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Summary 
For centuries, vaccines have played an important role to induce protective immune responses against 

infectious diseases. Over the past decade, therapeutic vaccines have been developed to direct the 

immune system against cancer cells. Whereas, prophylactic vaccination focusses largely on the 

induction of pathogen-specific B-cell derived antibodies, therapeutic vaccination mainly aims to induce 

cancer-specific T cell responses. With the COVID-19 pandemic, T cells have however also gained 

increasing significance in infectious disease. 

In this thesis, characterization of antigen-specific T cell responses was applied to (i) define a peptide 

warehouse for clinical application in chronic lymphocytic leukemia (CLL), (ii) to develop an optimized 

protocol for CD4+ T cell priming using monocyte-derived dendritic cells (MoDCs) and (iii) to uncover 

Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) spike-specific T cell responses 

following different Coronavirus disease 2019 (COVID-19) vaccination regimens. 

 (i), Naturally and frequently presented CLL-specific human leukocyte antigen (HLA)-restricted peptides 

were identified by comparative mass spectrometry-based immunopeptidome analyses of primary 

patient samples. The resulting CLL-specific antigens were shown to be recognized by preexisting, and 

de novo induced T cells in CLL patients and healthy volunteers, respectively. This tumor antigen 

selection process allowed for the generation of a premanufactured warehouse for the construction of 

personalized HLA class I- and HLA class II-restricted multi-peptide vaccines that are being evaluated in 

a first clinical trial for the treatment of CLL (NCT04688385). The presented workflow may provide the 

basis for the development of broad personalized T cell-based immunotherapy approaches as it is easily 

transferable to other tumor entities. 

(ii) To prove immunogenicity of HLA class II-restricted peptides, the second chapter of this thesis 

focused on the optimization of the de novo priming of CD4+ T cells using MoDCs. A preliminary protocol 

was available in our group; however, it was not yet set up functionally. Through modifications in the 

MoDC maturation cocktail, the time of MoDC coincubation with peptides and the setup for the CD4+ T 

cell stimulation with MoDCs, successful de novo priming of specific CD4+ T cells was achieved for all 

tested peptides and donors. 

(iii) With the COVID-19 pandemic, several vaccines were rapidly developed to protect the population 

against severe disease outcome after infection with SARS-CoV-2. The last chapter of this thesis focused 

on the characterization of induced T cell responses after vaccination with different vaccination 

regimens after 4 weeks and 6 months, as well as the effect of a booster vaccine dose compared with 

SARS-CoV-2 T cell responses in convalescents and prepandemic donors. Frequent, divers and 

multifunctional spike-specific T cell responses were shown for donors of all vaccination regimens that 
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were comparable to responses seen in convalescent donors and were significantly increased compared 

to cross-reactive T cell responses in prepandemic donors. T cell responses remained stable over time 

and did not significantly benefit from a booster vaccination dose. However, after decreasing over 6 

months after vaccination, anti-spike antibody titers significantly increased through the application of 

a booster vaccine dose.  

Together, within this thesis, an extensive analysis was conducted to characterize antigen-specific T cell 

responses within the frame of both prophylactic and therapeutic vaccination, providing a 

comprehensive elucidation of cellular immune responses pertaining to diverse COVID-19 vaccine 

schedules as well as the validation of a peptide warehouse facilitating its prospective evaluation in a 

therapeutic vaccine trial for CLL patients. 
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Zusammenfassung 

Impfstoffe spielen seit Jahrhunderten eine wichtige Rolle, um schützende Immunreaktionen gegen 

Infektionskrankheiten auszulösen. In den letzten zehn Jahren wurden therapeutische Impfstoffe als 

entwickelt, um das Immunsystem gegen Krebszellen zu richten. Während sich die prophylaktische 

Impfung weitgehend auf die Induktion erregerspezifischer Antikörper konzentriert, zielt die 

therapeutische Impfung hauptsächlich auf die Induktion krebsspezifischer T-Zell-Antworten ab. Mit 

der COVID-19 Pandemie haben T-Zellen jedoch auch gegen Infektionskrankheiten zunehmend an 

Bedeutung gewonnen. 

In dieser Arbeit wurde die Charakterisierung Antigen-spezifischer T-Zell-Antworten genutzt, um (i) ein 

Peptid-Warenhaus für die klinische Anwendung bei chronischer lymphatischer Leukämie (CLL) zu 

definieren, (ii) ein optimiertes Protokoll für das Priming von CD4+ T-Zellen unter Verwendung von 

Monozyten-abgeleiteten dendritischen Zellen (MoDCs) zu entwickeln und (iii) Schweres Akutes 

Respiratorisches Syndrom-Coronavirus-2 (SARS-CoV-2) spike-spezifische T-Zell-Antworten nach 

verschiedenen Impfschemata gegen die Coronavirus-Krankheit-2019 (englisch Coronavirus Disease 

2019, COVID-19) aufzudecken. 

(i) Durch vergleichende massenspektrometrische Immunopeptidomanalysen von primären 

Patientenproben wurden natürlich und häufig vorkommende, auf humane Leukozytenantigene (HLA) 

präsentierte Peptide identifiziert, die für CLL spezifisch sind. Die daraus resultierenden CLL-

spezifischen Antigene wurden sowohl von bereits vorhandenen als auch von de novo induzierten T-

Zellen bei CLL-Patienten bzw. gesunden Freiwilligen erkannt. Dieses Verfahren zur Auswahl von 

Tumorantigenen ermöglichte die Erstellung eines vorgefertigten Warenhauses für die Generierung von 

personalisierten HLA-Klasse-I- und HLA-Klasse-II-restringierten Multi-Peptid-Impfstoffen, die in einer 

ersten klinischen Studie zur Behandlung von CLL untersucht werden (NCT04688385). Der hier 

vorgestellte Arbeitsablauf könnte die Grundlage für die Entwicklung einer breit angelegten 

personalisierten T-Zell-basierten Immuntherapie bilden, da er leicht auf andere Tumorentitäten 

übertragbar ist. 

(ii) Zum Nachweis der Immunogenität von HLA-Klasse-II-restringierten Peptiden lag der Fokus des 

zweiten Kapitels dieser Arbeit auf der Optimierung des de novo Primings von CD4+ T-Zellen unter 

Verwendung von MoDCs. In unserer Gruppe stand ein vorläufiges Protokoll zur Verfügung, das jedoch 

noch nicht funktionell anwendbar war. Durch die Optimierung des MoDC-Reifungscocktails, der Dauer 

der Koinkubation von MoDCs mit Peptiden und des Setups für die Stimulation von CD4+ T-Zellen mit 

MoDCs konnte für alle getesteten Peptide und Spender ein erfolgreiches de novo Priming spezifischer 

CD4+ T-Zellen erreicht werden. 
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(iii) Nach dem Ausbruch der COVID-19-Pandemie wurden in kurzer Zeit mehrere Impfstoffe entwickelt, 

um die Bevölkerung vor schweren Krankheitsfolgen nach einer Infektion mit SARS-CoV-2 zu schützen. 

Das letzte Kapitel dieser Arbeit befasste sich mit der Charakterisierung der induzierten T-Zell-

Reaktionen nach der Impfung mit verschiedenen Impfschemata nach 4 Wochen und 6 Monaten sowie 

mit der Wirkung einer Auffrischungsimpfstoffdosis im Vergleich zu den SARS-CoV-2-T-Zell-Reaktionen 

bei Rekonvaleszenten und präpandemischen Spendern. Bei Spendern aller Impfschemata wurden 

häufige, vielfältige und multifunktionale spike-spezifische T-Zell-Antworten nachgewiesen, die mit den 

bei rekonvaleszenten Spendern beobachteten Antworten vergleichbar waren und im Vergleich zu den 

kreuzreaktiven T-Zell-Antworten bei präpandemischen Spendern signifikant erhöht waren. Die T-Zell-

Reaktionen blieben im Laufe der Zeit stabil und profitierten nicht signifikant von einer 

Auffrischungsimpfung. Nachdem die T-Zell-Antworten über 6 Monate nach der Impfung abgenommen 

hatten, stiegen die Anti-Spike-Antikörper Titer jedoch durch eine Auffrischungsimpfung signifikant an.  

Im Rahmen dieser Arbeit wurde eine umfassende Analyse zur Charakterisierung der 

antigenspezifischen T-Zell-Antworten sowohl im Rahmen einer prophylaktischen als auch einer 

therapeutischen Impfung durchgeführt. Dies ermöglichte eine umfassende Aufklärung der zellulären 

Immunantworten im Zusammenhang mit verschiedenen COVID-19-Impfschemata sowie die 

Validierung eines Peptid-Warenhauses, das dessen prospektive Bewertung in einer therapeutischen 

Impfstoffstudie für CLL-Patienten erleichtert.  
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Introduction 
 

The immune system  

The human body is constantly confronted with cellular alterations and pathogens able to induce 

disease. The immune system, with its many different cell types and molecules, is responsible for the 

protection against malignancies and pathogen-induced infections. To successfully defend the body, 

the immune system orchestrates the detection of the pathogens or altered cells followed by a 

protective response, synergistically mediated by the innate and adaptive immunity (1, 2). 

The innate immunity provides the first line of defense against a variety of pathogens, such as viruses, 

bacteria, and fungi. It reacts rapidly within minutes to hours, but therefore has the disadvantage of 

being pathogen-unspecific in its response. The innate immune system includes physical (e.g., the skin, 

mucosal membranes) and chemical barriers (e.g., lysozyme, defensins in body fluids), the complement 

system, lymphoid cell recruitment to the site of infection through chemokines and cytokines, and their 

activation following pathogen detection through conserved pattern recognition (3).  

The adaptive immune system is crucial to target arising malignant cells or pathogens that overcame 

the innate immune system. Whereas, the adaptive immune response requires more time, it is very 

specific, can recognize a broader spectrum of pathogens and alterations, and is able to develop an 

immunologic memory, leading to a faster response in case of re-exposure. The main acting 

components of the adaptive immune system are the B and T lymphocytes. Following maturation in the 

bone marrow, B cells express unique B cell receptors (BCR) and are activated once their specific antigen 

is detected. Subsequently, proliferation is induced as well as the differentiation into memory B cells 

and antibody-producing plasma cells. Due to their ability to produce antibodies, B cells are key players 

of the humoral immune response. T cells on the other hand are the important players of the cell-

mediated immune response. They originate from the bone marrow and mature in the thymus. T cells 

are activated and able to rapidly proliferate when a specific antigen-derived peptide, presented by an 

antigen-presenting cell (APC) or an infected cell, is recognized by the T cell receptor (TCR) (4, 5).  

For successful antigen presentation to the T cells, cells express surface proteins called major 

histocompatibility complex (MHC), in humans also known as human leukocyte antigen (HLA). HLA 

molecules can be divided into two categories due to their structure and functionality: HLA class I 

(including HLA-A, HLA-B, and HLA-C) present peptides from endogenous proteins and are expressed by 

every nucleated cell (6), while HLA class II molecules (including HLA-DP, HLA-DQ and HLA-DR) present 

peptides originating from exogenous antigens and are traditionally described to be expressed on 

professional APCs (7). For enhanced diversity all individuals carry two allelic variants, also known as 
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allotypes, for each of the HLA class I and HLA class II genes. The different HLA allotypes allow for the 

binding of peptides with different sequence motifs defined by specific anchor amino acids (aas) (5, 8). 

HLA class I molecules are composed of a three-domain heavy chain and a β2-microglobulin light chain. 

The molecules are loaded with antigenic peptides of 8-12 aas derived from proteasomal degradation 

of cytoplasmic proteins in the endoplasmatic reticulum and transported to the cell surface, where they 

can be recognized by peptide-specific TCRs of CD8+ cytotoxic T lymphocytes (CTLs; Fig.1). HLA class II 

molecules on the other hand are heterodimers formed by the α and the β chain. Following exogenous 

antigen endocytosis and fusion with a lysosome, the antigen is cleaved by proteases. The resulting 

peptide containing vesicles fuse with vesicles containing HLA class II molecules that are blocked by an 

invariant chain. The peptides (generally 9-25 aas) then take the place of the invariant chain and fold 

into the HLA binding groove. The now loaded MHC class II molecules in the vesicles are transported to 

and fuse with the cell membrane (Fig. 1). This HLA class II-peptide complex is recognized by the TCR of 

CD4+ T helper (TH) cells (5, 9, 10). 

  
Figure 1: Protein processing and peptide loading onto HLA class I and HLA class II molecules. Endogenous proteins are 
degraded into short peptides by proteasomes and loaded onto human leukocyte antigen (HLA) class I molecules then 
transported to the antigen presenting cell (APC) surface for antigen presentation to cytotoxic T cells. Extracellular proteins 
are engulfed and cleaved into peptides by proteases in the endosome. After the fusion with compartments containing HLA 
class II, the peptides are loaded onto the molecules and transported to the cell surface for presentation to T helper cells. This 
figure was created with BioRender. 
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For successful activation, T cells require several signals from APCs, such as dendritic cells (DCs). The 

first signal is the antigen recognition of HLA-presented peptides by specific TCRs. The second signal is 

mediated by the interaction of co-stimulatory molecules, such as CD28 present on the T cell surface 

with CD80 or CD86 found on the surface of APCs (1). The final signal essential for T cell activation is 

obtained through cytokine secretion (e.g., type I interferons (IFNs) and interleukin (IL)-12) of the APCs 

(11). Once all three signals are present, T cells can proliferate and differentiate into the different 

effector phenotypes, which mediate immune regulation and cytotoxicity (Fig. 2). 

 

Figure 2: Three signals are required for T cell activation. The first signal consists of the interaction of the T cell receptor (TCR) 
with the peptide-loaded human leukocyte antigen (HLA) molecule and is the main activating signal. Costimulatory molecules, 
such as CD28 on T cells and CD80 on antigen presenting cells (APC) make up the secondary signal required for cell survival. 
The third signal necessary for T cell differentiation is mediated by cytokines (e.g., IL-12) released by the APC and sensed by 
the T cell. This figure was created with BioRender. 

Immune response to malignant and infectious diseases 

Tumor immunology 

Cancer is the most frequent cause of human death after cardiovascular diseases, with continuously 

increasing numbers of newly diagnosed patients every year due to changing demographics and 

environmental factors. Cancer originates from malignant cellular transformation followed by 

uncontrollable proliferation and is driven by either endogenous or exogenous factors. Endogenous 

causes arise through genome instability at cellular and molecular level, while exogenous mutagens 

include environmental factors such as alcohol, smoking and obesity as well as virus infections (e.g., 

human papilloma virus) and ionizing radiation (12). The “hallmarks of cancer” as postulated by 

Hanahan consist of ten main physiological changes and requirements for tumorigenesis. The latter 

comprise sustaining proliferative signaling, evading growth suppressors, deregulating cellular 
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metabolism, resisting cell death, enabling replicative immortality, inducing or accessing vasculature, 

activating invasion and metastasis, avoiding immune destruction, genome instability and mutation, 

and tumor promoting inflammation (13).  

First observations in the field of tumor immunology were made in 1900 by Paul Ehrlich, postulating 

that the body possesses a safety mechanism able to recognize and eliminate pathogens and malignant 

cells (13, 14). Almost 50 years later, Burnet and Thomas proposed the concept of immunosurveillance 

describing that “small accumulations of tumor cells” could be recognized and eliminated by the 

immune system (15, 16). This theory was later confirmed and extended by Dunn et al., who introduced 

the concept of immunoediting (17). The latter comprises three stages: elimination, equilibrium and 

escape. The elimination phase corresponds to the above mentioned immunosurveillance, where the 

immune system can efficiently defend against malignancies. However, single mutated cells overcome 

that process and evade the anti-tumor immune response. The equilibrium phase can last for years, 

while some tumor-cell precursors are eliminated, others more resistant to the immune system can 

arise. During the escape phase, the resistant cells that cannot be contained by the immune system 

start proliferating uncontrollably.  

Immunotherapy for malignant disease 

Once cancer is diagnosed several therapies are available for treatment. The three classical “pillars” of 

cancer therapy include i) surgery, ii) radiation therapy and iii) chemotherapy. i) Surgery arose after the 

invention of anesthesia in 1846 and was the first therapeutic method to remove entire tumors 

together with the lymph nodes; its success however was limited by cancer metastasis (18). ii) Radiation 

therapy was used for cancer diagnosis and treatment following the “X-ray” discovery by Roentgen in 

the late 19th century (19). iii) Chemotherapy is cytotoxic for neoplastic cells, but its success is limited 

by drug resistance of the tumor cells (20). Those three treatment methods are often applied in 

combination, and chemotherapy as well as radiation approaches have greatly improved since their first 

therapeutic application. However, the lack of specificity is a major disadvantage, and the 

accompanying off-target damage of healthy tissues inevitably causes strong side effects in already 

weak patients (21). 

Immunotherapy makes the fourth pillar of cancer therapy. Research advances in the field of 

immunology have allowed for new ways to direct immune responses against cancer to avoid off-target 

effects. Several classes of immunotherapies are available that include i) cytokines, ii) monospecific and 

bispecific antibodies, iii) immune checkpoint inhibitors (ICI), iv) engineered T cells (e.g., chimeric 

antigen receptor (CAR) T cells), and v) cancer vaccines (22). i) The application of the recombinant 

cytokine IFN-α was the first kind of immunotherapy used in the clinics for the treatment of hairy cell 
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leukemia, followed by recombinant IL-2 for metastatic renal cancer. Cytokines induce lymphocyte 

activation and directly limit tumor growth through their anti-proliferative or pro-apoptotic activity 

(23). The exclusive application of cytokine has shown limited success and is therefore often combined 

with other immunotherapeutic approaches. ii) Monospecific antibodies, such as the anti-CD20 

antibody Rituximab used for the treatment of B-cell malignancies, first approved in 1997, can mediate 

complement-dependent cytotoxicity and antibody-dependent cellular cytotoxicity once binding their 

target molecule (24, 25). Bispecific antibodies mainly intend to direct T cells to tumor cells by binding 

an extracellular molecule of the T cell as well as an antigen on the tumor cell surface thereby facilitating 

tumor recognition and T cell activation (26). The first approved bispecific antibody was Blinatumomab 

for the treatment of acute lymphoblastic leukemia that combines binding of CD3 on T cells with binding 

to CD19 expressed on B cells (27). iii) ICI are immunomodulators able to block the immune checkpoints 

such as programmed cell death 1 protein (PD-1) and cytotoxic T lymphocyte-associated protein 4 

(CTLA-4). The first approved checkpoint inhibitor was Ipilimumab, an anti-CTLA-4 monoclonal 

antibody, followed by the monoclonal antibodies Pembrolizumab and Nivolumab targeting PD-1 (28). 

iv) Engineered T cells are autologous T cells from a patient that are isolated and either genetically 

modified for improved tumor recognition, e.g., anti-CD19 CAR T cells, or simply expanded in vitro, e.g., 

TIL (tumor infiltrating lymphocyte) cell therapy for melanoma, before being transferred back to the 

patients (23, 29). v) Cancer vaccines include several methods to prime the immune system to recognize 

tumor antigens and will be addressed in more detail later in this introduction. 

Most immunotherapeutic approaches depend on the identification and selection of suitable tumor 

antigens, which can be either i) HLA-independent or ii) HLA-dependent. i) HLA-independent tumor 

antigens are generally molecules that are overexpressed or expressed exclusively on the surface of 

malignant cells, e.g. CD19 or CD20 in B cell malignancies. These antigens are relevant as targets for 

therapeutic approaches such as monospecific or bispecific antibodies as well as CAR T cells (30). ii) The 

HLA-dependent tumor antigens are presented as peptides on malignant cells via HLA. Such antigens 

should ideally be tumor specific, i.e., not presented on healthy somatic cells. Furthermore, they must 

be recognized by T cells in order to induce a strong T cell response in the patient. Tumor antigens can 

be divided into three groups: 1. Tumor-associated antigens (TAAs) from non-mutated gene products 

that arise in tumor cells through altered gene expression or protein processing (31, 32). 2. Neoantigens 

derived from tumor-specific mutations (32, 33) and 3. Oncoviral antigens derived from viral proteins 

that exhibit oncogenic properties (32).  

Different strategies are available for the identification of tumor antigens. Whereas, the so-called 

reverse immunology, based on genome and transcriptome analyses (34), predicts algorithm-based 

HLA-presented tumor antigens, the isolation of HLA ligands and their mass-spectrometric analysis (the 
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so-called immunopeptidome analysis) allows for a direct investigation of tumor antigens on the cell 

surface (35). Since numerous studies in recent years have shown that changes at the genome or 

transcriptome level are not directly reflected in the immunopeptidome (36), a direct identification of 

the HLA-presented antigens provides insights on the natural occurrence of the targets for 

immunotherapeutic approaches on the tumor cells. 

Neoantigens are relevant since they are completely tumor exclusive and peripheral tolerance has no 

influence on the T cells recognizing these antigens (37). Peripheral tolerance is the suppression of an 

immune response to self-antigens, which serves to prevent autoimmune diseases (5) but also hinders 

cancer immunity. However, the disadvantage of neoantigens is, on the one hand, their individual, 

patient-specific presentation (38), since only a few tumor entities have a universal mutation pattern. 

On the other hand, only a fraction of tumor-specific mutations is presented as neoantigens via HLA 

molecules on the cell surface and is therefore visible and targetable by the immune system (36). In 

contrast to neoantigens and oncoviral antigens that are highly immunogenic as foreign antigens (39), 

non-mutated TAAs usually require the addition of adjuvants or costimulants to overcome the 

peripheral tolerance of T cells to these overexpressed tumor antigens (40).  

Immunology of infectious disease 

Pathogens spread through different modes of transmission, such as for example droplet spread (e.g., 

common cold), bodily fluids (e.g., human immunodeficiency virus (HIV)) or spores (e.g., Bacillus 

anthracis) (41, 42). Mucosal surfaces are the most abundant point of entry for those pathogens that 

can either colonize on epithelial surfaces after adhesion or pass through them to infect the underlying 

tissues. While many microorganisms are cleared by the innate immune response, the adaptive immune 

system takes over once the innate defenses are overpowered to induce a stronger, more pathogen-

specific response to prevent pathogen spreading or even acute infection. The innate immune system 

keeps supporting the adaptive immune response by presenting pathogen-specific antigens and 

generating an inflammatory milieu through the production of cytokines. To resolve an infection, 

phagocytes and opsonizing antibodies clear extracellular infectious particles, while effector T cells 

remove intracellular infectious residues (1, 5).  

After an effective adaptive immune response, most pathogen-induced infections resolve without 

enduring pathology. Nevertheless, some infectious agents can persist and establish latency, giving 

them the ability to resurface once the immune system is weakened or in response to different stimuli 

(5, 43). This is observed for the Herpes simplex virus type 1 for example, that replicates in mucosal 

epithelial cells following first infection, then infiltrates sensory neurons, and ultimately persists latently 

in neuronal cell bodies invisible to the patrolling immune system (44).  
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To clear the body from a pathogen, the interplay of both effector mechanisms, the cellular and the 

humoral response of the adaptive immune system, is required. The induction of antibody secretion is 

important in removing viruses and preventing them from entering host cells (5). In case of Ebola virus 

infected patients for example, an early and strong antiviral antibody response is crucial for survival, 

irrespective of T cell responses (45). In other cases, such as for Mycobacterium tuberculosis that resides 

inside infected macrophages, T cells are essential for pathogen clearance (46). Determining which of 

the effector mechanisms plays a greater role in host protection against different pathogens is 

paramount for protective measures, such as immunization to prevent infection. 

Vaccination in malignant and infectious diseases 

For centuries, vaccinations have played an essential role in the prevention of infectious diseases by 

training the adaptive immune system, generally B cells that produce antibodies, to recognize and clear 

certain pathogens (5). Nowadays, this principle is also used to specifically induce T cells that target 

tumor cells (47). An important role is attributed to the HLA molecules presenting peptides from 

intracellular and extracellular foreign or altered proteins, e.g., in the case of an infection or in a tumor 

cell. In general, tumor vaccines are therapeutic, whereas vaccines for infectious diseases are 

prophylactic (48). 

Historically, to develop vaccines for the prevention of infectious diseases, researchers screened for 

organisms with attenuated pathogenicity (e.g., rabies vaccine), or used neutralized organisms (e.g., 

polio vaccine), trying to induce a protective immune response thus avoiding disease contraction. Later 

on, vaccines were applied using more processes including inactivated toxins (e.g., bacterial), viral 

vectors, subunit and conjugate vaccines (containing a part of the target pathogen). Nowadays, many 

different vaccination concepts are available to administer the selected infectious and malignant 

disease antigens for specific stimulation of the immune system (5, 49). 

Ribonucleic acid vaccines 

One possible delivery vehicle for tumor and infectious disease antigens is through messenger RNA 

(mRNA) vaccination. The mRNA, encoding the corresponding antigens, can be injected using carriers, 

such as lipid nanoparticles, to improve stability (50). These can be taken up by APCs through 

endocytosis. In the successfully transfected cells, the RNA is translated and transcribed to the encoded 

target antigens. The antigens are then further processed into peptides by the cells and presented to T 

cells via HLAs, resulting in an antigen-specific immune response (51). RNA does not migrate into the 

nucleus but remains in the cytoplasm of the cells, thus it cannot be integrated into the genome, which 

minimizes the risk of vaccine-induced cell degeneration. RNA vaccines are easy and relatively 

inexpensive to produce and therefore offer the possibility of personalized vaccine production (51, 52). 
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One example for targeting malignant disease, is a personalized neoantigen-based RNA vaccine that is 

being tested in patients with locally advanced or metastatic tumors in combination with the ICI 

Atezolizumab in a phase I trial (NCT03289962). After the start of the COVID-19 pandemic at the end of 

2019, the first mRNA vaccine was available under emergency use authorization in December 2021 (53), 

encoding for the prefusion-stabilized spike protein of SARS-CoV-2 (54, 55). 

Vector-based vaccines 

To make use of the natural immunogenicity of viruses, replication-incompetent virus vectors can be 

engineered to infect APCs to make them express either tumor antigens or infectious disease proteins. 

Through the subsequent presentation of tumor or infectious disease antigens to the immune system, 

antigen-specific B and T cells can be induced to combat tumor cells or prevent infection. Several viruses 

have been engineered for use as vectors over the past years, including adenoviruses, poxviruses, 

cytomegaloviruses, herpesviruses, and retroviruses (56-58). A current example for the application of a 

vector-based vaccine approach in cancer is a clinical trial evaluating a chimpanzee adenovirus vector 

encoding 20 patient-specific tumor neoantigens for patients with advanced solid tumors 

(NCT03639714). Vector-based vaccines were also broadly applied to combat COVID-19, with the use 

of the AZD1222 chimpanzee adenovirus-vector vaccine that expresses the spike protein gene of SARS-

CoV-2 (59). 

Peptide-based vaccines 

Peptide vaccination, i.e., the direct application of HLA-presented tumor- or pathogen-specific antigens, 

offers several advantages. Firstly, the peptides, which are only 9-20 amino acids long, are easy and 

inexpensive to produce, and secondly, no additional processing of the peptides needs to take place in 

the patient. Multiple peptides can be applied simultaneously to cover multiple tumor or pathogenic 

antigens and prevent a so-called "immune escape" due to loss of individual antigens (60). Since each 

person expresses individual HLA molecules, it should be noted that the peptide selection must be 

adapted to the patient-individual HLA allotypes. In addition to the production of vaccines restricted to 

certain HLA allotypes, there is the possibility of a completely personalized vaccine, i.e., each patient 

receives a personalized peptide mixture. Pre-produced peptide warehouses according to a modular 

system allow for a cost-effective and less time-consuming assembly of completely individualized 

vaccines (61, 62). Both HLA class I- and class II-restricted peptides can be included in the vaccine 

formulation, and a combination of both is possible and reasonable to activate both cytotoxic and 

helper T cells equally and provide an efficient immune response (60). Multivalent long peptide 

sequences can also be vaccinated which can be further processed in vivo by APCs to both HLA class I 

and class II epitopes. 
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The efficacy of a peptide vaccine depends strongly on the adjuvant administered together with the 

selected antigens, since peptides alone show poor immunogenicity (63). The role of an adjuvant 

includes protection of the peptide and prevention of immediate degradation, efficient uptake by APCs, 

and activation of APCs for optimal subsequent antigen-specific T cell activation and expansion (60). 

The prevention of early degradation of the peptide can be achieved by application in oil solutions, 

liposomes, or nanoparticles. Commonly used adjuvants that optimize peptide uptake and activation of 

APCs are granulocyte-macrophage colony-stimulating factor (GM-CSF) as well as Toll-like receptor 

agonists (60). 

