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ABSTRACT 

 

Recent studies have demonstrated that CD4 T lymphocytes (T cells) can efficiently 

reject major histocompatibility complex (MHC) class II-negative tumors in vivo. This requires 

presentation of tumor-associated antigens on surrounding antigen-presenting cells, but the 

mechanism of intercellular antigen transfer is poorly understood. We hypothesized that 

intercellular transfer of proteins is not the sole consequence of cell death-mediated protein 

release but requires an active transfer which depends on KFERQ-like binding motifs on target 

proteins and the process of microautophagy. To prove this, we used the human Y-

chromosome antigen DBY as a model-antigen and identified two putative KFERQ-like motifs. 

We found that mutation of the first KFERQ-like motif significantly impaired indirect T cell 

recognition. Moreover, indirect recognition was completely abolished when the peptide was 

truncated and only encoded the DBY epitope, indicating additional regulatory elements 

located outside of the T cell epitope are required. Also, we provide evidence that indirect 

presentation of DBY relies on protein-protein interaction between DBY and heat shock 

cognate protein 70 and that intercellular transfer is mediated via CD63-positive exosomes. 

Our data indicate that indirect recognition of tumor-associated antigens on surrounding 

antigen-presenting cells requires an active process of antigen transfer. Furthermore, by 

screening a random mutagenesis library, we obtained preliminary data that an additional 

protein-site in DBY might be important for the selective antigen transfer. Finally, to 

demonstrate the in vivo relevance of this mechanism, a mouse model of MHC class II-

negative tumor rejection was successfully established. 
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Hsc70 Reguliert Den Interzellulären Transfer Des Y-Chromosom 

Antigens DBY via Mikrovesikel 

 

 

AUSFÜHRLICHE ZUSAMMENFASSUNG 

 

Aktuelle Forschungen haben gezeigt, dass CD4 T-Lymphozyten (T-Zellen) Major-

Histokompatibilitätskomplex (MHC) Klasse II-negative Tumore in vivo effizient abstoßen 

können. Dieses Ereignis setzt jedoch die Präsentation von tumor-assoziierten Antigenen auf 

umliegenden Antigen-präsentierenden Zellen (APZ) voraus, wobei der Mechanismus des 

interzellulären Antigentransfers weitestgehend unverstanden ist. Möglichkeiten der 

unkontrollierten Antigenfreisetzung sind beispielsweise durch nekrotische Zellen aber auch 

nach externen Eingriffen, wie durch Strahlentherapien, gegeben. Im Gegensatz dazu bildet 

die zellvermittelte Absonderung membranumhüllter Vesikel eine Quelle kontrollierter 

Antigenfreisetzung. Insbesondere Exosomen gelten dabei als wichtige, interzelluläre 

Kommunikationsvehikel von denen bekannt ist, dass sie Nukleinsäuren, Lipide und Proteine 

transportieren. Erst kürzlich wurde beschrieben, dass zytosolische Proteine durch das 

artverwandte Hitzeschockprotein 70 (hsc70) zu intraluminalen Vesikeln des späten Endosoms 

transportiert werden können. Mechanistisch geschieht dies durch einen mikroautophagie-

ähnlichen Signalweg, bei dem die Erkennung sogenannter KFERQ-like Signalmotive auf 

Zielproteinen von entscheidender Bedeutung ist. Die vorliegende Arbeit hat den Fokus, den 

Mechanismus des interzellulären Antigentransfers zu charakterisieren. Dabei wurde die 

Hypothese aufgestellt, dass dem interzellulären Antigentransfer ein aktiver Transport 

zugrunde liegt, welcher mechanistisch durch hsc70 und in mikroautophagie-ähnlicher Art und 

Weise vermittelt wird. Um dieser Annahme nachzugehen, wurden zunächst Tumorzelllinien 

generiert, die mit dem vollständigen humanen Y-Chromosom Antigen DBY, dessen X-

Chromosom Homolog DBX, dem CD4 T-Zellepitop von DBY (Polypeptid, DBY 25-mer) und 

dem vollständigem DBY mit Mutationen (in jeweils einer oder beiden putativen hsc70 

Bindungsstellen) transduziert wurden. Nach interzellulärem Transfer konnte eine T-

Zellaktivierung für das vollständige DBY und für eine der beiden Einzelmutanten gemessen 

werden. Hingegen war die T-Zellerkennung der anderen Einzelmutante und der 

Doppelmutante signifikant reduziert, sowie im Falle des DBY 25-mers sogar vollständig 

abwesend. Weitere Untersuchungen, die mit Hilfe eines Immunassays durchgeführt wurden, 

ergaben, dass die Protein-Protein Interaktion zwischen hsc70 und der sensitiven DBY 
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Einzelmutante deutlich reduziert war, während keine Interaktion mit dem kurzen DBY 25-mer 

beobachtet wurde. Diese Daten unterstützen die Hypothese, dass der interzelluläre 

Antigentransfer spezifisch reguliert werden kann, wobei hsc70, wie initial vermutet, eine 

wichtige Rolle zu spielen scheint. Da es nach Übertragung von Kulturüberständen 

transgenpositiver HeLa-Zellen auf Antigennegative APZ zur T-Zellaktivierung kam, konnte 

gezeigt werden, dass es sich um einen zellkontaktunabhängigen Transfer des Antigens 

handelte. Darüber hinaus zeigte eine elektronenmikroskopische Untersuchung der 

transduzierten Zellen eine Assoziation von DBY mit dem exosomen-assoziierten Tetraspanin-

30 (CD63). Um dies im Detail zu analysieren, wurden Exosomen aus Zellkulturüberständen 

transgenpositiver HeLa-Zellen mittels differentieller Ultrazentrifugation aufgereinigt und auf 

antigennegative APZ übertragen, um anschließend die T-Zellerkennung zu untersuchen. 

Dabei fiel auf, dass das vollständige DBY den T-Zellklon aktivieren konnte, während die 

sensitive DBY Mutante eine deutlich reduzierte T-Zellerkennung aufwies und das DBY 25-mer 

wiederum nicht zur T-Zellaktivierung führte. Außerdem konnte das vollständige DBY in 

isolierten CD63-positiven Exosomen auf Proteinebene nachgewiesen werden. Diese Daten 

zeigen, dass die indirekte Erkennung von tumor-assoziierten Antigenen auf umliegenden APZ 

das Ergebnis eines aktiven Antigentransfers via sezernierte Mikrovesikel sein kann. Da die 

Mutation der putativen hsc70 Bindungsstellen jedoch nur zu einer Reduktion des 

interzellulären Transfers und nicht zu einer vollständigen Blockade führten, wurden 

Klonbibliotheken mit mutierten DBY Konstrukten zur Identifikation weiterer regulatorischer 

Elemente generiert. Interessanterweise wiesen die Daten darauf hin, dass der selektive 

Antigentransfer von DBY durch eine weitere Stelle in der Proteinsequenz reguliert sein 

könnte. Um diesbezüglich genauere Aussagen treffen zu können, werden künftig weitere 

Untersuchungen durchgeführt. Zusammenfassend konnte gezeigt werden, dass die Bindung 

von hsc70 an putative KFERQ-like Motive in der Proteinsequenz des humanen DBY mit dem 

interzellulären Transfer korreliert. Die in dieser Forschungsarbeit erhobenen Daten weisen 

außerdem darauf hin, dass die interzelluläre Übertragung von DBY spezifisch durch 

sekretierte, CD63-positive Exosomen erfolgt. Diese Ergebnisse stellen hsc70 als möglichen 

Regulator für den interzellulären Antigentransfer bestimmter zytosolischer Proteine dar. Um 

die in vivo Relevanz des hier beschriebenen Mechanismus beantworten zu können, wurde im 

abschließenden Teil dieser Arbeit ein Mausmodell zur Untersuchung der Abstoßung von MHC 

Klasse II-negativen Tumoren etabliert. Künftige Forschungsarbeiten werden sich daher mit 

der in vivo Immunantwort beschäftigen, um den Einfluss der Bindung von hsc70 an tumor-

assoziierte Antigene bei der Eradikation von MHC Klasse II-negativen Tumoren beurteilen zu 

können. 
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  INTRODUCTION 1.

 

1.1 The immune system  

During evolution, a complex defense system has developed to protect mammals from 

the permanent threat of infections and damaged structures. This protective network is 

known as the immune system, which comprises innate and adaptive mechanisms and 

provides humoral and cellular effectors to maintain the integrity of the body1.  

In brief, cells of the immune system arise from common progenitor cells in the bone 

marrow. They circulate in the blood or migrate into lymphoid organs (i.e. appendix, lymph 

nodes, spleen, thymus, tonsils, Peyer’s patches) to mature or to trap antigens and 

communicate with other immune cells. Cells of the innate immune system involve dendritic 

cells (DCs), macrophages (MQs), mast cells, natural killer cells (NKCs) and granulocytes (i.e. 

basophils, neutrophils, eosinophils). Originally believed to be non-specific, innate immunity 

harbors a multitude of germline-encoded cell-surface receptors and protective plasma 

proteins of the complement system. These receptors recognize highly conserved structures 

on exogenous (e.g. bacteria, fungi, parasites, viruses) and endogenous (e.g. damaged cells 

and apoptotic bodies) threats. As the first-line of defense, the innate arm helps to initiate 

fast immune responses and to eliminate many imminent dangers. However, the variety of 

germline-encoded receptors is restricted and powerless in the event of attack by non-

conserved structures. In this instance, adaptive immunity applies, which has the ability to 

rearrange gene elements to produce specific antigen-binding cell-surface receptors for any 

individual pathogen2. In fact, innate and adaptive immunity are not two independently acting 

systems, rather they support each other to ensure a perfect interplay3. For example, DCs can 

present antigens to naïve T cells whose antigen-receptor perfectly matches the foreign 

structure. Upon stimulation, T cells mature into effector subsets and mediate cytotoxicity or 

recruit cells of innate and adaptive immunity, thereby mediating helper function. On the 

other hand, stimulated B lymphocytes (B from bursa of Fabricus4, or B cells) differentiate to 

produce highly specific antibodies which mark the foreign structure for clearance by 

phagocytes. Another hallmark of the adaptive immune system is the ability to conserve the 

acquired information through specific memory B and T cells for long-lasting protection, 

referred to as immunological memory5. Beyond the permanent threat of pathogens, the 

immune system also shows potential to eliminate transformed cells, as demonstrated by a 

higher incidence of cancer in immune-deficient humans and mice6-9. Following the current 

state of scientific knowledge, immune responses can cause changes in the immunogenicity of 

malignant cells, which is believed to be a dynamic process. It comprises the scenarios of 
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cancer elimination, an equilibrium phase as well as tumor escape variants and describes the 

concept of immunoediting10. In spite of improved molecular understanding, the cancer 

report 2014 has stated a worldwide higher incidence of malignancies11. Hence, modern 

medicine is challenged to primarily unmask the mechanisms of tumor evasion strategies and 

the interplay with the immune system. Unravelling these mechanisms might enable more 

successful anti-cancer therapies in the future.  

 

 

1.2 Immunotherapy of cancer 

For many years, the only way to control a broad spectrum of malignancies could be 

achieved by surgery, radiation and chemotherapy. Although these treatments are invasive, 

toxic, rather unspecific and bear substantial side effects for the patient, they are widely used 

as standard of care, often with limited success. A loophole out of this dilemma might be 

found in immunotherapy. The first notion that the immune system can mediate anti-cancer 

immunity has been made in allogenic hematopoietic stem cell transplantation (aHSCT). For a 

variety of hematopoietic malignancies, aHSCT represents the only potentially curative 

procedure12. Initially thought to reconstitute hematopoiesis in patients after supralethal 

doses of radiation and chemotherapy, it soon became clear that some patients benefit from 

cancer-eliminating donor lymphocytes13. This reaction is known as the graft versus leukemia 

effect, whereby donor-derived T cells recognize single nucleotide polymorphisms on 

malignant cells. However, also non-malignant host cells, such as skin, gut or liver can be 

recognized, leading to detrimental graft versus host disease with four different stages of 

severity14. One major unresolved clinical issue is to uncouple the detrimental graft versus 

host disease from the beneficial graft versus leukemia effect15,16. In general, immunotherapy 

could provide more specificity and fewer side effects as compared to conventional cancer 

therapies. Furthermore, patients may profit from the development of immunological 

memory, providing the potential for long-lasting anti-cancer responses, including dormant 

tumor cells, which might otherwise relapse after years17.  

In aHSCT, T cell responses are directed against polymorphisms differing between 

patient and stem cell donor, but most tumors bear somatic mutations, allowing for tumor-

specific targeting. While potentially a number of preclinical tumors are eliminated by the 

patient’s own immune system, in clinically overt tumors the immune cells fail to eradicate 

the transformed cells. This is mainly caused by evasion strategies of the tumor cells, such as 

down-modulation of human leukocyte antigen (HLA) molecules, but also changes in the 

tumor microenvironment silencing tumor directed T cell responses. A promising attempt to 
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mobilize the patient’s own immune cells has been made in recent years by the use of 

monoclonal antibodies (mAbs) against immune checkpoints. One major breakthrough was 

the development of Ipilimumab, a mAb against the T cell co-inhibitory receptor cytotoxic T 

lymphocyte antigen-4 (CTLA-4). Masking of CTLA-4 achieved improved overall survival for 

patients with advanced melanoma in a clinical phase III trial18. This success led to FDA 

approval in 2011 and Ipilimumab was classified as the first immune checkpoint inhibitor. A 

further prominent example is Nivolumab, a mAb targeted against the inhibitory receptor, 

programmed cell death-1 (PD-1), predominantly expressed on activated B and T cells19. 

Binding of Nivolumab to PD-1 prevents activation by PD-1 ligand, which is upregulated by 

numerous tumor cells, and thus maintains B and T cell anti-cancer responses19. Nivolumab 

demonstrated durable tumor regression in patients with melanoma and some other 

malignancies20. The combination of Ipilimumab and Nivolumab revealed synergistic effects, 

but was accompanied by more side effects20,21. In view of these clinical triumphs, Science 

editors have named cancer immunotherapy the breakthrough of the year 201322. However, 

the blockade of immune checkpoints on tumor reacting cells interferes with natural 

mechanisms to control excessive and unwanted immune responses leading to a considerable 

risk for autoimmunity. 

To further improve strategies for immunotherapy based treatments, it is of high 

interest to understand the communication and interaction between tumor cells and immune 

cells on a molecular basis. Due to their strong cytotoxic potential and their antigen specificity 

along with the chance of immunological memory, modulation of T cell activity still seems to 

be the most promising strategy in the development of powerful anti-cancer tools. 

 
 

1.3 T lymphocytes 

1.3.1 Maturation of T lymphocytes in the thymus 

T cells arise from a common progenitor stem cell in the bone marrow and migrate to 

the thymus. Once there, they undergo rigorous selection upon interaction with intrathymic 

cells. Incoming progenitors lack the T cell receptor (TCR) and the classical T cell subset-

defining cluster of differentiation (CD) 4 and CD8 molecules, yet they are referred to as 

double negative (DN) thymocytes. First, DN thymocytes rearrange the ,  and  TCR loci of 

which two T cell lineages can evolve. The majority of developing T cells express the TCR, 

whereas those expressing the TCR reflect a small subset, predominantly found in mucosal 

tissues and skin23 (here, not further introduced). Following the maturation of the  T cell 

lineage, DN thymocytes start to rearrange the TCR -chain by recombining the V (Variable), D 
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(Diversity) and JJoining) gene-regions. Subsequently, the expression of both CD4 and CD8 

co-receptors is initiated and turns DN thymocytes into double positive (DP) thymocytes. At 

this degree of maturity, the TCR -chain locus starts to rearrange the V and J gene-regions to 

complete the TCR. It has been projected that TCR chain recombination shapes a receptor 

diversity of about 1015 for mature  T cells24. The multitude of generated TCRs is 

subsequently tested for self-HLA restriction and autoreactivity, following the steps of positive 

and negative selection. During positive selection, DP thymocytes with no affinity for self-HLA 

complexes do not receive rescue signals and undergo programmed cell death (death by 

neglect). The surviving repertoire continues with negative selection, whereby strong TCR 

engagement of recognized self-HLA:peptide complexes induces apoptosis and eliminates 

potentially self-reacting cells25. In T cell development, these two selective steps are crucial to 

ensure self-HLA restriction but also self-tolerance to prevent autoimmunity. After thymic 

selection, bipotential DP thymocytes cease to express one of the two co-receptors (CD4 or 

CD8) to become single positive (SP) T cells, a step determined by the TCR specificity to 

recognize HLA class I or HLA class II molecules26. When SP T cells have completely matured, 

they migrate to the periphery and wait for antigen encounter. At this developmental stage, 

they are referred to as naïve T cells1. Once TCRs encounter their cognate antigen, naïve T 

cells undergo a clonal expansion phase in which they rapidly proliferate and differentiate into 

effector T cells. Successful activation requires TCR engagement (signal 1) and the interaction 

of co-stimulatory molecules (signal 2), such as CD28 on T cells with CD80/CD86 on 

professional antigen-presenting cells (APCs). After elimination of the foreign antigen, about 

90 % of antigen-specific effector T cells follow the contraction phase and die. However, some 

T cells survive to differentiate into long-lived memory T cells and shape a part of the adaptive 

immunity. In case of new antigen encounter with the same foreign antigen, memory T cells 

help to initiate a faster and boosted immune response5.  

 
 

1.3.2 CD4 T lymphocytes 

CD4 T cells are important cellular mediators and play a central role in orchestrating 

innate and adaptive immunity. In order to exert their effect, the TCR of naïve CD4 T cells has 

to recognize a cognate antigen, exclusively presented on HLA class II molecules. This causes 

naïve precursors to proliferate and to polarize into various subsets of effector T helper (Th) 

cells or T regulatory cells (Tregs). Prominent subsets are Th1, Th2, Th17 and induced Tregs, 

each of which produces distinct cytokine profiles with different impacts during 

inflammation27,28. In fact, the nature of antigen, recognized via germline-encoded recognition 

receptors, can cause the development of different DC subsets that in turn promote the 
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development of distinct CD4 Th subsets29-31. Furthermore, subset polarization is strongly 

dependent on different transcription factors, resulting cytokine profiles and co-stimulatory 

molecules available upon antigen encounter28,32. Today, the heterogeneity of the CD4 T cell 

lineage continues to be characterized and further subsets were described as recently 

reviewed33. In consequence, CD4 T cells have a strong impact on the outcome of an immune 

response, which makes them important in the development of anti-cancer strategies.  

 
 

1.3.3 CD4 T lymphocytes in cancer immunobiology 

In the field of anti-cancer immunity, evidence is accumulating that CD4 T cells mediate 

more than just help by promoting and maintaining CD8 cytotoxic T lymphocyte (CTL) 

responses34. Once polarized, Th1, Th2, Th17, but also CD4 CTLs, were demonstrated to 

mediate anti-cancer immune responses. It is well established that Interferon-gamma (IFN-) 

secretion of Th1 cells recruits MQs to the tumor site, whereas Th2 cells promote activation of 

eosinophils that can release cell-death mediating factors35-37. Both, Th1 and Th2 cells were 

described to mediate anti-cancer immunity, but the role of Th1 cells is less controversial38-41. 

Although the interleukin-17 (IL-17) producing Th17 subset is known to play important roles 

during autoimmunity42, their role in anti-cancer immunity is less clear. However, they can be 

positively associated with anti-cancer immune responses, as shown in patients with ovarian 

cancer and advanced melanoma43,44. In contrast, experiments with mice have shown that IL-

17 can promote angiogenesis of lung cancer and the tumorigenicity of cervical tumors45,46. 

Thus, the role of Th17 cells has yet to be fully clarified. Studies performed with CD4 CTLs 

revealed that effector T cells can directly kill tumor cells47-49. In mice, transfer of naïve tumor-

reactive CD4 T cells into lymphopenic hosts induced expansion and differentiation into CD4 

CTLs, showing cytotoxic activity against large established melanoma50. Moreover, a patient 

with refractory metastatic melanoma demonstrated a durable remission after a single 

infusion with autologous NY-ESO-1-specific CD4 T cells51. Collectively, CD4 CTLs can 

demonstrate high antitumorigenic potential, but direct recognition is strongly dependent on 

HLA class II expression on target cells. Therefore, an efficient strategy of tumor cells to 

disarm the potential of CD4 CTLs might be to down-regulate HLA class II molecules52. 

Interestingly, CD4 T cells were shown to also play decisive roles in the rejection of HLA class 

II-negative tumors. Studies with adoptively transferred CD4 T cells and immunodeficient mice 

revealed that five of six mice were able to completely reject MHC class II-negative (murine 

MHC class II is analogous to human HLA class II) fibrosarcoma53. It was postulated that these 

T cells became activated by surrounding host cells expressing relevant MHC class II 

molecules. Later, studies performed with MOPC315 mouse myeloma cells showed that 
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activated CD4 T cells migrate to the tumor site, where they recruit and activate MQs via IFN-



leading to tumor regression. Another group assumed a role for NKCs which may provide 

additional help in the tumor regression54. Collectively, these data indicate that HLA class II-

negative tumor eradication may be achieved by recruited innate effector cells after activation 

of tumor-specific CD4 T cells via APCs and underline the pivotal role of CD4 T cells in 

orchestrating complex immune responses. However, successful tumor eradication requires 

presentation of HLA class II-restricted tumor-associated antigens on surrounding APCs. By 

this, tumor-specific CD4 T cells can be activated to initiate an effector cascade leading to 

tumor eradication. It is thereby unclear whether the intercellular transfer of tumor antigens 

from HLA class II-negative tumor cells to APCs occurs via active mechanisms or by 

uncontrolled antigen release during tumor cell death55. A better understanding of this 

mechanism may help to improve our therapeutic practice in the clinic.  

