and blood CD8+ T cells.

Gene symbol Name Accession number Fold change adj. p value
NOTCH1 Notch homolog 1, translocation-associated (Drosophila) NM_017617.3 2.8 0.001
CBLB Cas-Br-M (murine) ecotropic retroviral transforming sequence b NM_170662.3 2.8 0.019
WIPF1 WAS/WASL interacting protein family, member 1 NM_001077269.1 2.7 0.006
MBP myelin basic protein NM_001025100.1 2.4 0.025
PTGS2 prostaglandin-endoperoxide synthase 2 (prostaglandin G/H synthase and cyclooxygenase) NM_000963.1 2.2 0.016
MAPK1 mitogen-activated protein kinase 1 NM_138957.2 2.1 0.006
DIAPH1 diaphanous homolog 1 (Drosophila) NM_005219.3 2.0 0.001
RAD21 RAD21 homolog (S. pombe) NM_006265.1 2.0 0.003
EP300 E1A binding protein p300 NM_001429.2 1.9 0.002
LGALS1 lectin, galactoside-binding, soluble, 1 NM_002305.3 1.9 0.015
PIM1 pim-1 oncogene NM_002648.2 1.9 0.034
PTTG1 pituitary tumor-transforming 1 NM_004219.2 1.9 0.005
PTPN1 protein tyrosine phosphatase, non-receptor type 1 NM_002827.2 1.8 0.008
CKS1B CDC28 protein kinase regulatory subunit 1B NM_001826.1 1.8 0.007
CCND1 cyclin D1 NM_053056.2 1.8 0.026
CDK2 cyclin-dependent kinase 2 NM_001798.2 1.8 0.007
CREG1 cellular repressor of E1A-stimulated genes 1 NM_003851.2 1.6 0.032
TSPAN31 tetraspanin 31 NM_005981.3 1.5 0.011
TSPAN5 tetraspanin 5 NM_005723.2 1.5 0.026
LIG1 ligase I, DNA, ATP-dependent NM_000234.1 -1.6 0.021
CDK5RAP2 CDK5 regulatory subunit associated protein 2 NM_018249.4 -1.6 0.008
PTPN4 protein tyrosine phosphatase, non-receptor type 4 (megakaryocyte) NM_002830.2 -1.7 0.029
CDC16 cell division cycle 16 homolog (S. cerevisiae) NM_003903.3 -1.7 0.008
CLIP1 CAP-GLY domain containing linker protein 1 NM_002956.2 -1.7 0.034
MAPK3 mitogen-activated protein kinase 3 NM_001040056.1 -1.8 0.005
PTEN phosphatase and tensin homolog NM_000314.4 -1.9 0.002
TRRAP transformation/transcription domain-associated protein NM_003496.1 -1.9 0.012
PTPN6 protein tyrosine phosphatase, non-receptor type 6 NM_080548.3 -2.6 0.013
CDKN2D cyclin-dependent kinase inhibitor 2D (p19, inhibits CDK4) NM_079421.2 -2.8 0.005
CCND3 cyclin D3 NM_001760.2 -3.3 0.009
TRAF3IP3 TRAF3 interacting protein 3 NM_025228.1 -3.3 0.005
CDC25B cell division cycle 25 homolog B (S. pombe) NM_004358.3 -3.7 0.001

SUPPLEMENTAL TABLE 4. Cell death and survival. Genes significantly differentially regulated 

between lung and blood CD8+ T cells.

Gene symbol Name Alias Accession Number Fold changeadj. p value
Apoptosis intrinsic pathway
MCL1 myeloid cell leukemia sequence 1 (BCL2-related) NM_021960.3 4.6 0.003
BMF Bcl2 modifying factor NM_001003943.1 1.9 0.039
BIK BCL2-interacting killer (apoptosis-inducing) NM_001197.3 1.8 0.008
TNF-family
TNFRSF1B tumor necrosis factor receptor superfamily, member 1B TNFR-II NM_001066 4.9 0.004
TNFRSF9 tumor necrosis factor receptor superfamily, member 9 4-1BB NM_001561 4.3 0.044
TNFSF14 tumor necrosis factor (ligand) superfamily, member 14 LIGHT NM_003807 3.4 0.013
TNFRSF12A tumor necrosis factor receptor superfamily, member 12A TweakR NM_016639 2.0 0.005
TNFRSF1A tumor necrosis factor receptor superfamily, member 1A TNFR-I NM_001065 1.8 0.032
TRAF1 TNF receptor-associated factor 1 NM_005658 1.7 0.018
CD70 CD70 molecule TNFSF7 NM_001252 1.5 0.029
TNFSF9 tumor necrosis factor (ligand) superfamily, member 9  4-1BBL NM_003811 1.5 0.021
LTA lymphotoxin alpha (TNF superfamily, member 1) TNFSF1 NM_000595 -1.9 0.016
TRADD TNFRSF1A-associated via death domain NM_003789 -2.0 0.002
TNFRSF25 tumor necrosis factor receptor superfamily, member 25 TRAMP NM_001039664 -2.8 0.006
LTB lymphotoxin beta (TNF superfamily, member 3) TNFSF3 NM_002341 -6.5 0.001
Other apoptosis
BIRC3 NA NM_001165.3 2.2 0.028
BIRC2 baculoviral IAP repeat-containing 2 NM_001166.3 1.6 0.012
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TRAF1 TNF receptor-associated factor 1 NM_005658 1.7 0.018
CD70 CD70 molecule TNFSF7 NM_001252 1.5 0.029
TNFSF9 tumor necrosis factor (ligand) superfamily, member 9  4-1BBL NM_003811 1.5 0.021
LTA lymphotoxin alpha (TNF superfamily, member 1) TNFSF1 NM_000595 -1.9 0.016
TRADD TNFRSF1A-associated via death domain NM_003789 -2.0 0.002
TNFRSF25 tumor necrosis factor receptor superfamily, member 25 TRAMP NM_001039664 -2.8 0.006
LTB lymphotoxin beta (TNF superfamily, member 3) TNFSF3 NM_002341 -6.5 0.001
Other apoptosis
BIRC3 NA NM_001165.3 2.2 0.028
BIRC2 baculoviral IAP repeat-containing 2 NM_001166.3 1.6 0.012

SUPPLEMENTAL TABLE 3. Cell cycle and proliferation. Genes significantly differentially regulated 
between lung and blood CD8+ T cells.

SUPPLEMENTAL TABLE 4. Cell death and survival. Genes significantly differentially regulated between 
lung and blood CD8+ T cells.
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SUPPLEMENTAL TABLE 5. Cell differentiation and activation. Genes significantly differentially 

regulated between lung and blood CD8+ T cells.

Gene symbol Name Alias Accession Number Fold change adj. p value
KLRD1 killer cell lectin-like receptor subfamily D, member 1 CD94 NM_001114396 6.0 0.000
LAG3 lymphocyte-activation gene 3 NM_002286 5.3 0.003
HLA-DRB3 major histocompatibility complex, class II, DR beta 3 NM_022555 3.9 0.009
PTPN22 protein tyrosine phosphatase, non-receptor type 22 (lymphoid) NM_012411 3.8 0.001
SLA2 Src-like-adaptor 2 NM_032214 3.7 0.003
CD58 CD58 molecule NM_001144822 3.2 0.005
CD8A CD8a molecule NM_001768 2.4 0.008
KLRC1 killer cell lectin-like receptor subfamily C, member 1 NM_002259 2.2 0.047
SLA Src-like-adaptor NM_001045556 1.8 0.036
KLRF1 killer cell lectin-like receptor subfamily F, member 1 NM_016523 -1.8 0.028
CD48 CD48 molecule NM_001778 -2.5 0.002
MAL mal, T-cell differentiation protein NM_002371 -10.9 0.000

SUPPLEMENTAL TABLE 6. Cytokine receptors and effector molecules. Genes significantly 

differentially regulated between lung and blood CD8+ T cells.

Gene symbol Name Accession Number Fold change adj. p value
Cytokine receptors
IL21R interleukin 21 receptor NM_021798 2.6 0.009
IL10RA interleukin 10 receptor, alpha NM_001558 -1.7 0.034
IFNAR2 interferon (alpha, beta and omega) receptor 2 NM_000874 -2.1 0.001
IL10RB interleukin 10 receptor, beta NM_000628 -2.3 0.001
IL11RA interleukin 11 receptor, alpha NM_001142784 -2.8 0.003
Cytokines
IFNG interferon, gamma NM_000619 3.4 0.025
IL32 interleukin 32 NM_001012631 1.6 0.039
IL18BP interleukin 18 binding protein NM_001039659 -2.0 0.008
Chemokines
XCL1 chemokine (C motif) ligand 1 NM_002995 2.7 0.037
CCL5 chemokine (C-C motif) ligand 5 NM_002985 2.0 0.013
CCL20 chemokine (C-C motif) ligand 20 NM_001130046 2.3 0.001
Effector molecules
GZMB granzyme B (granzyme 2, cytotoxic T-lymphocyte-associated serine esterase 1) NM_004131 26.8 0.001
SFTPC surfactant protein C NM_003018 13.0 0.003
PRF1 perforin 1 (pore forming protein) NM_001083116 5.3 0.006
FASLG Fas ligand (TNF superfamily, member 6) NM_000639 4.6 0.000
SFTPD surfactant protein D NM_003019 4.2 0.011
S100A11 S100 calcium binding protein A11 NM_005620 3.4 0.000
S100A10 S100 calcium binding protein A10 NM_002966 2.9 0.003
S100A8 S100 calcium binding protein A8 NM_002964 -4.3 0.016
S100A9 S100 calcium binding protein A9 NM_002965 -4.6 0.007
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SUPPLEMENTAL TABLE 7. Transcription factors. Genes significantly differentially regulated between 

lung and blood CD8+ T cells. 

Gene symbol Name Accession Number Fold change adj. p value
KLF6 Kruppel-like factor 6 NM_001300 5.2 0.000
ZEB2 zinc finger E-box binding homeobox 2 NM_014795 2.9 0.008
IRF4 interferon regulatory factor 4 NM_002460 2.7 0.003
BCL6 B-cell CLL/lymphoma 6 NM_001130845 2.5 0.006
BHLHE40 basic helix-loop-helix family, member e40 NM_003670 2.4 0.003
IRF7 interferon regulatory factor 7 NM_001572 2.2 0.003
ID2 inhibitor of DNA binding 2, dominant negative helix-loop-helix protein NM_002166 2.1 0.005
NFAT5 nuclear factor of activated T-cells 5, tonicity-responsive NM_001113178 1.8 0.040
RUNX3 runt-related transcription factor 3 NM_001031680 1.8 0.010
IRF8 interferon regulatory factor 8 NM_002163 1.8 0.028
KLF2 Kruppel-like factor 2 (lung) NM_016270 -1.9 0.024
JUNB jun B proto-oncogene NM_002229 -2.6 0.001

SUPPLEMENTAL TABLE 8. Translation and protein synthesis. Genes significantly differentially 

regulated between lung and blood CD8+ T cells. 

Gene symbol Name Accession Number Fold changeadj. p value
Translation: initiation factors
FAM129A family with sequence similarity 129, member A NM_052966 10.1 0.000
EIF2C2 eukaryotic translation initiation factor 2C, 2 NM_012154 4.9 0.003
EIF5 eukaryotic translation initiation factor 5 NM_001969 3.4 0.002
EIF2B4 eukaryotic translation initiation factor 2B, subunit 4 delta, 67kDa NM_001034116 1.8 0.050
EIF4H eukaryotic translation initiation factor 4H NM_022170 1.7 0.013
EIF5B eukaryotic translation initiation factor 5B NM_015904 1.6 0.004
EIF6 eukaryotic translation initiation factor 6 NM_002212 1.5 0.035
EIF4A2 eukaryotic translation initiation factor 4A, isoform 2 NM_001967 -1.5 0.040
EIF3G eukaryotic translation initiation factor 3, subunit G NM_003755 -1.6 0.048
EIF2AK1 eukaryotic translation initiation factor 2-alpha kinase 1 NM_001134335 -1.6 0.050
EIF3E eukaryotic translation initiation factor 3, subunit E NM_001568 -1.6 0.011
EIF4B eukaryotic translation initiation factor 4B NM_001417 -1.7 0.006
EIF3F eukaryotic translation initiation factor 3, subunit F NM_003754 -1.7 0.016
EIF2B1 eukaryotic translation initiation factor 2B, subunit 1 alpha, 26kDa NM_001414 -1.7 0.024
EIF3M eukaryotic translation initiation factor 3, subunit M NM_006360 -1.7 0.010
EIF3K eukaryotic translation initiation factor 3, subunit K NM_013234 -1.7 0.035
EIF2A eukaryotic translation initiation factor 2A, 65kDa NM_032025 -1.8 0.003
EIF3D eukaryotic translation initiation factor 3, subunit D NM_003753 -1.9 0.003
EIF3H eukaryotic translation initiation factor 3, subunit H NM_003756 -2.1 0.003
EIF3L eukaryotic translation initiation factor 3, subunit L NM_016091 -2.2 0.006
EIF1 eukaryotic translation initiation factor 1 NM_005801 -2.3 0.006
EIF2S3 eukaryotic translation initiation factor 2, subunit 3 gamma, 52kDa NM_001415 -2.4 0.001

Table 8 continues on the next page. 
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Table 8   

Gene symbol Name Accession Number Fold change adj. p value
Translation: ribosomal proteins
RPL34 ribosomal protein L34 NM_000995 2.0 0.014
RPL6 ribosomal protein L6 NM_000970 1.8 0.011
RPS14 ribosomal protein S14 NM_001025070 -1.5 0.021
RPL23 ribosomal protein L23 NM_000978 -1.5 0.009
RPS27A ribosomal protein S27a NM_001135592 -1.6 0.016
RPSA ribosomal protein SA NM_001012321 -1.6 0.018
RPS5 ribosomal protein S5 NM_001009 -1.6 0.019
RPL5 ribosomal protein L5 NM_000969 -1.6 0.005
RPS7 ribosomal protein S7 NM_001011 -1.6 0.001
RPL32 ribosomal protein L32 NM_000994 -1.6 0.002
RPS13 ribosomal protein S13 NM_001017 -1.7 0.009
RPS28 ribosomal protein S28 NM_001031 -1.7 0.003
RPL36 ribosomal protein L36 NM_015414 -1.8 0.003
RPL17 ribosomal protein L17 NM_000985 -1.9 0.003
RPL31 ribosomal protein L31 NM_000993 -1.9 0.021
RPL26 ribosomal protein L26 NM_000987 -2.0 0.002
RPL13 ribosomal protein L13 NM_000977 -2.0 0.008
RPS4X ribosomal protein S4, X-linked NM_001007 -2.0 0.003
RPL23A ribosomal protein L23a NM_000984 -2.1 0.002
RPL13A ribosomal protein L13a NM_012423 -2.2 0.004
RPS3A ribosomal protein S3A NM_001006 -2.2 0.001
RPS29 ribosomal protein S29 NM_001030001 -2.3 0.006
RPL15 ribosomal protein L15 NM_002948 -2.4 0.007
RPL22 ribosomal protein L22 NM_000983 -2.4 0.001
RPL10A ribosomal protein L10a NM_007104 -2.7 0.001
RPL7 ribosomal protein L7 NM_000971 -2.9 0.003
RPL14 ribosomal protein L14 NA -4.1 0.000
RPS25 ribosomal protein S25 NM_001028 -4.2 0.001
Translation: mitochondrial ribosomal proteins
MRPS6 mitochondrial ribosomal protein S6 NM_032476 3.7 0.013
MRPL20 mitochondrial ribosomal protein L20 NM_017971 1.7 0.048
MRPL51 mitochondrial ribosomal protein L51 NM_016497 1.6 0.014
MRPL55 mitochondrial ribosomal protein L55 NM_181441 -1.5 0.005
MRPS10 mitochondrial ribosomal protein S10 NM_018141 -1.5 0.006
MRPS27 mitochondrial ribosomal protein S27 NM_015084 -1.6 0.035
MRPL3 mitochondrial ribosomal protein L3 NM_007208 -1.6 0.043
MRPL9 mitochondrial ribosomal protein L9 NM_031420 -1.8 0.013
MRPS11 mitochondrial ribosomal protein S11 NM_022839 -1.8 0.018
MRPS33 mitochondrial ribosomal protein S33 NM_016071 -1.8 0.043
MRPS21 mitochondrial ribosomal protein S21 NM_018997 -1.8 0.008
MRPL45 mitochondrial ribosomal protein L45 NM_032351 -1.9 0.006
MRPL11 mitochondrial ribosomal protein L11 NM_016050 -2.0 0.003
MRPL33 mitochondrial ribosomal protein L33 NM_004891 -2.0 0.009
MRPL23 mitochondrial ribosomal protein L23 NM_021134 -2.2 0.012
Translation: elongation factors
EEF1G eukaryotic translation elongation factor 1 gamma NM_001404 -1.7 0.008
EEF1B2 eukaryotic translation elongation factor 1 beta 2 NM_001037663 -1.8 0.005
DUS2L dihydrouridine synthase 2-like, SMM1 homolog (S. cerevisiae) NM_017803 -1.9 0.002
EEF1G eukaryotic translation elongation factor 1 gamma NM_001404 -2.1 0.008
Ubiquitination and proteasome degradation
UBR5 ubiquitin protein ligase E3 component n-recognin 5 NM_015902 2.2 0.001
UBE2K ubiquitin-conjugating enzyme E2K (UBC1 homolog, yeast) NM_001111112 1.9 0.031
PSMD14 proteasome (prosome, macropain) 26S subunit, non-ATPase, 14 NM_005805 1.8 0.015
UBB ubiquitin B NM_018955 1.8 0.004
PSMC4 proteasome (prosome, macropain) 26S subunit, ATPase, 4 NM_006503 1.7 0.005
ARIH1 ariadne homolog, ubiquitin-conjugating enzyme E2 binding protein, 1 (Drosophila) NM_005744 1.6 0.041
UBC ubiquitin C NM_021009 1.6 0.005
ITCH itchy E3 ubiquitin protein ligase homolog (mouse) NM_031483 -1.7 0.044
Heat shock proteins
HSPA1A heat shock 70kDa protein 1A NM_005345 15.9 0.001
HSPA1B heat shock 70kDa protein 1B NM_005346 10.8 0.005
HSPA6 heat shock 70kDa protein 6 (HSP70B') NM_002155 3.6 0.008
HSPH1 heat shock 105kDa/110kDa protein 1 NM_006644 2.6 0.005
HSPD1 heat shock 60kDa protein 1 (chaperonin) NM_002156 2.4 0.005
HSPA2 heat shock 70kDa protein 2 NM_021979 1.9 0.033
HSPA8 heat shock 70kDa protein 8 NM_006597 1.8 0.016
HSP90B1 heat shock protein 90kDa beta (Grp94), member 1 NM_003299 1.5 0.036
HSPA14 heat shock 70kDa protein 14 NM_016299 -1.9 0.013

Table 8. Continued.
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SUPPLEMENTAL TABLE 9. Patient characteristics.

Lobectomy LTX
Healthy 
donor

Number of patients 39 10 1
Lung tumor 39 0 0
Mild-moderate COPD 17 0 0
Very severe COPD 0 8 0
Very severe COPD caused by α1-anti-trypsin deficiency 0 1 0
Idiopathic lung fibrosis 0 1 0
Male 23 5 0
Smokers 17 0 1
Ex-smokers# 20 10 0
Never-smokers 2 0 0
Age in years (median and IQR) 66.0 (58.0-73.0) 58.0 (54.0-60.3) 54 

#Patients were considered ex-smokers if they had stopped smoking at least 6 months prior to inclusion in 
our study.
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ABSTRACT
Local virus-specific T cell memory is essential for protecting the host from recurring 
respiratory infections but it is unclear how lung-residing human memory T cell pools are 
maintained. We previously found that expression of the integrin CD103 marks a population 
of intraepithelial lung CD8+ T cells that contains high frequencies of influenza-specific 
T cells.  By high throughput sequencing we compared TCR-Vβ repertoires of total and 
influenza-specific CD8+ T cells and determined the relationships between circulating 
and CD103+ and CD103- lung CD8+ memory T cell subsets. The repertoires of total lung 
CD103+ and CD103-CD8+ T cells were highly divergent and also differed strongly from 
the peripheral blood repertoire. Influenza-specific lung CD8+ T cell repertoires were 
oligoclonal and showed, with the exception of few dominant clones, a limited overlap with 
the peripheral blood. Similar to the total pool, also the repertoires of influenza-specific 
lung CD103+ and CD103- T cells hardly overlapped. In marked contrast, lung and blood 
CMV-specific repertoires contained many shared clones. Thus, the human lung CD8+ T 
cell memory pool appears not to be maintained by replenishment from the periphery. 
Moreover, next to functional and phenotypic differences CD103+ and CD103- lung CD8+ T 
cells are also distinct in their TCR-Vβ repertoire.  
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INTRODUCTION 
Influenza (FLU) and other respiratory virus infections are highly prevalent and form the 
main cause of virus-induced morbidity and mortality in the Western world. One of the 
key components of the adaptive immune defense against these viruses is the CD8+ T cell 
compartment. Upon primary infection with a respiratory virus, virus-specific CD8+ T cells 
undergo rapid expansion to form effector cells that migrate to the lung and that efficiently 
kill virus-infected epithelial cells. After viral clearance, local immunological memory is 
established by virus-specific memory CD8+ T cells that are maintained in the lung for 
prolonged periods 1;2 but the mechanism for this is unknown. 

We showed previously that many influenza-specific memory CD8+ T cells in the human 
lung express the integrins CD103 and VLA-1, which suggests that they are mainly contained 
within the intraepithelial T cell pool 2. Local intraepithelial memory T cells are important, 
as their location at the viral entrance site would make them a very fast and efficient first line 
of defense that could limit or even prevent re-infection with the same or related viruses 3-7.  

Due to practical and ethical limitations inherent to human research it is difficult to 
directly study the processes that help to preserve the human intraepithelial virus-reactive 
memory CD8+ T cell pool 8. Indeed, as it is impossible to obtain adequately sized lung samples 
from individuals at several time points, the dynamics of the local lung memory response 
can only be investigated by indirect means. Here we aimed to determine the role of the 
circulating CD8+ T cell pool in maintaining lung intraepithelial and influenza-specific CD8+ 
T cell populations. To this end, we compared by high throughput sequencing TCRβ usage 
of total and influenza-specific blood and lung CD8+ T cells and furthermore determined 
the relationship between intraepithelial CD103+ and subepithelial CD103- lung T cells. 
Our data suggest that the human lung influenza-specific and intraepithelial CD8+ T cell 
memory pool is not maintained by recruitment of cells from the periphery. We hypothesize 
that these memory populations are maintained independent from replenishment from the 
periphery but instead depend on local antigen contact for their survival.

RESULTS AND DISCUSSION
TCR repertoire differs between blood and lung and between various lung 
subsets
Recent data from our group and others show that lung CD8+ T cells can be divided into 
epithelial and non-epithelial subsets based on the expression of CD103 (αE-integrin) and 
that these subsets are functionally distinct 2;9. To analyze to which extent the two lung 
populations are interrelated and how they relate to peripheral blood primed CD8+ T cells, 
we investigated TCR-Vβ usage of antigen-experienced peripheral blood CD8+ T cells and 
CD103+ and CD103- lung CD8+ T cells. To clarify the differences and similarities between 
the different populations, we depicted the percentage of clones with a contribution of more 
than 1% to the total pool of clones in a certain population that also substantiated at least 
0.1% of the other populations. This analysis showed that TCR repertoire differs not only 
between blood and lung, but also between different lung populations (Figure 1). As there 
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was considerable inter-individual variation, we made a second presentation of TCR-Vβ 
usage per individual (Figure 2).

The most striking result was that peripheral blood CD8+ T cells shared the least clones 
with intraepithelial (CD103+) lung CD8+ T cells and the most with subepithelial (CD103-) 
lung CD8+ T cells (Figure 1A and Figure 2A and B). CD103+ lung cells were not only very 
distinct from peripheral blood, but also from lung CD103-CD8+ T cells (Figure 1B). Likewise, 
lung CD103-CD8+ T cells had the most clones in common with peripheral blood CD8+ T 
cells and the least with lung CD103+CD8+ T cells. The extent of clone sharing between lung 
CD103-and blood CD8+ T cells might be influenced by the presence of CMV-specific clones. 
We already demonstrated that lung CMV-specific cells lack CD103 expression 2, and we 
show here that CMV-specific clones can dominate the total lung CD103- and blood CD8+ 

TCR repertoire (Supplemental Table 1).

Influenza-epitope-specific TCR repertoire in the human lung is oligoclonal and 
can greatly differ from peripheral blood
The remarkable differences in TCR-Vβ usage between the CD8+ T cell populations could 
be related to the fact that in the CD103+ T cell pool a strong enrichment for FLU-specific 
T cells occurs that will have a restricted usage of particular TCR-Vβ chains. To assess this 
issue, we sorted influenza-tetramer-specific CD8+ T cells from blood and lung mononuclear 
cells and determined their TCR-Vβ repertoire. In patient 2, all lung FLU+CD8+ T cells 
expressed CD103, whereas lung FLU+CD8+ T cells from patient 1 could be sorted in 

FIGURE 1.  
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FIGURE 1. Intraepithelial lung CD8+ T cells are clonally the most distinct from peripheral blood CD8+ 
T cells. % of clones of lung CD103+, CD103-and blood CD45R0+CD8+ T cells with a contribution of at least 
0.1% to the total pool of clones that also forms at least 1% of the total clone size of the respective reference 
populations of A: blood CD45R0+CD8+ T cells and B: lung CD45R0+CD103+ (left) or CD45R0+CD103-CD8+ 
T cells (right) N = 3 (B) or 2 (A). Bars represent mean with SEM. 
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Table 1. Patient characteristics.

Age (yr) Gender Smoking-status CMV-status EBV-status
Patient 1 74 male Ex-smoker negative positive
Patient 2 44 female Current smoker positive positive
Patient 3 54 female Ex-smoker postive postive

a CD103+ and CD103- fraction, which were analyzed separately. Figure 3 shows a graphical 
representation of the TCR-Vβ usage of tetramer binding cells.  FLU-specific CD8+ T cells 
in the lung were found to be clearly oligoclonal, with 4 to 6 clones making up more than 
90% of the population (Figure 3A and B and Supplemental Table 1). The largest dominant 
clone was seen in the lung CD103+FLU+ T cells from patient 2, which comprised almost 
80% of tetramer+ cells. This was also the most prominent clone in the FLU-reactive cells 
from the paired blood sample. One other clone overlapped between blood and lung FLU+ 
cells in patient 2, but this was a small subdominant clone. Interestingly, the large dominant 
clone may be public, as it was present in 1.8% of sorted peripheral blood FLU+ cells from 
patient 1 too. Public clones often have high affinity and broad cross-reactivity, which might, 
together with their often near-germline nature, explain its preferential selection in both 
blood and lung 10-13. FLU+ peripheral blood T cells from patient 1 showed a different clonal 
distribution than the oligoclonal FLU+ blood cells in patient 2. This polyclonal population 
lacked dominant clones but instead contained 30 subdominant clones with a contribution 
of more than 1% to the total pool of clones. There was no overlap between these clones and 
the clones found in lung FLU+ cells from the same patient. Remarkably, there were also no 
shared clones between the lung CD103+ and CD103- FLU+ cells from patient 1.

Together, these data show that the TCR repertoire of influenza-epitope-specific CD8+ 
T cells is highly oligoclonal in the lung and can be very distinct from peripheral blood. 
This suggests that the lung influenza-specific CD8+ T cell population can be maintained 
independent from the peripheral blood influenza-specific CD8+ T cell pool. Instead, it might 
be maintained by repetitive antigen contact. People are exposed to influenza virus every 
year during the FLU-season, often without developing infection. Due to the intraepithelial 
location of FLU-specific CD8+ T cells, inhalation of even small amounts of virus could 
enable these T cells to be repetitively boosted by their specific antigens. Contact with other 
respiratory viruses, competition for antigen and the frequent mutations of influenza virus 
could drive the selection of clones with high affinity or with broad cross-reactivity in the 
lung, leading to an oligoclonal FLU-specific TCR repertoire 14;15.  

Dominant and subdominant CMV-epitope-specific clones in peripheral blood 
and lung are identical
We considered the possibility that the above findings are in fact not specific for FLU-specific 
T cells but rather may be a reflection of divergent T cell pools between circulation and 
tissue. In this latter situation it is expected that T cells populations reactive towards other 
viruses would show similar variations in TCR usage. Therefore, we compared TCR diversity 
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between paired blood and lung CMV-tetramer-specific cells. In contrast with FLU-specific 
cells, CMV-specific CD8+ T cells in the human lung do not express CD103 2. Both blood 
and lung CMV-specific cells were polyclonal, with more than 30% of the populations being 
formed by clones with a contribution of less than 1% to the total pool of clones (Figure 
3C). This might be caused by the fact that most people contract CMV in childhood, which 
subsequently establishes a latent chronic infection, but are seldom infected with other CMV 
strains later in life. Therefore, CMV-specific cells are maintained by an abundant antigenic 
stimulus from the latently present CMV that caused the primary infection 16 without the 
need for selection of high-affinity or cross-reactive clones.. 
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FIGURE 2.  

FIGURE 2. TCR repertoire greatly differs between blood and lung and between various lung subsets.  
A: Clonal composition of sorted blood CD8+ T cells (blood) and lung CD103+ and CD103-CD8+ T cell 
populations (CD103+ and CD103-) is shown. Every segment with a different color depicts a unique clone. 
Identical clones have the same color. White segments at the top of the bars depict the clones that contributed 
less than 1% to the total pool. B: Venn diagrams showing the number of clones with a contribution of at least 
1% to the total pool of clones. The numbers in the overlap show the clones that contribute at least 0.1% to the 
other population. Upper panels depict patient 1, middle panels patient 2 and lower panels patient 3.



