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Zusammenfassung II 

ZUSAMMENFASSUNG 

Regulatory T cells in liver transplantation:  

Phenotypical characterisation and effects of immunosuppressive drugs 

Anna C. Gronert Álvarez 

 

Fortgeschrittene chronische Hepatitis C mit Zirrhose im Endstadium stellt die größte 

Indikationsgruppe für Lebertransplantation in den Industrieländern dar. Jedoch ist die 

Transplantation stets von einer HCV Reinfektion des Transplantats gefolgt. 

Regulatorische T (Treg) Zellen spielen eine wichtige Rolle in der Immunregulation. Es wird 

angenommen, dass Treg Zellen das Gleichgewicht zwischen antiviralen und allogenen 

Immunantworten beeinflussen können. Dieses Gleichgewicht ist besonders wichtig bei HCV 

infizierten, lebertransplantierten Patienten, da Reinfektion und Abstoßung von der Intensität 

der Immunantwort abhängig sein kann. In dieser Dissertation wurde die Rolle von Treg 

Zellen im Zusammenhang mit Lebertransplantationen und Immunsuppressiva auf drei 

verschiedenen Ebenen untersucht. 

Zuerst wurde eine umfangreiche Charakterisierung der Treg Zellen bei mehr als 80 

lebertransplantierten Patienten durchgeführt und phänotypische sowie funktionale Marker 

analysiert. Diese wurden mit Treg Zellen von gesunden Probanden und nicht transplantierten 

Patienten mit chronischer Hepatitis C verglichen. Es konnte gezeigt werden, dass die 

Frequenz von Treg Zellen und Treg Subpopulationen in gesunde Probanden und 

lebertransplantierten Patienten nicht signifikant unterschiedlich war. Hingegen zeigten 

Lebertransplantierte aufgrund einer chronischen Hepatitis C eine verminderte Anzahl an Treg 

Zellen im Vergleich zu nicht transplantierten Patienten mit persistierender HCV Infektion. 

Ferner konnten eindeutige Charakteristika mittels zusätzlichen phänotypischen und 

funktionellen Markern in lebertransplantierten Patienten mit einer persistierenden HCV 

Infektion identifiziert werden. Dieses legt nahe, dass Treg Zellen allogene und antivirale 

Immunantworten kontrollieren. 

Zweitens wurden die Effekte von Immunsuppressiva auf Treg Zellen untersucht. Die in vitro 

Experimente zeigten, dass Cyclosporin A (CsA), aber keines der anderen Immunsuppressiva, 

eine konstante dosis-abhängige phänotypische Veränderung durch verminderte Expression 

von Foxp3 und im geringeren Maße CTLA-4 induzierte. 

Drittens, nach dem die Wirkung von CsA auf den Treg Zellen identifiziert werden konnte, 

wurde ein Gene Array ausgeführt um potentielle Wirkmechanismen von CsA zu untersuchen. 
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Eine Reihe von Genen wurde identifiziert, darunter auch PPIC, welches für die Peptidyl-

Prolyl cis-trans Isomerase C kodiert, namentlich Cyclophilin C. Dieses Protein kann an CsA 

binden und zukünftige Experimente könnten den Mechanismus für die beobachtete 

Veränderung nach CsA Gabe erklären. 

Insgesamt wurde durch diese Studie neue Einblicke in das Zusammenspiel des Immunsystems 

und gegenwärtigen Infektionen gewonnen. Es stellte die Rolle von Treg Zellen als wichtige 

Akteure in diesem Wechselspiel heraus. Darüber hinaus, kann diese Studie zur zukünftigen 

Forschung bei der Anwendung von Treg Zellen in der Klinik beitragen und zur 

Charakterisierung von Treg Zellen als mögliche prädiktive Biomarker in der Diagnostik 

helfen. 
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ABSTRACT 

Regulatory T cells in liver transplantation:  

Phenotypical characterisation and effects of immunosuppressive drugs 

Anna C. Gronert Álvarez 

 

Hepatitis C virus (HCV)-associated end stage liver disease is the leading indication for liver 

transplantation in Western countries. Unfortunately, viral reinfection of the graft is universal. 

Regulatory T (Treg) cells are crucial for immunoregulation and are believed to be involved in 

determining the balance between antiviral and allogeneic immune responses. This balance is 

especially important in the case of liver transplant recipients HCV infection, as reinfection 

and rejection can be dependant on the intensity of the immune response. This thesis explored 

the role of Treg cells in the context of liver transplantation and immunosuppression on three 

different levels. 

First, extensive phenotyping was performed to elucidate phenotypical and functional 

properties of Treg cells in more than 80 liver transplant recipients, comparing them to healthy 

individuals and non-transplanted patients with chronic hepatitis C. It could be shown that, 

while the frequency of Treg cells and Treg subpopulations in liver transplant recipients and 

healthy did not differ significantly, liver transplanted patients with persistent HCV infection 

displayed a reduced percentage of Treg cells compared to non-transplanted individuals with 

chronic hepatitis C. Furthermore, distinct characteristics in additional phenotypical and 

functional markers could be identified in transplant recipients with persistent hepatitis C 

infection, suggesting a role for Treg cells in the control of allogeneic and antiviral immune 

responses. 

Second, following these findings, the effects of immunosuppressant drugs on Treg cells were 

investigated. In vitro experiments revealed that cyclosporin A (CsA) but none of the other 

immunosuppressive drugs induced a consistent phenotypical change by decreasing FoxP3 

and, to a minor extend, CTLA-4 expression in a dose dependant manner.  

Third, given the influence of CsA on Treg cells, a gene array was performed to elucidate 

possible mechanisms of FoxP3 and CTLA-4 decline after CsA exposure. A series of genes 

were identified, including PPIC that encodes for the peptidyl-prolyl cis-trans isomerase C, 

namely cyclophilin C. This protein can bind to CsA and further experiments may reveal the 

mechanism for the observed phenotypical changes induced by CsA. 



Abstract V 

Overall, this study gained important insights on the understanding into the interplay between 

the immune system and on-going viral infection. It highlights the role of Treg cells as key 

players in the outcome of viral infection and graft survival. Furthermore, this study can help 

future research to generate Treg cells for clinical use and characterise Treg markers as 

potential bio-predictors of disease outcome.  
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I INTRODUCTION 

Hepatitis C virus (HCV)-related end-stage cirrhosis is the most common indication for liver 

transplantation in Western countries. Unfortunately, HCV reinfection of the liver allograft is 

universal. The natural history of post-transplant hepatitis C is determined by various donor 

and recipient-related factors. Adequate immune responses play a crucial role for long-term 

graft survival. In this context, regulatory T (Treg) cells are thought to be involved in shaping 

the balance between antiviral and allogeneic immune responses, as these cells can promote 

tolerogenic immune responses after liver transplantation. 

1 The Hepatitis C Virus 

1.1 Epidemiology 

The WHO estimates that 150 million people are chronically infected with hepatitis C and 

more than 350 000 people die from HCV-related liver diseases each year (WHO Factsheet 

164, 2012). Hepatitis C is the leading cause for end-stage liver disease in the Western world. 

Recognized as a global burden to public health, the prevalence is highly variable throughout 

the world: as low as 0.6% in countries like Germany and as high as 22% in countries like 

Egypt (Palitzsch et al., 1999) (Figure 1). 

The hepatitis C virus was identified in 1988 as the cause for non-A, non-B hepatitis by 

Michael Houghton, Qui-Lim Choo, and George Kuo in collaboration with D.W. Bradley from 

the CDC (Choo et al., 1989; Kuo et al., 1989). HCV has at least six major genotypes labelled 

1 to 6 with a variety of subtypes within each of it (Simmonds, 2004). Different genotypes are 

more prevalent in some regions than others. Worldwide genotype 1 (subtypes 1a and 1b) is 

the most widely spread.  Europe shows a higher prevalence of genotype 1b while genotype 1a 

is more common in the US. European intravenous drug users’ prevalent genotype is 3a. In 

some regions in the Mediterranean genotype 2 is frequent. Genotype 5 and 6 are rarer and can 

be found in Sub-Saharan Africa and South-East Asia (European Association for the Study of 

the Liver, 2011). 

Although the overall incidence of chronic hepatitis C seems to be decreasing, some 

publications provide evidence that global prevalence has increased in the period from 1990 to 

2005 (Mohd Hanafiah et al., 2012). Usually HCV sero-prevalence shows a peak in the 55-64 
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year old individuals. This means the overall prevalence can be misleading reflecting a change 

in population structure. 

The nature of the disease makes it difficult to determine new infections. Most patients remain 

undetected until a chronic liver disease becomes clinically apparent, which usually happens 

after several decades. Periodic screening in high risk groups such as intravenous drug users is 

therefore helpful. Patients undergoing haemodialysis and receiving blood transfusions were 

also highly susceptible before 1990. 

Secondary prevention of damages of a chronic infection includes screening for liver damage, 

reducing alcohol or drug intake, as well as antiviral therapy. These tools remain of vital 

importance.  

 

Figure 1: Map of estimated anti-HCV seroprevalence, (Mohd Hanafiah et al., 2012). Reprint 

authorised. 

Transmission of HCV mainly occurs through parenteral exposure. This includes blood 

transfusion from unscreened donors, intravenous drug use and medical and surgical 

procedures with limited hygiene or safety. Depending on the country, the main route of 

transmission differs. In developed countries injection drug use is the principal cause for 

infections while in developing countries unsafe procedures are still an important route 

(Shepard et al., 2005). Limited access to sterile material such as syringes for vaccinations 

represents therefore a big challenge for overcoming new infections.  

Other sources of HCV transmission such as occupational, perinatal and sexual exposure have 

been reported. However, they are much less efficient and play a minor role (Cornberg et al., 

2011).  
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1.2 HCV virology 

The hepatitis C virus belongs to the genus Hepacivirus within the Flaviviridae family. It is an 

enveloped positive single stranded RNA virus with a high variability due to its error-prone 

RNA polymerase (Figure 2). Therefore within the six major HCV genotypes several subtypes 

exist. The virus develops quiasispecies, a cluster of different viral genomes that cohabit within 

one individual. It is a non cytopathic virus (Murray and Rice, 2011). 

 

 

 

Figure 2: Model of HCV structure 

 

The virus replicates mainly in hepatocytes of the liver. In the following the steps of the viral 

cycle are described. 

1. Entry: 

HCV takes advantage of some host factors to enter the hepatocytes: HCV associates with low-

density lipoproteins (LDL). Further it binds to surface molecules of the hepatocytes like 

CD81 and scavenger receptor B type I (SR-BI) (Pileri et al., 1998; Scarselli et al., 2002). 

Claudin-1 (CLDN1) is an additional entry factor, not interacting with the virus itself but 

allowing entry through interaction with CD81 (Evans et al., 2007). An additional entry factor 

is Occludin (OCLN) (Ploss et al., 2009). Moreover other molecules could play a role in this 

process such as the epidermal growth factor receptor (EGFR) and the ephrin receptor A2 

(EphA2) (Lupberger et al., 2011) . Most recently the Niemann-Pick C1-like cholesterol 

uptake receptor (Sainz et al., 2012) was identified to be involved in viral entry. However, the 

exact overall importance is still not completely resolved. 
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2. Translation and processing 

After entry the virus is uncoated and the translation process commences in the cytosol. Host 

ribosomes translate the viral internal ribosome entry side (IRES). The result is a 3000 

aminoacid polyprotein. Cellular and viral proteases cleave this polyyprotein into 10 structural 

and non-structural proteins (Moradpour and Penin, 2013). An alternative reading frame (ARF) 

translates for the F-protein of largely unknown function (Vassilaki and Mavromara, 2003).   

3. Replication 

Replication occurs in association with intracellular membranes. The positive RNA strand 

serves as a template to produce a negative one. Negative and positive RNA strand are 

replicated by HCV NS5B, the RNA polymerase. This polymerase lacks proofreading capacity 

and synthesizes highly variable positive-stranded RNA molecules (Sklan et al., 2009). 

4. Assembly and release 

The core proteins join to form the viral capsid. Together with the genomic RNA they form the 

nucleocapsid. Assembly and maturation occur in the endoplasmic reticulum (Gastaminza et 

al., 2008). Although not yet fully understood, the assembly is intricately tightened with the 

lipid metabolism (Ploss and Dubuisson, 2012). The mature, enveloped virus leaves the 

hepatocyte to continue its cycle. 

Viral production is very high with an estimated 10
12

 particles a day. The half-life of the virus 

is approximately 3 hours (Guedj et al., 2013; Layden et al., 2000). 

1.3 Natural history of hepatitis C 

Hepatitis C virus causes usually an asymptomatic infection. Only around 20% of acute 

hepatitis C patients present with symptomatic hepatitis. The main clinical signs are elevated 

liver enzymes and sometimes jaundice (20-50%). If noticed, general symptoms are vague, 

including nausea, malaise and abdominal pain. A symptomatic course has been usually 

associated with a higher clearance rate (Deterding et al., 2009; Deterding et al., 2013). Acute 

liver failure as a consequence of infection is extremely rare (Farci et al., 1996). 

Between 50-90% of the patients with acute hepatitis C eventually develop chronic hepatitis C 

(Figure 3). Once the disease is chronic the rate of spontaneous clearance is very low. Liver 

disease progression occurs at a very slow pace and can take decades to become symptomatic. 

Cofactors like alcohol consumption, diabetes mellitus and coinfection with other hepatotropic 

virus or HIV accelerate the process (Maasoumy and Wedemeyer, 2012). Symptoms of 

chronic hepatitis C are usually very nonspecific. The most common complaint is fatigue. 
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Survival of HCV-infected patients is in general not impaired until cirrhosis has developed. 

Between 5 and 20% of persistently infected patients will develop cirrhosis over the course of 

20 years (Thein et al., 2008). Morbidity and mortality increase drastically once cirrhosis 

develops. Hepatic and non-hepatic complications occur mainly in cirrhotic patients. But 

again, it is hard to identify these individuals, as most will remain clinically inapparent until 

the first episode of hepatic decompensation. Around 5% of cirrhotic patients will develop one 

decompensation event per year. For this group the annual death rate depends on the access to 

medical care: 15% in industrialized countries and 30% in developing countries (Global 

Burden Of Hepatitis C Working Group, 2004). The only effective therapy at this stage of 

disease is liver transplantation. 

An additional consequence of cirrhosis is development of hepatocellular carcinoma (HCC). 

The risk for developing cancer is believed to be between 2-5% yearly (Fattovich et al., 1997; 

Lok et al., 2009; Vezali et al., 2010). In addition HCV has also been identified as a major risk 

factor for cholangiocellular carcinoma (Shin et al., 2010).  

Disease progression shows high variability between different individuals. The reasons for this 

difference still need to be elucidated in more detail. A combination of host and viral factors 

are assumed to be the reason. Having acquired the virus at an older age and male gender are 

factors for a poorer prognosis. In African-Americans disease progression is milder when 

compared to Caucasians (Sterling et al., 2004). The virus itself is not cytopathic. Liver 

damage is therefore believed to be caused by immune reactivity against the virus. Depending 

on the intensity of the immunological response the pathology may vary. Additionally, 

immune response can get exhausted and lead to persistence of the virus (reviewed in 

(Rehermann, 2013)). Gene polymorphisms can also have an influence on disease progression. 

Most recently, variations on IL28B showed an influence on spontaneous clearance of acute 

hepatitis C (Liu et al., 2012; Thomas et al., 2009; Tillmann et al., 2010). The impact of the 

viral genotype on the course of infection is not certain, but HCV genotype 3 seems to be 

associated with stronger, more rapid fibrosis progression and higher mortality (Backus et al., 

2011; Pascarella et al., 2011). Coinfection with HIV seems to present a worse outcome than 

monoinfected patients (Rockstroh and Spengler, 2004). 
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Figure 3: Natural couse of hepatitis C infection. Adapted from Manns et al., 2009. 

1.4 Treatment 

The main goal of antiviral therapy is clearance of the HCV infection. Sustained virological 

response (SVR) is defined as undetectable HCV RNA 12-24 weeks after treatment end 

(European Association for the Study of the Liver, 2011). 

In case of acute hepatitis C patients are treated with interferon-α (IFN-α) monotherapy. 

Alternatively, patients can be left untreated and observed for spontaneous clearance. If after 

12 weeks the patient test negative for HCV RNA, a one-year follow up monitoring is enough. 

In case the virus is not cleared spontaneously a treatment with pegylated IFN-α and ribavirin 

should follow for 24 weeks (Boesecke et al., 2012; Deterding et al., 2013). 

Chronic hepatitis C is treated with pegylated IFN-α and ribavirin. There are two different 

IFN-α molecules available: pegylated IFN-α 2a and 2b. Even though their pharmacokinetic 

are different, both compounds show comparable efficacy results (McHutchison et al., 2009). 

Depending on the viral genotype SVR differs after treatment. HCV genotype 1 and 4 are 

eradicated in 40-50% of the cases while genotype 2,3,5 and 6 have response rates up to 80% 

(European Association for the Study of the Liver, 2011). Therefore treatment duration is 
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adapted to the viral genotype. Genotype 1 and 4 are usually treated for 48 weeks, whereas the 

others have treatment duration of 24 weeks.  

Telaprevir and boceprevir, two NS3/4 protease inhibitors were approved by the EMA and 

FDA in 2011. Excellent response rate and good safety profiles led to their commercialisation 

for chronic hepatitis C infection but only in combination with current antiviral treatment of 

pegylated IFN-α and ribavirin. For patients infected with HCV genotype 1 this therapy option 

yields higher clearance rates. Unfortunately it comes at the cost of more side effects, in 

particular a severe anaemia (Maasoumy et al., 2013). Several other compounds are still in 

clinical development and make promising advances. Compounds in phase II/III include 

additional inhibitors of the viral protease, the polymerase (NS5B) and the NS5A protein. 

Additionally cyclophilin inhibitors targeting host components necessary for viral replication 

are explored in clinical trials.  

The treatment of liver transplant recipients with hepatitis C virus infection is extremely 

challenging. Antiviral therapy in post transplant hepatitis C is associated with lower SVR, 

more side effects and additional difficulties such as drug-drug interactions (Peveling-Oberhag 

et al., 2010). Advances in treatment options remain of utmost significance, as viral clearance 

is associated with an improved clinical outcome (Berenguer et al., 2008; Rodriguez-Luna et 

al., 2004). Before the new drugs against HCV become available also for liver transplanted 

patients, a detailed understanding of the interplay between the virus and the immune system 

may help to be able to apply anti-HCV medication in a safely manner.  

1.5 Immunopathophysiology 

After the virus enters the organism the immune system responds to the threat and tries to 

eradicate it. However, the virus is also able to develop a moderately harmless co-existence 

with the host (Rehermann, 2009). Primarily HCV infects hepatocytes, although it does not kill 

these cells. HCV is a non-cytopathic virus; it initiates an immune-mediated inflammatory 

response. 

The immune system senses the presence of HCV through pattern recognition receptors (PRR), 

which trigger the synthesis and secretion of type I interferons (Rehermann, 2009). Type I 

interferons inhibit viral replication, attract other cells of the immune system such as natural 

killer (NK) cells, dendritic cells (DC) or macrophages and activate more than 300 interferon 

stimulated genes (ISG) (Garcia-Sastre and Biron, 2006). ISG are implicated in direct antiviral 

function, control of proliferation and start the adaptive immune response. HCV in turn has 

some strategies to counteract the innate immune activation. As mentioned earlier, viral 
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genomes are detected by PRR such as RIG-I and its adaptor Cardif (also known as MAVS) in 

a signalling pathway that ends with the synthesis of IFN and ISG (Seth et al., 2005). HCV is 

able to inhibit this signal cleaving the Cardif protein by the HCV NS3-4A protease (Meylan et 

al., 2005). Another mechanism by which HCV increases its resistance to the effects of IFN is 

by activating the RNA dependent protein kinase PKR (Garaigorta and Chisari, 2009). Hereby, 

the virus restrains translation of ISG and contributes to the cell hyporesponsiveness towards 

IFN. 

After 4 to 6 weeks of infection HCV RNA levels reach a plateau after a constant rise, 

indicating that a balance between the viral replication and the immune system might have 

been reached (Bowen and Walker, 2005). This is probably around the time when the effects of 

the adaptive immune system become noticeable. Both an efficient innate and a strong and 

multi-specific T cell mediated immune response are vital requisites for viral erradication. 

Patients that become chronic present functionally impaired CD4 and CD8 T cell responses 

(Semmo et al., 2005; Wedemeyer et al., 2002). Overexpression of co-inhibitory molecules on 

T cells contribute to functional failure (Urbani et al., 2008). In addition, regulatory T (Treg) 

cells are able to suppress HCV-specific T cell responses. In vitro depletion of CD4
+
CD25

+
 

Treg cells increased IFN-γ production by HCV-specific T cells (Boettler et al., 2005). The 

frequency of Treg cells is elevated in patients with chronic hepatitis C compared to recovered 

and healthy controls (Cabrera et al., 2004) and Ebinuma et al. found HCV-specific Treg cells 

in chronic hepatitis C patients(Ebinuma et al., 2008). The question remains to what degree 

Treg cells inhibit immune responses to limit an excessive liver inflammation or are used by 

HCV to establish a persistent infection. 
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2 Liver Transplantation 

2.1 Indications and outcome of liver transplantation 

The first liver transplantation was performed in 1963 by Thomas Starzl (Starzl et al., 1963). 