 
 

1.4 Antigen processing and presentation  

1.4.1 Classical pathways 

To allow recognition by specific T cells, tumor-associated antigens need to be 

processed and presented on HLA molecules. The classical paradigm covers two classes of HLA 

proteins, which are encoded by the MHC gene locus on chromosome 6, and present antigens 

derived from different origin (Figure 1.1). 

Endogenous peptides are presented on HLA class I molecules and recognized by CD8 T 

cells. First, cytosolic proteins are degraded by the multicatalytic proteasome complex that 

releases small peptides, which can cross the membrane of the endoplasmic reticulum (ER) via 

the transporter associated with antigen processing (TAP)56,57. In the lumen of the ER, 

assembly of HLA class I complexes is facilitated by the chaperone calnexin, which transiently 

binds the HLA class I -chains until 2-microglobulin attaches. The resulting heterodimer 

dissociates from calnexin to interact with a peptide-loading complex including the 

chaperones calreticulin, ERp57 and tapasin, the latter of which is associated with both the 

HLA class I molecule and TAP. After inward transfer of cytosolic peptides via TAP, some 

fragments are further processed by the endoplasmic reticulum aminopeptidase associated 

with antigen processing (ERAAP). Binding of a suitable peptide completes the folding of 

newly synthesized HLA class I molecules and allows dissociation from the peptide-loading 

complex. HLA class I peptide complexes exit the ER and are displayed on the cell surface1. 
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In contrast, antigens from the extracellular milieu are presented on HLA class II 

molecules and recognized by CD4 T cells. Exogenous antigens are taken up via phagocytosis, 

pinocytosis and receptor-mediated endocytosis to enter the endocytic pathway58. Upon 

maturation, endosomes acidify and fuse with lysosomes to activate acidic proteases, such as 

cathepsins (i.e. B, D, S and L), which degrade internalized proteins into small peptides. New 

HLA class II molecules are translocated into the ER and form heterodimers comprised of - 

and -chains. Stable assembly of HLA class II  heterodimers requires protection from 

premature binding of any peptide to the peptide-binding groove. This is achieved by the 

invariant chain (li) which binds transiently and non-covalently to the peptide-binding groove. 

A second function of li causes newly synthesized HLA molecules to enter the trans-Golgi 

network and to fuse with late endosomes containing internalized and degraded peptides59. 

Figure 1.1 The classical pathways of antigen processing and presentation. 
Class II HLA pathway: Extracellular antigens enter the cytosol via endocytosis and are processed 
within the endo-lysosomal compartment. HLA class II molecules are synthesized in the endoplasmic 
reticulum (ER), where premature peptide-binding is prevented by the invariant chain (li). Upon fusion 
with late endosomes, li is further processed to the class II-associated invariant chain peptide (CLIP) 
and replaced by a peptide. The HLA class II:peptide complex is delivered to the cell surface and 
recognized by the TCR of CD4 T cells. Class I HLA pathway: Intracellular antigens are processed into 
peptides by the proteasome complex in the cytosol. By passing the transporter associated with 
antigen processing (TAP), peptides are introduced into the ER, where they are loaded onto emerging 
HLA class I molecules by the peptide-loading complex (not indicated). The HLA class I:peptide complex 
is transported to the cell surface and recognized by the TCR of CD8 T cells. Figure taken and modified 

from Abbas et al. (2011)
61. 
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The low pH within late endosomes leads to cleavage of li and leaves a small molecule in the 

binding cleft known as class II-associated invariant chain peptide (CLIP). In a specific 

endosomal structure, known as MHC class II compartment (MIIC), peptide loading is achieved 

by the MHC-like molecule HLA-DM, which removes CLIP and promotes binding of high affinity 

peptides60. After peptide binding, the HLA class II:peptide complex is transported to the cell 

surface1.61 

 
 

1.4.2 Alternative pathways 

The classical paradigm of antigen processing and presentation assumes HLA class I and 

class II molecules show peptides derived from distinct sources (i.e. endogenous or exogenous 

antigens). However, exogenous antigens can enter the HLA class I pathway and activate CD8 

T cells. This finding is referred to as “cross-presentation” and was originally noticed by M. 

Bevan almost 40 years ago62. Subsequent work helped to shape our understanding for cross-

presentation which is now believed to be critical during infection, tolerance and cancer63. 

Due to the strong antigen processing capacity, DCs are considered as the main cross-

presenting APC64,65. Recently, three intracellular pathways have been summarized to be 

implicated during cross-presentation, including TAP sensitive and insensitive mechanisms66. 

Conversely, intracellular self-peptides were found to be presented on HLA class II 

molecules67-69. Mechanistically, evidence is emerging that autophagy plays an important role 

in HLA class II-mediated presentation of endogenous peptides70-72. Autophagy describes the 

controlled degradation of cytosolic components, including proteins and organelles, in 

consequence to low availability of nutrients, damaged structures or recycling73. Most 

recently, Yoshinori Ohsumi was awarded the Nobel Prize in Physiology or Medicine 2016 for 

his work in the field of autophagy, underlining the key importance of this cellular process. At 

present, three distinct autophagy-related pathways are described, referred to as 

macroautophagy, chaperone-mediated autophagy (CMA) and microautophagy. 

During macroautophagy, bulk cytoplasm and organelles are sequestered inside of 

double membrane autophagosomes, whose complex formation is summarized elsewhere74. 

These vesicles can fuse with late endosomes or lysosomes to degrade the engulfed material 

and to recycle macromolecules. To date, several intracellular antigens were shown to 

accumulate in autophagosomes before entering the endo-lysosomal pathway to be 

presented on HLA class II molecules. Among these antigens are the viral Ebstein-Barr virus 

nuclear antigen 1 (EBNA1)75, bacterial-derived neomycin phosphotransferase II (NeoR)76, the 

tumor antigen mucin 1 (MUC1)77 and the complement C5 protein78. 

CMA follows selective degradation of cytosolic proteins. In this process, heat shock 
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cognate protein 70 (hsc70) binds substrate proteins recognized through a pentapeptide that 

is biochemically related to KFERQ79,80. These pentameric peptide sequences are described to 

consist of a flanking glutamine (Q) accompanied by a basic (K or R), an acidic (D or E), a bulky 

hydrophobic (F, I, L or V), and a repeated basic or bulky hydrophobic amino acid (K, R, F, I, L 

or V). Target proteins become unfolded and are translocated across the lysosomal 

membrane, which requires binding of cytosolic hsc70 to lysosome-associated membrane 

protein type-2A (LAMP-2A) and assistance of a luminal hsc70. Both, LAMP-2A and hsc70 were 

shown to modulate HLA class II-mediated presentation of cytosolic glutamate decarboxylase 

(GAD)81. 

Microautophagy is a further autophagic pathway described for lower eukaryotes, such 

as yeast82,83. In this process, cytosolic cargo is captured upon invagination of the vacuolar 

limiting membrane (lysosomal compartment in yeast). Resulting vesicles pinch off into the 

vacuolar lumen where the material is degraded. Interestingly, Sahu et al. have recently linked 

microautophagy to higher eukaryotes by demonstrating the existence of a microautophagy-

like process in mammals, termed “endosomal microautophagy”84 (Figure 1.2). In this 

pathway, cytosolic proteins are delivered to the intraluminal vesicles of late endosomes but 

not lysosomes. Similarly to CMA, hsc70 binds to substrate proteins in a selective manner via 

recognition of encoded KFERQ-like pentamers. However, in endosomal microautophagy, 

protein transport across the endosomal membrane involves electrostatic binding of hsc70 

with acidic phospholipids, whilst LAMP-2A association and substrate protein unfolding is not 

required. Furthermore, Sahu et al. showed that cargo internalization and subsequent vesicle 

formation is reliant on the endosomal sorting complexes required for transport (ESCRT) I and 

III. Thus, endosomal microautophagy is distinct from CMA on the lysosomal limiting 

membrane.  

Selective recruitment of cytosolic proteins to intraluminal vesicles might also be 

relevant for indirect presentation of HLA class II-restricted (tumor-) antigens. The formation 

of intraluminal vesicles is a preliminary step in the biogenesis of exosomes which are 

important vesicular carriers for intercellular communication85. Thereby, tumor-associated 

antigens might be transferred from tumor cells to surrounding APCs and presented to 

antigen-specific CD4 T cells. So far, a role of microautophagy for indirect presentation of HLA 

class II antigens has not been described. 
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Figure 1.2 The principle of selective microautophagy compared to bulk microautophagy. 
Selective microautophagy: A portion of cytosolic proteins is transported to late endosomes. Protein 
recruitment involves binding of heat shock cognate protein 70 (hsc70) to the pentameric recognition 
site on substrate proteins (KFERQ-like motif) and electrostatic binding of the chaperone to the 
endosomal membrane. Upon invagination, selected proteins accumulate in the vesicles of late 
endosomes (Multivesicular body) and are preferentially destined for extracellular secretion not for 
lysosomal degradation. This microautophagy-like pathway is selective and was termed endosomal 
microautophagy. Bulk microautophagy: Upon invagination of the vacuole-limiting membrane 
(equivalent to lysosomes), cytosolic proteins are trapped by chance and degraded after pinching off 
into the vesicle lumen. This bulk microautophagy is not selective and was shown for yeast, not for 
higher eukaryotes

83
. Graphical abstract from Sahu et al. (2011)

84 
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  AIM OF STUDY 2.

 
In 1999, it was shown that MHC class II-negative tumors can be rejected by adoptively 

transferred CD4 T cells in severe combined immunodeficient mice53. This observation 

suggested an indirect mechanism by which CD4 T cells become activated via MHC class II-

expressing host cells. Eight years later, Perez-Diez et. al. demonstrated the rejection of 

various MHC class II-negative tumors in immunodeficient and TCR transgenic Marilyn mice54, 

underlining the antigen specificity of this CD4 T cell-mediated tumor rejection. The molecular 

biology by which tumor-associated antigens become transferred to surrounding APCs 

remains poorly characterized. One theory is that there is an uncontrolled release of 

intracellular content upon premature cell-death by tumor cell necrosis, or, for example, after 

irradiation86. Conversely, it was reported that DCs were able to acquire tumor antigens from 

tumor cells that underwent programmed cell death, a scenario where uncontrolled antigen 

release is usually absent87,88. These two mechanisms of antigen release are externally 

initiated or occur in response to stressful conditions. However, another potent source of 

tumor antigens is believed to be mediated by controlled secretion of membrane vesicles of 

endosomal origin, referred to as exosomes89,90. It has been shown that vesicle-bound antigen 

induces a more potent immune response compared to soluble antigen in murine 

fibrosarcoma91. Others have shown that priming of naïve myeloma-specific CD4 T cells is 

stronger upon secretion of tumor-specific antigen when compared to non-secreting MHC 

class II-negative tumor cells, or to local injection of the tumor-specific antigen37. Thus, it is 

important to understand how antigens are released and transferred between cells. 

Interestingly, recently published work has demonstrated that hsc70 can deliver distinct 

cytosolic proteins to the vesicles of late endosomes. This microautophagy-like process has 

been shown to occur at the endosomal limiting membrane and is selective through binding 

of hsc70 to cytosolic target proteins via KFERQ-like motifs84. As a result, recruited proteins 

end up within intraluminal vesicles and may leave the cell via secreted exosomes. Therefore, 

the objective of this thesis was to characterize intercellular antigen transfer of Y-

chromosome antigen DBY in detail and analyze its role in tumor rejection. In particular, we 

hypothesized that intercellular antigen transfer between viable cells is an active mechanism 

regulated via hsc70 and dependent on KFERQ-like consensus motifs on the target protein. 
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3.  RESULTS 

 

3.1 Indirect presentation of Y-chromosome antigen DBY in vitro requires 

protein structures outside of the T cell epitope 

 

Recent insights have shown that MHC class II-negative tumors can be eliminated by 

specific CD4 T cells in vivo54. This requires antigen processing and presentation on MHC class 

II molecules by surrounding APCs. Yet, it remains an open question whether this intercellular 

antigen transfer from tumor cells to APCs is a result of cell-death-mediated antigen release or 

a regulated process. However, it has become increasingly evident that intercellular 

communication is mediated by vesicular trafficking. Above all, exosomes, which originate 

from the intraluminal vesicles of late endosomes, were shown to transport proteins, lipids 

and nucleic acids85,89,90. Interestingly, cytosolic proteins have been shown to be selectively 

recruited to late endosomes by hsc70. This process has been termed “endosomal 

microautophagy” and is dependent on KFERQ-like consensus motifs encoded in substrate 

proteins, which provide a binding site for hsc7079,84. We thus hypothesized that hsc70 might 

be important to regulate intercellular antigen transfer via recognition of KFERQ-like motifs on 

recruited target proteins and that these proteins would be subsequently engulfed into the 

multivesicular body (MVB) and finally released within exosomes. 

To test our hypothesis in vitro, we used the human male restricted Y-chromosome 

antigen DBY. By thoroughly analyzing the amino acid sequence of this protein, we identified 

two putative KFERQ-like motifs (Figure 3.1 A). To analyze the influence of these two motifs 

on intercellular antigen transfer of DBY, we cloned full-length human DBY, full-length X-

chromosome homologue DBX, the CD4 T cell DBY epitope (PHIENFSDIDMGEI)92 and full-

length DBY with mutations in either one or both putative hsc70 binding sites (Figure 3.1 B). 

All constructs were fused to a C-terminal myc-tag and cloned into a retroviral vector 

encoding truncated nerve growth factor receptor (NGFR) as a marker gene. To generate 

tumor cells expressing our transgenes, the cloned constructs were retrovirally transduced in 

antigen-negative and HLA class II-negative HeLa cells. After single cell sorting, HeLa cell 

clones with comparable marker gene expression were expanded and the expression of our 

transgenes verified by western blot analysis (Figure 3.1 C and D). Due to its low molecular 

weight, the DBY epitope could not be visualized on western blot, but we confirmed 

expression of this transgene by semiquantitative real-time PCR and immunofluorescence 

imaging of transgene-positive HeLa cells (Figure 3.2 A and B). In order to check the ability of 

our transgenes to be processed and presented on HLA class II molecules, 
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Figure 3.1 Cloning strategy and generation of transgene-positive HeLa cells. 
(A): KFERQ-like motifs in human DBY depicted as wild-type (black borders) and mutated motif (red 
borders). Numbers correspond to the amino acid position in the protein sequence. (B): Construct 
sketches and names demonstrating the relative position of mutated KFERQ-like motifs, the CD4 T cell 

epitope and the fused myc-tag. (C): Flow cytometric analysis of marker gene (NGFR) expression in 
retrovirally transduced HeLa cells using a PE-conjugated monoclonal mouse anti-human 

NGFR/CD271 antibody. Overlay was created after cell sorting using cell clones with comparable 
marker gene expression. (D): Western blot analysis of whole cell lysates [10 µg] from transgene-
positive HeLa cells after retroviral transduction and cell sorting. Black arrows indicate the molecular 

weight (MW) of DBY (74 kDa) and the loading control -actin (42 kDa). Calculated MW of DBY epitope 
(2.9 kDa). 

Figure 3.2 Relative mRNA expression and immunofluorescence imaging of transgene-positive HeLa 
cells. 
(A): mRNA expression of transgene-positive HeLa cells was calculated in reference to human 18S 

ribosomal RNA using the 2
-CT

 method
122

. Illustrated is a representative experiment with mean values 
and s.e.m. of triplicates. (B): Immunofluorescence imaging of HeLa cells with DAPI staining (White bar 
= 20 µm). Numbers correspond to: (1) No primary control, (2) Non-transduced, (3) DBY, (4) DBY 
epitope. 
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we retrovirally transduced antigen-negative Epstein-Barr virus transformed lymphoblastoid 

cell lines (EBV-LCL) expressing the relevant HLA class II restriction molecule (HLA-DQ5) and 

tested T cell recognition by the DBY-specific CD4 T cell clone (Figure 3.3 A). Thereby we could 

show that all transgenes were comparably expressed in our cell lines and demonstrated the 

ability to activate the CD4 T cell clone. Having verified the functionality of the generated 

transgenes, we designed an indirect antigen presentation assay to start investigations on the 

intercellular antigen transfer. To analyze indirect presentation of our constructs, we co-

cultured antigen-positive and HLA class II-negative HeLa cells with antigen-negative and HLA 

class II-positive EBV-LCL. After three days, co-cultured EBV-LCL were isolated and tested for 

recognition by the DBY-specific CD4 T cell clone (Figure 3.3 B). 

 
 

 

 
 

 
Full-length DBY and DBY with mutations in position E364A/Q365A (Mutant 2) induced strong 

IFN- release of the CD4 T cell clone. By contrast, T cell response was significantly reduced for 

DBY with mutations in position Q307A/R309A (Mutant 1) and for DBY with combined 

mutations (Mutant 1+2). Most strikingly, the DBY epitope triggered no T cell response, 

although it has been shown to be processed and presented in the direct antigen presentation 

assay (Figure 3.3 A). In conclusion, these data indicate that intercellular antigen transfer of 

full-length DBY is regulated by an element located outside of the T cell epitope and might at 

least partially be regulated by binding to hsc70.  

Figure 3.3 Mutations in the KFERQ-like consensus motif of full-length DBY diminish T cell recognition 
upon indirect antigen presentation. 
(A): Direct antigen presentation: HLA class II-positive and antigen-positive (HLA

pos
/Ag

pos
) EBV-LCL were 

co-cultured with a DBY-specific CD4 T cell clone to assess antigen processing and presentation by T 

cell activation in IFN- ELISA. (B): Indirect antigen presentation: HLA class II-negative and antigen-
positive HeLa cells (HLA

neg
/Ag

pos
) were co-cultured with HLA class II-positive and antigen-negative 

(HLA
pos

/Ag
neg

) EBV-LCL. After co-incubation, EBV-LCL were isolated and tested for recognition by the 

DBY-specific CD4 T cell clone in IFN- ELISA. Data are shown as means and s.e.m. of four independent 
experiments (n=4), * P <0.05, ** P< 0.01, *** P < 0.001, P-value: 0.38 (Mutant 2). 
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3.2 Protein interaction between hsc70 and DBY correlates with indirect 

antigen presentation of DBY 

 
Our results demonstrate that alterations in the KFERQ-like consensus motif can result 

in diminished T cell activation upon indirect presentation of at least one DBY mutant (Figure 

3.3 B). According to our hypothesis, we assumed that lack of antigen transfer is a 

consequence of the inability of hsc70 to recognize the altered KFERQ-like binding motif on 

the DBY mutants. This prompted us to directly examine protein-protein interaction of hsc70 

with full-length DBY, DBY Mutant 1 and the DBY epitope. To test this, we used antigen-

positive HeLa cells and took advantage of the Duolink® immunoassay displaying specific 

immunofluorescent spots in situ upon close proximity of two interacting proteins. By this, we 

could show that hsc70 strongly interacts with full-length DBY but not with the DBY epitope 

(Figure 3.4). Furthermore, protein interaction of hsc70 and DBY Mutant 1 was substantially 

impaired, indicating the significance of the putative consensus sequence in position 307-311 

of DBY (QIRDL) for binding to hsc70. 

 

 

 

Figure 3.4 Protein interaction of DBY with hsc70 is reduced in HeLa cells expressing the DBY Mutant 1 
and absent in DBY epitope expressing cells. 
(A): Box-Whisker-plot of detected immunospots (PLA signals) in HeLa cells expressing the indicated 
DBY- transgenes. Data are shown as means and s.e.m. of 109 to 217 individually assessed cells from a 
representative experiment. (B): Demonstration of the average (𝑥 ̃) number of PLA signals per cell and 
the number of analyzed cells. (C): Immunofluorescence analysis to visualize protein interaction 
between hsc70 and DBY-constructs in HeLa cells by proximity ligation assay. Each immunospot 
represents a protein interaction through ligation of PLA antibodies. Shown are overlays of four 
immunofluorescence images along the z-axis. 



RESULTS 

16 
  

3.3 Intercellular transfer of DBY is not reliant on cell-cell contact but 

mediated via secretion of CD63-positive exosomes 

 
Since protein delivery to late endosomes can result in the formation of intraluminal 

vesicles destined for secretion as exosomes85, we sought to test whether the intercellular 

transfer of DBY is mediated via secreted proteins or is reliant on cell-cell contact. As a first 

approach, we applied culture supernatants of HeLa cells expressing full-length DBY and the 

DBY epitope to antigen-negative EBV-LCL (HLA class II-positive) and measured IFN- release 

of our DBY-specific T cell clone (Figure 3.5 A).  

 
 

 

 

Figure 3.5 Intercellular antigen transfer of DBY is not reliant on cell-cell contact and is associated 
with CD63. 
(A): Culture supernatants from HLA class II-negative and antigen-positive HeLa cells were centrifuged 
to remove viable cells and debris (pure). In addition, supernatants were filtered with 100 kDa filter 
membranes to collect the flow-through (<100 kDa). Untreated (pure) and filtered (<100 kDa) 
supernatants were loaded onto HLA class II-positive and antigen-negative (HLA

pos
/Ag

neg
) EBV-LCL to 

measure CD4 T cell activation by IFN- ELISA. Demonstrated is a representative experiment with mean 
values and s.e.m. of duplicated wells. (B): Double immunogold staining on ultrathin sections of HeLa 
cells expressing full-length DBY and the DBY epitope. Sections were labelled with primary antibody 
against the transgene-fused myc-tag (minor dots) and CD63 (major dots). Red arrows indicate co-
localizations. 
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We observed T cell activation for supernatants derived from DBY positive HeLa cells, but not 

from HeLa cells expressing the DBY epitope. Interestingly, T cell activation was abolished 

when culture supernatants were filtered (100 kDa) and the flow-through (<100 kDa) was 

loaded to EBV-LCL. These findings demonstrate that cell-cell contact is not a prerequisite for 

the intercellular transfer of DBY. Furthermore, the extinction of antigen transfer after 

filtering through 100 kDa membranes indicate that DBY (74 kDa) is transferred in larger 

protein aggregates or engulfed in secreted vesicles. To get a first impression of the 

contribution of exosomes in the transmission of DBY, we prepared ultrathin sections of HeLa 

cells expressing full-length DBY and the DBY epitope. After immunogold staining, we looked 

for co-localized signals of the transgene and tetraspanin-30 (CD63), an exosomal marker 

protein (Figure 3.5 B). The electron microscopic analysis revealed that CD63 and the DBY 

epitope were co-localized to a much lower extent compared to full-length DBY, indicating 

that association with CD63-positive exosomes might be important.  

