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Executive Summary 

Inborn errors of immunity (IEI) are genetic disorders that hinder immune responses and are 

underdiagnosed, particularly in low-to-middle income countries. These disorders occur in one in 

every 500 live births. Early detection is crucial for preventing health complications. The need for 

early detection of IEI has led to the development of newborn screening (NBS) programmes; 

however, many countries lack routine NBS due to financial and technological challenges. The 

present study aimed to develop an in-house screening technique for T-cell receptor excision 

circles (TREC) and kappa-deleting recombination excision circles (KREC) quantification using 

real-time polymerase chain reaction (PCR) to screen for IEI in newborn babies.  

We developed an in-house real-time PCR technique to detect and quantify TREC and KREC in 

human immunodeficiency virus (HIV)-exposed uninfected (HEU) and HIV-unexposed uninfected 

(HUU) neonates, using dried blood spot (DBS) samples collected and preserved as part of the 

Siyakhula study cohort. Deoxyribonucleic acid (DNA) was extracted from DBS samples and TREC 

and KREC genes were simultaneously detected using a newly developed real-time PCR 

technique. 

Results revealed that HUU infants had statistically significant higher TREC concentrations (P-

value = 0.006) than HEU infants, however, no significant difference in KREC concentrations were 

noted between the two cohorts. Statistical significance was determined by a P-value <0.05. 

These results indicate reduced TREC levels in immunologically vulnerable babies (HEU).  

The TREC and KREC assays showed significant potential as biomarkers for IEI screening. 

Importantly, the simultaneous detection and quantification of TREC/KREC is a cost-effective 

method for IEI screening. 

 

Keywords:  

Dried blood spot (DBS), Inborn errors of immunity (IEI), kappa-deleting recombination excision 

circles (KREC), Real-time polymerase chain reaction (real-time PCR), T-cell receptor excision 

circles (TREC), Primary immunodeficiency (PID), severe combined immunodeficiency (SCID), 

manual DNA extraction, automated DNA extraction, HIV-exposed uninfected (HEU). 
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Chapter 1: Literature Review 

1.1. Introduction and historical background 

Inherent defects in the immune system, commonly known as inborn errors of immunity (IEI), are a 

diverse array of genetic disorders that are caused by harmful genetic mutations that hinder both the 

innate and adaptive immune responses.1-4 The origin of IEI, previously known as primary 

immunodeficiencies (PID), was first documented in 1952, when Ogden Bruton recorded a young 

boy who experienced 19 episodes of pneumococcal infections, exhibited a deficiency in serum 

gamma globulins, and recovered following intramuscular infusion of gamma globulins.5 Two years 

prior, Glanzmann and Riniker documented a newborn exhibiting severe lymphopenia and lymphoid 

tissue atrophy, who died to illnesses in infancy.6 Following that, Hitzig documented more children 

with early-onset, life-threatening illnesses who were deficient in both gamma globulins and 

lymphocytes.7 This illness, originally termed Swiss-type agammaglobulinemia to differentiate it from 

Bruton’s agammaglobulinemia, is currently known as Severe Combined Immune Deficiency (SCID).8 

The combination of isolated agammaglobulinemia and SCID demonstrated the essential functions 

of humoral and cellular immunity in infection prevention, leading to the subsequent identification of 

T and B-cells a few years thereafter.9  

It has been acknowledged that, depending on the unique characteristics of the disease, 

malignancy, autoimmunity, allergy, and autoinflammation, can frequently, and in certain instances, 

primarily, appear as clinical symptoms linked to monogenic immune abnormalities.10 The term 

“inborn errors of immunity” has been introduced to encompass the extensive array of phenotypes 

linked to these illnesses.11 Inborn errors of immunity occur in approximately one in every 500 live 

births and are genetic defects that are classified based on both the immunological system involved 

and clinical manifestations observed.2-3 These disorders are predicted to develop in 1 in 1,000 to 1 in 

every 5,000 individuals.12-13 They may develop at any stage of life, with particular diagnoses being 

more common at specific ages.14 Inborn errors of immunity are underdiagnosed, and especially 

among countries with high rates of consanguinity and large populations, the number of recorded 

cases and reported prevalence is significantly lower than the estimated values.15 These disorders 

may go undiagnosed for years, possibly due to milder, less specific symptoms, lack of awareness of 

IEI among clinicians, and lack of appropriate diagnostic assays.3 

Delays in diagnosis lead to significant morbidities and deaths, which raises the financial burden for 

the management of the disorders.15 These disorders negatively impact the quality of life of children, 
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limiting emotional, social, physical, and academic functioning.16 A diagnosis of these 

disorders necessitates a comprehensive review of the patient's medical history, with a focus on 

infections and symptoms associated with immune dysfunction (such as autoimmunity and 

recurrent fevers), and a physical examination that looks for indicators of immune dysfunction 

and infection sequelae.14 Based on the probable diagnosis, a laboratory assessment of the immune 

system can be conducted.14 This assessment can include components of the complement pathway, 

immune cell frequency and functioning, and antibody quantity and function.14  

Early detection and intervention for IEI may prevent individuals from experiencing severe and 

potentially fatal outcomes associated with infections or autoimmunity.13 This has resulted in the 

development of newborn screening (NBS) for IEI.17 Newborn screening can be done by quantifying T-

cell receptor excision circles (TREC) and kappa-deleting recombination excision circles (KREC).18 It 

has been proposed that the combined TREC and KREC assay may be used in the diagnosis of IEI and 

in the monitoring of immune reconstitution in adult patients.19 Nonetheless, the TREC and KREC 

assay screening method is incapable of identifying numerous severe IEI and immune dysregulation 

conditions.17 Sequencing may offer a viable approach for screening a broader spectrum of health 

disorders.17 This has prompted the consideration of genomics-based newborn screening.20-22 This 

methodology is, however, impractical from both logistical and financial standpoints within the 

framework of NBS.23 

Genetic screening may be economically impractical; thus, a two-tiered strategy has been 

proposed to increase the number of IEI that can be detected by NBS.17 An alternative screening 

method involving a global study could ascertain the effective application of NBS in reducing rates of 

mortality.17  

Routine NBS is currently unavailable in many countries. Financial constraints, technological 

difficulties, insufficient understanding of the significance of early diagnosis of IEI, and the relegation 

of IEI among other health concerns contribute to the delays in the execution of NBS initiatives for 

IEI.17 The primary reason for the delayed implementation of routine NBS for IEI in many countries is 

financial constraints, indicating the need for the development of innovative, cost-effective 

technologies for screening infants for various diseases, which is essential to address this issue.17,24 

As a result, the focus of the current study was to develop an in-house screening technique for TREC 

and KREC quantification using real-time polymerase chain reaction (PCR) with the goal of screening 

for IEI in newborn babies. This study was conducted on stored samples obtained from the Siyakhula 
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cohort of human immunodeficiency virus (HIV)-exposed uninfected (HEU) and HIV-unexposed 

uninfected (HUU) newborn babies. This larger study investigated differences between HEU and HUU 

newborn populations, as infants born HEU are recognised to have an elevated risk of infections 

during their initial months of life. The study included mothers of neonates to further assess the 

reliability of TREC and KREC quantification. 

 

1.2. Types of inborn errors of immunity  

The International Union of Immunological Societies (IUIS) currently classifies IEI based on 499 

genetic defects and 485 diseases, and includes immunodeficiency, autoimmunity, and immune 

dysregulation.1,4,25 These mutations cause abnormalities in immune cell functioning, including T-

cells (cellular immune deficiencies), antibody production by B-cells (humoral immune deficiencies), 

impaired antigen presentation, defects in natural killer (NK) cell cytotoxicity, Toll-like receptor (TLR) 

activation, phagocytosis, macrophage activation, and complement activation.2-3,26-27   

These include phenotypes linked to infection, malignancy, autoimmune disease, and inflammatory 

disorders.1 Inborn errors of immunity can be classified into two categories: primary 

immunodeficiency diseases and primary immune regulatory disorders (Figure 1).14  These are caused 

by different genetic mutations, and the most commonly occurring disorders are discussed below. 
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Figure 1: Flow diagram illustrating two main classifications of inborn errors of immunity and some 

of their specific subgroups. 
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1.2.1. Primary immunodeficiency diseases 

Primary immunodeficiency disorders are a group of disorders characterised by  recurrent and/or 

severe occurrence of infections.14 These disorders can be classified into various groups, such as 

combined immunodeficiency (CID), predominantly antibody deficiencies (PADs), primary 

phagocytic disorders, and complement deficits, among others.25 

 

1.2.1.1. Combined immunodeficiency 

Combined immunodeficiencies refers to disorders that involve abnormalities in the quantity or 

functionality of lymphocytes, particularly T-cells, but can also impact B or NK cells.14  These 

disorders are usually the most severe form of primary immunodeficiency disorders (PIDD) and can 

manifest as viral, bacterial, and fungal infections.14 Various genetic conditions can result in this 

disorder, and SCID stands out from the other disorders due to its association with complete genetic 

variations that have full penetrance and fatal functional consequences.28 This leads to a heightened 

vulnerability to potentially lethal infections.28 Hypomorphic genetic variations result in a group of 

immunodeficiencies that are accompanied by less severe symptoms, known as "leaky SCID".25 A 

study that was done on a cohort of patients in the Middle East in 2013 exhibited syndromic features 

linked to combination immunodeficiencies, resulting from compromised gene activity in non-

immune cells. Examples of such syndromes include Bloom syndrome, DiGeorge syndrome (DGS) 

and, coloboma, heart defects, atresia choanae, growth retardation, genital abnormalities, & ear 

abnormalities (CHARGE).29 

 

1.2.1.1.1 Severe combined immunodeficiencies 

Severe combined immunodeficiency is a monogenic autosomal recessive (AR-SCID) or X-linked 

recessive (XLSCID) disorder.30-34 Neonates with SCID are susceptible to severe and recurring 

infections that are often fatal in the first two years of life if not properly diagnosed and treated.30-34  

Severe combined immunodeficiency is characterised by severe immune system dysfunctions that 

result in the absence or dysfunction of T- and B-cells derived from the thymus gland and bone 

marrow, respectively.26,32,35-36 This, in turn, impacts negatively on both cellular and humoral adaptive 

immunity.26,32,35-36  
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Several gene alterations have been linked to unusual clinical and immunological phenotypes of 

SCID.36 All known gene mutations impair the development of normal naïve T-cells, which results in 

low numbers of T-cells and inactive B-cells.35 It is estimated that up to 50% of infants living with SCID 

die due to not being diagnosed early enough for life-saving therapies to be implemented.35  

Infants with SCID may appear to be healthy at birth with symptoms occurring between the second 

and third months of life.30,32,35 Infectious complications are the most common feature of the disease, 

with opportunistic infections predominating.30,32,35 Severe immunodeficiencies and other T-cell 

disorders may be attributed with syndromal features or congenital heart defects, including cartilage-

hair hypoplasia, ataxia telangiectasia, or DiGeorge syndrome (22q11.2 deletion syndrome), the latter 

being a relatively common IEI characterised by thymus hypoplasia or aplasia which requires a 

thymus transplant rather than haematopoietic stem cell transplantation (HSCT).34  

 

1.2.1.1.2. DiGeorge Syndrome 

DiGeorge syndrome is a complex condition caused by embryopathy as a result of among other 

mutations, a deletion on the 22nd chromosome (del22q11).37  Around 75% of individuals with DGS 

have immune system derangements, as well as hypoparathyroidism which is associated with T-cell 

lymphopenia.38  Immune dysregulation causes autoimmune disease in 10% of patients, with juvenile 

rheumatoid arthritis, vitiligo, and Grave's disease being the most common.39-40 This syndrome occurs 

in approximately one in 4,000 to 6,000 live births.26,39 DiGeorge syndrome can be inherited in an 

autosomal dominant manner, but de novo microdeletions account for 90% of cases.26,39  

Patients with DGS may have craniofacial, parathyroid, thymic, and cardiac outflow tract 

developmental abnormalities.39 These individuals have a high incidence of both provoked and 

unprovoked seizures.40  

 

1.2.1.2. Predominantly antibody deficiencies 

Predominantly antibody deficiencies, are medical conditions characterised by aberrant B-cell or 

antibody count or functionality, leading to repeated sinopulmonary infections.14  These are the most 

prevalent kinds of IEI globally, affecting approximately one in 600 individuals .41-43 These individuals 

have deficient quantities of one or more immunoglobulin isotypes and insufficient synthesis of 
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antibodies specific to pathogens, resulting in the development of both infectious and non-infectious 

symptoms.44-49  

Although infections are frequently observed in cases of PAD, it can be challenging to identify the 

specific pathogen.50 This difficulty arises from the increased likelihood of obtaining false-negative 

results in serologic testing, which is caused by abnormalities in the generation of antibodies that 

target the pathogen.50 Furthermore, patients undergoing image-guided radiation therapy (IGRT) may 

exhibit false-positive serology.50 Hence, it is imperative to use blood or tissue cultures, 

immunofluorescence labelling, PCR testing, or amplicon sequencing for precise identification of the 

pathogen and to ensure a reliable diagnosis.50 Primary antibody deficiencies are categorised into 

several clinical phenotypes. The primary clinical manifestations encompass agammaglobulinemia, 

common variable immune deficiencies (CVID), deficiencies in immunoglobulin (Ig) isotypes, specific 

antibody deficiency, and hyper-IgM phenotype (HIgM).49 

 

1.2.1.2.1. Agammaglobulinemia 

Agammaglobulinemia, a more severe form of PAD, primarily presents itself during early life.49 

Agammaglobulinemia is a condition that is characterised by a complete lack of the major serum 

immunoglobulin classes because of a significant decrease in B-lymphocytes in the peripheral 

blood.49,51  B-cell lymphopenias that are severe in infancy may be caused by congenital immune 

defects like X-linked agammaglobulinemia (XLA).34  

X-linked agammaglobulinemia is the most common consequence of this defect, accounting for 85% 

of all cases of B-cell lymphopenia.52 In 2019, the estimated occurrence varied between 1 in every 

200,000 live births and one in every 100,000 live births.53  X-linked agammaglobulinemia is a result of 

deleterious mutations in the gene encoding Bruton’s tyrosine kinase (BTK).49 Carriers of this disorder 

are particularly prone to viral and bacterial infections.52 Agammaglobulinemia symptoms appear 

between the ages of three and six months, as maternal immunoglobulin levels drop.52  The autosomal 

recessive type of agammaglobulinemia results from abnormalities in B-cell formation or survival 

caused by mutations in the B-cell linker (BLNK), phosphoinositide-3-kinase regulatory subunit 1 

(PIK3R1), immunoglobulin lambda like polypeptide 1 (IGLL1), cluster of differentiation (CD)/B-cell 

antigen receptor complex-associated protein alpha chain and MB-1 membrane glycoprotein 

(CD79A),  CD79B, Phosphatidylinositol-4,5-biphosphate 3-kinase catalytic subunit delta (PIK3CD), 
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topoisomerase II beta (TOP2B), or immunoglobulin heavy constant mu (IGHM) genes.53-54 In the 

absence of a family history, the diagnosis of agammaglobulinemia is usually delayed.34 Early 

detection of agammaglobulinemia carriers is critical because these children are prone to chronic 

and debilitating respiratory infections.34 

 

1.2.1.2.2. Common variable immune deficiency 

Common variable immune deficiency  is the most common type of PAD, characterised by low levels 

of immunoglobulins (Ig) and hypogammaglobulinemia.49 Most individuals with CVID exhibit a normal 

count of B-cells in circulation, indicating that functional abnormalities impact the latter phases of B-

cell maturation.49 These mutations can impact the signalling and activation of B-cells, the machinery 

responsible for isotype switching, and the processes of somatic hypermutation and cytokine 

signalling.49 Similarly, the malfunctioning activation of B-cells by T-cells, caused by faulty signalling 

through the CD40-CD40 ligand (CD40L) interaction, is a significant factor in PAD.55 Furthermore, 

alongside the recurring infections in CVID, there may also be additional clinical symptoms such as 

gastrointestinal disorders, allergies, lymphadenopathy, and autoimmune illnesses.56-57 