Looking at the survival rate the improvement of this procedure becomes evident. In 1970 1-

year survival rate was only 30%. In an analysis performed at Hannover Medical School the 

20-year survival rate was reported to be 29.8%. Over this time significant improvement in 

immunosuppressive regimens and surgical techniques has lead to recent 5-year survival rates 

of 71% (Schrem et al., 2008). 

Since December 2006 allocation of organs in Germany is based on the MELD score (“Model 

for Endstage Liver Disease”). This is a mathematical calculation based on logarithmic 

transformation of the patients INR, serum bilirubin and creatinine level. It is calculated as 

follows: MELD Score = [(0.957 x ln(creatinine)) + (0.378 x ln(Bilirubin)) + (1.12 x ln(INR))] 

x 10. High MELD score ranges from 6 to 40. The MELD score is a measurement used to 

determine who is at the greatest risk of mortality and thus should receive a liver transplant the 

soonest.  

Liver transplantation is nowadays the treatment of choice for basically all end stage liver 

diseases. Furthermore, additional causes for transplantation are HCC, cholangiocarcinoma as 

well as some other liver tumours and less common indications such as systemic metabolic 

diseases (Alqahtani, 2012). The aim of a liver transplant is to prolong survival as well as to 

improve the patient’s quality of life.  

Because of the special tolerogenic characteristic of the liver it can achieve operational 

tolerance. Tolerance describes a stable graft in the absence of immunosuppression, it has been 

achieved more often in liver transplantation than in any other allograft (Benseler et al., 2007). 

It is also because of this special characteristic of the liver that it is possible to treat patients 

with lower dosages of immunosuppressants than in other organ transplantations and reduce 

the doses over time. However, an in depth knowledge of the effect of immunosuppressive 

drugs on the different subpopulations of the immune system is crucial to manage this 

transition safely. 
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2.2 Hepatitis C and liver transplantation 

HCV reinfection of the graft is universal and occurs at reperfusion of the organ (Berenguer et 

al., 2001). The natural history of hepatitis C after liver transplantation is accelerated and more 

aggressive, with a higher viremia and leading faster to fibrosis and cirrhosis. Progression to 

cirrhosis occurs at a median of 9 to 12 years after liver transplantation. The 3-year survival 

rate falls from 41% to 10% after developing cirrhosis (Rubin et al., 2011), (Figure 4). Disease 

progression is highly variable (Feray et al., 1999; Sanchez-Fueyo et al., 2002). Some of the 

risk factors for a worse prognosis during the post-transplant HCV recurrence include old 

donor age, steatosis of the donor organ, distinct immunosuppressants and high HCV viral load 

after transplantation (Ciesek and Wedemeyer, 2012). IL28 polymorphisms of donor and 

recipient play an important role in graft survival (Allam et al., 2013). An important variable 

associated with disease progression is immunosuppression (Watt et al., 2009). Especially the 

choice between CsA and tacrolimus has been the subject of recent debate. A recent meta-

analysis in post transplant hepatitis C patients showed improved three-year patient and graft 

survival rates for tacrolimus compared to CsA (Irish et al., 2011). Understanding the effect of 

the immunosuppressive drugs in the context of post transplant liver hepatitis C is therefore 

imperative as it could hold the key to limit the faster disease progression in liver transplant 

recipients.  
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Figure 4: Natural history of HCV after liver transplantation. Adapted from Roche and Samuel, 

2010. 

2.3 Immunosuppression 

Immunosuppressive drugs have allowed the transition of liver transplantation from an 

experimental procedure to an established clinical treatment. A ground-breaking step in this 

development was the introduction of cyclosporin A (CsA) in 1978 (Calne et al., 1978). 

Modern immunosuppressive regiments use a combination of drugs to target different 

pathways of the immune system (Hirose and Vincenti, 2006). Treatment for liver transplant 

recipients usually consist of two to three drugs, including a calcineurin inhibitor (CsA or 

tacrolimus), mycophenolate mofetil (MMF), an inhibitor of the purine synthesis, and 

corticosteroids, but can be expanded to other drugs. This association strategy aims to enhance 

synergistic effects while minimising side effects. 

2.3.1 Pharmacological Immunosuppressive Agents 

2.3.1.1 Corticosteroids 

Corticosteroids have a variety of anti-inflammatory and immunomodulatory effects. They 

bind to the cytosolic glucocorticoid receptor (GCR) and once activated this receptor 

delocalize to the nucleus. There, it binds to glucocorticoid response elements of the DNA and 
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influences gene transcription that will decrease the inflammatory response (Steinhilber, 2005). 

An immunosuppressive effect is also achieved because corticosteroids stabilise lysosomal 

membranes, suppress prostaglandin synthesis and reduce release of bradikinin and histamine 

(Adcock and Ito, 2000). 

Because of their considerable side effects, such as diabetes, fat redistribution and 

osteoporosis, treatment with corticosteroids should be limited in time as far as possible. 

Furthermore, usage of corticosteroids in HCV should be minimised as HCV infection and 

fibrosis might be exacerbated (Henry et al., 2007). 

2.3.1.2 Calcineurin  inhibitors (CNI) 

Of the calcineurin inhibitors available, cyclosporin A (CsA) and tacrolimus are licensed for 

their use in organ transplantation. T cell activity begins with the MHC/peptide interaction. 

This complex starts a signalling cascade that activates subsequently calcineurin. The activated 

calcineurin dephosphorylates the transcription factor NFAT (nuclear factor of activated T 

cells) allowing it to translocate to the nucleus. There, NFAT activates genes encoding for 

proinflammatory cytokines, especially IL-2. When CNI enter the cell they bind to different 

immunophylins: CsA attaches itself to cyclophilin, tacrolimus to FKBP12. The complex they 

form binds to calcineurin and inhibits its function. Hereby they prevent activation of 

calcineurin, the nuclear translocation of NFAT and the transcription of inflammatory genes 

and T cells are not able to proliferate (Taylor et al., 2005). While the mechanisms to inhibit 

calcineurin are similar for both drugs, it is worth noting that the immunosuppressive potency 

of tacrolimus is estimated to be 100-fold greater (Geissler and Schlitt, 2009). 

Both drugs show similar efficacy regarding graft and patient survival (Levy et al., 2006). 

However, that might not be the case for liver transplanted patients with a hepatitis C infection 

with slightly better survival rates after tacrolimus use (Irish et al., 2011). Tacrolimus is 

usually preferred because of its better side effect profile. Both drugs share many dose related 

side effects but vary in their intensity or prevalence. Both are nephrotoxic, but renal failure is 

more common with CsA. Neurotoxicity is more pronounced with tacrolimus while 

hyperkalaemia and metabolic acidosis are usual side effects of both drugs. However, the 

choice of which calcineurin inhibitor to choose has to be adapted individually depending on 

the patient’s co-medication and condition. Because of the severe side effects mentioned, the 

drug concentration in serum needs to be monitored. Measuring C0 (predose) and C2 (2h post 

dose) are the most common approaches. 
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CsA has in vitro activity against HCV by inhibiting cyclophilin A, a protein used by HCV for 

its replication (Ciesek et al., 2009). New anti HCV drugs have been developed based on this 

premise (Flisiak et al., 2012). But no affirmation regarding the better antiviral effect of CsA in 

liver transplant recipients could be made yet. The debate is still on-going (Irish et al., 2011; 

Yoshida et al., 2013) and prospective trials will hopefully shed light on this issue 

(www.clinicaltrials.gov, NCT00375895, NCT00260208 and NCT00821587). However, to 

discern the role of HCV infection from the effect of calcineurin inhibitors in the outcome of 

patient and graft survival can only partially be answered by clinical trials. Additional 

translational research is necessary to understand the complex interplay between the virus and 

the immune system. 

2.3.1.3 Antimetabolites 

The principal compound from this group used in liver transplantation is mycophenolate 

mofetil (MMF), a prodrug of mycophenolic acid. Antimetabolites work by inhibiting the 

inosine-5’-monophosphate dehydrogenase (IMPDH). IMPDH is an enzyme involved in the de 

novo synthesis of guanosine nucleotides, necessary to generate new DNA. The suppression is 

selective to lymphocytes because these cells do not have an alternative salvage pathway to 

produce guanine. Blockade of IMPDH inhibits lymphocyte proliferation (Taylor et al., 2005). 

MMF presents very little renal toxicity and is used therefore in combination with lower doses 

of CNI (Stewart et al., 2001). Side effects include gastrointestinal disorders and a potential 

haematological suppression. Azathioprine, another antimetabolite, also is used in liver 

transplantation but it has been displaced in most of the cases by MMF. It might present 

advantages in HCV patients as some studies have shown an anti-HCV effect (Germani et al., 

2009; Stangl et al., 2004). 

2.3.1.4 mTOR Inhibitors 

Rapamycin (sirolimus) and everolimus are two compounds belonging to the group of 

mammalian target of rapamycin (mTOR) inhibitors. These compounds bind to the same target 

as tacrolimus, FKBP12, but do not inhibit calcineurin but instead aim for mTOR. This 

molecule is a kinase involved in the cell signalling pathway required to proliferate. By 

blocking mTOR cell proliferation is inhibited. They do not hinder T cell activation but 

prevent proliferation. Their specificity is not reduced to leucocytes, but also suppress 

erythrocytes and platelets (Neuhaus et al., 2001). Only everolimus is currently approved for 

its use in liver transplantation. Side effects include hypercholesterolemia, wound healing 
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delays, peripheral edema and mouth ulcers (Geissler and Schlitt, 2009). However, some 

recent findings could encourage their use in liver transplant recipients. First of all, rapamycin 

could be the drug of choice in therapy protocols that want to induce allograft tolerance. 

Regulatory T (Treg) cells play a pivotal role in the induction of tolerance (Schiopu and Wood, 

2008). Experimental studies in mouse and ex vivo settings have shown that rapamycin expand 

selectively Treg cells by inhibiting T effector proliferation but not interfering with STAT5 

pathway used by Treg cells (Zeiser et al., 2008). An additional reason that could favour 

mTOR inhibitors in the liver transplantation setting is their inhibition of angiogenesis and 

cancer cell growth (Guertin and Sabatini, 2007). Derivatives of rapamycin are currently in 

development for their use in oncology. This ability makes them especially suitable for patients 

transplanted for HCC in order to avoid recurrence. Finally, in a rat model, rapamycin has 

showed antifibrinogenic properties (Neef et al., 2006). The fast progression to fibrosis in the 

HCV reinfected graft could benefit from this effect. 

Table 1: Overview of pharmacological immunosuppressive drugs. Drugs most commonly used in 

clinic and their mechanism of action. 

Class	   Mechanism	  of	  action	  

Corticosteroids	  
Transcription	  of	  anti-‐inflammatory	  genes	  

Inhibition	  of	  prostaglandin	  synthesis	  

Calcineurin	  inhibitors	  

- Cyclosporin	  A	  

- Tacrolimus	  

Inhibition	  of	  calcineurin	  activation	  

Antimetabolites	  

- Mycophenolate	  

mofetil	  (MMF)	  

- Azathioprine	  

Inhibition	  of	  the	  inosine-‐5′-‐monophosphate	  dehydrogenase	  

(IMPDH)	  and	  hereby	  inhibiting	  purine	  and	  DNA	  synthesis	  

mTOR	  Inhibitors	  

- Rapamycin	  

(Sirolimus)	  

- Everolimus	  

Inhibition	  of	  the	  mammalian	  target	  of	  rapamycin	  (mTOR)	  

 

2.3.2 Biological Immunosuppressive Agents 

Biological immunosuppressive cells can be divided in T-cell depleting and non-depleting 

agents. The first category includes polyclonal antibodies against lymphocytes such as 

antithymocyte globulin (ATG) and thymoglobulin. Non-depleting agents are more selective 

and target specific molecules with monoclonal antibodies, like CD25 (basiliximab) or inhibit 

T cell activation with fusion proteins. In the case of belatacept, the Fc component of a human 

immunoglobulin is fused to the extracellular domain of CTLA-4. Currently these two drugs 
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are only approved for kidney transplantation. Additionally, new experimental treatments are 

based on the use of immunoregulatory cells in transplantation. 

 

Effective immunosuppression has allowed transplantation to become a clinical success. A 

potent therapeutic arsenal of immunosuppressive drugs is now available to assure graft and 

patient survival after transplantation. However, it comes at the cost of possible malignancies 

and infections. Future developments need to address these limitations and explore drugs that 

target immune cells even more specifically, allowing beneficial populations of immune cells, 

like Treg cells, to subsist during immunotherapy. 
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3 Regulatory T cells 

3.1 Characteristics of regulatory T (Treg) cells 

Regulatory T (Treg) cells form a subtype of CD4 cells with a defined immunoregulatory 

phenotype (Sakaguchi, 2000). They are involved in immune tolerance and prevent 

inflammatory disease. Humans with a non-functional allele of the FoxP3 gene show a severe 

autoimmune disorder, the IPEX (immune dysregulation, polyendocrinopathy, enteropathy, X-

linked) syndrome. A similar phenotype can be reproduced in the FoxP3-knockout mouse, 

called scurfy mouse (Brunkow et al., 2001). These cells have been proven to be involved in 

autoimmune disorders and inflammatory environments when deficient in number or function 

(Ling et al., 2004; Wang et al., 2011). But at the same time, a strong Treg cell response, 

overturning effector T cells can weaken anti-tumour responses (Whiteside et al., 2012). Since 

the publication by Sakaguchi et al. that described Treg phenotype as CD4
+
CD25

+
 and proofed 

Treg suppressive activity (Sakaguchi et al., 1995) the field has made considerable advances. 

However, the importance of Treg cells in the prevention of autoimmune disease, organ 

rejection, graft versus host disease and their role as mediators of tolerance still needs further 

characterisation. 

Treg cells can be divided into two main groups. One population of Treg cells develops in the 

thymus, the “thymus derived” or “natural” Treg cells and the other population differentiates in 

the periphery, namely “peripherally derived” or “induced” Treg cells. Additionally, Treg cells 

can be generated in vitro by the addition of IL-2 and transforming growth factor-β (TGF-β). 

(Yamagiwa et al., 2001). Overall, Treg cells can be classified as CD4 cells expressing a high 

density of CD25 (IL-2 receptor α-chain), positive for FoxP3, an almost complete lack of 

CD127 (Liu et al., 2006) and a high expression of CTLA-4 (cytotoxic T lymphocyte antigen 

4) (Takahashi et al., 2000). 

Besides the main subgroups of “thymus derived” and “peripherally derived” Treg cells, two 

other types of Treg cells that can also be induced in the periphery exist. On the one hand, an 

antigen specific IL-10 induced FoxP3
-
 Treg cell, that produces IL-10 to suppress immune 

responses, termed T regulatory type 1 (Tr1) (Roncarolo et al., 2006). On the other hand, T 

helper 3 (TH3) cells, induced also in the periphery by TGFβ. These cells do not necessarily 

express FoxP3 but secrete TGFβ, IL-4 and IL-10 (Chen et al., 2003). 
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Even though FoxP3 expression is the most reliable Treg marker, given its intracellular 

localisation it is impossible to isolate vital Treg cells based on FoxP3. Therefore, Treg cell 

isolation is usually based on CD4
+
CD25

+
CD127

-
 expression. Together with CD127, an 

additional characterisation with CD49d has been suggested (Kleinewietfeld et al., 2009). 

Expression of CD49d on the surface of cells marks proinflammatory cytokine producing 

effector T cells. The isolation of CD49d
-
 CD127

-
 cells allows obtaining Treg cells that have 

not been touched by an antibody during the isolation process. Furthermore, these Treg cells 

have been characterised as a highly pure Treg population.  

While FoxP3 is not the only factor that regulates Treg cells, it is of vital importance for their 

development and function (Hori, 2012). Unfortunately, it is an ambiguous characterisation 

marker for Treg cells in humans, as activated T cells in humans also express transiently 

FoxP3 without showing suppressive activity (Allan et al., 2007). The stability of the FoxP3 

expression in humans can be analysed by the methylation status of the FoxP3 locus (Baron et 

al., 2007; Floess et al., 2007). Demethylation of this region, called Treg specific demethylated 

region (TSDR), correlates with Treg phenotype and function. Activated CD4
+
 cells do not 

present a demethylated FoxP3 locus despite FoxP3 expression. 

Various other surface markers to characterise Treg subpopulations have been described 

(Sakaguchi et al., 2010). Among these, one of the marker best describing activation and 

memory is CD45RA. Interestingly, Treg cells with a CD45RA
+
 naïve phenotype are not 

strictly naïve, but present rather a “resting” phenotype (Miyara et al., 2009) and also posses 

potent suppressive function (Nafady-Hego et al., 2010; Schwarz et al., 2013). Furthermore, 

CD45RA
+
 Treg cells maintain their suppressive activity even after expansion (Hoffmann et 

al., 2006). Other markers to differentiate the development of Treg cells have been proposed, 

usually a combination of CD45RA, CD45RO, CCR7 and CD62L. CD62L was also suggested 

to differentiate recently activated Treg cells (CD62L
+
) and conventional CD4

+
 T cells 

(Hamann et al., 2000). In this study, Treg cells were classified according to both CD45RA 

and CCR7 in a similar fashion as done in CD4
+
 and CD8

+
 cells (Sallusto et al., 2004) (Figure 

5).  

Whether the fate of Treg cells is either defined or can be changed by the inflammatory 

environment is not fully elucidated yet. The groups of Dong and Bluestone proved that Treg 

cells could display some plasticity. When exposed to a very polarized inflammatory medium 

Treg cells can downmodulate FoxP3 and convert into CD4 cells with effector like phenotype 

(Yang et al., 2008b; Zhou et al., 2009). This potential conversion to effector phenotypes needs 

to be considered especially in the context of therapeutic transfer of Treg cells in humans. The 
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uncertainty of the stability of Treg cells or the possibility to convert to pro-inflammatory 

functions is a primary safety concern.  

 

Both cell contact-dependent and -independent mechanisms are believed to be involved in 

Treg function. Cell contact independent mechanisms have been subject to controversial 

debates. Some publications could not prove Treg suppression without a direct cell-to-cell 

contact. Transwell assay abrogated Treg function (Ng et al., 2001) and in vitro suppression 

could still be observed after neutralizing inhibitory cytokines like IL-10 and TGFb (Thornton 

and Shevach, 1998). But other publications challenged this view (Asseman et al., 1999; 

Nakamura et al., 2001). It seems, especially with IL-10 that the role of Treg cell-induced 

cytokines in suppression is not universal, but rather depending on the underlying disease, 

targeted organ and experimental setup. Additionally, IL-35 has been described as an 

inhibitory cytokine released by Treg cells (Collison et al., 2007). Also IL-9 has shown 

inmunoregulatory properties in mouse and tumour patients (Eller et al., 2011; Feng et al., 

2011). While it is clear that these cytokines are mediators of immune suppression, to what 

extent and in which situation do Treg cell use them needs further refinement. 

One of the main ways that Treg suppress and modulate immune responses is through CTLA-4 

(Read et al., 2000). CTLA-4 is constitutively expressed on Treg cells and it is intricately 

linked to FoxP3. FoxP3 binds to the promoter region of CTLA-4 and hereby preserves 

CTLA-4 expression. (Zheng et al., 2007). Selective deficiency of CTLA-4 on regulatory T 

cells leads to lymphoproliferative and autoimmune disease. But this depletion only affects 

Treg functionality not their survival or activation status (Wing et al., 2008). CTLA-4 

competes with CD28 from activated T cells for the binding molecules CD80/CD86 (B7 

molecules) on dendritic cells (DC). Once engaged with CD80/CD86, CTLA-4 leads to a 

downregulation of these molecules on DC, reducing the capacity of these cells to activate 

effector T cells. A recent paper unravelled the mechanism of this procedure: Treg cells 

deplete CD80/CD86 ligands in a process of trans-endocytosis (Qureshi et al., 2011). 

Furthermore, the CTLA-4 - CD80/CD86 interaction leads to the production of indoleamine 

2.3-dioxygenase (IDO). IDO is an immunesuppressive enzyme that degrades tryptophan to 

kynurenine, an immunoregulating, proapoptotic molecule (Fallarino et al., 2003; Onodera et 

al., 2009). Lymphocyte activation gene 3 (LAG3, also CD223) has been suggested as another 

way by which Treg cells suppress DC functionality. It binds to the MHC class II (HLA-DR) 

molecule and suppress DC maturation and the capacity to stimulate effector T cells 

(Workman and Vignali, 2005). It is noteworthy that Treg cells, expressing HLA-DR have 
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been defined as a mature highly suppressive population of Treg cells (Baecher-Allan et al., 

2006). Ito et al. defined two suppressive Treg populations depending on their expression of 

inducible T cell costimulator (ICOS) (Ito et al., 2008). ICOS
+
 Treg cells use IL-10 to suppress 

antigen presenting cell function and membrane bound TGFβ mediated cell-cell contact 

inhibition. ICOS
-
 Treg cells only use the latter mechanism of suppression. Treg cells have 

also cytolytic capacity and exert killing through granzyme and perforin dependent mechanism 

(Gondek et al., 2005; Grossman et al., 2004). 

In addition, the following suppressive mechanisms used by Treg cells could be termed as 

inhibitions by metabolic disruption. They include extensive consumption of IL-2, hereby 

limiting proliferation of other cells (de la Rosa et al., 2004). One study suggested that this can 

lead to apoptosis of effector CD4 cells induced by cytokine deprivation (Pandiyan et al., 

2007). Thornton and colleagues proved the importance of this cytokine for Treg function. 