To further analyze the question of whether exosomes mediate the intercellular antigen 

transfer of DBY, we used serum-free HeLa cell cultures expressing our transgenes of interest 

and purified exosomal fractions from culture supernatants by differential ultracentrifugation. 

Prior to that, we ensured that serum-free cultivation does not affect transgene release and 

checked the ability of antigen-positive HeLa cell-derived culture supernatants to activate our 

DBY-specific T cell clone after loading on antigen-negative EBV-LCL (Figure 3.6). 

 
 
 

 

 
 
 

Figure 3.6 Serum-free cultivation of transgene-positive HeLa cells does not alter antigen release. 
Untreated (pure) and filtered (<100 kDa) culture supernatants from serum-free HeLa cell cultures 
were applied to HLA class II-positive and antigen-negative EBV-LCL (HLA

pos
/Ag

neg
). After 24-30 h, EBV-

LCL were tested for recognition by the DBY-specific CD4 T cell clone in IFN- ELISA. Data are shown as 
means and s.e.m of triplicates from two experiments (n=2). 
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Having verified that serum-free cultivation does not affect transgene release, exosomal 

fractions were isolated from indicated HeLa cells after culture for two days in 100% serum-

free medium. Following the last centrifugation step (100.000 g), pellets were loaded to 

antigen-negative EBV-LCL (HLA class II-positive) and T cell activation was measured by IFN- 

ELISA (Figure 3.7 A). Similarly to our initial co-culture experiments (Figure 3.3 B), DBY was 

recognized by the T cell clone, while recognition of Mutant 1 was considerably reduced. Of 

note, the fraction originating from HeLa cells expressing the DBY epitope was again unable to 

activate the T cell clone. To show that ultracentrifuged supernatants were enriched in 

exosomes, pellets were incubated with anti-CD63 beads and subsequently stained for the 

exosome-associated tetraspanins CD63, CD81 and CD9 (Figure 3.7 B). Flow cytometric 

characterization showed that all three exosomal marker proteins were positive, 

demonstrating that exosomes were indeed purified in the analyzed fractions. In addition, the 

ultracentrifuged fraction derived from full-length DBY was used to look for the transgene 

fused myc-tag by western blot analysis (Figure 3.7 C). By this, we could demonstrate the 

presence of full-length DBY in the isolated fraction. In conclusion, these data strongly suggest 

that the intercellular antigen transfer of DBY is mediated by secreted CD63-positive 

exosomes. 

 

 

 
 

Figure 3.7 Intercellular transfer of human DBY is mediated via CD63-positive exosomes. 
(A): Application of exosomal fractions after differential ultracentrifugation to HLA class II-positive and 
antigen-negative EBV-LCL (HLA

pos
/Ag

neg
). After 24-30 h, EBV-LCL were tested for recognition by the 

DBY-specific CD4 T cell clone in IFN- ELISA. A representative experiment is shown with mean values 
and s.e.m. of triplicates. (B): Flow cytometric characterization of the ultracentrifuged pellet from-
serum-free HeLa cell culture. The antigen-positive fraction was incubated for 24 h with magnetic 
beads against human CD63. After incubation, the beads were purified (green) and stained with 
fluorescent antibodies against CD63 (V450), CD81 (APC*) and CD9 (PE), including a stained bead only 
control (grey). (C): Western blot analysis of the ultracentrifuged fraction derived from serum-free 
HeLa cell culture expressing full-length DBY. Black arrow indicates the size of full-length DBY detected 
using an antibody against the fused myc-tag (74 kDa).  
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3.4 Random mutagenesis of full-length DBY suggests a role of additional 

protein-sites for regulation of intercellular antigen transfer 

  

While we achieved a significant reduction in T cell activation upon indirect 

presentation of the DBY Mutant 1 and Mutant 1+2, T cell recognition was completely 

abolished for the DBY epitope. (Figure 3.3 B). These results suggest a further regulatory 

element of indirect presentation within full-length DBY. To analyze this in more detail, we 

generated mutant clone libraries to discover additional crucial protein elements. First, we 

generated a truncated DBY protein (DBY 198) that holds none of the putative hsc70 binding 

sites and spans the N-terminal region up to and including the CD4 T cell epitope (Figure 3.8 

A). To analyze the influence of this protein region, DBY 198 was retrovirally transduced in 

antigen-negative and HLA class II-negative HeLa cells and marker gene expression was 

adjusted to full-length DBY (Figure 3.8 B). Expression of DBY 198 was then verified by western 

blot analysis (Figure 3.8 C). We could show on western blot that DBY 198 showed significantly 

stronger expression as compared to wild-type DBY. In line with increased protein expression, 

we observed stronger recognition in direct antigen presentation (Figure 3.9 A).   

 

 

 

Figure 3.8 Generation of DBY 198-positive HeLa cells by retroviral transduction. 
(A): Sketches illustrate the difference between full-length DBY and truncated DBY 198. Black arrows 
indicate the relative position of the two (non-mutated) KFERQ-like consensus motifs now absent in 
DBY 198. (B): Overlay showing marker gene (ΔNGFR) expression of retrovirally transduced HeLa cells 
after cell sorting. Cells were stained with a PE-conjugated anti-human ΔNGFR/CD271 antibody and 
analyzed by flow cytometry. (C): Western blot analysis of whole cell lysates [10 µg] from transgene-
positive HeLa cells after retroviral transduction and cell sorting. Black arrows show detected bands of 

DBY (74 kDa), DBY 198 (~ 30 kDa) and the loading control -actin (42 kDa). 
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Interestingly, DBY 198 was also strongly recognized in indirect antigen presentation (Figure 

3.9 B). Based on these results, we generated a small clone library composed of 34 DBY 198 

mutants, each of which had three alanine substitutions in a row (library construct design, 

Figure 6.3) and screened all mutants for indirect antigen presentation. Unfortunately, T cell-

mediated IFN- release was not significantly reduced in any of the DBY 198 mutants 

compared to the unmutated DBY 198 (Figure 3.9 C). 

 
 

 

 

Figure 3.9 Indirect presentation of DBY 198 was not reduced after systematic mutation.  
(A): Direct antigen presentation: HLA class II-positive and antigen-positive (HLA

pos
/Ag

pos
) EBV-LCL were 

co-cultured with a DBY-specific CD4 T cell clone and T cell recognition measured by IFN- ELISA. (B): 
Indirect antigen presentation: HLA class II-negative and antigen-positive HeLa cells (HLA

neg
/Ag

pos
) were 

co-cultured with HLA class II-positive and antigen-negative (HLA
pos

/Ag
neg

) EBV-LCL. Antigen transfer 

and presentation was assessed by T cell activation in IFN- ELISA. Shown are means and s.e.m. of 
duplicates from two experiments (n=2). (C): Indirect antigen presentation: Result of the DBY 198 clone 
library screen. HLA class II-negative and antigen-positive (HLA

neg
/Ag

pos
) HeLa cells were co-cultured 

with HLA class II-positive and antigen-negative (HLA
pos

/Ag
neg

) EBV-LCL. After two days, the ability of 
each DBY 198 clone (1-34) to be processed and presented in HLA class II was tested by measuring CD4 

T cell recognition in IFN- ELISA. Illustrated is a representative experiment with mean values and 
s.e.m. of duplicates. 
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We considered the possibility that the truncated construct DBY 198 might not be the 

ideal tool to unravel further regulatory elements in full-length DBY, as truncation might lead 

to differential protein folding. Therefore, we chose a second strategy to discover protein-

sites crucial for indirect presentation of DBY. We generated a random mutagenesis clone 

library and used full-length DBY Mutant 1+2 as template to prevent compensation by 

functional hsc70 binding sites. We developed an error prone PCR protocol with 

approximately 9 mistakes within 1000 base pairs and cloned the mutant strands into our 

pMP71.60 retroviral DNA vector to obtain single clones after bacterial transformation. Each 

of the clones was retrovirally transduced in antigen-negative HeLa cells and screened for T 

cell recognition by running our protocol for indirect antigen presentation. Of 54 tested 

mutants, T cell recognition of 12 clones was comparable to full-length DBY, 10 clones showed 

decreased recognition, whereas 32 clones triggered very low to no T cell response. Those 

clones with very low to no T cell recognition were sequence analyzed to ensure the integrity 

of the CD4 T cell epitope, but also to exclude frameshift or nonsense mutations. Of those 32 

clones, 21 showed premature stop-codons, mostly due to frameshift mutations, and  

 

 

 

Figure 3.10 Indirect presentation and protein expression of shortlisted clones arising from the full-
length DBY library with random mutations. 

(A): Overlay showing marker gene (NGFR) expression of retrovirally transduced HeLa cells after cell 

sorting. Cells were stained with a PE-conjugated monoclonal mouse anti-human NGFR/CD271 
antibody and analyzed on the flow cytometer. (B): Indirect antigen presentation: HLA class II-negative 
and antigen-positive HeLa cells (HLA

neg
/Ag

pos
) were co-cultured with HLA class II-positive and antigen-

negative (HLA
pos

/Ag
neg

) EBV-LCL. Antigen presentation was measured by T cell activation in IFN- 
ELISA. Demonstrated is the shortlist from a representative screen with mean values and s.e.m. of 
triplicates. (C): Western blot analysis of cell lysates [25 µg] from HeLa cells expressing the DBY clones 
of interest. Clones which were further analyzed are illustrated within the grey rectangle. Black arrows 

indicate the MW of DBY + myc-tag (74 kDa) and -actin (42 kDa). 
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4 displayed changes in the T cell epitope. Ultimately seven clones remained of interest and 

were used for further characterization (full data not shown; clones of interest are renamed 

clone A-G). For the clones A-G, stable cell lines were established by cell sorting and marker 

gene expression was measured by flow cytometry (Figure 3.10 A). These cell lines were used 

to verify reduced T cell recognition upon indirect presentation in an independent experiment 

(Figure 3.10 B). By doing so, we ensured comparability of marker gene expression and 

demonstrated that T cell-mediated IFN- release for the clones A-G was indeed substantially 

reduced when compared to the controls. In addition, we assessed protein stability of clones A-

G by western blot analysis (Figure 3.10 C). Unfortunately, immunoblot analysis showed 

reduced stability for all clones compared to the full-length wild-type DBY control. The intensity 

of clones F and G was comparable to the DBY Mutant 1+2, but both showed considerably 

reduced T cell activation upon indirect antigen presentation when compared to DBY Mutant 

1+2 (Figures 3.10 B and C). Therefore, clones F and G were retrovirally transduced in antigen-

negative EBV-LCL (HLA class II-positive) to inspect their ability to be processed and presented 

in direct antigen presentation (Figure 3.11). T cell recognition of both clones was present, 

albeit decreased, with clone F showing 75 % and clone G showing 43 % of the IFN- response 

detected for full-length DBY. In summary, the clone library of truncated DBY 198 gave no 

further indication for crucial protein-sites within amino acid 1 and 188 (without T cell 

epitope). However, clone F from the random mutagenesis clone library almost abolished T cell 

activation in indirect antigen presentation but demonstrated comparable potential to activate 

the T cell clone upon direct antigen presentation. In addition to the KFERQ-like consensus 

motifs, this indicates the contribution of further regulatory elements. 

 

 

 

 
  

 
 

 

Figure 3.11 Direct presentation of full-length DBY clone F is slightly reduced but sufficiently 
activates the T cell clone. 

(A): Flow cytometric analysis of marker gene (NGFR) expression in retrovirally transduced EBV-LCL. 

Cells were stained with a PE-conjugated monoclonal mouse anti-human NGFR/CD271 antibody. (B): 
Direct antigen presentation: HLA class II-positive and antigen-positive (HLA

pos
/Ag

pos
) EBV-LCL were co-

incubated with a DBY-specific CD4 T cell clone to verify antigen processing and presentation by IFN- 
ELISA. Depicted are normalized data with mean values and s.e.m. of triplicates from three 
independent experiments (n=3). 
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3.5 Establishment of a murine model for tumor rejection in female Marilyn 

mice 

 

To address the question of the in vivo relevance of hsc70 in the regulation of the 

intercellular antigen transfer, we sought to establish a murine model to monitor recognition 

of MHC class II-negative tumors (e.g. EL-4 T cell lymphoma) using female C57BL/6 Marilyn 

mice93. These mice are transgenic for a TCR that recognizes the CD4 T cell epitope of murine 

Dby (H-Y tg-TCR) in MHC class II (I-Ab) molecules54. Furthermore, Marilyn mice lack the 

recombination-activating gene-2 (Rag2), precluding them from rearranging other mature B 

and T cell receptors. Hence, the vast majority of the CD4 T cell repertoire in Marilyn mice is 

Dby-specific and expresses the relevant V-beta-6 TCR as verified by flow cytometry (Figure 

3.12). 

 

 

 

Analogous to the human counterparts, we cloned full-length murine Dbx, full-length 

murine Dby, the CD4 T cell Dby epitope (NAGFNSNRANSSRSS)94 and full-length Dby with 

mutations in each hsc70 binding motif, separately or in combination (Figure 3.13 A). 

Interestingly, murine Dby harbors conserved KFERQ-like motifs located at position +1 

(308QIRDL312 and 362RIVEQ366) as compared to human DBY (Figure 3.1 A). The cloned 

constructs were retrovirally transduced in MHC class II-negative EL-4 cells and cell sorted to 

obtain EL-4 cell clones with comparable expression of the transgenes (Figure 3.13 B). The 

established antigen-positive EL-4 cells were then analyzed for transgene expression at the 

mRNA and protein level (Figure 3.13 C and D). While full-length Dby and the mutants were 

stable and comparably expressed, full-length Dbx showed significantly reduced protein

Figure 3.12 Immunophenotyping of splenocytes from female Marilyn mice. 
Shown is a representative example of the gating strategy to identify Dby-specific and T cell receptor 
transgenic CD4 T cells (H-Y tg-TCR CD4 T cells) in whole splenocytes isolated from female Marilyn 
mice. Black arrows indicate the gating direction (A): Lymphocytes were identified in the forward and 
sideward scatter (FSC/SSC). (B): Of the lymphocytes, CD3-positive cells were separated from CD19 
expressing B cells. (C): On the basis of CD4 and CD8 co-receptors, CD3-positive cells were further 
divided identifying the CD4 and CD8 T cell subsets. Following the depicted gating strategy, 94,65% of 
the identified CD4 T cell subset show expression of the V-beta-6 TCR corresponding to the H-Y-specific 
CD4 T cell receptor type.  
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stability on the immunoblot. After generating transgene expressing EL-4 tumor cells, we 

accomplished a preliminary tumor monitoring study, using full-length Dbx, full-length Dby 

and the Dby epitope. We injected subcutaneously either 1 ∙ 105 or 3 ∙ 105 cells into the right 

flank of female Marilyn mice and monitored tumor growth for 60 days (Figure 3.14). By day 

11, we observed tumor growth in mice injected with EL-4 cells expressing full-length Dbx 

(control). Soon afterwards, by day 14, we detected tumor growth in mice receiving EL-4 cells 

expressing the Dby epitope. No significant difference between the two groups receiving 

either 1 ∙ 105 or 3 ∙ 105 EL-4 cells was apparent. In contrast, for mice injected with EL-4 cells 

expressing full-length Dby, tumor growth was delayed. Nevertheless, except for one tumor-

free mouse in the subgroup injected with 1 ∙ 105 EL-4 cells, no animal was alive after day 49. 

We therefore re-analyzed expression of our transgene Dby in four individual tumors, 

collected by day 24 (IDs 205 & 212) or day 49 (IDs 192 & 211). 

Figure 3.13 Generation of murine Dby transgene-positive EL-4 cells by retroviral transduction. 
(A): Construct sketches and names illustrating the relative position of mutated KFERQ-like motifs, the 
CD4 T cell epitope and the fused myc-tag (B): Overlay showing the flow cytometric analysis of marker 

gene (NGFR) expression in retrovirally transduced EL-4 constructs after cell sorting. Cells were 

labelled using a PE-conjugated monoclonal mouse anti-human NGFR/CD271/ antibody. (C): Western 
blot analysis of whole cell lysates [20 µg] from transgene-positive EL-4 cells after retroviral 
transduction and cell sorting. Black arrows indicate the size of detected murine Dby (74 kDa) and 

loading control -actin (42 kDa). Calculated MW of murine Dby epitope (2.8 kDa). (D): mRNA 
expression of murine transgene positive EL-4 cells after cell sorting. Relative expression was calculated 

in reference to murine 18S ribosomal RNA using the 2
-CT

 method
122

. Illustrated is a representative 
experiment with mean values and s.e.m. of triplicates.  
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We checked transgene expression at the mRNA and protein level in reference to our 

established transgene-positive EL-4 cell line used for injection (Figure 3.15). In all ex vivo 

analyzed tumors, full-length Dby was clearly down-regulated at the protein level. However, 

investigations at the mRNA level showed that two tumors maintained high expression of Dby 

mRNA, whilst all other tumors demonstrated noticeably reduced amounts of Dby mRNA. In 

conclusion, we successfully established the Marilyn mouse model of CD4 T cell-mediated 

rejection of MHC class II-negative tumors. We did not observe significant differences in 

tumors generated from either 1 ∙ 105 or 3 ∙ 105 injected cells. We observed comparable 

growth of EL-4 cells transduced with Dbx and the Dby T cell epitope, whereas growth of Dby 

transduced tumors was delayed and potentially dependent on immune escape by down-

regulation of the transgene. These results are in line with our previous in vitro data. 

Following these investigations, we intend to (i) analyze the mechanism of immune escape, 

observed for full-length Dby, and (ii) determine the influence of hsc70 binding on in vivo 

immune responses. 

Figure 3.14 Marilyn activity against either 1∙10
5
 (left panels) or 3∙10

5
 (right panels) EL-4 tumor cells. 

(A, B): Survival curves of Marilyn mice after challenge with EL-4 tumor cells expressing full-length Dbx 
(n=3), full-length Dby (n=4), or the Dby epitope (n=3). Cells were injected subcutaneously into the 
right flank and tumor development monitored for 60 days. (C, D): Growth pattern of individual tumors 
in tumor-bearing mice. Illustrated are the diameter measured on indicated days post injection. 
Indicated tumors (IDs 205, 211, 212, 192) of the Dby group were used for subsequent ex vivo studies.  
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Figure 3.15 Ex vivo tumor analysis of the previously established full-length Dby-transgenic EL-4 cell 
line.  
(A): Western blot analysis of whole tumor lysates [20 µg]. Black arrows indicate the size of full-length 

murine Dby (74 kDa) and loading control -actin (42 kDa). (B): Dby mRNA expression of four individual 
tumors isolated from tumor-bearing Marilyn mice on day 24 (IDs 205 & 212) or day 49 (IDs 211 & 192) 
post-injection. The established Dby-positive transgenic cell line was used as control (pre-injection). 

Relative expression was calculated in reference to murine 18S ribosomal RNA using the 2
-CT

 
method

122
. Demonstrated is a representative experiment with mean values and s.e.m. of duplicate 

wells.  
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4. DISCUSSION 

 
Recent studies have shown that CD4 T cells can efficiently reject MHC class II-negative 

tumors54, but the underlying mechanisms of T cell activation and tumor rejection remain to 

be described. A specific CD4 T cell-mediated immune response against tumor cells requires 

presentation of HLA class II-restricted tumor-antigens on surrounding APCs. Little is known 

about the mechanism of antigen transfer between tumor cells and APCs37,54,55,95. Here we 

show that intercellular antigen transfer of Y-chromosome antigen DBY between tumor cells 

and APCs is at least partially regulated by binding to hsc70 and subsequent secretion of the 

full-length protein within CD63-positive extracellular vesicles. In addition, we could 

demonstrate that sole expression of the T cell epitope within tumor cells completely 

abolished transfer of the antigen. In vitro, this abrogated indirect activation of DBY-specific 

CD4 T cells. In the Marilyn mouse model, restriction of the DBY expression from the full-

length sequence to the pure epitope resulted in failure of tumor elimination.  

Exosomes harbor a distinct set of proteins as shown by various studies84,89. These 

nanoparticles are secreted intraluminal vesicles of the late endosome after fusion with the 

cellular membrane. The formation of intraluminal vesicles depends on the ESCRT machinery 

of which ESCRT III promotes inward budding of the endosomal limiting membrane, engulfing 

cytoplasmic proteins96,97. More recently, a microautophagy-like process has been described 

in which cytoplasmic proteins bind to hsc70 with a KFERQ-like motif84. After binding to hsc70, 

these proteins are directed via the ESCRT I and III complexes to inward budding parts of the 

endosomal membrane. This mechanism may at least partly explain the distinct protein 

composition of exosomes. In line with this, our data point towards a role of the first KFERQ-

like motif of DBY (QIRDL) in intercellular transfer as illustrated by reduced protein binding 

between hsc70 and mutated DBY, as well as hampered intercellular transfer of DBY upon 

mutation of this motif. The lack of influence by the second KFERQ-like motif (RIVEQ) in our 

experiments might be explained by the inaccessibility of this motif due to protein folding. It is 

conceivable that the three-dimensional structure of DBY does not allow access to the second 

motif and interferes with adjacent structures reported to be important for ATP hydrolysis 

and RNA binding98. At present, a crystal structure is only available for a truncated version of 

the X-chromosome homologue DBX99, thus we cannot fully clarify the conformational 

position of this motif.  

