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Summary 

Background and aims: Common variable immune deficiency (CVID) is a primary immune 

disease characterized by low levels of serum immunoglobulins (Igs) - in particular of the IgG 

class, recurrent infections, but also by increased radiosensitivity and risk of developing 

cancers. The etiology of CVID is complex, but mutations in genes related to B cell activation 

and differentiation have been identified. B cells from CVID patients have defective Toll like 

receptor 9 (TLR9)-signaling, and these patients are also frequently vitamin A deficient. TLR9 

is expressed in the endolysosomes of B cells, and these receptors are considered as part of the 

innate immune system. The natural ligand for TLR9 is bacterial DNA rich in unmethylated 

CpG motifs, and CpG oligonucleotides are used to stimulate the receptors in vitro.  

The innate receptor RP105 was first identified for its ability to protect murine B cells against 

γ-irradiation-induced cell death, but later it has been shown to synergize with TLR9-signaling. 

Recently our group has revealed that also the vitamin A metabolite retinoic acid (RA), which 

is important for a functional immune system, is able to enhance the immunostimulatory 

effects of TLR9-signaling. The overall aim of this thesis is to explore the possibility of using 

vitamin A to correct immune defects associated with CVID. Specific aims are to i. compare 

the effects of RA on proliferation and Ig-synthesis in TLR9/RP105-stimulated B cells from 

CVID patients and normal controls and ii. elucidate how the enhancing effect of RA on 

TLR9/RP105-stimulation affects γ-irradiation-induced cell death.   

Methods: CD19+ B cells were isolated from whole blood collected from CVID patients and 

healthy controls, and the cells were stimulated with different combinations of  CpG  and anti-

RP105 (in vitro ligands for TLR9 and RP105, respectively), in the presence or absence of RA. 

The effects of the stimulants were measured with respect to proliferation, as analyzed by 

measuring incorporation of [3H]-thymidine, and by ELISA for quantification of IL-10 and Ig-

synthesis. In addition, normal B cells were exposed to-irradiation followed by analysis of 

DNA damage-induced cell death by flow cytometry.   

Results: i. RA was able to enhance TLR9/RP105-mediated stimulation of B cells both from 

CVID patients and healthy controls, and was able to restore the diminished proliferation and 

IL-10 synthesis in the CVID-derived B cells. Although RA markedly enhanced TLR9/RP105-

mediated IgG synthesis in normal B cells, its effect on IgG synthesis in B cells from CVID 
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patients was more modest. ii. Stimulation of RP105 prevented -irradiation-induced cell death 

in normal B cells, and CpG enhanced the protection induced by RP105. Weak, but 

reproducible additive effects of RA were noted. 

Conclusion: Despite a relatively modest effect of RA on TLR9/RP105-induced IgG synthesis 

in CVID-derived B cells, the ability of RA to correct the defects in TLR9/RP105-mediated 

proliferation and IL-10 production in B cells from CVID patients, suggests that RA could 

have a role in treatment of this disease. The tendency that RA also contributed to the 

protective effects of CpG and anti-RP105 on -irradiation-induced cell death gives further 

support to this notion.    
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                                    ligand interactor 
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1 Introduction 

This master thesis will focus on the potential ability of vitamin A to correct the immune 

defects that are characteristic for patients with common variable immune deficiency (CVID). 

CVID is a primary immunodeficiency with defective B cell functions resulting in low 

production of immunoglobulins (Ig) and increased risk of infectious diseases (1). The 

pathogenesis behind this disease is not clear, however there have been uncovered defects in 

the innate immune responses in this patient group, i.e. responses to stimulation through Toll 

like receptors (2;3). Interestingly, the CVID patients are also frequently vitamin A deficient, 

and this may contribute to their susceptibility to infections (4;5). In addition to experiencing 

recurrent infections, the CVID patients also have increased risk of developing cancer like B 

cell lymphomas (6). It is suggested that the increased radiosensitivity of B cells from CVID 

patients (7) may contribute to their increased risk of lymphomas. In the following sections of 

the introduction, a brief summary of the immune system will be presented in section 1.1, 

followed by introduction of B cell functions (section 1.2), vitamin A in general (section 1.3), 

vitamin As role in the immune system (section 1.4) and the process of DNA damage and cell 

death (section 1.5). Together, this will contribute to the understanding of CVID (described in 

more detail in section 1.6) and for the interpretation of the results in this thesis.     

 

1.1 The immune system 

The immune system provides protection against invading pathogens like microbes, virus and 

fungi. It consists of different tissues and cell types, forming a complex interplay that 

ultimately results in a response that eliminates the pathogen. This process is called the 

immune response, and it prevents pathogens from inducing infections and helps to fight 

already established infections. A functional immune system is important for human health, 

were defects in the immune responses, as in CVID, leads to increased risk of infections and 

fatal outcome (6). In childhood, humans are particularly vulnerable to infections, as their 

immune system is not fully developed. Thus, exposure of different pathogens over time leads 

to development of a mature and functional immune system (8).  
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The tissues of the immune system are divided into primary and secondary lymphoid tissues. 

The primary lymphoid tissues consist of the bone marrow and thymus, and these are the 

anatomic sites of lymphocyte development. Secondary lymphoid tissues are the lymph nodes, 

spleen and mucosa-associated lymphoid tissue, and this is where the immune response mostly 

is initiated (8). 

 

Defense against pathogens is provided by the immune system in two ways; the innate- and the 

adaptive immune system. The innate immune system provides generic immunity and consists 

of defense mechanisms that are present from birth, whereas the adaptive immune system is 

highly specific and develops during life as a result of stimulation by pathogens. The cells that 

form the immune system are all derived from pluripotent hematopoietic stem cells. The 

different cell types of the immune system have specialized functions in the immune response, 

where some cells detect and present the pathogen to different parts of the immune system, 

other cells are effector cells that eliminates the pathogens (8). 

1.1.1 Innate immunity and its components 

Innate immunity is the unspecific part of the immune system (8;9). It provides a first line 

defense against pathogens and is important for instructing the adaptive immune system to 

respond to the pathogen (10). The innate immune system is considered unspecific, in the way 

that the cells recognize structures that are common for various classes of pathogens and the 

response is identical each time the body is exposed to the pathogen (8). 

 

The first barrier against infections is the skin, which consists of an impenetrable epithelial 

layer that protects all natural openings in the body. Tight-junctions between the cells prevent 

damaging pathogens from entering the body. This is a physical and chemical barrier, but it can 

be impaired by physical damage making a rupture in the epithelial layer (8). 

 

Phagocytes are important cells in the innate immune system. The phagocytes consist of cells 

like neutrophil granulocytes and macrophages, and their assignment is to ingest and digest 

microbes. Neutrophils are a type of short-lived phagocytes. They are the first cell type to 

respond to infections and are rapidly mobilized to the site of infections. Macrophages on the 

other hand are a type of long-lived phagocytes, which also have higher capacity for 

phagocytosis than neutrophils. They circulate as monocytes in the blood, but are matured to 
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macrophages in the tissue in response to infections. Macrophages also have several other 

important functions in the immune system, such as antigen presentation and elimination of 

dying lymphocytes (8). 

 

Dendritic cells are immune cells specialized in presenting antigens from pathogens to the 

lymphocytes, and because of this feature the dendrittic cells are called antigen presenting cells 

(APC). They bind, ingest and degrade the pathogens, and as a result, protein- and 

polysaccharide sequences derived from the pathogen, called antigens, can be presented to 

other cells of the immune system. Protein antigens are presented on the surface of the 

dendritic cells bound to MHC II molecules, and the presentation leads to recruitment of 

lymphocytes that recognize the antigen and initiate an adaptive immune response. The 

presentation and recognition of antigens mediated by the APC and the lymphocytes, 

respectively, occur in secondary lymphoid tissues (8). 

 

The phagocytes and the dendritic cells bind pathogens through receptors called pattern-

recognizing receptors (PRRs). These receptors are considered to be a part of the innate 

immune system, and bind conserved motifs on pathogens called pathogen-associated 

molecular patterns (PAMPs) (11). The PAMPs are essential constituents of the pathogens, like 

nucleic acids from DNA or proteoglycans from the cell wall of the pathogen (12). Several 

PRRs can be activated by a pathogen simultaneously, and this gives information about the 

nature of the pathogen and contributes to a more robust and specific immune response (13). 

Binding of PAMPs to the PRRs leads to induction of inflammatory cytokines, chemokines 

and interferons that affect other cells in the immune system. It also leads to up regulation of 

co-stimulatory molecules that contribute to activation of other immune cells (12;14). PRRs 

are also present on cells in the adaptive immune system; and thus they are important for the 

function of for instance B cells. More information on PRRs and B cells follows in section 1.2.    

Toll like receptors (TLRs) 

One group of PRRs is the Toll like receptors (TLR). There are 10 TLRs (TLR1-10), and also 

the TLR-homolog RP105 (CD180) belongs to this family of receptors (15;16). The TLRs are 

widely expressed on cells in the immune system. They are type 1 integral membrane 

glycoproteins, with leucine-rich repeats at the N-terminal domain and an intracellular C-

terminal known as toll/interleukin-1 receptor domain (TIR) (15). The TIR domains are 



4 

 

required for downstream signal transduction into- and inside the cell. Several of the TLRs 

work in complexes, either as heterodimers with other TLRs or associated proteins, or as 

homodimers. Some TLRs are expressed on the cell surface, whereas others have intracellular 

location. The majority of the TLRs depend on presence of the cellular protein Myeloid 

differentiation primary response gene (88) (MyD88) for their activity. MyD88 is an adaptor-

molecule recruited to the TIR domain after interaction between TLRs and PAMPs. Binding of 

PAMPs to TLRs ultimately leads to activation of transcription factors, and these signaling 

events are important for induction of the immune response (see figure 1) (17). 

TLR9 

Toll like receptor 9 (TLR9) is a member of the TLR-family expressed in the endolyzosomal 

compartment of the cell. It binds and is activated by the unmethylated DNA motif CpG 

(18;19), characteristic for bacterial DNA (20-22). TLR9 is particularly abundantly expressed 

in B cells and plasmacytoid dendritic cells (23;24), but they are also expressed in 

macrophages. The receptor can be activated in vitro by the use of modified CpG 

oligodeoxynucleotide phosphorothionate which mimics the bacterial CpGs (21). 

The CpG oligonucleotides enter the cells by endocytosis, and the endocytotic vesicles fuse 

with the lysosome thus forming an endolysosome (see figure 1). In the endolysosome, CpGs 

are able to interact with TLR9 and activate the downstream signaling pathway. This pathway 

includes the p38 mitogen-activated protein kinase (MAPK), extracellular receptor kinase 

(ERK) and NF-κB-inducing kinase, in addition to MyD88. This ultimately results in 

activation of the transcription factors NF-kB, C/EBP, CREB and AP-1 (19). Activation of 

TLR9 have effects on several cell types in the immune system, resulting in processes like 

proliferation and differentiation of dendritic cells and B cells and to expression of co-

stimulatory proteins, cytokines and chemokines in pre-dendritic cells (25).  
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Figure 1: TLR9 signaling pathway. The interaction between TLR9 and CpG occurs in the endolysosome and 

will activate signaling pathways ultimately leading to initiation of transcription. Modified from (26). 

 

RP105 

RP105 (also known as CD180) is a TLR-homolog expressed predominantly on the surface of 

mature human B cells (27;28). The expression of RP105 is 2-5 folds higher on memory B 

cells than on naïve B cells, and it is up-regulated upon receptor ligation (28;29). The 

expression of RP105 on the cell surface is dependent on association with the secreted 

molecule MD-1 (30), and this interaction is also important for function of the receptor (31). 

RP105 shares structure similarities with the TLRs, but lacks the characteristic TIR domain 

responsible for signal transduction in other TLRs (16). Animal studies indicate that the 

tyrosine kinase Lyn, PKC β I/II and ERK2-specific MAP-kinase kinase (MEK) are involved 

in the signaling pathways downstream of RP105 (32).  

 

The ligand of RP105 is unknown, but it can be activated in vitro by cross-linking the receptors 

with anti-RP105 antibodies (33). RP105 was first identified for its ability to protect murine B 

cells against irradiation-induced cell death, i.e. it had a radioprotective role (32;33). Later, in 

vitro-activation of RP105 has been shown to increase the proliferation of both human- and 

murine B cells (28;34). Anti-RP105 has also been shown to inhibit LPS-mediated TLR4 

signaling in murine B cells (35), and it was speculated that RP105 could be a TLR4-
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independent LPS receptor (36). However, studies in our lab were unable to demonstrate that 

LPS could activate human B cells, indicating that RP105 most likely has no role in regulation 

of LPS-mediated signaling in humans (Agnete Bratsberg Eriksen, personal communication). 

However, this does not rule out the possibility that RP105 can have a role in regulation of 

TLR4 signaling.  

1.1.2 Adaptive immunity and its components 

The adaptive immune system is a highly specialized and specific part of the immune system 

carried out by circulatory lymphocytes. It is also called acquired immunity because it 

develops and becomes more effective after stimulation with pathogens. The adaptive immune 

response can be divided into primary- and secondary immune response (see figure 2). The 

primary immune response is induced the first time the pathogen enters the body, while the 

secondary immune response is initiated when the pathogen reenters (8).   

 

The lymphocytes develop from lymphoid progenitor cells in the bone marrow and consist of 

B-, T- and NK-cells. There are two main types of adaptive immunity; humoral- and cell-

mediated immunity. Humoral immunity is conducted by the B cells and their secreted Igs, 

whereas cell-mediated immunity is mediated by the T cells which contribute to the killing of 

infected cells. The lymphocytes are specific for individual pathogens, meaning that each cell 

has a unique receptor that only binds one specific antigen on a particular pathogen. An 

important feature of the adaptive immune system is the long lasting immunological memory. 

Thus, memory B- and T cells generated during the primary infection recognize the invading 

pathogen quicker the next time it enters the body, and the secondary immune response is also 

more effective (8). 

 

Whereas T cells only recognize peptide antigens, B cells can via their receptors recognize 

antigens of various types of macromolecules, such as proteins, polysaccharides, lipids and 

nucleic acids. Some of the receptors on the B cells, i.e. the B cell receptor (BCR), binds only 

specific antigens, whereas others, like TLRs, can bind signature molecules that are common 

for several types of pathogens (8). The TLRs can therefore function as a link between the 

innate and the adaptive immune system, where activation trough TLRs can initiate immune 

features characteristic for the adaptive immune system (10). 
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Figure 2: The immune response. The immune response that develops after the first exposure to the pathogen is 

characterized by IgM production and differentiation of B cells into memory B cells. When the pathogen reenters 

the body, these memory B cells will recognize the pathogen and initiate an immune response that is more 

specific, have higher magnitude and is more effective against the pathogen. Modified from (37). 

 

1.2 B cells 

B cells (bursal or bone-marrow derived) are the lymphocytes responsible for humoral 

immunity. The role of B cells is first of all to secrete Igs/antibodies, and these Igs have the 

ability to neutralize and contribute to elimination of pathogens. B cells exist as different 

subtypes depending on activation and differentiation state, and in the peripheral blood there is 

a mixture of the different B cell subtypes. Naïve B cells are cells that have not yet been 

activated by antigens and they make up the majority of the B cells in the peripheral blood. 

Plasma cells are cells that have been activated and differentiated into Ig-producing cells, 

whereas memory B cells are activated cells that have differentiated into resting cells ready to 

respond to re-entry of the pathogen (8;38). CVID patients have defects in their B cells 

resulting in reduced secretion of Igs, especially of the IgG class. It is believed that the lack of 

IgG-producing memory B cells, so called switched memory cells, contributes to this feature 
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(39). In the following subsections, the focus will be on B cell-development and activation, 

and how B cells mediate their protective role in the body.  

1.2.1 Generation and development of mature B cells 

In adult life, B cell development occurs in the bone marrow where the lymphoid stem cell 

gives rise to the pro-B cell (figure 3). This progenitor cell enters a developmental stage 

involving rearrangements and expression of a surface receptor defined as the BCR. The BCR 

consists of two heavy (H) and two light (L) chains, which both contain a variable and a 

constant region (see figure 5 in section 1.2.4). The rearrangement of these variable regions 

makes it possible to have a great diversity in the specificity of the pathogens that bind the 

BCR (40). The constant region of the H-chain determines which Ig class the BCR belongs to. 

When the cells express a µ H-chain, the cell is known as a pre-B cell, and when the B cell also 

expresses the light chain, it is defined as an immature B cell. The receptor expressed on the 

immature B cell is of the IgM-class, and is defined as a BCR. During the development of 

functional B cells, negative selection of cells with self-reactive features occurs to prevent 

development of autoimmune diseases. The B cells then enters the peripheral circulation and 

are considered mature when they express both IgD and IgM (8). 

 

 Figure 3: B cell development. See text for more explanation. Modified from (38).     
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In the secondary lymphoid organs, the B cells are organized into primary lymphoid follicles 

in cooperation with specialized stromal cells. These stromal cells secrete chemokines 

responsible for this lymphocyte compartmentalization (41), and they secrete signal molecules 

important for development and survival of the B cells (40). Like the B cells, the T cells are 

also compartmentalized in the secondary lymphoid organs where they are localized in the 

paracortical area. When the B- and T cells are exposed to antigens they re-localize to the 

boundaries of cortical T cell- and follicular B cell areas. Here, the cells interact, ultimately 

resulting in activation of B cells (41). 

1.2.2 B cell activation 

Activation of B cells occurs mainly in the secondary lymphoid tissues, and leads to 

proliferation and differentiation of the cells into Ig producing plasma cells. Activation of B 

cells can occur both through binding of antigens to BCR or via binding of PAMPs to PRRs. 

Activation through the B cell receptor 

Naïve B cells express two BCRs; IgM and IgD. Activation of the B cells through BCR is T 

cell dependent, and only protein antigens can activate the B cells in this manner. The antigens 

enter the lymphoid organs, either as free antigens transported in the circulation or as antigens 

presented by dendritic cells. But only a B cell with a BCR specific for the antigen can be 

activated, and for each antigen there are only 1 in 10
4
 -10

5
 B cells that can bind the particular 

antigen (41). 

The binding of antigen to the receptor leads to cross linking and clustering of receptors, and 

this is necessary for activation of the B cell. The surface molecules Igα and Igβ are in close 

contact with the BCR and are responsible for signal transduction into the cell (40;42). The 

antigen bound to the BCR is internalized, fragmented and presented on MHC class II 

molecules on the B cell surface. The T cell, that previously have been activated by APCs 

presenting antigens from the same pathogen, can now recognize the antigen bound to MHC 

class II of the B cell. By interacting with several signaling molecules on the B cell surface, the 

T cell can activate the B cell (41). Activation of naïve B cells through BCR leads initially to 

IgM secretion, however, isotype switching and activation of memory B cells through BCR 

leads to secretion of Igs of other subclasses.  
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Innate activation of B cells through TLR9 and RP105 

The B cells can also be activated independent of the BCR, for instance by binding of PAMPs. 

The B cells express a wide repertoire of PRRs, including TLR1, TLR6-10 and RP105 (24;43).  

TLR9 is predominantly expressed on B cells. As previously mentioned, unmethylated CpG is 

the activator of this receptor, and ligation of the receptor leads to proliferation, isotype class 

switching and differentiation into Ig producing plasma cell (44;45). Activation of TLR9 leads 

initially to secretion of IgM. This pool of IgM provides humoral immunity before activation 

of B cells through BCR leads to secretion of more specific Igs. However, both animal- and 

human studies have shown that activation of TLR9 also can lead to production of IgG (44-

46). The IgG production requires the signaling molecule MyD88 and autocrine production of 

IL-10, and IgG of the IgG1, IgG2 and IgG3 classes are produced (46). Thus, TLR9 is 

expressed in higher level in memory B cell (24), TLR9 have also been shown to be important 

for maintaining lifetime serological memory. Thus, as TLR9 recognize PAMPs, they can 

induce polyclonal activation of memory B cells that lead to differentiation of the B cells into 

Ig-producing plasma cells and contribute to long-lasting protective immunity (47;48). 

The toll-like receptor homolog RP105 can also contribute to activation of B cells. A study 

conducted in murine B cells shows that binding of anti-RP105 antibodies to B cells can 

induce proliferation and Ig secretion (33). In vivo experiments with mice show that injection 

of anti-RP105 leads to increased serum concentration of nearly all Ig isotype, but particularly 

the IgG subclasses (49). However, in vitro studies on human cells reveal that activation of B 

cell by anti-RP105 alone has only a minor effect on proliferation and Ig secretion (49;50). 

Whereas activation of B cells via RP105 alone has little effect, both proliferation and Ig 

synthesis is increased when the B cell are co-stimulated via other receptors in addition to 

RP105. Thus, it has recently been shown that anti-RP105 potentiates TLR9-mediated 

proliferation and survival of human B cells (50) and enhances production of Ig and cytokines 

in murine B cells (49). Stimulation of B cells with anti-RP105 leads to increased expression 

of both surface and intracellular TLR9, and this effect is more pronounced in naïve B cells 

(50). The synergy between TLR9 and RP105 was reported to involve increased 

phosphorylation and activation of Akt and to increased activation of NF-κB by degradation of 

the NF-κB inhibitory molecule IκB (50). 
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1.2.3 B cell proliferation 

Proliferation of B cells is a consequence of both innate and specific activation of the cells. 

This is a process where the B cell grows and ultimately divides into two identical cells. The 

cycle of duplication and division is called the cell cycle, and can be divided into four phases; 

the first gap phase (G1), the DNA replication phase (S), the second gap phase (G2) and the 

mitosis phase (M) (51). Prior to cell proliferation the B cells are in the resting G0 phase. Upon 

activation the B cells enter the G1 phase, and after passing the restriction point in G1, the cell 

will enter into S-phase and ultimately divide (51). 