They demonstrated adding excessive IL-2 to the suppression assay medium in vitro reversed 

the inhibitory effect of Treg cells and allowed effector cells to proliferate (Thornton and 

Shevach, 1998). As Treg cells do not produce IL-2 themselves, their need for this cytokine 

also functions as a negative feedback loop to avoid excessive immune suppression.  

The production of adenosine has also been postulated as a mechanism of suppression. The 

ectoenzymes (enzymes outside the cell membrane able to cleave extracellular substrates) 

CD39 and CD73 degrade ATP to adenosine. ATP has multiple proinflammatory effects, while 

adenosine acts as an inhibitor of DC and activated T cells (Borsellino et al., 2007; Ernst et al., 

2010). Assays performed with CD39 knockout Treg cells had significantly reduced 

suppressive function (Deaglio et al., 2007). 

Until now, the gold standard to determine the inhibitory function of Treg cells in vitro is a 

suppression assay that measures the capacity of Treg cells to inhibit proliferation of other 

cells. CD4
+
CD25

+
 Treg cells are cocultured with autologous CD4

+
CD25

-
 effector T cells over 

3 to 5 days and stimulated with a polyclonal TCR (T cell receptor) stimulus (such as 

CD3/CD28 beads) with or without APC (Oberg et al., 2006). The percentage of inhibition of 

the proliferation of effector T cells evaluates the functionality of the Treg cell. Alternatively, 

this inhibition can be quantified but the reduced production of proinflammatory cytokines. An 

important question still to be answered is which of these previously mentioned mechanisms 

are redundant or complementary. It might also be possible that different Treg populations use 

different mechanisms.  

While several in vitro studies have characterised Treg populations in detail, how they 

distribute and what role they play in liver transplantation has not been fully defined. 
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Especially in the context of post-transplant hepatitis C, the role, not only of Treg cells, but 

also of different Treg populations with potentially distinct functions still need to be 

elucidated.  

 

Figure 5: Treg cell differentiation. Adapted from Sakaguchi et al., 2010. 

3.2 Treg cells in transplantation 

Treg cells play a key role in the context of liver transplantation, as these cells have been 

associated with tolerance induction. Several studies have reported elevated Treg frequencies 

in the blood of patients with tolerant liver grafts (Li et al., 2004; Martinez-Llordella et al., 

2007; Pons et al., 2008). These Treg cells exerted suppressive function against donor-specific 

effector T cells (Yoshizawa et al., 2005). Not only conventional Treg cells, but more specific 
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peripherally induced CD45RA
+
 Treg cells with a naïve phenotype were shown to be elevated 

in tolerant patients (Nafady-Hego et al., 2010). These naïve like Treg cells presented high 

donor-specific suppression. In line with these findings, decreased frequency of circulating 

Treg cells were found in acute rejection in liver transplant patients (Demirkiran et al., 2007; 

He et al., 2011). However, Li and colleagues could not distinguish tolerant patients with 

intragraft FoxP3 mRNA (Li et al., 2008). It seems that the picture is reversed in the graft 

compared to peripheral blood, Stenard et al. reported reduced frequency of circulating Treg 

cells but increased number of allograft Treg cells in paediatric liver rejection (Stenard et al., 

2009). A recent study from Hannover Medical School also reported elevated Treg cells in 

acutely rejected liver grafts (Taubert et al., 2012). Already a previous publication in 

transgenic mice had showed the ability of the liver to mobilize Treg cell in response to the 

intrahepatic appearance of activated CD8 cells (Bochtler et al., 2008).  

As with liver transplantation, studies of kidney transplant recipients have correlated increased 

FoxP3 expression in the transplanted kidney during acute rejection (Veronese et al., 2007) but 

reduced Treg cells in the periphery during rejection (Louis et al., 2006). In heart transplanted 

patients Dijke and colleagues showed reduced peripheral CD4
+
CD25

hi
 Treg cells and 

increased CD4
+
CD25

+
CD127

+
 cells in patients suffering acute rejection (Dijke et al., 2009). 

Chronicity of HCV has been associated with the frequency of Treg cells. Many groups have 

reported elevated Treg cells in persistently infected HCV patients (Boettler et al., 2005; 

Cabrera et al., 2004; Sugimoto et al., 2003). Although the research is not as extensive, this 

increase in Treg numbers also seems to hold true for HCV recurrence after liver 

transplantation (Demirkiran et al., 2007; Perrella et al., 2009).  

While many studies focus on the fundamental question of organ rejection, they base their 

findings only on the frequency of Treg cells without looking in more detail at the exact 

phenotype of these cells. Treg frequency is a difficult marker to use as a predictive model of 

immune rejection as the range is narrow. The expression of different markers on Treg cells 

could hold more value as a prognostic tool and future research should look into the possibility 

of using Treg markers for immunological monitoring. 

3.3 Treg cells and immunosuppressive drugs 

Treg cells characterisation or even Treg cell transfer could become a decisive immunological 

tool in transplantation to prevent organ rejection. The aim in liver transplantation would be to 

generate donor-reactive Treg cells while limiting harmful effector T cells. Organ 

transplantation nowadays is still not possible without administration of immunosuppressive 
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drugs, but it is a key necessity to understand how these drugs alter Treg phenotype and 

function.  

Some immunosuppressive drugs have been reported to be beneficial for Treg cells. 

Rapamycin, an mTor inhibitor, selectively expands Treg cells. It does this by primarily 

inducing apoptosis of effector T cells (Battaglia et al., 2005; Zeiser et al., 2008). The 

mechanism suggested is that the presence of PTEN protects Treg cells because they 

preferentially signal through the STAT5 pathway compared to effector T cells. Some studies 

highlight the improved functionality of rapamycin when comparing it to cyclosporin A (CsA) 

(Bocian et al., 2010; Coenen et al., 2006; Coenen et al., 2007). Corticosteroids have also 

shown positive effects on Treg cells. Patients with asthma and systemic lupus erythematosus 

(SLE) treated with corticosteroids showed increased frequency of Treg cells compared to 

healthy controls (Karagiannidis et al., 2004; Suarez et al., 2006). Unfortunately, an increased 

frequency does not necessarily correlate with an improved function. An in vitro study 

performed with dexamethasone could find an increase in FoxP3 expression, but was not able 

to show improved functionality (Prado et al., 2011). 

Treg cells have been found to be more resistant to the effect of antithymocyte globulin (ATG) 

than effector T cells and therefore Treg cells expand preferentially (Lopez et al., 2006; Lu et 

al., 2011b; Morelon et al., 2010). All treatment depleted lymphocytes, but maintained an 

increased Treg/Teff ratio. 

The effect of the non-depleting agent anti CD25 (basiliximab) is still under research. Several 

studies have reported a decline in FoxP3
+
 cells, albeit transiently (Bluestone et al., 2008; 

Libetta et al., 2009). Although basiliximab binds to CD25, it does not necessarily interfere 

with the suppressive function of Treg cells (Vondran et al., 2010). However, these results 

should be analysed with caution as another anti CD25 antibody, daclizumab has been used in 

order to dampen Treg cell response and improve anti tumour efficacy (Rech et al., 2012). 

The antimetabolite mycophenolate mofetil (MMF) reduced the percentage of FoxP3 Treg 

cells in mice (Wu et al., 2012). A study in liver transplanted patients, showed reduced Treg 

numbers after transplantation (Levitsky et al., 2009) while Demirkan et al. showed that 

changing the treatment in kidney transplant recipients from a calcineurin inhibitor to MMF 

increased the percentage of Treg cells (Demirkiran et al., 2009). However, to extrapolate the 

results observed in clinics is difficult, as MMF is usually given as a combination with at least 

another immunosuppressant. One in vitro study reported that the detrimental effect of CsA 

was reversed when used in combination with MMF (Miroux et al., 2012b). Unfortunately, 
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these results seem inconclusive to clearly settle the effect that MMF has on Treg cells and this 

issue needs to be further investigated. 

CsA is, together with tacrolimus, a calcineurin inhibitor used for solid organ transplantation. 

When studies compare the effect of CsA to rapamycin, they report detrimental effect of CsA, 

as this drug is not able to selectively expand the Treg cell population like rapamycin does 

(Bocian et al., 2010; Coenen et al., 2007; Gao et al., 2007). In vitro studies from human cells 

usually report a decline in the percentage of CD25
+
 and FoxP3

+
 cells and FoxP3 mRNA 

(Hijnen et al., 2009; San Segundo et al., 2007; Segundo et al., 2006). While these numbers 

indicate quantity of Treg cells, very few studies also assess the functionality of these cells. In 

mice the treatment with CsA did dampened Treg function (Wang et al., 2006; Zeiser et al., 

2006). In humans, a study showed a dose-dependant effect of CsA on Treg cells, inhibiting 

their function only at high doses (Miroux et al., 2009; Miroux et al., 2012b). One possible 

explanation for this observed effect of CsA could be the shortcut in IL-2 availability that it 

causes. The effect therefore could be indirect on Treg homeostasis. Regarding the other 

calcineurin inhibitor, tacrolimus, some studies using a combination of tacrolimus and CsA 

report a decline in FoxP3, or a increase in FoxP3 mRNA in the absence of a calcineurin 

inhibitor (Akimova et al., 2012; van de Wetering et al., 2011). However, studies with 

tacrolimus monotherapy or only tacrolimus together with another class of immunosuppressant 

were not able to find any differences in the Treg cell frequency or function (Baan et al., 2007) 

nor could they find less FoxP3 mRNA compared to controls (Verdonk et al., 2007). 

Researchers so far have started to unravel the effect of immunosuppressant drugs on Treg 

cells. However, the different protocols and settings used, as well as the in vivo mouse and in 

vitro human studies make it difficult to draw a conclusive resolution and further experiments 

are necessary to complete our understanding and use current drugs to improve therapeutic 

efficacy and ideally generate operational tolerance. 

In summary, various immunosuppressive drugs, including calcineurin inhibitors, might have a 

distinct effect on Treg cells. However the detailed modes of action are still largely undefined. 

In particular concerning calcineurin inhibitors, no study has examined the changes on Treg 

cells after in vitro exposure in more detail. 
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4 Aim of the Thesis 

The role of regulatory T (Treg) cells in determining the balance between alloreactivity and 

antiviral immunity in liver transplant recipients is largely undefined. There is limited data on 

phenotype and function of Treg cells in liver transplant recipients in general and for post-

transplant hepatitis C in particular. While the role of Treg cells in modulating alloreactive 

immunity has been characterised in animal models, comprehensive data for humans are 

lacking. Moreover, the influence of immunosuppressive drugs used to prevent rejection after 

liver transplantation is still a matter of debate in recent publications and the specific effects of 

immunosuppressants on Treg cells are not well characterised. 

 

Therefore the main aims of this thesis were to: 

1. perform a comprehensive phenotypical characterisation of Treg cells in liver transplant 

recipients with a particular focus on post transplant hepatitis C, in order to determine 

correlates distinguishing: 

1.1. Liver transplanted patients and healthy individuals 

1.2. HCV infected and non-HCV infected liver transplant recipients 

1.3. HCV infected liver transplanted patients and non-transplanted individuals with 

persistent HCV infection 

2. investigate the effects of immunosuppressive drugs on Treg cells in vitro 

3. investigate possible mechanism of how cyclosporin A alters Treg phenotype and function 

 

Conclusively, this study should help optimise existing immunosuppressive regimens. 

Considering Treg properties could help to minimise side effects, avoid graft rejection and 

induce operational tolerance. Moreover, improved understanding of the Treg populations 

would be necessary to translate cellular therapies from bench to bedside guaranteeing patient 

safety. 
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II MATERIALS AND METHODS 

Table 2: Reagents and Media  

10x Dulbecco-PBS (D-PBS) (Gibco, life technologies, CA, USA) 

Bovine Serum Albumin (BSA) (PAA, Pasching, Austria) 

Dimethyl sulfoxide (DMSO) Hybri-Max (Sigma-Aldrich, MO, USA) 

EDTA (Sigma-Aldrich, MO, USA) 

Fetal Calf Serum (FCS) (PAA, Pasching, Austria) 

Ficoll (Bicoll®, Biochrom AG, Merck, Darmstadt, Germany) 

HEPES Buffer (PAA, Pasching, Austria) 

Human AB-serum (Lonza, Basel, Switzerland) 

IL-2 (Proleukin®, Novartis AG, Basel, Switzerland) 

Mercaptoethanol (Gibco, life technologies, CA, USA) 

Sodium pyruvate (PAA, Pasching, Austria) 

Non-essential amino acids (PAA, Pasching, Austria) 

Penicillin/Streptomycin (Biochrom AG, Merck, Darmstadt, Germany) 

RPMI 1640 Glutamax (Gibco, life technologies, CA, USA) 

Sodium Azide solution (Sigma-Aldrich, MO, USA) 

X-Vivo-20 (Lonza, Basel, Switzerland) 
 

Table 3: Material  

15ml and 50ml tubes (Sarstedt, Nümbrecht, Germany) 

6 well, 12 well, 24 well and 96 well plates (Sarstedt, Nümbrecht, Germany) 

FACS tubes (BD Falcon™, Becton, Dickinson and Company, NJ, USA) 
 

Table 4: Kits 

Cell Trace™ CFSE Cell Proliferation Kit (life technologies, CA, USA) 

CD4
+
 T Cell Isolation Kit II (Miltenyi, CA, USA) 
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Dynabeads Human T-activator CD3/CD28 (Invitrogen, life technologies, CA, USA) 

Treg Suppression Inspector (Miltenyi, CA, USA) 

Human FoxP3 Buffer Set (BD Bioscience, NJ, USA) 
 

Table 5: Buffer and Media 

Denomination Components 

 
 

D-PBS (1x) 
Diluted from 10x D-PBS with millipore 

water (filtrated and deionised water),  

pH 7.2 

 
 

FACS Buffer 
2% FCS 

0.05% Sodium Azide solution 

in D-PBS 

 
 

MACS Buffer 
0.5% BSA solution 

2 mM EDTA 

in D-PBS 

 
 

Erythrocyte lysis buffer 
155 mM Ammonium chloride 

10 mM Potassium hydrogen carbonate 

1 mM EDTA 

 
 

Freezing medium 
10% DMSO 

30% RPMI-1640 Glutamax 

60% FCS 

 
 

Complete RPMI (cRPMI) for cell culture 
10% human AB-serum 

1% non essential amino acids 
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1% Sodium pyruvate 

5mM HEPES Buffer 

1% Penicillin/Streptomycin 

5 U/ml IL-2 

in RPMI 1640 Glutamax 

 
 

Treg expansion medium 
10% human AB-serum 

1% non essential amino acids 

1% Sodium pyruvate 

5mM HEPES Buffer 

1% Penicillin/Streptomycin 

50 µm Mercaptoethanol 

500 U/ml IL-2 

in RPMI 1640 Glutamax or X Vivo 20 

 
 

Treg resting medium 
Prepared like Treg expansion medium but 

with 100 U/ml IL-2 

Effector T cell resting medium 
Prepared like cRPMI but with 10 U/ml  

IL-2 

 

Table 6: Immunosuppressive drugs  

Immunosuppressive drug Company 

Cyclosporin A Sandimmune®, Novartis, Basel, Switzerland 

Tacrolimus (FK-506 monohydrate) Sigma Aldrich, MO, USA 

Everolimus Novartis, Basel, Switzerland 

Mycophenolat Mofetil (MMF) 
Santa Cruz Biotechnology, Inc. Santa Cruz, 

CA, USA 

Prednisolone Sigma Aldrich, MO, USA 
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Table 7: Other substances  

Substance Company 

NIM811 Novartis, Basel, Switzerland 



MATERIALS AND METHODS 29 

 

Table 8: List of monoclonal antibodies used.  

If not stated otherwise antibodies were purchased from BD Biosciences (NJ, USA).  

Fluorochrome Marker Clone Company 

FITC CD278 (ICOS) ISA-3 eBioscience 

 HLA DR G46-6  

 CD62L DREG-56  

    

Alexa Fluor 488 FoxP3 259D/C7  

    

PE CD25 (IL-2Rα) M-A251  

 FoxP3 259D/C7  

 CD152 (CTLA-4) BNI3  

    

PE-Cy5 CD8 RPA-T8  

 CD19 HIB19  

 CD56 B159  

    

PerCP-Cy5.5 CD127 (IL-7Rα) HIL-7R-M21  

 CD197 (CCR7) 150503  

    

PE-Cy7 CD25 M-A251  

 CD14 M5E5  

    

APC CD152 (CTLA-4) BNI3  

 LAP-TGF-β (LAP) 27232 R&D 

 CD45RA HI100  
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Table 8 (continuation): List of monoclonal antibodies used. 

Fluorochrome Marker Clone Company 

AlexaFluor 647 FoxP3 259D/C7  

 CD127 HIL-7R-M21  

    

APC-H7 CD4 RPA-T4  

    

V450 CD45RA HI100  

    

Biotin CD197 (CCR7) 3D12  

 CD39 A1 Biolegend 
 

 

Table 9: Conjugates 

Fluorochrome  Binding agent Clone Company 

    

PE-TR Streptavidin - BD Biosciences 

    

V405 Streptavidin - Invitrogen 
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1 Isolation, cryopreservation and thawing of PBMC  

Isolation and cryopreservation of PBMCs 

Peripheral blood mononuclear cells (PBMC) were isolated using Ficoll density gradient. 25 

ml of blood from either patients or healthy donors were poured into a 50 ml tube and D-PBS 

was added to a final volume of 35 ml. 15 ml of Ficoll was filled into a new 50 ml tube, on top 

of this Ficoll the blood/D-PBS mixture was carefully overlaid.  The separation of the PBMCs 

is obtained after a 15 minute centrifugation at a rcf of 1000g without brake. After 

centrifugation the lymphocyte layer (PBMC interphase) appeared between the plasma and the 

Ficoll (Figure 6). This PBMCs interphase is transferred to a new tube and washed with D-

PBS (5 minutes, 800g). Applying 10 ml of red blood cell lysis buffer for 15 minutes lysed 

erythrocytes. Cells were washed again before counting. PBMCs were resuspended in 15-20 x 

10
6
/ml freezing medium and aliquot in cryotubes. Cryotubes were transferred to -80°C 

storage in a freezing container (Mr Frosty, Nalgene, Thermo Fischer Scientific, MA, USA) 

for freezing. After 24 hours the sample tubes were transferred to liquid nitrogen for long time 

storage.  

 

Figure 6: Schematic depiction of PBMCs separation by density gradient centrifugation. An 

enriched layer of PBMCs appears in the interphase between the plasma and the Ficoll polymer.  
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Thawing of PBMCs 

Cells were thawed by putting the cryotube into warm water until they started to defrost. 1ml 

of D-PBS was added dropwise to the tube and the total 2ml were then transferred to a new 15 

ml tube. Slowly (approx. 1 ml/min) additional 9 ml of D-PBS were added before the tube was 

centrifuged at 800g for 5 minutes. The cells were washed twice with D-PBS (5 minutes, 800g) 

and then resuspended in the appropriate buffer or cell culture medium.  
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Figure 7: Representative gating strategy for characterisation of Treg cells. A) Lymphocytes were 

gated based on their FSC-A/SSC-A location (not shown). Afterwards CD4
+
 and CD25

high
 were gated. 

On CD4
+
CD25

high
 cells three different Treg gating strategies were applied (CD127

-
, FoxP3

+
 or CD127

-
 

and FoxP3
+
). B) Gating of different markers analysed on Treg cells: CD45RA, CD62L, CCR7, CD39, 

CD49d, ICOS, CTLA-4, LAP-TGFβ and HLA-DR. 
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Figure 8: Gating strategy for myeloid-derived suppressor cells (MDSCs). Monocytes were gated 

based on their FSC-A/SSC-A location and within the monocytes, MDSCs were stained as CD14+ and 

HLA-DR
low

 according to (Hoechst et al., 2008).  

3 Kinetic/incubation of cells with drugs 

Depending of the stage of the experiment, whole PBMCs, sorted CD4
+
 cells or sorted 

CD4
+
CD25

+
CD127

-
 Treg cells were plated in a 96 well plate at a concentration of 0.3-0.5 x 

10
6
/well. These cells were incubated with cRPMI to which immunosuppressive drugs at 

different concentrations were added. These cells were then kept in the incubator at 37°C and 

5% CO2 for 6, 12, 16, 24 and 48 hours. After that period of time, the cells were centrifuged at 

800xg, washed once with FACS Buffer and stained for CD4, CD25, FoxP3, LAP-TGFβ	  and	  

CTLA-‐4.	   CD8,	   CD19	   and	   CD56	   were	   stained	   as	   well	   to	   exclude	   non-‐CD4+	   cells	   in	   the	  

gating.	  Staining	  was	  performed	  for	  15	  minutes	   in	   the	  dark	  at	  4°C.	  Afterwards	   the	  cells	  

were	   washed	   twice,	   resuspended	   in	   150	   µl	   FACS	   Buffer	   and	   measured	   on a 

FACSCanto™. 

4 Cell isolation 

4.1 CD4
+
 negative magnetic isolation using Miltenyi CD4

+
 T Cell Isolation Kit II 

Cells were washed with MACS Buffer and then centrifuged for 10 minutes at 300xg. The 

pellet was resuspended in MACS Buffer and biotin conjugated antibodies mix (containing 

anti-biotin conjugated monoclonal antibodies against CD8, CD14, CD15, CD16, CD19, 

CD36, CD123, TCRγ/δ and CD235a). Volumes were adjusted to 40 µl MACS buffer and 10 

µl Antibody Mix per 10
7
 total cells. After 10 minutes incubation at 4°C another 30 µl buffer 
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per 10
7
 cells was added. 20 µl of anti-biotin MicroBeads were added and incubated for 15 

minutes.  