Peptide-based vaccination concepts have been evaluated in recent years for numerous tumor entities 

and viral diseases (61, 64, 65). A wide variety of peptide antigens and adjuvants have been used. For 

example, studies in melanoma and glioblastoma investigating the use of personalized peptide vaccines 

based on neoepitopes demonstrated the induction of strong T cell responses and first indications of 

clinical efficacy (61, 62). In addition, a phase I peptide vaccination study using an HLA-A*02-restricted 

peptide derived from IDO5 demonstrated long-lasting disease stabilization in patients with metastatic 

non-small cell lung cancer (66). For viral diseases, such as Influenza and COVID-19, strong induction of 

T cell responses that are essential for disease control were observed in several studies (64, 65). 

Specific considerations on therapeutic cancer vaccines 

Vaccines for the prevention of infectious diseases are generally highly immunogenic and are usually 

administered to healthy people. For tumor vaccines however, the immunogenicity is reduced and the 

immune system of the patients receiving the vaccine is often weakened. Therefore, in addition to the 

selection of optimal tumor antigens, adjuvants, and application strategies, the timing of application in 

the context of tumor treatment is crucial for the success of tumor vaccines. 

An optimal effector-to-target cell ratio is central for vaccine efficacy in malignant disease. Meaning 

that sufficient functional T cells must be available to eliminate the tumor cells present (67). In 

particular, the adjuvant situation in which a large proportion of tumor cells have been eliminated after 

previous surgery, chemotherapy, or radiation, is a promising setting (68, 69). Activation of the patient's 

immune system after vaccination can combat residual tumor cells and thus prevent recurrence. 

Regarding the required functionality of the immune system, the general immunosuppression caused 

by the tumor, but also the immunosuppressive effects of many tumor therapies should be considered. 

Radiation and chemotherapy, for example, have been described to reduce T cell populations by up to 

80% (70, 71). In this case, a sufficient time interval between initial neoadjuvant treatment and 

immunotherapy, an assessment of the immune status prior to vaccination are necessary. Over the past 



18 
 

years, combinatorial approaches have been gaining research interest, using immunostimulatory 

agents or ICI together with cancer vaccines (72, 73). 

Tumor vaccination offers the potential of targeted immunotherapy allowing for personalization with 

few side effects. Especially in the adjuvant setting after initial reduction of tumor burden, tumor 

vaccines can make a decisive contribution to cancer therapy and prevention of recurrences in the 

future. Furthermore, an optimized selection of suitable tumor antigens, adjuvants, and application 

strategies will improve the clinical efficacy of tumor vaccines in the future and enable their 

introduction into clinical routine. 

Malignant and infectious diseases addressed in this thesis 

Chronic lymphocytic leukemia (CLL) 

CLL is a hematological malignancy that affects the lymphoid lineage and is one of the most common 

types of leukemia. CLL commonly affects elderly patients with a median age of onset of 70 years, and 

males are more susceptible than females. The disease is characterized by the accumulation and clonal 

proliferation of mature CD5+ B cells in the blood, lymph nodes, and bone marrow (74). The 5-year 

survival rate has improved to 86.1 % due to novel treatment methods and is higher than for most other 

cancer types (75).  

Chromosomal alterations are often observed in CLL patients, with around 80% of patients carrying a 

trisomy 12 or deletions in chromosome 13 (del(13q14), approx. 55% of patients), 11 (del(11q)) or 17 

(del(17p)). High-risk patients include patients with TP53 mutation and del(17p) mutations. Another 

mutation that is relevant in CLL patients affects the immunoglobulin heavy-chain variable region gene 

(IGHV). Patients with leukemic clones that have a mutated IGHV (M-CLL), have an improved prognosis 

compared to patients with unmutated IGHV (U-CLL) clones (76).  

Two clinical staging models are available for CLL called Rai and Binet classification. Both describe three 

prognostic groups with low-, intermediate- and high-risk disease. However, nowadays, the CLL 

International Prognostic Index (CLL-IPI), integrating genetic alterations, has become the most 

important prognostic score, using four categories with different 5-year overall survival (OS). For the 

low-risk group treatment-free monitoring is indicated (watch and wait strategy) with a 5-year OS of 

93.2%. The intermediate-risk group has a 5-year OS of 79.3% and is not recommended to receive 

treatment except for highly symptomatic cases. For the high-risk group with a 5-year OS of 63.3%, 

therapeutic intervention is recommended with the exception for asymptomatic cases. And finally, the 

very high-risk group with a low 5-year OS of 23.3% is advised to be treated using novel antibody or 

small molecule approaches instead of chemotherapy (74, 77).  
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Standard therapy changed from conventional chemoimmunotherapy regimens to inhibitors that 

directly inhibit CLL cell signaling, such as the Bruton’s tyrosine kinase (BTK) inhibitor Ibrutinib (77, 78). 

This change led to increased OS, however many patients still experience relapse originating from few 

persisting CLL cells, also known as minimal residual disease (MRD). Many trials are ongoing to find a 

curative treatment by eliminating MRD to further increase life-expectancy while maintaining life-

quality. 

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 

SARS-CoV-2 emerged in December 2019 causing a global pandemic with unprecedented transmission. 

The positive-sense single-stranded ribonucleic acid (RNA) virus belonging to the family of 

coronaviruses, expresses spike proteins on its surface that are essential for host cell penetration by 

binding to the angiotensin-converting enzyme 2 (ACE2) receptor expressed in human cells in various 

tissues (79). Following receptor binding and cellular infiltration, the virus seizes control of the host’s 

cellular machinery to further replicate and spread to surrounding cells (Fig. 3) (80). 

The associated coronavirus disease 2019 (COVID-19) leads to symptoms that resemble common cold 

symptoms, such as fever, sore throat, shortness of breath, cough, and fatigue, but also unique 

symptoms including loss of taste or smell. Increased neutrophil counts and reactive oxygen species 

release, cytokine release syndrome, as well as higher antibody titers targeting different components 

of SARS-CoV-2 have been shown to be associated with severe COVID-19 cases (81). Severe disease can 

lead to pneumonia and acute respiratory distress syndrome (ARDS) that are potentially followed by 

organ failure and death (82). High-risk individuals include the elderly, as well as people with underlying 

medical conditions including diabetes, immunosuppression and heart conditions (83).  

Many public health measures were taken to reduce the spread of SARS-CoV-2 such as the mandatory 

wearing of a medical face mask (84), and social distancing (85). In order to treat patients with severe 

COVID-19 or avoid severe disease in high risk groups, the Food & Drug Administration (FDA) approved 

drugs such as Remdesivir, targeting the RNA polymerase and thereby inhibiting viral RNA transcription, 

or Paxlovid, inhibiting the SARS-CoV-2 main protease and subsequently viral replication (86). Great 

progress was made in vaccine development, leading to the approval of first vaccines targeting the spike 

protein of SARS-CoV-2 with new technologies one year after the outbreak. These vaccines were 

broadly applied and approved to reduce COVID-19 severity, transmission, and infection (87). Despite 

the great achievements through vaccination and treatment options, it is still crucial to understand the 

nature of the immune responses against SARS-CoV-2 after vaccination and infection.  
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Figure 3: Infection and replication mechanism of SARS-CoV-2. After the spike protein binds the host receptor angiotensin-

converting enzyme 2 (ACE2) and host factor TMPRSS2, viral uptake is promoted and viral genomic RNA is uncoated and 

released. This results in the immediate translation of viral proteins. The viral polymerase protein replicase replicates the viral 

RNA, while the structural proteins are translocated into the endoplasmatic reticulum (ER) following translation. The replicated 

positive sense RNA that binds nucleocapsid proteins found in the cytoplasm can then bud into the ER-Golgi intermediate 

compartment (ERGIC) that already carries the structural proteins. The infected cell secretes assembled mature virions 

through exocytosis(80, 88). This figure was created with BioRender. 
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Aim of the thesis 

The immune system is essential to prevent malignant and infectious diseases. Different vaccine 

approaches allow to prime the immune system to recognize and remove either tumor cells or infected 

cells. For CLL, therapeutic success has greatly improved over the past years with small molecules like 

Bruton’s tyrosine kinase inhibitors entering clinical routine, however MRD still leads to early disease 

relapse. Thus, the development of new low side effect immunotherapeutic approaches targeting MRD 

are indispensable. One aim of this thesis was to design a peptide warehouse, composed of CLL-

associated T cell epitopes, for peptide-based immunotherapy in CLL. Therefore, novel CLL-associated 

HLA class I- and HLA class II-restricted peptides were identified by mass spectrometry-based 

immunopeptidome analysis of CLL cells and tested for immunogenicity. Since HLA class II:peptide 

complexes cannot be easily refolded in vitro to functional monomers for de novo CD4+T cell priming 

experiments to prove immunogenicity of potential peptide warehouse candidates, the second aim of 

this thesis was to establish a monocyte-derived DC priming protocol.  

During the COVID-19 pandemic, several different vaccine products were developed resulting in 

different vaccination regimens for the population. These vaccines, aiming for reduced transmission 

and infection rates, relied on known (e.g., vector vaccines) as well as new (mRNA vaccine) vaccination 

concepts, most of them targeting the spike protein of SARS-CoV-2. The third aim of this thesis was to 

analyze the differences in SARS-CoV-2-specific T cell responses depending on the vaccination regimen 

and number of received vaccine doses in healthy volunteers. 

In this thesis, the main focus was laid on the characterization of T cell responses induced by peptide 

candidates for peptide-based vaccination in CLL or by vaccination with different COVID-19 vaccines.  
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Abstract 

Antigen-specific immunotherapies, in particular peptide vaccines, depend on the recognition of 

naturally presented antigens derived from mutated and unmutated gene products on human 

leukocyte antigens, and represent a promising low-side-effect concept for cancer treatment. So far, 

the broad application of peptide vaccines in cancer patients is hampered by challenges of time- and 

cost-intensive personalized vaccine design, and the lack of neoepitopes from tumor-specific 

mutations, especially in low-mutational burden malignancies. In this study, we developed an 

immunopeptidome-guided workflow for the design of tumor-associated off-the-shelf peptide 

warehouses for broadly applicable personalized therapeutics. Comparative mass spectrometry-based 

immunopeptidome analyses of primary chronic lymphocytic leukemia (CLL) samples, as representative 

example of low-mutational burden tumor entities, and a dataset of benign tissue samples enabled the 

identification of high-frequent non-mutated CLL associated antigens. These antigens were further 

shown to be recognized by pre-existing and de novo induced T cells in CLL patients and healthy 

volunteers, and were evaluated as pre-manufactured warehouse for the construction of personalized 

multi-peptide vaccines in a first clinical trial for CLL (NCT04688385). This workflow for the design of 

peptide warehouses is easily transferable to other tumor entities and can provide the foundation for 

the development of broad personalized T cell-based immunotherapy approaches. 

Introduction 

The breakthrough clinical success of T cell-based immunotherapy approaches, including immune 

checkpoint inhibitors, CAR T cells, bispecific antibodies, and adoptive T cell transfer, has recently 

revolutionized the treatment of solid tumors and hematological malignancies. However, some patients 

do not respond to available therapies at all, others only temporarily calling for further efficacy 

improvement of T cell-centered immunotherapies. Peptide-based approaches, which rely on the 

specific immune recognition of tumor-associated human leukocyte antigen (HLA)-presented peptides, 

represent promising alternatives with low side effects. Targeting mutation-derived neoepitopes by 

vaccination in melanoma – a high-mutational burden tumor entity – has demonstrated 

immunogenicity and first clinical efficacy (1). However, only a minority of mutations at the DNA level 

is translated and naturally processed to HLA-presented neoepitopes targetable for T cells (2, 3). Non-
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mutated tumor-associated antigens, arising through differential gene expression or protein processing 

in tumor cells, might supplement or even substitute neoepitope targeting in low-mutational burden 

malignancies. Whereas a huge number of clinical studies have shown immune responses, including 

strong CD8+ T cell responses, to vaccines targeting non-mutated tumor antigens, so far, all performed 

trials failed to show meaningful clinical results (4-10). Nonetheless, several studies showed a 

pathophysiological relevance of these tumor antigens, correlating spontaneous, pre-existing as well as 

immune checkpoint inhibitor-induced T cell responses, targeting non-mutated tumor antigens with 

improved clinical outcome of malignancies (11-14). Therefore, the usage of novel technologies and 

methods, to unravel and resolve the underlying issues and limitations of non-mutated antigen-based 

vaccines, might enable that T cell responses, induced or boosted by these vaccines, may result in 

clinical effectiveness in the future (15).  

One issue of former peptide-vaccine trials was the selection of non-mutated tumor antigens that were 

not proven to be naturally presented on the tumor cell surface of the individual patients. For multiple 

of the applied “classical” tumor antigens novel analyses showed a distorted correlation of tumor-

associated presentation on mRNA level, and limited or even lacking presentation on cell surface HLA 

(16-22). 

In recent years, characterization of naturally presented mutated and non-mutated tumor antigens was 

refined using direct, mass spectrometry-based analyses of the entirety of HLA ligands termed the 

immunopeptidome (13, 20-25). While mass spectrometric identification of neoepitopes remains rare 

with inter-individual heterogeneity and requires a time- and cost-intensive fully personalized vaccine 

design (1), distinct panels of high-frequent non-mutated tumor-associated antigens have been 

previously identified (13, 20-24). Such panels could enable the construction of off-the-shelf pre-

manufactured peptide warehouses for the design of broadly applicable personalized therapeutics, 

such as multi-peptide vaccines or products for adoptive T cell transfer, that could be assembled based 

on patient-individual characteristics. To evaluate this concept in chronic lymphocytic leukemia (CLL) as 

representative example of an immunogenic, low-mutational burden malignancy (26, 27), we here 

developed a widely applicable workflow for the immunopeptidomics-guided design of such a 

warehouse, that provides the basis for the selection of personalized multi-peptide vaccine cocktails for 

a first-in-man clinical trial (NCT04688385). 

Materials and Methods 

Patients and Blood Samples 

Peripheral blood mononuclear cells (PBMCs) from CLL patients as well as PBMCs from healthy 

volunteers (HVs) were isolated by density gradient centrifugation and stored at -80°C until further use 

for subsequent HLA immunoprecipitation or T cell-based assays. For immunopeptidome analysis, 
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PBMCs from CLL patients with white blood cell counts ≥ 20,000 per µl were used. Informed consent 

was obtained in accordance with the Declaration of Helsinki protocol. The study was performed 

according to the guidelines of the local ethics committees (373/2011B02, 454/2016B02, 

406/2019BO2). HLA typing of CLL patient samples was carried out by the Department of Hematology 

and Oncology, Tübingen, Germany. Patient characteristics of the immunopeptidome cohort (n = 61) 

are provided in Table S1. Sample characteristics of the immunogenicity cohort (n = 51) are provided in 

Table S2. 

Isolation of HLA Ligands 

HLA class I and HLA class II molecules were isolated by standard immunoaffinity purification (28) using 

the pan-HLA class I-specific monoclonal antibody W6/32, the pan-HLA class II-specific monoclonal 

antibody Tü-39, and the HLA-DR-specific monoclonal antibody L243 (all produced in-house) to extract 

HLA ligands. 

Analysis of HLA Ligands by Liquid Chromatography-Coupled Tandem Mass Spectrometry (LC-MS/MS) 

Isolated peptide samples were analyzed as described previously (13, 29). Peptides were separated by 

nanoflow high-performance liquid chromatography. Eluted peptides were analyzed in an online-

coupled LTQ Orbitrap XL or Orbitrap Fusion Lumos mass spectrometer (both Thermo Fisher, Waltham, 

Massachusetts, USA). 

Data Processing 

Data processing was performed as described previously (13, 29). The Proteome Discoverer (v1.3, 

Thermo Fisher) was used to integrate the search results of the SequestHT search engine (University of 

Washington) (30) against the human proteome (Swiss-Prot database, 20 279 reviewed protein 

sequences, September 27th 2013) accompanied with recurrent somatic CLL-associated mutations in 

61 different proteins (Table S3) as described in the literature (31, 32) and assigned in the COSMIC 

database (http://cancer.sanger.ac.uk) (33) without enzymatic restriction. Precursor mass tolerance 

was set to 5 ppm. Fragment mass tolerance was set to 0.5 Da for ion trap spectra (LTQ Orbitrap XL) 

and 0.02 Da for orbitrap spectra (Orbitrap Fusion Lumos). Oxidized methionine was allowed as dynamic 

modification. The false discovery rate (FDR), estimated by the Percolator algorithm 2.04 (34) was 

limited to 5% for HLA class I- and 1% for HLA class II-presented peptides. HLA class I annotation was 

performed using SYFPEITHI 1.0 (35) and NetMHCpan 4.0 (36, 37).  

Peptide Synthesis 

Peptides were produced by the peptide synthesizer Liberty Blue (CEM, Kamp-Lintfort, Germany) using 

the 9-fluorenylmethyl-oxycarbonyl/tert-butyl strategy (38). Peptides for the peptide warehouse were 

selected with regard to a subsequent good manufacturing practice (GMP) and manufacturing license 
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conform production process, including peptide length restriction of 20 amino acids, avoiding cysteine-

containing peptides as well as peptides with histidine or proline at the C-terminus. 

Spectrum Validation 

Spectrum validation of the experimentally eluted peptides was performed by computing the similarity 

of the spectra with corresponding synthetic peptides measured in a complex matrix. The spectral 

correlation was calculated between the MS/MS spectra of the eluted and the synthetic peptide (39). 

Amplification of Peptide-Specific T Cells and Interferon- (IFN-) Enzyme-Linked Immunospot 

(ELISpot) Assay 

PBMCs from CLL patients were treated with 1 µg/ml anti-human PD-1 monoclonal antibody (CD279, 

catalog no.14-2799-80, Invitrogen, Carlsbad, CA, USA) and 1 µg/ml anti-human CTLA-4 monoclonal 

antibody (CD152, catalog no.16-1529-82, Invitrogen) for one hour before pulsing with 1 µg/ml or 5 

µg/ml per HLA class I or HLA class II peptide, respectively. Negative control peptides with the respective 

HLA restrictions were also used for stimulation: YLLPAIVHI for HLA-A*02 (source protein: 

DDX5_HUMAN), KYPENFFLL for HLA-A*24 (source protein: PP1G_HUMAN), TPGPGVRYPL for HLA-B*07 

(source protein: NEF_HV1BR) and ETVITVDTKAAGKGK for HLA class II (source protein: FLNA_HUMAN). 

Cells were cultured for 12 days adding 20 U/ml IL-2 (Novartis, Basel, Switzerland) on days 2, 5, and 7 

(13, 22). Peptide-stimulated PBMCs were analyzed by IFN- ELISpot assay on day 12 (23, 40). Spots 

were counted using an ImmunoSpot S6 analyzer (CTL, Cleveland, OH, USA) and T cell responses were 

considered positive when > 10 spots/500,000 cells were counted, and the mean spot count was at 

least three-fold higher than the mean spot count of the negative control. 

Refolding 

Biotinylated HLA:peptide complexes were manufactured as described previously (41) and tetramerized 

using PE-conjugated streptavidin (Invitrogen) at a 4:1 molar ratio. 

Induction of Peptide-Specific CD8+ T Cells with Artificial Antigen-Presenting Cells (aAPCs) 

Priming of peptide-specific cytotoxic T lymphocytes was conducted using aAPCs as described 

previously (42). In detail, 800,000 streptavidin-coated microspheres (Bangs Laboratories, Fishers, 

Indiana, USA) were loaded with 200 ng biotinylated HLA:peptide monomer and 600 ng biotinylated 

anti-human CD28 monoclonal antibody (clone 9.3, in-house production). CD8+ T cells were cultured 

with 4.8 U/µl IL 2 (R&D Systems, Minneapolis, MN, USA) and 1.25 ng/ml IL 7 (PromoKine, Heidelberg, 

Germany). Weekly stimulation with aAPCs (200, 000 aAPCs per 1 × 106 CD8+ T cells) and 5 ng/ml IL-12 

(PromoKine) was performed four times.  
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Cytokine and Tetramer Staining 

The functionality of peptide-specific CD8+ T cells was analyzed by intracellular cytokine staining (ICS) 

as described previously (40, 43). Cells were pulsed with 10 μg/ml of individual peptide and incubated 

with FITC anti-human CD107a (BioLegend, San Diego, CA, USA) for one hour before incubating with 10 

μg/ml Brefeldin A (Sigma-Aldrich, Saint Louis, MO, USA) and 10 μg/ml GolgiStop (BD, Franklin Lakes, 

NJ, USA) for 12-16 h. Staining was performed using aqua fluorescent reactive dye (Invitrogen), 

Cytofix/Cytoperm (BD), PE-Cy7 anti-human CD8 (Beckman Coulter, Brea, CA, USA), Pacific Blue anti-

human tumor necrosis factor (TNF), and PE anti-human IFN- (Biolegend) monoclonal antibodies. PMA 

and ionomycin (Sigma-Aldrich) served as positive control. Negative control peptides were used as 

described for the ELISpot assays. The frequency of peptide-specific CD8+ T cells after aAPC-based 

priming was determined by PE-Cy7 anti-human CD8 monoclonal antibody and HLA:peptide tetramer-

PE staining. Cells of the same donor primed with an irrelevant control peptide and stained with the 

tetramer containing the test peptide were used as negative control. The priming was considered 

successful if the frequency of peptide-specific CD8+ T cells was ≥ 0.1% of CD8+ T cells within the viable 

single cell population and at least three-fold higher than the frequency of peptide-specific CD8+ T cells 

in the negative control. The same evaluation criteria were applied for ICS results. Samples were 

analyzed on a FACS Canto II cytometer (BD). 

Software and Statistical Analysis 

An in-house Python script was used for the calculation of FDRs of CLL-associated peptides at different 

presentation frequencies (13). Overlap analysis was performed using BioVenn (44). The population 

coverage of HLA allotypes was calculated by the IEDB population coverage tool (www.iedb.org) (45, 

46). Flow cytometric data was analyzed using FlowJo 10.0.8 (Treestar, Ashland, Oregon, USA). All 

figures and statistical analyses were generated using GraphPad Prism 9.0.2 (GraphPad Software, San 

Diego, CA, USA). 

Results 

Mass Spectrometry-Based Identification of Naturally Presented CLL-Associated Antigens 

In the first step of our workflow for the definition of an off-the-shelf peptide warehouse (Fig. 1A), we 

comprehensively mapped the immunopeptidome of 61 primary CLL samples (n = 52 for HLA class I, n 

= 49 for HLA class II; Table S1). We identified a total of 58,554 unique HLA class I ligands representing 

10,854 source proteins, obtaining 96% of the estimated maximum attainable source protein coverage 

(Fig. 1B). The number of identified unique peptides per patient ranged from 527 to 9,530 (mean 3,035; 

Table S4). For HLA class II, we identified 70,525 different peptides (range 575-10,392, mean 3,842 per 

sample; Table S4) derived from 6,074 source proteins, achieving 85% of maximum attainable coverage 

(Fig. S1A).  
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Figure 1: Comparative immunopeptidome profiling identifies CLL-associated antigens. (A) Mass spectrometry-based 

workflow for the design of a CLL-associated immunopeptidome-derived peptide warehouse. (B) Saturation analysis of source 

proteins of HLA class I-presented peptides. Number of unique source protein identifications shown as a function of cumulative 

immunopeptidome analysis of CLL samples (n = 52). Exponential regression allowed for the robust calculation of the 

maximum attainable number of different source protein identifications (dotted line). The dashed red line depicts the source 

proteome coverage achieved in the CLL cohort. (C) HLA-A*02, -A*24, and -B*07 allotype coverage within the CLL cohort (n = 

61). The frequencies of individuals within the CLL cohort carrying up to three HLA allotypes (x-axis) are indicated as gray bars 

on the left y-axis. The cumulative percentage of population coverage is depicted as black dots on the right y-axis. (D, E) 

Overlap analysis of (D) HLA-A*02- and (E) HLA class II-restricted peptide identifications of primary CLL samples (D, n = 30; E, 

n = 49) and benign tissue samples (D, n = 351 including 162 HLA-A*02+; E, n = 312). (F, G) Comparative immunopeptidome 

profiling of (F) HLA-A*02- and (G) HLA class II-presented peptides based on the frequency of HLA-restricted presentation in 

immunopeptidomes of CLL and benign tissue samples. Frequencies of positive immunopeptidomes for the respective HLA-

presented peptides (x-axis) are indicated on the y-axis. To allow for better readability, HLA-presented peptides identified in 

< 5% of the samples within the respective cohort were not depicted. The box on the left highlights the subset of CLL associated 

antigens that show CLL-exclusive high-frequent presentation. IDs, identifications. 

For the identification of broadly applicable non-mutated CLL-associated antigens, we focused on 

antigens presented by the common allotypes HLA-A*02, -A*24, and -B*07. In total, 87% (53/61, 61% 

A*02+, 28% A*24+, 28% B*07+) of CLL patients in our cohort carry at least one of the selected HLA class 

I allotypes (Fig. 1C). In comparison, 76% of patients included in a previous CLL peptide vaccination trial 

(NCT02802943), 68% of the European population, and 61% of the world population carry one or more 

of these HLA allotypes (Fig. S1B-D). Allotype-specific immunopeptidome analysis revealed 8,575 
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unique HLA-A*02- (range 82-3,723, mean 1,121 per sample), 5,280 unique HLA-A*24- (range 134-

1,926, mean 1,042 per sample), and 5,780 unique HLA-B*07-restricted (range 223-2,933, mean 1,140 

per sample) peptides derived from 5,020, 3,813, and 3,886 source proteins achieving 89%, 85%, and 

86% of the estimated maximum attainable protein coverage, respectively (Fig. S1E-G and Table S4). 

For comparative immunopeptidome profiling we utilized a dataset of benign hematological and non-

hematological (www.hla-ligand-atlas.org) tissue samples (n = 351 for HLA class I, n = 312 for HLA class 

II) including 162 HLA-A*02+, 39 HLA-A*24+, and 63 HLA-B*07+ samples, comprising 97,738 unique HLA 

class I- and 168,060 HLA class II-presented peptides. Overlap analysis of the total HLA class I 

immunopeptidome of the CLL cohort with the benign tissue cohort revealed 23,676 peptides to be 

exclusively presented on CLL samples and never on benign tissue samples (Fig. S1H). Allotype-specific 

overlap analysis with the entirety of benign tissue-derived immunopeptidomes revealed 2,774 HLA-

A*02-, 1,440 HLA-A*24-, and 1,450 HLA-B*07-presented peptides detected exclusively on CLL samples 

(Fig. 1D and Fig. S1I,J). For HLA class II, overlap analysis identified 42,314 peptides to be CLL-exclusive 

(Fig. 1E). At a target-definition FDR of < 1%, a total of 393 HLA A*02-, 168 HLA-A*24-, and 127 HLA-

B*07-restricted ligands with allotype-specific representation frequencies up to 73%, 81%, and 60%, 

respectively, and 3,970 HLA class II-restricted peptides with frequencies up to 59% were identified (Fig. 

1F,G, Fig. S1K,L and Fig. S2). 

The Role of Neoantigens in the Immunopeptidome of CLL 

In addition to the identification of high-frequent non-mutated tumor-associated peptides, we 

screened our CLL cohort for naturally presented neoepitopes derived from common CLL-associated 

point and frameshift mutations (95 point and 3 frameshift mutations within 61 different genes 

representing 85 different mutation sites, Table S3). Even though these mutations potentially provide 

HLA binding motifs for several HLA allotypes, no naturally HLA-presented neoepitopes were identified 

in our immunopeptidome analyses. Of note, we were able to identify wild-type peptides derived from 

57/61 (93%) mutation-bearing proteins in benign and/or CLL immunopeptidomes with an average of 

15 and 11 HLA class I- and HLA class II-presented peptides per protein, respectively. However, only 

17/85 (20%) mutation sites are covered directly by wild-type peptides as most of the recurrent CLL-

associated mutations are located in “dark spots” of the immunopeptidome, defined as protein regions 

without any detectable HLA-presented peptides (Fig. 2A,B). 
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Figure 2: Immunopeptidome coverage of common CLL mutation sites and spectral validation of CLL-associated peptides. 

(A, B) Hotspot and dark spot analysis by HLA class I (above x-axis) and HLA class II (below x-axis) peptide clustering. All 

identified HLA class I- and HLA class II-presented peptides of the CLL and benign tissue immunopeptidomes were mapped to 

their amino acid positions within the respective source protein. Representative examples are shown for (A) XPO1 and (B) 

DNS2A. Representation frequencies of amino acid counts for the respective amino acid position (x-axis) were calculated and 

are indicated on the y-axis. The red lines highlight the analyzed mutation sites of recurrent CLL-associated mutations. (C, D) 

Representative examples of the validation of the experimentally eluted (C) HLA class I-restricted peptide P1B07 and (D) the 

HLA class II-restricted peptide P2II using synthetic isotope-labeled peptides. Comparison of fragment spectra (m/z on the x-

axis) of peptides eluted from primary CLL patient samples (identification) to their corresponding synthetic peptides 

(validation). The spectra of the synthetic peptides are mirrored on the x-axis. Identified b- and y-ions are marked in red and 

blue, respectively. The calculated spectral correlation coefficients are depicted on the right graph, respectively. aa, amino 

acid; npep, number of peptides. 