B cells can be activated to proliferate in vitro by several factors. Two commonly used 

polyclonal activators of B cells are antibodies to IgM (anti-IgM) and Staphylococcus aureus 

Cowan (SAC) (38). Cross-linking of receptors on B cells with anti-IgM makes the B cell 

competent to respond to growth and differentiation factors, whereas in combination with 

SAC, cells are driven into S-phase. B cells can also be induced to proliferate and differentiate 

through a number of other factors like CD40L (52) and CD38 (53) in combination with 

various cytokines like IL-2, IL-4, IL-5 and IL-10. Proliferation of B cells in vitro can also be 

brought about by ligation of TLR9 by CpG in the presence or absence of anti-RP105, as 

described in section 1.2.2. 

1.2.4  Differentiation of B cells into Ig-secreting plasma cells 

Activation of naïve B cell leads to clonal expansion and development into short-lived plasma 

cells that produce IgM with low or medium affinity to the antigen. This response is 

characteristic for the primary immune response and takes place the first time an antigen 

encounter a B cell (see figure 2) (8). Activation of B cells can also lead to formation of 

germinal centers in the B cell follicles, forming a secondary follicle. This stage is 

characterized by clonal expansion of mature B cells, class switch recombination (CSR), 

somatic hypermutation (SHM) and affinity maturation of the B cell receptor. CSR is a non-

homologous site-specific recombination leading to expression of Igs of the IgG, IgA or IgE 

class. The enzyme activation-induced cytidine deaminase (AID) is involved in this process. 

SHM occurs in the variable regions of the Ig gene and especially in the hypervariable regions 

(54). SHM is important for affinity maturation which makes the Ig bind stronger to the 

antigen. If the cells have insufficient antigen affinity or develops autoimmune features, they 

are eliminated by apoptosis (54). Through these processes the Igs generated by the B cells are 
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more specific and gives a better protection against the invading pathogen (see figure 4) 

(40;55).  

 

Figure 4: Antibody affinity during different stages of immunization. During the different stages of 

immunization, IgG is the antibody with the highest affinity. The affinity maturation occurs in the germinal center 

reaction, and this makes IgG a more specific antibody than IgM. Modified from (56). 

 

Some of the activated B cells differentiate into memory cells during the primary immune 

response, and these are resting cells ready to respond to re-infection (8). There are several 

subtypes of memory B cells, and these can be distinguished on the basis of their expression of 

the surface molecules CD27, IgM and IgD (57-59). Mature naïve B cells are CD27 negative 

(CD27-), whereas memory B cells are CD27 positive (CD27+) (60). Memory B cells can 

further be subdivided into IgM memory B cells (CD27+, IgM
bright

IgD
dull

) and switched 

memory B cells (CD27+,IgM
-
IgD

-
) (57;58). 

The memory B cells differentiate into plasma cells, and as compared to the plasma cells 

differentiated from naïve B cells, they produce higher levels of Igs, Igs of other subclasses 

and with higher affinity for the pathogen (see figure 3 and figure 4). IgM memory B cells can 

be generated in the absence of a germinal center reaction (61), and they play a major role in 

the protection against encapsulated bacteria. Switched memory B cells on the other hand, are 

generated during the germinal center reaction, and produce antibodies of other isotypes and 

with higher affinity than antibodies from IgM memory B cells. Memory B cells exhibit a 
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more rapid Ig response than naïve B cells when exposed to antigens, and memory B cells can 

persist for many decades after initial infection or vaccination. Periodic re-exposure to the 

pathogen is a mechanism that naturally boosts the memory B cell numbers, but in the absence 

of antigenic re-exposure, memory B cells can still be maintained for many years. There are 

two current hypotheses that have been put forward to explain the longevity of the antibody 

responses in the absence of re-exposure to the pathogen. The first hypothesis proposes that 

antibody levels are maintained by the presence of long-lived plasma cells in the bone marrow 

which secrete specific antibodies for extended periods of time (62;63). The second hypothesis 

was proposed by the group of Lanzavecchia suggesting that memory B cells are continuously 

differentiated into plasma cells in an antigen-independent manner due to polyclonal activation 

(48). Thus intermittent TLR9 activation of CD27+ memory B cells by unmethylated CpG 

DNA may be a homeostatic mechanism that maintains adaptive long-term B cell memory in 

the absence of specific antigens (48). These two mechanisms can also occur simultaneously.     

There are several factors known to be required for B cell differentiation into Ig-producing 

plasma cells and IL-10 is one of the key factors involved. IL-10 was first identified as 

cytokine produced by Th2 cells that inhibited cytokine synthesis in Th1 cells, but studies have 

also revealed that mature B cells produce IL-10 (52;64;65). This cytokine is known to have an 

anti-inflammatory effect by inhibiting cell-mediated immunity while it stimulates humoral 

immunity (66). When the B cell is activated, endogenous IL-10 leads to proliferation and 

differentiation of the B cells (67). IL-10 can induce isotype switching and increase the Ig 

production of both IgG, IgM and IgA. IL-10 has effect on both naïve- and memory B cells 

(67;68). 

The antibodies produced by plasma cells have the ability to neutralize and contribute to 

elimination of extracellular pathogens and to prevent the spread of intracellular pathogens (8). 

Like the BCRs, the secreted Ig molecule consists of two identical heavy (H) chains and two 

light (L) chains (see figure 5). The Igs exists in various classes determined by the isotype of 

the constant region in the H-chain; where Cµ gives rise to IgM, Cγ to IgG, Cα to IgA, Cδ to 

IgD and Cε to IgE (8;69). The secretory Igs are produced from the same DNA sequence as the 

membrane bound form, but alternative mRNA processing and post-translational modifications 

are involved resulting in the secreted form (69;70). When the B cell matures into a plasma 

cell the amount of Ig mRNA increases over 100-fold as a result of enhanced transcription and 

increased mRNA stability (69;71;72) 
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Figure 5: Antibody structure. The antibody consists of a two light- and two heavy chains, each divided into 

constant and variable regions. The variable regions form the Fab region, whereas the constant region of the 

heavy chain forms the Fc region. The hinge region is important for flexibility in the Fab area. Rearrangements of 

the H-chain convert the membrane Ig into the secreted form. Modified from (56). 

 

Antibody production starts within the first week of infection (8). IgM, which initially is 

secreted, is expressed as a monomer on the cell surface, but it is secreted as a pentamer. The 

secreted IgM-complex is too large to leave the bloodstream, and this makes it only suitable 

for fighting pathogens in the circulation. However, IgM can activate the compliment system 

in the circulation by the classical pathway. The compliment system consists of both soluble- 

and cell surface proteins that during activation are proteolytically cleaved in a cascade 

reaction. Activation of the compliment system results in production of chemokines that attract 

immune cells and of opsonins that have the ability to increase phagocytosis. Complement 

proteins can also assemble into a membrane attack complex that penetrates the membrane of 

the pathogen and results in lysis (8;37). 

IgG is the dominant Ig secreted in the secondary immune response. This antibody can also 

neutralize the pathogens and activate compliment, but it has additional effects which makes it 

irreplaceable in the immune system. It has the ability to bind to the pathogen and work as an 

opsonin which activates phagocytosis of the pathogen. It can also activate NK cells to kill 

infected cells, and in contrast to IgM it has the ability to leave the bloodstream and penetrate 

tissues (8). Since IgG is a more effective Ig, the lack of IgG leads to increased risk of 

infections even in the presence of normal levels of secreted IgM. CVID is an example of such 
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a disease, where half of the patients have normal IgM while still suffering from defective 

immune responses (73).  

 

1.3 Vitamin A 

Vitamin A has long been known to have important roles in the immune system (see section 

1.4 for more details). Studies on CVID patients have revealed that these patients are deficient 

of vitamin A (4;5) which potentially leads to poorer immune responses. However, vitamin A 

has several important functions outside the immune system, and in the following sections, a 

general introduction to vitamin A will be given.    

Vitamin A refers to a group of compounds that possess the biological activity of the parent 

retinoid compound, retinol (ROH). Retinoids, on the other hand includes both naturally 

occurring forms of vitamin A and the many synthetic analogs of ROH, with or without 

biological activity (74). Vitamin A was first discovered in 1913 as a fat soluble constituent 

needed in the diet to make it adequate (75). In fruit and vegetables vitamin A exists as  

provitamin A called carotenoids (like β-carotene, α-carotene and β-cryptoxanthin), whereas in 

animal sources vitamin A exists as preformed vitamin A in the form of retinyl esters. Humans 

have no capacity for de novo synthesis of vitamin A, and it must therefore be obtained 

through the diet (76).   

1.3.1 Dietary sources and daily requirements 

Dietary sources of vitamin A are green-, orange-, yellow- and red vegetables, as well as 

animal products like liver, milk, fatty fish and liver cod oil (77). The daily need of vitamin A 

varies depending on age and sex, but in the adult population it is in the range of 700-900 µg 

per day (78). The international unit of vitamin A is given as retinol activity equivalent (RAE), 

where 1 µg ROH equals 1 RAE. The biological activity of vitamin A depends on 

bioavailability and bioconversion, and studies have shown that vitamin A from animal 

sources is more biological active than plant derived vitamin A. Hence, the activity of 6 µg β-

carotene or 12 µg of mixed dietary carotenoids equals 1 µg ROH (79). It is important to 

notice that unlike water-soluble vitamins where the excess is eliminated through the urine, the 

excess of the fat-soluble vitamin A is stored in the liver (see below). Thus, excessive intake of 
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vitamin A over time leads to accumulation in the liver and may be potentially harmful 

(76;80).  

1.3.2 Absorption and metabolism of vitamin A 

The absorption of vitamin A takes place in the proximal portion of the small intestine and 

involves processes occurring both in the lumen and in the enterocyte (see figure 6). Since 

vitamin A is fat-soluble, optimal absorption requires the presence of dietary fat which 

facilitates the absorption into enterocytes and chylomicron formation (81). In the lumen of the 

intestine the retinyl esters from the diet are hydrolyzed to ROH by the enzymes pancreatic 

lipase and brush-border retinyl ester hydrolase. The ROH is absorbed by carrier mediated 

transport and passive diffusion (passive diffusion when absorbing pharmacological doses), 

whereas β-carotene is absorbed by passive diffusion alone. The absorption rate of retinoids is 

70-90 %, while only 20-50 % of the β-carotene is absorbed (80;82). This difference in 

absorption rate may contribute to the poor biological activity of carotenoids. β-carotene 

derived from vegetables diffuses into the enterocytes before they are enzymatic converted to 

retinal and further to ROH (76;77;81). Alternatively, β-carotene can also be incorporated 

unmodified into chylomicrones (83). 

 

Figure 6: Digestion and absorption of vitamin A. Vitamin A enters the body as carotenoids or retinyl esters. 

They are absorbed into the enterocytes where they are modified and packed into chylomicrones. The 

chylomicrones are transported in the lymph to the circulation. Modified from (83). 

 

In the enterocytes both ROH derived from plants and animal sources are reesterified to retinyl 

ester by the enzyme LRAT, before they are packed into chylomicrones and secreted to the 

lymph system. Chylomicrones are large lipoprotein complexes containing cholesterol, fatty 
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acids, vitamin A and vitamin E. These large complexes are transported via the lymph system 

to the circulatory system where they deliver fatty acids to the fat- and muscle cells. The 

chylomicron remnants, containing the retinyl esters, are taken up by the parenchymal cells in 

the liver. The liver is the main storage for vitamin A in the body, where the hepatic stellate 

cells are responsible for storing vitamin A in lipid droplets. On demand, the stellat cells will 

secrete ROH. Thus, stellate cells are responsible for maintaining the blood concentration of 

retinol at about 1-2 µM. Only in situations with severe vitamin A deficiency (VAD) will the 

plasma concentration of retinol drop (76;77;81). There are also traceable amounts of other 

vitamin A metabolites in the serum, like all-trans- and 13-cis retinoic acid, and these are 

transported in the blood bound to albumin. The serum concentration of retinoic acid (RA) is 

normally approximately 10 nM (84). 

1.3.3 Mechanism of action of vitamin A 

As mentioned above, the stellate cells release vitamin A as ROH when the demand for 

vitamin A increases. ROH is transported in the circulation bound to retinol binding protein 

(RBP) and transthyretin (TTR) (see figure 7). RBP makes the ROH molecule water-soluble, 

and the binding to transthyretin is important for reducing the filtration of ROH in the 

glomeruli in the kidney. When the ROH-RBP-TTR complex reaches the target cell, TTR 

detaches from the complex and ROH-RBP is taken up by the cell using RBP receptor. Inside 

the cell, ROH is released from RBP and oxidized to retinal before it is further oxidized to RA. 

Retinal can be converted into two different isoforms of RA; all-trans RA and 9-cis RA, and 

these are the active metabolites in target cells. The RA metabolites are transported into the 

nucleus by binding to cellular retinoic acid binding protein II (CRABP-II). In the nucleus, RA 

binds the nuclear receptors Retinoic Acid Receptor (RAR) and Retinoic X Receptor (RXR), 

where RAR binds all-trans RA and RXR bind 9-cis RA. There are three different subtypes of 

each of these receptors, RAR alpha/beta/gamma and RXR alpha/beta/gamma, and different 

subtypes are expressed in different cells. These receptors form heterodimers, and affect 

transcription of target genes by binding to retinoic acid response elements (RARE) in the 

DNA. Binding of the receptors to the RAREs can both have inhibitory and stimulatory effects 

(76;77;81). 
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Figure 7: Cellular metabolism of vitamin A and mechanism of action. ROH enters the cell and is oxidized 

into the active metabolite RA. RA is transported into the nucleus where it binds and activates the nuclear 

receptors RAR and RXR. Modified from (83). 

 

RA in complex with RAR-RXR can also affect transcription of genes independent on RARE 

(85). Furthermore, RARs have the ability to integrate signals from several pathways, due to 

multiple phosphorylation sites, making the regulation of gene expression more fine-tuned. In 

addition to its genomic effects, vitamin A can also have non-genomic effects by binding to 

other target proteins and regulate their activity. Protein kinase C (PKC) is such an example 

(76). 

1.3.4 Functions of vitamin A 

Vitamin A has critical roles in many aspects of life, not only in embryogenesis where it has a 

role in organogenesis. It has important roles in vision, for normal growth, maintenance of 

numerous tissues, reproduction and for the immune system (for more details of the role of 

vitamin A in the immune system, see section 1.4). In all these functions, RA is the active 

metabolite, except in the vision process where 11-cis retinal is the important metabolite 

working as a chromophore in the eye (76).   

More than 500 genes are suggested to be directly or indirectly regulated by RA, and of these, 

27 are unquestionably direct targets of the classical RAR-RXR-RARE complexes (85). Since 

RXR also can form obligate heterodimers with adopted orphan nuclear receptors (ex: LXR, 

VDR, PPAR), vitamin A can also regulate the target genes of these receptors (76). In many 
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cases, RXR acts as a silent partner, but in some cases, binding of ligand to RXR and the 

partner receptor leads to synergistically activation of the receptors (86). 

1.3.5 Vitamin A deficiency and excess 

VAD is a major nutritional concern in many developing countries where South-East Asia is 

the area with highest incidence. The main cause of VAD is poor quality of the diet, and in 

countries vulnerable for VAD a diet based on plant foods are common (87). However, 

infectious diseases may contribute to VAD by increasing the metabolism and reducing the 

intake and uptake of vitamin A (88). The relationship between VAD and infectious diseases 

can be described as a vicious cycle; where VAD increase the risk of infections and infectious 

diseases increase the risk of VAD. The threshold for VAD is defined by WHO to be serum 

concentration <0.70 µmol/l, and in addition to increased risk of infections, chronic VAD leads 

to disorders such as xerophthalmia (dryness to the eye), childhood blindness, anemia and 

increased mortality. Particularly low vitamin A intake during nutritionally challenging periods 

of life such as; infancy, childhood, pregnancy and lactation, increases the risk of VAD (88). 

VAD related to infections will be discussed in section 1.4. 

In developed countries, sub toxic intake of vitamin A rather than deficiency is an increasing 

concern (80). Acute toxicity is rare, but an intake exceeding the upper limit (>3000 µg 

retinol/day) over a long period of time may lead to a chronic toxicity (78). It has normally 

been preformed vitamin A that has been connected to toxic effects (89). This is mainly due to 

the high absorption rate, but it is also due to the fact that preformed vitamin A is the 

compound often present in supplements of vitamin A. Children and elderly are particularly 

vulnerable to excess intake of vitamin A (80). 

Both acute and chronic toxicity leads to symptoms like nausea, headache, anorexia and dry 

skin (90), but the symptoms of acute toxicity appears within hours. Chronic toxicity also leads 

to bone and joint pain and have teratogenic effect. Human studies have indicated an 

association between sub toxic intake of vitamin A (hypervitaminosis A) and bone loss 

associated with osteoporosis, but the results are somewhat conflicting (91;92). However, 

clinical cases of hypervitaminosis revealed skeletal changes, hypercalcemia and increased 

alkaline phosphatase activity, all parameters being compliable with vitamin A affecting bone 

health (93-95). 
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1.4 Vitamin A and the immune system 

Already in the late 1920s the association between vitamin A and the immune system was 

established (96). Later, both epidemiological studies, animal studies and cell biological 

studies have proven vitamin A to have positive effects on the immune system and the 

prevalence of infections (97). Nearly 8.8 million children (< 5 years of age) world-wide die 

every year, and more than 2/3 of these deaths are caused by infectious diseases like 

pneumonia, diarrhea and malaria (98). A meta-analysis conducted by Mayo-Wilson and 

colleagues showed that vitamin A supplementation could lead to a 24 % reduction in all cause 

mortality in children under 5 years of age, and that it could reduce the incidence of diarrhea 

and measles with 15 % and 50 %, respectively (87). 

VAD is not only a challenge in developing countries, but also in the industrialized part of the 

world where it is prevalent in patients with human immunodeficiency virus (99) and primary 

immunodeficiencies (4). The low vitamin A status present in these patient groups is 

associated with higher risk of complications, and these patients often need higher doses of 

vitamin A supplementation to restore their vitamin A status (4;100).   

RA is the main vitamin A metabolite that has biological effects in the immune system, and it 

has been shown to affect various parts of the immune system (97). It is important for cellular 

differentiation of epithelial cells and thereby affecting membrane integrity and numbers of 

mucus-producing goblet cells in the epithelial lining (101). VAD thereby leads to increased 

risk of translocation of pathogens (102) and to poorer clearance of respiratory infections 

(103). RA has also been shown to be important for development and function of neutrophils 

(104;105) and to ensure proper levels of IgA produced by B cells in gut-associated lymphoid 

tissues (GALT) (106). Secretory IgA contributes to the function of the intestinal barrier and is 

involved in immunological homeostasis (107). RA produced by dendritic cells in GALT is 

also important for gut-homing of lymphocytes by inducing expression of gut homing 

receptors on lymphocytes and their corresponding ligands on the mucosal endothelial cells 

(107).   

The anti-inflammatory effect of RA is enforced by affecting the cytokine production in 

macrophages resulting in a shift in the balance between T-helper 1(Th1) cell activity and T-

helper 2 (Th2) cell activity in favor of anti-inflammatory Th2 cells (108). More recently, 

vitamin A has also been shown to promote development of T-regulatory (Treg) cells (109) 
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that are important for downregulating the immune responses and to induce tolerance to self-

antigens (110). Vitamin A is also important for the balance between anti-inflammatory Treg 

and pro-inflammatory Th17 cells (111;112).  

1.4.1 Vitamin A and B cells 

While the stimulatory effect of RA on T cells has long been acknowledged (113-115), there 

have been controversies regarding the importance of RA for B cell functions. Some reports 

have documented that RA is required for B cell activity (116) and to accelerate B cell 

differentiation (117) and antibody responses (118). It has also been reported defective B cell 

responses associated with VAD, and that both VAD animals and VA-adequate animals show 

improved antibody responses after supplementation of vitamin A (119;120). In contrast to 

these reports, our group showed several years ago that vitamin A inhibited the proliferation of 

B cells stimulated via the BCR (121). Later, RA was also shown to inhibit proliferation of B 

cell precursors (122), Epstein-Bar Virus immortalized B cells and tumorigenic B cells (123). 

More recently, Ertesvåg and colleagues in our lab showed that the effect of RA on B cells was 

dependent on the type of antigen used to stimulate the cells and on the subtype of B cell that 

was stimulated (124). Thus, RA enhanced the proliferation of memory B cells activated 

through TLR9, whereas naïve B cells stimulated via BCR were inhibited. Recently, our lab 

has also shown that RA can synergize with CpG in the presence of anti-RP105 (125). Other 

groups have demonstrated that RA exerts additive or synergistic effects with TLRs, like 

TLR3, TLR4 and TLR9 (126). The role of RA in proliferation of B cells has therefore been 

described as conditional, dependent on the antigenic challenge.   

RA has also been demonstrated to affect the differentiation of mature B cell to Ig-producing 

plasma cell when co-stimulated with anti-CD40 antibody that mimics CD40L (127). Animal 

studies have shown that RA increases the number of naïve B cells in the bone marrow and 

decreases the number of progenitor cells which indicates shortening of the maturation time 

(117). More specific, animal studies have shown that RA stimulates CSR and SHM of Ig 

genes by increasing the expression of the enzyme AID (128). RA, in cooperation with anti-

CD40 and IL-4, also increases surface-expression of the differentiation marker CD138 (129). 

Our group has also demonstrated that RA enhances the IgG and IgM production in memory B 

cells stimulated via TLR9 (124), suggesting that RA, in addition to its important role in the 
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function of gut-associated B cells, also may be required for keeping up a polyclonal repertoire 

of circulating Ig-producing B cells.  