The cells were washed with 2 ml MACS Buffer and centrifuged for 10 minutes at 300xg and 

afterwards adjusted to 500 µl of MACS buffer. Cells were isolated through LS Columns. The 

LS Columns were prepared by rinsing three times with 3 ml of buffer. The cell suspension 

was then applied on the column and the eluent was collected on a 15ml tube. The column was 

washed additional three times with 3ml to ensure higher yield. The pass through contained the 

isolated CD4 fraction. Purity after CD4
+
 negative sorting was ≥	 80% (Figure 9a).  

4.2 FACS sorting 

Cells were stained with antibody labelled fluorochrome against CD4, CD25 and CD45RA. 

The isolation of CD4
+
CD25

hi
CD45RA

+
 Treg cells and CD4

+
CD25

-
 effector T cells was 

performed by flow cytometric cell sorting using a BD FACSAria™ (BD Biosciences, NJ, 

USA), a MoFlo or XDP Cell Separator (Beckman Coulter, CA, USA). This was performed at 

the cell sorting facility of the Hannover Medical School. The isolation always yielded a purity 

of ≥ 95% (Figure 9b). 

 

Figure 9: Flow cytometry staining after sorting. A) Percentage of CD4
+
 cells after negative 

magnetic isolation using Miltenyi CD4
+
 T Cell Isolation Kit II. B) Reanalysis on sorted sample 

performed by FACSAria™. Percentage of CD4
+
, CD25

+
 and CD45RA

+
 cells is shown. 
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5 CFSE staining of CD4
+
CD25

-
 cells 

Through the dye labelling with CFSE (5(6)-Carboxyfluorescein diacetate N-succinimidyl) the 

proliferation of cells can be analysed (Lyons and Parish, 1994). CFSE binds to the cell 

membrane and is equally divided between daughter cells, hereby allowing a clear 

visualisation of the cycles of division (Figure 10). 

Counted CD4
+
CD25

-
 cells were washed with D-PBS containing 0.2% BSA. These cells (up to 

10
7
) were resuspended in 1 ml of a 4 µM CFSE solution. Under constant shaking the cells 

were warmed in a water bath at 37°C for 8 minutes (light protected). The dyeing reaction was 

stopped by adding 2 ml of cold FCS and incubated on ice for 5 minutes. The cell suspension 

was washed 3 times with D-PBS at 800g for 5 minutes. After counting, cells were 

resuspended in the pertinent medium.  

 

Figure 10: Exemplary graph of Carboxyfluorescein diacetate N-succinimidyl (CFSE) stained 

populations. The fluorescence histogram of CFSE shows three different population: a population 

without stimulation hence without proliferation (purple), a population that has been stimulated with 

CD3/CD28 beads for 5 days (blue) and a cell population that has not been labelled with CFSE dye 

(green).  

6 Expansion of Treg cells 

A minimum of 100 ml blood was obtained from healthy donors. After PBMCs isolation Treg 

cells were sorted as previously described (see section 4). Briefly, CD4
+
 cells were isolated 

using the CD4
+
 T Cell Isolation Kit II.  To obtain CD4

+
CD25

hi
CD45RA

+
 cells, after CD4

+
 

isolation T cells were stained with following antibodies: CD4, CD25 and CD45-RA. The 
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8 Microarray Genome Analysis 

For an Agilent Genomics analysis, Treg cells were sorted on a flow cytometric sorter after a 

Treg suppression assay. Treg cells were incubated prior to the sort with effector T cells 

labelled with CFSE or with only with cRPMI and no effector T cells. The isolation of Treg 

cells proceeded as CFSE
-
 cells. The following steps were performed by the Genome Analysis 

facility of the Helmholtz Center for Infectious Diseases (HZI). Briefly, RNA was isolated 

from the Treg cells and tested for quality and integrity on an Agilent Bioanalyser (Agilent 

Technologies, Waldbronn, Germany). After messenger RNA (mRNA) was extracted, 

complementary DNA (cDNA) was prepared from the mRNA. This cDNA was processed to 

prepare cRNA that is fluorescently labelled and hybridized using an Agilent whole genome 

and incubated 17 hours at 65°C. Afterwards it was washed and read using an Agilent C 

Scanner with the Agilent’s Scan Control Software, version A.8.4.1. Data was background 

corrected and normalized. 

9 Statistical Analysis 

Statistical analysis was performed using Prism-Graph Pad Software for Macintosh (CA, 

USA). Data sets were tested for normal distribution with the D’Agostino and Pearson 

omnibus test or with the Shapiro-Wilk test if the sample size was smaller than 20.  

Homogeneity of variances (homoscedasticity) was analysed with the F-test or the Bartlett´s 

test. The tests used were t-test and ANOVA whenever parametrical testing applied (normal 

distribution and homoscedasticity) and Mann-Whitney test and Kruskal-Wallis test if the data 

set had to be analysed with non-parametrical test. p ≤ 0.05 was considered significant. 

Statistically significant differences are marked by *= p≤ 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001. 

Principal component analysis (PCA) is an analysis tool that resolves a multidimensional data 

set by identifying key variables (Jolliffe, 2002). PCA was performed using Qlucore Omics 

Explorer, Version 2.2 (Qlucore AB, Lund, Sweden).  
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10 Patient cohort 

The study was approved by the MHH ethical commission (record number 930-2011) and all 

patients gave written informed consent to participate in the study. The informed consent 

template used is included in the Appendix. Detailed information about patients and healthy 

controls is summarized in Table 12 to Table 15 in the Results chapter of this thesis.  
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III RESULTS 

1 Characterisation of regulatory T cells in liver transplanted patients 

Treg cells and myeloid derived suppressor cells (MDSCs) were extensively phenotypically 

characterized in order to better define their role and function in the context of liver 

transplantation with a particular focus on patients infected with hepatitis C.  

Three separate panels with four parameters defining Treg cells (CD4, CD25high and CD127- 

or FoxP3) were applied for each sample in addition to HLA-DR, CCR7, CD45RA, CD62L, 

CD49d, CD39, ICOS and LAP-TGFβ stainings. The different panels are depicted in Table 11. 

Panel A) and B) included intracellular staining while panel C) was performed only for surface 

markers. 

Table 11: Staining panels applied for phenotyping of Treg cells.  

Three different staining panels to define Treg cells were applied for each sample.  

 Markers	  

Panel	  A)	   CD4	   CD25	   FoxP3	   ICOS	   CD49d	   LAP-‐TGFβ	   CD39	  

Panel	  B)	   CD4	   CD25	   FoxP3	   CD127	   HLA-‐DR	   CD14	   	  

Panel	  C)	   CD4	   CD25	   	   CD127	   CD62L	   CCR7	   CD45RA	  

	  

As for this study Treg cells were defined as CD4
+
CD25

hi
CD127

-
 as well as 

CD4
+
CD25

hi
FoxP3

+
 the correlation between these two populations needed to be validated. 

The definition of this association, as described by (Liu et al., 2006), was confirmed in this 

cohort (Figure 12). The combination of three different panels led to a very robust 

characterisation of the samples and allowed a high quality control in case of any “outliers”. 

Every staining was rigorously compared to the other two. 
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Figure 12: Comparison between surface and intracellular definition of Treg cells. 

CD4
+
CD25

hi
CD127

-
Treg cells were correlated with CD4

+
CD25

hi
FoxP3

+
 Treg cells (A and B) and 

CD4
+
CD25

hi
FoxP3

+ 
was correlated for two different fluorochromes (C).  When data followed a normal 

distribution a Pearson Correlation was applied, if not a Spearman Correlation was used. N = 102 (A), 

80 (B) and 80 (C) numbers of pairs were tested having been stained for the combinations stated in 

Table 11. 

The aim of this study was to obtain a clearer picture of the frequency and phenotype of Treg 

cells after liver transplantation in particular in the context of HCV infection. For this purpose 

several groups were analysed. These groups included a cohort of liver transplanted (LTx) 

patients (n=83), patients with chronic hepatitis C but without liver transplantation (n=28) and 

healthy controls (n=34). The individual characteristics are described in Table 12	   through	  

Table 15. The liver transplanted individuals were further classified into transplanted patients 

with HCV infection (HCV LTx) (Table 13) and as the control group for this cohort non-HCV 

infected patients were chosen (Table 13). The non-HCV LTx group included individuals 

transplanted because of an HBV infection and alcoholic liver disease. All analyses were 

performed from cells obtained from peripheral blood. 
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Table 12: Demographic and clinical parameters of the complete liver transplant cohort 

	   Mean	  ±	  SD	  (Median)	   	   Range/Percentage	  

Sex	  [m:f]	   	   61:22	   	  

Age	  [years]	   49	  ±	  11	  (51)	   	   18-‐68	  

HCC	   	   42/83	   51%	  

Albumin	  [g/L]	   39	  ±	  7	  (39)	   	   25-‐46	  

ALT	  [IU/L]	   76	  ±	  110	  (32)	   	   8-‐705	  

AST	  [IU/L]	   75	  ±	  113	  (31)	   	   14-‐675	  

Bilirubin	  [µmol/L]	   21	  ±	  33	  (12)	   	   3-‐209	  

Alkaline	  

Phosphatase	  [IU/L]	  

153	  ±	  156	  (94)	  

	  

	   48-‐1028	  

	  

γ-‐GT	  [IU/L]	   168	  ±	  268	  (60)	   	   13-‐1290	  

Creatinine	  [µmol/L]	   101	  ±	  33	  (96)	   	   44-‐192	  

Platelets	  [tsd/µl]	   175	  ±	  93	  (162)	   	   53-‐645	  
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Table 13: Demographic and clinical parameters of the liver transplanted patients 

	   With HCV infection Without HCV infection 	  

	   Mean	  ±	  SD	  

(Median)	  

	   Range/	  

Percentage	  

Mean	  ±	  SD	  

(Median)	  

	   Range/	  

Percentage	  

p	  value	  

Sex	  [m:f]	   	   27:8	   	   	   19:5	   	   	  

Age	  [years|	  

52	  ±	  7	  (52)	  

	   	  
53,8±9	  (56)	  

	  

	   	   	  

HCC	   	   25/35	   71%	   	   12/24	   50%	   	  

HCV	  genotype	  1	   18/22	   	   82%	   	   	   	   	  

HCV	  genotype	  2	   1/22	   	   4,5%	   	   	   	   	  

HCV	  genotype	  3	   1/22	   	   4,5%	   	   	   	   	  

HCV	  genotype	  4	   0	   	   0	  %	   	   	   	   	  

HCV	  genotype	  5	   2/22	   	   9%	   	   	   	   	  

Albumin	  [g/L]	   39	  ±8	  (38)	   	   25-‐46	   39	  ±	  4	  (39)	   	   30-‐44	   0.927	  

ALT	  [IU/L]	   79	  ±	  97	  (50)	   	   16-‐563	   85	  ±	  148	  (23)	   	   8-‐705	   0.868	  

AST	  [IU/L]	   88	  ±	  119	  (44)	   	   23-‐675	   	  55	  ±	  70	  (25)	   	   16-‐340	   0.239	  

Bilirubin	  

[µmol/L]	   22	  ±	  34	  (14)	   	   3-‐209	   15	  ±	  9	  (11)	  

	  

4-‐37	   0.387	  

Alkaline	  

Phosphatase	  

[IU/L]	   149	  ±	  124	  (106)	   	   52-‐570	   169	  ±223	  (84)	  

	  

53-‐1028	   0.687	  

γ-‐GT	  [IU/L]	   206	  ±	  296	  (85)	   	   17-‐1290	   163	  ±	  299	  (49)	   	   14-‐1272	   0.604	  

Creatinine	  

[µmol/L]	   102	  ±	  29	  (97)	   	   44-‐192	   98	  ±	  27	  (97)	  

	  

54-‐179	   0.573	  

Platelets	  [tsd/µl]	   144	  ±	  76	  (121)	   	   53-‐263	   187	  ±102	  (169)	   	   88-‐645	   0.072	  

	  

Table 14: Demographic parameters of the non-transplanted patients with chronic hepatitis C 

infection 

	   Mean	  ±	  SD	  (Median)	   	   Range	  

Sex	  [m:f]	   	   18:10	   	  

Age	  [years|	   55	  ±	  14	  (54)	   	   28-‐85	  

	  

Table 15: Demographic parameters of the healthy individuals 

	   Mean	  ±	  SD	  (Median)	   	   Range	  

Sex	  [m:f]	   	   19:12	   	  

Age	  [years|	   38	  ±	  10	  (37)	   	   22-‐59	  



RESULTS 45 

 

1.1 Regulatory T cells in liver transplanted patients and healthy individuals 

Isolated PBMCs were stained with the antibody panels previously stated (Table 11). When 

comparing LTx patients to healthy donors no differences in their Treg cells frequencies were 

observed (Figure 13). Both groups showed a similar mean value for CD127
-
 as well as for 

FoxP3
+
 Treg cells (Figure 13a and b). In the LTx group a higher variability in the percentage 

of Treg cells was detected. CD127
-
 Treg cells in LTx patients showed a SD of 1.6 and in 

healthy individuals 1.2, FoxP3
+ 

Treg cells presented a SD of 1.1 in LTx patients and 0.7 in 

healthy controls.  

Within the CD4
+
CD25

hi
CD127

-
 population further Treg cell subpopulations were defined. 

These were based on the surface markers CD45RA and CCR7. Four classifications are 

possible: CD45RA
+
CCR7

+
, cells showing a naïve phenotype; CD45RA

-
CCR7

+
 for a memory 

phenotype; CD45RA-CCR7- being an effector phenotype and CD45RA+CCR7- showing 

effector phenotype while still being positive for CD45RA (TEMRA), (Sallusto et al., 2004). 

LTx patients and healthy donors presented a similar distribution and frequency of Treg 

subpopulations (Figure 13c).  Other surface markers such as CD62L can also define the 

maturation status of a T cell. In a haematopoietic setting CD45RA+CD62L+ naïve Treg cells 

were associated with a low risk of transplant rejection (Lu et al., 2011a). To investigate their 

possible role in liver transplantation, naïve CD45RA+CD62L+ Treg cells were also analysed. 

However, no differences in naïve CD45RA+CD62L+ Treg cells were observed between LTx 

patients and healthy controls (mean value ± SD for LTx and healthy individuals were 

respectively 8.5% ± 8.1 and 12.5% ± 15.7). HLA-DR+ Treg cells have been described as a 

functionally distinct population with high suppressive effect that might play a role in the 

context of organ rejection (Baecher-Allan et al., 2006; Schaier et al., 2013). When comparing 

the percentage of HLA-DR+ Treg cells in the LTx patients versus the healthy individuals, 

again no difference was observed. LTx patients presented a value of 24.5% ± 11.3 and healthy 

individuals 24% ± 10.1 of HLA-DR+ Treg cells (Figure 13e). Additionally the absence of 

CD49d on Treg cells was analysed. Previous publications showed that CD49d- Treg were free 

of contaminating activated T cells and resulted in purer populations of FoxP3+ Treg cells 

(Kleinewietfeld et al., 2009). However, their suppressive capacity is still under debate with 

some results showing lower (Ukena et al., 2011) and others a highly suppressive (Wu et al., 

2013) capacity in vitro. LTx patients showed a lower frequency of CD49d
-
 Treg cells 

compared to healthy donors (Figure 13f).  
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Thus, overall Treg cells showed a similar frequency and phenotype in patients that had 

undergone liver transplantation compared to healthy subjects, suggesting a lack of major 

disturbance of the Treg population in liver transplant recipients.  

 

Figure 13: Comparison of Treg cells in LTx patients and healthy individuals. Percentage of Treg 

cells stained with A) surface markers as CD4
+
CD25

hi
CD127

-
 and B) intracellular markers as 

CD4
+
CD25

hi
FoxP3

+
 comparing samples from LTx patients and healthy individuals. On Treg cells 

(gated as CD4
+
CD25

hi
CD127

-
) different subpopulations according to C) a CCR7/CD45RA 

classification and D) CD45RA
+
CD62L

+
 naïve Treg cells were compared between the two groups. On 

Treg cells (gated as CD4
+
CD25

hi
FoxP3

+
) percentage of E) HLA-DR+ and F) CD49d

- 
in LTx patients 

and healthy controls are shown. Unpaired t-test performed. Scatter plots showing mean ± SD. 
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1.2 Regulatory T cells in HCV infected LTx patients and non-HCV infected LTx patients 

Natural history of hepatitis C after transplantation is worse compared to other liver transplant 

recipients (Rubin et al., 2011). The new allograft becomes HCV re-infected within minutes of 

reperfusion (Garcia-Retortillo et al., 2002) and disease progression takes place at a much 

faster pace than in chronic pre-transplant patients. Therefore it was one main aim to compare 

HCV LTx to another liver transplant cohort in order to identify possible differences due to the 

active HCV infection. For this, a stable cohort of liver graft recipients with no severe infection 

or biliary complication was chosen. This cohort included patients transplanted for cirrhosis 

due to HBV infection and alcoholic liver disease (from hereon labelled as non-HCV LTx). 

The frequency of Treg cells between HCV LTx and non-HCV LTx did not differ 

significantly. No differences in the percentage of CD4
+
CD25

hi
CD127

- 
Treg cells were found 

in HCV LTx in comparison to non-HCV LTx patients (Figure 14a). The spread and mean of 

Treg cell percentage were similar in both groups: 3.2% ± 2 for HCV LTx and 2.5% ± 1.2 for 

non-HCV LTx, p=0.1. When staining for CD4
+
CD25

hi
FoxP3

+
 Treg cells the mean values 

were 2.2% ± 1 (HCV LTx) and 2.4% ± 1 (non-HCV LTx), p=0.5 (Figure 14b).  

Treg subpopulations in HCV LTx showed a lower percentage of naïve-like Treg cells, gated 

as CD45RA
+
CCR7

+
 but not as CD45RA

+
CD62L

+
 (Figure 14c and d). HCV LTx samples also 

had fewer Treg cells with a memory phenotype (defined as CD45RA
-
CCR7

+
) than non-HCV 

LTx patients (p=0.09). Treg cells that showed an effector phenotype (CD45RA
-
CCR7

-
) were 

present at a higher percentage in the HCV LTx group. No differences could be found when 

comparing the percentage of HLA-DR
+
 Treg cells or of CD49d

-
 Treg cells in HCV LTx 

versus non-HCV LTx (Figure 14e and f).  

In summary, no difference in the overall frequency of Treg cells could be observed between 

LTx patients with a persistent HCV infection compared to those without. Nevertheless, 

distinct subpopulations of Treg cells showed a different distribution between the two groups: 

while a naïve and memory phenotype were found at lower frequencies in the HCV LTx 

patients, these showed a significantly increased frequency of effector-like Treg cells. 
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Figure 14: Comparison of Treg cells in HCV LTx patients and non-HCV LTx patients. 

Percentage of Treg cells stained with A) surface markers as CD4
+
CD25

hi
CD127

-
 and B) intracellular 

markers as CD4
+
CD25

hi
FoxP3

+
 comparing samples from HCV LTx and non-HCV LTx patients. On 

Treg cells (gated as CD4
+
CD25

hi
CD127

-
) different subpopulations according to C) a CCR7/CD45RA 

classification and D) CD45RA
+
CD62L

+
 naïve Treg cells were compared between the two groups. On 

Treg cells (gated as CD4
+
CD25

hi
FoxP3

+
) percentage of E) HLA-DR+ and F) CD49d

- 
in HCV LTx and 

non-HCV LTx patients are shown. Unpaired t-test performed. Statistically significant differences are 

marked by * = p ≤ 0.05. Scatter plots showing mean ± SD.  
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1.3 Regulatory T cells in HCV infected LTx patients and non-transplanted patients with a 

chronic hepatitis C 

In order to study Treg cell frequency and phenotype of HCV LTx patients and be able to 

distinguish the influence of the virus versus alloreactivity of the immune system, HCV LTx 

and non-transplanted patients with chronic hepatitis C were compared.  

Treg cell frequencies based on the CD4
+
CD25

hi
CD127

-
 definition were significantly lower in 

HCV LTx samples compared to chronic hepatitis C patients (Figure 15a). This difference 

could no longer be observed when comparing the frequency of CD4
+
CD25

hi
FoxP3

+
 Treg cells 

(Figure 15b). When combining both definitions and analysing CD127
-
 and FoxP3

+
 Treg cells, 

chronic hepatitis C samples also showed higher Treg cell numbers than HCV LTx (p=0.07). 

The differences between these two groups were most clear when analysing the different 

subpopulations of Treg cells using CD45RA and CCR7. HCV LTx patients not only had 

lower numbers of Treg cells but also a lower percentage of Treg cells showing a naïve 

phenotype (CD45RA
+
CCR7

+
) compared to chronic hepatitis C patients (Figure 15c). This 

reduced percentage in HCV LTx was observed in CD45RA
+
CCR7

+
 and CD45RA

+
CD62L

+
 

Treg cells. Likewise, Treg cells with a memory phenotype (CD45RA
-
CCR7

+
) were lower in 

HCV LTx patients compared to non-transplanted chronic hepatitis C patients. Effector 

memory CD45RA
-
CCR7

-
 Treg cells were significantly increased in HCV LTx patients 

compared to chronic hepatitis C patients. No difference could be observed between both 

groups when analysing HLA-DR
+
 Treg cells (Figure 15e).  