77

TC
R REPERTO

IRE O
F LU

N
G

 C
D

8
+ T C

ELLS

3

There was considerable overlap in clonality between blood and lung CMV-specific T cells. 
Not only the two dominant blood CMV-epitope-specific clones, but also eight subdominant 
clones (with a contribution of more than 1% to the total pool of clones) were shared 
(Supplemental Table 1). The only three blood CMV-specific subdominant clones (with a 
size of at least 1% of the total pool) that were not detected in the CMV-specific lung CD8+ 
T cell pool were all identified in the total lung CD103-CD8+ T cell pool. Hence, all CMV-
specific blood CD8+ T cell clones could be traced in the lung. The CMV-epitope-specific 
clone that was dominant in the lung was not detected in peripheral blood CMV-specific 
cells.  However, it could be detected in the total pool of antigen-experienced peripheral 
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FIGURE 3.  

FIGURE 3. Influenza-epitope-specific cells in blood and lung can have very distinct TCR repertoires.  A: 
Clonality and clonal size as % of sorted tetramer+ CD8+ T cells is shown. Every segment with a different color 
depicts a unique clone. Identical clones have the same color. White segments at the top of the bars depict 
the clones that contributed less than 1% to the total pool. B: Venn diagrams showing the number of clones 
with a contribution of at least 1% to the total pool of clones. The numbers in the overlap show the clones that 
contribute at least 0.1% to the other population. Upper panel depicts patient 1, middle panel patient 2 and 
lower panel patient 3.
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blood CD8+ T cells. Summarizing, CMV-epitope-specific peripheral blood and lung CD8+ 
T cells have a similar clonality. These findings show that blood and lung CMV-specific 
cells are closely related, which suggests that lung CMV-specific cells derive from peripheral 
blood clones as CMV does not primarily infect the respiratory tract. Whether CMV-specific 
cells are maintained locally in the lung or are just ”passing through” is however unclear. The 
very similar extent to which the various CMV-epitope-specific clones contributed to the 
blood and lung CMV-specific pool supports the hypothesis of recirculation. 

Thus, we show here for the first time that there are substantial differences in TCR-
clonality between different CD8+ T cell populations within the human lung and between 
blood and lung populations. Importantly, we show that the TCR repertoire of influenza-
specific CD8+ T cells greatly differs between blood and lung, whereas the TCR repertoire of 
CMV-specific CD8+ T cells in blood and lung is almost identical. Moreover, we show that 
the TCR-profile of the intraepithelial lung CD8+ T cell pool, which contains most influenza-
specific CD8+ T cells 2, is very distinct from both subepithelial lung and peripheral blood 
CD8+ T cells. This indicates that there is no random recirculation of cells between blood 
and lung and between different anatomical locations within the lung. Likely, different niches 
exist where cells are preferentially maintained and/or expanded.

We hypothesize that after primary influenza infection, FLU-specific memory CD8+ 
T cells with an intraepithelial phenotype evolve. This phenotype could be induced by 
antigen presentation in the local lymph nodes by airway dendritic cells or by the organ-
specific environment 8. Cells acquiring the intraepithelial phenotype might be maintained 
in the lung over a long period of time by repetitive antigen contact and by local survival  
signals 4;17.  Possibly, the lung intraepithelial CD8+ T cell pool contains many cells specific 
for respiratory viruses. In that case, the same mechanism might apply to the formation and 
survival of the intraepithelial lung T cell pool in general. CMV-specific CD8+ T cells on the 
other hand might either continuously recirculate between blood and lung, or a proportion 
of them resides subepithelially in the lung where they likely receive the similar survival 
impulses as in the periphery. 

Our findings are of the utmost importance for the apprehension of local immunological 
memory in humans. Moreover, it is indispensable knowledge for the development of 
therapies implicating effective CD8+ T cell memory against influenza and possibly other 
respiratory viruses. Up till now, most preventive treatments for influenza have focused on 
the development of B cell memory. However, these vaccines often lag behind as influenza 
virus can circumvent antibody-mediated immunity by mutation. Memory CD8+ T cells are 
mostly specific for highly conserved internal virus proteins and are therefore able to mount 
fast and efficient recall responses against a broad range of virus strains 5;7;18. 
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MATERIAL AND METHODS 
Subjects
Material from 3 subjects was collected. Patients 1 and 2 underwent lobectomy for  
a peripheral primary lung tumor and patient 3 underwent lung transplantation because of 
end-stage COPD. The lobectomy patients did not have COPD. Patients did not have a recent 
(< 4 weeks) lower respiratory tract infection and did not receive systemic corticosteroids 
or other systemic immunosuppressive therapy at the time of inclusion in the study or in 
the recent past. None of the patients recently received chemo- or radiotherapy (see Table 1 
for further patient characteristics). Lobectomy patients were recruited from the Academic 
Medical Centre, Amsterdam and the Tergooi Hospitals, Hilversum, the Netherlands.  
The lung transplantation patient was recruited from the University Medical Centre 
Groningen, Groningen, the Netherlands. All patients gave written informed consent prior 
to inclusion in the study and the study was approved by the Ethical Review Board (ERB) of 
the Academic Medical Centre and the local ERB of the other participating centers.

Isolation of mononuclear cells from lung tissue
Heparinized peripheral blood samples were obtained prior to or during the surgical 
procedure. Peripheral blood mononuclear cells (PBMC) were isolated using standard 
density gradient techniques. Immediately after surgical resection a piece of peripheral 
lung tissue was dissected by a pathologist. Lung mononuclear cells (LMC) were isolated 
from this tissue specimen as previously described 2 according to the method described by 
Holt 19. In brief, tissue specimens (1 x 1 cm) were sliced into pieces of 1mm with a McIlwain 
tissue chopper and incubated for 20 minutes in RPMI with 20mM Hepes, 15% fetal calf 
serum (FCS), 50 U/ml DNAse type I (Sigma-Aldrich) while shaking at 37˚C. Tissue 
pieces were carefully dried with sterile gauzes and transferred to medium supplemented 
with collagenase type I 300 U/ml (Worthington). The material was incubated in this 
medium for 60 minutes while shaking at 37˚C. A cell suspension was obtained by grinding  
the tissue through a flow-through chamber. Mononuclear cells were isolated from  
the lung cell suspension by standard density gradient techniques. To exclude the possibility 
of contamination with peripheral blood, the erythrocyte counts were confirmed to be less 
than 5% of erythrocyte counts in the paired blood sample. Experiments were performed on 
cells that were cryopreserved in liquid nitrogen for later analysis.

Flow cytometric cell sorting
PBMC or LMC (12-32 x 106 cells) or proliferated PBMC or LMC (5-73 x 106 cells) were 
incubated with tetrameric complexes and different combinations of the following antibodies: 
CD103 PE (eBioscience), CD8 PerCP-Cy5.5 (BD), CD3 PE-Cy7 (BD), CD45R0 APC (BD 
Pharmingen), CD4 APC-AlexaFluor750 (eBioscience). Cells were labeled according to 
manufacturer’s instructions and FACS-sorted using a FACSAria (BD Biosciences) multi-
color flow cytometer. From PBMC non-naïve peripheral blood CD8+ T cells (CD3+CD8+CD4-

CD45R0+), were sorted. From LMC CD103+CD8+ T cells (CD3+CD8+CD4-CD45R0+CD103+) 
and CD103- CD8+ T cells (CD3+CD8+CD4-CD45R0+CD103-) were sorted. From PBMC and 
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LMC FLU-specific CD8+ T cells (CD3+CD8+CD4-FLU+, patients 1 and 2) and CMV-specific 
CD8+ T cells (CD3+CD8+CD4-CMV+, patient 3) were sorted. Due to technical problems 
during sorting, purity of sorted blood CD45R0+CD8+ T cells from patient 1 was not sufficient 
for inclusion in further experiments and analyses. Other sorted populations had a purity of 
> 99%. Cell numbers after sort are shown in Supplemental Table 2.

Tetrameric complexes
The following APC conjugated HLA-peptide tetrameric complexes were used: HLA-A1 
tetramer loaded with FLU NP-derived CTELKLSDY peptide; HLA-A2 tetramer loaded 
with FLU M1-derived GILGFVFTL peptide and HLA-B7 tetramer loaded with CMV pp65-
derived TPRVTGGGAM peptide. All tetramers were provided by Sanquin, Amsterdam,  
the Netherlands.

Proliferation of FLU-specific CD8+ T cells
Due to a limitation in cell numbers and the very low frequency of FLU-tetramer+ CD8+ 
T cells in peripheral blood, we were forced to expand FLU-specific cells prior to sorting. 
Importantly, it has been shown previously that relative clonotype frequencies are not 
altered by up to 5 weeks of peptide stimulation 20. PBMC from patient 1 were stimulated at 
37˚C in culture medium (RPMI with 10% (w/v) HPS and antibiotics) for 6 days with IL-2 
(50 U/ml; Biotest Ag, Dreieich, Germany) and FLU-A1 and FLU-A2 peptide (both 1.25 
μg/ml; Microbix Biosystems Inc, Ontario, Canada). PBMC and LMC from patient 2 were 
stimulated at 37˚C in culture medium (RPMI with 10% (w/v) HPS and antibiotics) for 6 
days with IL-2 (50 U/ml; Biotest Ag, Dreieich, Germany) and FLU-A1 peptide (1.25 μg/ml; 
Microbix Biosystems Inc, Ontario, Canada).

RNA isolation and amplification and high throughput sequencing
RNA was isolated from sorted T cells with the Nucleospin RNA xs kit (Machery Nagel) and 
subsequently subjected to template switch-anchored reverse transcriptase-polymerase chain 
reaction (RT-PCR) by using the Smarter pico cDNA PCR synthesis kit and the Advantage 2 
PCR kit (both: Clontech) according to manufacturer’s instructions. cDNA was synthesized 
from 250 ng total RNA using Superscript III reverse transcriptase (Invitrogen) according 
to manufacturer’s instructions. Samples were prepared for HTS using a linear amplification 
(LA) protocol described earlier 21, with one modification: after the first round of (full 
repertoire) linear amplification, a generic PCR was used to amplify the TCR-products for 
sequencing. In this step primer B was used as generic forward-primer and a generic primer 
specific for the TCR-β-constant gene segment (5’-CTCAAACACAGCGACCTC-3’) was 
used as reverse primer. The reverse primer contains a multiplex identifier and primer A as 
described in the amplicon sequencing manual (Roche). Prior to the generic PCR the LA-
product was purified using Agencount AMPure XP beads (Beckman) in a bead:template 
ratio of 1:1. The generic PCR was performed with 50% of the purified LA-product in the 
presence of 10 pmol of each of the primers, 1x buffer B, 1mM MgCl2, 0.1 mM dNTPs and 
3U of Hotfire (Solis Biodyne) in a volume of 40 μl (96°C (900s)), 35× (96°C (30s), 60°C 
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(60s), 72°C (60s)), 72°C (600s)). After generic PCR the product was purified with AMPure 
beads in a ratio of 1:1. Samples were sequenced on a Roche Genome Sequencer FLX (Roche 
diagnostics) using a Titanium pico-titre-plate according to the manufacturer’s protocol. 
After sequencing the TCR sequence was extracted. Briefly, sequences were assigned to 
individual samples using multiplex identifiers. Subsequently V (variable)- and J (joining)-
gene segments were identified using a BLAT-based algorithm, thus delineating the 
rearranged CDR3 region. Corrections for sequencing artifacts were performed as described 
previously 21. Clones were defined based on their unique sequence of the CDR3 junction of 
the TCR-β chain. The degree of expansion was defined as the number of times a clone was 
observed in the sequence-reads (as percentage of the total sequence-reads of the sample).
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Supplemental Table 1. CDR3 sequences of sorted cell populations and their overlap between different 
cell populations of the same patient.  Grey headings indicate starting-populations. Grey fields underneath 
grey heading show clones > 1% of total pool size. Other grey fields show that a clone is also present in 
one of the other cell pools of the same patient and contributes at least 0.1% tot the total pool size of that 
population.

Patient 1 

140

Supplemental Table 1. CDR3 sequences of sorted cell populations and their overlap 

between different cell populations of the same patient. Grey headings indicate starting-

populations. Grey fields underneath grey heading show clones > 1% of total pool size. Other 

grey fields show that a clone is also present in one of the other cell pools of the same patient 

and contributes at least 0.1% tot the total pool size of that population. 

Patient 1
frequency V-gene amino acid sequence lung CD103+ lung CD103- blood FLU+ lung FLU+CD103+ lung FLU+CD103-
2945 6,5 CASSLLGGPEAFF 77.70% 0.00% 0.00% 0.00% 0.00%
657 15 CATRTQGTEAFF 17.34% 0.00% 0.00% 0.00% 0.00%
89 6,5 CASSLLGGPEAFF 2.35% 0.00% 0.00% 0.00% 0.00%

frequency V-gene amino acid sequence lung CD103+ lung CD103- blood FLU+ lung FLU+CD103+ lung FLU+CD103-
2575 20,1 CSATVSGNTIYF 0.00% 18.19% 0.00% 0.00% 0.00%
1780 6,5 CARNRGYEQYF 0.00% 12.57% 0.00% 0.00% 0.00%
871 10,3 CAIMEGSYGYTF 0.00% 6.15% 0.00% 0.00% 0.00%
745 29,1 CSVEDRGIGEQYF 0.00% 5.26% 0.00% 0.00% 0.00%
606 7,8 CASSLGQAYEQYF 0.00% 4.28% 0.00% 0.00% 0.00%
529 27 CACSFSLSGMGGYTF 0.00% 3.74% 0.00% 0.00% 0.00%
509 11,2 CASSLDVLVEQFF 0.00% 3.59% 0.00% 0.00% 0.00%
503 12,3 CASTEGDQPQHF 0.00% 3.55% 0.00% 0.00% 0.00%
495 20,1 CSAREWQTPNFYEQYL 0.00% 3.50% 0.00% 0.00% 0.00%
457 7,8 CASSLGGGAKNIQYF 0.00% 3.23% 0.00% 0.00% 0.00%
392 29,1 CSVEETGGNQPQHF 0.00% 2.77% 0.00% 0.00% 0.00%
367 29,1 CSAVLASYNEQFF 0.00% 2.59% 0.00% 0.00% 0.00%
318 6,5 CASSLGQGTYNEQFF 0.05% 2.25% 0.00% 0.00% 0.00%
297 29,1 CSVGTGGTNEKLFF 0.00% 2.10% 0.00% 0.00% 0.00%
297 20,1 CSAGNRENYGXTF 0.00% 2.10% 0.00% 22.41% 0.00%
222 29,1 CSVGTGGTNEKLFF 0.00% 1.57% 0.00% 0.00% 0.00%
221 13 CASSFGRSSGNTIYF 0.00% 1.56% 0.00% 0.00% 0.00%
219 5,4 CASSPPEGNEQFF 0.00% 1.55% 0.00% 0.00% 0.00%
206 5,6 CASSFWQANYGYTF 0.00% 1.45% 0.00% 0.00% 0.00%
165 18 CASSPGGNQPQHF 0.00% 1.17% 0.00% 0.00% 0.00%
160 18 CASSPPRVKDTEAFF 0.00% 1.13% 0.00% 0.00% 0.00%
141 4,2 CASSQVTGNTGELFF 0.00% 1.00% 0.00% 0.00% 0.00%
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141 
 

frequency V-gene amino acid sequence lung CD103+ lung CD103- blood FLU+ lung FLU+CD103+ lung FLU+CD103-
156 6,1 CASSEGRTTYEQYF 0.00% 0.00% 5.61% 0.00% 0.00%
151 30 CAWRAGVEAFF 0.00% 0.00% 5.43% 0.00% 0.00%
149 12,3 CASSGSGAQPQHF 0.00% 0.00% 5.35% 0.00% 0.00%
135 19 CASSPRTPGRFEAFF 0.00% 0.00% 4.85% 0.00% 0.00%
132 12,3 CASSLGQRYGYTF 0.00% 0.00% 4.74% 0.00% 0.00%
127 19 CASSWGQGGTGELFF 0.00% 0.00% 4.56% 0.00% 0.00%
125 20,1 CSARESQGTGELFF 0.00% 0.00% 4.49% 0.00% 0.00%
118 10,3 CAIGGEDTQYF 0.00% 0.00% 4.24% 0.00% 0.00%
113 6,5 CASSTGQGGTFF 0.00% 0.00% 4.06% 0.00% 0.00%
110 29,1 CSVEASGKYNEQFF 0.00% 0.00% 3.95% 0.00% 0.00%
107 6,5 CASSYSSRSYEQYF 0.00% 0.00% 3.84% 0.00% 0.00%
106 29,1 CSVAYRDTEAFF 0.00% 0.00% 3.81% 0.00% 0.00%
99 6,1 CASTGGFPGELFF 0.00% 0.00% 3.56% 0.00% 0.00%
96 19 CASTRDSQSNYGYTF 0.00% 0.00% 3.45% 0.00% 0.00%
88 29,1 CSGNQGLVSTEAFF 0.00% 0.00% 3.16% 0.00% 0.00%
87 5,1 CASSPSQAGGTYNEQFF 0.00% 0.00% 3.13% 0.00% 0.00%
76 27 CASSGGREDTQYF 0.00% 0.00% 2.73% 0.00% 0.00%
75 29,1 CSVGESPYEQYF 0.00% 0.00% 2.69% 0.00% 0.00%
74 30 CACTRGVSVYEQYF 0.00% 0.00% 2.66% 0.00% 0.00%
73 12,3 CASSLGGSGRPQHF 0.00% 0.00% 2.62% 0.00% 0.00%
71 19 CASSTRLTHNEQFF 0.00% 0.00% 2.55% 0.00% 0.00%
64 5,6 CASSPRTGGAFRANVLTF 0.00% 0.00% 2.30% 0.00% 0.00%
58 27 CASSPETGLAYEQYF 0.00% 0.00% 2.08% 0.00% 0.00%
55 10,3 CAISDNSGALQFF 0.00% 0.00% 1.98% 0.00% 0.00%
49 2 CASTGLAAVNEQFF 0.00% 0.00% 1.76% 0.00% 0.00%
49 10,3 CAISESRSSGADTQYF 0.00% 0.00% 1.76% 0.00% 0.00%
45 6,6 CASSHYNSPLHF 0.00% 0.00% 1.62% 0.00% 0.00%
38 18 CASSPGQGAHEQYF 0.00% 0.00% 1.37% 0.00% 0.00%
33 6,1 CASSEAWTGGNGYTF 0.00% 0.00% 1.19% 0.00% 0.00%
28 13 PFQETQYF 0.00% 0.00% 1.01% 0.00% 0.00%  
 
frequency V-gene amino acid sequence lung CD103+ lung CD103- blood FLU+ lung FLU+CD103+ lung FLU+CD103-
5342 19 CASSIRSSYEQYF 0.00% 0.00% 0.00% 42.10% 0.00%
3280 19 CASSIRSTDTQYF 0.00% 0.00% 0.00% 25.85% 0.00%
2844 20,1 CSAGNRENYGXTF 0.00% 2.10% 0.00% 22.41% 0.00%
513 2 CASKAGSTDTQYF 0.00% 0.00% 0.00% 4.04% 0.00%
262 2 CASSGGERGGGDTQYF 0.00% 0.00% 0.00% 2.06% 0.02%  
 
frequency V-gene amino acid sequence lung CD103+ lung CD103- blood FLU+ lung FLU+CD103+ lung FLU+CD103-
4746 19 CASSPRAGNEQYF 0.00% 0.00% 0.00% 0.00% 32.13%
4235 5,3 CARSLSGLTNNEQFF 0.00% 0.00% 0.00% 0.00% 28.67%
1622 13 CASSRTPDTEAFF 0.00% 0.00% 0.00% 0.00% 10.98%
1202 6.5 CASRGTGGSEQY 0.00% 0.00% 0.00% 0.00% 8.14%
985 24,1 CATSDGGTNYGYTF 0.00% 0.00% 0.00% 0.00% 6.67%
788 6,5 CASSTQGQSTDTQYF 0.00% 0.00% 0.00% 0.00% 5.34%  
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Patient 2 

frequency V-gene amino acid sequence blood lung CD103+ lung CD103- blood FLU+ lung FLU+
2481 29,1 CSVLSLDRNTEAFF 20.19% 0.00% 0.00% 0.00% 0.00%
473 30 CAWSRGQSYEQYF 3.85% 4.25% 12.81% 0.00% 0.00%
334 19 CASKGHGYTF 2.72% 0.00% 0.00% 0.00% 0.00%
309 29,1 CSVFVYGYTF 2.51% 0.00% 0.00% 0.00% 0.00%
306 29,1 CSVPSGNEQFF 2.49% 0.00% 0.00% 0.00% 0.00%
303 29,1 CSVTREGNTIYF 2.47% 0.00% 0.00% 0.00% 0.00%
284 29,1 CSVEKVGEQFF 2.31% 0.00% 0.00% 0.00% 0.00%
266 28 CASSLEGSMDTQYF 2.16% 0.00% 0.00% 0.00% 0.00%
258 19 CASSMTSGSYDEQFF 2.10% 0.00% 0.00% 0.00% 0.00%
225 19 CASSLTSGSLDTQYF 1.83% 0.00% 0.23% 0.00% 0.00%
221 30 CAWGAGPYNEQFF 1.80% 0.00% 0.00% 0.00% 0.00%
214 27 CASRDRATYEQYF 1.74% 0.00% 0.00% 0.00% 0.00%
201 27 CASSFGGASYEQYF 1.64% 0.00% 0.00% 0.00% 0.00%
200 28 CASSPNMDRGEKLFF 1.63% 0.04% 1.40% 0.00% 0.00%
193 29,1 CSVWGTHRQEQYF 1.57% 0.00% 0.00% 0.00% 0.00%
190 29,1 CSVEQGGPAVGSQYF 1.55% 0.00% 0.00% 0.00% 0.00%
189 27 CASSLSGGTYYGYTF 1.54% 0.00% 0.00% 0.00% 0.00%
184 28 CASSSPSQYNEQFF 1.50% 0.00% 0.00% 0.00% 0.00%
181 19 CASSRTSGSMSEQFF 1.47% 0.00% 0.00% 0.00% 0.00%
178 6,6 CASSPRTADFSAGEGNEQFF 1.45% 0.00% 0.00% 0.00% 0.00%
178 5,1 CASSLLGGDTKAFF 1.45% 0.00% 1.71% 0.00% 0.00%
170 27 CASSTGLAGGADTQYF 1.38% 0.00% 9.75% 0.00% 0.00%
163 29,1 CSVEWGNRNNEQFF 1.33% 0.00% 0.00% 0.00% 0.00%
160 29,1 CSVPSGKEQFF 1.30% 0.00% 0.00% 0.00% 0.00%
160 7,8 CASSGTGGWNEQFF 1.30% 0.00% 0.19% 0.00% 0.00%
153 6,3 CASSYWGILNGELFF 1.24% 0.00% 0.00% 0.00% 0.00%
147 27 CASTPDRDRYGYTF 1.20% 0.00% 0.00% 0.00% 0.00%
133 6,6 CASSLTSPRRSGNTIYF 1.08% 0.00% 0.00% 0.00% 0.00%
132 29,1 CSATTSGRAGYNEQFF 1.07% 0.00% 0.00% 0.00% 0.00%
126 29,1 CSVERAVYNEQFF 1.03% 0.00% 0.00% 0.00% 0.00%

frequency V-gene amino acid sequence blood lung CD103+ lung CD103- blood FLU+ lung FLU+
2289 30 CAWNLGQVNTEAFF 0.00% 17.42% 0.39% 0.00% 0.00%
2234 27 CASSLGVNSPLHF 0.00% 17.00% 0.01% 0.00% 0.00%
770 27 CASSLGGNEQFF 0.00% 5.86% 0.00% 0.00% 0.00%
753 19 CASSIVGETSEQFF 0.00% 5.73% 0.00% 0.00% 0.00%
670 29,1 CSTKTSRGPLETQYF 0.00% 5.10% 0.00% 0.00% 0.00%
558 30 CAWSRGQSYEQYF 3.85% 4.25% 12.81% 0.00% 0.00%
540 27 CASSLGGGDNQPQHF 0.00% 4.11% 0.00% 0.00% 0.00%
510 27 CASKEQGYSNQPQHF 0.00% 3.88% 0.00% 0.00% 0.00%
374 6,5 CASSSLGGDEQFF 0.00% 2.85% 0.00% 0.00% 0.00%
253 27 CASSLGGNEQYF 0.00% 1.93% 0.00% 0.00% 0.00%
196 29,1 CSVGGGPVTYEQYF 0.00% 1.49% 0.00% 0.00% 4.18%
146 27 CASSLGGIEQYF 0.00% 1.11% 0.00% 0.00% 0.00%
131 19 CASSLMGEQFF 0.00% 1.00% 0.00% 0.00% 0.00%
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frequency V-gene amino acid sequence blood lung CD103+ lung CD103- blood FLU+ lung FLU+
1839 24,1 CATSDATEVRKPQHF 0.00% 0.08% 13.17% 0.00% 0.00%
1789 30 CAWSRGQSYEQYF 3.85% 4.25% 12.81% 0.00% 0.00%
1393 19 CASSMTSGSLNEQFF 0.00% 0.18% 9.97% 0.00% 0.00%
1362 27 CASSTGLAGGADTQYF 1.38% 0.00% 9.75% 0.00% 0.00%
724 27 CASSLSPDANTEAFF 0.00% 0.00% 5.18% 0.00% 0.00%
562 29,1 CSVSSTGNYEQYF 0.00% 0.00% 4.02% 0.00% 0.00%
513 19 CASSIGLLAKNIQYF 0.00% 0.00% 3.67% 0.00% 0.00%
455 27 CASSNKPRDEQYF 0.00% 0.00% 3.26% 0.00% 0.00%
239 5,1 CASSLLGGDTKAFF 1.45% 0.00% 1.71% 0.00% 0.00%
207 6,6 CASSSGLSSYNEQFF 0.00% 0.00% 1.48% 0.00% 0.00%
199 15 CATSRDEGQPQHF 0.00% 0.00% 1.42% 0.00% 0.00%
195 28 CASSPNMDRGEKLFF 1.63% 0.04% 1.40% 0.00% 0.00%
191 5,5 CASSYQVSKNIQYF 0.00% 0.00% 1.37% 0.00% 0.00%
181 20,1 CSARDSSYGYTF 0.00% 0.00% 1.30% 0.00% 0.00%
172 30 CASGSSGSSYEQYF 0.00% 0.00% 1.23% 0.00% 0.00%
169 6,4 CASSDSYNQADTQYF 0.00% 0.00% 1.21% 0.00% 0.00%
166 5,6 CASSLGIYEQYF 0.00% 0.00% 1.19% 0.00% 0.00%
159 5,6 CASSLEVKSYEQYF 0.00% 0.00% 1.14% 0.00% 0.00%
158 7,8 CASSSGSSYNSPLHF 0.41% 0.00% 1.13% 0.00% 0.00%
150 10,3 CAITLPTGELFF 0.00% 0.00% 1.07% 0.00% 0.00%
139 19 CASGSSTGVYQPQHF 0.00% 0.62% 1.00% 0.00% 0.00%

frequency V-gene amino acid sequence blood lung CD103+ lung CD103- blood FLU+ lung FLU+
2390 10,3 CAISESRSSGADTQYF 0.00% 0.21% 0.01% 68.84% 77.54%
444 2 CASSEAHLYEQYF 0.00% 0.00% 0.00% 12.79% 0.04%
434 4,1 CASSQDGTSFTYEQYF 0.00% 0.00% 0.00% 12.50% 0.08%
39 10,3 CAISESRSSGADTQYF 0.00% 0.00% 0.00% 1.12% 1.19%

frequency V-gene amino acid sequence blood lung CD103+ lung CD103- blood FLU+ lung FLU+
8854 10,3 CAISESRSSGADTQYF 0.00% 0.21% 0.01% 68.84% 77.54%
595 19 CASSSGYRENMNTEAFF 0.00% 0.00% 0.01% 0.00% 5.21%
515 10,3 CAISEQQGARDEQYF 0.00% 0.00% 0.00% 0.00% 4.51%
477 29,1 CSVGGGPVTYEQYF 0.00% 1.49% 0.00% 0.00% 4.18%
374 19 CATSGRSYEQYF 0.00% 0.00% 0.00% 0.00% 3.28%
136 10,3 CAISESRSSGADTQYF 0.00% 0.00% 0.00% 1.12% 1.19%
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Patient 3

