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Ágrip 

T og B frumur sérhæfða ónæmiskerfisins gegna mikilvægu hlutverki í frumubundnu og vessabundnu 

ónæmi. T frumur þroskast í týmus og B frumur í beinmerg. Í þroskaferli þeirra mynda þær vakasértæka 

T frumu viðtaka (TCR) og B frumu viðtaka (BCR) sem eru myndaðir með genaendurröðun í þroskaferli 

þeirra. 

Í genaendurröðun er DNA strengurinn klipptur í sundur og splæst saman aftur þannig að valin gen 

splæsast saman. Það sem er á milli þessara gena er klippt út úr strengnum og myndar hringlaga DNA 

afurð sem kallast T cell receptor excision circle (TREC) í T frumum og kappa-deleting recombination 

excision circles (KREC) í B frumum. TREC og KREC myndast aðeins í nýmynduðum T og B frumum 

og er ekki eftirmyndað þegar frumurnar skipta sér. Þar af leiðandi hefur TREC og KREC reynst góð 

mælieining til að greina fjölda nýmyndaðra T og B frumna í blóði. 

Meðfæddir ónæmisgallar (MÓG) eru misalvarlegir arfgengir genagallar sem valda ýmist göllum í 

sérhæfða eða ósérhæfða ónæmiskerfinu. Í dag eru þekktir yfir 200 meðfæddir ónæmisgallar. Nýburar 

með MÓG líta eðlilega út við fæðingu og því eru MÓG oftast ekki greindir fyrr en einstaklingur verður 

fyrir alvarlegum og endurteknum sýkingum og afleiðingum þeirra, sem leiðir til dauða ef um alvarlegan 

MÓG er að ræða. 

DiGeorge heilkenni (DGS) orsakast af 1,5-3 Mb úrfellingu á svæði 22q11.2 á litningi 22. Úrfellingin 

veldur afbrigðilegri myndun þriðju og fjórðu branchial pouch í fósturþroska sem getur leitt til  

vansköpunar á ýmsum líffærum, t.d. týmus. Afbrigðileg þroskun týmus getur svo leitt til þess að T 

frumu þroskun raskast sem getur valdið T frumufæð og ónæmisbresti í einstaklingum með DGS. 

Rauntíma magnbundin kjarnsýrumögnun (RT-qPCR) er notuð til að mæla TREC og KREC og hefur 

verið innleidd í nokkrum löndum sem nýburaskimunaraðferð gegn MÓG. Þetta verkefni snérist um að 

setja upp þessa aðferð ásamt því að skoða undirtýpur eitilfrumna í einstaklingum með DGS. 

Uppsetning RT-qPCR aðferðarinnar tókst vel og niðurstöður þessarar rannsóknar sýna að 

einstaklingar með DGS hafa færri óreyndar T frumur borið saman við heilbrigða einstaklinga. 
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Abstract 

T and B lymphocytes are the most critical effector cells in the adaptive immune system. T cells are 

developed in thymus and B cells in bone marrow. Both T and B cells express antigen specific 

receptors, the T cell receptor (TCR) and the B cell receptor (BCR), which are made in their 

developmental stages. 

Diversity in the TCR and BCR repertoire is crucial for antigen recognition due to the broad antigen 

presentation in one’s lifetime. After V(D)J recombination, a circular extra-chromosomal DNA product 

called T cell receptor excision circles (TREC) in T cells and kappa-deleting recombination excision 

circles (KREC) in B cells are formed. The TREC and KREC have shown to be a good marker for newly 

synthesised T and B cells since the TREC and KREC are only formed in newly synthesised T and B 

cells and are not replicated when T and B cells divide.  

A multiplex real-time quantitative PCR (RT-qPCR) can be used to quantify TRECs and KRECs. 

TREC and KREC RT-qPCR has been installed in several countries as a neonatal screening 

programme for PIDs, as the method detects most T and B cell disorders. 

Primary immunodeficiencies (PIDs) are a group of heterogeneous defects in the immune system. 

Over 200 PIDs disorders have been described. Most PIDs are hereditary genetic defects in the 

development and/or function of either the innate or adaptive immune system. Early diagnosis and 

treatment is crucial to prevent severe infections leading to disease-associated morbidity and mortality. 

DiGeorge syndrome (DGS) is a complex syndrome caused by a 1,5-3 Mb deletion in the locus 

22q11.2. The prevalence of the deletion is thought to be 1:4000. This deletion disrupts the expression 

of the UFD1L gene which causes abnormal development in third and fourth branchial pouches in 

embryo development, which can lead to malformations of various organs, e.g. the thymus. The 

disruption of the formation of the thymus leads to failure in T cell development, thus individuals with 

DGS are T cell lymphopenic.  

TREC and KREC RT-qPCR method was setup in this study and lymphocyte subpopulations in 

individuals with DGS examined. The TREC and KREC RT-qPCR setup was successful and could be 

considered for installation as a neonatal screening programme here in Iceland. Our results 

demonstrate mainly reduction in naive T cell phenotypes in individuals with DGS compared to healthy 

controls. 
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1 Introduction 

1.1 The immune system 

The immune system is a complex system where various types of molecules, cells and organs co-

operate to protect the body. Under normal circumstances the immune system recognises and 

systematically eliminates pathogens to prevent infections. The immune system is also responsible for 

restoration of damaged tissue, e.g. recognition and elimination of cancer cells.  

The immune system is divided into the innate and the adaptive immune system. The innate 

immune system is the host's first defence. The adaptive immune system is activated if the innate 

immune system is not able to eliminate pathogens that have entered the host´s body. The adaptive 

immune system is a complex system which administers antibody production and immunological 

memory to prevent recurrent infections and is constantly developing throughout one’s lifetime. 

Lymphocytes are the main cellular component of the adaptive immune system. They arise from 

lymphoid progenitor cells in the bone marrow and are mainly divided into T cells and B cells. 

1.2 T cells 

T cell development takes place in the thymus. Fully developed T cells express T cell receptor (TCR) 

and other co-receptors, such as CD3, CD4 and CD8. T cells are double negative (CD4
-
CD8

-
) in the 

beginning of T cell development and have not formed their TCR. T cells migrate to the cortical region 

of the thymus where they receive developmental signals, which initiate gene rearrangement for TCR 

synthesis. The co-receptors CD4 and CD8 are then formed and T cells become double positive 

(CD4
+
CD8

+
, Figure 1).  

T cells undergo positive and negative selection, mechanisms to ensure the release of normal and 

functional T cells. In positive selection the double positive T cells bind to epithelial cells in the thymus 

cortical region and receive signals to live and develop into single positive T cells (CD4
-
CD8

+
 or CD4

-

CD8
+
). T cells that bind to a major histocompatibility complex (MHC) class II on endothelial cells are 

destined to become CD4
+
 and T cells that bind to MHC class I are destined to become CD8

+
 T cells. T 

cell that are unable to bind to endothelial cells and therefore do not receive any developmental signals 

are eliminated via apoptosis. Positively selected T cells migrate into the medullar part of the thymus 

where they undergo a negative selection. Single positive T cells that bind to self-antigen presenting 

epithelial cells are eliminated via apoptosis. These mechanisms should prevent release of T cells 

programmed against self-antigens. Only 3-5% of all T cells pass through the positive and negative 

selection in the thymus (Starr et al., 2003). T cells leave the thymus as naive CD4
+
 or CD8

+
 T cells, 

which are T cells that have not encountered their specific antigen and have therefore not been 

activated (Kroger et al., 2010).  

T cells need three signals for activation. The first signal is binding to an antigen presented on an 

antigen presenting cell (APC). The second signal is binding to a co-receptor expressed on the APC. 

The third signal is cytokine stimulation. T cell proliferates rapidly after activation so the amount of this 

specific T cell multiplies and these T cells become T effector cells.  
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1.2.1 T cell phenotypes 

T cells can be divided into subpopulations based on their phenotype, which co-receptor they express, 

which cytokine they secrete and which cytokine receptors they express (Appay et al., 2008).  

All T cells express CD3. T cells that also express CD4 are defined as helper T cells (TH). The main 

role of TH cells is co-stimulatory effects for various types of cells and they are very important for the 

humoral immunity.  

T cells expressing CD3 and CD8 are defined as cytotoxic T cells (TC). TC cells are very important 

for cellular immune response as their main role is to kill virus infected cells. 

Naive T cells are mature T cells that have not encountered their specific antigen and are therefore 

inactivated. Naive T cells express CD45RA, CCR7, CD27 and CD28, regardless of their CD4 or CD8 

expression (Bateman et al., 2012). T cells start expressing CD45RO and down regulate CD45RA 

upon activation (McElhaney et al., 1995; Torimoto et al., 1992). Some of the naive T cell populations 

can be identified as recent thymic emigrants (RTEs) when expressing the RTE marker CD31 amongst 

CD45RA (Kimmig et al., 2002). 

There are two types of memory T cells; effector memory T cells (TEM) and central memory T cells 

(TCM). TEM provide protective memory as they migrate to inflamed peripheral tissues and have 

immediate effector function. TCM are found in T cell areas in secondary lymphoid tissues and have little 

or no effector function but readily proliferate and differentiate to effector cells in response to antigenic 

stimulation (Figure 2) (Sallusto et al., 2004).  

1.2.2 T cell receptor and TREC synthesis 

Lymphocyte progenitors travel from the bone marrow to the thymus where they become naive T cell 

and their TCR is made with gene rearrangement (Ratts & Weng, 2012). During gene rearrangement 

the cell's DNA double strands are separated and re-joined in a systematic manner. Therefore, 

arranging genes in different ways contributes to the high diversity of TCR in T cells (Steffens et al., 

2000). 

TCR is made of two glycoprotein, alpha and beta (α and β) or gamma and delta (γ and δ). T cells 

can only express either doublet, α and β or γ and δ. The δ TCR gene region is located within the TCR-

α gene region and therefore the expression of both glycoprotein chains is impossible (Puck, 2011; 

Verschuren et al., 1997). Both chains have variable part, which forms the antigen binding site and a 

constant part, which determines the biological activity when antigen binds to the cell´s receptor. 