The lack of the CD49d marker on Treg cells had been shown to define purer Treg cell 

populations. In line with the findings on Treg cell frequency (Figure 15a), LTx HCV patients 

had lower percentages of CD49d
-
 Treg cells compared to non-transplanted chronic hepatitis C 

patients (Figure 15f).  

Summarising the differences, HCV LTx patients showed a lower percentage of Treg cells 

than non-transplanted individuals persistently infected with HCV, both as 

CD4
+
CD25

hi
CD127

-
 and CD4

+
CD25

hi
FoxP3

+
CD49d

-
 Treg cells. The Treg cells from HCV 

LTx showed a lower percentage of Treg naïve- and memory-like Treg cells and a higher 

percentage of effector-like Treg cells.  
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Figure 15: Comparison of Treg cells in HCV LTx and non-transplanted chronic hepatitis C 

patients. Percentage of Treg cells stained with A) surface markers as CD4
+
CD25

hi
CD127

-
 and B) 

intracellular markers as CD4
+
CD25

hi
FoxP3

+
 comparing samples from HCV LTx and patients with 

chronic hepatitis C (HCV chr). On Treg cells (gated as CD4
+
CD25

hi
CD127

-
) different subpopulations 

according to C) a CCR7/CD45RA classification and D) CD45RA
+
CD62L

+
 naïve Treg cells were 

compared between the two groups. On Treg cells (gated as CD4
+
CD25

hi
FoxP3

+
) percentage of E) 

HLA-DR+ and F) CD49d
- 
in HCV LTx and HCV chr are shown. Groups compared using a Mann-

Whitney test in A) and D) and an unpaired t-test in B), C), E) and F). Statistically significant 

differences are marked by ** = p ≤ 0.01, *** = p ≤ 0.001. 
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1.4 Distribution of functional parameters on Treg cells between healthy, HCV LTx, non-

HCV LTx and chronic hepatitis C patients 

Treg cells assert their suppressive capacity through different mechanisms. In this study ICOS, 

LAP-TGFβ and CD39 were analysed and quantified by flow cytometry. It has been shown 

that ICOS, LAP-TGFβ and CD39 (Borsellino et al., 2007; Josefowicz et al., 2012; Ukena et 

al., 2011) play a vital role in Treg cell mediated suppression. These markers on their own did 

not show much power of differentiation between the different groups. Figure 16 shows the 

distribution of Treg cells that were positive for CD39, ICOS and LAP-TGFβ in the four 

analysed groups (healthy individuals, HCV LTx, non-HCV LTx and non-transplanted chronic 

hepatitis C patients). No difference or pattern could be observed. 

 

Figure 16: Comparison of functional markers on Treg cells between healthy, LTx, HCV LTx, 

non-HCV LTx and non-transplanted chronic hepatitis C patients. Treg cells were defined as 

CD4
+
CD25

hi
FoxP3

+
 cells. Percentage of A) positive CD39

+
 cells, B) positive ICOS

+
 cells and C) 

positive LAP-TGFβ
+
 Treg cells were analysed in healthy controls (n=29), HCV LTx (n=37), non-

HCV LTx (n=30) and chronic hepatitis C (HCV chr) patients (n=28). Scatter plot showing mean ± SD.  

 

Multi-parameter analysis was performed grouping single positive subsets using a Boolean 

analysis. The groups were ranked according to the amount of functional parameters present on 

their Treg cells. This classification revealed that most of the Treg cells of healthy donors were 
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positive for no (64%), or only one (27%) functional marker (Figure 17). The percentages of 

Treg cells positive for 2 or 3 functional parameters were less than 10%.  In contrast, the 

grouped functional parameters of all LTx patients (not depicted in Figure 17), showed 5% of 

Treg cells that were positive for all three parameters, 7% were positive for 2 parameters and 

64% and 24% Treg cells showed expression of respectively one or no functional marker. To 

further define this LTx cohort and exclude potentially unstable LTx patients, HCV LTx and 

non-HCV LTx individuals were analysed closer. HCV LTx patients showed a different 

distribution of functional markers than non-HCV LTx. HCV LTx patients had a high 

percentage of Treg cells positive for one of the functional parameters. Furthermore, the 

distribution was wider with a similar percentage of Treg cells presenting 2 or no functional 

marker. In contrast, 78% of all Treg cells of non-HCV LTx patients were positive for none of 

the tested functional marker. HCV LTx and chronic hepatitis C patients showed a very similar 

expression pattern of functional markers on Treg cells. On both groups most of the Treg cells 

were positive for one or two functional marker. Of note, healthy individuals and chronic 

hepatitis C patients had almost no Treg cells that were positive for 3 functional markers. 

In summary, grouped together in a multi-parameter analysis as a surrogate of functionality, 

ICOS, LAP-TGFβ and CD39 were able to categorize the analysed groups. This classification 

revealed similarities between the HCV LTx and the non-transplanted chronic hepatitis C 

group regarding the distribution of their functional markers on Treg cells. To the same extent, 

Treg cells of healthy individuals and non-HCV LTx showed functional similitudes. In 

consequence, this data might suggest that HCV infection, but not transplantation, is associated 

with multifunctional Treg cells.  
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Figure 17: Multi-parameter analysis of Treg cells in healthy, HCV LTx, non-HCV LTx and non-

transplanted chronic hepatitis C patients. ICOS
+
, LAP-TGFβ

+
 and CD39

+
 cells on 

CD4
+
CD25

hi
FoxP3

+
 Treg cells were grouped and percentage of Treg cell expressing none (0 

parameters), 1, 2 or all 3 of the markers is shown. Groups shown display healthy individuals (n=30), 

non-HCV LTx patients (n= 30), HCV LTx patients (n=40) and samples from individuals chronically 

infected with HCV but without a liver transplantation (n=28).  

1.5 Myeloid derived suppressive cells in healthy, HCV LTx, non-HCV LTx and non-

transplanted chronic hepatitis C patients 

HCV LTx patients showed a reduced percentage of Treg cells (Figure 15a and f).  A possible 

explanation for this reduction could be a decreased number of myeloid derived suppressive 

cells (MDSCs). Hoechst et al. showed that MDSCs, cells with immunoregulatory properties 

as well, can induce Treg cells (Hoechst et al., 2008). They characterized these cells as 

CD14
+
HLA-DR

low
 cells. In this study indeed, HCV LTx had a reduced percentage of MDSCs. 

The percentage of MDSCs in HCV LTx was lower than in healthy (p=0.14) and non-

transplanted patients with chronic hepatitis C (p=0.07).  Healthy subjects had a higher 

percentage of MDSCs than LTx patients. There was no difference between the percentage of 

MDSCs in HCV LTx and non-HCV LTx. Also non-HCV LTx had reduced MDSCs compared 

to chronic hepatitis C patients (Figure 18). 
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Figure 18: Comparison between the percentages of MDSCs in healthy, LTx, HCV LTx, non-

HCV LTx and non-transplanted chronic hepatitis C patients. MDSCs were gated as CD14
+
HLA-

DR
low

. One Way ANOVA test was performed to compare the different groups. Statistically significant 

differences are marked by * = p ≤ 0.05, ** = p ≤ 0.01. Non-marked comparisons were not statistically 

significant. Scatter plot showing mean ± SD. 
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1.6 Treg cells in HCV LTx over time after transplantation 

Treg cells can play a vital role in limiting the damage that the immune system causes in the 

new liver in an attempt to control HCV infection (Claassen et al., 2010) . In order to 

understand the influence of Treg cells post transplant, HCV LTx patients were classified in 

three groups. Group 1 comprised HCV LTx patients right after transplantation until the first 6 

months, group 2 included HCV LTx individuals between 7 and 15 months post-transplant. 

This time frame was chosen because, even though the hepatitis C virus is present from day 

one after transplantation, a hepatitis reinfection usually occurs after the first six months post-

liver transplantation. Finally, the last group covered HCV LTx patients at least 16 months 

after transplantation (Figure 19).  

In this cohort no changes in the frequency of Treg cells after transplantation were observed 

(Figure 19a and b). HLA-DR
+
 Treg cells, a distinct and highly suppressive population, 

showed an increase over time in HCV LTx patients (Figure 19c) with a Pearson r=0.41 and 

p<0.01. The CD49d
-
 Treg population did not show any tendency towards an increase or 

decline over time after liver transplantation (Figure 19d). Also none of the Treg cell 

subpopulations previously analysed showed any change after transplantation. No trend could 

be seen when analysing Treg cells with naïve (Figure 19e), memory (Figure 19f) or effector 

phenotype (Figure 19g). MDSCs showed a tendency to increase over time, but did not reach 

significance. A similar result was observed with activated CD4
+
CD25

+
CD127

+ 
T cells, a 

slight increase was observed of over time after liver transplantation (Figure 19m), but the 

increase failed to reach significance (p=0.1). None of the additional functional markers CD39, 

ICOS and LAP-TGFβ on Treg cells changed after transplantation (Figure 19i, k and m).  

Hence, Treg cells frequency did not change over time in HCV LTx patients. Also, none of the 

Treg markers or MDSCs showed any difference over time after transplantation. The only 

exception to this was the suppressive HLA-DR
+
 Treg population, which increased over time 

in HCV LTx patients.  



RESULTS 56 

 

 

Figure 19: Treg cell frequency and Treg cell markers after transplantation in HCV LTX 

patients. HCV LTx patients were grouped in 3 categories depending on the time after transplantation. 

Group 1: 1-6 months, group 2: 7-15 months and group 3: more than 16 months after transplantation. 

Shown are percentage of A) CD4
+
CD25

hi
127

-
 Treg cells, B) CD4

+
CD25

hi
FoxP3

+
 Treg cells, C) HLA-

DR
+
 Treg cells, D) CD49d

-
 Treg cells, E) Treg cells with a naïve phenotype (CD45RA

+
CCR7

+
), F) 

Treg cells with a memory phenotype: (CD45RA
-
CCR7

+
), G) Treg cells with an effector phenotype 

(CD45RA
-
CCR7

-
), H) MDSCs, I) CD39

+
 Treg cells, K) ICOS

+
 Treg cells, L) LAP-TGFβ

+
 Treg cells 

and M) activated T cells gated as CD4
+
CD25

+
CD127

+
. Non-marked comparisons did not show 

significant correlation. Scatter plot showing mean values. 

1.7 Principal component analysis of immunological parameters of healthy, LTx, HCV 

LTx, non-HCV LTx and non-transplanted chronic hepatitis C patients 

Principal component analysis (PCA) is a mathematical transformation that can reduce the 

dimensions of large data sets and graph the variability of the data (Jolliffe, 2002). It allows the 

determination of key variables and relationships between the groups analysed. Here, 

previously compared groups were re-analysed by PCA including all the immunological 

parameters described before (namely CD4, CD14, CD25, CD127, FoxP3, CD45RA, CCR7, 

CD62L, HLA-DR, CD49d, CD39, ICOS and LAP-TGFβ) and clinical data obtained from the 
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Table 18: Variables that differed significantly between non-transplanted patients with chronic 

hepatitis C and HCV LTx patients. PCA analysis revealed following variables to differentiate 

between the two groups. Variable, p-value and q-value shown (q describes the likelihood of the 

finding to be a false positive). 

VARIABLE	   p-value	   q-value	  

INR	  [-‐]	   6.3	  x	  10-‐18	   4.1	  x	  10-‐16	  

Thrombocytes	  [103/µl]	   1.2	  x	  10-‐06	   2.0	  x	  10-‐05	  

CD62L+	  Treg	  cells	  [%]	   2.0	  x	  10-‐06	   2.6	  x	  10-‐05	  

CD49d-‐	  Treg	  cells	  [%]	   6.7	  x	  10-‐06	   7.4	  x	  10-‐05	  

CD62L+CD45RA+	  Treg	  cells	  [%]	   5.7	  x	  10-‐05	   4.0	  x	  10-‐04	  

CD39+ICOS-‐LAP-‐TGFβ+	  Treg	  cells	  [%]	   0.5	  x	  10-‐03	   3.9	  x	  10-‐03	  

CD45RA-‐CCR7-‐	  Treg	  cells	  [%]	   1.5	  x	  10-‐03	   8.5	  x	  10-‐03	  

CD4+CD25hiCD127high	  of	  CD4	  [%]	   2.1	  x	  10-‐03	   1.0	  x	  10-‐02	  
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2 Effect of immunosuppressive drugs in vitro on Treg cells 

In order to better understand how immunosuppressive drugs affect Treg cells, their phenotype 

was characterised in an in vitro system. Therefore, whole PBMCs from healthy individuals 

were thawed and plated at a concentration of 0.3-0.5 x 10
6
 cells/well. These cells were 

incubated with a variety of immunosuppressive drugs and their controls. Table 19 illustrates 

the drugs and concentration used. Cells from healthy controls were used in order to avoid any 

influence of an underlying disease on the immune cells and make results as comparable as 

possible.  

Table 19: List of components used for the in vitro incubation assay. Different drugs were used in 

the concentrations indicated. In addition, the compounds in which drugs were dissolved served as 

controls.  

Compound	   Function	   Concentration	  

cRPMI	   Control	   Not	  applicable	  

Ethanol	   Control	   1	  mg/ml	  

DMSO	   Control	   20	  µg/ml	  

Cyclosporin	  A	  (CsA)	   Calcineurin	  inhibitor	   0.1	  –	  200	  µg/ml	  

Tacrolimus	   Calcineurin	  inhibitor	   0.5	  –	  500	  µg/ml	  

Everolimus	   mTOR	  inhibitor	  	   0.1	  –	  10	  µg/ml	  

Mycophenolate	  mofetil	  

(MMF)	   Purine	  synthesis	  inhibitor	   100	  –	  1000	  µg/ml	  

Prednisolone	   Corticosteroid	   10	  –	  1000	  µg/ml	  

 

2.1 Effect of Prednisolone, Everolimus and MMF on Treg cells 

PBMCs were incubated with prednisolone, everolimus or MMF for 6, 24 and 48 hours hours 

and then analysed with flow cytometry. The cells received different doses of the 

immunosuppressive drugs. Treg cells were gated as CD4
+
CD25

hi
FoxP3

+
 and analysed for 

Treg cell frequency and percentage of CTLA-4 and LAP-TGFβ positive cells. None of the 

three drugs analysed induced a significant change in Treg frequency. There was also no effect 

on the expression of CTLA-4 and LAP-TGFβ on Treg cells. PBMCs were analysed over three 
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different time points (6, 24 and 48 hours) but no major influence of time was observed. These 

time points were chosen to record early changes and be able to pinpoint the kinetic of 

potential changes. As a control PBMCs were also kept between 6 and 48 hours with ethanol 

and DMSO. These experiments showed that these substances did not interfere with the 

regulatory phenotype.  

Additionally, all cells incubated with immunosuppressive drugs were also incubated with 

cRPMI alone. This served as a control reference to subtract the effect that in vitro culture 

could have on the expression of markers on the cells and distinguish it from the effect of the 

immunosuppressant.  

As none of the drugs described had any effect on the Treg cell markers analysed, no further 

experiments were performed with prednisolone, everolimus or MMF.  

2.2 Effect of Calcineurin inhibitors on Treg cells 

Two calcineurin inhibitors are currently available for their use in organ transplantation: 

cyclosporin A and tacrolimus. Both inhibit calcineurin and thereby prevent the 

phosphorylation of the nuclear factor of activated T-cells (NFAT). Activated NFAT would 

delocalise to the nucleus and increase the activity of genes that produce IL-2 and induce 

proliferation.  

2.2.1 Effect of Tacrolimus on Treg cells 

Incubation of PBMCs over different time points (6, 12/16, 24 and 48 hours) with a wide range 

of concentrations of tacrolimus (0.5, 5, 50, 500 µg/ml) did not lead to a significant change in 

phenotype. After 48 hours the percentage of CD4
+
CD25

hi
FoxP3

+
 remained similar after 

incubation with tacrolimus (Figure 22a). No decline of CTLA-4
+
 or of LAP-TGFβ

+
 cells on 

CD4
+
CD25

hi
FoxP3

+
 was observable with different concentrations (Figure 22b and Figure 

22c). Of note, all following flow cytometric analysis on Treg cells were performed gating on 

CD4
+
CD25

hi
FoxP3

+
. 
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Figure 22: Percentage of FoxP3, CTLA-4 and LAP-TGFβ
+
 after incubation with tacrolimus. 

Whole PBMCs were incubated with tacrolimus at different concentrations for 48 hours. Percentage of 

A) CD4
+
CD25

hi
FoxP3

+
 of CD4, B) CTLA

+
 Treg cells and C) LAP-TGFβ

+
 Treg cells. The data was 

pooled from 2 independent experiments, n=6. Mean percentage ± SD shown. 

2.2.2 Effect of Cyclosporin A on Treg cells 

PBMCs were incubated with different concentrations of cyclosporin A (CsA) at different time 

points over the course of 48 hours. After incubation with CsA, a decline in the FoxP3 

expression was observed (Figure 23a). After 6 hours incubation of CsA on bulk PBMCs from 

healthy individuals, the 10 µg/ml CsA concentration did not change the percentage of FoxP3
+
 

Treg cells in the in vitro culture (Figure 23b). Incubation with 100 µg/ml CsA showed a 

decline that was not significant (p=0.08) but was lower than the medium control. During the 

timespan between 12 and 16 hours the FoxP3 phenotype showed no major changes at lower 

concentrations (1 and 10 µg/ml of CsA). FoxP3 expression was significantly reduced after 

incubation with 100 µg/ml (2-fold decrease compared to Medium). 24 hours incubation with 

CsA led to a 3.5-fold reduction with the highest 100 µg/ml CsA concentration. No major 

effect was observed at this time point with the 10 µg/ml concentration. The incubation of 48 

hours showed the most drastic results as the decline on the FoxP3 expression was significant 

along the whole concentration spectrum, from the lowest concentration 0.1 µg/ml to the 
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higher 100 µg/ml CsA. PI and Annexin staining revealed that the changes observed were not 

due to cell death (data not shown).  

 

 

Figure 23: Influence of CsA on FoxP3 expression. A) Expression pattern of FoxP3 on CD4
+
CD25

hi
 

after in vitro incubation with CsA. FoxP3 expressions of one representative sample shown after 48 

hours incubation with CsA concentrations ranging from 0 to 200 µg/ml. Cells were gated on 

CD4
+
CD25

hi
. FoxP3 MFI of CD4

+
CD25

hi
 displayed underneath B) Percentage of FoxP3

+
CD25

hi
CD4

+
 

of total CD4
+
 shown after incubation with CsA over time point 6, 12/16, 24 and 48 hours. Samples 

tested: n=9 for the 6 hour time point, n=7 for the time points between 12 and 16 hours (with n=3 on 

the CsA concentration of 1 µg/ml), n=9 for 24 hours and n=8-20 for 48 hours. The data was pooled 

from 3-8 independent experiments per time point. Statistically significant differences are marked by * 

= p ≤ 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001. On all data sets One-Way ANOVA test was performed. 

Mean percentage + SD shown.  

 

When incubating PBMCs with CsA for 6 hours a significant decline in CTLA-4 percentage 

on CD4
+
CD25

hi
FoxP3

+
 cells became visible at CsA concentration of 100 µg/ml. This was 

also observed to an increased extent during the timespan between 12 and 48 hours. Lower 

concentrations of CsA from 0.1 to 20 µg/ml did not decrease the CTLA-4 percentage, 

regardless of the time frame analysed. These lower concentrations showed a tendency in the 

same direction but did not reach significance. CTLA-4 was downregulated only at higher 

doses of CsA, independent of the time of incubation. CTLA-4 percentage on Treg cells 

remained constant during all time points (6, 12/16, 24 and 48 hours) at concentrations of CsA 
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< 100 µg/ml. Incubation with 100 µg/ml led to a significant decline of CTLA-

4
+
/CD4

+
CD25

hi
FoxP3

+
 cells (Figure 24). 

	  

 

Figure 24: Influence of CsA on CTLA-4 expression. A) Expression pattern of CTLA-4 on 

CD4
+
CD25

hi
FoxP3

+
 after in vitro incubation with CsA. CTLA-4 expressions of one representative 

sample shown after 48 hours incubation with CsA concentrations ranging from 0 to 100 µg/ml. Cells 

were gated on CD4
+
CD25

hi
FoxP3

+
. CTLA4 MFI of CD4

+
CD25

hi
FoxP3

+
 displayed underneath. B) 

Percentage of CTLA4
+
 Treg cells shown after incubation over time points 6, 12/16, 24 and 48 hours 

with increasing concentrations of CsA (0.1, 1, 10 and 100 µg/ml). 3-8 independent experiments were 

performed. For time point 6 hours, n= 7-8 samples; time point 12/16 hours, n= 3-19; time point 48 

hours, n=9-24 samples. Statistically significant differences are marked by * = p ≤ 0.05, *** = p≤0.001. 

On all data sets One-Way ANOVA test was performed. Mean percentage  SD shown. 

 

The expression of intracellular LAP-TGFβ showed no major change after incubation with 

CsA (Figure 25). The percentage of LAP-TGFβ+
 Treg cells was analysed after 6, 12/16, 24 

and 48 hours. At each of those time points no significant change was observed in the 

percentage of LAP-TGFβ+
 Treg cells. Several concentrations of CsA were tested but failed to 

induce a consistent change in LAP-TGFβ expression. 