frequency V-gene amino acid sequence blood lung CD103+ lung CD103- blood CMV+ lung CMV+
2417 27 CASAIGARPHNEQFF 19.15% 0.00% 5.05% 8.36% 0.01%
1124 24,1 CATSAGYNEQFF 8.91% 0.00% 0.00% 0.00% 0.00%
918 7,6 CASSLAGQAQPQHF 7.27% 0.06% 3.98% 2.06% 0.09%
870 5,1 CASSGPFTGASGGYTF 6.89% 0.00% 1.93% 0.00% 0.00%
795 4,3 CASSQRWGGRSGNTIYF 6.30% 0.68% 3.76% 5.55% 0.00%
695 10,3 CAISEETPDSEQFF 5.51% 0.00% 6.08% 0.00% 0.07%
496 20,1 CSARDRWDTEAFF 3.93% 0.00% 0.16% 0.00% 0.00%
180 28 CASSLPTGNDEQFF 1.43% 0.00% 0.05% 0.00% 0.00%
175 6,5 CASSYSEGDGYTF 1.39% 1.78% 5.00% 0.00% 0.07%
171 15 CATSLAGGSTDTQYF 1.36% 0.00% 0.00% 0.00% 0.00%
167 10,2 CASSEDDSNQPQHF 1.32% 0.01% 0.26% 0.00% 0.00%
162 4,3 CASSPQRNTEAFF 1.28% 0.06% 1.03% 0.00% 0.00%
162 6,5 CASSLTETGELFF 1.28% 0.00% 3.39% 0.00% 0.00%
154 20,1 CSARHLEGNNGQFF 1.22% 0.07% 0.48% 0.00% 0.00%
151 27 CASSLLYEQYF 1.20% 0.06% 1.15% 0.00% 0.00%
150 27 CASSKGTGGPYEQYF 1.19% 4.04% 3.69% 0.00% 0.01%
139 6,5 CASSYGGNNEQFF 1.10% 0.00% 2.09% 0.00% 0.05%
129 25,1 CASTPGDEQYF 1.02% 0.07% 0.38% 0.00% 0.00%

frequency V-gene amino acid sequence blood lung CD103+ lung CD103- blood CMV+ lung CMV+
1401 29,1 CSVVQALYNEQFF 0.00% 19.33% 0.41% 0.00% 0.00%
346 27 CASRGGGSKNIQYF 0.00% 4.77% 0.18% 0.00% 0.05%
330 27 CASSLSEISGEQYF 0.55% 4.55% 0.60% 0.00% 0.02%
315 27 CATSSDRASGNQPQHF 0.00% 4.35% 0.00% 0.00% 0.02%
293 27 CASSKGTGGPYEQYF 1.19% 4.04% 3.69% 0.00% 0.01%
246 27 CASSLGTGVNYGYTF 0.00% 3.39% 0.26% 0.00% 0.05%
184 27 CASSVPSGRYNEQFF 0.00% 2.54% 0.00% 0.00% 0.01%
169 29,1 CSVGQGTDGRKAYEQYF 0.50% 2.33% 0.26% 0.00% 0.00%
129 6,5 CASSYSEGDGYTF 1.39% 1.78% 5.00% 0.00% 0.07%
114 29,1 CSSTAWTGEAFF 0.00% 1.57% 0.00% 0.00% 0.00%
99 19 CVSSIRSAYEQYF 0.00% 1.37% 0.19% 0.00% 0.00%
96 27 CASSLQARWDEQFF 0.00% 1.32% 0.26% 0.00% 0.01%
96 29,1 CSVEEIQGNTGELFF 0.00% 1.32% 0.00% 0.00% 0.00%
87 27 CASSPGTANTEAFF 0.00% 1.20% 0.00% 0.00% 0.01%
86 19 CASSVRSSYEQYF 0.00% 1.19% 0.00% 0.00% 0.00%
85 29,1 CSVALPGNTGELFF 0.00% 1.17% 0.00% 0.00% 0.00%

frequency V-gene amino acid sequence blood lung CD103+ lung CD103- blood CMV+ lung CMV+
443 10,3 CAISEETPDSEQFF 5.51% 0.00% 6.08% 0.00% 0.07%
368 27 CASAIGARPHNEQFF 19.15% 0.00% 5.05% 8.36% 0.01%
364 6,5 CASSYSEGDGYTF 1.39% 1.78% 5.00% 0.00% 0.07%
290 7,6 CASSLAGQAQPQHF 7.27% 0.06% 3.98% 2.06% 0.09%
274 4,3 CASSQRWGGRSGNTIYF 6.30% 0.68% 3.76% 5.55% 0.00%
269 27 CASSKGTGGPYEQYF 1.19% 4.04% 3.69% 0.00% 0.01%
248 25,1 CASSWDRDNSPLHF 0.70% 0.00% 3.40% 0.00% 0.00%
247 6,5 CASSLTETGELFF 1.28% 0.00% 3.39% 0.00% 0.00%
152 6,5 CASSYGGNNEQFF 1.10% 0.00% 2.09% 0.00% 0.05%
141 5,1 CASSGPFTGASGGYTF 6.89% 0.00% 1.93% 0.00% 0.00%
140 29,1 CSVGQGPTNEKLFF 0.00% 0.00% 1.92% 0.00% 0.00%
116 27 CASFDVSYEQYF 0.54% 0.00% 1.59% 0.00% 0.00%
108 12,3 CASRRTQGLLEEAFF 0.00% 0.17% 1.48% 0.00% 0.00%
106 6,5 CASSYASDSEAFF 0.00% 0.00% 1.45% 0.00% 0.00%
85 27 CASSQTSGSYNEQFF 0.00% 0.00% 1.17% 0.00% 0.01%
84 27 CASSLLYEQYF 1.20% 0.06% 1.15% 0.00% 0.00%
75 4,3 CASSPQRNTEAFF 1.28% 0.00% 1.03% 0.00% 0.00%
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frequency V-gene amino acid sequence blood lung CD103+ lung CD103- blood CMV+ lung CMV+
1107 6,3 CASSYSHNEQFF 0.18% 0.07% 0.10% 18.29% 11.77%
862 6,3 CASSYSHNEQFF 0.15% 0.04% 0.12% 14.24% 8.68%
506 27 CASAIGARPHNEQFF 19.15% 0.00% 5.05% 8.36% 0.01%
336 4,3 CASSQRWGGRSGNTIYF 6.30% 0.68% 3.76% 5.55% 0.00%
212 6,3 CASSYSHNEQFF 0.00% 0.00% 0.00% 3.50% 2.29%
194 7,9 CASSFGTGAYNEQFF 0.00% 0.00% 0.10% 3.20% 3.64%
125 7,6 CASSLAGQAQPQHF 7.27% 0.06% 3.98% 2.06% 0.09%
124 7,9 CASSFHDWQGSRAEAFF 0.02% 0.00% 0.01% 2.05% 3.37%
120 7,9 CASSLRGEATGGNEQFF 0.02% 0.00% 0.01% 1.98% 1.14%
100 6,3 CASSYSHNEQFF 0.00% 0.00% 0.00% 1.65% 1.00%

frequency V-gene amino acid sequence blood lung CD103+ lung CD103- blood CMV+ lung CMV+
2088 27 CASSPELSYAYEQYF 0.83% 0.00% 0.86% 0.00% 24.75%
993 6,3 CASSYSHNEQFF 0.18% 0.07% 0.10% 18.29% 11.77%
732 6,3 CASSYSHNEQFF 0.15% 0.04% 0.12% 14.24% 8.68%
351 7,9 CASSLSTGFAKNIQYF 0.00% 0.06% 0.14% 0.00% 4.16%
337 7,9 CASSLKGVSSYNEQFF 0.00% 0.01% 0.12% 0.00% 4.00%
307 7,9 CASSFGTGAYNEQFF 0.00% 0.00% 0.10% 3.20% 3.64%
284 7,9 CASSFHDWQGSRAEAFF 0.02% 0.00% 0.01% 2.05% 3.37%
193 6,3 CASSYSHNEQFF 0.00% 0.00% 0.00% 3.50% 2.29%
113 27 CASSLGGSPGELFF 0.00% 0.00% 0.00% 0.00% 1.34%
96 7,9 CASSLRGEATGGNEQFF 0.02% 0.00% 0.01% 1.98% 1.14%
84 6,3 CASSYSHNEQFF 0.00% 0.00% 0.00% 1.65% 1.00%
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Supplemental Table 2. Cell numbers after sort used as input for further analysis.

Patient number Sorted CD45R0+CD3+CD8+ T cell population Cell number after sort
1 Lung CD103+ 600
1 Lung CD103- 3600
1 Blood FLU+ 500
1 Lung CD103+FLU+ 2800
1 Lung CD103-FLU+ 3600
2 Blood 72000
2 Lung CD103+ 21000
2 Lung CD103- 16000
2 Blood FLU+ 500
2 Lung CD103+FLU+ 2650
3 Blood 57000
3 Lung CD103+ 105000
3 Lung CD103- 492000
3 Blood CMV+ 8000
3 Lung CD103-CMV+ 18000
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ABSTRACT
Human lung CD8+ T cell subsets with distinct location, function and specificity can be 
distinguished based on the expression of the integrin CD103. It is however unknown 
whether a similar division can be made for CD103+ and CD103- lung CD4+ T cells. Our aim 
was to analyze transcriptomes, phenotype and function of human lung CD4+ T cells and 
to investigate whether functional differences exist between CD103+ and CD103- lung CD4+ 
T cells. To this end, mononuclear cells were isolated from blood and lung samples that 
were obtained from patients undergoing lobectomy or lung transplantation. Lung CD4+ 
T cells from a selection of 6 patients were used for microarray analysis to compare gene 
expression profiles between blood and lung CD4+ T cells and CD103+CD27- and CD103-

CD27- and CD103-CD27+ lung CD4+ T cells. Further, phenotypic and functional traits of 
these subsets were determined. Lung CD4+ T cells could be divided into three separate 
populations based on the expression of CD27 and CD103. CD103+CD4+ T cells expressed 
less perforin and granzyme B protein than CD103-CD4+ T cells. Remarkably however, 
CD103+CD4+ T cells had a much higher mRNA expression of cytotoxic granzymes, 
perforin, FAS-ligand and IFN-γ than both peripheral blood and CD103- lung CD4+ T 
cells and strong cytotoxic capacity could be induced in these cells. In addition, they had 
high expression of lung homing and adhesion receptors but virtually lacked expression of 
lymph node homing markers. CD103+CD27-, CD103-CD27- and CD103-CD27+ lung CD4+ 
T cells form functionally distinct subsets. The lung CD103+CD4+ T cell pool appears to 
contain locally residing TH1 effector CD4+ T cells, including cytotoxic CD4+ T cells, which 
in analogy of  CD103+ lung CD8+ T cells might play a role in the defense against respiratory 
virus infections.

Berber Piet1, 2, 3, Perry D. Moerland4, René E. Jonkers2 and René A. W. van Lier1,3 

1 Department of Experimental Immunology, 2 Department of Pulmonology and 

4 Bioinformatics Laboratory, Department of Clinical Epidemiology, Biostatistics and 
Bioinformatics, Academic Medical Centre (AMC), Amsterdam, the Netherlands 
3 Department of Hematopoiesis, Division of Research, Sanquin Blood Supply, Amsterdam, 
the Netherlands
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INTRODUCTION
The human lung immune system is faced with a major challenge: it has to ignore innocuous 
antigens but simultaneously prevent and combat respiratory infections without inducing 
damage to one of the most vital organs of our body. This requires a strict and location-
specific regulation of immune responses. CD4+ T cells, instructed by dendritic cells, are 
master regulators in this process. CD4+ T cells provide essential help for B cell isotype 
switching and somatic hypermutation to generate high-affinity antibodies, for macrophage 
antimicrobial activity and for CD8+ T cell memory and effector function 1. Also, they can 
exert direct effector functions by means of cytotoxicity 2 and the production of effector 
cytokines. Therefore, they are indispensable for the defense against infections. On the other 
hand, CD4+ T cells are pivotal for downregulation of immune responses and prevention of 
auto-immune disease 3;4. 

It is therefore not surprising that local lung CD4+ T cells have been shown to protect 
against disease and immunopathology 5-7, but have also been suggested to play a role in the 
pathogenesis of lung diseases like sarcoidosis, asthma and chronic obstructive pulmonary 
disease (COPD) 8-11. It is still unknown which processes drive the recruitment of CD4+ 
T cells to the human lung and by which mechanisms these cells are maintained locally. 
In mice, chemokine receptors such as CXCR3, CCR6 and CCR5 have been shown to 
regulate recruitment of T cells to the lung and airways under inflammatory conditions 12-15. 
Upregulation of integrins such as VLA-1 5;16 subsequently promotes local cell adhesion and 
survival. A human study on bronchoalveolar lavage (BAL) fluid derived T cells in asthmatic 
individuals suggests that CXCR3 and CCR6 could play a role in CD4+ T cell recruitment to 
the human airways as well 17. Regarding cell adhesion, human lung CD4+ T cells have been 
shown to express αE-integrin (CD103) 18, which can bind to E-cadherin on epithelial cells 19. 
Interaction between CD103 and E-cadherin is considered important for retention of CD8+ 

T cells in the epithelium. It has recently been shown that CD103-expressing CD8+ T cells in 
the human lung are a distinct T cell subset that is functionally adapted to the requirements 
of the respiratory epithelial environment 20.

Whether expression of CD103 can discriminate functionally different CD4+ T cell 
subsets in the human lung has, up till now, not been investigated. This is partly due to the 
difficulties in obtaining organ derived human T cells, which has led to the extrapolation 
of blood- and BAL-derived data, although phenotype, function and specificity of T cells 
derived from these compartments are not representative for lung tissue T cells 20-23. Tissue-
specific influences affect phenotype and function of T cells and there is accumulating 
evidence for a lung resident T cell pool that is maintained locally and does not recirculate 24. 

In this study, we analyzed transcriptomes, phenotypes and functions of human lung 
tissue derived T cells. Our first aim was to analyze differences between peripheral blood 
and lung CD4+ T cells in order to trace molecules that might play a role in creating and 
maintaining the lung CD4+ T cell pool. Secondly, we aimed to identify whether major 
differences between lung CD103+ and lung CD103-CD4+ T cells exist. Our data show that 
lung CD4+ T cells have a location-specific phenotype with increased expression of molecules 
playing a role in lung homing or retention.  Moreover, large differences existed in mRNA 
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and protein expression of effector molecules between CD103+ and CD103- lung CD4+ T 
cells. Our findings suggest that CD103+ and CD103-CD4+ T cells exert distinct functions 
within different anatomical niches in the human lung. 

RESULTS
Lung CD4+ T cells can be divided into three subsets based on the expression of 
CD103 and CD27
A collection of paired peripheral blood and lung samples enabled us to compare the 
expression of CD103 between blood and lung CD4+ T cells within patients. Blood CD4+ 
T cells were largely CD103- (mean % of CD103+ cells 1.1 %), but a substantial proportion 
of lung CD4+ T cells was CD103+ (mean % of CD103+ cells 18%; Figure 1A). It was already 
known that lung CD4+ T cells have decreased expression of CD27 and increased expression 
of CD45R0 compared to peripheral blood CD4+ T cells 21, but how the expression of these 
markers relates to CD103-expression was unknown. Strikingly, in all patients CD103+ lung 
CD4+ T cells lacked the expression of CD27, whereas CD103-CD4+ T cells contained both 
a CD27+ and a CD27- population (Figure 1B). There was no difference in the expression of 
CD45R0 between CD103+ and CD103- lung CD4+ T cells (Figure 1B). Thus, lung CD4+ T 
cells can be divided into three separate populations based on the expression of CD103 and 
CD27. 

Figure 1.  

blood lung 

CD103 

90.3 0.7 

0.2 8.9 

35.2 1.6 

17.6 45.6 

72.6 13.5 

1.1 12.3 

46.6 0.3 

0.1 52.4 CD45R0 

CD27 

Blood Lung 
0 

50 

100 
*** 

%
 C

D
10

3+  o
f  

C
D

4+ 

A 

B 

Figure 1.  

blood lung 

CD103 

90.3 0.7 

0.2 8.9 

35.2 1.6 

17.6 45.6 

72.6 13.5 

1.1 12.3 

46.6 0.3 

0.1 52.4 CD45R0 

CD27 

Blood Lung 
0 

50 

100 
*** 

%
 C

D
10

3+  o
f  

C
D

4+ 
A 

B 

FIGURE 1. CD103 expression is increased on lung CD4+ T cells compared with peripheral blood CD4+ 
T cells.  A: CD103 expression on paired peripheral blood and lung CD4+ T cells. N = 46. *** = p < 0.001. B: 
Representative example of staining for CD103 and CD27 and CD103 and CD45R0 on peripheral blood (left) 
and lung (right) CD4+ T cells.  Plots show CD3+CD4+CD8- cells within the lymphocyte gate. Numbers depict 
percentages of CD3+CD4+CD8- cells.
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Peripheral blood and lung CD4+ T cells have a location-specific mRNA 
expression profile
To investigate whether the clear phenotypic separation of lung CD4+ T cells in CD103+CD27- 
(further on referred to as CD103+), CD103-CD27-  and CD103-CD27+ (further on referred 
to as CD27+) populations was accompanied  by differences in gene expression, we sorted 
these subsets and compared their mRNA expression profiles with each other and with 
peripheral blood CD4+ T cells. Hierarchical clustering revealed that location of cells in 
blood or lung had the greatest influence on CD4+ T cell mRNA expression (Figure 2A). 
Antigen-experienced CD4+ T cells from peripheral blood proved even more similar to 
naïve blood CD4+ T cells than to antigen-experienced CD4+ T cells from the lung. Within 
the lung CD4+ T cells, inter-individual variability was greater than variability between the 
phenotypically different cell subsets.  CD27- lung CD4+ T cells were more distinct from 
CD27+ lung CD4+ T cells than from each other, irrespective of the expression of CD103. 

Next we compared the three lung subsets with naïve CD4+ T cells or with their antigen-
experienced counterparts from peripheral blood from healthy donors (lung CD103+/-CD27- 
cells were compared with blood CD45R0+CD27- cells and lung CD27+ cells were compared 
with blood CD45R0+CD27+ cells). As CD27- T cells are further differentiated than CD27+ 
T cells 25, it was not surprising that both CD27- lung subsets differed more from naïve 
CD4+ T cells (4263 and 4000 genes significantly differentially regulated) than did the CD27+ 
lung CD4+ T cells (2956 genes significantly differentially regulated; Figure 2B, left panel). 
However, when the CD27+ and CD27- lung CD4+ T cell subsets were compared with their 
antigen-experienced peripheral blood CD27+ and CD27- counterparts, which presumably 
rules out differences in differentiation state, again the CD27- lung CD4+ T cells differed 
the most. Lung CD27+, CD103-CD27- and CD103+CD4+ T cells showed respectively 811, 
1138 and 1393 genes significantly differentially regulated from peripheral blood (Figure 
2B, middle panel). There were also substantial differences in gene expression profiles 
between the different lung CD4-subsets (Figure 2B, right panel), most explicitly between 
the CD103+ and CD27+ lung CD4+ T cells (861 significantly differentially regulated genes). 
Taken together, lung CD4+ T cells have a location-associated mRNA fingerprint which is 
most pronounced for the CD103+ subset. Moreover, gene expression profiles greatly differ 
between CD103+, CD103-CD27- and CD27+ lung CD4+ T cells. 

The three lung CD4+ T cell subsets have a shared local fingerprint of 512 genes
To establish the location-specific “lung fingerprint” on the mRNA expression profile 
of CD4+ T cells, we  identified which 512 genes (Figure 2B middle diagram) that were 
significantly differentially regulated between all three lung CD4+ T cell subsets and their 
peripheral blood equals. We analyzed with Ingenuity software which biological processes 
were most enriched for this gene set. The top 15 of this analysis is shown in Figure 3A. 
The number 1 enriched process was “immunological disease”, which covers a wide array of 
genes involved in cell metabolism, signaling, division, and survival. The 2nd and 3rd place 
were occupied by the much more focused biological functions of protein synthesis and 
gene expression. Interestingly, protein synthesis was not present in the top 15 of biological 
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Figure 2.  
FIGURE 2. Lung CD4+ T cells have a location-specific mRNA expression profile. A: Hierarchical clustering 
of analyzed samples. The three mRNA samples containing the different CD4+ T cell populations from healthy 
donors were each hybridized in duplicate. B: Venn diagrams showing genes significantly and differentially 
regulated between the three different lung CD4+ T cell subsets and naïve peripheral blood CD4+ T cells (left), 
between the three different lung CD4+ T cell subsets and their memory (M, CD45R0+CD27+) or effector (E, 
CD45R0+CD27-) phenotype peripheral blood counterparts (middle) and between the three reciprocal lung 
CD4+ T cell subsets (right). Circles show overlap in significantly and differentially regulated genes between 
these three comparisons, numbers indicate amount of genes. Numbers outside circles are the total numbers 
of genes that are significantly and differentially regulated in each comparison. N = naïve, M = memory, E = 
effector phenotype.
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processes enriched for genes differentially regulated between any of the lung subsets (Figure 
3B-D). The comparisons between the three lung populations mainly yielded enrichment of 
processes involved in cellular development, function and maintenance. The enrichment 
profiles for the comparison between CD27+ and CD103+ lung CD4+ T cells (Figure 3B) and 
CD27+ and CD103-CD27- lung CD4+ T cells (Figure 3C) were very similar, with the first 
comparison showing the most significant enrichment. These enrichment profiles confirm 
our conclusion from the hierarchical clustering that CD4+ T cell gene expression is more 
influenced by location than by differentiation state.

Lung CD4+ T cells have a high expression of chemokine receptors that are 
implicated in T cell recruitment to the lung
When investigating the expression profiles of lung CD4+ T cells, our first question was which 
molecules might be involved in CD4+ T cell migration to the lung. Therefore we started 
with comparing the expression of various chemokine receptors between blood and lung 
CD4+ T cell subsets. The only chemokine receptor that was differentially and significantly 
regulated between all three subsets of blood and lung CD4+ T cells was CXCR6, the receptor 
for CXCL16 (Supplementary Table 1A). CXCR6 was highly upregulated in all three lung 
subsets, but most in lung CD103+CD4+ T cells (Supplementary Table 1B). Two other 
chemokine receptors that were increased in lung CD4+ T cells were CXCR3 (the receptor 
for CXCL9, 10 and 11) and CCR6 (the receptor for CCL20). CXCR3 was upregulated in 
all lung subsets compared with blood but was not differentially regulated between lung 
CD4+ T cells. CCR6 on the other hand was mainly upregulated in CD27+ lung CD4+ T 
cells. We demonstrated that the increased expression of CXCR3, CXCR6 and CCR6 by lung 
CD4+ T cells was even more pronounced on the protein level and that CXCR6 was indeed 
significantly more expressed by CD103+ compared to other lung CD4+ T cells (Figure 4A 
and B). CCR5 is a chemokine receptor that can play an important role in T cell migration to 
the airways 26. CCR5 mRNA was not differentially expressed, but we have found previously 
for lung CD8+ T cells that CCR5 expression can be regulated on the protein level (see 
chapter 2).  Indeed, lung CD4+ T cells showed a similar phenomenon, CCR5 protein was 
highly upregulated by lung CD4+ T cells (Figure 4A, mean % of CD4+ T cells expressing 
CCR5 blood 2.2% vs. lung 64.8%). Comparing the lung subsets, CCR5 was significantly 
higher expressed by CD103+ than CD103-CD27- or CD27+ lung CD4+ T cells (Figure 4B). 
CXCR3, CCR5 and CCR6 have all been suggested to play a role in T cell recruitment to the 
lung under inflammatory conditions 14;17;26-28, whereas CXCR6 is thought to function more 
as a retention or adhesion molecule 15;28.

CXCR5 was like CCR6 only significantly higher expressed by lung CD27+CD4+T cells, 
when compared with peripheral blood. Between the lung CD4+ T cell subsets existed 
however large expression differences. CD27+ lung CD4+ T cells had an 11 fold and 7.5 fold 
higher expression of CXCR5 than CD103+ and CD103-CD27- lung CD4+ T cells, respectively. 
CXCR5 is expressed by a subset of CD4+ T cells known as follicular helper T cells (TFH) and 
promotes their homing to B cell areas in lymphoid follicles 29;30. Interestingly, GPR183 was 
also highly upregulated by CD27+ lung CD4+ T cells compared with the other lung subsets 
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FIGURE 3.  Enrichment of biological processes for genes significantly up- and downregulated between 
blood and lung and between the three lung subsets. A: Analysis of the 512 genes that were significantly 
and differentially regulated between blood CD4+ T cells and all three lung CD4+ T cell subsets. B: Analysis 
of the 861 genes that were significantly and differentially regulated between lung CD103-CD27+ and lung 
CD103+CD27- CD4+ T cells. C: Analysis of the 281 genes that were significantly and differentially regulated 
between lung CD103-CD27+ and lung CD103-CD27-CD4+ T cells. D: Analysis of the 266 genes that were 
significantly and differentially regulated between lung CD103+CD27- and lung CD103-CD27-CD4+ T cells. 
Analyses performed with Ingenuity software, -log (p-value) is shown.
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   Figure 4. 
 

%
 o

f m
ax

 

CXCR6 CXCR3 CCR6 CCR5 CCR7 

0 

CXCR6 CXCR3 CCR6 CCR5 CCR7 

%
 o

f m
ax

 

α1- integrin 

%
 o

f m
ax

 
Blood Lung 

*** 

0 

50 

100 

%
 C

XC
R

6+  
of

 C
D

4+ 

Blood Lung 

*** 

0 

50 

100 
%

 C
XC

R
3+  

of
 C

D
4+ 

Blood Lung 

*** 

0 

50 

100 

%
 C

C
R

6+  
of

 C
D

4+ 

Blood Lung 

*** 

0 

50 

100 

%
 C

C
R

5+  
of

 C
D

4+ 

A 

B 

C 

CD27+ CD27- CD103+ 0 

50 

100 

%
 C

XC
R

6+  
of

 C
D

4+ 

CD27+ CD27- CD103+ 0 

50 

100 

%
 C

XC
R

3+  
of

 C
D

4+ 

CD27+ CD27- CD103+ 0 

50 

100 

%
 C

C
R

6+  
of

 C
D

4+ 

*** ** 
   *** 

 **  ** 

CD27+ CD27- CD103+ 0 

50 

100 

%
 C

C
R

5+  
of

 C
D

4+ 

 * ** 
   *** 

blood CD4+ 

lung CD4+ 

lung CD103-CD27+CD4+ 

lung CD103-CD27-CD4+ 

lung CD103+CD27-CD4+ 

FIGURE 4. Chemokinereceptor expression is differentially regulated between blood and lung and 
between different lung subsets. A: Representative histogram overlays showing the expression of various 
chemokinereceptors on blood CD4+ T cells (dashed line) and lung CD4+ T cells (continuous line). Histogram 
plots are representative for 6 patients, except the plot for CCR7, which represents 1 patient. Graphs show the 
expression of chemokinereceptors on paired blood and lung CD4+ T cells. N = 6. B: Representative histogram 
overlays showing the expression of various chemokinereceptors on lung CD103-CD27+ (green line), lung 
CD103-CD27- (blue line) and lung CD103+CD27- (red line) CD4+ T cells. Histogram plots are representative 
for 6 patients, except the plot for CCR7, which represents 1 patient.  Graphs show the expression of 
chemokinereceptors on paired lung CD103-CD27+, CD103-CD27- and CD103+CD27- lung CD4+ T cells. N = 
6. C: Histogram overlays showing the expression of α1-integrin on blood CD4+ T cells (dashed line) and lung 
CD4+ T cells (continuous line) and on lung CD103-CD27+ (green line), lung CD103-CD27- (blue line) and 
lung CD103+CD27- (red line) CD4+ T cells. N = 1. * p < 0.05, **p < 0.01 and *** p < 0.001.
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(Supplementary Table 1B). GPR183 promotes B cell localization to the outer follicle and 
interfollicular regions 31. As CD4+ T cells have been shown to express GPR183 protein 31, 
it is possible that GPR183 plays a similar role in directing activated CD4 T helper cells to 
these regions. These data show that chemokine receptor expression not only differs between 
blood and lung CD4+ T cells, but also between various lung CD4+ T cell subsets. 

Lung CD103+CD4+ T cells have a reduced lymph node homing potential and an 
increased expression of local tissue adhesion molecules
This dichotomy in chemokine receptor expression between lung CD4+ T cells could indicate 
that CD27+ cells in contrast to CD103+ are still able to migrate to lymph nodes. Comparison 
of the expression of genes encoding for lymph node homing molecules CCR7 and L-selectin 
(CCR7 and SELL) strengthened this hypothesis. SELL was strongly downregulated in CD103+ 

and to a lesser extent in CD103-CD27- lung CD4+ T cells compared with blood CD27-CD4+ 
T cells (7.2 and 4.5 fold respectively), but was hardly differentially regulated between blood 
and lung CD27+ cells (Supplementary Table 1A). CCR7 was 5-fold downregulated in lung 
CD103+ cells, but 3-fold upregulated in lung CD27+ cells, in comparison to their blood 
counterparts. Within the lung, CD27+ lung CD4+ T cells clearly had the highest SELL 
and CCR7 expression, with a 38-fold increase in CCR7 and a 13-fold increase in SELL in 
comparison to CD103+ lung CD4+ T cells (Supplementary Table 1B). We confirmed the 
downregulation of CCR7 protein on lung CD4+ T cells compared with blood (Figure 4A) 
and on CD103+ and CD103-CD27- compared with CD27+ lung CD4+ T cells (Figure 4B).

In addition to downregulation of lymph node homing molecules, lung CD103+ and 
CD103-CD27- T cells had low expression of S1PR1, the gene encoding for sphingosine-1-
phosphate receptor 1 (S1PR1). Expression of S1PR1 is required for lymph node egress 32. 
Downregulation of this receptor by lung CD4+ T cells might likewise inhibit T cell migration 
from the lung into the circulation 24.  Another molecule that promotes recirculation of 
lymphocytes is ICAM-2 33.  ICAM-2 interacts with LFA-1 and is known to be mainly 
expressed by endothelium, but studies demonstrating ICAM-2 expression by human T cells 
and T cell lines exist 34;35.  ICAM2 expression was reduced in CD103+ and CD103-CD27- 
lung CD4+ T cells but not CD27+ lung CD4+ T cells compared with blood.  Furthermore, 
it was strongly differentially regulated between the three lung CD4+ T cell subsets with an 
11-fold higher expression in lung CD27+ than lung CD103+ CD4+ T cells.