The TCR gene loci consists of smaller gene locus, which expresses the TCR variable part 

(variable, V; diversity, D; joining, J), and the TCR constant part (C). When the TCR genes are spliced 

together, the genes in between the splices are cut out from the DNA strand and form a circular extra-

chromosomal DNA product, called T cell receptor excision circles (TREC) (Bains et al., 2009; Puck, 

2011, 2012). The circular structure of the extra-chromosomal DNA product makes it stable and 

protected against DNA degradation enzymes.  

The first rearrangement of the αTCR occurs between δRec-ψJα, forming a signal joint (sj) TREC. 

The second rearrangement occurs between Vα and Jα and forms coding joint (cj) TREC (Figure 1). 
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About 70% of all T cells produce this δRec-ψJα sjTRECs (Serana et al., 2013). Therefore, the δRec-

ψJα sjTRECs is the most widely used biomarker for measuring TRECs levels and RTEs (Douek et al., 

1998; Routes et al., 2009; Steffens et al., 2000). TRECs are only formed when the TCR is formed and 

are not replicated within cell division. Therefore are TRECs thought to be a good marker to quantify 

RTEs (Puck, 2011, 2012). 

Thymus tissue and function decreases with age. Consequently, the number of RTEs and the 

amount of TRECs decreases and the ratio of TRECs to total T cells decreases (Bains et al., 2009; 

Borte et al., 2011). Neonates have very high proportion of RTEs and hence a high ratio of TRECs per 

total T cells. Neonates receive maternal T cells in gestation, which would give false high total T cell 

count in blood samples. Maternal T cells do not produce TRECs and therefore TRECs measurements 

do not give false high total T cell count in neonates. Neonates born before 40 weeks of gestation have 

fewer T cells than those born after full gestation because their immune system is not fully mature 

(Nakagawa et al., 2011; Puck, 2011). 

 

 

Figure 1. T and B cells differentiation and TREC and KREC synthesis (Serana et al., 2013). 

 

1.3 B cells 

B cells arise from lymphoid progenitor cells in the bone marrow. Their development takes place in the 

bone marrow where their B cell receptor (BCR) is made with gene rearrangement.  

The lymphoid progenitor cell differentiates into pro-B cell and rearranges the immunoglobulin (Ig) 

heavy chain locus. If the rearrangement is successful, the pro-B cell maturates into a pre-B cell. In the 

pre-B cell stage, the light chain is rearranged. The light chain can be rearranged several times until a 

functional one gives rise to immature B cells expressing IgM BCR. B cells leave the bone marrow as 

transitional B cells (immature B cells) and travel throughout the body with blood and fluids to 

secondary lymphoid organs (Marie-Cardine et al., 2008). Transitional B cells that bind to a self-antigen 
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will undergo apoptosis. B cells that do not bind to self-antigens differentiate into mature naive B cells 

and activates upon binding to a cognate antigen. Activated naive B cells proliferate, internalize the 

antigen via the BCR and both process and present antigen derived peptides on MHC class II. Through 

the course of the germinal centre reaction, the B cells proliferate and daughter cells rearrange the 

BCR locus, resulting in class-switching (from IgM and IgD to either IgG, IgA or IgE) and introduction of 

non-germline encoded nucleotides that result in unique BCR specificities. Each new daughter cell 

tests its BCR for affinity on follicular dendritic cells (DCs), and those with higher affinity survive. This 

process is referred to as somatic hyper mutation and affinity maturation. A subset of the activated B 

cells further differentiates into memory B cells (BM) or plasma cells. Memory cells can respond faster 

and with greater magnitude than their naive counterparts as they have higher affinity BCR. Plasma 

cells are the final stage of B lineage development and travel to the bone marrow (or, in some cases, 

stay in the secondary lymphoid organs) where they can produce antibodies for many years. If an 

optimal survival niche is not found the plasma cells will be short lived. The plasma cell is optimally 

designed to produce large amounts of antibody molecules. It should be noted that, in some cases 

where multivalent antigens can cross-link the BCR efficiently, T cell help is not required for antibody 

production, although germinal centres are not typically formed. B cells that are auto-reactive are 

deleted with apoptosis or their BRC is edited, or the B cells become anergic. 

Activated B cells can sense innate stimuli, process and present antigens to T cells and produce 

pro- and anti-inflammatory cytokines. Activated B cells can also become plasma cells, which produce 

and secrete high affinity antibodies. The antibody produced by plasma cells has exactly the same 

structure and specificity as the immunoglobulin receptor it expresses (Pieper et al., 2013). 
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Figure 2. a) The T cell and b) the B cell differentiation (Kaufmann, 2007). 

 

1.3.1 B cell receptor and KREC synthesis 

BCR is a membrane bound immunoglobulin (Ig) made from two identical heavy (H) polypeptide 

chains, two identical light (L) polypeptide chains and has both a variable part (V) and a constant part 

(C). The antigen binding site is located at the variable part. BCR constant part determines the cell 

bioactivity and function. BCR is highly variable between cells so each person develops a wide range of 

BCR repertoire and is therefore capable of recognizing almost any antigen (Pieper et al., 2013).  

There are five types of H polypeptide chains (α, δ, ε, γ and μ) and Ig are divided into five categories 

according to the H chains; IgA, IgD, IgE, IgG and IgM. There are two types of Ig L chains, lambda (λ) 

and kappa (κ). Ig is made of only one type of L chain and one type of H chain. 60% of B cells in 

human express κ and 40% express λ (Brauninger et al., 2001). 
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BCR gene region is divided into V, D and J for the heavy chain and V and J for the light chain. First 

the DH and JH are spliced together and the cell becomes early pre-B cell. VH is then spliced with the 

DHJH part and the cell becomes late pro-B cell generating μ H chains (Pieper et al., 2013). The μ chain 

binds to a surrogate L chain to form a pre-BCR, which is transported onto the cell membrane in order 

for the cell to check whether the newly formed H chain is functional. Furthermore, the binding prevents 

further rearrangement on the second IgH allele, a mechanism called allelic exclusion. The B cell has 

become a large pre-B cell and B cells with functional BCR enlarges and proliferates (Almqvist & 

Martensson, 2012; Pieper et al., 2013). After the cell division, the B cell becomes small pre-B cell and 

begins to rearrange the L chain gene locus. The L chain binds to the H chain and forms the BCR, 

which is transmitted onto the cell´s membrane and the cell becomes immature B cell. Immature B 

cell´s BCR is either IgD or IgM (Treanor, 2012). 

κ-deleting recombination excision circles (KRECs) is synthesised when the BCR is formed and is 

similar to the formation of TRECs. Coding joint KRECs (cjKRECs) are formed when VDJ gene 

rearrangement occurs and are not exported out of the DNA strand. Signal joint KRECs (sjKREC) are 

formed in a latter rearrangement and are exported out of the DNA strand. The cjKRECs are replicated 

during cell division whereas sjKRECs are not exported out of the DNA strand. Therefore, sjKRECs is 

degraded in each cell division and has been proven to be a good marker for newly synthesised B cells 

(Kroger et al., 2010; van Zelm et al., 2007).  

1.4 V(D)J recombination in T and B cells 

Diversity in T and B lymphocyte receptor repertoire is crucial for antigen recognition due to the broad 

antigen presentation in one’s lifetime. The repertoire diversity is due to somatic gene rearrangement 

commonly known as V(D)J recombination, a precise mechanism controlled and maintained by various 

DNA enzymes and proteins. V(D)J recombination in the H and L chain of the Ig BCR versus the 

recombination in αβ or γδ TCR is very similar. 

V(D)J recombination occurs in two phases, a cleavage phase and a joining phase. The cleavage 

phase involves the breakdown of the DNA double strand, which is controlled by the lymphoid specific 

recombinases; RAG-1 and RAG-2 and recombination signal sequences (RSSs). RSSs are conserved 

non-coding DNA sequences flanked to the antigen receptor gene coding elements. The RSS consists 

of a heptamer, a spacer and a nonamer. The heptamer is a conserved seven nucleotide sequence 

always contiguous with the 3´ end of a coding sequence, the nonamer is a conserved nine nucleotide 

segment adjacent to the 5´ end of the coding segment and the spacer is either a 12±1 or 23±1 base 

pair (bp) long, non-conserved, segment in between the nonamer and heptamer (Brandt & Roth, 2004; 

Lee et al., 2003; Schatz & Swanson, 2011). Gene coding segment flanked to a 12RSS (RSS with 12 

bp spacer) can be joined only to one flanked by a 23RSS (RSS with 23 bp spacer), requirement 

known as the 12/23 rule, although there are exceptions to this rule (Jung & Alt, 2004; Lee et al., 2003). 

The cleavage phase begins with the binding of RAG-1/RAG-2 and high mobility group proteins 1/2 

(HMG1/2) to an RSS flanking a coding sequence, where RAG-1 binds to the nonamer and the 

heptamer is the site of the DNA cleavage. A single RAG:RSS complex is thought to bring another 

RAG:RSS complex into close proximity, embracing the 12/23 rule (Lee et al., 2003). RAG-1 and RAG-
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2 have an endonuclease activity, cutting the phosphodiester bond of the DNA backbone precisely 

between its coding segments and flanking RSS and thus creating a 3´-hydroxyl (OH) end on the 

coding segment. The 3´-OH end reacts with the phosphodiester bond on the opposite DNA strand with 

transesterification reaction, thus creating a double strand break with a pair of DNA hairpin loops at the 

coding end, and a signal end with a pair of blunt 5´-phosphorilated DNA end at the heptamer of the 

RSS (Brandt & Roth, 2004; Lu et al., 2008; Murphy et al., 2008; Schatz & Swanson, 2011). 

In the joining phase, DNA ends are re-joined when DNA is modified by adding or subtracting 

nucleotides (Agard & Lewis, 2000). After cleavage the coding and signal ends are bound to the RAG 

complex. The coding end dissociates while the signal end remains tightly bound to the RAG complex 

(Brandt & Roth, 2004; Schatz & Swanson, 2011). The binding of the signal end to the RAG complex 

stimulates non-homologous end joining (NHEJ) repair mechanism (Lee et al., 2004). The NHEJ repair 

mechanisms consist of various proteins; Ku70, Ku80, XRCC4, DNA ligase IV (Lig4), DNA-dependent 

protein kinase catalyc subunit (DNA-PKcs) and Artemis. Ku70 and Ku80 form an end binding 

heterodimer, which recognizes broken ends and is thought to recruit other NHEJ proteins such as 

XRCC4 and Lig4. XRCC4 and Lig4 form an end-ligation complex which catalyses the ligation step. 