Concerning the biological function of antigen presentation, it is reasonable to argue 

that abundantly expressed proteins are transported to professional APCs, as dividing 

intracellular pathogens mostly reach high cytosolic copy numbers, and ideal priming of 
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immune cells against these pathogens requires antigen presentation on professional APCs. In 

contrast, the in vivo role of the KFERQ-like motif is less clear. As stated above, the KFERQ-like 

motif is involved in a microautophagy-like process, but it also plays a central role in the 

pathway of CMA, where binding of cytosolic proteins to hsc70 facilitates transport via LAMP-

2A across the lysosomal limiting membrane80. About one third of cytosolic proteins harbor a 

KFERQ-like motif and it was shown both in vitro and in vivo that upon starvation, cytosolic 

proteins with a KFERQ-like motif are preferentially degraded, indicating their uptake into 

lysosomes79. The biological benefit of the KFERQ-like motif and the crossroads of MVBs 

directing them to lysosomal degradation or exosomal release, however, remain unresolved 

and need to be elucidated. 

Beside the selective way of protein engulfment via hsc70 binding84, it was also 

demonstrated that high cellular expression of proteins without KFERQ-like motif can lead to 

sequestration of abundant proteins into exosomes via bulk microautophagy. Thus, the 

observed remaining intercellular transfer of mutated DBY might be due to the artificial high 

expression caused by retroviral transduction. However, the complete lack of transfer of the 

sole epitope, which reached comparable expression levels, argues against this possibility and 

indicates that protein sorting to extracellular vesicles is strongly regulated.  

Nonetheless, we wondered why none of the full-length DBY mutants completely 

abolished T cell activation upon indirect presentation. It is possible that our alanine 

substitutions in the putative KFERQ-like motifs of DBY were still sufficient for moderate 

(Mutant 1) or complete (Mutant 2) recognition by hsc70. Concerning published structures of 

prokaryotic (DnaK) and mammalian hsc70, binding of unfolded substrate proteins is achieved 

through a hydrophobic pocket with a preference for leucyl residues 100,101. However, the 

recently described microautophagy-like process does not require substrate protein unfolding. 

Whether binding of hsc70 to KFERQ-like motifs within folded substrate proteins is much 

more strongly influenced after substitution of leucyl or valyl residues remains to be studied.  

Another assumption includes the possibility that indirect presentation of full-length 

DBY requires further regulation, which may act in addition of hsc70 or independently. In 

support of the latter hypothesis, several post-translational modifications (e.g. ubiquitination, 

sumoylation, phosphorylation and glycosylation) have been detected in exosomal proteins as 

recently summarized102, indicating that, depending on the cargo molecule, different factors 

promote sorting into MVB-derived exosomes. Moreover, a recent report has stated that 

interaction of syndecans with syntenin-1, and the ESCRT adaptor protein ALIX controls the 

biogenesis of exosomes103. Accordingly, exosome production was stimulated by the enzyme 

heparanase, facilitating secretion of the exosomal tetraspanin CD63, whereas other 
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exosomal proteins such as CD9, CD81 and flotillin-1 were not affected104. Beyond 

proteoglycans, the permanent activation of the inhibitory G protein-coupled sphingosine 1-

phosphate receptor was shown to regulate inward budding on late endosomes and 

subsequent exosomal maturation105. The receptor agonist sphingosine 1-phosphate is a 

cleavage product of ceramide molecules, which were independently reported to trigger the 

formation of intraluminal vesicles106. Collectively, these studies suggest that the formation of 

intraluminal vesicles destined for extracellular secretion might be regulated via several 

processes in parallel107, supporting that indirect presentation of DBY relies on further 

regulation. In the present work, we showed that expression of the N-terminal region of DBY 

up to and including the CD4 T cell epitope (DBY 198) strongly activates our T cell clone upon 

indirect presentation. Since DBY 198 is lacking any putative KFERQ-like motif, the N-terminal 

region was considered as crucial for regulating indirect presentation. However, after 

screening T cell activation of 34 systematically mutated DBY 198 protein-variants, no 

significant T cell reduction was observed. This might be explained by the fact that our triplet 

mutations did not cover all protein-sites and thus indirect presentation was still possible. 

However, a more complex explanation may concern an altered structure of DBY 198. Indeed, 

we detected overexpression and a discrepancy in the apparent molecular weight on the 

western blot, at least partially explaining why indirect presentation of DBY 198 was 

substantially stronger compared to full-length DBY. DBY is a member of the DEAD-box RNA 

helicase family and encodes nine conserved structural elements involved in RNA interaction 

and binding, as well as ATP binding and hydrolysis98,108,109. As such, the protein might be 

highly susceptible to structural changes, particularly if all conserved structures are truncated, 

as they are for DBY 198 (Figure 4.1).  

 

 
 
 
 
 

 

Figure 4.1 Illustration of the currently described and putative protein-motifs in full-length DBY. 
Depicted are the nine conserved protein-motifs in full length DBY (grey boxes), the here described 
(

307
QIRDL

311
 and 

361
RIVEQ

365
) putative KFERQ-like motifs (brown boxes) and the CD4 T cell epitope 

(blue box). The sketch further visualizes the differences in length and encoding motifs between full-
length DBY and DBY 198.  
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Following the idea to unravel further regulating protein-sites in DBY, we used another 

strategy and generated a variety of randomly mutated full-length DBY clones, wherein both 

KFERQ-like motifs were mutated to prevent binding of hsc70. Thereby, we identified two full-

length mutants (DBY clone F and G) whose ability to activate the T cell clone upon indirect 

presentation was remarkably reduced. After translating the sequences and analyzing both 

mutants, we found 15 coding point mutations in clone F and 16 in clone G. We compared 

both sequences and found two protein-sites where point mutations were shifted by one 

amino acid and a further protein-site where Y241 was replaced in both clones (Figure 4.2). Of 

note, these protein-sites are located outside of any described motif98,108,109. However, we can 

neither exclude that other point mutations are of similar interest nor deny that the multitude 

of point mutations leads to other changes in protein characteristics, such as stability or 

cellular localization. The relatively strong recognition upon direct presentation of DBY clone 

F, however, indicates that sorting into the pathway for exosomal secretion was disturbed. 

Further studies with site-directed single mutations of the identified amino acids are required 

to unravel their contribution to indirect presentation of the antigen. 

 
 

 

 

 

On the basis of our results, we have reason to believe that the here demonstrated 

hsc70-mediated regulation of intercellular antigen transfer contributes to the specific 

rejection of HLA class II-negative tumors. We can imagine that reduced T cell activation in 

vivo may cause a delay in tumor rejection, or, in case of the DBY epitope, totally prevent 

tumor recognition. This is of particular interest, as many groups have tried to define anti-

cancer effector cells for eradication of HLA class II-negative tumors, but have barely focused 

on the role of the intercellular antigen transfer37,54,55,95. To address the in vivo relevance of 

our in vitro findings, we took advantage of the Marilyn mouse model93. Tumors expressing 

the Dby epitope showed only a minimal delay in tumor growth as compared to the Dbx 

control, indicating that the Dby epitope did not induce an efficient anti-tumor immune 

response. This is in line with our human in vitro studies, in which the DBY epitope failed to 

trigger T cell activation upon indirect presentation, suggesting no secretion and intercellular 

Figure 4.2 Comparison of interesting protein-sites in full-length DBY clone F and G. 
Green boxes frame the putative protein-sites shared by the clones F and G in comparison to wild-type 
(WT) full-length DBY.  
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transfer of this antigen variant. The slight delay in tumor growth, however, might be 

explained through initial T cell activation as a consequence of a few disrupted cells upon 

injection leading to unregulated antigen release. These observations are consistent with data 

from other groups, showing that secretion of vesicle-bound antigen induces more potent 

immune responses in vivo as compared to soluble antigen91,95. In contrast, mice injected with 

tumor cells expressing full-length Dby showed delayed tumor growth and prolonged survival. 

Nevertheless, most mice still developed tumors at a later stage. This could be explained by 

loss of expression of the Dby-transgene in the explanted tumors. Whether these tumor 

escape variants are due to contamination of the injected cell fraction with non-transduced 

tumor cells, or whether transduced cells actively down-regulated the transgene to escape 

immune control has to be elucidated in the future. Support for the latter hypothesis is given 

by our observation that some tumors still show mRNA expression of DBY but no protein. 

Following the latest scientific knowledge, the transition of immunogenic tumor cells to 

escape variants is a dynamic process referred to as immunoediting10. Down-regulation of 

highly targeted antigens is a serious problem during clinical trials110-112, also including 

alterations in the expression of MHC molecules113,114 and, as recently shown, even occurs 

after treatment with modern therapeutic antibodies115. Attempts to explain these clinical 

issues are numerous, but the underlying mechanisms have yet not been fully clarified. This 

points out the difficulty of targeting a single tumor antigen where high T cell pressure 

promotes survival benefits for malignant cells with reduced target antigen expression. In 

contrast, targeting two or more tumor antigens simultaneously either faces the challenge of 

identifying sufficient tumor-specific antigens or increases the risk of severe autoimmune 

responses as some tumor-associated antigens are also expressed by normal tissue116.  

Here we have demonstrated indirect presentation of Y-chromosome antigen DBY 

both in vitro and in vivo. Tumor rejection by CD4 T cell-mediated immune responses against 

this specific antigen has been known for some years to be independent of MHC class II 

expression of the tumor54. Moreover, recipient-derived DBY presented on donor APCs has 

been reported to induce CD4 T cell-mediated graft versus host disease in mice117. In general, 

CD4 T cell-mediated rejection of MHC class II-negative tumors is dependent on two steps. 

Firstly, tumor-specific antigens need to be released and transferred from MHC class II-

negative tumor cells to MHC class II-positive APCs. We here show that DBY can be 

transferred between cells and that this transfer is mediated by CD63-positive exosomes. 

Others have shown that mice injected with exosomes, isolated from male cells, are capable 

of mounting a DBY-specific CD4 T cell response, demonstrating sequestration of DBY into 

exosomes118. Secondly, in order to confer rejection of MHC class II-negative tumors, activated 
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CD4 T cells need to recruit other effector cells. In murine models, NKCs and MQs have been 

suggested to participate in this process, but other immune cells might also be involved37,53,54. 

Additional studies are needed to unravel whether a certain subtype of immune cell plays a 

crucial role, or whether rejection of MHC class II-negative tumors is mediated by an 

orchestrated immune response with the CD4 T cell as central regulator (Figure 4.3). 

 
 
 
 
 
 

 
 

 

 

 

Figure 4.3 Proposed mechanisms for the regulation of the intercellular antigen transfer and 
eradication of the HLA class II-negative tumor. 
(A): In the cytosol of HLA class II-negative tumor cells, the HLA class II-restricted tumor-associated 
antigen (TAA) possesses an accessible KFERQ-like motif and binds to heat shock cognate protein 70 
(hsc70). The TAA is delivered to the multivesicular body (MVB) of late endosomes where it is packed 
into CD63-positive exosomes and secreted upon fusion of the MVB with the plasma membrane. (B): 
Exosomes are taken up by surrounding antigen-presenting cells (APC) where the TAA is processed and 
presented on the relevant HLA class II molecule (HLA II). Thereby, passing CD4 T cells which express 
the TAA-specific T cell receptor (TCR) are activated. (C): T cell activation initiates a cascade of pro-
inflammatory signals which recruits immunologic effector cells, of so far unknown origin, to the tumor 
site. (D): These cellular effectors eradicate the HLA class II-negative tumor by a mechanism that is 
currently undefined.   
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In conclusion, in this study we were able to demonstrate that the intercellular antigen 

transfer is selective through binding of hsc70 to a putative KFERQ-consensus (QIRDL) in full-

length human DBY. Our findings further demonstrated that hsc70-mediated recruitment of 

DBY was crucial for the delivery to CD63-positive exosomes, identifying hsc70 as possible 

regulator for the transmission of cytosolic and HLA class II-restricted antigens to surrounding 

APCs. Moreover, data received from our full-length DBY clone library have revealed 

preliminary indications of further interesting protein-sites, potentially involved in the 

regulation of the intercellular antigen transfer. To our knowledge, this provides novel 

evidence that the intercellular antigen transfer is not a sole consequence of unselective 

antigen release, but a regulated process, eventually conducted by endosomal 

microautophagy on the endosomal limiting membrane84. So far, a role for cytosolic HLA class 

II-restricted antigens has only been described for macroautophagy75-78 and CMA81 but not for 

microautophagy-related pathways. Antigen transfer via exosomes has been shown to 

mediate beneficial but also detrimental effects, and it is therefore relevant to consider 

intercellular transfer when selecting tumor antigens for cellular immune therapy or 

vaccination.  
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5. OUTLOOK 

 
The present thesis has addressed the question of how antigen transfer between viable 

cells is regulated. We hypothesized that intercellular antigen transfer is not the sole 

consequence of cell-death mediated antigen release, but an active pathway wherein binding 

of hsc70 to a putative KFERQ-like motif on a target protein plays a central role.  

Using human Y-chromosome antigen DBY, we were able to show that mutations in one 

of two putative KFERQ-like motifs significantly reduced T cell activation after indirect 

presentation. Furthermore, we showed that reduced T cell activation correlated with 

diminished binding of DBY to hsc70 as measured by an in situ proximity ligation assay. We 

then analyzed the nature of antigen release and demonstrated that CD63-positve exosomes 

encompassed our transgene and were potent to activate our specific CD4 T cell clone in vitro. 

Collectively, these results strongly support our hypothesis that intercellular antigen transfer 

indeed follows a regulated mechanism, wherein hsc70 is a putative regulator. To our 

knowledge, this is the first description that a microautophagy-related process can regulate 

indirect presentation of cytosolic and HLA class II-restricted antigens. 

Future studies will address the in vivo relevance of hsc70 in regulating intercellular 

antigen transfer. Whilst it has been described that CD4 T cells can efficiently reject MHC class 

II-negative tumors in vivo, little is known about the underlying mechanism of antigen 

transfer. Therefore, our future goal is to investigate the mechanism described here using the 

murine model of MHC class II-negative tumor rejection established in the present work. 

Moreover, it is still unclear which effector cell finally eradicates MHC class II-negative tumor 

cells, stressing the relevance of our envisaged studies. Beyond this, our data from the 

random mutagenesis library assumed that further crucial protein-sites in human DBY may be 

relevant for regulating intercellular antigen transfer. Thus, ongoing in vitro studies will 

continue to focus on site-directed mutagenesis of full-length DBY, to further illuminate the 

mechanism described.  

The data presented here and the ongoing studies described, are important to our 

understanding of the complex process of intercellular antigen transfer. A greater knowledge 

of the underlying mechanism of this process is necessary to develop novel therapeutic 

concepts and to improve survival of patients with malignant tumors. 
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6. MATERIALS AND METHODS 

6.1 Materials 

6.1.1 Equipment and devices 

Table 6-1 List of used devices  

Device  Manufacturer 

  Autoclave Systec HX 210 Systec GmbH 
Axiovert 200 fluorescence microscope Carl Zeiss Microscopy GmbH 
BD FACSAriaTM II SORB  BD Biosciences 
BD FACSCantoTM II flow cytometer BD Biosciences 
Biorevo BZ-9000 fluorescence-microscope Keyence Deutschland GmbH 
BlueMarineTM 200 SERVA Electrophoresis GmbH 
Polycarbonate bottles 25 x 89mm (26.3 ml) with cap Beckman Coulter 
Digital caliper, 0-15.2 cm VWR international GmbH 
DynaMagTM sample rack for magnetic isolation Thermo Fisher Scientific 
Electronic precision balance BP 2100 S Satorius AG 
ExcellaTM E24 shaker  New Brunswick Scientific 
FiberliteTM F15-8 x 50cy fixed angle rotor Thermo Fisher Scientific 
FluorChem FC2 imaging system Cell Biosciences, Inc. 
Forceps Merck 
Freezer, -20°C Liebherr-International GmbH 
GentleMACS Dissociator Miltenyi Biotec GmbH 
HERAcellTM 150i CO2 incubator Thermo Fisher Scientific 
Heraeus incubator Thermo Fisher Scientific 
HERAsafeTM KS clean bench Thermo Fisher Scientific 
Ice machine ZIEGRA Eismaschinen GmbH 
Liquid nitrogen tank, BSF stainless steel Consartic GmbH 
M-20 Plate rotor  Thermo Fisher Scientific 
Mastercycler® nexus  Eppendorf AG 
Megafuge 16R Thermo Fisher Scientific 
Microwave R-212U Sharp 
Mini PROTEAN® Tetra Cell chamber Bio-Rad Laboratories GmbH 
Multifuge X1R Thermo Fisher Scientific 
NanoDropTM 2000cUV-Vis Spectrophotometer Thermo Fisher Scientific 
Neubauer counting chamber Brand GmbH + CO KG 
OptimaTM XPN-80 Ultracentrifuge Beckman Coulter 
Pac200 power supply Bio-Rad Laboratories GmbH 
Pipettes, 10 µl, 20µl, 100 µl, 200 µl, 1000 µl Eppendorf AG 
Primo Star light microscope Carl Zeiss AG 
PURELAB flex water dispenser ELGA LabWater 
Refrigerator, +4°C Liebherr-International GmbH 
RM 5 rotating mixer  CAT M. Zipperer GmbH 
Rotor type 70 Ti, fixed angle, titanium (8 x 39 ml)  Beckman Coulter 
SpectraMax M3 Molecular Devices 
StepOnePlusTM Real-Time PCR system Applied Biosystems 
Thermomixer comfort Eppendorf AG 
Trans-Blot® TurboTM blotting instrument  Bio-Rad Laboratories GmbH 
Ultra-low freezer (Forma 88000 series), -86°C Thermo Fisher Scientific 
Water bath Gesellschaft für Labortechnik mbH 
Xplorer plus electronic 8-channel pipette, 15-300 µl Eppendorf AG 
  

 



MATERIALS AND METHODS 

36 
  

6.1.2 Consumables 

Table 6-2 List of used consumables  

Item Manufacturer 

  8-chamber slides Thermo Fisher Scientific 
Amicon Ultra -0.5 ml centrifugal filters (100 kDa) Merck  
BD-FalconTM tubes 15 ml, 50 ml BD Biosciences 
BD ULTRA-FINE™ 6 mm needle insulin syringe BD Biosciences 
Cell strainer nylon (40 µm) BD Biosciences 
CellStar® T-25, T75, T175 Tissue culture flasks Greiner Bio-One 
Cryogenic vials 2 ml Greiner Bio-One 
Disposable plastic pipettes 5 ml, 10 ml, 25 ml, 50 ml  Corning Life Sciences 
Disposable scalpel Feather 
Erlenmeyer flask 250 ml Brand GmbH + CO KG 
Flow cytometry tubes, polystyrene 5 ml Sarstedt 
GentleMACS C tube Miltenyi Biotec GmbH 
MicroAmp® Optical 96-well reaction plate Applied Biosystems 
MicroAmp® Optical adhesive film Applied Biosystems 
Microcentrifuge tubes 0.5 ml, 1.5 ml, 2.0 ml Eppendorf AG 
Mini-PROTEAN® TGXTM (4-15% gradient) precast gel Bio-Rad Laboratories GmbH 
Non-treated tissue culture plate 24-, 96-well Corning, Inc. 
Parafilm M® Pechiney PlasticPackaging 
Petri dishes 94 x 16 mm Greiner Bio-One 
S-Monovette® 9 ml K3E (1.6 mg EDTA/ml)  Sarstedt 
Thermanox™  plastic coverslips 22 mm Thermo Fisher Scientific 
Tissue culture cluster (flat bottom) 6-, 12-, 24-, 96-well Corning, Inc. 
Tissue culture cluster (U-bottom) 96-well Corning, Inc. 
Toothpicks Hermman Metz KG 
Trans-Blot® TurboTM transfer system Bio-Rad Laboratories GmbH 
PCR strips 0.2 ml  A. Hartenstein GmbH 
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6.1.3 Chemicals and reagents 

Table 6-3 List of used chemicals and reagents  

Chemical / Reagent Manufacturer 

  Agar-Agar powder  Sigma-Aldrich 
Agarose Merck  
Ampicillin Merck  
BamHI / BamHIHF New England Biolabs GmbH 
cOmpleteTM protease inhibitors Roche 
Deoxyguanosine triphosphate Jena Bioscience GmbH 
EcoRI / EcoRIHF New England Biolabs GmbH 
Ethanol, 99.9% Th. Geyer GmbH & Co. KG 
Ficoll® Paque Plus GE Healthcare 
Gel Loading Dye, purple x6 New England Biolabs GmbH 
Gentamicin sulfate antibiotic Sigma Aldrich 
Interleukin-2 Proleukin 
LB– Broth (Lennox) Roth 
Manganese (II)-sulfate monohydrate Sigma-Aldrich 
Midori-Green Advance    Biozym Scientific GmbH 
MluI New England Biolabs GmbH 
Molecular biology grade ultrapure water Biomol GmbH 
Paraformaldehyde Sigma-Aldrich 
Phytohemagglutinin  Oxoid 
Quick-Load® DNA ladder 50 bp, 100 bp, 1 kb  New England Biolabs GmbH 
Red Blood Cell Lysis Buffer Sigma-Aldrich 
RetroNectin®  Takara Bio, Inc. 
Roti®-Mount FluorCare DAPI Roth 
Sulfuric acid (2N) Roth 
Taq DNA polymerase, native Invitrogen 

   

