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1. INTRODUCTION 
The integrity of all organisms to injury is conserved through intricate mechanisms of 

response, but none more so than the immune system of the mammals. The complexity 

and potency of these mechanisms make them both difficult and intriguing to dissect, 

but more importantly, the study of the immune system can be of benefit both 

therapeutically and diagnostically in a range of human diseases. While much have 

been learnt by studying how the immune system works in both immune and non-

immune diseases in humans and animals, the study of human immunodeficiencies 

gives an unique opportunity to study the consequences of an immune system inept to 

work. In this thesis I will present the work done by my colleagues and myself on 

innate, inflammatory and regulatory immune mechanisms in Common variable 

immunodeficiency (CVID), an immunodeficiency named more in keeping with the 

usual definition of “variable” than “common”, but with manifestations highlighting 

important principles of our current understanding of the immune system. In this 

introduction I will first briefly outline the normal human immune response before 

exploring parts of particular interest to my thesis. Thereafter, I will give a brief 

overview over human immunodeficiencies before examining the particular features of 

CVID in depth.  
 

1.1 THE IMMUNE RESPONSE 
The definition of the immune response requires some consideration as it has evolved 

in later years. While a broad definition includes the reaction of the body to any 

substance foreign or interpreted as foreign (1), the most common understanding is a 

response involving both specific and unspecific responses by leukocytes and proteins 

(2). Some, however, prefer a more strict and traditional definition including only 

reactions depending on specific reactions to antigens and the development of 

immunological memory (3). The growing evidence of close cooperation of all cellular 

components involved in the reaction to foreign substances would support a broad 

definition. Furthermore, while immunology traditionally has dealt with the response 

to infectious agents like bacteria, virus and parasites, it is clear that many of the same 

responses also apply to the human body’s reaction to toxins, malignant cells and even 

innocuous self-antigens causing auto-immune disease (4). Here however, I will sketch  
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Figure 1. Simplistic view of the immune response to a skin infection. 1. A pathogen will 

need to break the skin barrier before establishing a focus for infection. Tissue-resident macrophages 

(M) recognize the intrusion and start the inflammatory response, including recruitment of polymorpho-

nuclear neutrophil granulocytes (PMN). If this initial response is unable to clear the pathogen tissue-

resident dendritic cells (DC) will carry antigens from the invading pathogen to the nearest lymph node. 

2. In the lymph node, dendritic cells will activate helper T-cells (T ), cytotoxic T-cells (TH C) and 

possibly regulatory T-cells (TR) to activate and modify the adaptive immune response. Some TH-cells 

will activate and mature B-cells in the lymph node, leading to the massive production of 

immunoglobulins (Ig). 3. T - and TH C-cells will migrate to the inflammatory focus to help combat the 

pathogen, as will the circulation of specific immunoglobulins. The nature of this immune response will 

be modified according to the features of the invading pathogen.    
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out the immune response by example of the response to an invasion of a pathogen to 

the skin (Figure 1).  

The introduction of the pathogen to the human body relies firstly on the 

penetration of one of our main barriers to infection, the skin. This penetration is often, 

if not always, facilitated by the disruption of the skin barrier through a cut or other 

injury. When pathogens like e.g. bacteria have crossed this epithelial barrier they will 

localize and grow in the tissue close to the penetrating site causing inflammation. 

Local anti-infectious agents like peptides, proteins, plasma proteins, macrophages and 

granulocytes will then try to destroy and contain bacterial growth through the so-

called innate mechanisms of immune defense. The innate immune response is so 

tightly inter-woven with the process of inflammation that some authors even claim it 

is a misnomer; the innate immune response cannot be separated from acute 

inflammation and thus merits no separate name. Semantics aside, these innate 

immune mechanisms are conserved through evolution with remarkable penetrance in 

a wide range of organisms, and represent congenital and stable responses to foreign 

substances. The so called natural killer (NK) cells are also considered a part of this 

innate immune response. The amplification and coordination of this, as well as most 

other cellular responses in the immune system, relies on the secretion and recognition 

of cell signaling substances called cytokines between the participating cells. In this 

first encounter macrophages will secrete TNF-�, IL-1 and IL-6 among other 

mediators of inflammation (such as prostaglandins and leukotrienes). While resident 

macrophages will encounter the pathogen first, the immediate response is more 

dependent on the migration of granulocytes to the site of inflammation by way of 

chemotaxis; a process of cellular movement towards a gradient of cytokines with a 

particular propensity for migration, the chemokines (e.g. IL-8 and MCP-1). This local 

response will furthermore facilitate the uptake of antigen, constituents from the 

invading pathogen able to elicit an immune response, by dendritic cells which will 

migrate to the closest lymph-node to present these antigens to T lymphocytes. This 

presentation marks the activation of the adaptive immune system. 

In contrast to the well preserved and stable genetic codes at the base of innate 

immunity, adaptive immunity is based on the ability of lymphocytes to recombine 

their genetic material to adapt to challenge by foreign subjects. The T lymphocytes 

will, depending on the way in which these antigens are presented, respond by clonal 

expansion and differentiation of T- and B cells, leading to tender and swollen lymph 
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+nodes. T cells are conventionally divided into the cytotoxic CD8  cells and the CD4+ 

helper T cells, TH1 and TH2 cells. While the CD8+ T cells are capable of eliminating 

cells infected with intracellular pathogens like virus, the CD4+ cells have a more 

complex role orchestrating the immune response by way of regulating and activating 

other immune cells. Most TH1 effector cells migrate to the focus of infection to help 

activate yet more macrophages through secretion of IFN-�, IL-2 and TNF-�. In 

contrast, the TH2 cells migrate within the lymph node to activate B cells by cell-to-

cell contact and secretion of IL-4, IL-5 and IL-6. When B cells are activated, they will 

mature into plasma cells, producing vast amounts of antibodies capable of targeting 

pathogen antigens for destruction by macrophages, complement proteins and 

granulocytes. The combined and coordinated response of all constituents of the 

immune system represents a powerful and usually devastating response to any 

pathogen trying to invade the organism. This impressive tour de force, however, 

comes with a price; collateral damage of cells and tissues may emerge if this process 

of innate and adaptive immune responses is without strict regulation. This regulation 

is facilitated by several factors, including the activation of the so-called regulatory T-

cells (T ).   Reg

Lymph nodes are stationed at strategically important sites surveilling 

incoming lymph from e.g. the limbs. If an infection is not contained in the local tissue 

or controlled by the local lymph nodes, pathogens may spread through the blood, 

creating other sites of infection or directly infecting the blood causing sepsis. The 

lymphoid organ responsible for the surveillance of circulating blood is the spleen, 

containing white pulp that has many overlapping functions with regular lymph nodes. 

Spleen and lymph nodes are collectively called secondary lymphoid organs in contrast 

to the primary lymphoid organs of bone marrow and thymus with an active role in the 

development of lymphoid cells.  

Infections manifesting themselves as disease and combated through the 

adaptive immune system likely represent a small fraction of the breaches of integrity 

due to infectious organisms but contained through innate mechanisms of immune 

defense. If the innate response fails to contain the pathogen, the level of pathogens 

will rise to a threshold where the innate response activates the adaptive response and 

both parts of the immune system act in concert to eliminate the pathogen (Figure 2). 

Notably, while symptoms of disease in infected tissues correlate with the level of 
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pathogens, symptoms are often more dependent on the immune response to the 

pathogen than on the pathogen itself.  
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Figure 2. Theoretical model of contribution of the innate and adaptive responses during 

an infection with a pathogen. The innate response (whole line) is the initial response to the pathogen 

and will in most cases contain and destroy the pathogen. If the pathogens succeed in reaching a 

considerable number, they will pass a certain threshold where the innate response activates the adaptive 

response (dotted line) and both parts of the immune system act in concert to eliminate the pathogen. 

Most pathogens will be eliminated asymptomatically by the immune system and not cause overt 

disease. 
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1.1.1 Inflammation 
Inflammation is primarily a protective response to cellular injury, from various trauma 

to infection, and is a basic and underlying process to the immune response, with the 

aim of restoring homeostasis to the affected tissues. Any inflammatory response can 

be seen to follow a pathway consisting of inducers, sensors, mediators and effectors. 

The different inducers will be recognized by more or less specific sensors leading to 

the release of mediators activating effectors, e.g. pathogens will be recognized by 

receptors leading to the release of cytokines activating effector cells. Inflammation 

has traditionally been defined as either acute or chronic and the definition of these 

merits some comments. The acute inflammation lasts from minutes to days, involve 

local tissue and innate mechanisms of immunity, including granulocytes. Chronic 

inflammation, on the other hand, is a process involving adaptive mechanisms of 

immunity, typically including lymphocytes and macrophages, and lasting days to 

years. Histologically, acute inflammation is characterized by the presence of an 

inflammatory exudate containing edema and a predominantly neutrophil infiltrate (2). 

Chronic inflammation, on the other hand, is characterized by infiltration of 

mononuclear cells (macrophages, lymphocytes), tissue destruction and repair 

(angiogenesis, fibrosis)(2). Biochemically, acute inflammation is characterized by the 

acute phase response involving high levels of local and systemic mediators like 

cytokines while these typically are more modestly expressed in chronic inflammation.  

The process of acute inflammation, with some important exceptions like 

allergic anaphylactic reactions, is generally considered a beneficial response for 

restoring tissue integrity. Chronic inflammation has a more ambiguous role; while it is 

an appropriate response leading to clearing of many important pathogens and 

resolution of the inflammatory state it may also be inappropriate leading to tissue 

damage with no apparent benefit to the host. This inappropriate activation is 

characterized by either a sustained response to an already cleared or contained 

pathogen, an erroneous response towards an innocuous antigen or a response towards 

self-antigens as seen in autoimmunity. Furthermore, while localized chronic 

inflammation has a clear role in diseases like tuberculosis, rheumatoid arthritis and 

silicosis mounting evidence also suggests a role for systemic chronic inflammation 

with largely negative effects in diseases like obesity and diabetes. These diseases are 

characterized by inflammatory traits albeit not of the nature usually seen in classic 

 14



inflammatory diseases. Thus, there is no focus of chronic inflammation and there is a 

low-grade response with low raise of systemic levels of inflammatory mediators. 

Recently, a state of para-inflammation was suggested as an intermediary step between 

tissues in a homeostatic equilibrium and the classic chronic inflammation, 

encompassing diseases where tissue malfunction, and not overt injury, would lead to 

(sub-)inflammatory responses (5).  

A central cell in the inflammatory response is the macrophage, acting as 

sensor, mediator and effector. Tissue-resident macrophages form a considerable part 

of most tissues and are known to have a central role surveilling peripheral tissues for 

possible intrusions like infection or trauma. However, they are also known to have a 

role controlling tissue homeostasis through phagocytosis of apoptotic cells and release 

of homeostatic mediators. The involvement of macrophages in inflammation can thus 

include both activation of the inflammatory response and adaption of tissue 

homeostasis to a new equilibrium. While macrophages in the basal state share many 

characteristics, activation of macrophages can lead to the development of functionally 

different classes of macrophages, recently described as classically activated, wound 

healing and regulatory macrophages(6). Common for all of these macrophages is the 

ability to respond to low intensity stimuli in the innate part of inflammation. The 

activation of macrophages is thus a sensitive marker of local tissue stress as seen in 

low-grade chronic inflammatory states(7).  

 

1.1.2 Innate immunity 
The development of multi-cellular organisms required potent mechanisms of defense 

against destruction, and mechanisms of host defense can be seen in lower organisms 

such as plants and non-vertebrates. Many of these phylogenetically old mechanisms 

are preserved in higher animals and humans, but some have possibly been rendered 

redundant by the evolution of an increasingly effective immune system.  This is, as I 

will discuss later, of particular interest in the study of deficiencies of this immune 

system.  

As previously mentioned, the innate mechanisms of immune defense are 

closely interconnected with inflammation and, one could argue, inseparable from it. 

However, some processes have by convention been associated more with the stricter 

term of innate immunity than the more widely defined term of inflammation.    
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At the basis of innate immunity is the presumption that there are some 

common and stable traits on the surface of pathological microbes like bacteria, virus 

and fungi. These traits or structures are called pathogen-associated molecular patterns, 

(PAMP). These molecular structures change only minimally over time and are thus 

possible targets for recognition by the immune system through the so called pathogen 

recognizing receptors (PRR). Both PAMPs and PRRs comprise a wide range of 

structures that likely will continue to be redefined and extended as we gather more 

knowledge of our immune system. Broadly speaking, innate mechanisms of immune 

defense will include anything from physical barriers of the human body towards the 

exterior, namely skin and mucosa, to NK-cells. I will here go into detail regarding 

some important parts of the innate immune system.   

Defensins and other anti-microbial peptides and proteins 

A primitive part of the immune system is the anti-microbial peptides and proteins 

constituvely found on epithelial surfaces or released from leukocytes upon activation.  

The defensins, �-defensin and �-defensin, are among the best described and are 

cationic peptides that are thought to destroy the bacterial cell wall. Lactoferrin and 

transcobalamin can bind iron and vitamin B12, respectively, vital nutrients to bacteria 

and thus inhibit bacterial growth. Another protein with recently described microbicid 

function is the urokinase plasminogen activator (uPA) that has been shown to act as a 

systemic endogenous antibiotic (8).      

 

The complement system and mannose-binding lectin 

The complement system, consisting of more than 30 proteins, represents an important 

component of the innate immune system. The hierarchical cascade of complement 

activation from any of three different starting points all lead to a final common 

pathway capable of neutralizing toxins, microbes and cells either directly through the 

membrane-attack complex or by opsonisation of pathogens (Figure 3).  Split products 

of this process, the so-called anaphylatoxins C3a, C4a and C5a, all act as mediators of 

inflammation contributing to the establishment of the inflammatory exudate, 

including recruitment of inflammatory cells. While the complement system plays a 

central role in the host defence against microbes, enhanced complement activation 

may also induce tissue damage and inflammation, through activation of both the 

terminal complex and the production of anaphylatoxins. Accordingly, a dysregulated  
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Figure 3. Overview of the complement system. The complement system can be activated through 

three different pathways all leading to recruitment of inflammatory cells, opsonization and killing of 

pathogens. Adapted from (4). 

 

 

complement system has been associated both with increased susceptibility to 

infections and autoimmune diseases (9;10).                                                                                                  

Mannose-binding lectin (MBL) is the key component of the lectin pathway of the 

complement system, binding to sugar residues on the surface of pathogens and 

marking them for destruction. Serum levels of MBL are closely correlated to 

polymorphisms in promotor regions as well as mutations in the MBL gene (11-

13).The extent of these malfunctions of the MBL gene is varying in different 

populations with high penetrance in tropic populations and lower penetrance in 

temperate and arctic populations. This has led to speculation that MBL deficiency 

may be of some value in tropic regions while a fully functioning MBL gene may be of 

benefit in more temperate regions. While any value of MBL deficiency is unclear, the 

benefit of MBL may be related to protection against particularly airway pathogens, 

which possibly is of importance in temperate and arctic regions. Some studies have 

found that children with recurrent sinopulmonary infections have low levels of MBL 

(14;15), but low MBL levels do not seem to increase mortality or the occurrence of 
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infectious disease in an adult population (16). On the other hand, altered MBL levels 

have been associated with persistent inflammation and tissue destruction, potentially 

contributing to the pathogenesis of some inflammatory disorders (17;18).  

 Toll- and other -like receptors 

The fruit-fly Drosophilia melanogaster has a receptor called Toll central in its defense 

against pathogens. In humans, receptors similar to Toll, the Toll-like receptors (TLR), 

are equally found to be immunologically active. As of today, 13 different receptors 

(TLR1-TLR13) have been identified, classified in 5 groups based on their structure. 

The receptors are expressed on a wide variety of cells from dendritic cells to B cells 

and respond to pathogens like Gram-negative bacteria (TLR4), Gram-positive bacteria 

(TLR2) and viruses (TLR3). TLR9 deserves special attention, it is together with 

TLR3, TLR7 and TLR8 located intracellularly. Furthermore, TLR9 is located in B 

cells and stimulated by CpG DNA, a DNA variant found in bacteria. The TLRs play a 

central part in the communication between the innate and the adaptive immune 

system, notably in the peripheral activation of dendritic cells and macrophages. The 

differential activation of TLRs as well as probable co-receptors  lead to secretion of 

both inflammatory and anti-inflammatory cytokines and can modulate the T-cell 

response in a TH1 or TH2 like manner (19). It is also suggested that TLR activation 

can lead to the production of anti-microbial peptides.   