Artemis are only required for coding ends where DNA-PKcs activate an endonuclease activity in 

Artemis, which cleaves coding end hairpins and is also thought to contribute to junctional deletion of 

nucleotides (Figure 3)(Jung & Alt, 2004).  

The two signal ends are joined perfectly, without loss of nucleotides and form a circular DNA 

product. The signal joint forming is beneficial as the reactive 3´-OH ends is neutralized to prevent 

further joining events (Brandt & Roth, 2004). Although signal joints are generally lost during cell 

division, they do have RSSs within and the RAG proteins attached so they can undergo further 

recombination which can cause genomic instability in thymocytes (Neiditch et al., 2002). Signal joints 

are retained in the chromosome in some cases to preserve chromosomal integrity. The recombination 

is inversional and signal ends are joined to one another rather than to target DNA so the result is the 

same, weather signal joint is excised or retained on the chromosome (Brandt & Roth, 2004).  

Although V(D)J recombination generates mainly coding and signal joints, there are two other types 

of products which can be formed with nonstandard V(D)J recombination in the absence of NHEJ 

proteins. The former ones are hybrid joints, which forms when a RSS is joined to the coding segment 

of its partner RSS. The latter ones are open-and-shut joints, which form when the same pair of coding 

and signal ends is cleaved and re-joined (Bassing et al., 2002; Brandt & Roth, 2004).  
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1.5 Primary immunodeficiencies 

Primary immunodeficiencies (PIDs) are a group of heterogeneous defects in the immune system. Most 

PIDs are hereditary genetic defects in either the innate or adaptive immune system development 

and/or function (McCusker & Warrington, 2011).  Over 200 primary immunodeficiency disorders have 

been described (Borte et al., 2011). The prevalence for all PID´s is approximately 1 in 1200 live births 

in the USA and the most common PID is IgA deficiency with the prevalence of 1 in 300 to 500 live 

births. The most common clinical presentation amongst all PIDs is increased susceptibility to 

infections. The clinical presentation, severity of infections, diagnosis, treatment and prognosis for PIDs 

is highly variable between each defect. Early diagnosis and treatment is crucial for the more severe 

types of PIDs to prevent severe infections leading to disease-associated morbidity and mortality. 

Individuals with PID need sometimes both supportive and definitive treatments, like intravenous (IGIV) 

or subcutaneous (scIg) Ig replacement therapy, antibiotic and antifungal prophylaxis, bone marrow 

transplantation and hematopoietic stem cell transplantation (McCusker & Warrington, 2011). PID 

classification is listed in Figure 4.  

Figure 3. The cleavage and joining phase in DNA double strand brake repair 
mechanism (Jung & Alt, 2004). 
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1.5.1 Disorders of adaptive immunity 

Defects in T cells development, differentiation and maturation leads to cellular immunity disorders. 

Individuals with T cell defects are often lymphopenic (abnormally low levels of lymphocytes) and 

neutrophenic (abnormally low levels of neutrophils) even though normal T cell counts do not exclude 

the possibility of T cell defects where the T cells could be non-functional. Individuals with T cell defects 

are often susceptible to opportunistic pathogens, e.g. Candida albicans (McCusker & Warrington, 

2011). 

Defects in B cell development and/or maturation lead to disorders in humoral immunity where the 

serum Ig levels are reduced or absent or the Ig have abnormal function. More than 20 B cell defects 

have been defined and are the most common form of PID´s, comprising about 50% of all PID 

diagnoses. Individuals with B cell defects are often diagnosed after 6 months of age. Therefore, they 

have increased susceptibility to respiratory tract infections and tend to be more vulnerable to 

capsulated bacteria (McCusker & Warrington, 2011; van Zelm et al., 2011). 

Combined immunodeficiency (CID) is a form of PID where both the cellular and humoral immune 

systems are defected. T cells are crucial cytokine source for B cell development and maturation so 

CID can occur from either defects in T cells or from defects in both T and B cells (McCusker & 

Warrington, 2011).  

In the mid-1980s, IVIG (intravenous immunoglobulin) came into common use. This treatment 

allowed patients to achieve normal or near normal concentrations of IgG (Conley et al., 2005). 

1.5.1.1 SCID 

Severe combined immunodeficiency (SCID) is a severe congenital immune defect where the individual 

produce no or very few active or inactive lymphocytes (Puck, 2011). Neonates with SCID seem 

healthy at birth where they are protected by their maternal IgG from gestation. Several months after 

birth they need to rely on their own immune system and get severe infections caused by opportunistic 
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T cell defects 

IFN-γ / IL-12, AIRE 
mutations 
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Compliment defects 
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Figure 4. Classification of primary immunodeficiency. 



  

23 

pathogens, which their impaired immune system cannot overcome. The opportunistic pathogens 

cause thrush, pneumonia and diarrhoea in SCID individuals if untreated (Puck, 2012). SCID condition 

is not viable if individuals are not treated. Therefore early diagnosis is very important, before onset of 

serious infections and their consequences. Preferable SCID therapy (though disease phenotype 

dependant) is hematopoietic stem cell transplantation from a healthy donor. Hematopoietic stem cell 

transplantation is considered to be most effective if it is done before three months of age (Puck, 2011; 

Routes et al., 2009). 

Over 20 genetic defects are known causes of SCID, characterized by severe defects in both 

cellular and humoral immunity. In some cases, genetic SCID is observed when a child deceases 

because of severe infections that were not adequately diagnosed and treated early enough. In other 

cases, infants and even unborn children have been diagnosed with SCID where the SCID is known to 

run in their families, which implies early treatment and good life expectancy (Puck, 2012). Some 

studies show that over 80% of SCID cases are not hereditary (Chan et al., 2011). In the USA, the 

prevalence of SCID is estimated 1:50,000─100,000 (Puck, 2011). 

SCID is generally categorized according to the lymphocyte presentation, i.e. whether there is an 

absence of T cells but presence of B cells (T
-
B

+
) or absence of both T and B cells (T

-
B

-
). The genetic 

phenotype of SCID can also be determined according to the NK cell count (McCusker & Warrington, 

2011). 

1.5.1.2 DiGeorge syndrome 

DiGeorge syndrome (DGS) is a complex syndrome caused by deletion of chromosome 22, specifically 

1,5-3 mega base (Mb) deletion of locus 22q11.2 (Lima et al., 2010; Pierdominici et al., 2003). This 

deletion also causes velocardiofacial syndrome (VCFC), which is named after the most common 

visible symptoms of the syndrome, which are defects in velopharyngeal port (cleft lip and cleft palate) 

and hart defects. These syndromes often interweave and are called 22q11 deletion syndrome 

(22q11DS) for simplicity (Cancrini et al., 2005; Oskarsdottir et al., 2005; Pierdominici et al., 2003). The 

22q11DS is the most common disease caused by gene deletion and is considered to be an autosomal 

dominant genetic disease, although the majority of cases seem to be stochastic ("de novo") and not 

inherited (Oskarsdottir et al., 2005; Pierdominici et al., 2003). The frequency of the deletion is 

estimated to be 1:4000 (Jawad et al., 2011; Oskarsdottir et al., 2005; Yu et al., 2012). About 90% of 

individuals diagnosed with DGS have the 22q11.2 deletion and often hemizygous deletion (Hsieh et 

al., 2012; Markert et al., 1998; Pierdominici et al., 2003). This deletion disrupts the expression of the 

UFD1L gene which causes abnormal development in third and fourth branchial pouches in embryo 

development, which can lead to malformations of various organs, e.g. the thymus (Hsieh et al., 2012; 

Markert et al., 2004b). A range of clinical symptoms such as; thymic aplasia, hypocalcaemia, speech 

difficulties, velopharyngeal malformations (cleft lip and palate), developmental impairment, learning 

disabilities and behavioural problems can be observed with various severity (Jawad et al., 2011; Lima 

et al., 2010; Oskarsdottir et al., 2005). Swedish DGS study from 2004 revealed that most subjects 

(74%) were diagnosed after two years of age. Individuals who are diagnosed before two years of age 

had severe heart defects that lead to DGS diagnosis. Immunosuppression, speech problems, glitches 
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in the palate, developmental impairment and learning disabilities led to diagnosis in older children 

(Oskarsdottir et al., 2005). 

Thymic aplasia or thymic hypoplasia in individuals with deletion of the 22q11.2 causes 

immunosuppression and abnormal or no functional T cells. Immunosuppression varies between 

individuals and does not necessarily correlate to the thymic phenotype (McLean-Tooke et al., 2011).  

DGS is divided into complete (cDGS) and partial DGS (pDGS) based on the severity of the immune 

deficiency. cDGS is far less common than pDGS (Markert et al., 2004b; Markert et al., 1998). cDGS 

individuals have no or very few T cells in their blood (0-2%) or no T cells who response to mitogen 

stimulation for cell proliferation. cDGS is severe and preferable treatment is thymic or bone marrow 

transplantation (Cancrini et al., 2005; Markert et al., 1998; Pierdominici et al., 2003). pDGS individuals 

have normal or few T cells in their circulation and/or reduced T cell proliferation (Cancrini et al., 2005). 

Immunosuppression in pDGS individuals can improve over time, probably due to the fact that some T 

cells are present and can proliferate (Cancrini et al., 2005; Hsieh et al., 2012; Markert et al., 1998; 

McLean-Tooke et al., 2011). Atypical cDGS has also been described as condition where genetic 

disorder is not present. Individuals with atypical cDGS can form T cells that are different from normal T 

cells since they have much less diversity in TCR repertoire, do not express CD45RA and CD62L, do 

not form TRECs and may not response to mitogen stimulation. This condition is thought to arise from 

abnormal T cell positive and negative selection in thymus (Markert et al., 2003). 

