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I Abstract 

In the present work, a novel approach for immunophenotyping for different clinical 

applications is presented. Immunophenotyping plays an essential role in the diagnosis 

of various diseases. Flow cytometry is currently the most commonly used clinical 

method and requires the availability of fresh whole blood and a well functioning sample 

logistics. The latter is not guaranteed in all situations, such as newborn screening. 

Furthermore, flow cytometry requires the integrity of the proteins relevant for analysis, 

which is not given in the case of genetically caused diseases, such as primary 

immunodeficiencies, due to mutations in the analysis-relevant gene. In stem cell 

transplantation patients, immune cell quantification is a major challenge due to the very 

low cell numbers during early post-transplantation period. Diagnostic monitoring of the 

immune system at early time points after transplantation is often not possible due to 

lack of sensitivity.  

For the specific quantification of B and NK cells, epigenetic qPCR systems have been 

established, which achieved equivalent results with flow cytometry. Using an extended 

epigenetic marker panel, clinical applications were tested in three patient cohorts: a) 

41 patients with different primary immunodeficiencies (PID); b) 19 newborns with and 

without PID and c) 28 patients after stem cell transplantation (SCT). 

In cohorts a) and c) the equivalence of the epigenetic immune cell quantification results 

with flow cytometry could be confirmed. However, discrepancies in regulatory T-cell 

(Treg) quantification were found in individual PID patients. Quantification by flow 

cytometry was impaired due to disease-associated mutations in the sequence of the 

antigen. This did not affect epigenetic quantification, making this method a potentially 

reliable diagnostic tool for the detection of specific PID subgroups. Furthermore, the 

application of epigenetic Treg quantification in dried blood spots of newborns could be 

demonstrated. This would allow the implementation of epigenetic immunophenotyping 

also in neonatal screening for the detection of congenital immunodeficiencies.  

For the application in stem cell transplantation it could be shown that the epigenetic 

system - in contrast to flow cytometry - allows an early analysis of immune 

reconstitution, which may allow a prediction of the patients' chance of survival. Patients 
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who showed an immune response of lymphocytes against a viral infection already on 

day 26 after transplantation had a significantly higher chance of survival than patients 

who did not show an immune response.  

In summary, the available data show that epigenetic immunophenotyping is a reliable 

analytical method for various clinical applications. The significance of the data is still 

limited due to the size of the study, and complicated clinical scenarios make the 

evaluation of individual measurements difficult. Therefore, further extensive 

investigations are needed to clinically validate the demonstrated potential.
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II Zusammenfassung 

In der vorliegenden Arbeit wird ein neuartiger Ansatz für die Immunphänotypisierung 

für unterschiedliche klinische Anwendungen vorgestellt. Immunphänotypisierung spielt 

in der Diagnostik von diversen Erkrankungen eine essentielle Rolle. Die 

Durchflusszytometrie ist die derzeit am häufigsten angewandete klinische Methode 

und setzt die Verfügbarkeit von frischem Vollblut, sowie eine gut funktionierende 

Proben-Logistik voraus. Letzteres ist nicht in allen Situationen gewährleistet, wie 

beispielsweise beim Neugeborenen-Screening. Des Weiteren ist für die 

Durchflusszytometrie die Integrität der analyse-relevanten Proteine notwendig, die bei 

genetisch bedingten Erkrankungen, wie z.B. den primären Immundefizienzen, durch 

Mutationen im Zielgen, nicht gegeben ist. Bei Stammzelltransplantationspatienten 

stellt die Immunzellquantifizierung aufgrund der sehr geringen Zellzahlen nach 

Transplantation eine große Herausforderung dar. Eine diagnostische Überwachung 

des Immunsystems an frühen Zeitpunkten nach Transplantation ist aufgrund fehlender 

Sensitivität oft nicht möglich.  

Für die spezifische Quantifizierung von B- und NK-Zellen wurden epigenetischer qPCR 

Systeme etabliert, welche äquivalente Ergebnisse mit der Durchflusszytometrie 

erzielten. Anhand eines erweiterten epigenetischen Markerpanels wurde die klinische 

Anwendung in drei Patientenkohorten getestet: a) 41 Patienten mit verschiedenen 

primären Immundefizienzen (PID); b) 19 Neugeborene mit und ohne PID und c) 28 

Patienten nach einer Stammzelltransplantation (SZT). 

In Kohorte a) und c) konnte die Äquivalenz der Messergebnisse mit der 

Durchflusszytometrie bestätigt werden. Jedoch wurden Diskrepanzen bei der 

regulatorischen T-Zell (Treg)-Quantifizierung in einzelnen PID Patienten festgestellt. 

Die Quantifizierung mittels Durchflusszytometrie war aufgrund krankheitsassoziierte 

Mutationen in der Sequenz des Antigens beeinträchtigt. Dies hatte keinen Einfluss auf 

die epigenetische Quantifizierung, womit diese Methode ein potentiell zuverlässiges 

diagnostisches Hilfsmittel für die Erkennung von spezifischen PID Subgruppen 

darstellt. Des Weiteren konnte die Anwendung der epigentischen Treg-Quantifizierung 

in Trockenblutkarten von Neugeborenen gezeigt werden. Dies würde die 
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Implementierung der epigenetischer Immunphänotypsierung auch im Neugeborenen-

Screening für die Erkennung von angeborenen Immundefekte ermöglichen.  

Für die Anwendung in der Stammzelltransplantation konnte gezeigt werden, dass das 

epigenetische System im Gegensatz zur Durchflusszytometrie eine frühe Analyse der 

Immunrekonstitution ermöglicht, welche unter Umständen eine prädiktive Aussage 

über die Überlebenschance der Patienten erlaubt. Patienten, welche eine 

Immunantwort der Lymphozyten gegen eine Virusinfektion bereits am Tag 26 nach 

Transplanatation aufwiesen, hatten eine signifikant höhere Überlebenschance als 

Patienten, die keine Immunantwort zeigten.  

Zusammengefassend zeigen die vorliegenden Daten, dass die epigenetische 

Immunphänotypisierung für verschiedene klinische Anwendungen eine zuverlässige 

Analysemethode darstellt. Die Aussagekraft der Daten ist aufgrund der Studiengröße 

noch limitiert, und komplizierte klinische Szenarien machen die Evaluierung einzelner 

Messungen schwierig. Deshalb sind weitere umfangreichere Untersuchungen 

erforderlich, um das gezeigte Potenzial klinisch zu validieren. 
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1. Introduction 

1.1 Epigenetics 

In popular science, the field of epigenetics has been described as “the memory of 

genes and cells” (Bird 2002). Although this may be oversimplified, in the context of the 

work described here, this definition serves well as a core concept. The study focuses 

on the analysis of cell-specific gene regulation based on potentially heritable DNA 

modification that occurs without alteration of the primary DNA sequence. 

Epigenetic modifications are flexible and crucial reprogramming mechanisms which 

occur during germ cell development and early embryogenesis. Once stable, they 

become mitotically inheritable in different cell functions. At this stage, epigenetic 

modifications guarantee genomic stability (E. Li 2002). It is well known that epigenetic 

regulation plays a key role in many cellular mechanisms, such as cell differentiation, 

X-chromosome inactivation, selection of maternal or paternal alleles of particular 

genes for genomic imprinting and tumorigenesis (Bartolomei and Tilghman 1997; E. Li 

and Zhang 2014).  

Epigenetic mechanisms comprise of histone variants, other posttranslational 

modifications of amino acids on the amino-terminal tail of histones, and covalent 

modifications of DNA bases (Wu and Morris 2001). Many covalent modifications have 

been identified such as methylation, acetylation, phosphorylation, ubiquitylation and 

sumolyation. DNA methylation presents the best known epigenetic process (Weinhold 

2006) and is the object of this work (analysed for certain cell types and clinical studies). 

1.1.1 DNA-Methylation and Gene Regulation 

The predominant epigenetic modification in mammalian DNA is the methylation of 

cytosine in CpG (5'—Cytosine—phosphate—Guanidine—3') dinucleotides (Jabbari 

and Bernardi 2004). It is a reversible chemical modification by which methyl groups 

from donor S-adenosylmethionine (SAM) are covalently attached to the C5-position of 

cytosines. These enzymatic reactions are mediated by members of the DNA 

methyltransferase family (DNMTs) (Bird 2002).  
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Methylated and unmethylated cytosines are prone to spontaneous deamination, which 

leads to the transition into 5-methyluracil (thymine) or uracil, respectively. Uracil is not 

a naturally occurring nucleotide, and so is recognized by the DNA repair machinery as 

a mutated DNA base. 5-methyluracil presents a sequence alteration which is also not 

identified by the DNA repair machinery and it cannot distinguish whether the thymine 

or guanidine is incorrectly replaced. Therefore, this spontaneous reaction is highly 

problematic by causing C  T point mutations. Hence, methylated cytosines present 

a high risk for mutations and therefore are strongly underrepresented in the genome. 

Nevertheless, long stretches (about 0.5-2 kilo base pairs) with elevated levels of CpG 

sites occur upstream of gene promoters and other regulatory regions – so-called CpG 

islands (Tomso and Bell 2003). CpG islands are mainly unmethylated and it is 

generally accepted that methylated CpG islands lead to stable inactivation of the 

promoter which correlates negatively with the corresponding gene expression. 

Unmethylated promoter regions appear to be independent of the transcriptional activity 

of the gene (Brenet et al. 2011). Conversely, intragenic CpG-rich sites are often but 

not always methylated (Illingworth et al. 2008). In addition, studies have shown that 

intragenic methylation of CpG-rich sites does not always correlate with silenced gene 

expression but may be important in maintaining active transcription (Baron et al. 2007; 

Shenker et al. 2015). 

1.1.2 Immune Cell Quantification via Specific DNA-Methylation Signatures 

Provided that synthesis of cell type-specific proteins is regulated by epigenetic 

mechanisms, i.e. differential DNA methylation, then the methylation signals may be 

exploited as specific biomarkers. The best described epigenetic biomarker is the Treg-

specific demethylated region (TSDR) in the first intron of the FOXP3 gene (shown in 

Figure 1.1). Wieczorek et al. and others have shown that only in regulatory T cells, 

does the TSDR present exclusively unmethylated CpGs. In all other immune cell types, 

the same CpGs are methylated. Even effector T cells which transiently express FOXP3 

protein are completely methylated within this region (Baron et al. 2007; Floess et al. 

2007; Wieczorek et al. 2009). 
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Figure 1.1: Methylation Profile of the Treg-Specific Demethylation Region (TSDR) 
within the FOXP3 gene. Schematic overview of the FOXP3 gene and positioning of the 
TSDR. The lower matrix represents the methylation rate of each CpG site. The different 
immune cell types are arranged in rows with associated CpG sites in columns. 
Methylation rates are color-coded according to the methylation legend (adapted from 
Baron et al. 2007, 2018).Gene information is as at 10.10.2019 at Ensembl.org.  
 

As described above, in differentiated cells, DNA methylation presents a stable, long-

term modification. This feature makes DNA methylation a good candidate for 

molecular, DNA based characterization of individual cell types. The concept of 

epigenetic cell quantification was first introduced by Wieczorek et al. in 2009 and was 

since then expanded to include a wide range of different immune cell types (Baron et 

al. 2018). 

For the detection of specific DNA methylation patterns, real-time PCR (qPCR) assays 

were developed. For this, the methylation information has to be conserved as the 

methylation signal would be otherwise lost during subsequent DNA amplification. In 

order to achieve this, genomic DNA is treated with sodium bisulfite which deaminates 
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unmethylated cytosines into uracils whereas methylated cytosines are chemically 

protected from the conversion and remain as cytosines (Frommer 1992). In the 

subsequent DNA amplification, the converted uracil will be replaced with thymine which 

will essentially result in a single nucleotide exchange at the position of the methylated 

cytosine. As a result, two methylation-dependent DNA sequences are being generated 

that can be detected and distinguished with methylation specific qPCR assays. 

Using this approach in a clinical environment, quantitative abnormalities of certain 

immune cell types can be detected. Since other methods to quantify immune cells are 

limited in their applications, this approach may help to enable immune cell 

quantification in certain settings. A number of theses settings, including their 

challenges and the potential solutions, which may be provided by epigenetic qPCR, 

will be discussed in the following chapters and constitute results of this thesis. 

1.2 Brief Overview of the Immune System 

The immune system is primarily designed to protect against foreign pathogens, which 

present continuous challenges to an organism. Moreover, it distinguishes between 

healthy and abnormal cells. Such abnormal conditions may be caused by foreign 

bodies (i.e., viral or bacterial infections) or self-inflicted damage (i.e. mutations) (Schütt 

and Bröker 2011).  

1.2.1 The Innate Immune System 

Granulocytes, monocytes and natural killer (NK) cells are the cellular part of the innate 

immune system, which provide first line host defence. These cells recognize so-called 

PAMPs (pathogen-associated molecular patterns), molecules common to many 

pathogens but absent in host cells. Recognition occurs by means of pattern recognition 

receptors (PRR), which trigger intercellular signalling cascades to express 

proinflammatory molecules and phagocytosis. PAMPs often occur on the pathogen 

surface but cannot always be recognized by PRRs (Janeway Jr. and Medzhitov 2002). 

Hence, not all pathogens are detected and eliminated by the innate immune system 

alone.  

https://www.ncbi.nlm.nih.gov/books/n/mboc4/A4754/def-item/A5615/
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1.2.2 The Adaptive Immune System 

Adaptive immunity consists of antigen-specific reactions mediated through B and T 

cells. B cells are mainly responsible for humoral immunity by secreting antibodies after 

antigen-mediated activation via T helper cells. In addition to the function of T helper 

cells, T cells are involved in cell-mediated immunity. The specificity of B and T cells is 

determined by the receptor recombination that operates during the early stage of 

lymphocyte development (Duchosal 1997; Petrie et al. 1995). The V(D)J recombination 

results in the highly diverse repertoire of antibodies in B cells and T cell receptors in T 

cells (Bassing, Swat, and Alt 2002). Immature B cells migrate to secondary lymphoid 

organs where they differentiate into mature cells. After encountering their respective 

specific antigen, naïve B cells undergo clonal expansion and differentiate either into 

antibody secreting plasma cells or into memory B cells (Batista and Harwood 2009; 

Mehta and Rezvani 2016). Similar process is observed for T cells. Double-negative 

precursor T cells mature in the thymus where they undergo positive and negative 

selection to become CD4+ or CD8+ T cells. When naïve T cells encounter a foreign 

antigen, they either differentiate into activated effector cells or they become memory 

cells (Lanzavecchia and Sallusto 2000). Hence, a large diversity of responding immune 

cells is required to recognize specific “non-self” antigens. Once they encounter an 

antigen to which their receptor binds, the cells generate specific immune responses 

that are tailored to eliminate pathogens and pathogen-infected cells, as well as tumour 

cells (Kim 2007). 

1.2.3 Immune Tolerance 

The immune system is generally tolerant towards self-antigens. It normally does not 

attack the body’s own cells or accepted symbiotes, such as those encountered in the 

microbiome. Such immunological unresponsiveness to particular antigens is defined 

as immune tolerance. In a simple model, immune tolerance can be divided into central 

tolerance based on immune editing during thymic selection and peripheral tolerance 

that involves suppression of autoreactive lymphocytes that have entered the periphery 

(Vesely et al. 2011). Autoreactive immune cells of the adaptive immune system are 

normally eliminated. This includes B cells producing antibodies that recognize host 

cells (Rawlings et al. 2017) or T cells recognising self-antigen (Starr, Jameson, and 

Hogquist 2003). However, small amounts of adaptive immune cells escape this 

https://en.wikipedia.org/wiki/Humoral_immunity
https://en.wikipedia.org/wiki/Cell-mediated_immunity
https://en.wikipedia.org/wiki/Pathogen
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selection and are kept in a non-reactive state through regulatory immune cells or were 

eliminated by deletion in the periphery (Ferber et al. 1994). When the immune 

tolerance is impaired, disorders such as autoimmunity or allergies occur. 

1.3 Dysfunction of the Immune System 

The essential task of the immune system is to ward off any kind of disease. The 

occurrence of chronic or lethal diseases is a sign of immune system failure. Against 

this background, immune disorders can be categorized into the following groups: 

1) Allergies as a hyper-response to normally harmless, external allergens 

2) Autoimmunity as a hyperactive immune response attacking the body’s own 

normal tissue 

3) Congenital or acquired immune deficiencies resulting in recurring and life-

threatening infections  

4) Diseases resulting from inadequate immune response, such as cancer 

5) Iatrogenic immune deficiencies, i.e. disease that only occur due to treatment of 

different disorders. 

In this work, two independent disease scenarios will be described where the immune 

system is impaired due to genetic manifestation or due to iatrogenic impact. 

1.3.1. Primary Immune Deficiencies (PIDs)  

Primary immune deficiencies comprise of more than 350 diseases directly affecting the 

immune system (Raje and Dinakar 2015). While these diseases are very 

heterogenous, they share some common features: they are known to be caused by 

hereditary, monogenic defects affecting one or more components of the immune 

system. As demonstrated in Figure 1.2, classification of subgroups, e.g. by 

International Union of Immunological Societies (IUIS) or European Society for Primary 

Immunodeficiencies (ESID), are designed to help understanding disease genotypes, 

immunological anomalies and associated clinical manifestations (Bousfiha, Jeddane, 

Ailal, Al Herz, et al. 2013). 
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PIDs are characterized by the absence or functional reduction of certain immune cell 

types mostly due to monogenic defects. Several defects can cause very severe and 

life-threatening diseases if not diagnosed and treated in a timely manner 

(Cunningham-Rundles and Ponda 2005). Severe combined immunodeficiency (SCID) 

represents one of the most severe forms of primary immune deficiency disorders. It is 

characterized by the absence of T cells and depending on defect, variable number 

and/or function of B and NK cells (Kanegane, Imai, and Morio 2017). Affected children 

suffer from recurrent infections, notably infections with opportunistic organisms, and 

early death (I. Sponzilli and Notarangelo L.D. 2011). Other PIDs, such as X-linked 

agammaglobulinemia (XLA) or severe congenital neutropenia (SCN) can be named 

here as additional representative disease. 

1.3.1.1 Primary Immune Regulatory Disorders (PIRDs)  

Whereas PIDs are mainly associated with a high risk of opportunistic infections, 

primary immune regulatory disorders (PIRDs) primarily manifest with symptoms of 

autoimmunity and hyperinflammation. Besides others, diseases such as IPEX 
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(Immune Dysregulation, Polyendocrinopathy, Enteropathy, X-linked) syndrome and 

IPEX-like disorders belong to this category (Chandrakasan et al. 2019).  

The IPEX syndrome is an archetypal monogenic PIRD and was first described in 1982 

by Powell et al. The affected males suffered severe diarrhoea that was lethal in most 

male infants by the first years of life (Powell, Buist, and Stenzel 1982). Nowadays, 

IPEX syndrome is associated with autoimmunity, and manifests in a variety of clinical 

symptoms including severe enteropathy, type 1 diabetes and eczema (Bacchetta, 

Barzaghi, and Roncarolo 2016).  

After IPEX was first described, it took about 18 years to identify the association 

between FOXP3 mutation and the disease (Bennett et al. 2001; Chatila et al. 2000; 

Wildin, Smyk-Pearson, and Filipovich 2002). Today, this rare disorder is characterized 

by defective development of regulatory T cells (Tregs) which are involved in immune 

homeostasis. Tregs play a key role in maintaining immunological self-tolerance in the 

periphery and preventing autoimmunity due to their diverse immune suppressive 

capability as shown in Figure 1.3 (Chapman and Chi 2014; Sakaguchi et al. 2006). The 

X chromosomally encoded transcription factor FOXP3 serves as a lineage 

specification factor of Tregs and in case of loss-of-function mutations leading to a 

severe multiorgan autoimmune and inflammatory disorder (Bennett et al. 2001).  
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Figure 1.3: The Major Mechanisms of Tregs Leading to Suppression of Conventional 
T cell Responses. Tregs express surface receptors such as CTLA4 or LAG3 which 
mediate cell-dependent suppression of conventional T cell response (Tconv). These 
receptors bind to CD80/86 or pMHC, respectively, and lead to impaired T cell-activation 
due to disrupted TCR-pMHC or CD28-CD80/86 interaction. Tregs also produce 
immunosuppressive cytokines such as TGF-β ,  IL-10 or IL-35 for suppression of Tconv. 
Moreover, Tregs present higher CD25 expression compared to Tconv. Thus, less IL-2 is 
available for Tconv activation due to a more robust IL-2 signall ing in Tregs. They also 
express CD39 and CD73 which can deplete a microenvironment of ATP by generating 
adenosine and AMP, which have immunosuppressive effects on Tconv. Under certain 
condit ions, apoptosis of Tconv can be induced through production of perforins and 
granzyme B. Figure was adapted from Chapman and Chi, 2014. 
 

IPEX presents as a typical recessive disorder in females, with carriers not manifesting 

disease. Due to the X-chromosomal location of the FOXP3 gene, however, affected 

males show violent symptoms. As expected, Tregs in non-carrier females are found 

with mosaic expression of FOXP3 alleles. However, mutation carriers have mature 

Tregs exclusively derived from the unaffected allele (Barzaghi et al. 2012). In male 

patients, dysfunctional Tregs are found in the periphery and are evidently derived from 

the one X chromosome.  
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Disorders with similar but milder autoimmune symptoms phenotypically resembling 

IPEX but without FOXP3 mutation are defined as IPEX-like syndromes (Verbsky and 

Chatila 2013). IPEX-like syndromes are linked to gene defects which are associated 

with signalling and function of Tregs such as CTLA4 (Schubert et al. 2014), PI3K 

(Phosphoinositide 3-kinase), DOCK8 (Alroqi et al. 2017) and CD25 (Caudy et al. 

2007). STAT1 gain-of-function genotype is also classified as IPEX-like although no 

direct association to Tregs development or function is known (Uzel et al. 2013). In 

contrast to IPEX, IPEX-like syndrome can also affect females, although the disease is 

usually less severe and patients show better therapy response (Barzaghi et al. 2012).  

Nevertheless, the molecular cause of many PID or PIRD symptoms remains unknown 

in many patients.  

1.3.1.2 Current Diagnostics of PIDs 

The genetic causes of PIDs stem from many different mutations, and the early onset 

of diseases that manifest mainly through opportunistic infections, are symptomatically 

indistinguishable. This renders the establishment of guidelines to provide accurate 

differential diagnoses very challenging. 

Depending on the causative mutation, individual immune cell types or large parts of 

the immune system can be absent, quantitatively decreased or dysfunctional. The 

majority of PID patients have a defect in the lymphocyte compartment (Picard et al. 

2018). However, only 15 to 30 percent of PID cases are found using sequencing 

approaches including whole-genome, whole-exome or targeted DNA sequencing for 

the detection of mutations (Al-Mousa et al. 2016; Cifaldi et al. 2019; Stessman, Bernier, 

and Eichler 2014). Therefore, accurate immunophenotyping is essential for guiding 

further functional and genetic testing. Accordingly, immunophenotypically predefined 

PID patients yield up to >95 % for SCID and >85 % for agammaglobulinemia (ESID 

,accessed May 25, 2019). One of the main reasons for the equivocal diagnostic results 

of whole exome or whole genome sequencing alone is the fact that many allelic gene 

variants are unknown and may or may not lead to a disease phenotype. Therefore, 

and despite the important role of gene sequencing in finalizing the diagnosis, 

immunological and functional analysis are absolutely essential to identify a medical 

problem and to define the consequence of a genetic alteration. For this, flow cytometric 



 1 Introduction 
            
  

15 
 

immunophenotyping currently presents an essential and seemingly irreplaceable part 

(Al-Mousa et al. 2016). 

Most PID patients present first symptoms in infancy. Typically, the diseases are 

persistent or recur, with established standard treatments having a very limited success 

rate. Upon recognition of such persistency, diagnostic investigations focus on possible 

genetic causes of the disease (Cepika et al. 2018). For patients with very severe forms 

of PID, such as SCID, a diagnosis as early as possible is required to increase the 

chances of a positive outcome for the subsequent therapy, e.g. hematopoietic stem 

cell transplantation (Pai et al. 2014). Thus, there is a need to identify these patients 

before the first symptoms occur. Unfortunately, immunophenotyping via flow cytometry 

is not feasible in the newborn screening context as the only available material are dried 

blood spots on so-called Guthrie cards. In principle, flow cytometric analysis is possible 

by taking a small amount of venous blood, but due to high costs of the technology and 

low incidence rate of PIDs (Kwan et al. 2014), immunophenotyping is not part of the 

newborn screening. 

Therefore, a molecular test called T cell receptor excision circles (TREC) analysis was 

implemented into newborn screening in certain countries (e.g. USA, Norway and most 

recently also in Germany (Schütz et al. 2019). TREC is a quantitative real-time PCR 

test to quantify T cell receptor excision circles - DNA by-products that are generated 

during T cell receptor recombination. In newborns, the number of TREC copies is 

proportional to the number of T cells. Therefore, low levels of TRECs indicates an 

impaired T cell development and is therefore associated with T cell lymphopenia 

(Serana et al. 2013). A conspicuous result (i.e. TREC copy number below a certain 

threshold) leads to a diagnostic follow-up to confirm the presence of SCID or another 

form of T cell lymphopenia. A similar technology called KREC (kappa-deleting element 

recombination circle) was established where KREC copy numbers correlate with the 

number of B cells. Low KREC copy numbers are associated with quantitative B cell 

defects, as in X-linked agammaglobulinemia (Borte et al. 2012). KREC testing is 

however not included in the majority of the newborn screening programs. The limitation 

of both TREC and KREC testing is that only overall T or B cell levels can be detected. 

Subpopulations cannot be separately quantified and the approach cannot be expanded 

to further immune cell types. Hence, the newborn screening of PIDs, which are not 
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related to a quantitative deficiency of the major T or B cell deficiencies is not possible 

with the current state of technology. 

1.3.1.3 Epigenetic Immune Cell Quantification as Potential Diagnostic Tool for 
PIRDs 

Often, PIRD patients – similar to PID patients - present symptoms during the first few 

months of life. However, due to this early onset, low incidence and variety of symptoms, 

it is difficult to associate the clinical manifestations with specific genetic defects. These 

difficulties are further aggravated by the effect of individual mutation sites on protein 

function causing heterogeneity of clinical presentations. These parameters taken 

together render an early and accurate diagnosis of PIRD extremely challenging.  

The lack of functional Tregs is diagnostically indicative for this group of diseases. The 

assessment of Treg cell frequency by flow cytometry is a common procedure but is 

susceptible to false results in this clinical setting. Flow cytometric panels commonly 

include antibodies against intracellular FOXP3 protein as well as surface proteins CD3, 

CD4, CD25 and absence of CD127. The precision of the Treg quantification is relatively 

low and can result in false positive or –more harmfully– to false negative diagnosis. A 

reason for this can be that activated effector T cells can also express FOXP3 protein 

and can therefore be falsely quantified as Tregs (Magg et al. 2012; Miyao et al. 2012). 

Another cause is that Tregs can be dysfunctional, even when the patients present 

normal numbers. Sequencing of the conspicuous patients is required for confirming 

diagnosis (MacArthur et al. 2014). Nevertheless, due to the accelerated discovery of 

new mutations, functional confirmation is recommended which is only performed in 

research laboratories associated with attending physicians (Cepika et al. 2018). Often, 

a differential diagnosis by showing decreased FOXP3 protein expression or mutation 

test of the FOXP3 gene is only reached when the disease has progressed to a life 

threatening stage (Wildin, Smyk-Pearson, and Filipovich 2002).  

Allogenic hematopoietic stem cell transplantation presents the only curative option for 

many PIDs and PIRDs. Nevertheless, this therapy approach is a harsh treatment with 

the risk of severe complications and mortality. Patients which already present severe 

clinical manifestations such as inflammations or organ damage showed an increased 

risk for developing complications and are therefore associated with a poor prognosis 
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(Slatter and Gennery 2018). Therefore, the diagnosis as early as in newborn screening 

is required to decreased the risk of HSCT. At the currently estimated incidence ( ̴ 1 

IPEX patient in one million births), gene sequencing for newborn IPEX screening is 

economically not feasible. Since dried blood spots are the only available sample 

material, flow cytometry is also not suitable for newborn screening because this 

approach is limited to intact cells, i.e., analysis must be conducted with fresh or well-

preserved whole blood.  

