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Summary 

Sabine Tischer  

 

Novel strategies for the characterization, selection and expansion of antigen-specific T 

lymphocytes for adoptive immunotherapy  

 

In view of the immunotherapeutic potential and importance of T lymphocytes, the aim of this 

doctoral thesis was to provide more insight into the generation of antigen-specific T 

lymphocytes and to develop new approaches to improve antigen-specific T-cell responses 

associated with their specific detection and separation. Technological advances with the 

potential to facilitate and improve adoptive immunotherapy were a major focus of this work.  

 

Viral infections, most notably with human cytomegalovirus (CMV), adenovirus (ADV) and 

Epstein-Barr virus (EBV) are major complications of hematopoietic stem cell transplantation 

(HSCT) and solid organ transplantation (SOT) in immunosuppressed patients. As drug 

therapy in most cases can limit but not clear these infections, reconstitution of T lymphocytes 

is crucial for the control of viral infections after transplantation. T lymphocytes are one of the 

main cellular compartments involved in the adaptive immune response. They are essential for 

the regulation of humoral and cellular immunity against infected or malignant cells. Over the 

past years, various immunotherapeutic strategies to enhance or supplement T-cell-mediated 

immunity have been established and confirmed. The adoptive transfer of antigen-specific T 

lymphocytes seems to be an essential alternative. Several protocols for the in vitro expansion 

of antigen-specific T lymphocytes have been designed which can be adapted to good 

manufacturing practice (GMP) conditions.  

 

This study was focused on three main purposes: (1) choosing a source of potent antigens to 

stimulate a strong immune response, (2) establishment of new protocols for the efficient in 

vitro T-cell expansion, and (3) development of a new reversible staining technology for the 

specific detection and isolation of antigen-specific T lymphocytes. Here, CMV has been used 

as a model system because it is one of the best characterized viruses and one of the most 

common viral infections following HSCT or SOT.  
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The recombinant CMV phosphoprotein 65 (pp65) and heat shock protein 70 (HSP70)-

chaperoned human leukocyte antigen (HLA)-restricted peptides derived from CMVpp65 and 

CMV immediate-early protein-1 (IE-1) were investigated as immunogenic targets for the in 

vitro generation of CMV-specific T lymphocytes. 

 

A novel strategy for the expression of viral proteins was developed in the scope of this 

doctoral study. This technique can be used for the generation of CMV-specific T lymphocytes 

and is easily adaptable to GMP conditions. Stimulation of unfractionated peripheral blood 

mononuclear cells (PBMCs) with soluble recombinant CMVpp65 (rCMVpp65) resulted in the 

generation of CMV-specific CD8+ and CD4+ T lymphocytes that did not differ from CTLs 

induced using the well-studied HLA-A*0201-restricted CMVpp65495-503 peptide in terms of 

cytotoxicity and interferon-gamma (IFN-γ) production.  

 

Cross-presentation via HSP70/CMV-peptide complexes (HSP70/CMV-PCs) for the induction 

of antiviral T-cell responses was also investigated. HSP-peptide complexes (HSP-PCs) are 

potent mediators of the generation of both antiviral and antileukemic T lymphocytes. In this 

study, efficient cross-presentation was observed with several CMV-derived peptides, while 

the uptake of HSP70/CMV-PCs was mainly mediated by CD91. The HSP70/CMV-PCs used 

here yielded significantly higher cytotoxic T lymphocyte (CTL) responses than the peptide 

alone, independent of the viral antigen. The frequency of antiviral CD8+ T lymphocytes 

varied depending on the individual donor. Therefore, the donors were stratified into weak, 

medium and strong responder groups. In terms of naive or low CTL precursor frequencies, 

HSP70-PCs might be useful in certain clinical applications, including the selective induction 

of T lymphocytes directed against leukemia targets for increasing the graft-versus-leukemia 

(GvL) effect. 

 

In this doctoral study, a new reversible peptide-major histocompatibility complex (pMHC) 

multimer technology called Histamer was developed for the detection, phenotypic 

characterization and separation of clinical-grade antigen-specific T lymphocytes. 

Multimerization was performed by coupling refolded 6xHis-tagged pMHC class I molecules 

onto cobalt-based magnetic beads to achieve a stable profile. Proof of principle of the new 

pMHC Histamer technology was demonstrated using the immunodominant HLA-A*02:01-

restricted CMVpp65495-503 peptide. Specific detection of T lymphocytes with dye-labeled 

pMHC Histamer can be performed with whole blood, isolated PBMCs or expanded cell 
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populations. Moreover, this reversible technology can be used to select antigen-specific T 

lymphocytes of high purity without altering their functional status. The high specificity and 

sensitivity of Histamer might enable the detection and isolation of low frequencies of antigen-

specific T lymphocytes, even if of low avidity. This elegant technique can be adapted to GMP 

conditions and can be used in both basic and clinical immunology. 

 

In this study, the specificity and alloreactivity of expanded and selected antiviral T 

lymphocytes was determined in vitro by phenotypic and functional assays. Future preclinical 

studies should be performed to investigate the in vivo efficacy and harmlessness of antigen-

specific T lymphocytes generated and selected by the present protocols. The aim for the future 

is the generation and separation of functionally active antigen-specific T lymphocytes for 

clinical applications. 
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Zusammenfassung 

Sabine Tischer  

 

Neue Strategien zur Charakterisierung, Isolierung und Expansion antigenspezifischer 

T-Lymphozyten zur adoptiven Immuntherapie 

 

Im Hinblick auf Forschung und Entwicklung neuer oder verbesserter Behandlungsansätze in 

der adoptiven Immuntherapie gewinnen T-Lymphozyten mit ihrem therapeutischen Potential 

zunehmend an Bedeutung. Das Ziel der Arbeit bestand in der Untersuchung und Etablierung 

neuer Methoden zum Nachweis, zur Gewinnung und Anreicherung, sowie zur Isolierung 

antigenspezifischer T-Lymphozyten. Mit Hilfe der vorliegenden Arbeit sollten verbesserte 

Vorraussetzungen für eine effektive und klinisch anwendbare adoptive Immuntherapie mit 

antigenspezifischen T-Lymphozyten geschaffen werden. Die hierbei entwickelten Protokolle 

können an die erforderlichen GMP (good manufacturing practice)- Bedingungen angepasst 

werden. 

 

Neben Transplantationsabstoßung und Transplantat gegen Wirt Erkrankung (Graft-versus-

Host Disease, GvHD) treten aufgrund der notwendigen Immunsuppression nach Organ- oder 

Stammzelltransplantation häufig Virusinfektionen auf. Besonders die Infektionen mit dem 

Cytomegalievirus (CMV), Adenovirus (ADV) oder Epstein-Barr Virus (EBV) sind mit einer 

hohen Morbidität und Mortalität verbunden. Die medikamentöse Behandlung mit Virustatika 

ist häufig mit schweren Nebenwirkungen verbunden und wird zunehmend durch Virustatika-

resistente Virusstämme eingeschränkt. Zur effektiven Bekämpfung der Virusinfektionen ist 

die Rekonstruktion des zellulären Immunsystems von großer Bedeutung. T-Lymphozyten 

spielen eine wichtige Rolle in der adaptiven Immunabwehr. In der Vergangenheit wurden 

verschiedene immuntherapeutische Ansätze zur Verstärkung bzw. Suppression der T-

Zellabwehr entwickelt. Der adoptive Transfer von virusspezifischen T-Lymphozyten stellt 

eine potentielle Alternativtherapie dar. Methoden zur in vitro Generierung von spezifischen 

T-Lymphozyten für den adoptiven Transfer können leicht an GMP-Bedingungen angepasst 

werden.  

 

In der vorliegenden Arbeit wurde der Fokus auf drei Schwerpunkte gelegt: (1) der 

Verwendung potentieller Antigene für die Stimulation einer starken Immunantwort, (2) die 
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Etablierung neuer Protokolle zur effektiven in vitro Expandierung von T-Lymphozyten und 

(3) die Entwicklung einer neuen reversiblen Färbetechnik zum spezifischen Nachweis und der 

Isolierung antigenspezifischer T-Lymphozyten. Hierbei wurde CMV aufgrund seiner guten 

Charakterisierung und weiten Verbreitung als Modellsystem verwendet.  

 

Zur Generierung CMV-spezifischer T-Lymphozyten wurde zunächst der Hauptfokus auf das 

rekombinant hergestellte CMV Phosphoprotein 65 (pp65) und auf die Hitzeschockprotein 70-

Peptidkomplexe (heat schock protein 70-peptide complexes, HSP70-PCs) gelegt. Zur 

Herstellung solcher Komplexe wurde HSP70 mit unterschiedlichen human leukocyte antigen- 

(HLA) restringierten Peptiden des CMVpp65 bzw. CMV Immediate Early Protein-1 (IE-1) 

beladen.  

 

In dieser Arbeit wurde ein Protokoll entwickelt, dass die einfache und kosteneffektive 

Herstellung rekombinanter löslicher Proteine ermöglicht. Die Technik kann einfach an GMP-

Bedingungen angepasst werden. Unter Verwendung dieses Protokolls wurde das 

rekombinante lösliche Protein CMVpp65 (rCMVpp65) hergestellt. Unabhängig vom HLA 

Profil konnten durch die Stimulation von isolierten Blutzellen mit CMVpp65 erfolgreich 

CMV-spezifische CD8+ und CD4+ T-Lymphozyten generiert werden, welche in ihrer 

Funktion hinsichtlich Zytotoxizität und Interferon-Gamma (IFN-γ) Sekretion vergleichbar mit 

CMVpp65495-503-Peptid-stimulierten zytotoxischen T-Lymphozyten (cytotoxic T 

lymphocytes, CTLs) waren.  

 

Die Induktion antigenspezifischer CD8+ T-Lymphozyten kann durch die sogenannte Cross-

Präsentation von HSP70-PC erfolgen. Die Effektivität der Cross-Präsentation konnte in dieser 

Arbeit anhand verschiedener HLA-restringierter CMV-Peptide nachgewiesen werden, wobei 

die erzielten Ergebnisse auf eine bevorzugte Aufnahme des HSP70/CMV-PC durch den 

Rezeptor CD91 hinweisen. Aufgrund der starken Unterschiede in der Frequenz 

antigenspezifischer CD8+ T-Lymphozyten zwischen den einzelnen Spendern, wurden diese in 

die Gruppen schwache, mittlere und starke Responder unterteilt. Dies ermöglichte eine 

genauere und detaillierte Analyse der verschieden Ansätze. Die vorliegende Arbeit 

untermauert die Theorie der Cross-Präsentation, bei der unabhängig vom immunogenen 

Peptid, eine signifikant höhere CD8+ T-Zellantwort durch die Stimulation mit dem HSP70-

PC im Vergleich zum Peptid allein erzielt wird. Cross-Präsentation von HSP70-PC ist ein 

potentieller Ansatz für klinische Anwendungen, wie zum Beispiel die selektive Induktion von 
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Leukämie-spezifischen T-Lymphozyten, die zu einem erhöhten Transplantat gegen Leukämie 

Effekt (Graft-versus-Leukemia effect, GvL effect) führen kann  

 

Im letzen Teil wurde schließlich das neue reversible peptide-major histocompatibility 

complex (pMHC) Multimer, das Histamer, hergestellt. Das pMHC Histamer kann mit dem in 

der Arbeit etablierten Protokoll einfach und kosteneffektiv generiert werden. Diese 

Technologie ermöglicht den spezifischen Nachweis, die phänotypische Charakterisierung und 

die Isolierung antigenspezifischer T-Lymphozyten im klinischen Maßstab. Die 

Multimerisierung des pMHC Histamers erfolgte durch die Verknüpfung mehrerer 6xHis-

getaggter pMHC Klasse I Moleküle an Kobalt-basierenden magnetischen Partikeln. Zur 

Etablierung der Histamer Technologie wurde das Modelpeptid HLA-A*02:01 CMVpp65495-

503 verwendet. Der Nachweis von CMV-spezifischen T-Lymphozyten erfolgte mit Hilfe des 

Alexa Fluor 647 verknüpften HLA-A*02:01 CMVpp65495-503 Histamers, wobei die Histamer 

Färbung sowohl mit Vollblut als auch mit isolierten Blutzellen bzw. expandierten T-

Zellpopulationen möglich war. Die Histamer Technologie ist eine elegante Methode zum 

Nachweis antigenspezifischer T-Zellpopulationen und deren Isolierung in einer hohen 

Reinheit und ohne Veränderung ihrer Funktionalität. Die hier entwickelte reversible Multimer 

Technologie findet sowohl in der Grundlagenforschung als auch in der klinischen 

Immunologie Anwendung. Im Bezug auf die adoptive Immuntherapie ist die Isolierung und 

der Transfer von hochreinen antigenspezifischen T-Lymphozyten mit Hilfe des hoch 

sensitiven und spezifischen pMHC Histamers ein erfolgversprechender klinischer Ansatz. 