Definition of Peptide Warehouse 

For the setup of a broadly applicable peptide warehouse, we focused on the 532 non-mutated peptides 

presented by ≥ 20% of (HLA-matched) CLL samples comprising 82 HLA-A*02-, 105 HLA-A*24-, 127 HLA 

B*07-, and 218 HLA class II-restricted peptides (Tables S5-S8). For HLA class II, 184/218 (84%) peptides 

showed length variants (> 50% overlap) that were presented on benign samples and were therefore 

omitted. 

To enable the peptide warehouse production for clinical application, further selection steps, including 

approval of producibility, solubility, and stability of target antigens under GMP conditions, delineated 

a 14-peptide panel (Table 1) comprising 9 HLA class I- (3 for each allotype) and 5 HLA class II-restricted 

CLL-exclusive high-frequent target antigens. Experimentally acquired spectra of the selected peptide 

identifications were validated by comparison of mass spectrometric fragment spectra using isotope-

labeled synthetic peptides (Fig. 2C,D and Fig. S3). 
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Table 1: Immunogenicity of CLL-associated warehouse peptides.  

Peptide 
ID 

Sequence 
Source 
protein 

HLA 
restriction 

Peptide 
length 

Allotype-
specific 

frequency 

T cell 
response in 

CLL 

In vitro 
CD8+ T cell 
priming in 

HVs 

Functionality of 
peptide-specific T cells 
after in vitro priming 

P1A02 VIAELPPKV IGHM A*02 9 47% 0/19 (0%) 3/3 TNF+ 

P2A02 ALHRPDVYL IGHM A*02 9 40% 0/19 (0%) 3/3 TNF+ 

P3A02 TLDTSKLYV RGRF1 A*02 9 37% 0/19 (0%) 3/3 IFN-+ TNF+  

P1A24 GYMPYLNRF SWP70 A*24 9 56% 0/14 (0%) 3/3 IFN-+ TNF+  

P2A24 KYSKALIDYF AFF3 A*24 10 50% 0/14 (0%) 2/3 IFN-+ TNF+  

P3A24 RHTGALPLF SI1L3 A*24 9 50% 0/14 (0%) 3/3 IFN-+ TNF+ CD107a+  

P1B07 SPRVYWLGL CL17A B*07 9 53% 4/14 (29%) 3/3 IFN-+ TNF+ CD107a+  

P2B07 RPSNKAPLL EHMT1 B*07 9 47% 0/14 (0%) 3/3 IFN-+ TNF+ CD107a+  

P3B07 LPRLEALDL TLR9 B*07 9 40% 4/14 (29%) 3/3 IFN-+ TNF+ CD107a+  

P1ll GSSFFGELFNQNPE CHST2 class II 14 59% 4/10 (40%) - - 

P2ll QPPDWLQGHYLVVRYEDL CHST2 class II 18 29% 5/10 (50%) - - 

P3ll YPDRPGWLRYIQRTPYSDG SGCE class II 19 27% 2/10 (20%) - - 

P4ll DHAQLVAIKTLKDYNNPQ ROR1 class II 18 24% 0/10 (0%) - - 

P5ll LLLILRDPSERVLSDY HS3S1 class II 16 24% 3/10 (30%) - - 

ID, identification; HVs, healthy volunteers. 

Warehouse Peptides Show Pre-Existing and De Novo Inducible Immune Responses in CLL Patients 

and HVs  

In the final step, selected peptide targets were analyzed for their immunogenicity, i.e., their potential 

to induce antigen-specific T cell responses. Using aAPC-based in vitro priming of naive CD8+ T cells of 

HLA-matched HVs, we confirmed induction of peptide-specific CD8+ T cells for all 9 HLA class I peptides 

in at least 2/3 HVs (Fig. 3A, Fig. S4A,B, Table 1). Intracellular cytokine and degranulation marker staining 

revealed induction of multifunctional peptide-specific T cells for 7/9 (78%) peptides (Fig. 3B, Fig. S4C,D, 

Table 1). Moreover, IFN- ELISpot assays, using PBMCs from HLA-matched CLL patients, revealed 

preexisting peptide-specific memory T cells targeting 2/9 (22%) and 4/5 (80%) HLA class I- and HLA 

class II-restricted warehouse peptides in up to 29% and 50% of CLL patient samples, respectively (Fig. 

3C,D, Fig. S5 and Table 1). In total, we validated 13/14 (93%) of the preselected naturally presented 

CLL associated HLA class I- and HLA class II-restricted peptides as immunogenic, with either pre-existing 

or de novo inducible immune responses, unveiling these as ideal targets for peptide-based 

immunotherapy approaches. 
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Figure 3: Immunogenicity analyses of CLL-associated peptides. (A) Representative example of P3B07-specific tetramer 

staining of CD8+ T cells after 4 cycles of aAPC-based in vitro priming. Graphs show single, viable cells stained for CD8 and PE-

conjugated multimers of indicated specificity. The upper panel displays P3B07-tetramer staining of T cells primed with P3B07. 

The lower panel (negative control) depicts P3B07-tetramer staining of T cells from the same donor primed with an HLA-

matched irrelevant control peptide. (B) Functional characterization of induced P1B07-specific CD8+ T cells after in vitro aAPC-

based priming by intracellular cytokine (IFN-, TNF) and degranulation marker (CD107a) staining. Representative example of 

IFN- and TNF production as well as CD107a expression after stimulation with the peptide P1B07 compared to an HLA-matched 

negative control peptide. (C, D) Representative examples of preexisting T cell responses to (C) HLA-B*07- and (D) HLA class 

II-restricted peptides as evaluated by IFN- ELISpot assays after 12-day in vitro expansion using PBMC samples of CLL patients 

(C, UPN064; D, UPN066). Data are presented as scatter dot plot with mean. FSC, forward scatter; Neg, negative control; Pos, 

positive control. 

Discussion 

We present a novel workflow for the immunopeptidomics-guided design of off-the-shelf peptide 

warehouses, here applied to CLL as a representative of low-mutational burden tumor entities. The 
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mass spectrometry-based characterization of high-frequent, non-mutated, tumor-associated, and 

immunogenic antigens naturally presented on primary CLL samples enables the development of a 

personalized peptide-based immunotherapy in a time- and cost-effective manner and can be easily 

transferred to other tumor entities. 

The treatment landscape for CLL has faced profound changes with the development and clinical 

success of targeted therapies in the past years (47, 48), including the Bruton’s tyrosine kinase (BTK) 

inhibitor ibrutinib (49). However, beside the combination of anti-CD20 antibodies and venetoclax, all 

novel substances require continuous treatment bearing the risk of therapy resistance and 

accumulation of side effects. Current efforts are now focusing on the further and earlier elimination of 

minimal residual disease (MRD) to allow for reduced treatment duration and the therewith associated 

side effects, as well as the achievement of long-lasting remission and potential cure in the future. The 

favorable immune effector-to-target cell ratios in the MRD setting and the immunogenicity of CLL (26, 

27) suggest that this malignancy might be effectively targeted by peptide-based immunotherapy. 

For the clinical application of such approaches three different strategies have been proposed. (i) 

Stratification, applying an invariant drug product to every patient, seems unsuitable due to the patient-

individual HLA allotypes. Therefore, such an approach must focus on very common HLA allotypes 

thereby excluding a substantial proportion of patients. In addition, as shown by us and others, even in 

allotype-matched patients of the same entity, presentation of tumor-associated peptides is not given 

in 100% of tumors, calling for more personalized approaches of target selection (21, 50). However, the 

broad applicability of (ii) completely individualized peptide vaccine concepts is hampered, since these 

are based on time- and cost-intensive patient-specific identification and selection processes and on-

demand de novo drug production (1, 5, 51). The approach of (iii) peptide warehouse design, comprising 

a collection of pre-defined and pre-manufactured high-frequent tumor-associated peptides, enables 

the subsequent composition of patient-specific vaccine cocktails based on individual characteristics (5, 

10, 52).  

In recent years, multiple peptide vaccination approaches were focused on the targeting of neoepitopes 

from tumor mutations as prime tumor-specific targets. For tumor entities with high mutational 

burden, such as melanoma, high immunogenicity and first signs of clinical efficacy have been 

demonstrated (1, 53). However, only a minority of mutations at the DNA sequence level is translated 

and processed to naturally presented HLA-restricted neoepitopes that can be targeted by T cells (2, 

16, 54, 55). This is in line with our data demonstrating the lack of naturally presented neoantigens in 

the immunopeptidome of CLL. Together with recent immunopeptidomic studies (16, 21, 56) we 

showed that HLA-presented peptides are not randomly distributed across protein sequences but 

rather show “hotspot” locations of presentation. Most of the recurrent CLL-associated mutations are 

located in “dark spots” of the immunopeptidome, defined as protein regions without any detectable 
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HLA-presented peptides, explaining the rare detection of neoepitopes especially in low mutational 

burden entities. The underlying reasons for the occurrence of such hotspots and corresponding dark 

spots still remain ambiguous but might include differential proteasomal cleavage, peptide processing, 

and HLA-binding (16, 56, 57). Thus, the role of neoantigen-based T cell responses in tumor entities with 

low-mutational burden remains obscure, calling for the application of alternative targets in peptide-

based immunotherapy approaches (1-3). Non-mutated tumor peptides, arising through altered gene 

expression or protein processing in the tumor cells have been suggested as vaccine targets for many 

years (4-10, 13, 58, 59). However, although numerous clinical trials reported peptide-specific T cell 

induction upon vaccination with non-mutated tumor antigens, no correlation with clinical activity was 

shown and no meaningful clinical results were achieved (4-10). Nevertheless, there are two main 

points that prompt us and others, despite former disappointing clinical data, to use novel technologies 

and methods to unravel and resolve the underlying issues and limitations of non-mutated antigen-

based vaccines: (i) Several studies report on the existence of spontaneous preexisting T cell responses 

targeting non-mutated tumor antigens and their correlation with beneficial clinical outcome, 

suggesting a pathophysiological relevance of these immune responses in vivo (11-14) and (ii) recent 

data show that immune checkpoint inhibitor-mediated T cell responses are not only targeting 

neoepitopes but also non-mutated tumor antigens (60-62). 

Several unmet issues that hamper the development of effective peptide vaccines have been identified 

in recent years and need to be considered and addressed during future peptide vaccine design. These 

include target antigen selection, time points of application, and selection of combinatorial drugs (15, 

63). Within this study we aimed to address one obvious and often discussed issue of former vaccination 

trials, where peptide selection included non-mutated tumor antigens that were never proven to be 

naturally presented on the tumor cell surface of the individual patients. For multiple of the applied 

“classical” tumor antigens novel analyses showed a distorted correlation of tumor-associated 

presentation on mRNA level, and limited or even lacking presentation on the immunopeptidome level 

(16-22) highlighting that the immunopeptidome is an independent complex layer formed by the 

antigen presentation machinery, and does not necessarily mirror the transcriptome or proteome. 

Therefore, it is essential to use direct methods of peptide target identification (64). This can be realized 

by mass spectrometry-based analysis of the entirety of naturally presented HLA ligands, termed the 

HLA ligandome or immunopeptidome of cancer cells (65). In recent years, we and others worked 

intensively on the characterization of such naturally presented tumor-associated peptides based on 

the direct isolation of HLA class I- and class II-presented ligands from tumor cells and the subsequent 

identification by mass spectrometry (21-24, 66, 67). Our approach allowed the identification of distinct 

panels of high-frequent non-mutated tumor peptides across multiple donors. 
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In addition to cytotoxic CD8+ T cells, CD4+ T cells play important direct and indirect roles in anti-cancer 

immunity (68) and therefore are indispensable for vaccination approaches. Consequently, the here 

described workflow comprises target selection of multiple HLA class I- and HLA class II-presented 

peptides to prevent antigen loss and reduce the risk of immune escape, which often occurs under 

therapeutic pressure (69, 70). Furthermore, the promiscuous binding motifs of HLA class II molecules 

enable a broad allotype-independent application of these peptides.  

Moreover, the detection of preexisting memory T cell responses targeting our warehouse peptides 

underscores the pathophysiological relevance of our selected antigen targets for immune surveillance 

in CLL. 

Further limitations of peptide vaccines in general, and in particular of non-mutated antigen vaccine 

peptides, comprise tumor evasion, immune-editing and immune cell exhaustion (71). Increased 

numbers of regulatory T cells (Treg) have been associated with a worse outcome of vaccination, both in 

mice and patients (72, 73). In addition, peripheral tolerance limits the available T cell repertoire 

capable of recognizing cancer cells with high affinity. T cell recruitment is often impaired by an 

immunosuppressive tumor environment (74) and the aberrant tumor vasculature actively suppresses 

the access of cancer-specific T cells (75), which limits therapeutic vaccine efficacy. Therefore, 

combinatorial approaches to further improve vaccine-induced effects are currently being investigated. 

These include strategies to deplete or modulate Tregs (7, 76-80) as well as the development of modified, 

so-called heteroclitic, vaccine peptides to enhance low-affinity T cells (81, 82). Furthermore, to 

overcome limited T cell function and recruitment, combinatorial approaches with immune checkpoint 

inhibitors (83, 84) as well as with direct or indirect microenvironment modifiers, such as MEK or PARP 

inhibitors as well as VEGF-targeting antibody- or inhibitor-based therapies, are already evaluated (85). 

The importance of a rational selection of combinatorial drugs was recently demonstrated in a phase III 

peptide vaccination study (86), which failed to confirm the vaccine-induced immune responses and 

clinical outcome reported in the preceding phase II trial (7). Here, the combination of the peptide 

vaccine with the tyrosine kinase inhibitor sunitinib, for which a negative impact on T cell responses 

was described (87), was suggested as an underlying reason. In contrast, a supporting and positive effect 

on T cell functionality was proven for other tyrosine kinase inhibitors, such as ibrutinib (88-90), 

suggesting this BTK inhibitor as a potential combination drug for peptide vaccines in CLL patients. 

Together, this study presents a mass spectrometry-based workflow for the design of an 

immunopeptidome-derived off-the-shelf CLL-associated peptide warehouse, which is currently being 

evaluated within a first personalized multi-peptide vaccine trial in combination with the novel adjuvant 

XS15 (91) in CLL patients under ibrutinib treatment (iVAC-XS15-CLL01, NCT04688385). Integrating next 

generation developments and insights, in terms of antigen selection, interaction of tumor cells with 

the immune system and rational selection of combination therapies, we aim to contribute a further 
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step on the way to clinically effective peptide vaccinations with this study. Our warehouse design 

concept is further easily transferable to other tumor entities, enabling the construction of broadly 

applicable peptide warehouses, which provide the foundation for the development of time- and cost-

effective personalized T cell-based immunotherapy approaches.  
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Chapter 2 

Optimization of CD4+ T cell priming using 

monocyte-derived dendritic cells 
 

Introduction 

In order to combat cancer, several immunotherapeutic approaches have been developed over the 

years to direct the immune system against tumor cells (1). One low-side effect approach to induce 

tumor-targeting T cells is peptide-based vaccination. However, to induce clinically effective responses 

the antigen selection is crucial. To determine if HLA class I- and HLA class II-restricted peptides are 

suitable targets for peptide-based vaccination approaches, immunogenicity, i.e., recognition of the 

peptide by T cells needs to be proven (2, 3). As described in the first chapter of this thesis, IFN- ELISpot 

assays after 12-day in vitro expansion using PBMCs of cancer patients as well as of healthy volunteers 

represent one approach for immunogenicity screening to reveal pre-existing peptide-specific memory 

T cells. Another approach is the de novo induction of peptide-specific T cells from naïve T cells. For HLA 

class I-restricted peptides, in vitro priming with aAPCs allow to demonstrate immunogenicity of a 

specific peptide by de novo induction of peptide-specific CD8+ T cells.  

In contrast to HLA class I, HLA class II molecules show high promiscuity with regard to peptide binding, 

that results in a broader peptide presentation with less strict HLA restriction (2, 4). Thus, one HLA class 

II peptide could induce CD4+ T cell responses in patients with different HLA class II allotypes. Since HLA 

class II typing of healthy volunteer and patient samples is a time and cost factor, and commercially 

available MHC class II monomers are restricted to a limited number of alleles not guaranteeing TCR 

cross-recognition (5), an alternative option consists in the priming of naïve CD4+ T cells using 

autologous monocyte-derived dendritic cells (MoDCs).  

This chapter focuses on the establishment of a MoDC-based priming protocol for the induction of de 

novo peptide-specific CD4+ T cells, to prove the immunogenicity of a fusion protein-derived peptide.  

Materials and Methods 

Preliminary MoDC Priming Protocol 
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PBMC Isolation and CD14+ Cell Separation 

On day one, PBMCs from healthy donors were isolated by density gradient centrifugation and CD14+ 

cells were separated by performing magnetic activated cell sorting (MACS) using CD14 MircoBeads 

(Miltenyi Biotec) as described by the manufacturer. CD14- cells were cultured in T cell medium (TCM; 

IMDM with 1% penicillin-streptomycin, 0.05 % gentamycin, 0.05% 0.1 M ß-mercaptoethanol, 5 % 

Seraclot Human Serum) containing 10 U/ml IL-2 (R&D Systems) and 2.5 ng/ml IL-7 (PromoCell). While 

CD14+ cells were cultured in TCM containing 100 ng/ml granulocyte-macrophage colony stimulating 

factor (GM-CSF) and 40 ng/ml IL-4 (MoDC CytoBox, Miltenyi Biotec). 

Isolation of naïve CD4+ T cells 

On day 3, the CD14- cells were harvested before performing a CD4+ T cell MACS using the naïve CD4+ T 

cell isolation kit II (Miltenyi Biotec) as described by the manufacturer. In one well of a 12-well plate, 

1x107 CD4+ T cells were cultured in 1 ml of TCM containing 10 U/ml IL-2 (R&D Systems) and 2.5 ng/ml 

IL-7 (PromoCell). The CD4- cell fraction was frozen and stored at -80°C for the use as APCs in case 

MoDCs were insufficient for a total of 4 rounds of stimulation. 

Differentiation and maturation of MoDCs 

On day 4, CD14+ cells were differentiated by restimulation with the MoDC Cytobox cytokines, adding 

100 ng/ml GM-CSF and 40 ng/ml IL-4 (Myltenyi Biotec). On day 8, MoDCs were matured. For 

maturation, the CD14+ cells were harvested, centrifuged and cultured in TCM containing 100 ng/ml 

GM-CSF, 50 ng/ml IL-4 (Myltenyi Biotec), 10 ng/ml TNF (PromoCell), 1 µg/ml Protaglandin E2 (PGE2, 

R&D Systems) and 5 µg/ml Resiquimod (R848, R&D Systems) for 18-24h. 

Culture of CD4+ T cells 

On days 5, 8, 12, 19, 26 and 33, CD4+ T cells were fed with 1 ml of TCM containing 10 U/ml IL-2 (R&D 

Systems) and 2.5 ng/ml IL-7 (PromoCell). 

Loading of MoDCs with peptide and CD4+ T cell stimulation 

On day 9, the matured MoDCs were harvested and counted to calculate the required amount of MoDCs 

for T cell stimulation. Different MoDC to T cell ratios were used, 1:10 and 1:100, for the stimulation 

with one peptide. The calculated amount of mature MoDCs was resuspended in 1 ml TCM containing 

10 µg of the test peptide and incubated for 24 h. The remaining MoDCs were frozen for the repeating 

stimulations.  
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On days 15, 22 and 29, MoDCs were thawed in thawing medium (IMDM with 1% penicillin-

streptomycin, 0.05 % gentamycin, 0.05% 0.1 M ß-mercaptoethanol, 3µg/ml DNAse), centrifuged and 

incubated for at least 10 minutes in fresh thawing medium before resuspension in TCM and incubation 

for 24h. If not enough MoDCs were available, CD4- cells were thawed to be used for the last peptide 

stimulation. On days 16, 23 and 30, MoDCs were loaded with peptides as described for day 9. When 

using CD4- cells, cells were irradiated with 20 Gy prior to peptide loading. 

On days 10, 17, 24 and 31, peptide-loaded MoDCs were washed twice with TCM before resuspension 

in 1 ml of TCM containing 5 ng/ml IL-12 (PromoCell). The MoDCs were transferred to the 12-well plate 

containing the CD4+ T cells for stimulation. Figure 1 represents a schematic summary of the MoDC 

priming protocol. 

 

Figure 1: Schematic summary of the MoDC priming protocol. 

MoDC Inspector FACS Staining 

In order to assess if the differentiation and maturation of MoDCs was successful, 2x106 MoDCs were 

collected before and after addition and incubation with the MoDC maturation cocktail. Staining was 

performed using Zombie Aqua (1:200 dilution, BioLegend), Human Fc Block (BD Biosciences, Franklin 

Lakes, USA), Alexa Fluor 700 anti-human CD14 (1:40 dilution), APC/Cy7 anti-human CD40 (1:100 

dilution), FITC anti-human CD80 (1:40 dilution), Brilliant Violet 605 anti-human CD86 (1:400 dilution) 

and Brilliant Violet 711 anti-human HLA-DR (1:100 dilution, BioLegend). A fluorescence minus one 

(FMO) control was included for each fluorochrome and condition. MoDC samples were analyzed on a 

FACS LSRFortessa (BD) and data analyzed using FlowJo 10.7.1 (BD). The gating strategy is depicted in 

Figure S1. 



54 
 

Intracellular Cytokine Staining and Surface Marker Staining of MoDC-primed CD4+ T cells 

The de novo induced peptide-specific CD4+ T cells were characterized by intracellular cytokine and cell 

surface marker staining. 2x105 - 1x106 cells were transferred to a 96-well plate, pulsed with 10 µg/ml 

of peptide and incubated with FITC anti-human CD107a (1:100 dilution, BioLegend) for one hour before 

adding 10 µg/ml Brefeldin A (Sigma-Aldrich, Saint Louis, USA) and 10 µg/ml GolgiStop (BD) and 

incubating for 12-16h. Staining was performed using aqua fluorescent reactive dye (1:400, Invitrogen), 

Cytofix/Cytoperm (BD), APC/Cy7 anti-human CD4 (1:100 dilution), PE/Cy7 anti-human IL-2 (1:400 

dilution), PE anti-human IFN- (1:200 dilution), Pacific Blue anti-human TNF (1:120 dilution) and APC 

anti-human CD154 (1:100 dilution, BioLegend). PMA and ionomycin (Sigma-Aldrich) served as positive 

control. As negative control, the HLA class II-restricted FLNA_HUMAN-derived peptide 

ETVITVDTKAAGKGK was used. The priming was considered successful if the frequency of peptide-

specific CD4+ cytokine-secreting or cell surface marker expressing T cells was ≥ 0.1% of CD4+ T cells 

within the viable single cell population and at least three-fold higher than the frequency of cytokine-

secreting CD4+ T cells in the negative control. Samples were analyzed on a FACS Canto II cytometer 

(BD) and data was analyzed using FlowJo 10.7.1 (BD). The gating strategy is depicted in Figure S2. 

Results 

CD4+ T Cell Priming Using the Preliminary MoDC Priming Protocol 

For the application of the HLA class II-restricted, fusion protein-derived peptide 

KREIFDRYGEEVKEFLAKAKED (DNAJB1-PRKACA) in a clinical trial, its immunogenicity had to be proven. 

Therefore, MoDC priming was performed in 4 healthy donors using the preliminary priming protocol. 

To confirm protocol functionality, the mutated peptide KLKKMWKSPNGTIQNILGGTVF (IDH2 R140Q), 

which had proven to be immunogenic in previously performed ELISpot assays (6), was applied as 

positive control. However, in none of the priming experiments, independent of MoDC to T cell ratio, 

an induction of peptide-specific CD4+ T cells could be observed (Table 1 and Fig. 2). 

Table 1: Tested peptides, responses and donors with the preliminary MoDC priming protocol. 

 KREIFDRYGEEVKEFLAKAKED KLKKMWKSPNGTIQNILGGTVF 

Donor 
MoDC:T cell 

1:10 
MoDC:T cell 

1:100 
MoDC:T cell 

1:10 
MoDC:T cell 

1:100 

J341 - negative negative negative 

J342 - - - negative 

J347 negative negative - - 
 J350 - negative - - 

J353 negative negative negative negative 
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After priming with MoDCs loaded with KREIFDRYGEEVKEFLAKAKED, cytokine and surface marker 

staining revealed background cytokine secretion in the negative control, that was detectable 

independently of the MoDC to T cell ratio of 1:10 and 1:100 (Fig. 2A and B, respectively) with no visible 

peptide-specific cytokine secretion as exemplarily shown in Figure 2. 

 

Figure 2: Intracellular cytokine and surface marker staining of a MoDC priming with the peptide 
KREIFDRYGEEVKEFLAKAKED. A, B, Representative example of the flow cytometry-based analysis of CD4+ T cells from a 
healthy volunteer primed with MoDCs loaded with KREIFDRYGEEVKEFLAKAKED (upper panels) using the preliminary priming 
protocol. Results are shown for CD4+ T cells primed with a MoDC to T cell ratio of 1:10 (A) and 1:100 (B). The lower panels 
show the negative controls consisting of KREIFDRYGEEVKEFLAKAKED-primed CD4+ T cells stimulated with a negative peptide.  

Since the performed MoDC priming assays using the previously described method did not result in de 

novo induction of peptide-specific CD4+ T cells after several attempts, different aspects of the priming 

experiment were adapted for protocol optimization. 
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Optimization of MoDC Maturation Cocktail 

The generation of functional MoDCs is the most relevant factor for successful priming of CD4+ T cells. 

After the separation of the CD14+ cells from PBMCs, the obtained monocytes are stimulated with GM-

CSF and IL-4 to differentiate them into immature DCs as commonly done. The maturation of MoDCs 

however, can be achieved by activating several different pathways that facilitate maturation (7). The 

alternatively tested maturation cocktail only included 100 ng/ml GM-CSF, 50 ng/ml IL-4 and 100 ng/ml 

lipopolysaccharide (LPS, Invivogen) compared to the preliminary protocol including 100 ng/ml GM-CSF, 

50 ng/ml IL-4, 10 ng/ml TNF, 1µg/ml PGE2 and 5µg/ml Resiquimod. To validate the maturation of 

MoDCs the expression of different cell surface markers (CD14, CD40, CD80, CD86, HLA-DR; Table 2) 

were analyzed in differentiated immature, and mature MoDCs matured with the two different 

cocktails.  

Table 2: Cell surface marker expression expected in differentiated immature and mature MoDCs. 

Marker 
Expression on differentiated 

MoDCs 
Expression on mature MoDCs 

CD14 Positive Positive (low) 

CD40 Positive Positive 

CD80 Negative Positive (low) 

CD86 Positive (high) Positive (high) 

HLA-DR Positive Positive 

 

In mature MoDCs the expression of CD14 is decreased compared to the expression in differentiated 

MoDCs, independent of maturation protocol (Fig. 3A). CD40 is known to be upregulated on activated 

DCs (8). Interestingly, its expression is highest in MoDCs matured with LPS, followed by the 

differentiated MoDCs, whereas MoDCs matured with the preliminary protocol have the lowest CD40 

expression level (Fig. 3B). The co-stimulatory molecule CD80 is expressed on the mature MoDCs, 

although maturation with LPS shows a slight advantage compared to the preliminary maturation 

protocol (Fig. 3C). The costimulatory molecule CD86 was only expressed highly in LPS matured MoDCs 

compared to the differentiated MoDCs, while MoDCs matured with the preliminary protocol did not 

show any expression level (Fig. 3D). HLA-DR expression was observed for all MoDCs, while it was 

increased in mature MoDCs in particular when using LPS for maturation (Fig. 3E). These observations 

indicate an advantage in using LPS for MoDC maturation compared to the preliminary maturation 

cocktail. 
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Optimization of MoDC Peptide-Loading  

When MoDCs start the maturation process, they develop the ability of improved antigen uptake until 

it decreases again after 20 to 40h (9). Following the preliminary protocol, MoDCs received the 

maturation cocktail for 18 to 24h and were subsequently loaded with peptides for 24h. Therefore, the 

optimal timing of antigen uptake for the MoDCs might be exceeded, which could be further improved. 

Other groups evaluated several MoDC coincubation timeframes with peptides, reporting T cell 

activation already after a coincubation of one hour (10). We therefore decided to decrease the 

duration of coincubation to 2h to avoid the loss of antigen uptake ability of the MoDCs. 

 
 

Figure 3: Cell surface marker expression in MoDCs matured with different maturation cocktails. The differences in cell 

surface marker expression including CD14 (A), CD40 (B), CD80 (C), CD86 (D) and HLA-DR (E) were assessed by flow cytometry 

using the MoDC Inspector staining, to distinguish differentiated immature MoDCs (orange) from MoDCs matured with the 

preliminary protocol (red) or with LPS (blue) in comparison to fluorescence minus one (FMO) controls with the indicated 

surface markers. 