6.1.4 Antibodies 

Table 6-4 List of used antibodies 

Antibody [clone] Clonality Conjugate Manufacturer 

    Goat-Rabbit (H+L), F(ab’)2  n/a AlexaFluor® 555 Cell Signaling  
Mouse --actin [AC-15] mono - Santa Cruz  
Mouse -human myc-tag [9B11] mono - Cell Signaling  
Mouse -human CD9 [HI9a] n/a PE BioLegend 
Mouse -human CD63 [H5C6] mono V450 BD Pharmingen 
Mouse -human CD63 [MEM-259] mono - abcam 
Mouse -human CD81 [JS-81] mono APC* BD Pharmingen 
Mouse -human CD271/NGFR [MOPC-21] mono - BD Pharmingen 
Rabbit - human HSPA8 [EP1531Y] mono - OriGene 
Rabbit -human myc-tag [ab9106] poly - abcam 
Rat -mouse CD3 [17A2] n/a FITC BioLegend 
Rat  -mouse CD4 [RM4-5] mono V450 BD Pharmingen 
Rat -mouse CD8a [53-6.7] mono PE BD Pharmingen 
Rat -mouse CD19 [6D5] n/a PerCP BioLegend 
Rat -mouse TCR V6 [RR4-7] n/a APC* BioLegend 
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6.1.5 Kits 

Table 6-5 List of used kits 

Kit name Manufacturer 

  Duolink in situ red starter kit mouse/rabbit Olink Bioscience 
Exosome-human CD63 isolation/detection reagent Invitrogen 
Human IFN gamma ELISA Ready-Set-Go!® eBioscience 
One Shot® TOP10 Chemically Competent E. coli kit Invitrogen 
OneTaq® RT-PCR kit New England Biolabs GmbH 
PierceTM BCA Protein Assay Kit  Thermo Fisher Scientific 
PwoSuperYield DNA Polymerase dNTPack Roche  
QIAprep® Spin Miniprep Kit Qiagen 
QIAquick® PCR Purification Kit  Qiagen 
QuickClean 96-well Plasmid Miniprep Kit GenScript 
Rapid DNA Ligation Kit Roche 
REDExtract-N-AmpTM Tissue PCR Kit Sigma Aldrich 
RNase-free DNase set Qiagen 
RNeasy® Micro Kit 
 

Qiagen 
SYBR® Select Master Mix Applied Biosystems 
Tumor Dissociation Kit-mouse Miltenyi Biotec GmbH 
WesternDot® 625 goat anti-mouse western blot kit Life Technologies 
WesternDot® 625 goat anti-rabbit western blot kit Life Technologies 
Wizard® SV Gel and PCR Clean-Up System Promega 
X-tremeGENETM HP DNA Transfection Reagent Roche 
 
 
 
 
 
 
 

 
 

 
 

6.1.6 Buffers and culture media 

6.1.6.1 Buffers and solutions 

Table 6-6 List of buffers and solutions and their components  

Buffer/Solution Component 
Final 
concentration 

Manufacturer 

    0.5% Triton X-100 in PBS  PBS / Gibco 
 Triton X-100 0,5% Sigma-Aldrich 
 
 

   
ACK - buffer NH4Cl 155 mM Merck 
 EDTA 126 nM Sigma-Aldrich 
 KHCO3 10 mM Merck 
    
Agar / LB-Broth Select Agar 15 g/l Sigma-Aldrich 
 LB-Broth (Lennox) 20 g/l Roth 
    
Blocking buffer PBS / Gibco 
 Tween® 20 0,05% Merck 
 Bovine serum albumin 5% Merck 
    
Freeze – solution (x2) Fetal calf serum 50% PAN 
 RPMI (Regular) 30% PAN 
 DMSO 20% Sigma-Aldrich 
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Continuation: Table 6-6 

IF-fixative PBS / Gibco 
 Paraformaldehyde 4% Sigma-Aldrich 
    
Laemmli buffer (x6) Tris-HCl 300 mM Merck 
 Sodium dodecyl sulfat 12% Merck 
 Glycerine 50% Merck 
 -Mercaptoethanol  3% Sigma-Aldrich 
    
Lysis buffer Tris-HCl 20 mM Merck 
 NaCl 137 mM Merck 
 EDTA  2 mM Sigma-Aldrich 
 Glycerine 10% Merck 
 Triton X-100 1% Sigma-Aldric 

 
Protease inhibitor cocktail 1 tablet / 50 ml Roche 

    
MACS buffer PBS  485,5 ml Gibco 
 Human serum albumin 0,5 % Biotest AG 
 EDTA 2 mM Sigma-Aldrich 
    
PBS / / Gibco 
    
PBS - Pen/Strep PBS / Gibco 
 Penicillin/Streptomycin 40 U/ml, 40 µg/ml Gibco 
    
PBST  PBS / Gibco 
 Tween® 20 0,05% Merck 
    
Permeabilization buffer PBS / Gibco 
 Fetal calf serum 2% PAN 
 Triton X-100 0,3% Sigma-Aldrich 
    
SDS running buffer Glycine  192 mM Merck 

 
Tris-base 25 mM Merck 

 
Sodium dodecyl sulfat 0,1% Merck 

    
Sodium-acetate (pH 5.0) Sodium-acetate 3 M Merck 
 HCl (1 M) to pH 5.0 Merck 

Millipore     
TBE buffer (x 10)  Tris-base 890 mM Merck 
 Boric acid 890 mM Merck 
 EDTA (0.5 M, pH 8.0) 20 mM Sigma-Aldrich 
    
Thaw - solution Fetal calf serum 50% PAN 
 RPMI (Regular) 50% PAN 
    
Trypsin-solution (x1) PBS / Gibco 
 Trypsin-EDTA (10x) 5%  0,5% Gibco 
    
Trypan-blue solution Trypan-blue 0.4% 25% Gibco 
 PBS 75% Gibco 
    
Working buffer PBS / Gibco 

 
Tween® 20 0,05% Merck 

 
Bovine serum albumin 1,25% Merck 

    Wash buffer PBS / Gibco 

 
Tween® 20 0,05% Merck 
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6.1.6.2 Culture media 

Table 6-7 List of media and supplements 

Medium Additive Final concentration Manufacturer 

    Ex-Cell® HeLa   Sigma-Aldrich 
 Penicillin / Streptomycin 40 U/ml  /  40 µg/ml Gibco 
 L-Glutamine 2 mM Gibco 
 Vitamine solution 0,4% Gibco 
 -Mercaptoethanol  50 µM Gibco 
 Minimal essential medium  1% Gibco 
 Sodium pyruvate 1 mM Gibco 
 HEPES 20 mM Sigma-Aldrich 
    
OptiMEM® / / Gibco 
    
RPMI 

  
PAN 

 
Fetal calf serum 10% PAN 

 
Penicillin / Streptomycin 40 U/ml  /  40 µg/ml Gibco 

 
L-Glutamine 2 mM Gibco 

 
Vitamine solution 0,4% Gibco 

 
-Mercaptoethanol  50 µM Gibco 

 
Minimal essential medium  1 % Gibco 

 
Sodium pyruvate 1 mM Gibco 

    
T cell RPMI 

  
PAN 

 Interleukin-2 100 U/ml Proleukin 

 
Fetal calf serum 5 % PAN 

 
human serum 5 % PAN 

 
Penicillin / Streptomycin 40 U/ml  /  40 µg/ml Gibco 

 
L-Glutamine 2 mM Gibco 

 
Vitamine solution 0,4 % Gibco 

 
-Mercaptoethanol  50 µM Gibco 

 
Minimal essential medium  1 % Gibco 

 
Sodium pyruvate 1 mM Gibco 

    
Wash RPMI 
(Wash) 

  
Gibco 

 
Fetal calf serum 2 % PAN 

 
Penicillin / Streptomycin 40 U/ml  /  40 µg/ml Gibco 

        
 
 
 
 
 
 
 
 
 
 
 
 
 



MATERIALS AND METHODS 

41 
  

6.1.7 Oligonucleotides 

6.1.7.1 Cloning 

Table 6-8 Primer sequences used to amplify full-length wild-type genes  

Designation Sequence (5' to 3') Primer length (bp) 

   Human DBY  F: CGCGGATCCGGGATGAGTCATGTGGTGGTGAA  32 
 
 

R: CCGGAATTCGTATCAGAGATCCTCCTCTGAGAT 65 
     GAGCTTTTGCTCGTTGCCCCACCAGTCAACCC   

   Human DBX F: CGCGGATCCGGGATGAGTCATGTGGCAGTGGA  32 

 
R: CCGGAATTCGTATCAGAGATCCTCCTCTGAGAT 65 

 
    GAGCTTTTGCTCGTTGCCCCACCAGTCAACCC  

 
   Murine Dby F: CGCACGCGTGGGATGAGTCAAGTGGCAGCGGA   32 

 
R: CCGGAATTCGTATCAGAGATCCTCCTCTGAGAT  65 

 
    GAGCTTTTGCTCATTGCCCCACCAGTCAACTG  

 
   Murine Dbx F: CGCACGCGTGGGATGAGTCATGTGGCAGTGGA  32 

 
R: CCGGAATTCGTATCAGAGATCCTCCTCTGAGAT 65 

 
    GAGCTTTTGCTCGTTACCCCACCAGTCAACCC  

 
   F: forward, R: reverse; Underlined nucleotides represent endonuclease restriction sites 

 

Table 6-9 Primer sequences used for the generation of truncated genes  

Designation Sequence (5' to 3') Primer length (bp) 

   Human DBY F: CGCGGATCCGGGATGCCACATATTGAGAATTTTA  102 
CD4 T cell epitope     GCGATATTGACATGGGAGAAATTGAGCAAAAGCT  

 
    CATCTCAGAGGAGGATCTCTGATACGAATTCCGG  

 
R: CCGGAATTCGTATCAGAGATCCTCCTCTGAGATG 102 

 
    AGCTTTTGCTCAATTTCTCCCATGTCAATATCGCT 

 
 

    AAAATTCTCAATATGTGGCATCCCGGATCCGCG 
 

   Human DBY 198 F: CGCGGATCCGGGATGAGTCATGTGGTGGTGAA 32 

 
R: CCGGAATTCGTATCAGAGATCCTCCTCTGAGAT 65 

 
     GAGCTTTTGCTCAATTTCTCCCATGTCAATAT 

 
   Murine Dby F:CGCACGCGTGGGATGAGCCGAAGTAGTGGTAGTAG 105 
CD4 T cell epitope    CCACAACAGAGGATTTGGTGGAGGTGAGCAAAAGC  

 
   TCATCTCAGAGGAGGATCTCTGATACGAATTCCGG  

 
R:CCGGAATTCGTATCAGAGATCCTCCTCTGAGATGA 105 

 
   GCTTTTGCTCACCTCCACCAAATCCTCTGTTGTGGC 

 
 

   TACTACCACTACTTCGGCTCATCCCACGCGTGCG 
 

   F: forward, R: reverse; Underlined nucleotides represent endonuclease restriction sites 
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Table 6-10 Primer sequences used to mutate KFERQ-like motifs 

Designation Sequence (5' to 3') Gene-position (bp) 

   Human DBY  F: TTATGGTGGTGCTGATATTGGTCAGGCGATTGC 894 – 958 
Motif:  Q I R D L     GGACTTAGAACGTGGATGCCACTTGTTAGTAG 

 
 

R: CTACTAACAAGTGGCATCCACGTTCTAAGTCCGC 958 – 894 

 
    AATCGCCTGACCAATATCAGCACCACCATAA 

 
   Human DBY  F: TATGGGATTTGAACCTCAGATACGTCGTATAGT 1056 – 1120 
Motif:  R I V E Q     TGCAGCAGATACTATGCCACCAAAGGGCGTTC 

 
 R: GAACGCCCTTTGGTGGCATAGTATCTGCTGCAA  1120 – 1056 

 
    CTATACGACGTATCTGAGGTTCAAATCCCATA 

 
   Murine Dby  F: GTATGGTGGTGCTGATACTGTTCAGGCGATTGC 897 – 961 
Motif:  Q I R D L     GGACTTAGAACGTGGATGCCACTTGTTAGTTG 

 
 

R: CAACTAACAAGTGGCATCCACGTTCTAAGTCCGC 961 – 897 

 
    AATCGCCTGAACAGTATCAGCACCACCATAC 

 
   Murine Dby  F: TATGGGATTTGAACCTCAAATACGTCGTATAGTTG 1059 – 1123 
Motif:  R I V E Q     CGGCGGACACAATGCCACCAAAGGGGGTTC 

 
 

R: GAACCCCCTTTGGTGGCATTGTGTCCGCCGCAA 1123 – 1059 

 
    CTATACGACGTATTTGAGGTTCAAATCCCATA 

 
   F: forward, R: reverse; Mutated nucleotides are highlighted in bold letters 

 

Table 6-11 Primer pair used to amplify full-length DBY for random mutagenesis 

Designation Sequence (5' to 3') Primer length (bp) 

   Human DBY F: CGCACGCGTGGGATGAGTCAT 21 

 
R: CCGGAATTCGCCTCAGAGATC 21 

   F: forward, R: reverse; Underlined nucleotides represent endonuclease restriction sites 

 

Table 6-12 Primers used for sequence analysis 

 Designation Sequence (5' to 3') Gene-position (bp) 

   pMP71 leader F1: GTCTCTGTCTGACTGTGTTTCTGTATT Vector: -67 

   DBY F2: AGGATCTGGGAAAACTGC  672 – 689 

 
F3: GCAACAGGGAGTGATTCA 1303 – 1320 

 F4: TTTGGTGGAGGTGGCTATGG 1894 – 1913 
 R1: TGAGGAGGTATATAGCGCCC 125 – 106 

   DBX F2: AACAGGGTCTGGAAAAAC 675 – 692 

 
F3: GGCTGTAGGAAGAGTTGG 1209 – 1226 

   Dby F2: AACAGGGTCTGGAAAAAC 672 – 689 

 
F3: AAATGCAACAGGGAAGGA  1302 – 1319 

   Dbx F2: TCAAACAGGCTCTGGAAA  672 – 689 

 
F3: GGCTGTAGGAAGAGTTGG 1209 – 1226 

   F: forward, R: reverse 
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6.1.7.2 Quantitative real-time polymerase chain reaction (PCR) 

Table 6-13 Primers for human gene quantification by quantitative real-time PCR  

Designation Sequence (5' to 3') Gene position (bp) 

   DBY F: CGGTACACCACATATTGAGA   516 – 541 
DBY R: TTCTCCCATGTCAATATCGC   561 – 542 

   18S rRNA F: ACCGATTGGATGGTTTAGTGAG  1715 – 1736 
18S rRNA R: CCTACGGAAACCTTGTTACGAC 1847 – 1826 
   F: forward, R: reverse 

 

Table 6-14 Primers for murine gene quantification by quantitative real-time PCR  

Designation Sequence (5' to 3') Gene position (bp) 

   Dby F: AGCCGAAGTAGTGGTAGTAG  1855 – 1874 
Dby R: ACCTCCACCAAATCCTCTGT 1899 – 1880 

   18S rRna F: CGCCGCTAGAGGTGAAAT  950 – 967 
18S rRna R: CGAACCTCCGACTTTCGT 1047 – 1033 
   F: forward, R: reverse 

 

 

6.1.7.3 Genotyping 

Table 6-15 Primer pairs used for genotyping of Marilyn mice  

Designation Sequence (5' to 3') (Trans)gene 

   la2-b4 F: GCAGAGGAACCTGGGAGCTGT    H-Y tg-TCR 
Samaup R: TGCTGTCTGTACCACCAGAAATAC H-Y tg-TCR 

   Rag2a F: ATGTCCCTGCAGATGGTAACA Rag2 wild-type 
Rag2b R: GCCTTTGTATGAGCAAGTAGC Rag2 wild-type 
Neo55a F: CCTGCCGAGAAAGTATCCA Rag2 knockout 
Neo55b R: ACCGTAAAGCACGAGGAAG Rag2 knockout 
   
Ly5 for F: ACAAGTGCGCAGAATACTGG CD45.1 / CD45.2 
Ly5 rev R: GTGCAACGTTCAGCTTCTGA CD45.1 / CD45.2 
   F: forward, R: reverse 
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6.1.8 The retroviral DNA vector pMP71.60 

 The empty vector (6.9 kbp) represents an amphotropic system that allows a stable 

transfer of cloned genes in human and murine cells (Figure 6.1). It is a retroviral hybrid vector 

that shares features from both myeloproliferative sarcoma virus (MPSV) and murine 

embryonic stem cell virus (MESV) for increased gene expression119,120. Distinctive features of 

the present pMP71.60 – IRES – NGFR – WPRE vector are; 

 

I. The presence of an ampicillin (amp) selection marker for transformed bacteria 

II. Co-translation of a truncated nerve growth factor receptor (NGFR/CD271) as a 

marker gene on the cell surface of retrovirally transduced target cells (bicistronic 

character)  

III. A multiple cloning site (MCS) with four different restriction sites for the sticky-end 

cutters MluI, BamHI, EcoRI and XhoI  

 

 

Figure 6.1 Schematic organization of the retroviral pMP71.60 DNA vector.  
(A): The illustrated retroviral hybrid vector provides the strong promotor from myeloproliferative 
sarcoma virus (MPSV) localized at the 5-prime long terminal repeat (5’LTR). A modified 5’ untranslated 
region of murine embryonic stem cell virus (MESV leader) acts as a multiple cloning site and provides 
four restriction-sites (MluI, BamHI, EcoRI, XhoI). The internal ribosome entry site (IRES) initiates 
bicistronic protein translation of the cloned target gene and the truncated nerve growth factor 

receptor (NGFR) marker gene. The post-transcriptional regulatory element is derived from 
woodchuck hepatitis virus (WPRE) and acts as enhancer. Replication of the vector is initiated by the 
origin of replication from the BR322 plasmid (pBR322 origin). In addition, the vector provides 

ampicillin resistance (amp) and a gene for -galactosidase (LacZ). (B): Representation of restriction-
sites encoded in the multiple cloning site. 
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6.1.9 Cells 

Table 6-16 List of used cells and cell lines  

Designation Source ATCC® Number / Reference 

   HeLa (HLA class IIneg, DBYneg) Human CCL-2TM 
EBV-LCL (HLA class IIpos, DBYneg) Human CRL-2323TM 
Raji (HLA class IIpos, DBYpos) Human  CCL-86TM 
Phoenix-A cells (nx-A) Human CRL-3213TM 
DBY-specific CD4 T cell clone Human (Faber et al. 1995)121 
EL-4 (I-Ab neg, Dbyneg) Murine (C57BL/6N) TIB-39TM 
   neg: negative; pos: positive 

 
 

6.1.10 Marilyn mouse strain 
 

The C57BL/6(J) Marilyn mouse (B6.129 Rag2tm1Fwa Tg(TcraH-Y, TcrbH-Y)1Pas/Pas) was 

originally generated by Olivier Lantz et al.93. Marilyn mice possess a transgenic T cell receptor 

(V1.1 & V6), specific for the murine Y-chromosome antigen Dby (epitope sequence: 

NAGFNSNRANSSRSS)94 presented on I-Ab. In addition, these mice show a homozygous 

presence of the CD45.1 (Ly5-1) transgene and a homozygous lack of the Rag2-gene.  

Homozygous male Marilyn mice were kindly provided by Olivier Lantz from the 

laboratoire d’immunologie (Institute Curie, Paris, France). Animals were housed in the Franz-

Penzoldt-Zentrum of the Friedrich-Alexander University Erlangen-Nuremberg. Healthy 

integrity of received Marilyn mice was certificated by the sponsor and verified in our own 

facility by the use of sentinel mice in quarantine. At all times, mice had free access to water 

and standard animal food and were treated in accordance with the German law for the 

protection of animals.   
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6.1.11 Software and analyze tools 

Table 6-17 List of used programs and analyzing tools  

Software  Manufacturer 

  AxioVision LE-64 V.4.8.3.0 Carl Zeiss MicroImaging GmbH 
BD FACSDiva Software V.8.0.1 BD Bioscience 
BioCapt V.11.03 Vilber Lourmat Deutschland GmbH 
BZ-Analyzer Keyence Deutschland GmbH 
Chromas Lite V.2.1.1 Technelysium Pty Ltd 
DNAMAN V.7.0.8.2 Lynnon Corporation 
DUOLink ImageTool V.1.0.1.2 Olink Bioscience 
EndNote X7.2.1 Thomson Reuters 
GraphPad Prism V.5.03 GraphPad Software, Inc. 
Kaluza analysis software V.1.3 Beckman Coulter 
Keyence Viewer  Keyence Deutschland GmbH 
Microsoft Office 2010 Microsoft 
NanoDrop 2000/2000c V.1.4.2 Thermo Fisher Scientific Inc. 
PyRAT Scionics Computer Innovation GmbH 
SoftMax Pro V.6.3 Molecular Devices, LLC 
StepOne Software V.2.2.2 Applied Biosystems 
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6.2 Methods 

6.2.1 Molecular biology techniques  

6.2.1.1 Agarose gel electrophoresis 

To run a 1.0% agarose (w/v) gel electrophoresis, 1 g agarose was weighed into a 250 

ml Erlenmeyer flask and mixed with 100 ml TBE buffer. To completely resolve the agarose, 

the mixture was first boiled in a microwave and then allowed to cool down (70°C) before 6 µl 

midori green nucleic acid stain was added. The hot agarose solution was poured into the tray 

of the BlueMarine 200 gel chamber system and allowed to harden for 20’ before the 

solidified gel was placed into the chamber filled with TBE buffer. DNA-samples were mixed 

with gel loading dye (ratio 1:6) and loaded into the agarose gel along with an appropriate 

DNA ladder. The gel electrophoresis was run 30’-45’ at 90-120 V and documented at EX362 

nm in the dark chamber of the FluorChem FC2 imaging system.  

 

6.2.1.2 Preparation of LB/agar plates 

To prepare 600 ml growth medium, 9 g agar-agar and 12 g LB-broth were weighed and 

pre-dissolved in ultrapure water using a PURELAB flex water dispenser. The solution was 

autoclaved (20’, 120°C) and cooled down to 60°C before 50 µg/ml of ampicillin was added. 