Autoimmunity is a frequent occurrence and manifests in 20-30% of people with CVID.56-57  The clinical 

and genetic characteristics of CVID vary widely. While over thirty genes have been associated with 

CVID, the genetic cause remains uncertain in most cases, 2-10% of individuals have identifiable 

monogenic diseases49 

 

1.2.1.3. Primary phagocytic disorders 

Primary phagocytic diseases are defined by atypical quantities or functionality of phagocytes (such 

as neutrophils, dendritic cells, or macrophages), resulting in recurring skin infections and abscesses 

in internal organs.14 
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1.2.1.4. Complement deficiencies 

Complement deficiencies occur when one or more components of the complement system are 

either missing or not functioning properly.14 These conditions can manifest as an elevated 

susceptibility to pyogenic or Neisserial infections, a lupus-like disease, or atypical haemolytic 

uremic syndrome (aHUS).25 Component deficits can arise either from genetic factors (primary) or 

from external causes (secondary).58 The inheritance pattern for most cases is autosomal recessive, 

with the exception of properdin deficiency, X-linked, and factor B, complement component 1 

esterase inhibitor (C1-INH), and membrane cofactor protein (MCP)/CD46 deficiency which are 

autosomal dominant.58 Heterozygous carriers typically do not show any clinical symptoms.58 

Accurate identification of hereditary disorders can be achieved through a thorough examination of 

medical history and careful research of family lineage.58 Secondary deficiencies arise due to 

inflammation-induced consumption of complement, auto-antibodies targeting complement 

component 1 (C1q) or C1 inhibitor, reduced synthesis, or elevated catabolism.59 Complement 

deficiencies make up approximately one to six percent of all primary immunodeficiencies, although 

in specific national registries, this percentage may increase to 10%.60-61 

 

1.2.2. Primary immune regulatory disorders 

Primary immune regulatory disorders are a category of IEI  characterised by an excessive 

inflammation, frequent autoimmunity affecting multiple tissues, abnormal growth of lymphocytes, 

severe allergic reactions, and an increased risk of developing cancer.14 Primary immune regulatory 

disorders occur due to mutations in genes that are involved in regulating the inflammatory or immune 

response.14 These disorders have emerged as a novel classification of diagnoses characterised by 

immune dysfunction as the major feature and immunodeficiency as the secondary feature.14 These 

illnesses arise due to a disruption in the immunological tolerance pathways, which can impact 

diverse aspects of the immune system and contribute to the development of various disease 

processes and the regulation of autoimmunity.62 

These diseases are linked to mutations in different genes, with the main disorder being immune 

dysregulation, polyendocrinopathy, enteropathy, X-linked (IPEX) syndrome, caused 

through mutations in the Forkhead Box P3 (FOXP3) gene, which result in a deficiency in the 

production of CD4+CD25+ regulatory T-cells (Tregs), leading to a Treg defect.25,63-65 Primary immune 
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regulatory disorders  constitute a diagnostic and therapeutic dilemma for physicians because they 

can occur in multiple organs and might be seen by different medical specialties.66 Autoimmunity can 

be either antibody- or cell-mediated, and it can specifically target different types of cells in the 

body.66 This can result in various conditions such as cytopenia (low blood cell counts) by attacking 

haematopoietic cells, type 1 diabetes mellitus (T1DM) or thyroiditis by affecting endocrine organs, 

dermatitis,  vitiligo, alopecia or arthritis by impacting the skin and connective tissue, hepatitis or 

glomerulonephritis by damaging visceral organs, and uveitis or inflammatory bowel disease by 

affecting the epithelial barrier.66 Each of these occurrences can be common: immune 

thrombocytopenia purpura affects between 1.9 and 6.4 out of every 100,000 children yearly, whereas 

T1DM has an annual incidence rate of 22.9 per 100,000.67-68 Early detection of possible primary 

immune regulatory disorders (PIRD) is challenging unless there is a development of multi-organ 

autoimmunity or the presence of additional factors such as a positive family history or severe and 

recurring infections.66 Food or drug allergies, rhinitis, and asthma, can also occur.66 Dysregulated 

lymphoid cell regulation might potentially combine with faulty viral management, specifically with 

the Epstein-Barr virus (EBV), leading to an increased susceptibility to lymphoproliferation and the 

formation of lymphoma.66 

 

1.3. Common treatments used in patients with inborn errors of immunity 

Early diagnosis is crucial for selecting appropriate therapy, such as the potential use of antibiotic 

prophylaxis for various types of IEI.12,69 The selection of an antibiotic should be determined by the 

diagnosis, the patient's infection history, and established guidelines.14 In cases where guidelines are 

not available, expert expertise and consensus should be relied upon.14  

Immunoglobulin replacement is a fundamental aspect of treatment for PADs.14 Primary 

immunoregulatory disorders are commonly controlled through the use of immunomodulatory 

agents.14 Throughout historical events, immunomodulatory drugs have exerted significant impacts 

on the immune system.14 Haematopoietic stem cell transplantation is a highly effective treatment 

for a wide range of CIDs affecting the ability of immune cells to engulf and destroy pathogens 

(phagocytic abnormalities), and PIRD.14 Typically, patients who receive HSCT at a younger age tend 

to have more favourable outcomes.14 This is especially crucial for patients diagnosed with SCID who 

are dependent on bone marrow transplantation or gene therapy in order to live past the age of one 

year.14 The science and technology enabling safe and efficient gene therapy for primary 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



11 
 

immunodeficiency diseases have significantly progressed during the past three decades.14 Gene 

therapy is currently accessible for certain subtypes of SCID: Wiskott-Aldrich syndrome (WAS), 

leukocyte adhesion deficiency (LAD), and chronic granulomatous disease (CGD), either through 

clinical or research means.12,70  Investigations are also being conducted on editing the endogenous 

gene for some subtypes of SCID, hyper IgM syndromes (HIGM), CGD,  IPEX, and other related 

conditions.70 

 

1.4. Immune dysfunction in human immunodeficiency virus exposed uninfected newborn 

babies 

 Despite not achieving the global goal of eliminating paediatric HIV by 2015, significant 

advancements have been made in reducing the number of newborn babies infected with HIV through 

the broadening of prevention of mother-to-child transmission (PMTCT) programmes.71 However, the 

transfer of HIV from mother to child still occurs, especially in sub-Saharan Africa, where 90% of new 

infections take place.71 As the coverage of PMTCT programmes increases, the number of children 

infected with HIV is decreasing71-72 resulting in the number of infants who are exposed to HIV but 

remain uninfected increasing to over 1 million between the years 2009 and 2014.71-72 Exposure to HIV 

and or antiretroviral therapy (ART), during gestation could significantly impact birth outcomes, 

growth, and development.71 In developing nations, HEU newborn babies may have a higher likelihood 

of being born with small for their gestational age or having a lower birthweight when compared to 

HUU newborn babies.71 Human immunodeficiency virus-exposed uninfected newborn babies with 

low birthweight have a significantly increased risk of mortality, ranging from 2.5 to 12 times higher 

than their HUU counterparts.73-75  Among HEU newborn babies, the risk of neonatal mortality is at 

least six times higher for those born prematurely, with low birthweight, or who were too tiny for 

gestational age.76 In addition, these newborn babies are reported to have at least twice the risk of 

mortality before one year of age.76   

Babies born to mothers living with HIV are at a greater risk of immune dysfunction due to exposure to 

HIV as well as to ART, irrespective of whether the newborn babies are HIV-infected or not.77 The HEU 

newborn babies are commonly more susceptible to frequent respiratory tract infections, possibly as 

a result of lower concentrations of maternal antibodies being transferred from mothers living with 

HIV to their babies.77-78  To prevent HIV transmission through breast milk, babies are often formula-

fed. This, however, limits the transfer of immunoglobulin A (IgA), present in breast milk, to the 
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newborn which increases their susceptibility to infection.77 There are notable differences in T-cell 

populations of HEU newborns compared to HUU infants including elevated frequencies of activated 

T-cells in early life, expanded memory T-cell populations, and increased numbers of immature T-cells 

suggesting disrupted T-cell development.79The present study compared the levels of TREC and KREC 

in HEU newborn babies with those of  HUU newborn babies.  

Inborn errors of immunity have historically been diagnosed using complete blood counts and 

serological tests including immunoglobulin levels, vaccine titres, and complement levels. However, 

these tests are often insufficient for an accurate diagnosis due to the heterogeneity of the symptoms 

and cell types involved. Recent advancements in the understanding of the immune system have led 

to the development of novel immunologic assays such as the TREC/KREC assay and flow cytometry 

to aid in the diagnosis of IEI.80 

 

1.5. T-cell receptor excision circles and Kappa-deleting recombination excision circles  

T-cell receptor excision circles and kappa-deleting recombination excision circles are markers of 

appropriate lymphocyte synthesis, and various IEI are associated with low levels of these markers.2 

Specific mutations influence the TREC levels differently.2 Most individuals with IEI have low levels of 

TREC and KREC, however, some IEI like Janus kinase 3 (JAK3)-deficiency disorder have normal levels 

of KREC.2 The levels of TREC in individuals living with HIV correlate with variables such as CD4+ T-

cell count, age, and plasma HIV ribonucleic acid (RNA) levels of the individual.81  
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1.5.1. T-cell receptor excision circles  

T-cell receptor excision circles are small extra chromosomal fragments of DNA that are produced in  

naïve T-cells in the thymus during the variable, diverse, joining gene segments (V[D]J)-T-cell receptor 

gene rearrangement process that is responsible for the diversity of the alpha beta (αβ) and gamma 

delta (γδ) T-cell receptor (TCR) repertoires (Figure 2).82-83  The TCR repertoire is diverse with gene 

recombination events resulting in a large number of TREC. This rearrangement occurs approximately 

69% of the time in all δ recombination events, making detection possible. As a result, TREC can be 

used to identify T-cells that have recently left the thymus.82,84  

Thymic output monitoring is significant in developing suitable diagnostic and treatment strategies for 

individuals with IEI, as well as for monitoring the reconstitution of the immune system after treatment 

with chemotherapy, post-haematopoietic stem cell or thymus transplantation.32,84-85 Levels of TREC 

are initially very low in patients living with HIV compared to uninfected age-matched controls, 

however, normal levels of TREC are restored in these individuals following initiation of ART.32,84-85  

Levels of TREC are crucially reduced in individuals with CD4+ T-cell counts less than 200 

cells/microlitre (µL).81  

Levels of TREC are usually higher during childhood and decrease with age.34 T-cell receptor excision 

circles are not detectable in patients with congenital thymus absence.34,85 Infant screening for TREC 

levels is widely used globally, offering a good combination of sensitivity and specificity while 

remaining cost-effective.3  
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Figure 2: Formation of TREC-coding joint. The TCRα gene locus contains the d gene locus, which is 

excised before TCRα gene recombination. Recombination of δRec and cJα produces a chromosomal 

product and an extrachromosomal signal TREC (δRec–cJα signal joint TREC). Subsequent 

recombination activity results in the formation of the recombined chromosomal VαJαCα gene 

segment and a second TREC known as the coding joint TREC (VαJα coding joint TREC)86 (Reproduced 

with permission, provided in Appendix B). 
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1.5.2. Kappa-deleting recombination excision circle 

Kappa-deleting recombination excision circles are episomal deoxyribonucleic acid (DNA) fragments 

generated as by-products of B-cell receptor gene rearrangement during B-lymphocyte maturation.3,27 

These episomal DNA fragments do not replicate during mitosis and thus exhibit a dilution pattern 

that allows the quantitative estimation of cell replication.3,27 Thus, regardless of the molecular 

aetiology of the IEI, patients with severe IEI who have B-cell lymphopenia have very low levels of 

KREC.3,27  

The measurement of KREC improves diagnostic accuracy for specific SCID phenotypes such as 

adenosine deaminase (ADA)-SCID and allows for the identification of other IEI such as inherited 

agammaglobulinemia.51 The detection of KREC provides a sensitive marker of newly formed B-cells, 

and improves the likelihood of identifying other forms of CID/SCID related to decreased B- 

lymphocyte numbers in newborn screening (NBS) and late-onset ADA-SCID.36 The present study, in 

part, focuses on establishing an in-house method to detect different levels of KREC in HEU and HUU 

newborn babies. 

 

1.6. Screening of inborn errors of immunity 

 Since the 1930s, when phenylketonuria (PKU) was first described, and the subsequent development 

of a laboratory test in the 1960s for detecting newborn babies with PKU, there have been notable 

technological advancements.87-90 These advancements have allowed for the identification of a 

greater number and variety of treatable conditions through NBS programmes.87-88 Historically, NBS 

tests have mostly focused on utilizing a tandem mass-spectrometric (MS/MS) method, which has 

proven to be successful in detecting several diseases such as congenital hypothyroidism, inborn 

errors of metabolism, and congenital adrenal hyperplasia.88 The expansion of NBS programmes has 

been facilitated by technological advancements, allowing for the inclusion of a broader array of 

diseases.88,91 For instance, IEI such as SCID can now be detected using DNA-based technological 

advances, specifically through the detection of TREC and KREC using quantitative PCR.88,91  

The key goal of NBS is the prompt diagnosis of treatable and catastrophic types of IEI characterised 

by significantly decreased T- and B-cell counts, with the goal of reducing morbidity and 

mortality.15,18,92 The launch of universal NBS for SCID in the United States of America (USA) has 

indicated an incidence of SCID at roughly 1:65,000 in 2019, which is considerably greater than 
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previously estimated.93 The NBS programme promotes the early detection of infants with IEI, 

facilitating treatments to prevent infections and prompt referral for HSCT, when/if required.11 The 

significance of this is emphasised by evidence indicating that younger age and infection status at the 

time of transplantation are critical determinants of enhanced outcomes following HSCT for SCID.18,94 

The NBS programme assists physicians in diagnosing IEI early and administering prompt therapeutic 

interventions, hence preserving patient lives.17 Consequently, there is an imperative necessity to 

enhance NBS for IEI by rising from the challenges associated with it being implemented.17 This can 

solely be accomplished through the worldwide exchange of experiences, technologies, and 

resources.17 

This may attract the attention of health authorities to the beneficial effects of NBS.17 The growing 

awareness of IEI disorder management is apparent by an increase of referral centres globally; yet, 

the existence of national registries remains a concern.17  Findings  of a study done by  Chong-Neto et 

al. in Brazil (2024) indicate that national registries for IEI exist in 110 (53.4%) nations, predominantly 

located in North America and Europe.17 Despite the expected rise in the prevalence of IEI in the 

Middle East and North Africa due to a high rate of proximity with an increased incidence of autosomal 

recessive diseases there are very few registries in this region.95  The disease burden is 

underestimated in middle- and low-income nations for various reasons, including the absence of 

registries.96  

The NBS programmes in western countries have facilitated the early detection of SCID, proving to be 

cost-effective and advantageous for the prognosis of the patient.97 The launching of NBS has 

resulted in a decline of the birth prevalence of SCID from 1:100,000 to 1:58,000 from 2014 to 2019 in 

the USA, and a threefold decrease in the average cost of early bone marrow transplantation 

compared to late transplantation.18,98-101 

Severe combined immune deficiency was the first IEI identified by population screening and is the 

first NBS test based on molecular testing using dried blood spots (DBS).99,102-103 This screening has 

made it possible to assess the impact of early therapies on the overall outcomes of afflicted 

newborns as well as the population prevalence of this illness.99 The research in creating and 

implementing molecular testing for additional clinically relevant IEI has grown due to the success of 

SCID NBS.99 The importance of early diagnosis and rapid therapy initiation to lower the incidence of 

morbidity and mortality is supported by developments in clinical care and novel medicines for 
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several IEI.99 The presence of TREC and KREC biomarkers are not routinely tested for in the state 

health sector in South Africa but have been used as part of the standard clinical assessment of 

patients living with IEI in the private sector. Levels of TREC have been successfully utilised for NBS for 

SCID and are reported to be very low or undetectable in all individuals with SCID.2  

This is required for the quick and efficient initiation of therapy as well as to prevent adverse effects 

and death.26 This screening test is capable of diagnosing T-cell lymphopenia.104 Promptly referring 

patients with a positive screen to an immunologist is crucial for conducting diagnostic and 

immunologic evaluations.105 Newborn babies with IEI are vulnerable to life-threatening infections of 

various origins, including those caused by live vaccines.26 T- and B-cell lymphopenia testing with NBS 

procedures will enable early diagnosis of IEI, significantly improving the lives of affected children.26 

Screening TREC and KREC is essential in detecting IEI and would identify at-risk infants before 

serious and life-threatening infections occur, further reducing morbidity and mortality associated 

with IEI.106  The vast majority of newborn babies with severe T- and B-cell lymphopenias, including 

those who have severe IEI, have no IEI family history and are asymptomatic during their first few 

weeks of life.27 The primary objective of NBS is to identify pre-symptomatic newborn babies with 

possible serious or fatal disorders that can otherwise be treated successfully.35   

 

1.7. Problem statement 

A delay in diagnosing IEI is associated with less favourable results associated with therapy and 

management of the disorder.107  The objective of NBS with TREC and KREC, which is presently being 

used in several countries, is to improve the prognosis of IEI by preventing delays in diagnosis.15  The 

early detection of IEI is still difficult because older children and adults might have less severe and 

less focused symptoms, a lack of knowledge of IEI among medical professionals, and the 

unavailability of critical diagnostic tools like flow cytometry in hospital laboratories.3 Newborn 

babies with these disorders seem normal at birth due to symptoms often not manifesting at birth. 