 The discovery of intracellular TLRs has been followed by recognition of other 

innate intracellular receptors like the nod-like receptors (NLR). NLRs recognize 

bacterial constituents within the cell as well as other danger signals leading to 

activation of the cell.  

 

1.1.3 Adaptive immunity 
The presentation of antigens to lymphocytes marks the involvement of the adaptive 

immune system in the immune response. The ability of lymphocytes to recombine its 

genetic material to match an almost indefinite number of antigens is the primary force 

of this response. This adaption of the immune response leads to a specific attack on 

the antigen, and equally important, this adaption to the acute incident can be 

preserved throughout life with the development of immunological memory. Cellular 

immunity through the involvement of CD8+ T cells will not be commented upon here 

 18



as it is the humoral immunity based on the activation of CD4+ T cells and B cells that 

is the theme of this thesis.  

Antigen-presenting cells (APC) like dendritic cells present antigens to CD4+ T 

cells in the T-cell zones of the lymph node. The activation of these T cells requires a 

T-cell receptor with avidity for the presented antigen as well as co-stimuli in the form 

of binding to the CD28 and CD4/8 molecules on the T cells by the B7 (CD80 and 

CD86) and MHC II molecule on the APC, respectively. CD40L is also presented on 

the T-cell binding to the APC expressed CD40. Another important receptor for T-cell 

activation is CTLA-4 (CD152), a receptor resembling the B7 molecules but with 

higher avidity. Furthermore, the inducible co-stimulator (ICOS) is expressed on 

activated T cells and bind to its ligand (LICOS) present on dendritic cells, but 

importantly also on B cells which will be of interest to this discussion.  

The nature of T-cell activation will determine whether the CD4+ cells develop into 

TH1 or TH2 effector cells, and consequently deciding whether the response to the 

offending antigen will be cellular (T 1) or humoral (TH H2), profiled to combat either 

intracellular or extracellular pathogens, respectively. The mechanisms of this process 

are not fully known but some cytokines have an established role; the presence of IFN-

� and IL-12 will lead to a TH1 response, while IL-4 leads to a TH2 response. 

Furthermore, the phenotype of dendritic cells is known to be of importance as 

myeloid DC preferentially induce TH1 cells while the so-called plasma-cytoid DC 

have a propensity for T 2 cells.  While most activated TH H1 cells will migrate to 

peripheral tissues some will, together with the TH2 cells, remain in the lymph node to 

activate B cells. The activation of B cells requires recognition of the same antigen, but 

not exactly the same epitope, as that on the T-cell as well as contact between these 

cells. The binding of CD40L on the T-cell to CD40 on the B-cell is of importance, as 

well as T-cell production of IL-4, IL-5 and IL-6. Other signals include BLyS which 

binds TACI expressed by T cells. The initial contact and activation of B cells will be 

in the primary focus in the T-cell zone of the lymph node. Activation of B cells here 

will lead to the production of IgM but further activation will lead to migration into the 

B-cell zone of the lymph node called a primary lymphoid follicle. The presence and 

proliferation of activated B cells in this follicle will lead to the establishment of a 

germinal centre(7). In this germinal center, activated B cells with the continuing help 

of T cells, will refine the humoral response through isotype switching and somatic 

hypermutation.  
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The end product of the humoral defense system, the antibodies IgA, IgM, IgG and 

IgE is of particular interest in this thesis as it is the loss of one of them, namely IgG, 

that defines the disease at consideration and as the therapy available to these patients 

is the replenishment of the same antibody through intravenous infusion. Different 

types of antibodies have distinct localizations and functions. Antibodies have at least 

four major modes of function, all through their binding to antigens; 

� Neutralization through blocking of adhesive or toxic epitopes of the antigen 

(IgG, IgA) 

� Opsonization through binding to the surface of pathogens and subsequent 

binding of the antibodies to FC receptors on phagocytes (IgG) 

� Activation of complement through binding of antibodies to the C1 complex. 

This may lead to either activation of the complement cascade or to binding of 

the C1 complex to the complement receptor present on phagocytes and 

erythrocytes (IgM, IgG). 

� Sensitization of mast cells. Mast cells bind, in contrast to all other cells, 

unbound IgE antibodies through their FC receptors. The binding of the surface 

anchored antibody will then lead to activation of the mast-cell (IgE). 

The opsonizing function of IgG is particularly important in defense against 

polysaccharide capsuled bacteria as this capsule serves as a protection against non-

antibody mediated phagocytosis.  

 

1.1.4 Chemokines and chemotaxis  
Communication between cells not in contact depends on the cytokine network, a large 

group of soluble proteins active in a paracrine manner. Chemokines, chemotactic

cytokines, are a group of cytokines contributing to the migration of leukocytes 

between different cellular compartments like inflamed tissue, secondary lymphoid 

organs and the circulation (Table I). They act together with integrins capturing 

leukocytes in the circulation and leading them through the extra-cellular matrix. 

Functionally, chemokines have been divided between those associated with inflamed 

tissue, the inflammatory chemokines, and those seen in secondary lymphoid organs, 

the so called homeostatic chemokines. Not surprisingly, this dichotomy of 

nomenclature is challenged by ever increasing evidence of overlapping functions 

between chemokines. Structurally, chemokines have now been named and defined 
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based on the structure of a cysteine (C) motif in the N-terminal end of the amino acid 

sequence, and three major classes have been described; the CC, CXC and CXXXC (or 

CX3C) classes, where the X represents the presence of a non-cysteine amino acid 

(20). In all classes chemokines are named numerically, even if some names preceding 

this classification system are still in use. The chemokines act through activation of the 

chemokine receptors, a family of G-coupled receptors, named correspondingly to the 

chemokines as CCR, CXCR and CX3CR, respectively.  While some chemokine 

receptors like CCR2 are present on a wide variety of cells, others are presented more 

restrictively on subsets of leukocytes and have emerged as co-markers of certain 

subsets of leukocytes. A key feature of the chemokine network, however, is its 

redundancy with overlapping functions between chemokines and receptors. Notably, 

most receptors can be stimulated by more than one chemokine. 

 

 
Family Systematic name Original name Target cell Receptor 

5 RANTES Monocyte, 
macrophage, T-
cell, DC, NK cell 

CCR1, CCR3, 
CCR5 

CCL 

2 MCP-1 T-cell, monocyte, 
basophile 

CCR2 

19 MIP-3� Naïve T-cell, 
mature DC, B-
cell 

CCR7 

21 6Ckine Naïve T-cell, B-
cell 

CCR7 

CXCL 1 GRO-� Neutrophil CXCR2, CXCR1 

 8 IL-8 Neutrophil, 
basophile, T-cells 

CXCR1, CXCR2 

 13 BLC/BCA-1 B-cell, activated 
CD4+ T-cell 

CXCR5 

CX3CL 1 Fractalkine T-cells, 
monocytes 

CX3CR1 

 
Table I. Selected chemokines. Chemotactic cytokines responsible for cytokine migration in both 

homeostasis and inflammation. Chemokines are now named and defined by the structure of a cysteine 

(C) motif in three classes; CCL, CXCL and CX3CL, as are their receptors; CCR, CXCR and CX3CR, 

respectively. The use of their original name is common (and sometimes confusing). DC = dendritic 

cell, NK cell = natural killer cell. 
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In addition to leukocytes, the most important cellular sources of chemokines 

are endothelial cells and various stromal cells, and there are also reports on 

chemokine receptors being expressed on cells other than leukocytes, like smooth 

muscle cells.  

Apart from propagation of migration, chemokines have stimulatory and 

regulatory effects on their target cells. This has important implications; first it 

establishes chemokines as central mediators of the immune response, secondly 

systemic levels of chemokines will not only be reflecting a local immune response in 

lymph nodes or peripheral tissue, they will directly affect the state of cells 

encountered in the circulatory compartment. Moreover, chemokines may affect non-

leukocytes cells like smooth muscle cells and endothelium. 

In the same way that chemokines have potential for more than inducing 

chemotaxis, proteins from other families can have chemoattractive properties. The 

urokinase plasminogen activator (uPA) is a member of the fibrinolytic system, but has 

together with its receptor uPAR been shown to promote chemotaxis of phagocytes 

and T cells. While regular chemokines stimulate chemotaxis through remodeling of 

the cytoskeleton, uPA exhibits an additional feature through the local proteolysis 

initiated by the binding of uPA to uPAR.  

 

1.1.5 Regulation of the immune response 
The appropriate responses of the immune system rest as much on tolerance of 

harmless antigens as on immunity against harmful antigens. This tolerance of 

harmless antigens is attributed primarily to the adaptive immune system and in 

particular the T cells. Central tolerance is mediated through mechanisms in primary 

lymphoid tissue and includes deletion of auto-reactive T cells. Peripheral tolerance 

includes anergy, suppression and immunological ignorance, and operates in secondary 

lymphoid tissue and peripheral tissues. These mechanisms of tolerance can be 

attributed to different steps in the immunological response and to different T-cell 

types. While e.g. anergy is dependent on the incomplete activation of effector T cells, 

suppression reflects activation of specific cells with a potential for what has lately 

been named regulation, rather than suppression.  
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Several cell types have regulatory properties, although some are poorly described; 

• Tr1; induced by antigen-stimulation, secretion of the modulatory cytokines IL-

10 and TGF-�. 

• TH3; induced by oral antigens, secretion of TGF-�. 

• �� T cells; naturally occurring in mucosa, loss of these cells associated with 

autoimmunity.  

• NKT cells; surface markers for both for both T- and NK-cells. 
+• CD8  TReg ; uncertain identification. 
+CD25+ T• CD4 Reg ; naturally occurring regulatory T cells. 

+ + The identification and study of CD4 CD25 regulatory T-cells has been a 

breakthrough in our knowledge of peripheral tolerance. The removal of thymus from 

mice 3 days old was shown to lead to autoimmune disease while the simultaneous 

transplantation of CD4+ +CD25  cells alleviated this. Further examination of these cells 

found a subgroup expressing high levels of the IL2 receptor CD25 and the 

transcription factor FoxP3 with potent regulatory properties (21;22). These 

CD4+ High +CD25 FoxP3  cells have been called naturally occurring regulatory T 

cells(T ), as they, in contrast to e.g. Tr1 and TReg H3 cells, have suppressive properties 

independent of antigen stimulation. However, it seems clear that there also are 

inducible TReg expressing the FoxP3 factor, and as FoxP3 has also been found in 

CD8+ cells with a regulatory capacity, some claim that FoxP3 is a lineage marker for 

cells with regulatory functions. Interestingly, it has also been suggested that 

regulatory function is determined by higher-order processes that ensure the expression 

of FoxP3 (23). In any case, the importance of the identification of FoxP3 has been 

underscored by the fact that mutation of this transcription factor is associated with 

immune dysregulation and autoimmunity in both mice and man (24). Furthermore, 

while the co-expression of CD4 and CD25High previously has been used as a 

phenotype marker for TReg, the identification of FoxP3 now allows for a more strict 

and valid classification of T  even in clinical studies (25). Reg

The biological role of TReg is to suppress activity of primarily effector cells 

although it seems TReg are also capable of dampen responses in antigen-presenting 

cells like DC and B cells (26). The TReg use a variety of mechanisms to achieve this 

suppression, including killing of cytotoxic cells through cell-to-cell contact as well as 

secretion of anti-inflammatory cytokines like TGF-� and IL-10 (27-29). The proper 

activation of T  will require signals from peripheral tissues, coordinating the Reg
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activation of TReg with the need for a down-regulation of the immune response, and 

are probably delivered through antigen-presenting cells like dendritic cells. 

  

1.1.6 Interaction and cooperation of innate and adaptive immune 

responses 
The traditional dichotomy of immune responses in either innate or adaptive is 

challenged by the increasing evidence of interaction that exists between the 

constituents of the immune system. It has long been known that innate responses are 

crucial for initiating adaptive immunity, and that the effector cells of the adaptive 

immune response uses innate mechanisms to amplify their response to the offending 

antigen. However, recent evidence suggests that innate immunity continues to modify 

the adaptive response also after antigens are presented and the adaptive cells are 

activated. Antiviral T cells will maximise their response if they are provided with 

innate stimuli also during the immune response, and the same signals will promote 

survival of effector cells (30). On the other hand, antigen-presenting cells are capable 

of down-regulating T-cell responses and proliferation, suggesting innate immune 

mechanisms are involved in regulating the contraction phase of the T-cell response 

(31).   
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1.2 PRIMARY IMMUNODEFICIENCIES 
 

The malfunction of one or more constituents of the innate or adaptive immune system 

may, despite the large degree of overlapping functions and redundancy of individual 

factors, lead to a clinical immunodeficiency. Importantly, immunodeficiencies can 

manifest themselves not only through increased susceptibility to infectious diseases 

but also through increased frequency of malignant disease and, more intriguingly, 

autoimmunity. Immunodeficiencies have traditionally been classified as either 

primary, due to an unknown cause or congenital genetic defect, or secondary, due to 

exposition to an immunosuppressive agent in the form infections, drugs, radiation or 

other. The advent of the HIV epidemic in the 1980’s suddenly made 

immunodeficiency a major contributor to human mortality and morbidity, and HIV 

and other secondary forms of immunodeficiencies, including iatrogenic variants, 

continue to rise in prevalence. However, there has also been a significant development 

in the smaller field of primary immunodeficiencies in later years, identifying yet more 

causes of immunodeficiencies and exploring them and previously described 

immunodeficiencies on the molecular level. The study of these syndromes may cast 

light also over more frequently occurring diseases. 

Primary immunodeficiencies can be caused by defects in both the innate and 

adaptive immune system, and so far over 150 different deficiencies have been 

described (32)(Table II). They span over a vast clinical spectrum with many of the 

most severe forms related to T-cell defects, while other forms seem to have little or no 

certain clinical consequence. Some primary immunodeficiencies exhibit a classic 

autosomal recessive or X-linked genetic inheritance, but in many forms the genetic 

cause is complex and probably also influenced by as of yet unknown environmental 

factors. Humoral immunodeficiencies, either through isolated B-cell defects or as a 

result of T-cell defects, constitute the majority of cases.  
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Localization of 
deficiency 

Subgroup Name Inheritance Clinical 
severity 

C2-deficiency Autosomal 
recessive 

++ Innate Complement 

MBL-deficiency Complex, 
autosomal 
recessive 

-(?) 

Phagocytes Chronic granulomatous 
disease 

Complex, X-
linked 

++ 

Severe combined 
immunodeficiency 
(SCID) 

Different 
genetic causes, 
most X-linked 

+++ Adaptive T-cells 

MHC I deficiency Autosomal 
recessive 

+ 

MHC II deficiency Autosomal 
recessive 

+++ 

IgA deficiency Autosomal 
recessive 

+ B-cells 

Hyper IgM syndrome Complex, most 
X-linked 

++ 

Brutons/X-linked 
agammaglobulinemia 
(XLA) 

X-linked ++ 

Common variable 
immunodeficiency 

Complex ++ 

 
Table II. Selection of primary immunodeficiencies. Immunodeficiencies can affect almost any 

constituent of the immune system, some are asymptomatic while others are severe and fatal. 

 

1.2.1 Common variable immunodeficiency 
Diagnosis

Hypogammaglobulinemia can occur secondary to other immunological or non-

immunological diseases but the hallmark of CVID is the absence of IgG-antibodies 

not related to any other known disease. The many causes of hypogammaglobulinemia 

makes the definition and diagnosis of CVID a matter of exclusion, and this is 

furthermore complicated by the heterogeneous nature of both clinical symptoms and 

etiology in CVID. The WHO expert group on primary immunodeficiencies, the IUIS 

(International Union of Immunological Societies) scientific committee, has defined 

the diagnosis of CVID as being defective antibody formation with decreased serum 

levels (>2 SD) of IgG, IgA and/or IgM, together with exclusion of other forms of 

hypogammaglobulinemia, most notably the Hyper IgM syndrome and Brutons 

agammaglobulinemia (X-linked agammaglobulinemia, XLA)(33). Others use a 

stricter definition, further requiring age at onset of symptoms to be over 2 years and 

poor antibody responses (i.e. absence of isohemagglutinins or poor response to 

vaccines)(34).  
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Epidemiology and etiology 

CVID is the most prevalent primary immunodeficiency with an estimated prevalence 

of 1:50 000 to 1:200 000 (32) and with an equal sex distribution. The disease usually 

manifests itself in the third decade although there is a wide range of age at debut 

(35;36), with diagnosis typically delayed by several years. CVID is associated with 

significantly increased mortality, even if survival data seem to be improving (36). No 

clear pattern of inheritance has been established in CVID and most cases seem to be 

of a sporadic nature, even if the disease has been seen to cluster in some families. In 

recent years, four genetic defects affecting co-stimulatory molecules in B and T cells 

(ICOS, CD19, BAFF-R, TACI) leading to CVID have been identified on a molecular 

level. These genetic defects only accounts for a fraction of all cases and each will be 

discussed in more detail later. However, it is noteworthy that all defects concern co-

stimulatory molecules illustrating the role of co-stimulation in the immune response. 