Previous studies have already shown that by analysing IPEX and IPEX-like patients 

with the epigenetic Treg and CD3+ T cell assays, carriers had no deviating Treg counts 

compared to healthy donors whereas IPEX patients appeared to have elevated and 

IPEX-like patients decreased Treg counts (Barzaghi et al. 2012). This finding indicates 

the potential of diagnostic relevance of this technology for PIRD patients.  

1.3.2 Iatrogenic Immune Deficiency 

Iatrogenesis (iatros (gr.) – physician and genesis (gr.) - formation) describes diseases 

that are induced by therapies. Sometimes, iatrogenic immunodeficiencies are 

bystander effects, such as with chemotherapies where the cytotoxic effects are 

intended to kill cancer cells, but equally affect fast growing immune cells. Others are 

intentional such as immunosuppressive therapies. Clinical settings where an immune 

suppressive stage is required for therapy success are either during the treatment of 

various autoimmune disorders or in the post-transplant period (Kubica and Sangle 

2016). In this work, iatrogenic immune deficiency after hematopoietic stem cell 

transplantation (HSCT) was investigated in more detail. 

1.3.2.1 Overview of Hematopoietic Stem Cell Transplantation  

The HSCT represents the only curative therapy for many life-threatening disorders 

affecting the hematopoietic system. Main indications are myeloid and lymphoid 

malignancies, solid tumours and non-malignant disorders such as primary immune 

deficiencies or autoimmune diseases (Passweg et al. 2016). 

The choice of the hematopoietic progenitor cell source, i.e., autologous or allogeneic 

HSCT, depends on primary disease, patient’s medical condition, therapeutic objective 

as well as availability and source of stem cells (Hatzimichael and Tuthill 2010). 
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Whereas autologous therapies face less adverse events compared to the allogeneic 

transplant, their curative potential is limited. The allogenic HSCT is used to replace the 

immune system in patients with acquired or inherent genetic defects such as primary 

immune deficiency (PID) patients. In cases of leukaemia, the graft versus leukaemia 

(GvL) effect that is primarily mediated by donor T cells is exploited for the eradication 

of malignant host cells (Gyurkocza, Rezvani, and Storb 2010; Weiden et al. 1979). The 

most common indications for allogeneic transplantation are acute or chronic leukaemia 

and myelodysplastic or myeloproliferative syndromes, accounting for approximately 70 

% of allogeneic HCTs in North America (Gyurkocza, Rezvani, and Storb 2010). 

However, allogeneic cell transfer is associated with up to 27 % transplantation-related-

mortality (TRM) (Pasquini et al. 2013). This risk must be carefully weighed against the 

potential clinical benefit. Prior to establishment of efficient transplantation procedures 

and supportive care practices, in the 1980s and early 1990s, allogenic HSCT was 

restricted to paediatric patients with human leukocyte antigen (HLA)-identical sibling 

donors. When patient survival improved substantially and was therefore increasingly 

applied to other patients, such wider use of HSCT was also fostered by establishing 

donor registries such as Anthony Nolan Trust (UK) and National Bone Marrow Donor 

Registry (DKMS; Quelle). The use of HSCT peaked at 42,171 HSCTs performed in 

655 centres across 48 European countries in 2015 (Passweg et al. 2017). Despite the 

fact that the expansion of donor registries markedly improving the chances to 

encounter a suitable donor, the application of transplantation using unrelated donors 

remains limited. This is because identifying an unrelated but fully-matched HLA donor 

in a timely manner is not possible for every patient. Depending on the racial and ethnic 

group, for 16-75 % of the patients a donor who is matched at high resolution can be 

found (Gragert et al. 2014). Due to extended donor availability and tremendous 

progress in supportive care, it has become possible to perform allogeneic HSCT for 

almost all patients. To achieve this, alternative donor sources such as mismatched 

unrelated donor (MMURD) can be used, in case no fully matched unrelated donor is 

available. A usually accepted alternative is MMURD if at least 7 of 8 HLA alleles 

matches, otherwise, the TRM risk is significantly increased (Weisdorf et al. 2008). 

Another alternative to allogenic grafts represents the haploidentical first-degree related 

donor transplantation for patients lacking well-matching donors. Improved 

pharmacological prophylaxis led to an increase of this approach of almost 200 % 
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between 2010 to 2015 (Passweg et al. 2017) by showing comparable 4-year adjusted 

probabilities of relapse and overall survival to HLA-identical sibling donor (Y. Wang et 

al. 2016).  

Once a suitable donor is identified, the first therapeutic step is the conditioning regime. 

Before the hematopoietic cell infusion, a conditioning regime is required for disease 

eradication and must suppress the host’s immune system, in order to allow 

engraftment of donor stem cells (Vriesendorp 2003). The development of graft versus 

host disease (GvHD) mediated by donor T lymphocytes limits therapy success. It 

represents a common complication that manifests as tissue injury to skin, 

gastrointestinal mucosa and liver. To avoid occurrence of severe GvH reaction, 

transplantation is followed by long-term immune suppressive prophylaxis. As a 

consequence, patients have a highly impaired immune system during this period, 

which makes patients particularly vulnerable to pathogenic infection. 

1.3.2.2 Current Monitoring of Immune Reconstitution after HSCT 

The monitoring of the immune reconstitution after transplant infusion is an elementary 

part of post-transplant medical care. Immune reconstitution is a dynamic process and 

begins with the recovery of the innate immune system. The initial phase mainly 

consists of neutrophil recovery and is accordingly named the neutropenic phase. The 

neutrophil count is used as a biomarker for the engraftment and is defined as the first 

day with more than 500 neutrophils/µl for three consecutive days. The duration of this 

phase depends on the graft and lasts between 11-21 days in case of a successful 

transplant engraftment (Bartolomeo et al. 2013; Yu Wang et al. 2013). Upon initial 

granulocyte repopulation, engraftment of monocytes and NK cells are generally 

reconstituted to normal numbers within one to four months (Bae et al. 2012). NK cells 

are known for their protective role against many viral infections commonly encountered 

after HSCT including, but not limited to, cytomegalovirus (CMV), Epstein-Barr virus 

(EBV), herpes simplex virus (HSV) and varicella zoster virus (VZV) (Goodier et al. 

2018; A. Horowitz, Stegmann, and Riley 2012). 

Following the reconstitution of the innate immune system, the reconstitution of the 

adaptive immune system should take place. Achieving full recovery may take up to 2 

years (Bosch, Khan, and Storek 2012). Recovery of the T cell compartment is strongly 
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dependent on the conditioning regime and immunosuppressive therapy and can last 

from 1.5 months up to over 1 year (Chiesa et al. 2012; Godthelp et al. 1999), due to 

the fact that CD8+ T cells reconstitute faster than CD4+ T cells (Bae et al. 2012) . After 

approximately 100 days, B cell recovery begins and is expected to last approximately 

2 years (Wiegering et al. 2019).  

Overall immune reconstitution depends on a variety of factors such as the source of 

transplant, conditioning regime and post-transplant immunosuppressive therapy 

(Kekre and Antin 2014). A delayed immune reconstitution is highly associated with the 

occurrence of complications and mortality requiring close monitoring (Fehse et al. 

2001; Talwar et al. 2007; Fu et al. 2014). The prediction of the individual time required 

for full engraftment can be of critical value for clinicians. Whereas pre-transplant risk 

factors for the outcome of HSCT have already been identified and applied in the clinical 

setting such as age or stage of the primary disease (Gratwohl 2012), very few post-

transplant biomarkers were evaluated for the early identification of complications. For 

this reason, laboratory tests in the immediate post-transplant period could improve 

personalized medicine (Yahng et al. 2014). 

Several tests are used to assess post-transplant immune recovery. Routinely, tests 

such as absolute lymphocyte counts (ALCs), immunophenotyping via flow cytometry 

of lymphocyte subsets and antibody titres, are performed in clinical laboratories. Other 

molecular laboratory tests such as chimerism or minimal residue disease analysis are 

performed to provide further information on the engraftment success or disease 

recurrence, respectively. In addition, tests such as TREC or KREC are performed in a 

research setting to determine the thymic output and T and B cell repertoire (Van Den 

Brink, Velardi, and Perales 2015).  

Fred Hutchinson Cancer Research Center created a general guideline for the long-

term follow-up after HSCT (Mary E. D. Flowers, M.D.; George McDonald, accessed 

08.03.2020) which recommends a complete blood count (CBC) (including differential 

and platelet counts) at weekly intervals or more often as long as the patients are highly 

leukopenic. Whereas the CBC and ALC provides information at early timepoints, 

differential immunophenotyping is mostly not performed due to lack of sufficient 

immune cell numbers needed for analysis. The standard procedure of the clinical 

laboratory at Lucile Packard Children’s Hospital Stanford for instance set the minimum 
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number >300 cells/µl ALC to perform a differential blood count. Therefore, very early 

information of immune reconstitution is not available.
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1.4 Aim of the study 

The aim of this study was to evaluate the feasibility of epigenetic immune cell 

quantification in the clinical environment, comparing its performance to the gold 

standard flow cytometry. Furthermore, it was tested whether this technology had 

advantages over the common clinical procedure and therefore improved the 

diagnostics in the field of primary immune deficiencies or the monitoring of the 

engraftment after hematopoietic stem cell transplantation. To answer the questions of 

whether this technology is suitable as an alternative approach for immune cell 

quantification, the following steps were required: 

1) It was necessary to expand the epigenetic immune cell panel to analyse the 

major immune cell populations to achieve an overview of the entire immune 

system. For this, the establishment of the B and NK cell assays was required. 

 

2) In the next step, both assays were combined with pre-existing epigenetic 

immune cell panels. In addition, a calibration system and the absolute 

quantification (immune cells per µl whole blood) were introduced to increase the 

accuracy of results and to meet the requirements in the clinical routine, 

respectively. 

 

3) This system was first tested on whole blood samples from patients after they 

received a hematopoietic stem cell transplantation. The epigenetic monitoring 

of the engraftment was compared to flow cytometry. Furthermore, the 

association between the epigenetic data from the first available sample and the 

later outcome of the patient was investigated to analyse whether early 

monitoring provides predictive indications for later complications. 

 

4) The epigenetic system was also tested on samples from patients with various 

primary immune deficiencies. Here, the main focus was on the T cell 

compartment and the data was also compared to flow cytometry. It was also 

investigated how this technology could be suitable in the field of newborn 

screening.
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2 Materials 

2.1 Equipment 

Centrifuge 5424        Eppendorf 

DNA Sequencer ABI 3100      Applied Biosystems 

Dried Blood Spot puncher 3.0mm    Ted Pella 

DynaMag™-2 Magnet      Invitrogen 

Electrophoresis Chamber E-H2      Febikon Labortechnik 

GmbH  

FlashGel™ System       Lonza 

FlashGel® DNA-cassettes, 1,2%ige agarose   Lonza 

Heating block ThermoStat Plus      Eppendorf 

Light Cycler 480II       Roche 

Microcomputer Electrophoresis Power Supply E443    Consort 

Mini Centrifuge MySPIN 6      Eppendorf 

Multi Channel Pipette      Eppendorf 

Multipette® Stream        Eppendorf 

NanoDrop         Thermo Scientific 

Qubit™ Fluorometer       Invitrogen 

Research®plus Pipettes (10,100,1000 µl)   Eppendorf 

Research®plus Pipettes (8-channel 10 µl)   Eppendorf 

Rotina 46R Centrifuge       Hettrich Zentrifugen 

Thermocycler (Gene Touch)     Bioer 
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Vortex Genie 2        Scientific Industries 

UV Transluminator MultiGenius      Syngene 

2.2 Consumable Supplies 

Combi Tips (0.1, 0.5, 5.0 ml)     Eppendorf 

KIMTECH Precision Wipes     KIMTECH Science 

LightCycler 480 Multiwell Plates 384 (plus Sealing Foil) Roche 

Sequencing Plates 96-well      Corning 

Pipette Tips (10, 100, 1000 µl)     Starlab 

Qubit™ 0.5 ml Assay Tubes      Invitrogen 

PCR Plates Thermowell Gold     Corning 

Reaction tubes 0.2 ml      Starlab 

Reaction tubes 1.5 ml      Eppendorf 

Falcon tubes (15, 50 ml)      Corning 

2.3 Reagents 

Ammonium Bisulfite (50-70 %. pH 4.8-5.2)   TIP Chemicals 

Betaine        Sigma Aldrich 

DNA Loading Dye (6x)      Fermentas 

dNTPs (10 nM)       Thermo Fisher 

EMSURE® Ethanol (96-100 %)      Merck 
 
Ethidium bromide (10 mg/ml)      VWR 
 
FlashGel™ DNA marker      Lonza 
  
GeneRuler™ 100 bp Plus DNA Ladder     Fermentas 
 
Lambda DNA (300 ng/μl)       New England Bio Labs 
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LE Agarose         Biozym 
 
Lichrosolv water       Merck 
 
Methylated/unmethylated converted MDA-DNA  Qiagen 
 
Nuclease-free Water      Qiagen 

Roche Probes Master (2x)      Roche 

Sodium Acetat (3M pH 5.0)     Merck 

SYBR Green I        Biozym 

Tetrahydrofurfuryl alcohol (99%)     Sigma Aldrich 

2.4 Buffers and Kits 

BigDye™ Terminator v1.1 Cycler Seq. Kit   Applied Biosystems 

Dynabeads™ SILANE Genomic DNA Kit   Invitrogen 

Elution Buffer EB        Qiagen  

DNeasy tissue       Qiagen 

EpiTect Control DNA, methylated     Qiagen   

EpiTect Control DNA, unmethylated    Qiagen 

EpiTect Fast Bisulfite Kit      Qiagen 

PBS (Dulbecco’s Phosphate Buffered Saline)    Sigma Aldrich 

PCR-Buffer (10X)       Qiagen  

QIAamp DNA Mini Kit      Qiagen 

Qubit™ dsDNA BR Assay Kit      Invitrogen 

Sequencing running buffer (10x)     Applied Biosystems 

TAE buffer (50x)       Merck 
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2.5 Enzyms 

ExoSAP-IT™       ThermoFisher 

HotSarTaq DNA Polymerase (5units/µl)    Qiagen 

ScaI HF™ (20.000 units/ml)      New England Bio Labs 

peqGOLD Proteinase K (lyophilized)    Peqlab 

2.6 Plasmids, Primers and Probes 

2.6.1 Plasmids 

All plasmids were synthesized by Genscript. The backbone is 2710 base pairs and 

isolated from E. coli strain DH5α by standard procedures.  
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Table 2.1: Plasmids for qPCR Assay Establishment 
Cell 
Type 

Gene Plasmid 
Backbone 

Plasmid 
Name 

Insert Sequence (5’-3’) 
N

K
 c

el
ls

 

M
V

D
 

pU
C

57
 

M
VD

_u
nM

+G
AP

D
H

 GGGTTAAGTTGTGTATTGAGGAGGGTGTATATGGGGGTTTTGTG

GTATTTTTATAGAGTAGTGTAGGGGAAGAGGTGGTTTAGGGTTA

AGTTGTGTATTGAGGAGGGTGTATATGGGGGTTTTGTGGTGTTA

AGATGTAGTTGTTGGATTTTATTTAAGAAAAGATATTTAATTGTTG

GGGGGTTTTTGGTATTGTAGGTTTTGGGATGTTAGTGTGTAGTG

GGTGTATTTTTGTTTGGATGTTGTGTTTGTGGTAGAGTGGTTGTT

ATGTTGTAATTGGCAGT 
M

VD
_m

et
h 

GGGTTAAGTTGTGTATCGAGGAGGGCGTATATGGGGGTTTTGTG

GTATTTTTATAGAGTAGCGTAGGGGAAGAGGCGGTTTAGGGTTA

AGTTGTGTATCGAGGAGGGCGTATATGGGGGTTTTGTGGCGTTA

AGATGTAGTTGTCGGATTTTATTTAAGAAAAGATATTTAATTGTCG

GGG 

B
 c

el
ls

 

LR
P

5 

pU
C

57
 

LR
P5

_u
nM

+G
AP

D
H

 

TCCTATCACCTAAACACAATCACTATTCTCAATTCCTCTATAACTT

TCCAAACTACAAATACCCATTAATATTACAACCATACACCCAACA

AACATAAATTAACTATACCACCTAACTACTAACAAAACACCTCAC

CTCAACTAAAAACTACCTAAAACTACTCACCCAAAAACAACATAA

AAAAAACATAAAATTCTATCACTTATTACAACTAACAACACAACTA

TAAAATCCCAATAAACAAAAACCTGGTTTTTGGTATTGTAGGTTTT

GGGATGTTAGTGTGTAGTGGGTGTATTTTTGTTTGGATGTTGTGT

TTGTGGTAGAGTGGTTGTTATGTTGTAATTGGCAGT 

LR
P5

_m
et

h 

TCCTATCACCTAAACACAATCGCTATTCTCGATTCCTCTATAACTT

TCCAAACTACAAATACCCATTAATATTACGACCGTACGCCCGACG

AACATAAATTAACTATACCGCCTAACTACTAACGAAACGCCTCGC

CTCGACTAAAAACTACCTAAAACTACTCACCCAAAAACAACGTAA

AAAAAACGTAAAATTCTATCGCTTATTACAACTAACAACACGACTA

TAAAATCCCAATAAACAAAAACCT 

 

Plasmids (standard and calibrator plasmid) containing bisulfite-converted or 

unconverted sequences of target regions for the quantification of all immune cell types 

are shown in Supplement 10.  
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2.6.2 Bisulfite Sequencing 

All bisulfite sequencing primers were synthesized and desalted by Eurofins Genomics. 

Table 2.2: Bisulfite Sequencing Primer 
Cell 

Types 
 Gene Primer Name Sequence (5’-3’) 

B cells  MVD qMVD_r ATATCCAAATATCCTACCCTCC 

 qMVD_q ATTTTTGTGTGATTTTAGGGTT 

NK cells  LRP5 qLRP5_o GGTGTGGGTTTGAGTTTATTT 

 qLRP5_p AACCCCTAATTTCCTTCTTACT 

 

2.5.3 Melting curve analysis 

Upon gradual temperature increase, the equilibrium shifts from double stranded, 

SYBR-Green intercalating towards dissociated single stranded DNA. The melting point 

of a double stranded nucleic acid chain is defined as the inflection point and is 

mathematically represented by the negative first derivative of the melting curve. The 

melting curve analysis is indicative of a homogeneous product. In contrast, a wide 

curve with or without various peaks indicates the presence of more than one PCR 

product and presents lacking specificity. The melting point is dependent on sequence 

and length of the fragment.  

2.6.3 qPCR Oligos 

All qPCR oligos were synthesized and HPLC purified by Eurofins Genomics. Probes 

of unmethyl-specific assays are 5’ FAM™-labelled excepted GAP[GC] and methyl-

specific probes are labelled with 5’ HEX™. All probes are modified with 3’ BHQ1 (Black 

Hole Quencher 1) quencher. 

 

 

 

 
 

https://en.wikipedia.org/wiki/First_derivative
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Table 2.3: Sequences of Primers and Probes for qPCR Assays 
C

el
l t

yp
e 

M
ar

ke
r 

G
en

e 

Oligonucleotide 

Name 
Sequence (5’-3’) Concentrat

ion per 
well [µM] 

G
A

PD
H

 

G
A

P
D

H
 

Tp
G

 s
pe

ci
fic

 

qP
C

R
 

GAPDH_Fw GGTTTTTGGTATTGTAGGTTTT 1.5 

GAPDH_Rv CCAATTACAACATAACAACCA 1.5 

GAPDH_Probe TGTTTGGATGTTGTGTTTGTGGTAGAGT

G 

0.25 

G
A

P[
G

C
] 

Ar
tif

ic
ia

l 

se
qu

en
ce

 

 

GAP[GC]_Fw GGTTTTGTGTATGTTAGGTTTG 0.75 

GAP[GC]_Rv CCACATTACAACATAAACACAC 0.75 

GAP[GC]_Probe TGTTGTGATGTTGGTTTTGGTGTAGAGG

T 

0.125 

Tr
eg

s 

FO
X

P
3 

Tp
G

 

sp
ec

ifi
c 

qP
C

R
 FOXP3_Fw GTTTTTGATTTGTTTAGATTTTTTTGTT 1.5 

FOXP3_Rv CCTCTTCTCTTCCTCCATAATATCA 1.5 

FOXP3_Probe ATGGTGGTTGGATGTGTTGGGTT 0.25 

C
D

3+
 T

 
ce

lls
 

C
D

3G
/D

 

Tp
G

 

sp
ec

ifi
c 

qP
C

R
 CD3_Fw CCTAAACACTACCACATCTCAA 1.5 

CD3_Rv AGAAATTTAGTTGTTATGGTTTGT 1.5 

CD3_Probe AAAAAACCATCAACCCCATAACACAAA 0.25 

C
D

4+
 T

 
ce

lls
 

C
D

4 

Tp
G

 

sp
ec

ifi
c 

qP
C

R
 CD4_Fw CCCTACTCTTATAATAAACATTTTTATCAA 4.5 

CD4_Rv GAAATTATTTTTTGAGTGTTTTTAATG 3.0 

CD4_Probe TGATTTTGAGGGTGGTGGTTATTTTG 0.25 

C
D

8+
 T

 c
el

ls
 

C
D

8B
 

Tp
G

 s
pe

ci
fic

 

qP
C

R
 

CD8_Fw GTGGTTAAGAAATTAATAGGAAAAAGAAT

G 

1.5 

CD8_Rv CTTCCCCACCACAATACAACA 1.5 

CD8_Probe TGTTTGTGAGGTATTTAGTTGATGGGAG

TTT 

0.125 

N
K

 c
el

ls
 M

V
D

 

Tp
G

 s
pe

ci
fic

 

qP
C

R
 

MVD-2_Fw GGTTTTGTGGTATTTTTATAGAGTAGT 1.5 

MVD-2_Rv CCATATACACCCTCCTCAA 1.5 

MVD-2_Probe CCCTAAACCACCTCTTCCCCTACAC 0.125 

M
V

D
 

C
pG

 s
pe

ci
fic

 

qP
C

R
 

MVD_Fw_meth TTTTGTGGTATTTTTATAGAGTAGC 1.5 

MVD_Rv_meth CCATATACGCCCTCCTCG 1.5 

MVD_Probe_me

th 

AAACCGCCTCTTCCCCTACG 0.25 
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Table 2.3 (continued): Sequences of Primers and Probes for qPCR Assays 

C
el

l 
ty

pe
 

M
ar

ke
r 

G
en

e 

Oligonucleotide 

Name 
Sequence (5’-3’) Concentrat

ion per 
well [µM] 

B
 c

el
ls

 

 

LR
P

5 

Tp
G

 s
pe

ci
fic

 q
PC

R
 LRP5_Fw AATATTACAACCATACACCCAA

CAA 

1.5 

LRP5_Rv AAGTGATAGAATTTTATGTTTT

TTTTATG 

1.5 

LRP5_Probe TTAGTTGAGGTGAGGTGTTTT

GTTAGT 

0.25 

LR
P

5 

C
pG

 s
pe

ci
fic

 

qP
C

R
 

LRP5_Fw_meth  ATTAATATTACGACCGTACGC 1.5 

LRP5_Rv_meth  CGATAGAATTTTACGTTTTTTT

TAC 

1.5 

LRP5_Probe_meth ACGAAACGCCTCGCCTCGA 0.25 

M
on

oc
yt

es
 

P
A

R
K

2 

Tp
G

 s
pe

ci
fic

 

qP
C

R
 

PARK2_Fw CACTAACTCAACTTTTCACAAC

ACA 

1.5 

PARK2_Rv TAGATGGGATGGAATGGTTGT 1.5 

PARK2_Probe AGTGTGTTGTTTGGGTTTGGTT

TTGT 

0.25 

N
eu

tr
op

hi
ls

 

LC
N

1 

Tp
G

 s
pe

ci
fic

 

qP
C

R
 

LCN1Fw ACCAAAAATACAACACTTCAA 1.5 

LCN1_Rv GGTAATTGTTAGTAATTTTTGT

G 

1.5 

LCN1_Probe CACTCTCCCCATCCCTCTATC 0.150 

 

2.7 Software 

BLAST/BLAT search       Ensembl.org 

FlowJo™ v10.6.2        Becton Dickinson 

LightCycler® 480 Software release 1.5.0     Roche 

Mendeley         mendeley.com 

Microsoft Office 2016       Microsoft 

OligoAnalyser Tool        IDT 

Perl          Perl.org 

Prism 7.04         GraphPad 
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PuTTY (a locally installed terminal emulator/SSH client)  Open source 

R-Studio version 3.6       RStudio  

RepeatMasker        ISB 

2.8 DNA and Blood Samples  

Samples were collected under written informed consent in agreement with the 

Declaration of Helsinki for participation in the research project. 

Blood samples from healthy donors were obtained from Heama Blutspendedienst 

Berlin or from volunteers of the Deutsche Rheuma-Forschungszentrum (DRFZ) Berlin, 

Pediatric Department of Standford University and Epiontis GmbH.  

Samples of adult patients which underwent a hematopoietic stem cell transplantation 

(HSCT) were collected by IRCCS Ospitale San Raffaele, Milan. These samples were 

stored at -20 °C and obtained from the institutional biobank. Paediatric HSCT samples 

were collected at the Lucile Packard Children's Hospital Stanford. 

EDTA whole blood from 41 patients with primary immune deficiencies were collected 

at the Center of Genetic Immune Disorders (CGID) as part of the Lucile Packard 

Children's Hospital Stanford. Furthermore, whole blood from pre- and full-term 

newborns (10 to 36 hours after birth) were collected and provided from the 

Neonatology Department at the Stanford University. 

The Immun Defekt Centrum Leipzig (IDCL) as well as the Universitätsklinikum Freiburg 

each provided one dried blood spot card of an IPEX patient.
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3 Methods 

3.1 Genome-Wide DNA Methylation Analysis for Candidate 
Identification 

For identification of differentially methylated markers for B and NK cells, a genome-

wide Illumina Infinium® HumanMethylation 450 BeadChip was performed. The 

coverage targets gene regions with sites in the promoter region, 5'UTR, first exon, 

gene body, and 3'UTR. Bisulfite-treated DNA is subjected to whole-genome 

amplification and, subsequently, products are enzymatically fragmented, purified and 

applied to the chip. On the chip, bead types correspond to methylated or unmethylated 

cytosine per locus. The amplified DNA fragments are denatured into single strands and 

hybridized to the chip via allele-specific annealing to either the methylation-specific 

probe or the non-methylation probe. Hybridization is followed by single-base extension 

with hapten-labelled dideoxynucleotides. Then, multi-layered immunohistochemical 

assays are performed. After staining, the chip is scanned to show the intensities of the 

unmethylated and methylated bead types. The fluorescence intensity ratios between 

the two bead types are calculated by the proprietary software (Steemers et al. 2006; 

Weisenberger et al. 2008). 

Data of the discovery experiments are not shown in this thesis. Candidate genes were 

extracted and used for the work described in here. 

Experiments were performed with bisulfite-converted DNA from purified target and 

control cell populations (for cell sorting, see 3.2, for bisulfite conversion and DNA 

isolation see 3.3). From this, the read out comprised of an excel file and a legend 

containing the genetic information of the 450k chip.  

Candidate CpGs were selected based on the following criteria:  

1) highest possible methylation difference between target and all control cells.  