 

Die Spezifität und Alloreaktivität der CMV-spezifischen T-Lymphozyten wurde in vitro 

mittels phänotypischer und funktioneller Analysen bestimmt. In weiterführenden 

Untersuchungen muss die Wirksamkeit und Unbedenklichkeit der antigenspezifischern T-

Lymphozyten, die mit Hilfe der in dieser Arbeit etablierten Protokolle expandiert und isoliert 

wurden, in vivo getestet werden. Das Fernziel dieser Arbeit besteht in der Herstellung und 

Isolierung antigenspezifischer T-Zellen für den klinischen Einsatz. 
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1. Introduction 

 

1.1 The ambivalent nature of the immune system 

The body must be protected from malignant cells, infectious agents and other harmful 

pathogens. The immune system of vertebrates has the ability to distinguish self from non-self, 

which is essential for the specific recognition and elimination of hazards [1]. It is a highly 

effective interactive network consisting of lymphoid organs, tissues, cells, humoral factors, 

and cytokines [2]. The main tasks of the immune system—immunological recognition, 

immune effector functions, immune regulation, and immunological memory – are essential 

for an effective host defense. On the other hand, the same mechanisms that protect the host 

from non-self molecules, cells and organisms can cause massive problems in allogeneic 

transplantation of tissues, organs and hematopoietic stem cells due to recognition of the graft 

as foreign. Due to the ambivalent nature of the immune system, transplant recipients must be 

sufficiently immunosuppressed (drugs, radiation) in order to prevent graft rejection [3]. 

 

1.2 Adaptive and innate immune system 

The immune system can be separated into two main parts based on the speed and specificity 

of immune reactions: the innate immune system (natural immune system) and the adaptive 

immune system (acquired immune system) [2]. The innate immune system—the first line of 

host defense—provides an early and effective non-specific response to an individual 

pathogen. The adaptive immune system—the second line of defense—is more complex and 

requires more activation time but has the ability to generate immunological memory for a 

long-lasting protective immunity to re-infection with the same pathogen. Interaction between 

the innate and adaptive immune system is required for strong and effective protection against 

various types of pathogens. Active function of the innate immune system is a basic 

prerequisite for the development of adaptive immunity, whereas cells involved in the innate 

immune response also engaged in the adaptive immune response [2]. 

 

The innate immune system is an evolutionarily highly conserved and non-specific system 

made up of several distinct defense components, including physical, chemical, and 

microbiological barriers [2]. The first barrier of the host is the epithelial barrier, which serves 

to prevent the entry of pathogens. When it is breeched, cellular and molecular elements of the 

immune system such as neutrophils, monocytes, macrophages, natural killer cells (NK cells), 
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complement, cytokines, chemokines, and acute phase proteins attempt to achieve the 

immediate control or elimination of the pathogens [2]. Germline-encoded receptors recognize 

a few highly conserved structures termed pathogen-associated molecular patterns (PAMPs) 

that are present on the microorganisms but not the host [4]. Lipopolysaccharides (LPS), 

endotoxins, peptidoglycans, and unmethylated CpG DNA are typical PAMPs that induce 

unspecific innate immune responses. The innate immune response uses a variety of induced 

effector mechanisms, all of which are regulated by the receptor systems. These mechanisms 

are required to eliminate or hold pathogens in check until they can be recognized by the 

adaptive immune system. As the innate immune system lacks immunological memory, the 

magnitude of response is the same each time the pathogen is encountered [5]. 

 

The adaptive immune system is based on the proliferation of clonally selected T and B 

lymphocytes with highly diverse antigen-specific receptors. T and B lymphocytes develop 

from progenitor cells within the bone marrow [2]. B cells remain in the bone marrow until 

they are mature, but T cells migrate to the thymus at an early stage as thymocytes. After they 

develop in the thymus, the two main classes of T lymphocytes are CD8+ T cells and CD4+ T 

cells [6]. Antibody-mediated immunity (humoral immunity) is mediated by B lymphocytes in 

response to free extracellular antigens. B-cell antigen receptors (BCRs) are located on the 

surface of B cells. The proliferation and differentiation of B cells into their activated state 

(antibody-secreting plasma cells) is induced by the binding of a specific antigen to the BCR 

[7]. Cellular immunity is mediated by T lymphocytes, which are activated by the first 

encounter with an antigen. Subsequently, they proliferate and differentiate into one of several 

different functional types of effector T cells. T-cell antigen receptors (TCRs) are located on 

the surface of T cells [8]. Unlike the BCR, the TCR does not recognize free antigens. Instead, 

exogenous or endogenous antigens must be presented either by major histocompatibility 

complex (MHC) class I or class II molecules on the cell surface on one of vertebrate own 

cells known as antigen-presenting cells (APCs) [9]. The three major types of APCs are 

dendritic cells (DCs), macrophages, and B cells. As part of the T-cell activation process, 

APCs present antigens via MHC class I or class II molecules to naive T lymphocytes, while 

APCs also express co-stimulatory molecules (e.g., CD80 and CD86) that are required to fully 

activate T cells [10]. On first exposure to a given pathogen, the adaptive immune response is 

highly specific but takes several days or weeks to become fully effective. During this delay, 

host protection is provided by the innate immune system. After activation by an antigen, some 

B and T lymphocytes differentiate into memory cells, which are required for long-lasting 
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immunity. On second exposure to the specific antigen, the formerly generated memory T cells 

and memory B cells respond immediately by proliferating and differentiating into clones of 

antigen-specific lymphocytes, resulting in a more rapid and effective response to re-infection 

or prevention of the pathogenic invasion [11].  

 

1.3 Antigen processing and presentation 

In the adaptive immune system, mature T and B lymphocytes are activated by the recognition 

of antigens, foreign peptides that specifically match the highly variable antigen receptors of T 

and B cells, respectively. B cells and their antibodies recognize antigens in their native form, 

whereas T cells only recognize antigens that are displayed on cell surfaces by MHC class I or 

class II molecules. These are endogenous or exogenous antigens derived from either viruses, 

intracellular bacteria, malignant cells or proteins, whereas exogenous targets are taken up 

from the extracellular fluid by endocytosis [2]. The degradation of native protein antigens into 

peptides inside the APC is commonly referred to as antigen processing. Degraded peptides are 

presented on the cell surface by specialized host cell glycoproteins known as MHC molecules. 

In humans the MHC complex is called human leukocyte antigen (HLA). MHC molecules 

function by loading and displaying antigens for surveillance by the immune system. MHCs 

are classified as MHC class I or MHC class II depending on the source of the peptide that 

they trap and display [2]. MHC class I molecules present peptides derived from cytosolic 

proteins, which are recognized by CD8+ T cells, while MHC class II molecules present 

peptides generated in acidified intracellular endosomes and recognized by CD4+ T cells [2, 

12]. MHC class I and II molecules are encoded in large, highly polymorphic gene clusters, 

which has a profound effect on antigen recognition by T cells. The MHC class I and II 

processing and presentation pathways are shown in Figure 1. 
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Figure 1: Major histocompatibility complex (MHC) class I and class II processing and presentation 

pathways (adapted from [13], copyright Nature Reviews Immunology). 

 

1.3.1 MHC class I antigen presentation  

MHC class I molecules are expressed on almost all nucleated cells. They consist of three 

domains [14]: a 45 kilodalton (kDa) heavy chain containing an antigen-binding groove, which 

is tightly associated with a 12 kDa light chain (beta-2 microglobulin, B2M), and a short 

peptide fragment [15, 16]. The human MHC complex, called HLA, contains more than 200 

genes and is encoded on the short arm of chromosome 6 (6p21) and is extremely polymorphic 

[16]. Humans have three main HLA class I genes, HLA-A, B, and C. B2M is a non-

glycosylated polypeptide chain encoded by a gene located on chromosome 15 [16].  

 

Antigen processing and presentation by MHC class I complexes is shown in Figure 1, which 

comprises the generation of peptides by degradation of intracellular proteins, including self 

proteins, viral proteins and some bacterial proteins [2, 16]. Peptides derived from extracellular 

pathogens, such as those in tissue transplants, can also be presented by MHC class I 

molecules. The process of presenting exogenous antigens to CD8+ T cells by MHC class I 

molecules is called cross-presentation [16-19]. Cross-presentation occurs in response to viral, 

bacterial and leukemic antigens, antigens on tissue or cell grafts and to antigens derived from 

apoptotic cells.  
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Target proteins are degraded by the proteasome, a very large protein complex, in a process 

called proteolysis (Figure 1). The proteasome consists of a catalytic 20S core and two 19S 

regulatory complexes [14]. The ATP (adenosine triphosphate)- dependent large cylindrical 

proteasome is part of the ubiquitin-dependent degradation pathway for cytosolic proteins [20]. 

Proteins are targeted for degradation by covalent binding with ubiquitin, a small regulatory 

protein (8.5 kDa) [20]. After binding to the regulatory complex, the unfolded ubiquitinated 

proteins are transferred into the catalytic 20S core, which is composed of α structural subunits 

and β catalytic subunits, where the proteins are hydrolyzed into short peptides [20]. The 

proteasome can exist as a constitutive proteasome, which is found in all somatic cells, or as an 

immunoproteasome, which is induced by interferon-gamma (IFN-γ). The immunoproteasome 

has an altered catalytic specificity due to the incorporation of three immunosubunits low-

molecular mass polypeptide 2 (LMP2), LMP7, and multicatalytic endopeptidase complex-

like-1 (MECL-1). This modification is important for generating peptides that optimally bind 

to MHC class I molecules [21]. Peptides generated by the constitutive proteasome are 7 or 8 

amino acids in length, whereas those generated by the immunoproteasome have 8 or 9 amino 

acids [22-24]. Proteasome-generated peptides are translocated from the cytosol to the 

endoplasmic reticulum (ER) by TAP (transporter associated with antigen processing), a 

heterodimeric ATP-binding antigen transporter [19, 23]. MHC class I molecules are 

synthesized in the ER, and TAP-associated peptides bind the partially folded MHC class I 

molecules (Figure 1). The TAP transporter is a component of the multi-protein peptide-

loading complex [23]. Further molecules involved in the MHC class I loading complex are 

the chaperone calreticulin (CRT), the thiol oxidoreductase ERp57 (endoplasmic reticulum 

protein 57), calnexin, and the TAP-associated protein tapasin [25]. As a rule, peptides 8 to 10 

amino acids in length bind stably to MHC class I molecules [23]. Longer peptides can fit into 

the groove but bulge partly out of the groove or zigzag within the cleft [26]. The stability of 

interaction between a peptide and a MHC class I molecule decreases the more the peptide 

protrudes from the groove. Therefore, long peptides with 10 or more amino acids are a 

significantly less common than those with 8 to 9 amino acids [16, 23]. The assembly of 

peptide-MHC class I complexes (pMHC) is an essential process that must occur before the 

molecule is completely folded. Once they bind to a peptide, the peptide-loaded MHC class I 

molecules are released for exocytosis to the cell surface, where they are examined by 

cytotoxic CD8+ T lymphocytes (CTLs) for peptides derived from foreign pathogens  

(Figure 1) [16].  
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1.3.2 MHC class II antigen presentation  

Constitutive expression of MHC class II molecules is limited to professional APCs, primarily 

DCs, monocytes, macrophages, and B cells [2]. The three different types of MHC class II α 

and β chain genes are co-located in the centromeric part of the MHC and expressed in humans 

are HLA-DR, HLA-DP, and HLA-DQ. MHC class II molecules composed of the membrane-

spanning α and β chains link without covalent bonds. Each chain consists of two domains, 

while the α1 and β1 domains form the peptide-binding groove.  