ITGAE (encoding for CD103) was the only integrin that was significantly and 
differentially regulated between blood and lung CD4+ T cells; it was 4 fold upregulated in lung 
CD103+CD4+ T cells compared with peripheral blood CD27-CD4+ T cells (Supplementary 
Table 1A). Upregulation of CD103 protein on lung CD4+ T cells was with 18-fold much more 
robust (Figure 1A). As could be expected, within the lung ITGAE was highly upregulated 
in the CD103+ as compared with the CD103-CD27- (5.2 fold) and CD27+ (9.1 fold) CD4+ T 
cells (Supplementary Table 1B). Interestingly, there was no significant difference in ITGAE 
mRNA expression between CD103-CD27- and CD27+ lung CD4+ T cells. ITGA1, encoding 
for the integrin-α1, was significantly and differentially regulated between all three lung 
subsets, with the highest mRNA expression in CD103+ and the lowest mRNA expression in 
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the CD27+CD4+ T cells. These expression differences were also present on the protein level 
(Figure 4C). Integrin-α1 dimerizes with integrin-β1 to form VLA-1, which enables T cells to 
bind to extracellular matrix components in the lung like laminin and collagen type I and 
IV 16. Summarizing, lung CD103+CD4+ T cells have upregulated local adhesion molecules 
and at the same time have downregulated lymph node homing receptors and receptors 
required for tissue egress. These characteristics are suggestive for a locally residing CD4+ T 
cell population that has a low capacity to recirculate.

Cell division and apoptosis
Cell populations can be maintained locally by proliferation and survival. Several genes 
involved in regulation of cell cycle progression and modulation of proliferation at the 
transcriptional level were differentially regulated between blood and lung, but the biological 
result of this differential regulation is difficult to predict. Considering cell survival, many 
genes involved in apoptosis were differentially regulated. The apoptotic executioner 
caspase 3 was 1.6 fold downregulated in lung CD27+ compared to CD103+CD4+ T cells 
(Supplementary Table 2B). Caspase 1 and caspase 4 pseudogene were downregulated 
in CD103+ cells compared with lung CD27+ (Supplementary Table 2B) and blood 
(Supplementary Table 2A) CD4+ T cells, but these primarily play a role in inflammation. 
FAIM3, which prevents caspase 8 activation following FAS stimulation, thereby inhibiting 
FAS-induced apoptosis, was almost 5 fold downregulated in lung CD103+ CD4+ T cells 
compared with peripheral blood and was 8 fold higher in lung CD27+ cells. The balance 
between pro-and anti-apoptotic genes of the BCL-2 family is considered important to set 
the level of cell death sensitivity via the intrinsic apoptotic pathway 36;37. Expression of 
BCL2L11, encoding for the pro-apoptotic BIM, was increased in all lung subsets and gene 
expression of the pro-apoptotic BCL-2 interacting protein BNIP3 and the anti-apoptotic 
BCL-2 regulator BEX2 was decreased in the same subsets. The anti-apoptotic Bcl-xL 
(BCL2L1) was increased and the pro-apoptotic BCL-2 antagonizer BAX was decreased 
in lung CD103+ CD4+ T cells, whereas the pro-apoptotic BCL-RAMBO (BCL2L13) was 
decreased in lung CD103-CD27- cells compared with peripheral blood. BCL2 itself was 
increased in lung CD27+ cells compared to the other lung subsets. The gene encoding for 
apoptosis-activating BCL-2 protein family member BMF 38 was expressed higher in lung 
CD103-CD27- and CD103+ CD4+ T cells than in peripheral blood and lung CD27+ cells. 
Thus between blood and lung and between the various lung subsets differences exist in the 
expression of mediators regulating the intrinsic pathway of apoptosis. This suggests that 
cellular maintenance is regulated differentially between the various subsets possibly as a 
result of distinct environmental cues.

Members of the TNF receptor superfamily and other co-stimulatory molecules 
important for helper function are upregulated in CD27+ lung CD4+ T cells
Several members of the TNF receptor superfamily and their ligands that influence cell 
survival were differentially regulated between blood and lung CD4+ T cells. Upregulated 
TNFR-II, 4-1BB, and LIGHT enhance cell survival, as does the downregulated BAFF 
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(Supplementary Table 3A). The apoptotic suppressor BIRC3 and TRAF1, which recruits this 
suppressor to TNFR-II 39 were also increased, but only in the CD27+ subset. Lymphotoxin-β 
(LTB), which can induce apoptosis by binding to the LTBR (TNFR-III), was decreased 
between 3.8 and 8.6 fold in the lung CD27- subsets. Apoptosis-mediating death receptor 
TRAMP and its adapter TRADD were downregulated, especially in lung CD103+ compared 
to blood CD4+ T cells.

Many TNF receptors and TNF-like ligands are upregulated on CD4+ T cells upon 
activation and these receptors do not only play a role in survival, but also provide essential 
co-stimulatory signals for proper immune regulation. When comparing the different lung 
subsets, it was remarkable that especially the CD27+ cells had a very high expression of these 
molecules (Supplementary Table 3B). Apart from CD27 itself, the earlier mentioned 4-1BB, 
OX40 and GITR were upregulated. Moreover, activating co-stimulatory molecules that do 
not belong to the TNF receptor family, like CD28 and ICOS were also upregulated by lung 
CD27+ cells compared to other lung CD4+ T cells and blood CD4+ T cells respectively. Co-
stimulatory molecules that provide inhibitory signals important for immune regulation, 
showed a similar differential regulation. CTLA4 and PDCD1 and the proteins they encode 
for, CTLA-4 and PD-1 (Supplemental Figure 1), were, like ICOS, upregulated in all lung 
CD4+ T cell subsets, whereas TIGIT and BTLA were upregulated in lung CD27+CD4+ T 
cells compared with peripheral blood and CD27- lung cells, mirroring CD28 expression. 
Concluding, lung CD4+ T cells seem to be more sensitive to TNF-mediated survival signals 
than peripheral blood CD4+ T cells. Moreover, especially lung CD27+ cells have an increased 
expression of co-stimulatory molecules, which suggests a potent capacity to provide help 
to other cells.

Cytokine receptors are differentially regulated between blood and lung and 
between lung CD27- and CD27+CD4+ T cells
Cells in the lung environment need to respond to different cytokines than circulating cells 
and lung CD4+ T cells present at different anatomical locations within the lung might also 
be exposed to unique cytokine environments. Remarkably, the only cytokine receptor that 
was increased in all lung subsets was IL21R (Supplementary Table 4A), which is important 
for proliferation and differentiation of T cells, B cells, and natural killer cells. IL21R was 
most upregulated in CD27+ lung CD4+ T cells. IL11RA, a member of the hematopoietic 
cytokine receptor family, was the sole cytokine receptor that was decreased in all lung CD4+ 
T cells. 

IL1R2 and IL2RA were both increased exclusively in lung CD27+CD4+ T cells. This 
increase was also present in comparison to the other lung subsets (Supplementary Table 4B).  
IL1R2 acts as a decoy receptor that inhibits the activity of its ligands IL1α, IL1β and IL1R1. 
IL2RA (CD25) forms together with IL2RB and the common gamma chain the high affinity 
IL-2 receptor. Binding of IL-2 by this receptor is sufficient to cause T cell proliferation. We 
confirmed that a proportion of lung CD103-CD4+ T cells (containing both the CD27+ and 
CD27- subset) expressed CD25 protein and that lung CD103+CD4+ T cells expressing CD25 
were scarce (Supplemental Figure 2A). Co-expression of CD25 and transcription factor 
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FoxP3 identifies regulatory CD4+ T cells. Indeed, CD103-CD25+ CD4+ T cells in the lung 
co-expressed FoxP3, suggesting that these cells are regulatory T cells (Supplemental Figure 
2A). There was no significant difference in CD25 and FoxP3 expression between blood 
and lung CD4+ T cells (Supplemental Figure 2B). The non-ligand binding beta chain of 
the gamma interferon receptor (IFNGR2) and the receptor for IL17B and E (IL17RB) were 
downregulated in lung CD103+ and CD103-CD27- cells compared with blood CD27- cells. 
In summary, blood and lung CD4+ T cell subsets display distinct cytokine receptor profiles 
that may influence their response to locally produced cytokines.

Lung CD4+ T cells have a TH1 cytokine profile 
IFNG was the only cytokine that was increased in lung CD4+ T cells at the mRNA level 
(Supplementary Table 5A). IFN-γ is a potent activator of macrophages, has anti-proliferative 
effects on transformed cells and can inhibit viral replication. It was 4.6 fold higher in 
lung CD103-CD27- and 5.6 fold higher in lung CD103+CD4+ T cells than in peripheral 
blood CD27-CD4+ T cells. To assess the production of cytokines on the protein level, we 
stimulated peripheral blood and lung mononuclear cells (PBMC and LMC) and performed 
intracellular cytokine stainings. We found a more than 5 fold increase in the proportion of 
IFN-γ -producing CD4+ T cells in the lung (Figure 5A). In this assay we also demonstrated 
increased percentages of TNF-α- and IL-2-producing cells in the lung although these 
cytokines were not significantly differentially regulated between unstimulated blood and 
lung cells at the mRNA level. Several chemokines were differentially regulated. CXCL16, 
the ligand for CXCR6 was upregulated in all three lung subsets. CCL5 was upregulated only 
in the CD103+ lung CD4+ T cells, as was CCL4L2. CCL5 encodes for RANTES, a strong 
chemo-attractant for monocytes and memory T-helper cells. It can bind to CCR1, 3, 4 and 
5. CCL4L2 was with 10 fold increase the highest upregulated cytokine or chemokine in 
the lung. It is similar to CCL4 and induces chemotaxis of cells expressing CCR5 or CCR1. 
IFNG, CCL5 and CCL4L2 were also differentially regulated between the lung subsets, with 
CD103+CD4+ lung T cells showing the highest and CD27+ lung CD4+ T cells the lowest 
expression (Supplementary Table 5B). 

We validated that more CD103+ than CD103- lung CD4+ T cells produced IFN-γ (Figure 
5B). To obtain a better overview of the cytokine production capacity of lung CD4+ T cells 
and to detect possible differences between CD103+ and CD103- cells herein, we performed 
additional cytokine stainings and measured cytokine secretion in culture supernatants 
of sorted CD103+ and CD103- lung CD4+ T cells. These experiments showed that lung 
CD4+ T cells next to their high production of IFN-γ overall had a TH1-cytokine profile 
with high secretion of TNF-α, IL-2, CCL4 and CCL3 (Figure 5C). Significantly more IL-2 
was produced by CD103- than CD103+ lung CD4+ T cells (Figure 5C). TH2-cytokines were 
hardly produced, as were IL-10 and IL-22 (Figure 5C and Supplemental Figure 3A and B). 
A small population of lung CD4+ T cells produced IL-17 (Supplemental Figure 3). Thus, 
lung CD4+ T cells have a TH1 cytokine profile with high production of IFN-γ, TNF-α and 
IL-2. Within the lung, CD103+ cells are the main IFN-γ producers. In addition, these cells 
contain the highest amounts of CCL5 and CCL4L2 mRNA. 
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Figure 5.  
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FIGURE 5. Lung CD4+ T cells have a TH1 cytokine profile. A: % of paired peripheral blood and lung CD4+ 
T cells producing IFN-γ (left), TNF-α (middle) or IL-2 (right) as assessed by intracellular cytokine staining. 
N = 4. B: % of paired CD103+ and CD103- lung CD4+ T cells producing IFN-γ (left), TNF-α (middle) or 
IL-2 (right) as assessed by intracellular cytokine staining. N = 7-10. C: Cytokine production of CD103+ 
and CD103- lung CD4+ T cells as measured by luminex assay. PMA/iono = cells stimulated with phorbol 
12-myristate 13-acetate (PMA) and ionomycin. N = 3. Bars show mean and error bars show SEM. **p < 0.01 
and *** p < 0.001.
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Lung CD103+CD4+ T cells have high mRNA expression of cytotoxic mediators 
and can be induced to exert strong cytotoxicity
CD4+ T cells can exert direct cytotoxicity themselves 2 by mediating apoptosis of target 
cells through cytotoxic effector molecules such as perforin and granzyme B 40;41 or via 
interaction of FAS-ligand or TRAIL with death receptors on target cells (respectively FAS 
and TRAIL-R1 (DR4) or TRAIL-R2 (DR5)) 42. Many genes encoding for proteins involved 
in cytotoxicity were upregulated in lung CD4+ T cells. These included genes encoding 
for perforin (PRF1), granzyme B (GZMB) and serglycin (SRGN) (Supplementary Table 
6A). Serglycin is required for storage of granzyme B in T lymphocytes and plays a role in 
cytotoxic granule-mediated apoptosis by forming a complex with granzyme B. Although 
PRF1 and GZMB were not significantly differentially regulated, their fold increase was 
substantial. TNFSF6, encoding FAS-ligand, was only upregulated in CD103+CD4+ T cells 
compared with blood. GZMK, a granzyme typically expressed by memory cells 43 was more 
than 6 fold downregulated in lung CD103+CD4+ T cells. To our surprise, GNLY, encoding 
for the cytolytic and antimicrobial protein granulysin, was strongly downregulated in both 
CD103- CD27- and CD103+ lung CD4+ T cells. 

Interestingly, even more cytotoxicity-associated genes were differentially regulated 
between the three lung CD4+ T cell subsets (Supplementary Table 6B). Most genes were 
expressed highest within the CD103+ lung CD4+ T cells. Especially granzyme B and 
granzyme H, which can help granzyme B kill virus-infected cells, were with an expression 
difference of 14 and 13 fold highly increased in CD103+ compared to CD27+ lung CD4+ 
T cells. Other genes encoding for cytotoxic molecules that were increased in CD103+ 
(and often to a lesser extent in CD103-CD27-) lung CD4+ T cells compared with CD27+ 

cells were GZMA (granzyme A),  PRF1, TNFSF6 (FAS-ligand) and TNFSF10 (TRAIL).  
GZMK displayed again an opposite pattern with a 7 fold higher expression in CD27+ than 
CD103+ cells. Granulysin mRNA expression was highest in lung CD103-CD27- CD4+ T 
cells. Overall, CD103+ lung CD4+ T cells showed the most cytotoxic mRNA profile, both 
compared to peripheral blood CD27- and lung CD4+ T cells. A hallmark of cytotoxic CD4+ 
T cells is that they have lost the expression of CD28 2;44 and indeed lung CD103+CD4+ T cells 
had a lower CD28 mRNA expression than peripheral blood and CD103- lung CD4+ T cells 
(Supplementary Table 3A and B).

We next analyzed the cytotoxic profile of lung CD103+CD4+ T cells on the protein level 
by performing perforin and granzyme B stainings on peripheral blood CD4+ T cells and 
the three lung subsets. There were no significant differences in blood and lung perforin and 
granzyme B protein expression (Figure 6A). As expected, perforin+ and granzyme B+ lung 
CD4+ T cells were CD27-, but paradoxically, they were confined to the CD103- population 
(Figure 6B). However, lung CD103+CD4+ T cells rapidly upregulated granzyme B protein 
upon stimulation, surpassing CD103-CD4+ T cells within 3 hours (Figure 6C). Under the 
same conditions, peripheral blood CD4+ T cells showed only a slight increase in granzyme 
B. To assess whether lung CD4+ T cells were capable of actual cytotoxic killing and whether 
the differential regulation of cytotoxic mediators led to differences in killing capacity, we 
performed a redirected killing assay. Both CD103- and CD103+ lung CD4+ T cells were 
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Figure 6.  
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FIGURE 6. Lung CD4+ T cells have direct cytolytic capacity. A: Percentage of paired blood and lung CD4+ 

T cells expressing perforin (left) or granzyme B (right). N = 9. B: The expression of perforin (left) and 
granzyme B (right) by paired lung CD103-CD27+, CD103-CD27- and CD103+CD27- lung CD4+ T cells. N = 
14. Representative FACS-plots are shown for the relationship between expression of perforin and granzyme 
B and the expression of CD27 and CD103 by lung CD4+ T cells. FACS-plots show CD3+CD4+CD8- cells 
within the lymphocyte gate. Numbers depict percentages of CD3+CD4+ cells. C: Upregulation of granzyme B 
by peripheral blood and lung CD103+ and CD103-CD4+ T cells after stimulation with PMA and ionomycin. 
% of CD4+ T cells expressing granzyme B is shown. Measured by flow cytometry. N = 1. D: The amount 
of specific killing of target cells by purified T cell populations at two effector/target (E/T) ratios is shown. 
FACS-sorted peripheral blood naive (CD45RA+CD27bright) and effector (CD27-) CD8+ T cells were included 
in the assay as control. Measurements were performed in triplicate. The mean ±SEM of specific killing is 
shown. N = 3. * p < 0.05.
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able to kill Fc-receptor-bearing target cells in vitro, but there was no significant difference 
in their capacity to do so (Figure 6D). These findings demonstrate that both CD103+ and 
CD103- lung CD4+ T cells are potent cytotoxic cells, although without stimulation only 
CD103- cells contain cytotoxic effector proteins.

Lung CD4+ T cells show a different transcriptional regulation than peripheral 
blood CD4+ T cells
T helper cell lineage differentiation is regulated by master transcription factors and signaling 
transducer and activator of transcription (STAT) proteins 45. Of these molecules, only 
GFI-1 differed more than 1.5 fold between the lung subsets, but STAT3, STAT5A, IRF4 and 
BATF were increased in all lung CD4+ T cell subsets compared with their peripheral blood 
counterparts (Supplementary Table 7A). BATF was the transcription factor that was most 
upregulated in lung CD4+ T cells, especially in the CD27+ subset. It has recently been shown 
that BATF is required for the expression of BCL6 and c-MAF, the two major transcription 
factors that regulate follicular helper T cell (TFH) development 46. Although the gene 
encoding for c-MAF was upregulated in all lung subsets compared to blood, strikingly, only 
the CD27+ lung CD4+ T cells had an increased expression of the gene encoding for BCL6. 
The transcription factor that was most downregulated in lung CD4+ T cells was LEF1, which 
is known to be downregulated in effector and memory CD8+ T cells and upon repetitive 
antigen stimulation 47;48. 

As lung CD4+ T cells and especially lung CD103+CD4+ T cells have an increased 
expression of IFN-γ and granzymes, it is surprising that known regulators of T cell 
effector function such as T-bet (Tbx21), eomesodermin (EOMES) and blimp-1 (PRDM1) 
were not significantly differentially expressed, with the exception of a slightly higher (1.6 
fold) PRDM1 expression in CD103+ than CD27+ lung CD4+ T cells (Supplementary Table 
7B). However, ZNF683, a close homolog of PRDM1 43, was upregulated in lung CD103+ 
T cells compared with blood effector-type cells and CD103-CD27- and CD27+ lung cells, 
mimicking the expression profile of GZMB. This transcription factor has been shown to 
be highly expressed by latent HCMV-specific cells and is suggested to perform at least part 
of the functions of PRDM1 in long-lived human effector-type T cells 43. T-bet and eomes 
protein, like mRNA, were not differentially regulated between blood and lung (Figure 7A). 
On the other hand, T-bet protein was strongly increased on CD103-CD27- lung CD4+ T 
cells compared with the other lung subsets and eomes protein was slightly increased on lung 
CD27-CD103-, compared with CD27+CD4+ lung T cells (Figure 7B and C). Recapitulating, 
lung CD4+ T cells have a different transcription factor profile than peripheral blood CD4+ 
T cells, and the lung subsets also differ from each other. Moreover, our data suggest that 
cytotoxic function of lung CD103+CD4+ T cells is not controlled by one of the known 
regulators of T cell effector function but is instead associated with the expression of the 
close blimp-1 homolog ZNF683. 

Expression of ribosomal proteins is downregulated in lung CD4+ T cells
Concerning cytolytic effector molecules, the striking discrepancy between mRNA and 
protein suggested that protein expression in lung T cells is in part regulated at the post-
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FIGURE 7.  T-bet is mainly expressed by CD27– lung CD4+ T cells. A: Percentage of paired blood and lung 
CD4+ T cells expressing transcription factors T-bet (left) or eomesodermin (eomes) (right). N = 7-8. B: The 
expression of T-bet (left) and eomes (right) by paired lung CD103-CD27+, CD103-CD27- and CD103+CD27- 
lung CD4+ T cells. N = 13. C: Representative FACS-plots for the expression of T-bet and eomes compared to 
the expression of CD27 and CD103 by lung CD4+ T cells. FACS-plots show CD3+CD4+CD8- cells within the 
lymphocyte gate. Numbers depict percentages of CD3+CD4+ cells in that quadrant. * p < 0.05 and **p < 0.01.

transcriptional level.  In this respect it was very striking to find an overall downregulation 
of genes coding for ribosomal proteins in lung CD4+ T cells compared with peripheral 
blood (Supplementary Table 8A). 24 ribosomal proteins and 6 mitochondrial ribosomal 
proteins were downregulated, whereas only one ribosomal protein and one mitochondrial 
ribosomal protein was upregulated. Only few ribosomal proteins were differentially 
regulated between the lung subsets, but if they were, expression was downregulated in lung 
CD103+CD4+ T cells (Supplementary Table 8B). As essential components of ribosomes, 
ribosomal proteins are indispensable for translation. Other genes encoding factors 
important for protein synthesis were differentially regulated between blood and lung. Seven 
eukaryotic initiation factors (EIFs) and two mitochondrial translation initiation factors that 
initiate translation by attachment of a ribosome to the mRNA were downregulated in lung 
CD4+ T cells. Six EIFs were upregulated, but one of these (EIF6) has an inhibiting effect on 
translation. FAM129A, encoding a regulator of phosphorylation of several EIFs, was 2.1 
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to 3.7 fold upregulated. Phosphorylation of EIFs leads to their sequestering, which leads 
to translational repression. As the ribosome moves down the mRNA strand, tRNA brings 
the corresponding amino acid to each codon. This process of elongation is mediated by 
elongation factors, one of which was downregulated (EEF1G).  

DISCUSSION
We show that human lung CD4+ T cells have a different gene expression profile, phenotype 
and function than peripheral blood CD4+ T cells. Cellular location within blood or lung 
was an even stronger determining factor for mRNA fingerprint than differentiation state. 
Especially chemokinereceptors CXCR6 and CCR5 and adhesion molecules CD103 and 
VLA-1 that likely play a role in lung homing and retention were upregulated in lung CD4+ 
T cells, whereas S1PR1 and ICAM2, required for tissue egress, and CCR7 and L-selectin, 
necessary for lymph node migration, were strongly downregulated. In addition, we 
demonstrated large expression differences in these receptors between three different lung 
CD4+ T cell subsets that were defined based on the expression of TNFR family member 
CD27 and integrin CD103.  Of these three subsets, lung CD4+ T cells expressing CD103 
showed the largest differences with peripheral blood with the highest expression of lung 
homing and adhesion molecules and the lowest expression of receptors required for lymph 
node homing. These data suggest that the human lung CD4+ T cell pool and especially 
the CD103+ subset, contains resident effector memory cells that exert their function locally 
without migrating to the lymph nodes.

Although chemokinereceptors CCR5, CCR6 and CXCR3 and integrins VLA-1 and 
CD103 have previously been shown to be expressed on the protein level by human lung 
CD4+ T cells, no distinction was made between different lung subsets and expression levels 
were not compared with peripheral blood 49;50. We are the first to perform an unbiased 
whole human genome wide analysis of gene expression differences between human lung 
and peripheral blood CD4+ T cells and to validate these data on the protein level in paired 
peripheral blood and lung samples.

The effector memory phenotype of human lung CD4+ T cells is in concordance with 
several studies in mice, which show that T cell populations in non-lymphoid tissues are 
mainly comprised of effector memory cells, as opposed to the central memory T cells in 
lymphoid organs 51;52. It has been suggested that migration of T cells into the lung induces 
downregulation of CCR7, L-selectin and CD27, thereby creating a common effector 
memory phenotype for all lung CD4+ T cells 53. Although the expression of central memory 
markers CCR7 and L-selectin is indeed low on all lung CD4+ T cells, we demonstrated 
important differences in the expression of these markers between different lung subsets. 

A major finding in our study was the strong direct cytotoxic killing capacity of both CD103– 
and CD103+ lung CD4+ T cells. Measured in a redirected killing assay it was comparable to 
the cytotoxic killing capacity of peripheral blood effector CD8+ T cells. This seems surprising, 
as only lung CD27-CD103-CD4+ T cells expressed perforin and granzyme B protein and 
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there was no significant difference in perforin and granzyme B protein expression between 
unstimulated blood and lung CD4+ T cells.  However, mRNA expression of perforin and 
especially granzyme B was strongly increased in CD103+ lung CD4+ T cells and these cells 
had the ability to quickly upregulate granzyme B protein in response to stimulation. Most 
lung CD4+ T cells have lost the expression of CD27, a feature that in several lymphocyte 
types has been associated with the attainment of cytotoxic capacity 54;55. We previously 
established a similar phenomenon in human lung influenza-specific and CD103+CD8+ T 
cells, which can quickly upregulate perforin and granzyme B protein and become cytotoxic 
upon TCR-stimulation 20 (chapter 2). The fact that this regulation of cytotoxicity on the 
protein level appears to be shared between CD103+ human lung CD8+ and CD4+ T cells, 
suggests a common environmental influence. Indeed, it is known that the human airway 
intraepithelial T cell fraction is enriched for both CD103+CD4+ and CD103+CD8+ T 
cells 49. We hypothesize that under steady-state conditions, granzyme B translation is 
inhibited in CD103+ T cells by the epithelial milieu to prevent cytotoxicity-induced damage 
to the epithelial barrier. We show here that when needed, CD4+ T cells can rapidly overcome 
this inhibition upon TCR-stimulation. 

Not only the way in which cytotoxicity is regulated in CD103+ lung CD4+ T cells 
but also the fact that lung CD4+ T cells are cytotoxic, is remarkable. The human lung is 
already accommodated with a vast amount of very efficient cytotoxic CD8+ T cells 20 and 
the prime function of CD4+ T cells is to provide help to these and other cells 1. To our 
knowledge, we are the first to describe organ-derived human cytotoxic CD4+ T cells, but 
peripheral blood CD4+ T cells exerting direct cytotoxicity in a CMV-peptide-specific and 
MHC class II restricted manner have been found in CMV-positive individuals 2. Cytotoxic 
CD4+ T cells could play an immunoregulatory role and dampen the immune response by 
killing antigen-presenting immune cells, thereby preventing immunopathology. Another 
possibility would be that cytotoxic CD4+ T cells actually kill infected target cells. Although 
MCH class II peptide presentation classically requires uptake of extracellular proteins 
and TAP-independent processing, TAP-dependent presentation of cytosolic antigens via 
MHC class II has been described 2;56. This could be relevant for the defense against viral 
infections, as epithelial cells have been shown to express MCH class II and members of the 
co-stimulatory B7-family, which can be further induced by IFN-γ and respiratory virus 
infection 57-59. Moreover, immunofluorescent studies in influenza-infected mice reveal 
cytotoxic CD4+ T cells in proximity to class II expressing airway epithelial cells 60.

CD4+ T cells can migrate to the lung in response to antigen recognition, but the 
specificity of CD4+ T cells in the human lung is not known. For the adequate establishment 
of a long-lived IFN-γ producing lung CD4+ T cell pool, the additional context of infection 
is required 61.  It is known that the human lung CD4+ T cell pool is enriched for influenza-
specific CD4+ T cells 22;50. The main location of lung CD103+CD4+ T cells close to or inside 
the airway epithelium 49 and their high expression of airway homing marker CCR5 indeed 
suggest a role in the defense against intraepithelial pathogens, such as respiratory viruses. 
Lung CD103+CD4+ T cells phenotypically and functionally highly resemble CD103+CD8+ T 
cells, which contain influenza-specific cells. In addition, we show that CD103+CD4+ T cells 
highly express the integrin VLA-1, which plays an important role in maintaining influenza-
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specific memory CD4+ and CD8+ T cells in mouse lung 5;62. If CD103+ lung CD4+ T cells 
would be specific for respiratory viruses, they would have the perfect location, close to the 
airways, to kill infected epithelial cells and to augment influenza-specific cytotoxic CD8+ 
T cell responses and CD8+ T cell memory formation immediately upon infection. It has 
recently been published that influenza-specific memory CD4+ T cells also induce an early 
innate response that enhances immune protection against infection 63.

An important question that needs to be addressed in future research is how the three 
lung subsets relate to each other. The phenotype based on plotting CD103 against CD27 
and the knowledge of the dynamics of CD27, suggest that lung CD4+ T cells first loose 
the expression of CD27 and subsequently acquire CD103-expression. The expression of 
CD103 might maintain these cells in the vicinity of the epithelium, where they then under 
influence of factors in the epithelial environment acquire a different phenotype than their 
CD103- counterparts. The fact that the largest differences in phenotype and gene expression 
are observed between the CD103-CD27+ and the CD103+CD27- cells, and that mRNA 
expression of CD27 is  lower in CD103+ than CD103-CD27- cells, supports this hypothesis.  
Opposing this hypothesis are the large protein and gene expression differences that exist 
between all subsets, also concerning transcription factors. This suggests that the lung CD4+ 
T cell pool is a heterogeneous population that contains several different T cell subsets with 
specialized functions. These subsets might rather belong to different T cell lineages than 
that they form subsequent differentiation stages from the same lineage. In that case, they 
might not evolve from one to another subset within the lung, but rather receive instructions 
about their function and anatomical destination in the lung draining lymph node where the 
concomitant phenotype is induced before entering the lung. Overall, the main differences 
exist between the CD103-CD27+ cells on one side and the CD103+ and CD103-CD27- cells 
on the other side. This might reflect the similarity in function between both CD27- subsets, 
although the regulation of this function seems to be very different. 