After four stimulations with MoDCs matured either with the preliminary protocol or using LPS, and 

loaded with peptides during 2h, the priming of CD4+ T cells still failed. Nevertheless, the intracellular 

cytokine and cell surface marker staining revealed that the frequency of peptide-specific CD4+ 

cytokine-secreting T cells did increase up to two-fold (Fig. 4). However, this increase observed using 
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LPS for MoDC maturation did not reach the three-fold increase in frequency of peptide-specific 

cytokine-secreting CD4+ T cells in the negative control required to fulfill the criteria for successful 

priming. 

The obtained results showed the advantage of using LPS for MoDC maturation, as well as shorter 

duration of MoDC coincubation with peptides, compared to the preliminary protocol. Nonetheless 

further optimization appeared to be necessary to complete the criteria for a successful priming. 

Optimization of Stimulation Settings 

Since adjusting the MoDC maturation protocol and the duration of peptide loading showed only 

limited improvement, the stimulation setting was reconsidered. The preliminary protocol required the 

experiment to be performed in a 12-well plate, however, these plates have a great volume and might 

not be the optimal priming environment. For aAPC-based CD8+ T cell priming experiments, as described 

in the first chapter of this thesis, the stimulation of the CD8+ T cells is performed in round bottom 96-

well plates, allowing for better contact between the aAPCs and the T cells due to the smaller volume 

and stacking resulting from the round bottom. This knowledge, together with reports from other 

groups (11, 12) also using 96-well plates for MoDC experiments, led to the change of layout, from 12- 

to 96-well plates for the stimulation of CD4+ T cells. Two different CD4+ T cell densities were tested 

with either 100.000 or 500.000 cells seeded per well. The MoDC to T cell ratios previously used (1:10 

and 1:100) were conserved, with the additional testing of a 1:50 ratio. The use of 96-well plates also 

allowed for the stimulation in multiple replicates. 

Intracellular cytokine and cell surface marker staining analysis of CD4+ T cells stimulated with peptide 

loaded MoDCs in a 96-well plate showed successful de novo priming of peptide-specific CD4+ T cells 

(Fig. 5, Fig.6, Fig. S3, Fig. S4 and Table 3). For KREIFDRYGEEVKEFLAKAKED, the priming was successful 

independent of the used MoDC to CD4+ T cell ratios. The results for the setting with a MoDC to T cell 

ratio of 1:10 were enhanced in the setting with a 1:100 ratio, with most cytokine secretion and cell 

surface marker expression seen for the 1:50 ratio (CD107a+: 1.94%, 2.58% and 5.38%, respectively; 

CD154+: 1.34%, 2.18% and 1.73%, respectively; IFN-+: 0.06%, 0.81% and 0.71%, respectively; IFN-

+/TNF+: 0.04%, 0.47% and 0.49%, respectively; TNF+: 0.74%, 1.41% and 1.61%, respectively; Fig.5 and 

Fig. 6).  
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Figure 4: Intracellular cytokine and surface marker staining of a MoDC priming with the peptide 
KLKKMWKSPNGTIQNILGGTVF. A, B, Exemplary flow cytometry-based analysis of CD4+ T cells from a healthy volunteer primed 
with MoDCs loaded with KLKKMWKSPNGTIQNILGGTVF (upper panels) using the preliminary priming protocol (A) or LPS for 
MoDC maturation (B). Results are shown for CD4+ T cells primed with a MoDC to T cell ratio of 1:100. The lower panels show 
the negative controls consisting of KLKKMWKSPNGTIQNILGGTVF-primed CD4+ T cells stimulated with a negative peptide. 

For CD4+ T cell priming using MoDCs loaded with KLKKMWKSPNGTIQNILGGTVF, the 1:100 MoDC to T 

cell ratio did not result in peptide-specific cytokine secretion (Table 3, Fig.6, Fig. S3 and S4). 

Interestingly, peptide-specific cytokine secretion was seen for the 1:10 T cell to MoDC ratio only when 

using 500.000 CD4+ T cells per stimulated well and not when using only 100.000 CD4+ T cells. In general, 

priming with MoDCs loaded with KLKKMWKSPNGTIQNILGGTVF resulted in the rather weak and 

monofunctional induction of CD4+ T cells (Table 3, Fig.6, Fig. S3 and Fig. S4). 
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Figure 5: Intracellular cytokine and surface marker staining of a MoDC priming with the peptide 
KREIFDRYGEEVKEFLAKAKED performed in a 96-well plate. Representative example of the flow cytometry-based analysis of 
CD4+ T cells from a healthy volunteer primed with MoDCs loaded with KREIFDRYGEEVKEFLAKAKED (upper three panels 
stimulated with indicated MoDC to T cell ratios) using the optimized priming protocol, including LPS in the MoDC maturation 
cocktail, the shorter coincubation of MoDCs with peptides and the stimulation of 100.000 CD4+ T cells in a 96-well plate. The 
lower panels show the negative controls consisting of KREIFDRYGEEVKEFLAKAKED-primed CD4+ T cells stimulated with a 
negative peptide. 
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Figure 6: Frequencies and functionality of de novo primed CD4+ T cells using MoDCs in a 96-well plate. A-C, Functional 
characterization of de novo induced CD4+ T cells after 4 rounds of priming with MoDCs loaded with (A) 
KREIFDRYGEEVKEFLAKAKED and (B, C) KLKKMWKSPNGTIQNILGGTVF in a 96-well plate stimulating 100.000 (A, B) or 500.000 
(C) CD4+ T cells per well, respectively, using surface marker (CD107a and CD154) as well as intracellular cytokine staining (IL-

2, IFN- and TNF). Scatter dot plots show the calculated frequencies of surface marker expressing or cytokine secreting CD4+ 
T cells for healthy volunteer J371 for wells stimulated with a MoDC to T cell ratio of 1:10, 1:50 and 1:100. Each dot depicts 
the calculated frequency for one positive test well. Each setting was tested in 3 wells. 

Table 3: Peptides and responses after priming of CD4+ T cells with the optimized protocol for donor J371. 

 KREIFDRYGEEVKEFLAKAKED KLKKMWKSPNGTIQNILGGTVF 

 MoDC:T cell ratio MoDC:T cell ratio 

CD4+ T cells 1:10 1:50 1:100 1:10 1:50 1:100 

100.000/well positive positive positive negative positive negative 

500.000/well - - - positive positive negative 

 

The use of LPS for MoDC maturation, the shorter coincubation of MoDCs with peptide together with 

the stimulation of CD4+ T cells in 96-well plates instead of 12-well plates allowed for the successful de 

novo induction of peptide-specific CD4+ T cells. However, this result was obtained in a single donor 

with only two test peptides and therefore required further validation. 
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Validation of the Novel MoDC Priming Protocol  

To validate that the optimization of the MoDC priming protocol led to improved CD4+ T cell priming 

compared to the preliminary protocol, it was tested with another donor using two other test peptides. 

The optimized priming protocol comprised the seeding of 500.000 CD4+ T cells per well in a 96-well 

plate on day 3 after isolation, the use of 100 ng/ml GM-CSF, 50 ng/ml IL-4 and 100 ng/ml LPS as 

maturation cocktail for the MoDCs on day 8 and the loading of the MoDCs with peptide for only 2h on 

days 9,16,23 and 30 right before T cell stimulation (Fig. 7). All other steps, as well as cytokine dilutions 

and media were used as described in the preliminary protocol. 

 

Figure 7: Schematic summary of the optimized MoDC priming protocol. 

The test peptides were the prostate-specific HLA-class II-restricted peptides DTGQVFQVSHSFPHPLY 

(PSA) and MLLRLSEPAELTD (PSA). The priming was performed using the previously tested CD4+ T cell 

to MoDC ratios of 1:10, 1:50 and 1:100, and resulted in successful de novo priming of peptide-specific 

CD4+ T cells for the ratio of 1:10 for both peptides and for the ratio of 1:100 for MLLRLSEPAEKTD (Fig. 

8, Table 4). As exemplarily shown for DTGQVFQVSHSFPHPLY, using a MoDC to CD4+ T cell ratio of 1:10 

during stimulation, peptide-specific cytokine-secreting and cell surface marker expressing CD4+ T cells 

reached high frequencies, with 1.07% of IL-2+, 3.24% of CD107a+, 6.86% of CD154+, 7.32% IFN-+, 

14.33% TNF+ and 7.28% of IFN-+/TNF+ cells (Fig.9). These results allowed to validate the optimized 

MoDC priming protocol. 
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Table 4: Donor and peptides used for the validation of the optimized MoDC priming protocol. 

 DTGQVFQVSHSFPHPLY MLLRLSEPAELTD 

 MoDC: T cell ratio MoDC: T cell ratio 

Donor 1:10 1:50 1:100 1:10 1:50 1:100 

J420 positive negative negative positive negative positive 

 

 

Figure 3: Frequencies and functionality of de novo primed CD4+ T cells using the optimized MoDC priming protocol. A, B, 
Functional characterization of de novo induced CD4+ T cells after 4 rounds of priming with MoDCs loaded with (A) 
DTGQVFQVSHSFPHPLY and (B) MLLRLSEPAELTD in a 96-well plate stimulating 500.000 CD4+ T cells per well, using surface 

marker (CD107a and CD154) as well as intracellular cytokine staining (IL-2, IFN-, and TNF). Scatter dot plots show the 
calculated frequencies of surface marker expressing or cytokine secreting CD4+ T cells for healthy volunteer J420 for wells 
stimulated with a MoDC to T cell ratio of 1:10 (n=4), 1:50 (n=3) and 1:100 (n=17). Each dot depicts the calculated frequency 
for one positive test well. 

Discussion 

Proving the immunogenicity of a peptide is essential for the selection of suitable targets for peptide-

based vaccination approaches. For HLA class I-restricted peptides, as described in the first section of 

this thesis, aAPCs are used. For HLA class II-restricted peptides, MoDC-based priming experiments are 

a broadly applicable, cost-effective and autologous approach for the induction of de novo peptide-

specific CD4+ T cells. This method was tested in our laboratory; however, it was not extensively set up 

and did therefore require optimization. 
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Figure 9: Validating the optimized MoDC priming protocol. Representative example of the flow cytometry-based analysis of 
CD4+ T cells from a healthy volunteer primed with MoDCs loaded with DTGQVFQVSHSFPHPLY (upper panels) using the 
optimized priming, using 500.000 CD4+ T cells/well in a 96-well plate. The CD4+ T cell to MoDC ratio is of 1:10. The lower 
panels show the negative controls consisting of DTGQVFQVSHSFPHPLY-primed CD4+ T cells stimulated with a negative 
peptide. 

Whereas the preliminary MoDC priming protocol for CD4+ T cells was tested several times to prove the 

immunogenicity of the fusion protein-derived peptide KREIFDRYGEEVKEFLAKAKED, no peptide-specific 

CD4+ T cell induction could be seen using intracellular cytokine and surface marker staining. As a 

control for protocol functionality, the peptide KLKKMWKSPNGTIQNILGGTVF previously shown to be 

immunogenic in ELISpot assays (6) was used in the same MoDC priming assays but also failed to induce 

de novo peptide-specific CD4+ T cells. This confirmed the necessity of protocol optimization. 

Using a preliminary protocol as base for optimization, several aspects were modified. In literature, it is 

common to start with the separation of CD14+ cells from PBMCs, and to stimulate the obtained 

monocytes with GM-CSF and IL-4 to differentiate them into immature DCs (7). For this step, protocols 

only differ in differentiation factor concentrations and duration of stimulation (13-16). However, many 

different approaches are used to turn differentiated MoDCs into mature MoDCs (7, 13, 17, 18), 

allowing for antigen presentation and T cell co-stimulation. Therefore, we started focusing on the 

maturation cocktail used for the MoDCs. LPS, an abundant antigen originating from the cell surface of 

gram-negative bacteria, is known to induce DC maturation and activation and is widely used for the 

generation of mature MoDCs (7, 18-20). As it appeared to be an interesting alternative to use in the 

maturation cocktail, it was tested in comparison to the cocktail used in the preliminary protocol, 

including TNF, Prostaglandin E2 and Resiquimod, and showed to induce higher costimulatory cell 

surface marker expression as well as increased HLA-DR expression on mature MoDCs. The reagents 

used in the preliminary protocol were therefore replaced by LPS in the maturation cocktail. 
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A further aspect to optimize MoDC priming of CD4+ T cells, was the duration of coincubation of MoDCs 

with peptides, as MoDCs start losing their ability for antigen presentation 20 to 40h after starting the 

maturation process (9). In the preliminary protocol, MoDCs were matured for 18 to 24h before 

coincubation with peptide for additional 24 h. This timeline, requiring up to 48h between start of 

maturation and stimulation of CD4+ T cells with peptide-loaded MoDCs, was therefore shortened. DC 

coincubation with peptides for only one hour already leads to CD4+ T cell activation, that can be further 

increased when prolonging the duration of coincubation (10). To reduce the timeline of the preliminary 

protocol, the MoDC coincubation with peptides was shortened to 2 h. This modification led to 

improved frequencies of peptide-specific CD4+ T cells. 

The third aspect for method optimization was the overall stimulation setting. 12-well plates have 

greater volumes and surfaces compared to 96-well plates that are also more widely used in assays 

using MoDCs (11, 12). Performing MoDC priming of CD4+ T cells in a 96-well plate finally allowed for 

the induction of KREIFDRYGEEVKEFLAKAKED-specific CD4+ T cells, confirming its immunogenicity. The 

optimized protocol was also validated by priming cells of another donor and using other peptides. 

Taken together, the MoDC priming protocol was optimized by modifying the maturation cocktail for 

the MoDCs, the duration of MoDC coincubation with peptides and the CD4+ T cell stimulation setting. 

Optimization allowed for the de novo induction of peptide-specific CD4+ T cells, enabling to prove 

immunogenicity for potential HLA class II-restricted peptide vaccine candidates. 
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Abstract:  

Several COVID-19 vaccines are approved to prevent severe disease outcome following SARS-CoV-2 

infection. Whereas induction and functionality of antiviral antibody response are largely studied, the 

induction of T cells upon vaccination with the different approved COVID-19 vaccines is less studied. 

Here, we report on T cell immunity 4 weeks and 6 months after different vaccination regimens and 4 

weeks after an additional booster vaccination in comparison with SARS-CoV-2 T cell responses in 

convalescents and prepandemic donors using interferon-gamma ELISpot assays and flow cytometry. 

Increased T cell responses and cross-recognition of B.1.1.529 Omicron variant-specific mutations were 

observed ex vivo in mRNA- and heterologous-vaccinated donors compared with vector-vaccinated 

donors. Nevertheless, potent expandability of T cells targeting the spike protein was observed for all 

vaccination regimens, with frequency, diversity, and the ability to produce several cytokines of vaccine-

induced T cell responses comparable with those in convalescent donors. T cell responses for all 

vaccinated donors significantly exceeded preexisting cross-reactive T cell responses in prepandemic 

donors. Booster vaccination led to a significant increase in anti-spike IgG responses, which showed a 

marked decline 6 month after complete vaccination. In contrast, T cell responses remained stable over 

time after complete vaccination with no significant effect of booster vaccination on T cell responses 

and cross-recognition of Omicron BA.1 and BA.2 mutations. This suggested that booster vaccination is 

of particular relevance for the amelioration of antibody response. Together, our work shows that 

different vaccination regimens induce broad and long-lasting spike-specific CD4+ and CD8+ T cell 

immunity to SARS-CoV-2. 

Introduction: 

During the Coronavirus Disease 2019 (COVID-19) pandemic, caused by the severe acute respiratory 

syndrome coronavirus 2 (SARS-CoV-2), several vaccines have been successfully developed, reducing 

transmission and preventing billions of people from severe disease outcome (1-4). Among the 

currently approved COVID-19 vaccines, the ChAdOx1 nCoV-19 adenovirus-based vector vaccine 

ChAdOx1, the human adenovirus type 26 (Ad26)-based vector vaccine Ad26.COV2.S, and the two 

mRNA vaccines BNT162b2 and mRNA-1273 are the most widely used in Europe and North America (5-

7). Vaccination schedules comprise two doses of ChAdOx1, BNT162b2 and mRNA-1273 and one dose 

of Ad26.COV2.S for complete vaccination status (1-4). After reports of thromboembolic events after 
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ChAdOx1 vaccination (8), several European governments recommended completing vaccination with 

an mRNA vaccine after the first dose of ChAdOx1 (heterologous vaccination). To overcome waning 

vaccine immunity over time (9), the administration of an additional booster vaccine dose was approved 

in many countries 3 to 6 months after completion of vaccination (10). 

COVID-19 vaccination induces both humoral immunity, mediated by B cell-derived antibodies, and 

cellular immunity, mediated by T cells (2). Although it is undisputed that neutralizing antibodies 

provide the first line of antiviral defense (11, 12), T cell immunity is crucial to combat acute SARS-CoV-

2 infection and for the development of long-term immunity (13). Whereas antibody titers tend to wane 

quickly and show limited neutralizing activity to newly arising variants of concern (VOCs), T cell 

memory is largely conserved against VOCs after prior SARS-CoV-2 infection (14, 15) . 

So far, research on SARS-CoV-2 vaccine-induced immunity is largely focused on anti-spike antibody 

titers and their ability to neutralize virus particles (16). Spike-specific T cell responses induced upon 

different vaccination regimens are studied to a lesser extent, with first reports showing the induction 

of both CD4+ and CD8+ T cell responses after complete vaccination with different vaccination regimens. 

Moreover, T cell responses are shown to be largely conserved against different SARS-CoV-2 variants, 

including early B.1.1.529 (Omicron) variants now dominant globally (12, 17).  

In this work, we provided an analysis of spike-specific T cell responses and their cross-recognition of 

B.1.1.529 Omicron BA.1 and BA.2 variant-specific mutations after complete vaccination with mRNA, 

vector, and heterologous vaccine regimens in comparison with COVID-19 convalescents and 

prepandemic donors. In addition, we provided insight on the effects of a third mRNA booster 

vaccination after homologous and heterologous vaccination regimens on T cell and antibody immunity. 

Results: 

SARS-CoV-2 Spike-Specific T Cell Responses after Complete Vaccination with Different Vaccination 

Regimens 

To assess spike-specific T cell responses after complete vaccination (two doses of BNT162b2, mRNA-

1273, or ChAdOx1; one dose of Ad26.COV2.S; or one dose of vector vaccine ChAdOx1 followed by one 

dose of an mRNA vaccine for heterologous vaccine regimens), we performed interferon- (IFN-) 

enzyme-linked immunospot (ELISpot) assays 3 to 12 weeks (median, 4 weeks) after the complete 

vaccination dose (Table 1). Results were obtained using three different peptide pools covering various 

parts of the spike protein, with Prot_S1 covering the complete N-terminal S1 domain, Prot_S+ covering 

part of the C-terminal S2 domain, and Prot_S comprising selected immunodominant sequence 

domains (Fig. 1A,B). Asymptomatic infections during the study period were excluded by testing for 

nucleocapsid antibodies (Fig. S1).  
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Spike-specific IFN- T cell responses were observed ex vivo for 100% of mRNA- (n = 24) and 

heterologous-vaccinated donors (n = 15; Fig. 1C and Table 1). The cohort of vector-vaccinated donors 

(n = 9) showed a significantly reduced response rate (67%) compared with the other vaccination 

regimens (Fig. 1C). In COVID-19 convalescent donors (n = 16), spike-specific IFN- T cell responses were 

detected in 88% of the donors. A total of 16% of prepandemic donors never exposed to SARS-CoV-2 

(Pre, n = 31; Fig. 1C) showed low-intensity cross-reactive spike-specific T cell responses (Fig. 1D). 

Intensity of spike-specific T cell responses did not significantly differ between the three vaccination 

cohorts and convalescent donors (Fig. 1D). However, mRNA- (median calculated spot counts, 71) and 

heterologous-vaccinated donors (median, 69) exhibited a two- to threefold increased T cell response 

intensity compared with vector-vaccinated (median, 24) and convalescent donors (median, 24; Fig. 

1D). No correlation was observed between the time point of sample collection after complete 

vaccination (Fig. S2A); demographic donor characteristics comprising body mass index (BMI), age, sex, 

or side effects after vaccination as well as clinical symptoms of COVID-19 (as assessed by 

questionnaires) of complete vaccination (Table 1 and Fig. S2B-E) and convalescent (Table 2 and Fig. 

S2F-H) individuals, respectively; and the intensity of spike-specific IFN- T cell responses.  

After 12-day T cell expansion (Fig. S3A), the percentage of donors with detectable spike-specific T cell 

responses was increased to 100% for all vaccinated groups and the convalescent cohort and to 97% 

for prepandemic donors (Fig. S3B). Significantly increased intensity of IFN- T cell responses for 

vaccinated donors (median mRNA, 1286; vector, 1281; heterologous, 2602) and convalescent donors 

(median, 2946) was observed compared with prepandemic donors (median, 112; Fig. S3C) and with ex 

vivo responses (fold change mRNA, 18; vector, 53; heterologous, 38; Fig. S3D). This indicates potent 

expandability of vaccine-induced T cells upon SARS-CoV-2 exposure. 
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Table 1: Characteristics of healthy volunteer cohorts after heterologous-, mRNA- or vector-based vaccination. 

 mRNA vaccine 
cohort 

vector vaccine 
cohort 

heterologous 
vaccination cohort 

Number of donors 35 10 17 
Age [years] 

Median 
Range 

 
38 

25 -71 

 
n.a. 
n.a 

 
31 

24 - 52 
Sex [n (%)] 

Female 
Male 

 
19 (54.3) 
16 (45.7) 

 
n.a. 
n.a. 

 
11 (64.7) 
6 (35.3) 

Comorbidities [n (%)] 
High blood pressure 

Cardiovascular disease 
Blood sugar disorder 
Chronic lung disease 

Cancer disease 
n.a. 

 
3 (12.5) 
1 (4.2) 
2 (8.3) 
0 (0.0) 
1 (4.2) 

11 

 
n.a. 
n.a. 
n.a. 
n.a. 
n.a. 
n.a. 

 
1 (5.9) 
1 (5.9) 
0 (0.0) 
1 (5.9) 
0 (0.0) 

0 
Vaccination schemes (CV) 

BNT162b2 x BNT162b2 
mRNA-1273 x mRNA-1273 

ChadOx1 x ChadOx1 
Ad26.COV2.S 

ChadOx1 x BNT16b2 
ChadOx1 x mRNA-1273 

 
20 (83.3) 
4 (16.7) 

 
 
 

6 (60.0) 
4 (40.0) 

 
 
 
 
 

7 (46.7) 
8 (53.3) 

Time points 
Prevaccination  

Donors 
 
- 

 
- 

 
9 

After the first vaccination 
Donors 

Weeks after vaccination 
Median 

Range  

 
- 
 
- 
- 

 
- 
 
- 

  - 

 
8 
 

10 
9 -10 

After complete vaccination   
Donors 

Weeks after vaccination 
Median 

Range 
Awareness of side effects [n (%)] 

Yes 
No 

n.a. 

 
24 

 
3 

3 – 10 
 

9 (69.2) 
4 (30.8) 

11 

 
10 

 
4 

3 – 8 
 

n.a. 
n.a. 
n.a. 

 
15 

 
6 

3 – 12 
 

5 (50.0) 
5 (50.0) 

5 
6 months after complete 
vaccination 

Donors 
Weeks after vaccination 

Median 
Range 

 
11 

 
26 

21 -32 

 
- 
 
- 
- 

 
17 

 
26 

24 - 28 

After booster vaccination  
Donors 

Weeks after vaccination 
Median 

Range 
Awareness of side effects [n (%)] 

Yes 
No 

n.a. 

 
13 

 
4 

2 – 7 
 

2 (18.2) 
9 (81.8) 

2 

 
- 
 
- 
- 
 
- 
- 
- 

 
17 

 
4 

3 – 6 
 

6 (35.3) 
11 (64.7) 

0 
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The mRNA-based vaccine cohort includes healthy volunteers vaccinated two (complete vaccination) to three times (booster 
vaccination) either with mRNA-1273 or BNT162b2. Donors of the vector-based vaccine either received two doses of ChadOx1 
(complete vaccination) or one dose of Ad26.COV2.S (complete vaccination). The heterologous vaccination group received 
one dose of ChadOx1 followed by one (complete vaccination) or two doses (booster vaccination) of either mRNA-1273 or 
BNT162b2. For mRNA- and heterologous-vaccinated donors, we analyzed two different time points after complete 
vaccination, the time point of complete vaccination 3 to 12 weeks after complete vaccination and the time point 6 months 
after complete vaccination (21-32 weeks after complete vaccination). Figures 1 to 3 show T cell responses after complete 
vaccination, and analysis over different time points are shown in Figure 4. Figure 4 includes the identical results for the time 
point of complete vaccination for mRNA- and heterologous-vaccinated donors as shown in Figures 1 to 3. Experiments were 
not always conducted with all donors, depending on available cell numbers. n, number; n.a., not applicable; CV, complete 
vaccination. 
 

There are differences in SARS-CoV-2 T cell cross-reactivity to common cold human coronaviruses 

(HCoVs) of the N-terminal (less HCoV homologous) and C-terminal domain of the spike protein (18). 

To assess whether these differences affect vaccine-induced T cell responses, we performed IFN- 

ELISpot assays individually for the three different spike pools (Fig. 1E and Fig. S3E). In the mRNA-

vaccinated, heterologous-vaccinated, and convalescent cohort, the most frequently recognized 

peptide pool was the Prot_S1 pool, with 96, 100 and 75% of individuals showing an ex vivo response 

against this pool, respectively (Fig. 1E). In the vector-vaccinated cohort, the Prot_S+ pool was 

recognized by T cells from the majority of donors (67%, not reaching level of significance compared 

with the other peptide pools; Fig. 1E). After 12-day T cell expansion, the differences in pool-specific 

recognition rates within the cohorts were upheld (Fig. S3E). Most individuals vaccinated with mRNA 

(75%) or a heterologous scheme (80%) showed ex vivo T cell responses against all three spike pools, 

whereas only 33% of vector-vaccinated individuals recognized all pools (Fig. 1F). A total of 44% of 

convalescent donors exhibited T cell responses against all pools (Fig. 1F). After 12-day T cell expansion, 

at least 78% of vaccinated donors recognized all peptide pools independent of vaccination regimen 

(Fig. S3F). For the prepandemic cohort, we detected no relevant differences in the recognition rate (up 

to 10% ex vivo, 66% after 12-day expansion) and intensity of cross-reactive T cell responses for the 

three peptide pools (Fig. 1E,F, and Fig. S3E,F).  
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Figure 1: Ex vivo immune responses to SARS-CoV-2 spike protein peptide pools after complete vaccination. A, Schematic 
depiction of the SARS-CoV-2 spike protein, and protein section coverage by the peptide pools (Prot_S1, Prot_S+, Prot_S) used 
for immunogenicity testing. B-F, Ex vivo T cell responses after complete vaccination [two doses of BNT162b2, mRNA-1273, or 
ChAdOx1; one dose of Ad26.COV2.S; or one dose of the vector vaccine ChAdOx1 followed by one dose of an mRNA vaccine 
for heterologous (Heterol.) vaccine regimens] compared with COVID-19 convalescents (Conv.) and prepandemic (Pre.) donors 

were assessed by IFN- ELISpot assays 3 to 12 weeks (median 4 weeks) after the last vaccine dose (sample collection after 

complete vaccination, Table 1). B, Representative example of ex vivo IFN- T cell responses to the Prot_S1 peptide pool 
compared with a negative (neg.) control peptide, showing duplicates for one donor of each cohort. C,D, Percentage of 

individuals with ex vivo IFN- ELISpot T cell responses (C), and intensities of IFN- T cell responses in terms of calculated spot 
counts against the spike-specific peptide pools (D) after mRNA, vector or heterologous vaccination compared with 
convalescents  and prepandemic donors (summarized responses against the three spike-specific peptide pools). E, Intensities 

of ex vivo IFN- T cell responses shown for the distinct spike protein peptide pools. F, Proportion of individuals (cohorts as 
indicated by color code) with responses to all three, two, one or none of the spike peptide pools. Responders are represented 
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by colored symbols, and nonresponders are represented by clear symbols. Symbol shapes indicate the different vaccine 
products received by the donors. D,E, Box plots represent the median with the 25th and 75th percentiles with minimum and 
maximum whiskers. C, Fisher’s exact test was used. D, Kruskal-Wallis test was used, E, Friedman test was used. If P values are 
not shown, then results were not significant. RBD, receptor-binding domain; No., number. 