 

MHC class II molecules interact primarily with long antigenic peptides with a size of 15 to 30 

amino acids within various endosomal compartments [27]. Longer peptides can bind to MHC 

class II molecules because both ends of the peptide-binding groove are open. Antigens that 

bind to MHC class II molecules are typically peptides derived from extracellular proteins that 

enter intracellular endosomes by endocytosis or peptides derived from pathogens living in 

macrophage vesicles [2]. The pH of endosomes containing extracellular pathogens decreases 

progressively as they process or eventually fuse with lysosomes containing MHC class II 

molecules [28]. These endosomes contain aspartic and cysteine proteases which activate the 

acidification process to degrade the pathogen into peptide fragments, whereas MHC class II 

molecules are resistant to proteolysis [28]. The synthesis of MHC class II molecules occurs in 

the ER. To prevent the binding of cellular peptides or peptides from the endogenous pathway 

to the MHC heterodimers and to stabilize and facilitate their transport from the ER to early 

endosomes via the Golgi complex, the α and β chains form complexes with an invariant chain 

(Ii chain) [28]. Endosomes containing the newly synthesized MHC class II molecules fuse 

with endosomes containing antigen peptide fragments (Figure 1) [2]. The Ii chain is essential 

for the correct peptide-loading of MHC class II [28]. Via acid proteases such as cathepsin S, 

the Ii chain degrades, leaving only the small fragment referred to as the class II-associated 

invariant-chain peptide (CLIP) occupies the peptide-binding groove of the MHC class II 

molecule (Figure 1) [28-30]. The release of CLIP is catalyzed by the interaction of MHC class 

II with an MHC class II-like molecule (in humans HLA-DM) which allows the high-affinity 

binding of antigenic peptides to MHC class II molecules before the migration to the plasma 

membrane [28]. The stable peptide-loaded MHC class II molecules are exported to the cell 

surface for presentation of their antigens to CD4+ (helper) T cells (Figure 1) [19, 27].  
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1.3.3 Heat shock proteins in antigen presentation and cross-presentation 

Heat shock proteins (HSPs) are highly conserved proteins that function primarily as 

intracellular molecular chaperones. Because they interact with proteins and peptides, they are 

important for cell and organ survival [31]. Heat shock proteins such as HSP60, HSP70, 

HSP90 or glycoprotein 96 (gp96, ER form of HSP90) are key players in protein degradation, 

intracellular transport processes, protein folding, antigen processing and cross-presentation of 

antigenic peptides [17, 32, 33]. In apoptotic pathways, they act at multiple points to prevent 

cells from inappropriate cell death triggered by stress-induced damage [34]. Heat shock 

proteins consist of two functional domains: an adenine nucleotide-binding domain for binding 

and hydrolysis of ATP and a peptide-binding domain that binds exposed hydrophobic 

residues of substrate proteins or peptides [33, 35-38]. 

 

Extracellular heat shock proteins like HSP70 are released by necrosis or secretion in response 

to cellular stress and can bind to exogenous antigenic targets [39]. The immunogenicity of 

extracellular HSPs is caused by the binding of exogenous antigens to HSPs and by the 

transfer of these antigens to professional APCs, such as DCs, for cross-presentation; they alert 

the immune system to danger by inducing APC maturation and cytokine secretion [39]. The 

complex process of cross-presentation requires enzymatic processing of exogenous antigens 

and their movement through different intracellular compartments. This is dependent on the 

characteristics of the antigens and the functional capacity of the involved APC [18, 39-41]. 

Exogenous antigens (e.g., tumor antigens or pathogen-derived proteins) chaperoned by HSPs 

are taken up by receptor-mediated endocytosis [33] and channeled into the MHC class I 

processing pathway for loading onto MHC class I molecules and subsequent presentation to 

CD8+ CTLs [42, 43]. Cross-presentation by HSP-peptide complexes (HSP-PCs) results in a 

stronger T-cell activation than presentation by the antigenic peptide alone [17, 33, 39]. 

Cellular receptors for HSPs identified as being involved in the innate immune response 

include CD14, CD40, CD36, CD91, CCR5, toll-like receptor 2 (TLR2), TLR4, LOX-1 and 

SR-A [44]. It is still unclear which receptors are responsible for the uptake of the different 

HSP-PCs in the adaptive immune response [45, 46].  

 

Heat shock proteins, especially HSP70, have gained major attention as adjuvant capable of 

inducing antigen-specific CD8+ and CD4+ T-cell responses by cross-presentation of 

exogenous antigens, and it was suggested that HSPs might have immunotherapeutic potentials 

[46, 47]. HSP70, the most widely upregulated HSP in response to stress [48], consists of a 
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catalytic ~44 kDa N-terminal nucleotide-binding domain and a ~27 kDa C-terminal substrate-

binding domain [46]. The peptide binding cavity is composed of a β-sandwich, comprises the 

hinge region and α-helices, which comprises the lid region (Figure 2) [49]. The activities of 

the two domains and their affinity of binding to the target antigen occurs in an ATP-

dependent manner [46, 50, 51]. Therefore, in the ATP-bound state the α-helical lid of HSP70 

is open to bind and releases the target peptide rapidly. Following hydrolysis of ATP to ADP 

(adenosine diphosphate) the α-helical lid is closed to holds the peptide tightly [49]. HSP70 

enhances cross-presentation of exogenous antigens for different APCs including DCs and B 

cells [39]. 

 

 

 
Figure 2: Structure of the heat shock protein 70 peptide binding domain (adapted from [49]). 

 

1.4 The role of effector T lymphocytes in adaptive immunity 

The immune system is a complex defense system with non-specific and specific components 

[6]. Adaptive immunity, which is highly specific and has the remarkably property of memory, 

consists of a cellular and a humoral arm. In general, mature T cells express either the cell 

surface protein CD8 or CD4, which are not just random markers, but also allow the 

identification of CD8+ CTLs or CD4+ Th cells [6]. Blood of healthy individuals contains 5-

12.5x10
9
 T cells consisting of 1.5-4.5x10

9
 CD8+ T cells and 2.5-8.4x10

9
 CD4+ T cells 

(CD8+/CD4+ cell ratio of 0.5) [52]. The host defense against infection is largely provided by 

CD8+ cytotoxic T cells, but CD4+ T helper cells may also acquire cytotoxic capacities. After 

leaving the thymus, mature T cells express unique, antigen-binding molecules, the TCRs, 

which are antigen recognition molecules that signal T cells for activation [6]. TCRs have a 
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unique structure consisting of two chains (either α/β or γ/δ) that undergo genetic 

rearrangements in the thymus; this is essential for the adaptive immune response [53]. More 

than 90% of T lymphocytes are αβ T cells, which consist of a heterodimer with a TCR-α and 

a TCR-β domain; the other 5-10% consist of the membrane molecules TCR-γ and TCR-δ and 

are therefore called γδ T cells [54, 55]. Contact of the two variable transmembrane molecules 

of the TCR with the MHC results in the activation of mature T lymphocytes [56]. Because of 

the low affinity to the antigen presented on the MHC complex, a single TCR can recognize a 

variety of different peptide-MHC (pMHC) ligands. 

 

Activation, clonal expansion, and differentiation of T cells are essential elements of cellular 

immunity [6]. The activation mechanisms of CTLs and Th cells via signal transduction are 

generally similar. T-cell activation is a complicated process including mobilization of 

calcium, new transcription, release of pre-processed and retained surface receptors, 

initialization of surface receptors, modified susceptibility to apoptosis, and the secretion of 

cytotoxic granules such as perforin and granzyme B [6]. The first step in adaptive immunity is 

the activation or priming of naive CD8+ and CD4+ T lymphocytes by contact with their 

specific antigens as pMHC complexes on the surface of mature activated APCs via their T-

cell receptors. DCs are the most potent activators of naive T lymphocytes. Activated T 

lymphocytes are induced to proliferate and differentiate into one of several functional classes 

of effector T lymphocytes specialized for different activities [6]. The three main functions of 

effector T lymphocytes are killing, activation and regulation. Naive CD8+ T cells differentiate 

into cytotoxic T cells, which are responsible for killing cells infected with viruses or other 

intracellular pathogens. Naive CD4+ T cells can differentiate into different types of CD4+ T 

effector cells, which are responsible for the activation of B cells or macrophages. The three 

main subsets of differentiated CD4+ effector cells are Th1, Th2, Th17, and regulatory T cells 

[6]. Regulatory T cells function to control the immune response by suppressing the activity of 

other lymphocytes. In the primary immune response, some of the activated T and B cells 

differentiate into memory cells, which function to provide long-lasting immunity against 

previously encountered pathogens.  

 

1.4.1 Cytotoxic T lymphocytes 

CD8+ effector T cells can be divided into four subsets according to their activation and 

differentiation status as naive, effector memory (TEM), central memory (TCM), and effector 

memory/RA+ T cells (TEMRA) [57-59]. The function and phenotype of effector CTLs is 
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associated with their activation status [6]. CTL subsets are classified using specific surface 

molecules as markers. Memory and effector T cells characteristically express the CD45RO 

isoform of the cell surface molecule CD45, while memory and effector cells have similar 

phenotypes. Naive CD8+ T lymphocytes typically express the CD45RA isoform of the CD45 

surface molecule. These isoforms of CD45 are the result of alternative splicing of the mRNA 

transcript [6].  

 

Interleukin-2 (IL-2) drives the activation and differentiation of naive CTLs into effector T 

cells, and the removal of IL-2 from activated cells results in the death of these cells [60]. 

Naive CD8+ T cells do not express IL-2 or its receptors CD25, and the priming of naive 

CD8+ T cells is controlled by several signals [6]. Three sequential signals are required for the 

generation of effector CTLs. Signal 1, the presentation of an antigen (TCR ligation) and 

signal 2, co-stimulatory signals (e.g., by CD28–B7 interactions) are required for the 

immunogenic activation of naive T cells, while signal 3, inflammatory cytokine-mediated 

signaling (e.g., IL-2, IL12, IFN-α/β) dedicates effector CTL differentiation [6, 61, 62]. The 

interaction of B7-1 (CD80) /B7-2 (CD86) with CD28 and CTL-associated antigen 4 (CTLA-

4) is the best characterized T-cell co-stimulatory pathway [6, 63]. B7 molecules are 

heterodimers expressed on the surface of DCs and other cells that stimulate the proliferation 

of naive T cells, whereas B7-1 and B7-2 are two members of the B7 family of ligands [6, 64, 

65]. The binding of B7 to CD28 is important for the activation and clonal expansion of naive 

T cells. B7 and CD28 play a critical role in the homeostasis of regulatory T cells [6, 66]. 