2) Preferentially, CpGs were selected, which are in gene regions that are 

covered by various different fragments and showed for the neighbouring CpG 

sites similar methylation results on both, target and control cell types. 

https://en.wikipedia.org/wiki/Annealing_(metallurgy)
https://en.wikipedia.org/wiki/Single-base_extension
https://en.wikipedia.org/wiki/Hapten
https://en.wikipedia.org/wiki/Immunostaining
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3.2 Cell Sorting of Leukocyte Subpopulations from Peripheral Whole 
Blood 

Purified immune cell types were provided by Dr. Andreas Grützkau, Deutsches 

Rheuma Forschungszentrum Berlin (DRFZ). Peripheral whole blood was 

fluorescence-activated cell sorted according to the surface marker as shown in Table 

3.1. Purity of the sorted immune subpopulations was stated with > 97% and viability of 

>99 %, as previously descripted in Baron et al. 2007.  

Table 3.1: Characterization of Immune Cell Population for Fluorescence-Activated 
Cell Sorting (FACS) and Flow Cytometric Analysis 
Immune Cell Type Surface Antibodies 

Neutrophils CD15+ CD16+ 

Basophils CD15++ CD16- 

Eosinophils CD19- CD14- HLA DR- CD123++ CD203+ 

Monocytes CD14+ 

Pan T cells CD3+ 

Naïve CD8+ T cells CD3+ CD8+CD45RA+ 

Memory CD8+ T cells CD3+ CD8+CD45RA- CCR7- 

Naïve T Helper Cell CD3+ CD4+ CD45RA+ CCR7+ 

Memory T Helper Cell CD3+ CD4+ CD45RA- CCR7- 

B cells CD19+ 

NK dim cells CD56dim CD16+ 

NKT cells CD3+ CD8+ CD56+ 

NK bright cells CD56++ CD16- 

Regulatory T cells CD3+ CD4+ CD25+ CD127- 

 

Frequencies and absolute cell counts for comparison experiments were determined 

using MACSQuant cytometer (Miltenyi Biotech). 

3.3 DNA Isolation and Bisulfite Conversion for Illumina Chip Experiment 
and Bisulfite Sequencing 

For the Illumina chip experiment, as well as for bisulfite sequencing experiments, DNA 

from purified immune cell populations was isolated using DNeasy tissue kit (Qiagen). 
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If available, 1 000 000 cells of each cell type were used. The DNA isolation was 

performed according to the manufacturer’s instructions and purified DNA was eluted 

in 40 µl. Subsequently, 3 µl DNA was diluted 1:20 with ddH2O and photometrically 

quantified based on the absorption at 260 nm. DNA purity was determined by analysing 

the ratio of 260 nm to 280 nm. Only samples with quotient <1.7 were used for further 

analyses. 

Subsequently, DNA was bisulfite-treated using EpiTect Fast Bisulfite Conversion kit 

(Qiagen) according to the manufacturer’s instructions and bisulfite-converted DNA was 

eluted in 25 µl elution buffer provided by the kit. 

Bisulfite conversion is required to transfer the epigenetic methylation information into 

the primary sequence. As demonstrated in Figure 3.1, the bisulfite conversion is a 

chemical reaction where unmethylated cytosines are deaminated to uracil. Methylated 

cytosines are protected from the conversion and remain as cytosines. As a result, 

bisulfite-converted DNA sequences depend on the methylation state of the original 

CpGs. Thus, this analysis allows the conclusion that if a dinucleotide residue in the 

genomic sequence results in a) original TpG, i.e. never contained a cytosine, b) was 

an originally unmethylated cytosine resulting only in TpG after bisulfite reaction or c) 

remains a CpG despite bisulfite conversion. This latter case indicates a previously 

methylated CpG dinucleotide.  
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Figure 3.1: Sodium Bisulfite Conversion of Cytosines. Sodium bisulf ite is added to 
the cytosine at pH 5 and high temperature (Cytosine sulphonate) and subsequently 
deaminates cytosine residues (Uracil sulphonate). Incubation under alkaline condit ion 
removes the sulf ite moiety and generates the uracil.  Figure was adapted from 
https://www.neb-online.de/wp-content/uploads/2015/04/NEB_epigenetik_bisulfit3.jpg 

3.4 Bisulfite sequencing 

To analyse methylation status of selected candidate genes (MVD and LRP5 gene), 

sequencing was performed based on Sanger sequencing chemistry but using bisulfite-

treated DNA substrate. For this, primers were designed (in silico) flanking the 

potentially analysed region (amplicon). Those primers are complementary to the 

bisulfite-converted sequence and do not cover any genomic CpG positions (see Table 

2.2). The primers were designed to have a determined melting temperature at about 

55 °C. 

Initially, bisulfite-converted genomic DNA was locus-specifically amplified under the 

following reaction conditions (Table 3.2). 

 

 

 

 

 

 

https://www.neb-online.de/wp-content/uploads/2015/04/NEB_epigenetik_bisulfit3.jpg
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Table 3.2: Locus-Specific Amplification Components 
Component: Volume per Reaction [µl]: 

Water Ad 25 

10x reaction buffer 2.5 

dNTPs (25 mM each) 0.2 

Hot Start Polymerase (5 units/µl) 0.2 

DNA (10 ng) x 

methylation unspecific primer mix (6.25 pmol/µl) 3 

Total Volume 25 
 

The amplification includes a pre-incubation of 95 °C for 15 minutes, followed by 40 

amplification cycles as shown in Table 3.3. 

Table 3.3: PCR Cycler Protocol for PCR 
Step Time Temperature Cycles 

Initial Denaturation 15 min 95°C 1 

Denaturation 1 min 95°C 40 

Annealing 45 sec 55°C 

Elongation 1 min 72°C 

Final Elongation 10 min 72°C 1 

Storage ∞ 4°C - 

 

Gel electrophoretic analysis of PCR products was performed for 1 hour at 80V using a 

1.5 % agarose gel. Wells were loaded with 5 µl of each PCR reaction and mixed with 

1 µl 6x loading dye (Fermentas). In parallel, GeneRuler 100 bp DNA Ladder was 

loaded for sizing. Ethidium bromide (0,2 µg/ml) was used to visualize DNA in UV-

Transilluminator.  

In case of a successful amplification with no by-products, 5 µl of the PCR reaction was 

supplemented with 2 µl ExoSAP (GE Healthcare) and incubated for 15 minutes at 37 

°C to remove surplus primers due to the exonuclease function of the enzyme. The 

enzyme was subsequently inactivated by an incubation step of 95 °C for 15 minutes. 
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To determine the sequence of the purified PCR product, Sanger sequencing was 

performed. Thereby, PCR product will be linearly amplified with one of the primers. 

Besides standard nucleotides (dNTPs), also fluorescently labelled 

didesoxynucleotides (ddNTPs) were added to the reaction. Each nucleotide is labelled 

with one fluorescent dye. Whenever the polymerase integrates a ddNTP instead of a 

dNTP, a chain termination is caused and no further elongation is possible. Therefore, 

fragments with different length at the 3’-end are synthetized. To analyse the sequence 

of the product, these fragments are electrophoretically separated in a polyacrylamide 

matrix. The fluorescent dyes are excited with a laser and emit different wavelengths. 

Emission was detected and demonstrated in a sequence chromatogram. For the 

methylation status, CpG sites were analysed in more detail. For this, CpG 

dinucleotides that were still present at the sequencing after conversation indicate full 

methylation at the genomic level, whereas TpGs present completely unmethylated 

CpGs. When both signals occur at the same position, the ratio of both signals is 

calculated according to the intensity and assume a value between 0 % (no methylation) 

and 100 % (complete methylation). 

The sequence reaction (Table 3.4) of the purified PCR product was performed with 

one of the amplification primers from Table 2.2 and temperature profile of the 

sequencing PCR is shown in Table 3.5. 

Table 3.4: Components of Sequencing PCR 
Components: Volume per Reaction [µl]: 

Water 3.5 

5x Sequencing Puffer 2 

dNTPs (2.5 mM each) 0.5 

BigDye Terminator v1.1 (5 units/µl) 1 

Primer (2 pmol/µl) 1 

PCR product 2 

Total Volume 10 
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Table 3.5: PCR Cycler Protocol for Sequencing PCR 
Step Time Temperature Cycles 

Initial Denaturation 2 min 95°C 1 

Denaturation 30 sec 95°C 25 

Annealing 15 sec 55°C 

Elongation 4 min 60°C 

Storage ∞ 4°C - 

 

Subsequently, 1 µl of 3.5 M sodium acetate and 25 µl ethanol (>99.9 %) were added 

to the sequencing reaction for isolation. Reaction was centrifuged at 1870x g at 4 °C 

for one hour. Then, supernatant was removed and 200 µl of cold 70% ethanol was 

added and centrifuged under the same condition as before. This washing step was 

repeated and followed by a drying step by centrifuging the inverse multi well plate for 

one minute at 30x g. Next, the multi well plate was incubated at room temperature in 

the dark for 30 minutes. For the sequencing, the pellet was resuspended in 20 µl 1 M 

betaine. Analysis of the processed sample was performed in ABI Prism 310 Genetic 

Analyzer. For this, fragments were injected into the capillary for 7 seconds with 2 kV 

and separated according their length for 1 hour at 12.2 kV in POP6 polymer (Applied 

Biosysteme). Fluorescence emission of the dyes was detected and quality controlled 

with the Sequence Analysis Software (Version 5.1.1). 

Raw data of the methylation status of the CpGs was analysed using ESME-Software 

(EpiSeqMEthylizer) according to Lewin et al. (Lewin et al. 2004). An algorithm of the 

software normalised differences of intensity between the four fluorescent dyes, 

incomplete bisulfite conversion rate and aligned CpG positions to the reference 

sequence. On the basis of the ratio between the T- or C- signal intensity, the 

methylation rate of each CpG site was calculated with a precision < 20 %. 
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3.5 DNA Isolation and Bisulfite Conversion of blood samples 

3.5.1 DNA Isolation and Bisulfite Conversion of Liquid Whole Blood 

For the DNA lysis and bisulfite conversion, reagents of the DNeasy tissue and EpiTect 

Fast Bisulfite Conversion kits (Qiagen) were used. EDTA whole blood of healthy 

donors was lysed for 10 min at 56 °C according to Table 3.6. 

Table. 3.6: Components of Lysis Reaction for Liquid Blood 
Components Volume per Reaction [µl] 

Whole blood 20 

Lysis buffer (DNeasy tissue kit) 16 

Proteinase K (30 mg/µl) 3 

GAP[GC] Plasmid (final concentration of 

20 000 copies/µl) 

1 

 

Due to very low leukocyte counts of HSCT patients, 40 µl blood volume was used to 

increase DNA content. For this, whole blood was lysed in parallel twice according to 

Table 3.6 and subsequently pooled into one Qiagen DNA affinity column.  

Bisulfite conversion was performed using EpiTect Fast Bisulfite Conversion kit using 

the manufacturer’s instruction. DNA was eluted using 60 µl 1x TE buffer by incubation 

at room temperature and subsequent centrifugation at 10 000x g. For higher DNA yield, 

samples were eluted in only 30 µl. 6 µl DNA was then used in the Treg and B cell qPCR 

analyses, whereas 13 µl were diluted 1:3 by adding 26 µl Qiagen EB buffer. Diluted 

eluate was used for the analysis of GAPDH, GAP[GC], CD3+, CD4+and CD8+ T cell, 

NK cell, monocyte and neutrophil assays. 

3.5.2 DNA Isolation and Bisulfite Conversion of Dried Blood Spots 

DBS punches (3x 0.3 cm) were lysed 60 min at 56 °C according to Table 3.7. 
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Table. 3.7: Components of Lysis Reaction for DBS 
Components Volume per Reaction [µl] 

3 punches DBS - 

Lysis buffer (My Silane Genomic kit) 68.75 

Proteinase K (30 mg/µl) 10.75 

GAP[GC] Plasmid (final concentration of 

20 000 copies/µl) 

0.5 

 

After lysis, 180 µl ammonium bisulfite (50-70%, pH 4.8-5.3) and 60 µl tetrahydrofurfuryl 

alcohol was added and conversion was performed for 45 min at 80 °C. For DNA 

purification, My Silane Genomic kit of Invitrogen was used following the manufacturer’s 

instructions. Elution volume was 30 µl. 

3.6 Preparation of Plasmids 

For the quantification of copy numbers in unknown samples, plasmid standards were 

in silico designed. The plasmids contain either the bisulfite-converted, unmethylated 

version (TpG) of the cell type specific loci and additionally the bisulfite-converted 

unmethylated GAPDH locus or the respective locus-specific, methylated version 

(CpG). Dilution series with known plasmid concentration were prepared. This 

quantification standard was analysed in parallel in each qPCR run. According to the 

crossing point (CP) and logarithmic copy number a standard curve was generated. 

In detail, the sequences were cloned into vector pUC57 by Genescript Inc. Lyophilized 

plasmids were then dissolved in 20 µl elution buffer (Qiagen). For accurate 

determination of the plasmid DNA amount, the Qubit™ Assay Kit was used according 

to the manufacturer’s instruction. Subsequently, plasmids were diluted to 100 ng/µl. 

To linearize the plasmid DNA, the following reaction was incubated for 4 hours at 37 °C 

(see Table 3.8). 
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Table 3.8: Plasmid Linearization 
Components Volume per Reaction [µl] 

Plasmid DNA (100 ng/µl) 10 

10x Reaction Buffer No. 4 (NEB) 10 

ScaI Restriction Enzym (10 000 units/ml) 5 

Dest. H2O 75 

 

ScaI recognition site:  

5’…AGT↓ACT…3’ 
3’…TCA↑TGA…5’ 
 
Next, gel electrophoresis was performed to control the plasmid size and whether the 

plasmid DNA is completely digested using 1.5 % agarose gel in 1x TAE buffer. For the 

detection of the DNA, the gel was prestained by adding 3 µl ethidium bromide. 

Approximately 10 ng digested and undigested plasmid DNA was loaded to the gel. 5 µl 

of GeneRuler™ 100 bp Plus DNA Ladder (Fermentas) were used. Electrophoresis was 

performed in 1x TAE running buffer at 140 volt for 30 minutes. 

Next, DNA concentration was measured by Qubit™ Assays Kit and the digested 

plasmid was diluted to a final DNA concentration of 1 ng/µl in EB buffer (Qiagen) 

containing 10 ng/µl lambda DNA. 

Based on the known molecular weight of the plasmids, the plasmid copy number was 

calculated from DNA concentration. An exemplary calculation is here demonstrated 

with NK cell plasmid q2674_unM+GAPDH. First, the size of the plasmid was 

determined by summing up the base pairs of the vector backbone (2710 bp) and target 

region (284 bp). With a total of 2994 base pairs and an average base pair molecular 

weight of 660 g/mol, this plasmid has a total molecular weight of 1 976 040 g/mol. 

Including the Avogadro constant of 6 022x1023 copies/mol, 1 ng/µl plasmid contains 

304 750 916 copies/µl. To prepare a 100x stock solution containing 

1 041 666 copies/µl, 1 ng/µl plasmid stock was diluted with a factor of 1:292,6. Based 

on this calculation, plasmid standard was serial diluted to obtain a final concentration 

of 10, 16.7, 83.3, 416.7, 2083.3 and 10 416.7 copies/µl. To test the linearity of the serial 
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dilutions and the efficiency of the different assay systems, qPCRs were performed 

according to section 3.6. 

The same calculation was performed for the preparation of the calibrator and GAP(GC] 

plasmid. Here, working solutions contained 20 000 and 400 000 copies/µl, respectively. 

3.7 Quantitative Real-Time PCR 

For real-time PCR reactions, the components as listed in Table 3.9 were used. Analysis 

was carried out in 5 or 10 µl reaction volume.  

Table 3.9: Components of Real-Time PCR 
Components: Volume per 10 µl 

Reaction [µl] 
Volume per 5 µl 

Reaction [µl] 

Template 3.0 1.5 

Primer Mix (concentration depend 

on assay specification, see Table 

2.3) 

0.5 0.25 

Probe (concentration depend on 

assay specification, see Table 

2.3) or SYBR Green (20x) 

0.5 0.25 

Λ-DNA (50 ng/µl) 1.0 0.5 

2x Roche Probe Master Mix 5.0 2.5 

Total Volume 10 5 
 

Depending on bisulfite conversion protocol, DNA was chemically or thermically 

desulfonated which had an impact of the initial denaturation time of the qPCR reaction 

(see Table 3.10).  
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Table 3.10: Real-Time PCR Run Protocol 
Step Time Temperature Cycles 

Initial Denaturation/ 
Desulfonation 

10/ 35 min 95°C 1 

Denaturation 15 sec 95°C 
50 

Annealing and Elongation 1 min 61°C 

Storage ∞ 4°C - 

 

3.8 Quality Check of qPCR Raw Data and Immune Cell Quantification 

Data of each qPCR run was analysed using the “Abs Quant/2nd Derivative Max” mode 

of the Light Cycler 480 software. For each assay, a standard curve was calculated 

according to Cps and logarithmic concentration of the serial plasmid dilution. Copy 

numbers of samples were calculated by interpolating amplification from calibration 

curve. Each sample was analysed in a triplicate measurement. If the CV between the 

triplicates was higher 25%, outliers with Cp difference of >0.5 cycles were removed.  

Mean of the triplicates was calculated. If CV was greater 25% even after adjustment, 

the measurement was declared as failed and measurement was repeated. Based on 

the mean copy numbers of the unmethylated (TpG) and methylated (CpG) system, the 

relative cell percentage was calculated as following: 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑃𝑃𝐶𝐶𝑃𝑃𝑃𝑃𝐶𝐶𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝐶𝐶 %] =
𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐 𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛𝐶𝐶𝑃𝑃 𝑇𝑇𝑇𝑇𝑇𝑇

𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐 𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛𝐶𝐶𝑃𝑃𝑇𝑇𝑇𝑇𝑇𝑇 + 𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐 𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛𝐶𝐶𝑃𝑃𝐶𝐶𝑇𝑇𝑇𝑇
𝑥𝑥 100 

Relative cell percentages using GAPDH as reference gene were calculated as 

followed: 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑃𝑃𝐶𝐶𝑃𝑃𝑃𝑃𝐶𝐶𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝐶𝐶 %] =
𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐 𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛𝐶𝐶𝑃𝑃 𝑇𝑇𝑇𝑇𝑇𝑇
𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐 𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛𝐶𝐶𝑃𝑃𝑇𝑇𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺

𝑥𝑥 100 

For the calculation of Tregs, TpG copies have to multiply by 2 in females due to the 

FOXP3 marker location on the X chromosome where one copy is unmethylated and 

the second is always methylated. Using the GAPDH calculation, multiplication by 2 

was gender independently required (Wieczorek et al., 2009). 
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3.9 Statistical Analyses 

Statistical analyses were performed using statistic software GraphPad Prism 7.04 or 

R-Studio. 

P values are two-tailed. Statistical significance was marked as p value ≤ 0.05 (*), very 

significant as ≤ 0.01 (**) and highly significant as ≤ 0.001 (***). P values were not 

adjusted for multiple testing. 

Data of all cohorts was tested for normal distribution using the Shapiro-Wilk-Test. 

Depending on the result, the subsequent analyses were adapted. Thus, if the data was 

not normally distributed, Wilcoxon-Mann-Whitney-Test was applied for the comparison 

of two groups. As unpaired, parametric test, t-test was applied.  

For correlation analyses, Spearman rank correlation coefficients (rho) was applied if 

data was not normally distributed. For normally distributed data, Pearson’s r was 

applied. 

For the distinction of independent samples, Kruskal-Wallace-Test was used (Kruskal 

und Wallis, 1952). 

Density plot is a representation of the distribution of a numeric variable. It uses a kernel 

density estimate to show the probability density function of the variable. 

Linear regression was performed testing for a slope different from 1 and an intercept 

different from 0. 

Relative mean differences were tested for normality using the one-sample 

Kolmogorov-Smirnov test.  

Bland-Altman plots were inspected analysing bias and CV. Acceptable precision was 

regarded as average deviation from the bias in percent. 

Receiver Operating Characteristic (ROC) – Area Under the Curve (AUC) analysis was 

used for classification at various thresholds settings. ROC is a probability curve and 

AUC represent degree of separability.  

Kaplan-Meier analysis (Kaplan and Meier 1958) was used to estimate the survival 

function. 
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The Mantel-Cox (log rank) test is a hypothesis, nonparametric test to compare the 

survival distributions of two samples. The statistic compares estimates of the hazard 

functions of the two groups at each observed event time (Mantel 1966). 

Calculation of Coefficient of variation (CV): 

𝐶𝐶𝐶𝐶 =  
𝑀𝑀𝐶𝐶𝑃𝑃𝑃𝑃

𝑆𝑆𝑃𝑃𝑃𝑃𝑃𝑃𝑆𝑆𝑃𝑃𝑃𝑃𝑆𝑆 𝐷𝐷𝐶𝐶𝐷𝐷𝐷𝐷𝑃𝑃𝑃𝑃𝐷𝐷𝑐𝑐𝑃𝑃
𝑥𝑥100 

 

Calculation of Deviation: 

𝐷𝐷𝐶𝐶𝐷𝐷𝐷𝐷𝑃𝑃𝑃𝑃𝐷𝐷𝑐𝑐𝑃𝑃 =
100𝑥𝑥 𝑀𝑀𝐶𝐶𝑃𝑃𝑀𝑀𝑛𝑛𝑃𝑃𝐶𝐶𝑆𝑆 𝐶𝐶𝑃𝑃𝐶𝐶𝑛𝑛𝐶𝐶

𝑁𝑁𝑐𝑐𝑃𝑃𝑛𝑛𝐷𝐷𝑃𝑃𝑃𝑃𝐶𝐶 𝐶𝐶𝑃𝑃𝐶𝐶𝑛𝑛𝐶𝐶
− 100 

 

  

https://en.wikipedia.org/wiki/Hypothesis_test
https://en.wikipedia.org/wiki/Survival_analysis
https://en.wikipedia.org/wiki/Failure_rate#Failure_rate_in_the_continuous_sense
https://en.wikipedia.org/wiki/Failure_rate#Failure_rate_in_the_continuous_sense
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4 Results 

4.1 Establishment of Epigenetic Immune Cell Assays 

In various clinical applications, quantitative immune cell analysis is required. The 

current project is intended to contribute to the design of an immune cell counting 

approach based on epigenetics, i.e., DNA methylation analysis. Specifically, the 

development of epigenetic markers for B- and NK cells, a subgroup of a broader and 

partially preexisting immune cell panel, were the first objective of this project and are 

described below.  

4.1.1 Identification of Epigenetic Marker Candidates 

DNA from purified target and control cells was applied to Illumina’s Infinium 

HumanMethylation450 BeadChip array. Target cells were CD19+ B- and 

CD56dimCD16+ NK cells. Control cells were other major leukocyte populations, 

including CD14+ monocytes and subpopulations of CD15+ granulocytes and CD3+ T 

cells. In the experiment, DNA was used from two separate donors for each cell type. 

For NK cells, more specific control cells were included, as NK cells are often subdivided 

into CD56dimCD16+ NK dim cells, CD56++CD16- NK bright cells and CD3+CD56+ 

NKT cells. 

Raw data from the Illumina chip shows methylation data at 450,000 CpG positions in 

the genome. From this information, loci were selected that supported the view of 

specific unmethylation in the respective target and methylation in the control cell 

population. Table 4.1 shows each candidate gene region of putative specific 

unmethylation in only CD19+ B cells (LRP5 - low-density lipoprotein receptor-related 

protein 5 gene) and only CD56dimCD16+ NK cells (MVD - mevalonate decarboxylase 

gene, respectively. The selection of these candidates was based on the highest 

average methylation difference between each of the target cells and all respective 

control cells as indicated in the right most column (delta methylation of 0.81 for 

cg05355684 and 0.90 for cg13738327 specific for NK and B cells, respectively). The 

specificity of the signal was confirmed by an independent, but sequentially adjacent 

CpG site (delta methylation of 0.31 for cg27467516 and 0.91 for cg00464927 specific 

for NK and B cells, respectively). In the MVD gene, both fragments are located 1139 
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base pairs apart from each other. Whereas fragment cg27467516 with delta 

methylation of 0.31 would not provide a good independent marker for NK cells, it 

supports the finding of the differential methylation. For B cells, the differentially 

methylated CpGs in the LRP5 gene are 111 base pairs apart and strongly confirm the 

notion of differential methylation. Results of each independent donor and immune cell 

subset are shown in Supplement 1. 

Table 4.1: Selected Candidate Regions for NK and B cells from Genome-Wide 
Discovery on Illumina’s Infinium Methylation-Specific Array. Candidate genes for 
CD56dimCD16+ NK and CD19+ B cell identif ied from a genome-wide discovery 
experiment using I llumina's array are shown. Bisulf ite-converted genomic DNA from 
sorted immune cell populations (as shown in section 3.2) of three male donors for NK 
dim cells and two male donors for all other immune cell populations was used. From 
measured signal intensit ies, beta values were calculated representing the degree of 
methylation at a locus. Results from all donors were merged. Means across T cell and 
granulocyte subpopulations were calculated. The average methylation difference 
between target and control cell type was defined as delta methylation. Target cell types 
are presented in yellow and respective control cell types are presented in blue. 
 Purified Immune Cell Types  
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(target to 
control cell 

types) 
cg05355684 MVD 0.88 0.62 0.09 0.68 0.92 0.90 0.91 0.81 

cg27467516 MVD 0.81 0.74 0.51 0.8 0.84 0.83 0.81 0.31 

cg13738327 LRP5 0.93 0.88 0.97 0.85 0.03 0.98 0.98 0.90 

cg00464927 LRP5 0.98 0.96 0.96 0.84 0.04 0.97 0.98 0.91 

 

4.1.2 Evaluation of Candidate Genes using Bisulfite Sanger Sequencing 

Sanger sequencing of bisulfite-treated DNA from the same purified immune cell 

population was performed to confirm previous data and for broader methylation 

analysis in the identified regions. For this, methylation-independent primer pairs 

specific for bisulfite-converted DNA were designed. The region covered by the 

amplification primers (amplicon) stretched over the CpG identified in the Illumina array 

analysis. In addition, the amplicon contains as many additional CpGs as technically 

possible.  
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According to genome browser Ensemble.org (as constituted on 21.06.2018, 14:05), 

the amplicon specific for CD56dimCD16+ NK cells is located in the 12th intron of the 

MVD gene (chromosome 16; q24.2; 88.717.684 – 88.728.507) and covers no known 

regulatory elements (Figure 4.1). It includes Illumina array cg 05355684 at CpG site 

position 3, and consists of 439 base pairs with 19 additional CpGs. The final qPCR 

assays specific for NK cells cover CpG sites 10 to 13. Here, bisulfite sequencing of the 

described region showed thymidine converted cytosines (TpGs) in all CpG sites in 

CD56dimCD16+ NK cells (presented in yellow), indicative for complete unmethylation 

(0 -10%) in the genomic status. Conversely, the same CpGs in control cell types were 

fully methylated (>90%, presented in blue). In NK T cells, the methylation status at 

CpG position 13 is intermediate (30-50%, presented in green), and in line with the 

original finding from the Illumina array. Based on this methylation analysis and the CpG 

architecture, the described region was found to be the best position for the final qPCR 

assay. The forward primer covers CpG site 10 and the reverse primer stretches over 

CpG sites 12 and 13. The hydrolysis probe covers CpG sites 10 and 11 and overlaps 

with the forward primer. Consequently, the probe was designed to match the 

complementary strand. 
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Figure 4.1: Genome Mapping of MVD Amplicon and Bisulfite Sequencing Derived 
DNA Methylation Status of CD56dimCD16+ NK Cell-Specific Target Region. A)  
Location of designed amplicon specif ic for CD56dimCD16+ sorted NK cells within MVD  
gene is demonstrated (generated by genome browser Ensemble.org, as constituted on 
21.06.2018, 14:05). B) Demonstration of qPCR assay posit ion and covered  CpG sites 
within MVD  amplicon. C) Bisulf ite sequencing results of purif ied immune cell types are 
arranged in rows. Each individual vertical l ine represents a single CpG site within the 
chosen qPCR assay region. Methylation rates are color-coded according to the 
methylation legend. 
 