Most newborns with IEI perish from their condition before they are diagnosed, and those who survive 

have permanent health issues. Thus, it is essential to both permit patient diagnosis at institutions 

with limited resources and provide more affordable alternatives like real-time PCR as ultimately it is 

more cost-effective, available in most laboratories, and does not need specialised training such as 

flow cytometry.3  There were 94,024 cases of IEI identified worldwide in 2018, a 21.8% rise from 
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2013.15 Different regions have reported different rates of IEI prevalence; the USA has the highest rate, 

followed by Europe, Latin America, the Middle East, Asia, and Africa.15 This may reflect increased 

screening for IEI in more developed countries. Thus, early identification is essential for IEI patients to 

increase the likelihood of proper care, which will greatly lower the risk of complications and enhance 

quality of life.3 Screening for IEI may result in a considerable decrease in morbidity and mortality rates 

through early detection and care. In addition to implementing universal IEI routine NBS, this would 

call for the creation of guidelines and agreements for the reporting and interpretation of IEI NBS data 

as well as the adoption of consistent follow-up procedures. 

 

1.8. Aims and objectives 

1.8.1. Aim 

The aim of this study was to develop an in-house real-time PCR method to detect and quantify TREC 

and KREC in newborn babies recruited as part of the larger Siyakhula cohort (HEU and HUU newborn 

babies).  

1.8.2. Objectives 

1.8.2.1. To establish an in-house method for simultaneous quantification of TREC and KREC using 

published primers and probes. This was achieved using real-time quantitative PCR with the T-cell 

receptor alpha constant (TCRAC) gene as the reference control gene. 

1.8.2.2. To validate the extraction of DBS DNA using the Maxwell®16 DNA purification kit. DNA 

extracted from DBSs using the Maxwell®16 DNA purification kit was compared to DBS DNA extracted 

using a validated, high-purity PCR template preparation protocol. These techniques were compared 

by measuring the DNA concentration and sample purity using a NanoDrop spectrophotometer. 

1.8.2.3. To measure TREC and KREC levels using a newly validated in-house real-time PCR method 

in HEU and HUU newborn babies to detect possible differences between the two groups. 
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Chapter 2: Materials and methods 

 

2.1. Study design 

This retrospective, laboratory-based longitudinal study aimed to develop an in-house real-time 

polymerase chain reaction (PCR) method to detect and quantify T-cell receptor excision circles 

(TREC) and kappa-deleting recombination excision circles (KREC) in newborn babies. The in-house 

method of quantifying TREC and KREC was used for the analysis of the Siyakhula newborn babies’ 

cohort (human immunodeficiency virus (HIV)-exposed uninfected (HEU) and HIV-unexposed 

uninfected newborn babies). 

 

2.2. Study setting 

Samples from the Siyakhula cohort (ethics reference number: 294/2017) were collected from 

antenatal clinics situated in Southwest Tshwane, South Africa (RSA). Samples were transported to 

the Department of Immunology at the University of Pretoria, Pretoria, RSA for processing and storage.  

 

2.3. Study population 

This study was conducted using samples collected from the larger Siyakhula study cohort. Pregnant 

mothers living with HIV and those living without HIV were recruited during prenatal check-ups as part 

of the Siyakhula study. The study also included paired newborn babies, and the newborn babies’ 

samples were collected during the check-up visits to the clinic. A total of 62 newborn babies dried 

blood spot (DBS) samples were used in the current study: 32 HEU and 30 HUU newborn babies. In 

order to further evaluate the reliability of the recently developed in-house real-time PCR method, the 

study included mothers of newborns. The cohort of this study was expanded to include 21 women 

living with HIV (WLWH) and 24 women living without HIV (WLWOH). A total of 107 newborns and their 

mothers made up the study's cohort. Given that DBS samples were unavailable for some newborn 

mothers, the total sample size of the mothers does not match the sample size of the infants. The 

Siyakhula study included only women with singleton pregnancies. The mothers of the newborn 

babies provided written informed consent on behalf of themselves and their infants for their blood 

samples to be used for immunological profiling. The exclusion criteria for the Siyakhula study 

included inability to obtain informed consent, maternal hypertension, diabetes, tuberculosis, 
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multiple pregnancies, and foetuses with chromosomal or structural abnormalities. The samples 

used in this study were obtained with permission from the Siyakhula umbrella study. 

 

2.4. Ethics 

This study was approved by the Research Ethics Committee of the Faculty of Health Sciences of the 

University of Pretoria, Pretoria, RSA (ethics reference number: 573/2023). The study adhered to the 

ethical principles of the Declaration of Helsinki, 2013 version. The ethics approval letter is provided 

in Appendix A. 

 

2.5. Study methodology 

2.5.1. Sample collection and storage 

This study used previously stored DBS samples from the Siyakhula study cohort. Blood samples 

were collected in ethylenediaminetetraacetic acid (EDTA) tubes from HEU newborn babies (babies 

born to mothers living with HIV), HUU newborn babies (babies born to mothers living without HIV) 

and their mothers. The blood samples were used to make DBS on Whatman 903™ filter cards (Bio-

Sciences Corporation, Waltham, MA, USA). A volume of 50 microliters (µL) was added to each DBS 

spot, and the filter cards were dried overnight at room temperature in a class II biosafety cabinet 

(Esco Lifesciences Group, Singapore). Each filter card was stored with desiccant silica gel (Merck, 

Modderfontein, RSA) in a low-gas-permeable zipper bag (Trans Africa Medicals, Edenvale, RSA) at 

room temperature.  

2.5.2. Genomic deoxyribonucleic acid extraction methods 

2.5.2.1. Dried blood spot processing for deoxyribonucleic acid extraction 

Filter papers containing DBS were prepared for deoxyribonucleic acid (DNA) extraction by first cutting 

each DBS spot (6 millimetres [mm] circle) into small pieces using a pair of scissors that were cleaned 

between each sample. Small fragments of each DBS spot were placed in a sterilised 1.5 millilitres 

(mL) microcentrifuge tube (Thermo Fisher Scientific, Waltham, MA, USA). This was followed by the 

addition of 200 µL of tissue lysis buffer along with 40 µL of reconstituted Proteinase K (Refer to 

section 2.4.2.3 for the reconstitution procedure of Proteinase K) and incubated at +55 degree Celsius 

(°C) for 1 hour (DBS older than a month were incubated for two hours) in an AccuBlock™ digital dry 

bath (Labnet International Inc., Edison, NJ, USA). Tissue lysis buffer and Proteinase K were included 
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in the high-purity PCR template preparation kit (Roche Life Sciences, Basel, CH). The microcentrifuge 

tubes were then vortexed (Infitek Ltd., Spokane, WA, USA) halfway through the incubation period to 

thoroughly mix the filter paper and the tissue lysis buffer Proteinase K mixture for the blood to be 

soaked out of the filter paper. Genomic DNA was extracted from the processed DBS samples 

immediately after incubation. 

 

2.5.2.2. Dried blood spot DNA extraction using Maxwell 16 blood DNA purification kit  

The Maxwell®16 cartridge (Promega Corporation, Madison, WI, USA) has seven wells: the first well 

contains lysis buffer, the second well contains MagneSil™ paramagnetic particles (PMPs), the third 

well contains a lysis buffer, and the fourth to seventh wells are filled with wash buffer. The last well 

was located on the ridge of the cartridge. To begin the process of DNA extraction, the cartridge was 

placed on a cartridge holder with the ridge side facing the numbered side of the cartridge holder. The 

seal covering the cartridge was removed and a plunger was placed in the last well. Processed DBS 

samples were added to the first well of the cartridge, and 100 µL elution buffer was added to the 

elution tube. The elution tubes and cartridges were placed in a Maxwell®16 automated instrument 

(Promega Corporation, Madison, WI, USA). The Maxwell®16 automated instrument was switched on 

and the protocol was followed as recommended by the manufacturer. As soon as the Maxwell®16 

instrument had completed the DNA extraction, the elution tubes were removed from the instrument 

to avoid evaporation of the eluted DNA and placed on a magnetic device for 2-3 minutes (min) before 

transferring the purified DNA into a sterilised 1.5 mL microcentrifuge tube for storage. The cartridge 

and elution tubes were discarded. The purified DNA was stored at -20 °C (CamLab Ltd., Cambridge, 

UK) until use.  

The DNA extracted with the high-purity PCR template preparation kit and Maxwell® 16 blood DNA 

purification kit was compared to determine the purity and concentration of the DNA for each method. 

 

2.5.2.3. Dried blood spot deoxyribonucleic acid extraction using the high pure polymerase 

chain reaction template preparation kit  

A high-purity PCR template preparation kit (Roche Life Sciences, Basel, CH) was used to extract DNA 

from the DBS samples. The kit contained a tissue lysis buffer, binding buffer, Proteinase K, inhibitor 

removal buffer, wash buffer, elution buffer, high-purity filter tubes, and collection tubes. Proteinase 
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K solution was stored at -20 °C, and the inhibitor removal buffer and wash buffer were stored at room 

temperature (22 °C). Proteinase K, inhibitor removal buffer, and wash buffer were prepared prior to 

use. Proteinase K solution was prepared by dissolving Proteinase K in 4.5 mL of double distilled water 

and the solution was aliquoted into microcentrifuge tubes. The inhibitor removal buffer was prepared 

by adding 20 mL of absolute ethanol (Fisher Scientific, Leicestershire, UK). The wash buffer was 

prepared by adding 80 mL of absolute ethanol to the wash buffer concentrate. The elution buffer was 

pre-warmed to 70 °C using an AccuBlock™ digital dry bath (Labnet International Inc., Edison, NJ, USA) 

(the elution buffer was kept in the heating block until required). To begin the process of manual DNA 

purification, 200 µL binding buffer was added to the processed DBS samples. Microcentrifuge tubes 

containing the processed DBS and 200 µL of binding buffer were mixed immediately and incubated 

at 70 °C in an AccuBlock™ digital dry bath (Labnet International Inc., Edison, NJ, USA) for 10 min. After 

the incubation step, the samples were removed and 100µL of isopropanol (ReAgent Chemical 

Services Ltd, Runcorn, UK) were added. The tubes were mixed by vortexing (Infitek Ltd., Spokane, 

WA, USA). The filter tube (spin column) was assembled into a collection tube and the sample was 

added to the upper reservoir of the filter tube. The assembled filter tubes (containing the sample) and 

collection tubes were centrifuged at 8000 relative centrifugal force (x g) (Merck Chemicals (Pty) Ltd, 

Germiston, RSA) for 1 min. The flow-through and collection tubes were discarded, a new collection 

tube was assembled with the filter tube, and 500 µL of inhibitor removal buffer were added to the 

upper reservoir of the filter tube. The assembled collection and filter tubes were centrifuged at 8000 

× g for 1 min. The flow-through and collection tubes were discarded. A new collection tube was 

assembled with a filter tube and 500 µL of wash buffer was added to the upper reservoir of the filter 

tube. The assembled tubes were centrifuged for 1 min at 8000 x g. The collection tube and flow-

through were discarded, and the wash step was repeated as described above. After the second wash 

step, only the flow-through liquid was discarded, and the collection tube was retained and combined 

with the filter tube again. The assembled collection tube and filter tube were centrifuged at 20 000 x 

g for 10 seconds (s)  to remove the residual wash buffer. The collection tube was discarded, and the 

filter tube was assembled into a sterile 1.5 mL microcentrifuge tube. Pre-warmed elution buffer (100 

µL) was added to the filter tubes. The assembled 1.5 mL microcentrifuge tube and filter tubes were 

centrifuged at 8000 × g for 1 min. The filter tube was then discarded. The 1.5 mL microcentrifuge tube 

containing the purified DNA, was stored at -20 °C (CamLab Ltd., Cambridge, UK) until use. 
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2.5.3. Measuring the purity and concentration of deoxyribonucleic acid using a NanoDrop® 1000 

ultraviolet-visible spectrophotometer  

The concentration and purity of DBS DNA extracted using the Maxwell®16 blood DNA purification kit 

and the high-purity PCR template preparation kit were compared. This comparison was performed 

to assess the accuracy and effectiveness of DBS DNA extraction using a Maxwell®16 blood DNA 

purification kit. The purity (A260/280) and concentration of the extracted DNA (2 µL) were measured 

in triplicate using a NanoDrop® ND-1000 (Thermo Fisher Scientific, Waltham, MA, USA). 

 

2.5.4. Real-time polymerase chain reaction 

2.5.4.1. Optimization of primers 

Primers are short single-stranded DNA fragments that are used in PCR as a starting point for DNA 

synthesis. Probes are single-stranded sequences of DNA or ribonucleic acid (RNA) used to identify 

specific sequences of DNA or RNA. Primers and probes used for the real-time PCR assay in the 

current study were purchased from Thermo Fisher Scientific (Waltham, MA, USA). The primers were 

purchased in highly concentrated, lyophilised form and diluted. The primers and probes used in the 

present study are listed in Table 1. Primer and probe sequences were acquired from the delivery 

receipt of Thermo Fisher Scientific's oligos, and the sequences were also referenced to Sottini et 

al.108 
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Table 1. Primer and probe sequences. 