Other possible etiological agents include infections and certain medications although 

there is no proven association between these factors and CVID.  

Clinical features 

CVID patients can present a variety of symptoms from different organ systems 

(Figure 4). Recurrent sino-pulmonary infections are the most common clinical 

manifestation of CVID, affecting nearly all patients (35). These infections may be 

complicated by the development of chronic sinusitis, chronic otitis and bronchiectasis. 

Bronchiectasis represent the most common pulmonary complication, affecting >25% 

of patients, and it is associated with increased mortality (36). Common pathogens are 

encapsulated bacteria like H.influenzae and S. pneumoniae highlighting the 

importance of opsonizing by IgG in the defense against these bacteria. However, 

patients are also prone to infections with atypical bacteria like Mycoplasma spp (32). 

Gastrointestinal infections by Salmonella, Campylobacter and Giardia are over-

represented in the CVID population as well as enteroviral infections. The CVID 

population shares many of these pathogens with XLA patients pointing to the 

protective role for IgG in immune defense against them. In contrast, while CVID 

patients are prone to severe Herpes Zoster infection this is rarely seen in XLA, 

possibly reflecting the more profound immune deficiency seen in some CVID 
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patients. The aggressive course of Hepatitis C infection in CVID patients as compared 

to XLA further underscores this difference (37). 

Malignant diseases, both solid and non-solid tumors, affect a disproportionate 

part of the CVID population, most strikingly Non-Hodgkin lymphomas affecting 

approximately 3-7 % of patients but there is also an increased risk of gastric 

carcinomas (35;36). 

 

 
 
Figure 4. Organ systems involved in the pathogenesis of CVID. Left; healthy organs. Right; organ-

system involvement. By permission from (32).  
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CVID is characterized by a high frequency of autoimmune features, in 

particular idiopathic thrombocytopenia and autoimmune haemolytic anemia (6-7% 

and 4-5% of patients, respectively), which in some cases mark the debut of the disease 

(35;36). Other autoimmune features include pernicious anemia, atrophic gastritis, 

autoimmune thyroiditis and rheumatoid arthritis. Furthermore, villous atrophy and 

anti IgA antibodies is seen in a number of patients, and non-infectious chronic 

diarrhea is a common problem. 

Benign lymphoid hyperplasia is seen in many patients with splenomegaly 

being the far most common manifestation (30-40% of patients)(36;38;39). However, 

nodular intestinal lymphoid hyperplasia is also present. The etiology of lymphoid 

hyperplasia in CVID is unknown, and possible causes would include chronic infection 

with low-virulent pathogens. On the other hand, CVID patients have an increased risk 

of developing lymphomas and lymphoid hyperplasia could thus also be seen as a 

feature related to intrinsic lymphocyte defects. Furthermore, non-caseating 

granulomas are also seen in lungs, spleen and the gastrointestinal tract independently 

of lymphoid hyperplasia (32;40). These granulomas represent a probably under-

reported complication of CVID as it rarely gives symptoms and only can be 

diagnosed through biopsy of the affected organ. They are suggestive of a classic 

chronic infectious focus but no pathogen has so far been isolated, raising the 

possibility of an autoimmune focus. In any case, the granulomas could be seen as the 

result of failure of feedback mechanisms normally constraining lymphocyte 

proliferation. 

 The heterogeneous clinical picture of CVID reflects not only the various 

defects behind the hypogammaglobulinemia, but also the profound perturbation of the 

immune system some of these separate defects may lead to.     

Immunological features – general consideration 

The fact that many CVID patients have B cells with appropriate response to 

stimulation in vitro demonstrate that while the hypogammaglobulinemia per se affects 

the adaptive immune system, other defects in the closely interacting chain of events 

leading up to an appropriate antibody response may cause CVID (41). The search for 

these defects are complicated, not least due to the fact that any defect causing 

hypogammaglobulinemia as well as the hypogammaglobulinemia itself, can affect 

other parts of the immune system, making the distinction between primary and 
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secondary changes to the immune system in CVID difficult. However, in general, 

CVID is characterized by features of systemic inflammation, including raised 

circulatory levels of inflammatory cytokines and markers of oxidative stress (42-45). 

 

Features of innate immunology

The essential function of the innate immune response is to remove intruding agents 

and if this fails, to activate the adaptive immune response through presentation of 

antigens to T cells. In CVID, innate immunity may be of particular importance to 

clear as many pathogens as possible through responses independent of the adaptive 

immune system. Furthermore, the processing and presentation of antigens by the 

innate response affects both magnitude and specificity of the adaptive response. 

Dendritic cells are the most potent of antigen-presenting cells and both quantitative 

and qualitative abnormalities have been seen in CVID. CVID patients are 

characterized by low levels of dendritic cells, both within the myeloid and 

plasmacytoid subset (46-48), stimulating TH1 and TH2 responses, respectively. As 

mentioned earlier, activation of TH1 effector cells lead to a cellular immune response 

while a TH2 response would cause a predominantly humoral response. Thus, the 

antibody deficiency of CVID could stem from an imbalance in the regulation of these 

two responses. There are data supporting an upregulation of the TH1 response in 

CVID through increased serum levels of IL-12, as well as enhancement of the IL-

12/IFN-� cytokine loop in monocytes and T cells (47;49;50). Dendritic cells from 

CVID patients however, produce low levels of IL-12 as compared to controls (51;52). 

Dendritic cells from CVID patients furthermore show immature characteristics with 

deficient presentation of receptors relevant for T-cell stimulation (51;53). 

Interestingly, impaired differentiation of dendritic cells in CVID has been associated 

with low levels of circulating antibodies (54).  

While there is no quantitative change of monocytes in CVID, patients have 

activated monocytes as reflected by increased serum levels of neopterin as well as 

enhanced generation of reactive oxygen species and spontaneous TNF-� release 

(43;45;55). Interestingly, while these monocytes are activated in vivo their response to 

stimulation in vitro seem hampered, suggesting this inappropriate activation is 

combined with a failure of adequate response to stimuli (45).   

There are some studies of single complement components in CVID, but no 

systematic study of complement deficiency and CVD has been reported (56;57). This 
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paucity of studies also applies to other constituents of the innate immune system 

which represents novel and interesting approaches to a disease defined by failure of 

the adaptive immune response.    

 

Features of adaptive immunology  – T cells  

Various T-cell abnormalities in CVID have been reported for many years including 

low expression of the co-stimulatory molecule CD40 ligand which is essential for B-

cell activation. However, the discovery of ICOS-deficiency as a cause for CVID was 

a breakthrough (58). It established that T-cell defects could be a cause for CVID and 

it was the first genetic defect shown to cause CVID. ICOS is expressed mainly on 

activated T cells and is activated by ICOS-ligand expressed on B cells and antigen-

presenting cells releases. The activation of ICOS leads to the secretion of several 

important cytokines from the T-cell, but it seems to be pivotal for the secretion of IL-

10 and expression of CXCR5 (59). While the expression of CXCR5 is essential for 

the co-localization of B and T cells in the lymph node, IL-10 is needed for the 

terminal differentiation of B cells. Thus, ICOS deficiency attenuates the stimulatory 

interaction between otherwise normal B and T cells. ICOS-deficiency is an autosomal 

recessive genetic defect and so far nine patients have been described (32). The effects 

of the ICOS deficiency parallels that of the low expression of the co-stimulatory 

molecule CD40 ligand previously described in T cells from some CVID patients (60). 

Phenotypically, the T-cell population in CVID has a decreased CD4/CD8 

ratio, as well decreased proportions of CCR7+ + and CD45RA  T cells characterizing a 

shift from a naïve towards an inflammatory T-cell phenotype (61-66). Other features 

include attenuated proliferative response to mitogens in vitro, as well as increased 

proportions of apoptotic markers (35;67). T cells from CVID patients further fail to 

show antigenic specificity after vaccination (68). Thymic output of naïve lymphocytes 

is reduced while peripheral proliferation of both CD4+ + and CD8  T cells are increased 

(67;69).The cytokine profile in stimulated T cells from CVID patients reveal an 

increase in the levels of IFN-� and a decrease in IL-10 (67;70), and growing insights 

into T-cell relevant cytokine networks makes this an interesting area of research. 

Furthermore, advances in the area of regulatory processes may be of potential 

relevance to T-cell mediated inflammation in CVID. 
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Features of adaptive immunology – B cells  

As noted, many CVID patients seem to have normal B-cell function in vitro, and only 

a minority of patients has B-cell lymphopenia. However, both phenotypic and 

functional abnormalities have been observed in the B-cell population of CVID 

patients, some being causative of the disease.  

While the B-cell lymphopenia in some patients suggests a defect in early B-

cell differentiation, other CVID patients are characterized by low numbers of 

CD27+IgD- switched memory B cells pointing to a defective terminal differentiation, 

possibly by failure of germinal centre development (39;71;72). TLR9 is an 

intracellular receptor that is a potent inducer of converting B cells to plasma cells. The 

ligation of CpG-DNA to TLR9 leads to proliferation and differentiation of B cells 

from healthy controls. In contrast, CVID patients show a quantitative and functional 

TLR9 defect not only in B cells but also in plasmacytoid dendritic cells (73).  

The identification of the T-cell associated ICOS-deficiency as causative to 

CVID has been followed by the identification of several B-cell associated genetic 

defects leading to CVID. CD19 is used as a marker of B cells and is, in complex with 

other proteins and the B-cell receptor, essential for B-cell activation. There are now 

three CD19 mutations identified (74;75). Mutations have also been found in the 

APRIL-BAFF network which is essential for B-cell development and survival 

(59;76). B-cell activating factor receptor (BAFF-R)(TNFRSF13C) is expressed on 

naïve circulating B cells while Transmembrane activator and calcium-modulating 

cyklophilin ligand interactor (TACI)(TNFRSF13B) is expressed in germinal center B 

cells. The TACI mutation is the most prevalent, possibly affecting up to 10% of 

patients, but there is no clear association to a particular clinical phenotype (77;78). 

The involvement of the APRIL-BAFF network in CVID is further suggested through 

enhanced levels of the ligands to BAFF-R and TACI, namely APRIL and BAFF (79). 

 

Classification

The heterogeneous nature of CVID has prompted several attempts to classify patients 

according to clinical or immunological criteria (36;39;41). The main challenge of 

classifying CVID is the relative weak association between immunological, clinical 

and genetic features, not least highlighted in the heterogeneous clinical picture of the 

CVID patients with the TACI-defect (78). As previously noted, some CVID patients 

are characterised by low numbers of isotype switched memory B-cells and in later 
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years several groups have proposed classifying patients according to this B-cell 

phenotype, most recently in the EUROCLASS trial (39). However, the clinical value 

of this classification is uncertain (36), and no consensus in classification of CVID has 

yet been reached. 

 In articles focusing on inflammatory characteristics in CVID we have 

previously described a subgroup of patients (CVIDHyper) with chronic inflammation in 

vivo as reflected by splenomegaly and increased serum levels of the monocyte 

activation marker neopterin (42;43;55). This subgroup of patients, in contrast to the 

other patients classified as CVIDNorm, shows a consistent pattern of raised 

inflammatory markers and allows for a relatively robust classification of CVID 

patients. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 33



2. PURPOSE OF THE STUDY 
To explore the possible contribution of innate, inflammatory and regulatory immune 

mechanisms in the pathogenesis of CVID. 
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3. SUMMARY OF RESULTS 

 

3.1 PAPER I; COMMON VARIABLE IMMUNODEFICIENCY AND 

THE COMPLEMENT SYSTEM; LOW MANNOSE BINDING LECTIN 

LEVELS ARE ASSOCIATED WITH BRONCHIECTASIS 

 
The objective of this study was to evaluate mannose-binding lectin (MBL) and the 

complement system in relation to clinical and immunological parameters in patients 

with common variable immunodeficiency. Circulating levels of MBL, complement 

components, complement activation products and functional capacity of complement 

pathways were correlated to clinical features in CVID patients and compared with 

healthy controls.  The main findings were;  

� The patients had signs of increased complement activation significantly 

associated with signs of an inflammatory phenotype. 

� There was no evidence of deficiencies of the classical and alternative 

complement pathways in the patient group.  

� The prevalence of lectin pathway deficiency was the same in patients and 

controls, but patients with increased frequency of lower respiratory tract 

infections or bronchiectasis had lower capacity of the lectin pathway than 

patients without these features. 

� The serum concentration of MBL was inversely correlated with the frequency 

of lower respiratory tract infections and bronchiectasis.  

Conclusion; Patients with common variable immunodeficiency do not have increased 

frequency of complement deficiencies but signs of increased complement activation 

associated with an inflammatory phenotype. MBL and the lectin complement pathway 

may contribute to protection against lower respiratory tract infections in patients with 

common variable immunodeficiency. 
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3.2 PAPER II; ENHANCED LEVELS OF UROKINASE 

PLASMINOGEN ACTIVATOR AND ITS SOLUBLE RECEPTOR IN 

COMMON VARIABLE IMMUNODEFICIENCY 

 

The urokinase plasminogen activator (uPA), its cell bound and soluble receptor 

(uPAR, suPAR) have complex biological functions involving innate immune defense 

mechanisms and regulation of inflammation. Based on this dual role, we hypothesized 

that the uPA system could be affected in CVID, and examined expression of 

components of the uPA system in subgroups of CVID. Circulating levels of uPA and 

suPAR were correlated to clinical features in CVID patients and compared with 

healthy controls.  Monocytes from CVID patients were analysed for uPAR expression 

by means of flowcytometry. The main findings were: 

� All CVID-patients had increased plasma levels of suPAR with particularly 

high levels in those with splenomegaly and thrombocytopenia.  

� Plasma uPA levels were also raised in patients with splenomegaly and 

thrombocytopenia. 

� suPAR and uPA levels correlated with circulating levels of the monocyte 

activation marker neopterin.  

� Monocytes from CVID patients had increased expression of uPAR.  

Conclusion; We show an inappropriate activation of the uPA system possibly 

contributing to the inflammatory phenotype seen in subgroups of CVID patients. 
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3.3 PAPER III; CHEMOKINES AND COMMON VARIABLE 

IMMUNODEFICIENCY; POSSIBLE CONTRIBUTION OF THE 

FRACTALKINE SYSTEM (CX3CL1/CX3CR1) TO CHRONIC 

INFLAMMATION  

The chemokine fractalkine (CX3CL1) and its receptor CX3CR1 is suggested to play 

an important role in the pathogenesis of several inflammatory disorders. We 

hypothesized that enhanced CX3CL1/CX3CR1 interaction could be involved in the 

chronic inflammation characterising subgroups of CVID. Circulating levels of 

CX3CL1 were correlated to clinical features in CVID patients and compared with 

healthy controls.  T cells from CVID patients and controls were analysed for 

expression of CX3CR1 by means of real time RT-PCR and flowcytometry. Peripheral 

blood mononuclear cells from patients and controls were stimulated with CX3CL1. 

The main findings were: 

� CVID patients were characterized by raised plasma levels of CX3CLl and 

enhanced expression of its corresponding receptor CX3CR1 on CD4+ and 

CD8+ T cells, including both CD45RA+ and CD45RA- subsets.  

� CX3CR1 expression was particularly enhanced in patients characterized 

by chronic inflammation in vivo.  

� High expression of CX3CR1 in CVID patients was accompanied by 

enhanced chemotactic, adhesive, and other inflammatory cell responses to 

stimulation with CX3CL1.  

Conclusion; We demonstrate increased levels of CX3CL1 and CX3CR1 in CVID and 

suggest that increased CX3CL1/CX3CR1 interaction may contribute to the 

inflammatory phenotype seen in subgroups of CVID patients. 
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3.4 PAPER IV; CHEMOKINES AND COMMON VARIABLE 

IMMUNODEFICIENCY; POSSIBLE CONTRIBUTION OF CCL19, 

CCL21 AND CCR7 TO IMMUNE DYSREGULATION  
The homeostatic chemokines CCL19 and CCL21 and their corresponding receptor 

CCR7 have recently been associated with modulation of inflammatory and anti-

inflammatory responses. Previous reports have demonstrated decreased proportions of 

CCR7+ T-cells in CVID and in this study we investigated quantitative and functional 

aspects of CCL19, CCL21 and CCR7 in CVID patients. The main findings were: 

� CVID patients had raised serum levels of CCL19 and CCL21 independent of 

features of chronic inflammation.  