 

1.5 DNA damage and cell death 

B cells that are left unstimulated in culture will rapidly undergo apoptosis (130). In vitro 

activation of B cells generally increases the survival of the cells, and both CpG and anti-

RP105 have been shown to prevent the death of  B cells in culture (50). Cells from CVID 

patients are known to be more radiosensitive than normal cells (7), which results in 

chromosomal instability and higher risk of developing cancers (6). Both CpG and anti-RP105 

have been shown to inhibit DNA damage-induced cell death in B cells (33;131). In the 

following subsections the processes involved in cell damage and cell death will be presented. 

1.5.1 DNA damage 

DNA in the nucleus is constantly exposed to endogenous and exogenous factors that can 

damage the cell including; reactive oxygen species, physical or chemical agents, -irradiation, 

UV-light or toxins. These damages, if not repaired, can result in malignant transformation of 

the cell. γ-irradiation, a form of ionizing irradiation, consists of subatomic particles or 

electromagnetic waves that contain sufficient energy to detach electrons from atoms and 

thereby ionizing the atoms. Such irradiation causes many types of damages to DNA; single 

strand break (SSB), base and sugar damages and double strand breaks (DSBs). The DSBs are 

the damages with the most deleterious effect, as one DSB is sufficient to trigger apoptosis 

(132).  

To prevent irreversible damage the cell has developed a DNA damage checkpoint system. 

Damage initiates a signal pathway which results in cell cycle arrest and DNA repair, but if the 

damage is too severe, apoptosis is initiated (133). There are checkpoints that sense damage in 

three different phases of the cell cycle, in the G1; S and G2 phase. The response to DNA 

damage can be divided into three parts (see figure 8); the initiation phase, transducer phase 

and the effector phase (132). The activation of the kinase ataxia-telangiectasia mutated kinase 

(ATM) and ataxia-telangiectasia and Rad3-related kinase (ATR) by auto-phosphorylation is 

one of the first responses to DNA damage (134;135). ATM is activated in response to DNA 
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DSBs, whereas the ATR is specific for SSBs characteristic for replication stress (136). 

ATM/ATR phosphorylates and activates effector proteins like Chk1, Chk and p53, which 

promotes transcription and activity of proteins necessary for cell cycle arrest, DNA repair or 

apoptosis (132;135). 

 

Figure 8: Cellular reactions to DSB. The figure shows the three phases of DNA damage responses and 

summarizes the biological endpoints of these pathways. Modified from (132). 

 

p53  

p53 is one of the key proteins that can be activated when cells experience cellular stress (see 

figure 8). It is a tumor suppressor and mediates its functions primarily as a transcription 

factor. The level of p53 is low in unstressed cells, but after for instance DNA damage, the 

level of p53 will raise and the protein is activated. Activation of p53 leads to changes in 

transcription of genes required for halting the cell cycle and to induce DNA repair. If 

necessary, p53 can also induce transcription of genes that initiate apoptosis. p53 is a 

phosphoprotein with three distinct domains (see figure 9); the N-terminal with a trans-

activating domain, the central DNA-binding domain, and the C-terminal regulatory domain 

(132).   
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Figure 9: P53 structure. p53 consists of an activation domain, a DNA-binding domain and a regulatory 

domain.  

 

The increased levels of p53 observed in response to DNA damage is mainly due to changes in 

post-translational modifications which results in higher stability and longer half-life of p53 in 

addition to a modest increase in its transcription (137). In unstressed cells, p53 is in 

association with the negative regulatory protein HDM2 (human analog to the mouse MDM2) 

(138). HDM2 is an E3-ligase for p53, resulting in ubiquitination and degradation of the 

protein. Furthermore, the binding of HDM2 to the transactivation domain of p53 interferes 

with the ability to activate transcription (137). The HDM2 also affect p53 stability by 

promoting translocation of p53 to the cytoplasm and making it a target for ubiquitin-mediated 

degradation (139). When DNA damage occurs, post-translational modifications like 

phosphorylation contribute to break the association between p53 and HDM2. This disruption 

prevents the ubiquitin-mediated degradation p53, and makes it possible for p53 to act as a 

transcription factor (132;137). 

p53 has an important role in G1, but it has also minor roles in the DNA damage checkpoints 

in the S- and G2 phases of the cell cycle. Activation of p53 in the G1 checkpoint prevents the 

cell from entering the S-phase, and p53 mediates this effect largely by inducing transcription 

of the cell cycle inhibitor p21cip (132).  p53 also induces expression of genes involved in 

DNA repair such as BRAC1, DDB2, BTG2, and genes involved in apoptosis such as BAX, 

TNFRSF6 and TNFRSF10Ba (140;141). As a result of this, the cell with unrepaired DNA 

will undergo apoptosis and thereby prevent further proliferation of cells with damaged DNA. 

1.5.2 Cell death 

Essentially two forms of cell death exist; necrosis and apoptosis. Necrosis is a passive and 

unordered form of cell death which occurs as a result of gross injury where the cellular 

content is released into the extracellular fluid causing inflammation (142). In contrast, 

apoptosis is a programmed form of cell death leading to elimination of damaged or unwanted 

cells without induction of inflammation (142). Apoptosis is crucial for embryonic 
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development and for maintaining tissue homeostasis, and in the immune system, apoptosis is 

important for negative and positive selection of lymphocytes and for terminating the immune 

responses after infections (143). With the important role of apoptosis in eliminating cells with 

damaged DNA, apoptosis is also imperative for preventing cancer (143). 

The term apoptosis was first used by Kerr and Wyellie in 1972 and is derived from a Greek 

word meaning “leaves falling from a tree” (144). An apoptotic cell displays several 

characteristic morphological changes; cell shrinkage, cytoskeleton collapse, disseverment of 

the nuclear envelope and condensation and fragmentation of the nuclear chromatin (143). In 

contrast to necrosis, where the cell swells and burst, the plasma membrane integrity persists in 

the apoptotic cell (145). As a result of this, inflammation is not induced in tissues surrounding 

the apoptotic cells (143). The apoptotic cell also releases components that recruit and activate 

macrophages which are responsible for engulfing the dying cell (146). 

Apoptosis can be activated through two pathways (see figure 10): the death-receptor pathway 

(extrinsic pathway) and the mitochondrial pathway (intrinsic pathway). Death-receptors are 

members of the tumor necrosis factor (TNF) receptor superfamily and can initiate cytotoxic 

signals when engaged with their ligands. Activation of the death receptors leads to 

recruitment and activation of caspases. Caspases are proteolytic enzymes that are activated by 

cleavage, and activation of caspases initiates a caspase cascade where caspases activates each 

other. The activation of caspases will ultimately lead to degradation of important cellular 

proteins and thereby to apoptosis (147). The mitochondrial pathway is mediated by diverse 

apoptotic mechanisms which converge at the mitochondria and leads to release of pro-

apoptotic factors like cytochrome C from the mitochondria to the cytosol (148) (see below). It 

is generally agreed that the intrinsic pathway is regulated by interplay between pro- and anti-

apoptotic members of the B cell lymphoma 2 (Bcl-2) family embedded in the outer 

mitochondrial membrane. The members of the Bcl-2 family comprise three subfamilies; the 

first subfamily, of which Bcl-2 is a member, has anti-apoptotic properties whereas the second 

and third families, examples include Bax and Bim, are pro-apoptotic. The fate of the cell is to 

a large extent dependent on the relative expression level as well as intracellular location of the 

individual Bcl-2 family protein. When the pro-apoptotic proteins are in surplus, they create 

homo-oligomers in the mitochondrial membrane responsible for disrupting the integrity of the 

membrane. This leads to release of cytochrome C to the cytosol (149) which initiate 

activation of caspase cascades (figure 10).  
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p53 activation can contribute to initiation of apoptosis both in a transcription-dependent and 

independent manner. Thus, p53 can directly interact with the anti-apoptotic proteins Bcl-2 and 

Bcl-xl to release Bax and Bak and thereby to induce permabilization of the mitochondrial 

membrane (150). Activation of p53 may also increase the transcription of Bax which, as 

previously mentioned, has an important role in induction of apoptosis (132). Given the 

important role of p53 in DNA damage responses, measurement of p53 activation may often 

serve as an indirect measure of DNA damage in the cell.  

 

Figure 10: The two major apoptotic pathways. Apoptosis can be activated through several pathways, divided 

into extrinsic pathway mediated by Death receptor and intrinsic pathway mediated by the release of cytochrome 

C from the mitochondria. 

 

1.6 Common variable immune deficiency 

CVID is a primary immunological disease where the patients have disturbances in the 

function of their humoral immune system (151). The prevalence of CVID is 1 in 10 000 to 1 

in 2 000 000 depending on the study (152-155), but in Norway the prevalence is between 

1:20 000 to 1:30 000 (156). This immune deficiency is characterized by reduced serum IgG 

and IgA and/or IgM, poor response to vaccines and increased susceptibility to infections 

(157;158). Infections in upper airways are most common, but also systemic infections, 

autoimmunity and certain malignancies (i.e. lymphoma and gastric cancers) are more 

frequently observed in this patient group (6). The increased cancer risk may be caused by the 

increased susceptibility to γ-irradiation (radiosensitivity) in their cells (7). The high morbidity 

associated with CVID also leads to increased mortality, and it is mainly the non-infectious 
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complications that increase the mortality (6). The onset of symptoms is usually early in the 

20-years of age, but it often takes 10 years from the onset of symptoms to a diagnosis is given 

(158). There is no difference in prevalence between male and female patients, but the age at 

diagnosis and the risk of lymphomas are higher in females (6). 

The diverse manifestation of CVID can be explained by heterogeneous single- or multiple 

gene defects, but only 10-20 % of the patients has a defined heritable cause of CVID (151). 

Gene defects that so far have been associated with CVID includes; TACI, ICOS, BAFF, and 

CD20 (73;151). These are defects that involves both B- and T-cells (159). The defects can be 

manifestations as altered cytokine production in T cells, reduced differentiation of B cells into 

Ig-producing plasma cells, reduced numbers of isotype switched memory B cells and low 

affinity maturation of antibodies (158;160). There have been many attempts to classify the 

CVID patients into groups based on their affected B cell subsets and clinical phenotype 

(39;159;161), but until now, these classifications have little practical clinical importance for 

the treatment of the patients. Interestingly, this patient group frequently displays vitamin A 

deficiency (4;5), and the vitamin A deficiency has been associated with the occurrence of 

chronic bacterial infections and other complications of CVID (4).  

The treatment of CVID depends on the manifestations of the disease. The primary treatment 

for CVID is replacement of antibodies, but also the infections, autoimmunity and other 

complications need to be treated (162). 

1.6.1 The role of TLR9 and RP105 in CVID 

Several studies have revealed that CVID patients have defects in TLR9 signaling (2;3;163). 

Thus, CVID-derived B cells stimulated with the TLR9 ligand CpG show less expression of 

the activation marker CD86 (2;3;163), reduced secretion of IL-6, IL-10 and IFN-α and 

reduced Ig production (2). Furthermore, B cells from CVID patients express lower levels of 

TLR9 when stimulated with TLR9-agonist (3). The response to CpG is related to the 

immunophenotype present in the CVID patient, where the CVID patients with the lowest 

levels of isotype switched memory B cells have the lowest responses to CpG (164). These 

patients also have the lowest expression of AID, which indicates lower capacity for isotype 

switching (160). Recent studies have revealed reduced responses to activation of RP105 in 

CVID patients (50), and together with diminished TLR9-signaling, this may contribute to the 

impaired immune function observed in CVID patients.   
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2 Aims of the study 

It has previously been shown that CVID patients have low levels of serum Igs, reduced 

responses to TLR9-stimulation and increased sensitivity to γ-irradiation-induced apoptosis 

(radiosensitivity). In our lab we have recently demonstrated that RA together with stimulators 

of TLR9 and RP105 can enhance both proliferation and Ig-synthesis in normal B cells. In the 

present study we therefore wished to explore the possibility that RA could improve the B cell 

function in CVID patients and to reduce the radiosensitivity in the B cells.  

The specific aims were as follows: 

1. Compare the effects of RA on proliferation and Ig-synthesis in TLR9/RP105-

stimulated B cells from CVID patients and normal controls 

2. Elucidate how the enhancing effect of RA on TLR9/RP105-signaling affects γ-

irradiation-induced cell death in B cells 
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3 Materials 

Chemicals 

Chemicals Manufacture Location 

[
3
H]-thymidine Perkin Elmer Massachusetts, USA 

All-trans retinoic acid (RA) Sigma Missouri, USA 

Aprotinin Sigma Missouri, USA 

Bromphenol Blue Bio-Rad California, USA 

Bovine Serum Albumin (BSA) Sigma Missouri, USA 

CpG oligonucleotides phosphorothionate Enzo Life Science New York, USA 

EDTA VWR Pennsylvania, USA 

ELISA Blocking Buffer (to Ig-ELISA) Bethyl Laboratories Texas, USA 

ELISA Coating Buffer (to Ig-ELISA) Bethyl Laboratories Texas, USA 

ELISA Enzyme Substrate (TMB-soultion) Bethyl Laboratories Texas, USA 

ELISA Sample Diluent (to Ig-ELISA) Bethyl Laboratories Texas, USA 

ELISA Wash Soultion (to Ig-ELISA) Bethyl Laboratories Texas, USA 

Fetal bovine serum (FBS) Sigma Missouri, USA 

Gamma-globulin Sigma Missouri, USA 

L-glutamine  Gibco California, USA 

Microscint™ Perkin Elmer Massachusetts, USA 

Phosphate-buffered saline (PBS) tablets VWR Pennsylvania, USA 

Penicillin Streptomycin (PS) Gibco California, USA 

Ponceau Sigma Missouri, USA 

Precision Plus Protein Blue Standard Bio-Rad California, USA  

Propidium Iodide (1,5 mM) (PI) Sigma Missouri, USA 

RPMI 1640 medium Lonza Basel, Switzerland 

Skim milk powder Merck KGaA Darmstadt, Germany 
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Sodium azide (NaN3) Merck KGaA Darmstadt, Germany 

Sodium dodecyk sulphate (SDS) Sigma Missouri, USA 

Substrate solution (IL-10 ELSIA) eBioscience California, USA 

Sulfuric acid 95-97 %  Sigma-Aldrich Missouri, USA 

Super Signal West Dura (TMB-solution) Thermo Scientific Massachusetts, USA 

Tween 20 Sigma Missouri, USA 

 

Equipment 

Equipment Manufacture Location 

Buffy Coat Ullevål University  

Hospital, OUS 

Oslo, Norway 

Cellstar
® 

tubes 15 ml Greiner bio-one Germany 

Cell culture flask (75 cm
3
, 25 cm

3
) Nunc New York, USA 

Cell culture plate (6, 12 and 96 wells) Nunc New York, USA 

Criterion™ Precast gel Bio-Rad California, USA 

Disposable Cuvettes Brand® Connecticut, USA 

ELISA plate 96 wells (Ig-ELISA) Bethyl Texas, USA 

ELISA plate 96 wells (IL-10-ELISA) eBioscience California, USA 

Eppendorf tube, 1,5 ml BrandTech Connecticut, USA 

Falcon tube 14 ml (Polystyrene Round-Botten 

Tube) 

BD Falcon New Jersey, USA 

Falcon tube 14 ml (Polystyrene Round-Botten 

Tube) 

BD Falcon New Jersey, USA 

Hybond ECL Nitrocellulose membrane GE Healthcare New Jersey, USA 

MACs separator Miltenyi Biotech Bergisch Gladbach, 

Germany 

Magnetic stirrer Framo Gerätetechnik Germany 

Magnet for Eppendorf tubes Invitrogen California, USA 

Magnet for Falcon tube 14 ml Invitrogen California, USA 



33 

 

Magnet for 75 cm
3
 culture flask Homemade (Institute 

of Basic Medicine) 

Oslo, Norway 

MS columns Miltenyi Biotech Bergisch Gladbach, 

Germany 

Pipette tip (5, 10 and 25 ml) BD Falcon New Jersey, USA 

Pipette tip (0.01, 0.02, 0.2, 1 ml) VWR Pennsylvania, USA 

Plastic pocket Lyreco Marly, France 

Plastic wrap Perkin Elmer Massachusetts, USA 

Plus Blood Collection Tubes BD Vacutainer New Jersey, USA 

Safety-Lok™ Blood Collection Set BD Vacutainer New Jersey, USA 

Sterile Scissors Rocket Medical UK 

Syringe Gastight Switzerland 

Unifilter Perkin Elmer Massachusetts , USA 

Versi-dry ™ protective paper Thermo Scientific Massachusetts , USA 

Whatman 3 mm paper GE Healthcare New Jersey, USA 

 

Kits 

Kits Manufacture Location 

IgG quantification kit Bethyl Laboratories Texas, USA  

IgM quantification kit Bethyl Laboratories Texas, USA  

IL-10 quantification kit eBioscience California, USA 

Bio-Rad Protein Assay Dye Bio-Rad 

Laboratories, Inc 

California, USA 

 
Antibodies 

Antibodies Manufacture Location 

Anti-CD180 (RP105) antibody BioLegend California, USA 

CD27 microbeads Miltenyi Biotech Germany 
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DETACHaBEADs ® CD19 Invitrogen California, USA 

Dynabeads ® CD19 Invitrogen California, USA 

FITC goat anti mouse IgG BioLegend California, USA 

GADPH antibody Sigma Missouri, USA 

Goat anti-mouse Bio-Rad California, USA 

Goat anti-rabbit Bio-Rad California, USA 

Mouse IgG1, κ Isotype control eBioscience California, USA 

P53 antibody Santa Cruz California, USA 

 

Instruments 

Instruments Manufacture Location 

Biofuge fresco centrifuge Heraeus Hanau, Germany 

Bio-Rad protein gel apparatus Bio Rad California, USA 

Bürker chamber Danlab Helsinki, Finland 

Cell harvester Packard USA 

CO2 incubator Thermo Scientific Massachusetts, USA 

Multiscan EX Thermo Scientific Massachusetts , USA 

FACSCalibur (Flowcytometer) Becton Dickinson New Jersey, USA 

TC10 Automated cell counter Bio Rad Laboratories California, USA 

Gamma cell® 300 ELAN irradiator Best Theratronics Ottawa, Canada 

G:BOX Syngene Cambridge, UK 

Rotator mixer   

Scintillation counter Topcount, Packard 

Instruments 

Connecticut, USA 

Sigma 4K15 centrifuge Sigma Missouri, USA 

Thermolyne Dry-Bath heat block Thermo Scientific Massachusetts, USA 

Ultrospec 3100 pro spectrophotometer GE Healthcare New Jersey, USA 
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VIBRAX-VXR 

platform shaker 

IKA
®
-Werke GmbH 

& Co. KB 

Staufen, Germany 

Vortexer Labinco Netherlands 

 

Software 

Software Manufacture Location 

Cell Quest Pro  Becton Dickinson New Jersey, USA 

Genesis Lite Life Sciences Basingstoke, UK 

GeneSnap Syngene Cambridge, UK 

GeneTools Syngene Cambridge, UK 

 

Solutions 

I. Blocking solution Western blot 

1 g skim milk powder 

in a total volume of 20 ml TBS-T 

II. Culture medium 

(RPMI/FBS/PS/Glutamin) 

50 ml FBS 

10 ml PS 

10 ml Glutamin 

in a total volume of 500 ml RPMI 

1640 medium 

III. 10 x Electrophoresis buffer 

4 g Tris  

7 g Glycine 

50 g SDS 

in a total volume of 5 L distilled 

water 

IV. PBS/BSA/EDTA (CD27 buffer) 

1 tablet PBS 

1 g BSA 

800 µl 0.5 EDTA 

in a total volume of 200 ml  

distilled water 

V. PBS/BSA 

1 tablet PBS 

1 g BSA 

in a total volume of 200 ml  

distilled water 

VI. Ponceau 

0.5 g Ponceau S 

1 ml acetic water 

in a total volume of 200 ml distilled 

water   
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VII. Primary antibody solution 

(1:200) 

0.2 g skim milk powder 

0.05 % NaN3 

25 µl antibody  

in a total volume of 5 ml TBS-T 

VIII. RIPA buffer 

1.25 ml Tris Hcl ph 8.1 (1M) 

750 µl NaCl (5M) 

50 µl Triton 

250 µl NaDeoxycholate (1 %) 

250 µl SDS (10 %) 

50 µl PMSF (0.1 M) 

25 µl Leupeptin (10 µg/ml) 

2.5 ml NaF (0.5 M) 

250 µl β-glycerophosphate (1 M) 

250 µl Na3VO4 

in a total volume of 20 ml distilled 

water 

IX. 3 x SDS 

3498 µl Tris Hcl ph 6.8 (1.5 M) 

15,420 ml SDS (10 %) 

4524 µl Glycerol (99,5%) 

750 µl β-mercaptoethanol 

4908 µl dH2O 

 

 

 

X. Secondary antibody solution 

GAPDH 

0.3 g skim milk powder 

Goat anti rabbit antibody (1:20000) 

in a total volume of 15 ml TBS-T 

XI. Secondary antibody solution p53 

0.3 g skim milk powder 

Goat anti mouse antibody (1:6000) 

in a total volume of 15 ml TBS-T 

XII. TBS-T 

24.2 g Tris 

80 g NaCl 

0.1 %Tween 20 

in a total volume of 10 L distilled 

water 

XIII. [
3
H]-thymidine 

[
3
H]-thymidine (1000mCI/ml) in 

RPMI/PS medium  

XIV. Transfer buffer Western Blot 

5.82 g Trisb Hcl 

2.93 Glycine 

3.75 ml SDS (10 %) 

200 ml Methanol 

Distilled water to 1 L 

XV. Washing medium (RPMI/PS) 

10 ml PS 

in a total volume of 500 ml RPMI 

1640 medium 

 



37 

 

4 Methods 

4.1 Isolation of B cells 

4.1.1 Isolation of B cells from buffy coat 

B cells are isolated from buffy coats from human blood donors admitted to the Blood Bank at 

Ullevål University Hospital, Oslo. A buffy coat is the fraction of the blood remaining after 

density-gradient centrifugation and contains the lymphocytes, some platelets and the 

monocytes. The separation of B cells from the other blood cells is accomplished by using 

Dynabeads® CD19 (see figure 11), which are CD19-antibody coated magnetic beads that 

bind to CD19 receptor expressed on the surface of naïve- and memory B cells. After 

incubating the buffy coat with the magnetic beads, the CD19 positive B cells can be separated 

from the other cells by adhesion to a magnet. The magnetic beads will over night detach from 

the B cells, and one is left with a pure population of CD19 B cells.  