Under sterile conditions, the hot LB/agar-solution was poured (3-4 mm) on petri dishes and 

allowed to solidify. The plates were stored upside down at 4°C.  

 

6.2.1.3 RNA extraction of cell lines and reverse transcription  

Cells were pelleted (5 · 105 cells/sample) and washed in 1 ml PBS. Total RNA was 

isolated using the RNeasy® micro kit and the RNase free DNase set according to the supplied 

protocols. RNA extracts were eluted in 20 µl nuclease free water, the concentration 

measured on a NanoDropTM and the samples stored at -80°C.  

1 µg of RNA was used to synthesize complementary DNA (cDNA) in a Mastercycler® 

nexus (Table 6-18). The reverse transcriptase (M-MuLV) was supplied in the OneTaq® RT-PCR 

kit and the reactions were prepared with oligo-d(T)23VN primers as described in the 

manufacturer’s protocol. As a negative control, one reaction was prepared with RNA from 

antigen-negative cells (Non-transduced negative control). To check the quality of DNase 

digestion, another reaction was prepared without reverse transcriptase (No RT control). 

Generated cDNA was diluted in nuclease-free water and stored at -20°C.  
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Table 6-18 Conditions for cDNA generation from total RNA with M-MuLV reverse 
transcriptase 

Step Time Temperature (°C) 

   Initial RNA denaturation 5’ 70 
Hold <5’ 4 
   -------------------------     Addition of the reverse transcription mix    ------------------------- 
   Pre-incubation  5’ 25 
Reverse transcription 1 h 42 
Inactivation 4’ 80 
   
Hold ∞ 

 
4°C 

   
∞: Infinity hold 

  

 

6.2.1.4 Quantitative real-time PCR  

Quantitative real-time PCR was performed using a StepOnePlusTM Real-Time PCR 

system and SYBR® select master mix with AmpliTaq® DNA polymerase. SYBR green is a DNA-

binding dye and causes a fluorescent signal that is proportional to the amount of newly 

amplified double-stranded DNA. The cycler was programmed with SYBR green conditions 

(Table 6-19) and the samples prepared in MicroAmp® optical 96-well plates sealed with 

optical adhesive film. Reactions were run in triplicate and comprised a final volume of 10 µl 

(Table 6-20) with 100 nM of each primer (Table 6-13 and 6-14) and approximately 2.5 ng 

cDNA. Controls were prepared without cDNA (H2O control), with cDNA from target gene-

negative template (Non-transduced negative control) and with cDNA from target gene-

positive template minus-reverse transcriptase (No amplification control). 18S ribosomal RNA 

was used as the standard house-keeping gene to normalize gene expression. Specific product 

amplification was assessed by recording a melting curve in steps of +0.3°C between 60°C and 

95°C. The threshold cycle (CT) was set by the StepOneTM analysis software and relative gene 

expression calculated using the comparative CT (CT) method as described by Pfaffl122.  
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Table 6-19 Cycling conditions for real-time PCR with AmpliTaq DNA polymerase   

Step Time Temperature (°C) Cycles 

    Initial denaturation(s) 2’ 50 1 
 2’ 95 1 
    Denaturation 3’’ 95 

50 
Annealing/Elongation 30’’ 54 - 61 
Final denaturation 15’’ 95 1 
    Melting curve 1’ 60 1 
 15’’ + 0.3°C 105 
 15’’ 95 1 
    Hold ∞ 

 
4 1 

    
∞: Infinity hold 

  

Table 6-20 Composition of single real-time PCR reactions (AmpliTaq DNA polymerase)  

Component Final amount 

  SYBR select master mix 5 µl 
  
cDNA template (2.5 ng/µl) 1 µl (2.5 ng) 
  
Forward primer (5 µM) 0.2 µl (100 nM) 
  
Reverse primer (5 µM) 0.2 µl (100 nM) 
  
Nuclease-free H2O 3.6 µl  
  
Final volume 10 µl 

 

 

 

6.2.2 Cloning  

6.2.2.1 Cloning strategies 

Correct gene-orientation into the pMP71.60 vector was achieved using two distinct 

sticky-end cutters (Figure 6.1). Enzyme-specific cleavage-sites were integrated into the 

flanking sites of the target gene using primer-encoded sequences. All cloned constructs were 

fused with a C-terminal myc-tag (5’-GAGATCCTCCTCTGAGATGAGCTTTTGCTC -3’)123,124 

encoded by the terminal reverse primer. Mutant proteins were generated by replacing any 

amino acid of interest to alanine by site-directed mutagenesis with a two-step PCR technique 

(Section 6.2.2.7). All oligonucleotides used in the present study were designed in our own 

department and synthesized by Metabion international AG (Section 6.1.7 and Appendix 8.5). 

The short CD4 T cell epitopes92,94 were designed as ready-to-use oligomers providing all 

cloning features as illustrated in Figure 6.2. 
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6.2.2.2 Constructs 

Table 6-21 Cartoons with source, construct name, number of amino acids (No. AA), molecular 
weight (kDa) and base pair size (bp) of all non-library generated constructs 
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Figure 6.2 Architecture of designed oligonucleotides used to clone the CD4 T cell epitopes of human 
(above) and murine (below) Y-chromosome antigen DBY. 
The nucleotides encoding the CD4 T cell epitopes (blue letters) were fused to a C-terminal myc-tag 
(green letters) and the constructs were flanked by restriction sites as indicated (grey boxes). 
Translation was initiated and terminated by the use of conventional start and stop codons, ATG and 
TGA. Letters in brackets indicate the encoded peptide sequence. 

Figure 6.3 Schematic illustration of the DBY 198 clone library. 
Each branch represents one of the 34 generated mutants (red numbers). Biochemical notations refer 
to the respective amino acid substitutions. 
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6.2.2.3 Construct amplification and restriction digestion 

Genes were amplified using a Mastercycler® nexus and the technique of PCR, 

developed by Kary Banks Mullis125,126. The thermal cycler was programmed with PCR standard 

conditions as demonstrated in Table 6-22. A thermostable Pwo DNA polymerase with 

proofreading (3’-5’ exonuclease activity) was used, provided in the Pwo SuperYield DNA 

Polymerase dNTPack. Single runs (20 µl) were prepared in PCR strips and the DNA-template 

mixed with kit-specific components as shown in Table 6-23. 

  

Table 6-22 PCR conditions for gene amplification with Pwo DNA polymerase 

Step Time Temperature (°C) Cycles 

    Initial denaturation 2’ 95 1 
    
Denaturation 15’’ 95  
Annealing 30’’ 57-62 33-37 
Elongation 1’ (per 1000 bp) 72  
    
Final extension 7’ 72 1 
    
Hold ∞ 

 
4 1 

    
∞: Infinity hold 

  

Table 6-23 Composition of single PCR reactions (Pwo DNA polymerase) 

Component Final amount 

  Template DNA (cDNA/Plasmid) x µl (150 ng) 
  
Pwo – buffer * (x10) 2 µl (x1) 
  
PCR grade nucleotide mix* (10 mM) 0.4 µl  (200 µM of each dNTP) 
  
Forward primer (5 µM) 1.2 µl (0.3 µM) 
  
Reverse primer (5 µM) 1.2 µl (0.3 µM) 
  
Pwo DNA polymerase* (5 U/µl) 0.2 µl (1 U) 
  
H2O 15-x µl 
  
Final volume 20 µl 
* Supplied in the Pwo SuperYield DNA Polymerase dNTPack  

 

After gene amplification, PCR products were purified via column-purification, following the 

user manual of the QIAquick® PCR purification kit. Purified DNAs and target vector were 

simultaneously digested with the two restriction endonucleases used for cloning for 2.5 h at 

37°C using a thermomixer® comfort. A typical reaction (50 µl) comprised 4 µg DNA (PCR-

product or pMP71.60 vector) and 20 units (U) of each enzyme supplemented with 

manufacturer’s buffer systems for double digestion (Table 6-24). 
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Table 6-24 Buffer systems for double digestion with restriction endonucleases 

Enzyme combination Restriction site NEBuffer % Activity 

       EcoRI G/AATTC 
3 

100 
MluI A/CGCGT 100 

    BamHIHF G/GATCC 
CutSmart 

100 
EcoRIHF G/AATTC 100 
    
 /: Endonuclease cutting site 

  
  

 

Digested DNA was separated by agarose gel electrophoresis and the bands of interest 

isolated with a scalpel in reference to a suitable DNA ladder. The gel slices were dissolved 

and purified following the instructions of the Wizard® SV gel and PCR clean-up system. To 

ensure high purity, another step of column purification was performed before the 

concentration was measured on a NanoDropTM 2000c UV-Vis spectrophotometer. The 

purified DNAs were stored in 1.5 ml microcentrifuge tubes at -20°C. 

 

6.2.2.4 Ligation into pMP71.60 

Ligation of 5-prime overhangs was achieved following the protocol of the Rapid DNA 

ligation kit comprising a T4-DNA ligase. Reactions were prepared on the basis of 20 ng vector-

DNA using a molar ratio of 1:5 (Vector: Insert). Equation [6-1] illustrates the formula used to 

calculate the molar ratio of vector to insert-DNA.  

 

 
𝑉𝑒𝑐𝑡𝑜𝑟 𝑚𝑎𝑠𝑠 [𝑛𝑔] ∙  𝐼𝑛𝑠𝑒𝑟𝑡 𝑠𝑖𝑧𝑒 [𝑏𝑝]

𝑉𝑒𝑐𝑡𝑜𝑟 𝑠𝑖𝑧𝑒 [𝑏𝑝]
 ∙ 𝑟𝑎𝑡𝑖𝑜 

𝐼𝑛𝑠𝑒𝑟𝑡

𝑉𝑒𝑐𝑡𝑜𝑟
= 𝐼𝑛𝑠𝑒𝑟𝑡 [𝑛𝑔] 

 
 

6.2.2.5 Transformation of chemically competent bacteria 

Ligated plasmids were used to transform one shot® TOP10 chemically competent 

Escherichia coli bacteria using the manufacturer’s chemical transformation procedure. Of the 

transformed bacteria suspension, 50 µl and 200 µl was plated onto LB/agar-plates and the 

plates were incubated upside down (15 h, 37°C) in a Heraeus incubator. Next, 5 ml LB-broth 

mini-cultures (ampicillin 50 µg/ml) were prepared in 15 ml tubes, inoculated with single 

colony forming units using sterile toothpicks. Mini-cultures were incubated overnight at 37°C 

(225 rpm) in a temperature controlled ExcellaTM E24 shaker. On the next day, cultivation was 

stopped and the bacteria suspensions subjected to plasmid-DNA isolation according to the 

QIAprep® spin miniprep kit. Plasmid concentrations were measured and the cloning 

[6-1] 
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efficiency checked by re-digesting 1 µg isolated plasmid-DNA. Digested plasmids were 

separated by agarose gel electrophoresis and documented at EX362 nm (Figure 6.4).  

  

 

 

 

6.2.2.6 Sanger sequencing analysis 

Successfully cloned genes were sequenced by sanger sequencing technology127. 

Samples were prepared in 1.5 ml microcentrifuge tubes by mixing 5 µl DNA (100 ng/µl) with 5 

µl of the respective primer (5 µM) listed in Table 6-12. Each 800th bp, a new primer was 

required to overcome the sequencing limit of 1100 bp in a row. Tubes were labelled with 

LIGHTrun barcodes and sent to GATC-Biotech AG (Constance, Germany). Results were 

downloaded from the user account (https://www.gatc-biotech.com) and analyzed by running 

a sequence assembly protocol of the DNAMAN-Software.  

 

6.2.2.7 Site-directed mutagenesis PCR 

Terminal mutations were achieved using primer-encoded mismatches and running a 

regular PCR as described (Section 6.2.2.3). Substitution of base pairs located further inside of 

the sequence was achieved using a two-step PCR technique subdivided into mutant strand 

synthesis (PCR A-1 and A-2) and gene fusion (PCR B). This technique requires two primer 

pairs: one binds to the gene ends (wild-type primer pair), the other overlaps at the gene 

position to be mutated (mutant primer pair) and encodes the bp mismatch in the middle of 

the oligonucleotide (Figure 6.5). PCR A: The first step was achieved by preparing two 

Figure 6.4 UV spectrum analysis and identification of successfully cloned target genes on 1.5% 
agarose gel by electrophoresis. 
Left: UV-spectrum of purified DBY 198 cloned in the pMP71.60 vector. To check the purity, the 

absorption was measured between  = 220 – 350 nm. Right: Visualization of digested plasmids after 
1.5% agarose gel electrophoresis. In the demonstrated example (clones 1 - 8), all pMP71.60 vector 
bands (~6.9 kbp) show a DBY 198 insert (~ 0.6 kbp). 
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reactions with different primer compositions (Table 6-25). Reaction A-1 comprised a terminal 

forward and a mutant reverse primer. A-2 was inversely organized, thus comprised a 

terminal reverse and a mutant forward primer. PCR-products were separated via agarose gel 

electrophoresis, the DNA bands of interest gel-purified and the concentration determined. 

PCR B: The second step was achieved by mixing 100-150 ng of each of the purified products 

from PCR A (A-1 and A-2) with a terminal primer pair. The two distinct steps were amplified 

using standard PCR conditions (Table 6-22) and the obtained products digested and purified 

as described before (Section 6.2.2.3).  

 

Table 6-25 Templates and primers used for site-directed mutagenesis in two steps   

Component PCR A-1 PCR A-2 PCR B 

    Plasmid - template DNA 150 ng 150 ng 
 

    Terminal forward primer 0.3 µM 
 

0.3 µM 

    Terminal reverse primer 
 

0.3 µM 0.3 µM 

    Mutant forward primer  
 

0.3 µM 
 

    Mutant reverse primer  0.3 µM 
  

    Purified PCR A-1 - product 
  

100 - 150 ng 

    Purified PCR A-2 - product 
  

100 - 150 ng 
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6.2.2.8 Random mutagenesis PCR 

Mutations were generated using a native Taq DNA-polymerase without proofreading 

(3’-5’ exonuclease activity). The fidelity was negatively affected by manganese (II)-sulfate 

monohydrate (MnSO4 x H2O) and an excess of deoxyguanosine triphosphate (dGTP). The two 

compounds were directly added to the PCR reaction (Table 6-26) and mutation rates 

achieved as a function of concentration (Table 6-27). Cycling conditions are listed in Table 6-

28. To exclude mutations within the restriction-sites, PCR-products were sequenced with 

terminal DBY primers F4 and R1 (Table 6-12). The generated pool of randomly mutated 

amplicons was digested and column purified before ligation into the pMP71.60 vector as 

previously described (Section 6.2.2.4). 

 
 

Figure 6.5 Proposed mechanism of site-directed mutagenesis. 
Illustrated is a simplified sketch demonstrating the principle of the two PCR steps in site-directed 
mutagenesis. PCR A: Mutant strands become generated in two different reactions on the basis of 
different primer compositions (PCR A-1 / A-2). PCR B: Purified amplicons are combined and built along 
overlapping primers. Upon PCR cycles, the template strands do complete and become further 
amplified by the presence of terminal wild-type primer. 
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Table 6-26 Composition of random mutagenesis PCR reactions (Taq DNA polymerase)  

Component Final amount 

  Template DNA (plasmid) x µl (150 ng) 
  
PCR reaction buffer* (ten-fold) 2 µl (one-fold) 
  
Magnesium chloride* ( 50 mM) 0.6 µl (1.5 mM) 
  
Deoxynucleotide mix* (10 mM) 0.4 µl  (200 µM of each dNTP) 
  
Forward primer (5 µM) 1.2 µl (0.3 µM) 
  
Reverse primer (5 µM) 1.2 µl (0.3 µM) 
 
 

 
Taq DNA polymerase, native* (5 U/µl) 0.25 µl (1.25 U) 
  
MnSO4 x H2O y µl (see table 6-24) 
  
dGTP z µl (see table 6-24) 
  
H2O 14.35-(x+y+z) µl 
  
Final volume 20 µl 
* Supplied with Taq DNA polymerase  

 

Table 6-27 Extra influence on the mutation-rate of Taq DNA polymerase by MnSO4  

Mutation-rate per 1000 bp 1 3 5 7 9 

      MnSO4 final conc.*(µM) 0 320 640 640 640 
      MnSO4 (6.57 mM) in µl 0 0.97 1.95 1.95 1.95 
      
dGTP final conc.* (µM) 40 40 40 120 200 
      dGTP (1.05 mM) in µl 0.76 0.76 0.76 2.29 3.81 
      
*This applies for 20 µl reaction volume 

  

Table 6-28 PCR conditions for random mutagenesis with Taq DNA polymerase 

Step Time Temperature (°C) Cycles 

    Initial denaturation 3’ 94 1 
    
Denaturation 45’’ 94  
Annealing 30’’ 61 33 
Elongation 1’ (per 1000 bp) 72  
    
Final extension 10’ 72 1 
    
Hold ∞ 

 
4 1 

    
∞: Infinity hold 
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6.2.3 Cell culture  

6.2.3.1 General information 

Aseptic handling of cell culture experiments was ensured working at HERAsafeTM KS 

clean benches. All mammalian cells were cultivated in RPMI 1640 mixed with sera and 

supplements as listed in Table 6-7. Cells were incubated at 37°C with 5% CO2 regulated by 

HERAcellTM 150i CO2 incubators and predominantly expanded in T25 (25 cm²) or T75 (75 cm²) 

tissue culture flasks.  

 

6.2.3.2 Cell tissue culture techniques 

6.2.3.2.1 Determination of cell counts and viabilities  

Cells were harvested, centrifuged (7’, 300 g, 4°C) and the pellet thoroughly re-

suspended in 1 ml culture medium. Trypan blue-stain 0.4% (90 µl) was mixed with the cell-

suspension (10 µl) in a 96-well plate and 10 µl of this mixture transferred beneath the cover 

slip of a prepared Neubauer counting chamber. The chamber was placed under a Primo Star 

light microscope to count the living cells (transparent cells) and omit dead cells (blue 

shimmering cells). The chamber depth is defined by 0.1 mm and comprises four major 

squares (4 ∙ 1 mm²) each of which includes sixteen minor squares for one data set. A formula 

to calculate the cell count/ml dissolvent is demonstrated in Equation [6-2]. First, the number 

of all counted cells (∑ cells) was multiplied by the dilution factor. The result was divided by 

the counted area (e.g. 2 major squares = 2 mm²) and the chamber depth (0.1 mm). The result 

was multiplied by the factor 103 to convert the volume of 1 µl in 1 ml (1000 mm3 = 1 ml). 

 
 

𝑐𝑒𝑙𝑙 count/ml =
∑ 𝑐𝑒𝑙𝑙𝑠 ∙ 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟

𝑐𝑜𝑢𝑛𝑡𝑒𝑑 𝑎𝑟𝑒𝑎 (𝑚𝑚2) ∙ 𝐶ℎ𝑎𝑚𝑏𝑒𝑟 𝑑𝑒𝑝𝑡ℎ (𝑚𝑚)
∙ 103  

 

 

6.2.3.2.2 Maintaining cell cultures 

To sub-culture adherent cells, dead cells were firstly removed by aspirating the spent 

medium and washing the cells in 5 ml PBS-pen/strep. Next, adherent cells were detached for 

3’ at 37°C using 0.5 - 1.0 ml of a 1% trypsine-solution. Trypsination was stopped by rinsing 

and collecting the cells in 5 ml of wash RPMI. Approximately, one tenth of the obtained 

suspension was passed back and supplemented with RPMI to maintain the culture. 

Depending on the density of a well-grown culture in suspension the passage was achieved 

replacing 1:2 - 3:4 of the culture-volume with fresh RPMI. 

[6-2] 
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6.2.3.2.3 Thawing and cryopreservation of cells  

Cryopreserved cells were brought into culture by rapidly thawing frozen vials in a 

water bath at 37°C. Suspensions were collected in 2 ml thaw-solution and placed into 15 ml 

tubes comprising 10 ml wash RPMI. Cells were centrifuged (7’, 300 g, 4°C) and pellets re-

suspended in culture medium to start cultivation at 37°C. Preservation of cells was 

accomplished by choosing well-grown cultures with high viabilities (>90%). To freeze two 

vials (5 · 106 cells/vial), the culture was harvested, centrifuged (7’, 300 g, 4°C) and the cell 

count determined to adjust a suspension of 10 · 106 cells/ml. The suspension was mixed (1:1) 

with 1 ml of a two-fold freeze-solution and gently homogenized before 1 ml was transferred 

into two separate cryogenic vials. First, the vials were frozen at -80°C and after 24-48 h 

transferred to liquid nitrogen at - 196°C. 

 

6.2.3.2.4 Isolation of peripheral blood mononuclear cells  

Whole EDTA-blood was collected (9 ml) from male or female human donors, 

transferred into 50 ml tubes and mixed with 16 ml wash medium. Diluted blood samples 

were carefully layered with 12 ml Ficoll® paque plus and centrifuged (20’, 850 g, 4°C) with 

the brakes set down. The upper plasma-layer was discarded and the cloudy interface 

(lymphocytes and monocytes) transferred into fresh 50 ml tubes without contamination by 

the lower erythrocyte fraction. Next, 40 ml wash medium was added to the cloudy phase and 

the cells centrifuged (7’, 450 g, 4°C) with the brakes enabled. Supernatants were discarded, 

the pellets re-suspended in 10 ml wash medium and the suspensions transferred into 15 ml 

tubes to centrifuge (7’, 300 g, 4°C). The pellets were re-suspended in RPMI and the cell count 

determined to cryopreserve the isolated peripheral blood mononuclear cells (PBMCs) or to 

prepare a suspension appropriate to the application. 