� CCL19 and CCR7 was similarly expressed in spleens from CVID patients and 

controls, while CCL21 was variably down-regulated in spleens from patients.  

� T-cell expression of CCR7 was particularly low in patients characterized by 

chronic inflammation.  

� PBMC from CVID patients had attenuated cytokine responses to stimulation 

with CCL19 and CCL21  

Conclusion; We demonstrate enhanced expression of CCL19 and CCL21, and an 

attenuated cytokine response to stimulation with these chemokines. CCR7, CCL19 

and CCL21 are key mediators balancing immunity and tolerance; abnormalities of 

these mediators might contribute to the profound immune dysregulation seen in 

CVID.  
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3.5 PAPER V; LOW NUMBERS OF REGULATORY T CELLS IN 

COMMON VARIABLE IMMUNODEFICIENCY; ASSOCIATION 

WITH CHRONIC INFLAMMATION IN VIVO 

Abnormalities of CD4+CD25High +FoxP3  regulatory T cells (TReg) have been associated 

with autoimmune and inflammatory disorders, and we hypothesized that CVID might 

be characterized by T  abnormalities. CD3+
Reg  cells from patients and controls were 

analysed for the expression of FoxP3 mRNA by real time RT-PCR. Peripheral blood 

mononuclear cells from CVID patients and controls were stained for TReg markers, 

analysed by flow cytometry and compared to clinical characteristics. The main 

findings were;  

� CVID patients had significantly decreased expression of FoxP3 mRNA and 

decreased proportions of CD4+ High +CD25 FoxP3  cells compared to controls.  

� CVID patients with splenomegaly had lower proportions of TReg compared 

than other patients and controls. 

� Serum levels of the inflammatory marker neopterin were negatively correlated 

to the proportions of TReg within the CVID population, while there was no 

significant association with bronchiectasis.  

Conclusion; We demonstrate decreased proportions of TReg in CVID patients, 

particularly in those with signs of an inflammatory phenotype. Decreased proportions 

of TReg are suggested to be pathogenetically important in autoimmunity, and our 

results suggest that T  may have a similar role in CVID. Reg
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4. DISCUSSION 
 
4.1 METHODOLOGICAL CONSIDERATIONS 
 
Selection of patients 

The patients included in the studies of this thesis were recruited from  Section of 

Clinical Immunology and Infectious Diseases at Rikshospitalet University Hospital, 

Oslo, Norway. Informed consent to blood sampling was obtained from all subjects, 

and the project has been approved by the regional ethical committee. 

Patients included in the study were diagnosed with CVID according to the 

criteria of the World Health Organization expert group for primary 

immunodeficiencies, which includes patients with decreased serum levels of IgG, IgA 

and/or IgM, confirmed in repeated samples with no other specific cause of 

hypogammaglobulinemia (33). While patients furthermore had onset of symptoms 

after 2 years of age, in accordance with the stricter definition of CVID as 

recommended by ESID, data on antibody responses are incomplete. Similar modified 

criteria have also been used in two recent European studies (36;39) . The estimated 

onset of symptoms, especially the increased frequency of infections which is the main 

debut symptom, is often difficult to assess in retrospect. A more precise estimate is 

possible in the few patients presenting with ITP or hemolytic anemia. 

Patients with XLA, Hyper IgM-syndrome and X-linked lymphoproliferative 

disease were excluded based on current criteria (33). Our centre performs testing for 

the Btk-gene, which is mutated in XLA, in male patients with 

hypogammaglobulinemia based on clinical suspicion of XLA, i.e. low B-cell count 

and suspected debut of disease in early childhood.  

Interpretation of data from CVID patients merits a note of warning; “variable” 

is the key word to both clinical and scientific evaluation of these patients, and this 

means that observed differences between the CVID patients and healthy controls 

often relates to a subgroup of patients. We have performed B-cell phenotyping 

according to the EUROCLASS study on 20 patients for manuscript nos 3, 4 and 5 but 

found no certain association between B-cell phenotype and relevant markers in these 

studies (39). In manuscript 4 and 5 patients were classified as CVIDHyper if they had 

splenomegaly (>13 cm on ultrasonographic or CT scan examination) and serum 

neopterin levels greater than the mean + 4 SD of healthy controls (11.5 nmol/l). 
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Bronchiectasis were defined based on typical findings on high-resolution computed 

tomography of the thorax (80;81).The definition of autoimmune disease included 

idiopathic thrombocytopenic purpura, autoimmune thyroiditis, haemolytic anaemia 

and autoimmune colitis. 

  CVID patients are prone to bacterial infections and subsequent antibiotic 

treatment which may influence measurement of inflammatory markers. However, 

patients recruited had no clinically apparent infection at the time of sampling and did 

not receive acute or prophylactic treatment with antibiotics. The anti-inflammatory 

effect of IVIG is well known, and to minimize this effect in our studies, patients who 

received IVIG substitution, typically with an interval of 3-4 weeks, were sampled 

immediately before IVIG administration. Furthermore, data were compared between 

patients on IVIG and SCIG where concern was raised regarding the effect of IVIG. 

Auto-immune manifestations in CVID patients sometimes require treatment with anti-

inflammatory drugs, most notably corticosteroids. Patients recruited in our study did 

not receive corticosteroids or other anti-inflammatory treatment.  

Known genetic causes of CVID include mutations in ICOS, BAFF-R, CD19 

and TACI. While mutations of ICOS, BAFF-R and CD19 has been shown in 9, 1 and 

4 CVID patients, respectively, defects in TACI is more frequent and homo- or 

heterozygote mutations has been described in close to 60 patients so far (77). Our 

patients have not been tested for known genetic causes of CVID, but the relatively 

low frequency of mutations suggests any specific finding in our studies would lack 

statistic power to lead to any reasonable conclusions. 

 

Laboratory methods 

Laboratory methods and reagents used in this thesis are thoroughly described in 

papers I-V, and most will not be further discussed here. However, some of the 

methods merit general consideration. 

All laboratory methods used required blood sampling and preparation from 

patients and controls. Samples may be exposed to both ex vivo 

activation/apoptosis/necrosis of cells or degradation of proteins, even if standard 

laboratory procedures as described in the manuscripts are used. Importantly, samples 

from patients and controls were analyzed at the same laboratory by the same protocol, 

minimizing any systematic effect of such effects. For flowcytometry of cryopreserved 

cells, necrotic cells were excluded from analyses by propidium iodide staining.  

 41



Protein levels in serum, plasma and cell culture supernatants were analysed by 

commercially available enzyme-linked immunosorbent assays (ELISA). Although this 

is a well-proven and much used laboratory method it is worth noting that specificity 

of reagents varies between manufacturers and also in assays from the same 

manufacturer. Addressing this, all analyses of a specific protein were run on kits from 

the same manufacturer. Furthermore, samples for comparison, i.e. samples from 

patients and controls or samples from unstimulated and stimulated cell cultures, were 

run on the same microtiter plate. 

Expression of extra- and intracellular proteins were assessed by flow 

cytometry. This is in general a reliable and specific method for quantification of 

protein expression although it depends on the nature of the protein expression. 

Proteins expressed in a categorical manner, like the phenotypic markers CD4 and 

CD8, are generally easier to evaluate than proteins expressed in a continuous manner, 

like the activation marker CD25. The specificity of antibodies, which can vary 

between individuals and also between different subsets of cells in the same individual, 

is at the centre of this discussion. The use of unspecific antibodies of the same isotype 

as the specific antibody, the so called isotype controls, seeks to assess the degree of 

unspecific binding in each assay and has been used extensively in our studies here. 

Unspecific isotypes can either be used to establish a threshold for gating of 

specifically stained cells, or to calculate the mean fluorescence intensity (MFI) of a 

specific antibody in a cell population. While gating of positive cells is preferable with 

categorically expressed markers, the calculation of MFI is preferable with 

continuously expressed markers. In our studies, both methods were used as 

appropriate (e.g. gating of positive cells and calculation of MFI in fractalkine and 

suPAR manuscripts, respectively).   

In vitro cell cultures were used to study functional capacity of stimulation with 

specific proteins on cells from patients and controls. These functional responses were 

assessed by measurement of secreted cytokines in the supernatant. As for ELISA 

assays, samples for comparison were run on the same microtiter plate to minimize 

effect of inter-assay variation. Some proteins have weak stimulatory effect when 

given alone to cells in vitro, while interesting effects are revealed when the protein is 

given as an adjuvant to cells sub-optimally stimulated with other stimulants. Such co-

stimulatory conditions are clearly relevant of the in vivo situation where various cells 

are simultaneously exposed to a wide variety of stimulants. In our studies, we have 
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used the mitogen phytohemagglutinin (PHA) in sub-optimal doses as determined by 

preliminary assays on healthy controls (sub-optimal concentration 22.5 ng/ml). 

Notably, CVID patients have qualitatively and quantitatively different responses to 

stimulation with mitogens like PHA in vitro, notably decreased proliferative response 

(35). Thus, the sub-optimal dose of PHA in a CVID patient may differ from that of a 

healthy control, influencing the response to adjuvants. As the cytokine levels in cell 

culture supernatants from PHA stimulation in CVID patients differed in some degree 

from that of controls, a confounding effect on the response to adjuvants cannot be 

excluded. However, titrating the sub-optimal PHA response for both patients and 

controls to apply different doses of PHA to these two groups would cause a 

problematic methodological inconsistency.  Future studies should also examine the 

effect of other co-stimulants with relevance to CVID such as bacterial products and 

other cytokines. 

 

Statistical methods 

In line with the heterogeneous nature of CVID, most of the data analyzed in this thesis 

do not have a normal distribution and non-parametric methods of statistics have 

therefore been used. Non-parametric statistics are less influenced by outliers as found 

in heterogeneous data, but the use of ranks instead of absolute values and the impact 

of n analyzed on the p-value are a limitation. When reporting non-parametric data, it 

is customary to report median and a non-parametric measure of variability, such as 

25th to 75th percentiles. However, to improve readability in the highly condensed 

format required by medical journals, data are presented as mean ± SEM in some 

figures. 

  

4.2 DISCUSSION OF RESULTS 

4.2.1 Innate immune mechanisms in CVID 
 

Innate immunity can contribute to CVID pathogenetically through inept innate 

responses and subsequent inappropriate antigen-presentation, as suggested through 

immaturity of dendritic cells in CVID. The failure of the adaptive immune system in 

CVID can also make patients reliant on phylogenetically older and more primitive 
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immune responses, putting a strain on these and theoretically lead to either failure or 

compensatory enhancement of these mechanisms.   

MBL deficiency has been associated with respiratory infections in children 

although later studies have either have shown a weaker association than previously 

reported or no association at all (14;15;82-84). In an adult population low MBL levels 

do not seem to increase mortality or the occurrence of infectious disease, although 

conflicting data exist also here (16;85). However, low MBL levels have been 

associated with a poor prognosis in cystic fibrosis and also in immunocompromised 

hosts (86-88). The widespread existence of MBL deficiency suggest that MBL is of 

minor importance from an evolutionary point of view, and Turner et al. have proposed 

that pathology arising from MBL deficiency may require one or more co-existing 

immune deficits (89).  

The complement system, including the MBL pathway, has an important role in 

the innate immune response and dysregulation of this system may contribute to both 

susceptibility to infections and increased frequency of autoimmune and inflammatory 

manifestations in CVID. Indeed, Andersen et al. reported an association between 

structural mutations of the mbl2 gene and increased frequency of severe respiratory 

tract infections in CVID, and others have reported an association between low 

producing MBL alleles and earlier age of disease onset and autoimmunity in CVID 

(90;91).  

The study presented in paper I did not show increased prevalence of low MBL 

levels or lectin pathway deficiency in CVID patients compared to controls. This is 

consistent with the finding of Mullighan et al. in a study of 160 CVID patients in the 

UK (91). However, individuals with lectin pathway deficiency have a putative 

abnormal MBL synthesis and this may mask relevant differences in functional 

capacity of the lectin pathway and serum concentration of MBL between patients and 

controls with a normal synthesis of the protein (92;93). Thus, excluding subjects with 

lectin pathway deficiency, focusing on patients and controls with a normal MBL 

synthesis, functional capacity of the lectin pathway and MBL levels were significantly 

higher among CVID patients than controls. MBL has been considered a weak acute 

phase reactant, but although CRP levels were also raised among CVID patients, they 

did not correlate to MBL levels, suggesting at least partly different mechanisms of 

regulation.  Moreover, the patients in the present study had no obvious acute infection 

at the time of sampling and the stable MBL levels found during longitudinal testing 
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makes an elevation caused by intercurrent acute inflammation improbable. Elevated 

levels of MBL have also been reported in studies of chronic diseases such as cystic 

fibrosis, HIV infection and rheumatic heart disease (94-96). Little is known of factors 

regulating MBL beyond polymorphisms in the promoter regions and mutations in the 

MBL gene, and the reason for elevated levels of MBL and the possible clinical 

correlates in these chronic diseases remain largely unexplained.  

The major finding presented in paper I was a strong inverse correlation 

between MBL levels as well as functional capacity of the lectin pathway and the 

frequency of lower respiratory tract infection and bronchiectasis in the CVID group. 

In the before mentioned study by Andersen et al there was an association between 

structural mutations of the mbl2 gene and increased frequency of severe respiratory 

tract infections in CVID (90). In our study we extended these findings in several 

ways. While most studies, including the study by Andersen et al, have focused on 

MBL deficiency as defined by the presence of mutations in the MBL gene, we show a 

more continuous association between serum concentrations of MBL and lower 

respiratory tract infection and bronchiectasis. In fact, patients with MBL levels below 

500 ng/ml had increased frequency of lower respiratory tract infection and 

bronchiectasis, while patients with MBL levels above 4000 ng/ml had reduced 

frequency of these respiratory complications. Thus, it seems that while low MBL 

levels may predispose to lower respiratory tract infection and bronchiectasis in CVID, 

high MBL levels may protect against these complications in CVID. MBL can bind to 

a variety of bacteria and other microbes as well as their potentially toxic components, 

neutralizing them and/or opsonizing them by activating complement through the 

lectin pathway (97). It has furthermore been isolated in physiologically active levels 

in alveolar fluid from children with lower respiratory tract infection, suggesting that 

MBL is operating in the pulmonary microenvironment, giving some protection 

against the development of respiratory tract complications including bronchiectasis 

(98). Even though no data exist comparing MBL levels in alveolar fluid to MBL 

levels in the circulation, a mutated MBL gene would quite possibly lead to lower 

alveolar levels of MBL. Thus, MBL levels in CVID patients could contribute to 

airway complications, supporting, together with other studies, the principle proposed 

by Turner. Our finding of correlation between MBL levels and pulmonary 

complications in CVID has since been confirmed in another study (99). 
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There is a close correlation between the different MBL alleles and serum 

concentrations of MBL, but there is also a wide range of serum concentrations within 

each allele and a significant overlap of serum concentrations between these alleles 

(11-13). A mapping of MBL alleles could potentially help to identify MBL deficient 

subjects and was done in the study of Litzman showing increased frequency of 

respiratory complications to both genetically and biochemically assessed MBL-

deficiency (99). Importantly, genetic studies will not discriminate between normal 

MBL allele individuals with intermediate and high serum levels of MBL. Our study 

suggests that such discrimination may be clinically relevant as the various effects of 

MBL may be dose-dependent.  

Our findings indicating a protective effect of particularly high MBL levels 

may also suggest a therapeutic potential for MBL infusions as tested in small 

experimental studies (100). Furthermore, the identification of MBL in alveolar fluid 

in lower respiratory tract infection suggest the therapeutic potential of local, rather 

than systemic, administration of MBL in lower RTI, perhaps even in supra-

physiological doses. 

There are a few reports, mostly case studies, on complement deficiencies in 

CVID and the possible contribution of defects in the classical and alternative 

pathways has been uncertain (56;57). However, in our systematic study of the 

complement system in CVID we did not find any significant deficiencies of the 

classical or alternative pathways. We did, however, find signs of complement 

activation and this will be discussed in the next chapter. 