1.5.1.3 Wiskott-Aldrich syndrome 

Wiskott-Aldrich syndrome (WAS) is a rare X-linked inherited PID caused by mutations in the WAS 

gene. WAS protein is expressed in hematopoietic cells and regulates the cytoskeleton (Castiello et al., 

2013; Matalon et al., 2013). The mutations lead to the absence of functional WAS protein, which leads 

to a severe clinical phenotype, that can result in death if not diagnosed and treated early in life, 

preferably with hematopoietic stem cell transplantation. The disease is characterized by 

microthrombocytopenia, eczema, recurrent infections, and an increased prevalence of autoimmunity 

and malignancies (Massaad et al., 2013).   

1.5.1.4 Ataxia telangiectasia 

Ataxia telangiectasia (AT) is an autosomal recessive inherited disease characterized by progressive 

cerebellar ataxia, immune defects, oculocutaneous telangiectasia and predisposition to malignancies 

(Jacquemin et al., 2012). AT is caused by mutations in the ATM gene, a gene coding for ataxia 

telangiectasia mutated protein kinase. The ATM protein kinase is 370 kDa and has major functions in 

the cellular response to DNA damage, e.g. double strand brake repair. The phenotype and severity of 

AT has shown to be correlated to the genotype and size of the mutations in the ATM gene. Patients 

with biallelic truncating mutations of the ATM gene have no functional ATM protein kinases and have 

immunodeficiency and neurodegeneration. Patients with either leaky splice site or missense mutations 

express some functional ATM protein kinases resulting in milder neurological presentation and/or 

slower rate of neurodegeneration and often no immunodeficiency (Staples et al., 2008). Individuals 

with AT have low TREC and borderline KREC values (Borte et al., 2012). 
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1.5.1.5 X-linked agammaglobulinemia 

X-linked agammaglobulinemia (XLA) is one of the most common PIDs and is, like the name specifies, 

an X-linked recessive disease. All males that have a mutated X chromosome will display symptoms of 

the disease (Conley et al., 2005). XLA is caused by mutations in the Burton´s tyrosine kinase (BTK) 

gene (Martini et al., 2011). There are over 800 mutations that have been reported to affect BTK and 

no single mutations accounts for more than 3% of patients (Conley et al., 2005). The mutations block 

the maturation of B cells at the pre-B cell stage which leads to impairment in the B cell development 

and severe reduction of mature B lymphocytes. The severe reduction of mature B lymphocytes leads 

to reduced serum Ig of all subclasses and no specific antibody responses (Martini et al., 2011; 

Mohamed et al., 2009). The few peripheral B cells that individuals with AT have exhibit an immature 

IgM phenotype (Conley et al., 2005; Martini et al., 2011). The main therapy for XLA patients is 

gammaglobulin replacement (Conley et al., 2005).  

Individuals with XLA have normal TREC and low KREC values (Nakagawa et al., 2011). 

1.5.1.6 Common variable immunodeficiency 

Common variable immunodeficiency (CVID) is the most common symptomatic PID with estimated 

prevalence of 1:25.000 (Ameratunga et al., 2013). Approximately 10% of CVID cases are inherited 

and the genetic cause has yet not been identified (Chapel et al., 2008; Salzer et al., 2012). CVID is 

characterized of reduced serum levels of IgA, IgG and IgM, recurrent and/or severe infections, 

autoimmunity, malignancy and allergic disorders and individuals become symptomatic in their 

adulthood (Cunningham-Rundles, 2012). About 40-50% of CVID patients have slightly reduced 

peripheral B cells (Salzer et al., 2012). The treatment of choice for CVID is lifelong IVIG or scIg 

replacement (Ameratunga et al., 2013).  

Neonates with CVID have normal TREC and KREC values (Borte et al., 2012) while adults seem to 

have low TREC and KREC values (Serana et al., 2013). 

1.5.1.7 IgA deficiency 

IgA deficiency (IgAD) is the most common type of PID with the prevalence of 1:600 in Caucasian. 

Familial inheritance occurs in about 20% of cases (Hammarstrom et al., 2000). The genetic basis of 

IgAD has not yet been clarified. Individuals with IgAD lack IgA in both serum and mucosal tissues but 

have normal values of other Ig isotypes (Pandolfi et al., 2010; Yel, 2010). Individuals with IgAD are 

often asymptomatic, but symptoms correlated to IgAD are respiratory and gastrointestinal tract 

infections and non-infectious symptoms, e.g. celiac disease, allergic and autoimmune diseases (Singh 

et al., 2014). 

Individuals with IgAD have normal TREC and KREC values (Borte et al., 2012). 

1.5.2 Disorders of innate immunity 

The innate immune system´s defence mechanism is recognition and elimination of threatening 

organisms with phagocytes (neutrophils and macrophages), DCs and complement proteins. Defects in 

the development or function of any of these compartments may lead to failure of the innate immune 

system to recognize and eliminate pathogens to prevent infections, which may in return lead to PIDs. 
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Individuals with innate immunodeficiency disorders present symptoms, such as recurrent infections, at 

any age (McCusker & Warrington, 2011).  

1.6 Neonatal screening programme 

Neonatal screening is a screening programme which each country or state determines and maintains, 

to screen for certain diseases in all neonates born in their district. Neonatal screening programme 

makes it possible to map the diseases and calculate new estimate prevalence, leads to early 

treatment and thereby increasing the life quality and expectancy for the patients. Neonatal screening 

is important to diagnose patients with serious diseases where the patients would perhaps not be 

diagnosed until severe and life-threatening symptoms or consequences have occurred. 

Most neonatal diagnosis nowadays use a sampling method that Robert Guthrine discovered in 

1963 in order to detect phenylketonuria (PKU) in neonates. The neonate´s heel is pricked and blood 

drops are dripped onto filter paper, often called Guthrine card (Puck, 2011) or dried blood spot 

samples (DBS). The filter paper has many benefits. It is easy to handle, can be stored for many years 

at right conditions (-20 °C) and can easily be transported between places. An important factor in the 

development of a new diagnostic method for neonatal screening is to use the same sample method 

already used in neonatal screening to avoid other unnecessary and uncomfortable sampling methods 

(Puck, 2012). 

1.6.1 The Icelandic neonatal screening programme   

The Icelandic neonatal screening programme is similar to other Nordic countries and the USA 

programme, i.e. screening for serious congenital metabolic diseases. DBS samples are prepared as 

described previously (Franzson et al.).  

1.6.2 Primary immunodeficiency neonatal screening programmes abroad 

Screening programme for PIDs in neonates has been installed as a routine screening programme, for 

example in Sweden and in several states in the USA. In the USA various analytical methods to detect 

immunodeficiency were discussed for installation of the screening programme. However, too extensive 

blood sampling was needed for these methods compared to the DBS samples. Furthermore, the 

specificity nor the sensitivity were good enough and therefore they were not convenient candidates as 

neonatal screening methods (Puck, 2011). At first it was planned to analyse immunodeficiency in 

neonates by counting lymphocytes in whole blood. Lymphocytes in neonates are estimated to be 

5000/μl whole blood, of which T-cells are 70% of the total count. Disadvantages in counting 

lymphocytes in neonatal whole blood are that the method detects all lymphocytes in the sample and 

would therefore give false high lymphocyte counts as neonates can have maternal lymphocytes. 

Furthermore, absolute cell count would not detect the ratio of T, B and NK cells.  (Puck, 2012). 

1.6.2.1 The neonatal screening programme in Sweden 

A multiplex real-time quantitative PCR (RT-qPCR) method is used to quantify TRECs and KRECs in 

neonatal DBS samples in Sweden. The house-keeping gene, β-actin (ACTB) is also measured as a 

reference to evaluate the success of the DNA elution and the RT-qPCR procedure. The ACTB gene is 
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a constant gene expressed in every cell where the gene encodes the actin structural protein of the 

cytoskeleton and is considered a good choice as a reference gene in PCR (Wang et al., 2012). 

Normal TREC, KREC and ACTB values in neonates after full gestation is ≥8 TREC copies/μL, ≥6 

KREC copies/μL and ≥1000 ACTB copies/μL. Low ACTB results indicate a failure in either the DNA 

elution and/or the RT-qPCR procedure so the results are considered inconclusive. Abnormal results 

(low TREC or KREC values) require repeated testing and/or DNA elution (Borte et al., 2012). 
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2 Aims 

The main aims of this study were to finish the installation and adjust the RT-qPCR analysis method to 

quantify TRECs and KRECs in neonatal DBS samples and examine the immunophenotypic profile in 

individuals with DiGeorge syndrome. The specific aims were: 

1. Setup a DNA elution method for DBS samples. 

2. Test the RT-qPCR method by analysing approximately 1200 neonatal DBS samples and 

compare our results with previously published results in order to compare the specificity and 

sensitivity. 

3. Examine the lymphocyte subpopulations in individuals with DGS using flow cytometry analysis 

in order to see if the DGS subjects have different relative sizes of subpopulations compared to 

healthy controls. 

4. Examine serum Ig levels in individuals with DGS and compare the results to the B cell 

subpopulation results from flow cytometry analysis.  
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3 Material and methods 

3.1 Study design 

DNA was eluted from DBS samples. RT-qPCR was performed on neonatal and DGS DBS in order to 

quantify TRECs, KRECs and ACTB using an absolute quantitative method with standard curve. 

Samples from individuals with DiGeorge syndrome were analysed with flow cytometry for 

immunophenotyping. Ig levels were also examined with quantitative nephelometry in these samples.  

The RT-qPCR part of this study was in collaboration with Dr. Lennart Hammarstöm (Department of 

Laboratory Medicine, Karolinska Institute, Stockholm, Sweden) and Dr. Stephan Borte (Translational 

Centre for Regenerative Medicine, Leipzig, Germany). The collaborative parties provided fully 

functional protocols for DBS DNA elution and RT-qPCR. Both the DNA elution and RT-qPCR were 

performed strictly according to the protocols, e.g. using the recommended reagent solutions and 

instruments. The collaborative parties are in collaboration with many other European countries to 

setup the TREC and KREC neonatal screening programme identically within these countries. 

The study was approved by the ethical committee of Landspítali, The National University Hospital 

of Iceland (Ref. nr. VSNb2012110043/03.07) and the Data Protection Authority (Ref.nr. 

2012121424HGK/--). 