Figure 4.2 shows candidate gene LRP5 specific for CD19+ B cells. The AMP consists 

of 488 base pairs and 22 CpG sites and is located in the 5th intron (chromosome 11; 

q13.2; 68.371.435 – 68.371.971). It contains the Illumina Array CpG site cg13738327 

and cg00464927 at position 18 and 10, respectively. The final qPCR assay region was 

determined from CpG site 5 to 17. Here, bisulfite-converted DNA from purified CD19+ 

B cells was fully converted to thymidine at the genomic CpG sites. The same CpG sites 

were methylated in all control cell types. The forward primer stretches over CpG site 5 
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to 9, the reverse from CpG site 15 to 17 and the hydrolysis probe covers CpG site 11 

to 14. CpG site 10 is not captured by the qPCR assay. 

 

Figure 4.2: Genome Mapping of LRP5 Amplicon and Bisulfite Sequencing Derived 
DNA Methylation Status of CD19+ B Cell-Specific Target Region. A) Location of 
designed amplicon specif ic for CD19+ sorted B cells within LRP5 gene is demonstrated 
(generated by genome browser Ensemble.org, as constituted on 21.06.2018, 14:24). B) 
Demonstration of qPCR assay posit ion and covered CpG sites within LRP5 amplicon. C) 
Bisulf ite sequencing results of purif ied immune cell types are arranged in rows. Each 
individual vertical l ine represents a single CpG site within the chosen qPCR assay region. 
Methylation rates are color-coded according to the methylation legend. No data was 
achieved for CpGs colored in white. 
 

According to the 1000 Genome Project database (as of 13.11.2018), no single 

nucleotide polymorphisms (SNPs) with prevalence > 0.1 % within the overall 

population occur within both qPCR assay regions. 
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Taken together, the differential methylation for the candidate CpG sites identified by 

Illumina array analysis was confirmed and extended analysis of adjacent CpG sites 

enabled the identification of potential qPCR assay regions. 

4.1.2 qPCR Assay Establishment 

To establish a precise, quantitative measurement system for B and NK cells based on 

the identified differential methylation shown above, quantitative real-time PCR systems 

(qPCR) were established. To this end, primers and probes were designed to match 

cell type-specific, unmethylated, bisulfite-converted TpG sites in the target regions 

shown in Figure 4.1 and 4.2 above. The basic design strategy included coverage of 

the highest possible number of adjacent TpG sites in primers and probes as well as a 

total fragment length between 80 and 150 base pairs.  

After identification of potential qPCR regions, test experiments were performed using 

an artificial genomic, multiple displacement amplification DNA (MDA) in both the 

methylated and unmethylated status. Initially, only primer combinations were tested 

regarding their specificity for the selected substrate (i.e., unmethylated or methylated 

MDA). Read-out in these experiments were melting curves. Figure 4.3 shows the 

melting curve analysis for the unmethyl-specific B (LRP5) and NK (MVD) cell assays. 

Single melting peaks were observed at 76.2 °C and 77.4 °C, respectively. This 

suggests that one specific product and no by-products were detected. To further 

confirm the specificity, agarose gel electrophoresis was performed to determine correct 

size of the amplicon. The theoretical sizes are 138 and 80 base pairs for B and NK cell 

assays, respectively. The gel image confirms these sizes, also confirming the 

exclusivity of the intended product in the reactions. 
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Figure 4.3:  Primer Specificity of Unmethyl-Specific Primer Pair for B and NK Cell 
Assay. A) Melting curve analysis was performed with temperature gradient from 61°C to 
95°C using 1x SYBR Green and 10 ng of specif ic unmethylated Multiple-Displacement-
Amplif ication-DNA. Melting temperature was analysed by Roche Light Cycler Software. 
B) 1.5 % Agarose Gel. 1) DNA ladder, 2) LRP5 primer mix tested on unmethylated MDA-
DNA 3) LRP5 primer mix tested on no template control (NTC), 4) MVD primer mix tested 
on unmethylated MDA-DNA, 5) MVD  primer mix tested on no template control (NTC). 
 

Whereas analysis of unmethylated, bisulfite -converted DNA (TpG-specific) is the aim 

of cell type specific qPCR amplification, corresponding amplification of the methylated, 

bisulfite-converted DNA (CpG-specific) was also established and tested on methylated 

MDA-DNA (see Figure 4.4) as process control. Methylation-specific amplification also 

showed single, specific melting peaks at 80.4 °C and 79.8 °C for B and NK cell assays 

void of unspecific by-products. Calculated amplicon sizes of 138 and 79 base pairs for 

the two assays were also confirmed by agarose gel electrophoresis. For the methyl-

specific NK cell assay, an additional band at approximately 40 base pairs in both 

reactions (with specific template and no template control) is visible. Its origin is not 

entirely clear, but the assumption is that this band represents primer interactions, 

without successful amplification. This assumption was confirmed, when the reaction 

was initiated without DNA template and only present as substrate. 
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Figure 4.4: Primer Specificity of Methyl-Specific Primer Pair for B and NK Cell 
Assay. A) Melting curve analysis was performed with temperature gradient from 61°C to 
95°C using 1x SYBR Green and 10 ng of specif ic methylated Multiple-Displacement-
Amplif ication-DNA. Melting temperature was analysed by Roche Light Cycler Software. 
B) 1.5 % Agarose Gel. 1) DNA ladder, 2) LRP5 primer mix tested on methylated MDA-
DNA, 3) LRP5 primer mix tested on no template control (NTC), 5) MVD primer mix tested 
on methylated MDA-DNA, 4) MVD primer mix tested on no template control (NTC). 
 

The epigenetic qPCR assays should not only amplify the target region, but they also 

need to be entirely specific to the subgroup, of either unmethylated or methylated 

CpGs. Therefore, an additional strategy to determine the specificity of primers and 

probes was required to quantify the cross-reaction. For this, a pure template of known 

concentration of both specific and unspecific sequence (methylated or unmethylated 

variant) was required. As described in Baron et al. (2018), synthetic template DNA 

representing templates for the qPCR amplification was cloned into plasmids by 

GenScript®. This DNA was designed to match the genomic DNA sequence 

representing its unmethylated version upon bisulfite conversion. All cytosine residues 

in the designed strand were replaced by thymidines (T). Target sequences for MVD, 

LRP5 and the housekeeping gene GAPDH were included in this plasmid. The 

equivalent plasmid for methylated sequences was also designed. The specificity of the 

amplification systems was tested using the plasmid with determined concentration of 

31250 copies per 10 µl reaction. 

For the quantitative criterion of the cross-reaction, the delta crossing point (ΔCP) was 

used which describes the amplification cycles between the signal of specific and 
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unspecific template. The crossing point of the amplification signal is calculated using 

the “second derivative Max” method included in the Roche Light Cycler software. Real-

time PCRs were measured in triplicates and the mean was used for quantification. As 

shown in Figure 4.5, the unmethyl-specific B cell primers generated a ΔCP of 14.4 

cycles between specific and unspecific templates which corresponds on the basis of 

31250 plasmid copies per reaction to approximately 1.5 falsely detected plasmid 

copies. The no template control generated a similar amplification signal like the 

unspecific template indicating primer interactions (so-called primer dimers). For the 

unmethyl-specific NK cell primer, a ΔCP of 17.5 cycles was calculated which 

corresponds to 0.2 falsely detected plasmid copies. The no template control did not 

show any amplification signal. 

To further increase specificity of the amplification signal, quenched FAM-labeled 

hydrolysis probes matching to the amplified fragment and covering additional CpG 

sites were designed and tested in combination with the primer pairs. Both unmethyl-

specific assays show robust amplification of the specific template and no cross-

reactivity to the unspecific methylated template (ΔCP > 27 cycles). For the NK cell 

assays, a low fluorescence signal was observed on methylated template (blue 

amplification curve), but it was not detected as a positive signal by the Roche Light 

Cycler software and was therefore disregarded. 

For quantification, a serial plasmid dilution was prepared containing 10416.7, 2083.3, 

416.7, 83.3, 16.7 and 10 plasmid copies/µl in the final reaction volume. The 

amplification efficiency was determined by plotting CP value against logarithm of the 

concentration resulting in efficiencies of 1.91 for the B cell assays and 2.03 for the NK 

cell assay and was therefore used for relative quantification in the following 

experiments. 
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Figure 4.5: Determination of Cross Reactivity of Unmethyl-Specific B- and NK Cell 
Assay. 31250 plasmid copies were used per reaction. The delta crossing point (ΔCP) in 
A and B was calculated between the amplif ication signal of specific and unspecific 
template which describes level of cross reactivity. A Primer specif icity was tested on TpG 
and CpG variant plasmid containing unmethyl- and methyl-specif ic target regions, 
respectively, of each assay using SYBR Green as detection dye. B Probe specif icity were 
tested in combination with respective primer pair on TpG and CpG variant plasmid 
containing unmethyl- and methyl-specif ic target regions, respectively, of each assay. C  
Serial plasmid dilution, containing 31250, 6250, 1250, 250, 50, 30 plasmid copies of TpG 
variant per reaction, was produced for quantif ication. Linearity was determined by plotting 
CP value against logarithm of the plasmid concentration.  
 

Similar results were obtained for methyl-specific B- and NK cell assays (see Figure 

4.6). Methyl-specific B cell primers show high specificity with no cross reactivity. Only 

one out of three of the no template controls shows an unspecific signal. No cross 

reactivity was detected in combination with quenched HEX-labelled hydrolysis probe. 

The NK cell primer set shows ΔCP of 15.3 cycles which corresponds to 0.7 falsely 

detected copies, which were also eliminated in combination with the HEX-labelled 

hydrolysis probe. The same serial plasmid dilution of the CpG variant plasmid was 

prepared for the relative quantification. With the amplification efficiency of 1.98 and 

2.01 for B – and NK cell assay, respectively, the serial plasmid dilution was used for 

the following experiments. 
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Figure 4.6: Determination of Cross Reactivity of Methyl-Specific B- and NK Cell 
Assay. 31250 plasmid copies were used per reaction. The delta crossing point (ΔCP) in 
A and B was calculated between the amplif ication signal of specific and unspecif ic 
template which describes level of cross reactivity. A Primer specif icity was tested on TpG 
and CpG variant plasmid containing unmethyl- and methyl-specif ic target regions, 
respectively, of each assay using SYBR Green as detection dye. B Probe specif icity were 
tested in combination with respective primer pair on TpG and CpG variant plasmid 
containing unmethyl- and methyl-specif ic target regions, respectively, of each assay. C  
Serial plasmid dilution, containing 31250, 6250, 1250, 250, 50, 30 plasmid copies of CpG 
variant per reaction, was produced for further quantif ication. Linearity was determined by 
plott ing CP value against logarithm of the plasmid concentration.  
 

Next, the linearity and accuracy of the qPCR assays were determined to ensure 

precise measurements. For this, in silico bisulfite-converted plasmids containing either 

the sequence of unmethylated or methylated loci were mixed to provide a 

concentration row from 0% methylated and 100% unmethylated to 100% methylated 

and 0% unmethylated. Each reaction contained approximately 31250 plasmid copies 

in total. To quantify the TpG and CpG plasmid copies, the mixtures were analysed with 

unmethyl- and methyl-specific assays of each cell type. The level of methylation was 

calculated by the ratio between unmethylated copies and the sum of unmethylated and 

methylated copies. 

For each sample, the measured methylation value was plotted over the corresponding 

theoretical value. The graph shows a linear function (R2= 0.9999) indicating a robust 

and specific amplification of the unmethylated target sequence of the B cell assay (see 

Figure 4.7). Thus, theoretical and measured percentages correspond with only minor 

deviations showing high precision of the measurement. Mixtures which contain low 
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amount of TpG variant plasmids show an underestimation of the calculated 

percentage. 

 

Figure 4.7: Technical Specificity Test of B Cell Assay. A TpG and CpG variant  
plasmids were mixed in 13 different proportions to cover the methylation range from 0 to 
100 %. Every reaction contained 31250 plasmid copies in total. Mixtures were analysed 
with unmethy- and methyl-specific qPCR assay. Measured methylation values (y axis) 
were plotted against theoretical methylation values (x axis). Plasmid units were 
calculated according to serial plasmid dilution. B Deviation between theoretical and 
measured methylation values was analysed. 
 

Similar results were achieved for the NK cell assays (see Figure 4.8). Here, a linear 

function of R2= 0.9995 was achieved. The assay shows linearity over the entire 

methylation range. Low copy number range of the TpG variant plasmid shows only 

minor deviations (<15%) between theoretical and measured percentage. 
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Figure 4.8: Technical Specificity Test of NK Cell Assay. A TpG and CpG variant  
plasmids were mixed in 13 different proportions to cover the methylation range from 0 to 
100 %. Every reaction contained 31250 plasmid copies in total. Mixtures were analysed 
with unmethy- and methyl-specific qPCR assay. Measured methylation values (y axis) 
were plotted against theoretical methylation values (x axis). Plasmid units were 
calculated according to serial plasmid dilution. B Deviation between theoretical and 
measured methylation values was analysed. 
 

4.1.3 Investigation of Target Cell Type Specificity of Epigenetic qPCR Assays 

In the previous chapter, it was shown that both qPCR systems, one to detect the LRP5 

and the other the MVD locus, are highly specific to their respective target sequences. 

Thus, biological specificity was tested on purified immune cell populations from human 

blood of healthy donors. DNA was isolated and bisulfite-treated.  

For the B cell assay, detecting unmethylation within the LRP5 locus, data are shown 

in Table 4.2. Samples of purified immune cell populations were tested with unmethyl- 

and methyl-specific B cell assay. The LRP5 locus was up to 98.5 % unmethylated in 

CD19+ B cells. All other purified control cell types show a background signal of less 

than 0.5 %. This result confirms the data from the bisulfite sequencing analysis 

indicating high B cell specificity for the selected, unmethylated LRP5 locus. 
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Table 4.2: Biological Specificity of B Cell Assay. Purif ied immune cell populations 
were analysed using unmethyl- and methyl-specif ic LRP5 assay for CD19+ B cell 
quantif ication. For each reaction, 300 ng bisulf ite-converted DNA of each cell type was 
used. Percentage was calculated by the ratio between unmethylated copies and the sum 
of unmethylated and methylated copies. 
Immune cell population LRP5 Unmethylation [%] 

 

CD19+ B cells 98.5 
CD3+CD4+ T cells 0.4 

CD3+CD8+ T cells 0.2 

CD56dimCD16+ NK cells  0.5 

CD14+ Monocytes 0.3 

CD15+ Granulocytes 0.2 

 

In Table 4.3, the cell type specificity of NK cell assay is shown. As expected, it detects 

high level of unmethylation (93.3 %) within the MVD locus in purified CD56dimCD16+ 

NK cells. Additionally, two further related immune cell population, CD3+CD56+ NKT 

cells and CD56++CD16- NK cells were analysed. About 9 % of CD3+CD56+ NKT cells 

were detected which confirms the bisulfite sequencing data. For CD56++CD16- NK 

cells and CD3+CD8+ T cells, the background signals ranged from 1.4 – 1.8 % of the 

unmethylated signal. All other control cell types are lower 0.5 %. 

Table 4.3: Biological Specificity of NK Cell Assay. Purif ied immune cell populations 
were analysed using unmethyl- and methyl-specific MVD assay for CD56dim CD16+ B 
cell quantif ication. For each reaction, 300 ng bisulf ite-converted DNA of each cell type 
was used. Percentage was calculated by the ratio between unmethylated copies and the 
sum of unmethylated and methylated copies. 
Immune cell population  MVD Unmethylation [%] 

CD56dimCD16+ NK cells  93.3 
CD3+CD56+ NKT cells  8.9 

CD56++CD16- NK bright cells 1.4 

CD19+ B cells  0.5 

CD3+CD4+ T cells 0.3 

CD3+CD8+ T cells 1.8 

CD14+ Monocytes 0.2 

CD15+ Granulocytes 0.3 
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To assess the technical and biological validity of both qPCR assays, whole blood 

samples from adult clinically inconspicuous donors were analysed and compared with 

the gold standard technology, flow cytometry. Data from both methods were plotted 

and the Spearman rho was calculated. Furthermore, systematic bias and precision was 

determined by Bland-Altman analysis. Figure 4.9 A shows a high correlation 

(Spearman rho = 0.92) between measured values from both methods for B cell 

quantification analysing eleven whole blood samples. A systematic bias of 7.5 and a 

precision of 14.5 % was calculated. 

 
Figure 4.9: Method Comparison of B Cell Quantification. B cell counts from 11 whole 
blood samples of independent healthy donors were measured with flow cytometry and 
epigenetic qPCR assay. A)  Data is presented as scatterplot. The dashed line represents 
the regression line. Non-parametric Spearman rank correlation was tested. B) Bland-
Altman plot shows mean of cell counts (x-axis) plotted over their relative differences (y-
axis). The gray dotted l ines reflect l imits of agreement and the dashed red line il lustrates 
the systematic bias.  
 

Comparing data of epigenetic qPCR and flow cytometry for the NK cell assay, 

Spearman rho of 0.79 was calculated on 23 whole blood samples. As shown in Figure 

4.10, good correlation was observed. This finding was confirmed by Bland-Altman 

analysis. An overall systemic bias of 19.11 and a precision of 29.14% were calculated. 

Perfect correlation (Spearman rho > 0.9) was not achieved, but good correlation 

indicates that both technologies detect highly congruent cell populations. 
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Figure 4.10: Method Comparison of NK Cell Quantification. NK cell counts from 23 
whole blood samples of healthy donors were measured with f low cytometry and 
epigenetic qPCR assay. A) Data is presented as scatterplot. The dashed line represents 
the regression line. Non-parametric Spearman rank correlation was tested. B) Bland-
Altman plot shows mean of cell count (x-axis) plotted over their relative differences (y-
axis). The gray dotted l ines reflect l imits of agreement and the dashed red line il lustrates 
the systematic bias. 

 

After analyses of the technical and biological properties of the qPCR assays, the limits 

of the assays needed to be determined. This is important for a diagnostic assay, in 

order to define the operational range in which precision and performance is 

guaranteed. 

To determine the lower limits of quantication (LLOQ) where precision and repeatability 

of each qPCR assay is still assured, the following experiments were performed: whole 

blood was analysed in four different dilutions (75, 25, 8, 3 µl). For this, PBS was added 

to whole blood to reach a total volume of 75 µl. Four replicates of each dilution were 

analysed on five independent days, three different operators and on at least three 

different Light Cycler machines. Coefficient of Variation (CV) was determined as 

described in Material and Methods. 

Figure 4.11 demonstrates an increasing deviation (A), intra assay CV (B) and inter 

assay CV (C) with decreasing blood cell concentrations. The cut off for precision in a 

quantitative experiment is determined below 15 % for deviation and for intra assay CV 

and below 20 % for inter assay CV. For B cell quantification, this suggested that 

precision is reached at CPs lower than 32.62. A similar experiment was performed for 

the NK cell assay and CP cut off value of 33.62 was determined. CP cut offs for other 

qPCR assays used in this thesis are stated in Supplement 2. 
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Figure 4.11: Exemplary Presentation of Validation of the B Cell Assays. The 
validation data is collected from five independent experiments (5 different days, 5 
different operator). Within each experiment, four replicates of four blood volumes are 
tested (16 samples in total).  A The mean deviation of B cells [%] is calculated according 
to the highest blood volume (75µl). B The intra assay CV is calculated within one 
experiment. C The mean inter assay CV is calculated including all f ive experiments per 
blood volume. CP cut offs are calculated according to the power trendline (black, dashed) 
and regarding the following quality criteria: deviation <15%, intra assay CV <15%, inter 
assay CV<20%. The gray dotted line indicates the 15 % for the deviation and intra assay 
CV and 20 % for inter assays CV. The most stringent CP cut off of the three calculations 
is applied. 
 

Taken together, the results show that the newly developed assays are specific for their 

target cell types. Both assays quantify precisely in the defined valid range and showed 

equivalence to the gold standard technology, flow cytometry. 

4.1.4 Implementation of a Calibrator System for Normalization 

For parallel quantification of various markers, measurement of different denominators 

(i.e., each time the specific unmethylated against methylated gene locus) is 

problematic. For remedy, methylated qPCR system was exchanged by an invariably 

unmethylated region within the GAPDH gene as a universal denominator for all 

nucleated cells (see Figure 4.12).  

This quantification system (referred to as “TpG vs. GAPDH”) was applied to all purified 

immune cell types which were tested beforehand with the unmethyl- und methyl-

specific qPCR system (referred to as “TpG vs. CpG”). As shown in Table 4.4, simple 

replacement of methyl locus by GAPDH assays leads to significant measurement bias. 

The TpG vs. CpG system shows expected values close to 100 % for each target cell 

type (highlighted in light green). Using the TpG vs. GAPDH system, both assays show 

an overestimation of the particular target cell type. To solve this bias, a calibrator 

plasmid was adopted containing all assay target sequences equimolar in their 
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unconverted genomic state. This calibrator plasmid is processed and analysed in 

parallel to the samples. Systematic amplification differences between TpG and 

GAPDH were detected and translated into an efficiency factor. The efficiency factor 

(blue text) was obtained by calculating the quotient of TpG copies of the respective 

immune cell assay and GAPDH copies. If the efficiency factor is below 1, the 

amplification efficiency of TpG is lower than GAPDH and therefore the respective 

immune cell count is underestimated. Vice versa, if the calculated factor is above 1, 

the TpG assays have a higher amplification efficiency compared to GAPDH and this 

leads to an overestimation. To combat this, the efficiency factor was used to adjust 

immune cell quantification of TpG vs. GAPDH (highlighted in green) which results in 

similar percentages comparing TpG vs. CpG with TpG vs. GAPDH quantification 

system.  

Table 4.4: Cell Type-Specific qPCR Quantification Systems. Purif ied immune cell 
types were analysed with locus-specif ic TpG vs. CpG systems as well as universal TpG 
vs. GAPDH systems for relative percentage quantif ication. An eff iciency factor (EF) was 
calculated and used to normalize TpG vs. GAPDH analysis resulting in normalised 
immune cell percentages (partly published in Baron et al. 2018). 

CD
19

+ 
 

B 
ce

lls
 

LR
P5

 

TpG vs CpG [%]   0.0 0.1 89.9 0.5 0.0 0.1 
TpG vs. GAPDH [%]   0.0 0.0 111.0 0.3 0.0 0.1 

Efficiency Factor 0.72             
TpG vs. GAPDH 
normalised [%]   0.0 0.0 91.7 0.3 0.0 0.1 

CD
56

DI
M

CD
1

6+
 N

K 
ce

lls
 

M
VD

 

TpG vs CpG [%]   1.5 2.4 1.0 95.5 1.5 1.3 
TpG vs. GAPDH [%]   1.7 1.9 1.9 117.5 1.9 1.1 

Efficiency Factor 1.03             

TpG vs. GAPDH 
normalised [%] 

  1.5 2.2 1.1 101.2 1.9 1.2 

 

Subsequently, the B- and NK cell assays were incorporated into an existing epigenetic 

immune cell panel (see Figure 4.12). Together with the sequencing data of MVD and 

LRP5 as analysed in the presenting work, Figure 4.12 shows highly cell type-specific, 

unmethylated loci for each target cell type. In contrast, all control cell types were 

completely methylated. The comprehensive epigenetic panel corresponds to immune 

cell populations which are flow cytometrically characterized as follows: CD15+ 

neutrophils (marker gene: LCN1 – Lipocalin 1), CD14+ monocytes (marker gene: 

Cell 
type 

speci-
ficity 

Target 
gene of 

qPCR 
assay Quantification mode 

Analysed immune cell populations 

EF CD4+ T cells CD8+ T cells CD19+ B 
cells 

CD56+ NK 
cells 

CD15+ 
Granulocytes 

CD14+ 
Monocytes 
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PARK2 – Parkin RBR E3 Ubiquitin Protein Ligase), CD3+ T cells (marker gene: 

CD3gamma/delta), CD3+CD4+ T helper cells (marker gene: CD4), CD3+CD8+ 

cytotoxic T cells (marker gene: CD8B), CD19+ B cells (marker gene: LPR5) and 

CD56dimCD16+ NK cells (marker gene: MVD). Additionally, 

CD3+CD4+CD25+CD127low regulatory T cell (marker gene: FOXP3) assay was 

included. GAPDH was identified to be unmethylated in all immune cell subsets. For 

this immune cell panel, unmethyl-specific, bisulfite-converted target sequences were 

incorporated into a larger standard plasmid containing a single copy for each immune 

cell type. Genomic target regions for B and NK cells were also added to the calibrator 

plasmid. 

 

 

Figure 4.12: Bisulfite Sequencing-Derived  DNA Methylation Profiles of Cell Specific 
Marker Genes in Purified Immune Cells. Immune cell types are arranged in rows with 
associated gene names in columns. Different amplicons within the same locus are 
separated by black lines. Each individual vertical l ine represents a single CpG site within 
one amplicon. Methylation rates are color-coded according to the methylation legend 
(adapted from Baron et al. 2018). 
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4.1.5 Establishment of Absolute Quantification via qPCR 

An absolute quantification system (i.e., cells per microliter of whole blood) via qPCR 

was established. For this, a spike-in plasmid was designed containing an artificial 

sequence which is similar to the GAPDH-assays region but all CpG dinucleotides were 

inverted to GpC. To quantify this plasmid, an epigenetic qPCR assay was established 

(so-called GAP[GC]) and introduced into the standard and calibrator plasmid systems. 

As schematically illustrated in Figure 4.13, for the absolute cell quantification, a defined 

volume of whole blood was spiked with a GAP[GC] plasmid copies to yield a defined 

concentration. The sample is processed with the normal procedure including bisulfite 

conversion and DNA extraction. Subsequently, GAPDH- and GAP[GC]-specific assays 

were measured on standard and calibrator plasmids to calculate an efficiency factor 

for GAPDH versus GAP[GC] assay. Then, the GAP[GC] copy loss during DNA 

purification was calculated by comparing plasmid quantity used and plasmid units 

measured afterwards. With the acceptance that the GAP[GC] copy loss is similar to 

the GAPDH copy loss, the initial GAPDH copy quantity of the blood sample can be 

calculated. Because each cell contains two chromosomes carrying the GAPDH gene, 

the leukocytes are calculated by dividing the GAPDH copies by two. 
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Figure 4.13: Schematic Overview of Absolute Quantification using Epigenetic qPCR 
Assays. A defined volume of whole blood was spiked with a defined concentration of 
plasmid containing an artif ic ial GAPDH sequence with dinucleotides inverted from CpG 
into GpCs. The sample is processed including bisulf ite conversion and DNA isolation. 
Subsequently, GAPDH and GAP[GC] qPCR assays were performed and the leukocyte 
count was calculated according to the detected GAPDH and GAP[GC] copies. An 
eff iciency factor (EF) was calculated and multiplied by the ratio of GAPDH and double 
GAP[GC] copies. Because leukocytes carry two chromosomes containing the GAPDH 
gene, GAP[GC] copies were multiplied by two to represent a cell count. Finally, this was 
multiplied by the spike-in concentration of the GAP[GC] plasmid.  
 

 
Using epigenetic leukocyte count and the relative percentage, all other immune cell 

types were calculated: 

𝐼𝐼𝑛𝑛𝑛𝑛𝑛𝑛𝑃𝑃𝐶𝐶 𝑃𝑃𝐶𝐶𝐶𝐶𝐶𝐶 𝑃𝑃𝑐𝑐𝑛𝑛𝑃𝑃𝑃𝑃 [𝑃𝑃𝐶𝐶𝐶𝐶𝐶𝐶𝑀𝑀 𝑐𝑐𝐶𝐶𝑃𝑃 µ𝐶𝐶] =  
𝑅𝑅𝐶𝐶𝐶𝐶𝑃𝑃𝑃𝑃𝐷𝐷𝐷𝐷𝐶𝐶 𝐼𝐼𝑛𝑛𝑛𝑛𝑛𝑛𝑃𝑃𝐶𝐶 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑄𝑄𝑛𝑛𝑃𝑃𝑃𝑃𝑃𝑃𝐷𝐷𝑄𝑄𝐷𝐷𝑃𝑃𝑃𝑃𝑃𝑃𝐷𝐷𝑐𝑐𝑃𝑃 [%]

𝐿𝐿𝐶𝐶𝑛𝑛𝐿𝐿𝑐𝑐𝑃𝑃𝑐𝑐𝑃𝑃𝐶𝐶 𝑃𝑃𝑐𝑐𝑛𝑛𝑃𝑃𝑃𝑃 [𝑃𝑃𝐶𝐶𝐶𝐶𝐶𝐶/µ𝐶𝐶] ∗ 100
 

For testing the application and implementation of this absolute cell quantification 

system, blood samples from 25 healthy adult donors were analysed in comparison with 

flow cytometry. In a proof of concept experiment, the following immune cell markers 

were included in this analysis, as they are of high interest for a common blood count. 