 

6.2.3.3 Expansion of the H-Y-specific HLA-DQ5-restricted CD4 T cell clone 

 The human CD4 T cell clone (HLA-DQ5-restricted) specific for the Y-chromosome 

antigen DBY was originally isolated from a male patient with chronic myeloid leukemia who 

developed graft versus host disease after bone marrow transplantation with female HLA 

identical donor stem cells121. CD4 T cell clones were expanded by stimulation with irradiated 

(50 gray) PBMCs, supplemented with 0.8 µg/ml phytohemagglutinin and 100 U/ml of IL-2. A 

cell ratio of 1:5 (T cells: PBMCs) was used and the re-stimulation mix placed into 6-well tissue 

culture plates. After four days of incubation at 37°C, half of the supernatant was discarded 

and replaced with fresh T cell RPMI. During the clonal expansion phase (or at high cell 

density), suspensions were split into further wells and supplied with fresh T cell RPMI. After 
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14 days, T cells were used for another round of re-stimulation or cryopreserved as previously 

described (Section 6.2.3.2.3). 

 

6.2.3.4 Stable transduction of cell lines with retroviral particles 

6.2.3.4.1 Generation of retroviral particles 

nx-A cells (1 · 106 cells/flask) were seeded into T25 (25 cm²) tissue culture flasks and 

incubated in RPMI for 24 h at 37°C. Transfection reactions were prepared in 1.5 ml 

microcentrifuge tubes and comprised the target gene cloned in pMP71.60 (4 µg) and the viral 

packaging genes encoded in the M57 co-plasmid (2 µg). According to the protocol of the X-

tremeGENETM HP DNA transfection kit, 18 µl transfection reagent was mixed with the DNA 

and reduced serum medium (OptiMEM®) supplemented to reach a final volume of 300 µl. 

Reactions were incubated for 15’ at RT and added to the medium of the previously seeded 

nx-A cells. After 24 h at 37°C, the complete medium was replaced with fresh RPMI and 

transfected cells stored for another 24 h in the incubator, before retroviral-containing 

supernatants were harvested and centrifuged (7’, 500 g, 4 °C). The obtained supernatants 

were frozen at -80°C or directly used for retroviral transduction of cell lines.     

 

6.2.3.4.2 Retroviral transduction of cell lines 

Non-tissue culture-treated 24-well plates were coated with 30 µg/ml of recombinant 

human fibronectin (RetroNectin®) and incubated overnight, at 4°C. After collection of 

RetroNectin®, coated wells were washed in 1 ml PBS, retroviral supernatants were applied 

(0.5 - 1 ml) and plates were centrifuged for 2 h with 2000 g at 32°C128. Subsequently, cells for 

transduction (3-5 · 105 cells/well) were transferred into the retroviral supernatants and were 

incubated in 2 ml RPMI at 37°C. After overnight incubation, medium was discarded and cells 

transferred into tissue culture-treated 24-well plates and allowed to grow for at least three 

days in the incubator at 37°C. Transduction efficacy was determined via the pMP71.60 

vector-encoded marker gene (NGFR) and measured by flow cytometry (Figure 6.6). 

Retroviral supernatant from non-transfected nx-A cells was used as a negative control. To 

isolate marker gene-positive cells, cultures were prepared for cell sorting (Section 6.2.3.5.2).   
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6.2.3.5 Fluorescence-activated cell sorting 

6.2.3.5.1 Flow cytometry 

Cells were harvested (5 · 105 cells/tube), washed in 1 ml PBS and centrifuged (5’, 500 g, 

4°C) in flow cytometry tubes. The supernatants were discarded and the pellets collected in 

100 µl PBS containing 3-5 µl (per 1 · 106 cells) of the respective antibody-conjugate (Table 6-

4). The tubes were stored for 15’ in the dark (4°C) before cells were washed (2 ml PBS) and 

centrifuged for a second time (5’, 500 g, 4°C). Pellets were re-suspended in 300 µl PBS and 

measured on a BD FACSCantoTM II flow cytometer. Typically, 10.000 events within the gate of 

interest were recorded and the results analyzed with Kaluza flow cytometry software. For the 

analysis of marker gene expression (NGFR/CD271) the mean fluorescence intensity (MFI) 

was compared with marker gene-negative cells (negative control). 

 

6.2.3.5.2 Cell sorting 

Between 5-10 · 106 cells (per sorting) were transferred in 15 ml tubes, washed in 5 ml 

MACS-buffer and centrifuged (5’, 500 g, 4°C). The pellets were re-suspended in 100 µl MACS-

buffer comprising the PE-conjugated monoclonal mouse anti-human CD271 (15 µl / 1 · 106 

cells) antibody (NGFR) and incubated for 30 min in the dark at 4°C. Next, suspensions were 

washed in 5 ml MACS-buffer, filtered through 40 µm nylon cell strainer and centrifuged (5’, 

500 g, 4°C). The supernatants were discarded and the cells re-suspended in 0.5 -1.0 ml MACS 

buffer. Cell sorting was performed using the BD FACSDivaTM software and a BD FACSAriaTM II 

SORB at the core unit cell sorting and immunomonitoring of the Friedrich-Alexander 

University Erlangen-Nuremberg. Marker gene-positive (NGFR/CD271) cells were isolated by 

Figure 6.6 Gating strategy to show the efficacy of retroviral transduction. 
Illustrated is an example of non-transduced HeLa cells (left) and full-length DBY transduced HeLa cells 
(right). Three days after retroviral transduction the expression of the co-translated marker gene 

(NGFR) was measured with a PE-conjugated mAb. HeLa cells were identified (G1) in the forward and 
sideward scatter (FSC/SSC) and the transduction efficacy assessed by marker gene-negative (G2) and 
marker gene-positive (G3) cell populations. 
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defining a narrow gate within the PE-positive population (Figure 6.7) in reference to 

unstained (marker gene-positive) and stained (marker gene-negative) controls. To sort whole 

positive populations, cells were collected in 24-well plates, whereas single cell sorts were 

conducted in 96-well plates. After cell sorting, the culture medium was supplemented with 

30 µg/ml gentamicin sulfate antibiotic for 48 h. 

 
  

 

 
 

 

6.2.3.6 Antigen presentation assays  

6.2.3.6.1 Direct antigen presentation 

Single tests were performed in triplicate and the whole assay prepared in U-bottom 

96-well plates. Stimulator cells (3 · 104 cells/well) were co-cultured with H-Y-specific CD4 T 

cells (5 · 103 cells/well) for 18 h at 37°C in 200 µl T cell RPMI. Of the culture supernatant, 100 

µl was harvested and IFN- release measured using the human IFN gamma ELISA kit Ready-

Set-Go!®. ELISA plates were analyzed using a SpectraMax M3 plate reader. Antigen-positive 

Raji (HLA class II-positive) or antigen-positive EBV-LCL (HLA class II-positive) were used as 

stimulator cells. 

 

6.2.3.6.2 Indirect antigen presentation  

First, antigen-positive and HLA class II-negative stimulator cells (3 · 105 cells/well) were 

seeded into 6-well plates and co-cultured with antigen-negative and HLA class II-positive 

EBV-LCL (3 · 105 cells/well) in 7 ml RPMI. After three days of co-culture (37°C), non-adherent 

EBV-LCL were harvested to measure antigen recognition with H-Y-specific CD4 T cells as 

described for direct antigen presentation (Section 6.2.3.6.1).  

Figure 6.7 Applied gating strategy for cell sorting.  
HeLa cells transduced with full-length human DBY are depicted. Cells were stained with a PE-

conjugated anti-NGFR/CD271 mAb to isolate a narrow fraction in the PE-positive population. (A): 
Gate P1 was applied to eliminate cell doublets from further analysis. (B): Gate P2 marks the 
distribution of HeLa cells on the basis of cell size (FSC: forward scatter) and granularity (SSC: sideward 
scatter). (C): P3 shows the actual cell sorting gate (blue cells) whereas all other cells were discarded. 
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6.2.3.6.3 Application of culture supernatants  

Antigen transduced HeLa cells (1.5 · 105 cells/well) were seeded into 12-well plates and 

cultured in 4 ml RPMI at 37°C. After three days, whole culture supernatants were harvested 

and centrifuged (7’, 300 g, 4°C). Of the obtained supernatants, 1.0 ml was separated and 

transferred into 2.0 ml microcentrifuge tubes (non-filtered). Another ml was further treated 

and filtered (100 kDa) through Amicon ultra-0.5 ml centrifugal filters. Of the filtered and non-

filtered supernatants, 50 µl was applied to antigen-negative, HLA class II-positive EBV-LCL (3 · 

104 cells/well) plated in U-bottom 96-well plates with 100 µl RPMI. After 30 h, H-Y-specific 

CD4 T cells (5 · 103 cells/well) were added in 50 µl T cell RPMI. After overnight co-incubation, 

IFN- release was measured by ELISA.  

 

 

6.2.3.7 Library screenings of human DBY 

6.2.3.7.1 DBY 198 clone library 

The small library comprised 34 DBY 198 mutants (Figure 6.3) generated by site-

directed mutagenesis (Section 6.2.2.7). nxA cells (5 · 104 cells/well) were plated into flat-

bottom 96-well plates and allowed to adhere for 6 h at 37°C. A single transfection mix 

comprised 200 ng pMP71.60 (with target gene), 100 ng M57 (co-plasmid) and 0.5 µl X-

tremeGENETM HP DNA transfection reagent prepared in 50 µl OptiMEM® and placed in U-

bottom 96-well plates. Reactions were incubated for 2 h at RT before 45 µl of the 

transfection mix was transferred to the nxA cells and incubated overnight at 37°C. On the 

next day, supernatants were completely replaced by 200 µl RPMI and the cells stored for 

another 24 h at 37°C. Plates were centrifuged (7’, 300 g, 4°C) in a Megafuge 16R using the M-

20 plate rotor system. Of the supernatants 150 µl was transferred into RetroNectin® coated 

(30 µg/ml) non-tissue culture treated flat-bottom 96-well plates and centrifuged for 2 h with 

2000 g at 32°C128. HeLa cells (1 · 103 cells/well) were added for transduction, RPMI was 

changed (200 µl) after 24 h and cells were cultivated for 4 more days. Then, co-cultures with 

antigen-negative and HLA class II-positive EBV-LCL (1 · 104 cells/well) were prepared (2 days, 

37°C) before H-Y-specific CD4 T cells (5 · 103 cells/well) were added in T cell RPMI. After 

overnight incubation, IFN- release was measured by ELISA. One day later, HeLa cells were 

harvested and transduction efficacy measured by flow cytometry (Section 6.2.3.5.1).  
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6.2.3.7.2 Full-length DBY clone library 

The human DBY mutant 1+2 (Table 6-21) was used as a template gene and random 

mutagenesis PCRs were performed (Section 6.2.2.8) to clone a variety of differently mutated 

full-length DBY genes into the pMP71.60 DNA vector. The multitude of generated and 

transformed plasmids was purified according to the user manual of the QuickClean 96-well 

plasmid miniprep kit. Generated mutants were tested using the established 96-well based 

indirect antigen presentation assay as described for the DBY 198 clone library (Section 

6.2.3.7.1). Clones of interest were sequence analyzed and excluded from further evaluation 

in case of frameshift and non-sense mutations, or if the T cell epitope was altered. Final 

candidates were retrovirally transduced in HeLa cells and EBV-LCL. Antigen-positive cells 

were isolated by cell sorting (Section 6.2.3.5.2) and tested in the direct and indirect antigen 

presentation assays (Section 6.2.3.6).  

 

6.2.3.8 Western blot analysis   

6.2.3.8.1 Preparation of cell lysates  

Cells (2 ∙ 106 cells/sample) were harvested, washed in 1 ml PBS and centrifuged in 1.5 

ml microcentrifuge tubes (7’, 300 g, 4°C). Pellets were re-suspended in ice-cold lysis buffer 

(20 µl / 1 · 106 cells) and supplemented with cOmpleteTM protease inhibitors. To obtain whole 

cell lysates, reactions were incubated 20’ on ice and subsequently spun down for 30’, 16.000 

g at 4°C. The clear supernatants were transferred into fresh 1.5 ml microcentrifuge tubes and 

the lysates were stored at -20°C. Protein concentrations were determined following the user 

manual of the PierceTM BCA protein assay kit.  

 

6.2.3.8.2 Immunoblotting 

Cell lysates (10-25 µg) were diluted in two-fold Laemmli buffer and boiled for 10’ at 

90°C in a thermomixer. Lysates were loaded into Mini-PROTEAN® TGXTM (4-15% gradient) 

precast gels fixed in a Mini PROTEAN® tetra cell chamber filled with running buffer. Gel 

electrophoresis was run for 45’ at 130 V. After electrophoresis, TGXTM gels were placed onto 

0.2 µm polyvinylidene difluoride (PVDF) membranes, included in the Trans-Blot® TurboTM 

transfer system. Protein-transfer was accomplished for 8’ at 25 V and 1.3 A using the Trans-

Blot® TurboTM blotting instrument. Afterwards, membranes were quickly moved into 50 ml 

tubes containing 5 ml blocking buffer and incubated overnight at 4°C on a rotating RM 5 

mixer. The following day, membranes were washed in wash buffer (3 x 5’) and incubated 

with primary antibody (Table 6-29) in 5 ml working buffer. The used beta-actin antibody was 

raised against a synthetic peptide that covers specificity for both human and murine samples. 
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The blot was incubated on a rotating mixer for 1 h at RT and washed (3 x 5’). Further 

antibody preparation and staining was achieved with the help of the WesternDot® 625 goat 

anti-rabbit and goat anti-mouse western blot kits using antibody dilutions (1:2000) as 

recommended by manufacturer’s user guide. The blot was documented at EX362 nm in a dark 

chamber of a UV-transilluminator.  

 

Table 6-29 Primary antibody mixture used for western blot analysis 

Antibody combination Clonality Source Concentration Final dilution 

     IgG -myc-tag Poly Rabbit 5 µg 
1:1000 

IgG1 -beta-actin Mono Mouse 5 µg 
     

 

 

6.2.3.9 Isolation of exosomes  

HeLa cell clones (5∙106 cells/flask) were plated into 175 cm² cell culture flasks and 

adapted to serum-free culture medium using a fast protocol. Note, during cultivation in 

serum-free medium Hela cells lose adherence and need to be collected (by centrifugation) 

from the supernatant. First, cells were incubated (37°C) overnight in a mixture of 50% RPMI 

and 50% Ex-Cell®-HeLa serum-free medium for HeLa cells. On the next day, detached cells 

were collected from the supernatant by low speed centrifugation (7’, 200 g, 4°C) and the 

medium changed to 100% Ex-Cell®-HeLa. After 24 h, the collection of detached cells from the 

supernatant was repeated and the culture washed in 20 ml PBS pen/strep (7’, 200 g, 4°C). 

The cells were re-suspended in fresh 100% Ex-Cell®-HeLa medium (45 ml) and cultivated for 

two more days (37°C) before the protocols of differential centrifugation and 

ultracentrifugation were started (Figure 6.8). The spent culture supernatants were 

transferred into 50 ml tubes and centrifuged for 10’, 500 g, 4°C. The pellets were discarded 

and the supernatants decanted into fresh 50 ml tubes to centrifuge for 20’, 2.000 g at 4°C. As 

before, the pellets were discarded and the supernatants decanted into fresh 50 ml tubes to 

centrifuge for 1 h, 10.000 g at 4°C using a Multifuge X1R and a FiberliteTM F15-8 x 50cy fixed 

angle rotor. The obtained supernatants were transferred into polycarbonate bottles (26.3 ml, 

25 x 89 mm) and spun down for 2 h, 100.000 g at 4°C using an OptimaTM XPN-80 

ultracentrifuge and a type 70 Ti fixed angle rotor. The resulting pellets (crude exosomal 

fractions) were collected in 200 µl Ex-Cell®-HeLa medium, of which 50 µl was applied to 

antigen-negative and HLA class II-positive EBV-LCL (3 ∙ 104 cells/well) to test for T cell 

recognition (Section 6.2.3.6.3). Furthermore, re-suspended pellets were characterized by 

flow cytometry. Following the protocol of the exosome-human CD63 detection reagent, 
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enriched exosomes were incubated with 3 ∙ 105 anti-CD63 magnetic beads and incubated 

overnight (18-22 h, 4°C) before the beads were stained with anti-human CD9 (PE), -CD63 

(V450) and -CD81 (APC*) antibodies. For immunoblotting, ultracentrifuged pellets were 

collected in 50 µl lysis buffer, of which 10 µl was used for the western blot analysis to detect 

the cloned myc-tag (Section 6.2.3.8.2). 

 
  

 

 
 

 

6.2.3.10 Microscopic analyses  

6.2.3.10.1 Transmission electron microscopy  

Hela cell clones (1 ∙ 105 cells/well) were cultured on 22 mm Thermanox™ plastic 

coverslips placed in 6-well plates and incubated at 37 °C. After 24 h, medium was changed 

and cells cultured in RPMI for three more days. Ultrathin sectioning and post immunogold-

staining (anti-human CD63 and anti-myc-tag) was prepared at the department of 

Ophthalmology (University-Hospital Erlangen) in collaboration with Prof. Dr. rer. nat. Ursula 

Schlötzer-Schrehardt.  

 

Figure 6.8 Single steps of the protocols for differential centrifugation and ultracentrifugation. 
Exosomes were isolated from supernatants of well-grown serum-free cultured HeLa cells. First, 
apoptotic bodies and cell debris were pelleted by differential centrifugation up to 10.000 g. The 
resulting supernatants were ultracentrifuged to obtain a pellet with crude exosomes. 
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6.2.3.10.2 Immunofluorescence 

HeLa cells (1 ∙ 103 cells/chamber) were seeded into 8-chamber slides and cultured for 3 

days at 37°C. Medium was removed and cells washed in 1 ml PBS before 500 µl IF-fixative 

was applied and the cells were incubated for 10’ at 4°C. Fixed cells were washed (1 ml PBS) 

and permeabilized for 10’ at RT with 500 µl permeabilization buffer. After washing the 

chambers (1 ml PBS), 1 µg polyclonal IgG rabbit anti-myc-tag was diluted (1:200) in 

permeabilization buffer and cells were incubated with the primary antibody overnight at 4°C. 

Next, the chambers were washed (1 ml PBS) and incubated for 1 h at RT with 2 µg secondary 

antibody (anti-rabbit AlexaFluor® 555 conjugate) diluted (1:500) in permeabilization buffer. 

The cells were washed two times (1 ml PBS) before the chambers were removed and the 

slides mounted with Roti®-mount FluorCare DAPI. Imaging was carried out in collaboration 

with Dr. rer. nat. Heiko Bruns using an Axiovert 200 fluorescence microscope provided by the 

institute of Microbiology (University-Hospital Erlangen).  

 

6.2.3.10.3 In situ proximity ligation assay 

The protein-interaction of human hsc70 and myc-tag fused DBY-constructs was 

examined using the in situ proximity ligation assay (PLA) red starter kit mouse/rabbit (Figure 

6.9). HeLa cells (4 · 104 cells/sample) were plated into 8-chamber slides and incubated 

overnight at 37 °C. On the next day, chambers were washed in 1 ml ice-cold PBS and the cells 

fixed for 10’ at RT in 500 µl IF-fixative. The cells were washed two more times and treated 

with 500 µl 0.5 % Triton X-100 in PBS for 10’ at RT. After washing the cells (twice) the 

chambers were removed and the slides left with the silicon-membrane around the wells. 

Further treatment of cells was carried out following the PLA-probe and detection protocols 

listed in the user manual of the Duolink® in situ red starter kit. The two primary antibodies 

were applied in optimized conditions (Table 6-30). Documentation of raw images was 

obtained at EX360 nm (DAPI nuclear stain) and EX594 nm (PLA-signal) using a Biorevo BZ-9000 

fluorescence-microscope kindly provided by Prof. Dr. med. Reinhold Eckstein from the 

department of Transfusion Medicine and Haemostaseology (University-Hospital Erlangen). 

The majority of all spots were captured using the overlay of the best four images along the z-

axis (pitch 1.0). Overlays were optimized using the black balance tool and haze reduction 

function provided in the BZ-analyzer software. For statistical analysis, three different fields of 

vision were analyzed and the PLA-signals calculated with the Duolink®- ImageTool.  
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Table 6-30 Primary antibody combination applied in the proximity ligation assay 

Antibody  Clonality Source Final dilution 

    IgG -HSPA8 Mono Rabbit 1:100 
    
IgG2a -myc-tag Mono mouse 1:300 
    

 

 

 

 
 

 

6.2.3.11 Tumor experiments in Marilyn mice  

6.2.3.11.1 Breeding and genotyping 

Homozygous male Marilyn mice were crossed with C57BL/6(J) wild-type mice 

purchased from Janvier Labs (Le Genest-Saint-Isle, France). Of the first generation, 

heterozygous mice were backcrossed with homozygous male Marilyn mice until homozygous 

female Marilyn mice were obtained. Mice were bred at 8-weeks of age. To genotype, tail-

biopsies of 4-week old mice were obtained and genomic DNA was isolated using the reagents 

of the REDExtract-N-AmpTM tissue PCR kit. Mice were genotyped by PCR (Table 6-31) and 

DNA extracts amplified using a Taq DNA polymerase included in the REDExtract-N-AmpTM 

PCR reaction mix (Table 6-32). Primers used for amplification of target genes (Table 6-15) are 

all optimized to anneal at 60°C and were described previously93. After amplification, CD45-

reactions were digested with XhoI for 1 h at 37°C (Table 6-33) before all PCR-products were 

analyzed by agarose gel electrophoresis (Figure 6.10). 

Figure 6.9 Principle of the in situ proximity ligation assay. 
Protein interaction: Two proteins of interest (hsc70 and myc-tag on DBY) are targeted by primary 
antibodies raised in different species. The secondary PLA-antibodies are conjugated with 
oligonucleotides which can hybridize and ligate. This creates a primer for rolling circle DNA 
amplification and fluorescently labelled oligonucleotides can bind. When analyzed by fluorescence 
microscopy, protein interaction is detectable as single spot. No interaction: If the target proteins do 
not interact with each other PLA-antibodies do not ligate and thus no fluorescent signal can develop. 