T cell cross-recognition of the current dominant Omicron variant-specific mutations in the spike 

protein was assessed by ELISpot assays with spike-derived Omicron BA.1 and BA.2 variant-specific 

pools (Fig. 2A and Table S2). Cross-recognition of the BA.1- and BA.2-mutated regions by vaccine-

induced T cells was observed for the majority of mRNA-vaccinated (69 and 85% for BA.1, 69 and 85% 

for BA.2) and heterologous-vaccinated (80 and 90% for BA.1, 60 and 100% for BA.2) donors ex vivo and 

after 12-day T cell expansion, respectively. T cell cross-recognition of BA.1- and BA.2-mutated regions 

of the spike protein was reduced in the vector-vaccinated cohort, with 20 and 0% recognition ex vivo 

and 25 and 25% recognition after 12-day T cell expansion, respectively (Fig. 2B-E and Fig. S4). In 

summary, our results showed induction of broad spike-specific T cell responses, particularly for mRNA- 

and heterologous-vaccinated individuals, that resembled the responses observed in convalescent 

donors. 

 

Table 2: Characteristics of SARS-CoV-2 convalescent donors. 

 Convalescent donor cohort 

Number of donors 16 
Age [years] 

Median 
Range 

 
46 

19 - 83 
Sex [n (%)] 

Female 
Male 

 
11 (68.8) 
5 (31.2) 

Comorbidities [n (%)] 
High blood pressure 

Cardiovascular disease 
Blood sugar disorder 
Chronic lung disease 

Cancer disease 

 
6 (37.5) 
0 (0.0) 

2 (12.5) 
0 (0.0) 
0 (0.0) 

Sample collection date July 2020 
Interval positive test to sample collection (weeks) 

Median 
Range  

 
17 

13 -19 
Awareness of symptoms [n (%)] 

No 
Mild 

Moderate 
Severe 

 
3 (18.75) 
2 (12.5) 
6 (37.5) 

5 (31.25) 
Febrile illness (≥ 38.0°C) 

No 
Yes 

 
10 (62.5) 
6 (37.5) 

Convalescents showed asymptomatic to mild COVID-19. By the time of sample collection, the wild-type SARS-CoV-2 was 
circulating, and VOCs emerged at a later time point. None of the donors were hospitalized or required oxygen treatment. 
Awareness of disease symptoms was assessed by questionnaire. n, number. 
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Figure 2: Ex vivo IFN- responses to SARS-CoV-2 BA.1 and BA.2 mutation pools. A, Overview of variant-defining mutations 
in the spike protein described for the different VOCs. B-E, Variant mutation-specific T cell responses after complete 
vaccination (two doses of BNT162b2, mRNA-1273 and ChAdOx1 or one dose of Ad26.COV2.S; for heterologous (Heterol.) 
vaccine regimens, one dose of the vector vaccine ChAdOx1 followed by one dose of an mRNA vaccine), were assessed by IFN-

 ELISpot assays. B, Percentage of individuals with BA.1 mutation pool-specific ex vivo IFN- T cell responses, and C, intensities 

of IFN- T cell responses in terms of calculated spot counts after mRNA, vector or heterologous vaccination, compared with 
COVID-19 convalescents (Conv.) and prepandemic (Pre.) donors. D, Percentage of individuals with BA.2 mutation pool-specific 

ex vivo IFN- T cell responses, and E, intensities of IFN- T cell responses in terms of calculated spot counts. Responders are 
represented by colored symbols, and nonresponders are represented by clear symbols. Symbol shapes indicate the different 
vaccine products received by the donors. C,E, Box plots represent the median with the 25th and 75th percentiles with 
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minimum and maximum whiskers. B,D, Fisher’s exact test was used. C,E, Kruskal-Wallis test was used. If P values are not 
shown, then results were not significant.  

Characterization of SARS-CoV-2 Spike-Specific T Cell Responses after Complete Vaccination 

Ex vivo intracellular cytokine and surface marker staining revealed vaccine-induced spike-specific CD4+ 

T cell responses for the majority of vaccinated donors of all regimens and in convalescent donors (86% 

for mRNA-vaccinated, 71% for vector-vaccinated, 70% for heterologous-vaccinated, and 75% for 

convalescents). The percentages of donors with CD8+ (57% for mRNA-vaccinated, 71% for vector-

vaccinated, 30% for heterologous-vaccinated, and 42% for convalescents) as well as with both CD4+ 

and CD8+ T cell responses (57% for mRNA-vaccinated, 57% for vector-vaccinated, 30% for 

heterologous-vaccinated, and 33% for convalescents) were generally lower compared with CD4+ T cell 

responses (Fig. 3A). The low frequency of cross-reactive T cell responses detected in the prepandemic 

cohort in the IFN- ELISpot assay was mediated by CD8+ T cells (0% CD4+ T cells, 17% CD8+ T cells; Fig. 

3A). Vaccine-induced CD4+ T cells displayed a T helper 1 (TH1) phenotype, showing mainly positivity for 

tumor necrosis factor (TNF) and, to a lesser extent, for CD107a and IFN-/TNF, and were negative for 

the TH2 marker interleukin-4 (IL-4) comparably with SARS-CoV-2-specific T cells in convalescent donors 

(Fig. 3B-D and Fig. S5A). A significantly increased frequency of TNF+CD4+ T cells was observed for the 

mRNA-vaccinated cohort compared with the vector- and heterologous-vaccinated groups and for 

TNF+IFN-+CD4+ T cells compared with the vector-vaccinated group. CD8+ T cell responses, in terms of 

frequencies of cytokine-producing cells and the ability to produce multiple cytokines, also showed a 

similar profile in vaccinated donors and convalescent individuals with particular positivity for IFN-. 

Prepandemic donors had lower frequencies of cytokine producing cells, significantly reduced for IFN- 

compared with vector and mRNA vaccinated donors (Fig. 3E-G). No significant differences could be 

observed between CD8+ T cell responses and functionality in individuals vaccinated with different 

vaccination regimens or in convalescent donors. 

Comparable frequencies of vaccine-induced memory CD45RO+TNF+CD4+ T cells were observed in the 

mRNA and heterologous vaccine cohort and the convalescent cohort (86% for mRNA-vaccinated, 70% 

for heterologous-vaccinated, and 58% for convalescents), whereas no CD45RO+TNF+CD4+ T cells could 

be detected in donors vaccinated with a vector-based vaccine regimen (Fig. S5B). Cytokine-positive 

CD8+ memory T cells (CD45RO+IFN-+CD8+ T cells) were observed to a much lower extent (21% for 

mRNA-vaccinated, 43% for vector-vaccinated, 0% for heterologous-vaccinated, and 0% for 

convalescents, 0%; Fig S5C). 

In conclusion, no significant differences could be observed between CD4+ and CD8+ T cell responses in 

individuals vaccinated with different vaccination regimens and in convalescent donors. However, the 

ability of vector-vaccinated donors to produce several cytokines was reduced compared to the other 

vaccination regimens. 
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Figure 3: Ex vivo characterization of spike-specific T cell responses after complete vaccination. Spike-specific T cell responses 
after complete vaccination (two doses of BNT162b2, mRNA-1273 or ChAdOx1; one dose of Ad26.COV2.S; or one dose of the 
vector vaccine ChAdOx1 followed by one dose of an mRNA vaccine for heterologous (Heterol.) vaccine regimens) were 

characterized ex vivo by intracellular cytokine (IFN- and TNF) and surface marker (CD107a) staining. A, Percentage of 
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individuals with ex vivo CD4+ (left), CD8+ (middle) as well as both CD4+ and CD8+ (right) T cell responses to the SARS-CoV-2 
spike-specific peptide pools. B, Frequencies of spike-specific CD4+ T cells after complete vaccination assessed ex vivo. C, 
Exemplary flow cytometry data of indicated cytokines and surface marker shown for CD4+ T cells for one donor after complete 
vaccination (BNT162b2 x BNT162b2) with an mRNA vaccine. D, Proportion of samples with non-functional (0), mono-
functional (1), bi-functional (2), or tri-functional (3) spike-specific CD4+ T cells after complete vaccination. E, Frequencies of 
spike-specific CD8+ T cells after complete vaccination assessed ex vivo. F, Exemplary flow cytometry data of indicated 
cytokines and surface marker shown for CD8+ T cells for one donor after complete vaccination (BNT162b2 x BNT162b2) with 
an mRNA vaccine. G, Proportion of samples with non-functional (0), mono-functional (1), bi-functional (2), or tri-functional 
(3) spike-specific CD8+ T cells after complete vaccination. T cell responses were considered positive if the detected frequency 
of cytokine-positive CD4+ or CD8+ T cells was ≥ 3-fold higher than the frequency in the negative control and at least 0.1% of 
total CD4+ or CD8+ T cells. Responders are represented by colored symbols, and nonresponders are represented by clear 
symbols. Symbol shapes indicate the different vaccine products received by the donors. A, Fisher’s exact test. B,E, Box plots 
show the median with the 25th and 75th percentiles, and whiskers represent minimum and maximum; Kruskal-Wallis test 
was used. If P values are not shown, then the results were not significant. FSC, forward scatter; Neg., negative control. 

Effects of Booster Vaccination on Spike-Specific Immune Responses to mRNA and Heterologous 

Vaccination Regimens 

Spike-specific antibody and T cell responses were assessed over time, at baseline before vaccination 

(V0), 1 month after the first (V1), after complete vaccination, 6 months after complete vaccination, 

and 1 month after the booster vaccination for mRNA- and heterologous-vaccinated donors. Booster 

vaccination induced a significant (up to eightfold) increase in spike-specific antibody levels, with 

immunoglobulin G (IgG) titers similarly enhanced from a median of 19 to 100 for mRNA-vaccinated 

individuals and from a median of 12 to 100 for heterologous-vaccinated donors compared with the 

time point 6 months after complete vaccination (Fig. 4A,B and Fig. S6A). Spike-specific T cell responses 

were assessed by IFN- ELISpot assays ex vivo (Fig. 4C,D) and after 12-day T cell expansion (Fig. S6C,D) 

for different time points after vaccination. Ex vivo IFN- T cell responses peaked comparably after 

complete vaccination for both vaccination regimens (median mRNA, 71; heterologous, 69), being 

about two- to threefold higher compared with 6 months after complete vaccination (median mRNA, 

39; heterologous, 19; Fig. 4C,D and Fig S6B). In contrast to antibody responses, the increase in T cell 

response intensity through boost vaccination, in terms of calculated spot counts, did not reach levels 

of significance, neither ex vivo nor after 12-day T cell expansion (Fig. 4A-D and Fig. S6A-D). No 

correlations could be observed between IFN- T cell response intensity and BMI, age, sex, and donor-

reported side effects after booster vaccination (Fig. S2I-L). The number of different spike-derived 

peptide pools that resulted in an ex vivo detectable T cell response (pool recognition rate) was highest 

after complete vaccination for both vaccination regimens and was not altered or increased by the 

booster vaccination. Spike-specific T cells showed potent expandability, resulting in T cell responses 

against all three spike peptide pools after 12-day T cell expansion at all time points after vaccination 

(Fig. S6C-F, Fig. S7). Cross-recognition of the Omicron BA.1- and BA.2-mutated regions of the spike 

protein after booster vaccination in donors vaccinated with mRNA (45 and 91% for BA.1 and 45 and 

91% for BA.2 donors with T cell response) or heterologous regimen (64 and 91% for BA.1 and 55 and 

82% for BA.2 donors with T cell response) ex vivo and after 12-day T cell expansion, respectively, was 

comparable with the results after complete vaccination (Fig. 4E,F and Fig. S6G,H). 
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Figure 4: T cell and antibody responses of mRNA- and heterologous-vaccinated individuals after booster vaccination. A-D, 

Time course of spike antibody titers (A,B), and intensities of ex vivo IFN- T cell responses in terms of calculated spot counts 

were assessed by IFN- ELISpot assays targeting spike-specific peptide pools (C,D) after mRNA (A,C) and heterologous (B,D) 
vaccination before (V0), 1 month after the first (V1) and complete vaccination (CV), 6 months after CV (CVT2) and 1 month 
after boost vaccination (BV). For results of paired samples from the same donors at each time point please refer to Fig. S9 

(paired samples n = 8 for heterologous vaccination, n = 2 for mRNA vaccination). E,F, Intensities of ex vivo IFN- T cell 
responses against the SARS-CoV-2 BA.1 and BA.2 mutation pools at complete vaccination and boost vaccination for mRNA 
and heterologous vaccinated donors, respectively. Responders are represented by colored symbols, and nonresponders are 
represented by clear symbols. G-L, T cell responses were characterized by ex vivo intracellular cytokine and surface marker 
staining. T cell responses were considered positive if the detected frequency of cytokine-positive CD4+ or CD8+ T cells was ≥ 
3-fold higher than the frequency in the negative control and minimum of 0.1% of total CD4+ or CD8+ T cells. G,H, Percentage 
of individuals with CD4+ (top), CD8+ (middle), and both CD4+ and CD8+ (bottom) ex vivo T cell responses to spike-specific 
peptide pools during the course of mRNA (G) and heterologous (H) vaccination. I,J, Heatmaps showing the percentages of 
cytokine- and surface marker-expressing CD4+ and CD8+ T cells ex vivo after complete vaccination and boost vaccination after 
mRNA (I) and heterologous (J) vaccination. K, Proportion of TNF+CD4+ spike-specific T cells expressing the T cell memory 
marker CD45RO after complete (n = 12, n = 7) and boost vaccination (n = 8, n = 8) for mRNA- and heterologous-vaccinated 

donors, respectively. L, Proportion of INF-+CD8+ spike-specific T cells expressing the T cell memory marker CD45RO after 
complete (n = 3, n = 0) and boost vaccination (n = 4, n = 1) for mRNA- and heterologous-vaccinated donors, respectively. A,B, 



80 
 

Antibody titers are shown in units per milliliter (1 U/ml corresponds to 21.80 binding antibody units/ml). A-D, Data are 
presented as scatter dot plots with the median, whiskers show maximum. E,F, box plots show the median with the 25th and 
75th percentiles, and whiskers represent minimum and maximum. K,L, Data are presented as scatter dot plots with the mean, 
error bars indicates SD. A,K,L, Mann-Whitney test was used. B-F, Kruskal-Wallis test was used. G,H, Fisher’s exact test was 
used. If P values are not shown, then results were not significant. 

Comparison of vaccine-induced T cell phenotypes and functionality after complete vaccination and 

booster vaccination using ex vivo intracellular cytokine and surface marker staining showed no 

differences in the proportion of donors developing CD4+ and CD8+ T cell responses for the two 

vaccination cohorts (mRNA: CD4+ T cells 86% versus 73% and CD8+ T cells 57% versus 64%, 

respectively), with a nonsignificant increase in donors with vaccine-induced CD4+, CD8+, and CD4+ and 

CD8+ T cells after booster vaccination in the heterologous-vaccinated cohort (heterologous: CD4+ T 

cells 70% versus 91% and CD8+ T cells 30% versus 55%, respectively; Fig. 4, G and H; and Fig. S8). 

Booster vaccination-induced CD4+ T cells in the mRNA and heterologous vaccine cohorts displayed a 

TH1 phenotype, showing mainly positivity for TNF and, to a lesser extent, for CD107a and IFN-/TNF, 

and were negative for the TH2 marker IL-4, comparable with the T cell responses observed after 

complete vaccination (Fig. S9A,B). CD8+ T cell responses, in terms of frequencies of cytokine-producing 

cells and the ability to produce multiple cytokines, also showed a similar profile in both vaccination 

cohorts after complete and booster vaccination with particular positivity for IFN- (Fig. 4I,J and Fig. S8). 

Within the vaccine-induced TNF-producing spike-specific T cells, the proportion of CD45RO+CD4+ 

memory T cells showed a slight increase after booster vaccination compared with complete 

vaccination in both vaccination cohorts (mRNA: 78% versus 82%, heterologous: 75% versus 88%; Fig. 

4K and Fig. S9C-F). For vaccine-induced INF--producing spike-specific CD8+ T cells, this increase in 

memory T cell response is only detected after heterologous vaccination (mRNA: 41% vs. 16%, 

heterologous: 0% vs. 14%; Fig. 4L).  

In summary, the booster vaccination led to a significant increase of anti-spike IgG responses, which 

show a marked decline 6 month after complete vaccination. In contrast, anti-spike T cell responses 

remained stable over time after complete vaccination, with no significant effect of booster vaccination 

on the total intensity and frequency of T cell responses or on cross-recognition of Omicron BA.1 and 

BA.2 mutations within the spike protein.  

Discussion 

T cell immunity is central for the control of viral infections. Although the role of antiviral T cell response 

is extensively studied during acute SARS-CoV-2 infection and COVID-19 (13, 15, 19, 20), the induction 

of T cells upon vaccination with the different approved COVID-19 vaccines is studied less extensively 

(12, 17). This study reports on T cell immunity after complete and booster vaccination regimens in 

comparison to SARS-CoV-2 T cell responses in convalescents and prepandemic donors.  
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In line with previous reports (21, 22), the frequency and intensity of spike-specific T cell responses 

were lower in vector-vaccinated donors compared with mRNA- and heterologous-vaccinated 

individuals, who showed comparable T cell responses. Of note, the observed difference between 

vaccination regimens vanished after in vitro T cell expansion, indicating potent expandability of 

vaccine-induced T cells upon virus encounter. Besides the expandability of virus-specific T cells (23), 

the diversity of T cell responses, i.e,. recognition of multiple T cell epitopes, is shown to be central to 

combat viral disease, including SARS-CoV-2 (15, 24). We showed that vaccine-induced T cells 

responded to different peptide pools covering the whole spike protein, indicating highly diverse T cell 

immunity by the different vaccination regimens. Our data on the expandability and broadness of 

vaccine-induced T cell responses indicated that mRNA, vector, and heterologous vaccination regimens 

can be recommended in the future to induce protective T cell immunity. 

Comparison with spike-specific T cell responses induced in non-hospitalized convalescent individuals 

revealed similar frequency and intensity of T cells induced by different vaccination regimens. Of note, 

the phenotype and functionality of vaccine-induced CD4+ and CD8+ T cells also resembled those after 

natural infection (25). The induction of both CD4+ and CD8+ T cells has been shown to be central for 

effective T cell immunity in infectious and malignant disease (26).  

Cross-reactivity of T cells for different virus species or even amongst different pathogens is a well-

known phenomenon postulated to enable heterologous immunity to a pathogen after exposure to a 

nonidentical pathogen (27). In SARS-CoV-2, cross-reactive T cells are associated with protection against 

infection in COVID-19 contacts (28) and with enhanced immune responses upon infection and 

vaccination (18). Here, we showed high frequencies of spike-specific T cell responses in a cohort of 

prepandemic, unexposed donors after in vitro T cell expansion. In line with previous reports (18, 20), 

the intensity and diversity of these preexisting T cell responses were significantly lower than in 

convalescent and vaccinated individuals. In contrast to previous reports (18), we could also show cross-

reactive T cell responses against the Prot_S1 peptide pool covering the complete N-terminal part of 

the S1 domain of the spike protein, which is described as less HCoV homologous than the C-terminal 

section covered by the Prot_S peptide pool, indicating that cross-reactivity is not only based on 

sequence similarity but also on physiochemical and human leukocyte antigen (HLA)-binding properties 

(29, 30). 

Application of a booster vaccination after complete vaccination shows beneficial effects in terms of 

protection from SARS-CoV-2 infection and severe courses of COVID-19 (31, 32). In line with previous 

reports, we showed a significant increase in IgG titers after booster vaccination for both mRNA and 

heterologous vaccination (33). In contrast, the frequency and intensity of T cell responses were not 

significantly boosted by the additional vaccination; however, T cell responses also did not exhibit such 

a marked decline after the complete vaccination compared with antibody responses. This is in line with 
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reports after SARS-CoV-2 infection, showing a rapid antibody decline and the persistence of T cell 

immunity (9). No differences between mRNA and heterologous vaccination were observed in terms of 

T cell frequency, intensity and ability of CD4+ T cell to produce multiple cytokines after booster 

vaccination. Of note, cytokine production in CD8+ T cells was only boosted in donors who received 

three doses of mRNA vaccine. These data indicated that boost vaccination is of particular relevance for 

the amelioration of antiviral antibody activity, whereas robust T cell immunity is already established 

after complete vaccination.  

We further observed cross-recognition of the Omicron BA.1- and BA.2-mutated regions of the spike 

protein by vaccine-induced T cells after complete and booster vaccination for most of the donors in 

the mRNA- and heterologous-vaccinated cohorts. This is in line with the cross-reactivity potential of 

SARS-CoV-2-specific T cells to HCoV (18, 28) and provides the basis for the reported conservation of 

vaccine-induced T cell responses against different SARS-CoV-2 variants (12, 17). This cross-reactivity is 

suggested to balance the lack of neutralizing antibodies targeting newly arising VOCs (34) and thus to 

prevent severe COVID-19 in vaccinees. These data on the cross-recognition potential of vaccine-

induced T cells indicate that robust T cell immunity toward Omicron variants is also induced from 

complete vaccination.  

There are several limitations to our study. We had a limited number of samples available, which 

particularly affected the vector-vaccinated group because vector-based vaccines stopped being 

recommended by German governments in mid-2021 (35). The other main limitation is the restricted 

number of paired samples for the analysis over time. 

Together, our work shows that complete vaccination against COVID-19 induces broad spike-specific 

CD4+ and CD8+ T cell immunity by different vaccination regimens that resemble T cell responses after 

natural SARS-CoV-2 infection. Moreover, booster vaccination seems to be of particular relevance for 

the amelioration of antiviral antibody activity, because T cell responses are not markedly boosted by a 

third vaccination.  

Materials and Methods 

Study Design 

This prospective cohort study was initiated in 2021 and describes T cell responses in donors vaccinated 

with different COVID-19 vaccines after complete and booster vaccination (regimens described in more 

detail below), compared to convalescent and prepandemic donors. Starting January 2021, the German 

population was recommended to get vaccinated with the approved COVID-19 vaccines (BNT162b2, 

mRNA-1273, ChAdOx1 or Ad26.COV2.S), and volunteers were asked to participate in our study, which 

aimed to identify differences in T cell responses after the different vaccination regimens. T cell 

responses against the whole spike protein and against the Omicron BA.1 and BA.2 variant mutations 
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were assessed. The control groups included samples collected from volunteer convalescents in 2020 

after positive polymerase chain reaction (PCR) test and prepandemic samples collected before March 

2017. No randomization was performed, and blinding was not appropriate for this study. The methods 

and assays used were standardized to prevent batch effects. Data for the time point before and after 

first and complete vaccination of the same donor were obtained in the same assay and data before 

and after booster vaccination were obtained in the same assay. 

Donors and Blood Samples 

Peripheral blood mononuclear cells (PBMCs) from vaccinated donors, COVID-19 convalescents, and 

from prepandemic healthy volunteers, collected between August 2015 and March 2017 at the 

University Hospital Tübingen and the Cancer Research Department Rhein-Main (Hospital Nordwest), 

were isolated by density gradient centrifugation and stored at -80°C for short term storage or in liquid 

nitrogen until further use for subsequent T cell-based assays. Informed consent was obtained in 

accordance with the Declaration of Helsinki protocol. The study was performed according to the 

guidelines of the local ethics committees (179/2020/BO2, MC 288/2015, 2021-2305-evBO). 

Donors Vaccinated with Different COVID-19 Vaccination Regimens 

To assess spike-specific immune responses after vaccination, we collected blood samples from donors 

vaccinated with three different COVID-19 vaccine regimens. The mRNA-based vaccine cohort includes 

healthy volunteers vaccinated two (complete vaccination) to three times (booster vaccination) either 

with mRNA-1273 or with BNT162b2. The heterologous vaccination group received one dose of 

ChAdOx1 followed by one (complete vaccination) or two doses (booster vaccination) of either mRNA-

1273 or BNT162b2. Donors of the vector-based vaccine group either received two doses of AZD1222 

or one dose of Ad26.COV2.S for complete vaccination. Donor characteristics and side effects after 

vaccination of the cohorts (n = 61) are provided in Table 1 and were assessed by questionnaire. Donors 

reporting headache, fever or shivering after vaccination were classified as donors with side effects. 

SARS-CoV-2 Convalescent Individuals 

To delineate differences of SARS-CoV-2 immune responses in vaccinated participants to immune 

responses after natural infection, we used a reference group of COVID-19 convalescent individuals, 

described previously (20) for comparison. SARS-CoV-2 infection was confirmed by real-time PCR after 

nasopharyngeal swab. Sample collection for human COVID-19 convalescents (n = 16) was performed 

in July 2020, 94 – 130 days (median 117 days) after positive PCR. By the time of sample collection, the 

wildtype SARS-CoV-2 was circulating, and VOCs emerged at a later time point. Donor characteristics 

and COVID-19 symptoms were assessed by questionnaire. Details are provided in Table 2. Written 
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informed consent was obtained in accordance with the Declaration of Helsinki protocol 

(179/2020/BO2). 

IFN- ELISpot Assay  

ELISpot assays were performed ex vivo or following 12-day in vitro expansion. For in vitro expansion, 

PBMCs were pulsed with overlapping 15-mer peptide pools covering the entire spike protein (Miltenyi, 

PepTivator® SARS-CoV-2 Prot_S, PepTivator® SARS-CoV-2 Prot_S+, PepTivator® SARS-CoV-2 Prot_S1, 

Fig. 1A) or the Omicron BA.1 and BA.2 mutated regions (Miltenyi, PepTivator® SARS-CoV-2 Prot_S 

B.1.1.529/BA.1 Mutation Pool and PepTivator® SARS-CoV-2 Prot_S B.1.1.529/BA.2 Mutation Pool) 

(0.02 nmol/peptide per milliliter) and cultured for 12 days, adding IL-2 (20 U/ml; Novartis) on days 3, 

5, and 7. Peptide-stimulated (in vitro expanded) or freshly thawed (ex vivo) PBMCs were analyzed by 

IFN- ELISpot assay, as described previously (20). In brief, 100,000 - 300,000 cells per well were 

incubated in 96-well ELISpot plates coated with anti-IFN- antibody (2 µg/ml; clone 1-D1K, MabTech, 

catalog no. 3420-3-250, RRID: AB_907283) with peptide pools (0.01 nmol/peptide per milliliter). 

Phytohemagglutinin (Sigma-Aldrich) served as positive control. An irrelevant HLA-DR-restricted control 

peptide (ETVITVDTKAAGKGK, FLNA_HUMAN1669−1683) in double-distilled water served as negative 

controls. After 24 hours of incubation, spots were revealed with anti-IFN- biotinylated detection 

antibody (0.3 µg/ml; clone 7 B6 1, MabTech, Catalog no. 3420-6-250, RRID: AB_907273), ExtrAvidin-

Alkaline Phosphatase (1:1,000 dilution, Sigma-Aldrich), and bromochloroindolyl phosphate/nitro-blue 

tetrazolium (Sigma-Aldrich). Spots were counted using an ImmunoSpot S6 analyzer (CTL). T cell 

responses were considered positive, and donors as responders, if the mean spot count of the technical 

replicates normalized to 300,000 cells was at least three spots ex vivo and six spots after 12-day in vitro 

expansion and threefold higher than the mean spot count of the negative control normalized to 

300,000 cells (15, 36). The intensity of T cell responses is depicted as calculated spot counts, which 

represent the sum of mean spot count normalized to 300,000 cells for all three tested spike-specific 

peptide pools subtracting the normalized mean spot count of the respective negative control. 

Intracellular Cytokine and Cell Surface Marker Staining 

Peptide-specific T cells were characterized by cell surface marker and intracellular cytokine staining 

(ICS) as previously described (20). In brief, 250,000 to 1,000,000 PBMCs were incubated over 12 to 14 

hours with the 15-mer peptide pools covering the entire spike protein or the negative control peptide, 

brefeldin A (Sigma-Aldrich), and GolgiStop (BD Biosciences). Phorbol 1-myristate 13-acetate and 

ionomycin (Sigma-Aldrich, Catalog no.L1668) served as positive control, for the ex vivo ICS, 

staphylococcal enterotoxin B (SEB) (Sigma-Aldrich, Catalog no.S4881) was used as an additional 

positive control. Staining was performed using Cytofix/Cytoperm solution (BD), Zombie Aqua (for ex 

vivo samples, 1:200 dilution, BioLegend), allophycocyanin (APC)/Cy7 anti-human CD4 (1:100 dilution, 
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BioLegend, Catalog no.300518, RRID: AB_314086), phycoerythrin (PE)/Cy7 anti-human CD8 (1:400 

dilution, Beckman Coulter, Catalog no.737661, RRID: AB_1575980), Pacific Blue anti-human TNF (1:120 

dilution, BioLegend, Catalog no.502920, RRID: AB_528965), fluorescein isothiocyanate anti-human 

CD107a (1:100 dilution, BioLegend, Catalog no.328606, RRID: AB_1186036), PE anti-human IFN- 

monoclonal antibodies (1:200 dilution, BioLegend, Catalog no.506507, RRID: AB_315440), APC anti-

human CD45RO (1:100 dilution, BioLegend, Catalog no.304210 , RRID: AB_314426), PE-Dazzle 594 anti-

human IL-4 (1:25 dilution, BioLegend, Catalog no.500832, RRID: AB_2564036). Ex vivo samples were 

analyzed on a FACS LSRFortessa (BD; gating strategy; Fig. S10). In this study, a T helper 1 (TH1) response 

was defined as cells producing IFN- and tumor necrosis factor, and a TH2 response as cells producing 

IL-4. T cell responses were considered positive if the detected frequency of cytokine-positive CD4+ or 

CD8+ T cells was ≥ 3-fold higher than the frequency in the negative control and minimum 0.1%. The 

frequency of cytokine-positive cells was corrected for background by subtraction of the respective 

negative control values. Negative values were set to zero. 