Signaling through other membrane-bound or soluble molecules (e.g., CTLA-4, CD152, 

CD40, and CD154) is necessary to modulate the activation of T cells. Th cells also play a 

major role in the generation of CTLs [6, 67, 68]. Recently a fourth signal, referred to as signal 

0 was described by the upstream action chemokines, which guide the priming of cytotoxic T 

cells [61, 62]. 

 

Once CTLs become activated, a rapid activation of secretory and non-secretory cytotoxic 

machinery occurs. For the indirect killing of target cells, CTLs produce cytokines such as 

tumor necrosis factor-alpha (TNF-α) and IFN-γ, to induce inflammation, activate further 

immune cells, and interrupt viral replication [14]. Direct cell-cell contact is necessary for the 

development of cytolytic activity and the resulting apoptosis of target cells. This can be 

mediated by the binding of cell surface molecule Fas ligand (FasL, CD95L), a member of the 

TNF-α family, expressed on activated T cells, to the Fas receptor (FasR, CD95) on the target 
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cells. Furthermore, macrophages are activated via IFN-γ to APCs as well as effector cells 

[69]. The calcium-dependent release of modified lysosomes called cytotoxic granules is one 

action of CTLs to trigger apoptosis of the target cells. Cytotoxic granules contain three 

distinct classes of cytotoxic effector proteins (perforin, granzymes and granulysin) that are 

expressed specifically in cytotoxic T cells and taken up by target cells [6]. Perforin delivers 

the contents of cytotoxic granules into the cytoplasm of the target cells. Granzymes are serine 

proteases able to induce apoptosis in any type of target cell [70, 71]. Granulysin has 

antimicrobial activity and in high concentrations can induce apoptosis in target cells. CTLs 

have an elaborate mechanism to protect themselves and neighboring cells from accidental 

killing [6]. 

 

1.5 Hematopoietic stem cell transplantation 

Hematopoietic stem cell transplantation (HSCT) is a potentially curative treatment for a 

variety of hematological malignancies and genetic disorders. The principle of treatment is to 

replace damaged hematopoietic stem cells with normal hematopoietic stem cells derived from 

bone marrow, peripheral blood stem cells, or umbilical cord blood [72, 73]. Tens of thousands 

of patients undergo HSCT each year [Report on state of the art in blood and marrow 

transplantation [IBMTR/ABMTR] newsletter, 2003] mainly for malignant hematologic 

diseases such as acute (AML) and chronic myelogenous leukemia (CML), acute 

lymphoblastic leukemia (ALL), and myelodysplastic and myeloproliferative syndrome. HSCT 

is also frequently performed for other malignant diseases, such as non-Hodgkin’s lymphoma, 

Hodgkin’s lymphoma, multiple myeloma and other types of cancer and non-malignant 

diseases [72].  

 

Two different kinds of grafts are used in HSCT: autologous (autoHSCT) and allogeneic 

(alloHSCT). In autologous HSCT, hematopoietic stem cells from the patient are isolated via 

aphaeresis and stored. After complete destruction of the patient’s malignant cell populations 

by high-dose chemotherapy and radiotherapy, the stored stem cells are returned to the patient 

[74]. The primary benefit of the autologous transplantation is the low risk of graft rejection 

because the donor and the recipient are the same individual. Allogeneic HSCT involves two 

people, the recipient (patient) and the donor (healthy). The majority of patients do not have an 

HLA-matched identical sibling donor and therefore require alternative donors, including 

HLA-matched or mismatched unrelated donors and haploidentical related donors [72, 75].  



1. Introduction  12 

The collection and banking of umbilical cord blood from newborn seems to be promising 

solution to this problem because it contains a significant proportion of hematopoietic stem 

cells needed for reconstituting the hematopoietic system after allogeneic infusion [72]. 

Umbilical cord blood does not contain antigen-specific memory T lymphocytes [76]. The 

potential advantage of the “relatively” naive immunity of T cells in cord blood is that they 

might allow for transplantation across significant HLA barriers because full HLA matching is 

not required [72]. Furthermore, cord blood (CB) is rapidly available. It is also possible to 

collect and culture additional cells from the cord blood donor to treat relapsed malignancy or 

graft failure [72]. A major disadvantage of CB is the low stem cell dose, which results in a 

higher infection-related mortality because it delays engraftments and immune reconstitution, 

attributed to the low numbers of transferred T cells, the absence of memory T cells, and the 

apparent hyporesponsiveness of CB antigen-presenting cells [77]. 

 

1.5.1 Complications of hematopoietic stem cell transplantation 

Hematopoietic stem cell transplantation is associated with the three major complications: 

graft rejection, graft-versus-host disease (GvHD), and post-transplant viral infections. Figure 

3 shows the pattern of complications after HSCT. 

 

 

 
 
 
 
 
Figure 3: The pattern of complications (graft rejection, acute graft-versus-host disease (aGvHD), 

chronic graft-versus-host disease (cGvHD), and infections) after hematopoietic stem cell 

transplantation (HSCT) (modified from [78]). 
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Graft rejection occurs when the immune system of the transplant recipient attacks the graft 

(Figure 3). This is characterized by either the absence of hematopoietic reconstitution of 

donor origin (primary graft rejection) or the loss of donor cells after transient engraftment of 

donor-origin hematopoiesis (secondary graft rejection) [79]. Based on the speed of the 

reaction, graft rejection can be classified as hyperacute, acute, or chronic. Immunosuppressive 

drugs are used to minimize the risk of graft rejection. Accurate HLA matching does not 

prevent graft rejection. Moreover, other genetic differences, between donor and recipient such 

as responses to peptides derived from polymorphic cellular proteins presented as minor 

histocompatibility antigens (mHAgs) by HLA molecules on the graft, can also lead to graft 

rejection [80, 81].  

 

Three conditions for the development of GvHD were defined by Billingham [82]: (1) The 

graft must contain immunologically competent cells; (2) The recipient must express antigens 

that are sufficiently different from those of the donor; and (3) The recipient must be incapable 

of mounting an effective immune response to the graft due to tolerance, lack of recognition or 

immunosuppression [72, 82]. The immunologically competent cells in Billingham’s concept 

are T lymphocytes. GvHD can develop due to the response of donor T lymphocytes to 

antigens presented by HLA molecules on host APCs. GvHD is typically classified as acute 

(aGvHD) or chronic (cGvHD) based on timing of occurrence and clinical manifestations [83, 

84]. Risk factors for the development of aGvHD include HLA mismatch, sex mismatch, age, 

stem cell dose, and infections with persistent viruses in recipient and donor [83, 85]. Acute 

GvHD occurs prior to day 100 post-transplant, and its major targets of alloreactivity are the 

skin, the gastrointestinal tract, and the liver [72] (Figure 3). Chronic GvHD is a complex late 

complication with a different pathogenesis [83]: cGvHD generally results from aGvHD and 

frequently develops 3 to 6 months after transplantation (Figure 3)[83]. Moreover, cGvHD has 

additional targets of alloreactivity, such as joints and other serosal surfaces, oral mucosa, and 

lacrimal glands [86, 87]. The risk of cGvHD increases with a history of aGvHD and age (in 

older recipients) [88]. The treatment of GvHD consists of the use of immunosuppressive 

drugs, which are given early in the course of the disease (e.g., graft rejection) [83].  

 

Several studies have demonstrated a strong correlation between GvHD and the beneficial 

graft-versus-tumor (GvT) or graft-versus-leukemia (GvL) effect. Therefore, patients with 

acute or chronic GvHD after allogeneic HSCT have a lower relapse rate and longer remission 

[89, 90]. GvL reaction is thus an integral immune component of donor hematological 
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engraftment, and it has the potential to eliminate host cells, in particular, chemotherapy-

resistant malignant cells [73]. Therefore, donor T cells and NK cells are activated by recipient 

leukemic blasts. Regarding its activity in leukemia, the GvL effect is in high gear in CML and 

is also functional in AML, but is rarely observed in ALL. 

 

Viral infections are common diseases that have severe complications after alloHSCT or solid 

organ transplantation (SOT, Figure 3). Severe viral infections carry significant risks during 

periods of immunosuppression, such as those necessary to prevent graft rejection [91]. Viral 

infections are associated with a high morbidity and mortality. The major viral pathogens in 

these settings are human cytomegalovirus (CMV), Epstein-Barr virus (EBV), and adenovirus 

(ADV). Treatment with conventional antiviral drugs is frequently insufficient and is 

associated with several side effects [92]. Furthermore, the number of virus strains resistant to 

virustatics has increased during the last years. Previous studies have shown that reconstitution 

of virus-specific immune response after HSCT or SOT is essential to controlling and 

eliminating these viral infections [93].  

 

1.5.2 Post-transplant complications associated with human CMV infection 

Human cytomegalovirus is a persistent β-herpesvirus that affects most healthy individuals 

during the first years of life [94]. Healthy CMV-seropositive individuals have a high number 

of CMV-specific CD8+ and CD4+ T cells, which is essential to controlling viral reactivation 

without becoming clinically symptomatic [93]. CMV reactivation continues to be one of the 

most important and life-threatening complications in immunosuppressed patients. 

Reactivation of CMV can result in significant morbidity and mortality; clinical manifestations 

include interstitial pneumonitis, gastroenteritis, fever, hepatitis, encephalitis, and retinitis [95, 

96]. The incidence of CMV infection ranges from 60% to 90% in CMV-seropositive patients 

and in CMV-seronegative patients who receive a transplant from a seropositive stem cell 

donor [97, 98]. Prophylactic and preemptive antiviral treatment can reduce CMV-associated 

mortality and the incidence of early CMV disease, but is associated with substantial toxicity 

[96]. Furthermore, prolonged antiviral treatment may result in delayed immune reconstitution, 

favoring the late onset of CMV disease more than 100 days post-transplant [99]. Moreover, 

the treatment of established CMV disease with antiviral chemotherapy and intravenous 

immunoglobulin is only partially effective, and the mortality rate for patients developing 

CMV pneumonia remains very high. Hence, cellular immunity is important for the control of 
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CMV infection, and CMV-specific CD8+ and CD4+ T cells are essential for efficient immune 

protection after both primary activation and reactivation of latent CMV disease [93, 96].  

 

1.6 Adoptive immunotherapy for treatment of post-transplant complications 

Various strategies for the effective treatment of post-transplant complications of HSCT or 

SOT have been established. Most standardized pharmacological agents for treatment of 

infectious pathogens have substantial toxicities or are not effective against the target pathogen 

[75]. Antigen-specific T cells offer an effective and non-toxic immunotherapeutic strategy for 

immediate and long-term protection of the immunity of the patient after HSCT or SOT [75]. 

A detailed description of the adoptive transfer of antigen-specific T cells which is a promising 

tool to augment the GvL effect and to prevent or treat relapse is shown in Figure 4 [100]. 

Donor T lymphocytes are isolated and in vitro stimulated using antigen-loaded APCs. After 

stimulation, specific T cells are screened by functional assays to identify those with specific 

cytotoxic activity against the specific recipient’s targets (e.g., viral or leukemia-associated 

antigens). Isolated antigen-specific T-cell clones (e.g., by cytokine secreting cells) are directly 

transferred or further expanded in culture before adoptive transfer into the conditioned patient 

after transplantation [100]. 