As shown in Figure 4.14, results of relative (A) and absolute (B) quantification were 

plotted against data from flow cytometrical analysis. The joint comparison of all 

analysed markers resulted in Spearman rho of 0.96 and 0.97 (p < 0.001), respectively. 

It was shown that both methods generate equivalent results for relative and absolute 
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quantification. This suggests that the normalization performs correctly and correlation 

is given for all immune cell types. With the implementation of the GAP[GC] assays, 

absolute quantification comparable to the gold standard is possible. 

 

Figure 4.14: Comparison of Immune Cell Quantification by Flow Cytometry and 
Epigenetic qPCR Assays. Immune cells from blood samples of 23 independent donors 
were measured with f low cytometry (x axis) and epigenetic qPCR (y axis). A  Relative 
immune cell counts are shown as percentage of total leukocytes. B Absolute immune cell 
counts are shown as cell number per microliter of whole blood. The black l ine represents 
the bisectr ix. Non-parametric Spearman rank correlation was tested was applied (partly 
published in Baron et al. 2018). 
 

As a result of the introduction of a calibrator system and the possibility of absolute 

quantification by means of the spike-in plasmid, the technology was improved to 

expand the potential fields of applications in a clinical environment. To determine if an 

epigenetic immune cell panel could be applicable in clinical settings and potentially 

have advantages over the gold standard technology flow cytometry, three potential 

fields of applications were considered. 

4.2 Epigenetic Immune Cell Monitoring as Diagnostic Aid for Treg-
associated Primary Immune Regulatory Disorders  

The epigenetic immune cell assay panel was tested on patients suffering from primary 

immune regulatory disorders (PIRD). PIRDs describe correlations with critically 

decreased or non-functional Tregs. It is challenging to diagnose this disease group. 

Here we propose an attempt to identify PIRD patients according to a skewed ratio of 

Tregs using the epigenetic immune cell analysis described in the previous chapter. For 

this, relative immune cell quantification of Tregs and CD3+ T cells was performed. 
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4.2.1 Primary Immune Regulatory Disorders – Patient Cohort 

In collaboration with the Lucile Packard Children‘s Hospital Stanford, whole blood 

samples from patients with diverse primary immunodeficiencies were collected. Table 

4.5 lists all patients which were analysed with epigenetic qPCR assays. The patient 

cohort includes 8 IPEX and 6 IPEX-like patients as well as 27 patients suffering from 

various different PIDs such as SCID, CVID or DiGeorge. Patient age ranged from 

below one month to adulthood. The cohort included 27 (65.9 %) male and 13 (31.7 %) 

female patients with one patient (2.4 %) of unknown sex. This uneven distribution is 

mainly caused by IPEX patients which are all male due to mutation in the X-linked 

FOXP3 gene. For all patients with a known mutation, this is stated in Table 4.5.  
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Table 4.5: Patient Characterisation and Genetic Defects. Blood samples of 41 patients 
with any type of symptoms associated with immune deficiencies were collected by the 
Center of Genetic Immune Disorders in Lucile Packard Children’s Hospital, Stanford. 
Gender: m=male, f=female. 
Patients Disease Age at Blood 

Draw (year) 
Gender Gene of Mutation 

 IPEX 
Patient01 IPEX 2 m FOXP3 

Patient02 IPEX 27 m FOXP3 

Patient03 IPEX 3 m FOXP3 

Patient04 IPEX 6 m FOXP3 

Patient05 IPEX 20 days m FOXP3 

Patient06 IPEX 18 months m FOXP3 

Patient07 IPEX NA m FOXP3 

Patient08 IPEX NA m FOXP3 

IPEX-like 
Patient09 IPEX-like 15 m STAT1 GOF 

Patient10 IPEX-like 10 m STAT1 GOF 

Patient11 IPEX-like 18 f CTLA4 

Patient12 IPEX-like 13 f PI3K 

Patient13 IPEX-like 9 f CD25 

Patient14 IPEX-like 12 f CD25 

Other PIDs 
Patient15 DiGeorge  11 f  unknown 

Patient16 Behcet's disease 35 f  unknown 

Patient17 Kabuki Syndrome 12 m  unknown 

Patient18 Evan's Syndrome 22 m  unknown 

Patient19 Spondyloenchrondrodysplasia 15 m ACP5 

Patient20 Autoimmune hemolytic anemia 13 f  unknown 

Patient21 leaky SCID 1 m  unknown 

Patient22 chronic granulomatous disease 3 m  unknown 

Patient23 undiagnosed   30 m  unknown 

Patient24 undiagnosed 5 m  unknown 

Patient25 DiGeorge 18 f  unknown 

Patient26 SCID 1 m RAG1 
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Table 4.5 (continued): Patient Characterisation and Genetic Defects. Blood samples 
of 41 patients with any type of symptoms associated with immune deficiencies were 
collected by the Center of Genetic Immune Disorders in Lucile Packard Children’s 
Hospital, Stanford. Gender: m=male, f=female. 
Patients Disease Age at Blood 

Draw (year) 
Gender Gene of Mutation 

Patient27 chronic refractory ITP 14 f  unknown 

Patient28 ICOS 1 ligand mutation 46 m ICOS1 

Patient29 CDC42 heterozygous mutation 2 f CDC42 

Patient30 Evans syndrome 16 f  unknown 

Patient31 SCID 24 m  unknown 

Patient32 CVID NA NA  unknown 

Patient33 undiagnosed 29 m  unknown 

Patient34 Evan's Syndrome 15 f  unknown 

Patient35 DiGeorge Syndrome 8 m  unknown 

Patient36 CVID 53 m  unknown 

Patient37 Hypogammaglobulinemia 8 m  unknown 

Patient38 Hypogammaglobulinemia 39 f  unknown 

Patient39 CVID NA m  unknown 

Patient40 Evan's syndrome 6 m  unknown 

Patient41 systemic lupus erythematosus 11 m  unknown 

 

4.2.2 Flow Cytometric Analysis of PIRD Patients 
For a subgroup of patients, flow cytometric data was available. As shown in Figure 

4.15 alternative gating strategies were applied to quantify regulatory T cells (A – 

CD3+CD4+CD25+CD127low; B – CD3+CD4+CD25+FOXP3+ together with 

CD3+CD4+CD25+CD127lowFOXP3+). Figure 4.15 B includes two different gating 

strategies, both including an intracellular staining of the FOXP3 protein. The gating 

strategy CD3+CD4+CD25+CD127lowFOXP3+ (highlighted in green – right y-axis) was 

only applied to patient 05 and 06. The detailed immune status of these two patients is 

also shown in Figure 4.16.  

IPEX-like patients showed significantly decreased Tregs compared to other PIDs 

regardless of the gating strategy (Wilcoxon-Mann-Whitney test, A - p=0.0476 and B - 

p=0.0238, respectively). There is also a trend towards lower Treg counts in IPEX-like 
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patients when compared to Treg counts in IPEX patients. Whereas the IPEX-like group 

presents a relatively uniform Tregs count independent of the gating strategy, other 

PIDs and, in particular IPEX patients, showed highly variable counts.  

 

Figure 4.15: Flow Cytometric Data on Whole Blood Samples from Patients with 
Various Primary Immune Regulatory Disorders or Immune Deficiencies. Three 
different gating strategies for regulatory T cells are demonstrated. A – 
CD3+CD4+CD25+CD125low Tregs; B – left y-axis CD3+CD4+CD25+FOXP3+ Tregs and 
right y- axis CD3+CD4+CD25+CD127lowFOXP3+ Tregs (green highlighted). Patients 05 
and 06 were gated according to r ight y-axis and shown more detailed in Figure 4.16. 
Numbers indicate the patient number according to Table 4.5. 
 

Due to contradictory results in patient 05 and 06 depending on the gating strategy, 

these patients were analysed in detail (see Figure 4.16). Patient 05 and 06 are siblings 

carrying the same mutation in FOXP3. Figure 4.16 A shows a flow cytometry plot 
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including the CD25+CD127low Tregs gated out of total CD3+CD4+ T cells for one 

healthy control and both patients. The gate for the quantification of 

CD3+CD4+CD25+CD127low Tregs was defined in the healthy control (black gate). No 

quantitative differences of Tregs were observed between healthy control and patients 

(healthy control: 7.04 %; patient 05: 6.35 %; patient 06: 11.5 %). But patient 06 showed 

lower CD3+ T cell counts and due to a right shift of the cell population, it seems that 

only parts of the CD25+CD127low cells were captured by the set gate which leads to 

an underestimation. 

Next, FOXP3 expression within CD25+CD127low (purple histogram) and CD25-

CD127+ (red lined histogram) cell population was analysed (see Figure 4.16 B). The 

CD25-CD127+ cell population serves as negative control since no FOXP3 expression 

is expected from this population. When gated for CD25+CD127low, the majority of the 

cells from the healthy donor express FOXP3. Both IPEX patients presented very low 

FOXP3 expression which is in contrast to patient 01 and 02 from Figure 4.15 B. Figure 

4.16 C demonstrates the results of epigenetic analysis of Tregs in CD4+ T cells 

showing an increased proportion in patients. 
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Figure 4.16: Flow Cytometric Analysis of Two Siblings Suffering from IPEX. A) Flow 
cytometry plot gated among total CD3+ CD4+ T cells. Black gate demonstrates gating 
strategy for regulatory T cells (CD3+CD4+CD25+CD127low). Red gate demonstrates 
negative control population (CD3+CD4+CD25-CD127+). B) FOXP3 expression of 
CD3+CD4+CD25+CD127low (purple graph) low versus CD3+CD4+CD25-CD127+ (red 
graph) gated cells. C) Epigenetic quantif ication of Tregs to CD4+ T cells ratio. 
 

Taken together, results from flow cytometric analysis are highly dependent on the 

selected antibodies and thus do not always provide information about the allegedly 

analysed cell type, but rather informs about the integrity of certain proteins. DNA 

methylation analysis may in this case be the more appropriate approach as it 

exclusively reports the presence of a cell type according to methylation patterns, 

regardless of the expression or functionality of proteins. Thus, epigenetic quantification 

may present a more stable alternative to identify PIRD patients and was tested in the 

next section.  
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4.2.3 Epigenetic Analysis of PID Patient Cohort 

Epigenetic analysis was performed for all patients listed in Table 4.5 and compared 

with flow cytometric data of patient selection from Figure 4.15. For this, two gating 

strategies (CD3+CD4+CD25+CD127low and CD3+CD4+CD25+FOXP3+) were 

compared to epigenetic quantification of Tregs to CD4+ T cells and Spearman rho was 

determined (see Figure 4.17). Both comparisons showed no significant correlation 

between the two technologies (Spearman rho < 0.8) although 

CD3+CD4+CD25+CD127low gating correlated better with epigenetic analysis. As 

previously shown, good correlation was determined when healthy individuals were 

analysed (see Figure 4.14). 

 

Figure 4.17: Correlation Between Flow Cytometric and Epigenetic Data on Whole 
Blood Samples from Patients with Various Primary Immune Regulatory Disorders or 
Immune Deficiencies. Regulatory T cells within the CD4+ T cell compartment were 
measured with f low cytometry (y axis) and epigenetic qPCR (x axis). The black dotted 
l ine represents the l inear regression. A)  Epigenetic analysis of Tregs to CD4+ T cell ratio 
versus CD4+CD25+CD127low gated Tregs. B) Epigenetic analysis of Tregs to CD4+ T 
cell ratio versus CD4+CD25+FOXP3+ and CD4+CD25+CD127lowFOXP3+ (green 
highlighted) gated Tregs. 
 

In the next step, whole blood samples of 14 healthy adults (7 males and 7 females) 

were analysed and compared to the immune status of the PID patient cohort (see 

Figure 4.18). Looking at the distribution of Tregs and CD3+ T cells in both groups, 
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healthy controls presented a Gaussian distribution whereas the patient cohort 

presented a much wider range. 

 

Figure 4.18: Density Plot of Compared Distribution Between PID Patients and 
Healthy Controls for Epigenetic Relative Quantification of Tregs and CD3+ T Cell 
ratio. Healthy controls are demonstrated in light orange and patients in l ight blue. Density 
plot represents the distribution of a numeric variable of A)  Tregs [%] and B)  CD3+ T 
cells [%] in leukocytes within both groups. 
 

For the determination of quantitative differences of CD3+ T cells and Tregs, all four 

groups (IPEX, IPEX-like, other PIDs and healthy controls) were compared to each 

other using the Wilcoxon-Mann-Whitney test. To exclude confounding effects, gender 

and age dependencies were analysed beforehand. For this, the gender-dependency 

within all three groups (IPEX-like, other PIDs and healthy controls) was investigated 

using the Wilcoxon test. IPEX patients were excluded from this analysis since this 

disease only affects males due to X-chromosomal location of the FOXP3 gene. No 

gender dependencies were determined for any disease group with p values > 0.1 (see 

Supplement 3). Age dependency between the groups was investigated using the 

Kruskal-Wallis test (see Supplement 4). Here, IPEX patients were included in the 

analysis. No significant age differences between the four groups was determined with 

p = 0.2. Therefore, no classification between age or gender was applied to further 

analyses. 

Then, as shown in Figure 4.19, IPEX-like patients showed a significant increase of 

CD3+ T cells (p=0.0023) compared to healthy controls which is mainly driven by patient 

13 and 14. No further significant differences between groups were shown CD3+ T cells. 
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The disease groups show a wider range of CD3+ T cells compared with the healthy 

controls which is in line with Figure 4.18. Patient 06 is especially conspicuous and 

showed very low CD3+ T cells compared to the other IPEX patients. 

 

Figure 4.19: Epigenetic CD3+ T Cell Quantification of PID and PIRD patients. Patient 
numbers are assigned according to Table 4.5. Bars indicate median with interquartile 
range. Wilcoxon-Mann-Whitney test was used to examine group differences. 
 

Figure 4.20 shows the epigenetic quantification of Tregs. Here, IPEX patients showed 

a significant increase of Tregs compared to healthy controls (p=0.0128) and other PID 

group (p=0.0296). Except for patient 06 and 07, Treg percentage of IPEX patients were 

above the healthy controls. IPEX-like patients are divided into two groups. Again, 

patient 13 and 14, both patients carrying CD25 mutation, showed increased Tregs 

similar to IPEX patients whereas the other four patients with CTLA4, STAT1 and PI3K 

mutations showed decreased Tregs. 
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Figure 4.20: Epigenetic Treg Quantification of PID and PIRD Patients. Patient 
numbers are assigned according to Table 4.5. Bars indicate median with interquartile 
range. Wilcoxon-Mann-Whitney test was used to examine group differences. 
 

Both cell types showed significant differences between disease and control groups. In 

order to maximize the resolution, Tregs and CD3+ T cells of healthy controls and IPEX 

and IPEX-like patients were plotted against each other in a two-dimension analysis 

(see Figure 4.21). Percentage of Tregs (log y axis) were plotted against CD3+ T cells 

(log x axis). Healthy donors (red dots) estimated reference range as defined by 95% 

confidence region (red circle). IPEX patients are demonstrated as green dots and blue 

dots represent the IPEX-like patients. 

The healthy cohort represented a stable and relatively narrow ratio of Tregs to CD3+ 

T cells compared to the two patient groups. Patient 07 is one out of eight IPEX patients 

which was inside the 95% confidence region and was presented as nonsuspicious. 

Patient 10 was also inside the 95% confidence region as the only IPEX-like patient. All 

other IPEX and IPEX-like patients were unambiguously identified as abnormal by 
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epigenetic testing of Tregs to CD3+ T cells. Same analysis was performed with the 

“other PIDs” group and compared to the healthy cohort (as shown in Supplement 5). 

Here, 16 (59,3%) patients were outside the 95% confidence region and were presented 

as conspicuous, whereas 11 (40,7%) overlapped with the healthy cohort. The 

conspicuous patients were randomly distributed. 

 

Figure 4.21: Epigenetic Analysis on IPEX, IPEX-like Patients and Healthy Controls. 
Log of CD3+ T cell percentage (x axis) were plotted against log of Treg percentages (y 
axis). Percentages of 14 healthy controls (red dots) estimate reference range (red circle) 
as defined by 95 % confidence region. Seven IPEX patients are shown as green dots and 
IPEX-like patients are shown as blue dots. Patient numbers are assigned according to 
Table 4.5. 

 
 

Taken together, the epigenetic qPCRs present a potential approach for the 

identification of Treg-associated PIRDs whereas flow cytometric data showed high 

variability depending on the applied gating strategy and present mutation.  
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4.3 Newborn Screening for PIRD 

When applying epigenetic assays for the quantification of Tregs and CD3+ T cells, 

there is a clear indication that Tregs are significantly elevated in patients suffering from 

IPEX. At the same time, IPEX is a severe, mostly neonatally developed disease with 

curative treatment options. To date, no screening method has been developed to 

reliably detect the disease in time for treatment. Hence, the feasibility of epigenetic 

qPCR assays for newborn screening is investigated within this section and may, if 

successful, provide a possible remedy for patients with this disease. 

Newborn screening is always performed on dried blood spots (DBS). A change of 

clinical routine for newborn screening for a disease as rare as IPEX is not realistic to 

accommodate. Therefore, equivalence of epigenetic data of Tregs and CD3+ T cells 

using liquid or dried whole blood had to be demonstrated as prerequisite for the 

application. To assess this correlation, whole blood samples of 17 healthy newborns 

were collected at the Lucile Packard Children‘s Hospital Stanford and analysed. 

Peripheral blood samples were taken within 48 hours after birth. DBS were prepared 

using venous whole blood dried overnight on Whatman 903 filter paper. Three punches 

were used for the analysis and liquid whole blood measurement was performed in 

parallel, according to the standard procedure in parallel. 

Both qPCR assays for the quantification of Tregs and CD3+ T cells showed high 

correlation with Spearman rho 0.87 and 0.88, respectively, comparing liquid with dried 

whole blood (see Figure 4.22). It was shown that independent of the blood specimen 

equivalent results were achieved and therefore epigenetic qPCR assays are suitable 

for immune cell quantification on dried blood spots. 
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Figure 4.22: Correlation Between Epigenetic qPCR Measurements of Whole Blood 
and Dried Blood Spots. Relative immune cell quantification using whole blood (x axis) 
and dried blood spots (y axis) of 17 healthy controls was performed. A  Comparison of 
Tregs. B  Comparison of CD3+ T cells. The black dotted line presents the regression line.  
 

Premature birth is a possible confounder in newborn screening, in particular 

concerning the immune system, which is not fully developed in preterm infants. To 

investigate a possible confounding role, the previously analysed newborn cohort was 

divided according to the gestational age. Five premature newborns were included and 

defined as born before the 37th week of pregnancy, as well as twelve full-term 

newborns. Additionally, whole blood data from healthy adults of section 4.2.3 were 

included.  

As shown in Figure 4.23, no significant differences between these groups were found 

for the two analysed cell types. Therefore, there was no requirement to assume a 

relevant role of premature birth and no age-matched control cohort was applied for 

further analysis. 
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Figure 4.23: Age-Dependency of Tregs and CD3+ T Cells in Healthy Donors. 
Epigenetic relative immune cell counts of Tregs and CD3+ T cells were analysed in 14 
adults, 5 preterm (before 37th week of pregnancy) and 12 full- term neonates. Bars 
indicate median with interquartile range. Wilcoxon-Mann-Whitney test was performed. 
 

Subsequently, the ratio of Tregs to CD3+ T cells of two DBS of IPEX patients were 

epigenetically analysed and compared to the healthy, male newborn cohort (see Figure 

4.24). One DBS was taken from a heel prick shortly after birth whereas the second 

DBS originate from a two-year-old boy. Both IPEX patients showed an increased ratio 

compared to the healthy controls although no significant difference was observed due 

to the sample size. Nevertheless, the finding of the previous section that IPEX patients 

show an increased ratio of Tregs to CD3+ T cells when epigenetically quantified was 

confirmed on DBS. 
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Figure 4.24: Epigenetic qPCR on DBS from Newborns with IPEX. DBS from healthy, 
male newborns (black dots) and patients with confirmed IPEX (blue dot = newborn and 
blue tr iangle = 2-year-old) were subjected to epigenetic qPCR for quantif ication of the 
percentage of Tregs within CD3+ T cells. 
 

4.4 Epigenetic Immune Cell Monitoring after Hematopoietic Stem Cell 
Transplantation  

4.4.1 Patient Characterization 

EDTA whole blood samples from 28 HSCT patients were collected at IRCCS Ospedale 

San Raffaele in Milan, Italy and flow cytometric analysis was performed on-site. From 

these samples, 250 µl were used for the epigenetic analysis. The median follow-up 

period was 34 (28 to 38) months.  

The cohort was comprised of patients diagnosed with different malignant hematologic 

disorders. The average patient age was 55 (21 to 73) years and included 18 (64 %) 

male and 10 (36 %) female patients. 22 (78.6 %) patients developed viral infections, 

representing the most frequent post-transplant complication in this cohort. 18 (64.3 %) 

patients developed Graft-versus-Host Disease (GvHD). Over the course of time, 

patients became multimorbid with various post-transplant-related complications. Eight 



 4 Results 
            
  

83 
 

patients developed GvHD as well as viral infections. After the median follow-up period, 

17 (60.7 %) of the patients were alive. An overview of the cohort is shown in Table 4.6. 

Table 4.6: HSCT Patient Characterisation. Blood sample of 28 patients undergoing 
haplo-HSCT were collected. *Other viral infections are here herpes simplex virus 1, 
varicella-zoster virus and enteroviral infection. **Overall survival over a median period 
of 34 months. One patient was infected with two different viruses.  

Group Total Number of Patients (%) 

Patients 28 (100 %) 

Gender Distribution 
Male  18 (64.4 %) 

Female 10 (35.7 %) 

Age 
Median Age (Min. - Max.) 55 (from 21 to 73) years 

Underlying Disease: 
Acute myeloid leukemia 15 (53.6 %) 

Hodgkin lymphoma 5 (17.9 %) 

Non-Hodgkin lymphoma 4 (14.3 %) 

Myelodysplastic syndrome 2 (7.1 %) 

Acute lymphoblastic leukemia 1 (3.6 %) 

Chronic myeloid leukemia 1 (3.6 %) 

Viral Infection 
Total 22 (78.6 %) 

CMV 9 (32.1 %) 

HHV6 8 (28.6 %) 

EBV 3 (10.7 %) 

Others* 3 (10.7 %) 

 
 

Graft Versus Host Disease 18 (64.3 %) 

  

Overall Survival** 17 (60.7 %) 

 

4.4.2 Immune Cell Reconstitution and Overall Survival 

Since immune cell reconstitution after HSCT is pivotal for therapy success, the 

association of each immune cell count and overall survival was investigated in the 

above cohort. The potential benefit of a biomarker for post-transplant complications is 

greatest when detected early. Therefore, measurement was performed at the first 

available timepoint (median: day 26; 19 to 39). 
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Neutrophils, monocytes, CD3+, CD4+, CD8+ T cells, Tregs, NK and B cell counts were 

determined and compared to reference values from healthy adult donors using both 

flow cytometry and epigenetic qPCR. Cell counts for lymphocytes were calculated 

adding CD3+ T cells, B- and NK cells for both methods. Data for 28 patients were 

available for epigenetic analysis. For flow cytometric analysis, lymphocyte counts were 

available for only 16 patients due to limited cell numbers in PBMC samples.  

In Figure 4.25, the patients’ flow cytometric and epigenetic data of each immune cell 

type are shown as boxplots and compared to the normal physiological range (dotted 

line). Those physiological ranges are based on flow cytometry measurements (data 

provided by Universitätsklinikum Leipzig). Leukocyte, neutrophil and monocyte counts 

are mostly within the physiologically healthy range, albeit lymphocytes and neutrophils 

are clearly at the lower end. Considering the highly cell ablative therapies the patients 

had endured, these almost normal levels suggests a significant level of reconstitution 

of these populations. In contrast, lymphocyte subsets measured below the lower limit 

of the physiologically healthy range. At this point of treatment, B cells, overall CD3 T 

cells and CD4 T helper cells did not significantly reconstitute. While the highest 25% 

of values reached normal counts, 75% of measurements remain clearly lymphopenic. 

These data are independently confirmed by both technological approaches. For CD8+ 

T cells and NK cells, > 50 % and > 75 % of samples measured below the normal range 

with both technologies, respectively. Only with Tregs did measurements differ between 

methods; epigenetic measurements appeared to be in the normal range whereas flow 

cytometric data found that more than 50 % of samples fell below the normal range. All 

medians and the interquartile ranges, as well as the normal physiological ranges are 

shown in Supplement 6. 

 
For all following experiments absolute and relative cell counts were analysed. 

However, since the overall cell number is the more meaningful determinant of 

successful engraftment, the relative cell counts are not presented in detail within this 

section. 
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Figure 4.25: Comparison of Flow Cytometric and Epigenetic Data of HSCT Cohort to Normal Physiological Range. Flow cytometric  
in-house reference values of each immune cell population [cells/µl] are presented as dotted l ines and were provided by Universitätsklinikum 
Leipzig. Boxplots show epigenetic and flow cytometric data per immune cell population. Horizontal l ines are medians, whiskers cover the 
data up to 5-95 percentiles above the third quarti le or below the first quarti le, and dots represent outliers beyond this area.
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Next, potential association between each immune cell count and the overall survival 

time was investigated. The cell counts of samples from patients known to be deceased 

were grouped and compared to cell counts of survivors for all immune cell types 

independently. Comparing the cell counts of survivors and non-survivors, significant 

differences were found for epigenetic data of total lymphocytes, CD3+ T cells and 

CD8+ T cells using the epigenetic data set (Figure 4.26 A). With one exception, non-

survivors had uniformly low lymphocyte, CD3+ and CD8+ T cell counts, whereas 

survivors had significantly higher cell counts (Wilcoxon-Mann-Whitney test, p value: 

0.0039, 0.0039 and 0.0266, respectively). 

Receiver-Operating-Characteristic (ROC) analysis based on this data is shown in 

Figure 4.26 B and confirmed a significant survival benefit for patients with higher 

lymphocyte counts with a ROC area under curve (AUC) > 0.78 (p value < 0.05) for all 

three cell populations. Despite high correlation between epigenetics and flow 

cytometric data, no direct association between immune reconstitution and overall 

survival was found for flow cytometric analysis. ROC AUC and p values for all analysed 

immune cell types are listed in Supplement 7 for both technologies. 
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Figure 4.26: Association Between Overall Survival and Absolute Cell Counts of 
Lymphocytes, CD3+, CD8+ and CD4+ T Cells. A) Patient cohort was divided into 
survivor and non-survivor within the follow-up period of 34 months (alive vs. dead). 
Epigenetically quantified absolute cell numbers of lymphocytes, CD3+, CD8+ and CD4+ 
T cells are shown whereby lymphocytes were calculated by combining CD3+ T cells, B 
and NK cells. Bars indicate median and interquarti le range. Wilcoxon-Mann-Whitney test 
was performed. B) ROC curve plots for lymphocytes, CD3+, CD8+ and CD4+ T cells.  
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Similar comparisons were performed for other immune cell types but yielded no 

meaningful dependence on survival (ROC AUC < 0.7, p>0.05) (see Supplement x). 

Based on these results, epigenetic measurements of lymphocytes, CD3+, CD8+ and 

CD4+ T cells were selected for subsequent data analysis whereby CD4+ T cells were 

carried along mainly as a potential negative control.  