CD103-CD27+ cells do not appear to be cytotoxic at all, as they lack cytotoxic molecules 
both on the protein and the mRNA level. On the contrary, lung CD4+ T cells with the 
phenotype of regulatory T cells are confined within this subset. As this is only a small 
population, most CD27+ lung CD4+ T cells must have a different function. The high 
expression of co-stimulatory molecules and ample production of IL-2, suggest strong 
helper capacity. Interestingly, these CD4+ T cells highly express many markers that have 
been shown to be important for  follicular T helper function, such as transcription factors 
BATF, BCL6 and c-MAF, follicular homing molecules CXCR5 and GPR183, co-stimulatory 
molecules ICOS, PD-1, OX40, GITR, TIGIT  and  BTLA and further BAFF, SAP, IL21R and 
CXCL13 30;46;64. Obviously, more of these gene expression data have to be confirmed on the 
protein level and actual B helper function has to be established. Still, these findings pose the 
interesting consideration that CD27+ lung CD4+ T cells might be involved in activating B 
cells in organized follicular structures in the human lung.

Lymphoid follicles containing B cells, dendritic cells and T cells are present in the 
parenchyma and bronchial walls of human lungs 65. These follicles can be induced 
by local infection and show signs of oligoclonality, indicating antigen-specific  



112

LU
N

G
 C

D
4

+ T C
ELL SU

BSETS

4

proliferation 66;67. Increased numbers of these follicles are found in the lungs of patients 
with chronic obstructive pulmonary disease (COPD), a chronic inflammatory lung 
disease that is associated with microbial colonization and frequent infection of the lower  
airways 65;68. These studies suggest that tertiary lymphoid follicles in the human lung play 
a role in organized local antigen presentation during infection, in order to ameliorate the 
antigen-specific B cell response. As such, follicular helper T cells might play an important 
role in the local defense against infection. However, the association of lymphoid follicles 
with COPD has also created the theory that auto-antigens are being presented within 
these structures, indicating that follicular B cells and follicular helper T cells might play a 
detrimental role 68. 

Summarizing, we provide new evidence for the existence of a resident effector memory 
CD4+ T cell population in the human lung that has lost the capacity to migrate to the lymph 
nodes and differs phenotypically and functionally from peripheral blood CD4+ T cells. We 
show that this local CD4+ T cell pool can be divided into three separate populations based 
on the expression of CD27 and CD103. We hypothesize that these three populations are 
instructed and molded in the lung draining lymph node to carry out specialized functions at 
distinct anatomical locations within the lung. CD103-CD27+ cells might play an important 
role in providing B cell help, possibly within organized lymphoid structures, whereas 
CD103-CD27- cells have an overt TH1 and cytotoxic function and CD103+CD27-  are uniquely 
adapted to carry out their TH1 and cytotoxic function within the demanding environment 
of the epithelium. Our study provides promising leads for further research into the function 
of these different lung CD4+ T cells in the local defense against respiratory pathogens and 
malignant degeneration and also into their possible role in immunopathology in lung 
diseases such as COPD 5-7;69-71.  Better understanding of these local immune processes could 
provide important new queues for developing prevention strategies and therapies for any 
disease that involves the human lungs.

MATERIAL AND METHODS
Subjects
Material from 50 subjects was collected. 39 patients underwent lobectomy for a peripheral 
primary lung tumor, 10 received lung transplantation because of end-stage lung disease 
and one tissue specimen was obtained from a healthy lung donor. Supplementary Table 
9 shows the demographics of our cohort. Patients with a history of asthma or a recent 
lower respiratory tract infection were excluded from the study. Except for four transplanted 
patients, patients did not receive systemic immunosuppressive therapy at the time of 
inclusion in the study or in the recent past. None of the patients recently received chemo- 
or radiotherapy. Our cohort is comparable to those used for previous human lung T cell 
studies 72. For microarray analysis we used material obtained from six lobectomy patients. 
Five of these patients were ex-smokers, one patient still smoked at the moment of inclusion.  
Two patients had normal lung function and four patients had mild to moderate COPD. 
Protein quantification by flow cytometry was performed on randomly chosen samples 
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from the cohort. Lobectomy patients were recruited from the Academic Medical Centre, 
Amsterdam and the Tergooi Hospitals, Hilversum, the Netherlands. Lung transplantation 
patients were recruited from the University Medical Centre Groningen, Groningen, the 
Netherlands. All patients gave written informed consent prior to inclusion in the study and 
the study was approved by the Ethical Review Board (ERB) of the Academic Medical Centre 
and the local ERB of the other participating centers.

Isolation of mononuclear cells from peripheral blood and lung tissue
Buffy coats from healthy donors were purchased at Sanquin Blood Supply (Amsterdam, the 
Netherlands). Peripheral blood mononuclear cells (PBMC) were isolated from buffy coats 
and patient peripheral blood samples using standard density gradient techniques. Directly 
after lobectomy, a piece of peripheral lung tissue as far away from the tumor as possible was 
severed. Lung mononuclear cells (LMC) were isolated from this tissue specimen according 
to the method described by Holt et al 73. In brief, tissue specimens (1 x 1 cm) were sliced 
with a McIlwain tissue chopper into pieces of 1mm and incubated for 20 minutes in RPMI 
with 20mM Hepes, 15% foetal calf serum (FCS), 50 U/ml DNAse type I (Sigma-Aldrich) 
while shaking at 37˚C. Tissue pieces were carefully dried with sterile gauzes and transferred 
to medium supplemented with collagenase type I 300 U/ml (Worthington). The material 
was incubated in this medium for 60 minutes while shaking at 37˚C. A cell suspension 
was obtained by grinding the tissue through a flow-through chamber. Mononuclear cells 
were isolated from the lung cell suspension by standard density gradient techniques. To 
exclude the possibility of contamination with peripheral blood, erythrocyte counts were 
confirmed to be less than 5% of erythrocyte counts in the paired blood sample. Standard 
extra- and intracellular stainings were performed on freshly isolated lung mononuclear 
cells, while stimulation experiments were performed on cells that were cryopreserved in 
liquid nitrogen for later analysis.

Flow cytometric cell sorting
PBMC or LMC (17-100 x 106 cells) were incubated with different combinations of the following 
antibodies:  CD27 Fitc (CLB), CD45 R0 PE (BD), CD27 PE (BD), CD103 PE (eBioscience), 
CD45R0 PerCP-Cy5.5 (BD Pharmingen), CD45RA PerCP-Cy5.5 (eBioscience), CD3 PE-Cy7 
(BD), CD8 APC (BD Pharmingen), and CD4 APC-AlexaFluor750 (eBioscience). Cells were 
labeled according to manufacturer’s instructions and FACS-sorted using a FACSAria (BD 
Biosciences) multi-color flow cytometer. From five healthy donors naive peripheral blood 
CD4+ T cells (CD3+CD4+CD45RA+CD45R0-CD27+) and antigen-experienced CD27+ CD4+ 

T cells (CD3+CD4+CD45R0+CD27+) and CD27- CD4+ T cells (CD3+CD4+CD45R0+CD27-) 
were sorted. From LMC CD3+CD4+CD45R0+CD103-CD27+, CD3+CD4+CD45R0+CD103-

CD27- and CD3+CD4+CD45R0+CD103+CD27- cells were sorted. Purity of sorted CD103+ 
and CD103-CD27- populations was > 99%. Purity of sorted CD27+ cell pools was between 
77% and 94%. Diminished sort purity of this last subset was due to contamination with 
CD103-CD27-CD4+ T cells.
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RNA isolation, amplification, labeling and hybridization
RNA was isolated from sorted T cells with the Nucleospin RNA XS and Nucleospin RNA II 
kit (Machery-Nagel) according to manufacturer’s instructions. mRNA isolated from naive 
CD4+ T cells from healthy donors was pooled, as was mRNA isolated from CD45R0+CD27+ 

CD4+ T cells from healthy donors and mRNA isolated from CD45R0+CD27 -CD4+ T cells 
from healthy donors. Amplification, labeling, hybridization and data extraction were 
performed at ServiceXS (Leiden, the Netherlands). Hybridization was performed on 
to Whole Human Genome HT12-Microarrays (Illumina) following the manufacturer’s 
protocol. Four microarrays were excluded after hybridization since their average signal was 
too low. 

Microarray imaging and data-analysis
Analyses were carried out with packages from Bioconductor 74 in the statistical software 
package R (Version 2.11.0). The raw scan data were read using the beadarray package 
(version 1.16.0) 75. Illumina’s default pre-processing steps were performed using beadarray. 
In short, estimated background was subtracted from the foreground for each bead. For 
replicate beads, outliers greater than 3 median absolute deviations from the median were 
removed and the average signal was calculated for the remaining intensities. For each probe 
a detection score was calculated by comparing its average signal with the summarized 
values for the negative control probes. Log-transformation was applied to summarized 
data in order to remove mean-variance relationship in intensities. Resulting data were then 
quantile normalized 76. Using the arrayQualityMetrics package (v2.6.0) on the normalized 
data, one outlier array was detected. This array was discarded and the data was renormalized.

Statistics
Unsupervised hierarchical clustering (average linkage, Pearson’s correlation distance) was 
performed on normalized data, including only probes detected on all arrays. Differential 
gene expression for the comparisons between blood and lung CD4+ T cell samples and 
for the paired comparisons between CD103-CD27+ and CD103-CD27-, CD103-CD27+ and 
CD103+CD27- and CD103-CD27- and CD103+CD27- samples was assessed via a moderated 
t-test using (mixed) linear models (limma package, v3.4.0) . Technical replicates were 
handled by estimating a common value for the intra-replicate correlation and including 
it in the linear model 77. Only probes detected on at least one array were included in the 
differential expression analysis. The resulting p-values were corrected for multiple testing 
using the Benjamini-Hochberg False Discovery Rate adjustment. Genes were considered 
to be differentially expressed if the corrected p-values were <0.05 (controlling the expected 
false discovery rate to no more than 5%). 

Statistical analysis of flow cytometry data was performed as follows. Paired samples that 
were normally distributed were analyzed by paired t-test and paired samples that were not 
normally distributed were analyzed with Wilcoxon’s signed rank test. Unpaired samples 
were analyzed with unpaired t-test or Mann-Whitney test. All t-tests were two-tailed and 
p-values <0.05 were considered statistically significant.
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Flow cytometric analysis
PBMC or LMC (0.3-0.5 x 106 cells) were incubated with different combinations of the 
following antibodies: CD103 Fitc (BD), HLA-DR Fitc (BD), CD103 PE (eBioscience), 
CD27 PE (BD), CD49a PE (BD-Pharmingen), CD25 PE (BD), CD45RA PerCP-Cy5.5 
(eBioscience), CD4-PerCP-Cy5.5 (BD), CD8 PerCP-Cy5.5 (BD), CCR7 PerCP-Cy5.5 
(ITK), CD8 PE-AlexaFluor610 (Invitrogen), CD3 PE-Cy7 (BD), CD45RA APC (BD 
Pharmingen), CD45R0 APC (BD-Pharmingen), CD4 Alexa Fluor700 (eBioscience), CD8 
Alexa Fluor700 (eBioscience), CD27 APC-AlexaFluor750 (eBioscience), CD27 APC-
eFluor780 (eBioscience), CCR6 Fitc (R&D-Systems), CXCR3 PE (R&D-Systems), CCR5 PE 
(BD-Pharmingen) and CXCR6 AlexaFluor647 (BioLegend). Cells were labeled according 
to manufacturer’s instructions and washed and analyzed in PBS containing 0.01% (w/v) 
NaN3 and 0.5% (w/v) bovine serum albumin. For intracellular cytokine, CTLA-4 and PD-1 
staining, the following technique was used: after extracellular staining on 0.5 x 106 PBMC 
or LMC, cells were washed, fixed with 2% PFA solution and permeabilized by washing with 
PBA with 0.1% saponin. Subsequently cells were incubated with CTLA-4 PE (Immunotech), 
PD-1 APC (eBioscience), TNF-α Fitc (BD), IL-17A PE (eBioscience), IL-22 PE (R&D 
Systems), IFN-γ PerCP-Cy5.5 (eBioscience), IL-2 APC (BD), IL-4 APC (BD Pharmingen), 
IL-10 APC (BD Pharmingen). For intracellular perforin and granzyme B staining, the 
following technique was used: after extracellular staining on 0.5 x 106 PBMC or LMC, cells 
were washed, fixed with 1:10 diluted lysing solution (BD) and permeabilized by washing 
with 1:10 diluted permeabilization solution (BD). Subsequently cells were incubated with 
perforin Fitc (BD) or granzyme B PE (Sanquin). For intracellular transcription factor 
staining the following technique was used: after extracellular staining of PBMC or LMC 
cells were washed, fixed with 1:4 diluted fixation solution (eBioscience) and permeabilized 
by washing with 1:10 diluted permeabilization solution (eBioscience) and subsequently 
incubated with T-bet PerCP-Cy5.5 (eBioscience), Eomes AlexaFluor647 (eBioscience) or 
FoxP3 APC (eBioscience). Cells were analysed by FACSCanto (BD Biosciences) multi-
colour flow cytometry and FlowJo software (Tree Star Inc.).

Stimulation of LMC and PBMC
For intracellular cytokine staining, cells were stimulated at 37˚C in culture medium (RPMI 
with 10% (w/v) HPS and antibiotics) for 4 hours with phorbol 12-myristate 13-acetate 
(PMA, 2ng/ml; Sigma-Aldrich) and ionomycin (1μg/ml; Sigma-Aldrich) in the presence of 
brefeldin A (10μg/ml; Invitrogen). 

Luminex assay
To obtain pure cell populations of either CD103+CD4+ T cells or CD103-CD4+ T cells, cells 
were sorted using a FACSAria (BD Biosciences). Sorted cells were stimulated at 37˚C in 
culture medium (RPMI with 10% (w/v) HPS and antibiotics) for 24 hours with PMA (2 ng/
ml; Sigma-Aldrich) and ionomycin (1 μg/ml; Sigma-Aldrich). Supernatants were collected 
and analyzed by Bioplex human cytokine 27-plex luminex assay (Bio Rad) according to 
manufacturer’s instructions. 
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Redirected killing assay
Cytotoxic T cell activity was determined in an aCD3 mAb-mediated cytotoxicity assay as 
previously described (24). In brief, FcR-bearing P815 target cells were radiolabeled with 
Na51CrO4 (PerkinElmer) for 30 min at 37˚C. Purified CD4+ T cell subsets were incubated 
with P815 target cells at varying effector/target ratios in the presence or absence of 5 μg/
ml aCD3 mAb (CLB-CD3 1X1). After a 4 hour incubation period at 37˚C, the supernatants 
of triplicate cultures were collected and counted in a gamma counter. Specific cytotoxicity 
was determined according to the formula:  % of specific lysis = 100 x [(cpm experimental 
release – cpm spontaneous release)/ (cpm maximal release – cpm spontaneous release)]. 
To obtain pure cell populations of lung CD103+CD4+ T cells, lung CD103-CD4+ T cells and 
peripheral blood naïve (CD45RA+CD27bright) and effector (CD27-) CD8+ T cells, cells were 
sorted using a FACSAria (BD Biosciences).
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SUPPLEMENTAL FIGURE 1. Expression of CTLA-4 and PD-1 by peripheral blood and lung CD4+ T 
cells.  A: Representative histogram overlays showing the expression of CTLA-4 (left) and PD-1 (right) on 
blood CD4+ T cells (dashed line) and lung CD4+ T cells (continuous line). B: FACS-plots show the relation 
between CD103 expression and expression of CTLA-4 or PD-1 by blood and lung CD4+ T cells. FACS-plots 
show CD3+CD4+CD8- cells within the lymphocyte gate. Numbers depict percentages of CD3+CD4+ cells in 
that quadrant. All plots are representative for 4 patients. 
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SUPPLEMENTAL FIGURE 2. Expression of FoxP3 and CD25 by lung CD4+ T cells. A: Representative 
examples for expression of CD103, CD25 and FoxP3 by lung CD4+ T cells.  Plots show CD3+CD4+CD8- 

cells within the lymphocyte gate. Numbers depict percentages of CD3+CD4+CD8- cells. Lower graph shows 
expression of CD25 by paired CD103+ and CD103- lung CD4+ T cells. N = 9. B: Graphs showing expression 
of CD25 and co-expression of CD25 and FoxP3 by paired peripheral blood and lung CD4+ T cells. N = 6-8. 
*** = p < 0.001.
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SUPPLEMENTAL FIGURE 3. Lung CD4+ T cells hardly produce IL-10, IL-22 and IL-17.  A: % of paired 
CD103+ and CD103- lung CD4+ T cells producing IL-4, IL-10, IL-22 or IL-17 as assessed by intracellular 
cytokine staining. N = 5-8. B: Cytokine production of CD103+ and CD103- lung CD4+ T cells as measured 
by luminex assay. PMA/iono = cells stimulated with phorbol 12-myristate 13-acetate (PMA) and ionomycin 
(iono). N = 3. Bars show mean and error bars show SEM. *p < 0.05.
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Supplementary Table 1A. Adhesion and migration, lung vs. blood.

Gene Alias
lung CD27+ 

vs. blood CD27+
lung CD27- 

vs. blood CD27-
lung CD103+ 

vs. blood CD27-

CXCR6 Bonzo 6.1 8.3 13.8
CXCR3 3.2 2.5 NS* 3.0
CXCR5 1.7 1.3 NS -1.2 NS
CCR6 4.4 2.2 NS 1.6 NS
CCR7 2.9 1.3 NS -4.9
SELL L-selectin, CD62L -1.3 NS -4.5 -7.2
ICAM1 1.3 NS 1.6 NS 1.7
ICAM2 1.4 NS -2.8 -6.9
S1PR1 -1.6 NS/-1.2 NS§ -3.9/-3.9 -5.9/-7.0
ITGAE Integrin-αE, CD103 -1.5 NS -1.3 NS 4.0
ITGB7 -1.4 NS -1.7 NS -1.4 NS
ITGB1BP1 -1.8 -1.4 NS -1.2 NS
FBLN7 1.3 NS ND# -2.3
CD226 DNAM1 1.5 NS 2.2 2.4

#ND = not differentially regulated
*NS = not significantly regulated
§multiple transcript variants

Supplementary Table 1B. Adhesion and migration, lung subsets.

Gene Alias CD27- vs. CD103+ CD27+ vs. CD27- CD27+ vs. CD103+

CXCR6 Bonzo -1.4 -3.3 -4.5
CXCR5 1.4 7.5 11.0
CCR2 1.7 -1.5 NS 1.2 NS
CCR4 1.6 1.1 NS 1.7 NS
CCR6 1.4 1.4 NS 2.0 NS
CCR7 6.8 5.3 38.0
SELL L-selectin, CD62L 1.7 7.3 13.4
ICAM2 2.6 4.0 11.2
S1PR1 1.5 2.1 3.8
ITGA1 integrin-α1, CD49a -1.5 -1.7 -2.6
ITGAE integrin-αE, CD103 -5.2 -1.7 NS -9.1
ITGB1 ND -1.6 NS -1.4 NS
ITGB2 ND -1.3 NS -1.4
ITGB1BP1 ND -1.3 NS -1.6 NS
CD58 ND -1.6 NS -1.6 NS
AMICA1 -1.3 -2.6 -3.3
GPR183 EBI2 1.3/2.6 2.1 1.9/6.2
FBLN7 2.3 1.7 4.4
CD226 DNAM1 ND -2.0 -2.1
CADM1 ND 1.4 NS 1.7
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Supplementary Table 2A. Apoptosis, lung vs. blood.

Gene Alias CD27- vs. CD103+ CD27+ vs. CD27- CD27+ vs. CD103+

CASP1 caspase 1 1.1 NS 1.5 NS 1.5
CASP3 caspase 3 -1.1 NS -1.2 NS -1.6
LOC643733 caspase 4 

pseudogene
1.3 1.1 NS 2.1

BCL2 1.1 NS 1.9 1.9
BMF -1.4 -2.0 -2.6
FAIM3 2.4 3.4 8.1
BNIP3 1.1 NS 1.4 NS 1.7
BAG3 1.1 NS 1.8 NS 2.0
PERP 1.1 NS -1.5 NS -1.7
BEX2 1.6 1.8 2.9

Supplementary Table 2B. Apoptosis, lung subsets.

Gene Alias
lung CD27+ vs. blood 

CD27+
lung CD27- vs. blood 

CD27-
lung CD103+ vs. 

blood CD27-

CASP1 NS NS -1.7
LOC643733 caspase 4 pseudogene NS NS -1.7
BCL2L1 Bcl-xL NS NS 1.7
BCL2L11 BIM 1.8 1.9 2.1
BCL2L13 BCL-RAMBO NS -1.8 NS
BAX NS NS -1.8
BMF NS 2.4 3.4/3.1
BIRC3 CIAP2 2.3 NS NS
FAIM3 NS NS -4.7
BNIP3 -2.4 -2.5 -2.6
BEX2 -2.0 -2.3 -4.6
DFFB NS -1.6 -1.5
CARD8 NS NS -1.8
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Supplementary Table 3A. TNF-R family and co-stimulatory molecules, lung vs. blood. 

Gene Alias
lung CD27+ 

vs. blood CD27+
lung CD27- 

vs. blood CD27-
lung CD103+ 

vs. blood CD27-

TNFSF3 LTB -2.3NS/ -1.8 NS -5.1/-3.8 -6.4/-8.6
TNFSF6 FAS-ligand ND 1.4 NS 2.1
TNFSF13B BAFF, CD257 -1.7 -1.9/-1.6 -1.8/-2.0
TNFSF14 LIGHT 2.0 1.4 NS 1.4 NS
TNFRSF1B TNFRII 5.5 4.3 5.6
TNFRSF4 OX40, CD134 3.5 NS/ 2.7 NS 1.4 NS -1.6 NS
TNFRSF9 4-1BB 3.6 ND 1.2 NS
TNFRSF18 GITR 2.6 NS 1.3 NS -1.2 NS
TNFRSF25 TRAMP, APO3 -1.5 NS -1.5 NS/ -1.4 NS -1.8
TRADD -2.6 NS -2.7 -2.8
TNIP2 FLIP1 1.7 NS 2.4 2.0 NS
TRAF3IP3 -3.5 -3.1 -3.3
CD28 1.6 NS ND -1.8 NS
CTLA4 5.5/2.8/2.7 4.4/3.6/3.5 4.5/4.0/3.5
TIGIT 1.8 NS ND -1.5 NS
PDCD1 PD-1 4.9 NS 4.5 NS 3.3 NS
BTLA 2.0 ND ND

Supplementary Table 3B. TNF-R family and co-stimulatory molecules, lung subsets. 

Gene Alias CD27- vs. CD103+ CD27+ vs. CD27- CD27+ vs. CD103+

TNFSF1 LTA ND 1.5 1.6
TNFSF3 LTB 1.6 2.2 3.4
TNFSF6 FAS-ligand -1.5 -1.4 NS -2.1
TNFSF10 TRAIL,APO2L ND -2.2 -1.9
TNFSF13B BAFF, CD257 ND 1.3 NS 1.4 NS
TNFRSF4 OX40, CD134 2.4/1.6 2.5/1.9 6.0/3.0
TNFRSF7 CD27 1.5 6.6 10.3
TNFRSF9 4-1BB ND 3.0 2.9
TNFRSF18 GITR 1.5 1.7 2.3
TRAF1 ND 1.4 NS 1.4
CD28 2.0 1.4 NS 3.0
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Supplementary Table 4A. Cytokine receptors, lung vs. blood.

Gene Alias
lung CD27+ 

vs. blood CD27+
lung CD27- 

vs. blood CD27-
lung CD103+ 

vs. blood CD27-

IL1R2 IL1Rb, CD121b 3.8 NS NS
IL2RA CD25 2.1 NS NS
IL11RA -1.9 -2.9/-1.8 -3.4/-1.9
IL17RB NS -3.7 -3.9
IL21R 4.7 2.4 2.9
IL28RA NS NS 1.5
IFNAR2 NS NS -2.0
IFNGR2 NS -2.1 -2.1

Supplementary Table 4B. Cytokine receptors, lung subsets.

Gene Alias CD27- vs. CD103+ CD27+ vs. CD27- CD27+ vs. CD103+

IL1R2 IL1Rb, CD121b ND 3.1 3.6
IL2RA CD25 1.3 3.1 4.1
IL7R 1.3 NS ND 1.2
IL9R CD129 -1.3 -2.2 -2.6
IL28RA -1.2 NS -1.2 NS -1.5
IL21R -1.2 NS 1.9 1.6 NS
IL6ST gp130 1.3 NS 1.5 NS 2.0
IL18RAP -1.3 NS -2.0 -2.8
IFNAR2 1.3 1.4 NS 1.9
IFNGR2 ND 1.8 1.6

Supplementary Table 5A. Cytokines and chemokines, lung vs. blood.

Gene Alias
lung CD27+ 

vs. blood CD27+
lung CD27- 

vs. blood CD27-
lung CD103+ 

vs. blood CD27-

IFNG NS 4.6 5.6
CCL5 RANTES NS NS 2.7
CXCL16 2.9 2.6 2.5
XCL1 NS NS 1.8
CCL4L2 NS NS 9.9
IL23A NS NS -2.0
SOCS1 3.2 2.7 2.5
SOCS2 NS NS 1.9
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Supplementary Table 5B. Cytokines and chemokines, lung subsets.

Gene Alias CD27- vs. CD103+ CD27+ vs. CD27- CD27+ vs. CD103+

TNF TNFSF2 -1.3 NS -1.5 NS -2.1
IFNG -1.4 -3.4 -4.7
CCL3 MIP1a -1.4 ND -1.5 NS
CCL5 RANTES -1.8 -3.3 -5.2
XCL1 -1.5 -1.2 NS -1.7
CKLF -1.2 NS -1.5 NS -1.7
CCL3L3 -1.4 NS ND -1.7
CCL4L2 -2.0 -2.3 (NS) -5.4
IL6 -1.6 ND -1.6 NS
IL8 CXCL8 -1.3 -1.2 NS -1.5
SOCS1 1.2 1.3 NS 1.5
SOCS2 -1.4 -1.4 NS -1.9
SOCS3 1.5 1.5 NS 2.7

Supplementary Table 6A. Cytotoxicity, lung vs. blood.

Gene Alias
lung CD27+ 

vs. blood CD27+
lung CD27- 

vs. blood CD27-
lung CD103+ 

vs. blood CD27-

GZMB granzyme B 2.5 NS 2.2 NS 4.3 NS
GZMK granzyme K 1.3 NS -2.4 NS -6.2
PRF1 perforin 3.1 NS 1.5 NS 2.6 NS
TNFSF6 FAS-ligand ND 1.4 NS 2.1
SRGN serglycin 2.6 2.9 3.0
GNLY granulysin ND -5.9/-2.9 -18/-8.6/-3.7
CALR calreticulin NS 1.5 1.5
SERPINA1 serpin A1, α1-anti-trypsin 2.1 2.1 2.5
SERPINE2 serpin E2 2.0 NS NS
CTSC cathepsin C 1.9 NS 1.9

Supplementary Table 6B. Cytotoxicity, lung subsets.

Gene Alias CD27- vs. CD103+ CD27+ vs. CD27- CD27+ vs. CD103+

GZMB granzyme B -2.8 -5.1 -13.9
GZMH granzyme H -2.4 -5.0 -13
GZMA granzyme A -1.4 -3.5 -5.3
GZMK granzyme K 2.9 2.4 7.1
PRF1 perforin -1.7 -1.4 NS -2.4
TNFSF6 FAS-ligand -1.5 -1.4 NS -2.1
TNFSF10 TRAIL,APO2L ND -2.2 -1.9
GNLY granulysin 2.7 NS -3.4 ND
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Supplementary Table 7A. Transcription factors, lung vs. blood. 

Gene Alias
lung CD27+ 

vs. blood CD27+
lung CD27- 

vs. blood CD27-
lung CD103+ 

vs. blood CD27-

ZNF683 1.3 NS ND 2.6 NS
PRDM1 Blimp-1 1.4 NS 1.3 NS 1.6 NS 
EOMES eomesodermin 2.0 NS -1.5 NS -1.3 NS
BATF 8.1 6.0 5.8
BCL6 2.3 NS NS NS
MAF c-MAF, v-MAF 3.6 NS 5.0 3.5 NS
STAT3 2.6 2.0 2.1
STAT5A 1.8 NS 2.0 NS 2.0 NS
IRF4 2.2 2.5 2.6
IRF7 1.7 NS 2.1 2.0
IRF8 1.9 1.6 NS 1.6 NS
ATF3 2.1 NS 3.1 3.0
BCL3 2.3 2.1 2.5
BHLHE40 1.3 NS 1.6 1.8
EGR2 1.9 3.5 4.3
ELF2 -2.2 -1.9 -1.9
ETS2 NS NS 1.8
FOXO1 3.5 3.5 3.3
FOXK1 -1.9 -1.7 -1.8
GFI1 1.4 NS 2.2 2.8
ID2 1.9 NS 2.1 2.7
ID3 -1.4 NS NS -2.6
JUN -2.2 NS ND
KLF2 NS NS -3.1 NS
KLF9 -2.6 NS 1.7 NS ND
KLF12 -1.3 NS -2.3 -2.4
LEF1 -2.0 NS -3.3 -6.8/-5.7
NFATC1 3.7 1.5 NS ND
REL 2.7 NS 2.6 2.3 NS
SMAD3 -1.6 NS -1.9 -2.3
SMAD5 -1.4 NS -1.9 -2.0
SMAD7 1.8 1.7 1.9
TCF7 -2.9/-2.8/-1.6 -2.5/-2.4/-1.5 -3.1/-2.9/-1.5
ZEB2 1.4 NS 2.6 3.5
ZHX2 2.8 2.2 1.9
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Supplementary Table 7B. Transcription factors, lung subsets. 