 

TREC 

Forward 5’-CAC ATC CCT TTC AAC CAT GCT-3’ 

Reverse 5’-TGC AGG TGC CTA TGC ATC A-3’ 

Probe 5’-FAM-ACA CCT CTG GTT TTT GTA AAG GTG CCC ACT-TAMRA-3’ 

 

KREC 

Forward 5’-TCC CTT AGT GGC ATT ATT TGT ATC ACT-3’ 

Reverse 5’-AGG AGC CAG CTC TTA CCC TAG AGT-3’ 

Probe 5’-HEX-TCT GCA CGG GCA GCA GGT TGG-TAMRA-3’ 

 

TCRAC 

Forward 5’-TGG CCT AAC CCT GAT CCT CTT-3’ 

Reverse 5’-GGA TTT AGA GTC TCT CAG CTG GTA CAC-3’ 

Probe 5’-FAM-TCC CAC AGA TAT CCA GAA CCC TGA CCC-TAMRA-3’ 

Abbreviations: A=Adenine; C=Cytosine; FAM=Fluorescein amidites; G=Guanine; HEX=Hexachlorofluorescein; 

KREC=kappa-deleting recombination excision circles; T=Thymine; TAMRA=Tetramethylrhodamine; TREC=T-

cell receptor excision circles; TCRAC=T-cell alpha constant. 

 

The lyophilised primers were resuspended in nuclease-free water (Thermo Fisher Scientific, 

Waltham, MA, USA). A vortex was used to gently mix the primer and water (Infitek Ltd., Spokane, WA, 

USA). The concentration of the dissolved primers was 100 micromolar (µM). The 100 µM primer 

solution was diluted to a 10 µM stock solution by adding 10µL of 100µM concentrated primer was 

added to a microcentrifuge tube, 90 µL of nuclease-free water was then added to make a 10 µM stock 

solution, and the mixture was mixed by gentle vortexing. The primers were stored at -20 °C until use. 

The primer stock solution was further diluted to prepare a primer working solution that was used in 

the PCR reaction (diluted to a final concentration of 900 nM for primers and 250 nM for the probes). 

To determine the amount required for each primer and probe in a PCR reaction, the initial 

concentration (C), final concentration of primers and probes, and total volume (V) of each PCR 

reaction were used to calculate the amount (volume in µL) of primers and probes, as shown in Tables 

2 and 3.  
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Table 2. Polymerase chain reaction for T-cell receptor excision circle and kappa-deleting 
recombination excision circles assay. 

PCR component Initial 

concentration 

Final concentration Volume 

(µL) per 

reaction 

Total volume  

TREC forward 100 µM 900 nM = 0.9 µM 0.225 µL 0.225 µL × 107 

samples 

24.08 µL 

TREC reverse 100 µM 900 nM = 0.9 µM 0.225 µL 0.225 µL × 107 

samples 

24.08 µL 

TREC probe 10 µM 200 nM = 0.2 µM 0.500 µL 0.500 µL × 107 

samples 

53.50 µL 

KREC forward 100 µM 900 nM = 0.9 µM 0.225 µL 0.225 µL × 107 

samples 

24.08 µL 

KREC reverse 100 µM  900 nM = 0.9 µM 0.225 µL 0.225 µL × 107 

samples 

24.08 µL 

KREC probe 10 µM 200 nM = 0.2 µM 0.500 µL 0.500 µL × 107 

samples 

53.50 µL 

2x TaqmMan 

multiplex master 

mix 

------ ------ 12.500 µL 12.500 µL × 107 

samples 

1,337.50 µL 

Sterile distilled 

water (H2O) 

------ ------ 2.000 µL 2.000 µL x 107 

samples 

214.00 µL 

DNA/Nuclease-

free water 

------ ------ 5.000 µL ------ ------ 

Total ------ ------ 25.000 µL ------ 

Abbreviations:/symbols TREC=T-cell receptor excision circles; KREC=kappa-deleting recombination excision 

circles; H2O=Water; DNA=Deoxyribonucleic acid; PCR=Polymerase chain reaction; µM=Micromolar; 

nM=Nanomolar; µL=Microliter. 
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Table 3. Polymerase chain reaction for T-cell receptor alpha constant assay (reference control gene). 

PCR component Initial 

concentration 

Final 

concentration 

Volume 

(µL) per 

reaction 

Total volume 

TCRAC forward 10 µM 900 nM = 0.9 µM 2.25 µL 2.25 µL ×107 

samples 

240.75 µL 

TCRAC reverse 10 µM 900 nM = 0.9 µM 2.25 µL 2.25 µL × 107 

samples 

240.75 µL 

TCRAC probe 10 µM 200 nM = 0.2 µM  0.50 µL 0.5 µL × 107 

samples 

53.5 µL 

2x TaqmMan 

multiplex master 

mix 

------ ------ 12.50 µL 12.5 µL × 107 

samples 

1,337.5 µL 

Sterile distilled 

water (H2O) 

------ ------ 4.75 µL 4.75 µL × 107 

samples 

508.25 µL 

DNA/Nuclease-

free water 

------ ------ 5.00 µL ------ ------ 

Total ------ ------ 25.00 µL ------ 

Abbreviations/symbols: PCR=Polymerase chain reaction; TCRAC= T-cell receptor alpha constant; 

µM=Micromolar; nM=Nanomolar; µL=Microliter. 
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2.5.4.2. Standard curve construction 

A real-time quantitative PCR (qPCR) assay standard curve for the current study was created by 

performing a dilution series of known DNA concentrations to estimate the initial starting amount of 

the target template in the experimental samples. Serial dilutions were prepared using phosphate-

buffered saline (PBS) (Thermo Fisher Scientific, Waltham, MA, USA). This study used a DNA sample 

with an initial concentration of 39.86 nanograms per microliter (ng/µL) to construct the standard 

curves for TREC and KREC. The DNA stock solution was diluted in a series of five two-fold dilutions. 

To construct a standard curve for TREC, 7.5 µL TREC mixture (forward primer, reverse primer, probe, 

and nuclease-free water) was added to each PCR plate well, followed by 12.5 µL TaqMan™ Multiplex 

Master Mix (Thermo Fisher Scientific, Waltham, MA, USA) and 5 µL DNA. To produce the KREC 

standard curve, a volume of 7.5 µL KREC mixture (forward primer, reverse primer, probe, and 

nuclease-free water) was added to each PCR plate well, along with a volume of 12.5 µL TaqMan™ 

Multiplex Master Mix and 5 µL DNA (one dilution per well). A standard curve for absolute 

quantification in the real-time qPCR assay was created by plotting the threshold cycles (Ct) against 

the log of the initial TREC or KREC amplification copies (QuantStudio 6 and 7 flex real-time PCR 

system software, Foster City, California). 

 

2.5.4.3. Quantification of T-cell receptor excision circles and kappa-deleting recombination 

excision circles 

The real-time qPCR assays used genomic DNA with concentrations that were between 6.65 ng/µL 

and 30.54 ng/µL. The DNA yielded from the manual DNA extraction method was utilised for 

quantitative real-time PCR for HEU, HUU, WLWH, and WLWOH samples. The PCR was conducted 

using the TaqMan™ assay multiplex PCR optimisation application guide. Each well of the PCR plate 

contained a total volume of 25 µL per PCR reaction. Table 4 summarizes the reagent setup. To 

eliminate any bubbles and ensure that all reagents were at the bottom of the wells, the PCR plate 

was filled with all the necessary reagents, sealed with an adhesive cover, and centrifuged at 580 × g 

(Hermle LaborTechnik, Wehingen, DE). Next, the PCR plate was placed in a QuantStudio™6 flex PCR 

instrument (Applied Biosystems, Foster City, CA, USA), and the TaqMan™ assay multiplex PCR 

optimization guide was used for the reaction procedure. The procedure started with an enzyme 

activation cycle of 20 s at 95 °C.109 Thereafter, there were 40 cycles of 3 s denaturation steps at 95 

°C.109 Finally, 40 cycles of 30 s at 60 °C annealing and extending stages.109  
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Table 4. Reagent setup for T-cell receptor excision circles, kappa-deleting recombination excision 

circles, and T-cell receptor alpha constant assays. 

TREC/KREC TCRAC 

Sterile water (H2O) 5.6 µL H2O 2.50 µL 

TREC forward 0.225 µL TCRAC forward 2.25 µL 

TREC reverse 0.225 µL TCRAC reverse 2.25 µL 

TREC probe 0.500 µL TCRAC probe 0.50 µL 

KREC forward 0.225 µL 2x TaqMan Multiplex 

Master Mix 

12.5 µL 

KREC reverse 0.225 µL DNA/Nuclease water 5.00 µL 

KREC probe 0.500 µL Total 25.00 µL 

2x TaqMan Multiplex 

Master Mix 

12.50 µL  

DNA/Nuclease water 5.000 µL 

Total 25.000 µL 

Abbreviations/symbols: H2O=Water; TREC=T-cell receptor excision circles; KREC=kappa-deleting 

recombination excision circles; TCRAC= T-cell receptor alpha constant; µM=Micromolar; nM=Nanomolar; 

µL=Microliter. 

 

Using control samples, the specificity of previously published primers was determined.108 The 

TCRAC gene was used as the reference control gene. To assess the test validity of the TREC/KREC 

cutoff and assay scope, serial dilutions of samples taken from healthy controls were prepared and 

examined to establish the sensitivity of the results. Phosphate buffered saline was used to prepare 

the dilutions. As a negative control, an empty DBS was used to ensure undetectable amounts of 

TREC/KREC biomarkers. Intra- and inter-assay variation trials using DNA from the same sample were 

used to verify the reproducibility of the assay. The data were recorded on a data sheet and analysed 

using the QuantStudio™ delta analysis software (Applied Biosystems, Foster City, CA, USA). A 

summary of all the results is documented in Chapter 3, and the results are presented in full in the 

appendices. 
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2.6. Statistics 

Descriptive and inferential statistical techniques were used for analyses. Data of this study were 

assumed to be non-parametric, and this was confirmed by Shapiro-Wilk and Shapiro-Francia tests 

for normality. Descriptive statistics are presented as measures of central tendency and dispersion 

medians with interquartile ranges, proportions, and frequencies relevant to the data. The tests for 

the association between contingency tables were performed using a two-tailed Chi2 test. One-way 

analysis of variance (ANOVA) was performed using the Kruskal-Wallis test for non-parametric data 

for more than two groups, or the Mann-Whitney test when two groups were compared. Dunn's test of 

multiple comparisons, using rank sums, was performed to determine multiple pairwise 

comparisons. Bland Altman method of agreement was used to determine the DNA purity and 

concentration between the manual and Maxwell extraction methods.  

Statistical significance was determined as a P-value <0.05. The analyses were conducted using 

StataNow 18.5 BE (Statacorp LLC, College station, TX, USA). 
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Chapter 3: Results 

3.1. Demographics 

The current investigation used a total of 107 samples (human immunodeficiency virus (HIV)-exposed 

uninfected (HEU): 29.9%, HIV-unexposed uninfected (HUU): 28%, women living with HIV (WLWH): 

19.6%, women living without HIV (WLWOH): 22.4%) and is summarised in Table 5 and Table 6, 

respectively. The HEU and HUU infant groups comprised both females (HEU:44%, HEU:57%) and 

males (HEU:56%, HUU:43%). From a total of 107 stored samples from the Siyakhula cohort, 15 

samples were randomly selected to evaluate deoxyribonucleic acid (DNA) extraction methods for 

validating DNA isolation from DBS samples using the Maxwell® 16 blood purification kit (automated 

DNA extraction method). Furthermore, the study included the paired mothers of newborn infants to 

further assess the reliability of the established in-house real-time polymerase chain reaction (PCR) 

for T-cell receptor excision circles (TREC) and kappa-deleting recombination excision circles (KREC).  

The demographics for HEU and HUU infant groups include gender, gestational age, weight, length, 

and head circumference. Most of the infants were born between 37 and 42 weeks of gestational age. 

Premature birth (less than 36 weeks gestational age) accounted for 4.8 percent (%) in HEU infants 

and 6.50% in HUU infants for the overall infant study group. The weight of the babies at week zero 

after birth ranged between 1.6 and 3.9 kilograms (kg) for HEU infants and between 1.4 and 3.7 kg for 

the HUU infants. Body length of the babies at week zero ranged between 41 to 57 centimetres (cm) 

in HEU and HUU infants. Head circumference at week zero ranged between 29 and 37 cm for HEU 

babies and between 30 and 38 cm for the HUU babies. 

The demographics of the maternal group (WLWH and WLWOH) included their age, height, and 

weight. The clusters of differentiation (CD)4+ count & HIV viral load were also included for the WLWH 

group. The age of the WLWH group ranged between 24 and 45 years, and for the WLWOH it ranged 

from 19 to 44 years. Height ranged between 120 and 176 cm for the WLWH group and between 144 

and 170 cm for the WLWOH group. The weight at 36 weeks of pregnancy for the WLWH group ranged 

between 48 and 92 kg and between 53 and 88 kg for the WLWOH group. The CD4+ count and HIV viral 

load were also included for the WLWOH group in Table 6. 

The demographic data for the infant group and maternal groups are presented in Tables 5 and 6. The 

comprehensive demographic characteristics of this section are provided in Appendices C and D. 
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Table 5. Summary of the demographic features of the research group, comparing human 

immunodeficiency-exposed uninfected newborn babies with human immunodeficiency-unexposed 

uninfected newborn babies. 

Category Statistical measure HEU infants HUU infants 

Gender 

Female 

Male 

 

n (%) 

 

14 (44%) 

 

17 (57%) 

n (%) 18 (56% 13 (43%) 

Gestational age 

≤36 weeks 

37 to 42 weeks 

n (%) 3 (9.4%) 4 (13.3%) 

n (%) 29 (90.6%) 26 (86.7%) 

Weight (kilograms (kg)) 

 

 

Median (week 0) 

IQR (week 0) 

3.00 

2.8 – 3.2 

3.00 

2.6 – 3.2 

Median (24 months) 

IQR (24 months) 

11.0 

10.1 – 11.8 

11.0 

10.9 – 12.8 

Length (Centimetres (cm)) 

 

 

Median (week 0) 

IQR (week 0) 

50.0 

48.0 – 52.0 

49.0 

46.0 – 52.0 

Median (24 months) 

IQR (24 months) 

84.0 

83.0 – 88.0 

86.0 

84.3 – 89.0 

Head circumference (cm) 

 

Median (week 0) 

IQR (week 0) 

35.0 

33.0 – 36.0 

34.0 

33.0 – 35.0 

Median (24 months) 

IQR (24 months) 

49.0 

48.0 – 50.0 

49.0 

47.9 – 49.6 

Abbreviation/symbols: HEU = HIV-exposed uninfected; HUU = HIV-unexposed uninfected; kg = Kilograms; cm 

= Centimetres; IQR = Interquartile range; % = Percent; ≤ = Less than/equal to; n = Sample size. 
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Table 6. Summary of the demographic features of the research group, comparing women living with 

human immunodeficiency virus with women living without human immunodeficiency virus. 

Category Statistical measure WLWH WLWOH 

Age (years) Median 38 30 

IQR 35 - 40  25 - 34 

Height (cm) 

 

Median 159 157 

IQR 156 - 161 154 - 158 

Weight (kg) 

Before delivery (gestation age 

= 36 weeks) 

Median 69 74 

IQR 66 - 81 64 - 80 

After delivery (24 months) Median 65 69 

IQR 58 - 77 63 - 73 

CD4 count 

Before delivery (gestation age 

= 36 weeks) 

Median 466  

IQR 316 - 648 

After delivery (24 months) Median 700 

IQR 700 - 750 

HIV viral load (24 months 

after birth) 

Viral load = 0 

Viral load > 0 

n = 21 

n = 0 

Abbreviation/symbols: HIV = Human immunodeficiency virus; WLWH = Women living with HIV; WLWOH = 

Women living without HIV; IQR = Interquartile range; cm = Centimetres; kg = Kilograms; CD4 = Clusters of 

differentiation 4 (T helper cells), > = Greater than. 