RESULTS 65 

 

 

 

Figure 25: Effect of CsA on the percentage of LAP-TGFβ+ Treg cells. PBMCs were incubated 

with CsA concentrations ranging from 0 to 100 µg/ml. Percentage of LAP-TGF-β
+
 Treg cells after A) 

12-16 hours and B) 48 hours incubation shown. Data pooled from 3 independent experiments, n= 3-

13. Mean percentage ± SD shown. 

 

Overall, the presence of CsA in the media in which whole PBMCs were incubated led to a 

decline in FoxP3 expression in a dose dependant manner over the course of 48 hours. 

Incubation with CsA reduced CTLA-4 expression on Treg cells only at high concentrations 

(100µg/ml CsA) and had no effect on the percentage of LAP-TGFβ
+
 Treg cells. Because CsA 

showed a consistent and constant change on the expression of the FoxP3 and CTLA-4 all 

further analysis was centred on CsA.  

 

To some extent the dosage used in this study goes beyond the steady blood concentration of 

patients’ sera. It mimics the dose right after drug intake, which peaks after one hour (Keown 

et al., 1996). As PBMCs were rather primed (6 to 48 hours) with tacrolimus and CsA, these 

higher dosages could better reproduce the effect of the initial contact of the drug with the 

immune cells. Additionally, CsA has been shown to have an antiviral effect against HCV. 

Ciesek et al. showed the inhibition of HCV replication was most intense between 1 and 10 

µg/ml (Ciesek et al., 2009). The impact of those higher, potentially antiviral doses on Treg 

cells was considered an important aim in this study.  

2.2.3 Effect of Cyclosporin A on Treg cells after CD4 sorting  

To determine if the changes in FoxP3 and CTLA-4 were due to a direct effect on CD4 cells or 

indirectly through other cell types, CD4 cells were sorted from bulk PBMCs. These sorted 

cells were then incubated over time with increasing concentrations of CsA in the same way as 
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shown for PBMCs (see section 2.2.2). Because of the higher sensitivity of sorted cells the 

higher dose of 100 µg/ml CsA was excluded of the following experiments. 

CsA did reduce the percentage of FoxP3 on Treg cells after incubation with CsA to a similar 

extend as seen with bulk PBMCs. This effect was again most prominent after 48 hours 

(Figure 26a). Both 10 µg/ml and 20 µg/ml CsA showed a reduction in the percentage of 

FoxP3
+
 Treg cells. At the lower concentration this reduction was significant while the decline 

reached a p-value of 0.07 at the CsA concentration of 20 µg/ml. The same samples from the 

same healthy individuals were used to perform the staining on PBMCs and sorted CD4 as 

well in order to rule out the influence of different healthy donors. The percentage of CTLA-4 

on Treg cells declined after 48 hours in a significant fashion after incubation with a 

concentration of CsA of 20 µg/ml (Figure 26b). This was different to the results observed in 

bulk PBMC where the tendency to decrease was present but never reached significance. The 

loss of CTLA-4 after incubation with CsA seemed slightly more intense in sorted CD4 cells. 

However, the incubation for 48 hours with 20 µg/ml CsA was only performed once on n=4 

samples. The tendency of FoxP3 and CTLA-4 percentage to decrease after adding CsA was 

present in both groups. The results on the effect of CsA on whole PBMCs reproduced 

previous findings (Figure 23 and Figure 24).  
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Figure 26: Effect of CsA in PBMCs compared to sorted CD4. A) Percentage of 

FoxP3
+
CD25

hi
CD4

+
 cells of CD4

+
 cells. PBMCs and sorted CD4 were incubated with either with 

Medium, 10 µg/ml or 20µg/ml CsA. B) Percentage of CTLA-4 on Treg cells. The samples from the 

same healthy donors were analysed as bulk PBMCs and as sorted CD4. Sample size for Medium and 

10 µg/ml CsA were n=7 from two independent experiments and for 20 µg/ml n=4. Time point 48 

hours is shown. Statistically significant differences are marked by * = p ≤ 0.05 and *** = p ≤ 0.001. 

Mean percentage ± SD shown. 

 

The 10 µg/ml dosage seemed to be a good indicator of the changes in FoxP3 and CTLA-4 

expression on Treg cell on sorted CD4 cells (Figure 27). Over time the percentage of 

CD4
+
CD25

hi
FoxP3

+
/CD4 showed a decline. The decrease was most intense at the time point 

of 48 hours. The expression of CTLA-4 on CD4
+
CD25

hi
FoxP3

+
 remained stable after 

incubation with 10 µg/ml over the course of time.  
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Figure 27: Impact of 10 µg/ml of CsA over time on the FoxP3 and CTLA-4 phenotype of Treg 

cells on sorted CD4. A) Percentage of FoxP3 over the course of 6, 24 and 48 hours after incubation 

with 10 µg/ml CsA. B) Percentage of CTLA4
+
 Treg cells after incubation with 10 µg/ml CsA over 6, 

24 and 48 hours. Sample size shown n=3. Mean percentage ± SD shown. 

 

However, the percentage of CD4+CD25hiFoxP3 gated of CD4 sorted cells was significantly 

reduced when compared to their PBMCs counterparts.  The mean shifted from 0.9% ± 0.3 to a 

mean of 0.1% ±0.1 (Figure 28). 

 

Figure 28: Comparison between Treg percentage on whole PBMCs and sorted CD4 cells. The 

percentage of CD4
+
CD25

hi
FoxP3

+
 of CD4 cells in PBMCs and sorted CD4 after 48 hours in Medium. 

4 individual paired data sets shown. 

Despite small differences that may be due to the sorting procedure, CD4 and PBMCs showed 

comparable results after incubation with CsA. The percentage of CD4+CD25hiFoxP3+ cells 

declined after incubation with 10 and 20 µg/ml CsA and this decline was exacerbated after 48 

hours. Overall, the effect on CTLA-4
+
 Treg cells were minor. 
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2.2.4 Effect of Cyclosporin A on Treg cells after CD4
+
CD25

hi
CD127

-
 Treg cell 

sorting  

To distinguish between the direct effects of CsA on regulatory T cells and those due to an 

indirect effect on other CD4 cell, Treg cells were sorted as CD4
+
CD25

+
CD127

-
 cells with 

magnetic beads. After 48 hours of incubation with different concentrations of CsA the trend 

showing a decrease in FoxP3 percentage was still visible but not significant anymore (Figure 

29a). Only a moderate decline in FoxP3
+
CD25

hi
CD4

+
/CD4 cells could be observed after 

incubation with 10 and 20 µg/ml of CsA. A similar tendency was observed when analysing 

CTLA-4 percentage on Treg cells (Figure 29b). CTLA-4
+
 cells of CD4

+
CD25

hi
FoxP3

+
 

showed a progressive dose dependant decline but failed to reach significance. 

 

 

Figure 29: Effect CsA on the FoxP3 and CTLA-4 percentage on sorted Treg cells. Treg cells were 

sorted as CD4
+
CD25

+
CD127

-
 cells and incubated for 48 hours with 1µg/ml, 10µg/ml and 20 µg/ml 

CsA. Percentage of A) CD4
+
CD25

hi
FoxP3

+
 of the CD4 population and B) CTLA-4

+
 Treg cells. 

Experiment included n=3 samples. Mean percentage ± SD shown. 

2.3 Effect of the cyclophilin inhibitor NIM811 on Treg cells 

Given that CsA and not tacrolimus induced changes in FoxP3 and CTLA-4 expression, it is 

unlikely that this effect was mediated through NFAT inhibition, which is the pathway that 

both drugs share. CsA, inhibits calcineurin by binding to cytosolic cyclophilin A. Therefore, a 

possible hypothesis was that the change of FoxP3 and CTLA-4 could be mediated through the 

inhibition of cyclophilin. NIM811 is a cyclophilin inhibitor with no immunosuppressive 

effect. This compound is especially interesting because it was developed to treat HCV 

infection as recent studies revealed that cyclophilin A is an essential cofactor for viral 
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replication (Yang et al., 2008a). Because of this, NIM811 was used to assess the inhibition of 

cyclophilin on the expression of FoxP3 and CTLA-4.  

In contrast to CsA, the concentration of NIM811 needed to stop replication is closer to the 

concentration reached in serum (Mathy et al., 2008). The serum concentration measured after 

administration is approximately 2.5 µg/ml for a 1200 mg/day dose of oral NIM811 (Lawitz et 

al., 2011). Additionally 10 and 20 µg/ml of NIM811 were tested to match those 

concentrations to the one used for CsA.  

After incubation of whole PBMCs with NIM811 for 6, 24 and 48 hours at concentrations 

ranging from 0.1 to 20 µg/ml no changes in the Treg phenotype were observed. The 

percentage of CD4
+
CD25

hi
FoxP3

+
 Treg cells did not change drastically (Figure 30a) and also 

the percentage of CTLA-4 on Treg cells remained constant (Figure 30b).  

 

 

Figure 30: Comparison of the percentage of FoxP3 and CTLA-4 after incubation with NIM811. 

PBMCs were incubated with a cyclophilin inhibitor, NIM811 and percentages of A) FoxP3 and B) 

CTLA-4 were analysed. Data pooled from 2 experiments, n=6. Percentages after 48 hours of 

incubation.  Mean percentage ± SD shown. 

 

2.4 Principal component analysis of LTx patients treated with Cyclosporin A compared to 

those treated with tacrolimus 

Given that the previous in vitro experiments had shown an effect on the phenotype of Treg 

cells with CsA but not with tacrolimus, the first data set of Treg phenotype as described in 

section 1 of the results chapter (immunological parameters analysed in LTx patients, 

including CD4, CD14, CD25, CD127, FoxP3, CD45RA, CCR7, CD62L, HLA-DR, CD49d, 

CD39, ICOS and LAP-TGFβ) was used to analyse if treatment with one drug or the other led 
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Table 20: Variables that differed significantly between transplant recipients receiving CsA and 

tacrolimus. PCA analysis revealed following variables to differentiate between the two groups. 

Variable, p-value and q-value shown (q describes the likelihood of the finding to be a false positive). 

VARIABLE	   p-value	   q-value	  

FoxP3+	  of	  CD4+CD25hi	  [%]	   ≤	  0.01	   0.25	  

LAP-‐TGFβ+	  Treg	  cells	  [%]	   ≤	  0.01	   0.25	  

CD39+ICOS-‐LAP-‐TGFβ+	  Treg	  cells	  [%]	   ≤	  0.01	   0.25	  

 

 

Figure 32: Comparison of Treg variables in liver transplanted patients treated with CsA and 

tacrolimus (Tac). Samples from liver transplant recipients were grouped depending on their 

treatment. Percentage of A) FoxP3
+
 cells of CD4

+
CD25

hi
, B) LAP-TGFβ

+
 Treg cells and C) 

CD39
+
ICOS

-
 LAP-TGFβ

+
 Treg cells. Statistically significant differences are marked by * = p ≤ 0.05.  

On all data sets Mann-Whitney test was performed. Scatter plot showing mean ± SD.  
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3 Effect of Cyclosporin A on Treg gene expression  

3.1 Characterisation of Treg phenotype after expansion 

In order to obtain sufficient Treg cells to perform a gene expression profile, Treg cells were 

sorted as CD4
+
CD25

hi
CD45RA

+
 cells (Hoffmann et al., 2006) and expanded in vitro for 14 

days. These Treg cells have been shown to preserve a Treg phenotype after culture. Compared 

to their ex vivo counterparts their suppressive ability has been reported to be maintained or 

even slightly increased (Hoffmann et al., 2004).  

In this study, Treg cell expanded 100 to 200-fold over the course of 14 days. Their phenotype 

revealed that almost all cells remained CD4 positive. These cells retained an upregulation of 

CD25, expressed a high percentage of FoxP3 and showed a CD127
-
 phenotype (Figure 33).  

	  

	  

Figure 33: Phenotype of Treg cells after expansion. Flow cytometric plots from a representative 

sample showing CD25, FoxP3 and CD127 expression on CD4
+
 T cells at day 14 after expansion.  

Numbers indicate the percentage of cells in each quadrant.  

3.2 Microarray gene expression after incubation with Cyclosporin A 

To investigate the effect of CsA on Treg cell gene expression, expanded Treg cells were 

incubated for 3 hours with 0, 0.05µg/ml, 5 µg/ml and 100 µg/ml CsA and then cocultured in a 

standard suppression assay with autologous CD4+CD25- cells in a ratio 1:1 for 48 hours. 

Alternatively, Treg cells were left for the same period of time in cRPMI Medium. 

CD4+CD25- cells were previously CFSE labelled and purified Treg cells were sorted by flow 

cytometry as CFSE- cells (purity >98%). Total messenger RNA (mRNA) was extracted from 

the Treg cells in order to perform the transcriptome analysis an Agilent Gene Chip was used 
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(experimental setup in Figure 34). Gene signatures for each condition were generated from 

pooled cells from 3 healthy donors. 

 
Figure 34: Experimental setup for Microarray analysis. PBMCs from healthy donors were sorted 

for CD4
+
CD25

hi
 and CD4

+
CD25

-
 cells. CD4

+
CD25

hi
 Treg cells were expanded and incubated for 3 

hours with different concentrations of CsA. Afterwards, these cells were A) rested in cRPMI Medium 

and B) cocultured with previously CFSE labelled CD4
+
CD25

-
 for 48 hours. Then, Treg cells were 

sorted as CFSE
-
 cells, their mRNA extracted and processed for Microarray analysis.  

 

The gene profile of Treg cells after resting and coculture with effector T cells showed around 

50 genes that were significantly differentially expressed when applying a two variable test 

with p<0.001 with principal component analysis (data not shown).  

The signal intensity of the genes incubated with the doses 0.05 and 5 µg/ml CsA was adjusted 

against Medium (0µg/ml) and plotted as an XY point diagram (Figure 35). In this diagram, 

the genes that were upregulated by both dosages appear in the upper right quadrant while 

those genes downregulated by both dosages appear in the bottom left quadrant. The other 

quadrants depict genes upregulated by either one (upper left) or the other (bottom right) 

dosage. This analysis was performed to assess what impact CsA had on Treg genes and 

discover new genes that were affected by CsA. The cut-off was set as gene expression with 

CsA - gene expression without CsA ≥ |1|. All of the Treg associated genes that have been 
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described in literature before (Hill et al., 2007; Pfoertner et al., 2006) were in the fraction of 

genes that were < |1| and hereby considered not to have changed excessively after addition of 

CsA. Genes analysed included, among many others, FOXP3, CTLA4, IL2RA, TNFRSF18 

(GITR), IKZF4. Interestingly, the gene for cyclophilin C, but for none of the other 

cyclophilins, was found to have changed after incubation with CsA. It decreased after 

incubation with CsA and 48 hours in cRPMI (Figure 35a) thus providing a possible link to the 

phenotypical changes observed after in vitro incubation with CsA (section 2.2.2). 
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Figure 35: Expression values of Treg genes after incubation with 0.05 µg/ml and 5 µg/ml. Signal 

ratios of 5 µg/ml CsA – without CsA against 0.05 µg/ml – without CsA were plotted as an XY point 

diagram. Genes from Treg cells after contact with CsA and in culture with A) cRPMI medium and B) 

autologous CD4
+
CD25

-
 cells for 48 hours. Gene expression analysis obtained from sorted Treg cells 

pooled from 3 healthy donors.  
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After incubation with CsA the genes that show a more drastic change (approximately > |4|) 

were mainly in the quadrant of downregulated genes in both concentrations (bottom left). The 

genes that had been resting in medium (Figure 35a) showed different genes than those with 

CD4
+
25

-
 effector T cells (Figure 35b). To understand what processes these selected genes 

were involved in, they were grouped according to the PANTHER classification (Mi et al., 

2005; Thomas et al., 2003) based on the Gene Ontology Project (Ashburner et al., 2000).  The 

analysis of the genes downregulated after contact with CsA (Figure 35a and b, black 

rectangle) revealed, that both the Treg cells in cRPMI Medium (Figure 36a) and those in 

coculture with effector T cells (Figure 36b) downregulated genes involved in binding, 

receptor activity, structural molecular activity and catalytic activity. Only the genes of Treg 

cells in cRPMI medium (Figure 36a) showed additional molecular functions involved in 

transcription regulator and transporter activity. The biological functions of these genes were 

predominantly part of i) cellular, ii) system, iii) developmental and iv) metabolic processes 

(Figure 36c). Overall, the gene groups were more diverse in the genes of Treg cells that had 

been cultured in medium after contact with CsA. On the contrary, genes of Treg cells that had 

been in a suppression assay after contact with CsA showed a more bundled biological 

functionality, especially in the processes of cell communication, cellular and immune process 

(Figure 36d). 
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Figure 36: Functional classification of Treg cell genes extremely downregulated after contact 

with CsA.  Genes that were showed a drastic downregulation after contact with CsA (Figure 35a and 

b, black rectangle) were further analysed and classified according to their molecular function and 

biological process. Genes from Treg cells after contact with CsA and A) and C) incubation in cRPMI 

Medium and B) and D) coculture with effector T cells. Pie chart represents the percentage of genes 

belonging to each category.  

 

The previous analyses revealed that most of the genes did not drastically change after CsA 

incubation while only a small percentage of genes suffered a significant increase or decrease. 

To focus on those genes with high CsA induced effect, a heatmap representation that included 

genes with a high variability (≥ 35%) was generated. The genes of Treg cells were grouped in 

four categories: those that had been preincubated with i) cRPMI, ii) 0.05 µg/ml, iii) 5µg/ml 

and iv) 100 µg/ml of CsA. The heatmap clustering was done for the genes of Treg cells 

resting in cRPMI Medium (Figure 37a) and those in coculture with autologous effector T cells 

(Figure 37b). This analysis revealed that each of the concentrations of CsA used led to 

changes in expression of different genes.  In genes originating from Treg cells that had been 

in coculture with CD4
+
CD25

hi
 effector T cells (Figure 37b) a group of intracellular genes, all 

involved in the inflammation mediated chemokine and cytokine-signalling pathway was 

upregulated in the control group with no CsA and all the dosages of CsA led to a 

downregulation of those genes (Figure 37b, i). 0.05 µg/ml CsA induced an upregulation in 

genes involved in metabolic processes and transport (Figure 37b, ii). The cells that were 

upregulated by the CsA concentration of 5 µg/ml belonged to a whole variety of biological 
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processes (10 different groups), including cell adhesion and response to stimulus. The genes 

related to known immunological processes were SPACA5 and LRFN2 (Figure 37, iv).  The 

incubation with the high dose of 100 µg/ml CsA led to the upregulation of three genes, 

namely PRDM9, GPR161 and SPDYE8P. No classification was possible of these genes, as 

they belonged to such a wide range of biological processes. Their molecular function covered 

binding, receptor and transcription regulator activity (Figure 37b, iii). The genes from Treg 

cells incubated with CsA and rested in cRPMI Medium showed a high diversity. As 

previously established (Figure 35), a series of genes downregulate after contact with CsA in 

all concentrations (Figure 37a, i). Interestingly at this cut-off of ≥50% of variability in the 

gene expression, 0.05 µg/ml CsA does not present any gene that increases their expression. 

Two genes which show an upregulation at 0 and 5 µg/ml CsA have unclear function and no 

assigned nomenclature (LOC340074 and LOC157273) (Figure 37a, ii). Within the genes 

upregulated only by 5 µg/ml CsA (Figure 37a, iii) they play a role in a variety of biological 

functions. PYDC2, as an example, is involved in apoptosis and immunological processes 

regulating antigen processing and presentation of peptide antigen. Also the highest dose of 

100 µg/ml CsA upregulated a variety of genes that control apoptosis and metabolic processes 

like cell cycle and DNA replication (Figure 37a, iv).  
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Figure 37: Transcriptional profile from Treg cell genes after incubation with different 

concentrations of CsA. Values were normalised and analysed in a hierarchical cluster of Treg cell 

showing different expression patterns. Genes from Treg cells after contact with CsA and in culture 

with A) cRPMI medium (variability ≥ 35%) and B) autologous CD4
+
CD25

-
 (variability ≥ 50%) cells 

for 48 hours. Yellow represents upregulated and blue downregulated genes at the different CsA 

concentrations (p<0.001, q<0.1). Genes are organised in rows and the columns express different CsA 

concentration. Empty rows stand for not characterised genes.  
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IV DISCUSSION 

This thesis investigated the role of Treg cells in the context of liver transplantation and 

immunosuppression on three different levels. Firstly, extensive phenotyping was performed to 

characterise Treg cells in more than 80 liver transplanted patients, comparing them to healthy 

controls and non-transplanted patients with persistent HCV infection. It could be shown that 

healthy and liver transplanted patients did not differ in their percentage of Treg cells and Treg 

subpopulations. However, liver transplanted patients with HCV (HCV LTx) displayed a 

reduced percentage of Treg cells compared to patients with persistent HCV infection without 

transplantation (HCV chr). Moreover, distinct differences in additional phenotypical and 

functional markers could be identified between different patient groups suggesting a role for 

Treg cells in the regulation of allogeneic and antiviral immune responses.  

Following these findings, we were interested in the effects of immunosuppressant drugs on 

Treg cells. The subsequent in vitro experiments revealed that only cyclosporin A (CsA) 

induced a consistent phenotypical change by decreasing FoxP3 and, to a minor extent CTLA-

4 in a dose dependant manner. Lastly, after identifying the impact of CsA on Treg cells, a 

gene array was performed to elucidate the possible mechanisms of the FoxP3 and CTLA-4 

decline after CsA exposure. A series of genes were identified, including PPIC the gene that 

encodes for cyclophilin C. This protein can bind to CsA and further experiments may reveal 

the mechanism for the observed phenotypical changes induced by CsA. 