Gene Alias CD27- vs. CD103+ CD27+ vs. CD27- CD27+ vs. CD103+

ZNF683 -2.4 -2.6 -5.8
PRDM1 Blimp-1 1.0 NS -1.4 NS -1.6
EOMES eomesodermin ND 1.4 NS ND
BATF ND 1.5 NS 1.4
BATF3 -1.2 NS -1.7 NS -2.1
BCL6 ND ND -1.2 NS
STAT3 ND 1.3 NS 1.4 NS
BHLHE40 ND -2.0 -2.3
EGR2 -1.2 NS -2.0 -2.3
ETS2 -1.3 NS -1.2 NS -1.6
GFI1 -1.2 NS -2.8 -3.5
ID2 -1.3 -2.2/-1.7 -2.6/-2.3
ID3 1.3 3.1 4.1
IKZF4 eos ND 1.5 NS 1.6
JUNB 1.3 NS ND 1.4 NS
KLF2 2.1 2.6 5.7
KLF12 ND 1.6 NS 1.6
LEF1 2.1/1.9 3.2/2.8 7.0/5.5
MYC 1.3 1.5 NS 2.4
NFATC1 1.3 NS 2.6 3.3
RUNX2 -1.2 NS -2.1 -2.3
SMAD7 ND -1.6 NS -1.8
TCF7 1.3 NS 1.7 2.0/1.8
ZEB2 -1.2 NS -2.9 -3.4
ZHX2 1.2 NS 1.6 NS 1.8
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Supplementary Table 8A. Translation, lung vs. blood. 

Gene
lung CD27+ 

vs. blood CD27+
lung CD27- 

vs. blood CD27-
lung CD103+ 

vs. blood CD27-

RPL12 NS -1.8 -1.9
RPL13 NS NS -2.0
RPL13A NS -1.9 -2.0
RPL13AP6 NS NS -1.7
RPL14 NS -2.2/-1.7 -1.8/-2.2
RPL15 NS -2.1 -2.2
RPL17 -2.6 -2.4 -2.4
RPL18 NS -1.7 -1.7
RPL22 -2.0 -2.1 -2.2
RPL29 NS -1.6 -1.8
RPL3 NS -1.6 -1.8
RPL32 NS NS -2.0
RPL39L NS -1.4 -1.4
RPL4 NS -1.6 -1.6
RPL5 NS -1.7 -1.8
RPL6 -1.7 -1.7 -1.9
RPL7 -1.9 -1.9 -2.2
RPL7A NS -1.8 -2.0
RPS14 NS -1.7 -1.5
RPS15A -2.2 NS -2.1
RPS17 -1.8 NS -1.7
RPS18 -1.7 -1.5 -1.7
RPS4X NS -2.2 -2.0/-2.4
RPS4Y1 2.1 3.0/3.4 3.3/2.9
RPS6KA1 -1.7 -1.7 -1.6
RPSAP9 NS -1.5 -2.0
RPLP0 -1.9 -1.6 -2.0
RRP12 3.4 3.2 2.7
MRPL24 NS NS -1.5
MRPL32 -1.6 -1.5 -1.5
MRPL45 -1.5 -1.7 -1.8
MRPS21 -1.9 -1.8 -2.2
MRPS24 NS -1.7 ND
MRPS27 NS -1.7 -1.8
MRPS6 NS 2.3 2.9
RPP40 NS 1.8 1.7
RSL24D1 -2.5 -1.8 -1.8
EEF1G NS -2.2 -2.4
EIF1AY 2.9 3.0 3.0
EIF2S3 NS -3.9 -3.8
EIF2A NS -1.9 -1.8
EIF2AK2 NS -1.8 -1.8

Table 8A continues on next page
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Supplementary Table 8A continued. Translation, lung vs. blood. 

Gene
lung CD27+ 

vs. blood CD27+
lung CD27- 

vs. blood CD27-
lung CD103+ 

vs. blood CD27-

EIF3D NS NS -1.7
EIF3E NS -2.0 -2.0
EIF3F NS -2.2/-1.7 -2.2
EIF3J NS 1.8 1.8
EIF3L NS -1.5 -1.5
EIF4A1 1.5 1.5 1.4
EIF4A3 NS 2.8 2.6
EIF4B NS -1.6 -1.7
EIF5B 1.6 NS 1.4
EIF6 2.2 2.9 3.1
ETF1 NS NS 1.5
MTIF2 NS NS -1.5
MTIF3 NS -2.0 -2.0
FAM129A 3.7 2.1 3.1
NA NS NS -1.7
NA NS -2.0 -2.2
NSA2 NS NS -1.8

Supplementary Table 8B. Translation, lung subsets. 

Gene CD27- vs. CD103+ CD27+ vs. CD27- CD27+ vs. CD103+

RPL15 NS NS 1.5
RPL7 NS NS 1.5
RRP12 NS NS 1.4
MRPS27 NS NS 1.4
MRPS6 NS -1.3 NS
EEF1D NS NS 1.4
EEF1G NS NS 1.6
EIF3F NS NS 1.4
EIF3G NS NS 1.5
EIF3L NS NS 1.5
FAM129A -1.5 NS -1.8
RPS23 NS NS 1.6
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Supplementary Table 9. Patient characteristics.
Lobectomy LTX Healthy donor

Number of patients 38 11 1
Lung tumor 38 0 0
Mild-moderate COPD 17 0 0
Very severe COPD 0 9 0
Idiopathic lung fibrosis 0 2 0
Male 19 5 0
Smokers 18 0 1
Ex-smokers# 17 11 0
Never-smokers 3 0 0
Age in years (median and IQR) 65.0 (57.3-73.0) 58.0 (54.0-61.0) 54 

#Patients were considered ex-smokers if they had stopped smoking at least 6 months prior to inclusion in 
our study.
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ABSTRACT 
In chronic obstructive pulmonary disease (COPD) there is an accumulation of CD8+ T 
cells in human airway and lung that correlates with the degree of airflow obstruction. The 
phenotype and function of these cells have hardly been investigated and it is therefore 
unknown whether they play a role in the pathogenesis of COPD. By analyzing the 
relationship between lung CD8+ T cell phenotype and lung function parameters in patients 
with and without COPD, we aim to clarify the role of CD8+ T cells in COPD. Mononuclear 
cells were isolated from lung resection material collected from 48 patients (20 controls 
and 28 COPD) undergoing lobectomy for a peripheral lung tumor or lung transplantation 
for end-stage COPD. CD8+ T cells were identified and characterized by flow cytometry. 
Lung CD8+ T cell differentiation and activation state did not correlate with the presence or 
severity of COPD. However, we found striking negative linear correlations between CD94 
and NKG2A expression on lung CD8+ T cells, important inhibitors of CD8+ T cell effector 
function, and the forced expiratory volume in one second (FEV1) and forced vital capacity 
(FVC). These correlations were stronger than the correlation between lung function and 
smoking pack-years and were even more pronounced for the CD103+ intraepithelial CD8+ T 
cell fraction. Our findings indicate a possible role for a reduced effector function of human 
lung intraepithelial CD8+ T cells in the pathogenesis of airflow obstruction in COPD. 
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INTRODUCTION 
COPD causes severe morbidity and is the 4th cause of death worldwide 1. Due to a lack of 
effective therapeutic options, the number of deaths from COPD is still increasing 2. Better 
knowledge about the pathogenesis of COPD will reveal new starting-points for therapeutic 
interventions. 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 2, although a reduction in 
diffusion capacity due to emphysematous destruction of lung parenchyma can dominate 
the clinical picture. Increased numbers of CD8+ T cells have been found in COPD lungs 
and the number of CD8+ T cells in human lung and airways correlates with the degree of 
airflow limitation 3-6. It has therefore been hypothesized that these cells are instrumental in 
the pathogenesis of COPD but, the processes that drive this accumulation of CD8+ T cells 
in the lung and the pathophysiological role of these T cells are unknown.

Interestingly, there is evidence for an increased oligoclonality of the T cell repertoire 
in emphysematous lung 7;8, suggesting a local, possibly infectious, antigen-driven T cell 
expansion. Together with other studies 5;9;10, these data support the role of virus infection in 
the pathogenesis of COPD. Respiratory infection is one of the main factors driving T cell 
recruitment to the lung 11;12. In concordance with this, human lung CD8+ T cells have the 
effector phenotype required to combat viral infections 13-18 and indeed contain respiratory 
virus specific cells 17;19. 

Although many studies compared CD8+ T cell effector phenotype and function between 
COPD patients and healthy controls, the majority was carried out on peripheral blood cells 
or on cells derived from the airway compartment 4;20-22. These data cannot be extrapolated 
to lung cells, as CD8+ T cells differ phenotypically and functionally between different 
anatomical compartments 17;19;23. Even within the lung there are location specific differences 
15-18. Intraepithelial CD8+ T cells express CD103, have a high expression of the inhibitory 
receptor complex CD94/NKG2A and are inhibited in their effector function, which is not 
the case for subepithelial CD8+ T cells 17. By analyzing the relationship between human 
lung CD8+ T cell phenotype and lung function parameters in patients with and without 
COPD, we aimed to clarify the role of intraepithelial and subepithelial lung CD8+ T cells in 
COPD. Our data showed a very strong correlation between intraepithelial lung CD8+ T cell 
expression of CD94 and NKG2A, important inhibitors of CD8+ T cell effector function, and 
the level of airflow obstruction, suggesting a possible role for intraepithelial lung CD8+ T 
cells in the pathogenesis of airflow limitation in COPD.
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RESULTS
The differentiation and activation state of the lung CD8+ T cell pool does not 
differ between patients without COPD and patients with GOLD stage 1, 2 and 4
We first assessed the differentiation and activation state of lung CD8+ T cells (Figure 1A 
and 2A) 24. As lung CD8+ T cells are practically exclusively effector or memory cells 17;19, we 
examined their expression of cytotoxic proteins perforin and granzyme B and inhibitors of 
effector function CD94 and NKG2A (Figure 1, B and C, and Figure 2, B and C). Although 
there was a trend towards a higher proportion of memory cells in COPD GOLD 1 (Figure 
2A) and a higher expression of CD94 and NKG2A in GOLD stage 2 (Figure 2C), differences 
were not significant using the Kruskal-Wallis test. Perforin and granzyme B expression did 
not differ between patients without COPD and the various GOLD stages (Figure 2B). We 
therefore conclude that there are no significant differences in lung CD8+ T cell differentiation 
or activation between the different stages of COPD and patients without COPD. 

Expression of CD94 and NKG2A on lung intraepithelial CD8+ T cells is linearly 
correlated with the FEV1
The definition of COPD according to the GOLD guidelines uses the very strict cut off point 
of a Tiffeneau-index (FEV1/FVC) of 0.7 to establish the presence or absence of disease 2. 
However, there is increasing evidence for misclassification of patients using these fixed 
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Figure 1.  

 

Figure 1. Gating strategy to identify lung 
CD8+ T cells and their characteristics. A: 
From left to right: gating of vital lymphocytes 
within total mononuclear lung cells, gating 
of CD3+ T cells within  vital lymphocytes, 
gating of CD8+ T cells within CD3+ T cells, 
gating of naive (N), effector ( E) and memory 
(M) type CD8+ T cells  within total CD8+ T 
cells. B: Representative example of CD94 and 
CD103 (left) and NKG2A and CD103 (right) 
extracellular staining of lung CD8+ T cells. 
C: Representative example of intracellular 
perforin (left) and granzyme B (right) 
staining of lung CD8+ T cells.
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criterions 25;26. This is not surprising, as immunopathological processes are often not an 
on-off phenomenon but a continuous crescendo or decrescendo of events. Therefore, we 
analyzed the correlation of CD8+ T cell phenotype with the continuous lung function 
parameter FEV1 that measures the severity of airflow limitation characteristic for COPD. 
We selected CD94 and NKG2A as we concluded from our analyses presented in Figure 
2 that CD94 and NKG2A were the only parameters that showed a possible correlation 
with the FEV1 in patients without COPD and GOLD stage 1 and 2 (Figure 2C). As our 
cohort lacked patients with GOLD stage 3, GOLD stage 4 patients were treated as a separate 
group, whose FEV1 values could not be continuously correlated with FEV1 values from the 
patients with GOLD stage 2. Therefore patients with GOLD stage 4 were excluded from all 
continuous regression analyses.
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Figure 2. There are no significant differences in differentiation and activation state of lung CD8+ T 
cells between patients without COPD and with COPD GOLD stage 1, 2 and 4. A: Proportion of lung 
CD8+ T cells with memory (CD45R0+CD27+, left), effector (CD27-, middle) or activated (CD38+HLA-DR+) 
phenotype (right) in patients without COPD and with COPD GOLD stage 1, 2 and 4. B: Proportion of lung 
CD8+ T cells expressing perforin (left) and granzyme B (right) in patients without COPD and with COPD 
GOLD stage 1, 2 and 4. C: Proportion of lung CD8+ T cells expressing CD94 (left) and NKG2A (right) in 
patients without COPD and with COPD GOLD stage 1, 2 and 4. All lines depict median. n = 35-45. See for 
gating strategy Figure 1.
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Linear regression analysis revealed a strong inverse linear correlation between the 
expression of CD94 and NKG2A by lung CD8+ T cells and the FEV1 (r2 = 0.37, p = 0.0006 
and r2 = 0.32, p = 0.002 respectively) (Figure 3A and B, left panels).  This correlation was 
even stronger when only the CD103+ intraepithelial CD8+ T cell fraction was considered 
(Figure 3A and B, right panels) and was absent for subepithelial CD103-CD8+ T cells (r2 

< 0.04 and p-value not significant, data not shown). Expression of CD103 itself was not 
correlated with degree of airflow obstruction (data not shown). Interestingly, expression of 
CD94 and NKG2A by total and CD103+ lung CD8+ T cells showed a comparable although 
slightly less strong correlation with the FVC, which measures the air volume that can be 
expired forcibly (Figure 3C and D). These data show that the expression of CD94 and 
NKG2A by lung CD8+ T cells most closely located to the airways is strongly correlated with 
the degree of airflow obstruction in mild and moderate COPD.

A reduced diffusion capacity appears to be associated with a higher expression 
of CD94 on lung CD8+ T cells
Although the GOLD definition of COPD focuses on airflow limitation, another important 
feature of the disease is a disturbed diffusion due to emphysematous changes in the lung 
parenchyma. Therefore we performed an additional analysis of the relationship between 
expression of CD94 and NKG2A and diffusion capacity (hemoglobin corrected transfer 
factor lung for carbon monoxide, TLCOc). A reduced diffusion capacity was defined as a 
capacity which was less than 75% of the predicted value. Figure 4 shows that patients with 
a reduced diffusion on average had a larger proportion of CD94+ (p = 0.029) and NKG2A+ 

lung CD8+ T cells, although the difference in NKG2A expression was not significant (Figure 
4A). The relationship between CD94 expression and a reduced TLCOc was also present 
for the subepithelial CD103-CD8+ T cell population (p = 0.036), but not for the CD103+ 

Table 1. Patient characteristics.

No COPD GOLD 1 GOLD 2 GOLD 4
Number of patients 20 12 7 9
Age (year) 64 (59.3-68.5) 70 (65.6-74.1) 66 (57.6-74.7) 58 (55.0-61.9)
Gender M/F (n) 9/11 8/4 5/2 4/5
Smoking status never/ex/
current (n)

2/9/9 0/6/6 0/3/4 0/9/0

Smoking pack-years 31.6 (20.4-42.8) 38.2 (29.5-46.9) 45.9 (32.5-59.2) 37.7 (22.1-53.2)
FEV1 % pred 100.2 (92.0-108.4) 91.6 (85.6-97.6) 68.4 (61.8-75.0) 20.4 (15.4-25.5)
FVC % pred 108.4 (99.0-117.8) 115 (104.1-125.9) 98.1 (89.0-107.2) 66.8 (52.9-80.7)
Tiffenau index 0.75 (0.73-0.77) 0.61 (0.57-0.66) 0.54 (0.47-0.62) 0.24 (0.22-0.27)
TLCOc % pred 80.9 (69.1-92.8) 69.6 (59.2-80.1) 84.3 (66.5-102.2) No TLCOc data
Inhaled steroids (n) 2 1 3 unknown
Systemic corticosteroids (n) 0 0 0 2

Depicted are numbers of patients with a certain characteristic (n) or mean (95% confidence interval). % pred 
= % of predicted value.
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Figure 3. Lung intraepithelial CD8+ T cell expression of CD94 and NKG2A is correlated with the degree 
of airflow limitation. A: Correlation between FEV1 and % of lung CD8+ T cells expressing CD94 (left) or 
CD94 and CD103 (right). B: Correlation between FEV1 and % of lung CD8+ T cells expressing NKG2A (left) 
or NKG2A and CD103 (right). C: Correlation between FVC and % of lung CD8+  T cells expressing CD94 
(left) or CD94 and CD103 (right). D: Correlation between FVC and % of lung CD8+  T cells  expressing 
NKG2A (left) or NKG2A and CD103 (right). n = 27-28.
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Figure 4. Expression of CD94 tends to be higher on total and CD103- lung CD8+ T cells in patients 
with a reduced diffusion capacity (TLCOc). A: Percentage of lung CD8+ T-cells expressing CD94 (left) 
or NKG2A (right) in patients with a reduced diffusion capacity (TLCOc < 75%) and patients with a TLCOc 
≥ 75%. B: Percentage of lung CD8+ T cells that is CD103-CD94+ (left) or CD103+CD94+ (right) in patients 
with a reduced TLCOc  (< 75%) and patients with a normal TLCOc (≥ 75%). Patients with GOLD 4 were not 
included in this analysis, as diffusion data were not available. All lines depict median. n = 27-28. * p < 0.05 
(Mann-Whitney). 

intraepithelial CD8+ T cells (Figure 4B), suggesting that loss of parenchymal tissue is 
associated with CD94 expression on subepithelial CD8+ T cells.

The number of pack-years smoking is linearly correlated with the expression of 
CD94 and NKG2A by lung CD8+ T cells
Smoking is the major risk factor for the development of COPD 27. Considering the 
aforementioned correlations between expression of CD94 and NKG2A by lung CD8+ T 
cells and the severity of airflow obstruction, we wanted to investigate whether smoking was 
correlated with the expression of these markers. Current smokers had a higher proportion 
of NKG2A+ (p = 0.013) but not CD94+ lung CD8+ T cells (p = 0.12) than ex-smokers (Figure 
5A). Never-smokers seemed to have the lowest expression of CD94 and NKG2A, but as 
these were only two patients, we did not include them in the statistical analysis. Correction 
for smoking status in the correlations between T cell phenotype and lung function (Figure 
3) increased the strength and statistical significance of these correlations (data not shown). 

Apart from the acute inflammatory effects of current smoking, it is widely established 
that there is an inverse dose-response relationship between FEV1 and cigarette smoking 28. 
Therefore we included smoking dose measured as the number of pack-years smoked in our 
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Figure 5. Expression of CD94 on lung CD8+ T cells is strongly correlated with pack-years smoking. A: 
Percentage of lung CD8+ T cells expressing CD94 (left) or NKG2A (middle) and number of pack-years in 
never-smokers, ex-smokers and current smokers. Lines depict median (CD94 and NKG2A) or mean (pack-
years). n = 29 -35. * p < 0.05 (Mann-Whitney). B: Correlation between pack-years and % of lung CD8+ T cells 
expressing CD94 (left), CD94 and CD103 (middle) or CD94 and no CD103 (right). n = 24. C: Correlation 
between pack-years and % of lung CD8+ T cells expressing NKG2A (left), NKG2A and CD103 (middle) or 
NKG2A and no CD103 (right). n = 23. D: Correlation between pack-years and FEV1 (left) or FVC (right). 
n = 34. For comparability with Figure 4, patients with GOLD stage 4 were not included in this analysis.  Only 
significant p values are depicted. 

analysis. The number of pack-years showed a positive linear correlation with the expression 
of CD94 and NKG2A by total and intraepithelial lung CD8+ T cells (Figure 5B and C). 
Pack-years did not correlate significantly with the FEV1 and the FVC in our patient cohort 
(Figure 5D). However, addition of  pack-years to a model with CD94 or NKG2A expression 
by total or intraepithelial lung CD8+ T cells highly increased the explained variance for the 
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FEV1 (Table 2). The model with the intraepithelial CD8+ T cells again showed the strongest 
correlation with the FEV1 with an explained variance of around 50% (r2 = 0.52 and r2 = 
0.49). The strength of the association model for the FVC was much less increased by the 
addition of pack-years (Table 3).  The increased predictive value of adding pack-years to 
the correlation between CD94 or NKG2A expression by lung CD8+ T cells and the FEV1, 
indicates that despite the strong correlation between CD8+ T cell phenotype and pack-years, 
their correlation with the FEV1 is partially caused by independent mechanisms.

Absolute numbers of lung CD94+ and NKG2A+CD8+ T cells correlate with lung 
function and smoking 
The data in Figure 2 to 5 all depict proportions of lung CD8+ T cells with a certain 
phenotype. It is however plausible that the absolute number of cells per unit of tissue 
volume is ultimately biologically more relevant for disease pathophysiology. Fortunately, 
from a number of patients we obtained tissue specimens that were large enough to reliably 
asses the absolute cell numbers per tissue volume. In line with previous literature 3;5;6, we 
found an increased number of lung CD8+ T cells in patients with COPD GOLD stage 4 
(Figure 6A). Numbers of other lymphocytes and CD4:CD8-ratio did not differ significantly 
between the various GOLD stages and patients without COPD (Supplementary Figure 
1). This increased CD8+ T cell number led to a significantly increased number of CD94+ 
lung CD8+ T cells in GOLD 4 (Figure 6A), although the proportion of these cells was not 
increased (Figure 2C). Analyzing the numbers of CD103+ and CD103- cells expressing 
CD94, this difference seemed mainly due to an increase in the number of CD94+CD103- 
cells.  CD103+ cells expressing CD94 were only increased in GOLD stage 2 (Figure 6B). 

Table 2. Explained variance for FEV1 by CD8+ T cell phenotype and smoking pack-years.

CD8+ T cell phenotype
Correlation strength and significance 

of CD8+ T cell phenotype and FEV1

Correlation strength and significance 
of CD8+ T cell phenotype and 
smoking pack-years vs. FEV1

% CD94+ r2 = 0.37 (p = 0.0006) r2 = 0.45 (p = 0.002)
% CD103+CD94+ r2 = 0.39 (p = 0.0004) r2 = 0.52 (p < 0.0005)
% NKG2A+ r2 = 0.32 (p = 0.002) r2 = 0.46 (p = 0.002)
% CD103+NKG2A+ r2 = 0.35 (p = 0.001) r2 = 0.49 (p = 0.001)

Table 3. Explained variance for FVC by CD8+ T cell phenotype and pack-years smoking.

CD8+ T cell phenotype
Correlation strength and significance 

of CD8+ T cell phenotype and FVC

Correlation strength and significance 
of CD8+ T cell phenotype and 
smoking pack-years vs. FVC

% CD94+ r2 = 0.31 (p = 0.002) r2 = 0.34 (p = 0.01)
% CD103+CD94+ r2 = 0.33 (p = 0.002) r2 = 0.38 (p = 0.0006)
% NKG2A+ r2 = 0.25 (p = 0.008) r2 = 0.32 (p = 0.02)
% CD103+NKG2A+ r2 = 0.28 (p = 0.005) r2 = 0.32 (p = 0.02)
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Numbers of NKG2A expressing CD8+ T cells showed a very similar trend (Figure 6A and 
data not shown). We confirmed the relationship between FEV1 and the expression of CD94 
and NKG2A for absolute total (Figure 6C) and CD103+CD8+ T cell numbers (data not 
shown, r2 = 0.33 and r2 = 0.30 respectively). In addition, relationships between diffusion 

Figure 6.  
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Figure 6. Lung function and 
smoking parameters correlate 
with CD94+ and NKG2A+ CD8+ 
T cell numbers. A: Number of 
CD8+ T cells per milliliter lung 
tissue in patients without COPD 
and with COPD GOLD stage 1, 
2 and 4 (left). n = 34. Number of 
CD8+ T cells per milliliter lung 
tissue expressing CD94 (middle) 
or NKG2A (right) in patients 
without COPD and with COPD 
GOLD stage 1, 2 and 4. n = 28. 
B: Number of CD103+CD94+ 
(left) and CD103-CD94+ (right) 
CD8+ T cells per milliliter lung 
tissue in patients without COPD 
and with COPD GOLD stage 1, 
2 and 4. n = 27. C: Correlation 
between FEV1 and % number 
of lung CD8+ T cells expressing 
CD94 (left, n = 20) or NKG2A 
(right, n = 19). D: Number of 
CD94+ (left) and  CD103-CD94+ 
(right) lung CD8+ T cells in 
patients with a reduced  (TLCOc  
< 75%) or normal (TLCOc ≥ 
75%) diffusion capacity. n = 
19. E: Number of lung CD8+ 
T cells expressing CD94 in 
never-smokers, ex-smokers 
and current smokers (left, n = 
21) and correlation between 
pack-years and number of 
CD94+CD8+ lung T cells (right, 
n = 19). All lines depict median. 
* p < 0.05; ** p < 0.01.
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capacity, smoking status, smoking pack-years and CD8+ T cells numbers expressing CD94 
or NKG2A were comparable to those for cell percentages (Figure 6D and E, and data not 
shown). The association between pack-years smoking and CD94+CD8+ T cell numbers was 
not linear, but seemed to reach a certain threshold after 40 pack-years. Overall, these data 
demonstrate that smoking and lung function loss are associated with an increase in the 
absolute number of CD94+ and NKG2A+ lung CD8+ T cells.

DISCUSSION
In this study we show that airflow limitation in (ex-)smokers is linearly correlated with 
expression of the inhibitory receptor CD94/NKG2A on lung intraepithelial CD8+ T cells. 
This might indicate a role for intraepithelial CD8+ T cell effector function inhibition in 
the pathogenesis of COPD. There are a few previous studies investigating lung CD8+ T 
cell effector phenotype in relation to COPD, but none of these considered location-specific 
differences in T cell phenotype and function 13;14;29;30. Our finding that airway disease is 
correlated with the phenotype of CD8+ T cells closest to the airways and that diffusion 
disorders are more related with subepithelial CD8+ T cell phenotype emphasizes again the 
importance of investigating local cells in the affected compartment. In addition, this might 
explain our surprising finding that numbers of CD103+CD94+ lung CD8+ T cells were not 
increased in patients with end-stage COPD. Airflow limitation in mild to moderate COPD 
is mainly caused by inflammatory thickening of the airways and hypersecretion of mucus, 
whereas in GOLD stage 4 this is due more to airway collapse in emphysematous tissue that 
has lost the extracellular matrix required to keep the airways open during expiration 31. 
Thus, in very severe COPD, subepithelial rather than intraepithelial T cells might play a role 
in airflow limitation. 

CD8+ T cells expressing CD94/NKG2A are inhibited in TNF-production and cytotoxic 
degranulation, when the receptor has bound its ligand HLA-E 32-35. The increased presence 
of CD94+ and NKG2A+CD8+ T cells in airway epithelium and other immune-privileged 
sites such as the eye and the uterus, suggests a role for this suppressive mechanism in 
maintaining tolerance against innocuous antigens at mucosal surfaces 17;36;37. Furthermore, 
this mechanism is vital for limiting CD8+ T cell mediated lung injury during and after virus 
infection 38. Augmented immunesuppression, on the other hand, can be detrimental. 
A high expression of CD94 and NKG2A leads to an increased susceptibility to virus 
infection and carcinogenesis, due to defective cytotoxic clearance of infected or dysplastic 
epithelial cells 35;39-41. In this light the high expression of CD94 and NKG2A in patients 
with airflow obstruction or emphysema appears to be very relevant, as COPD patients have 
an increased risk for developing lung cancer and for contracting respiratory infections 
compared with healthy smokers 42-44.  We hypothesize that in COPD high suppression of 
CD8+ T cell effector function by CD94/NKG2A leads to dysfunctional effector cells. This 
might play a role in the pathogenesis and at various stages in the course of the disease.

A possibility would be that smoking causes acute inflammation which in susceptible 
smokers induces expression of CD94 and NKG2A by lung CD8+ T cells. This leads to 
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a reduced effector function, which makes patients more susceptible for respiratory virus 
infection and delays viral clearance, hereby increasing immune activation and tissue damage. 
Whether ongoing inflammation caused by a disturbed involution of the virus-induced 
immune response is already sufficient to cause COPD, as suggested by murine studies 9, or 
that a subsequent response against auto-antigens uncovered by the inflammatory process 
is required, remains to be elucidated. Another option is that increased lung CD8+ T cell 
CD94/NKG2A expression reflects the more extensive infection history in COPD, as lung-
residing influenza-specific CD8+ T cells remain CD94/NKG2A+ after viral clearance 17;38. 
This would however not explain the very strong correlation between smoking pack-years 
and expression of CD94 and NKG2A. 

Up till now, CD8+ T cell research in COPD has focused on mechanisms of CD8+ T 
cell recruitment and has not discriminated between intra- and subepithelial T cell subsets. 
Interesting new therapeutic options for airway disease, including asthma, bronchial 
carcinoma and COPD, may arise by targeting intraepithelial lung CD8+ T cell effector 
function. In addition, we provide new indications for the involvement of virus infection 
in the pathophysiology of COPD. Prevention of respiratory infections by vaccination at 
an early age and limitation of the disease in infected smokers should receive attention as a 
means to prevent or attenuate the development of COPD.  