When working with blood and blood-related products there is a risk of contagion. It is 

particularly important to protect against viruses like HIV and hepatitis, and therefore 

necessary to take safety precautions, like double layer Versi-dry™ protective paper, wearing 

of lab-coat, safety glasses and double layer protective gloves. These safety precautions also 

prevent contamination of the isolated cells from bacteria and fungus.  

 

Figure 11: Isolation of B cells using Dynabeads ®CD19. The Dynabeads attach to CD19 receptor on the 

surface of B cells. By the use of magnets, the CD19+ B cells are separated from the rest of the buffy coat 

constituents.  
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Procedure: 

The isolation of B cells was carried out aseptically in a workstation with vertical airflow to 

prevent contamination of the cells. All equipment brought into this workstation was sterilized 

with 70 % ethanol. A sterile scissor was used to open the Buffy coat, and the blood was 

drained into a 75 cm
2
 cell culture flask containing 25 ml washing medium and EDTA (0.01 

M). Dynabeads® CD19 (350 µl) were washed in 1 ml washing medium and added to the cell 

culture flask. After rotating on a rotator for 40 minutes at 6 rpm and 4 °C, the flask was put on 

a magnet for 5 minutes and the fluid was removed. The content remaining in the culture flask, 

consisting of beads and B cells, was resuspended in 10 ml washing medium and transferred to 

a sterile 14 ml Falcon tube. The tube was put on a magnet for 2 minutes, the supernatant was 

removed, and the cells were washed 6 times in washing medium. The cells where resuspended 

in 20 ml culture medium and transferred to a cell culture flask, which was placed overnight in 

a humidified CO2 (5 %) incubator at 37 °C, resulting in detachment of the beads.  

The following day, the flask was put on a magnet to separate the beads from the cells, and the 

supernatant containing the CD19-positive B cells was transferred to a 50 ml Falcon tube and 

centrifuged at 300 x g for 9 min and 4° C. The supernatant was removed, and the cell-pellet 

was resuspended in 1 ml culture medium. The cells were counted by using a Bio-Rad 

automated cell counter or by Burkers chamber. Typically 10-30 x 10
6
 CD19+ cells were 

isolated from a buffy coat, with a purity of the CD19+ B cells being >98 %.          

 

Equipment:  Solutions: 

Bio-Rad automated cell counter Buffy coat 

Bürkers chamber Dynabeads® CD19 

Cell culture flask 75 cm
2
 EDTA (0.01 M) 

CO2 incubator Culture medium 

Falcon tube, 14 ml Washing medium 

Falcon tube, 50 ml   

Magnet for 75 cm
2
 culture flask  

Magnet for Falcon tube 14 ml  

Rotator  

Sterile scissor   
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4.1.2 Isolation of B cells from whole blood 

For the study of B cells from CVID patients and healthy controls, B cells were isolated from 

whole blood. The blood samples from CVID patients were obtained from Section for Clinical 

Immunology and Infection Medicine, Oslo University Hospital, Rikshospitalet. The blood 

samples from age- and gender matched controls were obtained by recruiting volunteers from 

Institute of Basic Medicine, University of Oslo. Written consent was obtained from all 

patients and controls.  

Approximately 35 ml of blood was collected from each patient and normal volunteers. 

Dynabeads® CD19 were used for the isolation of CD19-cells from whole blood, and the 

principle for this method is explained in section 4.1.1. 

Procedure: 

The isolation of B cells from whole blood was carried out aseptically in a workstation with 

vertical airflow. All equipment brought into this workstation was sterilized with 70 % ethanol. 

The blood from the tubes was transferred to a 75 cm
2
 cell culture flask and 15 ml washing 

medium was added. Dynabeads® CD19 (175 µl) were washed twice in 1 ml washing medium 

and transferred to the cell culture flask. After rotation on a rotator for 40 minutes at 6 RPM 

and 4 °C, the flask was put on a magnet for 5 minutes. The supernatant was removed, and the 

remaining content (beads and CD19+ B cells) was resuspended in 10 ml washing medium and 

transferred to a 14 ml sterile Falcon tube. The tube was put on a magnet, and after 1.5 min the 

supernatant was removed, and the beads were resuspended in 5 ml washing medium. After 

washing the cells 5 times, the cells were resuspended in 2 ml culture medium and transferred 

to a 12-well plate for overnight incubation in a humidified CO2 (5%) incubator at 37 ° C. 

Equipment:  Solutions: 

Bio-Rad automated cell counter Whole blood 

Cell culture flask 75 cm
2
 Dynabeads® CD19 

CO2 incubator Culture medium 

Culture plate 12-wells Washing medium 

Falcon tube, 14 ml  

Magnet for 75 cm
2
 culture flask  

Magnet for Falcon tube 14 ml   

Rotator mixer  
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After overnight incubation the beads were detached from the cells, and by using a magnet, the 

CD19+ cells and the beads could be separated. The cells in the supernatant were counted 

using a Bio-Rad automated cell counter. Typically 0,8-4 x 10
6 
CD19+ B cells were isolated 

from 35 ml of  normal whole blood, with a purity > 98 %.  

4.1.3 Isolation of CD27+ B cells 

The CD27 protein is a member of the tumor necrosis factor receptor family, and its primarily 

expressed on memory B cells and a fraction of plasma cells (60). Isolation of CD27+ B cells 

therefore gives the opportunity to distinguish between memory- (CD27+) and naïve (CD27-) 

B cells. The CD27+ B cells are isolated from CD19+ cells, and the isolation is carried out by 

using CD27 Microbeads. CD27+ Microbeads are magnetic beads coated with antibodies 

directed against CD27 on the memory cells, and the CD27+ B cells are collected by using a 

MACS separator containing a magnet. The procedure was carried out according to the 

manufactures protocol. 

Procedure: 

CD19+ cells were resuspended in a PBS-buffer containing BSA and EDTA (CD27 buffer), 

approximately 80 µl pr. 10
7
 B cell. The cell suspension was transferred to an Eppendorf tube, 

and 20 µl of CD27-microbeads was added pr. 10
7
 B cells. The beads are light sensitive, so the 

rest of the procedure was performed in a dark environment. The beads and the cells were 

mixed and incubated for 15 min at 4 °C. After washing the cells in 2-4 ml buffer pr. 10
7
 cells, 

the cells were subjected to centrifugation for 10 minutes at 300 x g and 4 °C. The supernatant 

was removed, and the cells were resuspended in 500 µl CD27 buffer. 

A MS-column, placed in the MACS-separator, was prepared by rinsing with 500 µl CD27 

buffer. The cell suspension was applied, and whereas the CD27- cells passed through the 

Equipment:  Solutions: 

Bio-Rad automated cell counter Culture medium 

Cellstar tubes 15 ml  CD27 Microbeads 

Eppendorf tubes, 1.5 ml PBS/BSA/EDTA (CD27 buffer) 

MACS separator  

MS-column  
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column and were collected in a Cellstar tube, the CD27+ cells remained in the column. After 

washing with 3 x 500 µl CD27 buffer, the column was removed from the magnet and placed 

in a new tube. 1 ml of buffer was applied, and the CD27+ cells were collected by pushing a 

plunger firmly into the column. After centrifugation for 10 minutes at 300 x g and 4 °C, the 

pellet containing the CD27+ cells was resuspended in 1 ml culture medium. The cells were 

counted using an Bio-Rad automated cell counter, and typically 1.5 x 10
6
 CD27+ B cells were 

isolated from 15 x 10
6
 CD19+ B cells, counting for 10 % of the CD19+ B cell population. 

 

4.2 Analysis of cell proliferation 

4.2.1 Thymidine incorporation assay 

Thymidine incorporation assay is an indirect method for measuring cell proliferation. Cell 

division in mitosis is preceded by increased DNA synthesis which occurs in the S-phase of the 

cell cycle. Thymidine is one of the nucleotides that are incorporated into DNA, and by using 

radiolabled [
3 

H]-thymidine it is possible to estimate the rate of DNA synthesis and thereby 

cell proliferation.  

Procedure: 

Cells (35 000) in a final volume of 200 µl culture medium were placed in triplicates in 96 well 

culture plates. After incubation for 72 hours in a humidified CO2 incubator at 37 °C, the cells 

were pulsed with 50 µl of a [
3
H]-thymidine solution and incubated further for 16-24 hours. 

The cells were then harvested into a Unifilter using a cell harvester, after drying the filter, 

Microscint was added. Incorporation of [
3
H]-thymidine was measured by the Scintillation 

counter according to the manufacturer´s protocol. Thymidine incorporation was presented as 

counts per minute (CPM), and the median of the triplicates was used in further analysis. 

Equipment: Solutions: 

Cell culture plate 96 wells Microscint 

Cell harvester  Culture medium 

CO2 incubator [
3
H]-thymindin 

Unifilter  

Scintillation counter  
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4.2.2 Cell counting 

Proliferation in a cell culture can also be measured directly by counting the cells. 

 

Procedure:  

The cells diluted in culture medium were counted in triplicates by using a Bio-Rad automated 

cell counter, and the average of three samples was used in the further analysis.  

4.3 Analysis of immunoglobulin secretion 

Enzyme Linked Immunosorbent Assay (ELISA) is a method that uses labeled antibodies to 

quantify the amount of specific substances like Igs or cytokines in a sample. The assay we 

used is called a sandwich ELISA, where the target protein is captured between to specific 

antibodies (see figure 12). The capture antibody binds to the well and captures the target 

protein in the sample, while the detection antibody binds to another site of the target protein. 

The detection antibody is conjugated to the horseradish peroxidase (HRP) enzyme, and this 

enzyme oxidizes the substrate, 3,3’,5,5’-tetramethylbenzidine (TMB) resulting in 

development of a visual blue color in the solution. The enzymatic oxidation is stopped by 

adding sulfuric acid, and the change in pH will shift the color from blue to yellow. The 

intensity in the color is proportional to the amount of target protein in the sample and is 

detected by a spectrophotometer at a wavelength of 450 nm. A standard curve is used to 

estimate the concentration of the substance of interest in the samples. 

 

Figure 12: Principle of sandwich ELISA. The target protein is captured by a capture antibody and labeled by a 

HRP-conjugated detection antibody. HRP oxidizes the TMB substrate to a product with blue color, and after 

addition of sulfuric acid a yellow color appears. The amount of the target protein in the sample is proportional to 

the intensity of the yellow color.  

Equipment: Solutions: 

Bio-Rad automated cell counter Culture medium 
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4.3.1 Measurement of IgG secretion 

Equipment: Solutions: 

ELISA 96 wells plate  Blocking solution 

Multiscan EX Capture antibody for IgG 

 Coating buffer 

 Detection antibody  for IgG 

 Enzyme substrate TMB  

 RPMI 

 Sample diluents 

 Standard IgG 

 Stop solution (H2SO4) 

 Wash solution 

Procedure: 

For quantification of IgG in a sample the Human IgG quantification kit from Bethyl 

Laboratories was used. 

The wells of the ELISA plate were preincubated with 100 µl of capture antibody diluted in 

coating buffer (1:100) for 1 hour at room temperature or at 4 °C overnight. The antibody 

solution was removed and the wells were washed three times in >300 µl washing buffer. To 

remove excess fluid the plate was blotted on an absorbent paper, and blocking solution (200 

µl) was added to each well. After 30 minutes the wells were washed three times.  

The samples and standards were added to the wells in duplicates, 100 µl in each well. The 

standards were diluted in sample diluent to make concentration of 500, 250, 125, 62.5, 31.25, 

15.6, 7.8 and 0 ng/ml of IgG, respectively, and the samples were diluted between 1:1 and 1:5 

in RPMI. After 1.5 hours incubation, the washing procedure was repeated five times. The 

HRP-conjugated detection antibody was diluted in the sample diluent (1:160000), and 100 µl 

was added to each well. After 1 hour incubation, followed by five washing steps, the substrate 

(TMB) for HRP was added. The reaction was stopped after 5 min incubation by adding 

sulfuric acid. The absorbance was measured in a photometer (Multiscan EX) and Genesis Lite 

was used to calculate the amount of IgG in the samples by relating the readouts to a standard 

curve (see figure 13). 
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Figure 13: A typical standard curve for quantification of IgG.  

The standard curve was made by plotting the absorbance values (OD) against known concentrations of IgG.   

From this curve it is possible to estimate the concentration of IgG in a sample. 

4.3.2 Measurement of IgM secretion 

Equipment: Solutions: 

ELISA 96 wells plate  Blocking solution 

Multiscan EX Capture antibody for IgM 

 Coating buffer 

 Detection antibody for IgM 

 Enzyme substrate TMB  

 RPMI 

 Sample diluents 

 Standard IgM 

 Stop solution (H2SO4) 

 Wash solution 

Procedure: 

For quantification of IgM in a sample the Human IgM quantification kit from Bethyl 

Laboratories was used. 

The wells of the ELISA plate were preincubated with 100 µl of capture antibody diluted in 

cating buffer (1:100) for 1 hour at room temperature. The antibody solution was removed and 

the wells were washed three times in >300 µl washing buffer. To remove excess fluid the 

plate was blotted on an absorbent paper, and blocking solution (200 µl) was added to each 

well. After 30 minutes the wells were washed three times.  
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The samples and standards were added to the wells in duplicates, 100 µl in each well.  The 

standards were diluted in sample diluent to make concentration of 1000, 500, 250, 125, 62.5, 

31.25, 15.6, and 0 ng/ml, and the samples were diluted between 1:50 and 1:60 in RPMI. After 

1 hour incubation, the washing procedure was repeated five times.  

The HRP-conjugated detection antibody was diluted in the sample diluent (1:75000), and 100 

µl was added to each well. After 1 hour incubation, followed by five washing steps, the 

substrate (TMB) for HRP was added. The reaction was stopped after 15 min incubation in the 

dark, by adding sulfuric acid. The absorbance was measured using a photometer (Multiscan 

EX) and Genesis Lite was used to calculate the amount of IgG in the samples by relating the 

readouts to a standard curve (see figure 14). 

 

Figure 14: A typical standard curve for quantification of IgM  

The standard curve was made by plotting the absorbance values (OD) against known concentrations of IgM.   

From this curve it is possible to estimate the concentration of IgM in a sample. 

 

4.4 Analysis of IL-10 secretion 

For the quantification of IL-10 in a sample, we used the IL-10 ELISA Ready-SET-Go! kit 

from eBioscience.  

In this kit, the detection antibody that binds the target protein is conjugated to biotin. Biotin 

will then bind to streptavidin-conjugated HRP (see figure 15), and the enzymatic reaction and 

color development occur as described in section 4.3. 
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Figure 15: Principle of ELISA using biotin-conjugated detection antibody.  

The capture antibody captures the target protein to the well, and the detection antibody binds to another site of 

the same target protein. The detection antibody is conjugated to biotin, which binds streptavidin-conjugated 

HRP. The enzyme converts TMB substrate to visual light, and the amount of yellow light is proportional to the 

amount of the target protein in the sample.   

Procedure: 

The wells of the ELISA plate were preincubated with 100 µl of capture antibody diluted 

(1:250) in 1x Assay Diluent, and the plate was stored at 4°C overnight. The next day the 

solution was removed, and the wells were washed five times in >250 µl washing buffer. The 

plate was blotted on an absorbent paper to remove excess fluid. 1x Assay diluents was added 

as a blocking buffer, followed by 1 hour of incubation. 

After five washing steps, the samples and standards were added to the wells in duplicates, 100 

µl in each well. The standards were diluted in 1x Assay Diluent to the concentrations 300, 

150, 75, 37.5, 18.7, 9.4, 4.7 and 0 pg/ml of IL-10, respectively, and the samples were diluted 

1:2 or 1:3 in RPMI. The plates were incubated overnight at 4°C. 

Equipment: Solutions: 

96 wells plate  5x Assay Diluent 

Multiscan EX Avidin-HRP 

Plastic wrap Capture antibody for IL-10 

 Detection antibody for IL-10 

 Streptavidin-conjugated HRP 

 RPMI 

 Stop solution (H2SO4) 

 Standard IL-10 

 Substrate-solution (TMB) 

 Washing buffer 
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The following day, the wells were washed as previously described. The detection antibody 

was diluted (1:250) in 1x Assay Diluent, 100 µl was added to each well and the plate was 

incubated for 1 hour at room temperature. The streptavidin-conjugated HRP was diluted 

(1:250) in 1 x Assay Diluent, 100 µl was added to each well, and the plate was incubated for 

30 min at room temperature. After repeating the washing procedure 7 times, the substrate 

solution was added. The reaction was stopped after 15 minutes, and the absorbance was 

measured using a photometer (Multiscan EX), and Genesis Lite was used to calculate the 

amount of IL-10 in the solution by relating the readouts to a preformed standard curve (see 

figure 16). 

  

Figure 16: A typical standard curve for quantification of IL-10.  

The standard curve was made by plotting the absorbance values (OD) against known concentrations of IL-10.   

From this curve it is possible to estimate the concentration of IL-10 in a sample. 

 

4.5 Induction of DNA damage by γ-irradiation 

γ-IR is a type of ionizing radiation that results is DNA damage, like for instance double strand 

breaks. Such damage can lead to activation of p53, and if unrepaired induction of apoptosis 

may occur. The source of γ-IR used in our experiments was 
137

Cs.   

Equipment: Solutions: 

Cell culture plate Culture medium 

CO2 incubator  

Eppendorf tube/Cellstar 15 ml tube  

Gamma cell® 3000 ELAN irradiator  
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Procedure: 

CD19+ B cells (1-3 x 10
6
) diluted in culture medium were transferred to Eppendorf tubes or 

15 ml tubes depending on the volume of the cell suspension. The tubes were placed in the 

irradiator and exposed to 10 Grey of irradiation according to the manufactures manual. The 

cells were transferred from the tubes to a culture plate and were further cultivated in a CO2 

incubator.  

 

4.6 Analysis by flow cytometry (FACS analysis) 

The Fluorescence Activated Cell Sorter (FACS) is an instrument that in a short time can 

analyze a large number of single cells in a solution. When the cell passes through a laser 

beam, (see figure 17) the cells scatter the light depending on the cell size and granularity. The 

forward scatter (FSC), proportional to cell size, and side scatter (SSC), proportional to 

granularity, are detected by different sensors. The cells can also be stained with fluorescence 

molecules that emit light when exposed to the laser beam. FACS analysis can be used to 

distinguish between different cell types, between viable or dead cells, or can be used to detect 

protein expression on cells (i.e. cell surface expression of RP105). In a typical experiment 

10000-30000 cells are being analyzed per sample. 
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Figure 17: Schematic presentation of flow cytometry using FACSCalibur.  

The cells are exposed to a laser beam, and the cells scatter the light depending on the cell size- and granularity. 

Fluorescence- labeled cells also emit light when exposed to a laser beam, and fluorescence intensity (FL1-4) as 

well as side scatter (SSC) and forward scatter (FCS) is detected by separate detectors. Adopted from the 

manufactures manual (Becton Dickinson). 

 

4.7 Analysis of cell death by flow cytometry 

4.7.1 Scatter analysis 

Cells can die by necrosis or apoptosis, and the mode of death can be determined by flow 

cytometry. Necrotic cells swells resulting in increased FSC, whereas apoptotic cells become 

smaller and more granular, hence reducing the FSC and increasing the SSC as compared to 

viable cells.  

4.7.2 PI staining 

To determine cell death, the cells can also be stained with a DNA binding dye (propidium 

iodide, PI). Viable cells exclude the dye, whereas dead cells that are leaky incorporate the dye 

into their DNA. The amount of PI taken up by the cell in a sample is proportional to the 

percentage of dead cells. The fluorescence from PI can be detected by FACS using an Aragon 

laser.  
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Procedure:    

PI soultion (16 µl of 0.5 mg/ml) was added to 400 µl of CD19+ B cells in culture medium. 

Since PI is light sensitive, the procedure was conducted in a dark environment. The samples 

were incubated for 10 minutes before they were put on ice and covered by aluminum foil. The 

flow cytometer was used according to the manufactures manual.   

 

4.8 Analysis of cell surface protein expression 

Analysis of expression of specific cell surface proteins can be performed by 

immunofluorescence analysis. The method depends on binding of a specific antibody 

(primary antibody) to the target cell surface protein, followed by binding of a fluorescence-

(FITC) labeled secondary antibody. The fluorescence intensity is proportional to the 

expression of the cell surface protein, and can be analyzed by using a flow cytometer. As a 

negative control, we used a murine monoclonal IgG of the same isotype and subclass as the 

specific antibody.  

Procedure: 

B cells (0.5-1 x 10
6
), transferred to Eppendorf tubes, were washed in 500 µl ice-cold 

PBS/BSA, followed by centrifugation for 5 minutes at 2000 rpm and 4 °C. The supernatant 

was removed, and after repeated washings, the pellet was resuspended in 100 µl PBS/BSA. 

Primary antibodies (anti-RP105/Mouse IgG1) were added at a final concentration 20 µg/ml, 

and the cells were incubated for 45 minutes at 4°C.   