As evident by the vascular changes in acute inflammation, circulation and 

circulatory components are interwoven with human immune responses. The uPA 

system has an ambiguous role in infectious diseases where it may be involved in both 

harmful and beneficial inflammatory mechanisms during host response. In murine 

knock-out models loss of uPA is associated with low recruitment of T cells, 

granulocytes and macrophages to inflammatory tissue, and enhanced risk of bacterial 

infections (101-105). Furthermore, the uPA system is an activator of neutrophil 

granulocytes, enabling microbe killing by superoxide mechanisms, and uPA itself is 

shown to act as an endogenous antibiotic (8;106;107). As for uPA, uPAR has been 

shown to be involved in various inflammatory processes in murine knock-out models, 

most notably in the defence against bacterial infections (108;109). In bacterial 

infections, murine models support a beneficial role of uPAR through recruitment of 
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neutrophil granulocytes to inflamed tissue, and while this is generally considered  

protective it has been suggested to be harmful during meningitis (108-110). In HIV 

infections, high levels of suPAR are associated with a poor prognosis (111). The role 

of the uPA system in these innate immune responses is of particular interest in CVID 

where, as we have suggested through paper I, the compromised adaptive immune 

response potentially makes patients reliant on innate mechanisms of immune defence. 

Thus, the innate properties of an activated uPA system may be beneficial in acute and 

chronic bacterial infections in CVID. In the study presented in paper II we found 

increased circulating levels of suPAR and uPA, as well as increased monocyte 

expression of uPAR, suggesting an activation of the uPA system in CVID. We saw no 

correlation of suPAR to features associated with recurrent or chronic bacterial 

infections, making the potential link between suPAR and innate infectious responses 

uncertain.  

Raised levels of MBL and the activation of the uPA system may both 

contribute to increased innate protection in patients with a failing adaptive immune 

response. Although much is unknown about the specific regulation of both MBL and 

the uPA-system, the potential consequence of their up-regulation makes it tempting to 

consider their up-regulation as representing some form of compensatory mechanism.  

 

4.2.2 Inflammatory mechanisms in CVID  
The inflammatory manifestations of CVID are clinically heterogeneous. All patients 

are subject to inflammation during intercurrent infections or autoimmune disease but 

some patients display immune activation even when no active infection or 

autoimmune disease has been detected suggesting an underlying inflammatory 

phenotype (42;45;55). The constitutive nature of this inflammation in CVID is 

supported by the contrast to patients with XLA, which despite their 

hypogammaglobulinemia and intercurrent infections fail to exhibit these 

inflammatory manifestations. In investigating these features of CVID, the exclusion 

of patients with current infections or autoimmune disease requiring anti-inflammatory 

treatment, like active ITP or arthritis, is of importance. The manifestations of this 

inflammatory phenotype are persistent and thus chronic, but of a different nature than 

chronic inflammation seen in a patient with e.g. a chronically infected pulmonary 

focus. We have used the term chronic inflammation in vivo to describe this phenotype 
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and it shares some characteristics with the para-inflammation suggested by 

Medzhitov; there is no classic chronic inflammatory focus but rather a systemic and 

persistent activation of the immune system (5). The characteristics of this 

inflammatory phenotype will be discussed here as well as in the next chapter of 

regulation of inflammation in CVID. 

Immunological characteristics of this inflammatory phenotype includes 

enhanced levels of markers consistent with persistent immune activation, in particular 

markers associated with monocyte activation (43;45;55). Furthermore, several studies 

have pointed towards a TH1 favored immune activation in CVID, based on increased 

serum levels of IL-12, as well as enhancement of the IL-12/IFN-� cytokine loop in 

monocytes and T cells (47;49;50). CVID is also characterized by relatively high 

levels of CCR7- + and CD4 CD45RA- T cells in peripheral blood, corresponding to a 

shift from a naïve lymph-node homing phenotype to an effector/memory tissue-

homing phenotype of T cells (62;64-66). Clinically, these patients are characterized 

by lymphoid hyperplasia, typically splenomegaly, and high frequency of autoimmune 

disease, in particular ITP. Thus, identifying patients with chronic inflammation in vivo 

we have classified patients based on serum levels of neopterin and presence of 

splenomegaly into the CVIDHyper group as has been accounted for previously. I will 

now consider the contribution of factors studied in this thesis on this inflammatory 

phenotype. 

 

Contribution of the complement system 

The complement system plays a central role in the host defence against microbes but 

enhanced complement activation may also induce tissue damage and inflammation. 

Accordingly, a dysregulated complement system has been associated both with 

increased susceptibility to infections and autoimmune diseases (9;10). In CVID, low 

producing MBL alleles has been associated with autoimmunity but in paper I we 

found no such association between low serum levels of MBL and autoimmunity 

within the CVID group (91). Interestingly, CVID patients had increased functional 

capacity in both the classical and alternative pathways compared to controls, with 

increased levels of complement split products (i.e., C3a, C4a and C5a).This 

complement activation, and in particular the release of inflammatory mediators such 

as C5a, could potentially contribute to inflammatory and autoimmune manifestations 

characterizing CVID. Indeed, we found an association between high levels of factor B 
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and splenomegaly, between high levels of factor B, C1q and C3 and granulomatous 

disease, and between high levels of C3a and idiopathic thrombocytopenia. These 

findings suggest that enhanced complement activation is another inflammatory 

characteristic of CVID patients.    

 

Contribution of the uPA system 

Enhanced uPA activation has been seen in inflammatory disorders such as rheumatoid 

arthritis, atherosclerosis and asthma (112-114). In humans, high levels of components 

of the uPA system, which include uPA, uPAR and suPAR, have been found in 

malignant, inflammatory and infectious diseases (115-119). In paper II we show 

increased plasma levels of suPAR in all CVID patients, with particularly high levels 

in subgroups with an inflammatory phenotype characterised by thrombocytopenia and 

splenomegaly. Levels of uPA followed the same pattern with significant enhancement 

in patients with splenomegaly and thrombocytopenia. Within the CVID population 

levels of both suPAR and uPA correlated to neopterin, which have been shown to 

covariate with suPAR in other studies(120;121). Moreover, monocytes from CVID 

patients had enhanced cellular expression of uPAR, further supporting a link between 

increased activity in the uPA system and monocyte activation in these patients.  

Indeed, activated monocytes are a probable candidate for suPAR production in CVID, 

with a possible contribution of enhanced uPA-mediated proteolytic activity in 

subgroups of patients (122;123). While our study found a strong association to 

monocyte activation we also found a down-regulation of uPAR in T cells from CVID 

patients. Lymphocytes are generally a poor reservoir for uPAR even if increased 

expression is seen on activation of T cells, and the observed down-regulation might 

reflect the phenotypic shift of T cells previously reported in CVID, including an 

altered CD4/CD8 cell ratio and low levels of naïve CD4+ cells (124;125). 

Nevertheless, in vitro studies and studies in animal models suggest a role for uPAR in 

T-cell activation promoting cell proliferation and release of cytokines, including T-

cell derived B-cell growth factors (126). The decreased expression of uPAR on T cells 

from these patients may potentially contribute to impaired T-cell function seen in 

subgroups of CVID patients, but the findings in paper II primarily supports a role for 

the uPA system in monocyte activation in CVID. 

 49



Contribution of the fractalkine system 

The high expression of chemokines is a characteristic feature of inflammation, and 

importantly their chemotactic effects are supplemented by their inflammatory effects, 

meaning chemokines will both direct and activate cells. The chemokine fractalkine, 

CX3CL1, and its receptor, CX3CR1, are associated with the pathogenesis of several 

inflammatory disorders such as glomerulonephritis, rheumatoid arthritis, systemic 

lupus erythematosus, atherosclerosis and HIV infection (127-135). We have 

previously observed that the gene for CX3CR1 is up-regulated in T cells in a group of 

CVID patients characterized by low T-cell proliferation in vitro, and in paper III we 

investigated more properties of the fractalkine system in CVID (64). Elevated levels 

of CX3CL1 in serum have been observed in various inflammatory conditions, and it 

has been suggested to reflect enhanced localized release from an inflamed and 

activated endothelium (130;131;133;134;136). We found raised levels of CX3CL1 in 

all CVID patients, while there was no elevation of vWF, a known marker of 

endothelial activity. The differential secretion of CX3CL1 and vWF from 

endothelium is documented in vitro, where CX3CL1 expression is induced by IFN-�, 

while expression of vWF is attenuated (137-139). Notably, increased IFN-� activation 

has been reported in CVID suggesting that a similar mechanism of selective activation 

of CX3CL1 may occur in CVID in vivo. Alternatively, CX3CL1 may be produced by 

extravascular cells as the chemokine is constitutively expressed in various tissues, 

among them skeletal muscle, colon and lung, and can be induced in several cell types 

including smooth muscle cells, dendritic cells and intestinal epithelium (127;140-

142).  

We confirmed our previous microarray experiments through showing 

increased CX3CR1 expression on T cells from CVID patients by means of flow 

cytometry and PCR, and interestingly, the receptor was most markedly expressed on 

T cells from the CVIDHyper subgroup. Normally, the receptor CX3CR1 is expressed on 

cells from the hematopoetic lineage, most notably in monocytes and cytotoxic 

lymphocytes such as NK-cells, �� T cells and CD8+ effector cells, but also to some 

extent in CD4+CD45RA- effector memory cells (129;143). While we did find 

relatively high levels of  both CD8+ cells and CD4+CD45RA- cells in the CVID 

population, this could not account for the increased expression of CX3CR1 in the 

CVID +
Hyper group as this was observed in CD4  and CD8+ cells, as well as CD45RA+ 

and CD45RA- cells. Thus, the increased expression of CX3CR1 in T cells from 
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CVIDHyper patients does not merely reflect a phenotypic shift of T cells in peripheral 

blood of these patients. Importantly, it seems that CX3CL1 induce inflammatory 

responses in PBMC from CVIDHyper patients, suggesting that the increased expression 

of CX3CR1 in cells from these patients may affect their functional responses. Thus, 

increased serum levels of CX3CL1 as well as enhanced T-cell expression of CX3CR1 

in CVIDHyper patients may contribute to the inflammatory phenotype seen in these 

patients. In contrast, while CX3CR1 is involved in monocyte survival and function, 

we found no differential regulation of the receptor in monocytes from CVID patients 

(144). 

Previous studies have shown pro-inflammatory effects of CX3CL1 associated 

with a TH1 response (145;146). As CX3CR1 has been localized in polarized TH1 cells 

and CX3CL1 expression in endothelial cells is induced by CD40L and IFN-�, the 

CX3CL1/CX3CR1 system has been suggested to be part of an amplification circuit of 

a TH1 response (146;147). The upregulation of the CX3CL1/CX3CR1 system 

demonstrated in paper III may therefore also reflect an amplification and polarization 

of the previously suggested TH1 skewed response in CVID (47).  

We have previously shown extensive T-cell abnormalities in CVID, ranging 

from increased cytotoxic activity to alteration of adhesion processes and our findings 

presented in paper III supports the role of T-cell pathology in CVID (64;148-150).  

 

Contribution of CCL19, CCL21 and CCR7 

While most chemokines have been linked to inflammatory processes in peripheral 

tissue, the homeostatic chemokines CCL19 and CCL21 and their corresponding 

receptor CCR7 have traditionally been associated with development and maintenance 

of secondary lymphoid organs, as well as the entry of lymphocytes and dendritic cells 

to secondary lymphoid tissue (151;152). Recently, however, reports have pointed to a 

broader role for these homeostatic chemokines, including modulation of inflammatory 

and anti-inflammatory responses in peripheral tissue. An imbalanced regulation of 

CCL19 and CCL21has been suggested to be involved in the pathogenesis of various 

inflammatory disorders including rheumatoid arthritis, inflammatory bowel diseases 

and atherosclerosis (153-157). In paper IV we extend these findings by showing 

raised serum levels of CCL19 and CCL21 in CVID patients as compared with 

controls. While CCL19 and CCL21 are mainly expressed in lymphoid tissue, 

circulating levels of CCL19 and CCL21 possibly also reflect expression in peripheral 
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inflamed tissue. CVID patients are prone to both recurrent and chronic bacterial 

infections, providing inflammatory foci that might contribute to levels of CCL19 and 

CCL21. Bronchiectasis are frequently associated with bacterial infection in CVID and 

while both patients with and without bronchiectasis had raised levels of CCL19 

compared to controls this was most notable in patients with this complication. It is 

therefore possible that the infections seen in CVID patients with bronchiectasis 

contribute to the high levels of CCL19 seen in this subgroup of patients. The presence 

of splenomegaly, contributing to increased lymphoid mass in the CVIDHyper group, 

was not correlated to serum levels of CCL19 and CCL21. Furthermore, there was a 

similar expression of CCL19 in spleen tissue from both controls and CVID patients, 

while CCL21 was variably down-regulated in spleens from patients, making spleen a 

less likely source for the elevation of these chemokines in patients. Monocytes from 

the CVIDHyper group tended towards enhanced expression of CCL19, and a possible 

contribution from monocytes to serum levels of CCL19 in this subgroup cannot be 

excluded. Thus, even if the raised serum levels of CCL19 might be related to both 

inflammatory cells associated with bronchiectasis and monocyte activation, the serum 

levels of CCL19 and CCL 21 seem elevated independently of features of chronic 

inflammation in CVID.  

As commented upon, we and others have previously shown the down-

regulation of CCR7 on T cells in groups of CVID patients (64-66). In paper IV we 

supplement these findings by showing particularly low proportions of CD3+ +CCR7   in 

the CVIDHyper group, suggesting that this characteristic is another inflammatory 

feature of this subgroup. Interestingly, while expression of CCR7 is markedly affected 

in the CVIDHyper group, the levels of CCL19 and CCL21 are not and moreover, there 

is no correlation between levels of CCL19 and CCL21 and T-cell expression of 

CCR7.  Thus, even if CCL19 has been shown to modify cellular CCR7 expression, 

our study suggests that expression of CCR7 on circulating T cells is regulated at least 

partly independent of its ligands in CVID (158).  

Stimulation of CCR7+ cells with CCL19 and CCL21 in various settings has 

shown important modulation of cell responses by these chemokines, but in contrast to 

the modulatory effects of CCL19 and CCL21 seen in PBMC from healthy controls, 

cells from CVID patients gave no significant response to CCL19 and CCL21 

stimulation (155;159;160). The results presented in paper IV supports a constitutive 

 52



enhancement of CCL19 and CCL21 in CVID, while CCR7 seems related to 

inflammatory features. 

 

Concerning lymphoid hyperplasia and granulomatous disease 

In paper IV, we present histological characteristics of splenomegaly in nine CVID 

patients, and notably splenomegaly in CVID is histologically heterogeneous. Some 

patients have markedly increased white pulp consistent with an increase of lymphoid 

cells in the spleen while others have normal or even small white pulp. In paper III-IV 

we demonstrate increased levels of chemokines normally expressed in secondary 

lymphoid tissue; CX3CL1, CCL19 and CCL21 but only CX3CL1 was associated with 

lymphoid hyperplasia. Furthermore, T cells from the CVIDHyper group showed 

significantly enhanced chemotactic and adhesive properties to stimulation with 

CX3CL1. As CX3CL1 is strongly expressed in high endothelial venules of reactive 

hyperplastic lymph nodes it is tempting to suggest that the enhanced CX3CR1 

expression on T cells might be involved in an abnormal pattern of lymphocyte 

migration in CVID (161).  

Serum levels of CCL19 and CCL21 were expressed independently of 

lymphoid hyperplasia but their receptor, CCR7, was not. In contrast to the diminished 

CCR7 expression on circulating T cells in CVID, spleens from CVID patients showed 

a similar expression of CCR7 as compared to controls, suggesting the down-

regulation of CCR7 in CVID does not affect all lymphoid compartments.  

 

4.2.3 Regulatory immune mechanisms in CVID 
 
Regulatory immune mechanisms are closely linked to autoimmunity. The apparent 

paradox of increased frequency of both infections and autoimmunity in CVID defy a 

view of infections and autoimmunity as examples of merely attenuated and 

exaggerated immune responses, respectively. Several mechanisms have been 

suggested to cause autoimmunity in CVID, including defective clearing of external 

antigens, genetic predisposition, immune dysregulation and breakdown in 

mechanisms of tolerance (162). However, the growing understanding of tolerance to 

innocuous antigens as an active process requiring presence and function of specially 

designated cells, mimicking the response to pathological antigens, has clarified a 

possible link between autoimmunity and infections in CVID (24).  
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The concept of tolerance was introduced previously, and while defective 

central tolerance, e.g. failure of apoptosis of autoreactive lymphocytes, might 

contribute to autoimmunity in CVID this has been scarcely commented upon. 