 

3.2. Dried blood spot deoxyribonucleic acid concentration and purity  

3.2.1. Comparison of deoxyribonucleic acid extraction methods from dried blood spots 

Both DNA extraction approaches (manual and automated methods) were performed on a group of 

15 participants to validate the reliability of the Maxwell® 16 blood DNA purification system for dried 

blood spots.  A comparison of automated and manual DNA extraction methods was conducted for 

DNA concentration and purity. Statistical measures of the mean and the standard deviation were 

used, as shown in Table 7. The standard deviation was used to determine the variation in the 

concentration/purity of the DNA values in each DNA extraction method. The less spread out the DNA 

concentration/purity values are, the smaller the standard deviation; the larger the standard 
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deviation, the more widely distributed the values are. Table 7 presents the results of the comparative 

study of the two DNA extraction methods. Appendix E displays all the DNA concentration and purity 

data for this section. 

Figure 3 illustrates the graphical representation of the comparison of DNA purity between the two 

DNA extraction methods using violin plots. The agreement between the two DNA extraction 

techniques was assessed using the Passing Bablok residual plots, which are displayed in Figure 4. 

For the samples extracted using the automated DNA extraction method, sensitivity was assessed by 

detecting TREC and KREC using real-time PCR. The qualitative real-time PCR results were 

comparable for all examined dried blood spot (DBS) samples from both DNA extraction methods, 

and the sensitivity test results for the automated and manually extracted samples were compared. 

Figure 5 shows a representation of all the results. 

 

 

 

Table 7. Deoxyribonucleic acid extraction results of the high-purity polymerase chain reaction 

template preparation kit (manual extraction) and the Maxwell® 16 blood deoxyribonucleic acid 

purification system (automated extraction). 

Category Statistical 

measure 

Maxwell 16 blood 

DNA purification 

system 

High pure PCR 

template preparation 

kit 

DNA concentration (ng/µL) Mean 11.2 14.8 

Standard 

deviation 

3.2 3.7 

DNA purity measure (260/280 

ratio) 

Mean 1.7 1.5 

Standard 

deviation 

0.2 0.1 

Abbreviations: DNA = Deoxyribonucleic acid; PCR = Polymerase chain reaction; ng = Nanograms; µL = 

Microliters. 
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According to the Violin plots shown in Figure 3 the automatic extraction method gave a purity ratio 

range between 1.6 and 1.8 whereas the purity ratio of the DNA extracted using the manual method 

ranged between 1.4 and 1.6. 

 

Figure 3: Comparison of the 260/280 ratio (purity) for the automated DNA extraction method 

(Maxwell® 16 blood DNA purification kit) and the manual DNA extraction method (High purity PCR 

template preparation kit). 

 

The intra- and inter-assay precision were determined using the coefficient of variation (CV). The CV 

was calculated using the ratio of standard deviation to the mean/average of the data set. The criteria 

of acceptance for intra- and inter-assay precision were accepted as a %CV of ≤15% and ≤20%, 

respectively. The CV’s reported by Qureshi et al. (2023) were used as the CV references. The DNA was 

measured at 260 and 280 nanometres (nm) to gauge the purity (a ratio of 1.8 is generally accepted 

as “pure”).  Table 8 displays the Intra- and inter-assay variables for the DNA concentration. 
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Table 8. Statistical measures used for the assessment of intra- and inter-assay in DNA 

concentration. 

Assay Mean Standard deviation % of CV 

Intra-assay 9.4 ng/µL 1.1 12% 

Inter-assay 

Sample 1 

Sample 2 

Sample 3 

 

6.8 ng/µL 

9.1 ng/µL 

7.9 ng/µL 

 

0.99 

0.21 

0.47 

 

14% 

2% 

6% 

Abbreviations/symbols: CV = Coefficient of variation, ng = Nanograms, µL = Microliters, % = Percent. 

 

The Passing Bablok method was used for the regression analysis to compare DBS DNA extracted 

using the manual and automated methods to assess if the two methods would yield similar results. 

This approach uses a regression line model represented as Y = A + BX. The Passing Bablok regression 

analysis assumes that if zero is included in the confidence interval of A (Intercept) and one is 

included in the confidence interval (CI) of B (Slope), the two approaches are considered similar 

within the measured concentration range. The slope coefficient (B) is 0.87, with a 95% CI between 

0.23 and 2.34, and the intercept coefficient (A) is ‐1.58, with a 95% CI between ‐25.29 and 7.86. The 

regression analysis using the Passing Bablok method for the dataset (concentration and purity) 

measured on the DBS DNA extracted using two DNA extraction techniques (automated and manual) 

is illustrated in Figure 4. 
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Figure 4: A Passing Bablok regression analysis to compare the automated and manual DNA 

extraction methods for extracted DBS DNA concentration and purity with a sample size of 15. The 

concentration was found to range between 6.4 and 22.3 ng/µL, and the purity was found to range 

between 1.4 and 2. Lin's concordance correlation coefficient of absolute agreement (r) was found to 

be 0.16, with a P > 0.2. (a) A residual plot illustrating the distribution pattern of DNA concentration 
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differences relative to the fitted regression line. (b) A residual plot depicting the distribution pattern 

of DNA purity differences relative to the fitted regression line. 

The DNA extracted from the DBS using the automated method was tested for sensitivity by real-time 

PCR analysis for the ability to detect the presence of TREC and KREC in the extracted samples. Figure 

5 displays the multicomponent plot of amplification cycles for TREC and KREC in one DBS DNA 

sample for sensitivity analysis. Figure 5 (a) shows the non-template control reaction of TREC and 

KREC PCR results. All other results showed similar results. In Figure 5 (b) the representative positive 

reaction of the TREC and KREC curves is displayed. 
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Figure 5: Multicomponent plots for TREC and KREC detection. (a) Non-template control reaction of 

TREC and KREC PCR results, (b) Representative TREC and KREC amplification curves. 
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3.2.2. Deoxyribonucleic acid extraction results for newborns and their mothers (Siyakhula 

cohort) 

The current study used a sample size of 62 newborn babies consisting of 32 HEU and 30 HUU infants. 

DNA was extracted from DBS samples using a manual method (High Purity PCR Template Preparation 

Kit). Genomic DNA was extracted by using a validated manual procedure. Tables 9 and 10 present 

the DNA extraction results for the HEU and HUU infants as well as the results of the WLWH and 

WLWOH cohorts respectively.  Appendices F and G display all the DNA concentration and purity data 

for this section. 

Table 9. Deoxyribonucleic acid extraction results in the newborn babies’ study population. 

Category Statistical measure HEU infants HUU infants 

DNA concentration (ng/µL) Median 18.8 17.9 

IQR 17.2 – 24.2 10.7 – 20.4 

DNA purity measure (260/280 ratio) Median 1.60 1.70 

IQR 1.5 – 1.7 1.4 -1.8 

Abbreviations: DNA = Deoxyribonucleic acid, IQR = Interquartile range, ng = Nanograms, µL = Microliters, HEU 

= HIV-exposed uninfected, HUU = HIV-unexposed uninfected. 

 

The present study used 45 samples from mothers of infants (WLWH: n = 21 and WLWOH: n = 24). The 

maternal cohort comprised WLWH (mothers of HEU infants) and WLWOH (mothers of HUU infants). 

Due to certain mothers' DBS samples not being available, the maternal group's sample size was 

smaller than that of the infant group. 

Table 10. Results of deoxyribonucleic acid extraction for the study cohort of infant mothers. 

Category Statistical measure WLMH  WLWOH 

DNA concentration (ng/µL) Median 15.2 18.5 

IQR 13.7 – 16.8 16.9 – 19.9 

DNA purity measure (260/280 ratio) Median 1.5 1.46  

IQR 1.4 – 1.5 1.40 – 1.49 

Abbreviations: DNA = Deoxyribonucleic acid, IQR = Interquartile range, ng = Nanograms, µL = Microliters, 
WLWH = Women living with HIV, WLWOH = Women living without HIV. 
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3.3. Quantitative real-time polymerase chain reaction 

3.3.1. Standard curve 

The standard curve for the real-time quantitative PCR (qPCR) experiment was obtained by 

conducting a two-fold dilution series. Standard curves for TREC and KREC were constructed using a 

DNA sample with a starting concentration of 39.86 ng/µL. Table 11 presents the corresponding 

statistical measurements, and Figure 6 displays the standard curves for TREC and KREC. 

 

 

Figure 6: Standard curve for TREC and KREC circles. 
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Table 11. The statistical measures of T-cell receptor excision circles and kappa-deleting 

recombination excision circles standard curves.  

 TREC standard curve KREC standard curve 

Slope -2.55 -3.92 

Y-intercept 36.04 36.09 

R2 0.90 0.98 

Efficiency 146.98 79.97 

Error 0.30 0.18 

Abbreviations/symbols: R2 = Coefficient of determination, TREC = T-cell receptor excision circles, KREC = 
kappa-deleting recombination excision circles. 

 

3.3.2. Detection of T-cell receptor excision circles and kappa-deleting recombination excision 

circles in samples from newborn babies. 

After constructing the standard curve, DNA extracted from DBS samples was processed for the next 

stage of quantitative PCR. The T-cell receptor alpha constant gene (TCRAC) was used as the 

reference control gene for quantitative PCR. Each sample was assayed twice, with one well 

containing a mixture of TREC and KREC (primers and probes), and the second well containing TCRAC. 

The TCRAC gene was identified in all samples. Clean DBS filter paper was treated with the same DNA 

extraction methodology, was subsequently used as a negative control. No target genes were 

detected in negative controls. All non-template controls (NTCs) for every PCR run yielded negative 

results, confirming the absence of contamination in all PCR cycles conducted in this investigation.  

The mean quantity of TREC in both HEU and HUU newborn babies was found to be greater than the 

quantity of KREC measured in both groups. The cycle threshold (CT) values for all the samples ranged 

between 30 and 38. The cycle threshold is the point at which the fluorescent signal from the reaction 

exceeds this threshold. It is utilized to determine the initial number of DNA copies, with the CT value 

inversely related to the initial amount of the target. A sample with a high CT value indicates a low 

initial number of TREC or KREC genes. The coefficient of determination (R2) for the TREC and KREC 

standard curves was 0.90 and 0.98, respectively. Coefficient of determination is used to evaluate the 

performance of regression models. The values of R2 range from 0 to 1, where a value closer to one 

indicates a perfect fit and zero indicates no relationship. Statistical significance was determined by 

P-value was less than 0.05. The P-value for TREC quantification between HEU and HUU infants was 
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0.006, and it was 0.248 for KREC quantification. Figure 7 shows the differences between the HEU and 

HUU infant groups for the quantity of TREC and KREC. The statistical measurements from qPCR for 

both HEU and HUU infants are shown in Table 12 and Figure 7. Appendix H contains detailed 

quantitative PCR results for the HEU and HUU newborn study populations. 

Table 12. Comparison of quantitative real-time polymerase chain reaction results for T-cell receptor 

excision circles and kappa-deleting recombination excision circles between HIV-exposed uninfected 

and HIV-unexposed uninfected.  

Category Statistical 

value 

HEU infants HUU infants P-value 

TREC 

 

KREC TREC 

 

KREC 

Target gene 

detection: 

Detected 

Undetected 

 

 

n (%) 

 

 

32 (100%) 

 

 

32 (100%) 

 

 

30 (100%) 

 

 

30 (100%) 

 

n (%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 

Quantity 

(TREC or 

KREC per 2 x 

105 copies ) 

Median 3 4 10 7 TREC: 0.006 

KREC: 0.248 IQR 2 - 8 3 - 10 5 - 16 4 - 10 

CT Median 35 34 34 33  

IQR 34 - 35 32 - 34 33 - 34 32 - 34 

R2 TREC: 0.90 

KREC: 0.98 

Slope TREC: -2.55 

KREC: -3.92 

Abbreviations/symbols: n = Sample size, % = Percent, CT = Cycle threshold, R2 = Coefficient of determination, 

TREC = T-cell receptor excision circles, KREC = kappa-deleting recombination excision circles, IQR = 

Interquartile range, HEU = HIV-exposed uninfected, HUU = HIV-unexposed uninfected. 
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Figure 7: A box plot illustrating the statistical significance of TREC quantity between HEU and HUU 

newborn babies. The differences between the two infant groups were statistically significant, with a 

P-value of 0.006. 

 

Table 13 displays the statistical measurements of CT and quantity from qPCR samples for the WLWH 

and WLWOH cohort. Figure 8 shows the differences in the median, IQR, minimum, and maximum 

TREC and KREC quantities between the WLWH and WLWOH cohorts. Appendix I contains detailed 

qPCR results for the WLWH and WLWOH samples. The P-value for TREC and KREC quantification 

between WLWH and WLWOH was 0.14 and 0.12, respectively. 

 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



44 
 

Table 13. Quantitative real-time polymerase chain reaction results for T-cell receptor excision circles 

and kappa-deleting recombination excision circles between Women living with HIV and Women 

living without HIV. 

Category Statistical 

value 

WLWH WLWOH P-value 

TREC 

 

KREC TREC 

 

KREC 

Target gene 

detection: 

Detected 

 

Undetected 

 

 

n (%) 

 

 

19 (90.5%) 

 

 

20 (95.2%) 

 

 

21 (87.5%))  

 

 

24 (100%) 

 

n (%) 2 (9.5%) 1 (4.8%) 3 (12.5%) 0 (0%) 

Quantity 

(TREC or 

KREC per 2 x 

105 copies ) 

Median 0 3 1 2 TREC: 0.14 

KREC: 0.12 IQR 0 - 1 1 - 5 0 - 2 1 – 4 

CT Median 37 34 37 35  

IQR 36 - 38 33 - 36 35 - 37 34 - 35 

R2 TREC: 0.90 

KREC: 0.98 

Slope TREC: -2.55 

KREC: -3.92 

Abbreviations: n = Sample size, % = Percent, CT = Cycle threshold, R2 = Coefficient of determination, TREC = T-

cell receptor excision circles, KREC = kappa-deleting recombination excision circles, IQR = Interquartile range, 

WLWH = Women living with HIV, WLWOH = Women living without HIV. 
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Figure 8: Comparison of TREC and KREC quantitative real-time PCR results between WLWH and 

WLWOH. The comparison focused on (a) the quantity of TREC/ 2 x 105 copies and (b) the quantity of 

KREC/ 2 x 105 copies between the two study groups. This is a graphic representation of the median, 

minimum, and maximum TREC and KREC quantities for the WLWH and WLWOH groups.  
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Chapter 4: Discussion and Conclusion 

 

4.1. Discussion 

Monogenic immune system abnormalities known as inborn errors of immunity (IEI) can result in 

immunodeficiency, autoimmunity, autoinflammation, allergies, and neoplasms.1,10,110 Inborn errors 

of immunity were regarded as rare disorders.25,110 However, the rate at which new mutations 

underlying IEIs are being identified is extraordinary, and the clinical phenotypes that are linked with 

these defects are becoming increasingly well-defined.110-111 This is revealing the significant health 

risks that these diseases collectively pose.110 Circular DNA (cDNA) fragments of T- and B-cell 

receptors (TREC and KREC) that arise from receptor gene rearrangement in T and B cells can be used 

to identify IEI.112 

An in-house real-time polymerase PCR method for TREC and KREC was developed for screening IEI 

in newborn babies. Newborn screening aims to detect pre-symptomatic infants who might have life-

threatening or serious health conditions that could be effectively treated, resulting in a significant 

reduction in morbidity and mortality.113  The HEU and HUU cohorts were specifically chosen for this 

study's population because numerous research studies have shown that HEU babies are more 

immunologically vulnerable than HUU infants because of their exposure to HIV and antiretroviral 

therapy.114-117 Assessing how TREC and KREC levels would vary in infants with a higher risk of 

immunological vulnerability (HEU) versus HUU neonates was one of the study's objectives to detect 

T- and B-cell markers in these infants. 