1 Phenotypical characterisation of Treg cells in liver transplant 

recipients 

The primary aim of this first part was to elucidate phenotypical and functional properties of 

Treg cells in liver transplant recipients. There was first a need to establish a robust 

methodological system that could reliably identify Treg cells. Characterisation of Treg cells in 

humans is usually based on two key markers FoxP3 and CD127. However, flow cytometry 

stainings are not standardised and “outliers” may represent a major problem for statistical 

comparison. Moreover, Treg cells are present in very low frequencies in the peripheral blood 

and minor technical variabilities may therefore lead to significant changes in the actual 

readout. Considering these limitations, the strength of this study was that not only one 

staining, but three different combinations of the FoxP3
+ 

CD127
-
 Treg characterisation were 
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applied. This allowed for a more exact representation of the samples and a high quality 

control of the stainings. In line with previous findings in non-transplanted individuals (Liu et 

al., 2006; Seddiki et al., 2006; Yu et al., 2012), this study confirmed that lack of CD127 

expression on the cell surface proved to be a good surrogate marker for FoxP3 expression. 

Thus, also in liver transplant recipients, both markers are reliable to investigate Treg cells. 

 

The first important finding of this work was that no major differences were observed between 

Treg frequency in healthy and liver transplanted patients. In a murine model of orthotopic 

liver transplantation, Li et al. reported an increase in CD4
+
CD25

+
FoxP3

+
 Treg cells after liver 

transplantation (Li et al., 2008). The authors believe that this is the reason why allografts were 

accepted in mice without the need for immunosuppression. However, this is apparently not 

the case in humans. Higher levels of Treg cells in the periphery were found in patients before 

liver transplantation compared to healthy controls and this Treg population suffered a 

significant drop after transplantation (Ciuffreda et al., 2010; Demirkiran et al., 2006). 

Reduced Treg cell frequencies after transplantation were also reported in a mixed cohort of 

liver and kidney transplanted patients (Codarri et al., 2007). All of these studies applied a 

different characterisation of Treg cells than the one pursued in this study. Both the studies of 

Demirkiran and Ciuffreda et al. gated on CD4
+
CD25

+
 and the study of Codarri et al. on 

CD4
+
CD25

+
CD45RO

+
CTLA4

+
 cells. The different populations analysed could explain the 

differences with the results observed here. One could also consider that, because the two 

cohorts presented here are not perfectly matched in age, the younger healthy cohort could 

mask the effect, as it has been reported that Treg cells increase with age (Gregg et al., 2005). 

However, also in this study liver transplant recipients showed a reduced Treg percentage 

when gated as CD4
+
CD25

hi
FoxP3

+
CD49d

-
. Overall, the findings were in line with data from 

our group generated in another project in collaboration with the research group of Prof. 

Schwinzer, from the clinic for General, Abdominal and Transplant Surgery, which was not 

part of this thesis. There we found that Treg frequencies do not differ remarkably in kidney 

and liver transplant recipients (manuscript in preparation). Demirkiran et al. reported no 

difference in the suppressive function of CD4
+
CD25

+
 Treg from healthy and transplant 

recipients (Demirkiran et al., 2006). Similarly, in our study Treg cells from healthy 

individuals showed comparable distribution of functional markers as Treg cells from liver 

transplanted patients.  

Thus, our findings and published literature suggests that Treg cell frequencies may be similar 

or slightly reduced in the peripheral blood of organ transplant recipients in general and 
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specifically in liver transplant recipients. It is striking that liver transplant recipients and 

healthy individuals showed only minor differences in Treg frequency and distribution of 

functional markers. This suggests that the immune system is suffering no major disturbances 

after liver transplantation and that the Treg population has adjusted itself within the network 

of immune responses. 

 

The next step in this project was to have a closer look at the liver transplanted cohort, with a 

special interest in the role of Treg cells in patients infected with HCV. HCV infected liver 

transplanted patients (HCV LTx) are a excellent example of how the immune system can 

accomplish a balance, limiting the immune response to the new organ but not reducing it 

enough to allow the HCV reinfection to cause hepatitis. HCV LTx patients are also a unique 

cohort because HCV reinfection occurs in all patients. In contrast, in the group of non-HCV 

infected liver transplant recipients (non-HCV LTx), the cause for the initial liver damage no 

longer exists. At the time of this study, no other study comparing in detail transplanted HCV 

infected patients to other non-HCV infected transplant recipients was available. Some 

descriptions of the phenotype of Treg cells in non-transplanted individuals with chronic 

hepatitis C have been reported earlier (Cabrera et al., 2004; Ebinuma et al., 2008). 

Nevertheless, these studies did not compare HCV infected patients to other infections or 

similar conditions, but used healthy individuals as a control cohort instead. The Treg 

phenotype reported in these publications did not show a significant difference compared to 

healthy and recovered patients and Treg cells displayed a CD45RO
hi

, CD45RA
low

, CD28
hi

, 

CD62L
hi

 and CD95
hi

 phenotype. Here, we additionally show that Treg cells with naïve and a 

memory phenotype are reduced compared to non-HCV transplanted patients and effector-like 

Treg cells are increased in liver transplant recipients with persistent HCV infection. While 

individual functional markers on Treg cells did not show any difference between the groups, 

the distribution of functional parameters on Treg cells showed that HCV LTx patients had a 

broader repertoire than non-HCV LTx individuals. This may be the result of the on-going 

viral infection, activating the immune system of these patients and forcing the Treg 

population to engage in higher functionality. HCV infection per se therefore has a clear 

impact in Treg function, which may play a role in the altered natural history of post-transplant 

hepatitis C. 

 

Subsequently, the effect of HCV in the transplanted cohort was assessed in more detail and 

compared to non-transplanted patients with persistent hepatitis C. Many publications showed 
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that non-transplanted individuals with a persistent HCV infection have an increased frequency 

of peripheral Treg cells (Boettler et al., 2005; Cabrera et al., 2004; Ebinuma et al., 2008; 

Langhans et al., 2010; Rushbrook et al., 2005; Sugimoto et al., 2003). Transplanted HCV 

infected patients showed lower Treg frequency than non-transplanted individuals with chronic 

hepatitis C in this study. This held true for the CD4
+
CD25

hi
CD127

-
 characterisation but 

especially in the highly pure CD49d
-
 Treg population. Interestingly, and in contrast to non-

transplanted patients there was no difference in Treg frequencies between hepatitis C patients 

after transplantation compared to transplanted patients without HCV infection. 

Distributions of the Treg subpopulations in transplanted recipients with HCV infection are 

consistent with the findings shown before regarding non-HCV transplanted individuals. 

Transplanted patients with chronic hepatitis C had a higher percentage of effector like Treg 

cells with a CD45RA
-
CCR7

-
 phenotype and lower naïve and memory like Treg 

subpopulations. Lu and colleagues demonstrated the protective effect of CD45RA
+
CD62L

+
 

Treg cells in avoiding rejection in the hematologic setting (Lu et al., 2011a). In our study, 

HCV infected transplanted patients had a lower proportion of these cells than their non-

transplanted counterpart. The altered phenotype of transplanted patients with chronic hepatitis 

C could reflect that the immune system has to adjust to both the threat of the virus and the 

new immune situation with a foreign organ. One has to keep in mind, that Treg cells 

expressing a naïve phenotype are highly suppressive (Seddiki et al., 2006). The reduced naïve 

like Treg cells in liver transplanted hepatitis C patients could be attributed to a reduced 

number of Treg from a thymic origin. Schwarz et al. highlighted the importance of naïve like 

Treg cells in maintaining Treg efficiency, showing higher reactivity and increased functional 

fitness. (Schwarz et al., 2013). As this decline was also observed compared to non-HCV 

infected liver recipients, the reduced naïve-like Treg, and therefore a functionally reduced 

suppressive subpopulation seems to be a characteristic feature of HCV infected transplanted 

individuals. 

Importantly, the multifunctional pattern of Treg cells, characterised by their expression of the 

functional parameters ICOS, CD39 and LAP-TGFβ, showed a high similitude between 

chronic hepatitis C patients before and after transplantation. On both HCV infected patient 

cohorts around 75% of the Treg population presented some functional marker on their 

surface. This suggests, that the HCV virus and not the immune-compromised immune system 

after the transplantation, prompts the Treg population to exert some mechanistic response to 

impede the inflammatory immune response. One could also speculate, if the virus itself has 

some mechanisms to trigger Treg function in order to protect itself from the inflammatory 



DISCUSSION 85 

 

response of the immune system. This hypothesis would be in line with the findings of Cusick 

and colleagues. They reported an induction of Treg cells specific for HCV-epitopes during 

chronic infection (Cusick et al., 2011). To this date, no other study has characterised Treg 

frequency, their subpopulation and functional markers in these cohorts. Therefore, 

comparison with published literature is not always possible. The data here presented widens 

the understanding of Treg cells in a setting that combines inflammation, immunosuppression 

and viral infection.  

 

Myeloid derived suppressor cells (MDSCs) have been suggested to induce Treg cells in 

tumour patients (Hoechst et al., 2008). We therefore wondered if the changes in Treg 

frequency could be explained by alteration in the frequency of MDSCs. Most of the studies 

regarding MDSCs have been performed in the context of tumour response inhibition (Lindau 

et al., 2013). In a human setting, Hoechst and colleagues observed an increased frequency of 

MDSCs in patients with hepatocellular carcinoma (HCC) compared to healthy controls, but 

could not identify any difference between patients with a viral infection (HBV and HCV) and 

healthy controls (Hoechst et al., 2008). This finding is in line with the data presented here as 

no difference in MDSCs frequency between non-tranplanted patients with chronic hepatitis C 

and healthy controls could be observed. Overall, the percentages of MDSCs reported in the 

two cohorts were very similar in our dataset and in the study of Hoechst et al. A recent study 

found that the hepatitis C virus may induce MDSCs (Tacke et al., 2012). However, the paper 

applied an in vitro model only and more studies investigating the frequencies of MDSCs in 

patients persistently infected with HCV are still lacking. 

Here, we identified a reduced percentage of MDSCs in liver transplanted patients compared to 

healthy controls and non-transplanted individual with chronic hepatitis C. There was no 

difference between the two groups of liver transplant recipients. Those infected with HCV 

and those without HCV showed comparable percentages of MDSCs. This finding would 

support the conclusion that HCV per se may not alter MDSC frequencies in patients. The 

overall lower frequency of MDSCs in liver transplant recipients did not directly translate into 

lower Treg frequencies in liver transplanted patients. Therefore, even though we identified 

minor differences in MDSC frequencies in transplant recipients, these findings did not explain 

the observed alterations in Treg frequencies and function in the patients. It is therefore likely 

that other, MDSC-independent mechanisms are responsible for the regulation of Treg cells in 

patients after liver transplantation. 
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Treg cells and MDSCs dynamics over time were also studied in patients with hepatitis C after 

liver transplantation. Importantly, no changes in the frequency of FoxP3
+
 Treg cells over the 

course of time after transplantation were observed. Almost all markers on the investigated 

Treg cells were stable. In contrast, a previous study found a decrease in Treg cells over time 

after transplantation and attributed this decrease mainly to the use of calcineurin inhibitors. It 

was a mixed cohort of liver and kidney transplant recipients and the observed decrease in 

Treg cells over time disappeared when looking only at the patients treated with rapamycin 

(Akimova et al., 2012). In line with our findings, Louis and colleagues found a stable 

CD4
+
CD25

+
 expression in 5 kidney transplant recipients followed in 2 to 41 months intervals 

(Louis et al., 2006). None of the other markers on Treg cells, MDSCs or activated T cells 

changed over time in chronic hepatitis C patients after transplantation. To our knowledge, no 

other publication has looked in such detail at the frequency of Treg cells and Treg 

subpopulations over time. Here, we report an increase in HLA-DR
+
 Treg cells after 

transplantation. These HLA-DR
+
 Treg cells are a mature and highly suppressive Treg 

subpopulation (Baecher-Allan et al., 2006). Similarly, Schaier and colleagues found an 

increase of HLA-DR
+
 Treg cells in kidney transplant recipients over time, but only in those 

patients that were stable and did not suffer a rejection (Schaier et al., 2013). This increase in 

HLA-DR
+
 Treg cells seems therefore to be a common phenomenon after solid organ 

transplantation. Future studies need to determine if the magnitude of the increase in HLA-

DR
+
 Treg cells can also be predictive of long-term outcome in liver transplant recipients. The 

cohort that could be followed over time in this project was not large enough to address this 

question. 

 

The effect of the calcineurin inhibitors (CNI), cyclosporin A (CsA) and tacrolimus and their 

potentially different clinical long term outcome has spurred considerable debate (Berenguer et 

al., 2010; Irish et al., 2011). This is a hot topic, in particular in patients with an HCV 

infection. CsA has proven in vitro antiviral effects against HCV (Ciesek et al., 2009; Watashi 

et al., 2003), but how it translates to a clinical setting is still unclear. Moreover, the 

importance of Treg cells in this context remains largely unstudied. Previous publications did 

not compare the effect of both drugs on Treg cells, as usually only one compound was 

analysed or CsA and tacrolimus are included in one group (CNI) and studied against other 

immunosuppressive drugs. Only a recent study analysed the influence of CsA and tacrolimus 

on Treg cells (Miroux et al., 2012a). The authors found that CsA had a detrimental effect on 

Treg function at high doses but a positive effect at very low doses. In contrast they stated that 
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tacrolimus did not lead to any changes in Treg function. Although Miroux and colleagues do 

not show the actual data in their publication, they also report that none of the CNI changed the 

phenotype of the Treg cells (Miroux et al., 2012a). This differs from our findings, but as no 

detailed data is given we cannot compare the results and discuss possible differences. In line 

with our findings, the authors concluded that the effect of CsA on Treg cells could not be 

explained by an inhibition of NFAT. In our study, the differences observed in vitro between 

CsA and tacrolimus prompted us to analyse the immunological markers on Treg cells in those 

two groups. Principal component analysis (PCA) confirmed our in vitro findings, a reduced 

percentage of FoxP3 was found in CsA treated patients. Additional differences between the 

groups were based on the LAP-TGFβ and CD39 expression of Treg cells. This may suggest 

weaker suppressive function of Treg cells in CsA treated patients. Despite TGF-β and CD39 

being involved in Treg functionality, more studies still need to be performed to prove that 

CsA not only affects Treg phenotype but also Treg function, hereby decreasing protection 

against graft rejection. 

 

Even though the aims set for this thesis were met, the study presents several limitations that 

need to be acknowledged. The number of HCV infected patients studied was still limited. 

Therefore, to confidently generalise the results, a larger cohort is required. Additionally, 

samples were obtained over a broad time frame after transplantation. Time points ranged from 

1 month to 22 years after liver transplantation, the median being 12 months after 

transplantation. Moreover, different immunosuppressive regiment were applied. Even though 

therapy was largely standardised (one calcineurin inhibitor, mycophenolate mofetil with 

(75%) or without (25%) corticosteroids) still some variations can occur. As an example, the 

absolute dosage of corticosteroids at the time of investigations differed between the patients. 

Importantly, no functional experiments on Treg cells from liver transplanted patients were 

possible due to the low number of cells available. Furthermore, control cohorts were recruited 

based on feasibility and availability but not directly matched. Distribution was not necessarily 

homogeneous regarding age, gender and race.  

 

Despite these limitations, the study is rather unique and represents the largest systematic 

phenotypic analysis of Treg cells in patients after liver transplantation so far. Several key 

findings were obtained, which are summarised in Table 21. Overall, we provide clear 

evidence that on-going immunosuppression notwithstanding, Treg cells are present in similar 

frequencies in liver transplant recipients. We could show that HCV infection has an influence 
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on Treg phenotype and possibly function and that Treg properties change over time after liver 

transplantation. Finally, the role of distinct Treg phenotypes as biomolecules to determine the 

outcome of graft hepatitis should be explored in future studies.  

 

Table 21: Key findings from the phenotypical characterisation of Treg cells in liver transplanted 

patients.  

 High correlation between all three different Treg staining panels with FoxP3 and 

CD127 

 Similar Treg frequency and Treg subpopulations in healthy and liver transplanted 

patients (LTx). 

 Similar Treg frequency in HCV LTx and non-HCV LTx patients. 

 Different distribution of Treg subpopulations in HCV LTx compared to non-HCV 

LTx individuals: HCV LTx patients had a higher percentage of effector-like Treg 

cells and a lower percentage of Treg cells with a naïve and memory phenotype. 

 Different distribution of functional markers on Treg cells (multi-parameters): HCV 

LTx had a higher percentage of Treg cells positive for one or more functional marker 

than non-HCV LTx individuals. 

 Lower Treg frequency in HCV LTx patients compared to non-transplanted chronic 

hepatitis C patients (HCV chr). 

 HCV LTx patients had a higher percentage of Treg cells with an effector phenotype 

and less with a naïve and memory phenotype. 

 HCV LTx and HCV chr patients had similar distribution of functional markers on 

Treg cells 

 Reduced frequency of MDSCs in LTx patients compared to healthy and patients with 

chronic hepatitis C. 

 No difference in the frequency of MDSCs between HCV LTx and non-HCV LTx 

 Increase in HLA-DR
+
 Treg cells over time after liver transplantation in HCV LTx 

patients. 
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2 Effect of Cyclosporin A on the phenotype of regulatory T cells 

This part of the study was aimed to characterise the effect of immunosuppressive drugs on the 

phenotype of Treg cells and hereby to explain their potential contribution or harm on these 

immunoregulatory cells. Only cyclosporin A (CsA) induced a consistent phenotypical change 

after incubation over several time points and dosages. This study could show that CsA had an 

in vitro effect on the percentage of FoxP3 after 48 hours on a wide range of doses (ranging 

from 0.1 µg/ml to 100µg/ml CsA). Functional markers such as CTLA-4 on Treg cells did not 

change over time except when exposed to high concentrations of CsA (100 µg/ml). In 

addition, the percentage of LAP-TGFβ did not change at any point or with any concentration 

of CsA. 

FoxP3 is a transcription factor (forkhead box P3) vital for the development and function of 

Treg cells. Mice and humans with a non-functional FOXP3 gene suffer from a severe T-cell 

dependent autoimmunity disorder (Brunkow et al., 2001; Chatila et al., 2000). Several 

publications have established the essential role of FoxP3 in the control of the Treg phenotype 

and its requirement for Treg differentiation (Fontenot et al., 2003; Hori et al., 2003). In a very 

elegant experiment, Fontenot et al. showed that retroviral driven expression of FoxP3 

conferred Treg functionality to CD4
+
CD25

-
 cells by protecting mice from the autoimmune 

inflammatory bowel disease (IBD) (Fontenot et al., 2003). While FoxP3 is vital for Treg 

differentiation, establishing the Treg lineage and suppressor function, it does most likely not 

conquer all those functions on its own. FoxP3 was considered the “master regulator” for a 

long time, but recent evidence makes it more likely that the Treg lineage is not determine by 

FoxP3 alone (Hori, 2012). Fu and colleagues have suggested the FoxP3 “interactome”, a 

network of FoxP3 and a series of proteins interacting with it that leads to a maintained signal 

and a development of the Treg signature (Fu et al., 2012). This “genetic switch” was multiple 

and redundant, securing the Treg lineage. One could hypothesize that a transient reduction of 

the FoxP3 expression would not harm this self-maintaining differentiation condition of Treg 

cells.  

In line with the findings presented in this study, Wang et al. showed in a mouse in vivo setting 

a small decrease in FoxP3 expression but could not observe any differences in the percentage 

of CTLA-4 on CD4
+
CD25

+
 Treg cells when Treg cells were exposed to CsA (Wang et al., 

2006). Several other publications in humans have also observed a decline in FoxP3 after use 

of CsA (Baan et al., 2005; Demirkiran et al., 2009; Hijnen et al., 2009; Segundo et al., 2006; 
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van de Wetering et al., 2011).  Baan et al. showed in a suppression assay performed with CsA 

that the cells reduced their FoxP3 mRNA production over the course of 7 days compared to 

those cells in a suppression assay without CsA (Baan et al., 2005). While a decline in FoxP3 

mRNA after CsA would fit to the data presented in this study, the FoxP3 mRNA measured in 

that experiment was mRNA both from CD4
+
CD25

+
 Treg cells and CD4

+
CD25

-
 effector T 

cells. This could mean that a higher expression of FoxP3 in the control groups could come 

mainly from CD4
+
CD25

-
 effector T cell that can exhibit a higher proliferation rate in the 

absence of CsA. It would further explain why they observed the same results for CsA and 

tacrolimus. This decline in FoxP3 mRNA is likely to be the consequence of an inhibition of 

the proliferation of effector T cells and cannot be a valid explanation for the reduction of 

FoxP3 percentage observed in this study. Demirkan et al. showed an increase in the 

percentage of FoxP3
+
 Tregs of liver transplanted patients after conversion from CsA to 

mycophenolate mofetil (MMF) (Demirkiran et al., 2009). Again, this finding suggests that 

CsA has a negative effect on Treg cells also in patients treated with this drug. As the authors 

were not able to perform suppression assays from the patients’ blood, the question remains if 

those Treg cells previously treated with CsA had an inhibited function or solely a different 

phenotype, in line with the findings of this study. A similar finding was presented in the 

publication of Van de Wetering et al. where stable kidney transplanted individuals showed 

higher FoxP3 mRNA levels after calcineurin inhibitor withdrawal (van de Wetering et al., 

2011). However, patients received CsA as well as tacrolimus. A reduction in Treg frequency 

(defined as CD4
+
CD25

hi
 or CD4

+
CD25

hi
FoxP3

+
 Treg cell) after contact with CsA can be 

found in several publications (Hijnen et al., 2009; Segundo et al., 2006). Another study 

showed a dose dependant effect of CsA: increased Treg cell suppression at very low dosage 

(20-40 ng/ml) and detrimental effect at higher doses (100 – 400 ng/ml) (Miroux et al., 2012a). 