4.4.3 Immune Reconstitution and Viral Infection  

Next, association between early reconstitution of the adaptive immune system and viral 

infections or reactivation was analysed. The total lymphocyte counts as well as CD3+, 

CD4+ and CD8+ T cells were examined. An increase of immune cells, in particular of 

CD8+ T cells, is consistent with the generally accepted assumption that infections 

trigger immune cell proliferation. 

Hence, groups were formed depending on their reported viral status, i.e., one group 

including patients without reported infections and one group with only those patients 

that were diagnosed with various viral infections. As shown in Figure 4.27, patients 

with viral infections had a significantly higher number of CD8+ T cells (14-2301 cells/µl, 

p value= 0.0428) than patients not suffering from viral infections (24-189 cells/µl). 

Although not statistically significant, the same group of patients had higher cell counts 

of lymphocytes (29-3279 cells/µl), CD3+ T cells (6-3022 cells/µl), CD4+ T cells (81 – 

2347 cells/µl) than patients without reported viral infections (125-425 cells/µl, 98-359 

cells/µl and 72-219 cells/µl), respectively. 
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Figure 4.27: Correlation Between T Cell Subset and Viral Infections.  HSCT patients 
were divided into one group which suffers from viral infections after transplantations and 
those which were incidence free. Lymphocytes, CD3+, CD4+ and CD8+ T cells were 
epigenetically quantif ied. Lymphocytes were calculated by combining CD3+ T cell, B and 
NK cell counts. Black dots indicate the survival of the patient within the follow-up period 
of 34 months. Patients which decease within the follow-up period are highlighted in red 
dots. Bars indicate median and interquarti le range per group. Wilcoxon-Mann-Whitney 
test was performed. 

Whereas the cell counts in the viral infection-free group were homogenously low 

across all analysed cell populations, viral infections coincided with a wide range of cell 

numbers. An increase of immune cells, in particular of CD8+ T cells, is consistent with 

the assumption that infections trigger immune cell proliferation. When using the highest 

immune cell count in non-infected subjects as cut-off, the data showed that 9 out of 22 

virally infected patients are above this threshold for lymphocytes, CD3+ and CD8+ T 

cells. The response for CD4+ T helper cells is visible in 7 out of the 22 patients. The 

observed wide range from a complete lack of, up to intense, immune responses from 

similar triggers would be in agreement with a potential immunological impairment in 

patients without reaction.  
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4.4.4 Immune Response and Survival of HSCT Patients upon suffering Viral 
Infection 

Given that patients without viral infection never showed cellular immune responses 

and that survivors had a trend towards higher immune cell counts, this subgroup of 

virally infected patients was analysed according to the survival rate.  

Altogether, 22 patients were reported with CMV, EBV, HHS6, HSV1, HSV6 or VZV 

infections. All infections were diagnosed before or close to the initial blood draw.  

Visual inspection of the dot plots in Figure 4.28 A suggests that death of patients 

coincides with low immune cell counts. Survivors show increased immune cell counts, 

which at the same time appears to correlate with viral infection. This observation is 

statistically significant for lymphocytes (p = 0.0038) and CD3+ T cells (p= 0.0097). For 

CD8+ T cells, a statistical trend is observed, but without reaching significance, whereas 

CD4+ T cells do not contribute to this observation. When looking at individual cases, 

14 patients (64%) were alive and 8 (36%) had succumbed to disease at the end of the 

study. 9 (43%) patients with viral infections had an immune cell count higher than 

observed in any patients without viral infection (from section 4.4.3). Of those, 8 (89%) 

were still alive at the study’s end. Of the remaining 13 patients, whose immune 

responses were not higher than in uninfected patients, 6 (46%) were alive at the end 

of the study.  

ROC analysis of these data supports the association between survival and immune 

cell count with ROC AUC of 0.87 (p = 0.0051), 0.85 (p = 0.0112) and 0.79 (p = 0.068) 

for lymphocytes, CD3+ and CD8+ T cells, respectively (Figure 4.28 B).  

The ROC analysis served as the basis for group definition in Kaplan-Meyer survival 

analysis. The highest accuracy in the ROC plot is described by the data point closest 

to the upper left corner. In the current analysis, this point corresponded to 180 

lymphocytes/µl, 161 CD3+ T cells/µl and 151 CD8+ T cells/µl. Kaplan-Meyer analysis 

indicates a statistically significant (Log rank Mantel-Cox tests with p < 0.0001, p = 

0.0008 and p = 0.018) and dramatically better survival for patients with immune cell 

counts above their respective cut-off values (Figure 4.28 C). Within the median follow-

up time of 34 months (approximately 1037 days), only one patient above the respective 

immune cell cut-offs died, whereas the median survival time for patients below these 
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cut off values ranged from 194 days (lymphocytes), 257 days (CD3+ T cells) to 428.5 

days (CD8+ T cells).  

These data suggest that the immune cell reconstitution early after transplantation is a 

powerful indicator for survival. Such strong and positive interpretation, however, comes 

with a number of caveats. 
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Figure 4.28: Correlation Between Immune Cell Subset and Overall Survival of Virally Infected Patients. Patients which suffered from 
post-transplant viral infection were stratif ied according to survival. A)  Depending on the overall survival within the follow-up period of 34 
months, patient cohort was divided into two groups. Epigenetically quantif ied absolute cell counts of lymphocytes, CD3+, CD8+ and CD4+ 
T cells are shown whereby lymphocytes were calculated by adding up CD3+ T cells, B and NK cells. Bars indicate mean and standard 
deviation per group. Wilcoxon-Mann-Whitney test was used. B) ROC curve plots for lymphocytes, CD3+, CD4+ and CD8+ T cells. C) Kaplan 
Meier method and Log Rank test was applied to patient data classif ied into two groups according to the crit ical immune cell count. Dotted 
lines indicate 95%confidence interval. Survival comparison was analysed by Mantel-Cox ( log-rank) test.
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4.4.5 Early Immune Reconstitution and Graft-versus-Host-Disease 

Even under immune suppressive therapy, a subset of HSCT patients develop Graft-

versus-Host-Disease (GvHD). The patients analysed in this study were under a variety 

of different GvHD prophylaxis (see next chapter). 

Whereas successful response to infection requires T cell activity, this may be 

associated with danger of Graft-versus-Host reactions. Distributing the measurements 

at the first timepoint of all 28 HSCT patients into groups depending on their GvHD 

status, patients with GvHD showed higher lymphocyte (median = 405 vs. 131 cells/µl), 

CD3+ T cell (median = 325 vs. 104 cells/µl) and CD8+ T cell (median = 196 vs. 54 

cells/µl) counts (see Figure 4.30). These data are statistically significant only for 

lymphocytes (Wilcoxon-Mann-Whitney test p = 0.04). CD4+ T cells show an opposite 

trend due to one extreme outlier. 

In addition, patients having died within the follow-up period are highlighed in red. Since 

it was shown earlier that patients with insufficient immune cell reconstitution have a 

high survival rate, it is not surprising to see that patients presenting with no GvHD (and 

thus low immune cell counts) are confronted with high mortality. 
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Figure 4.29: Correlation Between Early Immune Cell Reconstitution and the Risk of 
GvHD. The immune cell reconstitutions of patients with or without GvHD were compared. 
Patient cohort was divided into GvHD-free and GvHD groups including all GvHD cases 
(acute GvHD grade I-IV and chronic GvHD). Epigenetically quantif ied absolute cell counts 
of lymphocytes, CD3+. CD8+ and CD4+ T cells are shown whereby lymphocytes were 
calculated by adding up CD3+ T cells, B and NK cells. Bars indicate mean and standard 
deviation per group. Patients which passed away within the follow-up period are 
highlighted in red. Wilcoxon-Mann-Whitney test was performed. 
 

4.4.6 Impact of Immune Suppressive Therapy to Immune Reconstitution 

Patients receiving haploidentical HSCT invariably require post-transplant immune 

suppressive therapy (IST) avoiding lethal GvHD. However, IST regiments differ based 

on a number of factors. Here, patients received the following treatments:  

 

 

 



 4 Results 
            
  

95 
 

Table 4.7: Post-Transplant Immunosuppressive Therapy. PTCy – Post-transplant 
cyclophosphamide; rapa – Rapamycin, ATG – Anti-thymocyte globulin; CSA – 
Cyclosporin A; MMF – Mycophenolate Mofeti l  

 TREATMENT COMPONENTS 

Treatment A PTCy, rapa, MMF 

Treatment B ATG, rapa, MMF 

Treatment C PTCy, CSA, MMF 

 

The majority of patients (n=17) received treatment A and only 5 patients received 

treatment combination B or C (2 and 3, respectively). The limited number of patients 

in treatment B and C were combined, since they both constitute T-cell ablative 

treatments. Such combination was required to have an increased sample size. 

Notably, all patients with active immune responses against virus reactivation received 

treatment A (see Figure 4.30).  
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Figure 4.30: The Impact of Immune Suppressive Therapies to the Immune Cell 
Reconstitution. Patients were treated with three different immune suppressive 
therapies. Impact of the therapy was analysed at the f irst available t imepoint (median 26 
days) after transplantation. Lymphocytes, CD3+, CD4+ and CD8+ T cell counts were 
epigenetically quantif ied. Bars indicate median with interquartile range. Wilcoxon-Mann-
Whitney test was performed. 
 

To confirm this finding, the second post-transplant blood draw was analysed (median 

time after transplantation was 70 days (ranging from 55 to 80)). As shown in 

Supplement 8, samples from only 10 patients were still available (Treatment A: 6 

patients, Treatment B: 2 patients and Treatment C: 2 patients). These data indicate 

that all patients receiving Treatment B or C retain low cell counts after 70 days post-

transplanatation indicating a long-term effect on immune reconstitution. 

4.4.7 Method Comparison 

Whereas the epigenetically determined cell counts of lymphocytes, CD3+ and CD8+ T 

cells suggest an association with the outcome, this was not possible to provide with 
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flow cytometric data. To assess methodological differences between the technologies, 

all available blood samples, including samples taken prior to conditioning regime and 

up to 345 days after HSCT (n=67), were analysed. As shown in Figure 4.31, data 

reached Spearman rho > 0.90 (p < 0.0001) for all four immune cell populations.  

 

Figure 4.31: Comparison of Absolute Immune Cell Quantification by Flow Cytometry 
and Epigenetic qPCR on HSCT Patients. Immune cells from 67 blood samples of 28 
HSCT patients were measured with f low cytometry (x axis) and epigenetic qPCR (y axis).  
Samples were taken before condit ioning regime and after transplantation (up 345 days). 
Absolute immune cell counts are shown as cell number per microliter of whole blood. The 
black l ine represents the regression line. The red line indicates the bisectr ix. Correlations 
was tested using non-parametirc Spearman rank correlation test. 
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Additionally, Bland-Altman analysis was performed and systematic bias and coefficient 

of variation (CV) were calculated. Even if high correlation was shown via Spearman 

rho, high systematic bias (>29.3 %) and CV (> 27.9 %) were shown for all four immune 

cell populations (Table 4.8). 

Table 4.8: Method Comparison of Lymphocyte Subsets using Bland Altman 
Analysis.  
 Bland-Altman Analysis 

Cell type Systematic Bias [%] CV [%] 

Lymphocytes -31.2 35.2 

CD3+ T cells -29.3 27.9 

CD4+ T cells -29.7 30.4 

CD8+ T cells -35.2 37.9 

 

To investigate if this methodological variability is associated with loss of sensitivity for 

patients with low cell number, the cohort was divided into two groups according to the 

flow cytometric cell counts whereby the lower limit of the normal physiological range of 

Universitätsklinikum Leipzig (from section 4.4.2) serves as cut off. As shown in Table 

4.9, systematic bias is in average 15% higher for samples below the normal 

physiological range (31.9-47.4 % to 4.3-29.0 %). The same was observed for the CV. 

Especially for CD4+ and CD8+ T cells, difference of CV was determined comparing 

both groups with a statistical significance of p< 0.02. This indicates an increased 

measurement variability comparing both technologies beyond the normal cell counts. 
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Table 4.9: Method Comparison of Lymphocyte Subsets using Subdivided Groups 
According to Normal Physiological Range. Samples were divided into two groups; one 
containing samples below the normal physiological range (provided by 
Universitätsklinikum Leipzig), the other containing all samples within the normal range. 
Systematic bias and CV were calculated independently.  
 Below Physiological 

Range 
Within Physiological 

Range 
 

Cell type n Systematic 

Bias [%] 

CV 

[%] 

n Systematic  

Bias [%] 

CV 

[%] 

P 

value 

Lymphocytes 40 -32.0 38.6 27 -29.0 23.3 0.3920 

CD3+ T cells 45 -31.9 31.4 22 -24.0 18.3 0.3191 

CD4+ T cells 61 -32.3 30.5 6 -4.3 12.3 0.0049 
CD8+ T cells 32 -47.4 42.7 35 -23.5 28.5 0.0142 

 

Taken together, good correlation (Spearman rho > 0.9) between both methods was 

shown for the four immune cell markers. However, the correlation was impaired for 

samples below the normal physiological range, possibly explaining the differences in 

prognostic value for the two technologies. 

4.4.8 Epigenetic qPCR and Immune Profiling of Clinical Laboratory in paediatric 
HSCT patients 

An additional cohort of paediatric HSCT patients was analysed including timepoints 

from day 5 post-transplantation. Here, the feasibility of early immune cell monitoring 

compared with the clinical standard (around week 4) was determined.  

Quantification with the epigenetic panel was performed and compared to the standard 

clinical flow cytometry procedure. For this, EDTA whole blood samples from 21 

pediatric HSCT patients were collected at the Lucile Packard Children’s Hospital 

Stanford. Blood draws were analysed beginning at day 5 post-transplantation and 

continued weekly. Standard clinical procedure demanded analysis of leukocytes at 

every blood draw. However, immune phenotyping of CD3+, CD4+, CD8+ T cells, B- 

and NK cells by flow cytometry required minimum of 300 lymphocytes/µl and was 

therefore only performed when adequate lymphocyte counts were available. 

All epigenetic qPCR assays were validated and CP cut offs were calculated to define 

the analytical measuring range (lower limit of quantification – LLoQ) according to the 
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validation procedure described in section 4.1.3. Only qPCR results which were above 

the respective LLoQ were included in the analysis. 

As shown in Table 4.10, when applying the LLoQ for both approaches, flow cytometry 

and epigenetic qPCRs showed no significant difference regarding the first day of valid 

detection for leukocytes (p value= 0.9047). However, epigenetic analysis provided 

valid data for lymphocyte subpopulations around day 19 whereas valid clinical 

laboratory data were obtained approximately 13 days later (all p values < 0.002). Most 

remarkably, B cells were not detectable via flow cytometry before day 34 whereas 

epigenetic data were observed as early as day 19. Neutrophil and monocyte counts 

were not provided by the clinical laboratory. Single patient information is shown in 

Supplement 9. 

Table 4.10: Day of First Valid Data Point per Immune Cell Population in Comparison 
with Flow Cytometry and Epigenetic qPCR Assays. Whole blood samples of 21 
pediatric HSCT recipients were sent to a clinical lab and analysed in parallel with 
epigenetic immune cell panel. The average days after transplantations (median; 
interquarti le range) were calculated, where the respective technology provided first valid 
immune cell count. Non-parametric t test, Wilcoxon-Mann-Whitney test were used to 
calculate p value. 

 Flow cytometric 

analysis 

Epigenetic analysis  

Immune cell types First day of valid 
measurement 

First day of valid 
measurement 

P value 

leukocytes 6 (6-12) 9 (5-11) 0.9047 

CD3+ T cells 29 (20-40) 19 (13-20) 0.0011 

CD3+CD4+ T cells 29 (20-40) 19 (13-20) 0.0003 

CD3+CD8+ T cells 29 (20-40) 19 (14-26) 0.0014 

CD19+ B cells 47 (34-72) 20 (19-30) <0.0001 

CD56dimCD16+ NK 

cells  

29 (20-40) 19 (17-25) 0.0009 

 

The data suggests that epigenetic measurements can be used for early immune 

monitoring from week 2 post-transplantation compared with the standard clinical 

laboratory procedure (in average week 3 post-transplantation). Following this finding, 
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the question arises if the possibility of earlier monitoring allows for better predictions of 

therapy success. 
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5 Discussion 

The balance between pathological factors and the body’s response to them is the core 

of human health. As the main component of the latter, i.e., the defence, the immune 

system is a key element in fighting off any disease. For that reason, immune monitoring 

has become a standard tool in many disease settings. In the general clinical routine, it 

is an important basic procedure and is used to characterize and quantify various cell 

populations. Flow cytometry has become the method of choice and is used for the 

identification of abnormalities in lymphoid and myeloid cell populations. These 

abnormalities constitute important parameters for the diagnosis and patient monitoring 

in autoimmune diseases, infections, immune deficiencies as well as haematological 

and solid cancers. 

However, despite its wide use, flow cytometry exhibits certain limitations. The current 

project contributes to the application of epigenetic immune cell counting to various 

clinical settings. It may serve as alternative to the standard flow cytometry to overcome 

its inherent limitations which will be addressed in the next sections.  

5.1 Epigenetic Markers for Immune Cell Quantification  

5.1.1 Epigenetic Marker Characterisation 

Analogous to already established methylation markers such as Treg-specific 

demethylated region (TSDR) (Wieczorek et al. 2009) and the differentially methylated 

intragenic CD3G/CD3D-region (Sehouli et al. 2011), which allow quantification of 

regulatory T cells and CD3+ T cells, respectively, one aim of the project is comprised 

of the expansion of highly cell type-specific methylation markers for the quantification 

of further immune cell types. For this, specific epigenetic DNA methylation markers 

were identified and quantitative qPCR assays were established for B and NK cells. 

Using a genome-wide methylation marker discovery approach, individual CpGs 

throughout the entire human genome were screened and analysed for specific 

differences between target and control cells (see Table 4.1, p. 47). Target cells were 

either B or NK cells, whereas all other cell types represented control cells. Here, a 

locus within the MVD gene was identified to be specifically unmethylated in 
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CD56dimCD16+ NK cells (see Figure 4.1, p.49). The enzyme MVD is involved in one 

of the early steps in cholesterol biosynthesis (Buhaescua I 2007) and mutations within 

this gene are associated with porokeratosis, a rare disease causing cornification of the 

epidermis (Zhang et al. 2015). According to ProteomicsDB (Human Integrated Protein 

Expression Database, Bernhard Küster, TUM School of Life Sciences Weihenstephan, 

Technische Universität München), MVD is expressed in diverse tissues and all 

lymphocyte subsets and is not exclusively specific for NK cells. Hence, it is not entirely 

clear, why the identified region is specifically unmethylated in NK cells, and how it is 

epigenetically regulated in this cell type. The region that was found to be differentially 

methylated is structurally positioned in the 12th intron of the MVD gene. According to 

Ensembl.org (stated 22.02.2020), no regulatory element is known at this position. 

However, the amplicon is in close proximity to the promoter region of the neighbouring 

gene CYBA (cytochrome b-245 alpha chain) which encodes for a primary component 

of the microbicidal oxidase system of phagocytes (Stasia 2016). Possibly the 

differential methylation is associated with regulation of the neighbouring gene, but 

nevertheless, no direct association to NK cells is known. For CD19+ B cells, one locus 

within the gene LRP5 was identified as a highly specific epigenetic marker (see Figure 

4.2, p. 50). LRP5 gene is related to Wnt-protein binding and Wnt-activated receptor 

activity and is disease-associated with osteoporosis-pseudoglioma syndrome 

(Pekkinen M, 2017). According to Illumina Body Map, LRP5 is highly expressed in 

various tissues whereas low expression was detected in leukocytes. 

Thus, in contrast to the epigenetic FOXP3 and CD3 marker which are highly associated 

with the function of the respective target cell type (Kuhns, Davis, and Garcia 2006; Z. 

Li et al. 2015), both MVD and LRP5 loci are associated with genes without evident NK 

and B cell function. Investigations towards functional aspects were not part of marker 

selection, which was entirely focused on the identification of reliably differential 

methylation. However, it remains unclear why a biomarker with no functional 

association shows such high specificity. This aspect was not addressed in this thesis, 

and requires future characterisation.  
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5.1.2 Technical Properties of B and NK Cell Assays 

The following assay establishment confirmed the specificity of both epigenetic markers 

used for the qPCR development. The selected qPCR assay regions were analysed for 

potential genetic variability in general and in different ethnicities to exclude any 

unintended mismatches in primers and probes. These could potentially cause false 

results, in particular when genomic CpG dinucleotides are affected and amplification 

may have different efficiency from the wild type sequence. Sequences with known 

single nucleotide polymorphisms with a prevalence of <0.1% in the overall population 

were not considered critical when they did not directly affect CpG sites at the 3’ end of 

primers or probes. 

The designed primers and probes of the B and NK cell assays showed high specificity 

and sensitivity for their respective target cell types (see Figure 4.3-4.8, p. 52-58). Minor 

background signals, amounting to less than 3 %, were detected in certain control cell 

types (see Table 4.2 and 4.3, p. 59). Background signals in epigenetic qPCR assays 

are often seen at a low level and need interpretation in each case. Such interpretation 

has to take into account the level of background, its possible origins and the 

consequences of unspecific signals. As far as the level and origin are concerned, it 

must be understood that epigenetic PCR assays suffer from two problems when 

compared to regular PCR. Firstly, DNA has a lower level of complexity upon bisulfite 

conversion with only 3 instead of 4 bases, so specificity against unspecific bisulfite-

converted genomic DNA background is generally more difficult to achieve when 

compared to genomic DNA. Secondly, the methylated DNA regions are very similar to 

the amplification target, as the only difference is TpG substituting CpG dinucleotides. 

Nevertheless, the expectation remains that technical performance on plasmids is 

highly specific, i.e., no background signal is observed in bisulfite-converted, methylated 

DNA with an unmethyl-specific qPCR amplification system.  

Besides specificity, the sensitivity of both assays was investigated according to 

‘Guideline on Bioanalytical Method Validation’ (Committee for Medicinal Products for 

Human Use (CHMP), as of 08.03.2020). As a unit of the lower limit of quantification 

(LLoQ), the crossing point (CP) was chosen where deviation and intra-assays CV was 

below 15% and inter-assay CV below 20% (see Figure 4.11, p. 62). Measured values 
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which exceed the LLoQ have a lower precision and were excluded when leukocyte 

count was below a fixed threshold.  

5.1.3 Biological Specificity of B and NK Cell Assays 

For biological samples, the purity of cell types is another challenge for the evaluation 

of assays. Purity of cells was given as above 97 % when cells are isolated using 

fluorescence-activated cell sorting. Likely, a contamination source can be explained by 

similarity between target to control cell types, i.e., the more similar two cell types are, 

the more likely they contribute to contamination. Hence, a qPCR signal about 2 % in 

CD56++CD16- bright NK cells and 9 % in CD3+CD56+ NKT cells may result not from 

a biological signal in this cell types, but from their contamination with CD56dimCD16+ 

NK cells. However, it is not clear if the unspecific signals originate only from 

contamination in purified cell populations or if control cell types are partially 

unmethylated in the respective loci.  

Lastly, it is important to consider the actual biological frequency in peripheral blood of 

a cell type that shows low background signals of the specific assay. The biological 

frequency of CD56dimCD16+ NK cells in a healthy donor is between 2 to 5 % and only 

0.01 to 0.5 % for CD3+CD56+ NKT in whole blood (Bio-Rad, as of 08.03.2020). A 

background signal of 9 % from CD3+CD56+ NKT cells correspond to about 0.001 - 

0.05 % in whole blood and is irrelevant compared to measurement error. At the same 

time, such level of contamination would potentially be very problematic, if the 

contaminating cell type constitutes 50 % of all blood cells (such as neutrophils) leading 

to an unspecific signal of 5 % (which corresponds to the frequency of the target cell 

type). None of the high frequency cell types such as neutrophils, monocytes or T cells 

showed such relevant background signal. 

Based on these parameters, the assays were considered fit for a high quality and high 

specificity measurement of B and NK cells, respectively. Both markers were then 

challenged in comparison with the gold standard flow cytometry. Method comparison 

was conducted according to Bland Altman (Bland and Altman 1999). The B cell assay 

showed high equivalence between both technologies indicating a robust and specific 

quantification of CD19+ B cells (see Figure 4.9, p. 60). Significant correlation was also 

shown for the NK cell assay, although greater variations between the methods 
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occurred (see Figure 4.10, p. 61). The bias between the methods may result from 

disparities between nucleic acid- and antibody-based methods although technical and 

biological validation confirmed high specificity. Although the sample size for method 

comparison was very limited, equivalent results were achieved by taking into 

consideration that two completely different technologies were compared.  

5.1.4 Implementation of Normalisation Systems 

5.1.4.1 Universal Denominator GAPDH 

For quantification of various markers, including for B and NK cells, in the same 

experiment, parallel measurement of different denominators (i.e., each time the 

specific unmethylated against methylated gene locus) is problematic. For remedy, an 

invariably unmethylated region within the GAPDH gene was established as a universal 

denominator for all nucleated cells. Parallel amplification of cell type specific genes 

and GAPDH then allows the calculation of percentages of specific cell types as 

compared to all leukocytes. Additionally, since GAPDH assay replaces all methyl-

specific assays, the overall number of assays is considerably decreased.  

GAPDH was previously described as a housekeeping gene and was used as a 

normalizer in gene expression assays (Barber et al. 2005). In this context, many 

studies have previously considered GAPDH as a comparably weak reference gene 

due to numerous pseudogenes in many species and expression differences depending 

on the cell origin (Barber et al. 2005; Sun et al. 2012). Epigenetic qPCRs are DNA-

based and are not affected from these aspects. The existence of pseudogenes, 

however, in principle poses the threat of sequence duplications. For the GAPDH and 

all other used genes, such genomic events were ruled out by blasting the respective 

assay region. Hence, each cell presents exactly two chromosomes containing the 

stable and unmethylated GAPDH sequence, and the assays are not affected from 

these potential sources of errors.  

5.1.4.2 Standard Plasmid Dilutions and Requirement for Further Normalisation 

Efficiency differences are a well-known issue in qPCR. They are normalised by using 

known standard dilutions of well-characterised template system (Ruijter et al. 2009; 

Töwe, Kleineidam, and Schloter 2010). Here, such a standard system was based on 

in-vitro produced plasmids containing all required sequences corresponding to the 
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bisulfite-converted, unmethylated genomic target sequences. However, despite such 

normalisation, each assay performed differently and the yielding copy number 

remained assay-specific for all qPCR systems. This poses a significant problem, since 

measurements are skewed and lack accuracy. On top of that, when all blood cell types 

were analyses together, their sum came to less than 100% (B cells + NK cells + CD3+ 

T cells + neutrophils + monocytes < all nucleated cells measured by GAPDH).  

The origin of this problem is the difference between the in-silico bisulfite-converted 

plasmid used for normalization and the actual bisulfite-converted DNA of the samples. 

There are a number of differences, which all contribute to a non-optimal normalisation: 

Plasmid DNA, whether in-silico bisulfite-converted or not, is double-stranded whereas 

the DNA from blood samples is single stranded due to the bisulfite conversion reaction. 

Furthermore, bisulfite-converted DNA has undergone harsh chemical treatment and is 

not fully intact. While these differences between synthesized plasmid DNA and actual 

bisulfite DNA exist for all gene regions in principle, normalization does not function 

equally, likely due to differing numbers of converted cytosines, different lengths of 

amplification products, primers and probes. The implementation of a calibration 

plasmid for synchronized quantification solved this problem, since this new plasmid 

harbors one copy of each amplified gene including GAPDH and is present in the 

genomic unmethylated variant. This calibration plasmid is processed in parallel to the 

samples, and so experiences the same changes related to bisulfite conversion. 

Problems with the normalisation are picked up when each amplification product shows 

different copies numbers, despite their known equimolarity. The numbers are then 

normalised to the GAPDH copy number by applying the resulting efficiency factor to 

the samples. Thus, over- and underestimation were eliminated which ensures 

correctness of the epigenetic qPCR results (see Table 4.4, p. 63). This calibration 

works well and also provides a process control for all steps starting from purified DNA.  