Dried blood spot samples were used, and DNA was extracted from DBS. An automated method for 

DNA extraction (specifically the Maxwell® 16 blood DNA purification kit) was validated for DBS DNA 

extraction. An in-house real-time PCR assay for TREC and KREC quantification was developed. Using 

the newly developed TREC and KREC assays, TREC and KREC were detected and quantified in 

samples of HEU and HUU newborn babies. 

4.1.1. Deoxyribonucleic acid extraction comparison 

Dried blood spot refers to drops of blood on absorbent filter paper.118-119 The DBS approach does away 

with the necessity for phlebotomy, which is typically uncomfortable, and for frequent, routine trips 

to medical facilities.120 In contrast to plasma or serum maintained under the same conditions, RNA 

and DNA, antibodies or other proteins, and antiviral medications or their metabolites stay stable on 
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DBS cards for comparatively extended periods of time when kept with desiccant in sealed bags at 

room temperature.121-122 Dried blood spot filter cards are small, lightweight, and easy to transport. 

They also pose little risk of infection since, as they dry out, many viruses become inactive owing to 

the disruption of their envelopes.121-122 

Several manual and automated methods for DNA extraction from DBS have been validated.123-126. In 

the laboratory where the current study was conducted, the automated DNA extraction technique 

used was the Maxwell® 16 blood DNA purification technique (specifically, the Maxwell® 16 blood DNA 

purification kit on the Maxwell® 16 instrument version 4.0 (Promega Corporation, Madison, WI, USA)). 

The study's objectives included validating the Maxwell® 16 blood DNA purification method for DBS 

DNA extraction, as there is currently no literature validating this technique's application for DBS DNA 

extraction. Automated DNA extraction is less time-consuming and minimizes human errors and 

contamination. A high-purity PCR template preparation kit (Roche Life Sciences, Basel, CH) was 

used to compare the DBS DNA extracted by an automated method to DBS DNA extracted by a 

validated manual method.  

The DBS samples can be maintained at room temperature (15 to 30 degree Celsius (°C)) for 7 days, 

provided they are not subjected to high humidity (>50%).127-128 Alternatively, they may be preserved 

for up to 2 months under low-humidity conditions without compromising DNA detection via qPCR.127-

128 Li et al. conducted a study demonstrating the long-term stability of HIV-1 DNA in DBS preserved 

for over four years at ambient temperature.129 This is consistent with the findings of the current study, 

where DBS samples had been stored for over four years, and DNA detection for TREC and KREC via 

qPCR was not compromised. 

A higher DNA concentration was achieved in this study for a single DBS spot, with values ranging 

from 6.4 ng/µL to 18.5 ng/µL, in contrast to the study by Kumar et al., which reported a concentration 

range of 2.14 ng/µL to 4.7 ng/µL for DNA extracted from one DBS spot.130 In a previous study, Lang et 

al. showed that the concentration of DNA extracted using an automated method was comparable to 

that of DNA extracted manually when following the manufacturer's instructions and adding carrier 

RNA treatment. However, both the chosen elution volume and the method greatly affected the 

integrity of the DNA.131 This contradicts the findings of the current study, as the DNA concentration 

obtained from the automated method (Maxwell® 16 blood purification kit) was dissimilar to that from 

the manual method (High purity PCR template preparation kit).  
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Compared to the average DNA purity of 1.5 acquired using the manual method, the average DNA 

purity of samples obtained using the automated method was 1.7, which was closer to the optimal 

purity of 1.80. ThermoFisher Scientific reports that a 260/280 ratio of approximately 1.80 indicates 

pure DNA.132 Any ratio higher or lower than 1.80 is considered abnormal and suggests contamination 

by the reagents used in the extraction process. If contamination is caused by the reagents, the 

260/280 ratio is typically lower.132 An insufficient amount of DNA (less than 10 ng/µL) might 

potentially contribute to an abnormal 260/280 ratio.132 The DNA concentrations from the automated 

and manual DNA extraction methods were found to be similar, unlike the purity of the DNA extracted 

by the two methods. As expected, the purity of the DNA extracted using the automated method of 

extraction was higher than that extracted manually. This underscores the ability of automated DNA 

extraction in reducing human error and interaction; therefore, resulting in increased DNA purity.  

The intra- and inter-assay precision adhered to the acceptance requirements of ≤15% and ≤20%, 

respectively. The intra- and inter-assay results align with the findings by Qureshi et al., which similarly 

reported a variation limit of ≤15% and ≤20%.133   

To establish an agreement between the two methods of DNA extraction, the Passing Bablok method 

was used. The confidence interval for both the slope and intercept was found to adhere to the 

assumptions of the Passing Bablok method, therefore it was determined that the automated and 

manual DNA extraction methods are comparable for DBS DNA extraction.  

Research conducted by Lang et al. indicated that analysing DNA extracted from DBS samples and 

its ability to amplify TREC sequences supports the preference for an automated extraction approach 

for subsequent qPCR applications.131 This study corroborates the findings of Kumar et al., 

demonstrating that isolated DBS DNA can be effectively utilized in PCR.130 

The choice of DNA extraction method used does influence the downstream analyses, such as real-

time qPCR, to a lesser extent. The automated DNA extraction method yields DNA that has a higher 

TREC and KREC gene expression as compared to the manual DNA extraction method; the differences 

can be seen in Figure 5 in the results section. This is to be expected, as automated DNA extraction 

involves less human interaction than manual DNA extraction. 
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4.1.2. Quantification of T-cell receptor excision circles and kappa-deleting recombination 

excision circles 

The present study established an in-house real-time PCR method aimed at newborn screening for 

inborn errors of immunity (IEI). This was accomplished by utilising commercially available primers 

and probes for TREC and KREC markers. 

Several methods have been used for the quantitative assessment of TREC and KREC, including RT-

PCR, which is among the most widely utilised and affordable technologies.3,19,32,35,83,134 The 

implementation of KREC measurement provides an additional method for identifying B-cell 

lymphopenia.19 Conversely, multiplex TREC, KREC, and internal control in a single RT-PCR reaction 

mitigates variability from pipetting errors and facilitates precise assessment of TREC and KREC levels 

in a cost-efficient manner.135 

The quantity of TREC was found to be greater than that of KREC in both groups of infants (HEU and 

HUU). Due to T-cells constituting a greater proportion of total lymphocytes in the blood compared to 

B-cells136, it is expected that individuals will have a higher quantity of TREC compared to that of KREC. 

The TREC and KREC markers were detected in all the newborn babies included in this study. This was 

expected as no adverse health conditions were noted for any of the infants included in the current 

study over the duration of the study. The HUU infant group were found to have significantly higher 

levels of TREC than the HEU infant group. Given that HEU infants have altered cell-mediated 

immunity, including impaired T-cell maturation and documented hypo- and hyper-responsiveness to 

T-cell activation results of the current study are similar to those reported by Evans et al.71 Studies 

have shown that HEU children are more likely to be born prematurely and small for their gestational 

age, and they generally have poor growth and developmental outcomes compared to HUU 

infants.71,115,117 This may be due to in utero exposure to HIV as well as antiretroviral therapy. Although 

slightly higher in the HEU infants, the levels of KREC were not statistically different between the HEU 

and HUU infant groups. 

The TREC gene was detected in 90.5% of the women living with HIV (WLWH) included in the maternal 

study group; two samples had undetectable TREC. All of the WLWH selected in the current study had 

low detectable levels (LDL) of HIV. The undetectable TREC in WLWH was unexpected. The HIV targets 

and eradicates CD4+ T-cells, hence diminishing the body's immune response to infection.137 

Nonetheless, a low or undetectable viral load should yield detectable TREC levels.137 While a low 
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detectable viral load or zero HIV viral load may not always indicate complete immunological 

reconstitution,138 TREC should be detectable and quantifiable, even in small quantities, to 

demonstrate thymic function. 

 The KREC gene was not detected in 4.8% of WLWH. The HIV infection is reported to cause 

disruptions in all primary cell types of the immune system, including B-lymphocytes.139 Since the 

WLWH in this study had a LDL viral load, undetectable TREC and KREC levels were not expected. 

 The study group of women living without HIV (WLWOH) were included as healthy control 

participants. A percentage of 12.5% of the WLWOH showed undetectable expression of the TREC 

gene, while 100% of the samples expressed the KREC gene. Given that the WLWOH samples came 

from healthy individuals, one would expect to detect both TREC and KREC in all samples, however, 

this was not the case. Both healthy individuals and HIV-infected participants between the ages of 20 

and 65 were found to have a 95% reduction in TREC levels, according to research by Goronzy et al. 

and Naylor et al.140-141 

No statistically significant differences were observed in the levels of both TREC and KREC between 

the WLWH and the WLWOH groups. The DNA concentration and purity of samples with detected 

TREC and KREC were comparable to those of samples with detectable and quantifiable TREC and 

KREC. The assessment of TREC and KREC quantification and standard curves requires further 

analysis to determine why TREC and KREC cannot be detected in certain samples while 

simultaneously being unquantifiable for both markers. 

4.2. Conclusion 

Automated DNA extraction using the Maxwell system can be used to extract sufficient DNA with 

adequate purity from DBS samples, which is suitable for qPCR. 

The newly developed in-house real-time PCR method effectively quantified TREC and KREC in 

newborn babies. The assays of TREC and KREC have demonstrated significant potential for IEI 

screening, and the simultaneous detection and quantification of TREC/KREC is a cost-effective 

method that utilizes fewer resources. Incorporating TREC and KREC tests into newborn screening 

can significantly enhance the chance of detecting IEI at birth. Quantifying these biomarkers may 

allow for the early identification of IEI, which, in turn, would allow for timely therapeutic 

interventions. 
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There were differences observed between HUU and HEU infants. These results indicate that 

immunologically vulnerable babies (HEU) have reduced expression of TREC. This suggests that 

babies born to mothers living with HIV are at a higher risk of T-cell dysfunction due to exposure to HIV 

and antiretroviral therapy. 

 

4.3. Strengths of the study 

A quantitative real-time PCR assay was used in the current study; it requires no post-PCR analysis 

and uses fewer resources and less time. The quantification of TREC and KREC occurred in real-time 

instead of at the end of the procedure, as is the case with conventional PCR methods. TREC and 

KREC qPCR techniques have been successfully used in other studies to screen newborn babies for 

IEI. 

 

4.4. Limitations of the study 

The establishment of cut-off values for TREC and KREC quantities to differentiate between abnormal 

and normal samples was not feasible, nor was it possible to determine the expected ranges of TREC 

and KREC quantities in paediatric and adult populations due to the limited sample size. This 

objective could have been more readily achieved had the study groups encompassed children and 

adults of various age groups, as well as a subset of participants with confirmed diagnoses of IEI. 

Furthermore, it was not feasible to monitor the longitudinal changes in TREC and KREC quantities 

during infant development, as no single infant participant provided a DBS sample for all nine 

neonatal visit time points. 

A positive control, specifically a sample from an individual with IEI, was not available. Consequently, 

it was not possible to compare a sample from a healthy individual with that of a confirmed case of 

IEI. 
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4.5. Recommendations 

The quantification process of the TRECs and KRECs requires further refinement, as the limited 

instances where detection failed could potentially be attributed to design or procedural issues in the 

standard curve. 

The findings of the current study emphasize the need for a more extensive investigation into the South 

African population to establish reference ranges for TREC and KREC expression in both paediatric 

and adult groups. Given the broad spectrum of conditions classified as IEI, it is crucial to conduct 

further research on TREC and KREC assays across various manifestations of these genetic disorders. 

This expanded research could provide valuable insights into the prevalence and characteristics of IEI 

in South Africa, potentially leading to improved diagnostic strategies and earlier interventions. 

Additionally, longitudinal studies tracking TREC and KREC levels over time in individuals with 

suspected or confirmed IEI could enhance our understanding of disease progression and treatment 

efficacy. Such comprehensive data would not only benefit the South African healthcare system but 

also contribute to the global knowledge base on IEI, facilitating more accurate comparisons and 

collaborations across different populations and regions. 
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Appendix B: Reproduction of the formation of TREC diagram from another article permission slip 
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Appendix C: Demographic characteristics of the human immunodeficiency virus-exposed uninfected and human immunodeficiency virus-

unexposed uninfected newborn cohorts: this represents the average value of all the neonatal hospital visits for week 0 and 24 months. 

HEU 

infants 

Gender Appearance, 

Pulse, 

Grimace, 

Activity, and 

Respiration 

(APGAR) 

score 

 

Weight 

(kg) 

 

Length 

(cm) 

 

Head circumference 

(HC) 

(cm) 

 

Mid-upper arm 

circumference (MUAC) 

(cm) 

 

 

Week 0 24 

months 

Week 0 24 

months 

Week 0 24 

months 

Week 0 24 months 

HEU 20 Female 6 2.76  48 N/A 35 N/A 12 N/A 

HEU 34 Male 9 2.66 9.7 50 85.5 34 47.8 N/A 15 

HEU 50 Male 9 2.285 12.07 45 69.9 35 50 N/A 17 

HEU 63 Female 8.5 1.575 9.4 41 77 30 46.3 N/A 16.4 

HEU 75 Female 9 3.03 11.3 51 79.5 33 48.1 N/A 15.9 

HEU 79 Male 9 3.855 8.83 50 74.9 37 47.1 N/A 17.1 

HEU 84 Female 8.5 3.61 10.2 55 93 36 48.9 N/A 15.5 

HEU 93 Female 

Not available 

(N/A) 3.39 11.2 52 85.6 33 46 

N/A 

15.4 

HEU 111 Male 9.5 3.095 13.48 54 93 34 49.4 N/A 16.2 

HEU 133 Female 9 2.14 10 48 82.5 29 45 N/A 16 

HEU 138 Male 8.5 3.85 N/A 57 N/A 37 N/A N/A N/A 

HEU 143 Female 9.5 3.32 11.25 49 85.8 33 49.2 N/A 17 
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HEU 149 Male Not recorded 3.14 9.5 N/A 81.2 N/A 50.1 N/A 14 

HEU 150 Female 9.5 2.32 11.8 48 91 32 48.2 N/A 15.4 

HEU 172 Male 8.5 3.235 10.88 50 86.4 36 48.2 30 16.1 

HEU 182 Male 8.5 3.29 14.15 48 90.6 35 50 N/A 18 

HEU 198 Male 9 2.94 10.1 N/A 84.5 36 48.6 N/A 14.5 

HEU 199 Female 9.5 2.8 12.04 48 91.6 33 50 N/A 17 

HEU 203 Male 9 3.06 12.59 49 88.7 35 49.3 N/A 16.8 

HEU 206 Male 8.5 2.6 N/A 51 N/A 32 N/A N/A N/A 

HEU 207 Male N/A 3.2 9.4 52 83 35 50 N/A 15 

HEU 219 Female 9 3.1 11.83 N/A 89 32 50 N/A 14.5 

HEU 241 Female 8.5 2.25 N/A 47 N/A 34 N/A N/A N/A 

HEU 243 Male 9 3.02 11.6 54 81 36 50 N/A 16 

HEU 249 Male 8.5 2.98 10.54 51 84.5 35 48.2 N/A 15 

HEU 258 Male 9 2.91 N/A 50 N/A 32 N/A N/A N/A 

HEU 260 Female 10 3.4 11.33 49 84.3 36 49.2 N/A 17 

HEU 262 Female 9 3.23 11.77 50 84.4 N/A 48 N/A 17 

HEU 268 Female 9.5 3.036 N/A 54 N/A N/A N/A N/A N/A 

HEU 273 Male 9.5 2.975 11.64 49 83.2 35 48.6 N/A 16.8 

HEU 278 Male 9 3.45 10.41 54 83.6 34 48 N/A 14.5 

HEU 291 Male 8.5 3.2 12.42 51 83.8 36 48.2 N/A 16 
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HUU 

infants 

Gender Appearance, 

Pulse, 

Grimace, 

Activity, and 

Respiration 

(APGAR) 

score 

 

Weight 

(kg) 