Equipment: Solutions: 

Falcon tube 5 ml  Propidium iodide (0.5 mg/ml) 

FACSCalibur (Flow cytometer) Culture medium 

Equipment: Solutions: 

Eppindorftube tubes Anti-RP105 antibody  

Falcon tube, 5 ml FITC Goat anti-mouse IgG 

Flow cytometer Mouse IgG1, κ Isotype control 

 PBS/BSA 
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The cells were washed twice and resuspended in 100 µl PBS/BSA. The FITC-conjugated 

secondary antibodies were added to the cells at a final concentration 10 µg/ml, and the cells 

were further incubated for 45 minutes at 4°C. To protect the FITC-conjugated antibodies from 

light, the procedure was carried out in a dark environment. 

After washing the cells twice, the pellet was resuspened in 300-800 µl of PBS/BSA 

(depending on the size of the pellet) and transferred to a Falcon tube. The samples were 

analyzed in a flow cytometer. 

 

4.9 Analysis of protein expression by Western blot 

Western blot is a method used to identify and quantify specific cellular proteins. The cells are 

lysed, and the proteins are separated by electrophoresis in a polyacrylamide gel. After transfer 

to a nitrocellulose membrane, the protein of interest is detected by the use of specific 

antibodies. 

4.9.1 Preparation of cell lysates 

The aim of cell lysis is to solubilize the proteins in a immunoreactive and non-degraded form. 

To prevent degradation of the target protein, the lysis buffer contains protease inhibitors like 

aprotinin, and the lysates should be kept on ice in this first part of the experiment. For the 

analysis of p53 expression, the cells were lysed in RIPA (Radio Immune Precipitation Assay) 

buffer. 

Procedure: 

CD19+ B cells (1-3 x 10
6
) were transferred to Eppendorf tubes and centrifuged for 10 minutes 

at 500 x g and 4 °C. The supernatant was removed, and after washing the pellet in ice-cold 

PBS, the pellet was resuspended in appropriate volumes of RIPA buffer (depending on the 

size of the pellet, 20-70 µl) containing aprotinin (0.03 units/ml). The cell lysates were 

Equipment: Solutions: 

Eppendorf tubes, 1.5 ml Aprotinin 

Vortexer PBS 

 RIPA buffer 
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incubated for 15 minutes on ice, vortexing each 5 minutes, followed by centrifugation for 20 

minutes at 13000 rpm and 4°C. The lysates were transferred into new tubes, and if the 

samples were not immediately used, they were stored at -70 °C.  

4.9.2 Quantification of proteins 

In order to quantify the expression of specific proteins in samples exposed to different stimuli, 

it is important to ensure that equal amounts of proteins are analyzed from each sample. To 

measure the protein concentration, we used the Bio-Rad protein assay which is based on the 

method of Bradford (165). The Bio-Rad protein assay uses a dye (Coomassie Brilliant Blue G 

250) that changes color from red to blue when binding to proteins. The change of color is 

detected in a spectrophotometer, and a standard curve based on known concentrations of γ-

globulin is used to estimate the protein concentration in the samples. 

Procedure: 

The protein standards were made in duplicates by adding 1, 2, 5, and 10 µl of γ-globulin in 

distilled water to a final volume of 600 µl, and by adding 3 µl of RIPA buffer to each 

standard. The samples were prepared by adding 3 µl of each sample in duplicates to 600 µl of 

distilled water. The Bio-Rad protein dye was diluted 1:1 in water before 400 µl was added to 

standards and samples. Since the Bio-Rad dye contains methanol, this step should be 

performed in a workstation with vertical airflow. After 10 min incubation, the samples and 

standards were transferred to disposable cuvettes and the absorbance at 595 nm was measured 

according to the manual of the spectrophotometer.  

After quantification, the samples were diluted with distilled water to yield identical 

concentration of proteins. The samples were boiled in 3 x SDS on a heat block, leading to 

denaturation of the proteins and applying a negative charge to each protein that is proportional 

Equipment: Solutions: 

Disposable cuvettes Bio-Rad Protein Assay dye 

Heat block Bromphenol blue 

Ultrospec 3100 pro spectrophotometer dH20 

 γ-globulin 

 RIPA buffer 

 3x SDS 
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to its mass. Bromphenol blue was added to the samples to visualize the protein bands in the 

gel, and thereby make it possible to determine when to stop the running of the gel.   

4.9.3 SDS-Polyacrylamide Gel Electrophoresis 

SDS-Polyacrylamide Gel Electrophoresis is a method for separating proteins based on their 

size. The protein lysates are applied on a polyacrylamide gel, and during electrophoresis the 

negative protein-SDS complexes migrate against the positive electrode. The gel is a migration 

barrier, and the concentration of acrylamide and size of the protein (i.e. the negative charge) 

decide how far the proteins will migrate. 

Procedure: 

To detect p53 we used 10 % polyacrylamide gels. The samples and protein standards were 

applied to the wells in the polyacrylamide gel using a syringe. The standards are important for 

later detection of the target protein, but also as a template for cutting the gel or the membrane. 

For separation of the proteins, the gel was run in the Bio-Rad Protean gel apparatus filled with 

electrophoresis buffer. The gel was run for 15 minutes at 120 volt, followed by approximately 

30-40 minutes at 180 volt.  

4.9.4 Western blot 

Western blot is a method for quantitative transfer of proteins from a gel to a nitrocellulose 

membrane (166). Nitrocellulose binds and immobilizes the proteins and makes it possible to 

detect target proteins with immunological methods. For the transfer we used a semi-dry 

transfer instrument (Bio-Rad Trans-Blot® Turbo™), with plate electrodes in a horizontal 

configuration. Buffer-soaked filter papers, used on each side of the gel/membrane, served as 

an ion reservoir for the transfer. 

 

Equipment: Solutions: 

Bio-Rad Protean gel apparatus Electrophoresis buffer 

Criterion Precast gel (10%) Precision Plus Protein- Blue Standards 

Syringe  
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Procedure: 

After electrophoresis, the gel, membrane and filter papers were soaked in transfer buffer for 

10 minutes before they were placed in the transfer apparatus, in the following order:  

 

 

 

 

 

 

 

Figure 18: Western blot. Organization of the stack responsible for transfer of proteins from gel to nitrocellulose 

membrane.  

  

Air bubbles were carefully removed between each layer by using a rolling tube. The proteins 

were transferred from the gel to the membrane at 25 V for 30 min, with the nitrocellulose 

membrane facing the cathode. To ensure proper transfer of proteins to the membrane, the 

membrane was stained with Ponceau. After staining, the membrane was washed in distilled 

water and TBS-T.  

4.9.5 Detection of proteins on nitrocellulose membrane 

In order to detect specific proteins by antibodies binding to the nitrocellulose membranes, it is 

important to reduce the amount of background-staining of non-specific binding of antibodies. 

This is done by incubating the membrane in a blocking solution containing excess of proteins 

that will saturate unspecific binding sites.  

For detection of p53, we used a monoclonal mouse antibody directed against p53, and as a 

secondary antibody an anti-mouse antibody conjugated to horseradish peroxidase (HRP) was 

Equipment: Solutions: 

Bio-Rad Trans-Blot® Turbo™ Ponceau 

Hybond ECL Nitrocellulose membrane TBS-T 

Rolling tube Transfer buffer 

Whatman 3 mm paper  
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employed. As previously described (section 4.3), HRP can convert specific substrate to 

detectable light.  

Procedure: 

Before incubation with primary antibody, the membrane was incubated in blocking soultion 

for 1 hour. The primary antibody was diluted (1:200) in the primary antibody buffer, and the 

membrane was incubated with their primary antibody solution overnight on a Rock- and roller 

at 4 °C. After washing the membrane with distilled water and TBS-T for 2 x 10 minutes, 

respectively, the membranes were incubated with the secondary antibody solution (HRP-

conjugated secondary antibody diluted 1:6000 in the secondary antibody buffer) for 45 

minutes at room temperature on a platform shaker. The excess antibody solution was washed 

off by TBS-T.    

4.9.6 Visualization of specific proteins by autoradiography 

The HRP conjugated to the secondary antibody can be used to detect the protein of interest on 

the nitrocellulose membrane (see figure 19). The substrate solution for HRP used in this 

experiment contains Lumigen PS-3 acridan, and HRP catalyzes the oxidation of this substance 

to generate acridinium ester intermediates. The intermediates interact with peroxidase and 

produce a high intensity chemiluminescence that is detectable at 430 nm.  

Equipment: Solutions: 

Platform Shaker Blocking solution 

Rock- and roller dH2O 

 Primary antibody, p53 

 Primary antibody buffer 

 HRP-conjugated secondary antibody  

 Secondary antibody buffer 

 TBS-T 
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Figure 19: Detection of target protein. The target proteins are detected on the membrane by the use of 

antibodies. The primary antibody binds the target protein, and the secondary antibody binds the primary 

antibody. The secondary antibody is conjugated to HRP, and this enzyme will convert substrate to light 

detectable in Syngene G:BOX. The amount of visual light reflects the amount of protein. 

 

 

Equipment: Solutions: 

Plastic folder Supersignal West Dura (HRP substrate solution) 

Syngene G:BOX  

Procedure: 

After draining of excess TBS-T, the membrane was incubated for 5 minutes in the HRP 

substrate solution, and put in a plastic folder. The proteins were visualized in a Syngene 

G:BOX instrument, according to the manufactures instructions.  
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5 Results 

 

5.1 Pilot experiments  

CVID is a disease characterized by disturbances in the humoral immune system, with reduced 

secretion of IgG from B cells being the dominant feature (157). In a study recently conducted 

in our lab (125), it was revealed that RA has the ability to enhance IgG secretion in normal 

human B cells stimulated through the innate toll like receptors TLR9 and RP105. 

Furthermore, in this study RA not only synergized with CpG and anti-RP105 on IgG 

secretion, but also enhanced the B-cell proliferation, IL-10 secretion and IgM secretion (125). 

We therefore wished to elucidate the possibility that RA in combination with CpG and anti-

RP105 could restore the immune function in B cells derived from CVID patients.  

The B cells used in our previous study (125) had been isolated from buffy coats from normal 

blood donors, and most of the experiments had been performed on the CD27+ memory B cell 

subpopulation. However, in order to study B cells from CVID patients, we had to rely on cells 

isolated from small volumes of whole blood. Ethical issues only allowed us to collect 35 ml of 

blood from each patient, and this restricted blood volume only made it possible for us to 

isolate CD19+ B cells. It was therefore necessary to re-establish the methods used in the 

previous study on CD19+ B cells isolated from whole blood. To this end, whole blood 

samples were collected from healthy volunteers, and the isolated CD19+ B cells were 

stimulated with various combinations of CpG, anti-RP105 and RA. Unless otherwise 

specified, the stimulants were used at concentrations (1 µg/ml of CpG, 1 µg/ml of anti-RP105 

and 100 nM of RA) previously found in our lab to give optimal stimulation of B cells 

(124;125) 
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5.1.1 RA enhances proliferation of human B cells co-stimulated with 

CpG and anti-RP105   

B cells isolated from peripheral blood are quiescent cells in the G0 phase of the cell cycle, 

stimulation of the cells may lead to entry into S-phase and ultimately into cell division. In 

order to examine the effects of RA on proliferation of CD19 + B cells isolated from whole 

blood, the cells were stimulated with CpG and anti-RP105 in the presence or absence of RA. 

Incorporation of radiolabeled thymidine into DNA was measured as described in Methods.  

 

 

Figure 20: The effects of RA on proliferation of human CD19+ B cells stimulated with CpG andanti-

RP105. 

CD19+ B cells isolated from whole blood were cultured (0.175 x 10
6
 cells/ml) in triplicates and stimulated with 

or without (medium) combinations of CpG (1 µg/ml), anti-RP105 (αRP, 1µg/ml) and RA (100 nM), for 48 

hours. The cells were pulsed with [
3
H]-thymidine and incubated for another 20 hours before [

3
H]-thymidine 

incorporation was measured as described in Methods. The results are presented as the median of median of 

triplicates (center line), with the box representing 50% of the measured values and whiskers representing +/- 1.5 

interquartile range (IQR) from six independent experiments. *P<0.05 (Wilcoxon signed rank test)   

 

As shown in figure 20, RA alone had no effect on proliferation. There was a clear synergy 

between CpG and anti-RP105, but RA was able to even further enhance this strong 

proliferative signal in a statistical significant manner (P=0.028). Thus, RA enhanced the DNA 

synthesis in cells stimulated with CpG and anti-RP105 by 35 %. The effects of the stimulants 

on CD19+ B cells isolated from whole blood was comparable with the stimulation obtained 
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on CD19+ B cells from buffy coats (125), and we therefore continued our studies on CD19+ 

B cells isolated from whole blood.   

5.1.2 Ig-secretion is enhanced by RA in B cells co-stimulated with 

CpG and anti-RP105 

Activated B cells may differentiate into plasma cells producing both IgM and IgG. ELISA 

was used in order to measure the effects of RA on IgG and IgM secretion in B cells. 

 

Figure 21: The effect of RA on IgG (A) and IgM (B) secretion in B cells stimulated with CpG and anti-

RP105.  

CD19+ B cells isolated from whole blood were cultured (0.175 x 10
6
 cells/ml) and stimulated with or without 

(medium) combinations of CpG (1 µg/ml), anti-RP105 (αRP, 1µg/ml) and RA (100 nM) for three days before 

the supernatants were harvested and subjected to ELISA as described in Methods. The results are presented as 

the median of average of duplicate measurements (center lines), with the boxes representing 50% of the 

measured values and whiskers representing +/- 1.5 IQR. A: Results from seven independent experiments. B: 

Results from five independent experiments. *P<0.05 (Wilcoxon signed rank test)   

 

Figure 21 (panel A) shows that RA alone has no effect on IgG secretion, but in combination 

with CpG and RP105, RA enhanced the IgG production in a statistically significant manner 

from approximately 35.8 ng/ml to 80.2 ng/ml accounting for a 2.2 fold increase in IgG 

secretion (P=0.018). The same synergistic effect of RA was observed on CpG /anti-RP105-

induced IgM secretion (panel B). Thus, RA increased the secretion of IgM from 

approximately 653 ng/ml to 1169 ng/ml (P=0.043). Taken together, the present results 
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indicate that RA has an important role in Ig-secretion in peripheral blood B cells stimulated 

though TLR9 and RP105. 

These initial analyses on IgG secretion were conducted on B cells stimulated for three days. 

However, prior to analyzing the IgG secretion in B cells from CVID patients, we wished to 

reveal whether this time point was optimal. We therefore performed kinetic experiments by 

incubating the B cells for 3, 4 and 5 days, respectively.  

 

Figure 22: The kinetic of the effects of RA on IgG secretion in cells stimulated with CpG and anti-RP105    

CD19+ B cells were cultured (0.175 x10
6
 cells/ml) with or without (medium) combinations of CpG (1 µg/ml), 

anti-RP105 (αRP, 1 µg/ml) and RA (100 nM). The supernatants were harvested on day 3, 4 and 5, and IgG 

concentrations were analyzed by ELISA as described in Methods. The data represents one of two reproducible 

experiments. 

 

The results obtained on cells from one representative blood donor (figure 22) shows that the 

IgG production was highest on day 5, and the synergy between the stimulants was also more 

pronounced on day 5. Therefore, in all subsequent experiments the IgG productions as well as 

IgM and IL-10 secretion were measured on B cells stimulated for 5 days. The values obtained 

on B cells from CVID patients and controls (section 5.2) will therefore be higher than the 

values obtained in these initial experiments (figure 21 and figure 23). 

 



61 

 

5.1.3 RA enhances IL-10 secretion in human B cells co-stimulated 

with CpG and anti-RP105 

Given the important role of the anti-inflammatory cytokine IL-10 for proliferation and 

differentiation of B cells into Ig-secreting plasma cells (67;68), we wished to explore the 

involvement of IL-10 in RA’s ability to enhance the CpG/anti-RP105 mediated stimulation of 

B cells. To this end we used ELISA to measure the effect of RA on IL-10 secretion from B 

cells co-stimulated through TLR9 and RP105. 

 

Figure 23: The effects of RA on IL-10 secretion from cells co-stimulated with CpG and anti-RP105. 

CD19+ B cells isolated from whole blood were cultured (0.175 x 10
6
 cells/ml) and stimulated with or without 

(medium) combinations of CpG (1 µg/ml), anti-RP105 (αRP, 1µg/ml) and RA (100 nM) for three days before 

the supernatant were harvested and subjected to ELISA as described in Methods. The results are presented as the 

median of average of duplicate measurements (center line), with a boxes representing 50 % of the measured 

values and whiskers representing +/- 1.5 IQR from six independent experiments. *P<0.05 (Wilcoxon signed 

rank test). 

 

As shown in figure 23, there was a striking synergistic effect of RA on IL-10 production.   

Thus, RA significantly enhanced the level of IL-10 from approximately 82 pg/ml to 420 

pg/ml, representing a more than 5-fold induction when compared to IL-10 secreted from cells 

stimulated with CpG and anti-RP105 (P=0.028). Of note is that the effects of RA on IL-10 

was even more pronounced than on proliferation and Ig-synthesis, and as will be discussed in 
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section 6.2.1, IL-10 was proven to be required for both RA-mediated induction of IgG 

synthesis and proliferation (125).  

5.1.4 The effects of RA on secretion of Igs and IL-10 is not due to  

increased cell numbers 

Given the potentiating effect of RA on proliferation of B cells induced by CpG and anti-

RP105, it was important to rule out the possibility that the noted enhanced secretion of Igs and 

IL-10 not only reflected increased cell numbers in the cell cultures. To this end, a cell 

counting experiment was conducted.  

 

 

 

  

 

Table 1: The effect of RA on absolute cell numbers in cells stimulated with CpG and anti-RP105. 

B cells were cultured (0.25 x 10
6
 cells/ml) and stimulated as described in legends to figure 20, and the cell 

number was counted in triplicates on day 0, 2, 3, and 4 using an Bio-Rad automated cell counter. The data 

presents the average of the triplicate measurements from 5 independent experiments (±SD).   

 

Cells were stimulated as previously described, and the concentrations of cells were counted 

on day 0, 2, 3 and 4. The results in table 1 show that although RA as expected was able to 

enhance the concentration of cells compared with cells stimulated with CpG and anti-RP105, 

the increase could not account for the large effects of RA on secretion of IgG and IL-10. 

Thus, RA enhanced the concentration of cells treated with CpG and anti-RP105 from 0.7 x10
6
 

to 1.0 x10
6
 compared to the more than 2- and 5-fold increase in IgG and IL-10 levels, 

respectively (see figures 21 and 23). It should be noted that the effects of RA on absolute cell 

numbers is less evident that the effects on proliferation measured by thymidine incorporation 

(see figure 20). This discrepancy will be discussed in section 6.1.3. 

 

 

Stimulants Day 0 Day 2 Day 3 Day 4 

Medium 0.29  
± 0.01 

0.29  
± 0.01 

0.30  
± 0.01 

0.36 
 ± 0.02 

CpG+αRP105 0.29  
± 0.01 

0.40 
 ± 0.01 

0.58  
± 0.03 

0.75  
± 0.04 

CpG+αRP105+RA 0.29  
± 0.01 

0.40  
± 0.02 

0.72 
 ± 0.04 

1.01  
± 0.03 
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5.1.5 The potentiating effect of RA on CpG/anti-RP105-mediated 

stimulation of CD27 + B cells 

In the previous study from our group, results had indicated that the effects of RA on 

CpG/anti-RP105-treated cells generally were more pronounced in memory B cells than in 

naïve B cells (125). As previously mentioned, CD19+ B cells is a mixture of naïve and 

memory B cells, and although (as discussed in section 6.2.1) the results obtained on CD19+ B 

cells from whole blood were comparable to those obtained on CD27+ B cells from buffy 

coats (125), we wished, in our own hands, to assess the effects of RA on memory B cells. To 

this end, the CD27 cell surface marker was used to isolate memory B cells, and as shown in 

figure 24, we confirmed the previously reported (125) synergy between RA and CpG/anti-

RP105 on proliferation. As further discussed in section 6.2.1, these experiments confirm the 

comparable effects of RA on proliferation of CD19+ B cells (see figure 20) and CD27+ B 

cells.  

 

Figure 24: The effects of RA on proliferation of human CD27+ B cells stimulated with CpG and anti-

RP105. 

CD27+ B cells isolated from buffy coat were cultured (0.175 x 10
6
 cells/ml) in triplicates and stimulated with or 

without (medium) combinations of CpG (1 µg/ml), anti-RP105 (αRP, 1 µg/ml) and RA (100 nM), for 48 hour. 

The cells were pulsed with [
3
H]-thymidine and incubated for another 20 hours before [

3
H]-thymidine 

incorporation was measured as described in Methods. The results are presented as the median of median of 

triplicates (center line), with boxes representing 50 % of the measured values and the whiskers representing +/- 

1.5 IQR of five independent experiments. *P<0.05 (Wilcoxon signed rank test). 
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We also assessed the effects of RA on IgG secretion from CD27+ memory B cells. As shown 

in figure 25, RA induced a more than 2-fold enhancement of IgG secretion in cells co-

stimulated via TLR9 and RP105, and this fold-induction was comparable to that induced  by 

RA in CD19+ B cells from whole blood (see figure 21).   

 

Figure 25: The effects of RA on IgG secretion in human CD27+ B cells stimulated with CpG and anti-

RP105. 

CD27+ B cells isolated from buffy coat were cultured (0.175 x 10
6
 cells/ml) in triplicates and stimulated with or 

without (medium) combinations of CpG (1 µg/ml), anti-RP105 (αRP, 1 µg/ml) and RA (100 nM), for 4 days. 

The supernatants were harvested, and subjected for ELISA as described in Methods. The results are present as 

the median of average of duplicates (center line), with boxes representing 50 % of the measured values and 

whiskers representing +/- 1.5 IQR of five independent experiments. *P<0.05 (Wilcoxon signed rank test). 