5.1.5 Implementation of Absolute Quantification 

Regarding certain clinical applications, in addition to relative quantification, absolute 

cell quantification is required. One well established biomarker for the successful 

engraftment of a transplant after HSCT is represented by the count of neutrophils which 

must be >500 cells/µl for three days in a row (Rihn et al. 2004). Neutrophil percentage 

is of no importance in engraftment since it does not provide information about the cell 
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recovery. Therefore, an absolute quantification method for the epigenetic qPCR 

assays was indispensable. Since DNA recovery is not quantitative and the relationship 

between DNA amount and blood volume is not fixed, a spike-in plasmid was 

implemented to overcome this limitation. A known concentration of this plasmid was 

spiked into a defined blood volume allowing for an approximation of the original DNA 

content upon subsequent qPCR. Differences of recovery efficiencies between genomic 

and plasmid DNA have been already described (Read 2001). Nevertheless, 

differences are apparently reduced or eliminated due to bisulfite treatment and the 

resulting DNA fragmentation. Analysing 25 healthy donors, the comparison of absolute 

quantification via flow cytometry and epigenetic qPCR showed statistically significant 

correlation, concluding that immune cell count per microliter was equivalent (see 

Figure 4.14, p. 67). 

Taken together, the established epigenetic approach presents an alternative tool for 

immunophenotyping of the analyses cell type showing high equivalence for relative 

and absolute quantification to the gold standard flow cytometry. Thus, the feasibility in 

clinical application was investigated. 

5.2 Epigenetic Immune Cell Quantification for Diagnostics of Primary 
Immune Regulatory Disorder Patients 

More than 350 monogenic defects of the immune system have been identified in the 

last decades (Bousfiha, Jeddane, Ailal, Al Herz, et al. 2013). One driving force for this 

was the advances in genomic testing, such as whole genome sequencing. As a 

diagnostic tool, however, genetic testing cannot stand alone at the front end of a 

diagnostic procedure for potential immunological ailments. This is because genetic 

testing cannot ascertain the immunological impact alone but requires additional, 

quantitative or functional, cell biological testing (Al-Mousa et al. 2016). Autoimmune 

and autoinflammatory symptoms are the predominant clinical manifestations of certain 

PIDs rather than persistent infection. These diseases have been recently defined as 

primary immune regulatory disorders (PIRD) (Chan et al. 2020). Patients with severe 

PIRD, such as IPEX syndrome, require prompt and precise diagnosis to narrow 

therapeutic strategies. Rapid and accurate response is required to prevent the 

establishment of severe organ damage and ultimately death (Tan, Louie, and 

Sleasman 1993).  
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One traditional approach of PID testing is flow cytometry, which quantitatively and 

functionally analyses the immune system. Therefore, flow cytometry remains a key 

determinant in the diagnostic process of juvenile immune defects. However, Treg-

specific marker panels, as would be required for IPEX testing, are not used in routine 

procedures. As a consequence, the absence of functional Tregs often remains 

unobserved and only patients highly suspected of suffering from Tregopathies receive 

appropriate investigation and diagnosis. Due to rarity and variety symptoms, such 

suspicion occurs late in the diagnostic procedure and is effectively only taken into 

account when standard treatments for the symptomatic illnesses (i.e., rashes, 

diabetes, severe and persistent diarrhea) have failed. 

Such procedures take a long time and may be too late to avoid chronic damage to 

patients. Even then, diagnosis based on flow cytometric analysis remains challenging. 

Some of these challenges were shown in this work and demonstrate the need of 

improvement in diagnosis for this particular disease group.  

5.2.1 Patient Characterization  

The analysed cohort included eight patients with confirmed IPEX syndrome. IPEX is 

an X-linked recessive disease and all patients were male. At the time of blood draw, 

IPEX patients were in early childhood. Later diagnosis of patients and thus blood from 

older patients without HSCT is rare, since the disease usually requires rigorous 

interventions at an early age. The only currently available curative therapy for IPEX 

patients is HSCT (Slatter and Gennery 2018). Despite this and contrary to the 

expectation, one IPEX patient reached adulthood without receiving HSCT. Commonly, 

IPEX is described as a very severe, life-threating disease with typical early disease 

onset (Cepika et al. 2018). But over time, an increasing number of cases have been 

reported where patients reached young adulthood, presenting only a milder disease 

phenotype (De Benedetti et al. 2006; Zama et al. 2014). These milder forms are 

normally not considered for HSCT because clinical manifestations are not severe 

enough to justify this therapy. Therefore, patients undergo lifelong therapy with 

immunosuppressants (Seidel, Boztug, and Haas 2016). The variety of clinical 

manifestations, including delayed onset IPEX, reaffirms the difficulty in achieving 

correct diagnoses in absence of definitive biomarkers. Milder cases may be detected 

more frequently in the future due to easier availability of genetic testing. 
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In addition to IPEX patients, the cohort also included six patients with no FOXP3 

mutation, but clinically defined IPEX-like syndrome. The genetic origin of these patients 

was found in various genes coding for proteins which are crucial for the homeostasis 

(CD25 and PI3K) or function (CTLA4) of Tregs. Another affected gene (STAT1) is not 

directly associated with Tregs, but regulates the JAK-STAT signaling pathway causes 

immune dysregulation with an IPEX-like phenotype (Angulo et al. 2013; Campbell 

2015; Kuehn et al. 2014; Uzel et al. 2013). These patients were of both sexes and all 

patients were adolescent when included. HSCT is not usually the recommended first 

line therapy for these patients, as symptoms are less severe than in IPEX patients. 

Accordingly, none of the IPEX-like patients in this study received HSCT at time of blood 

draw.  

Moreover, the cohort comprised patients suffering from other PIDs including two SCID 

cases. These patients were recruited at different ages and were of both sexes. The 

clinical manifestations are variable, and the common denominator of these diseases is 

that they significantly and primarily affect the immune system. Some of the diseases 

are well characterised and the genetic origin is known, the origin of others was still 

unknown (see Table 4.5, p. 69-70).  

5.2.2 Flow Cytometric Analysis of the Patient Cohort  

A random sample selection of patients was analysed by flow cytometry using common 

gating strategies for Treg quantification in- or excluding intracellular staining of FOXP3 

(see Figure 4.15, p. 71). Independent of the staining protocol, IPEX-like patients 

showed significantly lower number of Tregs compared to other PIDs. Several previous 

studies reported similar quantitative defects, which is therefore considered as typical 

characteristic of IPEX-like patients (Charbit-Henrion et al. 2017; Charbonnier et al. 

2015).  

Upon taking a closer look at the data, however, it is noteworthy that the CD25 

deficiency patient and two IPEX patients were suggestive for complete absence of 

Tregs, when analysed with antibodies against the altered gene products of CD25 and 

FOXP3. However, antibody binding affinity to their targets may be heavily affected due 

to truncated proteins and therefore Tregs are not recognised. In line with this, it was 

reported that mutations in genes, which code for cell type-specific surface markers, 



 5 Discussion 
            
  

111 
 

can strongly disturb flow cytometric quantification (Vignoli et al. 2019). Changing the 

gating strategy revealed this problem for the two IPEX patients, who showed presence 

of Tregs only when analysed without FOXP3 staining (see Figure 4.16, p. 73).  

For the patient with the CD25 mutation, no common flow cytometric Treg quantification 

without CD25 antibody is available to prove the presence of Tregs in this patient. The 

following epigenetic analysis revealed discrepancies (see Figure 4.17, p. 74). 

Nevertheless, the false quantitative conclusion for the two IPEX patients and the CD25 

deficiency patient still led to correct clinical consequence since the functionality of 

Tregs is most likely impaired, as is common for patients suffering Tregopathies. This 

fact raises the discussion as to whether false conclusions leading to a correct diagnosis 

are clinically sufficient or not. Nevertheless, IPEX patients showed inconsistent results 

for the amount of Tregs. It is, therefore, undisputed that the gating strategy in these 

cases determined the results and different gating would have yielded different 

conclusions for these patients. This is because the detection of Tregs using the staining 

without FOXP3 might not have indicated a Treg-related disease. It is also undisputed 

that the exact type of mutation determines the effect on the antibody binding. This is 

problematic, since it is not predictable, especially for missense or stop mutations, 

which mutations result in different antibody affinities, leading to contrary results. 

Currently no reports have been published that indicate that such misdiagnoses are a 

clinical problem, since the final diagnosis always results from genetic testing, but they 

may extend the time until therapy can take place. However, meta-comparisons 

between different studies are of doubtful value if it is not guaranteed that the same 

gating schemes are compared. Altogether, this suggests that flow cytometry may be a 

problematic diagnostic tool, when the basic mutation is unknown and may interfere 

with the detection antibodies, potentially leading to false diagnosis.  

5.2.3 PID Patient Characterization by Epigenetic Immune Cell 
Quantification 

5.2.3.1 Comparison of Flow Cytometric and Epigenetic Analysis 

Flow cytometry is the most widely accepted gold standard for immune cell 

quantification. In order to be accepted as a alternative, the epigenetic approach must 

show substantial equivalence to flow cytometry. Data in this and previously published 
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work correlated well with flow cytometric data in healthy donors (Baron et al. 2018; 

Wieczorek et al. 2009). Contrary to those findings, a remarkable lack of correlation 

between both methods was observed when analysing PID and PIRD patients (see 

Figure 4.17, p. 74). At first sight, this appears to be disqualifying for epigenetic immune 

monitoring, since reliable detection of immune cells is the key property for these assays 

and with flow cytometry as gold standard. Inconsistencies in disease settings appear 

to suggest serious methodological problems for epigenetic analysis. 

However, epigenetic and flow cytometric data, when using different flow cytometry 

panels for one cell type, collectively indicate that the antibody panels are the root cause 

of data inconsistency. This explanation is also in line with the assumption that 

mutations in cell type-specific selection markers impair flow cytometric quantification 

(Vignoli et al. 2019). For DNA sequencing, mutations are evidently unproblematic. The 

epigenetic approach is not as safe against those problems as sequencing methods, 

but less susceptible than flow cytometry as it is based on a short nucleotide sequences 

of approximately 100 base pairs. Nevertheless, it cannot be completely ruled out that 

alterations of DNA methylation can occur in disease settings as reported e.g. for 

primary antibody deficiencies (Rodríguez-Cortez et al. 2016). The epigenetic approach 

still provides definitive and robust cell quantification for patients in these cases. 

For the analysed patients, false clinical diagnoses would be the most problematic 

outcome. On top of this, flow cytometric results may have led to misconception of the 

immunological patterns found in these patients: Flow cytometric analysis has indicated 

that Treg counts were low in IPEX-like patients (Charbit-Henrion et al. 2017; 

Charbonnier et al. 2015). Intuitively, these data and interpretation seemed to be 

plausible given the lack of immune suppressive activity in these patients. However, the 

reported frequency of Tregs or FOXP3 expression in IPEX patients varied significantly 

(An et al. 2011; Gambineri et al. 2018) and correlation between FOXP3 mutation and 

clinical manifestation was not established (Barzaghi et al. 2018).  

5.2.3.2 General Observations for PID Cohort 

Here, the percentage of Tregs and CD3+ T cells alone, or their ratio was analysed for 

all patients and healthy controls. The ratio allows better comparison between data 

received from lymphopenic and non-lymphopenic patients. Also, it has been shown to 
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be a stable parameter of the peripheral immune tolerance over time (Barth et al. 2015). 

In healthy donors, both cell types were normally distributed around their anticipated 

range as expected in a random healthy population. Contrary to this, the patient cohort 

varied significantly from such a distribution (see Figure 4.18, p. 75). It covered a wider 

range and was multimodal. As these different distributions is not co-incidental 

according to the Kolmogorov-Smirnov test, patients have a clearly differing immune 

cell distribution from normal donors. Considering the severity of the immunological 

impairment for all PID and PIRD patients, differences between normal donors and 

patients are not surprising. Multimodality of the distribution clearly indicates distinctly 

different effects of the diseases on the peripheral immune cell counts. However, from 

the solely descriptive data and in the absence of patient samples prior to therapy, it is 

not clear if the observed differences are caused by therapeutic intervention or the 

primary diseases. Since first-line, non-HSCT treatments such as immunoglobulin 

substitution, corticosteroids and immunosuppressive therapy quantitatively affect the 

immune system (Coulter and Cant 2018), changes in Tregs and CD3+ T cells counts 

may be caused by those drugs. Rapamycin especially expands Treg proliferation, 

whereas the activity and proliferation of effector T cells is suppressed (Battaglia et al. 

2006). Subsequently, patients based on their differential diagnosis IPEX, IPEX-like or 

other PIDs were separately analysed. 

5.2.3.3 Epigenetic Analysis of IPEX Patients 

A significant increase of Tregs alone and the ratio of Tregs to CD3+ T cells in IPEX 

patients was observed using epigenetic quantification (see Figure 4.19 and 4.21, p. 

76, 78). This finding was independently reported by Barzaghi et al. on a different patient 

cohort (Barzaghi et al. 2012). Patient 06 is an exception by presenting conspicuously 

low CD3+ T cells due to administration of high-dose immune suppressive therapy. As 

a consequence, CD3+ T cell levels were very low and determined an equally reduced 

Treg count (see Figure 4.19 and 4.20, p. 76-77). Nevertheless, this patient was still 

conspicuous regarding the ratio in the two-dimensional analysis (see Figure 4.21, p. 

78). Thus, these data seem to mutually and independently confirm quantitative 

overcompensation of Tregs within the CD3+ T cell compartment. For IPEX patients, it 

is without doubt that Tregs are functionally impaired due to mutations in the FOXP3 

gene. A compensation of the peripheral tolerance by the body is therefore not 
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surprising and may be reflected by an elevated number of non-functional regulatory T 

cells. Unfortunately, the increase of unmethylated TSDR cells does not rescue the 

immune tolerance of these patients, most likely because the functionality of FOXP3 

remains missing. Biologically, it would be interesting to understand if milder cases of 

Treg dysfunction - e.g., caused by missense mutations with amino acid exchanges but 

without causing overwhelming functional loss – are balanced successfully by means 

of such a quantitative feedback mechanism. Moreover, the epigenetic detection of an 

abnormally high number of Tregs may be indicative of immune regulatory problems 

and in particular for IPEX patients with severe manifestation. In contrast, no elevated 

Treg level was found in patient 07, who was therefore inconspicuous compared to the 

other IPEX patients and overlapped with the healthy donors. Clinical data suggests a 

comparably mild form of the disease in this patient. Currently, the partner group at 

Stanford University are analysing whether the ratio of Tregs to CD3+ T cells correlates 

with the severity of the disease.  

5.2.3.4 Epigenetic Analysis of IPEX-like Patients 

The definition of IPEX-like disease is less stringent than the definition of IPEX, since 

patients only share clinical manifestations. While also monogenetic, the genetic origin 

varies and leads to different cellular mechanisms of failure. From an immunological 

standpoint, CD25 deficiency patients have been described to have pronounced 

lymphoproliferation (Goudy et al. 2013) together with autoimmune symptoms, an 

observation that finds confirmation in the current work, with patients 13 and 14 showing 

extraordinarily high CD3+ T cell percentages. Treg levels are also high in these 

patients, so that they are overlapping with the IPEX patients and clearly differentiate 

from the other IPEX-like patients and healthy cohort (see Figure 4.19 and 4.20, p. 82-

83). Nevertheless, both patients showed conspicuous results indicating a Tregopathy 

although epigenetic testing is not able to distinguish between IPEX and CD25 

deficiency. 

With the exception of patient 10, IPEX-like patients with a CTLA4, PI3K and STAT1 

gain-of-function mutation were unambiguously identified as presenting a decreased 

Treg to CD3+ T cell ratio (see Figure 4.21, p. 78). Patient 10 also carries a mutation in 

STAT1 which can lead to impaired dephosphorylation of STAT1 resulting in gain of 

function (GOF). Although an impaired development of Tregs was reported for one 
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STAT1 GOF patient (Kobbe et al. 2016), it was shown that this mutations mostly alter 

the equilibrium of T-helper 17 (Th 17) cells leading to a reduced number of IL-17 

producing cells (Fabbri et al. 2019; Liu et al. 2011). Therefore, the epigenetic 

quantification of Th17 cells may be a more conclusive marker for the identification of 

this particular IPEX-like subpopulation than the ratio of Tregs to CD3+ T cells. 

5.2.3.3 Epigenetic Analysis of Other PID Patients 

Regarding the other PID groups, about half of the patients also presented conspicuous 

results where most of them are positioned in the lower left corner indicating a low CD3+ 

T cell level, most likely due to drug administration. Others overlap with the IPEX and 

IPEX-like cohorts (see Supplement 5, p. 150). How far this is disease- or drug-

associated cannot be broken down within this study. However, even if other PIDs show 

similar results to IPEX and IPEX-like patients and no definite diagnosis can be made 

according to the Treg to CD3+ T cell ratio, this epigenetic marker would be able to 

identify patients with primary immune deficiency. To get more clarity in this topic, an 

increased number of patients is required and subgroups of PIDs and PIRDs need to 

be considered separately. Furthermore, a different study setup is necessary where 

patients are tested at initial consultation at disease onset and before first treatment is 

applied. Also, a stratification of gender and age may help to maximize the resolution 

between healthy donors and different patient cohort. Although no significant 

differences were found within this cohort, Barth et al. reported an increase of Tregs to 

CD3+ T cell ratio in females within an epidemiological study analysing 800 healthy 

participants (Barth et al. 2015). Quantitative differences between an infant and adult 

immune system are also known and should be considered within a larger study (Simon, 

Hollander, and McMichael 2015). 

Taken together, this data showed some promising results for the use of this epigenetic 

approach to support diagnosis of patients suffering Tregopathy although sample size 

was limited. 

5.2.3 Epigenetic Assays for the Identification of IPEX Patients in Newborn 
Screening 

The previous section indicated the potential of using the epigenetically quantified ratio 

of Tregs to CD3+ T cells to support the diagnosis of IPEX and IPEX-like patients. Due 
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to the severity and early disease onset of IPEX, not only a precise but also an early 

diagnosis is mandatory to allow targeted treatment before severe organ damage can 

occurs. Flow cytometry cannot be applied in context of newborn screening since fresh 

blood containing intact cells is required. Current state of the art, dried blood spot cards 

(DBS) are the only available material for newborn screening. 

The TREC assay presents a cost-effective screening method for certain PIDs, 

including SCID. This concept has been expanded to B cells using kappa-deleting 

recombination but is not implemented in the clinical routine yet. Although, various 

studies have demonstrated the suitability of TREC assays for SCID-screening, this 

approach targets only general T cell populations lacking resolution for identifying and 

quantifying subpopulations, as is required for IPEX or other PIRDs.  

Here, the epigenetic immune monitoring approach was investigated as a potential 

remedy for this problem: Epigenetics may lend itself to newborn screening. Prompt 

recognition of IPEX within the regular newborn screening procedure would then 

provide an efficient way to detect a disease as rare as IPEX with an incidence of 1 

IPEX patient in 1 000 000 births and would also be economically feasible (Wildin, 

Smyk-Pearson, and Filipovich 2002) .  

To use the epigenetically determined cell ratio of Tregs to CD3+ T cells as a biomarker, 

analysis from DBS should confirm the data observed with fresh blood samples for 

these patients. As part of my work, it was shown that immune cell quantification using 

epigenetic qPCRs can be performed on DBS (Baron et al. 2018). Equivalence between 

the different substrates was shown for CD3+ T cells and Tregs (see Figure 4.22, p. 

80). Therefore, one prerequisite for the application in newborn screening was 

demonstrated. Premature birth is associated with apparent T cell lymphopenia and 

may therefore be a confounder in newborn screening. Preterm infants, especially with 

very low birth weight, presented low TREC count and were therefore falsely identified 

as SCID patients. However these infants exhibit a normalisation of T cell counts over 

time (Dorsey and Puck 2017). Even though TREC and epigenetic assays quantify 

different targets, the impact of gestational age as confounder was investigated. For 

this, results from whole blood of adults, pre- and full-term newborns were compared. 

No significant age-dependent differences of Tregs or CD3+ T cell percentages were 

found. The limited sample set showed mildly higher cell numbers for Tregs and CD3 T 



 5 Discussion 
            
  

117 
 

cells in preterm newborns (see Figure 4.23, p. 81). However, lack of significant 

differences and high variations within the newborn groups remain inconclusive 

requiring a larger cohort study. Here, two DBS of IPEX patients were analysed and 

compared to healthy male newborns – including full-term and preterm donors. The data 

confirmed the previous finding that IPEX patients present a higher ratio of Tregs to 

CD3+ T cells than healthy newborns.  

This data indicates that this ratio may serve as diagnostic biomarker for the 

identification of IPEX at birth (see Figure 4.24, p. 82) and is in line with previous data. 

However, all this data can serve as initial indication since the sample set remains 

limited due to rarity of the disease. It is also not clear if severity and time of disease 

onset plays a critical role for Treg level at birth and, thus, the epigenetic identification. 

Although IPEX is generally described as an early onset disease, onsets between fetal 

(Xavier-da-Silva et al. 2015) and adolescent (Zama et al. 2014) age have been 

reported. Patients with delayed onset or milder symptoms may evade detection at birth. 

However, missing detection of this patient group does not bear consequences for their 

clinical management. 

Since epigenetic qPCRs also reliably identify SCID, XLA and SCN patients with high 

sensitivity and specificity (Baron et al. 2018), a broader epigenetic biomarker panel 

may allow the identification of IPEX together with other PIDs and provide a general 

PID newborn screening tool. If realized in the general screening, such approach may  

 

help to refine PID prevalence. Currently, the prevalence is assumed to be between 1.5 

to 18.8 per 100,000 inhabitants. It is widely accepted that this is still underestimated. 

Epidemiological data on PIDs are scarce and are hampered by a lack of awareness 

and underdiagnosis. Defining the prevalence within a population can lead to the 

awareness of physicians and public health systems about these diseases (Bousfiha, 

Jeddane, Ailal, Benhsaien, et al. 2013; Mahlaoui et al. 2017).  
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5.3 Epigenetic Immune Cell Monitoring after Hematopoietic Stem Cell 
Transplantation  

HSCT is currently the only curative therapy for various severe hematological diseases, 

but this treatment is also associated with a high-risk transplant-related mortality (TRM). 

One important way for potentially reducing TRM is the identification of prognostic 

biomarkers, which would allow proactive interventions to obviate treatment related 

crises. The goal of HSCT is the replacement of the patient’s defective bone marrow 

with a fully functional immune system from a healthy donor (Bae et al. 2012; 

Bartolomeo et al. 2013). Whereas pre-transplantation prognostic scores have been 

established integrating patient-, transplant- and disease-related variables, few post-

transplantation outcome-predicting biomarkers are known (Paczesny 2018). This is 

particularly problematic as such markers could provide individual real-time indicators, 

rather than just give a general outlook on the risk of adverse events. One of the few 

generally accepted prognostic biomarkers to predict therapy success is engraftment. 

It describes the restoration of a functional immune system beginning with reconstitution 

of peripheral neutrophils (Bae et al. 2012; Kekre and Antin 2014). A large number of 

studies suggest that not general engraftment, but immune reconstitution of specific 

subsets is pivotal for patient prognosis (Chang, Zhao, and Huang 2014; de Koning et 

al. 2016).  

As already described elsewhere in this thesis, flow cytometry is the most commonly 

used technology for immunophenotyping. A number of more general problems, such 

as lack of standardization between analytical laboratories and variability in technical 

procedure, which hamper the comparability of diagnostic results, were mentioned (van 

Dongen et al. 2019). For HSCT, immune monitoring is of outstanding significance as 

it reports on engraftment or other results of the treatment. However, the difficulties of 

flow cytometry accumulate. Early quantification of immune cells during the post-

transplantation leukopenic phase is very challenging. Consequently, due to its ability 

to enrich and exponentially amplify DNA substrate, epigenetic qPCR analysis may be 

the most suitable alternative to flow cytometry. 
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5.3.1 Early Monitoring of the Immune Reconstitution after HSCT 

Within this study, 28 adult patients with high-risk hematopoietic malignancies, which 

received haplo-HSCT, were analysed. Since the potential benefit of a predictive 

biomarker for post-transplant complications is highest when detected early, the first 

available timepoint was highlighted within this study. Whereas data from 28 patients 

was available for epigenetic analysis, flow cytometric data from only 16 patients was 

available due to insufficient cell number for PBMC preparation. This data is in 

agreement with reported sensitivity issues in flow cytometry (Roederer 2008; Wood 

and Hoffman 1998) and provides a preliminary hint towards the suitability of epigenetic 

cell counting, due to an assumed higher sensitivity. It may therefore provide more 

information about early differential engraftment.  

Monitoring engraftment with both epigenetic and flow cytometry measurements 

showed that the normal physiological range of neutrophils was reached at a median of 

26 days after transplantation (see Figure 4.25, p. 85). In contrast, lymphocyte 

subpopulations showed a clearly delayed recovery with the exception of Tregs when 

measured by epigenetic qPCR assay. Tregs reached the normal physiological range 

along with neutrophils at this early timepoint. Early recovery of myeloid-derived 

neutrophils as well as a much longer time span for recovery of T and B cells was an 

expected finding, as it has been reported before by various groups (Bosch, Khan, and 

Storek 2012; Chang, Zhao, and Huang 2014). The early recovery of regulatory T cells 

that has been observed in these samples, however, is not necessarily expected. This 

finding can be explained through the administration of rapamycin, as was received by 

the majority of patients (25 out of 28 patients). The three patients, who did not receive 

rapamycin, showed Treg counts below the detection limit (data not shown). This data 

reconfirms the power of rapamycin to induce Treg proliferation in-vivo. Rapamycin has 

been previously described as inducing and maintaining Treg-associated peripheral 

tolerance (Abouelnasr et al. 2013; Battaglia et al. 2006). Through the increase of 

peripheral tolerance, the risk to develop GvHD can be reduced (Cutler et al. 2014). 

Within this study, patients with high-risk haematologic malignancies who lack HLA-

identical donors were included. Since haplo-HSCT was historically associated with 

severe, acute and chronic GvHD and delayed immune reconstitution (Aversa et al. 

1998), immunosuppressants such as rapamycin improved the therapeutic success of 
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this alternative transplant source. Hence, the number of Tregs after haplo-HSCT may 

be an important parameter with which to monitor rapamycin dose response and may 

help prevent GvHD. Associations between Tregs and GvHD severity and occurrence 

have been published (Peccatori et al. 2015). 

5.3.2 Association between Overall Survival and Immune Status 

Association between each immune cell type and overall survival was investigated. For 

epigenetic data, significant cell count differences between survivors (higher cell count) 

and non-survivors (lower cell count) were found for total lymphocytes, CD3+ and CD8+ 

T cells (see Figure 4.26, p. 87). This finding is in line with various studies showing the 

association between early lymphocyte recovery and the improved overall survival 

(Savani et al. 2007; Tedeschi et al. 2011). Such association was also reported for T 

cell recovery, with earlier T cell reconstitution predicting improved survival (Goldberg 

et al. 2017). The novelty of the current data is the early timepoint of analysis, which 

previous flow cytometry data were not able to detect. Detection of lymphocyte subsets 

such as CD3+, CD4+ and CD8+ cells, was always on day 90 post-transplantation or 

later. Although the mentioned studies do not detail reasons for absence of earlier 

timepoints, flow cytometry data in our cohort may shed light on this: Due to low cell 

counts, fewer flow cytometric data was available compared to epigenetic data and 

therefore statistical relevance was lost. This finding was independently confirmed in a 

paediatric HSCT cohort where epigenetic analysis enabled an earlier post-

transplantation immunophenotyping compared to a clinical laboratory performing flow 

cytometry (see Table 4.10, p. 101). 

Epigenetic analysis provides valid measurements for immune phenotyping as early as 

26 days after HSCT and appear to powerfully correlate with patient survival. Therefore, 

these epigenetic measurements may display an important predictive diagnostic tool. 

However, the sample size in this study is a significant set-back for any final conclusion 

of the applicability of the method. This was wed to the restricted access to patient 

samples in the course of this thesis and will have to be done as a confirmatory study. 