SARS-CoV-2 Anti-Spike and Anti-Nucleocapsid Antibody Testing 

The Siemens SARS-CoV-2 IgG (SCOVG) assay was performed on an automated ADVIA Centaur XPT 

system (Siemens Healthineers) according to the manufacturer’s instructions. The immunoassay 

detects anti-SCOVG antibodies directed against the S1 domain of the viral spike protein (including the 

immunologically relevant receptor binding domain). The Elecsys assay from Roche detecting high-

affinity antibodies (including IgG) directed against the nucleocapsid protein of SARS-CoV-2 was 

performed according to the manufacturer’s instructions for samples collected at the University 

Hospital Tübingen. Results are reported in index values for the Roche assay and the SCOVG assay. For 

the latter, an index value of 1 corresponds to one U/ml, 1 U/ml can be converted to 21.80 binding 

antibody units/ml according to the manufacturer. The final interpretation of positivity is determined 

by an antibody titer ≥ 1.0 U/ml given by the manufacturer. Values < 0.1 were set to 0.1. One hundred 

was the highest measurable index value with the SCOVG assay. Quality control was performed 

following the manufacturer’s instructions on each day of testing. 

Software and Statistical Analysis 

Flow cytometric data was analyzed using FlowJo 10.7.1 (BD). Graphs were plotted using Inkscape 1.1 

and GraphPad Prism 9.2.0. Statistical analyses were conducted using GraphPad Prism 9.2.0. Data are 

displayed as mean ± SD, and box plots are displayed as median with 25 or 75% quantiles and 

minimum/maximum whiskers. Continuous data were tested for distribution, and individual groups 

were tested by the use of two-sided Fisher’s exact test, unpaired t-test, unpaired Mann-Whitney-U-

test, Kruskal-Wallis test, or paired Wilcoxon signed rank test and Friedman test, all performed as two-
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sided tests. Correlation was tested using Spearman test and linear regression. P values of < 0.05 were 

considered statistically significant.  
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General Discussion and Perspective 
 

Malignant and infectious diseases pose regular threats to the human body. The immune system 

defends the body by orchestrating a synergistic response mediated by the innate and adaptive 

immunity and can therefore prevent disease development (1, 2). For centuries, vaccines have been 

used to train the immune system to recognize pathogens and thus successfully prevent infectious 

diseases (3). Research advances in the field of tumor immunology, within the last decades, have 

established immunotherapy as treatment option for malignant disease, showing durable clinical 

responses (4). Peptide-based vaccines represent one immunotherapeutic approach, that relies on 

comparable principles as vaccination for infectious diseases, i.e., to specifically train the adaptive 

immune system to recognize and target tumor cells, however focusing primarily on the activation of 

tumor-specific T cells. This low side-effect approach has been used in trials for the treatment of solid 

and hematological malignancies showing promising immunogenicity, nevertheless, clinical efficacy is 

still very limited. For successful peptide-based vaccination, several aspects play a role: i) selection of 

relevant tumor antigens, ii) time point of vaccine administration, iii) the correct combinatorial drug 

and iv) selection of the right adjuvant (5).  

Using CLL as a representative low mutational burden tumor entity, we here presented a novel 

workflow for the immunopeptidomics-guided design of peptide warehouses (Chapter 1). The 

warehouse preselection included relevant HLA class I- and HLA class II-restricted peptides found on 

tumor samples that were highly frequent, non-mutated and tumor-associated. To further determine 

if the latter were good candidates for vaccination, peptide immunogenicity was assessed. Peptides 

either needed to show preexisting or de novo inducible T cell responses for inclusion in the final peptide 

warehouse.  

As an outlook, this CLL-derived peptide warehouse is currently being evaluated in a phase I clinical trial 

(iVAC-XS15-CLL01, NCT04688385) that aims to address all mentioned aspects that are relevant for 

successful peptide-based vaccination. This includes the optimal timing of vaccine administration (6, 7): 

Patients receive a personalized peptide cocktail selected from the warehouse that include the HLA-

matched peptides once the state of minimal residual disease is achieved, after remission induction 

with Bruton’s tyrosine kinase inhibitors. This allows for an optimal effector to target cell ratio and can 

thus improve vaccine efficacy (8). Bruton’s tyrosine kinase inhibitors that are administered throughout 

the trial, have more over been shown to have a positive effect on T cell functionality (9-11) and should 

therefore not interfere but rather support the peptide-based vaccines. With regard to adjuvants the 

synthetic toll-like receptor 1/2 ligand XS15 (12) is used in this trial. XS15 has already shown the ability 
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to induce strong and long-lasting T cell responses when administered as adjuvant for peptide-based 

vaccination (13), even in immunocompromised patients suffering from B-cell deficiency, including CLL 

patients (14). With this peptide warehouse design workflow, we performed the preliminary work 

required for the iVAC-XS15-CLL01 clinical trial, and showed a concept of peptide warehouse definition 

easily transferrable to other tumor entities that enables time- and cost-effective personalized T cell-

based immunotherapy approaches. 

As depicted in the first chapter of this thesis, immunogenicity screening represents an important 

requirement for the selection of peptides to be applied in immunotherapeutic approaches. The HLA 

class II-restricted peptides for the CLL warehouse were selected solely based on the ability of recall 

activation of preexisting peptide-specific CD4+ T cells. The unavailability of a functional method to 

prove de novo peptide-specific CD4+ T cell inducibility represents a possible hinderance for the 

definition of future peptide warehouses for other tumor entities. Since commercially available HLA 

class II monomers are restricted to a limited number of alleles and represent a significant cost factor, 

aAPCs were not suited for priming experiments of HLA-class II restricted peptides. An available 

preliminary autologous MoDC priming protocol for CD4+ T cells was tested several times without 

success. Therefore, the second aim of this thesis was the optimization of this method (Chapter 2). 

Adjustments made to the protocol included i) the maturation cocktail used for MoDC maturation, ii) 

duration of MoDC coincubation with peptides and iii) the general stimulation setting. i) The maturation 

cocktail for MoDCs was changed from TNF, Prostaglandin E2 and Resiquimod to LPS, since it allowed 

for higher expression of costimulatory molecules required for successful T cell activation and is widely 

used for DC maturation (15-19). ii) After the start of the maturation process, MoDCs have an improved 

ability of antigen presentation that is lost 20 to 40h later (20), this phenomenon was not considered in 

the preliminary protocol. MoDCs have also been shown to induce T cell activation already 1 h after 

MoDC and peptide coincubation (21), therefore the optimized protocol comprises a MoDC and peptide 

coincubation step of 2 hours instead of the 24 h in the preliminary protocol. iii) As we do for the aAPC 

priming, many groups perform their MoDC assays in round-bottom 96-well plates (22-24), which allows 

for better cell-cell interactions due to the shape and reduced volume. This was also the final 

modification to the protocol, that enabled the successful priming of specific CD4+ T cells for all tested 

peptides and donors and concluded the MoDC priming optimization. This method optimization will 

allow to prove peptide immunogenicity for HLA class II-restricted peptides without detectable 

preexisting T cell responses and will therefore facilitate the final step of peptide selection for the 

definition of novel peptide warehouses for clinical application. 

T cell responses also play a vital role in protecting the body from infectious diseases (3). The outbreak 

of SARS-CoV-2 in 2019 that initiated the COVID-19 pandemic had an immense impact on the world and 
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led to the rapid development of several vaccines to reduce transmission and infection rates. The most 

widely approved and administered vaccines in Europe and North America (25-27) mostly targeted the 

spike protein of SARS-CoV-2 and included the vector vaccines, ChAdOx1 and Ad26.COV2.S (28, 29), and 

the first ever approved mRNA vaccines BNT162b2 and mRNA-1273 (30, 31). For complete vaccination 

status, the vaccination schedules comprise two doses of ChAdOx1, BNT162b2 and mRNA-1273 and 

one dose of Ad26.COV2.S (28-31). The heterologous vaccination scheme, comprised of one dose of 

ChAdOx1 followed by one dose of mRNA vaccine, was the result of reports of thromboembolic events 

after vector vaccination (32). Within the third part of this thesis, we analyzed differences in T cell 

responses after vaccination depending on vaccination regimen and the number of received vaccination 

doses in healthy volunteers. We could show that complete vaccination with all vaccine regimens 

induces broad spike-specific CD4+ and CD8+ T cell responses that were comparable with T cell 

responses in convalescents after natural infection and significantly increased compared to 

prepandemic donors. With a convalescent and prepandemic group as reference, we could confirm the 

observations made by Jordan et al. for mRNA-vaccinated donors (33). In general, mRNA- and 

heterologous-vaccinated individuals appeared to have an advantage in intensity and multifunctionality 

of spike-specific T cells compared with vector-vaccinated donors, which was in line with previous 

reports (34, 35). We could also confirm the significant increase in anti-spike IgG after booster 

vaccination for mRNA- and heterologous-vaccinated donors (36, 37). This booster vaccination-induced 

increase was not seen for T cell responses, that remained rather constant for all time points after 

complete vaccination for mRNA- and heterologous-vaccinated individuals. The results obtained while 

testing the BA.1 and BA.2 Omicron mutation pools showed cross recognition of the mutated spike 

regions for most mRNA- and heterologous-vaccinated donors but not for vector-vaccinated donors. 

However, this observation does not generally mean that donors with no cross-recognition of mutated 

regions have no T cell protection against VOCs, to assess that, experiments would have to be 

performed using peptide pools containing peptides covering the whole BA.1 and BA.2 spike protein. In 

general, this shown cross-recognition may also lead to protection against newly arising variants of 

concern. While further analyses of the effects of vaccination several months after the booster dose 

would have been of interest, the number of donors suitable for analyses kept decreasing due to either 

the application of a fourth vaccine dose or infection with COVID-19. Increased infection rates were due 

to the ease of restrictions, such as social distancing, the wearing of facial masks and travel restrictions 

used to contain COVID-19 spread (38).  

As demonstrated in this thesis, CD4+ and CD8+ antigen-specific T cell responses can be induced both, 

in vitro by aAPC and MoDC primings as shown for tumor-associated antigens, and in vivo through 

vaccination approaches as demonstrated for SARS-CoV-2. In general, the induction of both CD4+ and 

CD8+ is of great importance for the therapeutic aspect in malignant disease as well as for the 
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prophylactic aspect in infectious disease. Whereas the role of CD8+ cytotoxic T cells has been 

considered as highly relevant for a long time, the role of CD4+ T cells has been gaining importance (39). 

Over the past years, CD4+ T cells have also been shown to directly induce cell death, either through 

cytotoxic abilities by secreting granzyme B and perforin (40), or by orchestrating inflammatory cell 

death together with tumoricidal myeloid cells (41). Considering the growing knowledge on the direct 

roles of CD4+ T cells, the concept of including HLA class II-restricted peptides in peptide-based 

approaches, or using other vaccines able to induce CD4+ T cells appears to be of relevance. One 

attractive option for peptide-based therapeutic approaches consists in using HLA class II-restricted 

peptides that contain elongated HLA class I-restricted epitopes for the activation of both CD4+ as well 

as CD8+ T cells with only one administrated peptide (5). Using peptide vaccine cocktails including 

several elongated peptides allow for broader patient treatment due to HLA class II promiscuity while 

still including epitopes for several HLA class I allotypes. This approach was used in a clinical Phase I/II 

trial of CoVac-1, a peptide-based COVID-19 T-cell activator, including six SARS-CoV-2 derived HLA-DR 

epitopes with embedded HLA class I sequences, that showed successful and strong induction of mostly 

CD4+ T cell responses in patients with B cell deficiency unable to mount antibody responses (14). 

In this thesis antigen-specific T cell responses were characterized in the context of prophylactic and 

therapeutic vaccination against infectious and malignant disease. Aside from the herein performed T 

cell response characterization, additional TCR sequencing allows to determine individual TCR 

repertoires, sequences and clonalities (42). It is a suitable tool for comparative analysis of different 

study cohorts, for example to analyze the TCR repertoires of vaccinated donors and of unvaccinated 

donors, or to assess the development of T cell responses for the prediction of immunotherapy activity 

and efficacy by analyzing TCR repertoire and clonality before and after vaccination. After priming and 

expanding antigen-specific T cells, the latter can be analyzed by combining single cell RNA sequencing 

with TCR sequencing which allows for the direct identification of epitope-specific TCR sequences from 

the antigen-stimulated T cells with highest expression levels of activation markers (43). The identified 

TCRs can be further engineered for improved expression, stability and affinity for potential TCR-based 

adoptive therapy approaches. T cells for TCR-based therapy approaches are generated by using 

lentiviral or retroviral vectors for gene delivery (44). TCR-based therapies have been arising over the 

past years, with first clinical trials showing treatment efficacy for the treatment of cytomegalovirus 

infection after allogeneic hematopoietic stem cell transplantation (45) and clinical response was also 

seen in trials treating patients of several cancer entities, including melanoma and synovial cell sarcoma 

(43, 46).  

In the future, combining peptide-based vaccination with other approaches such as TCR-based therapy 

could be of great interest, by first inducing antigen-specific T cell responses in the patients, sequencing 
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the most potent TCRs to then use the latter for subsequent TCR-based therapy for a boost of antigen-

specific T cell responses. 
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aa  amino acid 
aAPC  artificial antigen-presenting cells 
BCIP/NBT 5-bromo-4-chloro-3-indolyl-phosphate/nitro-blue tetrazolium chloride 
Benda  Bendamustine 
BTK  Bruton’s tyrosine kinase 
BV  booster vaccination 
CAR  chimeric antigen receptor 
CD  cluster of differentiation 
CLB  Chlorambucil 
CLL  chronic lymphocytic leukemia 
CTLA4  cytotoxic T lymphocyte-associated molecule 4 
CV  complete vaccination 
Conv.  Convalescents 
COVID-19 Coronavirus Disease 2019 
DKFZ  German Cancer Research Center 
DKTK  German Cancer Consortium 
DNA  deoxyribonucleic acid 
ELISpot  enzyme-linked immunospot 
FACS  fluorescence-activated cell sorting 
FC  Fludarabine and Cyclophosphamide 
FDR  false discovery rate 
Freq.  frequency 
FSC  forward scatter 
GMP  good manufacturing practice 
HCoV  common cold human coronaviruses 
Heterol. Heterologous 
HLA  human leukocyte antigen 
HV  healthy volunteers 
ICI  Immune checkpoint inhibitors 
ICS  intracellular cytokine staining  
IDs  identifications 

IFN-  interferon-gamma 
IL  interleukin 
LC-MS/MS liquid chromatography-tandem mass spectrometry 
LPS  lipopolysaccharide 
lympho. lymphocytes 
mAB  monoclonal antibody 
MACS  magnetic-activated cell sorting 
MassSpec mass spectrometer 
MEK  mitogen-activated protein kinase kinase 
MoDC  monocyte-derived dendritic cell 
MRD  minimal residual disease 
mRNA  messenger ribonucleic acid 
MS  mass spectrometry 
n  number 
n.a.  not available 
Neg.  negative 
npep  number of peptides 
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No.  number 
n.s.  not significant 
PARP  poly ADP-ribose polymerase 
PBMCs  peripheral blood mononuclear cells 
PCR  polymerase chain reaction 
PD-1  programmed cell death receptor-1 
PE  R-phycoerythrin 
PHA  phytohemagglutinin 
PMA  phorbol myristate acetate 
Pos.  positive 
Pre.  Prepandemic 
RBD  receptor binding domain 
R-Benda Rituximab - Bendamustin 
R-CHOP Rituximab – Cyclophosphamide- Hydroxydaunorubicin- Oncovin - Prednisone 
SARS-CoV-2 severe acute respiratory syndrome coronavirus 2 
SSC  side scatter 
TAA  Tumor-associated antigen 
TH cells  helper T cells 
TLR  Toll-like receptor 
TNF  tumor-necrosis factor 
TH  helper T cell 
Treg  regulatory T cell 
UPN  uniform patient number  
V  vaccination 
VOC  variant of concern 
Vs.  versus 
WBC  white blood cell count 
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Supplement of Chapter 1 
 

Supplementary Figures 

 

Figure S1: Saturation analysis, population coverage and comparative immunopeptidome profiling. (A) Saturation analysis 

of HLA class II-restricted peptide source proteins of the CLL patient cohort. Number of unique source protein identifications 

shown as a function of cumulative immunopeptidome analysis of CLL samples (n = 49). Exponential regression allowed for 

the robust calculation of the maximum attainable number of different source protein identifications (dotted lines). The 

dashed red line depicts the source proteome coverage achieved in the CLL patient cohort. (B-D) HLA-A*02, HLA-A*24, and 

HLA-B*07 allotype coverage within (B) the CLL patient cohort of a previous peptide vaccination trial (NCT02802943) as well 

as within (C) the European population and (D) the world population (calculated by the IEDB population coverage tool, 

www.iedb.org). The frequencies of individuals within the respective cohort carrying up to three HLA allotypes (x-axis) are 
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indicated as gray bars on the left y-axis. The cumulative percentage of population coverage is depicted as black dots on the 

right y-axis. (E-G) Saturation analysis of (E) HLA-A*02-, (F) HLA-A*24-, and (G) HLA-B*07-restricted peptide source proteins of 

the CLL patient cohort. Number of unique source protein identifications shown as a function of cumulative 

immunopeptidome analysis of CLL samples (E, n = 30; F, n = 16; G, n = 15). Exponential regression allowed for the robust 

calculation of the maximum attainable number of different source protein identifications (dotted lines). The dashed red lines 

depict the source proteome coverage achieved in the respective CLL patient cohort. (H-J) Overlap analysis of (H) HLA class I-

, (I) HLA A*24-, and (J) HLA-B*07-restricted peptides of HLA-matched CLL samples (H, n = 52; I, n = 16; J, n = 15) and benign 

tissue samples (n = 351; I, including 39 HLA-A*24+; J, including 63 HLA B*07+). (K, L) Comparative profiling of (K) HLA-A*24- 

and (L) HLA-B*07-presented ligands based on the frequency of presentation in allotype-matched CLL and benign tissue 

immunopeptidomes. Frequencies of positive immunopeptidomes for the respective HLA ligands (x-axis) are indicated on the 

y axis. HLA ligands identified on < 5% of the respective cohort were not depicted. Boxes on the left side highlight CLL-

associated antigens that show CLL-exclusive high-frequent presentation. IDs, identifications. 
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Figure S2: Statistical analysis of the proportion of false-positive CLL-associated antigen identifications at different 

representation frequencies. The numbers of identified (A) HLA-A*02-, (B) HLA-A*24-, (C) HLA-B*07-, and (D) HLA class II-

restricted peptides based on the analysis of the CLL and benign tissue cohorts were compared with random virtual (HLA-

matched) CLL-associated peptides (left y-axis), respectively. Virtual ligandomes of CLL samples and benign tissue samples 

were generated in silico based on random weighted sampling from the entirety of peptide identifications in both original 

cohorts. These randomized virtual ligandomes were used to define CLL-associated antigens based on simulated cohorts of 

CLL versus benign tissue samples. The process of peptide randomization, cohort assembly, and CLL-associated antigen 

identification was repeated 1,000 times and the mean value of resultant virtual CLL-associated antigens was calculated and 
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plotted for the different threshold values. The corresponding false discovery rates (right y-axis) for any chosen threshold (x-

axis) were calculated and the 1% and 5% false discovery rates are indicated within the plot (dotted lines and arrows). IDs, 

identifications; FDR, false discovery rate. 
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Figure S3: Validation of experimentally eluted peptides by synthetic peptides. Comparison of fragment spectra (m/z on the 

x-axis) of (A) HLA class I and (B) class II-restricted peptides eluted from primary CLL samples (identification) to their 

corresponding synthetic peptides (validation, mirrored on x-axis). Identified b- and y-ions are marked in red and blue, 

respectively. The calculated spectral correlation coefficients are depicted on the right graphs. 
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Figure S4: Immunogenicity confirmation of HLA-A*02- and HLA-A*24-restricted peptides by de novo T cell induction in HVs. 

(A, B) Tetramer staining of CD8+ T cells derived from HVs after 4 cycles of aAPC stimulation with the peptides (A) P2A02 and 

(B) P3A24. (C, D) Representative intracellular cytokine (IFN-, TNF) and degranulation marker (CD107a) staining of peptide-

specific CD8+ T cells after 4 cycles of in vitro aAPC-based primings following stimulation with the peptides (C) P2A02 and (D) 

P3A24. Neg, negative control; FSC, forward scatter. 
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Figure S5: Intensity of preexisting T cell responses. Overview of all detected preexisting T cell responses against the 

respective CLL-associated antigens evaluated by IFN- ELISpot assays after 12-day in vitro expansion using peripheral blood 

mononuclear cells (PBMCs) of CLL patients. Intensity is depicted as calculated spot counts, which were calculated as the mean 

spot count of duplicates normalized to 5 × 105 cells minus the normalized mean spot count of the respective negative control. 

Each dot represents an individual donor. Boxes represent median and 25th to 75th percentiles, whiskers are minimum to 

maximum. 
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Supplementary Tables 

Table S1: Patient characteristics of immunopeptidome samples 

UPN HLA type 

Time point 
sample 

collection 

Therapy prior to sample 
collection (1st line |  

2nd line |…) 

WBC 
[per µl] 

Lympho. 
[%] 

UPN001 A*02:01, A*11:01, B*39:01, B*40:01, C*03:04, C*12:03 diagnosis no 245 200 71 

UPN002 A*02:01, B*35:01, B*39:01, C*04:01, C*12:03 relapse 
yes (FC | R-Benda | FC | 

R-Benda | CLB) 
151 690 n.a. 

UPN003 A*25:01, A*26:01, B*18:01, B*38:01, C*12:03 relapse yes (CLB) 53 020 56 

UPN004 A*01:01, A*24:02, B*08:01, B*27:05, C*02:02, C*07:02 diagnosis no 103 000 75 

UPN005 A*02:01, A*03:01, B*18:01, B*35:01, C*04:01, C*05:01 diagnosis no 103 800 77 

UPN006 A*03:01, A*30:01, B*07:02, B*13:02, C*06:02, C*07:02 relapse yes (CLB) 130 450 97 

UPN007 A*02:01, A*03:01, B*07:02, B*55:01, C*01:02, C*07:02 relapse yes (Trofosfamide) 72 080 84 

UPN008 A*01:01, A*02:01, B*27:05, B*37:01, C*02:02, C*06:02 diagnosis no 111 000 86 

UPN009 A*01:01, A*02:01, B*27:02, B*37:01, C*02:02, C*06:02 diagnosis no 111 800 79 

UPN010 A*23:01, B*49:01, C*03:04, C*07:02 relapse yes (R-Benda | Benda) 37 800 88 

UPN011 A*01:01, A*68:01, B*08:01, B*44:02, C*07:01, C*07:04 diagnosis no 40 990 59 

UPN012 A*02:01, A*03:01, B*40:01, C*03:04 diagnosis no 35 400 86 

UPN013 A*01:01, A*03:01, B*08:01, B*51:01, C*01:02, C*07:01 diagnosis no 54 360 84 

UPN014 A*02:01, A*03:01, B*07:02, B*44:02, C*05:01, C*07:02 diagnosis no 61 760 64 

UPN015 A*02:05, A*24:02, B*35:01, B*50:01, C*04:01, C*06:02 relapse 
yes (“Knospe protocol” | 
R-Benda | Benda | FC | 

CLB | Benda) 
56 360 67 

UPN016 A*11:01, B*15:01, B*52:01, C*04:01, C*12:02 relapse yes (R-Benda) 83 390 81 

UPN017 A*01:01, A*02:01, B*08:01, B*13:02, C*06:02, C*07:02 diagnosis no 67 410 78 

UPN018 A*32:01, A*68:01, B*07:02, B*27:05, C*07:01, C*07:02 relapse yes (R-Benda) 76 840 88 

UPN019 A*01:01, A*26:01, B*07:02, B*37:01, C*02:02, C*07:02 diagnosis no 220 710 n.a. 

UPN020 A*01:01, A*32:01, B*07:02, B*44:02, C*07:01, C*07:02 relapse yes (R-Benda | CLB) 770 400 n.a. 

UPN021 A*02:01, A*24:02, B*51:01, B*57:01, C*14:02 relapse 
yes (Fludarabine | 

R-Benda) 
110 300 71 

UPN022 A*02:01, A*03:01, B*40:01, B*44:02, C*02:02, C*03:04 diagnosis no 46 170 80 

UPN023 A*02:01, A*03:01, B*35:01, C*04:01 diagnosis no 160 600 77 

UPN024 A*01:01, A*02:01, B*08:01, B*51:01, C*02:02, C*07:02 diagnosis no 123 700 85 

UPN025 A*02:01, A*24:02, B*51:01, B*57:01, C*01:02, C*06:02 relapse yes (CLB) 259 750 95 

UPN026 A*01:01, A*03:01, B*07:02, B*44:02, C*05:01, C*07:02 diagnosis no 171 510 90 

UPN027 A*01:01, A*02:01, B*08:01, B*27:02, C*02:02, C*07:01 diagnosis no 335 730 94 

UPN028 A*02:01, B*15:01, B*56:01, C*01:02, C*03:04 relapse yes (R-Benda) 58 260 87 

UPN029 A*24:02, A*26:01, B*27:05, B*39:01, C*01:02, C*07:02 diagnosis no 68 610 86 

UPN030 A*02:01, B*07:02, B*18:01, C*03:04, C*06:02 diagnosis no 31 950 n.a. 

UPN031 A*02:01, A*11:01, B*35:01, B*40:01, C*03:04, C*04:01 diagnosis no 537 370 96 

UPN032 A*01:01, A*24:02, B*07:02, B*08:01, C*07:02 diagnosis no 146 810 92 

UPN033 A*02:01, A*68:01, B*38:01, B*51:01, C*12:03, C*14:02 diagnosis no 38 680 88 

UPN034 A*02:01, A*29:02, B*44:02, C*05:01, C*16:01 diagnosis no 170 420 97 

UPN035 A*01:01, A*26:01, B*07:02, B*40:01, C*02:02, C*07:02 diagnosis no 81 510 87 

UPN036 A*02:01, A*11:01, B*35:01, B*40:01, C*03:04, C*04:01 diagnosis no 27 340 73 

UPN037 A*02:01, A*24:02, B*15:01, B*44:02, C*03:04, C*16:01 diagnosis no 438 060 97 

UPN038 A*24:02, A*25:01, B*18:01, B*49:01, C*07:02, C*12:03 diagnosis no 227 910 96 

UPN039 A*03:01, A*24:02, B*35:01, C*04:01 diagnosis no 79 010 92 

UPN040 A*02:01, A*24:02, B*07:02, B*44:02, C*05:01, C*07:02 diagnosis no 147 340 92 
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UPN HLA type 

Time point 
sample 

collection 

Therapy prior to sample 
collection (1st line |  

2nd line |…) 

WBC 
[per µl] 

Lympho. 
[%] 

UPN041 A*02:01, A*11:01, B*07:02, B*15:01, C*03:04, C*07:02 diagnosis no 127 100 94 

UPN042 A*02:01, A*24:02, B*07:02, B*13:02, C*06:02, C*07:02 diagnosis no 259 550 94 

UPN043 A*01:01, A*68:01, B*44:02, B*55:01, C*03:04, C*05:01 diagnosis no 253 100 97 

UPN044 A*01:01, A*24:02, B*08:01, B*35:01, C*04:01, C*07:02 diagnosis no 129 080 99 

UPN045 A*03:01, A*24:02, B*51:01, C*14:02, C*16:01 diagnosis no 198 200 97 

UPN046 A*02:01, A*24:02, B*13:02, B*44:02, C*05:01, C*06:02 diagnosis no 401 080 91 

UPN047 A*02:01, A*26:01, B*07:02, B*40:01, C*03:04, C*07:02 diagnosis no 115 000 63 

UPN048 A*02:01, A*11:01, B*40:01, B*44:02, C*03:04, C*05:01 diagnosis no 79 800 35 

UPN049 A*02:01, B*08:01, B*40:01, C*03:04, C*07:02 diagnosis no 95 200 55 

UPN050 A*11:01, A*68:01, B*08:01, B*35:01, C*04:01, C*07:02 diagnosis no 166 000 59 

UPN051 A*01:01, A*24:02, B*15:01, B*40:01, C*02:02, C*07:02 diagnosis no 123 500 78 

UPN052 A*01:01, A*24:02, B*07:02, B*08:01, C*07:01, C*07:02 diagnosis no 51 850 91 

UPN053 A*02:01, A*30:01, B*13:02, B*35:01 diagnosis no 52 350 79 

UPN054 A*02:01, B*40:01, B*51:01, C*03:04, C*15:02 diagnosis no 238 570 94 

UPN055 A*02:01, B*55:01, B*57:01 relapse yes (R-CHOP*) 83 560 n.a. 