 

Taken together, our results indicate that the effects of RA on CD19+ B cells isolated from 

whole blood generally resemble those performed on CD19+ and CD27+ B cells from buffy 

coats, and that the experiments on B cells from CVID patients and healthy controls therefore 

safely can be performed on CD19+ B cells isolated from whole blood.  
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5.2 The effect of RA on B cells from CVID patients 

5.2.1 Characteristics of the CVID patients 

In order to elucidate the ability of RA to restore the immune function of B cells from CVID 

patients, we collected blood samples from 21 patients with confirmed CVID diagnosis and 

age- and gender matched controls. The patients were recruited upon routine consultation at 

Section for Clinical Immunology and Infection Medicine, Oslo University Hospital, 

Rikshospitalet. Due to variable numbers of B cells isolated from each patient and control, not 

all analysis could be conducted on cells from all participants. There are therefore a variable 

numbers of patients used for the different analyzes. Thus, for instance analysis of RP105 

expression was only performed on B cells from 7 of the patients. An overview of the patient 

characteristics and the analyzes performed on each individual is given in table 2.   

ID Sex Age T IL-10 IgG IgM RP105 

1  Male 23 + + + + - 

2 Female 57 + + + + - 

3  Male 56 - + + + - 

4  Female 40 + + + + - 

5  Male 60 + + + + - 

6  Male 36 + + + + - 

7  Female 38 + + + + - 

8  Female 61 + + + + - 

9  Male 41 - + + + - 

10  Female 49 + + + + + 

11  Male 56 - - - - + 

12  Male 29 - + + + + 

13  Male 52 - + + + + 

14  Female 53 - - - - + 

15  Female 23 - - - - + 

16  Female 44 + + - + + 

17  Male 44 + - - - - 

18  Female 27 + - - - - 

19  Female 65 + - - - - 

20  Female 49 + - - - - 

21  Female 24 + + - - - 

Average 9 male / 12 female 44,1 year 14 14 12 13 7 

Table 2: Age- and gender distribution of the CVID patients and the analyzes performed. 

T = Thymidine incorporation assay, IL-10 = IL-10 secretion analysis, IgG = IgG secretion analysis,  

IgM = IgM secretion analysis, RP105 = analysis of RP105 surface expression.  
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5.2.2 RA is able to partly restore the defect proliferation of B cells 

from CVID patients 

There has been no consensus as to whether the proliferative response is reduced in B cells 

from CVID patients (50;160). It was therefore of great interest to i. establish whether a defect 

in B cell proliferation is common in CVID patients, and ii. in case of defects, elucidate the 

possibility that vitamin A in the form of RA could correct this defect.  

 

Figure 26: The effects of RA on proliferation of B cells from CVID patients.  

CD19+ B cells from whole blood of CVID patients and controls were cultured (0.175 x 10
6
 cells/ml) in 

triplicates and stimulated with CpG (1 µg/ml), anti-RP105 (αRP, 1 µg/ml) and RA (100 nM) for 48 hours. The 

cells were pulsed with [
3
H]-thymidine and incubated for another 20 hours before [

3
H]-thymidine incorporation 

was measured as described in Methods. Panel A presents all the different stimulations performed on patients and 

controls. Panel B presents the results from the same experiments as in panel A, but includes only the results from 

cells cultured in medium alone or with CpG and anti-RP105 in the presence or absence of RA. In panel B, the 

individual patients are represented as dots. The results in both panels are presented as the median of median of 

triplicates from 14 patients and 14 controls. Panel A also includes boxes representing 50 % of the measured 

values and whiskers representing +/- 1.5 IQR.  *P<0.05 (Wilcoxon signed rank test). 

 

As shown in figure 26, it became clear that the proliferative response of B cells from CVID to 

CpG and anti-RP105 is significantly reduced as compared to controls (P=0.035, Mann 

Whitney U). RA significantly (P=0.01, Wilcoxon signed rank test) enhanced the proliferative 

response to CpG/anti-RP105 in both patients and controls, and the effects of RA on CpG/anti-

RP105-stimulated proliferation was in fact somewhat stronger in patients than in the controls 

(1.65 fold induction vs. 1.38 fold induction, respectively). RA alone did not affect the 

proliferation of B cells from either CVID patients or controls, and both CpG and anti-RP105 



67 

 

alone or in combination with RA only marginally affected the proliferation. There were no 

differences in proliferative responses between patients and controls when stimulating with 

CpG (P=0.19) or anti-RP105 (P=0.2). Taken together, our results indicate that i. there is a 

defect proliferative response to CpG/anti-RP105 in B cells from CVID patients, and ii. RA 

can partly restore this defective response.   

5.2.3 RA is able to normalize the IL-10 secretion in CVID-derived B 

cells  

It has been suggested that B cells from CVID patients have reduced IL-10 secretion in 

response to CpG (2). The defective IL-10 secretion has been linked to the immune deficiency 

in the patients (2), and we therefore wished to assess the ability of RA to restore the IL-10 

levels in B cells from CVID patients. 

There was a significantly reduced IL-10 secretion (P=0.039 Mann Whitney U) in CpG/anti-

RP105 stimulated B cells from CVID patients compared to controls (399 pg/ml in controls 

versus 212 pg/ml in patients, see figure 27).     

RA demonstrated a remarkable ability to enhance the IL-10 secretion induced by co-

stimulation with CpG and anti-RP105 – being statistically significant (P<0.001) both in B 

cells from controls and patients. Again the fold induction enforced by RA was greater in 

CVID patients (fold induction = 3.3) than in controls (fold induction = 2.1). RA was in fact 

close to normalize the IL-10 levels secreted by CpG/anti-RP105-stimulated B cells from 

CVID patients. No stimulating effects of RA and anti-RP105 alone or in combination was 

seen on IL-10 secretion in B cells from either patients or controls, and also CpG alone only 

marginally enhanced the IL-10 secretion (see figure 27). 



68 

 

 

Figure 27: The effects of RA on IL-10 secretion in CD19+ B cells from CVID patients. 

CD19+ B cells from patients and controls were cultured (0.175 x10
6 
cells/ml) in combinations of CpG (1 µg/ml), 

αRP105 (αRP, 1 µg/ml) and RA (100 nM) for five days before harvesting the supernatants. The levels of IL-10 

in the supernatants were analyzed by ELISA as described in Methods. Panel A presents all the different 

stimulations performed on the patients and controls. Panel B presents the results from the same experiments as in 

panel A, but includes only the results from cells cultured in medium alone or with CpG and anti-RP105 in the 

presence or absence of RA. In panel B, the individual patients are presented as dots. The results are presented as 

the median of average of duplicate measurements (center line) from 14 patients and 14 controls. Panel A also 

includes boxes representing 50 % of the measured values and whiskers representing +/- 1.5 IQR. *P<0.05 

(Wilcoxon signed rank test). 

5.2.4 RA can enhance IgG secretion in B cells from CVID patients, 

but is unable to restore the defect 

Although several reports have documented defects in TLR9-signaling in CVID patients 

(2;3;163), remarkably few papers have presented data on IgG secretion in response to CpG 

and/or anti-RP105. We were therefore both interested in establishing the role of TLR9 and 

RP105 on IgG secretion from CVID-derived B cells, and to reveal the ability of RA to act 

together with CpG and anti-RP105 to enhance the IgG responses in these cells.  
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Figure 28: The effect of RA on IgG secretion in B cells from CVID patients. 

CD19+ B cells from patients and controls were cultured (0.175 x10
6
 cells/ml) in combinations of CpG (1 µg/ml) 

and anti-RP105 (αRP, 1 µg/ml) and RA (100 nM) for five days before the supernatants were harvested. The 

levels of IgG in the supernatants were analyzed by ELISA as described in Methods. Panel A presents all the 

different stimulations performed on the patients and controls. Panel B presents the results from the same 

experiments as in panel A, but includes only the results from cells cultured in medium alone or with CpG and 

anti-RP105 in the presence or absence of RA. In panel B, the individual patients are represented as dots. The 

results are presented as the median of average of duplicate measurements (center line) from 12 patients and 12 

controls. Panel A also includes boxes representing 50 % of the measured values and whiskers representing +/- 

1.5 IQR. *P<0.05 (Wilcoxon signed rank test). 

 

We could conclude from the results presented in figure 28, that IgG secretion induced by the 

combined treatment with CpG and anti-RP105 was indeed lower in B cells from patients (78 

ng/ml) than from controls (379 ng/ml) (P<0.001, Mann Whitney U). RA was able to enhance 

the CpG/anti-RP105-mediated responses in both controls (1.9-fold induction) and in patients 

(1.7 fold-induction) in a statistical significant manner (P<0.002 in both groups), but due to the 

very low levels of IgG in CpG/anti-RP105-stimulated B cells from patients, the levels induced 

by adding RA (129 ng/ml) were not even close to restoring the defects. Still, the IgG levels in 

CVID B cells stimulated by CpG, anti-RP105 and RA were 6 times higher than in cells 

cultured in medium alone. It is possible that a similar increase in vivo can be clinical relevant 

(see section 6.2.2). RA or anti-RP105 alone were not able to increase the levels of IgG in B 

cells from patients or controls, and CpG alone also had marginal effect as compared to the 

level of IgG secretion achieved when B cells from both patients and controls were co-

stimulated through TLR9 and RP105.   
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5.2.5 RA has a profound effect on IgM secretion in CVID patients 

As previously mentioned, the primary Ig defects in CVID patients are manifested as lower 

serum levels of IgG whereas reduction in the levels of IgM only occasionally appear (158). 

IgM is not as effective as IgG in providing protective immunity (8), but we still found it 

interesting to measure the IgM levels secreted by CpG/anti-RP105-stimulated B cells from 

CVID patients and controls, and to reveal the role of RA in these responses.                                  

 

Figure 29: The effect of RA on IgM synthesis on CD19+ B cells from CVID patients. 

CD19+ B cells from patients and controls were cultured (0.175 x 10
6
 cells/ml) and stimulated with CpG             

(1 µg/ml), αRP105 (αRP, 1 µg/ml) and RA (100 nM) for five days before the supernatants were harvested and 

subjected for IgM ELISA as described in Methods. Panel A presents all the different stimulations performed on 

the patients and controls. Panel B presents the results from the same experiments as in panel A, but includes only 

the results from cells cultured in medium alone or with CpG and anti-RP105 in the presence or absence of RA. 

In panel B, the individual patients are represented as dots. The results are presented as the median of average of 

duplicate measurements (center line) from 13 patients and 13 controls. Panel A also includes boxes representing 

50 % of the measured values and whiskers representing +/- 1.5 IQR. *P<0.05 (Wilcoxon signed rank test). 

 

To our surprise, we did not find any defective IgM secretion in stimulated B cells from CVID 

patients as compared to controls, but rather higher levels (see figure 29). In controls, RA 

together with CpG/anti-RP105 induced secretion of 14 ml/ml IgM, however, the same 

stimulants induced secretion of 21 mg/ml of IgM in B cells from patients. The potentiating 

effect of RA on IgM secretion in CpG/anti-RP105-treated B cells, in both patients and 

controls, was statistically significant (P<0.02). Whether the pronounced secretion of IgM 

induced by RA is of clinical relevance for patients with CVID, will be discussed in section 

6.2.2. 
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5.2.6 Reduced response to CpG/anti-RP105 in CVID patients cannot 

be attributed to defective expression of RP105 

The lowered responses to CpG in B cells from CVID patients have been attributed to the 

established defects in TLR9-expression (2) whereas less is known about the expression of 

RP105 in CVID patients. We therefore wished to compare the expression levels of RP105 on 

B cells from patients and controls. To this end, we analyzed the basal expression of RP105 in 

7 patients and 7 controls. A typical flow diagram of RP105 expression on B cells from one 

representative patient and one representative control is shown in figure 30. The median 

expression of RP105 was calculated based on the flow cytometric analysis of the seven 

patients and controls, and no significant difference was observed. We could therefore 

conclude that the reduced response to CpG and anti-RP105 could not be explained by reduced 

expression of RP105 – at least in the 7 cases we analyzed.     

                                           

 

 

 

 

 

 

 

 

  

Figure 30: Expression of RP105 in patients and controls. 

CD19+ B cells (0.5 x 10
6
) were incubated with primary anti-RP105 antibody or control antibody followed by 

incubation with FITC-conjugated secondary antibodies. Flow cytometry was used to analyze the expression of 

RP105 on the B cells. The figure shows one representative experiment of seven. 
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5.3 The effect of RA on TLR9/RP105-mediated 

protection of B cells from irradiation-induced cell 

death     

As thoroughly described in section 1.1.1, RP105 was first identified as a murine receptor 

providing radioprotection, i.e. protection from -irradiation-induced cell death (33). Since we 

had established that RA had the ability to synergize with CpG and anti-RP105 on B cell 

proliferation, Ig-secretion and IL-10 secretion, we wished to explore the possibility that i. 

CpG would synergize with anti-RP105 to protect against irradiation-induced cell death and ii. 

RA would enhance the radioprotective effect of anti-RP105 alone or in combination with 

CpG.   

To measure cell death, the cells were stained with PI and analyzed by flow cytometry. As 

demonstrated by the results from the analyzes presented in figure 31, -irradiation enhanced 

the cell death from approximately 40 % to 64 %. The radioprotective effect of anti-RP105 

(33) was confirmed. We also showed that CpG alone was able to reduce the cell death 

induced by -irradiation of the B cells from 64 % to 50 %, and we demonstrated an additive 

effect by combining CpG and anti-RP105 down to 32 % cell death. There was a tendency 

towards RA being able to further enhance the radioprotective effect of anti-RP105 alone or in 

combination with CpG, but the great variance in cell death between the experiments resulted 

in a non-significant effect of RA on irradiation-induced cell death. This could at least partly 

be due to the already strong radioprotective effects of both stimulants alone. Taken together, 

we could conclude that i. CpG could indeed enhance the radioprotective effect of anti-RP105, 

but the effect was only additive, and ii. there was a tendency that RA could further enhance 

the effects of anti-RP105 alone or in combination with CpG. Extended experiments on a 

larger number of blood donors will be required to conclude whether or not RA has a 

significant radioprotective effect on isolated B cells. Given the established radiosensitivity of 

cells from patients with CVID (7), the possible clinical implications of the presented results 

are discussed in section 6.2.3. 



73 

 

  

 

 

 

 

 

 

 

 

 

 

  

 

Figure 31: The effect of RA on -irradiation-induced cell death                                                                                      

CD19+ B cells from buffy coats where cultured (0.5-1 x10
6
 cells/ml) in combinations of CpG (1 µg/ml), anti-

RP105 (αRP, 0.1 µg/ml) and RA (100 nM) for two hours before the cells were subjected to 10 Grey of - 

irradiation (-IR). The cells were incubated overnight before cell death was estimated using PI followed by flow 

cytometric analysis as described in Methods. The results are presented as the median of measurements (center 

line) with boxes representing 50 % of the measured values and whiskers representing +/-1.5 x IQR of four 

independent experiments. The results are analyzed using Wilcoxon signed rank test. 

 

As shown in figures 32, there was a slight tendency that CpG and anti-RP105 also reduced the 

spontaneous cell death of CD19+ B cells in culture, but RA had again only marginal effects. 

The values in figure 32 cannot directly be compared to those in figure 31 since only three 

experiments were included in figure 32. The results will be discussed in sections 6.2.1 and 

6.2.3.  
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Figure 32: The effect of RA on spontaneous cell death.  

The experiment was conducted as described in legends to figures 31. The results are presented as the average +/- 

standard error of three independent experiments. 

5.3.1 RA does not reduce the p53 levels in -irradiated B cells 

The tumor suppressor protein p53 is stabilized and activated in response to DNA damage. 

Since we had observed that stimulation through TLR9 and RP105 in the presence or absence 

of RA diminished γ-irradiation-induced cell death (see figure 31), we wished to explore the 

possible effects of CpG, anti-RP105 and RA on irradiation-induced p53 levels.   

The expression of p53 was determined by Western blot analysis, using the expression of 

GAPDH as a loading control. As shown in figure 33, p53 was induced approximately 9 times 

when the cells were subjected to -irradiation, but none of the stimulants changed the 

expression of p53. The results suggest that stimulation of B cells with CpG and anti-RP105 in 

the presence or absence or RA prevent DNA damage-induced cell death in a p53-independent 

manner, but as discussed in section 6.2.3, it is also possible that the only 2 hours pretreatment 

with stimulants prior to irradiation was insufficient to reduce the levels of p53. 
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Figure 33: The effect of RA on γ-irradiation-induced p53 levels in B cells stimulated with CpG and anti-

RP105. 

CD19+ B cells isolated from buffy coats were cultured (0.5 x10
6
 cells/ml) in combinations of CpG (1 µg/ml), 

anti-RP105 (αRP, 1 µg/ml) and RA (100 nM) for two hours before the cells were subjected to 10 Grey of γ-

irradiation (-IR). The cells were lysed four hours after irradiation, and the protein expression was analyzed by 

Western blot, using GAPDH as a loading control. The figure shows one of two reproducible experiments. 
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6 Discussion 

6.1 Methodological considerations 

6.1.1 Cell systems 

In the present thesis, the focus has been on peripheral blood B-lymphocytes from healthy 

volunteers or from CVID patients, and the B cells have been isolated either from buffy coats 

or from whole blood. Working with whole blood or blood components should always be 

considered as potentially hazardous. It is therefore necessary to take precautions like using lab 

coat, gloves and absorbent bench coat when working with blood products.   

Isolation of human peripheral blood B cells is time consuming and expensive, and the cell 

number obtained is limiting. However, the advantage of using normal B cells as compared to 

established B cell lines is of course that the cell system is more physiological. Cell lines often 

harbor mutations or gross chromosomal aberrations, and results obtained on cell lines cannot 

easily be applied to normal cells. Another advantage of using peripheral blood B cells as 

compared to cell lines is that the normal cells are naturally synchronized in the G0 phase of 

the cell cycle, which makes it easier to mimic in vivo activation of the cells when treating the 

cells with relevant stimuli.    

In our lab we usually isolate B cells from buffy coats from normal blood donors at Oslo 

University Hospital, Ullevål. However, since the present thesis focused on B cells from CVID 

patients and relevant controls, most of the present experiments were performed on B cells 

isolated from whole blood. Thus, due to ethical consideration, we were only allowed to collect 

35 ml blood from each patient, and this small volume only made it possible to isolate CD19+ 

B cells.  

All mature B cells express the cell surface marker CD19, and the isolation of CD19+ B cells 

was performed by a method developed by Funderud and coworkers (167) involving the use of 

magnetic Dynabeads coated with anti-CD19 antibodies. Detachment of cells from the beads 

can be obtained by overnight incubation or by use of DETACHaBEADs. The use of 

DETACHaBEADs makes it possible to perform the isolation in one day, however, the risk of 

losing cells during this procedure was too large in the light of our limited cell number from 35 

ml of whole blood. The yield of CD19+ B cells from buffy coats is usually 10-40 x 10
6
 cells, 
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and the purity is always higher than 98 %. In contrast, only 1-3 x 10
6
 CD19+ B cells are 

usually obtained from 35 ml whole blood, but also here the purity is higher than 98 %. High 

purity of the cells is required for being able to conclude that the results obtained represent the 

B cells only. The disadvantage, however, is that the cells are taken out of their physiological 

environment and interactions with other cell types. Certain experiments in the thesis were 

performed on memory B cells isolated from buffy coats, and for this purpose the CD27 

marker (60) was used to isolate the memory cells from the CD19+ B cell population. The 

CD27+ memory B cells account for approximately 20-50 % of the CD19+ B cell population 

based on flow cytometry analysis (124). However, when isolating CD27+ B cells by using 

anti-CD27-labeled magnetic beads, the yield is usually only 10-20 % of the CD19+ B cells.  

One of the main disadvantages of using normal human B lymphocytes is the variability in 

biological responses between blood donors. The variable responses between B cells from 

different CVID patients are presumably due to the same variations as for normal blood 

donors, but in addition, this patient group is characterized by different defects in the immune 

system. In order to draw statistical significant conclusions on B cells from patients and/or 

normal donors, it is therefore necessary to examine B cells from a large number of 

individuals. However, the time limit of a master thesis also limits the number of patients and 

controls that can be included in the study. Still we were able to find statistically significant 

results in the most of the experiments. 

6.1.2 Activation of B cells 

Mounting an appropriate humoral immune response depends on the careful regulation of B 

cell activation. In the present thesis, the B cells were activated via TLR9 and RP105 by 

stimulation with CpG and anti-RP105, respectively. As described in section 1.1.1, CpG 

mimics motifs of bacterial DNA which is the natural ligand for TLR9 (21;168). There are 

several commercially available forms of CpG ODNs. The one we used was modified CpG-

2006 ODN phosphorothionate. ODNs that are modified with phosphorothionate backbones 

have several advantages over the natural phosphodiester forms. Due to degradation by 

nucleases, immuneostimulation by the natural phosphodiester forms requires repeated 

additions at relatively high concentrations (169). In contrast, ODNs with phosphorothionate 

backbone are highly resistant to nuclease degradation (170), and therefore it requires lower 

concentrations are required to stimulate the cells.   
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The natural ligand for RP105 is not known, but cross-linking the receptors by using an 

antibody against RP105 is well established as an activator of the RP105-receptor (33). 

Activation of signaling pathways by cross-linking receptors with antibodies is commonly used 

for in vitro studies (171).  

6.1.3 Estimation of cell proliferation 

Incorporation of radioactive thymidine into DNA during S phase is a commonly used method 

for determining cell proliferation. Cells that are in the S-phase of the cell cycle will 

incorporate large amounts of thymidine into their DNA, and the amount of radioactivity 

retained in the cells thereby reflects S-phase activity. The advantage of this method is that it is 

easy to perform and that a large number of samples can be analyzed simultaneously. There is 

however limitations related to the thymidine incorporation assay (172). For example may 

proteins be labeled as well as DNA, and labeling is also correlated with the activity of the 

thymidine kinase itself. There have been reports on lack of correlation between thymidine 

incorporation and cell proliferation in lectin-stimulated lymphocytes (173). However, in our 

lab, this method has over the years been correlated to several other methods for estimation of 

cell proliferation, such as; flow cytometric analysis of distribution of cells in the various 

phases of the cell cycle and distribution of daughter cells in subsequent cell cycles (by CFSE-

staining) (Heidi Kiil Blomhoff, personal communication).   