Length 

(cm) 

 

Head circumference 

(cm) 

Mid-upper arm 

circumference 

(cm) 

 

Week 0 24 

months 

Week 0 24 

months 

Week 0 24 

months 

Week 0 24 

months 

HUU 07 Female 9 2.66 11.4 48 86 33 47.6 N/A 16 

HUU 08 Male 8.5 2.58 14 50 92 34 52 N/A 18 

HUU 25 Male 8.5 3.4 13.2 56 88.5 36 47.9 N/A 18 

HUU 119 Female N/A 3.1 11.1 N/A 86.2 N/A 49.8 N/A 16.4 

HUU 125 Female 9.5 3.2 11.1 N/A 85.7 38 51 N/A 16 

HUU 128 Female N/A 3.54 12.5 N/A 89.1 N/A 47.2 N/A 17.2 

HUU 135 Male 9.5 1.44 13.2 41 89 N/A 49.5 N/A 15.8 

HUU 137 Female N/A 3.7 12.8 52 78.8 36 49 N/A 17.4 

HUU 142 Female 9.5 2.68 10.6 46 85 33 47.2 N/A 14.7 

HUU 144 Female 9.5 3.1 12.1 50 89 34 48.6 N/A 16.4 

HUU 192 Female N/A 3.115 12.8 N/A 90 N/A 49.5 N/A 17 

HUU 197 Male 9.5 3.02 12.45 49 86.9 35 48 N/A 16 

HUU 205 Male 8.5 3.47 11.31 52 92.3 33 49.1 N/A 15.3 

HUU 214 Female 8.5 2.22 N/A N/A N/A 33 N/A N/A N/A 
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HUU 216 Female N/A 2.6 10.69 46 84.3 34 47 N/A 15 

HUU 218 Female 9 2.7 12.4 46 84.5 34 50 N/A 19 

HUU 220 Female 9 2.8 10.92 52 84 33 49 N/A 17 

HUU 222 Female 9.5 2.98 10.65 49 82.5 34 42 N/A 15 

HUU 223 Male 8.5 2.99 11.11 48 84.1 35 48.5 N/A 17 

HUU 236 Male 6 3.34 N/A 56 N/A 32 N/A N/A N/A 

HUU 245 Female 9 2.52 9.45 44 86 30 47 N/A 14.9 

HUU 246 Female 9.5 2.36 10.06 46 85 36 48.6 N/A 15 

HUU 251 Male 9.5 3.28 10.92 57 84.1 36 49 N/A 14.6 

HUU 253 Male 8.5 3.01 N/A N/A N/A N/A N/A N/A N/A 

HUU 254 Female 9 2.22 N/A 48 N/A 34 N/A N/A N/A 

HUU 255 Male 9 3.76 N/A N/A N/A N/A N/A N/A N/A 

HUU 261 Male 9 2.72 11.62 49 84.9 34 49.6 N/A 17.2 

HUU 271 Male 6 3.2 13.14 57 86 35 52.5 N/A 17 

HUU 275 Female 5 2.78 14.92 49 89.2 30 50 N/A 18.5 

HUU 293 Male 9.5 2.475 9.73 46 76.4 35 47.8 N/A 15.8 
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Appendix D: The demographic characteristics of the human immunodeficiency virus-exposed uninfected and human immunodeficiency virus-

unexposed uninfected infants’ mothers study population, which includes women living with human immunodeficiency and women living without 

human immunodeficiency virus, represent the maternity visits week 36 of pregnancy and 24 months after birth. 

 

WLWH Age HIV 

status 

Height Weight MUAC Viral load CD4 count 

Before 

delivery 

After 

delivery 

Before 

delivery 

After 

delivery 

Before 

delivery 

After 

delivery 

WLWH 50 40 Positive 155 69.5 50.3 30 25 0 271 N/A 

WLWH 63 38 Positive 161 56 53.9 29 26 0 455 301 

WLWH 79 35 Positive 135 72 N/A 31 N/A 0 510 750 

WLWH 93 31 Positive 164 79 90 N/A 36.5 0 848 1122 

WLWH 111 37 Positive 161 88.8 68.2 34 30 0 N/A 671 

WLWH 143 39 Positive 159 70 70.4 31 30.3 0 332 332 

WLWH 150 35 Positive 155 68 59.4 30 28 0 351 701 

WLWH 182 27 Positive 162 81.9 76.4 30 31 0 505 505 

WLWH 198 41 Positive 161 92.3 97.8 36 37.6 0 280 300 

WLWH 199 31 Positive 172 70.9 67.8 36 26 0 819 819 

WLWH 203 37 Positive 120 71 61.1 31 26.4 0 569 700 

WLWH 206 45 Positive 158 61 N/A 28 N/A 0 948 948 

WLWH 207 43 Positive 156 64.9 57.4 29 28.2 0 299 284 

WLWH 241 27 Positive 157 68 N/A 31 N/A 0 575 595 

WLWH 249 41 Positive 154 48.3 N/A 24 N/A 0 721 721 

WLWH 258 39 Positive 167 65.7 N/A N/A N/A 0 N/A N/A 

WLWH 260 38 Positive 159 66.4 53.1 33 26 0 179 121 
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WLWH 262 38 Positive 160 72.1 58.8 28 28 0 N/A 900 

WLWH 273 43 Positive 161 81.3 85.7 30 32.2 0 N/A 860 

WLWH 278 39 Positive 157 70.1 76 38 33.6 0 N/A 500 

WLWH 291 33 Positive 162 N/A 77.8 32 31 0 N/A 444 

 

WLWOH Age HIV status Height Weight MUAC 

Before delivery After delivery Before delivery After delivery 

WLWOH 07 41 Negative 149 65.5 65.1 26 31 

WLWOH 25 21 Negative 157 80 74.9 33 33.4 

WLWOH 125 26 Negative 144 85 82.7 37 36 

WLWOH 128 40 Negative 158 88 88.6 35 34 

WLWOH 135 34 Negative 168 79 72.3 29 28.2 

WLWOH 142 21 Negative 148 63 56.1 26 27.6 

WLWOH 144 34 Negative 158 80 64.9 31 31.5 

WLWOH 192 33 Negative 157 73.9 67 32 29.8 

WLWOH 197 26 Negative 156 67.8 70.2 30 28 

WLWOH 205 24 Negative 170 75.5 63.9 28 28.2 

WLWOH 214 35 Negative 159 N/A N/A N/A N/A 

WLWOH 216 26 Negative 156 65.3 59.5 31 29 

WLWOH 218 41 Negative 153 86.5 95.4 22 36 

WLWOH 220 31 Negative 157 77.3 72.3 35 32 

WLWOH 223 23 Negative 152 57.4 51.7 28 27 

WLWOH 236 24 Negative 168 70.8 N/A 30 N/A 

WLWOH 245 33 Negative 158 69.1 62.9 29 N/A 
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WLWOH 246 29 Negative 162 78.7 76.1 32 32 

WLWOH 251 24 Negative 144 58.7 61.7 29 31 

WLWOH 253 27 Negative 158 58.1 N/A 29 N/A 

WLWOH 255 41 Negative 155 62.9 N/A 26 N/A 

WLWOH 271 25 Negative 165 73.3 66.2 30 30 

WLWOH 275 39 Negative 156 N/A 71.8 33 31 

WLWOH 293 30 Negative 154 53 45.6 24 26.1 
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Appendix E: Deoxyribonucleic acid concentration and purity, comparison between the high pure 

polymerase chain reaction template preparation kit (manual extraction) and the Maxwell 16 blood 

deoxyribonucleic acid purification system (automated extraction). 

Sample 

identification 

Number of 

blood spots 

used 

Automated DNA extraction 

(Maxwell®16 blood DNA 

purification kit) 

Manually extracted DNA 

(High pure PCR template 

preparation kit) 

DNA yield 

(ng/µL) 

260/280 ratio DNA yield 

(ng/µL) 

260/280 

ratio 

Sample 1 6 mm x 1 spot 18.53 1.82 16.31 1.64 

Sample 2 6 mm x 1 spot 12.89 1.67 16.33 1.73 

Sample 3 6 mm x 1 spot 12.69 1.8 17.24 1.56 

Sample 4 6 mm x 1 spot 11.72 1.73 8.01 1.76 

Sample 5 6 mm x 1 spot 10.87 1.63 13.2 1.68 

Sample 6 6 mm x 1 spot 10.96 1.74 16.89 1.43 

Sample 7 6 mm x 1 spot 15.5 1.75 18.84 1.51 

Sample 8 6 mm x 1 spot 13.24 1.4 12.49 1.62 

Sample 9 6 mm x 1 spot 10.53 1.84 15.66 1.48 

Sample 10 6 mm x 1 spot 8.93 1.77 22.32 1.52 

Sample 11 6 mm x 1 spot 12.19 1.5 15.83 1.49 

Sample 12 6 mm x 1 spot 7.43 1.96 14.6 1.45 

Sample 13  6 mm x 1 spot 6.4 1.6 14.55 1.5 

Sample 14 6 mm x 1 spot 7.25 1.54 10.15 1.4 

Sample 15 6 mm x 1 spot 9.29 1.56 9.57 1.46 
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Appendix F: Deoxyribonucleic acid concentration and purity for the human immunodeficiency exposed 

uninfected and unexposed uninfected newborns. 

HIV exposed uninfected newborn babies DBS DNA concentration and purity 
 
Sample ID ng/µL A260 A280 260/280 260/230 

HEU 20 29.05 0.581 0.352 1.65 0.93 

HEU 34 24.48 0.490 0.327 1.50 0.71 

HEU 50 16.15 0.323 0.200 1.61 0.60 

HEU 63 18.84 0.377 0.248 1.52 0.67 

HEU 75 14.81 0.296 0.296 1.63 0.68 

HEU 79 21.84 0.437 0.286 1.53 0.64 

HEU 84 11.62 0.232 0.138 1.68 0.66 

HEU 93 18.05 0.361 0.361 1.60 0.66 

HEU 111 19.54 0.391 0.391 1.68 0.66 

HEU 133 24.18 0.484 0.319 1.52 0.67 

HEU 138 29.92 0.598 0.386 1.55 0.70 

HEU 143 18.78 0.376 0.240 1.57 0.61 

HEU 149 17.31 0.346 0.346 1.53 0.68 

HEU 150 20.90 0.418 0.267 1.56 0.64 

HEU 172 17.49 0.350 0.230 1.52 0.63 

HEU 172 14.59 0.292 0.178 1.64 0.67 

HEU 182 16.90 0.338 0.175 1.93 0.64 

HEU 198 26.63 0.533 0.322 1.65 0.71 

HEU 199 18.09 0.362 0.209 1.73 0.74 

HEU 203 19.10 0.382 0.258 1.48 0.71 

HEU 206 13.59 0.272 0.163 1.67 0.69 

HEU 207 19.58 0.392 0.315 1.24 0.78 

HEU 219 18.47 0.369 0.216 1.71 0.67 

HEU 241 28.52 0.570 0.363 1.57 0.81 

HEU 243 17.70 0.354 0.207 1.71 0.69 

HEU 249 16.85 0.337 0.337 1.54 0.66 

HEU 258 24.75 0.496 0.321 1.54 0.70 

HEU 260 24.14 0.482 0.336 1.44 0.66 

HEU 262 13.56 0.271 0.149 1.82 0.64 

HEU 268 6.65 0.133 0.062 2.15 0.57 
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HEU 273 24.34 0.487 0.314 1.55 0.71 

HEU 278 18.59 0.372 0.252 1.48 0.66 

HEU 291 19.08 0.382 0.227 1.68 0.64 

 

 

HIV unexposed uninfected newborn babies DBS DNA concentration and purity 

 

Sample ID ng/µL A260 A280 260/280 260/230 

HUU 07 14.52 0.290 0.191 1.52 0.72 

HUU 08 17.46 0.349 0.228 1.53 0.66 

HUU 25 15.15 0.303 0.180 1.68 0.67 

HUU 119 20.27 0.405 0.244 1.66 0.80 

HUU 125 19.13 0.383 0.212 1.81 0.75 

HUU 128 16.68 0.334 0.202 1.65 0.66 

HUU 135 26.31 0.526 0.298 1.76 0.99 

HUU 137 16.61 0.332 0.186 1.79 0.74 

HUU 142 16.64 0.333 0.212 1.57 0.69 

HUU 144 10.74 0.215 0.135 1.60 0.68 

HUU 192 16.00 0.320 0.189 1.69 0.69 

HUU 197 17.57 0.351 0.220 1.60 0.73 

HUU 205 17.86 0.357 0.204 1.75 0.76 

HUU 214 18.55 0.371 0.222 1.67 0.84 

HUU 216 18.40 0.368 0.209 1.76 0.70 

HUU 218 19.91 0.398 0.262 1.52 0.69 

HUU 220 16.13 0.323 0.163 1.97 0.77 

HUU 222 17.24 0.345 0.240 1.44 0.68 

HUU 223 20.76 0.415 0.249 1.67 0.76 

HUU 236 16.80 0.336 0.199 1.69 0.75 

HUU 245 14.18 0.284 0.192 1.48 0.78 

HUU 246 17.43 0.349 0.197 1.77 0.94 

HUU 251 21.59 0.432 0.266 1.62 0.78 

HUU 253 19.29 0.386 0.220 1.75 0.67 

HUU 254 21.78 0.436 0.281 1.55 0.73 
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HUU 255 23.69 0.474 0.313 1.51 0.82 

HUU 261 20.37 0.407 0.254 1.61 0.66 

HUU 271 12.53 0.251 0.133 1.88 0.72 

HUU 275 27.26 0.545 0.347 1.57 0.84 

HUU 293 27.42 0.548 0.339 1.62 0.93 

 

Appendix G: Deoxyribonucleic acid concentration and purity for the women living with human 

immunodeficiency virus and those living without human immunodeficiency cohorts. 

 

Women living with HIV DBS DNA concentration and purity 

 

Sample ID ng/µL A260 A280 260/280 260/230 

WLWH 50 14.8 0.296 0.129 2.29 0.65 

WLWH 63 25.37 0.507 0.349 1.45 0.73 

WLWH 79 16.78 0.336 0.228 1.47 0.67 

WLWH 93 15.86 0.317 0.228 1.39 0.63 

WLWH 111 10.9 0.218 0.149 1.46 0.68 

WLWH 143 13.73 0.275 0.193 1.42 0.61 

WLWH 150 15.24 0.305 0.197 1.54 0.65 

WLWH 182 14.94 0.299 0.2 1.5 0.77 

WLWH 198 15.42 0.308 0.22 1.4 0.67 

WLWH 199 15.11 0.302 0.208 1.45 0.66 

WLWH 203 13.73 0.275 0.186 1.47 0.67 

WLWH 206 16.78 0.336 0.217 1.55 0.67 

WLWH 207 30.54 0.611 0.439 1.39 0.67 

WLWH 241 15.57 0.311 0.213 1.46 0.76 

WLWH 249 10.11 0.202 0.146 1.38 0.7 

WLWH 258 17.74 0.355 0.259 1.37 0.64 

WLWH 260 12.13 0.243 0.186 1.3 0.62 

WLWH 262 14.67 0.293 0.203 1.45 0.72 

WLWH 273 10.55 0.211 0.136 1.55 0.66 

WLWH 278 25.81 0.516 0.371 1.39 0.69 

WLWH 291 22.75 0.455 0.282 1.62 0.74 
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Women living without HIV DBS DNA concentration and purity 

 

Sample ID ng/µL A260 A280 260/280 260/230 

WLWOH 07 8.31 0.166 0.127 1.31 0.65 

WLWOH 25 16.42 0.328 0.218 1.51 0.71 

WLWOH 125 17.68 0.354 0.258 1.37 0.68 

WLWOH 128 17.16 0.343 0.251 1.37 0.73 

WLWOH 135 18.43 0.369 0.254 1.45 0.72 

WLWOH 142 16.42 0.328 0.235 1.4 0.68 

WLWOH 144 18.13 0.363 0.252 1.44 0.66 

WLWOH 192 18.52 0.37 0.264 1.4 0.73 

WLWOH 197 17.37 0.347 0.237 1.46 0.69 

WLWOH 205 18.91 0.378 0.272 1.39 0.72 

WLWOH 214 20.39 0.408 0.275 1.48 0.71 

WLWOH 216 22.22 0.444 0.302 1.47 0.73 

WLWOH 218 17.04 0.341 0.247 1.38 0.63 

WLWOH 220 14.13 0.283 0.196 1.44 0.71 

WLWOH 223 19.21 0.384 0.251 1.53 0.73 

WLWOH 236 16.64 0.333 0.227 1.47 0.73 

WLWOH 245 19.14 0.383 0.257 1.49 0.75 

WLWOH 246 19.64 0.383 0.272 1.44 0.82 

WLWOH 251 20.48 0.41 0.264 1.55 0.8 

WLWOH 253 26.9 0.538 0.36 1.49 0.96 

WLWOH 255 15.28 0.306 0.214 1.43 0.67 

WLWOH 271 19.75 0.395 0.265 1.49 0.73 

WLWOH 275 22.01 0.44 0.292 1.51 0.86 

WLWOH 293 21.97 0.439 0.277 1.59 0.86 
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Appendix H: Quantitative real-time polymerase chain reaction results for T-cell receptor excision circles 

and kappa-deleting recombination circles detection in newborn samples. 