Peripheral tolerance can be mediated by several subgroups of T cells, and in particular 

the role of TReg in conditions such as transplant rejection reactions, cancer, 

autoimmunity, and chronic infectious diseases has been a subject of active 

investigation (163-167). In paper V we investigated whether CVID, with its high 

frequency of autoimmunity and signs of chronic inflammation, might be characterized 

by T  abnormalities. Reg

We show that CVID patients have decreased proportions of TReg as compared 

to controls. The decreased proportions of these CD4+ High +CD25 FoxP3  cells in CVID 

is further supported by low expression of FoxP3 mRNA in CD3+ cells in the same 

patients. Interestingly, we find the lowest proportions of TReg in CVID patients with 

splenomegaly and a negative correlation between levels of neopterin and proportions 

of T . Thus, we find a link between decrease of TReg Reg and CVID patients 

characterized by chronic inflammation in vivo. This link raises interesting questions 

regarding both homeostasis and function of TReg. The immediate reason for the low 

numbers of TReg in CVID patients with splenomegaly is unclear; while low numbers 

of circulatory CD4+CD25High cells have been observed in some other diseases, even 

without splenomegaly, this is less well documented for CD4+ HighCD25 FoxP3+ cells 

(164;168;169). The homeostasis of TReg is  controlled by several factors, among them 

the differentiation of TReg in the thymus, induction and/or expansion of TReg in the 

periphery, half-life of T  in the circulation and possible redistribution of TReg Reg to 

extra-vascular tissue (170). We can only speculate which factors contribute to our 

finding but one possibility is that the observed maturation defects of effector T cells in 

CVID also applies to the development of T . The link between low numbers of TReg Reg 

and chronic inflammation can also be seen from a more functional perspective. In 

acute inflammation it has been suggested that feed-back mechanisms cause a relative 

decrease in TReg early in the process to allow for an effective immune response, 

followed by an increase in TReg to reduce the response when the antigen is cleared 

(21). In chronic inflammation, low numbers of TReg could reflect dysfunctional 

feedback mechanisms, failed clearance of an offending antigen or a more constitutive 

defect of T  as seen in the IPEX syndrome (24).  Reg

TReg execute their suppressive role through different mechanisms, including 
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the secretion of IL-10 and TGF-�. We have previously reported decreased secretion of 

IL-10 in T-cell cultures from CVID patients, and interestingly we found a correlation 

between secreted IL-10 levels in T-cell cultures and TReg numbers in CVID, 

supporting the link between IL-10 and TReg (70). Recent studies have further 

suggested that a balanced interaction between CCL19, CCL21 and CCR7 is necessary 

not only for the optimal initiation of protective immunity against various 

microorganisms, but also for the induction of peripheral tolerance and the regulation 

of the immune response by TReg (151;171;172). It is tempting to hypothesize that the 

inability of CCL19 and CCL21 to induce the release of several important 

immunoregulatory cytokines in PBMC from CVID patients, as presented in paper IV, 

could be involved in the defective regulation of the immune response in CVID. 

CCL19/CCL21 deficiency has been associated with both a delayed and exaggerated 

response to antigens in a murine model, a picture mirroring the increased frequency of 

infections and autoimmunity seen in CVID (171).  

The results presented in paper V show a role for TReg in CVID pathology, in 

particular in patients with chronic inflammation in vivo, suggesting that this 

immunodeficiency is characterised not only by inept adaptive responses and chronic 

inflammation, but also a profound dysregulation of cellular responses. The potential 

of T  associated anti-inflammatory therapy might thus also apply to CVID. Reg
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5. CONCLUSION  
 

CVID represents an immunodeficiency enabling us to understand not only the 

characteristics of a defect immune system but also important aspects of the functional 

immune system. In the studies of this thesis we present novel insights into innate, 

inflammatory and regulatory immunological features of CVID that contribute to the 

multi-faceted pathology of this disease. Notably, we suggest the possible detrimental 

contribution of MBL deficiency to respiratory complications in patients already 

deficient of an adequate adaptive immune response. We show an inappropriate 

activation of the suPAR and fractalkine systems associated with a subgroup of CVID 

patients characterised by an inflammatory phenotype. We find constitutively 

enhanced levels of the chemokines CCL19 and CCL21 possibly contributing to the 

immune dysregulation in CVID. Last, we demonstrate decreased proportions of TReg 

in CVID patients, particularly in those with signs of an inflammatory phenotype, 

further suggesting a profound perturbation of the immune system in CVID.  

The mainstay treatment of CVID today is substitution of IgG through 

intravenous or subcutaneous administration. This leads to drastic improvement of 

symptoms in many patients but some still suffer from particularly respiratory 

infections, while others present with autoimmune disease not conveniently treated in 

immunodeficient patients. The studies presented in this thesis add to the knowledge 

that may be needed to address these clinical problems in CVID, while also shedding 

light on processes of importance in other immunodeficiencies and inflammatory 

disease.    

 

 

 

 

 

 

 

 

 

 56



 
6. REFERENCES 

 
 (1)  Thomas CL. Taber's Cyklopedic Medical Dictionary. 14 ed. F.A. DAVIS; 1981. 

 (2)  Kumar V. Robbin's Basic Pathology. SAUNDERS; 2007. 

 (3)  Majno G., Joris E. Cells, tissues and disease. 2 ed. Oxford; 2004. 

 (4)  Janeway C.A., Travers P., Walport M., Schlomchik M.J. Immunobiology. 5 ed. Churchill 
Livingstone; 2001. 

 (5)  Medzhitov R. Origin and physiological roles of inflammation. Nature 2008 Jul 
24;454(7203):428-35. 

 (6)  Mosser DM, Edwards JP. Exploring the full spectrum of macrophage activation. Nat Rev 
Immunol 2008 Dec;8(12):958-69. 

 (7)  Murr C, Widner B, Wirleitner B, Fuchs D. Neopterin as a marker for immune system 
activation. Curr Drug Metab 2002 Apr;3(2):175-87. 

 (8)  Jin T, Bokarewa M, Tarkowski A. Urokinase-type plasminogen activator, an endogenous 
antibiotic. J Infect Dis 2005 Aug 1;192(3):429-37. 

 (9)  Walport MJ. Complement. First of two parts. N Engl J Med 2001 Apr 5;344(14):1058-66. 

 (10)  Walport MJ. Complement. Second of two parts. N Engl J Med 2001 Apr 12;344(15):1140-4. 

 (11)  Madsen HO, Garred P, Thiel S, Kurtzhals JA, Lamm LU, Ryder LP, et al. Interplay between 
promoter and structural gene variants control basal serum level of mannan-binding protein. J 
Immunol 1995 Sep 15;155(6):3013-20. 

 (12)  Steffensen R, Thiel S, Varming K, Jersild C, Jensenius JC. Detection of structural gene 
mutations and promoter polymorphisms in the mannan-binding lectin (MBL) gene by 
polymerase chain reaction with sequence-specific primers. J Immunol Methods 2000 Jul 
31;241(1-2):33-42. 

 (13)  Garred P, Larsen F, Madsen HO, Koch C. Mannose-binding lectin deficiency--revisited. Mol 
Immunol 2003 Sep;40(2-4):73-84. 

 (14)  Summerfield JA, Sumiya M, Levin M, Turner MW. Association of mutations in mannose 
binding protein gene with childhood infection in consecutive hospital series. BMJ 1997 Apr 
26;314(7089):1229-32. 

 (15)  Cedzynski M, Szemraj J, Swierzko AS, Bak-Romaniszyn L, Banasik M, Zeman K, et al. 
Mannan-binding lectin insufficiency in children with recurrent infections of the respiratory 
system. Clin Exp Immunol 2004 May;136(2):304-11. 

 (16)  Dahl M, Tybjaerg-Hansen A, Schnohr P, Nordestgaard BG. A Population-based Study of 
Morbidity and Mortality in Mannose-binding Lectin Deficiency. J Exp Med 2004 May 
17;199(10):1391-9. 

 (17)  Turner MW. The role of mannose-binding lectin in health and disease. Mol Immunol 2003 
Nov;40(7):423-9. 

 (18)  Ohlenschlaeger T, Garred P, Madsen HO, Jacobsen S. Mannose-binding lectin variant alleles 
and the risk of arterial thrombosis in systemic lupus erythematosus. N Engl J Med 2004 Jul 
15;351(3):260-7. 

 57



 (19)  Trinchieri G, Sher A. Cooperation of Toll-like receptor signals in innate immune defence. Nat 
Rev Immunol 2007 Mar;7(3):179-90. 

 (20)  Luster AD. Chemokines--chemotactic cytokines that mediate inflammation. N Engl J Med 
1998 Mar 12;338(7):436-45. 

 (21)  Maloy KJ, Powrie F. Regulatory T cells in the control of immune pathology. Nat Immunol 
2001 Sep;2(9):816-22. 

 (22)  Hori S, Nomura T, Sakaguchi S. Control of regulatory T cell development by the transcription 
factor Foxp3. Science 2003 Feb 14;299(5609):1057-61. 

 (23)  Hori S. Rethinking the molecular definition of regulatory T cells. Eur J Immunol 2008 
Apr;38(4):928-30. 

 (24)  Coutinho A, Carneiro-Sampaio M. Primary immunodeficiencies unravel critical aspects of the 
pathophysiology of autoimmunity and of the genetics of autoimmune disease. J Clin Immunol 
2008 May;28 Suppl 1:S4-10. 

 (25)  Roncador G, Brown PJ, Maestre L, Hue S, Martinez-Torrecuadrada JL, Ling KL, et al. 
Analysis of FOXP3 protein expression in human CD4+CD25+ regulatory T cells at the single-
cell level. Eur J Immunol 2005 Jun;35(6):1681-91. 

 (26)  Mahnke K, Ring S, Johnson TS, Schallenberg S, Schonfeld K, Storn V, et al. Induction of 
immunosuppressive functions of dendritic cells in vivo by CD4+CD25+ regulatory T cells: 
role of B7-H3 expression and antigen presentation. Eur J Immunol 2007 Aug;37(8):2117-26. 

 (27)  Jiang H, Chess L. Regulation of immune responses by T cells. N Engl J Med 2006 Mar 
16;354(11):1166-76. 

 (28)  Askenasy N, Kaminitz A, Yarkoni S. Mechanisms of T regulatory cell function. Autoimmun 
Rev 2008 May;7(5):370-5. 

 (29)  Levings MK, Roncarolo MG. Phenotypic and functional differences between human 
CD4+CD25+ and type 1 regulatory T cells. Curr Top Microbiol Immunol 2005;293:303-26. 

 (30)  Katsikis PD, Schoenberger SP, Pulendran B. Probing the 'labyrinth' linking the innate and 
adaptive immune systems. Nat Immunol 2007 Sep;8(9):899-901. 

 (31)  van Vliet SJ, Gringhuis SI, Geijtenbeek TB, van KY. Regulation of effector T cells by 
antigen-presenting cells via interaction of the C-type lectin MGL with CD45. Nat Immunol 
2006 Nov;7(11):1200-8. 

 (32)  Park MA, Li JT, Hagan JB, Maddox DE, Abraham RS. Common variable immunodeficiency: 
a new look at an old disease. Lancet 2008 Aug 9;372(9637):489-502. 

 (33)  Rosen FS, Eibl MM, Roifman CM, Fischer A, Volanakis J, Aitui F, et al. Primary 
immunodeficiency diseases. Report of an IUIS Scientific Committee. International Union of 
Immunological Societies. Clin Exp Immunol 1999 Oct;118 Suppl 1:1-28. 

 (34)  Conley ME, Notarangelo LD, Etzioni A. Diagnostic criteria for primary immunodeficiencies. 
Representing PAGID (Pan-American Group for Immunodeficiency) and ESID (European 
Society for Immunodeficiencies). Clin Immunol 1999 Dec;93(3):190-7. 

 (35)  Cunningham-Rundles C, Bodian C. Common variable immunodeficiency: clinical and 
immunological features of 248 patients. Clin Immunol 1999 Jul;92(1):34-48. 

 (36)  Chapel H, Lucas M, Lee M, Bjorkander J, Webster D, Grimbacher B, et al. Common variable 
immunodeficiency disorders: division into distinct clinical phenotypes. Blood 2008 Mar 4. 

 58



 (37)  Bjoro K, Skaug K, Haaland T, Froland SS. Long-term outcome of chronic hepatitis C virus 
infection in primary hypogammaglobulinaemia. QJM 1999 Aug;92(8):433-41. 

 (38)  Sander CA, Medeiros LJ, Weiss LM, Yano T, Sneller MC, Jaffe ES. Lymphoproliferative 
lesions in patients with common variable immunodeficiency syndrome. Am J Surg Pathol 
1992 Dec;16(12):1170-82. 

 (39)  Wehr C, Kivioja T, Schmitt C, Ferry B, Witte T, Eren E, et al. The EUROclass trial: defining 
subgroups in common variable immunodeficiency. Blood 2008 Jan 1;111(1):77-85. 

 (40)  Mechanic LJ, Dikman S, Cunningham-Rundles C. Granulomatous disease in common 
variable immunodeficiency. Ann Intern Med 1997 Oct 15;127(8 Pt 1):613-7. 

 (41)  Bryant A, Calver NC, Toubi E, Webster AD, Farrant J. Classification of patients with 
common variable immunodeficiency by B cell secretion of IgM and IgG in response to anti-
IgM and interleukin-2. Clin Immunol Immunopathol 1990 Aug;56(2):239-48. 

 (42)  Aukrust P, Muller F, Froland SS. Elevated serum levels of interleukin-4 and interleukin-6 in 
patients with common variable immunodeficiency (CVI) are associated with chronic immune 
activation and low numbers of CD4+ lymphocytes. Clin Immunol Immunopathol 1994 
Mar;70(3):217-24. 

 (43)  Aukrust P, Muller F, Froland SS. Enhanced generation of reactive oxygen species in 
monocytes from patients with common variable immunodeficiency. Clin Exp Immunol 1994 
Aug;97(2):232-8. 

 (44)  Aukrust P, Svardal AM, Muller F, Lunden B, Berge RK, Froland SS. Decreased levels of total 
and reduced glutathione in CD4+ lymphocytes in common variable immunodeficiency are 
associated with activation of the tumor necrosis factor system: possible immunopathogenic 
role of oxidative stress. Blood 1995 Aug 15;86(4):1383-91. 

 (45)  Aukrust P, Lien E, Kristoffersen AK, Muller F, Haug CJ, Espevik T, et al. Persistent 
activation of the tumor necrosis factor system in a subgroup of patients with common variable 
immunodeficiency--possible immunologic and clinical consequences. Blood 1996 Jan 
15;87(2):674-81. 

 (46)  Viallard JF, Camou F, Andre M, Liferman F, Moreau JF, Pellegrin JL, et al. Altered dendritic 
cell distribution in patients with common variable immunodeficiency. Arthritis Res Ther 
2005;7(5):R1052-R1055. 

 (47)  Martinez-Pomar N, Raga S, Ferrer J, Pons J, Munoz-Saa I, Julia MR, et al. Elevated serum 
interleukin (IL)-12p40 levels in common variable immunodeficiency disease and decreased 
peripheral blood dendritic cells: analysis of IL-12p40 and interferon-gamma gene. Clin Exp 
Immunol 2006 May;144(2):233-8. 

 (48)  Yong PF, Workman S, Wahid F, Exley A, Webster AD, Ibrahim MA. Selective deficits in 
blood dendritic cell subsets in common variable immunodeficiency and X-linked 
agammaglobulinaemia but not specific polysaccharide antibody deficiency. Clin Immunol 
2008 Apr;127(1):34-42. 

 (49)  Cambronero R, Sewell WA, North ME, Webster AD, Farrant J. Up-regulation of IL-12 in 
monocytes: a fundamental defect in common variable immunodeficiency. J Immunol 2000 Jan 
1;164(1):488-94. 

 (50)  McQuaid A, Tormey VJ, Trafford B, Webster AD, Bofill M. Evidence for increased 
expression of regulatory cytokine receptors interleukin-12R and interleukin-18R in common 
variable immunodeficiency. Clin Exp Immunol 2003 Nov;134(2):321-7. 

 59



 (51)  Bayry J, Lacroix-Desmazes S, Kazatchkine MD, Galicier L, Lepelletier Y, Webster D, et al. 
Common variable immunodeficiency is associated with defective functions of dendritic cells. 
Blood 2004 Oct 15;104(8):2441-3. 