3.2 Study subjects and sample collection 

Study subjects were in three parts. The first part contained 30 healthy volunteers from the Icelandic 

Blood Bank. Blood bank volunteers have to be: 18-60 years of age, weight more than 50 kg and not 

receiving any drugs. Samples were taken after obtaining written consent. Four whole blood drops 

were dripped onto Whatman903
TM

 filter paper.  

The second part of the study subjects contained 1200 neonatal DBS samples from heel puncture, 

dripped onto Whatman903
TM

 filter paper obtained from the Department of Genetics and Molecular 

Medicine, Landspítali, The National University Hospital of Iceland. 

The third part of the study subjects contained 6 individuals previously diagnosed with DiGeorge 

syndrome with 22q11.2 deletion. The DiGeorge group consisted of three males and three females, 

from age 12 to 44. Eight mL of blood was collected in ethylenediaminetetraacetic acid (EDTA) 

Vacuette vacutainer for flow cytometry analysis, four mL of blood were collected in Serum Sep Clot 

Activator Vacuette vacutainer for nephelometry analysis and four whole blood drops were dripped onto 

Whatman903
TM

 filter paper for the RT-qPCR analysis.  

Three of the DGS subjects are an exception from the description above. For those DGS subjects, 

blood was collected only in EDTA Vacuette vacutainer. Peripheral blood mononuclear cells (PBMCs) 

were isolated from whole blood using ficoll density separation and EDTA whole blood was used for 

DNA extraction and TREC and KREC RT-qPCR analysis. These DGS subjects were not included in 

the nephelometry analysis as no blood serum was collected. 
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3.3 DNA elution from dry blood spot samples 

DNA was eluted from single 3,2 mm Whatman 903
TM

 dried blood spot punch. One 3,2 mm DBS is 

estimated to be equal to three μL of whole blood. DNA from DBS was eluted according to the following 

protocol from the collaboration parties. The protocol has been optimised for use with FrameStar® 96 

semi-skirted clear PCR plate (4titude Ltd., UK).  

One DBS was placed in each well of a 96 well plate. The samples were purified by adding 80 μL of 

Generation DNA Purification Solution (Qiagen, Hilden, Germany) to each well. Plates were centrifuged 

until reaching 2000 rpm and incubated for 10 minutes at room temperature (RT). Plates were then 

centrifuged at 3500 rpm for five minutes and all liquid removed from each well afterwards. This 

purification routine was repeated once. All samples were washed once by adding 80 μL of milliQ water 

to each well and plates centrifuged until reaching 2000 rpm. 20 μL of Generation DNA Elution Solution 

(Qiagen), supplemented with 10 ng/mL yeast tRNA (Invitrogen™, CA, USA), was added to each well 

using low-retention/binding tips. Samples were sealed with Optical adhesion covers (Applied 

Biosystems®, Foster City, CA, USA) and heat-eluted in 2720 Thermal Cycler (Applied Biosystems®) 

at 99°C for 30 minutes. Plates were cooled down, rigorously vortexed and centrifuged until reaching 

2000 rpm. Plates were stored at 4°C for same-day analysis or -20°C for longer period. 

3.4 DNA concentration measurements  

DNA concentration and purity was measured in all samples from healthy adult blood donors using 

NanoDrop® ND-1000 UV/Vis spectrophotometer (NanoDrop technologies, Inc., Wilmington, DE) to 

access the assurance of the DNA elution method. Nanodrop calculates DNA concentration according 

to modified Beer-Lambert equation (1). One μL of sample was measured at 260 nm and distilled water 

used as blank. DNA concentration was given in ng/μL. 

 

         

Equation 1. c is the nucleic acid concentration in ng/μL, A is the absorbance in AU, ε is the 
wavelength-dependent extinction coefficient in ng-cm/μL and b is the path length in cm 

 

3.5 TREC and KREC RT-qPCR 

RT-qPCR was performed using ABI PRISM® 7900HT (Applied Biosystems®) owned by deCODE 

genetics, Reykjavik, Iceland.  

The collaborative parties provided pre-prepared PCR master mix, standard samples and control 

samples manufactured by the Translational Centre for Regenerative Medicine, Leipzig, Germany. The 

PCR master mix contained specific oligonucleotides and hydrolysed probes for TREC, KREC and 

ACTB specific detection. TREC probes were labelled with FAM fluorochrome, KREC probes labelled 

with VIC fluorochrome and ACTB probes labelled with NED fluorochrome.  The master mix also 

contained MgCl2, bovine serum albumin (BSA), ROX dye, E.coli uracil-DNA glycosylase (UDG) and 

specific dUTP:dTTP nucleotide ratio.  
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Five standard samples were analysed in order to make a standard curve. The standard samples 

were in a tenfold dilution, from 100.000 to 10 copies/μL for TREC and KREC and from 1.000.000 to 

100 copies/μL for ACTB. The two least concentrated standard samples were analysed in triplicates 

and higher standard samples in duplicates. Five control samples were analysed in each RT-qPCR run, 

normal control (NC), T cell depleted sample with no TREC (TCD), B cell depleted sample with no 

KREC (BCD), T and B cell depleted sample with neither TREC nor KREC (TBCD) and no template 

control sample with no DNA present (NTC-PCR).  

12 μL of the PCR master mix and 8 μL of sample were added to each well of a white 384 well PCR 

plate (Thermo scientific, MA, USA) with low retention/binding SafeSeal Tips (Biozym scientific GmbH, 

Hess. Oldendorf, Germany). Plates were sealed with Optical adhesion covers (Applied Biosystems® 

before inserted into the ABI PRISM® 7900HT (Applied Biosystems®).  

The thermal cycle program is shown in Table 1. The first step was UDG activation at 50°C for two 

minutes. The second step was DNA denaturation and activation of the polymerase at 95°C for ten 

minutes, followed by 40 cycles of amplification at 95°C for 15 seconds and fluorescence detection at 

60°C for 25 seconds. Ramp rate was set to 100% or 1,6 °C/sec. 

 

Table 1. The RT-qPCR thermal cycle program for TREC and KREC quantification. 

Step Time Temperature Cycles Function 

1 2 min 50°C 1 UDG 

2 10 min 95°C 1 Activation/Denaturation 

3 
15 sec 

25 sec 

95°C 

60°C 
40 

Amplification 

Fluorescence detection 

 

 

Sensitivity, specificity, positive and negative likelihood ratio and positive and negative predictive 

values (P/NPV) for both TREC and KREC RT-qPCR method were calculated using the equations 2─5. 

Inconclusive results (ACTB <1000 copies/μL) and repeated measurements were excluded from the 

calculations. 

 

  

Sensitivity:   
             

                            
  (a)      Specificity:   

             

                            
   (b)   

PPV:            
             

                            
   (c)      NPV:          

             

                            
  (d) 

Equation 2a-d. Sensitivity, specificity, positive predictive value (PPV) and negative predictive value 

(NPV) were calculated according to equations 2a-d. 

 



  

32 

3.6 Peripheral blood mononuclear cells isolation 

25 mL of whole blood diluted in PBS was carefully loaded on top of 10 mL Ficoll Histopaque®-1077 

(Sigma Aldrich, MO, USA) and centrifuged for 30 minutes at 1600 rpm at RT without brakes. PBMCs 

were collected from the interphase with a pasteur pipette. PBMCs were washed with 30 mL phosphate 

buffer saline (PBS) for 10 minutes at 1400 rpm at RT. Supernatant was discarded and cells re-

suspended in 30 mL PBS. Cells were counted using trypan blue staining and Countess® automated 

cell counter (Invitrogen) and calculated with equation 6. 

                                                                         

Equation 3. Total number of cells in sample was calculated as counted live cell concentration/mL 
multiplied by the sample volume. 

  

PBMCs were frozen in freezing medium at a concentration of 5·10
6
 cells/mL. Samples were frozen 

using Mr.Frosty (Thermo Fisher Scientific Inc., Waltham, USA) at -80°C and then kept at -197°C in 

liquid nitrogen until further analysis. 

3.7 Flow cytometry analysis 

Navios Flow Cytometer (Beckman Coulter Inc., Ireland) was used for flow cytometry analysis using 

mouse anti-human monoclonal abs (mAb). Staining setup is listed in Table 2. 10
5
 events were 

collected for each sample. 

3.7.1 Extracellular staining 

 50 μL of whole blood or 5x10
5
 of PBMCs were added to each tube. 10 μL of gammagard (0,4 

mg/mL) was added to each sample and samples incubated for 10 minutes at RT  to prevent 

unspecific binding of the mAbs. 4 μL of each mAb was added to each tube according to the staining 

setup. Tubes were incubated at 4°C for 20 minutes in darkness and then lysed with 1 mL of 

VersaLyse lysing solution (Beckman coulter Inc.) followed by centrifugation at 3500 rpm for five 

minutes. After removal of the supernatant, samples were washed with 1 mL of PBS with centrifugation 

at 3500 rpm for five minutes. Supernatant was discarded and 300 μL of FACS staining buffer added to 

each tube, except for tubes number two. The deposit in tubes two was divided in half, 300 μL of FACS 

staining buffer added to the other one whereas intracellular staining was performed on the other half. 

Samples were kept at 4°C in the dark and analysed within four hours of staining.  

3.7.2 Intracellular staining  

Foxp3/transcription factor staining buffer set (eBioscience, Inc., CA, USA) was used for intracellular 

staining. Cells were permeabilized with one mL of fixation/permeabilization concentrate and incubated 

for 40 minutes at 4°C in the dark. Cells were then washed with 2 mL permeabilization buffer and 

centrifuged at 300 g for 10 minutes. After removal of supernatant, cells were stained with 5 μL of 

FoxP3 mAb and incubated at 4°C for 30 minutes in the dark. Cells were then washed twice with 2 mL 
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of permeabilization buffer with centrifugation at 300 g for 10 minutes. 300 μL of FACS staining buffer 

was finally added to each sample and samples kept at 4°C in the dark and analysed within four hours 

of staining. 

 

Table 2. Fluorescent-labelled Abs used for cellular staining. 