The authors state that CsA impairs Treg activity independently of the calcineurin/NFAT 

pathway, therefore reaching a similar conclusion to the one presented here. It remains an open 

question to what extent a Treg cell can belong to the Treg lineage when it is not expressing 

FoxP3, but the possibility exists that a loss of FoxP3 does not necessarily mean a complete 

loss in Treg function. However, in the context of previous findings, our data suggests that 

CsA has an impact on Treg lineage. In line with published research, we conclude that CsA has 

an effect on the Treg phenotype and could possibly hamper Treg function. This needs to be 

considered when selecting a calcineurin inhibitor in the context of liver transplantation. 

Most of the studies presented, including ours, were not able to show an effect of CsA on Treg 

function. The problem is that it is very challenging to assess the impact of CsA in an in vitro 
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setting that comes close to the in vivo setting. An ideal experiment would be to have CsA 

incubating with bulk PBMCs but that makes it virtually impossible to assess the suppression 

of Treg cells, as CsA is suppressive itself and its effect would be undistinguishable from the 

function of the Treg cell. Sorting after incubation with CsA seems here a feasible solution to 

the problem. The question arises of how viable this sensitive Treg cells would be after being 

in culture with an immunosuppressive agent and then being sorted. It is very likely that not 

many cells would survive this procedure. An alternative could be to sort the Treg cells first 

and then incubate them with an exact dose of CsA prior to coculturing them in a standard 

suppression assay. This method was performed by Coenen et al. They preincubated 

CD4
+
CD25

+
 Treg cells with CsA before a suppression assay (Coenen et al., 2006). In order to 

assure their viability cytokines and an antigen stimulant were added, moving away from the 

ex vivo picture of the cells. These experiments are surely not easy and need a fair amount of 

standardization to make them comparable. Within this project we also started to establish a 

reliable system to assess Treg functionality after coculture with CsA. Unfortunately, it is a 

challenging and extremely time-consuming technique that takes a lot of resources and the data 

obtained so far is not yet conclusive.  

Both CsA and tacrolimus inhibit NFAT but in the experiment presented here, the decline in 

FoxP3 percentage was only observed when incubating the cells with CsA. The first 

mechanistic hypothesis was that CsA is affecting FoxP3 expression through the inhibition of 

NFAT. CsA and tacrolimus both inhibit calcineurin so that it can no longer dephosphorylate 

NFAT. Nevertheless, our results show that tacrolimus did not have the same effect as CsA in 

a wide range of concentrations tested. Thereby concluding that the effect on FoxP3 expression 

is probably not through NFAT inhibition, or at least not in the same manner or to the same 

extent that tacrolimus inhibits NFAT. CsA and tacrolimus inhibit calcineurin via different 

immunophilins: CsA uses cyclophilin while tacrolimus uses FK506 binding protein 

(FKBP12). Therefore the next step was to use an inhibitor that targeted selectively 

cyclophilin. NIM811 is a cyclophilin A inhibitor recently developed as an anti-HCV drug 

because cyclophilin A was found to be an essential cofactor for HCV (Yang et al., 2008a). In 

this study no effect was observed on FoxP3 expression after incubation with NIM811. 

However, CsA is a much wider inhibitor of cyclophilins and does not only inhibit cyclophilin 

A and the effect of CsA could still be mediated via interaction with other cyclophilins. The 

microarray analysis revealed that within the genes that changed when incubated with CsA lay 

cyclophilin C. Additionally, two CsA derivatives were synthesised to target HCV: NIM811 

and alisporivir (Debio-025). Both lack immunosuppressive activity but could eventually target 
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different isoforms of cyclophilin. Additional in vitro experiments with alisporivir could shed 

more light on the mechanism of FoxP3 downregulation. NFAT can interact with FoxP3 and 

also has been reported to be able to regulate FoxP3 (Wu et al., 2006). Surprisingly though, 

Vaeth et al. showed that compared to the effector T cell counterpart blocking NFAT did not 

impair Treg function, as very low levels of NFAT were sufficient for proper Treg cell 

function (Vaeth et al., 2012). This could partly be explained by recent findings claiming that a 

portion of NFAT is constitutively localized in the nucleus in Treg cells (Li et al., 2012). 

Collectively, CsA has a clear effect on Treg cells by a cyclophilin A and NFAT independent 

mechanism. The implications of these findings for the clinical use of CsA need to be 

considered and require further investigation.  

 

 

Figure 38: Mechanisms tested in vitro to elucidate the mechanism behind FoxP3 downregulation 

by cyclosporin A (CsA). 
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3 Treg gene expression analysis after in vitro incubation with CsA 

Phenotypical analysis of Treg cells in patients after liver transplantation exposed to 

cyclosporin A (CsA) as well as in vitro incubation with CsA revealed distinct phenotypical 

alterations of Treg cells. However, the mode of action for how CsA induced this changes are 

unclear. The first hypothesis, that the mechanism was related to an inhibition of NFAT or 

cyclophilin A, was refused by testing tacrolimus and NIM811 respectively. Therefore, the 

next approach included an unbiased assessment of Treg cell gene expression at mRNA level. 

A gene expression array was performed after incubation for 3 hours with different 

concentrations of CsA and further resting for 48 hours. In addition, Treg cells were also 

cocultured with autologous CD4
+
CD25

-
 effector T cells to analyse the effect of CsA on the 

Treg genes in an activated setup. Surprisingly, no effect could be observed on FoxP3 mRNA 

expression after incubation with CsA. Also no changes in CTLA-4 mRNA levels could be 

found. Furthermore, none of the other genes commonly associated with the Treg lineage, such 

as CTLA4, GITR, IL2RA and others gene previously defined (Hill et al., 2007; Pfoertner et al., 

2006) showed any change after incubation with CsA. Certainly, mRNA levels of the 

respective genes would need to be retested in independent PCR reactions. However, the array 

data could be a first hint that the observed change after CsA incubation was on FoxP3 protein 

level rather than on mRNA level. Changes in internalisation mechanisms cannot be of great 

significance here, as FoxP3 is an intracellular transcription factor. The results could imply that 

the effect of CsA on FoxP3 is not at a transcriptional level, but rather at a translational level. 

The cell has different mechanism to control the expression of proteins: one of them is RNA 

interference (RNAi) (Fire et al., 1998). Small molecules of 20-30 nucleotides non-coding 

RNA, bind to messenger RNA (mRNA) hereby forming a double-strand RNA molecule that 

is degraded by the cell. These types of RNA are called microRNAs (miRNAs). In our case, 

CsA could theoretically induce miRNA that degrade the FoxP3 mRNA after transcription. 

Possible future experiments could include miRNAs arrays in a similar fashion as performed 

here with the mRNA gene expression analysis. Identified miRNAs could be then selectively 

identified and isolated in Treg cells after contact with CsA. A recent publication has 

characterised some Treg miRNAs (Fayyad-Kazan et al., 2012) but the role and magnitude of 

miRNAs for Treg cells remains largely unknown. Further, to validate the results obtained with 

flow cytometry, the effects of CsA on the FoxP3 protein could be confirmed in a protein array 
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or a western blot. An additional approach could include looking at posttranslational 

modifications of the FoxP3 protein. A recent publication reported that changes in two lysine 

residues reduced Treg suppressive function. It this case, interestingly, it did not affect the 

level of FoxP3 expression (Liu et al., 2012). Future experiment could study how CsA could 

influence posttranslational changes, for example by enabling ubiquitination and proteasomal 

degradation (Beier et al., 2012). 

Overall, the data obtained from the mRNA microarray helped to confirm the results discussed 

above. The decline in FoxP3 expression is likely not be caused by an effect on NFAT. The 

first proof came from the unchanged Treg phenotype after incubation with tacrolimus, a drug 

that does also inhibit NFAT. Secondly, there was no change on the mRNA level of NFAT in 

gene expression analysis and finally, a change in NFAT would probably have led to an 

alteration of FoxP3 mRNA, which was not observed after the gene expression analysis. This 

is because NFAT and FoxP3 are tightly related. NFAT can bind to the FoxP3 promoter 

(Mantel et al., 2006) and in this cooperation can turn on the gene expression required for Treg 

lineage (Wu et al., 2006).  

Moreover, the microarray data helped to give insights on another possible mechanism for the 

reduction in FoxP3. The genes that showed the most prominent downregulation after 

incubation with CsA could hold the key for understanding the reason behind the reduction of 

FoxP3 expression. Within these genes, PYDC2 and PPIC could be found. PYDC2 encodes for 

Pyrin Domain-Containing Protein, which can inhibit the signalling of NF-κB. NF-κB is a 

transcription factor also believed to be able to interact with FoxP3 (Long et al., 2009). PPIC 

encodes for cyclophilin C and might be an alternative explanation to the failed result with the 

cyclophilin A inhibitor as CsA not only binds to cyclophilin A, but also to cyclophilin C 

(Schneider et al., 1994).  

Additionally, the gene array revealed which genes were downregulated after the Treg cells did 

exert their function in a standard suppression assay. As expected, most of the genes that 

showed an increased change were downregulated with the different concentrations of CsA. 

This is the effect of CsA being an immunosuppressive drug and hampering the processes of 

proliferation. All of the genes downregulated with CsA belonged to the inflammation 

mediated chemokine and cytokine-signalling pathway. Future experiments could reveal if 

these genes are the reason why CsA has been shown to be detrimental to Treg cells. 

Interestingly, these genes included IDO1. This gene encodes for indoleamine-pyrrole 2,3 

dioxygenase (IDO). Up to now, it was believed that Treg cells increased the amount of IDO to 

augment the suppressive environment by priming DC to produce IDO (Fallarino et al., 2003; 
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Onodera et al., 2009). This finding could widen our understanding of this molecule and 

suggests that also Treg cells can be involved in producing this immunosuppressive molecule. 

Additionally, a series of genes regulating chemokines were identified (CXCL1, CXCL2, 

CCL2, CCL7, CCL8). A downregulation of these genes could limit recruiting of other cells or 

dampen Treg homeostasis. It is striking that many of these genes are associated with anti-

inflammatory pathways in macrophages and monocytes. The link to Treg function needs to be 

established in future research. Of course the selection of genes does not stop here, almost 

50,000 genes were analysed and are available for future studies. Because of the magnitude of 

the database, the research had to focus on those genes that changed drastically compared to 

the gene expression of Treg cells without CsA. It is clear that we cannot rule out that some of 

the vital genes or possible solutions to our hypothesis could lie in the bulk of genes.  

However, while this study generates new hypotheses that can add knowledge to mechanism of 

action of Treg cells and how a treatment with CsA may affect them, we are aware of the 

limitations of this experimental setup. As the mRNA gene array is a laborious and costly 

procedure, the period of time in which the cells were incubated with CsA was limited to three 

hours. This was done to both analyse the immediate effects of CsA and to increase Treg cell 

viability. Of course, a whole range of time points should be included as the expression 

profiling could change depending on the length of the incubation. Even though no effect was 

observed with tacrolimus or NIM811 on a protein level, a gene expression analysis after 

incubation with another calcineurin inhibitor or a cyclophilin A inhibitor could explain the 

paths that both drugs use in contrast to CsA. 

 

Overall, this study shows for the first time a wide and detailed characterisation of Treg cells in 

liver transplanted recipients with a special focus on persistent hepatitis C infection. This 

knowledge helps to understand how the immune system exerts its balance between an 

alloresponse to the new organ and an antiviral response. Future studies should explore the 

predictive value of these results as potential biomarkers for graft outcome.  

The elaborate characterisation of Treg cells in liver transplantation is an imperative task 

towards the implementation of Treg cells as cellular therapy in the clinic. Some on-going 

studies are already investigating the potential of Treg cells in preventing rejection and these 

results add to the understanding of how Treg homeostasis works in transplantation. Treg 

plasticity and potential to switch to effector function could make them harmful to the 

recipient. It is therefore of utmost significance to truly understand the heterogeneity of Treg 

cells in all the clinical settings. This study widens the knowledge of Treg cells in different 
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underlying diseases and conditions. Full understanding of the diversity of these cells is of 

vital importance if Treg cells are to be moved into clinics as a therapeutic tool and to improve 

current therapy regimes and limit side effects. Of special interest in this context is what effect 

the immunosuppressive treatment has on Treg cells. In this study, the influence of CsA on 

Treg cells could be shown both in vitro and on an mRNA level. These findings could 

influence the treatment choice in liver transplant recipients. Subsequent experiments based on 

the discoveries here presented could bring to light the mechanism behind the effect of CsA on 

Treg cells.  
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VI APPENDIX 
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Hiermit erkläre ich, dass ich die vorliegende Dissertation mit dem Titel „Regulatory T cells in 

liver transplantation: Phenotypical characterisation and effects of immunosuppressive drugs“ 

selbständig verfasst habe. 

Ich habe keine entgeltliche Hilfe von Vermittlungs- bzw. Beratungsdiensten 

(Promotionsberater oder anderer Personen) in Anspruch genommen. Niemand hat von mir 

unmittelbar oder mittelbar entgeltliche Leistungen für Arbeiten erhalten, die im 

Zusammenhang mit dem Inhalt der vorgelegten Dissertation stehen.  

 

Ich habe die Dissertation an folgendem Institut angefertigt: 

Klinik für Gastroenterologie, Hepatologie und Endokrinologie, Sonderforschungsbereich 738, 

Arbeitsgruppe Prof. Wedemeyer, Medizinische Hochschule Hannover, Carl-Neuberg-Str.1 

30625 Hannover. 

 

Die Dissertation wurde bisher nicht für eine Prüfung oder Promotion oder für einen ähnlichen 
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-----------------------------------  -------------------------------------- 

Ort, Datum  Unterschrift 



APPENDIX 117 

 

 

2 Acknowledgements  

First and foremost I would like to thank my supervisor, Prof. Heiner Wedemeyer. He always 

had full trust in my competence, was supportive, motivational and inspiring; especially when 

frustration levels started to overflow. Thank you, you have set a high bar when it comes to 

future bosses! 

 

I want to thank Prof. Dimitrios Tsikas, who kindly agreed to co-supervise this thesis; the 

discussions during project presentations have always been very insightful and helpful.  

 

I would like to thank Prof. Manns who gave me the opportunity to work in his department. 

Furthermore, he is the speaker of the SFB 738 of which this work is a part. The SFB 738 not 

only funded me during my time at the MHH but also allowed me to meet and collaborate with 

other scientists in different departments and organised a whole variety of courses that 

enriched me as a person and a scientist. I cannot be grateful enough for this experience.  

 

Thanks also to PD Markus Cornberg for all his input during lab meetings.   

 

I want to thank Dr. Paraskevi Fytili, my clinical “better-half” in this project. 

 

I would like to thank Dr. Verena Schlaphoff. She always kept the lab running and ensured it 

didn’t fall apart. I thank her also for her valuable advice during these years.  

 

A special thanks to Dr. Suneetha Pothakamuri and Dr. Jan Grabowski, who in my first months 

at the MHH, took me by the hand and guided me through clumsy stainings and confusing 

MHH procedures. Thank you! 

 

I would also like to thank all the other lab members: Antoaneta Markova, Sebastian 

Lunemann, Jerzy Jaroszewicz, Kerstin Stegmann, Rakesh Bakshi and Birgit Bremer. With 

you I started this exciting research adventure! 

 

A huge thanks to Dr. Beatriz Calle Serrano, she managed to bring a bit of Spain to the lab 

when I needed it the most.  

 

Thanks to all the “new” lab members: Dr. Magdalena Rogalska-Taranta, Shihong Zhang, 

Solomon Owusu, Julia Hengst and Anett Gisa. You really have contributed so much to make 

the lab feel like a home. Thank you, you are great! 

 

A very special thanks you to Dr. Anke Kraft. You came at the right moment with a lot of 

patience and dedication. You helped this thesis come to life and gave fresh and brilliant 

guidance. Thank you! 

 

I would like to thank all the patients and healthy volunteers who generously donated their 

blood for this study. Thanks also to the physicians and study nurses in the liver outpatients 

clinics who organised the samples and managed the blood drawing, especially to Janina 

Kirschner.  



APPENDIX 118 

 

Thank you Carmen Bona, Jara Mínguez and Isabel Zaragoza! It was always so good to have 

you. When I grow up I want to be as amazing as you are. Carmen, since this whole thing 

started we’ve hardly been travelling together, so you better start packing your bags now!  

 

I would like to thank Rocío de Lucas and Lena Huck, who never stopped believing in me. 

Thank you for always being there for me, taking me out for a dance and making my world 

better again. You are truly incredible! 

 

I would like to thank Borja Goytia, without you I would not be here now. Thank you! 

 

I would like to acknowledge all the podcasts that filled my life for the last three and a half 

years: Planet Money, In Our Time, This American Life, More or Less, … You kept me 

company during long lonely lab hours and not only enriched my mind but made sure I did not 

lose it.  

 

I need to thank my grandmother and my aunt, who are not here anymore to see this work 

finished. Your strong and generous characters have shaped me. You always kept an eye on me 

and made sure I was all right. I miss you and I thank you eternally.   

 

A special thank you to my parents, whose love and support managed to get me to the finish 

line.  

 

I cannot thank my brother Mario enough for all his support, laughs, company and advice. This 

is also yours. Gracias, loco! 

 

Finally, I want to thank Reed enormously. You have been incredibly supportive during this 

whole process. You also made sure that I wouldn’t lose my mind and I kept in touch with the 

world outside the lab. You have been my drive for the past years. In the words of Ralph 

Waldo Emerson “Our chief want in life is somebody who shall make us do what we can.” 
Thank you for being that somebody and so much more. Gracias! 

 



APPENDIX 119 

 

 

3 Patients’ informed consent 

Abteilung Gastroenterologie, 

Hepatologie & Endokrinologie 

 

PATIENTENINFORMATION UND EINWILLIGUNGSERKLÄRUNG 

ZUR TEILNAHME AN DER UNTERSUCHUNG: 
 

Untersuchungen zur Bedeutung von regulatorischen T-Zellen bei Patienten  
nach Lebertransplantation 

 

 

 Patient ....................................   Geburtsdatum: ............................  

(Name, Vorname) 

 

Sehr geehrte Patientin, 

sehr geehrter Patient, 

 

In dieser wissenschaftlichen Untersuchung möchten wir regulatorische Lymphozyten (Immunzellen des 

Körpers) bei Patienten nach Lebertransplantation untersuchen. Ziel der Studie ist es zu verstehen, wie 

Immunantworten nach Lebertransplantation im Rahmen von Virusinfektionen oder Tumorrezidiven 

reguliert werden und warum einige Patienten einige Abstoßung bekommen. Viele Patienten entwickeln im 

Verlauf nach einer Lebertransplantation erhöhte Leberwerte, wobei die Ursachen häufig nicht sicher 

geklärt werden können. Die Aufklärung des Grundes für erhöhte Leberwerte nach einer Transplantation 

(Abstoßung und/oder Infektion/Tumor) hat jedoch eine wichtige Bedeutung für die Therapieplanung, da 

einerseits verstärkte Immunsuppressionen notwendig sein können (z.B. bei einer Abstoßung) andererseits 

jedoch eine Bekämpfung einer eventuellen Infektion durchgeführt werden muss. Wir erhoffen uns von den 

Untersuchungen unseres Forschungsprojektes daher die Diagnostik zu Klärung dieser Fragestellung zu 

verbessern und langfristig möglicherweise neue Therapien zur Behandlung von Abstoßungen und 

Infektionen oder Tumorrezidiven zu entwickeln.  
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Für diese Untersuchung sollen bei Ihnen an verschiedenen Zeitpunkten nach Lebertransplantation 75 ml 

Blut im Rahmen von Routineblutentnahmen entnommen werden. Diese Untersuchung wird geleitet durch 

Herrn Prof. Dr. med. H. Wedemeyer und Herrn PD Dr. M. Cornberg von der Medizinischen Hochschule 

Hannover.  

 

Alle im Rahmen der Untersuchung an Ihnen erhobenen Gesundheits- bzw. Krankheitsdaten einschließlich 

der Ergebnisse der entnommenen Blutproben werden nur in verschlüsselter (pseudonymisierter) Form 

aufgezeichnet.  

 

Die Teilnahme an dieser Studie ist freiwillig und beeinflusst in keiner Weise Ihre Behandlung. Sie können 

jederzeit ohne Angabe von Gründen Ihre Einwilligung zur Teilnahme an dieser Studie zurückziehen, ohne 

dass dadurch Ihre Behandlung beeinflusst wird. 

Alle Fragen zu dieser vorgesehenen klinischen Prüfung wurden von meinem behandelnden Arzt, 

Herrn/Frau Dr. med. ..................................... zu meiner Zufriedenheit beantwortet und ich bin mit den 

Blutentnahmen sowie der Weitergabe der Krankheitsdaten in anonymisierter Form einverstanden. 

 

 

__________________________      _________________________ 

 Ort, Datum, Unterschrift    Ort, Datum und Unterschrift 

des behandelnden Arztes             des Patienten 

 