5.3.3 Association between Viral Infection and Immune Status 

Due to the severe leukopenia at the beginning and during the course of HSCT, viral 

infections and reactivations are major complications. Treatment is difficult due to the 
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limited efficacy of antiviral medication. CMV alone infects between 60-100 % of people 

in adulthood and the reactivation rate after HSCT has been reported to be 30-70 % 

(Jeon et al. 2012; Souza et al. 2010; Staras et al. 2006; Styczynski et al. 2016). 

Reactivation of EBV occurs in approximately 20 % of patients and in about 10 % of 

patients within the first month of transplantation (H. Wang et al. 2019). Reactivation of 

HHV 1-3 occurs in up to 80 % of seropositive HSCT patients, but has been reported to 

occur later after transplantation (median of HHV1/2 at 5.6 and HHV-3 at 8.3 months) 

(Styczynski et al. 2009; Su et al. 2011; Wutzler et al. 2001). In the investigated cohort, 

only 6 out of 28 patients (21.4 %) were not reported with major viral infection or 

reactivation. With this number of events, the cohort analysed here, albeit small, 

appears to represent previously reported numbers. With 22 HSCT patients 

experiencing early viral reactivation, the cohort size was still sufficient for analysis of 

epigenetic immune counting in patients with virally induced complications only. 

Despite the relatively low number of samples, it was immediately apparent upon visual 

inspection that a significant recovery of cells was only seen in patients experiencing 

viral challenge (see Figure 4.27, p. 89). Without this challenge, lymphocyte boosts 

were not observed at this early timepoint and these patients showed consistently low 

lymphocyte counts.  

More importantly, however, a strong correlation between the virally induced immune 

response and survival was observed. Not all patients showed lymphocyte responses, 

but if responses of lymphocytes and CD3+ T cells were seen, it was mostly in patients 

with better survival (see Figure 4.28, p. 92). The same trend was observed for CD8+ 

T cells without reaching significance, probably due to the restricted sample size. As 

described in the result section, based on the upper left corner method at ROC analysis, 

cell count cut-off values for lymphocytes, CD3+ and CD8+ T cells were defined as 

positive immune response versus no response. Using these thresholds, Kaplan-Meyer 

analysis determined dramatically better survival for patients defined as with immune 

response. In principle, these data were supported by findings in the literature. Along 

this line, Tedeschi et al. reported a similar cut-off for lymphocytes (ALC >150 cells/µl 

versus epigenetically quantified lymphocytes >180 cells/µl) at day 30 after cord blood 

transplantation, which was associated with an improved survival rate. Other studies 

also suggest a beneficial role of the T cell reconstitution and the protection against viral 
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infection presented as the correlation between increased CD8+ T cell count and 

improved survival (Bondanza et al. 2019; Tian et al. 2016). This is in good agreement 

with the general understanding of the role of the adaptive immune system. Viral 

reactivation causes an immediate expansion of specific CD8+ T cell clones (Koch et 

al. 2007; Tomkinson et al. 1987). However, these previously reported data for CD8+ T 

cells were collected at later timepoints. A predictive value of this association as early 

as day 30 to 60 was not confirmed (Tian et al. 2016). Various studies also report that 

an increased CD4+ T cell count presents a good predictor for the absence of viral 

infection (Bejanyan et al. 2018; Mo et al. 2017; Phan et al. 2018). This association was 

not confirmed within this study. 

As early as median day 26 after transplantation, the response of the immune system 

predicts the patient fate. If the data presented here were confirmed in a larger cohort, 

it would be possible to define a strong prognostic marker for patients with a viral 

infection. It seems that the function of the immune system of certain patients was not 

sufficiently reconstituted to respond to viral reactivation and is directly associated with 

a drastically reduced survival prognosis. 

With the given cohort size, the presented data can do no more than suggest 

conclusions requiring verification in large, well-designed cohorts. Nevertheless, it 

appears that upon an immunological stimulus, in this case early viral reactivation, the 

level of the immediate adaptive immune response as early as 26 days post-

transplantation is a potent indicator of the future fate of the patient. If verified epigenetic 

immune cell markers could be used to decide on interventions around day 26, such 

interventions may include prolonged infection-surveillance and prophylaxis for bad 

responders. Another option presents the infusion of virus-specific cytotoxic T cells, 

which are tested in ongoing clinical trials, and are potential therapeutic strategies to 

accelerate T cell reconstitution in order to overcome the risk of viral infection (Baugh, 

Tzannou, and Leen 2018; Mackinnon et al. 2008). More radically, when immune 

response to the virus is insufficient, one might consider the engraftment unsuccessful 

and, if feasible, a second transplantation would be indicated.  
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5.3.4 Association between GvHD and Immune Status 

Graft-versus-host disease has historically been the main obstacle for performing HSCT 

and only improvement of immune modulatory therapies allowed a broader application 

including haploidentical transplantation. Only with those novel therapies, patients with 

HLA-mismatching family donors were able to receive transplantation with reduced 

GvHD severity (Ciurea et al. 2015; Raiola et al. 2014). GvHD is primarily mediated 

through donor T cells which elicit an immune response against cells and tissues of the 

recipient, resulting in tissue damage (Korngold and Sprent 1978). It has previously 

been shown, that general lymphocyte, and more specifically a T cell response, is an 

essential part of the human immune system which is required to keep viral infections 

under control. Immunocompromised patients always face a particular risk of 

developing opportunistic infections. Improving survival of patients is therefore critically 

dependent on the recovery of the immune system. The presence of a functional (T cell 

dependent) immune system supports antiviral host defense, but favours the 

occurrence of GvHD. Based on the samples available in the current study, an analysis 

of this interplay was conducted.  

All but two patients with increased lymphocyte counts developed GvHD. This was also 

observed for CD3+ and CD8+T cells (see Figure 4.29, p. 94). The level of GvHD in 

these patients was not immediately lethal and, despite being a dramatic adverse event, 

survival of patients with GvHD and high cell counts was clearly improved over patients 

that never developed GvHD and had lower cell counts. This data clearly underlines the 

fact that an early functional immune system is essential for survival even in light of the 

risks posed by GvHD. Therefore, the historical praxis of preventing severe high-grade 

GvHD by prophylaxes to inhibit T cell activation and proliferation, or even to achieve a 

complete in-vivo T cell depletion (Ram and Storb 2013) may not help in solving the 

complex clinical picture. Instead, current GvHD prophylaxes do not completely hamper 

T cell activity, not only because of the risk of infections but also to maintain the Graft-

versus-Leukaemia effect (GvLE). GvLE, which is partially mediated by the T cell 

compartment, is essential for eliminating residual malignant cells. Not only do 

infections present a major issue after haplo-HSCT due to a delayed immune 

reconstitution, but also relapses play a critical role (M. M. Horowitz et al. 1990). 

Therefore, a complete elimination or inactivation of T cells is not feasible and runs 
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counter to the patient’s survival. Studies have shown that a low rate of GvHD resulting 

from drastic prophylaxis was associated with a higher rate of relapses due to loss of 

GvLE (D’Sa et al. 2003). 

In the limited set of samples that were analysed, patients received three different 

immune suppressive therapies of which two contained T-cell ablative compounds. The 

data points at the use of immune suppression therapy without ATG or CSA, since both 

of these approaches remained without antiviral responses (see Figure 4.30, p. 96). As 

shown by the data of the second timepoint, this seemed to be a long-term condition 

(see Supplement 8, p. 153). It appears that highly T-cell ablative therapies including 

ATG or CSA dampen the immune system to a point where patients do not experience 

GvHD, but succumb to infections. In contrast to this data, various studies recommend 

the use of ATG or CSA to improve the outcome of the patient by reducing the risk of 

GvHD without increasing the rate of relapses (Kröger et al. 2016; Stocker et al. 2019; 

Wakamatsu et al. 2019). Nevertheless, the required adjustment between avoiding 

intolerable GvHD and mortal inactivation of the immune system remains a highly 

sensitive area and the optimum dosing is crucial for the therapeutic success (Devillier 

et al. 2018). Admiraal et al. suggest the individualized dosing of ATG based on 

lymphocyte counts rather than bodyweight to improve survival chances (Admiraal et 

al. 2017). Epigenetic immune monitoring appears to be an approach that can help in 

accurately monitoring response and repression. 

HSCT remains a very complicated clinical setting and in general, it is difficult to 

compare results from various studies owing to lack of uniformity with regard to graft 

source and treatment.  

The current clinical applicability struggles with two life threatening situations: On the 

one hand, the harsh immunosuppressive treatment inhibits the full development of 

GvHD but also keeps the immune system from performing its required recovery and 

antiviral function. Additionally, GvHD, one of the most problematic adverse events of 

HCST, can develop unhampered and both reduction of life quality and possibly organ 

damage or failure is the consequence. Based on findings in this work, a general 

recommendation could be that a much milder immunosuppressive therapy might 

increase survival, even if that would require increased risk of GvHD.  
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Such treatment advice, however, is problematic to hand out from “bench to bedside” 

and needs to be considered with utmost caution. A possibly more important conclusion 

from the data presented in this chapter relates to the newly gained ability of epigenetic 

immune monitoring. This method significantly correlates with flow cytometric methods, 

but carries a number of advantages. The main ones observed within this thesis, is the 

ability to detect adverse events, i.e., the non-responsiveness to infections, through the 

reliable and early detection of immune cells To this end, further work is needed to 

provide a meaningful stimulus that induces an immune response efficiently without 

causing significant disease.  

5.4 Conclusions 

In this thesis, epigenetic biomarkers for quantification of B and NK cells were identified 

and according qPCR assays established. These and other epigenetic assays were 

then tested in clinical settings. The data indicate feasibility of the epigenetic assays as 

analytical tools for cell type quantification in both HSCT and PID analysis.  

I tested the epigenetic markers against flow cytometry and mostly found substantial 

equivalence. In case of truncating mutations, epigenetic measurements appear to have 

clear advantages but flow cytometric analysis allows a broader cell biological 

assessment, including functional testing (Abraham and Aubert 2016). Epigenetic 

qPCRs detect only defects, if they result in quantitative cellular aberrations and 

therefore does not serve all needs in particular of exploratory cell biology. Flow 

cytometry allows characterization of very rare immune cell and is therefore 

indispensable (Maecker et al. 2010; Maecker, McCoy, and Nussenblatt 2012a). This 

is more so, as the number of identified epigenetic biomarkers is still limited. Whereas 

flow cytometry uses a combination of antibodies to characterize and quantify immune 

cells, epigenetic qPCRs are restricted to one single methylation marker. This latter 

difference is good and bad for both techniques; the requirement of only one marker as 

given in epigenetics allows an unmatched precision and reproducibility, and is highly 

advantageous when establishing clinical biomarkers. The complexity and combination 

of flow cytometry markers, on the other hand, allows a high number of different 

properties to be analyzed in parallel. To achieve standardization and comparability 

between clinical laboratories, epigenetics qPCR constitutes a well-established method 

due to the robustness and simplicity. Flow cytometry is very complex in sample 
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handling, variability of reagents, instrument setup and data analysis which restricts the 

effective use for diagnostics and clinical trials (Davis 2008; Maecker et al. 2010; 

Maecker, McCoy, and Nussenblatt 2012).  

Taken together and within its limitations, epigenetic qPCRs for the quantification of 

immune cells may eventually come to play a significant role in clinical diagnostics and 

monitoring. This is in particular due to the reduced requirements for sample handling 

at a substantially equivalent data output. At times of global shut down – previously 

unexperienced – as occurring in the COVID-19 crisis, the entire world is currently 

experiencing problems of delivering fresh blood samples to reference laboratories. 

This problem impacts immune status analysis of home-quarantined patients and also 

impacts clinical trials requiring central laboratories for PBMC preparation and 

subsequent flow cytometric analysis. These are the days that underline the need of an 

alternative approach for immune phenotyping. 
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Supplement 

Supplement 1: Selected Candidate Regions for NK and B Cells from Genome-Wide Discovery on Illumina’s Infinium Methylation-
Specific Array. Candidate genes for CD56dimCD16+ NK and CD19+ B cell identif ied from a genome-wide discovery experiment using 
Il lumina's array are shown. Bisulfite-converted genomic DNA from sorted immune cell populations of three male donors for CD56dim CD16+ 
NK cell and two male donors for all other immune cell populations was used. From measured signal intensit ies, beta values were calculated 
representing the degree of methylation at a locus. The degree of methylation is color-coded whereas 0% methylation is presented in yellow 
and 100% methylation in blue.  
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A B A B A A B A B A B C A B A B A B A B A B A B A B

cg05355684 MVD 0.90 0.92 0.90 0.90 0.91 0.81 0.80 0.66 0.57 0.10 0.08 0.08 0.69 0.66 0.92 0.92 0.92 0.89 0.88 0.88 0.90 0.91 0.91 0.90 0.92 0.92

cg27467516 MVD 0.79 0.84 0.79 0.82 0.85 0.75 0.74 0.76 0.72 0.52 0.51 0.48 0.83 0.77 0.82 0.86 0.84 0.84 0.81 0.82 0.82 0.82 0.84 0.81 0.80 0.77

cg13738327 LRP5 0.97 0.96 0.96 0.97 0.97 0.84 0.80 0.86 0.89 0.97 0.97 0.97 0.95 0.75 0.02 0.04 0.97 0.98 0.97 0.96 0.98 0.98 0.98 0.99 0.97 0.98
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Supplement 2: CP Cut Offs of qPCR Assays. Cut off was determined where deviation 
and intra assay CV below 15 % and inter assay CV of below 20 % was guaranteed. 
Measurements above this CP values were excluded from data analysis. 

qPCR Assays CP cut off 

GAPDH 34,52 

Neutrophils  34,34 

Monocytes  33,24 

CD3+ T cells  34,35 

CD4+ T cells  32,64 

CD8+ T cells  31,73 

Tregs  33,90 

NK cells 32,62 

B cells  33,62 

 

 

Supplement 3: Gender Dependency Between Disease Groups. Differences of Tregs 
and CD3+ T cells between the genders within the disease groups were analysed using 
Wilcoxon test. IPEX patients very excluded from analysis because no females suffer from 
this disease due to x-chromosomal location of the mutation. F = females, M = males. 

Disease Group Median Tregs 

[%] 
Wilcoxon, 
p- value 

Median CD3+ T cells 
[%] 

Wilcoxon, 
p- value 

Healthy 
Controls 

F = 1.23 

M = 1.05 

0.8 F = 22.96 

M = 22.93 

0.9 

IPEX-like F = 1.49 

M = 0.62 

0.8 F = 27.30 

M = 40.07 

0.27 

Other PIDs F = 1.58 

M = 0.89 

0.15 F = 18.37 

M = 18.33 

0.96 
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Supplement 4: Age Dependency Between Disease Groups. Differences of age at blood 
draw (y axis) between the disease groups were analysed using the Kruskal-Wallis test. 
Bars are indicating median with interquarti le range. 

 

 

Supplement 5: Epigenetic Analysis on Diverse PID Patients and Healthy Controls. 
Log of CD3+ T cell percentage (x axis) were plotted against log of Treg percentages (y 
axis). Percentages of 14 healthy controls (red dots) estimate reference range (red circle) 
as defined by 95 % confidence region. 27 diverse PID patients (as defined as “other 
PIDs”) are shown as blue dots. Patient numbers are assigned according to Table 4.5. 
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Supplement 6:  Absolute Cell Counts of Flow Cytometry and Epigenetic qPCR 
Analysis at First Available Timepoint. Median was day 26 post-transplantation.  Median 
of each analysed immune cell type of both technologies are presented. The interquarti le 
range is shown in brackets. The normal physiological range is based on reference values 
from Universitätsklinikum Leipzig.  
 Flow Cytometry 

[cells/µl] 
Epigenetic 
analysis 

[cells/µl] 

Normal 
physiological 

range 

[cells/µl] 

Data points n = 16 n = 28  

Immune cell type    
Leukocytes  3182 (1725-4398) 3384 (2686-4723) 3000-9000 

Neutrophils  2221 (1401-3196) 1308 (1034-2213) 1600-7100 

Monocytes  601 (375-849) 458 (303-713) 200-600 

Lymphocytes  239 (24-650) 282 (136-7-7) 1000-2900 

CD3+ T cells  351 (139-592) 229 (103-620) 1000-2200 

CD4+ T cells  124 (71-297) 193 (120-363) 530-1300 

CD8+ T cells  173 (52-276) 164 (59-429) 330-920 

Tregs  18 (14-38) 49 (36-89) 34.3-98.2 

NK cells 9 (2.8-15) 53 (29-89) 70-480 

B cells  0 (0-0.03) 1 (0.5-3.4) 110-570 
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Supplement 7: ROC Analysis of Overall Survival in Association with the 
Engraftment of Different Immune Cell Populations. First available timepoint after 
transplantation of 28 haplo-HSCT patients was analysed with the epigenetic immune cell 
panel. Lymphocyte count was calculated by adding up CD3+ T cell- B cell and NK cell 
counts. 
 Flow Cytometry Epigenetic analysis 

Data points n = 16 n = 28 

Immune cell type ROC AUC P value ROC AUC P value 
Leukocytes  0.60 0.5443 0.68 0.1320 

Neutrophils  0.63 0.4669 0.71 0.0789 

Monocytes  0.81 0.0689 0.69 0.1299 

Lymphocytes  0.71 0.2253 0.83 0.0049 
CD3+ T cells  0.71 0.2253 0.83 0.0049 
CD4+ T cells  0.69 0.2751 0.63 0.4090 

CD8+ T cells  0.77 0.1149 0.78 0.0268 
Tregs  0.61 0.6374 0.56 0.7263 

NK cells 0.69 0.2751 0.68 0.1196 

B cells  0.55 0.7618 0.55 0.6906 

 

 

 

 



  Supplement 
  

152 
 

 

Supplement 8: The Long-Term Impact of Immune Suppressive Therapies to CD3+ T 
Cell Reconstitution. Patients were treated with three different immune suppressive 
therapies. Impact of the therapy was analysed between the first (median day 26) and 
second (median day 70) t imepoint after transplantation.  
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Supplement 9: Day of First Available Data for the Clinical Laboratory and Epigenetic Measurement. If data was sti l l undetectable 
within the follow-up period, t imepoint was defined as not available (NA). Follow up period varied between 1 to 6 months. 

 
 
 
 
 

 

Patient leukocytes CD3 CD4 CD8 BLC NKC leukocytes CD3 CD4 CD8 BLC NKC
1 11 35 35 35 35 35 5 19 19 19 19 19
2 14 14 28 28 28 28 7 14 14 14 34 14
3 12 41 139 139 139 139 5 19 19 19 33 19
4 5 40 61 61 83 61 5 19 19 19 19 19
5 11 20 20 20 102 20 17 17 17 31 17 17
6 25 39 39 39 39 39 5 33 33 33 33 33
7 4 60 60 60 60 60 11 39 39 39 39 39
8 12 40 40 40 124 40 6 12 12 12 26 12
9 6 34 34 34 NA 34 6 20 20 26 NA 26
10 15 39 39 39 NA 39 11 25 25 25 NA 25
11 6 56 56 56 56 56 6 28 28 28 28 28
12 6 20 20 20 20 20 5 5 5 5 20 13
13 6 17 17 17 57 17 6 13 13 13 20 20
14 5 44 44 44 104 44 5 19 19 19 19 19
15 12 22 22 22 34 22 14 19 19 19 19 19
16 12 22 22 22 34 22 26 26 26 26 26 26
17 7 29 29 29 29 29 7 7 7 7 7 13
18 6 27 27 27 27 27 13 20 20 20 20 20
19 5 19 19 19 47 19 12 12 12 19 32 19
20 6 20 20 20 56 20 6 20 20 20 20 20
21 3 10 10 10 45 10 10 10 10 10 10 10
Median 6 29 29 29 47 29 6 19 19 19 20 19

Epigenetic (day of first available data)Clinical Laboratory (day of first available data)
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Supplement 10: Plasmids of Epigenetic Immune Cell Panel 
Plasmid 
Name 

Target Cell 
Types 

Plasmid 
Backbone 

Insert Sequence (5’-3’) 

Leukocyte 
Panel 
Standard 
(converted 
sequence) 

GAPDH, 

GAP[GC], 

Tregs, CD3+ 

T cells, CD4+ 

T cells, CD8+ 

T cells, B 

cells, NK 

cells, 

Monocytes, 

Neutrophils 

pUC57 TTATGGTTTTTGGTATTGTAGGTTTTGGGATGTTAGTGTGTAGTGGGTGTATTTTTGTTTGGATGTTGTGTTTGTGGTAG 

AGTGGTTGTTATGTTGTAATTGGGAAGGTTAGTGTTTTGTGTATGTTAGGTTTGTGGATGTTAGTGGTTAGGTGGTGTAT 

TTTTGTTGTGATGTTGGTTTTGGTGTAGAGGTGTGTTTATGTTGTAATGTGGAAGGACACAACCTAAACACTACCACAT 

CTCAAAACCCCTTAAAAAAAACCATCAACCCCATAACACAAACCATAACAACTAAATTTCTCATAAAAACGTTATAGTTTT 

TGATTTGTTTAGATTTTTTTGTTATTGATGTTATGGTGGTTGGATGTGTTGGGTTTTATTGATATTATGGAGGAAGAGAA 

GAGGGTAGATTTAATATTACAACCATACACCCAACAAACATAAATTAACTATACCACCTAACTACTAACAAAACACCTCA 

CCTCAACTAAAAACTACCTAAAACTACTCACCCAAAAACAACATAAAAAAAACATAAAATTCTATCACTTATTGGGTTTTG 

TGGTATTTTTATAGAGTAGTGTAGGGGAAGAGGTGGTTTAGGGTTAAGTTGTGTATTGAGGAGGGTGTATATGGGGGC 

CCTACCAAAAATACAACACTCCAAAAATATCCCTCACTCTCCCCATCCCTCTATCTTACCCAATCCTAACCAAATACAAA 

AATCTTACCAAATATTTCCACAAAAATTACTAACAATTACCTCACAACACTAACTCAACTTTTCACAACACAAAACCAAAC 

CCAAACAACACACTAACTTTAATAAAAATCTATCACAACCATTCCATCCCATCTACACTAAATACCCTACTCTTATAATA 

AACATTTTTATCAAAACAAAACTAAAAACAAAACCTAATAAAAAAAATCACTACTACTTCACATTTTAACCAATAATTCC 

TTATACTATATCAAATACTATAAACTAATACAAAATAACCACCACCCTCAAAATCAAATAAAAAAACCCCTAAAAACAA 

CATTAAAAACACTCAAAAAATAATTTCCCTCTTTTGTTTTGTGGTTAAGAAATTAATAGGAAAAAGAATGTATAATTTTT 

AGTATAGTGTTGGTGTTTGTGAGGTATTTAGTTGATGGGAGTTTTGTTTTTTGTTGTATTGTGGTGGGGAAGTAATAT 

GCCAAACCCCTACCTCCACATCTACATAATAAAAACCATTAACCCTCATCAATAAATCTACATTTCCTCAAACCTACA 

CTATCTAAAATTATACAAAACTAATAAAAAAACAAAATCTCTTCTATATTCAAAAAAAATTCTTCTATAACCTCATTAAA 

AACAAAAATTTTAACCAAAATAATATCACCCCTAAACCCACTACAACACACCACATAAATAACCACAAAAAAAAAAAA 

ACCCTATAAAAAAAAAAACAATAACACTACATTTTATCCATCTCATAACAAAATAGTAAGTTTAATGTTATTGTTGATATT 

TTGTGAGGTTTTTTTAGTAATGTGTTGTGTTGTTTGTGTAGTAAGTATTATGTGGGTTATGTGGATGTGATTTATGGTTT 

TGATATTTTGGGTAAGGATG 
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Supplement 10 (continued): Plasmids of Epigenetic Immune Cell Panel 
Leukocyte 
Panel 
Calibrator  
(unconverted 
sequence) 

GAPDH, 
GAP[GC], 
Tregs, 
CD3+ T 
cells, CD4+ 
T cells, 
CD8+ T 
cells, B 
cells, NK 
cells, 
Monocytes, 
Neutrophils 

pUC57 CCACGGCCTCCGGCACCGCAGGCCCCGGGATGCTAGTGCGCAGCGGGTGCATCCCTGTCCGGATGCTGCGCCTGCGGTAGA 

GCGGCCGCCATGTTGCAACCGGGAAGGCCAGCGCCTCGCGCACGCCAGGCCCGCGGATGCTAGTGGCCAGGCGGTGCATCC 

CTGTCGCGATGCTGGCCCTGGCGTAGAGGCGCGCCCATGTTGCAACGCGGAAGGACACAACCTAAACACTGCCACATCTCGA 

AGCCCCTTGAGAGAAGCCGTCGGCCCCATAGCGCAAGCCGTAGCAGCTAGATTTCTCATGGAGGCGTCACAGCCCCCGACTT 

GCCCAGATTTTTCCGCCATTGACGTCATGGCGGCCGGATGCGCCGGGCTTCATCGACACCACGGAGGAAGAGAAGAGGGCAG 

ATTTGGTATTGCGGCCGTGCGCCCGGCGGGCATGAATTAGCTGTGCCGCCTGGCTGCTGACGGGACGCCTCGCCTCGACTGA 

AAACTACCTGGAGCTGCTCACCCAGGGGCAACGTGAAGAAAACGTGAAATTCTGTCGCTTGTTGGGCTCTGTGGCACCCCCAC 

AGAGCAGCGCAGGGGAAGAGGCGGTTCAGGGCCAAGCTGTGCACCGAGGAGGGCGTACATGGGCCCTGCCAGAGGTGCAG 

CACTCCGGGAATGTCCCTCACTCTCCCCGTCCCTCTGTCTTGCCCAATCCTGACCAGGTGCAGAAATCTTGCCAAGTGTTTCCG 

CAGGAGTTGCTGGCAATTGCCTCACATTCCTGGCACTGACTCAGCTTTTCACAGCGCAAGGCCGAGCCCGAACGACGCGCTGG 

CTTTAATGGAGATCTGTCGCAGCCGTTCCATCCCATCTGCACATCCACTTAGGCTGAATGCCCTGCTCTTGTGGTGGACATTTTTA 

TCGGGGCAAGGCTAAGAGCAGGGCCTGATGGGGGAAGTCACTGCTACTTCACATTTTGACCAATAATTCCTTGTGCTGTATCAGA 

TGCTGTAGGCTGATACAAAATGGCCGCCGCCCTCAAAGTCAGATGAAAGAGCCCCTGAGGACAGCGTTAGAGACACTCGGGAGA 

TGATTTCCCTCTCTCGTTCTGCGGTTAAGAAACCAACAGGAAAAAGAACGCACAACTCCCAGCACAGTGCTGGCGCCTGTGAGG 

CACTCAGCCGACGGGAGCTTTGTTCTTCGTTGTATTGTGGCGGGGAAGCAACATGCCAAGCCCCTGCCTCCGCATCTGCGTGGTG 

AAGGCCATTGGCCCTCATCGGTGGATCTGCGTTTCCTCGGGCCTACACTGTCTAGGATTGTGCGGGGCTGGTGAGAGAACAAGAT 

CTCTTCTGTGTTCAGGAGAGATTCTTCTATGACCTCATTGGGGGCGGAAATTTTAACCAAAATGGTGTCACCCCTGAACCCACTGC 

GACACGCCACGTAAGTGACCACAGAAGGAGAAAAGCCCTATAAAAAGAGAGACGATAGCGCTACATTTTGTCCATCTCATAGCAG 

GACAGCAAGCTCAACGCCACCGCCGACATCCTGCGAGGCCTCCTTAGCAACGTGCTGTGCCGCCTGTGCAGCAAGTACCACGTGG 

GCCATGTGGACGTGACCTACGGCCCTGACACCTCGGGTAAGGATG 

Spiking 
Plasmid 

GAP[GC] pUC57 CCAGCGCCTCGCGCACGCCAGGCCCGCGGATGCTAGTGGCCAGGCGGTGCATCCCTGTCGCGATGCTGGCCCTGGCGTAGAG 

GCGCGCCCATGTTGCAACGCGGAAGG 
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