Our study provides important new evidence for the involvement of intraepithelial lung 
CD8+ T cells in the pathogenesis of smoking-induced airflow limitation. We demonstrate 
strong correlations between pack-years and expression of CD94 or NKG2A on lung CD8+ T 
cells and between expression of CD94 and NKG2A on intraepithelial lung CD8+ T cells and 
the FEV1. We suggest that a smoking–induced hampered lung CD8+ T cell effector function 
predisposes to more frequent and more severe respiratory infections, thus inducing 
increased lung inflammation and damage, which might lead to the development of COPD. 

MATERIAL AND METHODS 
Subjects
Material from 51 subjects was collected. Three patients who were diagnosed with carcinoid 
were excluded because we could not rule out the possibility that tumor-produced hormones 
influenced the surrounding lung tissue. The patient characteristics of the remaining 48 
patients are listed in Table 1. COPD and GOLD (Global initiative for chronic Obstructive 
Lung Disease) stages were established according to the GOLD guidelines 2. All lung function 
parameters are post-bronchodilator values. Patients who had stopped smoking for at least 
6 months prior to the surgical procedure were considered as ex-smokers. Patients without 
COPD or with COPD GOLD 1 or 2 underwent lobectomy for a peripheral primary lung 
tumor. The group without COPD also contained unused transplantation material from one 
healthy lung donor. Patients with GOLD stage 4 COPD all received lung transplantation 
because of end-stage COPD. There were no significant differences in smoking pack-
years between the groups. Patients with a history of asthma or a recent (< 4 weeks) lower 
respiratory tract infection were not included in the study. Two of the COPD transplantation 
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patients received low-dose (5-10 mg per day) prednisolone therapy. The other patients 
did not receive systemic corticosteroids or other systemic immunosuppressive therapy 
at the time of inclusion in the study or in the recent past. None of the patients recently 
received chemo- or radiotherapy. Lobectomy patients were recruited from the Academic 
Medical Centre, Amsterdam and the Tergooi Hospitals, Hilversum, the Netherlands. Lung 
transplantation patients were recruited from the University Medical Centre Groningen, 
Groningen, the Netherlands. All patients gave written informed consent prior to inclusion 
in the study and the study was approved by the Ethical Review Board (ERB) of the Academic 
Medical Centre and the local ERB of the other participating centers.

Isolation of mononuclear cells from lung tissue
Immediately after surgical resection a piece of peripheral lung tissue was dissected by a 
pathologist. Lung mononuclear cells (LMC) were isolated from this tissue specimen as 
previously described 17 according to the method described by Holt et al 45. In a subgroup 
of patients the volume of obtained lung tissue was measured to be able to calculate the 
absolute numbers of the various lymphocyte types per milliliter (ml) lung tissue. 

Flow cytometric analysis
Lung mononuclear were labeled with antibodies according to manufacturer’s instructions 
and were analyzed by FACSCanto (BD Biosciences) multi-color flow cytometry and FlowJo 
software (Tree Star Inc.). Figure 1A shows our gating strategy to identify CD8+ T cells and 
their subsets in human lung.

Statistical analysis
Data were analyzed in SPSS 18.0. Samples that showed a Gaussian distribution were analyzed 
by unpaired two-tailed t test or ANOVA. Samples without Gaussian distribution were 
analyzed with the Mann-Whitney or Kruskal-Wallis test. Relations between continuous 
variables were analyzed with linear regression or multiple regression analysis. We corrected 
for confounding by partial correlation. 
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Supplementary Figure 1. Numbers of other lymphocytes than CD8+ T cells did not differ significantly 
between the patient groups. A: Amount of lymphocytes (left) and T cells (right) per ml lung tissue in 
patients without COPD and with COPD GOLD stage 1, 2 and 4. B: Amount of CD4+ T cells (left) per ml 
lung tissue and the CD4+ /CD8+ T cell ratio (right) in patients without COPD and with COPD GOLD stage 
1, 2 and 4. C: Amount of NK cells (left, identified as CD3-CD56+ cells within the lymphocyte gate) and B 
cells (right, identified as CD3-CD19+CD20+ cells within the lymphocyte gate) per ml lung tissue in patients 
without COPD and with COPD GOLD stage 1, 2 and 4.  All lines depict median. n = 34. Differences were 
not significant (K ruskal-Wallis).
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This discussion starts with a short introduction, after which I will discuss the consecutive 
chapters and the issues arising from them. In this thesis we analyzed human lung T cell 
characteristics to clarify their role in lung health and disease. Based on the knowledge that 
human lung T cells differ phenotypically from peripheral blood T cells and that the lung 
T cell pool is enriched for cells directed against respiratory viruses 1;2, our hypothesis was 
that the human lung contains a resident, virus-specific memory T cell pool. During our 
ongoing research two studies were published about the role of the expression of integrin 
CD103 on human lung T cells. The first, by the group of Wardlaw, demonstrated that 
lung T cells expressing CD103 or integrin-α1 also expressed activation marker CD69 and 
that many cells were triple+ for both integrins and CD69 3. As triple+ cells co-expressed 
CXCR6 and were hardly present in peripheral blood, the group suggested that these cells 
were retained within the lung. One year later a Japanese team showed that CD103 was 
mainly expressed by intraepithelial T cells in the human lung and that these cells produced  
IFN-γ 4. It had just been described that different functional subsets of gut DCs could 
be discerned by the expression of CD103 5;6, but they were the first to propose that lung 
CD103+ intraepithelial lymphocytes might have a different immunological function than 
CD103- T cells isolated from subepithelial tissue. As the respiratory epithelium forms the 
entrance site for respiratory viruses, we were anxious to test the function and specificity 
of these intraepithelial lung T cells, to see whether this population contains the putative 
resident virus-specific memory T cells. 

In the study described in the first chapter of this thesis, we confirmed that most CD8+ 
T cells expressing the protein CD103 were located inside the epithelium lining the small 
airways. Analyzing these cells further, we found indeed that CD103 was expressed by lung 
CD8+ T cells specific for influenza (a respiratory virus) but not by those specific for viruses 
that do not primarily affect the lungs (e.g., EBV and CMV).  In addition, influenza- but not 
CMV- or EBV-specific lung CD8+ T cells expressed α1-integrin, a receptor that is important 
for the adhesion and survival of influenza-specific T cells in mouse lung 7-9. Interestingly, 
apart from differences in specificity, CD103+CD8+ T cells formed a distinct T cell subset 
as they had a significantly higher expression of inhibitory molecules and virtually lacked 
cytotoxic proteins. The ability of these cells to rapidly upregulate perforin and granzyme B 
upon virus infection rescues their cytotoxic effector function when needed. These functional 
and molecular characteristics of CD103+CD8+ T cells indicate that they likely provide a 
rapid and efficient local response to protect against influenza infection but are restrained 
from damaging the delicate lining of the airways under non-inflammatory conditions 10. 

The fact that we did not find T cells with similar phenotype and function in peripheral 
blood supports the hypothesis that lung CD103+CD8+ T cells do not recirculate, but form 
a lung-resident population. We provide further evidence for this theory in the second 
chapter, where we show that human lung CD8+ T cells have a gene expression signature 
that is distinct from antigen-experienced circulating CD8+ T cells. This difference is so 
pronounced, that even naïve and antigen-experienced peripheral blood CD8+ T cells were 
more alike than antigen-experienced blood and lung CD8+ T cells. Moreover, lung CD8+ 



156

D
ISC

U
SSIO

N

6

T-cells lacked lymph node homing receptors and were instead equipped with chemokine 
receptors and integrins that enhance binding to and movement towards lung structural cells, 
lung immune cells and extracellular matrix. This phenotype was especially pronounced in 
the CD103+ intraepithelial CD8+ T-cell fraction. This study also imparted us new insight 
into the possible mechanism behind the location-specific regulation of cytotoxicity in lung 
CD8+ T cells. We established that lung CD8+ T cells had a 27-fold increase in granzyme B 
mRNA expression compared with antigen-experienced peripheral blood CD8+ T cells, in the 
absence of a difference on the protein level. Moreover, there was a global downregulation 
of ribosomal proteins and other factors required for translation in lung CD8+ T cells. 
These data suggest that translational suppression might be responsible for refraining lung 
CD103+CD8+ T cells from cytotoxicity in the absence of infection. 

When we started these micro-array analyses, we were still ignorant of the functional 
dichotomy between CD103+ and CD103- lung CD8+ T cells. As CD27 has been established 
as a marker to discriminate human effector and memory CD8+ T cells in peripheral blood, 
we compared gene expression profiles of antigen-experienced CD27+ (memory phenotype) 
and CD27- (effector phenotype) lung CD8+ T cells 11. CD27+ and CD27- peripheral blood 
CD8+ T cells are known to have very distinct gene expression profiles 12.  Surprisingly, the 
comparison between paired CD27+ and CD27- lung CD8+ T cell samples yielded very few 
significantly differentially regulated genes. In peripheral blood, the loss of CD27 by CD8+ 

T cells coincides with the acquisition of cytotoxic effector proteins 11, but the phenotypical 
division in effector and memory phenotype cells based on the expression of CD27 is not 
applicable to lung CD8+ T cells. Most cells expressing perforin and granzyme B are CD27- 
(Figure 1A, left), but this distinction is not as clear as in peripheral blood and not all lung 
CD27-CD8+ T cells express cytotoxic proteins. Lack of CD103 is a better discriminator for 
cytotoxic phenotype than lack of CD27, especially concerning granzyme B (Figure 1A, 
right). To assess the individual roles of CD27 and CD103, we compared the expression 
of perforin, granzyme B and cytotoxic T cell transcription factor T-bet protein between 
lung CD103+CD27+, CD103+CD27-, CD103-CD27+ and CD103-CD27- CD8+ T cells (Figure 
1B). It proved that CD8+ T cells lacking both CD103 and CD27 were the cells with a true 
effector phenotype (Figure 1B). On the other hand, upregulation of granzyme B mRNA in 
lung CD8+ T cells could be attributed to the CD103+ lung CD8+ T cells, as shown by qPCR 
on lung CD103+CD27+/-, CD103-CD27+ and CD103-CD27- CD8+ T cells (Figure 1C).This 
corroborates our idea that lung CD103+CD8+ T cells are efficient cytotoxic effector cells that 
are, in the absence of infection, withheld from cytotoxicity by translational suppression. 

Considering the strong effector potential of CD103+ lung CD8+ T cells, it was remarkable 
to see that these cells also on the mRNA level had a low expression of transcription factors 
that are known to regulate CD8+ effector function 13. Eomesodermin (encoded by Eomes) 
and blimp-1 (encoded by PRDM1) were expressed at lower levels than in all other antigen-
experienced cell subsets and T-bet (Tbx21)-expression in CD103+ lung CD8+ T cells was 
even lower than in naïve CD8+ T cells (Figure 1C). However, zinc finger 683 (encoded 
by ZNF683), a close homolog of PRDM1 12, was upregulated in lung CD103+CD8+ T cells 
compared with blood effector-type cells and CD103-CD27- and CD27+ lung cells. This 
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Figure 1. Lung CD103+ CD8+ T cells are translationally inhibited effector cells that lack classical effector 
transcription factor expression. A: Lung CD8+ T cell expression of perforin and granzyme B compared 
with CD27-expression (left) and CD103-expression (right). Plots are gated on CD3+ CD8+ cells within the 
lymphocyte life gate. Plots are representative for 20 patients. B: Histogram overlays showing the expression of 
cytotoxic molecules and transcription factors by  CD103+CD27+, CD103+CD27-, CD103-CD27+ and CD103-

CD27- CD3+CD8+ T cells. Histogram plots are representative for 18-25 patients. C: qPCR measuring the 
mRNA-expression of effector molecules and transcription factors by sorted CD103+CD27+/-, CD103-CD27+ 
and CD103-CD27- CD3+CD8+ T cells. Expression levels are depicted as fold change compared to naïve CD8+ 
T cells. As a comparison, expression levels of peripheral blood memory- and effector-type CD8+ T cells are 
shown. Naïve, memory and effector-type CD8+ T cells consist of pooled mRNA of sorted cell subsets from 
5 healthy donors. N = 1.
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transcription factor has been shown to be highly expressed by latent HCMV-specific cells 
and is suggested to perform at least part of the functions of PRDM1 in long-lived human 
effector-type T cells 12;14-16. 

We don’t know why CD27 is not a foolproof marker for identifying effector and memory 
T cells in the lung. Looking again at Figure 1C, now focusing on the CD103- lung CD8+ 

T cells, it is remarkable that both CD27+ and CD27- lung CD8+ T cells express an equal 
amount of granzyme B mRNA as blood effector CD8+ T cells. A similar pattern can be seen 
for IFN-γ mRNA, and T-bet mRNA is even higher in CD27+ than CD27- lung CD8+ T cells 
(Figure 1C). These data and the fact that there is not a clear CD27+CD8+ T cell population 
in the lung suggest that the majority of lung CD8+ T cells are in fact differentiated effector 
memory cells with a high (cytotoxic) effector potential irrespective of subtle differences in 
the intensity of CD27 expression. 

Due to practical and ethical limitations inherent to human research it is difficult to directly 
study the processes that maintain the human lung effector memory CD8+ T cell pool 17. 
Indeed, as it is impossible to obtain adequately sized lung samples from individuals 
at several time points, the dynamics of the local lung memory response can only be 
investigated by indirect means. The vast range of genes and proteins that is differentially 
expressed between blood and lung CD8+ T cells (as shown in chapter one and two) and the 
fact that many proteins are stably expressed, make it very unlikely that lung CD8+ T cells 
recirculate, but in theory local environmental influences could quickly alter the expression 
of certain proteins and genes.  However, a feature of CD8+ T cells that never changes is the 
specificity of the TCR. In chapter three we therefore used high-throughput sequencing of 
the TCRVβ-repertoire 18 of blood and lung CD8+ T cells in order to determine the role of the 
circulating CD8+ T cell pool in maintaining lung CD8+ T cell populations.  We demonstrate 
that CD103- lung CD8+ T cells share several clones with peripheral blood CD8+ T cells and 
that the TCR-repertoire of CMV-specific CD8+ T cells in blood and lung is almost identical. 
In contrast, we find a very limited overlap in TCR-clonality between CD103+CD8+ T cell 
populations and CD103- lung and peripheral blood CD8+ T cells and also influenza-specific 
blood and lung CD8+ TCR-repertoire hardly overlap. The finding that lung CD103+CD8+ T 
cell TCRVβ-repertoire differs almost as much from CD103-CD8+ T cells as from peripheral 
blood  CD8+ T cells, indicates that there is no random recirculation of T cells between 
blood and lung, but also not between different anatomical locations within the lung. Likely, 
different niches exist where cells are preferentially maintained.

It is still a matter of much debate, which processes maintain local memory CD8+ T cells in 
non-lymphoid organs. Mice studies exploiting models of respiratory infection have shown 
that the first months post-infection, virus-specific T cells in the lung can be maintained by 
recruitment of cells that have been activated by antigen presentation from antigen-depots 
in lung draining lymph nodes 19. However, these antigen-depots wane and the lung virus-
specific memory T cell pool gradually diminishes until eventually respiratory virus-specific 
T cells reach similar frequencies in lung and other peripheral or lymphoid tissues 20;21. 
From this phase onwards, the lung virus-specific memory T cell population is maintained 
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exclusively by recruitment of memory cells from the periphery 22-24. However, our data 
indicate that human T cell dynamics might be different. Clonality differs so much between 
blood and lung influenza-specific CD8+ T cells, that recruitment from the periphery might 
only make a minimal contribution to the maintenance of the local memory pool. In addition, 
it has already been shown in previous studies that contrary to mice, in humans the lung 
CD8+ T cell pool stays enriched for respiratory virus-specific CD8+ T cells for years after 
infection 1. Although mouse models have provided invaluable insight in the dynamics of the 
host response to infection, characteristics of the immune response in experimental disease 
models in inbred mice cannot always be extrapolated to genetically diverse humans living 
in the pathogen-rich real world 25. For a start, it is difficult to compare the exact duration 
of immunological processes between humans and mice 26. Therefore, it does not have to be 
a discrepancy that we find an increased longevity of virus-specific cells in humans. When 
virus-specific cells remain present in the lung for months in mice, the human equivalent 
might very well be several years.  Also, residual antigen might be present in humans for 
much longer, nurturing the virus-specific T cells. Still, naïve cells that migrated to the 
lymph node to get activated by residual antigen should be detectable in peripheral blood 
when leaving the lymph node. As we could not detect these cells in peripheral blood, we 
think that this is not the main mechanism maintaining the lung virus-specific T cell pool 
either. Instead, we hypothesize that the human lung influenza-specific CD8+ T cell memory 
pool is in part maintained by local antigen contact. People could be exposed to influenza 
virus every year during the FLU-season, often without developing infection. Due to the 
intraepithelial location of FLU-specific CD8+ T cells (chapter 1), inhalation of even small 
amounts of virus could enable these T cells to be repetitively boosted by their specific antigen. 
Mice kept under pathogen-free conditions are obviously deprived from such stimulation. 
Additional mechanisms such as increased resistance to apoptosis by pro-survival signals via 
members of the TNFR-family (chapter 2) and interactions between virus-specific cells and 
extracellular matrix (chapter 1) might contribute to local memory population survival 9;27;28. 

Another important mechanism for cell population survival is proliferation in response to 
cytokines of the common γ-chain family. For memory CD8+ T cells this is mainly mediated 
by IL-15, whereas IL-7 can enhance survival of non-proliferating cells 29. Human lung CD8+ 
T cells express less IL-7Rα than peripheral blood CD8+ T cells and IL-7Rα is known to be 
strongly downregulated by influenza-specific lung CD8+ T cells in mice 1;30. Therefore, IL-7/
IL-7 Rα interaction might not be very important for maintenance of virus-specific CD8+ T 
cells in human lung. Influenza models in mice have shown that airway virus-specific CD8+ 

T cells are irresponsive to IL-15 due to downregulation of IL-15R 30. Although this same 
mechanism occurs in virus-specific lung CD8+ T cells early in infection, these cells regain 
their responsiveness to IL-15 in the memory phase. The virus-specific airway T cells in this 
mouse influenza model were obtained by bronchoalveolar lavage and are therefore derived 
truly from the airway lumen and the alveolar compartment. The airway CD103+CD8+ 
T cells we study, are not located in the lumen, but at the basolateral side of the airway 
epithelium and might therefore be considered as IL-15 responsive lung CD8+ T cells. In our 
micro-array study in chapter two, we did not find an upregulation of IL-15R, but we did 



160

D
ISC

U
SSIO

N

6

Figure 2. Lung CD103+ NK cells resemble lung CD103+ CD8+ T cells in their lack of perforin, granzyme 
B and T-bet expression. A: Lung NK cell expression of CD16, perforin, granzyme B and T-bet compared 
with CD103-expression. Plots are representative for 6 -19 patients. B: Expression of perforin, granzyme B and 
T-bet by paired CD103+ and CD103- lung NK cells. N = 6-19. C: Histogram overlays showing the expression 
of perforin, granzyme B and T-bet by CD103+CD16-, CD103-CD16- and CD103-CD16+ NK cells. Plots are 
representative for 19 patients. D: Histogram overlays showing the expression of perforin, and granzyme B 
by CD56bright, and CD56dim (left) and CD27+  and CD27- lung NK cells (right). Plots are representative for 50 
patients. All plots are gated on CD3- CD56+ cells within the lymphocyte life gate. ** = p < 0.01; *** = p < 0.001.
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find an increase in IL-21R. IL-21 is, like IL-7 and IL-15 a member of the common γ-chain 
family of cytokines and has been implicated in the survival of antigen-specific CD8+ T cells 
in non-lymphoid organs, including the lung 31. A recent study in humans suggested that 
IL-21 enhances IL-15 mediated proliferation of memory CD8+ T cells 32. The fact that we did 
not find an upregulation of IL-15R on lung CD8+ T cells, does not rule out a role for IL-15 in 
maintaining virus-specific CD8+ T cells in the human lung, as IL-15 can be trans-presented 
by IL-15Rα-expressing pulmonary DCs 33;34.  Thus, we suggest that respiratory virus-specific 
memory CD8+ T cells can be maintained in the human lung by proliferation in response to 
IL-15, IL-21 and intermittent antigen-contact.

IL-15Rα-expressing pulmonary DCs trans-presenting IL-15 are either pDCs or CD8α+ 
DCs 33. In the scope of our research, it is worthwhile mentioning that another subset of 
murine pulmonary DCs expresses CD103 35-37. Up till now, the presence of these DCs in 
human lung has not been confirmed. CD103+ DCs are located preferentially along the 
airways and the vasculature, where they take up antigen which they subsequently transport 
to the lung draining lymph nodes. Special traits of these DCs are their ability to take up 
apoptotic cells (i.e. dying infected epithelial cells) and to cross-present antigen to CD8+ 

T cells 36;37. As such, they have a dual role: they both contribute to the maintenance of 
tolerance to self-antigens and play an important role in driving virus-specific CD8+ T 
cell responses against viruses that do either not infect DCs or interfere with MHC class I 
antigen processing and presentation 37. CD103+ DCs in mesenteric lymph nodes and lamina 
propria have been demonstrated to be essential for the generation of gut-homing CD8+ T 
cells, by inducing expression of CCR9 and α4β7 on these cells in a RALDH-dependent way 
5;38. Whether pulmonary CD103+ DCs are equally important for generating lung-homing 
CD8+ T cells remains to be investigated. Considering their role in anti-viral defense this 
seems a plausible option.

We provided evidence in chapter one to three for a resident lung CD8+ T cell pool by showing 
differences in gene expression, phenotype, function, specificity and clonality between blood 
and lung CD8+ T cells. Furthermore, we established that on all these levels differences exist 
between CD103+ and CD103- lung CD8+ T cells, indicating that intra- and subepithelial lung 
CD8+ T cells are T cell subsets with distinct functions and characteristics that are maintained 
independent from each other. In chapter four we show that these findings are not CD8+ T cell 
specific, as we provide evidence for the existence of a resident effector memory CD4+ T cell 
population in the human lung that differs phenotypically and functionally from peripheral 
blood CD4+ T cells. Like in lung CD8+ T cells, chemokinereceptors CXCR6 and CCR5 and 
adhesion molecules CD103 and VLA-1 that might play a role in lung homing and retention 
were upregulated in lung CD4+ T cells, whereas S1PR1 (sphingosine-1-phosphate receptor 
1) and ICAM2, required for tissue egress, and CCR7 and SELL (L-selectin), necessary for 
lymph node migration, were strongly downregulated 17;39-43.  In analogy of lung CD8+ T 
cells, lung CD4+ T cells expressing CD103 showed the largest differences with peripheral 
blood T cells with the highest expression of lung homing and adhesion molecules and the 
lowest expression of receptors required for lymph node homing. These data suggest that the 
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human lung CD4+ T cell pool and especially the CD103+ subset contain resident effector 
memory cells that exert their function locally without migrating to the lymph nodes. 

Lung CD4+ T cells could be divided into three separate populations based on the 
expression of CD27 and CD103. Our array data indicate that these three subsets carry 
out specialized functions at distinct anatomical locations within the lung. CD103-CD27+ 
cells might play an important role in providing B cell help, possibly within organized 
lymphoid structures and CD103-CD27- cells have an overt TH1 and cytotoxic function. 
Lung CD103+CD27- CD4+ T cells not only phenotypically, but also functionally mimic 
CD103+CD8+ T cells. They are the most powerful producers of IFN-γ and have strong 
cytotoxic capacity. Moreover, they show the same discrepancy in the expression of cytotoxic 
molecules on mRNA and protein level. Furthermore, in spite of their strong cytotoxic 
function and IFN-γ production, CD103+CD4+ T cells similar to CD103+CD8+ T cells lack 

T-bet protein and do not show a higher gene expression of any of the transcription factors 
associated with these effector functions. The transcription factor that was most upregulated 
in lung CD103+CD4+T cells, mimicking the expression profile of GZMB, was like in 
CD103+CD8+ T cells PRDM1-homolog ZNF683 12. 

It was previously demonstrated that lung CD4+ T cells expressing CD103 and VLA-1 
are located close to the airway epithelium 4;7;44. Thus we propose that lung CD103+CD4+ T 
cells, like CD103+CD8+ T cells are uniquely adapted to carry out their TH1 and cytotoxic 
function within the immunologically challenged environment of the epithelium. It would 
be important to assess whether these cells are specific for respiratory viruses. In that case 
they would be able to kill infected epithelial cells that cross-present viral antigens 45-50. Their 
location close to the epithelium might also enable them to provide help to CD103+CD8+ 
T cells. Both the migration of virus-specific CD8+ T cells to infected tissue and the 
maintenance of a functional long-lived virus-specific CD8+ memory T cell pool require 
CD4+ T cell help 51-53.       

Together, our data show that for both CD4+ and CD8+ T cells distinct functional subsets 
can be discerned based on the expression of CD103. To assess whether a similar distinction 
could be made for other lung lymphocytes, we analyzed the phenotype of lung B cells and 
natural killer (NK) cells. Peripheral blood and lung B cells did not express CD103 (data 
not shown). Peripheral blood NK cells did not express CD103 either (data not shown), but 
2-19% of lung NK cells was CD103+ (Figure 2A). NK cells were identified as CD3-CD56+ 

cells, excluding the possibility that these were NKT cells 54. Moreover, we confirmed in a 
selection of patients that CD103+ NK cells expressed NKp46 (data not shown), to validate 
that these were truly NK cells 55;56. Interestingly, just like CD103+ lung CD4+ and CD8+ T 
cells, CD103+ lung NK cells hardly expressed perforin, granzyme B and T-bet protein (Figure 
2A).  This differed significantly from the high perforin, granzyme B and T-bet expression 
by CD103- lung NK cells (Figure 2B). CD103 was a better marker to differentiate between 
lung NK cells expressing perforin and granzyme B than CD16, CD27 or cell surface density 
of CD56 (Figure 2C and D). These markers were previously described to discriminate 
cytotoxic (CD56dimCD16+ and CD27-) and cytokine producing (CD56brightCD16+/− and 
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CD27+) NK cells in peripheral blood 57;58, although a recent study showed CD56dim NK cells 
capable of early IFN-γ production 59. We established that both CD103+ and CD103- lung 
NK cells were able to produce IFN-γ within 4 hours of stimulation (data not shown). Non-
cytotoxic NK cells have been described to be present at the ultimate immunoprivileged site 
of the human uterus 60. But we predict based on our findings in CD103+CD4+ and CD8+ T 
cells, that CD103+ lung NK cells do contain granzyme B and perforin mRNA that they can 
quickly translate into protein to exert cytotoxic effector function. This mechanism has been 
described to occur upon activation of resting murine NK cells 61. 

A key question for the understanding of our data is where and how the specific 
characteristics of CD103+ lymphocytes are induced and which factors drive their 
preferential localization to the epithelium. Mouse studies have elucidated several factors 
that play a part in the imprinting of tissue tropic T cells. These include antigen type and 
dose and the local microenvironment in which T cells are primed, consisting of lymph node 
stromal cells, specialized DC subsets (i.e. the earlier mentioned CD103+ DCs) influenced by 
non-hematopoietic peripheral tissue cells and lymph node chemical environment 6;38;62-65;65-

67. These interactions induce the expression of chemokinereceptors and integrins required 
for tissue homing 68.  When pronounced tissue inflammation is present, upregulation of 
inflammatory chemokine and adhesion receptor ligands might overcome the requirements 
for tissue-specific lymphocyte entry into inflamed tissues, but the relative importance of this 
mechanism remains ill-defined 69. After migration to the target tissue, local factors such as 
structural tissue cells, local milieu and target cell type contribute to shaping tissue-specific 
T cell responses 70;71. Although many specific players in T cell migration to skin and gut have 
been identified, it is still unclear whether lung-draining DCs impart a particular instruction 
pattern for migration to lung parenchyma or whether T cell activation or inflammation are 
sufficient to drive T cell homing 17.  Current evidence shows that during respiratory virus 
infection chemokinereceptor CXCR3 is important for T cell migration to the lung, whereas 
CCR5 is required for migration to the airways 72-75. Whether integrins CD103 and VLA-1 
play a role in T cell migration to the respiratory epithelium, or are mainly important for 
local adhesion and survival is still unclear 7-9;76-78. It is known that T cells in CD103-/- mice 
can still migrate to intestinal epithelium 79. CD103-expression can be induced by TCR-
ligation in the presence of TGF-β, but whether this occurs in the tissue draining lymph 
node or in the TGF-β rich epithelial environment remains to be elucidated 80-83.