UPN056 A*30:01, A*33:01, B*14:02, B*40:01, C*03:04, C*08:02 diagnosis no 20 000 61 

UPN057 A*02:01, A*03:01, B*27:05, B*57:01 diagnosis no 43 000 78 

UPN058 A*02:01, A*24:02, B*07:02, B*51:01, C*01:02, C*07:02 diagnosis no 27 300 90 

UPN059 A*03:01, A*26:01, B*07:02, B*38:01, C*07:02, C*12:03 diagnosis no 36 870 89 

UPN060 A*01:01, A*02:01, B*51:01, B*57:01, C*06:02, C*15:02 diagnosis no 20 300 69 

UPN061 A*02:01, A*11:01, B*39:06, C*06:02 diagnosis no 131 400 98 

UPN, uniform patient number; WBC, white blood cell count; lympho., lymphocytes; n.a., not available; Benda, Bendamustine; 
FC, Fludarabine and Cyclophosphamide; R-CHOP, Rituximab - Cyclophosphamide - Hydroxydaunorubicin - Oncovin - 
Prednisone; R-Benda, Rituximab - Bendamustine; CLB, Chlorambucil; “Knospe protocol”, Chlorambucil and Prednisone; 
*, individualized therapy concept due to high risk disease (TP53 mutation).  
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Table S2: Sample characteristics of immunogenicity cohort 

UPN 
Lymphocyte count  

[per µl] 
CD3+ cells  

[% of lymphocytes] 

UPN005 147 970 2.7 

UPN007 1 340 71.3 

UPN012 11 580 n.a 

UPN017 148 270 3.9 

UPN018 67 680 n.a 

UPN019 99 140 2.6 

UPN022 14 820 n.a 

UPN026 202 240 2.6 

UPN029 59 040 3.6 

UPN035 71 020 7.7 

UPN038 219 200 2.4 

UPN039 72 730 4.2 

UPN040 136 130 1.8 

UPN041 119 420 7.2 

UPN042 243 070 4.0 

UPN045 192 360 n.a 

UPN047 72 200 n.a 

UPN051 77 810 n.a 

UPN052 47 410 n.a 

UPN057 61 570 3.7 

UPN058 24 530 6.3 

UPN062 730 n.a 

UPN063 28 890 n.a 

UPN064 1 830 n.a 

UPN066 66 010 n.a 

UPN069 55 530 n.a 

UPN070 3 720 44.5 

UPN071 2 850 n.a 

UPN073 38 400 7.9 

UPN074 31 569 n.a 

UPN075 106 370 n.a 

UPN077 68 940 7.9 

UPN078 172 680 1.8 

UPN080 580 n.a 

UPN082 1 660 n.a 

UPN083 100 260 6.1 

UPN085 153 520 2.5 

UPN087 19 850 4.9 

UPN088 176 120 n.a 

UPN089 193 260 n.a 

UPN090 136 130 1.8 

UPN091 129 840 3.7 

UPN092 510 36.0 

UPN093 121 150 n.a 

UPN095 34 650 4.2 

UPN096 329 310 1.6 

UPN097 13 550 12.2 

UPN098 17 370 99.2 

UPN099 5 630 31.8 

UPN100 6 430 9.8 

UPN102 2 100 70.7 
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Table S3: Recurrent CLL-associated mutations  

Frameshift mutations 

Gene Protein Mutation [protein sequence] 

BIRC3 BIRC3 Q547Nfs*21 
NFKBIE IKBE Y254Sfs*13 

NOTCH1 NOTC1 P2514fsRVP* 

Missense mutations 

Gene Protein Mutation [protein sequence] 

ADGRF5 ADGRF5 S765F 
ASB10 ASB10 H227L 
ATM ATM L1222P, R3008C 

BIRC6 BIRC6 L3687R 
BNC2 BNC2 V771I 
BRAF BRAF G469A, V600E 

CALCRL CARL1 Q33H 
CARMIL1 CARMIL1 L283H 
CCDC185 CC185 R380W 
CCND3 CCND3 P199S 
CD3G CD3G D35G 

CEP250 CP250 Q2041H 
COL3A1 CO3A1 G741S 
DNASE2 DNS2A R62W 
EDEM2 EDEM2 V39F 
EGR2 EGR2 E356K, H384N 
EIF2A EIF2A D359N 
ERBB4 ERBB4 R50H 
GLB1L2 GLBL2 G366S 
HOXC11 HXC11 E202D 

IKZF3 IKZF3 L162R 
IRF4 IRF4 S114R 
JAK2 JAK2 V617F 

KCTD9 KCTD9 P199S 
KIAA1211 CRAD A1035V 
KIAA1217 SKT R1188W 

LGI3 LGI3 W341R 
LRP1B LRP1B N1754K 
LRRD1 LRRD1 P735S 
LRRIQ4 LRIQ4 V225I 
MDGA2 MDGA2 R53W 
MED12 MED12 E33K, L36R, G44D, G44S 
MYO5B MYO5B T846I 
NFE2L3 NF2L3 C595Y 

NID1 NID1 G562S 
NRAS RASN Q61K, Q61R 
PADI3 PADI3 T335I 
PAPPA PAPPA G438R 

PCDHA13 PCDAD D376Y 
PENK PENK R229W 
PLCG2 PLCG2 S707F, D993H, M1141R, M1141K 
RIMS1 RIMS1 E658A 
RYR3 RYR3 D4710N 

SBNO1 SBNO1 V1132A 
SECISBP2 SEBP2 K15R 

SF3B1 SF3B1 
E622D, Y623C, N626Y, H662D, H662Q, T663I, K666E, K666N, K666T, 

K700E, I704F, I704N, G740E, G742D 
SLC7A13 S7A13 V407M 
SNX16 SNX16 W171L 

STAMBPL1 STALP P48R 
TLR2 TLR2 D327V 
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Gene Protein Mutation [protein sequence] 

TMEM131 T131L S1256C 

TP53 P53 
R175H, H179L, Y220C, Y234C, S241F, G244D, R248Q, R248W, 

R273C, R273H, R337C 
TRAPPC10 TPC10 A301S 
TSPAN12 TSN12 E301K 
UGT2B4 UD2B4 I331V 

UTF1 UTF1 R108L 
VPS13D VP13D A4248V 

XPO1 XPO1 E571A, E571G, E571K, E571Q, E571V 
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Table S4: HLA class I and HLA class II peptide yields  

UPN 
Mass 
spec 

HLA class I  HLA-A*02  HLA-A*24  HLA-B*07  HLA class II 

Ligand 
IDs 

Protein 
IDs 

 Ligand 
IDs 

Protein 
IDs 

 Ligand 
IDs 

Protein 
IDs 

 Ligand 
IDs 

Protein 
IDs 

 Peptide 
IDs 

Protein 
IDs 

UPN001 XL 1 554  1 432   201  265         997  327  

UPN002 XL 852  929   251  358         706  473  

UPN003 XL 1 230  1 199            n.a. n.a. 

UPN004 XL 1 921  1 800      509  614      1 075  470  

UPN005 XL 1 349  1 375   201  280         575  363  

UPN006 XL 1 407  1 563         486  557   n.a. n.a. 

UPN007 XL 2 555  2 196   919  1 016      1 263  1 212   n.a. n.a. 

UPN008 XL 1 121  1 198   299  387         n.a. n.a. 

UPN009 XL 1 492  1 457   666  736         944  441  

UPN010 XL 679  771            n.a. n.a. 

UPN011 XL 1 228  1 203            n.a. n.a. 

UPN012 XL 1 157  1 173   247  336         n.a. n.a. 

UPN013 XL 1 243  1 288            627  331  

UPN014 XL 1 182  1 206   177  250      466  500   n.a. n.a. 

UPN015 XL 632  759   174  256   199  303      n.a. n.a. 

UPN016 XL 800  849            n.a. n.a. 

UPN017 XL 1 060  1 130   533  665         691  326  

UPN018 XL 678  729         223  257   631  360  

UPN019 XL 1 308  1 247         794  783   n.a. n.a. 

UPN020 XL 759  786         239  266   1 651  643  

UPN021 XL 728  784   159  220   319  391      1 066  551  

UPN022 XL 2 457  1 992   511  632         728  379  

UPN023 XL 1 231  1 221   266  364         n.a. n.a. 

UPN024 XL 849  969   82  93         725  388  

UPN025 XL 527  676   99  177   134  201      745  405  

UPN026 XL 1 860  1 714         658  692   3 029  877  

UPN027 Lumos 8 561  4 741   2 811  2 312         7 865  1 393  

UPN028 Lumos 7 957  4 912   3 723  2 845         7 010  1 406  

UPN029 Lumos 3 082  2 599      1 505  1 499      4 096  664  

UPN030 Lumos 5 976  3 820   2 500  2 125      1 815  1 642   2 586  815  

UPN031 Lumos 8 622  4 610   2 198  1 936         7 397  1 430  

UPN032 Lumos 4 928  3 570      1 679  1 636   1 990  1 781   6 488  1 411  

UPN033 Lumos 5 298  3 568   1 594  1 542         6 748  1 411  

UPN034 Lumos 9 530  5 046   2 134  1 865         9 570  1 789  

UPN035 Lumos 3 055  2 436         651  720   2 603  842  

UPN036 Lumos 2 003  1 725   456  574         3 316  928  

UPN037 Lumos 3 412  2 593   731  853   973  1 040      3 470  896  

UPN038 Lumos 1 992  1 822      533  639      8 922  1 649  

UPN039 Lumos 4 393  3 285      1 515  1 550      8 954  1 799  

UPN040 Lumos 8 816  4 917   2 182  1 938   1 926  1 866   2 933  2 361   10 392  1 626  

UPN041 Lumos 7 539  4 644   1 908  1 749      2 568  2 166   7 016  1 531  
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UPN 
Mass 
spec 

HLA class I  HLA-A*02  HLA-A*24  HLA-B*07  HLA class II 

Ligand 
IDs 

Protein 
IDs 

 Ligand 
IDs 

Protein 
IDs 

 Ligand 
IDs 

Protein 
IDs 

 Ligand 
IDs 

Protein 
IDs 

 Peptide 
IDs 

Protein 
IDs 

UPN042 Lumos 4 558  3 296   2 042  1 850   1 447  1 439   1 235  1 197   4 272  1 104  

UPN043 Lumos 2 696  2 284            4 524  999  

UPN044 Lumos 3 608  2 943      1 264  1 305      7 258  1 558  

UPN045 Lumos 1 186  1 247      536  609      1 264  509  

UPN046 Lumos 7 643  4 461   2 969  2 439   1 775  1 742      7 031  1 491  

UPN047 Lumos 2 490  2 135   927  1 032      508  588   2 569  832  

UPN048 Lumos 3 002  2 347   1 077  1 131         4 246  1 039  

UPN049 Lumos 2 877  2 316   1 599  1 544         4 490  1 196  

UPN050 Lumos 4 358  3 238            6 192  1 551  

UPN051 Lumos 5 292  3 554      1 439  1 405      5 673  1 337  

UPN052 Lumos 3 073  2 598      916  978   1 267  1 236   2 624  870  

UPN053 XL n.a. n.a.           606  357  

UPN054 XL n.a. n.a.           873  474  

UPN055 XL n.a. n.a.           935  489  

UPN056 Lumos n.a. n.a.           603  306  

UPN057 Lumos n.a. n.a.           4 505  1 280  

UPN058 Lumos n.a. n.a.           4 584  1 286  

UPN059 Lumos n.a. n.a.           5 343  1 530  

UPN060 Lumos n.a. n.a.           6 233  1 697  

UPN061 Lumos n.a. n.a.           3 814  1 103  

UPN, uniform patient number; Mass spec, mass spectrometer; ID, identification; n.a., not available.  
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Table S5: HLA-A*02-restricted CLL-associated antigens  

Sequence 
Source 
protein 

Peptide 
length 

Allotype-specific 
presentation 

frequency 
Sequence 

Source 
protein 

Peptide 
length 

Allotype-specific 
presentation 

frequency 

KLLESVASA PACER 9 73% LLFHGMLLL ZDH24 9 23% 

GIIDGSPRL PACER 9 50% QLYNSLIFL RNFT2 9 23% 

VIAELPPKV IGHM 9 47% SLASITVPL GGA1 9 23% 

SLFSHLLEI WDFY4 9 43% SLLAELHVLTV FCRL3 11 23% 

VLTNLVVFL ABCA6 9 43% SLMLEVPAL DMD 9 23% 

ALHRPDVYL IGHM 9 40% SLPELVHAV SESN3 9 23% 

YLLDQSFVM RGRF1 9 40% SLTSLLILV TM243 9 23% 

YLTVVIFTA LOX5 9 40% VLRELCEEL SYNE2 9 23% 

ILDEKPVII ABCA6 9 37% YILTFPLYL MET7A 9 23% 

RLLYQLVFL IL4RA 9 37% AIPPSFASIFL IGHM 11 20% 

TLDTSKLYV RGRF1 9 37% ALHWFLNQV UBP34 9 20% 

FLTDLEDLTL NAT9 10 33% ALMGLSAQL DNMBP 9 20% 

LIWPLLSTV NUP88 9 33% ALWIPEVSI JADE1, JADE2, JADE3 9 20% 

LLDAMNYHL KLH14 9 33% ATMPVVPSV SHLB2 9 20% 

SLASHIQSL WDFY4 9 33% FAIPPSFASI IGHM 10 20% 

VMLQINPKL GRDN 9 33% FLNFNSFNL CC14B, CC14C 9 20% 

YLVEDVLLL KLH14 9 33% FLYIGDIVSL ITPR2 10 20% 

ALPEILFAKV CXCR5 10 30% FVDEGIKTL DPOLB 9 20% 

AVAIIVVSV SCIMP 9 30% FVFEAPYTL DOC11 9 20% 

FLSAMDWHL CNPD1 9 30% GLLRASFLL TLR9 9 20% 

LLHEIENHL PKHG1 9 30% GLYFGMLLL CD37 9 20% 

LLLPDVIKV TBCD9 9 30% HLANIVERL TRI34 9 20% 

VLTDIVAKC DOC10 9 30% HLIDTNKIQL DOC10 10 20% 

YLGGFALSV KSYK 9 30% IIQSYIINI PCDBI 9 20% 

ALGIFSFTL SGPP1 9 27% ILSLSIASV CYAC3 9 20% 

ALPTLIPSV ZEP1 9 27% KQSEEIPEV LONF1 9 20% 

ALVDELEWEI CNPY2 10 27% KVIGFLEEV RGRF1 9 20% 

ALYLTEVFL BANK1 9 27% NLWSVDGEVTV SNX29 11 20% 

AVGAFLIYI MAT2B 9 27% RVLEALWEL BAIP3 9 20% 

FLIDGSFNI COCH 9 27% SLAHVAGCEL PACER 10 20% 

FTLPEVAEC HNRPU 9 27% SLASIHVPL GGA3 9 20% 

GLLDGVFNV CRNS1 9 27% SLDLTTTCV FOXP1 9 20% 

IINGIIISV HVCN1 9 27% SLMGTVFLL SAMD8 9 20% 

QLIPKLIFL WDFY4 9 27% SLMSVGFLL NUBP2 9 20% 

SLFDLDGPKV PHF23 10 27% SVASVLLYL PRKDC 9 20% 

SLFLGILSV CD20 9 27% SVWEKEIEI AKAP9 9 20% 

SLLAELHVL FCRL3 9 27% VLLSIPFVSV ORML3 10 20% 

ATPMPTPSV SBNO1 9 23% YLFEEAISM WDFY4 9 20% 

GLGELAGLTV STRN 10 23% YLMAAEDLEL CK5P2 10 20% 

HVLEEVQQV CKAP4 9 23% YLVNFLHKL TEAD2 9 20% 

KLTEENTTL PEG10 9 23% YQFDSALLPAV SPIB 11 20% 
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Table S6: HLA-A*24-restricted CLL-associated antigens  

Sequence 
Source 
protein 

Peptide 
length 

Allotype-specific 
presentation 

frequency 
Sequence 

Source 
protein 

Peptide 
length 

Allotype-specific 
presentation 

frequency 

TYTDVTPRQF STAR7 10 81% LYQTFVVQL IL2RG 9 31% 

IYQQNHMVL IKZF3 9 75% LYSQLQVFF TRM7 9 31% 

KYGVFEESL TRI34 9 69% MYPVWKSFL FCSD2 9 31% 

VYNENLVHM SPF27 9 63% PYPQYLAVI MED29 9 31% 

GYMPYLNRF SWP70 9 56% QYILIHQAL PTPRC 9 31% 

KYVGAVQML SNX29 9 56% RYVRKFVLM CHM2A 9 31% 

RFPPTPPLF BC11A 9 56% SYGYQFPGF MSI2H 9 31% 

FYVGHIDAF ICE2 9 50% TYDAHHSAF IRF8 9 31% 

IFPPVINITW DOA 10 50% TYIKVFVPSW ZC12D 10 31% 

IFPPVVNITW DQA2 10 50% VFKLWPLSF PIGQ 9 31% 

KYSKALIDYF AFF3 10 50% VWSDIAPLNF MMP17 10 31% 

KYTEGVQSL SP16H 9 50% VYPTLSQQL TPC10 9 31% 

RHTGALPLF SI1L3 9 50% YFISHILAF RIR2B 9 31% 

VHIPEVYLI WDFY4 9 50% AYPTAYPSF SMAP2 9 25% 

VYHSDIPKW SIAT1 9 50% DYLEWPEYF DCTD 9 25% 

AFPEIFYTF PI3R4 9 44% EFKQFAQLF TRAF5 9 25% 

EYSRFVNQI KHDC4 9 44% EWPKHWPTF XPO1 9 25% 

FYIENMQYL ABCA6 9 44% EYGENFPML ZN121 9 25% 

FYTLIPHDF PARP1 9 44% FYTQLLQEL SMG7 9 25% 

GYPGRQYYF RHBL4 9 44% GYPVPPYAFF RARA 10 25% 

IFLTKSTKL IGHM 9 44% HYFNTPFQL PPTC7 9 25% 

IYGKDVFEAF CUL4B 10 44% IFNGFSVTL MPCP 9 25% 

IYNGETLVF PCYOX 9 44% IYGSVPYLL GANC 9 25% 

IYSPDHTNNSF ITF2 11 44% IYNHITTRV ADDA 9 25% 

IYWDGPLAL IRF4 9 44% IYQKPFQTL ATLA2 9 25% 

KLPTEWNVL AKP13 9 44% KYAATSQVL IGHM 9 25% 

SYLPRIVLL GRP3 9 44% KYIEYYLVL ADA28 9 25% 

TYKALNTFI CLPT1 9 44% KYLSDNVHL CDC37 9 25% 

VFSNVSIILF GNA13 10 44% KYSFLPYQL BFAR 9 25% 

YFYLFPNRL ARBK1 9 44% KYVKVFDKF ZN107 9 25% 

DWPLTQVTF FCRLA 9 38% LYQHAVEYF VPS4A 9 25% 

DYTGALAVF HAP40 9 38% LYVPALSALW GNA12 10 25% 

EYTRYLFAL FARP2 9 38% NWGRLVAFF B2CL2, BCL2 9 25% 

IFTDIFHYL XRN1 9 38% NYTDRIQVL PDE4B 9 25% 

IYSQLETLI S11IP 9 38% QYVVDLTSF NTPCR 9 25% 

KYPASTVQI NOP56 9 38% RYKEENNDHL UBP8 10 25% 

LFKNDPLFF LACTB 9 38% SEYADTHYF CLNK 9 25% 

PYAKPIPAQF WDR33 10 38% SYILDTLVF TNPO2 9 25% 

RYGLPAAWSTF IGFR1 11 38% TFTDHVMLF DDX27 9 25% 

RYNGGLLEF DZIP3 9 38% TYSEDTYRL NR2C2 9 25% 

RYPLLLMEL DNMBP 9 38% TYSSSYEQF SRPK2 9 25% 

TYDSVTISW IGHM 9 38% TYVKEIEVW RN213 9 25% 

VFIIVPAIF GPAT4 9 38% VAAGSYQRF PMF1 9 25% 

VYRQDCETF PPHLN 9 38% VFIEGADAETF SYEP 11 25% 

AYVVFVTTL HTR5B 9 31% VFTPYSAAFLL KCNH2, KCNH6 11 25% 

EFLTKTAKF P4R3A, P4R3B 9 31% VYERAVEFF CRNL1 9 25% 

IYGGTYML GDIA, GDIB 8 31% VYNIPVRF BLNK 8 25% 

IYHFNSELL PKHG1 9 31% VYPYKLYRL ZBT38 9 25% 

IYKDLPFETL RM39 10 31% VYQVGGVTAYF MFRN2 11 25% 

IYVIPQPHF KNL1 9 31% YLLDQSFVM RGRF1 9 25% 

KYDDNVKAYF AIP 10 31% YWPDVIHSF RNT2 9 25% 

LYGKVQEI GMDS 8 31% YYTVAHAI SMCA2 8 25% 

LYPGQLVQL RHG09 9 31%     
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Table S7: HLA-B*07-restricted CLL-associated antigens  

Sequence 
Source 
protein 

Peptide 
length 

Allotype-specific 
presentation 

frequency 
Sequence 

Source 
protein 

Peptide 
length 

Allotype-specific 
presentation 

frequency 

IPSIHIEL RHG44 8 60% MPLLSRLDL KDM2A 9 27% 

SPRSWIQVQI FCRL5 10 60% NPRYPNYMF ROR1 9 27% 

SPRVYWLGL CL17A 9 53% RPCDISRQL PAX1/2/5/8/9 9 27% 

APQHKGHTTAL TRI38 11 47% RPHVSPRHSF RELB 10 27% 

RPKENVTIM LY9 9 47% SAAHSRQAL LFNG 9 27% 

RPSNKAPLL EHMT1 9 47% SLASHIQSL WDFY4 9 27% 

GPGPLRESL PRAG1 9 40% SPDATRESM SNX17 9 27% 

GPMAYARAFL DOC10 10 40% SPKGRFVML FBX7 9 27% 

IPASHPVL FCRL5 8 40% SPRKSSSI ACINU 8 27% 

IPRRQEHDISL SYMPK 11 40% SPSGNHQSSF BMI1 10 27% 

IPVSHPVL FCRL3 8 40% TIRAIIAVL YTDC2 9 27% 

LPRLEALDL TLR9 9 40% TPKGETRQL ABR 9 27% 

RAAENRQGTL NCF1 10 40% VPSPKVVL CPSF2 8 27% 

RPALPRSEL M3K14 9 40% ALMGLSAQL DNMBP 9 20% 

SPGGAHSNL ARHGI 9 40% APARGLLL SPAST 8 20% 

VPRNLPSSL TLR9 9 40% APEAKKQKV NUCL 9 20% 

AAAAGRIAI PTBP1 9 33% APESKHKSSL STT3B 10 20% 

APSFRAGAQL DOP2 10 33% APLLKDIL PACER 8 20% 

APSLQAKL TEAD2 8 33% APNTGRANQQM BFAR 11 20% 

ISRPKGVAL IGHM 9 33% APRDGRVVF SIPA1 9 20% 

KPFSQTPFTL TEAD2 10 33% APREPFAHSL ZC12D 10 20% 

NPSADRNLL GGA2 9 33% APRGNVTSLSL TLR9 11 20% 

QPKGGHVTSM KMT2D 10 33% ASRKSTAAL ARHG7 9 20% 

RAAKETISL 3BP5 9 33% EPAVRSSEL SH2D3 9 20% 

RPAVGHSGL ZC3H3 9 33% EPQPERSSV IER5 9 20% 

RPNTTSSTGM WIPF2 10 33% GPDHNRSFI DHX9 9 20% 

RPQKISGNPSL FOXP1 11 33% GPLVRQISL ZEP1 9 20% 

SPFHRNLFL WDR34 9 33% IPSIRNSILAI USP9Y 11 20% 

VPEQRTVTL DEPD5 9 33% KAKPVTTNL RBIS 9 20% 

VPSEPGGVL PTN6 9 33% KPAENDVKL UBCP1 9 20% 

APKPKWTQL ALKB6 9 27% KPASKKERI CHD2 9 20% 

APKPRLNQL SYF1 9 27% KPDFKELTV RINI 9 20% 

APPQIPDTRREL EAF6 12 27% KPEIRVTSL PWP2 9 20% 

APQPAKPRL HDAC6 9 27% KPGAAMVEM HNRPL 9 20% 

APRGNVTSL TLR9 9 27% KPGAPLQAF DEN1C 9 20% 

APRWGNPRAL OAS1 10 27% KPIEPRRELL HSH2D 10 20% 

APSFGSLVAL TLR9 10 27% KPKPLSQAEM AIM2 10 20% 

APTIVGKSSL OST48 10 27% KPRVTPVEVM PAF1 10 20% 

APTPRIKAEL TLE1/2/4 10 27% KPSEERKTI ARI5B 9 20% 

FPKEPVEL DPA1 8 27% KPYNNHSEM DCP2 9 20% 

HPKPSEASTTL IFIX 11 27% KVKNVGIFL SP16H 9 20% 

HPRFLVALI SAC2 9 27% LPAPSWNVL OAS2 9 20% 

IPVSRPIL FCRL1 8 27% LPRHSFGRNAL GBRB2 11 20% 

IYSPDHTNNSF ITF2 11 27% LPRPQGAAA PSRC1 9 20% 

KIRPHIATL PUM1 9 27% MPSSRAYGL NCOA3 9 20% 

KPGKAPKL 
KV133, KV105, 
KVD33, KV139 

8 27% NPDWRRLPREL RPC7L 11 20% 

KPIGGAAEL VP13B 9 27% QPEKSKKEL NOL9 9 20% 

KPIPLPRF BLNK 8 27% QPFRDRSNTL SYNRG 10 20% 

KPTDEKLREL SMC1A 10 27% QPSWSIRTAL UB2J1 10 20% 

KPYHAHKEEM GLYR1 10 27% RAAKKKASL FOXO1 9 20% 

LPDSDKAIL CAR11 9 27% RPEDQRSSF HPS5 9 20% 

LPSSHVARL SMHD1 9 27% RPENRAPGAGL EMD 11 20% 

RPGAHPLSF UHRF2 9 20% SPSLSGLKL PRI2 9 20% 

RPHTLNSTSM KMT2D 10 20% SVASVLLYL PRKDC 9 20% 
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Sequence 
Source 
protein 

Peptide 
length 

Allotype-specific 
presentation 

frequency 
Sequence 

Source 
protein 

Peptide 
length 

Allotype-specific 
presentation 

frequency 
RPKGLGVFF VP13D 9 20% TPRDLAVPAAL PO210 11 20% 

RPNLLLGL PHF3, DIDO1 8 20% TPRPGQEL ZC12A 8 20% 

RPPGGHSNL SMBT1 9 20% TPRPSSPGGL RBG1L 10 20% 

RPRSNSAWQIYL MINK1 12 20% VPENSRPAT SH3L1 9 20% 

RVASPKLVM RTCB 9 20% VPNWHRDL RAN 8 20% 

SLASITVPL GGA1 9 20% VPRSKPLML ADNP 9 20% 

SPASLARTL TOX2 9 20% VPSKRQEAL KTN1 9 20% 

SPGGHNRPGTL GPS2 11 20% WASPPGRWL PTCA 9 20% 

SPISSNSHRSL BIRC6 11 20% YPRSVAVL PKHG1 8 20% 

SPRSSSRMEERL P66B 12 20%     
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Table S8: HLA class II-restricted CLL-associated antigens  

Sequence 
Source 
protein 

Peptide 
length 

Freq. Sequence 
Source 
protein 

Peptide 
length 

Freq. 