 (52)  Cunningham-Rundles C, Radigan L. Deficient IL-12 and dendritic cell function in common 
variable immune deficiency. Clin Immunol 2005 May;115(2):147-53. 

 (53)  Scott-Taylor TH, Green MR, Raeiszadeh M, Workman S, Webster AD. Defective maturation 
of dendritic cells in common variable immunodeficiency. Clin Exp Immunol 2006 
Sep;145(3):420-7. 

 (54)  Elluru SR, Vani J, Delignat S, Bloch MF, Lacroix-Desmazes S, Kazatchkine MD, et al. 
Modulation of human dendritic cell maturation and function by natural IgG antibodies. 
Autoimmun Rev 2008 Jun;7(6):487-90. 

 (55)  Aukrust P, Froland SS, Muller F. Raised serum neopterin levels in patients with primary 
hypogammaglobulinaemia; correlation to other immunological parameters and to clinical and 
histological features. Clin Exp Immunol 1992 Aug;89(2):211-6. 

 (56)  Sanal O, Yel L, Tezcan I, Ersoy F, Berkel AI. Homozygous C2 deficiency: association with 
defective alternative pathway function and immunoglobulin deficiency. Int Arch Allergy 
Immunol 1996 Jun;110(2):195-8. 

 (57)  Soto ME, Cordera F, Reyes PA. Congenital C2 (type I) deficiency associated with common 
variable immunodeficiency. Ann Intern Med 2000 Apr 4;132(7):597. 

 (58)  Grimbacher B, Hutloff A, Schlesier M, Glocker E, Warnatz K, Drager R, et al. Homozygous 
loss of ICOS is associated with adult-onset common variable immunodeficiency. Nat 
Immunol 2003 Mar;4(3):261-8. 

 (59)  Salzer U, Grimbacher B. Common variable immunodeficiency: The power of co-stimulation. 
Semin Immunol 2006 Dec;18(6):337-46. 

 (60)  Farrington M, Grosmaire LS, Nonoyama S, Fischer SH, Hollenbaugh D, Ledbetter JA, et al. 
CD40 ligand expression is defective in a subset of patients with common variable 
immunodeficiency. Proc Natl Acad Sci U S A 1994 Feb 1;91(3):1099-103. 

 (61)  Farrant J, Spickett G, Matamoros N, Copas D, Hernandez M, North M, et al. Study of B and T 
cell phenotypes in blood from patients with common variable immunodeficiency (CVID). 
Immunodeficiency 1994;5(2):159-69. 

 (62)  Vlkova M, Thon V, Sarfyova M, Blaha L, Svobodnik A, Lokaj J, et al. Age dependency and 
mutual relations in T and B lymphocyte abnormalities in common variable immunodeficiency 
patients. Clin Exp Immunol 2006 Feb;143(2):373-9. 

 (63)  Wright JJ, Wagner DK, Blaese RM, Hagengruber C, Waldmann TA, Fleisher TA. 
Characterization of common variable immunodeficiency: identification of a subset of patients 
with distinctive immunophenotypic and clinical features. Blood 1990 Nov 15;76(10):2046-51. 

 (64)  Holm AM, Sivertsen EA, Tunheim SH, Haug T, Bjerkeli V, Yndestad A, et al. Gene 
expression analysis of peripheral T cells in a subgroup of common variable immunodeficiency 
shows predominance of CCR7(-) effector-memory T cells. Clin Exp Immunol 2004 
Nov;138(2):278-89. 

 (65)  Viallard JF, Blanco P, Andre M, Etienne G, Liferman F, Neau D, et al. CD8+HLA-DR+ T 
lymphocytes are increased in common variable immunodeficiency patients with impaired 
memory B-cell differentiation. Clin Immunol 2006 Apr;119(1):51-8. 

 60



 (66)  Moratto D, Gulino AV, Fontana S, Mori L, Pirovano S, Soresina A, et al. Combined decrease 
of defined B and T cell subsets in a group of common variable immunodeficiency patients. 
Clin Immunol 2006 Nov;121(2):203-14. 

 (67)  Giovannetti A, Pierdominici M, Mazzetta F, Marziali M, Renzi C, Mileo AM, et al. 
Unravelling the complexity of T cell abnormalities in common variable immunodeficiency. J 
Immunol 2007 Mar 15;178(6):3932-43. 

 (68)  Stagg AJ, Funauchi M, Knight SC, Webster AD, Farrant J. Failure in antigen responses by T 
cells from patients with common variable immunodeficiency (CVID). Clin Exp Immunol 
1994 Apr;96(1):48-53. 

 (69)  Guazzi V, Aiuti F, Mezzaroma I, Mazzetta F, Andolfi G, Mortellaro A, et al. Assessment of 
thymic output in common variable immunodeficiency patients by evaluation of T cell receptor 
excision circles. Clin Exp Immunol 2002 Aug;129(2):346-53. 

 (70)  Holm AM, Aukrust P, Aandahl EM, Muller F, Tasken K, Froland SS. Impaired secretion of 
IL-10 by T cells from patients with common variable immunodeficiency--involvement of 
protein kinase A type I. J Immunol 2003 Jun 1;170(11):5772-7. 

 (71)  Warnatz K, Denz A, Drager R, Braun M, Groth C, Wolff-Vorbeck G, et al. Severe deficiency 
of switched memory B cells (CD27(+)IgM(-)IgD(-)) in subgroups of patients with common 
variable immunodeficiency: a new approach to classify a heterogeneous disease. Blood 2002 
Mar 1;99(5):1544-51. 

 (72)  Piqueras B, Lavenu-Bombled C, Galicier L, Bergeron-van der CF, Mouthon L, Chevret S, et 
al. Common variable immunodeficiency patient classification based on impaired B cell 
memory differentiation correlates with clinical aspects. J Clin Immunol 2003 Sep;23(5):385-
400. 

 (73)  Cunningham-Rundles C, Radigan L, Knight AK, Zhang L, Bauer L, Nakazawa A. TLR9 
activation is defective in common variable immune deficiency. J Immunol 2006 Feb 
1;176(3):1978-87. 

 (74)  van Zelm MC, Reisli I, van der BM, Castano D, van Noesel CJ, van Tol MJ, et al. An 
antibody-deficiency syndrome due to mutations in the CD19 gene. N Engl J Med 2006 May 
4;354(18):1901-12. 

 (75)  Kanegane H, Agematsu K, Futatani T, Sira MM, Suga K, Sekiguchi T, et al. Novel mutations 
in a Japanese patient with CD19 deficiency. Genes Immun 2007 Dec;8(8):663-70. 

 (76)  Castigli E, Wilson SA, Scott S, Dedeoglu F, Xu S, Lam KP, et al. TACI and BAFF-R mediate 
isotype switching in B cells. J Exp Med 2005 Jan 3;201(1):35-9. 

 (77)  Schaffer AA, Salzer U, Hammarstrom L, Grimbacher B. Deconstructing common variable 
immunodeficiency by genetic analysis. Curr Opin Genet Dev 2007 Jun;17(3):201-12. 

 (78)  Salzer U, Grimbacher B. Monogenetic defects in common variable immunodeficiency: what 
can we learn about terminal B cell differentiation? Curr Opin Rheumatol 2006 Jul;18(4):377-
82. 

 (79)  Knight AK, Radigan L, Marron T, Langs A, Zhang L, Cunningham-Rundles C. High serum 
levels of BAFF, APRIL, and TACI in common variable immunodeficiency. Clin Immunol 
2007 Aug;124(2):182-9. 

 (80)  Munro NC, Cooke JC, Currie DC, Strickland B, Cole PJ. Comparison of thin section 
computed tomography with bronchography for identifying bronchiectatic segments in patients 
with chronic sputum production. Thorax 1990 Feb;45(2):135-9. 

 61



 (81)  Webb W, Muller N, Naidich D. High-Resolution CT of the Lung. Third  
edition. 3 ed. Philadelphia, PA.: Lippincott Williams & Wilkins; 2001. 

 (82)  Koch A, Melbye M, Sorensen P, Homoe P, Madsen HO, Molbak K, et al. Acute respiratory 
tract infections and mannose-binding lectin insufficiency during early childhood. JAMA 2001 
Mar 14;285(10):1316-21. 

 (83)  Schlapbach LJ, Latzin P, Regamey N, Kuehni CE, Zwahlen M, Casaulta C, et al. Mannose-
binding lectin cord blood levels and respiratory symptoms during infancy: a prospective birth 
cohort study. Pediatr Allergy Immunol 2008 Aug 12. 

 (84)  Ruskamp JM, Hoekstra MO, Postma DS, Kerkhof M, Bottema RW, Koppelman GH, et al. 
Polymorphisms in the mannan-binding lectin gene are not associated with questionnaire-
reported respiratory tract infections in children. J Infect Dis 2008 Dec 1;198(11):1707-13. 

 (85)  Rantala A, Lajunen T, Juvonen R, Bloigu A, Silvennoinen-Kassinen S, Peitso A, et al. 
Mannose-binding lectin concentrations, MBL2 polymorphisms, and susceptibility to 
respiratory tract infections in young men. J Infect Dis 2008 Oct 15;198(8):1247-53. 

 (86)  Gabolde M, Guilloud-Bataille M, Feingold J, Besmond C. Association of variant alleles of 
mannose binding lectin with severity of pulmonary disease in cystic fibrosis: cohort study. 
BMJ 1999 Oct 30;319(7218):1166-7. 

 (87)  Garred P, Pressler T, Madsen HO, Frederiksen B, Svejgaard A, Hoiby N, et al. Association of 
mannose-binding lectin gene heterogeneity with severity of lung disease and survival in cystic 
fibrosis. J Clin Invest 1999 Aug;104(4):431-7. 

 (88)  Mullighan CG, Bardy PG. Mannose-binding lectin and infection following allogeneic 
hemopoietic stem cell transplantation. Leuk Lymphoma 2004 Feb;45(2):247-56. 

 (89)  Turner MW. Mannose-binding lectin: the pluripotent molecule of the innate immune system. 
Immunol Today 1996 Nov;17(11):532-40. 

 (90)  Andersen P, Permin H, Andersen V, Schejbel L, Garred P, Svejgaard A, et al. Deficiency of 
somatic hypermutation of the antibody light chain is associated with increased frequency of 
severe respiratory tract infection in common variable immunodeficiency. Blood 2005 Jan 
15;105(2):511-7. 

 (91)  Mullighan CG, Marshall SE, Welsh KI. Mannose binding lectin polymorphisms are associated 
with early age of disease onset and autoimmunity in common variable immunodeficiency. 
Scand J Immunol 2000 Feb;51(2):111-22. 

 (92)  Seelen MA, Roos A, Wieslander J, Mollnes TE, Sjoholm AG, Wurzner R, et al. Functional 
analysis of the classical, alternative, and MBL pathways of the complement system: 
standardization and validation of a simple ELISA. J Immunol Methods 2005 Jan;296(1-
2):187-98. 

 (93)  Dean MM, Minchinton RM, Heatley S, Eisen DP. Mannose Binding Lectin Acute Phase 
Activity in Patients with Severe Infection. J Clin Immunol 2005 Jul 1;25(4):346-52. 

 (94)  Carlsson M, Sjoholm AG, Eriksson L, Thiel S, Jensenius JC, Segelmark M, et al. Deficiency 
of the mannan-binding lectin pathway of complement and poor outcome in cystic fibrosis: 
bacterial colonization may be decisive for a relationship. Clin Exp Immunol 2005 
Feb;139(2):306-13. 

 (95)  Heggelund L, Mollnes TE, Ueland T, Christophersen B, Aukrust P, Froland SS. Mannose-
binding lectin in HIV infection: relation to disease progression and highly active antiretroviral 
therapy. J Acquir Immune Defic Syndr 2003 Apr 1;32(4):354-61. 

 62



 (96)  Schafranski MD, Stier A, Nisihara R, Messias-Reason IJ. Significantly increased levels of 
mannose-binding lectin (MBL) in rheumatic heart disease: a beneficial role for MBL 
deficiency. Clin Exp Immunol 2004 Dec;138(3):521-5. 

 (97)  Jack DL, Turner MW. Anti-microbial activities of mannose-binding lectin. Biochem Soc 
Trans 2003 Aug;31(Pt 4):753-7. 

 (98)  Fidler KJ, Hilliard TN, Bush A, Johnson M, Alton E, Geddes D, et al. Mannose-binding lectin 
is present in the infected airway: a possible pulmonary defence mechanism. Thorax 2008 Nov 
6. 

 (99)  Litzman J, Freiberger T, Grimbacher B, Gathmann B, Salzer U, Pavlik T, et al. Mannose-
binding lectin gene polymorphic variants predispose to the development of bronchopulmonary 
complications but have no influence on other clinical and laboratory symptoms or signs of 
common variable immunodeficiency. Clin Exp Immunol 2008 Sep;153(3):324-30. 

 (100)  Bang P, Laursen I, Thornberg K, Schierbeck J, Nielsen B, Valdimarsson H, et al. The 
pharmacokinetic profile of plasma-derived mannan-binding lectin in healthy adult volunteers 
and patients with Staphylococcus aureus septicaemia. Scand J Infect Dis 2008;40(1):44-8. 

 (101)  Gyetko MR, Chen GH, McDonald RA, Goodman R, Huffnagle GB, Wilkinson CC, et al. 
Urokinase is required for the pulmonary inflammatory response to Cryptococcus neoformans. 
A murine transgenic model. J Clin Invest 1996 Apr 15;97(8):1818-26. 

 (102)  Gyetko MR, Sud S, Chen GH, Fuller JA, Chensue SW, Toews GB. Urokinase-type 
plasminogen activator is required for the generation of a type 1 immune response to 
pulmonary Cryptococcus neoformans infection. J Immunol 2002 Jan 15;168(2):801-9. 

 (103)  Heymans S, Pauschinger M, De PA, Kallwellis-Opara A, Rutschow S, Swinnen M, et al. 
Inhibition of urokinase-type plasminogen activator or matrix metalloproteinases prevents 
cardiac injury and dysfunction during viral myocarditis. Circulation 2006 Aug 8;114(6):565-
73. 

 (104)  Beck JM, Preston AM, Gyetko MR. Urokinase-type plasminogen activator in inflammatory 
cell recruitment and host defense against Pneumocystis carinii in mice. Infect Immun 1999 
Feb;67(2):879-84. 

 (105)  Shapiro RL, Duquette JG, Nunes I, Roses DF, Harris MN, Wilson EL, et al. Urokinase-type 
plasminogen activator-deficient mice are predisposed to staphylococcal botryomycosis, 
pleuritis, and effacement of lymphoid follicles. Am J Pathol 1997 Jan;150(1):359-69. 

 (106)  Cao D, Mizukami IF, Garni-Wagner BA, Kindzelskii AL, Todd RF, III, Boxer LA, et al. 
Human urokinase-type plasminogen activator primes neutrophils for superoxide anion release. 
Possible roles of complement receptor type 3 and calcium. J Immunol 1995 Feb 
15;154(4):1817-29. 

 (107)  Gyetko MR, Aizenberg D, Mayo-Bond L. Urokinase-deficient and urokinase receptor-
deficient mice have impaired neutrophil antimicrobial activation in vitro. J Leukoc Biol 2004 
Sep;76(3):648-56. 

 (108)  Gyetko MR, Sud S, Kendall T, Fuller JA, Newstead MW, Standiford TJ. Urokinase receptor-
deficient mice have impaired neutrophil recruitment in response to pulmonary Pseudomonas 
aeruginosa infection. J Immunol 2000 Aug 1;165(3):1513-9. 

 (109)  Rijneveld AW, Levi M, Florquin S, Speelman P, Carmeliet P, van der PT. Urokinase receptor 
is necessary for adequate host defense against pneumococcal pneumonia. J Immunol 2002 Apr 
1;168(7):3507-11. 

 (110)  Leib SL, Tauber MG. Pathogenesis of bacterial meningitis. Infect Dis Clin North Am 1999 
Sep;13(3):527-vi. 

 63



 (111)  Sidenius N, Sier CF, Ullum H, Pedersen BK, Lepri AC, Blasi F, et al. Serum level of soluble 
urokinase-type plasminogen activator receptor is a strong and independent predictor of 
survival in human immunodeficiency virus infection. Blood 2000 Dec 15;96(13):4091-5. 

 (112)  Brooks AM, Bates ME, Vrtis RF, Jarjour NN, Bertics PJ, Sedgwick JB. Urokinase-type 
plasminogen activator modulates airway eosinophil adhesion in asthma. Am J Respir Cell Mol 
Biol 2006 Oct;35(4):503-11. 