 

 
 
Figure 4: Adoptive immunotherapy with donor T lymphocytes to augment the graft-versus-leukemia 

(GvL) effect. This protocol can be adapted to other approaches e.g., generation of virus-specific and 

antitumor T lymphocytes for the adoptive immunotherapy (adapted from [100], copyright Nature 

Reviews Cancer). 
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1.6.1 Adoptive immunotherapy with donor lymphocyte infusion 

The first adoptive T-cell transfer protocols were based on the premise that donor peripheral 

blood contains T cells that are able to mediate antileukemia and/or antiviral activity in 

patients after HSCT [75]. Donor lymphocyte infusion (DLI) is effective for the treatment and 

prevention of graft failure, post-transplant lymphoproliferative disorder (PTLD) and viral 

infections, and is particularly useful for facilitation of immune reconstitution after allogeneic 

HSCT or SOT [101-106]. Adoptive immunotherapy with DLI results in the effective and 

complete remission of patients with relapsed CML, but is less successful for relapse of other 

diseases such as acute leukemia or advanced-phase CML [107-111]. In patients with relapsed 

disease and limited treatment options after HSCT, donor lymphocyte infusions can provide a 

potent GvL effect and restore complete remission without any additional therapy [103, 112].  

DLIs can effectively treat and prevent post-transplant viral infections and should contain 

virus-specific memory T cells for optimal adoptive immunotherapy to induce the graft-versus-

infection effect (GvI effect) [75]. The efficacy of adoptive immunotherapy is limited by the 

ratio of specific T cells to alloreactive T cells, and the major complication of DLI is GvHD 

[103]. Strategies such as selective allodepletion have been evaluated for the selective removal 

or inactivation of specific alloreactive T cells. These strategies are essential to sustain the 

benefit and to enhance the safety of DLI [75].  

 

1.6.2 Adoptive immunotherapy with CMV-specific T cells  

Walter and colleagues successfully demonstrated that CMV reactivation after allogeneic 

HSCT can be prevented by the adoptive transfer of CMV-specific cytotoxic T cells generated 

in vitro from the transplant donor and transferred to the patient [113]. A number of groups 

have evaluated clinical protocols for the induction and expansion of donor-derived antiviral T 

cells for the treatment of CMV [95, 114], EBV [115], and ADV infections [102]. In clinical 

settings, adoptive T-cell transfer requires the in vitro induction and expansion of virus-

specific T cells from a low number of precursor cells over a short culture period, under highly 

reproducible conditions, and in accordance with good manufacturing practice (GMP, Figure 

4). Most protocols for the generation of virus-specific T cells use peptide-loaded monocyte-

derived DCs, artificial antigen-presenting cells (aAPCs), or CMV-infected immature DCs as 

stimulator cells (Figure 5) [92, 98, 116-120]. Furthermore, previous works have defined 

CD8+ and/or CD4+ T-cell responses to whole viruses, viral lysates (virally infected cells), 

and various HLA-restricted viral peptides (Figure 5) [121-128]. In order to obtain acquired 

long-term protection and immune reconstitution against CMV infection, CD8+ CTLs and 
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CD4+ Th cells must be reconstituted by adoptive transfer [113]. The majority of studies have 

focused on the 65 kDa matrix phosphoprotein (pp65), also known as glycoprotein 64 and 

UL83, and the immediate-early protein-1 (IE-1) of CMV as immunodominant targets of 

antiviral T-cell response [121, 123, 127, 129, 130]. Regarding the induction of antiviral T-cell 

response, pp65 has been recognized as a source of immunodominant antigens that stimulate 

both CD8+ CTLs and CD4+ Th cells [126]. Most pp65-specific T cells predominantly 

produce effector cytokines like IFN-γ, IL-2 and TNF-α. The secretion of these cytokines is 

used for the detection and enrichment of antiviral T cells [93]. HLA class I-restricted peptides 

derived from pp65 are known to be potent inducers of CTLs [117, 118, 126, 131]. Because 

the peptide epitopes known so far are restricted to certain HLA alleles, the use of HLA-

restricted peptides cannot take full advantage of the entire HLA diversity present in the 

patient. The whole CMVpp65 protein, whole CMV, and CMV lysate are effective stimulants 

for the generation of CD8+ and CD4+ antiviral T cells, while HLA class I immunogenic 

peptides mainly lead to the generation of CD8+ T lymphocytes. However, this technique may 

not comply with GMP because lysates contain live viruses and are thus potential biohazards. 

Recombinant, prokaryotically expressed proteins may not be compliant with GMP either 

because of the recombinant protein preparations are contaminated with invariant molecular 

structures called PAMPs. Typical PAMPs such as LPS, endotoxins, and peptidoglycans 

induce unspecific innate immune responses. To circumvent these limitations, alternative 

approaches to generate T cells for adoptive immunotherapy are under development. 

 
 

Figure 5: Generation of antigen-specific T cells; APC = antigen-presenting cell; DC= dendritic cell; 

aAPC= artificial antigen-presenting cells; LCL = lymphoblastoid cell line; PBMCs= peripheral blood 

mononuclear cells (modified from [132]). 
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1.7 Techniques for the expansion, detection and enrichment of antigen-specific T 

lymphocytes  

Adoptive transfer involves the direct infusion of specific T lymphocytes that are capable of 

inducing antigen-specific immunity in the patient [102]. Different techniques for the 

detection, phenotypic and functional characterization, expansion, and selection of the antigen-

specific T cells have been explored by several groups. The exact frequency and purity of 

specific T cells needed for optimal adoptive transfer is still unclear, and this might be a 

subject for future study. Figure 6 shows the major pathways of adoptive immunotherapy for 

viral infection after allogeneic HSCT. Antigen-specific T lymphocytes can be generated by in 

vitro stimulation by repetitive antigen stimulation with or without cloning, whereas this leads 

to CD8+ and/or CD4+T cells dependent on the used immunogenic target (Figure 6) [133]. For 

the direct selection of donor lymphocytes, the two main approaches are the isolation of 

antigen-specific T cells by reversible pMHC multimer staining and cytokine secretion assay 

(e.g., IFN-γ secretion assay, Figure 6). The reversible pMHC multimer technology makes it is 

possible to isolate antigen-specific CD8+ T cells (pMHC class I multimers) or CD4+ T cells 

(pMHC class II multimers) of high purity without altering their functional status. Dependent 

on the used immunogenic target, IFN--secretion assay results in the isolation of IFN--

secreting cells—including antigen-specific CD8+ and/or CD4+ T cells as well as other cell 

populations such as monocytes, B cells, and NK cells. Functional and phenotypic assays have 

to be performed to analyze the antigen-specific T-cell graft after isolation and to determine 

the time course of the in vivo T-cell response after adoptive transfer. Therefore, peripheral 

blood mononuclear cells (PBMCs) of the patient are isolated after different time points of 

post-transplantation. After a short in vitro stimulation, antigen-specific T cells are analyzed by 

function and phenotypic assays as described recently (e.g., cytotoxicity assay, proliferation 

assay, cytokine secretion assay, intercellular staining, pMHC multimer staining, or 

degranulation assay) [102, 134]. These analyses can be performed by different techniques 

e.g., flow cytometry and elispot.  
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Figure 6: Major pathways for the generation of antigen-specific T cells for adoptive immunotherapy 

(modified from [133]). 

 

1.7.1 Expansion of antigen-specific T cells  

For the adoptive transfer of T-cell immunity, antigen-specific T cells have to be isolated from 

the blood of an eligible donor and are stimulated in vitro over a short period with the specific 

antigen. A current standard approach for the in vitro activation and expansion of antigen-

specific T cells is the specific re/stimulation with antigen-loaded APCs e.g., antigen-loaded 

PBMCs, virus-infected immature DCs, lymphoblastoid cell lines (LCLs), and aAPCs (Figure 

5) [93, 98, 116-120, 135]. Moreover, antigen-specific T cells can be expanded from enriched 

populations via the non-specific techniques based on CD3/CD28 antibody beads [117, 136]. 

The disadvantages of this expansion method are that it supports the long-term growth of 

CD4+ cells but not of CD8+ T cells, and that stimulation with CD3 antibody results in 

decreased antigenic specificity [117]. For the specific detection of enriched antigen-specific T 

cells various techniques e.g., cytokine secretion assay, intercellular staining, pMHC multimer 

staining, and degranulation assay are used as described recently [137].  

 

Several studies indicate an approximate value of clinical relevant amounts of antigen-specific 

T cells. For the direct selection of antigen-specific T cells from donors there are two main 

technologies available: (1) the cytokine secretion system (CliniMACS, Miltenyi Biotec, 

Bergisch Galdbach, Germany) and (2) the pMHC streptamer technology (IBA 

BioTAGnology, Göttingen, Germany). The simple and feasible protocol of the cytokine 

secretion assay and the reversible pMHC streptamer technology offer the possibility of more 
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rapid and specific immunotherapy [134, 138]. Only a few studies have been published so far 

about the treatment of patients after HSCT with antigen-specific T cells selected by the 

cytokine secretion system or reversible pMHC streptamer technology. Studies from 

Feuchtinger and Peggs indicting that the success of the adoptive T-cell transfer is not related 

to the T-cell dose, whereas even a low clinical relevant number of ~360 T cells/kg was shown 

to be sufficient for a safe and effective treatment [102, 134]. Theoretically, the purity of 

antigen-specific T cells sorted by the pMHC streptamer is higher, compared with cytokine 

secretion system, but the safety and the excellent toxicity profile of these infused products is 

similar [102, 134]. For the successful in vivo expansion of antigen-specific T cells after 

adoptive transfer, controlled clinical trials have be to investigated [102]. 

 

Various antigens can be used for the efficient induction and generation of antigen-specific T 

cells (Figure 5). Recombinant proteins, viral gene vectors (expressing one or more 

immunogenic target antigens), whole viruses (live or inactivated), and viral lysates (virus-

infected cells) are a source of immunodominant antigens that stimulate both cytotoxic and T 

helper cells (Figure 5) [139-142]. Synthetic peptide pools consist of overlapping peptides 

spanning highly conserved regions or whole immunodominant proteins [142, 143]. Similar to 

proteins and virus preparations, they can rapidly induce CD8+ and CD4+ T-cell responses, 

independent of the donor’s HLA profile (Figure 5) [143]. HLA class I or class II synthetic 

peptides are HLA-restricted and lead to the generation of mainly CD8+ or CD4+ T 

lymphocytes, respectively (Figure 5) [93]. Epitope discovery by reverse immunology for the 

identification of immunogenic peptides generated from immunodominant targets uses 

prediction algorithms for HLA peptide binding (SYFPEITHI) in frequent HLA alleles and 

also includes their proteasomal processing (PAProc) [144-147]. Usually, the top 2 to 10% of 

peptides predicted by these algorithms are synthesized and tested for induction of immune 

response by in vitro stimulation with crossover peptide pools [144].  

 

Recent studies have shown that the induction of a strong CTL effector and memory response 

depends on the frequency of APCs and the resulting dose of antigen [11, 148, 149]. Human 

virus strains can be used to increase the number of specific APCs [148]. Therefore, non-

pathogenic human virus strains as vectors containing the sequence of the specific antigens are 

used to infect immature DCs and monocytes to get a high expression levels of CTL epitopes 

[148]. Evans and colleges transduced lentivirus-based gene transfer vectors with CD34+ cells 

capable of differentiating into DCs [150]. This direct modification of DCs has several 
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advantages, including long-term stable expression of a transgene, efficient antigen 

presentation by HLA class I and II molecules, and a high in vitro expansion potential for 

multiple re-infusions [150].  

 

1.7.2 Detection and enrichment of antigen-specific T cells via pMHC multimer 

technology 

In recent years, the direct visualization, quantification, phenotypical characterization, and 

isolation of antigen-specific T cells using pMHC multimeric complexes has attracted major 

attention [151, 152]. The analysis of T-cell responses to autoantigens, infectious diseases, and 

tumor cells using pMHC multimer staining reagents has been described previously [153]. 