GSSFFGELFNQNPE CHST2 14 59% DDHDAVLRFNGAPTANFQQDVG SIAT1 22 27% 

SGSSFFGELFNQNPE CHST2 15 53% DYGNFLANEASPL VA0D1 13 27% 

VQGFESATFLGYFKSG GELS 16 51% GNEFWSALLEKAY CAN1/8 13 27% 

FPEEFDKTSFHKVR GNPTA 14 45% IPGSSYTVEIFAQVG PTPRJ 15 27% 

WIGLRWTAYEKINKWT LY75 16 41% KGNFNYIEFTRIL ML12A/B 13 27% 

GKYFLWVVKFNSLN GRB2 14 39% KPGIVYASLNHSVIG BTLA 15 27% 

EDHLFRKFHYLPFLPS DRA 16 37% MPGPLPRSLRELHLDHNQISRVPN FMOD 24 27% 

FQVLKSLGKLAMG SIAT1 13 37% QQRLKSQDLELSWN FCER2 14 27% 

HHWLLFEMSRHSLE HG2A 14 37% RRWRFTFSHFVVDPD I17RA 15 27% 

INEFSISSFCTVVD FMOD 14 37% SDMFNYEEYCTANAV SPIT2 15 27% 

TGSMSIIFFLPLK PEDF 13 37% TDQFSGQHWLWIG LY75 13 27% 

WNFEKFLVGPDG GPX1/3/5/6 12 37% YPDRPGWLRYIQRTPYSDG SGCE 19 27% 

HAFFRYIDWEKLERK KPCB 15 35% YPRKNLFLVEVTQLTESDSGVY FAIM3 22 27% 

IPPFHPFHPFPALPENEDTQPE APLP2 22 35% YPRKNLFLVEVTQLTESDSGVYA FAIM3 23 27% 

KFLFVREPFERLVS CHSTB 14 35% AKPEASFQVWNKDSSSKNLIPR SIAT1 22 25% 

LNEDLRSWTAADTAAQITQ HLAB, HLAC 19 35% APIDKKGNFNYIEFTRIL ML12A/B 18 25% 

SGSSFFGELFNQNPEV CHST2 16 35% DGRRLAVRFTALDLGFG LRP10 17 25% 

TIQFIQSYFVTDYDPT RRAS2 16 35% DGTFQKWAAVVVPSGEEQ HLAA/C/E/G/H 18 25% 

ATPLLMQALPMGALPQGPMQ HG2A 20 33% DHAQLVAIKTLKDYNNPQ ROR1 18 25% 

DNVLYMEIRARLLPV CECR1 15 33% DKNLIKYDLQNLKPY PTPRC 15 25% 

ETIDWKVFESWM HG2A 12 33% DQFSGQHWLWIGLN LY75 14 25% 

GPSLLPIMWQLYPDG TCL1A 15 33% DYIALNEDLRSWTAADTAAQITQ HLAB, HLAC 23 25% 

IKDAMVATFFDIYEDG TIP 16 33% EDLRSWTAVDTAAQ HLAE 14 25% 

NPPPTIRWFKNDAPVVQ ROR1 17 33% EPDPKGIPEFWFTIFRNVD NP1L4 19 25% 

SAYKWKETLFSVMPGL ITIH4 16 33% EPNKKFFELVGRTFDWH HS3S1 17 25% 

TDQFSGQHWLWIGLN LY75 15 33% EQNEIIDDLANLVE STX8 14 25% 

VPERVYSMNPSIRLL HS3S1 15 33% FGLIKLDLKTKSENG VDAC1 15 25% 

AEQQRLKSQDLELSWNLNG FCER2 19 31% GDGTFQKWAAVVVPSGEEQR HLAA/C/E/G/H 20 25% 

DRATWKSNYFLKIIQ RLA0, RLA0L 15 31% GGTFKLELFLPEE UBE2N 13 25% 

DVLPKYILDFSL CHSTE 12 31% GKSTLINSLFLTDLYSPE SEPT7 18 25% 

EQNFQWSIYLPSSPE IGSF3 15 31% GKYFLWEEKFNSLNEL GRAP 16 25% 

FRSYVWDPLLIL SYS1 12 31% GSSFFGELFNQNPEV CHST2 15 25% 

KSTLINSLFLTDLYSPE SEPT7 17 31% HPAENGKSNFLNCYVSGFHPS B2MG 21 25% 

LKTIDWVAFAEIIPQ ATP5H 15 31% KRRLNWIQWASL S35A5 12 25% 

LPHSGDIIATVFAPL XPR1 15 31% LLLILRDPSERVLSDY HS3S1 16 25% 

MRMATPLLMQALPM HG2A 14 31% LLLWHWDTTQSLK FCER2 13 25% 

TGRFMWIKFSSDEE NETO2 14 31% LNLKWSRFARVVL NRAM2 13 25% 

AVRRLIWEKNLKF CATS 13 29% MPGPLPRSLRELHLDHNQISR FMOD 21 25% 

EQQRLKSQDLELSWNLNG FCER2 18 29% QQRLKSQDLELSW FCER2 13 25% 

GFMTTAFQYIIDNK CATS 14 29% REIDDHDAVLRFNGAPTANFQQDVG SIAT1 25 25% 

GGDKKRKGQVIQF RL36A, RL36L 13 29% RFSVIWQLVDRQNRR IGSF3 15 25% 

GKSTLINSLFLTDLYPE SEPT2 17 29% SGSSFFGELFNQNPEVF CHST2 17 25% 

GKYFLWVVKFNSL GRB2 13 29% SPSPQDWRDTLFYGVF SEM4B 16 25% 

IPEFWLTVFKNVD NP1L1 13 29% TKEFQVLKSLGKLAM SIAT1 15 25% 

LLLWHWDTTQSLKQLE FCER2 16 29% TPQGPPEIYSDTQFPSLQ CDV3 18 25% 

LLWHWDTTQSLK FCER2 12 29% VPRPYIAARFSVLPPTFHPG PTPRS 20 25% 

NKGIDSDASYPYK CATS 13 29% VPSRMKYVYFQNNQ FMOD 14 25% 

QPPDWLQGHYLVVRYEDL CHST2 18 29% AGQPLWPPVFVNL I27RA 13 22% 

TKQLFEVLHFLAEN SL9A7 14 29% ARLTESLFLDLLG IL4RA 13 22% 

TPKIQVYSRHPAENGKSNF B2MG 19 29% ARNFERNKAIKVIIAV CCR7 16 22% 

AEQQRLKSQDLELSWNLNGLQ FCER2 21 27% DGIIMIQTL CD79B 9 22% 

AGKYFLWVVKFNSL GRB2 14 27% DLEFMNEQKLNRYPA TMM59 15 22% 

AKFALNGEEFMNFD FCGRN 14 27% DLRSWTAVDTAAQ HLAE 13 22% 

ATPLLMQALPM HG2A 11 27% DQFSGQHWLWIG LY75 12 22% 

EDLRSWTAADTAAQITQRKWE HLAB, HLAC 21 22% EGQGFHILIPTIL FAIM3 13 20% 

EEVVEIDGKQVQQKD GINM1 15 22% EPLVVKVEEGDNAVL CD19 15 20% 

EFQVLKSLGKLAMG SIAT1 14 22% EQQRLKSQDLELSW FCER2 14 20% 

GDGLTYNDFLILPG IMDH2 14 22% EQQRLKSQDLELSWNL FCER2 16 20% 
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Sequence 
Source 
protein 

Peptide 
length 

Freq. Sequence 
Source 
protein 

Peptide 
length 

Freq. 

GDGTFQKWAAVVVPSGEEQ HLAA/C/E/G/H 19 22% FLETHFLDEEV FRIL 11 20% 

GKKELQVSLFQTL CUL4B 13 22% GLGVTKQDLGPVPM HG2A 14 20% 

GPLPRSLRELHLDHNQI FMOD 17 22% GPLPRSLRELHLDHNQISRVPN FMOD 22 20% 

GSSLKILSKGKRGG CXCR4 14 22% GPPIPQNQRFIPINGYPIPPG ROR1 21 20% 

GTKVVLDDKDYFLFR CH10 15 22% GPPKLDIRKEEKQIMIDIFHPS INGR1 22 20% 

HFELGGDKKRKGQVIQF RL36A, RL36L 17 22% GVFEWEAFARGTK PGK1 13 20% 

IGVKFRNDLFKLFK CCR7 14 22% HAFFRYIDWEKL KPCB 12 20% 

IHEHMVITDRIENIDHLG ITM2B 18 22% HGNQITSDKVGRKV FMOD 14 20% 

KAVLLGATFLIDYM PLS3 14 22% HWLLFEMSRHSLE HG2A 13 20% 

KEIHLYQTFVVQLQDPREPR IL2RG 20 22% IGVKFRNDLFKLFKD CCR7 15 20% 

KFLFVREPFERLVSA CHSTB 15 22% IPTSSFVVDKFAGDIL DDX60 16 20% 

KQLFEVLHFLAE SL9A7 12 22% ISHPFFNDFTFDYD ST14 14 20% 

LLWHWDTTQSLKQLE FCER2 15 22% IVSIKTENTDASWNL TM87B 15 20% 

NPILYAFLGAKFKTSAQHA CXCR4 19 22% KGDDVKFEEFVAYLIDPH CHSTB 18 20% 

QARNFERNKAIKVIIA CCR7 16 22% KKVLHMDRNPYYG GDIA/B 13 20% 

QQILHSEEFLSFFD DC1I2 14 22% KPEASFQVWNKDSSSKNLIPR SIAT1 21 20% 

RLWAWEKFVYLDEK TCL1A 14 22% LATFSTDQELRFVL IDD 14 20% 

RMATPLLMQALPMGALPQGPM HG2A 21 22% LKNTMETIDWKVF HG2A 13 20% 

RNLKYLPFVPSRMK FMOD 14 22% LLLLWHWDTTQSLKQ FCER2 15 20% 

RPGLRDVAYQYVKKG SSBP 15 22% LMQALPMGALPQ HG2A 12 20% 

RSWTAADTAAQIT HLAB, HLAC 13 22% LPDQSFLWNVFQRVD PDCD6 15 20% 

SFEPPEFEIVGFT INAR2 13 22% LPGNATISKAGKLPYHH PAR14 17 20% 

SFKLQTKEFQVLKSL SIAT1 15 22% LWVVKFNSLNEL GRB2 12 20% 

SFKLQTKEFQVLKSLG SIAT1 16 22% MTIEPSTFLAVPT TLR9 13 20% 

SMRYFYTAVSRPGRGEPR HLAC 18 22% NKGIDSDASYPYKAM CATS 15 20% 

SRSYYWIGIRKIGGIW LYAM1 16 22% NKIFLPTIYSIIF CXCR4 13 20% 

TGSMSIIFFLPLKVT PEDF 15 22% NRRTFETARHNLIIN SGCE 15 20% 

VAREFGVNVFIVSVAKPIP COCH 19 22% NVFLRHERFERFR TOM1 13 20% 

VATMNSEEFVLVPQYA RBG1L 16 22% QARNFERNKAIKVII CCR7 15 20% 

VGSFVGSGLLAL S15A4 12 22% QQRLKSQDLELSWNLN FCER2 16 20% 

VGYVDDTLFVRFDSD HLAB 15 22% RKLFSSHRFQVII HVCN1 13 20% 

VKKMMKDNNLVRH AT2B1/2/3/4 13 22% RPAGDRTFQKWAAVVVPSGEEQRYT HLAB 25 20% 

WNFEKFLVGPD GPX1/3/5/6 11 22% RVTLKQYPRKNLFLV FAIM3 15 20% 

AGLGRAYALAFAERGAL DHB4 17 20% SDGLNSLTYQVLDVQRYPLY B4GT1 20 20% 

APLDFRGMLRKLFS HVCN1 14 20% SDLSFSKDWSFYLL B2MG 14 20% 

ASILATAANLLRHYP TM127 15 20% SELIKIIRRRLQLNAN MLP3B/2 16 20% 

AVGYVDDTQFVRFDSDA HLAA/B/C 17 20% SFFKISYLTFLPS DQA2 13 20% 

AYDGKDYIALNEDLRSWTA HLAA/C/E/G/H 19 20% SPNELVDDLFKGAKEHG NSF1C 17 20% 

DGLNSLTYQVLDVQRYPLY B4GT1 19 20% SPPPEFSFNTPGKNVNPV ZNT6 18 20% 

DGQKFSVTAYSEWIE TMEM2 15 20% SPSPGVYRLFIQNVAVQDSGTY IGSF3 22 20% 

DGTFQKWAAVVVPSGE HLAA/C/E/G/H 16 20% SSWYEVDSFTPFR INAR1 13 20% 

DGTFQKWAAVVVPSGQ HLAA/B/C 16 20% TSADLFLDQTELAAIN TICN2 16 20% 

DGTFQKWAAVVVPSGQE HLAA/B/C 17 20% VARLSRDATFHYGEQ IGSF3 15 20% 

DLRSWTAADTAA HLAB/C/G 12 20% VDDTQFVRFDSDAASQRMEPRAPWI HLAA 25 20% 

DNKGIDSDASYPY CATS 13 20% VGQFIQDVKNSRSTD CAND1 15 20% 

DPTLDHHWHLWKKTYGKQYKEKNE CATS 24 20% VGRKVFSKLRHLER FMOD 14 20% 

DQPTIRKENFNNVP CHP3 14 20% VLRFNGAPTANFQ SIAT1 13 20% 

DRLWAWEKFVYLDE TCL1A 14 20% VNLIEKVASYGVKPRYG CFAB 17 20% 

DRLWAWEKFVYLDEK TCL1A 15 20% VPRKVIIDDQLPVDHKG CAN7 17 20% 

DYGIVADLFKVVP ETFA 13 20% VPSRMKYVYFQNNQITSIQ FMOD 19 20% 

EDYLSVVLNQL ALBU 11 20% YKIVNFDPKLLE GL8D1 12 20% 
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Supplement of Chapter 2 
 

Supplementary Figures 

 

 

Figure S1: Gating strategy for flow cytometry-based evaluation of surface marker expression on monocyte-derived 

dendritic cells (MoDCs) on a FACS LSRFortessa. Representative example showing the gating strategy used for the evaluation 

of flow cytometry-acquired surface marker expression data. The first gate identifies the MoDCs (FSC-A vs. SSC-A), which were 

further analyzed for the expression of the markers CD14 (CD14-AF700 cs. count), CD40 (CD40-APC/Cy7 vs. count) CD80 (CD80-

FITC vs. count), CD86 (CD86-BV605), and HLA-DR (HLA-DR-BV711 vs. count). This gating strategy was applied for the data 

presented in Fig. 3. 
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Figure S2: Gating strategy used for intracellular cytokine and cell surface marker staining evaluation of MoDC-based CD4+ 

T cell priming. Exemplary flow-cytometry-based sample analysis showing the gating strategy for the evaluation of intracellular 

cytokine and surface marker stainings of MoDC-based CD4+ T cell priming. The first gate identifies the lymphocytes (FSC-A vs. 

SSC-A), which are further gated for single cells (FSC-A vs. FSC-H), viable cells (FSC-A vs. Aqua Live Dead), and CD4+ cells (FSC-

A vs. CD4-APC/Cy7). The CD4+ T cell population was analyzed for IL-2 (FSC-A vs. IL-2-PE-Cy7), CD107a (FSC-A vs. CD107a-FITC), 

CD154 (FSC-A vs. CD154-APC) and TNF as well as IFN- (TNF-Pacific Blue vs. IFN--PE) expression and production. This gating 

strategy was applied for the data presented in Fig. 2, Fig. 4, Fig. 5, Fig. 6, Fig. 8, Fig. 9 Fig. S3 and Fig. S4.  
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Figure S3: Intracellular cytokine and surface marker staining of a MoDC priming with the peptide 

KLKKMWKSPNGTIQNILGGTVF using the optimized protocol and 100.000 CD4+ T cells. Representative example of the flow 

cytometry-based analysis of CD4+ T cells from a healthy volunteer primed with MoDCs loaded with 

KLKKMWKSPNGTIQNILGGTVF (upper three panels stimulated with indicated MoDC to T cell ratios) using the optimized 

priming protocol and using 100.000 CD4+ T cells per well in a 96-well plate. The lower panels show the negative controls 

consisting of KREIFDRYGEEVKEFLAKAKED-primed CD4+ T cells stimulated with a negative peptide. 
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Figure S4: Intracellular cytokine and surface marker staining of a MoDC priming with the peptide 

KLKKMWKSPNGTIQNILGGTVF using the optimized protocol and 500.000 CD4+ T cells. Representative example of the flow 

cytometry-based analysis of CD4+ T cells from a healthy volunteer primed with MoDCs loaded with 

KLKKMWKSPNGTIQNILGGTVF (upper three panels stimulated with indicated MoDC to T cell ratios) using the optimized 

priming protocol and using 500.000 CD4+ T cells per well in a 96-well plate. The lower panels show the negative controls 

consisting of KREIFDRYGEEVKEFLAKAKED-primed CD4+ T cells stimulated with a negative peptide. 
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Supplement of Chapter 3 
 

Supplementary Figures 

 

 

Figure S1: Index values of nucleocapsid antibodies in vaccinated donors. Index values of nucleocapsid antibodies were 

assessed after complete vaccination (CV) for mRNA- (n = 5), vector- (n = 4) and heterologous- (n = 10) vaccinated donors (A), 

for the mRNA cohort after CV (n = 5), six months after CV (CVT2, n = 11) and after boost vaccination (BV, n = 12) (B), as well 

as for the heterologous cohort before vaccination (V0, n = 8), after first vaccination (V1, n = 8), after CV (n = 10), after CVT2 

(n = 17) and after BV (n = 17) (C). The dashed line marks the nucleocapsid index value threshold for positivity. Responders are 

represented by colored symbols, non-responders by clear symbols. Results are represented as box plots showing median with 

25th and 75th percentiles, whiskers represent minimum and maximum. 
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Figure S2: Spike-specific T cell responses after vaccination and in convalescents according to demographics and symptoms. 

A-L, Interferon-gamma (IFN-) T cell responses were assessed using ex vivo ELISpot assays. Intensities of T cell responses are 

depicted in terms of calculated spot counts. A, Correlation of the intensity of spike-specific IFN- T cell responses after 

complete vaccination (CV, two doses of either BNT162b2 or mRNA-1273, or one dose of the vector vaccine ChAdOx1 followed 

by one dose of an mRNA vaccine) with time post vaccination (n = 39). B,C, Correlation of the intensity of spike-specific IFN- 

T cell responses after complete vaccination (CV) with BMI (B, n = 22) and age (C, n = 39). D,E, Comparison of the intensity of 

spike-specific IFN- T cell responses after CV according to gender (D, n = 39) and side effects (headache, fever, shivering) after 

vaccination (E, n = 23). F, Correlation of the intensity of spike-specific IFN- T cell responses with age for COVID-19 

convalescents (n = 16). G,H, Comparison of the intensity of spike-specific IFN- T cell response in convalescent donors 

according to gender (G, n = 16) and to clinical symptoms (no/mild vs. moderate/severe) during COVID-19 (H, n = 16). I,J, 

Correlation of the intensity of spike-specific IFN- T cell responses after boost vaccination (BV) with BMI (I, n = 27) or age (J, 

n = 28). K,L, Comparison of the intensity of spike-specific IFN- T cell responses after BV according to gender (K, n = 28) and 

side effects (headache, fever, shivering) after vaccination (L, n = 28). A-C,F,I,J, dotted lines show the 95% confidence level, R2 
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and p value for linear regression are shown. D,E,G,H,K,L, box plots show median with 25th and 75th percentiles, whiskers 

represent minimum and maximum. D,E,G,H,K,L, Kruskal-Wallis test was used; if no p values are shown results were not 

significant. 
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Figure S3: Immune responses to the SARS-CoV-2 spike-specific peptide pools after complete vaccination following 12-day 

in vitro expansion. A, Representative example of interferon-gamma (IFN-) T cell responses to the Prot_S1 peptide pool 

compared to a negative (neg.) control peptide, evaluated by IFN- ELISpot following 12-day in vitro T cell expansion after 

complete vaccination (two doses of either BNT162b2, mRNA-1273 or ChAdOx1, one dose of Ad26.COV2.S, or one dose of the 

vector vaccine ChAdOx1 followed by one dose of an mRNA vaccine for heterologous vaccine regimens), showing the 

duplicates for one donor of each cohort. B,C, Percentage of individuals with IFN-  T cell responses (B), and intensities of T 

cell responses in terms of calculated spot counts (C) targeting the spike peptide pools after 12-day in vitro T cell expansion 
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following mRNA, vector or heterologous (heterol.) vaccination, in comparison to COVID-19 convalescents (Conv.) and 

prepandemic (Pre.) donors. D, Spike-specific IFN- T cell responses assessed in the different cohorts ex vivo and after 12-day 

in vitro expansion (IVE). E, Intensities of IFN- T cell response shown separately for the distinct spike-specific peptide pools. 

F, Proportion of individuals with responses to all three, two, one or none of the spike peptide pools. Responders are 

represented by colored symbols, non-responders by clear symbols. Symbol shapes indicate the different vaccine products 

received by the donors. In B,C, box plots represent median with 25th and 75th percentiles with minimum and maximum 

whiskers. B, Fisher’s exact test was used, C, Kruskal-Wallis test was used, D, Wilcoxon test was applied, E, Friedman test was 

used, if no p values are shown results were not significant.  
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Figure S4: IFN- responses to SARS-CoV-2 BA.1 and BA.2 mutation pools following 12-day in vitro expansion. A-D, T cell 

responses after complete vaccination (two doses of either BNT162b2, mRNA-1273 or ChAdOx1, one dose of Ad26.COV2.S, or 

one dose of the vector vaccine ChAdOx1 followed by one dose of an mRNA vaccine for heterologous vaccine regimens), were 

assessed by interferon-gamma (IFN-) enzyme-linked immunospot (ELISpot) assays after 12-day in vitro T cell expansion 

against the SARS-CoV-2 BA.1 and BA.2 mutation pools. A, Percentage of individuals with IFN- ELISpot T cell responses after 

12-day expansion, and B, intensities of IFN- T cell responses in terms of calculated spot counts against the spike BA.1 

mutation pool, after mRNA, vector or heterologous (heterol.) vaccination, compared to COVID-19 convalescents (Conv.) and 

prepandemic (Pre.) donors. C, Percentage of individuals with IFN- ELISpot T cell responses after 12-day T cell expansion, and 

D, intensities of IFN- T cell responses in terms of calculated spot counts against the spike BA.2 mutation pool. Responders 

are represented by colored symbols, non-responders by clear symbols. Symbol shapes indicate the different vaccine products 

received by the donors. B,D, box plots represent the median with 25th and 75th percentiles with minimum and maximum 
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whiskers. A,C, Fisher’s exact test was used. B,D, Kruskal-Wallis test was used, if no p values are shown results were not 

significant. No., number. 
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Figure S5: Ex vivo characterization of spike-specific T cell responses after complete vaccination. A-C, Spike-specific T cell 

responses after complete vaccination (two doses of either BNT162b2, mRNA-1273 or ChAdOx1, one dose of Ad26.COV2.S, or 

one dose of the vector vaccine ChAdOx1 followed by one dose of an mRNA vaccine for heterologous vaccine regimens) were 

characterized ex vivo by intracellular cytokine (interferon-gamma (IFN-), interleukin-4 (IL-4), tumor necrosis factor (TNF)) 

and surface marker (CD45RO) staining. A, Frequency of spike-specific IL-4 expressing CD4+ T cells. B, Frequency of 

TNF+CD45RO+CD4+ T cells. C, Frequency of IFN-+CD45RO+CD8+ T cells. T cell responses were considered positive if the 

detected frequency of cytokine- and surface marker positive CD4+ or CD8+ T cells was ≥ 3-fold higher than the frequency in 

the negative control and minimum 0.1% of total CD4+ or CD8+ T cells. Responders are represented by colored symbols, non-

responders by clear symbols. Symbol shapes indicate the different vaccine products received by the donors. Box plots show 

the median with 25th and 75th percentiles, whiskers represent minimum and maximum; Kruskal-Wallis test was used, if p 

values are not shown the results were not significant. FSC, forward scatter; Neg., negative control. 
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Figure S6: T cell responses following mRNA and heterologous vaccination. A,B, Paired spike antibody titers (A), and 

intensities of ex vivo interferon-gamma (IFN-) T cell responses in terms of calculated spot counts targeting spike-specific 

peptide pools (B) after heterologous vaccination, either before (V0), one month after first (V1) and complete vaccination (CV), 

six months after complete vaccination (CVT2) and one month after boost vaccination (BV). C,D, Intensity of interferon-gamma 

(IFN-) T cell response against the spike peptide pools after 12-day in vitro T cell expansion following mRNA (C) and 

heterologous (heterol.) (D) vaccination. E,F, Proportion of mRNA- (E) or heterologous-vaccinated (F) individuals with 

responses ex vivo and after 12-day T cell expansion to all three, two, one or none of the spike peptide pools (Prot_S1, Prot_S+, 

Prot_S). G,H, Intensities of IFN- T cell responses against the SARS-CoV-2 BA.1 and BA.2 spike mutation pools, after CV and 
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BV for mRNA- and heterologous-vaccinated donors, respectively. Responders are represented by colored symbols, non-

responders by clear symbols. A,B, Data are presented as scatter dot plots with median, whiskers show maximum. A,B, 

Friedman test was used, C,D,G,H, Kruskal-Wallis test was used. No., number. 
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Figure S7: Spike-specific peptide pool recognition during the course of mRNA and heterologous vaccination. A-D, Intensities 

of interferon-gamma (IFN-) T cell responses in terms of calculated spot counts ex vivo (A,B) and after 12-day T cell expansion 

(C,D), reflecting the course of mRNA- (A,C) and heterologous (heterol.)-vaccinated (B,D) individuals shown for the distinct 

spike protein peptide pools (Prot_S1, Prot_S+, Prot_S). Responses are shown either before (V0), one month after first (V1) 

and complete vaccination (CV), six months after complete vaccination (CVT2) and one month after third vaccination (BV). 

Responders are represented by colored symbols, non-responders by clear symbols. A-D, box plots represent the median with 

25th and 75th percentiles with minimum and maximum whiskers. A-D, Friedman test was used. No., number. 
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Figure S8: Characterization of ex vivo spike-specific T cell responses following complete and booster vaccination with mRNA 

and heterologous vaccination regimens. Frequencies of spike-specific CD4+ (A) and CD8+ (B) T cells following complete 

vaccination (CV , two doses of either BNT162b2 and mRNA-1273) (one dose of the vector vaccine ChAdOx1 followed by one 

dose of an mRNA vaccine for heterologous vaccine regimens) and boost (BV) mRNA vaccination. Frequencies of spike-specific 

CD4+ (C) and CD8+ (D) T cells following CV (one dose of the vector vaccine ChAdOx1 followed by one dose of an mRNA vaccine) 

and BV with the heterologous vaccination regimen. Frequencies were assessed ex vivo by intracellular cytokine (interferon-

gamma (IFN-), tumor necrosis factor (TNF)) and surface marker (CD107a) staining. T cell responses were considered positive 

if the detected frequency of cytokine-positive CD4+ or CD8+ T cells was ≥ 3-fold higher than the frequency in the negative 

control and at least 0.1%. Responders are represented by colored symbols, non-responders by clear symbols. A-D, box plots 

show median with 25th and 75th percentiles, whiskers represent minimum and maximum. No., number. 
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Figure S9: Characterization of ex vivo spike-specific T cell responses after complete vaccination. A,B, Frequencies of spike-

specific IL-4 expressing CD4+ T cells after complete vaccination (CV) and boost vaccination (BV) assessed ex vivo using 

intracellular cytokine and surface marker staining for mRNA- and heterologous-vaccinated donors, respectively. C,D, 

Frequency of TNF+CD45RO+CD4+ T cells for mRNA- and heterologous-vaccinated donors, respectively. E,F, Frequency of IFN-

+CD45RO+CD8+ T cells for mRNA- and heterologous-vaccinated donors, respectively. T cell responses were considered 

positive if the detected frequency of cytokine- and surface marker positive CD4+ or CD8+ T cells was ≥ 3-fold higher than the 

frequency in the negative control and at least 0.1% of total CD4+ or CD8+ T cells. Responders are represented by colored 

symbols, non-responders by clear symbols. A-F, box plots show the median with 25th and 75th percentiles, whiskers represent 

minimum and maximum. A-F, Kruskal-Wallis test was used. FSC, forward scatter; Neg., negative control. 
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Figure S10: Gating strategy for ex vivo flow cytometry-based evaluation of surface marker and intracellular cytokine 

staining on a FACS LSRFortessa. Representative example showing the gating strategy for the evaluation of flow cytometry-

acquired surface marker and intracellular cytokine staining ex vivo data. The first gate identifies the lymphocytes (FSC-A vs. 

SSC-A), which are further gated for single cells (FSC-A vs. FSC-H) and viable cells (FSC-A vs. Zombie Aqua). Populations of CD4+ 

and CD8+ T cells (CD4-APC/Cy7 vs. CD8-PE/Cy7) are analyzed separately for the degranulation marker CD107a (FSC-A vs. 

CD107a-FITC) and different cytokines (TNF-Pacific Blue vs. IFN--PE; CD45RO-APC vs. TNF-Pacific Blue (only CD4+ cells); CD4-

APC/Cy7 vs. IL-4-PE-Dazzle 594 (only CD4+ cells), CD45RO-APC vs. IFN--PE (only CD8+ cells)). This gating strategy was applied 

for the data presented in Fig. 3, Fig. 4G-L, Fig. S8 and Fig. S9A,B. 

 

 