 

HEU 

infants 

CT Quantity Threshold R2 Slope 

TREC KREC TREC KREC TREC KREC TREC KREC TREC KREC 

HEU 

20 

31.30 31.00 72.11 20.04 0.362 1.375 0.903 0.984 -2.547 -3.918 

HEU 

34 

34.01 35.22 6.22 1.67 0.362 1.375 0.903 0.984 -2.547 -3.918 

HEU 

50 

37.93 35.42 0.18 1.48 0.362 1.375 0.903 0.984 -2.547 -3.918 

HEU 

63 

35.57 34.40 1.53 2.72 0.362 1.375 0.903 0.984 -2.547 -3.918 

HEU 

75 

34.77 33.84 3.14 3.76 0.362 1.375 0.903 0.984 -2.547 -3.918 

HEU 

79 

36.07 34.57 0.97 2.45 0.362 1.375 0.903 0.984 -2.547 -3.918 

HEU 

84 

33.34 35.49 11.42 1.42 0.184 0.040 0.903 0.984 -2.547 -3.918 

HEU 

93 

33.50 31.99 9.94 11.17 0.362 1.375 0.903 0.984 -2.547 -3.918 

HEU 

111 

33.57 31.41 9.33 15.72 0.362 1.375 0.903 0.984 -2.547 -3.918 

HEU 

133 

34.83 32.34 2.99 9.07 0.362 1.375 0.903 0.984 -2.547 -3.918 

HEU 

138 

33.94 33.67 6.68 4.15 0.362 1.375 0.903 0.984 -2.547 -3.918 

HEU 

143 

34.48 33.80 4.08 3.87 0.362 1.375 0.903 0.984 -2.547 -3.918 

HEU 

149 

36.09 33.65 0.96 4.22 0.362 1.375 0.903 0.984 -2.547 -3.918 

HEU 

150 

34.66 33.74 3.48 3.99 0.362 1.375 0.903 0.984 -2.547 -3.918 
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HEU 

172 

35.50 34.30 1.63 2.88 0.362 1.375 0.903 0.984 -2.547 -3.918 

HEU 

182 

32.72 32.20 20.14 9.87 0.362 1.375 0.903 0.984 -2.547 -3.918 

HEU 

198 

33.57 31.61 9.33 13.92 0.362 1.375 0.903 0.984 -2.547 -3.918 

HEU 

199 

34.26 31.95 4.97 11.41 0.362 1.375 0.903 0.984 -2.547 -3.918 

HEU 

203 

34.89 33.03 2.81 6.05 0.362 1.375 0.903 0.984 -2.547 -3.918 

HEU 

206 

33.73 33.15 8.04 5.63 0.362 1.375 0.903 0.984 -2.547 -3.918 

HEU 

207 

35.53 33.47 1.57 4.68 0.362 1.375 0.903 0.984 -2.547 -3.918 

HEU 

219 

33.72 32.27 8.14 9.44 0.570 1.297 0.903 0.984 -2.547 -3.918 

HEU 

241 

32.71 32.12 20.22 10.32 0.570 1.297 0.903 0.984 -2.547 -3.918 

HEU 

243 

35.64 31.76 1.43 12.73 0.570 1.297 0.903 0.984 -2.547 -3.918 

HEU 

249 

35.46 35.24 1.68 1.65 0.570 1.297 0.903 0.984 -2.547 -3.918 

HEU 

258 

35.30 34.16 1.95 3.11 0.570 1.297 0.903 0.984 -2.547 -3.918 

HEU 

260 

32.45 31.98 25.56 11.24 0.570 1.297 0.903 0.984 -2.547 -3.918 

HEU 

262 

34.93 36.50 2.73 0.79 0.570 1.297 0.903 0.984 -2.547 -3.918 

HEU 

268 

35.13 35.57 2.26 1.36 0.570 1.297 0.903 0.984 -2.547 -3.918 

HEU 

273 

34.21 33.61 5.20 4.30 0.570 1.297 0.903 0.984 -2.547 -3.918 

HEU 

278 

34.68 32.87 3.41 6.63 0.040 1.879 0.903 0.984 -2.547 -3.918 
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HEU 

291 

37.25 37.25 0.31 0.51 0.040 1.879 0.903 0.984 -2.547 -3.918 

 

 

HUU 

infants 

CT Quantity Threshold R2 Slope 

TREC KREC TREC KREC TREC KREC TREC KREC TREC KREC 

HUU 

07 

33.98 30.93 6.42 20.84 0.184 0.040 0.903 0.984 -2.547 -3.918 

HUU 

08 

36.16 30.46 0.90 27.35 0.184 0.040 0.903 0.984 -2.547 -3.918 

HUU 

25 

34.26 30.88 4.99 21.43 0.184 0.040 0.903 0.984 -2.547 -3.918 

HUU 

119 

33.99 32.93 6.38 6.40 0.040 1.879 0.903 0.984 -2.547 -3.918 

HUU 

125 

33.54 32.86 9.53 6.70 0.040 1.879 0.903 0.984 -2.547 -3.918 

HUU 

128 

33.87 33.24 7.09 5.34 0.040 1.879 0.903 0.984 -2.547 -3.918 

HUU 

135 

33.00 31.31 15.68 16.60 0.040 1.879 0.903 0.984 -2.547 -3.918 

HUU 

137 

33.33 33.32 11.53 5.09 0.040 1.879 0.903 0.984 -2.547 -3.918 

HUU 

142 

32.70 33.40 20.49 4.88 0.040 1.879 0.903 0.984 -2.547 -3.918 

HUU 

144 

34.28 30.91 4.88 21.01 0.184 0.040 0.903 0.984 -2.547 -3.918 

HUU 

192 

33.23 32.62 12.61 7.72 0.040 1.879 0.903 0.984 -2.547 -3.918 

HUU 

197 

33.00 32.86 15.78 6.68 0.040 1.879 0.903 0.984 -2.547 -3.918 

HUU 

205 

32.89 32.49 17.23 8.29 0.040 1.879 0.903 0.984 -2.547 -3.918 
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HUU 

214 

34.52 35.46 3.94 1.45 0.040 1.879 0.903 0.984 -2.547 -3.918 

HUU 

216 

33.91 32.66 6.86 7.52 0.040 1.879 0.903 0.984 -2.547 -3.918 

HUU 

218 

36.18 37.70 0.88 0.39 0.040 1.879 0.903 0.984 -2.547 -3.918 

HUU 

220 

33.34 32.45 11.49 8.54 0.040 1.879 0.903 0.984 -2.547 -3.918 

HUU 

222 

35.28 31.94 1.98 11.46 0.184 0.040 0.903 0.984 -2.547 -3.918 

HUU 

223 

32.22 33.98 31.56 3.47 0.040 1.879 0.903 0.984 -2.547 -3.918 

HUU 

236 

33.44 32.94 10.43 6.39 0.040 1.879 0.903 0.984 -2.547 -3.918 

HUU 

245 

32.84 32.97 17.93 6.28 0.040 1.879 0.903 0.984 -2.547 -3.918 

HUU 

246 

33.69 34.00 8.32 3.42 0.040 1.879 0.903 0.984 -2.547 -3.918 

HUU 

251 

33.26 32.12 12.27 10.35 0.040 1.879 0.903 0.984 -2.547 -3.918 

HUU 

253 

34.23 36.53 5.13 0.77 0.040 1.879 0.903 0.984 -2.547 -3.918 

HUU 

254 

32.59 34.02 22.60 3.39 0.040 1.879 0.903 0.984 -2.547 -3.918 

HUU 

255 

32.62 33.72 21.86 4.03 0.040 1.879 0.903 0.984 -2.547 -3.918 

HUU 

261 

36.96 38.28 0.44 0.28 0.040 1.879 0.903 0.984 -2.547 -3.918 

HUU 

271 

33.22 33.41 12.75 4.85 0.040 1.879 0.903 0.984 -2.547 -3.918 

HUU 

275 

34.05 32.85 6.00 6.75 0.040 1.879 0.903 0.984 -2.547 -3.918 

HUU 

293 

30.96 32.12 98.78 10.30 0.040 1.879 0.903 0.984 -2.547 -3.918 
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Appendix I: Quantitative real-time polymerase chain reaction results for T-cell receptor excision circles and kappa-deleting recombination circles detection in 

samples of women living with human immunodeficiency virus and those living without human immunodeficiency virus. 

 

WLWH CT Quantity Threshold R2 Slope 

TREC KREC TREC KREC TREC KREC TREC KREC TREC KREC 

WLWH 

50 36.99 33.30 0.42 5.17 0.121 0.040 0.903 0.984 -2.547 -3.918 

WLWH 

63 37.12 32.49 0.37 8.29 0.121 0.040 0.903 0.984 -2.547 -3.918 

WLWH 

79 35.59 31.32 1.50 16.52 0.121 0.040 0.903 0.984 -2.547 -3.918 

WLWH 

93 38.13 35.53 0.15 1.39 0.121 0.040 0.903 0.984 -2.547 -3.918 

WLWH 

111 37.71 36.99 0.22 0.59 0.121 0.040 0.903 0.984 -2.547 -3.918 

WLWH 

143 35.80 35.50 1.23 1.41 0.044 0.040 0.903 0.984 -2.547 -3.918 

WLWH 

150 35.97 32.65 1.06 7.58 0.044 0.040 0.903 0.984 -2.547 -3.918 

WLWH 

182 36.05 33.41 0.99 4.85 0.121 0.040 0.903 0.984 -2.547 -3.918 

WLWH 

198 37.76 36.95 0.21 0.60 0.121 0.040 0.903 0.984 -2.547 -3.918 
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WLWH 

199 38.11 36.67 0.15 0.71 0.121 0.040 0.903 0.984 -2.547 -3.918 

WLWH 

203 35.90 34.31 1.13 2.85 0.121 0.040 0.903 0.984 -2.547 -3.918 

WLWH 

206 37.36 35.40 0.30 1.50 0.121 0.040 0.903 0.984 -2.547 -3.918 

WLWH 

207 37.45 34.45 0.28 2.62 0.121 0.040 0.903 0.984 -2.547 -3.918 

WLWH 

241 34.77 32.06 3.14 10.71 0.121 0.040 0.903 0.984 -2.547 -3.918 

WLWH 

249 36.67 36.26 0.57 0.91 0.121 0.040 0.903 0.984 -2.547 -3.918 

WLWH 

258 37.27 35.24 0.33 1.65 0.121 0.040 0.903 0.984 -2.547 -3.918 

WLWH 

260 Undetermined 33.52  4.53 0.044 0.040 0.903 0.984 -2.547 -3.918 

WLWH 

262 Undetermined Undetermined   0.044 0.040 0.903 0.984 -2.547 -3.918 

WLWH 

273 37.68 33.67 0.23 4.16 0.044 0.040 0.903 0.984 -2.547 -3.918 

WLWH 

278 36.97 33.83 0.43 3.79 0.044 0.040 0.903 0.984 -2.547 -3.918 

WLWH 

291 36.17 33.87 0.88 3.69 0.044 0.040 0.903 0.984 -2.547 -3.918 
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WLWO

H 

CT Quantity Threshold R2 Slope 

TREC KREC TREC KREC TREC KREC TREC KREC TREC KREC 

WLWO

H 07 37.54 34.12 0.26 3.20 0.184 0.040 0.903 0.984 -2.547 -3.918 

WLWO

H 25 37.41 35.23 0.29 1.66 0.184 0.040 0.903 0.984 -2.547 -3.918 

WLWO

H 125 Undetermined 35.71  1.25 0.044 0.040 0.903 0.984 -2.547 -3.918 

WLWO

H 128 35.81 34.17 1.23 3.10 0.044 0.040 0.903 0.984 -2.547 -3.918 

WLWO

H 135 37.13 33.36 0.37 4.98 0.184 0.040 0.903 0.984 -2.547 -3.918 

WLWO

H 142 37.16 34.44 0.36 2.65 0.044 0.040 0.903 0.984 -2.547 -3.918 

WLWO

H 144 33.07 33.30 14.63 5.16 0.184 0.040 0.903 0.984 -2.547 -3.9 

WLWO

H 192 37.30 35.60 0.32 1.34 0.044 0.040 0.903 0.984 -2.547 -3.918 

WLWO

H 197 Undetermined 35.81  1.18 0.044 0.040 0.903 0.984 -2.547 -3.918 

WLWO

H 205 35.64 32.91 1.43 6.50 0.044 0.040 0.903 0.984 -2.547 -3.918 
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WLWO

H 214 36.83 35.41 0.49 1.49 0.044 0.040 0.903 0.984 -2.547 -3.918 

WLWO

H 216 35.28 33.86 1.98 3.71 0.044 0.040 0.903 0.984 -2.547 -3.918 

WLWO

H 218 36.90 36.72 0.46 0.69 0.044 0.040 0.903 0.984 -2.547 -3.918 

WLWO

H 220 36.66 33.74 0.57 3.99 0.044 0.040 0.903 0.984 -2.547 -3.918 

WLWO

H 223 35.49 34.99 1.63 1.91 0.044 0.040 0.903 0.984 -2.547 -3.918 

WLWO

H 236 37.10 36.65 0.38 0.72 0.044 0.040 0.903 0.984 -2.547 -3.918 

WLWO

H 245 36.51 35.33 0.65 1.56 0.044 0.040 0.903 0.984 -2.547 -3.918 

WLWO

H 246 35.38 34.68 1.81 2.29 0.044 0.040 0.903 0.984 -2.547 -3.918 

WLWO

H 251 33.56 32.26 9.41 9.52 0.044 0.040 0.903 0.984 -2.547 -3.918 

WLWO

H 253 33.94 33.90 6.63 3.64 0.044 0.040 0.903 0.984 -2.547 -3.918 

WLWO

H 255 Undetermined 37.33  0.48 0.044 0.040 0.903 0.984 -2.547 -3.918 

WLWO

H 271 36.85 34.91 0.48 2.01 0.184 0.040 0.903 0.984 -2.547 -3.918 
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WLWO

H 275 36.64 34.94 0.58 1.97 0.184 0.040 0.903 0.984 -2.547 -3.918 

WLWO

H 293 36.21 34.83 0.86 2.11 0.184 0.040 0.903 0.984 -2.547 -3.918 
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