Altman and colleges in 1996 were the first to use the avidity-enhancing effect of pMHC 

multimerization to stain T cells [154]. Structurally, a pMHC complex is composed of an 

MHC heavy chain, a beta-2-microglobulin light chain, and an antigen-specific peptide that is 

presented in the peptide binding groove located between the MHC α1 and α2 domains [155]. 

This technology exploits fluorescently tagged backbones to create pMHC multimers for 

visualization of antigen-specific T cells and does not require fluorophores for separation of 

antigen-specific T cells. Several pMHC multimer techniques have been developed using 

dimers [156, 157], tetramers [154], pentamers [158-161], streptamers [162], clinimers [163, 

164], dextramers [165], and octamers [166] for visualization, characterization and isolation of 

antigen-specific T cells. All of these pMHC multimers use the natural TCR ligand as the 

staining probe. Due to the low avidity of TCR/pMHC interactions, pMHC monomers have to 

be multimerized.  

 

The pMHC multimer technology appears to be a powerful tool for obtaining antigen-specific 

T lymphocytes for adoptive T-cell transfer in cancer or infectious disease patients after HSCT 

or SOT [158, 167]. T cells are manipulated during the isolation process, and TCR/pMHC 

interactions could alter the functional status of enriched T cells. Such manipulation could 

reduce T-cell viability during isolation and expansion, even in vivo, if the pMHC multimers 

remain on the T-cell surface [162]. Therefore, reversible pMHC multimers seem to be safe 

and promising tool for the selection of highly pure antigen-specific T cells without affecting 

their naivety [138, 162, 163]. In the first clinical trials, pMHC multimers proved useful for 

isolation and expansion of antiviral T cells for adoptive therapy for HSCT patients with viral 

complications [138, 158, 168, 169]. The transfer of highly pure pMHC multimer-isolated 

antigen-specific T-cell subpopulations might be useful to minimize the risk of GvHD. The 
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pMHC streptamer technology (IBA TAGnology) is the only available reversible pMHC 

multimer for the enrichment of clinical-grade CTLs, whereas there are limited MHC class I 

streptamers available. The enrichment of CMV-specific CTLs by the reversible pMHC 

streptamer technology for the adoptive transfer was demonstrated by Schmitt and colleges 

[138]. Here, 2x10
6
 PBMCs were stimulated for 5 hours with HLA-restricted CMVpp65 

peptides, whereas a total of enriched up to 2.2x10
5
 CMV-specific CD8+ T cells/kg of body 

weight at a purity of 97% were transferred into the patient [138]. This study data indicates a 

drastically increase of CMV-specific CTLs in vivo within 28 days by an absolute count of 

400x10
6
 CMV-specific CTLs/L, while no acute toxicity of the T-cell infusions was detectable 

[138]. The application of clinical-grade antigen-specific CTLs enriched by the pMHC 

streptamer technology is effective in clinical applications, which induce a long-lasting 

antigen-specific CTL response [138].  

 

1.7.3 Cytokine secretion assay 

Specific T cells predominantly produce effector cytokines like IFN-γ, IL-2, and TNF-α, and 

the secretion of these cytokines is used for the detection, enrichment and sorting of antiviral T 

cells [93]. The IFN- secreting assay is one main technologies for the isolation of antigen-

specific T cells from isolated PBMCs of an eligible donor [102]. PBMCs are in vitro 

stimulated for 6-20 hour in the presence of the specific antigen (recombinant protein, 

synthetic peptide, or synthetic peptide pool). Antiviral IFN-γ-secreting T cells are then 

enriched by magnetic cell sorting using a simple short-term protocol.  

 

Feuchtinger and Peggs, respectively described the enrichment of CMV-specific cytokine 

secreting cells using the cytokine secretion system (Miltenyi Biotec) for adoptive transfer in 

HCST patients with CMV disease and/or viremia refractory to antiviral chemotherapy [102, 

134]. Therefore, leukapheresis with ~1x10
9
 cells were stimulated for 6-20 hours (antigen-

depended) with recombinant CMVpp65 protein and CMVpp65 peptide pool, respectively 

following enrichment of IFN-γ secreting cells via immunomagnetic selection. In the study of 

Peggs and colleges the target cell dose of 1x10
4
 CD3+ T cell/kg of body weight contained a 

mean of 0.28x10
4
 CMV-specific CD4+ cells/kg and 630 CMV-specific CD8+ cells/kg with a 

mean purity of 43.9% IFN-γ secreting cells [134]. Feuchtinger and colleges transfer a target 

cell dose of 2.1x10
4
 CD3+ cells/kg body weight contained a mean of 1.39x10

4
 CD4+ cells/kg 

and 0.67x10
4
 CD8+ cells/kg, with a mean purity of 65.0% IFN-γ secreting cells [102]. The 

adoptive transfer of IFN-γ-secreted CMV-specific CD8+ and CD4+ T cells resulted within 
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two weeks in the efficient in vivo expansion and successful elimination or significant 

reduction of CMV infection in the majority of patients, whereas CMV-specific T-cell 

immunity could be detected for > 6 month in the patient after adoptive transfer [102, 134]. In 

the studies of Feuchtinger and Peggs, respectively, viral control was triggered by in vivo 

expansion of CMV-specific T cells and reconstitution of the antiviral T-cell response without 

the induction of GvHD or acute side effects [102, 134].  

 

1.8 Aim of the study 

Due to immunosuppression, viral infections such as CMV infection are the leading cause of 

high morbidity and mortality after HSCT or SOT. In this study CMV was used as model 

system, because it is one of the best characterized viruses and one of the most common viral 

infections following HSCT or SOT.  

 

The present study was focused on three main purposes: (1) choosing a source of potent 

antigens to stimulate a strong immune response, (2) establishment of new protocols for the 

efficient in vitro T-cell expansion, and (3) development of a new reversible staining 

technology for the specific detection and isolation of antigen-specific T lymphocytes  

 

Novel protocols for the easy and cost-effective production of recombinant viral proteins and 

the generation of HSP70-PCs were established that can be easily adapted to GMP conditions. 

The recombinant protein CMVpp65 (rCMVpp65) was used for the efficient expansion of 

antiviral CD8+ and CD4+ T cells, while the expansion of antiviral CD8+ CTLs were 

performed in response to HSP70/CMV-PCs and the peptides alone. Flow cytometry, real time 

polymerase chain reaction (PCR), intracellular staining, enzyme linked immunosorbent assay 

(ELISA), elispot, luminex, and fluorescence microscopy were performed for specific and 

detailed analysis and characterization of the generated CMV-specific CD8+ and CD4+ T cells 

generated in response to HLA class I and II presentation and HLA class I cross-presentation. 

In the present study, the new reversible pMHC multimer called Histamer was successfully 

developed. The pMHC Histamer technique can be used for the specific and sensitive 

detection, phenotypic characterization, isolation, and enrichment of highly pure antigen-

specific T cells without altering their functional status that can be easily adapted to GMP 

conditions. Proof of principle of the new pMHC Histamer technology was demonstrated using 

the immunodominant, the HLA-A*02:01_CMVpp65495-503 peptide. To ensure its efficient 

application in both basic and clinical immunology, extensive quality control testing was 
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performed to detect the specificity, functionality, and stability of the multimer and to 

determine the phenotype, functionality, and alloreactivity of the in vitro expanded and 

Histamer-enriched subsets of antigen-specific T cells by flow cytometry and fluorescence 

microscopy. 
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3. Discussion and future perspectives 

 

Antigen-specific T cells play an important role in the immune defense against viral infections 

such as CMV. This study was focused on CMV as a model system for the successful 

realization of three main purposes:  

(1) Analysis of rCMVpp65, CMV-derived peptides, and HSP70/CMV-PCs as potent target 

antigens for the induction of an effective/efficient antiviral immune response;  

(2) Establishment of novel protocols for the efficient in vitro T-cell activation and expansion 

in response to rCMVpp65 and by cross-presentation of HSP70-chaperoned CMV-derived 

peptides using HSP70/CMV-PCs;  

(3) Development of the new reversible staining technology, called Histamer technology, for 

the specific detection, isolation, and enrichment of antigen-specific T lymphocytes in a 

high purity without altering their functional and phenotypic status.  

 

The results of this doctoral study might help to improve existing protocols which can be 

adapted for both basic and clinical immunology.  

 

3.1 Generation of antiviral T lymphocytes 

Functional antiviral CD8+ and CD4+ T cells, can be generated from isolated PBMCs or cord 

blood (CB) [77]. Numbers of groups have shown that the adoptive transfer of PBMCs-derived 

virus-specific T cells can reproducible control viral infection e.g., CMV, ADV, and EBV after 

HSCT in a cost effective manner [77]. CB could be used as an additional source of T cells. 

Antigen inexperienced (naive) T lymphocytes derived from CB need to undergo priming and 

extensive expansion before they can afford immunological protection [170]. CB-derived T 

cells with a naively phenotype can be primed and expanded in vitro using antigen-loaded 

APCs e.g., EBV-infected B-LCLs transduced with a clinical grade Ad5f35CMVpp65 

adenoviral vector as sources of EBV, ADV, and CMV antigens [77]. Adoptive transfer of 

virus-specific T cells (predominantly effector memory phenotype) derived from CB should 

minimize the risk of viral escape and maximize therapeutic benefit [77]. Previous studies have 

reported the successful generation of EBV-specific CTLs for the adoptive immunotherapy 

against EBV-associated PTLD after SOT. Therefore, cytotoxic T-cell therapy was first used 

successfully in allogeneic HSCT recipients [171]. Since 2004 at the University of Edinburgh, 

a frozen bank of EBV-specific CTLs generated from the peripheral blood of Scottish blood 
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donors was established [171]. Patients with progressive PTLD were treated with EBV-

specific CTLs based on the best HLA matches between donor and patient (recipient) in a 

clinical phase II study [171]. EBV-specific CTLs are a safe and rapid therapy for PTLD 

without inducing any GvHD [171]. The generation of EBV-specific T cells using EBV-

infected B-LCLs is limited to the incomplete set of EBV proteins which are available in the 

B-LCLs (containing mostly proteins from the early replication cycle like EBV nuclear 

antigens1-3 (EBNA1-3) and no lytic proteins like BZLF-1). Moreover the process of B-LCLs 

transformation is time-consuming, difficult to standardize, and are potential biohazards 

because they contain live viruses. 

 

Since CMV, ADV, and EBV have been identified as common pathogens in the post-

transplant period after HSCT and SOT, numbers of groups have considered generating 

multivirus-specific T cells for therapeutic purposes [96, 132]. Current protocols to generate 

these T-cell lines differ in term of in vitro expansion, the specific target antigen, and the 

antigen-presenting cells. Multivirus-specific T cells against CMV, ADV, and EBV can be 

generated by stimulation donor-derived T cells with APCs such as monocytes, monocytes-

derived DCs, PBMCs, EBV-transformed B-LCLs transduced with a clinical grade chimeric 

Ad5f35 vector expressing a CMV-specific antigen, or Ad5f35-pp65/LMP2 vectors [96, 132]. 

Dependent on the protocol, in vitro isolation and expansion of multivirus-specific T-cell lines 

can taken up from 3 days to 3 month [96]. Infusion of small numbers of antiviral cells proved 

efficacious in the context of prevention and/or treatment in the immunocompromised patient 

after HSCT or SOT. Antiviral T cells expanded in vivo within ~2 weeks after transfer and 

provide long-lasting immunity against the three viruses (CMV, ADV, EBV) [96, 132].  