The most direct method for determining proliferation is simply counting the cells. Direct cell 

counting is a useful method for measuring cell division in cell lines, but it has its limitations 

in relation to normal peripheral blood B cells. Thus, it has been demonstrated that only 

relatively few activated B cells in a culture enter S-phase and ultimately divide (125). Both 

the remaining un-stimulated cells and certain activated cells may also undergo apoptosis 

(174), and this will explain why the total cell number in a culture of normal B cells may not 

reflect the proliferation undergoing in an active subpopulation of the cells. Such a discrepancy 

between cell number and thymidine incorporation was visualized in the present thesis. We 

used cell counting as a method to ensure that the increased IgG and IL-10 secretion in 

response to RA was not solely a result of increased cell numbers, but that it indeed reflected 

an increased secretion from the cells per se. Whereas thymidine incorporation had shown that 

RA markedly enhanced the proliferation of the cells, the total numbers of B cells in the 

cultures were more moderately increased.  
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6.1.4 ELISA     

ELISA is a method used to estimate the concentration of a specific component in a sample, 

and the ELISA quantification kits we used were designed to measure concentrations of the 

desired compound ranging between 8 and 500 ng/ml (IgG and IgM) and 5-300 pg/ml (IL-10). 

These assays are based on creating standard curves, and it is important that the samples fall 

within the linear area of the standard curve. This usually requires that the samples are diluted 

prior to analysis, and in cases of low amounts of material for analysis, it can be a problem that 

the extent of dilution has to be estimated in advance. New standard curves are made for each 

experiment which makes it possible to compare the results from one experiment to another. 

The ELISA assays measure the total amount of a substance in a sample, which in our case 

were Igs and IL-10 in a cell culture. However, the assay cannot determine whether a given 

increase in concentration of Igs or IL-10 is a result of enhanced secretion, or if it is a result of 

increased transcription, translation or stability of the protein.   

6.1.5 Cell death analysis  

Major features used to distinguish dead cells from viable cells are the loss of transport 

function and structural integrity of the plasma membrane (51). Numerous assays for cell death 

have been developed based on these criteria. The intact membrane of viable cells excludes 

charged dyes such as PI, and short time incubation with these dyes results in selective labeling 

of dead cells (175). In the present thesis, PI uptake was analyzed by flow cytometry. This 

method has several advantages since it is simple and of low cost, but the method does not 

distinguish between necrotic and apoptotic cells.  

An alternative method for analyzing cell death is flow cytometric scatter analysis. This 

method can be used to quantify cell death and to some extend distinguish between an 

apoptotic and necrotic cells (176). Scatter analysis is based on how the cells scatter light from 

a laser beam and both cell size (FSC analysis) and granularity (SSC analysis) of cells can be 

estimated However, cautions should be made when analyzing apoptosis by scatter analysis 

since also mechanical broken cells and isolated cell nuclei have lower FSC. Such cell debris, 

however, generally also have low SSC properties. In our experiments on DNA damage-

induced cell death, scatter analysis was used as a supplement to PI-analysis, and comparable 

results were obtained (data not shown). Cell death can also be estimated by the TUNEL 

method which detects DNA strand breaks by TdT-mediated dUTP nick end-labeling 
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(TUNEL) of apoptotic cells, or by measuring changes in the membrane potential of dying 

cells. However, the two latter methods have been shown to give similar results as scatter 

analysis (113).    

6.1.6 The use of RA to assess effects of vitamin A     

RA is considered as being the most active vitamin A metabolite for immune functions (177). 

Generally it is believed that vitamin A is taken up by target cells in the form of ROH bound to 

RBP or in the form of retinyl esters in chylomicron remnant particles (76). However, it is still 

not clear if lymphocytes are able to take up RA from the surroundings or whether ROH is 

converted to RA within the cell. The ability of lymphocytes to transform ROH to RA has been 

questioned, since the enzymatic machinery required has yet to be established in these cells. 

Dendritic cells could potentially be the source of RA in vivo since dendritic cells from human 

peripheral blood have the enzymes necessary for conversion of ROH to RA (178). Blomhoff 

and coworkers have previously shown that RA, retinyl esters, ROH-RBP and ROH-loaded 

chylomicron remnant all have the same quantitative effects as inhibitors of the proliferation of 

BCR-stimulated primary B lymphocytes (121). Based on these data, RA was chosen as the 

vitamin A derivative in the experiments included in the present theses. 

The plasma concentration of RA is normally in the range of 5-10 nM, but upon vitamin A rich 

meals and especially related to therapeutic use of RA, the plasma concentration of RA 

increases considerably (80). In previous experiments in our lab (124;125), 100 nM of ethanol-

solubilized RA has been used as an optimal, non-toxic dose, and in the present thesis we 

therefore used the same concentration of RA. However, effects of RA has in many cases been 

detected as concentrations as low as 0,1 nM (125), and we also observed effects of RA on 

proliferation at 0.1-1 nM RA (data not shown). 

6.1.7 Collection of blood samples from CVID patients and controls 

Blood samples from CVID patients were collected at Oslo University Hospital, 

Rikshospitalet, in connection with routine follow up controls of the patients. Due to the low 

prevalence of the disease (1: 20-30 000) there are only between 150-250 CVID patient in 

Norway, and our 21 patients therefore account for approximately 8-14 % of the CVID patients 

in our country. The age of the patients varied from 23-65 years, and the age of the controls 

varied between 24-65 years. There are several subgroups of CVID, based on 
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immunophenotyping and clinical outcome (39;159;161). In the present study, there was no 

selection of patients based on subgroups of CVID. However, the physicians that recruited the 

patients to our study chose patients that were not too low in B cells numbers. None of the 

patients had active infections at the time of inclusion, and the samples were collected prior to 

Ig therapy. The control samples were collected from healthy volunteers at Institute of Basic 

Medical Sciences, University of Oslo, and the controls were age- and gender matched to the 

patients. The experiments on B cells from controls and patients were generally performed on 

the same days.   

As outlined in the aims of the present thesis, we wished to explore the possibility that RA 

could improve the B cell function in CVID patients. Ideally, we wished to analyze the effects 

of RA on both proliferation and secretion of IgG, IgM and IL-10 in B cells from all the 

selected patients. However, due to the limited blood volume collected from each patient and 

control individuals combined with a highly variable numbers of B cells in the samples, it was 

not possible in to perform all the analysis on each patient/control. As a result of these 

limitations, some of the patient- and control samples were used only for analysis of 

proliferation, and this might lead to some selection bias.     

6.1.8  Ethical considerations 

There are several ethical concerns to consider when collecting blood samples from patients 

and healthy volunteers. Collection of peripheral blood is the least invasive method used to 

isolate patient material, and it is a method well tolerated by patients and volunteers. The 

volume of donated blood was between 30 and 35 ml, and this volume was considered by the 

involved clinicians not to affect the disease state. However, every procedure involving 

breaking a natural barrier like the skin increases the risk of an infection, and such infections 

could be particularly harmful in patients with immune defect like CVID. It should be 

emphasized that the blood samples included in the present study were collected concomitantly 

with blood samples routinely taken by the clinicians to monitor the state of the disease.  

The collection of blood samples from patients and healthy volunteers was approved by the 

Regional Ethical Committee of Norway, region Sør-Øst A. All patients and volunteers signed 

an informed consent when donating blood. 
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6.1.9  Statistically analysis and presentation of the results 

SPSS Statistics 19 was used for statistically analysis of the data. Due to the highly variable B 

cell responses between normal blood donors and between CVID patients, the data do not 

show normal distribution. Hence, the data were analyzed by non-parametric methods. In all 

cases where we compared the effects of various stimulants on the same cell population, i.e. 

within the control group or patient group, we used Wilcoxon signed rank test for analysis. 

When comparing the effects between controls and patients, we used the Mann Whitney U-

test. All the data are presented as box- or whiskers plot, using either SPSS Statistics 19 or 

GraphPad Prism 5.0.  

In the figures of section 5.2 which presents the results from the patients and the controls, only 

statistical significant effects of RA on CpG/anti-RP105-stimulated cells within the patient- or 

the control groups were marked with an asterisk (*). Other relevant statistically significant 

differences in the figures are only mentioned in the text. This was done to simplify the 

figures, since if all statistically significant values were marked with asterisks in the figures, 

this could be more confusing than enlightening (see example in figure 34).  

 

Figure 34: All statistically significant differences marked. 

The figure shows the previous figure 20 with all the statistically significant effects of the stimulants indicated as 

an asterisk (*). 
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6.2 Discussion of the results 

6.2.1 The effects of RA on normal B cell functions 

The previous studies (124;125) from our lab, demonstrating the ability of RA to enhance 

proliferation and differentiation of normal B cells co-stimulated via TLR9 and RP105, are 

interesting in light of the impaired responses to toll like receptor-signaling in B cells from 

CVID patients (2;3;164). However, the experiments in our two previous studies were 

primarily conducted on CD27+ memory B cells isolated from buffy coats (124;125). As 

discussed in sections 6.1.1, the small blood volumes collected from CVID patients limited the 

possibility of isolating CD27+ cells. Hence, we were left to perform the experiments on 

CD19+ cells. Before initiating the studies on B cells from CVID patients and healthy controls, 

we therefore had to ensure that the effects observed on CD27+ memory B cells from buffy 

coats also were true for CD19+ B cells isolated from whole blood. Yamazaki and coworkers 

had shown that the synergy between CpG and anti-RP105 on proliferation applied to naïve B 

cells and not to memory B cells (50), but Eriksen and colleagues showed that this synergy 

also applied to memory B cells (125). In the present thesis we found essentially similar effects 

of the stimulants on proliferation of CD27+ memory B cells from buffy coats (figure 24) and 

CD19+ B cells from whole blood  (figure 20), suggesting that the CD19+ B cell population 

isolated from whole blood is suitable for measuring the effects of RA on CpG/anti-RP105-

stimulated proliferation.  

Based on the established ability of anti-RP105 to promote survival of B cells (33), and our 

previous finding that RA could prevent apoptosis in B cells stimulated via the B cell receptor 

(179), it was possible that the stimulating effects of RA on proliferation partly could be 

explained by increased survival. However, as shown in the survival curves in figure 32, RA 

only marginally enhanced the survival of non-irradiated B cells stimulated with CpG and anti-

RP105 and hence could not account for the enhanced proliferation.     

An important feature of stimulated B cells is their production and secretion of Igs, and in the 

present experiments we observed that RA was able to enhance CpG/anti-RP105-mediated IgG 

secretion in CD19+ B cells. The fold induction of secreted IgG was comparable with that 

obtained in CD27+ B cells (figure 25 and Eriksen and coworkers  (125)), but the absolute 

amount of IgG produced by the two cell populations was very different. Thus, CD27+ B cells 

produced considerably more IgG than the CD19+ cells, presumably due to a large proportion 
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of naïve B cells in the CD19+ cells (124) and the fact that memory cells respond quicker and 

with higher magnitude than naïve B cells (180). The synergy we observed between CpG and 

anti-RP105 on IgG synthesis in both CD19+ and CD27+ B cells was in somewhat contrast to 

the results by Yamazaki and coworkers (50). They did not find synergy between CpG and 

anti-RP105 on IgG secretion neither in naïve- nor memory B cells, and they concluded that 

the stimulants only affected proliferation and survival of the naïve B cells (50). The reason for 

this discrepancy is not evident. The purity of the B cells used in the study by Yamazaki and 

coworkers was only 90 %, whereas the purity of the CD19+ B cells in our study was higher 

than 98 %. Another difference is the stimulation time. It is possible that the 7 days of 

stimulation in the study by Yamazaki et al, was too long to observe any synergy. We 

observed a synergy between CpG and anti-RP105 both on day 3 and day 5, but with a 

somewhat reduced synergy upon longer stimulation (Agnete Bratsberg Eriksen, personal 

comminucation). We also observed a synergy between CpG and anti-RP105 on IgM secretion 

in CD19+ B cells, and that RA further enhanced the production of IgM.     

The production of IL-10 by B cells stimulated via TLR9 has been shown to be reduced in 

CVID patients (2), and it was therefore important to elucidate the effects of RA on IL-10 

produced by TLR9/RP105-stimulated CD19+ B cells. RA demonstrated a remarkable ability 

to synergize with CpG and anti-RP105 on IL-10 secretion in these cells, and again the effects 

were comparable to those in CD27+ B cells (125).  

Of note is that although RA markedly synergized with CpG/anti-RP105-stimulation on both 

proliferation, Ig synthesis and IL-10 secretion, it had differential effects on cells stimulated by 

CpG or anti-RP105 alone. Thus, in agreement with our previous results (124), RA alone had 

no effects on the analyzed responses whereas it enhanced the effects of CpG. In contrast, RA 

inhibited rather than stimulated cells treated with anti-RP105 alone, and it was only when 

CpG was added to the cultures together with anti-RP105 that RA was able to enhance the 

effect of RP105-stimulation. This suggests a vital role of TLR9 in turning RA into a potent 

stimulator of RP105-mediated B cell responses and underlines the previous notion that RA 

can inhibit and stimulate B cells depending on the mode of stimulation (121;124;128).   

Whereas vitamin A is known to be required for development of a functional immune system 

(97), the mechanisms involved are not fully understood. It has recently been shown that anti-

RP105 potentiates the effects of CpG by increasing the TLR9 expression in the endosomes 

(50), and it was therefore possible that RA exerted its effect on CpG/anti-RP105-stimulated 
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cells by increasing TLR9 expression. However, experiments conducted in our lab did not 

reveal effects of RA on TLR9-expression, and we could also not detect changes in the cell 

surface expression of RP105 in response to RA (Agnete Bratsberg Eriksen/Randi Larsen 

Indrevær, personal communication). IL-10 has been shown to have a critical role in CpG-

mediated IgG secretion (46), and in line with these results, our lab demonstrated a key role of 

IL-10 in the RA-induced proliferation and IgG synthesis in the presence of CpG alone
 
(124) 

or in combination with anti-RP105 (125).  However, it is not yet established how RA 

enhances CpG/anti-RP105-induced secretion of IL-10. Several signaling pathways 

downstream of TLR9 and RP105 have been identified, such as ERK, p38 MAPK, PI3-kinase, 

Akt, and NF-κB (19;32), and Ertesvåg and coworkers previously showed that p38 MAPK was 

involved in the enhancing effect of RA on TLR9-mediated responses (124). By using specific 

inhibitors of relevant signaling pathways, we recently confirmed that activations of ERK1/2, 

NF-κB and PI3-kinase and Akt were involved in the stimulating effects of CpG and anti-

RP105 on CD19+ B cells, whereas the effects of RA were selectively inhibited only by 

inhibitors of p38 MAPK (125). However, RA was not able to enhance the CpG/anti-RP105-

mediated activation of p38 MAPK (125), suggesting a more complex interplay between RA 

and p38 MAPK in enhancing the CpG/anti-RP105-mediated induction of IL-10 and other B 

cell responses.  

It will be interesting to explore the involvement of retinoic acid receptors (RARs and RXRs) 

in RA-mediated stimulation of CpG/anti-RP105-induced B cell responses. As described in 

section 1.3.3, vitamin A exerts most of its effects via the nuclear receptors RAR and RXR 

(76). A study conducted by Lømo and coworkers showed that B cells express the nuclear 

receptors RARα, RARγ and RXRα, and they also revealed that RA exerts its effects on BCR-

stimulated B cells via RARs (130). By the use of specific inhibitors, Ertesvåg and coworkers 

showed that RA’s effect on CpG-stimulated B cells was mediated via RARs (124), suggesting 

that also the stimulating effects of RA on CpG/anti-RP105-stimulated cells may be mediated 

via these receptors.  

Summary of RA’s effects on normal B cell responses 

The experiments discussed in the present section have shown that RA can enhance the effects 

of CpG/anti-RP105-mediated B cell proliferation and differentiation. RP105 has been 

identified as an important co-player with RA to strengthen the innate part of the humoral 

immune system, but our results underline the importance of TLR9 for turning RA into a 
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stimulator of RP105-mediated B cell proliferation and differentiation. The experiments have 

also demonstrated essentially similar effects of RA on TLR9/RP105-mediated responses in 

CD19+ B cells isolated from whole blood and in CD27+ B cells isolated from buffy coats. 

Taken together, we believe that reliable results can be obtained on CD19+ cells isolated from 

blood samples collected from CVID patients and relevant controls. 

6.2.2 The role of RA on functions of CVID-derived B cells 

As outlined in section 1.6 of the Introduction, CVID is a heterogeneous group of primary 

immune disorders with presumably diverse etiology (1;73;151). Interestingly, the CVID 

patients frequently display vitamin A deficiency (4;5), which potentially contributes to the 

poor immune responses in these patients. Innate activation of B cells via toll like receptors 

like TLR9 and RP105 is believed to be important for fighting pathogens by keeping up a 

repertoire of circulating polyclonal memory B cells (48). Several studies have reported that 

CVID patients have defective TLR9-signaling (2;3;160). Based on our previous (124;125) 

and present findings that RA is a potent stimulator of innate B cell responses, we anticipated 

that RA might improve – and even correct defective innate immune responses in B cells from 

CVID patients. To this end, we isolated B cells from blood samples collected from CVID 

patients and from healthy individuals (controls), and we performed in vitro analysis of 

proliferation, IgG/IgM synthesis and IL-10 production in B cells stimulated with CpG and/or 

anti-RP105 in the presence or absence of RA.   

Defect B cell proliferation in CVID patients 

Antigen-driven proliferation of B cells is an important step in initiation of humoral immune 

responses, and it is therefore likely that halted B cell proliferation resulting in lowered B cell 

numbers may lead to defective immune responses. Our results demonstrated a slightly 

reduced proliferative response to CpG in B cells from CVID patients (figure 26). However, 

the difference between CVID patients and controls were not statistically significant, and as 

such, the results were in agreement with previous studies demonstrating no proliferative 

defects in CpG-stimulated B cells from CVID patients (3;50). In the same study by Escobar 

and coworkers (3), they found proliferative defects in CVID-derived B cells stimulated with 

bacterial extracts. A possible interpretation of these results is that cross-stimulation of several 

different toll like receptors enforced by the bacterial extracts is diminished in B cells from 

CVID patients. Such an interpretation is interesting in light of our own observation of 
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statistically significant reduced proliferation of B cells from CVID patients co-stimulated via 

TLR9 and RP105. An alternative explanation could be that RP105-mediated proliferation is 

particularly affected in CVID-derived B cells, but we did not obtain statistical significant 

difference between anti-RP105-stimulated B cells from controls and CVID patients.   

The diminished responses of CVID-derived B cells to CpG/anti-RP105 could potentially also 

be due to reduced expression of TLR9 and/or RP105. Altered expression of RP105 on B cells 

is demonstrated in diseases like systemic lupus erythematosus (181) and primary biliary 

cirrhosis (182) and is believed to contribute to the inflammatory responses. We did not find 

differential basal expression of RP105 between B cells from CVID patients and controls (see 

figure 30), and previous reports (2) have concluded that the basal expression of TLR9 is not 

altered in CVID patients. We did, however, find that CpG increased the expressions of both 

TLR9 and RP105 in normal B cells, and that anti-RP105 enhanced this expression (Agnete 

Bratsberg Eriksen/Randi Larsen Indrevær, personal communication). We can therefore not 

exclude the possibility that the reduced responses to CpG and anti-RP105 in patient-derived B 

cells partly can be explained by reduced CpG/anti-RP105-induced expression of TLR9 and/or 

RP105.        

In light of the reduced proliferative response of CVID-derived B cells to CpG in the presence 

of anti-RP105, it was interesting to find that the cells had not lost their ability to respond to 

RA. We showed that the defective B cell proliferation could be overcome by RA, and that the 

effect of adding RA to the cultures in fact was greater in B cells from the patients than from 

the controls (fold induction: 1.65 vs. 1.38, respectively). Thus, we could conclude that RA can 

partly restore the toll-like receptor-mediated proliferation of B cells from CVID-patients. The 

mechanisms whereby RA exerts its effect on CpG/anti-RP105-stimulated B cells remain 

elusive. RA did not enhance the expression of either TLR9 or RP105 in normal B cells (Randi 

Indrevær, personal communication), but we showed that inhibitors of p38 MAPK selectively 

diminished the effects of RA (125). As previously discussed, we were not able to demonstrate 

that RA further enhanced CpG/anti-RP105-induced p38MAPK activation (125). 

An interesting observation in the present study was a correlation between high proliferative 

responses in vitro, and high numbers of B cells in the blood samples from patients and 

controls. This might suggest that in vitro proliferative B cell responses reflect the inborn 

proliferative capacity of the cells. 
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Defects in IL-10-secretion from CVID-derived B cells 

Previous studies from our lab had shown that RA was able to enhance both proliferation and 

Ig synthesis in normal B cells via the anti-inflammatory cytokine IL-10 (124;125), and it was 

interesting to find that RA in the present study was able to restore the IL-10 production in 

CVID-derived B cells stimulated via TLR9 and RP105 (see figure 27). Thus, the CpG/anti-

RP105-induced IL-10 levels in B cells from CVID patients were statistically significantly 

reduced from approximately 399 pg/ml in controls to 212 pg/ml. RA induced a more than 3.3-

fold increase in IL-10 levels in the CVID-derived B cells, and the effects were again more 

pronounced in the patients than in the controls (2.1-fold induction).    

The reduced production of IL-10 in B cells from CVID patients observed in the present study 

is in agreement with previously reported defects in IL-10 secretion in such patients (2;183). 