 Flourochrome Tube 1 Tube 2 Tube 3 Tube 4 Tube 5 Tube 6 Tube 7 

FL1 FITC CD62L CD127 CD45RA CD16 α / β IgD κ 

FL2 PE CD28 CD25 CD45RO CD56 γ / δ IgM λ 

FL3 
ECD/ 

PE-eFluor610 
CD45RA  CD38  CD45 CD38  

FL4 
PC5/ 

PerCP-Cy5,5 
CCR7   CD203  CD138  

FL5 PC7 CD3 CD3 CD3 CD3 CD3 CD5  

FL6 APC CD4 FoxP3 CD31 CD4 CD4 CD19 CD19 

FL8 
AF750 

APC-Cy7 
CD8 CD8 CD8 CD8 CD8 CD20  

FL9 PB CD27 CD4 CD4 HLA-DR CD14 CD27  

 

3.8 Serum immunoglobulin measurements 

Total IgG, IgA and IgM serum Igs were measured in samples from three of the DGS subjects with rate 

nephelometry on IMMAGE® 800 Immunochemistry System (Beckman Coulter Inc.). Samples were 

diluted 1:36 for IgA and IgM measurements and 1:216 for IgG measurements. Ig serum levels were 

calculated according to the dilution factor and reported in g/L values.  

3.9 Statistical analysis 

Standard curve and TREC, KREC and ACTB quantification were calculated in SDS 2.2, the software 

for ABI PRISM® 7900HT (Applied Biosystems®). Navios and Kaluza® flow analysis software version 

1.2 (Beckman Coulter Inc.) were used for flow cytometry data analysis. Basic calculations were done 

in Microsoft Excel. All graphs and statistical calculations were made in GraphPad Prism version 5.04 

(GraphPad Software, Inc., CA, USA). Mann-Whitney U test was used compare different cell 

phenotypes between DGS subjects and HC, and p value <0,05 was considered as statistically 

significant. 
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4 Results 

4.1 DNA elution  

DNA concentration in DBS samples from healthy subjects was used to determine the assurance of the 

DNA elution method. The DNA concentration range was approximately 180─250 ng/μL (one outlier 

excluded) and the mean DNA concentration was 220 ng/μL (Figure 5).  

  

 

Figure 5. DNA concentration (ng/μL) in samples from healthy adult blood donors. DNA was 

eluted from neonatal DBS samples and measured with NanoDrop (NanoDrop technologies). Mean 

value ± SD.  

4.2 TREC and KREC RT-qPCR  

4.2.1 TREC and KREC RT-qPCR as neonatal screening methodology 

The TREC, KREC and ACTB results from the RT-qPCR from all healthy neonatal DBS samples are 

shown in Figure 6. TREC copies/μL is shown on the x axis, KREC copies/μL on the y axis and the dot 

sizes are relative to the ACTB concentration (copies/μL). Cut-off values are set as TREC 8 copies/μL 

and KREC 6 copies/μL and are shown with red lines. Abnormal results are shown as red dots and the 

axes are logicle scales in order to show the null results. Retested results and results from DGS 

subjects are excluded from the dataset.  
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Figure 6. TREC and KREC (copies/μL) in healthy neonates. TREC values are on the x axis, KREC 
values on the y axis and dot size is relative to the ACTB concentration for each sample. Red lines 
indicate the cut-off values (TREC 8 copies/μL and KREC 6 copies/μL). n=848. 

 

Results from all healthy neonatal DBS samples were grouped according to normal, abnormal or 

inconclusive results (Figure 7). 848 neonatal samples were analysed with the RT-qPCR. Three results 

were abnormal with a TREC value below the cut-off value (8 copies/μL) and ACTB value above the 

cut-off value (1000 copies/μL), and only four results had inconclusive results with ACTB value below 

the cut-off value. Only one sample from all the abnormal and inconclusive results remained 

inconclusive upon retesting. The rate for repeated testing is 0,83%, calculated from these results.  

  
Figure 7. Result summary of neonatal DBS samples. Healthy neonatal DBS samples were 
grouped into normal, abnormal and inconclusive according to the results. Abnormal and 
inconclusive results were retested whereas only one appeared to be normal upon retesting.  

848 Icelandic neonatal 
DBS samples 

841 Normal results 

ACTB ≥1000 copies/μL 

TREC ≥8 copies/μL 

KREC ≥6 copies/μL 

847 Normal results 

ACTB ≥1000 copies/μL 

TREC ≥8 copies/μL 

KREC ≥6 copies/μL 

3 Abnormal results 

ACTB ≥1000 copies/μL 

TREC <8 copies/μL 

All normal upon retesting 

4 Inconclusive results 

ACTB <1000 copies/μL 

 

3 normal upon retesting 

1 sample inconclusive on 
retesting 

ACTB <1000 copies/μL 
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4.2.2 DGS subjects had low TREC values and normal KREC values 

RT-qPCR results for the DGS subjects are seen in Figure 8. The TREC copies/μL is shown on the x 

axis, KREC copies/μL on the y axis and the dot sizes are relative to the ACTB copies/μL quantity. The 

axes are logicle scales and the red lines represent the cut-off values for TREC (8 copies/μL) and 

KREC (6 copies/μL). Results for DGS1, DGS2 and DGS3 were inconclusive with undetectable TREC, 

KREC and ACTB values. Therefore, the dots for DGS1, DGS2 and DGS3 all emerge at the null point 

in Figure 7. DGS4, DGS5 and DGS6 results are mean values from a duplicate. These subjects had 

TREC values below the cut-off value (<8 copies/μL) and normal KREC and ACTB values.  

 

 

Figure 8. TREC and KREC copies/μL in DGS subjects. TREC values are on the x axis, KREC 
values on the y axis and dot sizes are relative to the ACTB value per sample. Red lines indicate the 

cut-off values (TREC 8 copies/μL and KREC 6 copies/μL). n= 6 

 

4.2.3 The quality of the TREC KREC RT-qPCR method 

Standard curve was calculated from the five standard samples in each RT-qPCR, and TREC, KREC 

and ACTB copy numbers evaluated from the standard curve. The range of coefficient of determination 

(R
2
) for the standard curves was 0,9742─0,9993 and the mean was 0,9881 (Figure 9). 
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Figure 9. A TREC and KREC RT-qPCR standard curve. Standard curves were calculated from the 
five standard samples analysed in each RT-qPCR run. R2 range: 0,9742─0,9993, mean: 0,9881, n=4. 

 

Quality measurements were made for the TREC and KREC RT-qPCR method in order to access 

the quality and accuracy of the method (Table 3).  

 

Table 3. The quality of the TREC and KREC RT-qPCR method. Sensitivity, specificity, PLR and 
NLR was calculated in order to access the quality and accuracy of the RT-qPCR method. PLR: 
positive likelihood ratio, NLR: negative likelihood ratio. 

 TREC KREC 

Sensitivity 100,00% 100,00% 

Specificity 99,65% 100,00% 

PLR 285,71 100,00 

NLR 0,00 0,00 

 

 

Control samples were included in every one of the four RT-qPCR run. The mean values for TREC, 

KREC and ACTB and the expected results are shown in Table 4. Only one out of four BCD results had 

both sufficient ACTB and TREC values and the one result was inconclusive (<ACTB). Results from the 

other control samples had expected results.  

 

 

 

 



  

38 

Table 4. Control measurement results. The control samples results compared to the expected 
results. TCD: T cell depleted sample, BCD: B cell depleted sample, TBCD: T and B cell depleted 
sample, NC: Normal control. The sign < indicates results lower than cut-off values and the equal sign 
(=) indicates results equal or above cut-off values. 

 Results (mean, copies/μL) Expected results 

 TREC KREC ACTB TREC KREC ACTB 

TCD 0,12 
< 

189,68 
= 

1927,05 
= 

< = = 

BCD 6,79 
< 

0,16 
< 

761,73 
< 

= < = 

TBCD 1,28 
< 

0,37 
< 

1315,53 
= 

< < = 

NC 84,64 
= 

61,27 
= 

1786,58 
= 

= = = 

Blank 0 
< 

0 
< 

0 
< 

< < < 

 

4.3 Leukocyte subpopulations in DGS 

4.4 Leukocytes 

Lymphocytes were gated using forward scatter (FSC) and side scatter (SSC), monocytes were 

identified as CD3
-
CD4

+
CD14

+
, neutrophils as CD45

+
CD14

lo
 and eosinophils as CD45

+
CD14

intermediate
. 

As shown in Figure 10 (and Table 9, appendix), no difference was observed in the fraction of the 

various leukocyte subpopulations when compared to either HC and/or normal reference values. This 

was also true for total cell numbers (data not shown).  
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Figure 10. General leukocyte populations in DGS and HC. Lymphocytes were gated on forward 
scatter (FSC) and side scatter (SSC ), monocytes were identified as CD3

-
CD4

+
CD14

+
, neutrophils as 

CD45
+
CD14

lo
 and eosinophils as CD45

+
CD14

intermediate
. Mean (%cell count)  ±SD, DGS n= 6, HC n=3, 

Mann-Whitney´s U test. 
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4.4.1 Lymphocytes 

Lymphocytes were gated using FSC and SSC and CD4 T cells identified as CD3+CD4+CD8-, CD8 T 

cells as CD3+CD4-CD8+ and B cells as CD19+CD20+. No difference was observed in the general 

lymphocyte populations between DGS and HC (Figure 11 and Table 10, appendix).  
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Figure 11. CD4
+ 

T cells, CD8
+
 T cells and B cells in DGS and HC. CD4+ T cells were identified as 

CD3C+CD4+CD8-, CD8+ T cells as CD3+CD8+CD4- and B cells as CD19+CD20+. Values are shown 
as relative size of total cell count. Mean ±SD, DGS n= 6, HC n=3, Mann-Whitney´s U test. 

 

The CD4+ and CD8+ lymphocyte populations were characterized further into subpopulations. 

Naive T cells were identified as CD45RA
+
CCR7

+
, TCM cells as CD45RA

-
CCD7

+
, TEM cells as CD45RA

-

CCR7
-
 and TEMRA as CD45RA

+
CCR7

+
. T cells were also examined as being early (CD27

+
CD28

+
), 

intermediate (CD27
+
CD28

-
) or late (CD27

-
CD28

-
) differentiated, regardless of their CD45RA and 

CCR7 expression. T regulatory cells (Tregs) were identified as CD25
+
CD127

-
FoxP3

+
. At last, the TCR 

α/β and γ/δ glycoprotein expression was examined in both CD4
+
 and CD8

+
 T cells.  