MATERIAL AND METHODS 

69 
  

Table 6-31 Thermal cycler conditions for genotyping of Marilyn mice 

Step Time Temperature (°C) Cycles 

    Initial denaturation 3’ 94 1 
    
Denaturation 30’’ 94  
Annealing 30’’ 60 35 
Elongation 45’’ 72  
    
Final extension 10’ 72 1 
    
Hold ∞ 

 
4 1 

    
∞: Infinity hold 

  

Table 6-32 Composition of single PCR reactions for genotyping of Marilyn mice  

Component Final amount 

  REDExtract-N-AmpTM PCR reaction mix 10 µl 
  
Genomic mouse tail extract 2 µl 
  
1st Forward primer (5 µM) 1.2 µl (0.3 µM) 
  
1st Reverse primer (5 µM) 1.2 µl (0.3 µM) 
  For Rag-PCR, 2nd Forward primer (5 µM) 1.2 µl (0.3 µM) 
  For Rag-PCR, 2nd Reverse primer (5 µM) 1.2 µl (0.3 µM) 
  
H2O 5.6 µl or 3.2 µl, respectively 
  
Final volume 20 µl 

 

Table 6-33 Digestion of amplified CD45 PCR-products with XhoI  

Component volume 

  PCR product 10 µl 
  
CutSmart (x10) 2 µl 
  
XhoI (20 units/µl) 0.2 µl (4 units) 
  
H2O 7.8 µl 
  
Final volume 20 µl 
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6.2.3.11.2 Isolation of splenocytes 

Mice were anesthetized with isoflurane gas and sacrificed by cervical dislocation. The 

spleen was carefully removed by using forceps and transported in PBS. The organ was 

mashed through a 40 µm cell strainer and the filter rinsed with 10 ml PBS. The obtained 

suspension was centrifuged (7’, 300 g, 4°C), re-suspended in 1 ml red blood cell lysis buffer 

and incubated for 3’ at RT. Next, the cells were washed in 10 ml PBS and centrifuged again 

(7’, 300 g, 4°C). Subsequently, cells were counted and stained with desired antibody-

conjugates (Table 6-4) for flow cytometric characterization (Section 6.2.3.5.1). 

 
 
 
 
 
 
 

 

Figure 6.10 Genotyping of Marilyn mice. 
Tail-biopsies were used to isolate genomic DNA and mice were genotyped by PCR. Results were 
visualized by agarose gel (2%) electrophoresis as shown for two different female (♀) mice (A and B). 
The DNA ladder (L) is shown in lane 1 and 6. Lane 2 and 7 show the presence of the murine H-Y 
transgenic TCR (H-Y tgTCR). The mutant allele (411 bp) of recombination-activating gene 2 (Rag2) is 
shown in lane 3 whereas lane 8 shows both the mutant and the wild-type (246 bp) allele. To 
discriminate between CD45.1 (83+39 bp) and CD45.2 (122 bp) alleles, PCR products were digested (+ 
XhoI) for 1 h at 37°C (lane 5 and 10) and analyzed in reference to non-digested (- XhoI) controls (Lanes 
4 and 9). 
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6.2.3.11.3 Tumor monitoring in vivo  

For monitoring tumor progression, a murine female (C57BL/6(N)) and I-Ab-negative T 

cell lymphoma (EL-4) was used. The cell line was purchased from LGC Standards GmbH 

(Wesel, Germany) and retrovirally transduced using the cloned murine Dby transgenes (Table 

6-21). For the preliminary test, two groups were formed and 1 · 105 or 3 · 105 EL-4 tumor cells 

injected subcutaneously into the right flank of 8 to 40 week old mice. Subgroups contained 

three to four female Marilyn mice. Growth of EL-4 tumors expressing murine X-chromosome 

antigen Dbx, Y-chromosome antigen Dby and the Dby epitope was monitored (Table 6-34). 

Tumor growth was monitored twice per week and the tumor diameter measured with an 

external caliper. Of each subgroup, the mean of tumor diameters was calculated and the 

results used for final data analyses. After monitoring, mice were sacrificed by cervical 

dislocation or when the tumor diameter reached a dimension of greater than 10 mm. Single-

cell suspensions from collected tumors were generated following the user manual of the 

Tumor Dissociation Kit-mouse. Ex-vivo tumor cells were used for western blot analysis 

(Section 6.2.3.8), RNA extraction and reverse transcription (Section 6.2.1.3) with subsequent 

real-time PCR analysis (Section 6.2.1.4).  

 
 

Table 6-34 Group sizes of EL-4 tumor growth in vivo 

Transgene Group A  
(1 · 105 EL-4 cells) 

Group B  
(3 · 105 EL-4 cells) 

Total  
(per construct) 

    Dbx n=3 n=3 n= 6 
    
Dby n=4 n=4 n=8 
    
Dby epitope n=3 n=3 n=6 

    
n=number of Marilyn mice    

 
 

6.2.3.12 Statistical analysis 

Figures and statistics were generated with GraphPad Prism. Data are shown as mean 

values with standard error of means (s.e.m.) of duplicates or triplicates from representative 

experiments. If the collected data were from three or more individually performed 

experiments, statistics were calculated and the significance indicated as *(p<0.05), ** 

(p<0.01) or *** (p<0.001). The unpaired t-test was used to compare data of two groups 

(columns) with normal (Gaussian) distribution. For not normally distributed data, columns 

were compared using the Mann-Whitney test. For the proximity ligation assay a box-

Whiskers-plot was used.  
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8.3  LIST OF ABBREVIATIONS 

 
ACRONYMS  

aHSCT Allogenic hematopoietic stem cell transplantation 

amp Ampicillin 

APC Antigen-presenting cell 

APC* Allophycocyanin (Fluorophore) 

APZ Antigen-präsentierende Zelle 

B cell B lymphocyte, B from bursa of Fabricus 

bp Base pair 

CD Cluster of differentiation 

cDNA Complementary DNA 

CLIP Class II-associated invariant chain peptide 

CMA Chaperone-mediated autophagy 

CO2 Chemical formula of Carbon dioxide 

CTL Cytotoxic T lymphocyte 

CTLA-4 Cytotoxic T lymphocyte antigen-4 

D  Diversity or D gene-region  

DBY DEAD-box helicase 3, Y-linked 

DC Dendritic cell 

dGTP Deoxyguanosine triphosphate 

DMSO Dimethyl sulfoxide 

DN Double negative 

DNA Deoxyribonucleic acid 

DP Double positive 

e.g. Latin: “exampli gracia”, for example  

EBNA1 Ebstein-Barr virus nuclear antigen 1 

EBV-LCL Epstein-Barr virus transformed lymphoblastoid cell lines 

EDTA Ethylenediaminetetraacetic acid 

ELISA Enzyme-linked immunosorbent assay 

ER Endoplasmic reticulum 

ERAAP Endoplasmic reticulum aminopeptidase associated with antigen 
processing 

ESCRT Endosomal sorting complexes required for transport 

FACS Fluorescence-activated cell sorting 
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FDA Food and Drug Administration 

FITC Fluorescein isothiocyanate (Fluorophore) 

FSC Forward scatter 

GAD Glutamate decarboxylase 

H2O Chemical formula of water 

HCl Chemical formula of hydrogen chloride 

HLA Human leukocyte antigen 

hsc70 Heat shock cognate protein 70 

H-Y tg-TCR Transgenic T cell receptor specific for murine Dby 

i.e. Latin: “id est”, that is 

IF Immunofluorescence 

IFN- Interferon-gamma 

IgG Immunoglobulin G 

IL Interleukin 

IHRES Internal ribosome entry site 

J Joining or J gene-region 

KHCO3 Chemical formula of potassium hydrogen carbonate 

LAMP-2A Lysosome-associated membrane protein type-2A 

li Invariant chain 

LTR Long terminal repeat 

mAb Monoclonal antibody 

MCS Multiple cloning site 

MESV Murine embryonic stem cell virus 

MFI Mean fluorescence intensity 

MHC Major histocompatibility complex 

MIIC MHC class II compartment 

MnSO4 x H2O Chemical formula of manganese (II)-sulfate monohydrate 

MPSV Myeloproliferative sarcoma virus 

MQ Macrophage 

mRNA Messenger RNA 

MUC1 Mucin 1 

MVB Multivesicular body 

MW Molecular weight 

NaCl Chemical formula of sodium chloride 

NeoR Neomycin phosphotransferase II 
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NH4Cl Chemical formula of ammonium chloride 

NKC Natural killer cells 

NY-ESO-1 New York esophageal squamous cell carcinoma-1 antigen 

PBMC Peripheral blood mononuclear cells 

PBS Phosphate buffered saline 

PBST Phosphate buffered saline Tween 

PCR Polymerase chain reaction 

PD-1 Programmed cell death-1 

PE Phycoerythrin (Fluorophore) 

PerCP Peridinin-chlorophyll-protein complex (Fluorophore) 

PLA Proximity ligation assay 

PVDF Polyvinylidene difluoride 

RAG2 Recombination-activating gene-2 

RNA Ribonucleic acid 

RPMI Roswell Park Memorial Institute medium 

rRNA Ribosomal ribonucleic acid 

RT Room temperature 

s.e.m. Standard error of mean 

SP Single positive 

SSC Sideward scatter 

T cell Thymus-derived lymphocyte or T lymphocyte 

Th T helper 

TAP Transporter associated with antigen processing 

TBE Tris-Borate-EDTA 

TCR T cell receptor 

Treg T regulatory cell 

Tris Tris(hydroxymethyl)aminomethane 

T-Zelle T-Lymphozyt 

UV-VIS Ultraviolet – Visible 

V  Variable or V gene-region 

V450 Fluorophore (emission max at 450 nm) 

WPRE Woodchuck hepatitis virus 

WT Wild-type 

NGFR Truncated nerve growth factor receptor 

nx-A Phoenix-A 
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SYMBOLS  

‘ Prime symbol used to designate minutes (min) 

‘’ Double prime symbol used to designate seconds (s) 

∞ 
 

Infinity hold 

 Greek: “Lambda”, wavelength   

% Percent  

I-Ab MHC class II alloantigen of H-2b bearing mouse strains 

°C Degree Celsius 

g Standard acceleration due to gravity (9.806 m/s²) 

𝑥 ̃ Average 

  

UNITS  

A Ampere 

Da Dalton – atomic mass (1 Da = 1.660 ∙ 10-27 kg) 

g Gram 

h hour 

l Liter 

M Molar concentration (1 M = 1 mol/l)  

m Meter 

m² Square meter 

mol amount of substance 

pH Potential of hydrogen, the value describes the negative 
logarithm of the hydrogen ion concentration 

rpm Rounds per minute 

U Unit (enzymatic activity) 

V Voltage 

  

METRIC PREFIXES  

µ micro (multiple: 10-6), e.g. microliter (1 µl = 1∙10-6 l) 

c centi (multiple: 10-2), e.g. centimeter (1 cm = 1∙10-2 m) 

k kilo (multiple: 103), e.g. kilogram (1 kg = 1∙103 g) 

m milli (multiple: 10-3), e.g. milliliter (1 ml = 1∙10-3 l) 

n nano (multiple: 10-9), e.g. nanomole (1 nmol = 1∙10-9 mol) 

p pico (multiple: 10-12), e.g. picogram (1 pg = 1∙10-12 g) 
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8.4  LIST OF AMINO ACIDS 

 

AMINO ACID ONE LETTER CODE THREE LETTER CODE 

   Glycine G Gly 

Alanine A Ala 

Valine V Val 

Leucine L Leu 

Isoleucine I Iso 

Serine S Ser 

Threonine T Thr 

Cysteine C Cys 

Methionine M Met 

Proline P Pro 

Aspartic Acid D Asp 

Asparagine N Asn 

Glutamic Acid E Glu 

Glutamine Q Gln 

Lysine K Lys 

Arginine R Arg 

Histidine H His 

Phenylalanine F Phe 

Tyrosine Y Tyr 

Tryptophan W Trp 
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8.5  PRIMER SEQUENCES FOR SITE-DIRECTED MUTAGENESIS OF DBY 198 

 

Table A-1 Primer sequences used for site-directed mutagenesis of DBY 198 - clones 1-5 

Clone Sequence (5' to 3') Primer length (bp) 

   1 F: CGCGGATCCGGGATGAGTCATGCGGCGGCGAAAA 
 

32 
   
2 F: CGCGGATCCGGGATGAGTCATGTGGTGGTGAAAAATGCCGCTGCACTGG 49 
   
3 F: CGCGGATCCGGGATGAGTCATGTGGTGGTGAAAAATGACCCTGAACTGG 64 
      ACGCGGCGGCTGCTA  
   
4 F: CGCGGATCCGGGATGAGTCATGTGGTGGTGAAAAATGACCCTGAACTGG 79 
     ACCAGCAGCTTGCTAATGCGGCCGCGAACT  
   
5 F: CGCGGATCCGGGATGAGTCATGTGGTGGTGAAAAATGACCCTGAACTGG 94 
     ACCAGCAGCTTGCTAATCTGGACCTGAACTCTGCAGCAGCGAGTG  
   
1 - 5 R: CCGGAATTCGTATCAGAGATCCTCCTCTGAGATGAGCTTTTGCTCAATTTC 65 
      TCCCATGTCAATAT  
   F: forward, R: reverse; Underlined nucleotides represent endonuclease restriction sites; Mutated nucleotides are 
highlighted in bold letters 

 
 

Table A-2 Primer sequences used for site-directed mutagenesis of DBY 198 - clones 6-34   

Clone Sequence (5' to 3') Gene-position (bp) 

   6 F: ACTCTGAAAAACAGAGTGGAGCAGCAGCTACAGCGAGCAAAGGGCGCTA  65 – 113 
 R: TAGCGCCCTTTGCTCGCTGTAGCTGCTGCTCCACTCTGTTTTTCAGAGT  113 – 65 
   
7 F: GTGGAGGAGCAAGTACAGCGGCCGCAGCGCGCTATATACCTCCTCACTT  80 – 128 
 R: AAGTGAGGAGGTATATAGCGCGCTGCGGCCGCTGTACTTGCTCCTCCAC  128 – 80 
   
8 F: CAGCGAGCAAAGGGCGCTATGCAGCTGCTCACTTAAGGAACAGAGAAGC  95 – 143 
 R: GCTTCTCTGTTCCTTAAGTGAGCAGCTGCATAGCGCCCTTTGCTCGCTG  143 – 95 
   
9 F: GCTATATACCTCCTCACTTAGCGGCCGCAGAAGCATCTAAAGGATTCCA 110 – 158 
 R: TGGAATCCTTTAGATGCTTCTGCGGCCGCTAAGTGAGGAGGTATATAGC 158 – 110 
   
10 F: ACTTAAGGAACAGAGAAGCAGCTGCAGCATTCCATGATAAAGACAGTTC 125 – 173 
 
 

R: GAACTGTCTTTATCATGGAATGCTGCAGCTGCTTCTCTGTTCCTTAAGT 173 – 125 
   
11 F: AAGCATCTAAAGGATTCCATGCTGCAGCCAGTTCAGGTTGGAGTTGCAG 140 – 188 
 R: CTGCAACTCCAACCTGAACTGGCTGCAGCATGGAATCCTTTAGATGCTT 188 – 140 
   
12 F: TCCATGATAAAGACAGTTCAGCTGCGGCTTGCAGCAAAGATAAGGATGC 155 – 203 
 R: GCATCCTTATCTTTGCTGCAAGCCGCAGCTGAACTGTCTTTATCATGGA 203 – 155 
   
13 F: GTTCAGGTTGGAGTTGCAGCGCAGCTGCGGATGCATATAGCAGTTTTGG 170 – 218 
 R: CCAAAACTGCTATATGCATCCGCAGCTGCGCTGCAACTCCAACCTGAAC 218 – 170 
   
14 F: GCAGCAAAGATAAGGATGCAGCTGCCGCTTTTGGGTCTCGAGATTCTAG 185 – 233 
 R: CTAGAATCTCGAGACCCAAAAGCGGCAGCTGCATCCTTATCTTTGCTGC 233 – 185 
   
15 F: ATGCATATAGCAGTTTTGGGGCTGCAGCTTCTAGAGGAAAGCCTGGTTA 200 – 248 
 R: TAACCAGGCTTTCCTCTAGAAGCTGCAGCCCCAAAACTGCTATATGCAT 248 – 200 
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Continuation: Table A-2 

 

16 F: TTGGGTCTCGAGATTCTAGAGCAGCGGCTGGTTATTTCAGTGAACGTGG 215 – 263 
 R: CCACGTTCACTGAAATAACCAGCCGCTGCTCTAGAATCTCGAGACCCAA 263 – 215 
   
17 F: CTAGAGGAAAGCCTGGTTATGCCGCTGCACGTGGAAGTGGATCAAGGGG 230 – 278 
 R: CCCCTTGATCCACTTCCACGTGCAGCGGCATAACCAGGCTTTCCTCTAG 278 – 230 
   
18 F: GTTATTTCAGTGAACGTGGAGCTGCAGCAAGGGGAAGATTTGATGATCG 245 – 293 
 R: CGATCATCAAATCTTCCCCTTGCTGCAGCTCCACGTTCACTGAAATAAC 293 – 245 
   
19 F: GTGGAAGTGGATCAAGGGGAGCAGCTGCTGATCGTGGACGGAGTGACTA 260 – 308 
 R: TAGTCACTCCGTCCACGATCAGCAGCTGCTCCCCTTGATCCACTTCCAC 308 – 260 
   
20 F: GGGGAAGATTTGATGATCGTGCAGCGGCTGACTATGATGGTATTGGCAA 275 – 323 
 R: TTGCCAATACCATCATAGTCAGCCGCTGCACGATCATCAAATCTTCCCC 323 – 275 
   
21 F: ATCGTGGACGGAGTGACTATGCTGCTGCTGGCAATCGTGAAAGACCTGG 290 – 338 
 R: CCAGGTCTTTCACGATTGCCAGCAGCAGCATAGTCACTCCGTCCACGAT 338 – 290 
   
22 F: ACTATGATGGTATTGGCAATGCTGCAGCACCTGGCTTTGGCAGATTTGA 305 – 353 
 R: TCAAATCTGCCAAAGCCAGGTGCTGCAGCATTGCCAATACCATCATAGT 353 – 305 
   
23 F: GCAATCGTGAAAGACCTGGCGCTGCCGCATTTGAACGGAGTGGACATAG 320 – 368 
 R: CTATGTCCACTCCGTTCAAATGCGGCAGCGCCAGGTCTTTCACGATTGC 368 – 320 
   
24 F: CTGGCTTTGGCAGATTTGAAGCGGCTGCACATAGTCGTTGGTGTGACAA 335 – 383 
 R: TTGTCACACCAACGACTATGTGCAGCCGCTTCAAATCTGCCAAAGCCAG 383 – 335 
   
25 F: TTGAACGGAGTGGACATAGTGCTGCGGCTGACAAGTCAGTTGAAGATGA 350 – 398 
 R: TCATCTTCAACTGACTTGTCAGCCGCAGCACTATGTCCACTCCGTTCAA 398 – 350 
   
26 F: ATAGTCGTTGGTGTGACAAGGCAGCTGCAGATGATTGGTCAAAACCACT 365 – 413 
 R: AGTGGTTTTGACCAATCATCTGCAGCTGCCTTGTCACACCAACGACTAT 413 – 365 
   
27 F: ACAAGTCAGTTGAAGATGATGCGGCAGCACCACTTCCACCAAGTGAACG 380 – 428 
 R: CGTTCACTTGGTGGAAGTGGTGCTGCCGCATCATCTTCAACTGACTTGT 428 – 380 
   
28 F: ATGATTGGTCAAAACCACTTGCAGCAGCTGAACGCTTGGAGCAAGAACT 395 – 443 
 R: AGTTCTTGCTCCAAGCGTTCAGCTGCTGCAAGTGGTTTTGACCAATCAT 443 – 395 
   
29 F: CACTTCCACCAAGTGAACGCGCGGCGGCAGAACTGTTTTCTGGAGGAAA 410 – 458 
 R: TTTCCTCCAGAAAACAGTTCTGCCGCCGCGCGTTCACTTGGTGGAAGTG 458 – 410 
   
30 F: AACGCTTGGAGCAAGAACTGGCTGCTGCAGGAAACACGGGGATTAACTT 425 – 473 
 R: AAGTTAATCCCCGTGTTTCCTGCAGCAGCCAGTTCTTGCTCCAAGCGTT 473 – 425 
   
31 F: AACTGTTTTCTGGAGGAAACGCGGCGGCTAACTTTGAGAAATATGATGA 440 – 488 
 R: TCATCATATTTCTCAAAGTTAGCCGCCGCGTTTCCTCCAGAAAACAGTT 488 – 440 
   
32 F: GAAACACGGGGATTAACTTTGCGGCAGCTGATGATATACCAGTAGAGGC 455 – 503 
 R: GCCTCTACTGGTATATCATCAGCTGCCGCAAAGTTAATCCCCGTGTTTC 503 – 455 
   
33 F: ACTTTGAGAAATATGATGATGCAGCAGCAGAGGCAACCGGCAGTAACTG 470 – 518 
 R: CAGTTACTGCCGGTTGCCTCTGCTGCTGCATCATCATATTTCTCAAAGT 518 – 470 
   
34 F: ATGATATACCAGTAGAGGCAGCCGCCGCTAACTGTCCTCCACATATTGA 485 – 533 
 R: TCAATATGTGGAGGACAGTTAGCGGCGGCTGCCTCTACTGGTATATCAT 533 – 485 

    
F: forward, R: reverse; Mutated nucleotides are highlighted in bold letters 
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