Another important query emerges from the correlation between CD103 expression 
and function in lung CD8+ T cells, CD4+ T cells and possibly NK cells. Which process or 
mechanism is instructing these cells to restrain their cytotoxicity? Previous publications 
have demonstrated that virus-specificity can induce several phenotypical and functional 
traits in T cells 12;84-88.  It is possible that the human lung CD103+ T cell population consists 
mainly of cells specific for respiratory viruses. We demonstrated that the CD103+CD8+ T 
cell pool contains influenza-specific cells and many characteristics of CD103+CD4+ T cells 
including their location close to the epithelium suggest a similar specificity. In that case, 
this virus-specificity could determine the common restrained cytotoxic phenotype. It is 
likely that the lung CD103+ T cell population contains cells directed against other common 
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respiratory viruses that are able to infect the epithelium. As these viruses use a similar route 
of infection and are possibly presented by the same DC subsets, this might however lead to 
a similar imprinting of cells as with influenza infection 89.  That CD103+ lung NK cells lack 
protein expression of cytotoxic mediators opposes the role of virus-specificity as it indicates 
that also non-specific lymphocytes might exhibit the inhibited cytotoxic phenotype. An 
even more important clue comes from research with human decidual effector-memory T 
cells. These cells, isolated from the lining of the human uterus after pregnancy, showed 
exactly the same phenomenon of high levels of cytotoxic mRNA without concomitant 
protein expression 90. This is highly suggestive for a common mucosal factor that inhibits 
granzyme B translation in mucosal lymphocytes. Although this uterine study did not 
analyze CD103 expression on decidual T cells, we do not think that CD103 expression 
itself induces the inhibited cytotoxic phenotype of mucosal T cells. We do know from our 
own experiments that CD103 expression is very stable and is not downregulated during 
upregulation of cytotoxic proteins. Many studies show CD103 expression on perforin and 
granzyme B protein containing cells 91;92. In addition, CD103 is expressed by peripheral 
blood T cells that do not have the ability to quickly become cytotoxic upon TCR-stimulation, 
such as peripheral blood T cells with regulatory capacity and recent thymic emigrants 93;94. 
We therefore propose that interaction of mucosal lymphocytes with a common mucosal 
environmental factor such as cytokine milieu, extracellular matrix or ligands expressed by 
structural cells is responsible for suppression of granzyme B translation. Therefore, lung 
lymphocyte phenotype and function depend both on differentiation and subsequent local 
modulation.

In chapter one to four, we have provided extensive evidence for the existence of a local, 
non-recirculating lung memory T cell pool. These locally residing memory cells have 
been proven vital for protecting the host against recurring respiratory infections 95-97. We 
have also shown that these cells are phenotypically and functionally adapted to the local 
mucosal environment. These adaptations might be crucial to quickly enable adequate 
effector function when needed but at the same time prevent immunopathology as much 
as possible.  However, disturbances in the mechanisms regulating effector function could 
lead to severe pulmonary disease. Insufficient effector function could lead to susceptibility 
to infections and the development of malignancy and could also lead to a more severe 
course of these diseases, due to defective cytotoxic clearance of infected or dysplastic 
epithelial cells 98-101. Inadequate inhibition of effector function on the other hand, leads to 
inflammation and tissue damage and could play a role in the development of inflammatory 
lung diseases such as COPD, asthma and sarcoidosis 102-104. Indeed, CD8+ T cells have been 
implicated in the pathogenesis of COPD, as the number of CD8+ T cells in human lung and 
airways is increased in COPD and correlates with the severity of disease measured as the 
degree of airflow limitation 105-108.  In chapter five we show in humans with and without 
COPD that the degree of airflow limitation is linearly correlated with lung CD103+CD8+ 

T cell expression of the inhibitory receptor CD94/NKG2A. In addition, there is a strong 
correlation between the amount of smoking pack-years and expression of CD94 and 
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NKG2A on total and CD103+CD8+ T cells.  CD8+ T cells expressing CD94/NKG2A are 
inhibited in TNF-production and cytotoxic degranulation, when the receptor has bound its 
ligand HLA-E 100;109-111. Therefore, this might indicate a role for too much instead of too little 
inhibition of intraepithelial CD8+ T cell effector function in the pathogenesis of COPD. This 
seems paradoxical, but we hypothesize that a smoking–induced hampered lung CD8+ T cell 
effector function predisposes to more frequent and more severe respiratory infections, thus 
inducing increased lung inflammation and damage, which might lead to the development 
of COPD. 

Many studies provide cues for a role of virus infection in the pathogenesis of COPD.  
First of all, mice studies show that inadequate inhibition of the CD8+ T cell response 
after influenza infection leads to ongoing pulmonary inflammation after viral clearance 
112, mimicking the chronic inflammation in COPD. Moreover, cigarette smoke augments 
influenza induced airway and alveolar inflammatory and remodelling responses, leading to 
the accelerated development of emphysema and airway fibrosis 113. In addition, an increased 
oligoclonality of the T cell repertoire and increased numbers of lymphoid follicles have 
been found in the lungs of COPD patients 114-117. These lymphoid follicles can be induced 
by local infection and also show signs of oligoclonality, together with the oligoclonal T 
cell repertoire suggestive for a local, possibly infectious, antigen-driven proliferation 
115;118. Whether these findings have a causal relationship with COPD or merely reflect the 
infectious history of COPD patients, is still unclear. COPD patients are more susceptible 
to infections and infections play an important role in the clinical course of COPD. COPD 
patients suffer from frequent disease exacerbations, which are associated with disease 
progression 119-121. In 40-60% of these exacerbations respiratory viruses have been isolated. 
Furthermore, low-grade RSV or latent adenovirus infections are associated with faster or 
more severe lung function impairment in COPD 122;123. Therefore, our finding that CD8+ T 
cell effector function might be suppressed in COPD patients can be relevant for both the 
initiation and the course of disease. 

It should be noted that another hypothesis for the pathogenesis of COPD considers 
smoking-induced inflammation with possibly damage-induced uncovering of auto-
antigens sufficient for CD8+ T cell migration to the lung. In this light oligoclonal reactions 
could be directed against auto-antigens instead of pathogen-derived antigens 124. Mouse 
models of smoking-induced pulmonary inflammation have been shown to induce CD8+ 

T cell dependent COPD-like disease. Importantly, in these models pathology consisted of 
emphysematous destruction of the alveolar compartment and lacked signs of irreversible 
airway disease 125-128. Thus, although many studies implicate an important role for virus 
infection and CD8+ T cells in the pathophysiology of COPD, their exact contribution to the 
development and course of the disease is still unclear.

Our data about lung CD8+ T cell function, phenotype and clonality provide important 
insight into the pathogenesis of COPD, irrespective of the preferred hypothesis about 
pulmonary CD8+ T cell inflammation. In chapter one to three we showed that human 
lung CD8+ T cells cannot be analyzed as one whole population, but that important 
location-specific differences exist that have to be taken into account. In chapter five this is 
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emphasized by our finding that the phenotype of intraepithelial lymphocytes is associated 
with the severity of airway disease. Furthermore, our data suggest that the lung CD8+ T cell 
pool is not maintained by continuous recruitment from the periphery. Up till now, CD8+ 
T-cell research in COPD has focused on mechanisms of CD8+ T cell recruitment to the 
lung. Interesting new therapeutic options may arise by analyzing possibilities to interfere 
with the local pathways that maintain the resident lung CD8+ T cell pool. In chapter four 
we identified lung CD4+ T cell subsets with possible roles in the defense against respiratory 
viruses and the induction of auto-antibodies. Several studies have been conducted in COPD 
patients into the effector function of CD8+ T cells derived from other compartments than 
the lung 106;129;130. Our data in chapter five, showing that modulation of intraepithelial CD8+ 
T cell effector function might be another promising new approach in the battle against 
COPD, underline the importance of performing organ-specific research.

Although the clinical part of this thesis focused on the role of T cells in COPD, it is likely 
that (dys)regulation of T cell function plays a role in many other lung diseases such as lung 
cancer and respiratory infections. Together with COPD they pose a major global health 
problem, the impact of which was already pointed out in the introduction of this thesis. 
Due to a lack of efficient therapeutic options, the number of deaths caused by many of 
these diseases is still increasing. One important underlying cause is that detailed knowledge 
about the physiological and pathophysiological processes in the human lung is missing. 

Factors that play a role in this are the rigid classification of health and disease and the 
division of overlapping biomedical disorders in  different disease entities; classifications that 
are not primarily founded on causative biological processes, but on clinical symptoms and 
characteristics. This leads to an artificial classification of diseases that are likely to share a 
similar pathological mechanism. Unfortunately, this provisional classification still forms an 
important basis for the organization of present-day research, causing a compartmentalization 
of not only clinical, but also basic research. This can lead to fragmentation of knowledge 
which limits or delays the translation of research findings. Also, uncritical categorization 
of research findings according to clinical disease definitions might create a blind spot for 
genuine novel results that could create better insight in the biological processes of disease. 
Therefore, promotion of an open-minded, unbiased research design and attitude is essential. 

A good example of a research finding that might be very relevant for other diseases as well 
is the increased expression of molecules inhibiting T cell effector function on intraepithelial 
lung CD8+ T cells in smokers and in people with COPD. It would be interesting to assess 
whether lung CD8+ T cells from patients with other inflammatory lung diseases such as 
asthma, show a similar phenomenon. In addition, several studies have shown that high 
CD94/NKG2A expression can lead to a reduction in the killing of (pre-)malignant cells 
and therefore increase the risk for carcinogenesis 98;101;111;131. Future research could establish 
whether lung cancer outcome can be influenced by enhancing inhibited effector function of 
tumor infiltrating lymphocytes.

The artificial definitions that classify health and disease and overlapping pathophysiological 
mechanisms as different entities, are not the sole reason for the slow advancements in 
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understanding the pathophysiology of pulmonary diseases. Another point is that many 
translational studies focus so much on the clinical importance, that they only study cells 
or mechanisms in patients and forget to compare these findings with healthy controls. This 
has led to hypotheses implicating a number of cell types, molecules and cytokines in the 
pathogenesis of pulmonary disease, whereas these features are also present in people without 
this disease. This shows that it is impossible to understand the immunopathology of disease 
without studying immunological processes in unaffected tissue. 

However, my most important recommendation for future human immunological 
research concerning pulmonary disease is to be aware of location-specific differences. 
For instance, most COPD-related T cell research is still performed on peripheral blood 
derived cells or on cells obtained from sputum or BAL. But in this thesis we clearly show 
that phenotype, function, specificity and clonality of peripheral blood derived T cells are 
not representative for lung derived T cells (chapters 1 to 4). Sputum- or BAL-derived 
lymphocytes are likely not representative for lung lymphocytes either. Analysis of paired 
BAL and lung T cell samples in a subgroup of our patients, showed large phenotypical 
differences between cells derived from the two compartments (data not shown).  Therefore, 
to book real progress in understanding lung pathology, research has to focus on players and 
processes in the affected organ itself. Moreover, location-specific differences within the organ 
have to be considered, since we showed that these differences can be equally pronounced as 
differences between blood and lung. We demonstrated the clinical importance of analyzing 
different lung T cell subsets, by showing that CD103+ and CD103- lung CD8+ T cells show 
differences in virus specificity (chapters 1 and 3) and in their association with various 
clinical traits of COPD (chapter 5). 

Understanding how human T cells are adapted to location-specific requirements in both 
their function and the regulation of this function is not only important for research into 
the pathophysiology of disease. It might also teach us vital lessons for the development of 
T cell immunotherapy or T cell vaccines that efficiently target pulmonary malignancies or 
infections without inducing excessive collateral damage. Especially the CD103+ T cells with 
their fast and efficient effector function and their perfect location in the frontline to combat 
respiratory infections and airway malignancies form a promising target for future therapies.
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SUMMARY
In this thesis we analyzed phenotype, gene expression, function and specificity of human 
lung derived T cells. We provide evidence for a resident human lung T cell population that 
is adapted to perform T cell functions within the requirements of the local environment.

We show in the first chapter that intraepithelial lung CD8+ T cells, identified by CD103-
expression, form a distinct T cell subset with low expression of cytotoxic mediators and high 
expression of the inhibitory NK cell receptor complex CD94/NKG2A. FLU- but not CMV- 
and EBV-specific CD8+ T cells are contained within this intraepithelial CD8+ T cell subset. 
CD103+ cells retain the ability to rapidly upregulate perforin and granzyme B upon virus 
infection. In chapter two, we show that this discrepancy in phenotype and function might 
be caused by translational suppression, as we find an almost 30-fold increase in granzyme 
B mRNA in lung CD8+ T cells compared with peripheral blood CD8+ T cells. Pathways 
guiding cellular retention, proliferation and survival of CD8+ T cells in the lung were highly 
enriched for differentially expressed genes, indicating that the lung CD8+ T cell pool under 
homeostatic conditions is maintained locally instead of by recruitment from the periphery. 
Chapter three provides further evidence for this hypothesis, by describing that TCR-
clonality of FLU-specific and total antigen-experienced CD8+ T cells greatly differs between 
lung and blood CD8+ T cells, but also between CD103+ and CD103- lung CD8+ T cells. This 
indicates that there is no random recirculation of cells between blood and lung and between 
different anatomical locations within the lung. Likely, different niches exist where cell 
populations are preferentially maintained. These findings are probably not unique for CD8+ 
T cells, as our data in chapter four suggest that similar mechanisms apply to lung CD4+ T 
cells and, as presented in chapter six, possibly to NK cells. In chapter five, we demonstrate 
the clinical relevance of studying human lung T cell characteristics by showing a strong 
correlation between intraepithelial lung CD8+ T cell expression of CD94 and NKG2A 
and lung function in patients with and without COPD. This indicates a possible role for a 
reduced effector function of human lung intraepithelial CD8+ T cells in the pathogenesis 
of airway obstruction in COPD. Finally, chapter six forms the general discussion in which 
we place our findings in the perspective of current immunology. Additional data presented 
in this chapter corroborate our hypothesis that lung CD103+CD8+ T cells are inhibited in 
translation of effector molecules. Furthermore, these data suggest that effector function 
of CD103+CD8+ T cells is not regulated by any of the known transcriptional regulators of 
CD8+ T cell effector function. 
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NEDERLANDSE SAMENVATTING
Dit proefschrift beschrijft ons onderzoek naar het afweersysteem in de long. Voor onze 
experimenten haalden we afweercellen uit longweefsel van patiënten die om medische 
redenen een stuk long moesten laten verwijderen. De afweercellen waar we in het bijzonder 
naar hebben gekeken, heten T-cellen. Dit is een speciaal soort witte bloedcellen dat het 
geheugen van de afweer vormt. Allereerst zal ik het belang van ons onderzoek duidelijk 
maken, door de invloed van een aantal veel voorkomende longziektes op de volksgezondheid 
te beschrijven. Vervolgens zal ik per hoofdstuk de belangrijkste resultaten uiteen zetten.

Impact van longziekten op de volksgezondheid
De long is een orgaan dat in nauw contact staat met de buitenwereld. Dit is noodzakelijk 
voor de functie van de long: uitwisseling van zuurstof en koolstofdioxide. De scheiding 
tussen longweefsel en ingeademde lucht wordt slechts gevormd door een cellaag die één 
cel dik is. Deze cellaag vormt de bekleding van de luchtwegen en heet het epitheel. Dit 
nauwe contact met de buitenwereld zorgt ervoor dat ziekteverwekkers, giftige gassen en 
giftige deeltjes in de ingeademde lucht gemakkelijk de long kunnen binnendringen. De 
infecties en ontstekingen die daar mogelijk uit voortkomen, leiden niet alleen direct tot 
ziekte en overlijden, maar vergroten ook de kans op het later ontstaan van longkanker 
of COPD (verzamelnaam voor chronische bronchitis en longemfyseem). COPD wordt 
meestal veroorzaakt door roken, maar kan ook ontstaan door het inademen van andere 
schadelijke gassen en deeltjes. Luchtweginfecties, COPD en longkanker vormen een groot 
gezondheidsprobleem. Het zijn ziektes die veel voorkomen en die zeer ernstig kunnen 
verlopen. Ze vormen wereldwijd respectievelijk de derde, vierde en zevende doodsoorzaak. 
Van alle kwaadaardige ziektes veroorzaakt longkanker in absolute aantallen de meeste 
sterfgevallen. In ontwikkelde landen is longkanker dan ook zelfs doodsoorzaak nummer 
drie. Deze ziektes zouden mogelijk voorkomen kunnen worden of milder kunnen verlopen 
door goed functionerende T-cellen en zouden aan de andere kant veroorzaakt of verergerd 
kunnen worden door disfunctionerende T-cellen.

Eén van de meest voorkomende luchtweginfecties is griep (officiële naam influenza). 
Longontsteking veroorzaakt door het griepvirus kan leiden tot ernstige ziekte of zelfs 
tot overlijden. Er bestaan verscheidene inentingen en medicijnen tegen griep, maar deze 
zijn niet wereldwijd beschikbaar en hun effectiviteit is niet optimaal. Bovendien kunnen 
inentingen en medicijnen hun werkzaamheid verliezen doordat het virus door de jaren 
heen verandert. Omdat T-cellen juist onderdelen van het virus die vrijwel niet wijzigen 
herkennen, spelen zij een heel belangrijke rol in de bescherming van het menselijk lichaam 
tegen virusinfecties. Als een virus of een andere ziekteverwekker ons voor het eerst besmet, 
worden daar T-cellen op afgestuurd. T-cellen schakelen de cellen uit waarin virussen zich 
bevinden en vermenigvuldigen (in het geval van luchtweginfecties zijn dit de epitheelcellen). 
Zij ontwikkelen zich daarnaast tot geheugen T-cellen die specifiek tegen deze indringer 
gericht zijn. Geheugen T-cellen zijn dus eigenlijk die T-cellen die ervaren zijn. Als dezelfde 
of een vergelijkbare ziekteverwekker terugkeert, kunnen deze geheugencellen zich snel 
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delen. Hierdoor ontstaat razendsnel een heel leger aan afweercellen, dat voorkomt dat de 
ziekteverwekker zich vermenigvuldigt en verder het lichaam binnendringt. 

Tot op heden was de gedachte dat geheugen T-cellen bij inademing van virus vanuit 
de bloedbaan naar de longen toe moesten komen. Wij laten echter in hoofdstuk 1 zien dat 
deze cellen ook op het moment dat er geen infectie is al in de long aanwezig zijn. Bovendien 
bevinden ze zich precies op de plek waar het virus het lichaam binnendringt: direct onder 
de epitheelcellen die de luchtwegen bekleden. De cellen lijken qua uiterlijk en functie totaal 
niet op T-cellen buiten de longen en beschikken over speciale eigenschappen (o.a. het 
oppervlakte-eiwit CD103) waardoor ze zich kunnen verankeren in de bekleding van de 
luchtwegen. Daar vormen ze de eerste verdedigingslinie tegen griep. Omdat deze T-cellen 
direct kunnen reageren als een virus via de luchtwegen het lichaam probeert binnen te 
dringen, vormen ze een uiterst efficiënt verdedigingssysteem dat ervoor kan zorgen dat 
infecties voorkomen worden of minder ernstig verlopen.

In het bloed zie je T-cellen die giftige stoffen hebben klaarliggen om cellen die virus 
bevatten uit te schakelen. Voor long T-cellen die in de luchtwegen verankerd zijn, is dat niet 
zo. Zodra deze T-cellen in contact komen met griepdeeltjes, worden deze giftige stoffen 
wel binnen enkele minuten aangemaakt. Long T-cellen zijn dan mogelijk nog krachtiger in 
het uitschakelen van besmette cellen dan bloed T-cellen. De afwezigheid van deze stoffen 
als er geen infectie is, zou kunnen voorkomen dat T-cellen op dat moment de belangrijke 
barrière tussen long en buitenwereld, het epitheel, beschadigen. We ademen constant van 
alles in. Op schadelijke organismen wordt onmiddellijk gereageerd, terwijl onschuldige 
stoffen met rust gelaten moeten worden. Dat vergt een geavanceerde en georganiseerde 
afweer. Een systeem dat bovendien ziekteverwekkers heel specifiek aanpakt zonder allerlei 
afweerprocessen te activeren. Want juist van een te geactiveerd immuunsysteem kun je ook 
weer ziek worden. 

Het feit dat de long geheugen T-cellen bevat die griep herkennen, kan mogelijk 
verklaren hoe het komt dat mensen relatief weinig door griep worden geveld. Deze cellen 
kunnen een leven lang bescherming bieden tegen allerlei varianten van het griepvirus, 
omdat T-cellen juist delen van het virus herkennen die niet zo vaak wijzigen. Door hun 
locatie en eigenschappen kunnen griepspecifieke T-cellen in de long zeer efficiënt tegen 
infecties optreden. We denken daarom dat ieder orgaan zijn eigen afweersysteem heeft, 
speciaal ontworpen om dat stukje van het lichaam te verdedigen. Dat heeft gevolgen 
voor het wetenschappelijk onderzoek. Nu kijken onderzoekers die het immuunsysteem 
bestuderen, vrijwel uitsluitend naar bloed. De algemene gedachte is dat wat daar gebeurt, 
een afspiegeling is van afweerprocessen elders in het lichaam.

In hoofdstuk 2 leveren we meer bewijs voor het bestaan van een gespecialiseerd 
afweersysteem in de long dat verschilt van afweercellen in het bloed. We doen dit door 
het verrichten van zogenaamde microarray analyses waarin we genexpressie tussen bloed 
en long T-cellen vergelijken. Een heel groot voordeel van de techniek van microarray 
analyses is dat je binnen één experiment van alle menselijke genen tegelijkertijd kan 
zien in hoeverre deze in een bepaalde cel gebruikt worden. Je kijkt dus niet naar één of 
enkele kenmerken van een cel, maar naar duizenden eigenschappen. Alle cellen in het 
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lichaam van één individu bevatten dezelfde genen. Echter, er zijn grote verschillen tussen 
lichaamscellen in hoe ze eruit zien en wat hun functie is (een bloedcel is bijvoorbeeld niet 
meer te vergelijken met een hersencel). Dit komt doordat er tussen cellen grote verschillen 
zijn in welke genetische informatie er wordt gebruikt. Het deel van de genetische informatie 
dat wordt gebruikt, noemen we genexpressie. Dit zijn genen (DNA) die worden omgezet in 
mRNA, een tussenproduct dat vervolgens weer wordt omgezet in eiwit. Het eiwit bepaalt 
het uiteindelijke uiterlijk en de functie van een cel. Ook al is het mRNA een tussenproduct, 
het kan veel informatie verschaffen over de actuele of mogelijke functies van een cel. Uit de 
microarray analyses bleek dat genen die een rol spelen in de functie, beweging, overleving 
en deling van cellen, in zeer verschillende mate gebruikt worden door bloed en long 
T-cellen. Dit suggereert dat de populatie T-cellen in de long in stand gehouden wordt in de 
long zelf, in plaats van door aanvulling vanuit de bloedbaan. Dit gegeven is van groot belang 
voor de ontwikkeling van medicijnen tegen longziekten waarin T-cellen en rol spelen, zoals 
infecties, longkanker, astma en COPD.

Om nog meer te weten te komen over de relatie tussen bloed en long T-cellen, hebben 
we in hoofdstuk 3 gekeken naar een eigenschap van T-cellen die gedurende de gehele 
levensduur van een T-cel hetzelfde blijft en die dus niet beïnvloed wordt door de plek 
in het lichaam waar de T-cel zich bevindt. T-cellen herkennen specifiek kleine stukjes 
eiwit (peptiden) die in een gezond lichaam niet thuishoren. Elke T-cel heeft hiertoe een 
complex van eiwitten op het celoppervlak dat de T-cel receptor (TCR) genoemd wordt. 
Oorspronkelijk heeft elke T-cel in het lichaam zijn eigen unieke TCR. Cellen met exact 
dezelfde TCR zijn verwant aan elkaar, ze zijn onderdeel van hetzelfde leger van specifieke 
afweercellen dat uit één cel is voortgekomen. Door de nucleotiden (bouwstenen van DNA) 
waaruit TCRs zijn opgebouwd af te lezen, is het mogelijk om vast te stellen of T-cellen aan 
elkaar verwant zijn. We zagen dat de receptoren van T-cellen in bloed en long veel van 
elkaar verschillen. Daarnaast waren er ook grote verschillen in de TCRs tussen T-cellen 
die wel en T-cellen die niet verankerd waren in de luchtwegen. Dit gold ook voor T-cellen 
die specifiek gericht zijn tegen griep. Dit toont duidelijk aan dat T-cellen niet continu 
bewegen tussen bloed en long, maar dat ze juist naar die plaats in het lichaam gaan waar 
ze het hardste nodig zijn. Vervolgens blijven ze op die plek aanwezig om het lichaam te 
beschermen tegen nieuwe episodes van een zelfde ziekte. Zelfs binnen de long blijken ze 
zich amper meer te verplaatsen.

De grote verschillen die wij in hoofdstuk 1 t/m 3 vinden tussen bloed en long T-cellen, 
laten zien dat T-cel aantallen waarschijnlijk in de long zelf op peil worden gehouden. Dit 
kan bijvoorbeeld doordat T-cellen in de long lang overleven of doordat ze zich in de long 
vermenigvuldigen door celdeling. Dit is in strijd met de op dit moment geldende gedachte 
dat T-cellen vanuit het bloed de long T-celpopulatie onderhouden. Als onze veronderstelling 
juist is, zullen medicijnen die het verplaatsen van T-cellen van bloed naar long tegengaan, 
weinig invloed hebben op T-cel aantallen in de long. Als je long T-cel aantallen wil 
beïnvloeden, heb je in plaats daarvan dus middelen nodig die celdeling in de long of 
overleving van T-cellen in de long beïnvloeden. Dit soort medicijnen kan van belang zijn 
om T-cel aantallen te verminderen bij longziektes waarin ze schade aanrichten of juist T-cel 
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aantallen te verhogen in longziektes waartegen ze bescherming bieden. Dit fundamentele 
onderzoek naar de werking van afweercellen in de long is daarom zo belangrijk. 

In hoofdstuk 1 t/m 3 hebben we alleen gekeken naar T-cellen die voornamelijk 
kwaadaardige cellen of virus bevattende cellen uitschakelen. Er bestaat echter ook een ander 
soort T-cellen, dat vooral belangrijk is voor het ondersteunen van andere afweercellen. Naar 
deze cellen hebben we gekeken in hoofdstuk 4. Voor deze T-cellen vonden we ook grote 
verschillen tussen bloed en long en tussen verschillende celpopulaties binnen de long. Dat 
doet vermoeden dat de plaatselijke omgeving waarin de cel zijn functie moet uitoefenen, 
bepalend is voor uiterlijk en functie van de afweercel. In hoofdstuk 6 laten we zien dat dit 
niet specifiek is voor T-cellen. We tonen aan dat zulke verschillen ook bestaan voor natural 
killer cellen (NK-cellen). Dit is een heel ander soort witte bloedcellen dat niet zoals T-cellen 
geheugen kan vormen.

Tot slot kijken we in hoofdstuk 5 naar de relatie tussen T-cellen en COPD. In COPD 
raken de luchtwegen en het longweefsel ontstoken, waardoor de luchtwegen vernauwen 
en het longweefsel kapot gaat. Hierdoor ontstaat ernstige kortademigheid. Er is al veel 
onderzoek gedaan naar wat voor cellen bijdragen aan deze ontsteking. Daaruit blijkt telkens 
dat T-cellen prominent aanwezig zijn. Er zijn meer T-cellen aanwezig in de longen en 
luchtwegen van mensen met COPD, dan bij gezonde mensen het geval is. Bovendien hebben 
COPD-patiënten meer T-cellen in hun longen, naarmate de ziekte ernstiger is. Daarom 
wordt gedacht dat T-cellen wel eens een heel belangrijke rol kunnen spelen in het ontstaan 
en het verloop van COPD. Toch heeft nog bijna niemand geprobeerd te onderzoeken hoe 
deze T-cellen in de long terecht komen en wat ze daar doen. 

Om iets meer over de rol van T-cellen in de ziekte COPD te kunnen zeggen, vergeleken 
wij in dit hoofdstuk long T-cellen van mensen met en zonder COPD met elkaar. We laten zien 
dat het uiterlijk van T-cellen nauw verband houdt met de ernst van de luchtwegvernauwing 
in COPD. De long T-cellen in mensen met COPD lijken geremd te worden in hun normale 
functie. We kunnen dit zien doordat ze veel meer van een bepaald remmend eiwitcomplex 
(CD94/NKG2A) op hun celoppervlak hebben. Dit is heel verrassend, omdat tot nu toe 
gedacht werd dat longschade in COPD juist door te agressieve T-cellen veroorzaakt wordt. 
Wij laten nu het omgekeerde zien: T-cellen in door COPD aangetaste longen lijken juist te 
weinig agressief te zijn. Bovendien blijken mensen die roken ook deze “geremde” T-cellen 
te hebben, onafhankelijk van het wel of niet hebben van COPD. Een mogelijke verklaring 
is als volgt: roken belemmert de afweerfunctie van T-cellen, waardoor rokers bevattelijker 
zijn voor luchtweginfecties. Daardoor hebben rokers vaker en ernstigere infecties. Dit 
zorgt voor ontsteking en beschadiging van de long, wat uiteindelijk zou kunnen leiden tot 
het ontstaan van COPD. Heel interessant is dat vooral de T-cellen die in de luchtwegen 
verankerd zijn, geremd lijken te zijn in mensen met luchtwegvernauwing. Dit laatste 
benadrukt wederom hoe belangrijk het is om cellen te onderzoeken die van de door ziekte 
aangedane plek afkomstig zijn.

Veel misvattingen over de werking van het immuunsysteem in de long zijn ontstaan 
doordat resultaten uit onderzoek dat gedaan is met T-cellen uit bloed, geëxtrapoleerd 
zijn naar de long. Menselijk orgaanmateriaal is natuurlijk niet gemakkelijk te verkrijgen 
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voor wetenschappelijk onderzoek. Daarom is in muizen veel meer onderzoek gedaan 
naar de immuunsystemen van de verschillende organen. Deze studies leveren belangrijke 
aanknopingspunten op voor de werking van de menselijke afweer. Echter, tussen mensen 
en muizen bestaan grote verschillen. Daarom is het essentieel dat er in de toekomst meer 
onderzoek gedaan wordt naar de werking van het immuunsysteem op verschillende 
plaatsen in het menselijk lichaam. Dit is van groot belang voor het begrijpen en bestrijden 
van ziektes die juist bepaalde organen in het lichaam aantasten.
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