As shown in Table 5 (and Figure 13, appendix), DGS subjects had lower fraction of naive CD4
+
 T 

cells and CD4
+ 

TEMRA cells (p<0,05). When observing the CD8
+
 T cell subpopulations, DGS showed 

lower fractions of CD8
+
 naive T cells, CD8

+
 TCM and intermediate differentiated CD8

+
 T cells. In 

addition, DGS subjects had higher fractions of CD8+ TEMRA (p<0,05, Table 6 and Figure 14, 

appendix).  
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Table 5. CD4+ T cell subpopulations in DGS and HC.  The mean and range for the relative size of 
various subpopulations. Naive T cells: CD45RA

+
CCR7

+
, TCM: CD45RA

-
CCD7

+
, TEM: CD45RA

-
CCR7

-
, 

TEMRA: CD45RA
+
CCR7-, early differentiated: CD27

+
CD28

+
, intermediate differentiated: CD27

+
CD28

-
, 

late differentiated: CD27
-
CD28

-
, Tregs: CD25

+
CD127

-
FoxP3

+
. DGS n= 6, HC n=3. Mann-Whitney´s U 

test, p<0,05.  

 
DGS HC P value 

CD4
+
 CD45RA

+
CCR7

+
 naive 13,02 39,03 <0,05 

 
3,78─26,77 23,33─61,81 

 

CD4
+
 CD45RA

-
CCR7

+
 central memory 8,87 16,10 NS 

 
0,88─18,67 4,71─27,10 

 

CD4
+
 CD45RA

-
CCR7

-
 effector memory 11,54 28,66 NS 

 
5,04─15,91 6,22─41,73 

 
CD4

+
 CD45RA

+
CCR7

-
 terminally 

differentiated effector memory 
66,58 16,31 <0,05 

 
40,83─84,95 7,84─27,62 

 

CD4
+
 CD25

+
CD127

-
FoxP3

+
 Tregs 2,8 1,75 NS 

 
1,46─4,53 0,00─5,24 

 

CD4
+
 CD27

+
CD28

+
 Early differentiation 88,35 89,5 NS 

 
82,84─96,92 86,05─94,09 

 
CD4

+
 CD27

+
CD28

-
 Intermediate 

differentiation 
0,07 0,15 NS 

 
0,01─0,14 0,04─0,30 

 

CD4
+
 CD27

-
CD28

-
 Late differentiation 2,81 1,63 NS 

 
0,02─6,29 0,03─3,98 

 

CD4
+
 αβ 76,36 39,17 NS 

 
15,00─97,20 25,22─53,99 

 

CD4
+
 γδ 0,89 2,91 NS 

 
0,01─4,13 0,56─7,46 
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Table 6. CD8+ T lymphocyte subpopulations. The mean and range for the relative size of various 
subpopulations. Naive T cells: CD45RA

+
CCR7

+
, TCM: CD45RA

-
CCD7

+
, TEM: CD45RA

-
CCR7

-
, TEMRA: 

CD45RA
+
CCR7-, early differentiated: CD27

+
CD28

+
, intermediate differentiated: CD27

+
CD28

-
, late 

differentiated: CD27
-
CD28

-
, Tregs: CD25

+
CD127

-
FoxP3

+
. DGS n= 6, HC n=3. Mann-Whitney´s U test, 

p<0,05. 

 
DGS HC P value 

CD8
+
 CD45RA

+
CCR7

+
 naive 1,01 26,44 <0,05 

 
0,38─1,90 17,26─34,82 

 

CD8
+
 CD45RA

-
CCR7

+
 central memory 0,39 1,74 <0,05 

 
0,10─0,94 0,61─3,43 

 

CD8
+
 CD45RA

-
CCR7

-
 effector memory 5,76 17,76 NS 

 
0,82─17,60 0,71─27,99 

 
CD8

+
 CD45RA

+
CCR7

-
 terminally 

differentiated 
92,84 54,07 <0,05 

 
81,33─98,37 36,02─71,43 

 

CD8
+
 CD25

+
CD127

-
FoxP3

+
 Tregs 4,89 N/A NS 

 
0,00─18,00 N/A 

 

CD8
+
 CD27

+
CD28

+
 Early differentiation 65,32 59,55 NS 

 
35,99─90,40 44,44─84,21 

 
CD8

+ 
CD27

+
CD28

-
 Intermediate 

differentiation 
3,99 27,58 <0,05 

 
0,11─8,12 10,53─47,22 

 

CD8
+
 CD27

-
CD28

-
 Late differentiation 13,38 10,09 NS 

 
2,73─25,68 5,26─16,67 

 

CD8
+
 αβ 68,02 11,73 NS 

 
4,43─94,49 5,71─19,63 

 

CD8
+
 γδ 4,15 6,82 NS 

 
0,56─12,46 0,65─18,92 

 
 

The relative size of RTE (CD45RA
+
CD31

+
) and TREChi (CD31

+
CD38

+
) T cell populations was 

examined in order to correlate the results to the TREC RT-qPCR results. Preliminary data analysis 

regarding the RTE and TREC
hi
 T cells did not demonstrate any difference in those phenotypes. Naive 

CD8
+
 T cells (CD45RA

+
CD45RO

-
) appeared to be lower in DGS subjects compared to the HC 

(p<0,05, Table 7 and Figure 15, appendix). 
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Table 7. Naive, recent thymic emigrants and TREC
hi

 T cell populations in DGS and HC. The 
mean and range relative size of various subpopulations. RTE: recent thymic emigrants, 
CD45RA

+
CD31

+
, TREC

hi
: CD31

+
CD38

+
, naive: CD45RA

+
CD45RO

-
. DGS n= 6, HC n=3. Mann-

Whitney´s U test, p<0,05.  

 DGS HC P value 

CD4+ CD45RA+CD45RO- Naive 34,44 46,71 NS 

 24,82─45,68 31,40─59,82  

CD4+ CD31+CD45RA+ RTE 39,18 34,34 NS 

 27,40─55,52 20,72─41,32  

CD4+ CD31+CD38+ TREChi 55,24 35,48 NS 

 36,98─80,90 23,86─45,65  

CD8+ CD45RA+CD45RO- Naive 50,61 68,56 <005 

 30,20─65,97 60,96─76,99  

CD8+ CD31+CD45RA+ RTE 66,88 80,46 NS 

 38,49─90,37 67,20─97,90  

CD8+ CD31+CD38+ TREChi 56,03 38,07 NS 

 33,52─70,52 22,69─58,14  

 

B lymphocytes were identified as CD19
+
CD20

+
. Furthermore, naive B cells were identified as 

CD27
-
IgD

+
, switched memory (SM) B cells were as CD27

+
IgD

-
 and non-switched memory (NSM) B 

cells as CD27
+
IgD

+
. Plasma cells were identified as CD19

+
CD20

-
CD27

hi
CD38

hi
CD138

+
. Both SM and 

NSM populations were higher in DGS subjects compared to HC (p<0,05, Table 8 and Figure 16, 

appendix).  
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Table 8. B cell subpopulations in DGS and HC. The relative size of various subpopulations. Naive: 
CD19

+
CD20

+ 
CD27

-
IgD

+
, SM: switched memory CD19

+
CD20

+
 CD27

+
IgD

-
, NSM: non-switched 

memory CD19
+
CD20

+
 CD27

+
IgD

+
 and plasma cells CD19

+
CD20

-
CD27

hi
CD38

hi
CD138

+
. Mean and 

range, DGS n= 6, HC n=3. Mann-Whitney´s U test. 

 DGS HC P value 

CD19+CD20+CD27-IgD+ Naive 78,83 79,52 NS 

 71,39─86,39 77,28─82,60  

CD19+CD20+CD27+IgD- SM 5,79 0,56 <0,05 

 2,48─9,25 0,32─0,79  

CD19+CD20+CD27+IgD+ NSM 11,87 1,69 <0,05 

 5,64─17,17 1,48─1,84  

CD19+CD20-CD27hiCD38hiCD138+ 
plasma cells 

8,003 2,54 NS 

 2,22─14,68 2,12─2,80  

CD19+CD20+ kappa† 24,24 11,28 NS 

 7,15─33,36 8,28─12,90  

CD19+CD20+ lambda† 37,15 30,57 NS 

 26,72─45,42 26,47─36,66  

†DGS1, DGS2 and DGS3 excluded from dataset 
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Figure 12. NK cell subpopulations in DGS and HC. NK cells were identified as CD3
-
CD56

+
, NKT as 

CD3
+
CD56

+
 and CD3

hi
γδ as CD3

hi
CD56

+
.  

 

NK cell subpopulations were examined and NK cells identified as CD3
-
CD56

+
. NKT subpopulation 

was determined as CD3
+
CD56

+
 and CD3

hi
γδ as CD3

hi
CD56

+
 (Figure 12). 
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4.5 Serum Ig measurements 

Reference interval values for serum IgA, IgG and IgM are age related. Subjects DGS5 and DGS6 had 

normal serum IgA, IgG and IgM levels. DGS4, however, had slightly reduced serum IgM levels and 

normal serum IgG and IgA levels (data not shown).   
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5 Discussion 

The aim of this study was to setup a TREC and KREC RT-qPCR method with the possibility to install 

the method as a neonatal screening program for PID´s. In addition, we wanted to investigate the 

cellular phenotypes in individuals diagnosed with DGS. The setup of the TREC and KREC RT-qPCR 

was successful, considering the sensitivity and specificity of the method and various phenotypes were 

examined in individuals with DGS with a panoramic cellular staining panel for flow cytometry analysis. 

Thus, the aims of this study are considered to be fulfilled.  

5.1 DNA elution 

DNA concentration in DBS samples from healthy adult blood donors was high. Purity and quantity 

measurements with NanoDrop are not the most accurate ones and were only done in order to 

evaluate if the DNA elution method was sufficient. This DNA elution method is very robust and yields 

high concentration of DNA which is beneficial for neonatal screening program to minimal the 

processing time for each sample. 