 

3.2 Potency of CMV-derived antigens for the expansion of CMV-specific T cells  

Antigens derived from proteins, whole viruses , viral lysates (virus-infected cells), or peptide 

pools are presented by MHC class I molecules in order to induce a strong cytotoxic CD8+ T-

cell response or antigens are presented by MHC class II molecules to recognize with CD4+ T 

helper cells. MHC class I-restricted peptides have been used in most applications so far, 

resulting in a strong CD8+ T-cell response. Among other antigens, CD4+ T-cell help can be 

induced by MHC class II-restricted peptides and is required to elicit an efficient CTL 

response to cellular and viral antigens. In addition, CD4 T helper cells secrete various 

cytokines to regulate and coordinate the function of T cells and other immune cells.  
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CMV reactivation after HSCT can be prevented by the adoptive transfer of in vitro expanded 

donor-derived CMV-specific T lymphocytes, which requires the identification of 

immunodominant CMV-specific epitopes. As pp65 and IE1 are important immunodominant 

proteins of CMV, they were chosen as targets in this study. Up to 70% of all CMV-specific 

CTLs recognize pp65-derived epitopes presented by HLA class I molecules [130]. The levels 

of the antiviral CD8+ as well as CD4+ T-cell responses depend on the target antigen. 

Numbers of groups have shown that T-cell responses to CMVpp65-derived peptides are 

generally greater than those to CMV IE-1 peptides [141, 172]. Lacey and colleges studied 

CD8+ T-cell responses against three human CMVpp65 epitopes in healthy CMV-seropositive 

donors [173]. A significant response was observed to the HLA-A*02-restricted epitope within 

the CMVpp65 antigen for HLA-A*02:01-positive donors which do not express the HLA-

B*07:02 allele. By contrast, the strongest antiviral responses in the group of HLA-

A*02:01/HLA-B*07:02-positive donors were observed in response to the to HLA-B*07-

restricted epitopes, indicating that the HLA-B*07:02-restricted T-cell response was shown to 

be dominant over those for A*02:01 [173]. Therefore comparative investigation of antigen-

specific immune response to different HLA-restricted epitopes is essential for the design of 

potent epitope-specific vaccines [173]. CMVpp65 and IE-1 are only two of many proteins 

encoded by the CMV genome (> 200 CMV open-reading frames, ORFs). Immunogenic 

epitopes were also described derived from virion envelope glycoprotein B and matrix protein 

pp150 [123, 126, 127, 129, 130].  

 

A great number of overlapping peptides must be designed and tested in order to cover all 

possible peptides generated from the target protein. For the identification of immunogenic 

viral peptides, epitope discovery uses prediction algorithms for HLA peptide binding 

(SYFPEITHI) in frequent HLA alleles and also includes their proteasomal processing 

(PAProc) [144-147]. Usually, the top 2 to 10% of peptides predicted by these algorithms are 

synthesized and tested for induction of antigen-specific immune response by in vitro 

stimulation [144]. No useful epitopes have been identified for some pathogens so far and the 

use of immunogenic viral peptides is restricted to certain HLA specificities and cannot take 

full advantage of the entire HLA diversity present in the patient. The application of entire 

proteins will probably lead to the discovery of new epitopes. For example, only a few 

immunodominant peptide epitopes from the capsid protein hexon are known for human ADV 

[116, 174]. The clinical applications for these immunodominant peptides are limited because 
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of HLA restriction, but the use of whole virus preparations, entire viral proteins, or peptide 

pools can circumvent these limitations [118, 175].  

 

Peptide pools are sets of synthetic peptides, mainly of 15 amino acid length with 11-amino-

acid overlap, which cover the complete sequence or highly conserved regions of the 

representative antigenic protein [142, 175]. Next to proteins, whole viruses, and viral lysates, 

peptide pools are an additional tool to induce simultaneous activation of both CD8+ and 

CD4+ antigen-specific T cells [143, 175]. The disadvantage of conventional peptide pools is 

the scarcity and high cost of the few available viral pools.  

 

Whole virus and viral lysate can be used for the stimulation of antiviral CD8+ as well as 

CD4+ T cells but, in clinical applications, the use these targets to generate antiviral T cells 

can pose problems. Whole viruses are potential biohazards, while lysates are missing few 

viral proteins (contain mostly structural proteins expressed by the major late promoter), and 

their composition is highly variable and poorly characterized. This makes it difficult to 

standardize the product. Moreover, viral lysates are also potential biohazards because they 

contain live viruses.  

 

Viral proteins such as CMVpp65 and CMV IE-1 provide an effective alternative for the 

generation of polyclonal CMV-specific T cells. Stimulation with CMV lysate and these viral 

proteins resulted in similar levels of IFN-γ secretion by expanded CMV-specific T cells [126]. 

The ratio between the antiviral T-cell responses to CMVpp65 and CMV lysate can differ from 

donor to donor. This is due to the fact that CMVpp65 is the major target for the induction of 

antiviral CD8+ cells and CD4+ T cells in most but not all donors. Walter and colleagues 

reported that reactivation of CMV after HLA-identical HSCT can be prevented by adoptive 

transfer of in vitro expanded donor CMV-specific CTLs, but that recipients with deficient 

CD4+ T cell function develop sustained antiviral immunity [113]. Further studies have been 

demonstrated that contribution of CD4+ T cells in controlling CMV disease in organ 

transplant patients as well as the correlation between CMV reactivation and CD4+ T cell 

levels in HIV-positive patients [176-178]. Cellular products for immunotherapeutic 

applications must contain antigen-specific CD8+ cytotoxic effector T cells killing directly 

targets cells. Antigen-specific CD4+ T helper cells which mainly promote CTL survival are 

an additional component for the efficient adoptive immunotherapy. 

 



3. Discussion and future perspectives  72 

In this study, a soluble variant of CMVpp65 (rCMVpp65 protein) protein was produced in a 

highly pure, endotoxin-free and functionally active form. The described production of soluble 

recombinant CMVpp65 can easily be adapted to GMP conditions. Thus, this recombinant 

protein can be used to generate large numbers of immunogenic pathogen-derived proteins 

(e.g., EBV proteins, ADV proteins of different ADV serotypes, or Aspergillus spp-derived 

proteins) for therapeutic applications. Therefore, GMP-grade recombinant proteins are 

suitable for the development of new GMP-conform protocols for adoptive immunotherapy. 

The rCMVpp65 was successfully used for the expansion of antiviral CD8+ and CD4+ T cells, 

independent of HLA profile. These cells did not differ from CTLs induced using the well-

studied HLA-A*02:01-restricted CMVpp65495-503 peptide in terms of cytotoxicity and IFN-γ 

production. Moreover, it was demonstrated that stimulation with secretory CMVpp65 resulted 

in the induction of polyclonal antiviral T cells in CMV-seropositive donors expressing HLA 

alleles for which no immunogenic viral epitopes have been identified so far.  

Peptide pools including synthetic peptides can be produced more easily under GMP 

conditions than recombinant proteins or vectors for genetic modification to generate clinical 

grade CD8+ and CD4+ T cells of high specificity for multiple target epitopes for adoptive 

immunotherapy [143]. It is still unclear which target, either protein or peptide pool is the most 

efficient T-cell stimulating target in response to their derived multiple immunodominant 

target epitopes. The proteasome plays a decisive role by degrading targets into multiple non-

immunodominant and immunodominant target epitopes by proteolysis [14]. 

 

3.3 HSP70-peptide complexes are potent mediators of the generation of antiviral T 

cells, particularly with regards to low precursor frequencies  

The frequencies of CMV-specific T cells can range from roughly 2 to 10% to more than 70 to 

90%, even in individuals who are clearly responders [117]. In this study, the frequency of 

antiviral CD8+ T cells increased significantly in all stimulation groups, but varied depending 

on the individual donor. Therefore, potential donors were classified into the three groups 

(weak, medium, and strong responder) in order to analyze/interpret the data in more detail.  

 

High molecular weight heat shock proteins such as HSP70, HSP90, gp96, and HSP110 play 

an important role in the presentation and cross-presentation of antigens and in the activation 

of APCs and lymphocytes [33, 179]. Once extracellular and in vitro generated HSP/PCs are 

taken up by APCs via receptor-mediated endocytosis, they deliver the peptide via both 

cytosolic and endocytic routes of antigen processing for cross-presentation by MHC class I 

http://dict.leo.org/ende?lp=ende&p=Ci4HO3kMAA&search=particularly&trestr=0x8008


3. Discussion and future perspectives  73 

and class II molecules [27, 39, 42, 179-181]. Only CD91 has been shown to be a key receptor 

for the uptake and cross-presentation of HSP70-PCs [32]. The results of this study 

demonstrated that alpha-2-macroglobulin (A2M), the natural ligand for CD91 [27, 182], 

strongly inhibits the proliferation of antiviral T cells cultured in the presence of HSP70-PCs. 

As the proliferation capacity of antiviral T cells was approximately 13%, proliferation was not 

completely blocked. These findings indicate that the uptake of HSP70-PCs is mainly 

mediated by CD91, but other independent receptor systems such as CD40- [183] and LOX-1-

mediated uptake [184, 185] could also be involved. The investigated production method for 

recombinant human HSP70 can be adapted to GMP conditions and used to generate the large 

amounts of immunogenic HSP70-peptide or protein complexes needed to generate antigen-

specific T cells for clinical applications. Peptides derived from CMVpp65 (HLA-

A*01:01_CMVpp65363-373, HLA-A*02:01_CMVpp65495-503, HLA-B*07:02_CMVpp65417-426) 

and CMV IE-1 (HLA-A*02:01_CMV IE-181-89), the major immunodominant targets of CMV, 

were utilized in this study as viral targets for stimulation. Therefore, CMV-specific CTLs 

were stimulated with HSP70/PCs-loaded or peptide-loaded PBMCs of CMV-seropositive 

donors. The expression levels of T-cell activation markers such as CD25, CD69 and CD137 

on the cell surface were measured to assess the activation status of antiviral T cells generated 

in vitro [137, 186]. Frequencies of all activation markers used in this study increased after 

stimulation and HSP70/CMV-PC induced the highest frequency of CD25, CD69, and CD137 

expression in CMV-specific CD8+ T cells.  

 

Independent of the viral antigen, cross-presentation of the different HSP70/CMV-PCs 

resulted in efficient generation of a significantly higher numbers of CD8+ CTLs than 

stimulation with the corresponding CMV peptide alone. As previously shown by independent 

groups [141, 172, 173], the strength of the CTL response depends on the type of peptide used. 

Regarding the major CMV targets pp65 and IE-1, the highest frequency of antiviral CTLs 

were achieved using HSP70/CMV-PCs with immunodominant CMVpp65-derived peptides. 

The lowest number of CMV-specific CTLs was observed using the HSP70/CMV-PC with the 

HLA-A*02:01_CMV IE-181-89 peptide, whereas a wide difference in CTLs response was 

detectable between stimulation with HSP70/CMV-PC and the peptide alone. These findings 

indicate that HSP70/CMV-PCs enhance specific antiviral CD8+ CTL responses, compared to 

the peptide alone especially in donors with naive or low memory CTL precursor frequencies. 

Therefore, in cases with naive or low CTL precursor frequencies, it might be useful to employ 

HSP70-PCs to increase the graft-versus-infection or graft-versus-leukemia effect in certain 
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clinical applications. Moreover, it was recently shown that cross-presentation by HSP-PCs 

also increases antitumor responses [47, 187-189], which is consistent with the concept that the 

rapid and strong induction with peptides chaperoned by HSP70 result in efficient cross-

presentation by HLA class I molecules and in significantly higher antigen-specific T-cell 

responses than the individual immunodominant peptide alone.  