 (113)  Busso N, Peclat V, So A, Sappino AP. Plasminogen activation in synovial tissues: differences 
between normal, osteoarthritis, and rheumatoid arthritis joints. Ann Rheum Dis 1997 
Sep;56(9):550-7. 

 (114)  Krasnikova TL, Parfyonova Y, Alekseeva IA, Arefieva TI, Mukhina SA, Dobrovolsky AB, et 
al. Urokinase plasminogen activator system in humans with stable coronary artery disease. 
Clin Exp Pharmacol Physiol 1999 Apr;26(4):354-7. 

 (115)  Chu SC, Yang SF, Lue KH, Hsieh YS, Hsiao TY, Lu KH. Urokinase-type plasminogen 
activator, receptor, and inhibitor correlating with gelatinase-B (MMP-9) contribute to 
inflammation in gouty arthritis of the knee. J Rheumatol 2006 Feb;33(2):311-7. 

 (116)  de Bock CE, Wang Y. Clinical significance of urokinase-type plasminogen activator receptor 
(uPAR) expression in cancer. Med Res Rev 2004 Jan;24(1):13-39. 

 (117)  Eugen-Olsen J, Gustafson P, Sidenius N, Fischer TK, Parner J, Aaby P, et al. The serum level 
of soluble urokinase receptor is elevated in tuberculosis patients and predicts mortality during 
treatment: a community study from Guinea-Bissau. Int J Tuberc Lung Dis 2002 Aug;6(8):686-
92. 

 (118)  Ostergaard C, Benfield T, Lundgren JD, Eugen-Olsen J. Soluble urokinase receptor is 
elevated in cerebrospinal fluid from patients with purulent meningitis and is associated with 
fatal outcome. Scand J Infect Dis 2004;36(1):14-9. 

 (119)  Wittenhagen P, Kronborg G, Weis N, Nielsen H, Obel N, Pedersen SS, et al. The plasma level 
of soluble urokinase receptor is elevated in patients with Streptococcus pneumoniae 
bacteraemia and predicts mortality. Clin Microbiol Infect 2004 May;10(5):409-15. 

 (120)  Jaffar S, Van der Loeff MS, Eugen-Olsen J, Vincent T, Sarje-Njie R, Ngom P, et al. 
Immunological predictors of survival in HIV type 2-infected rural villagers in Guinea-Bissau. 
AIDS Res Hum Retroviruses 2005 Jun;21(6):560-4. 

 (121)  Moller HJ, Moestrup SK, Weis N, Wejse C, Nielsen H, Pedersen SS, et al. Macrophage serum 
markers in pneumococcal bacteremia: Prediction of survival by soluble CD163. Crit Care Med 
2006 Oct;34(10):2561-6. 

 (122)  Chavakis T, Kanse SM, Yutzy B, Lijnen HR, Preissner KT. Vitronectin concentrates 
proteolytic activity on the cell surface and extracellular matrix by trapping soluble urokinase 
receptor-urokinase complexes. Blood 1998 Apr 1;91(7):2305-12. 

 (123)  Dekkers PE, ten HT, te Velde AA, van Deventer SJ, van der PT. Upregulation of monocyte 
urokinase plasminogen activator receptor during human endotoxemia. Infect Immun 2000 
Apr;68(4):2156-60. 

 (124)  Nykjaer A, Moller B, Todd RF, III, Christensen T, Andreasen PA, Gliemann J, et al. 
Urokinase receptor. An activation antigen in human T lymphocytes. J Immunol 1994 Jan 
15;152(2):505-16. 

 (125)  Di Renzo M, Pasqui AL, Auteri A. Common variable immunodeficiency: a review. Clin Exp 
Med 2004 Apr;3(4):211-7. 

 64



 (126)  Mondino A, Blasi F. uPA and uPAR in fibrinolysis, immunity and pathology. Trends 
Immunol 2004 Aug;25(8):450-5. 

 (127)  Bazan JF, Bacon KB, Hardiman G, Wang W, Soo K, Rossi D, et al. A new class of 
membrane-bound chemokine with a CX3C motif. Nature 1997 Feb 13;385(6617):640-4. 

 (128)  Fong AM, Robinson LA, Steeber DA, Tedder TF, Yoshie O, Imai T, et al. Fractalkine and 
CX3CR1 mediate a novel mechanism of leukocyte capture, firm adhesion, and activation 
under physiologic flow. J Exp Med 1998 Oct 19;188(8):1413-9. 

 (129)  Imai T, Hieshima K, Haskell C, Baba M, Nagira M, Nishimura M, et al. Identification and 
molecular characterization of fractalkine receptor CX3CR1, which mediates both leukocyte 
migration and adhesion. Cell 1997 Nov 14;91(4):521-30. 

 (130)  Chen S, Bacon KB, Li L, Garcia GE, Xia Y, Lo D, et al. In vivo inhibition of CC and CX3C 
chemokine-induced leukocyte infiltration and attenuation of glomerulonephritis in Wistar-
Kyoto (WKY) rats by vMIP-II. J Exp Med 1998 Jul 6;188(1):193-8. 

 (131)  Damas JK, Boullier A, Waehre T, Smith C, Sandberg WJ, Green S, et al. Expression of 
fractalkine (CX3CL1) and its receptor, CX3CR1, is elevated in coronary artery disease and is 
reduced during statin therapy. Arterioscler Thromb Vasc Biol 2005 Dec;25(12):2567-72. 

 (132)  Foussat A, Bouchet-Delbos L, Berrebi D, Durand-Gasselin I, Coulomb-L'Hermine A, 
Krzysiek R, et al. Deregulation of the expression of the fractalkine/fractalkine receptor 
complex in HIV-1-infected patients. Blood 2001 Sep 15;98(6):1678-86. 

 (133)  Matsunawa M, Isozaki T, Odai T, Yajima N, Takeuchi HT, Negishi M, et al. Increased serum 
levels of soluble fractalkine (CX3CL1) correlate with disease activity in rheumatoid 
vasculitis. Arthritis Rheum 2006 Nov;54(11):3408-16. 

 (134)  Ruth JH, Volin MV, Haines GK, III, Woodruff DC, Katschke KJ, Jr., Woods JM, et al. 
Fractalkine, a novel chemokine in rheumatoid arthritis and in rat adjuvant-induced arthritis. 
Arthritis Rheum 2001 Jul;44(7):1568-81. 

 (135)  Yajima N, Kasama T, Isozaki T, Odai T, Matsunawa M, Negishi M, et al. Elevated levels of 
soluble fractalkine in active systemic lupus erythematosus: potential involvement in 
neuropsychiatric manifestations. Arthritis Rheum 2005 Jun;52(6):1670-5. 

 (136)  Umehara H, Bloom E, Okazaki T, Domae N, Imai T. Fractalkine and vascular injury. Trends 
Immunol 2001 Nov;22(11):602-7. 

 (137)  Imaizumi T, Yoshida H, Satoh K. Regulation of CX3CL1/fractalkine expression in 
endothelial cells. J Atheroscler Thromb 2004;11(1):15-21. 

 (138)  Holzinger C, Weissinger E, Zuckermann A, Imhof M, Kink F, Schollhammer A, et al. Effects 
of interleukin-1, -2, -4, -6, interferon-gamma and granulocyte/macrophage colony stimulating 
factor on human vascular endothelial cells. Immunol Lett 1993 Feb;35(2):109-17. 

 (139)  Tannenbaum SH, Gralnick HR. Gamma-interferon modulates von Willebrand factor release 
by cultured human endothelial cells. Blood 1990 Jun 1;75(11):2177-84. 

 (140)  Brand S, Hofbauer K, Dambacher J, Schnitzler F, Staudinger T, Pfennig S, et al. Increased 
expression of the chemokine fractalkine in Crohn's disease and association of the fractalkine 
receptor T280M polymorphism with a fibrostenosing disease Phenotype. Am J Gastroenterol 
2006 Jan;101(1):99-106. 

 (141)  El-Shazly A, Berger P, Girodet PO, Ousova O, Fayon M, Vernejoux JM, et al. Fraktalkine 
produced by airway smooth muscle cells contributes to mast cell recruitment in asthma. J 
Immunol 2006 Feb 1;176(3):1860-8. 

 65



 (142)  Papadopoulos EJ, Sassetti C, Saeki H, Yamada N, Kawamura T, Fitzhugh DJ, et al. 
Fractalkine, a CX3C chemokine, is expressed by dendritic cells and is up-regulated upon 
dendritic cell maturation. Eur J Immunol 1999 Aug;29(8):2551-9. 

 (143)  Nishimura M, Umehara H, Nakayama T, Yoneda O, Hieshima K, Kakizaki M, et al. Dual 
functions of fractalkine/CX3C ligand 1 in trafficking of perforin+/granzyme B+ cytotoxic 
effector lymphocytes that are defined by CX3CR1 expression. J Immunol 2002 Jun 
15;168(12):6173-80. 

 (144)  Landsman L, Bar-On L, Zernecke A, Kim KW, Krauthgamer R, Shagdarsuren E, et al. 
CX3CR1 is required for monocyte homeostasis and atherogenesis by promoting cell survival. 
Blood 2008 Oct 29. 

 (145)  Blaschke S, Koziolek M, Schwarz A, Benohr P, Middel P, Schwarz G, et al. Proinflammatory 
role of fractalkine (CX3CL1) in rheumatoid arthritis. J Rheumatol 2003 Sep;30(9):1918-27. 

 (146)  Yoneda O, Imai T, Nishimura M, Miyaji M, Mimori T, Okazaki T, et al. Membrane-bound 
form of fractalkine induces IFN-gamma production by NK cells. Eur J Immunol 2003 
Jan;33(1):53-8. 

 (147)  Fraticelli P, Sironi M, Bianchi G, D'Ambrosio D, Albanesi C, Stoppacciaro A, et al. 
Fractalkine (CX3CL1) as an amplification circuit of polarized Th1 responses. J Clin Invest 
2001 May;107(9):1173-81. 

 (148)  Nordoy I, Muller F, Aukrust P, Froland SS. Adhesion molecules in common variable 
immunodeficiency (CVID)--a decrease in L-selectin-positive T lymphocytes. Clin Exp 
Immunol 1998 Nov;114(2):258-63. 

 (149)  Holm AM, Aukrust P, Damas JK, Muller F, Halvorsen B, Froland SS. Abnormal interleukin-7 
function in common variable immunodeficiency. Blood 2005 Apr 1;105(7):2887-90. 

 (150)  Holm AM, Tjonnfjord G, Yndestad A, Beiske K, Muller F, Aukrust P, et al. Polyclonal 
expansion of large granular lymphocytes in common variable immunodeficiency - association 
with neutropenia. Clin Exp Immunol 2006 Jun;144(3):418-24. 

 (151)  Forster R, valos-Misslitz AC, Rot A. CCR7 and its ligands: balancing immunity and tolerance. 
Nat Rev Immunol 2008 May;8(5):362-71. 

 (152)  Muller G, Hopken UE, Lipp M. The impact of CCR7 and CXCR5 on lymphoid organ 
development and systemic immunity. Immunol Rev 2003 Oct;195:117-35. 

 (153)  Burman A, Haworth O, Hardie DL, Amft EN, Siewert C, Jackson DG, et al. A chemokine-
dependent stromal induction mechanism for aberrant lymphocyte accumulation and 
compromised lymphatic return in rheumatoid arthritis. J Immunol 2005 Feb 1;174(3):1693-
700. 

 (154)  Christopherson KW, Hood AF, Travers JB, Ramsey H, Hromas RA. Endothelial induction of 
the T-cell chemokine CCL21 in T-cell autoimmune diseases. Blood 2003 Feb 1;101(3):801-6. 

 (155)  Damas JK, Smith C, Oie E, Fevang B, Halvorsen B, Waehre T, et al. Enhanced expression of 
the homeostatic chemokines CCL19 and CCL21 in clinical and experimental atherosclerosis: 
possible pathogenic role in plaque destabilization. Arterioscler Thromb Vasc Biol 2007 
Mar;27(3):614-20. 

 (156)  Middel P, Raddatz D, Gunawan B, Haller F, Radzun HJ. Increased number of mature 
dendritic cells in Crohn's disease: evidence for a chemokine mediated retention mechanism. 
Gut 2006 Feb;55(2):220-7. 

 (157)  Weninger W, Carlsen HS, Goodarzi M, Moazed F, Crowley MA, Baekkevold ES, et al. Naive 
T cell recruitment to nonlymphoid tissues: a role for endothelium-expressed CC chemokine 

 66



ligand 21 in autoimmune disease and lymphoid neogenesis. J Immunol 2003 May 
1;170(9):4638-48. 

 (158)  Kohout TA, Nicholas SL, Perry SJ, Reinhart G, Junger S, Struthers RS. Differential 
desensitization, receptor phosphorylation, beta-arrestin recruitment, and ERK1/2 activation by 
the two endogenous ligands for the CC chemokine receptor 7. J Biol Chem 2004 May 
28;279(22):23214-22. 

 (159)  Flanagan K, Moroziewicz D, Kwak H, Horig H, Kaufman HL. The lymphoid chemokine 
CCL21 costimulates naive T cell expansion and Th1 polarization of non-regulatory CD4+ T 
cells. Cell Immunol 2004 Sep;231(1-2):75-84. 

 (160)  Marsland BJ, Battig P, Bauer M, Ruedl C, Lassing U, Beerli RR, et al. CCL19 and CCL21 
induce a potent proinflammatory differentiation program in licensed dendritic cells. Immunity 
2005 Apr;22(4):493-505. 

 (161)  Foussat A, Coulomb-L'Hermine A, Gosling J, Krzysiek R, Durand-Gasselin I, Schall T, et al. 
Fractalkine receptor expression by T lymphocyte subpopulations and in vivo production of 
fractalkine in human. Eur J Immunol 2000 Jan;30(1):87-97. 

 (162)  Lopes-da-Silva S, Rizzo LV. Autoimmunity in common variable immunodeficiency. J Clin 
Immunol 2008 May;28 Suppl 1:S46-S55. 

 (163)  Baecher-Allan C, Anderson DE. Regulatory cells and human cancer. Semin Cancer Biol 2006 
Apr;16(2):98-105. 

 (164)  Dejaco C, Duftner C, Grubeck-Loebenstein B, Schirmer M. Imbalance of regulatory T cells in 
human autoimmune diseases. Immunology 2006 Mar;117(3):289-300. 

 (165)  Raghavan S, Holmgren J. CD4+CD25+ suppressor T cells regulate pathogen induced 
inflammation and disease. FEMS Immunol Med Microbiol 2005 May 1;44(2):121-7. 

 (166)  Waldmann H. Regulatory T cells in transplantation. Semin Immunol 2006;18(2):111-9. 

 (167)  Bacchetta R, Gambineri E, Roncarolo MG. Role of regulatory T cells and FOXP3 in human 
diseases. J Allergy Clin Immunol 2007 Aug;120(2):227-35. 

 (168)  Barath S, Sipka S, Aleksza M, Szegedi A, Szodoray P, Vegh J, et al. Regulatory T cells in 
peripheral blood of patients with mixed connective tissue disease. Scand J Rheumatol 2006 
Jul;35(4):300-4. 

 (169)  Longhi MS, Hussain MJ, Mitry RR, Arora SK, Mieli-Vergani G, Vergani D, et al. Functional 
study of CD4+CD25+ regulatory T cells in health and autoimmune hepatitis. J Immunol 2006 
Apr 1;176(7):4484-91. 

 (170)  Wei S, Kryczek I, Zou W. Regulatory T-cell compartmentalization and trafficking. Blood 
2006 Jul 15;108(2):426-31. 

 (171)  Mori S, Nakano H, Aritomi K, Wang CR, Gunn MD, Kakiuchi T. Mice lacking expression of 
the chemokines CCL21-ser and CCL19 (plt mice) demonstrate delayed but enhanced T cell 
immune responses. J Exp Med 2001 Jan 15;193(2):207-18. 

 (172)  Schneider MA, Meingassner JG, Lipp M, Moore HD, Rot A. CCR7 is required for the in vivo 
function of CD4+ CD25+ regulatory T cells. J Exp Med 2007 Apr 16;204(4):735-45. 

 
 
 

 67





PAPER I 



This article is removed.  



PAPER II 



This article is removed.  



PAPER III 



This article is removed.  



PAPER IV 



This article is removed.  



PAPER V 



This article is removed.  



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Euroscale Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on '[Press Quality]'] Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars true
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        8.503940
        8.503940
        8.503940
        8.503940
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