5.2 TREC and KREC RT-qPCR method 

The TREC and KREC values in the healthy neonatal subjects in this study seem to be similar to the 

values the collaborative study has published (Borte et al., 2012). 848 out of 1200 neonatal samples 

were analysed and the remaining samples will be analysed later this year. Out of these 848 neonatal 

samples, only three had abnormal results and four samples had inconclusive results. Upon retesting, 

one sample remained inconclusive and all of the other samples proved to be normal. The reason for 

the inconclusive results (after retesting) was unsuccessful DNA elution. Therefore, it is necessary to 

do a DNA elution from a new punch DBS and run the sample again. The three samples that had 

abnormal results were all normal upon retesting. The reason for abnormal results that appear to be 

normal upon retesting is not clear. The percentage of neonatal samples that have to be repeated was 

0,83%, which is comparable to the previously published studies (Borte et al., 2012), giving rise to the 

assumption that the RT-qPCR setup was successful. 

Three out of the six DGS subjects had inconclusive results where TREC, KREC and ACTB values 

were all under the cut-off values. The ACTB results indicate unsuccessful DNA elution. These DNA 

samples were isolated from whole blood collected in vacutainer with heparin anticoagulant and not 

from a DBS. If DNA is extracted within 6 hours of sample collection, heparin should not inhibit PCR 

amplification if DNA has been (Lam et al., 2004). Therefore, heparin is not considered as the 

preventive cause for the RT-qPCR. Unfortunately, retesting these samples was not a possibility. The 

remaining DGS subjects (DGS4, DGS5 and DGS6) had low TREC values, as expected despite the 

fact that TREC values decrease with age. Individuals with DGS have been reported to have low TREC 

and normal KREC values (Borte et al., 2011).  

The TREC and KREC RT-qPCR method is very effective as indicated by the quality 

measurements. These results are comparable to the results from the collaborative parties (Borte et al., 

2012). The results from calculated sensitivity, specificity, PPV and NPV were good, indicating the 
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good accuracy of the method. The sensitivity reveals that all the atypical subjects were determined as 

abnormal for both the TREC and KREC analysis. The specificity reveals that almost all of the normal 

subjects were indeed normal for TREC and KREC. The PPV indicates the fraction of all the abnormal 

results that are indeed abnormal subjects and the NPV reveals the fraction of all the normal results 

that are indeed normal subjects. Control samples were included in each PCR plate in each RT-qPCR 

run. In our study, BCD control results were inconclusive in three out of four RT-qPCR experiments. 

BCD was eluted separately for all of these four experiments. The three inconclusive results are all 

from the same batch of BCD whereas the one BCD with expected results is from another batch. Our 

conclusions are that the BCD control sample is defective rather than the DNA elution being 

unsuccessful in three out of four experiments.  

5.3 Flow cytometry analysis 

We were able to setup a comprehensive flow cytometry staining panel to examine various cell 

phenotypes. Such a comprehensive flow cytometry panel with so many different types of fluorescent 

mAb has a complex compensation and has to be setup correctly.  

The cell scattering of the CD4
+
 and CD8

+
 T cells, regarding the CD45RA and CCR7 markers, was 

not similar to cell scatter plots presented in other studies (Koch et al., 2008). Our results showed a 

large cell population with fluorescence close to zero, thus emerging at the axes on the bivariate plots. 

The axes were set to logicle scales in order to make these cells more visual. This cell scattering 

displayed in all DGS results but only in one CD4
+
 results from HC. This cell scattering might be due to 

a compensation error, although the compensation was considered successful and should not be the 

case here.  

5.3.1 CD4+ T cell subpopulations 

Only two of the CD4
+
 T cell subpopulations were statistically different between the two groups. The 

CD4
+
 naive population was lower in the DGS subjects, as expected where other studies have 

observed low naive T cells in individuals with DGS (Markert et al., 2004a). The relative size of the 

CD4+ TEMRA in both DGS and HC is rather unusual and should be maximum 7% of total CD4
+
 T cells 

(Schatorje et al., 2011), but was 16% in NC and 67% in DGS. Emphasising our results, the DGS 

subjects have higher population of CD4
+
 TEMRA compared to the HC.  

5.3.2 CD8+ T cell subpopulations 

Difference was observed in the CD8
+
 Naive, TCM, TEMRA and intermediate differentiated T cell 

subpopulations. The CD8
+
 Naive T cell and TCM populations were lower in DGS than in HC, which 

were within normal range. The TEMRA population in DGS was very high whereas the HC had high but 

normal population size (Schatorje et al., 2012). The DGS subjects also had lower fraction of the CD8
+
 

intermediate differentiated T cells.  

5.3.3 RTE and TREChi T cell populations 

The RTE and TREC
hi
 results from the flow cytometry analysis do not demonstrate any difference 

between the DGS subjects and the HC. Slightly lower fraction of both RTE and TREC
hi
 T cells in DGS 



  

47 

subjects could have been expected since they all had TREC values below the cut-off values. As said, 

there was no correlation between the relative size of RTE and TREC
hi
 T cells and the TREC RT-qPCR 

results. 

5.3.4 B cell subpopulations 

The SM B cell population has been shown to be lower in individuals with 22q11 deletion syndrome 

compared to normal controls (Zemble et al., 2010). Considering DGS as 22q11 deletion syndrome, the 

results from our study are not comparable to the study from Zemble et al. In fact, the comparison of 

DGS and HC are reversed and the HC seem to have abnormally low relative size of SM B cells. Our 

results also demonstrate difference in the NSM B cell population which was not observed in this 

previous study. Although, it should be noted here that the cell count for SM and NSM in the HC were 

abnormally low. 

Even though the kappa and lambda B cell populations in this study do not demonstrate any 

difference between the DGS and HC, the relative sizes of these populations are rather unusual. Kappa 

positive B cells should be approximately 60% of total B lymphocytes (Schatorje et al., 2012) but are 

24% for DGS subjects and 11% for HC. The results for the relative size of lambda populations are 

within a normal range. Results from DGS1, DGS2 and DGS3 were excluded from the dataset when 

lambda and kappa B cells were examined, where no CD19 expression was observed in the results 

from these subjects and B cell gating strategies impossible.  

 

 



  

48 

6 Conclusions 

We demonstrated that the TREC and KREC RT-qPCR setup was successful. The method is very 

robust and effective and thus very convenient as a neonatal screening method. We conclude that the 

methodology is ready for installation when the time comes for Iceland to join our neighbour countries 

in PID neonatal screening strategies.   

The flow cytometry results demonstrated some differences in T and B cell subpopulations in the 

DGS subjects compared to the HC. We were not able to correlate the flow cytometry results to the 

TREC and KREC RT-qPCR results. Our flow cytometry results were more or less comparable to other 

studies.  
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Appendix 

 

Table 9. Leukocyte subpopulations DGS and HC. Lymphocytes were identified with SSC and FSC, 
monocytes as CD3

-
CD4

+
CD14

+
, Neutrophils as CD45

+
CD14

intermediate
, eosinophils as 

CD45
+
CD14

+
 and basophils as CD14

-
CD123

+
. Values are shown as fraction of the total cell 

count. DGS n= 3/6, HC n=3. Mann-Whitney´s U test, p<0,05. 

 
DGS HC Ref.values P value 

Lymphocytes 37,06 31,95  NS 

 
23,08─55,7 21,62─40,39 20─40 

 

Monocytes 8,67 4,44  NS 

 
3,46─18,13 3,40─6,10 2─10 

 

Neutrophils 39,78 47,05  NS 

 
19,00─55,92 39,03─57,16 40─80 

 

Eosinophils 3,59 1,78  NS 

 
2,52─4,11 0,97─2,51 1─6 

 

Basophils 2,25 1,18  NS 

 
0,55─7,35 0,21─2,41 <1─2 

 
 

 

Table 10. Lymphocyte subpopulations. Mean values and range for B cells, CD4 and CD8 T cells in 
DGS and HC. Values are shown as fractions of total cell count. DGS n= 6, HC n=3. Mann-
Whitney´s U test, p<0,05. 

 
DGS HC P value 

B cells 17,49 9,25 NS 

 
8,50─22,51 6,96─11,49 

 

CD4 T cells 50,64 61,31 NS 

 
38,69─64,31 54,95─66,27 

 

CD8 T cells 38,51 38,57 NS 

 
28,61─48,65 33,55─44,98 
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Figure 13. CD4 T cell subpopulations. Naive T cells: CD45RA
+
CCR7

+
, TCM: CD45RA

-
CCD7

+
, TEM: 

CD45RA
-
CCR7

-
, TEMRA: CD45RA

+
CCR7-, early differentiated: CD27

+
CD28

+
, intermediate 

differentiated: CD27
+
CD28

-
, late differentiated: CD27

-
CD28

-
, Tregs: CD25

+
CD127

-
FoxP3

+
. 

DGS n= 6, HC n=3. Mann-Whitney´s U test, p<0,05.  

 

 

 

 

Figure 14. CD8 T cell subpopulations. Naive T cells: CD45RA
+
CCR7

+
, TCM: CD45RA

-
CCD7

+
, TEM: 

CD45RA
-
CCR7

-
, TEMRA: CD45RA

+
CCR7-, early differentiated: CD27

+
CD28

+
, intermediate 

differentiated: CD27
+
CD28

-
, late differentiated: CD27

-
CD28

-
, Tregs: CD25

+
CD127

-
FoxP3

+
. 

DGS n= 6, HC n=3. Mann-Whitney´s U test, *p<0,05. 
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Figure 15. Naive, RTE and TREC
hi

 populations. RTE: recent thymic emigrants, CD45RA
+
CD31

+
, 

TREC
hi
: CD31

+
CD38

+
, naive: CD45RA

+
CD45RO

-
. DGS n= 6, HC n=3. Mann-Whitney´s U 

test, p<0,05. 

 

 

 

 

Figure 16. B cell subpopulations in DGS and HC. Naive: CD19
+
CD20

+ 
CD27

-
IgD

+
, SM: switched 

memory CD19
+
CD20

+
 CD27

+
IgD

-
, NSM: non-switched memory CD19

+
CD20

+
 CD27

+
IgD

+
 

and plasma cells CD19
+
CD20

-
CD27

hi
CD38

hi
CD138

+
. Mean and range, DGS n= 6, HC n=3. 

Mann-Whitney´s U test. 
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