However, whereas Cunningham-Rundles and coworkers found reduced IL-10 secretion in 

CVID-derived B cells stimulated via TLR9 alone, we only observed defects when the B cells 

were co-stimulated with CpG and anti-RP105. The reason for this discrepancy could be 

methodological differences, since Cunningham-Rundles and coworkers performed the 

experiments on PBMC and not on pure B cells.  

The IL-10 defects noted in CVID patients have been linked to the reduced Ig production in 

these patients (2). It was therefore interesting to find that RA was able to nearly normalize the 

IL-10 secretion in the CVID-derived B cells. 

Defect IgG synthesis and enhanced IgM synthesis in CVID-derived B cells   

As previously described (see section 1.6), CVID patients are characterized by low levels of 

IgG and IgA and/or IgM (157;184-186), and reduced in vitro-secretion of IgG in response to 

CpG in the presence (50) or absence (160) of RP105-stimulation have been reported in CVID-

derived B cells. In line with these reports, we found severe defects in IgG production in B 

cells from CVID patients whether stimulated with CpG alone or with CpG and anti-RP105 

together (see figure 28), and the differences between CVID-derived B cells and controls were 

highly statistically significant. Given the important role of IL-10 in B cell differentiation 

(67;68), we had anticipated that the ability of RA to normalize the IL-10 secretion in the 

patient-derived B cells also might result in normalizing the IgG levels in these cells. However, 

our results showed that RA only partly restored the IgG levels in B cells stimulated via TLR9 

and RP105. Thus, the IgG secretion was enhanced by RA from 78 ng/ml to 129 ng/ml in 
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CVID-derived B cells, whereas the CpG/anti-RP105-induced level of IgG in B cells from 

controls was 379 ng/ml.  

The fact that the RA-mediated increase in proliferation and IL-10 did not result in a similar 

increase in IgG secretion implies that there is a defect in the signaling pathway between IL-10 

secretion and IgG production in B cells from CVID patients. In order to produce IgG, the 

memory B cells must undergo class switching to CD27+IgM-IgD- B cells (8), and CpG in the 

presence of IL-10 has been reported to induce such  class switching (46). Defects downstream 

of TLR9, RP105 and/or the IL-10 receptor might therefore explain the reduced numbers of 

switched memory B cells found in CVID patients (39;159;184).   

The block in normal isotype switching, should suggest that CVID patients generally have 

higher levels of CD27+IgM+ B cells (marginal zone B cells) than healthy individuals. 

However, this is not the case. Close to normal or even reduced amounts of unswitched 

memory cells are found in CVID patients (39;159). In half of the patients, also reduced serum 

levels of IgM are found (73). It was therefore somewhat surprising in the present study to find 

that CpG and anti-RP105 together produced higher levels of IgM in CVID-derived B cells 

than in controls (see figure 29), and that RA was able to further enhance this IgM production. 

This increased production of IgM in patient-derived cells could potentially be explained by 

defective isotype class switching, resulting in activated B cells mainly secreting IgM. 

However, in two previous reports they were not able to find a correlation between the number 

of switched memory B cells in a patient, and the ability of B cells from the same patients to 

produce IgG or IgM in vitro in response to anti-IgM and IL-2 (39;187).  In fact, in a large 

group of patients, neither IgG nor IgM was produced in vitro (39;187). On the other hand, 

Yamazaki and coworkers reported higher levels of IgM produced by CVID-derived B cells 

than controls when the cells were stimulated with CpG and IL-21 in the presence or absence 

of anti-RP105 (50), which supports our own results. 

The ability of RA to further enhance IgM levels in B cells from CVID patients might be of 

clinical relevance. Patients with low levels of IgM have been shown to be particularly 

vulnerable to development of pulmonary diseases (188;189), and it was recently reported that 

the reduced quality of life in CVID patients to a large extent was related to such 

complications (190).  
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As discussed in section 6.1.1, the experiments on CVID patients and controls were, for 

practical and ethical reasons, performed on CD19+ B cells isolated from blood samples. This 

was despite the fact that previous studies (124;125) in our lab had shown that the responses to 

RA, CpG and anti-RP105 were higher in CD27+ memory cells. Although it is clear that the 

fraction of switched memory B cells is lower in CVID patients (39), the data on total numbers 

of memory B cells have been somewhat conflicting. In some studies close to normal CD27+ 

B cells are detected in CVID patients (191), whereas most studies have reported reduced 

numbers of CD27+ B cells (159;192). We cannot exclude the possibility that we in the present 

study could have observed somewhat stronger effects of the stimulants both in patient-derived 

B cells and in control cells if it had been practically possible to study CD27+ cells. However, 

the comparisons we made between responses in CD19+ B cells from whole blood and CD27+ 

memory B cells from buffy coats (see section 6.2.1) suggests that the relative differences 

between the two groups would have been sustained.  

Clinical use of CpG, anti-RP105 and RA in treatment of CVID 

The present results demonstrating the ability of RA to correct the proliferative defects as well 

the reduced IL-10 production in CpG/anti-RP105-stimulated B cells from CVID patients is 

interesting, particularly in light of the reported vitamin A deficiency in these patients (4;5). 

Several factors could cause the vitamin A deficiency in CVID patients. One explanation could 

be reduced absorption of vitamin A in the intestine, since several of the patients have 

complications related to inflammation in this organ (6). However, absorption studies 

conducted by Aukrust and coworkers showed that reduced absorption was a contributing 

factor only in a minority of the CVID cases (4). It is therefore rather believed that an 

increased requirement for vitamin A during infections is the main cause of apparent vitamin A 

deficiency in CVID patients (4;5).   

Aukrust and coworkers showed that supplementation of vitamin A to CVID patients for 6 

months lead to a shift in the cytokine profile potentially favoring anti-inflammatory effects 

(4), and they also demonstrated that vitamin A supplementation increased the serum levels of 

IgM and IgA, as well as in vitro proliferation and IgG synthesis in PHA-stimulated peripheral 

blood mononuclear cells (4). That RA in the present study was only marginally able to correct 

the reduced production of IgG from CVID-derived B cells, still makes it important to further 

elucidate the possibility of using RA in treatment of this immune disorder. RA nearly doubled 

the concentration of IgG produced in the presence of CpG and anti-RP105 (figure 28), and it 
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increased the level of IgG 6-fold as compared to the basal levels. According to personal 

communication with head physician Pål Aukrust at Section for Clinical Immunology and 

Infection Medicine, Oslo University Hospital, Rikshospitalet, routine supplementation of IgG 

to CVID patients generally increases the serum level of IgG from 2-3 g/L to about 7 g/L. He 

therefore regarded the improved proliferation, IL-10 secretion and IgG secretion observed in 

the present study for highly significant if applied to a clinical setting.               

The marked ability of RA to synergize with CpG and anti-RP105 in B cells from CVID 

patients as well as from healthy controls, suggests that RA in treatment of CVID should be 

used in combination with stimulants of TLR9 and RP105. CpG is already used as an adjuvant 

in vaccine regimes and in cancer treatment (26). In contrast to some other TLR agonist, CpG 

does not cause inflammatory reactions (193). Several studies in mice and some human studies 

have shown that CpG co-administrated with antigens increases antigen-specific antibody titers 

(194-197). However, there are raised some safety concerns related to the clinical use of CpG. 

Since humans also have CpG-motifs in their DNA, there is a risk that the use of CpGs might 

trigger development of organ specific- or systemic autoimmune diseases (26). In CVID 

patients, where the prevalence of autoimmunity already is increased (6), there is a possibility 

that CpG might increase the risk of developing such adverse complications. In general, the 

clinical trials so far have reported only few serious adverse effects of CpG, and some of these 

negative effects might be linked to the disease state rather than the treatment with CpG 

(26;198). A newly published study claimed that the use of intravenous immunoglobulins 

(IVIg) repressed the TLR9 responses in the B cells, and the authors claimed that this was one 

of the mechanisms whereby IVIg had immunomodulatory effects in autoimmune diseases 

(199). However, the doses of IVIg given to these patients are very high compared to the doses 

administered to CVID patients (200). Furthermore, in Norway most of the CVID patients in 

fact receive their Ig-replacement subcutaneously, which is known to have less 

immunomodulatory effects (Pål Aukrust, personal communication). Thus, the Ig-replacement 

of CVID patients in Norway should not have negative impact on the potential use of CpG in 

treatment of CVID.         

In contrast to the already established use of CpG for stimulation of TLR9 in clinical settings 

in humans, the natural ligand for RP105 is not even identified. In the present thesis, we have 

used a monoclonal anti-RP105 antibody to stimulate RP105. This antibody has not yet been 

used for in vivo studies in humans, but interestingly, anti-RP105 was recently used in an in 

vivo study in mice. Thus, anti-RP105 was intravenously injected in mice, and was reported to 
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induce Igs of different subclasses (49). There were no signs of adverse effects of the treatment 

(49). Although anti-RP105 has not yet been used in clinical trials in humans, monoclonal 

antibodies are routinely being used in different clinical settings (201;202) such as; rituximab 

(anti CD20) in treatment of rheumatoid arthritis (203) and trastuzumab (anti-Her2) for 

treatment of cancer (204). It is therefore no principal reason why antibodies directed against 

RP105 should not be tested for use in humans.     

The use of vitamin A in treatment of human diseases is well established (205;206). Vitamin A 

is naturally occurring in the diet, and the concentration of the vitamin A derivative RA in the 

blood obtained by a normal diet is approximately 10 nM (207). In the study by Eriksen and 

coworkers in our lab, effects of RA at concentrations far below 10 nM were observed, 

implying that positive effects of RA in healthy individuals could be obtained by a normal diet 

(125). However, most likely would CVID patients with acquired vitamin A deficiency require 

a diet with higher vitamin A content to obtain adequate serum levels of RA (4;5). 

Furthermore, our study demonstrated optimal effects of RA at pharmacological doses. Thus, 

we routinely used 100 nM of RA in our study, which is a dose 10 times higher than the 

physiological concentration. Only supplementation of vitamin  A would results in such 

concentrations of RA (208). In the study by Aukrust and coworkers, the CVID patients 

received 6500 IU of vitamin A (equivalent to 1950 µg ROH) daily, and the level of ROH was 

measured over a period of 6 months. The serum level of ROH in healthy controls was 

between 2 and 3 M, and the concentration of ROH in the patients increased from 

approximately 1 M to normal levels during the treatment period (4). The concentration of 

RA was not measured in the study by Aukrust and coworkers, but most likely, the serum level 

of RA in CVID patients would not exceed normal control levels (approximately 10 nM) upon 

this treatment. For treatment of acute promyelocytic leukemia, vitamin A in the form of all-

trans RA at daily doses 45 mg/m
2
 is routinely being used (209;210). It should, however, be 

emphasized that such high-dose treatment with RA over longer periods can have serious side 

effects. Patients can develop all-trans retinoic acid syndrome with potentially lethal 

complications like respiratory distress, pulmonary infiltrates, fever, renal failure and cardiac 

failure (211).  

Summary of the role of RA as a correcting factor of B cell defects in CVID   

The result of the present thesis encourages the use of RA in combination with CpG and anti-

RP105 to improve the immune responses in CVID patients. An important finding in our study 
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was that RA enhanced the responses to CpG in the presence of anti-RP105 not only in B cells 

from healthy controls, but also in nearly all the CVID patients (see figure 35). It should be 

emphasized that in vitro stimulation of isolated cells not necessarily reflects the in vivo 

situation. For instance it was shown that in vitro-stimulation of CVID-derived PBLs with anti-

IgM and IL-2 produced Igs in cases were no or very low serum levels of Igs were observed in 

vivo (39;187). However, our results should form a basis for further elucidating the role of RA 

in regulation of innate B cell responses. If the results we have obtained in vitro applies to the 

in vivo situation, vitamin A has an important role in keeping up a repertoire of circulating 

memory B cells ready to secrete Igs to fight pathogens both in healthy individuals and in 

CVID patients. 

 

Figure 35: Effect of RA on proliferation and secretion of IL-10, IgG and IgM  

The figure summarizes the effects of RA on CpG/anti-RP105-stimulated B cells from CVID patients and healthy 

controls. Each line in the figure represents the response in individual patients or controls. 

 

6.2.3 The effect of RA on irradiation-induced cell death 

CVID patients have increased incidence of B cell lymphomas and other cancers (6;161;212). 

Taken together with the reported radiosensitivity and chromosomal instability of cells from 

CVID patients (7;213;214), we initiated studies on elucidating the role of RA on 
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irradiation-induced death of B cells stimulated via TLR9 and RP105. Due to the limited 

time allocated to the master thesis, as well as limited number of cells isolated from CVID 

patients, we were only able to perform pilot experiments on cells from 4 healthy blood 

donors.  

The rationale behind the studies was the notion that factors that stimulate proliferation often 

also enhance the survival of cells (50;215). Hence, RP105 was first recognized for its ability 

to protect murine lymphocytes against irradiation- and dexamethasone induced apoptosis (33). 

In our experiments, we demonstrated that anti-RP105 was able to also protect human B cells 

from DNA damage-induced cell death (see figure 31). However, although all four 

experiments showed the same tendency, the results from this low number of experiments did 

not reach statistical significance. In agreement with a previous study on a human B cell line as 

well as on murine splenic B cells (131), we showed that also CpG was able to protect B cells 

from -irradiation-induced cell death. We demonstrated a clear additive effect of CpG and 

anti-RP105 to prevent the -irradiation-induced apoptosis, but RA was only able to marginally 

enhance this effect. The marginal ability of RA to enhance the roles of CpG and anti-RP105 

as survival factors was in contrast to the clear potentiating effects of RA on CpG and anti-

RP105-stimulated proliferation, IL-10 and Ig secretion in normal B cells. One reason for this 

apparently limited effect of RA on cell death could be the observation that CpG together with 

anti-RP105 already reduced the cell death to the level seen in non-irradiated cells (see figure 

32). Hence, it could not be expected that RA would be able to further prevent this cell death. 

The relative high background (spontaneous) death of isolated B cells in culture is well know,  

and in an attempt to limit this problem we isolated B cells using DETACHaBEADs instead of 

overnight detachment of the beads. However, the somewhat improved viability of B cells 

isolated by DETACHaBEADs did not change the results (data not shown). In order to reach 

firmer conclusions as to the role of RA to protect against DNA damage-induced death of B 

cells, more studies - including dose response - and detailed kinetic studies are needed. 

As a first attempt to explore the mechanisms behind the ability of CpG/anti-RP105 in the 

presence or absence of RA to prevent -irradiation-induced cell death, we monitored the 

expression of p53. The tumor suppressor p53 is regarded as a key factor downstream of DNA 

damage, and its stabilization and activation by DNA damage leads to regulated transcription 

of hundreds of genes – many of which are involved in apoptosis (140;141). As expected we 

observed a pronounced induction of p53 in irradiated cells (figure 33), but somewhat to our 



96 

 

surprise, we did not find that any of the stimulants altered the p53 expression. This could 

indicate that RP105, TLR9 and potentially RA prevents apoptosis in a p53-independent 

manner, or alternatively that they act downstream of p53. In the study by Sohn and 

coworkers, they suggested upregulation of the anti-apoptotic proteins Bcl-xL and Bcl-2 to be 

the mechanism involved in TLR9-mediated protection of B cells from apoptosis (131). Bcl-2 

and Bcl-xL act by inhibiting Bax and/or Bak from performing pores in the mitochondrial 

membrane and thereby prevent cytochrome C from activating downstream caspases (148). 

The Bcl-2 family of proteins can be induced by many different factors (149), and it will be 

interesting to explore the regulation of these proteins in our cell system. It has also been 

shown that TLR9-activation inhibits FAS- induced apoptosis in B cells by reducing the 

activation of caspase 8 through a signaling pathway involving p38 MAPK and PKC (216). 

Hence, in addition to measure the effects of the stimulants on expression of Bcl-2 proteins, it 

would also be interesting to measure the activation of caspases. However, an alternative 

explanation of the apparent inability of the stimulants in our study to regulate p53 would be 

the short time scale. In the present experiments, the B cells were stimulated with CpG, anti-

RP105 and RA for 2 hours prior to irradiation, and p53 expression was measured after 4 

hours. It is possible that longer stimulation is needed in order to protect the cells from 

undergoing DNA damage-induced apoptosis.  

It will be interesting to explore the effects of CpG, anti- RP105 and RA on -irradiation-

induced apoptosis in B cells from CVID patients. It has been suggested that impaired DNA 

repair leads to the increased radiosensitivity and chromosomal instability associated with 

CVID (7;213;214), and such defects may well explain the elevated risk of developing cancer 

in CVID patients (6;161;212). With the high occurrence of lower-respiratory infections 

associated with CVID, these patients are frequently exposed to radiologic examinations 

(7;213;214). Hence, any reduction in the cellular radiosensitivity of CVID patients could 

potentially protect them from developing B cell lymphomas and other types of cancer. If we 

find that RA can enhance the already strong protecting effect of CpG and anti-RP105 on -

irradiation-induced apoptosis in B cells from CVID patients, such treatment may not only 

contribute to improved immune responses in the patients, but also protects against 

development of cancer.   
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6.3 Further perspectives  

The results presented in this master thesis are part of a larger project studying RAs effect on 

CpG/anti-RP105-mediated responses in normal B cells and B cells from CVID patients, and 

several important issues have yet to be addressed.  

The experiments on CVID-derived B cells were performed on CD19+ cells. As already 

mentioned, these cells are a mixture of CD27- naïve B cells and CD27+ memory B cells (60), 

and the memory B cells can be further divided into switched CD27+IgM-IgD- cells and 

unswitched CD27+IgM+ cells (57-59). It is assumed that only switched memory B cells can 

secrete IgG, and it has been reported that CVID patients have reduced numbers of such cells 

(158;160). It would therefore be interesting to isolate the various populations of naïve and 

memory B cells from normal blood, and to elucidate the ability of RA in the presence of CpG 

and anti-RP105 to induce isotype switching in these subpopulations. To validate this 

possibility, RA’s effect on expression of AID can be explored, since this enzyme is required 

for the isotype class switching process (217;218). As an interesting follow up of these studies, 

the B cells from CVID patients admitted to Oslo University Hospital, Rikshospitalet 

(including the patients studied in this thesis) are now routinely being immunophenotyped, 

both with respect to the fractions of switched and unswitched memory B cells and to 

subgroups of transitional B cells (CD21+CD27- B cells). We will also receive information 

about other clinical parameters from each patient, like occurrence of splenomegaly and 

granulomatous disease. It will be important to relate the responses we have found in the 

present study to immunophenotypes and other clinical parameters.    

Related to the effects of anti-RP105 on CpG-mediated responses, it will be interesting to 

study the role of the RP105-associated protein MD-1 in both normal B cells and B cells from 

CVID patients. MD-1 is proven necessary for RP105-signaling in mice (219), and by using 

siRNA against MD-1, the requirement for this protein in RA-mediated regulation of 

CpG/anti-RP105-mediated B cell responses can be revealed. It will also be important to study 

the expression of MD-1. Although RA did not change the expression of RP105 itself, it is 

possible that changes in MD-1 levels might occur. It would therefore be interesting to 

compare the expression of MD-1 in B cells from CVID patients and healthy controls in order 

to explain the reduced responses to RP105-signaling in the patients.   
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In order to establish the role of RA in protecting B cells from γ-irradiation-induced cell death, 

more experiments are required. Thus, optimization of stimulation times before and after -

irradiation is required, as well as careful dose response studies. If we can conclude that RA is 

able to increase the protection of B cells to DNA damage-induced responses, corresponding 

experiments will be conducted on CVID-derived B cells. Furthermore, the mechanisms 

involved will be elucidated - including the role and regulation of members of the Bcl-2 family 

proteins, caspases and p53.   

The involvement of RARs and RXRs in the effects of RA on TLR9/RP105-mediated 

responses will be revealed by using specific analogs and inhibitors of the various receptors. 

Recently in vivo imaging of RAR-reporter mice exposed to vaccines and allograft rejection 

demonstrated that RA-signaling is temporally and spatially restricted to sites of inflammation 

(220). Since CVID patients, frequently experience vitamin A deficiency (4;5), it would be 

interesting to use this same mouse model to see if CpG and/or anti-RP105 may induce RA-

signaling in vivo. Both CpG and anti-RP105 have been studied in mice in vivo (49),  and our 

lab has ample experience in studying the effects of vitamin A deficiency - and 

supplementation in mice (221;222). The role of in vivo supplementation of vitamin A, CpG 

and anti-RP105 on proliferation, Ig synthesis and cell death in splenic- and lymph node-

derived lymphocytes could therefore easily be performed. Finally, it would be interesting to 

explore the possibility of developing anti-RP105 antibodies for human studies, with the future 

prospects of supplementing CVID patients with a combination of vitamin A, CpG and anti-

RP105.  
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7 Conclusions 

In the present thesis we have shown that RA has a remarkable ability to enhance 

TLR9/RP105-mediated responses in B cells. The studies on B cells derived from CVID 

patients revealed that RA in combination with CpG and anti-RP105 is able to rescue several 

of the defective immune parameters in these patients, such as B cell proliferation and IL-10 

synthesis. RA was also able to enhance the low levels of IgG produced in CVID-derived B 

cells, but the effects were more modest. Taken together, these results suggest that RA is an 

important factor in innate stimulation of B cells, and that supplementation of vitamin A, 

perhaps in the presence of CpG and anti-RP105, in the future might be considered for 

treatment of immune defects associated with CVID.  

The present studies have also brought new information on the ability of CpG and anti-RP105 

to prevent DNA damage-induced cell death in normal B cells, with the two stimulants acting 

together to inhibit -irradiation-mediated apoptosis. There was also a tendency for RA to 

potentiate this effect, which reduced the apoptosis to the level seen in non-irradiated cells. If 

applied also to CVID-derived B cells, vitamin A might not only be important for fighting 

infections in CVID patients, but also to limit potentially harmful DNA damage-responses in 

these patients.    
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