 

3.4 Histamer – a novel reversible pMHC multimer technology for the visualization, 

characterization, and isolation of clinical-grade CMV-specific T cells 

The pMHC multimer technology is rapidly becoming one of the core immunological 

techniques for quality control of antigen-specific T cells [167]. The detection of specific T 

lymphocytes via multimer staining can be performed directly with whole blood or isolated 

PBMCs or with expanded cell populations. Several novel multimer technologies for the 

identification and quantification of specific T-cell populations have been developed, validated 

and optimized in the last years, and the multimers most commonly used in these systems are 

streptamers, tetramers, pentamers and dextramers [165, 169]. Only streptamers and the in the 

present study developed Dynabead-based pMHC multimer, called Histamer, offer the major 

advantage of efficient sorting of antigen-specific T cells of high purity without altering their 

differentiation and functional status. Both pMHC multimers are reversible staining procedures 

that allow the specific detection and selection of antigen-specific CTLs [162]. Addition of a 

competitor (streptavidin or L-histidine) resulted in a rapid and complete disassembly of the 

surface-bound multimer following subsequent dissociation of the monomeric MHC-peptide 

molecules from the T-cell surface [162]. The reversible pMHC multimer technologies are 

especially useful for the detection and isolation of antigen-specific T cells with low-precursor 

frequencies which are present, such as common in patients with malignant tumors or 

infectious disease [190].  

 

All of the previously available MHC multimer technologies for visualization of antigen-

specific T cells yield similar results [169]. Due to the low affinity of single TCRs for their 

cognate pMHC counterparts, the off-rate is only a few seconds [191]. For effective staining, 

multiple pMHC molecules must be combined into one complex to obtain a stable profile. 

Therefore, multiple pMHC molecules have higher binding stability to the T-cell receptor than 

monomeric TCR/pMHC interactions [167, 192, 193]. In the case of Histamer, 

multimerization was performed by coupling refolded 6xHis-tagged pMHC class I molecules 

onto cobalt-based magnetic beads.  
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The pMHC Histamer technology was developed to enhance the quality control of antigen-

specific T-cell populations and to select clinical-grade antigen-specific T lymphocytes of high 

sensitivity and purity without altering their function. The novel reversible pMHC Histamer 

was developed in this doctoral study. Proof of principle of the new pMHC multimer staining 

technology was demonstrated using the immunodominant HLA-A*02:01-restricted 

CMVpp65 peptide (CMVpp65495-503) to detect CMV-specific CTLs in the blood of healthy 

HLA-A*02:01-positive donors. The sensitive HLA-A*02:01 CMVpp65495-503 multimer 

(A02/CMV Histamer) was shown to be a powerful pMHC multimer for the specific detection 

and selection of highly pure antigen-specific T lymphocytes. No alteration of T-cell function 

was observed after rapid and complete disassembly of the surface-bound A02/CMV Histamer 

followed by the subsequent dissociation of the monomeric MHC-peptide molecules from the 

CD8+ CTL surface. A02/CMV Histamer has a very high avidity to valences greater than five 

because it contains a large number of MHC-restricted peptides facing in the same direction, 

whereas its increased TCR binding capacity results from the multimerization of a high 

number of pMHCs [158, 167].  

 

The in vitro generation of antigen-specific T cells is time-consuming and cost-intensive, 

whereas ex vivo stimulation may affect the in vivo survival, proliferation, and functionality of 

the transferred cells [138, 190]. The generation of reversible Histamer can easily be adapted 

to GMP conditions, while this technology appears to be an elegant method for direct isolation 

of highly pure specific T-cells subpopulations with an unaltered functional status and 

phenotype for the adoptive transfer of antigen-specific T cells according to GMP guidelines. 

The pMHC Histamer technology can be easily adapted for other cell subsets e.g., CD4+ T 

cells by using pMHC class II Histamers. Thus, it is a promising tool for the transfer of 

antigen-specific T-cell populations into conditioned patients immediately before or after in 

vitro expansion. Several groups have shown that small amounts of highly pure antigen-

specific T cells might be sufficient for proliferation in vivo [194] and a high purity of the 

specific CTLs may also minimize the risk of GvHD [158]. The cost-effective and rapid 

pMHC Histamer staining procedure provides a flexible and powerful platform that should 

facilitate adoptive immunotherapy and bring the wider use of antiviral, antileukemic and 

anticancer T cells closer to reality. For example, sorting of leukemia-associated antigen-

specific T lymphocytes using the pMHC Histamer might solve the problem of separating GvL 

or GvT from GvHD, which could be an efficient way to eliminate malignant cells [158]. 

Moreover, reversible pMHC Histamer technology might be also a promising tool for 
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improving the treatment of viral complication in immunocompromised patients, especially 

ADV. The human adenovirus infection after HSCT, particularly in children is a frequent 

complication which is associated with a high morbidity and mortality [195, 196]. T-cell 

reconstitution is required for effective control and elimination of ADV infections. The 

sensitive pMHC Histamer staining procedure can effectively be used for the specific isolation 

of ADV-specific CTLs in the respective T-cell donors. 

 

3.5 Adoptive immunotherapy: current status and future perspectives  

The three main technologies for the enrichment of clinical-grade antigen-specific T 

lymphocytes for the adoptive immunotherapy so far are:  

(1) The adoptive transfer of in vitro expanded antigen-specific T cells with or without cloning 

[52, 133]; 

(2) The adoptive transfer of highly pure reversible pMHC multimer-isolated antigen-specific 

CD8+ CTLs (reversible pMHC streptamer technology from IBA TAGnology) sorted 

either directly from blood cells or after short-term in vitro stimulation [138]; 

(3) The adoptive transfer of isolated IFN-γ secreting antigen-specific cells (cytokine capture 

system technology (CliniMACS from Miltenyi Biotec), including CD8+ and CD4+ T 

cells, after short-term in vitro stimulation [102, 196, 197].  

These techniques are successfully used in adoptive immunotherapy for the effective and fast 

treatment of HSCT- and SOT-related complications such as malignant tumors and infectious 

disease. Adoptive transfer of antigen-specific T lymphocytes offers the possibility to induce a 

beneficial GvI, GvL or GvT effect with reduced GvHD [198].  

 

In the first approach, antigen-specific T cells can be expanded by repetitive antigen 

stimulation of in vitro cultured T cells with or without cloning [133]. This leads to antigen-

specific CD8+ and/or CD4+ T cells depending on the antigen used. This technique has the 

disadvantage of a long-term and expensive in vitro cultivation before adoptive transfer. In 

contrast, the reversible pMHC streptamer and the cytokine capture system technology listed 

below offer the advantages of easy and fast methods that can readily be standardized with 

various malignant and infectious antigens for antigen-specific cellular immunotherapy 

approaches [133]. Because these described techniques are quite new, only a few studies are 

published about the enrichment of clinical-grade antigen-specific T cells [75, 95, 102, 134, 

138, 171, 190], but the results are promising. Studies demonstrated a comparable safety of 

these infusions, while the products of the pMHC streptamer technology and the cytokine 
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capture technology had an excellent toxicity profile [102, 132, 134, 138]. Antigen-specific 

CD8+ CTLs isolated by the reversible pMHC multimer technology have a higher purity to 

CD8+ CTLs and CD4+ T helper cells isolated with the cytokine secretion system [102, 134, 

138]. Moreover, the optimal or at least the minimal T-cell dose for the adoptive transfer in 

order to obtain desirable therapeutic effects, are still not know [52]. These few published 

studies only indicate an approximately value of the clinical relevant antigen-specific T-cell 

dose/infusion [102, 132, 134, 138]. The therapeutic effects of a variety of cell doses for the 

adoptive transfer have been reported for different treatments as followed:  

(1) virus-specific 

 0.2x10
5
 – 1x10

5
 CMV-specific T-cell lines/kg, administered in a single infusion [52, 

199];  

 4x10
7
 – 3x10

8
 EBV-specific T cells/m

2
, administered in 1 or 2 infusions [52, 200];  

 5x10
6
 – 1x10

8
 multivirus-reactive cell line/m

2
, administered in a single infusion [52, 

201]; 

(2) tumor-specific 

 0.11– 13.1x10
8
 melanoma-specific T cells/infusion, administered in at least 3 

infusions [52, 202];  

 2.3x10
10

 – 13.7x10
10

 melanoma-specific T cells/infusion [52, 203]; 

 ~5x10
10

 ex vivo selected and expanded autologous tumor-infiltrating lymphocytes 

(TILs) isolated from metastatic melanoma patients/infusion [52, 204]. 

 

In conclusion, the enormous progress in understanding T-cell biology and physiology, 

combined with novel technologies for generation, detection, expansion, and isolation of 

antigen-specific T cells have made the adoptive transfer effective for clinical application with 

highly promising perspectives [52]. This doctoral thesis provides more insight into the 

generation and selection of antigen-specific T lymphocytes, while the established strategies 

developed in this study can be used in both basic and clinical immunology. In the future, the 

greatest challenges are the technology design and improvements as well as the control of 

clinical trials to find the optimal conditions (e.g., selection of cell dose/infusion, purities of 

infused T cells, selection of cell subpopulations) for a successful in vivo expansion associated 

with a long-lasting immunity after adoptive transfer [102].  
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5. Abbreviations 

 

Ii    Invariant chains  

ADP    Adenosine diphosphate 

aAPC    artificial Antigen-presenting cell 

ADV    Adenovirus 

ALL    Acute lymphoblastic leukemia  

AML    Acute myelogenous leukemia 

APC    Antigen-presenting cell 

ATP    Adenosine triphosphate 

B2M    β2-microglobulin  

BCR    B-cell receptor  

CB    Cord blood 

CD    Cluster of differentiation  

Clip    Class II-associated invariant-chain peptide 

CML    Chronic myelogenous leukemia 

CpG    Cytosine phosphatidyl guanosine 

CMV    Cytomegalovirus 

CRT    Calreticulin 

CTL    Cytotoxic T lymphocyte 

CTLA- 4   CTL-associated antigen 4 

DC    Dendritic cell 

DNA    Deoxyribonucleic acid 

DLI    Donor lymphocyte infusion 

EBV    Epstein-Barr virus 

ELISA    Enzyme linked immunosorbent assay 

ER    Endoplasmic reticulum 

ERp57    Endoplasmic reticulum protein 57 

GI tract   Gastrointestinal tract  

GMP    Good manufacturing practice 

Gp96    Glycoprotein 96 

GvHD    Graft-versus-host disease 

GvI    Graft-versus-infection 
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GvL    Graft-versus-leukemia  

GvT    Graft-versus-tumor  

HC    Heavy chain 

HLA    Human leukocyte antigen 

HSCT    Hematopoietic stem cell transplantation  

HSP    Heat shock protein 

IE-1    immediately early-1  

IFN-γ    Interferon-gamma 

IL    Interleukin 

kDa    Kilodalton 

LCL    Lymphoblastoid cell line 

LMP    Low-molecular mass polypeptide  

LPS    Lipopolysaccharide 

MECL-1   Multicatalytic endopeptidase complex-like-1 

mHAgs   Minor histocompatibility antigens 

MHC    Major histocompatibility complex 

mRNA    messenger Ribonucleic acid 

NK cell   Natural killer cell 

PAMP    Pathogens-associated molecular patterns  

PBMC    Peripheral blood mononuclear cell 

PCR    Polymerase chain reaction 

pMHC    Peptide-major histocompatibility complexes 

pp65    Phosphorylated matrix protein 65 

PTLD    Post-transplant lymphoproliferative disorder 

SOT    Solid organ transplantation 

TAP    Transporter associated with antigen processing 

TCM cell    Central memory T cell 

TCR    T-cell receptor 

TEM cell   Effector memory T cell 

TEMRA cell   Effector memory/RA+ T cells 

Th    T helper 

TLR    Toll like receptor 

TIL    Tumor-infiltrating lymphocyte 

TNF    Tumor necrosis factor 
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